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Abstract: Mast cells are tissue-resident immune cells that function in both innate and adaptive
immunity through the release of both preformed granule-stored mediators, and newly generated
proinflammatory mediators that contribute to the generation of both the early and late phases of the
allergic inflammatory response. Although mast cells can be activated by a vast array of mediators
to contribute to homeostasis and pathophysiology in diverse settings and contexts, in this review,
we will focus on the canonical setting of IgE-mediated activation and allergic inflammation. IgE-
dependent activation of mast cells occurs through the high affinity IgE receptor, FcεRI, which is
a multimeric receptor complex that, once crosslinked by antigen, triggers a cascade of signaling
to generate a robust response in mast cells. Here, we discuss FcεRI structure and function, and
describe established and emerging roles of the β subunit of FcεRI (FcεRIβ) in regulating mast cell
function and FcεRI trafficking and signaling. We discuss current approaches to target IgE and FcεRI
signaling and emerging approaches that could target FcεRIβ specifically. We examine how alternative
splicing of FcεRIβ alters protein function and how manipulation of splicing could be employed as a
therapeutic approach. Targeting FcεRI directly and/or IgE binding to FcεRI are promising approaches
to therapeutics for allergic inflammation. The characteristic role of FcεRIβ in both trafficking and
signaling of the FcεRI receptor complex, the specificity to IgE-mediated activation pathways, and
the preferential expression in mast cells and basophils, makes FcεRIβ an excellent, but challenging,
candidate for therapeutic strategies in allergy and asthma, if targeting can be realized.

Keywords: mast cell; IgE receptor; FcεRIβ; antisense therapy; allergy; asthma; exon skipping

1. Introduction

Chronic allergic diseases affect approximately 300 million people worldwide [1], and
are often the result of inappropriate, detrimental immune responses to typically harmless
environmental antigens. Chronic allergic diseases have complex pathophysiology involving
interactions between many immune cells. Of these cells, an important population are mast
cells, which play a key role in triggering the immediate allergic response and likely drive
allergic inflammation through direct interactions with immunoglobulin E (IgE). Mast cells
originate from the bone marrow and are derived from CD34+ and CD117+ pluripotent
hematopoietic stem cells. Initially, they circulate in the blood as committed progenitors,
and are then recruited into tissues where they mature and terminally differentiate into
mast cells (for review see [2]). Mast cells are present throughout mucosal and connective
tissues, where they monitor the local tissue environment and are believed to act as sentinel
cells (reviewed in [3]). Despite their relationship with allergic diseases, mast cells are
conserved across vertebrate species, and mast cell deficiency in humans is not known to
exist. Consequently, mast cells and IgE are thought to have an evolutionary advantage,
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potentially by participating in type 2 immune responses to parasites and protecting the
host against noxious substances such as venoms (discussed in [4]).

Tissue-resident mast cells express the high affinity IgE receptor, FcεRI, on their surface.
FcεRI is a multichain immunorecognition receptor (MIRR) that binds to monovalent IgE
with very high affinity Ka = 1010–1011 M−1 that is orders of magnitude above that of IgG
binding to any of the FcRs [5]. Despite the association rate of kon ≈ 105 M−1 s−1 for IgE
binding with FcεRI being comparable with IgG associating with its high affinity receptor,
FcγRI, the dissociation rate for IgE (koff ≈ 10−5 s−1) is at least an order of magnitude slower
than that of IgG [5]. Therefore, the result of the slow off-rate for IgE is an increased half-life
and prolonged presence of IgE on the cell surface, compared to other immunoglobulins.
IgE has a well-established central role in allergy [6–8] and is produced by B cells following
antigen presentation to naïve T cells. Unbound IgE circulates in serum with a half-life
in blood of between 2–4 days [9]. However, upon binding to FcεRI, IgE forms a stable
IgE-FcεRI complex resulting in increased surface expression of both FcεRI and IgE due to
reduced endocytosis and degradation of FcεRI rather than upregulation of expression by
increased synthesis [10–12]. Therefore, binding of IgE to FcεRI results in surface IgE that
persist on mast cells for prolonged periods, likely contributing to the calculated half-life
of IgE in tissues being much greater than blood (16–20 days) [9]. This process of loading
FcεRI with IgE is known as sensitization, and primes mast cells and basophils to react to
multivalent antigens via the IgE-FcεRI complex. Upon activation, mast cells and basophils
rapidly release inflammatory mediators such as histamine, proteases and lipid eicosanoids,
which constitute a major component of the acute “early-phase” allergic response [13,14].
Signaling via IgE-FcεRI complexes also contributes to the development of a “late-phase”
allergic response by initiating the synthesis and secretion of proinflammatory cytokines
and chemokines, which recruit and activate other key inflammatory effector cells, such as
eosinophils and T cells (reviewed in [7,13]).

