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Morphogenesis and differentiation of organs is required for subsequent functional maturation. The morphological features of Peyer's patches vary among species. In pigs, they develop extensively in the ileum as ileal Peyer's patches (IPPs). However, the role of IPPs in the porcine immune system remains to be elucidated because of a lack of complete understanding of IPP organogenesis. Results of the present study revealed that development of porcine IPPs is initiated prenatally between embryonic days 76 and 91. The process of IPP organogenesis is concomitant with increased transcriptional patterns of CXCL13 and CCL19. IPPs undergo further development postnatally by forming central, marginal, and subepithelial zones. Importantly, a large number of proliferating B cells and apoptotic cells are found in porcine IPPs postnatally, but not prenatally. The expression level of IgM in proliferating B cells depends on the zone in which distinct B cells are separately localized after birth. Specifically, IgM+ cells are predominantly found in the central zone, whereas IgM-/low cells are abundant in the marginal zone. Importantly, the cellular feature of IPPs differs from that of mesenteric lymph nodes (MLNs) where such distinct zones are not formed both prenatally and postnatally. Our findings suggest that IPPs (not MLNs) in postnatal pigs are involved in complementing functions of the primary lymphoid tissue that promotes the differentiation and maturation of B cells.
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Introduction

Numerous studies using murine embryos and neonates to address the molecular and cellular mechanisms of lymphoid tissue development have concluded that the organogenesis of most lymphoid tissues is initiated prenatally during the embryonic stages of development (1–6). Postnatal stimulation of lymphoid tissues by foreign antigens, such as those on microorganisms, further accelerates their structural formation and functional maturation (7, 8). Peyer's patches (PPs), which are gut-associated lymphoid tissues, play a pivotal role in inducing immune responses in the gastrointestinal tract. During fetal development, T and B cells migrate into the anlagen where PPs develop in response to several chemokines (i.e., CXCL13, CCL19, and CCL21) and adhesion molecules (i.e., VCAM-1 and ICAM-1), both of which are expressed in the PP anlagen (9–11). According to results of previous studies focusing on the intestinal immune system in mice and humans, PPs have been considered secondary lymphoid tissue in the gastrointestinal tract (12, 13). Foreign antigens, including intestinal microorganisms, are taken into PPs through antigen-sampling microfold cells (M cells) and processed by dendritic cells and macrophages for the presentation of antigen-derived peptides in association with MHC class II. T cells bearing antigen-specific T cell receptors are activated by such antigen-presenting events and stimulate B cells in an antigen-specific manner to initiate immune responses, including antibody production (14, 15). However, it is important to note that the definition of PPs depends on the species as they are considered to be primary lymphoid tissues in the ileum of sheep and cattle (16–19). Pigs, which are important industrial animals, have been utilized as a suitable animal model for humans because of metabolic, physiological and anatomical similarities between the two species (20). However, the role of porcine PPs in immune function remains yet to be elucidated.

Comparative analyses of the organogenesis of PPs among multiple species have demonstrated that several species of animals (e.g., pigs, cattle, sheep, and horses) develop two types of PPs (21). The differences between these distinct PPs are size, shape, and location of development in the small intestine. Those that develop in the terminal ileum are referred to as ileal Peyer's patches (IPPs). IPPs contain dense follicles that extend up to 2 m. Others are scattered in the jejunum and are referred to as jejunal Peyer's patches (JPPs). JPPs form a patch structure containing several lymphoid follicles (22). The frequency of B cells in IPPs is much greater than that in JPPs, since IPPs develop large follicular regions and few interfollicular regions containing abundant B cells and a few T cells, respectively (23). In pigs, the organogenesis of JPPs and IPPs may be independently regulated since follicular regions of JPPs further develop postnatally upon colonization by intestinal microorganisms, whereas those of IPPs remain the same, even in pigs bred in a germ-free environment (24). However, the fundamental differences in immune functions between JPPs and IPPs are poorly understood. This may be due to an oversight in a broader field of immunology that focuses on mice and humans having a single type of PPs.

It was revealed by in vivo research that the surgical resection of IPPs in piglets did not influence subsequent immune development. In fact, the number of antibody-containing cells in the spleen and peripheral lymph nodes, and the concentration of immunoglobulins in serum and mucosal secretions are not altered in the absence of IPPs (25). It is suspected that IPPs in pigs, unlike those in sheep and cattle, do not act as a primary lymphoid tissue from which lymphocytes, including B cells, originate (26). Additionally, further studies demonstrated that IPPs are involved in producing naturally derived T cell-independent IgA, especially early in life (27). IPPs in pigs appear to be the site for initial immune reactions that produce undiversified IgA in the absence of T cell help. When JPPs develop postnatally, they initiate immune responses for producing diversified IgA with support from T cells. In porcine IPPs, CD21+ B cells are classified as IgM+ and IgM− based on flow cytometry analysis, suggesting that IgM− cells undergo immunoglobulin class switching from IgM to other classes, such as IgA. IgM− cells are predominantly found in large numbers in the marginal zone of follicular regions in IPPs (23). However, it must be emphasized that few class-switched IgA+ cells are present in the follicular and subepithelial dome (SED) regions and in the follicle-associated epithelium (FAE) (28), indicating that IgM− cells are not histologically identical to IgA+ cells. Therefore, elucidation of the immunological status of each immune cell subset in IPPs is justified to gain deeper insight into the importance of IPPs in the porcine immune system.

Results of our present research have demonstrated three main findings in pigs: 1) initiation of IPP organogenesis between embryonic days 76 and 91 concomitant with increased expression of CXCL13 and CCL19; 2) acceleration of postnatal IPP development while increasing the number of Ki-67+ proliferating cells and TUNEL+ apoptotic cells in the follicular regions and MHC class II+ antigen-presenting cells in the SED regions; and 3) local expansion of IgM−/low cells found postnatally in the marginal zone of follicular regions without undergoing immunoglobulin class switching. These results suggest that IPPs in pigs possess unique features that are not found in other species and function to adapt to pig-specific changes in the intestinal environment early in life.



