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Ectopic lymphoid tissues (eLTs) characterized by B cell aggregation contribute to the local immunoglobulin production in nasal polyps (NPs). B cell-activating factor (BAFF) is vital for B cell survival, proliferation, and maturation. The purpose of this study is to investigate whether BAFF is involved in the B cell survival and eLT formation in NPs. The mRNA and protein levels of BAFF in NP tissues with and without eLTs were detected by PCR and ELISA assay, respectively. The cellular sources of BAFF and active caspase-3-positive B cells in NPs were studied by immunofluorescence staining. B cells purified from NP tissues were stimulated with BAFF and were analyzed by flow cytometry. Stromal cells purified from NP tissues were stimulated with lymphotoxin (LT) α1β2, and BAFF levels in culture supernatants were analyzed by ELISA. Compared with those in control tissues and NPs without eLTs, the BAFF levels were elevated in NPs with eLTs. Abundant BAFF-positive cells and few active caspase-3-positive apoptotic B cells were found in NPs with eLTs, in contrast to those in NPs without eLTs. There was a negative correlation between the numbers of BAFF-positive cells and frequencies of apoptotic B cells in total B cells in NP tissues. BAFF protected nasal polyp B cells from apoptosis in vitro. Stromal cells were an important cellular source of BAFF in NPs with eLTs. LTα1β2 induced BAFF production from nasal stromal cells in vitro. We propose that BAFF contribute to eLT formation in NPs by promoting B cell survival.
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Introduction

Nasal polyps (NPs) are characterized by persistent inflammation of nasal and paranasal sinus mucosa with the presence of edematous outgrowth (1). More than one-third of patients with NPs are unable to achieve satisfying outcomes even with adequate medical and surgical treatments, reflecting our limited understanding of the etiology and pathogenesis of NPs and the lack of powerful therapeutic strategies (2, 3). Accumulating evidence suggest that local immunoglobulin (Ig) overproduction contributes to the local activation of mast cells, eosinophils, and complements, thus playing an important role in the pathogenesis of NPs and associating with the poor treatment outcomes (4, 5). Several studies have identified the formation of ectopic lymphoid tissues (eLTs) in NPs and revealed a critical role of eLTs in supporting local immunoglobulin production in NPs (6–10). eLT formation in NPs also correlates with poor disease control in patients with NPs (6, 8). eLTs is characterized by germinal center formation (GC) along with B cell aggregation in NPs, where B cells undergo somatic mutation, class switch recombination, and differentiation to plasma cells (6). Therefore, understanding the mechanisms underlying B cell accumulation in eLTs may be helpful to elucidate how eLTs develop in NPs.

The development of B cell aggregation depends on enhanced B cell recruitment to NP tissues and prolonged B cell survival. Our recent study found that IL-17A-induced nasal stromal cell remodeling and crosstalk between B and stromal cells via B cell chemokine-C-X-C motif chemokine ligand 13 (CXCL13) and lymphotoxin (LT) α1β2 have an important role in B cell recruitment and the eLT formation in NPs (9). Nevertheless, whether there is a prolonged survival of B cells in eLTs in NPs remains unknown. B cell activating factor (BAFF) is a pivotal factor for B cell survival, proliferation, and maturation (11). BAFF deficiency leads to an almost complete loss of follicular and marginal zone B lymphocytes in mice (12). On the contrary, BAFF overproduction results in B cell hyperplasia, excessive immunoglobulin production, and a glomerular nephritic syndrome or systemic lupus erythematosus–like syndrome in mice (13–15). Three cell receptors for BAFF have been identified, namely BAFF receptor (BAFF-R), transmembrane activator and cyclophilin ligand interactor, and B cell maturation antigen (16–18). Among them, the agonist effects of BAFF on B cells are mainly mediated by BAFF-R (19, 20). Previously, the increased BAFF levels have been reported in NP tissues, correlating with the numbers of B cells as well as the elevated local levels of IgA and IgE levels (21–23). However, whether BAFF is involved in the survival of B cells and formation of eLTs in NPs is still an open question.

In this study, we aim to investigate the possible role of BAFF in B cell survival and eLT formation in NPs. We explored the association between BAFF levels and B cell apoptosis in NPs, with or without eLT formation. We also determined the cellular sources of BAFF in NPs and explored the effect of BAFF on nasal polyp B cell apoptosis in vitro. Finally, we studied the regulation of BAFF production in nasal stromal cells.



Materials and Methods


Subjects and Sample Collection

This study was approved by the Ethics Committee of Tongji Hospital and conducted with written informed consent from every patient (IRB Number: TJ-C20170301). A total of 63 patients with NPs and 16 control subjects were recruited. The diagnosis of NPs was made according to the current European Position Paper on Rhinosinusitis and Nasal Polyps 2020 (1). Patients undergoing septoplasty because of anatomic variation and without other sinonasal diseases were enrolled as control subjects. Atopic status was evaluated by using skin prick test with a panel of inhalant allergens common in our region and/or by using the ImmunoCAP to detect IgE antibodies against common inhalant allergens (Phadia, Uppsala, Sweden) (24). The diagnosis of allergic rhinitis was made based on the concordance between the atopic status and typical allergic symptoms. The diagnosis of asthma was made based on history and physician’s diagnosis according to Global Initiative for Asthma guidelines (25). Intranasal steroid sprays and oral glucocorticoids were stopped at least 1 month and 3 months before surgery, respectively. None had received antileukotrienes or immunotherapy. Subjects who had cystic fibrosis, antrochoanal polyps, fungal sinusitis, gastroesophageal reflux disease, primary ciliary dyskinesia, vasculitis, or an acute upper respiratory tract infection within 1 month of entering the study were excluded from the study. None of the patients had a history of aspirin sensitivity. Symptoms including nasal obstruction, rhinorrhea, hyposmia, and facial pain/pressure were scored on a visual analog scale (VAS) of 0 to 10, with 0 indicating “no complaint whatsoever” and 10 indicating “the worst imaginable complaint” (1). The total VAS symptom scores were calculated based on the sum of these four VAS symptom domains. The overall disease burden was also scored by asking patients how troublesome their disease was in affecting daily activity and sleep on a VAS as mentioned above. Endoscopic physical findings were scored according to the Lund and Kennedy (1). Computed tomography (CT) scans were graded based on the Lund-Mackay scoring system as previously described (1).