2. FcεRI Structure and Function

The canonical composition of FcεRI is that of a tetrameric receptor complex with
a total of seven transmembrane regions within the complex (Figure 1). The tetrameric
form of the receptor complex consists of one α-subunit (FcεRIα) that contains a single
transmembrane α-helix; one β-subunit (FcεRIβ) that contains four transmembrane α-
helices and cytoplasmic amino and carboxyl termini; and a dimer of two disulphide
linked γ-subunits (FcεRIγ) that each contain a single transmembrane α-helix [15]. FcεRIα
comprises of a large extracellular portion that contains two immunoglobulin superfamily
domains, termed α1 and α2, followed by a transmembrane helix and a short cytoplasmic
domain that does not contain signaling capacity [15]. Due to the nature of the FcεRI
complex, the three-dimensional structure of the entire complex is unknown. However, the
extracellular domains of FcεRIα have been studied by using a recombinant soluble FcεRIα
(sFcεRIα) protein to generate a crystal structure [16]. This structure demonstrates that the
extracellular FcεRIα domains are responsible for binding IgE and dynamic conformational
changes in IgE and FcεRIα play important roles in the interaction (For review see [5]).

Mast cells are not the only cell type that express FcεRI. In humans, the receptor is
also expressed by basophils, dendritic cells, eosinophils, monocytes, neutrophils, platelets
and smooth muscle cells [17–24]. However, a key difference between these cell types
is whether FcεRI exists as a trimeric αγ2 or tetrameric αβγ2 complex, and whether the
receptor complex is constitutively expressed or inducible. Mast cells and basophils are
known to constitutively express FcεRI and express the tetrameric αβγ2 form of the receptor.
The presence of FcεRIβ and the function of the FcεRI complex is less clear for immune
cells outside of the mast cell and basophil compartments. Dendritic cells, neutrophils,
eosinophils, monocytes and other cells can be induced to express FcεRI that are either in
the tetrameric αβγ2, or trimeric αγ2 configurations [17–24] (reviewed in [25]). However,
while it is clear that FcεRI complexes containing or lacking FcεRIβ can be expressed at
the cell surface, particularly in humans, it is not yet clear which cell types express FcεRIβ
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protein, if it has a conserved function in cells outside of mast cells and basophils, or whether
expression can change depending upon inflammatory conditions.
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Figure 1. The role of FcεRIβ in mast cell signaling pathways. (A) Synthesis of FcεRI α, β and γ-
subunits takes place within the endoplasmic reticulum. FcεRIβ facilitates appropriate glycosylation 
and folding of FcεRIα, and the γ-subunits permit export of the αβγ2 tetrameric complex to the Golgi. 
(B) Full-length FcεRIβ traffics the receptor complex to the cell surface, whereas t-FcεRIβ, which is 
incapable of trafficking to the surface, prevents surface expression of FcεRI. (C) Once at the surface, 
full-length FcεRIβ stabilizes the receptor complex. (D) Binding of IgE to the receptor increases re-
ceptor half-life at the surface. Allergen binding cross-links multiple FcεRI and induces receptor ag-
gregation, which leads to phosphorylation of FcεRIβ by LYN. (E) By binding LYN, FcεRIβ amplifies 
phosphorylation of the FcεRIγ ITAMs, which leads to the recruitment and phosphorylation of SYK. 
(F) Phosphorylated SYK propagates intracellular signals by phosphorylating LAT and LAT2, which 
subsequently induce PI3K and PLC-γ1 signaling cascades. (G) Ultimately, these signaling pathways 
culminate in proinflammatory gene expression and the release of cytokines and chemokines, ara-
chidonic acid metabolism and eicosanoid production, and mediator release via degranulation. By 
preventing trafficking of FcεRI to the surface, t-FcεRIβ inhibits the downstream cellular events of 
SYK phosphorylation, including mast cell mediator release. LYN, SRC family protein tyrosine ki-
