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Abstract

Myeloid-derived suppressive cells (MDSC) have been reported to promote metastasis, but the loss 

of cancer-induced B cells/B regulatory cells (tBregs) can block metastasis despite MDSC 

expansion in cancer. Here, using multiple murine tumor models and human MDSC, we show that 

MDSC populations which expand in cancer have only partially primed regulatory function and 

limited pro-metastatic activity unless they are fully educated by tBregs. Cancer-induced tBregs 

directly activate the regulatory function of both the monocyte and granulocyte subpopulations of 

MDSC, relying in part on TgfβR1/TgfβR2 signaling. MDSC fully educated in this manner exhibit 

an increased production of ROS and NO and more efficiently suppress CD4+ and CD8+ T cells, 

thereby promoting tumor growth and metastasis. Thus, loss of tBregs or TgfβR deficiency in 

MDSC is sufficient to disable their suppressive function and to block metastasis. Overall, our data 

indicate that cancer-induced B cells/B regulatory cells are important regulators of the immune 

suppressive and pro-metastatic functions of MDSC.
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Introduction

The success of metastasis often depends on the ability of disseminating cancer cells to 

escape immune attack by utilizing the help of regulatory immune cells, a heterogeneous 

group of specialized cells of granulocytic, myeloid and lymphoid origins with seemingly 

redundant functions (1). Among these, myeloid-derived suppressive cells (MDSC) are 

thought to be key inhibitors of antitumor effector cells and, as such, an independent 

prognostic factor of patient survival (2). As a group of immature cells poised to differentiate 

into granulocytes, dendritic cells and macrophages, MDSC are subdivided into PMN-MDSC 

and Mo-MDSC cells (1, 3) based on expression of Ly6G+Ly6CInt/Low CD11b+ and 

Ly6CHighLy6G− CD11b+ in mice (4, 5) and CD14−CD11b+ CD15+CD33+ and 

CD14+CD11b+HLA-DRLow/− in humans (2, 6, 7), respectively. By producing GM-CSF, 

VEGF, TGFβ, IL-6, IL-10, IL-13 and PGE4, cancer not only drastically expands MDSC, but 

also evokes their regulatory function (for reviews, see ref. (1, 8, 9)) by inducing their 

production of reactive nitrogen and oxygen species (NO, ROS, H2O2, and peroxinitrite) 

through the IL4-Stat6-dependent expression of arginase 1 (Arg-1) (10) and Stat1- and Stat3-

induced expression of nitric oxide synthase (iNOS) and NADPH oxidase (NOX2) (11, 12). 

The expansion of MDSC is often used as a criterion of increased tumor burden and 

metastasis (1, 13). However, using tumor models where MDSC were reported to be 

essential, we failed to detect the primary importance of MDSC in cancer metastasis. The 

loss of regulatory T cells (Tregs) or B cells was sufficient to almost completely block the 

metastasis of the highly aggressive 4T1 cancer in BALB/c mice, a human model of triple 

negative breast cancer (14), and retard the growth of B16 melanoma in C57BL/6 mice (15–

18). In the 4T1 model, cancer produces 5-lipoxygenase metabolites to convert B cells into a 

new subset of regulatory B cells, termed tumor-evoked regulatory B cells (tBregs) (17, 19), 

that induce FoxP3+ Tregs to inactivate the anti-metastatic NK and CD8+ T cells (15, 17, 19).

Here, using two different murine models and experimenting with human ex vivo –generated 

MDSC, we report that cancer only expands MDSC with partially activated regulatory 

function. As a result, the MDSC cannot support metastasis or promote tumor growth. We 

show that cancer uses B cells to evoke their full regulatory and thereby pro-metastatic 

function. Our modeling studies using specific TgfβR1 inhibitor and mice with TgfβR2 

deficiency in myeloid cells suggest that cancer-induced B cells/tBregs evoke the full 

regulatory activity in MDSC via using at least in part the TgfβR1/TgfβR2 signaling axis. 

These results further underscore B cells/tBregs as key tumor messengers and initiators of the 

chain of suppressive events needed for metastasis.
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Methods

Reagents, cells and mice

TGFβRI (ALK5) inhibitor (SB431542) was purchased from Tocris Bioscience (Ellisville, 

MO), catalase (1000u/ml) from Sigma Aldrich (St. Louis, MO). L-NMMA and nor-NOHA 

(0.5mM) were from Cayman Chemical (Ann Arbor, MI). Nitrate and NO were detected with 

the Griess reagent kit and DAF-FM diacetate, respectively, and ROS was detected with 1μM 

DHE [dihydroethidium] or DCFDA [2′,7′-dichlorodihydrofluorescein diacetate] were from 

Molecular Probes (Eugene, OR) and used as described elsewhere (5). α-TGFβ neutralizing 

antibody (clone 1D11.16.8), α-mouse Gr1 (clone RB6-8C5), mouse IgG and rat IgG2b were 

purchased from BioXcell.

