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Abstract

:

14-3-3 proteins are present in all eukaryotic organisms and are ubiquitously expressed in a broad range of tissues and cellular compartments. They are regulatory adapter proteins that play key roles in a variety of signaling pathways, and have been proposed as suitable targets for the control and detection of certain parasites. Trichinella britovi is a widely-distributed parasitic nematode, transmitted through ingestion of meat products containing invasive larvae. The present study describes the cloning and expression of Tb14-3-3, and investigates the immunological and protective potential of the recombinant protein. Immunization of mice with rTb14-3-3 triggered an IgG response, and significant differences, in the profiles of secreted cytokines observed in vitro, between experimental groups. Nonetheless, neither specific antibodies, nor increased secretion of IFNγ, IL-4, and IL-10 cytokines, conferred greater protection against infection. No reduction in larval burden was observed during recovery at 48 dpi. Additionally, rTb14-3-3 was not recognized by sera from the infected control mice, except for one, suggesting some mismatch between native and recombinant Tb14-3-3 antigenic sites. Therefore, before 14-3-3 can be considered a potential tool for Trichinella detection and vaccination, more research regarding its target proteins, and actual specific function, is needed.
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1. Introduction


Trichinella is a genus of parasitic nematodes infecting mainly mammals, but it is also known to affect reptiles and predatory birds [1,2,3]. As infection mainly occurs through the ingestion of meat containing muscle larvae (ML), its natural hosts are carnivores and omnivores, however occasional infections are also observed in herbivores, such as horses [4,5,6]. The entire life cycle of Trichinella is completed in a single host: the molting and maturing of larvae in the intestine, followed by the mating of the adult worms (Ad), and the subsequent release of newborn larvae (NBL), which migrate to the muscle tissues [7]. It is important to emphasize that Trichinella has a unique life cycle among parasitic nematodes, and is therefore a very interesting research object. The parasite does not demonstrate any free-living stages and is not secreted to the environment. It acts as an intestinal parasite during the early stages of infection, similar to other families of parasitic nematodes. At the later phase, the invasive larvae migrate to the host’s muscles, where they form nurse cells and wait to be ingested by the next potential host, which is a very unique life strategy [8]. This uniqueness was recently confirmed at the genomic level, in a broad comparative study, where the Trichinella genus, placed in a small clade I, was found to be very distinct from other nematodes and helminths [9]. It leads to the conclusion that Trichinella species have developed some specific mechanisms at the cellular and molecular level, which enable them in successful completion of the life cycle.



Human trichinellosis is still one of the most important parasitic zoonoses, and is commonly caused by consumption of undercooked meat products containing invasive larvae [7,10,11]. Although human infections have recently fallen in number due to high biosecurity standards and strict veterinary inspections, the Trichinella population continues to be maintained among wildlife, and continual risk of transmission exists, to both domestic animals and humans. As the predominant species of Trichinella in the European area are T. spiralis and T. britovi, further research concerning T. britovi is clearly needed due to problematic diagnosis and treatment of trichinellosis. Serological tests often give high rates of false negative results during the early stage of infection, when the parasite is in the intestinal stage, and is most susceptible to anthelmintic treatment. Specific adaptive responses to infection are mostly developed during the parenteral phase. Encapsulated larvae are far less susceptible to anthelmintics, and may persist in the host tissues for a long time [12]. Although the search for a Trichinella vaccine has continued for several years, no effective formulation has yet been developed.



14-3-3 proteins are acidic regulatory adapter proteins that are present in all eukaryotic organisms, including yeast, protozoa, animals, and plants. There are several identified isoforms, traditionally assigned as β, ε, η, γ, θ, ζ, σ, based on early research in mammals. Isoforms are present in different tissues, and perform a number of common and specific functions. Being highly conserved, 14-3-3s play important roles in numerous cellular processes [13,14]. They regulate enzyme activity and the subcellular localization of target proteins, and play key roles in a variety of signaling pathways, including metabolism, cell division, stress responses, protein trafficking, and immune responses [15,16,17]. They can modulate functions of target proteins by changing their localization, and suppressing or promoting their association with other proteins. They demonstrate three major modes of action: enabling conformational changes of the target proteins, masking target proteins interaction sites (and thus providing e.g., protection against enzymes), and anchoring target proteins close to each other [18,19,20].



The 14-3-3 polypeptide forms nine antiparallel α-helices. The amino acid sequence contains alternate conserved and variable regions. Invariant residues are mostly found in the internal pocket, while differentiating residues are placed at the surface. These are specific to the isoforms and affect their interaction with target proteins. Variable regions also usually correspond to the unstructured ends of the helices [17,21,22]. To be fully active, 14-3-3 proteins form C-shaped homo- and hetero-dimers, possessing a large negatively-charged pocket capable of binding a large number of phosphorylated-serine target proteins. Several hundred have already been identified. However, phosphorylation-independent binding modes have also been confirmed among 14-3-3 proteins [13,18,23,24].



In the field of parasitology, 14-3-3 proteins have been assumed to play an important role in parasite proliferation and survival [25,26]. The earliest identification of a 14-3-3 protein isoform in a parasitic organism was in Schistosoma mansoni [27]. So far, the most investigated 14-3-3 proteins have been those found in some trematodes [28,29,30,31,32,33] and apicomplexa protozoa [34,35,36,37,38]. Subsequent studies have described 14-3-3 proteins present in the cestodes [39,40,41,42] and nematodes [43,44,45,46]. The 14-3-3s are well conserved among both parasitic and free living nematodes [43]. Phylogenetical analysis indicates that they can be classified as zeta-like isoforms and, interestingly, they share more similarity with certain 14-3-3 zeta-like isoforms, from arthropods, plants, or mammals, than with 14-3-3s from other helminths, such as flukes or tapeworms. Even less similarity can be found with 14-3-3s of protozoan parasites (Figure S1). Usually a single 14-3-3 isoform can be found in protozoa, and these demonstrate the closest similarity to mammalian epsilon isoform. However, they are larger proteins and contain additional N-terminus sequences, with different structures [22,34,35,36,37,38]. In tapeworms and flukes, three or four isoforms of 14-3-3 can be found, these being classified as epsilon-like, zeta-like, beta-like, and gamma-like [26,42,47,48].



