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ABSTRACT
Myeloid-derived suppressor cells (MDSCs) are a heterogeneous group of myeloid cells that suppress T-cell
activity in a tumor microenvironment. However, the suppressive function of MDSCs on B cells and its
underlying mechanism remain unclear. Here, we show that in 4T1 breast cancer mice, a significantly
increased number of MDSCs, in parallel with splenic B cells, are accumulated when compared to normal
mice. In the presence of MDSCs, the surface molecules of B cells are remolded, with checkpoint-related
molecules such as PD-1 and PD-L1 changing prominently. MDSCs also emerge as vital regulators in B-cell
immune functions such as proliferation, apoptosis and the abilities to secrete antibodies and cytokines.
Our study further identifies that MDSCs can transform normal B cells to a subtype of immuno- regulatory B
cells (Bregs) which inhibit T-cell response. Furthermore, we identified a novel kind of Bregs with a specific
phenotype PD-1¡PD-L1CCD19C, which exert the greatest suppressive effects on T cells in comparison with
the previously reported Bregs characterized as CD1dCCD5CCD19C, CD5CCD19C and Interleukin (IL)-10-
secreting B cells. Our results highlight that MDSCs regulate B-cell response and may serve as a therapeutic
approach in anti-tumor treatment. Investigation of this new Breg subtype extends our understanding of
regulation of T-cell response and sheds new light on anti-tumor immunity and immune therapy.

KEYWORDS
breast cancer; PD-1/PD-L1
axis; MDSC; Regulatory B
cells; tumor immunity

Introduction

MDSCs are major regulators of immune response that dampen
T-cell function in several types of cancers, including mammary,
melanoma, lung and colon cancers.1 In mice, MDSCs are his-
torically defined as Gr-1CCD11bC. As the Gr-1-positive popu-
lation is composed of both monocytic and granulocytic cells,
MDSCs are divided into two subsets based on the expression of
Ly6C and Ly6G molecules: M-MDSCs (CD11bCLy6CCLy6G¡)
and G-MDSCs (CD11bCLy6C¡Ly6GC). MDSCs have been
known for the ability to suppress T-cell response through the
production of nitric oxide (NO), arginase-1 (Arg-1), and reac-
tive oxygen species (ROS) , as well as through other untypical
mechanisms.2 Recent researches have shown that MDSCs are
associated with tumor progression, poorer clinical outcome,
and decreased efficacy in immuno-therapeutic strategies. How-
ever, little is known about the effect of MDSCs on B-cell
response, especially within the tumor micro-environment.

The B-cell repertoire performs potent roles in either pro-
moting or inhibiting tumor development, which underscores
the potential significance of B cells as a therapeutic target. On

one hand, B cells can inhibit tumor development through the
secretion of antibodies and cytokines, antigen presentation,
and interacting with tumor tissue. On the other hand, B cells
also act as inhibitory immune regulators by serving as Bregs,3

which interact with tumor tissues or certain types of immuno-
cytes. Specific surface markers of Bregs haven’t been clearly
identified in mice or human. In mice, Bregs have been
described as CD1dhiCD5CCD19C, or an IL-10-secreting B cell
subtype.4 With no clear definition of Breg specific biomarkers,
there is a great need for better understanding of the immuno-
suppressive molecules in Bregs.

In this study, we explored the potent effects of MDSCs on B-
cell response, shedding lights on the complex roles of MDSCs
and B cells in tumor development. The goal of this study was to
characterize the function of a novel subtype of immuno-sup-
pressive B cells defined as PD-1¡PD-L1CCD19C, which exerted
the greater inhibitory effect on T-cell related immune response.
Most importantly, an increasing proportion of PD-1¡PD-
L1CCD19C B cells was observed in the peripheral blood of
breast cancer patients, underscoring the clinical application of
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this Breg subset in breast cancer prognosis. Therefore, these
findings demonstrated an important role of these newly identi-
fied immuno-regulatory B cells in tumor immunity.

2. Results

2.1 The concurrent increase of MDSCs and B cells
in 4T1-bearing mice

BALB/C mice were inoculated with 4T1 breast cancer cells sub-
cutaneously, and were sacrificed at day 21. We first showed
that the overall number of splenic cells in tumor-bearing mice
increased by 12.5-fold (Fig. 1A). To gain insight into the ana-
tomical localization of MDSCs and B cells, we evaluated the
distribution of CD11bC and CD19C cells in the spleens of
tumor-bearing mice using immunohistochemistry analysis. As
shown in Fig. 1B, CD11bC increased heavily and co-localized

with marginal zone CD19C B cells. The co-localization makes
it possible for the two types of immunocytes interact with each
other through cell-to-cell contact. Specifically, the percentage
of B cells and MDSCs both presented a great increase (Fig. 1C
and Fig. 1D). Tumor-derived MDSCs showed the capacity to
inhibit T-cell proliferation in a dose-dependent manner
(Fig. 1E), demonstrating the classic immuno-suppressive effect
of MDSCs within the tumor micro-environment.

2.2 The surface molecules of splenic B cells and MDSCs
in tumor-bearing and normal mice

Immune checkpoint factors involved in undergo profound
modifications in the tumor environment. Beyond their potent
inhibitory effects on T cells, checkpoint factors also play a role
in regulating B cell response.5,6 We analyzed checkpoint mole-
cules PD-1, PD-L1, CTLA-4, CD200R, and CEACAM

