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Immune Checkpoints in B Cells: Unlocking New Potentials
in Cancer Treatment

Xiaoye Shi, Xiangshu Cheng, Aimin Jiang, Wenjie Shi, Lingxuan Zhu, Weiming Mou,
Antonino Glaviano, Zaoqu Liu, Quan Cheng,* Anqi Lin,* Linhui Wang,* and Peng Luo*

B cells are crucial component of humoral immunity, and their role in the tumor
immune microenvironment (TME) has garnered significant attention in recent
years. These cells hold great potential and application prospects in the field of
tumor immunotherapy. Research has demonstrated that the TME can remodel
various B cell functions, including proliferation, differentiation, antigen
presentation, and antibody production, thereby invalidating the anti-tumor
effects of B cells. Concurrently, numerous immune checkpoints (ICs) on the
surface of B cells are upregulated. Aberrant B-cell IC signals not only impair
the function of B cells themselves, but also modulate the tumor-killing effects
of other immune cells, ultimately fostering an immunosuppressive TME and
facilitating tumor immune escape. Blocking ICs on B cells is beneficial for
reversing the immunosuppressive TME and restoring anti-tumor immune
responses. In this paper, the intricate connection between B-cell ICs and the
TME is delved into, emphasizing the critical role of targeting B-cell ICs in
anti-tumor immunity, which may provide valuable insights for the future
development of tumor immunotherapy based on B cells.
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1. Introduction

B cells are a major component of hu-
moral immunity in the body, and their
role in tumor immunity has been con-
tinuously and intensively studied.[1] Some
studies have shown that regulatory B cells
(Bregs) in the tumor microenvironment
(TME) tend to secrete inflammatory cy-
tokines such as Interleukin (IL) -10 and
transforming growth factor-𝛽 (TGF-𝛽) to
promote tumor progression.[2–4] In recent
years, the anti-tumor effect of B cells has
also been gradually discovered.[5] B cells can
produce specific antibodies that recognize
and bind tumor neoantigens generated by
mutations or abnormal post-transcriptional
modifications.[6,7] Moreover, activated B
cells maintain or enhance T-cell anti-tumor
immune responses through antigen pre-
sentation and co-stimulation.[8–10] In some
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tumor microenvironments, B cells construct local antitumor
immune responses in the form of the tertiary lymphoid
structure(TLS).[11,12] A spatial transcriptomic analysis demon-
strated the presence of a B-cell response, including B-cell matu-
ration and antibody production in the intratumoral TLS in renal
cell carcinoma (RCC).[13] Similar results were found in pancre-
atic ductal adenocarcinoma, melanoma, and other cancers.[14,15]

Thus, B cells are involved in complex immune responses in the
TME and have become one of the new targets for tumor therapy.

An immune checkpoint (IC) is a braking molecule designed
to prevent over-activation of the immune system, and the discov-
ery and application of ICs in tumors has opened a new chapter
in tumor therapy.[16–18] Cytotoxic T lymphocyte associate protein-
4(CTLA-4) was the earliest IC to be identified.[19] Utilizing a
CTLA-4 knockout mouse model, researchers have demonstrated
that CTLA-4 on the surface of T-cells inhibits T-cell activation and
exerts negative regulatory effects.[19] In addition to T cells, there
has been much interest in tumor ICs of natural killer (NK) cells
and macrophages.[20,21] For example, tumor-infiltrating T cell im-
munoreceptor with immunoglobulin and ITIM domain(TIGIT),
which is highly expressed on NK cells, has been associated with
NK cell exhaustion.[22] Blocking TIGIT reverses NK cell exhaus-
tion and enhances adaptive antitumor immunity.[22] Moreover,
recombinant sialic acid binding Ig like lectin 9 (Siglec-9) has
been shown to be an immune checkpoint molecule expressed on
macrophages with a role in restricting the antitumor response of
T cells.[23] Blocking aberrant expression or function of ICs facili-
tates the restoration of immune cells’ tumor-killing function and
reversing the immunosuppressive microenvironment.[18] The
immune checkpoint inhibitors (ICIs) have been widely used in
the clinic, showing good therapeutic efficacy and improving the
survival of tumor patients.[24,25]

In recent years, tumor ICs of B cells have also been gradu-
ally identified. A recent study identified an upregulation of T cell
immunoglobulin and mucin domain-containing protein(TIM-1)
expression in B cells and limited the proliferative and tumor-
killing effects of T cells.[26] Blockade of TIM-1 expression low-
ered the B-cell receptor (BCR) activation threshold while enhanc-
ing the antigen presentation and co-stimulatory functions of B
cells.[26] A number of previous studies have also characterized the
expression of tumor-associated ICs on B cells, including CTLA-
4,[27] TIGIT,[28] PD-L1,[29,30] and others. These aberrantly upreg-
ulated IC signals contribute significantly for B cells to undergo
dysfunction and facilitate tumor immune escape. Thus, block-
ing the aberrant expression of IC in B cells is crucial important
for suppressing tumor progression.

However, the potential of B-cell ICs in tumor immunotherapy
has not been fully explored. Compared with T cells, the study of
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B-cell ICs in tumors is still in its infancy, with numerous unre-
solved issues that require further investigation, such as an in-
depth exploration of B-cell ICs, the relationship between B-cell
ICs, B cells, and TME, the development and clinical validation of
B-cell ICIs. Considering the intricate and multifaceted roles of B
cells and their IC expression within the TME, a comprehensive
investigation of B cell dysfunction and aberrant IC expression in
the TME could offer theoretical foundations for identifying addi-
tional B cell ICs and developing novel tumor immunotherapeu-
tic strategies targeting B cell ICs, ultimately leading to improved
therapeutic efficacy and clinical outcomes for tumor patients.

ICs expressed on B cells have gradually shown promise as po-
tential tumor immunotherapeutic targets.[31] However, there is
no review systematically summarizing the research progress of
B cell ICs in tumors. In this paper, we elucidated B cell dysfunc-
tion within the TME, summarized the discovery and mechanism
of action of B cell IC in tumors, and elaborated on the possible
mechanisms of targeting B cell IC to restore anti-tumor immune
effects. In addition, we discussed the urgent issues and future
research directions for tumor-associated B-cell ICs and proposed
potential strategies for B-cell IC development. We hoped that this
paper will lay a theoretical foundation and provide valuable in-
sights for the further development of tumor ICs of B cells and
their application in tumor immunotherapy.

2. B Cells’ Dysfunction in TME

In recent years, studies have shown that a dysregulated TME
can affect the normal function of B cells, including B cell pro-
liferation, differentiation, immune molecule expression, and ef-
fector functions, ultimately promoting tumor immune escape
(Figure 1).[32,33]

2.1. TME Inhibits B Cells’ Proliferation

Several components of the TME, including tumor cells, immune
cells, immune molecules, and non-immune components, can af-
fect B cell proliferation (Figure 1A). Human leukocyte antigen
(HLA)-G, high-expressing in some tumors, exerts an inhibitory
effect on B cells’ proliferation when it binds to immunoglobulin-
like transcript 2 (ILT2) on the surface of the B cells.[34–36] In ad-
dition, the enormous oxygen consumption of tumor cells often
leads to hypoxia in the TME.[37] In hypoxic TME, B-cell glycolysis
is increased, which is detrimental to B-cell proliferation and pro-
motes B-cell apoptosis.[38,39] Glucose and glutamine, which are
an important source of energy for B cells and maintain B-cell
growth, are often depleted in the TME.[40] Localized nutrient defi-
ciencies in the TME make B-cell proliferation inhibited. Myeloid-
derived suppressor cells (MDSCs) are the currently identified im-
mune cells that inhibit B-cell proliferation in the TME.[41] In a
mouse model of lung cancer, MDSCs inhibit B-cell proliferation
through inducible nitric oxide synthase (iNOS) and arginase 1
(ARG1).[41] Several previous studies have also demonstrated a
negative regulatory effect of MDSCs on B-cell proliferation.[41–43]