During surgery, NP tissues were collected from patients with NPs and inferior turbinate mucosal tissues were collected from control subjects. Nasal epithelial cells were scraped from the NP tissues of patients with NPs as previously described (26, 27). Due to the limited amount of tissue samples, not all samples were included in every experimental protocol. The numbers of subjects involved in each experiment are indicated in figures or figure legends. Demographic and clinical data of subjects are summarized in Supplementary Table S1.



Immunofluorescence Staining

Each nasal tissue sample was divided into at least two parts. One part was embedded in paraffin, the others were used for real-time polymerase chain reaction (PCR), enzyme-linked immunosorbent assay (ELISA), and cell isolation experiments.

Paraffin tissue sections (4 μm) were prepared from tissue blocks. One of every 10 paraffin sections was stained with hematoxylin-eosin to screen for the presence of lymphoid aggregates by two independent investigators. Based on our previous study (6, 9), if a tissue section demonstrating cell aggregates with a radial cell count of greater than 5 cells, the adjacent tissue sections were selected for immunofluorescence staining. The eLTs in NPs were identified as lymphoid aggregates with GC-like structures characterized by the presence of Ki-67+ proliferating B cells, CD21+ follicular dendritic cell networks, and peripheral node addressin-positive high endothelial venules, as previously stated (6).

For immunofluorescence staining, the tissue sections were first stained with the specific primary antibodies (Table S2 in the Supplementary Material) overnight at 4°C and then incubated with fluorescence-labeled secondary antibodies (Table S3 in the Supplementary Material) for 1 h. Species- and subtype-matched antibodies were used as negative controls. The numbers of positive cells in tissue sections per high power field (HPF) were counted by using Image J software (NIH Image, Bethesda, MD). Ten HPFs were randomly selected and analyzed for every tissue section.



Quantitative RT-PCR

Total RNA was extracted from tissue or cell samples by using TRIzol reagent. Single-strand cDNA was synthesized by reverse transcription. Real-time PCR was performed with SYBR Green I and specific primers (Table S4 in the Supplementary Material) as previously described (6). Glucuronidase-β (GUSB) were used as a housekeeping gene for normalization. Relative gene expression was calculated by using the 2(-Delta Delta CT) method (28).



Nasal B Cell Purification and Culture

NP tissues were dissected and single-cell suspensions were prepared by mechanical dissociation as previously described (6). NP mononuclear cells were isolated from single-cell suspensions by means of density gradient centrifugation on Lymphoprep (AXIS-SHIELD PoC AS, Oslo, Norway). B cells were isolated from mononuclear cells by positive selection using anti-CD19 microbeads (Miltenyi Biotec, San Diego, CA, USA) according to the manufacturer’s protocol (29). The purity of the isolated cells was more than 95%, as shown in Supplementary Figure S1A.

B cells were cultured in RPMI 1640 (Thermo Fisher Scientific, Waltham, MA, USA) supplemented with 1% penicillin and 1% streptomycin (Thermo Fisher Scientific), and 10% FCS (GE Healthcare). B cells were stimulated with human recombinant BAFF at 10, 50, or 200 ng/ml (R&D Systems, Minneapolis, MN, USA). After 48-h stimulation, cells were harvested for flow cytometry.



Nasal Stromal Cell Purification and Culture

Nasal stromal cells were isolated from NP single-cell suspensions by negative selection using anti-CD45 and anti-epithelial cell adhesion molecule microbeads (Miltenyi Biotec) to deplete hematopoietic and epithelial cells, as previously stated (30, 31). The purity of the isolated cells was more than 95%, as shown in Supplementary Figure S1B.

Isolated nasal stromal cells were cultured overnight in Dulbecco’s Modified Eagle Medium (DMEM) with 1g/L D-Glucose medium (Thermo Fisher Scientific) supplemented with 1% penicillin and 1% streptomycin (Thermo Fisher Scientific), 0.05 mg/ml gentamicin (Thermo Fisher Scientific), 10 mM 4-(2-hydroxyethyl)-1-piperazineethanesulfonic acid buffer (Thermo Fisher Scientific), 2 mM L-glutamine (Thermo Fisher Scientific), and 10% FCS (GE Healthcare). Non-adherent cells were removed on the next day. The remaining cells were cultured for 2 days and non-adherent cells were removed again. Adherent cells were grown for an additional 2 days and then treated with human recombinant LTα1β2 at 1, 10, 100, or 1000 ng/ml (R&D Systems). After 12-h stimulation, cells were harvested for real-time PCR assay. After 48-h stimulation, cell culture supernatants were collected for ELISA.



Flow Cytometry

Cells were stained with fixable viability stain 700 (BD Bioscience, San Jose, CA, USA) to exclude dead cells. For cell surface staining, FITC-labeled anti-CD19 antibody (1:100; clone: HIB19; BD Bioscience) were incubated with cells for 30 min at 4°C. For intracellular active caspase-3 staining, cells were permeabilized by using Cytofix/Cytoperm (BD Biosciences) for 20 min on ice after surface staining. Then cells were stained with PE-labeled anti-active caspase-3 antibody (1:100; clone: C92-605.1; BD Biosciences) for 30 min at 4°C. Cells were enumerated using a BD LSR Fortessa™ X-20 (BD Bioscience) instrument and data were analyzed using FlowJo software (TreeStar, Ashland, OR, USA).



Enzyme-Linked Immunosorbent Assay

The BAFF protein levels in tissue homogenates and cell culture supernatants were measured by using a commercial enzyme-linked immunosorbent assay (ELISA) kit (Boster Biotechnology, Wuhan, China), and the lower detection limit was 2 pg/ml. The tissue homogenates were generated by mechanical dissociation as previously mentioned (6). The levels of BAFF in tissues were normalized to total tissue protein levels quantified by using a BCA protein detection kit (Guge Biotechnology, Wuhan, China).