The following flow cytometry antibodies and their isotype controls (from Biolegend and 

eBioscience, San Diego, CA, except otherwise specified) were used: CD11b APC or Fitc 

(M1/70), Gr1 PE or Fitc (RB6-8C5), Ly6G Alexa Fluor700 or PerCP Cy 5.5 (1A8), Ly6C 

Pacific blue or Fitc (HK1.4), IL4Rα PE (I015F8), F4/80 PerCP Cy5.5 or APC (BM8), CD40 

PE Cy7 (3/23), CD115 PE (AFS98), CD80 Brilliant Violet 421 (16-10A1), CD83 Brilliant 

Violet 650 (Michel-19), GrB Fitc (GB11), IFNγ PE-Cy7 (XMG1.2). Tgfβ receptors 

antibodies were from R&D (TgfβR1, clone FAB5871A and TgfβR2, clone FAB532F).

For intracellular staining of phosphorylated Stat proteins, cells were fixed with 2% 

paraformaldehyde in PBS for 10 min at 37°C and resuspended in pre-chilled 90% methanol 

(in water). The cells were stained with anti-mouse CD11b Fitc, Ly6G PE-Cy7, Ly6C Pac 

blue (Biolegend, San Diego, CA) and rabbit anti-mouse pStat1 or pStat3-Alexa Fluor 647 

(Tyr705, Cell Signaling, Danvers, MA) at 1/200 dilution. For lineage negative MDSC 

sorting, PE conjugated CD19 (clone 6D5), CD3 (clone 145-2C11), B220 (clone RA3-6B2), 

CD49b (DX5) antibodies were used. Human sorting were performed using CD11b PE 

(clones M1/70) or CD14 Fitc (clone M5E2), CD19 PE (HIB19), CD3 PE, CD56 PE 

antibodies (Biolegend and eBioscience, San Diego, CA).

4T1 adenocarcinoma cells and B16F10 melanoma cells were from American Type Culture 

Collection. 4T1.2 cells, a subset of 4T1 cells, were a gift from Dr. Robin L. Anderson (Peter 

McCallum Cancer Center, Australia). Non-metastatic 4T1.2-PE cells were described 

elsewhere (15). Female 8–15 weeks old BALB/c, C57BL/6 mice and JHT mice in C57BL/6 

background (JHT; B6.129P2-Igh-Jtm1Cgn/J) were from the Jackson Laboratory (Bar 

Harbor, ME), μMT mice in BALB/c background were a gift from professor Dr. Thomas 

Blankenstein (MDC, Berlin, Germany), C57BL/6 mice with spontaneous ovarian cancer due 

to murine oviduct-specific glycoprotein promoter-driven expression of simian virus 40 large 

T-antigen (20) were housed at NIA, Baltimore and TGFβRIImyeKO mice at NCI, Bethesda 

(21).

In vitro manipulations

tBreg generation and T cell suppression assays were performed as previously described (15). 

Unless specified, control B cells were treated with 100 ng/ml of recombinant mouse BAFF/

BlyS (R&D, Minneapolis, MN) in cRPMI. tBregs were characterized as CD81hi CD25+ 

CD20low 4-1BBLlow cells gated within CD19+ cells using mAbs (CD19-APC-eFluor780, 
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CD81-APC, CD25-Pacific blue, CD20-PE and 4-1BBL-PerCP Cy5.5 (Biolegend and 

eBioscience). Flow cytometry data were collected on a FACS Canto II (BD) and analyzed 

with FlowJo software (Tree Star, Inc., Ashland, OR). Cell sorting was performed on FACS 

Aria III (BD, San Jose, CA) or MoFlo XDP (Beckman Coulter, Inc., Danvers, MA). Mo-

MDSC were isolated as Lin−,CD11b+, Ly6G−, Ly6Chi and PMN-MDSC were isolated as 

Lin−,CD11b+, Ly6G+, Ly6C low-int. Magnetic sorts purity was > 96% and flow cytometry 

sorts purity was > 98%. All magnetic sorts performed in these experiments were double 

sorts to increase purity. For the majority of the experiments, PMN- and Mo-MDSC were 

cell-sorted (purity > 98%) or isolated using the Miltenyi Biotech Myeloid derived 

suppressor cell isolation kit. MDSC isolated from peripheral blood or spleen yielded similar 

results. For MDSC education, Gr1+ cells were isolated from tumor bearing mice by 

magnetic positive selection (Miltenyi Biotech, Auburn, CA) and mixed at experiment ratios 

(1–10:1) with B cells (B-cont or tBregs) for 5 hours. Then, Gr1 cells were re-sorted by 

magnetic positive selection prior to assays, such as testing for in vitro T cell suppression or 

adoptive transfer experiments. When MDSC education was done with B-tumor cells, 

negatively isolated MDSC (using Miltenyi Biotech MDSC isolation kit) were co-cultured 

O/N with positively isolated CD19+ B cells, isolated from spleen or LN (yielded similar 

results) of naïve or 4T1 tumor bearing BALB/c mice. After co-culture, B cells were depleted 

and MDSC used in T cell suppression assays or adoptive transfer experiments. For 

suppression assay, MDSC were co-cultured at 1:2–1:16 ratios with splenic CD3+ T cells, 

which were isolated with the mouse T-cell enrichment columns (R&D Systems), labeled 

with the cell proliferation dye eFluor450 (eBioscience) and stimulated with anti-CD3/28 

beads (Life technologies) for 4–5 days. Dilution of eFluor450 in CD4+ and CD8+ T cells 

