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The human endometrium is the innermost mucosal membrane of the uterus and is the first point of contact for an implanting blastocyst. A wide variety of immune cells are found amongst the endometrial epithelial layers and stromal cells which both provide host immune responses against pathogens and also assist with placentation and pregnancy establishment, however, B cells have not been characterized, despite being a vital player in both adaptive and mucosal immunity. Through analysis of mid-luteal endometrial biopsies, we find 1–5% of endometrial immune cells are B cells, the majority were naïve or memory B cells, with few plasma cells. Compared with circulating B cells, endometrial B cells had an activated phenotype, with increased expression of CD69, HLA-DR, CD74, and CD83, and IL-10 production capacities. PD1+CXCR5+ICOS+ T follicular helper-like cells and FAS+IgD–BCL6+ germinal center B cells were also present in the endometrium, which may indicate that endometrial B cells are playing an active role through germinal center reactions in the human endometrial environment.
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INTRODUCTION

The human endometrium is a mucosal tissue containing immune cells which provide defense against uterine pathogens and have a role in immune tolerance for the successful establishment of pregnancy, as the semi-allogeneic embryo must invade through the tissue during placentation. NK, T, B, and macrophage cells are present in the endometrium, with reported changes to cellular proportions and functions across the menstrual cycle (Wira et al., 2015). The phenotypes and function of NK cells, T cells, and macrophages are widely characterized, with their dysregulation implicated in various reproductive pathologies such as infertility, recurrent pregnancy loss (RPL) and endometriosis (Brazdova et al., 2016; Vallvé-Juanico et al., 2019; Lucas et al., 2020). However, B cells are comparatively understudied in the endometrium despite their vital role in mucosal immunity (Vajdy, 2006).

Central to the adaptive humoral immune system, B cells display notable phenotypic and functional diversity between various known subsets. In brief, transitional B cells migrate from the bone marrow, subsequently mature into antigen-naïve B cells and enter into the periphery. After antigen encounter, naïve B cells can either differentiate into short-lived plasmablasts, or enter into germinal centers (GCs) and differentiate into memory B cells or long-lived plasma cells. This GC reaction relies on the involvement of T follicular helper (Tfh) cells and typically happens in the secondary lymphoid organs (SLOs), such as lymph nodes, tonsils, spleen or mucosal associated lymphoid tissue (MALT) (LeBien and Tedder, 2008). In addition to SLOs, GC or GC-like structures have also been described in ectopic or tertiary lymphoid structures (TLSs), where the GC supports local adaptive immune responses toward locally displayed antigens (Pipi et al., 2018). Other B cell subsets also exist, Breg are a rare B cell subset with regulatory/suppressor function, which is mostly but not solely achieved through the production of IL-10. Breg can also promote the development of Treg, a crucial player in the endometrial immune environment, possibly via TGF-β production (Lee et al., 2014). The involvement of Breg in pregnancy was recently recognized, in mice uteri, an expanded pool of IL-10-producing B cells are observed during implantation, contributing to the successful establishment of maternal immunological tolerance in early pregnancy through their regulatory function (Guzman-Genuino et al., 2019).

In this study, human endometrium and peripheral blood samples were collected from women during the mid-luteal phase of the menstrual cycle. We determined the B cell subsets present in the endometrium, specifically identifying a broad cellular repertoire, including the presence of both IL-10 producing B cells which may indicate the present of Breg, and also B cells that have a phenotype indicative of GC. We identify markers on endometrial B cells that are highly upregulated compared to peripheral blood B cells, which indicates endometrial B cells are likely tissue resident.



MATERIALS AND METHODS


Sample Collection and Processing

The study was approved by the Oxford Research Ethics Committee C (ref:08/H0606/94 and ref:18/SC/0216). All participants gave written informed consent in accordance with the Helsinki Declaration of 1975. All recruits were patients attending Oxford Fertility, Wolfson Fertility Centre at Hammersmith Hospital, or the Recurrent Miscarriage Clinic in the Oxford University Hospitals NHS Foundation Trust, John Radcliffe Hospital between 2016 and 2018. All women were≤40 years of age. Blood and/or endometrial samples were taken in the mid-luteal phase of the menstrual cycle, during which the endometrial cells adapt for embryo receptivity, a period known as the window of implantation. LH-surge testing or known regular cycle length timing were used in determining the mid-luteal phase.

