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Abstract

Allergic asthma is triggered by inhalation of environmental allergens resulting in bronchial constriction and
inflammation, which leads to clinical symptoms such as wheezing, coughing, and difficulty breathing.
Asthmatic airway inflammation is initiated by inflammatory mediators released by granulocytic cells.
However, the immunoglobulin E (IgE) antibody is necessary for the initiation of the allergic cascade,
and IgE is produced and released exclusively by memory B cells and plasma cells. Acute allergen exposure
has also been shown to increase IgE levels in the airways of patients diagnosed with allergic asthma;
however, more studies are needed to understand local airway inflammation. Additionally, regulatory B
cells (Bregs) have been shown to modulate IgE-mediated inflammatory processes in allergic asthma patho-
genesis, particularly in mouse models of allergic airway disease. However, the levels and function of these
IgE+ B cells and Bregs remain to be elucidated in human models of asthma. The overall objective for this
chapter is to provide detailed methodological, and insightful technological advances to study the biology of
B cells in allergic asthma pathogenesis. Specifically, we will describe how to investigate the frequency and
function of IgE+ B cells and Bregs in allergic asthma, and the kinetics of these cells after allergen exposure in a
human asthma model.
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1 Introduction

1.1 Allergic Asthma Asthma is a chronic inflammatory disorder of the lower airways,
with a high degree of variability in its severity, natural progression,
response to treatment, and degree of bronchial hyperresponsive-
ness and airflow obstruction likely secondary to a complex integra-
tion of inflammatory mechanisms [1]. Allergic asthma, the
predominant form of asthma in childhood, is the result of hyperac-
tive responses to repeated exposure to common environmental
allergens. These exposures, in turn, lead to the development of
allergen-specific memory T- and B-cell responses and the resulting
production of inflammatory mediators [1] that aid in the recruit-
ment of allergic immune effector cells including T and B cells
[2]. Activated CD4+ T cells release type 2 cytokines which drive
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many of the inflammatory processes in allergic asthma. Specifically,
IL-4 and IL-13 play pivotal roles in the synthesis of IgE by B cells,
while IL-3 and IL-5 lead to differentiation and proliferation of
eosinophils, mast cells, and basophils, all key effector cells contri-
buting to asthmatic bronchial hyperresponsiveness [3, 4].

Bronchoprovocation with inhaled allergen in subjects with
asthma has proven to be an effective model to study the intricate
pathways associated with the development of allergic asthma
[5, 6]. It is postulated that the development of allergic disease is a
result of the initial allergen exposure priming the immune system
and leading to a shift toward type 2 inflammation mediated by
IgE-dependent pathways [1]. Allergen presentation by antigen-
presenting cells (APCs) to naı̈ve CD4+ T cells is a pivotal event in
the development of allergic responses [4]. Synthesis by B cells of
antigen-specific IgE which binds to high-affinity IgE receptors
(FcERI) on the surface of dendritic cells, granulocytic cells, such
as mast cells and basophils, and becomes cross-linked by allergen,
initiates cell activation and release of their inflammatory mediators,
particularly histamine, leukotrienes, and the type 2 cytokines IL-4,
IL-5, and IL-13. This leads to the influx of CD4+ T cells and
eosinophils into the airways [6], and thereby perpetuating type
2 inflammation. Thus, allergic asthmatics have been found to
have higher levels of lymphocytes, eosinophils, basophils, and
mast cells in their airways [6]. Eosinophilia is widely recognized
as a hallmark of asthma, and fluctuation of these cells in blood and
airways can be used to determine disease severity and treatment
efficacy [6, 7]. Additionally, asthmatics also have higher levels of
airway epithelial desquamation, goblet cell hyperplasia, and thicker
basement membranes [4]. Ultimately, asthma has a broad presen-
tation clinically with many different phenotypes, and cellularly with
several different endotypes, and therefore, current management
strategies must take these factors into consideration. Anti-IgE ther-
apy has been used for several decades for treatment of asthmatic
patients with high circulating IgE levels and has insofar proven to
be clinically effective in the management of allergic asthma
[8]. However, with the recognition of in situ IgE synthesis in
asthma [9, 10], targeting local sources in the allergic tissue may
be a more practical approach for treatment of allergic asthma. Thus,
development of novel targets to regulate IgE synthesis for treat-
ment of asthma and other allergic diseases is ongoing [11–13].

1.2 B Cells Several diseases have B cells at the core of their pathogenesis,
including, but not limited to, autoimmune disorders (multiple
sclerosis [14, 15], systemic lupus erythematosus [16]), cancer (leu-
kemia [17, 18]), and allergy (rhinitis [19], asthma [20–24]). B cells
derive from the differentiation of hematopoietic stem cells. Most of
their maturation occurs in the bone marrow, where they differenti-
ate into functional effector or regulatory B cells [25–29].
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Thereafter, they are released into peripheral compartments of the
body (peripheral blood, secondary lymphoid organs, lymph nodes,
and local tissues) [30]. B-cell surface markers allow for their char-
acterization at different stages of development. These markers
primarily include CD19, CD20, CD27, CD38, and CD138 [25–
27, 31].

1.3 IgE+ B Cells IgM, IgD, IgG, IgE, and IgA form the five isotypes of immuno-
globulins produced by B cells, whose expression and function
depend on the heavy chain constant region of the B-cell receptor
(BCR) [26, 32]. At the initial phases of development, B cells
express IgM. Once the B cell encounters an antigen and is
co-stimulated with CD40L, it becomes activated. This activation
triggers isotype switching, a process facilitated by the activation-
induced cytidine deaminase (AID) enzyme through which heavy
chain genes are rearranged [32]. The mechanism of class switching
involves deamination of residues of gene segments upstream of the
heavy chain genes, called switch regions. This deamination pro-
duces double-stranded breaks secondary to a break in two switch
regions [32]. As a result, certain portions of the heavy chain genes
are excised, leaving behind the gene encoding the heavy chain of
interest to be expressed [33]. Mu (μ), delta (δ), gamma (γ), epsilon
(ε), and alpha (α) encode the heavy chains for IgM, IgD, IgE, and
IgA, respectively [26, 32].

To reiterate, the pathogenesis of allergic asthma is driven by
binding of IgE to FcϵRI and the subsequent activation and degran-
ulation of mast cells and basophils as a result of cross-linking by a
specific antigen [34]. In effect, Van de Pol et al. have demonstrated
increases in the levels of total serum and allergen-specific IgE
following a single inhalation of house dust mite extract by allergic
asthmatics [35]. In the airways, Wilson et al. have shown that
allergen-specific IgE levels in bronchoalveolar lavage (BAL) were
significantly increased following allergen challenge relative to saline
challenge. Similarly, Oliveria et al. have shown that sputum super-
natant total IgE is higher in allergic asthmatics compared to con-
trols, and further increased at 7 hours post-allergen challenge
[9, 10, 36]. It can therefore be concluded that B cells, through
their production of IgE, play a key role in the local airway inflam-
mation characteristic to allergic asthma.

1.3.1 IgE+ B-Cell Kinetics

and Compartmental

Distribution

There are very few human studies evaluating IgE+ B cells; however,
we have gained insight from studies of murine models. Memory B
cells (MBCs) and plasma cells (PCs) were studied in a murine
parasitic infection model by Nduati et al. [37]. Their results showed
that although MBCs were detectable in the blood at all times, PCs
were only detectable shortly after parasitic infections (primary and
secondary) and were thus highly time-sensitive with respect to the
challenge [37]. In this regard, it can be alluded that a short time
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frame is needed to mobilize B cells into the blood following an
inflammatory event. Similarly, Luger et al. found that mice who
were given mucosal allergen challenge with ovalbumin (OVA)
induced the production of PCs in the lung, spleen, and bone
marrow but only for a short period following the challenge
[38]. However, in both Luger et al. and Nduati et al.’s studies, a
small population of those PCs were found to be long-lived in the
spleen and bone marrow. These PCs were found to produce
OVA-specific IgE, IgA, and IgG1 [38]. Likewise, Chvatchko et al.
demonstrated that, following inhalation challenge, murine B cells
in the lungs were triggered toward increased antigen-driven differ-
entiation, and, more specifically, toward OVA-specific IgE and
IgG1 production [39]. Despite these studies, the kinetics of B
cells through various bodily compartments, such as lungs, blood,
lymphatics, bone marrow, at different time points following chal-
lenges, remains to be elucidated, even in murine models. A further
understanding of the expansion of B cells in asthma remains to be
discovered. Although IgE+ B cells are very rare and difficult to
enumerate, advances in flow cytometry have allowed for their mea-
surement in humans [40]. Oliveria et al. have been able to detect
IgE+ B cells in peripheral blood, bone marrow, tonsil, and airways
by flow cytometry [10] and conducted studies to compare B-cell
subsets across disease states (healthy controls, allergic
non-asthmatics, and asthmatics), to examine the kinetics of these
cells in peripheral blood (systemic compartment), bone marrow
(hemopoietic compartment), tonsils (lymphatic compartment),
and locally in sputum (airways compartment) after bronchoprovo-
cation with inhaled allergen [9, 10]. They demonstrated higher
levels of B cells and IgE+ B cells in the airways of allergic asthmatics
compared to controls, but found no differences in blood levels of
these cell types. Furthermore, sputum B cells were positively corre-
lated with sputum eosinophils, and sputum supernatant IgE and
BAFF [9]. In subjects with mild allergic asthma, levels of B cells and
IgE+ B cells were noted to be elevated in the airways 7- and
24-hours post-bronchoprovocation challenge [10]; however no
changes were observed in peripheral blood, bone marrow, or ton-
sils. Now that the levels of IgE+ B cells have been reported across
disease states, and after allergic provocation of airways in a human
in vivo model, there are questions about function, development,
and memory of these rare B-cell subsets that need to be explored.
Particularly, we still do not know much about the regulation of
these IgE+ B-cell responses. There are B-cell-specific roles that
modulate inflammation through cytokine or antibody-mediated
processes, and these need to be explored within the context of
allergy.
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1.4 Regulatory B

Cells (Bregs)

In the early 1970s, the first postulated suppressive function of B
cells was demonstrated through the transfer of B-cell-depleted
splenocytes into OVA-sensitized guinea pigs which resulted in a
decreased ability to dampen the inflammatory response
[41, 42]. The exact mechanism by which the inflammatory
response is dampened had not been further investigated until
recently, wherein, in 1996, Wolf et al. demonstrated that B-cell-
deficient mice could not recover from experimental autoimmune
encephalomyelitis (EAE) [43, 44], suggesting a subset of B cells is
required for immunomodulation. Similar observations were made
regarding the B-cell-dependent immunomodulation in mouse
models of inflammatory bowel disease [45], autoimmune diseases
[46], and allergy [4, 47]. Interestingly, models of colitis [45], EAE
[48], and arthritis [49] have found IL-10 to be a primary immu-
nomodulatory cytokine, supporting the role of IL-10-producing B
cells in these diseases. However, regardless of the disease, there is
no universally accepted regulatory B-cell (Breg) phenotype in the
literature. Furthermore, the study of Breg subsets and their func-
tional mechanisms, specifically in allergic asthma, is still in its
infancy and plenty of questions remain unanswered.

