

[image: image1]
Protective Immunity Against Neospora caninum Infection Induced by 14-3-3 Protein in Mice












	
	ORIGINAL RESEARCH
published: 03 March 2021
doi: 10.3389/fvets.2021.638173






[image: image2]

Protective Immunity Against Neospora caninum Infection Induced by 14-3-3 Protein in Mice

Shan Li1,2†, Nan Zhang1†, Shaoxiong Liu1, Jianhua Li1, Li Liu3, Xiaocen Wang1, Xin Li1, Pengtao Gong1* and Xichen Zhang1*


1Key Laboratory of Zoonosis Research, Ministry of Education, College of Veterinary Medicine, Jilin University, Changchun, China

2Department of Social Medicine and Public Health, School of Basic Medicine, Jiujiang University, Jiujiang, China

3College of Basic Medicine, Jilin University, Changchun, China

Edited by:
Jiyu Zhang, Chinese Academy of Agricultural Sciences, China

Reviewed by:
Jia Chen, Ningbo University, China
 Caroline Martins Mota, Federal University of Uberlandia, Brazil
 Florencia Celeste Mansilla, Instituto Nacional de Tecnología Agropecuaria (INTA), Argentina

*Correspondence: Xichen Zhang, xczhang@jlu.edu.cn
Pengtao Gong, gongp@jlu.edu.cn

†These authors have contributed equally to this work

Specialty section: This article was submitted to Parasitology, a section of the journal Frontiers in Veterinary Science

Received: 05 December 2020
 Accepted: 03 February 2021
 Published: 03 March 2021

Citation: Li S, Zhang N, Liu S, Li J, Liu L, Wang X, Li X, Gong P and Zhang X (2021) Protective Immunity Against Neospora caninum Infection Induced by 14-3-3 Protein in Mice. Front. Vet. Sci. 8:638173. doi: 10.3389/fvets.2021.638173



Neospora caninum is an apicomplexan parasite that infects many mammals and remains a threatening disease worldwide because of the lack of effective drugs and vaccines. Our previous studies demonstrated that N. caninum 14-3-3 protein (Nc14-3-3), which is included in N. caninum extracellular vesicles (NEVs), can induce effective immune responses and stimulate cytokine expression in mouse peritoneal macrophages. However, whether Nc14-3-3 has a protective effect and its mechanisms are poorly understood. Here, we evaluated the immune responses and protective effects of Nc14-3-3 against exposure to 2 × 107 Nc-1 tachyzoites. Antibody (IgG, IgGl, and IgG2a) levels and Th1-type (IFN-γ and IL-12) and Th2-type (IL-4 and IL-10) cytokines in mouse serum, survival rates, survival times, and parasite burdens were detected. In the present study, the immunostimulatory effect of Nc14-3-3 was confirmed, as it triggered Th1-type cytokine (IFN-γ and IL-12) production in mouse serum 2 weeks after the final immunization. Moreover, the immunization of C57BL/6 mice with Nc14-3-3 induced high IgG antibody levels and significant increases in CD8+ T lymphocytes in the spleens of mice, indicating that the cellular immune response was significantly stimulated. Mouse survival rates and times were significantly prolonged after immunization; the survival rates were 40% for Nc14-3-3 immunization and 60% for NEV immunization, while mice that received GST, PBS, or blank control all died at 13, 9, or 8 days, respectively, after intraperitoneal N. caninum challenge. In addition, qPCR analysis indicated that there was a reduced parasite burden and diminished pathological changes in the mice immunized with Nc14-3-3. Our data demonstrate that vaccination of mice with Nc14-3-3 elicits both cellular and humoral immune responses and provides partial protection against acute neosporosis. Thus, Nc14-3-3 could be an effective antigen candidate for vaccine development for neosporosis.
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INTRODUCTION

Neospora caninum is an intracellular protozoan parasite belonging to the phylum Apicomplexa and is the causative agent of Bovine neosporosis (1). Although there is no evidence that N. caninum infection occurs in humans, anti-N. caninum antibodies have been detected in humans (2), suggesting that it might be a potential zoonotic pathogen. Neosporosis can spread by transplacental transmission from an infected dam to her fetus and brings enormous economic losses to the cattle industry worldwide (3). However, there are no effective drugs or vaccines available to control this disease (4), and developing a potent vaccine against neosporosis is vital.

The 14-3-3 protein family includes highly conserved proteins that are widely expressed in all eukaryotic cells and are involved in many cellular processes, such as cell cycle control, signal transduction, protein trafficking, and responses to environmental stimulation (5). Furthermore, as 14-3-3 proteins have been indicated to be highly immunogenic (6), these proteins from parasites represent a rational approach for the development of effective vaccines against the respective infections. T. gondii 14-3-3 (Tg14-3-3) was detected in tachyzoites and found to be present mainly in the cytoplasm as well as within the parasitophorous vacuolar space, inducing the migratory activation of immune cells (7). Our previous research demonstrated that N. caninum 14-3-3 protein was included in N. caninum extracellular vesicles (NEVs), and the protein was mainly found in the cytosol and cell membrane in N. caninum tachyzoites and has shown that the N. caninum 14-3-3 protein can induce effective immune responses and stimulate cytokine expression by activating the MAPK, AKT, and NF-κB signaling pathways (8); however, the protective efficacy of 14-3-3 protein as a vaccine antigen against N. caninum remains unclear. Here, we purified a recombinant fusion Nc14-3-3 protein to assess its protective efficacy against N. caninum infection.



MATERIALS AND METHODS


Animals and Parasites

Female C57BL/6 mice (6–8 weeks old) were purchased from the Changsheng Experimental Animal Center (Benxi, China). The mice were housed in isolator cages under specific pathogen-free conditions in the animal house of the Laboratory Animal Center of Jilin University (Changchun, China), and the food and water provided were sterile. All animal experimental procedures were performed in strict accordance with the Regulations for the Administration of Affairs Concerning Experimental Animals approved through the State Council of the People's Republic of China (1988.11.1) and with the approval of the Animal Welfare and Research Ethics Committee at Jilin University.

N. caninum tachyzoites (Nc-1 strain) were maintained by serial passage in Vero cells in RPMI-1640 medium, and free tachyzoites were obtained and harvested from Vero cells as described in a previous study (8, 9).



