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Abstract

B cells expressing antibodies of the immunoglobulin E (IgE) isotype are rare, yet are heavily
implicated in the pathogenesis of allergies and asthma. This review discusses recent
methodological advances that permit sensitive probing of IgE-expressing (IgE*) B cells in vivo
and have accordingly clarified the basic behavior and fate of IgE* B cells during immune
responses in mouse models. IgE antibody secreting plasma cells can arise from extrafollicular foci,
germinal centers, and memory B cells. However, compared to B cells expressing other isotypes,
IgE™ B cells are susceptible to multiple additional regulatory constraints that restrict the size of the
IgE* B cell pool at each stage, coordinately limiting the overall magnitude, affinity, and duration
of the IgE antibody response.

Introduction

Immunoglobulin E (IgE) is the least abundant antibody isotype in mammals, yet it can
produce remarkably potent inflammatory responses. IgE may contribute to immunity against
helminths and venoms [1-5], but it is best known for its critical role in the pathogenesis of
allergy and asthma [1,2,6]. Binding of IgE to cognate antigen crosslinks FceRIl on mast cells
and basophils, leading to the rapid release of inflammatory mediators [6,7]. Systemic
triggering of IgE responses can cause life-threatening anaphylaxis [6,8], but this condition
occurs rarely, suggesting that IgE is normally tightly regulated. IgE has a short half-life in
serum and is primarily cell bound, but these properties cannot fully explain its low
abundance, which is typically several orders of magnitude less than that of 1gG [1]. Under
optimal in vitro conditions, the production of IgE can approach or even exceed that of IgG,
suggesting that additional mechanisms operate in vivo to restrict IgE production [9].
Historically, IgE-expressing (IgE™) B cells have been difficult to study in vivo due to the
lack of methods to specifically detect these rare cells. Recently, multiple groups have
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developed innovative methodologies and tools to detect IgE™ B cells in mouse models,
bringing substantial insight into the biology of these cells. In this review, we first describe
these technical advancements and then discuss our current understanding of the generation
and differentiation of IgE* B cells in mouse models. Throughout the review, we focus on
novel mechanisms that regulate IgE production in vivo. Due to space limitations, we refer
the reader to previous reviews [1,2,10] on the regulatory steps involved in the initial class
switch recombination (CSR) to IgE, which is a prerequisite for the generation of IgE* B
cells.

