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Toxoplasma gondii, capable of infecting all warm blooded animals, is one of the most
successful parasites worldwide. It was reported that the single-gene vaccine with SAG1 or
MIC3 could only produce partial protection against T. gondii and multiantigenic vaccines
were more effective than single ones. In the present study, a multiantigenic DNA vaccine
delivered by attenuated Salmonella typhimurium (ZJ111/pSAG1-MIC3) was constructed,
which expresses surface protein SAG1 and micronemal protein MIC3. The safety and
stability of ZJ111/pSAG1-MIC3 were evaluated and immune response with ZJ111/pSAG1
and ZJ111/pMIC3 were compared. The results of lymphocyte proliferation assay, antibody
and cytokine determination show that mice immunized with ZJ111/pSAG1-MIC3 elicited
stronger humoral and Th1-type cellular immune responses than other groups. The mice
immunized with ZJ111/pSAG1-MIC3 also exhibited significant higher survival time after
challenged with T. gondii RH strain. The current study shows that the oral multiantigenic
DNA vaccine, ZJ111/pSAG1-MIC3, produces partial protection against T. gondii challenge.

© 2009 Elsevier B.V. All rights reserved.

1. Introduction

immunocompetent individuals. In contrast, primary T.
gondii infection acquired during gestation can be trans-

Toxoplasma gondii, an obligate intracellular protozoan
parasite, has the ability to infect and propagate in virtually
all nucleated host cells (Joiner and Dubremetz, 1993; Saeij
et al, 2006). The parasite belongs to the phylum
Apicomplexa that is responsible for a wide variety of
illnesses such as toxoplasmosis (Toxoplasma), malaria
(Plasmodium), crytosporidiosis (Cryptosporidium) and
many veterinary diseases (Dubey et al., 2006, 2003; Weiss
and Kim, 2004). Human infection by T. gondii is generally
asymptomatic and induces a self-limiting disease in
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mitted to the fetus through the placenta and may cause
miscarriage, permanent neurological damage, premature
birth, and visual impairment (Beghetto et al., 2006; Wallon
et al., 2004). Congenital toxoplasmosis is also of consider-
able economic importance in the farming industry,
because it is one of the principal causes of abortion, fetal
death, and stillbirths in all types of livestock, particularly in
pigs, goats and sheep (Ismael et al., 2006). Reports have
indicated that a high proportion of meat products were
contaminated with T. gondii, and that a major risk of
infection is associated with meat from animal-friendly
production systems (Aspinall et al., 2002; Jongert et al.,
2007; Kijlstra et al.,, 2004). Consumption of raw or
undercooked meat products is perceived as a major source
of infection to pregnant women (Cook et al., 2000). This
suggests that control of the disease by vaccination would
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be valuable for preventing both fetal infection and
reactivation in the farming industry.

Plasmid DNA vaccine against T. gondii is a potent
strategy for the induction of protective cellular immune
responses (Jongert et al., 2007; Mevelec et al., 2005).
Vaccination studies in mice have focused on the selection
of protective antigens and the most promising experi-
mental vaccines now combine proteins from membrane
associated surface antigen, excreted-secreted dense gran-
ule proteins, rhoptry proteins and micronemal proteins
(Jongert et al., 2008). Among these vaccine candidates, the
main surface antigen 1 (SAG1), highly conserved in T.
gondii strains, is best characterized and was shown to
induce both humoral and cellular immune responses in
mice (Cong et al., 2008; Qu et al., 2008; Zhang et al., 2007).
The micronemal protein MIC3 looks particularly promising
because it is a potent adhesin of T. gondii. It is expressed in
all three infectious stages of T. gondii (tachyzoites,
bradyzoites, and sporozoites) and elicits early and power-
ful immune responses in mice and humans (Garcia-Reguet
et al., 2000; Ismael et al., 2006, 2003). T. gondii possesses a
complex life cycle with diverse life stages and extensive
invading style. Accumulating evidence also indicates that
vaccination with stage-specific antigens only leads to
partial protection (Alexander et al., 1996; Zhou et al.,
2007). So, if the epitopes of the two molecules are
simultaneously presented to the immune system, the
immunopotentiating properties of the two antigens can be
utilized, and effective protection against T. gondii may be
achieved.

