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Abstract

Interleukin (IL)-10-producing B cells (B10 cells) have emerged as important regulatory players 

with immunosuppressive roles. Chronic lymphocytic leukemia (CLL) B cells also secrete IL-10 

and share features of B10 cells, suggesting a possible contribution of CLL B cells to 

immunosuppression in CLL patients. Factors controlling the emergence of B10 cells are not 

known. B cell-activating factor of the tumour necrosis factor (TNF) family (BAFF) is critical for B 

cell maturation and survival, and is implicated in the development and progression of CLL. We 

sought to investigate the role of BAFF in the emergence of IL-10-producing B regulatory cells in 

healthy donors and CLL patients. Here, we report that BAFF signaling promotes IL-10 production 

by CLL B cells in a mouse model of CLL and in CLL patients. Moreover, BAFF-mediated IL-10 

production by normal and CLL B cells is mediated via its receptor TACI. Our work uncovered a 

major targetable pathway important for the generation of regulatory B cells that is detrimental to 

immunity in CLL.

Users may view, print, copy, and download text and data-mine the content in such documents, for the purposes of academic research, 
subject always to the full Conditions of use:http://www.nature.com/authors/editorial_policies/license.html#terms

Corresponding Author: Professor Fabienne Mackay, PhD Department of Immunology Central Clinical School, Faculty of Medicine, 
Nursing and Health Sciences Monash University AMREP 89 Commercial Road Melbourne, VIC 3004 Australia Tel: +61 3 9903 0712 
Fax: +61 3 9903 0038 fabienne.mackay@monash.edu. 

Supplementary Information
Supplementary information is available at Leukemia’s website.

Conflict of Interest Disclosures 
The authors have no conflict of interest to declare.

Europe PMC Funders Group
Author Manuscript
Leukemia. Author manuscript; available in PMC 2016 May 18.

Published in final edited form as:
Leukemia. 2016 January ; 30(1): 163–172. doi:10.1038/leu.2015.174.

 E
urope PM

C
 Funders A

uthor M
anuscripts

 E
urope PM

C
 Funders A

uthor M
anuscripts



Introduction

Chronic lymphocytic leukemia (CLL) is the most common leukemia of adults in the 

developed world (1). It is characterized by the accumulation of monoclonal neoplastic 

CD5+CD23+CD19+ B cells (CLL B cells) over time, in the peripheral blood and secondary 

lymphoid organs including the spleen (2). CLL B cells share phenotypic features with 

several normal B cell subsets including marginal zone (MZ) B cells, B1 B cells (3) and 

memory B cells (4). Characteristics such as unmutated immunoglobulin (Ig) variable heavy 

chain (IGVH) genes (5), ZAP70 (6), CD38 (5) are broadly associated with a poor prognosis. 

As is common in many hematological malignancies, systemic immunosuppression is 

associated with a more aggressive disease course (7).

Expression of T cell leukemia gene 1 (TCL1) has been described as a molecular marker of 

aggressive disease and poor outcome in patients with CLL (8). Transgenic (Tg) mice 

overexpressing TCL1 under the B cell specific μ enhancer (EμTCL1-Tg) develop a disease 

similar to progressive CLL. EμTCL1-Tg mice display cumulative expansion of circulating 

CD5+CD19+ B cells beginning at 3-4 months of age with consequent splenomegaly, 

hepatomegaly and lymphadenopathy, as seen in patients with progressive CLL (9). 

Additionally, the EμTCL1-Tg mice display T cell dysregulation, resulting in decreased T 

cell activation, increased regulatory T cell (Treg) numbers and attenuated effector function 

(10). Increased Treg numbers in EμTCL1-Tg mice (11) and in CLL patients (12, 13) 

contribute to active immunosuppression, which facilitates disease progression.

Multiple immunosuppressive mechanisms have been described in CLL, including 

indoleamine 2,3-dioxygenase (IDO) production (12), disruption of effector T cell synapses 

(14) and evasion of perforin-mediated CD4+ T cell killing by cellular sequestration in 

stromal niches (15). Incidence of hypogammaglobulinemia increases with advanced disease 

as the consequence of the extensive breakdown of many immune functions, and has been 

associated with increased infectious complications (16).

Interleukin (IL)-10 is also a well-known immunosuppressor (reviewed in (17)) and 

numerous studies have implicated IL-10-secreting B (B10) cells as strong immuno-

suppressive drivers facilitating the progression of malignancy (reviewed in (18, 19)). Indeed, 

the frequency of B10 cells was significantly increased in EμTCL1-Tg mice and correlated 

with TCL1 expression (20). Moreover, the proportion of B10 cells increased in EμTCL1-Tg 

mice treated with specific Toll-like receptor (TLR) ligands (20). However, factors facilitating 

IL-10 production by this subset of B cells remain unknown.