Peripheral blood mononuclear cells (PBMC) were isolated using lymphoprep (Axis Shield Diagnostics). Endometrial samples were obtained with an Endocell disposable endometrial cell sampler (Wallach Surgical devices, Trumbull, CT, United States). Endometrial samples were either digested with Collagenase D or mechanically digested if Collagenase D was shown to negatively impact the surface marker expression on the targeted cell type (i.e., CXCR5). For Collagenase D digestion, endometrial samples were incubated with 100 μg/ml DNase I and 2 mg/ml Collagenase D in Dulbecco’s Modified Eagle’s Medium + 10% Fetal bovine serum for 30 min in 37°C shaking incubator. For mechanical digestion, endometrial biopsies were cut into 1 mm3 fragments and transferred to 10 ml Dulbecco’s Modified Eagle’s Medium + 10% Fetal bovine serum with 100 μg/ml DNase I for mechanically digestion. All tissue digests were passed through sequential 70 and 40 μm cell strainers. Single cell suspensions were frozen in 10% DMSO/FCS using a Nalgene Mr. Frosty Freezing chamber (Thermo Fisher), before being transferred to liquid nitrogen for storage prior to use.



Cell Sorting

Frozen endometrial cell digests or isolated PBMCs were thawed into HS-media (RPMI1640 + 10%FCS + 1% human serum + 2 mM glutamine + 100 IU/ml penicillin + 100 μg/ml streptomycin) at 37°C and centrifuged at 300 × g. Endometrial cells were re-suspended in HS-media and transferred to a 25 cm2 flask for 30 min at 37°C/5% CO2, then supernatants containing non-adhered cells were further transferred to a fresh flask for an additional 30 min incubation, for stromal and epithelial cell depletion. Supernatants were then removed lymphocytes isolated using lymphoprep (Axis-shield). Cells were washed in PBS and stained with DAPI (Biolegend, San Diego, CA, United States) and antibodies CD45 BV650TM, CD3 APC FIRETM 750, and CD19 PE (all from Biolegend, San Diego, CA, United States), then sorted using an Aria III (BD Biosciences, Franklin Lakes, NJ, United States) with 85 μm nozzle. CD19+ B cells were isolated as singlet cells (FSC-H vs FSC-A), Zombie AquaTM –, CD45+, CD3–, CD19+. 6486 ± 7965 (mean ± SD) CD19+ B cells were sorted with sorting purity over 98% for all samples.



B Cell Stimulation Assay

Sorted CD19+ B cells were placed in a 96 well U bottom plate (Eppendorf, Germany) with HS-media overnight, with <5,000 cells per well. Cells were then un-stimulated (controls) or treated with 1 mg/ml PMA + 1 mg/ml LPS + 1 mM ionomycin in 100 μl Culture Medium for 43 h, then Brefeldin A (Biolegend, San Diego, CA, United States) was added for an additional 5 h. Both stimulated and un-stimulated cells were then subjected to flow cytometric staining.



RNA Extraction and Quantification

Immediately after sorting, cells were pelleted by centrifugation and re-suspended in RLT buffer (Qiagen, Germantown, MD, United States) and RNA was extracted using QIAGEN RNeasy Micro Kits (Qiagen, Germantown, MD, United States) according to the manufacturer’s protocol. RNA quantity and quality were accessed on Agilent 4200 TapeStation System (Agilent, Santa Clara, CA, United States) according to the manufacturer’s protocol.



