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Chicken IgY Fc Linked to Bordetella avium ompA and Taishan Pinus massoniana Pollen Polysaccharide Adjuvant Enhances Macrophage Function and Specific Immune Responses
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Fc-fusion technologies, in which immunoglobulin Fc is genetically fused to an antigenic protein, have been developed to confer antibody-like properties to proteins and peptides. Mammalian IgG Fc fusion exhibits improved antigen-induced immune responses by providing aggregates with high avidity for the IgG Fc receptor and salvaging the antigenic portion from endosomal degradation. However, whether the linked chicken IgY Fc fragment shares similar characteristics to mammalian IgG Fc remains unclear. In this study, we linked the chicken IgY Fc gene to the outer membrane protein A (ompA) of Bordetella avium through overlapping PCR. The fusion gene was cloned into the pPIC9 plasmid to construct the recombinant Pichia pastoris transformant expressing the ompA–Fc fusion protein. The effects of the linked Fc on macrophage vitality, activity, efficiency of antigen processing, and immune responses induced by the fused ompA were investigated. Furthermore, the effect of Taishan Pinus massoniana pollen polysaccharide (TPPPS), an immunomodulator, on chicken macrophage activation was evaluated. TPPPS was also used as an adjuvant to investigate its immunomodulatory effect on immunoresponses induced by the fused ompA–Fc in chickens. The pinocytosis, phagocytosis, secretion of nitric oxide and TNF-α, and MHC-II molecular expression of the macrophages treated with the fused ompA–Fc were significantly higher than those of the macrophages treated with ompA alone. The addition of TPPPS to the fused ompA–Fc further enhanced macrophage functions. The fused ompA–Fc elicited higher antigen-specific immune responses and protective efficacy compared with ompA alone. Moreover, the fused ompA–Fc conferred higher serum antibody titers, serum IL-2 and IL-4 concentrations, CD4+ and CD8+ T-lymphocyte counts, lymphocyte transformation rate, and protection rate compared with ompA alone. Notably, the prepared TPPPS adjuvant ompA–Fc vaccines induced high immune responses and protection rate. The linked Fc and TPPPS adjuvant can remarkably enhance macrophage functions and specific immune responses. This study provides new perspectives to improve the immune effects of subunit vaccines for prevention of poultry diseases.
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INTRODUCTION

Inactivated or killed vaccines have been widely applied to control infectious diseases. However, conventional formalin- or heat-inactivated vaccine formulations can alter the physiochemical/structural properties of the antigens, thereby negatively affecting the development of protective immunity (Jalava et al., 2002; Peng et al., 2011). Recombinant subunit vaccines can be used to effectively prevent bacterial diseases because of their resemblance to the native form as well as their rapid, consistent, and scalable production. Proteins or peptides generally show short serum half-life and limited antigenic stimulation because of conventional antigen capture by antigen-presenting cells (APC) and the fast renal clearance. Currently, nine human IgG1 fragment crystallizable (Fc) domain fusion drugs have been approved by the FDA to extend the serum half-lives of the linked antigens (Rath et al., 2015). Moreover, antigens synthetically linked to immunoglobulin IgG Fc molecules are more immunogenic than native antigens alone (Konduru et al., 2011; Zaharatos et al., 2011; Tayra et al., 2013; Iorio et al., 2015). Thus, the introduction of immunoglobulin Fc can definitely improve the immune effect of subunit vaccines.

