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Summary 
The presence of tumour-infiltrating immune cells was originally associated with the induction of anti-tumour responses and good a prognosis. A 
more refined characterization of the tumour microenvironment has challenged this original idea and evidence now exists pointing to a critical role 
for immune cells in the modulation of anti-tumour responses and the induction of a tolerant pro-tumour environment. The coordinated action of 
diverse immunosuppressive populations, both innate and adaptive, shapes a variety of pro-tumour responses leading to tumour progression and 
metastasis. Regulatory B cells have emerged as critical modulators and suppressors of anti-tumour responses. As reported in autoimmunity and 
infection studies, Bregs are a heterogeneous population with diverse phenotypes and different mechanisms of action. Here we review recent 
studies on Bregs from animal models and patients, covering a variety of types of cancer. We describe the heterogeneity of Bregs, the cellular 
interactions they make with other immune cells and the tumour itself, and their mechanism of suppression that enables tumour escape. We also 
discuss the potential therapeutic tools that may inhibit Bregs function and promote anti-tumour responses.
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Introduction
Regulatory B cells were first described in the context of auto-
immunity and are now recognized to play important roles in 
infection, allergy, and tolerance to transplants [1, 2]. Bregs 
have also been characterized in the oncology arena, and an 
important focus of research is how Bregs, or their precursors, 
develop and are recruited to the tumour microenvironment 
[3], and what cellular and molecular mechanisms are involved 
in their suppression of anti-tumour immunity [4].

The fact that immune cells infiltrate tumours has been 
recognized for a long time. The vast majority of tumour-
infiltrating cells comprise cytotoxic CD8+ and helper CD4+ T 
cells, but also include a minority of B lymphocytes and natural 
killer cells [5, 6]. Pioneering studies suggested that these cells 
had a key role in the modulation of the immune responses 
against tumours and are associated with better prognosis [7]. 
However, it has now been established that certain immune 

cells can also induce pro-tumour effects associated with nega-
tive clinical outcomes. Basic and clinical research has identi-
fied regulatory T cells (Tregs) [8], myeloid-derived suppressor 
cells (MDSCs) [9], and tumour-associated macrophages 
(TAMs) amongst the cells that orchestrate the induction of an 
immunosuppressive environment that promotes tumour de-
velopment, evasion, progression, and metastasis [10]. A more 
refined characterization of the TME has also identified B cells 
as key players in the modulation of the immune response 
in cancer [11]. B cells infiltrate tumours and can display 
opposing functions that have important effects on tumour 
rejection or progression and metastasis. In some tumours, 
B cells represent a considerable portion of infiltrating cells 
and contribute to tumour rejection by presenting antigens, 
by secreting tumour-targeting antibodies that induce tumour 
cell apoptosis, and by secreting cytokines that prime effector 
CD4+ and cytotoxic CD8+T cells [12, 13]. There are, however, 
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subsets of Bregs that contribute to tumour progression due 
to their ability to induce a tolerogenic environment with in-
creased numbers and activity of immunosuppressive cells 
[14]. Just as their counterparts described in autoimmunity, 
infection, allergy, or transplantation, many different popu-
lations of Bregs with immunosuppressive activity have been 
described in the TME. The lack of a Breg-specific marker (like 
Foxp3 for Tregs) presents a challenge in the field making their 
identification in different settings inconsistent. Not all previ-
ously defined Breg populations have been described in human 
or mouse cancers, and the populations described in cancer do 
not always appear to be equivalent to those in health or auto-
immunity (see Table 1). For some degree of consistency, Bregs 
can be defined functionally based on their ability to produce 
suppressive and anti-inflammatory cytokines (IL-10, TGFβ, 
and IL-35) that suppress pro-inflammatory or cytotoxic anti-
tumour cells, and we have used this format to describe Bregs 
in a cancer setting. In this review, we will focus on the mech-
anisms leading to the induction of Bregs and the mechanisms 
and functional responses that allow them to suppress anti-
tumour responses.

Mechanisms of induction of tumour-
associated Bregs
Tumour-derived factors
Tumour cells exploit the mechanisms of immune tolerance 
by inducing or recruiting populations of immunosuppres-
sive cells that deploy inhibitory mechanisms allowing tu-
mour progression. One of the first reports on the presence of 
tumour-induced Bregs came from studies in a mouse model of 
breast cancer. A B-cell subset expressing activation markers 
(CD25+CD69+B7-H1+CD81+CD86+) and termed tumour-
evoked Bregs (tBreg) induced the generation of Foxp3+Tregs, 
which inhibited anti-tumour responses [22]. The induction of 
Tregs by tBregs in this model was not mediated by IL-10, but 
by TGFβ. The important role of these cells and their contri-
bution to metastasis to the lungs was demonstrated by se-
lective targeting and depletion of this subset with anti-CD25 
or B220 antibodies. Treatment with these antibodies resulted 
in abrogation of lung metastasis. In this model, it was shown 
that stimulation of B cells with breast cancer cell-conditioned 
medium induced the development of Bregs. However, the 
identity of the factor(s) responsible was not determined in this 
study [22]. Further characterization showed that this subset 
can be induced by leukotriene B4 (LTB4), a lipid metabolite 
of the 5-lipoxigenase signalling pathway produced by breast 
cancer cells. LTB4 binds peroxisome proliferator activator-
receptor α (PPARα) expressed by B cells and induces the gen-
eration of tBregs which facilitate tumour escape [56].

Tumour cells can also induce Bregs by direct cell contact 
and cytokine production. The contribution of the PD-L1/
PD-1 signalling axis to the development and suppressive func-
tion of Bregs has been highlighted in recent studies. Culture 
of PD-L1 expressing human epithelial breast cancer cells with 
B cells can induces the development of CD24+CD38+Bregs, 
which are associated with increased tumour grade and higher 
frequency of Tregs in patients with invasive breast cancer 
[27]. Analyses of mouse models and samples from patients 
with pancreatic cancer have shown that IL-18-producing 
tumour cells induce the development of PD-1-expressing 
Bregs. These suppressor cells inhibit cytotoxic T and NK cells 
through IL-10 secretion [57].

Tumour cells, and some TME resident immune cells, also 
secrete exosomes that mediate the generation of IL-10 produ-
cing and PD-1-expressing Bregs. Exosomes, which are small 
cell-derived vesicles of 30–100 nm diameter, contain mRNAs 
and microRNAs that are translated to proteins by, and/or regu-
late gene expression in, cells that take them up [58]. Mao et 
al. demonstrated that exosomes derived from patients with 
oesophageal squamous cell carcinoma contain mRNAs associ-
ated with TLR4 and MAPK signalling that induce the gener-
ation of IL-10+ and PD1+ Bregs from healthy peripheral blood 
CD19+ B cells [32]. Microvesicles, 100–1000 nm cell derived 
particles that form from blebbing of the plasma membrane 
[59], can also generate Bregs in cancer. Lee-Chang et al. showed 
that glioblastoma-infiltrating MDSCs secrete PD-L1-containing 
microvesicles that are taken up by tumoral B cells. The acquisi-
tion of membrane-bound PD-L1 confers a suppressive pheno-
type to these B cells which subsequently acquire the ability 
to express TGFβ and IL-10 (10). Another exosome-mediated 
mechanism that generates Bregs has been unveiled in liver 
cancer. High mobility group box 1 protein (HMGB1) pre-
sent in exosomes derived from hepatocarcinoma cells induces 
a population of IL-10-secreting TIM-1+Bregs (CD5highCD24-

CD27−/+CD38+/high) which is associated with advanced stages of 
cancer development and reduced patient survival [36]. These 
studies suggest that tumour-derived factors regulate the differ-
entiation of suppressive immune cell types that promote tumour 
survival, progression, and metastasis (summarized in Fig. 1a).

Innate immune cells
Innate immune cells can also be found in the TME and have 
been suggested to induce Breg differentiation in both mice 
and humans. Characterization of the immune components in 
the 4T1 breast cancer model revealed that cell-to-cell inter-
actions between MDSCs (CD11b+Gr-1+) and B cells alter B 
cell functions (proliferation, apoptosis, and secretion of cyto-
kines and antibodies) and expression of checkpoint-associated 
molecules PD-1 and PD-L1. In tumour-bearing mice, MDSCs 
induce the emergence of a population of splenic PD1-PD-
L1+CD19+IL-10-secreting B cells that inhibit effector T cell 
proliferation and IFNγ expression [39]. The effects of the 
interactions between MDSCs and Bregs are in fact in both 
directions as tBregs can increase the suppressive function 
of monocytic and granulocytic MDSCs. TGFβ produced by 
Bregs can increase the ability of TGFβR1 and TGFβR2 ex-
pressing MDSCs to produce cytotoxic reactive oxygen spe-
cies and nitric oxide (NO), resulting in efficient inhibition of 
CD4+ and CD8+T cell anti-tumour responses [60]. In add-
ition to activating suppressive innate cell function Bregs can 
inhibit their anti-tumour activity. For instance, CD1dhiCD5+ 
Bregs produce IL-10 and downregulate the production of NO, 
TNFα, and the expression of activation markers by monocytes 
and macrophages limiting their anti-tumour activity. This phe-
nomenon is of therapeutic importance as even small numbers 
of CD1dhiCD5+Bregs can abrogate the antibody-mediated 
depletion of lymphoma cells, an anti-tumour response that 
depends on the cytotoxic activity of macrophages and mono-
cytes [45]. Dendritic cells (DCs) are another subset of innate 
immune cells with the potential of inducing Bregs. Due to 
their ability to present antigens, DCs in the TME contribute to 
anti-tumour responses by activating effector T cells. However, 
under certain circumstances, the TME induces DC polariza-
tion and the adoption of a tolerogenic profile that contrib-
utes to the generation of suppressor cells allowing tumour 
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Table 1: Phenotype and mechanism of action of major populations of Bregs identified in autoimmune conditions and different types of human and 
mouse cancer. EAE, experimental autoimmune encephalomyelitis; SLE, systemic lupus erythematosus. 