1.4.1 Development of

Bregs

Significant attention was brought to the origin and function of B
and T cells following the discovery of distinct lymphocyte subpo-
pulations as unique aspects of the adaptive immune response over
40 years ago [50]. Cells expressing surface immunoglobulin recep-
tors specific to antigenic epitopes are characterized as B (bursal)
lymphocytes [50] and were demonstrated, in the early 1960s and
1970s, to be primarily responsible for the basic functions of anti-
body production and humoral immune responses [43]. However,
several years later, as studies on B cells continued, complexities in
their development, differentiation, maturation, and responses were
observed. Of note was the role of B cells as antigen-presenting cells
whereby they present peptides to T cells via MHC molecules on
their surfaces [50]. Additionally, it was demonstrated that B cells
have the ability to secrete a diverse array of cytokines that influence
immune cell function and inflammatory processes [50]. B cells were
found to have the ability to mount a robust secondary response
with higher affinity to antigens through the process of somatic
hypermutation within germinal centers [50]. The discovery of
long-lived plasma cells and memory B cells provided crucial
advancement in the understanding of the role of B cells in adaptive
memory [51, 52]. B cells were found to have duality in their role in
allergy and inflammation, wherein they possess the ability to class
switch to IgE isotype in type 2 inflammatory environments and the
further induction of the inflammatory cascade by IgE. Neverthe-
less, the recent discovery of regulatory B cells shed a different light
[2]. Since the study of regulatory B cells is relatively novel in
literature, the development and ontogeny of these cells remain to
be elusive and future research is required.
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1.4.2 Functions of Bregs A paradigm shift was created upon the discovery of a tolerogenic
role for B cells which consequently also shifted our understanding
of B-cell function and role in diseases. Stimulation by TLR ligands,
such as CpG and LPS, CD40:CD40L axis, and BCR agonists,
activate B cells toward a regulatory phenotype [43]. The Bregs

ability to produce IL-10, either constitutively or in response to
stimulation, is often the definition of “activated” in the literature,
though this definition can vary. The immunomodulatory function
of Bregs has primarily been studied, in both mice [53] and humans
[54], through its ability to modulate T-cell function in favor of a
regulatory phenotype. Additionally, Bregs have also been shown to
play an indirect immunomodulatory role in suppressing inflamma-
tory processes through their ability to induce regulatory pheno-
types in a variety of other immune cell subsets (e.g., DCs, T cells,
and mast cells) [55]. Through their ability to produce anti-
inflammatory cytokines (e.g., IL-10, TGF-β, and IL-35), Bregs

indirectly aid in the suppression of Th1 and Th17 differentiation
of CD4+ T cells [55]. Bregs also play a crucial role in the mainte-
nance of Treg populations [24, 56]. When analyzing both the Treg

and Breg regulatory functions, they have many distinct similarities
and differences. Similar to the thymus-derived Tregs, the expression
of genes responsible for the suppressive phenotype of Bregs, a
distinct lineage of B cells, is influenced by specific factors
[43]. However, the development and ontogeny of these cells
remain unclear [43]. Like Tregs, Bregs possess regulatory capabilities
through their ability to secrete anti-inflammatory cytokines that
provide direct exhaustion and deletion of effector cells [57–
60]. However, it is still unclear by which mechanism regulatory B
cells elicit this function, and further research is required. Neverthe-
less, through their IgG4 isotype, a type of blocking antibody that
competes with the binding of IgE to allergen, Bregs have the unique
ability to suppress the humoral immune response [61]. Despite the
vast and continually growing knowledge of the role of B cells in
immunity that we have gained in the literature, more remains to be
elucidated and the persistence of scientific endeavors is crucial to
providing clarity into the suppressive nature of Bregs.

1.4.3 IL-10 Production by

Bregs

IL-10, produced primarily by clonally expanded Trl (regulatory T
cells) and professional antigen-presenting cells, and at times also by
mast cells, monocytes, and NK cells, is an important anti-
inflammatory cytokine [62, 63]. IL-10 possesses anti-inflammatory
properties through its ability to suppress naı̈ve T-cell activation by
blocking co-stimulatory signaling through CD2, CD28, and
inducible T-cell co-stimulation (ICOS) in a rapid signal transduc-
tion cascade [62, 64, 65]. Specifically, CD28 tyrosine phosphory-
lation is inhibited which prevents the binding of
phosphatidylinositol 3-kinase p85 [65, 66]. As a result, the entire
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CD28 signaling pathway is inhibited, and thus, T-cell co-stimula-
tory pathways [65, 66]. Furthermore, IL-10 hinders the type
1 immune response by inducing expression of the suppressor of
the cytokine signaling 3 (SOCS3) gene and the resulting inhibition
of IFN-Υ-induced phosphorylation of STAT1 [67]. IL-10 has the
capacity to suppress total and allergen-specific IgE antibodies, and
skew the humoral response from the IgE isotype to the
non-inflammatory isotypes, IgG4 and IgA, and hence plays a critical
role in allergy and immune tolerance [68–70].

In summary, the ability to suppress activation of effector cells,
production of inflammatory cytokines, and hence inflammation in
general, characterizes IL-10 as an inflammatory cytokine [71]. In
fact, evidences in allergic asthma demonstrating the capacity of
regulatory T cells to suppress inflammation through secretion of
IL-10 have been reported [72, 73]. The term regulatory B cell was
coined in the early 2000s following the discovery of a subset of B
cells with the capacity to produce IL-10 [74]. Currently, the terms
regulatory B cells or Bregs and B10 cells are acceptable nomencla-
tures for IL-10-producing B cells. However, the phenotype of Bregs

creates controversies in its studies due to its wide variability
[75, 76]. Nevertheless, the commonly accepted attribute of Bregs

is their ability to produce IL-10. In Iwata et al.’s study, Bregs,
identified with the CD19+CD24+CD27+ phenotype, were studied
in both mice and humans and were found to be competent in the
production of cytoplasmic IL-10 [76]. However, there is no clear
knowledge of the pathways leading to the manifestation of these B
cells. Additionally, Bregs were found to produce antigen-specific
antibodies, specifically IgG4, as was demonstrated in the study of
Maseda et al., thus indicating that Bregs have the dual role of
producing IL-10 as well as antigen-specific antibodies [61, 77, 78].

James et al. and van de Veen et al. demonstrated that IgG4,
produced by B cells following the induction of IL-10, can act as a
blocking antibody for IgE-specific antigens. By doing so, the
downstream IgE-mediated allergic cascade is inhibited. In fact, in
James et al.’s study, grass pollen allergens were neutralized by IgG4

antibodies, which subsequently resulted in reduced IgE-mediated
events [77]. Similarly, in van de Veen et al.’s study, inflammatory
immune responses induced by bee venom were dampened through
IL-10-producing Bregs and their production of IgG4

antibodies [61].
In summary, IL-10 induces Bregs to produce IgG4 and

together, these anti-inflammatory mediators suppress CD4+ T-cell
proliferation, IgE, and the allergic cascade [61, 77]. In a study of
cow’s milk allergy, Noh et al. found that Bregs produced IL-10
when stimulated with allergen. However, this same stimulation
also increased apoptosis in the regulatory B-cell subpopulation
[79–81]. Although numerous and phenotypically diverse

Regulatory and IgE+ B Cells in Allergic Asthma 381



regulatory B-cell subpopulations exist, they are all defined by their
ability to produce IL-10 and their resulting significant roles in
many autoimmune diseases, allergies, cancers, and infectious dis-
eases. The phenotype and function of Bregs involved in such path-
ways, particularly with regard to allergic asthma, remain to be
discovered.

1.4.4 Role of Bregs in

Allergic Disease

Allergic diseases have complex and vastly heterogenous pathogene-
sis. Type 2 inflammatory responses to a specific allergen mediated
by ways of sensitization and development of B- and T-cell responses
are the means by which allergic diseases are established [2]. Hence,
the focus of novel therapies are to shift the type 2 inflammatory
response toward a healthy tolerogenic state [47, 82–84], which can
be accomplished through various immunomodulatory approaches
[2]. The in vivo induction of tolerance to the regimented and
controlled administration of increasing allergen concentrations,
called allergen immunotherapy (AIT), is a potentially curative ther-
apy for allergic disease and represents a clinical model for tolerance
induction [2].

Two mechanisms describe the role of Bregs in the allergic
response: the cell-mediated and the humoral suppressive responses.
The cell-mediated suppressive response is carried through the
release of anti-inflammatory mediators (e.g., IL-10 and TGF-β).
The humoral suppressive response is classified by the B cells’ ability
to isotype switch and produce IgG4 blocking antibodies.

The earliest discoveries of the role of Bregs in allergies occurred
in guinea pigs through ovalbumin (OVA)-induced skin hypersensi-
tivity reactions [41]. Similarly, a study in 1998, examined the
frequency of IL-10+ B cells in patients with bee venom allergy
receiving immunotherapy and is the human study to first note
evidence for Bregs [68]. Compared to IL-10� B cells, transcription
analysis identified IL-10+ B cells as being CD19+CD73�

CD25+CD71+ [61].
These IL-10+ B cells were appropriately named Bregs given that

they are similar to Trl cells with regard to their ability to suppress
antigen-specific T-cell proliferation via the IL-10-mediated
response [61]. Those with bee venom allergy undergoing immu-
notherapy in the aforementioned study were found to have a two-
to fivefold increase in the Br1 CD19+CD73�CD25+CD71+IL-10+

B-cell subset, specific for the major bee venom phospholipase A2
(PLA) approximately 4 months post-therapy [61]. In conclusion,
following high-dose allergen exposure, we assist to an expansion of
Breg populations and thus to the maintenance of a tolerogenic
response to specific allergens [61]. Moreover, Bregs have the ability
to increase IgG4 production relative to serum IgE levels, thus
demonstrating humoral effects in allergic disease. Bregs are central
to the humoral effects in allergic disease [61]. In fact, in the
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aforementioned study, IL-10 played an integral role in the B cells’
ability to differentiate into the IgG4-producing plasma cells and
resulted in a 100-fold decrease in the IgE/IgG4 ratio [61]. Hence,
there is sufficient evidence to support the notion that Bregs play an
integral part of the modulation of allergic disease, both through
their ability to suppress effector T cells and skew the humoral
response through the IgG4 isotype. This has expanded our under-
standing of allergic disease and shows promise in the development
of future therapies.

Through limited studies in allergic airway inflammation, we
have gained tremendous insight into the mechanistic role played
by Bregs [85]. Murine models of house dust mite (HDM) airway
hyperresponsiveness have demonstrated that CD9+ B cells were
crucial to the production of suppressive mediators [86]. B1 cells,
plasma cells, and marginal zone B cells are shown to express the
adhesion molecule CD9 [86]. The adoptive transfer of CD9+ B
cells results in the suppression of Th2- and Th17-mediated inflam-
matory responses through IL-10-mediatedmechanisms [86]. Addi-
tionally, FasL expression was upregulated on CD5+ B1 cells
following stimulation with cockroach allergen and mediated the
apoptosis of effector CD4+ T cells and thus controlled allergen-
induced airway inflammation [23]. Furthermore, human trials have
shown that the suppression of AHR-mediated inflammation is
highly regulated by IL-10+ Bregs. Specifically, IL-10 secretion
resulted in the reversal of allergic airway inflammation through
CD19+CD1dhiCD5+CD21hiCD23+IgD+IgMhi Bregs and positive
expression of CD1d [87]. Bregs also recruit Tregs to the lungs,
further suppressing airway inflammation [24, 85].

Further emphasizing the importance of Bregs, Amu et al., Sing
et al., and Lundy et al. found that Breg-deficient mice had higher
levels of serum IgE, type 2 cytokines (IL-4 and IL-5), and eosino-
philia [23, 24, 85]. They also found that adoptive transfer of Bregs

into mice with allergic airway disease reversed the inflammatory
phenotype [23, 24, 85].

In summary, Bregs produce IL-10 resulting in the production of
IgG4 and the recruitment of Tregs into the lungs, thus suppressing
the allergic cascade and airway inflammation [23, 24, 85]. How-
ever, research regarding the role of Bregs in the pathogenesis and
pathobiology of allergic asthma is limited and remains to be further
elucidated.