The different isoforms of 14-3-3 proteins could demonstrate varying specific functions between distinct groups of parasites, especially in terms of their role in the host–parasite interface. The Schistosoma, Echinococcus, Haemonchus, and Toxoplasma 14-3-3 proteins have been detected as components of excretory–secretory antigen, suggesting their direct role in host–parasite interactions and the induction of the key immune response. However, immunization studies based on the 14-3-3 of nematode Haemonchus contortus indicated little protective effect, and were not very promising [44]. In contrast, those based on the 14-3-3 of Echinococcus multicularis or Schistosoma demonstrated a significant level of protection in mouse models [29,32,41]. The protective potential of 14-3-3 against platyhelminths has not been extensively evaluated in large animal models [39], and existing studies have found it to be rather ineffective, despite early optimistic findings [30]. Only one study has been conducted with Trichinella 14-3-3 protein; immunization with recombinant T. spiralis 14-3-3 yielded promising results in mice, with a 46% reduction of larval burden observed after challenge [49].



A recent analysis the of somatic protein extract of T. britovi ML, based on 2-D immunoblotting and liquid chromatography-tandem mass spectrometry (LS-MS/MS), performed by our group [50], revealed a spot that reacted with the sera of T. britovi infected pigs, and was identified as 14-3-3 protein zeta. Its molecular mass was approximately 25 kDa, which corresponded with the expected mass of the protein. This result was also in general agreement with those of the studies given above, indicating that 14-3-3 is a promising immunoreactive protein, worth subsequent research. Therefore the present study describes its expression in a verified eukaryotic system, i.e., Pichia pastoris, known to be a suitable host for the production of T. britovi protein [51], and evaluates its immunological potential against T. britovi infection in a mouse model.




2. Materials and Methods


2.1. Ethics Statements


The study was approved by the First Local Ethical Committee for Scientific Experiments on Animals in Warsaw, Poland (resolution no.: 020/2016, 23 March 2016). All efforts were made to minimize suffering, and all applicable international, national, and/or institutional guidelines for the care and use of animals were followed. In order to collect material from infected and/or immunized mice, animals were humanely euthanized by cervical dislocation.




2.2. T. britovi Parasite and Mouse Model


The reference strain of T. britovi (ISS002) had been maintained by several passages in male C3H mice at the Institute of Parasitology, PAS. The muscle larvae used for challenge infection of mice and as a source of genetic material for cloning were recovered from the previously-infected mice by HCl-pepsin digestion [52]. The animals were housed in a temperature-controlled environment at 24 °C with 12-h day-night cycles, and received food and water ad libitum.




2.3. Sequence Analysis


Amino acid sequences were aligned using CLUSTALW. The hypothetical structure was simulated by RaptorX server (http://raptorx.uchicago.edu/) using human 14-3-3ζ (PDB ID 4N84 and 5WXN) as templates. Prediction of N-glycosylation sites was performed using NetNGlyc v1.0 server (http://www.cbs.dtu.dk/services/NetNGlyc/) and GlycoPred server (https://comp.chem.nottingham.ac.uk/glyco/).




2.4. Cloning of Recombinant 14-3-3 Protein


T. britovi ML were obtained for total RNA isolation with a Total RNA mini Plus kit (A&A Biotechnology, Gdynia, Poland). The RNA template was then used for cDNA synthesis with a Maxima First Strand cDNA Synthesis Kit for RT-qPCR (Thermo Scientific, Waltham, MA, USA), according to the manufacturer’s protocol. The DNA coding for T. britovi 14-3-3 was amplified by PCR from the ML cDNA with 14-3-3 specific primers (Forward: 5′-AGGCATCGATAATGACCGAAAAGGAAGAC-3′, Reverse: 5′-TATCTAGAACCTGCCCAGCGGCTGTAT-3′). Primers were designed according to the nucleotide sequence of T. spiralis 14-3-3 zeta protein (GenBank no. XP003378934). Tb14-3-3 coding DNA was sequenced and subcloned into the yeast expression vector pPICZαC, with the His-tag at C-terminus (Thermo Scientific, Waltham, MA, USA). The correct reading frame of the recombinant plasmid was confirmed by DNA sequencing, using the vector flanking primers, 5’AOX1 and 3’AOX1.




2.5. Expression and Purification of Recombinant 14-3-3 Protein in P. pastoris


Pichia pastoris cells (X33 strain) were transformed with recombinant plasmids by electroporation. X33 transformant selection was performed using medium containing Zeocin, and integration of the 14-3-3 gene into the P. pastoris genome was confirmed by PCR. The recombinant Tb14-3-3, with the C-terminus his-tag, was expressed under induction with 0.5% methanol for 72 h in 200 mL of buffered methanol-complex medium (BMMY), and then purified by immobilized metal ion affinity chromatography using Protino Ni-NTA agarose (Macherey-Nagel, Duren, Germany). Protein samples were analyzed by sodium dodecyl sulfate–polyacrylamide gel electrophoresis (SDS PAGE) and Western blotting; the concentration was measured using a Pierce™ BCA Protein Assay Kit (Thermo Scientific, Waltham, MA, USA).




2.6. SDS-PAGE and Western Blot Analysis


The proteins were separated in 12% BisTris polyacrylamide gels. After electrophoresis, the gels were either stained with Coomasie brilliant blue or the proteins were transferred to a nitrocellulose membrane (Bio-Rad, Hercules, CA, USA) for Western blotting. The recombinant protein was detected using monoclonal Anti-polyHistidine—Peroxidase antibody (diluted 1:4000; Sigma, St. Louis, MO, USA). The blots were viewed with Super Signal Western Pico Chemiluminescent Substrate (Thermo Scientific, Waltham, MA, USA). The recombinant and native protein was also detected using sera from immunized or infected mice (diluted 1:400 or 1:100) and a secondary anti-mouse IgG antibody conjugated with HRP (diluted 1:8000; Abcam, Cambridge, UK). Additionally, native PAGE electrophoresis was performed in 12% BisTris polyacrylamid gel without SDS and Tris-Glycine buffer without SDS, and stained with Coomasie brilliant blue.