Phenotype Disease model Mechanism References 

Mouse
CD19+CD5+CD1dhi (B10) Health, EAE IL-10-mediated suppression [15]
CD19+CD21+CD23+CD24+CD1d+ 

(T2-Bregs)
Arthritis [16]

CD19+TIM-1+ (TIM-1 Bregs) Transplant tolerance [17]
LAG3+CD138hiBlimp1hiCD1dhiCD200h

iPDL1+PDL2+ (LAG3+ Plasma cells)
EAE IL-10- and IL-35-mediated suppression [18]

Human
CD19+CD24hiCD38hiCD1dhi SLE IL-10-medited suppression [19]
CD19+CD24hiCD27+ Rheumatologic disorders [20]
TIM-1+ Bregs Systemic sclerosis [21]
Mouse CD19+B220+CD25+CD69+ Breast cancer TGFβ-mediated induction of Tregs; decreased 

ratio of Th1/Th17
[22]

Human CD19+CD25+IL-10+ Breast cancer IL-10-mediated suppression [23]
Human CD19+IL-10+ Cervical and ovarian cancer, 

tongue squamous cell  
carcinoma

Induction of Tregs [24–26]

Human CD19+CD24+CD38+ Breast cancer Induction of Tregs [27, 28]
Acute myeloid leukaemia IL-10-mediated suppression [29]
Hepatocellular carcinoma IL-10- and IL-35-mediated suppression 

mechanisms
[30]

TGFβ and CD40/CD154 pathway-mediated 
tumour promotion

[31]

Human CD19+CD24hiCD27+ Squamous cell carcinoma IL-10-mediated suppression [32]
Mouse CD19+IL-10+PD-1+ Hepatocellular carcinoma IL-10-mediated inhibition of NK and CD8+T cells [33]
Human CD5hiCD24-/+ CD27hi/+CD38dim 

PD-1hi

Hepatocellular carcinoma  IL-10-mediated suppression [34]

Human CD19+PD-1hi Squamous cell carcinoma IL-10-mediated suppression [32]
Human CD19+CD24hiCD27+ Gastric cancer Suppression of IFNγ secretion by CD4+ T cells [35]
Human CD5highCD24-CD27−/+CD38+/

high TIM-1+

Hepatocellular carcinoma IL-10 mediated suppression of CD8+ T cells [36]

Human CD19loCD27hiTIM-1hi Colorectal cancer Suppression of IFNγ and TNFα secretion [37]
Human CD19+PD-1+PD-L1+ Thyroid cancer PD-L1-mediated suppression of CD4+ and CD8+ 

T cells
[38]

Human and mouse CD20+PD-L1+ Glioblastoma IL-10 and TGFβ- mediated suppression of CD8+ 
T cells

[9]

Human and mouse CD19+PD-1-

PD-L1+

Breast cancer PD-L1-mediated suppression [39]

Mouse CD25+CD86+PD-L1+ PD-L1hi Breast cancer PD-L1 and TGF-β mediated suppression of T cells 
proliferation and cytokine secretion

[40]

Mouse CD19+CD81+CD27+CD25+PD-
L1hi

Fibrosarcoma TGF-β-mediated inhibition of T cells activation [41]

Human and mouse 
CD19+B220loCD138+IgA+

Hepatocellular carcinoma PD-L1-mediated suppression [42]

Mouse CD19+IL-10+PD-L1+IgA+ Colorectal and prostate cancer Suppression of CD8+ cytotoxic cells; lymphotoxin-
mediated induction of tumour progression

[43, 44]

Mouse CD19+CD1hiCD5+ Lymphoma, IL-10-mediated inhibition of ADCC by monocytes [45]
Pancreatic cancer IL-35-mediated suppression and induction of 

tumour growth
[46, 47]

Mouse CD19+CD5+CD43+ Pancreatic cancer PD-L1-mediated suppression of CD8+ T cells [48]
Melanoma IL-10 mediated suppression IFNγ and TNFα by 

CD8+ T cells
[49]

Mouse CD19+CD5- Melanoma Tumour progression via STAT3-regulated  
angiogenesis

[50, 51]
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progression [61]. In vitro analyses have shown that stimula-
tion with dexamethasone and 1α,25-dihydroxyvitamin D3 
produces tolerogenic DCs that can generate Tr1 (CD4+IL-
10+CD25-Foxp3-) and IL-10+Bregs from healthy PBMCs [62]. 
Further, in models of autoimmunity it has been reported that 
IgA-producing Bregs are generated under the influence of A 
proliferation-inducing ligand (APRIL). Like their autoimmune 
counterparts, IgA+ Bregs in cancer suppress T cells and macro-
phages by IL-10- and PD-L1-mediated mechanisms [43, 63]. A 
recent study has shown that eosinophils are a source of APRIL, 

a cytokine that drives the generation of Bregs in the context of 
gastric lymphoma [64]. This suggests that eosinophils, which 
have been detected in the TME in several types of cancer [65], 
could also play an important role in the generation of Bregs in 
cancer (Fig. 1b summarizes potential innate cell contribution 
to Breg generation in cancer).

Adaptive immune cells
Adaptive immune cells have also been shown to contribute 
to Breg development. In non-small cell lung cancer (NSCLC), 

Figure 1: Cellular and molecular mediators of Breg induction in the tumour microenvironment. Bregs in the tumour microenvironment are induced by 
mechanisms involving molecules expressed or secreted by tumour cells. (a) Tumour-derived exosomes induce the generation of PD-L1- and TIM-1-
expressing Bregs that produce IL-10 and/or TGFβ. PD-L1-expressing tumour cells induce the conversion of effector B cells into IL-10-producing Bregs. 
Lipid metabolites such as leukotriene B4 induce TGFβ-producing Bregs. Tumour-derived cytokines such as IL-18 induce suppressive PD-1-expressing 
Bregs, whilst IL-6 induces the production of endothelial growth factors by CD5+ Bregs that contribute to angiogenesis. (b) Innate immune cells such 
as myeloid-derived suppressor cells (MDSCs) and tolerogenic dendritic contribute to the generation of IL-10-producing and PD-L1-expressive Bregs. 
These cells can downregulate the cytotoxic activity of monocytes and macrophages. PD-L1-containing exosomes released by MDSCs induce Breg to 
secretion of TGFβ, which in turn activates MDSC to produce oxygen reactive species and nitric oxide (NO) to inhibit effector T cells. (c) IL-21 and IFNγ-
producing T follicular helper cells are adaptive immune cells that can induce IL-10-producing Bregs.

Phenotype Disease model Mechanism References 

Human CD38+CD1d+IgM+CD147+ Mammary, ovarian, cervical, colo-
rectal and prostate carcinoma

Granzyme B-mediated inhibition of T cells  
proliferation

[52]

Mouse CD19+CD21high Skin carcinoma TNFα−mediated induction of papilloma  
development

[53]

Human CD20+CD27- Melanoma PD-L1-mediated suppression of T cells [54]
Human CD19+CD49b+CD73+IgG4+ Melanoma Secretion of pro-angiogenic factors [55]

Table 1. Continued
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functionally deficient T follicular helper cells (Tfh), with im-
paired ability to secrete IL-21, can induce Bregs differenti-
ation. Culturing PD-1+Tfh with PD-L1-expressing NSCLC 
cells preferentially expands IL-21-deficient Tfh which can 
then expand IL-10+Bregs [66]. Another subset of Tfh, termed 
T follicular regulatory cells, induces the differentiation of 
IL-10-producing B cells in breast cancer [67] (Fig. 1c). In con-
trast, some Tfh subsets can inhibit Breg generation in cancer. 
For instance, a population of IFNγ secreting Tfh (Tfh1) in-
hibits the development of CD24+CD38+ Bregs in Helicobacter 
pylori (H. pylori)-infected gastric cancer patients. Surprisingly, 
this is associated with a worse outcome as H. pylori-infected 
patients with high levels of Bregs did not develop gastric 
cancer. These results suggest that Bregs might downregulate 
the tissue-damaging pro-inflammatory responses triggered by 
bacterial infection that generate an environment that favours 
tumour progression [68]. These observations and the fact that 
several types of cancer are associated with chronic inflamma-
tion due to infection add another level of complexity to the 
biology of Bregs in cancer, especially as recent studies have 
shown the important role of the intestinal microbiome in the 
induction of Bregs [69, 70].

Bregs mechanisms for tumour promotion and 
suppression of anti-tumour responses
IL-10
In the majority of studies of Breg biology across all fields, 
IL-10 expression has been suggested to be their primary 
mechanism of suppression. IL-10+ Bregs and their positive 
correlation with Tregs [23], suppression of CD4+ and CD8+T 
cells anti-tumour responses, and their induction of a tolerant 
TME have now been described in numerous solid and haem-
atological cancers including liver, cervical, ovarian, gastric, 
and breast cancers, head and neck squamous cell carcinoma 
(HNSCC) [23–26, 29, 35], acute myeloid leukaemia, and non-
Hodgkin lymphoma [8, 30, 71–73]. However recent studies 
have shown that a variety of B cell subpopulations display 
IL-10-dependent suppressive immune regulatory functions 
[11, 13, 74]. For instance, CD19loCD27hiB cells detected in 
colorectal cancer and expressing high levels of TIM-1 have 
potent IL-10-mediated immunosuppressive function [37]. 
Studies with TIM-1-expressing Bregs have provided insight 
into the intracellular molecular mechanisms that control 
IL-10 production and suppressive function of Bregs. TIM-
1+B cells in leukaemia have decreased levels of microRNAs 
MiR-15a/16-1 which targets the 3ʹ-untranslating region of 
STAT3. With decreased MiR-15a/16-1, STAT3 levels and ac-
tivity increase resulting in IL-10 production [75]. Similarly, 
B1a Bregs (CD19+CD5+CD43+) have been described to use 
IL-10 to inhibit IFNγ and TNFα production by CD8+T cells 
thus negatively regulating tumour immunity against mel-
anoma cells [49].

However, as in the fields of autoimmunity and infection, it is 
evident that in the context of cancer there is also a diversity of 
Bregs and many of these Bregs may deploy IL-10-independent 
suppressive mechanisms as well as, or instead of, IL-10 ex-
pression [76]. A summary of these mechanisms is shown in 
Fig. 2. For instance, in hepatocellular carcinoma, while there 
are increased numbers of IL-10+ Bregs in the peripheral blood, 
which are indicative of the generation of a pro-tumour envir-
onment, there are also increased levels of IL-35, a cytokine 

that has recently been associated with Breg function [30]. 
A second study of hepatocellular carcinoma also implicated 
TGFβ in Breg suppressive function. Here, CD24+CD38+ Bregs 
promote tumour progression through a mechanism involving 
CD40 and CD40L interactions with cancer cells that subse-
quently leads to the secretion of IL-10 and TGFβ that sustain 
tumour proliferation [31]. In the next subsection, we will de-
scribe several IL-10-independent mechanisms of suppression 
mediated by Bregs in the TME.

IL-35
IL-35-producing B cells have recently been identified as key 
negative regulators of immunity. With a phenotype resem-
bling plasma cells (IgM+CD138hiCD19+) this subset of Bregs 
function as APCs and modulates the activation of macro-
phages and T cells in models of bacterial infection [18, 77]. 
In pancreatic and gastric cancer, different populations of 
IL-35-secreting Bregs display suppressive mechanisms that 
go beyond the generation of Tregs [46, 78]. Mirlekar et al. 
showed that IL-35, specifically produced by Bregs, triggers 
activation of transcription activator STAT3 in gp130+CD8+ T 
cells leading to inhibition of chemotactic receptors (CXCR3 
and CCR5) and IFNγ expression. This results in blocking 
tumour infiltration and inhibition of cytotoxic function by 
CD8+T cells [79]. Another pro-tumour effect of B cell pro-
duced IL-35 has been described in gastric cancer. In that 
study increased levels of IL-35+B cells were found in advanced 
stages of cancer, and this was associated with increased fre-
quency of Tregs [80]. In a model of pancreatitis and liver me-
tastasis, the crucial role of B cells was demonstrated when 
antibody-mediated depletion of B cells resulted in dimin-
ished pancreatic intraepithelial neoplasia. Refined analyses 
showed that Breg-derived IL-35 induced the expression of 
PD-L1 in B cells which then suppressed CD8+ T cells [48]. 
Studies with pancreatic tumour cells suggested that in some 
settings B cell-derived IL-35 drives tumour growth not only 
by downregulating anti-tumour responses but also by acting 
as an endogenous growth factor that promotes tumour cell 
proliferation and inhibits apoptosis [81]. Indeed, 2 years later 
direct evidence was obtained showing that IL-35 produced 
by CD1dhiCD5+ Bregs acted as a growth factor for tumour 
cells [47]. Similar to B-cell IL-35 production, IL-35 produced 
by Tregs in the TME induces a state of cell exhaustion and 
dysfunction of CD4+ and CD8+ T cells characterized by in-
creased expression of negative immune checkpoints TIM-3, 
PD-1, and LAG3 [82]. In addition, tumour cells themselves 
can produce IL-35 and support the generation of Tregs and 
recruitment of CD11b+Gr-1+MDSCs [83, 84] that contribute 
to angiogenesis and pro-tumour activities. All these studies 
together suggest that cooperative IL-35 mediated interactions 
might be established between MDSCs, Bregs, and Tregs to 
generate a TME that promotes cancer progression.

