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Abstract: Metastatic lung cancer represents a significant global issue where it is responsible for the
most cancer diagnoses and deaths worldwide. Treatment for advanced lung cancer has undergone a series
of paradigm shifts from chemotherapy to targeted molecular agents to the most recent immunotherapy
strategies. The most successful of the latter involves antibodies that block inhibitory receptors on tumor
infiltrating T cells, thereby enhancing T cell activity against tumor cells. However, only a subset of
patients demonstrate durable responses to these drugs and treatment resistance is common. Emerging
evidence suggests that a critical role exists for B cells as more than a bystander immune cell in the tumor
microenvironment (TME). However, this role is likely context-specific where B cells comprise distinct
subtypes with unique effector functions that may result in anti- or pro-tumor effects. As such, the balance
between various B cell subtypes affects the net B cell impact upon tumor immunity. To date, the factors
needed to polarize B cell function toward anti-tumor activity are unclear. Understanding B cell biology in
the lung cancer setting will help redefine and refine treatment strategies to augment anti-tumor immunity.
This article presents a review of the literature describing the current knowledge of the development and
function of B cells, and explores their role in lung cancer and potential as an immunotherapeutic strategy and

as a predictive marker for response to immune checkpoint blockade.

Keywords: B cell; B lymphocyte; immune checkpoint inhibitors (ICIs); immunotherapy; lung cancer

Submitted Jun 30, 2020. Accepted for publication Jan 19, 2021.
doi: 10.21037/tlcr-20-788
View this article at: http://dx.doi.org/10.21037/tlcr-20-788

Introduction undergone a series of paradigm shifts where options have

evolved from chemotherapy to targeted molecular agents to

Worldwide, lung cancer is the most frequently diagnosed
malignancy and the leading cause of cancer death (1).
This is largely due to over 50% of non-small cell lung
cancer (NSCLC) patients presenting with disease that has
metastasized to distant organs, where life expectancy under
chemotherapy has generally not exceeded 12 to 18 months (2).

In this group, systemic treatment is the mainstay and has
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the most recent immunotherapy strategies (3).
Approximately two-thirds of the lung tumor
microenvironment (TME) immune cells are composed of
T and B cells (4). The effects of lung cancer infiltrating
T cells have been extensively studied. As a result, the
most successful immune-oncology approaches in lung
cancer consist of antibodies that block inhibitory receptors
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(“checkpoints”) that are upregulated on T cells infiltrating
the tumor, thereby enhancing the patient’s T cells to act
against the tumor cells (5,6). However, while preliminary
findings of these T cell-targeted inhibitors have been
promising, a significant proportion of patients with NSCLC
do not achieve sustained disease control. This indicates
the need to understand other immune cells in the TME in
order to develop alternative therapeutic approaches (7).
Recent evidence suggests a critical role exists for B cells
in lung cancer where studies indicate that proliferating B
cells are observed in 35% of lung cancer (8), and where
they are present at all stages of lung cancer development
with variations across clinical stages and histological
subtypes (9,10). However, relative to T cells, knowledge of
B cell biology in lung cancer remains less well developed.
The purpose of this review is to provide a comprehensive
overview of the phenotypic diversity and roles of B cells in
lung cancer, and to offer insight into potential mechanisms
by which they may be utilized as an integral component
of immunotherapeutic strategies and as biomarkers of
treatment responsiveness. We present the following article
in accordance with the Narrative Review reporting checklist
(available at http://dx.doi.org/10.21037/tlcr-20-788).

Methods

A literature search was conducted through PubMed and
cross references, from inception to April 2020, to identify
publications describing the nature and function of B cells in
lung cancer. Search strategies were developed using subject
headings and text words based on two terms: “B cells” and
“lung cancer”.

Discussion

B cells develop in the bone marrow to give rise to diverse
effector cells

B cells are the central players of humoral immunity through
their capacity for immunoglobulin (antibody) production (11).
Generation of antibodies is the end result of a complex
and highly regulated process of B cell development and
signalling that involves many subpopulations that can be
defined by anatomical location, cell morphology, specific
cell surface markers and immunoglobulin heavy (H) chain
and light (L) chain gene loci arrangements.