However, DNA vaccination by direct intramuscular
injection is time-consuming, laborious and stressful to
animals, and thus not suitable to livestock industry where
mass vaccination is often practiced (Li et al., 2006). Recent
studies have shown that attenuated Salmonella typhimur-
ium is a promising carrier to deliver plasmid DNA vaccines
encoding immunogens of pathogenic microorganisms or
tumors (Avogadri et al., 2005; Fensterle et al., 2008; Xu
et al., 2007). This strategy allows administration of DNA
vaccines via mucosal surfaces as well as delivery of the
plasmid DNA directly to antigen presenting cells (APC),
which could elicit strong humoral and cellular responses
against the pathogens, and this system has been proven
successful in human immunodeficiency virus, hepatitis B
virus and coccidiosis in chickens (Du and Wang, 2005;
Tsunetsugu-Yokota et al, 2007; Woo et al, 2001).
However, a multiantigenic DNA vaccine in T. gondii
delivered by attenuated S. typhimurium has not been
reported much.

In this study, we constructed a multiantigenic DNA
vaccine expressing SAG1 and MIC3 antigens carried by
attenuated S. typhimurium, and compared the immuno-
genicity and protective efficacy of the DNA vaccine with
the ones expressing single gene in ICR mice.

2. Materials and methods
2.1. Experimental animals

Female ICR mice (Grade II, 6 weeks old) weighing 18-
22 g were purchased from Zhejiang Experimental Animal

Center (Certificate No. 22-2001001, Hangzhou, China).
Rodent laboratory chow and tap water were provided ad
libitum and maintained under controlled conditions with a
temperature of 24 + 1 °C, humidity of 504+ 10%, and a 12/
12 hlight/dark cycle. All procedures were in strict accordance
with the PR China legislation on use and care of laboratory
animals and the guidelines established by Institute for
Experimental Animals of Zhejiang University and were
approved by the university committee for animal experi-
ments.

2.2. Bacterial strains and parasites

Attenuated S. typhimurium strain SV4089 (kindly
provided by Dr J. Casadesus, Department of Molecular
Genetics, University of Sevilla, Spain) is a double mutant
(Dam™ and PhoP~) derived from wild-type S. typhimurium
strain SL1344. The mutant is not pathogenic to mice via
oral delivery at dose level of as high as 1010 colony forming
units (CFU).

Tachyzoites of T. gondii RH strain were kindly provided
by Prof. Zhu Xingquan (College of Veterinary Medicine,
South China Agricultural University) and were harvested
from the peritoneal fluid of ICR mice that had been
intraperitoneally infected 3-4 days earlier.

2.3. Preparation of STAg

Soluble tachyzoite antigen (STAg) was prepared from
RH strain tachyzoites as previously described. Briefly, the
obtained tachyzoites were washed with 0.01 mol/l phos-
phate-buffered saline (PBS, pH 7.4) and sonicated for three
10-min periods at 60 W/s. The toxoplasma sonicate was
centrifuged at 2000 x g for 30 min. The protein concentra-
tion was determined in the supernatant, which was later
used as the source of antigen, according to Bradford
method. The STAg was stored at —70 °C before use.

2.4. Plasmid construction and transformation

To construct the multiantigenic SAG1-MIC3 fusion
eukaryotic expression plasmid, the coding sequences of
the SAG1 and MIC3 genes were amplified by polymerase
chain reaction (PCR) from genomic DNA of T. gondii (RH
strain). We designed two pairs of oligonucleotide primers:
SAG1, forward primer: 5-CGGGGTACCATGTCGGTTTCGC
TGCACCAC-3' and reverse primer: 5'-CCGGATATCTCCCGC-
GACACAAGCTGCG-3/, introduced Kpnl and EcoRV reco-
gnition sites (underlined) respectively; MIC3, forward
primer: 5'-TCTGATATCTCCCCCAGCAAGCAGGA-3' and



