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Abstract

B cells are recognized as the main effector cells of humoral immunity which suppress tumor
progression by secreting immunoglobulins, promoting T cell response, and killing cancer cells
directly. Given these properties, their anti-tumor immune response in the tumor micro-environment
(TME) is of great interest. Although T cell-related immune responses have become a therapeutic
target with the introduction of immune checkpoint inhibitors, not all patients benefit from these
treatments. B cell and B cell-related pathways (CCL19, -21/CCR7 axis and CXCL13/CXCR5
axis) play key roles in activating immune response through humoral immunity and local immune
activation via tertiary lymphoid structure (TLS) formation. However they have some
protumorigenic works in the TME. Thus, a better understanding of B cell and B cell-related
pathways is necessary to develop effective cancer control. In this review, we summarize recent
evidences regarding the roles of B cell and B cell-related pathways in the TME and immune
response and discuss their potential roles for novel cancer treatment strategies.

Keywords
B cells; Tfh cells; TLS; CCL19, -21/CCR7 axis; CXCL13/CXCR5 axis; cancer

Introduction

Host immune system is one of the key factors for antitumor function. The contribution of
recruited immune cells to solid tumors is now a widely accepted mechanism of cancer
pathogenesis [1], which is gaining momentum in clinical oncology. Most of tumor-
infiltrating immune cells are composed of T and B cells, and the remaining are composed of
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dendritic cells (DCs), tumor-associated macrophages (TAMSs), and natural killer (NK) cells,
etc [1]. Existing evidences have showed that high numbers of tumor-infiltrating lymphocytes
(TILs) are associated with anti-tumor response and patient outcome [2, 3]. In addition, the
role of T cell-related immune responses has been utilized to develop therapeutic
advancements such as immune checkpoint inhibitors (anti-PD-1, anti-PD-L1, and anti-
CTLA-4) [4] and CAR-T cell therapies [5]. Recent studies showed that the combination of
immune checkpoint inhibitor and chemotherapy significantly improved progression-free
survival relative to conventional chemotherapy in patients with first-line advanced non-small
cell lung cancer (NSCLC) [6], and the combination of immune checkpoint inhibitors also
provided improved efficacy relative to immune checkpoint inhibitor monotherapy in
previously treated patients with microsatellite instability—high metastatic colorectal cancer
(CRC) [7]. However, since not all patients benefit from these treatments, a new immunologic
treatment strategy is necessary. B cells, being majority of tumor-infiltrating immune cells,
may be an immune-related therapeutic target, leading to a next “breakthrough”.

B cell has various functions for immune response. Tumor-infiltrating B lymphocytes (T1Bs)
can be observed in various solid tumors. Existing evidences show that TIBs suppress tumor
progression by secreting immunoglobulins, promoting T cell response, and killing cancer
cells directly [8] (Figure 1). TIBs and B cell-related pathways also maintain the structure
and function of tertiary lymphoid structure (TLS). TLSs are transient ectopic lymphoid
aggregates which resemble the structural organization and functionality of secondary
lymphoid organ (SLO) [9], and consist of T-cell-rich and B-cell-rich areas that are sites for
the differentiation of effector and memory T cells and B cells [10]. TLSs induce cytotoxic T
lymphocyte (CTL) infiltration into the tumor [10], contributing to potent anti-tumor
responses and better patient outcomes [9, 11]. On the other hand, regulatory B cells (Bregs)
reportedly induce tumor activity through immunosuppressive factors, such as IL10 and/or
TGF-p [12] (Figure 1).

In humoral immunity, B cell and B cell-related pathways also play the leading part through
germinal center (GC) reaction. Simply summarized for GC reaction (Figure 2), DCs with a
chemokine receptor CCRY7 activated by NK cells migrate to the T cell zone of SLOs through
lymphoid vessels via chemokines CCL19 and CCL21. In the similar way, naive T cells and
B cells with CCR7 migrate to T cell zone through high endothelial venules (HEVS) via
CCL19 and CCL21 [13]. DCs make the antigen presentation to naive T cells, which promote
differentiation from naive T cells into T follicular helper cells (Tth cells) [14]. Tfh cells
gradually increase a chemokine receptor, CXCR5, expression along with decreasing CCR7
expression, and migrate to B cell zone by the concentration gradient of chemokine CXCL13
produced by stromal cells in B cell zone [15]. The interaction between Tth cells and B cells
with follicular DCs promotes GC reaction for immune activation, which results in B cell
differentiation into memory B cells and long-term surviving plasma cells. However, there are
some reports showing that CCR7 and CXCRS are expressed in cancer cells, and CCL19.
-21/CCRY7 axis and CXCL13/CXCR5 axis promote tumor development respectively [16, 17]
(Figure 2). Therefore, the potential of B cell and B cell-related pathways as a new immune-
related therapeutic target is still controversial and warrants further discussion.
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In this review, we discuss the accumulating evidence about the roles of B cell and B cell-
related pathways (CCL19, -21/CCR7 axis and CXCL13/CXCRS5 axis) in tumor micro-
environment (TME) and immune response. The adoption of more extensive immunogenetic
profiling of B cell and B cell-related pathways might pave the way toward understanding the
integrated tumoral immune system as well as help to discover novel cancer treatment
strategies.