Figure 1. The concurrent increases of MDSCs and B cells in breast cancer mice and surface molecules of splenic B cells and MDSCs in tumor or normal mice. Wide-type
BALB/c mice were injected subcutaneously with 1 £ 106 4T1 murine breast cancer cells, and were sacrificed at day 21 after tumor inoculation. (A) The brief descriptions
of tumor-bearing status were shown in the left and middle panel. The overall splenic cells were analyzed from tumor-bearing and tumor-free mice (right panel). (B) Paraf-
fin-embedded spleen tissues were collected from tumor-bearing mice to detect CD19CB cells (left panel) and CD11bC MDSCs (right panel) by IHC staining (original mag-
nification £ 200 and £ 400). (C) The percentage of B cells was detected using anti-CD19 Ab from tumor and normal splenic cells. (D) Splenic MDSCs were stained for
CD11b and Gr-1, and detected by FC (right panel). The percentages are indicated in the representative dot plots (left two panels). (E) Isolated splenic MDSCs were
assessed for their ability to suppress CD3C T-cell proliferation at a 1:1, 3:1 or 5:1 of Gr-1CCD11bCcell: T-cell ratio. (F) FC analysis of immune checkpoint molecules including
PD-1, PD-L1, CTLA-4, Tim-3, CD200R and CEACAM showing their expression frequencies in B cells. (G) Expression of the co-stimulatory molecules and activation markers
including CD80, CD86, MHC II, CCR6 and CD62L on the surface of splenic CD19C B cells from 4T1 tumor-bearing and control mice. (H) Immune checkpoint molecules on
MDSCs were measured by FC from normal and tumor-bearing mice. The results are shown as the mean§SEM from five independent experiments with 8 mice per group
per experiment. The t test or One-way ANOVA analysis were used for statistical analysis.� D P< 0.05, �� D P< 0.01, ��� D P< 0.001, nsD not significant. FC, flow cytom-
etry; MDSC, Myeloid-derived suppressor cells; IHC, immunohistochemistry.
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expressed on normal and tumor splenic B cells. As shown in
Fig. 1F, a significant reduction in the expression levels of PD-1
and CTLA-4 was found in the tumor-bearing group. In con-
trast, we observed a significant increase in the surface expres-
sion levels of PD-L1 and CD200R, with no significant
difference in CEACAM expression between the two groups.

Next, we assessed the expression of co-stimulatory mole-
cules and activation markers on B cells, and found significant
upregulation of the co-stimulatory molecule CD80. Surpris-
ingly, CD86 showed no significant increase, while the levels of
CCR6, CD62L and MHC II decreased in B cells from tumor-
bearing mice (Fig. 1G).

Finally, to assess the immunological characteristics of
MDSCs within the tumor environment, we tested the expres-
sion of checkpoint molecules in MDSCs from both control and
tumor-bearing mice. The expression of CD200R, PD-1, CTLA-
4 and CEACAM was significantly up-regulated in tumor-bear-
ing mice, while the PD-L1 molecule displayed an opposite
change (Fig. 1H). The Tim-3 molecules showed no significant
changes. These data functionally validated that MDSCs might
be influenced by tumor-related factors, undergoing specific
modification of surface expression, and might utilize an uncon-
ventional mechanism to influence B-cell function.

2.3 Tumor-derived MDSCs regulate normal B cell function
through a contact-dependent mechanism

We systematically assessed the potential of MDSCs to affect B-
cell responses. In our present work, MDSCs promoted the pro-
liferation (Fig. 2A) and suppressed the apoptosis (Fig. 2B) of B
cells, both in a dose-dependent manner with most pronounced
results observed with the 1:5 and 1:10 ratios of co-culturing.
We further analyzed whether MDSC-mediated B-cell regula-
tions required cell-to-cell contact by using a Transwell co-cul-
ture system. We confirmed that the educational effect required
a contact-dependent mechanism, since Transwell-separated B
cells were not affected by MDSCs in terms of proliferation and
apoptosis (P>0.05). The cultured supernatant derived from
tumor-MDSCs was collected and co-cultured with normal B
cells. As shown in Supplement Figure 1A-B, MDSC-condi-
tioned medium showed no influence on B-cell proliferation
and apoptosis, which further support the necessity of cell-to-
cell contact in B-cell response.

To further investigate any possible effects of MDSCs on B
cells in vitro, we prospectively analyzed the modulation of
immune checkpoint molecules and other surface factors on B
cells as previously described. Under the treatment with MDSCs,
significantly reduced levels of PD-1 and CTLA-4 were found in
MDSC-co-cultured group. In contrast, we observed signifi-
cantly increased levels of PD-L1 and CD200R, which showed
similar changes in splenic B cells from tumor-bearing mice.
MDSCs had no significant effect on CEACAM expression
(Fig. 2C, upper panels). As for co-stimulatory molecules and
activation markers on B cells, we found that CD80 and CD86
molecules were upregulated in MDSCs treatment, serving as a
hallmark of B-cell activation. However, MHC II expression
showed significant decrease, which coincided with modulation
of CCR6 and CD62L (Fig. 2C, bottom panels). These changes

suggest the possibility that the beneficial anti-tumor response
of B cells was dampened by MDSCs.

Finally, we assessed whether MDSCs affect B cells’ abilities
to produce antibodies and cytokines. We tested immunoglobu-
lin (Ig) A, IgG and IgM production in co-culture system by
ELISA assay. As showed in Fig. 2D, stimulated B cells released
increasing levels of IgA (10.49 pg/ml vs 20.91 pg/ml, P D 0.017
for 1:5 system, and 10.49 pg/ml vs 22.29 pg/ml, P D 0.013 for
1:10 system), IgG (16.79 pg/ml vs 22.19 pg/ml, P D 0.016 for
1:5 system, and 16.79 pg/ml vs 31.08 pg/ml, P D 0.0003 for 1:10
system), and IgM (14.92 pg/ml vs 19.96 pg/ml, P D 0.0076 for
1:5 system, and 14.92 pg/ml vs 29.83 pg/ml, P D 0.0021 for 1:10
system) in the presence of MDSCs. As for the cytokines, IL-10
(Fig. 2E, left panel), IFN-g (Fig. 2F, left panel), and TNF-a
(Fig. 2D) were upregulated in the MDSC-co-cultured groups,
while no significant change was seen in TGF-b1 secretion
(Fig. 2D). The production of IL-10 and IFN-g by B cells was
further tested by flow cytometry (FC) (Fig. 2E–F, right panels),
with a higher percentage of IL-10C (40.20% vs 58.18%, P D
0.04 for 1:5 group and 40.20% vs 57.25%, P D 0.02 for 1:10
group) and IFN-gC cells (17.10% vs 45.43%, P D 0.025 for 1:5
group and 17.10% vs 50.43%, P D 0.0095 for 1:10 group)
detected in the CD19C group in the presence of MDSCs.

