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Background

Chronic Lymphocytic Leukemia (CLL) is characterized by the expansion of CD19+ CD5+ B cells but its origin remains debated. Mutated CLL may originate from post-germinal center B cells and unmutated CLL from CD5+ mature B cell precursors. Irrespective of precursor types, events initiating CLL remain unknown. The cytokines BAFF and APRIL each play a significant role in CLL cell survival and accumulation, but their involvement in disease initiation remains unclear.





Methods

We generated novel CLL models lacking BAFF or APRIL. In vivo experiments were conducted to explore the impact of BAFF or APRIL loss on leukemia initiation, progression, and dissemination. Additionally, RNA-seq and quantitative real-time PCR were performed to unveil the transcriptomic signature influenced by BAFF in CLL. The direct role of BAFF in controlling the expression of tumor-promoting genes was further assessed in patient-derived primary CLL cells ex-vivo.





Results

Our findings demonstrate a crucial role for BAFF, but not APRIL, in the initiation and dissemination of CLL cells. In the absence of BAFF or its receptor BAFF-R, the TCL1 transgene only increases CLL cell numbers in the peritoneal cavity, without dissemination into the periphery. While BAFF binding to BAFF-R is dispensable for peritoneal CLL cell survival, it is necessary to activate a tumor-promoting gene program, potentially linked to CLL initiation and progression. This direct role of BAFF in controlling the expression of tumor-promoting genes was confirmed in patient-derived primary CLL cells ex-vivo.





Conclusions

Our study, involving both mouse and human CLL cells, suggests that BAFF might initiate CLL through mechanisms independent of cell survival. Combining current CLL therapies with BAFF inhibition could offer a dual benefit by reducing peripheral tumor burden and suppressing transformed CLL cell output.
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Introduction

Chronic Lymphocytic Leukemia (CLL) is the most prevalent form of adult leukemia in the developed world, typically affecting patients later in life (1). CLL is characterized by the accumulation of monoclonal neoplastic activated mature CD5+ B cells (CLL B cells) initially in the blood and in primary and secondary lymphoid organs as the disease progresses (1, 2). CLL is a clinically heterogeneous disease, with some patients developing an aggressive form of CLL requiring treatment and others developing an indolent form not treated but monitored for progression. CLL remains incurable despite significant advances in the management of patients. CLL cells express either mutated or unmutated immunoglobulin variable regions (IgV) within their B cell receptors (BCR), with unmutated status generally correlating with poorer prognosis (2). The cell-of-origin from which CLL cells derive remains elusive; transcriptome analysis suggests that unmutated CLL cells derive from CD5+ mature B cells, whereas mutated CLL cells derive from post-germinal center CD27+ B cells (3). The tumor microenvironment (TME) provides pro-survival signals and protects tumor cells from spontaneous and drug-induced apoptosis. CLL cells shape their microenvironment not only to support their survival and proliferation but to escape anti-tumor immune surveillance (4).

B cell-activating factor (BAFF) and a proliferation-inducing ligand (APRIL) of the tumor necrosis factor (TNF) family are produced by CLL cells and cells in the TME (5–7). Both ligands contribute to CLL cell survival (5, 6). Intracellular expression of BAFF or APRIL in CLL cells correlates with poorer prognosis (8). However, only levels of APRIL are elevated in the serum of patients with CLL compared to healthy subjects (8–10). Elevated APRIL and low BAFF serum levels are associated with poorer prognosis (9). Over-expression of human APRIL in mice leads to the expansion of CD5+ neoplastic B cells and the development of a disease that resembles progressive CLL (11). High expression of the oncogenic T cell leukemia 1 (TCL1) gene is a marker of progressive CLL with poor prognosis (12), and mice overexpressing human TCL1 gene under a B cell-specific promoter (Eµ-TCL1-Tg mice, referred to as TCL1-Tg mice) develop progressive CLL (13). Critically, CLL progression in this model is accelerated when either human APRIL (14) or mouse BAFF (15) is overexpressed. BAFF promotes the survival of CLL cells in vivo and in vitro, with a lower proportion of apoptotic CLL cells observed when BAFF levels are elevated (15). However, the exact role of APRIL in CLL cell survival remains unclear, with an independent study failing to see any APRIL-mediated survival of human CLL cells in vitro (7).

Both BAFF and APRIL bind to the transmembrane activator and cyclophilin ligand interactor (TACI) and B cell maturation antigen (BCMA) receptors (16). BAFF, but not APRIL, binds to the BAFF receptor (BAFF-R) (16). In TCL1-Tg mice overexpressing human APRIL, the development of CLL depends on TACI but not BCMA signaling (14). Decreased levels of BAFF in CLL correlate with greater levels of circulating soluble TACI (sTACI) which correlate with worse outcomes in patients (17).

Collectively, the data support a potentially vital role for the APRIL-TACI axis in the survival and progression of CLL; however, the exact contribution of BAFF or APRIL in the initiation of CLL prior to progression in vivo remains untested. Here, we show that similar to patients with CLL, serum levels of APRIL are elevated and BAFF levels decreased in the TCL1-Tg model of CLL. TCL1-Tg mice lacking BAFF, but not APRIL, were protected against CLL development with fewer residual CLL cells sequestered in the peritoneal cavity. Our results demonstrate that BAFF is required for the dissemination of peritoneal CLL cells but not their survival during initiation of CLL.





Materials and methods




Mice

Animal work adhered to approved protocols from The University of Melbourne and QIMR Berghofer Medical Research Institute Animal Care and Ethics Committees. The study utilized TCL1-Tg mice on a C57BL/6 background, which were kindly donated by Prof. David Huang (13). WT mice (C57BL/6) were sourced from the Animal Resources Centre (ARC, Australia); APRIL-/- mice were sourced from the knockout mouse project (KOMP) repository, and the phenotype of BAFF-/- and BAFF-R-/- mice has been described previously (18, 19). BAFF-/-, BAFF-R-/- and APRIL-/- mice were crossed onto TCL1-Tg mice to generate novel models of CLL lacking BAFF, BAFF-R, APRIL or both BAFF and APRIL, respectively. Mice were bled monthly to monitor leukemia development starting at 2 months of age. The ethical endpoint was reached when CLL cell counts exceeded 1x104 cells/µl blood. Mice were kept in pathogen-free conditions and monitored weekly. After euthanasia, peritoneal cells were collected by washing the peritoneal cavity with 10 ml of cold FACS buffer. In adoptive transfer experiments, 1.3 x 106 peritoneal CLL cells from TCL1-Tg mice were injected i.p. or i.v. into recipient mice. In separate experiments, 7 to 8 months old TCL1-Tg and TCL1-Tg BAFF-/- mice were injected i.p. with anti-APRIL (Centotto-1, Adipogen, Lausen, Switzerland) or a control antibody once a week for 8 weeks at a dose of 2 mg/kg (20). Seven days after the final treatment, blood and immune organs (spleen, bone marrow, lymph nodes, peritoneal lavage, and omentum) were collected for analysis. Single-cell suspensions were prepared for flow cytometry, cell culture, and gene expression analysis.





ELISA

Commercially available ELISA kits were used to measure serum levels of mouse BAFF (Quantikine kit; R&D Systems, MN, USA), mouse APRIL (Antibodies-online Inc., PA, USA) and soluble mouse TACI (sTACI; R&D Systems, MN, USA).





CLL cell culture and gene expression analysis

FACS-sorted purified peritoneal CLL cells from TCL1-Tg and TCL1-Tg BAFF-/- mice or magnetic-sorted human CLL cells were stimulated with 50 ng/ml of recombinant mouse or human BAFF, respectively. Gene expression was analyzed using RT-qPCR. RNA libraries were prepared from mouse peritoneal cells and subjected to bulk RNA-sequencing.

For original data, please contact fabienne.mackay@qimrberghofer.edu.au. RNA-sequencing data is deposited in Gene Expression Omnibus. Additional methods are included in supplemental materials.





Statistics

Data are presented as mean ± standard error of the mean (SEM). Data were analyzed using Mann-Whitney t-test, paired t-test and one-way or two-way ANOVA with Bonferroni post hoc test as appropriate. Survival and CLL incidence were evaluated using Kaplan-Meier methods and different groups were calculated using the Log-rank (Mantel-Cox) test. All the analysis was performed using Prism version 9 (GraphPad Software, CA, USA). The statistically significant results were annotated with *P < 0.05, **P < 0.01, ***P < 0.001, ****P < 0.0001 and ns for not significant.





Study approval

All studies involving human biospecimens were conducted following approval by the Royal Brisbane & Women’s Hospital Human Research Ethics Committee. The written informed consent was received prior to participation. All animal studies were conducted in accordance with protocols reviewed and approved by the Queensland Institute of Medical Research (QIMR) Berghofer Medical Research Institute Animal Research Ethics Committee.