The function of B cell and B cell/Tfh cell interaction in cancer

B cell is recognized as the main effector cell of humoral immunity. Tth cells are helper T
cells that control maturation and activation of B cells. B cell/Tfh cell interaction with
follicular DCs in GC is the basis of adaptive immune response (Figure 2). In addition, B
cells and Tth cells themselves can infiltrate into tumors and B cells affect tumor progression
through their interaction with Tfh cells [18]. However, the direct efficacy of B cells in cancer
treatment is controversial. B cells not only suppress tumor progression by secreting
immunoglobulins, promoting T cell response, and killing cancer cells directly but also
increase tumor activity via immunosuppressive cytokines [8, 12, 19] (Figure 1). Therefore,
immunotherapy based on B cells will require a better understanding of the
immunophenotypic characterization and the sub-populations. This section highlights the
function of B cell and the B cell/Tfh cell interaction for cancer immunity.

In SLOs, after interacting with Tth cells, B cells differentiate into short-term surviving
plasma cells in B cell zones, or memory B cells and long-term surviving plasma cells
through GC reaction. Importantly, CXCL13 secreted by Tfh cells and follicular DCs is
responsible for the influx of B cells into TME [8]. Existing evidence shows that distinct B
cell subpopulations found in the TME have different roles. First, Katoh et al showed that
TIBs produced functional antibodies with growth-suppressive properties, and 1gG-dominant
B cells were observed in gastric cancer tissues and IgA-dominant B cells in the normal
gastric mucosa [20]. Tumor-specific humoral responses by TIBs via affinity maturation can
be generated also within TLS in NSCLC [10] and breast cancer [21]. In addition,
immunoglobulins secreted by B cells can induce tumor lysis by antibody-dependent cellular
cytotoxicity (ADCC) or complement dependent cytotoxicity (CDC) [22]. Second, B cells
also function as antigen-presenting cells, and facilitate the T cell response in the TME. In
NSCLC, high number of T cells localized with high number of B cells is associated with
good outcome [23]. Furthermore, helper B Cells, which express CD27 to CD70 presented on
CTLs [10], sustain B-cells activation and promote CTLs survival and proliferation
independently of antigen presentation [24]. Third, activated B cells may directly lyse tumor
cells together with CTL activity, and enhance expression of granzyme B and tumor necrosis
factor-related apoptosis inducing ligand (TRAIL), both of which have direct cytotoxicity
against cancer cells [25]. On the other hand, B cells are also known to induce carcinogenesis
and cancer progression. In melanoma mouse models depleted of B cells, antitumor activity
of CTLs and the efficacy of cancer vaccine were increased [26]. Ganti et al. showed that the
injection of B cells accumulated in the regional lymph nodes in a mouse with melanoma to
induce tumor progression [27]. B cells were also shown to directly inhibit CTL responses in
CRC and melanoma mice models [28]. Given these preclinical findings, the existence of
Bregs has been clarified. Bregs producing IL-10, an anti-inflammatory cytokine, has been
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shown to have ability to suppress tumor immunity [29]. This suppression reportedly requires
signals from Toll-like receptor (TLR), CD40, and B cell receptor (BCR) [30]. Furthermore,
in squamous carcinomas (SCCs) and pancreatic ductal adenocarcinoma (PDAC), Bregs
reportedly induce M2 macrophage polarization [31, 32], as well as regulatory T cells (Tregs)
[19], that foster CTL suppression.

Tth cells are essential for B cells to work. Tth cells are characterized by the expression of
CXCRS, inducible T-cell co-stimulator (ICOS), programed death 1 (PD-1), and B cell
lymphoma 6 (BCL-6). Bcl-6 is the unique marker of Tfh cells and suppresses the
differentiation-inducing gene expression of Thl, Th2, Th17 cells, and Tregs [33]. Tfh cells
have a number of functions to help B cells within the GC. ICOS-mediated signals promote
the production of IL-21 by inducing the transcription factor c-Maf, and IL-21 induces B cell
proliferation and class switching [34]. Tth cells also express CD40 ligand, a TNF family
molecule, which prompts B cell differentiation and class switching [35]. The
immunosuppressive molecule PD-1 plays a role in controlling the activation of Tfh cells
[36]. In GC, T follicular regulatory (Tfr) cells, which have characteristics of both Tregs and
Tth cells, control the GC size and the amount of antibodies produced [37]. In the peripheral
blood, CXCRS5 positive helper T cells correspond to memory cells derived from Tfh cells
[38]. Furthermore, the memory Tth cells are fractionated into different cell populations
having Thl, Th2, Th17 cell type properties by expression of CXCR3 and CCR6 [39]. In
addition, Gu-Trantien et al. showed that tumor-infiltrating CXCL13-producing (CXCR5
negative) Tth cells induce B cells and are tightly linked with B cell maturation and tumor
suppression [3]. These subtypes differ in the ability to induce proliferation and
differentiation of B cells.