2.4 The presence of MDSCs endowed B cells with
suppressive functions

MDSCs are known to suppress T-cell response by inhibiting
T-cell proliferation and cytotoxic activity, and by promoting Treg
expansion to dampen the host immune responses against tumor.7

Based on the data above, we speculated that MDSCs may educate
normal B cells into a unique subtype with immuno-suppressive
properties on T-cell response. As described above, MDSCs were
co-cultured with B cells for 24 or 48 hours, respectively. After
inoculation, B cells were selected by FACS-sorting, and co-cul-
tured with normal splenic T cells for 48 h with corresponding
stimulus. We observed that after educated by MDSCs for 24 h or
48 h, isolated B cells were able to inhibit T-cell proliferation
(Fig. 3A), promote the ability of IL-10 production (Fig. 3C, upper
panel), and decrease the release of IFN-g (Fig. 3C, bottom panel).
However, B cells show no significant effect on T-cell apoptosis
(Fig. 3B) or the induction of Tregs (CD4CCD25CCD127low)
(Fig. 3D). In all comparative groups, T-cell response was not
affect by B cells isolated from Transwell-incubated with MDSCs.

2.5 A unique PD-1¡PD-L1C CD19C B cell subtype exert
immuno-regulatory properties

2.5.1 PD-1¡PD-L1CCD19CB cells were enriched in the spleen
of 4T1-tumor-bearing mice, and in co-culture with MDSCs
PD-1¡PD-L1CB cells were expended in the spleen of tumor-
bearing mice (30.33 § 2.85% vs. 47.73 § 1.64%, P D 0.019)
when compared to normal mice (Fig. 4A). Likewise, in the co-
cultured system, this B-cell subset showed significant increase
(40.60% vs.56.78%, P D 0.0152 for B: MDSCs D 1:5 group,
40.60% vs.59.43%, P D 0.0023 for B: MDSCs D 1:10 group) in
the presence of MDSCs (Fig. 4B). The B subset also exhibited
greatest levels of induced proliferation (Fig. 4C). However, the
Transwell-culture system (Fig. 4B–C) and MDSC-medicated
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medium (Supplement Figure 1C) couldn’t recapitulate these
effects.

In mouse tumor models, no well-known surface markers of
Bregs were clearly defined. It was previously demonstrated that
CD5CCD1dhiCD19C B cells,8 a well-characterized IL-10-produc-
ing Breg subset, owned the immuno-regulatory effect. Moreover,
IL-10 production was regarded as a hallmark of B-cell immuno-

suppressive effect. In autoimmune diseases, CD5C B cells dis-
played some unique properties such as self-renewing and the
potential to promote malignant transformation.9 Therefore, we
compared PD-1¡PD-L1C B cells with CD5C B cells,
CD5CCD1dhi B cells and IL-10C B cells for the aspects tested
above. As shown in Fig. 4D, for CD5CB cells, the tumor-bearing
group showed a lower percentage in splenic B cells. The portion

Figure 2. MDSCs regulate B-cell function through a contact-dependent mechanism. Purified splenic B cells were cultured alone or with MDSCs in the presence or absence
of IL-4 (200 ng/ml) plus anti-CD40 antibody (10mg/ml) (A) The proliferation of CD19C B cells was assessed by FC using BrdU labeling method. (B) CD19CB cell apoptosis
was detected by FC using an Apoptosis Detection Kit. (C) The expression of immune checkpoint molecules (upper panel) and co-stimulatory or activation markers (bottom
panel) on the surface of B cells were analyzed by FC. (D) The antibody subtypes (IgA, IgG, and IgM) and cytokine (TNF-a, TGFb1) concentrations were determined from the
culture supernatants after 48 h with specific ELISA Kit. ELASA data were collected from 5 independent experiments. (E) IL-10 and (F) IFN-g production in the co-cultured
groups were both detected by ELISA (left panels) and FC analysis (right panels). Data represent the mean§SEM of 5 independent experiments. � D P < 0.05, �� D P <

0.01, ��� D P < 0.001, ns D not significant, as determined with One-way ANOVA analysis. FC, flow cytometry; BrdU, bromodeoxyuridine; ELISA, enzyme-linked immuno-
sorbent assay; Ig, immunoglobulin; MDSCs, Myeloid-derived suppressor cells; IL, interleukin; IFN, interferon.
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of CD5C B cells also decreased in the MDSC-co-cultured group.
We further noticed that the percentage of CD5CCD1dhi B cells
only represented a small portion of CD19CB cells, which experi-
enced no significant difference in both systems respectively. No
pronounced effect was observed in the percentage of IL-10-
secreting B cells from tumor-bearing mice (Fig. 4E). However,
the B-cell subset showed a significant increase in the presence of

MDSCs. Our finding was in line with the studies10, 11 which indi-
cated Bregs activity did not necessarily involve IL-10. Collectively,
the specific B-cell subset PD-1¡PD-L1CCD19C B cells predomi-
nately increased in MDSC-co-cultured group. Since MDSC
educated normal B cells into immuno-suppressive cells, we
hypothesized that PD-1¡PD-L1CCD19C B cells might exert
immuno-regulatory properties on T cells.

