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Abstract – Triphasic sustained release of tachyzoite chimeric protein, rSAG1/2, from poly(lactide-co-glycolide)
(PLG)-encapsulated rSAG1/2 (PLG-rSAG1/2) microparticles (MPs) is a promising characteristic for developing a
single-dose vaccine against Toxoplasma gondii in domestic animals. In the present study, we aimed to evaluate
whether single immunization with PLG-rSAG1/2 MPs in BALB/c mice would achieve effective immunity and
protection against T. gondii. Peritoneal immunization of mice with a single dose of PLG-rSAG1/2 MPs enhanced
serum IgG titers and lymphocyte proliferation in a triphasic model over a long 12-week period. In addition, 12 weeks
after immunization, significant production of IFN-c was also monitored in mice vaccinated with one dose of PLG-
rSAG1/2 MPs. More importantly, the immunity induced by one dose of PLG-rSAG1/2 MPs protected 70% of mice
(14/20) against a lethal subcutaneous challenge of 1 · 104 live tachyzoites of T. gondii (RH strain). In conclusion, a
single dose of PLG-rSAG1/2 MPs capable of sustaining triphasic release of rSAG1/2 protein induces long-lasting
triphasic immunity against T. gondii in mice. Our data indicate the feasibility of PLG-rSAG1/2 MPs to be developed
as a single-dose vaccine against T. gondii for potential use in domestic animals.

Key words: Toxoplasma gondii, Single-dose vaccine, rSAG1/2, Synthetic adjuvant, Poly(lactide-co-glycolide),
Microparticles.

Résumé – Immunité protectrice contre la toxoplasmose chez la souris, induite par une immunisation en dose
unique avec la protéine rSAG1/2 libérée par des microparticules de poly (lactide-co-glycolide). La libération
prolongée triphasique de la protéine chimère du tachyzoïte rSAG1/2, à partir de microparticules (MPs) de
rSAG1/2 encapsulées par le poly (lactide-co-glycolide) (PLG-rSAG1/2), est une caractéristique prometteuse pour
le développement d’un vaccin en dose unique contre Toxoplasma gondii chez les animaux domestiques. Dans la
présente étude, nous avons cherché à évaluer si une seule immunisation avec des MPs PLG-rSAG1/2 chez les
souris BALB/c permettrait d’obtenir une immunité efficace et une protection contre T. gondii. L’immunisation
péritonéale de souris avec une dose unique de MPs PLG-rSAG1/2 a amélioré les titres d’IgG sérique et la
prolifération lymphocytaire dans un modèle triphasique sur une période de 12 semaines. De plus, douze semaines
après immunisation, une production significative d’IFN-c a également été remarquée chez des souris vaccinées
avec une dose de MPs PLG-rSAG1/2. Plus important encore, l’immunité induite par une dose de MPs
PLG-rSAG1/2 a protégé 70 % (14/20) des souris contre une injection létale sous-cutanée de 1 · 104 tachyzoïtes
vivants de T. gondii (souche RH). En conclusion, une dose unique de MPs PLG-rSAG1/2, capable de maintenir la
libération triphasique de la protéine rSAG1/2, induit une immunité triphasique de longue durée contre T. gondii
chez la souris. Nos données indiquent la faisabilité des MPs PLG-rSAG1/2, à développer comme un vaccin à dose
unique contre T. gondii pour une utilisation potentielle chez les animaux domestiques.
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Introduction

Toxoplasma gondii is an intracellular protozoan parasite
that causes serious toxoplasmosis in most endothermic
animals, including humans and domestic animals [11, 23].
Toxoplasmosis usually generates severe abortion and neonatal
loss in domestic animals, thereby leading to dramatic
economic losses [8, 25]. Toxoplasmosis during pregnancy
may induce serious fetal congenital intellectual disability,
blindness, and hydrocephaly [7, 30]. In addition, toxoplasmosis
is also a major opportunistic infection in immunocompromised
individuals, often resulting in lethal toxoplasmic encephalitis
[6]. Although one attenuated vaccine has been used success-
fully to reduce abortions in sheep [2], it has a very short
shelf-life and is unlikely to be used in humans [14]. Numerous
recombinant vaccines derived from surface antigens, dense
granule proteins, rhoptry proteins, and microneme proteins
have produced only little to moderate protective efficacy
against infections with a lethal challenge dose of different
strains of T. gondii [33]. The lack of effective vaccines has
become a major burden in controlling toxoplasmosis [19, 29].

