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Abstract: Toxoplasmosis is a major worldwide protozoan zoonosis. The surface antigen 1 (SAG1)
of Toxoplasma gondii (T. gondii) has always been recognized as an ideal vaccine candidate antigen.
However, the intact and soluble SAG1 protein is usually difficult to acquire in vitro, which is un-
favorable for employing the recombinant protein as a vaccine candidate antigen. In the present
study, we obtained the full-length SAG1 recombinant protein in soluble form by Escherichia coli
Transetta (DE3) cells under optimized expression conditions. The immunogenicity and protective
ability of this recombinant protein against T. gondii acute infection were evaluated in a mouse model.
Monitoring changes in serum antibody levels and types, the presence of cytokines, and the rate
of lymphocyte proliferation in vaccinated mice were used to assess humoral and cellular immune
responses. Additional assessments were performed to determine the protective potency of the recom-
binant protein in combating T. gondii RH tachyzoites. It was found that the titers of both IgG2a and
IgG2b were considerably greater in the immunized mice compared to the titers of IgG1 and IgG3.
The levels of Th1-type cytokines (IFN-γ, IL-12p70, IL-2, and TNF-α) and Th2-type cytokines (IL-10)
significantly increased when splenocytes from immunological group mice were treated with T. gondii
lysate antigen. Compared to the control group, a recombinant protein substantially increased the
longevity of infected mice, with an average death time prolonged by 14.50 ± 0.34 days (p < 0.0001).
These findings suggest that the full-length and soluble SAG1 recombinant protein produced potent
immune responses in mice and could be a preferred subunit vaccine candidate for T. gondii, offering a
feasible option for vaccination against acute toxoplasmosis.

Keywords: Toxoplasma gondii; SAG1; full-length; defense; mouse

1. Introduction

Toxoplasmosis is a prevalent parasitic disease attributed to the protozoan Toxoplasma
gondii (T. gondii) [1]. It is one of the most common zoonotic infections globally, affecting
30–50% of the population. T. gondii has an extensive range of intermediate hosts, but only
felids, like cats, are definitive hosts that release infectious oocysts into the environment [2].
T. gondii tachyzoites can almost invade all nucleated cells, including some immune cells,
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such as macrophages and dendritic cells. Infected macrophages and dendritic cells, em-
ployed as “Trojan horses”, contribute to transmitting this parasite in the host body [3]. The
infection of T. gondii is usually asymptomatic in immunocompetent individuals. How-
ever, it can sometimes be serious, even fatal, for immunodeficient individuals, such as
AIDS patients and pregnant women [4–6]. T. gondii infection during the first trimester
of pregnancy may result in abortion, early delivery, stillbirth, or fetal malformations in
a few cases. T. gondii infection throughout pregnancy’s second and third trimesters can
result in lesions or malformations of the fetal brain, eyes, liver, heart, lungs, and other
organs [7,8]. Furthermore, animal toxoplasmosis also brings unignorable economic losses
to the livestock industry, especially by causing fetal death and stillbirths in all types of
livestock, particularly pigs, sheep, and goats [9]. Sulfonamides are effective in treating
acute toxoplasmosis but have limited efficacy in chronic toxoplasmosis. Additionally, the
side effects of sulfonamide drugs should be considered when prescribing them [10]. The
major routes of human infection by T. gondii include ingesting uncooked food or water
contaminated with the parasite’s cyst or oocyst. These sources of infection are closely
associated with animal toxoplasmosis [11,12].

Developing a vaccine against animal toxoplasmosis is important for preventing and
controlling human toxoplasmosis. Until now, no commercial vaccine is available to prevent
human toxoplasmosis. However, in the European market, Toxovax, an animal Toxoplasma
vaccine, has been approved to avoid sheep abortion. This vaccine was prepared from strain
S48 of T. gondii, which was initially isolated from a sheep fetus that had miscarried in New
Zealand. The strain underwent 3000 generations of laboratory passages to obtain a weakly
virulent strain. This strain was avirulent in mice, unable to form tissue cysts or oocysts [13].
However, due to the incomplete understanding of the molecular basis of weak strain S48
tachyzoites and the possibility of spontaneous mutations causing the weak strain to regain
its virulence at any time, this vaccine is no longer used in the market. With their advantages
and deficiencies in recent decades, T. gondii vaccines prepared through genetic engineering
technology, including subunit, nucleic acid, nanoparticle, and gene knockout strains, have
been extensively and deeply explored [14]. Researchers have screened and evaluated
many protective antigens among the T. gondii tachyzoite invasion and pathogenesis-related
proteins. Surface antigen 1 (SAG1), as a major ligand for cell attachment, is specifically
expressed on the surface of tachyzoites and has shown superior immunogenicity and pro-
tective ability [15]. Further, the sequence of SAG1 was highly conserved among three main
clonal lineages, types I (pathogenic and lethal in mice) and type II/III (cystic type). The de-
velopment of a subunit vaccine based on the SAG1 protein is continuously being explored,
including purified natural SAG1, recombinant SAG1 produced by different expression
systems, or SAG1-derived peptides [16–18]. However, SAG1 is a highly conformational
protein constructed by six disulfide bonds, and its immunogenicity and antigenicity largely
depend on the appropriate folding through disulfide bonding [19,20]. Unfortunately, the
expression of SAG1 proteins in prokaryotic cells usually results in inactive inclusion bod-
ies [21,22]. The denaturation and renaturation of inclusion bodies can take a long time and,
importantly, may not necessarily restore the natural conformation of the protein, which
may influence its immunogenicity. To overcome this problem, some researchers obtained
antigenic SAG1 protein by fusing it with solubility/folding enhancing proteins such as
thioredoxin or glutathione-S-transferases (GST) or by truncating its expression in Escherichia
coli (E. coli), which are averse to preparing the antigen for a subunit vaccine [23–25].

In the present study, under optimized expression conditions, full-length and soluble
SAG1 recombinant protein was obtained by the E. coli Transetta (DE3) cells, which could
supplement the rare codon of the SAG1 gene. As an immunogen, the purified recombinant
protein combined with Freund’s complete adjuvant/incomplete adjuvant stimulated mice
to produce a robust humoral and cellular immune response and significantly prolonged
the survival time of immunized mice in the lethal infectious model. These results show
that full-length and soluble SAG1 recombinant protein could be an optical immunogen for
constructing a subunit vaccine against T. gondii.
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2. Materials and Methods
2.1. Mice and Parasites

Female Balb/c mice aged six to seven weeks were obtained from Liaoning Changsheng
Biotechnology Company (Shenyang, China). Strict adherence to the animal husbandry
rules of Shenyang Agricultural University was followed throughout mouse breeding and
assessment. The institutional ethics committee approved the experimental animal research
at Shenyang Agricultural University (Permit No. 2022111001). T. gondii RH tachyzoites
were cultured in Vero cells, and total RNA extraction, Toxoplasma lysate antigen (TLA)
preparation, and a mouse challenge experiment were all performed using these tachyzoites
as previously described [26].