In consensus with these data, there are various reports about the association between B
cells/Tfh cells expression status and cancer patient outcome. In CRC patients, Bindea et al.
reported that the number of B cells and Tfh cells in TME increased with tumor stage; but the
higher numbers were associated with better prognosis; and patients with CXCL13 depletion
or low expressed CXCL13 showed a lower density of B cells, Tfh cells, Thl cells, and CTLs
with worse prognosis [1]. Furthermore, in lung cancer, both tumor-infiltrating plasma cells
and Tth cells are associated with a better outcome [10]. Some evidences also showed that
tumors containing both CTLs and B cells are associated with higher survival rates than those
containing CTL alone in ovarian cancer [40] or PDAC [41]. Consistently, in lung cancer,
higher densitities of CD4* and CTLs is associated with a high density of B cells within
TLSs [11]. On the contrary, high TIBs were reportedly associated with higher stage and
tumor recurrence in prostate cancer [42]. The number of B cells in ovarian cancer ascites
increased with stage and correlated with poor prognosis [43]. In addition, in SCC and
PDAC, there are reports showing that Bregs induce M2 macrophage polarization and CTL
suppression, leading to poor prognosis [31, 32]. B cell and Tfh cell responses may be
modulated depending on cancer types, cancer progression status, and individual TME.

B cell, atarget for cancer treatment

Given the relationship between B cells and patient prognosis, the development of B cell-
based immunotherapeutic strategies may be effective. Increasing the activity of anti-tumor B
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cells (adoptive transfer of stimulated effector B cells or anti-tumor B cell activation) or
Bregs inhibition may show anti-tumor effect. We summarize existing preclinical evidences
targeting B cells in the TME for cancer treatment (Table 1).

It has been established that TIBs and B cells within TLSs produce anti-tumor antibodies.
Katoh Et al. showed that sulfated glycosaminoglycan, which mainly exists on the membrane
surface of cancer cells, was a major functional B cell antigen in gastric cancer, and natural
anti-sulfated glycosaminoglycan antibodies suppressed tumor growth in various cancers
[20]. The clinical relevance of the use of glycosaminoglycan as therapeutic target for cancer
is shown in recent report [44]. In lung cancer mouse models, natural compounds, such as
Reishi polysaccharide fraction, can suppresse tumor growth with induction of B cells
activating IlgM-mediated cytotoxicity [45]. Besides, intra-tumoral injection of IL-12 was also
shown to activate B cells and induce immunoglobulin and IFN g production, leading to good
outcomes in head and neck SCC patients [46].

On the other hand, in PDAC mice models with KRAS-mutations, 1L35-producing B cells,
which are recruited to TME by CXCL13 from stromal fibroblasts, played a protumorigenic
role [47, 48]. Although loss of HIF1a increased CXCL13 expression and induced the Bregs
to TME, their protumorigenic role could be inhibited by anti-CXCL13 treatment [47] or
CD20 specific monoclonal antibody [48]. Also in SCC, CD20 monoclonal antibodies have
shown an improved response to platinum- and taxol-based chemotherapies [31]. In advanced
CRC, Rituximab, a humanized monoclonal antibody, directed against human CD20, reduced
tumor size [49]. Other agents, such as total glucosides of paeony (showing anti-
inflammatory, anti-oxidative, and hepato-protective activities) [50], lipoxin A4 (an
arachidonic acid-derived anti-inflammatory lipid mediator) [51], resveratrol (a plant-derived
polyphenol) [52], and MK886 (inhibiting leukotriene biosynthesis in leukocytes) [53] also
induced an antitumor effect by inhibiting Bregs in various cancers. In addition, Gundersonet
et al. showed that B cells promoted bruton tyrosine kinase (BTK), a member of the BCR
signaling pathway, and PI3K+y-dependent M2 macrophage polarization, and led to immune
and chemo-sensitivity suppression, which was recovered by BTK or PI3Kry inhibition [32].
Interestingly, inhibition of BTK may work in synergy with immune checkpoint inhibitors
and/or clinical standard chemotherapy, because BTK inhibitors also inhibit interleukin-2-
inducible T-cell kinase (ITK), an essential enzyme in Th2 cells, thereby shifting the balance
from Th2 to Th1 cells [54]. Currently, two clinical trials are ongoing in patients with PDAC
(NCT02436668) and head and neck SCC (NCT02454179) using BTK inhibitor in
combination with standard chemotherapy. These studies highlight the possibility of using B
cells as novel immunotherapeutic targets and revealed that targeting B cells will have to both
promote anti-tumor B cells and inhibit Breg phenotypes.

TLS, atarget for cancer treatment

TLSs are transient ectopic lymphoid organizations that can develop in non-lymphoid tissues,
in areas with chronic inflammation. TIBs and B cell-related pathways have key roles in
forming the TLS and local immune responses which take place in TLSs [18, 55]. Studies
have demonstrated that TLS presence in TME is associated with local anti-tumor immune
responses and positive patient outcomes [9, 11]. Hence, upregulation of TLS may lead to
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novel cancer treatments. In addition, B cell and B cell-related pathway might be a promising
target through TLS formation.