Statistical Analysis

Statistical analysis was performed with the SPSS 18.0 software. Data distribution was evaluated by the Shapiro Wilk test to assess the normality and homogeneity of variance. For normally distributed data, ANOVA with a Tukey’s post-hoc test for multiple comparisons and Student’s t test for binary comparisons were applied. For non-normally distributed data, a Kruskal-Wallis test with a Dunn’s post-hoc test for multiple comparisons and Mann-Whitney U test for binary comparisons were employed. The Spearman rank test was used for correlations. Chi-square test or Fisher’s exact test was applied to analyze differences in proportions between groups. Data derived from tissue studies are presented in dot plots unless specifically stated. Symbols represent individual samples, horizontal bars represent medians, and error bars show interquartile ranges. Data from cell culture experiments are expressed as means ± SEMs. Significance was accepted at a P value of less than 0.05.




Results


Increased BAFF Levels in NPs With eLTs

Consistent with previous studies (21–23), we found that although compared to those in control tissues, BAFF levels were elevated in both NP tissues with and without eLTs at the mRNA and protein level detected by real-time PCR and ELISA assays, respectively, there was a further increase of BAFF expression in NP with eLTs in comparison to that in NP without eLTs (Figures 1A, B).




Figure 1 | The elevated expression levels of BAFF in NPs with eLTs. (A) The mRNA expression levels of BAFF in control tissues, NPs without eLTs, and NPs with eLTs as detected by real-time PCR assay. (B) The protein levels of BAFF in control tissues, NPs without eLTs, and NPs with eLTs as detected by ELISA. BAFF, B cell-activating factor; NPs, nasal polyps; eLTs+, with ectopic lymphoid tissues; eLTs-, without ectopic lymphoid tissues. **P < 0.01; ***P < 0.001.





Decreased Apoptosis of B Cells Associates With Elevated BAFF Levels in NPs With eLTs

BAFF has a fundamental role in B cell survival (11, 32, 33). To explore whether increased BAFF has a role in B cell survival in NPs with eLTs, we studied the relationship between BAFF+ cells and active caspase-3+CD20+ apoptotic B cells in NP tissues. In line with real-time PCR and ELISA findings, we found that numbers of BAFF+ cells in cell aggregates in lamina propria were increased in NPs with eLTs compared to those in NPs without eLTs (Figures 2A, B). In addition, we found that although NPs with eLTs had significantly more B cells than NPs without eLTs, fewer active caspase-3+CD20+ apoptotic B cells were found in NPs with eLTs (Figure 2C). The frequencies of active caspase-3+CD20+ apoptotic B cells in total CD20+ B cells in NPs with eLTs were significantly lower than those in NPs without eLTs (Figure 2D). Moreover, there was an inverse correlation between the numbers of BAFF+ cells and the percentages of apoptotic B cells in total NPs (Figure 2E). We also analyzed the relationship between BAFF expression and B cell apoptosis in different types of NPs separately. In NPs without eLTs, possibly due to the low levels of BAFF, we did not observe significant correlation between the numbers of BAFF+ cells and the percentages of apoptotic B cells (Figure 2F). In NPs with eLTs, we did find an inverse correlation between the numbers of BAFF+ cells and percentages of apoptotic B cells (Figure 2G).




Figure 2 | Elevated BAFF expression associates with decreased apoptosis of B cells in NPs with eLTs. (A) Immunofluorescence staining of NP tissues shows BAFF-positive cells in NPs with and without eLTs. Original magnification × 400. (B) The numbers of BAFF+ cells per high power filed in NPs with or without eLTs. (C) Double immunofluorescence staining of consecutive NP tissue sections of those shown in Figure 2A demonstrates active caspase-3+CD20+ B cells in NPs with and without eLTs. Original magnification × 400. (D) The percentages of active caspase-3+CD20+ B cells in total CD20+ B cells in NPs with or without eLTs. (E–G) The correlation between the percentages of active caspase-3+CD20+ B cells in total B cells and the numbers of BAFF+ cells in total NPs (E), NPs without eLTs (F), and NPs with eLTs (G). BAFF, B cell-activating factor; NPs, nasal polyps; eLTs+, with ectopic lymphoid tissues; eLTs-, without ectopic lymphoid tissues. ***P < 0.001.





BAFF Rescues NP B Cells From Apoptosis

To further elucidate the role of BAFF in the survival of NP B cells, we first confirmed the expression of BAFF-R on B cells in NP tissues by immunoflurescence staining (Figure 3A). After 48-h in vitro culture, majority of NP B cells (mean, 82.5%) underwent spontaneous apoptosis (Figure 3B). Of interest, BAFF dose-dependently suppressed the apoptosis of NP B cells, as indicated by the decreased frequencies of active caspase-3+CD19+ apoptotic B cells in vitro with BAFF treatment compared to those without BAFF treatment (Figure 3B).




Figure 3 | BAFF treatment rescues nasal polyps (NP) B cells from apoptosis. (A) Double immunofluorescence staining of NP tissues shows BAFF-R expression on CD20+ B cells. Original magnification × 400. Inset shows a higher magnification of the outlined area, and arrows denote positive cells. (B) B cells isolated from NP tissues were treated with 10, 50, and 200 ng/ml BAFF for 48 h. The frequencies of active caspase-3+ B cells in CD19+ B cells were detected by flow cytometry (n = 8). The representative flow plots are shown. BAFF, B cell-activating factor; BAFF-R, B cell-activating factor receptor. ** indicates P < 0.01 vs. control (without BAFF treatment); *** indicates P < 0.001 vs. control (without BAFF treatment); ### indicates P < 0.001 vs. 10 ng/ml BAFF-treated group; && indicates P < 0.01 vs. 50 ng/ml BAFF-treated group.





Stromal Cells Are an Important Cellular Source of BAFF Expression in NPs With eLTs

We then explored the cellular sources of BAFF in NPs with eLTs. Previous studies have reported BAFF expression in nasal epithelial cells and infiltrating cells in lamina propria in NPs (21–23). By immunofluorescence staining, we also found BAFF immunoreactivity in both epithelial cells and infiltrating cells in lamina propria in NPs (Figure 4A). Nevertheless, we did not find a significant difference in the numbers of BAFF+ cells (Figure 4B) and BAFF mRNA levels (Figure 4C) in nasal epithelial cells between NPs with and without eLTs.




