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Abstract

B cells are essential components of the immune response, primarily recognized for their ability to produce antibodies. How-
ever, emerging research reveals their important roles in regulating immune responses and influencing tumor development,
independent of antibodies. The connection between tumor progression and alterations in the tumor microenvironment is well-
established, as immune infiltrating cells can enhance the survival of tumor cells by modifying their surroundings. Despite this,
the majority of studies have focused on T cells and macrophages, creating a gap in our understanding of B cells. Regulatory
B cells (Bregs) represent a crucial subpopulation that plays a significant role in maintaining immune balance. They may
have a substantial impact on tumor immunity by negatively regulating tumor-infiltrating immune cells. This paper reviews
the existing literature on Bregs, examining their development, phenotypes, functions, and the mechanisms through which
they exert their regulatory effects. Furthermore, we highlight their potential interventional roles and prognostic significance
in cancer therapy. By addressing the current gaps in knowledge regarding Bregs within tumors, we hope to inspire further

research that could lead to innovative cancer treatments and improved outcomes for patients.
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Introduction

Bregs were initially discovered in the 1970s by Katz SI
et al. [1] who discovered that splenocyte B cell depletion
significantly reduced the inhibition of delayed-type hyper-
sensitivity in an animal model, thus unmasking the fact that
B cells can inhibit inflammation by producing IL-10. Over
the next few decades of research, it has been established
that Bregs can inhibit inflammation, which is often asso-
ciated with various pathological processes, such as viral
infections, anti-tumor responses, autoimmune disorders,
and transplant rejection [2—4]. The emergence of Bregs
provides a new direction for further research on the mecha-
nism of pathological processes such as tumorigenesis, infec-
tion, inflammation, and autoimmune reactions. In addition
to producing anti-inflammatory cytokines, TGF-f, IL-35,
and IL-10, for example, also stimulates the development
of regulatory T cells (Tregs). Meanwhile, the activation of
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Bregs intracellular signaling pathway potentially enhance
IL-10 and IL-35 expression, and further control the process
of peripheral immune tolerance in vivo [5-8]. Therefore,
understanding the mechanism and function of Bregs in the
pathological process of tumors and other diseases has great
guiding and application significance in clinical application
[8—12]. Here, this review will explore some concepts about
the phenotype and differentiation of Bregs in-depth, focusing
on providing the most recent debates over Bregs’ function
in tumor immunity and their potential intervention role and
prognostic significance in cancer treatment.

Development, subgroups, and function
of Breg

Growth and development of Bregs

B cells are distinct precursors of plasma cells that under-
take specific humoral immunity. These cells grow and
mature in the bone marrow, the central immune organ of
mammals. In bone marrow, these cells go through several
stages of development, such as pro-B cells, pre-B cells,
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immature B cells, and mature B cells [13]. These cells
undergo gene recombination and negative selection at the
immature stage to express intact BCR (mIgM), therefore
developing immunity to self-antigens at the central level,
ultimately leading to the formation of mature B cells that
can express both mIgM and mIgD. Once matured, these
cells move to the peripheral immune organs’ B cell region,
activate and grow in value in reaction to antigen stimula-
tion, and grow later into memory B cells and plasma cells
to complete the immune response [14].

Breg cells are differentiated in response to varied anti-
gen recognition and various stimuli in the whole process
of B cell growth and development and mainly come from
the B2 cell line of peripheral lymphoid organs. Com-
mon lymphoid progenitor cells (CLPs) first differenti-
ate in B2 precursor cells in bone marrow, then mature
into progenitor B and pre-B cells, further growing into
immature B cells, and then differentiate into transitional
cells mature in the spleen after emerging from the bone
marrow, and subsequently differentiate into MZ or FO B
cells. FO cells undergo complete activation before differ-
entiating into memory B cells and plasma cells, which
generate particular antibodies. Most Breg cells are mainly

found in mature memory B cells (Fig. 1). These Breg cells
are largely antigen-specific and can regulate IFN-y and
TNF- « to affect the activity of CD4*T cells. At present,
there is evidence that Breg cells have immune functions
to regulate the tumor microenvironment, autoimmunity,
and infectious diseases, which means that Bregs are linked
to the pathogenesis of infectious, neoplastic, and autoim-
mune illnesses. However, abnormally elevated Breg cells
may prevent cells from killing pathogens, which in turn
promotes cancer metastasis. It is worth mentioning that
recent research has also proven the presence of Breg cells
in human peripheral circulation, which revealed the neces-
sity of further comprehensive investigation of the immune
response of Breg cells and their role in various diseases
[15-26].

Diversity of Bregs subpopulations

Researchers successfully identified Foxp3, a phenotypic
marker that recognizes regulatory T cells. This discov-
ery enlightens us that we may also have made important
progress in identifying the phenotype of Bregs. Different

‘f\‘ A5+ 3 1ght+
(N (( Pre-BOR ’ )f/
ntibodies \4\\\\ . g , i \

S\ ( | )F'
N \ >
it N - ) —— S ‘

/ . 7 ( | gt+1 gD+
@ s pro-B pre-B Immature B cells \
Long-]ived plasma ceNs Bone marrow ransitional Bells
Per iphery

S

short-lived plasma cells

&>

™

Plasmablasts

Antibodies @
Plasma cel R

B10 Breg cell

Geminal center

\

memory B cells

Fig.1 Growth and development of Bregs. Common lymphoid pro-
genitor (CLP) cells develop into immature cells in bone marrow, and
then enter in the circulation, through transitional B cells, separate
marginal zone (MZ) B cells and follicular (FO) B cells, and finally
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phenotypes of Bregs have different immunomodulatory roles
in various tumors.

Currently, researchers have begun to explore the pheno-
types of Bregs using techniques such as transcriptome analy-
sis and multiparametric flow cytometry (Table 1). However,
there is still a need to unearth new insights into a definitive
phenotypic marker capable of identifying Bregs. Thus, there
is still new and yet-to-be-explored territory for the definition
and classification of Bregs, and explorations and discoveries
in this direction are expected to lead to more progress and
contributions to clinical work [27].

Meanwhile, studies have shown that Breg cells in differ-
ent organs have different functions, and they are able to pro-
duce different cytokines for secretion. Most Bregs are able to
secrete I1-10, but there are still some Bregs that secrete other
types of cytokines. Therefore, based on the cytokine produc-
tion status, we are able to categorize and study different Breg

Table 1 Different Bregs subtypes and functions

subpopulations. So far, several common subgroups of human
Bregs have been identified, and progress in this area will
help us to understand the biological functions and clinical
applications of Bregs more comprehensively [15, 23, 28].
Many studies in mouse models and humans have found
various subgroups of Breg cells. However, these subsets dif-
fer in their traits and in their expression of inhibitory sub-
stances. Table 1 summarizes the distinct Breg types seen
in mouse models and human beings. It should be noted
that we have yet to obtain unanimity on the definition and
grouping of Breg cells. This study categorizes Breg cells
into two types. One type secretes the inhibitory cytokine
IL-10, known to be made by Breg cells. The other type does
not secrete it. In mouse models, innate immunity is defined
by CD5 expression. It is the main source of IL-10. B cells
and B-1a cells produce low-affinity natural IgM antibodies,
too. In 2008, Yanaba et al. [29] found the B10 cells, derived

Subtype Mouse phenotype Human phenotype Mediating cytokines Functions

Tim-1"B cells  Tim-1*CD19* Tim-1*CD19* IL-10, TGF-p Enhance IL-10 secretion on Treg
cells, regulate Thl as well as and
Th17 cells with inflammation [37]

B10 cells CD19*CD5*CD1dhi CD24"CD27+ IL-10 Reduce Th17 along with effector
CD4™T cells during inflammation;
control monocytes’ production of
TNF-o [29]

T2-MZPcells  CD19*CD21"CD23" CD24" IL-10 Decrease Thl cells, CD8™T cells,
and effector CD4™ cells; activate
Treg cells [30]

Brl cells CD19*CD25"CD71"CD73~ IL-10, IgG4 Suppress the growth of CD4* T
cells, activate Treg cells, and
encourage the generation of IgG4
[33]

GrB*B cell CD19*CD38*CD1d*IgM Granzyme B T cell receptor degradation, and

*CD147* restricts T cell growth [34]

MZ cells CD19*CD21"CD23~ IL-10 Regulate CD8T cell [38]

Plasmablasts ~ CD138*CD44" CD19*CD24MCD27™™ CD38* IL-10 Inhibit DC functions to produce
autoreactive T cells, restrict effec-
tor CD4*T cells and DCs [31]

CD73* B cells CD23*CD73"* CD19* CD39* CD73" Adenosine Promotes adenosine production and
mediates immunosuppression [39]

PD-L1" B cells CD37CD19* PD-L1" CD19* PD-LI" PD-LL, IL-10 Reduction of T cell activation and
limitation of Tth cell differentia-
tion [40]

CD9* Bcells CDI19* CD9* CD19* CD9* IL-10 T cell apoptosis induced [35]

CD5*Bcells CDI19* CD5* CD19* CD5*CD1d" Granzyme B, IL-10  Suppress IL-22 production, regula-
tion of th17 and th2 differentiation
[41]

