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Interleukin (IL)-21 Promotes the Differentiation of IgA-Producing Plasma Cells in Porcine Peyer's Patches via the JAK-STAT Signaling Pathway












	
	ORIGINAL RESEARCH
published: 23 June 2020
doi: 10.3389/fimmu.2020.01303






[image: image2]

Interleukin (IL)-21 Promotes the Differentiation of IgA-Producing Plasma Cells in Porcine Peyer's Patches via the JAK-STAT Signaling Pathway

Guo Liu, Bin Wang, Qingbo Chen, Yang Li, Baoyu Li, Ning Yang, Shanshan Yang, Shuxian Geng and Guangliang Liu*


State Key Laboratory of Veterinary Etiological Biology, Lanzhou Veterinary Research Institute, Chinese Academy of Agricultural Sciences, Lanzhou, China

Edited by:
Eric Cox, Ghent University, Belgium

Reviewed by:
Yang Qian, Nanjing Agricultural University, China
 Mats Bemark, University of Gothenburg, Sweden

*Correspondence: Guangliang Liu, liuguangliang01@caas.cn

Specialty section: This article was submitted to Mucosal Immunity, a section of the journal Frontiers in Immunology

Received: 16 January 2020
 Accepted: 22 May 2020
 Published: 23 June 2020

Citation: Liu G, Wang B, Chen Q, Li Y, Li B, Yang N, Yang S, Geng S and Liu G (2020) Interleukin (IL)-21 Promotes the Differentiation of IgA-Producing Plasma Cells in Porcine Peyer's Patches via the JAK-STAT Signaling Pathway. Front. Immunol. 11:1303. doi: 10.3389/fimmu.2020.01303



Secretory IgA is critical to prevent the invasion of pathogens via mucosa. However, the key factors and the mechanisms of IgA generation in the porcine gut are not well-understood. In this study, a panel of factors, including BAFF, APRIL, CD40L, TGF-β1, IL-6, IL-10, IL-17A, and IL-21, were employed to stimulate IgM+ B lymphocytes from porcine ileum Peyer's patches. The results showed that IL-21 significantly upregulated IgA production of B cells and facilitated cell proliferation and differentiation of antibody-secreting cells. In addition, three transcripts in porcine IgA class switch recombination (CSR), germ-line transcript α, post-switch transcript α, and circle transcript α, were first amplified by (nest-)PCR and sequenced. All these key indicators of IgA CSR were upregulated by IL-21 treatment. Furthermore, we found that IL-21 predominantly activated JAK1, STAT1, and STAT3 proteins and confirmed that the JAK-STAT signaling pathway was involved in porcine IgA CSR. Thus, IL-21 plays an important role in the proliferation and differentiation of IgA-secreting cells in porcine Peyer's patches through the JAK-STAT signaling pathway. These findings provide insights into the mucosal vaccine design by regulation of IL-21 for the prevention and control of enteric pathogens in the pig industry.
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INTRODUCTION

Secretory immunoglobulin A (sIgA) dominates in the mucosal surface, playing a vital role in protecting the mucosal epithelium from toxins and pathogens and maintaining homeostasis at mucosal surfaces (1). In gut-associated lymphoid tissues, Peyer's patches (PPs) are considered as the most important IgA-inducing sites to defend the invasion of enteric pathogens (2). Porcine ileum Peyer's patch (IPP) covers a large area in the small intestine, extending as long as 3 meters. It develops in gestation and even evolves under germ-free conditions (3). The initial role of IPP is to rapidly provide neonatal piglets with large quantities of T cell-independent, undiversified natural sIgA to the gut lumen and a primary IgA response in serum upon colonization (4). Oral administration with toxins, bacteria or viruses can effectively induce immune responses in young pig's PPs, characterized by dendritic cell (DC) and T-cell activation, upregulated expression levels of cytokines and sIgA antibody (5–8), indicating that IPP may play a vital role in intestinal mucosal immune responses against pathogens in pigs. However, the mechanisms in regulating IgA production in the IPP of pigs have not been described in detail.