2.5.2 Splenic PD-1¡PD-L1CCD19C Bregs exert immuno-
regulatory properties
To demonstrate the regulatory properties of the specific B-cell
subset, a co-culture system was set up as previously described.
Briefly, stimulated CD19C, CD19CPD-1¡, CD19CPD-L1C,
CD19CPD-1¡PD-L1C, CD19CPD-1CPD-L1C, CD19CPD-
1¡PD-L1¡, CD19CPD-1CPD-L1¡ and CD19CCD5C B cells
from tumor-bearing mice were incubated with autologous
splenic T cells upon CD3/CD28 stimulus for 48h. As shown in
Fig. 5A, when B cells from tumor-bearing mice were added to
the system, the proliferation of T cells decreased at the ratio of
1:1. The PD-1¡PD-L1C B cell subset exerted the greatest inhibi-
tory significance on T-cell proliferation. In addition, this spe-
cific B-cell subset was able to promote the apoptosis of T cells
(Fig. 5B). T-cell abilities in secreting cytokines IL-10, IFN-g,
IL-2 and TGF-b1 were measured by FC. In a cell-to-cell co-cul-
ture system, a higher percentage of IL-10 secretion and lower
IFN-g were seen when T cells were co-cultured with PD-
1¡PD-L1C B-cell subset (41.57% vs 66.73%, P D 0.0045 for IL-
10; 24.33% vs 5.1%, P D 0.0014 for IFN-g). However, these T
cells harbored no significant levels of IL-2 and TGF-b1
(Fig. 5D). No significant difference was found between the
groups in the induction of Tregs (Fig. 5C).

Subsequently, we investigated the suppressive efficacy of PD-
1¡PD-L1CB cells in comparison with CD5C B cells. As shown in
Fig. 5, We found PD-1¡PD-L1C B cells exerted the greater sup-
pressive functions on T-cell proliferation (38.66% vs 11.48%,
P<0.0001 for PD-1¡PD-L1CB cells system; and 38.66% vs
28.1%, P D 0.03 for CD5CB cells system). No significant effect of
CD5CB cells was seen (P D 0.57) with regard to T-cell apoptosis.
As for IL-10 and IFN-g production, CD5CB cells showed similar
trends but with less significance compared to PD-1¡PD-L1C B
cells. PD-1¡PD-L1C and CD5CB cells both exert no significant
impacts on T-cell secreting IL-2 and TGF-b1. These results
collectively indicated that PD-1¡PD-L1CCD19C Bregs suppress
T-cell functions in the co-cultured system, which exert predomi-
nate efficacy when compared to other Breg subsets.

2.6 The distribution of PD-1¡PD-L1C Bregs in BM,
peripheral blood, spleen and LN

As shown above, PD-1¡PD-L1C Bregs exerted potent immuno-
regulation within the tumor environment, which might serve as a
target in immunotherapy. We next determined the distribution
of PD-1¡PD-L1C Bregs in BM, peripheral blood, spleen and
tumor-draining LNs (TDLNs) in mice. As shown in Fig. 6A, PD-
1¡PD-L1C Bregs were upregulated in BM (15.98 § 1.51% vs.
23.30 § 0.57%, P D 0.03), spleen (30.33 § 2.85% vs. 47.73 §
1.64%, P D 0.019) and peripheral blood (36.57 § 1.63% vs.
47.73 § 1.64%, P D 0.0009) in tumor-bearing mice. In the LNs,
this B-cell subset showed significant expansion in TDLNs in

Figure 3. MDSCs educate B cells into regulatory B cells with immune suppressive
effects on T-cell response. After co-cultured with MDSCs for 24 h or 48 h, B cells
were isolated by FACS, and then co-incubated with normal splenic T cells with anti-
CD3/CD28 dynabeads for 2 days. T cells alone with or without stimuli were used as
control groups. (A) The proliferation of CD3C T cells was assessed by FC using BrdU
labeling method. (B) CD3C T cell apoptosis was detected using an Apoptosis Detec-
tion Kit. (C) Cytokine concentrations were determined by FC to assess the T-cell
intra-cellular secretion. T cells cultured for 2 days with or without B cells, were fixed,
permeabilized and stained with PE-anti-IL-10 or FITC-anti-IFN-g antibodies. (D) The
percentage of Tregs was evaluated by FC analysis. Data represent the mean § SEM
of 5 independent experiments. � D P < 0.05, �� D P < 0.01, ��� D P < 0.001, ns D
not significant, as determined with One-way ANOVA analysis. BrdU, bromodeoxyuri-
dine; MDSCs, myeloid-derived suppressor cells; Tregs, regulatory T cells; FC, flow
cytometry; IL, interleukin; IFN, interferon
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comparison to normal LNs (38.98 § 2.46% vs. 30.00 § 2.03%,
P D 0.03), whereas reduced levels in the primary tumor tissue
were observed (38.98 § 2.46% vs 12.43 § 1.90, P D 0.0005).
Since LNs play a central role in the development of adaptive
immunity and particularly the generation of antigen-specific B

cell responses, changes in the percentage of PD-1¡PD-L1C B cells
might be involved in the process of tumor metastasis. Most
importantly, the percentage of MDSCs presented a similar
increase in TDLNs as well as tumor bed (Fig. 6B). The similar
modulation of PD-1¡PD-L1C B cells and MDSCs may suggest

Figure 4. A typical PD-1¡PD-L1CCD19C B-cell subtype exert immuno-regulatory properties. (A) The left two panels show a representative dot plots of PD-1¡PD-L1C B
cells gated on CD19C cells from normal or tumor-bearing spleen. The right panel depicted values from 8 independent experiments. (B) Representative FC analysis show-
ing the percentage of PD-1¡PD-L1CCD19C B cells at 48 h in the presence or absence of MDSCs in the culture system (B1). B2 shows summarized data from 5 independent
experiments. (C) The percentage of PD-1¡PD-L1CCD19C B cells in BrdU-labeled B cells at 48 h with or without MDSCs from 8 independent experiments. (D) The percent-
age of CD5C and CD5CCD1dhi B cells in tumor-bearing or tumor-free mice (D1) and (D2) in the MDSC-co-cultured system was evaluated by FC. (E) The intra-cellular IL-10
level of B cells was analyzed by FC in 4T1 or normal mice (E1) and (E2) in the MDSC-co-cultured group. � D P < 0.05, �� D P < 0.01, ��� D P < 0.001, ns D not significant
as determined with the t test. MDSC, myeloid-derived suppressor cells; FC, flow cytometry; IL, interleukin.
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potential mechanisms on the inter-connections, which needed
further investigations.

