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Toxoplasma gondii infects almost all warm-blooded animals, including humans. DNA vaccines are an effective strategy against T. gondii infection, but these vaccines have often been poorly immunogenic due to the poor distribution of plasmids or degradation by lysosomes. It is necessary to evaluate the antigen delivery system for optimal vaccination strategy. Nanoparticles (NPs) have been shown to modulate and enhance the cellular humoral immune response. Here, we studied the immunological properties of calcium phosphate nanoparticles (CaPNs) as nanoadjuvants to enhance the protective effect of T. gondii dense granule protein (GRA7). BALB/c mice were injected three times and then challenged with T. gondii RH strain tachyzoites. Mice vaccinated with GRA7-pEGFP-C2+nano-adjuvant (CaPNs) showed a strong cellular immune response, as monitored by elevated levels of anti-T. gondii-specific immunoglobulin G (IgG), a higher IgG2a-to-IgG1 ratio, elevated interleukin (IL)-12 and interferon (IFN)-γ production, and low IL-4 levels. We found that a significantly higher level of splenocyte proliferation was induced by GRA7-pEGFP-C2+nano-adjuvant (CaPNs) immunization, and a significantly prolonged survival time and decreased parasite burden were observed in vaccine-immunized mice. These data indicated that CaPN-based immunization with T. gondii GRA7 is a promising approach to improve vaccination.
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Introduction

Toxoplasma gondii, the causative agent of toxoplasmosis (Kato, 2018), is an Apicomplexa phylum parasite with a broad host range and worldwide distribution. T. gondii can infect almost all homeothermic animals including humans (Prandovszky et al., 2018; Coutermarsh-Ott, 2019). Although most infections are asymptomatic, the pathogen can cause severe disease manifestations and even death in immunocompromised individuals and significant economic losses to the livestock industry (Wang et al., 2017). T. gondii infection is acquired by consumption of raw or undercooked meat containing tissue cysts and food or water contaminated with oocysts shed from cats (Mévélec et al., 2020). Currently, there are no effective vaccines against toxoplasmosis, and treatment relies on the use of drug therapies. However, all treatments affect only tachyzoites and are ineffective against T. gondii cysts in tissues. Furthermore, antiparasitic drugs cause serious adverse side effects and produce drug-resistant parasite strains (Dunay et al., 2018). Therefore, a safe and effective vaccine formulation that prevents T. gondii infection is needed. Many antigens have been identified as vaccine candidates in the last few years (Zhang et al., 2013; Zhang et al., 2015; Montazeri et al., 2017; Wang et al., 2019). The cellular immune response plays a major role in controlling both acute and chronic T. gondii infection. Interleukin (IL)-12 is generated by innate immune cells to protect against T. gondii infection and is essential for the regulation of interferon gamma (IFN-γ) (Aliberti, 2005). Among the vaccine candidates, dense granule protein (GRA7) induces a strong antibody response during acute infection (Quan et al., 2012) and strong humoral and cellular immunity responses against T. gondii infection (Verhelst et al., 2011; Selseleh et al., 2012); therefore, GRA7 is an attractive vaccine candidate against T. gondii.

In recent years, DNA vaccines, such as GRA4 (Zhang et al., 2007), ROP29 (Lu et al., 2018), and GRA2 (Ching et al., 2016), have been of great interest in immunization against T. gondii infection. Although DNA vaccines produced a better immune response, these vaccines have often been poorly immunogenic, and it is critical to optimize the pathways of delivery for an optimal vaccination strategy (Min et al., 2012). Nanoparticles (NPs) as vaccine adjuvants have been shown to enhance humoral and immune responses, and the use of novel NP technologies can induce CD8+ T-cell immunity responses (Wilson et al., 2015). Calcium phosphate nanoparticles (CaPNs) and aluminum hydroxide (alum) have been used as vaccine adjuvants (effective antigen delivery systems) for many years and have several advantages, such as biocompatibility, safety, effective delivery of antigens to specific locations, and robust humoral and cellular responses (Lin et al., 2017).

In this study, a DNA vaccine using T. gondii GRA7 was designed and encapsulated in CaPNs, which has never been previously evaluated to our knowledge. The objective of this study was to assess the immunogenic and protective efficacy of the GRA7-pEGFP-C2+nano-adjuvant (CaPNs) vaccine.



Materials and Methods


Mice and Parasites

BALB/c mice aged between 6 and 8 weeks were purchased from the Laboratory Animal Centre of Zhejiang Academy of Agricultural Sciences. All the mice were maintained under specific pathogen-free standard conditions with stable temperature (24°C ± 1°C), 50% ± 10% humidity, and a 12/12-h light–dark cycle; food and water were supplied ad libitum. All experiments were approved by the Animal Ethics Committee of Zhejiang Academy of Agricultural Sciences. BALB/c mice were used for the vaccination study, and Vero cells were used for maintenance and proliferation of T. gondii RH strain tachyzoites.



Preparation of Toxoplasma gondii Antigen (Toxoplasma lysate antigen)

Toxoplasma lysate antigen (TLA) was obtained as previously described (Holec-Gasior et al., 2010). Briefly, 107 tachyzoites were collected from Vero cells, washed three times with sterile phosphate buffered saline (PBS), and then centrifuged at 1,000 rpm for 10 min. The tachyzoites were disrupted using 10 freezing cycles at -80°C and thawing at 37°C. Then, the supernatant with TLA was collected, its concentration was measured using a bicinchoninic acid (BCA) Protein Assay Kit (Sangon Biotech, Shanghai, China), and it was stored at -80°C until use.



Plasmid Preparation

A total of 107 T. gondii tachyzoites were collected, and total RNA was extracted using TRIzol reagent according to the manufacturer’s instructions and then reverse transcribed into cDNA using the First Strand cDNA Synthesis Kit. The whole Coding sequence (CDS) of GRA7 was amplified from cDNA using PCR with primers containing EcoRI and BamHI restriction sites (underlined), 5′-gaattcATGGCCCGACACGCAATT-3′ (forward) and 5′-ggatccCTGGCGGGCATCCTCCCCATCTT-3′ (reverse). PCR amplification was performed as follows: 95°C for 5 min, followed by 35 cycles of 95°C for 30 s, 55°C for 30 s, and 72°C for 1 min, with a final extension time of 72°C for 10 min. The PCR product was detected by 1.5% agarose gel electrophoresis, the target band was purified and cloned into the pMD-19T vector, and the clone was sequenced by Sangon Biotech Company (Shanghai). The correct GRA7-pMD-19T sequence was cloned into the eukaryotic expression plasmid pEGFP-C2 using EcoRI and BamHI restriction enzymes. The recombinant plasmid GRA7-pEGFP-C2 was extracted using a Plasmid Purification Kit (Solarbio, China, Beijing), and its concentration was measured using a NanoDrop2000 Ultra Micro Spectrophotometer. Then, the preparation plasmid was stored at -20°C until use.



Recombinant Plasmid Expression in Vero Cells

Vero cells were cultured in Dulbecco’s modified Eagle’s medium (DMEM) with 100 μg/ml streptomycin/penicillin and 10% fetal bovine serum (FBS) at 37°C and 5% CO2. Vero cells were cultivated in six-well plates with cell slides before transfection, and then the recombinant plasmid GRA7-pEGFP-C2 (4 μg) or the empty plasmid (pEGFP-C2) was transfected into Vero cells using 10 μl LipoFiterTM Liposomal Transfection Reagent (Hanbio Biotechnology, Shanghai, China). After inoculation for 48 h, the cell climbing tablets were removed from the six-well plates and washed with 0.1 M PBS three times and then fixed in 4% paraformaldehyde for 15–20 min. Fifty microliters of 2-(4-amidinophenyl)-6-indolecarbamidine dihydrochloride (DAPI; Beyotime, Shanghai, China) was added to the climbing tablets and incubated for 5 min. Finally, the expression of GRA7 in Vero cells was observed using a laser confocal microscope.