N. caninum EV Preparation

NEVs were purified as previously described (9), and free tachyzoites were collected using Percoll and cultured in exosome-depleted culture medium for 24 h. The NEVs were collected by differential centrifugation. Briefly, the supernatant was first centrifuged at 300 × g for 10 min at 4°C, and then the supernatant was centrifuged at 2,000 × g for 10 min at 4°C and at 10,000 × g for 30 min at 4°C to remove the parasites and debris. Finally, the supernatant was further ultracentrifuged at 100,000 × g for 70 min at 4°C to precipitate the expected NEVs with an ultracentrifuge (Hitachi Micro Ultracentrifuge, Japan). The observed NEV pellets in each tube were collected together and ultracentrifuged once more at 100,000 × g for 70 min at 4°C. The final pellet was resuspended in cold PBS, and protein concentrations were measured using a BCA Protein Assay Kit (Thermo Scientific, Waltham, USA).



Expression and Purification of Recombinant Nc14-3-3 Protein

The recombinant protein Nc14-3-3 was expressed as a glutathione S-transferase (GST) fusion protein in the E. coli expression strain Rosetta DE3a (TIANGEN, Beijing, China). After induction of expression, the recombinant proteins were purified using Proteinlso® GST Resin (TransGen Biotech, Beijing, China) as described previously (8). The induced expression of the pGEX-4T-1 empty vector and purified GST-tagged protein were used as controls.



Mouse Immunization and Challenge

To assess the immunogenicity of Nc14-3-3, female C57BL/6 mice were randomly divided into five groups (16/group) as follows: Blank, PBS, GST, NEVs, and Nc14-3-3. NEVs were dissolved in sterile PBS to a final concentration of 1 μg/μl, and mice were injected intramuscularly with 50 μl of NEVs or PBS alone. Otherwise, mice were intramuscularly immunized with recombinant Nc14-3-3 protein or GST protein (50 μg) emulsified with Freund's adjuvant (Sigma, St. Louis, USA). Briefly, mice were intramuscularly immunized with Nc14-3-3 protein or GST protein, which was emulsified with Freund's complete adjuvant (Sigma, St. Louis, USA). Boosters were administered at 2, 4, and 6 weeks, and the proteins were emulsified with Freund's incomplete adjuvant (Sigma, St. Louis, USA). Two weeks after the third immunization, each mouse was challenged with a dose of 2 × 107 Nc-1 tachyzoites, and the survival time, body weight and clinical observations of the mice (n = 10) were observed and recorded every day by the same person at similar time points.



Determination of Serum Antibody and Cytokine Levels

Mouse polyclonal antibodies were prepared as follows: serum was collected from the mice via the tail veins on the day before each vaccination. The antibody levels in mouse serum was detected by indirect enzyme-linked immunosorbent assays (ELISA) as previously described (10). Briefly, plates were coated with 2 μg of N. caninum lysate antigen (NLA), and mouse sera diluted in PBST at 1:100 were added. HRP-labeled antibodies (IgG, IgG1, or IgG2a, 1:2,000 dilution) (Proteintech, Wuhan, China) were used as secondary antibodies. The reaction was detected by TMB (Beyotime, Shanghai, China) and stopped by 2 M H2SO4 addition. Absorbance at 450 nm was measured with a microplate reader. In addition, NLA was prepared as previously described (9). Briefly, N. caninum tachyzoites were resuspended in BAG buffer (116 mM NaCl, 5.4 mM KCl, 0.8 mM MgSO4, 50 mM HEPES, 5.5 mM d-glucose, pH 7.3) with protease inhibitors (KeyGen Biotech, Nanjing, China) and subjected to ultrasonic disruption (60 Hz/30 s) on ice. After centrifugation at 10,000 × g for 30 min at 4°C, the NLA was collected and filtered using 0.22 μm membranes. The protein concentrations were measured using the BCA Protein Assay Kit (Thermo Scientific, Waltham, MA, USA).

To evaluate the concentration of cytokines in serum samples, 2 weeks after the final immunization, six mice were sacrificed, blood was collected from the eyeball, and serum was obtained for cytokine measurements. Cytokine ELISA Ready-SET-Go kits (eBioscience, San Diego, CA, USA) were used to detect the IL-12p40, IFN-γ, IL-10, and IL-4 levels according to the manufacturer's instructions.



Flow Cytometry Analysis of T Cell Subpopulations

The percentages of T cell subpopulations in the spleens of mice in the experimental groups were detected by flow cytometry. The spleens were obtained 2 weeks after the final immunization from mice (n = 6) in each group, and a flow cytometry assay was performed as previously described (11). Briefly, 1 × 106 splenocytes were suspended in pre-cooled PBS and incubated with anti-mouse CD3-PerCP, anti-mouse CD4-PE, and anti-mouse CD8-APC antibodies (all from BioLegend) at 4°C for 30 min in the dark. Then, the cells were washed twice with pre-cooled PBS, resuspended in PBS and analyzed with a FACSAria flow cytometer (BD Biosciences), with 20,000 total events/sample. Data were analyzed by FlowJo software (Tree Star Inc.).



Quantification of the Parasite Burden by qPCR

Two weeks after the last immunization, each mouse was challenged with 2 × 107 Nc-1 tachyzoites. At 5 days post-infection, infected mice were euthanized, and the heart, liver, spleen, lung, kidney, and brain were harvested and stored at −40°C. The parasite replication in tissues were monitored by real-time quantitative PCR (qPCR) as previously described (12). Briefly, the tissues were homogenized and used for DNA extraction (TIANGEN, Beijing, China). Five hundred nanograms of extracted DNA from each sample was amplified with the Nc5 sequence of N. caninum (forward: 5′-ACTGGAGGCACGCTGAACAC-3′, reverse: 5′-AACAATGCTTCGCAAGAGGAA-3′) using FastStart Universal SYBR Green Master Mix. To quantify the number of parasites, a standard curve was generated by amplifying 10-fold dilutions of 2.3 × 108 N. caninum tachyzoites in separate reactions.



Histopathology

Pathological changes were observed by H&E staining, and fresh tissue was fixed with 10% neutral buffered formalin and routinely processed in paraffin. Fixed paraffin-embedded tissues were sectioned at 3–4 μm and stained with haematoxylin and eosin (H&E).



Statistical Analysis

Statistical significance was determined by one-way ANOVA using SPSS 19.0 software (SPSS Inc., Chicago, IL, USA), and data are shown as the mean ± standard deviation (SD) of triplicate experiments. GraphPad Prism 7 (GraphPad Software, Inc., San Diego, CA, USA) was utilized to generate the graphs. P < 0.05 were considered significant.