TGFβ and pro-inflammatory cytokines
Early studies in non-Hodgkin lymphoma showed that sup-
pressive B cells expressed membrane-bound TGFβ that pro-
moted the expression of Foxp3 and the development of Tregs, 
suggesting that Bregs could be pro-tumorigenic in cancer 
[73, 85]. More recent work has directly proved a suppres-
sive role for TGFβ expression by Bregs in the inhibition of 
cancer immune responses. For instance, inhibition of the TGF 
receptor (TGFR) with small-molecule inhibitors abolishes the 
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suppression established by CD81+CD27+PD-L1+B cells in a 
model of fibrosarcoma [41]. Interestingly, here the authors 
reported that tBregs expressed constitutively active STAT3, 
and future experiments proved that this signalling protein is 
crucial for the TGFβ suppressive phenotype in Bregs. Studies 
with polyphenol molecule resveratrol, which specifically in-
activates STAT3, show that it inhibits the development of 
Bregs and TGFβexpression, resulting in restoration of anti-
tumour immune response and control of inhibition of tumour 
growth by effector T cells [9]. The expression of membrane-
bound TGF-β and PD-L1 confers on Bregs the ability to con-
trol NK cell activity and to impair anti-tumour responses in 
mouse models of breast cancer [40]. As reported for Tregs, 
TGFβ expressed by Bregs can downregulate the expression of 
the activating receptor NKG2D by NK cells and by doing this 

inhibit NK cell function [86]. In another IL-10-independent 
suppression mechanism, Bregs can induce the recruitment of 
Tregs to mouse mammary primary tumours which are as-
sociated with a decreased NK cell activity [76]. Further, by 
supporting the expansion of suppressive Tregs and MDSCs, 
Bregs can also downmodulate indirectly anti-tumour NK 
cell activity [74, 87] (see Fig. 2). Further characterization of 
TGFβ-producing Bregs showed that this subset can also ex-
press PD-L1 (the function of which is discussed below) [40].

Bregs whose action is IL-10-independent also includes 
TNFα-producing B cells that decrease the frequency of cyto-
toxic CD8+ T cells and promote papilloma development in a 
model of chemically induced skin carcinoma [53]. Another 
mechanism by which B cells promote tumour progression 
has been described in castration-resistant prostate cancer 

Figure 2: Mechanisms of suppression by Bregs in the tumour microenvironment. Different populations of Bregs produce IL-10, IL-35, and TGFβ that 
mediate the suppression of anti-tumour responses by T cells. All three regulatory factors also induce the generation of Tregs. IL-10 and IL-35 suppress 
tumour infiltration, proliferation, cytokine production, and cytotoxic activity of CD4+ and CD8+T cells. IL-35 and lymphotoxin (LT) can act as growth 
factors for tumour cells. VEGF produced by Bregs can act on endothelial cells and promote angiogenesis. In addition, IL-35 induces the expression of 
negative immune checkpoint molecules TIM-3, PD-1, and LAG-3. A population of Bregs secretes granzyme B that inhibits the proliferation of CD4+ 
T cells. Bregs can also express ectonucleotidases CD39 and CD73 that convert ATP into 5ʹAMP and ADO to inhibit CD4+ T cells and effector B cells, 
respectively. TGFβ produced by Bregs can directly, or indirectly through the induction of MDSCs and Tregs, downregulate NK cell activity. IgG4+ B cells 
induce tolerogenic M2-like macrophages and inhibit ADCC by binding FcγRI.
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where B-cell lymphotoxin expression has been implicated. In 
this model, B cells were found to be recruited to primary tu-
mours in a CXCL13-dependent fashion. There they produced 
lymphotoxin which contributed to the activation of pros-
tate tumour cells IKKα and STAT3, resulting in androgen-
independent growth of prostate cell tumours [88]. Further 
analyses determined that immunosuppressive B cells had an 
IgA+IL-10+PD-L1+ plasmocyte phenotype [44]. Granzyme-B 
expression by Bregs has also been reported to contribute 
to cancer immune evasion. Lindner et al. described that 
granzyme-B expressing B cells could be detected in sections 
from multiple solid-organ cancers, including mammary, cer-
vical, ovarian, colorectal, and prostate carcinomas. These 
Bregs had a CD38+CD1d+IgM+CD147+ phenotype and were 
induced by IL-21 secreting regulatory T cells (IL-21 expres-
sion also being detected within the tumour tissue). These 
Bregs were subsequently able to inhibit the proliferation of 
T cells by a GrB-dependent degradation of the TCRζ chain. 
This suppressive mechanism is also used by Tregs, so it is pos-
sible that this subset of Bregs cooperates with Tregs to sup-
press anti-tumour responses mediated by T cells [52].

PD-1/ PDL1
The PD-1/PD-L1 axis not only contributes to the generation 
of Bregs (as mentioned above) but is also part of the sup-
pressive mechanisms used by Bregs in the TME. Xiao et al. 
identified PD-1+ tumour-infiltrating Bregs in hepatocellular 
carcinoma that contributes to tumour progression. This 
subset is distinct from peripheral CD24+CD38+Bregs and 
presents a CD5hiCD24−/+CD27hi/+CD38dim phenotype, 
produces IL-10 and its development depends on TLR4-
mediated BCL6 upregulation [34]. PD-L1 expressing Breg 
subsets (CD20+CD27− Bregs) have also been described 
to suppress T-cell-mediated anti-tumour response in mel-
anoma patients [54].

Angiogenesis
Angiogenesis, epithelial cell proliferation, and the recruitment 
of innate immune cells that contribute to chronic inflamma-
tion in the TME are pro-tumour mechanisms that can be 
modulated by B cells [89]. Evidence from different types of 
cancer suggests that B cells can have a pro-angiogenic cap-
acity and the ability to modulate endothelial cell function. 
In tumour samples from patients with melanoma and pros-
tate cancer, the mechanism involves the activation of intrinsic 
STAT3 in B cells leading to the secretion of angiogenic fac-
tors S1PR1, MMP9, HIF1a, VEGF, and their accumulation 
around micro vessels in the tumour [50]. Further evidence of 
a role for Bregs in the promotion of angiogenesis was pro-
vided by Zhang et al. Here it was found that CD5+B cells 
are activated by direct ligation of CD5 by IL-6 leading to the 
upregulation of STAT3 by CD5+B cells. This leads to the se-
cretion of the pro-angiogenic factors VEGF and CCL2 by the 
B cells which support tumour vascularization [51]. Evidence 
for the pro-angiogenic role of B cells has also been provided 
by transcriptomic analysis of immortalized B cells from the 
peripheral blood. Van de Veen et al. identified a population 
of CD49b+CD73+IgG4+B cells that produce VEGF, CYR61, 
AIDM, FGF2, PDGFA, and MDK that contribute to the ac-
tivation of an “angiogenic switch” that favours metastasis 
in several types of cancer. Indeed, an increased frequency of 
peripheral and infiltrating CD49b+CD73+B cells was found 

in peripheral blood and tumour lesions of patients with mel-
anoma, a malignancy characterized by its high metastatic 
potential [55]. In vitro functional assays showed that super-
natants derived from BCR-activated CD49b+CD73+B cells in-
duced the formation of endothelial cell tubes, strengthening 
the evidence that Bregs contribute to angiogenesis. Put to-
gether, these data point to B cells being major players in a 
sophisticated and highly orchestrated set of processes control-
ling tumour angiogenesis.

CD39 and CD73
Another mechanism of suppression of T cell anti-tumour re-
sponses is mediated by Bregs expressing CD39 and CD73 
[90]. These two ectonucleotidases catalyze the conversion 
of extracellular ATP into 5ʹ-AMP and adenosine, which are 
recognized by adenosine receptors expressed by several cell 
types, including Tregs and APCs. In vitro studies showed that 
activated B cells produced 5ʹ-AMP which upon recognition 
by adenosine receptor A3-R inhibited cytokine production 
and proliferation of effector T cells [90]. The metabolic con-
version of ATP and binding to A1-R has been recognized as 
one of the main suppressive mechanisms deployed by Tregs 
[91, 92]. In the context of cancer, the major consequence 
of adenosine production is the induction of an immuno-
suppressive environment characterized by the generation of 
Tregs with increased functional activity, the downregulation 
of effector T cell function (increased apoptosis and anergy 
phenotype) and the induction tolerogenic APCs [93, 94]. The 
co-existence of adenosine-producing B cells and Tregs in the 
tumour microenvironment suggests a cooperative effect be-
tween these two suppressive lymphocyte subsets that might 
predict a negative outcome for cancer patients. A study of 
HNSCC cancer demonstrated that Breg adenosine produc-
tion may also have consequences for the function of effector 
B cells. Adenosine produced by CD39+CD73+Bregs was rec-
ognized by effector B cells leading to inhibition of intracel-
lular Ca2+ release and BTK signalling. By inhibiting B effector 
cell function, Bregs can potentially impair B cell effector-
mediated anti-tumour response [95]. Finally, and of interest 
from the therapeutic point of view, CD39+CD73+ Bregs and 
their ability to produce extracellular adenosine are signifi-
cantly decreased after chemotherapy [96]. Adding another 
level of complexity to the biology of Bregs, the immuno-
globulin isotype expressed by B cells in the TME seems to 
be associated with their regulatory potential. Early in 2012, 
a research group in Japan described the presence of IgG4+ 
plasma cells in patients with cholangiocarcinoma, a rare form 
of hepatic cancer involving the bile ducts [97], The presence 
of the IgG4+ B cells was associated with increased frequency 
of CD4+Foxp3+ T cells and decreased CD8+ T cells, suggesting 
the evasion of immunosurveillance by CD8+ cytotoxic T cells. 
Further characterization of the regulatory mechanisms of 
IgG4+ B cells showed that in human colon cancer these cells 
are able to induce the development of M2-like macrophages 
that favour the induction of a tolerogenic environment that 
impairs anti-tumour responses, promotes tumour progres-
sion, and is associated with poor prognosis [98]. Another 
suppressive mechanism mediated by IgG4+ B cells, described 
in patients with oesophageal cancer and mouse models of 
breast, colon, and skin cancer, involves inhibition of ADCC 
[99]. It is possible that this suppressive mechanism involves 
the inhibition of IgG1 anti-tumour functions through binding 
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and inhibition of FcγRI activation, as shown in a xenograft 
model of melanoma [100].