nase; ITAM, immunoreceptor tyrosine-based activation motifs; SYK, spleen tyrosine kinase; LAT-1, 
linker for activation of T cells; LAT-2, LAT-1 related adaptor; PI3K, phosphatidylinositol 3-kinase; 
PLC-γ1, phospholipase C-γ1. 
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Figure 1. The role of FcεRIβ in mast cell signaling pathways. (A) Synthesis of FcεRI α, β and γ-
subunits takes place within the endoplasmic reticulum. FcεRIβ facilitates appropriate glycosylation
and folding of FcεRIα, and the γ-subunits permit export of the αβγ2 tetrameric complex to the
Golgi. (B) Full-length FcεRIβ traffics the receptor complex to the cell surface, whereas t-FcεRIβ,
which is incapable of trafficking to the surface, prevents surface expression of FcεRI. (C) Once at
the surface, full-length FcεRIβ stabilizes the receptor complex. (D) Binding of IgE to the receptor
increases receptor half-life at the surface. Allergen binding cross-links multiple FcεRI and induces
receptor aggregation, which leads to phosphorylation of FcεRIβ by LYN. (E) By binding LYN, FcεRIβ
amplifies phosphorylation of the FcεRIγ ITAMs, which leads to the recruitment and phosphorylation
of SYK. (F) Phosphorylated SYK propagates intracellular signals by phosphorylating LAT and LAT2,
which subsequently induce PI3K and PLC-γ1 signaling cascades. (G) Ultimately, these signaling
pathways culminate in proinflammatory gene expression and the release of cytokines and chemokines,
arachidonic acid metabolism and eicosanoid production, and mediator release via degranulation. By
preventing trafficking of FcεRI to the surface, t-FcεRIβ inhibits the downstream cellular events of
SYK phosphorylation, including mast cell mediator release. LYN, SRC family protein tyrosine kinase;
ITAM, immunoreceptor tyrosine-based activation motifs; SYK, spleen tyrosine kinase; LAT-1, linker
for activation of T cells; LAT-2, LAT-1 related adaptor; PI3K, phosphatidylinositol 3-kinase; PLC-γ1,
phospholipase C-γ1.

Although both αγ2 and αβγ2 complexes are capable of binding IgE with high affinity,
the differential expression of tetrameric αβγ2 and trimeric αγ2 FcεRI on distinct immune
cell populations suggests that the two configurations of the receptor have divergent roles in
immunity. In mast cells, FcεRI-mediated cell activation and the distinct roles of each subunit
of the tetramer have been well characterized [25] (Figure 1). The extracellular portion of
FcεRIα belongs to the immunoglobulin superfamily and binds the Fc portion of IgE [26].
The two γ-subunits comprise the main signaling substructure of the receptor, and together
form a signal-transducing disulphide-linked homodimer. In their cytoplasmic domains, the
γ-subunits contain immunoreceptor tyrosine-based activation motifs (ITAMs); following
antigen cross linking of FcεRIα-bound IgE, signaling is initiated by phosphorylation of
each ITAM’s tyrosine residues that recruit and activate the dual SH2 domain-containing,
non-receptor tyrosine kinase SYK [27,28]. FcεRIβ facilitates signaling by binding SRC
family kinases such as LYN via its own, non-canonical ITAM, located near its C-terminus.
This acts as an activation loop [29–31], which subsequently leads to recruitment and
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phosphorylation of SYK from the cell cytosol [32,33] The mechanism of SYK recruitment
and phosphorylation appears to be modulated by the kinetics of FcεRI aggregation, since
the aggregation of larger numbers of IgE-FcεRI complexes provides a greater pool of
phosphorylated ITAMs for SYK to bind to [34,35]. The formation of FcεRI aggregates
(which can differ in the orientation and distance of the receptors within aggregates) appears
to modulate signaling efficiency, as well as negative regulation of FcεRI activation by the
preferential recruitment of inhibitory phosphatases over SYK [36,37]. Correspondingly,
the phosphorylation kinetics of SYK, regulated by the duration of ITAM binding, dictates
SYK-mediated cellular outcomes [34].