Immature CD19*CD24"CD3g" IL-10 Suppress Th1 and Th17 cell dif-

transitional B ferentiation [32]
cells
Plasma cells CD44" CD19*CD138* IgA*PD-L1*IL-10*CD138" IL-10 Suppress anti-tumor immunity,

suppress CD4T cells and mac-
rophages [36]
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from mouse spleen, are CD5TCD1d™ B cells. They block
the immune response of Th17 and CD4™ T cells. They also
regulate TNF-a release by monocytes. B10 cells that pro-
duce IL-10 in humans are in circulating CD24™ CD27* B
cells. These cells can secrete IL-10 and suppress monocyte
TNF-a production. Blair et al. [30] subsequently discovered
that mouse T2-MZP-B cells had potent immunosuppressive
properties and high expression levels of CD21, IgM, and
CD23. They played a significant role in immunological
regulation. On the one hand, they reduced the numbers of
Thl, CD8*T cells, and effector CD4™T cells; on the other
hand, they stimulated the proliferation of Treg cells. CD138"
plasmablasts have the ability to generate IL-10, prevent
dendritic cells from producing killer T cells, and restrict
effector CD4*T cells’ ability to fight tumors [31]. Addition-
ally, CD19*CD24"CD38M immature B cells demonstrated
immunosuppressive properties; upon CD40 stimulation,
these cells blocked Thl and Th17 development [32]. Brl
cells strongly inhibit the proliferation of antigen-specific
T cells in an IL-10-dependent manner [33]. GrB*B cells
are another element that can prevent T cells from function-
ing [34]. It was recently discovered that CD9" B cells have
regulatory roles and generate IL-10. Through direct B-T cell
interaction, CD9 itself may exert an inhibiting effect on the
in vitro T cell proliferation assay. This suggests that in order
to suppress T cell growth, CD9* B cells may need to con-
nect with T cells and produce IL-10. They caused effector
T cells to undergo apoptosis in both people and animals,
boosted the ratio of Treg to effector T cells, and inhibited
inflammation mediated by Th2 and Th17 [35]. Plasma cells
impair the immune system, decrease anti-tumor responses,
and lower CD4*T cell and macrophage counts [36]. TIM-1
is expressed on both human as well as mice IL-10* B cells.
Tim-1" B cells can suppress Th1 and Th17 responses while
promoting IL-10 release by Tregs [37]. The phenotypic of
Breg cells differs significantly between humans and ani-
mals. Many studies have shown the properties of mouse
and human B cell subsets that regulate the immune system.
They do this by producing IL-10 or using other inhibitory
methods.

Subpopulation of IL-10-dependent Bregs

We know that Bregs have a significant part in tumorigen-
esis and development, autoimmune diseases, allergy and
transplant rejection. Bregs are primarily responsible for
producing TGF-f, IL-10, and IL-35. We first describe the
most commonly studied IL-10-secreting B10 Bregs. B10
cells are known for their unique CD1d®CD5™® CD19®)
phenotype, and as a predominantly IL-10-producing sub-
population of Bregs, B10 cells have a significant immu-
nosuppressive function in immunomodulation. B10 cells
can be differentiated into various developmental stages of
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B cells, such as transitional, mature B, and plasma cells.
These are found in particular populations of B1 and B2
cells in lung tissues, spleen, mediastinal lymph nodes,
and blood. They have different differentiation states [42].
Similarly, some immature cells can differentiate into B10
cells that secrete IL-10. These cells are transitional imma-
ture (TI) and marginal zone (MZ) B cells, which we call
marginal zone precursor-like (MZP) cells. Mzps have a
CD19*IgMMCD27+*CD1c*CD21°"CD10* phenotype, such
as T2-MZP-B cells, MZ B cells and B-1a B cells, which
present important regulatory B cell (Breg) characteristics
and functions [43]. These cells can also perform positive
selection concurrently, and higher BCR signaling intensity
can further promote the development of B10 cells [44].
B10 cells are an IL-10-dependent Bregs subpopulation.
By releasing IL-10, they can both adversely and positively
influence the immune response in various autoimmune
and infectious conditions. They also inhibit the immune
reaction in chronic inflammatory diseases. It can promote
CD4*CD25%FoxP3*Treg and Trl, and iNKT growth. But,
it may prevent the cytotoxicity of Tth, Thl, and Th17, and
inhibit CD8*CTL. This anti-inflammatory role also restricts
macrophages and monocytes from releasing inflammatory
cytokines. It significantly inhibits the anti-tumor immune
response. Bregs can also cause apoptosis by binding to Fas
on CD4* T, CD8* T, and B cells. In this process, B10 cells
mainly recognize self-antigens and, in an antigen-specific
way, inhibit immunological responses [45].

Bregs can, in the immune system’s mutual support,
release IL-10. This reduces inflammation. Their suppres-
sive effect can further promote immune support. Thus, they
create a beneficial coordination effect. However, Bregs may
overexpress IL-10 under some circumstances. Bregs could
express IL-10 in response to specific stimuli. These include
long-term treatment with certain immunotherapeutic drugs,
such as immunosuppressants or biologics. These drugs can
cause Bregs to produce huge amounts of IL-10 to suppress
inflammation. In some cases, the intestinal flora can cause
Bregs to secrete IL-10. When the Bregs encounter antigens,
they encourage T cells to produce TGF-f and IL-10. The
Bregs can also synthesize and secrete IL-10. This creates
a beneficial, coordinated effect. When Bregs encounter
an antigen, they induce T cells to make TGF-f and IL-10.
They can also simultaneously synthesize and secrete IL-10.
This creates an “intestinal-regulatory B cell-T cell sand-
wich pattern.” It enhances their regulatory role and pre-
vents inflammation. They control the nearby immune cells
in the intestinal mucosa. This preserves the balance of the
intestinal immune system. In inflammatory bowel diseases,
autoimmune diseases, and chronic infections, Bregs play a
key role in immune regulation. They inhibit inflammatory
reactions by significantly expressing IL-10. B10 cells inhibit
the immune response. They secrete IL-10, which reduces
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cytokine production, co-stimulatory molecule expression,
and antigen presentation. IL-10 also directly inhibits Th17
cell production. IL-10-producing Breg cells have a key role
in many autoimmune and infectious diseases. They help to
modulate the immune system [46].

However, the variables that control the growth and main-
tenance of B10 cells are still poorly known. For the ques-
tion of how B cells manufacture IL-10, the first thing we
need to understand is that naive B cells will not consistently
express IL-10. It is stimulated by several receptors that pro-
duce IL-10. These include APRIL, PI3K class 1 p1108 iso-
forms, TLR, BCR, and cytokine receptors. The current study
shows that IL-10 gene expression has a known regulatory
sequence. We have now identified important transcription
factors for IL-10 expression. TLR ligands are crucial for
activating B10 Bregs. They are powerful stimulants of IL-10
production in B cells. However, overstimulation of TLR7
will decrease B10 cells. This shows TLR7’s suppressive role
in B10 cell production [47]. In a mouse model of experi-
mental EAE, researchers found that NFATc1 deficiency led
to the reduction of IL-17A, IL-17F, IL-21and IL-10 in vitro
and the expansion of B10 cells [48]. However, another study
revealed that, in comparison with non-B10 cells, B10 cells
had higher expression levels of TLR1, IFNyR, and STAT10,
demonstrating that the IFNYR-STAT1 pathway has a det-
rimental regulatory effect on TLR7-mediated development
of B10 cells [49]. Additionally crucial for B cells produc-
ing IL-10 is STAT3, and CXCL13 can also promote the
secretion of IL-10 by B cells. The expression of IL-10 is
also regulated by various mechanisms. By focusing on the
mRNA for transcription factors that govern IL-10 expres-
sion, miRNAs can regulate IL-10. They can also regulate
epigenetic factors that affect the IL-10 gene’s chromatin
state. MicroRNA-21(miR-21) affects the IL-10 expres-
sion by directly impairing TLR-stimulated B cells. Mir-16
in miRNAs targets the mRNA of STAT3 to decrease the
expression of STAT3 and IL-10 in B cells. The study found
that miR-155 and IL-10 mRNA rose together. This suggests
an interaction between the two factors [27]. In addition to
this, blocking SLAMFS in vivo can additionally increase the
disease’s severity by raising the quantity of B10 cells [28,
42, 46, 50-66].

Although the function of B10 cells has been thoroughly
investigated, our understanding of the mechanism of how B
cells develop into B10 cells has yet to be further explored,
and more thorough research is required to clarify and
describe their genesis and growth. In future studies, we need
more research to understand the regulation mechanisms of
B10 cells and the interactions with other regulatory cells,
with a view to providing a more in-depth theoretical basis
for immunotherapy. In conclusion, by secreting IL-10 to
prevent the generation of pro-inflammatory cytokines, the
expression of co-stimulatory molecules, the presentation of

antigens, and the direct suppression of Th17 cell develop-
ment, B10 cells play a significant role in immunomodula-
tion. Further research is required to fully comprehend the
processes underlying B10 cell formation and differentiation
as well as how these cells interact with other immune cells,
in order to deeper comprehend the mechanics of the role of
B10 cells in immunomodulation.