Materials and Methods


Animals and Samples

Pregnant pigs were sacrificed on fetal days 76 (n = 5), 91 (n = 5), and 110 (n = 5) to provide fetuses and piglets were sacrificed on postnatal day 9 (n = 4) to harvest duodenum, ileum, and mesenteric lymph nodes. Embryonic ages were based on the known dates when pigs were insementated artificially. The sampling dates from fetuses and piglets were determined based on the findings obtained from a past study using mice and a consideration of the difference in gestation period between mice and pigs (6). All experiments were conducted according to protocols approved by the institutional animal care and use committee of the Institute of Agrobiological Sciences, National Agriculture and Food Research Organization (NARO).



Histological Analyses

Tissues harvested from fetuses and neonates were fixed in 4% (w/v) paraformaldehyde (Nacalai Tesque) overnight at 4°C and embedded in paraffin. To analyze the development of lymphoid structures, tissue sections (5 μm) were dewaxed and stained with hematoxylin and eosin (H&E). Some tissue sections of the ileum and mesenteric lymph nodes were subjected to immunohistochemistry to detect the presence of B and T, antigen-presenting, and proliferating cells. Specifically, the sections were treated with REAL Target Retrieval Solution (DAKO) for 40 min at 98°C or 0.05% (w/v) of proteinase (Sigma) for 3 min at 37°C (Sigma) to retrieve antigen and incubated with 0.5% (w/v) blocking reagent (PerkinElmer) for 30 min at room temperature (RT) to block non-specific binding of antibodies. The sections were then treated with primary antibodies overnight at 4°C followed by secondary antibodies for 1 h at RT. Primary antibodies used in this study were rabbit anti-CD20 (1:100, polyclonal, Biocare Medical), rabbit anti-CD3 (1:100, SP7, Abcam), goat anti-IgM (100 ng/ml, polyclonal, Bethyl Laboratories), mouse anti-MHC class II DQ (1:100, K274.3G8, Abcam), and rabbit anti-Ki-67 (1:200, polyclonal, Abcam), all of which are commercially available for detecting target antigens in pigs. Isotype control antibodies used to confirm the specificity of primary antibodies were universal negative control serum (undiluted, Biocare Medical), rabbit IgG isotype control (1:100, EPR25A, Abcam), mouse IgG1 isotype control (1:100, MOPC-21, Abcam), and goat IgG isotype control (100 ng/ml, polyclonal, Bethyl Laboratories). Secondary antibodies used in this study were Histofine Simple Stain MAX PO (R) and (G) (undiluted, Nichirei Biosciences), horse radish peroxidase (HRP)-conjugated donkey anti-goat IgG (1:2,000, Jackson ImmunoResearch), Alexa Fluor 647-conjugated donkey anti-rabbit IgG (1:200, Jackson ImmunoResearch), and Alexa Fluor 647-conjugated donkey anti-mouse IgG (1:200, Jackson immune Research). The enzyme activity of HRP was visualized using either 3,3′-diaminobenzidine tetrahydrochloride (Dojindo Molecular Technologies) or the TSA Plus fluorescein system (PerkinElmer). The sections were finally counterstained with either hematoxylin or DAPI. Apoptotic cells were detected using the DeadEnd Colorimetric TUNEL System (Promega) according to the manufacturer's instructions. Tissue images were obtained using either a BX63 (Olympus), BZ-9000 (Keyence), or BZ-X800 (Keyence) microscope.



Quantitative RT-PCR

Total RNA was extracted from duodenal and ileal tissues using the ReliaPrep RNA Tissue Miniprep System (Promega). PrimeScript RT reagent Kit (Perfect Real Time) (Takara) was used to synthesize cDNA from total RNA. Real-time PCR was conducted using TB Green Premix Ex Taq II (Takara) to quantify the expression of mRNAs coding for cxcl13, ccl19, ccl21, and gapdh. Glyceraldehyde-3-phosphate dehydrogenase was used as an endogenous control to normalize expression levels. All primers were designed using the Takara perfect real-time support system.



Statistical Analysis

Statistical analyses were conducted by using the t-test for results in Figures 1C, 2C, 3C, and 6C and by one-way ANOVA with the Kruskal–Wallis test for results in Figures 1C, 2B, 2C, 3B, and 3C using Prism 7 software (GraphPad).




Figure 1 | Organogenesis of Peyer’s patches (PPs) was initiated prenatally in the ileum and not the duodenum. (A) In the ileum, the formation of lymphoid aggregates was initiated between E76 and E91, and their size increased between the fetal and neonatal stages. (B) In the duodenum, there was no accumulation of infiltrated cells throughout the experiment. (C) Quantitative RT-PCR analyses demonstrated that the expression of ccl19 and cxcl13 mRNAs in the ileum were consistently higher than those in the duodenum. Tissue sections shown in (A, B) were stained by H&E. Scale bars = 250 μm. *(or #)p < 0.05, **p < 0.01. Arrowheads: follicular regions (or PP anlagen).






Figure 2 | B and T cells accumulated gradually in follicular and interfollicular regions of IPPs throughout organogenesis, respectively. (A) CD3+ cells (T cells) and CD20+ cells (B cells) were extremely rare at E76, whereas they were abundant in the ileum at E91. B cells thereafter formed the follicular region by further increasing the number in IPPs between E91 and D9, whereas T cells formed the interfollicular region without a dramatic increase in number. (B) The numbers of T, B, and total cells not including cells in the epithelial layer were demonstrated. Blood vessels and muscle layers were counted in the three defined areas from three distinct tissue sections. Multiple comparison tests were conducted on the number of total cells and T or B cells. (C) The frequency of CD3+ T cells or CD20+ B cells, among all cells, was determined to compare the abundance of T and B cells in IPPs. Multiple comparison tests were conducted on the percentages of T or B cells throughout the experiment. t-tests were conducted to compare the difference between the percentages of T and B cells in each stage of fetal and neonatal development. Tissue sections shown in (A) were stained by immunohistochemistry using anti-CD3 and anti-CD20 antibodies. Scale bars = 250 μm. *p < 0.05, **(or ##)p < 0.01, ***(or ###)p < 0.001, ****(or ####)p < 0.0001.