Figure 4 | The expression of BAFF in nasal epithelial cells in NPs with or without eLTs. (A) Representative photomicrographs shows that BAFF immunoreactivity in both nasal epithelial cells and infiltrating cells in lamina propria in NPs with and without eLts. Original magnification × 400. (B) The numbers of BAFF+ cells in the epithelium in NPs with or without eLTs. (C) The BAFF mRNA expression in nasal epithelial cells in NPs with and without eLTs. BAFF, B cell-activating factor; NPs, nasal polyps; eLTs+, with ectopic lymphoid tissues; eLTs-, without ectopic lymphoid tissues.



In addition to epithelial cells, various immune cells have been found expressing BAFF, including mast cells, neutrophils, stromal cells, B cells, and T cells (34–36). By double immunofluorescence staining, we found that BAFF was mainly expressed by stromal cells and B cells, and there were a few of BAFF+ neutrophils, mast cells and T cells in NPs, especially in NPs with eLTs (Figure 5A; Supplementary Figure S2). The numbers of BAFF+ stromal cells and B cells were elevated in NPs with eLTs compared to those in NPs without eLTs (Figures 5B, C). In NPs with eLTs, 30% (mean) BAFF+ cells were stromal cells and 45% (mean) of them were B cells (Figure 5D).




Figure 5 | The expression of BAFF in lamina propria in NPs with or without eLTs. (A) Double immunofluorescence staining of NP tissues showing BAFF expression on vimentin+ stromal cells (a) and CD20+ B cells (b) in NPs with and without eLTs. Original magnification × 400. Insets show a higher magnification of the outlined area, and arrows denote positive cells. (B, C) The numbers of BAFF+ stromal cells (B) and BAFF+ B cells (C) in NPs with or without eLTs. (D) The cell type composition of BAFF+ cells in NPs with eLTs. (E) The relative mRNA expression of BAFF in stromal cells and B cells isolated from same samples of NP tissues with eLTs. (F) The BAFF mRNA expression in stromal cells purified from NPs with and without eLTs. BAFF, B cell-activating factor; NPs, nasal polyps; eLTs+, with ectopic lymphoid tissues; eLTs-, without ectopic lymphoid tissues. **P < 0.01; ***P < 0.001.



Since BAFF-R is expressed by B cells, the BAFF expression detected by immunofluorescence staining might be interfered by the BAFF binding to the BAFF-R on B cells. We therefore purified B cells and stromal cells from NPs with eLTs and detected the mRNA production of BAFF in these two types of cells. We discovered that stromal cells had more abundant BAFF mRNA production than B cells in NPs with eLTs (Figure 5E), suggesting that stromal cells have a higher capacity than B cells to produce BAFF in NPs with eLTs. Furthermore, when comparing the difference between stromal cells in NPs with and without eLTs, we found that the BAFF mRNA expression was elevated in stromal cells isolated from NPs with eLTs in comparison to those isolated from NPs without eLTs (Figure 5F).



LTα1β2 Induces the BAFF Production From Nasal Stromal Cells

Our recent study demonstrated that LTα1β2-LTβ receptor (LTβR) pathway induced CXCL13 production by nasal stromal cells and initiated the lymphocyte recruitment during the eLT development in NPs (9). The increased expression of LTα1β2 in NPs with eLTs has been evidenced in our previous studies (6, 9). Here, we explored whether LTα1β2 contributes to the increased production of BAFF in stromal cells in NPs with eLTs. LTβR expression was again confirmed in nasal stromal cells in NPs by immunofluorescence staining (Figure 6A). LTα1β2 induced BAFF mRNA expression in stromal cells isolated from NP tissues in a dose-dependent manner in vitro (Figure 6B). Consistently, the enhanced BAFF protein levels in culture supernatants of nasal stromal cells were found after stimulation with LTα1β2 at 100 ng/ml (Figure 6C).




Figure 6 | LTα1β2 induces the production of BAFF from nasal stromal cells. (A) Immunofluorescence staining of nasal polyps (NP) tissues showing LTβR expression on vimentin+ stromal cells. Original magnification ×400. Inset shows a higher magnification of the outlined area, and arrows denote positive cells. (B) Stromal cells purified from NP tissues were treated with LTα1β2 at various doses for 12 h, and the mRNA expression of BAFF in stromal cells was detected by real-time PCR (n = 7). (C) The protein levels of BAFF in stromal cell culture supernatants after LTα1β2 (100 ng/ml) treatment for 48 h (n = 7). BAFF, B cell-activating factor; LTβR, lymphotoxin β receptor; LTα1β2, lymphotoxin α1β2. * indicates P < 0.05 vs. control (without LTα1β2 treatment); ** indicates P < 0.01 vs. control (without LTα1β2 treatment).



For immunofluorescence staining experiemtnts, the representative images showing the staining for the isotype control antibodies are presneted in Supplementary Figure S3.



The Associations Between BAFF Expression and Clinical Features

Our previous study has demonstrated the associations between eLT formation and disease duration, symptom severity and prior surgery history in patients with NPs (6). In this study, we further found that the protein levels of BAFF positively correlated with disease duration and overall disease burden in patients with NPs (Table 1). In addition, we found NP patients with prior surgery history [n = 10; median and interquartile range, 177 pg/mg (96-353 pg/mg)] had higher BAFF levels than those without prior surgery (n = 21; median and interquartile range, 131 pg/mg (52-215 pg/mg)] (P = 0.028).


Table 1 | The associations between the BAFF protein levels and clinical characteristics in NP patients (n = 31).






Discussion

The accumulation of B cells is an important step for the development of eLTs. Although local B cell residency recruited by the elevated expression of B cell chemokines has an important role in B cell aggregation in eLTs in NPs (8), whether there is an involvement of prolonged B cell survival in eLT formation in NPs remains unclear. In this study, for the first time, we demonstrated that the apoptosis of B cells in eLTs was significantly inhibited compared to the diffuse infiltrated B cells in NPs without eLTs. The high levels of BAFF may rescue spontaneous B cell apoptosis in NPs with eLTs. Nasal stromal cells were an important cellular source of BAFF in NPs with eLTs and LTα1β2 induced BAFF production from stromal cells. Our study highlights a critical role of BAFF in the eLT formation in NPs by facilizing B cell survival.