Like other MIRRs, such as the B cell receptor and T cell receptor, FcεRI lacks intrinsic
kinase ability, so recruitment of kinases such as SYK by its γ-subunits is critical for FcεRI
signal transduction [38,39]. FcεRI-mediated SYK activation propagates intracellular signals
by activating phospholipase C (PLC)-γ1, which induces the release of free calcium ions
(Ca2+) from intracellular stores via the generation of the intracellular secondary messenger
inositol triphosphate (IP3). Depletion of these stores leads to activation of the calcium-
release activated ion channel Orai1 within the plasma membrane, which opens to allow
Ca2+ influx [40–42]. Through spatiotemporally distinct Ca2+ fluxes, Orai1 activity triggers a
variety of calcium-dependent events, including gene expression (reviewed in [43]), exocytic
release of proinflammatory mediators and eicosanoid production, as well as sustainment of
the receptor-triggered SYK-mediated signal (for reviews, see [44–48]). FcεRI activation also
triggers the phosphatidylinositol 3-kinase (PI3K) pathway in mast cells, which amplifies
PLC-γ1-mediated signaling and may also contribute to cell survival and growth (reviewed
in [49]).

In comparison to the tetrameric isoform, the properties and roles of trimeric FcεRI are
more obscure—a consequence, in part, of differences between humans and mice. Human
FcεRIα possesses an extracellular domain that facilitates trafficking with the γ-subunits
to the cell surface in the absence of the β-subunit [50], whereas mouse α and γ-subunits
will only traffic to the cell surface if the β-subunit is present [51]. In contrast to the pro-
inflammatory role of tetrameric FcεRI on mast cells and basophils, studies suggest that
trimeric FcεRI expressed on antigen-presenting cells may have an immunomodulatory role
(reviewed in [52]), by both restraining allergic tissue inflammation [53] and reducing serum
IgE [54]. Whether the proposed anti-inflammatory role of trimeric FcεRI is due to its lack
of the signal-amplifying β-subunit is unclear, but the association of the two FcεRI isoforms
with distinct patterns of SYK phosphorylation and signaling in different cell types warrants
further study of FcεRIβ in the modulation of anti- and pro-inflammatory cell signaling
(discussed in [53]). Other factors that could regulate these processes and may hinder
research into different FcεRI complexes that exist in human and mouse cells may reside
in the tissue microenvironment, where human studies become more difficult to replicate
in vitro. In such a setting, perhaps utilizing innovative extracellular matrix-based models,
which create a more physiologically relevant environment for cells in vitro could help
overcome shortcomings of rodent models [55]. However, even given these shortcomings, it
is clear that, in mast cells and basophils, the unique role of FcεRIβ in cell activation and
pro-inflammatory mediator release makes it a relatively cell-specific target, and one with
the potential to dampen mast cell responses in allergic inflammation.

