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Abstract

Regulatory B cells (Bregs) are an immunosuppressive cell phenotype that affects the immune
system by limiting the inflammatory cascade. Dysregulation of Bregs can interestingly play

a dichotomous role in the pathophysiology of many diseases and is especially highlighted

when examining cancer pathology compared to allergic disease. This study reviews the existing
literature on Bregs and compares their role in allergic disease in contrast to cancer development.
Upregulation of Bregs in cancer states has been associated with poor prognostic outcomes across
various cancer types, and Breg proliferation was associated with chronic interferon signaling,
activation of the BCR-BTK (B cell receptor-Bruton’s tyrosine kinase) pathway, and release of
C-X-C motif ligand 13. In contrast, Breg dysfunction has been identified as a key mechanism

in many allergic diseases, such as allergic asthma, allergic rhinitis, atopic dermatitis, and contact
dermatitis. Development of Breg-targeted immunotherapies is currently at the preclinical level,
but strategies differentially focus on Breg depletion in cancer versus Breg stimulation in allergy.
Our review highlights the divergent functions that Bregs play in cancer compared to allergy. We
conclude that natural homeostasis hinges on a fine balance between the dichotomous role of Bregs
—over or underactivation can result in a pathological state.
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INTRODUCTION

The immune system is a complex entity that can paradoxically play an important role

in both disease prevention and acquisition. An important arm of the immune system is

the adaptive immune system, which is trained to identify specific antigen motifs.1 Once
antigen specificity is recognized through a T- or B-cell receptor, the signalizing cascade
either signals the immune system to ignore this antigen (tolerance), to clear it (in the

case of a pathogen), or pathologically react (in the case of food allergy, hypersensitivity,

and autoimmunity).2 After the insulting antigen has been eradicated, the inflammatory
response is programmed to be self-limiting, and resolution is achieved through the release of
anti-inflammatory mediators and cytokines.3 In particular, regulatory immune cells play an
essential role in the subsequent downregulation of the involved inflammatory cascade.

Regulatory B cells (Bregs) have been found to play an important role in the natural
physiology of the immune system. Bregs work in a multitude of functions, including both
cell-mediated and cytokine approaches, to downregulate the immune system.* However, as
with all biological processes, there is always a fine line to maintaining homeostasis. Both the
overactivity and underactivity of Bregs result in separate but distinct pathological conditions.

In recent years, the regulatory immune cell phenotype has been implicated in the
development of both cancer and allergic disease. While these appear to be seemingly
different disease processes, our review will underscore the important role that Bregs play in
the etiology of both. The dichotomy of Bregs lies in the following: overactivation of Bregs in
cancer prevents the immune response from appropriately recognizing and eradicating cancer,
whereas underactivation of Bregs in allergy allows for a chronic hyperinflammatory state.

In this review, we will focus on understanding the pathophysiology of Bregs and comparing
their differing roles in cancer and allergic disease.

PHYSIOLOGY OF BREGS

B cells originate in the bone marrow where they undergo a period of maturation before they
enter the systemic circulation.® Major B-cell effector functions include antigen presentation,
cytokine production, and antibody production (Figure 1). More specifically, Breg cells are a
subset of B cells that make up approximately 0.5% of human B cells in the periphery.® The
physiological goal of this suppressive phenotype is to dampen the immune system once the
insulting antigen has been eliminated through both cytokine- and cell-mediated approaches
(Figure 2).

Immunosuppressive cytokine release is a staple of Breg function.” Two defining suppressive
cytokine markers secreted by Bregs are interleukin-10 (IL-10) and I1L-35. These two ILs
operate in similar manners by suppressing CD4 T-cell proliferation, reducing the T-helper
type 1 (Th1) inflammatory response, and inducing regulatory T-cell (Treg) formation.8-11
Other common cytokines secreted by Bregs are tumor growth factor-p (TGF-), which
similarly works to promote Treg formation, and granzyme B (GZMB), which is used as a
cytotoxin against effector T cells.12-14

Mol Carcinog. Author manuscript; available in PMC 2024 April 04.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnue Joyiny

1duosnuen Joyiny

Dang et al.