2.2. Cloning and Expression of Full-Length SAG1 Recombinant Proteins in Prokaryotic
Expression System

The coding sequence (CDS) for SAG1 gene of T. gondii RH strain was obtained by PCR
using gene-specific primers (Forward: 5′TCCGGAATTCATGTCGGTTTCGCTG3′; Reverse:
5′ACCGCTCGAGTCAGCGACACAAG3′). The amplicons were cloned into the pET28a
vector (Invitrogen, Carlsbad, CA, USA) through EcoRI and XholI enzymes (Transgene
Biotech, Beijing, China) digestion and T4 DNA ligase (Transgene Biotech, Beijing, China).
The chemically competent E. coli Transetta (DE3) cells [genotype: F-ompT hsdSB(rB-mB-)gal
dcm lacY1 (DE3) pRARE (argU, argW, ileX, glyT, leuW, proL) (Camr)] (Transgene Biotech,
Beijing, China), characterized by supplementing the six lacking codons in E. coli, were
transformed with the recombinant plasmid. The full-length SAG1 recombinant protein was
present in the supernatant of the lysed transformed cells, which had been cultivated for
16 h under induced conditions of 0.1 mM Isopropyl β-D-1-thiogalactopyranoside (IPTG)
and 16 ◦C. The SAG1 recombinant protein was purified using Ni-NTA beads (Transgene
Biotech, Beijing, China). A BCA assay kit (Beyotime Biotechnology, Shanghai, China) was
utilized to assess the concentration of the SAG1 recombinant protein, and the purified
protein was stored at −80 ◦C.

2.3. Mouse Immunization and Challenge with T. gondii Tachyzoite

Female Balb/c mice aged six to seven weeks were divided into two groups, each
containing 12 mice. The control group was immunized with an equal volume of PBS mixed
with the same adjuvant. For the first immunization, 100 µg of SAG1 recombinant protein
was mixed with an equal volume of Freund’s complete adjuvant (Sigma-Aldrich, Louris,
MI, USA) and injected subcutaneously into the experimental group. Subsequent three
immunizations were administered at 2-week intervals using an equal volume of Freund’s
incomplete adjuvant (Sigma-Aldrich, Louris, MO, USA). At 2, 4, 6, and 8 weeks after the
first immunization, blood was drawn from the tail veins of the six same mice in each
group. Sera were collected and centrifuged at 4000× g for 5 min before being kept at −20
◦C. Two weeks after the fourth vaccination, nine mice per group were intraperitoneally
infected with 50 T. gondii RH strain tachyzoites and further randomly divided into two
groups; one group of 6 mice was used to observe survival time, and the other group of
3 mice was used to detect cytokine levels in the serum on the seventh day after infection.

2.4. Measurement of Humoral Response

Enzyme-linked immunosorbent assay (ELISA) detected, as previously described, anti-
Toxoplasma IgG in serum isolated at 2, 4, 6, and 8 weeks after the first immunization,
and IgG2a, IgG2b, and IgG3 antibodies in serum samples isolated at the 14th day after
the last inoculation. Briefly, microtiter plates were coated with 100 µL (10 µg/mL) TLA
diluted in 0.05 M potassium phosphate buffer (pH 8) and incubated overnight at 4 ◦C.
The plates were then washed thrice in phosphate-buffered saline (PBS) supplemented
with 0.05% Tween 20 (PBST) before being subjected to a blocking step for 1 h at 37 ◦C in
PBST supplemented with 1% bovine serum albumin (BSA). The plates were washed with
PBST and then left to incubate at room temperature for 1 h. The serum was diluted to a
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1:100 ratio in PBS during this incubation. Subsequently, the plates were examined utilizing
HRP-conjugated goat anti-mouse IgG1, IgG2a, IgG2b, IgG3, or total IgG (ImmunoWay
Biotechnology Company, Plano, TX, USA) as secondary antibodies for the purpose of
isotype analysis. The measurement of peroxidase activity in each well was conducted by
adding 100 µL of TMB (3,3′,5,5′-Tetramethylbenzidine) solution (Beyotime Biotechnology,
Shanghai, China). The optical density (OD) was determined at a wavelength of 450 nm
utilizing an ELISA microplate reader (Tecan, Männedorf, Switzerland) after terminating
the reaction by adding 50 µL of 2 M H2SO4. Each sample was assessed three times.

2.5. Spleen Lymphocyte Proliferation Assay

As previously described, splenocyte suspensions were taken from three mice in each
group two weeks after the last immunization [26]. This was performed using the following
steps: pushing the spleens through a wire mesh, purifying the suspensions by eliminating
the red blood cells (RBCs) using an erythrocyte lysis solution, and resuspending them in
1640 medium with 10% FBS. In 96-well plates, 5 × 105 cells were cultured and enhanced
for 48 and 72 h at 37 ◦C with 5% CO2 using TLA (20 µg/mL), concanavalin A (ConA) (CAS
number: 11028-71-0) (positive control; 5 µg/mL) (Solarbio, Beijing, China), glutathione-
S-transferases (GST) (expressed and purified in E. coli in our lab) (20 µg/mL) (negative
control), or 1640 medium alone (blank control). After that, 10 µL of cell counting kit-8
(CCK8) (Glpbio, Shanghai, China) was put into each well and incubated for 4 h. The
stimulation index (SI) was calculated using the following formula: (OD450 stimulation-
OD450 medium blank): (OD450 1640-OD450 medium blank). Each sample was assessed
three times.

2.6. Cytokine Assays

The splenocytes were cultured in 96-well plates to conduct a lymphocyte proliferation
experiment as previously described [26]. These cells were then stimulated with TLA at
a 20 µg/mL concentration. Cell-free supernatants were collected at 24, 72, and 96 h and
analyzed for the levels of interleukin-2 (IL-2), IL-4, IL-10, IL-12p70, interferon-γ (IFN-γ),
and tumor necrosis factor-α (TNF-α) using an ELISA kit (Elabscience, Shanghai, China).
The six cytokine concentrations were determined in triplicate. In addition, serum was
collected from the three infected mice in each challenge group on the seventh day after
infection to assess the cytokines levels in the blood as previously described.

