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In recent years, in addition to the well-established role of T cells in controlling or

promoting tumor growth, a new wave of research has demonstrated the active

involvement of B cells in tumor immunity. B-cell subsets with distinct phenotypes

and functions play various roles in tumor progression. Plasma cells and activated

B cells have been linked to improved clinical outcomes in several types of cancer,

whereas regulatory B cells have been associated with disease progression.

However, we are only beginning to understand the role of a particular innate

subset of B cells, referred to as B-1 cells, in cancer. Here, we summarize the

characteristics of B-1 cells and review their ability to infiltrate tumors. We also

describe the potential mechanisms through which B-1 cells suppress anti-tumor

immune responses and promote tumor progression. Additionally, we highlight

recent studies on the protective anti-tumor function of B-1 cells in both mouse

models and humans. Understanding the functions of B-1 cells in tumor immunity

could pave the way for designing more effective cancer immunotherapies.
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1 Introduction

Tumors are complex cellular ecosystems consisting of malignant, immune, and stromal

cells that dynamically interact with each other. The interactions between malignant and

immune cells within the tumor microenvironment (TME) determine tumor growth or

suppression. For decades, the study of tumor-infiltrating T lymphocytes (TIL-T) has been

at the forefront of basic and translational research. Nevertheless, due to the considerable

variability in the response rate to T-cell-based immunotherapy, additional immune cell

populations have been recognized as modulators of tumor progression and as indicators of

therapeutic response. An increasing body of research has focused on evaluating tumor-

infiltrating B cells (TIL-B) as a potential tumor biomarker and a promising therapeutic

target for combating tumors. Actually, TIL-Bs have shown significant predictive and

prognostic value in the context of both traditional therapies and immune checkpoint

blockade across various cancer types (1). B cells can play either a pro-tumor or anti-tumor
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role depending on their phenotype, function, and anatomic location

within the tumor. B cells with immunosuppressive function, such as

regulatory B cells (Bregs), are associated with reduced survival in

cancer patients (2). Contrastingly, the presence of various types of

effector B cells, such as germinal center-like follicular B cells, plasma

cells, memory B cells, and antigen-presenting B cells within tertiary

lymphoid structures (TLS), is associated with favorable outcomes in

different human cancers (3–6). Among the various subsets of B cells

infiltrating tumors, B-1 cells have emerged as a potential player in

tumor immunity.
2 A brief overview of B-1 cells

B-1 cells represent a unique population that differs from

conventional B-2 cells in developmental origin, phenotype,

anatomic location, and function (7, 8). In mice, B-1 cells

primarily reside in the body cavities and are present at a low

frequency in the spleen and bone marrow. They are identified as

CD19highB220lowCD23-CD43+IgMhighIgDlow (9), although the

expression of other molecules further divides the B-1 cell

population (10–13). For example, the expression of the CD5

surface glycoprotein divides B-1 cells into B-1a (CD5+) and B-1b

(CD5-) (14, 15).

Defining the phenotype of B-1 cells in humans has been a topic

of debate (16). Human peripheral blood CD5+ B cells share with

murine B-1a cells the ability to generate polyspecific autoreactive

antibodies, such as rheumatoid factor and anti-ssDNA (17–20).

However, the equivalence of human CD5+ B cells to B-1a cells in

mice is not clear because CD5 is present on different subsets of

human B cells, including activated, pre-naive, and transitional B

cells (21–25). In 2011, CD20+CD27+CD43+CD70− B cells were

proposed as human B-1 cells because they exhibit functional

characteristics similar to those of mouse B-1 cells, such as

spontaneous IgM secretion, efficient T cell stimulation, and tonic

intracellular signaling (26). Subsequent studies cast doubt on the

quantification of these cells, suggesting that they may include other

subsets, such as precursors of plasmablasts with a CD20+CD38hi

phenotype (27–31). Consequently, the phenotype of human B-1

cells is more accurately represented by CD19+CD20+CD38low/

intCD27+CD43+ among lymphocytes that are negative for T cell

markers (32, 33). In 2022, Suo et al. conducted a comprehensive

characterization of human prenatal B-1 cells using single-cell

transcriptomic analysis and B cell receptor (BCR) information, in

addition to validating spontaneous antibody secretion functionally.

The authors demonstrated that prenatal B-1 cells with the above-

mentioned phenotypic markers share distinctive characteristics

with mouse B-1 cells and emerge in the early stages of

development (34). The implementation of this B-1 cell phenotype

in current studies is gaining acceptance and is being used in

translational studies of specific disease states (35–44).

The best-known function of B-1 cells is the secretion of natural

antibodies (NAbs) (45). NAbs are constitutively produced by B-1

cells even in the absence of deliberate antigenic stimulation and in

germ-free animals (46–48). Following innate stimulation by toll-like

receptor (TLR) agonists or microbial pathogens, B-1 cells secrete
Frontiers in Immunology 02
large amounts of antibodies, mainly IgM, which are critical for

fighting infections (49). These features position B-1 cells as key

players in the first line of defense against pathogens such as viruses,

bacteria, and parasites. B-1 cell-derived antibodies are often

autoreactive (48, 50, 51) and bind to antigens such as

phosphorylcholine (PC) (52, 53), phosphatidylcholine (PtC) (54),

and oxidized LDL (OxLDL) (55). Due to this, NAbs serve not only

as a first line of defense against invading pathogens but also perform

homeostatic housekeeping functions, including the removal of

apoptotic cells and the reduction of inflammatory responses

(56, 57).

Apart from natural and induced antibody secretion, B-1 cells are

known to play crucial roles in phagocytosis, antigen presentation

(58), T cell activation (59), and immune regulation through

interleukin-10 (IL-10) secretion (60). Some of the functions of B-1

cells havemade them a focus of research in the field of autoimmunity.

Mounting evidence suggests that B-1 cells are involved in the

development of autoimmune diseases such as multiple sclerosis

(MS) (61) and systemic lupus erythematosus (SLE) (62).

In addition to their involvement in infectious and autoimmune

diseases, a new wave of research has described an emerging role of

B-1 cells in influencing tumor growth and anti-tumor immune

responses. In this review, we focus on the dual role of B-1 cells in

cancer progression. The recent findings will help us understand the

full potential of B-1 cells in tumor immunology and will contribute

to exploring potential therapeutic strategies involving the B-1

cell population.
3 B-1 cells infiltrate tumors

B-1 cells in mice are primarily located in the peritoneal and

pleural cavities, but they can also be found in the spleen and bone

marrow, with minimal presence in lymph nodes and blood.

Recently, Suchanek et al. (63) demonstrated that B-1 cells are also

present in major non-lymphoid organs under normal physiological

conditions, including the kidney, urinary bladder, liver, and lung.

Furthermore, various types of stimulation, such as TLR ligands,

induce a massive egress of B-1 cells from the peritoneal cavity and

their subsequent migration to other anatomical sites. For example,

injection of lipopolysaccharides (LPS) (64) or bacteria (65) induces

the rapid migration of B-1 cells from the peritoneal cavity and their

accumulation in the omentum, mesenteric lymphoid tissues, and

spleen. The activation of B-1 cells resulted in MyD88-dependent

changes in the surface expression of integrins, such as CD9,

suggesting that the effect was mediated by innate signals (65).

Similarly, following influenza or nematode infection, B-1 cells

from the pleural cavity were observed to accumulate in the

draining mediastinal lymph nodes (66) and in local mediastinal

fat-associated lymphoid tissues (67), respectively. Together, these

results show that B-1 cells are a dynamic population that, under

certain conditions, migrate from their regular reservoir site to other

tissues to fulfill their function.

Tumor-infiltrating CD4+ and CD8+ T cells usually express the

B cell-recruiting C-X-C motif chemokine ligand 13 (CXCL13),

possibly to request B cells help (68–70). Compared to B-2 cells,
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B-1 cells express higher levels of the CXCL13 receptor, CXCR5, and

are more sensitive to CXCL13. B-1 cells exhibit a strong

chemotactic response to CXCL13, both in vitro and in vivo (71).

For example, B-1 cells migrate to the omentum and peritoneal

cavity in a manner dependent on CXCL13, following the secretion

of this chemokine by cells in the omentum and peritoneal

macrophages. CXCL13-deficient mice exhibit decreased natural

anti-PC antibodies production and an impaired response to

bacterial antigens in the peritoneum (71). However, there is

currently no evidence as to whether B-1 cells could be recruited

to the tumor in a CXCL13-dependent manner. On the other hand,

Vivanco at al (72). suggested that other chemokines may be relevant

for recruiting B-1 cells into the TME. According to these authors,

approximately 10-14% of peritoneal B-1 cells express CCR5 on their

surface and migrate in a CCR5-dependent manner in response to

contact-independent stimuli from B16F10 melanoma cells.
Frontiers in Immunology 03
In recent years, an increasing number of studies have shown

that B-1 cells are indeed infiltrating tumors. Kobayashi et al.

reported the presence of tumor-infiltrating CD19+CD5+CD43+

B-1a cells in B16F10 melanoma (73). Additionally, Shibad et al.

(74) demonstrated that a subset of B-1 cells expressing programmed

death ligand 2 (PD-L2) accounted for up to 18% of the total number

of B cells in melanoma tumors. A recent report demonstrated that

B-1 cells are not only present in B16F10 primary tumors but also

infiltrate cutaneous metastasis (75). In addition to melanoma, B-1

cells also infiltrate E0771 mammary tumors in mice (76). While

these studies have demonstrated the presence of B-1 cells

infiltrating the tumors, the specific anatomical localization and

the factors influencing B-1 cell function within the TME remain

unknown. In the following two sections, we will discuss the

potential mechanisms by which B-1 cells may promote or inhibit

tumor progression (Table 1).
TABLE 1 Dual role of B-1 cells in cancer.

Function Phenotype Mechanism Effect Setting References

Pro-tumor Mouse B-1a
CD19+CD5
+CD43+

Secrete IL-10 which in turn, induce a decrease
in the proportion of tumor-infiltrating CD8+T
cells secreting IFN-g and TNF-a

Increase tumor
growth and
reduce survival

B16F10 melanoma (73)

Mouse B-1 CD19
+CD11b+

B-1 cell direct contact with melanoma cells
increases ERK signaling and metastatic potential

Increased
lung nodules

B16 melanoma (77, 78)

Mouse B-1b
CD19hiPD-1
+CD11b+
CD5-CD21/35lo

PD-1+ B-1 cells suppress CD4+ T cell-
dependent specific antibody responses against
tumor-associated carbohydrate antigens

Reduce survival TA3-Ha model of peritoneal
carcinomatosis

(79)

Anti-tumor Mouse peritoneal
B-1 CD19
+CD23−

Unknow Inhibit tumor
growth and
confer
concomitant
immunity

Ehrlich’s carcinoma (80)

Mouse peritoneal
B-1a CD5+

Secrete tumor-reactive IgM that induces tumor
cell killing

Reduce tumor
growth, ascites
development,
and mortality

TA3-H murine mammary carcinoma (81)

Mouse B-1a PD-
L2+
(termed “L2pB1”)

L2pB1-derived IgMs bind and induce tumor
cell apoptosis

Inhibit
tumor growth

B16F10 melanoma and
MC38 colon cancer tumor

(74)

Phenotype
not defined

Natural antibodies recognize and eliminate
neoantigen-expressing precancerous cells by
recruiting different immune cells to the tumor
site for elimination

Reduce tumor
burden and
activate anti-
tumor
immunity

B16F10 melanoma, Lewis lung
carcinoma, mouse mammary tumor
virus (MMTV)-induced breast tumor,
urethane-induced spontaneous
lung tumors

(82–84)

Human B-1 cells
from peripheral
blood
mononuclear cells
(PBMC)
CD19+CD20
+CD38low/
intCD27+CD43+

Secrete anti-Neu5GcGM3 IgM that binds to and
eliminates malignant cells expressing
Neu5GcGM3 tumor antigen through
complement-dependent and
independent mechanisms.

Kill tumor cells
in vitro

Present in healthy subjects (85–87)

Mouse B-1a cells
4-1BBL+
(termed “4BL”)

Induce antigen-specific antitumor GrB+CD8
+T cells

Retard
tumor growth

B16F10 melanoma (88)
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4 The pro-tumor activity of B-1 cells

During tumor progression, malignant cells secrete and express

several molecules that contribute to modifying the immune

microenvironment within the tumor. These changes in the

immune populations, in turn, promote tumor growth,

angiogenesis, metastasis, and suppression of active immune

responses (89, 90). Much of this effect is attributed to the

recruitment and expansion of pro-tumor macrophages, myeloid

suppressor cells, regulatory T cells (Tregs), and Bregs. Recently, B-1

cells have been shown to exhibit immunosuppressive functions that

may undermine anti-tumor immunity or promote tumor

progression (Figure 1).
4.1 IL-10 secretion is the best-known
mechanism of B-1 cell-
mediated immunosuppression

IL-10 is a regulatory cytokine that plays a crucial role in the

modulation of immune responses. Since the early 1990s, it has been

shown that mouse peritoneal CD5+ B-1a cells spontaneously

secrete IL-10, and the production of IL-10 increases upon innate

stimulation with LPS (91). These results raised the possibility that

B-1 cells may have immunoregulatory activity. Subsequent studies

have shown that other TLR agonists and certain viruses, such as

influenza and baculovirus, also efficiently induce IL-10 production
Frontiers in Immunology 04
by neonatal CD5+ B-1a cells. For example, upon TLR9 stimulation,

neonatal B-1a cells produce high levels of IL-10, which prevents

optimal IL-12 secretion by conventional dendritic cells (DCs),

thereby suppressing Th1 priming (92). Peritoneal cavity CD5+ B-

1a cells also secrete high amounts of IL-10 after combined

activation with LPS and anti-CD40 (93). In a suppression assay,

CD40/TLR4-activated peritoneal cavity B cells inhibit the secretion

of tumor necrosis factor-alpha (TNF-a) and interferon-gamma

(IFN-g) by CD4+ T cells. Furthermore, other signals, such as type

I interferons (IFNs) derived from activated innate cells, promote IL-

10 secretion by neonatal CD5+ B-1a cells (94). Interestingly, the

ability of B-1 cells to secrete IL-10 increases after being co-cultured

with B16F10 melanoma cells or tumor-conditioned medium (95).

