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Abstract

B cells are key players in the mechanisms underlying allergic sensitization,
allergic reactions, and tolerance to allergens. Allergen-specific immune responses
are initiated when peptide:MHCII complexes on dendritic cells are recognized by
antigen-specific receptors on T cells followed by interactions between
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costimulatory molecules on the surfaces of B and T cells. In the presence of IL-4,
such T-B cell interactions result in clonal expansion and isotype class-switching
to IgE in B cells, which will further differentiate into either memory B cells or
PCs. Allergic reactions are then triggered upon cross-linking of IgE-FcɛRI
complexes on basophils and mast cells, leading to cell degranulation and the
release of pro-inflammatory mediators.

Mechanisms underlying effective allergen-specific immunotherapy (AIT)
involve the induction of Tregs and the secretion of blocking IgG4 antibodies,
which together mediate the onset and maintenance of immune tolerance towards
non-hazardous environmental antigens. However, the importance of regulatory B
cells (Breg) for tolerance induction during AIT has gained more attention lately.
Studies in grass pollen- and house dust mite-allergic patients undergoing SCIT
reported increased frequencies of IL-10+ Breg cells and a positive correlation
between their number and the improvement of clinical symptoms. Thus, Breg are
emerging as biomarkers for monitoring tolerance to allergens under natural
exposure conditions and during AIT. Further research on the role of other anti-
inflammatory cytokines secreted by Breg will help to understand their role in
disease development and tolerance induction.
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1 Introduction

B cells play an essential role in type I allergy. In this chapter will be described how B
cells contribute to the development of allergic sensitization, to the effector phase via
the secretion of high-affinity IgE antibodies but also how they participate in immune
tolerance during allergen exposure (Fig. 1).

2 The Contribution of B Cells in the Development of Allergic
Sensitization

The development of type I allergies or immediate hypersensitivity reactions are
characterized by two phases (van Ree et al. 2014). First, an asymptomatic phase,
called sensitization, occurs upon first encounter with a specific allergenic source.
Subsequent exposures to the same allergen can then trigger the effector phase, which
corresponds to the manifestation of the disease.

The sensitization process is orchestrated by the interplay of various immune cells
resulting in the induction of effector type 2 T helper cells (Th2) and an enhanced
production of Immunoglobulin E (IgE), the hallmarks of the allergic sensitization.
During this phase, antigen-presenting cells (APC), mainly dendritic cells (DCs), take
up and process allergens. Activated DCs then migrate to the draining lymph nodes to
present antigenic peptides in complex with major histocompatibility class II
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(MHCII) molecules to allergen-specific naïve CD4+ T cells. In the presence of an
efficient co-stimulation and the appropriate local microenvironment, provided by the
cytokine IL-4, they differentiate into Th2 cells that express characteristic cytokines
including IL-4, IL-5, and IL-13 (van Ree et al. 2014). Th2 cells then circulate in the
blood or reside in specialized T cell zones of peripheral lymphoid organs (spleen and
lymph nodes) where they become specialized follicular T helper cells (Tfh) waiting
to encounter their specific antigen.

During sensitization, allergens are also recognized by B cells, which are
lymphocytes expressing cell surface antigen-specific immunoglobulins (Ig), also
called B-cell antigen receptors (BCR) (LeBien and Tedder 2008). During their
development in the bone marrow, B cells undergo a structured rearrangement of
their immunoglobulin gene segments in order to generate a huge repertoire of BCR
recognizing over a billion different antigenic epitopes (Gould and Wu 2018). Fully
developed B cells express the isotype IgM and IgD on the cell surface and migrate
into lymphoid follicles of peripheral lymphoid tissues for antigen surveillance
(Pieper et al. 2013; LeBien and Tedder 2008).

