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Host cell invasion by Toxoplasma gondii is tightly related to microneme protein 6 (MIC6) and T. gondii perforin-like protein 1
(TgPLP1). In this study, we constructed a DNA vaccine expressing a TgPLP1/MIC6 fusion protein using the pIRESneo vector,
and we evaluated the immune response induced by this vaccine in Kunming mice. Levels of IgG antibody, gamma interferon
(IFN-�), interleukin 2 (IL-2), IL-12, IL-4, and IL-10 were examined. Five mice were chosen randomly from every group (vacci-
nated groups or the nonvaccinated control group) and were challenged intragastrically with 80 cysts of T. gondii strain PRU (ge-
notype II) in order to observe mortality daily. To analyze protection against a less-virulent challenge, eight mice of each group
were orally infected with 20 cysts of strain PRU at the 14th day after the last immunization. The brain parasite load was evalu-
ated 6 weeks after infection. The results demonstrated that immunization with pIRESneo/MIC6/PLP1 resulted in the lowest
brain cyst count and prolonged the survival time of immunized mice. The levels of Toxoplasma-specific IgG, IFN-�, IL-2, and
IL-12 increased significantly, and the numbers of cysts in brains decreased more obviously, in the group immunized with plas-
mid pIRESneo/MIC6/PLP1 than in the other groups (P < 0.05). Compared with pIRESneo/MIC6/PLP1, coimmunization with
pIRESneo/MIC6/PLP1 and adjuvant murine IL-18 promoted cellular and humoral immune responses but did not contribute
significantly to cyst reduction (65.43% versus 61.60%) or the survival of immunized mice (45.0 � 2.9 days versus 42.8 � 2.9
days) (P > 0.05). Furthermore, the study also showed that the immune efficacy induced by pIRESneo/MIC6/PLP1 was better
than that induced by pVAX/PLP1 or pVAX/MIC6 alone.

Toxoplasma gondii is an obligately intracellular parasite that in-
fects many species of warm-blooded animals, including hu-

mans, worldwide (11). Humans are infected either by eating in-
fected meat or contaminated foods, by accidental ingestion of
oocysts or sporozoites from cat feces, for instance, through con-
taminated drinking water (20), or by vertical transmission from
acutely infected mothers. Primary infection during pregnancy can
result in severe neonatal malformations and ocular complications
in the fetus (16). Moreover, toxoplasmosis can cause considerable
economic losses to the livestock industry (6, 27). Vaccination
would be the ideal way to control human toxoplasmosis effec-
tively.

Recent studies have focused on the identification, purifica-
tion, and molecular cloning of T. gondii antigens that are po-
tentially able to evoke host protective responses. So far, well-
defined antigens studied include surface antigens (SAGs),
dense-granule antigens (GRAs), and rhoptry antigens (ROPs).
There has been increasing research on microneme proteins
(MICs) as potential antigen targets for inducing an effective
host immune response against T. gondii. The transmembrane
microneme protein MIC6 and its partners MIC1 and MIC4
constitute an adhesive complex that plays important roles in
host cell attachment by T. gondii (26). A recent study demon-
strated that T. gondii MIC6 is a potential vaccine candidate,
which elicits a broad range of immune responses and can pro-

long the survival time of immunized mice after challenge with
T. gondii (18).

A previous study found that T. gondii perforin-like protein 1
(TgPLP1)-deficient parasites failed to exit normally after intracel-
lular growth, resulting in entrapment within host cells (10). This
defect was due to an inability to rapidly permeabilize the parasi-
tophorous vacuole membrane (PVM) and host plasma mem-
brane during exit. We have reported previously on the protective
immunity triggered with a plasmid expressing TgPLP1 against a
lethal challenge infection with the virulent T. gondii strain RH and
have demonstrated that TgPLP1 is a potential vaccine candidate
against toxoplasmosis. The addition of murine interleukin 18 (IL-
18) enhanced the effect of the TgPLP1 plasmid vaccine, prolong-
ing the survival time of immunized mice (22).
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Because of the complicated life history and diverse morphol-
ogy of T. gondii, as well as its wide range of hosts, the immunity
induced by different T. gondii antigens was inconsistent. Vaccines
based on a single antigen have few lymphocyte binding sites and
are restricted largely by the major histocompatibility complex
(MHC); therefore, it is difficult to mount an efficient immune
response against T. gondii (5). Tests on animals and humans have
shown that the immune efficacy of univalent vaccines is not ideal
(1, 2). Therefore, bivalent DNA vaccines that target different T.
gondii stages have been developed (5, 7).

