(= ORIGINAL ARTICLE

ISSN (Print)  0023-4001
ISSN (Online) 1738-0006

Check for
updates

Korean J Parasitol \/ol. 56, No. 4: 325-334, August 2018
https://doi.org/10.3347/kjp.2018.56.4.325

Evaluation of Protective Inmune Response Induced by a

DNA Vaccine Encoding GRA8 against Acute
Toxoplasmosis in a Murine Model

Jia-Qi Chu'*, Shuai Huang>', Wei Ye*, Xuan-Yan Fan?, Rui Huang', Shi-Cai Ye?, Cai-Yuan Yu?, Wei-Yun Wu?,
Yu Zhou?, Wei Zhou®, Young-Ha Lee®*, Juan-Hua Quan®*

'Stem Cell Research and Cellular Therapy Center, Affiiated Hospital of Guangdong Mediical University, Zhanjiang, Guangdong 524001, China;
2Department of Gastroenterology, Affiliated Hospital of Guangdong Medical University, Zhanjiang, Guangdong 524001, China; *Department of
Obstetrics and Gynecology, Affiiated Hospital of Guangdong Medical University, Zhanjiang, Guangdong 524001, China; “Institute of Immunology,
Taishan Medical College, Tai'an, Shandong 271000, China; *Department of Infection Biology and Department of Medical Science, Chungnam
National University School of Medicine, Dagjeon 35015, Korea

Abstract: Toxoplasma gondii is an apicomplexan zoonotic protozoan parasite that infects most species of warm-blooded
animals, including humans. The heavy incidence and severe or lethal damage caused by T. gondii infection clearly indi-
cate a need for the development of an effective vaccine. T. gondii GRA8 is a member of the dense granules protein family
and is used as a marker of acute infection. In the present study, we evaluated the protective immunity induced by DNA
vaccination based on a recombinant eukaryotic plasmid, pDsRed2-GRA8, against acute toxoplasmosis in mice. BALB/c
mice were intramuscularly immunized with the pDsRed2-GRA8 plasmid and then challenged by infection with the highly
virulent GFP-RH strain of T. gondii. The specific immune responses and protective efficacy against T. gondii of this vac-
cine were analyzed by measuring cytokine and serum antibody titers, splenocyte proliferation assays, and the survival
times of mice after challenge. Our results showed that mice immunized with pDsRed2-GRA8 demonstrated specific hu-
moral and cellular responses, induced higher IgG antibody titers with predominant IgG2a production; increased levels of
IL-10, IL-12 (p70), IFN-y, TNF-a, and splenocyte proliferation; and prolonged survival times compared to those of control
mice. The present study showed that DNA immunization with pDsRed2-GRA8 induced humoral and cellular immune re-
sponses, and all immunized mice showed greater Th1-type immune responses and longer survival times than those of
control mice. These results indicated that T. gondii GRA8 DNA immunization induces a partial protective effect against

acute toxoplasmosis.

Key words: Toxoplasma gondii, DNA vaccine, GRA8, immune response

INTRODUCTION

Toxoplasma gondii is a ubiquitous intracellular protozoan
parasite that can invade and replicate in all nucleated cells. It is
prevalent in humans and animals worldwide, and one-third of
the world’s population is reportedly infected with T. gondii [1,2].
Although 80-90% of individuals with primary infection are as-
ymptomatic, the most affected are immunocompromised in-
dividuals (HIV/AIDS, cancer patients, organ and tissue trans-
plant recipients, and congenitally infected children), and in
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these patients, T. gondii can lead to encephalitis, ophthalmopa-
thy, or even death [3-5]. T. gondii infection in domestic animals
can cause substantial economic losses due to abortion and
neonatal loss in livestock and represents a source of transmis-
sion to humans [6-8].

To date, no safe and effective drug is available to eliminate T.
gondii tissue cysts [9]. Thus, the development of a T. gondii vac-
cine is considered to be the most effective way to control toxo-
plasmosis [10]. Unfortunately, after decades of effort, only one
vaccine (Toxovax®) has been licensed for use to prevent abor-
tion in sheep and goats, and no vaccine suitable for use in hu-
mans exists [11]. In these circumstances, there is an urgent need
to develop new, effective vaccines to reduce the high incidence
of toxoplasmosis by preventing and treating this disease in hu-
mans and animals [12].