Bregs in B cell malignancies?
As well as suppressing anti-tumour responses, B cells them-
selves can be the origin of transformed cells. Like solid tissue 
tumours, B cell lymphomas exploit immunoregulatory cells 
to protect themselves from antitumour responses. Analysis 
of mice in which B cells express a constitutively activated 
Notch-1 signalling pathway unveiled a mechanism in which 
B cells produce increased levels of IL-33 leading to induc-
tion of Tregs and Th2 responses, and downregulation of Th1 
and CD8+ T cells activity [101]. IL-33, a member of the IL-1 
superfamily, has pro-inflammatory properties and signalling 
through its receptor, ST2, has been implicated in the shaping 
of the Treg phenotype associated with gastric cancer [102]. 
Mirroring the results in the Notch-1 animal model, analysis 
of gene-expression by diffuse large B-cell lymphomas showed 
the presence of activated Notch-1 signalling which correlated 
with increased levels of IL-33 and Treg gene signatures [101]. 
CD24+CD38+ B cells in the bone marrow and peripheral blood 
of patients with multiple myeloma can inhibit the ADCC dis-
played by NK cells against myeloma cells. Interestingly, in this 
study evidence has been found of beneficial reciprocal inter-
actions between myeloma cells and B cells. It has been shown 
that myeloma cells inhibit the apoptosis of B cells, thus al-
lowing the maintenance of the immunosuppression that bene-
fits myeloma progression [103]. The relevance of this B cell 
population has been highlighted using blocking anti-CD38 
antibodies in chronic lymphocytic leukaemia (CLL) that tar-
gets and depletes both B and T regulatory cells. In this model, 
therapeutic anti-CD38 antibodies shift the balance from sup-
pressive cells to reactive cells (Th17 and CD8+ T cells) that 
mediate an anti-CLL response [104]. It will be important to 
fully determine whether the responses seen are due to Bregs 
activity or these are part of the mechanism of survival dis-
played by actual malignant B cells.

When aggressive chemotherapy is required to control B 
cell malignancies, or other leukaemia or lymphomas, bone 
marrow transplantation can be required to re-establish the 
patient’s immune system. Graft versus host disease (GvHD) 
remains a severe, life-threatening, potential side effect of allo-
geneic hematopoietic stem cell transplantation (allo-HSCT) 
affecting around 50% of recipients worldwide [105]. Donor-
derived B cells have been reported to contribute substantially 
to chronic GvHD following allo-HSCT [106, 107]. Elevated 
levels of CD19+CD21low B cells in the peripheral blood of allo-
HSCT recipients with acute leukaemia have been proposed as 
a biomarker of the development of GvHD in the lung [108], 
and rituximab mediated prophylactic pre-transplant B cell de-
pletion reduces the incidence of GvHD in allo-HSCT recipi-
ents with CLL and mantle cell lymphoma [109]. However, 
regulatory B cells have also been suggested to be beneficial in 
an allo-HSCT setting by repressing GvHD without inhibiting 
anti-leukaemic immune responses.

Studies by Khoder et al. and de Masson et al. both iden-
tified a loss of IL-10-producing regulatory B cells in allo-
HSCT recipients with GvHD compared to patients without 
GvHD [110, 111]. De Masson et al. also reported a loss of B 
cells with a previously described CD19+CD24hiCD27+ Breg 
phenotype [20] in patients with GvHD [111]. Both groups 
suggested that this loss of Breg function may contribute to 

the development of GvHD, and experimental mouse models 
of GvHD support this idea. For instance, adoptive transfer 
of donor derived CD5+CD1dhi Bregs at the time of allogeneic 
bone marrow transplantation has been described to signifi-
cantly reduce the severity of sclerodermatous GvHD [112], 
and in a murine leukaemia setting co-transfer of CD5+CD1dhi 
Bregs could significantly reduce the severity of GvHD while 
importantly maintaining an effective immune response against 
murine acute myeloid leukaemia cells [113]. While cellular 
therapy with donor Bregs in humans may be distant, similar 
features may be present when cord blood is used as the source 
for haematopoietic stem cells for leukaemia/lymphoma pa-
tients; cord blood HSCT induces a robust expansion of IL-10 
producing B cells that can suppress CD4+ T cell proliferation 
in those recipients that escape GvHD [114]. Thus, regulatory 
B cells may in fact be beneficial in HSCT treatment of patients 
with B cell malignancies.

Breg localization in cancer
From the clinical and therapeutic points of view, it is important 
to determine where Bregs are localized, and how they promote 
cancer in different environments. In addition to their localiza-
tion within primary tumours as part of the lymphocyte infil-
trate, Bregs can also be found in tumour-draining lymph nodes 
(TDLN) and the peripheral blood. Recent research in mouse 
models of melanoma and breast cancer has shown that Bregs 
of a transitional 2-marginal zone (B220+IgMhiCD21hiCD23+) 
or a PD-1-PDL-1+ phenotype accumulate in TDLN just be-
fore the onset of metastasis [39, 115]. These results suggest 
that tumours induce the establishment of a tolerant micro-
environment by inducing the accumulation of Bregs in TDLN. 
Metastatic tumour cells entering the lymphatic network 
might arrive to TDLN and encounter favourable, immune-
suppressed conditions that would allow their dissemination to 
distal parts to establish secondary growths.

However, analyses of TDLN from patients with HNSCC 
have cast a doubt on whether Bregs have a suppressive role 
in that environment. Contrary to the general idea that Bregs 
have a pro-tumour effect, it has been shown that the fre-
quency of Bregs (CD5+, CD1dhiCD5+, and CD24hiCD38hi) 
decreased as tumours progressed from early to late stages, 
and that the frequency of Bregs in TDLN was positively as-
sociated with good prognostic clinical parameters [116]. The 
authors also identified subsets of atypical memory B cells and 
although they do not provide functional or mechanistic in-
formation, their results suggest that a fine balance among the 
different B cell populations (stimulatory versus suppressive) 
in lymph nodes alters the metastatic potential of tumour cells 
in HNSCC. Studies in pre-clinical mouse models of pancre-
atic cancer have also challenged the general idea that Bregs 
favour tumour progression. Rather, the authors suggest that 
under certain conditions bulk B cell populations, which in-
clude Bregs, secrete immunostimulatory molecules and es-
tablish cell to cell interactions that contribute to anti-tumour 
responses [117]. Further evidence against a pro-tumour role 
for Bregs comes from study of patients with stage I breast 
cancer where there was no correlation between the frequency 
of Bregs in the peripheral blood and the tumour stage [39]. 
It would be important to determine in follow-up studies 
whether the frequency of Bregs at early stages of tumour de-
velopment correlates with tumour aggressiveness and metas-
tasis at more advanced stages [39].
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As well as in the blood and TDLN, Bregs have been suggested 
to be present in tertiary lymphoid structures. For instance, ana-
lyses of hepatic lesions found in the early stages of liver car-
cinogenesis have shown enrichment of B cells and markers of 
immunosuppressive activity in TLS that might be associated 
with the full development of hepatocellular carcinoma [118].

The presence of stimulatory or suppressive B cells in dif-
ferent compartments of the TME might be determined by the 
pattern and expression level of adhesion molecules that allow 
the recruitment and homing of relevant immune cell popu-
lations. Analysis of gene expression in adenocarcinoma and 
squamous cell lung cancer has uncovered that overexpression 
of a set of endothelial adhesion molecule genes (including 
P-selectin, E-selectin, ICAM-1, VCAM-1, and ITGB1) favours 
infiltration of activated B cells (including Bregs) and Tregs 
versus the infiltration of effector CD4+ and cytotoxic CD8+ 
T cells. The opposite effect was seen when cellular barrier 
molecule genes (claudin-1/5/7, E-cadherin or desmoplakin) 
were overexpressed, in this case effector CD4+ and cytotoxic 
CD8+T cell infiltration was favoured over B cell infiltration [5]. 
Although no direct correlation between the expression of ad-
hesion molecules with survival outcomes has been reported, 
this might be just one of multiple factors that determine the 
increased frequency and activity of Bregs and immunosup-
pressive T cell populations in TLS. Taken together, the ap-
parent contradictory results on the suppressive role of Bregs 
might be influenced by the type and stage of cancer analysed. 
In the case of studies with animals some important facts have 
to be considered. Recruitment and infiltration of immune cells 
to primary tumours differ in quantity and cell immune types 
in genetic and injected orthotopic models. Also, studies with 
B-cell deficient mice [119] to evaluate the specific role of B cells 
in tumour biology have to be considered carefully as it might 
be possible that results are not a consequence simply of the 
lack of B cells but may be due to wider changes to the immune 
system of a mouse that develops in the absence of B cells [117].

Therapeutic targeting of Bregs
In studies with potential therapeutic application, Bodogai et al., 
have described a novel mechanism in which in vivo targeting 
of B cells with a conjugate of CXCL13 and CpG oligonucleo-
tides (CXCL13/CpG-ODN) inhibits tBreg generation, re-
sulting in blocking of cancer metastasis. CXCL13/CpG-ODN 
treatment induces expression of TNFR:TNF family member 
4-1BBL (CD137L) on tBregs, which in turn elicits the activity 
of CD8+ cytotoxic T cells [120]. The use of small-molecule in-
hibitors to block Breg activity also has therapeutic potential. 
Cobimetinib and Tirabrutinib, inhibitors of the MAP kinase 
pathway and signalling molecule BTK, specifically inhibit 
IL-10 production and development of subsets CD1hiCD5+, 
TIM-1+ and CD21+CD23+CD24+Bregs without affecting 
other B cell subsets in mouse models of colon and pancreatic 
cancer [121, 122]. Targeting the inhibition or depletion of all 
B cells for therapeutic purposes in cancer remains controver-
sial. Studies in renal cell carcinoma and melanoma have indi-
cated that depletion of B cells with the monoclonal antibody 
rituximab (anti-CD20) does not have any effect on the clin-
ical outcome of cancer [4]. Bodogai et al in contrast suggested 
that the use of rituximab depletes inflammatory B cells and 
actually enriches Bregs, as this subset expresses low levels of 
CD20, and that this might result in tumour progression [120]. 
However, a recently described strategy that specifically targets 

Bregs by use of a plasmid coding for a recombinant protein 
incorporating an anti-CD19 single-chain variable fragment 
and the extracellular domain of IL-10R1 (CD19scFV-IL-10R) 
appears to have had positive results. In vivo administration 
of this plasmid induced a significant reduction of Bregs and 
Tregs, enhanced cytotoxic CD8+T cells activity, and inhibited 
the development of hepatocellular carcinoma [33]. Current 
therapies used in oncology clinics could also have an impact 
on Bregs activity. Anti-PD-1 and anti-PD-L1 therapeutic anti-
bodies have been successfully used as immune checkpoint in-
hibitors to treat some forms of cancer [123]. In view of the fact 
that PD-1/PD-L1 interactions are important for both Breg gen-
eration and function, it is tempting to suggest that antibodies 
that disrupt this interaction might also block the suppressive 
function of Bregs mediated by these two molecules. The de-
scription of critical molecules and mechanisms mediating the 
function of Bregs offers many possibilities for the development 
of inhibitors with potential therapeutic effects. The challenge 
for the development of therapeutic strategies will be to specif-
ically target Bregs and disrupt interactions with other immune 
cells that lead to pro-tumour effects.

Concluding remarks
Building up from extensive research in the infection and auto-
immunity fields, different types of Bregs that promote tumour 
growth and metastasis have been described in many different 
animal models and types of cancer. A detailed description of 
the markers defining different Bregs, and the cell interactions 
and networks they establish with tumour-associated cells is 
critical for a full understanding of what triggers Bregs sup-
pressive mechanisms and how they modulate anti-tumour 
immunity. This knowledge will allow the specific targeting 
and inhibition of Bregs activity that will result in effective 
cancer immunotherapies.

Funding
PB is supported by grant MR/T000910/1 from UK Research 
and Innovation/Medical Research Council.

Conflict of interests
The authors declare that they have no known competing fi-
nancial interests.

Author contributions
F.F.-B. and P.B. discussed the content of the article, researched, 
selected, and reviewed papers, wrote and edited the manu-
script, and approved the submitted version. F.F.-B. made the 
figures.

Data availability
Data sharing is not applicable to this article as no new data 
were created or analysed in this study.