Mammalian IgG can be divided into the Fab region, which binds to highly variable pathogenic antigens, and the Fc portion, which contains two constant domains on the C-terminal (Cγ2 and Cγ3 domains). IgG is involved in recruiting and activating immune effector leukocytes, such as macrophages, dendritic cells, and natural killer cells, thereby increasing the efficiency of these APCs for antigen elimination and presentation and triggering the functions of effector cells for the removal of infected cells (Jefferis, 2009). The fusion of immunoglobulin Fc to antigenic proteins confers aggregates with high avidity for the IgG Fc receptor (FcR) which widely exists in immune effector leukocytes (Nimmerjahn and Ravetch, 2008). Moreover, the Fc fusion leads to salvation of the antigenic portion from endosomal degradation by binding to the FcR of immunoeffector cells (Roopenian and Akilesh, 2007). Thus, Fc fusion technologies, in which immunoglobulin Fc is fused genetically to an antigenic protein, have been developed to confer antibody-like properties to proteins and peptides (Harrington et al., 2009). In avian species, the major immunoglobulin IgY is involved in humoral immunity against common avian pathogens. Although some studies have shown that IgY is similar to mammalian IgG in terms of functionality, the Fc segments between IgG and IgY exhibit different structures; the IgY Fc fragment contains two constant domains on the C-terminal (Cυ3 and Cυ4). A recent study has indicated that chicken IgY Fc expressed by Eimeria mitis enhances its immunogenicity (Qin et al., 2016). Thus, whether the linked chicken IgY Fc fragment fusion can also confer antigens more features to improve the antigen-induced immune response remains unclear.

Macrophages play a central role in immune defense mechanisms; these cells can not only initiate innate immune responses but are also involved in antigen processing and presentation to antigen-specific T cells to promote adaptive immunity. Both pattern recognition receptors and Fc–FcR interactions can activate macrophages in vivo. Fc–FcR interactions mediate antigen capture and influence the cytokine production of stimulated macrophages (Sutterwala et al., 1997). The engulfed antigens are digested into fragments and displayed on the cell surface by MHC-II molecules to present to T cells (Neild et al., 2005). However, whether the linked chicken IgY Fc fusion exhibits similar properties to natural Fc for macrophage activation are largely unknown.

Plant polysaccharides demonstrate immunoregulatory activity and potential irritation to macrophages (Jiang et al., 2010; Ma et al., 2010; Sun et al., 2015). Taishan Pinus massoniana pollen polysaccharide (TPPPS), a pleiotropic polysaccharide extracted from Taishan P. massoniana pollen, has been studied in our laboratory since 2003. TPPPS is an effective adjuvant for improving the immune system, facilitating immune responses, and enhancing the activity of lymphocytes (Wei et al., 2011; Cui et al., 2013; Yang et al., 2015). However, the influence of TPPPS on macrophage activity has not yet been studied.

In the present study, we used the P. pastoris GS115 eukaryotic expression system to express a fusion protein containing the chicken IgY Fc and ompA of Bordetella avium, a common respiratory disease pathogen of avian species (Gentry-Weeks et al., 1992). The influence of IgY Fc fusion on immune responses induced by the ompA antigen was then evaluated. TPPPS was also used as an immune adjuvant to investigate its irritation on chicken peritoneal macrophages and immunomodulation on ompA–Fc-induced immunoresponses. This study mainly aims to explore a feasible method for improving the immune effects of subunit vaccines for poultry.

MATERIALS AND METHODS

Ethics Statement

The animal disposal procedures were approved by the Animal Care and Use Committee of Shandong Agricultural University (Permit no. 20010510) and performed according to the “Guidelines for Experimental Animals” of the Ministry of Science and Technology (Beijing, China).

Strains and Plasmids

Bordetella avium strain LL was isolated from sick chickens and preserved in our laboratory. The genetic homology of 16S rRNA between B. avium strain LL and the reference strain S5 was 100%. The strain was cultured and maintained at 37°C in lysogeny broth agar. P. pastoris GS115 and plasmid pPIC9 were purchased from Invitrogen (Carlsbad, CA, USA). The recombinant pPIC9-ompA plasmid was provided by our laboratory. All yeast culture media were prepared in accordance with the manuals of Pichia expression.