Previous studies have noted the increased production of BAFF in NPs and the association between BAFF levels and B cell infiltration as well as local IgE and IgA levels in NPs (21–23). However, those studies did not dissect the underlying mechanisms. It has been evidenced that the local immunoglobulin levels were significantly higher in NPs with eLTs than NP without eLTs, underscoring a critical role of eLTs in supporting local immunoglobulin production in NPs (6). Therefore, it is interesting to know whether BAFF contributes to eLT formation in NPs and thus promotes the local immunoglobulin production in NPs. In line with previous studies (21–23), we here found an upregulation of BAFF production in NP tissues in comparison to control tissues. Nevertheless, of importance, we discovered a significant further increase of BAFF production in NPs with eLTs in comparison to that in NPs without eLTs, suggesting an association between BAFF and eLT formation in NPs. BAFF has previously been found involved in eLT development and disease progression in patients with chronic obstructive pulmonary diseases and lupus nephritis by promoting the survival of B cells or positioning of T cells (37–40). Previous studies have discovered that human mature B cells are devoid of apoptosis by BAFF-BAFF-R interaction on B cell antigen receptor signaling (32). We found that along with the increased numbers of BAFF-positive cells, the frequencies of apoptotic B cells were significantly reduced in NPs with eLTs. We also found that there was a strong negative correlation between the numbers of BAFF-positive cells and the frequencies of apoptotic B cells in NPs. In addition, in vitro study showed that BAFF was able to promote nasal B cell survival. Collectively, these several lines of evidence suggest that excessive BAFF production protects nasal B cell from apoptosis, and therefore leads to B cell aggregation and eLT formation in NPs.

BAFF can be produced by various cell types including epithelial cells, stromal cells, T cells, B cells neutrophils, and mast cells, in response to different stimulus (34, 36, 38). Stimulus such as Toll-like receptor ligands, microbes, allergens, cigarette smoking, and chemicals trigger BAFF production. Proinflammatory cytokines, and Th1- and Th17-related cytokines are also able to induce BAFF production. The cellular sources of BAFF are highly tissue- and disease-dependent (21–23). In this study, although we discovered immunoreactivity of BAFF in nasal epithelial cells, we did not find a significant difference in BAFF expression in nasal epithelial cells between NPs with and without eLTs, disfavoring a role of epithelial cell-derived BAFF in eLT formation in NPs. Furthermore, we found BAFF immunoreactivity in B cells and stromal cells in NPs with eLTs. However, BAFF expression in lymphocytes detected by immunofluorescence staining should be considered with caution, since B cells have BAFF-R expression and the cell membrane-bound BAFF may interfere the detection. Indeed, despite that B cells accounted for higher percentages of BAFF+ cells than stromal cells (45% vs. 30%) in NPs with eLTs, isolated nasal stromal cells had more abundant production of BAFF mRNA than B cells, suggesting that nasal stromal cells may have a higher capacity to produce BAFF than B cells in NPs. In addition, the production of BAFF was elevated in stromal cells in NPs with eLTs than those in NPs without eLTs, suggesting that nasal stromal cells are an important cellular source of BAFF in NPs with eLTs. Stromal cells provide a structural and functional niche for lymphocyte migration, survival, antigen encounter, and tolerance in lymphoid tissues (41, 42). Our recent study found that stromal cells may initiate B cell recruitment by secreting CXCL13, thus play an important role in the early stage of eLT development (9). In the development of SLOs, LTα1β2-LTβR pathway is crucial for stromal cell expansion, differentiation, and maturation (43–45). Here, we found that LTα1β2 induced the BAFF production from nasal stromal cells. Therefore, stromal cells not only contribute to the B cell recruitment in the initial stage of eLT formation, but also prolong B cell survival and further promote eLT expansion in NPs.

Consisitent with our previous findings regarding the relationship between eLT formation and clinical features (6), we found that BAFF expression was also correlated with disease duration, overall disease burden and prior surgery in patients with NPs, further highlighting a role of BAFF in the disease progression in patients with NPs.

NPs may have different phenotypes/endotypes. NPs can be classified into eosinophilic and noneosinophilic types based on the extent of eosinophilic inflammation, and these two types of NPs demonstrate several differences in immunological and inflammatory features (46, 47). Our previous study found that the frequencies of eLT formation were similar in eosinophilic and noneosinophilic NPs, and the expression of homeostatic chemokines and lymphorganogenic molecules, including BAFF, CXCL13, and LT, was shared by eosinophilic and noneosinophilic NPs with eLTs, suggesting a similar molecular pathway for lymphoid neogenesis in both types of NPs (6, 9). Therefore, similar to our recent published study (9), we did not further subclassify NPs into eosinophilic and noneosinophilic types in this study

In summary, our study suggests that overproduction of BAFF from nasal stromal cells induced by LTα1β2 may rescue B cell from apoptosis and therefore contribute to B cell aggregation and eLT formation in NPs. Targeting BAFF may have therapeutic potential in preventing or alleviating the development of eLTs and chronic inflammation in patients with NPs. The BAFF inhibitor, belimumab, has been approved for the treatment of system lupus erythematosus patients characterized by IgG overproduction and eLT formation, and exhibits modest, but durable, efficacy in decreasing disease flares and organ damage (48, 49). It will be of great interest to test the efficacy of belimumab in the treatment of refractory NPs or NPs with eLTs in future.



Data Availability Statement

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



Ethics Statement

The studies involving human participants were reviewed and approved by IRB Number: TJ-C20170301. The patients/participants provided their written informed consent to participate in this study.



Author Contributions

Z-ZW performed cell culture, histology, flow cytometry, ELISA and PCR assays, analyzed data, and prepared the manuscript. JS and HW performed ELISA and PCR assays. J-XLi, QX, and ZY participated in tissue sample collection. J-XLiu participated in data discussion. ZL designed the study and prepared the manuscript. All authors contributed to the article and approved the submitted version.



Funding

This study was supported by the National Natural Science Foundation of China (NSFC) grants 81630024 and 81920108011 (ZL), and 81900925 (JS).