The generation of IgA antibody occurs through class switch recombination (CSR) in B cells, a form of deletional DNA recombination occurring between switch regions. Three non-coding transcripts produced in this process, germ-line transcript α (GLTα), post-switch transcript α (PSTα), and circle transcript α (CTα), especially CTα, serve as the hallmarks of active IgA CSR in vitro and in vivo (9). Studies from a mouse model and humans show that IgA is generated through T cell-independent (TI) and T cell-dependent (TD) pathways. Many cytokines and factors, such as B-cell-activating factor (BAFF), proliferation-inducing ligand (APRIL), TGF-β1, IL-2, IL-4, IL-5, IL-6, IL-10, IL-13, IL-15, IL-21, and IFN-γ, benefit the differentiation of IgA+ B cells (10). However, the porcine immune system differs greatly from that of mice and humans in terms of Peyer's patches. PPs in humans and mice are discrete follicles, such as those in porcine jejunum; in contrast, porcine IPPs are continuous ones. There are more B cells, fewer T cells, and less lymphocyte trafficking in the IPP (11). Therefore, studies on IgA production in porcine IPP are needed to understand the difference in the mucosal immune response.

In this study, we isolated IgM+ B cells from the IPPs of pigs and investigated the key factors and cytokines promoting IgA production. The detailed mechanism responsible for the regulation of IgA was also studied from the aspects of cell proliferation, differentiation and signaling pathways involved. PCR methods to identify the key transcripts, porcine GLTα, PSTα, and CTα, were established for the first time to evaluate porcine IgA CSR. These studies revealed the mechanism of the gut IgA response in pigs, which will ultimately contribute to the mucosal vaccine design in veterinary research.



MATERIALS AND METHODS


Preparation of B Cells

Peyer's patches were collected from the ileum of 4- to 6-month-old healthy Large White pigs. The mucus, intestinal villus, and serosal surface were removed before the separation of lymphocytes. Mesenteric lymph nodes (MLNs) were also collected. These tissues were washed with cold sterile PBS, minced into small pieces and homogenized in a cell separator GentleMax (Miltenyi Biotec). The cell suspension was gently mixed with PBS and passed through a 100 μm cell strainer to exclude the tissue debris. Cells were collected by centrifugation and resuspended in 40% Percoll plus medium (GE healthcare) and laid on the top of 67.5% Percoll plus medium. The lymphocytes were harvested from the interface between the two Percoll layers after centrifugation at 1,800 rpm for 30 min at room temperature. After being passed through a 40 μm cell strainer, the lymphocyte suspension was stained with porcine IgM monoclonal antibody (Washington State University Monoclonal Antibody Center) and then incubated with anti-mouse IgG Microbeads (Miltenyi Biotech). The IgM+ B cells were collected through a magnet-based column following the manufacturer's manual.

All animal experiments were conducted according to the Guide for the Care and Use of Laboratory Animals of Lanzhou Veterinary Research Institute, Chinese Academy of Agricultural Sciences, China.



B Cell Culturing and in vitro Activation

Purified IgM+ B cells from 2 to 3 pigs were pooled and cultured in RPMI 1640 (Sigma-Aldrich) supplemented with 10% FBS (Gemcell), 10 mM HEPES (Invitrogen Life Technologies), 0.1 mM non-essential amino acid solutions (Sigma-Aldrich), 2% penicillin-streptomycin (Gibco), 100 mg/ml gentamicin (Solarbio) and 50 μM 2-ME (Sigma Aldrich). Swine BAFF (100 ng/mL) and APRIL (100 ng/mL) were used as T cell-independent stimuli. Porcine TGF-β1 (10 ng/mL), IL-6 (50 ng/mL), IL-10 (200 ng/mL), IL-17A (50 ng/mL) and IL-21 (50 ng/mL) were added to the culture medium together with CD40L (1 μg/mL) to evaluate their effects on IgM and TD IgA production in B cells. The recombinant porcine TGF-β1 was purchased from R&D system, while all other factors and cytokines were from Kingfisher Biotech. The JAK-STAT signaling pathway inhibitors solcitinib and fludarabine (Selleck.cn) were added at different concentrations to the culture medium at 24 h before CD40L and IL-21 treatment to test their inhibitory effect.