Results




Levels of BAFF and APRIL ligands and receptors in TCL1-Tg mice parallel those described in human CLL

We compared the expression profile of BAFF, APRIL and their receptors on CLL cells in the TCL1-Tg CLL mouse model to that described for human CLL (7–10, 21). Similar to independent observations in separate cohorts of CLL patients (7–10), serum levels of BAFF were reduced while that of APRIL and sTACI were significantly increased in comparison to WT control mice (Figure 1A). Similar to human CLL cells (21, 22), CLL cells in TCL1-Tg mice expressed BAFF-R, BCMA and TACI with notably higher TACI and lower BCMA cell surface expression relative to CD5+CD19+ B1 B cells in WT mice (Figure 1B). The levels of BAFF-R expression were comparable between WT CD5+ B cells and TCL1-Tg CLL cells (Figure 1B). The expression profiles of BAFF, APRIL, their respective surface receptors and sTACI in TCL1-Tg mice paralled that descrived in human CLL, supporting the use of this mouse model to explore the role of BAFF and APRIL in CLL initiation.




Figure 1 | Levels of BAFF and APRIL ligands and receptors on normal B1a B cells and CLL cells. (A) Circulating BAFF, APRIL and sTACI levels were measured by ELISA from TCL1-Tg mice and age-matched WT controls. (B) Surface expression of BAFF-R, BCMA and TACI was determined by flow cytometry on blood CD19+CD5+ cells from TCL1-Tg mice and age-matched WT controls (B1a B cells). The data is presented as mean ± SEM. Mann-Whitney t-tests were used for comparisons. Not significant (ns), *P < 0.05, **P < 0.01, ***P < 0.001, ****P < 0.0001.







BAFF, but not APRIL, is required for CLL initiation and progression in TCL1-Tg mice

To determine the relative contribution of BAFF and APRIL in CLL initiation and progression in TCL1-Tg mice, we generated TCL1-Tg mice lacking BAFF or APRIL and followed spontaneous disease progression over 12 months. Interestingly, BAFF but not APRIL was critical for CLL initiation and progression, as TCL1-Tg BAFF-/- mice had reduced frequency and absolute numbers of CD5+CD19+ CLL cells in the blood (Figure 2A; Supplementary Figure 1A). In contrast, TCL1-Tg APRIL-/- mice developed CLL similar to that in control TCL1-Tg mice. CLL incidence was also similar in the absence or presence of APRIL but significantly reduced in the absence of BAFF (Supplementary Figure 1B). TCL1-Tg mice lacking BAFF survived to an older age compared to TCL1-Tg and TCL1-Tg APRIL-/- mice (Figure 2B). TCL1-Tg BAFF-/- mice exhibited a decreasing trend in spleen weight up to 9 months of age compared to both TCL1-Tg and TCL1-Tg APRIL-/- mice (Figure 2C), along with spleen sizes similar to those observed in BAFF-/- control mouse groups (Figure 2D). Notably, an increase in spleen size was observed only in TCL1-Tg BAFF-/- mice aged over 10 months (Figure 2C), an unrelated change not linked to increased numbers of CLL cells in these mice which remained low irrespective of age (Figure 2A). Collectively, our results suggest that initiation and development of progressive CLL in TCL1-Tg mice are highly dependent on BAFF but not APRIL.




Figure 2 | TCL1-Tg BAFF-/-, but not TCL1-Tg APRIL-/-, mice are protected from CLL. (A) Percentages of CD19+CD5+ cells (CD45.2+ live gate) in the blood of 2 to 12 months old TCL1-Tg, TCL1-Tg BAFF-/- and TCL1-Tg APRIL-/- mice determined by flow cytometry. (B) Kaplan-Meier curve depicting overall survival from birth to ethical endpoint of TCL1-Tg (median survival = 332 days), TCL1-Tg BAFF-/- (median survival = 434 days) and TCL1-Tg APRIL-/- (median survival = 320 days). (C) Weights of spleens from TCL1-Tg, TCL1-Tg BAFF-/- and TCL1-Tg APRIL-/- mice, and (D) WT, BAFF-/- and APRIL-/- age 6 to >10 months as indicated. Data presented as mean values ± SEM. A, C Differences between the groups were analyzed using two-way ANOVA with Bonferroni post hoc test. B Survival data were compared using the Log-rank (Mantel-Cox) test. Not significant (ns), ***P < 0.001, ****P < 0.0001. The number of mice varies with endpoints at different time points.







BAFF, but not APRIL, is required for peripheral CLL development but not CLL survival and expansion in the peritoneal cavity

We analyzed the accumulation of CD5+CD19+ CLL cells over time in the following immune compartments: spleen, blood, bone marrow, lymph nodes and peritoneal cavity of TCL1-Tg and TCL1-Tg mice lacking BAFF or APRIL. Normal CD19+CD5+ cells (B1a cells) were analyzed in corresponding control genotypes; WT, BAFF-/- and APRIL-/- (Figure 3A, B; Supplementary Figure 2A). A similar accumulation of CLL cells was observed in all compartments in TCL1-Tg and TCL1-Tg APRIL-/- mice, with an exception in older TCL1-Tg APRIL-/- mice having fewer CLL cells in the blood at 10 months but more in the bone marrow at age 8-9 months (Figure 3A). In contrast, the proportion of CLL cells in the blood, spleen and bone marrow of TCL1-Tg BAFF-/- mice was significantly reduced compared to TCL1-Tg mice (Figure 3A). Interestingly, TCL1-Tg BAFF-/- produced higher numbers of peritoneal CD19+CD5+ cells when compared to peritoneal CD19+CD5+ B1a B cell numbers in the BAFF-/- control mice. However, peritoneal CD19+CD5+ cell numbers in TCL1-Tg BAFF-/- are lower than those observed in TCL1-Tg controls or TCL1-Tg-APRIL-/- mice (Figure 3A, B; Supplementary Figure 2A).




Figure 3 | BAFF, but not APRIL, is required for CLL development. (A) Percentages of CD19+CD5+ cells (CD45.2+ live gate) in the peritoneal cavity, spleen, blood, bone marrow and lymph nodes of 6- to 10-months old TCL1-Tg, TCL1-Tg BAFF-/-, TCL1-Tg APRIL-/-, WT, BAFF-/- and APRIL-/- mice, as indicated. (B) Representative flow cytometric plots with gated CD19+CD5+ cells from TCL1-Tg, TCL1-Tg BAFF-/- and TCL1-Tg APRIL-/- mice at 8-9 months of age in (from top to bottom) the peritoneal cavity, spleen, blood, bone marrow and lymph nodes, as indicated. (C) Percentages of CD19+CD5+ cells (CD45.2+ live gate) in the peritoneal cavity, spleen, blood, bone marrow and lymph nodes of >10 months old TCL1-Tg, TCL1-Tg BAFF-R-/-, WT and BAFF-R-/- mice. Statistically significant differences calculated using two-way ANOVA with Bonferroni post hoc test. Not significant (ns), *P < 0.05, **P < 0.01, ***P < 0.001. The number of mice varies with endpoints at different time points.



We also investigated whether BAFF signaling via BAFF-R is critical for the initiation of CLL development. Similar to CLL in TCL1-Tg BAFF-/- mice, TCL1-Tg BAFF-R-/- mice also had significantly reduced CLL burden (Figure 3C; Supplementary Figure 2B). Similarly, the proportion of CLL cells was also elevated in the peritoneal cavity of TCL1-Tg BAFF-R-/- mice (Figure 3C). In conclusion, TCL1-Tg mice lacking BAFF or BAFF-R are protected against the development of CLL, with lower levels of residual CLL disease detected in the peritoneal cavity.

We also examined other immune compartments. Notably, the proportions of splenic regulatory Foxp3+ CD25+ CD4 T cells (Treg) cells are similarly elevated in the TCL1-Tg and TCL1-Tg APRIL-/- mice, but significantly reduced in TCL1-Tg BAFF-/- (Supplementary Figure 3A). The role of T cells in CLL is still debated (23), but Tregs may contribute to inhibiting tumor immunity and promoting cancer progression. Here we demonstrate that BAFF is required to maintain high numbers of Tregs in TCL1-Tg mice (Supplementary Figure 3A).





CLL cells are sequestered in the peritoneal cavity of TCL1-Tg BAFF-/- mice

B1a B cells (CD5+ CD19+) from the peritoneal compartment are known to recirculate between the peritoneal cavity and the peripheral blood via the omentum in a CXCL13- and CD9-dependent manner (24, 25). Receptors CXCR4 and CXCR5 are essential for CLL migration and survival, and CD9 promotes B1a B cell egress from the peritoneal cavity after toll-like receptor (TLR) stimulation (24, 25). To elucidate the mechanisms responsible for CLL cell retention in the peritoneal cavity of TCL1-Tg BAFF-/- mice, the presence of CLL cells in the omentum was analyzed. CLL cells were present in high frequency in the omentum of TCL1-Tg mice but not that of TCL1-Tg BAFF-/- mice (Figure 4A; Supplementary Figure 3B). The surface expression of CXCR4, CXCR5 and CD9 was similar on peritoneal cavity CLL cells from TCL1-Tg and TCL1-Tg BAFF-/- mice (Figure 4B), ruling out this mechanism as an explanation for CLL sequestration in the peritoneal cavity in the absence of BAFF.