RNA Sequencing: Library Preparation, Sequencing and Data Analysis

The library was prepared using a Standard Nextera Illumina Library Prep kit using a unique dual- index strategy to barcode cDNA fragments. DNA samples were amplified for 16 cycles and the cDNA quantities assessed using a 2100 Bioanalyzer (Agilent, Santa Clara, CA, United States) with Quant-iT PicoGreen (Thermo Fisher, Waltham, MA, United States). Clustering and sequencing was carried out by Novogene Co., Ltd. Briefly, clustering of the index-coded samples was performed on a cBot Cluster Generation System using PE Cluster Kit cBot-HS (Illumina) and paired end RNA sequencing was performed using the Novoseq 6000 platform, with 125 bp/150 bp read length and approximately 25 million reads per sample. Quality control was performed by Novogene Co., Ltd and reads mapped to Ensemble Homo Sapiens cDNA database release 94. Data analysis was performed using R (version 3.5.3) and RStudio, heatmap of top 50 expressed genes in endometrial B cells was generated using DESeq2 (Love et al., 2014).



Flow Cytometry Analysis

All flow cytometry reagents were from Biolegend unless otherwise stated. Fc receptors were blocked using FcR Blocking Reagent (Miltenyi, Germany). Samples were incubated with Zombie-Aqua Fixable Viability kit for 15 min in the dark, then cells washed in PBS/2%FCS and antibodies toward cell surface markers were added for 20 min at 4°C in the dark. Antibodies used were CD45-BV650TM (HI30) or CD45-AlexaFluor700 (HI30), CD19-FITC (HIB19) or CD19- PECy7 (HIB19), CD27-PEDAZZLETM 594 (O323) or CD27-BV785TM (O323), CD38-PE (HB-7) or CD38-APCFireTM 750 (HB-7), CD24-APC (ML5) or CD24-BV421TM (ML5), CD138-BV711TM (MI15), IgM-PECy7 (MHM-88), IgG-BV421TM (M1310G05), IgA-APCVio770 (REA1014, Miltenyi, Germany), CD83-BV785TM (HB15e), CD74-PE (LN2), HLA DR-APC (L243), CD69-PE_DAZZLETM (FN50) or CD69-BV785TM (FN50), CD3-APCFireTM 750 (UCHT1), CD4-FITC (OKT4), ICOS-BV650TM (C398.4A), CXCR5-BV421TM (J252D4), PD1-APC (EH12.2H7), IgD-PE_DAZZLETM (IA6-2), FAS-BV711TM (DX2). Afterward, cells were washed in PBS/2% FCS, and if necessary intracellular antibody staining was performed using Cytofix/Cytoperm Kit (BD, Franklin Lakes, NJ, United States), cells were fixed for 30 min then transferred into PBS/2% FCS overnight, then permeabilization performed before addition of antibodies IL-10-AlexaFluor488 (JES3-9D7), TGF-β-APC (TW4-6H10) or BCL6-PE (IG191E/A8) for 1 h incubation.

Data was acquired using an LSR-II flow cytometer (BD Biosciences) and data analyzed using FlowJo software (Tree Star Inc.), fluorescence Minus One (FMO) controls established gating strategies. Statistical analysis was performed using GraphPad Prism 7.03. Normal data distributions were confirmed using Shapiro-Wilk tests, parametric data were then analyzed using Student’s t-test. Data were represented as mean ± SD. Differences were considered significant if p < 0.05.



