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Background

B-cell activating factor (BAFF) is crucial for B-cell survival, proliferation, and immunoglobulin secretion. However, its role in hematopoietic malignancies, particularly concerning B-cell differentiation stages, remains unclear. This study explored the involvement of BAFF in B-cell malignancy progression and treatment response.





Methods

Mouse malignant B-cell lineage cell lines A20 and MPC-11 OUAr cells were analyzed for responsiveness to BAFF both in vitro and in vivo. For an in vitro study, recombinant BAFF was examined for its capacities, rescuing those cells under drug-induced cytotoxicity. For an in vivo study, tumor progression induced by inoculation of the tumor cells was compared between wild-type and BAFF-knockout (BAFF-KO) mice. Transcriptomic analysis was conducted to assess immune responses and signaling pathways associated with BAFF-dependent tumor growth.





Results

MPC-11 OUAr cells exhibited characteristics of more differentiated B cells, with a capacity for IgG secretion and elevated expression of B-cell maturation antigen (BCMA). In vitro, recombinant BAFF reduced drug-induced cytotoxicity on A20 cells but had no apparent effect on MPC-11 OUAr cells. In vivo, BAFF-KO mice exhibited better survival when administered with MPC-11 OUAr cells than wild-type mice, whereas the opposite trend was observed when these mice were administered with A20 cells. Transcriptomic analyses revealed that wild-type mice bearing MPC-11 OUAr tumors exhibited elevated expression of genes linked to angiogenesis and the PI3K-Akt signaling pathway.





Conclusions

Our findings suggest variable impacts of BAFF on B-cell lineage malignant cells depending on their cell types and highlight the complex role of BAFF in hematopoietic malignancies. Even when BAFF serves as a promoter of B-cell lineage tumors, its roles may not be restricted to its direct effects on malignant cells but may involve indirect effects on other cells constituting the tumor microenvironment, leading to an environment favorable to the malignant cells. The differential impact of BAFF on lymphoma subtypes underscores the need for targeted therapeutic strategies modulating BAFF signaling in B-cell malignancy.
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Introduction

B-cell activating factor (BAFF, also known as TNFSF13B) is a critical molecule in B-cell development (1–5). BAFF is expressed by monocytes, macrophages, dendritic cells, and lymphoid cells, including B cells and activated T cells (2, 4, 6, 7). BAFF induces B-cell proliferation and immunoglobulin secretion and is an important survival factor for immature, naive, and activated B cells (1, 4). BAFF exists either on the cell surface as a type II transmembrane protein or as a soluble form after cleavage by a protease called furin (4). There are three separate receptors for BAFF: BAFF receptor (BAFF-R), transmembrane activator and calcium-modulator and cyclophilin ligand interactor (TACI), and B-cell maturation antigen (BCMA) (1, 8). BAFF-R, TACI, and BCMA are expressed at different stages of B-cell development (9). BAFF-R is highly expressed from transitional B cells to mature naive B cells (9). TACI is highly expressed from mature naive B cells to activated and memory B cells (9). BCMA is most highly expressed by plasmablasts and short- and long-lived plasma cells (8, 9). Malignant B-cell lineage cells often share immunophenotypic characteristics with their normal B-cell counterparts, reflecting the expansion of a dominant clone leading to the development of leukemia or lymphoma (10). The expression levels of the BAFF receptors are presumed to vary according to the differentiation stage of B cells, and BAFF signaling is thought to differ depending on the cancer type (11).