3|
3.1]

3.2

Page 3

Bregs also modulate the immune response through cell-surface ligand interaction. Bregs are
known to express programmed death-ligand 1 (PD-L1), which binds to PD-1 on effector

T cells to activate downstream signaling pathways that inhibit T-cell activation.” In cancer,
high PD-L1 expression allows the tumor to “hide” from the immune system, and thus PD-1/
PD-L1 antibodies have been used in cancer immunotherapy.1® In addition, Bregs express
FasL belonging to the tumor necrosis factor protein family, which binds to Fas on both CD4
and CD8 T cells to induce apoptosis.16-18

ROLE OF BREG IN CANCER

Protumorigenic function of Bregs in human cancer

Modern advancements in biologic testing, especially in the field of cytometry, have

allowed investigators to probe the numerous cell types present in circulating blood and the
tumor microenvironment (TME). The identification of an active immunosuppressive B-cell
phenotype has been crucial to understanding immune-related mechanisms of cancer growth.
Downregulation of the immune system, while crucial for preventing the development of
many allergic diseases, allows for cancer to grow unchecked. Data from human studies have
shown that the prevalence of Bregs in multiple different lines of human cancer is associated
with increased tumor burden and worse prognostic outcomes!®-2° (Table 1).

In cancer biology, Bregs have been shown to downregulate the body’s immune response
by decreasing T-cell antitumor activity. This can be done indirectly by stimulating the
differentiation and development of Tregs, which are the analogous T-cell suppressive
phenotype known to inhibit the immune response.?4:27:28 |n addition, Bregs are able to
directly inhibit effector T-cell cytokine production and function by suppressing CD8 T-cell
production of GZMB, perforin, and interferon-gamma (IFN-y). Similar downregulation

of CD4 T-cell proliferation, IFN-y, and GZMB production has also been linked to Breg
activity.2930 Downregulation of the T-cell response resultantly leads to unmonitored tumor
growth.

Moreover, Bregs also function to inhibit the antitumor response of other effector B cells.
Jeske et al. found a population of adenosine (ADO)-secreting Bregs in head and neck
squamous cell carcinoma (HNSCC) that impairs effector B-cell development. In particular,
these ADO Bregs prevent phosphorylation of Bruton’s tyrosine kinase (BTK), a crucial
enzyme in the B-cell development pathway,32 and prevent the maturation of effector B cells.
There is also emerging evidence that certain tumors may promote Breg differentiation to
avoid detection by the immune system. Exosomes are membrane-sized vesicles released by
various cells that may contain proteins or RNAs.33 Mao et al. detected specific exosomes
(CD9+ and CD81+) released by esophageal squamous cell carcinoma in the peripheral
blood and showed that these exosomes can induce the formation of IL-10-secreting Bregs in
vitro.3!

Mechanisms of Breg development under investigation in preclinical models

While Bregs have been shown to play an important part in the immune response to cancer,
the circumstances that promote Breg development and formation are still actively under
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investigation. Understanding Breg development will be crucial toward developing targeted
depletion of Bregs as a novel cancer therapy, and on the flip-side Breg activation will play an
important role in allergen tolerance therapy. Specific factors involved in Breg development
have been studied using various preclinical models predominately in murine models of
cancer.

Classically, type I interferon signaling (IFN-1) was thought to mediate immune activation
through invigoration of T and B cells.34 The stimulator of interferon genes (STING) protein
is an important upstream regulatory protein that works to activate the IFN-1 response.
However, a recent study showed that administration of STING agonists, including cGAMP,
actually triggered the development of 1L-35-producing Bregs in a pancreatic mouse model.3°
Mechanistically, the STING-1L-35 pathway was shown to reduce natural killer (NK) cell
proliferation and attenuate the NK-driven antitumor response. This fits into the emerging
theory that chronic interferon stimulation may result in immunosuppression.36