RESULTS


Serum Antibody Responses in C57BL/6 Mice

To assess changes in antibody levels caused by recombinant Nc14-3-3 protein, the total IgG antibody level and the distribution of IgGl and IgG2a isotype 2 were tested after each immunization. As shown in Figure 1, significantly higher levels of IgG antibodies were observed in the groups vaccinated with NEVs and Nc14-3-3. In contrast, specific higher IgG1 antibody levels were detected in the above mentioned groups, but IgG2a was not obviously induced. No or low detectable levels of antigen-specific antibodies were observed in the control group receiving PBS or GST, respectively. These results suggested that immunization with NEVs or Nc14-3-3 can induce Th2 immune responses against N. caninum in mice.


[image: Figure 1]
FIGURE 1. Measurement of specific IgG antibodies in the sera of immunized mice. Mouse serum was collected from the tail vein plexus before each vaccination, and antibodies were detected by indirect enzyme-linked immunosorbent assays (ELISAs). Determination of specific IgG antibodies in the serum at 0, 2, 4, and 6 weeks. (A) Total IgG; (B) IgG1; and (C) IgG2a. The results are shown as the means of OD450 ± SDs, and significant differences compared with PBS or GST (**P < 0.01) is indicated by asterisks (*).




Levels of Cytokines in the Sera of Vaccinated Mice

To evaluate the cytokines released in serum samples in immunized groups, mice were sacrificed after the final immunization. As shown in Figure 2, mice vaccinated with NEVs or Nc14-3-3 generated significantly higher levels of IFN-γ and IL-12p40 than mice vaccinated with single-gene plasmids, PBS or empty vector (P < 0.01). In contrast, high IL-10 levels were observed in Nc14-3-3-immunized mouse serum compared with those in serum from the other groups (P < 0.01), and the levels of the cytokine IL-4 were not significantly different among all groups (P > 0.05). These results indicated that NEVs and Nc14-3-3 mainly cause Th1-type immune responses in mice, and the cytokines IFN-γ and IL-12 play an important role in protection against N. caninum infection after vaccination.


[image: Figure 2]
FIGURE 2. Cytokine production in the serum of mice detected using indirect enzyme-linked immunosorbent assays (ELISAs). Data are expressed as the mean ± SD from three separate experiments. *P < 0.05; **P < 0.01; ***P < 0.001; and ****P < 0.0001 for the NEV- and Nc14-3-3-immunized groups vs. the PBS or GST group.




Nc14-3-3 Immunization Increased CD8+ T Cell Levels

It is well-established that T cells play an important role in protective immunity against protozoan infections. To determine whether NEV or Nc14-3-3 vaccination activated CD4+ or CD8+ T cells, flow cytometry was used, and as shown in Figure 3, there was no significant difference in the percentage of CD4+ T cells in the mice immunized with different vaccines, but the percentage of CD8+ cells in the groups vaccinated with NEVs or Nc14-3-3 was significantly increased compared with that in the control groups that received PBS or GST (P < 0.05).


[image: Figure 3]
FIGURE 3. Flow cytometry analysis of T cell subsets. The percentages of CD4+ and CD8+ T cells in the spleen of immunized mice 2 weeks after the last immunization are shown, and the results are representative of three independent experiments. *P < 0.05; **P < 0.01 for the NEV- and Nc14-3-3-immunized groups vs. the PBS or GST group.




Experimental Protection After N. caninum Infection in Mice

To assess the protection provided by NEVs or Nc14-3-3, 2 weeks after the last immunization, all mice were challenged with 2 × 107 Nc-1 tachyzoites, and the survival time was monitored daily until 40 days after the challenge. Mice were highly susceptible to acute infection, and increased mortality was observed in the mice that received GST, PBS, or blank control (all of these mice died within 12, 8, or 7 days, respectively) (Figure 4A). In contrast, the survival rates for the NEV- or Nc14-3-3-immunized groups were 60 and 40% at the end of the trial, which showed significantly prolonged survival times. Furthermore, the body weight continuously decreased in the control groups vaccinated with PBS, GST or blank control until death, although no significant weight increase in NEV- or Nc14-3-3-immunized mice was found (Figure 4B).


[image: Figure 4]
FIGURE 4. Survival rates and clinical observations of mice. (A) Survival rates (surviving mice/total mice) of vaccinated mice in response to infection with a dose of 2 × 107 Nc-1 tachyzoites over 40 days. (B). The body weight of mice was recorded daily before death occurred.




Vaccination With NEVs or Nc14-3-3 Controlled N. caninum Proliferation and Reduced Host Pathological Changes

At 5 days post-infection, infected mice were euthanized, and the heart, liver, spleen, lung, kidney, and brain were harvested to examine the parasite burden by qPCR and pathological changes by H&E staining. As shown in Figure 5, the number of parasites in the NEV- or Nc14-3-3-immunized group was significantly lower than that in the other groups vaccinated with PBS, GST or blank control (P < 0.05). The pathological changes shown in Figure 6 indicate that tissue lesions in the PBS and GST groups were serious, especially the thickening of the lung interstitium infiltrated with the most inflammatory cells, increased fluid in the alveoli, and widened alveolar septum. The liver structure was disordered and had necrotic foci, accompanied by a large number of inflammatory cells. The brain glial cells increased and exhibited macrophage infiltration, while the NEV- and Nc14-3-3-immunized mice had mild lesions. These results suggest that NEVs and Nc14-3-3 led to effective protection in the mouse model following infection with N. caninum tachyzoites.


[image: Figure 5]
FIGURE 5. Two weeks after the last injection, each mouse was challenged with 2 × 107 Nc-1 tachyzoites. At 5 days post-infection, infected mice were euthanized; the heart, liver, spleen, hung, kidney, and brain were harvested; and parasite loads were measured by qPCR. **P < 0.01; and ***P < 0.001 for the NEV- and Nc14-3-3-immunized groups vs. the PBS or GST group.
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FIGURE 6. Two weeks after the last injection, each mouse was challenged with 2 × 107 Nc-1 tachyzoites. At 5 days post-infection, infected mice were euthanized, and the heart, liver, hung, kidney, and brain were harvested. Pathological changes were observed by H&E staining.





DISCUSSION

Neospora caninum is an apicomplexan parasite that infects a broad range of warm-blooded animals and leads to neosporosis worldwide (13), and neosporosis often causes abortion especially in dairy cattle and leads to global economic losses (12).