B cell-activating factor of the tumour necrosis factor (TNF) family (BAFF) is an 

indispensable survival factor necessary for the maturation and maintenance of B2 B cells 

(reviewed in (21)). BAFF mediates class switching, anti-apoptotic activity and maintenance 

of long-lived plasma cells residing in the bone marrow, via three cognate receptors, namely 

transmembrane activator and cyclophilin ligand interactor (TACI), BAFF receptor (BAFF-R) 

and B cell maturation antigen (BCMA), respectively (reviewed in (22)). A paralogue of 

BAFF, a proliferation-inducing ligand (APRIL) also mediates survival effects via cognate 

receptors, TACI and BCMA (22). Both BAFF and APRIL are implicated in the development 
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and maintenance of leukemic B cells, including CLL (reviewed in (21)). Autocrine 

production of BAFF in CLL patients is a key driver of tumor persistence (23). Early reports 

suggested a role for BAFF in inducing the emergence of B10 cells in the context of 

autoimmunity (24). To date, the role of the BAFF system in CLL has primarily been studied 

in the context of tumor survival, yet a role for this factor in active immunosuppression has 

not been investigated.

Here, we report that BAFF stimulation enhanced IL-10 production by leukemic B cells in 

CLL patients and EμTCL1-Tg mice. Furthermore, splenic B cells from TACI-deficient 

(TACI−/−) mice were unable to secrete IL-10 following TLR stimulation, and TACI−/− mice 

had undetectable basal serum concentrations of IL-10. These findings indicate that TACI 

signaling is important for IL-10 production by normal and leukemic B cells. This work 

expands our understanding of the BAFF system and highlights the dual functions of BAFF 

in supporting CLL B cell survival and promoting B10 cells activity and immunosuppression 

in CLL.

MATERIALS & METHODS

Patients

Patients were recruited from the Alfred Hospital and the Peter MacCallum Cancer Centre. 

All patients were over 18 years of age and were diagnosed with progressive CLL in 

accordance with the National Cancer Institute (NCI) Working Group criteria for diagnosis 

and staging. All samples were taken from patients with advanced disease who had not yet 

received treatment and would require treatment in the near future, according to the NCI 

clinical guidelines (2). The Australasian Leukaemia and Lymphoma Group (ALLG) Tissue 

Bank provided cryosamples of CLL lymphocytes. The Australian Red Cross Blood Service 

collected and provided age-matched healthy donor (HD) whole blood samples. All patients 

involved in this study provided written informed consent. Patients undergoing therapy for 

CLL or other pathologies were excluded from this study. This study was approved by the 

ALLG scientific and management committees, and the ethics review boards of The Alfred 

Hospital and Monash University.

Mice

BAFF-Tg, BAFF−/−, TACI−/− and BAFF-R−/− mice were on a C57BL/6 background and 

have been described previously (22). C57BL/6 mice were used as wild-type (WT) controls. 

EμTCL1-Tg mice have previously been described (9), were maintained on a B6C3 

background and used at 12 months (-mo) of age. B6C3 mice were used as WT controls for 

EμTCL1-Tg mice. All mice were age-matched and housed in a high barrier pathogen-free 

facility. The relevant institutional Animal Ethics Committee approved all experimental 

procedures.

Lymphocyte isolation

PBS (Invitrogen, Carlsbad, CA, USA) and separated by Ficoll-Paque (GE Healthcare, 

Piscataway, NJ, USA) centrifugation. Mouse splenocytes were isolated by disaggregation 
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and 70μm filtration (BD, San Diego, CA, USA) to form a single cell suspension. Cells were 

enumerated using a Z™ Series Coulter Counter (Beckman Coulter Inc., NSW, Australia).

Antibodies, flow cytometry and analysis

For flow cytometric analysis, single-cell suspensions were stained as described (25). 

Intracellular staining was conducted using a Fixation/Permeabilization kit (eBioscience, San 

Diego, CA, USA) following incubation of cells with Leukocyte Activation Cocktail (BD, 

San Diego, CA, USA) with Brefeldin A or Monensin (eBioscience). Fragment crystallizable 

(Fc) receptors were blocked using purified CD16/32 monoclonal antibody (mAb) (BD). 

Viable lymphocytes were assessed using Live/Dead Fixable Dead Cell Stain Kit (Invitrogen, 

Carlsbad, CA, USA). Matching isotype mAbs were used to control for background staining.

Anti-mouse CD5 (53-7.3), B220 (RA3-6B2), CD3 (17A2) and CD39 (24DMS1) were 

purchased from eBioscience. Anti-mouse CD19 (6D5) was from Biolegend (San Diego, CA, 

USA). Anti-mouse CD4 (RM4-5), CD25 (PC61) and Foxp3 (MF23) were purchased from 

BD.

Human cells were stained with CD20 APC-Cy7 (L27) and CD5 PE-Cy7 (L17F12), (BD, 

San Diego, CA, USA). TLR9 PE (26C593.2) was purchased from Enzo Life Sciences 

(Farmingdale, NY, USA). CD19 PE (HIB19) was purchased from eBioscience. A BD LSRII 

flow cytometer was used for assessment of cell suspensions (San Jose, CA, USA). Analysis 

was conducted using FlowJo software (Treestar, Ashland, OR, USA).