1.4.5 Phenotypes of Bregs Despite our partial understanding of the role of Bregs in various
disease states, we still do not have a defined characterization of the
Breg phenotype. Moreover, the exact mechanism of their inception
within specific disease contexts has not yet been elucidated. Cur-
rently two hypotheses have been considered: one states that Bregs

are specific to a distinct B-cell lineage, whereas the other states that
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Bregs are derived from a certain immunological microenvironment
inducing B cells to take on this specific phenotype and function. In
this light, a primary aim of future research in this field will be
characterizing these phenotypes and highlighting those with the
most suppressive functions to further understand their role in dis-
eases. In a Breg phenotype study by Oliveria et al., these phenotypes
were evaluated, particularly FoxP3+ Bregs were found to be lower in
level in allergic asthmatics compared to controls. Furthermore,
FoxP3+ Bregs were evaluated in bone marrow, blood, and sputum,
and it was demonstrated that at 7 hours post-challenge, FoxP3+

Bregs increased in the blood, and at 24 hours post-challenge they
decreased in the bone marrow and increased in the airways [88]. All
together, these findings suggest that Bregs are trafficking to the
airways after allergic stimulation. Oliveria et al. also conducted
in vitro studies evaluating the role of IL-4 stimulation of B cells
and found that IL-4 stimulation increases the levels of FoxP3+IL-
10+ B cells after 72 hours of culture [88]. Thus, the allergic cascade
has a role in the propagation of regulatory B cells and may be
transiently increasing their functions to mitigate inflammatory
mechanisms, but more comprehensive studies need to be done to
confirm these conclusions. Particularly, for allergic diseases, we
would benefit from gaining knowledge regarding Breg trafficking
and compartmentalization in the early and late phase of the allergic
response. Among the investigated phenotypes, CD1d+CD5+ Bregs,
CD5+FoxP3+ Bregs, and CD24+CD38+ Bregs have shown promise
in reversing allergic airway inflammation, particularly in human and
murine models.

CD1d+CD5+ Bregs CD1d+CD5+ Bregs represent a splenic B-cell subset which exerts
immunomodulatory effects through the production of IL-10 and
plays a crucial role in the suppression of the acute phase reaction in
contact hypersensitivity [46, 89, 90]. Moreover, it has been
demonstrated that, in mice, CD19+IL-10+CD1dhiCD5+

CD21+CD23+ Bregs suppress allergic airway inflammation through
the secretion of IL-10 and expression of CD1d [87]. Furthermore,
murine and human models of autoimmune disease have demon-
strated the involvement of Bregs in their pathogenesis, particularly
systemic lupus erythematosus (SLE) and rheumatoid arthritis. In
fact, defective CD1d expression resulted in altered Breg stimulation
and as a result, impaired invariant natural killer T cell (iNKT)
number and function [91]. Normally, natural killer T (NKT) cells
are activated through activation of their surface-membrane T-cell
receptors (TCRs) secondary to CD1d expression. Overall, the
expression of CD1d is a specific marker of Breg that is implicated
in both allergic and non-allergic diseases secondary to its unique
suppressive pathways [92–94].
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CD5+FoxP3+ Bregs The expression of FoxP3, an important transcription factor in Treg

development, was first identified in CD19+CD5+ B cells by Noh
et al. in 2010 [75]. In human PBMCs, CD5+ B-expressing FoxP3
made up 8.5 � 3.5% of the CD19+ B-cell pool and showed a
significantly elevated apoptotic frequency of 63.44% [75]. These
cells have been extensively studied in food allergy. In one study,
subjects allergic to cow’s milk protein (e.g., casein) presented
decreased CD5+FoxP3+ Breg upon allergen stimulation compared
to milk-tolerant controls who actually showed an increase in this
cell population [81]. Conversely, both allergic and tolerant indivi-
duals demonstrated an increase in CD4+FoxP3+ Treg, suggesting
that Bregs play a much broader role in food allergy beyond merely
Treg-mediated suppression [81]. More remains to be discovered
regarding the role of CD5+FoxP3+ Bregs in the pathogenesis of
allergic asthma.

CD24+CD38+ Bregs CD24+CD38+ regulatory B cells constitute a subset of transitional
B cells localized primarily in the peripheral tissues [46, 55, 76,
95]. Following stimulation with CD40, these cells produce the
highest levels of IL-10 among all other Bregs in peripheral blood
(CD24+CD27+ Bregs, CD1d+ Bregs) [46]. Additionally, they are the
only subset currently demonstrated to directly suppress Th1 differ-
entiation of CD4+ cells which is speculated to be partially depen-
dent on cellular contact between CD80–86 on B cells and CD28
on T cells, and they have the capacity to induce the differentiation
of CD4+ T cells into Tregs or Trl cells [95]. According to studies by
Blair et al., CD24+CD38+ Bregs from SLE patients were defective in
number and showed impaired IL-10 production following CD40
stimulation [95]. These patients were also unable to suppress Th1
responses secondary to defective STAT3 phosphorylation
[95]. Although SLE could be the result of genetic predispositions,
the above findings lead to the hypothesis that the observed Breg

dysfunction is the result of overstimulation secondary to the
chronic inflammatory environment leading to Breg exhaustion and
loss of function [74]. CD24+CD38+ Bregs also contribute to
immune dysfunction in HIV infection where they hinder viral
clearance [96]. This subtype of Breg plays an integral role in the
establishment of graft tolerance through suppression of effector T
cells and thus prevents the development of chronic graft versus host
disease [97, 98]. To conclude, Bregs have a vast role in various
disease processes, and our understanding of their function will
potentially give rise to novel therapies and the possibility of creating
transplantation tolerance. Nevertheless, their role in allergic disease
is still not well understood.
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CD24+CD27+ Bregs CD24+CD27+ Bregs comprise a subset of memory B cells and
represent the majority of IL-10-producing B10 cells
[46, 55]. The production of TNF-α by circulating monocytes is
regulated by these CD24+CD27+ Bregs [76]. It was found that
individuals with allergic asthma have a significantly reduced number
of CD24+CD27+ Bregs in addition to their defective production of
IL-10 upon LPS stimulation relative to healthy patients [29]. As a
result, the induction of Tregs in response to the Der p1 allergen was
weaker, and this could potentially be responsible for the propaga-
tion of allergic asthma and hence warrants further research in
CD24+CD27+ Bregs [29].

Other Bregs Phenotypes There is no standard definition of the phenotypic characterization
of Bregs, and as a result, certain established Breg subtypes do not
conform to the definition of IL-10-mediated suppression. A subset
of plasmablasts identified as CD27hiCD38hi is known as being
IL-10-rich and is postulated to have a role in the anti-inflammatory
humoral response [99]. Another unique Breg subset, characterized
by the CD25hiCD71hiCD73lo phenotype, is postulated to have a
role in the induction of allergen tolerance through the production
of IgG4 antibodies and the suppression of antigen-specific CD4+ T
cells [61]. In addition to IL-10-enriched Bregs, granzyme B (GrB)-
expressing B cells, characterized by the CD19+CD38+CD1d+

IgM+CD147+ phenotype, have been described to exert a suppres-
sive function [100, 101]. Another subtype of Bregs characterized by
the CD39+CD73+ phenotype was shown to drive the microenvi-
ronment away from an AT-mediated pro-inflammatory environ-
ment, through interaction with adenosine [102]. Additionally, the
CD35+TSP-1+ Bregs subset has been shown to suppress allergic
inflammation in the intestine through their ability to downregulate
dendritic cell co-stimulatory molecules via TGF-β production, thus
resulting in Treg differentiation [103].

1.5 Summary To summarize, B-cell subsets play important roles in the promotion
and regulation of allergic disease. Future studies are required to
further characterize and define subsets of IgE and Breg phenotypes,
and in particular, their individual contributions to allergic disease.
Given that these cells have been shown to modulate the inflamma-
tory processes in allergic asthma, much remains to be understood in
this field. We provide a comprehensive overview of IgE+ B cells and
regulatory B cells in the studies outlined in this chapter, utilizing a
human model of allergic airway inflammation, rare samples span-
ning the airway, hematopoietic, lymphatic and peripheral compart-
ments, and relevant experimental strategies in the field of
immunology (see Fig. 1) [9, 10, 88]. Further, the advent of novel
technologies being able to study these cells more in depth will allow
us to better understand their undiscovered roles in disease.
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2 Materials

2.1 Selection of

Participants with Mild

Allergic Asthma

2.1.1 Skin Prick Test

1. Histamine (positive control).

2. Diluting solution: 0.9% saline (negative control).

3. Allergen extracts resuspended in diluting solution.

4. Lancet to perform a small abrasion on the skin with the allergen
extracts.

5. Pen and ruler to measure the wheal diameters.

6. Alcohol swabs to wipe allergen extract from skin.

7. Anti-histamines as needed by the participants.

Fig. 1 Experimental workflow evaluating IgE+ B cells and regulatory B cells in allergic asthmatics. (a) Groups
of individuals evaluated and experimental timeline for the human allergen inhalation challenge. (b) Specimens
collected from human volunteers and evaluated for IgE+ B cells and regulatory B cells analysis. (c) ELISA and
ImmunoCAP measurements for inflammatory mediators including BAFF, total IgE, and specific IgE. (d) Flow
cytometry analysis of various sample cell suspensions at baseline between disease groups and pre- and post-
allergen challenge. (e) Cell culture techniques employed to stimulate B cells and evaluate their regulatory
capacity
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2.1.2 Spirometry and

Methacholine Challenge

Test

1. Methacholine.

2. Wright nebulizer.

3. Electronic spirometer meeting American Thoracic Socie-
ty/European Respiratory Society requirements.

4. Nose clips to prevent air leakage.

5. Bronchodilator as needed by the participants, to return them to
baseline levels.

2.1.3 Allergen Inhalation

Challenge

1. Aqueous allergen extracts.

2. Wright nebulizer.

3. 0.9% saline for diluent challenges.

4. Electronic spirometer meeting American Thoracic Socie-
ty/European Respiratory Society requirements.

5. Nose clips to prevent air leakage.

6. Bronchodilator to ensure individuals are returned to baseline
levels.

2.2 Sample

Collection and Tissue

Preparation

2.2.1 Peripheral Blood

Collection and Processing

1. Two 10 mL heparin-coated, green top, vacutainer tubes of
whole blood.

2. Cryovials for plasma storage.

3. Frosted, glass slides for smear.

4. 50 mL conical tubes.

5. Roswell Park Memorial Institute (RPMI) 1640 medium sup-
plemented with 10% fetal bovine serum (FBS).

6. Density gradient medium for centrifugation-based isolation of
peripheral blood mononuclear cells.

7. Ammonium chloride-based red cell lysing reagent.

8. Sterile disposable 10 mL and 20 mL pipettes.

9. Centrifuge.

10. CD19+ isolation kit to isolate and purify B cells (see Note 1).

2.2.2 Bone Marrow

Aspiration and Processing

1. Bone marrow aspiration needle.

2. Local anesthetic such as lidocaine.

3. 10 mL syringe.

4. 1 mL liquid heparin in syringe.

5. Cryovials for plasma storage.

6. Frosted, glass slides for smear.

7. 50 mL conical tubes.

8. RPMI 1640 medium supplemented with 10% FBS.
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9. Density gradient medium for centrifugation-based isolation of
peripheral blood mononuclear cells.

10. Ammonium chloride-based red cell lysing reagent.

11. Sterile disposable 10 mL and 20 mL pipettes.

12. Centrifuge.

13. Kit, device (magnet, column, etc.) and solutions for immuno-
magnetic separation of human CD138+ cells (see Note 2).

14. 100 μm sterile filter.