New tools and techniques to study IgE* B cells

The direct study of IgE* B cells has been hindered by technical challenges. IgE* B cells are
vastly outnumbered by B cells expressing different isotypes, and numerous other cell types
capture secreted IgE on their cell surface, such as mast cells, basophils, and naive B cells
[10]. In order to specifically identify rare IgE* B cells, three laboratories independently
generated mouse strains encoding fluorescent protein reporters for membrane IgE (mIgE) by
targeting the endogenous IgE locus (Figure 1) [11**,12**,13**]. In these mice, mIgE and
the fluorescent protein are coexpressed in a single transcript, and two different strategies
were employed to functionally separate the protein products—an intraribosomal entry site
(IRES) or a 2A peptide sequence. Both the IRES and 2A strategies yielded robust reporter
expression in B cells expressing the mature mIgE transcript. However, the IRES strategy
(Figure 1b, c) also led to reporter expression from two related IgE transcripts that were
present in some B cells expressing other isotypes [11**,13**,14]. Specifically, 1) the
germline transcript precedes but does not necessarily lead to CSR to IgE, and 2) the post-
switch transcript is expressed following CSR to IgE on an inactive immunoglobulin heavy
chain locus that has undergone allelic exclusion. IRES-mediated reporter expression
occurred at low levels with the germline transcript [11**], but at high levels with the post-
switch transcript [13**]. As a consequence, IRES reporter expression alone was inadequate
to distinguish mIgE* B cells from those cells that had undergone CSR to IgE on the inactive
allele, as was highlighted in two recent reports, in which as many as half of the reporter
positive cells were 1gG1* B cells [13**,14]. The 2A reporter (Figure 1d) is expected to
closely correlate with mIgE expression, although this allele unexpectedly exhibited a modest
increase in mIgE splicing [12**]. One of the IRES reporter alleles (Figure 1b) also contains
a coding sequence for a human M1’ extracellular segment as well as an exogenous
polyadenylation signal sequence (pA) [11**,15]. Concerns have been raised that these
additional sequences could potentially alter normal mouse IgE responses [16]. Previous
studies identified weak, non-canonical pAs in the endogenous IgE locus [17,18] and found
that replacement with an exogenous pA led to an increase in the abundance of mIgE
transcripts in a transfection system [18]. Basic evaluations of the M1’/GFP reporter mice
have not revealed overt differences from wild-type mice [15,19], although mIgE transcript
abundance was not compared. Despite these caveats, both the IRES and 2A reporter mice
provide powerful tools to study IgE* B cells by flow cytometry, histology, and dynamic
imaging [11**,12** 13**]. Indeed, as we will describe in detail later in this review, novel
findings have been made in all three reporter mice, providing key insights into regulation of
IgE antibody responses.
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In addition to reporter mice, alternative methods have been devised to detect IgE* B cells.
Decades ago, an acid-wash procedure was described, in which brief acid treatment strips
secreted IgE bound to Fc-receptors [20,21]. This method enhances the specificity of mIgE
antibody staining, but may affect other cell surface molecules and appears to lack sufficient
sensitivity to detect all IgE* B cells [10,19,21]. More recently, methods have been described
to specifically stain intracellular IgE, which is abundant in IgE-expressing B cells but at low
levels in cells that capture secreted IgE. Surface IgE was either removed by trypsin
treatment [22*] or blocked by an excess of unconjugated antibody to IgE [12**,23] before
the intracellular IgE was detected with fluorophore-conjugated antibodies to IgE. Trypsin
treatment has not been utilized for in vivo studies and may cleave other relevant surface
markers. With antibody blockade of surface IgE, the intracellular IgE staining method has
been used to study wild-type mice [12**,23] and has the potential to be applied to the
characterization of IgE responses in other species, including humans. A recent study has also
used a monoclonal antibody to IgE that does not recognize IgE bound to Fc receptors
[13**], which may also show utility in specific identification of mIgE™* B cells without acid-
treatment or fixation, although its specificity and sensitivity need further evaluation. In
summary, the new IgE staining methods and fluorescent reporter mice can be used
complementarily to definitively identify and study IgE* B cells in vivo.

The GC phase of IgE* B cells

Recent studies have focused on the appearance and fate of IgE* B cells in germinal centers
(GCs), sites of antibody affinity maturation which are thought to give rise to long-lived
plasma cells (PCs) and memory B cells [24]. With the aid of hew fluorescent mIgE reporter
mice, two groups identified a population of IgE™ GC B cells by flow cytometry, by
immunohistochemistry, and by dynamic imaging with two-photon laser scanning
microscopy [11**,12**]. The IgE* GC B cells were also detected in wild-type mice by flow
cytometry with the intracellular 1gE staining procedure [12**], and the presence of IgE* B
cells in GCs was recently confirmed in a third fluorescent IgE reporter mouse strain [13**].

All three groups found that the participation of IgE* B cells in GCs was transient, as
numbers of IgE* GC B cells peaked early in the response and declined steadily thereafter
[12**,13** 19]. These kinetics were in sharp contrast with those of IgG1* GC B cells,
which increased in frequency within GCs over time [12**,19]. Two models have been
proposed to account for the transient presence of IgE* B cells in GCs: 1) IgE* B cells
exhibit an increased propensity to terminally differentiate into PCs rather than maintain a
GC phenotype [12**] and 2) IgE™ B cells are unable to survive within GCs due to reduced
BCR signaling [10,13**]. These models are not mutually exclusive, and key evidence for
these models is described below.

In support of the first model, several lines of evidence indicate that IgE* B cells
preferentially differentiate into PCs. A greater proportion of IgE* cells had a PC phenotype
compared with IgG1™* cells in multiple mouse studies [12**,13** 25] and in vitro B cell
cultures [12**]. As expected from previous in vitro studies [26], IgG1* B cells showed
increasing PC differentiation with subsequent cell divisions after CSR; however, IgE* B
cells were unusual in that PC differentiation occurred independently of the number of cell
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divisions [12**]. IgE* B cells that had not yet undergone PC differentiation in vitro also
showed increased expression of the transcription factor Blimp-1 [12**], a master regulator
of PC differentiation [27]. Supporting the idea that PC differentiation diverts IgE* B cells
from the GC, blockade of PC differentiation by B-cell deficiency in Blimp-1 led to a
selective increase in the frequency of IgE™ B cells within GCs [12**]. Taken together, these
findings suggest that IgE* GC B cells have a greater likelihood of differentiating into PCs
compared with their IgG1* counterparts, thereby depleting the population of IgE* B cells
from GCs over time.