Significant evidence obtained recently indicates that future
investigations on the development of Toxoplasma vaccines
have to include efficacious adjuvants that can improve vaccine
immunogenicity for inducing the ‘‘appropriate’’ immunity
against T. gondii in animals [14]. Microparticles (MPs) made
from biodegradable and biocompatible polymers, such as
poly(lactide-co-glycolide) (PLG), have been employed as safe
and potent synthetic adjuvants to encapsulate antigens for
producing controlled-release MP vaccines [10, 24]. Moreover,
such antigen-controlled release is a particularly attractive
characteristic of antigen-loaded PLG MPs for the development
of single-dose vaccines without additional administration of
booster doses [9, 12].

In our previous study, the chimeric tachyzoite surface
antigen, rSAG1/2, was encapsulated with PLG polymer to
prepare PLG-encapsulated rSAG1/2 (PLG-rSAG1/2)
MPs [3]. In addition, the in vitro release of rSAG1/2 protein
from PLG MPs suspended in PBS could be sustained for a
56-day period with three distinct phases consisting of an initial
burst release, a very slow release, and a final rapid release [3].
Further protection analysis in mice demonstrated that two shots
of PLG-rSAG1/2 MPs protected 83% of animals against a
lethal subcutaneous challenge of T. gondii tachyzoites [3].
However, administration of multi-dose vaccines to achieve
protective immunity is usually cost-ineffective, complex and
its compliance is frequently difficult for use in complete
vaccination of domestic animals [9]. Therefore, the in vitro
triphasic sustained release of rSAG1/2 protein provides
valuable potential, encouraging us to evaluate whether
vaccination with a single dose of PLG-rSAG1/2 MPs could
achieve in vivo protection against T. gondii in animals.

In the present study, to further the development of anti-
Toxoplasma MP vaccine for domestic animals, we aimed to
evaluate whether single immunization with PLG-rSAG1/2
MPs in BALB/c mice would achieve effective immunity and
protection against T. gondii. Mice were intraperitoneally
immunized with a single dose of PLG-rSAG1/2 MPs and their
anti-Toxoplasma immune responses were examined and

compared with those induced by one or two intraperitoneal
shot(s) of the oil formulation, rSAG1/2 (Vet L-10) [3, 31].
In addition, a lethal subcutaneous challenge with T. gondii
tachyzoites was performed to assess protective activities
induced by single immunization with the MP vaccine.

Materials and methods

Ethics statement

Female BALB/c mice (6 ~ 8 weeks of age) were purchased
from the National Laboratory Animal Center (NLAC), Taiwan.
All mice were housed in high containment facilities and
managed in compliance with the Animal Welfare Act. All pro-
cedures in animal experiments were reviewed and approved by
The Institutional Animal Care and Use Committee (IACUC),
National Pingtung University of Science and Technology
(NPUST) and all possible efforts were made to minimize the
suffering of the experimental mice.

Parasite antigens and monoclonal antibody (mAb)

T. gondii tachyzoites (RH strain) were harvested, purified,
and sonicated to prepare the tachyzoite sonicated antigen
(TsoAg) as described previously [3, 4]. In addition, the
rSAG1/2 protein used in the present study was prepared from
the RH strain of T. gondii tachyzoites in our previous study [3].
Mouse mAbs TG-1 (isotype G, subclass 1, j light chain) and
TG-2 (isotype G, subclass 1, j light chain), which are,
respectively, specific to SAG1 (30 kDa) and SAG2 (22 kDa),
were prepared by fusion, selection, and cloning as described
previously [4].

Preparation of PLG-rSAG1/2 MPs

The PLG-rSAG1/2 MPs used for the immunization
experiments in the present study were prepared by using a
water/oil/water double emulsion method described in our
previous work [3]. The resulting PLG-rSAG1/2 MPs, 1.27 ~
1.65 lm in diameter, showed 72 ~ 83% entrapment efficiency.
Moreover, the in vitro cumulative release of rSAG1/2 from
MPs in PBS gradually increased over the course of a 56-day
period with three distinct phases. Within the first three days,
an initial burst released approximately 32.4% of the total
protein load. Afterwards, there was a very slow release for
48 days, followed by a rapid release during the last five days.
Altogether, 88.5% of the total protein load was released from
the MPs during the 56-day period.