DNA vaccines have become a major focus of research, be-
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cause they promote the specific expression of an encoded vac-
cine antigen by host cells and can deliver multivalent vaccines
to a host in a single dose. In particular, DNA vaccines can also
elicit potent, long-lasting humoral and cell-mediated immuni-
ty [13]. T. gondii has evolved unique secretory organelles to
help establish infection in its hosts. Among these secretory or-
ganelles, the dense granules (GRA), micronemes (MIC), and
rthoptries (ROP) are the best characterized, and these organ-
elles play critical roles in adhesion, motility, host invasion, in-
tracellular replication, manipulation of host signaling and in-
nate immune pathways, and formation of the parasitophorous
vacuole (PV) [14,15]. The vaccine candidate antigens involved
in protective immunity against T. gondii include membrane-as-
sociated surface antigens (SAGs) and secreted GRAs, MICs and
ROPs [16-24]. However, none of these antigens could com-
pletely inhibit tissue cyst formation [25].

Dense granules is an important secretory organelle in the T.
gondii cytoplasm, and GRA proteins are potent antigens that
trigger strong T and B cell responses upon infection [20,26].
Previous studies have demonstrated that GRAS is a marker of
acute infection, and IgG, IgM or IgA detection with GRAS by
enzyme-linked immunosorbent assay (ELISA) is useful in di-
agnosing T. gondii infection and discriminating acute from chro-
nic infection [27-29]. However, no study of the protective effi-
cacy of a DNA vaccine expressing T. gondii GRAS to induce re-
sistance to acute infection has been published. To evaluate the
protective immune responses induced by T. gondii GRAS, we
constructed a GRA8-expressing eukaryotic plasmid, pDsRed2-
GRAS8, and evaluated its immunogenicity and protective effi-
cacy after vaccination of BALB/c mice through challenge with
the highly virulent T. gondii GFP-RH strain.

MATERIALS AND METHODS

Animals

Specific-pathogen-free (SPF) female BALB/c mice of 6 to 8
weeks old were purchased from Guangdong Medical Labora-
tory Animal Center, Guangzhou, Guangdong Province, China.
All mice were handled in strict accordance with the Good Ani-
mal Practice Requirements of the Animal Ethics Procedures
and Guidelines of the People’s Republic of China. This study
was approved by the Committee on the Ethics of Animal Ex-
periments of Guangdong Medical University (Permit Number:
SYXK [Guangdong] 2015-0147).

Toxoplasma gondiii strain

The tachyzoites of the T. gondii GFP-RH strain were main-
tained in human retinal pigment epithelial cells (ARPE-19;
ATCC, Rockville, Maryland, USA). Briefly, T. gondii GFP-RH
were infected into ARPE-19 cells (parasite/cell ratio, 5: 1) and
incubated at 37°C with 5% CO for 2 to 3 days. Following host
cell rupture, lysed tachyzoites and host cellular debris were
centrifuged at 900 x g for 10 min using Percoll (Sigma Chemi-
cal Co., St. Louis, Missouri, USA) to pellet the parasites. The fi-
nal pellet was suspended in cold phosphate buffered saline
(PBS), and the suspension was passed through a 5.0-pm-pore-
size filter (Millipore, Bedford, Massachusetts, USA). Purified
tachyzoites were used in all experiments.

Preparation of soluble tachyzoite antigen

The soluble tachyzoite antigens (STAg) were prepared from
T. gondii tachyzoites as described previously [26]. Briefly, puri-
fied tachyzoites were centrifuged at 5,000xg for 3 min and
disrupted by 3 cycles of freezing at -20°C and thawing at 4°C.
Finally, the lysate was sonicated on ice at 60 W/s and centri-
fuged for 40 min at 100,000 g. The supernatants containing
STAg were pooled and sterile filtered (Millipore), and the pro-
tein concentration was determined via the Bradford method
using bovine serum albumin (BSA) as the standard. STAg was
stored in aliquots at -80°C until used.