As an important immunosuppressive molecule, TGF-𝛽 has also
been suggested to potentially impair B-cell proliferation.[44,45]
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Figure 1. Dysfunction of B cells in the TME. A) Tumor cells block B cell proliferation by high expression of HLA-G and predation of oxygen and glucose in
the TME, and MSDCs can also inhibit B cell proliferation through specific molecules. B) Tumor cells can modulate specific immune pathways, causing B
cells to differentiate into TIPBs, Bregs, and macrophage-like cells, and these types of B cells are detrimental to anti-tumor immune responses. C) Tumor
cells and MDSCs upregulate ICs on the surface of B cells, while IL-5 and oxidative stress in the TME promote the expression of inflammatory factors,
such as IL-6, IL-10, and TGF-𝛽, in B cells, and these immunosuppressive molecules negatively regulate effector T cells and promote tumor progression.
D) ICs upregulated in B cells can limit the activation, antigen presentation, and co-stimulatory functions of B cells and affect the anti-tumor effect of T
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2.2. TME Promotes B Cells’ Abnormal Differentiation

To evade immune surveillance, tumor cells can induce aber-
rant differentiation of B cells through their secretomes, interfer-
ing with the immune response to the local TME (Figure 1B).
For example, melanoma secretomes activate NF-𝜅B in tumor-
associated B cells (TABs), which in turn induces the differenti-
ation of TABs into tumor-induced plasmablast-like-enriched B
cells (TIPBs).[32] The inhibitory ligands on the surface of TIPB,
Galectin-9, and TNFRSF14 are upregulated, which bind to TIM-
3 and BTLA on the surface of T cells. TIPBs also secretes the
immunosuppressive cytokines IL-10 and TGF-𝛽, which results
in T cell dysfunction and suppression of anti-tumor immune
responses.[32]

Immune-related molecules secreted by tumor cells also con-
tribute to the aberrant differentiation of B cells and promote im-
mune escape. In a mouse model of breast cancer, tumor cells
use their production of leukotriene B4 (LTB4) to activate peroxi-
some proliferator-activated receptor 𝛼 (PPAR𝛼) on B cells, which
results in the induction of differentiation of tumor-evoked regu-
latory B cells (tBregs).[33] Deletion of the PPAR𝛼 gene on B cells
inhibits the tBregs generation. TGF-𝛽 is also one of the com-
mon molecules secreted by tumor cells, which induces immuno-
suppressive Bregs, leading to accelerated tumor progression.[46]

Thymic stromal lymphopoietin (TSLP) secreted by tumor cells
down-regulates the expression of CXCR4 and VLA4 in B-cell pre-
cursors, which, in turn, promotes premature migration out of
the bone marrow and the proliferation and differentiation of B-
cell precursors into Bregs that have tumor-promoting metastatic
effects.[47] In contrast, tumor metastasis is inhibited when B-
cell CXCR4 and VLA4 expression is downregulated. M-CSF is
another substance secreted by tumor cells that inhibits the nor-
mal differentiation of B-cells.[48] Tumor-derived M-CSF promotes
the downregulation of Pax5 expression in CSF1R + immature
B-cells, which leads to macrophage-like cell differentiation.[48]

These macrophage-like cells have a role in inhibiting effector T
cell proliferation and promoting tumor infiltration.

Therefore, in the presence of tumor-derived molecules, B cells
differentiate abnormally into TIPBs, macrophage-like cells, and
tBregs, which is detrimental to the antitumor immune response.

2.3. TME Promotes B Cells’ Expression of Immunosuppressive
Molecules

Current evidence suggests that tumor cells and MDSCs in
the TME promote the expression of IC molecules on B cells
(Figure 1C). For example, hepatocellular carcinoma (HCC)-
derived exosomes highly express HMGB1, and HMGB1 strongly
induces B cells to express TIM-1 through the TLR2/4-MAPK
pathway.[49] These TIM-1+ B cells correlate with poor clinical

prognosis in HCC. Hepatocellular carcinoma cell-derived solu-
ble factors upregulate TLR4-mediated B-cell lymphoma 6 (BCL6),
and BCL6 has an important role in promoting PD-1 expression in
B cells.[50] Besides, researchers have found that MDSC-activated
B cells in a breast cancer animal model highly express PD-L1, and
this class of PD-1-PD-L1+CD19+ B cells was defined as a novel
class of regulatory B-cells.[51] The number of these Bregs was also
positively correlated with poor prognosis of breast cancer.[52] The
mechanism by which MDSCs regulates B-cells may be the activa-
tion of the PI3K/AKT/NF-𝜅B pathway.[52] Blockade of PD-1/PD-
L1 or PI3K/AKT signaling reversed PD-1-PD-L1+CD19+ Bregs
immunosuppression as well as tumor growth. The role of upreg-
ulated expression of B-cell ICs in tumor immunity will be dis-
cussed in detail below.

In the TME, B cells also express or secrete other immunomod-
ulatory molecules of non-IC nature. IL-5 in TME binds to
CD5 on the surface of B cells and activates STAT3 signaling
through gp130 and JAK2, while positively feedback promoting
CD5 expression.[53] CD5+ B cells are associated with poor tu-
mor progression.[53] Tumor-associated oxidative stress activates
ten-eleven translocation-2 (TET2) to promote B cells to secrete
IL-10.[54] IL-10-expressing B cells have been found to inhibit the
function of effector T cells and limit antitumor immunity.[55,56]

Furthermore, in hepatocellular carcinoma tissues, B cells over-
express CCR6 and interact with tumor-cell-derived CCL20 to
enhance angiogenesis and promote tumor progression.[57] It
has been found that GABA produced by B cells can induce
the differentiation of tumor-associated macrophages with in-
hibitory CD8+ T-cell killing effects against tumor immunity.[58]

In melanoma, IL-6 derived from circulating B cells not only di-
rectly inhibits apoptosis and promotes tumor angiogenesis, but
also activates the transcription factor c-Maf in T cells to exhaust
CD4 and CD8 T cells.[59] In addition, through a partial depen-
dence on TGF-𝛽 R1/2 signaling, tumor-induced upregulation of
TGF-𝛽 expression in B cells activates MDSCs, which indirectly
promotes tumor escape and metastasis.[60] Moreover, these MD-
SCs will also potentiate the inhibitory effects on CD4+ T cells
and CD8+ T cells by promoting the production of reactive oxy-
gen species and nitric oxide in the TME to further promote tumor
progression.

2.4. TME Promotes B Cells’ Effector Dysfunction

In the TME, B cells exert antitumor immune functions through
antigen presentation and antibody production. B cells acti-
vated by tumor-associated antigens present tumor antigens
to T cells via major histocompatibility complex (MHC) I or
MHC II molecules, thereby facilitating T cell-mediated tumor
cytotoxicity.[8,61,62] Moreover, these activated B cells can also
proliferate and differentiate into plasma cells, also known as

cells. Moreover, antibodies in the TME can bind to tumor cells and macrophages, mast cells, etc. without being able to participate in the tumor killing
effect. Abbreviations: TME, tumor immune microenvironment; IL, Interleukin; MDSC, myeloid-derived suppressor cell; HLA, human histocompatibility
leukocyte antigen; ILT2, immunoglobulin-like transcript 2; iNOS, inducible nitric oxide synthase; ARG1, arginase 1; TIPB, tumor-induced plasmablast-
like-enriched B cell; IL, Interleukin; TGF-𝛽, transforming growth factor-𝛽; PPAR𝛼, peroxisome proliferator-activated receptor 𝛼; Breg, regulatory B cell;
TSLP, thymic stromal lymphopoietin; LTB4, leukotriene B4; TSLP, thymic stromal lymphopoietin; M𝜑, Macrophage; TAM, tumor-associated macrophage;
BCR, B-cell receptor; TAB, tumor-associated B cell; IFN, interferon; ADO, adenosine; SHP-2, src homology 2-domain-containing tyrosine phosphatase
2 to phosphotyrosine; ADCC, antibody-dependent cell-mediated cytotoxicity. This figure was created based on the tools provided by Biorender.com.
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effector B cells, which produce tumor-specific antibodies.[61–63]