2.2.3 Tonsil biopsy

Processing and Cell

Isolation

1. Sterile, through-cut forceps.

2. Local anesthetic such as lidocaine.

3. 10 mL conical tubes.

4. Phosphate buffered saline (PBS): 8.00 g sodium chloride,
0.20 g potassium chloride, 1.44 g sodium phosphate, 0.24 g
potassium phosphate, 1000 mL distilled water, pH adjusted
to 7.4.

5. Petri dish.

6. RPMI 1640 medium supplemented with 10% FBS.

7. Disposable scalpel.

8. Sterile squeeze bulb pipettes.

9. 0.1% collagenase solution: 1 mL of 1% collagenase type I in
9 mL PBS.

10. 37 �C incubator with shaker.

11. 100 μm sterile filter.

12. Centrifuge.

2.2.4 Sputum Induction

and Processing

1. 3%, 4%, and 5% saline.

2. Nebulizer (jet or ultrasonic) with output 0.2–1.0 mL/min.

3. Sterile cups with screw-on caps for sputum expectorant.

4. Petri dish.

5. Sterile forceps.

6. 10 mL and 50 mL conical tubes.

7. PBS.

8. 0.2% sputolysin reagent: a concentrate of dithiothreitol (DTT)
in phosphate buffer.

9. Cryovials for sputum supernatant storage.

10. Trypan blue live/dead cell stainer.

11. Hemocytometer.

12. 50 μm nylon mesh cloth.
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13. Frosted, glass slides for sputum cytospins.

14. Cytospin centrifuge.

15. Diff-Quik™ stain with hematoxylin and eosin (Microptic).

2.3 Circulating

Protein Measurements

1. Squeeze bottle for wash buffer.

2. Paper towels and kim wipes.

3. Multi-channel pipettes.

4. Ice box and ice.

5. Human BAFF ELISA kit. Many different suppliers provide
ELISA kits of sufficient quality to be used for BAFF detection.
We used the BAFF ELISA kit from R&D Systems.

6. Total human IgE ELISA kit. Many different suppliers provide
ELISA kits of sufficient quality to be used for BAFF detection.
We used the total IgE ELISA kit from Abcam.

7. ELISA plate reader.

8. Phadia® 250 platform by ImmunoCAP® (ThermoFisher
Scientific).

2.4 Flow Cytometry

Staining

1. Trypan blue live/dead cell stainer.

2. Hemocytometer.

3. Round-bottom, 5 mL, polystyrene tubes with filter caps.

4. Cell staining medium (CSM): 0.5% bovine serum albumin
(BSA), 0.1% sodium azide, 5 mM ethylenediaminetetraacetic
acid (EDTA) in PBS.

5. Human FcR block reagent. (see Note 3).

6. Fluorochrome-conjugated antibodies for flow cytometry stain-
ing of surface (see Table 1) and intracellular (see Table 2) mole-
cules of IgE+ B cells and Bregs.

7. Homemade or commercially distributed fixation and permea-
bilization buffers.

8. Centrifuge.

9. Table top vortex.

10. Compensation beads.

11. Flow cytometer and flow cytometry data analysis software.

2.5 B-Cell Isolation,

Culture, and

Stimulation

2.5.1 B-Cell Isolation

1. Four 10 mL heparin-coated, green top, vacutainer tubes of
whole blood.

2. CD19+ isolation kit to isolate and purify B cells (see Note 4).

3. 50 mL conical tubes.

4. PBS.

5. Magnetic separation system.
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6. Sterile squeeze bulb pipette.

7. B-cell culture medium: RPMImedium supplemented with 10%
FBS, 2.5% 4-(2-hydroxyethyl)-1-piperazine-ethane-sulfonic
acid (HEPES), 0.5% Penicillin/Streptomycin, and 1% sodium
pyruvate.

Table 1
Surface antibodies used to characterize IgE+ B cells and Bregs subsets

Target Clone Fluorophore

CD4 RPA-T4 APC-H7

CD8 RPA-T8 FITC

CD5 UCHT2 Alexa Fluor 700

CD19 SJ25-C1 APC-Cy7

CD19 MOPC-21 PE-Cy7

CD1d CD1d42 APC

CD24 ML5 PE-CF594

CD27 M-T271 PE-Cy7

CD27 M-T271 V450

CD38 HIT2 PE

CD38 HB7 V450

CD45 2D1 AmCyan

CD45 2D1 APC-H7

CD45 HI30 V450

CD138 MI15 FITC

CD138 MI15 PerCP-Cy5.5

Table 2
Intracellular antibodies used to characterize IgE+ B cells and Bregs subsets

Target Clone Fluorophore

FoxP3 PCH101 Alexa Fluor 488

IgE MB10-5C4 APC

IgE MB10-5C4 PE

IgG IS11-3B2.2.3 APC

IgG IS11-3B2.2.3 FITC

IL-10 JES3-9D7 PE
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2.5.2 B-Cell Culture and

Stimulation

1. Round-bottom, 96-well, individually packaged, sterile culture
plates.

2. Trypan blue live/dead cell stainer.

3. Hemocytometer.

4. Purified human IL-4.

5. Phorbol 12-myristate 13-acetate (PMA).

6. Ionomycin.

7. 5% CO2, 37
�C cell culture incubator.

8. Protein transport inhibitor cocktail made of monensin and
brefeldin A.

9. Fluorochrome-conjugated antibodies for flow cytometry stain-
ing of surface (see Table 1) and intracellular (see Table 2) mole-
cules of IgE+ B cells and Bregs.

3 Methods

3.1 Selection of

Participants with Mild

Allergic Asthma

When recruited, study participants complete all allergic asthmatic
testing aimed to confirm the allergic status (skin prick test) and
airway hyperresponsiveness (methacholine challenge) (see Table 3).
The results of the methacholine challenge and skin prick test con-
firm the eligibility for subjects with mild asthma to enter the study,
while the results of the skin prick test titration are used to determine
the allergen dose for inhalation, as previously described [104–110].

3.1.1 Determination of

Allergic Status Using Skin

Prick Testing

1. Prick the skin with a lancet containing a small amount of
common aeroallergens. Additionally, histamine and saline are
used as positive and negative controls, respectively.

2. Measure wheal size using a pen and ruler 10 min after skin
prick. A wheal diameter > 2 mm is considered to be positive
[104–106].

Table 3
Subject characterization using methacholine challenge and skin prick test resultss

Methacholine challenge result Skin prick test result

Allergic asthmatics Positive Positive

Allergic non-asthmatics Negative Positive

Healthy controls Negative Negative
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3.1.2 Measurement of

lung Function Using

Spirometry

1. Subjects must perform spirometric maneuvers with full flow
volume loop.

2. Determine the percent predicted forced expiratory volume in
one second (FEV1) using the third National Health and Nutri-
tion Examination Survey (NHANES III) reference values. A
FEV1 � 70% of predicted [107] is considered to be normal
lung function.

3. Subjects that develop asthmatic exacerbations or respiratory
tract infections within 4 weeks of the study start date or are
historically diagnosed by a physician with other underlying
diseases other than asthma must be excluded. Spirometry
must be performed following American Thoracic Society
guidelines [108].

3.1.3 Airway

Hyperresponsiveness

Testing Using the

Methacholine Challenge

Test

1. The methacholine challenge test that determines airway
responsiveness [109] should be conducted by a trained, expe-
rienced technician using the tidal breathing method from a
Wright Nebulizer.

2. The methacholine provocative concentration causing at least a
20% fall in FEV1 (PC20) is calculated by linear interpolation.

3. The methacholine PC20 is required to be �16 mg/mL [107]
for a subject to have airway hyperresponsiveness (see Note 5).

3.1.4 Inducing

Symptomatic Allergic

asthma Using the Inhaled

Allergen Challenge

1. As detailed in [111], allergen challenge should be conducted
by a trained, experienced technician with a physician at arms-
length in the event of complications.

2. The allergen challenge is conducted with increasing concentra-
tions of allergen inhaled by tidal breathing for 2 min each.
FEV1 is measured 10 min post-inhalation.

3. Allergen inhalation is stopped when the FEV1 falls by at least
20%, then FEV1 is measured regularly until 7 h post-challenge.

4. The early asthmatic response is the lowest fall in FEV1 between
0 and 2 h, while the late asthmatic response is the lowest fall in
FEV1 between 3 and 7 h.

5. The diluent control challenge (negative control) consisted of
three doses of the diluting solution instead of diluted allergen
extract (see Fig. 1a).

3.2 Sample

Collection and Tissue

Preparation

All samples must be collected by trained physicians or technicians,
ensuring excellent quality sampling, and stored in controlled con-
ditions (see Fig. 1b). Our group is uniquely positioned where we
have extensive experience employing the allergen inhalation chal-
lenge model, in addition to being able to obtain a wide array of
human biological specimens (e.g., bone marrow, peripheral blood,
sputum, and tonsil biopsies).
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3.2.1 Collection of

Venous Blood through

Venipuncture

1. Peripheral blood must be collected into vacutainers containing
heparin by an experienced, trained phlebotomist.

2. Perform total cell count using a hemocytometer. Prepare
smears and stain with Diff-Quik™ for cell differentials.

3. Centrifuge 2 mL of the blood at 1000� g for 10 min to collect
plasma for measurement of total IgE levels.

4. Dilute the remaining blood in RPMI medium supplemented
with 10% FBS at 1:1 and then layer on density gradient
medium. Centrifuge at 800 � g for 20 min without break.

5. Collect the PBMC layer and store at 4 �C for flow cytometry
staining (see Note 6).

3.2.2 Aspiration of Bone

Marrow Sample from the

Iliac Crest

1. Bone marrow must be aspirated from the iliac crest following
local administration of lidocaine by a trained, experienced
hematologist.

2. Collect 9 mL of bone marrow into a bone marrow aspiration
syringe containing 1 mL of heparin.

3. The 10 mL of bone marrow is further diluted 1:1.5 with RPMI
medium supplemented with 10% FBS and layered on top of
15 mL density gradient medium at room temperature. Centri-
fuge at 800 � g for 20 min without break (see Note 7).

4. The bone marrow mononuclear cell (BMMC) layer was col-
lected and stored at 4 �C for flow cytometry staining of regu-
latory B cells (see Note 8).

3.2.3 Homogenization of

Tonsil biopsy and Cell

Isolation

1. Tonsil tissue must be collected from patients using a through-
cut forceps technique following local administration of lido-
caine by a trained, experience otolaryngologist (see Note 9).

2. Disrupt the biopsy mechanically with a disposable scalpel in a
petri dish and then incubate the processed tissue in 0.1% colla-
genase for 2 h at 37 �C to further breakdown tissue collagen
(see Note 10).

3. Wash cells with PBS, centrifuge at 500� g for 10min, and filter
through a 100-μm filter. Cells can then be stained for flow
cytometry analysis.

3.2.4 Induction of

Sputum Samples

1. Induce sputum by inhalation of 3%, 4%, and 5% saline and
select and process mucous plugs as previously described
[112, 113] (see Notes 11 and 12).

2. Treat sputum with sputolysin reagent and filter through a
nylon mesh. Pellet the cells by centrifugation and perform a
total cell count.
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3. Prepare two cytospins and stain with Diff-Quik for cell differ-
entials. Store the remaining cells at 4 �C for flow cytometry
staining.

4. Froze the fluid phase at �80 �C for measurements of total IgE,
BAFF, and other inflammatory mediators.

3.3 Circulating IgE

and BAFF

Measurements

1. Use commercially available, sandwich, enzyme-linked immu-
nosorbent assay (ELISA) kits to quantify total and allergen-
specific IgE and BAFF in peripheral blood plasma and sputum
fluid phase (see Fig. 1c and Note 13).