In cancer immunity, antigens induce chronic inflammation alongside tumor-infiltrating
immune cells, where TLSs serve as sites for concentrated and efficient immune responses.
TLSs display a similar organization to that observed in SLOs. Like conventional LNs, TLS
is composed of T cell-rich and B cell-rich zones with GC, and B cell-rich zone is composed
of a mantle of naive B cells, Tfh cells and follicular DCs [10]. The difference between SLOs
and TLSs is the absence of NK cells within TLSs [56]. TLS development allows for immune
cells maturation, such as B cells (which proliferate and differentiate into plasma cells) and
DCs, and induces the infiltration of CTLs to tumor and CD4" T cell responses [10]. Existing
evidences suggest that TLS formation may need three critical factors via B cells and DCs:
LT production, lymphoid chemokine production (such as CCL19, CCL21, and CXCL13),
and HEVs development [18, 55]. The engagement of lymphotoxin a1p2 (LTalp2)
expressed from CD4* lymphoid tissue inducer (LTi) cells with lymphotoxin beta receptor
(LTBR) on stromal lymphoid tissue organizer (LTo) cells leads to the expression of adhesion
molecules (ICAM-1 and VCAM-1), lymphoid chemokines (such as CCL19, CCL21, and
CXCL13), cytokines, HEVs, and lymphatic vessels [9]. The local expression of CCL19,
CCL21, and CXCL13 triggers the recruitment of T cells and B cells via HEVs and DCs via
lymphatic vessels in the TME and the development of TLSs [9, 57]. CXCL13 also promotes
LTa1p2 expression from LTi cells, resulting in a positive and stable feedback loop [58].

Several chemotherapeutic and immunotherapeutic agents which induce the development of
TLSs have been reported. (Table 1) Immunization with vaccines has been shown to induce
TLSs expression secondary to antigen exposure [59, 60]. In PDAC, Lutz et al. showed that
the number of TLSs tended to increase when patients were treated with granulocyte-
macrophage colony-stimulating factor (GM-CSF) secreting vaccine (GVAX) combined with
cyclophosphamide (GVAX/Cy) [59]. This study also clarified that this treatment suppressed
the Treg pathway and enhanced Th17 pathway, in accordance with studies showing that
Tregs can suppress TLS development [61], and that Th17 cells can promote TLS
development [62]. In phase 1l trial, GVAX/Cy followed by CRS-207, live-attenuated Listeria
monocytogenes-expressing mesothelin, extended survival for patients with metastatic
pancreatic cancer [63]. In addition, Schrama et al. clarified that LTa promoted TLS
development in melanoma mice model [64]. Recent studies have also shown that TLSs can
be affected by environmental factors, such as a pro-inflammatory diet (reduction of TLSs)
[65] and corticosteroid intake (reduction of TLSs) [66]. Furthermore, in lung cancer patients,
neoadjuvant chemotherapy impairs GC formation within TLSs, leading to the loss of
prognostic benefit with TLSs expression [66]. Considering the potential role played by B
cells via CCL19, -21/CCR7 axis and CXCL13/CXCRS5 axis in TLSs induction, targeting B
cell and B cell-related pathways may yield beneficial effects through TLS development.
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B cell-related pathways (CCL19, -21/CCR7 axis and CXCL13/CXCR5 axis) in
immune reaction

CCL19, -21/CCRY7 axis works primarily in immune cells, such as T cells, B cells, and DCs,
aiding their migration to SLOs or tumor sites to activate host immune response. CXCL13/
CXCR5 axis works basically for interaction between B cell and Tfh cell to accelerate GC
reaction (Figure 2), and is also involved in the migration of B cells and Tth cells to the TME
[67]. Furthermore, B cells via CCL19, -21/CCR7 axis and CXCL13/CXCR5 axis induce
TLSs formation. Therefore, it is critical to understand how these axes are regulated.

CCL19 (also known as EBV-induced molecule 1 ligand chemokine) and CCL21 (also
known as secondary lymphoid-tissue chemokine) are both constitutively expressed by
stromal cells within the T cell zone of SLOs [68]. CCL19 is expressed by DCs [68, 69] and
cancer cells [70]. CCL21 is expressed by HEVs, lymphatic endothelial cells (LECs) [71],
and cancer cells [70]. CCR7 (also known as CD197) is mainly expressed in naive T cells, B
cells, mature DCs, and cancer cells, and is essential for migration of these cells. CCL19, -
21/ CCRY7 axis reportedly mediates immune cells homing to both lymphoid and non-
lymphoid tissues [72]. However, naive T cells expressing CCR7 mainly recognize CCL19
and CCL21 produced in T cell zone of SLOs, and migrate to T cell zone through HEVs [71]
(Figure 2). In preclinical experiment, plt/plt mice that lack CCL19 and CCL21 in lymphoid
organs have defective naive T cell homing into lymph node [73]. In addition, CCR7-
deficient mice reduced numbers of naive T cells and DCs in SLOs [74]. CCL19 and CCL21
expression statuses in the TME are mainly correlated with good outcomes in cancer patients:
CCL19 expression in lung cancer [75], and CCL21 expression in renal cell cancer [76] and
colorectal cancer (CRC) [77].