Figure 3 | Organogenesis of MLNs was initiated earlier than that for IPPs. (A) Immunohistochemical analysis using anti-CD3 and anti-CD20 antibodies revealed that CD3+ cells (T cells) and CD20+ cells (B cells) were abundant in MLNs throughout the experiment from E76 to D9. Specific localization of T and B cells formed around E110 since most B cells were present in the cortical nodules, and T cells were found predominantly in the cortex at E110 and D9, but not at E76 and E91. (B) The numbers of T, B, and total cells were counted in the three defined areas from three distinct tissue sections. Multiple comparison tests were conducted on the number of total cells and T or B cells. (C) The frequency of CD3+ T cells and CD20+ B cells, among all cells, was determined to compare the abundance of T and B cells in MLNs. Multiple comparison tests were conducted on the percentages of T and B cells throughout the experiment. t-tests were conducted to compare the differences between the percentages of T and B cells in each stage. Tissue sections shown in (A) were stained by immunohistochemistry using anti-CD3 and anti-CD20 antibodies. Scale bars = 250 μm. #p < 0.05,  ##p < 0.01, ***(or ###)p < 0.001, ****(or ####)p < 0.0001.






Results


Organogenesis of IPPs in Pigs Was Initiated Prenatally and Accelerated Postnatally

Tissue sections prepared from the duodenum and ileum were first analyzed by H&E staining. No obvious lymphoid aggregates were observed in the ileum at E76 although a few cells had infiltrated into the tissue (Figure 1A). The recruitment of infiltrated cells between the epithelial layer and muscularis mucosa was accelerated between E76 and E91 to form lymphoid aggregates (Figure 1A). The size of lymphoid aggregates in the ileum increased during fetal development due to subsequent accumulation of infiltrated cells into the anlagen of IPPs, and such structures underwent further development after birth (Figure 1A). In the duodenum, no lymphoid aggregates were detected throughout the experimental period (Figure 1B). To understand the molecular mechanism by which IPPs developed, the expression levels of genes encoding CXCL13 and CCL19/CCL21 were determined as they promote B and T cell migration, respectively, toward the anlagen of lymphoid tissues, including IPPs. When mRNAs extracted from the duodenum and ileum at E76, E91, E110, and D9 were subjected to quantitative RT-PCR analyses, the expression levels of CXCL13 and CCL19 in the ileum were confirmed to be consistently higher than those in the duodenum throughout the experimental period (Figure 1C). On the contrary, the expression of CCL21 mRNA in the ileum at E76 was slightly, but significantly higher than that in the duodenum; however, there was no difference in expression between the duodenum and ileum at E91, E110, and D9 (Figure 1C). These results suggested that CXCL13 and CCL19 play a key role in initiating the development of IPPs by recruiting B and T cells into the anlagen.



Follicular (B-cell) and Interfollicular (T-cell) Regions Were Formed in IPPs by an Unrelated Increase in B and T Cells

To investigate the formation of follicular and interfollicular regions of IPPs that mostly comprise B and T cells, respectively, ileal tissues harvested at E76, E91, E110, and D9 were further subjected to immunohistochemical analyses using anti-CD20 and anti-CD3 antibodies capable of detecting porcine B and T cells, respectively, in tissue sections. Consistent with the H&E-stained tissue images shown in Figures 1A, B, only a few CD20+ B cells and CD3+ T cells were detected at E76 in tissues that did not develop lymphoid aggregates (Figure 2A). By contrast, CD20+ B and CD3+ T cells were obviously found at E91 (Figure 2A), indicating that both cell lineages initiate migration into the anlagen of IPPs between E76 and E91. The structure of follicular and interfollicular regions was not clearly delineated at E91; however, the structures were much better organized at E110 because CD20+ B and CD3+ T cells accumulated in the anlagen of IPPs between E91 and E110 to develop follicular and interfollicular regions, respectively (Figure 2A). The distribution of B and T cells at E110 was comparable to that at D9, although the numbers of both cell lineages in IPPs increased dramatically between E110 and D9, especially the numbers of B cells (Figure 2A). Subsequent quantitative analysis demonstrated that the total number of cells in the defined areas of the ileum increased dramatically during fetal and neonatal development (Figure 2B). A further comparative analysis of total, CD3+ T, and CD20+ B cells indicated that the frequency of CD3+ T cells (27.25% ± 9.63%) was greater than that for B cells (11.79% ± 5.25%) at E91 (Figure 2C). However, the abundance of B cells increased significantly between E91 and D9 (51.56% ± 6.20% at E110 and 74.42% ± 5.84% at D9), whereas the abundance of T cells was not affected (Figure 2C). These results indicated that the development of IPPs depended on the acceleration of development of the follicular region with increasing numbers of B cells, especially after birth.



Organogenesis of IPPs Was Distinct to That of MLNs

The developmental process for IPP was compared with that of mesenteric lymph nodes (MLNs), which drain the lymph nodes of the gastrointestinal tract. MLNs harvested at E76, E91, E110, and D9 from the same animals used for IPP analysis were subjected to immunohistochemistry using anti-CD20 and anti-CD3 antibodies to detect the presence of B and T cells. MLNs grew in size during fetal and neonatal development from E76 to D9. However, sufficient numbers of B and T cells were already present at E76 in the defined areas of MLNs (Figure 3A). Multiple comparison analysis demonstrated that both the numbers and frequencies of B and T cells varied slightly but significantly at time points between E76 and D9 (Figures 3B, C). The distribution of B and T cell was well organized in the later stages of fetal development. Specifically, B cells were mostly present in the cortical nodules, whereas T cells were predominantly found in the cortex at E110 and D9 (Figure 3A). By contrast, both cell lineages were more dispersed within the tissues at E76 and D91; therefore, defined cortical nodules were not present in MLNs during the early stages of fetal development (Figure 3A). Notably, B cells were predominant in IPPs, whereas T cells were the major population in MLNs, especially after birth (see Figures 2C, 3C). These results indicated that organogenesis of IPPs and MLNs were regulated differently even though both tissues play an important role in the gastrointestinal tract.