In the present study, we constructed the eukaryotic plasmid
pIRESneo/MIC6/TgPLP1, coexpressing T. gondii MIC6 and
TgPLP1, and examined the immunogenicity and protective effect
of this DNA vaccine in Kunming mice against infection with the
PRU strain (genotype II) of T. gondii. The immune-enhancing
effect of IL-18 codelivered with plasmid pIRESneo/MIC6/TgPLP1
was also evaluated.

MATERIALS AND METHODS
Mice, cells, and parasites. Specific-pathogen-free (SPF)-grade female in-
bred Kunming mice, 6 to 8 weeks old, were purchased from the Sun
Yat-Sen University Laboratory Animal Center. All mice were handled in
strict accordance with good animal practice according to the Animal Eth-
ics Procedures and Guidelines of the People’s Republic of China, and the
study was approved by the Animal Ethics Committee of South China
Agricultural University (permit SCAUAEM-2010-03). All mice were
maintained under standard conventional conditions, with food and water
ad libitum.

Marc-145 cells (a monkey kidney cell line) purchased from the Chi-
nese Institute of Veterinary Drug Control, Beijing, China, were grown and
maintained in Dulbecco’s modified Eagle’s medium (DMEM; Invitrogen)
supplemented with 10% (vol/vol) heat-inactivated fetal calf serum (FCS),
100 mg/ml streptomycin, and 100 IU/ml penicillin at 37°C under 5% CO2.

Two T. gondii strains (RH and PRU) were used. Strain RH (type I) is
highly virulent for mice; it was used to produce the TgPLP1 and MIC6
clones. Strain PRU was used to challenge mice. This strain was selected
because it produces many tissue cysts in the brain and is mildly virulent for
mice. Cysts of T. gondii strain PRU were kindly provided by Xiao-Guang
Chen (Department of Parasitology, School of Public Health and Tropical
Medicine, Southern Medical University, Guangzhou, China) and were
preserved in our laboratory (Laboratory of Parasitology, College of Vet-
erinary Medicine, South China Agricultural University). Brain tissue cysts
of strain PRU were obtained from the brains of Kunming mice 1 month
after intraperitoneal infection with 20 cysts. Cysts were counted under an
optical microscope. Strain RH tachyzoites were collected from the perito-
neal fluids, washed by centrifugation, suspended in sterile phosphate-
buffered saline (PBS), and sonicated. The supernatant containing soluble
tachyzoite antigens (STAg) was kept at �80°C until further use.

Construction of the eukaryotic expression plasmid. To construct the
pIRESneo/MIC6/TgPLP1 expression plasmid, the coding sequence of the
TgPLP1 gene (3,453 bp; sequence positions 1 to 3453) (GenBank acces-
sion no. EF102772) was amplified by PCR from T. gondii strain RH cDNA
with a pair of oligonucleotide primers (forward primer PLP1F, 5=-ATCG
ATATGAGGTCACTCACACATGG-3=; reverse primer PLP1R, 5=-GGAT
CCTTACAGGTCTAACAGCTTGACG-3=) into which ClaI and BamHI
recognition sites (underlined) were introduced. The MIC6 gene (1,050
bp; sequence positions 142 to 1191) (GenBank accession no. AF110270)
was amplified by PCR from T. gondii strain RH genomic DNA with a pair
of oligonucleotide primers (forward primer MIC6F, 5=-AAACCCGGGA
TGAGGCTCTTCCGGTGCT-3=; reverse primer MIC6R, 5=-CGTCTAG
ATTAATCCCATGTTTTGCTATCC-3=) into which SmaI and XbaI rec-
ognition sites (underlined) were introduced. The PCR product of MIC6
was cloned into the pGEM-T Easy vector (Promega) and was sequenced in
both directions to ensure fidelity, generating pGEM-MIC6. The MIC6

fragment was cleaved by SmaI/XbaI from pGEM-MIC6, purified from an
agarose gel (Sangon Biotech, China), and then cloned into the SmaI/XbaI
sites of pIRESneo (Clontech), generating recombinant plasmid
pIRESneo/MIC6, which was sequenced. The TgPLP1 fragment was di-
gested by ClaI and NotI, purified from an agarose gel (Sangon Biotech,
China), cloned into the corresponding sites of pIRESneo/MIC6 in frame,
and sequenced. The resulting plasmid was named pIRESneo/MIC6/
TgPLP1.