Cell cultures

RPMI and DMEM media (Invitrogen, Carlsbad, CA, USA) were used for all mouse and 

human cultures, respectively. Media were supplemented with 10% FCS, L-glutamine, 2ME, 

HEPES and Pen/Strep; all from Invitrogen (Carlsbad, CA, USA). Stimulatory factors were 

used at the following concentrations: LPS, 30ug/ml; mouse BAFF recombinant protein, 

50ng/ml; human BAFF recombinant protein, 50ng/ml; mouse APRIL recombinant protein, 

50 ng/ml; human APRIL protein, 50ng/ml; all from R&D Systems (Minneapolis, MN, 

USA). CpG B ODN 1826, 1μM; CpG B ODN 2006, 1μM; all purchased from Invivogen 

(San Diego, CA, USA). CpG stimulations were conducted from 5-48 hrs. In vitro 
neutralization of protein ligands BAFF and IL-10 was achieved with purified anti-human 

BAFF (AF124), anti-mouse BAFF (AF2106), anti-human IL-10 (AF-217-NA) and anti-

mouse IL-10 (AF-417-NA) all from R&D Systems (Minneapolis, MN, USA) and used at 

50μg/ml. In vitro neutralization of BAFF receptors TACI, BAFF-R and BCMA was achieved 

with purified anti-mouse TACI (AF1041), anti-mouse BAFF-R (AF1357), anti-mouse 

BCMA (AF593) and anti-human TACI (AF174), anti-human BAFF-R (AF1162) and anti-

human BCMA (AF193) all from R&D Systems (Minneapolis, MN, USA) and used at 

1μg/ml. Cells were cultured in 96-, 48-, or 24-wells cell culture plates (BD, San Diego, CA, 

USA).

Suppression Assay

In vitro suppression assays were carried out in RPMI supplemented with 10% FCS in 96-

well V-bottom plates (Costar, Corning, NY). 2.5×104 autologous CD4+CD25− responder T 
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cells were FACS-sorted from spleens of WT or EμTCL1-Tg mice and stained with 

AlexaFluor cytotracker proliferation dye (eBioscience, San Diego, CA, USA). FACS-sorted 

CD4+CD25+CD39+ Tregs were cultured with IL-10 for 12 hrs, then FACS-sorted and co-

cultured as ratios of 1:8, 1:4 and 1:2 relative to responder cells. Stimulation was carried out 

with CD3/CD28 beads (Thermofisher Scientific, Waltham, MA, USA) at 1:100 per well, 

with or without exogenous IL-10 (R&D Systems, Minneapolis, MN, USA) at 50ng/ml for 

72 hours at 37°C. Proliferation was assessed by FACS and expressed as frequency of 

detectable AlexaFluor stained events.

Serum and secreted cytokine quantification

Human and mouse IL-10 and BAFF concentrations in serum and supernatant were 

quantified using human and mouse ELISA Duo Sets (R&D Systems, Minneapolis, MN, 

USA), as per manufacturer protocol.

Statistical analysis

Data are shown as means (± SEM). The student’s t-test was used to determine significant 

differences between means. All statistical analyses were performed with GraphPad software 

(Prism Version 6.0d, 2013, San Diego, CA, USA). A P value ≤ 0.05 was considered 

statistically significant. *P < 0.05; **P < 0.01; ***P < 0.001.

RESULTS

Correlation between serum BAFF and IL-10 concentrations in EμTCL1-Tg mice

The role of BAFF in CLL pathogenesis has been described in part, and IL-10 has also been 

recently implicated in CLL pathogenesis (20, 26). We sought to investigate associations 

between concentrations of IL-10 and BAFF in the serum of mice with CLL-like disease. We 

observed that EμTCL1-Tg mice at 12-mo of age had significantly increased serum IL-10 

concentrations compared to age-matched WT mice (Figure 1A). Splenic B cells from 

EμTCL1-Tg mice, cultured with PMA/ionomycin, and LPS (a TLR4 ligand) or CpG (a 

TLR9 ligand), displayed significantly increased frequency of IL-10-expressing cells and 

increased intracellular IL-10 expression (MFI) compared to similarly treated WT B cells 

(Figure 1B-1D). Furthermore, stimulated splenic B cells from EμTCL1-Tg mice secreted 

more IL-10 compared to similarly treated WT splenic B cells (Figure 1E). BAFF 

concentrations are reportedly not elevated in the sera of patients with CLL (27, 28). 

Consistent with this observation, no difference in serum BAFF concentrations was detected 

in EμTCL1-Tg mice relative to WT controls (Figure 1F). These data support our model and 

previous studies reporting that measureable levels of BAFF in the sera of CLL patients 

appear to decrease with advanced disease (28, 29). This is expected and explained by 

growing numbers of BAFF receptor-expressing CLL cells emerging and “mopping” BAFF 

away from the circulation (28). Interestingly, while circulating BAFF levels appeared normal 

in EμTCL1 Tg mice, we noted that serum IL-10 concentrations correlated significantly with 

detectable serum BAFF concentrations (Figure 1G).
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Correlation between serum BAFF and IL-10 concentrations in patients with CLL

We next investigated whether a similar pattern of BAFF and IL-10 production could be 

observed in the sera of patients with progressive CLL. Indeed, we detected significantly 

higher IL-10 concentrations in the sera of patients with progressive CLL relative to healthy 

donor (HD) sera (Figure 2A). Recent studies have described the increase in serum IL-10 

levels, over time, in progressive CLL (20). We observed a similar pattern in the sera of 

patients with progressive CLL assessed at multiple time points (Supplementary Figure 1). 