Tumor-specific antibodies can directly eliminate tumor cells
through antibody-dependent cell-mediated cytotoxicity (ADCC)
or complement-dependent cytotoxicity (CDC).[6,7]

However, the TME can negatively regulate antibody pro-
duction by B cells, potentially impairing their antitumor ef-
fects (Figure 1D). In head and neck cancer, adenosine (ADO)-
producing Bregs have been identified.[64] These extracellular
ADOs bind to their corresponding receptors on effector B cells
and inhibit intracellular Bruton’s tyrosine kinase (BTK) and Ca2+

influx, which leads to aberrant BCR signaling and limiting B
cell activation and antibody production.[64] In addition, in pan-
creatic cancer, IL-35 produced by Bregs upregulates BCL6, a tran-
scriptional regulator in naive B cells, through stimulation of the
STAT3-PAX5 complex. This results in dysregulation of the tran-
scriptional program, inhibiting the differentiation of naive B cells
into antitumor plasma cells and ultimately leading to B cell effec-
tor dysfunction.[65]

Existing studies suggest that there may be a link between an-
tibody production by B cells and immune escape. Some scholars
suggest that tumor-specific antibodies bind tumor cells with their
Fab portion, while the inhibitory Fc𝛾 receptor Fc𝛾RIIB of tumor
cells captures the Fc portion of the antibody, leading to the in-
ability of the Fc𝛾R of effector cells to recognize the Fc portion of
the antibody, ultimately escaping from humoral immunity.[66–68]

Besides, in human papillomavirus (HPV)-16 squamous cell car-
cinoma, the IgG antibodies secreted by plasma cells in the form
of immune complexes are deposited at the tumor site and bind
to the Fc receptor common 𝛾 chain (FcR𝛾) on macrophages and
mast cells, thereby blocking the contact of the antibody with the
tumor cells and killing tumor cell.[69]

3. Functional Characterization of B Cells with High
IC Expression in TME

In the context of tumorigenesis and tumor development, B cells
often inhibit anti-tumor immune responses through IC signal-
ing, thereby promoting tumor progression.[26] These IC signals
regulate CD4+ T cells, CD8+ T cells, and regulatory T cells
(Tregs), promote the release of IL-10 from B cells and influence
the functions of antigen presentation, co-stimulation and mem-
ory properties of B cells, thus directly or indirectly modulating
tumor immunity (Figure 2).[26,28,50,70]

3.1. TIM-1

TIM-1, a member of the T cell immunoglobulin and mucin
domain-containing protein family, has been implicated in tumor
immunity.[26] In gliomas, TIM-1 expression is significantly el-
evated in tumor tissues compared to adjacent normal tissues,
and this heightened expression is associated with malignant pro-
gression and poor patient prognosis.[71] A recent study identified
TIM-1 as a specific immune checkpoint on B cells that modu-
lates tumor immune responses.[26] TIM-1 may expressed on all
activated B cells and is associated with poor clinical outcomes.[26]

TIM-1 can inhibit B cell activation by attenuating the type 1 in-

terferon response of B cells, leading to impaired antigen pre-
sentation and co-stimulatory functions of B cells.[26,72,73] More-
over, TIM-1+ B cells suppress the antitumor effects of CD4+
T and CD8+ T cells while promoting the expansion of FoxP3+
Tregs, thereby indirectly limiting antitumor immunity.[26] In ad-
dition, flow cytometric analysis revealed that Bregs in HCC tis-
sues highly expresse TIM-1 protein.[49] These B cells mediated
immune escape from HCC by secreting IL-10 through interac-
tion with TIM-4 expressed on myeloid cells, thereby inhibiting T
cell function.[49] Interestingly, in another study, knockdown of the
gene encoding IL-10 on TIM-1+ B cells that highly express IL-10
did not affect tumor growth.[26] This may suggests that TIM-1’s
role in promoting tumor escape through alternative mechanisms
may greatly outweigh the immunosuppressive effect of IL-10.

3.2. PD-1/PD-L1

PD-1, programmed cell death protein 1, is an immune check-
point receptor and a member of the immunoglobulin gene
superfamily.[74] In some tumors, PD-1 expression has been found
to be upregulated in B cells.[50,75] PD-1 is one of the negative regu-
lators of human B cell activation.[76] PD-1 expressed on B cells re-
cruits SHP-2 to its C-terminus, leading to the dephosphorylation
of key signal transduction molecules for BCR signaling such as
Ig𝛼/𝛽 and S𝛾K, thereby inhibiting BCR signaling.[77] In addition,
PD-1 has been shown to affect the memory properties of B cells.
PD-1 expressed by B cells interacts with PD-L1/PD-L2 on non-
antigen-specific cells, thereby inhibiting the generation and reac-
tivation of T cell-independent memory B cells and negatively reg-
ulating antibody production.[70] Interestingly, an increased num-
ber of memory B cells has been observed in the tumors of patients
responding to treatment with PD-1 inhibitors alone or in combi-
nation with CTLA-4 inhibitors.[78] These studies suggest that IC
expressed on B cells may contribute to impaired B cell memory
function.

High expression of PD-1 on B cells also impairs the antitumor
function of T cells. B cells highly expressing PD-1 inhibited T cell
proliferation and activation by interacting with PD-L1-expressing
T cells.[75] In addition, in a mouse hepatoma model with adop-
tive transfer of highly PD-1-expressing B cells, the infiltration and
function of CD8+ T cells were impaired and tumor growth was
increased.[50] In HCC, a subpopulation of highly PD-1-expressing
B cells induced IL-10 secretion through mutual contact with PD-
L1+ monocytes.[49,50] IL-10/IL-10R signaling drives dysfunction
of effector T cells, as evidenced by inhibition of tumor killing by
reduced production of interferon-gamma (IFN-𝛾) and cytotoxic
granzyme B.[50]

PD-L1 is programmed cell death ligand 1.[74] Studies have
demonstrated that B cells also express PD-L1 and modulate tu-
mor immunity.[79] A subset of tumor-activated PD-L1+ B cells
promotes the conversion of CD4+ T cell to Tregs through the
TGF-𝛽 pathway, which in turn promotes breast cancer progres-
sion and metastasis.[29] A subsequent study by Zhang et al. us-
ing a mouse model of breast cancer also revealed that tumor-
infiltrating B cells (TIBs) highly express PD-L1.[79] These TIBs
promote T cell depletion, suppress NK cell proliferation, and
inhibit T cell production of cytokines such as IFN-𝛾 and tu-
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mor necrosis factor-𝛼 (TNF-𝛼), thereby contributing to tumor
growth.[79] Similar findings were observed in other studies inves-
tigating on breast cancer and pancreatic cancer.[51,80]

3.3. CTLA-4

CTLA-4, cytotoxic T lymphocyte antigen 4, a member of the
immunoglobulin-related receptors family and participates in im-
munomodulation upon binding to CD80/CD86.[81] Recent stud-
ies have demonstrated that CTLA-4 is expressed in B cells and
is associated with tumor progression.[27] In a melanoma-related
study, overexpression of CTLA-4 in B cells was shown to interact
with CD86 on antigen-presenting cells, recruit Tyk2, and activate
STAT3 signaling, thereby promoting the expression of immuno-
suppressive genes and downregulating the anti-tumor response
of Th1 cells.[27] Therefore, CTLA-4 may be one of the ICs regulat-
ing the indirect anti-tumor immune response of B cells.