B Cells Proliferated Postnatally in the Follicular Regions of IPPs

To address the postnatal development of IPPs at the cellular level, ileal tissues sampled at E110 and D9 were further compared using immunofluorescence analyses to detect IgM and either CD20, Ki-67, or MHC class II. Consistent with our initial immunohistochemical analysis shown in Figure 2A, CD20 was detected identically in the follicular regions of IPPs at E110 and D9 (Figures 4 and 5). The expression of IgM was almost identical to that of CD20 when analyzed at a low magnification. However, high magnification images showed that the level of IgM expression in CD20+ cells was heterogenous in the follicular regions of IPPs at E110 (Figure 4A). More importantly, CD20+ cells were clearly classified into two types, which were distinctly localized in the follicular regions of IPPs, based on the expression level of IgM after birth. Specifically, CD20+IgM−/low were predominantly found in the marginal zone, whereas CD20+IgM+ cells were mostly found in the central zone of IPPs at D9 (Figure 5A). CD20+ B cells were highly proliferative at D9 as evidenced by the expression of Ki-67, a cellular marker for proliferating cells (Figure 5B). By contrast, little or no expression of Ki-67 was detected in CD20+ B cells at E110 regardless of the heterogenous IgM expression (Figure 4B). Importantly, cells abundantly expressing MHC class II were predominantly found in the SED region under the follicular-associated epithelium at D9, but not at E110 (Figures 4C and 5C). These results indicated that the structure of IPPs underwent further development postnatally due to the local expansion of B cells in the follicular regions and the increased infiltration of antigen-presenting cells in the SED region.




Figure 4 | B cells did not frequently proliferate in prenatal IPPs. (A) CD20+ cells that expressed different levels of IgM were found in IPPs. (B) Most B cells in the follicles of IPPs did not express Ki-67. (C) The expression of MHC class II was sparsely detected in IPPs. Tissue sections were stained by immunohistochemistry using anti-IgM and either anti-CD20 (A), anti-Ki-67 (B), or anti-MHC class II (C). Scale bars = 250 μm.






Figure 5 | IPPs developed postnatally in the follicular region composed of high proliferating B cells. (A) CD20+IgM+ cells and CD20+IgM−/low cells were distinctly observed in the central and marginal zones in the follicular regions of IPPs, respectively. (B) Most cells present in the central and marginal zones highly expressed Ki-67. (C) The expression of MHC class II was detected in the subepithelial dome region of IPPs. Tissue sections were stained by immunohistochemistry using anti-IgM and either anti-CD20 (A), anti-Ki-67 (B), or anti-MHC class II (C). Scale bars = 250 μm.





MLNs Possessed Phenotypic Characteristics of Secondary Lymphoid Tissue Unlike IPPs

Because mature B cells in the secondary lymphoid tissues proliferate in response to stimulation by specific antigens via B cell receptors (surface IgM) in the presence of T cells, the immune status of B cells in MLNs was investigated and compared with that of IPPs. Localization of IgM and MHC class II was unchanged postnatally. Specifically, heterogeneously expressed IgM+ cells were found mostly in the cortical nodules, and MHC class II+ cells were present in the cortex surrounding the cortical nodules at both E110 and D9 (Figures 6A, B). A large number of proliferating Ki-67+ cells were observed in MLNs at E110; however, they were scattered and not localized to cortical nodules where CD20+IgM+ B cells were present (Figure 6C). By contrast, an accumulation of proliferating Ki-67+ cells was seen in some, but not all cortical nodules at D9, which indicated that in several cortical nodules, CD20+ B cells expressing different levels of IgM initiated proliferation following antigenic stimulation after birth. It should be emphasized that the simultaneous expansion of B cells in the follicular region of IPPs was not observed in MLNs. These results indicated that MLNs developed as a secondary lymphoid tissue involved in intestinal immune surveillance, but the immune status of MLNs was different from that of IPPs, which directly interact with foreign antigens in the gastrointestinal tract.




Figure 6 | The phenotypic features of B cells in MLNs were not observed on D9 except for the proliferation of B cells in some cortical nodules. (A) CD20+IgM+ cells were found in the cortical nodules at both E110 and D9. (B) Some IgM+ B cells expressed Ki-67 in a few cortical nodules at D9, but not E110. (C) MHC class II+ cells were abundant in the cortex surrounding the cortical nodules at E110 and D9. Tissue sections were stained by immunohistochemistry using anti-IgM and either anti-CD20 (A), anti-Ki-67 (B), or anti-MHC class II (C). Scale bars = 250 μm. White arrows: cortical nodules including proliferating IgM+ B cells. Yellow arrowheads: cortical nodules without proliferating IgM+ B cells.





Follicular Regions of IPPs Further Developed Postnatally Through B Cell Expansion and Some Cell Clearance by Apoptosis

To understand the unique characteristics of porcine IPPs, especially after birth, H&E-stained tissues were carefully examined using a high-magnification objective. Importantly, the nuclei of some cells were observed to be lobulated in the follicular regions of IPPs (Figure 7A). Additionally, expression of IgM was not detected in cells with lobulated nuclei (Figure 7A). Furthermore, subsequent analysis demonstrated that these cells with lobulated nuclei were TUNEL positive (Figure 7A), indicating that they were not expressing IgM and were dying by apoptosis in the follicular regions of IPPs. Notably, the number and the frequency of apoptotic cells in IPPs increased significantly after birth, as TUNEL-positive cells were very rare in IPPs at E110, but were readily detected at D9 (Figures 7B–D). Taken together, our results indicated that the follicular regions of IPPs developed further postnatally due to the local expansion of B cells and the clearance of some undesired cells, such as cells that do not normally express IgM, by apoptosis (Figure 7E).