Animal experiments

In order to study whether PLG-rSAG1/2 MPs could work
as an effective single-dose vaccine against T. gondii, five
groups of 41 BALB/c mice each were intraperitoneally
immunized once with PLG-rSAG1/2 MPs containing 10 lg
of rSAG1/2 protein, 10 lg of rSAG1/2 formulated with
Invitrogen Vet L-10 adjuvant (rSAG1/2 (Vet L-10)) [3],
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10 lg of rSAG1/2 alone, blank PLG, or PBS. An additional 41
BALB/c mice intraperitoneally injected twice at a 14-day inter-
val with rSAG1/2 (Vet L-10) were also studied to evaluate
whether single immunization with PLG-rSAG1/2 MPs would
be superior to two-time immunization with the Vet L-10 oil
formulation.

Three mice per group were euthanized at weeks 0, 2, 4, 6,
8, 10, and 12 to collect sera and spleen lymphocytes for assay-
ing anti-Toxoplasma immune responses. Twelve weeks after
immunization, the remaining mice in all groups (20/group)
were challenged with a subcutaneous injection of 1 · 104 live
tachyzoites of T. gondii (RH strain) suspended in 100 lL of
PBS in order to verify whether the induced immunity could
protect mice from tachyzoite infection. Mice were monitored
daily for an additional 28 days [5] and the survival rate in each
group was calculated as described previously [3, 4].

Serum assay

Four weeks after immunization, the antigenic specificity of
mouse sera was studied by Western blot and anti-Toxoplasma
IgG titers of mouse sera collected every two weeks were
further measured by ELISA as described previously [3, 4].

Lymphocyte proliferation assay

Every two weeks, three mice per group were euthanized to
isolate spleen lymphocytes under sterile conditions. Then,
1 · 105 cells in 200 lL of RPMI-1640 culture medium
(CM) were cultured in each well of 96-well culture plates
and stimulated with 5 lg/mL of TsoAg (containing native
SAG1 and SAG2) as described previously [3]. In addition,
CM-treated cultures without TsoAg stimulation were con-
ducted and used as controls. The TsoAg-induced lymphocyte
proliferation was then monitored using the BrdU (5-bromo-
20-deoxyuridine) Colorimetric Cell Proliferation ELISA Kit
(Roche) according to the manufacturer’s instructions. Finally,
the stimulation index (SI = OD450 values from TsoAg-treated
cultures/OD450 values from CM-treated control cultures) of
each group was calculated as described previously [3, 4].

Measurement of IFN-c production by real-time PCR

Twelve weeks after immunization, spleen lymphocytes
isolated from different groups of mice were seeded in triplicate
in 6-well culture plates at 1 · 106 cells per well in 2 mL of
RPMI-1640 medium. Cells were cultured for 18 h and then
stimulated with 5 lg/mL TsoAg or 1 lg/mL of Con
A (Sigma), a T-cell mitogen, for an additional 6 h. The Con
A-stimulated cells were used as positive controls. In addition,
CM-treated cultures without stimulation were also prepared.
After incubation, total cellular RNA was extracted to reversely
transcribe into cDNA for measuring IFN-c production. The
induced IFN-c mRNA was then measured by real-time PCR
with specific IFN-c primers (forward: 50-TCA AGT GGC
ATA GAT GTG GAA GAA-30 and reverse: 50-TGG CTC
TGC AGG ATT TTC ATG-30) [21] by using a SYBR Green
system in a LightCycler instrument (Roche Applied Science).

Thermocycling conditions consisted of an initial denaturation
(95 �C for 10 min) followed by 40 cycles of 15 s denaturation
at 95 �C, 2 s annealing at 60 �C, and 15 s extension at 72 �C.
Fluorescence curves were analyzed with use of LightCycler
software, version 3.0 (Roche Applied Science). For each
sample, the amount of IFN-c was determined by comparing
with a standard curve and normalized by using b-actin (for-
ward: 50-AGA GGG AAA TCG TGC GTG AC-30 and reverse:
50-CAATAG TGATGA CCT GGC CGT-30) as the internal ref-
erence [21]. Results were expressed as the fold change that was
determined by dividing the quantity of specific IFN-c mRNA
from stimulated cells by the quantity of IFN-c mRNA from
the unstimulated cells. All samples were processed in triplicate.