Subpopulation of IL-10-independent Bregs

Ever since a population of Breg cells was discovered with
immunomodulatory functions, numerous studies have been
carried out on humans and mice by researchers to identify
subpopulations of Breg cells with immunomodulatory func-
tions. Although L-10 is a prominent molecule in the inves-
tigation of B cell immunomodulation mechanisms, it is not
the only functional molecule and other subpopulations of
Bregs with immunomodulatory functions that are not related
to the secretion of IL-10 have been identified, for example,
Bregs are immunomodulated by adenosine, TGF-f, IL-35,
and IgM production. In the next section, we will describe
these subgroups of Bregs that are not dependent on IL-10
for immunoregulation [47, 67].

IL-35% Bregs The two subunits of IL-35, an immunosup-
pressive factor belonging to the IL-12 family, are p35 and
EBV-induced gene 3 (EBI3). The heterodimeric nature of
IL-35 and the variety of cell surface markers made it pos-
sible to characterize Breg cells that produce IL-35 [18, 63,
67-T71].

Breg cells that produce IL-35 primarily come from
CD138™ plasma cells, and IL-35 produced by Breg cells is
a potential therapeutic target for infectious and autoimmune
disorders [47, 72]. In addition to being utilized to treat auto-
immune and inflammatory illnesses and create autologous
Bregs and IL-35™ Breg cells, IL-35 has been demonstrated
to function as a pro-tumorigenic agent in animal tumor mod-
els and its expression has been associated with lower clini-
cal outcomes in a variety of human cancers (e.g., colorec-
tal, pancreatic, or hepatocellular carcinoma) [59, 73-75].
Li S et al. [76] found that tumor growth was inhibited by
anti-IL-35 inhibition and genetic ablation, and the STING-
IL-35 axis dampened NK-driven anti-tumor responses and
decreased the proliferation of natural killer (NK) cells.
Huang A et al. found that diffuse large B cell lymphoma
(DLBCL) is characterized by the overexpression of IL-35
by tumor cells, which phosphorylates STAT1 and STAT3 in
B cells to inhibit the generation of IL-10 [69]. Additionally,
it has been demonstrated that IL-35 stimulates the growth of
regulatory T cells (Tregs) and Bregs [71]. Therefore, genetic
ablation therapy or anti-IL-35 inhibition can slow the growth
of tumors and show promise as anti-tumor therapeutics. All
things considered, research on IL-35-producing Bregs could
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lead to novel approaches to tumor treatment, and the study
of IL-35-producing Breg cells can also be applied to the
treatment of other immune-related diseases.

IL-27* Bregs Activated antigen-presenting cells release
interleukin-27 (IL-27), a novel member of the IL-12 family
that triggers several signaling cascades, including the p38
MAPK and JAK-STAT pathways. Research has indicated
that IL.-27 exhibits both pro- and anti-inflammatory proper-
ties in several autoimmune disorders; however, the underly-
ing mechanisms for IL-27’s dual function in inflammation
and autoimmunity are not fully understood [52]. Accord-
ing to the studies of Pratumchai I et al. Bregs that produce
IL-27 can influence antibody class switching and control of
persistent viral infections by promoting IL-27 signaling on
CD4* T cells, thereby facilitating infection control and driv-
ing cellular mechanisms of antiviral immunity and antibody
responses [77]. A study by Meka RR et al. found an innate-
like regulatory B-1a cell (i27-Bregs) that producesIL-27 in
the peritoneal cavity and human umbilical cord blood. In
contrast to other B cells, i27-Bregs can continue to secrete
IL-27 in lymphoid tissues and the central nervous system
while growing in vivo. Because i27-Bregs’ inhibitory effects
are neither antigen-specific nor disease-specific, they are
consistent with their developmental origin and have broad
applicability potential as an efficient immunotherapy for a
variety of disorders [78]. Nowadays, autoimmune enceph-
alomyelitis and uveitis are the main conditions treated by
immunotherapy against i27-Bregs. This is achieved by
transforming normal B cells into Bregs, which are capable
of secreting IL-10 and IL-35 by upregulating inhibitory
receptors (e.g., Lag3, PD-1), suppressing the Th17/Thl
response, and sending inhibitory signals to the brain, spinal
cord, or eye. As a result, research on i27-Bregs has substan-
tial theoretical and clinical implications and may yield novel
therapeutic approaches for autoimmune disorders.

TGF-B* Bregs TGF-p is a significant cytokine that comes in
three isoforms: TGF-B1, TGF-p2, and TGF-p3. TGF-B1 is
the typical member of the family. By binding to the TGF-f
type 1II receptor (TGFPRII), phosphorylating the TGF-f
type I receptor (TGFBRI), and controlling the expression
of many genes, TGF-p activates the SMAD-dependent
pathway [79]. Furthermore, TGF-f has the ability to con-
trol cellular processes via non-SMAD-dependent pathways
(including ERK, JNK, p38, PI3K, and AKT). Poznansky SA
et al. found that TGF-f is crucial for B cell growth and auto-
immune control, and it can also be dominant in regulating
Bregs immunological function by converting naive CD4* T
cells into Tregs, which suppresses immune responses [80].
The study by Huai G et al. on breast cancer models showed
that tumor produced substances, such as leukotriene B,
activate Bregs and stimulate Tregs to create TGF-f, which
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contributes to the negative regulation of immune responses.
Furthermore, they discovered that transgenic mice lacking
Bregs-derived TGF-f1 developed EAE more quickly in the
EAE mouse model, which was correlated with the activa-
tion of the DC frequency in the CNS and the pathogenic
CD4* T cell expansion in the CNS. Tumor-induced TGF-f
secreted by Bregs can also increase the generation of reac-
tive oxygen species and NO by bone marrow-derived sup-
pressor cells, inhibit the proliferation of CD4* and CD8* T
cells, and ultimately favor tumor metastasis [81]. In addi-
tion, Liu J et al. found that TGF-p-producing Bregs addi-
tionally have a significant impact on worm-infected mice,
inhibiting Th1 and/or Th2-mediated colitis by cooperating
with anti-inflammatory macrophages [82].

Therefore, further studies on the occurrence and regu-
latory mechanisms of TGF-B*Bregs are of great signifi-
cance for the management of autoimmune illnesses and
malignancies.

PD-1* Bregs Tumor cells can express a variety of immuno-
suppressive signaling proteins that lead to immune cell mal-
function and apoptosis, and immune evasion is a character-
istic of malignancies. Programmed death ligand-1 (PD-L1)
is one of these inhibitory substances; it inhibits anticancer
immunity by binding to PD-1 expressed on T cells, B cells,
DCs, and NK cells. Although B cell-mediated control helps
to maintain tolerance, it could also perform a role in immu-
nological dysfunction in cancer and infectious illnesses.
Although uncommon in peripheral blood, Wang X et al. dis-
covered that B cell subgroups with PD-1 expression were
markedly elevated in differentiated thyroid cancers. Addi-
tionally, PD-L1 was expressed at noticeably greater levels in
PD-1*B cells. Anti-Ig/CD40 L stimulation that is ongoing
rather than transient increased the expression of PD-1 and
PD-L1 in B cells. PD-1" B cells were found to have a regula-
tory role in vitro, as evidenced by their considerable inhibi-
tion of CD4% and CD8* T cell growth and reduction in via-
bility in response to CD3/CD28 stimulation. PD-1* B cells
did not, however, express large quantities of IL-10, in con-
trast to other Breg cells subgroups that secrete IL-10. PD-L1
appeared to play a role in PD-17 B cell-mediated inhibition
instead, since blocking PD-L1 markedly improved T cell
survival and proliferation in co-culture. Taking everything
into account, this study indicates that PD-1* B cells can
control T cell reactions [83]. Mao Y et al. investigated how
circulating exosomes in ESCC contributed to the formation
of the PD-1* and IL-10 Bregs subpopulations, two of the
major Bregs subpopulations. The findings demonstrated
that, in comparison with healthy controls, ESCC patients
had a higher percentage of B10 cells in peripheral circula-
tion. The researchers then extracted and studied exosomes
from ESCC cell lines and patient peripheral blood. It was
discovered that exosomes from ESCC patients and cell lines
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Fig.2 Functions of Bregs. Breg, which is transformed from B cells
under different stimuli, on the one hand promotes the transformation
of naive CD4*T cells into Tr1 and Treg cells to assist iNKT; On the

inhibited B cell proliferation and stimulated the generation
of PD-1™ Bregs and B10 [84]. Xiao X et al. [85] found that
10% B cells in advanced hepatocellular carcinoma were
members of a tumor-promoting subpopulation that consti-
tutively expressed elevated levels of PD-1. The phenotype
of these PD-1M B cells is different from that of typical
CD24M"CD38M) peripherally Bregs; it is CD5MCD24/*
CD27%+) CcD38Wm [y HCC, environmental stimuli that
induce PD-10Y B cells need TLR4-mediated overexpres-
sion of BCL6. This impact was reversed by phosphorylat-
ing STAT6 in response to IL-4. Importantly, PD-1 B cells
developed regulatory roles that inhibited tumor-specific
T cell immunity and encouraged cancer growth via IL-10
signaling when coming into contact with PD-L1™ cells or
experiencing PD-1 triggering.