Supplementary Material

The Supplementary Material for this article can be found online at: https://www.frontiersin.org/articles/10.3389/fimmu.2020.625630/full#supplementary-material



References

1. Fokkens, WJ, Lund, VJ, Hopkins, C, Hellings, PW, Kern, R, Reitsma, S, et al. European Position Paper on Rhinosinusitis and Nasal Polyps 2020. Rhinology (2020) 58(Suppl S29):1–464. doi: 10.4193/Rhin20.600

2. van der Veen, J, Seys, SF, Timmermans, M, Levie, P, Jorissen, M, Fokkens, WJ, et al. Real-life study showing uncontrolled rhinosinusitis after sinus surgery in a tertiary referral centre. Allergy (2017) 72(2):282–90. doi: 10.1111/all.12983

3. Djukic, V, Dudvarski, Z, Arsovic, N, Dimitrijevic, M, and Janosevic, L. Clinical outcomes and quality of life in patients with nasal polyposis after functional endoscopic sinus surgery. Eur Arch Oto Rhino Laryngol (2015) 272(1):83–9. doi: 10.1007/s00405-014-3054-y

4. Liao, B, Liu, JX, Li, ZY, Zhen, Z, Cao, PP, Yao, Y, et al. Multidimensional endotypes of chronic rhinosinusitis and their association with treatment outcomes. Allergy (2018) 73(7):1459–69. doi: 10.1111/all.13411

5. Tan, BK, Li, QZ, Suh, L, Kato, A, Conley, DB, Chandra, RK, et al. Evidence for intranasal antinuclear autoantibodies in patients with chronic rhinosinusitis with nasal polyps. J Allergy Clin Immunol (2011) 128(6):1198–206.e1191. doi: 10.1016/j.jaci.2011.08.037

6. Song, J, Wang, H, Zhang, Y-N, Cao, P-P, Liao, B, Wang, Z-Z, et al. Ectopic lymphoid tissues support local immunoglobulin production in patients with chronic rhinosinusitis with nasal polyps. J Allergy Clin Immunol (2018) 141(3):927–37. doi: 10.1016/j.jaci.2017.10.014

7. Gevaert, P, Holtappels, G, Johansson, SG, Cuvelier, C, Cauwenberge, P, and Bachert, C. Organization of secondary lymphoid tissue and local IgE formation to Staphylococcus aureus enterotoxins in nasal polyp tissue. Allergy (2005) 60(1):71–9. doi: 10.1111/j.1398-9995.2004.00621.x

8. Lau, A, Lester, S, Moraitis, S, Ou, J, Psaltis, AJ, McColl, S, et al. Tertiary lymphoid organs in recalcitrant chronic rhinosinusitis. J Allergy Clin Immunol (2017) 139(4):1371–3. doi: 10.1016/j.jaci.2016.08.052

9. Wang, ZZ, Song, J, Wang, H, Li, JX, Xiao, Q, Yu, Z, et al. Stromal cells and B cells orchestrate ectopic lymphoid tissue formation in nasal polyps. Allergy (2020). doi: 10.1111/all.14612

10. Paramasivan, S, Lester, S, Lau, A, Ou, J, Psaltis, AJ, Wormald, PJ, et al. Tertiary lymphoid organs: A novel target in patients with chronic rhinosinusitis. J Allergy Clin Immunol (2018) 142(5):1673–6. doi: 10.1016/j.jaci.2018.07.024

11. Schneider, P, and Tschopp, J. BAFF and the regulation of B cell survival. Immunol Lett (2003) 88(1):57–62. doi: 10.1016/s0165-2478(03)00050-6

12. Schiemann, B, Gommerman, JL, Vora, K, Cachero, TG, Shulga-Morskaya, S, Dobles, M, et al. An essential role for BAFF in the normal development of B cells through a BCMA-independent pathway. Science (2001) 293(5537):2111–4. doi: 10.1126/science.1061964

13. McCarthy, DD, Kujawa, J, Wilson, C, Papandile, A, Poreci, U, Porfilio, EA, et al. Mice overexpressing BAFF develop a commensal flora-dependent, IgA-associated nephropathy. J Clin Invest (2011) 121(10):3991–4002. doi: 10.1172/JCI45563

14. Khare, SD, Sarosi, I, Xia, XZ, McCabe, S, Miner, K, Solovyev, I, et al. Severe B cell hyperplasia and autoimmune disease in TALL-1 transgenic mice. Proc Natl Acad Sci U S A (2000) 97(7):3370–5. doi: 10.1073/pnas.050580697

15. Mackay, F, Woodcock, SA, Lawton, P, Ambrose, C, Baetscher, M, Schneider, P, et al. Mice transgenic for BAFF develop lymphocytic disorders along with autoimmune manifestations. J Exp Med (1999) 190(11):1697–710. doi: 10.1084/jem.190.11.1697

16. Thompson, JS, Schneider, P, Kalled, SL, Wang, L, Lefevre, EA, Cachero, TG, et al. BAFF binds to the tumor necrosis factor receptor-like molecule B cell maturation antigen and is important for maintaining the peripheral B cell population. J Exp Med (2000) 192(1):129–35. doi: 10.1084/jem.192.1.129

17. Xia, XZ, Treanor, J, Senaldi, G, Khare, SD, Boone, T, Kelley, M, et al. TACI is a TRAF-interacting receptor for TALL-1, a tumor necrosis factor family member involved in B cell regulation. J Exp Med (2000) 192(1):137–43. doi: 10.1084/jem.192.1.137

18. Marsters, SA, Yan, M, Pitti, RM, Haas, PE, Dixit, VM, and Ashkenazi, A. Interaction of the TNF homologues BLyS and APRIL with the TNF receptor homologues BCMA and TACI. Curr Biol (2000) 10(13):785–8. doi: 10.1016/s0960-9822(00)00566-2

19. Thompson, JS, Bixler, SA, Qian, F, Vora, K, Scott, ML, Cachero, TG, et al. BAFF-R, a newly identified TNF receptor that specifically interacts with BAFF. Science (2001) 293(5537):2108–11. doi: 10.1126/science.1061965

20. Ng, LG, Sutherland, AP, Newton, R, Qian, F, Cachero, TG, Scott, ML, et al. B cell-activating factor belonging to the TNF family (BAFF)-R is the principal BAFF receptor facilitating BAFF costimulation of circulating T and B cells. J Immunol (2004) 173(2):807–17. doi: 10.4049/jimmunol.173.2.807