Plasmid pVAX/IL-18 (21) was kindly provided by Quan Liu (Veteri-
nary Institute, Academy of Military Medical Sciences, Jilin Province,
China). Plasmids pVAX/PLP1 (22) and pVAX/MIC6 (18) were preserved
in our laboratory.

Expression of MIC6/TgPLP1 in vitro. Marc-145 cells were trans-
fected with pIRESneo/MIC6/TgPLP1, and with an empty vector
(pIRESneo) as a negative control, by using Lipofectamine 2000 reagent
(Invitrogen) according to the manufacturer’s instructions. Forty-eight
hours after transfection, the cells were fixed with cool acetone for 15 min,
and expression of the MIC6/TgPLP1 fusion protein was detected by the
indirect immunofluorescence assay (IFA), with a goat anti-T. gondii poly-
clonal antiserum and fluorescein isothiocyanate (FITC)-labeled donkey
anti-goat IgG (Proteintech Group Inc., Chicago, IL). Evans blue (Fisher)
was included in the secondary antibody solution as a counterstain. Cov-
erslips were rinsed three times with PBS. The monolayers binding the
marker were covered with glycerin and were examined for specific fluo-
rescence under a Zeiss Axioplan fluorescence microscope (Carl Zeiss,
Germany).

DNA immunization and challenge. Seven groups of mice (25 mice
per group) were injected intramuscularly with 100 �g of plasmid DNA
suspended in 100 �l sterile PBS (100 �l in one thigh skeletal muscle of
each mouse) (Table 1). Group I mice were injected with PBS as a blank
control; group II to group VI mice were injected with the empty vector
pVAX I or pIRESneo, pVAX/IL-18, pVAX/TgPLP1, or pVAX/MIC6, re-
spectively, also as controls; and groups VII and VIII were injected with
pIRESneo/MIC6/TgPLP1 and pIRESneo/MIC6/TgPLP1�pVAX/IL-18
(100 �g each), respectively. Two booster injections were administered,
one at the 2nd week and one at the 4th week after the first immunization.
Five mice were randomly chosen from every group (vaccinated and non-
vaccinated groups), challenged intragastrically with 80 cysts of strain
PRU, and observed daily for mortality. In the present study, death was
used as an endpoint for evaluating the protective efficacy induced by the
DNA vaccines, because the ultimate goal of any vaccination study is to
develop a vaccine that can protect the hosts (humans and/or animals)
against lethal infection with T. gondii. It has been a general practice to use
death as an endpoint for Toxoplasma vaccination studies (7, 13, 14, 25).
To analyze protection against nonlethal challenge, eight mice of each
group were orally infected with 20 cysts of strain PRU at the 14th day after
the last immunization. Brain parasite loads were evaluated 6 weeks after
infection. After removal, the whole brain from each mouse was individu-

TABLE 1 Summary of treatments performed on micea

Group Treatment

I PBS
II pVAX I
III pIRESneo
IV pVAX/IL-18
V pVAX/TgPLP1
VI pVAX/MIC6
VII pIRESneo/MIC6/TgPLP1
VIII pIRESneo/MIC6/TgPLP1�pVAX/IL-18
a Each group consisted of 25 mice. All treatments were injected into the thigh muscle
and were given in 100 �l of PBS. For groups II through VIII, 100 �g of plasmid DNA
was given. Two weeks after the final inoculation, five mice in each group were
challenged intragastrically with 80 cysts of T. gondii strain PRU, and eight mice in each
group were orally infected with 20 cysts of strain PRU.
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ally homogenized in 3 ml PBS, and 1 �l of the homogenized brain was
examined in order to calculate the number of T. gondii tissue cysts under
an optical microscope. This procedure was carried out in triplicate, and
the mean of three counts was obtained and was then used to calculate the
total number of T. gondii tissue cysts in each brain sample.

Blood was collected from the mouse tail vein prior to each immuni-
zation, four times in total. Sera were separated and stored at �20°C un-
til use.