2.7. Flow Cytometry Analysis

The proportions of CD4+ and CD8+ T lymphocytes were determined by flow cytometry
as previously described [26]. Splenocyte suspensions taken from three mice used for the
spleen lymphocyte proliferation assay were labeled with fluorescently labeled monoclonal
antibodies (mAbs), including FITC-conjugated anti-mouse CD45, Brilliant Violet 510TM-
conjugated anti-mouse CD3, APC-Cy7-conjugated anti-mouse CD4, and PE-conjugated
anti-mouse CD8a (BioLegend, San Diego, CA, USA) for 30 min in the absence of light.
Subsequently, the samples were washed three times with cold PBS buffer. The FACS Aria
III flow cytometer (BD Biosciences, San Jose, CA, USA) was used to identify and analyze
the samples.

2.8. Statistical Analysis

For statistical analysis, GraphPad Prism 9.0 was used. The data from the normal distri-
bution were given as mean ± SD. The antibody titer data, cytokines, lymphoproliferative
assay, and mean death time were compared using two-way ANOVA test. The threshold
for statistical significance was p < 0.05, with **** p < 0.0001, *** p < 0.001, ** p < 0.01, and
* p < 0.05.
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3. Results
3.1. Full-Length SAG1 Recombinant Protein Expression and Purification In Vitro

The intact coding sequence (1011 bp) of the SAG1 gene was amplified by PCR and
inserted into the pET28a vector through EcoRI and XholI enzyme digestion and T4 DNA
ligase (Figure 1A). The resulting recombinant plasmid, named pET28a-SAG1, was then
transformed into E. coli Transetta (DE3) cells, which supplemented rare codons of the SAG1
gene, including AGA, AGG, TGA, and CGA. Three randomly selected monoclonal colonies
could all express the SAG1 recombinant protein in a soluble form, as indicated by detecting
the desired protein in the cell lysis supernatant (Figure 1B,C). SDS-PAGE analysis was used
to characterize the purified SAG1 recombinant protein after it was isolated using affinity
chromatography (Figure 1D).
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Figure 1. Construction of pET28a-SAG1 recombinant plasmid and expression of full-length SAG1
recombinant protein in soluble form. (A) Identification of recombinant pET28a-SAG1 plasmid by
EcoRI and XholI enzyme digestion. The lengths of SAG1 gene and pET28a vector were 1011 bp
and 5369 bp, respectively; M: Stander DNA marker. (B) Identification of SAG1 recombinant protein
expressed in E. coil Transetta (DE3) cells by Western blot. 1,3,5: The soluble protein of interest in the
cell lysates supernatant from three randomly selected single colonies; 2,4,6: The insoluble protein of
interest in cell lysate precipitation from three randomly selected single colonies; M: Stander protein
marker. (C) The grayscale values of bands in Western blot were analyzed by Image J soft V 1.54d.
(D) Purified SAG1 recombinant protein identified by SDS-PAGE. 1,2: Target protein was in eluent
buffer; M: Stander protein marker.

3.2. The SAG1 Recombinant Protein Stimulated High Levels of IgG Production in Mice, Including
Subtypes IgG1, IgG2a, IgG2b, and IgG3

Blood was drawn from the tail veins of each set of the six same mice at two, four, six,
and eight weeks after the initial vaccination. The serum was isolated for polyclonal antibody
detection. As shown in Figure 2A,B, serum isolated from immunized mice specifically
recognized the native SAG1 protein in TLA, while the control group did not show any
recognition. During the ELISA test, TLA was used as a coated antigen to detect the
polyclonal antibody levels in the serum. With multiple immunizations, the total antibody
levels in the serum of mice in the immunized group gradually increased, while no increase
was observed in the control group (Figure 2C). The antibodies in the serum isolated two
weeks after the last immunization were used to identify the IgG subtypes. As shown in
Figure 2D, the IgG2b level was substantially higher than IgG1 and IgG3. The IgG2a level
was also significantly higher than IgG1, indicating a prominent Th1 response.
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Figure 2. Serum IgG, IgG1, IgG2a, IgG2b, and IgG3 antibody levels in immunized and control mice.
(A) Western blot analysis for native SAG1 in TLA with the experimental mouse sera. 1: The reaction
of TLA with the sera isolated from mice in the control group; 2: The reaction of TLA with the sera
isolated from mice in the immunized group; M: Stander protein marker. (B) The grayscale values
of bands in Western blot were analyzed by Image J soft V 1.54d. (C) Detection of IgG antibodies in
the serum of Balb/c mice 2, 4, 6, and 8 weeks after the initial vaccination. (D) IgG1, IgG2a, IgG2b,
and IgG3 antibody detection in immunized mice on the 14th day after the last immunization. Data
of mice in each group are shown as mean ± SD (n = 6), with statistical significance represented by
asterisks (* p < 0.05, **** p < 0.0001).

3.3. TLA Specially Stimulated the Proliferation of Splenocyte in the Immunization Group

In mammals, infected macrophages and dendritic cells act as “Trojan horses” carrying
T. gondii tachyzoites, facilitating their distribution within the host body. The spleen is a
crucial peripheral immune organ that clears infected macrophages. CCK8 was utilized
to assess the levels of splenocyte proliferation induced by TLA, ConA (positive control),
GST (negative control), and 1640 (blank control). The proliferation SI at 48 h and 72 h post-
stimulation was shown in Figure 3A,B. Significant splenocyte proliferation was observed
in both TLA and ConA stimulation in the immunized group. Similar results were only
observed in the control group in the ConA stimulation. This indicates that the immune
cells in the spleen of immunized mice could rapidly and specifically recognize the TLA,
contributing to host defense against T. gondii infection. However, the ratio of CD4+ T cells
to CD8+ T cells did not alter significantly (Figure 3C).

3.4. Immunized Mice Showed Substantial Increases in Th1 (IFN-γ, IL-2, IL-12p70, and TNF-α)
and Th2 (IL-10) Cytokine Levels

To identify the type of host T helper cell response induced by SAG1 protein immuniza-
tion, the levels of Th1 and Th2-type cytokines released in culture supernatants after TLA
stimulation of splenocytes were measured. The immunized group had significantly higher
levels of Th1-type cytokines (IFN-γ, IL-2, IL-12p70, and TNF-α) and Th2-type cytokines
(IL-10) than in the control group (Figure 4). The difference between the IL-4 levels in the
immunized and the control groups was insignificant.
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proliferation after 48 h of stimulation with TLA, ConA (positive control), GST (negative control),
and 1640 (blank control). (B) Spleen cell proliferation after 72 h of stimulation with TLA, ConA
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Figure 4. Cytokine levels produced by TLA-stimulated mouse splenocytes produced from spleens
of three mice in each group. Cell-free supernatants were collected at 24 h for IL-2 (A) and IL-4 (B),
72 h for IL-10 (C) and TNF-α (F), and 96 h for IFN-γ (E) and IL-12p70 (D). The data are displayed as
mean ± SD of three mice in each group (*** p < 0.001, **** p < 0.0001, and ns, no significance).