These results offer significant new understandings of
immunosuppression caused by PD-1/PD-L1 and anticancer
treatments for malignancies in humans.

Breg cell-targeted therapies are becoming more and more
common in clinical practice, and in order to develop safer
and more effective immunotherapies targeting Breg cells, a
deeper and more precise understanding of the mechanisms
governing Breg cell regulation is required.
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other hand, it prevents the differentiation of Th17 cells and the Thl
cell response, and inhibits macrophage and DC cells functions. In
addition, Bregs also participates in the process of apoptosis

Functions of immunoregulation by Breg

Bregs are essential for immune system homeostasis and
are particularly useful when tissue injury, inflammation,
or infection occur. Numerous factors, including cytokines
(such as IL-1p, IL-2, IL-6, and IFN-a), environmental vari-
ables and cell—cell interactions can activate Bregs [8§6—93]
(Fig. 2).

Bregs primarily secrete TGF-f, IL-35, and cytokines
(mainly IL-10) to maintain immune system homeostasis
and control the immune system [94-97]. Activation of mac-
rophages, CD4* T cells, PD-1 T cells, DCs, and CTLs can
all be inhibited by these cytokines [18, 27, 63, 98-101].
Bregs can also suppress the immune system by producing
granzyme B, which stops CD4" T cell growth. Granzyme
B, a serine protease that triggers apoptosis, is primar-
ily produced by NK cells and CTLs. Bregs that produce
Granzyme B are greatly enhanced in environments that are
high in IL-21. Granzyme B* Breg cells have been found in
autoimmune disorders that can reduce Th1l and Th17 cells
through downregulating the TCR zeta chain and causing T
cell death. These malignancies may impede anti-tumor T
cell responses [34, 102-108]. In addition, the CD39"CD73*
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phenotype of Breg cells exerts negative regulatory proper-
ties on the immune system by producing adenosine (ADO),
a key enzyme molecule associated with the anti-inflamma-
tory milieu, and by promoting the release of IL-6 and IL-10,
which prevent effector T cells activation and proliferation
[109].

Bregs can interact with other cells to modulate the
immune system. One significant activation mechanism
among them is cell—cell contact with T cells that is CD40
dependent. Bregs’ ability to express CD40 can improve their
ability to connect with T helper cells that express CD40L,
which increases the likelihood that Bregs will become acti-
vated [6, 32, 110-116]; environmental variables that cause
Bregs activation and IL-10 production include LPS and plas-
macytoid DCs through IFN-a- and CD40-mediated stimula-
tion. These environmental cues have the potential to activate
Bregs, which in turn controls the immunological response
via negative regulatory mechanisms, preserving the immune
system’s homeostasis.

Furthermore, Bregs possess the ability to indepen-
dently control immunological responses in the absence
of cytokines. Breg cells have the ability to produce TNF
by depending on glucocorticoid-a related receptor ligand
(GITRL) or other TNF family members, like membrane-
bound TNF, GITR, and trail, to trigger immune regula-
tion or contact-dependent apoptosis [117-125]. Bregs
can also carry out immune regulation through the expres-
sion of PD-L1 along with Fas ligand (FasL) on Bregs.
Bregs expressing high levels of PD-L1 can regulate
humoral immunity through PD-1 ligation, which inhibits
CD4*CXCR5*PD-1* Tth cells [18, 83, 85, 93, 126-133].
Induced cell death is triggered and self-tolerance is main-
tained via FasL’s connection to the Fas death receptor
on activated T cells. Hence, on Breg cells, targeted dele-
tion of FasL can induce autoantibody synthesis, T cell
proliferation, and tolerance breaking. Human Breg cells
expressing FasL were discovered in bone marrow, tonsil
GCS, and plasma cells including various organs. When
there is a bodily infection, FasL Bregs can prevent an
inflammatory response from happening. Cytotoxic CD8"
T lymphocytes can also undergo apoptosis when exposed
to FasL Bregs. Furthermore, FasL B cells retrieved from
tumor-draining lymph nodes can kill tumor cells in vitro
and trigger death of nonimmune cells when inflamma-
tion is developed in the body. In conclusion, inflamma-
tion induces the production of FasL Bregs, which may
be involved in the maintenance of peripheral tolerance
and the regulation of exacerbation responses, as well as
the formation of anti-tumor immunity and inflammation-
induced damage [134-147].

In conclusion, the understanding of these mechanisms
contributes to our in-depth understanding of the func-
tion and biological properties of Bregs, and it provide
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a foundation for the creation of Bregs-specific targeted
treatments. Consequently, a thorough investigation of the
activation mechanism and related signaling pathways of
Bregs and exploration of mechanism of action and dis-
ease resistance in the immune system will offer fresh
approaches to the management of autoimmune disorders
and clinical cancer.

The role of Bregs in cancer prognosis

Current research shows that human cells from a range of
malignant tumors, such as those in the pancreas, ovary,
stomach, lung, colon, esophagus, bladder, and circulatory
system, have been shown to contain Bregs. These results
suggest a close relationship between Bregs and the clinico-
pathological features of tumors as well as the prognosis of
cancer patients.

Breast cancer

One of the most prevalent malignancies in female patients
is breast cancer. Although new treatment methods and strat-
egies have been introduced, and the global breast cancer
mortality is decreasing year by year, the downward trend
of breast cancer mortality in China is not obvious. Deter-
mining the variables associated with the prognosis of breast
cancer is therefore crucial. In order to look into the involve-
ment of CD19+CD24hiCD38hiBreg cells in breast cancer,
Gheybi MK et al. examined blood samples from patients
with invasive ductal breast cancer and healthy controls. The
study’s findings indicated a correlation between TGF-p1
in patients’ serum with advanced disease and an increase
in CD19*CD24"CD38"Breg in peripheral blood, as well
as a significant increase in the proportion of circulating
CD4CD25Foxp3 Tregs and CD197CD24"CD38"Breg
in breast cancer patients. These findings suggested that
CD19*CD24MCD38"Breg cells may be responsible for
suppressing immunological reactions against breast can-
cer [148]. Ishigami E et al. undertook immunohistochem-
istry assessment of CD257IL-10*Bregs and Foxp3*Tregs
in tumor-infiltrating lymphocyte aggregates (TILs) from
breast cancer patients in order to better understand the clini-
cal effects of the coexisting of Bregs and Tregs in cancer
patients. Treg presence was closely associated. Subsequent
multivariate analysis demonstrated a correlation between
breast cancer patients’ metastasis-free survival (MFS)
as well as the presence of both Bregs and Tregs in TILs.
Furthermore, the MFS was substantially worse for patients
with both Tregs and Bregs in TIL than for patients with
just Tregs and no Bregs. Put differently, Bregs were linked
to distant breast cancer cell metastasis and the production
of Tregs in TIL [149]. Not coincidentally, a study by Pati S
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et al. revealed low serum IgG levels in patients with breast
cancer despite having a higher number of Breg cells. They
employed high-dimensional flow cytometry to examine the
heterogeneity of the Breg cells population and discovered
that the identified CD39*CD19-IL39* Breg cells popula-
tion both increased the production of naturally suppressive
CD1*FOXP4* Treg cells and limited the growth of Th
cells and the survival of killer effector cells. These Breg
cells hindered the growth of autologous T helper cells and
reduced the production of IgG antibodies, which may have
led to low IgG levels in breast cancer patients, which are
linked to a poor prognosis [114]. Furthermore, while the
percentage of PD-1* Breg cells was larger in patients with
high-grade tumors, and the results showed a non-significant
positive connection between the frequency of Bregs and the
tumor grade. Shariati S et al.’s study looked at changes in
the frequency of B cells in lymph nodes in breast cancer
and discovered that the frequency of PD-L1 Breg cells was
negatively correlated with the expression of estrogen and
progesterone receptors [150]. Bregs are a significant predic-
tive factor for breast cancer and could be a novel target for
breast cancer patients’ treatment and diagnosis in the future.
Breg cells elimination may be a novel and exciting approach
to treatment in the future to encourage antibody responses
mediated by plasma B cells.