The interaction with B16F10 cells also enhances the viability,

proliferation, and resistance to cell death of B-1 cells. These

results demonstrate the ability of tumor cells to alter the function

of B-1 cells towards an immunosuppressive phenotype. The

mechanisms underlying this functional transition, as well as

evidence of similar activity in other mouse or human tumors,

have yet to be investigated.

IL-10+ B-1 cells are not only present in the mouse peritoneal

cavity, but also found in other tissues, where they exert

immunomodulatory functions. For example, B-1 cells are present

in the skin of both mice and humans, where they secrete IL-10 (96).

In 2019, Kobayashi et al. demonstrated that CD19+CD5+CD43+ B-

1a cells infiltrate mouse melanoma and secrete IL-10 upon

stimulation (73). Furthermore, the adoptive transfer of B-1a cells
B CA

FIGURE 1

B-1 cells exert immunosuppressive and tumor-promoting functions. B-1 cells regulate anti-tumor immune responses and modulate tumor cell properties
through contact-dependent and -independent mechanisms. (A) The interaction of tumor cells with B-1 cells increases their ability to secrete IL-10 and
enhances the viability, proliferation, and resistance to cell death of B-1 cells (1). Tumor-infiltrating B-1 cells secrete IL-10, which suppresses the production of
IFN-g and TNF-a by CD8+ T cells, thereby promoting melanoma growth (2). IL-10 secreted by B-1 cells polarizes tumor-infiltrating macrophages towards an
alternatively activated pro-tumoral M2-like phenotype and induces their secretion of IL-10, favoring an immunosuppressive microenvironment and tumor
progression (3). B-1 cells directly influence the properties of tumor cells. In the presence of endogenous IL-10, B-1 cells express claudin-10. The expression
of this integral protein involved in cell-to-cell contact in B-1 cells leads to increased ERK signaling in tumor cells, promoting metastasis (4). (B) B-1 cells
secrete immunosuppressive cytokines such as TGF-b and IL-35 that promote the development of regulatory T cells (Tregs) and suppress or misdirect
effector CD4+ and CD8+ T cell responses. C) CD86 mediates cell-to-cell contact between B-1a cells and naive CD4+CD25- T cells, inducing their
differentiation into FoxP3- Tregs, named “Treg-of-B-1a”. Treg-of-B-1a cells upregulate OX40, PD-1, ICOS, and IL-10R and exhibit suppressive functions, such
as suppressing effector T cell proliferation (1). CD39 and CD73 ectonucleotidases transform ATP into adenosine in the extracellular environment. Extracellular
adenosine suppresses the function of antitumor immune cells and promotes the activity of regulatory immune cells, thus creating an immunosuppressive
tumor microenvironment. CD73+ B-1 cells have an immunosuppressive effect on autoimmunity, although their relevance in cancer has not been proven (2).
PD-L1 expression on B-1 cells may inhibit the anti-tumor function of effector cells, such as CD8+ cytotoxic T cells (3). CD5+ B-1a cells co-expressing PD-L1
and PD-L2 suppress CD4+ and CD8+ allogeneic T-cell responses (4). PD-1+ B-1 cells suppress CD4+ T cell-dependent specific antibody responses against
tumor-associated carbohydrate antigens, promoting tumor progression (5). The mechanisms represented in (B) and in (2), (3), and (4) from (C) (dotted lines,
blue background) are extrapolated from other homeostatic or pathological states and need to be confirmed in cancer. PC, plasma cells; T, T cells.
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from wild-type mice, rather than IL-10- deficient mice, resulted in a

significant increase in tumor growth. The authors have identified

that tumor-infiltrating B-1a cells promote melanoma growth by

suppressing the production of IFN-g and TNF-a by CD8+ T cells

through an IL-10-dependent mechanism. Further studies are

necessary to investigate the presence of IL-10+ B-1 cells

infiltrating other tumors.

In addition to their immunosuppressive action on T cells, B-1

cells also regulate the function of other immune cell populations.

For example, the IL-10 secreted by B-1 cells reduces the phagocytic

capacity of macrophages in vitro by decreasing their production of

nitric oxide and hydrogen peroxide (60). In co-culture studies

involving B-1a cells and macrophages, the production of pro-

inflammatory mediators such as IL-6 and TNF-a was lower,

while the production of IL-10 was higher compared to

macrophage monocultures. This effect was described as IL-10

dependent, as the co-culture of IL-10-deficient B-1a cells and

wild-type macrophages did not reduce the level of the pro-

inflammatory cytokines (97).

In a separate study, Wong et al. (98) demonstrated that B-1

cells, when co-cultured with peritoneal macrophages, polarize them

to a phenotype characterized by reduced expression of pro-

inflammatory genes (such as Tnfa, Ccl3, and Il1b) in response to

LPS stimulation, and an increase in the expression of the anti-

inflammatory gene Il10. In the B16F10 melanoma tumor model,

B-1 cells have been shown to polarize the macrophages present in

tumors towards an alternatively activated pro-tumoral M2-like

phenotype (98). The tumor-associated macrophages (TAM)

exhibit reduced expression of the M1 genes Tnfa, Ccl3, and Il1b,

but elevated levels of the M2 markers Ym1, Fizz1, Il1ra, Mgl1, and

Mgl2 following the respective stimulation for M1 or M2 phenotype

polarization. The authors also demonstrated the direct involvement

of B-1-cell-derived IL-10 in promoting IL-10 expression by

macrophages and their subsequent M2 polarization (98). M2

macrophages produce immunosuppressive cytokines that exert

pro-tumoral functions within the TME (99, 100), suggesting that

B-1 cells may indirectly promote tumor progression through

this mechanism.

B-1 cells not only modulate other immune cells but also, under

certain conditions, have the ability to directly influence the

properties of tumor cells. When B16F10 melanoma cells were co-

cultured with B-1 lymphocytes, an increase in the activation of the

phospho-extracellular signal-regulated kinase (ERK) signaling

pathway in the tumor cells was observed. The increased

phosphorylation of ERK induced by B-1 cells regulates the

expression of genes associated with metastasis, such as matrix

metalloproteinase-9 (MMP-9) and the chemokine receptor

CXCR4, in B16F10 cells (101). In this way, ERK signaling

subsequently led to a higher number of lung metastases after the

tumor cells were injected into C57BL/6 mice (77, 101). Additionally,

the depletion of B-1 cells in the peritoneal cavity significantly

reduced the number of lung metastases (77). The pro-metastatic

effect of B-1 cells on B16F10 melanoma cells depended on cell-to-

cell contact. According to Perez et al. (78), in the presence of

endogenous IL-10, B-1 cells express claudin-10, an integral protein
Frontiers in Immunology 05
involved in cell-to-cell contact. This interaction leads to increased

ERK signaling in B16F10 cells, promoting metastasis.

In humans, a small proportion of B-1 cells express the CD11b

marker. In contrast to CD11b- B-1 cells, this particular subset

secretes IL-10, suppresses CD3-mediated T-cell activation, and is

significantly elevated in patients with lupus (102, 103). However, it

is unknown whether this population is involved in suppressing anti-

tumor immunity.
4.2 Secretion of immunosuppressive
cytokines other than IL-10

4.2.1 Transforming growth factor-b
Besides IL-10, various cytokines have been implicated in

suppressing anti-tumor immunity, including transforming growth

factor-b (TGF-b) and interleukin-35 (IL-35). TGF-b is a highly

prevalent soluble factor in the TME. This cytokine can be produced

by tumor cells and immune cells, such as Tregs and B cells with

regulatory function (104). TGF-b secreted by tumor-evoked Bregs

(tBregs) induces the conversion of naive CD4+ T cells into FoxP3+

Tregs in a 4T1 mammary tumor model (105). Similarly, EMT-6

mammary tumor-educated B cells suppress the activation of CD4+

and CD8+ T cells through a TGF-b-dependent mechanism (106).

In a murine model of hepatocellular carcinoma, IgA+ B cells

expressing PD-L1, IL-10, and TGF-b suppressed the proliferation

and activation of CD8+ T cells (107). Xiao et al. (108) recently

demonstrated the capacity of B-1 cells to produce TGF-b following

Schistosoma japonicum infection. The authors reported that

following in vitro stimulation with soluble egg antigens (SEA),

splenic B-1a cells, but not splenic CD5- B cells, exhibited

significantly increased expression of TGF-b. Furthermore, both B-

1a cells and CD5- B cells in the peritoneal cavity showed a

significant increase in the expression of TGF-b after stimulation

with SEA. While these results demonstrate the ability of B-1 cells to

produce TGF-b under specific conditions, it is still necessary to

clarify whether this mechanism occurs in cancer.

4.2.2 IL-35
IL-35 is a member of the IL-12 family and plays significant roles

in the regulation of tumor immunity (109). The immunosuppressive

function of IL-35 was first identified in the context of autoimmune

and inflammatory conditions (110, 111) such as autoimmune uveitis

and experimental autoimmune encephalomyelitis (112, 113). Beyond

the scope of autoimmune disease, a specific subset of B cells with a

CD1dhiCD5+ phenotype has been found to produce IL-10 and IL-35

in a mouse model of pancreatic cancer (114). IL-35 transmits signals

to CD8+ T cells, thereby augmenting STAT3 activity within these

cells. The activation of STAT3 suppresses the expression of

chemokine receptors CXCR3 and CCR5, as well as the expression

of the effector cytokine IFNg in CD8+ T cells. This leads to a reduced

capacity of CD8+ T cells to infiltrate tumors and generate effective

responses. To date, IL-35–producing Bregs have been primarily

thought to originate from terminally differentiated plasma cells

(112, 113). However, Choi et al. (115) demonstrated that human
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umbilical cord blood contains a small proportion of IL-35–producing

Bregs derived from B-1 cells, which increase by more than two-fold

following BCR activation. Further research is necessary to explore the

immunosuppressive effect of this particular B-1 subset and to

demonstrate their participation in cancer progression.
4.3 Immunosuppression resulting from the
expression of molecules on the surface of
B-1 cells

The production of cytokines is just one of the many

mechanisms by which B-1 cells suppress immune responses. The

inhibitory functions of B-1 cells may also be attributed to

mechanisms that involve the expression of specific molecules on

their surface and/or direct interaction with target cells. For example,

although mouse B-1 cells do not exhibit a preference for inducing

FoxP3+ Tregs (59), they do induce FoxP3- Tregs via an IL-10

independent immunosuppressive mechanism, which warrants

further investigation. B-1a cells have the ability to transform

naive CD4+CD25− T cells into a distinct subset of T cells

referred to as “Treg-of-B-1a,” which do not express FoxP3 but

exhibit suppressive function. Instead, Treg-of-B-1a cells upregulate

the Tregs markers OX40, programmed cell death protein 1 (PD-1),

inducible costimulator (ICOS), and IL-10R (116). This subset of

Tregs exerts suppression by secreting soluble factors that have yet to

be defined. While the secretion of IL-10 by B-1 cells is not involved

in the induction of Treg-of-B-1a cells, it was found that cell-to-cell

contact and CD86-mediated costimulation were crucial for

their induction.

4.3.1 CD73
Adenosine, a nucleoside derived from adenosine triphosphate

(ATP), accumulates within the TME and significantly contributes to

tumor evasion. ATP is released upon cell lysis and is subsequently

broken down to adenosine by the ectonucleotidases CD39 and

CD73, which are present on the surface of tumor cells and immune

cells within the TME. Adenosine reduces the activation,

proliferation, and anti-tumor activity of CD8+ T cells by acting

on the A2A and A2B receptors present in T cells and antigen-

presenting cells (APC), respectively (117). B cells in mice typically

express CD39, while CD73 expression is not commonly observed.

In 2014, Kaku et al. (10) reported that approximately 30–50% of the

total B-1 cells express high levels of CD73. In contrast, only a small

fraction of B-2 cells exhibit markedly low levels of CD73 expression.

CD73-positive B-1 cells have the capacity to generate adenosine in

the presence of substrate, and they can alleviate the severity of

colitis, indicating the immunosuppressive role of this particular

cellular subset. Further studies are necessary to determine whether

B-1 cells expressing CD73 suppress tumor immunity and promote

tumor progression.

4.3.2 PC1
In addition to CD39, ATP undergoes hydrolysis by other

enzymes present on the cell surface, including plasma cell
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alloantigen 1 (PC1). In mice, B-1a cells exhibit distinctive innate

immune and immunoregulatory functions, which are influenced by

their surface expression of PC1 (12). Upon adoptive transfer, PC1lo

cells secrete higher levels of circulating natural IgM, whereas PC1hi

cells produce more IL-10 compared to their PC1lo counterparts. As

a result, PC1hi cells exert a negative regulatory effect on the

differentiation of Th1 cells. It is unclear whether tumors contain

PC1hi cells or if the IL-10 they produce plays a role in suppressing

the immune response to tumors. In the future, it would be

interesting to explore whether B-1 cells infiltrating the tumor

express CD73 or PC1, thereby contributing to the tumor

suppressive microenvironment.
4.3.3 PD-1/PD-L1, PD-L2
PD-1 is an inhibitory receptor expressed in activated

monocytes, DCs, natural killer T cells, B cells, and T cells. PD-L1

and PD-L2 are the ligands for PD-1. PD-L1 is extensively expressed

by many immune and non-immune cells, whereas PD-L2 is

restricted to antigen-presenting and regulatory cells (118).

Engagement of PD-1 with either of its ligands delivers inhibitory

signals that reduce receptor-mediated cell survival, differentiation,

and the secretion of pro-inflammatory cytokines. The PD-1

signaling pathway has been shown to inhibit immune responses

and promote self-tolerance (119). PD-L1 and PD-L2 can also

transmit inhibitory signals in the opposite direction when

interacting with PD-1 or CD80. PD-1 and PD-L1 exhibit high

expression levels on Tregs and Bregs and have been involved in

their suppressive activities (120, 121).