In the first instance, B cells originate in the bone
marrow from common lymphoid progenitor cells. With
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the acquisition of specific cell surface markers, they develop
sequentially into early pro-B cells, late pro-B cells, large
pre-B cells, small pre-B cells, before migrating to the spleen
as immature B cells. As immature transitional (T'1) B cells
then exit the bone marrow and migrate to the spleen,
they transition to a T2 B cell subtype. T2 cells further
differentiate into follicular (FO) B cells, the most abundant
and are found in the B cell areas of lymph nodes, Peyer’s
patches and spleen; and marginal zone (MZ) B cells, which
reside in the marginal sinus of the spleen (11).

B cells not only differ in their geographic location, but
in their mode of activation through T cell-independent or
T cell-dependent pathways (12). Polysaccharide or lipid
antigens can stimulate MZ B cells directly, independent of
T cells, to become short-lived plasma cells that produce
low affinity (mostly non class-switched IgM) antibodies.
Conversely, T cell-dependent responses are associated with
protein antigens that are processed and presented to cognate
FO T helper cells through MHC class II molecules, which
in turn via CD40 engagement, IL-21 and IL-4 production,
directly modulate the outcomes of the immune response.

Activation of naive B cells occurs following encounter
with their cognate antigen, which specifically binds to the
B cell receptor (BCR). Once activated, MZ B cells may
initiate an extrafollicular response and differentiate into
plasmablasts that produce antibodies that are generally weak
affinity and short-lived (13). Alternatively, activated FO B
cells may enter a lymphoid follicle and initiate a germinal
center (GC) response. GC are highly organised, transient
tissue structures formed in secondary lymphoid tissue
during the course of the immune response. The exquisitely
coordinated movement of lymphocytes in these structures
is directed by antigen-specific recognition, activation, and
chemokines to bring into close contact antigen-specific B
and T cells that define adaptive immunity and memory.
Here, activated B cells may undergo somatic hypermutation
and affinity maturation selection, where mutations caused
by the enzyme activation-induced cytidine deaminase (AID)
are randomly introduced into variable regions of the BCR
to further diversify the immunological repertoire and those
with increased affinity for antigen preferentially selected
for clonal expansion (14). B cells may also undergo AID-
induced immunoglobulin class switching where their BCR
isotype is switched from IgM to downstream isotypes
IgG, IgA or IgE to alter effector functions (15,16). The
specific class of switching and differentiation into antibody-
secreting cells is directly influenced by the T cell derived
cytokine signals (17).
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A key role of GC B cells is the differentiation into
memory B cells, which can circulate or reside in secondary
lymphoid organs as quiescent cells for decades (18) poised
to respond rapidly to subsequent exposure. Alternatively,
they may terminally differentiate into long-lived plasma
cells, which preferentially migrate to the bone marrow
and are capable of secreting large amounts of high affinity
antibody upon subsequent encounters (19).

B cells are critical for antigen presentation, antibody
production, and immune homeostasis

B cells are capable of directly internalizing antigen via the
BCR, with subsequent presentation and activation of T
cells in the context of MHC class II molecules. B cells and
dendritic cells provide a further co-stimulatory signal for
expansion of effector T cell populations via cross-linking
of CD40 with CD40 ligand on CD4" T cells, which in turn
induces additional second co-stimulatory signals of CD86
and CD80 expression on the B cell surface (11).

Specific recognition and binding of a foreign antigen
to the BCR also results in a downstream signaling cascade
mediated by membrane bound protein tyrosine kinases,
including spleen tyrosine kinase (STK), Bruton tyrosine
kinase (BTK), and PI3K. Together, these processes activate
NF-«B signaling and other key processes essential for B
cell proliferation and differentiation into antigen-specific
memory B cells and antibody secreting plasma cells.