Although many efforts have been made to restrain bovine neosporosis, there are still no effective methods to control this disease (14). Therefore, there is an urgent need to develop a safe and effective N. caninum vaccine (3). In recent years, with the identification of new antigens, several dense granule (GRA) and rhoptry (ROP) proteins in N. caninum have been identified that could be used in diagnostics or as vaccine candidates (15–17). We have previously demonstrated that the N. caninum 14-3-3 protein, which is included in extracellular vesicles (EVs) released by N. caninum, induced effective immune responses and stimulated cytokine expression through the MAPK, AKT and NF-κB signaling pathways in murine bone marrow-derived macrophages (BMDMs) (8, 9), but whether Nc14-3-3 can be used as a novel vaccine candidate against neosporosis has not yet been determined.

Currently, the most effective way to control neosporosis is to develop an effective vaccine. The first vaccines developed against N. caninum were live or attenuated vaccines because they could elicit both humoral and cellular immunity and provide a variable degree of protection, but their use was limited due to potential safety problems. Inactivated or classical subunit vaccines against neosporosis are safe but currently do not stimulate protective immunity (4). To date, numerous vaccine antigens have been widely evaluated, especially DNA, recombinant protein, or vector-based vaccines, and vaccination using a recombinant antigen triggering appropriate levels of protective immunity for effective protection could offer the most appropriate vaccination tool (15), such as surface proteins and/or those secreted from micronemes, rhoptries or dense granules, which have been the most studied for protection. The 14-3-3 protein is a phosphoserine-binding protein that plays a key role as a regulator of multiple cellular processes in eukaryotes (18, 19), and it has been isolated and sequenced in many apicomplexan parasites, such as Toxoplasma gondii (20), Eimeria tenella (21), and Cryptosporidiidae (22). More importantly, research has shown that 14-3-3 proteins can be used as vaccines in sheep infected with Fasciola hepatica (23). Eimeria maxima 14-3-3 could significantly reduce jejunal lesions and weight loss, increase the oocyst reduction ratio, and produce an anticoccidial index of more than 165, demonstrating that Em14-3-3 could be used as a promising antigen candidate for vaccine development against E. maxima (24). The 14-3-3 protein of T. gondii has been shown to be a new candidate vaccine against toxoplasmosis (25). Our previous research indicated that NEVs were enriched for secreted membrane-associated proteins, including 14-3-3, and EVs modulated inflammatory cytokine expression in BMDMs by triggering the TLR2 and MAPK signaling pathways in vitro (9). Increasing evidence has indicated that EVs can evoke the innate immune response to control or facilitate infection in parasites (26–28). EVs contain a variety of substances, including proteins, lipids, and RNA, that play multiple roles in intercellular communication, such as delivering signals, regulating cytokine secretion, and regulating the immune response, so EVs are novel vaccine candidates (10, 29, 30); therefore, our previous study also selected NEVs as vaccine controls.

When N. caninum invasion occurs, the parasite is first captured and processed by antigen-presenting cells and then presented to T lymphocytes to induce adaptive immunity. Upon subsequent invasion, specific antibodies, as one of the robust protective immune responses, can prevent and inhibit the attachment of N. caninum to its host cell receptors, further helping macrophages kill and eliminate the parasite and preventing reactivation (31–33). Humoral immunity is important in eliminating pathogens, strengthening the elimination of invasive microbes, and building immunological memory to protect against reinfection. In this study, we determined the humoral response on the basis of specific anti-N. caninum IgG levels; significantly increased levels of IgG were observed in the serum of mice vaccinated with NEVs and Nc14-3-3, which would contribute to strong protective efficacy against subsequent N. caninum infection. Higher levels of IgG1 were also detected in the serum of mice in the NEV- and Nc14-3-3-immunized groups than the serum of those in the control groups, and the level of IgG1 antibodies was significantly higher than that of IgG2a, indicating that NEVs and Nc14-3-3 induced a mixed Th1/Th2 immune response. These results are similar to those for other previously reported T. gondii vaccines (31, 34, 35). Type 1 immune responses are known to play an important role in protection against intracellular pathogens, and these responses are associated with high levels of IFN-γ and IL-12 (36). Therefore, we subsequently examined the expression of Th1 (IFN-γ and IL-12) and Th2 cytokines (IL-4 and IL-10) (37).

The elimination of intracellular protozoan parasites depends critically on the action of cellular immunity. Through interactions with many effector cells and molecules, a variety of immune cells actively cooperate to fight against infection. Accumulating evidence has shown that IL-12 triggers a Th1-type immune response, is a pivotal proinflammatory cytokine for the control and restriction of acute and chronic protozoan parasite infection, and is required for the long-term maintenance of the cytokine IFN-γ (38, 39). Notably, high levels of the IL-12 cytokine are essential to resistance against N. caninum and T. gondii infection (40, 41), and blocking or lacking a functional IL-12 receptor leads to high susceptibility to these two parasite infections (42). In addition, IL-12 is a well-known inducer of IFN-γ production in parasite infection, and studies have shown that IFN-γ and IL-12p40 are important to further explore the host protective mechanism. IL-12/IL-23 p40 chain-deficient (IL-12−/−) mice presented elevated parasitic burdens after intraperitoneal infection with N. caninum (43). Calves challenged with live tachyzoites could produce a predominant IgG response, and high levels of IFN-γ and TNF-α were also observed in animals (44, 45). Our study demonstrated that mice vaccinated with NEVs or Nc14-3-3 generated significantly higher levels of IFN-γ and IL-12p40 than mice vaccinated with single-gene plasmids, PBS or empty vector. These results suggested that immunization with NEVs or Nc14-3-3 elicited a Th1-type immune response against acute N. caninum infection. Furthermore, we also detected the levels of the Th2-type cytokines IL-4 and IL-10. High IL-10 levels were observed in Nc14-3-3-immunized mouse serum but not NEV-immunized mouse serum, and IL-4 levels did not change significantly in any group. This finding was similar to the results from BALB/c mice immunized with T. gondii exosomes (10). A large number of studies have shown that many proteins, including GAG1, ROP18, and GRA7, could protect mice after T. gondii infection by inducing the production of Th1-biased immune responses (46, 47). BALB/c mouse vaccination with the recombinant protein rNcSRS2 of N. caninum promoted the upregulation of IL-10 expression (48). Another study also reported that the IL-10 and IFN-γ cytokines were highly expressed in mouse spleen cells restimulated with Neospora antigens. IL-10 is a homodimeric cytokine, which can be produced by most cells of the innate and adaptive immune system, in addition, it functions as a self-limiting mechanism of effector T cells. During infection, it is produced to limit inflammation and collateral tissue damage, such as during T. gondii infection, IL-10 produced by Th1 cells is essential to limit an otherwise excessive and detrimental Th1 cell response (49). IL-10 is an essential anti-inflammatory cytokine that plays important roles as a negative regulator of immune responses (50); it is able to regulate the Th1-type response and promote high levels of IFN-γ production (51). Therefore, the high IL-10 level contributed to the prolonged survival time of mice immunized with Nc14-3-3.