Expression and Identification of the Recombinant ompA–Fc

One pair of primers (F1: 5′-CCGCTCGAGATGCATCATCATCATCATCATAACAAACCCTCCAAAATCGCACTT-3′; R1: 5′-CGTATGAACCTCCACCTCCTGATCCACCTCCACCCTTGCGGCTACCGACGATTT-3′) was designed according to the ompA gene sequence of B. avium (GenBank accession number: M96550.1) by using Primer 5.0. Another pair of primers (F2: 5′-CAAGGGTGGAGGTGGATCAGGAGGTGGAGGTTCATACGCCATCCCACCCAG-3′; R2: 5′-TTGCGGCCGCTTAATGATGATGATGATGATGGCGCTGGCTGAAGCGGATG-3′) was designed to produce hinge–CH3–CH4 (Fc), a 692 bp fragment Fc-linker, by using Primer 5.0 software according to the IgY Fc gene sequence in chickens (GenBank accession number: X07174). The underlined bases encode flexible linker peptides. The target genes were assembled through overlapping PCR. One pair of primers (F1 and R2) was designed to amplify a 1293 bp fragment ompA-linker-Fc. The linked ompA–Fc was cloned into the expression vector pPIC9 and named pPIC9-ompA–Fc. The resultant plasmid was confirmed by sequencing (Sunny, Shanghai). The plasmid was then transformed into competent P. pastoris GS115 to obtain the transformant P. pastoris pPIC9-ompA–Fc in accordance with the manufacturer’s instructions (Invitrogen). The recombinant protein ompA–Fc was identified using SDS-PAGE. Western blot analysis was performed using mouse anti-omp polyclonal antibody [prepared in accordance with our previous method (Hu et al., 2007)], anti-His tag antibody (Cwbio, China), and rabbit anti-chicken IgG (HRP) (Solarbio, China) (Temple et al., 2010). The recombinant pPIC9-ompA plasmid served as normal control and then transformed into P. pastoris. The recombinant ompA and ompA–Fc were purified by ProteinIsoTM Ni-NTA Resin kit (TRANS, Beijing, China). Protein concentration was determined by Easy II Protein Quantitative Kit (BCA) (TRANS, Beijing, China).

Macrophage Cell Activity Assay

Chicken peritoneal macrophages were isolated as previously described (Mahapatra et al., 2009). The macrophages were cultured into 96-well cell culture plates and then divided into three groups. Then, ompA–Fc (2.5, 5, and 10 μg/mL), ompA (2.5, 5, and 10 μg/mL), and TPPPS (12.5, 25, 50, and 100 μg/mL) were separately added into the cells. After 24 h incubation, the vitality of peritoneal macrophages was determined by MTT assay (Mosmann, 1983). The neutral red uptake, nitric oxide (NO), and TNF-α production of peritoneal macrophages were detected as previously described (Ding et al., 1988; Sun et al., 2015).

The phagocytic activity of peritoneal macrophages was further determined. In brief, 5 μg/mL ompA–Fc mixed with 50 μg/mL TPPPS, 5 μg/mL ompA–Fc, 5 μg/mL ompA, and 50 μg/mL TPPPS and PBS was prepared. A 100 μL aliquot of each solution was added into 96-well cell plates for the culture of peritoneal macrophages. After 6 h of incubation, immunofluorescent assay (IFA) was performed to analyze ompA phagocytosis. Rat anti-omp polyclonal antibody was used as primary antibody, and FITC-conjugated mouse anti-rat IgG (Sigma, China) was used as secondary antibody. The plates were incubated one after another.

MHC-II molecules of macrophages were also determined. In brief, 5 μg/mL ompA–Fc mixed with 50 μg/mL TPPPS, 5 μg/mL ompA–Fc, 5 μg/mL ompA, and 50 μg/mL TPPPS and PBS was prepared. A 400 μL aliquot of each solution was added into 24-well cell plates for the culture of peritoneal macrophages. After 6 h of incubation, the cells were incubated with mouse anti-chicken MHC-II antibody (Abcam, China) for 30 min and then stained with FITC-conjugated goat anti-mouse antibody (Cwbio, China) for 30 min. The expression of MHC-II molecules on the surface of macrophages was detected by flow cytometry analysis (Guaga Easy Cyte Mini, USA).

Vaccine Preparation

Taishan Pinus massoniana pollen polysaccharide was prepared by our laboratory through hot water extraction and ethanol precipitation (Wei et al., 2011). The purified recombinant ompA and ompA–Fc were diluted to final concentrations of 100 and 200 μg/mL, respectively, to ensure equal antigen content of ompA. TPPPS was mixed with 200 μg/mL purified ompA–Fc fusion protein at a ratio of 1:1 to a final concentration of 50 mg/mL. Stability and sterility tests were performed using the prepared subunit vaccines.