In order to analysis the influence of tumor cells or tumor-cul-
ture supernatant exerted on normal B cells, we built co-cultured
systems containing B cells with 4T1 cells or tumor supernatant,
respectively. As shown in Fig. 6C, the percentage of PD-1¡PD-
L1C B cells showed no significant difference in the groups (P D
0.56 for 4T1 cells group, and PD 0.35 for supernatant group).

Next, we evaluated the distributions of other Breg subsets. As
seen in Fig. 6D, the percentage of CD5C immuno-suppressive B
cells decreased in TDLNs and spleen but, increased in peripheral
blood, with no significant changes in the BM of tumor-bearing

Figure 5. PD-1¡PD-L1CCD19C B cells display immuno-regulatory properties on acti-
vated T cells. PD-1¡PD-L1CCD19C B cells were isolated from the splenic cells of
tumor-bearing mice. T cells were cultured for 2 days with or without B cells for the
subsequent analyses. (A) Regulation of CD3C T-cell proliferation by different B cell
subsets is shown in relative to T cells cultured in the absence of B cells from 8 inde-
pendent experiments. (B) The apoptosis of CD3C T cell was detected by FC at 48 h
following incubation with splenic CD19C cells, PD-1¡PD-L1CCD19Ccells or CD5CB
cells from tumor-bearing mice. (C) The percentage of Tregs (CD4CCD25CCD125low)
with or without B cell incubation was evaluated by FC analysis. (D) Cytokine concen-
trations (IL-10, IFN-g , TGFb1, and IL-2) were determined by FC to analyze T-cell
intra-cellular production. Data were collected from 5 independent experiments. Data
represent the mean § SEM of 5 independent experiments. � D P < 0.05; �� D P <

0.01; ��� D P < 0.001, ns D not significant as determined with t test or One-way
ANOVA. BrdU, bromodeoxyuridine; MDSCs, myeloid-derived suppressor cells; Tregs,
regulatory T cells; FC, flow cytometry; TNF, tumor necrosis factor; TGF, transforming
growth factor; IL, interleukin; IFN, interferon.

Figure 6. The distribution of different B cell subsets in BM, peripheral blood, spleen
and TDLNs. (A) PD-1¡PD-L1CCD19C B cells was expanded in the BM, peripheral
blood, spleen, LNs and primary tumor tissue in tumor-bearing or normal mice . Repre-
sentative dot plots of FC in LNs were shown. (B) The percentage of Gr-
1CCD11bCMDSCs and representative dot plots in tumor-bearing or tumor-free mice
from 5 independent experiments with triplicate samples was shown. (C) Normal
splenic B cells were cultured with 4T1 cells or 4T1-supernatant, and the percentage of
PD-1¡PD-L1CCD19C B cells was detected by FC. (D) The percentage of CD5CCD19C B
cells (E) CD5CCD1dhi CD19CB cells and (F) intra-cellular staining was with PE-anti-IL-
10 antibody to detect IL-10C B cells determined by FC. Data show mean§SEM of 7
independent experiments. � D P < 0.05, �� D P < 0.01, ��� D P < 0.001, ns D not
significant as determined by t test. BM, bone marrow; LN, lymph node; TDLN, tumor-
draining lymph node; MDSC, Myeloid-derived suppressor cells.
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mice. For CD5CCD1dhi B cells, only trend of decrease was seen
in tumor-bearing mice, while no significant difference was found
in other comparative groups (Fig. 6E). Previous studies identified
IL-10 as a key mediator of Bregs function in cancer.12 We further
analyzed the intra-cellular IL-10 of B cells by FC (Fig. 6F), and
found no changes in the frequency of IL-10-producing B cells in
the TDLN compared to normal LNs. The IL-10CB cells elevated
in the BM of tumor-bearing mice, showed no significant changes
in splenic B cells, but increased in the peripheral blood, which
deserves further investigation. In comparison, the accumulation
of specific PD-1¡PD-L1C B cells might act as a more vital bio-
marker for cancer prognosis.

2.7 PD-1¡PD-L1CCD19C Bregs were expanded in breast
cancer patients

Subsequently, we investigated the role of PD-1¡PD-L1C B cells in
breast cancer patients and healthy controls. Elevated numbers of

CD19CB cells and CD45CCD33CCD13CCD14¡CD15¡ MDSCs
were both seen in the peripheral blood of breast tumor patients
(Fig. 7A, 7B). Most importantly, as shown in Fig. 7C, the percent-
age of PD-1¡PD-L1CCD19C cells (18.13% § 1.15%, n D 35,
P<0.0001) in the peripheral blood of breast tumor patients was
also significantly up-regulated compared to healthy participants
(8.50% § 0.47%, n D 20). Since most patients suffer from Stage I
(24/35) tumors, we did not find any correlations of the Breg
subset with histopathological characteristics and tumor stages
(Fig. 7E).