The expression of PD-L1 on B cells plays a crucial role in

regulating both T and B cell responses (122). Bregs with PD-L1

expression exert a significant immunosuppressive effect in various

tumors (reviewed in (123) (124)). In Balb/c mice, naive B cells in the

peritoneal cavity exhibited significantly higher levels of PD-L1

compared to B cells in other organs. Among the B cells, the

CD11b+CD5+ B-1a subset exhibits the highest expression, with

over 90% of the cells expressing PD-L1 (125). However, the

suppressive function of PD-L1+ B-1a cells on tumor immunity

requires further study.

PD-L2 is expressed in various human cancers. Similar to PD-L1,

it significantly suppresses antitumor immune responses, including

those of tumor antigen-specific CD8+ T cells (126, 127). Certain

subpopulations of memory B cells can be characterized based on

their CD80 and PD-L2 expression (128). Memory B cells expressing

both CD80 and PD-L2 markers (CD80+PD-L2+) undergo rapid

differentiation into antibody-forming cells but do not give rise to

germinal centers, unlike CD80-PD-L2- memory B cells. The

authors of the study hypothesize that the expression of CD80 and

PD-L2 may modulate T cell responses and, consequently, the

functions of memory B cells. Approximately 50% of murine B-1a

cells express PD-L2 (13), suggesting that this specific subset of cells

may also possess a distinct regulatory function. McKay et al. (129)

demonstrated that the expression of PD-L2 regulates the

production of NAbs against PC and PtC. Mice lacking PD-L2

exhibited elevated levels of anti-PC IgM and a notable increase in

PC-reactive plasmablasts with a B-1a phenotype. The increase in
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PC-specific humoral response in these mice was correlated with

enhanced protection against a constitutively PC-expressing mutant

of non-typeable Haemophilus influenzae (NTHi). The authors

subsequently suggest that the expression of PD-L2 in B-1 cells

hinders their capacity to differentiate into antibody-secreting cells

by regulating T cell secretion of IL-5, a potent stimulator of B-1 cell

antibody production.

B-1 cells that express both PD-L1 and PD-L2 also have the

capacity to inhibit alloimmune T- cell responses. The injection of B

cells from the peritoneal cavity of Balb/c, which contained B-1a cells

co-expressing PD-L1 and PD-L2, into C57BL/6 mice, resulted in a

notable decrease in the levels of anti-Balb/c antibodies and in T cell

responses to Balb/c-allostimulation. The study demonstrated that

B-1 cells expressing PD-L1 and PD-L2 can suppress T cells in

response to cognate allostimulation (125). However, in tumor

models, PD-L2-positive B-1 cells seem to play an anti-tumoral

role rather than an immunosuppressive function (74). This effect

will be further discussed in the following section.

PD-1 has been implicated in the regulation of the antibody

response to T cell-independent type 2 antigens (TI-2 Ag). PD-1 is

expressed by antigen-specific B cells, such as B-1b cells, shortly after

immunization with TI-2 Ag (130, 131). In 2011, Haas used an anti-

PD-1 blocking monoclonal antibody to interfere with PD-1/PD-L1

interactions while immunizing with TI-2 Ag (132). Through this

strategy, the author has demonstrated that the interaction between

PD-1 and PD-L1 suppresses the expansion of antigen-specific B-1b

cells, isotype switching, and antibody production in response to TI-

2 Ags. Later, Haro et al. (79) demonstrated that the intrinsic

expression of PD-1 in B-1b cells hinders the development of
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humoral immune responses that provide protection against

tumors carrying the Thomsen-nouvelle/CD175 antigen (Tn), a

tumor-associated carbohydrate antigen (TACA) (133). The

collective findings suggest that PD-1 expression plays a significant

role in regulating B-1 cell antibody responses, including tumor-

specific humoral responses. In humans, the levels of naturally-

occurring antibodies with reactivities attributed to B-1 cells decrease

in cancer patients compared to healthy donors (85, 86, 134). While

a mechanism to account for this observation has not yet been

elucidated, one possibility is that B-1 cells exhibiting these

reactivities may be subject to immunosuppression in cancer

patients, potentially involving the PD-1/PD-L1 axis.

In the following section, we will examine the mechanisms

employed by B-1 cells to fight tumors (Figure 2). These

mechanisms may coexist with or operate independently of the

immunosuppressive mechanisms previously discussed. The

prevalence of one type of B-1 cell response over the other could

potentially impact the outcome of cancer. Nevertheless, extensive

research is still required to elucidate the role of B-1 cells in

tumor immunity.
5 The anti-tumor function of B-1 cells

5.1 The secretion of tumor-reactive NAbs

B-1 cells have the ability to exert anti-tumor activity by

secreting NAbs that specifically target tumor-associated antigens

(TAA) in both mice and humans. Reports documenting NAbs’ role
B CA

FIGURE 2

Potential anti-tumor roles of B-1 cells and natural antibodies. B-1 cells perform their diverse anti-tumor roles through both antibody-dependent and
antibody-independent mechanisms. (A) Natural antibodies secreted by B-1 cells recognize tumor-associated antigens and induce tumor cell death
through various mechanisms, such as complement-dependent (1) and -independent cytotoxicity (2). B-1 cell-derived IgM forms immune complexes
with neoantigens derived from tumor cells and activates adaptive immunity to remove transformed cells at a precancerous stage (3). (B) B-1a cells
could give rise to 4BL cells, which in turn induce cytotoxic CD8+ T cells. Under certain conditions, CD11b+ myeloid cells and/or macrophages can
convert B-1a cells into 4BL cells expressing 4-1BBL, TNFa, IFNgR, and major histocompatibility complex class I molecules. Then, 4-1BBL and IFNgR
signaling further increase TNFa and CD86 expression on 4BL cells (1), which activate CD8+ T cells to express 4-1BB and TNFR2 (2). TNFa signaling
through TNFR2 and the co-stimulation with CD86 induce the expression of Granzyme B in CD8+T cells (3), which ultimately inhibits tumor growth.
(C) B-1 cells can phagocytose antigens and function as antigen-presenting cells, although the relevance of this mechanism has not been proven in
cancer (represented in a panel with dotted lines and blue background). B-1 cells can present antigens acquired through their surface receptors or by
phagocytosis. Further, they can activate adaptive immune responses by polarizing CD4+ T cells to a pro-inflammatory T helper 1 (Th1) or T helper 17
(Th17) phenotype. The increased CD86 expression on B-1 cells contributes to their strong antigen presentation and efficient T-cell stimulation.
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in host-mediated natural resistance against neoplasia began to

emerge in the 1980s. The initial investigations used Xid mice as

an experimental model to examine the in vivo role of NAbs. Xid

animals exhibit a mutation in the gene encoding the protein Bruton

tyrosine kinase (Btk), leading to a nearly complete absence of CD5+

B-1 cells. This is accompanied by a significant decrease in the levels

of circulating IgM and IgG3 (135). In 1989, Chow and Bennet (136)

conducted a study that showed an increased tumor burden in Xid

mice compared to their normal counterparts. Furthermore, serum

derived from normal mice exhibited greater binding and

complement dependent cytotoxicity (CDC) against tumor cells

compared to serum from Xid mice. The above-mentioned

findings suggest a potential anti-tumor function for NAbs.

However, it is noteworthy that in Xid mice, not only B-1 cells but

also other mature B-cell populations, including IgMloIgDhi splenic

B cells, are affected (137).

To more effectively evaluate the in vivo anti-tumor activity of

NAbs, Chow et al. conducted a study in which they examined the

effects of intravenous administration of serum polyclonal NAbs

from normal mice to Xid mice (138). The tumorigenicity of T-cell

lymphoma RI-28 significantly decreased when Xid mice were

reconstituted with whole syngeneic serum NAbs, serum NAbs

precipitated with ammonium sulfate or a combination of purified

IgG and IgM NAbs from normal mice.

In line with the results of prior research, Azevedo et al. (80)

presented evidence demonstrating the involvement of B-1 cells in

concurrent immunity within the Ehrlich tumor model. Balb/c mice

rejected a secondary tumor implant, while Xid mice developed

secondary tumors. Adoptive transfer of purified B-1 cells from naive

Balb/c mice reinstated tumor-associated immunity. The authors

also provided evidence to support the notion that B-1 cells

originating from mice with Ehrlich tumors can confer protection

against the development of the same type of cancer in

recipient mice.

Recently, additional transgenic mouse models have been

employed to further clarify the role of NAbs in identifying and

eliminating neoantigen-expressing tumor cells, including those

found in the precancerous stage. For example, the sera obtained

from naive AID-/- mice with a hyper-IgM repertoire exhibited

strong binding to MB16F10 melanoma cells, while no binding was

observed with sera obtained from Rag2-/- mice, who lack

antibodies (82).

Dıáz-Zaragoza et al. (139) performed an investigation into the

tumor-binding properties of natural IgMs obtained from three

different mouse strains that exhibit varying susceptibility to

spontaneous breast cancer development. The results showed

significant differences in the recognition of tumor antigens among

the three strains, affirming the presence of strain-specific repertoires

of natural IgM antibodies. Hence, both the quantity and diversity of

natural IgM play a role in controlling tumor progression. To

support this notion, a series of studies were conducted on

transgenic animals lacking a complete repertoire of NAbs.

IghelMD4 mice, characterized by over 90% of IgM-secreting B

cells specific to chicken egg lysozyme, exhibited a greater tumor

burden compared to wild-type (WT) mice in various tumor models

(82–84).
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To demonstrate the primary role of circulating NAbs in contrast

to those expressed in B cell membranes in the process of binding and

eliminating tumor cells, Rawat et al. (82) established a mouse model

with a deficiency in circulating NAbs. The authors developed a mouse

model lacking circulating IgG and IgM antibodies while preserving

membrane-bound IgM by crossbreeding hyper-IgM Aicda -/- mice

with sIgM -/- mice. Following the inoculation of both the transgenic

mice and their wild-type counterparts with B16F10 melanoma cells,

the transgenic mice exhibited a significantly higher number of lung

nodules compared to the wild-type mice. This observation confirms

the significant role of circulating NAbs in anti-tumor immunity.

The mechanisms by which NAbs eliminate tumor cells have

been extensively reviewed (140). In summary, NAbs have the ability

to eliminate tumor cells through diverse mechanisms, such as

ADCC, CDC, and complement-independent cytotoxicity (CIC).

Beyond their conventional effector functions, natural IgMs are

essential for the recognition of tumor neoantigens and the

initiation of an adaptive immune response against tumor cells.

Attif et al. (83) demonstrated that natural IgM antibodies have the

capability to form immune complexes with neoantigens derived

from tumor cells. This interaction subsequently enables monocytes

to present neoantigens as immunogens to CD4+ T helper cells.

This, in turn, enables the licensing of DC to cross-present and elicit

a cytotoxic T cell response against tumor cells expressing

neoantigens. Pathogen-associated molecular patterns (PAMPs)

are typically necessary to license APC for the presentation of

antigens as immunogens, but they are not frequently present

during the initial phases of carcinogenesis. This fact highlights the

importance of NAbs in eradicating early-stage tumors in the

absence of PAMPs.

Although NAbs can provide a first line of defense against cancer

cells in the absence of PAMPs, the presence of these danger signals,

which non-specifically activate B-1 cells, helps overcome immune

suppression and enhances anti-tumor responses (141). For

example, Haro et al. (81) demonstrated that the co-administration

of monophosphoryl lipid A (MPL) and trehalose-6,6 ’-

dicorynomycolate (TDCM) effectively suppresses tumor growth

and ascites formation in murine models of peritoneal

carcinomatosis and lymphomatosis. The observed anti-tumor

effect required B-1 cells to secrete high levels of natural IgM

specific to TACAs, along with the activation of the classical

complement pathway. Mucin-associated antigens, such as

Thomsen-Friedenreic (TF), Tn, sialyl Tn, and ganglioside GD2,

are TACAs that have the potential to be recognized by IgM

antibodies produced by B-1 cells following MPL/TDCM treatment.

The NeuGcGM3 ganglioside is considered an intriguing

example of TAA. Humans lack the ability to synthesize NeuGc

gangliosides due to a genetic mutation in the cytidine

monophosphate-N-acetyl-neuraminic acid hydroxylase (cmah)

gene (142). This gene encodes an enzyme that converts N-acetyl

to N-glycolyl sialic acid. Despite the inactivation of cmah, several

studies have shown the overexpression of NeuGc conjugates,

particularly NeuGc gangliosides such as NeuGcGM3, in various

human tumors (143). The screening of immortalized CD5+

hybridomas, derived from peritoneal B cells of a naive Balb/c

mouse, revealed that some of the secreted IgMs were able to
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recognize NeuGcGM3 ganglioside and tumor cells expressing this

antigen (134). Moreover, these antibodies induce tumor cell death

through both CDC and CIC mechanisms. The findings presented in

this study provide support for the idea that tumor-reactive natural

IgM antibodies can eliminate tumor cells, thus aiding in

tumor immunosurveillance.

Studying NAbs in humans poses significant challenges because

individuals are continuously exposed to foreign antigens. However,

a body of literature suggests that human NAbs have the potential to

eliminate cancer cells during the early stages of the disease (144).

Devarapu et al. (145) identified naturally occurring IgM antibodies

that can target and eliminate melanoma and neuroblastoma cells in

a subset of the healthy Western population. The naturally occurring

antibodies were found to recognize gangliosides, such as GD2 and

GD3, and to exert their cytolytic activity through a complement-

dependent mechanism.

As previously observed in mice, human B-1 cells with the

CD19+CD20+CD38low/ in tCD27+CD43+ phenotype also

demonstrate the capacity to secrete anti-NeuGcGM3 antibodies

(86). The anti-NeuGcGM3 antibodies have the ability to bind to

and eliminate tumor cells that express this ganglioside (85, 86,

134). Naturally occurring cytotoxic anti-NeuGcGM3 antibodies

have been identified in a significant portion of the healthy human

population (85). Nevertheless, there is a notable decrease in both

the levels and cytolytic activity of these antibodies as individuals

age. This decrease is associated with a reduction in both the

quantity and functionality of B-1 cells (26, 87). Taken together,

these findings indicate that the age of individuals could potentially

influence the immunosurveillance function of naturally occurring

antibodies in the human body.