B cells also play a role in immune regulation via
secretion of anti-inflammatory cytokines, which can affect
T cells, dendritic cells, lymphoid tissue reorganization and
neogenesis. These so-called regulatory B cells (Bregs) have
been poorly characterized, but have been shown to inhibit
T cell-mediated immunity through production of inhibitory
cytokines such as IL-10, IL-35 and transforming growth
factor beta (TGF-B) (20,21).

B cells represent an important proportion of infiltrating
cells in solid cancers

Tumor-infiltrating lymphocytes (TILs) are now known
to play a significant role in tumor progression. While the
effects of T cells have been extensively studied, the function
of B cells in this context remains poorly defined. However,
there is evidence that B cells have been found to represent a
critical component of infiltrating immune cells in a variety
of solid tumors, including breast cancer and melanoma
where they comprise almost half of the total infiltrating
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lymphocyte population (11,12).

In breast cancer, multiple studies report that CD20" B
cells are associated with favorable outcomes, particularly
in specific breast cancer subtypes, such as the highly
proliferative basal-like and HER2" tumors (22). However,
there is simultaneous evidence suggesting that tumor-
infiltrating B cells may be linked with worse prognosis,
particularly in breast ductal carcinoma iz situ, which is a
microinvasive form of breast cancer, suggesting that CD20"
B cells may play a tumor-promoting role in early-stage
disease (22).

In melanoma, several studies have reported improved
outcomes in tumors that have a high CD20" B cell density,
specifically, better overall survival and lower likelihood of
metastasis (23). However, the converse is also apparent
in the context where accumulation of CD138" terminally
differentiated (long-lived) plasma cells is associated with
poor prognosis in cutaneous melanoma (23). Furthermore,
the immunoglobulin isotype appears to have relevance
where elevated IgG4" plasma cells were predictive of disease
progression (23).

Movement of B cells and other immune cells in response
to tumor, or indeed any immunological threat, is a carefully
regulated process, balanced by coordinated expression of
chemokine and chemokine receptors expression to ensure
appropriate migration and positioning of immune cells in
tissues. Expression of chemokines and chemokine receptors
mediate anti-tumor immunity by directing the migration of
B cells and other leukocytes to the tumor site. The outcome
of this migratory response is context-specific, as it may
involve trafficking of leukocytes that have tumor-promoting
or anti-tumor activities.

A number of chemokine/chemokine receptor antagonists
are currently in clinical trials, either alone, or for example,
in combination with immune checkpoint inhibitor (ICI)
pembrolizumab in advanced solid tumors or metastatic
melanoma (24). Chemokine-mediated regulation of
immune cell recruitment into tumor sites as well as was
recently reviewed, as well as review of emerging evidence
that support the direct targeting of chemokines/chemokine
receptors as a strategy to disrupt tumor promoting
microenvironment towards anti-tumor immunity including
potentially inhibiting expression of CCR4 to deplete
regulatory T cells in lung cancer (24,25).

"To address the conflicting findings regarding the effect
of B cells on tumor growth, a recent systematic review of 69
studies was conducted across 19 human cancers to address
the prognostic significance of tumor-infiltrating B cells (26).
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Table 1 Tumor infiltrating B cell subsets in human lung cancer
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Tumor infiltrating B cell subset

Marker (CD45°CD19%)

Transitional B
Germinal center B (GC B)
Naive B
Class switched memory B
Non-class switched memory B
Plasmablast
Plasma cell
Regulatory B

B10

Transitional B

Granzyme B (GrB+)

CD24"CD38*CD10'IgD* (17)
Bcl6*CD20"/Ki67"CD20" (17)
CD20'CD38""CD27 1gD* (17)
CD20*CD38""CD27'IgDIgG/A/E* (17)
CD20*CD38""CD27*IgD*IgM"* (17)
CD38"CD24"CD27™ (17)
CD20°CD27+*CD38"/CD138* (17)

CD20°CD24"CD27*IL-10" (31,32)
CD20'CD24"CD38"|L-10" (33)
CD20°CD38'CD1d"IgM*CD147" (34)

B regulatory 1 (Br1)

CD20"CD25"CD71"CD73°IL-10"1gG4" (35)

The majority of studies reported positive or neutral
prognostic effects, with only a minority reporting a negative
effect. Furthermore, in studies that assessed the effects of
B and T cells, the prognostic effects of both lymphocyte
subsets were largely concordant, suggesting that B cells may
work in concert with T cells to exert anti-tumor functions.