3.5. Full-Length SAG1 Recombinant Protein Immunization Enhanced Mouse Resistance to Lethal
T. gondii Infection

To assess the protective ability of the SAG1 recombinant protein, nine immunized mice
and an equal number of control mice were, respectively, challenged with 50 tachyzoites of
the T. gondii RH strain. In each group, six mice were used to monitor survival time, and
the remaining three mice were sacrificed to detect cytokines in the serum on the seventh
day post-challenge. As shown in Figure 5A, the Th1-typed cytokines in the infected mouse
serum, including IL-12p70 and IFN-γ, were substantially higher than those in the control
group. The survival time of all infected mice is shown in Figure 5B. In the control group, all
infected mice died on the ninth day post-infection and showed some clinical manifestations,
including mental exhaustion, slow movement, and decreased appetite before death. In
contrast, in the immunized group, the mice started dying on the 22nd day post-infection,
which is significantly longer than the control group. The average death time was increased
by 14.50 ± 0.34 days (p < 0.0001), indicating that immunization with SAG1 recombinant
protein substantially increases mouse resistance to lethal T. gondii infection.
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4. Discussion

T. gondii vaccine development has been a key focus in preventing and controlling
toxoplasmosis [27]. The subunit vaccine is a classic genetic engineering vaccine successfully
used to prevent many infectious diseases [28–32]. About 30% of recombinant protein
products on the market are produced through engineering E. coli, although this approach
usually expresses insoluble recombinant protein, especially for eukaryotic proteins, which
is not suitable for the preparation of vaccines. The SAG1 protein is undoubtedly considered
the primary vaccine candidate because it is the tachyzoite major surface antigen with
strong immunogenicity. However, several rare codons are present in the SAG1 gene, and
the native form of SAG1 has six disulfide bonds, making it difficult to express a soluble
recombinant protein in prokaryotic systems. In the past, the native SAG1 protein purified
from T. gondii tachyzoite by affinity chromatography and truncated recombinant SAG1
protein expressed by Pichia pastoris [33] or E. coli [34–36] have been used for T. gondii
vaccine research. However, the purification process is difficult and time-consuming, and
the truncated recombinant proteins usually lack the necessary epitopes. According to the
IEBD database analysis, some MHC-II (Major histocompatibility complex, MHC) binding
peptides have potential and are located at the C-terminal sequences of the SAG1 protein
(Table S1). Previous studies have also demonstrated that B and T cell epitopes are mainly
concentrated near the C-terminus of the SAG1 protein [37,38]. Godard et al. showed that
the 238–256 amino acid residues of the SAG1 protein are essential T-cell epitopes [39].
In addition, Cardona et al. found that the SAG1 301–320 position exhibited the highest
reactivity against human sera from patients infected with T. gondii [40]. In this study, the
full-length CDS of the SAG1 gene was amplified by PCR with special primers, and the
complete and soluble SAG1 recombinant protein was obtained in E. coli Transetta (DE3)
cells under the induced condition of 16 ◦C and 0.1 mM IPTG. This strain supplements rare
codons of the SAG1 gene and is employed under low temperatures, which could contribute
to the soluble expression of recombinant protein. We also noticed that the molecular weight
of the recombinant protein was slightly larger than the native SAG1 in TLA (Figures 1D
and 2A). The reason was that to obtain the HIS-tag, an additional 36 amino acid residues
were present at the N-terminal of the recombinant protein compared to the native SAG1
(Figure S1). Additionally, the theoretical molecular weight of the natural SAG1 protein
is 34 kDa, while the recombinant protein is 38 kDa, whose positions in the gel were both
slightly higher than their theoretical values (Figures 1D and 2A)

Humoral immunity, characterized by antibodies, functions against T. gondii infection
in at least three ways: opsonizing parasites for phagocytosis, blocking the tachyzoite
invasion into cells, and activating the classical complement pathway. The SAG1 protein has
been shown as a vital invasion-related ligand of T. gondii tachyzoites, and its monoclonal
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antibody could partially block the parasite invasion into host cells [41]. In the current study,
the levels of polyclonal antibodies for full-length SAG1 recombinant protein significantly
increased after the third immunization. After the fourth immunization, the titer of the
polyclonal antibodies of SAG1 was significantly higher than the control group, which
contributed to the host’s ability to resist T. gondii infection (Figure 2B). Furthermore, we
also identified the subtype of IgG in the serum isolated from mice 14 days post-fourth
immunization. The antigen-specific IgG2a and IgG2b levels were substantially higher than
those of IgG1 and IgG3, indicating that SAG1 immunization induced both Th1- and Th2-
type immunity, with the former being more prominent. Although humoral immunity can
play a certain role in resisting T. gondii infection, cellular immunity is the major mechanism
by which a vaccine enables the host to have a strong defense.

The innate immune cells, such as dendritic cells, macrophages, and neutrophils, mi-
grate to the site of infection, where they detect the parasite. These cells recognize the
parasite mainly through Toll-like receptors (TLRs) and secrete IL-12p70, which stimulates
CD4+, CD8+ T, and natural killer cells to release IFN-γ. This cytokine plays an essential role
in the host cell’s immune anti-T. gondii process intracellular proliferation [42]. When phago-
cytes are stimulated with IFN-γ, it effectively triggers several anti-parasitic mechanisms.
These mechanisms include the upregulation of guanylate-binding proteins (GBPs) and
immunity-related GTPases (IRGs), which help in attacking the parasitophorous vacuole
(PV). Additionally, IFN-γ stimulation enhances antigen-presentation capabilities and upreg-
ulates the expression of other effective factors against parasites, such as reactive nitrogen
and oxygen species. For non-hematopoietic cells, the upregulation of IRGs and GBPs
also contributes to the destruction of the PV [43–45]. Additionally, TNF-α, IL-2, and IL-4
are protective against T. gondii infection. IL-4 and IL-10 are anti-inflammatory cytokines
that help to minimize damage caused by an excessive immune inflammatory response.
They also promote B cell differentiation and antibody production [41]. The spleen is an
essential peripheral immunological organ that harbors many immune cells. It contributes
significantly to the host’s resistance to pathogen infections.