Certain NAbs isolated from cancer patients exhibit the capability to

eliminate tumor cells. Some of these NAbs have been evaluated in

clinical trials, demonstrating promising results. These monoclonal

antibodies (mAbs) are all fully human IgMs and are encoded in the

germline. The antibodies specifically target carbohydrate epitopes that

are overexpressed on tumor cells, ultimately resulting in the death of

the cells. PAM-1 is a monoclonal IgM obtained from a patient with

gastric cancer through the application of human hybridoma

technology. PAM-1 binds to a tumor-specific N-linked carbohydrate

epitope found on a post-transcriptionally modified variant of the

cysteine-rich fibroblast growth factor receptor (CFR-1), which is

expressed in almost all epithelial cancers. This specific antibody

induce apoptosis in adenocarcinoma cells, both in vitro and in vivo,

by efficiently inhibiting the signaling of CFR-1 (146–148). Another

example is the mAb PAT-SC1, originally designated as SC-1, which

was derived from a patient diagnosed with signet ring cell carcinoma of

the stomach (149). The epitope identified by PAT-SC1 is a

carbohydrate found on the decay acceleration factor-B (DAF/CD55),

a protein overexpressed on the membrane of gastric cancer cells. PAT-

SC1 triggers the cross-linking of CD55, resulting in the apoptosis of

tumor cells (150, 151). In a ten-year follow-up academic clinical trial, a

single administration of PAT-SC1 before gastrectomy was observed to

be safe and led to tumor cell apoptosis, ultimately contributing to

improved survival outcomes (152). An additional clinically effective

NAb is PAT-SM6. This mAb specifically binds to an isoform of the cell

surface-associated chaperone, glucose-regulated protein 78 (GRP78),
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which is primarily expressed in malignant cells. PAT-SM6 induces the

lethal accumulation of oxidized lipoproteins, leading to apoptosis of

tumor cells (153). A preliminary single-dose clinical trial conducted in

patients with in-transit cutaneous melanoma demonstrated the safety

and tolerability of PAT-SM6. Histological analysis revealed the

localization of PAT-SM6 within the tumor and its ability to induce

apoptosis (154). Furthermore, a Phase I trial employing dose escalation

was carried out on patients with relapsed and refractory multiple

myeloma (RRMM) to assess the safety and effectiveness of PAT-SM6

when used as a standalone treatment. The research results, as reported

by Rasche et al. (155), validated the safety of PAT-SM6 and showed a

disease stabilization rate of 33%. A subsequent case report showcased

partial remission in a patient diagnosed with relapsed and refractory

multiple myeloma (RRMM) after receiving treatment with PAT-SM6

in combination with novel agents (156).

Collectively, the aforementioned findings suggest that NAbs have

the potential to eliminate tumor cells at various stages, in both

preclinical and clinical settings. As previously stated, NAbs primarily

target antigens, such as glycolipids, that remain unchanged despite

genetic mutations. As a result, their application in clinical settings is

anticipated to offer advantages in addressing the challenge of tumor

heterogeneity, a factor frequently associated with the emergence of

drug resistance. Several approaches to enhance natural IgM levels have

been previously discussed by Kaveri et al. (157). In the same line, Haro

et al. (81) have proposed an alternative method to enhance the

antibody-mediated anti-tumor impact of B-1 cells. The

administration of TLR and C-type lectin receptor agonists was

demonstrated to induce the production of tumor-reactive IgM by B-

1 cells. The immune response described was shown to effectively

suppress tumor growth and the formation of ascites.
5.2 The process of antigen presentation
and T cell activation

In addition to secreting NAbs, B-1 cells also can secrete

cytokines and act as APC (158). Zhong et al. (59) demonstrated

that peritoneal B-1a cells have the ability to present Ovalbumin

(OVA) peptide to OVA-responsive transgenic CD4+ T cells,

resulting in the stimulation of their proliferation. Moreover, the

presentation of antigens by B-1a cells leads to the stimulation of

Th1 cytokine secretion, such as IL-2, IFN-g, and TNF-a, by CD4+ T

cells. In most cases, Th1 cells exert anti-tumor activity. They

facilitate tumor rejection by indirectly enhancing the effector

functions of other immune cells, such as cytotoxic CD8+ T cells

(159). However, there is currently no direct evidence to support the

idea that B-1 cells have an anti-tumor effect by inducing Th1 cells.

In the same line, Lee-Chang et al. (88) reported that the aging

process results in the transformation of B-1 cells into 4BL cells, which,

in turn, induce cytolytic Granzyme B (GrB)- expressing CD8+ T cells.

The proposed mechanism suggests that myeloid cells stimulate BCR

and CD40 signaling, leading to the upregulation of 4-1BBL, IFN-gR1,
membrane TNF-a (mTNF-a), CD86, andMHC-I expression in B-1a

cells. The resulting B-1a cells function as APCs that induce antigen-

specific GrB+CD8+ T-cell responses. In the MB16F10 melanoma

model, aged B-1a cells are converted into APC that uptake
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endogenous tumor antigens and subsequently suppress tumor

growth. The inhibition is achieved through the induction of anti-

tumor GrB+CD8+ T cells.

Several studies have shown that B-1 cells have the capacity to

promote the differentiation of CD4+ T cells into Th17 cells (59, 160,

161). Nevertheless, the influence of Th17 cells on tumor immunity

is a topic of debate due to conflicting evidence indicating both their

pro-tumor and anti-tumor roles (159). The question of whether B-1

cells can have an anti-tumor or pro-tumor effect by inducing Th17

cells remains to be resolved.
5.3 Phagocytosis

In addition to their lymphoid nature, B-1 cells exhibit several

characteristics commonly found in macrophages. Both types of cells

express myeloid lineage markers, including F4/80, MHC II, and

CD80/CD86 (58, 162, 163). B-1 cells have been shown to possess the

ability to differentiate into mononuclear phagocytes (164–166).

Additionally, they exhibit a notably elevated phagocytic capacity

compared to other B cell subtypes. B-1 phagocytes can engulf large

particles (>0.5 µm), including apoptotic debris. The process is

facilitated through the use of pseudopodia-like cytoplasmic

extensions (58, 167). The phagocytic-like B-1 cells have the ability

to engulf particles coated with mannose or PtC, as demonstrated by

Vo et al. (168). Moreover, previous research has shown that these

cells can phagocytize and eliminate parasites (169) and bacteria,

both in vitro and in vivo (170). In murine models, B-1 phagocytes

demonstrate migration towards inflammatory sites within the

tissues (171, 172). However, the capacity of B-1 phagocytes to act

as professional APCs within tumors and their potential to eliminate

malignant cells have not been established.
5.4 Anti-tumor role of specific B-1
cells subsets

As mentioned above, B-1 cells can be subdivided based on the

presence of surface markers, such as PD-L2, with over 50% of B-1

cells expressing PD-L2. Cells that exhibit this specific characteristic

are commonly known as L2pB1 cells, and they are known to secrete

natural IgM antibodies, predominantly targeting self-antigens

(161). Recently, a correlation was established between L2pB1 cells

and the enhancement of the anti-tumor immune response. L2pB1

cells actively accumulate within MB16F10 melanoma tumors and

their depletion promotes tumor growth and angiogenesis.

Moreover, L2pB1 cells secrete IgM antibodies that can bind to

both B16F10 melanoma cells and MC38 colon cancer tumor

spheroids, leading to tumor apoptosis (74). The involvement of

L2pB1 cells in cancer immunosurveillance may have broader

implications beyond the production of tumor-reactive natural

IgM alone. In tumor-free naive mice, L2pB1 cells exhibit greater

APC potency than other B cells. This observation is attributed to

L2pB1’s heightened expression of co-stimulatory molecules,

including CD80 and CD86 (161, 173). Actually, L2pB1 cells have

been found to effectively enhance T cell proliferation and cytokine
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production (173), even in the presence of PD-L2 expression.

Although it has not been proven in cancer, L2pB1 might be able

to present tumor antigens, inducing T cell differentiation and

proliferation, and therefore contributing to the elimination of

cancer cells. However, this hypothesis requires further investigation.
6 Conclusions

The role of B-1 cells in host resistance to infections, inflammation,

and immune tolerance remains a topic of significant interest. However,

there is limited understanding of the function of B-1 cells in immune

surveillance against tumors. In this review, new studies are highlighted,

which identify a novel emerging role for B-1 cells in either controlling

or promoting tumor progression.

In addition to the secretion of anti-tumor NAbs, current studies

also focus on identifying novel molecules expressed by B-1 cells to

modulate tumor progression. Similar to other immune cell

populations, B-1 cells may play either protective or deleterious

roles in tumor immunity, depending on the context in which they

reside or become activated. The contribution of B-1 cells to tumor

immunity may vary depending on the specific tumor type,

anatomical site, and their interaction with other components

present within the TME. Further investigation into novel cellular

interactions involving B-1 cells and other cells within the TME, as

well as the factors that contribute to B-1 cell differentiation and

trafficking into the tumor, may provide insights into the unresolved

questions regarding the association between B-1 cells and cancer

pathogenesis. Moreover, a clear analysis of the role of B-1 cell in

tumor progression will contribute to the development of innovative

strategies for cancer treatment.
Author contributions

NR-Z: Conceptualization, Investigation, Writing – original

draft, Writing – review & editing. AH: Conceptualization,

Writing – original draft, Writing – review & editing.
Funding

The author(s) declare that no financial support was received for

the research, authorship, and/or publication of this article.
Acknowledgments

The illustrations were created with biorender.com.
Conflict of interest

The authors declare that the research was conducted in the

absence of any commercial or financial relationships that could be

construed as a potential conflict of interest.
frontiersin.org

https://doi.org/10.3389/fimmu.2024.1363176
https://www.frontiersin.org/journals/immunology
https://www.frontiersin.org


Rodrı́guez-Zhurbenko and Hernández 10.3389/fimmu.2024.1363176
Publisher’s note

All claims expressed in this article are solely those of the authors

and do not necessarily represent those of their affiliated
Frontiers in Immunology 11
organizations, or those of the publisher, the editors and the

reviewers. Any product that may be evaluated in this article, or

claim that may be made by its manufacturer, is not guaranteed or

endorsed by the publisher.
References
1. Laumont CM, Banville AC, Gilardi M, Hollern DP, Nelson BH. Tumour-
infiltrating B cells: immunological mechanisms, clinical impact and therapeutic
opportunities. Nat Rev Cancer. (2022) 22:414–30. doi: 10.1038/s41568-022-00466-1

2. Shang J, Zha H, Sun Y. Phenotypes, functions, and clinical relevance of regulatory
B cells in cancer. Front Immunol. (2020) 11:582657. doi: 10.3389/fimmu.2020.582657

3. Germain C, Gnjatic S, Tamzalit F, Knockaert S, Remark R, Goc J, et al. Presence of
B cells in tertiary lymphoid structures is associated with a protective immunity in
patients with lung cancer. Am J Respir Crit Care Med. (2014) 189:832–44. doi: 10.1164/
rccm.201309-1611OC

4. Garaud S, Buisseret L, Solinas C, Gu-Trantien C, de Wind A, Van den Eynden G,
et al. Tumor infiltrating B-cells signal functional humoral immune responses in breast
cancer. JCI Insight. (2019) 5:129641. doi: 10.1172/jci.insight.129641

5. Laumont CM, Nelson BH. B cells in the tumor microenvironment: Multi-faceted
organizers, regulators, and effectors of anti-tumor immunity. Cancer Cell. (2023)
41:466–89. doi: 10.1016/j.ccell.2023.02.017

6. Paijens ST, Vledder A, de Bruyn M, Nijman HW. Tumor-infiltrating lymphocytes
in the immunotherapy era. Cell Mol Immunol. (2021) 18:842–59. doi: 10.1038/s41423-
020-00565-9

7. Montecino-Rodriguez E, Fice M, Casero D, Berent-Maoz B, Barber CL,
Dorshkind K. Distinct genetic networks orchestrate the emergence of specific waves
of fetal and adult B-1 and B-2 development. Immunity. (2016) 45:527–39. doi: 10.1016/
j.immuni.2016.07.012

8. Montecino-Rodriguez E, Dorshkind K. New perspectives in B-1 B cell
development and function. Trends Immunol. (2006) 27:428–33. doi: 10.1016/
j.it.2006.07.005

9. Yenson V, Baumgarth N. Purification and immune phenotyping of B-1 cells from
body cavities of mice. Methods Mol Biol. (2021) 2270:27–45. doi: 10.1007/978-1-0716-
1237-8_2

10. Kaku H, Cheng KF, Al-Abed Y, Rothstein TL. A novel mechanism of B cell-mediated
immune suppression through CD73 expression and adenosine production. J Immunol.
(2014) 193:5904–13. doi: 10.4049/jimmunol.1400336

11. Tung JW, Parks DR, Moore WA, Herzenberg LA, Herzenberg LA. Identification
of B-cell subsets: an exposition of 11-color (Hi-D) FACS methods. Methods Mol Biol.
(2004) 271:37–58. doi: 10.1385/1-59259-796-3:037

12. Wang H, Shin DM, Abbasi S, Jain S, Kovalchuk AL, Beaty N, et al. Expression of
plasma cell alloantigen 1 defines layered development of B-1a B-cell subsets with
distinct innate-like functions. Proc Natl Acad Sci United States America. (2012)
109:20077–82. doi: 10.1073/pnas.1212428109

13. Zhong X, Tumang JR, Gao W, Bai C, Rothstein TL. PD-L2 expression extends
beyond dendritic cells/macrophages to B1 cells enriched for V(H)11/V(H)12 and
phosphatidylcholine binding. Eur J Immunol. (2007) 37:2405–10. doi: 10.1002/
eji.200737461

14. Herzenberg LA, Stall AM, Lalor PA, Sidman C, Moore WA, Parks DR, et al. The
Ly-1 B cell lineage. Immunol Rev. (1986) 93:81–102. doi: 10.1111/j.1600-
065X.1986.tb01503.x