B cells play dual roles in lung cancer

In lung cancer, tumor infiltrating B cells have similarly
been observed, with their phenotype differing according to
clinical stage and histological subtype (17,27,28). Within the
tumor, B cells can interact with T cells in tertiary lymphoid
structures (T'LS), which are GCs forming as ectopic foci of
B cells, mature dendritic cells and T cells in cancer tissue
(17,29,30). In this context, B cells are associated with dual
roles in both anti- and pro-tumor immunity (11). As such,
the balance between various B cell subtypes affects the net
B cell impact upon tumor immunity (7zble 1, Figure I).

B cells and anti-tumor immunity

A number of studies have found CD20" B cell infiltration
to be associated with favorable prognosis in NSCLC
(8,17,27,28). For example, in a comparative study of 196
patients with early-stage untreated NSCLC and advanced
stage NSCLC treated with neoadjuvant chemotherapy,
increased B cells were associated with prolonged disease-
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free survival (17).

The favorable clinical outcomes of tumor-infiltrating B
cells have been best documented in the adenocarcinoma
subgroup of lung cancer where analysis of RNA sequencing
data from The Cancer Genome Atlas (TCGA) database that
revealed that high levels of expression of B cell and plasma
cell signature genes correlated with increased overall survival
in lung adenocarcinoma (36). Furthermore, concurrent
analysis of programmed death ligand 1 (PD-L1), which is
the primary target of current immunomodulatory agents, has
identified a significant and positive correlation with B cell
levels. This suggests that B cell infiltration may represent
a crucial factor in clinical efficacy of anti-PD-L1 therapies
in lung adenocarcinoma patients (37). The prognostic
relevance of B cells is less well documented in lung squamous
cell carcinoma with only a single study demonstrating a
correlation between CD20" B cells and improved disease-
specific survival exclusively in squamous cell carcinoma (27).
As such, the mechanisms of B cell control of tumors are
poorly defined and may differ among lung cancer histological
subgroups due to differences in composition and behavior of
the B cell subsets that comprise the infiltrate.

B cells that specifically express CD19, CD20, and CD11c
can act as antigen presenting cells (APCs) (38,39). In NSCLC
models, infiltrating B cells have been shown to present
antigen to CD4" T cells, resulting in robust T cell effector
responses. In this setting, two subpopulations of B cells were
identified: activated (CD19°CD20°CD69°CD27°CD21%)
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Figure 1 The dual role of B cells in the lung cancer microenvironment. (A) Primary tumor in the left lung. (B) Tumor cells and TME.

Anti-tumor activities are mediated via APC function and antibody production. Pro-tumor activities are mediated via production of pro-

tumorigenic factors, activation of immunosuppressive T regulatory cells, and activation of myeloid-derived suppression cells. Pro-tumor

activity is largely mediated by a specific subset of B regulatory cells. Sites for potential therapeutic targets are denoted yellow stars: (a)

antigen-specific immunotherapeutic “vaccines” to induce B cell humoral response; (b) transfer of CD40 activated B cells that engage effector

T cells; (c-e) specific inhibition of Bregs or IL-10. TME, tumor microenvironment; APC, antigen presenting cell; Thl, T helper type 1

cells; CTL, cytotoxic T lymphocyte; Treg, T regulatory cell; Breg, B regulatory cell.

or exhausted (CD19°CD20"CD69°CD27°CD217). While
activated B cell APCs could induce Thl differentiation with
anti-tumorigenic roles (e.g., IFNy-producing CD4" T cells),
exhausted B cell APCs led to generation of a regulatory
T cell phenotype (Foxp3*CD4") with pro-tumorigenic
functions (38,40).