CXCL13 (also known as B lymphocyte chemoattractant) is constitutively released by
stromal cells within B cell zone of SLOs [78] (Figure 2). B cells basically secrete
lymphotoxin (LT), which leads to production of CXCL13 from surrounding stromal cells
[79]. Indeed, either blockade of LT or depletion of B cells in mice resulted in fewer
CXCL13 transcripts [79]. In addition, Tfh-like cells (CXCRS5 negative), follicular DCs, and
cancer cells produce CXCL13 to induce B cells and Tth cells to the TME [2, 3, 80]. CXCR5
(also known as CD185) is mainly expressed in B cells, Tth cells, mature DCs, and cancer
cells, and is essential for migration of these cells [1, 3, 17]. Cells with CXCR5 are attracted
to B cell zone rich in CXCL13, and B cells are stimulated by Tth cells and follicular DCs for
maturation [15]. In preclinical experiments, CXCR5-deficient mice with CRC accelerated
tumor growth and injected recombinant CXCL13 induced tumor rejection [1]. Gu-Trantien
et al. showed that CXCL13 expression was associated with TLS expression, higher response
to preoperative chemotherapy, and better outcomes in breast cancer patients [2]. Bindea et
al. also showed that CXCL 13 was a pivotal factor for B cells and Tfh cells infiltrating tumor
and associated with good prognosis in CRC patients [1].

On the other hand, CCL19, - 21/ CCRY7 axis is also actively involved in trafficking of cancer
cells to the T cell zone through chemokine gradients, leading to lymph node metastasis
(Figure 2). Current evidences show that cancer cells with CCR7 expression migrate toward
LECs that express CCL21 [16], which is also helped by autocrine CCL19, —21 secretions
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from cancer cells [70]. In addition, CCL21 can recruit myeloid-derived suppressor sells
(MDSCs) and Tregs to the TME, and lead to cancer progression [81]. Some studies have
shown that the secretion of CCL19 or CCL21 in cancer cells is associated with invasiveness
and immune tolerance [81]. Shields et al. knocked down CCL21 in a melanoma model and
found that CCL21-deficient tumors grew much slower and induced tumor-specific T cell
responses. CCR7 is upregulated in some cancer cells and associated with tumor progression,
lymph node metastases, and poor outcome [82]. In PDAC mice model, lack of CCR7
decreased the lymph node metastasis which was enhanced by upregulation of CCL21 [83].
CXCL13/CXCRS axis in cancer cells is also actively involved in tumor proliferation and
metastasis (Figure 2). Current evidences show that elevated CXCL13 via NF-kB pathway
mediated migratory and tumorigenic activity in prostate cancer mice model [17]. High
CXCL13 expression in tumors is also associated with poor prognosis in some cancers, such
as CRC [84], gastric cancer [85], and breast cancer [86]. Similarly, high CXCR5 expression
in tumor is also correlated with poor prognosis in CRC [84], prostate cancer [17], and breast
cancer [86]. In addition, Biswas et al. clarified that co-expression of CXCL13 and CXCR5
showed a significant association with lymph node metastasis in breast cancer patients [86].
Elevated serum CXCL13 levels have been postulated as a biomarker of good prognosis in
hepatocellular carcinoma (HCC) [87], but a poor prognosis in prostate cancer [88] or breast
cancer [89].

These contradictory findings in CCL19, -21/CCR7 axis and CXCL13/CXCR5 axis may be
due to the different TME: the different cancer types, stages of progression, and receptor-
expressing cells (immune cells or cancer cells). The paracrine signals of these axis works for
B cell/Tfh cell interaction in GC of SLOs and TLSs, and for immune cells (B cells, Tth
cells, and DCs) migration to the TME. On the contrary, the autocrine signal of these axis
may play a role in cancer cell proliferation and metastasis.

B cell-related pathways (CCL19, -21/CCR7 axis and CXCL13/CXCR5 axis),
targets for cancer treatment

CCL19, -21/CCR7 axis and CXCL13/CXCR5 axis may be an effective target for drug
development by activating the paracrine axis (for migration of immune cells) and inhibiting
the autocrine axis (for suppression of cancer cells). We summarize treatment strategies
targeting these axes. (Table 2)

Intratumoral agents that augment CCL19 and CCL21 expression may show anti-tumor effect
through the infiltration of immune cells to the TME. Although CCR7 inhibition may be
simultaneously led into broad immunosuppressive effect, it may be a target molecule for
suppressing lymph node metastasis. Intratumoral injection of CCL19 reportedly suppressed
tumor development in breast cancer [90]. As DC-based immunotherapy, intratumoral
injection of CCL21 has successfully eradicated tumors in lung cancer mice models [91].
Moreover, tumor regression mediated by intratumoral CCL21-expressing DCs [92, 93] or
CCL21 nanocapsules [94] was accompanied by a significant increase in tumor-infiltrating
CTLs, leading to tumor eradication. In non—-small cell lung carcinoma (NSCLC), a phase |
study following intratumoral CCL21-expressing DCs was conducted and showed that
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patients with increased CTLs significantly increased PD-L1 expression [95], suggesting the
combination with checkpoint-inhibitor could lead to a better response. On the other hand,
the anti-CCR7 antibody significantly suppressed the migration and invasion of breast cancer
cells [16], and reduced lymph node metastasis which was induced by CCL21 upregulation in
LECs by transforming growth factor-p (TGF-B) 1 in the mice models [96]. Similarly, the
anti-CCL21 antibody could block lymph node metastasis in melanoma mice model [97]. A
recent experiment has also revealed that inhibition of TGF-p-induced protein (TGFBIp),
which increases CCL21 expression from LECs, could reduce CRC lymphangiogenesis and
metastasis [98]. Huang et al. showed that inhibition of TGF-B-activated protein kinase 1
(TAK1), which upregulated CCR7 expression, could reduce lymphatic invasion and distant
metastasis in breast cancer mice model [99].