Flow Cytometry

To test cell proliferation, IgM+ B cells were labeled with CFSE (BD Bioscience) and cultured with CD40L combined with IL-10 or IL-21 for 3 days. Apoptotic B cells were detected by flow cytometry using a FITC Annexin V Apoptosis Detection Kit I (BD Bioscience) according to the manufacturer's instructions. Live cells were determined by size and granularity, measured by forwarding angle scatter (FSC)/90° light angle scatter (SSC) dual parameters, as described previously (12, 13). All flow cytometry analyses were performed on a BD Accuri C6 flow cytometer and analyzed using FlowJo (Version X) software.



ELISA

After a 5-day culture of B cells with different factors and cytokines, as described before, the expression levels of IgM and IgA in culture medium were measured using a Pig IgM/IgA ELISA Kit (Bethyl Laboratories) according to the manufacturer's instructions.



Semi-Quantitative PCR and Real-Time Quantitative PCR

To evaluate IgA CSR in IgM+ B cells, primer sets were designed based on IgH constant regions of Sus scrofa gene sequences (GenBank Accession Number: AB513625 and AB699687). Conventional PCR methods were developed to detect porcine GLTα and PSTα, and a nested PCR method was developed for the detection of swine CTα. Total RNAs were extracted from IgM+ B cells after culturing for 3-days using an RNeasy Plus Mini Kit (Qiagen). RNA (200 ng) was reverse transcribed with oligo(dT)18 primers. Then, 2 μL of cDNA was applied to conventional PCR (GLTα, PSTα) or nested PCR (CTα) to detect the relative expression levels using specific primers. The PCR amplicons were visualized by electrophoresis on 1.5% agarose gels stained with ethidium bromide and semi-quantified based on their gray density compared to GAPDH.

To evaluate the relative expression levels of PRDM1 (BLIMP1), IRF4, BCL6, and PAX5, single-stranded cDNA was synthesized with a First Strand cDNA Synthesis Kit (Thermos Fisher Scientific). Quantitative PCR was performed using SYBRTM Green Master Mix (Thermo Fisher Scientific) and normalized to GAPDH RNA expression. All the primers were synthesized by Genewiz (Jiangsu, China). Detailed information of the primers used for semi-quantitative PCR and real-time PCR is listed in Table 1.


Table 1. The sequence of the primers used for PCR in this study.
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Western Blotting

Cultured IgM+ B cells were collected and lysed with RIPA lysis buffer (Beyotime Biotechnology). Total cell lysates were mixed with loading buffer, boiled for 10 min, and then subjected to SDS-PAGE electrophoresis. Proteins were transferred onto PVDF membranes (GE Healthcare). After blocking with 5% skim milk, PVDF membranes were incubated with different primary antibodies overnight at 4°C, followed by incubation with peroxidase-conjugated goat anti-Rabbit IgG at room temperature for 1 h. Bands were visualized using chemiluminescence detection reagents (Advansta). All antibodies used in this study were purchased from Cell Signaling Technology, except for the p-STAT3(S727) monoclonal antibody, which was from Abcam.



Statistical Analysis

Data are shown as the mean ± SD and were analyzed using GraphPad Prism (version 7.0) software (GraphPad). Unpaired t-test was used to analyze statistical significance (* indicates p < 0.05, ** indicates p < 0.01, *** indicates p < 0.001, and **** indicates p < 0.0001).




RESULTS


IL-21 Enhances IgA Production in Porcine IgM+ B Lymphocytes

To investigate the functions of cytokines on porcine intestinal mucosal immunity, IgM+ B lymphocytes were magnetically isolated from porcine PPs and incubated with either TI or TD activation factors. The results demonstrated that 20–40% of lymphocytes in PPs were IgM+ B cells, and the purity of isolated IgM+ B cells reached higher than 90% (Supplementary Figure 1). As shown in Figure 1A, the TI factors BAFF and APRIL slightly promoted IgA production. Regarding TD factors, CD40L alone showed no effect on IgM or IgA production, while IL-21 increased the production of IgA 6-fold and IL-10 upregulated IgA expression levels 3- to 4-fold compared with the CD40L treatment group (Figure 1A). IL-10 or IL-21 enhanced the expression level of IgM 3-fold (Figure 1B). TGF-β1 significantly reduced the IgM expression level but did not affect IgA production.