Previous investigations have noted that the inverse relationship of serum BAFF with CLL 

progression reflects increased numbers of circulating B cells consuming soluble BAFF (28). 

Furthermore, both the frequency of IL-10-expressing cells and the levels of intracellular 

expression of IL-10 in the cells (MFI) were significantly increased in CpG-stimulated 

cultures of CD5+CD19+ B cells from patients with progressive CLL compared to similarly 

treated B cells from HD (Figure 2B-2D). Likewise, in vitro CpG stimulation of B cells from 

CLL patients resulted in significantly increased levels of IL-10 in the supernatant, compared 

to similarly treated B cells from HD (Figure 2E). Variable serum BAFF concentrations were 

detected in both HD and patients with progressive CLL, yet no significant difference in 

serum BAFF concentrations was observed between CLL patients and HD (Figure 2F). Again 

this confirmed previous reports that increased BAFF production by CLL cells is masked by 

large numbers of BAFF receptor-expressing CLL cells, which mop available BAFF protein 

in the circulation (29). Importantly, levels of circulating IL-10 and BAFF were positively 

correlated in serum samples of CLL patients (Figure 2G), recapitulating the relationship 

observed in EμTCL1-Tg mice (Figure 1F). While BAFF levels are generally reduced in the 

sera of patients with CLL due to increased numbers of BAFF-binding CLL B cells (28), 

these levels vary. Similar observations were made in EμTCL1-Tg mice. Importantly, the 

highest levels of BAFF strongly correlated with the highest IL-10 levels in both CLL 

patients and EμTCL1-Tg mice, suggesting a possible relationship between BAFF production 

and IL-10-mediated immunosuppression.

Exogenous BAFF enhances IL-10 production by B cells from EμTCL1-Tg mice and CLL 
patients

The positive correlation between serum IL-10 and BAFF concentrations suggested a 

potential causal relationship between the two cytokines in EμTCL1-Tg mice and patients 

with CLL. We investigated whether in vitro stimulation with exogenous BAFF could 

enhance IL-10 secretion by CD5+CD19+ splenic B cells from WT and EμTCL1-Tg mice. 

Indeed, CD5+CD19+ B cells from WT and EμTCL1-Tg mice secreted significantly more 

IL-10 when stimulated with BAFF compared to unstimulated control cultures (Figure 3A). 

Moreover, treatment with CpG alone also induced detectable levels of IL-10 production 

compared to unstimulated control cultures (Figure 3A). Furthermore, treatment with BAFF 

in combination with LPS or CpG induced a further significant increase in detectable IL-10 

production compared to BAFF or CpG alone (Figure 3A). Importantly, CD5+CD19+ B cells 

from EμTCL1-Tg mice secreted significantly more IL-10 in response to combined BAFF 

and LPS or CpG stimulation compared to B cells from WT mice (Figure 3A). We observed 

significant increases in both intracellular IL-10 expression and frequency of IL-10-
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producing B cells from WT and EμTCL1-Tg mice following co-stimulation with BAFF and 

LPS or CpG, with a greater effect observed with EμTCL1-Tg B cells (Figure 3B and 3C).

We next examined the response of peripheral B cells from HD and CLL patients, when 

stimulated with BAFF and CpG. Combined BAFF and CpG stimulation of CD5+CD19+ B 

cells from CLL patients and HD resulted in significantly increased IL-10 secretion compared 

to CpG stimulation alone (Figure 3D), and this effect was more pronounced in CLL B cells 

compared to B cells from HD (Figure 3D). Intracellular IL-10 expression and frequency of 

IL-10-producing B cells was significantly increased in both HD and CLL patient groups 

when cultured with BAFF and CpG, and this effect was most striking in CLL B cells (Figure 

3E and 3F).

Collectively, these results suggest that IL-10 production by CD5+CD19+ B cells in EμTCL1-

Tg and CLL patients is significantly enhanced by BAFF stimulation, and can act 

synergistically with LPS or CpG stimulation. BAFF also appears to play a dual role in CLL, 

stimulating B cell survival and also contributing to IL-10 production by CLL cells, an aspect 

likely to contribute to immunosuppression. Moreover, while levels of circulating BAFF 

appear similar between controls and mouse or human CLL samples, the highest levels of 

IL-10 detected in CLL reflect the fact that in CLL the vast majority of cells mopping 

circulating BAFF behave like B10 cells (20), whereas in healthy controls IL-10-producing B 

cells account for a very small proportion of all B cells, hence explaining why IL-10 levels 

are not elevated in healthy controls.