2. The lower limit of detection (LLOD) is 0.5 IU/mL for total
IgE based on the Abcam kit, 0.1 IU/mL for allergen-specific
IgE based on the ImmunoCAP® platform, and 2.68 pg/mL
for BAFF based on the R&D Systems kit.

3. Quantify the absorbance using an appropriate plate reader (see
Note 14).

3.4 Flow Cytometry

Experiments

The ones presented here below are the first protocols to be devel-
oped to evaluate IgE+ B cells and regulatory B cells (Bregs) in the
sputum, as well as in other peripheral compartments, of allergic
asthmatics using the allergen inhalation challenge model [9, 10,
88].

Classically, IgE+ B cells have been difficult to detect in the
blood due to cell rarity. However, methodological advances in
flow cytometry with more lasers have allowed for B-cell subsets to
be measured using greater than 10 fluorochrome-conjugated anti-
body panels. Recent papers have reported the measurement of IgE+

B cells in the blood [40], nasal biopsies, and nasal lavage of patients
with allergic rhinitis [114, 115]. However, with our methods we
were able for the first time to consistently detect IgE+ B cells in the
blood, bone marrow, tonsil, and sputum of subjects.

We also evaluated different phenotypes of Bregs implicated in
allergic disease [29, 81, 116] using flow cytometry. We observed a
consistent decrease in the frequency of FoxP3-expressing Bregs in
the bone marrow and an increase in the blood at 24 h post-allergen
inhalation challenge. Although we were not able to measure differ-
ent phenotypes of Bregs in the airways due to limited sample avail-
ability, we were the first to measure the numbers of CD19+FoxP3+

B cells in the sputum.

3.4.1 General Cell

Staining Protocol for Flow

Cytometry

1. Aliquot the isolated cells in cell staining tubes (see Note 15)
and wash twice with CSM.

2. Incubate cells for 10 min with human FcR block reagent
diluted in accordance to manufacturer’s instructions to a final
volume of 50 μl.
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3. After 10 min, add the surface antibodies without washing.
Depending on the specific sample (sputum, PBMC, BMMC,
tonsil) being analyzed, incubate cells for 30 min at 4 �C with a
different combination of antibodies directed against specific
surface markers at a final volume of 200 μl (see Table 1 and
Subheadings 3.4.2 and 3.4.3).

4. Following incubation, wash cells by 5 min centrifugation at
500 � g at 4 �C (see Note 16).

5. Proceed with the fixation/permeabilization step according to
the manufacturer’s instructions of the employed commercial
kit (see Note 17).

6. Incubate cells with mouse and rat serum for 10 min (see Note
18).

7. After 10 min, add the intracellular antibodies without washing.
Incubate cells with the antibodies directed against specific
intracellular markers at a final volume of 200 μl for
30–60 min at room temperature (see Table 2 and Subheadings
3.4.2 and 3.4.3). Appropriate isotypes and fluorescence minus
one (FMO) must be used as negative controls for fluorescent
staining background and antibody specificity, respectively. Use
compensation beads to adjust settings.

8. Following incubation, wash cells and acquire the samples using
a flow cytometer capable of detecting up to 15 fluorochromes
simultaneously.

9. Export the .fcs files from the flow cytometer and analyze them
with a dedicated software (see Fig. 1d).

3.4.2 Gating Strategy to

Identify the Rare Population

of IgE+ B Cells

1. To identify IgE+ B cells among total sputum cells, samples
should be surface stained with antibodies to CD45
(APC-H7), CD19 (PE-Cy7), and intracellularly stained with
antibodies to IgE (PE). As shown in Fig. 2a, place a gate
around all the cells, excluding debris and doublets, in the
forward scatter (FSC) and side scatter (SSC) plots. Plot
SSC-A and CD45 and gate on the SSClowCD45+ lymphocyte
population (see Fig. 2b). Then draw a gate around the CD19+

B-cell population on the CD45 and CD19 plot (see Note 19).
Plot CD19+ B cells with IgE and analyze IgE+ B cells in the
airways (see Note 20 and Fig. 2b). Figure 2 also shows a
representative analysis of how the frequency of the CD19
population changes among the participants of the allergic
asthma study (see Fig. 2c) and in the course of allergen chal-
lenge (see Fig. 2d).

2. To identify IgE+ B cells among memory B cells (MBCs,
CD27+CD38�), plasmablasts or pre-plasma cells (PPCs,
CD27+CD38+) and plasma cells (PCs, CD38+CD138+) from
peripheral blood and tonsil, samples should be surface stained
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Fig. 2 Representative gating strategy for CD19+ and IgE+ B cells in sputum. (a) Exclusion of debris and
isolation of single cells. (b) Identification of total lymphocytes, CD19+ B cells, and IgE+ B cells. (c) CD19+

B-cell proportions as a percent of CD45+ lymphocytes across groups (controls and allergic asthmatics). (d)
CD19+ B cell proportions as a percent of CD45+ lymphocytes in allergic asthmatics pre- and post-allergen
inhalation challenge



with antibodies to CD45 (APC-H7), CD19 (PE-Cy7), CD27
(V450), CD138 (FITC), CD38 (PE), and intracellularly
stained with antibodies to IgE (APC) and IgG (APC). As
shown in Fig. 3a, place a gate around all the cells, excluding
debris and doublets, in the forward scatter (FSC) and side
scatter (SSC) plots. Plot SSC-A and CD45 and gate on the
lymphocyte population (SSClowCD45+). Then draw a gate
around the CD19+ B-cell population on the CD45 and
CD19 plot (see Note 21). To identify memory B cells, draw a
gate around the CD27+ population on the CD19 and CD27
plot (see Fig. 3b). To identify plasmablasts or pre-plasma cells,
draw a gate around the CD27+CD38+ population on the
CD38 and CD27 plot (see Fig. 3c). To identify plasma cells,
draw a gate around the CD38+CD138+ population on the
CD38 and CD138 plot (see Fig. 3d). Further evaluation of
IgE+ and IgG+ MBCs, PPCs, and PCs can be conducted (see
Note 22, Fig. 3b-d).

3. To identify IgE+ B cells among plasmablasts or pre-plasma cells
(PPCs, CD38+CD138�) and plasma cells (PCs,
CD38+CD138+) from bone marrow, samples should be surface
stained with antibodies to CD45 (PerCP-Cy5.5), CD3
(PE-Cy7), CD19 (APC-Cy7), CD38 (FITC), CD138 (PE),
and intracellularly with antibodies to IgE (APC) and IgG
(APC). As shown in Fig. 4a, place a gate around all the cells,
excluding debris and doublets, in the forward scatter (FSC)
and side scatter (SSC) plots. Plot SSC-A and CD45 and gate on
the CD45+ lymphocytes population. Then draw a gate around
the CD3� non-T cells population on the CD19 and CD3 plot
(seeNote 23). To identify plasmablasts and plasma cells, draw a
gate around the CD38+CD138� population for PPCs and
CD38+CD138+ population for PCs on the CD38 and
CD138 plot (see Fig. 4a). Further evaluation of IgE+ and
IgG+ PPCs and PCs can be conducted (see Fig. 4b-c).

3.4.3 Gating Strategy to

Identify Different

Regulatory B-Cell Subsets

1. To identify FoxP3+ B cells among total sputum cells, samples
should be surface stained with antibodies to CD45 (V450),
CD19 (PE-Cy7), and intracellularly with antibodies to FoxP3
(Alex Fluor 488). As shown in Fig. 5a, place a gate around all
the cells, excluding debris and doublets, in the forward scatter
(FSC) and side scatter (SSC) plots. Plot SSC-A and CD45 and
gate on the lymphocyte population (SSClowCD45+). Then
draw a gate around the CD19+ B-cell population on the
CD45 and CD19 plot, plot CD19+ B cells with FoxP3, and
analyze FoxP3+ B cells in the airways (see Fig. 5b).

2. To identify regulatory B cells among total B cells from periph-
eral blood and bone marrow, samples should be surface stained
with antibodies to CD19 (PE-Cy7), CD1d (APC), CD5 (Alexa
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Fig. 3 Representative gating strategy for IgE+ B cells in peripheral blood and tonsil. (a) Exclusion of debris and
isolation of single cells and identification of CD19+ B cells. (b) Identification of memory B cells and IgE+ and
IgG+ memory B cells. (c) Identification of plasmablasts and IgE+ and IgG+ plasmablasts. (d) Identification of
plasma cells and IgE+ and IgG+ plasma cells
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Fig. 4 Representative gating strategy for IgE+ B cells in the bone marrow. (a) Exclusion of debris and isolation
of single cells, identification of CD3� cells, and identification of plasmablasts and plasma cells. (b) Identifica-
tion of plasmablasts and IgE+ and IgG+ plasmablasts. (c) Identification of plasma cells and IgE+ and IgG+

plasma cells
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Fluor 700), CD24 (PE-CF594), CD27 (V450), CD38 (PE),
and intracellularly with antibodies to IgE (APC), IL-10 (PE),
and FoxP3 (Alexa Fluor 488). As shown in Fig. 6a, place a gate
around all the cells, excluding debris and doublets, in the
forward scatter (FSC) and side scatter (SSC) plots. Plot
SSC-A and CD19 and gate on the B-cell population
(SSClowCD19+). To identify the different regulatory B-cell
subsets in peripheral blood and bone marrow, a combination
of plots are used as seen in Fig. 6b-c. Briefly, plot CD24 and
CD27 and gate on the CD24+CD27+ Breg population. Second,
plot CD24 and CD38 and gate on the CD24+CD38+ Breg

population. Third, plot CD1d and CD5 and gate on the
CD1d+CD5+ Breg population. Last, plot CD5 and FoxP3 and
gate on the CD5+FoxP3+ Breg population.

Fig. 5 Representative gating strategy for FoxP3+ B cells in sputum. (a) Exclusion of debris and isolation of
single cells. (b) Identification of total lymphocytes, CD19+ B cells and FoxP3+ B cells
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3.5 Bregs
Functional Assay

The initiation of type 2 inflammation in allergic asthmatics includes
the production of the IL-4 and IL-13 cytokines which are known to
promote maturation of IgE-producing B cells [9, 10]. In a growing
body of literature, Bregs have been proposed to suppress
IgE-mediated allergic inflammation through the secretion of
IL-10 [24, 61, 81, 117]. In murine models, a deficiency in Bregs

has been associated with increased serum IgE, increased type-2-
cytokines, and increased eosinophilia [24, 85]. In light of these

Fig. 6 Representative gating strategy for regulatory B cells in the bone marrow and peripheral blood. (a)
Exclusion of debris and isolation of single cells. (b) Breg populations in the bone marrow. (c) Breg populations in
peripheral blood
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considerations, when studying Bregs in the context of allergic
asthma, it is very important to investigate the functional capacity
of Bregs to express IL-10 in vitro. In this section we provide the
protocols to assess how molecules produced during inflammation
in allergic asthmatics, such as IL-4, affect the B-cell capacity to
express FoxP3 and IL-10, which are both important markers for
Bregs functions.

3.5.1 Isolation of

Peripheral Blood CD19+ B

Cells by Magnetic-Based

Cell Separation

1. Collect the PBMC layer after density gradient centrifugation of
peripheral blood (see Subheading 3.2.1).

2. Isolate human CD19+ B cells from whole blood by immuno-
magnetic separation (see Note 4). Follow the manufacturer’s
instructions of the employed kit.

3. At the end of the isolation process, wash and count purified
cells. Before culturing, check the purity of isolated B cells by
assessing the expression of the CD45, CD19, and CD20 mar-
kers by flow cytometry (see Note 24).