In this investigation, compared to the control group, re-stimulation of spleen cells from
the immunized mice resulted in the production of TNF-α, IFN-γ, IL-2, IL-10, and IL-12p70
but not IL-4. This suggests that immunization with the full-length SAG1 recombinant
protein could selectively drive a response toward the Th1 type. To assess the efficacy of the
full-length SAG1 recombinant protein against T. gondii infection, mice in the immunized
and control groups were intraperitoneally inoculated with a lethal dose of T. gondii RH
tachyzoites, as previously described. On day 7 post-inoculation, the IFN-γ and IL-12p70
levels in the serum of SAG1-immunized mice were substantially higher than those in the
control group, which partially explains the reason that the immunized mice had stronger
defenses against acute T. gondii infection. However, the IL-2, IL-4, IL-10, and TNF-α levels
were undetectable in both groups, as they may be lower than the minimum detection
limit. None of the mice in the control group survived beyond 9 days post-inoculation. In
contrast, the immunized mice began dying on day 22 post-inoculation, with an average
death time of 14.50 ± 0.34 days, which indicates our immune strategy has a certain effect
on the resistance of mice to deadly infection caused by T. gondii.

Subunit vaccines only contain certain immune-active fragments of pathogens. While
they may induce memory helper T and B cell production, they lack pathogen-associated
molecular patterns (PAMPs). This makes it difficult to produce memory-killing T cells,
resulting in low immune potency. Combining subunit vaccines with adjuvants could solve
this problem. Adjuvants could cause local reactions at the vaccination site or contribute
to other aspects of reactogenicity [46]. Immune adjuvants can serve as specific immune
enhancers or carriers to target infected antigen-presenting cells (APCs), trigger innate
immune responses, and enhance the immunogenicity of antigens. Aluminum adjuvants,
Freund’s adjuvants, and propolis adjuvants are widely used. Moreover, it has been dis-
covered in recent years that some small molecule peptides have the potential to boost
the host’s immune response and have adjuvant properties. Furthermore, phagocytes and
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non-blood cell types respond to IFN-γ stimulation [40,41]. In this study, Freund’s adju-
vant was chosen to enhance the immunogenicity of the SAG1 antigen. Both adjuvants
are water in oil lotion that can carry antigens and stimulate the innate immune system.
Complete Freund’s adjuvant includes heat-killed mycobacterial components in its structure,
which can enhance the stimulation of immune response. Incomplete Freund’s adjuvant
contributes to the sustained release of antigens, increases the half-life of antigens, and
enhances local cellular immune responses. Although recombinant SAG1 protein with
Freund’s adjuvant significantly prolonged the survival time of mice, the fate of infected
mice remains unchanged. So far, there is almost no vaccine that could fully protect mice
against lethal infection caused by T. gondii RH tachyzoite and this reason is still needed to
be deeply explored.

5. Conclusions

In this study, the full-length and soluble SAG1 recombinant protein was acquired by E.
coli Transetta (DE3) cells under the induced expression condition of 16 ◦C and 0.1 mM IPTG.
Purified recombinant SAG1 protein substantially enhanced the resistibility of mice against
T. gondii RH lethal infection by stimulating the host to produce robust cellular and humoral
immunity. These results suggest that the full-length and soluble SAG1 recombinant protein
could be a potential subunit vaccine candidate for toxoplasmosis.

Supplementary Materials: The following supporting information can be downloaded at: https:
//www.mdpi.com/article/10.3390/vaccines11111678/s1, Figure S1: Sequence alignment between
recombinant SAG1 protein and native SAG1 proteins of T. gondii types I and II strains; Figure S2.
The whole images of Figure 1B. Identification of SAG1 recombinant protein expressed in E. coil
Transetta (DE3) cells by western blot; Figure S3. The whole images of Figure 1D. (D) Purified SAG1
recombinant protein identified by SDS-PAGE; Figure S4. The whole images of Figure 2A. Western
blot analysis for native SAG1 in TLA with the experimental mouse sera; Table S1: Peptides with high
score at C terminal of SAG1 protein binding to MHC class II molecules predicted by IEDB.

Author Contributions: Conceptualization, N.Y. and X.S.; methodology, investigation, X.L. (Xiang Li),
W.Y., T.H., R.G., X.D., Y.H. and X.L. (Xuan Li); formal analysis, X.L. (Xiang Li), W.Y., T.H., R.G., X.D.,
Y.H., X.L. (Xuan Li), S.E.-A. and E.M.A.-O.; software, X.L. (Xuan Li) and W.Y.; validation, T.H., R.G.,
X.D., Y.H., X.L. (Xuan Li), S.E.-A. and E.M.A.-O.; writing—original draft preparation, X.L. (Xiang Li)
and W.Y.; writing—review and editing, N.Y., X.S., S.E.-A. and E.M.A.-O.; supervision, N.Y. and
X.S.; funding acquisition, N.Y., X.S., S.E.-A. and E.M.A.-O. All authors have read and agreed to the
published version of the manuscript.

Funding: This research was funded by grants from the National Key Research and Development Pro-
gram of China (grant number 2022YFD1800200), the National Natural Science Foundation of China
(grant numbers 32072891, 32373039, 31672546, 31902297), the Education Department of Liaoning
Province Project (grant numbers LSNQN202003, LJKZ0673), Shenyang Young and middle-aged Scien-
tific and Technological Innovation Talent Support Program (grant number RC210291), Key Laboratory
for prevention and control of Avian Influenza and Other Major Poultry Diseases, Ministry of Agricul-
ture and Rural Affairs, P.R. China and Key Laboratory of Livestock Disease Prevention of Guangdong
Province (grant number YDWS202209), the Researchers Supporting Project (RSP2023R111), King
Saud University, Riyadh, Saudi Arabia.

Institutional Review Board Statement: All experimental procedures of animal studies were ap-
proved by Shenyang Agricultural University’s institutional ethics committee (Permit No. 2022111001).

Informed Consent Statement: Not applicable.

Data Availability Statement: The datasets generated for this study are available on request to the
corresponding author.

Conflicts of Interest: The authors declare no conflict of interest.

https://www.mdpi.com/article/10.3390/vaccines11111678/s1
https://www.mdpi.com/article/10.3390/vaccines11111678/s1


Vaccines 2023, 11, 1678 11 of 12

References
1. Furtado, J.M.; Smith, J.R.; Belfort, R., Jr.; Gattey, D.; Winthrop, K.L. Toxoplasmosis: A global threat. J. Glob. Infect. Dis. 2011, 3,

281–284. [CrossRef] [PubMed]
2. Tenter, A.M.; Heckeroth, A.R.; Weiss, L.M. Toxoplasma gondii: From animals to humans. Int. J. Parasitol. 2000, 30, 1217–1258.