Cellular immunity plays an important role in the control of N. caninum infection. To determine whether NEV or Nc14-3-3 vaccination activated CD4+ or CD8+ T cells, we determined the percentage of CD4+ and CD8+ T lymphocytes in the spleens of mice from each experimental group (n = 6) after the final immunization by flow cytometry. The results indicated that the percentage of CD8+ cells in the NEV- or Nc14-3-3-vaccinated mice was significantly increased, while there was no significant difference in the percentage of CD4+ T cells. These results were similar to those of Li's report, which showed that the percentage of CD8+ T cells was significantly increased in BALB/c mice immunized with T. gondii exosomes (10). IL-12 stimulates IFN-γ synthesis by natural killer (NK) cells, and T lymphocytes control intracellular replication of Toxoplasma (52). In the acute phase of infection, IFN-γ and IL-12, which involve CD8+ T cells, play critical roles in the detection and elimination of pathogens and, to a lesser extent, CD4+ T cells (53). CD8+ dendritic cells (DCs) are important in vivo for cross-presentation of antigens derived from intracellular pathogens (54), in the case of parasitic infection, CD8+ T cells are exposed to persistent antigen and/or inflammatory signals (55). CD8+ T cell contribute to the early production of the pro-inflammatory cytokine IL-12, which stimulates the release pro-inflammatory cytokine of IFN-γ, the generation of I pro-inflammatory is central to host resistance (56). As T. gondii is an intracellular parasite, a strong CD8+ T cell response plays an important role in controlling the development and spread of T. gondii infection (57). The current research indicated that mice immunized with NEVs and Nc14-3-3 activated specific cellular immunity against N. caninum.

Host innate immunity plays an important role in fighting protozoal infections by inhibiting parasite replication and triggering appropriate adaptive immune responses, which control active infections and overcome subsequent re-exposures (58). A number of mechanisms for how the immune system recognizes and responds to pathogens have been defined, including mechanisms regulated by EVs (59). EVs likely play an important role during parasite infection because of their diverse group of biomolecules, which have immunomodulatory properties (60, 61). As a vaccine, exosomes were associated with the development of fewer brain cysts in T. gondii-infected CBA/1 mice (62). T. gondii exosomes were also found to trigger the immune response and activate partial protective immunity against acute T. gondii infection in BALB/c mice (10). Leishmania exosomes have also been well-studied, and Leishmania donovani exosomes modulate innate and adaptive immune responses in C57BL/6 mice by affecting monocyte and dendritic cell (DC) cytokine production (63). Leishmania major releases exosomes with different protein contents, which are known to function in immune modulation (64). DCs pulsed with Eimeria antigens could be used as a vaccine against Eimeria infection in chickens (65). Mice treated with exosomes derived from DCs pulsed with T. gondii antigens were shown to elicit humoral and cellular immune responses and protect mice against subsequent parasite infection (66). Although the above results all indicated that EVs could be potential candidates, a variety of antigen components from pathogens can be loaded in EVs, and they will not cause infection due to the lack of live parasites. However, considering that obtaining high-purity EVs or exosomes is still difficult at present, much work needs to be done to identify and validate EV biomarkers that can be utilized in the diagnosis and therapy of parasitic disease.



CONCLUSIONS

In the work described here, we examined the immunogenicity and potency of Nc14-3-3 as a vaccine candidate against infection with N. caninum in a murine model. Our data demonstrate that the vaccination of mice with Nc14-3-3 elicited both cellular and humoral immune responses and provided partial protection against acute neosporosis. Thus, Nc14-3-3 could be used as an effective antigen candidate for developing vaccines against N. caninum.



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/s.



ETHICS STATEMENT

The animal study was reviewed and approved by all animal experimental procedures were performed in strict accordance with the Regulations for the Administration of Affairs Concerning Experimental Animals approved by the State Council of People's Republic of China (1988.11.1) and with the approval of the Animal Welfare and Research Ethics Committee at Jilin University (IACUC Permit Number: 20160612).



AUTHOR CONTRIBUTIONS

SLi, NZ, and XZ developed the study protocol. SLi and SLiu carried out the experiments. SLi, XW, XL, and LL performed the data analysis. SLi wrote the manuscript. PG, JL, and XZ revised the manuscript. All authors read and approved the final manuscript.



FUNDING

Funding for this research was provided by the National Natural Science Foundation of China (Grant No. 31902296) and National Key Basic Research Program (973 program) of China (Grant No. 2015 CB 150300).



REFERENCES

 1. Miranda VDS, Franca FBF, da Costa MS, Silva VRS, Mota CM, Barros P, et al. Toll-like receptor 3-TRIF pathway activation by Neospora caninum RNA enhances infection control in mice. Infect Immun. (2019) 87. doi: 10.1128/IAI.00739-18

 2. Ibrahim HM, Huang P, Salem TA, Talaat RM, Nasr MI, Xuan X, et al. Short report: prevalence of Neospora caninum and Toxoplasma gondii antibodies in northern Egypt. Am J Trop Med Hyg. (2009) 80:263–7. doi: 10.4269/ajtmh.2009.80.263

 3. Reichel MP, Ayanegui-Alcerreca MA, Gondim LFP, Ellis JT. What is the global economic impact of Neospora caninum in cattle—The billion dollar question. Int J Parasitol. (2013) 43:133–42. doi: 10.1016/j.ijpara.2012.10.022

 4. Marugan-Hernandez V. Neospora caninum and Bovine neosporosis: current vaccine research. J Comp Pathol. (2017) 157:193–200. doi: 10.1016/j.jcpa.2017.08.001

 5. Shi L, Ren A, Zhu J, Yu H, Jiang A, Zheng H, et al. 14-3-3 Proteins: a window for a deeper understanding of fungal metabolism and development. World J Microbiol Biotechnol. (2019) 35:24. doi: 10.1007/s11274-019-2597-x

 6. Yang J, Zhu W, Huang J, Wang X, Sun X, Zhan B, et al. Partially protective immunity induced by the 14-3-3 protein from Trichinella spiralis. Vet Parasitol. (2016) 231:63–8. doi: 10.1016/j.vetpar.2016.06.028