References
1. Mauri C, Blair PA. Regulatory B cells in autoimmunity: 

developments and controversies. Nat Rev Rheumatol 2010, 6, 
636–43. doi:10.1038/nrrheum.2010.140.

https://doi.org/10.1038/nrrheum.2010.140


42 Flores-Borja and Blair

2. Rosser EC, Mauri C. Regulatory B cells: origin, phenotype, 
and function. Immunity 2015, 42, 607–12. doi:10.1016/j.
immuni.2015.04.005.

3. Aklilu M, Stadler WM, Markiewicz M, Vogelzang NJ, Mahowald 
M, Johnson M, et al. Depletion of normal B cells with rituximab as 
an adjunct to IL-2 therapy for renal cell carcinoma and melanoma. 
Ann Oncol 2004, 15, 1109–14. doi:10.1093/annonc/mdh280.

4. Sarvaria A, Madrigal JA, Saudemont A. B cell regulation in cancer 
and anti-tumor immunity. Cell Mol Immunol 2017, 14, 662–74. 
doi:10.1038/cmi.2017.35.

5. Chae YK, Choi WM, Bae WH, Anker J, Davis AA, Agte S, et al. 
Overexpression of adhesion molecules and barrier molecules is associ-
ated with differential infiltration of immune cells in non-small cell lung 
cancer. Sci Rep 2018, 8, 1023. doi:10.1038/s41598-018-19454-3.

6. Shimokawara I, Imamura M, Yamanaka N, Ishii Y, Kikuchi 
K. Identification of lymphocyte subpopulations in human 
breast cancer tissue and its significance: an immunoperoxidase 
study with anti-human T- and B-cell sera. Cancer 1982, 49, 
1456–64. doi:10.1002/1097-0142(19820401)49:7<1456::AID-
CNCR2820490724>3.0.CO;2-%23.

7. Handley W. The Bunterian lectures on the pathology of melanotic 
growths in relation to their operative treatment. Lancet 1907, 169, 
996–1003.

8. Dong Q, Li G, Fozza C, Wang S, Yang S, Sang Y, et al. Levels 
and clinical significance of regulatory B cells and T cells in 
acute myeloid leukemia. Biomed Res Int 2020, 2020, 7023168. 
doi:10.1155/2020/7023168.

9. Lee-Chang C, Rashidi A, Miska J, Zhang P, Pituch KC, Hou D, 
et al. Myeloid-derived suppressive cells promote B cell–mediated 
immunosuppression via transfer of PD-L1 in glioblastoma. Cancer 
Immunol Res 2019, 7, 1928–43. doi:10.1158/2326-6066.CIR-19-
0240.

10. Haist M, Stege H, Grabbe S, Bros M. The functional crosstalk 
between myeloid-derived suppressor cells and regulatory T cells 
within the immunosuppressive tumor microenvironment. Cancers 
(Basel) 2021, 13, 210–43.

11. Shang J, Zha H, Sun Y. Phenotypes, functions, and clinical rele-
vance of regulatory B cells in cancer. Front Immunol 2020, 11. Ar-
ticle no.: 582657. doi:10.3389/fimmu.2020.582657

12. Li Q, Lao X, Pan Q, Ning N, Yet J, Xu Y, et al. Adoptive transfer 
of tumor reactive B cells confers host T-cell immunity and tumor 
regression. Clin Cancer Res 2011, 17, 4987–95. doi:10.1158/1078-
0432.ccr-11-0207.

13. Michaud D, Steward CR, Mirlekar B, Pylayeva-Gupta Y. Regula-
tory B cells in cancer. Immunol Rev 2021, 299, 74–92. doi:10.1111/
imr.12939.

14. Nelson MA, Ngamcherdtrakul W, Luoh SW, Yantasee W. Prog-
nostic and therapeutic role of tumor-infiltrating lymphocyte 
subtypes in breast cancer. Cancer Metastasis Rev 2021, 40, 519–36. 
doi:10.1007/s10555-021-09968-0.

15. Matsushita T, Yanaba K, Bouaziz J-D, Fujimoto M, Tedder TF. Reg-
ulatory B cells inhibit EAE initiation in mice while other B cells 
promote disease progression. J Clin Invest 2008, 118, 3420–30. 
doi:10.1172/JCI36030.

16. Evans JG, Chavez-Rueda KA, Eddaoudi A, Meyer-Bahlburg A, 
Rawlings DJ, Ehrenstein MR, et al. Novel suppressive function of 
transitional 2 B cells in experimental arthritis. J Immunol 2007, 
178, 7868–78. doi:10.4049/jimmunol.178.12.7868.

17. Ding Q, Yeung M, Camirand G, Zeng Q, Akiba H, Yagita H, et al. 
Regulatory B cells are identified by expression of TIM-1 and can 
be induced through TIM-1 ligation to promote tolerance in mice. J 
Clin Invest 2011, 121, 3645–56. doi:10.1172/JCI46274.

18. Shen P, Roch T, Lampropoulou V, O’Connor RA, Stervbo U, 
Hilgenberg E, et al. IL-35-producing B cells are critical regulators 
of immunity during autoimmune and infectious diseases. Nature 
2014, 507, 366–70. doi:10.1038/nature12979.

19. Blair PA, Noreña LY, Flores-Borja F, Rawlings DJ, Isenberg DA, 
Ehrenstein MR, et al. CD19(+)CD24(hi)CD38(hi) B cells exhibit 

regulatory capacity in healthy individuals but are functionally im-
paired in systemic Lupus Erythematosus patients. Immunity 2010, 
32, 129–40. doi:10.1016/j.immuni.2009.11.009.

20. Iwata Y, Matsushita T, Horikawa M, DiLillo DJ, Yanaba K, Venturi 
GM, et al. Characterization of a rare IL-10–competent B-cell subset 
in humans that parallels mouse regulatory B10 cells. Blood 2011, 
117, 530–41. doi:10.1182/blood-2010-07-294249.

21. Aravena O, Ferrier A, Menon M, Mauri C, Aguillón JC, Soto L, 
et al. TIM-1 defines a human regulatory B cell population that is 
altered in frequency and function in systemic sclerosis patients. Ar-
thritis Res Ther 2017, 19, 8. doi:10.1186/s13075-016-1213-9.

22. Olkhanud PB, Damdinsuren B, Bodogai M, Gress RE, Sen R, 
Wejksza K, et al. Tumor-evoked regulatory B cells promote breast 
cancer metastasis by converting resting CD4+ T cells to T-regulatory 
cells. Cancer Res 2011, 71, 3505–15. doi:10.1158/0008-5472.
CAN-10-4316.

23. Ishigami E, Sakakibara M, Sakakibara J, Masuda T, Fujimoto H, 
Hayama S, et al. Coexistence of regulatory B cells and regulatory 
T cells in tumor-infiltrating lymphocyte aggregates is a prognostic 
factor in patients with breast cancer. Breast Cancer 2019, 26, 180–
9. doi:10.1007/s12282-018-0910-4.

24. Chen Z, Zhu Y, Du R, Pang N, Zhang F, Dong D, et al. Role of 
regulatory B cells in the progression of cervical cancer. Mediators 
Inflamm 2019, 2019, 6519427. doi:10.1155/2019/6519427.

25. Wei X, Jin Y, Tian Y, Zhang H, Wu J, Lu W, et al. Regulatory B cells 
contribute to the impaired antitumor immunity in ovarian cancer 
patients. Tumour Biol 2016, 37, 6581–8. doi:10.1007/s13277-015-
4538-0.

26. Zhou X, Su YX, Lao XM, Liang YJ, Liao GQ. CD19(+)IL-10(+) 
regulatory B cells affect survival of tongue squamous cell carcinoma 
patients and induce resting CD4(+) T cells to CD4(+)Foxp3(+) 
regulatory T cells. Oral Oncol 2016, 53, 27–35. doi:10.1016/j.
oraloncology.2015.11.003.

27. Guan H, Lan Y, Wan Y, Wang Q, Wang C, Xu L, et al. PD-L1 
mediated the differentiation of tumor-infiltrating CD19(+) B 
lymphocytes and T cells in invasive breast cancer. Oncoimmunology 
2016, 5, e1075112. doi:10.1080/2162402X.2015.1075112.

28. Gheybi MK, Farrokhi S, Ravanbod MR, Ostovar A, Mehrzad V, 
Nematollahi P. The correlation of CD19 + CD24 + CD38 + B cells 
and other clinicopathological variables with the proportion of cir-
culating Tregs in breast cancer patients. Breast Cancer 2017, 24, 
756–64. doi:10.1007/s12282-017-0775-y.

29. Lv Y, Wang H, Liu Z. The role of regulatory B cells in patients 
with acute myeloid leukemia. Med Sci Monit 2019, 25, 3026–31. 
doi:10.12659/MSM.915556.

30. Hetta HF, Mekky MA, Zahran AM, Abdel-Malek MO, Ramadan 
HK, Shafik EA, et al. Regulatory B cells and their cytokine profile 
in HCV-related hepatocellular carcinoma: association with regu-
latory T cells and disease progression. Vaccines (Basel)  2020, 8, 
380–91.

31. Shao Y, Lo CM, Ling CC, Liu XB, Ng KT, Chu AC, et al. Regu-
latory B cells accelerate hepatocellular carcinoma progression via 
CD40/CD154 signaling pathway. Cancer Lett 2014, 355, 264–72. 
doi:10.1016/j.canlet.2014.09.026.

32. Mao Y, Wang Y, Dong L, Zhang Q, Wang C, Zhang Y, et al. Cir-
culating exosomes from esophageal squamous cell carcinoma me-
diate the generation of B10 and PD-1(high) Breg cells. Cancer Sci 
2019, 110, 2700–10. doi:10.1111/cas.14122.

33. Zhao R, Liu M, Li X, Chen H, Deng J, Huang C, et al. A strategy 
of targeting B10 cell by CD19scFv-IL10R for tumor therapy. 
Biochem Biophys Res Commun 2018, 506, 990–6. doi:10.1016/j.
bbrc.2018.10.191.

34. Xiao X, Lao XM, Chen MM, Liu RX, Wei Y, Ouyang FZ, et al. 
PD-1hi identifies a novel regulatory B-cell population in human 
hepatoma that promotes disease progression. Cancer Discov 2016, 
6, 546–59. doi:10.1158/2159-8290.CD-15-1408.