Melanoma

Melanoma is one of the deadliest cancers. The survival
rate deteriorated significantly with the progression of stag-
ing. Therefore, finding the factors that affect the progno-
sis of melanoma is essential to improve the prognosis of
melanoma and develop new treatment strategies. In recent
years, researchers have extensively explored the relationship
between Breg cells and melanoma. According to a research
by Aira LE et al. melanoma patients with IL-10(B-1a) Breg
cells preferentially accumulate, which promotes tumor
growth by impeding the ability of tumor-infiltrating CD8*
T cells to produce cytokines and other IL-10-dependent
processes [151]. Wu H et al. focused on PD-L1 Breg cells
in melanoma and discovered that circulating B cells from
patients with melanoma expressed PD-L1 at much higher
levels than those from healthy controls. The enhanced levels
were also found to be positively connected with the stage
of the tumor, with patients with stage IV bone metastases
having the highest levels. The proportion of cells in bone
metastases was found to be much higher than in primary
tumors, indicating a tight relationship between PD-L1 Breg
cells and advanced stage and metastasis of cancer [152].
To further understand the possible mechanisms of Breg’s
role in melanoma, Harris RJ et al. analyzed and investigated
Bregs expressing pro-inflammatory cytokines in melanoma
patients employing methods including B: T cell co-culture,

transcriptome, immunofluorescence, flow cytometry,
CyTOF, and single-cell RNA-seq. The peripheral circula-
tion of melanoma patients showed decreased populations
of TNF-a*Breg cells and increased populations of TGF-
Band PD-L1 expressing Bregs; TGF-p* B cells aggregated
in clusters in the microenvironment of melanoma tumors
and interacted with T cells through recruiting lymphatic.
Further research has revealed that reg cells in melanoma
patients maintain autologous T helper cells to express IFN-y
and TNF-a and promote T helper cell proliferation in isola-
tion, all while promoting FOXP3 Treg division through the
expression of TGF-f. Furthermore, the above mechanism of
action is further enhanced by the blockade of the anti-PD-1
checkpoint [98]. Not coincidentally, Kobayashi et al. also
demonstrated that mice with melanoma growth-promoting
B cell-specific PTEN abnormalities showed a large increase
in the number of tumor-infiltrating Bregs and a significant
decrease in the fraction of tumor-infiltrating CD8* T cells
secreting IFN-y and TNF-a. These findings imply that
a higher Bregs level may be linked to a worse melanoma
prognosis [153]. When considered collectively, these results
demonstrate the critical part that Breg cells play in the gen-
esis and progression of melanoma. These findings offer fresh
perspectives and avenues for melanoma research, as well as
new approaches to developing novel therapeutic approaches.

Gastric cancer

Among the most prevalent and deadly cancers is gastric can-
cer. Gastric cancer can arise and spread due to a variety of
reasons, including chronic inflammation and bacterial viru-
lence factors. Since CD19*IL-10*Breg cells have immuno-
suppressive functions, in addition to their significance in
autoimmune and infectious illnesses, research by Nahid-
Samiei M et al. raises the possibility that the pathophysiol-
ogy of H. pylori infection may be significantly influenced
by the increased quantity of Breg cells and their interactions
with other cells. Thus, the scientists postulated that Breg
cells might possibly be involved in the onset and spread of
stomach cancer [154]. In a study examining the function
of Bregs in gastric cancer, Zhuang H et al. demonstrated
that patients with gastric cancer had higher numbers of Th1
cells, which can inhibit the growth of IL-10 Breg. This led
to the inhibition of B10Breg, which in turn caused tumors
and inflammation to develop [155]. Additionally, Murakami
et al. discovered that Bregs are crucial for immune escape
in patients with gastric cancer (GC). The findings demon-
strated that GC patients had significantly higher periph-
eral blood Breg frequencies than healthy controls, and that
GC tissues had significantly higher CD19*CD24MCD27+
Breg cells than both peripheral blood and healthy gas-
tric tissues. Additionally, carboxyfluorescein succinimide
levels were found in GC patients’ peripheral. Additional
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carboxyfluorescein succinimide labeling demonstrated that
CD19*CD24*CD27" B cells could decrease autologous
CD4* T cell growth and CD4 * T cells’ production of INF-
v. Additionally, a multifactorial examination indicated that
the frequency of Bregs were a separate prognostic factor
for patients with GC [156]. Bregs connect not only with the
clinical course, but also with the prognosis of gastric can-
cer. Li Wet al.’s work looked into the connection between
the clinical outcomes of patients with gastric cancer treated
with XELOX and the dynamic changes in circulating
Breg cells. According to the study, patients with a longer
progression-free survival (PFS) had a decreasing trend of
CD197CD24"CD27" Breg cells compared to the initial
value at the early stage of chemotherapy. This suggests that
the frequency of Breg cells may be used to predict the effec-
tiveness of chemotherapy and assist doctors in modifying
the right course of treatment [157]. When considered col-
lectively, these data imply that Bregs might be a significant
factor in the incidence and progression of stomach cancer.
Therefore, it is crucial to continue researching Bregs’ func-
tion and mechanism in gastric cancer in order to create novel
treatment approaches.

Liver cancer

B cells are a crucial component of tumor cells and are
involved in many immunological responses, including
inflammation, infection, and tumor formation. One of the
main epigenetic regulators of B cells has been identified as
ten-2 translocation-2 (tet5), which demethylates 5-methyl-
cytosine to 5-hydroxymethylcytosine (Shmc) to control gene
expression. A recent study investigated the potential clinical
applications of tet10 and its involvement in the hepatocel-
lular carcinoma-related generation of IL-107B cells. High
levels of TET2, IL-10, and Shmc have been linked to a poor
prognosis for hepatocellular carcinoma patients, according
to research by Lu Z et al. [57]. Bregs displayed greater levels
of PD-1 and made up about 10% of total B cells in advanced
hepatocellular carcinoma (HCC), according to a different
study by Xiao X et al. which also revealed tumor-promoting
subpopulations of B cells in hepatocellular carcinoma. With
their distinct CD5®CD24 " CD27M/CD38™ pheno-
type, these PD-11 B cells have the ability to inhibit tumor-
specific T cell immunity and stimulate tumor development
via IL-10 signaling [85]. To sum everything up, Bregs are
strongly associated with a dismal outcome for liver cancer.
To give more useful and workable prediction and coping
strategies for clinical practice, we should investigate this
association further.
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Chronic lymphocytic leukemia

Chronic lymphocytic leukemia (CLL) patients have mono-
clonal expansion of CD5*CD23*CD27*CD19*** B lym-
phocytes, which are indicative of a B regulatory cell-like
immune phenotype that produces large amounts of IL-10
and TGF-f, which turns naive T cells into Tregs, which
adversely impacts immunological response and T cell acti-
vation. Saulep-Easton D et al. found that B cell activating
factor (BAFF) of the tumor necrosis factor family (TNF)
activates IL-10-producing Breg cells in CLL patients,
which promotes immune tolerance in CLL and is linked to
the onset and progression of CLL [158]. Another study by
Ringelstein-Harlev S et al. further identified and character-
ized Bregs properties in CLL cells: Toll-like receptor 10
(TLR9) or CD9 activators increased the frequency of CD4*
CD25" FOXp3 Tregs as well as inhibited the proliferation
of autologous CD4" T cells. Additionally, they promoted
the production of IL-10 in CLL cells, which intensified
the inhibition of T cell proliferation. These findings imply
that CLL cells employ Bregs properties to promote T cell
regulation and thus influence tumorigenesis [159]. Mohr A
et al. evaluated the Bregs-like capacity of CLL B cells that
received Toll-like receptor 9 (TLRY) stimulation and found
that with normal T cell sensitivity in all patients, only half
of the patients’” CLL B cells had Bregs properties, while the
remaining patients’ B cells were unable to develop Bregs
function, implying that inherent CLL B cell shortage was
the cause of the aberrant Bregs activity, and further studies
on the relevance of Bregs function showed that CLL patients
with efficient Bregs activity were more aggressive than those
with defective Breg cells [160, 161]. Currently, ibrutinib, a
common drug for the treatment of CLL, is a covalent inhibi-
tor of Bruton’s tyrosine kinase (BTK), and can be appli-
cable to the treatment of individuals with primiparous or
relapsed/refractory chronic lymphocytic leukemia (CLL). In
a prospective study of peripheral blood samples, Kondo K
et al. discovered that patients receiving ibrutinib mediated a
persistent and selective down-regulation of PD-L1 through
STAT3, in addition to inhibiting regulatory B cell function,
which decreased the amount of IL-10 produced by CLL
cells. Suggesting that ibrutinib can treat CLL by inhibiting
Breg cell’s function [162]. Therapeutic approaches to target
Bregs include inhibition of BAFF signaling pathway and
CD38 antibody therapy targeting CLL cells, and in an vivo
xenograft model experiments, Manna A et al. validated the
efficacy for anti-CD38 monoclonal antibody therapy, which
alters the tumor microenvironment, increasing the percent-
age of Th17 as well as CD8" T cells while lowering Bregs,
Tregs, and PD-1*CD38"MCD8* T cells, which strengthens
the immune response to CLL [163]. The previously men-
tioned results demonstrate that a positive treatment impact
is inversely correlated with the level of Bregs. Investigating
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and learning more about Bregs in relation to CLL develop-
ment is crucial. Future studies will provide a fresh perspec-
tive on how to suggest Bregs treatment plans that are more
successful.