3.4. TIGIT

TIGIT, is an immunosuppressive receptor and a novel IC.[82]

TIGIT has been found to be expressed on B cells and is as-
sociated with tumor progression.[28] In gastric cancer patients,
a class of TIGIT-expressing CD20+ B cells was found to infil-
trate tumor tissues, and peritumoral CD20+ B cells with high
expression of TIGIT was associated with poor prognosis.[28]

Multiplexed immunofluorescence analyses suggested that these
TIGIT-expressing CD20+ B cells may promote CD8+ T cell de-
pletion and indirectly contribute to the formation of a suppressive
TME by upregulating TIGIT expression.[28] Furthermore, high
TIGIT expression was detected on TIM-1+ B cells in melanoma
tissues and was associated with tumor growth.[26]

3.5. Other Potential B-Cell ICs

Some B cells express or secrete other immunosuppressive
molecules, including inducible T-cell co-stimulator ligand
(ICOSL), OX40 ligand (OX40L), CD40, and C-X-C motif
chemokine ligand 13 (CXCL13), which inhibit anti-tumor im-
mune responses.[83–85] These immunosuppressive molecules
may also function as immune checkpoints for B cells. ICOSL,
often interacts with in inducible T-cell co-stimulator (ICOS) ex-
pressed on T cells to modulate tumor immunity.[86] ICOSL ex-
pressed on melanoma patient-derived TNF-𝛼 B cells was found
to interact with ICOS on Treg cells and promote FOXP3 + Treg
differentiation in a TGF-𝛽-dependent manner, which in turn
promotes tumor immunosuppression.[83] In addition, OX40L, a
member of the TNF family, interacts with OX40 to modulate tu-
mor immune responses.[87] B cells aberrantly expressing OX40L
can bind to OX40 on the surface of T cells and inhibit cyto-
toxic T lymphocyte (CTL) and IFN-𝛾 production, thereby limit-
ing anti-tumor responses.[84] As a member of the TNF receptor
superfamily, CD40 is a co-stimulatory molecule expressed by B
cells and promotes B cell activation, germinal center (GC) forma-
tion, and antibody production upon interaction with CD40L on T

cells.[88,89] However, CD40 on the surface of B cells can interact
with CD40L expressed by tumor cells to promote B cell secre-
tion of IL-10, which is negatively correlated with IFN-𝛾 produc-
tion by CD8+ T cells and NK cells.[85] Furthermore, it has been
proposed that CXCL13 is an immune checkpoint for Bregs in
the metastatic microenvironment of tumors.[90] This study found
that Bregs expressing C-X-C motif chemokine ligand 5 (CXCL5)
were reduced when CXCL13 was defective, as well as Bregs re-
cruited to the tumor microenvironment.[90] CXCL13 can be se-
creted by cancer-associated fibroblasts (CAFs) and cancer cells.[91]

This suggests that tumor cells may promote tumor progres-
sion by regulating B cell function through CXCL13 and CXCL5
(Figure 2).

4. Comparison of B-Cell ICs and T-Cell ICs

T-cell ICs in tumors have been widely studied in the last two
decades or so. Based on the close connection and molecular
mechanism between B-cell ICs and tumor immunity, we sum-
marize and compare the roles of B-cell ICs and T-cell ICs. Dur-
ing tumorigenesis and progression, some ICs whose expression
is upregulated on T cells are also upregulated on B cells.[27,49,50]

There are similarities and differences in the roles of these same
IC molecules on T and B cells. In addition, there are differences
in the roles and their mechanisms performed by different ICs of
B cells and T cells in tumor immunity (Figure 3).

4.1. Commonalities between B-Cell ICs and T-Cell ICs

In tumors, IC molecules that are aberrantly upregulated on B
cells partially overlap with IC molecules expressed on T cells.
T-cell-expressed ICs associated with tumors, including PD-1,
CTLA-4, and TIGIT, are also aberrantly upregulated in B cells
and are associated with pro-tumor immunity.[27,28,50,92–94] In addi-
tion, the same class of IC signals expressed by both B cells and T
cells can influence the antitumor effects of T cells. As described
above, B cells with upregulated PD-1 or TIGIT expression pro-
mote CD8+ T cell depletion, an effect that is also present in T
cell IC.[28,95]) For example, in vitro tumor cell line experiments
have shown that PD-1 expression on CTLs also has a role in neg-
atively regulating tumor killing by CTLs themselves.[50,96] Addi-
tionally, a transcriptome analysis revealed that in hepatocellular
carcinoma, TIGIT-expressing tumor-infiltrating CD8+T cells are
often depleted, thus limiting the effector function of T cells.[97]

Different IC molecules upregulated in T and B cells also
exhibit the same immune effects. Upregulated expression of ICs
negatively regulates the activation of the cells themselves and
affects antitumor immunity. PD-1 on the surface of T cells di-
rectly regulates T-cell receptor (TCR) signaling to attenuate T-cell
activity.[98] T-cell-expressed IC molecules, such as CTLA-4 and
BTLA, also inhibit T-cell activation.[92,99] In B cells, upregulation
of TIM-1 hinders B cell activation and limits the involvement of B
cells in the antitumor immune response.[26] In addition, through
activation of IC signaling, both T cells and B cells can affect the
function of Tregs in the TME. An experimental animal study
found an increase in Tregs expressing TIGIT in ovarian cancer,
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Figure 2. Mechanism of tumor immune response restriction by B cells with high IC expression. IC molecules such as TIM-1, CTLA-4, PD-1, TIGIT, and
other IC molecules highly expressed on the surface of B cells inhibit T cell proliferation and expression of IFN-𝛾 , and promote the exhaustion of T cells;
B cells with upregulated expression of IC also regulate the functions of NK cells, MDSC, and Treg, and indirectly inhibit the anti-tumor response. In
addition, B cells with upregulated expression of IC express the immunosuppressive molecules IL-10 and TGF-𝛽 and act on T cells and other immune
cells, which further enhance the inhibition of tumor killing. Abbreviations: MDSC, myeloid-derived suppressor cell; BCR, B-cell receptor; APC, antigen-
presenting cell; IL, Interleukin; TGF-𝛽, transforming growth factor-𝛽; Gra B, Granzyme B; NK, natural killer cell; IFN, interferon. This figure was created
based on the tools provided by Biorender.com.

which mediates the immunosuppressive function of Tregs.[100]

The PD-L1 molecule expressed on B cells also promotes the
transformation of CD4+ T cells into Tregs.[29] ICOSL on the
surface of B cells also binds to ICOS on Tregs to promote Treg
proliferation.[83] All of these ICs indirectly inhibit antitumor
immunity by promoting the effects of Tregs.

4.2. Differences between B-Cell ICs and T-Cell ICs

Current evidence suggests that the primary pathways involved
in tumor immunity differ between T-cell ICs and B-cell ICs.
T-cell ICs primarily exhaust T-cells and inhibit their cytotoxic
effects in order to directly impede the antitumor immune
response.[50,93,94,101] For example, studies have demonstrated that

tumor-infiltrating CD8+ T cells with high TIGIT expression can
limit the effector function of these cells.[101,102] In a study ana-
lyzing specimens from pancreatic cancer patients, an increase in
T-cell TIGIT expression within the tumor was identified, which
correlated with a T-cell depletion phenotype.[94]

Unlike T-cell IC, which directly depletes itself, B-cell ICs
primarily influence T-cell function and secretion of im-
munosuppressive molecules, indirectly suppressing antitumor
immunity.[49,50,85] Bregs with high expression of TIM-1 not only
secreted large amounts of IL-10, but also inhibited the function of
CD8+ T cells, thereby attenuating anti-tumor immunity.[49] Simi-
lar effects were observed in Breg with high expression of PD-1.[50]

Furthermore, B-cell ICs can significantly impact B-cell function.
The TIM-1 checkpoint molecule expressed on B cells inhibits
their antigen presentation and co-stimulatory.[26] PD-1 expressed
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Figure 3. Comparison of B-cell ICs and T-cell ICs. B-cell ICs and T-cell ICs share similarities in that they are the same type of ICs and exhibit comparable
actions. However, B-cell ICs and T-cell ICs differ in their specific functions and mechanisms of action. T-cell ICs primarily influence the antitumor immune
response mediated by T cells, while B-cell ICs can additionally impact various B cell functions, such as the secretion of immunosuppressive molecules,
antigen presentation, co-stimulation, and the proliferation and activation of memory B cells. Consequently, T-cell ICs are primarily involved in antitumor
cellular immunity, while B-cell ICs can also modulate humoral immunity. Furthermore, interactions may occur between IC ligands and receptors of
different subpopulations of B cells and T cells. Abbreviations: IC, immune checkpoint; Treg, regulatory T cell; Tfh, T follicular helper cell. This figure was
created based on the tools provided by Biorender.com.
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by B cells may impair their memory properties.[70] Impairment
of these functions in B cells often affects antitumor immunity.
The effect of IC expressed by T cells on the anti-tumor function
of B cells is currently unknown.