IgG determination. An anti-T. gondii IgG enzyme-linked immu-
nosorbent assay (ELISA) kit was used for the measurement of antigen-
specific antibodies according to the manufacturer’s instructions (Com-
bined Biotech Co., Ltd., Shenzhen, China). Briefly, plates were coated
overnight at 4°C with 1 �g of STAg in 100 �l of carbonate buffer, pH 9.2.
Mouse sera diluted 1:100 in PBS were applied to the wells. The bound
antibodies were detected by horseradish peroxidase-conjugated anti-
mouse IgG, diluted 1:2,000. Immune complexes were revealed by incuba-
tion with ortho-phenylenediamine and 0.15% H2O2 for 30 min. The re-
action was stopped by the addition of 1 M H2SO4, and the absorbance at
450 nm was measured using an ELISA reader (EL�800; BioTek). All sam-
ples were run in triplicate.

Lymphoproliferation assay. The lymphoproliferation assay was car-
ried out according to a method described previously (18). Briefly, spleno-
cyte suspensions from three mice of each group were prepared by pushing
the spleens through a wire mesh. After the red blood cells (RBC) were
removed using RBC lysis solution (Sigma), splenocytes were resuspended
in DMEM supplemented with 10% FCS. Cells were then plated in 96-well
Costar plates at a density of 5 � 105 per well and were cultured with either
STAg (10 �g/ml), concanavalin A (ConA) (5 �g/ml; Sigma), or medium
alone (negative control) in the incubator for 60 h at 37°C under 5% CO2.
Proliferative activity was measured using a 3-(4,5-dimethylthiazol-2-yl)-
2,5-diphenyltetrazolium bromide (MTT) (5 mg/ml; Sigma) dye assay
(17). The stimulation index (SI) was calculated as the ratio of the average
optical density at 570 nm (OD570) of wells containing antigen-stimulated
cells to the average OD570 of wells containing only cells with medium. All
assays were performed in triplicate.

Cytokine assays. For the detection of cytokines (18), splenocytes from
nine immunized mice were cultured with different stimuli as described for
the lymphoproliferation assay. Cell supernatants were harvested and as-
sayed for interleukin-2 (IL-2) and IL-4 activities at 24 h, for IL-10 and
IL-12 activities at 72 h, and for gamma interferon (IFN-�) activity at 96 h.
The IL-2, IL-4, IL-10, IL-12, and IFN-� concentrations were evaluated by
using a commercial ELISA kit according to the manufacturer’s instruc-
tions (R&D Systems). Cytokine concentrations were determined by ref-
erence to standard curves constructed with known amounts of mouse
recombinant IFN-�, IL-2, IL-4, IL-10, or IL-12. The sensitivity limits for
the assays were 20 pg/ml for IFN-�, 50 pg/ml for IL-2 and IL-12, and 10
pg/ml for IL-4 and IL-10.

Statistical analysis. All data were processed and analyzed by the SPSS
data editor (version 13.0; SPSS Inc., Chicago, IL). In comparisons between
groups, the results were considered different if P was �0.05.

RESULTS
Identification of the expressed product by IFA. In vitro expres-
sion of pIRESneo/MIC6/TgPLP1 was evaluated by IFA at 48 h
posttransfection. As shown in Fig. 1, green fluorescence was ob-
served in Marc-145 cells transfected with pIRESneo/MIC6/
TgPLP1, whereas no fluorescence was observed in pIRESneo-
transfected cells, by use of an anti-T. gondii polyclonal antiserum.

Humoral response. To determine the levels of anti-T. gondii
antibodies, all sera were tested by ELISA. As shown in Fig. 2, sig-
nificantly higher levels of T. gondii-specific IgG antibodies were
detected in the sera of mice immunized with pIRESneo/MIC6/
TgPLP1 or pIRESneo/MIC6/TgPLP1�pVAX/IL-18, especially af-
ter the third immunization. In contrast, mice injected with pVAX/
PLP1 or pVAX/MIC6 alone also generated anti-TgPLP1/MIC6
antibodies, but at levels significantly lower than those of mice
immunized with pIRESneo/MIC6/TgPLP1 or pIRESneo/MIC6/
TgPLP1�pVAX/IL-18 (P � 0.05). Mice injected with PBS, pVAX
I, pIRESneo, or pVAX/IL-18 alone did not generate anti-TgPLP1
antibodies, and there were significant differences between these
four groups and the groups mentioned above (P � 0.05).