[CrossRef]
3. Bierly, A.L.; Shufesky, W.J.; Sukhumavasi, W.; Morelli, A.E.; Denkers, E.Y. Dendritic cells expressing plasmacytoid marker PDCA-1

are Trojan horses during Toxoplasma gondii infection. J. Immunol. 2008, 181, 8485–8491. [CrossRef] [PubMed]
4. Liu, Q.; Wei, F.; Gao, S.; Jiang, L.; Lian, H.; Yuan, B.; Yuan, Z.; Xia, Z.; Liu, B.; Xu, X.; et al. Toxoplasma gondii infection in pregnant

women in China. Trans. R. Soc. Trop. Med. Hyg. 2009, 103, 162–166. [CrossRef] [PubMed]
5. Pereira-Chioccola, V.L.; Vidal, J.E.; Su, C. Toxoplasma gondii infection and cerebral toxoplasmosis in HIV-infected patients. Future

Microbiol. 2009, 4, 1363–1379. [CrossRef]
6. Wang, Z.D.; Wang, S.C.; Liu, H.H.; Ma, H.Y.; Li, Z.Y.; Wei, F.; Zhu, X.Q.; Liu, Q. Prevalence and burden of Toxoplasma gondii

infection in HIV-infected people: A systematic review and meta-analysis. Lancet HIV 2017, 4, e177–e188. [CrossRef]
7. Li, X.L.; Wei, H.X.; Zhang, H.; Peng, H.J.; Lindsay, D.S. A meta analysis on risks of adverse pregnancy outcomes in Toxoplasma

gondii infection. PLoS ONE 2014, 9, e97775. [CrossRef]
8. Nayeri, T.; Sarvi, S.; Moosazadeh, M.; Amouei, A.; Hosseininejad, Z.; Daryani, A. The global seroprevalence of anti-Toxoplasma

gondii antibodies in women who had spontaneous abortion: A systematic review and meta-analysis. PLoS Negl. Trop. Dis. 2020,
14, e0008103. [CrossRef]

9. Nayeri, T.; Sarvi, S.; Moosazadeh, M.; Daryani, A. Global prevalence of Toxoplasma gondii infection in the aborted fetuses and
ruminants that had an abortion: A systematic review and meta-analysis. Vet. Parasitol. 2021, 290, 109370. [CrossRef]

10. Zeng, Y.B.; Zhu, S.H.; Dong, H.; Han, H.Y.; Jiang, L.L.; Wang, Q.; Cheng, J.; Zhao, Q.P.; Ma, W.J.; Huang, B. Great efficacy of
sulfachloropyrazine-sodium against acute murine toxoplasmosis. Asian Pac. J. Trop. Biomed. 2012, 2, 70–75. [CrossRef]

11. Wang, L.; Cheng, H.W.; Huang, K.Q.; Xu, Y.H.; Li, Y.N.; Du, J.; Yu, L.; Luo, Q.L.; Wei, W.; Jiang, L.; et al. Toxoplasma gondii
prevalence in food animals and rodents in different regions of China: Isolation, genotyping and mouse pathogenicity. Parasites
Vectors 2013, 6, 273. [CrossRef] [PubMed]

12. Kijlstra, A.; Jongert, E. Toxoplasma-safe meat: Close to reality? Trends Parasitol. 2009, 25, 18–22. [CrossRef] [PubMed]
13. Buxton, D.; Innes, E.A. A commercial vaccine for ovine toxoplasmosis. Parasitology 1995, 110 (Suppl. S1), S11–S16. [CrossRef]

[PubMed]
14. Hiszczynska-Sawicka, E.; Brillowska-Dabrowska, A.; Dabrowski, S.; Pietkiewicz, H.; Myjak, P.; Kur, J. High yield expression and

single-step purification of Toxoplasma gondii SAG1, GRA1, and GRA7 antigens in Escherichia coli. Protein Expr. Purif. 2003, 27,
150–157. [CrossRef] [PubMed]

15. Rezaei, F.; Sarvi, S.; Sharif, M.; Hejazi, S.H.; Pagheh, A.S.; Aghayan, S.A.; Daryani, A. A systematic review of Toxoplasma gondii
antigens to find the best vaccine candidates for immunization. Microb. Pathog. 2019, 126, 172–184. [CrossRef]

16. Bulow, R.; Boothroyd, J.C. Protection of mice from fatal Toxoplasma gondii infection by immunization with p30 antigen in liposomes.
J. Immunol. 1991, 147, 3496–3500. [CrossRef]

17. Darcy, F.; Maes, P.; Gras-Masse, H.; Auriault, C.; Bossus, M.; Deslee, D.; Godard, I.; Cesbron, M.F.; Tartar, A.; Capron, A. Protection
of mice and nude rats against toxoplasmosis by a multiple antigenic peptide construction derived from Toxoplasma gondii P30
antigen. J. Immunol. 1992, 149, 3636–3641. [CrossRef]

18. Kasper, L.H.; Bradley, M.S.; Pfefferkorn, E.R. Identification of stage-specific sporozoite antigens of Toxoplasma gondii by monoclonal
antibodies. J. Immunol. 1984, 132, 443–449. [CrossRef]

19. Kasper, L.H.; Khan, I.A.; Ely, K.H.; Buelow, R.; Boothroyd, J.C. Antigen-specific (p30) mouse CD8+ T cells are cytotoxic against
Toxoplasma gondii-infected peritoneal macrophages. J. Immunol. 1992, 148, 1493–1498. [CrossRef]

20. Velge-Roussel, F.; Moretto, M.; Buzoni-Gatel, D.; Dimier-Poisson, I.; Ferrer, M.; Hoebeke, J.; Bout, D. Differences in immunological
response to a T. gondii protein (SAG1) derived peptide between two strains of mice: Effect on protection in T. gondii infection. Mol.
Immunol. 1997, 34, 1045–1053. [CrossRef]

21. Chen, X.G.; Gong, Y.; Hua, L.; Lun, Z.R.; Fung, M.C. High-level expression and purification of immunogenic recombinant SAG1
(P30) of Toxoplasma gondii in Escherichia coli. Protein Expr. Purif. 2001, 23, 33–37. [CrossRef] [PubMed]

22. He, X.L.; Grigg, M.E.; Boothroyd, J.C.; Garcia, K.C. Structure of the immunodominant surface antigen from the Toxoplasma gondii
SRS superfamily. Nat. Struct. Biol. 2002, 9, 606–611. [CrossRef] [PubMed]