20 min. The purified plasmid pSAG1, pMIC3, pSAG1-MIC3
or control vector pcDNA3.1 was transformed into S.
typhimurium competent cells by electroporation at
2.5kV, 25 wF and 200-400 ). The positive transformants
were selected on LB agar containing 50 pg/ml ampicillin
and verified by PCR amplification of the target gene SAGT,
MIC3 and digestion with restriction enzymes. The S.
typhimurium strains containing plasmid pSAG1, pMIC3,
pSAG1-MIC3 or pcDNA3.1 were named ZJ111/pSAGI,
ZJ111/pMIC3, ZJ111/pSAG1-MIC3 or ZJ111/pcDNA3.1,
respectively.

2.5. Immunization

Female ICR mice were divided into five groups, each
consisting of thirty mice. Thirty minutes prior to oral
inoculation, mice were administered with 100 ul 10%
sodium bicarbonate to neutralize stomach acidity. Group I,
saline control. Mice in groups II-V were orally immunized
with S. typhimurium ZJ111/pSAG1, ZJ111/pMIC3, ZJ111/
PSAG1-MIC3 and ZJ111/pcDNA3.1 in 108 CFU dosages per
mice, respectively. Mice in vaccinated groups were
boosted with the same dose 2 weeks later.

2.6. Bacterial colonization and plasmid stability in organs

The immunized mice were monitored daily for clinical
changes. The body weights of all groups were recorded
pre-immunization and 6 weeks post-immunization. Two
mice in each group were euthanized every week post-
immunization, and fecal samples, spleens and livers were
collected and homogenized in PBS, respectively. The
bacterial counts were determined by plating serial
dilutions of the homogenized samples on LB agar plates
containing 50 pg/ml ampicillin. Ten colonies of bacteria
were picked randomly at each time point for PCR
identification of the target gene and digestion by restric-
tion enzymes.
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Table 1
Effects of vaccine on body weight in mice.

Group Number of mice Pre-immunization (g) Post-immunization (g)
Saline 10 19.26 £0.62 a 31.86+1.63 a
ZJ111/pcDNA3.1 10 19.50+0.74 a 30.10+2.12 a
ZJ111/pSAG1 10 18.87 £0.57 a 3213+1.76a
ZJ111/pMIC3 10 19.16 £0.70 a 31.25+£1.17 a
ZJ111/pSAG1-MIC3 10 19.22 +£053 a 3096 +1.57 a

Mice were immunized by the oral route on days 1 and 14 with ZJ111/pcDNA3 .1, pSAG1, pMIC3 or pSAG1-MIC3 of different dosages and were monitored
daily for clinical changes. The body weight in all groups was recorded pre-immunization and 6 weeks post-immunization. Values with same letter are no
significant difference between groups (P> 0.05). The values are presented as means + SD (n=10).

3. Results
3.1. Safety and stability of recombinantS. typhimurium in mice

No clinical aberrations were observed of the test mice
receiving S. typhimurium ZJ111/pSAG1, ZJ111/pMIC3,
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Fig. 1. Recovery of Salmonella from feces, spleens and livers of mice orally
immunized with ZJ111/pSAG1 (A), ZJ111/pMIC3 (B), ZJ111/pSAG1-MIC3
(C) and boosted in the same dosage 2 weeks later. Fresh feces, spleens and
livers were collected axenically and uniformed in PBS for bacteria CFU
determination every week.

ZJ111/pSAG1-MIC3, ZJ111/pcDNA3.1 during the 6-week
observation period. No significant difference in body
weights among the groups was detected before immuni-
zation and week 6 after the booster immunization
(Table 1). The bacteria were eventually eliminated from
the spleen and liver on week 6 post-immunization (PI)
(Fig. 1). PCR amplification and enzyme digestion revealed
constant presence of the target gene in recovered bacterial
isolates, which were performed on the pooled DNA
extracted from the 10 randomly selected bacteria
(Figs. 2 and 3).