BAFF-knockout (BAFF-KO) and BAFF-transgenic (BAFF-Tg) mouse models provide valuable insights into the intricate relationship between BAFF and its immunological functions in the development of autoimmune and lymphoproliferative diseases, shedding light on potential therapeutic targets and mechanisms underlying immune system regulation. BAFF-KO mice show no apparent birth defects and grow to at least 6 to 8 months of age without unusual morbidity, and all major organs, including the thymus, spleen, and lymph node, are present, although the average spleen weights of BAFF-KO mice are significantly reduced (12, 13). BAFF-KO mice have significantly fewer marginal zone and follicular B cells than wild-type animals (13). The remaining B cells mostly exhibited characteristics of T1 transitional B cells (13). Although these cells were normal in number, there were almost no cells of a T2 phenotype (13, 14). BAFF-KO mice exhibit a deficiency in mature B cells and an impaired immune response, in contrast to BAFF-Tg mice, which, due to their heightened production of BAFF, display increased numbers of mature B cells and effector T cells (8, 15). There is a correlation between excess BAFF in BAFF-Tg mice and the development of an autoimmune disease, resembling SLE in humans (16). BAFF-Tg mice exhibit autoimmune-like manifestations, including the presence of high levels of rheumatoid factors, circulating immune complexes, anti-DNA autoantibodies, and immunoglobulin deposition in the kidneys (15). Interestingly, a small percentage (3%–5%) of BAFF-Tg mice spontaneously develop B-cell lymphoproliferative diseases as they age (17). The development of B-cell lymphoproliferative diseases in BAFF-Tg mice appears to be linked to the action of tumor necrosis factor (TNF), as introducing TNF deficiency into a BAFF-Tg background increases the incidence of B-cell lymphoma (18).

BAFF is believed to play a complex and context-dependent role in hematologic malignancies, influencing both disease progression and treatment outcomes. Therefore, investigating BAFF and its receptors is crucial for understanding the mechanisms underlying hematopoietic malignancies and may lead to the discovery of new therapeutic targets or enhancements to existing treatments. To explore this, this study aimed to examine whether BAFF responsiveness in various hematopoietic malignancies correlates with the differentiation stage of B cells. Here, two mouse lymphoma cell lines were tested for their survival/proliferation in the presence of BAFF, both in vitro and in vivo, to examine whether the effect of BAFF varies depending on the nature of the cells, including differentiation status and expression levels of BAFF receptors.





Materials and methods




Mouse cell lines

A20 was purchased from the ATCC, Manassas, USA. A20 is a BALB/c B-cell lymphoma line derived from a spontaneous reticulum cell neoplasm found in an old BALB/cAnN mouse (19). MPC-11 OUAr was obtained from the Japanese Cancer Research Resources Bank, which originated from ATCC TIB-15™ established from the Merwin plasma cell tumor-11 induced in a BALB/c mouse (20). A20 cells were cultured at 37°C and 5% CO2 in RPMI-1640 medium (Fujifilm WAKO, Osaka, Japan) containing 10% heat-inactivated fetal bovine serum (HI-FBS) (Thermo Fisher Scientific, Waltham, MA, USA), 100 U/mL of penicillin, and 100 µg/mL of streptomycin (WAKO). MPC-11 OUAr cells were maintained at 37°C and 5% CO2 in Dulbecco’s modified Eagle’s medium (DMEM; WAKO) containing 10% HI-FBS (Thermo), 100 U/mL of penicillin, and 100 µg/mL of streptomycin (WAKO).





Quantification of IgG in cell culture

A20 and MPC-11 OUAr cells were cultured in vitro, and both cells and culture supernatants were harvested. Cells were resuspended in RIPA buffer and sonicated using Sonifier 250 (Branson, Brookfield, USA). The protein concentrations of the cell lysates were determined by the DC protein assay (Bio-Rad, Hercules, USA). Quantification of IgG in cell lysate and culture supernatant was performed by using IgG (Total) Mouse Uncoated ELISA Kit (Thermo), according to the manufacturer’s instructions.