GRA7 protein expression from the Vero cells was analyzed by Western blot as follows. Vero cells transfected with GRA7-pEGFP-C2 and pEGFP-C2 were collected, and protein was isolated with radioimmunoprecipitation assay (RIPA) lysis buffer containing 1 mM phenyl-methanesulfonyl fluoride (PMSF; Beyotime Biotechnology, China), then the lysis solution was centrifuged at 12,000 rpm for 10 min at 4°C. Next, the protein was separated by sodium dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-PAGE) and transferred onto a polyvinylidene fluoride (PVDF) membrane by electric transfer instrument (Bio-Rad, America). The membrane was sealed overnight at 4°C with 5% skimmed milk after washing three times with PBS with 0.05% Tween-20 (PBST), then coated with anti-T. gondii tachyzoite antigen mouse sera (diluted 1:1,000), followed by incubation for 2 h with a horseradish peroxidase (HRP)-labeled goat anti-mouse IgG antibody (Solarbio, China). Finally, the bands were detected using enhanced chemiluminescence (ECL; Thermo, America).



Nanoparticle Synthesis and Calcium Phosphate Nanoparticle-Coated DNA Vaccine

CaPNs were prepared as previously described (He et al., 2000). Briefly, 12.5 mM dibasic sodium phosphate, 12.5 mM calcium chloride, and 15.6 mM sodium citrate were mixed together slowly and stirred for 48 h. After sonication for 30 min, a dynamic light-scattering instrument (Anton Paar Litesizer 500) and transmission electron microscope were used to determine the average size distribution, and the particle morphology was observed by scanning electron microscopy (SEM). Subsequently, a GRA7 DNA vaccine coated with CaPNs was prepared by vortexing mixtures of GRA7-pEGFP-C2 and CaPNs for 60 min, with 100 μg plasmid plus 100 μg NPs. The particles were isolated by ultracentrifugation at 66,000 g for 30 min, the supernatant was collected, the particles were redispersed in 1 ml sterile ultrapure water, and the uncoated plasmid was removed by this purification method. Afterward, the concentration of the GRA7-pEGFP-C2 plasmid in the supernatant or in the particles was analyzed using a NanoDrop2000 Ultra Micro Spectrophotometer. The loading efficiency (LE) was determined using the following equation:

	



Immunization and Challenge

A total of five groups of female BALB/c mice (13 mice/group) were used for the immunization experiment, and these mice were injected three times with 100 μl of the purified GRA7-pEGFP-C2 plasmid DNA dissolved in 100 μl sterile 0.1 M PBS, empty vector (pEGFP-C2), or GRA7-pEGFP-C2+nano-adjuvant (CaPNs). At the same time, two control groups (PBS and CaPNs) were designed. For the second and third inoculations, mice were boosted using the same protocol on days 14 and 28. Tail blood was collected from each mouse on days 0, 14, 28, 42, and 63, and sera were obtained and stored at -20°C until use.

Two weeks after the last immunization, 10 mice from each group were intraperitoneally injected with T. gondii RH strain tachyzoites (1 × 104/each) as previously described (Han et al., 2017; Song et al., 2020). The status of infected mice was monitored every day, and the survival rate was recorded.



Determination of Immunoglobulin G Titer and Subclasses

To investigate the humoral immune response induced in all immunized mice, total immunoglobulin G (IgG), IgG1, and IgG2 were measured using enzyme-linked immunosorbent assays (ELISAs) according to the manufacturer’s instructions (MultiSciences, Hangzhou, China). Briefly, 96-well microplates were coated with 100 μl/well of TLA (20 μg/ml) (Ahmadpour et al., 2017; Roozbehani et al., 2018). The microplates were blocked with 100 μl 5% skimmed milk in PBST for 2 h after overnight coating. Then, 100 μl of mouse serum (diluted 1:100 in 1% skimmed milk) was added to each well and incubated for 1 h at 37°C. After washing three times with PBST, the wells were incubated with HRP-conjugated anti-mouse IgG (diluted 1:2,000 in 1% skimmed milk), IgG1 (1:2,000), and IgG2a (1:2,000) for 40 min at 37°C. After five times of washing, a Tetramethylbenzidine (TMB) substrate solution was added and incubated for 15 min at 37°C and then was stopped by the addition of 2 M H2SO4. Finally, optical density (OD) values were measured at 450 nm. All samples were run in triplicate.



Lymphocyte Proliferation Assay and Cytokine Assay

Two weeks after the last immunization, three mice from each group were euthanized, and splenocytes were collected and treated with red blood cell lysate and then cultured in a 96-well plate (1 × 105 cells/well) in DMEM (100 μg/ml streptomycin/penicillin and 10% FBS). Thereafter, the cells were stimulated with 10 μg/ml TLA or 7.5 μg/ml concanavalin A (ConA) (positive control). As a negative control, media alone were added. The plates were incubated at 37°C in 5% CO2 for 72 h, after which Cell Counting Kit (CCK)-8 solution was added (50 μl/well) and cultured for 4 h. Proliferative activity was evaluated by measuring the OD values at 450 nm using an ELISA reader. The splenocyte stimulation index (SI) was calculated as the ratio of the average absorbance of the TLA-treated samples to the average absorbance of the negative groups. All samples were run in triplicate.

Splenocytes were collected as mentioned above and cultured in 96-well microtiter plates. The supernatants were harvested and assayed for IL-4 at 24 h, IL-10 at 72 h, and IL-12 and interferon gamma (IFN-γ) at 96 h using ELISA kits according to the manufacturer’s instructions.



Determination of Parasite Burden

In order to evaluate tissue parasite burden, the heart, liver, spleen, and lung from three mice (each group) were removed. We collected the tissues using sterile scissors, and the tissues were divided into masses of equal quality (1 mg). Genomic DNA was extracted using the genomic DNA extraction kit (TIANGEN, Beijing, China) according to the manufacturer’s instructions. Afterward, the parasite burdens were determined by quantitative real-time PCR using the repeated element (RE) primers (forward, 5-AGGGACAGAAGTCGAAGGGG-3; reverse, 5- GCAGCCAAGCCGGAAACATC-3) (Roozbehani et al., 2018). The final volume of the Q-PCR reaction was 20 μl containing 10 μl SYBR green master mix (TAKARA, Japan), 0.5 μl forward primer (10 pmol), 0.5 μl reverse primer (10 pmol), 1 μl DNA template, 8 μl RNase-free water. The amplification steps were an initial denaturation at 95°C for 10 min, and amplification consisted of 40 cycles of denaturation at 95°C for 15 s, annealing at 60°C for 30 s, and amplification at 72°C for 30 s. Melting curve analysis was performed to verify the specific amplification of the correct sequence. The standard curve was determined by the known concentration of the T. gondii RH tachyzoites DNA. The number of parasites in the samples was calculated from the threshold cycle (Ct) value according to the standard curve (Y = -3.48X + 32.326; R2 = 0.987). The results were based on three independent experiments.