2.7. Glycoproteins Staining and Enzymatic Deglycosylation


To determine whether rTb14-3-3 was glycosylated in the P. pastoris cells, a Pierce Glycoprotein Staining Kit (Thermo Scientific, Waltham, MA, USA) was used. The protein samples transferred to the nitrocellulose membrane were stained according to the manufacturer’s protocol. Soybean trypsin inhibitor and horseradish peroxidase were used as non-glycosylated and glycosylated controls, respectively. Additionally, recombinant protein was digested with Endo H (New England Biolabs, Ipswich, MA, USA) in denaturing conditions, as described in the manufacturer’s instructions, and visualized by SDS-PAGE.




2.8. Immunization and Challenge Infection


Eight-week old male C3H mice were divided into three groups: one 14-3-3 immunized group of 12 animals, and two control groups of six animals each. The 14-3-3 group was immunized subcutaneously with 25 μg of rTb14-3-3, emulsified with the Alhydrogel adjuvant (InvivoGen, San Diego, CA, USA) in a total volume of 100 μL (antigen/Alhydrogel = 75/25 v/v). The mice were boosted with the same dose after one week. The control groups were injected with PBS or Alhydrogel using the same regimen. One week after the final vaccination, half of the animals from each group (i.e., six or three) were sacrificed, and the blood and spleens were harvested for immunological tests. The remaining mice from each group were challenged with 500 T. britovi ML in a total volume of 200 µL, administered orally. Seven weeks (48 days) after infection, all infected mice were sacrificed, blood and spleens were harvested, and T. britovi muscle larvae were recovered by HCl-pepsin digestion. The level of protective immunity was calculated based on the reduction in the number of recovered larvae, per gram (LPG) of muscles, obtained from all mice immunized with rTb14-3-3, compared with control group values. Sera from all mice blood samples were isolated and frozen at −20 °C for further analysis.




2.9. Determination of Serum Specific Antibodies


The levels of Tb14-3-3-specific antibodies (IgG as well as subclasses IgG1 and IgG2a) in the mouse serum samples were measured by indirect ELISA one week after final immunization, and seven weeks after challenge infection, using rTb14-3-3 as a coating antigen. Briefly, ELISA plates were coated with 4 μg/mL of rTb14-3-3 protein and incubated at 4 °C overnight. Next, diluted mouse serum samples (1:100) were added and incubated at 37 °C for one hour. The plates were then incubated with HRP-conjugated antibody goat anti-mouse IgG, IgG1, or IgG2a (1:80,000 or 1:60,000; Abcam, Cambridge, UK), for detection of 14-3-3-specific antibodies. An enzymatic color reaction was generated using TMB substrate (3,3′,5,5′-Tetramethylbenzidine; Sigma, St. Louis, MO, USA), and the absorbance value was measured at 450 nm using a Synergy HT microplate reader (BioTek, Hercules, CA, USA). The cut-off value of ELISA was evaluated on the basis of the mean optical density (OD) value plus three standard deviations (SD) of negative group serum samples.




2.10. Cytokine Analysis


To measure the specific cellular response, the spleens were harvested from vaccinated animals one week after final immunization, and seven weeks after challenge infection. The spleens obtained from the mice of the immunized group were pooled from pairs of randomly-selected mice, the splenocytes were disassociated using a 70 μm cell strainer and then suspended in complete RMPI medium (Biowest, Riverside, MO, USA). The spleens obtained from the mice of the control groups were pooled together from groups of three mice and subjected to the same procedure. In order to lyse the erythrocytes, the splenocytes were incubated in 5 mL RBC lysis buffer (Thermo Scientific, Waltham, MA, USA) for 10 min. The cell suspension was centrifuged at 250× g at room temperature for seven minutes. The cell pellets were washed in RPMI medium and then resuspended in complete RPMI medium containing 10% FBS and penicillin/streptomycin (Biowest, Riverside, MO, USA), and counted.



For the cytokine stimulation assay, the splenocytes were seeded in a 24-well culture plate (Corning, Corning, NY, USA) at 5 × 106 cells per well in 1000 μL medium. The cells were then stimulated with 15 μg/mL rTb14-3-3 and incubated for 72 h at 37 °C in a humidified atmosphere of 5% CO2. Cells stimulated with 5 ug/mL Concavalin A were included as positive controls. Non-stimulated cells were included as negative controls. After 72 h, the cells were pelleted by centrifugation at 1000× g for 10 min and the supernatants were collected for cytokine measurement. Supernatant samples were tested for levels of IL-2, IL-4, IL-10, IFN-γ, using a Mouse Th1/Th2 uncoated ELISA kit (Thermo Scientific, Waltham, MA, USA).




2.11. Statistical Analysis


Statistical analysis was performed using Statistica 6 software (StatSoft, Tulsa, OK, USA). Data were expressed as means ± standard deviation (SD). Differences among groups were analyzed by one-way analysis of variance (ANOVA). A value of p < 0.05 was considered significant.





3. Results


3.1. Cloning, Expression, and Purification of Recombinant Tb14-3-3 Protein


As the amino acid sequences of the 14-3-3 proteins in the Trichinella genus share almost 100% identity, T. spiralis 14-3-3 zeta was used as the template for the design of the PCR primers. The DNA coding for Tb14-3-3 (GenBank no. KRY57650) was successfully amplified and subcloned into the expression vector. The sequenced gene revealed one amino acid substitution (K116E), between the hypothetical and cloned Tb14-3-3. An analysis of the amino acid sequence using NetNGlyc v1.0 server determined two potential N-glycosylation sites, these being in the conserved regions of α-helix 7 and α-helix 9. Analysis using GlycoPred server determined five potential N-Glycosylation sites: in addition to the two above, it also identified two sites in the variable region of α-helix 6, and one site in the conserved coil between α-helix 7 and α-helix 8. It also identified 15 potential O-glycosylation sites. The cloned Tb14-3-3 is presented in Figure 1.