The binding of the specific antigen to the BCR of a naïve immature B cell triggers
the activation of specific intracellular signaling pathways, internalization of the
antigen-BCR complex, and the subsequent presentation of antigenic peptides in
the MHCII groove at the cell surface. The antigen-activated B cell is concomitantly
guided towards T cell zones in order to facilitate the meeting with the cognate Tfh
cell (Cyster and Allen 2019). The communication between both cells involves a cell-
to-cell contact via the interaction of the peptide:MHCII complex and the antigen-
specific T cell receptor as well as through the interaction of the costimulatory
molecules CD40 and CD40 ligand (CD40L) and OX40L and OX40 on the B cell
and T cell surfaces, respectively (Akiba et al. 1999). In addition, a soluble factor,
IL-4, provided by the Th2-like Tfh cells drives the switching to IgE. IL-4 acts via the
type I IL-4 receptor and triggers the activation of the STAT6 signaling pathway
(Dullaers et al. 2012; van Ree et al. 2014). In consequence, these signals result in
clonal expansion and isotype class-switching into IgE-expressing B cells, which will

Fig. 1 (continued) allergen-specific naïve T cells (Th0) and induce their polarization into type
2 effector T cells (Th2). Allergen-loaded B cells interact with cognate Th2 cells, which triggers their
activation and differentiation into IgE-secreting plasma cells (PC) or memory B cells. Allergen-
specific IgE binds to the high-affinity receptors FcɛRI on mast cells and basophils in tissues and
blood circulation, respectively. During allergen challenge (in red), the cross-linking of IgE-FcɛRI
complexes triggers cell degranulation and release of pro-inflammatory mediators such as histamine,
lipid mediators, cytokines, and chemokines and leads to manifestation of allergic symptoms. The
concomitant upregulation of FcɛRI, interleukin 4 (IL-4) and CD40 ligand (CD40L) leads to an
enhanced and sustained allergic immune response. Regulatory B cells (Breg) are key players in
natural- and allergen-specific immunotherapy (AIT)-induced immune tolerance (in green). Breg
cells secrete allergen-specific IgG4 antibodies that compete with IgEs for allergen binding. Through
the secretion of IL-10, Breg cells display a pleiotropic immunoregulatory function. IL-10 can block
the function of effector T cells (Teff) either directly or indirectly; on the one hand via the induction
of regulatory T cells (Treg), and on the other hand by the inhibition of antigen-presenting cells.
Finally, IL-10 can inhibit degranulation and activation of mast cells
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differentiate into either plasma or memory B cells (Janeway et al. 2001). The
mechanisms underlying this choice are still under investigation; however, studies
have reported that the isotype of the BCR can influence the differentiation path, in
which the IgE BCR promotes a spontaneous preferential differentiation into plasma
cells (PCs) (Cyster and Allen 2019).

The defined state of a sensitized individual is then when the secreted allergen-
specific IgEs have primed mast cells in tissues and basophils in the blood circulation
by binding to their high-affinity receptors, FCεRI.

2.1 Plasma Cells in Type I Allergy

The differentiation of B cells into PCs can occur in two ways, depending on the
duration of allergen exposure. After a short contact with the allergen, activated B
cells can differentiate into short-lived PCs that produce low-affinity IgE antibodies
(Roth et al. 2014). Mouse studies have shown that under certain conditions, the
production of IgEs of low affinity can be sufficient to induce allergic reactions and
occurs in extra follicular areas of the draining lymph nodes (Jimenez-Saiz et al.
2017; Wu and Zarrin 2014). However, in case of a persisting antigen exposure, the
sustained B cell activation gives rise to follicles followed by the formation of
germinal centers (GCs), which are sites of intense B cell proliferation, selection,
maturation, and death in secondary lymphoid tissues. In GCs, B cells initially
continue to proliferate as plasmablasts and then undergo important maturation
steps leading to high-affinity IgE-secreting PCs and memory B cells (Tedder;
Medina et al. 2002; Oracki et al. 2010; Klein and Dalla-Favera 2008). In fact, the
huge variety of antigen specificity is determined by the two variable domains of the
heavy and light chains of the immunoglobulin whereas the function is determined by
the isotype of the constant (C) region of the heavy chains; C epsilon (Cɛ) being the
heavy chain in IgE (Pieper et al. 2013). Three major modifications occur at the
genetic level of differentiating B cells, which aim to further diversification of their
BCR:

• Firstly, point mutations, termed somatic hyper-mutations, mediated by cytidine
deaminase (AID), occur in the variable regions of the expressed immunoglobulin
gene in order to increase the affinity of the antibody to its respective antigen
(Geha et al. 2003).