(stained with anti-mouse CD4-PerCPCy5.5, clone GK1.5, and CD8-FITC, clone 53–6.7, 

Biolegend) is considered proliferation. TGFβ, GrB and IFNγ was detected by intracellular 

staining of splenic B cells from tumor-bearing mice after 4 h stimulation with phorbol 12-

myristate 13-acetate (50 ng/ml PMA and 500 ng/ml ionomycin, Tocris Bioscience) and 10 

μM monensin (eBioscience). To test TgfβR signaling, we used 20μM SB431542 in the co-

culture of B cells with MDSC. Alternatively, WT B cells were cultured with MDSC from 

tumor-bearing TgfβR2 KO mice.

Human peripheral blood cell isolation and suppressive myeloid cell assays

Human peripheral blood was collected by the Health Apheresis Unit and the Clinical Core 

Laboratory, the National Institute on Aging, under Human Subject Protocol # 2003054 and 

Tissue Procurement Protocol # 2003-071. Peripheral blood mononuclear cells were isolated 

using Ficoll-Paque (GE Healthcare) density gradient separation and B, T and NK cells were 

depleted with PE coupled Abs to CD19, CD3, CD56 and anti-PE microbeads following the 

manufacturer’s instructions (Miltenyi Biotech). To educate myeloid cells, PBMCs (1×106 

cells/ml, with or without B cells) were cultured with conditioned media from human breast 

cancer cell line (MDA-MB-231, 50%, volume) and 20 ng/ml GM-CSF with or without 20 

μM SB431542 for 4 days. Then, CD11b+ or CD14+ cells were isolated by positive selection 

(Miltenyi Biotech) and used in T cell suppression assay. Healthy donor peripheral blood 

(PB) PBMCs (depleted of T and NK cells) were co-cultured with CD19+ cells from PB of 

B-CLL patients for 48 h. Then, CD19+ cells were depleted and CD14+ cells were positively 

isolated by magnetic selection and used in T cell suppression assays.
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In vivo manipulations

Mouse experiments were performed in a pathogen-free environment at the National Institute 

on Aging Animal Facility, Baltimore, MD in accordance with the procedures outlined in the 

Guide for the Care and Use of Laboratory Animals (NIH Publication No. 86-23, 1985). 

4T1.2 cells and B16-F10 cells (1 × 105) were subcutaneously (s.c.) injected into BALB/c 

mice or congenic μMT and TgfβR2myeKO or JHT and C57BL/6 mice, respectively. At days 

32 and 20 post 4T1 and B16-F10 cell injections, respectively, lung metastasis and tumor 

weight were evaluated as described elsewhere (15). MDSC were isolated from mice after 

25–30 and 18–20 post 4T1 and B16 tumor challenge, respectively. Mice with spontaneous 

ovarian cancer were 12–15 weeks old. For adoptive transfer experiments, mice were i.v. 

injected with congenic 1.5–10.0 ×106 MDSC or tBregs at 1–3 days post tumor challenge. 

For Fig 2B, the mice were tumor inoculated at day 0 and B cell adoptive transfer was 

performed on day 18 (the late B cell transfer was done to allow sufficient MDSC 

accumulation). MDSC were sorted 3 days post-B cell transfer to avoid the conversion of 

naïve B cells due to the tumor pressure.

α-mouse Gr1 depletion antibody was used at 100μg/mouse intra-peritoneal injections every 

fourth day. For the B cell depletion experiments, mice were intra-peritonealy injected with 

α-CD20 antibody (250ug/mouse) on day 7 post-tumor inoculation. PB MDSC were assessed 

on day 28 post-tumor inoculation.

Statistical Analysis

The results are presented as the mean ± SEM. To assess significance between two groups we 

used the Mann-Whitney’s test, while the Holm-Sidak method with alpha=5.0% was utilized 

to correct for multiple comparison tests of tumor growth and titration curve analysis (Prism 

6, Graph Pad Software, Inc.).

Results

B-cell deficiency impairs the regulatory activity of MDSC

To understand the pro-metastatic role of MDSC, we subcutaneously implanted 4T1 cancer 

cells in the mammary gland of WT mice and B-cell deficient μMT mice that do not generate 

tBregs (16, 17). Tumor growth in the mammary gland was retarded (p<0.005) and lung 

metastasis was blocked in μMT mice as compared to WT mice (p=0.028, Fig. 1A). 

However, both mice comparably and strongly expanded MDSC (CD11b+Gr1+, SFig. 1A), 

such as Mo-MDSC (Ly6G−Ly6C+) and PMN-MDSC (Ly6G+Ly6CInt/Low) in the peripheral 

blood (PB) as well as in the secondary lymphoid organs, lungs and tumors of both mice 

(Fig. 1B). Since these results question the importance of MDSC in metastasis, we tested 

their role by either treating tumor-bearing WT mice with RB6-8C5 Ab that depletes Gr1+ 

myeloid cells (including MDSC) or, conversely, by the adoptive transfer of MDSC from 

tumor-bearing WT mice (WT-MDSC) into μMT mice. While the depletion of Gr1+ cells 

reduced metastasis in WT mice (p=0.004, SFig. 1B), metastasis was restored in μMT mice 

transferred with WT-MDSC at a similar extent with the mice injected with ex vivo-

generated metastasis-supporting tBregs (tBregs, Fig. 1C). The transfer of MDSC from 
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tumor-bearing μMT mice (μMT-MDSC, Fig. 1C) failed to affect metastasis in μMT mice, 

confirming the importance of B cells/tBregs in the pro-metastatic function of MDSC.