Cellular proliferative responses induced by DNA vaccina-
tion. Splenocytes from 8 groups of mice were prepared 2 weeks
after the third immunization to assess the proliferative immune
responses to the MIC6/TgPLP1 fusion protein. As shown in Table
2, the group of mice immunized with pIRESneo/MIC6/TgPLP1
had higher lymphocyte responses than the controls (P � 0.05).
When the mice were coinjected with pIRESneo/MIC6/TgPLP1
and pVAX/IL-18, the level of splenocyte proliferation was further
increased over those of the other groups (P � 0.05). Meanwhile,
the groups of mice immunized with pVAX/TgPLP1, pVAX/MIC6,
or pVAX/IL-18 alone had significantly higher lymphocyte re-
sponses than the rest of the controls (P � 0.05). In addition,
splenocytes from all experimental and control groups proliferated
to comparable levels in response to the mitogen ConA (data not
shown).

Cytokine production. The supernatants of splenocytes cul-
tured from mice from 8 groups were harvested at different times
after stimulation with STAg and were assessed for the production
of IFN-�, IL-2, IL-12, IL-4, and IL-10 (Table 3). Very large

FIG 1 Indirect immunofluorescence detection of the MIC6/TgPLP1 fusion protein in Marc-145 cells transfected with pIRESneo/MIC6/TgPLP1 (A) or an empty
vector (pIRESneo) (B).
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amounts of specific IFN-�, IL-2, and IL-12 were produced in the
supernatants of restimulated splenocyte cultures from mice immu-
nized with pIRESneo/MIC6/TgPLP1�pVAX/IL-18, pIRESneo/
MIC6/TgPLP1, pVAX/IL-18, pVAX/PLP1, or pVAX/MIC6, but no
specific production of IFN-� was observed in the other groups
(the PBS, pIRESneo, and pVAX I groups). Specific amounts of
IL-4 and IL-10 were also synthesized by restimulated splenocytes
from mice immunized with pIRESneo/MIC6/TgPLP1 or
pIRESneo/MIC6/TgPLP1�pVAX/IL-18. There were no signifi-
cant differences in the production of IL-4 and IL-10 between the
pVAX/IL-18 group and the groups immunized with pIRESneo,
pVAX I, or PBS.

Protection of mice against challenge with T. gondii following
DNA vaccination. To examine protective immunity, 5 mice of
each group were challenged with 80 cysts of strain PRU at 2 weeks
after the final immunization. Mortality was checked daily. The
percentages of survival in the different groups of mice are shown
in Fig. 3. Interestingly, all mice immunized with PBS, pIRESneo,
or pVAX I died at day 25, giving a value of 0% for the survival of
these three control groups at day 25 (Fig. 3). Immunization of
Kunming mice with pIRESneo/MIC6/TgPLP1 dramatically in-

creased the survival time (42.8 � 2.9 days) (P, �0.05 versus
controls) of these mice following infection with T. gondii. Coim-
munization with pIRESneo/MIC6/TgPLP1 and pVAX/IL-18 en-
hanced the survival time of immunized mice even further (45.0 �
2.9 days), although the difference was not statistically significant
(P, �0.05).

Immunoprotective value was also determined in a chronic
model by using 20 cysts of strain PRU. The rest of the mice were
immunized, and 2 weeks after the last booster, they were orally
infected with 20 cysts of PRU. Cysts in the brain were counted 6
weeks after challenge. The lowest brain cyst burdens were ob-
served in mice immunized with pIRESneo/MIC6/PLP1�pVAX/
IL-18 (1,085.67 � 49.32 cysts per brain) or pIRESneo/MIC6/PLP1
(1,206.00 � 10.02 cysts per brain) and were significantly lower
than those in the PBS group (3,140.33 � 96.72 cysts per brain) and
the other five groups (P � 0.05). Brain cyst burdens were signifi-
cantly lower (P � 0.05) in mice immunized with pVAX/PLP1
(1,759.00 � 60.47) or pVAX/MIC6 (1,890.00 � 46.36) than in the
control animals (Table 4).