4. Suspend isolated cells at a concentration of 1� 106 B cells/mL
in B-cell culture medium (see Note 25).

3.5.2 B-Cell Stimulation

with IL-4 to Determine

Functional Expression of

IL-10 and FoxP3

1. Plate isolated B cells in a round-bottom 96-well plate at a
starting density of 2 � 105 cells in a final culture volume of
200 μl (see Fig. 1e).

2. Culture B cells in B-cell culture medium alone (negative con-
trol) or supplemented with either 15 ng/mL PMA and 0.5 μg/
mL ionomycin (positive control) or with increasing concentra-
tions (5 ng/mL, 25 ng/mL, and 50 ng/mL) of IL-4.

3. Incubate B cells in a humidified 37 �C, 5% CO2 incubator for
72 h. Every 12 h, gently agitate the culture plate for approxi-
mately 3 sec (see Note 26).

4. Six hours before the end of culture, add to the culture suspen-
sion a protein transport inhibitor cocktail of 1 μmol/l brefeldin
A and 1 μmol/l monensin to block cytokine secretion (seeNote
27).

5. Collect cells and transfer to staining tubes. Proceed with cell
surface (CD19, CD5, CD24, CD27) and intracellular (IL-10,
FoxP3) staining as described in Subheading 3.4.1.

6. Analyze by flow cytometry the frequency of different Breg sub-
populations (see Subheading 3.4.3).

3.6 Next Generation

Methods

The ones reported here below are not methodological protocols
but rather the descriptions of two cutting edge techniques that
allow to simultaneously study IgE+ B cells and regulatory B cells.
Mass cytometry (CyTOF) and multiplexed imaging (IMC and
MIBIscope) are next generation technologies still in their infancy
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of utility that can permit to quantify and characterize IgE+ B cells
and Bregs with much more resolution than what is already available
in literature.

3.6.1 Mass Cytometry

(CyTOF)

A big limitation when studying IgE+ B cells and Bregs is the techno-
logical limitation in being able to quantify these cells. With the
advancements in flow cytometry techniques and the availability of
many new fluorochromes, it has been possible to adequately study
IgE+ B cell and Bregs subsets in separate flow cytometry experi-
ments. However, the ability to simultaneously study IgE+ B cells
and Bregs within one experiment would be ideal since it would give
us the ability to accurately compare the ratio of these cell types and
heterogenous cell states; better examining the balance in cellular
quantities between inflammation and regulation within the context
of allergic asthma pathogenesis. Specifically, utilizing mass cytome-
try or cytometry by time-of-flight mass spectrometry (CyTOF),
and specifically quantifying and characterizing IgE+ B cells and
Bregs would be beneficial to the better understanding of the propor-
tions of these cell subpopulations [118] (see Fig. 7a). Mass cyto-
metry is still a fairly underused, versatile technology used for the
analysis of cells on a single-cell level [119–126]. Unlike flow cyto-
metry, mass cytometry allows for simultaneous measurement of
more intracellular and extracellular biomarkers, with greater preci-
sion [120, 122]. In flow cytometry, cells of interest are labeled with
fluorochrome-conjugated antibodies, and the interactions of the
cell with a laser lead to fluorescent emission of light at variable
wavelengths, allowing for the detection and quantification of up
to 20 cellular markers [122]. Mass cytometry involves the labeling
of cells with metal-tagged antibodies for the detection and quanti-
fication of up to 50 cellular markers, which is almost double com-
pared to flow cytometry [122]. The ability to simultaneously
explore more cellular parameters allows for better understanding
of complex cellular systems and signaling pathways that contribute
to our current understanding of B-cell biology [127]. Glass et al.
prepared the first B-cell atlas, evaluating the expression of 351 sur-
face molecules on B cells using mass cytometry, as well as interro-
gate transcription, translation, metabolism, and signaling in B cells
[127, 128]. They identified four specific markers (CD45RB,
CD11c, CD73, CD95) that distinguished phenotypically and iso-
typically distinct B-cell subsets [127]. The next step would be to
explore the intracellular environment of B cells, evaluating tran-
scription factors, cytokine expression, and other inflammatory
mediators, particularly within the context of regulatory B cells.
One of the most practical approach to deeply learn B-cell biology
is to continue employing next generation technologies like mass
cytometry. Quantifying cells based on mass and charge allows us to
circumvent fluorochrome light detection overlap and autofluores-
cence, which are large limitations of flow cytometry [122]. Lastly,
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Fig. 7 Next generation technologies to evaluate IgE+ B cells and regulatory B cells. (a) Multiparameter cytometry
using mass cytometry (CyTOF) technology with the ability to simultaneously measure more than 40 antigens
simultaneously, on the cell surface or intracellularly. (b) Multidimensional imaging using multiplexed ion beam
imaging (MIBIscope) technology with the ability to simultaneously measure more than 40 targets in tissues,
simultaneously revealing spatial localization of structural, cellular, and subcellular features



mass cytometry allows for cellular barcoding, which improves the
efficiency and sensitivity of single-cell analysis, allowing researchers
to better understand shifts and functional potential of specific
cellular subsets and sub-phenotypes [119, 122, 123, 129–
132]. Capitalizing on the utility of cellular barcoding to increase
the efficiency in the acquisition of cells from multiple patients
and/or cells from different compartments, such as spleen, blood,
and bone marrow, significantly increases the throughput of pre-
cious biological samples [119, 123]. Furthermore, Hartmann et al.
developed and quality controlled a method using CD298
platinum-conjugated antibodies to barcode live cells, which broad-
ens the downstream capabilities of single-cell monitoring using
mass cytometry [132].

Taken together, since there is currently no consensus on the
surface phenotype of Bregs in the literature, the use of mass cyto-
metry to better understand the distribution and quantities of dif-
ferent Bregs phenotypes will aid in understanding the roles that
these cells play in allergic asthma pathogenesis. Additionally, since
we do not know the distribution of Bregs in the body after allergic
stimulation, we can take advantage of barcoding and mass cytome-
try to simultaneously analyze multiple compartments (bone mar-
row, blood, airways) after allergen inhalation challenge. Lastly, mass
cytometry can be further used to better understand the single-cell
proteomic profile of cells by intracellular staining of different cyto-
kines being produced by the cells (e.g., type 2 cytokines; IL-4 and
IL-13). By utilizing our allergen inhalation challenge model and
mass cytometry, we can answer questions regarding Bregs develop-
ment, transiency, distribution, and function.

3.6.2 Multiplexed Ion

Beam Imaging Time of

Flight (MIBI-TOF)

Although multiparametric mass cytometry can be a useful tool in
revealing novel states of B cells giving a more granular look on
different B cell states (developmental progression, functional state,
memory status, isotype class), much more work is needed to under-
stand these cells in health and disease. Particularly, as seen in
Oliveria et al.’s work [9, 10, 88], it is important to study these
different B-cell subsets in the diseased organ (e.g., the lungs such as
biopsies or surrogate samples like sputum or bronchoalveolar
lavage in allergic asthmatic individuals). With the advent of more
advanced imaging technologies (imaging mass cytometry by Flui-
digm Sciences and MIBIscope by IonPath), the spatial localization
of total B cells and of their different subsets, as well as the cell–cell
interactions between B cells and other immune and structural cells,
can be evaluated and specifically quantified (see Fig. 7b). Multi-
plexed imaging is still in its infancy and a lot more work is needed
to: (i) learn more interesting biological mechanisms [133, 134],
(ii) work with the high-dimensional data and develop more robust
and innovative analytical pipelines [134, 135], and (iii) develop
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concurrent methodological approaches leveraging the imaging
technology platforms to perform multi-omic-type experimental
studies. Similar to how mass cytometry is the next generation
technology for flow cytometry, imaging mass cytometry (IMC)
and MIBIscope is the next generation technology for immunohis-
tochemistry [129]. Multiplexed imaging yields rich spatial informa-
tion that cannot be achieved by mass or flow cytometry
[129, 134]. Imaging has always been able to provide spatial infor-
mation, such as localization of cell surface or intracellular markers,
points of cell contact and interaction, spatial heterogeneity of vari-
ous cell populations. However, with multiplexed imaging and
through the using of the full potential of greater than 40 antigens
measured simultaneously, novel cell subsets, different cellular clus-
ters/niches can be revealed, and spatial arrangement of immune
cells can be uncovered [134, 136–138]. In the work by Zhao et al.,
authors determined that different B-cell subsets occupy different
niches in lymphoid tissues, where marginal zone B cells and mem-
ory B cells are spatially located in different anatomical spaces within
the gut lymphoid tissues [136]. This data shows that there is B-cell
diversity and heterogeneity that is still widely unknown, even within
healthy individuals, let alone various disease states. Much more
work using high-dimensional imaging platforms to study B cells is
needed, particularly in allergic diseases, since IgE produced by B
cells plays an important role in disease pathogenesis [138].

4 Notes

1. To isolate CD19+ B cells from whole blood, we use the Roset-
teSep™ CD19+ B-cell enrichment kit (STEMCELL Technol-
ogies). This negative selection kit enriches the B-cell
population through a two-step protocol: first non-B cells are
bound to a tetramer-antibody cocktail, while the following
centrifugation with the RosetteSep™ density gradient medium
will enrich B cells in the visible layer, and pellet non-B cells and
red blood cells.

2. We used the StraightFrom®Whole Blood CD138 MicroBeads
(Miltenyi Biotec) since it allows the isolation of CD138+ cells
directly from blood or blood products without the need for
density gradient centrifugation. The AutoMACS running
buffer and AutoMACS rinsing solution were used accordingly.

3. The FcR block reagent is used to prevent unwanted binding of
antibodies to human Fc receptor-expressing cells. In alternative
to the FcR block reagent, both mouse and rat serum can be
used during staining for flow cytometric analysis to inhibit
non-specific binding of mouse and rat monoclonal antibodies,
respectively. Although many different suppliers provide the
FcR block reagent, we used the one from Miltenyi Biotec.
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4. EasySep™ CD19+ B-cell isolation kit (STEMCELL Technolo-
gies) is used to isolate and purify CD19+ B cells by positive
selection. This kit isolates CD19+ B cells directly from whole
blood and the isolation process is quick and efficient, yielding
high purity of functional B cells. Compared to the RosetteSep
CD19+ B-cell enrichment kit, the EasySep CD19+ B-cell isola-
tion kit provides a final product with a much greater purity, and
this is fundamental when cells must be put in culture for
downstream experiments. Indeed, although good at depleting
other cells, B-cell isolation through negative selection still has
other cellular contaminations, which can be easily removed in
silico (e.g., gating desired cells and/or gating out undesired
cells) but are not suitable with cell culture.

5. To be considered to have airway hyperresponsiveness, the
methacholine PC20 must be below 16 mg/mL. Methacholine
is a smooth muscle agonist, and by inhaling concentrations of
methacholine higher than 16 mg/mL, even healthy subjects
with healthy airways can experience bronchoconstriction.

6. For the peripheral blood studies evaluating the kinetics of IgE+

B cells [10], peripheral blood can be collected into heparin
tubes and enriched for B cells using the RossetteSep™ isolation
kit. B cells can then be stained for flow cytometry.

7. The suggested dilution is based on experience evidences that
show that this dilution generates the optimal viscosity to per-
form an undisrupted layer on the density gradient.