Acute myeloid leukemia

Hematologic malignancy with a heterogeneous appearance
is acute myeloid leukemia (AML). Breg cells have negative
immunoregulatory characteristics, which may contribute
to the pathogenesis of AML even if many aspects of their
immunological processes are yet unknown. Therefore, Dong
Q et al. performed experimental analyses by flow cytometry,
enzyme-linked immunosorbent assay, and RT-qPCR in three
groups of freshly diagnosed individuals with AML, AML
patients in total recovery, and normal controls to thoroughly
evaluate the quantity and performance of Bregs and Treg
cell subcategories in AML clients, as well as their possible
roles in AML pathogenesis. The findings demonstrated that
the frequency of Bregs were much higher and the quantity
of Tregs increased in newly diagnosed AML patients. IL-10
and Foxp3 mRNA levels were higher in recently diagnosed
individuals with AML, but not statistically different from
those in complete remission or normal controls. These find-
ings indicate that Bregs and Tregs are present at varying lev-
els throughout the disease course in AML patients, implying
that they may play distinct roles in AML pathogenesis. In
contrast, the levels of Bregs and Tregs were not significantly
different between patients in complete remission and healthy
controls. Compared to healthy controls and AML patients
in complete remission, newly diagnosed AML patients had
higher plasma IL-10 levels but lower TGF-f [164]. The fre-
quency of Breg cells and clinical data in AML patients were
also investigated in the study by Lv Y et al. The findings
suggested that individuals with AML had a greater incidence
of Breg cells in peripheral and bone marrow compared to
healthy donors (HD); patients with high leukocyte levels
had higher frequency of Breg cells than patients with low
leukocyte levels; patients at intermediate risk had higher
frequency of Breg cells compared to low-risk patients; and
patients with high WBCs and a high frequency of Breg cells
had shorter overall survival. Comparably, the younger group
of patients with low Breg cells frequency had a much longer
overall life than the older group of patients with high Breg
cells frequency. When combined, these findings suggest that
patients with acute myeloid leukemia have a significantly
higher frequency of Breg cells than healthy donors, and that
higher expression of PD-L1 in Bregs are also linked to a
poor prognosis. These findings suggest that increased Breg
cells frequency in AML may also be associated with a poor
prognosis [165].

In conclusion, these investigations indicate that the spe-
cific level of Breg cells in AML patients may be associated

with the exacerbation of AML and the general survival rate
for patients, which offers a new therapeutic target for the
treatment of AML and also provides useful information for
further exploring the pathogenesis of AML. Also, we can
further detect the Bregs level of AML patients in the clinic
to judge the possible prognosis, and timely intervention and
treatment.

Breg and cancer immunotherapy

As mentioned earlier, there is growing evidence that regula-
tory B cells (Bregs) play an important role in suppressing the
immune response to tumors. Immune checkpoint inhibitors
(ICIs) are an immunotherapy that should not be overlooked
in current cancer treatments. These drugs attack cancer cells
by disarming immunosuppressive mechanisms in the tumor
microenvironment and activating the patient’s own immune
system. However, despite the fact that ICIs have shown sig-
nificant efficacy in a wide range of cancer types, a signifi-
cant proportion of patients do not respond to or are resistant
to single-agent treatment [166]. Since Breg cells express
CD80/86 and PD-L1, theoretically, Breg would also be
affected by anti-CTLA-4 and anti-PD-1/PD-L1 ICIs [167].
Therefore, we will next discuss the relationship between
Breg and ICIs to provide new ideas for further exploration
of ICI resistance mechanisms.

Oral squamous cell carcinoma

In a study of oral squamous cell carcinoma conducted by
Piersiala, K et al. the researchers used flow cytometry to
analyze tumor-draining lymph node (TDLN), non-tumor-
draining lymph node (nTDLN), and metastatic lymph node
specimens of 21 patients with oral squamous cell carcinoma
in a subgroup comparative analysis. The results showed that
the proportion of immunosuppressive regulatory B cells
(Breg) present in patients with TDLN that developed metas-
tases was significantly increased compared to patients with-
out metastases. Meanwhile, the expression level of interleu-
kin-10 (IL-10)-producing Breg was significantly higher in
TDLN compared to nTDLNSs. Further studies revealed that
the immunosuppression triggered by the high accumulation
of Breg in TDLN was closely associated with disease pro-
gression and drug resistance. This phenomenon is highly
likely to be a potential impediment to effective response to
novel cancer immunotherapy (ICI) in head and neck can-
cer patients. Therefore, Breg is expected to be a potential
therapeutic target to enhance the anti-tumor response of
TDLN. An in-depth investigation of the mechanism of Breg
in TDLN is of great significance for optimizing ICI thera-
peutic strategies and improving the therapeutic efficacy of
head and neck cancer patients [168].
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Melanoma

The use of PD-1 and PD-L1 inhibitors has become a well-
established therapeutic approach for patients with advanced
melanoma, as reported by Wulfken, L.M., et al. Five years
after the diagnosis of melanoma, the patient was treated with
rituximab for pre-existing granulomatous polyangiitis, which
resulted in complete depletion of B cells in his peripheral
blood and tumor tissue. B cells in his peripheral blood and
tumor tissue were completely depleted. In the absence of the
b-raf mutation in the proto-oncogene, the patient was started
on nivolumab and achieved a deep partial remission, which
lasted for more than 14 months. Follow-up flow cytometry
analysis of peripheral blood single nucleated cells revealed
that 15% of these cells produced IL-10 and 14% were regula-
tory B cells (Breg) that were double positive for CD24 and
CD38. The exceptional clinical response shown by this B
cell depleted patient to monotherapy provides a new direc-
tion for research on the role of B cells in modulating the
immune response in melanoma. This suggests that depletion
of regulatory B cells may contribute to enhancing the thera-
peutic efficacy of immune checkpoint inhibitors (ICIs), and
that there is a strong link between the two. Further in-depth
study of the relationship between Breg and ICI is impor-
tant for optimizing immunotherapy strategies for melanoma
[169].

Breast cancer

The axillary lymph node (LN), as a major metastatic site of
breast cancer, occupies a key position in the developmental
process of breast cancer. However, the mechanism of interac-
tion between tumor cells and immune cells within metastatic
lymph nodes (mLN) remains poorly elucidated and many
unknowns exist. The study conducted by Huang, H et al.
focused on the regulatory impact of CD24"CD27* regula-
tory B cells (Breg) within the mLN on the drug resistance of
breast cancer cells. The results showed a strong association
between activated CD24"CD27+ Bregs and the spatial distri-
bution of residual tumor cells within the mLN in breast can-
cer patients receiving NAT. In terms of mechanism of action,
CD24"CD27 Bregs were able to significantly enhance the
multidrug resistance of breast cancer cells and contribute to
the acquisition of stem cell-like features through the secre-
tion of IL-6 and TNF-a. More critically, breast cancer cells
could further activate CD24"CD27+Bregs through CD40L-
dependent and PD-L1-dependent proximal signaling path-
ways, thus forming a positive feedback regulatory mecha-
nism and exacerbating the process of tumor drug resistance.
Notably, PD-L1 blockers were able to significantly attenuate
CD24"CD27"Bregs-induced drug resistance in breast can-
cer cells, and the addition of anti-PD-L1 antibodies to the
chemotherapy regimen effectively improved the remission
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of tumor cells in mLN. This study clearly reveals the key
mechanism of action by which CD24™CD27*+Bregs interact
with breast cancer cells within the mLN and thus promote
tumor resistance. This result provides a new theoretical
basis for optimizing the chemo-immunotherapy strategy
for breast cancer patients with mLN metastasis, and lays
the foundation for further exploring the synergistic thera-
peutic regimen of targeted Bregs and immune checkpoint
inhibitors (ICIs), which is of great significance in enhanc-
ing the clinical outcome of breast cancer treatment [170].
It is not the only case, Li, X., et al. Aiming to investigate
the role of soluble programmed death ligand 1 (sPD-L1) in
the pathogenesis of human breast cancer, serum levels of
sPD-L1 and interleukin-10 (IL-10) in patients with breast
tumors, as well as the patients’ peripheral blood levels of B
cells, programmed death receptor 1-positive B cells (PD-1
B cells), regulatory B cells (Bregs) and the proportion of
PD-1 Bregs were examined, and the association between
these metrics and sPD-L1 was assessed. It was found that
serum levels of sPD-L1 and IL-10 in patients with inva-
sive breast cancer (IBCa) were significantly higher than in
patients with fibroadenoma of the breast (FIBma). Also, the
proportion and absolute number of Bregs and PD-1 Bregs
in the peripheral blood of IBCa patients were significantly
higher than those of FIBma patients. In addition, positive
correlations between sPD-L1 and IL-10, IL-10 and PD-1
Bregs, and sPD-L1 and PD-1 Bregs were observed in IBCa
patients. The researchers further confirmed through in vitro
experiments that sSPD-L1 was able to induce Breg differen-
tiation, IL-10 secretion, and IL-10 mRNA expression in a
dose-dependent manner. In addition, the study also found
that Bregs could inhibit anti-tumor responses, which was
further supported by experiments on the induction of regu-
latory T cells, as well as indicating that PD-L1 blockade
therapy could promote tumor cell apoptosis. Taken together,
these findings suggest that sPD-L1 is able to mediate the dif-
ferentiation of Bregs, contribute to the expansion of CD4*
regulatory T cells, and thus impair the anti-tumor activity
of CD4* T cells. This implies that PD-L1/PD-1 blockade
therapy is expected to be an effective therapeutic strategy
for IBCa patients, especially for TNBC patients with high
levels of PD-1 Bregs. The research results provide a new
theoretical basis and potential therapeutic direction for the
treatment of IBCa, and further reveal the close connection
between Bregs and immune checkpoint inhibitors, which is
of great significance for optimizing the immunotherapeutic
regimen of breast cancer [171].