• Secondly, in a process called affinity maturation, B cells expressing a BCR with
high affinity are selected for proliferation and survival by competing with follic-
ular dendritic cells for antigen presentation to Tfh cells (Gould and Wu 2018).
Mutations that improve Ig’s affinity facilitate the efficient activation of the B cell,
whereas cells bearing lower affinity Igs undergo apoptosis. The GCs are therefore
a site of both, high B cell death and proliferation (Janeway et al. 2001; Vinuesa
et al. 2010).

• Thirdly, selected B cells undergo class-switch recombination, also driven by
AID, in order to change the isotype of the expressed Ig while retaining antigen’s
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specificity. In regard to IgE responses, the synergistic effect of CD40L-mediated
co-stimulation and IL4 triggers the genetic rearrangement in the genomic locus of
the heavy chain to replace the constant C region of IgM (Cμ) by the constant
region of IgG (Cγ) and subsequently of IgE (Cɛ); the IgE gene being located
downstream of the IgG gene (Geha et al. 2003).

The final differentiation process is controlled by different TFs (e.g., the B cell
specific activating protein and the positive regulator domain I-binding factor 1) and
associated with phenotypic changes (Roth et al. 2014; Dullaers et al. 2012). Even
though PCs still respond to differentiation and survival signals provided by T cells,
such as IL6 and CD40L, they become unable to express MHCII, making them
incapable of presenting antigens to T cells (Saunders et al. 2019). Once their
differentiation is completed, PCs can home into different immune compartments.
PCs that reside in secondary lymphoid organs behave as short-lived PCs. In contrast,
PCs that migrate through the circulation back to the bone marrow and the lamina
propria of inflamed tissues survive in niches as long-lived resident cells, thus,
representing a form of IgE memory (Moutsoglou and Dreskin 2016; Roth et al.
2014).

IgE-secreting PCs are key players of type I allergic reactions due to their capacity
to secrete large amounts of high-affinity and isotype switched IgE antibodies (IgE
proteins represent 10–20% of all synthetized proteins in a PC) (Medina et al. 2002).

2.2 Memory B Cells in Type I Allergy

The humoral immune memory is mostly characterized by the generation of memory
B cells, which are quiescent, antigen-experienced, long-lived B cells originating
from GCs and persisting long after antigen challenge in order to act in the surveil-
lance for antigen in the circulation and mucosal tissues. Under basal conditions,
memory B cells express surface Ig antibodies but secrete them at low rate. Upon
antigen re-exposure, they can mount a rapid and high-affinity secondary humoral
immune response that is more efficient than the primary response (Saunders et al.
2019; He et al. 2017).

Despite the importance of IgE in the pathogenesis of type I allergies, the
mechanisms underlying the generation of IgE memory are still unclear and inten-
sively studied. Most studies support the existence of a memory for IgE-mediated
allergic responses in mice and humans and claim that this memory is attributed to
IgG1+ memory B cells that can, upon activation, differentiate into IgE-secreting
plasma cells by de novo class-switching to IgE (Talay et al. 2012; He et al. 2013). In
fact, isotype class-switching towards IgE seems to be a sequential procedure in
which a B cell undergoes a successive isotype switch from IgM to IgE via one or
more intermediate isotypes (IgG1 and IgG4). Since, after a primary response, IgG
precursor cells are selected after somatic hyper-mutations and persist for weeks in
the GCs, the sequential de novo switching generates IgE antibodies of high affinity
(Gould and Wu 2018; He et al. 2013).
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Alternatively, IgE class-switching can occur directly from an IgM precursor cell
resulting in a low IgE affinity and B cell apoptosis during selection in the GC, which
was observed in IgG1-deficient mice that upon repeated immunizations developed
IgE-secreting PCs derived directly from IgM precursor cells. The cells failed to
produce high-affinity IgEs although the levels were comparable to those of wild type
mice, suggesting that IgG1 cells are essential for the generation of high-affinity IgE
influenced by Th2 conditions (Erazo et al. 2007).