Figure 4 | CLL cells are sequestered in the peritoneal cavity of TCL1-Tg BAFF-/- mice. (A) Representative flow cytometry plots depicting gated CD19+CD5+ B cells (CD45.2+ live gate) in the peritoneal cavity, omentum and spleen of 8 months old TCL1-Tg and TCL1-Tg BAFF-/- mice as indicated. (B) Surface expression of CXCR4, CXCR5 and CD9 on peritoneal CD19+CD5+ B cells determined by flow cytometry and expressed as geometric mean fluorescence intensity (GeoMFI). Bar graphs presenting mean values ± SEM, statistically significant differences calculated using Mann-Whitney t-test, not significant (ns).



We hypothesized that BAFF and APRIL might play redundant roles in maintaining peritoneal CLL cells, and APRIL might support the survival and retention of CLL cells in the peritoneal cavity of TCL1-Tg BAFF-/- mice. However, i.p. treatment with a neutralizing anti-APRIL antibody did not affect the proportion and absolute numbers of CLL cells in the peritoneal cavity of TCL1-Tg BAFF-/- mice, eliminating APRIL as a significant factor in maintaining the peritoneal CLL compartment in TCL1-Tg BAFF-/- mice (Supplementary Figure 4A, B). To validate our findings, we generated TCL1-Tg BAFF-/-APRIL-/- double knockout (KO) mice. Similarly, CLL cells failed to develop in the periphery, showing a rate of less than 2% as opposed to 30% in WT controls (Supplementary Figure 4C)); However, peritoneal TCL1-Tg BAFF-/- APRIL-/- CLL cells expanded in the peritoneal cavity to what was observed in TCL1-Tg BAFF-/- mice, albeit to a lesser extent than peritoneal CLL cells in TCL1-Tg controls (Supplementary Figure 4C; Figure 3A). This implies that the loss of APRIL expression in TCL1-Tg BAFF-/- mice had no impact on peritoneal CLL cells and is not responsible for the expansion of these cells. These results parallel what we observed using the anti-APRIL blocking antibody as a treatment (Supplementary Figure 4A-C). These observations reinforce the critical role of BAFF, rather than APRIL, in the initiation and progression of CLL in TCL1-Tg mice.





The BAFF-BAFF-R axis is required for CLL cell dissemination in the periphery but not their survival in the peritoneal cavity

The possibility is that peritoneal CLL cells from TCL1-Tg BAFF-/- mice might be a residual subgroup distinct from peripheral CLL cells and intrinsically unable to drive CLL and populate other compartments, even when BAFF is present. To investigate, 1.3x106 peritoneal donor CLL cells from TCL1-Tg BAFF-/- mice were intravenously injected into WT or BAFF-/- recipients. Over time, these cells in the blood were tracked by flow cytometry, identified as CD45.2+CD5+CD19+ cells. Five months later, donor TCL1-Tg BAFF-/- CLL cells infiltrated and expanded similarly in the peritoneal cavity of WT or BAFF-/- recipients, as illustrated in Figure 5A. Notably, while WT recipients developed CLL, BAFF-/- recipients did not. This suggests that TCL1-Tg BAFF-/- CLL cells are not intrinsically defective and can drive CLL in a BAFF-sufficient environment (Figure 5A, B). This suggests that CLL cells may require a local tissue environment with sufficient BAFF levels to disseminate from the peritoneal cavity to the periphery. Additionally, it is also possible that these cells do exit the peritoneal cavity but are unable to thrive in the periphery without BAFF. We also injected TCL1-Tg BAFF-/- peritoneal CLL cells directly into the peritoneal cavity of WT or BAFF-/- mice, and similar results were obtained (Figure 5B). These experiments indicate that regardless of the injection route, BAFF-deficient CLL cells can only home, survive and expand in the peritoneal cavity in the absence of BAFF but are fully competent precursors of progressive CLL in WT hosts. These results and lack of CLL cells in the omentum of TCL1-Tg BAFF-/- mice tend to support the notion that BAFF is required for initiation and dissemination of CLL, in addition to its known cell survival requirement in the periphery (Figure 5B).




Figure 5 | The BAFF-BAFF-R axis is required for CLL cell dissemination but not cell survival in the peritoneal cavity. (A) WT or BAFF-/- mice were injected i.v. with 1.3x106 peritoneal cavity (PerC) cells from TCL1-Tg BAFF-/- donor mice. (B) WT or BAFF-/- mice were injected i.p. with 1.3x106 PerC cells from TCL1-Tg BAFF-/- donor mice. (C) WT or BAFF-/- mice were injected i.v. with 1.3x106 PerC cells from TCL1-Tg BAFF-R-/- donor mice. BAFF-R-/- mice were injected i.v. with PerC cells from TCL1-Tg BAFF-/- donor mice. Respective donor mice were sex-matched and 8 months old. (A-C) The percentages of CD19+CD5+ cells in the peritoneal cavity, spleen and blood (as indicated) were determined by flow cytometry 5 months after injection. Bars represent mean values ± SEM for ≥ 4 mice per group. Statistical analysis was performed using one-way ANOVA with Bonferroni post hoc test (A & C) or Mann-Whitney t-test (B). Not significant (ns), *P < 0.05, **P < 0.01, ***P < 0.001.



Following this, the requirement of BAFF-R expression on CLL cells for escape from the peritoneal cavity was investigated. When peritoneal TCL1-Tg BAFF-R-/- CLL cells were injected i.v. into WT or BAFF-/- recipient mice, BAFF-R-/- CLL cells were detected in the peritoneal cavity but their proportions were significantly reduced in the spleen and blood of both BAFF-/- and WT recipient mice (Figure 5C). Importantly, as BAFF-/- CLL cells are not intrinsically defective (Figure 5A), these cells were able to drive CLL in a BAFF-R-/- host producing BAFF, a combination use as CLL development control in Figure 5C. Together, our data suggest that CLL cells require BAFF supplied by the host and expression of BAFF-R on the cell surface to drive CLL, thus validating the BAFF-BAFF-R axis as a critical step for the initiation of CLL. These results also indicate that CLL cells survive and expand in the peritoneal cavity in the absence of BAFF production, similar to normal peritoneal B1 B cells (26). BAFF-R expression on CLL cells is needed for these cells to fully egress from the peritoneal cavity to the blood and the spleen, irrespective of the BAFF-R expression status in these tissues (Figure 5C).





BAFF promotes the expression of tumor-promoting genes in CLL cells

Considering that TCL1-Tg BAFF-/- mice were protected against CLL in comparison to TCL1-Tg mice, we hypothesized that peritoneal CLL cells from TCL1-Tg mice may have a transcriptomic signature reflecting the aggressiveness of these cells, and that this signature should be attenuated in CLL cells from TCL1-Tg BAFF-/- mice sequestered in the peritoneal cavity. Indeed, RNA-seq analysis of FACS-sorted peritoneal CLL cells isolated from either TCL1-Tg or TCL1-Tg BAFF-/- mice showed differences in gene expression, which we ranked using the moderated t-statistics from a limma analysis (27) (Figure 6A), and by a supervised clustering approach involving a Partial Least Squares Discriminant Analysis (PLSDA) and sparse PLSDA (sPLSDA) (28) (Figure 6B). We further identified four top ranking up-regulated genes in peritoneal CLL cells from TCL1-Tg mice that are strongly associated with tumor progression, such as Cd52 (Figure 6C). Soluble (s) CD52 is an indicator of disease activity in patients with CLL and a target of the approved drug alemtuzumab (29). The expression of genes associated with tumor promotion such as Snap29 (30), Mcoln1 (31) and Nek6 (32) was up-regulated in peritoneal CLL cells from TCL1-Tg mice compared to CLL cells from TCL1-Tg BAFF-/- mice (Figure 6C). Peritoneal CLL cells from TCL1-Tg BAFF-/- mice were characterized by a tumor-suppressive gene signature with strong expression of genes such as Prdm4 (33) and Vezt (34) (Figure 6D). Enrichment of gene sets analyses revealed that BAFF-deficient CLL cells had a significant attenuation of gene signatures associated with cellular metabolism, including oxidative phosphorylation, pyruvate metabolism, and increased glycolysis/gluconeogenesis (Supplementary Figure 5A). Collectively, the results suggest that peritoneal CLL cells do not require BAFF for cell survival (Figure 3A) but require BAFF signaling to activate a tumor-promoting gene program and a microenvironment allowing CLL progression. Indeed, we did not detect any significantly differentially expressed survival genes as part of this analysis. In contrast, BAFF deficiency is linked to up-regulation of tumor-suppressing genes in peritoneal BAFF-deficient CLL cells, which might have played a role in preventing leukemia progression to additional sites.