 7. Weidner JM, Kanatani S, Uchtenhagen H, Varas-Godoy M, Schulte T, Engelberg K, et al. Migratory activation of parasitized dendritic cells by the protozoan Toxoplasma gondii 14-3-3 protein. Cell Microbiol. (2016) 18:1537–50. doi: 10.1111/cmi.12595

 8. Li S, Gong P, Zhang N, Li X, Tai L, Wang X, et al. 14-3-3 Protein of Neospora caninum modulates host cell innate immunity through the activation of MAPK and NF-kappaB pathways. Front Microbiol. (2019) 10:37. doi: 10.3389/fmicb.2019.00037

 9. Li S, Gong P, Tai L, Li X, Wang X, Zhao C, et al. Extracellular vesicles secreted by Neospora caninum are recognized by toll-like receptor 2 and modulate host cell innate immunity through the MAPK signaling pathway. Front Immunol. (2018) 9:1633. doi: 10.3389/fimmu.2018.01633

 10. Li YW, Liu Y, Xiu FM, Wang JN, Cong H, He SY, et al. Characterization of exosomes derived from Toxoplasma gondii and their functions in modulating immune responses. Int J Nanomed. (2018) 13:467–77. doi: 10.2147/IJN.S151110

 11. Li X, Zhang X, Gong P, Xia F, Li L, Yang Z, et al. TLR2(-/-) mice display decreased severity of giardiasis via enhanced proinflammatory cytokines production dependent on AKT signal pathway. Front Immunol. (2017) 8:1186. doi: 10.3389/fimmu.2017.01186

 12. Wang X, Gong P, Zhang X, Li S, Lu X, Zhao C, et al. NLRP3 inflammasome participates in host response to Neospora caninum infection. Front Immunol. (2018) 9:1791. doi: 10.3389/fimmu.2018.01791

 13. Sinnott FA, Monte LG, Collares TF, Silveira RM, Borsuk S. Review on the immunological and molecular diagnosis of neosporosis (years 2011-2016). Vet Parasitol. (2017) 239:19–25. doi: 10.1016/j.vetpar.2017.04.008

 14. Mansilla FC, Capozzo AV. Apicomplexan profilins in vaccine development applied to bovine neosporosis. Exp Parasitol. (2017) 183:64–8. doi: 10.1016/j.exppara.2017.10.009

 15. Fereig RM, Shimoda N, Abdelbaky HH, Kuroda Y, Nishikawa Y. Neospora GRA6 possesses immune-stimulating activity and confers efficient protection against Neospora caninum infection in mice. Vet Parasitol. (2019) 267:61–8. doi: 10.1016/j.vetpar.2019.02.003

 16. Pastor-Fernández I, Arranz-Solís D, Regidor-Cerrillo J, Álvarez-García G, Hemphill A, García-Culebras A, et al. A vaccine formulation combining rhoptry proteins NcROP40 and NcROP2 improves pup survival in a pregnant mouse model of neosporosis. Vet Parasitol. (2015) 207:203–15. doi: 10.1016/j.vetpar.2014.12.009

 17. Jin C, Yu L, Wang Y, Hu S, Zhang S. Evaluation of Neospora caninum truncated dense granule protein 2 for serodiagnosis by enzyme-linked immunosorbent assay in dogs. Exp Parasitol. (2015) 157:88–91. doi: 10.1016/j.exppara.2015.07.003

 18. Lalle M, Camerini S, Cecchetti S, Sayadi A, Crescenzi M, Pozio E. Interaction network of the 14-3-3 protein in the ancient protozoan parasite Giardia duodenalis. J Proteome Res. (2012) 11:2666–83. doi: 10.1021/pr3000199

 19. Tzivion G, Avruch J. 14-3-3 proteins: active cofactors in cellular regulation by serine/threonine phosphorylation. J Biol Chem. (2002) 277:3061–4. doi: 10.1074/jbc.R100059200

 20. Agarwal-Mawal A, Qureshi HY, Cafferty PW, Yuan ZF, Han D, Lin RT, et al. 14-3-3 connects glycogen synthase kinase-3 beta to tau within a brain microtubule-associated tau phosphorylation complex. J Biol Chem. (2003) 278:12722–8. doi: 10.1074/jbc.M211491200

 21. Zhao N, Gong P, Cheng B, Li J, Yang Z, Li H, et al. Eimeria tenella: 14-3-3 protein interacts with telomerase. Parasitol Res. (2014) 113:3885–9. doi: 10.1007/s00436-014-4108-1

 22. Brokx SJ, Wernimont AK, Dong A, Wasney GA, Lin YH, Lew J, et al. Characterization of 14-3-3 proteins from Cryptosporidium parvum. PLoS ONE. (2011) 6:e14827. doi: 10.1371/journal.pone.0014827

 23. Perez-Caballero R, Siles-Lucas M, Gonzalez-Miguel J, Martinez-Moreno FJ, Escamilla A, Perez J, et al. Pathological, immunological and parasitological study of sheep vaccinated with the recombinant protein 14-3-3z and experimentally infected with Fasciola hepatica. Vet Immunol Immunopathol. (2018) 202:115–21. doi: 10.1016/j.vetimm.2018.07.006

 24. Liu T, Huang J, Ehsan M, Wang S, Fei H, Zhou Z, et al. Protective immunity against Eimeria maxima induced by vaccines of Em14-3-3 antigen. Vet Parasitol. (2018) 253:79–86. doi: 10.1016/j.vetpar.2018.02.027

 25. Meng M, He S, Zhao G, Bai Y, Zhou H, Cong H, et al. Evaluation of protective immune responses induced by DNA vaccines encoding Toxoplasma gondii surface antigen 1 (SAG1) and 14-3-3 protein in BALB/c mice. Parasit Vectors. (2012) 5:273. doi: 10.1186/1756-3305-5-273

 26. Coakley G, McCaskill JL, Borger JG, Simbari F, Robertson E, Millar M, et al. Extracellular vesicles from a helminth parasite suppress macrophage activation and constitute an effective vaccine for protective immunity. Cell Rep. (2017) 19:1545–57. doi: 10.1016/j.celrep.2017.05.001

 27. Eichenberger RM, Ryan S, Jones L, Buitrago G, Polster R, de Oca MM, et al. Hookworm secreted extracellular vesicles interact with host cells and prevent inducible colitis in mice. Front Immunol. (2018) 9:850. doi: 10.3389/fimmu.2018.00850