The existence of IgE memory B cells is still a matter of debate. Although IgE+
memory B cells have been reported in human, their functionality and cell fate remain
unclear (Talay et al. 2012; Gould and Wu 2018). In mice, IgE memory B cells are
very rare and the reason might be the transiency of GCs containing IgE-expressing B
cells that quickly disappear during the primary response. Indeed, IgE BCRs are
expressed at low levels compared to IgG BCRs, which reduces the ability of these
cells to capture and present antigens and, thus, might explain the poor competition
ability of IgE B cells within GCs (Cyster and Allen 2019).

3 The Contribution of B Cells in the Effector Phase of Type
I Allergy

3.1 B Cell-Derived IgE

In the absence of disease, IgE is present in very low concentrations in the serum (the
lowest of all five isotypes), has a short half-life and, because of its highly active and
rather invasive biological nature, the expression of IgE is tightly regulated (Wu and
Zarrin 2014). IgE antibodies normally serve to protect the host from parasitic
infections such as helminths as well as to neutralize venoms and toxins, preventing
tissue damages of the host. Individuals mounting a protective IgE response have
elevated serum IgE levels but they remain below IgG levels indicating a well-
regulated IgE synthesis. In contrast, when the IgE response is inappropriately
initiated in response to allergen exposure, these antibodies become deleterious in
the pathogenesis of allergic disorders.

3.2 IgE Binding to FcɛRI: Mediator Release Function

During the sensitization phase, IgE antibodies secreted by PCs enter the circulation
and, due to their small size (190 kDa), diffuse easily into periphery such as blood
circulation and mucosal tissues. There, IgE molecules bind via their constant region
to the high-affinity receptor, FcɛRI, on the cell surface of circulating basophils and
tissue-resident mast cells. Such sensitized immune cells react sensitively to allergens
even when the concentration of circulating IgE is low (Dullaers et al. 2012).

Upon re-exposure, the specific allergen binds to the variable regions of adjacent
cell-bound IgE molecules resulting in physical cross-linking of IgE-FcɛRI
complexes. This interaction triggers activation of downstream signaling pathways
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leading to cell degranulation and release of pro-inflammatory mediators. The early
release of pre-synthesized mediators (e.g., histamine, serine proteases,
carboxypeptidase A, and proteoglycans) is responsible for the immediate phase
reaction of the allergic immune response that develops within minutes. Four to
eight hours thereafter, newly sensitized lipid mediators such as arachidonic acid
products (e.g., leukotrienes and prostaglandin), as well as cytokines and chemokines
(e.g., IL-4, IL-5) are released in the delayed phase reaction that is accompanied by
the recruitment of additional inflammatory cells (such as eosinophils). The resulting
effects are inflammation, vasodilation, increased permeability, smooth muscle con-
traction, and further tissue damages (van Ree et al. 2014).

The manifestations of IgE responses are very variable regarding the magnitude,
the localization, and the type of clinical symptoms (e.g., sneezing, itching, coughing,
eczema). They usually develop at the entry sites as local reaction (the skin, in the
mucosal tissues of the airways, and in the gut) whereas a strong IgE response
associated with a massive mast cell degranulation can cause a potentially lethal
systemic reaction, called anaphylaxis (Gould and Sutton 2008).

3.2.1 Amplification of the IgE Response
Once initiated, the IgE response can be further amplified at the site of inflammation
by the recruitment and activation of other immune cells expressing FcεRI such as
basophils, mast cells, and eosinophils. The binding of allergens to the related
IgE-FcεRI complex on these cells enhances the expression of FcεRI on the cell
surface resulting in a positive feedback-loop that increases the sensitivity to the
allergen. Moreover, it induces the expression of CD40L and the secretion of IL-4.
Therefore, like Th2 cells, these cells can drive class-switching of B cells to IgE, thus,
enhancing the allergic response (Gould and Sutton 2008).