Construction and preparation of DNA vaccine plasmid
The total RNA of the RH strain tachyzoites was prepared by
using TRIzol reagent (Invitrogen Life Technologies, Carlsbad,
California, USA) according to the manufacturer’s instructions.
The coding sequence of GRA8 was obtained by RT-PCR ampli-
fication from total RNA with specific primers (forward primer:
5’-GGC CIC GAG ATG GCT TTA CCA TTG CG-3" and reverse
primer: 5-CCG GAA TTC GCG TCG TTA CGG TGA ATC-3’,
containing the Xhol and EcoRI restriction sites, respectively,
which are underlined) and then inserted into the pGEM-T Easy
vector (Promega Corporation, Madison, Wisconsin, USA). The
GRAS fragments were cleaved from pGEM-GRAS by using the
restriction endonucleases Xhol and EcoRI and then were sub-
cloned into the corresponding sites of the pDsRed2-N1 vector
(Invitrogen Life Technologies) to construct pDsRed2-N1-GRA8
(pDsRed2-GRAS8). The recombinant plasmid was propagated
in Escherichia coli DH5a and confirmed by restriction analysis
and PCR sequencing (Sangon Biotech, Shanghai, China).
Large-scale plasmid DNA was prepared using the Endotox-



in-Free Mega kit according to the manufacturer’s instructions
(Qiagen, Hilden, Germany); concentrations were determined
by spectrophotometer, and the DNA was diluted with sterile
endotoxin-free PBS to a final concentration of 1 mg/ml and
stored at -20°C until use.

Expression of pDsRed2-GRAS8 in vitro

The recombinant plasmids pDsRed2-GRA8 and pDsRed2-
N1 were separately transfected into ARPE-19 cells grown on
glass coverslips in 12-well plates by using Lipofectamine LTX
and Plus reagents (Invitrogen Life Technologies) according to
the manufacturer's instructions. Forty-eight hours after trans-
fection, cells were fixed with 4% paraformaldehyde and per-
meabilized with 0.1% Triton X-100 in PBS (PBST) for 10 min.
The coverslips were mounted on microscope slides using a
mounting medium containing 4’,6-diamidino-2-phenylindole
(DAPI) (Vector Laboratories, Burlingame, California, USA),
and the cells were imaged using fluorescence microscopy.

DNA immunization and experimental design

A total of 80 female BALB/c mice were randomly divided
into 4 groups (20 mice per group). For the experimental groups,
mice were inoculated with an injection of 50 jug pDsRed2-GRA8
into the tibialis anterior muscles of both hind legs (100 pg/per
mouse) and given booster immunizations 2 and 4 weeks later.
Mice injected with empty pDsRed2-N1vector or sterile endo-
toxin-free PBS served as negative control groups, and the blank
control group received nothing.

DNA vaccine (100 pg/mouse)
Intramuscular injection

o -
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Serum samples collected from the tail vein from 3 mice in
each group at weeks 0, 2, 4, and 6 were centrifuged at 3,000x g
for 10 min and stored at -20°C for later ELISA detection.

Spleens from 3 mice in each group at week 6 were collected
under aseptic conditions and used for in vitro splenocyte prolif-
eration and cytokine assays (IL-4, IL-10, IL-12, IFN-y, and TNF-a).

Two weeks after the last immunization, 15 mice per group
were challenged intraperitoneally with 1x 10° tachyzoites of
the highly virulent T. gondii GFP-RH strain, and the survival
time of the mice was monitored daily (Fig. 1).

Determination of serum antibodies

T. gondii-specific serum IgG, IgG1, and IgG2a antibody lev-
els were determined by ELISA, as described previously, with
some modifications [26]. Briefly, the 96-well plates were coat-
ed with 100 pl of STAg (10 pg/ml) in 50 mM carbonate buffer
(pH 9.6) at 4°C overnight. Then, the plates were blocked with
PBS containing 1% BSA for 2 hr at room temperature and in-
cubated with the diluted sera. Subsequently, the plates were
incubated with horseradish peroxidase (HRP)-conjugated anti-
mouse IgG, IgG1, or IgG2a, and the bound antibody was re-
acted with 200 pl of substrate solution in the dark for 30 min.
Finally, the reaction was stopped with 3N HClI, and the absor-
bance was measured with a spectrophotometer at 490 nm. All
samples were evaluated in triplicate.