There are also differences in the immune responses affected
by B-cell ICs compared to T-cell ICs. T cell ICs often hinders the
cellular immune response in TME due to their functions in de-
pleting T cells and limiting T cell cytotoxicity.[92,94,101] Activated
B cells have been demonstrated to produce tumor-specific anti-
bodies that exert anti-tumor effects.[6,63] High expression of IC
by B cells, such as TIM-1, may limit B cell activation.[26] Thus,
the presence of B cell IC signaling may have a detrimental effect
on antibody production by B cells. Therefore, in addition to lim-
iting cellular immunity, B-cell ICs may also affect humoral im-
mune responses involving tumor-specific antibodies, potentially
further amplifying the immunosuppressive signals.[26]

4.3. Interaction Effects between B-Cell ICs and T-Cell ICs

There may be crosstalk between B-cell ICs and T-cell ICs in the
TME. Single-cell sequencing identified pathways for T-cell-B-cell
interactions in triple-negative breast cancer.[103] Plasmablasts and
memory B cells chemotaxis Tregs into the TME via the IL-16-
CD40 and CD86-CTLA-4 pathways, respectively. LGALS9 on the
surface of memory B cells also exhausts CD8+ T cells by bind-
ing to HAVCR2 on CD8+ T cells. In addition, B cells and T cells
are involved in suppressive TME through the ICOSLG-CTLA4
and CD86-CTLA4 pathways. Interestingly, B cell-T cell interac-
tions also provide favorable conditions for antitumor immunity.
Memory B cells and T cells through ICOSLG-ICOS signaling can
promote the differentiation of B cells into antibody-producing
plasma cells in the GC. Memory B cells expressing CXCR5 also
attract CXCL13-secreting T follicular helper (Tfh) cells, driving
plasma cell differentiation. However, a previous study found that
the co-stimulatory ligand ICOSL expressed on TNF-𝛼 B cells is
pro-tumorigenic after interacting with ICOS on Tregs.[83] This
stems in part from the complex roles of different B cell subsets
in the TME. In conclusion, B cells and T cells can cooperate to
exert pro-tumorigenic effects through signal exchange of ICs.

5. Targeting B-Cell IC Contributes to the
Restoration of Anti-Tumor Immunity

Blocking abnormal IC signals on B cells can reverse dysfunc-
tional B cells and restore the anti-tumor effects of B cells
(Figure 4).[26,52] Currently, there are very few studies exploring
the tumor immune response and its molecular mechanisms af-
ter ICI blockade of B-cell IC. Here, we reviewed as many stud-
ies as possible on ICI blockade associated with B-cell IC to ex-
plore the potential mechanisms associated with targeting B-cell
IC to restore anti-tumor immunity. From current evidences, ICIs
may restore the proliferation, activation, antigen presentation,
and co-stimulation of B cells, and relieve the inhibition of T cell
function, assisting and amplifying the tumor-killing effects of T
cells; promote the production of B-cell antibodies and activate the
humoral immune response, inducing more powerful anti-tumor
immunity.[26,27,85,104] This suggests that B-cell ICs may be a new
target for tumor immunotherapy.

5.1. ICIs Restores Proliferation, Activation, Antigen Presentation,
and Co-Stimulation of B Cells

Blocking aberrant IC signals of TIM-1, PD-1, and CTLA-4 on B
cells may help restore B cell functions, including proliferation,
activation, antigen presentation, and co-stimulation. In a mouse
model of melanoma, knockdown of the gene encoding TIM-1
in B cells or treatment with an anti-TIM-1 antibody resulted in
stronger expression of the type I interferon-responsive gene sig-
nature in B cells. This lowered the BCR activation threshold,
thereby enhancing the B cell activation response and ability to
present antigen to CD4+ T cells, contributing to the role of B
cells in tumor immunity.[26] Inhibition of CTLA-4 promotes B
cell activation and expansion, which is a prerequisite for B cells
to fight tumor antigens.[105] In a study by Jo et al., increased acti-
vation and infiltration of a large number of tumor-reactive B cells
were observed, accompanied by a reduction in tumor volume, in
a syngeneic mouse tumor transplant model treated with a CTLA-
4 antibody.[105] PD-1 monoclonal antibody-treated patients with
esophageal squamous carcinoma had elevated levels of naïve B
cells and plasma cells and were associated with longer PFS and
OS.[106] This suggests that proliferative activation of B cells may
be positively regulated after blocking PD-1. In a previous study by
Thibult et al, the proliferation and activation of B cells was signif-
icantly enhanced when PD-1 blocking antibodies were utilized
against PD-1 on B cells.[76]

5.2. ICIs Enhance Antibody Secretion and Activate Humoral
Immune Response of B Cells

Blockade of aberrant IC signaling on the surface of B cells may
enhance antibody secretion by B cells as well as induce humoral
immune responses for antitumor effects. Tumor-specific anti-
bodies secreted by B cells are thought to be part of the tumor im-
mune microenvironment and participate in the tumor immune
response.[107] Depletion of B cells promotes the growth of HPV-
associated squamous cell carcinomas, suggesting that B cells play
a critical role in inhibiting tumor progression.[108] In an non-
small cell lung cancer (NSCLC) cohort with the treatment of a
PD-L1 antibody, elevated levels of B cells and plasma cells were
found to be associated with improved clinical outcomes.[109] Us-
ing single-cell RNA sequencing and BCR sequencing analysis,
Kim et al. found that in an animal model of HPV-associated
squamous cell carcinoma, anti-PD-L1 antibody treatment pro-
moted the maturation and differentiation of B cells into mem-
ory B cells, plasma cells, and antigen-specific B cells, and conse-
quently induced GC formation.[108] Subsequently, Kim et al. con-
ducted a phase II randomized clinical trial and observed an in-
crease in IgG and IgM antibody production in the sera of patients
treated with PD-1 blockade, further demonstrating that immune
checkpoint blockade (ICB) promotes the activation of humoral
immunity mediated by B cells.[108] In addition, treatment with
anti-CTLA-4 antibody activates the humoral immune response,
inducing the production of antitumor-specific antibodies.[105] A
study related to melanoma showed that treatment with an anti-
CTLA-4 antibody significantly inhibited tumor growth by deregu-
lating antitumor immunity through inhibition of CTLA4-STAT3
signaling in B cells.[27] However, anti-TIM-1 antibody treatment
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Figure 4. B-cell immune checkpoint blockade restores anti-tumor immunity. Blockade of aberrant IC signaling on B cells may facilitate the restoration
of B cell function while relieving the inhibitory effect of B cells on T cell effector function. The use of antibodies targeting IC molecules restores B-
cell proliferation, activation, antigen presentation, and co-stimulatory functions, and may contribute to the activation of humoral immunity by B-cell
production of tumor-specific antibodies. In addition, the anti-tumor effector function of T cells is restored, as evidenced by increased T cell infiltration
and production of more granzyme B and IFN-𝛾 , and enhanced tumor killing. Abbreviations: IC, immune checkpoint; IFN, interferon; APC, antigen-
presenting cell; MDSC, myeloid-derived suppressor cell; Treg, regulatory T cell; Gra B, Granzyme B. This figure was created based on the tools provided
by Biorender.com.