Figure 6 | BAFF is required for the expression of tumor-promoting genes in CLL cells. RNA samples from peritoneal CLL cells isolated from TCL1-Tg and TCL1-Tg BAFF-/- mice (n=4/group) were processed for sequencing. (A) The top-10 up or down-regulated genes from analysis with limma, ranked by nominal P-value were plotted as a heatmap of standardized expression values. (B) Supervised clustering by PLSDA and sPLSDA was used to identify additional genes discriminating the two sample groups. To visualize the ranking of genes (from A and B), the moderated t-statistic from limma was plotted against the component weight from PLSDA; symbols represent genes colored by log2 fold-change. (C, D) Log2 fold change (FC) of (C) putatively tumor-promoting and (D) tumor-suppressing genes in TCL1-Tg and TCL1-Tg BAFF-/- CLL cells. Statistical analysis was performed using the Mann-Whitney t-test. n= 4/group, *P < 0.05. (E) Tumor-promoting gene expression (as indicated) in purified peritoneal CLL cells of TCL1-Tg BAFF-/- mice stimulated or not for 24 hours ex-vivo with recombinant BAFF. Gene expression assessed by qPCR (n=7 mice/group). Statistical analysis was performed using the Paired t-test. *P < 0.05. (F) RNA-sequencing data comparing healthy B and CLL cells (accession numbers GSE66117 and GSE70830) analyzed to determine differentially expressed genes; fold-changes of genes from that comparison were plotted against fold-changes when comparing peritoneal CLL cells from TCL1-Tg and TCL1-Tg BAFF-/- mice. Concordance analysis identified gene expression changes in these human datasets that were also observed when comparing peritoneal CLL cells from TCL1-Tg and TCL1-Tg BAFF-/- mice. **P < 0.01.



To validate the role of BAFF in inducing the expression of the tumor-promoting genes, peritoneal CLL cells were sorted from CLL-protected TCL1-Tg x BAFF-/- mice and stimulated with BAFF in vitro. BAFF stimulation induced the expression of Cd52, Mcoln1, and Snap29 in peritoneal CLL cells from TCL1-Tg BAFF-/- mice (Figure 6E). Of note, BAFF stimulation did not affect peritoneal CLL cell numbers compared to control media alone (Supplementary Figures 5B, C).

We next analyzed published RNA-sequencing data and determined genes differentially expressed between human CLL B cells and healthy B cells (accession numbers GSE66117 and GSE70830) (35, 36). This data was compared with the differentially expressed genes obtained by comparing peritoneal CLL cells from TCL1-Tg and TCL1-Tg BAFF-/- mice. The analysis is indicative only in the absence of any data on human B1 B cells or human CLL cells in other sites than the blood. There was a strong concordance between the gene expression changes in human and mouse studies (Figure 6F). We are particularly interested in genes downregulated in both human normal B cells and TCL1-Tg BAFF-/- mice CLL cells relative to respective CLL counterparts (Figure 6F). This downregulation suggests that these genes might play a role in CLL progression and pathogenesis. Indeed, several of these common genes, including EPB41L2 (37), CDK6 (38), IL-15 (39), ADARB1 (40), GCNT1 (41), ILDR1 (42), ITGA4 (43) and TSPAN3 (44), have been reported to be associated with tumor progression. Interestingly, in vitro experiments demonstrated that recombinant human BAFF upregulated EPB41L2, CDK6 and IL15 expression in CLL cells from 5 individual patients with CLL (Supplementary Figure 5D and Supplementary Table 1), while the expression of the remaining genes did not change following BAFF stimulation, suggesting that BAFF does not directly regulate those tumor-promoting genes (Supplementary Figure 5D).






Discussion

Current therapies have been designed to reduce CLL tumor burden, with significant progress made in controlling more aggressive forms of CLL (1). However, to date, no therapy is available to stop cell transformation into aggressive CLL cells. This study investigated the signals required for the initiation of CLL. We have demonstrated for the first time that BAFF signaling via its receptor BAFF-R on CLL cells is essential for the transition of peritoneal CLL cells into aggressive disseminating CLL cells but dispensable for the expansion and survival of these cells within the peritoneal cavity of TCL1-Tg mice. Peritoneal precursors of CLL in TCL1-Tg mice resemble B1 B cells in healthy mice, which also express CD5 and CD19 and do not require BAFF for development and survival (45). Our work demonstrates that in the absence of BAFF signaling, expression of the TCL1 transgene alone is insufficient for the transformation of peritoneal CLL cells into aggressive disseminating tumor cells. BAFF is known to play a dominant role on the survival of these CLL cells once these have reached peripheral tissues (5, 6), unlike in the peritoneal cavity where unidentified alternative survival mechanisms for CLL cells are at play.

Observations in the periphery are very different. The three receptors for BAFF - BAFF-R, TACI, and BCMA, are expressed on normal B cells and CLL cells (16, 22), although expression levels of these receptors may vary from patient to patient in CLL. Differences in the expression of BAFF receptors may be explained by the levels of synergistic CD40 and IL-4 signals known to up-regulate TACI expression and improve CLL cell survival in response to both BAFF and APRIL (21). Interestingly, unlike normal B cells in which BAFF-mediated survival depends on the activation of the alternate NF-κB2 pathway via BAFF-R (16), CLL cells rely on the activation of the classical NF-κB1 pathway via TACI and BCMA, as blocking BAFF-R alone did not affect CLL cell survival in vitro (22). Transformed and disseminated CLL cells in the periphery rely on both BAFF and APRIL for survival and accumulation, with a possible vital role for the receptor TACI. Indeed, we demonstrated that TACI signaling is responsible for IL-10 production by CLL cells (46). IL-10 is an immunosuppressive cytokine that may contribute to immune evasion of CLL cells and facilitate CLL expansion. Our work showed a dominant role for BAFF in supporting CLL initiation and expansion in the periphery with APRIL playing no additive role.

Ibrutinib blocks Bruton’s tyrosine kinase (BTK) downstream of the BCR. BTK signaling is required for TACI expression, linking the mechanism of action of Ibrutinib to a reduction of TACI expression (47). Similarly, Venetoclax is an inhibitor of the pro-survival oncogene Bcl-2, the expression of which is increased in response to BAFF signaling (48). Idelalisib is an inhibitor of the p110d catalytic site of PI3K, required for BAFF-mediated B cell survival (48). Therefore, combining BAFF inhibition with either Ibrutinib, Idelalisib or Venetoclax would not be expected to show any significant added benefits, as the targeted pathways are interconnected (48). Yet observations have been different. Indeed, the anti-BAFF-R blocking antibody VAY-736 enhances the effect of ibrutinib in TCL1-Tg mice (49), supporting the notion that BAFF signaling is not merely restricted to a cell survival function. The BAFF-BAFF-R axis was shown to mediate the initiation and dissemination of CLL in this study, possibly via up-regulation of tumor-promoting genes. Therefore, it is possible that combining VAY-736 and Ibrutinib may have inhibited both the output of disseminating CLL cells from the peritoneal cavity (VAY-736) and the survival of existing transformed CLL cells (VAY-736 and Ibrutinib) in the periphery, thus showing greater efficacy than their use in isolation.

The expression of Cd52, Snap29, Mcoln1 and Nek6 genes, known to promote tumorigenesis in different cancer types, was up-regulated in peritoneal TCL1-Tg CLL cells. CLL cells express surface CD52, and elevated levels of serum CD52 have been detected in patients with progressive CLL (29). Alemtuzumab (CAMPATH-1H), an anti-CD52 antibody, has been approved for treating refractory CLL (50). Our study is the first to reveal that BAFF is necessary for high CD52 expression in CLL cells, as evidenced by BAFF signaling directly upregulating Cd52 expression in CLL cells upon stimulation in vitro. Expression of several additional factors is elevated in TCL1-Tg CLL cells, such as Snap29 involved in cellular trafficking and autophagy (30). Inhibition of Snap29 enhances apoptosis and inhibits autophagy in cancer cells (51). Another factor is Mcoln1 which regulates oncogenic autophagy in different solid cancers (52). Its inhibition suppresses tumor cell proliferation and growth in-vitro and in-vivo (31). The tumor-suppressor p53 is known to repress Mcoln1, inhibiting cancer cell proliferation and invasion (53). Mutation or inactivation of p53, as observed in CLL (54), augments Mcoln1 abundance, which fuels cancer progression (53). Never in Mitosis gene A (NIMA)-related kinase 6 (Nek6) was initially discovered as a regulator of mitotic cell division and inhibition of Nek6 results in apoptosis (55). Nek6 is highly expressed in different malignant tumors, and elevated expression correlates with tumor stage and poor prognosis (56, 57). We observed reduced Nek6 expression in peritoneal TCL1-Tg BAFF-/- CLL cells, suggesting reduced cell cycle progression and possibly explaining reduced numbers of these cells in the peritoneal cavity TCL1-Tg BAFF-/- mice compared to the same site in TCL1-Tg controls.