8. Since the bone marrow is a reservoir for CD138+ plasma cells, a
CD138+ isolation kit can be used to isolate and enrich plasma
cells in the bone marrow studies evaluating the kinetics of IgE+

B cells [10]. Incubate the mononuclear cell layer with anti-
CD138+ microbeads before proceeding with immunomagnetic
separation. If using the magnetic-activated cell sorter (MACS)
system from Miltenyi, then you can increase CD138+ cell
purity by passing the labeled cells through a LS column twice,
and by slowly plunging the LS column each time. Isolated
plasma cells can be stained for flow cytometry.

9. The physician should consistently collect 0.5 cm3 pieces of
tonsil tissue from willing donors. This will allow to yield
enough cells in order to stain 2 � 106 cells per sample tube
for flow cytometry analysis.

10. After mechanical disruption of the tissue, the petri dish must be
thoroughly washed with PBS three times to ensure that all cells
were collected before further chemical digestion. Place the
petri dish above a black colored piece of paper to visualize
any remnants of cells. Moreover, filter three times the digested
tissue to ensure there is no clumping of cells or remnants of
collagen milieu.

408 John Paul Oliveria et al.



11. The collection of mucous plugs must be done by trained and
experienced technicians. Indeed, this staff is trained to collect
“milky white” mucous plugs rich in cells, and to make sure to
not include excess saliva and other debris, which could con-
taminate the sample with buccal epithelial cells. Sputum
mucous plug collection must be done above a black colored
piece of paper to visualize no remnants of cells. The increasing
salt concentrations gradually increase ciliary transport of spu-
tum from the trachea and allow for the mucous plugs to be
coughed up by the sputum donor.

12. Encouragement of the participant during expectoration of
sputum and live demonstration by the technician was shown
to result in optimal samples with adequate cell numbers for
flow cytometry staining. Visualization of the expectoration
process yields optimal samples.

13. All samples should be pre-aliquoted after collection and pro-
cessing, and stored at �80 �C. This ensures no freeze–thaw of
samples which helps to avoid any inaccurate results from
unmeasurable protein degradation.

14. It is important to note whether the samples for protein mea-
surements have been diluted or run neat. For example, our
sputum supernatant values were multiplied by the sputum
processing dilution factor of 8 in order to get the correct
detected levels.

15. To consistently obtain reliable bone marrow and peripheral
blood B-cell measurements, the quantity of cells stained per
sample tube should be 2 � 106 cells. This needs to be consis-
tent throughout the duration of the study. If there are not
enough cells (a very rare situation), use 1� 106 cells per sample
tube. To consistently obtain reliable sputum B-cell measure-
ments, 5 � 105 cells per sample tube is required.

16. Perform centrifugation at a speed of 500 � g before fixation
and permeabilization, and drop down in speed of 300 � g after
fixation and permeabilization to ensure cells remain intact.

17. The addition of fixation and permeabilization solution should
be done at a slow, dropwise fashion while the cell suspension is
maintained under slow vortexing to avoid any clumping of
cells.

18. The use of mouse and rat serum is useful to decrease the
background signal of intracellular antibodies in flow cytometry.

19. In addition, selected CD19+ B cells can be analyzed for CD27
and CD138 expression to isolate memory B cells (MBCs) and
plasma cells (PCs). IgE+ MBCs and PCs can also be enumer-
ated in the airways.
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20. IgG+ B cells, MBCs, and PCs can also be enumerated in the
airways.

21. By using the RosetteSep™ CD19+ B-cell enrichment kit, the
CD19+ B-cell population was above 90% of the total CD45
parent gate.

22. This gating strategy can be used for cells isolated from tissue
(e.g., tonsil) and peripheral blood.

23. Since a CD138+ isolation kit was used to isolate CD138+ cells,
a CD3 in silico depletion was needed to remove any T cells
from the analysis, as a subset of T cells also express CD138.

24. By using the EasySep™ CD19+ B-cell isolation kit, the purity
was consistently above 98.5%.

25. Resuspend the isolated B cells in B-cell culture medium to
ensure they remain “happy” after magnetic isolation and let
them rest for 2 h at 37 �C before beginning culture protocols.

26. Since it is known that B cells suffer during culture, a trypan
blue viability count was performed before and 72 h after the
start of culture to count viable and death cells. B-cell viabilities
were above 99.3% and 82.1%, respectively.

27. Every 2 h during the 6 h protein transport inhibition period,
gently agitate the culture plate for approximately 3 sec.
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31. Samitas K, Lötvall J, Bossios A (2010) B cells:
from early development to regulating allergic
diseases. Arch Immunol Ther Exp 58
(3):209–225. https://doi.org/10.1007/
s00005-010-0073-2

32. Stavnezer J, Guikema JEJ, Schrader CE
(2008) Mechanism and regulation of class
switch recombination. Annu Rev Immunol
26:261–292. https://doi.org/10.1146/
annurev.immunol.26.021607.090248

33. Hussaarts L, van der Vlugt LEPM,
Yazdanbakhsh M, Smits HH (2011) Regu-
latory B-cell induction by helminths: implica-
tions for allergic disease. J Allergy Clin
Immunol 128(4):733–739. https://doi.org/
10.1016/j.jaci.2011.05.012

34. Galli SJ, Tsai M (2012) IgE and mast cells in
allergic disease. Nat Med 18(5):693–704.
https://doi.org/10.1038/nm.2755

35. Pol MAVD, Lutter R, Ree RVV, Zee JSVD,
Van De Pol MA, Van Ree R, van der Zee JS
(2012) Increase in allergen-specific IgE and
ex vivo Th2 responses after a single bronchial
challenge with house dust mite in allergic
asthmatics. Allergy: European. J Allergy Clin
Immunol 67(8):67–73. https://doi.org/10.
1111/j.1398-9995.2011.02722.x

36. Wilson DR, Merrett TG, Varga EM,
Smurthwaite L, Gould HJ, Kemp M,
Hooper J, Till SJ, Durham SR (2002)
Increases in allergen-specific IgE in BAL
after segmental allergen challenge in atopic
asthmatics. Am J Respir Crit Care Med 165
(1):22–26. https://doi.org/10.1164/
ajrccm.165.1.2010112

37. Nduati EW, Ng DHL, Ndungu FM,
Gardner P, Urban BC, Langhorne J (2010)
Distinct kinetics of memory B-cell and
plasma-cell responses in peripheral blood fol-
lowing a blood-stage Plasmodium chabaudi
infection in mice. PLoS One 5(11):
e15007–e15007.

38. Luger EO, Fokuhl V, Wegmann M,
Abram M, Tillack K, Achatz G, Manz RA,
Worm M, Radbruch A, Renz H (2009)
Induction of long-lived allergen-specific
plasma cells by mucosal allergen challenge.
Journal of Allergy and Clinical Immunology
124 (4):819–826.e814.

39. Chvatchko Y, Kosco-Vilbois MH, Herren S,
Lefort J, Bonnefoy JY (1996) Germinal center
formation and local immunoglobulin E (IgE)
production in the lung after an airway anti-
genic challenge. J Exp Med 184
(6):2353–2360. https://doi.org/10.1084/
jem.184.6.2353

40. Wong KJ, Timbrell V, Xi Y, Upham JW, Col-
lins AM, Davies JM (2015) IgE+ B cells are
scarce, but allergen-specific B cells with a
memory phenotype circulate in patients with
allergic rhinitis. Allergy 70(4):420–428.
https://doi.org/10.1111/all.12563

41. Katz SI, Parker D, Turk JL (1974) B-cell
suppression of delayed hypersensitivity reac-
tions. Nature 251(5475):550–551. https://
doi.org/10.1038/251550a0

42. Neta R, Salvin SB (1974) Specific suppression
of delayed hypersensitivity: the possible pres-
ence of a suppressor B cell in the regulation of
delayed hypersensitivity. J Immunol 113
(6):1716–1725

412 John Paul Oliveria et al.

https://doi.org/10.1016/j.jaci.2010.01.018
https://doi.org/10.1016/j.jaci.2010.01.018
https://doi.org/10.1016/j.jaci.2013.02.023
https://doi.org/10.1016/j.jaci.2013.02.023
https://doi.org/10.1016/j.jaci.2013.01.046
https://doi.org/10.1016/j.jaci.2013.01.046
https://doi.org/10.1016/j.coi.2006.01.007
https://doi.org/10.1016/j.coi.2006.01.007
https://doi.org/10.1111/cea.12238
https://doi.org/10.1002/cyto.b.20547
https://doi.org/10.1002/cyto.b.20547
https://doi.org/10.1007/s00005-010-0073-2
https://doi.org/10.1007/s00005-010-0073-2
https://doi.org/10.1146/annurev.immunol.26.021607.090248
https://doi.org/10.1146/annurev.immunol.26.021607.090248
https://doi.org/10.1016/j.jaci.2011.05.012
https://doi.org/10.1016/j.jaci.2011.05.012
https://doi.org/10.1038/nm.2755
https://doi.org/10.1111/j.1398-9995.2011.02722.x
https://doi.org/10.1111/j.1398-9995.2011.02722.x
https://doi.org/10.1164/ajrccm.165.1.2010112
https://doi.org/10.1164/ajrccm.165.1.2010112
https://doi.org/10.1084/jem.184.6.2353
https://doi.org/10.1084/jem.184.6.2353
https://doi.org/10.1111/all.12563
https://doi.org/10.1038/251550a0
https://doi.org/10.1038/251550a0


43. Mauri C, Menon M (2015) The expanding
family of regulatory B cells. Int Immunol 27
(10):479–486. https://doi.org/10.1093/
intimm/dxv038

44. Wolf SD, Dittel BN, Hardardottir F, Janeway
CA (1996) Experimental autoimmune
encephalomyelitis induction in genetically B
cell–deficient mice. J Exp Med 184
(6):2271–2278. https://doi.org/10.1084/
jem.184.6.2271

45. Mizoguchi A, Mizoguchi E, Takedatsu H,
Blumberg RS, Bhan AK (2002) Chronic
intestinal inflammatory condition generates
IL-10-producing regulatory B cell subset
characterized by CD1d upregulation. Immu-
nity 16(2):219–230. https://doi.org/10.
1016/s1074-7613(02)00274-1

46. Miyagaki T, Fujimoto M, Sato S (2015) Reg-
ulatory B cells in human inflammatory and
autoimmune diseases: from mouse models to
clinical research. Int Immunol 27
(10):495–504. https://doi.org/10.1093/
intimm/dxv026

47. Gauvreau GM, Hessel EM, Boulet L-P, Coff-
man RL, O’Byrne PM (2006) Immunostimu-
latory sequences regulate interferon-inducible
genes but not allergic airway responses. Am J
Respir Crit Care Med 174(1):15–20. https://
doi.org/10.1164/rccm.200601-057OC

48. Fillatreau S, Sweenie CH, McGeachy MJ,
Gray D, Anderton SM (2002) B cells regulate
autoimmunity by provision of IL-10. Nat
Immunol 3(10):944–950. https://doi.org/
10.1038/ni833

49. Mauri C, Gray D, Mushtaq N, Londei M
(2003) Prevention of arthritis by interleukin
10–producing B cells. J Exp Med 197
(4):489–501. https://doi.org/10.1084/
jem.20021293

50. LeBien TW, Tedder TF (2008) B lympho-
cytes: how they develop and function. Blood
112(5):1570–1580. https://doi.org/10.
1182/blood-2008-02-078071

51. Fagraeus A (1948) The plasma cellular reac-
tion and its relation to the formation of anti-
bodies in vitro. J Immunol 58(1):1–13

52. Jacob J, Kelsoe G, Rajewsky K, Weiss U
(1991) Intraclonal generation of antibody
mutants in germinal centres. Nature 354
(6352):389–392. https://doi.org/10.1038/
354389a0

53. Carter NA, Vasconcellos R, Rosser EC,
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Blaser K (1998) Role of interleukin 10 in spe-
cific immunotherapy. J Clin Invest 102
(1):98–106. https://doi.org/10.1172/
JCI2250