15. Stall AM, Adams S, Herzenberg LA, Kantor AB. Characteristics and
development of the murine B-1b (Ly-1 B sister) cell population. Ann N Y Acad Sci.
(1992) 651:33–43. doi: 10.1111/j.1749-6632.1992.tb24591.x

16. Sanz I, Wei C, Jenks SA, Cashman KS, Tipton C, Woodruff MC, et al. Challenges
and opportunities for consistent classification of human B cell and plasma cell
populations. Front Immunol. (2019) 10:2458. doi: 10.3389/fimmu.2019.02458

17. Burastero SE, Casali P, Wilder RL, Notkins AL. Monoreactive high affinity and
polyreactive low affinity rheumatoid factors are produced by CD5+ B cells from
patients with rheumatoid arthritis. J Exp Med. (1988) 168:1979–92. doi: 10.1084/
jem.168.6.1979

18. Casali P, Burastero SE, Nakamura M, Inghirami G, Notkins AL. Human
lymphocytes making rheumatoid factor and antibody to ssDNA belong to Leu-1+ B-
cell subset. Science. (1987) 236:77–81. doi: 10.1126/science.3105056

19. Hardy RR, Hayakawa K, Shimizu M, Yamasaki K, Kishimoto T. Rheumatoid
factor secretion from human Leu-1+ B cells. Science. (1987) 236:81–3. doi: 10.1126/
science.3105057

20. Nakamura M, Burastero SE, Notkins AL, Casal P. Human monoclonal
rheumatoid factor-like antibodies from CD5 (Leu-1)+ B cells are polyreactive. J
Immunol. (1988) 140:4180–6. doi: 10.4049/jimmunol.140.12.4180
21. Freedman AS, Freeman G, Whitman J, Segil J, Daley J, Nadler LM. Studies of in
vitro activated CD5+ B cells. Blood. (1989) 73:202–8. doi: 10.1182/blood.V73.
1.202.bloodjournal731202

22. Lee J, Kuchen S, Fischer R, Chang S, Lipsky PE. Identification and
characterization of a human CD5+ pre-naive B cell population. J Immunol. (2009)
182:4116–26. doi: 10.4049/jimmunol.0803391

23. Sims GP, Ettinger R, Shirota Y, Yarboro CH, Illei GG, Lipsky PE. Identification
and characterization of circulating human transitional B cells. Blood. (2005) 105:4390–
8. doi: 10.1182/blood-2004-11-4284

24. Werner-Favre C, Vischer TL, Wohlwend D, Zubler RH. Cell surface antigen
CD5 is a marker for activated human B cells. Eur J Immunol. (1989) 19:1209–13.
doi: 10.1002/eji.1830190709

25. Youinou P, Jamin C, Lydyard PM. CD5 expression in human B-cell populations.
Immunol Today. (1999) 20:312–6. doi: 10.1016/S0167-5699(99)01476-0

26. Griffin DO, Holodick NE, Rothstein TL. Human B1 cells in umbilical cord and
adult peripheral blood express the novel phenotype CD20+ CD27+ CD43+ CD70. J
Exp Med. (2011) 208:67–80. doi: 10.1084/jem.20101499

27. Covens K, Verbinnen B, Geukens N, Meyts I, Schuit F, Van Lommel L, et al.
Characterization of proposed human B-1 cells reveals pre-plasmablast phenotype.
Blood. (2013) 121:5176–83. doi: 10.1182/blood-2012-12-471953

28. Descatoire M, Weill JC, Reynaud CA, Weller S. A human equivalent of mouse B-
1 cells? J Exp Med. (2011) 208:2563–4. doi: 10.1084/jem.20112232

29. Inui M, Hirota S, Hirano K, Fujii H, Sugahara-Tobinai A, Ishii T, et al. Human
CD43+ B cells are closely related not only to memory B cells phenotypically but also to
plasmablasts developmentally in healthy individuals. Int Immunol. (2015) 27:345–55.
doi: 10.1093/intimm/dxv009

30. Li W, Batliwalla F, Rothstein TL. Human B-1 cells are not preplasmablasts:
analysis of microarray data and other issues. Blood. (2013) 122:3691–3. doi: 10.1182/
blood-2013-08-520031

31. Tangye SG. To B1 or not to B1: that really is still the question! Blood. (2013)
121:5109–10. doi: 10.1182/blood-2013-05-500074

32. Griffin DO, Holodick NE, Rothstein TL. Human B1 cells are CD3-: A reply to "A
human equivalent of mouse B-1 cells?" and "The nature of circulating CD27+CD43+ B
cells". J Exp Med. (2011) 208:2566–9. doi: 10.1084/jem.20111761

33. Quach TD, Rodriguez-Zhurbenko N, Hopkins TJ, Guo X, Hernandez AM, Li W,
et al. Distinctions among circulating antibody-secreting cell populations, including B-1
cells, in human adult peripheral blood. J Immunol. (2016) 196:1060–9. doi: 10.4049/
jimmunol.1501843

34. Suo C, Dann E, Goh I, Jardine L, Kleshchevnikov V, Park JE, et al. Mapping the
developing human immune system across organs. Science. (2022) 376:eabo0510.
doi: 10.1126/science.abo0510

35. Demoersman J, Pochard P, Framery C, Simon Q, Boisrame S, Soueidan A, et al.
B cell subset distribution is altered in patients with severe periodontitis. PloS One.
(2018) 13:e0192986. doi: 10.1371/journal.pone.0192986

36. Ma K, Du W, Wang S, Xiao F, Li J, Tian J, et al. B1-cell-produced anti-
phosphatidylserine antibodies contribute to lupus nephritis development via TLR-
mediated Syk activation. Cell Mol Immunol. (2023) 20:881–94. doi: 10.1038/s41423-
023-01049-2

37. Pattarabanjird T, Marshall M, Upadhye A, Srikakulapu P, Garmey JC, Haider A,
et al. B-1b cells possess unique bHLH-driven P62-dependent self-renewal and
atheroprotection. Circ Res. (2022) 130:981–93. doi: 10.1161/CIRCRESAHA.121.320436

38. Rosenfeld SM, Perry HM, Gonen A, Prohaska TA, Srikakulapu P, Grewal S, et al.
B-1b cells secrete atheroprotective igM and attenuate atherosclerosis. Circ Res. (2015)
117:e28–39. doi: 10.1161/CIRCRESAHA.117.306044

39. Suchanek O, Sadler R, Bateman EA, Patel SY, Ferry BL. Immunophenotyping of
putative human B1 B cells in healthy controls and common variable immunodeficiency
(CVID) patients. Clin Exp Immunol. (2012) 170:333–41. doi: 10.1111/j.1365-
2249.2012.04656.x

40. Torring C, Petersen CC, Bjerg L, Kofod-Olsen E, Petersen T, Hollsberg P. The
B1-cell subpopulation is diminished in patients with relapsing-remitting multiple
sclerosis. J Neuroimmunol. (2013) 262:92–9. doi: 10.1016/j.jneuroim.2013.06.002

41. Upadhye A, Srikakulapu P, Gonen A, Hendrikx S, Perry HM, Nguyen A, et al.
Diversification and CXCR4-dependent establishment of the bone marrow B-1a cell
frontiersin.org

https://doi.org/10.1038/s41568-022-00466-1
https://doi.org/10.3389/fimmu.2020.582657
https://doi.org/10.1164/rccm.201309-1611OC
https://doi.org/10.1164/rccm.201309-1611OC
https://doi.org/10.1172/jci.insight.129641
https://doi.org/10.1016/j.ccell.2023.02.017
https://doi.org/10.1038/s41423-020-00565-9
https://doi.org/10.1038/s41423-020-00565-9
https://doi.org/10.1016/j.immuni.2016.07.012
https://doi.org/10.1016/j.immuni.2016.07.012
https://doi.org/10.1016/j.it.2006.07.005
https://doi.org/10.1016/j.it.2006.07.005
https://doi.org/10.1007/978-1-0716-1237-8_2
https://doi.org/10.1007/978-1-0716-1237-8_2
https://doi.org/10.4049/jimmunol.1400336
https://doi.org/10.1385/1-59259-796-3:037
https://doi.org/10.1073/pnas.1212428109
https://doi.org/10.1002/eji.200737461
https://doi.org/10.1002/eji.200737461
https://doi.org/10.1111/j.1600-065X.1986.tb01503.x
https://doi.org/10.1111/j.1600-065X.1986.tb01503.x
https://doi.org/10.1111/j.1749-6632.1992.tb24591.x
https://doi.org/10.3389/fimmu.2019.02458
https://doi.org/10.1084/jem.168.6.1979
https://doi.org/10.1084/jem.168.6.1979
https://doi.org/10.1126/science.3105056
https://doi.org/10.1126/science.3105057
https://doi.org/10.1126/science.3105057
https://doi.org/10.4049/jimmunol.140.12.4180
https://doi.org/10.1182/blood.V73.1.202.bloodjournal731202
https://doi.org/10.1182/blood.V73.1.202.bloodjournal731202
https://doi.org/10.4049/jimmunol.0803391
https://doi.org/10.1182/blood-2004-11-4284
https://doi.org/10.1002/eji.1830190709
https://doi.org/10.1016/S0167-5699(99)01476-0
https://doi.org/10.1084/jem.20101499
https://doi.org/10.1182/blood-2012-12-471953
https://doi.org/10.1084/jem.20112232
https://doi.org/10.1093/intimm/dxv009
https://doi.org/10.1182/blood-2013-08-520031
https://doi.org/10.1182/blood-2013-08-520031
https://doi.org/10.1182/blood-2013-05-500074
https://doi.org/10.1084/jem.20111761
https://doi.org/10.4049/jimmunol.1501843
https://doi.org/10.4049/jimmunol.1501843
https://doi.org/10.1126/science.abo0510
https://doi.org/10.1371/journal.pone.0192986
https://doi.org/10.1038/s41423-023-01049-2
https://doi.org/10.1038/s41423-023-01049-2
https://doi.org/10.1161/CIRCRESAHA.121.320436
https://doi.org/10.1161/CIRCRESAHA.117.306044
https://doi.org/10.1111/j.1365-2249.2012.04656.x
https://doi.org/10.1111/j.1365-2249.2012.04656.x
https://doi.org/10.1016/j.jneuroim.2013.06.002
https://doi.org/10.3389/fimmu.2024.1363176
https://www.frontiersin.org/journals/immunology
https://www.frontiersin.org


Rodrı́guez-Zhurbenko and Hernández 10.3389/fimmu.2024.1363176
pool governs atheroprotective igM production linked to human coronary
atherosclerosis. Circ Res. (2019) 125:e55–70. doi: 10.1161/CIRCRESAHA.119.315786

42. Xu Y, Lee JG, Yan JJ, Ryu JH, Xu S, Yang J. Human B1 cells are the main blood
group A-specific B cells that have a moderate correlation with anti-A antibody titer.
Ann Lab Med. (2020) 40:48–56. doi: 10.3343/alm.2020.40.1.48

43. Kraljevic K, Wong S, Fulcher DA. Circulating phenotypic B-1 cells are decreased
in common variable immunodeficiency and correlate with immunoglobulin M levels.
Clin Exp Immunol. (2013) 171:278–82. doi: 10.1111/cei.12008

44. Leggat DJ, Khaskhely NM, Iyer AS, Mosakowski J, Thompson RS, Weinandy JD,
et al. Pneumococcal polysaccharide vaccination induces polysaccharide-specific B cells
in adult peripheral blood expressing CD19(+)CD20(+)CD3(-)CD70(-)CD27(+)IgM(+)
CD43(+)CD5(+)/(-). Vaccine. (2013) 31:4632–40. doi: 10.1016/j.vaccine.2013.07.030

45. Holodick NE, Rodriguez-Zhurbenko N, Hernandez AM. Defining natural
antibodies. Front Immunol. (2017) 8:872. doi: 10.3389/fimmu.2017.00872

46. Coutinho A, Kazatchkine MD, Avrameas S. Natural autoantibodies. Curr Opin
Immunol. (1995) 7:812–8. doi: 10.1016/0952-7915(95)80053-0

47. Haury M, Sundblad A, Grandien A, Barreau C, Coutinho A, Nobrega A. The
repertoire of serum IgM in normal mice is largely independent of external antigenic
contact. Eur J Immunol. (1997) 27:1557–63. doi: 10.1002/eji.1830270635

48. Yang Y, Wang C, Yang Q, Kantor AB, Chu H, Ghosn EE, et al. Distinct
mechanisms define murine B cell lineage immunoglobulin heavy chain (IgH)
repertoires. eLife. (2015) 4:e09083. doi: 10.7554/eLife.09083

49. Baumgarth N. B-1 cell heterogeneity and the regulation of natural and antigen-
induced igM production. Front Immunol. (2016) 7:324. doi: 10.3389/fimmu.2016.00324

50. Hardy RR, Carmack CE, Shinton SA, Riblet RJ, Hayakawa K. A single VH gene is
utilized predominantly in anti-BrMRBC hybridomas derived from purified Ly-1 B cells.
Definition VH11 family. J Immunol. (1989) 142:3643–51. doi: 10.4049/jimmunol.142.10.3643

51. Hayakawa K, Carmack CE, Hyman R, Hardy RR. Natural autoantibodies to
thymocytes: origin, VH genes, fine specificities, and the role of Thy-1 glycoprotein. J
Exp Med. (1990) 172:869–78. doi: 10.1084/jem.172.3.869

52. Holodick NE, Vizconde T, Hopkins TJ, Rothstein TL. Age-related decline in
natural igM function: diversification and selection of the B-1a cell pool with age. J
Immunol. (2016) 196:4348–57. doi: 10.4049/jimmunol.1600073

53. Tsuji N, Rothstein TL, Holodick NE. Antigen receptor specificity and cell
location influence the diversification and selection of the B-1a cell pool with age. J
Immunol. (2020) 205:741–59. doi: 10.4049/jimmunol.1901302