[image: Figure 1]
FIGURE 1. IL-21 increases IgA secretion in IgM+ B cells from porcine PPs and MLNs. IgM+ B lymphocytes from porcine Peyer's patches and MLNs were isolated and cultured with the indicated factors and cytokines for 5–6 days. The IgA and IgM levels secreted by porcine IgM+ B cells from Peyer's patches (A,B) and MLNs (C,D) were measured by ELISA. Experiments were performed independently in duplicate and triplicate. *p ≤ 0.05; **p ≤ 0.01; ***p ≤ 0.001; ****p ≤ 0.0001.


The impacts of these cytokines on MLN IgM+ B lymphocytes were also evaluated, and similar expression patterns of IgA and IgM were observed for stimulation with IL-10 and IL-21 (Figures 1C,D). These data suggested that both IL-10 and IL-21, especially IL-21, played important roles in IgA production in porcine PPs and MLNs.



IL-21 Promotes the Proliferation and Survival of IgM+ B Cells

Considering that cell viability may influence the antibody secretion of B lymphocytes, we next investigated whether IL-10 and IL-21 affect B cell proliferation and apoptosis. The CSFE staining and culture analysis indicated that IL-10 and IL-21 promoted 30 and 70% of total B cell proliferation, respectively, showing a significant increase compared to the treatment with CD40L alone (Figures 2A,B).


[image: Figure 2]
FIGURE 2. IL-21 promotes IgM+ B cell proliferation and inhibits their apoptosis. IgM+ B cells labeled with CFSE were cultured alone or with CD40L/IL-10/IL-21 for 3 days, after which the cells were collected and detected through flow cytometry, and the live cell percentage and proliferation rate were analyzed. The representative of three independent experiments was shown for the proliferating cells in each group (A), with quantification of proliferating B cells (B). After culturing for 2 days alone or with CD40L/IL-10/IL-21, IgM+ B cells were collected and labeled with Annexin V-FITC and PI and detected by flow cytometry. Representative flow cytometry plots showing apoptotic cells in each group (C), showing quantification of early apoptotic cells (D) or late apoptotic cells (E). The percentages of live cells were calculated in each group (F). *p ≤ 0.05; **p ≤ 0.01; ***p ≤ 0.001; ****p ≤ 0.0001.


B cell apoptosis was analyzed after stimulating cells for 2-days by flow cytometry (Figure 2C). The results showed that IL-10 and IL-21 had no influence on early apoptosis (Annexin V+ PI−, Figure 2D) but reduced the percentages of late apoptosis (Annexin V+ PI+, Figure 2E). The percentages of live B cells were improved by CD40L and further increased by the addition of IL-10 and IL-21 (Figure 2F). All these pieces of evidence suggested that both IL-10 and IL-21, particularly IL-21, promoted B cell proliferation and inhibited apoptosis, thus improving IgM+ B cell viability.



IL-21 Induces IgA Class Switch Recombination in Porcine IgM+ B Cells

PCR methods were developed to detect porcine GLTα, PSTα, and CTα. The products are shown in Figure 3A and were verified by DNA sequencing. The detailed DNA sequences of GLTα, PSTα, and CTα were deposited into NCBI GenBank and are publicly available via accession numbers MN629331 (GLTα), MN629332 and MN629333 (PSTα), and MN629334 (CTα). The sequence structures of each transcript are shown in Supplementary Figure 2.


[image: Figure 3]
FIGURE 3. IL-21 induces IgA CSR in IgM+ B cells. Semi-quantitative RT-PCR methods were developed to detect the molecular markers for IgA CSR, and representative PCR products of GLTα, PSTα, and CTα are shown (A). IgM+ B cells were cultured alone or together with CD40L/IL-10/IL-21 for 72 h, and RNA was extracted. Semi-quantitative RT-PCR was performed to analyze the expression of molecular markers for IgA CSR. Representative results of the expression of GLTα, PSTα, CTα, and GAPDH (B), and their density ratios normalized by GAPDH (C). *p ≤ 0.05; **p ≤ 0.01; ***p ≤ 0.001.


With these (nest-)PCR methods, the IgA CSR influenced by IL-10 and IL-21 was evaluated and normalized to GAPDH. The results demonstrated that IL-21 significantly increased the expression of GLTα, PSTα, and CTα (Figures 3B,C), indicating that IL-21 promoted IgA CSR in PP IgM+ B cells. To exclude the influence of residual IgA+ B cells in IgM+ cells from porcine PPs and MLNs, the spleen IgM+ B cells were isolated and stimulated by IL-21. The result demonstrated that IL-21 did promote IgA production and IgA CSR in spleen IgM+ B cells (Supplementary Figure 3).