In contrast, genes strongly expressed in peritoneal TCL1-Tg BAFF-/- CLL cells are associated with anti-tumor functions. Upregulation of tumor-suppressing genes Prdm4 and Vezt was also observed in these cells. Prdm4 is a transcription regulator located in the tumor suppressor locus involved in cell proliferation and differentiation (58). Prdm4 inactivates PI3K/AKT signaling (also promoted by TCL1), which inhibits cancer cell proliferation and tumor formation (33). Vezt is a component of adherens junctions in the plasma membrane, and its expression is downregulated in gastric cancer tissues (34). Importantly, inhibition of Vetz promoter methylation increases Vezt expression, leading to cell cycle arrest and tumor suppression (34).

Our observation that the gene profile of peritoneal CLL cells in protected TCL1-Tg BAFF-/- mice shared more similarities with that of healthy human B cells supported some clinical relevance of our pre-clinical study. Some of the genes which expression was downregulated in both TCL1-Tg BAFF-/- CLL cells and healthy human B cells, were upregulated in human CLL cells upon BAFF stimulation in culture, in particular IL-15 which plays a known role in CLL progression (39). This comparison is of course only indicative of the direct role of BAFF on the expression of some relevant human CLL genes but is very much limited by the fact that no data on human peritoneal CLL or B1 cell is available. The peritoneum is not a site routinely checked for residual CLL disease in the clinic. In addition, identification of human B1 cells has been difficult, debated but with recent data suggesting that this subset may exist and present in very low numbers in healthy individuals (59). A number of studies suggest that human B1 (60) and a similar subset of IL-10-producting regulatory B cells (Breg) (61) may be normal counterparts of human CLL cells. Interestingly, similar to observation with mouse B1 B cells, human B1 B cells appear to be minimally reliant on BAFF for survival and resisted treatment with the BAFF inhibitor belimumab in patients with systemic lupus erythematosus (62). More work is required to determine whether human B1 B cells may be relevant as a target precursor B cell subset in human CLL.

In conclusion, our work has unveiled an unappreciated role for BAFF in experimental CLL progression. BAFF is not needed for the survival and expansion of CLL cells in the peritoneal cavity of TCL1-Tg mice. Instead, BAFF binding to BAFF-R activates a tumor-promoting gene program in the peritoneal CLL cells, potentially allowing the progression of CLL. Our results suggest that blocking the BAFF-BAFF-R axis in combination with existing therapies could potentially achieve two goals; reduce tumor burden in the periphery and eliminate the supply of more aggressive precursor CLL cells.





Data availability statement

The data presented in the study are deposited in the NCBI BioProject database (https://www.ncbi.nlm.nih.gov/bioproject/) repository, accession number PRJNA1054221.





Ethics statement

The studies involving humans were approved by the Royal Brisbane & Women’s Hospital Human Research Ethics Committee. The studies were conducted in accordance with the local legislation and institutional requirements. The participants provided their written informed consent to participate in this study. The animal study was approved by the QIMR Berghofer Medical Research Institute Animal Research Ethics Committee. The study was conducted in accordance with the local legislation and institutional requirements.





Author contributions

MU: Data curation, Project administration, Writing – original draft. BG: Data curation, Investigation, Methodology, Project administration, Writing – original draft. EW: Data curation, Formal analysis, Methodology, Validation, Writing – review & editing. WF: Formal analysis, Writing – review & editing. YS: Data curation, Formal analysis, Writing – review & editing. SI: Data curation, Formal analysis, Methodology, Writing – review & editing. ME: Data curation, Formal analysis, Writing – review & editing. SY: Data curation, Formal analysis, Writing – review & editing. MR: Formal analysis, Writing – review & editing. NW: Data curation, Resources, Writing – review & editing. PS: Data curation, Resources, Supervision, Writing – review & editing. CT: Supervision, Validation, Writing – review & editing. FM: Conceptualization, Formal analysis, Funding acquisition, Investigation, Project administration, Resources, Supervision, Validation, Writing – original draft.





Funding

The author(s) declare financial support was received for the research, authorship, and/or publication of this article. This work was supported by research grants to FM from the National Health and Medical Research Council (NHMRC). PS is supported by the Swiss National Science Foundation (grant 310030_205196).




Acknowledgments

The authors gratefully acknowledge the support from the Animal Facility and the Flow Cytometry Core Facility of the QIMR Berghofer Medical Research Institute and the Department of Microbiology and Immunology at the University of Melbourne. Scientific illustrations were generously prepared by Madeleine Flynn of QIMR Berghofer Medical Research Institute. RNA-sequencing was conducted at the Australian Genomics Research Facility. We also thank Prof David Huang from the Walter and Eliza Hall Institute for sharing the TCL1-Tg model backcrossed onto C57BL/6.





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.

The author(s) declared that they were an editorial board member of Frontiers, at the time of submission. This had no impact on the peer review process and the final decision.





Supplementary material

The Supplementary Material for this article can be found online at: https://www.frontiersin.org/articles/10.3389/fimmu.2024.1345515/full#supplementary-material




Abbreviations

CLL, Chronic Lymphocytic Leukemia; IgV, Immunoglobulin variable regions; TME, tumor microenvironment; BAFF, B cell-activating factor; APRIL, Proliferation-inducing ligand; TACI, Transmembrane activator and cyclophilin ligand interactor; sTACI, Soluble TACI; BCMA, B cell maturation antigen.




References

1. Hallek, M, Shanafelt, TD, and Eichhorst, B. Chronic lymphocytic leukaemia. Lancet (2018) 391(10129):1524–37. doi: 10.1016/S0140-6736(18)30422-7

2. Chiorazzi, N, Rai, KR, and Ferrarini, M. Chronic lymphocytic leukemia. N Engl J Med (2005) 352(8):804–15. doi: 10.1056/NEJMra041720

3. Seifert, M, Sellmann, L, Bloehdorn, J, Wein, F, Stilgenbauer, S, Durig, J, et al. Cellular origin and pathophysiology of chronic lymphocytic leukemia. J Exp Med (2012) 209(12):2183–98. doi: 10.1084/jem.20120833

4. Ten Hacken, E, and Burger, JA. Microenvironment interactions and B-cell receptor signaling in Chronic Lymphocytic Leukemia: Implications for disease pathogenesis and treatment. Biochim Biophys Acta (2016) 1863(3):401–13. doi: 10.1016/j.bbamcr.2015.07.009

5. Nishio, M, Endo, T, Tsukada, N, Ohata, J, Kitada, S, Reed, JC, et al. Nurselike cells express BAFF and APRIL, which can promote survival of chronic lymphocytic leukemia cells via a paracrine pathway distinct from that of SDF-1alpha. Blood (2005) 106(3):1012–20. doi: 10.1182/blood-2004-03-0889

6. Cols, M, Barra, CM, He, B, Puga, I, Xu, W, Chiu, A, et al. Stromal endothelial cells establish a bidirectional crosstalk with chronic lymphocytic leukemia cells through the TNF-related factors BAFF, APRIL, and CD40L. J Immunol (2012) 188(12):6071–83. doi: 10.4049/jimmunol.1102066

7. van Attekum, M, Terpstra, S, Reinen, E, Kater, AP, and Eldering, E. Macrophage-mediated chronic lymphocytic leukemia cell survival is independent of APRIL signaling. Cell Death Discovery (2016) 2:16020. doi: 10.1038/cddiscovery.2016.20

8. Bojarska-Junak, A, Hus, I, Chocholska, S, Wasik-Szczepanek, E, Sieklucka, M, Dmoszyńska, A, et al. BAFF and APRIL expression in B-cell chronic lymphocytic leukemia: correlation with biological and clinical features. Leuk Res (2009) 33(10):1319–27. doi: 10.1016/j.leukres.2009.03.030

9. Ferrer, G, Hodgson, K, Pereira, A, Juan, M, Elena, M, Colomer, D, et al. Combined analysis of levels of serum B-cell activating factor and a proliferation-inducing ligand as predictor of disease progression in patients with chronic lymphocytic leukemia. Leuk Lymphoma (2011) 52(11):2064–8. doi: 10.3109/10428194.2011.591008

10. Mamara, A, Germenis, AE, Kompoti, M, Palassopoulou, M, Mandala, E, Banti, A, et al. TACI expression and signaling in chronic lymphocytic leukemia. J Immunol Res (2015) 2015:478753. doi: 10.1155/2015/478753