In the second model, IgE* B cells are unable to survive within GCs due to reduced BCR
signaling. This model was based primarily on the observation that the level of surface BCR
on IgE* GC B cells was several-fold lower than that on IgE* PCs [12**,13**] and on IgG1*
GC B cells [13**]. When cultured ex vivo, compared with 1IgG1* B cells, IgE* GC B cells
exhibited increased apoptosis and a reduced capacity for phosphorylation of Syk and BLNK
in response to BCR ligation [13**]. While the significance of these assays and BCR
signaling in the GC remain unclear [28,29], it seems plausible that low BCR expression
could also impair IgE* GC B cell antigen uptake, processing, and presentation to GC T cells.
In related findings, IgE* GC B cells were reported to express lower surface levels of
CD21/35, OX40L and ICOSL than IgG1* GC B cells [13**], further suggesting that IgE*
GC B cells may show a reduced capacity for antigen processing and costimulation to obtain
critical T cell help in the GC. IgE™ B cells were also reported to show reduced localization
to the GC light zone, where selection is thought to occur [13**]; however, IgE* B cells were
readily detectable in the GC light zone in another study [12**], and thus these results require
further evaluation. Overall, recent studies suggest that IgE* B cells may have a competitive
disadvantage within the GC (Figure 2).

While the above models postulate mechanisms for the disappearance of existing IgE* B cells
from GCs, it appears this population is not replenished by the generation of new IgE* B
cells. Therefore, although CSR is thought to occur in GCs [24], the data suggest that little to
no CSR to IgE occurs in ongoing GC responses. Inhibition of IgE-switching in GCs could
be B cell intrinsic, for example, due to the high expression of the transcription factor Bcl-6,
which has been reported to inhibit IgE germline transcription [30-32]. Alternatively,
inhibition of IgE-switching in GCs could be mediated by extrinsic signals from other cell
types, such as from follicular helper T cells secreting the cytokine IL-21 [33], which has also
been reported to inhibit IgE germline transcription [32,34]. In summary, we propose that
multiple mechanisms act to restrict the frequency of IgE* B cells in GCs, thereby limiting
the generation of high-affinity, long-lived PCs and memory IgE* B cells.

Differentiation of IgE* PCs and their fate

Although IgE* B cells have been observed in GCs, most IgE* antibody-secreting PCs appear
to arise independently from the GC (note that the term PC is used broadly here, as the
studies we will discuss have not tried to distinguish PCs from plasmablasts). In primary
immune responses, PCs can be generated via two distinct pathways, first from extrafollicular
foci and then from GCs [24,35]. The early PCs in extrafollicular foci primarily secrete
germline-encoded antibodies of low-to-moderate affinity. In contrast, the ongoing somatic
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hypermutation and selection process in GCs gives rise to PCs expressing high-affinity
antibodies. While these descriptions are not absolute, the origin of PCs can be inferred based
on both the kinetics of the response and analysis of antibody variable region mutations. In
recent studies, IgE* PCs appeared at peak numbers early in the immune response [11**,
12** 13**] and expressed primarily germline, unmutated antibody sequences [12**],
suggesting they were derived via the extrafollicular pathway. At later timepoints, a fraction
of IgE* PCs had numerous mutations and showed evidence of affinity maturation [12**,
25,36%], suggesting they were derived from GCs. We therefore propose that two waves of
IgE* PCs are generated in primary antibody responses (Figure 2). The first, major wave of
IgE* PCs are generated in extrafollicular foci and express germline-encoded antibodies. The
second wave of IgE* PCs, arriving later and overlapping with the first wave, are generated
from GCs and show some degree of affinity maturation. The contribution of the second
wave of GC-derived PCs to the overall IgE antibody response may be quite limited, as the
number of IgE* GC B cells and PCs steadily decreases over time.