Statistical Analysis

All statistical analyses were performed using GraphPad Prism Version 5. Antibody production and cytokine levels were analyzed using one-way ANOVA. Tukey’s Student range test was used when a significant difference appeared. P value of <0.05 was considered a significant difference.




Results


Expression of the Recombinant Plasmid

The expression and localization of GRA7 in Vero cells and cells transfected with pEGFP-C2  were analyzed using laser confocal microscopy (Figures 1A, B). Green fluorescence was observed in the GRA7-pEGFP-C2 (Figures 1A1, A2)- and pEGFP-C2-transfected groups (Figures 1B1, B2). A2 and B2 showed the single cell transfected with GRA7-pEGFP-C2 and pEGFP-C2 and A3 and B3 exhibited the cells transfected with GRA7-pEGFP-C2 pEGFP-C2 (Figures 1A3, B3), which were detected under white light, whereas no fluorescence was observed in the untransfected cells. GRA7 protein expression in the transfected Vero cells was determined by Western blot analysis; as shown in Figure 1C, a specific band was detected in lysates of the GRA7-pEGFP-C2-transfected cells, whereas the negative control cells showed no bands. These results indicated that the GRA7-pEGFP-C2 recombinant plasmid was successfully transfected and expressed in Vero cells.




Figure 1 | Direct fluorescence detection of the GRA7-EGFP-C2 fusion protein in transfected Vero cells. (A) Cells transfected with GRA7-pEGFP-C2 were detected under blue light (A1); the localization of GRA7 in Vero cells was observed under blue light (A2) and white light (A3). (B) Cells transfected with pEGFP-C2 were detected under blue light (B1); single cells transfected with pEGFP-C2 were observed under blue light (B2) and white light (B3). (C) Western blot analysis of GRA7 protein recognized by anti-Toxoplasma gondii mouse sera.





Synthesis of Calcium Phosphate Nanoparticles and Preparation of Nanoparticle-Coated DNA Vaccines

The average NP diameter was 47.28 nm, and the diffusion coefficient was approximately 4, indicating acceptable monodispersity (Figures 2A, B); a consistent size was observed by transmission electron microscopy (TEM) (Figure 2C). The morphology of adjuvant (CaPNs) NPs was analyzed by SEM, showing that most of them were circular in shape with a smooth surface (Figure 2D).




Figure 2 | Characterization of calcium phosphate nanoparticles (CaPNs). (A) Morphology was observed using scanning electron microscopy (SEM). (B) Nanoparticle size and distribution were observed using transmission electron microscopy (TEM). (C) Nanoparticle size and diffusion coefficient were analyzed using an Anton Paar Litesizer 500. (D) Particle size distribution by number is shown.





Humoral Immune Responses Induced by Vaccination

To determine the T. gondii-specific antibody response, sera from all vaccinated mice were collected, and the total IgG and IgG subclasses (IgG1 and IgG2a) were analyzed by ELISA. High levels of IgG were observed in the serum of the vaccine-immunized groups (GRA7-pEGFP-C2+nano-adjuvant, GRA7-pEGFP-C2) (P < 0.01); however, no significant difference was observed between these two vaccine groups (P > 0.05) (Figure 3A). IgG1 in the immunization groups was also significantly elevated compared to that in the control groups (Figure 3B) (P < 0.05 for both vaccine groups). The GRA7-pEGFP-C2+nanoadjuvant (CaPN) group exhibited a higher level of IgG2a (Figure 3C) (P < 0.01), and higher levels of IgG2a were also observed in GRA7-pEGFP-C2-immunized mice (P < 0.05) than that in the control groups. Meanwhile, the levels of IgG2a were significantly higher than IgG1 in the vaccine groups (P < 0.05, compared to control groups), and the ratios of IgG2a/IgG1 were higher in mice immunized with GRA7-pEGFP-C2+nano-adjuvant (CaPNs) compared to those immunized with GRA7-pEGFP-C2 alone (P < 0.05) (Figure 3D). Taken together, these results showed that a Th1-type immune response was elicited in response to nanoadjuvant vaccine immunization.




Figure 3 | Specific immunoglobulin G (IgG) and IgG isotype analysis. (A) Total IgG. (B) IgG1. (C) IgG2a. (D) Levels of IgG1 and IgG2a. Results are represented as the means of OD 450 nm ± SD. *P < 0.05, ** P < 0.01. The labels “GRA7” and “GRA7-CaPN” in Figures 3–7 were the abbreviations of “GRA7- pEGFP-C2” and “GRA7- pEGFP-C2-CaPNs”.





Cellular Immune Responses

Splenocytes were collected from immunized and control groups (5 weeks after the last immunization) to analyze their proliferation, and the cells were treated with TLA and ConA. As shown in Figure 4, a significantly higher lymphocyte proliferation SI was obtained in the GRA7-pEGFP-C2+nano-adjuvant (CaPNs) and GRA7-pEGFP-C2 groups compared to the control groups (P < 0.05). In addition, the GRA7-pEGFP-C2+nano-adjuvant (CaPNs) group induced an almost 2-fold higher level of lymphocyte proliferation than the GRA7-pEGFP-C2 immunization group (P < 0.05).




Figure 4 | Splenocyte proliferation response in BALB/c mice. Splenocytes from immunized mice and non-immunized mice were collected 63 days after immunization, and the proliferation response was analyzed by Cell Counting Kit (CCK)-8 assay. The data are shown as the means ± SD of three independent experiments. *P < 0.05.





Cytokine Responses

To further explore T-cell responses to vaccination, splenocytes were collected 63 days after immunization, and supernatants were harvested to evaluate the expression of cytokines, including IL-12, IFN-γ, IL-4, and IL-10 (Figure 5). Compared with the control groups, the IL-12 level of mice vaccinated with GRA7-pEGFP-C2+nano-adjuvant (CaPNs) was statistically higher (P < 0.01) (Figure 5A). Moreover, the production of IFN-γ was significantly higher in the GRA7-pEGFP-C2+nano-adjuvant (CaPNs) group than that in the control groups (P < 0.01), and GRA7-pEGFP-C2-treated mice displayed higher levels of IFN-γ (P < 0.05) (Figure 5B). In contrast, IL-4 and IL-10 levels showed no statistically significant differences in any of the groups compared to the control groups (P > 0.05) (Figures 5C, D). These results confirmed that immunization with GRA7-pEGFP-C2+nano-adjuvant (CaPNs) or GRA7-pEGFP-C2 promoted a Th1-type immune response.




Figure 5 | Levels of cytokines produced by splenocyte culture supernatants. (A) Production of interleukin (IL)-12 collected from splenocyte supernatants after culture for 96 h. (B) Detection of interferon (IFN)-γ collected from splenocyte supernatants. (C) Production of IL-4 after culture for 24 h. (D) Production of IL-10 after culture for 72 h. *P < 0.05, ** P < 0.01.





Protection From the Recombinant DNA Vaccine

To evaluate protective efficacy, mice from all groups were intraperitoneally challenged with 104 tachyzoites of the T. gondii RH strains 5 weeks after the final vaccination, and the survival time was recorded. As shown in Figure 6, mice in the control groups all died within 4 days (P > 0.05), while the survival times of mice immunized with GRA7-pEGFP-C2+nano-adjuvant (CaPNs) (extending survival time to the 14th day) were significantly longer by comparison (P < 0.05); however, no significant difference was observed between the GRA7-pEGFP-C2+nano-adjuvant (CaPNs) and GRA7-pEGFP-C2 groups.