Expression of the 14-3-3 gene in X33 P. pastoris strain was induced with the addition of 0.5% methanol every 24 h until the final time of induction, i.e., 72 h. As the level of expression was high, no subsequent optimization was performed. The recombinant His-tagged protein was purified using affinity chromatography under native conditions.




3.2. Characterization of rTb14-3-3 Protein


The theoretical molecular weight of the His-tagged Tb14-3-3 was predicted as 31.1 kDa. SDS-PAGE analysis found rTb14-3-3 to display an intense band of approximately 35 kDa. Moreover, some less visible additional upper and lower bands were observed. These were suspected to represent different forms, glycoisoforms, and possible degradation products (Figure 2a). Subsequent visualization with native PAGE revealed that the majority of the protein was present as a homodimer form (ca. 70 kDa), and a low amount of monomer form was also visible (Figure 2b).



To examine the N-glycosylation of recombinant Tb14-3-3, glycoprotein staining was performed followed by Endo H digestion. The results indicate that only a small portion of the protein pool was glycosylated in Pichia cells, most likely with high mannose oligosaccharides. Enzymatic digestion did not result in a great deal of change of the SDS-PAGE electropherogram; only the top band, which was slightly stained during the glycoprotein staining procedure, was no longer present (Figure 2c,d).




3.3. Humoral Antibody Response Induced by Immunization of Mice with rTb14-3-3 Formulated with Alhydrogel


The purified rTb14-3-3 was tested for its immunogenicity in a mouse model. The humoral responses in experimental animals were evaluated by ELISA, using recombinant Tb14-3-3 as an antigen. The total IgG level analysis indicated that all mice from the immunized group responded well to the vaccine, while no antibodies recognizing 14-3-3 were detected in control groups. After the challenge infection, the level of anti-14-3-3 total IgG in the immunized group was significantly higher than before infection; however, no anti-14-3-3 antibodies were detected in the control groups (Figure 3). When the IgG1 and IgG2a subclasses were tested, a relatively high level of IgG1 antibodies and a low level of IgG2a antibodies were observed in the immunized group, after final immunization. After infection with T. britovi, the level of IgG1 remained similar, but the level of IgG2a was significantly higher than before infection. Interestingly, a high level of IgG2a was also detected in one individual from the adjuvant control group (Figure 3).



Western blot total IgG analysis confirmed the presence of seroconversion in all mice from the immunized group, while no antibodies recognizing 14-3-3 protein were detected in the control groups. After the challenge infection, the anti-14-3-3 total IgG signal in the immunized group was stronger, indicating a specific boost of the response. Interestingly, the signal was also visible in one individual from the adjuvant control group, confirming the earlier ELISA result (Figure 4a).



The mice sera obtained after immunization were also subjected to Western blot for the detection of native 14-3-3 in T. britovi somatic protein extract. The presence of a band at approximately 30 kDa was assumed to be a specific signal of 14-3-3 (Figure 4b).




3.4. Cytokine Profiles of Stimulated Splenocytes from Mice Immunized with rTb14-3-3


To further investigate whether a Th1/Th2 mixed response was induced following Tb14-3-3 vaccination, the levels of selected cytokines were measured in the supernatants of the stimulated splenocyte cultures. IFNγ was found to be present at high levels in the supernatants of splenocyte cultures from mice immunized with rTb14-3-3, collected before and after challenge, but at low levels in those of the control groups (Figure 5). In contrast, IL-2 was present at low levels in the supernatants of stimulated splenocyte cultures from mice immunized with Tb14-3-3, but at significantly higher levels after challenge. In addition, a high level of IL-2 was detected in the supernatants of stimulated splenocyte cultures from uninfected PBS control mice. In the remaining groups, the level of IL-2 was low (Figure 5). IL-4 was present at high levels in the supernatants of splenocyte cultures from the immunized mice, before and after challenge, but was only present at the limit of detection in the supernatants of the control groups (Figure 5). IL-10 was also found to be present at high levels in the supernatants of splenocyte cultures from the immunized mice, but these were significantly lower after the challenge infection, and were not different from the control groups; again at the limit of detection (Figure 5). In general, rTb14-3-3 was a poor stimulant for splenocytes from non-immunized mice (infected or not), but results confirm that immunization with recombinant protein induced a mixed Th1/Th2 response.




3.5. Protective Immunity Induced by rTb14-3-3 Protein


Seven weeks (48 days) after infection, all mice were sacrificed and T. britovi muscle larvae were recovered from individual mice and counted. The larval burden was compared between all groups: no reduction of muscle larvae was observed in the immunized group and no significant differences were observed between groups (Table 1).





4. Discussion


14-3-3 proteins are ubiquitous in eukaryotes and play many essential roles in cellular processes. The present study describes an immunological analysis of T. britovi 14-3-3 protein, encoded by cloned ML cDNA. Recombinant Tb14-3-3 was produced in a yeast system and then used for the immunization of C3H mice; a Trichinella model used in our lab. PAGE analysis indicated that the rTb14-3-3 protein most likely forms a functional dimer, and is almost free of attached glycans, despite having up to five potential N-glycosylation sites. One week after final immunization, a high level of antibodies was detected in mice sera, including both IgG1 and IgG2a, with IgG1 being relatively dominant. Secretion of selected cytokines, IFNγ, IL-4, and IL-10, was detected in the stimulated splenocytes of the immunized animals, confirming induction of Th1/Th2 immunological responses.