Cell viability assay

A20 and MPC-11 OUAr cells were plated into 96-well plates at a concentration of 2.0 × 105 cells/mL. Cytarabine (LKT Labs, Inc., Saint Paul, USA), methotrexate (MP Biomedicals, Inc., Irvine, USA), doxorubicin (Cell Signaling Technology, Danvers, USA), cyclophosphamide (TCI, Tokyo, Japan), prednisolone (WAKO), bortezomib (WAKO), thalidomide (Sigma-Aldrich, Burlington, USA), and dexamethasone (Sandoz AG, Basel, Switzerland) were diluted and added to the plates. A 50-ng/mL recombinant mouse IL-6 (rmIL-6) (R&D Systems #406-ML-005) and 100 ng/mL of recombinant mouse BAFF (rmBAFF) (R&D Systems #8876-BF-010, Minneapolis, USA) were added to the plate and then incubated for 72 h. The AlamarBlue Cell Viability Reagent (Invitrogen, Carlsbad, USA) was applied and incubated at 37°C for 4 h. Fluorescence intensity was measured using an excitation wavelength of 555 nm and an emission wavelength of 595 nm using a microplate reader (SpectraMax Paradigm, Molecular Devices, San Jose, CA, USA).





Mice

BALB/cA mice were purchased from CLEA Japan, Tokyo, Japan. BAFF-KO mice on a BALB/cA background were produced by the CRISPR/Cas offset-nicking method (21). All mice were maintained under specific pathogen-free conditions in a level 2 physical containment facility. The animal experiments were reviewed and approved by an institutional animal research committee (approval P22-090) and an institutional committee on genetically modified organisms (approval L22-024) at the Graduate School of Agricultural and Life Sciences, The University of Tokyo.





In vivo tumor challenges

A20 and MPC-11 OUAr cells were washed three times with PBS and resuspended in PBS. Mice were implanted subcutaneously at the dorsal base of the tail with 1 × 106 A20 or MPC-11 OUAr cells (n = 10 per group for wild-type and BAFF-KO mice, respectively). The volume of a subcutaneous tumor nodule was calculated as length × breadth × height/2. Mice were monitored daily for signs of morbidity and mortality and were housed according to institutional ethics and biosafety standards. For the preparation of samples for histological and gene expression analyses, mice bearing A20 cells were sacrificed 4 weeks after cell transplantation, while mice bearing MPC-11 OUAr cells were sacrificed 2 weeks post-transplantation, due to the different speeds of tumor growth.





Pathological examination of sections of paraffin-embedded mouse nodule

Pieces of nodules from tumor-implanted mice were fixed with 10% neutral buffered formalin and then embedded in paraffin. Sections were dewaxed and then boiled in antigen retrieval buffer (Tris-EDTA buffer, pH 9). The sections were probed with goat anti-mouse MRP14 (Santa Cruz, CA, USA) followed by the secondary antibody AlexaFluor 546-conjugated donkey anti-goat IgG (Thermo) for 1 h, and then counterstained with Hoechst 33342 (Dojindo, Kumamoto, Japan). Fluorescence observation was performed with Keyence BZ-X800 (Keyence, Osaka, Japan).





Quantitative reverse transcription-PCR

Total RNA was extracted from A20 and MPC-11 OUAr cells, as well as from nodules from tumor-implanted mice using TRIzol (Thermo). The concentration of total RNA was measured by NanoDrop™ OneC (Thermo). Real-time PCR assay was carried out using 0.5 µL of cDNA as the template, 10 µL of SYBR Select Master Mix (Thermo), and 0.25 µM of primers with the Applied Biosystems QuantStudio 5 Real-Time PCR System (Thermo). Data were analyzed by the 2−ΔCt method and normalized by Actb. Primer information is provided in Supplementary Table S1.





Transcriptome analysis

Total RNA was extracted from the A20 and MPC-11 OUAr cell culture in vitro, as well as nodules from tumor-implanted mice, and was sent to Macrogen Japan for RNA sequencing. For purification and library construction, next-generation sequencing technology was used for paired-end sequencing on these libraries based on the Illumina sequencing platform. The filtered high-quality sequences were compared to the reference genome of Mus musculus. According to the comparison results, the expression level of each gene was calculated, and the samples were analyzed for expression quantity, expression differences, functional enrichment of differentially expressed genes (DEGs), and protein network interaction. The conditions for screening DEGs were as follows: expression fold |log2FoldChange| > 1, significant P-value < 0.05 (22). The R language Pheatmap package was used to perform bidirectional clustering analysis on the union of differential genes and samples of all comparison groups (23). In some analyses, iDEP 2.01 was used (24). Kyoto Encyclopedia of Genes and Genomes (KEGG) and Gene Set Enrichment Analysis (GSEA) were performed to identify signaling pathways with the most significant DEG enrichment (25, 26).