21. Kato, A, Peters, A, Suh, L, Carter, R, Harris, KE, Chandra, R, et al. Evidence of a role for B cell-activating factor of the TNF family in the pathogenesis of chronic rhinosinusitis with nasal polyps. J Allergy Clin Immunol (2008) 121(6):1385–92, 1392.e1381–2. doi: 10.1016/j.jaci.2008.03.002

22. Dilidaer,, Zheng, Y, Liu, Z, Hu, X, Zhang, J, Hu, L, et al. Increased BAFF expression in nasal polyps is associated with local IgE production, Th2 response and concomitant asthma. Eur Arch Otorhinolaryngol (2017) 274(4):1883–90. doi: 10.1007/s00405-016-4435-1

23. Yoon, YH, Jin, J, Kwon, KR, Kim, SH, Rha, KS, and Kim, YM. The role of B cell Activating Factor (BAFF) expression on pathogenesis of nasal polyp in chronic rhinosinusitis with nasal polyposis. Rhinology (2014) 52(4):390–6. doi: 10.4193/Rhin13.154

24. Wang, Y, Chen, H, Zhu, R, Liu, G, Huang, N, Li, W, et al. Allergic Rhinitis Control Test questionnaire-driven stepwise strategy to improve allergic rhinitis control: a prospective study. Allergy (2016) 71(11):1612–9. doi: 10.1111/all.12963

25. Bateman, ED, Hurd, SS, Barnes, PJ, Bousquet, J, Drazen, JM, FitzGerald, JM, et al. Global strategy for asthma management and prevention: GINA executive summary. Eur Respir J (2008) 31(1):143–78. doi: 10.1183/09031936.00138707

26. Liao, B, Cao, PP, Zeng, M, Zhen, Z, Wang, H, Zhang, YN, et al. Interaction of thymic stromal lymphopoietin, IL-33, and their receptors in epithelial cells in eosinophilic chronic rhinosinusitis with nasal polyps. Allergy (2015) 70(9):1169–80. doi: 10.1111/all.12667

27. Wang, BF, Cao, PP, Wang, ZC, Li, ZY, Wang, ZZ, Ma, J, et al. Interferon-gamma-induced insufficient autophagy contributes to p62-dependent apoptosis of epithelial cells in chronic rhinosinusitis with nasal polyps. Allergy (2017) 72(9):1384–97. doi: 10.1111/all.13153

28. Livak, KJ, and Schmittgen, TD. Analysis of relative gene expression data using real-time quantitative PCR and the 2(-Delta Delta C(T)) Method. Methods (2001) 25(4):402–8. doi: 10.1006/meth.2001.1262

29. Zhai, GT, Wang, H, Li, JX, Cao, PP, Jiang, WX, Song, J, et al. IgD-activated mast cells induce IgE synthesis in B cells in nasal polyps. J Allergy Clin Immunol (2018) 142(5):1489–99.e1423. doi: 10.1016/j.jaci.2018.07.025

30. Barone, F, Nayar, S, Campos, J, Cloake, T, Withers, DR, Toellner, KM, et al. IL-22 regulates lymphoid chemokine production and assembly of tertiary lymphoid organs. Proc Natl Acad Sci U S A (2015) 112(35):11024–9. doi: 10.1073/pnas.1503315112

31. Cheng, HW, Onder, L, Cupovic, J, Boesch, M, Novkovic, M, Pikor, N, et al. CCL19-producing fibroblastic stromal cells restrain lung carcinoma growth by promoting local antitumor T-cell responses. J Allergy Clin Immunol (2018) 142(4):1257–1.e1254. doi: 10.1016/j.jaci.2017.12.998

32. Saito, Y, Miyagawa, Y, Onda, K, Nakajima, H, Sato, B, Horiuchi, Y, et al. B-cell-activating factor inhibits CD20-mediated and B-cell receptor-mediated apoptosis in human B cells. Immunology (2008) 125(4):570–90. doi: 10.1111/j.1365-2567.2008.02872.x

33. Mackay, F, and Browning, JL. BAFF: a fundamental survival factor for B cells. Nat Rev Immunol (2002) 2(7):465–75. doi: 10.1038/nri844

34. Scapini, P, Bazzoni, F, and Cassatella, MA. Regulation of B-cell-activating factor (BAFF)/B lymphocyte stimulator (BLyS) expression in human neutrophils. Immunol Lett (2008) 116(1):1–6. doi: 10.1016/j.imlet.2007.11.009

35. Lundell, AC, Nordstrom, I, Andersson, K, Lundqvist, C, Telemo, E, Nava, S, et al. IFN type I and II induce BAFF secretion from human decidual stromal cells. Sci Rep (2017) 7(39904). doi: 10.1038/srep39904

36. Morimoto, S, Nakano, S, Watanabe, T, Tamayama, Y, Mitsuo, A, Nakiri, Y, et al. Expression of B-cell activating factor of the tumour necrosis factor family (BAFF) in T cells in active systemic lupus erythematosus: the role of BAFF in T cell-dependent B cell pathogenic autoantibody production. Rheumatol (Oxford) (2007) 46(7):1083–6. doi: 10.1093/rheumatology/kem097

37. Collison, J. Lupus nephritis: Novel role for BAFF in tertiary lymphoid neogenesis. Nat Rev Rheumatol (2017) 13(5):260. doi: 10.1038/nrrheum.2017.40

38. Seys, LJ, Verhamme, FM, Schinwald, A, Hammad, H, Cunoosamy, DM, Bantsimba-Malanda, C, et al. Role of B Cell-Activating Factor in Chronic Obstructive Pulmonary Disease. Am J Respir Crit Care Med (2015) 192(6):706–18. doi: 10.1164/rccm.201501-0103OC

39. Polverino, F, Cosio, BG, Pons, J, Laucho-Contreras, M, Tejera, P, Iglesias, A, et al. B Cell-Activating Factor. An Orchestrator of Lymphoid Follicles in Severe Chronic Obstructive Pulmonary Disease. Am J Respir Crit Care Med (2015) 192(6):695–705. doi: 10.1164/rccm.201501-0107OC

40. Kang, S, Fedoriw, Y, Brenneman, EK, Truong, YK, Kikly, K, and Vilen, BJ. BAFF Induces Tertiary Lymphoid Structures and Positions T Cells within the Glomeruli during Lupus Nephritis. J Immunol (2017) 198(7):2602–11. doi: 10.4049/jimmunol.1600281