Next, we tested whether the loss of B cells/tBregs can impair the regulatory function of 

MDSC. To do this, we co-cultured purified WT- and μMT-MDSC isolated from individual 

mice challenged with 4T1 cancer at the same time (n=9, from here on, unless specified, the 

MDSC were only isolated from tumor-bearing mice) with naïve mouse T cells stimulated 

with anti-CD3/CD28 Abs for five days. At the cell-to-cell comparisons, while WT-MDSC 

strongly inhibited proliferation (Fig. 1D) and production of granzyme B (GrB, Fig. 1E) and 

IFNγ (Fig. 1F) in CD8+ T cells, μMT-MDSC were significantly less efficient (p<0.001, Fig. 

1D–F). To further confirm this result, we also tested suppressive activity of individual 

subsets of MDSC by co-culturing sort-purified PMN-MDSC and Mo-MDSC with T cells 

stimulated with anti-CD3/CD28 Abs. Despite overall stronger activity of PMN-MDSC over 

Mo-MDSC, both μMT-MDSC subsets inhibited less efficiently CD4+ and CD8+ T cells as 

compared with their respective WT subsets (p<0.001, Fig. 1G and SFig. 1C). Since the 

suppression involves NO and ROS, their production could be impaired in μMT-MDSC. In 

support, specific inhibitors NOHA, L-NMMA and, particularly, catalase (scavenges H2O2, 

dismutation product of ROS), almost completely abolished the ability of MDSC to suppress 

T cell proliferation (SFig. 1D,E). The relative expression levels of NOX2 and Arg genes 

were significantly reduced in μMT-MDSC as compared to WT-MDSC (SFig. 2A,B). In 

concordance, nitrate production (the NO readout) was only detected in WT Mo-MDSC, but 

not PMN-MDSC or μMT-MDSC, cultured with T cells (p=0.028 as compared μMT-MDSC, 

Fig. 1H). Both subsets of μMT-MDSC also produced significantly less ROS (detected by 

staining for O2
− with dihydroethidium, DHE, SFig. 2C) and H2O2 (Fig. 1I and SFig. 2D, 

detected by dichlorofluorescin diacetate conversion assay, DCFDA (22)) as compared to 

WT-MDSC. For example, the median fluorescence index (MFI) of DCFDA+Mo-MDSC was 

decreased from 14400±150 to 6459±247 (p<0.001) in the lungs and from 17565 ±1153 to 

12109±345 (p<0.001, Fig. 1I) in the tumor of μMT mice compared to WT mice, 

respectively. For DCFDA+ PMN-MDSC, it was reduced from 14569 ±64 to 6082±41 

(p<0.001) and 29616±251 to 21847±74 (p<0.001, Fig. 1I), respectively. Moreover, ROS 

production in WT-MDSC of tumor-bearing WT mice was further increased (p<0.03, SFig. 

2C) if the mice were treated with α-CD20 Ab that enriches for tBregs via depleting B cells 

(17). Thus, given that μMT mice do not generate tBregs (17), these results suggest that the 

regulatory function of MDSC requires tBregs.

tBregs activate the regulatory function of cancer-primed MDSC

To test this possibility, we transferred B cells from naïve (B-cont) or tumor-bearing WT 

mice (B-tumor, which contain tBregs (17)) into μMT mice (n=5/group, Fig. 2A). After 3 

days, PB MDSC were isolated and tested for suppression of T cell proliferation. μMT-

MDSC from B-cont-transferred mice suppressed proliferation of CD8+ T cells slightly 

stronger than the ones from mock-treated mice (Fig. 2B), presumably due to some in vivo 

conversion of B-cont cells into tBregs (16, 17). However, μMT-MDSC from mice 

transferred with B-tumor inhibited T cell proliferation significantly stronger (p<0.001, Fig. 

2B) and produced higher levels of ROS (p=0.029 as compared with B-cont-transferred 

mouse Mo-MDSC and PMN-MDSC, respectively, Fig. 2C). Thus, these experiments 
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reproduced at least three independent times indicate that the full regulatory function of 

MDSC in mice requires tBregs. In concordance, the transfer of ex vivo-generated tBregs 

also significantly increased the suppressive activity of MDSC in μMT mice (p<0.008, Fig. 