Another stimulator of Breg activity under investigation is the C—X-C motif ligand 13
(CXCL13). CXCL13 is a known chemoattractant that aids in B-cell trafficking.3” This
chemokine has been theorized to play an important role in the formation of tertiary
lymphoid structures, which are intratumoral hubs of T- and B-cell activity.3® However,
CXCL13 may also play an important role in regulating Breg formation. CXCL13 genetic
knockout in a murine B16 melanoma model was associated with decreased pulmonary
metastases and a better response to chemo- (cyclophosphamide) and immunotherapy (PD-1
inhibition).39 Investigation of the pulmonary metastatic TME showed a decreased number
of Bregs compared to wild-type control. Pharmacological blockade using a novel CXCL13
sequestering nanoparticle (a “nano trap”) developed by Shen and colleagues analogously
showed reduced intratumoral Bregs in murine models of pancreatic cancer, BRAF-mutant
melanoma, and triple-negative breast cancer.3°

ROLE OF BREGS IN ALLERGIC DISEASES

Allergic diseases result from uncontrolled inflammation and manifest in a number of

ways to include asthma, allergic rhinitis (AR), food allergy, atopic dermatitis (AD), and
contact dermatitis. Many cell types are involved in the allergic response with mast cells,
with eosinophils and basophils being the primary players. Mechanisms of inflammation

are attributable to type 2 immune dysregulation and IgE elevation.® Tregs have been
extensively studied for their role in allergen tolerance, meaning sustained nonresponsiveness
to an antigen, but more recently Bregs have been identified to play an important role

in this process. Initial studies in the 1970s investigated the role of Bregs in delayed
hypersensitivity reactions in animal models using cyclophosphamide and B-cell-depleted
splenocytes to diminish B cells.4! This study helped set the stage in understanding the
important suppressive role of Bregs in allergic disease. In the following paragraphs, we will
synthesize literature about different allergic diseases and the involvement of Bregs.

Allergic asthma (AA)

Asthma can be defined as a disease of chronic airway inflammation with airflow
obstruction and bronchial hyperresponsiveness with involvement of cytokines and chemical
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mediators.*2 Different endotypes of asthma have been identified and separated into two
broad categories—type 2-high asthma (AA and eosinophilic asthma) and type 2-low asthma
(paucigranulocytic and neutrophilic). More specifically, AA is a subtype of asthma that
creates a T-helper type 2 (Th2) response to inhaled allergens.*3 Bregs have been shown

to be dysfunctional in AA patients.*# In particular, patients with AA have Bregs with an
impairment in IL-10 production and subsequently difficulty in inducing Treg formation.
Biologics have also been studied as potential treatment strategies for AA. Dupilumab,

a human monoclonal antibody that inhibits the IL-4 receptor alpha signaling induced

by IL-4 and IL-13, is a commonly used biologic in AA. In one study, the levels of
immunosuppressive B cells in response to dupilumab were increased in patients with severe
asthma.4°

42| AR

AR is an IgE-mediated clinical syndrome with symptoms of nasal pruritus, sneezing,
rhinorrhea, and nasal congestion in response to aeroallergen exposure.*8 Breg dysfunction
has been similarly implicated in the pathophysiology of AR. Patients with AR have
decreased Breg numbers compared to healthy controls.#’48 Bregs in AR had decreased
expression of cell-surface marker CD25 and the a.-chain of the IL-2 receptor, which is
critical for Treg development and survival. Patients with AR and asthma had markedly
decreased Breg numbers compared to AR alone. Changes in Breg activity across the upper
and lower airways may play a role in the clinical transition that is seen from AR to AR with
asthma,49:50

4.3| Food allergies

The prevalence of food allergies has risen dramatically with some reports suggesting that
more than 11% of adults in the United States are food allergic, while in children this number
is closer to 8%.51:52 Food allergies can be subdivided into 1g-E-mediated, non-I1gE-mediated,
or mixed-type.>3 Compared to Ig-E-mediated food allergy reactions, which can result in
anaphylaxis, non-1gE-mediated food allergies are delayed and primarily affect the gut.>* In
humans with cow milk allergy, there is significantly decreased IL-10 and TGF-f production
by circulating Bregs.>>57 When intestinal inflammation was further investigated in a mouse
model, Liu et al. were able to identify a subpopulation of Bregs in a healthy mouse intestinal
mucosa that secreted TGF-B. These cells were found to induce Treg differentiation in vitro,
and when adoptively transferred into a mouse model of food allergy, there was decreased
Th2 intestinal inflammation.58