Splenocyte proliferation assay
Spleens from immunized mice were collected under aseptic

GFP-RH (1x10%mouse)
Intraperitoneal inoculation
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Fig. 1. Schematic representation of DNA vaccine immunization and 7. gondi challenge schedule. To monitor immune responses, serum
and spleen samples were collected at the indicated time point and subsequently examined by ELISA and splenocyte proliferation assay.
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conditions in RPMI 1640 medium (Invitrogen Life Technolo-
gies). Erythrocytes were removed by erythrocyte lysis buffer
(Sigma), and the remaining cells were washed and suspended
in RPMI 1640 medium supplemented with 10% FBS, 1% anti-
biotic-antimycotic (Gibco-BRL, Life Technologies Ltd, Paisley,
UK), HEPES (10 mM), L-glutamine (2 mM), sodium pyruvate
(1 mM), and p-mercaptoethanol (50 pM). Splenocytes were
stimulated with STAg (10 pg/ml) or medium alone as positive
and negative controls, respectively, and then incubated at 37°C
in 5% CO.. Splenocyte proliferation was measured using a
chemiluminescent bromodeoxyuridine (BrdU) ELISA kit ac-
cording to the manufacturer’s instructions (Roche Molecular
Biochemicals, Indianapolis, Indiana, USA).

A M GRAS

pDsRed2-N1

pDsRed2-GRA8

Cytokine assays

Splenocytes from each of 3 mice per group were harvested
as described above. Single-cell suspensions of splenocytes were
stimulated with STAg or medium alone (negative control) in
flat-bottomed 96-well microtiter plates as described for the
lymphocyte proliferation assay. Culture supernatants were har-
vested at 24 hr for the determination of IL-4, 72 hr for IL-10,
96 hr for IL-12 (p70) and IFN-y, 4 and 8 hr for TNF-a, using
commercial ELISA kits according to the manufacturer’s instruc-
tions (R&D Systems, Minneapolis, Minnesota, USA). Cytokine
concentrations were determined by reference to standard
curves constructed with known amounts of mouse recombi-
nant IL-4, IL-10, IL-12 (p70), IEN-y or TNF-a. The sensitivity
limits for the assays were 2 pg/ml for IL-4, 1.97 pg/ml for IL-10,
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Fig. 2. T. gondii GRA8 was expressed successfully in ARPE-19 cells. (A) The coding sequence of the T. gondii GRA8 gene was amplified
by PCR (814 bp) from the cDNA of T. gondii strain GFP-RH. (B) The PCR products were digested with the appropriate restriction en-
zymes and cloned into the Xhol and EcoRl sites of the pDsRed2-N1 expression vector, which contains the DsRed open reading frame.
The constructed recombinant plasmid was named pDsRed2-GRA8. (C) ARPE-19 cells transfected with pDsRed2-GRA8 showed spe-
cific expression of GRA8 mRNA. (D) pDsRed2-GRAS8 and the pDsRed2-N1 empty vector both expressed the DsRed?2 protein, which lo-

calized to the cytoplasm of the transfected cells.



5.0 pg/ml for IL-12 (p70), 2 pg/ml for IFN-y, and 1.88 pg/ml
for TNF-a.

Statistical analysis

Results are presented as the means + standard deviation (SD)
of 3 independent experiments. The statistical evaluation of the
differences in survival rates was checked by the Kaplan-Meier
test, and then a log-rank test was performed. Statistical differ-
ences in parasite burdens, antibody titers, in vitro splenocyte
proliferation, and cytokine levels were determined by one-way
ANOVA with Dunnett’s multiple comparisons test. P-values
lower than 0.05 were considered statistically significant.

RESULTS

Expressed recombinant T. gondii GRA8

The T gondii GRA8 gene was amplified by PCR (814 bp)
from the cDNA of T. gondii strain GFP-RH (Fig. 2A). Subse-
quently, the PCR products were digested with the appropriate
restriction enzymes and subcloned into the Xhol and EcoRI
sites of the pDsRed2-N1 expression vector to construct a re-
combinant plasmid, which was named pDsRed2-GRA8 (Fig.
2B). To identify the expression of the recombinant plasmid in
vitro, the presence of GRA8 mRNA in transfected ARPE-19
cells was analyzed using RT-PCR. As shown in Fig. 2C, no ex-
pression of GRA8 was detected in pDsRed2-N1 transfected
cells, whereas the expression of GRA8 was detected in pD-
sRed2-GRAS8 transfected cells. In addition, we also confirmed
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the expression of pDsRed2-GRA8 by immunofluorescence as-
say. DsRed2 fluorescence was observed in the cytoplasm of
ARPE-19 cells transfected with the pDsRed2-N1 vector or pD-
sRed2-GRAS (Fig. 2D). These results indicated that the T. gon-
dii GRA8 was expressed successfully in ARPE-19 cells.