3.2.2 IgE Binding to CD23: FAP and Epitope Spreading
IgE also binds to the low-affinity receptor, FcɛRII (or CD23), which is expressed on
antigen-activated B cells as well as other immune cells (dendritic cells, epithelial
cells, and eosinophils) (Dullaers et al. 2012). Binding of allergens to the IgE-CD23
complex improves the antigen-presenting capacity of B cells by ameliorating their
aptitude of allergen internalization and presentation to T cells, hence maintaining the
activation of the immune system (Gould and Sutton 2008; Acharya et al. 2010).
Indeed, this process called CD23-mediated “facilitated antigen presentation” (FAP)
is known to be as efficient as the antigen presentation by dendritic cells via FcγR,
and much more effective than BCR-mediated internalization by B cells (Wypych
et al. 2018)

Activated B cells expressing CD23 can bind other pre-existing circulating IgE via
their constant region and thus, present unrelated allergens to cognate T cells regard-
less of the specificity of the B cell’s own BCR. This phenomenon, called epitope
spreading, leads to an enhanced allergic sensitization as well as to the simulta-
neously development of allergic reactions towards several allergens (Gould and
Sutton 2008).
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3.2.3 IgE Binding to CD23: Allergen Transport into Mucosal Tissues
An additional role for CD23 is the transport of free and allergen-bound IgE across
the epithelial barrier into the underlying mucosa (Acharya et al. 2010). In a process,
called transcytosis, IgE secreted into the gut lumen was found to bind food-derived
allergens, which were further delivered to immune cells from the mucosal gastroin-
testinal tract, to trigger food allergic reactions (Gould and Sutton 2008).

3.3 B Cell-Derived IgG in Type I Allergy

As previously mentioned, an IgE response is usually associated with IgG production;
IgG1 and IgG4 production in humans, and with IgG1 production in mice. These IgG
antibodies are playing a significant role in allergy. However, in contrast to IgE, they
are involved in protection and regulation of type I allergic reactions by contributing
to immune tolerance, which will be discussed in detail below.

4 B Cells in Natural and Allergen-Specific Immunotherapy
(AIT)-Induced Tolerance

Many advances have been achieved in the field of allergy research over the last
centuries such as the successful implementation of biomarkers (either cellular,
humoral or functional) for the interpretation of clinical outcomes and treatment
efficacy, the development of hypoallergenic vaccine candidates, and the characteri-
zation of hundreds of allergenic molecules and sources. Still, up to now AIT
represents the only treatment option for allergic diseases providing a long-term if
not permanent relief of symptoms. The underlying cellular mechanism enabling an
effective AIT depends on the onset and maintenance of immune tolerance towards
non-hazardous environmental antigens mainly via inducing Treg cells and the
secretion of allergen-specific IgG4 blocking antibodies. At present, limited informa-
tion is available concerning the role of regulatory B cells (Breg) in induction of
immune tolerance in course of AIT but gains more attention by the day. Here, we
describe the involvement of B cells in allergen tolerance and in AIT with special
focus on Breg, an immunosuppressive subset of B cells.

4.1 Altered Antibody Secretion Profile Induced by AIT

The production of antibodies is a crucial function of plasma cells, hence inevitably
associated with the induction of allergen tolerance by AIT mostly characterized by a
10- to 100-fold increased secretion of serological, allergen-specific IgG blocking
antibodies (Jutel et al. 2005; Reisinger et al. 2005). A successful AIT is usually
accompanied by a decreased IgE/IgG4 ratio. Besides this common feature,
AIT-induced changes in allergen-specific IgE levels seem to vary greatly among
studies. Depending on treatment duration, many studies report an early increase in
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allergen-specific IgE levels followed by a later decline (Shamji et al. 2019b; Huber
et al. 2018; Vizzardelli et al. 2018). The increase in the concentrations of specific
IgG1 and IgG4 antibodies mainly results in a competition with IgE for the allergen
and, consequently, in a decreased degranulation and activity of mast cells and
basophils. Besides the competitive function of IgG4, it has other remarkable features
rendering it an anti-inflammatory antibody such as a low binding affinity to Fcγ
receptors on immune cells and an incapability to induce complement activation (van
der Neut Kolfschoten et al. 2007). However, the question how antibody subclass
levels are correlating with clinical outcome, as determined by provocation tests or
the scoring of symptoms, remains a matter of discussion. An indicator and broadly
accepted biomarker for treatment efficacy is the blocking capacity of serum-derived
antibodies able to inhibit IgE-facilitated allergen binding (Kouser et al. 2017; Shamji
and Durham 2017). In addition to serological blocking effects, recently, nasal fluids
of SCIT-treated grass pollen allergic patients were found to possess an increased
IgG-associated inhibitory activity compared to untreated patients. The magnitude of
this local blocking activity even exceeded by 27% the serological inhibitory capacity
(Shamji et al. 2019b). Accordingly, the nasal Phl p 1- and Phl p 5-specific IgG4
levels were increased in the SCIT group. A not negligible aspect when summarizing
AIT-induced alterations of the humoral antigen-specific immune response is the
potential of de novo sensitizations induced as a side effect of extract-based vaccines
serving as source for multiple other allergenic proteins (e.g., minor allergens), which
can induce allergen-specific IgE within the patients.