As long-lived PCs have been proposed to emerge from GCs at later stages [24], the early
differentiation of IgE* PCs may favor short-term survival. Indeed, IgE* PCs quickly
disappeared from secondary lymphoid organs after the peak of the response [11**,12**,
13**], which correlated with a decline in serum IgE titers [11**,12**]. IgE* PCs were
infrequent or undetectable in the bone marrow [11**,12** 13**], where most long-lived
plasma cells reside [37]. Prevention of PC apoptosis in Bcl-2 transgenic mice led to a
selective increase in the number of IgE* PCs by an order of magnitude compared with
IgG1* PCs, further suggesting that most IgE™ B cells differentiate into short-lived PCs
[12**]. One group argued for a long-lived IgE* PC population based on adoptive transfer
studies [13**], however this approach may alter the normal homing of the cells, and thus its
significance is unclear. Regulated egress from secondary lymphoid organs into blood may
be an important step in the selection of long-lived PCs [38] and the IgE BCR has also been
reported to disfavor migration to the bone marrow [39]. Taken together, these findings
suggest that IgE* B cells are predisposed to a short-lived PC fate, which we propose is an
important mechanism to limit the duration and magnitude of the IgE response in vivo
(Figure 2).

Direct and sequential CSR origins of IgE* B cells

CSR to IgE can be achieved either directly from IgM or sequentially via an 1gG1
intermediate step (Figure 2) [40-42]. IgG1* and IgE* cells appear in extrafollicular foci and
GCs with similar kinetics [12**], suggesting that CSR to these isotypes may occur in
parallel in these locations, or, alternatively, in common activated B cell precursors (Figure
2). An IgG1 intermediate stage appears to be critical for IgE affinity maturation, as studies
of 1gG1-deficient mice revealed that the production of high-affinity IgE was compromised
[36*], whereas total IgE titers were undiminished [43,44]. A follow-up study found that a
minor fraction of IgE* PCs, but almost none of the IgE* GC B cells, showed evidence of
sequential CSR [13**]. It was concluded from these results that IgE* PCs must derive from
IgG1* GC B cells, but there are some caveats to such an exclusive interpretation of the data.
Since CSR is not exclusive to GCs [24,45-48], it seems plausible that sequential CSR to IgE
could have occurred in activated B cell precursors, in extrafollicular foci, and/or during the
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memory response. The extent of sequential CSR may be underestimated with currently
available methods [13**]; nevertheless, the majority of IgE PCs do not show evidence of
sequential switching [13**,36*], suggesting that at least a proportion undergo direct CSR.
Intriguingly, IgE* PCs invariably had a lower frequency of high affinity mutations than
synchronously isolated IgG1* PCs and GC B cells [12**,13**,25 36*], suggesting that IgE*
PCs are unlikely to derive exclusively from IgG1* GC B cells. From current evidence, we
propose that both direct and sequential switching pathways give rise to IgE* GC B cells and
PCs, and further that IgE* GC B cells can differentiate into PCs, although the contributions
of these pathways to the IgE antibody response are not necessarily quantitatively or
functionally equivalent.

Memory IgE responses

The IgE reporter mice have also provided a new opportunity to determine the cellular source
of IgE antibodies in secondary immune responses, which arise faster and reach higher titers
than in primary immune responses [49]. A series of classical studies, with experiments
involving IL-4 blocking antibodies and IgE-activating antibodies, concluded that secondary
IgE antibody responses to conventional immunizations required de novo CSR to IgE,
suggesting that a population of previously-switched IgE* memory B cells was nonexistent or
insignificant [49-51]. In contrast to B cells expressing other isotypes, IgE* B cells failed to
develop into memory B cells in a model involving in vitro culture followed by in vivo
adoptive transfer [52]. In a mouse model with a monoclonal T- and B-cell repertoire, the
adoptive transfer of IgG1* memory B cells was sufficient to confer memory IgE responses
in recipients [25]. Challenging these conclusions, one of the three groups with fluorescent
IgE reporter mice detected a small population of IgE reporter-positive cells expressing
memory B cell markers [11**]. These putative memory cells generated weak IgE antibody
responses upon adoptive transfer. As a caveat to these studies, mIgE expression was not
directly demonstrated in this population, raising a potential concern that the IRES reporter
expression could reflect CSR to IgE on an inactive allele, as described earlier in this review.
Indeed, a recent update indicates that at least half of the reporter-positive memory cells
expressed surface 1gG1, and the expression of other isotypes, such as IgM, was not excluded
[14]. In contrast, another group found via adoptive transfers that IgE* memory B cells were
not necessary for secondary IgE antibody responses, although they did not directly assess or
test for a population of IgE* memory B cells [13**]. Taken together, the existence of a bona
fide IgE™ memory B cell population remains controversial and we propose that only small
numbers of IgE* memory B cells may be generated, possibly related to the transient
participation of IgE* B cells in GCs. Memory B cells expressing other isotypes, particularly
IgG1, appear to be able to undergo CSR and contribute to IgE antibody production in
secondary responses. Therefore, restrictions on the generation of IgE memory B cells and
the regulation of de novo CSR to IgE may represent additional mechanisms that limit and
regulate IgE responses (Figure 2).