35. Murakami Y, Saito H, Shimizu S, Kono Y, Shishido Y, Miyatani K, 
et al. Increased regulatory B cells are involved in immune evasion in 

https://doi.org/10.1016/j.immuni.2015.04.005
https://doi.org/10.1016/j.immuni.2015.04.005
https://doi.org/10.1093/annonc/mdh280
https://doi.org/10.1038/cmi.2017.35
https://doi.org/10.1038/s41598-018-19454-3
https://doi.org/10.1002/1097-0142(19820401)49:7<1456::AID-CNCR2820490724>3.0.CO;2-#
https://doi.org/10.1002/1097-0142(19820401)49:7<1456::AID-CNCR2820490724>3.0.CO;2-#
https://doi.org/10.1155/2020/7023168
https://doi.org/10.1158/2326-6066.CIR-19-0240
https://doi.org/10.1158/2326-6066.CIR-19-0240
https://doi.org/10.3389/fimmu.2020.582657
https://doi.org/10.1158/1078-0432.ccr-11-0207
https://doi.org/10.1158/1078-0432.ccr-11-0207
https://doi.org/10.1111/imr.12939
https://doi.org/10.1111/imr.12939
https://doi.org/10.1007/s10555-021-09968-0
https://doi.org/10.1172/JCI36030
https://doi.org/10.4049/jimmunol.178.12.7868
https://doi.org/10.1172/JCI46274
https://doi.org/10.1038/nature12979
https://doi.org/10.1016/j.immuni.2009.11.009
https://doi.org/10.1182/blood-2010-07-294249
https://doi.org/10.1186/s13075-016-1213-9
https://doi.org/10.1158/0008-5472.CAN-10-4316
https://doi.org/10.1158/0008-5472.CAN-10-4316
https://doi.org/10.1007/s12282-018-0910-4
https://doi.org/10.1155/2019/6519427
https://doi.org/10.1007/s13277-015-4538-0
https://doi.org/10.1007/s13277-015-4538-0
https://doi.org/10.1016/j.oraloncology.2015.11.003
https://doi.org/10.1016/j.oraloncology.2015.11.003
https://doi.org/10.1080/2162402X.2015.1075112
https://doi.org/10.1007/s12282-017-0775-y
https://doi.org/10.12659/MSM.915556
https://doi.org/10.1016/j.canlet.2014.09.026
https://doi.org/10.1111/cas.14122
https://doi.org/10.1016/j.bbrc.2018.10.191
https://doi.org/10.1016/j.bbrc.2018.10.191
https://doi.org/10.1158/2159-8290.CD-15-1408


43Clinical and Experimental Immunology, 2022, Vol. 209, No. 1

patients with gastric cancer. Sci Rep 2019, 9, 13083. doi:10.1038/
s41598-019-49581-4.

36. Ye L, Zhang Q, Cheng Y, Chen X, Wang G, Shi M, et al. Tumor-
derived exosomal HMGB1 fosters hepatocellular carcinoma im-
mune evasion by promoting TIM-1(+) regulatory B cell expansion. 
J ImmunoTher Cancer 2018, 6, 145. doi:10.1186/s40425-018-
0451-6.

37. Mao H, Pan F, Wu Z, Wang Z, Zhou Y, Zhang P, et al. Colorectal 
tumors are enriched with regulatory plasmablasts with capacity in 
suppressing T cell inflammation. Int Immunopharmacol 2017, 49, 
95–101. doi:10.1016/j.intimp.2017.05.018.

38. Wang X, Wang G, Wang Z, Liu B, Han N, Li J, et al. PD-1-expressing 
B cells suppress CD4(+) and CD8(+) T cells via PD-1/PD-L1-
dependent pathway. Mol Immunol 2019, 109, 20–6. doi:10.1016/j.
molimm.2019.02.009.

39. Shen M, Wang J, Yu W, Zhang C, Liu M, Wang K, et al. A novel 
MDSC-induced PD-1(-)PD-L1(+) B-cell subset in breast tumor 
microenvironment possesses immuno-suppressive properties. 
Oncoimmunology 2018, 7, e1413520. doi:10.1080/21624
02X.2017.1413520.

40. Zhang Y, Morgan R, Chen C, Cai Y, Clark E, Khan WN, et al. 
Mammary-tumor-educated B cells acquire LAP/TGF-β and 
PD-L1 expression and suppress anti-tumor immune responses. Int 
Immunol 2016, 28, 423–33. doi:10.1093/intimm/dxw007.

41. Premkumar K, Shankar BS. TGF-βR inhibitor SB431542 restores 
immune suppression induced by regulatory B-T cell axis and 
decreases tumour burden in murine fibrosarcoma. Cancer 
Immunol Immunother 2021, 70, 153–68. doi:10.1007/s00262-
020-02666-w.

42. Shalapour S, Lin XJ, Bastian IN, Brain J, Burt AD, Aksenov AA, et 
al. Inflammation-induced IgA+ cells dismantle anti-liver cancer im-
munity. Nature 2017, 551, 340–5. doi:10.1038/nature24302.

43. Liu R, Lu Z, Gu J, Liu J, Huang E, Liu X, et al. MicroRNAs 15A 
and 16-1 activate signaling pathways that mediate chemotaxis of 
immune regulatory B cells to colorectal tumors. Gastroenterology 
2018, 154, 637-51.e7. doi:10.1053/j.gastro.2017.09.045.

44. Shalapour S, Font-Burgada J, Di Caro G, Zhong Z, Sanchez-Lopez 
E, Dhar D, et al. Immunosuppressive plasma cells impede T-cell-
dependent immunogenic chemotherapy. Nature 2015, 521, 94–8. 
doi:10.1038/nature14395.

45. Horikawa M, Minard-Colin V, Matsushita T, Tedder TF. Regula-
tory B cell production of IL-10 inhibits lymphoma depletion during 
CD20 immunotherapy in mice. J Clin Invest 2011, 121, 4268–80. 
doi:10.1172/JCI59266.

46. Mirlekar B, Michaud D, Searcy R, Greene K, Pylayeva-Gupta Y. 
IL35 hinders endogenous antitumor T-cell immunity and respon-
siveness to immunotherapy in pancreatic cancer. Cancer Immunol 
Res 2018, 6, 1014–24. doi:10.1158/2326-6066.CIR-17-0710.

47. Pylayeva-Gupta Y, Das S, Handler JS, Hajdu CH, Coffre M, 
Koralov SB, et al. IL35-producing B cells promote the develop-
ment of pancreatic neoplasia. Cancer Discov 2016, 6, 247–55. 
doi:10.1158/2159-8290.CD-15-0843.

48. Takahashi R, Macchini M, Sunagawa M, Jiang Z, Tanaka T, Valenti 
G, et al. Interleukin-1β-induced pancreatitis promotes pancreatic 
ductal adenocarcinoma via B lymphocyte-mediated immune sup-
pression. Gut 2021, 70, 330–41. doi:10.1136/gutjnl-2019-319912.

49. Kobayashi T, Oishi K, Okamura A, Maeda S, Komuro A, 
Hamaguchi Y, et al. Regulatory B1a cells suppress melanoma 
tumor immunity via IL-10 production and inhibiting T helper type 
1 cytokine production in tumor-infiltrating CD8(+) T cells. J Invest 
Dermatol. 2019; 139: 1535-44.e1.

50. Yang C, Lee H, Pal S, Jove V, Deng J, Zhang W, et al. B cells pro-
mote tumor progression via STAT3 regulated-angiogenesis. PLoS 
One 2013, 8, e64159. doi:10.1371/journal.pone.0064159.

51. Zhang C, Xin H, Zhang W, Yazaki PJ, Zhang Z, Le K, et al. CD5 
binds to interleukin-6 and induces a feed-forward loop with the 
transcription factor STAT3 in B cells to promote cancer. Immunity 
2016, 44, 913–23. doi:10.1016/j.immuni.2016.04.003.

52. Lindner S, Dahlke K, Sontheimer K, Hagn M, Kaltenmeier C, Barth 
TF, et al. Interleukin 21-induced granzyme B-expressing B cells in-
filtrate tumors and regulate T cells. Cancer Res 2013, 73, 2468–79. 
doi:10.1158/0008-5472.CAN-12-3450.

53. Schioppa T, Moore R, Thompson RG, Rosser EC, Kulbe H, 
Nedospasov S, et al. B regulatory cells and the tumor-promoting 
actions of TNF-α during squamous carcinogenesis. Proc Natl Acad 
Sci USA 2011, 108, 10662–7. doi:10.1073/pnas.1100994108.

54. Wu H, Xia L, Jia D, Zou H, Jin G, Qian W, et al. PD-L1(+) regula-
tory B cells act as a T cell suppressor in a PD-L1-dependent manner 
in melanoma patients with bone metastasis. Mol Immunol 2020, 
119, 83–91. doi:10.1016/j.molimm.2020.01.008.

55. van de Veen W, Globinska A, Jansen K, Straumann A, Kubo T, 
Verschoor D, et al. A novel proangiogenic B cell subset is increased 
in cancer and chronic inflammation. Sci Adv 2020, 6, eaaz3559. 
doi:10.1126/sciadv.aaz3559.

56. Wejksza K, Lee-Chang C, Bodogai M, Bonzo J, Gonzalez FJ, 
Lehrmann E, et al. Cancer-produced metabolites of 5-lipoxygenase 
induce tumor-evoked regulatory B cells via peroxisome proliferator-
activated receptor α. J Immunol 2013, 190, 2575–84. doi:10.4049/
jimmunol.1201920.

57. Zhao Y, Shen M, Feng Y, He R, Xu X, Xie Y, et al. Regulatory B 
cells induced by pancreatic cancer cell-derived interleukin-18 pro-
mote immune tolerance via the PD-1/PD-L1 pathway. Oncotarget 
2018, 9, 14803–14. doi:10.18632/oncotarget.22976.

58. Azmi AS, Bao B, Sarkar FH. Exosomes in cancer development, me-
tastasis, and drug resistance: a comprehensive review. Cancer Me-
tastasis Rev 2013, 32, 623–42. doi:10.1007/s10555-013-9441-9.

59. Ståhl A-L, Johansson K, Mossberg M, Kahn R, Karpman D. 
Exosomes and microvesicles in normal physiology, pathophysi-
ology, and renal diseases. Pediatr Nephrol (Berlin, Germany) 2019, 
34, 11–30. doi:10.1007/s00467-017-3816-z.

60. Bodogai M, Moritoh K, Lee-Chang C, Hollander CM, Sherman-
Baust CA, Wersto RP, et al. Immunosuppressive and prometastatic 
functions of myeloid-derived suppressive cells rely upon education 
from tumor-associated B cells. Cancer Res 2015, 75, 3456–65. 
doi:10.1158/0008-5472.CAN-14-3077.

61. Tran Janco JM, Lamichhane P, Karyampudi L, Knutson KL. Tumor-
infiltrating dendritic cells in cancer pathogenesis. J Immunol 2015, 
194, 2985–91. doi:10.4049/jimmunol.1403134.

62. Volchenkov R, Karlsen M, Jonsson R, Appel S. Type 1 regulatory 
T cells and regulatory B cells induced by tolerogenic dendritic cells. 
Scand J Immunol 2013, 77, 246–54. doi:10.1111/sji.12039.

63. Fehres CM, van Uden NO, Yeremenko NG, Fernandez L, Franco 
Salinas G, van Duivenvoorde LM, et al. APRIL induces a novel 
subset of IgA(+) regulatory B cells that suppress inflammation via 
expression of IL-10 and PD-L1. Front Immunol 2019, 10, 1368. 
doi:10.3389/fimmu.2019.01368.

64. Blosse A, Peru S, Levy M, Marteyn B, Floch P, Sifré E, et al. 
APRIL-producing eosinophils are involved in gastric MALT 
lymphomagenesis induced by Helicobacter sp infection. Sci Rep 
2020, 10, 14858. doi:10.1038/s41598-020-71792-3.

65. Mattei F, Andreone S, Marone G, Gambardella AR, Loffredo S, 
Varricchi G, et al. Eosinophils in the tumor microenvironment. Adv 
Exp Med Biol 2020, 1273, 1–28. doi:10.1007/978-3-030-49270-
0_1.

66. Qiu L, Yu Q, Zhou Y, Zheng S, Tao J, Jiang Q, et al. Function-
ally impaired follicular helper T cells induce regulatory B cells 
and CD14(+) human leukocyte antigen-DR(−) cell differentiation 
in non-small cell lung cancer. Cancer Sci 2018, 109, 3751–61. 
doi:10.1111/cas.13836.

67. Song H, Liu A, Liu G, Wu F, Li Z. T follicular regulatory cells sup-
press Tfh-mediated B cell help and synergistically increase IL-10-
producing B cells in breast carcinoma. Immunol Res 2019, 67, 
416–23. doi:10.1007/s12026-019-09090-y.