3. Discussion

MDSCs are well-recognized to suppress T-cell response in vari-
ous pathological conditions including cancer,13 inflammation14

and autoimmune diseases.15 However, little research focused
on the potential influence of MDSCs on B cells, especially
within the tumor microenvironment. Our current study has

Figure 7. PD-1¡PD-L1CCD19C Bregs were expanded in the peripheral blood of breast cancer patients. The percentages of indicated cell types were determined in 35
breast cancer patients and 20 healthy female controls. The results are shown as the mean§SEM. of the percentage of (A) CD19C B cells, and (B)
CD45CCD33CCD13CCD14¡CD15¡ MDSCs in the periphery blood. (C) PD-1¡PD-L1C Bregs were expanded in the peripheral blood of breast cancer patients when com-
pared with healthy controls. Representative dot plots were shown in the left panel. (D) A scatter plot for the percentage of PD-1¡PD-L1CCD19C B cells in two groups. (E)
The correlation of the PD-1¡PD-L1C CD19C cells with tumor stages. (F) The histopathological characteristics and other basic information of the patients involved. The
analysis was determined by unpaired t test. � D P <0.05, ��� D P < 0.001, ns D not significant. Bregs, regulatory B cells; MDSC, Myeloid-derived suppressor cells.
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opened a new avenue to study MDSC-mediated regulations of
B cells and provided new insights into the possible manipula-
tion by B cell-mediated suppression of T-cell response. Here,
we have shown that a unique Breg subset termed PD-1¡PD-
L1CCD19C cells exerted great inhibitory effect on T-cell immu-
nity. Most importantly, this B cell subtype is dramatically up-
regulated in the peripheral blood of breast cancer patients. It
underscored the potential of this B cell subset to serve as a clini-
cal biomarker for the pathological characteristics of tumors.

In tumor-bearing mice, MDSCs increased heavily and co-
located with marginal zone B cells, which was in line with the
study by Xu et al.13 It provided the possibility of cell-to-cell
contact between the immunocytes. Unlike their effects on T
cells, MDSCs promote proliferation and inhibit apoptosis of B
cells and this requires direct cell-to-cell contacts. However, the
underlying mechanisms of MDSCs’ function remained unclear.
A recent study suggested that in mice with fibrosarcoma,
MDSCs could boost the proliferation and differentiation of B
cells into IgA-producing plasma cells in a TNFR2-dependent
manner.13 MDSCs were required for in vivo priming and
expansion of antigen-specific B cells,16 consistent with our find-
ings here. Current studies17-20 focused on the regulation of
MDSCs in other pathological conditions beyond tumor. The
complexity of tumor and other pathological conditions may
play a critical role to be addressed in future studies.

Our investigations further suggested decreased percentage of
immune checkpoint molecules PD-1, together with increased
PD-L1 expression were observed in the presence of MDSCs.
Previous studies have identified PD-L1 as a critical mediator of
Bregs. Guan and colleagues6 reported that PD-L1 contributed
to the immunosuppressive role of CD19CCD24CCD38C Bregs
in invasive breast cancer patients. PD-L1 expression on B cells
can result in the inhibition of T-cell proliferation21 and T-cell-
dependent immunogenic chemotherapy.22 By contrast, PD-1hi

represents a pro-tumorigenic B-cell subset in hepatocellular
carcinoma,23 therefore PD-1/PD-L1 axis24, 25 may be predomi-
nantly involved in B-cell suppressive mechanism. Here, the
modulation of PD-1/PD-L1 expression might contribute to the
B-cell suppressive properties, which was confirmed by our data
showing the consequent regulation of. Our results also con-
firmed B-cell activation was constrained in MDSC groups, for
the decreasing expressions of CCR6, CD62L and MHCII.
CCR6 is restricted to functionally mature B cells capable of
responding to antigen challenge26 and promoting migration
events.27 As for CD62L, it acts as a homing receptor on B cells
and is induced on activated B cells.28 MHC II is expressed on
professional APCs including B cells and supports CD4C T-cell
activation by displaying antigens.29 These modifications were
in line with the study by Olkhanud et al., which identified a
designated Bregs with surface markers PD-L1hiCD86hi CD80hi

CD62Llow to facilitate lung metastasis.30 Xu et al. 13 concluded
similar trends in terms of CD80 and CD86 expression. The evi-
dence may suggest the positive anti-tumor response of B cells is
dampened with the presence of MDSCs.

Results from our study showed that MDSC promoted B-
cell capabilities of secreting antibodies, suggesting a potential
stimulatory effect of B cells differentiating into plasma cells.
The results coincided with the report that an IgAC B-cell
subpopulation was immunosuppressive via multiple tumor-

promotion mechanisms,31 one of which is to up-regulate
PD-L1 expression thus inducing T-cell exhaustion. As for
cytokines production, the elevated secretion of IL-1032, IFN-
g 33 and TNF-a34 serves as immunosuppressive effect and
gives rise to progressive tumors. Interestingly, Dai et al. con-
firmed a positive correlation of PD-L1 with IFN-g in gastric
cancer tissues,35 consistent with the evidence that inductions
of PD-L1, IDO, and Tregs are driven by IFN-g and CD8C T
cells in melanoma model.36

All the aforementioned studies reveal that MDSC dampen
the positive effect of B cells in vitro, which educate normal B
cells into a subset of Bregs that inhibit T-cell response. Our
studies provide the first evidence that a specific subset of PD-
1¡PD-L1C B cells exert the greatest suppressive effect on T-cell
response when compared with specific inhibitory Breg subsets.
Evidence for Bregs’ inhibitory effect on T cells has been well
established.22,37 However, no exact surface markers of Bregs
have been recognized. In previous studies, CD5CCD1dhi B
cells8, 9 were the well-characterized Breg cells. We therefore
compared the suppressive capacity between PD-1¡PD-L1C and
CD5CCD1dhi B cells. In fact, CD5CCD1dhi B cell subset
accounts for a small portion of B cells (less than 5%) in mice
spleen (Fig. 4D). Additionally, in MDSC-co-cultured group,
CD5CCD1dhi B-cell group did not change significantly. In con-
trast, CD5C B cells suffer a great decrease in tumor-bearing
spleen and in MDSC-co-cultured system. Therefore, we com-
pared the immune response of PD-1¡PD-L1C B cells with
CD5C B cells. As shown in Fig. 5, PD-1¡PD-L1C B cell subset
owned the higher suppressive capability on T-cell proliferation,
promoted apoptosis, and affected T-cell cytokines production.
We provided convincing evidence for a distinct subset of
immuno-suppressive B cells, thus opening a new avenue to
study B cell-mediated suppression and providing new insights
into the possible manipulation through specific B-cell surface
markers. The precise phenotype of Bregs needs to be further
characterized in other types of cancers.