Attenuation of IL-10 secretion following inhibition of TACI signaling in B cells from 
EμTCL1-Tg mice and CLL patients

The three known BAFF receptors have distinct functions in B cell homeostasis (reviewed in 

(22)). The well-characterised pro-survival activity of BAFF is mediated via BAFF-R and is 

considered a central pathogenic axis driving tumor persistence in CLL (23). We sought to 

determine which receptors contributed to the observed BAFF-induced IL-10 production by 

B cells from EμTCL1-Tg mice and CLL patients (Figure 3). Splenic CD5+CD19+ B cells 

isolated from 12-mo WT and EμTCL1-Tg mice were cultured with CpG and BAFF, with or 

without blocking antibodies specific for TACI, BAFF-R or BCMA. Inhibition of TACI or 

BAFF-R resulted in a significant reduction of IL-10 secretion from both EμTCL1-Tg mice 

and WT splenic B cells (Figure 4A). BAFF-R is required for BAFF-driven pro-survival 

signals to support B cell maintenance (30). Reduced IL-10 levels in the cultures 

supplemented with a BAFF-R inhibitor reflected an expected impact on B cell survival 

(Figure 4A), which has been observed previously (30). Indeed, BAFF-R blockade did not 

affect the level of cytoplasmic IL-10 in the cells (Figure 4B), further supporting a role for 

BAFF-R in B cell viability rather than a direct effect on IL-10 expression. In contrast, both 

IL-10 secretion and intracellular IL-10 production by CD5+CD19+ B cells co-stimulated 

with CpG and BAFF, were significantly decreased in response to TACI inhibition which 

does not affect B cell viability (Figure 4A and 4B).

Similarly, CD5+ CD19+ B cells from CLL patients and HD were stimulated with CpG and 

BAFF in vitro, with or without inhibition of BAFF receptors. Recapitulating the 

observations in our mouse model, TACI inhibition resulted in attenuated IL-10 secretion and 
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intracellular expression by CD5+ CD19+ B cells from both CLL patients and HD (Figure 4C 

and 4D). Similar to mouse B cells, inhibition of BAFF-R resulted in attenuation of IL-10 

secretion but a less pronounced reduction in intracellular IL-10 expression by co-stimulated 

CD5+CD19+ B cells from CLL patients and HD (Figure 4C and 4D). These data are 

reflecting in vitro inhibition of B cell survival in culture (30). Taken together, our data 

suggest that inhibition of TACI signaling results in abrogation of BAFF-induced IL-10 

production and indicates that BAFF acts directly through TACI to induce IL-10 production 

by CD5+CD19+ B cells from HD and CLL patients.

Reduced IL-10 production by TACI−/− splenic CD5+CD19+ B cells

To further interrogate the contribution of the BAFF system to IL-10 production by splenic 

CD5+CD19+ B cells in WT and EμTCL1-Tg mice, we measured serum IL-10 concentrations 

in mice overexpressing BAFF (BAFF-Tg) and mice deficient in BAFF (BAFF−/−) or one of 

three BAFF receptors, namely TACI−/−, BAFF-R−/− and BCMA−/− mice. Total serum IL-10 

levels were severely impaired in TACI−/− mice compared to WT controls (Figure 5A). 
Conversely, serum IL-10 levels in BAFF-Tg mice were significantly elevated compared WT 

mice, confirming the positive induction effect of BAFF on IL-10 production (Figure 5A). 
Interestingly, loss of BAFF-R led to slightly reduced serum IL-10 levels, however, this effect 

was not as striking as in TACI−/− mice and reflected the impaired number of mature B cells 

in these animals (30) (Figure 5A). Furthermore, BAFF−/− mice displayed a non-significant 

reduction in total serum IL-10. This difference suggested that residual APRIL signaling via 

TACI might have contributed to some of the observed IL-10 production in BAFF−/− or 

BAFFR−/− mice. Loss of BCMA did not have an impact on IL-10 production, consistent 

with its expression on B cells that do not normally produce IL-10 (31).

Assessment of cytoplasmic IL-10 levels showed that splenic CD5+CD19+ B cells from 

BAFF-Tg mice expressed more IL-10 compared to WT mice (Figure 5B). Conversely, 

CD5+CD19+ B cells from TACI−/− mice displayed significantly diminished cytoplasmic 

IL-10 levels relative to WT controls (Figure 5B). Similarly, remnant splenic CD5+CD19+ B 

cells in BAFF−/− mice displayed significantly reduced intracellular IL-10 expression but 

higher IL-10 levels than TACI−/− counterparts reflecting the greater proportion of immature 

B cells and the paucity in mature B cells more likely to normally express IL-10 (Figure 5B). 
Furthermore, in vitro stimulation of TACI−/− splenic B cells with LPS or CpG in 

combination with BAFF failed to induce detectable concentrations of IL-10 in culture 

supernatants (Figure 5C). Collectively, these data strongly suggest that TACI signaling is a 

dominant controller of IL-10 production by normal and leukemic B cells in both mice and 

humans. It remains difficult to clarify whether the intermediate effect seen in BAFF−/− or 

BAFFR−/− mice reflects a direct role of this axis on IL-10 production or if it is an indirect 

consequence of B cell loss. The little impact on intracellular IL-10 expression suggests the 

latter. Indeed, in the absence of BAFF survival signals, very few TACI+ B cells would 

persist, including potential B10 precursors. In any case, both TACI and BAFF emerged as 

two essential elements that are critical for IL-10 production by B cells.
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IL-10 enhancement of regulatory T cell function in CLL