However, immunization with the Tb14-3-3 protein did not bring any visible protective effect against infection, measured as a reduction in ML, in the selected experimental model and schedule. Furthermore, IgG analysis showed that the antibodies induced in the control groups during infection did not recognize the recombinant Tb14-3-3 protein, and the reasons for this are unclear. It is possible that the antigenicity of native Tb14-3-3 is relatively weak, or that it could not be exposed for a long time. Furthermore, the available epitopes of 14-3-3, and their recognition by immune cells, could be influenced by the binding of different target client proteins from the parasite or the host. In contrast, the native 14-3-3 present in the protein extract was recognized by antibodies induced after immunization, suggesting that the recombinant protein demonstrates stronger antigenicity and broader availability of its epitopes.



The recombinant 14-3-3 protein from T. spiralis was previously investigated as a potential diagnostics and vaccine candidate by Yang et al. [45,49]. The protein was first detected by 2-D immunoblot as a highly immunodominant antigen, reacting with early infection sera of pigs and mice. Similar results have been obtained in immunoproteomic analysis of T. britovi [50]. Immunological activity between recombinant Ts14-3-3 and sera from infected animals has previously been confirmed by Western blot examination [45]. However, our present ELISA and Western blot findings do not indicate any such reaction between rTb14-3-3 and the sera of infected mice in control groups, apart from in one individual. Yang et al. [45] also report that native T. spiralis antigen reacts in Western blot with serum of immunized mice. A similar reaction was also detected in the present study, suggesting that some native and recombinant epitopes are common, and the antibodies induced after immunization with recombinant protein have a higher ability to recognize native antigen than the inverse configuration. This phenomenon is in agreement with the observation of a specific antibody boost, especially IgG2a, after infection of animals previously immunized with r14-3-3.



In an immunization study by Yang et al. [49], both Th1 and Th2 immune responses were stimulated, resulting in a significant reduction in ML after challenge with T. spiralis. Unfortunately, IgG and cytokine analysis was performed only after immunization. No data concerning the effect of immunization on the host response was acquired after infection. However, unlike Yang et al., our present findings suggest that induction of both Th1 and Th2 immune responses failed to visibly affect parasite development, and ML numbers were not reduced.



The differences in outcomes between the two studies could be attributed to the differences in the expression system, i.e., bacteria vs. yeasts, which could affect the epitopes, conformation, and activity of the antigen. It is important to note that the 14-3-3 family proteins may play many roles, depending on the specific situation and conditions. The exact function of Tb14-3-3, which includes interactions with proper target proteins, could require highly-specific posttranslational modifications such as phosphorylation, acetylation, glycation, or glycosylation [17,34]. These modifications may not be correct in the heterologous-expression host. Our analysis identified some level of glycosylation, but only a small part of the protein pool had been glycosylated, and it is unclear whether this accurately reflects the glycan content of the native protein pool during infection. Further studies are needed to determine the occupation of potential sites, and to characterize the oligosaccharide chains present.



The differences could be also caused by the immunization schedule, which was established based on our experience in the field, and more significant effects could be possibly achieved using a higher dosage, or different adjuvants, time spaces, or dose numbers. Yang et al. [49] immunized mice with a total number of three doses, while our group immunized mice with a total number of two doses. However, in our opinion, it is unlikely that 14-3-3 protein could be a highly immunogenic antigen, since it is a well-conserved protein, and the structural differences between particular isoforms (Trichinella and mammalian isoform zeta) are very subtle. It is not possible that a strong antibody response would occur against parasite 14-3-3, because it would affect the activity of the host 14-3-3 zeta protein. In addition, the actual function of Tb14-3-3, also could require the presence of other Trichinella proteins, which are produced during infection. In this case, immunization with a single recombinant protein, without its accompanying elements, would not induce an adequate immunological response against the parasite. This assumption seems to be supported by our data, where antibodies induced after T. britovi infection were generally not able to recognize the recombinant antigen, and no effects of stimulation were observed in splenocytes from the infected animals. On the other hand, native 14-3-3 has previously been recognized as an immunoreactive protein in proteomical analysis [50], and was also detected by the serum of experimentally vaccinated mice.




5. Conclusions


It can be assumed that Tb14-3-3 protein has some important function in parasitic invasion, since it is immunoreactive and can induce immunological responses in the host. However, no current knowledge exists about the actual specific functions of Trichinella 14-3-3 proteins. In addition, no direct comparison can be made with other parasites, since their 14-3-3s are usually classified as other isoforms, and their specific roles in parasitic invasion and life cycle can likely differ. Until we better understand the true function of Trichinella 14-3-3 during infection, the target client proteins, and the significance in the stages of the parasite life cycle, 14-3-3 will remain an unlikely candidate as a potential vaccine or diagnostic antigen. Therefore, further studies are needed to evaluate the targets and modes of action of Tb14-3-3.








Supplementary Materials


The following are available online at https://www.mdpi.com/2076-393X/8/3/515/s1, Figure S1: Sequence of T. britovi 14-3-3 aligned with selected 14-3-3 protein isoforms.





Author Contributions


Conceptualization, A.S., K.B., A.Z.-D. and J.B.-K.; Methodology, A.S., K.B., A.Z.-D. and J.B.-K.; Investigation, A.S., S.G. and J.B.-K.; Writing—Original Draft Preparation, A.S.; Writing—Review & Editing, J.B.-K.; Visualization, A.S.; Supervision, J.B.-K.; Project Administration, J.B.-K.; Funding Acquisition, J.B.-K. All authors have read and agreed to the published version of the manuscript.




Funding


This research was funded by the National Science Centre Poland, grant UMO-2015/18/E/NZ6/00502.




Conflicts of Interest


The authors declare no conflict of interest. The funders had no role in the design of the study; in the collection, analyses, or interpretation of data; in the writing of the manuscript, or in the decision to publish the results.