41. Kain, MJ, and Owens, BM. Stromal cell regulation of homeostatic and inflammatory lymphoid organogenesis. Immunology (2013) 140(1):12–21. doi: 10.1111/imm.12119

42. Alexandre, YO, and Mueller, SN. Stromal cell networks coordinate immune response generation and maintenance. Immunol Rev (2018) 283(1):77–85. doi: 10.1111/imr.12641

43. Murphy, M, Walter, BN, Pike-Nobile, L, Fanger, NA, Guyre, PM, Browning, JL, et al. Expression of the lymphotoxin beta receptor on follicular stromal cells in human lymphoid tissues. Cell Death Differ (1998) 5(6):497–505. doi: 10.1038/sj.cdd.4400374

44. Endres, R, Alimzhanov, MB, Plitz, T, Futterer, A, Kosco-Vilbois, MH, Nedospasov, SA, et al. Mature follicular dendritic cell networks depend on expression of lymphotoxin beta receptor by radioresistant stromal cells and of lymphotoxin beta and tumor necrosis factor by B cells. J Exp Med (1999) 189(1):159–68. doi: 10.1084/jem.189.1.159

45. Pikor, NB, Astarita, JL, Summers-Deluca, L, Galicia, G, Qu, J, Ward, LA, et al. Integration of Th17- and Lymphotoxin-Derived Signals Initiates Meningeal-Resident Stromal Cell Remodeling to Propagate Neuroinflammation. Immunity (2015) 43(6):1160–73. doi: 10.1016/j.immuni.2015.11.010

46. Schleimer, RP. Immunopathogenesis of Chronic Rhinosinusitis and Nasal Polyposis. Annu Rev Pathol (2017) 12:331–57. doi: 10.1146/annurev-pathol-052016-100401

47. Cao, PP, Wang, ZC, Schleimer, RP, and Liu, Z. Pathophysiologic mechanisms of chronic rhinosinusitis and their roles in emerging disease endotypes. Ann Allergy Asthma Immunol (2019) 122(1):33–40. doi: 10.1016/j.anai.2018.10.014

48. Stohl, W, Schwarting, A, Okada, M, Scheinberg, M, Doria, A, Hammer, AE, et al. Efficacy and Safety of Subcutaneous Belimumab in Systemic Lupus Erythematosus: A Fifty-Two-Week Randomized, Double-Blind, Placebo-Controlled Study. Arthritis Rheumatol (2017) 69(5):1016–27. doi: 10.1002/art.40049

49. Marcondes, F, and Scheinberg, M. Belimumab in the treatment of systemic lupus erythematous: An evidence based review of its place in therapy. Autoimmun Rev (2018) 17(2):103–7. doi: 10.1016/j.autrev.2017.11.013



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 © 2021 Wang, Song, Wang, Li, Xiao, Yu, Liu and Liu. 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-11-625630-g005.jpg
. o

. Thecompetin o BAFE g
EX ey

) L 3
£o EA o~

ol

o]

‘e






OEBPS/Images/fimmu.2020.625630_cover.jpg
, frontiers
in Immunology

B Cell-Activating Factor Promotes
B Cell Survival in Ectopic Lymphoid
Tissues in Nasal Polyps





OEBPS/Images/fimmu-11-625630-g002.jpg
D20 Active caspase-3






OEBPS/Images/fimmu-11-625630-g003.jpg
A

BAFF-R _CD20 _DAPI

=2

27

‘ﬁ‘ BAFF

200 (ng/m.)





OEBPS/Text/toc.xhtml


  

    Table of Contents



    

		Cover



      		

        B Cell–Activating Factor Promotes B Cell Survival in Ectopic Lymphoid Tissues in Nasal Polyps

      

        		

          Introduction

        



        		

          Materials and Methods

        

          		

            Subjects and Sample Collection

          



          		

            Immunofluorescence Staining

          



          		

            Quantitative RT-PCR

          



          		

            Nasal B Cell Purification and Culture

          



          		

            Nasal Stromal Cell Purification and Culture

          



          		

            Flow Cytometry

          



          		

            Enzyme-Linked Immunosorbent Assay

          



          		

            Statistical Analysis

          



        



        



        		

          Results

        

          		

            Increased BAFF Levels in NPs With eLTs

          



          		

            Decreased Apoptosis of B Cells Associates With Elevated BAFF Levels in NPs With eLTs

          



          		

            BAFF Rescues NP B Cells From Apoptosis

          



          		

            Stromal Cells Are an Important Cellular Source of BAFF Expression in NPs With eLTs

          



          		

            LTα1β2 Induces the BAFF Production From Nasal Stromal Cells

          



          		

            The Associations Between BAFF Expression and Clinical Features

          



        



        



        		

          Discussion

        



        		

          Data Availability Statement

        



        		

          Ethics Statement

        



        		

          Author Contributions

        



        		

          Funding

        



        		

          Supplementary Material

        



        		

          References

        



      



      



    



  



OEBPS/Images/crossmark.jpg
©

2

i

|





OEBPS/Images/fimmu-11-625630-g006.jpg
A

Vimentin

LTBR

LTaB,






OEBPS/Images/fimmu-11-625630-g001.jpg
=

‘mRNA relative expression level

BAFF * BAFF
o
.
tw
H
N
H
-
; e

Control
(a=16)

NPT
a=29)

NPT’
=17

Control
Py

NPTy
=21)






OEBPS/Images/fimmu-11-625630-g004.jpg
100

s

NPT
=15

NPeeLTs
=11

mRNA

NPuLTE NPl
@=2) (a=13)






OEBPS/Images/logo.jpg
’ frontiers
in Immunology





OEBPS/Images/table1.jpg
Corralation coefficient Pvalue

Disease duration 0440 0020
Symptom VAS scores
Nasal obstucton 0281 0208
Rninonthea, 0109 0581
Facil pain 0039 0835
Loss of smell 0017 0928
Total score 0272 0138
Overal burden VAS scores 0366 0043
Endoscopic scores 0146 042
CT scores 0144 0417

BAFF, 8 collactivating factor; NP, nasal polyps; VAS, visual analog scak; CT,
computed tomograpty.
The vakiah h bkl fele & GoreaponiiG b vilkie TN IS ‘DS