In wild-type mice with CRC, intratumoral recombinant CXCL13 induced tumor rejection
[1]. Bodogai et al showed that B-cell depletion by anti-CD20 was not beneficial in breast
cancer, and CXCL13-coupled CpG oligonucleotides (CpG-ODN), which stimulates B cells,
could block cancer metastasis by inhibiting Bregs expressing low levels of CD20 [100]. On
the other hand, in PDAC mice models with KRAS-mutant, where loss of HIF1a increases
the CXCL13 expression and induces the Bregs to the TME, the pro-tumorigenic role could
be inhibited by anti-CXCL13 treatment [47]. The suppression of CXCRS5 also reduced the
tumor growth of CRC in liver metastasis [101]. In addition, the depletion of CXCL13 or
CXCRS in prostate cancer cells impaired their migratory and tumorigenic capacity in nude
mice [17].

Concluding Remarks

Funding:

The current review focuses on exploring the roles of B cell and B cell-related pathways
(CCL19, -21/CCR7 axis and CXCL13/CXCRS5 axis). They play critical roles in activating
immune responses through humoral immunity and local immune activation via TLS
formation, thereby influencing cancer treatment efficacy. Based on pre-clinical data, the
activation of B cell and B cell-related pathways may lead to new opportunities for more
efficient immune therapies, but we should know that they simultaneously have some
protumorigenic roles in the TME. Further understanding of the regulation of B cell and B
cell-related pathways could pave the way towards novel strategies in the treatment of cancer.
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BCL-6 B cell lymphoma 6
BCR B cell receptor

Bregs regulatory B cells
BTK bruton tyrosine kinase
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DCs
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GVAX

GVAX/Cy
HCC
HEVs
ICOS
LECs
LT

LTi cells
LTalp2
LTBR
MDSCs
NK
NSCLC
PDAC
PD-1
SCC
SLOs
TAMs
Tth cells
Tfr cells
TGF-B
TIBs
TILs

TLS

colorectal cancer
cytotoxic T lymphocyte
dendritic cells

germinal center

granulocyte-macrophage colony-stimulating factor (GM-CSF)

secreting vaccine
GVAX combined with cyclophosphamide
hepatocellular carcinoma
endothelial venules

inducible T-cell co-stimulator
endothelial cells

lymphotoxin

lymphoid tissue inducer cells
lymphotoxin a1p2

lymphotoxin beta receptor
myeloid-derived suppressor sells
natural Killer

non-small cell lung cancer
pancreatic ductal adenocarcinoma
programed death 1

sguamous carcinomas

secondary lymphoid organs
tumor-associated macrophages

T follicular helper cells

T follicular regulatory cells
transforming growth factor-p
tumor-infiltrating B lymphocytes
tumor-infiltrating lymphocytes

tertiary lymphoid structure
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Highlights

. B cells suppress tumor progression by secreting immunoglobulins, promoting
T cell response, and killing cancer cells directly.

. B cell and B cell-related pathways (CCL19, -21/CCR7 axis and CXCL13/
CXCRS5 axis) play a key role in activating immune response through local
immune activation via tertiary lymphoid structure formation.

. In humoral immunity, B cells play the leading part and B cell-related
pathways play the important role.

. Recent preclinical evidences show the potential role of B cell for novel cancer

treatment strategies.
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Effector B cells and anti-tumor B cells
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Figure 1.
The roles of B cells in the tumor micro-environment.

B cells have various functions for immune response. B cells suppress tumor progression by
secreting immunoglobulins, promoting T cell response, and killing cancer cells directly. On
the contrary, regulatory B cells increase tumor activity via regulating immune cells.
Abbreviations: ADCC, antibody-dependent cellular cytotoxicity; CDC, complement
dependent cytotoxicity; CTL, cytotoxic T lymphocyte; MDSC, myeloid derived suppressor
cell; M2, M2-polarized macrophage; NK, natural killer cell; ThO, naive T cell; Thl, T helper
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1 cell; TRAIL, tumor necrosis factor-related apoptosis inducing ligand; Treg, regulatory T
cell.
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Figure 2.

The role of B cell-related pathways in secondary lymphoid organs and cancer cells.