4.2 Allergen-Specific Breg Cells

When discussing the role of B cells in allergen tolerance, either induced by AIT or
pre-existing in a non-allergic/healthy subject, allergen-specific Breg cells seem to
exert an extraordinary function. By secreting anti-inflammatory cytokines (mainly
IL-10) and the direct as well as indirect suppression of effector T cells, Breg cells are
able to skew the inflammatory allergic immune response towards an immunosup-
pressive, tolerant response. Although several review articles discussing the role of
Breg cells in allergic diseases are available, studies addressing these aspects are
rather limited and urgently needed.

4.2.1 Phenotype of Breg Cells
By definition, Breg cells are classified either upon their functional properties or by
their phenotype, based on the expression of distinct cell surface molecules and signal
transduction-associated proteins such as CD19, CD62L, MHC-II, Fas ligand, T cell
immunoglobulin and mucin domain, and programmed death ligand 1 (van de Veen
2017). Functional-based classification mainly refers to the secretion of immune-
modulatory cytokines such as IL-10, TGF-β, and IL-35 (Layhadi et al. 2019; Shamji
et al. 2019a). An involvement of Breg cells was described for autoimmune and
infectious diseases, as well as for malignancies and organ transplantations (Wortel
and Heidt 2017), where their main function, in general, is to suppress effector CD4+
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and CD8+ T cells and, in parallel, to promote the induction of immune-regulatory
Tregs. In allergy research, Breg cells were mostly investigated in the context of
allergies to bee venom, foods, grass pollen, and house dust mite (Berthelot et al.
2013; Boonpiyathad et al. 2017, 2019; Noh et al. 2010). Allergen tolerance was
primarily described to be associated with IL-10-producing Bregs of either the B
regulatory 1 (Br1) or B10 subset (Noh et al. 2010; Shamji et al. 2019b; van de Veen
2017). Therefore the focus herein will be on these two subtypes. In human, IL-10-
secreting Br1 cells were identified to be CD19+ CD25hi CD71hi CD73�, whereas
B10 cells have a CD19+ CD24hi, CD27+ cell phenotype (Wortel and Heidt 2017;
Berthelot et al. 2013; Iwata et al. 2011; van de Veen et al. 2013). The general
abundance of Br1-like cells in human is relatively low and they encompass approxi-
mately 0.6% of peripheral blood B cells, although this number can increase up to 5%
since, especially, CD24hi CD27+ cells were found to occasionally differentiate into
Br1 cells (Berthelot et al. 2013). However, until now, no Breg-specific transcription
factor has been identified.