Statistical analysis

Serum IgG titers (log10) and SI values of different groups
were statistically compared by using the Nested design and
the means at different time points in each group were tested
by least significant difference (LSD) multiple comparison.
IFN-c fold changes from different groups were statistically
compared using one-way ANOVA. The survival rates of differ-
ent groups were analyzed by the chi-square test. A P value of
less than 0.05 was considered to be significant.

Results

Antigenic specificity elicited by single
immunization with PLG-rSAG1/2 MPs

The antigenic specificity of mouse sera elicited four weeks
after peritoneal immunization was studied by Western blot
(Fig. 1). Results showed that one shot of PLG-rSAG1/2 MPs
or oil formulation rSAG1/2 (Vet L-10) could elicit IgG anti-
bodies to react to the native SAG1 (30 kDa) and SAG2
(22 kDa) in TsoAg (Fig. 1, lanes 1 and 2), which were also,
respectively, recognized by the TG-1 and TG-2 mAbs
(Fig. 1, lanes 7 and 8). In addition, mice immunized twice with
oil formulation rSAG1/2 (Vet L-10) also induced the same IgG
reaction (Fig. 1, lane 3). However, mice peritoneally immu-
nized with rSAG1/2 alone, blank PLG, or PBS did not produce
serum IgG antibodies in response to any proteins in TsoAg
(Fig. 1, lanes 4–6). Thus, the rSAG1/2 protein formulated with
adjuvants such as PLG polymer and Vet L-10 could elicit both
anti-SAG1 and anti-SAG2 IgG antibodies in the mouse serum
following one- or two-time immunization.

IgG titers enhanced by single immunization with
PLG-rSAG1/2 MPs

Every two weeks, anti-Toxoplasma IgG titers of mouse sera
were further determined by ELISA (Fig. 2). Before immuniza-
tion (week 0), different groups of mice were found to show
similarly low serum IgG titers. After single immunization with
PLG-rSAG1/2 MPs, IgG titers initially increased from week 0
to week 4 (P < 0.05, LDS multiple comparison), then slowly
and insignificantly increased from week 4 to week 8
(P > 0.05, LDS multiple comparison), and finally increased
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once again during the last four weeks (from week 8 to week
12) (P < 0.05, LDS multiple comparison). Thus, a triphasic
profile of anti-Toxoplasma IgG titers could be elicited in mice
by peritoneal vaccination with one dose of PLG-rSAG1/2 MPs.
On the other hand, high IgG titers induced by two shots of
rSAG1/2 (Vet L-10) during the first four weeks (P < 0.05,
LDS multiple comparison) then gradually decreased to the
levels before immunization from week 4 to week 12
(P < 0.05, LDS multiple comparison). In further comparison,
one shot of PLG-rSAG1/2 MPs and two shots of rSAG1/2
(Vet L-10) induced similar IgG titers in the first six weeks
(P > 0.05, Nested design). More importantly, at all indicated
time points from week 6 to week 12, IgG titers elicited by
one shot of PLG-rSAG1/2 MPs remained significantly higher
than those induced by two shots of rSAG1/2 (Vet L-10)
(P < 0.05, Nested design). Mice given one dose of rSAG1/2
(Vet L-10) via the intraperitoneal route showed a mild IgG
induction in the first four weeks and then a gradual reduction
starting from the 4th week. However, very low anti-
Toxoplasma IgG titers were found in mice following single
peritoneal immunization with soluble rSAG1/2 alone, blank
PLG, or PBS. Therefore, peritoneal immunization with one
dose of rSAG1/2-loaded PLG MPs in mice could induce and
prolong anti-Toxoplasma IgG titers in a triphasic model over
a 12-week period.

Lymphocyte proliferation induced by single
immunization with PLG-rSAG1/2 MPs

Spleen lymphocytes were prepared from different mouse
groups every two weeks and their proliferative responses speci-
fic to TsoAg were studied and expressed as SI values (Fig. 3).