Figure 6 | Survival time of BALB/c mice after challenge with Toxoplasma gondii tachyzoites. Each group contained 10 mice, and survival was significantly higher in the GRA7-pEGFP-C2+nano-adjuvant (CaPNs)–immunized mice than that in control mice.





Parasite Burden

Three mice from each group were randomly selected after death to determine the parasite burden in tissues of T. gondii-infected mice in the heart, liver, spleen, and lung. SYBR-green real-time PCR was used to quantify parasite loads. As shown in Figure 7, all tissues examined were T. gondii infection positive, but the vaccine immunization groups exhibited lower parasite loads than the control groups. Mice immunized with GRA7-pEGFP-C2+nano-adjuvant (CaPNs) or GRA7-pEGFP-C2 exhibited significantly reduced parasite loads in the liver, spleen, and lung (P < 0.001) (Figures 7B–D), and the average parasite loads in the heart (GRA7-pEGFP-C2+nano-adjuvant group) were reduced by 3.15-fold (P < 0.05) compared with the control groups (Figure 7A). GRA7-pEGFP-C2+nano-adjuvant (CaPNs)-immunized mice showed decreased parasite loads compared to the GRA7 pEGFP-C2-immunized group in the spleen and lung (P < 0.05), and no significant differences were found in the control groups (P > 0.05).




Figure 7 | Parasite burden in heart, liver, spleen, and lung tissues in the vaccine and control groups. (A) Parasite burden in the heart. (B) Parasite burden in the liver. (C) Parasite burden in the spleen. (D) Parasite burden in the lung. The data are shown as means ± SD for three experiments. *P < 0.05, *** P < 0.001.






Discussion

DNA vaccines have been considered an effective approach for inducing protection against challenge infections, with the ability to simultaneously elicit both humoral and cellular immune responses (Matowicka-Karna et al., 2009; Wang et al., 2011). DNA vaccines have many advantages, such as the ease of constructing recombinant plasmids and native protein structures, ensuring appropriate processing and immune presentation (Li and Petrovsky, 2016). Although DNA vaccines can trigger an immune response, these vaccines have often been poorly immunogenic due to various factors, such as poor distribution of plasmids (Verma and Khanna, 2013; Zhang et al., 2013), inefficient expression, or rapid degradation by lysosomes and DNase. To improve DNA vaccine immunogenicity, novel adjuvants have been explored (Petrovsky and Aguilar, 2004). NPs are promising adjuvants that can deliver antigens to certain cells (Van Riet et al., 2014) and trigger an immune response to vaccine antigens (De Koker et al., 2011; Kasturi et al., 2011). Many studies have shown that NPs can modulate cellular and humoral immune responses, such as poly (gamma-glutamic acid) NPs (Okamoto et al., 2009), novel core–shell nanospheres and microspheres (Caputo et al., 2009), new cationic NPs (Debin et al., 2002), and CaPNs (Ahmadpour et al., 2017). A specific anti-T. gondii antibody response contributes to killing engulfed parasites (Xu et al., 2014), and several adjuvants have been used to enhance immune responses against T. gondii infection. CaPNs are known to be biocompatible and non-cytotoxic and can be efficient adjuvant materials for antigen delivery systems (Zhang et al., 2012). The Ca2+ and PO43- ions can participate in the normal metabolism of organisms (Wang et al., 2020). CaPNs loaded with different types of nucleotide chains have been widely used as nano-platforms for gene, drug, and vaccine delivery systems (Zhou et al., 2017; HeBe et al., 2019). Calcium is highly effective in condensing DNA because a small hydrodynamic radius prompts a high charge-to-surface area (Kulkarni et al., 2006). Calcium phosphate (CAP) has a proper adjuvant potential in enhancing immune responses against different infectious illnesses (Lin et al., 2017). Previous study has shown that CaPNs were a potent antigen delivery system to immunize brucellosis compared with aluminum hydroxide (AH) and chitosan (CS) NPs (Abkar et al., 2019).

The size and morphology of CaPs greatly affect their transfection efficiency (Neumann et al., 2009), their ability to bind to specific cell membrane receptors, their trafficking inside the cells, and their intracellular flow (Jiang et al., 2008; Liu et al., 2011). All particles used in vaccine formulations typically have comparable size (Pedraza et al., 2008), and the mechanism by which NPs (20–200 nm in diameter) are taken up is typically endocytosis; larger particles (0.5–5 μm) are taken up by micropinocytosis, while particles above 0.5 μm are thought to be taken up by phagocytosis (Xiang et al., 2006). The average diameter of CaPNs in our study was 47.28 nm (Figure 2A), which was suitable for delivery of DNA into cells through endocytosis and thereby enhanced the immune response.

In the present study, mice injected with the GRA7-pEGFP-C2+nano-adjuvant (CaPNs) vaccine developed a significant level of T. gondii–specific total IgG and a higher IgG2a-to-IgG1 ratio. Elevated IgG2a is an indicator of a Th1-based immune response, while IgG1 indicates the development of a Th2 immune response. These results were confirmed by the results of the cytokine assay conducted on spleen cell culture supernatants, in which the expression levels of IL-12 and IFN-γ (Th1-type cytokine) in mice immunized with GRA7-pEGFP-C2+nano-adjuvant (CaPNs) (P < 0.01) or GRA7-pEGFP-C2 (P < 0.05) were significantly higher than those in the control mice (Figure 5), while mice in the GRA7-pEGFP-C2+nano-adjuvant injection group produced higher IFN-γ levels than those in the GRA7-pEGFP-C2 immunization group. We suggest that the presence of CaPNs as a nano-adjuvant within pcGRA7 provided an immunogenic antigen and induced a high antibody response. IL-12 leads to the release of IFN-γ and induces the differentiation of Th1 T lymphocyte response to control T. gondii infection; disruption of IL-12 expression promoted T. gondii growth and dissemination because of diminishing Th1 immune responses (Morgado et al., 2014). The Th2-type cytokines, IL-4 and IL-10, were not induced by immunization with the vaccine (P > 0.05). IL-4 is vital for inhibiting severe immunopathology during both the acute and chronic phases of T. gondii infection (Denkers and Gazzinelli, 1998), and IL-4 is generally antagonistic to IFN-γ and plays important roles in early T. gondii infection (Hunter and Sibley, 2012). Elevated IFN-γ production and low IL-4 levels were also detected in mice injected with the ROP18 multi-epitope DNA vaccine plus the IL-12 plasmid as a genetic adjuvant, and coadministration of pcIL-12 with multi-epitope ROP8 enhanced the levels of IgG antibody and the IgG2a-to-IgG1 ratio (Foroutan et al., 2020). The use of a genetic adjuvant successfully enhanced the protection level. As mice immunized with the ROP13-GRA14-alum nano-adjuvant exhibited significant production of IL-4 and IgG1, the Th2 immune response was developed by immunization with a DNA vaccine coated with alum nano-adjuvant (Pagheh et al., 2021). Mouse priming with GRA1 DNA vaccine-loaded chitosan particles resulted in high anti-GRA1 antibodies and a higher IgG2a/IgG1 ratio (Bivas-Benita et al., 2003).