We next examined the relationship between IL-10 secretion by CD5+CD19+ B cells and its 

impact on the emergence of regulatory T cells (Tregs), which are known contributors to 

immunosuppression in CLL (10, 11). CD4+CD25+CD39+ T cells have been shown to give 

rise to Tregs with increased Foxp3 expression and suppressive activity compared to 

CD4+CD25+CD39− T cells (32). Splenic Tregs isolated from 12-mo WT mice displayed 

significantly increased intracellular Foxp3 expression following IL-10 stimulation compared 

to untreated Tregs (Figure 6A and 6B). Interestingly, we observed that IL-10 stimulation 

resulted in the increased frequency and absolute number of Tregs (Supplementary Figure 3). 

Foxp3 expression was significantly higher in unstimulated Tregs from EμTCL1-Tg mice and 

was not significantly increased following IL-10 stimulation compared to untreated Tregs 

(Figure 6A and 6B). This is likely due to in vivo exposure to high levels of circulating IL-10 

(20, 33) (and Figure 1A) Furthermore, blocking BAFF in these IL-10 stimulated Treg 

cultures did not result in significantly reduced Foxp3 expression by Tregs from WT or 

EμTCL1-Tg mice (Figure 6A and 6B). These data supported the notion that BAFF first 

stimulates IL-10 production, which then increases Foxp3 expression in Tregs.

In reciprocal Treg cultures stimulated with exogenous BAFF, we observed that Foxp3 

expression was increased in Tregs from WT mice (Figure 6C and 6D). This effect was also 

observed in BAFF-stimulated Tregs from EμTCL1-Tg mice (Figure 6C and 6D). Moreover, 

blocking IL-10 in BAFF stimulated Treg cultures resulted in significantly reduced Foxp3 

expression by Tregs from both WT and EμTCL1-Tg mice (Figure 6C and 6D). These data 

suggest that the Foxp3 upregulation in response to BAFF is driven primarily via production 

of IL-10, and that BAFF did not exert a direct effect of Foxp3 expression (Figure 6C and 

6D). Furthermore, in vitro T cell suppression assays demonstrated that IL-10-stimulated 

Tregs from WT or EμTCL1-Tg mice were significantly more suppressive of T cell activation 

than untreated Tregs (Supplementary Figure 4), although unstimulated EμTCL1-Tg Tregs 

were more potent suppressors than unstimulated WT Tregs, in keeping with their intrinsic 

higher Foxp3 expression compared to WT controls (Figure 6D). Therefore, BAFF-driven 

IL-10 production by CLL B cells appears to have secondary immunosuppressive effects 

including the generation of Tregs with greater suppressive activity, driven by higher Foxp3 

expression (reviewed in (34)).

Collectively, this study demonstrates that the contribution of BAFF to CLL pathogenesis 

extends beyond survival of the tumor cells, and is also characterised by the induction of 

IL-10 producing B cells in a TACI-dependent manner, and the secondary induction of Tregs 

to establish a multifocal immunosuppressive microenvironment.

DISCUSSION

Immunosuppression is a significant complicating factor in the development of effective CLL 

therapies and, ultimately, the leading cause of severe and often fatal infections (35). Novel 

strategies that stimulate immune reactivation are needed to improve the effectiveness of CLL 

therapies and enhance CLL patients’ survival and quality of life (36). The mechanisms 

driving the loss of natural immunity in CLL have not been fully addressed, however, we 

have recently described a central mechanism of plasmacytoid dendritic cell (pDC)-
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associated immunodeficiency (37). Similarly, IL-10 production by LPS or CpG stimulated 

CLL B cells has been recently reported (20). Importantly, these innate ligands are well-

known inducers of local BAFF production from macrophages, dendritic cells (DCs) and 

monocytes (reviewed in (38)).

In this study, we demonstrated that BAFF plays a key role via its receptor TACI in driving 

B10 activity in healthy individuals and patients with progressive CLL. These findings 

describe a novel role of BAFF in the context of malignancy, where IL-10 production is a 

significant contributor to immunosuppression. These findings were conserved across 

species, indicating the importance of the mechanism. Moreover, these data provide a 

rationale for a renewed focus on the BAFF system, particularly TACI, as a therapeutic target 

in CLL.

Our study confirmed that increased IL-10 production was not a reflection of a BAFF-driven 

increase in B cell numbers. Instead, our work has shown a role for BAFF in directly 

stimulating increased IL-10 production by B cells. These observations have a parallel in 

studies using clinical samples from patients with Systemic Lupus Erythematosus (SLE). 

Patients with SLE present with B cell lymphopenia (39) despite high levels of BAFF in their 

serum (40). Interestingly, these same patients display increased IL-10 production by 

circulating B cells (41, 42) and increased frequency of B10 cells in the blood (43). This is 

likely due to high TACI expression on circulating B cells from SLE patients (our 

unpublished data). We have observed similarly high levels of TACI expression on splenic B 

cells from BAFF-Tg mice with lupus-like disease (44). TLR4 and TLR9 stimulation 

upregulates TACI expression on the surface of MZ B cells in the spleen (44, 45), sensitizing 

cells to BAFF-TACI signaling and this may explain the IL-10 induction effect of LPS and 

CpG in B cells (20).