DISCUSSION

The present study shows that the fusion of TgPLP1 with MIC6
elicited a strong humoral and cellular immune response against T.
gondii, with significant levels of specific IgG antibodies, IFN-�,
IL-2, and IL-12 production, and lymphoproliferation (P � 0.05)
relative to those of the control groups. Moreover, this study dem-
onstrated that the vaccination was capable of decreasing the mor-
tality of animals infected with T. gondii strain PRU and of reduc-
ing the levels of tissue cysts in the brains of infected animals (P �
0.05). Murine IL-18 markedly enhanced the humoral and cellular
response in that it played a functional role in the immune reaction
against T. gondii. These results are consistent with those of previ-
ous studies (8, 9, 12, 13, 22). In previous studies, we demonstrated
that DNA vaccines individually encoding the target antigens
MIC4, ROP16, and ROP18 can elicit a broad range of immune
responses that are capable of extending the survival time of ani-
mals acutely infected with T. gondii (15, 23, 24).

FIG 2 Determination of levels of specific anti-T. gondii antibodies in the sera of Kunming mice immunized with 100 �g of PBS, pVAX I, pIRESneo, pVAX
I/IL-18, pVAX/MIC6, pVAX I/TgPLP1, or pIRESneo/MIC6/TgPLP1 alone, or with a combination of pVAX I/IL-18 and pVAX I/TgPLP1 (100 �g each) on weeks
0, 2, and 4. Sera were collected 1 day prior to each immunization and were tested by ELISA using STAg. Results are means � standard errors for three independent
experiments. Extremely statistically significant differences (**, P � 0.01) and significant differences (*, P � 0.05) from the control are indicated.

TABLE 2 Splenocyte proliferation responses of mice immunized with
various plasmidsa

Group
Proliferation
SIb

pIRESneo/MIC6/PLP1�pVAX/IL-18 8.63 � 0.15 A
pIRESneo/MIC6/PLP1 6.74 � 0.14 B
pVAX/PLP1 4.20 � 0.27 C
pVAX/MIC6 4.29 � 0.18 C
pVAX/IL-18 4.18 � 0.20 C
pIRESneo 0.86 � 0.03 D
pVAX I 0.90 � 0.07 D
PBS 0.95 � 0.11 D
a Splenocytes from three mice were harvested 2 weeks after the last immunization.
b SI, stimulation index. Data followed by different capital letters are significantly
different from each other (P � 0.05).
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PLPs are expressed by many bacterial and protozoan patho-
gens and are important virulence factors of many pathogenic bac-
teria and parasites. A previous study (22) evaluated the protective
effect of the novel target antigen TgPLP1 in DNA vaccination
against T. gondii infection in mice and showed that TgPLP1 in-
duces a strong protective humoral and cellular response against T.
gondii, indicating that it is a potential vaccine candidate. MIC6 has
also been shown to be effective at increasing the survival time of
immunized mice after lethal challenge with T. gondii strain RH
(18). However, a single-gene DNA vaccine can induce only partial
immunity. Therefore, in this study, we constructed double-gene
recombinant plasmid pIRESneo/MIC6/PLP using TgPLP1 and
MIC6 from different life stages, and we detected high levels of
specific IgG antibodies after immunization (Fig. 2). This result
demonstrated that the immune efficacy of pIRESneo/MIC6/PLP
was dramatically better than that of the one-gene plasmid pVAX/
MIC6 or pVAX/TgPLP1 (P � 0.05).

Although cellular immunity could not be studied, the cyto-
kines can be classified into the Th1 type and the Th2 type. The
former produces mainly IFN-�, IL-2, and IL-12, but the latter
produces IL-4, IL-5, IL-6, and IL-10. IFN-� and IL-4 play a guid-

ing role in the dynamic balance between Th1 and Th2. Immuni-
zation with pIRESneo/MIC6/PLP enhanced Th1 cell-mediated
immunity over that for control groups, with high levels of IFN-�,
IL-2, and IL-12 but low levels of IL-4 and IL-10 (Table 3). These
findings demonstrate that intramuscular immunization with
pIRESneo/MIC6/PLP potentiates Th1-type cellular immune re-
sponses in Kunming mice. Several factors have been proposed to
determine whether an immune response is Th1 or Th2 biased,
including the features of antigens (expressed by eukaryotic/pro-
caryotic systems), doses of antigen, sites of immunization, and
different delivery routes in the host (3, 19). All these will be con-
sidered in further studies.