Animal Experiment

A total of 120 1-day-old specific pathogen-free white leghorn chickens (male; Spirax Ferrer Poultry Co., Ltd, Jinan) were randomly placed into four sterilized isolators (groups I–IV), with 30 chickens each. Chickens in groups I–IV were subcutaneously inoculated with 0.2 mL of recombinant ompA vaccines, ompA–Fc fusion protein vaccine, TPPPS adjuvant ompA–Fc fusion protein vaccines, and PBS at 1, 7, and 14 days post first vaccination (dpv). Groups I, II, III, and IV were labeled ompA, ompA–Fc, ompA–Fc-TPPPS, and PBS, respectively. At 3, 7, 14, 21, 28, 35, 42, and 49 dpv, three chickens from each group were selected randomly to determine the levels of antibody, serum IL-2, and IL-4, CD4+ and CD8+ T lymphocyte counts in peripheral blood, and T-lymphocyte transformation rate. The chickens were not fed for 12 h before sampling.

At 1 week after the third vaccination (21 dpv), 20 chickens from each group were placed in a new isolator and challenged intranasally with 10 median lethal doses (LD50) of the B. avium LL strain. Clinical manifestation of the chickens was recorded for 7 days after the challenge. Clinical symptoms, including labored breathing, sneezing, and oculonasal discharges, were monitored (Saif et al., 1981). Three independent experiments were conducted, and the mortality and protection rate in each group were calculated using the following formulas:
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Detection of Immune Indices

Three blood samples (1.0 mL/chicken) from each group were randomly sampled at specific times. Indirect enzyme-linked immunosorbent assay (ELISA) was performed to detect anti-ompA antibodies (Denac et al., 1997). Cytokines are crucial in fighting infections and are involved in immune responses (Lowry, 1993). IL-2 and IL-4 were detected using their corresponding ELISA kits for chicken (Langdon Bio-technology Co., Ltd., Shanghai). Absorbance was determined with a microplate reader at 450 nm.

Fresh anticoagulated (EDTA–Na2) peripheral blood samples were randomly collected from three chickens (1.0 mL/chicken) in each group and separately mixed with an equivalent volume of PBS. In brief, 2 mL of the mixture was added to 5 mL of lymphocyte separation medium (Solarbio, China) to separate lymphocytes (Mwanza et al., 2009). The percentages of CD4+ and CD8+ T lymphocytes were detected by flow cytometry (Guaga Easy Cyte Mini, USA). Lymphocyte proliferation was determined by MTT assay. In brief, the peripheral blood lymphocytes were isolated from the vaccinated animals, and the cultured lymphocytes were re-stimulated with ompA unfused to IgY. Then, the lymphocyte proliferation assay was performed as previously described (Mosmann, 1983).

Statistical Analysis

Data were expressed as mean ± standard deviation (SD). Duncan’s multiple-range test was performed to analyze differences among groups by using SPSS 17.0. Values at P < 0.05 were considered statistically significant.

RESULTS

Expression and Identification of the Fused ompA–Fc

The chicken IgY Fc and B. avium ompA genes were linked through overlapping PCR. The linked ompA–Fc gene fragment was cloned into the expression vector pPIC9 and verified by gene sequencing. The recombinant pPIC9-ompA–Fc plasmid was then transformed into P. pastoris. Upon induction with methanol at different induction times, a novel protein band corresponding to 47.4 kDa in the culture supernatant of the recombinant pPIC9-ompA–Fc transformant was determined through SDS-PAGE; however, this band did not appear in the culture supernatant of the control pPIC9 (blank plasmid) transformant (Figure 1A). The protein was detected in the supernatant after 48 h of cultivation, and the maximum protein yield (18 mg/L) was obtained at 72 h. After purification, only the target protein band with a molecular weight of 47.4 kDa was observed in the results of SDS-PAGE (Figure 1B).
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FIGURE 1. SDS-PAGE and Western blot analyses of the fused ompA–Fc expressed in Pichia pastoris. (A) SDS-PAGE identification of the fusion ompA–Fc at different induction times. M, Page ruler pre-stained protein ladder; lanes 1–4, culture supernatant of P. pastoris transformed with the recombinant pPIC9-ompA–Fc plasmid after 96, 72, 48, and 24 h of methanol induction; lane 5, culture supernatant of P. pastoris transformed with blank pPIC9 vector (negative control). (B) Purification of the fused ompA–Fc. M, Page ruler pre-stained protein ladder; lane 1, purified ompA–Fc; lane 2, culture supernatant after column chromatography. (C) Western blot analyses of the fused ompA–Fc with the anti-His tag antibody, mouse anti-omp polyclonal antibody, and the rabbit anti-chicken IgG (HRP). M, protein molecular size page ruler; lane 1, culture supernatant of P. pastoris transformed with blank pPIC9 vector (negative control); lane 2, culture supernatant of P. pastoris transformed with the recombinant pPIC9-ompA–Fc plasmid at 96 h post induction. (D) Schematic and 3D structure of the fused ompA–Fc.