Thyroid cancer
Regulatory B cells (Bregs) can inhibit the function and

proliferation of T cells by overexpressing negative immune
checkpoints, ultimately leading to immune escape of tumor
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cells. Based on this, Bregs play a negative role in inducing
tumor immune escape. Targeting Bregs immune checkpoints
is a potential therapeutic strategy to address this situation
[172]. A recent study by Wang, X., et al. showed that in
thyroid cancer, Breg cells with high expression of pro-
grammed death receptor 1 (PD-1) significantly inhibited T
cell proliferation. And after targeting PD-1 for blockade, the
proliferative capacity of T cells was significantly enhanced,
and the survival rate of CD4*% and CD8* T cells was also
significantly increased. In addition, surgical treatment with
radioactive iodine therapy was able to substantially reduce
the frequency of PD-1% B cells. This shows that blockers
targeting PD-1 in immune checkpoint inhibitors (ICIs) will
be more helpful in achieving the desired therapeutic effect if
they are used in combination with other cancer treatments.
This study reveals the potential connection between the
immunosuppressive mechanism of Bregs and ICI therapy,
which provides a new idea for the treatment of thyroid can-
cer and other related tumors, i.e., to enhance the efficacy of
ICI by inhibiting Bregs-mediated immune escape, and thus
improve the prognosis of patients [83].

Hepatocellular carcinoma

The findings of Lu, Z., et al. present a TET2-dependent
epigenetic intervention strategy for targeting IL-10" B cell
production during hepatocellular carcinoma (HCC) pro-
gression and clearly indicate that inhibition of TET?2 activ-
ity is a highly promising, combinable treatment for HCC
with immune checkpoint inhibitors. Currently, nivolumab,
a second-line therapeutic agent for HCC, has failed to sig-
nificantly improve the overall survival of HCC patients due
to a limited anti-PD-1 response rate and has not met the
predefined criterion for statistically significant improve-
ment. It was found that the combination of TET?2 deletion in
CD8™ T cells with anti-PD-L1 therapy also failed to further
enhance anti-tumor efficacy. And the study confirmed that
eliminating TET2-mediated immunosuppression in B cells
is expected to improve the body’s response rate to anti-PD-1
therapy. The researchers found experimentally that the use
of Bobcat339 (an inhibitor of TET1 and TET2) in combi-
nation with anti-PD-1 therapy to pretreat B cells followed
by overtransfer showed that there was a synergistic effect
between Bobcat339 and the anti-PD-1 therapy, and that this
synergistic effect was at least partially realized by reduc-
ing IL-10 secreted by the B cells. This suggests that IL-10
secreted by regulatory B cells (Breg) plays a key role in the
process of immunosuppression, and that inhibition of TET2
can affect Breg function and enhance the effect of anti-PD-1
therapy. The effectiveness of Bobcat339 treatment lays the
groundwork for subsequent in-depth study of TET2 inhibi-
tors, which is expected to be optimized by optimizing the
combination of TET2 inhibitors with immune checkpoint

inhibitors (ICIs, such as anti-PD-1 therapies) combination
treatment regimen, which is expected to bring greater clini-
cal benefits to HCC patients. This research not only reveals
the intrinsic connection between Breg, TET2 and ICI, but
also opens up a new direction for the clinical treatment of
HCC, which is of great significance for the improvement of
HCC treatment [57].

Non-small cell lung cancer

Regulatory B cells (Bregs) inhibit autoimmune responses by
directly suppressing self-reactive T cells, as well as inhibit-
ing the production of follicular helper T cells (TFH cells),
thereby limiting the activity of self-reactive B cells. Anti-
PD-1 therapy might be able to directly impair the suppres-
sive function of PD-1* and PD-L1* Bregs. Consistent with
this scenario, patients who developed a toxic response after
receiving immune checkpoint blockade therapy had signifi-
cant defects in their functional B cell pools at the time of
disease diagnosis, with a marked reduction in the subpopula-
tion of B cells expressing IL-10 alone, a subpopulation that
is closely related to the subpopulation of Bregs described in
the literature. In the treatment of advanced non-small cell
lung cancer, immune checkpoint blockade with Pembroli-
zumab has demonstrated durable clinical efficacy. How-
ever, some patients experience high-grade immune-related
adverse events (irAE), which offset the therapeutic efficacy
to a certain extent. Patel, A.J., et al. demonstrated that in
these patients, the immune checkpoint function of Bregs are
defective, which is unable to limit the enhancement of auto-
reactive T cell activity and the formation of autoantibodies
after PD-1/PD-L1 blockade, leading to severe autoantibody
formation. Formation, ultimately leading to severe autoin-
flammatory sequelae. Through functional in vitro assays
and in-depth phenotypic mass spectrometry flow cytometry
analysis, it was found that dysfunctional IL-10-producing
regulatory B cells are a critical and important feature of
patients who develop high-grade irAEs when treated with
anti-PD-1/PD-L1 checkpoint blockade. Currently, there is a
lack of clinical biomarkers capable of identifying patients
most likely to develop severe autoinflammatory syndromes,
and pre-treatment analysis of B cells may be an important
tool for identifying lung cancer patients at high risk of
developing severe irAEs while receiving immune check-
point blockade therapy. This finding not only highlights
the important role of Bregs in immune regulation, but also
reveals a strong link between them and the therapeutic effi-
cacy of immune checkpoint inhibitors (ICIs) and the associ-
ated adverse effects, which provides an important basis for
optimizing immunotherapy strategies for lung cancer [173].
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Therapeutic potential

Considering the dual function of B cells as immunomodula-
tors, two possible therapeutic strategies have been proposed,
aiming at activation and depletion of B cells, respectively.
Moreover, there is growing evidence that tailoring therapy
to the function of Bregs has excellent clinical relevance in
cancer treatment.

T cell Ig structural domain and adhesion molecule struc-
tural domain protein 1 (TIM-1) have been identified by Ding
Q et al. as co-stimulatory molecules that influence immune
response by controlling CD4* T cell effector development.
Most IL-10-expressing Bregs, including as transition zone,
marginal zone, and follicular B cells, as well as B cell popu-
lations that have CD1d ™ CD5" B cell populations, have
high expression of TIM-1, IL-4 and IL-10 which is concen-
trated in TIM-1% B cells, and this stimulates a Th2 response
that can transfer allograft tolerance directly. TIM-1-specific
antibodies, which rely on IL-4 signaling, stimulate both
cytokine production and the quantity of TIM-1" Bregs. As
aresult, TIM-1 is an inclusive marker for IL-10™ Bregs, and
TIM-1 attachment can cause the formation of these Bregs
[37]. These results shed light on the signaling involved in
the generation and activation of Bregs and imply that TIM-1
may be a novel therapeutic target for controlling immunolog-
ical responses. Thus, TIM-1 may have potential therapeutic
applications in immune cell induction, differentiation, and
regulation in B cell-related therapy and vaccine develop-
ment. In the future, we must investigate the precise methods
by which TIM-1 regulates Bregs’ actions in more detail and
assess the possibility of using it to treat immune-related ill-
nesses like cancer. Furthermore, combining immunotherapy
with IL-35 inhibition could be a further therapeutic option
to investigate. Apart from manipulating the quantity of
Breg cells and focusing on cell surface markers, particular
antigens or ligands may be utilized to stimulate Breg cells,
thereby enhancing their differentiation and functionality.
Alternatively, the quantity and function of Breg cells can be
boosted for therapeutic purposes by cultivating and multiply-
ing them in vitro and then transferring them to patients. This
strategy has been explored in clinical trials.

Li, S., et al. showed that resistance to systemic therapy
with STING agonists is partly due to the expansion of immu-
nosuppressive B cells that impede NK cell function. STING
activates the regulatory function of B cells by inducing
IL-35, which in turn inhibits the NK cell response. And this
negative regulatory circuit can be broken during cGAMP
treatment by blocking the specific secretion of IL-35 by B
cells, which provides a potential therapeutic strategy for
tumor control. Regulatory B cells (Breg) play a key role
in this process, and blocking the secretion of IL-35 by B
cells can inhibit the immunosuppressive function of Breg

@ Springer

and restore the anti-tumor activity of NK cells, which is
expected to be a new way to improve the efficacy of tumor
treatment [76].