During the 12-week study, mice intraperitoneally immunized
with one dose of PLG-rSAG1/2 MPs produced a triphasic
induction in SI values, which consisted of an initial increase
in the first four weeks (P < 0.05, LDS multiple comparison),
a slow and insignificant increase during the following four
weeks (P > 0.05, LDS multiple comparison) and a second
increase during the last four weeks (P < 0.05, LDS multiple
comparison). Although an initial induction in SI values was
also elicited by two peritoneal shots of rSAG1/2 (Vet L-10)
in first four weeks (P < 0.05, LDS multiple comparison), the
induced SI values gradually decreased from week 4 to week
12 (P < 0.05, LDS multiple comparison). Furthermore, in
the first six weeks, similar high SI values were observed in
mice immunized with one shot of PLG-rSAG1/2 MPs or two
shots of rSAG1/2 (Vet L-10) (P > 0.05, Nested design).
However, from week 6 to week 12, one dose of PLG-rSAG1/
2 MPs maintained significantly higher SI values than two doses
of rSAG1/2 (Vet L-10) (P < 0.05, Nested design). Mild SI
values induced by single peritoneal immunization with
rSAG1/2 (Vet L-10) in the first four weeks gradually decreased
to the levels prior to immunization starting from week 4.
However, single peritoneal administration of soluble rSAG1/2
alone, blank PLG, or PBS in mice resulted in little, if any,
lymphocyte proliferation. Thus, peritoneal immunization with
a single dose of rSAG1/2 protein encapsulated into PLG
MPs could enhance and maintain anti-Toxoplasma lymphocyte
proliferation in a triphasic 12-week profile.

Figure 2. Analyses for IgG titers of immunized mouse sera. Groups
of mice were peritoneally immunized with one dose of PLG-
rSAG1/2 MPs (d), one dose of rSAG1/2 (Vet L-10) (�), two doses
of rSAG1/2 (Vet L-10) (n), one dose of rSAG1/2 alone (s), one
dose of blank PLG (e), or one dose of PBS (h). Every two weeks,
mouse sera were collected from different groups and their anti-
Toxoplasma IgG titers were determined by ELISA. Results are
presented as the mean of log10 titers ± SD. All groups were
analyzed by the Nest design and an asterisk (*) indicates P < 0.05
when comparing the PLG-rSAG1/2 (single I.P. dose) group to the
rSAG1/2 (Vet L-10) (two I.P. doses) group.

Figure 1. Western blot analyses for antigenic specificity of
immunized mouse sera. Four weeks after immunization, TsoAg
was probed with sera from mice immunized with one dose of PLG-
rSAG1/2 MPs (lane 1), one dose of rSAG1/2 (Vet L-10) (lane 2),
two doses of rSAG1/2 (Vet L-10) (lane 3), one dose of rSAG1/2
alone (lane 4), one dose of blank PLG (lane 5) or PBS (lane 6). In
addition, the mouse mAbs TG-1 (lane 7) and TG-2 (lane 8) were
also used as markers for SAG1 and SAG2, respectively. Standard
protein markers (lane M) are shown on the left.
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IFN-c production elicited by single immunization
with PLG-rSAG1/2 MPs

Before challenge (the 12th week), the TsoAg- or Con
A-stimulated spleen lymphocyte cultures derived from differ-
ent mouse groups were harvested to assess their fold changes
of IFN-c production by real-time PCR (Table 1). Upon TsoAg
stimulation, high IFN-c fold changes in spleen lymphocytes
were only found in mice peritoneally immunized with a single
dose of PLG-rSAG1/2 MPs. However, spleen lymphocytes
from the other five groups of mice showed similar low fold
changes (P > 0.05, ANOVA). Thus, before challenge, single
peritoneal immunization with PLG-rSAG1/2 MPs generated
significantly higher levels of IFN-c in mice than peritoneal
immunization with one or two shot(s) of rSAG1/2 (Vet L-10)
(P < 0.05, ANOVA). Spleen lymphocytes stimulated with
Con A (1 lg/mL) from different groups were found to produce
similar IFN-c fold changes (P > 0.05, ANOVA). Therefore,
significant production of IFN-c could be readily elicited in
mice by peritoneal immunization with a single dose of
PLG-rSAG1/2 MPs.