2D), besides restoring lung metastasis (Fig. 1C and also ref. (16–18)).

tBregs educate MDSC promoting cancer escape and metastasis

To understand how tBregs activate MDSC, we performed in vitro experiments by co-

culturing freshly purified μMT-MDSC with naïve mouse B cells (B-cont), or with tBregs, or 

B cells from tumor-bearing mice (B-tumor). After 5 h incubation, the MDSC were depleted 

of B cells and mixed with T cells stimulated with anti-CD3/CD28 Ab. Unlike B-cont, the 

pre-treatment of μMT-MDSC with B-tumor (Fig. 3A,B) or tBregs (Fig. 3C and SFig. 3A) 

strongly (p=0.029) and in a dose-dependent manner inhibited T cell proliferation. The 

treatment also blocked production of key factors required for successful antitumor activity 

of CD8+ T cells (17, 23), such as GrBg and IFNγ (SFig. 3A–C). The B-tumor and tBreg-

stimulated μMT-MDSC also expressed higher levels of NOX2, iNOS, and Arg1 genes 

(SFig. 4A–G) and produced more ROS (P<0.03, Fig. 3D) than B-cont-treated MDSC. They 

also up regulated expression of IL-10 and TGFβ (SFig. 4E,F), and other factors associated 

with regulatory MDSC, such as IL4Rα, CD80, CD83, CD40, and phosphorylated Stat1 and 

Stat3 (Fig. 3E and SFig. 4H). The μMT-MDSC also up regulated surface expression of 

TgfβR1 (p<0.03) and TgfβR2 (p<0.002) upon stimulation with tBregs (SFig. 4I). When we 

transferred these μMT-MDSC (pretreated with B-tumor/tBregs) into μMT mice, the mice 

succumbed to significant lung metastasis (p<0.03, Fig. 3F). In contrast, B-cont-pretreated 

μMT-MDSC failed to restore metastasis in μMT mice. Thus, these results, which were 

independently confirmed in multiple experiments, indicate that tBregs directly evoke the 

regulatory and thereby pro-metastatic function of MDSC.

Murine and human cancer B cells can also educate MDSC

Similar “education” of MDSC appears to also occur in other mouse backgrounds and tumor 

models, as the growth of a highly aggressive B16 melanoma is also retarded in B-cell 

deficient JHT mice compared to congenic C57BL/6 mice (17–19, 24). To test this 

possibility, we adoptively transferred JHT mice with B16 melanoma MDSC purified from 

WT C57BL/6 mice with orthotopic B16 melanoma or with spontaneous ovarian cancer (20) 

(WT B16-MDSC and OC-MDSC, respectively). Unlike MDSC from JHT mice with B16 

melanoma (JHT B16-MDSC), the transfer of WT B16-MDSC and OC-MDSC reversed the 

retarded tumor growth in JHT mice yielding significantly larger tumors (p<0.05, Fig. 4A). 

Moreover, WT B16-MDSC and OC-MDSC also produced higher levels of ROS (p<0.03, 

Fig. 4B) and nitric oxide (p<0.03, Fig. 4C) and strongly inhibited CD4+ and CD8+T cell 

proliferation (p=0.03, Fig. 4D).

To see whether similar education can also occur in human MDSC, healthy donor PBMC 

depleted of T cells and NK cells (but with or without CD19+B-cell depletion) were treated 

with conditioned medium (CM) from MDA-MB-231 breast cancer cell line, the procedure 

that induces the generation of tBreg-like cells. Then, myeloid cells were sort-purified and 

tested for suppression of human CD8+ T cells stimulated with anti-CD3/CD28 Abs. While 

myeloid cells strongly inhibited T cell proliferation if pretreated with CM in the presence of 
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B cells (p=0.03, MDA), mock treated cells failed to do so (Mock, Fig. 4E and SFig. 5A,B). 

Importantly, if we treated PBMCs depleted of B cells, the cells failed to inhibit T cell 

proliferation (MDA-CD19, Fig. 4E and SFig. 5A,B). To further confirm the link between B 

cells and the induction of suppressive activity of MDSC, we co-cultured healthy donor PB 

myeloid cells (depleted of B, T and NK cells) with B cells from patients with B-CLL, which 

we previously reported either did (PS #154) or did not (PS #174) contain tBreg-like cells 

(17), for 2 days in the presence of GM-CSF. Then, myeloid cells were re-isolated and tested 

in T cell suppression assays. Unlike mock or PS #174 co-cultured cells, myeloid cells 

treated with PS #154 (which contained tBreg-like cells) strongly inhibited proliferation of T 

cells (p<0.03, Fig. 4F and SFig. 5C). Taken together, these results indicate that both murine 

and human cancer-exposed B cells/Bregs can evoke the regulatory function of MDSC.

tBregs educate MDSC by triggering TGFβ signaling

Given that murine and human tBregs convert metastasis-promoting FoxP3+Tregs by 

overexpressing TGFβ (16, 18) and the fact that theTgfβR2 deficiency in myeloid cells 

abrogates 4T1 cancer metastasis (21), we tested whether TGFβ can be involved in the 

education of MDSC. As murine tBregs and human tBreg-like cells generated after treatment 

with CM of MDA-MB-231 cells (16, 18), the B16/OC-associated B cells expressed elevated 

levels of TGFβ compared to naïve B cells (SFig. 6A). Thus, we tested the role of TGFβ in 

this process, by co-culturing tBregs with μMT-MDSC in the presence of TGFβ blocking or 

control Ab. Then MDSC (after removal of B cells) were tested in T cell suppression assay. 