References


	



Korhonen, P.K.; Pozio, E.; La Rosa, G.; Chang, B.C.; Koehler, A.V.; Hoberg, E.P.; Boag, P.R.; Tan, P.; Jex, A.R.; Hofmann, A.; et al. Phylogenomic and biogeographic reconstruction of the Trichinella complex. Nat. Commun. 2016, 7, 10513. [Google Scholar] [CrossRef]

	



Hurníková, Z.; Miterpáková, M.; Zaleśny, G.; Komorová, P.; Chovancová, G. Fifteen years since the first record of Trichinella pseudospiralis in Slovakia: What’s new? Vet. Parasitol. 2020. [Google Scholar] [CrossRef]

	



Bruschi, F.; Pozio, E. Trichinella britovi. Trends Parasitol. 2020, 36, 227–228. [Google Scholar] [CrossRef]

	



Moskwa, B.; Gozdzik, K.; Bien, J.; Bogdaszewski, M.; Cabaj, W. Molecular identification of Trichinella britovi in martens (Martes martes) and badgers (Meles meles); new host records in Poland. Acta Parasitol. 2012, 57, 402–405. [Google Scholar] [CrossRef] [PubMed]

	



Otranto, D.; Deplazes, P. Zoonotic nematodes of wild carnivores. Int. J. Parasitol. Parasites Wildl. 2019, 9, 370–383. [Google Scholar] [CrossRef] [PubMed]

	



Pozio, E. Trichinella spp. imported with live animals and meat. Vet. Parasitol. 2015, 213, 46–55. [Google Scholar] [CrossRef] [PubMed]

	



Bruschi, F.; Dupouy-Camet, J. Trichinellosis. In Helminth Infections and Their Impact on Global Public Health; Bruschi, F., Ed.; Springer: Vienna, Austria, 2014; pp. 229–274. [Google Scholar]

	



Despommier, D.D. How does Trichinella spiralis make itself at home? Parasitol. Today 1998, 14, 318–323. [Google Scholar] [CrossRef]

	



Consortium, I.H.G. Comparative genomics of the major parasitic worms. Nat. Genet. 2019, 51, 163–174. [Google Scholar] [CrossRef]

	



Gottstein, B.; Pozio, E.; Nockler, K. Epidemiology, diagnosis, treatment, and control of Trichinellosis. Clin. Microbiol. Rev. 2009, 22, 127–145. [Google Scholar] [CrossRef]

	



Dupouy-Camet, J. Trichinellosis: A worldwide zoonosis. Vet. Parasitol. 2000, 93, 191–200. [Google Scholar] [CrossRef]

	



Watt, G.; Silachamroon, U. Areas of uncertainty in the management of human trichinellosis: A clinical perspective. Expert Rev. Anti. Infect. Ther. 2004, 2, 649–652. [Google Scholar] [CrossRef] [PubMed]

	



Mackintosh, C. Dynamic interactions between 14-3-3 proteins and phosphoproteins regulate diverse cellular processes. Biochem. J. 2004, 381, 329–342. [Google Scholar] [CrossRef] [PubMed]

	



Obsilová, V.; Silhan, J.; Boura, E.; Teisinger, J.; Obsil, T. 14-3-3 proteins: A family of versatile molecular regulators. Physiol. Res. 2008, 57 (Suppl. 3), S11–S21. [Google Scholar]

	



Ferl, R.J.; Manak, M.S.; Reyes, M.F. The 14-3-3s. Genome Biol. 2002, 3. [Google Scholar] [CrossRef]

	



Aitken, A. 14-3-3 proteins: A historic overview. Semin. Cancer Biol. 2006, 16, 162–172. [Google Scholar] [CrossRef] [PubMed]

	



Aitken, A. Post-translational modification of 14-3-3 isoforms and regulation of cellular function. Semin. Cell Dev. Biol. 2011, 22, 673–680. [Google Scholar] [CrossRef]

	



Obsil, T.; Obsilova, V. Structural basis of 14-3-3 protein functions. Semin. Cell Dev. Biol. 2011, 22, 663–672. [Google Scholar] [CrossRef] [PubMed]

	



Obsilova, V.; Kopecka, M.; Kosek, D.; Kacirova, M.; Kylarova, S.; Rezabkova, L.; Obsil, T. Mechanisms of the 14-3-3 protein function: Regulation of protein function through conformational modulation. Physiol. Res. 2014, 63 (Suppl. 1), S155–S164. [Google Scholar]

	



Dougherty, M.K.; Morrison, D.K. Unlocking the code of 14-3-3. J. Cell Sci. 2004, 117, 1875–1884. [Google Scholar] [CrossRef]

	



Wang, W.; Shakes, D.C. Molecular evolution of the 14-3-3 protein family. J. Mol. Evol. 1996, 43, 384–398. [Google Scholar] [CrossRef]

	



McGowan, J.; Kratch, J.; Chattopadhyay, S.; Joe, B.; Conti, H.; Chakravarti, R. Bioinformatic analysis reveals new determinants of antigenic 14-3-3 proteins and a novel antifungal strategy. PLoS ONE 2017, 12, e189503. [Google Scholar] [CrossRef] [PubMed]

	



Muslin, A.J.; Tanner, J.W.; Allen, P.M.; Shaw, A.S. Interaction of 14-3-3 with signaling proteins is mediated by the recognition of phosphoserine. Cell 1996, 84, 889–897. [Google Scholar] [CrossRef]

	



Tzivion, G.; Shen, Y.; Zhu, J. 14-3-3 proteins; bringing new definitions to scaffolding. Oncogene 2001, 20, 6331–6338. [Google Scholar] [CrossRef]

	



Siles-Lucas, M.e.M.; Gottstein, B. The 14-3-3 protein: A key molecule in parasites as in other organisms. Trends Parasitol. 2003, 19, 575–581. [Google Scholar] [CrossRef] [PubMed]

	



Stevers, L.; Sijbesma, E.; Botta, M.; MacKintosh, C.; Obsil, T.; Landrieu, I.; Cau, Y.; Wilson, A.; Karawajczyk, A.; Eickhoff, J.; et al. Modulators of 14-3-3 Protein-Protein Interactions. J. Med. Chem. 2018, 61, 3755–3778. [Google Scholar] [CrossRef]

	