Figure 7 | Apoptosis was induced postnatally in the follicular regions of IPPs. (A) H&E staining revealed that some cells in the follicular regions of IPPs had abnormal nuclei, lacked expression of IgM and were TUNEL positive on D9. (B) Apoptotic cells in IPPs were extremely rare at E110. (C) Quantitative analysis indicated a significant difference in the number of TUNEL+ apoptotic cells in IPPs between E110 and D9. The number of apoptotic cells was counted in 12 defined areas from seven follicles of three distinct pigs. (D) The frequency of apoptotic cells among total cells was calculated. (E) Structural and phenotypic differences in IPPs illustrate the postnatal formation of distinct regions containing particular cell populations and apoptotic cells. Tissue sections were stained by H&E and immunohistochemistry using anti-IgM (A), or used for TUNEL assay (A, B). Scale bars = 250 μm. ****p < 0.0001.






Discussion

This study advances knowledge regarding the development of porcine IPP and clarifies the immunological significance of organogenesis involving three sequential steps during both fetal and postnatal stages of development. Over the duration of fetal development in pigs, there was no infiltration of B and T cells in the IPP anlagen during the first two-thirds of pregnancy. However, during fetal development in the last one-third of pregnancy, the expression of CXCL13 and CCL19, which are essential for the recruitment of B and T cells in lymphoid tissues, increased significantly in the ileum, resulting in the migration of both cell lineages into the IPP anlagen (Step 1). Follicular and interfollicular regions of IPPs developed thereafter in fetuses as there was an assembly of B and T cells in distinct regions of IPPs (Step 2). The follicular region of IPPs developed further postnatally through the proliferation of B cells and the induction of apoptosis to exclude some undesired cells, such as cells that do not normally express IgM, in the immune system (Step 3). Considering 114 days of pregnancy in pigs, the timing of initiation of B and T cell migration into the IPP anlagen in step 1 is consistent with the well-known process of PP development in mice, in which organogenesis is initiated in the last one-third of pregnancy (1). Notably, lymphoid tissue inducer (LTi) cells, a subset of type-3 innate lymphoid cells, trigger PP organogenesis in mice and humans (29). LTi cells stimulate residential lymphoid tissue organizer (LTo) cells present in the PP anlagen through the lymphotoxin (LT) α1β2- and LTβ receptor-mediated signaling cascade. This results in the production of several chemokines (i.e., CXCL13, CCL19 and CCL21) and adhesion molecules (i.e., VCAM-1 and ICAM-1) by LTo cells that facilitate the recruitment and retention of migrating B and T cells (30–34). To our knowledge, there are no known reports of studies to characterize porcine LTi and LTo cells or their functions. However, our findings showed that the organogenesis of embryonic IPPs in pigs was concomitant with the increased transcriptional patterns of CXCL13 and CCL19. Therefore, our results indicated that LTi cell-mediated development occurring during the late fetal stages of development may be common in pigs and other species, especially in the early stages of PP organogenesis.

Organogenesis of porcine IPPs and MLNs, both of which comprised gut-associated lymphoid tissues, was compared histologically in this study. Significant differences in developmental processes were found between the two distinct, but related tissues. Few B and T cells were detected in IPPs, whereas those cells were abundant in MLNs at E76. This clearly indicates that lymphopoiesis in the fetal liver is initiated before E76, and that differentiated lymphocytes migrate toward chemokines when secreted from the appropriate anlagen of lymphoid tissues during organogenesis. Given that the initial period of lymphoid organogenesis varies among organs in mice, our finding that MLNs develop earlier than IPPs in pigs is consistent with results of studies using several mouse models (35). Notably, there were no dramatic changes in the numbers of B and T cells in defined regions of MLNs between E76 and D9, although MLNs developed rapidly as body weight increased. By contrast, both the number of B cells in the defined regions of IPPs and the size of the IPPs increased dramatically, indicating that the density of B cells in IPPs increased greatly during organogenesis in IPPs, but not in MLNs. Although the immunological significance of the accelerated development of lymphoid follicles containing a large number of B cells in porcine IPPs needs to be further clarified, our results suggest that B cells in porcine IPPs are actively involved in inducing early stages of the immune response to adapt to the rapidly changing intestinal environment immediately after birth.

Stages of differentiation of B cells vary, and antibody repertoire diversification increases postnatally in porcine IPPs (36). A significant finding of this study regarding PP organogenesis was that porcine IPPs were visibly structured after birth as they form distinct zones in which populations of specific cells reside. Specifically, central, marginal, and subepithelial zones formed in the follicular regions of IPPs at D9. CD20+IgM+Ki-67+ B cells, CD20+IgM−/lowKi-67+ B cells, and antigen-presenting cells that highly expressed MHC class II were abundant in the three distinct zones. By contrast, most CD20+ B cells in the follicular regions uniformly expressed IgM, but not Ki-67 at E110, and MHC class II+ cells were distributed throughout IPPs without forming obvious subepithelial regions. Generally, the expression of Ki-67 in secondary lymphoid tissues is detected in germinal centers wherein B cells proliferate in the presence of T cell-dependent antigen (37). However, there was extensive expression of Ki-67 in the follicular regions of porcine IPPs at D9, but not at E110 regardless of the absence of germinal center formation (38). Given that multiple toll-like receptors that recognize pathogen-associated molecular patterns are expressed in porcine IPPs, microorganism-derived external stimuli rather than T cell-dependent antigens may accelerate the local expansion of B cells by naturally occurring proliferation. Furthermore, the expression of IgM in CD20+ B cells in the marginal zone was extremely low or nearly undetectable although B cells uniformly express IgM in PPs in most other species (39). This difference may be a unique feature of IPPs of pigs, which may require diversification of the antibody repertoire because of the relatively limited number of variable immunoglobulin genes that are rearranged in bone marrow.