3.2. Proliferation of lymphocytes

The splenocytes from immunized mice were prepared 2
weeks after the last immunization to assess the prolif-
erative immune responses. As shown in Fig. 4, the
lymphocyte proliferation response was significantly
higher in all vaccinated groups than the control mice on
week 2 PI (P<0.05). Con A-stimulated splenocyte pro-
liferation in the mice immunized with ZJ111/pSAG1-MIC3
was significantly higher than the other vaccinated groups
(P<0.05). ZJ111/pSAG1 and ZJ111/pMIC3 were both
significantly higher than that in ZJ111/pcDNA3.1 and
control group (P < 0.05). Splenocytes isolated from ZJ111/
pPSAG1, ZJ111/pMIC3 and ZJ111/pSAG1-MIC3 stimulated

Sizebp M 1 2 3 4 5

Fig. 2. PCR identification of ZJ111/pSAG1-MIC3 in organs. S. typhimurium
carrying recombinant plasmid was isolated from liver (lanes (1) and (2)),
spleen (lanes (3) and (4)) and feces (lane (5)) after immunization. The
genes of PCR and digestion in lanes (1) and (3) are mic3, sagl in lanes (2)
and (4) and sagl-mic3 in lane (5) respectively.



by LPS showed a greater proliferative response than that
observed for the mice of control groups (P < 0.05). There
was no statistically significant difference among the three
immunized groups (P> 0.05). STAg-induced splenocyte
proliferation of ZJ111/pSAG1-MIC3 was significantly
higher than that of ZJ111/pSAG1 (P < 0.05), while not
significantly higher than ZJ111/pMIC3 (P > 0.05). The three
immunized groups were significantly higher than that in
control groups (P < 0.05).

3.3. Specific IgG and IgG subclass induced by vaccination

A specific IgG antibody response was generated 2 weeks
after the first immunization and the level of antibodies
increased with the boost immunization (Fig. 5). Serum
STAg-specific IgG levels in the immunized mice were
enhanced significantly compared with those of control
groups (P < 0.05). The mice immunized with ZJ111/pSAG1-
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Fig. 5.

MIC3 presented the highest antibody response and the
serum levels were significantly higher than those in other
groups during weeks 4-8 PI (P <0.05). There were no
significant differences between the groups Z]J111/pSAG1
and ZJ111/pMIC3 (P > 0.05), both of which were signifi-
cantly higher than control groups during weeks 2-8 PI
(P < 0.05). No antibodies were detected in the control mice
(mice immunized with saline and ZJ111/pcDNA3.1).

Anti-T. gondii subclasses (IgG1, IgG2a) were analyzed 2
weeks after the last immunization (Fig. 6). Both IgG1 and
IgG2a were found in the sera of immunized mice and there
was no statistically significant difference among the three
groups (P> 0.05), except that ZJ111/pSAG1-MIC3 induced
a higher IgG2a level compared with Z]J111/pSAG1
(P <0.05). The predominance of IgG2a over IgG1 suggests
that a Th1 type of response was elicited.

3.4. Cytokine production

The levels of IFN-y and IL-4 produced in splenocytes
from immunized mice stimulated with STAg are shown in
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Table 2. Significantly higher levels of IFN-y were observed
in spleen cell cultures from immunized mice compared
with those of control groups (P < 0.05). And the levels in
ZJ111/pSAG1-MIC3 group were markedly enhanced com-
pared with the other groups (P < 0.05). On the other hand,
low levels of IL-4 were observed from any culture
supernatants, and no statistically significant differences
could be found among the five groups (P> 0.05).

3.5. Effective protection of vaccination in mice

To evaluate whether this vaccination protocol could
induce protection against T. gondii, immunized mice were
challenged with tachyzoites of the virulent RH strain.
Survival rates of different groups of mice are shown in
Fig. 7. From our results, the survival time of mice was
significantly increased by oral immunization with ZJ111/
PSAG1, ZJ111/pMIC3 and ZJ111/pSAG1-MIC3. Substan-
tially longer survival times were found in the group
vaccinated with ZJ111/pSAG1-MIC3. Mice in control
groups died within 5-6 days.