54. Mercolino TJ, Arnold LW, Hawkins LA, Haughton G. Normal mouse
peritoneum contains a large population of Ly-1+ (CD5) B cells that recognize
phosphatidyl choline. Relationship to cells that secrete hemolytic antibody specific
for autologous erythrocytes. J Exp Med. (1988) 168:687–98. doi: 10.1084/jem.168.2.687

55. Chou MY, Fogelstrand L, Hartvigsen K, Hansen LF, Woelkers D, Shaw PX, et al.
Oxidation-specific epitopes are dominant targets of innate natural antibodies in mice
and humans. J Clin Invest. (2009) 119:1335–49. doi: 10.1172/JCI36800

56. Shaw PX, Horkko S, Chang MK, Curtiss LK, Palinski W, Silverman GJ, et al.
Natural antibodies with the T15 idiotype may act in atherosclerosis, apoptotic clearance,
and protective immunity. J Clin Invest. (2000) 105:1731–40. doi: 10.1172/JCI8472

57. Vas J, Gronwall C, Silverman GJ. Fundamental roles of the innate-like repertoire
of natural antibodies in immune homeostasis. Front Immunol. (2013) 4:4. doi: 10.3389/
fimmu.2013.00004

58. Parra D, Rieger AM, Li J, Zhang YA, Randall LM, Hunter CA, et al. Pivotal
advance: peritoneal cavity B-1 B cells have phagocytic and microbicidal capacities and
present phagocytosed antigen to CD4+ T cells. J leukocyte Biol. (2012) 91:525–36.
doi: 10.1189/jlb.0711372

59. Zhong X, GaoW, Degauque N, Bai C, Lu Y, Kenny J, et al. Reciprocal generation
of Th1/Th17 and T(reg) cells by B1 and B2 B cells. Eur J Immunol. (2007) 37:2400–4.
doi: 10.1002/eji.200737296

60. Popi AF, Lopes JD, Mariano M. Interleukin-10 secreted by B-1 cells modulates
the phagocytic activity of murine macrophages in vitro. Immunology. (2004) 113:348–
54. doi: 10.1111/j.1365-2567.2004.01969.x

61. Halperin ST, t Hart BA, Luchicchi A, Schenk GJ. The forgotten brother: the
innate-like B1 cell in multiple sclerosis. Biomedicines. (2022) 10:606. doi: 10.3390/
biomedicines10030606

62. She Z, Li C,Wu F,Mao J, XieM, HunM, et al. The role of B1 cells in systemic lupus
erythematosus. Front Immunol. (2022) 13:814857. doi: 10.3389/fimmu.2022.814857

63. Suchanek O, Ferdinand JR, Tuong ZK, Wijeyesinghe S, Chandra A, Clauder AK,
et al. Tissue-resident B cells orchestrate macrophage polarisation and function. Nat
Commun. (2023) 14:7081. doi: 10.1038/s41467-023-42625-4

64. Murakami M, Tsubata T, Shinkura R, Nisitani S, Okamoto M, Yoshioka H, et al.
Oral administration of lipopolysaccharides activates B-1 cells in the peritoneal cavity
and lamina propria of the gut and induces autoimmune symptoms in an autoantibody
transgenic mouse. J Exp Med. (1994) 180:111–21. doi: 10.1084/jem.180.1.111

65. Ha SA, Tsuji M, Suzuki K, Meek B, Yasuda N, Kaisho T, et al. Regulation of B1
cell migration by signals through Toll-like receptors. J Exp Med. (2006) 203:2541–50.
doi: 10.1084/jem.20061041

66. Waffarn EE, Hastey CJ, Dixit N, Soo Choi Y, Cherry S, Kalinke U, et al.
Infection-induced type I interferons activate CD11b on B-1 cells for subsequent lymph
node accumulation. Nat Commun. (2015) 6:8991. doi: 10.1038/ncomms9991
Frontiers in Immunology 12
67. Jackson-Jones LH, Duncan SM, Magalhaes MS, Campbell SM, Maizels RM,
McSorley HJ, et al. Fat-associated lymphoid clusters control local IgM secretion during
pleural infection and lung inflammation. Nat Commun. (2016) 7:12651. doi: 10.1038/
ncomms12651

68. Workel HH, Lubbers JM, Arnold R, Prins TM, van der Vlies P, de Lange K, et al.
A transcriptionally distinct CXCL13(+)CD103(+)CD8(+) T-cell population is
associated with B-cell recruitment and neoantigen load in human cancer. Cancer
Immunol Res. (2019) 7:784–96. doi: 10.1158/2326-6066.CIR-18-0517

69. Ansel KM, Ngo VN, Hyman PL, Luther SA, Forster R, Sedgwick JD, et al. A
chemokine-driven positive feedback loop organizes lymphoid follicles. Nature. (2000)
406:309–14. doi: 10.1038/35018581

70. Thommen DS, Koelzer VH, Herzig P, Roller A, Trefny M, Dimeloe S, et al. A
transcriptionally and functionally distinct PD-1(+) CD8(+) T cell pool with predictive
potential in non-small-cell lung cancer treated with PD-1 blockade. Nat Med. (2018)
24:994–1004. doi: 10.1038/s41591-018-0057-z

71. Ansel KM, Harris RB, Cyster JG. CXCL13 is required for B1 cell homing, natural
antibody production, and body cavity immunity. Immunity. (2002) 16:67–76.
doi: 10.1016/S1074-7613(01)00257-6

72. Vivanco BC, Viana JD, Perez EC, Konno FT, Guereschi MG, Xander P, et al. B-1
cells promote immunosurveillance against murine melanoma in host absence of CCR5:
new perspective in autologous vaccination therapy. Immunobiology. (2014) 219:845–9.
doi: 10.1016/j.imbio.2014.07.013

73. 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. doi: 10.1016/j.jid.2019.02.016

74. Shibad V, Bootwala A, Mao C, Bader H, Vo H, Landesman-Bollag E, et al. L2pB1
cells contribute to tumor growth inhibition. Front Immunol. (2021) 12:722451.
doi: 10.3389/fimmu.2021.722451

75. Bekkat F, Seradj M, Lengagne R, Fiore F, Kato M, Lucas B, et al. Upregulation of
IL4-induced gene 1 enzyme by B2 cells during melanoma progression impairs their
antitumor properties. Eur J Immunol. (2024):e2350615. doi: 10.1002/eji.202350615

76. Selvanesan BC, de Mingo Pulido A, Varghese S, Rohila D, Hupalo D, Gusev Y,
et al. NSC243928 treatment induces anti-tumor immune response in mouse mammary
tumor models. Cancers (Basel). (2023) 15:1468. doi: 10.3390/cancers15051468

77. Staquicini FI, Tandle A, Libutti SK, Sun J, Zigler M, Bar-Eli M, et al. A subset of
host B lymphocytes controls melanoma metastasis through a melanoma cell adhesion
molecule/MUC18-dependent interaction: evidence frommice and humans. Cancer Res.
(2008) 68:8419–28. doi: 10.1158/0008-5472.CAN-08-1242

78. Perez EC, Xander P, Laurindo MFL, Novaes EBRR, Vivanco BC, Mortara RA,
et al. The axis IL-10/claudin-10 is implicated in the modulation of aggressiveness of
melanoma cells by B-1 lymphocytes. PloS One. (2017) 12:e0187333. doi: 10.1371/
journal.pone.0187333

79. Haro MA, Littrell CA, Yin Z, Huang X, Haas KM. PD-1 suppresses development
of humoral responses that protect against tn-bearing tumors. Cancer Immunol Res.
(2016) 4:1027–37. doi: 10.1158/2326-6066.CIR-16-0184

80. Azevedo MC, Palos MC, Osugui L, Laurindo MF, Masutani D, Nonogaki S, et al.
B-1 cells and concomitant immunity in Ehrlich tumour progression. Immunobiology.
(2014) 219:357–66. doi: 10.1016/j.imbio.2013.12.001

81. Haro MA, Dyevoich AM, Phipps JP, Haas KM. Activation of B-1 cells promotes
tumor cell killing in the peritoneal cavity. Cancer Res. (2019) 79:159–70. doi: 10.1158/
0008-5472.CAN-18-0981

82. Rawat K, Soucy SM, Kolling FW, Diaz KM, King WT, Tewari A, et al. Natural
antibodies alert the adaptive immune system of the presence of transformed cells in
early tumorigenesis. J Immunol. (2022) 209:1252–9. doi: 10.4049/jimmunol.2200447

83. Atif SM, Gibbings SL, Redente EF, Camp FA, Torres RM, Kedl RM, et al.
Immune surveillance by natural igM is required for early neoantigen recognition and
initiation of adaptive immunity. Am J Respir Cell Mol Biol. (2018) 59:580–91.
doi: 10.1165/rcmb.2018-0159OC

84. Rawat K, Tewari A, Morrisson MJ, Wager TD, Jakubzick CV. Redefining innate
natural antibodies as important contributors to anti-tumor immunity. eLife. (2021) 10:
e69713. doi: 10.7554/eLife.69713

85. Rodriguez-Zhurbenko N, Martinez D, Blanco R, Rondon T, Grinan T, Hernandez
AM. Human antibodies reactive to NeuGcGM3 ganglioside have cytotoxic antitumor
properties. Eur J Immunol. (2013) 43:826–37. doi: 10.1002/eji.201242693

86. Rodriguez-Zhurbenko N, Quach TD, Rothstein TL, Hernandez AM. Human B-1
cells are important contributors to the naturally-occurring IgM pool against the tumor-
associated ganglioside Neu5GcGM3. Front Immunol. (2022) 13:1061651. doi: 10.3389/
fimmu.2022.1061651

87. Rodriguez-Zhurbenko N, Quach TD, Hopkins TJ, Rothstein TL, Hernandez
AM. Human B-1 cells and B-1 cell antibodies change with advancing age. Front
Immunol. (2019) 10:483. doi: 10.3389/fimmu.2019.00483

88. Lee-Chang C, Bodogai M, Moritoh K, Chen X, Wersto R, Sen R, et al. Aging
converts innate B1a cells into potent CD8+ T cell inducers. J Immunol. (2016)
196:3385–97. doi: 10.4049/jimmunol.1502034

89. Binnewies M, Roberts EW, Kersten K, Chan V, Fearon DF, Merad M, et al.
Understanding the tumor immune microenvironment (TIME) for effective therapy.
Nat Med. (2018) 24:541–50. doi: 10.1038/s41591-018-0014-x
frontiersin.org

https://doi.org/10.1161/CIRCRESAHA.119.315786
https://doi.org/10.3343/alm.2020.40.1.48
https://doi.org/10.1111/cei.12008
https://doi.org/10.1016/j.vaccine.2013.07.030
https://doi.org/10.3389/fimmu.2017.00872
https://doi.org/10.1016/0952-7915(95)80053-0
https://doi.org/10.1002/eji.1830270635
https://doi.org/10.7554/eLife.09083
https://doi.org/10.3389/fimmu.2016.00324
https://doi.org/10.4049/jimmunol.142.10.3643
https://doi.org/10.1084/jem.172.3.869
https://doi.org/10.4049/jimmunol.1600073
https://doi.org/10.4049/jimmunol.1901302
https://doi.org/10.1084/jem.168.2.687
https://doi.org/10.1172/JCI36800
https://doi.org/10.1172/JCI8472
https://doi.org/10.3389/fimmu.2013.00004
https://doi.org/10.3389/fimmu.2013.00004
https://doi.org/10.1189/jlb.0711372
https://doi.org/10.1002/eji.200737296
https://doi.org/10.1111/j.1365-2567.2004.01969.x
https://doi.org/10.3390/biomedicines10030606
https://doi.org/10.3390/biomedicines10030606
https://doi.org/10.3389/fimmu.2022.814857
https://doi.org/10.1038/s41467-023-42625-4
https://doi.org/10.1084/jem.180.1.111
https://doi.org/10.1084/jem.20061041
https://doi.org/10.1038/ncomms9991
https://doi.org/10.1038/ncomms12651
https://doi.org/10.1038/ncomms12651
https://doi.org/10.1158/2326-6066.CIR-18-0517
https://doi.org/10.1038/35018581
https://doi.org/10.1038/s41591-018-0057-z
https://doi.org/10.1016/S1074-7613(01)00257-6
https://doi.org/10.1016/j.imbio.2014.07.013
https://doi.org/10.1016/j.jid.2019.02.016
https://doi.org/10.3389/fimmu.2021.722451
https://doi.org/10.1002/eji.202350615
https://doi.org/10.3390/cancers15051468
https://doi.org/10.1158/0008-5472.CAN-08-1242
https://doi.org/10.1371/journal.pone.0187333
https://doi.org/10.1371/journal.pone.0187333
https://doi.org/10.1158/2326-6066.CIR-16-0184
https://doi.org/10.1016/j.imbio.2013.12.001
https://doi.org/10.1158/0008-5472.CAN-18-0981
https://doi.org/10.1158/0008-5472.CAN-18-0981
https://doi.org/10.4049/jimmunol.2200447
https://doi.org/10.1165/rcmb.2018-0159OC
https://doi.org/10.7554/eLife.69713
https://doi.org/10.1002/eji.201242693
https://doi.org/10.3389/fimmu.2022.1061651
https://doi.org/10.3389/fimmu.2022.1061651
https://doi.org/10.3389/fimmu.2019.00483
https://doi.org/10.4049/jimmunol.1502034
https://doi.org/10.1038/s41591-018-0014-x
https://doi.org/10.3389/fimmu.2024.1363176
https://www.frontiersin.org/journals/immunology
https://www.frontiersin.org


Rodrı́guez-Zhurbenko and Hernández 10.3389/fimmu.2024.1363176
90. Lorenzo-Sanz L, Munoz P. Tumor-infiltrating immunosuppressive cells in
cancer-cell plasticity, tumor progression and therapy response. Cancer Microenviron.
(2019) 12:119–32. doi: 10.1007/s12307-019-00232-2

91. O'Garra A, Chang R, Go N, Hastings R, Haughton G, Howard M. Ly-1 B (B-1)
cells are the main source of B cell-derived interleukin 10. Eur J Immunol. (1992)
22:711–7. doi: 10.1002/eji.1830220314