The TGFβ neutralization during the education of MDSC significantly abrogated the ability 

of MDSC to inhibit T cell proliferation (p<0.03, Fig. 5A, SFig 3). To confirm this finding, 

we also co-cultured μMT-MDSC with tBregs in the presence of a specific TgfβR1 inhibitor 

SB431542. The inhibitor indeed abrogated expression of iNOS, NOX2, and Arg (SFig. 4A–

C) and ROS production in MDSC (p<0.03, Fig. 5B and SFig. 6B). Importantly, upon 

transfer of the μMT-MDSC educated in the presence of SB431542 (after depletion of B cells 

and several washes with PBS to remove traces of the inhibitor) into μMT mice with 4T1 

cancer, they yielded significantly fewer metastatic foci in the lungs than control tBreg-

educated μMT-MDSC (p<0.03, Fig. 5C). Note: the fact that the residual metastasis after the 

transfer of TgfβR1-inactivated μMT-MDSC could be due to the fact that SB431542 only 

partially blocked ROS production in PMN-MDSC (Fig. 5B and SFig. 6B). To further verify 

the importance of TGFβ signaling, we also used MDSC from mice with TgfβR2 deficiency 

in myeloid cells (TgfβR2 KO). Although ROS/NO was reduced in TgfβR2 KO MDSC of 

mice with B16 melanoma (Fig. 4B,C) and 4T1 cancer (SFig. 6C) as in μMT-MDSC, tBregs 

failed to up regulate its expression as in μMT-MDSC (SFig. 6C). Importantly, unlike μMT-

MDSC, tBregs failed to increase the suppressive activity of TgfβR2 KO MDSC on CD4+ 

and CD8+ T cells (p<0.03, Fig. 5D). Upon their transfer into μMT mice, they also supported 

the lung metastasis of 4T1 cancer cells less efficiently (p<0.03, Fig. 5E). In summary, these 

results confirmed in multiple independent experiments suggest that tBregs educate MDSC at 

least in part by targeting TgfβR1/2 axis. A similar mechanism appears to be utilized by 

human myeloid cells, as SB431542 also impaired their education with ex vivo-generated 

tBregs (Fig. 4E and SFig. 5B) and tBreg-like cells of B-CLL (Fig. 4F and SFig. 5C), 

significantly (p<0.03) reducing their ability to suppress T cell proliferation.
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Discussion

Here, we attempted to mechanistically reconcile the issue raised in our previous studies 

questioning the importance of MDSC in metastasis. We repeatedly noticed that metastasis 

was blocked if B cells/tBregs were lost (16–19) despite the fact that cancer drastically 

expanded MDSC, the key facilitators of cancer escape and metastasis (1, 13). By comparing 

MDSC in WT BALB/c and C57BL/6 mice with their congenic B-cell deficient mice (μMT 

and JHT) with highly aggressive tumors, such as 4T1 cancer and B16 melanoma, we 

demonstrate that tumors only expand and prime the regulatory function of MDSC. As such, 

MDSC from tumor-bearing μMT and JHT less efficiently produced ROS/NO, inhibited 

proliferation of CD4+ and CD8+ T cells, and promoted tumor growth and metastasis. 

However, these impaired functions were completely reversed if the MDSC were briefly 

stimulated with B cells from WT mice with tumors (which contains tBregs and cancer-

induced B cells), but not naïve mouse B cells. Similarly, using modeling studies we 

demonstrate that human cancer-induced B cells and tBreg-like cells from patients with B-

CLL are also required in the activation of human MDSC. Thus, these results clearly indicate 

that the cancer-primed MDSC require help from tBregs/cancer-associated B cells to 

empower them fully regulatory and thereby pro-metastatic. Our data also uncouple the 

regulatory activity of MDSC from their expansion in response to cancer, suggesting that the 

expansion of MDSC per se is not a criterion of their regulatory and pro-metastatic activity. 

Although we can readily detect activated MDSC in various sites, such as PB, spleen, the 

lungs and tumor, the site of their encounter with tBregs remains unknown.

Activated B cells and Bregs are known to up regulate and use TGFβ, for example, in 

conversion of FoxP3+ T cells and modulation of macrophages (25, 26). Similarly, we 

recently reported that murine and human tBregs also convert FoxP3+ T cells by 

overexpressing TGFβ (16, 18). Here, using various complementary in vitro and in vivo 

modeling studies, we demonstrate that tBregs and cancer-induced B cells also utilize TGFβ-

TgfβR1/2 axis in the activation (education) of both Mo and PMN subsets of cancer-

expanded MDSC. First, the presence of TGFβ neutralizing, but not control Ab, was 

sufficient to inhibit the MDSC education in vitro. Second, when we blocked TgfβR1 

signaling with a specific inhibitor SB431542 during the education of μMT-MDSC with 

tBregs, we failed to detect the up regulation of ROS production and suppression of T cells. 

As a result, these MDSC supported metastasis less efficiently in μMT mice upon their 

adoptive transfer. Similarly, the TgfβR1 inhibitor also blocked the education of human 

MDSC by tBregs induced by CM of MDA-MB-231 cells and tBreg-like cells of B-CLL 

patients. We also confirmed these results using MDSC from tumor-bearing mice with 

myeloid cells deficient in TgfβR2, which is required for the signaling of TgfβR1 (27). 