Protection against T. gondii in mice induced by
single immunization with PLG-rSAG1/2 MPs

Twelve weeks after immunization, all groups of 20 mice
each were subcutaneously challenged with 1 · 104 live

tachyzoites of T. gondii (RH strain). Mice were observed
daily for an additional month (28 days) and the survival
rates were recorded as shown in Figure 4. In the group of mice
given a single peritoneal administration of PLG-rSAG1/2 MPs,
six mice died between days 14 and 22 after challenge, show-
ing a survival rate of 70%. A very low survival rate of 10%
after challenge was detected in mice given one shot of
rSAG1/2 (Vet L-10). Five out of 20 mice peritoneally
immunized with two shots of rSAG1/2 (Vet L-10) survived,
showing low protection of 25%. In contrast, single peritoneal
immunization with rSAG1/2 alone, blank PLG, or PBS failed
to generate protection against the tachyzoite infection in mice.
Therefore, single peritoneal vaccination with rSAG1/2
encapsulated in PLG MPs elicited a significantly higher
survival rate than peritoneal immunization with one or two
shot(s) of rSAG1/2 (Vet L-10) (P < 0.05, chi-square test).
These results indicate that the immunity induced by a single
dose of PLG-rSAG1/2 MPs via the intraperitoneal route
conferred solid resistance in mice to the experimental
tachyzoite challenge.

Discussion

Generally, purified proteins like rSAG1/2 are poorly
immunogenic and therefore require effective adjuvants to aid
them to elicit strong immunity [10]. In the present study,
specific immune responses to both SAG1 and SAG2 proteins
in TsoAg were elicited in mice by peritoneal immunization
with rSAG1/2 protein formulated in either PLG microparticles
or the Vet L-10 oil adjuvant (Fig. 1), indicating the importance
of use of adjuvants. Therefore, rSAG1/2 protein could elicit
both anti-SAG1 and anti-SAG2 immune responses in the
mouse following one- or two-time immunization only when
rSAG1/2 protein was initially formulated with adjuvants, but
not in its soluble form.

Table 1. IFN-c production of spleen lymphocyte cultures from
immunized mice.

Groupa IFN-c (fold change)b

TsoAg Con A

PLG-rSAG1/2 MPs (single I.P. dose) 5.3 ± 1.6c 2.6 ± 0.7e

rSAG1/2 (Vet L-10) (single I.P. dose) 1.0 ± 0.4d 2.4 ± 0.3e

rSAG1/2 (Vet L-10) (two I.P. doses) 1.2 ± 0.2d 2.5 ± 0.4e

rSAG1/2 (single I.P. dose) 1.1 ± 0.3d 2.3 ± 0.6e

PLG (single I.P. dose) 1.0 ± 0.1d 2.1 ± 0.4e

PBS (single I.P. dose) 0.9 ± 0.2d 2.1 ± 0.2e

a Twelve weeks after immunization, spleen lymphocytes isolated
from different groups of mice were stimulated with 5 lg/mL of
TsoAg or 1 lg/mL of Con A for 6 h at 37 �C. Total cellular
RNA was then extracted for the assay of IFN-c production by
real-time PCR.
b The fold change was determined by dividing the quantity of
specific IFN-c mRNA from stimulated cells by the quantity of
IFN-c mRNA from the unstimulated cells.
c–e A significant difference (P < 0.05) exists between groups with
different superscript letters.