Specific T-lymphocyte activation (CD4+ and CD8+ T cells) may play an important role in controlling T. gondii infection. CD8+ T cells are specialized cytotoxic T lymphocytes that mediate lysis of T. gondii through the production of IFN-γ (Dupont et al., 2012); in other words, IFN-γ promotes the acquired cell-mediated immune response by directly acting on CD8+ T cells (Grover et al., 2012). In the present study, we found that a significantly higher level of splenocyte proliferation was induced by GRA7-pEGFP-C2+nano-adjuvant (CaPNs) immunization (Figure 4), which indicated that an activated cellular immune response was induced in the vaccine immunization group and that increased proliferation of lymphocytes was induced by coating with CaPNs compared to mice immunized with GRA7 alone (P < 0.05). A vigorous lymphocyte proliferation effect was observed in mice immunized with pcGRA14+rGRA14-CaPNs compared to mice immunized with GRA14 alone, indicating that enhancement of humoral and cellular immune responses and the protective effects were induced by CaPNs (Pagheh et al., 2019).

No effective vaccine has been shown to completely protect against infection by the T. gondii RH strain (Johnson et al., 2004), so the survival rates of immunized mice challenged with a lethal dose (1 × 104) of tachyzoites were analyzed in the present study. The findings indicated that mice immunized with GRA7-pEGFP-C2+nano-adjuvant (CaPNs) or GRA7-pEGFP-C2 vaccine exhibited extended survival time compared to control groups. Control mice all died within 4 days, while those immunized with GRA7-pEGFP-C2+nano-adjuvant (CaPNs) survived for significantly longer, indicating that GRA7 induces partially effective protection in mice against acute T. gondii infection and that CaPNs increase protection against T. gondii infection, in agreement with the research by Pagheh et al. (2019). In another study, T. gondii nucleoside triphosphate hydrolase-II (NTPase-II) coated with lipid NPs showed an increased protective effect against T. gondii RH strain (1 × 103) infection, and a significantly prolonged survival time was observed compared to immunization with the NTPase-II vaccine alone (Luo et al., 2017). Various studies have analyzed the presence of T. gondii in different tissues of vaccine-injected mice or non-vaccine immunization groups by qualitative PCR to evaluate the protective effect against T. gondii infection (Lu et al., 2017; Alizadeh et al., 2019). We investigated the parasite load in the present study. The parasite load in the GRA7-pEGFP-C2 immunization group was significantly decreased compared to that in the control groups and was particularly low in GRA7-pEGFP-C2+nano-adjuvant (CaPNs)-immunized mice (Figure 7). GRA7-pEGFP-C2+nano-adjuvant (CaPNs)-immunized mice displayed decreased parasite loads compared to those in the GRA7-pEGFP-C2-immunized group in the spleen and lung (P < 0.05).

In conclusion, in the work presented herein, we presented a nano-particulate vaccine, GRA7-pEGFP-C2+nano-adjuvant (CaPNs). T. gondii GRA7 coated with CaPNs induced a significant level of T. gondii–specific total IgG and a higher IgG2a-to-IgG1 ratio. CaPNs enhanced splenocyte proliferation, elevated IL-12 and IFN-γ production, and decreased IL-4 levels in mice injected with the GRA7-pEGFP-C2+nano-adjuvant (CaPNs) vaccine. GRA7-CaPN-immunized mice exhibited markedly longer survival times and decreased parasite loads compared to mice immunized with GRA7 alone. Taken together, these results indicated that CaPN-based immunization with T. gondii GRA7 represents a promising approach for improving vaccination.



Data Availability Statement

The original contributions presented in the study are included in the article/supplementary material. Further inquiries can be directed to the corresponding author.



Ethics Statement

The animal study was reviewed and approved by the Animal Ethics Committee of Zhejiang Academy of Agricultural Sciences.



Author Contributions

H-CS and T-YS conceived and supported the study. H-CS wrote the article. JH and YF performed the experiments. L-LH and XL analyzed the data. All authors contributed to the article and approved the submitted version.



Funding

This work was supported by the National Natural Science Foundation of China (31802183), Zhejiang Province “Sannongliufang” Science and Technology Cooperation Project (Grant No. 2020SNLF007), and the National Natural Science Foundation of China (32072883).



References

 Abkar, M., Alamian, S., and Sattarahmady, N. (2019). A Comparison Between Adjuvant and Delivering Functions of Calcium Phosphate, Aluminum Hydroxide and Chitosan Nanoparticles, Using a Model Protein of Brucella Melitensis Omp31. Immunol. Lett. 207, 28–35. doi: 10.1016/j.imlet.2019.01.010

 Ahmadpour, E., Sarvi, S., Hashemi Soteh, M. B., Sharif, M., Rahimi, M. T., Valadan, R., et al. (2017). Enhancing Immune Responses to a DNA Vaccine Encoding Toxoplasma Gondii GRA14 by Calcium Phosphate Nanoparticles as an Adjuvant. Immunol. Lett. 185, 40–47. doi: 10.1016/j.imlet.2017.03.006

 Aliberti, J. (2005). Host Persistence: Exploitation of Anti-Inflammatory Pathways by Toxoplasma Gondii. Nat. Rev. Immunol. 5, 162–170. doi: 10.1038/nri1547

 Alizadeh, P., Ahmadpour, E., Daryani, A., Kazemi, T., Spotin, A., Mahami-Oskouei, M., et al. (2019). IL-17 and IL-22 Elicited by a DNA Vaccine Encoding ROP13 Associated With Protection Against Toxoplasma Gondii in BALB/C Mice. J. Cell Physiol. 234, 10782–10788. doi: 10.1002/jcp.27747

 Bivas-Benita, M., Laloup, M., Versteyhe, S., Dewit, J., De Braekeleer, J., Fau - Jongert, E., et al. (2003). Generation of Toxoplasma Gondii GRA1 Protein and DNA Vaccine Loaded Chitosan Particles: Preparation, Characterization, and Preliminary In Vivo Studies. Int. J. Pharm. 266, 17–27. doi: 10.1016/S0378-5173(03)00377-6

 Caputo, A., Castaldello, A., Brocca-Cofano, E., Voltan, R., Bortolazzi, F., Altavilla, G., et al. (2009). Induction of Humoral and Enhanced Cellular Immune Responses by Novel Core-Shell Nanosphere- and Microsphere-Based Vaccine Formulations Following Systemic and Mucosal Administration. Vaccine 27, 3605–3615. doi: 10.1016/j.vaccine.2009.03.047

 Ching, X. T., Fong, M. Y., and Lau, Y. L. (2016). Evaluation of Immunoprotection Conferred by the Subunit Vaccines of GRA2 and GRA5 Against Acute Toxoplasmosis in BALB/C Mice. Front. Microbiol. 7, 609. doi: 10.3389/fmicb.2016.00609

 Coutermarsh-Ott, S. (2019). Toxoplasma Gondii as a Model of In Vivo Host-Parasite Interactions. Methods Mol. Biol. 1960, 237–247. doi: 10.1007/978-1-4939-9167-9_21

 Debin, A., Kravtzoff, R., Santiago, J. V., Cazales, L., Sperandio, S., Melber, K., et al. (2002). Intranasal Immunization With Recombinant Antigens Associated With New Cationic Particles Induces Strong Mucosal as Well as Systemic Antibody and CTL Responses. Vaccine 20, 2752–2763. Fau. doi: 10.1016/S0264-410X(02)00191-3

 De Koker, S., Lambrecht, B., Willart, M. A., van, K. Y., Grooten, J., Vervaet, C., et al. (2011). Designing Polymeric Particles for Antigen Delivery. Chem. Soc. Rev. 40, 320–339. doi: 10.1039/B914943K