Unlike μMT-MDSC, tBregs failed to educate MDSC with TgfβR2 KO, as shown by the loss 

of up regulation of ROS production, T cell inhibition and ability to support metastasis upon 

transfer into μMT mice. Thus, these results unequivocally indicate that cancer-induced B 

cells and tBregs render the full regulatory function of MDSC by, at least, targeting their 

TgfβR1/TgfβR2 signaling axis. In support, others recently reported that 4T1 cancer also fails 

to metastasize in BALB/c mice deficient in TgfβR2 in myeloid cells (21), suggesting that 

this is due to the inability of their MDSC to get education from tBregs.
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Our ex vivo studies with human MDSC and three murine tumor models tested so far, such as 

mice with 4T1 cancer, B16 melanoma and spontaneous OC, suggest that the MDSC 

education is a common feature of cancer-activated B cells/Bregs. As in 4T1 cancer model 

(where tBregs induce MDSC), the loss of mature B cells also impaired the regulatory and 

tumor-augmenting functions of MDSC in mice with B16 melanoma that does not generate 

tBregs. Moreover, unlike naïve mouse B cells that cannot educate MDSC nor promote tumor 

growth (17–19), B cells from mice with B16 melanoma and spontaneous OC not only 

induced regulatory activity of MDSC and reversed the retarded tumor growth in B-cell 

deficient mice, but also up regulated TGFβ as in tBregs (18). Similarly, B cells were 

required for the ex vivo generation of suppressive myeloid cells from the peripheral blood of 

healthy human donors, as their removal or the blockage of TgfβR1 signaling abrogated the 

generation of suppressive myeloid cells. Lastly, tBreg-like cells of B-CLL patients, but not 

B cells from patients without tBregs or from healthy donors, also induced the generation of 

suppressive myeloid cells utilizing TgfβR1 signaling.

In summary, our data indicate that the generation of regulatory MDSC is a two-step process 

(Fig. 5G). While drastically expanding MDSC, probably using GM-CSF, IL-1β, VEGF, 

TGFβ and other factors (1, 13, 28), cancer also activates their inducers, such as tBregs in 

mice with 4T1 cancer and OC (16, 17) or/and yet to be identified Bregs in mice with B16 

melanoma. Naïve B cells do not educate MDSC. Although the nature and induction of 

cancer-induced B cells in mice with B16 melanoma is a focus of a separate study, we 

recently reported that 4T1 cancer directly induces the generation of tBregs from B2 cells via 

production of 5-lipoxygenase metabolites (19). The reasons behind the two-step activation 

process for MDSC remain unclear. This can be a way to limit the use of MDSC only at the 

sites of inflammation and metastasis, such as the tumors and lungs, via triggering the 

feedback loop induced by TGFβ and ROS/NO, as shown for other cells (29–31) where the 

activation of TGFβ and production ROS/H2O2/NO is mutually regulated. In concordance, 

μMT-MDSC became fully regulatory and pro-metastatic within a brief (<5h) encounter with 

tBregs. The education not only increased a number of surface molecules linked with 

regulatory MDSC (for example, IL-4Rα, TGFβ, and IL-10), but also up regulated surface 

expression of TgfβR-s presumably as a part of the feedback loop. Thus, the education may 

also bring additional factors that further augment the differentiation and regulatory function 

of MDSC, the focus of a different study. On the other hand, it is tempting to speculate that 

the early stage of cancer requires tBregs to support metastasis of 4T1 cancer via inducing 

metastasis-protecting FoxP3+Tregs (17), as we detect tBregs at least one week before the 

massive expansion of MDSC. As such, the loss of Tregs mostly blocks 4T1 cancer 

metastasis without affecting primary tumor growth (15, 17). At the later stage of cancer, 

tBregs appear to be needed to counteract the induction of antitumor myeloid cells (8) by 

switching and enhancing their regulatory function. Overall, the data presented here further 

underscore the importance of B cells in cancer (24, 32–36) by adding for the first time the 

education of MDSC to a growing list of pro-tumorigenic functions, such as the inhibition of 

cytotoxic CD8+ T and NK cells (37), Treg conversion (38) and M1-to-M2 macrophage 

polarization (39, 40). As such, B cells have to be targeted to enhance antitumor immune 

responses.
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FIGURE 1. B-cell deficiency impairs the regulatory and pro-metastatic function of MDSC
Tumor size, lung metastasis (inlet, A) and frequency of MDSCs (B) were evaluated in μMT 

and WT mice with s.c. injected 4T1.2 cancer cells (1×10^5 cells). To assess metastasis 

inducing ability of tBregs and MDSC (week 4 post-tumor inoculation), they (10×106 cells) 

were adoptively transferred in μMT mice (n= 4–5 mice per group) after 24h post tumor 

implantation (C). MDSC (D–F) or MDSC subsets (G–H) were sorted from μMT and WT 

mice 4 weeks after tumor inoculation and tested for their ability to suppress T cells 

stimulated with anti-CD3/CD28 Abs at indicated (X-axis, D–F) or 1:8 E:T ratio (G). To test 

expression of GrB and IFNγ, MDSC were intracellularly stained (E,F); and nitrate 

production (H) was assessed in conditioned medium of cells used in (G). The DCFDA 

staining of MDSC subsets in indicated tissues from μMT and WT mice with 4 week tumor is 

shown in (I). Y-axis shows tumor size (A), or number of metastatic foci (inlet, A), % of total 

cells per indicated tissue (B), μM of nitrate (H) ± SEM of 3–5 mice per group, experiments 

reproduced at least three times. *P<0.05, **P<0.01, ***P<0.001, ****P<0.0001, NS - not 

significant.
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FIGURE 2. The pro-metastatic activity of MDSC requires tBregs
Adoptive transfer of B cells in μMT mice modulate the T cell suppressive potential of 