Next, we tested the percentage of PD-1¡PD-L1C Bregs in
the BM, spleen, peripheral blood, TDLN and primary tumor
site. In the study of Ruddell et al., TDLN demonstrated an
increased B-cell accumulation, which accelerates melanoma
metastasis.38 B-cell deficient m MT mice failed to develop LN
lymphangiogenesis39 and presented reduced tumor growth.40

The accumulation of PD-1¡PD-L1CB cells and MDSCs in
TDLN when compared to negative ones (Fig. 6A–B) provided
the possibility that MDSCs might be recruited to TDLNs by
tumor-related factors, and thereby, educate normal B cells into
PD-1¡PD-L1C Bregs. The enhanced accumulation of this Bregs
in TDLN might be crucial for tumor dissemination, for which
the mechanisms remain largely unexplored. However, 4T1
tumor cells were previously reported to convert normal B cells
into TGFb-producing Bregs, therefore induced Tregs and facili-
tated lung metastasize.30 In our study, the percentage of PD-
1¡PD-L1C Bregs showed no significant difference in co-cultur-
ing with 4T1 cells and tumor supernatant (Fig. 6C). These data
suggest that the transformation of PD-1¡PD-L1C B cells may
be not involved in 4T1-related molecules in a direct manner.
However, our current data do not explore whether and how
MDSCs influence the accumulation of PD-1¡PD-L1C Bregs in
TDLNs. We are trying to evaluate whether there is similar
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phenomenon in breast cancer patients, and the exact regulatory
process, which might shed light on enhanced therapeutic effi-
cacy of strategies targeting MDSCs and Bregs.

We further observed that this newly identified PD-1¡PD-
L1CCD19C cell subset was elevated in patients with pre-treated
breast cancer (Fig. 7C–D), however, the correlations with
tumor stage and early recurrence of patients cannot be analyzed
due to the limited patient samples and confined clinical stages.
Here, we demonstrated for the first time that elevated level of
circulating PD-1¡ PD-L1C B cell frequency in breast cancer
patients, both for invasive ductal and papillary subtypes. These
results corresponded well to our findings in murine models.
Recently, immunotherapy has been demonstrated as a new and
attractive approach, underscoring the emergence of immune
checkpoint blockade with monoclonal antibodies as a success-
ful treatment for cancer patients. The modulation of PD-1 and
PD-L1 on B cells might identify promising targets for immuno-
therapy. Its predictive role in tumor stage prognosis and the
connections with clinical-pathological molecules exerted prom-
ising prospect for anti-tumor treatment. Additionally, the
dynamic changes in peripheral Bregs might be more important
in cancer progression and help physicians adjust treatments,41

which need to be further elaborated. The surface biomarkers of
Bregs in peripheral blood provided an opportunity for us to
predict tumor generation, development and progression.

4. Materials and methods

Mice

Female BALB/C mice aged 6–8 weeks were purchased from
Weitonglihua Corporation. All of the mice were maintained in
a pathogen-free barrier facility at Tianjin Medical University
Cancer Institute and Hospital. The animal experiments were
carried out with the approval of the Institutional Laboratory
Animal Care and Use Committee.

Cell lines

4T1 mammary cells are of BALB/C origin and were acquired
from the American Type Culture Collection (ATCC). All of the
cells were cultured in Roswell Park Memorial Institute
(RPMI) -1640 medium that was supplemented with 10% fetal
bovine serum (FBS) as described.42 Cells were suspended in
phosphate-buffered saline (PBS) at the concentration of
5 £ 106/ml and injected subcutaneously (1 £ 106cells in 200mL
medium/mouse) into recipient mice.

Cell isolation of murine splenic cells

Twenty-one days after inoculation, splenic lymphocytes were
isolated using Red Blood Cell Lysis Buffer (Beyotime Biotech-
nology) following standard procedures. B cells or T cells were
purified using the mouse B-cell or T-cell Isolation Kit (Miltenyi
Biotec), respectively, and negatively selected according to man-
ufacturer’s instructions. The purity of B or T cells was always
above 93%. MDSCs were purified by using Gr-1 micro-beads
for positive selection (Miltenyi Biotec). The purity of MDSC

cells was always above 95%. Purified B cells and MDSCs were
cultured in RPMI 1640 medium containing 10 % FBS.

Specific phenotypes of B cell were sorted from tumor-bear-
ing mice using the FACS-ARIA II sorter (BD Bioscience). Cell
populations were defined as CD19CPD-1¡; CD19CPD-L1C;
CD19CPD-1¡PD-L1C; CD19CPD-1CPD-L1C; CD19CPD-
1¡PD-L1¡ ; CD19CPD-1CPD-L1¡; CD19CCD5CCD1dC and
CD19CCD5C. The purity of magnetic sort was above 97%.
Purified cells were cultured in RPMI 1640 medium containing
10 % FBS.