Western blot analyses were performed with anti-His tag antibody, mouse anti-omp polyclonal antibody, or rabbit anti-chicken IgG (HRP) to determine the immunogenicity of the fusion protein. After color development, a 47.4 kDa band was observed in the three independent assays (Figure 1C); this band corresponded to the band detected in SDS-PAGE. The results indicated the independent immunogenicity of the fused IgY Fc and ompA of B. avium. Moreover, at the start of ompA–Fc fusion, antigens expressed in P. pastoris were presented in schematic and 3D structures of the fusion protein ompA–Fc and developed through homology modeling methods of SWISS-MODEL (Figure 1D). In addition, the recombinant pPIC9-ompA plasmid constructed in our laboratory was used as control in the present study; the immunogenicity of the recombinant ompA expressed in P. pastoris was also verified (Liu et al., 2016).

Influences of the Linked Fc and TPPPS on the Viability of Peritoneal Macrophages

The viability of macrophages treated with the recombinant ompA and ompA–Fc was assayed by MTT to assess the effects of the recombinant proteins on the growth of chicken peritoneal macrophages. The cytotoxicity of TPPPS, which was used as the adjuvant in the following experiments, was examined. Cell viability in the groups treated with the recombinant ompA (2.5–10 μg/mL) and ompA–Fc (2.5–10 μg/mL) was not significantly different from that in the control group (P > 0.05; Figure 2A). However, treatment with 12.5–100 μg/mL TPPPS increased cell viability compared with those in the control group (P < 0.05; Figure 2B). Cell viability improved with increasing concentration of TPPPS. The results indicated that treatment with recombinant proteins did not change the viability of chicken peritoneal macrophages, whereas TPPPS dose dependently promoted the proliferation of peritoneal macrophages.
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FIGURE 2. Influences of the linked Fc or Taishan Pinus massoniana pollen polysaccharide (TPPPS) on macrophage activity. Peritoneal macrophages were cultured with the various concentrations of ompA–Fc (2.5, 5, and 10 μg/mL), ompA (2.5, 5, and 10 μg/mL), TPPPS (12.5, 25, 50, and 100 μg/mL), and PBS for 24 h. The activity of peritoneal macrophages was determined by MTT assay (A,B). The neutral red uptake (C), NO (D), and TNF-α (E) production of peritoneal macrophages were detected as previously described. All values represent the means ± SD of triplicate experiments. Different lowercase letters above the columns indicate significant differences between the different groups (P < 0.05).



TPPPS Increases Pinocytic Activity, NO Level, and TNF-α Release of Peritoneal Macrophages

Internalization in the form of pinocytosis or phagocytosis is a key indicator of macrophage effector activity. NO and TNF-α secreted by macrophages also reflect cell activity. The effect of TPPPS on the pinocytic activity of peritoneal macrophages was assayed via neutral red uptake. The peritoneal macrophages treated with TPPPS (12.5–100 μg/mL) showed higher absorption values than those treated with PBS (P < 0.05; Figure 2C). Moreover, limited NO was released from the peritoneal macrophages in the PBS group, whereas NO production significantly enhanced as the amount of TPPPS added was increased (P < 0.05; Figure 2D). The level of TNF-α secreted by the TPPPS-treated macrophages was also significantly higher than that in the PBS group (P < 0.05; Figure 2E). The three indices were dose dependently improved by TPPPS but were not significantly different between the groups treated with 50 and 100 μg/mL TPPPS. Thus, we selected 50 μg/mL TPPPS as the adjuvant for the subunit vaccine.