3. Existing Treatments Targeting FcεRI and IgE

As key effector cells in allergy and inflammation, mast cells and basophils are ideal
therapeutic targets. Additionally, due to the high affinity binding of IgE to FcεRI, thereby
allowing the cells to be primed for activation for months [56], inhibiting or blocking IgE
binding to FcεRI receptors is a logical strategy for dampening mast cell and basophil
activation. An effective treatment that directly targets this mechanism is omalizumab, a
monoclonal anti-IgE antibody that sequesters circulating serum IgE and accordingly atten-
uates IgE-mediated responses to allergens. Omalizumab, and related antibody therapies,
block binding of IgE to FcεRIα, which in turn depletes free IgE from the blood [57]. The
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result is a gradual reduction in antigen-specific IgE bound to FcεRIα and reduced capacity
for mast cells and basophils to respond to allergens. The effectiveness of this mechanism has
led to omalizumab becoming an important therapeutic option for antihistamine-resistant
diseases, such as chronic urticaria [58] and severe asthma with elevated serum IgE [59,60].
Importantly, in moderate to severe asthma, omalizumab has clinical benefits and facilitates
the withdrawal of concomitant steroid and bronchodilator treatments [59–62]. Some efficacy
is also seen in other IgE-driven diseases, such as allergic rhinitis [63], food allergy [64,65],
atopic dermatitis [66,67] and urticaria [68–70] as well as in patients with multiple allergic
comorbidities [71].

Despite these significant benefits, omalizumab, for a variety of known and unknown
reasons, can have variable efficacies in different allergic disease settings and their patient
subsets [72], (reviewed in [73]). Additionally, benefits arising from treatment with omal-
izumab can take several weeks to be observed in a clinical setting [74–76]. A key factor that
makes omalizumab and related therapies effective is the simultaneous decrease of both
surface IgE-FcεRIα complexes and FcεRIα surface expression [57]; however, this decrease
in FcεRIα expression is markedly slower in mast cells than in basophils. The reason for
this difference is unclear, but may be a result of the shorter lifespan of basophils, compared
to mast cells, or may be due to other factors, such as differences in IgE half-lives on the
surface of the cells [57]. Additionally, the long half-life of IgE-FcεRI complexes also limits
the rate of action of therapeutics that aim to block IgE binding [77].

Other limitations to the approach of preventing IgE from binding to FcεRI include
the intrinsic sensitivity of mast cells and basophils to IgE-mediated stimulation, which
makes it challenging to reduce IgE levels at disease sites to therapeutically beneficial
concentrations [73]. Not only is cellular sensitivity to IgE-mediated activation highly
variable, but FcεRI is expressed on mast cells in surplus. Despite needing only a few
hundred receptors to initiate degranulation [78], human lung mast cells, for instance, may
express as many as 130,000 FcεRI per cell [79]. Consequently, if less than 5% of IgE is
sufficient to activate the small proportion of FcεRI receptors on mast cells required for a
degranulation response, reducing serum IgE by more than 95% could be ineffective in some
instances (discussed in [73]). The amount of antigen specific IgE in the pool of total IgE,
as well as the valency of the antigen, could also contribute to variable efficacy in different
settings. While these factors are not the only possible explanations for the variable efficacy
of omalizumab, they demonstrate the inherent difficulty of suppressing IgE-mediated
allergic mast cell and basophil activation. Progress may be made by improvements in
binding affinity, such as with ligelizumab, which binds to the same constant (Cε3) domain
of free IgE with higher affinity than omalizumab and may prove more efficacious in IgE-
mediated diseases and chronic spontaneous urticaria [80–82].