11. Planelles, L, Carvalho-Pinto, CE, Hardenberg, G, Smaniotto, S, Savino, W, Gomez-Caro, R, et al. APRIL promotes B-1 cell-associated neoplasm. Cancer Cell (2004) 6(4):399–408. doi: 10.1016/j.ccr.2004.08.033

12. Herling, M, Patel, KA, Weit, N, Lilienthal, N, Hallek, M, Keating, MJ, et al. High TCL1 levels are a marker of B-cell receptor pathway responsiveness and adverse outcome in chronic lymphocytic leukemia. Blood (2009) 114(21):4675–86. doi: 10.1182/blood-2009-03-208256

13. Bichi, R, Shinton, SA, Martin, ES, Koval, A, Calin, GA, Cesari, R, et al. Human chronic lymphocytic leukemia modeled in mouse by targeted TCL1 expression. Proc Natl Acad Sci U S A. (2002) 99(10):6955–60. doi: 10.1073/pnas.102181599

14. Lascano, V, Guadagnoli, M, Schot, JG, Luijks, DM, Guikema, JE, Cameron, K, et al. Chronic lymphocytic leukemia disease progression is accelerated by APRIL-TACI interaction in the TCL1 transgenic mouse model. Blood (2013) 122(24):3960–3. doi: 10.1182/blood-2013-04-497693

15. Enzler, T, Kater, AP, Zhang, W, Widhopf, GF 2nd, Chuang, HY, Lee, J, et al. Chronic lymphocytic leukemia of Emu-TCL1 transgenic mice undergoes rapid cell turnover that can be offset by extrinsic CD257 to accelerate disease progression. Blood (2009) 114(20):4469–76. doi: 10.1182/blood-2009-06-230169

16. Mackay, F, and Schneider, P. Cracking the BAFF code. Nat Rev Immunol (2009) 9(7):491–502. doi: 10.1038/nri2572

17. Kyrtsonis, MC, Sarris, K, Koulieris, E, Maltezas, D, Nikolaou, E, Angelopoulou, MK, et al. Serum soluble TACI, a BLyS receptor, is a powerful prognostic marker of outcome in chronic lymphocytic leukemia. BioMed Res Int (2014) 2014:159632. doi: 10.1155/2014/159632

18. 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

19. Sasaki, Y, Casola, S, Kutok, JL, Rajewsky, K, and Schmidt-Supprian, M. TNF family member B cell-activating factor (BAFF) receptor-dependent and -independent roles for BAFF in B cell physiology. J Immunol (2004) 173(4):2245–52. doi: 10.4049/jimmunol.173.4.2245

20. Tsiantoulas, D, Eslami, M, Obermayer, G, Clement, M, Smeets, D, Mayer, FJ, et al. APRIL limits atherosclerosis by binding to heparan sulfate proteoglycans. Nature (2021) 597(7874):92–6. doi: 10.1038/s41586-021-03818-3

21. Ferrer, G, Bosch, R, Hodgson, K, Tejero, R, Roue, G, Colomer, D, et al. B cell activation through CD40 and IL4R ligation modulates the response of chronic lymphocytic leukaemia cells to BAFF and APRIL. Br J Haematol (2014) 164(4):570–8. doi: 10.1111/bjh.12645

22. Endo, T, Nishio, M, Enzler, T, Cottam, HB, Fukuda, T, James, DF, et al. BAFF and APRIL support chronic lymphocytic leukemia B-cell survival through activation of the canonical NF-kappaB pathway. Blood (2007) 109(2):703–10. doi: 10.1182/blood-2006-06-027755

23. Roessner, PM, and Seiffert, M. T-cells in chronic lymphocytic leukemia: Guardians or drivers of disease? Leukemia (2020) 34(8):2012–24. doi: 10.1038/s41375-020-0873-2

24. Ansel, KM, Harris, RB, and Cyster, JG. CXCL13 is required for B1 cell homing, natural antibody production, and body cavity immunity. Immunity (2002) 16(1):67–76. doi: 10.1016/S1074-7613(01)00257-6

25. Ha, SA, Tsuji, M, Suzuki, K, Meek, B, Yasuda, N, Kaisho, T, et al. Regulation of B1 cell migration by signals through Toll-like receptors. J Exp Med (2006) 203(11):2541–50. doi: 10.1084/jem.20061041

26. Vincent, FB, Morand, EF, Schneider, P, and Mackay, F. The BAFF/APRIL system in SLE pathogenesis. Nat Rev Rheumatol (2014) 10(6):365–73. doi: 10.1038/nrrheum.2014.33

27. Ritchie, ME, Phipson, B, Wu, D, Hu, Y, Law, CW, Shi, W, et al. limma powers differential expression analyses for RNA-sequencing and microarray studies. Nucleic Acids Res (2015) 43(7):e47. doi: 10.1093/nar/gkv007

28. Rohart, F, Gautier, B, Singh, A, and KA, LC. mixOmics: An R package for ‘omics feature selection and multiple data integration. PloS Comput Biol (2017) 13(11):e1005752. doi: 10.1371/journal.pcbi.1005752

29. Vojdeman, FJ, Herman, SEM, Kirkby, N, Wiestner, A, van T' Veer, MB, Tjonnfjord, GE, et al. Soluble CD52 is an indicator of disease activity in chronic lymphocytic leukemia. Leuk Lymphoma (2017) 58(10):2356–62. doi: 10.1080/10428194.2017.1285027

30. Smeele, PH, and Vaccari, T. Snapshots from within the cell: Novel trafficking and non trafficking functions of Snap29 during tissue morphogenesis. Semin Cell Dev Biol (2022) 133:42-52. doi: 10.1016/j.semcdb.2022.02.024

31. Hu, ZD, Yan, J, Cao, KY, Yin, ZQ, Xin, WW, and Zhang, MF. MCOLN1 promotes proliferation and predicts poor survival of patients with pancreatic ductal adenocarcinoma. Dis Markers (2019) 2019:9436047. doi: 10.1155/2019/9436047

32. Nassirpour, R, Shao, L, Flanagan, P, Abrams, T, Jallal, B, Smeal, T, et al. Nek6 mediates human cancer cell transformation and is a potential cancer therapeutic target. Mol Cancer Res (2010) 8(5):717–28. doi: 10.1158/1541-7786.MCR-09-0291

33. Yang, WT, Chen, M, Xu, R, and Zheng, PS. PRDM4 inhibits cell proliferation and tumorigenesis by inactivating the PI3K/AKT signaling pathway through targeting of PTEN in cervical carcinoma. Oncogene (2021) 40(18):3318–30. doi: 10.1038/s41388-021-01765-x

34. Guo, X, Jing, C, Li, L, Zhang, L, Shi, Y, Wang, J, et al. Down-regulation of VEZT gene expression in human gastric cancer involves promoter methylation and miR-43c. Biochem Biophys Res Commun (2011) 404(2):622–7. doi: 10.1016/j.bbrc.2010.12.026

35. Liao, W, Jordaan, G, Nham, P, Phan, RT, Pelegrini, M, and Sharma, S. Gene expression and splicing alterations analyzed by high throughput RNA sequencing of chronic lymphocytic leukemia specimens. BMC Cancer (2015) 15:714. doi: 10.1186/s12885-015-1708-9

36. Kushwaha, G, Dozmorov, M, Wren, JD, Qiu, J, Shi, H, and Xu, D. Hypomethylation coordinates antagonistically with hypermethylation in cancer development: a case study of leukemia. Hum Genomics (2016) 10 Suppl 2(Suppl 2):18. doi: 10.1186/s40246-016-0071-5

37. Menyhart, O, Fekete, JT, and Gyorffy, B. Gene expression indicates altered immune modulation and signaling pathway activation in ovarian cancer patients resistant to topotecan. Int J Mol Sci (2019) 20(11). doi: 10.3390/ijms20112750

38. Jena, N, Sheng, J, Hu, JK, Li, W, Zhou, W, Lee, G, et al. CDK6-mediated repression of CD25 is required for induction and maintenance of Notch1-induced T-cell acute lymphoblastic leukemia. Leukemia (2016) 30(5):1033–43. doi: 10.1038/leu.2015.353

39. Gupta, R, Li, W, Yan, XJ, Barrientos, J, Kolitz, JE, Allen, SL, et al. Mechanism for IL-15-driven B cell chronic lymphocytic leukemia cycling: roles for AKT and STAT5 in modulating cyclin D2 and DNA damage response proteins. J Immunol (2019) 202(10):2924–44. doi: 10.4049/jimmunol.1801142

40. Gassner, FJ, Zaborsky, N, Buchumenski, I, Levanon, EY, Gatterbauer, M, Schubert, M, et al. RNA editing contributes to epitranscriptome diversity in chronic lymphocytic leukemia. Leukemia (2021) 35(4):1053–63. doi: 10.1038/s41375-020-0995-6