 28. Yang Y, Liu L, Liu X, Zhang Y, Shi H, Jia W, et al. Extracellular vesicles derived from trichinella spiralis muscle larvae ameliorate TNBS-induced colitis in mice. Front Immunol. (2020) 11:1174. doi: 10.3389/fimmu.2020.01174

 29. Diaz G, Wolfe LM, Kruh-Garcia NA, Dobos KM. Changes in the membrane-associated proteins of exosomes released from human macrophages after Mycobacterium tuberculosis infection. Sci Rep. (2016) 6:37975. doi: 10.1038/srep37975

 30. Shim D, Kim H, Shin SJ. Mycobacterium tuberculosis infection-driven foamy macrophages and their implications in tuberculosis control as targets for host-directed therapy. Front Immunol. (2020) 11:910. doi: 10.3389/fimmu.2020.00910

 31. Zheng B, Lou D, Ding J, Zhuo X, Ding H, Kong Q, et al. GRA24-based dna vaccine prolongs survival in mice challenged with a virulent Toxoplasma gondii strain. Front Immunol. (2019) 10:418. doi: 10.3389/fimmu.2019.00418

 32. Chen K, Wang JL, Huang SY, Yang WB, Zhu WN, Zhu XQ. Immune responses and protection after DNA vaccination against Toxoplasma gondii calcium-dependent protein kinase 2 (TgCDPK2). Parasite. (2017) 24:41. doi: 10.1051/parasite/2017045

 33. Sayles PC, Gibson GW, Johnson LL. B cells are essential for vaccination-induced resistance to virulent Toxoplasma gondii. Infec Immun. (2000) 68:1026–33. doi: 10.1128/IAI.68.3.1026-1033.2000

 34. Kang HJ, Chu KB, Lee SH, Kim MJ, Park H, Jin H, et al. Virus-like particle vaccine containing toxoplasma gondii rhoptry protein 13 induces protection against T. gondii ME49 Infection in Mice. Korean J Parasitol. (2019) 57:543–7. doi: 10.3347/kjp.2019.57.5.543

 35. Pagheh AS, Sarvi S, Gholami S, Asgarian-Omran H, Valadan R, Hassannia H, et al. Protective efficacy induced by DNA prime and recombinant protein boost vaccination with Toxoplasma gondii GRA14 in mice. Microb Pathog. (2019) 134:103601. doi: 10.1016/j.micpath.2019.103601

 36. Pereyra R, Mansilla FC, Petersen MI, Suarez V, Capozzo AV. Evidence of reduced vertical transmission of Neospora caninum associated with higher IgG1 than IgG2 serum levels and presence of IFN-γ in non-aborting chronically infected cattle under natural condition. Vet Immun Immunopathol. (2019) 208:53–7. doi: 10.1016/j.vetimm.2019.01.001

 37. Pulendran B. Modulating TH1/TH2 responses with microbes, dendritic cells, and pathogen recognition receptors. Immunol Res. (2004) 29:187–96. doi: 10.1385/IR:29:1-3:187

 38. Teixeira L, Marques RM, Ferreirinha P, Bezerra F, Melo J, Moreira J, et al. Enrichment of IFN-γ producing cells in different murine adipose tissue depots upon infection with an apicomplexan parasite. Sci Rep. (2016) 6:23475. doi: 10.1038/srep23475

 39. Yap G, Pesin M, Sher A. Cutting edge: IL-12 is required for the maintenance of IFN-gamma production in T cells mediating chronic resistance to the intracellular pathogen, Toxoplasma gondii. J Immunol. (2000) 165:628–31. doi: 10.4049/jimmunol.165.2.628

 40. Sasai M, Yamamoto M. Innate, adaptive, and cell-autonomous immunity against Toxoplasma gondii infection. Exp Mol Med. (2019) 51:1–10. doi: 10.1038/s12276-019-0353-9

 41. Jin X, Gong P, Zhang X, Li G, Zhu T, Zhang M, et al. Activation of ERK signaling via TLR11 induces IL-12p40 production in peritoneal macrophages challenged by Neospora caninum. Front Microbiol. (2017) 8:1393. doi: 10.3389/fmicb.2017.01393

 42. Sher A, Collazzo C, Scanga C, Jankovic D, Yap G, Aliberti J. Induction and regulation of IL-12-dependent host resistance to Toxoplasma gondii. Immunol Res. (2003) 27:521–8. doi: 10.1385/IR:27:2-3:521

 43. Teixeira L, Botelho AS, Mesquita SD, Correia A, Cerca F, Costa R, et al. Plasmacytoid and conventional dendritic cells are early producers of IL-12 in Neospora caninum-infected mice. Immunol Cell Biol. (2010) 88:79–86. doi: 10.1038/icb.2009.65

 44. Hecker YP, Regidor-Cerrillo J, Fiorani F, Horcajo P, Soria I, Gual I, et al. Immune response to Neospora caninum live tachyzoites in prepubertal female calves. Parasitol Res. (2019) 118:2945–55. doi: 10.1007/s00436-019-06447-y

 45. Moore DP, Echaide I, Verna AE, Leunda MR, Cano A, Pereyra S, et al. Immune response to Neospora caninum native antigens formulated with immune stimulating complexes in calves. Vet Parasitol. (2011) 175:245–51. doi: 10.1016/j.vetpar.2010.10.020

 46. Rashid, Moire N, Heraut B, Dimier-Poisson I, Mevelec MN. Enhancement of the protective efficacy of a ROP18 vaccine against chronic toxoplasmosis by nasal route. Med Microbiol Immunol. (2017) 206:53–62. doi: 10.1007/s00430-016-0483-9

 47. Wang JL, Elsheikha HM, Zhu WN, Chen K, Li TT, Yue DM, et al. Immunization with Toxoplasma gondii GRA17 deletion mutant induces partial protection and survival in challenged mice. Front Immunol. (2017) 8:730. doi: 10.3389/fimmu.2017.00730

 48. Pinheiro AF, Roloff BC, da Silveira Moreira A, Berne MEA, Silva RA, Leite FPL. Identification of suitable adjuvant for vaccine formulation with the Neospora caninum antigen NcSRS2. Vaccine. (2018) 36:1154–9. doi: 10.1016/j.vaccine.2018.01.051

 49. Jankovic D, Kullberg MC, Feng CG, Goldszmid RS, Collazo CM, Wilson M, et al. Conventional T-bet(+)Foxp3(-) Th1 cells are the major source of host-protective regulatory IL-10 during intracellular protozoan infection. J Exp Med. (2007) 204:273–83. doi: 10.1084/jem.20062175