Tumor-associated antigens, such as LAGE-1, TP53,
and NY-ESO-1, can trigger B cell-mediated antibody
production (17). This has been demonstrated in an in
vitro NSCLC model, where tumor antigen-specific B
cell responses are evidenced by the production of tumor-
specific antibody and the oligoclonality of TIL B cells in the
TLS (40). Furthermore, B cells cultured from TLS have
been shown to produce tumor-specific IgG and IgA,
which are associated with favorable outcomes (17,41). In
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turn, tumor-specific antibodies support killing of tumors
through a range of pathways. In a study of murine models
of large cell lung carcinoma, Mizukami ez 4/. demonstrated
that injection of tumor-specific antibodies resulted in
complement cascade with tumor cell lysis (42). Furthermore,
Carmi et al. showed that antibodies produced by B cells at
the early stage of lung tumor development served to activate
dendritic cells, which subsequently triggered a cytotoxic T
cell response to control tumor growth (43). Lastly, B cell
derived antibodies may play a role in triggering tumor cell
phagocytosis by macrophages and granulocytes (11).

An important determinant of whether antibodies have
anti-tumor effects is the antibody isotype generated. In
cancer, the human IgG1 antibody isotype is of primary
importance where it can bind to the constant fragment vy
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Table 2 Breg phenotypes in human NSCLC
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Study N Phenotype Mechanism of immunosuppression
Zhou et al., 2014 (55) 268 CD19'CD24"CD27* IL-10

Lizotte et al., 2016 (59) 51 CD19°CD24"CD38"CD5'CD1d"CD27* IL-10

Zhang et al., 2016 (60) 9 CD19°CD5" STAT3 via IL-10

Bruno et al., 2017 (40) 62 CD19°CD20"CD69°'CD27°CD21~ Treg cells via IL-10 and TGF-f

Ma et al., 2020 (61) 20 CD19'CD24"CD38" IL-10

Breg, B regulatory cell; NSCLC, non-small cell lung cancer; Treg, T regulatory cell.

receptor (FcyR) and trigger antibody-dependent cellular
cytotoxicity (ADCC), antibody-mediated phagocytosis, and
complement-dependent cytotoxicity (44). Furthermore,
FcyR expressed on dendritic cells and macrophages may
capture IgG-bound tumor antigens and present these to T
cells. In addition, effector and memory B cells expressing
IgG may also execute direct anti-tumor functions through
production of granzyme B, tumor necrosis factor-related
apoptosis-inducing ligand (TRAIL), and IFNy. Support for
these findings has been illustrated by using human RNA
sequencing datasets from TCGA, where a high proportion
of IgG1 isotype has been positively correlated with
mutation burden in lung adenocarcinoma, thereby linking
driver mutations and B cell response (45).

B cells and pro-tumor immunity

The beneficial impact of B cells on NSCLC outcomes
has not been universally demonstrated (10,46,47). More
specifically, pro-tumor activity has been linked a specific
immunosuppressive B cell subset known as IL-10 producing
Bregs. These cells were initially defined by their ability
to maintain immune tolerance and restore homeostasis
following inflammation. Recent accumulating evidence
supports a role for B cells in modulating the immune
response to malignancy (48-50).

B cell mediated immune suppression with resultant
tumor growth is thought to occur through a variety of
mechanisms (20,21,51,52). Production of suppressive
cytokines such as IL-10, TGF-pB, and IL-35 is well-
documented where IL-10 is capable of inhibiting the T
cell mediated anti-tumor response, and TGF-p facilitates
conversion of naive CD4" T cells into Foxp3™ T regulatory
cells (Tregs) that act to attenuate the anti-tumor immunity.
In addition, Bregs may cause suppression of T cells and
Natural Killer (NK) cells, with subsequent expansion of
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Tregs and myeloid-derived suppression cells (MDSCs).
Furthermore, Bregs can promote the upregulation of
negative immune checkpoint molecules such as PD-1 and
PD-L1 that inhibit anti-tumor immunity. Lastly, STAT
3 signaling by Bregs have a role in mediating vascular
endothelial growth factor (VEGF) and promoting tumor
growth and metastasis via generation of Treg cells and
angiogenesis (53,54).