CLL B cells express high levels of TLR9 (46) and activation of TLR9 in mouse and human 

B cells strongly up-regulates TACI expression in these cells (47). Therefore, it is reasonable 

that increased TLR9 expression in CLL B cells facilitates TACI expression and TACI-

mediated IL-10 production. TACI-TLR9 crosstalk likely potentiates the CpG-induced IL-10 

production we observed. Indeed, TLR9-activated CLL cells display significantly upregulated 

TACI expression compared to normal B cells (23). Furthermore, CpG stimulation of B cells 

has been shown to induce local BAFF production, further amplifying the signals driving 

IL-10 production (48). Our findings are further reinforced by recent reports that calcium 

related signalling events, of which TACI is a key regulator, are critical components of IL-10 

production by CLL B cells (49).

The requirement of TACI signaling for IL-10 production by CLL B cells suggests that 

strategies aimed at inhibiting TACI signaling may be useful in treating CLL. Indeed, Phase 

1b trials of the TACI-Ig therapeutic, atacicept, demonstrated disease stabilization in CLL 

patients with progressive CLL (50) but further trials have yet to be conducted, alone or in 

combination with other agents.

Many reports have posited a role for B10 cells in the control of autoimmune inflammation 

such as multiple sclerosis (MS) (51, 52), and as pivotal inducers of Treg activity (52, 53). In 
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fact, BAFF and IL-10 are implicated in expanding the Treg compartment and Treg 

suppressive activity, respectively (54, 55), and our findings suggest that this axis may 

contribute to immunosuppression in CLL. Indeed, Treg numbers are elevated in CLL 

patients (13, 56) and BAFF-Tg mice (54).

Our observation that TACI mediates increased B10 activity is further reflected by the 

adverse effect of atacicept in a Phase 2 MS clinical trial, in which patients develop an 

exacerbated disease in the absence of BAFF- and APRIL-mediated signaling (57). Indeed 

recent work has provided strong evidence linking B10 cell function with protection in 

Experimental Autoimmune Encephalitis (EAE) (58). Whether the protective role of B10 

cells in EAE is linked to our observation that BAFF-dependent IL-10 production induces 

Foxp3 expression in Tregs remains to be determined, as Tregs are also key protective 

cellular elements in MS (59). Our data suggest that administering atacicept to MS patients 

inhibited both BAFF and APRIL binding to TACI on B cells and, as a result, abrogated 

essential B10 regulatory activity, leading to exacerbated disease. This clinical outcome 

strongly supports our notion that TACI-mediated IL-10 production by B cells is an important 

regulatory mechanism in CLL and extends to other clinical disease settings.

These data emerge at a time when regulatory B cells are finally receiving attention for their 

previously underappreciated role in malignancy, clearly refocusing our understanding of 

BAFF in CLL, revealing a dual function, which extends beyond a classical role in B cell 

survival. Our work also confirmed a role for BAFF in promoting the production of IL-10 by 

B cells in the healthy state (20) and further clarified this aspect by identifying TACI as the 

receptor driving this effect. Targeting TACI to disable B10 cells may ameliorate 

immunosuppression in CLL, restore immune surveillance, and improve patient survival and 

performance during chemotherapy.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Key Points

• BAFF signals via TACI to enhance IL-10 production by both regulatory 

B cells and CLL B cells.

• TACI inhibition may be beneficial in ameliorating immunosuppression 

in CLL patients.
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Figure 1. Analysis of BAFF and IL-10 production by splenic CD5+CD19+ B cells in WT and 
EμTCL1-Tg mice
(A) Serum IL-10 levels for WT and Eμ-TCL1-Tg mice at 12-mo (n=7 per group) were 

measured by ELISA. (B) Murine splenic B10 cells were gated by flow cytometry as B220+ 

CD5+ CD19+ IL-10+ as indicated in representative dot plots. Percentages of gated IL-10-

expressing cells are indicated in the upper right quadrant of each plot (C) Percentages of 

gated IL-10-expressing B cells in WT mice and EμTCL1-Tg mice at 12-mo of age (n=8 per 

group) (D) Splenic B cells taken from WT mice and EμTCL1-Tg mice at 12-mo of age were 
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stimulated with LPS or CpG and assessed for intracellular IL-10 expression by flow 

cytometry (n=8 per group) and (E) IL-10 secretion by ELISA. (F) Serum BAFF levels for 

WT and Eμ-TCL1-Tg mice at 12-mo (n=7 per group) were measured by ELISA. (G) 
Correlation between serum levels of BAFF and IL-10 in EμTCL1-Tg mice at 12-mo of age 

(n=7). In A-F, horizontal bars indicate the mean. In A-G, data are representative of at least 

two independent experiments.
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Figure 2. Analysis of BAFF and IL-10 production by CD5+CD19+ B cells from the peripheral 
blood of HD and CLL patients
(A) Serum IL-10 levels for HD (n=8) and patients with progressive CLL (n=15) were 

measured by ELISA. (B) B10 cells from peripheral blood were gated by flow cytometry as 