Quantification of BAFF

BAFF levels were quantified in cell lines, tumor nodules, and serum samples using the Mouse BAFF/BLyS/TNFSF13B DuoSet ELISA kit (R&D Systems) according to the manufacturer’s instructions. For cell lines, A20 and MPC-11 OUAr cells were collected and lysed in RIPA buffer followed by sonication. Nodule BAFF levels were assessed by homogenizing nodules in RIPA buffer. Serum BAFF levels were directly measured from mouse serum samples.





Statistical analysis

Differences among groups were analyzed by unpaired t-test, one-way ANOVA followed by Bonferroni multiple comparisons test, or two-way ANOVA followed by Bonferroni multiple comparisons test with GraphPad Prism 10 software (GraphPad Software, Inc., CA, USA). In the group of mice inoculated with MPC-11 OUAr, mice that did not develop tumors by day 40 were considered to have failed tumor engraftment and were excluded from the analysis. Additionally, in the MPC-11 OUAr-inoculated group, mice were considered to have reached the humane endpoint when the longest dimension exceeded 2 cm, whereas in the A20 treatment group, reaching a longest dimension exceeding 1 cm was considered achieving the humane endpoint. The different endpoints were set because the time intervals from engraftment to each endpoint varied. Survival curves were then constructed based on the endpoint. Survival was evaluated by Kaplan–Meier (Gehan–Breslow–Wilcoxon test) from the first day of cancer cell transplantation until death. Significant differences were determined and designated with asterisks as follows: *P < 0.05, **P < 0.01, ***P < 0.001.






Results




MPC-11 OUAr cells have more differentiated B-cell characteristics than A20 cells

A20 and MPC-11 OUAr cells were first examined for IgG expression by measuring IgG levels in the cell lysates and culture supernatants. IgG levels were significantly higher both in the cell lysate and culture supernatant of MPC-11 OUAr cells compared with A20 cells (Supplementary Figure S1A), and the ability of MPC-11 OUAr cells to secrete IgG indicated that the cells have a plasma cell-like phenotype. Next, gene expression levels of Tnfrsf13c (BAFF-R), Tnfrsf13b (TACI), and Tnfrsf17 (BCMA) were compared between A20 and MPC cells. Although no significant difference was observed between those cells in the expression of Tnfrsf13c, MPC-11 OUAr cells showed higher expression levels of Tnfrsf13b and Tnfrsf17 compared with A20 cells (Supplementary Figure S1B). BCMA is known as a marker for terminally differentiated B-lineage cells including plasma cells, and the markedly higher expression of Tnfrsf17 in MPC-11 OUAr cells, together with the ability of IgG secretion, indicates that MPC-11 OUAr cells have a plasma cell-like phenotype and are characterized by having more differentiated B-lineage cells than A20 cells.





BAFF rescues A20 cells from drug-induced stress in vitro

In a preliminary study of antitumor compounds, methotrexate, doxorubicin, bortezomib, prednisolone, and dexamethasone successfully induced the suppression of cell proliferation in both A20 and MPC-11 OUAr cells (Supplementary Table S2). Therefore, a rescue study on malignant cells by BAFF was performed in the presence of those compounds. Although a prominent promotion of cell proliferation in A20 or MPC-11 OUAr cells was not induced by either rmBAFF, rmIL-6, or their combination in the absence of antitumor compounds, a rescue effect was observed in those cells under the pressure of the compounds. Of note, a rescue effect of rmBAFF was prominent in A20 cells as improved cell proliferation was found in A20 cells cultured with rmBAFF in the presence of doxorubicin, bortezomib, prednisolone, or dexamethasone (Figure 1A). Furthermore, a synergistic rescue effect of rmBAFF and rmIL-6 to A20 cells was observed under drug pressure by prednisolone and dexamethasone (Figure 1A). In contrast, rmBAFF did not alleviate drug effects in MPC-11 OUAr cells, while rmIL-6 demonstrated a rescue effect on the lymphoma cells against the cytotoxicity induced by prednisolone and dexamethasone (Figure 1B).
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Figure 1 | BAFF rescues A20 cells from drug-induced stress in vitro. Growth inhibition by drugs on A20 (A) and MPC-11 OUAr cells (B) was assessed using AlamarBlue assay. A20 and MPC-11 OUAr cells were cultured for 72 h in the absence/presence of individual drugs (methotrexate, doxorubicin, bortezomib, prednisolone, and dexamethasone), untreated (white bars) or treated with rmBAFF (100 ng/mL: red bars) or rmIL-6 (50 ng/mL: blue bars), or co-treated with rmBAFF and rmIL-6 (purple bars). *P < 0.05, **P < 0.01, ***P < 0.001 with two-way ANOVA with Bonferroni multiple comparisons.