4. Discussion

DNA immunization has been shown to be the most
effective way of inducing specific humoral and cellular
immune responses in a number of vertebrate host species.
While the success of a DNA vaccine invariably depends on
several parameters, such as adjuvanticity of the formula-
tion component(s), excipients, vaccine carriers, not to
mention the route of administration, in addition to the
active antigen itself. Among the formulation variables, the
route of plasmid of DNA delivery and vaccine carriers play
an important part in achieving good responses (Innes and
Vermeulen, 2006). It has been reported that live antigen
delivery systems such as Salmonella, Shigella and Listeria
have been used as oral carriers to elicit immune responses
against a wide range of pathogens (Baillie et al., 2008;
Kulkarni et al., 2008). And live bacterial vectors offer many
potential clinical advantages. They are stable and easy and
relatively cheaper to produce in large scales. They are also
able to deliver large or multiple antigens and oral delivery
increases the safety and ease of administration (Massis
et al,, 2008
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ZJ111 expressing SAG1 or MIC3 alone. For naturally
occurring T. gondii infection, it has been demonstrated
that a Thl-based response is required for effective
protection (Dautu et al., 2007). This suggests that a good
vaccination protocol will direct T-helper cells toward a
Th1 rather than a Th2 response. We evaluated the nature
of the IgG subclass achieved during immunization to
determine the T-helper response ofimmunized mice. Both
IgG2a (Th1) and IgG1 (Th2) were detected in immunized
mice, with a slight increase in the anti-STAg Abs of IgG2a
than IgG1 isotype. A significant predominance of IgG2a
overIgG1 antibodies was observed in the mice immunized
with ZJ111/pSAG1-MIC3. This indicates that the response
was oriented toward a Th1-type response, which was
confirmed by analysis of the cytokine production. As a
result, large amounts of IFN-y were produced in the
supernatants of restimulated splenocyte cultures from all
immunized mice. The splenocytes from mice immunized
with ZJ111/pSAG1-MIC3 exhibited stronger specific pro-
liferation when stimulated with STAg, and also a higher
production of IFN-y was observed. Some studies indicate
that bacteria naturally possess immunostimulatory mole-
cules such as lipopolysaccharide (LPS) that can function as
adjuvant to stimulate immune responses (Roland et al,,
1999). Most importantly, live bacterial vectors are able to
induce systemic immune response associated with Th1-
type cytokine contribution. Thus, both the antibody
response and the cytokine production pattern were
indicative of a predominant Th response to the vaccine
antigens.

We evaluated the protection of oral vaccination by
infecting intraperitoneally the vaccinated mice with 500
tachyzoite of T. gondii RH strain. A partial protection was
obtained in immunized mice, and all mice except ZJ111/
PSAG1-MIC3 eventually succumbed. Furthermore, the
ZJ111/pSAG1-MIC3 vaccinated mice had significant longer
survival time. No prior vaccine has been shown to
completely protect against intraperitoneally challenge
with the RH strain of T. gondii (Cong et al., 2008), maybe
it is associated with the powerful virulence of RH strain of
T. gondii. As we all know, RH strain belongs to type I strain,
which causes lethal infection in mice even at low inoculate
[lethal dose (LD100) ~ 1] (Taylor et al., 2006), so, it would
have been preferable to look for protection against oral
challenge with oocysts. In future experiments it would be
helpful to confirm the efficacy of DNA immunization by
comparing the parasite levels in different tissues in
vaccinated and control groups, using a moderately virulent
T. gondii strain.

In conclusion, this study preliminarily shows that
attenuated S. typhimurium strain (Dam™ and PhoP~) could
be utilized as an oral delivery vector for recombinant
eukaryotic expression plasmids as DNA vaccines for
prevention from Toxoplasmosis. The introduction of two
functional genes encoding SAG1 and MIC3 delivered by
attenuated S. typhimurium induces more effective protec-
tion than the two single-gene vaccines. Because oral rather
than intranasal immunization presents many advantages
such as labor, time-saving and stress-minimizing, this
vaccine candidate deserves more extensive study to assess
its safety and protective efficacy in livestock.
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