MDSC (B,D) and ROS production (C). Schema of the experiment (A) depicted in (B–D). 

MDSC were isolated from μMT mice and cultured with T cells in Fig. 1G at 1:8 E:T ratio 

(B,D), or stained with DHE (C). A representative figure (top) and summary results (as % 

and MFI, bottom, C) are from 4 mice per group experiment reproduced twice. Y-axis is % of 

proliferated CD4+ (B) and CD8+ T cells (B,D) ± SEM of four-five mice per group 

experiments reproduced at least three times. *P<0.05, **P<0.01, ***P<0.001.
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FIGURE 3. tBregs directly activate cancer-expanded MDSC rendering them regulatory
MDSC from PB of μMT mice with 4T1 cancer were cultured with B naïve/B-cont or B-

tumor/tBregs. After 5–16h incubation (longer for B-tumor cells), the cells were stained with 

DHE (B, D) or for several surface and intra-cellular molecules (E). After B-cell depletion, 

the MDSC were used in T cell suppression assays as in Fig. 1G (A,C) or adoptively 

transferred in tumor-bearing μMT mice to assess lung metastasis (F). For the education 

experiment we used ex vivo-generated tBregs or B-tumor cells sort-purified from at least 3 

WT mice with tumor. B cells were mixed with MDSCs isolated from 3 μMT tumor-bearing 

mice. Each experiment was reproduced at least three times. *P<0.05, **P<0.01, 

***P<0.001.
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FIGURE 4. Murine and human cancer B cells also educate MDSC
MDSC (5×106) purified from PB and spleen of B16 melanoma-bearing JHT mice or WT 

mice (B16-MDSC) or mice with spontaneous ovarian cancer (OC-MDSC) were adoptively 

transferred into JHT mice (n=4–5 mice per group) 24h after B16 tumor challenge (A). PB 

MDSCs from WT, JHT, TgfβR2 KO mice with B16 melanoma (WT B16, JHT B16, and 

TβR2KO B16, respectively) or mice with ovarian cancer (WT OC) were tested for ROS and 

nitric oxide production by DHE and DAF-FM staining (B,C), or used in T cell suppression 

assay as in Fig. 1G (D). Experiments in (A) and (C–D) were reproduced 3 and 2 times, 

respectively. PBMC (n=7, healthy human donors), depleted of CD19+ cells were incubated 

with conditioned media of MDA-MB-231 cancer cells with or without SB 431542 (20μM), 

in the presence of 20 ng/ml GM-CSF for 48h. CD11b+ or CD14+ cells were sorted and used 

in T cell suppression assay (E). In a similar experiment, human PBMC (n=3, healthy human 

donors), depleted of T cells and NK cells, were incubated with B cells from B-CLL patients. 

After 48h, CD14+ cells were sorted and used in T cell suppression assays (F). *P<0.05, 

**P<0.01, ***P<0.001.

Bodogai et al. Page 17

Cancer Res. Author manuscript; available in PMC 2016 September 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



FIGURE 5. tBregs educate MDSC via TGFβ-TgfβR1/TgfβR2 axis
4T1 cancer-bearing mouse μMT-MDSC (A–C) and TgfβR2 KO-MDSC (D,E) were 

stimulated in vitro with B-cont and tBregs with anti-TGFβ neutralizing antibody or mouse 

IgG (50 μg/ml) (A) in the presence or absence of SB431542 (20μM, SB, B and C). Then, 

MDSC were tested for T cell suppression as in Fig. 1G at indicated E:T ratio (A,D), or for 

expression of ROS (B), or induce metastases upon transfer into μMT mice (C,E). Prior to the 

transfer or use in suppression assays, MDSC were depleted of B cells. Y-axis shows DHE 

staining (MFI) in Mo-MDSC and PMN-MDSC (B), % T cell proliferation (gated in CD4+ 

and CD8+ T cells, A,D), and # of metastatic foci in the lungs of μMT mice (C,E) ± SEM in 

four-five mice per group experiments reproduced three times. (G) Summary: Tumor initiates 

an expansion of MDSC (1) and conversion of tBregs from naïve B cells (2). Cancer-

activated B cells/tBregs use TGFβ (3) to induce TGFβ receptors on MDSC (4) and to up 

regulate ROS and NO production in MDSC. As a result, MDSC become fully suppressive 

for T cells and thereby pro-metastatic (5). *P<0.05, **P<0.01, ***P<0.001.
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