Schechtman, D.; Ram, D.; Tarrab-Hazdai, R.; Arnon, R.; Schechter, I. Stage-specific expression of the mRNA encoding a 14-3-3 protein during the life cycle of Schistosoma mansoni. Mol. Biochem. Parasitol. 1995, 73, 275–278. [Google Scholar] [CrossRef]

	



Schechtman, D.; Winnen, R.; Tarrab-Hazdai, R.; Ram, D.; Shinder, V.; Grevelding, C.G.; Kunz, W.; Arnon, R. Expression and immunolocalization of the 14-3-3 protein of Schistosoma mansoni. Parasitology 2001, 123, 573–582. [Google Scholar] [CrossRef]

	



El Ridi, R.; Tallima, H. Schistosoma mansoni ex vivo lung-stage larvae excretory-secretory antigens as vaccine candidates against schistosomiasis. Vaccine 2009, 27, 666–673. [Google Scholar] [CrossRef]

	



Pérez-Caballero, R.; Siles-Lucas, M.; González-Miguel, J.; Martínez-Moreno, F.J.; Escamilla, A.; Pérez, J.; Martínez-Moreno, A.; Buffoni, L. 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, 115–121. [Google Scholar] [CrossRef]

	



Siles-Lucas, M.; Uribe, N.; López-Abán, J.; Vicente, B.; Orfao, A.; Nogal-Ruiz, J.J.; Feliciano, A.S.; Muro, A. The Schistosoma bovis Sb14-3-3zeta recombinant protein cross-protects against Schistosoma mansoni in BALB/c mice. Vaccine 2007, 25, 7217–7223. [Google Scholar] [CrossRef]

	



Uribe, N.; Siles-Lucas, M.; López-Abán, J.; Esteban, A.; Suarez, L.; Martínez-Fernández, A.; del Olmo, E.; Muro, A. The Sb14-3-3zeta recombinant protein protects against Schistosoma bovis in BALB/c mice. Vaccine 2007, 25, 4533–4539. [Google Scholar] [CrossRef]

	



Kafle, A.; Puchadapirom, P.; Plumworasawat, S.; Dontumprai, R.; Chan-On, W.; Buates, S.; Laha, T.; Sripa, B.; Suttiprapa, S. Identification and characterization of protein 14-3-3 in carcinogenic liver fluke Opisthorchis viverrini. Parasitol. Int. 2017, 66, 426–431. [Google Scholar] [CrossRef]

	



Fiorillo, A.; di Marino, D.; Bertuccini, L.; Via, A.; Pozio, E.; Camerini, S.; Ilari, A.; Lalle, M. The crystal structure of Giardia duodenalis 14-3-3 in the apo form: When protein post-translational modifications make the difference. PLoS ONE 2014, 9, e92902. [Google Scholar] [CrossRef] [PubMed]

	



Meng, M.; He, S.; Zhao, G.; Bai, Y.; Zhou, H.; Cong, H.; Lu, G.; Zhao, Q.; Zhu, X.Q. 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. [Google Scholar] [CrossRef] [PubMed]

	



Zhao, N.; Gong, P.; Cheng, B.; Li, J.; Yang, Z.; Li, H.; Yang, J.; Zhang, G.; Zhang, X. Eimeria tenella: 14-3-3 protein interacts with telomerase. Parasitol. Res. 2014, 113, 3885–3889. [Google Scholar] [CrossRef] [PubMed]

	



Liu, T.; Huang, J.; Ehsan, M.; Wang, S.; Fei, H.; Zhou, Z.; Song, X.; Yan, R.; Xu, L.; Li, X. Protective immunity against Eimeria maxima induced by vaccines of Em14-3-3 antigen. Vet. Parasitol. 2018, 253, 79–86. [Google Scholar] [CrossRef]

	



Brokx, S.J.; Wernimont, A.K.; Dong, A.; Wasney, G.A.; Lin, Y.H.; Lew, J.; Vedadi, M.; Lee, W.H.; Hui, R. Characterization of 14-3-3 proteins from Cryptosporidium parvum. PLoS ONE 2011, 6, e14827. [Google Scholar] [CrossRef]

	



Lampe, K.; Gottstein, B.; Becker, T.; Stahl-Hennig, C.; Kaup, F.; Matz-Rensing, K. Immunization of rhesus macaques with Echinococcus multilocularis recombinant 14-3-3 antigen leads to specific antibody response. Parasitol. Res. 2017, 116, 435–439. [Google Scholar] [CrossRef]

	



Siles-Lucas, M.; Nunes, C.P.; Zaha, A. Comparative analysis of the 14-3-3 gene and its expression in Echinococcus granulosus and Echinococcus multilocularis metacestodes. Parasitology 2001, 122, 281–287. [Google Scholar] [CrossRef]

	



Siles-Lucas, M.; Merli, M.; Mackenstedt, U.; Gottstein, B. The Echinococcus multilocularis 14-3-3 protein protects mice against primary but not secondary alveolar echinococcosis. Vaccine 2003, 21, 431–439. [Google Scholar] [CrossRef]

	



Siles-Lucas, M.; Merli, M.; Gottstein, B. 14-3-3 proteins in Echinococcus: Their role and potential as protective antigens. Exp. Parasitol. 2008, 119, 516–523. [Google Scholar] [CrossRef] [PubMed]

	



Gadahi, J.A.; Ehsan, M.; Wang, S.; Zhang, Z.; Wang, Y.; Yan, R.; Song, X.; Xu, L.; Li, X. Recombinant protein of Haemonchus contortus 14-3-3 isoform 2 (rHcftt-2) decreased the production of IL-4 and suppressed the proliferation of goat PBMCs in vitro. Exp. Parasitol. 2016, 171, 57–66. [Google Scholar] [CrossRef] [PubMed]

	



Bu, Y.; Jia, C.; Tian, X.; Aimulajiang, K.; Memon, M.A.; Yan, R.; Song, X.; Xu, L.; Li, X. Immunization of Goats with Recombinant Protein 14-3-3 Isoform 2(rHcftt-2) Induced Moderate Protection against. Pathogens 2020, 9, 46. [Google Scholar] [CrossRef]