44| AD

AD can be defined as a systemic inflammatory skin condition with chronic, relapsing,
pruritic, dry lesions with a predilection for atopy.>® This disease impacts approximately 20%
of children and 3% of adults worldwide.89 Cytokines in AD development have been found
to be variable based on disease stage, race, and age of patients. The etiology of immune
dysregulation has not been well elucidated as the heterogeneous nature of the innate and
adaptive immune system plays a role in AD.81 However, recent research in B cells helps
uncover some of the underlying mechanisms of AD.52
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A mouse model observed Breg frequency and IgE expression in AD by using a 2,4-
dinitrofluorobenzene solution applied to the skin of mice to assess dryness, excoriation,
erosion, and hemorrhaging.52 The study found that a subpopulation of Bregs had decreased
IL-10 production resulting in defective IgE regulation. The mainstay of treatment for AD
includes a combination of topical corticosteroids and in severe cases can progress to the
initiation of biologics such as dupilumab or omalizumab. A study by Celakovska et al.
investigated immunophenotyping B cells in patients with AD with and without dupilumab
treatment.54 The study found that patients treated with dupilumab had higher CD200
expression on switched B lymphocytes compared to the control group. Further studies need
to be conducted to investigate Bregs as a marker of biologic response to guide therapy.

Allergic contact dermatitis

Contact hypersensitivity (CHS), known clinically as allergic contact dermatitis, is an
immune reaction that occurs after exposure to exogenous haptens, leading to a delayed
hypersensitivity reaction.> Common contact allergens include nickel, fragrance, and
preservatives. CHS has been known as a T-cell-dependent process through Thl cell-
mediated inflammation.56 However, there is emerging evidence that B cells play an
important role in CHS. CD19-deficient mice have been shown to have more intense and
prolonged CHS reactions.%7

Murine models have been utilized to elucidate the underlying pathophysiology of CHS,
with Breg dysfunction being exposed as a major hit. Several major pathways in Bregs

are likely disrupted in CHS development. Blockade of the PI3k—AKT pathway results

in decreased 1L-10 synthesis by Bregs and worsened disease outcomes.58 In addition,
peroxisome proliferator-activated receptor-a (PPAR-a) knockout in B cells also disrupts
IL-10 synthesis, though does not impact FasL expression, and results in exaggerated CHS.5°
Conversely, ultraviolet B (UVB) irradiation is known to suppress contact dermatitis.”%71
UVB irradiation showed increased Breg population expansion that was hypothesized to be
mediated via upregulation of toll-like receptor 4 (Table 2).72

DEVELOPING BREG-TARGETED IMMUNOTHERAPIES

Cancer immunotherapy

While no therapies targeting Bregs to date have gone into clinical trials, there are several
proposed therapies targeted toward modulating the Breg axis to stunt tumor growth. In
contrast with allergen immunotherapy (AIT), cancer immunotherapies focus on depleting or
inhibiting Breg functionality to activate the immune system against cancer antigens.

Breg depletion has been a proposed strategy for targeted immunotherapy. Depletion using
anti-CD20 antibodies against all B cells has been tried in mouse models of pancreatic ductal
carcinoma and HNSCC, with results showing improved outcomes and response to platinum-
and taxol-based chemotherapies.”74 Inhibition of the BTK enzyme using tirabrutinib has
also been shown to result in reduction of Bregs in the pancreatic TME, which is a favorable
response.”> However, these systemic B-cell targeting strategies also deplete normal effector
B cells that would otherwise be important to mounting a healthy immune response.
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Selective depletion of Bregs has been technically difficult due to the lack of specific cell-
surface receptors that define the phenotype.”® Matsushita et al. describe using a monoclonal
mouse antibody against CD22 that was shown to selectively deplete splenic B10 cells in an
autoimmune encephalitis model,’” but this has not been replicated in cancer immunotherapy
to date. WeiRenborn et al. created a cre-flox mouse model for inducible deletion of IL-10

on CD19 cells. However, Breg depletion did not show as significant of a tumor growth
reduction in murine neuroblastoma as compared to Treg depletion.”® Future work will be
important to identify targetable cell-surface markers to allow for selective Breg depletion.