Figure 3. Analyses for lymphocyte proliferation of immunized mice.
Groups of mice were peritoneally immunized with one dose of
PLG-rSAG1/2 MPs (d), one dose of rSAG1/2 (Vet L-10) (�), two
doses of rSAG1/2 (Vet L-10) (n), one dose of rSAG1/2 alone (s),
one dose of blank PLG (e), or one dose of PBS (h). Every two
weeks, the TsoAg-induced proliferative responses of spleen lym-
phocytes in each group were calculated by the BrdU (5-bromo-20-
deoxyuridine) Colorimetric Cell Proliferation ELISA kit (Roche).
Results are expressed as mean ± SD. All groups were analyzed by
the Nest design and an asterisk (*) indicates P < 0.05 when
comparing the PLG-rSAG1/2 (single I.P. dose) group to the rSAG1/
2 (Vet L-10) (two I.P. doses) group.
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The development of effective single-dose anti-Toxoplasma
vaccines formulated with potent adjuvants, such as PLG, that
are able to elicit long-lasting protective immunity, would be
a critical strategy in the successful control of toxoplasmosis.
In the present study, we found that single peritoneal immuniza-
tion with PLG-rSAG1/2 MPs in mice resulted in not only
long-lasting (12 weeks) triphasic IgG titers (Fig. 2) and
lymphocyte proliferation (Fig. 3), but also efficacious protec-
tion (70%) against a lethal subcutaneous tachyzoite challenge
(Fig. 4). However, peritoneal immunization with one or two
shot(s) of rSAG1/2 formulated with the Vet L-10 adjuvant
was unable to maintain protective immunity against T. gondii
in mice (Figs. 2 and 3). Single immunization with
PLG-rSAG1/2 MPs may therefore be better than one or two
shot(s) of the oil formulation, rSAG1/2 (Vet L-10), in eliciting
long-lasting anti-Toxoplasma immunity. We have demonstrated
the feasibility of using PLG-rSAG1/2 MPs as a single-dose
vaccine against T. gondii in mice.

The ability of PLG MPs to control the sustained release
rate of entrapped antigens can induce long-lasting immunity
in animals following single vaccination [9, 12]. Based on
earlier studies, PLG MPs may allow pulsed and/or slow release
of antigens to stimulate the immune system [22]. According to
our previous in vitro release study in PBS, a long 56-day
release process of rSAG1/2 protein from PLG MPs was
divided into three distinct phases made up of an initial pulsed
release (32.4% of total rSAG1/2 load) in the first three days, a
very slow release (38% of total rSAG1/2 load) for the
following 48 days, and a final pulsed release (18.1% of total

rSAG1/2 load) during the last five days (days 52–56) [3].
In fact, previous studies have indicated that such triphasic
controlled-release profiles result from the initial fast diffusion
of protein absorbed onto the surface of PLG MPs, the very
slow diffusion of encapsulated protein, and the final fast
protein diffusion due to the bulk degradation of PLG MPs
[17, 26, 28]. These release patterns are governed by the PLG
copolymer degradation rate, which largely depends on the
encapsulation conditions including the physical properties of
the PLG polymer such as molecular weight, hydrophilicity,
and the ratio of lactide to glycolide, as well as the MP
features such as the size, morphology, and encapsulation
efficiency [22].

Furthermore, the initial and final pulsed release in the
triphasic release profile, respectively, resemble prime and boost
immunization usually seen in a conventional vaccination
process [28]. From this viewpoint, single immunization with
PLG-rSAG1/2 MPs capable of performing the triphasic
controlled release of rSAG1/2 protein can be thought of as
administering two doses of rSAG1/2 protein. Therefore,
PLG-rSAG1/2 MPs, administered in the mouse peritoneal
cavity, gave rise to an initial pulsed release of rSAG1/2 to elicit
early immunity induction (IgG titers and lymphocyte
proliferation) in the first four weeks (Figs. 2 and 3). After clear-
ance of the initial pulsed release of rSAG1/2, the very
slow release of rSAG1/2 led to an insignificant increase in
mouse immunity and, thus enabled the immunity to remain
relatively constant from week 4 to week 8 (Figs. 2 and 3).
Finally, the second induction in immunity from week 8 to

Figure 4. Survival of immunized mice after a lethal tachyzoite challenge. Groups of mice were peritoneally immunized with one dose of
PLG-rSAG1/2 MPs (d), one dose of rSAG1/2 (Vet L-10) (�), two doses of rSAG1/2 (Vet L-10) (n), one dose of rSAG1/2 alone (s), one
dose of blank PLG (e), or one dose of PBS (h). Twelve weeks after immunization, six groups of 20 mice each were subcutaneously infected
with 1 · 104 live tachyzoites of T. gondii (RH strain). Animals were observed daily for 28 days and the final survival rates were calculated.
All groups were analyzed by the chi-square test. An asterisk (*) indicates P < 0.05 when comparing the PLG-rSAG1/2 (single I.P. dose)
group to the rSAG1/2 (Vet L-10) (single I.P. dose) group. Two asterisks (**) indicate P < 0.05 when comparing the PLG-rSAG1/2 (single I.P.
dose) group to the rSAG1/2 (Vet L-10) (two I.P. doses) group.
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week 12 (Figs. 2 and 3) could be accounted for as a result of
the final pulsed release of rSAG1/2 protein due to the bulk
degradation of PLG MPs during the period from day 52 to
56. In the present study, the triphasic fluctuation found in
mouse IgG titers and lymphocyte proliferation indeed reflected
the critical effect of triphasic rSAG1/2 release on in vivo
anti-Toxoplasma immune responses. In addition, based on
these results, we also believe that the in vivo release of
rSAG1/2 protein in mice may be similar to the in vitro triphasic
release in PBS observed in our previous study [3].