CD3− CD5+ CD19+ CD20+ IL-10+ as indicated in representative dot plots. (C) Percentages 

of gated IL-10-expressing B cells in HD (n=9) and CLL (n=11) (D) CD5+CD19+ B cells 

isolated from the peripheral blood of HD (n= 8) and patients with progressive CLL (n=7) 

were stimulated with CpG and assessed for intracellular IL-10 expression by flow cytometry 
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and (D) IL-10 secretion by ELISA (n=8 and n=15, respectively). (E) Serum BAFF levels for 

HD (n=14) and CLL patients (n=15) were measured by ELISA. (F) Correlation between 

serum levels of BAFF and IL-10 in CLL patients (n=11). In A-E, horizontal bars indicate the 

mean. In A-F, data are representative of at least two independent experiments.
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Figure 3. Effects of BAFF and TLR co-stimulation on IL-10 expression by B10 cells from 
EμTCL1-Tg mice and CLL patients
(A) Splenic B cells isolated from WT mice and EμTCL1-Tg mice at 12-mo of age were 

stimulated with LPS or CpG in combination with BAFF and assessed for IL-10 secretion by 

supernatant ELISA and (B) intracellular IL-10 expression by flow cytometry (n=6 per 

group) as in Figure 1. (C) Percentages of gated IL-10-expressing B cells from WT mice and 

EμTCL1-Tg mice stimulated with LPS or CpG in combination with BAFF (n=8 per group) 

(D) CD5+ CD19+ CD20+ B cells isolated from the peripheral blood of HD (n=8) and 
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patients with progressive CLL (n=15) were stimulated with CpG in combination with BAFF, 

and assessed for intracellular IL-10 secretion by ELISA (n = 8 and n=15, respectively) and 

(E) IL-10 expression by flow cytometry as in Figure 2. (F) Percentages of gated IL-10-

expressing B cells in HD (n=8) and CLL (n=15). In A-F, horizontal bars indicate the mean. 

In A-F, data are representative of at least two independent experiments.
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Figure 4. Reduced IL-10 production following BAFF receptor inhibition of B cells from 
EμTCL1-Tg mice and CLL patients
(A) CD5+CD19+ B cells isolated from 12-mo old WT and EμTCL1-Tg mice (n=6 per 

group) were stimulated with BAFF +/− CpG, in combination with inhibitors for TACI, 

BAFF-R or BCMA. IL-10 production measured by ELISA and (B) intracellular staining as 

in Figure 1. (C) CD5+CD19+ B cells isolated from HD (n=8) and CLL patients (n=15) were 

stimulated with BAFF +/− CpG, in combination with inhibitors for TACI, BAFF-R or 

BCMA. IL-10 production measured by ELISA and (D) intracellular staining as in Figure 2. 

In A-D, horizontal bars indicate the mean. In A-D, data are representative of at least two 

independent experiments.
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Figure 5. Abnormal IL-10 production by B cells from BAFF receptor deficient mice
(A) Serum IL-10 levels for C57BL/6, BAFF-Tg, BAFF−/−, TACI−/−, BAFF-R−/− and 

BCMA−/− mice at 12-mo of age were measured by ELISA (n=12 per group). (B) 
CD5+CD19+ splenic B cells isolated from of 12-mo old C57BL/6, BAFF-Tg, BAFF−/−, 

TACI−/−, BAFF-R−/− and BCMA−/− mice were assessed for intracellular IL-10 levels by 

flow cytometry. (C) CD5+CD19+ splenic B cells isolated from C57BL/6 and TACI−/− mice 

(n=6 per group) were cultured 12-h with or without LPS or CpG, and supernatants assessed 
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for IL-10 levels by ELISA. In A-C, horizontal bars indicate the mean. In A-C, data are 

representative of at least three independent experiments.
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Figure 6. IL-10 modulation of Foxp3 expression in Tregs from WT and EμTCL1-Tg mice
(A) CD4+CD25+CD39+ regulatory T cells isolated from WT and EμTCL1-Tg mice were 

cultured for 12-hr +/− IL-10 with or without anti-BAFF blocking antibody and assessed for 

intracellular Foxp3 expression by flow cytometry. (B) MFI levels of intracellular Foxp3 in 

Tregs from WT and EμTCL1-Tg mice cultured for 12-hr +/−IL-10 with or without anti-

BAFF blocking antibody. (C) CD4+CD25+CD39+ regulatory T cells isolated from WT and 

EμTCL1-Tg mice were cultured for 12-hr +/−BAFF and anti-IL-10 blocking antibody and 

assessed for intracellular Foxp3 expression by flow cytometry. (B) MFI levels of 
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intracellular Foxp3 in Tregs from WT and EμTCL1-Tg mice cultured for 12-hr +/− BAFF 

and anti-IL-10 blocking antibody. In B and D, horizontal bars indicate the mean. In A-D, 

data are representative of at least two independent experiments.
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