Results of the present study indicate that the current definitions of primary and secondary lymphoid tissues are not suitable for IPPs in pigs. M cells are present in the FAE of porcine IPPs (40). Additionally, this study confirmed that MHC class II-expressing cells, presumably dendritic cells (41), are highly abundant in IPPs and form the subepithelial dome region under the FAE. Therefore, luminal antigens may be sampled in porcine IPPs for delivery to dendritic cells to initiate antigen-specific immune responses, which is the primary function of secondary lymphoid tissue. We observed the presence of TUNEL+ apoptotic cells and proliferating B cells in the follicles of porcine IPPs, which is not consistent with the definition of secondary lymphoid tissue. In sheep and cattle, IPPs function as a primary lymphoid tissue and apoptotic cells are also found in the follicular regions because of the elimination of B cells that react to self-antigens. Notably, in the follicular regions of IPPs, proliferating Ki-67+ cells were apparent before birth in sheep and cattle (42, 43), whereas they were rare before birth in pigs. The difference between pigs and sheep or cattle may be because B cells are prenatally programmed to proliferate in the early stages of differentiation in ovine and bovine IPPs, which are primary lymphoid tissues in those species. Further studies are warranted to precisely define the role of IPPs in pigs. However, our results indicate that porcine IPPs complement a function of primary lymphoid tissue to facilitate the maturation of B cells by creating a niche wherein B cells gain diversity in the presence of external stimuli.

To conclude, results of this study have elucidated developmental processes and identified unique features of porcine IPPs. These new fundamental findings support concepts that will be useful for developing a novel strategy to enhance prenatal and postnatal immune activities that coordinate rapid and dramatic changes in the intestinal microbial environment of newborn piglets.



Data Availability Statement

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



Ethics Statement

The animal study was reviewed and approved by The institutional animal care and use committee of the Institute of Agrobiological Sciences, National Agriculture and Food Research Organization (NARO).



Author Contributions

MF and TN conceived and designed the study, conducted the experiments, analyzed the data, and wrote the manuscript. SS, DF, and AO maintained pigs, harvested tissues, and conducted the experiments. SI, KN, and KU conducted most experiments and analyzed the data. GW, FB, and KO helped to prepare the manuscript. KW and HA supported experiments and analyses. All authors contributed to the article and approved the submitted version.



Funding

This study was mostly supported by the Rare/Intractable Disease Project of Japan from The Japan Agency for Medical Research and Development (AMED). This study was also supported in part by the Grants-in-Aid for Scientific Research (A) (18H03969), for the Japan Society for the Promotion of Science (JSPS) fellow (19J11689), and the Core-to-Core Program (Advanced Research Networks) from JSPS, the Program for Interdisciplinary Research from Frontier Research Institute for Interdisciplinary Sciences at Tohoku University, and the Grant for Joint Research Project of Institute of Development, Aging and Cancer, Tohoku University.



Acknowledgments

We thank Mitsuji Kaji and Hiromi Yoshida (Tohoku University Institute of Development, Aging and Cancer), Makoto Osada and Kazue Nagasawa (Tohoku University Graduate School of Agricultural Science), and the staff (Keyence) for their technical support to obtain tissue images.



References

1. Adachi, S, Yoshida, H, Kataoka, H, and Nishikawa, S. Three distinctive steps in Peyer’s patch formation of murine embryo. Int Immunol (1997) 9:507–14. doi: 10.1093/intimm/9.4.507

2. Fu, YX, and Chaplin, DD. Development and maturation of secondary lymphoid tissues. Annu Rev Immunol (1999) 17:399–433. doi: 10.1146/annurev.immunol.17.1.399

3. Honda, K, Nakano, H, Yoshida, H, Nishikawa, S, Rennert, P, Ikuta, K, et al. Molecular basis for hematopoietic/mesenchymal interaction during initiation of Peyer’s patch organogenesis. J Exp Med (2001) 193:621–30. doi: 10.1084/jem.193.5.621

4. Randall, TD, Carragher, DM, and Rangel-Moreno, J. Development of secondary lymphoid organs. Annu Rev Immunol (2008) 26:627–50. doi: 10.1146/annurev.immunol.26.021607.090257

5. Wigle, JT, and Oliver, G. Prox1 function is required for the development of the murine lymphatic system. Cell (1999) 98:769–78. doi: 10.1016/s0092-8674(00)81511-1

6. Yoshida, H, Honda, K, Shinkura, R, Adachi, S, Nishikawa, S, Maki, K, et al. IL-7 receptor alpha+ CD3(-) cells in the embryonic intestine induces the organizing center of Peyer’s patches. Int Immunol (1999) 11:643–55. doi: 10.1093/intimm/11.5.643

7. Gomez de Aguero, M, Ganal-Vonarburg, SC, Fuhrer, T, Rupp, S, Uchimura, Y, Li, H, et al. The maternal microbiota drives early postnatal innate immune development. Science (2016) 351:1296–302. doi: 10.1126/science.aad2571

8. Palmer, C, Bik, EM, DiGiulio, DB, Relman, DA, and Brown, PO. Development of the human infant intestinal microbiota. PLoS Biol (2007) 5:e177. doi: 10.1371/journal.pbio.0050177

9. Ansel, KM, Ngo, VN, Hyman, PL, Luther, SA, Forster, R, Sedgwick, JD, et al. A chemokine-driven positive feedback loop organizes lymphoid follicles. Nature (2000) 406:309–14. doi: 10.1038/35018581

10. Benezech, C, White, A, Mader, E, Serre, K, Parnell, S, Pfeffer, K, et al. Ontogeny of stromal organizer cells during lymph node development. J Immunol (2010) 184:4521–30. doi: 10.4049/jimmunol.0903113

11. Okuda, M, Togawa, A, Wada, H, and Nishikawa, S. Distinct activities of stromal cells involved in the organogenesis of lymph nodes and Peyer’s patches. J Immunol (2007) 179:804–11. doi: 10.4049/jimmunol.179.2.804

12. Drozdowski, LA, Clandinin, T, and Thomson, AB. Ontogeny, growth and development of the small intestine: Understanding pediatric gastroenterology. World J Gastroenterol (2010) 16:787–99. doi: 10.3748/wjg.v16.i7.787

13. Spencer, J, Finn, T, and Isaacson, PG. Human Peyer’s patches: an immunohistochemical study. Gut (1986) 27:405–10. doi: 10.1136/gut.27.4.405

14. Beagley, KW, Eldridge, JH, Kiyono, H, Everson, MP, Koopman, WJ, Honjo, T, et al. Recombinant murine IL-5 induces high rate IgA synthesis in cycling IgA-positive Peyer’s patch B cells. J Immunol (1988) 141:2035–42.