Breg infiltration has been observed in a range of
solid tumor malignancies, including NSCLC, where
significantly higher frequencies of peripheral Bregs
(CD19°CD24hiCD27%) and CD19IL-10" B cells have been
observed compared with healthy controls (55).

However, characterization of Bregs in the context
of malignancy has been challenging for a number of
reasons. While similar B cell subpopulations have been
shown to migrate to the tumor site, the signals that
polarize B cells to a Breg phenotype are unclear (56).
Furthermore, despite increasing literature describing
subsets of B cells that exhibit regulatory properties, the
precise phenotype and characteristic cell surface markers
of Bregs in lung cancer are poorly understood (57).
For example, while Bregs have conventionally been
defined as CD5°CD24hiCD27°CD38hi (31), immature
B cell populations have yielded Bregs characterized as
CD19°CD24'CD27°IL-10" and CD19°CD24hiCD27i
ntCD44highCD138"IL-10". To add to the complexity,
animal models have been used to explore the profile and
mechanisms of Bregs in promoting carcinogenesis, however
their applicability to human disease has been limited by
phenotypic and functional diversity of Bregs (58). As a
result of these challenges, there are very few published
studies that discuss the role of Bregs in human lung cancer
(Table 2). There is a need to sub-stratify B cells into distinct
developmental subsets as well as functionally in regulatory-,
anti-, and pro-tumor functions.
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The balance between anti- and pro-tumor activities of B
cells is likely to be influenced by the TME

Tumor cells themselves can produce factors, cytokines or
metabolites which directly impact the function of B cells.
Additionally, tumor cells can secrete extracellular vesicles
carrying mRNAs or proteins which can activate Breg
populations (11).

Immune cells in the TME have been shown to also
influence B cell migration, activation and differentiation.
Anti-tumor activities may be reinforced though B cells
and T cells. The former can produce CXCL13 and
lymphotoxin via TLR4 signaling, which are factors required
for the formation of lymphoid follicles and can support the
formation of TLS, which in turn can generate the anti-
tumor effects of CD8" T cells (62,63). T cells expressing
IL-17 may enhance the anti-tumor effects of B cells by
inducing B cell migration and increasing FAS/FASL-
dependent direct tumor cell killing by B cells (11). Pro-
tumor activities may be promoted by other cells of the
TME, such as regulatory T cells and MDSCs, by activating
Bregs, decreasing antibody production, and killing anti-
tumor B cells that have APC capabilities (11).

Given the role of B cells in inflaimmation homeostasis,
factors such as tissue hypoxia are also likely to affect the
balance between anti- and pro-B cell functions. Hypoxia
is a hallmark of cancer where tumor cell proliferation
causes vascular disorganization, with increased oxygen
consumption and decreased oxygen supply. This condition
results in production of hypoxia-inducible factors (HIFs)
that facilitate adaptation of cells to the environment. HIFs
can impact a broad range of cellular processes in immune
cells, which are postulated to impact tumor growth.
However, the role of these mechanisms on B cells in cancer
remains poorly understood.

Role of B cells in lung cancer treatment: curvent approaches
and future potential

With multi-faceted functions in tumor development,
therapies that target B cells may offer opportunities
to further personalize the approach to lung cancer
management (Figure I).