Humoral immune responses induced by DNA
immunization

Serum samples from immunized and control mice were used
to evaluate the levels of specific antibodies against T. gondii. As
shown in Fig. 3A, immunization induced a significant IgG re-
sponse in all immunized mice from 2 weeks after immuniza-
tion, with higher antibody levels in pDsRed2-GRA8 immunized
mice than in the blank, PBS, or pDsRed2-N1 control groups (2
weeks: F3.5=5.082, P=0.0294; 4 weeks: Fzs=21.21, P=0.0004;
6 weeks: Fz=66.82, P<0.0001). In contrast, the levels of IgG
antibodies in the mice of the 3 control groups did not statisti-
cally increase with successive immunizations.

To characterize whether a Th1 and/or Th2 response was in-
duced in the immunized mice, the distribution of subclasses
of IgG (IgG1 and IgG2a) was analyzed individually in the sera
of mice from all groups at 2 weeks after the last immunization.
As depicted in Fig. 3B, the levels of IgG1 and IgG2a in the im-
munized groups were significantly higher than those in the 3
control groups (IgG1: Fzg=17.05, P=0.0008; 1gG2a: Fzs=
72.47, P<0.0001). The ratios of IgG2a/IgG1 in mice immu-
nized with pDsRed2-GRA8 (1.60+0.11) were significantly dif-
ferent from those in the control groups (blank, 1.29+0.19; PBS,
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Fig. 3. pDsRed2-GRA8 DNA vaccine immunization induced a humoral response in mice. (A) BALB/c mice immunized with pDsRed2-
GRA8 showed higher levels of IgG antibody than pDsRed2-N1, PBS and blank controls at 4 and 6 weeks. (B) T. gondii-specific 1gG1
and IgG2 antibody levels were significantly increased in the sera of mice at 2 weeks after the last immunization. The results are ex-
pressed as the means of OD490+SD (n=3). *P<0.05, *P<0.01, **P<0.001 versus the pDsRed2-N1, PBS and blank control groups.
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1.28+0.15; pDsRed2-N1, 1.19+0.81) (Fi35=4.908, P=0.032).
These results suggested that a specific humoral response with a
mixed Th1/Th2 profile was elicited by these DNA immuniza-
tions, with a predominant Th1-type immune response in mice
immunized with pDsRed2-GRAS.

Splenocyte proliferation

To assess proliferative immune responses to STAg, the sple-
nocytes from the immunized and control groups (3 mice per
group) were analyzed by a BrdU ELISA kit. As shown in Fig. 4,
in vitro splenocyte proliferation in mice immunized with pD-
sRed2-GRAS8 was significantly higher than that in the 3 control
groups (2 weeks: Fz5=7.595, P=0.01; 4 weeks: Fz5=32.32,
P<0.0001; 6 weeks: F(35=51.46, P<0.0001) and gradually in-
creased over time starting 2 weeks after immunization. In con-
trast, the in vitro splenocyte proliferation among the mice in
the 3 control groups did not show significant differences.

Cytokine production

To determine whether pDsRed2-GRA8 immunization aug-
ments the Th1 or Th2 cytokine response, STAg-treated culture
supernatants of splenocytes were obtained from immunized
mice 2 weeks after the final immunization, and the levels of
IL-4, 1L-10, IL-12 (p70), IFN-y and TNF-a were quantified by
ELISA. As shown in Table 1, the levels of IL-10, IL-12 (p70),
IFN-y, and TNF-a in spleen cell cultures from mice immunized
with pDsRed2-GRA8 were significantly increased compared to
those in the 3 control groups (IL-10: F38=38.72, P<0.0001;
IL-12: F9=224.4, P<0.0001; IFN-y: Fs9=219.8, P<0.0001;
TNF-a: F38=88.22, P<0.0001). However, the level of IL-4 in
spleen cell cultures from the pDsRed2-GRA8 immunized group
was not significantly higher than those in the 3 control groups.