The mitogen-activated protein kinase (MAPK) cascade is an important pathway that
regulates cell proliferation, and mutations in the upstream RAS or RAF proteins causing
constitutive activation of the MAPK cascade have been shown to induce a variety of
cancers.” The MAPK pathway is also located downstream of the BCR signaling pathway
and is thought to play a role in the B-cell response.80 Pharmacological blockage of mitogen/
extracellular signal-regulated kinase (MEK), an intermediary kinase downstream of RAS/
RAF, has shown promising results in human melanoma clinical trials.81-83 MEK inhibition
using cobimetinib has also been found to improve antitumor immunity in colorectal cancer
(CRC) mouse model by decreasing the number of Bregs found in the tumor-draining lymph
node and disrupting chronic BCR signaling.84 Similarly, direct inhibition of downstream
extracellular signal-regulated kinase (ERK) and STAT3 has been shown to decrease

Bregs’ development and improve cancer immunity.8586 This promising preclinical data is
suggestive that targeting the MAPK-MEK-ERK signaling pathway may translate to future
anti-Breg therapies in the clinic.

Aside from pharmacological therapies, emerging research demonstrates that Breg
development may be associated with metabolic signaling. PPAR-a is a transcription factor
used to promote fatty acid oxidation.8” Murine breast cancer cells produce metabolites
including leukotriene B4 that also activate the PPAR-a pathway. Wejksza et al. found that
PPAR-a stimulation by these leukotriene molecules in B cells could induce the formation
of Bregs and result in increased lung metastases.88 Inactivation of leukotriene B4 and/or
PPAR-a abrogated the metastatic process. In addition, Wang et al. found a subpopulation of
Bregs expressing TGF-p associated with worse outcomes for CRC in both mice and humans.
These Bregs expressed leucine-tRNA-synthetase-2 (LARS2) (LARS B) and exhibited a
nutritional preference for leucine. A high leucine diet was found to induce LARS B-cell
generation, whereas a low diet was able to repress LARS B-cell generation.8 These novel
metabolic findings provide additional avenues for Breg modulation and underscore the
importance of the intersection between immune function and metabolism.

AIT was first investigated by Leonard Noon in 1911 in models for grass pollen seasonal
AR.%0 AIT works to reduce nasal and ocular symptoms by desensitizing mast cells and
basophils as well as skewing away from Th2-directed immune response.®! Administered
subcutaneously or sublingually, it has been shown to have long-lasting disease-modifying
effects after discontinuation, though induction of sustained tolerance varies widely across
patients and antigens. Mechanistically, this can likely be explained in part by the lasting
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increase in Bregs that are induced by AIT, with one study showing increased Bregs at the
2-year posttreatment mark.%2 In contrast to cancer immunotherapy, AIT strategies focus on
upregulating Breg infiltration to suppress inflammation and promote tolerance.

While currently there are no clinically approved AlTs specifically for Bregs modulation,
there is promising preclinical research.93 Abatacept, a fusion CTLA-4 protein approved for
rheumatoid and psoriatic arthritis, has been shown to influence the IL-10 axis. Intranasal
administration of abatacept in asthmatic mice showed increased IL-10- and 1L-35-producing
Bregs and LAG3+ Tregs.%* Administration of the protein Alt a 1, a major allergen found

in fungi (specifically Alternaria alternata), was shown to decrease asthmatic symptoms and
increase Breg levels in a mouse model.9° Last, IL expression is known to be regulated by
epigenetic shifts in histone acetylation/deacetylation.?6 Treatment of CHS using entinostat, a
histone deacetylase inhibitor, was found to increase the population of in vivo B10 cells and
suppress the allergic phenotype.

A novel area of AIT research has focused on Breg antibody characterization. 1IgG4 has
been identified as an important antibody for immune tolerance due to several reasons

such as low affinity for activating Fc receptors, less likelihood to fix complement, and
competing against IgE for antigen binding.7:9 It was recently discovered that Bregs can
produce 1gG4 antibodies. In particular, Bregs with 1gG4 expression specific for the major
bee venom allergen phospholipase A2 were isolated from healthy nonallergic beekeepers,
who displayed tolerance to bee venom antigens.?® 19G4 has also been found to increase after
administration of subcutaneous AIT against dust mites after a brief rise in specific IgE.%?
This identifies 1gG4 as a mechanism for AlT-induced tolerance and a possible therapeutic
target that could be studied in intravenous Immunoglobulin treatments in the future (Figure
3).