	



Yang, J.; Pan, W.; Sun, X.; Zhao, X.; Yuan, G.; Sun, Q.; Huang, J.; Zhu, X. Immunoproteomic profile of Trichinella spiralis adult worm proteins recognized by early infection sera. Parasites Vectors 2015, 8. [Google Scholar] [CrossRef]

	



Donskow-Lysoniewska, K.; Bien, J.; Brodaczewska, K.; Krawczak, K.; Doligalska, M. Colitis promotes adaptation of an intestinal nematode: A Heligmosomoides Polygyrus mouse model system. PLoS ONE 2013, 8, e78034. [Google Scholar] [CrossRef] [PubMed]

	



Nunes, C.P.; Zaha, A.; Gottstein, B.; Müller, N.; Siles-Lucas, M.e.M. 14-3-3 gene characterization and description of a second 14-3-3 isoform in both Echinococcus granulosus and E. multilocularis. Parasitol. Res. 2004, 93, 403–409. [Google Scholar] [CrossRef] [PubMed]

	



McGonigle, S.; Loschiavo, M.; Pearce, E. 14-3-3 proteins in Schistosoma mansoni; Identification of a second epsilon isoform. Int. J. Parasitol. 2002, 32, 685–693. [Google Scholar] [CrossRef]

	



Yang, J.; Zhu, W.; Huang, J.; Wang, X.; Sun, X.; Zhan, B.; Zhu, X. Partially protective immunity induced by the 14-3-3 protein from Trichinella spiralis. Vet. Parasitol. 2016, 231, 63–68. [Google Scholar] [CrossRef]

	



Grzelak, S.; Moskwa, B.; Bien, J. Trichinella britovi muscle larvae and adult worms: Stage-specific and common antigens detected by two-dimensional gel electrophoresis-based immunoblotting. Parasites Vectors 2018, 11. [Google Scholar] [CrossRef]

	



Stachyra, A.; Zawistowska-Deniziak, A.; Basałaj, K.; Grzelak, S.; Gondek, M.; Bień-Kalinowska, J. The immunological properties of recombinant multi-cystatin-like domain protein from Trichinella britovi produced in yeast. Front. Immunol. 2019, 10, 2420. [Google Scholar] [CrossRef]

	



Kapel, C.; Gamble, H. Infectivity, persistence, and antibody response to domestic and sylvatic Trichinella spp. in experimentally infected pigs. Int. J. Parasitol. 2000, 30, 215–221. [Google Scholar] [CrossRef]








[image: Vaccines 08 00515 g001 550] 





Figure 1. Schematic representation of cloned Tb14-3-3. Nucleotide and amino acid sequences are presented. Conserved regions of the protein chain are bolded (according to McGowan et al. [22]). Nine α-helices are marked with upper lines and numbered H1-H9. Potential N-glycosylation sites are highlighted in red. 
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Figure 2. Analysis of rTb14-3-3 protein produced in P. pastoris culture. (a) Purified recombinant protein (7 µg/lane) visualized with SDS-PAGE and Anti-His Western blot. M-marker (b) Native PAGE of rTb14-3-3 (6 µg/lane) and bovine serum albumin (BSA), used as a molecular standard (molecular weight of BSA monomer and dimer is indicated). The predicted rTb14-3-3 monomer and dimer forms are marked with arrows. (c) Colorimetric detection of glycoproteins. Protein samples (6 µg/lane) were separated on SDS-PAGE, and transferred to the nitrocellulose membrane. Slight coloration, corresponding to the top band of rTb14-3-3, is marked with an arrow. (d) SDS-PAGE after deglycosylation of rTb14-3-3 with Endo H. Protein samples (8 µg/lane) were incubated with Endo H enzyme (+), or without Endo H (−), in denaturing conditions. The top band, which was no longer present after the enzymatic digestion, is marked with an arrow. 
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Figure 3. Antibody response in mice after immunization and challenge infection. Anti-Tb14-3-3 total IgG level, and IgG1 and IgG2a subclass levels, in the sera of immunized mice, measured by ELISA, are shown on graphs. Experimental groups: 1433-group injected with rTb14-3-3, ADJ-group injected with adjuvant only, PBS-group injected with PBS. Significantly different groups are marked with brackets and p value is indicated. Bars represent mean values from six individuals (n = 6) from the immunized group, or three individuals (n = 3) from control groups ±SD. 
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Figure 4. Immunoblot analysis of sera from experimental mice. (a) Recombinant Tb14-3-3 (3.8 μg/lane) detection using mouse sera and secondary anti-mouse IgG antibodies. Experimental groups, named as previously described, and serum collection time (pre or post challenge) are indicated. Specific signals for the 35 kDa band are marked with arrows. (b) Native Tb14-3-3 detection using experimental mice sera. T. britovi muscle larvae (ML) somatic protein extract (10 µg/lane) was incubated with serum from immunized (1433) and control (PBS) mice and secondary anti-mouse IgG antibodies. The specific signal for the 30 kDa band is marked with an arrow. 
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Figure 5. Cytokine profiles of mouse splenocytes after immunization and challenge. Supernatants harvested after 72 h of incubation were analyzed for detection of secreted cytokines IFNγ, IL-2, IL-4, and IL-10, using a Mouse Th1/Th2 uncoated ELISA kit. Experimental groups are indicated as previously described. Significantly different groups are marked with brackets and p value is indicated. Bars represent means ±SD from three splenocyte cultures, each prepared from two pooled spleens from mice from the immunized group (n = 3), or means ±SD from three repeats of splenocyte cultures, prepared from three pooled spleens from mice from the control group (n = 3). 
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Table 1. T. britovi muscle larvae (ML) recovered from infected mice by HCl-pepsin digestion.
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	Group
	Muscle Larval Burden (LPG)





	14-3-3 a
	12,117.7 ±1656.6



	ADJ b
	14,739 ±1984.9



	PBS b
	11,649 ±2395.9







The results are means from six or three individuals with ±SDs indicated; a n = 6, b n = 3.
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