The challenge dose of T. gondii may be an important impact
factor in analyzing the immune protective effect (14). A higher
dosage of T. gondii was used to challenge mice in an early DNA
vaccine study. Zhang et al. (25) used 1 � 104 tachyzoites for eval-
uation of the immune response of mice to a DNA vaccine and
assessed that the dosage was too high to allow observation of a
longer survival time. Even though the vaccine induced some im-
mune response, the mice were not capable of fighting too high a
dosage of the lethal T. gondii parasite strain RH. However, it is

TABLE 3 Cytokine production by splenocytes of immunized Kunming mice after stimulation by STAga

Group

Cytokine production (pg/ml)b

IFN-� IL-2 IL-12 IL-4 IL-10

pIRESneo/MIC6/PLP1�pVAX/IL-18 886.5 � 9.5 A 413.5 � 9.5 A 329.8 � 18.8 A 150.8 � 9.5 A 103.5 � 4.0 B
pIRESneo/MIC6/PLP1 763.5 � 12.3 B 304.0 � 9.4 B 239.3 � 16.7 B 164.0 � 15.1 A 151.8 � 11.4 A
pVAX/PLP1 471.5 � 28.9 D 206.3 � 28.2 D 130.3 � 17.7 D 118.5 � 6.4 B 67.3 � 2.9 C
pVAX/MIC6 475.8 � 21.2 D 208.0 � 7.2 D 130.5 � 7.51 D 115.5 � 7.9 B 68.3 � 1.9 C
pVAX/IL-18 616.8 � 50.7 C 259.8 � 6.0 C 190.0 � 6.8 C 57.5 � 3.1 C 33.8 � 2.3 D
pIRESneo 57.0 � 2.4 E 59.0 � 0.9 E 57.5 � 2.3 E 50.5 � 1.2 C 40.5 � 1.2 D
pVAX I 56.5 � 4.2 E 56.3 � 3.9 E 54.5 � 3.4 E 49.0 � 1.6 C 40.8 � 1.0 D
PBS 55.8 � 1.8 E 55.5 � 12.9 E 55.5 � 3.6 E 50.0 � 2.7 C 39.0 � 0.8 D
a Splenocytes from nine mice were harvested 2 weeks after the last immunization.
b Values for IFN-� are for 96 h poststimulation; values for IL-2 and IL-4 are for 24 h; values for IL-10 and IL-12 are for 72 h. Data followed by different capital letters in the same
column are significantly different from each other (P � 0.05).

FIG 3 Survival curves of immunized Kunming mice after lethal challenge with 80 cysts of T. gondii strain PRU 2 weeks after the last immunization. Death was
used as an endpoint for these data. The three control groups (PBS, pVAXI, and pIRESneo) had 0% survival at day 25; thus, the lines representing these control
groups overlap on the graph.
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easier to evaluate the survival rate by using less virulent strains to
challenge mice. Dautu et al. (4) observed the survival rate induced
by a DNA vaccine in C57BL/6 and BALB/c mice challenged with
20 cysts of strain Beverley. Therefore, this study used the low-
virulence strain PRU administered orally at 20 cysts per mouse,
and the immune effects of the recombinant plasmid vaccine were
observed. At the same time, 80 cysts of strain PRU per mouse were
administered intragastrically in order to study survival after chal-
lenge.

In conclusion, immunization with the recombinant plasmid
DNA encoding T. gondii TgPLP1 and MIC6 offers protective effi-
cacy, and this is a promising vaccine candidate against chronic
toxoplasmosis. The application of targeted stage-specific immu-
nization strategies and/or combination with other effective anti-
gens should improve the protective effect of TgPLP1 or MIC6 and
potentially eliminate or significantly mitigate the risks of brain
cyst reactivation during chronic infection by T. gondii.
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TABLE 4 Mean cyst burden per mouse brain 6 weeks after challenge
with 20 cysts of T. gondii strain PRU per mouse

Group
No. of brain cysts
(mean � SE)a

%
reductionb

PBS 3,140.33 � 96.72 A
pVAX I 3,130.67 � 42.98 A 0.31
pIRESneo 3,101.67 � 121.48 A 1.23
pVAX/IL-18 2,976.67 � 68.49 A 5.21
pVAX/MIC6 1,890.00 � 46.36 B 39.81
pVAX/PLP1 1,759.00 � 60.47 B 43.99
pIRESneo/MIC6/PLP1 1,206.00 � 10.02 C 61.6
pIRESneo/MIC6/PLP1�

pVAX/IL-18
1,085.67 � 49.32 C 65.43

a Data followed by different capital letters are significantly different from each other
(P � 0.05).
b From the values for the control group (PBS).
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