 Denkers, E. Y., and Gazzinelli, R. T. (1998). Regulation and Function of T-Cell-Mediated Immunity During Toxoplasma Gondii Infection. Clin. Microbiol. Rev. 11, 569–588. doi: 10.1128/CMR.11.4.569

 Dunay, I. R., Gajurel, K., Dhakal, R., Liesenfeld, O., and Montoya, J. G. (2018). Treatment of Toxoplasmosis: Historical Perspective, Animal Models, and Current Clinical Practice. Clin. Microbiol. Rev. 31 (4), e00057–e00017. doi: 10.1128/CMR.00057-17

 Dupont, C. D., Christian, D., and Hunter, C. A. (2012). Immune Response and Immunopathology During Toxoplasmosis. Semin. Immunopathol. 34, 793–813. doi: 10.1007/s00281-012-0339-3

 Foroutan, M., Barati, M., and Ghaffarifar, F. (2020). Enhancing Immune Responses by a Novel Multi-Epitope ROP8 DNA Vaccine Plus Interleukin-12 Plasmid as a Genetic Adjuvant Against Acute Toxoplasma Gondii Infection in BALB/C Mice. Microb. Pathog. 147, 5. doi: 10.1016/j.micpath.2020.104435

 Grover, H. S., Blanchard, N., Gonzalez, F., Chan, S., Robey, E. A., Shastri, N., et al. (2012). The Toxoplasma Gondii Peptide AS15 Elicits CD4 T Cells That Can Control Parasite Burden. Infect. Immun. 80, 3279–3288. doi: 10.1128/IAI.00425-12

 Han, Y., Zhou, A., Lu, G., Zhao, G., Wang, L., Guo, J., et al. (2017). Protection via a ROM4 DNA Vaccine and Peptide Against Toxoplasma Gondii in BALB/C Mice. BMC Infect. Dis. 17, 016–2104. doi: 10.1186/s12879-016-2104-z

 HeBe, C., Kollenda, S., Rotan, O., Pastille, E., Adamczyk, A., Wenzek, C., et al. (2019). A Tumor-Peptide-Based Nanoparticle Vaccine Elicits Efficient Tumor Growth Control in Antitumor Immunotherapy. Mol. Cancer Ther. 18, 1069–1080. doi: 10.1158/1535-7163.MCT-18-0764

 He, Q., Mitchell, A., Johnson, S. L., Wagner-Bartak, C., Morcol, T., and Bell, S. J. (2000). Calcium Phosphate Nanoparticle Adjuvant. Clin. Diagn. Lab. Immunol. 7, 899–903. doi: 10.1128/CDLI.7.6.899-903.2000

 Holec-Gasior, L., Kur, J., Hiszczyńska-Sawicka, E., Drapała, D., Dominiak-Górski, B., Pejsak, Z., et al. (2010). Application of Recombinant Antigens in Serodiagnosis of Swine Toxoplasmosis and Prevalence of Toxoplasma Gondii Infection Among Pigs in Poland. Pol. J. Vet. Sci. 13, 457–464. doi: 10.1590/S0100-736X2010000100015

 Hunter, C. A., and Sibley, L. D. (2012). Modulation of Innate Immunity by Toxoplasma Gondii Virulence Effectors. Nat. Rev. Microbiol. 10, 766–778. doi: 10.1038/nrmicro2858

 Jiang, W., Kim, B. Y. S., Rutka, J. T., and Chan, W. C. W. (2008). Nanoparticle-Mediated Cellular Response Is Size-Dependent. Nat. Nanotechnol 3, 145–150. doi: 10.1038/nnano.2008.30

 Johnson, L. L., Lanthier, P., Hoffman, J., and Chen, W. X. (2004). Vaccination Protects B Cell-Deficient Mice Against an Oral Challenge With Mildly Virulent Toxoplasma Gondii. Vaccine 22, 4054–4061. doi: 10.1016/j.vaccine.2004.03.056

 Kasturi, S. P., Skountzou, I., Albrecht, R. A., Koutsonanos, D., Tang, H., Nakaya, H. I., et al. (2011). Programming the Magnitude and Persistence of Antibody Responses With Innate Immunity. Nature 470, 543–547. doi: 10.1038/nature09737

 Kato, K. (2018). How Does Toxoplama Gondii Invade Host Cells? J. Vet Med. Sci. 80, 1702–1706. doi: 10.1292/jvms.18-0344

 Kulkarni, V. I., Shenoy, V. S., Shamsunder, S., Dodiya, S. S., Rajyaguru, T. H., and Murthy, R. R. (2006). Role of Calcium in Gene Delivery. Expert Opin. Drug Deliv. 3, 235–245. doi: 10.1517/17425247.3.2.235

 Lin, Y., Wang, X., Huang, X., Zhang, J., Xia, N., and Zhao, Q. (2017). Calcium Phosphate Nanoparticles as a New Generation Vaccine Adjuvant. Expert Rev. Vaccines 16, 895–906. doi: 10.1080/14760584.2017.1355733

 Li, L., and Petrovsky, N. (2016). Molecular Mechanisms for Enhanced DNA Vaccine Immunogenicity. Expert Rev. Vaccines 15, 313–329. doi: 10.1586/14760584.2016.1124762

 Liu, Y., Wang, T., He, F. L., Liu, Q., Zhang, D. X., Xiang, S. L., et al. (2011). An Efficient Calcium Phosphate Nanoparticle-Based Nonviral Vector for Gene Delivery. Int. J. Nanomed 6, 721–727. doi: 10.2147/IJN.S17096

 Luo, F., Zheng, L., Hu, Y., Liu, S., Wang, Y., Xiong, Z., et al. (2017). Induction of Protective Immunity Against Toxoplasma Gondii in Mice by Nucleoside Triphosphate Hydrolase-II (Ntpase-II) Self-Amplifying RNA Vaccine Encapsulated in Lipid Nanoparticle (LNP). Front. Microbiol. 8, 605. doi: 10.3389/fmicb.2017.00605

 Lu, G., Zhou, J., Zhao, Y. H., and Wang, L. (2018). DNA Vaccine ROP29 From Toxoplasma Gondii Containing R848 Enhances Protective Immunity in Mice. Parasite Immunol. 40, 12578. doi: 10.1111/pim.12578

 Lu, G., Zhou, J., Zhou, A., Han, Y., Guo, J., Song, P., et al. (2017). SAG5B and SAG5C Combined Vaccine Protects Mice Against Toxoplasma Gondii Infection. Parasitol Int. 66, 596–602. doi: 10.1016/j.parint.2017.06.002

 Matowicka-Karna, J., Dymicka-Piekarska, V., and Kemona, H. (2009). Does Toxoplasma Gondii Infection Affect the Levels of Ige and Cytokines (IL-5, IL-6, IL-10, IL-12, and TNF-Alpha)? Clin. Dev. Immunol. 374696, 25. doi: 10.1155/2009/374696

 Mévélec, M. N., Lakhrif, Z., and Dimier-Poisson, I. (2020). Key Limitations and New Insights Into the Toxoplasma Gondii Parasite Stage Switching for Future Vaccine Development in Human, Livestock, and Cats. Front. Cell Infect. Microbiol. 10, 607198. doi: 10.3389/fcimb.2020.607198