Connection between allergy immunotherapy and cancer risk

Given the opposing actions of AIT compared to cancer immunotherapy, there is a risk that
administering Breg activating AIT could theoretically increase or worsen a patient’s cancer.
One of the more studied examples of this phenomenon is the biologic drug dupilumab, an
IL-4 receptor inhibitor. Dupilumab has been approved for atopic diseases like asthma, AD,
chronic rhinosinusitis, and eosinophilic esophagitis,109 and as discussed earlier has been
observed to increase immunosuppressive B cells in severe asthma.*®

While the role of IL-4 on cancer development is still actively under investigation, there

is some preclinical data suggesting that IL-4 receptor blockade may lead to a loss of
protection against certain malignancies.101 The clinical data is similarly difficult to parse
through with somewhat conflicting results. Owiji et al. examined patients with AD using
dupilumab for at least 2 months over a period of 5 years and did not find an association

with the development of primary or recurrent malignancy.1%0 However, there still have

been case reports of patients on dupilumab who subsequently developed cancers while on
treatment.192 Whether other risk factors or dupilumab played a larger role in these outcomes
is questionable; however, at this point, it would be prudent to suggest that patients with
active cancer should likely refrain from undergoing these immunomodulatory therapies.
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6| CONCLUSION

Our review of the literature indicates that while Bregs present with similar functions

in cancer compared to allergy, they have opposing results on disease progression. The
underlying differences in cancer and allergy demonstrate different treatment goals—in
cancer, immune cell activation, and in allergy, immune cell suppression to promote tolerance
and reduce inflammation. The presence of Bregs in cancer is associated with tumor escape
from the immune system and therefore increased tumor growth. Increasing prevalence of
Bregs in human cancer studies is linked to poor prognostic outcomes. Induction of Breg
development in cancer is still under investigation, but has been linked to chronic interferon
signaling, BCR-BTK pathway, and CXCL13.

On the other hand, Bregs’ activation has been associated with improved control of allergic
disease by both cytokine- and cell-mediated mechanisms. More studies are needed to

assess the possibility of antigen-specific Bregs as a biomarker of response to therapy. As
discussed, the primary function of Bregs is to downregulate the immune response and ensure
homeostasis by preventing hyperactivation of the inflammatory system. Bregs studied in
both mouse and human models have demonstrated decreased numbers in allergic conditions.

Ongoing research has been directed toward development of Breg-targeted immunotherapies
in both fields. The crux of targeted Breg cancer immunotherapy is focused on disrupting
Breg function either through direct depletion or downstream inhibition. This is in contrast
to AIT, where therapy is conversely targeted toward Breg activation. Emergence of
immunotherapy targets specific to Bregs that include IL-10-mediated pathways and 1gG4
production are still being investigated but show promising potential in reducing the burden
of allergic disease. There remains a theoretical risk of cancer development while on
immunosuppressive therapy, and for patients with active cancer, it would be prudent to

try to avoid these treatments.

The dichotomy of Bregs perpetuates a theme common among immune cell subtypes: natural
homeostasis often hinges on a thin margin. Both over and underactivity result in pathological
states that initially may appear vastly different, but on closer inspection actually represent
two sides of the same coin.
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FIGURE 1.
Comparison of physiology of an effector B cell with regulatory B cell. GM-CSF,

granulocyte-macrophage colony-stimulating factor; IL, interleukin; PD-L1, programmed
death-ligand 1; TGF-B, tumor growth factor-p.
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FIGURE 2.
Pathways through which regulatory B cells (Bregs) can inhibit allergic response compared to

promote tumor growth. IL, interleukin; NK, natural killer; TGF-@, tumor growth factor-p.
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FIGURE 3.
Common and divergent roles of regulatory B cells (Bregs) in allergy/immunology versus
cancer.
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