Variable effects of host-derived BAFF in tumor development in vivo

To examine the effect of BAFF on tumor growth in vivo, either A20 or MPC-11 OUAr cells were inoculated subcutaneously into the base of the tail of wild-type and BAFF-KO mice, and tumor development was monitored. Subcutaneous inoculation of A20 cells included tumors in both wild-type and BAFF-KO mice, but lesion sizes were smaller in wild-type mice accompanied by a better survival rate compared with BAFF-KO mice (Figure 2A). On the other hand, MPC-11 OUAr inoculation brought an opposite trend; compared with wild-type mice, smaller lesions and a better survival rate were found in BAFF-KO mice (Figure 2B).
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Figure 2 | Variable effects of host-derived BAFF in tumor development in vivo. (A) Tumor volume and survival rates were assessed in wild-type and BAFF-KO mice injected with 1 × 106 A20 cells. (B) Tumor volume and survival rates were assessed in wild-type and BAFF-KO mice injected with 1 × 106 MPC-11 OUAr cells. The volume of a subcutaneous tumor nodule was calculated as length × breadth × height/3. Each line represents individual mouse data. Survival was evaluated by Kaplan–Meier from the first day of cancer cell transplantation until death. Mice were sacrificed when tumor length exceeded 1 cm for A20 cells or 2 cm for MPC-11 OUAr cells, or when a significant compromise to their quality of life was observed. *P < 0.05 with the Gehan–Breslow–Wilcoxon test.





Increase in BAFF levels in MPC-11 OUAr tumor-bearing wild-type mice

To explore the mechanisms for the different contributions of host-derived BAFF in tumor development, we next examined BAFF levels in tumors from wild-type and BAFF-KO mice. BAFF levels in tumors were equivalent between wild-type and BAFF-KO mice inoculated with A20 cells (Figure 3A). In contrast, BAFF levels in tumors by MPC-11 OUAr cells were higher in wild-type mice than in BAFF-KO mice (Figure 3A). Because BAFF levels were higher in tumors by A20 cells than those by MPC-11 OUAr cells in BAFF-KO mice, it was speculated that A20 cells have a higher expression of BAFF than MPC-11 OUAr cells. To confirm this, cell lysates of A20 and MPC-11 OUAr cells cultured in vitro were examined for BAFF levels, and the results showed a higher expression of BAFF in A20 cells (Figure 3B).
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Figure 3 | Increase in BAFF levels in the nodule of wild-type mice transplanted with MPC-11 OUAr cells. (A) BAFF levels in the nodule of wild-type and BAFF-KO mice injected with 1 × 106 A20 or MPC-11 OUAr cells were measured by sandwich ELISA. Samples were collected at the endpoint. (B) BAFF levels in cell lysates of A20 and MPC-11 OUAr cells were measured by sandwich ELISA. **P < 0.01 by unpaired t-test. (C) Nodule sections from wild-type mice bearing A20 (4 weeks post-transplantation) or MPC-11 OUAr (2 weeks post-transplantation) were stained with anti-MRP14 antibody. An accumulation of MRP14+ cells was observed in the nodules of MPC-11 OUAr-bearing mice, while it was scarce in A20-bearing mice. Bar = 50 μm. (D) Expression levels of S100a9 (coding MRP14) in tumors from wild-type mice bearing A20 (4 weeks post-transplantation) or MPC-11 OUAr (2 weeks post-transplantation). The results are extracted from transcriptome data and shown as reads of the target gene per million total reads.