Linked Fc and TPPPS Adjuvant Enhance the Antigen Procession of Macrophages

We analyzed the ompA phagocytic efficiency and MHC-II expression of chicken peritoneal macrophages through IFA and flow cytometry, respectively, to detect the effects of the linked Fc and TPPPS adjuvant on the antigen procession efficiency of macrophages. Green fluorescence was observed on the ompA- and ompA–Fc-treated peritoneal macrophages (Figures 3A–C), but no fluorescence was detected on the PBS- and TPPPS-treated groups (Figures 3D,E); this finding indicated the phagocytosis of macrophages on the recombinant proteins. The staining density significantly enhanced in group ompA–Fc compared with that in group ompA (P < 0.05; Figures 3B,C). Moreover, the addition of TPPPS to ompA–Fc enhanced the fluorescence staining on the cells (Figure 3A). Linked Fc and TPPPS adjuvant remarkably increased the antigen capture capacity of the chicken peritoneal macrophages. Similarly, MHC-II expression was higher in the macrophages treated with ompA than in the macrophages treated with PBS and TPPPS (P < 0.05; Figures 4C,D); by contrast, the macrophages treated with the fused ompA–Fc showed higher MHC-II expression (P < 0.05; Figure 4B). The addition of TPPPS further enhanced MHC-II expression on the fused ompA–Fc-treated macrophages (P < 0.05; Figure 4A).
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FIGURE 3. The linked Fc and TPPPS adjuvant enhance phagocytosis of peritoneal macrophages. Initially, 5 μg/mL ompA–Fc mixed with 50 μg/mL TPPPS (A), 5 μg/mL ompA–Fc (B), 5 μg/mL ompA (C), and 50 μg/mL TPPPS (D) and 100 μL PBS (E) were separately added into 96-well cell culture plates, where fresh peritoneal macrophages were cultured. After 6 h incubation, IFA was used to analyze the ompA phagocytosis, and the rat anti-omp polyclonal antibody as primary antibody and FITC-conjugated mouse anti-rat IgG as secondary antibody were incubated successively.
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FIGURE 4. Flow cytometric analysis of MHC-II molecules expressed on macrophages. The macrophages were cultured into 24-well cell culture plates and 5 μg/mL ompA–Fc mixed with 50 μg/mL TPPPS (A), 5 μg/mL ompA–Fc (B), 5 μg/mL ompA (C), and 50 μg/mL TPPPS, (D) and 400 μL PBS were added into each well. After 6 h incubation, cells were incubated with 10 μL of mouse anti-chicken MHC-II antibody for 30 min and then stained with 1:500 FITC-conjugated goat anti-mouse antibody for 30 min. The expression of MHC-II molecules on the surface of macrophages was detected by flow cytometry. Red dotted line: PBS-treated macrophages (control group); green dotted line: recombinant protein and/or TPPPS-treated macrophages (experimental group). The images are representative of three independent experiments.



Linked Fc and TPPPS Adjuvant Enhance Humoral and Cell-Mediated Immune Responses

Antibody levels induced by vaccination are crucial in the determination of the effects of vaccines. Evaluation of antibody induction showed that the anti-ompA IgG titers in chickens vaccinated with the recombinant ompA were significantly higher than those in the control PBS group at 14–49 dpi (P < 0.05; Figure 5A). Anti-ompA IgG response was significantly higher in group ompA–Fc than in group ompA at 21–49 dpi (P < 0.05). Moreover, TPPPS as the adjuvant significantly promoted the antibody titers than ompA–Fc at 21–49 dpi (P < 0.05). In addition, the IgG titer in group ompA peaked at 21 dpv, whereas those in groups ompA–Fc and ompA–Fc-TPPPS peaked at 28 dpv.
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FIGURE 5. Linked Fc and TPPPS adjuvant enhance the humoral and cell-mediated immune responses. Chickens in the four groups were, respectively, inoculated with ompA subunit vaccine, ompA–Fc subunit vaccine, TPPPS adjuvant ompA–Fc subunit vaccine, and PBS at 0, 7, and 14 dpv. The specific anti-ompA antibody titers (A) were determined by indirect ELISA as previously described, and the concentrations of IL-2 (B) and IL-4 (C) were determined by commercial ELISA kits; the percentages of CD4+ (D) and CD8+ (E) T lymphocytes and LTRs (F) were detected by flow cytometry and MTT assay, respectively. All values represent the means ± SD of three independent experiments.