According to numerous crucial studies, vaccines based on
PLG MPs are able to induce both humoral and cell-mediated
immune responses in animals [10, 24]. An indicative hallmark
of an efficacious Toxoplasma vaccine is the ability to induce
strong Th1 cell-mediated immunity in animals [14]. In addi-
tion, IFN-c, one of the Th1-type cytokines, has been
demonstrated to be a decisive mediator of resistance to
T. gondii [15, 20, 27]. Our previous studies have also shown
that induction of both lymphocyte proliferation and IFN-c
production positively correlates with protective Th1 cell-
mediated immunity against T. gondii [3–5]. In the present
study, strong long-lasting lymphocyte proliferation was readily
observed in mice that received a single dose of PLG-rSAG1/2
MPs (Fig. 3). Moreover, before challenge (12 weeks after
immunization), mice given single peritoneal immunization
with PLG-rSAG1/2 MPs produced significant amounts of
IFN-c (Table 1). Therefore, one dose of PLG-rSAG1/2 MPs
could induce Th1 cell-mediated immunity required for
prevention of T. gondii infection. On the other hand, anti-
Toxoplasma IgG titers detected in the mouse serum following
single immunization with PLG-rSAG1/2 MPs (Fig. 2) are
consistent with those of previous studies, which have pointed
out that humoral response should contribute to resistance
against T. gondii [13, 16]. However, a further dye test would
be necessary to measure the functional lytic activity of these
antibodies. Therefore, one shot of PLG-rSAG1/2 MPs via
the peritoneal route could induce mixed anti-Toxoplasma
Th1/Th2 immune responses in mice. Although induction of
IFN-c is a decisive mechanism in the prevention of T. gondii
infection, production of both IL-4 and IL-10 is still necessary
to control lethal inflammation [1]. Detailed studies are
therefore needed to assay these cytokine profiles. In addition,
further measurements of memory T-cell markers
(CD44 (low) CD62L (high) CD122 (high) sca-1 (+)) [18]
would certainly be worth investigation to elucidate long-term
immunity induced by PLG-rSAG1/2 MPs.

The long-lasting protective immunity induced by single
immunization with PLG-rSAG1/2 MPs further protected 70%
of experimentally challenged mice from lethal subcutaneous
tachyzoite infection and allowed mice to survive for a long
period of 28 days after the experimental challenge (Fig. 4).
In further comparison, one dose of PLG-rSAG1/2 MPs elicited
a significantly higher protective rate in mice than either one or
two shot(s) of the oil formulation, rSAG1/2 (Vet L-10).
Therefore, the notable vaccine potency indicates that the
sustained release of rSAG1/2 protein from PLG MPs truly
confers a substantial effect on the induction of protective anti-
Toxoplasma immunity. PLG-rSAG1/2 MPs also show potential
for being designed as a single-dose vaccine following further

improvements such as enhancement of protein load in PLG
MPs, as well as optimization and stabilization of protein release
[32]. In addition, further studies using different parasite strains
in large animals, especially livestock such as sheep and
pigs, through different administration routes, are needed to
corroborate the conclusions drawn from the mouse model.

In conclusion, we have extended our previous study in
sustained release of rSAG1/2 protein to evaluate the possibility
of the use of PLG-rSAG1/2 MPs as a single-dose vaccine
against T. gondii. A single dose of PLG-rSAG1/2 MPs capable
of sustaining rSAG1/2 release in a triphasic profile induces
long-lasting triphasic immunity and strong protection
against T. gondii in mice. Our study therefore provides notable
evidence to indicate the feasibility of the development of a
single-dose vaccine against toxoplasmosis based on
PLG-rSAG1/2 MPs.
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