Therapies activating B cells

Several strategies have been explored to harness
the anti-tumor potential of B cells. Antigen-specific
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immunotherapeutic “vaccines” have been designed to
induce a B cell humoral response. Antibodies produced
by responding B cells may deliver therapeutic effects by
direct target of tumor antigens (e.g., anti-CD20 in B cell
related lymphoma/leukemia, anti-HER?2 in breast cancer)
or via immunomodulatory effects (e.g., anti-CTLA4,
anti-PD-1/PDL-1, anti-LAG). They have the capacity to
activate ADCC, phagocytosis, and complement-dependent
cytotoxicity (64). In a randomized placebo-controlled phase
3 trial, the immunotherapeutic targeting the tumor antigen
MAGE-A3 was assessed in NSCLC (65). While this mono-
valent agent did not increase disease-free survival, there
remains tantalizing potential for multi-valent vaccines
against personalized B cell antigens, akin to the model of
the chimeric antigen receptor T cell (CART) therapy.
Targeted approaches for enhancing conventional B cells
through transfer of stimulated B cell ligands has been shown
to inhibit tumor growth and lung metastasis. For example,
direct CD40:CD40L engagement induces the expression of
a range of co-stimulatory molecules and cytokines that both
activate B cells as well as naive and memory T cells. The
potential of these CD40-activated B cells has been tested in
pre-clinical models of melanoma, lymphoma, breast tumor
metastasis, and sarcoma (66). In another study, injection of
activated B cells pre-stimulated with CpG DNA, a Toll-
like receptor 9 (TLRY) ligand, has been similarly used in a
model of lung metastasis to induce regression of disease (67).

Therapies depleting or inbibiting B cells

As some B cell populations, particularly the Breg phenotype,
are associated with tumor progression, agents to deplete or
inhibit B cells may have therapeutic value. B cell depletion
via anti-CD20 monoclonal antibody, Rituximab, is widely
used for B-cell malignancies, but has also demonstrated anti-
tumor activity in small series of patients with other cancers
such as melanoma, colorectal carcinoma, and cutaneous T
cell lymphoma (68-70). However, conflicting results have
been reported in other studies with tumor growth observed
after anti-CD20 therapy (71,72). This is likely, in part due
to the non-specific activity of B-cell depleting antibodies
which do not distinguish between effector and regulator B
cell subsets (73) and do not effectively target CD20 low-
expressing plasma cell subsets.

Therefore, specific inhibition of Bregs may be an
effective strategy to influence the immunosuppressive TME
without negatively impacting other B cell subpopulations
that have beneficial anti-tumor properties. Bodogai et a/.
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demonstrated that, in tumor-bearing mice, CXCRS5" Bregs
can be depleted iz vivo by injecting CXCL13 (CXCR5
ligand) that has been coupled to CpG-ODN, and that the
remaining B cells retained the capacity to induce activation
of cytotoxic T cells (72). Tao er al. described the use of
a blocking antibody against IL-10 to specifically inhibit
Bregs and increased the efficiency of CD40-activated B
cell transfer, with increased migration of CD8" T cells into
the TME and B cell dependent FasL.-mediated tumor cell
killing (74). Similarly, in a murine breast tumor model, use
of the phytoalexin resveratrol induces a decrease in Bregs
and reduction in lung metastases (75). Lastly, Lipoxin A4
(LXA4), a metabolite of the arachidonic acid pathway, has
been shown to selectively prevent differentiation of Bregs
and also Breg-induced Treg differentiation (76).

B cells can predict vesponse to anti-cancer therapies

Systemic treatment of lung cancer may involve chemotherapy,
targeted molecular therapy, or immunotherapy. There have
been reports of associations between tumor-infiltrating B cell
populations and response to these therapies.

The action of chemotherapies to damage tumor cells
may precipitate an immune response that results in therapy
resistance. In murine models of squamous cell carcinoma,
Affara et a/. demonstrated increased infiltration of
immunosuppressive CD20" B cells, which may play a role in
resistance to platinum- (cisplatin and carboplatin) and taxol-
(paclitaxel) based chemotherapy as their removal using an
anti-CD20 antibody improved chemoresponsiveness (77).

Targeted molecular therapies act to modulate specific
oncogenic pathways. However, despite good initial response
rates, a significant proportion of patients will develop
resistance. In a study of melanoma treated with inhibitors to
oncogenic BRAF mutation, tumor-associated B cells were
observed to mediate drug resistance through secretion of
insulin-like growth factor 1 (IGF-1). Furthermore, in therapy-
resistant metastatic melanoma patients, depletion of B cells by
anti-CD20 antibody may result in tumor control (78).