In a previous study, we demonstrated that MRP14+ inflammatory macrophages are the major producers of BAFF in Leishmania-infected tissues (7). Therefore, tumors were examined for the accumulation of MRP14+ cells in wild-type mice inoculated with either A20 or MPC-11 OUAr cells. In mice bearing A20 cells, MRP14+ cells were hardly observed (Figure 3C). In contrast, mice bearing MPC-11 OUAr cells showed an accumulation of MRP14+ cells in the tumor (Figure 3C). Upregulated expression of MRP14 (S100a9) in MPC-11 OUAr-bearing tumor was also confirmed by transcriptome analyses (Figure 3D). This finding indicates that the immune profile within the cancer microenvironment differs between MPC-11 OUAr and A20 and that the clustering pattern of MRP14-positive cells also varies between these models.





Analysis of differentially expressed genes in the transcriptome

To further explore differences in host immune responses for each cancer type and elucidate how host-derived BAFF contributes to the responses, transcriptome analyses were performed on tumors including A20 or MPC-11 OUAr cells in wild-type and BAFF-KO mice. The group composition included each cell line and nodules of wild-type and BAFF-KO, transplanted using each cell line, resulting in six groups. The numbers of DEGs between groups are shown in Figure 4A. Only two genes were differentially expressed among the three A20 groups, whereas 42 genes were differentially expressed among the three MPC-11 OUAr groups. Among the 42 genes differing in the MPC-11 OUAr groups, 38 had the highest expression in wild-type mice, followed by BAFF-KO mice and cell lines, and were linked to G protein-coupled receptor signaling pathway regulation, including Gpsm1, Itgb3, and Rgs18 (Supplementary Table S3). Together, the MPC-11 OUAr-derived tumor seemed to be more influenced by BAFF-dependent host immune responses than the A20-derived tumor. In fact, no significant difference in the local expression of BAFF was observed between the wild-type and BAFF-KO mice transplanted with A20.
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Figure 4 | Host BAFF-dependent gene expressions in tumor-bearing mice. (A) Venn diagram of DEGs in the A20 or MPC-11 OUAr groups. For each tumor cell type, gene expression levels in in vitro-cultured cells, tumor in wild-type mice, and tumor in BAFF-KO mice were compared. (B) The number of DEGs in pairwise comparison. Red represents upregulated genes, and green represents downregulated genes. A20 = in vitro-cultured A20 cells, MPC = in vitro-cultured MPC-11 OUAr cells, A-WT = tumor in wild-type mice transplanted with A20 cells, M-WT = tumor in wild-type mice transplanted with MPC-11 OUAr cells, A-KO = tumor in BAFF-KO mice transplanted with A20 cells, M-KO = tumor in BAFF-KO mice transplanted with MPC-11 OUAr cells.

In BAFF-KO mice transplanted with A20 cells, 13 genes were upregulated compared to wild-type mice with A20 transplants (Figures 4B, Supplementary Figure S2A; Supplementary Tables S3, Supplementary Tables S4), including Acvr2b, which is part of the TGF-β family (27). In wild-type mice bearing MPC-11 OUAr cells, 56 genes were upregulated compared to BAFF-KO mice with MPC-11 OUAr (Figures 4B, Supplementary Figure S2B; Supplementary Tables S3, Supplementary Tables S5), including those involved in angiogenesis (e.g., Angpt2, Lgals3, Hmox1, Itgb3), which likely promote angiogenesis within the tumor microenvironment. Genes associated with the PI3K-Akt signaling pathway (e.g., Vwf, Angpt2, Itga2b, Itgb3) were also elevated. This pathway, known for its role in cell survival and proliferation, is often amplified or activated in cancers (28), likely driving cancer progression in these wild-type mice.