did not significantly affect B cell antibody secretion and humoral
immune responses.[110]

5.3. ICIs Release the Inhibitory Effect of B Cells on T Cell
Anti-Tumor Immunity

B-cell IC signaling affects the function of other immune cells in
the TME, and blocking B-cell ICs deregulates this abnormality
and restores the immune response effect of these cells, which is
mainly manifested in the restoration of the anti-tumor effect of
effector T cells. For example, treatment of melanoma mice with
TIM-1 antibody resulted in increased infiltration of CD4 and CD8
T cells as well as increased production of granzyme and IFN-𝛾 by
T cells.[26] In an animal model of breast cancer, use of PD-1 mon-
oclonal antibody to block the PD1 – PD-L1 interactions between
B cells and tumor-derived MDSCs attenuated the PD1+ B-cells’
inhibitory effects on T-cell proliferation and IFN-𝛾 secretion, as
evidenced by reduced tumor growth.[51,52] Thus, blocking B cell

Ics restores the role of B cells in assisting T cells to exert antitu-
mor toxic effects.

5.4. Association of B-Cell ICs with TLS

The TLS of the TME is one of the B-cell settlements and there may
be a link with B-cell ICs. TLS is observed in the TME and is one
of the predictors of ICI response efficiency.[111] The GC is a ma-
jor part of the mature TLS and is one of the sites of B-cell affinity
for maturation and class switching, which contributes to effec-
tive humoral immune response.[12,112] An increase in GC B cells
in TLS has been associated with improved clinical outcomes in
tumor patients.[113] It has been proposed that one of the reasons
for the enhanced B cell response to ICI may be that PD-1/PD-
L1 antibodies simultaneously deregulate the inhibitory effect of
PD-1/PD-L1-expressing B cells on tumor immunity.[114] B-T cell
synergy may also be one of the mechanisms of the favorable prog-
nostic effect of TLS B cells on ICI therapeutic response.[115] CAFs,
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Table 1. B cell response associated with ICI treatment in solid tumors.

Response of B-cell Type of B-cell Treatment Tumor Clinical Outcomes

High infiltration B cell Anti CTLA-4 Melanoma Longer OS[121]

B cell Anti PD-1 HNSCC Longer OS[120]

B cell Anti PD-1 Soft-tissue sarcomas Higher response rate
Longer OS[111]

CD19 B cell Anti PD-L1+taxane TNBC Higher response rate[122]

Memory B cell Anti PD-1 RCC Higher response rate
Longer OS and PFS[123]

Memory B cell Anti PD-1 NSCLC Longer PFS[124]

Plasma cell Anti PD-1 NSCLC Higher response rate
Longer OS[109]

Plasmablast &
naive-like B cell

Anti PD-1/Anti PD-1+anti CTLA-4 Melanoma Higher response rate[32]

High gene expression signature B cell Anti PD-1 Soft-tissue sarcomas Higher response rate
Longer OS[111]

B cell Anti PD-1 Lung adenocarcinoma Longer PFS[126]

B cell Anti PD-1/Anti PD-1+ Anti CTLA4 RCC Higher response rate[78]

B cell Anti PD-1/Anti CTLA4 /Anti
PD-1+ Anti CTLA4

Melanoma Higher response rate[78]

B cell anti-PD1 with bevacizumab and
oral cyclophosphamide

Ovarian cancer Higher response rate
Longer PFS[125]

Memory B cell Anti PD-1 Melanoma, Urothelial carcinoma Higher response rate
Longer PFS[127]

Plasmablast Anti PD-1 Melanoma Longer OS[32]

Plasma cell Anti PD-1 NSCLC Longer OS[109]

BCR diversity &clonal expansion B cell Anti PD-1/Anti CTLA4 /Anti
PD-1+ Anti CTLA4

Melanoma Higher response rate[78]

BCR signature B cell anti-PD1 and/or anti-CTLA4 Melanoma Higher response rate
Longer OS[128]

BCR diversity Plasmablast Anti PD-1/Anti PD-1+anti CTLA-4 Melanoma Higher response rate[105]

TLS Anti CTLA-4 Melanoma Longer OS[121]

Anti PD-1 NSCLC Longer OS[109]

Anti PD-1 Soft-tissue sarcomas Higher response rate
Longer OS[111]

Abbreviations: OS, overall survival; PFS, progression-free survival; HNSCC, head and neck squamous cell carcinoma; TNBC, triple-negative breast cancer; RCC, renal cell
carcinoma; NSCLC, non-small cell lung cancer; BCR, B cell receptor; TLS, tertiary lymphoid structure.

which have histiocyte characteristics of lymphoid tissues, play a
coordinating role in the formation of TLS in murine melanoma.
In turn, CAF accumulation and TLS expansion are dependent on
CXCL13-mediated recruitment of B cells expressing lymphotoxin
𝛼1𝛽2.[116] An experimental study in animals with triple-negative
breast cancer demonstrated that the activation of B-cell-activated
Tfh cells, T-cell-induced B-cell activation, and antibody produc-
tion play an important role in ICI therapeutic response.[117] In
addition, during anti-PD-1 therapy, tumor TLS B cell activation
and increased antibody production were found to be possibly as-
sociated with an increase in peripheral blood cTfh.[118] Thus, B
cell ICs may influence TLS function by complex mechanisms.

6. B-Cell Response and ICI Activity in Solid Tumors

B cells express PD-1 and CTLA-4, and it is theorized that the im-
mune response of B cells would be affected by treatment with

PD-1 and CTLA-4 inhibitors. Recent studies have demonstrated
that B-cell responses correlate with the activity of ICIs in the treat-
ment of solid tumors[119,120] (Table 1), although there is currently
no direct evidence that these ICIs target B-cell-expressed ICs.

6.1. B-Cell Infiltration

In patients with tumors treated with CTLA-4 or PD-1 inhibitors,
B-cell infiltration is associated with the immune response and
clinical prognosis. In the treatment of melanoma, HNSCC
and soft-tissue sarcomas with ICIs, high B-cell infiltration was
associated with longer overall survival (OS) in patients.[111,120,121]

A single-cell sequencing analysis found that triple-negative
breast cancer (TNBC) responders treated with atezolizumab in
combination with taxane had an abundance of CD19 B cells.[122]

In addition, infiltration of memory B cells was observed in
responders with RCC treated with nivolumab and was associated
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with prolonged OS and progression-free survival (PFS).[123] In
anti-PD-1 antibody-treated NSCLC, an increase in memory B
cells was associated with longer PFS,[124] and an increase in
plasma cells was associated with a higher response rate and
longer OS.[109] The correlation between plasmablasts and naive-
like B cells with a high frequency of ICI response was confirmed
in the melanoma cohort.[32]

6.2. Gene Signatures Related to B-Cells

Several studies have demonstrated the relationship between B-
cell-related features and ICI activity. The correlation between B-
cell gene expression signatures and ICI response rates has been
characterized in a variety of tumors, including soft-tissue sarco-
mas, RCC, melanoma, and ovarian cancer.[78,111,125] In addition,
in lung adenocarcinoma and ovarian cancer, B-cell profiles pre-
dicted longer PFS after ICI treatment.[125,126] A study by Varn et al.
revealed that memory B-cell-derived gene profiles were correlated
with higher response rates and longer PFS in melanoma and
urothelial carcinoma patients treated with ICIs.[127] Improved OS
in melanoma patients treated with PD-1 inhibitors was also sig-
nificantly correlated with plasmablast characterization.[32]