RESULTS

Endometrial biopsies and peripheral blood samples were taken during the mid-luteal phase of the menstrual cycle. Single cell suspensions were obtained and flow cytometry was performed to identify endometrial B cells and peripheral blood B cells. Endometrial B cells (CD19+) comprised 3.3 ± 2.8% (mean ± SD) of the total CD45+ lymphocytes, which was significantly lower than found in the peripheral blood (Figure 1A, n = 10). Various B cell subset in the human endometrium were identified (representative flow cytometry staining Figure 1B(i-x) and summarized in Figure 1C, n ≥ 6). Endometrial immune cells were gated on FSC vs. SSC (1B-ii) and CD45+CD19+ events (1B-iii). The majority (63.6 ± 9.6%) of endometrial B cells were IgM+IgG–IgA– and thus naïve B cells, 6.3 ± 4.1% and 8.6 ± 3.7% of all endometrial B cells were IgM–IgG+ and IgM–IgA+, respectively, (1B-iv and-v). 28.3 ± 10.1% of all endometrial B cells were CD27+ and therefore designated memory B cells (Figure 1B-vi). CD138+ plasma cells and CD38hi CD24– plasmablasts were scarce (<2%) in most endometrial B cell samples (Figure 1B-vii and -viii). In addition, FAS+IgD– GC B cells were found in all six endometrial samples, accounting for 12.2 ± 8.6% of all CD19+ B cells (Figure 1B-ix), with a significantly higher level of intracellular BCL6 expression compared with FAS– B cells (Figure 1B-x). Apart from GC B cells, which are largely absent in peripheral blood, the proportional distribution of endometrial B cell subsets is similar to that in the peripheral B cells, naïve B cells comprise about 60–70% of all B cells and memory B cells account for 20–30% of all B cells (Perez-Andres et al., 2010; Kaminski et al., 2012; Clavarino et al., 2016).
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FIGURE 1. Endometrial B cell subsets analysis. (A) Flow cytometric analysis of B cells (n = 10) showing the proportion of B cells in the endometrium vs. peripheral blood. (B) Representative flow cytometric staining of endometrial B cells: i–iii, FSC-A vs. SSC-A and FSC-H determine lymphocyte singlet cells, ZAlo/CD45+/CD19+ were identified as B cells; iv and v, IgA+ and IgG+ B cells were identified; vi, IgM+CD27– were identified as na ve B cells, CD27+ were identified as memory B cells; vii, CD24– CD38hi were identified as plasmablasts; viii, CD138+ were identified as plasma cells; ix, FAS+IgD– were identified as GC B cells. x, Flow cytometric analysis of BCL6 MFI in GC B cells vs. FAS– B cells (n = 6). (C) Flow cytometric analysis of the proportion of B cell subsets in the endometrium (n ≥ 6). Different flow cytometric panels were separated by a dash line. Dots are individual samples and bars = mean ± S.E.M.


Next, we examined whether IL-10 secreting Breg cells are present in the human endometrium. Peripheral and endometrial CD19+ B cells were obtained by flow cytometric cell sorting. Sorted CD19+ B cells were either stimulated with PMS + LPS + ionomycin, or left untreated for 48 h. As shown in Figures 2A,B, all peripheral and endometrial CD19+ B cells displayed a significantly higher level of IL-10 MFI after stimulation, the expression level of IL-10 was similar between simulated peripheral and endometrial CD19+ B cells (n = 3). They also exhibited a higher level of TGF-β after stimulation, but no significant difference was observed between stimulated and unstimulated groups (Figures 2,B, p = 0.06). In circulating CD19+ B cells, IL-10 production capacity has been reported to be enriched in the Breg populations, which can be identified by flow cytometry as CD27+CD24hi or CD38hiCD24hi (Hasan et al., 2019; Lin et al., 2019). In the peripheral blood samples, CD27+CD24hi Bregs accounted for 10.6 ± 2.5% of all CD19+ B cells, CD38hiCD24hi Bregs represented 6.2 ± 2.0% of all CD19+ B cells (n = 3). In the endometrial samples, CD27+CD24hi Bregs were comprised 16.9 ± 0.9% of all CD19+ B cells, CD38hiCD24hi Bregs comprised 11.0 ± 2.0% of all CD19+ B cells (Figure 2C, n = 3). As shown in Figure 2D, in peripheral CD19+ B cells, IL-10 expression was significantly enriched in CD27+CD24hi Bregs, while the enrichment was not significant in CD38hiCD24hi Bregs (p = 0.07). For endometrial CD19+ B cells, IL-10 expression was not enriched in either CD27+CD24hi or CD38hiCD24hi Breg populations (p = 0.1).
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FIGURE 2. Endometrial and peripheral B cell IL-10 and TGF-β production after stimulation. Sorted endometrial and peripheral CD19+ B cells were either treated with PMS + LPS + ionomycin (P + L + I) or left untreated for 48 h. (A) Histograms of IL-10 and TGF-β expression levels in untreated peripheral B cells, P + I + L treated endometrial B cells and P + I + L treated peripheral B cells (n = 3). (B) Scatter plot of IL-10 and TGF-β expression levels in all groups. (C) Representative flow cytometric staining of endometrial Breg cells (CD24hiCD27hi or CD24hiCD38hi). (D) Flow cytometric analysis of IL-10 MFI in peripheral and endometrial Breg cells vs. all B cells (n = 3). Dots are individual samples and bars = mean ± S.E.M.