 Min, J., Qu, D., Li, C., Song, X. L., Zhao, Q. L., Li, X. A., et al. (2012). Enhancement of Protective Immune Responses Induced by Toxoplasma Gondii Dense Granule Antigen 7 (GRA7) Against Toxoplasmosis in Mice Using a Prime-Boost Vaccination Strategy. Vaccine 30, 5631–5636. doi: 10.1016/j.vaccine.2012.06.081

 Montazeri, M., Sharif, M., Sarvi, S., Mehrzadi, S., Ahmadpour, E., and Daryani, A. (2017). A Systematic Review of In Vitro and In Vivo Activities of Anti-Toxoplasma Drugs and Compounds, (2006-2016). Front. Microbiol. 8, 25. doi: 10.3389/fmicb.2017.00025

 Morgado, P., Sudarshana, D. M., Gov, L., Harker, K. S., Lam, T., Casali, P., et al. (2014). Type II Toxoplasma Gondii Induction of CD40 on Infected Macrophages Enhances Interleukin-12 Responses. Infect. Immun. 82, 4047–4055. doi: 10.1128/IAI.01615-14

 Neumann, S., Kovtun, A., Dietzel, I.,. D., Epple, M., and Heumann, R. (2009). The Use of Size-Defined DNA-Functionalized Calcium Phosphate Nanoparticles to Minimise Intracellular Calcium Disturbance During Transfection. Biomaterials 30, 6794–6802. doi: 10.1016/j.biomaterials.2009.08.043

 Okamoto, S., Matsuura, M., Akagi, T., Akashi, M., Tanimoto, T., Ishikawa, T., et al. (2009). Poly(Gamma-Glutamic Acid) Nano-Particles Combined With Mucosal Influenza Virus Hemagglutinin Vaccine Protects Against Influenza Virus Infection in Mice. Vaccine 27, 5896–5905. doi: 10.1016/j.vaccine.2009.07.037

 Pagheh, A. S., Daryani, A., Alizadeh, P., Hassannia, H., Rodrigues Oliveira, S. M., Kazemi, T., et al. (2021). Protective Effect of a DNA Vaccine Cocktail Encoding ROP13 and GRA14 With Alum Nano-Adjuvant Against Toxoplasma Gondii Infection in Mice. Int. J. Biochem. Cell Biol. 132, 7. doi: 10.1016/j.biocel.2021.105920

 Pagheh, A. S., Sarvi, S., Gholami, S., Asgarian-Omran, H., Valadan, R., Hassannia, H., et al. (2019). Protective Efficacy Induced by DNA Prime and Recombinant Protein Boost Vaccination With Toxoplasma Gondii GRA14 in Mice. Microb. Pathog. 134, 15. doi: 10.1016/j.micpath.2019.103601

 Pedraza, C. E., Bassett, D. C., McKee, M. D., Nelea, V., Gbureck, U., and Barralet, J. E. (2008). The Importance of Particle Size and DNA Condensation Salt for Calcium Phosphate Nanoparticle Transfection. Biomaterials 29, 3384–3392. doi: 10.1016/j.biomaterials.2008.04.043

 Petrovsky, N., and Aguilar, J. C. (2004). Vaccine Adjuvants: Current State and Future Trends. Immunol. Cell Biol. 82, 488–496. doi: 10.1111/j.0818-9641.2004.01272.x

 Prandovszky, E., Li, Y., Sabunciyan, S., Steinfeldt, C. B., Avalos, L. N., Gressitt, K. L., et al. (2018). Toxoplasma Gondii-Induced Long-Term Changes in the Upper Intestinal Microflora During the Chronic Stage of Infection. Scientifica 2018, 1–11. doi: 10.1155/2018/2308619

 Quan, J. H., Chu, J. Q., Ismail, H. A. H. A., Zhou, W., Jo, E. K., Cha, G. H., et al. (2012). Induction of Protective Immune Responses by a Multiantigenic DNA Vaccine Encoding GRA7 and ROP1 of Toxoplasma Gondii. Clin. Vaccine Immunol. 19, 666–674. doi: 10.1128/CVI.05385-11

 Roozbehani, M., Falak, R., Mohammadi, M., Hemphill, A., Razmjou, E., Meamar, A. R., et al. (2018). Characterization of a Multi-Epitope Peptide With Selective MHC-Binding Capabilities Encapsulated in PLGA Nanoparticles as a Novel Vaccine Candidate Against Toxoplasma Gondii Infection. Vaccine 36, 6124–6132. doi: 10.1016/j.vaccine.2018.08.068

 Selseleh, M., Keshavarz, H., Mohebali, M., Shojaee, S., Shojaee, S., Selseleh, M., et al. (2012). Production and Evaluation of Toxoplasma Gondii Recombinant GRA7 for Serodiagnosis of Human Infections. Korean J. Parasitol 50, 233–238. doi: 10.3347/kjp.2012.50.3.233

 Song, P. X., Yao, S. H., Yao, Y., Zhou, J., Li, Q. F., Cao, Y. H., et al. (2020). Epitope Analysis and Efficacy Evaluation of Phosphatase 2c (PP2C) DNA Vaccine Against Toxoplasma Gondii Infection. J. Parasitol. 106, 513. doi: 10.1645/18-210

 Van Riet, E., Ainai, A., Suzuki, T., Kersten, G., and Hasegawa, H. (2014). Combatting Infectious Diseases; Nanotechnology as a Platform for Rational Vaccine Design. Adv. Drug Deliv. Rev. 74, 28–34. doi: 10.1016/j.addr.2014.05.011

 Verhelst, D., De, C. S., Dorny, P., Melkebeek, V., Goddeeris, B., Cox, E., et al (2011). Ifn-γ Expression and Infectivity of Toxoplasma Infected Tissues Are Associated With an Antibody Response Against GRA7 in Experimentally Infected Pigs. Vet. Parasitol 179, 14–21. doi: 10.1016/j.vetpar.2011.02.015

 Verma, R., and Khanna, P. (2013). Development of Toxoplasma Gondii Vaccine: A Global Challenge. Hum. Vaccin Immunother. 9, 291–293. doi: 10.4161/hv.22474

 Wang, Z. D., Wang, S. C., Liu, H. H., Ma, H. Y., Li, Z. Y., Wei, F., et al. (2017). Prevalence and Burden of Toxoplasma Gondii Infection in HIV-Infected People: A Systematic Review and Meta-Analysis. Lancet HIV 4, e177–e188. doi: 10.1016/S2352-3018(17)30005-X

 Wang, Y. H., Wang, M., Wang, G. X., Pang, A., Fu, B. Q., Yin, H., et al. (2011). Increased Survival Time in Mice Vaccinated With a Branched Lysine Multiple Antigenic Peptide Containing B- and T-Cell Epitopes From T. gondii Antigens Vaccine 29, 8619–8623. doi: 10.1016/j.vaccine.2011.09.016

 Wang, M., Zhang, M., Fu, L., Lin, J., Zhou, X., Zhou, P., et al. (2020). Liver-Targeted Delivery of TSG-6 by Calcium Phosphate Nanoparticles for the Management of Liver Fibrosis. Theranostics 10, 36–49. doi: 10.7150/thno.37301

 Wang, J. L., Zhang, N. Z., Li, T. T., He, J. J., Elsheikha, H. M., and Zhu, X. Q. (2019). Advances in the Development of Anti-Toxoplasma Gondii Vaccines: Challenges, Opportunities, and Perspectives. Trends Parasitol 35, 239–253. doi: 10.1016/j.pt.2019.01.005