6.3. BCR

The effect of BCR on ICI activity has primarily been investi-
gated in melanoma cohort-related studies. BCR diversity and
clonal expansion were predictive of response in melanoma pa-
tients treated with PD-1 inhibitor or CTLA-4 inhibitor or a com-
bination of PD-1 inhibitor and CTLA-4 inhibitor.[78] Furthermore,
an additional study showed that improved ICI response activ-
ity in melanoma was also correlated with the BCR diversity of
plasmablasts.[105] A study by Arian et al reported that BCR sig-
nature predicted response rate and OS in melanoma patients
treated with a PD-1 inhibitor or a combination of PD-1 and CTLA-
4 inhibitors.[128]

6.4. TLS

TLS is also a determinant of ICI response. In melanoma, the
presence of mature TLS has been shown to be significantly as-
sociated with increased OS following ICI treatment.[121] Similar
results have been demonstrated in studies investigating NSCLC
and soft-tissue sarcomas.[109,111]

7. Conclusion and Future Perspectives

Tumor immunotherapy has emerged as a major breakthrough in
the field of tumor treatment due to its ability to elicit durable and
sustained responses.[17,18] ICI is one of the most representative
tumor immunotherapy modalities. classical ICB therapies target-
ing T-cell-expressed ICs such as such as PD-1 and CTLA-4, have
become the standard of care for various tumors, leading to signifi-
cant improvements in patient survival in clinical settings.[129–131]

For decades, T cells have been the central focus of ICB devel-
opment. In recent years, the increasing recognition that B cells

can generate tumor-specific antibodies and mount anti-tumor
humoral immunity has underscored the crucial role of B cells
in the anti-tumor immune response.[132,133] The discovery of ICs
expressed on B cells undoubtedly marks the beginning of a new
era in B-cell IC-based immunotherapy. In addition to the recent
discovery of TIM-1, earlier studies have identified IC molecules,
such as PD-1 and CTLA-4 that are expressed on B cells and are
involved in tumor immune escape.[26,27,29,30] Targeting B-cell ICs
restores the anti-tumor function of B cells and potentiates the tu-
moricidal activity of T cells. Therefore, it is crucial to cultivate the
potential of B-cell ICs in tumor therapy, as this will likely provide
cancer patients with expanded therapeutic options, improved ef-
ficacy, and better clinical outcomes. Currently, the relationship
between B cell-expressed ICs and anti-tumor immunity remains
in its infancy, with numerous questions deserving further inves-
tigation and resolution.

7.1. Is There a Link between B-Cell Exhaustion and B-Cell ICs?

Lymphocyte depletion is one of the hallmarks of the immuno-
suppressive TME and may be associated with high expres-
sion of ICs.[134,135] Abnormal IC signaling is involved in T-cell
depletion.[134] In T-cells, upregulation of PD-1 and CTLA-4 often
causes T-cell depletion, which manifests as impaired immune re-
sponse of the T-cells and thus promotes tumor progression.[136]

B-cell exhaustion is also present in the TME.[137] Researchers
have identified exhausted tumor-infiltrating lymphocyte B-cells
(TIL-B cells) (CD69+HLA-DR+CD21-CD27-) in patients with
NSCLC.[137] The antigen-presenting function of these TIL-B cells
remains normal, but they are associated with an increase in
Tregs, suggesting that exhausted B cells may suppress tumor im-
munity by promoting the conversion of effector T cells into Tregs.
However, there is still a gap regarding the link between B cell ex-
haustion and B-cell ICs. In tumors, do B cell ICs lead to B cell ex-
haustion? Or is there an aberrant expression of tumor-associated
ICs in exhausted B cells? In the future, it is important to identify
more exhausted B-cells in tumors using single-cell sequencing
technology, which is beneficial to explore whether there is a link
between B-cell ICs and the status and function of exhausted B-
cells.[138]

7.2. Is There Spatiotemporal Heterogeneity of B-Cell ICs in
Tumors?

Based on the current findings, tumor-immunity-related ICs in B-
cells have been identified in specific B-cell subpopulations. With
the exception of TIM-1, there is no evidence yet that these ICs
are expressed abnormally in all B cells. Given the existence of dif-
ferent surface markers, complex subpopulations of B cells, and
differences in their functions,[139] we ask the question whether
there is spatiotemporal heterogeneity in tumor-associated B-cell
ICs, i.e., whether the expression and roles of B cell ICs show het-
erogeneity in different B cell subpopulations and developmental
stages, as well as in different tumor types and infiltration sites.

Is there heterogeneity in the expression of tumor ICs in dif-
ferent developmental lineages and subpopulations of B cells?
TIGIT seems to be overexpressed in memory B cells and CD20+
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B cells,[28] CXCL13 is an IC in Bregs,[90] and ICOSL is over-
expressed in TNF-𝛼-expressing B cells,[83] suggesting that the
types of B-cell ICs may vary according to the subpopulations of B
cells. In addition to B-cell subpopulations, are there changes in
the type, level and function of tumor-regulated B-cell IC expres-
sion when B cells are at different developmental stages? What
are the regulatory mechanisms of such changes? These need
to be further explored. Since the function of B cells varies by
subpopulation,[139] the study and understanding of the hetero-
geneity of B-cell ICs is necessary and important.

Is there heterogeneity in the expression of tumor-associated
B-cell ICs in tumor types and B-cell infiltration sites? Currently,
melanoma animal models are usually chosen for the identi-
fication of B-cell ICs such as TIM-1, CXCL13, and CTLA-4,
and the effects of these ICs present positive results only in
melanoma.[26,27,83] Can B-cell ICs in other tumors exhibit similar
functions to those presented in melanoma? In addition, because
of the possible heterogeneity of TME, tumor cells, and B-cell infil-
tration sites in different cancers,[140] it is not clear whether there
are differences in the expression and function of B-cell ICs due to
these heterogeneities. For example, CXCL13 has been suggested
to be a novel immune checkpoint for Bregs.[90] However, CXCL13
is one of the markers of TLS formation.[141] Is this contradictory
conclusion caused by differences in the expression of ICs and
their roles at different B-cell infiltration sites?

7.3. Does ICIs Directly Affect B Cell Activation and Function?

B cells are functionally active during ICI treatment of tumors.
During melanoma treatment, plasma cells and IgG antibodies
were increased in the peripheral blood of responders to PD-1 in-
hibitors, CTLA-4 inhibitors, or a combination of PD-1 inhibitors
with CTLA-4 inhibitors compared with nonresponders.[142–144]

The increase in IgG antibodies in these responders was associ-
ated with a better tumor prognosis,[143] suggesting that IgG an-
tibodies secreted by B cells may play a role in the ICI antitumor
process. Increased numbers of B cells and memory B cells were
also found in tumors of responders to PD-1 inhibitors or combi-
nation PD-1 inhibitors with CTLA-4 inhibitors.[78]

It is unclear whether PD-1 inhibitors and CTLA-4 inhibitors
have a direct effect on B cells. In the TME, T cells upregulate
the expression of PD-1 and CTLA-4, which promotes tumor im-
mune escape.[18,24,25] PD-1 and CTLA-4 have also been found to be
upregulated in expression on B cells and correlated with tumor
immunity.[27,50,75] T-cell-based ICI restores the antitumor func-
tion of T cells mainly by inhibiting the expression of ICs on T
cells.[25,145] Therefore, it remains to be further investigated re-
garding the specific link between the antitumor effects of B cells,
functionally restored T cells, and T-cell ICIs. Future questions to
be addressed include: 1) Are the same immune checkpoints on
B cells as on T cells also inhibited by T cell ICI? 2) Are the ele-
vated levels of B cells and IgG antibodies in PD-1 inhibitor and/or
CTLA-4 inhibitor responders due to direct blockade of B cell ICs
and promotion of B cell antitumor effects, or are they indirectly
promoting B cell activation by restoring T cell function through
blockade of T-cell ICs?

7.4. Potential Strategies for Exploiting B-Cell ICs in Tumors

The discovery of B-cell tumor ICs indicates a new direction in the
field of tumor immunology research.[26] However, B-cell tumor-
associated ICs have not been extensively studied at present. It is
to be expected that more B-cell ICs in tumors will be identified in
the future. Summarizing and learning from previous tumor IC
development techniques can help to advance this process.