RNA-seq analysis on sorted CD19+ endometrial B cells was then performed on 15 samples. Overall, DESeq2 analysis returned 60,448 encoding genes, and 27,346 displayed non-zero read counts in the endometrial B cell sample set. The top 50 expressed genes from the endometrial B cell samples (n = 15) are illustrated, manually categorized into groups pertaining functions (Figure 3A). B cell signature genes were high, including pan-B cell marker (CD20), MHC related genes (CD74, CD83, HLA-DR, etc.) and immunoglobulin genes (IGHM, IGHA1, and IGHG1). Additionally, transcription factors (FOS, KLF6, JUND, etc.) and anti-inflammation related genes (TSC22D3 and ZFP36) were highly expressed in endometrial B cell samples along with the tissue resident and early activation marker CD69. Housekeeping genes, mitochondrial functional related genes and heat shock genes are also highly expressed. Flow cytometry was then performed to examine the protein expression level of CD69, CD74, CD83, and HLA-DR on endometrial B cells compared to peripheral blood counterparts. We found endometrial B cells express significantly higher protein levels of CD69, CD74, CD83, and HLA-DR compared with peripheral B cells (n ≥ 6). This result suggests endometrial B cells have tissue resident-like phenotype with an activated MHC expression profile.
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FIGURE 3. Endometrial B cells exhibit tissue resident-like phenotype with an activated MHC expression profile compared with peripheral B cells. (A) Heatmap of top 50 expressed genes in endometrial B cells. Genes were clustered based on their biological functions. (B–E) Flow cytometric analysis of B cells (n ≥ 6) showing the CD69 MFI, CD74 MFI, CD83 MFI, and HLA-DR MFI of CD19+ B cells in the endometrium vs. peripheral blood. Dots are individual samples and bars = mean ± S.E.M.


Having identified the presence of endometrial Fas+IgD–Bcl6+ GC-like B cells (Figure 1C), we also performed flow cytometry to detect if Tfh are present in the endometrium considering the functional importance of Tfh in GCs during B cell development. PD1+ICOS+CXCR5+ Tfh-like cells were identified in all 6 endometrial samples (Supplementary Figures 1A–C), they comprised 3.2 ± 1.6% of all CD4+ T cells. However, these Tfh-like cells did not have a higher level of intracellular BCL6 expression compared with PD1–ICOS–CD4+ T cells (Supplementary Figure 1A-iv). In terms of tissue residency, the majority of CD4+ T cells were CD69+, including PD1+ICOS+CXCR5+ Tfh-like cells and PD1–ICOS–CD4+ T cells (data not shown).



DISCUSSION

Endometrial B cells, largely consist of naïve B cells and memory B cells, have an activated phenotype compared with peripheral blood B cells, with a significant increase in CD74, HLA-DR, and CD83 expression levels. Both CD74 and HLA-DR have a well-established function in antigen presentation. CD74 is also known as the MHCII invariant chain that forms nonameric complexes with nascent MHCII molecules (Gil-Yarom et al., 2017), HLA-DR is an MHC class II cell surface receptor. The increased expression levels of CD74 and HLA-DR suggest an activated MHC class II signaling pathway in endometrial B cells, which could lead to tyrosine phosphorylation, calcium mobilization, AKT, ERK, and JNK activation (Mooney et al., 1990; Bouillon et al., 2003; Guo et al., 2003; Katikaneni and Jin, 2019). Studies have also shown that, in comparison to MHCII– B cells, MHCII+ B cells had a substantial advantage in proliferation, differentiation into plasmablasts, or GC B cells, and isotype switching (Giles et al., 2015; Katikaneni and Jin, 2019). Similarly, CD83 has also shown to be a modulator for B cell maturation, activation and GC responses (Krzyzak et al., 2016; Li et al., 2019). Therefore, the upregulation of CD74, HLA-DR, and CD83 suggest endometrial B cells could undergo dynamic developmental processes such as GC reactions, and may playing an active role in the human endometrial immune environment. Additionally, an increased expression of tissue resident marker CD69 (Cibrián and Sánchez-Madrid, 2017; Savelyeva and Ottensmeier, 2020) is observed on endometrial B cells compared with their peripheral counterparts, confirmed that the majority of endometrial B cells are tissue resident-like B cells.