Protection of immunized mice
To evaluate the protective immunity induced by immuniza-

tion with pDsRed2-GRAS, 15 mice from each group were chal-
lenged intraperitoneally with 1 x 10° tachyzoites of the virulent
T. gondii GFP-RH strain at 2 weeks after the last immunization.
The survival times of the mice were observed. The average sur-
vival time of the mice immunized with pDsRed2-GRA8 (9.00
+1.77 days) was significantly longer than that of the 3 control
groups (blank, 5.73+1.16 days, x’=20.43, df=1, P<0.0001;
PBS, 6.27+1.03 days, x’=17.34, df=1, P<0.0001; pDsRed2-
N1, 6.33+0.82 days, x’=17.31, df=1, P<0.0001). However,
the difference in the average survival time of mice among the
3 control groups was not statistically significant, and all died
within 8 days after challenge (Fig. 5).
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Fig. 4. In vitro splenocyte proliferation was significantly higher in
pDsRed2-GRA8 immunized mice. Spleens were aseptically har-
vested from 3 mice per group 2 weeks after the last immunization
and stimulated with the soluble tachyzoite antigen of T. gondii
(STAg). Splenocyte proliferation was measured using a chemilu-
minescent BrdU ELISA kit, and absorbance was evaluated by an
ELISA reader at 370 nm with a 492 nm reference. A significantly
higher level of splenocyte proliferative response was induced by
DNA immunization with pDsRed2-GRA8 than in the 3 control
groups. The experiment was repeated 3 times with similar resullts.
*P<0.05, *P<0.001 versus the pDsRed2-N1, PBS and blank
control groups.

Table 1. Cytokine production of splenocytes stimulated by soluble tachyzoite antigens of 7. gondii (STAg) evaluated by ELISA

Cytokine production? (pg/ml)

Groups (n=3)

IL-4 IL-10 IL-12 (p70) IFN-y TNF-a
Blank 13.0+£2.3 ND ND 34.4+19 19.5+3.2
PBS 12.2+3.5 ND ND 33.6+£2.6 20.7+2.2
pDsRed2-N1 14.6+1.4 ND ND 33.1+3.5 22.1+3.6
pDsRed2-GRA8 15.8+2.7 27.5+£5.4* 32541 105.2+6.8* 65.4+6.3"*

AValues for IL-4, IL-10, IL-12 (p70), IFN-y, and TNF-a are at 24, 72, 96, 96, and 48 hr, respectively. ND = non-detectable. Data represent the means +SD
from 3 mice per group. Three independent experiments were performed, and the data from 1 representative experiment are shown. ***P<0.001 com-

pared with the blank, PBS and pDsRed2-N1 empty vector groups.
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Fig. 5. Immunization with pDsRed2-GRAS8 significantly increased
the survival times of mice in acute toxoplasmosis. Survival rates
of mice immunized with pDsRed2-GRAS8, pDsRed2-N1, PBS, and
blank control mice followed by challenge with 1 x 10° tachyzoites
of the T. gondii strain GFP-RH at 2 weeks after the last immuniza-
tion. The differences between the pDsRed2-GRA8 vaccinated
group and each of the 3 control groups were significant. **P < 0.001
versus the pDsRed2-N1, PBS and blank control groups.

DISCUSSION

In recent years, owing to the easy production and low cost
of DNA vaccines and the fact that DNA vaccines can elicit long-
lasting humoral and cellular immune responses, the develop-
ment of effective DNA vaccines has emerged as an active re-
search field in the fight against toxoplasmosis [22,30,31]. Nu-
merous studies have evaluated the protective efficacy of differ-
ent antigens, such as SAG4, GRA15, MIC13, ROP18, NTPase
II, TrxLp, and ENO?2 [18,24,32-35]. Most of them showed par-
tial protection against toxoplasmosis. Herein, we evaluated the
protective immunity induced by DNA vaccination with a plas-
mid encoding GRA8 proteins against acute toxoplasmosis in a
mouse model. Our results demonstrated that immunization
with pDsRed2-GRAS8 can trigger different levels of humoral
and cellular responses, with a slightly longer survival time than
the blank, PBS or pDsRed2-N1 controls, suggesting that T. gon-
dii GRA8 DNA immunization induces a partial protective ef-
fect against acute toxoplasmosis.