15. Spalding, DM, and Griffin, JA. Different pathways of differentiation of pre-B cell lines are induced by dendritic cells and T cells from different lymphoid tissues. Cell (1986) 44:507–15. doi: 10.1016/0092-8674(86)90472-1

16. Jenne, CN, Kennedy, LJ, McCullagh, P, and Reynolds, JD. A new model of sheep Ig diversification: shifting the emphasis toward combinatorial mechanisms and away from hypermutation. J Immunol (2003) 170:3739–50. doi: 10.4049/jimmunol.170.7.3739

17. Lucier, MR, Thompson, RE, Waire, J, Lin, AW, Osborne, BA, and Goldsby, RA. Multiple sites of V lambda diversification in cattle. J Immunol (1998) 161:5438–44.

18. Miyasaka, M, Dudler, L, Bordmann, G, Leiserson, WM, Gerber, HA, Reynolds, J, et al. Differentiation of B lymphocytes in sheep. I. Phenotypic analysis of ileal Peyer’s patch cells and the demonstration of a precursor population for sIg+ cells in the ileal Peyer’s patches. Immunology (1984) 53:515–23.

19. Yasuda, M, Jenne, CN, Kennedy, LJ, and Reynolds, JD. The sheep and cattle Peyer’s patch as a site of B-cell development. Vet Res (2006) 37:401–15. doi: 10.1051/vetres:2006008

20. Pabst, R. The pig as a model for immunology research. Cell Tissue Res (2020) 380:287–304. doi: 10.1007/s00441-020-03206-9

21. Liebler-Tenorio, EM, and Pabst, R. MALT structure and function in farm animals. Vet Res (2006) 37:257–80. doi: 10.1051/vetres:2006001

22. Pabst, R, Geist, M, Rothkotter, HJ, and Fritz, FJ. Postnatal development and lymphocyte production of jejunal and ileal Peyer’s patches in normal and gnotobiotic pigs. Immunology (1988) 64:539–44.

23. Levast, B, De Monte, M, Melo, S, Chevaleyre, C, Berri, M, Salmon, H, et al. Differences in transcriptomic profile and IgA repertoire between jejunal and ileal Peyer’s patches. Dev Comp Immunol (2010) 34:102–6. doi: 10.1016/j.dci.2009.09.002

24. Barman, NN, Bianchi, AT, Zwart, RJ, Pabst, R, and Rothkotter, HJ. Jejunal and ileal Peyer’s patches in pigs differ in their postnatal development. Anat Embryol (Berl) (1997) 195:41–50. doi: 10.1007/s004290050023

25. Butler, JE, Santiago-Mateo, K, Sun, XZ, Wertz, N, Sinkora, M, and Francis, DH. Antibody repertoire development in fetal and neonatal piglets. XX. B cell lymphogenesis is absent in the ileal Peyer’s patches, their repertoire development is antigen dependent, and they are not required for B cell maintenance. J Immunol (2011) 187:5141–9. doi: 10.4049/jimmunol.1101871

26. Sinkora, M, Stepanova, K, Butler, JE, Francis, D, Santiago-Mateo, K, Potockova, H, et al. Ileal Peyer’s patches are not necessary for systemic B cell development and maintenance and do not contribute significantly to the overall B cell pool in swine. J Immunol (2011) 187:5150–61. doi: 10.4049/jimmunol.1101879

27. Butler, JE, Santiago-Mateo, K, Wertz, N, Sun, X, Sinkora, M, and Francis, DL. Antibody repertoire development in fetal and neonatal piglets. XXIV. Hypothesis: The ileal Peyer patches (IPP) are the major source of primary, undiversified IgA antibodies in newborn piglets. Dev Comp Immunol (2016) 65:340–51. doi: 10.1016/j.dci.2016.07.020

28. Nochi, T, Suzuki, S, Ito, S, Morita, S, Furukawa, M, Fuchimoto, D, et al. Elucidation of the Effects of a Current X-SCID Therapy on Intestinal Lymphoid Organogenesis Using an In Vivo Animal Model. Cell Mol Gastroenterol Hepatol (2020) 10:83–100. doi: 10.1016/j.jcmgh.2020.01.011

29. Zhong, C, Zheng, M, and Zhu, J. Lymphoid tissue inducer-A divergent member of the ILC family. Cytokine Growth Factor Rev (2018) 42:5–12. doi: 10.1016/j.cytogfr.2018.02.004

30. Cyster, JG. Chemokines and cell migration in secondary lymphoid organs. Science (1999) 286:2098–102. doi: 10.1126/science.286.5447.2098

31. Okada, T, Ngo, VN, Ekland, EH, Forster, R, Lipp, M, Littman, DR, et al. Chemokine requirements for B cell entry to lymph nodes and Peyer’s patches. J Exp Med (2002) 196:65–75. doi: 10.1084/jem.20020201

32. Rennert, PD, Browning, JL, Mebius, R, Mackay, F, and Hochman, PS. Surface lymphotoxin alpha/beta complex is required for the development of peripheral lymphoid organs. J Exp Med (1996) 184:1999–2006. doi: 10.1084/jem.184.5.1999