23. Wu, K.; Chen, X.G.; Li, H.; Yan, H.; Yang, P.L.; Lun, Z.R.; Zhu, X.Q. Diagnosis of human toxoplasmosis by using the recombinant
truncated surface antigen 1 of Toxoplasma gondii. Diagn. Microbiol. Infect. Dis. 2009, 64, 261–266. [CrossRef] [PubMed]

24. Fang, R.; Feng, H.; Nie, H.; Wang, L.; Tu, P.; Song, Q.; Zhou, Y.; Zhao, J. Construction and immunogenicity of pseudotype
baculovirus expressing Toxoplasma gondii SAG1 protein in BALB/c mice model. Vaccine 2010, 28, 1803–1807. [CrossRef]

25. Majidiani, H.; Dalimi, A.; Ghaffarifar, F.; Pirestani, M.; Ghaffari, A.D. Computational probing of Toxoplasma gondii major surface
antigen 1 (SAG1) for enhanced vaccine design against toxoplasmosis. Microb. Pathog. 2020, 147, 104386. [CrossRef]

26. Sang, X.; Li, X.; Chen, R.; Feng, Y.; He, T.; Zhang, X.; El-Ashram, S.; Al-Olayan, E.; Yang, N. Co-Immunization with DNA Vaccines
Expressing SABP1 and SAG1 Proteins Effectively Enhanced Mice Resistance to Toxoplasma gondii Acute Infection. Vaccines 2023,
11, 1190. [CrossRef]

https://doi.org/10.4103/0974-777X.83536
https://www.ncbi.nlm.nih.gov/pubmed/21887062
https://doi.org/10.1016/S0020-7519(00)00124-7
https://doi.org/10.4049/jimmunol.181.12.8485
https://www.ncbi.nlm.nih.gov/pubmed/19050266
https://doi.org/10.1016/j.trstmh.2008.07.008
https://www.ncbi.nlm.nih.gov/pubmed/18822439
https://doi.org/10.2217/fmb.09.89
https://doi.org/10.1016/S2352-3018(17)30005-X
https://doi.org/10.1371/journal.pone.0097775
https://doi.org/10.1371/journal.pntd.0008103
https://doi.org/10.1016/j.vetpar.2021.109370
https://doi.org/10.1016/S2221-1691(11)60193-7
https://doi.org/10.1186/1756-3305-6-273
https://www.ncbi.nlm.nih.gov/pubmed/24330536
https://doi.org/10.1016/j.pt.2008.09.008
https://www.ncbi.nlm.nih.gov/pubmed/18951847
https://doi.org/10.1017/S003118200000144X
https://www.ncbi.nlm.nih.gov/pubmed/7784124
https://doi.org/10.1016/S1046-5928(02)00593-4
https://www.ncbi.nlm.nih.gov/pubmed/12509997
https://doi.org/10.1016/j.micpath.2018.11.003
https://doi.org/10.4049/jimmunol.147.10.3496
https://doi.org/10.4049/jimmunol.149.11.3636
https://doi.org/10.4049/jimmunol.132.1.443
https://doi.org/10.4049/jimmunol.148.5.1493
https://doi.org/10.1016/S0161-5890(97)00133-8
https://doi.org/10.1006/prep.2001.1483
https://www.ncbi.nlm.nih.gov/pubmed/11570843
https://doi.org/10.1038/nsb819
https://www.ncbi.nlm.nih.gov/pubmed/12091874
https://doi.org/10.1016/j.diagmicrobio.2009.02.009
https://www.ncbi.nlm.nih.gov/pubmed/19359122
https://doi.org/10.1016/j.vaccine.2009.12.005
https://doi.org/10.1016/j.micpath.2020.104386
https://doi.org/10.3390/vaccines11071190


Vaccines 2023, 11, 1678 12 of 12

27. Zhang, N.Z.; Chen, J.; Wang, M.; Petersen, E.; Zhu, X.Q. Vaccines against Toxoplasma gondii: New developments and perspectives.
Expert Rev. Vaccines 2013, 12, 1287–1299. [CrossRef]

28. Agger, E.M.; Andersen, P. Tuberculosis subunit vaccine development: On the role of interferon-gamma. Vaccine 2001, 19,
2298–2302. [CrossRef]

29. Baldwin, M.R.; Tepp, W.H.; Przedpelski, A.; Pier, C.L.; Bradshaw, M.; Johnson, E.A.; Barbieri, J.T. Subunit vaccine against the
seven serotypes of botulism. Infect. Immun. 2008, 76, 1314–1318. [CrossRef]

30. Devi, Y.S.; Mukherjee, P.; Yazdani, S.S.; Shakri, A.R.; Mazumdar, S.; Pandey, S.; Chitnis, C.E.; Chauhan, V.S. Immunogenicity of
Plasmodium vivax combination subunit vaccine formulated with human compatible adjuvants in mice. Vaccine 2007, 25, 5166–5174.
[CrossRef]

31. Gao, F.; An, C.; Bian, L.; Wang, Y.; Zhang, J.; Cui, B.; He, Q.; Yuan, Y.; Song, L.; Yang, J.; et al. Establishment of the first Chinese
national standard for protein subunit SARS-CoV-2 vaccine. Vaccine 2022, 40, 2233–2239. [CrossRef] [PubMed]

32. Stephenson, I.; Nicholson, K.G.; Gluck, R.; Mischler, R.; Newman, R.W.; Palache, A.M.; Verlander, N.Q.; Warburton, F.; Wood,
J.M.; Zambon, M.C. Safety and antigenicity of whole virus and subunit influenza A/Hong Kong/1073/99 (H9N2) vaccine in
healthy adults: Phase I randomised trial. Lancet 2003, 362, 1959–1966. [CrossRef] [PubMed]

33. Petersen, E.; Nielsen, H.V.; Christiansen, L.; Spenter, J. Immunisation with E. coli produced recombinant T. gondii SAG1 with alum
as adjuvant protect mice against lethal infection with T. gondii. Vaccine 1998, 16, 1283–1289. [CrossRef] [PubMed]

34. Letscher-Bru, V.; Villard, O.; Risse, B.; Zauke, M.; Klein, J.P.; Kien, T.T. Protective effect of vaccination with a combina tion of
recombinant surface antigen 1 and interleukin-12 against toxo plasmosis in mice. Infect. Immun. 1998, 66, 4503–4506. [CrossRef]
[PubMed]

35. Letscher-Bru, V.; Pfaff, A.W.; Abou-Bacar, A.; Filisetti, D.; Antoni, E.; Villard, O.; Klein, J.P.; Candolfi, E. Vaccination with T. gondii
SAG-1 protein is protective against congenital toxo plasmosis in BALB/c mice but not in CBA/J mice. Infect. Immun. 2003, 71,
6615–6619. [CrossRef]

36. Batista-Duharte, A.; Lindblad, E.B.; Oviedo-Orta, E. Progress in understanding adjuvant immunotoxicity mecha nisms. Toxicol.
Lett. 2011, 23, 97–105.