 Wilson, K. L., Xiang, S. D., and Plebanski, M. (2015). Montanide, Poly I:C and Nanoparticle Based Vaccines Promote Differential Suppressor and Effector Cell Expansion: A Study of Induction of CD8 T Cells to a Minimal Plasmodium Berghei Epitope. Front. Microbiol. 6. doi: 10.3389/fmicb.2015.00029

 Xiang, S. D., Scholzen, A., Minigo, G., David, C., Apostolopoulos, V., Mottram, P. L., et al. (2006). Pathogen Recognition and Development of Particulate Vaccines: Does Size Matter? Methods 40, 1–9. doi: 10.1016/j.ymeth.2006.05.016

 Xu, Y., Zhang, N. Z., Tan, Q. D., Chen, J., Lu, J., Xu, Q. M., et al. (2014). Evaluation of Immuno-Efficacy of a Novel DNA Vaccine Encoding Toxoplasma Gondii Rhoptry Protein 38 (Tgrop38) Against Chronic Toxoplasmosis in a Murine Model. BMC Infect. Dis. 14, 1471–2334. doi: 10.1186/1471-2334-14-525

 Zhang, N. Z., Chen, J., Wang, M., Petersen, E., and Zhu, X. Q. (2013). Vaccines Against Toxoplasma Gondii: New Developments and Perspectives. Expert Rev. Vaccines 12, 1287–1299. doi: 10.1586/14760584.2013.844652

 Zhang, G., Huong, V. T., Battur, B., Zhou, J., Zhang, H., Liao, M., et al. (2007). A Heterologous Prime-Boost Vaccination Regime Using DNA and a Vaccinia Virus, Both Expressing GRA4, Induced Protective Immunity Against Toxoplasma Gondii Infection in Mice. Parasitology 134, 1339–1346. doi: 10.1017/S0031182007002892

 Zhang, M., Lin, W., Lin, B., Huang, Y., Lin, H. X., and Qul, J. (2012). Facile Preparation of Calcium Phosphate Nanoparticles for Sirna Delivery: Effect of Synthesis Conditions on Physicochemical and Biological Properties. J. Nanosci Nanotechnol 12, 9029–9036. doi: 10.1166/jnn.2012.6783

 Zhang, N. Z., Wang, M., Xu, Y., Petersen, E., and Zhu, X. Q. (2015). Recent Advances in Developing Vaccines Against Toxoplasma Gondii: An Update. Expert Rev. Vaccines 14, 1609–1621. doi: 10.1586/14760584.2015.1098539

 Zhou, Z., Li, H., Wang, K., Guo, Q., Li, C., Jiang, H., et al. (2017). Bioreducible Cross-Linked Hyaluronic Acid/Calcium Phosphate Hybrid Nanoparticles for Specific Delivery of Sirna in Melanoma Tumor Therapy. ACS Appl. Mater Interfaces 9, 14576–14589. doi: 10.1021/acsami.6b15347




Conflict of Interest: The authors declare that the research was conducted in the absence of any commercial or financial relationships that could be construed as a potential conflict of interest.


Publisher’s Note: All claims expressed in this article are solely those of the authors and do not necessarily represent those of their affiliated organizations, or those of the publisher, the editors and the reviewers. Any product that may be evaluated in this article, or claim that may be made by its manufacturer, is not guaranteed or endorsed by the publisher.

Copyright © 2021 Sun, Huang, Fu, Hao, Liu and Shi. This is an open-access article distributed under the terms of the Creative Commons Attribution License (CC BY). The use, distribution or reproduction in other forums is permitted, provided the original author(s) and the copyright owner(s) are credited and that the original publication in this journal is cited, in accordance with accepted academic practice. No use, distribution or reproduction is permitted which does not comply with these terms.


OEBPS/Images/fcimb.2021.787635_cover.jpg
’ frontiers

in Cellular and Infection Microbiology

Enhancing Immune Responses to a
DNA Vaccine Encoding Toxoplasma
gondii GRA7 Using Calcium
Phosphate Nanoparticles as
an Adjuvant





OEBPS/Images/fcimb-11-787635-g005.jpg
#i

\—A‘\MVX«
=
"
o
7 %G
-~ «Uw.
3 Ly,
& %
A\Qmu
GVQ
—J [—J [(—J (— —J
= [—J [(—} =
- Lar] -~ —

(ju/3d) saunj0)4d jo uoneyUIdIUO)

IL-12

e o o o o o o
o o o o o o
654321

(qui/3d) saunjo34d jo uoneHUIIUG)

IL-10

o S S < e
S w S w
(o] — —
a (ju/3d) saunjo3dd yo uoneayuaduo)

=3 S S > S =]
5 4 3 2 1

o (qu/3d) saunjo)Ad yo uoneyuIdU0)





OEBPS/Text/toc.xhtml


  

    Table of Contents



    

		Cover



      		

        Enhancing Immune Responses to a DNA Vaccine Encoding Toxoplasma gondii GRA7 Using Calcium Phosphate Nanoparticles as an Adjuvant

      

        		

          Introduction

        



        		

          Materials and Methods

        

          		

            Mice and Parasites

          



          		

            Preparation of Toxoplasma gondii Antigen (Toxoplasma lysate antigen)

          



          		

            Plasmid Preparation

          



          		

            Recombinant Plasmid Expression in Vero Cells

          



          		

            Nanoparticle Synthesis and Calcium Phosphate Nanoparticle-Coated DNA Vaccine

          



          		

            Immunization and Challenge

          



          		

            Determination of Immunoglobulin G Titer and Subclasses

          



          		

            Lymphocyte Proliferation Assay and Cytokine Assay

          



          		

            Determination of Parasite Burden

          



          		

            Statistical Analysis

          



        



        



        		

          Results

        

          		

            Expression of the Recombinant Plasmid

          



          		

            Synthesis of Calcium Phosphate Nanoparticles and Preparation of Nanoparticle-Coated DNA Vaccines

          



          		

            Humoral Immune Responses Induced by Vaccination

          



          		

            Cellular Immune Responses

          



          		

            Cytokine Responses

          



          		

            Protection From the Recombinant DNA Vaccine

          



          		

            Parasite Burden

          



        



        



        		

          Discussion

        



        		

          Data Availability Statement

        



        		

          Ethics Statement

        



        		

          Author Contributions

        



        		

          Funding

        



        		

          References

        



      



      



    



  



OEBPS/Images/crossmark.jpg
©

2

i

|





OEBPS/Images/fcimb-11-787635-g001.jpg
Actin





OEBPS/Images/fcimb-11-787635-g003.jpg
wmuosSrao





OEBPS/Images/fcimb-11-787635-g002.jpg
Measurements (number)

Name Temperatu Processed Measurem Polydispers Hydrodyna Peak 1 Peak 2 Peak 3 Diffusion
re [°C] runs ent ityindex mic (number) (number) (number) Coefficient

position  [%] diameter [nm] [nm] [nm] [um?/s]
[mm] [nm]

CaPN21.6.7 25.0 6 0.0 239 114.82 51.99 - - 43

1

CaPN21.6.7 25.0 6 0.0 25.4 116.53 44.42 - - 4.2

2

CaPN21.6.7 25.0 6 0.0 25.1 118.31 45.44 - - 4.1

Kalliope version: 2.2.3 Measurement completed successfully

Serial number: 82282356 Page 2 of 4

Created by: USER
Created at 2021/6/8 11:02:21

3

Particle size distribution by number
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