B cell/Tth cell interaction in SLOs is the basis of adaptive immune response. CCL19, -21/
CCRY axis and CXCL13/CXCRS5 axis play the important role in immune cells migration to
SLOs or tumor sites to activate immune response. On the contrary, CCL19, -21/CCR7 axis
and CXCL13/CXCRS5 axis in cancer cells also play the role of creating a protumorigenic
micro-environment.

Abbreviations: B0, naive B cell; DC, dendritic cell; HEV, endothelial venule; LECs,
endothelial cells; NK, natural killer cell; SLOs, secondary lymphoid organs; Tfh, T follicular
helper cell; Tfr, T follicular regulatory cell; ThO, naive T cell; Thl, T helper 1 cell; Treg,
regulatory T cell.
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Table 1
Cancer treatment approaches targeting B cells and TLSs based on pre-clinical models.
Works for the axis (in In vitro
Target Approach Type of cancer TME) or in Vivo Outcome Ref.
B cells
Natural anti-sulfated Gastric. PDAC Targeting sulfated Suppression of the
glycosaminogly can CRC HCC Lu'n glycosaminoglycan detected In vitro cancer cell [20]
antibodies ’ ! 9 as B cell antigen proliferations
Intraperitoneal a L-
Antibody fucose (Fuc)-enriched Induction of B cells activating . Reduction of tumor
induction Reishi polysaccharide Lung (LLC) IgM-mediated cytotoxicity Invivo growth [45]
fraction
Intratumoral Head and neck Activation of B cells, and Phase Ib
recombinant 1L-12 ScC induction of immunoglobulin ~ and Phase ~ Good patient prognosis ~ [46]
injection and IFNg production 11 study
CD20 specific : - Reduction of tumor
monoclonal antibody PDAC Bregs depletion In vivo growth [48]
Reduction of tumor
e Enhancement of CTL growth, and improving
%Igﬁgcslgﬁgllf;%tib od ScC responses via CCR5- In vivo reactivity to platinum- [31]
y dependent mechanisms and Taxol-based
chemotherapy
- Reduction of CD20-positive Reduction of tumor
Rituximab CRC B cells In human growth [49]
. - Reduction of serum
Total glucoside of Reduction of IL-10- -
pacony HCC producing B cells In vivo 2:;; AST, ALP, and [50]
Reduction of Bregs via
inactivation of STAT3, and .
Lipoxin A4 HCC enhancement of CTLs In vivo Rr%?;’lglon of tumor [51]
dephosphorylating STAT3 9
Breg and ERK
Reduction of Bregs, leading .
Resveratrol Breast to low TGF- via inactivation  In vivo Inht|b|t|op of lung [52]
of ST AT3 metastasis
Reduction of Bregs via
inactivation of the 5- - Inhibition of lung
MK886 Breast lipoxygenase/leukotriene/ Invivo metastasis [53]
PPARa pathways
Reprogramming macrophages gr%%fﬁ'%?]gf tumor
Ibrutinib PDAC toward a MI phenotype, and In vivo improvement of [32]
restoration in antitumor reactivity to
activity of CTLs vy,
gemcitabine
Reduction of tumor
Combination of ] growth, and
ibrutinib and anti-PD- IgérgsﬁhgnrgaéRc E;??%C;T:Qtr:: %r:]tslgémor T In vivo improvement of [54]
L1 antibody ' P reactivity to
chemotherapy
TLS
Suppression of Tregs Induction of TLSs in
GVAX in combination pathway, and enhancement of 33 of 39 patients 2
with cyclophosphamide PDAC Th17 cells pathway and In human weeks after vaccine [59]
Vaccine PD-1-PD-L1 pathway treatment
Vaccination targeting Cervical dysplasia  Induction of CTLs In human Induction of TLSs [60]

HPV16 E6/E7 antigens
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Works for the axis (in In vitro
Target Approach Type of cancer TME) or in vivo Outcome Ref.
GVAX in combination Metastatic : -
with cyclophosphamide  pancreatic Induction of CTLs SPtrs]zse e E;[tieér;(tislng survival for [63]
followed by CRS-207 adenocarcinoma Y P
Recombinant antibody-
LT lymph otoxin-alpha Melanoma Induction of naive T cells In vivo Induction of TLSs [64]
fusion protein
Reduction of TLS s,
Inflammatory diet CRC - Inhuman  and increasing risk of [65]
Environ CRC
mental
factor Reductions of TLS
Corticosteroid intake Lung SCC - Inhuman  density and GC [66]
formation
Reduction of GC
formation (TLS density
(chemotherapy) Lung SCC - Inhuman  was not changed but [66]

the prognostic value of
TLS was lost.)

NOTE: CRS-207, live-attenuated Listeria monocytogenes-expressing mesothelin; GVAX, granulocyte-macrophage colony-stimulating factor (GM-
CSF) secreting vaccine; inflammatory diet, including red and processed meats, refined grains, carbonated beverages, and some vegetables;
Ibrutinib, bruton tyrosine kinase inhibitor; rituximab, a humanized monoclonal antibody directed against human CD20; total glucosides of paeony,

showing anti-inflammatory, anti-oxidative, and hepato-protective activities; lipoxin A4, an arachidonic acid-derived anti-inflammatory lipid

mediator; resveratrol, a plant-derived polyphenol; MK886, inhibiting leukotriene biosynthesis in leukocytes.