IL-21 Facilitates Porcine Plasma Cell Differentiation

The differentiation of plasma cells was regulated by several transcription factors. B-lymphocyte-induced maturation protein 1 (BLIMP1) and interferon regulatory factor 4 (IRF4) have been considered as important regulators for PC differentiation, while Bcl6 and Pax5 actively repress the BLIMP1 expression and favor the generation of proliferating B cells in the germinal center (16). To investigate whether IL-10 and IL-21 influence the differentiation of plasma cells, the relative expression levels of BLIMP1, IRF4, BCL6, and PAX5 were measured by real-time RT-qPCR, and the results revealed that IL-21 significantly increased the expression of BLIMP1 (Figure 4A) and IRF4 (Figure 4B) and decreased the expression of PAX5 (Figure 4C) and BCL6 (Figure 4D). However, IL-10 showed less impact on the expression of these regulators. These results suggested that IL-21 contributed to plasma cell differentiation, resulting in increased antibody production.


[image: Figure 4]
FIGURE 4. IL-21 facilitates the differentiation of porcine plasma cells. Total RNA was extracted from IgM+ B cells after 72 h of culture with CD40L/IL-10/IL-21. Real-time quantitative PCR was performed to analyze the relative expression levels of BLIMP1 (A), IRF4 (B), PAX5 (C), and BCL6 (D), normalized by GAPDH. Cumulative data from three independent experiments were analyzed and presented. **p ≤ 0.01; ***p ≤ 0.001.




IL-21 Activates the JAK-STAT Signaling Pathway

To identify the signaling pathways and associated molecules activated by IL-21 in porcine B cells, total and phosphorylated levels of key proteins in Janus kinase and signal transducer and activator of transcription (JAK-STAT), phosphoinositide 3-kinase (PI3K), and mitogen-activated protein kinase (MAPK) pathways were evaluated by western blotting. The results showed that IL-21 significantly upregulated the phosphorylation levels of JAK1, STAT1, and STAT3 proteins in porcine B cells (Figure 5A). However, the JAK2, JAK3, Tyk2, STAT5, and STAT6 proteins were not phosphorylated in the same samples (data not shown). IL-21 did not increase the phosphorylation levels of MAPK p38 and ERK1/2 proteins in MAPK pathways (Figure 5B), as well as AKT or PI3K p85 proteins in PI3K signaling pathways (data not shown) in porcine B cells. All these results indicated that IL-21R signaling activated JAK-STAT pathways, predominantly JAK1, STAT1, and STAT3, in porcine IgM+ B cells.


[image: Figure 5]
FIGURE 5. IL-21 activates JAK1, STAT1, and STAT3 in IgM+ B cells. IgM+ B cells from Peyer's patches were cultured with or without CD40L overnight and then stimulated with or without IL-21 for 2 h. Western blotting was performed to detect total or phosphorylated proteins involved in JAK-STAT, MAPK, and PI3K-AKT signaling pathways. Representative plots of three independent experiments for the detection of total or phosphorylated JAK1, STAT1, and STAT3 proteins (A), as well as p38 and ERK1/2 proteins (B), are shown. The cumulative density ratio of phosphorylated protein normalized by total protein is also shown. *p ≤ 0.05; ***p ≤ 0.001.




The JAK-STAT Signaling Pathway Is Involved in IgA CSR of Porcine B Cells

Next, we investigated whether the JAK-STAT signaling pathway activated by IL-21 was involved in IgA CSR of porcine B cells. Two inhibitors targeting the JAK-STAT signaling pathway were employed; the concentration of each inhibitor was optimized, and the results showed that 2 μM solcitinib inhibited the phosphorylation of STAT1 and STAT3 proteins (Figure 6A), while 50 μM fludarabine inhibited the phosphorylation of JAK1, STAT1, and STAT3 proteins (Figure 6B). However, the MAPK signaling pathways were not inhibited by either inhibitor at any concentration (Supplementary Figure 4). Upon treating cells with the optimal concentrations of inhibitors (2 μM solcitinib or 50 μM fludarabine) and then stimulating with IL-21, the IgA CSR in porcine B cells and IgA production were evaluated. The results demonstrated that the expression levels of GLTα, PSTα, and CTα were upregulated by IL-21 stimulation but inhibited by either solcitinib or fludarabine (Figure 6C). Similarly, the IgA secretion from IgM+ B cells was significantly increased by IL-21 induction but dramatically decreased to basal levels when treating with either inhibitor (Figure 6D). Collectively, these data suggested that the JAK-STAT signaling pathway was involved in IgA CSR and IgA production of porcine B cells.