41. Chen, Z, Gulzar, ZG, St Hill, CA, Walcheck, B, and Brooks, JD. Increased expression of GCNT1 is associated with altered O-glycosylation of PSA, PAP, and MUC1 in human prostate cancers. Prostate (2014) 74(10):1059–67. doi: 10.1002/pros.22826

42. Wang, L, Zhai, R, Song, G, and Wang, Y. Analyses of the expression and prognosis of ILDR1 in human gastric cancer. Heliyon (2022) 8(9):e10253. doi: 10.1016/j.heliyon.2022.e10253

43. Fang, T, Yin, X, Wang, Y, Wang, H, Wang, X, and Xue, Y. Lymph node metastasis-related gene ITGA4 promotes the proliferation, migration, and invasion of gastric cancer cells by regulating tumor immune microenvironment. J Oncol (2022) 2022:1315677. doi: 10.1155/2022/1315677

44. Kwon, HY, Bajaj, J, Ito, T, Blevins, A, Konuma, T, Weeks, J, et al. Tetraspanin 3 is required for the development and propagation of acute myelogenous leukemia. Cell Stem Cell (2015) 17(2):152–64. doi: 10.1016/j.stem.2015.06.006

45. Schneider, P, Takatsuka, H, Wilson, A, Mackay, F, Tardivel, A, Lens, S, et al. Maturation of marginal zone and follicular B cells requires B cell activating factor of the tumor necrosis factor family and is independent of B cell maturation antigen. J Exp Med (2001) 194(11):1691–7. doi: 10.1084/jem.194.11.1691

46. Saulep-Easton, D, Vincent, FB, Quah, PS, Wei, A, Ting, SB, Croce, CM, et al. The BAFF receptor TACI controls IL-10 production by regulatory B cells and CLL B cells. Leukemia (2016) 30(1):163–72. doi: 10.1038/leu.2015.174

47. Uslu, K, Coleman, AS, Allman, WR, Katsenelson, N, Bram, RJ, Alugupalli, KR, et al. Impaired B cell receptor signaling is responsible for reduced TACI expression and function in X-linked immunodeficient mice. J Immunol (2014) 192(8):3582–95. doi: 10.4049/jimmunol.1203468

48. Mackay, F, Figgett, WA, Saulep, D, Lepage, M, and Hibbs, ML. B-cell stage and context-dependent requirements for survival signals from BAFF and the B-cell receptor. Immunol Rev (2010) 237(1):205–25. doi: 10.1111/j.1600-065X.2010.00944.x

49. McWilliams, EM, Lucas, CR, Chen, T, Harrington, BK, Wasmuth, R, Campbell, A, et al. Anti-BAFF-R antibody VAY-736 demonstrates promising preclinical activity in CLL and enhances effectiveness of ibrutinib. Blood Adv (2019) 3(3):447–60. doi: 10.1182/bloodadvances.2018025684

50. Hallek, M. Chronic lymphocytic leukemia: 2017 update on diagnosis, risk stratification, and treatment. Am J Hematol (2017) 92(9):946–65. doi: 10.1002/ajh.24826

51. Li, X, Zhu, F, Jiang, J, Sun, C, Zhong, Q, Shen, M, et al. Simultaneous inhibition of the ubiquitin-proteasome system and autophagy enhances apoptosis induced by ER stress aggravators in human pancreatic cancer cells. Autophagy (2016) 12(9):1521–37. doi: 10.1080/15548627.2016.1191722

52. Qi, J, Xing, Y, Liu, Y, Wang, MM, Wei, X, Sui, Z, et al. MCOLN1/TRPML1 finely controls oncogenic autophagy in cancer by mediating zinc influx. Autophagy (2021) 17(12):4401–22. doi: 10.1080/15548627.2021.1917132

53. Jung, J, Liao, H, Coker, SA, Liang, H, Hancock, JF, Denicourt, C, et al. p53 mitigates the effects of oncogenic HRAS in urothelial cells via the repression of MCOLN1. iScience (2021) 24(7):102701. doi: 10.1016/j.isci.2021.102701

54. Campo, E, Cymbalista, F, Ghia, P, Jäger, U, Pospisilova, S, Rosenquist, R, et al. TP53 aberrations in chronic lymphocytic leukemia: an overview of the clinical implications of improved diagnostics. Haematologica (2018) 103(12):1956–68. doi: 10.3324/haematol.2018.187583

55. Yin, M-J, Shao, L, Voehringer, D, Smeal, T, and Jallal, B. The serine/threonine kinase nek6 is required for cell cycle progression through mitosis*. J Biol Chem (2003) 278(52):52454–60. doi: 10.1074/jbc.M308080200

56. Jee, HJ, Kim, H-J, Kim, AJ, Song, N, Kim, M, Lee, H-J, et al. The inhibition of Nek6 function sensitizes human cancer cells to premature senescence upon serum reduction or anticancer drug treatment. Cancer Letters (2013) 335(1):175–82. doi: 10.1016/j.canlet.2013.02.012

57. Jeon, YJ, Lee, KY, Cho, Y-Y, Pugliese, A, Kim, HG, Jeong, C-H, et al. Role of NEK6 in tumor promoter-induced transformation in JB6 C141 mouse skin epidermal cells. J Biol Chem (2010) 285(36):28126–33. doi: 10.1074/jbc.M110.137190

58. Yang, XH, and Huang, S. PFM1 (PRDM4), a new member of the PR-domain family, maps to a tumor suppressor locus on human chromosome 12q23-q24.1. Genomics (1999) 61(3):319–25. doi: 10.1006/geno.1999.5967

59. Kageyama, Y, and Katayama, N. Ontogeny of human B1 cells. Int J Hematol (2020) 111(5):628–33. doi: 10.1007/s12185-019-02775-y

60. Kikushige, Y. Pathophysiology of chronic lymphocytic leukemia and human B1 cell development. Int J Hematol (2020) 111(5):634–41. doi: 10.1007/s12185-019-02788-7

61. DiLillo, DJ, Weinberg, JB, Yoshizaki, A, Horikawa, M, Bryant, JM, Iwata, Y, et al. Chronic lymphocytic leukemia and regulatory B cells share IL-10 competence and immunosuppressive function. Leukemia (2013) 27(1):170–82. doi: 10.1038/leu.2012.165

62. Huang, W, Quach, TD, Dascalu, C, Liu, Z, Leung, T, Byrne-Steele, M, et al. Belimumab promotes negative selection of activated autoreactive B cells in systemic lupus erythematosus patients. JCI Insight (2018) 3(17). doi: 10.1172/jci.insight.122525




Publisher’s note: All claims expressed in this article are solely those of the authors and do not necessarily represent those of their affiliated organizations, or those of the publisher, the editors and the reviewers. Any product that may be evaluated in this article, or claim that may be made by its manufacturer, is not guaranteed or endorsed by the publisher.


Copyright © 2024 Ullah, Garcillán, Whitlock, Figgett, Infantino, Eslami, Yang, Rahman, Sheng, Weber, Schneider, Tam and Mackay. 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-15-1345515-g001.jpg
GeoMFI

800

600

400

200






OEBPS/Images/fimmu-15-1345515-g003.jpg
Bone marrow Blood Spleen Peritoneal cavity

Lymph nodes

OTCL1-Tg (n27)

O TCL1-Tg BAFF-(n 2 6)
OTCL1-Tg APRIL* (n 2 3)

CLL cells

%CD19*CD5* cells
N A O -Ol
© © © © o

o

%CD19*CD5" cells
N B (-2 (-] -Ol
o o o o (=]

o

%CD19*CD5" cells

6-7 mo

%CD19*CD5" cells
3
2

6-7 mo

%CD19*CD5" cells

°

°

100
80
60
40
20

%CD19*CD5" cells

Peritoneal Spleen
cavity

°
o o

8-9mo

Blood

TCLA-Tg (n = 4)
TCL1-Tg BAFF-R™ (n2 5)

Bone
marrow

O WT (n23)
O BAFF*(n 2 4)
O APRIL™(n 2 3)

B1a cells

100
80
60
40
20

80
60
40
20

*
*

|

o

°g oo
@

>10 mo

° WT(n27)
100 ° BAFFR'(nz4)

TCL1-Tg
CLL

91.8% @

o

CLL

CLL
19.3%

T

Lymph

Peritoneal Spleen
nodes

cavity

Bone

DY Coperr—— A rs——EDo-
Blood

Lymph

marrow nodes

CLL
50.4%

a

CLL

CLL
7.4%

LoE R
2.04%

CLL
0.12%

TCL1-Tg BAFF* TCL1-Tg APRIL*

CLL

CLL

CLL

CLL
2.67%






OEBPS/Text/toc.xhtml


  

    Table of Contents



    

		Cover



      		

        An unappreciated cell survival-independent role for BAFF initiating chronic lymphocytic leukemia

      

        		

          Background

        



        		

          Methods

        



        		

          Results

        



        		

          Conclusions

        



        		

          Introduction

        



        		