The identification of the B-cell-specific tumor IC TIM-1 lays
the foundation for subsequent mining of B-cell ICs. Researchers
identified a specific class of B-cell subpopulation using single-
cell RNA sequencing (scRNA-seq) in a melanoma mouse model
and characterized the subpopulation-specific marker (potential
IC), TIM-1.[26] Subsequently, the researchers observed the effect
of TIM-1 expression on tumor growth through elimination of the
functionality of potential ICs with deletion of the Havcr1 gene
or using TIM-1 antibody. Afterward, the researchers further ex-
plored the mechanisms underlying the link between the two.
This included testing the infiltration of lymphocytes, the antigen-
presenting function of B cells, and the tumor-killing function of
T cells. This study lays the theoretical knowledge of experimental
techniques for future B cell IC discovery. Given the complexity of
B-cell subpopulations and their functional relevance, the identifi-
cation of B-cell subpopulations and their surface markers may be
one of the breakthroughs for further exploration of tumor ICs on
B-cells. B-cell subpopulations are often identified with the help
of scRNA-seq technology;[146] however, this technology is still an
obstacle to the typing of B-cell subpopulations, especially in the
identification of Breg cell subpopulations.[138] Therefore, scRNA-
seq technology needs to be further optimized in the future.

The discovery of T-cell ICs in tumors provides a referable re-
search idea for the identification of B-cell ICs. Here we focus
on reviewing the discovery process of several ICs in T cells, in-
cluding PTP1B, CD96, Siglec-5, and PCBP1. Potential ICs can
start from a certain kind of immune-associated molecule known
to be expressed in T cells or ICs expressed in other immune
cells. For example, previous studies have identified CD96 as an
IC for NK cells;[147] Siglec-5 is one of the key molecules for in-
nate immune action.[148] When identifying Siglec-5 and PCBP1,
researchers started by investigating the role of the ICs in other
models of disease, and later explored and validated the ICs in
an animal tumor model.[149,150] Monitoring the potential IC ex-
pression on T cells is also important, as this often suggests a tu-
mor association. Abnormal upregulation of PTP1B, CD96, and
Siglec-5 correlates with tumor immunosuppression, whereas up-
regulation of PCBP1 favors antitumor immunity.[149–153] Tumor
growth was observed and relevant mechanisms were explored af-
ter blocking potential IC using gene deletion or monoclonal an-
tibodies. For example, during the identification of PTP1B ICs,
researchers observed whether the number, activation, and func-
tion of PTP1B-deficient T cells were affected.[151] Expression of
PTP1B, CD96, and Siglec-5 was also examined in human cancer
tissues,[150–153] which may help to attenuate the differences be-
tween animal models of tumors and human cell lines. Finally,
the function and mechanism of the potential ICs was verified by
targeting this IC in tumor models. For example, systemic inhi-
bition of PTP1B with small molecules was observed to enhance
anti-tumor immunity.
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Figure 5. Potential strategies for B-cell IC development. Starting from the identified tumor ICs of other immune cells, immune molecules, or surface
markers abnormally expressed by B cells, the potential IC molecules of B cells are initially identified. The expression of this IC is determined using
PT-PCR. Afterward, the abnormal expression of this IC is blocked, and changes in tumor growth and immune infiltration are observed. Revealing the
mechanism of the role of B-cell IC in tumor immunity also requires further exploration of the effects of IC on B-cell function and other immune cell
functions. Finally, after obtaining relevant positive results in tumor animal models, the role of this IC in tumor progression is verified in clinical cohorts
using relevant ICI. Abbreviations: IC, immune checkpoint. This figure was created based on the tools provided by Biorender.com.
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Therefore, based on the above referable approaches and theo-
ries, we propose potential strategies for B-cell tumor IC identifi-
cation (Figure 5): 1) Screening of the potential tumor IC can be
based on the ICs of other immune cells, tumor immune-related
molecules abnormally expressed by B cells, and identified B-cell
surface markers. 2) The expression of the potential tumor IC on
the B-cell surface is usually reflected by mRNA expression mea-
sured by PT-PCR. 3) Using tumor animal models, gene knock-
down, monoclonal antibodies or activating protein expression
was selected to block the function of the potential IC based on
the abnormal expression (up-regulation or down-regulation), to
further observe tumor growth and the infiltration of lymphocytes,
including T cells and B cells. 4) Prior to this process it is also desir-
able to study the role of the potential IC in other diseases.5) Once
it has been determined that the potential IC has a potential ef-
fect on tumor immunity, it is important to explore whether B-cell
activation, B-cell function, T-cells, and other immune cells are
affected by detecting immune cell numbers, immune molecule
levels, antibody levels, and signaling pathways, in order to reveal
the mechanism of the potential IC in tumor immunity. 6) Since
there may be some differences between animal tumor models
and human tumors, it is necessary to validate the role of the po-
tential IC in human tumors. Use human tumor cell lines to detect
the expression of B-cell potential IC, tumor growth, etc., as well
as to explore the effect of blocking the potential IC. The role of
B-cells in tumor immunity has just been unveiled. The identifica-
tion of B-cell subpopulations and their surface markers may lay
the foundation for B-cell tumor IC studies. Therefore, identifica-
tion of more B cell surface markers in tumors is one of the future
research directions.

7.5. Targeting B-Cells in Combination with Other
Immunotherapies is Expected to be a New Direction in Tumor
Treatment

The combination of multiple ICIs improves the clinical dilemma
of poor efficacy of single ICI. Studies have shown that the com-
bination of multiple ICIs is beneficial for improving the efficacy
of tumor therapy compared with single ICI therapy.[154]

As the role of B cells in tumor immunity continues to be re-
vealed, therapeutic modalities targeting B cells are undoubtedly
one of the candidates for future tumor therapy. In a mouse model
of triple-negative breast cancer, B cells enhanced the antitumor
immune effects of ICI in the form of antibody secretion and
helper T-cell responses.[117] In addition, B-cell-expressed PD-1 in-
hibits T-cell activation and thus is detrimental to the efficacy of
ICI.[75] Therefore, targeting B-cell IC in combination with T-cell
ICI may help improve ICI efficacy. Due to differences in anti-
tumor and pro-tumor effects of different B-cell subsets, depletion
of specific B-cell subsets and enhancement of anti-tumor B-cell
subsets, or combination with ICI, would also be potent therapeu-
tic options.[155] A DART therapy (MGD010), which has recently
been in development, can inhibit autoimmunity by disrupting
BCR signaling by targeting Fc𝛾RIIb and Ig𝛽 on B cells.[156] B-
cell ICI may provide new ideas for the development of bispecific
antibodies in tumors. Thus, does B-cell ICI in combination with
other immunotherapies present better efficacy and improve clini-
cal outcomes in tumors? If so, what is the rationale and therapeu-

tic basis for this combination therapy? In the future, not only is it
necessary to explore the therapeutic effects of B-cell ICI in clinical
tumor patients, but it is equally important to study the clinical ef-
ficacy of B-cell ICI in combination with other immunotherapies,
which may bring new breakthroughs in tumor therapy.

This article is the first to explore the role of B-cell ICs in tu-
mor immune progression. B-cell ICs are anticipated to serve as
a novel target for tumor immunotherapy. High expression of ICs
in B cells contributes to B-cell dysfunction and fosters an im-
munosuppressive TME. Targeting B-cell ICs may help to restore
B-cell functions of proliferation, activation, antigen presentation
and antibody secretion, and to release the limitation of effector T
cells, as well as activate humoral immune responses. B-cell ICs
have been demonstrated to be a crucial component of the tumor
immune response. These findings contribute to a deeper under-
standing of the relationship between B-cell ICs and tumor immu-
nity, broaden the application of ICI in tumors, and provide new
hope for tumor immunotherapy.
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