 50. Rutz S, Ouyang W. Regulation of interleukin-10 expression. Adv Exp Med Biol. (2016) 941:89–116. doi: 10.1007/978-94-024-0921-5_5

 51. Hunter CA, Sibley LD. Modulation of innate immunity by Toxoplasma gondii virulence effectors. Nat Rev Microbiol. (2012) 10:766–78. doi: 10.1038/nrmicro2858

 52. Suzuki Y, Sa Q, Gehman M, Ochiai E. Interferon-gamma- and perforin-mediated immune responses for resistance against Toxoplasma gondii in the brain. Expert Rev Mol Med. (2011) 13:e31. doi: 10.1017/S1462399411002018

 53. Dupont CD, Christian DA, Hunter CA. Immune response and immunopathology during toxoplasmosis. Semin Immunopathol. (2012) 34:793–813. doi: 10.1007/s00281-012-0339-3

 54. Mashayekhi M, Sandau MM, Dunay IR, Frickel EM, Khan A, Goldszmid RS, et al. CD8α(+) dendritic cells are the critical source of interleukin-12 that controls acute infection by Toxoplasma gondii tachyzoites. Immunity. (2011) 35:249–59. doi: 10.1016/j.immuni.2011.08.008

 55. Kurachi M. CD8(+) T cell exhaustion. Semin Immunopathol. (2019) 41:327–37. doi: 10.1007/s00281-019-00744-5

 56. Frickel EM, Sahoo N, Hopp J, Gubbels MJ, Craver MP, Knoll LJ, et al. Parasite stage-specific recognition of endogenous Toxoplasma gondii-derived CD8+ T cell epitopes. J Infect Dis. (2008) 198:1625–33. doi: 10.1086/593019

 57. López-Yglesias AH, Burger E, Araujo A, Martin AT, Yarovinsky F. T-bet-independent Th1 response induces intestinal immunopathology during Toxoplasma gondii infection. Mucosal Immunol. (2018) 11:921–31. doi: 10.1038/mi.2017.102

 58. Davoli-Ferreira M, Fonseca DM, Mota CM, Dias MS, Lima-Junior DS, da Silva MV, et al. Nucleotide-binding oligomerization domain-containing protein 2 prompts potent inflammatory stimuli during Neospora caninum infection. Sci Rep. (2016) 6:29289. doi: 10.1038/srep29289

 59. Szempruch AJ, Dennison L, Kieft R, Harrington JM, Hajduk SL. Sending a message: extracellular vesicles of pathogenic protozoan parasites. Nat Rev Microbiol. (2016) 14:669–675. doi: 10.1038/nrmicro.2016.110

 60. Schorey JS, Cheng Y, Singh PP, Smith VL. Exosomes and other extracellular vesicles in host-pathogen interactions. EMBO Rep. (2015) 16:24–43. doi: 10.15252/embr.201439363

 61. Coakley G, Maizels RM, Buck AH. Exosomes and other extracellular vesicles: the new communicators in parasite infections. Trends Parasitol. (2015) 31:477–89. doi: 10.1016/j.pt.2015.06.009

 62. Beauvillain C, Ruiz S, Guiton R, Bout D, Dimier-Poisson I. A vaccine based on exosomes secreted by a dendritic cell line confers protection against T. gondii infection in syngeneic and allogeneic mice. Microbes Infect. (2007) 9:1614–22. doi: 10.1016/j.micinf.2007.07.002

 63. Silverman JM, Clos J, Horakova E, Wang AY, Wiesgigl M, Kelly I, et al. Leishmania exosomes modulate innate and adaptive immune responses through effects on monocytes and dendritic cells. J Immunol. (2010) 185:5011–22. doi: 10.4049/jimmunol.1000541

 64. Hassani K, Shio MT, Martel C, Faubert D, Olivier M. Absence of metalloprotease GP63 alters the protein content of Leishmania exosomes. PLoS ONE. (2014) 9:e95007. doi: 10.1371/journal.pone.0095007

 65. Del Cacho E, Gallego M, Lee SH, Lillehoj HS, Quilez J, Lillehoj EP, et al. Induction of protective immunity against Eimeria tenella infection using antigen-loaded dendritic cells (DC) and DC-derived exosomes. Vaccine. (2011) 29:3818–25. doi: 10.1016/j.vaccine.2011.03.022

 66. Aline F, Bout D, Amigorena S, Roingeard P, Dimier-Poisson I. Toxoplasma gondii antigen-pulsed-dendritic cell-derived exosomes induce a protective immune response against T. gondii infection. Infect Immun. (2004) 72:4127–37. doi: 10.1128/IAI.72.7.4127-4137.2004

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.

Copyright © 2021 Li, Zhang, Liu, Li, Liu, Wang, Li, Gong and Zhang. 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.



OPS/images/fvets-08-638173-g005.gif
PO I I






OPS/images/fvets-08-638173-g006.gif





OPS/images/fvets-08-638173-g003.gif





OPS/images/fvets-08-638173-g004.gif





OPS/xhtml/Nav.xhtml




Contents





		Cover



		Protective Immunity Against Neospora caninum Infection Induced by 14-3-3 Protein in Mice



		Introduction



		Materials and Methods



		Animals and Parasites



		N. caninum EV Preparation



		Expression and Purification of Recombinant Nc14-3-3 Protein



		Mouse Immunization and Challenge



		Determination of Serum Antibody and Cytokine Levels



		Flow Cytometry Analysis of T Cell Subpopulations



		Quantification of the Parasite Burden by qPCR



		Histopathology



		Statistical Analysis







		Results



		Serum Antibody Responses in C57BL/6 Mice



		Levels of Cytokines in the Sera of Vaccinated Mice



		Nc14-3-3 Immunization Increased CD8+ T Cell Levels



		Experimental Protection After N. caninum Infection in Mice



		Vaccination With NEVs or Nc14-3-3 Controlled N. caninum Proliferation and Reduced Host Pathological Changes







		Discussion



		Conclusions



		Data Availability Statement



		Ethics Statement



		Author Contributions



		Funding



		References

















OPS/images/cover.jpg
, frontiers
in Veterinary Science

Protective Immunity Against
Neospora caninum Infection
Induced by 14-3-3 Protein in Mice





OPS/images/fvets-08-638173-g001.gif





OPS/images/fvets-08-638173-g002.gif
fig §

(A vowseposd 211










OPS/images/crossmark.jpg
©

2

i

|





OPS/images/logo.jpg
, frontiers
in Veterinary Science