4.2.2 Function of Breg Cells
With regard to allergic diseases, five major functions can be attributed to Breg cells
in mediating allergen tolerance, which are (1) the cytokine-mediated independent or
(2) the direct suppression of effector T cells (including T follicular helper cells),
(3) the suppression of dendritic cell maturation, (4) the induction of Treg cells, as
well as (5) the secretion of anti-inflammatory antibodies (Lin et al. 2019; Achour
et al. 2017; Palomares et al. 2017; Samitas et al. 2010). Most of these functions can
be allocated to the immunosuppressive activity of the cytokine IL-10, a key regulator
of inflammatory immune responses able to restrict and terminate the responsiveness
of effector T cells. Via induction of a signaling cascade that involves the associated
IL-10 receptor and the transcription factor STAT3, T cell proliferation and cytokine
secretion are downregulated (Schulke 2018; Saraiva and O’Garra 2010; van de Veen
et al. 2013). Breg-secreted IL-10 also affects other critical effector cells involved in
the acute and late-phase allergic reactions. Mast cell degranulation and cytokine
release induced by cross-linking of antigen by FcεRI-bound IgE were inhibited by
IL-10-secreting Breg both, in vitro and in vivo conditions (Kim et al. 2015). In
addition to the IL-10 secretion, which decreases the activity of tyrosine kinases in
mast cells by activating the JAK/STAT3 pathway, a direct cell-to-cell contact
through CD40/CD40L interaction was required to facilitate this suppressive func-
tion. Noteworthy, the direct cell-to-cell contact further enhanced the secretion of
IL-10 by Breg. This study also demonstrated the suppression of IgE-mediated
anaphylactic reactions by Breg cells in an IL-10-dependent manner (Kim et al.
2015). Furthermore, IL-10 prevents antigen-presenting cells such as DCs from
maturation resulting in a diminished signal transduction to Th cells and thus, an
intensification of the suppressive effect on effector T cells (Schulke 2018). In
general, the most important function of IL-10 is to initiate a crucial regulatory
feedback-loop for mediation of anti-inflammatory responses via differentiation of
naïve T cells into Treg cells. B10 and other IL-10-producing Breg cells can induce
the differentiation of IL-10-secreting type 1 regulatory T cells (Tr1) and Foxp3+
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Treg cells (Pennati et al. 2016; Mielle et al. 2018). Besides the undeniable crucial
role of IL-10 secreted by Breg cells, it should be stated that Breg cells secreting other
anti-inflammatory cytokines such as IL-35, TGF-β, TSP-1, and IDO exist as well
(van de Veen 2017). However, their involvement in allergic diseases has not been
fully investigated yet.

In contrast to the IL-10-mediated indirect suppression of effector T cells, by
expressing Fas ligand Breg cells have the potential to induce apoptosis in effector T
cells, thus mitigating allergic Th2 response by direct cell contact (Tian et al. 2001;
Lundy and Klinker 2014). Finally, the secretion of anti-inflammatory IgG4 blocking
antibodies by Breg cells able to compete with IgE for the allergen is an exceptionally
important aspect in mediating allergen tolerance. Noteworthy, human IL-10-secret-
ing Br1 cells were found to represent the main source for the production of
phospholipase A2-specific IgG4 antibodies in bee venom-tolerant subjects (van de
Veen et al. 2013).

4.2.3 The Role of IL-10-Producing Breg in Natural Tolerance
When discussing the role of Breg cells in the context of allergic diseases and the
onset and maintenance of natural tolerance, the comparison between tolerant
subjects and allergic patients becomes evident. Noh et al. investigated the frequency
of allergen-specific Br1 cells in milk-allergic and milk-tolerant subjects, which were
selected by double-blind, placebo-controlled food challenges (Noh et al. 2010). The
study showed that the abundance of Br1 cells increased upon allergen stimulation in
the milk-tolerant group (around 9%) and decreased in the allergic group (10%),
implying a superordinate regulatory role of Br1 in the maintenance of tolerance in
healthy individuals. In parallel, the level of non-IL-10-producing Breg undergoing
apoptosis increased upon allergen stimulation in the milk allergy group, whereas
remained unaltered in the tolerant group, indicating the presence of at least a second
functional-active Breg subset relevant for allergen tolerance that is not secreting
IL-10. Noteworthy, in this study the frequency of IL-10-producing Breg cells
exceeded the number of IL-10-secreting T cells (Noh et al. 2010). In a study
comparing bee venom-allergic patients with tolerant beekeepers, the authors
observed that allergen-specific IgG4 was mainly produced by Br1 cells, secreting
high levels of IL-10, and subsequently resulted in the suppression of CD4+ T cell
proliferation. This suppressive effect could be reversed by blockage of the IL-10
receptor, implying an essential role for IL-10 in the suppression of effector T cells.
Beekeepers, possessing natural tolerance towards bee venom, showed an increased
IL-10 and IgG4 expression by Br1 cells, whereas in allergic patients the frequency of
IL-10+ B cells was in general very low (van de Veen et al. 2013).