Cytokines IL-2 and IL-4 in serum were measured to characterize cellular immune responses. The number and proliferative capability of T lymphocytes are common indicators used to evaluate cellular immunity (Torti et al., 2012). In the present study, the serum IL-2 and IL-4 concentrations in group ompA were significantly higher than those in group PBS at 14–42 dpv (P < 0.05; Figures 5B,C). These indices were significantly enhanced in group ompA–Fc than in group ompA at 21–42 dpv (P < 0.05). Moreover, the addition of TPPPS increased the serum IL-2 and IL-4 concentrations (P < 0.05). A similar trend was observed in the results of the relative populations of CD4+ and CD8+ lymphocytes in peripheral blood and lymphocyte proliferation abilities (Figures 5D–F). Linked Fc and TPPPS adjuvant effectively improved humoral and cellular immune responses induced by the ompA antigen in chickens.

Linked Fc and TPPPS Adjuvant Enhance the Protective Effects Induced by the Recombinant ompA in Chickens

Chickens in the four groups were challenged intranasally with 10 LD50 of B. avium LL strain at 21 dpv to evaluate the protective effects of the prepared vaccines. The clinical symptoms and protective rate of the chickens were monitored daily. After 7 days of observation, 93.3% of chickens in the control group showed symptoms, such as labored breathing, sneezing, and oculonasal discharge, after B. avium challenge (Figure 6A). By contrast, the morbidities in groups ompA–Fc-TPPPS, ompA–Fc, and ompA were approximately 6, 20, and 40%, respectively. The immunogenicity of the fused ompA–Fc subunit vaccine could remarkably protect chickens against B. avium infection, and the TPPPS adjuvant conferred optimal protection (Figure 6B).
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FIGURE 6. Protective rates of Bordetella avium-challenged chickens. Chickens in four groups were inoculated with ompA subunit vaccine, ompA–Fc subunit vaccine, TPPPS adjuvant ompA–Fc vaccine, and PBS at 1, 7, and 14 dpv. One week after the third vaccination, 20 chickens from each group were challenged intranasally with 10 LD50 of B. avium LL strain. Morbidity (A) and protective rate (B) were monitored for seven successive days after challenge. Morbidity (%) = No. of chickens with clinical symptoms/Total No. × 100. (B) Protective rate (%) = No. of chickens without clinical symptoms/Total No. × 100. Values shown represent the means ± SD for three independent experiments. Different lowercase letters above the columns indicate significant differences between the different groups (P ≤ 0.05).



DISCUSSION

Antibody Fc region is a recruiter and a frontline commander to protect against cancer and infectious pathogens by mediating potent immune effector functions by engaging FcR and serum complement proteins. Investigators sought to improve vaccine immunogenicity by incorporating entire proteins, discrete B-cell, or MHC classes I or II epitopes within IgG Fc scaffolds (Brumeanu et al., 1993; Cook and Barber, 1995; Lu et al., 2011). In the present study, we linked the chicken IgY Fc gene to the B. avium ompA gene to express the coded fusion protein in P. pastoris. Accordingly, we synthetically joined IgY Fc via the flexible hinge region to B. avium ompA to preserve the independent space structure of the fused sections. We predicted that the effector functions of the native IgY Fc would be retained because the CH3–CH4 regions of IgY Fc contain all critical residues necessary for interaction with effector cells. After verification, we found that the linked chicken IgY Fc improved the macrophage antigen processing efficiency and enhanced the immune responses induced by the ompA antigen.