[image: Figure 6]
FIGURE 6. The JAK-STAT signaling pathway is involved in IL-21-induced IgA CSR. IgM+ B cells from porcine Peyer's patches were cultured with different concentrations of solcitinib (A) or fludarabine (B) for 24 h and then stimulated with CD40L+IL21 for 2 h. The total and phosphorylated amounts of JAK1, STAT1, and STAT3 proteins were assessed by western blotting, and their density ratio was also analyzed and shown. IgM+ B cells were treated with 2 μM solcitinib or 50 μM fludarabine for 24 h and were then cultured with CD40L+IL-21 for 5 days. The cells were then collected at 60 h post-treatment and subjected to semi-quantitative PCR to assess the expression levels of GLTα, PSTα, and CTα (C), while cell supernatants were collected, and IgA levels were detected by ELISA (D). All experiments were performed independently in duplicate or triplicate. *p ≤ 0.05; **p ≤ 0.01; ***p ≤ 0.001.





DISCUSSION

Peyer's patches are considered the most important IgA-producing gut-associated lymphoid tissues (17). In this study, we found that IL-21 played an important role in T cell-dependent proliferation and differentiation of IgA-producing cells in porcine Peyer's patches, mainly through the JAK-STAT signaling pathway. To our knowledge, this is the first report illuminating the efficacy and mechanisms of cytokines on the differentiation of IgA+ B cells in porcine Peyer's patches. In previous studies, the IgM and IgA transcripts, which contain VDJ and C regions, were cloned and hybridized with specific probes to measure repertoire diversification and CSR in pigs (18, 19). In this study, three direct indicators, GLTα, PSTα, and CTα, were detected by (nest-)PCR methods for the first time to evaluate IgA CSR in porcine B cells, which is simpler and less time-consuming to accomplish.

BAFF and APRIL, mainly produced by DCs, have been shown to induce T cell-independent IgA CSR in the gut (20, 21). Our results demonstrated that BAFF and APRIL also exhibited favorable effects on IgA production in porcine B cells of Peyer's patches, showing their conservative regulatory roles in IgA production among species. CD40L, which binds to CD40 expressed on B cells, is considered to provide a TD signal. Interleukins and TGF-β1, mainly produced by T cells, combine with CD40L to stimulate TD IgA generation. TGF-β1 induces potent IgA CSR in mouse models, and it strongly promotes IL-21-mediated IgA CSR in humans (22, 23). In our results, TGF-β1 alone showed a limited impact on porcine IgA production and impaired porcine B cell proliferation (data not shown), which is recognized to be a prerequisite for IgA CSR (24), whether it plays an indirect role in IgA production requires further investigation. IL-6 induces IgA secretion in mice (25, 26) but failed to increase IgA production in pigs, indicating that IL-6 may act as a cofactor in IgA production or function differently in IgA CSR between mouse and pig. IL-10 significantly increased porcine B cell proliferation and IgA production but showed finite effects on IgA CSR and plasma cell differentiation. The detailed mechanism responsible for this phenotype needs further investigation.

IL-21, a type 1 cytokine mainly produced by CD4+ T cells and natural killer T cells (NKT), shows pleiotropic effects on a variety of immune cells. IL-21 binds to the receptor IL-21R dominantly expressed on B cells and enhances B cell proliferation, maturation, plasma cell and memory B cell differentiation, and immunoglobulin class switching in mouse models and human studies (27–29). A previous study showed that IL-21 drove the proliferation and differentiation of porcine spleen B cells into antibody-secreting cells (30). In this study, we found that exogenous IL-21 combined with CD40L significantly upregulated the IgA production level in porcine B cells through the promotion of proliferation, PC differentiation and IgA CSR of B cells, which was consistent with the findings in humans (31, 32). IL-21 itself does not facilitate IgA CSR in mouse; instead, it augments TGF-β- or RA-mediated IgA CSR, indicating that mouse IL-21 may act as a cofactor in promoting IgA production in mouse (33). These findings illuminated that IL-21 plays a conservative role in IgA generation between pigs and humans, but that role differs in the mouse.