Conclusion

The advent of new techniques and tools has led to significant advances in understanding the
biology of IgE* B cells. Aside from the short serum half-life of IgE, new mechanisms
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limiting IgE production in vivo have been uncovered (Figure 2). The major constraints
imposed on IgE production are 1) the restricted CSR to IgE, 2) the transient presence of
IgE* B cells in GCs, 3) the predisposition of IgE* B cells toward a short-lived PC fate, and
4) the possible requirement of de novo IgE switching in memory responses. We propose that
these mechanisms limit the magnitude, affinity, and duration of normal IgE antibody
responses. Variations in these regulatory mechanisms among mouse strains and the human
population may influence allergic disease susceptibility. Breaching one or more of these
barriers may cause dysregulation of IgE production, leading to dangerous responses such as
anaphylaxis. Indeed, it is important to note that the mouse studies discussed above have
represented immune responses to protein-based antigens in alum, mimicking vaccines, or
acute infections with helminths. However, these responses likely mimic a normal healthy
condition, in the absence of allergic disease, in which case IgE responses may only be
transient. With the new tools available to identify IgE™ B cells in mice, studies of allergic
disease models may provide valuable new insights into IgE-mediated allergic sensitization.
In the future, it would be of particular interest to understand the spatiotemporal regulation of
the generation of IgE* B cells, and the actual contribution of different cellular compartments
to sustained IgE antibody production.
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Figure 1.
Comparison of fluorescent IgE reporter alleles. (a) Structure of the native, endogenous IgE

locus, which generates transcripts that encode secreted IgE versus membrane IgE (mIgE) by
alternative splicing and polyadenylation. The secreted IgE transcript has a canonical
polyadenylation signal sequence (pA), AAUAAA, in the intron between the CH4 and M1
exons. The mIgE transcript incorporates the M1 and M2 exons and has three potential,
endogenous pAs with weak non-canonical sequences (AGUAAA, AAGAAA, or
AUUAAA) [17,18]. Another possible pA with a canonical sequence is located further
downstream in the intergenic region between IgE and IgA [53], although its relevance is
unclear due to its long distance from the IgE M2 exon. (b and c¢) Schematic of the M1’/GFP
and CeGFP reporter alleles, in which insertion of IRES-GFP downstream of the murine M2
exon leads to the generation a bicistronic transcript encoding mIgE and GFP. (d) Schematic
of the Verigem reporter allele, in which a T2A site translationally links mIgE expression to
the expression of Venus, a yellow fluorescent protein [12**]. In the M1//GFP allele (b), the
coding sequence for a 52 amino acid human M1’segment was inserted directly upstream of
the murine M1 exon, and an additional exogenous pA was inserted in the 3’ UTR [11**,15].
In contrast, the CeGFP (c) and Verigem (d) reporter alleles did not introduce an exogenous
pA, instead relying on the endogenous pAs in the 3’ UTR [12**,13**].
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Figure 2.
Overview of the cellular differentiation pathways and regulatory mechanisms in IgE

antibody production. B cells may undergo CSR to IgE by either direct switching from IgM
or sequential switching through an IgG1 intermediate. CSR to IgE may occur in activated B
cells before they segregate to form extrafollicular foci and germinal centers, and/or inside
these regions after they are formed. IgE™ B cells in extrafollicular foci and GCs give rise to
two overlapping waves of IgE*™ PCs in primary immune responses. In secondary immune
responses, memory B cells may already express IgE or undergo de novo CSR to IgE,
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generating a new wave of IgE* PCs. Sustained IgE antibody production may occur in atopic
diseases. The filled circles with numbers designate key steps in the regulation of IgE
responses: 1) CSR to IgE is infrequent due to intrinsic and extrinsic factors; 2) IgE* B cells
are only transiently present in GCs, limiting IgE affinity maturation; 3) IgE* B cells are
predisposed to differentiate into short-lived PCs; and 4) IgE memory responses are
restrained by the low frequency of IgE* memory B cells and a potential requirement for de
novo CSR to IgE.
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