68. Zhang H, Yue R, Zhao P, Yu X, Li J, Ma G, et al. Proinflammatory 
follicular helper T cells promote immunoglobulin G secre-
tion, suppress regulatory B cell development, and correlate with 

https://doi.org/10.1038/s41598-019-49581-4
https://doi.org/10.1038/s41598-019-49581-4
https://doi.org/10.1186/s40425-018-0451-6
https://doi.org/10.1186/s40425-018-0451-6
https://doi.org/10.1016/j.intimp.2017.05.018
https://doi.org/10.1016/j.molimm.2019.02.009
https://doi.org/10.1016/j.molimm.2019.02.009
https://doi.org/10.1080/2162402X.2017.1413520
https://doi.org/10.1080/2162402X.2017.1413520
https://doi.org/10.1093/intimm/dxw007
https://doi.org/10.1007/s00262-020-02666-w
https://doi.org/10.1007/s00262-020-02666-w
https://doi.org/10.1038/nature24302
https://doi.org/10.1053/j.gastro.2017.09.045
https://doi.org/10.1038/nature14395
https://doi.org/10.1172/JCI59266
https://doi.org/10.1158/2326-6066.CIR-17-0710
https://doi.org/10.1158/2159-8290.CD-15-0843
https://doi.org/10.1136/gutjnl-2019-319912
https://doi.org/10.1371/journal.pone.0064159
https://doi.org/10.1016/j.immuni.2016.04.003
https://doi.org/10.1158/0008-5472.CAN-12-3450
https://doi.org/10.1073/pnas.1100994108
https://doi.org/10.1016/j.molimm.2020.01.008
https://doi.org/10.1126/sciadv.aaz3559
https://doi.org/10.4049/jimmunol.1201920
https://doi.org/10.4049/jimmunol.1201920
https://doi.org/10.18632/oncotarget.22976
https://doi.org/10.1007/s10555-013-9441-9
https://doi.org/10.1007/s00467-017-3816-z
https://doi.org/10.1158/0008-5472.CAN-14-3077
https://doi.org/10.4049/jimmunol.1403134
https://doi.org/10.1111/sji.12039
https://doi.org/10.3389/fimmu.2019.01368
https://doi.org/10.1038/s41598-020-71792-3
https://doi.org/10.1007/978-3-030-49270-0_1
https://doi.org/10.1007/978-3-030-49270-0_1
https://doi.org/10.1111/cas.13836
https://doi.org/10.1007/s12026-019-09090-y


44 Flores-Borja and Blair

worse clinical outcomes in gastric cancer. Tumour Biol 2017, 39, 
1010428317705747. doi:10.1177/1010428317705747.

69. Rosser EC, Piper CJM, Matei DE, Blair PA, Rendeiro AF, Orford 
M, et al. Microbiota-derived metabolites suppress arthritis by 
amplifying aryl-hydrocarbon receptor activation in regulatory B 
cells. Cell Metab 2020, 31, 837-51.e10.

70. Rosser EC, Oleinika K, Tonon S, Doyle R, Bosma A, Carter NA, 
et al. Regulatory B cells are induced by gut microbiota-driven 
interleukin-1β and interleukin-6 production. Nat Med 2014, 20, 
1334–9. doi:10.1038/nm.3680.

71. Mittal S, Marshall NA, Duncan L, Culligan DJ, Barker RN, Vickers 
MA. Local and systemic induction of CD4+CD25+ regulatory 
T-cell population by non-Hodgkin lymphoma. Blood 2008, 111, 
5359–70. doi:10.1182/blood-2007-08-105395.

72. Ai WZ, Hou J-Z, Zeiser R, Czerwinski D, Negrin RS, Levy R. Fol-
licular lymphoma B cells induce the conversion of conventional 
CD4+ T cells to T-regulatory cells. Int J Cancer 2009, 124, 239–44. 
doi:10.1002/ijc.23881.

73. Yang ZZ, Grote DM, Ziesmer SC, Xiu B, Yates NR, Secreto FJ, 
et al. Soluble and membrane-bound TGF-β-mediated regulation 
of intratumoral T cell differentiation and function in B-cell non-
Hodgkin lymphoma. PLoS One 2013, 8, e59456. doi:10.1371/
journal.pone.0059456.

74. Schwartz M, Zhang Y, Rosenblatt JD. B cell regulation of the anti-
tumor response and role in carcinogenesis. J ImmunoTher Cancer 
2016, 4, 40. doi:10.1186/s40425-016-0145-x.

75. Jia X, Liu H, Xu C, Han S, Shen Y, Miao X, et al. MiR-15a/16-1 
deficiency induces IL-10-producing CD19(+) TIM-1(+) cells in 
tumor microenvironment. J Cell Mol Med 2019, 23, 1343–53. 
doi:10.1111/jcmm.14037.

76. Zhang Y, Eliav Y, Shin SU, Schreiber TH, Podack ER, Tadmor T, et 
al. B lymphocyte inhibition of anti-tumor response depends on ex-
pansion of Treg but is independent of B-cell IL-10 secretion. Cancer 
Immunol Immunother 2013, 62, 87–99. doi:10.1007/s00262-012-
1313-6.

77. Fillatreau S. Regulatory plasma cells. Curr Opin Pharmacol 2015, 
23, 1–5. doi:10.1016/j.coph.2015.04.006.

78. Wang WW, Yuan XL, Chen H, Xie GH, Ma YH, Zheng YX, et 
al. CD19+CD24hiCD38hiBregs involved in downregulate helper T 
cells and upregulate regulatory T cells in gastric cancer. Oncotarget 
2015, 6, 33486–99. doi:10.18632/oncotarget.5588.

79. Mirlekar B, Michaud D, Lee SJ, Kren NP, Harris C, Greene K, et al. 
B cell-derived IL35 drives STAT3-dependent CD8(+) T-cell exclu-
sion in pancreatic cancer. Cancer Immunol Res 2020, 8, 292–308. 
doi:10.1158/2326-6066.CIR-19-0349.

80. Wang K, Liu J, Li J. IL-35-producing B cells in gastric cancer 
patients. Medicine (Baltim) 2018, 97, e0710. doi:10.1097/
MD.0000000000010710.

81. Nicholl MB, Ledgewood CL, Chen X, Bai Q, Qin C, Cook KM, 
et al. IL-35 promotes pancreas cancer growth through enhance-
ment of proliferation and inhibition of apoptosis: evidence for a 
role as an autocrine growth factor. Cytokine 2014, 70, 126–33. 
doi:10.1016/j.cyto.2014.06.020.

82. Turnis ME, Sawant DV, Szymczak-Workman AL, Andrews 
LP, Delgoffe GM, Yano H, et al. Interleukin-35 limits anti-
tumor immunity. Immunity 2016, 44, 316–29. doi:10.1016/j.
immuni.2016.01.013.

83. Wang Z, Liu JQ, Liu Z, Shen R, Zhang G, Xu J, et al. Tumor-
derived IL-35 promotes tumor growth by enhancing myeloid cell 
accumulation and angiogenesis. J Immunol 2013, 190, 2415–23. 
doi:10.4049/jimmunol.1202535.

84. Hao S, Chen X, Wang F, Shao Q, Liu J, Zhao H, et al. Breast 
cancer cell–derived IL-35 promotes tumor progression via induc-
tion of IL-35-producing induced regulatory T cells. Carcinogen-
esis 2018, 39, 1488–96. doi:10.1093/carcin/bgy136.

85. Yang ZZ, Novak AJ, Ziesmer SC, Witzig TE, Ansell SM. CD70+ 
non-Hodgkin lymphoma B cells induce Foxp3 expression and reg-
ulatory function in intratumoral CD4+CD25 T cells. Blood 2007, 
110, 2537–44. doi:10.1182/blood-2007-03-082578.

86. Ghiringhelli F, Ménard C, Martin F, Zitvogel L. The role of reg-
ulatory T cells in the control of natural killer cells: relevance 
during tumor progression. Immunol Rev 2006, 214, 229–38. 
doi:10.1111/j.1600-065X.2006.00445.x.

87. Okła K, Wertel I, Polak G, Surówka J, Wawruszak A, Kotarski J. 
Tumor-associated macrophages and myeloid-derived suppressor 
cells as immunosuppressive mechanism in ovarian cancer patients: 
progress and challenges. Int Rev Immunol 2016, 35, 372–85. doi
:10.1080/08830185.2016.1206097.

88. Ammirante M, Luo JL, Grivennikov S, Nedospasov S, Karin M. 
B-cell-derived lymphotoxin promotes castration-resistant prostate 
cancer. Nature 2010, 464, 302–5. doi:10.1038/nature08782.

89. de Visser KE, Korets LV, Coussens LM. De novo carcinogenesis 
promoted by chronic inflammation is B lymphocyte dependent. 
Cancer Cell 2005, 7, 411–23. doi:10.1016/j.ccr.2005.04.014.

90. Saze Z, Schuler PJ, Hong CS, Cheng D, Jackson EK, Whiteside TL. 
Adenosine production by human B cells and B cell-mediated sup-
pression of activated T cells. Blood 2013, 122, 9–18. doi:10.1182/
blood-2013-02-482406.

91. Ernst PB, Garrison JC, Thompson LF. Much ado about adenosine: 
adenosine synthesis and function in regulatory T cell biology. J 
Immunol 2010, 185, 1993–8. doi:10.4049/jimmunol.1000108.

92. Ohta A, Sitkovsky M. Extracellular adenosine-mediated mod-
ulation of regulatory T cells. Front Immunol 2014, 5, 304. 
doi:10.3389/fimmu.2014.00304.

93. Ohta A. A metabolic immune checkpoint: adenosine in tumor 
microenvironment. Front Immunol 2016, 7, 109. doi:10.3389/
fimmu.2016.00109.

94. Kepp O, Bezu L, Yamazaki T, Di Virgilio F, Smyth MJ, Kroemer 
G, et al. ATP and cancer immunosurveillance. EMBO J 2021, 40, 
e108130. doi:10.15252/embj.2021108130.

95. Jeske SS, Brand M, Ziebart A, Laban S, Doescher J, Greve J, et al. 
Adenosine-producing regulatory B cells in head and neck cancer. 
Cancer Immunol Immunother 2020, 69, 1205–16. doi:10.1007/
s00262-020-02535-6.

96. Ziebart A, Huber U, Jeske S, Laban S, Doescher J, Hoffmann TK, 
et al. The influence of chemotherapy on adenosine-producing B 
cells in patients with head and neck squamous cell carcinoma. 
Oncotarget 2017, 9, 5834–47. doi:10.18632/oncotarget.23533.

97. Kimura Y, Harada K, Nakanuma Y. Pathologic significance 
of immunoglobulin G4–positive plasma cells in extrahepatic 
cholangiocarcinoma. Hum Pathol 2012, 43, 2149–56. 
doi:10.1016/j.humpath.2012.03.001.

98. Jordakieva G, Bianchini R, Reichhold D, Piehslinger J, 
Groschopf A, Jensen SA, et al. IgG4 induces tolerogenic M2-like 
macrophages and correlates with disease progression in colon 
cancer. OncoImmunology 2021, 10, 1880687. doi:10.1080/216
2402X.2021.1880687.

99. Wang H, Xu Q, Zhao C, Zhu Z, Zhu X, Zhou J, et al. An immune 
evasion mechanism with IgG4 playing an essential role in cancer 
and implication for immunotherapy. J ImmunoTher Cancer 2020, 
8, e000661. doi:10.1136/jitc-2020-000661.