69. Meiler F, Klunker S, Zimmermann M, Akdis
CA, Akdis M (2008) Distinct regulation of
IgE, IgG4 and IgA by T regulatory cells and
toll-like receptors. Allergy 63
(11):1455–1463. https://doi.org/10.1111/
j.1398-9995.2008.01774.x

70. Cox L, Nelson H, Lockey R, Calabria C,
Chacko T, Finegold I, Nelson M, Weber R,
Bernstein DI, Blessing-Moore J, Khan DA,
Lang DM, Nicklas RA, Oppenheimer J, Port-
noy JM, Randolph C, Schuller DE, Spector
SL, Tilles S, Wallace D (2011) Allergen
immunotherapy: a practice parameter third
update. J Allergy Clin Immunol 127
(1 Suppl):S1–55. https://doi.org/10.1016/
j.jaci.2010.09.034

71. Moore KW, de Waal Malefyt E, Coffman RL,
O’Garra A (2001) Interleukin-10 and the
Interleukin-10 receptor. Annu Rev Immunol
19:683–765. https://doi.org/10.1146/
annurev.immunol.19.1.683

72. Thorburn AN, Hansbro PM (2010) Harnes-
sing regulatory T cells to suppress asthma:
from potential to therapy. Am J Respir Cell

Mol Biol 43(5):511–519. https://doi.org/
10.1165/rcmb.2009-0342TR

73. Chu K-H, Chiang B-L (2012) Regulatory T
cells induced by mucosal B cells alleviate aller-
gic airway hypersensitivity. Am J Respir Cell
Mol Biol 46(5):651–659. https://doi.org/
10.1165/rcmb.2011-0246OC

74. Mauri C, Bosma A (2012) Immune regu-
latory function of B cells. Annu Rev Immunol
30:221–241. https://doi.org/10.1146/
annurev-immunol-020711-074934

75. Noh J, Choi WS, Noh G, Lee JH (2010)
Presence of Foxp3-expressing CD19(+)CD5
(+) B cells in human peripheral blood mono-
nuclear cells: human CD19(+)CD5(+)Foxp3
(+) regulatory B cell (Breg). Immune Net-
work 10(6):247–249. https://doi.org/10.
4110/in.2010.10.6.247

76. Iwata Y, Matsushita T, Horikawa M, Dilillo
DJ, Yanaba K, Venturi GM, Szabolcs PM,
Bernstein SH, Magro CM, Williams AD,
Hall RP, St Clair EW, Tedder TF (2011)
Characterization of a rare IL-10-competent
B-cell subset in humans that parallels mouse
regulatory B10 cells. Blood 117(2):530–541.
https://doi.org/10.1182/blood-2010-07-
294249

77. James LK, Bowen H, Calvert RA, Dodev TS,
Shamji MH, Beavil AJ, McDonnell JM, Dur-
ham SR, Gould HJ (2012) Allergen specificity
of IgG(4)-expressing B cells in patients with
grass pollen allergy undergoing immunother-
apy. Journal of Allergy and Clinical Immunol-
ogy 130 (3):663–670.e663. https://doi.org/
10.1016/j.jaci.2012.04.006

78. Maseda D, Smith SH, DiLillo DJ, Bryant JM,
Candando KM, Weaver CT, Tedder TF
(2012) Regulatory B10 cells differentiate
into antibody-secreting cells after transient
IL-10 production in vivo. J Immunol 188
(3):1036–1048. https://doi.org/10.4049/
jimmunol.1102500

79. Noh J, Noh G, Lee SJ, Lee JH, Kim A, Kim
HS, Choi WS (2012) Tolerogenic effects of
interferon-gamma with induction of allergen-
specific interleukin-10-producing regulatory
B cell (Br1) changes in non-IgE-mediated
food allergy. Cell Immunol 273(2):140–149.
https://doi.org/10.1016/j.cellimm.2011.
12.006

80. Noh J, Lee JH, Noh G, Bang SY, Kim HS,
Choi WS, Cho S, Lee SS (2010) Characterisa-
tion of allergen-specific responses of IL-10-
producing regulatory B cells (Br1) in cow
Milk allergy. Cell Immunol 264(2):143–149.
https://doi.org/10.1016/j.cellimm.2010.
05.013

414 John Paul Oliveria et al.

https://doi.org/10.1038/ni.2406
https://doi.org/10.1038/ni.2406
https://doi.org/10.1111/j.1365-2567.2006.02321.x
https://doi.org/10.1111/j.1365-2567.2006.02321.x
https://doi.org/10.1111/j.1365-2567.2006.02321.x
https://doi.org/10.1182/blood.V93.5.1456
https://doi.org/10.1182/blood.V93.5.1456
https://doi.org/10.1172/JCI2250
https://doi.org/10.1172/JCI2250
https://doi.org/10.1111/j.1398-9995.2008.01774.x
https://doi.org/10.1111/j.1398-9995.2008.01774.x
https://doi.org/10.1016/j.jaci.2010.09.034
https://doi.org/10.1016/j.jaci.2010.09.034
https://doi.org/10.1146/annurev.immunol.19.1.683
https://doi.org/10.1146/annurev.immunol.19.1.683
https://doi.org/10.1165/rcmb.2009-0342TR
https://doi.org/10.1165/rcmb.2009-0342TR
https://doi.org/10.1165/rcmb.2011-0246OC
https://doi.org/10.1165/rcmb.2011-0246OC
https://doi.org/10.1146/annurev-immunol-020711-074934
https://doi.org/10.1146/annurev-immunol-020711-074934
https://doi.org/10.4110/in.2010.10.6.247
https://doi.org/10.4110/in.2010.10.6.247
https://doi.org/10.1182/blood-2010-07-294249
https://doi.org/10.1182/blood-2010-07-294249
https://doi.org/10.1016/j.jaci.2012.04.006
https://doi.org/10.1016/j.jaci.2012.04.006
https://doi.org/10.4049/jimmunol.1102500
https://doi.org/10.4049/jimmunol.1102500
https://doi.org/10.1016/j.cellimm.2011.12.006
https://doi.org/10.1016/j.cellimm.2011.12.006
https://doi.org/10.1016/j.cellimm.2010.05.013
https://doi.org/10.1016/j.cellimm.2010.05.013


81. Noh J, Noh G, Kim HS, Kim AR, Choi WS,
Ra K, Choi WS (2012) Allergen-specific
responses of CD19(+)CD5(+)Foxp3(+) regu-
latory B cells (Bregs) and CD4(+)Foxp3(+)
regulatory T cell (Tregs) in immune tolerance
of cow milk allergy of late eczematous reac-
tions. Cell Immunol 274(1–2):109–114.
https://doi.org/10.1016/j.cellimm.2012.
01.005

82. Leaker BR, Singh D, Lindgren S, Almqvist G,
Eriksson L, Young B, O’Connor B (2019)
Effects of the toll-like receptor 7 (TLR7) ago-
nist, AZD8848, on allergen-induced
responses in patients with mild asthma: a
double-blind, randomised, parallel-group
study. Respir Res 20(1):288–288. https://
doi.org/10.1186/s12931-019-1252-2

83. Ma L, Xiao X, Ma Y, Wu H, Qiu S, Li J,
Yang P, Liu Z (2017) Effect of activation of
toll-like receptor 7 in the inhibition of allergic
asthma on a mouse model. J Trans Res 9
(5):2143–2152

84. Campbell JD, Sa K, Kozy HM, Ja L,
Sweetwood R, Chu M, Cunningham CR,
Salamon H, Lloyd CM, Coffman RL, Hessel
EM (2014) A limited CpG-containing oligo-
deoxynucleotide therapy regimen induces sus-
tained suppression of allergic airway
inflammation in mice. Thorax 1:565. https://
doi.org/10.1136/thoraxjnl-2013-204605

85. Singh A, Carson WF, Secor ER, La G, Ra F,
Clark RB, Thrall RS, Schramm CM (2008)
Regulatory role of B cells in a murine model
of allergic airway disease. J Immunol 180
(11):7318–7326. https://doi.org/10.4049/
jimmunol.180.11.7318

86. Braza F, Chesne J, Durand M, Dirou S,
Brosseau C, Mahay G, Cheminant M-A,
Magnan A, Brouard S (2015) A regulatory
CD 9+ B-cell subset inhibits HDM-induced
allergic airway inflammation. Allergy 70
(11):1421–1431. https://doi.org/10.1111/
all.12697

87. Noh G, Lee JH (2011) Regulatory B cells and
allergic diseases. Allergy, Asthma Immunol
Res 3(3):168–177. https://doi.org/10.
4168/aair.2011.3.3.168

88. Oliveria JP, El-Gammal AI, Yee M, Obminski
CD, Scime TX, Watson RM, Howie K,
O’Byrne PM, Sehmi R, Gauvreau GM
(2018) Changes in regulatory B-cell levels in
bone marrow, blood, and sputum of patients
with asthma following inhaled allergen chal-
lenge. J Allergy Clin Immunol 141(4):1495.
https://doi.org/10.1016/j.jaci.2017.11.
013

89. Yanaba K, Bouaziz J-DD, Haas KM, Poe JC,
Fujimoto M, Tedder TF (2008) A regulatory

B cell subset with a unique CD1dhiCD5+
phenotype controls T cell-dependent inflam-
matory responses. Immunity 28(5):639–650.
https://doi.org/10.1016/j.immuni.2008.
03.017

90. Watanabe R, Fujimoto M, Ishiura N,
Kuwano Y, Nakashima H, Yazawa N,
Okochi H, Sato S, Tedder TF, Tamaki K
(2007) CD19 expression in B cells is impor-
tant for suppression of contact hypersensitiv-
ity. Am J Pathol 171(2):560–570. https://
doi.org/10.2353/ajpath.2007.061279

91. Bosma A, Abdel-Gadir A, Isenberg DA, Jury
EC, Mauri C (2012) Lipid-antigen presenta-
tion by CD1d+ B cells is essential for the
maintenance of invariant natural killer T
cells. Immunity 36(3):477–490. https://doi.
org/10.1016/j.immuni.2012.02.008

92. Liu F, Ji J, Li X, Li X, Xu J, Yue H, Zhao S,
Fan H, Hou Y (2017) Decreased CD1d level
is associated with CD86 over-expression in B
cells from systemic lupus erythematosus. Acta
Biochim Biophys Sin 49(4):328–337.
https://doi.org/10.1093/abbs/gmx011

93. Chaudhry MS, Karadimitris A (2014) Role
and regulation of CD1d in Normal and path-
ological B cells. J Immunol 193
(10):4761–4768. https://doi.org/10.4049/
jimmunol.1401805

94. Brutkiewicz RR (2006) CD1d ligands: the
good, the bad, and the ugly. J Immunol 177
(2):769–775. https://doi.org/10.4049/
jimmunol.177.2.769

95. Pa B, Noreña LY, Flores-Borja F, Rawlings
DJ, Da I, Ehrenstein MR, Mauri C (2010)
CD19+CD24hiCD38hi B cells exhibit regu-
latory capacity in healthy individuals but are
functionally impaired in systemic lupus
erythematosus patients. Immunity 32
(1):129–140. https://doi.org/10.1016/j.
immuni.2009.11.009

96. Siewe B, Stapleton JT, Martinson J,
Keshavarzian A, Kazmi N, Demarais PM,
French AL, Landay A (2013) Regulatory B
cell frequency correlates with markers of
HIV disease progression and attenuates anti-
HIV CD8+ T cell function in vitro. J Leukoc
Biol 93(5):811–818. https://doi.org/10.
1189/jlb.0912436
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