Discussion

Expression patterns of the three receptors for BAFF are reported to vary during stages of B-cell development (29). Consequently, it is currently not fully elucidated if B-cell lymphomas uniformly express all three receptors or if BAFF plays similar roles in tumor development derived from various lymphomas. In this study, we demonstrated distinct roles of BAFF in tumor development derived from A20 and MPC-11 OUAr cells. It was conceivable that MPC-11 OUAr cells have an advanced stage of B-cell differentiation compared with A20 cells according to a higher expression of BCMA and a capacity for IgG secretion.

In vitro survival assay results showed that responsiveness to BAFF varies depending on both drug and cell types. BAFF mitigated the cytotoxic effects of doxorubicin, bortezomib, prednisolone, and dexamethasone in A20 cells but not in MPC-11 OUAr cells, suggesting a selective protective role of BAFF that could contribute to therapeutic resistance in specific B-cell malignancies. The rescue effects of BAFF on A20 cells are more prominent under the pressure of bortezomib, prednisolone, and dexamethasone compared with methotrexate and doxorubicin, which target nucleic acid synthesis. This indicates that BAFF can support tumor cell survival through immune cell signaling but not for protecting the nuclei. BAFF primarily activates the NF-κB pathway and promotes the expression of anti-apoptotic factors, which likely suppress apoptosis induced by doxorubicin, bortezomib, and prednisolone in A20 cells. In contrast, methotrexate acts on the cell cycle and DNA synthesis, which are irrelevant to the BAFF signaling pathway, and this may be why a rescue effect by BAFF was not observed with this drug. The combination of IL-6 and BAFF significantly enhanced the survival of A20 cells but not MPC-11 OUAr cells, highlighting a potential synergistic interaction that may be relevant in the microenvironment. This suggests that the cytokines involved in cancer cell proliferation differ by cancer type. BAFF/BAFF-R signaling promotes the expression of anti-apoptotic molecules in B cells via the non-canonical NF-κB pathway (30). The activation through the non-canonical NF-κB pathway is unique to BAFF-R among BAFF receptors (31). The results show that BAFF rescues IL-6, activating JAK through its receptor and inducing the STAT3 signaling pathway, which promotes the expression of anti-apoptotic genes and aids in cell survival. Therefore, while some drugs showed a synergistic effect with BAFF, there were also patterns in which no synergistic effect was observed.

It was intriguing that the effects of BAFF on tumor cell growth were not in parallel in vitro and in vivo. Although minimal rescue effects by BAFF were observed on MPC-11 OUAr cells in vitro, tumor growth in mice subcutaneously administered with MPC-11 OUAr cells was more prominent in wild-type mice compared with BAFF-KO mice. Conversely, BAFF-KO mice were more sensitive to A20 cells than wild-type mice. These results suggest differences in the environments influencing tumor engraftment and growth between in vitro and in vivo conditions, with the tumor microenvironment playing a crucial role in tumor growth in vivo. In the mouse model transplanted with A20 cells, the role of host-derived BAFF did not appear significant to the tumor growth. Rather, BAFF seems to work for the suppression of A20 tumor growth in vivo. BAFF not only supports cancer cell survival but also plays a crucial role in maintaining normal humoral immunity (32, 33). BAFF plays an important role in the induction of immunoglobulin production by B cells and is essential for the formation of splenic germinal centers, the sites of antibody affinity maturation and memory B-cell formation (32). A study suggests that BAFF has complex roles in immune regulation that could impact tumor growth differently under certain conditions (34). In a previous report, a BAFF-overexpressing B16.F10 melanoma cell model was generated, revealing that BAFF-expressing tumors grow more slowly in vivo compared to control tumors (34). This research indicates that BAFF’s interaction with its receptors on specific B-cell populations affects cancer progression variably. BAFF-related pathways may help sustain immune responses that could indirectly counter cancer spread, especially when humoral immunity is engaged in antitumor activities. Local BAFF may exacerbate the condition, whereas systemic BAFF could enhance humoral immunity and exert an antitumor effect. Findings from the mouse model bearing A20 cells suggest that in cases where humoral immunity is active against cancer cells, blocking BAFF could potentially worsen the disease.