37. Hunter, S.; Ashbaugh, L.; Hair, P.; Bozic, C.M.; Milhausen, M. Baculovirus-directed expression and secretion of a truncated
version of Toxoplasma SAG1. Mol. Biochem. Parasitol. 1999, 103, 267–272. [CrossRef]

38. Wang, Y.; Wang, G.; Zhang, D.; Yin, H.; Wang, M. Screening and identification of novel B cell epitopes of Toxoplasma gondii SAG1.
Parasites Vectors 2013, 6, 125. [CrossRef]

39. Godard, I.; Estaquier, J.; Zenner, L.; Bossus, M.; Auriault, C.; Darcy, F.; Gras-Masse, H.; Capron, A. Antigenicity and immuno-
genicity of P30-derived peptides in experimental models of toxoplasmosis. Mol. Immunol. 1994, 31, 1353–1363. [CrossRef]

40. Cardona, N.; de-la-Torre, A.; Siachoque, H.; Patarroyo, M.A.; Gomez-Marin, J.E. Toxoplasma gondii: P30 peptides recognition
pattern in human toxoplasmosis. Exp. Parasitol. 2009, 123, 199–202. [CrossRef]

41. Wang, J.L.; Zhang, N.Z.; Li, T.T.; He, J.J.; Elsheikha, H.M.; Zhu, X.Q. Advances in the Development of Anti-Toxoplasma gondii
Vaccines: Challenges, Opportunities, and Perspectives. Trends Parasitol. 2019, 35, 239–253. [CrossRef] [PubMed]

42. Bela, S.R.; Dutra, M.S.; Mui, E.; Montpetit, A.; Oliveira, F.S.; Oliveira, S.C.; Arantes, R.M.; Antonelli, L.R.; McLeod, R.; Gazzinelli,
R.T. Impaired innate immunity in mice deficient in interleukin-1 receptor-associated kinase 4 leads to defective type 1 T cell
responses, B cell expansion, and enhanced susceptibility to infection with Toxoplasma gondii. Infect. Immun. 2012, 80, 4298–4308.
[CrossRef] [PubMed]

43. Pagheh, A.S.; Sarvi, S.; Sharif, M.; Rezaei, F.; Ahmadpour, E.; Dodangeh, S.; Omidian, Z.; Hassannia, H.; Mehrzadi, S.; Daryani,
A. Toxoplasma gondii surface antigen 1 (SAG1) as a potential candidate to develop vaccine against toxoplasmosis: A systematic
review. Comp. Immunol. Microbiol. Infect. Dis. 2020, 69, 101414. [CrossRef] [PubMed]

44. Bergmann-Leitner, E.S.; Leitner, W.W. Adjuvants in the Driver’s Seat: How Magnitude, Type, Fine Specificity and Longevity of
Immune Responses Are Driven by Distinct Classes of Immune Potentiators. Vaccines 2014, 2, 252–296. [CrossRef] [PubMed]

45. Dowling, J.K.; Mansell, A. Toll-like receptors: The swiss army knife of immunity and vaccine development. Clin. Transl. Immunol.
2016, 5, e85. [CrossRef]

46. Haumont, M.; Delhaye, L.; Garcia, L.; Jurado, M.; Mazzu, P.; Daminet, V.; Verlant, V.; Bollen, A.; Biemans, R.; Jacquet, A. Protective
immunity against congenital toxoplasmosis with recombinant SAG1 protein in a guinea pig mode. Infect. Immun. 2000, 68,
4948–4953. [CrossRef]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.

https://doi.org/10.1586/14760584.2013.844652
https://doi.org/10.1016/S0264-410X(00)00519-3
https://doi.org/10.1128/IAI.01025-07
https://doi.org/10.1016/j.vaccine.2007.04.080
https://doi.org/10.1016/j.vaccine.2022.02.048
https://www.ncbi.nlm.nih.gov/pubmed/35227521
https://doi.org/10.1016/S0140-6736(03)15014-3
https://www.ncbi.nlm.nih.gov/pubmed/14683655
https://doi.org/10.1016/S0264-410X(98)00039-5
https://www.ncbi.nlm.nih.gov/pubmed/9682392
https://doi.org/10.1128/IAI.66.9.4503-4506.1998
https://www.ncbi.nlm.nih.gov/pubmed/9712808
https://doi.org/10.1128/IAI.71.11.6615-6619.2003
https://doi.org/10.1016/S0166-6851(99)00119-X
https://doi.org/10.1186/1756-3305-6-125
https://doi.org/10.1016/0161-5890(94)90054-X
https://doi.org/10.1016/j.exppara.2009.06.017
https://doi.org/10.1016/j.pt.2019.01.005
https://www.ncbi.nlm.nih.gov/pubmed/30718083
https://doi.org/10.1128/IAI.00328-12
https://www.ncbi.nlm.nih.gov/pubmed/23027530
https://doi.org/10.1016/j.cimid.2020.101414
https://www.ncbi.nlm.nih.gov/pubmed/31958746
https://doi.org/10.3390/vaccines2020252
https://www.ncbi.nlm.nih.gov/pubmed/26344620
https://doi.org/10.1038/cti.2016.22
https://doi.org/10.1128/IAI.68.9.4948-4953.2000

	Introduction 
	Materials and Methods 
	Mice and Parasites 
	Cloning and Expression of Full-Length SAG1 Recombinant Proteins in Prokaryotic Expression System 
	Mouse Immunization and Challenge with T. gondii Tachyzoite 
	Measurement of Humoral Response 
	Spleen Lymphocyte Proliferation Assay 
	Cytokine Assays 
	Flow Cytometry Analysis 
	Statistical Analysis 

	Results 
	Full-Length SAG1 Recombinant Protein Expression and Purification In Vitro 
	The SAG1 Recombinant Protein Stimulated High Levels of IgG Production in Mice, Including Subtypes IgG1, IgG2a, IgG2b, and IgG3 
	TLA Specially Stimulated the Proliferation of Splenocyte in the Immunization Group 
	Immunized Mice Showed Substantial Increases in Th1 (IFN-, IL-2, IL-12p70, and TNF-) and Th2 (IL-10) Cytokine Levels 
	Full-Length SAG1 Recombinant Protein Immunization Enhanced Mouse Resistance to Lethal T. gondii Infection 

	Discussion 
	Conclusions 
	References