33. Rennert, PD, James, D, Mackay, F, Browning, JL, and Hochman, PS. Lymph node genesis is induced by signaling through the lymphotoxin beta receptor. Immunity (1998) 9:71–9. doi: 10.1016/s1074-7613(00)80589-0

34. Vondenhoff, MF, Greuter, M, Goverse, G, Elewaut, D, Dewint, P, Ware, CF, et al. LTbetaR signaling induces cytokine expression and up-regulates lymphangiogenic factors in lymph node anlagen. J Immunol (2009) 182:5439–45. doi: 10.4049/jimmunol.0801165

35. Mebius, RE. Organogenesis of lymphoid tissues. Nat Rev Immunol (2003) 3:292–303. doi: 10.1038/nri1054

36. Butler, JE, Weber, P, Sinkora, M, Sun, J, Ford, SJ, and Christenson, RK. Antibody repertoire development in fetal and neonatal piglets. II. Characterization of heavy chain complementarity-determining region 3 diversity in the developing fetus. J Immunol (2000) 165:6999–7010. doi: 10.4049/jimmunol.165.12.6999

37. Kosco-Vilbois, MH, Bonnefoy, JY, and Chvatchko, Y. The physiology of murine germinal center reactions. Immunol Rev (1997) 156:127–36. doi: 10.1111/j.1600-065x.1997.tb00964.x

38. Butler, JE, Wertz, N, and Sinkora, M. Antibody Repertoire Development in Swine. Annu Rev Anim Biosci (2017) 5:255–79. doi: 10.1146/annurev-animal-022516-022818

39. Finch, DK, Ettinger, R, Karnell, JL, Herbst, R, and Sleeman, MA. Effects of CXCL13 inhibition on lymphoid follicles in models of autoimmune disease. Eur J Clin Invest (2013) 43:501–9. doi: 10.1111/eci.12063

40. Gebert, A, Rothkotter, HJ, and Pabst, R. Cytokeratin 18 is an M-cell marker in porcine Peyer’s patches. Cell Tissue Res (1994) 276:213–21. doi: 10.1007/BF00306106

41. Reboldi, A, Arnon, TI, Rodda, LB, Atakilit, A, Sheppard, D, and Cyster, JG. IgA production requires B cell interaction with subepithelial dendritic cells in Peyer’s patches. Science (2016) 352:aaf4822. doi: 10.1126/science.aaf4822

42. Liljavirta, J, Ekman, A, Knight, JS, Pernthaner, A, Iivanainen, A, and Niku, M. Activation-induced cytidine deaminase (AID) is strongly expressed in the fetal bovine ileal Peyer’s patch and spleen and is associated with expansion of the primary antibody repertoire in the absence of exogenous antigens. Mucosal Immunol (2013) 6:942–9. doi: 10.1038/mi.2012.132

43. Ozbek, M, and Bayraktaroglu, AG. Developmental study on the ileal Peyer’s patches of sheep, and cytokeratin-18 as a possible marker for M cells in follicle associated epithelium. Acta Histochem (2019) 121:311–22. doi: 10.1016/j.acthis.2019.01.005



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

Copyright © 2020 Furukawa, Ito, Suzuki, Fuchimoto, Onishi, Niimi, Usami, Wu, Bazer, Ogasawara, Watanabe, Aso and Nochi. This is an open-access article distributed under the terms of the Creative Commons Attribution License (CC BY). The use, distribution or reproduction in other forums is permitted, provided the original author(s) and the copyright owner(s) are credited and that the original publication in this journal is cited, in accordance with accepted academic practice. No use, distribution or reproduction is permitted which does not comply with these terms.


OEBPS/Images/fimmu-11-604674-g003.jpg





OEBPS/Text/toc.xhtml


  

    Table of Contents



    

		Cover



      		

        Organogenesis of Ileal Peyer's Patches Is Initiated Prenatally and Accelerated Postnatally With Comprehensive Proliferation of B Cells in Pigs

      

        		

          Introduction

        



        		

          Materials and Methods

        

          		

            Animals and Samples

          



          		

            Histological Analyses

          



          		

            Quantitative RT-PCR

          



          		

            Statistical Analysis

          



        



        



        		

          Results

        

          		

            Organogenesis of IPPs in Pigs Was Initiated Prenatally and Accelerated Postnatally

          



          		

            Follicular (B-cell) and Interfollicular (T-cell) Regions Were Formed in IPPs by an Unrelated Increase in B and T Cells

          



          		

            Organogenesis of IPPs Was Distinct to That of MLNs

          



          		

            B Cells Proliferated Postnatally in the Follicular Regions of IPPs

          



          		

            MLNs Possessed Phenotypic Characteristics of Secondary Lymphoid Tissue Unlike IPPs

          



          		

            Follicular Regions of IPPs Further Developed Postnatally Through B Cell Expansion and Some Cell Clearance by Apoptosis

          



        



        



        		

          Discussion

        



        		

          Data Availability Statement

        



        		

          Ethics Statement

        



        		

          Author Contributions

        



        		

          Funding

        



        		

          Acknowledgments

        



        		

          References

        



      



      



    



  



OEBPS/Images/crossmark.jpg
©

2

i

|





OEBPS/Images/fimmu-11-604674-g004.jpg





OEBPS/Images/fimmu-11-604674-g006.jpg
WG Crass






OEBPS/Images/fimmu-11-604674-g002.jpg
03

G0z

o3

E9t

ooz

E10

co3






OEBPS/Images/logo.jpg
’ frontiers
in Immunology





OEBPS/Images/fimmu-11-604674-g001.jpg
Duodenum






OEBPS/Images/fimmu-11-604674-g007.jpg
3

TUNEL

TUNEL

eian:

Ei0 09





OEBPS/Images/fimmu.2020.604674_cover.jpg
’ frontiers
in Immunology

Organogenesis of lleal Peyer's
Patches Is Initiated Prenatally
and Accelerated Postnatally
With Comprehensive Proliferation
of B Cells in Pigs





OEBPS/Images/fimmu-11-604674-g005.jpg