The expression pattern of BAFF during normal B-cell differentiation is unclear, and most studies suggest that BAFF is not expressed by normal resting or activated B cells (35). Since MPC-11 OUAr cells do not produce BAFF, the increase in BAFF levels in the nodule of wild-type mice likely originated from host cells. MRP14+ cells, which accumulated in the nodule of mice inoculated with MPC-11 OUAr cells, may contribute to local BAFF production. In MPC-11 OUAr-transplanted mice, tumor progression worsened in wild-type mice compared to BAFF-KO mice, suggesting that host-derived BAFF-producing cells accumulating in the nodule could exacerbate the tumor in cases where cancer cells do not produce BAFF. In wild-type mice bearing nodules with MPC-11 OUAr cells, genes involved in angiogenesis and the PI3K-Akt signaling pathway were upregulated. A transcriptome analysis showed that the MPC-11 OUAr cells expressed VEGFA, which induces angiogenesis, and IL-10, which promotes the recruitment of suppressor cells such as myeloid-derived suppressor cells (MDSCs) and regulatory T cells to the tumor site, at higher levels than A20 cells. This suggests that MPC-11 OUAr cells may also contribute to the recruitment of macrophages to the tumor site. Furthermore, HIF-1α was highly expressed in tumors of BALB/cA mice bearing MPC-11 OUAr compared to MPC cell lines. HIF-1α regulates the transcription of genes involved in processes such as angiogenesis (36). It is speculated that some of the MDSCs accumulating tumors differentiate into tumor-associated macrophages, leading to HIF-1α activation. This, in turn, may enhance the production of angiogenesis-related factors, including VEGF, thereby promoting tumor invasion and proliferation. The occurrence of angiogenesis may facilitate the recruitment of MRP14+ cells. Also, BAFF affects physiological T-cell activation through BAFF-R-mediated activation of the PI3K-Akt signaling pathway, which mirrors one of the pathological mechanisms of T-cell-mediated autoimmune diseases (37).

Conversely, BAFF detected in the nodules of BAFF-KO mice inoculated with A20 cells likely originated from the tumor cells. In this scenario, A20 cells produce BAFF, which may be involved in autocrine-driven proliferation. In the nodule of BAFF-KO mice transplanted with A20, Acvr2b, which is part of the TGF-β family, was upregulated compared to wild-type mice bearing A20 cells. TGF-β initially suppresses cancer by inhibiting cell proliferation but later promotes tumor progression by enhancing cell motility and epithelial-to-mesenchymal transition, leading to metastasis. This dual role is crucial in advancing cancer aggressiveness and invasiveness (27). This study suggests that BAFF contributes to cancer progression even in B-cell malignancies that do not produce BAFF autonomously. In environments where BAFF-producing cells are present, host-derived BAFF can exacerbate cancer in BAFF-negative cancer cells. Conversely, some cancer cells can autonomously produce BAFF, allowing them to survive and proliferate without host-derived BAFF. The effect of BAFF on cancer is thus determined by the interplay between the immune response, receptor presence, and the cancer cell’s BAFF-producing capability. Several models describe the tumor microenvironment: one dominated by lymphoma cells, another with minimal immune infiltration where lymphoma cells depend on microenvironmental interactions, and a third with a low proportion of lymphoma cells and a diverse immune cell presence (38, 39). The findings from this study highlight the complex and context-dependent roles of BAFF in hematological malignancies. BAFF plays a crucial role in B-cell development and survival, influencing both normal and malignant B-cell proliferation. This study underscores the significance of BAFF in B-cell malignancies by demonstrating its differential effects on various B-cell lymphoma cell lines and its impact on tumor growth in mouse models. In this study, we have used only one line of lymphoma (A20) and one line of plasmacytoma (MPC-11 OUAr) among several tumor lines with a BALB/c background available from cell banks, just as proof of concept for the distinct roles of BAFF in tumor development by different tumor cell types. In the future, by examining more tumor cell types with distinct characteristics, the resolution in understanding their roles will become much higher.
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