100. Karagiannis P, Gilbert AE, Josephs DH, Ali N, Dodev T, Saul L, et 
al. IgG4 subclass antibodies impair antitumor immunity in mela-
noma. J Clin Invest 2013, 123, 1457–74. doi:10.1172/JCI65579.

101. Arima H, Nishikori M, Otsuka Y, Kishimoto W, Izumi K, Yasuda 
K, et al. B cells with aberrant activation of Notch1 signaling pro-
mote Treg and Th2 cell-dominant T-cell responses via IL-33. Blood 
Adv 2018, 2, 2282–95. doi:10.1182/bloodadvances.2018019919.

102. Pastille E, Wasmer MH, Adamczyk A, Vu VP, Mager LF, Phuong 
NNT, et al. The IL-33/ST2 pathway shapes the regulatory T cell 
phenotype to promote intestinal cancer. Mucosal Immunol 2019, 
12, 990–1003. doi:10.1038/s41385-019-0176-y.

103. Zhang L, Tai YT, Ho M, Xing L, Chauhan D, Gang A, et al. Regu-
latory B cell-myeloma cell interaction confers immunosuppression 
and promotes their survival in the bone marrow milieu. Blood 
Cancer J 2017, 7, e547. doi:10.1038/bcj.2017.24.

104. Manna A, Kellett T, Aulakh S, Lewis-Tuffin LJ, Dutta N, Knutson 
K, et al. Targeting CD38 is lethal to Breg-like chronic lymphocytic 

https://doi.org/10.1177/1010428317705747
https://doi.org/10.1038/nm.3680
https://doi.org/10.1182/blood-2007-08-105395
https://doi.org/10.1002/ijc.23881
https://doi.org/10.1371/journal.pone.0059456
https://doi.org/10.1371/journal.pone.0059456
https://doi.org/10.1186/s40425-016-0145-x
https://doi.org/10.1111/jcmm.14037
https://doi.org/10.1007/s00262-012-1313-6
https://doi.org/10.1007/s00262-012-1313-6
https://doi.org/10.1016/j.coph.2015.04.006
https://doi.org/10.18632/oncotarget.5588
https://doi.org/10.1158/2326-6066.CIR-19-0349
https://doi.org/10.1097/MD.0000000000010710
https://doi.org/10.1097/MD.0000000000010710
https://doi.org/10.1016/j.cyto.2014.06.020
https://doi.org/10.1016/j.immuni.2016.01.013
https://doi.org/10.1016/j.immuni.2016.01.013
https://doi.org/10.4049/jimmunol.1202535
https://doi.org/10.1093/carcin/bgy136
https://doi.org/10.1182/blood-2007-03-082578
https://doi.org/10.1111/j.1600-065X.2006.00445.x
https://doi.org/10.1080/08830185.2016.1206097
https://doi.org/10.1038/nature08782
https://doi.org/10.1016/j.ccr.2005.04.014
https://doi.org/10.1182/blood-2013-02-482406
https://doi.org/10.1182/blood-2013-02-482406
https://doi.org/10.4049/jimmunol.1000108
https://doi.org/10.3389/fimmu.2014.00304
https://doi.org/10.3389/fimmu.2016.00109
https://doi.org/10.3389/fimmu.2016.00109
https://doi.org/10.15252/embj.2021108130
https://doi.org/10.1007/s00262-020-02535-6
https://doi.org/10.1007/s00262-020-02535-6
https://doi.org/10.18632/oncotarget.23533
https://doi.org/10.1016/j.humpath.2012.03.001
https://doi.org/10.1080/2162402X.2021.1880687
https://doi.org/10.1080/2162402X.2021.1880687
https://doi.org/10.1136/jitc-2020-000661
https://doi.org/10.1172/JCI65579
https://doi.org/10.1182/bloodadvances.2018019919
https://doi.org/10.1038/s41385-019-0176-y
https://doi.org/10.1038/bcj.2017.24


45Clinical and Experimental Immunology, 2022, Vol. 209, No. 1

leukemia cells and Tregs, but restores CD8+ T-cell responses. Blood 
Adv 2020, 4, 2143–57. doi:10.1182/bloodadvances.2019001091.

105. Zeiser R, Blazar BR. Pathophysiology of chronic graft-versus-host 
disease and therapeutic targets. N Engl J Med 2017, 377, 2565–
79.

106. Crossland RE, Perutelli F, Bogunia-Kubik K, Mooney N, Milutin 
Gašperov N, Pučić-Baković M, et al. Potential novel biomarkers 
in chronic graft-versus-host disease. Front Immunol 2020, 11. Ar-
ticle no.: 602547. doi:10.3389/fimmu.2020.602547.

107. Shimabukuro-Vornhagen A, Hallek MJ, Storb RF, von Bergwelt-
Baildon MS. The role of B cells in the pathogenesis of graft-
versus-host disease. Blood 2009, 114, 4919–27. doi:10.1182/
blood-2008-10-161638.

108. Kuzmina Z, Krenn K, Petkov V, Körmöczi U, Weigl R, Rottal A, et 
al. CD19+CD21low B cells and patients at risk for NIH-defined 
chronic graft-versus-host disease with bronchiolitis obliterans 
syndrome. Blood 2013, 121, 1886–95. doi:10.1182/blood-2012-
06-435008.

109. Arai S, Sahaf B, Narasimhan B, Chen GL, Jones CD, Lowsky 
R, et al. Prophylactic rituximab after allogeneic transplantation 
decreases B-cell alloimmunity with low chronic GVHD incidence. 
Blood 2012, 119, 6145–54. doi:10.1182/blood-2011-12-395970.

110. Khoder A, Sarvaria A, Alsuliman A, Chew C, Sekine T, Cooper N, 
et al. Regulatory B cells are enriched within the IgM memory and 
transitional subsets in healthy donors but are deficient in chronic 
GVHD. Blood 2014, 124, 2034–45. doi:10.1182/blood-2014-04-
571125.

111. de Masson A, Bouaziz J-D, Le Buanec H, Robin M, O’Meara A, 
Parquet N, et al. CD24hiCD27+ and plasmablast-like regulatory 
B cells in human chronic graft-versus-host disease. Blood 2015, 
125, 1830–9. doi:10.1182/blood-2014-09-599159.

112. Le Huu D, Matsushita T, Jin G, Hamaguchi Y, Hasegawa M, 
Takehara K, et al. Donor-derived regulatory B cells are important 
for suppression of murine sclerodermatous chronic graft-versus-
host disease. Blood 2013, 121, 3274–83. doi:10.1182/blood-
2012-11-465658.

113. Hu Y, He G-L, Zhao X-Y, Zhao X-S, Wang Y, Xu L-P, et al. Reg-
ulatory B cells promote graft-versus-host disease prevention and 
maintain graft-versus-leukemia activity following allogeneic bone 
marrow transplantation. OncoImmunology 2017, 6, e1284721. 
doi:10.1080/2162402X.2017.1284721.

114. Sarvaria A, Basar R, Mehta RS, Shaim H, Muftuoglu M, Khoder 
A, et al. IL-10+ regulatory B cells are enriched in cord blood and 

may protect against cGVHD after cord blood transplantation. 
Blood 2016, 128, 1346–61. doi:10.1182/blood-2016-01-695122.

115. Ganti SN, Albershardt TC, Iritani BM, Ruddell A. Regulatory B 
cells preferentially accumulate in tumor-draining lymph nodes 
and promote tumor growth. Sci Rep 2015, 5, 12255. doi:10.1038/
srep12255.

116. Norouzian M, Mehdipour F, Balouchi Anaraki S, Ashraf MJ, 
Khademi B, Ghaderi A. Atypical memory and regulatory B cell 
subsets in tumor draining lymph nodes of head and neck squa-
mous cell carcinoma correlate with good prognostic factors. 
Head Neck Pathol 2020, 14, 645–56. doi:10.1007/s12105-019-
01095-1.

117. Spear S, Candido JB, McDermott JR, Ghirelli C, Maniati E, Beers 
SA, et al. Discrepancies in the tumor microenvironment of sponta-
neous and orthotopic murine models of pancreatic cancer uncover 
a new immunostimulatory phenotype for B cells. Front Immunol 
2019, 10, 542. doi:10.3389/fimmu.2019.00542.

118. Meylan M, Petitprez F, Lacroix L, Di Tommaso L, Roncalli M, 
Bougoüin A, et al. Early hepatic lesions display immature tertiary 
lymphoid structures and show elevated expression of immune 
inhibitory and immunosuppressive molecules. Clin Cancer Res 
2020, 26, 4381–9.

119. Shah S, Divekar AA, Hilchey SP, Cho HM, Newman CL, Shin SU, 
et al. Increased rejection of primary tumors in mice lacking B cells: 
inhibition of anti-tumor CTL and TH1 cytokine responses by B 
cells. Int J Cancer 2005, 117, 574–86. doi:10.1002/ijc.21177.

120. Bodogai M, Lee Chang C, Wejksza K, Lai J, Merino M, Wersto RP, 
et al. Anti-CD20 antibody promotes cancer escape via enrichment 
of tumor-evoked regulatory B cells expressing low levels of CD20 
and CD137L. Cancer Res 2013, 73, 2127–38. doi:10.1158/0008-
5472.CAN-12-4184.

121. Das S, Bar-Sagi D. BTK signaling drives CD1d(hi)CD5(+) 
regulatory B-cell differentiation to promote pancreatic car-
cinogenesis. Oncogene 2019, 38, 3316–24. doi:10.1038/
s41388-018-0668-3.

122. Yarchoan M, Mohan AA, Dennison L, Vithayathil T, Ruggieri 
A, Lesinski GB, et al. MEK inhibition suppresses B regulatory 
cells and augments anti-tumor immunity. PLoS One 2019, 14, 
e0224600. doi:10.1371/journal.pone.0224600.

123. Alsaab HO, Sau S, Alzhrani R, Tatiparti K, Bhise K, Kashaw SK, 
et al. PD-1 and PD-L1 checkpoint signaling inhibition for cancer 
immunotherapy: mechanism, combinations, and clinical outcome. 
Front Pharmacol 2017, 8, 561. doi:10.3389/fphar.2017.00561.

https://doi.org/10.1182/bloodadvances.2019001091
https://doi.org/10.3389/fimmu.2020.602547
https://doi.org/10.1182/blood-2008-10-161638
https://doi.org/10.1182/blood-2008-10-161638
https://doi.org/10.1182/blood-2012-06-435008
https://doi.org/10.1182/blood-2012-06-435008
https://doi.org/10.1182/blood-2011-12-395970
https://doi.org/10.1182/blood-2014-04-571125
https://doi.org/10.1182/blood-2014-04-571125
https://doi.org/10.1182/blood-2014-09-599159
https://doi.org/10.1182/blood-2012-11-465658
https://doi.org/10.1182/blood-2012-11-465658
https://doi.org/10.1080/2162402X.2017.1284721
https://doi.org/10.1182/blood-2016-01-695122
https://doi.org/10.1038/srep12255
https://doi.org/10.1038/srep12255
https://doi.org/10.1007/s12105-019-01095-1
https://doi.org/10.1007/s12105-019-01095-1
https://doi.org/10.3389/fimmu.2019.00542
https://doi.org/10.1002/ijc.21177
https://doi.org/10.1158/0008-5472.CAN-12-4184
https://doi.org/10.1158/0008-5472.CAN-12-4184
https://doi.org/10.1038/s41388-018-0668-3
https://doi.org/10.1038/s41388-018-0668-3
https://doi.org/10.1371/journal.pone.0224600
https://doi.org/10.3389/fphar.2017.00561