In vitro culture of purified splenic cells (co-cultured
experiments)

Co-cultured tumor-derived MDSCs with normal B cells Puri-
fied B cells (1 £ 106 cells/mL) from na€ıve mice were
co-cultured with tumor-bearing MDSCs in 6-well flat-bottom
plates in the presence or absence of Recombinant Murine IL-4
(200 ng/ml, Pepotech) plus anti-mouse CD40 (10 mg/ml, Biole-
gend) at 378C in a 5% CO2 incubator, and the ratio of purified
B cells to MDSCs was 1:5 and 1:10. Culture of B cells alone
with or without stimulus was used as control groups. After
48 hours, harvested cells were examined using FC for prolifera-
tion and apoptosis analysis, and B-cell surface molecules detec-
tion. Culture supernatants were harvested to detect the levels of
cytokines by ELISA assays.
Co-cultured T cells with different B cell subtypes FACS-
sorted B-cell subsets (CD19CPD-1¡; CD19CPD-L1C;
CD19CPD-1¡ PD-L1C; CD19CPD-1¡PD-L1C; CD19CPD-
1CPD-L1C; CD19CPD-1¡PD-L1¡ ; CD19CCD5C) from tumor-
bearing mice, or B cells isolated from MDSC-cultured group
after 24 or 48 hours respectively, thereafter, cultured with puri-
fied normal-derived splenic T-cells (5 £ 105 cells/mL) at a ratio
of 1:1 in the presence of anti-CD3/CD28 Dynabeads (15 mg/
mL, Gibco), respectively. T cells with and without stimulus was
used as control group. After 48 hours, cultured cells were har-
vested and analyzed by FC for T-cell related response.
Co-cultured B cells with 4T1 cells or 4T1-supernatant Puri-
fied B cells (1 £ 106 cells/mL) from na€ıve mice were co-cul-
tured with 4T1 cells (1 £ 105 cells/mL) or 4T1 supernatant
with B-cell stimuli. B cells alone with or without stimulus were
used as control groups. After 48 hours, harvested cells were
examined using FC.

Flow cytometry

Single-cell suspensions were prepared directly from spleens and
post-cultured cells were stained with the following directly
conjugated mouse specific monoclonal antibodies that were
purchased from Biolegend, including PE-Gr-1, APC-CD11b,
APC-CCR6, APC/Cy7-CD62L, FITC-PD-1, PE/Cy7-PD-L1,
PE-MHC II, FITC-CD200R, APC-CTLA-4, PE/Cy7-Tim-3,
PE-CECAM, APC-CD80, FITC-CD86 and PerCP-CD19 from
BD Pharmingen. The appropriate isotype controls were used as
negative controls (All from Biolegend). Cells were incubated
with antibodies for 30 min at 4 ℃ in the dark. Then, the cells
were washed twice with PBS. All samples were analyzed using a
FACS in 3 replicates, and at least 20,000 events were acquired
for each analysis.
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For intra-cellular staining, cells were stimulated for 4 h with
PMA-ionomycin-monensin [PMA 50 ng/mL, ionomycin 1 mL/
mL (Sigma-Aldrich) and monensin (GolgiStop, 4 mL for 6 mL
of culture)]. Cells were fixed with Fixation/Permeabilization
solution (BD Pharmingen) and incubated with intra-cellular
staining antibodies FITC-Tumor necrosis factor (TNF)-a, PE-
IL-10, FITC-Interferon(IFN)-g, FITC-IL-2, PE-Transforming
growth factor (TGF)-b1 for 30 min. Labeled cells were re-sus-
pended in 0.2 mL cell staining buffer, and analyzed with FC.

Immunohistochemical interpretations (IHC)

Formalin-fixed paraffin-embedded tissue samples were avail-
able for spleen tissues from tumor-bearing mice. The tissue sec-
tions were stained using anti-mouse antibody to CD19
(Abbiotec) for B cells and CD11b (Abcam) for MDSCs analysis.
In brief, the sections were stained with an anti-CD19 (1:100) or
anti-CD11b antibody (1:200) and incubated overnight at 4 ℃.
Sites of binding were detected using the Envision technique
with DAB (3-30 diaminobenzidine), according to the manufac-
turer’s instruction.

Cells proliferation and apoptosis assays

Cell proliferation was determined by bromodeoxyuridine
(BrdU) labeling method using a BrdU Cell Proliferation Assay
Kit (BD) by standard procedures. We stained targeted cells by
specific biomarkers (B cells: PerCP-CD19; T cells: APC-CD3).
Proliferation of the effectors was determined by comparing the
amounts of incorporated BrdU in experimental samples to con-
trol samples. To detect cells apoptosis, we stained target cells by
the specific biomarkers, provided in an Apoptosis Detection
Kit (BD) and detected by FC.

ELISA and cytokine detection

The supernatants of co-culture group were collected and stored
at -208C. ELISA kits were used to determine the levels of cyto-
kines IL-10, IFN-g, TNF-a, TGF-b1 (Dakewe Biotech Com-
pany), and antibodies IgA, IgG and IgM (Bethyl Laboratories,
Inc), according to the manufacturer’s instructions.

Patients and peripheral blood cells collection

A total of 55 participants including 35 breast cancer, and 20
healthy individuals were enrolled in this study. All patients are
female. The patients aged 28–85 years, with a mean of 50 years.
The age range of healthy individuals was from 35 to 71 years,
with a mean of 58 years. None of the breast cancer patients had
received any kind of chemical or radiation therapy before sur-
gery. Clinical characteristics of the study cohort are summa-
rized in Fig. 7F. This study was approved by the State Food and
Drug Administration of China (2006L01023) and by the Ethical
Committee of Cancer Hospital of Tianjin Medical University,
China, according to the guidelines of the Declaration of
Helsinki. Informed consent was obtained from all subjects
before their entry into the study.

Peripheral blood mononuclear cells (1 £ 105) were sus-
pended in PBS containing 20% human serum and incubated

for 30 min with appropriate antibodies: anti-human FITC-
CD19, APC-PD-1 and PE/Cy7-PD-L1 (Biolegend). Cells
stained with isotype control antibodies served as the negative
control. Experiment was performed in accordance with the
guidelines outlined aforementioned.

Statistical analysis

Statistical analysis was performed with Prism v5.0 (GraphPad
Software). The values are expressed as the mean § SEM, and
the presented data are representative of at least three indepen-
dent experiments. Depending on the distribution of the dataset,
comparisons between groups were made using a parametric
ANOVA test or a t test. P <0.05 were considered statistically
significant.
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