Flow cytometric analysis revealed the existence of GC B cells (CD19+FAS+IgD–BCL6+) and Tfh-like cells (CD4+PD1+ICOS+CXCR5+) in the human endometrium by flow cytometry. The tissue resident-like GC B cells indicated that endometrial B cells are likely to be an active player in the endometrial immune environments, possibly through GC reactions and the generation of endometrial memory B cells, which represent around 28% of all endometrial B cells. The presence of GC B cells correlates with the upregulation of CD74, HLA-DR, and CD83 on endometrial B cells. Higher levels of CD74 and HLA-DR expression have been shown in GC B cells compared with naïve and memory B cells, indicating the synthesis of new MHCII molecules that could enhance B cell antigen presentation capacities (Chalouni et al., 2003). CD83 is also expressed on GC B cells. In murine studies, CD83 is used as a marker for light zone B cells and might be involved in the antigen presentation to Tfh cells in the light zone (Krzyzak et al., 2016; Li et al., 2019). Apart from GC B cells, CD4+PD1+ICOS+CXCR5+ Tfh-like cells are also identified in the human endometrium, accounting for approximately 3.2% of all CD4+ T cells. However, compared with CD4+PD1–ICOS–CXCR5– T cells, Tfh-like cells do not have a higher expression of BCL6, which is a defining marker for Tfh cells (Crotty, 2014). Although BCL6 expression levels fluctuate during Tfh cell development, Tfh cells should express higher level of BCL6 compared with CD4+PD1–ICOS–CXCR5– T cells (Baumjohann et al., 2011; Li and Pauza, 2015). It might be possible that during the mid-luteal phase, the induction and initial development of GC-like reaction was formed independent of Tfh cells (Lentz and Manser, 2001). This GC-like reaction could later be developed into a Tfh-dependent GC, which may contribute to the generation of class-switched B cells and plasmablasts found in the decidua (Huang et al., 2017; Leng et al., 2019). Additionally, the infiltration of plasma cells has been described in endometrial inflammatory conditions such as endometritis (Cicinelli et al., 2019; Song et al., 2019; Zargar et al., 2020), there is a possibility that these GC B cells and Tfh-like cells are implicated in this process by providing the site of plasma cell generation. This proposed GC-like reaction could be linked to the LAs structure identified in the endometrial lower functional layer or the basal layer, where B cells are surrounded by T cells and macrophages (Klentzeris et al., 1992; Mettler et al., 1997; Yeaman et al., 1997, 2001; Disep et al., 2004). Further research is needed in understanding the cellular components and function of endometrial LAs and whether they can be classified as novel TLSs, and if they alter in endometrial associated reproductive pathologies. Our data are from a mixture of both fertile women and those with associated reproductive pathology, therefore it may be possible TLS are present in both healthy control women and those effected by disease.

Endometrial B cells are also capable of IL-10 production after stimulation, with a similar IL-10 expression level compared with matched peripheral blood samples. Considering the functional importance of IL-10 producing B cells in early pregnancy (Jensen et al., 2013; Guzman-Genuino and Diener, 2017; Esteve-Solé et al., 2018; Busse et al., 2019), this finding could help us to better understand the B cell role in the endometrial immune environment, and how different cellular components interact with each other.
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