          Materials and methods

        

          		

            Mice

          



          		

            ELISA

          



          		

            CLL cell culture and gene expression analysis

          



          		

            Statistics

          



          		

            Study approval

          



        



        



        		

          Results

        

          		

            Levels of BAFF and APRIL ligands and receptors in TCL1-Tg mice parallel those described in human CLL

          



          		

            BAFF, but not APRIL, is required for CLL initiation and progression in TCL1-Tg mice

          



          		

            BAFF, but not APRIL, is required for peripheral CLL development but not CLL survival and expansion in the peritoneal cavity

          



          		

            CLL cells are sequestered in the peritoneal cavity of TCL1-Tg BAFF-/- mice

          



          		

            The BAFF-BAFF-R axis is required for CLL cell dissemination in the periphery but not their survival in the peritoneal cavity

          



          		

            BAFF promotes the expression of tumor-promoting genes in CLL cells

          



        



        



        		

          Discussion

        



        		

          Data availability statement

        



        		

          Ethics statement

        



        		

          Author contributions

        



        		

          Funding

        



        		

          Acknowledgments

        



        		

          Conflict of interest

        



        		

          Supplementary material

        



        		

          Abbreviations

        



        		

          References

        



      



      



    



  



OEBPS/Images/fimmu-15-1345515-g006.jpg
C

B
P vaie Supervised Clustering
= _ &8 . PLSDA . | sPLSDA
> A > 101
ekt H H TCL1-Tg
Cub2 £ 8 TCL1-Tg. BAFF-/-
Hgsnat §°1/ 5 ~
AW011738 H g
Acss2 * S0 o i % 5 4
A X-variate 1: 26% expl. var X-variate 1: 14% expl. var
grm
S100a4 6 TCL1-Tg
RNA
Shabgri3 {Zscore) [
Skidat 2 P
1 Shabgr S AWO11738
$100a6 0 s o1 2, 51005~ 20m
-1 1 Moot Snap29.
Inpp1 o % 8 °°‘°ﬁ:pz“*;,‘\ g |09sz
Odad1 £ : Robps .
4933412E12Rik ° 2
Ms4adb 3 0
Gm10060 N ook 2
i 3 Pramd | Toamste” §
Cib2 = Vert g2~ Gaff-Llapé 18 -4
Amigo2 -3 sopnbo < veigio
S — anionz
Rifx1 7
) Peritoneal CLL% Ml 5 S
Vsig10 100 4933412E12RK npp1
s Dyrk2 50 & TCL1-Tg.BAFF-/-
[ TCLATG N ITCLSTGIBARF Strain -0.04 -0.02 0.00 0.02 0.04
o = I Peritoneal CLL% L Io PLSDA weight
Putatively tumor promoting genes D Putatively tumor suppressing genes
Cd52 Snap29 Mcoin1 Prdm4 Vezt
05y * 027 X 027 * 04y X
© < o, o o o o o
w
2 ozl © S a3l *° S-02 S S 02 S
s s 5 04 F N K
 -1.0 x -04 X 06 o 4 X g0 4
£ o E g € £ €
-1.5 -0.6 -0.8 -0.1
o TCL1-Tg © TCL1-Tg BAFF™ o TCL1-Tg © TCL1-Tg BAFF"
F
Tumor promoting genes 4
S100A4 ,SNED1
° viLL| ' Acss2
@20 23 ~ HSPB1 . CLSTNS
2 g o 1. GSTNS /mANtC1 pLcpa
ERE S 5 52 <.~ CHITi~ RGL1-GFI1
: ke} s LGALS1 ~PLBD1~DPP4 Mean
° 1.0 g So .2 ETV5 TYROBP. MRC1 Autoscaled
< o 1 iy . Lo RAPGEFS 10g2FC
N05 ‘g. S GCNT1 ~—1P3-NOD2 50
Q < 3L EPB41L2 , 1 -
O 0.0 &0 Se PLDs =~ * : . 25
Media BAFF Media BAFF £3 Y PLXND1 *
&+ ITGA4 7 ! 0.0
Qe » SORL1 - | IL2RB
- o DENND3ZDHHC1A -~ 7 -
Ss * %6 ns gﬁ, SYNPO "1 zaTB10 I 28
8 2 ° =g COKg TSPANG
<6 ° c O CRIP2 .
S < 5] ADARB1 , .
- G 4 ° = sLc15a2” RBPMS .
S4 Lg Tus
pisg €2
c 2 © 4
- 3 ~
5} )
§ 0 20 -9 6 3 0 3 6 9
Media BAFF Media BAFF Human blood CD19+ cells:

Healthy vs CLL (log2FC)





OEBPS/Images/crossmark.jpg
©

2

i

|





OEBPS/Images/fimmu-15-1345515-g004.jpg
Peritoneal cavity

Omentum

()]
L7
O
0
I—
&
g 2.3%
(=])
hl [
O
o
l—
B TCL1-Tg (n =6)
B TCL1-Tg BAFF-(n 2 5)
B
CXCR4 CXCR5 CD9
600 ns 5000 ns 5007 ns
° o 4000 400
™ i o o
L 400 S 3000 ° = 300
8 2000 ® 200
® 200 o o
1000 100
0 0 0
O N O N O N
« © 4 49 < 49
N N v






OEBPS/Images/logo.jpg
, frontiers | Frontiers in Immunology





OEBPS/Images/fimmu-15-1345515-g002.jpg
-0- TCL1-Tg (n210)
60 --O- TCL1-Tg BAFF”" (n28)
50 1O TCL1-Tg APRIL™ (n 27)

% CD19"CD5" cells

= |
2]

$kokok

40
30 |

20

10

0
r—r— T T T T TrTrTr—
2 3 45 6 7 8 9 101112

Age (months)

c ns
—~ 340 TCL1-Tg(n=26) o_
2 |0 TCL1-Tg BAFF- (n26)
=
£ |o TCLI-TgAPRL'" (nz7) ns
D22 —
Q
s
c
01
°
Q.

7

o

100

75

50

25

Percent survival

)

Spleen weight (g

sk sk okok

— TCL1-Tg BAFF'" (n = 59)
— TCL1-Tg APRIL" (n = 35) ns
— TCL1-Tg (n=171)
100 200 300 400
Age (days)

°© WT(n209)
o BAFF’ (n25)
o APRIL" (n23)

sk ok o

6-7 mo 8-9 mo >10 mo





OEBPS/Images/fimmu-15-1345515-g005.jpg
C

TCL1-To BAFF-A- Peritoneal cavity Spleen Blood
PerC cells
(2}
. 5 months = 100 5 100 o
B ° 8o 80 .
VVT *
n
a 60 60
TCL1-Tg BAFF-/- o s0] « 40
PerC cells g o 20 s
5 months o 20
r ® 0 » O . S .
BAFF-- Recipients & S« < & R & & & Ry &
X X ) ? Q ?
Donor cells PBS TCL1-Tg BAFF-/- PBS TCL1-TgBAFF-~- PBS  TCL1-Tg BAFF-/-
PerC cells (i.v.) PerC cells (i.v.) PerC cells (i.v.)
Peritoneal cavity Spleen Blood
TCL1-Tg BAFF-/- )
PerC cells % 100 — . 80 N 100
N 5 months +o 80 604 ©
n
wr o 60 *
o 40 50 »
*» 40
TCL1-Tg BAFF-/- - 20
PerC cells 8 20
5 months L 0 0 0
BAFF-/- Recipients < < £
4 & &
Donor cells  TCL1-Tg BAFF-/- TCL1-Tg BAFF-/- TCL1-Tg BAFF-/-

TCL1-Tg BAFF-R-/-

PerC cells
\ ) 5 months
D —»
WT
TCL1-Tg BAFF-R-/-
PerC cells
K4
5 months < 100
E— o
+_ 80
BAFF-/- 7]
Q 60
TCL1-Tg BAFF-/- +Q
PerC cells 2 40
J _ o  5months o 20
{ 5 — o o
P By
BAFF-R/- Recipients °
Donor cells

PerC cells (i.v.)

Peritoneal cavity

%k k

PerC cells (i.v.)

PerC cells (i.p.)

PerC cells (i.p.)

Spleen
*%
40 *%
L]
30
20
ns
10
0
& X
<&« &
S
s R

TCL1-Tg BAFF-R-/- TCL1-Tg BAFF-/- TCL1-Tg BAFF-R-/-TCL1-Tg BAFF-/-

PerC cells (i.v.) PerC cells (i.v.)

PerC cells (i.p.)

Blood

TCL1-Tg BAFF-R-/- TCL1-Tg BAFF-/-
PerC cells (i.v.) PerC cells (i.v.)





OEBPS/Images/fimmu.2024.1345515_cover.jpg
& frontiers | Frontiers in Immunology

An unappreciated cell survival-independent
role for BAFF initiating chronic lymphocytic
leukemia