4.2.4 Induction of IL-10-Producing Breg During AIT
For allergic patients, who are suffering from symptoms resulting from the exposure
to an allergen that is not tolerated by their immune system, the most meaningful
therapeutic action would be the reconstitution of allergen tolerance by AIT. There-
fore, the contribution of Breg in the induction of allergen tolerance during AIT, and
the question to what extent the thereby induced state of tolerance would reflect
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natural tolerance need to be further assessed and discussed. In this respect, van de
Veen et al. investigated the induction of circulating allergen-specific IL-10+ Breg in
bee venom-allergic patients during AIT. The authors observed a steady increase in
the frequency of allergen-specific IL-10+ and IgG4+ B cells, which were presum-
ably Br1 cells, in both, treatment-induced tolerant (from 1.8–2.9% to 5.5–13.9%)
and naturally tolerant subjects (non-allergic beekeepers), when compared to the
untreated group (van de Veen et al. 2013). Although the IgE/IgG4 ratio in patients’
sera was significantly reduced upon AIT (100-fold), mainly because of the increase
of IgG4, still a highly significant difference remained between the IgE/IgG4 ratio of
patients undergoing AIT compared to tolerant beekeepers (tenfold), which can
mostly be ascribed to the higher IgE baseline levels that remained unaltered during
the patients’ therapy. In a follow-up study by Boonpiyatha et al. a striking similarity
regarding the allergen-specific B cell response, including IL-10+ Br1 cells, IgG4+
memory cells and plasmablasts, was observed between AIT patients before or after
treatment and beekeepers before or during beekeeping season, respectively
(Boonpiyathad et al. 2017). In summary, although in both groups a high similarity
was achieved, AIT-induced allergen-specific tolerance seems not to completely
restore the immunological conditions observed in natural tolerance. Whether high
dose exposure to bee venom, as it is the case in non-allergic beekeepers, can be
interpreted as natural “inherited” tolerance rather than an altered variant of immuno-
therapy is also a matter of debate.

In a recent study, increased frequencies of two distinct populations of IL-10+
Breg cells were observed by monitoring the allergic immune response in and out of
pollen season in grass pollen allergic patients undergoing SCIT. In contrast,
untreated patients had a significantly lower number of Breg that did not change in
and out of season (Shamji et al. 2019b). In another study, a correlation between Breg
number and the improvement of clinical symptoms was also observed during grass
pollen AIT (Zissler et al. 2018). These findings strongly support a beneficial
regulatory effect of treatment-induced Breg in grass pollen allergic patients.

In the context of another respiratory allergy, the frequency of IL-10+ Breg was
significantly increased in house dust mite-allergic patients who responded well to the
treatment, as shown by the treatment-induced improvement of clinical symptoms,
compared to non-responders (Boonpiyathad et al. 2019). Noteworthy, the induction
of allergen-specific B10 during AIT and the associated improvement of symptoms in
asthmatic, house dust mite-allergic patients were observed to be significantly
enhanced by the concomitant daily administration of oral probiotics (Liu et al.
2016). Taken together, Breg cells could potentially be regarded as biomarkers for
monitoring treatment efficacy in respiratory allergies.

4.2.5 The New Breg-Treg Paradigm in AIT
The present paradigm indicates that tolerogenic antigen-specific Breg cells are being
induced early during AIT (early treatment/up-dosing phase) and functionally active
prior to the onset of allergen-specific Treg cells. In course of the proceeding AIT
(late-treatment/tolerance-mounting phase), allergen tolerance is maintained by Treg
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cells, which seem to completely take over this function from Breg cells (Zissler et al.
2018; Berthelot et al. 2013).
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