ICIs have improved cancer treatment by overcoming the
inhibition of T cell effector functions. However, a significant
proportion of patients do not respond to such therapies,
and there is increasing interest in the impact of B cells upon
outcome with ICIs. Supporting this, in the blood of non-
progressing patients with different forms of metastatic
cancers (NSCLC, melanoma, renal cell carcinoma) treated
with immune checkpoint blockade immunotherapy (anti-
PD-1 or anti-CTLA4), an active humoral response has been
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detected with somatic hypermutation, IgG class switch and
expansion of anti-tumor plasmablasts (79).

Recently, the presence of B cells have been described
as a predictive marker for improved response to immune
checkpoint blockade. In studies of melanoma and sarcoma,
Helmink ez a/. and Petitprez ez al. respectively demonstrated
that the presence of B cells in TLS in the tumor before
treatment was associated with increased chance of response
to immunotherapy (80,81). Furthermore, these findings
were more prominent than typical T cell signatures that are
currently used to guide immunotherapy outcomes. In lung
cancer, similar findings of B cell density as predictive of
response to checkpoint blockade are yet to be observed. As
discussed above characterization and specific investigation
of B cells in other solid tumors has revealed avenues for
novel application of therapeutics. These findings cannot
be directly translated to lung cancer in the absence of the
careful characterization of B cells and subsets proposed in
the current review.

Through its activation of the immune system to exert
anti-tumor effects, immunotherapy is also associated with
multi organ immune-related adverse effects (irAEs) (82).
There is early evidence to suggest that B cells may have a
potential role as a predictive biomarker for irAEs, where
in melanoma patients treated with combination immune
checkpoint blockade (with anti-CTLA4 and anti-PD-1
antibodies), patients demonstrating enrichment of specific
B cell populations showed an increased risk of developing
irAEs (83). Conversely, B cell depletion using Rituximab has
been used successfully to treat irAEs in NSCLC (84,85).

In addition to their capacity as a predictive biomarker
to lung cancer treatments, tumor-infiltrating B cells and
their immunoglobulin repertoires may have a role in
prognostication. One significant example is the association
of a high ratio of intratumoral IgG1 to IgA with improved
survival in KRAS-mutant lung adenocarcinoma (45).
Furthermore, abundant IgG4 is associated with a
favorable prognosis in lung squamous cell carcinoma (41)
and in STKII-mutant and proximal proliferative lung
adenocarcinoma (45). Lastly, positive prognosis has been
associated with a high ratio of IgH to MS4A1 (which
encodes CD20) expression in proximal proliferative lung
adenocarcinoma (45).

Future directions

The phenotypical and functional diversity of B cells make it
challenging to clearly define their role in tumor prognosis
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and response to treatment. Few studies that identify B cells
in solid tumors have conducted detailed characterization
of B cells by developmental status or functionality, instead
relying on detection of pan-B cell markers such as CD19
or CD20, which are not constitutively expressed across
all maturation and differentiation stages. Furthermore,
B cell subtypes may undergo change with the process of
metastasis. Therefore, future studies are needed to perform
comprehensive profiling of B cell subpopulations in the
specific context of the primary TME as well as sites of
metastases to unravel the roles of B cells and subsets in
promoting early tumor growth and to harness anti-tumor
activity.

Conclusions

The roles of B cells in lung cancer are poorly understood
in comparison with T cells. This is largely due to the
phenotypical and functional diversity of tumor-infiltrating
B cells, with different B cell subsets exerting anti- and pro-
tumor effects. Meticulous and systematic characterization
of B cell subpopulations and immunoglobulin repertoires in
the TME will yield fundamental insights into the influence
of different intratumoral contexts which polarize B cells to
these opposing functions. This understanding will identify
site-specific B cell infiltrates and unravel the specific
intrinsic and extrinsic roles of B cells in contributing
to disease pathogenesis to redefine B cells as active
participants, and not merely bystanders, in the lung cancer
microenvironment.
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