92. Sun CM, Deriaud E, Leclerc C, Lo-Man R. Upon TLR9 signaling, CD5+ B cells
control the IL-12-dependent Th1-priming capacity of neonatal DCs. Immunity. (2005)
22:467–77. doi: 10.1016/j.immuni.2005.02.008

93. Margry B, Kersemakers SC, Hoek A, Arkesteijn GJ, Wieland WH, van Eden W,
et al. Activated peritoneal cavity B-1a cells possess regulatory B cell properties. PloS
One. (2014) 9:e88869. doi: 10.1371/journal.pone.0088869

94. Zhang X, Deriaud E, Jiao X, Braun D, Leclerc C, Lo-Man R. Type I interferons
protect neonates from acute inflammation through interleukin 10-producing B cells. J
Exp Med. (2007) 204:1107–18. doi: 10.1084/jem.20062013

95. Laurindo MF, Thies FG, Perez EC, Novaes e Brito RR, Mariano M, Popi AF. B16
melanoma cells increase B-1 cell survival, IL-10 production and radioresistance in vitro.
Immunobiology. (2013) 218:609–19. doi: 10.1016/j.imbio.2012.07.032

96. Geherin SA, Gomez D, Glabman RA, Ruthel G, Hamann A, Debes GF. IL-10+
Innate-like B cells are part of the skin immune system and require alpha4beta1 integrin
to migrate between the peritoneum and inflamed skin. J Immunol. (2016) 196:2514–25.
doi: 10.4049/jimmunol.1403246

97. Barbeiro DF, Barbeiro HV, Faintuch J, Ariga SK, Mariano M, Popi AF, et al. B-1
cells temper endotoxemic inflammatory responses. Immunobiology. (2011) 216:302–8.
doi: 10.1016/j.imbio.2010.08.002

98. Wong SC, Puaux AL, Chittezhath M, Shalova I, Kajiji TS, Wang X, et al.
Macrophage polarization to a unique phenotype driven by B cells. Eur J Immunol.
(2010) 40:2296–307. doi: 10.1002/eji.200940288

99. Mantovani A, Sozzani S, Locati M, Allavena P, Sica A. Macrophage polarization:
tumor-associated macrophages as a paradigm for polarized M2 mononuclear
phagocytes. Trends Immunol. (2002) 23:549–55. doi: 10.1016/S1471-4906(02)02302-5

100. Gordon S. Alternative activation of macrophages. Nat Rev Immunol. (2003)
3:23–35. doi: 10.1038/nri978

101. Perez EC, MaChado J Jr., Aliperti F, Freymuller E, Mariano M, Lopes JD. B-1
lymphocytes increase metastatic behavior of melanoma cells through the extracellular
signal-regulated kinase pathway. Cancer science. (2008) 99:920–8. doi: 10.1111/j.1349-
7006.2008.00776.x

102. Griffin DO, Rothstein TL. A small CD11b(+) human B1 cell subpopulation
stimulates T cells and is expanded in lupus. J Exp Med. (2011) 208:2591–8. doi: 10.1084/
jem.20110978

103. Griffin DO, Rothstein TL. Human "orchestrator" CD11b(+) B1 cells
spontaneously secrete interleukin-10 and regulate T-cell activity. Mol Med. (2012)
18:1003–8. doi: 10.2119/molmed.2012.00203

104. Lee KM, Stott RT, Zhao G, SooHoo J, Xiong W, Lian MM, et al. TGF-beta-
producing regulatory B cells induce regulatory T cells and promote transplantation
tolerance. Eur J Immunol. (2014) 44:1728–36. doi: 10.1002/eji.201344062

105. 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

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

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

108. Xiao J, Guan F, Sun L, Zhang Y, Zhang X, Lu S, et al. B cells induced by
Schistosoma japonicum infection display diverse regulatory phenotypes and modulate
CD4(+) T cell response. Parasites vectors. (2020) 13:147. doi: 10.1186/s13071-020-
04015-3

109. Kourko O, Seaver K, Odoardi N, Basta S, Gee K. IL-27, IL-30, and IL-35: A
cytokine triumvirate in cancer. Front Oncol. (2019) 9:969. doi: 10.3389/fonc.2019.00969

110. Collison LW, Workman CJ, Kuo TT, Boyd K, Wang Y, Vignali KM, et al. The
inhibitory cytokine IL-35 contributes to regulatory T-cell function. Nature. (2007)
450:566–9. doi: 10.1038/nature06306

111. Niedbala W, Wei XQ, Cai B, Hueber AJ, Leung BP, McInnes IB, et al. IL-35 is a
novel cytokine with therapeutic effects against collagen-induced arthritis through the
expansion of regulatory T cells and suppression of Th17 cells. Eur J Immunol. (2007)
37:3021–9. doi: 10.1002/eji.200737810

112. 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

113. Wang RX, Yu CR, Dambuza IM, Mahdi RM, Dolinska MB, Sergeev YV, et al.
Interleukin-35 induces regulatory B cells that suppress autoimmune disease. Nat Med.
(2014) 20:633–41. doi: 10.1038/nm.3554

114. Pylayeva-Gupta Y, Das S, Handler JS, Hajdu CH, Coffre M, Koralov SB, et al.
IL35-producing B cells promote the development of pancreatic neoplasia. Cancer
discovery. (2016) 6:247–55. doi: 10.1158/2159-8290.CD-15-0843
Frontiers in Immunology 13
115. Choi JK, Yu CR, Bing SJ, Jittayasothorn Y, Mattapallil MJ, Kang M, et al. IL-27-
producing B-1a cells suppress neuroinflammation and CNS autoimmune diseases. Proc
Natl Acad Sci United States America. (2021) 118:e2109548118. doi: 10.1073/
pnas.2109548118

116. Hsu LH, Li KP, Chu KH, Chiang BL. A B-1a cell subset induces Foxp3(-) T cells
with regulatory activity through an IL-10-independent pathway. Cell Mol Immunol.
(2015) 12:354–65. doi: 10.1038/cmi.2014.56

117. Briceno P, Rivas-Yanez E, Rosemblatt MV, Parra-Tello B, Farias P, Vargas L,
et al. CD73 ectonucleotidase restrains CD8+ T cell metabolic fitness and anti-tumoral
activity. Front Cell Dev Biol. (2021) 9:638037. doi: 10.3389/fcell.2021.638037

118. Dong Y, Sun Q, Zhang X. PD-1 and its ligands are important immune
checkpoints in cancer. Oncotarget. (2017) 8:2171–86. doi: 10.18632/oncotarget.v8i2

119. Freeman GJ, Long AJ, Iwai Y, Bourque K, Chernova T, Nishimura H, et al.
Engagement of the PD-1 immunoinhibitory receptor by a novel B7 family member
leads to negative regulation of lymphocyte activation. J Exp Med. (2000) 192:1027–34.
doi: 10.1084/jem.192.7.1027

120. Gotot J, Gottschalk C, Leopold S, Knolle PA, Yagita H, Kurts C, et al.
Regulatory T cells use programmed death 1 ligands to directly suppress autoreactive
B cells in vivo. Proc Natl Acad Sci United States America. (2012) 109:10468–73.
doi: 10.1073/pnas.1201131109

121. Francisco LM, Salinas VH, Brown KE, Vanguri VK, Freeman GJ, Kuchroo VK,
et al. PD-L1 regulates the development, maintenance, and function of induced
regulatory T cells. J Exp Med. (2009) 206:3015–29. doi: 10.1084/jem.20090847

122. Khan AR, Hams E, Floudas A, Sparwasser T, Weaver CT, Fallon PG. PD-L1hi B
cells are critical regulators of humoral immunity. Nat Commun. (2015) 6:5997.
doi: 10.1038/ncomms6997

123. Catalan D, Mansilla MA, Ferrier A, Soto L, Oleinika K, Aguillon JC, et al.
Immunosuppressive mechanisms of regulatory B cells. Front Immunol. (2021)
12:611795. doi: 10.3389/fimmu.2021.611795

124. Sun X, Zhang T, Li M, Yin L, Xue J. Immunosuppressive B cells expressing PD-
1/PD-L1 in solid tumors: a mini review. QJM monthly J Assoc Physicians. (2022)
115:507–12. doi: 10.1093/qjmed/hcz162

125. Hirose T, Tanaka Y, Tanaka A, Sakai H, Sasaki Y, Shinohara N, et al. PD-L1/
PD-L2-expressing B-1 cells inhibit alloreactive T cells in mice. PloS One. (2017) 12:
e0178765. doi: 10.1371/journal.pone.0178765

126. Tanegashima T, Togashi Y, Azuma K, Kawahara A, Ideguchi K, Sugiyama D, et al.
Immune suppression by PD-L2 against spontaneous and treatment-related antitumor
immunity. Clin Cancer Res. (2019) 25:4808–19. doi: 10.1158/1078-0432.CCR-18-3991

127. Wang Y, Du J, Gao Z, Sun H, Mei M, Wang Y, et al. Evolving landscape of PD-
L2: bring new light to checkpoint immunotherapy. Br J cancer. (2023) 128:1196–207.
doi: 10.1038/s41416-022-02084-y

128. Zuccarino-Catania GV, Sadanand S, Weisel FJ, Tomayko MM, Meng H,
Kleinstein SH, et al. CD80 and PD-L2 define functionally distinct memory B cell
subsets that are independent of antibody isotype. Nat Immunol. (2014) 15:631–7.
doi: 10.1038/ni.2914

129. McKay JT, HaroMA, Daly CA, Yammani RD, Pang B, Swords WE, et al. PD-L2
Regulates B-1 Cell Antibody Production against Phosphorylcholine through an IL-5-
Dependent Mechanism. J Immunol . (2017) 199:2020–9. doi: 10.4049/
jimmunol.1700555

130. Haas KM, Poe JC, Tedder TF. CD21/35 promotes protective immunity to
Streptococcus pneumoniae through a complement-independent but CD19-dependent
pathway that regulates PD-1 expression. J Immunol. (2009) 183:3661–71. doi: 10.4049/
jimmunol.0901218

131. Daly CA, Spurrier MA, Jennings-Gee JE, Haas KM. B cell subsets differentially
contribute to the T cell-independent memory pool. J Immunol. (2020) 205:2362–74.
doi: 10.4049/jimmunol.1901453

132. Haas KM. Programmed cell death 1 suppresses B-1b cell expansion and long-
lived IgG production in response to T cell-independent type 2 antigens. J Immunol.
(2011) 187:5183–95. doi: 10.4049/jimmunol.1101990

133. Ju T, Otto VI, Cummings RD. The Tn antigen-structural simplicity and biological
complexity. Angewandte Chemie. (2011) 50:1770–91. doi: 10.1002/anie.201002313

134. Rodriguez-Zhurbenko N, Rabade-Chediak M, Martinez D, Grinan T,
Hernandez AM. Anti-NeuGcGM3 reactivity: a possible role of natural antibodies
and B-1 cells in tumor immunosurveillance. Ann New York Acad Sci. (2015) 1362:224–
38. doi: 10.1111/nyas.12827

135. Scher I. The CBA/N mouse strain: an experimental model illustrating the
influence of the X-chromosome on immunity. Adv Immunol. (1982) 33:1–71.
doi: 10.1016/S0065-2776(08)60834-2

136. Chow DA, Bennet RD. Low natural antibody and low in vivo tumor resistance,
in xid-bearing B-cell deficient mice. J Immunol. (1989) 142:3702–6. doi: 10.4049/
jimmunol.142.10.3702

137. Cariappa A, Tang M, Parng C, Nebelitskiy E, Carroll M, Georgopoulos K, et al.
The follicular versus marginal zone B lymphocyte cell fate decision is regulated by
Aiolos, Btk, and CD21. Immunity. (2001) 14:603–15. doi: 10.1016/S1074-7613(01)
00135-2

138. Chow DA. Reduced tumorigenicity of threshold syngeneic tumor inocula in
xid-bearing mice treated with natural antibodies. Int J cancer. (1995) 60:848–53.
doi: 10.1002/ijc.2910600621
frontiersin.org

https://doi.org/10.1007/s12307-019-00232-2
https://doi.org/10.1002/eji.1830220314
https://doi.org/10.1016/j.immuni.2005.02.008
https://doi.org/10.1371/journal.pone.0088869
https://doi.org/10.1084/jem.20062013
https://doi.org/10.1016/j.imbio.2012.07.032
https://doi.org/10.4049/jimmunol.1403246
https://doi.org/10.1016/j.imbio.2010.08.002
https://doi.org/10.1002/eji.200940288
https://doi.org/10.1016/S1471-4906(02)02302-5
https://doi.org/10.1038/nri978
https://doi.org/10.1111/j.1349-7006.2008.00776.x
https://doi.org/10.1111/j.1349-7006.2008.00776.x
https://doi.org/10.1084/jem.20110978
https://doi.org/10.1084/jem.20110978
https://doi.org/10.2119/molmed.2012.00203
https://doi.org/10.1002/eji.201344062
https://doi.org/10.1158/0008-5472.CAN-10-4316
https://doi.org/10.1093/intimm/dxw007
https://doi.org/10.1038/nature24302
https://doi.org/10.1186/s13071-020-04015-3
https://doi.org/10.1186/s13071-020-04015-3
https://doi.org/10.3389/fonc.2019.00969
https://doi.org/10.1038/nature06306
https://doi.org/10.1002/eji.200737810
https://doi.org/10.1038/nature12979
https://doi.org/10.1038/nm.3554
https://doi.org/10.1158/2159-8290.CD-15-0843
https://doi.org/10.1073/pnas.2109548118
https://doi.org/10.1073/pnas.2109548118
https://doi.org/10.1038/cmi.2014.56
https://doi.org/10.3389/fcell.2021.638037
https://doi.org/10.18632/oncotarget.v8i2
https://doi.org/10.1084/jem.192.7.1027
https://doi.org/10.1073/pnas.1201131109
https://doi.org/10.1084/jem.20090847
https://doi.org/10.1038/ncomms6997
https://doi.org/10.3389/fimmu.2021.611795
https://doi.org/10.1093/qjmed/hcz162
https://doi.org/10.1371/journal.pone.0178765
https://doi.org/10.1158/1078-0432.CCR-18-3991
https://doi.org/10.1038/s41416-022-02084-y
https://doi.org/10.1038/ni.2914
https://doi.org/10.4049/jimmunol.1700555
https://doi.org/10.4049/jimmunol.1700555
https://doi.org/10.4049/jimmunol.0901218
https://doi.org/10.4049/jimmunol.0901218
https://doi.org/10.4049/jimmunol.1901453
https://doi.org/10.4049/jimmunol.1101990
https://doi.org/10.1002/anie.201002313
https://doi.org/10.1111/nyas.12827
https://doi.org/10.1016/S0065-2776(08)60834-2
https://doi.org/10.4049/jimmunol.142.10.3702
https://doi.org/10.4049/jimmunol.142.10.3702
https://doi.org/10.1016/S1074-7613(01)00135-2
https://doi.org/10.1016/S1074-7613(01)00135-2
https://doi.org/10.1002/ijc.2910600621
https://doi.org/10.3389/fimmu.2024.1363176
https://www.frontiersin.org/journals/immunology
https://www.frontiersin.org