Abbreviations: AFP, alpha fetoprotein; ALP, alkaline phosphatase; ALT, alanine aminotransferase; AST, glutamic oxalacetic transaminase; Bregs,
regulatory B cells; CRC, colorectal cancer; CTLs, cytotoxic T lymphocytes; GC, germinal center; HCC, hepatocellular carcinoma; LLC, lewis lung
cancer; LT, lymphotoxin; PD-1, programmed death-1; PDAC, pancreatic ductal adenocarcinoma; PD-L1, programmed death-ligand 1; SCC,
squamous carcinomas; TGF-B, transforming growth factor-p; TLS, tertiary lymphoid structure; TME, tumor microenvironment; Th17 cells, T-

helper 17 cells; Tregs, regulatory T cells.
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Table 2
Cancer treatment approaches targeting CCL19, -21/CCR7 and CXCL13/CXCRS5 axes based on pre-clinical
models.
Type of Works for the axis (in the In vitro or
Target Approach cancer TME) in vivo Outcome Ref.
CCL19, -21/CCRY axis
Intratumoral CCL19 (through a mechanism In vitro
CCL19 transduced with Breast involving NK and CD4* and in vivo Reduction of tumor growth [90]
retroviral vector cells)
Lung .
Induction of CD4* cells
Intratumoral (alveolar L . .
recombinant CCL21 carcinoma, CT!_§, and DCs, also in the In vivo Reduction of tumor growth [91]
draining lymph nodes
LLC)
. . Reduction of tumor growth
Intratumoral Ad- E]qulignggdog)gsm:ecic&lslt?bn of : (Depletion of CXCL9 and
Lung (LLC) ' o In vivo CXCL10 reduced the [92]
CCL21-DC Tregs, and upregulation of antitumor efficacy of Ad
CXCL9 and CXCL10 y ot Ad-
CCL21-DC)
Intratumoral Ad- Myeloma Induction of CTLs In vivo Reduction of tumor growth [93]
CCL21-DC Y g
Induction of T cells and DCs,
ccL21 Intratumoral CCL21 Lung (LLC) and reduction of MDSCs and  In vivo Reduction of tumor growth [94]
nanocapsule Tregs
Induction of CTLs and tumor "
Intratumoral Ad- Lung PD-L1 expression (and Phase | T;\t’ieenrgs_{:;g ggg&néi(szg;s? ‘;f [95]
CCL21-DC (NSCLC) systemic tumor antigen— study 5a 56
specific immune responses) Y 0.
: T _ : Reduction of lymph node
Anti-CCL21 antibodies  Melanoma In vivo metastasis [97]
Reduction of CCL21
expression in LECs and LEC Reduction of tumor
Inhibition of TGF(3Ip CRC permeability by inducing the  In vivo lymphangiogenesis and [98]
dissociation of VVE-cadherin metastasis
junctions
. : Reduction of CCR7 . Reduction of lymph node
Antl-CCR? antibody Breast expression in cancer cells Invivo metastasis [96]
CCR7 - -
: Reduction of tumor lymphatic
T Reduction of CCR7 . ; h :
TAKT1 inhibitor, 5Z-O Breast U In vivo invasion and distant [99]
expression in cancer cells metastasis
CXCL13/CXCRS5 axis
Intratumoral . :
recombinant CXCL13 CRC - In vivo Reduction of tumor growth [1]
Stimulation of B cells,
CXCL13-coupled CpG inhibition of Bregs
CXCL13 oligonucleotides (CpG-  Breast cancer  expressing low levels of In vivo Reduction of lung metastasis [100]
ODN) CD20, and induction of
CTLs
Anti-CXCL13 inhibitor PDAC g]::gbslt"ng the migration of In vivo Reduction of tumor growth [47]
icrﬁ(rgkl_ir%g-(‘guDE:_ession CRC Inhibition of CXCR5 In vitro Induction of tumor growth [101]
PP function in cancer cells and invivo  arrest in liver metastasis
of CXCR5)
CXCR5
Inhibition of CXCR5 . .
. . : In vitro Reduction of tumor growth
(depletion of CXCR5) Prostate function mediated by NF-kB andinvivo  and metastasis [17]

pathway in cancer cells

Note: CXCL13-KDEL intrakine, transfection of CXCL13 extended with a KDEL sequence
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Abbreviations: Ad-CCL21-DC, autologous DCs transduced with an adenoviral (Ad) vector expressing the CCL21 gene; Bregs, regulatory B cells;
CRC, colorectal cancer; CTLs, cytotoxic T lymphocytes; DCs, dendritic cells; LECS, lymphatic endothelial cells; LLC, Lewis lung cancer; MDSC,
myeloid-derived suppressor sells; NSCLC, non-small-cell lung cancer; PDAC, pancreatic ductal adenocarcinoma; TAK1, TGF-B-activated protein
kinase 1; TGFpIp, transforming growth factor-B (TGF-B)-induced protein; TME, tumor microenvironment; Tregs, regulatory T cells; 5Z-0O, 5Z-7-
oxozeaenol.
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