As reported previously, IL-21 activates multiple signaling pathways, including JAK-STAT, PI3K and MAPK pathways (34). In consistent with the findings from humans, we discovered that IL-21 predominantly promoted the phosphorylation of JAK1, STAT1, and STAT3 proteins in the JAK-STAT pathway in porcine B cells. Moreover, our results further indicated that the JAK-STAT signaling pathway was involved in IL-21-mediated IgA CSR. However, the lack of specific inhibitors of JAK1/STAT1/STAT3 impedes investigations about the detailed mechanisms responsible for the JAK-STAT signaling pathway in swine mucosal immunity.

Previous studies have demonstrated that the percentage of CD21+ B cells in porcine IPP decreases from higher than 90 to 40–60%, while the percentage of CD4+ Th cell increases from 1–3 to 6–10% as pigs grow from 1 to 3–4 months old, indicating that more Th cells develop or migrate into porcine IPP with the increase in age (5, 6, 12, 13). In addition, Andersen et al. revealed that CD40L (CD154), mainly expressed on T cells, rescues porcine IPP follicular B cells from apoptosis and facilitates their maturation (12, 13). Our findings in this study also showed that B cells only accounted for 20–40% of the IPPs of adult pigs and were sensitive to apoptosis. CD40L promoted the proliferation of B cells, increasing the live cell percentage. With the help of IL-21, live B cells undergo further proliferation and differentiation to IgA-producing plasma cells, indicating that T cell-dependent IgA CSR may occur in porcine IPP with the action of cytokines such as IL-21. Taken together, we speculate that IPPs are T-cell dependent, IgA-producing sites in young and adult pigs.

Naive and memory B cells are reported to have different mechanisms of differentiation to antibody-secreting plasma cells (35). However, in this study, a universal surface marker expressed on both naive and memory B cells, IgM, was used for B cell isolation. To better understand the mucosal immune response of naive porcine B cells, more specific markers are required to sort naive B cells in high purity.

Orally delivered vaccines induce higher intestinal IgA levels than conventional vaccination strategies, representing a promising method to prevent enteric pathogens. Due to the unique features of the mucosal membrane, effective adjuvant and appropriate delivery vectors are highly demanded to improve the efficacy of the mucosal vaccine (36). This study provided vital information that adjuvant or reagent that increases the IL-21 expression in porcine Peyer's patches may improve the intestinal mucosal immunity of vaccines and IgA production in the gut lumen.

In summary, this study illustrated the mechanism for IL-21-induced TD IgA CSR and antibody production in porcine ileum Peyer's patches. The detailed pathways are summarized and presented in Figure 7. Briefly, IL-21 binds to the IL-21R on B cells, activates their proliferation and induces the phosphorylation of JAK1, STAT1, and STAT3. IL-21 promotes plasma cell differentiation and increases IgA CSR in IgM+ B cells through the JAK-STAT signaling pathway, leading to the production of IgA-secreting B cells. Our discoveries from this study will contribute to porcine mucosal immunology and provide novel insights to increase IL-21 expression levels in porcine Peyer's patches to boost IgA production for the prevention of enteric pathogens in mucosal vaccine design.


[image: Figure 7]
FIGURE 7. Proposed working model for IL-21-induced B cell differentiation and IgA-producing plasma cells in porcine Peyer's patches. IL-21 binds to the IL-21R on B cells, promotes the proliferation and inhibits the apoptosis. IL-21 increased IgA CSR, through the phosphorylation of JAK1, STAT1, and STAT3 leading to the production of IgA+ B cells. Additionally, IL-21 promoted the differentiation of plasma cells, characterized by increased expression of BLIMP1 and IRF4 and decreased expression of PAX5 and BCL6. Thus, IgA was robustly produced by the IgA-secreting B cells in porcine Peyer's patches.
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