The fused ompA–Fc protein was expressed in the P. pastoris expression system; this eukaryotic expression system exhibits advantages, such as easy cultivation, high yield, precise post-translational modifications, and minimal interference of native proteins (Cereghino and Cregg, 2000). This secretory expression system also facilitates subsequent purification, thereby avoiding damage to the content and activity of the recombinant ompA–Fc. In addition, the yeast-expressed antigen has been investigated in several animals and proven to exert satisfactory effects on the development of bacterial vaccines (Amigorena and Bonnerot, 1999). Basing on our results, we observed that the protein was detected after 48 h and reached the peak after 72 h of induction with 18 mg/L methanol. This foreign protein was secreted at high amounts in the medium. By contrast, the amount of native proteins of P. pastoris secreted in the medium was low, which greatly improved the purification efficiency of the recombinant ompA–Fc. Therefore, the P. pastoris expression system is suitable for expressing the recombinant chicken IgY Fc fusion protein.

Fragment crystallizable domain bears the recognition signal for specific cellular FcR, which serves as an interaction niche for immune effectors. FcR exists on the surface of many congenital immune cells, especially macrophages. The Fc–FcR interactions can activate macrophages and mediate antigen capture; it can also intensively influence the cytokine production of the stimulated macrophages (Amigorena and Bonnerot, 1999). The most distinguished feature of macrophage activation is the increase in phagocytic activity, which facilitates the antigen presentation to T cells for triggering adaptive immune responses (Sun et al., 2015). The linked IgY Fc enhanced the fluorescent antibody staining of ompA phagocytosed by chicken peritoneal macrophages in IFA assay, which implied that the fused Fc largely retained its natural features and mediated the interaction with macrophages. Furthermore, the linked IgY Fc promoted the expression of MHC-II molecules on peritoneal macrophages. MHC-II molecules are highly expressed on specialized APCs, such as B cells, dendritic cells, and macrophages. The upregulation of MHC-II facilitated APC to present peptides, derived from the processing of exogenous antigen, to CD4+ T cells to drive the activation of naïve T cells and elicit help or regulation from CD4 effector or regulatory T cells. Thus, our results imply that the linked chicken IgY Fc is likely to confer the fused antigens more characteristics to accelerate the antigen processing of macrophages, thereby improving specific immune response.

In the present study, we also found that TPPPS, a polysaccharide extracted from Taishan P. massoniana pollen, can increase macrophage proliferation and activation. However, the promotion mechanism of macrophage proliferation by TPPPS needs further research. Previous studies suggested that polysaccharide-activated macrophage function could be due to the complex monosaccharide composition of polysaccharides and the mechanism of recognition by macrophages, which include different receptors cooperating with one another to activate redundant signaling pathways (Schepetkin and Quinn, 2006). During activation, macrophages initiate phagocytosis, which is the first step in the macrophage response against pathogens and microbes (Henneke and Golenbock, 2004). Activated macrophages produce chemical signals and cytokines that contribute to the immune responses. In the present study, TPPPS promoted the secretion of NO and TNF-α, which are produced by activated macrophages and serve as the activation signals that indicate the enhancement of macrophage activity. TPPPS as the adjuvant also showed a high performance in improving the immune effect of the fused ompA–Fc, including humoral and cellular immunities. Recent studies have reported that TPPPS is composed of three types of polysaccharides (named TPPPS1–3), and each polysaccharide component is composed of different monosaccharides and exhibits antioxidant, antivirus, and immunomodulating effects, indicating their synergistic effects on facilitating the immune function of organisms (Yang et al., 2015). Considering the findings of this study, we believe that TPPPS has a great application potential in the development of novel subunit vaccines.

CONCLUSION

This study demonstrates that the Fc linked onto the antigen can enhance the antigen-processing efficiency of macrophages and the specific immune response induced by the antigen. Moreover, TPPPS, as a novel macrophage stimulator, can remarkably elevate the expression of the activation markers and promote the vitality and activity of macrophages. Meanwhile, TPPPS as the adjuvant presents good immune-enhancing effects on the fused ompA–Fc subunit vaccine. Thus, TPPPS, combined with the linked Fc, synergistically facilitated the systemic immune response induced by antigen subunit. Overall, our findings provided a new perspective to improve the immune effects of subunit vaccines for poultry disease prevention.
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