When T. gondii invasion occurs for the first time in vivo, the
parasite can be captured and processed by antigen-presenting
cells and then presented to T lymphocytes, which further build
adaptive immunity. When T. gondii invades subsequently, spe-
cial anti-T. gondii IgG antibodies adhere to the surfaces of the
parasites and limit their spread by preventing attachment to
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host cell receptors, resulting in their elimination by macropha-
ges |36]. Therefore, humoral response, by promoting macro-
phages to kill intracellular parasites, has been considered to be
of great importance in immunity against T. gondii infection. In
the present study, we evaluated humoral response intensity on
the basis of specific anti-T. gondii IgG levels. The immunization
of mice with pDsRed2-GRA8 could induce significantly higher
levels of IgG antibodies than those in the controls (P<0.05),
which would contribute to strong protective efficacy against T.
gondii infection. These results were in agreement with those of
previous studies that vaccinated mice with plasmids encoding
GRA7, GRA17, GRA23, ROMS5, and ROP38 [10,26,37,38].

High levels of IgG1 and 1gG2a were also detected in the se-
rum of mice in the pDsRed2-GRA8 immunized group com-
pared to those in the control groups. This result was consistent
with those of previous studies, showing that DNA immuniza-
tion could elicit a mixed Th1/Th2 immune response, with a
more significant [gG2a response [10,39-41]. The higher ratio
of IgG2a/IgG1 in mice immunized with pDsRed2-GRA8 shows
that a predominantly Th1-type immune response was elicited.

A Th1-type immune response associated with high levels of
IFN-y is essential for protection against T. gondii infection [42].
By restimulation of splenocytes in vitro with STAg, significant
increases in IFN-y, IL-12 (p70) and TNF-a production were in-
duced after DNA immunization with pDsRed2-GRAS8. These
results were similar to previous data showing that immuniza-
tion with a plasmid encoding the GRA7 gene enhanced the
production of IFN-y in vitro and GRA7-specific I[gG2a anti-
body [26]. These results suggested that immunization with a
pDsRed2-GRA8 DNA vaccine could elicit the Th1-type im-
mune response that contributes to effective protection against
acute T gondii infection. In addition, the Th2-type cytokines
(IL-4 and IL-10) have been shown to play important roles dur-
ing the early phase of acute T. gondii infection [43]. In our
study, increased levels of IL-10 were observed in only the mice
immunized with pDsRed2-GRAS. As a regulatory cytokine, IL-
10 is important for protection against the potential immuno-
pathological mechanism caused by a vigorous Th1 response
characterized by high levels of IFN-y production [44]. There-
fore, the high level of IL-10 contributed to the longer survival
time of mice immunized with pDsRed2-GRA8. However, the
levels of IL-4 in all immunized groups were similar to those in
all control groups. These results may further explain the inabil-
ity of these DNA vaccines to completely protect mice against
acute T. gondii infection.
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Cellular immunity plays an important role in the control of
T. gondii infection. In this study, a significantly higher level of
splenocyte proliferative response was induced by DNA immu-
nization with pDsRed2-GRAS. This result was similar to those
of previous studies reporting that DNA vaccination with GRA7
and GRA16 could increase splenocyte proliferation compared
with that in controls [25,26]. These results suggest that a cellu-
lar immune response was elicited in the immunized mice. Im-
munization with pDsRed2-GRA8 induced partial immune
protection against acute toxoplasmosis, and all immunized
mice had prolonged survival times compared to those of all
controls. These results indicate that pDsRed2-GRA8 represents
a potential candidate for the further development of effective
vaccines against acute toxoplasmosis. Nevertheless, further stu-
dies are needed to assess the induction of stronger immune
protection by multiantigenic DNA vaccines combining GRA8
with other proteins to combat acute and chronic toxoplasmo-
sis. The present study showed that DNA immunization with
pDsRed2-GRAS8 induced humoral and cellular immune re-
sponses, and all immunized mice showed greater Th1-type
immune responses and longer survival times than those of
control mice. However, the changes of immune factors by pD-
sRed2-GRA8 immunization just had a little effect on the sur-
vival of acute toxoplasmosis mice. These results indicated that
T. gondii GRA8 DNA immunization induces a partial protec-
tive effect against acute toxoplasmosis.
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