Rodrı́guez-Zhurbenko and Hernández 10.3389/fimmu.2024.1363176
139. Diaz-Zaragoza M, Hernandez-Avila R, Ostoa-Saloma P. Recognition of tumor
antigens in 4T1 cells by natural IgM from three strains of mice with different
susceptibilities to spontaneous breast cancer. Oncol letters. (2017) 13:271–4.
doi: 10.3892/ol.2016.5427

140. Diaz-Zaragoza M, Hernandez-Avila R, Viedma-Rodriguez R, Arenas-Aranda
D, Ostoa-Saloma P. Natural and adaptive IgM antibodies in the recognition of tumor-
associated antigens of breast cancer (Review). Oncol Rep. (2015) 34:1106–14.
doi: 10.3892/or.2015.4095

141. Pradere JP, Dapito DH, Schwabe RF. The Yin and Yang of Toll-like receptors in
cancer. Oncogene. (2014) 33:3485–95. doi: 10.1038/onc.2013.302

142. Irie A, Koyama S, Kozutsumi Y, Kawasaki T, Suzuki A. The molecular basis for
the absence of N-glycolylneuraminic acid in humans. J Biol Chem. (1998) 273:15866–
71. doi: 10.1074/jbc.273.25.15866

143. Labrada M, Dorvignit D, Hevia G, Rodriguez-Zhurbenko N, Hernandez AM,
Vazquez AM, et al. GM3(Neu5Gc) ganglioside: an evolution fixed neoantigen for cancer
immunotherapy. Semin Oncol. (2018) 45:41–51. doi: 10.1053/j.seminoncol.2018.04.003

144. Vollmers HP, Brandlein S. The "early birds": natural IgM antibodies and
immune surveillance. Histol histopathology. (2005) 20:927–37. doi: 10.14670/HH-
20.927

145. Devarapu SK, Mamidi S, Ploger F, Dill O, Blixt O, KirschfinkM, et al. Cytotoxic
activity against human neuroblastoma and melanoma cells mediated by IgM antibodies
derived from peripheral blood of healthy donors. Int J cancer. (2016) 138:2963–73.
doi: 10.1002/ijc.30025

146. Brandlein S, Eck M, Strobel P, Wozniak E, Muller-Hermelink HK, Hensel F,
et al. PAM-1, a natural human IgM antibody as new tool for detection of breast and
prostate precursors. Hum antibodies. (2004) 13:97–104.

147. Brandlein S, Beyer I, Eck M, Bernhardt W, Hensel F, Muller-Hermelink HK,
et al. Cysteine-rich fibroblast growth factor receptor 1, a new marker for precancerous
epithelial lesions defined by the human monoclonal antibody PAM-1. Cancer Res.
(2003) 63:2052–61.

148. Brandlein S, Pohle T, Vollmers C, Wozniak E, Ruoff N, Muller-Hermelink HK,
et al. CFR-1 receptor as target for tumor-specific apoptosis induced by the natural
human monoclonal antibody PAM-1. Oncol Rep. (2004) 11:777–84. doi: 10.3892/or

149. Vollmers HP, O'Connor R, Muller J, Kirchner T, Muller-Hermelink HK. SC-1,
a functional human monoclonal antibody against autologous stomach carcinoma cells.
Cancer Res. (1989) 49:2471–6.

150. Hensel F, Hermann R, Schubert C, Abe N, Schmidt K, Franke A, et al.
Characterization of glycosylphosphatidylinositol-linked molecule CD55/decay-
accelerating factor as the receptor for antibody SC-1-induced apoptosis. Cancer Res.
(1999) 59:5299–306.

151. Illert B, Otto C, Vollmers HP, Hensel F, Thiede A, Timmermann W. Human
antibody SC-1 reduces disseminated tumor cells in nude mice with human gastric
cancer. Oncol Rep. (2005) 13:765–70. doi: 10.3892/or

152. Hensel F, Timmermann W, von Rahden BH, Rosenwald A, Brandlein S, Illert
B. Ten-year follow-up of a prospective trial for the targeted therapy of gastric cancer
with the human monoclonal antibody PAT-SC1. Oncol Rep. (2014) 31:1059–66.
doi: 10.3892/or.2014.2987

153. Rasche L, Duell J, Morgner C, Chatterjee M, Hensel F, Rosenwald A, et al. The
natural human IgM antibody PAT-SM6 induces apoptosis in primary human multiple
myeloma cells by targeting heat shock protein GRP78. PloS One. (2013) 8:e63414.
doi: 10.1371/journal.pone.0063414

154. Hensel F, Eckstein M, Rosenwald A, Brandlein S. Early development of PAT-
SM6 for the treatment of melanoma. Melanoma Res. (2013) 23:264–75. doi: 10.1097/
CMR.0b013e328362cbc8

155. Rasche L, Duell J, Castro IC, Dubljevic V, Chatterjee M, Knop S, et al. GRP78-
directed immunotherapy in relapsed or refractory multiple myeloma - results from a
Frontiers in Immunology 14
phase 1 trial with the monoclonal immunoglobulin M antibody PAT-SM6.
Haematologica. (2015) 100:377–84. doi: 10.3324/haematol.2014.117945

156. Rasche L, Menoret E, Dubljevic V, Menu E, Vanderkerken K, Lapa C, et al. A
GRP78-directed monoclonal antibody recaptures response in refractory multiple
myeloma with extramedullary involvement. Clin Cancer Res. (2016) 22:4341–9.
doi: 10.1158/1078-0432.CCR-15-3111

157. Kaveri SV, Silverman GJ, Bayry J. Natural IgM in immune equilibrium and
harnessing their therapeutic potential. J Immunol. (2012) 188:939–45. doi: 10.4049/
jimmunol.1102107

158. Popi AF, Longo-Maugeri IM, Mariano M. An overview of B-1 cells as antigen-
presenting cells. Front Immunol. (2016) 7:138. doi: 10.3389/fimmu.2016.00138

159. Sun L, Su Y, Jiao A, Wang X, Zhang B. T cells in health and disease. Signal
transduction targeted Ther. (2023) 8:235. doi: 10.1038/s41392-023-01471-y

160. Wang Y, Rothstein TL. Induction of Th17 cell differentiation by B-1 cells. Front
Immunol. (2012) 3:281. doi: 10.3389/fimmu.2012.00281

161. Zhong X, Lau S, Bai C, Degauque N, Holodick NE, Steven SJ, et al. A novel
subpopulation of B-1 cells is enriched with autoreactivity in normal and lupus-prone
mice. Arthritis rheumatism. (2009) 60:3734–43. doi: 10.1002/art.25015

162. Popi AF. B-1 phagocytes: the myeloid face of B-1 cells. Ann New York Acad Sci.
(2015) 1362:86–97. doi: 10.1111/nyas.12814

163. Popi AF, Motta FL, Mortara RA, Schenkman S, Lopes JD, Mariano M. Co-
ordinated expression of lymphoid and myeloid specific transcription factors during B-
1b cell differentiation into mononuclear phagocytes in vitro. Immunology. (2009)
126:114–22. doi: 10.1111/j.1365-2567.2008.02883.x

164. Borrello MA, Phipps RP. Fibroblasts support outgrowth of splenocytes
simultaneously expressing B lymphocyte and macrophage characteristics. J Immunol.
(1995) 155:4155–61. doi: 10.4049/jimmunol.155.9.4155

165. Koide N, Sugiyama T, Mori I, Mu MM, Hamano T, Yoshida T, et al. Change of
mouse CD5(+) B1 cells to a macrophage-like morphology induced by gamma
interferon and inhibited by interleukin-4. Clin Diagn Lab Immunol. (2002) 9:1169–
74. doi: 10.1128/CDLI.9.6.1169-1174.2002

166. Popi AF, Zamboni DS, Mortara RA, Mariano M. Microbicidal property of B1
cell derived mononuclear phagocyte. Immunobiology. (2009) 214:664–73. doi: 10.1016/
j.imbio.2008.12.007

167. Gao J, Ma X, Gu W, Fu M, An J, Xing Y, et al. Novel functions of murine B1
cells: active phagocytic and microbicidal abilities. Eur J Immunol. (2012) 42:982–92.
doi: 10.1002/eji.201141519

168. Vo H, Chiu J, Allaimo D, Mao C, Wang Y, Gong Y, et al. High fat diet deviates
PtC-specific B1 B cell phagocytosis in obese mice. Immunity Inflammation disease.
(2014) 2:254–61. doi: 10.1002/iid3.41

169. Geraldo MM, Costa CR, Barbosa FM, Vivanco BC, Gonzaga WF, Novaes EBRR,
et al. In vivo and in vitro phagocytosis of Leishmania (Leishmania) amazonensis
promastigotes by B-1 cells. Parasite Immunol. (2016) 38:365–76. doi: 10.1111/pim.12324

170. Ghosn EE, Russo M, Almeida SR. Nitric oxide-dependent killing of
Cryptococcus neoformans by B-1-derived mononuclear phagocyte. J leukocyte Biol.
(2006) 80:36–44. doi: 10.1189/jlb.1005603

171. Almeida SR, Aroeira LS, Frymuller E, Dias MA, Bogsan CS, Lopes JD, et al.
Mouse B-1 cell-derived mononuclear phagocyte, a novel cellular component of acute
non-specific inflammatory exudate. Int Immunol. (2001) 13:1193–201. doi: 10.1093/
intimm/13.9.1193

172. Oliveira HC, Popi AF, Bachi AL, Nonogaki S, Lopes JD, Mariano M. B-1 cells
modulate the kinetics of wound-healing process in mice. Immunobiology. (2010)
215:215–22. doi: 10.1016/j.imbio.2009.03.009

173. Zhong X, Rothstein TL. L2pB1: a new player in autoimmunity. Mol Immunol.
(2011) 48:1292–. doi: 10.1016/j.molimm.2010.12.006
frontiersin.org

https://doi.org/10.3892/ol.2016.5427
https://doi.org/10.3892/or.2015.4095
https://doi.org/10.1038/onc.2013.302
https://doi.org/10.1074/jbc.273.25.15866
https://doi.org/10.1053/j.seminoncol.2018.04.003
https://doi.org/ 10.14670/HH-20.927
https://doi.org/ 10.14670/HH-20.927
https://doi.org/10.1002/ijc.30025
https://doi.org/10.3892/or
https://doi.org/10.3892/or
https://doi.org/10.3892/or.2014.2987
https://doi.org/10.1371/journal.pone.0063414
https://doi.org/10.1097/CMR.0b013e328362cbc8
https://doi.org/10.1097/CMR.0b013e328362cbc8
https://doi.org/10.3324/haematol.2014.117945
https://doi.org/10.1158/1078-0432.CCR-15-3111
https://doi.org/10.4049/jimmunol.1102107
https://doi.org/10.4049/jimmunol.1102107
https://doi.org/10.3389/fimmu.2016.00138
https://doi.org/10.1038/s41392-023-01471-y
https://doi.org/10.3389/fimmu.2012.00281
https://doi.org/10.1002/art.25015
https://doi.org/10.1111/nyas.12814
https://doi.org/10.1111/j.1365-2567.2008.02883.x
https://doi.org/10.4049/jimmunol.155.9.4155
https://doi.org/10.1128/CDLI.9.6.1169-1174.2002
https://doi.org/10.1016/j.imbio.2008.12.007
https://doi.org/10.1016/j.imbio.2008.12.007
https://doi.org/10.1002/eji.201141519
https://doi.org/10.1002/iid3.41
https://doi.org/10.1111/pim.12324
https://doi.org/10.1189/jlb.1005603
https://doi.org/10.1093/intimm/13.9.1193
https://doi.org/10.1093/intimm/13.9.1193
https://doi.org/10.1016/j.imbio.2009.03.009
https://doi.org/10.1016/j.molimm.2010.12.006
https://doi.org/10.3389/fimmu.2024.1363176
https://www.frontiersin.org/journals/immunology
https://www.frontiersin.org

	The role of B-1 cells in cancer progression and anti-tumor immunity
	1 Introduction
	2 A brief overview of B-1 cells
	3 B-1 cells infiltrate tumors
	4 The pro-tumor activity of B-1 cells
	4.1 IL-10 secretion is the best-known mechanism of B-1 cell-mediated immunosuppression
	4.2 Secretion of immunosuppressive cytokines other than IL-10
	4.2.1 Transforming growth factor-β
	4.2.2 IL-35

	4.3 Immunosuppression resulting from the expression of molecules on the surface of B-1 cells
	4.3.1 CD73
	4.3.2 PC1
	4.3.3 PD-1/PD-L1, PD-L2


	5 The anti-tumor function of B-1 cells
	5.1 The secretion of tumor-reactive NAbs
	5.2 The process of antigen presentation and T cell activation
	5.3 Phagocytosis
	5.4 Anti-tumor role of specific B-1 cells subsets

	6 Conclusions
	Author contributions
	Funding
	Acknowledgments
	Conflict of interest
	Publisher’s note
	References