Autologous i35—regulatory B cell (i35—Breg) adminis-
tration is promising as a potentially effective immunotherapy
for autoimmune and neurodegenerative disorders of the cen-
tral nervous system (CNS), but there are still many chal-
lenges to overcome before it can be applied in the clinic.
One of the major challenges facing i35—Breg therapy is
the difficulty in accurately determining the i35—Breg-
secreted IL-35 bioavailability. This uncertainty affects the
assessment of therapeutic efficacy and the optimization of
treatment regimens. Another obstacle is that the transport of
cells (including lymphocytes) to the brain, retina or spinal
cord is severely limited by the blood—brain barrier (BBB)
and the blood-eye barrier (BOB) [19]. Of interest, a recent
report by Kang, M., et al. suggests that IL.-35-containing
exosomes (i35—Exosomes) released by i35—Bregs provide
a new pathway for the delivery of IL-35 to the CNS. The
study found that mice treated with i35—Exosomes were
effectively protected against severe uveitis and that the treat-
ment triggered the expansion of IL-10 and IL-35 secreting
regulatory T cells (Treg) and suppressed the Th17 response,
resulting in disease protection. This finding highlights the
importance of i35-Exosomes in immunomodulation and sug-
gests their potential value in the treatment of CNS-related
diseases. In the future, in-depth study of the mechanism of
action of i35—Exosomes and optimization of their prepara-
tion and delivery methods are expected to overcome some
of the difficulties faced by i35—Breg therapy, and further
explore the potential of i35—Breg in the treatment of CNS
autoimmune and neurodegenerative diseases, and to bring
more effective treatments to patients [174].

Pancreatic ductal adenocarcinoma (PDAC) is the most
common type of pancreatic cancer, which is characterized by
high mortality and poor prognosis. B cells play a dual role
in the tumor microenvironment of PDAC, and the regula-
tory B cells (Bregs) dispersed within the TME inhibit anti-
tumor immune responses by secretion of anti-inflammatory
cytokines (IL-10 and IL-35) to promote tumor growth and
metastasis. Targeted regulation of this cell subpopulation
is expected to improve the state of immune tolerance in the
immune microenvironment of PDAC, thereby breaking the
barrier of tumor immune escape and enhancing the body’s
immune attack ability against tumor cells [175]. Neutralizing
interleukin-35 (IL-35) demonstrated significant therapeutic
effects in pancreatic cancer mouse model studies. It was able
to reduce the frequency of PD-L1* Breg cells and stimulate
the production of CD8TCXCR3*CCR5™ T cells, which in
turn overcame resistance to anti-PD-1 immunotherapy in
pancreatic cancer mice. This suggests that targeting Breg
cell-associated cytokines (e.g., IL-35) has the potential to
reshape the tumor immune microenvironment and enhance
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the efficacy of immune checkpoint inhibitors (e.g., anti-PD-1
immunotherapies), which will bring new hope for the treat-
ment of refractory tumors such as pancreatic cancer [93].

Zhu, H., et al. in PDAC found that infiltration of CD38"
B cells with regulatory B cell-like properties was an inde-
pendent factor affecting the prognosis of PDAC. This finding
suggests that CD38"% B cells play an important role in the
disease progression of PDAC and that their infiltration is
closely related to the prognosis of patients. In this study, we
observed that CD387CD19" B cells were able to hinder the
cytotoxic function of NK cells by secreting the inhibitory
cytokine IL-10. For the first time, it was demonstrated that
CD38*CD19* B cells may exercise the function of regula-
tory B cells (Breg) in PDAC. In-depth investigation of the
specific mechanism of the role of this cell subpopulation in
the highly immunosuppressive pancreatic immune microen-
vironment and the development of precise targeted therapeu-
tic strategies accordingly are of great clinical significance
to enhance the efficacy of immunotherapy for PDAC and
to improve the prognosis of patients. Future studies should
focus on how to more effectively target CD38¥CD19* B
cells to inhibit their immunosuppressive function and at the
same time enhance the body’s anti-tumor immune response,
so as to bring more therapeutic choices and better hope of
survival for PDAC patients [176].

In the therapeutic field of solid cancers, traditional B cell
depletion therapies have obvious limitations. The CD20
antagonist rituximab, for example, is ineffective and almost
difficult to apply in the treatment of solid cancers due to its
lack of more precise targeting. Not only that, rituximab may
instead promote cancer progression and metastasis by induc-
ing CD20-inexpressing regulatory B cells (Breg), negatively
impacting patient care. In contrast, exploring alternative
Breg-specific markers has become a more promising direc-
tion for Breg depletion therapy. Among them, CD200, a type
I membrane-associated glycoprotein closely associated with
immunoregulatory signaling pathways, has been detected in
a variety of hematological malignancies and solid cancers.
For example, Breg cells expressing CD200" have been found
in human papillomavirus-positive (HPV*) head and neck
squamous cell carcinoma (HNSCC) patients [177]. Based
on this, the researchers tried the treatment with the anti-
CD200 monoclonal antibody Samalizumab. The antibody
was tested in the treatment of both hematologic malignan-
cies as well as solid cancers. Unfortunately, the results of the
trials were not favorable, and patients experienced a variety
of adverse outcomes, including skin rashes, joint stiffness
or pain, headaches, and blood disorders. This is largely due
to the fact that CD200 is widely expressed in normal cells
of hematopoietic and non-hematopoietic origin, leading to
the inevitable potential toxicity triggered by the use of anti-
CD200 monoclonal antibodies. In summary, caution must
be exercised when utilizing Breg cell depletion therapy. On

the one hand, traditional B cell depletion therapies have
serious drawbacks in the treatment of solid cancers; on the
other hand, newly explored Breg depletion therapies based
on specific markers (e.g., CD200) face many problems. In
the future, when promoting the clinical application of Breg
cell depletion therapy, it is necessary to conduct more in-
depth research on Breg-specific markers and develop more
accurate and safe treatment strategies, so as to fully utilize
the potential value of Breg cell depletion therapy in can-
cer treatment and minimize the harm of adverse effects on
patients [79].

There has been some progress in the study of potential
therapies to prevent or reverse the regulatory B cell (Breg)
phenotype. In a variety of mouse cancer model experiments,
researchers have found that lipoxin A4, an arachidonic acid
metabolite with anti-inflammatory properties, selectively
inhibits the process of B10 Breg induction. During this pro-
cess, the number of regulatory T cells (Treg) in tumor tissues
and draining lymph nodes was reduced, while the prolif-
eration, differentiation, and germinal center (GC) forma-
tion of effector B cells were preserved. This finding implies
that lipoxin A4 has a unique role in regulating the immune
microenvironment, and is expected to break the balance of
tumor immune escape by regulating the number and function
of Breg and Treg cells, opening a new pathway for cancer
treatment [178].

In the study by Zhou, J., et al. the mechanism of regula-
tory B cells (Bregs) in bladder cancer (BLCA) was explored
in depth. The findings clearly showed a significant corre-
lation between the percentage of Bregs infiltration and
advanced tumor stage. Further, the researchers constructed
a gene signature associated with Bregs, which was shown to
be strongly correlated with the prognosis of BLCA as well
as the infiltration level of Bregs. Based on this, three key
genes, CD96, OAS1 and CSH1, were targeted, which play an
important role in the prognosis of BLCA as well as the level
of Bregs infiltration. A more in-depth experimental valida-
tion of CSH1 revealed that when CSH1 was co-incubated
with BLCA cells, it was able to significantly promote the
amplification of Bregs, which in turn affects the progression
of BLCA. The study also explored the relationship between
this gene signature and CD8* T cells, and found that there
is a strong link between the two, which suggests that this
gene signature has the potential to serve as an indicator of
the abundance and function of effector T cells, and provides
a new perspective for evaluating the tumor immune micro-
environment. Particularly importantly, this gene signature
became an important predictor of immunotherapy sensitiv-
ity in the cohort receiving anti-PD-1/PD-L1 therapy. This
means that by detecting this gene signature, it is possible
to predict patients’ response to immunotherapy in advance,
providing a strong basis for precise selection of immuno-
therapy regimens. In summary, this study identified a new
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biomarker, BREGRS, which showed great potential in pre-
dicting prognosis and immunotherapy response in BLCA.
This result can help guide the personalized treatment of
BLCA, and targeting CSH1 in Bregs are expected to be a
promising therapeutic strategy for BLCA, opening a new
direction for the future treatment of BLCA [179].

In conclusion, therapeutic strategies for Breg cells are
still evolving and improving, and more new methods and
drugs will emerge in the future to meet the needs of clinical
treatment.

Discussion

Numerous investigations on the role of Breg cells in immu-
nological control have been conducted over the past 20 years,
and several important advancements have been made. There
are now a number of surface markers that can be used to
recognize the immunosuppressive B cell population, but
no particular markers that can be used to fully identify and
categorize Breg cells have been discovered. Breg cells are
important in determining the prognosis of many tumors and
have demonstrated significant promise in the treatment of
immune system abnormalities, allergy diseases, and other
illnesses. It is important to note that Breg cells may suppress
immunological responses related to infection or cancer if
they become overactivated, which could worsen the illness.

Although Breg cells targeted therapy has not yet been
put to the test in clinical trials, the latest research shows
that there is a certain amount of evidence that it is helpful
to increase the effectiveness on tumor immunotherapy by
reasonably regulating the function of B cells. Therefore, how
to balance the B cell responses of promoting and inhibiting
tumors, how to deeply study the relevant factors that stimu-
late and regulate B cells’ differentiation into Bregs, alone
with how to understand the impact of the human microenvi-
ronment on B cell responses are issues that must be further
explored.

Therefore, we should continue to deeply study the
potential mechanism of Breg cells induction, differentia-
tion and expansion, in order to establish a new treatment
scheme based on Bregs, so as to better treat cancer and other
immune-related diseases and make important contributions
to human health.
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