Anti-FcεRIα antibodies could also have greater clinical efficacy than omalizumab
in patients with high serum IgE levels, since they compete with serum IgE for receptor
sites and thus act more like competitive inhibitors [83]. In in vivo studies, for instance,
monoclonal antibodies targeting FcεRIα suppress anaphylaxis more rapidly than either
omalizumab or ligelizumab [84]. Although IgE binding stabilizes expression of FcεRI at the
cell surface, thereby increasing the number of receptors capable of binding IgE (reviewed
in [85]), allergen-induced receptor aggregation can induce endocytic internalization of
FcεRI. Ubiquitination facilitates this process, and eventually leads to lysosomal degradation
of the receptor [86]. By triggering aggregation and receptor internalization, anti-FcεRIα
antibodies reduce surface FcεRI and render mast cells unresponsive [83]. However, as an
anti-allergy therapy, there are restrictions to this approach. Anti-FcεRIα antibodies would
be limited to allergen desensitization rather than suppression of established IgE-mediated
mast cell inflammation, because existing anti-FcεRIα antibodies are unable to bind to
FcεRI if an IgE molecule is already bound [83]. Furthermore, the effectiveness of these
antibodies, and other comparable methods of desensitization [72,87], are still limited by the
potent ability of small numbers of the receptor to activate mast cells—a challenge shared by
other IgE inhibitors, including peptides [88–90], oligonucleotide ligands [91] and designed
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ankyrin repeat proteins (DARPins) [92,93]. Nonetheless, studies examining the dissociative
effect of DARPins demonstrate that targeting IgE-FcεRI complexes could help combat
allergic responses by not only reducing serum IgE, but also accelerating dissociation of IgE
from FcεRI and interrupting the allergic signaling cascade [94,95].

Co-engagement of FcεRI and its inhibitory receptor, the low affinity Fc receptor
FcγRIIb, is an alternative tactic to inhibiting FcεRI-mediated inflammation. Unlike the
ITAMs of FcεRIβ and FcεRIγ, the cytoplasmic tail of FcγRIIb contains an immunoreceptor
tyrosine-based inhibitory motif (ITIM). When co-aggregated with FcεRI, phosphorylation
of this ITIM leads to recruitment of SH2 domain-containing inositol 5-phosphatase (SHIP).
SHIP recruitment inhibits FcεRI activation and calcium influx [96,97] by preventing Bru-
ton’s tyrosine kinase (BTK) recruitment and subsequent PLC-γ1 activation by SYK [98],
(reviewed in [99]). By utilizing this inhibitory mechanism, bi-specific molecules capa-
ble of simultaneously binding both FcεRI and FcγRIIb reduce IgE-mediated mast cell
degranulation and could become effective therapies for allergic diseases [100–103].

Inhibiting intracellular signals, such as tyrosine kinase inhibitors targeting SYK or
modulating Raf kinase inhibitor protein (RKIP) activity, represent other potential options
for allergic therapeutics, due to their roles in IgE-mediated mast cell activation [104–106].
The receptor tyrosine kinase KIT, which drives cell cycle progression, DNA synthesis
and cell division in mast cells and basophils, may also be a useful target. Importantly,
although inhibiting these kinases suppresses mast cell survival and mast cell-mediated
inflammation [107–110], their cell-specificity must be examined, as well as the effect of mast
cell and basophil ablation on innate and adaptive immunity (discussed in [14]).

4. Alternative Splicing of FcεRIβ and the Functions of Splice Variants

The above discussion demonstrates that efforts to therapeutically suppress FcεRI-
mediated mast cell activation are ongoing and a need remains for alternative approaches.
To this end, FcεRIβ presents a potentially appealing target. In addition to its role in
amplifying IgE-mediated mast cell activation, polymorphisms in the gene encoding FcεRIβ,
MS4A2, have been linked to allergy and asthma susceptibility [111–115], suggesting a
potential role for FcεRIβ in development of allergy. The idea of FcεRIβ as a therapeutic
target is not new, but also not straightforward. The clinical benefits of targeting FcεRIβ have
been ambiguous, since the association of MS4A2 polymorphisms with allergy and asthma is
not consistent [116–118] and transfection of MS4A2 cDNA containing mutations associated
with asthma has previously failed to alter FcεRIβ function [119,120]. The implications
of other polymorphisms in the predicted transcription promoter region and in exon 7 of
MS4A2, which are linked to asthma susceptibility, remain elusive [121–123].

Although initial attempts to associate polymorphisms in MS4A2 with functional out-
comes in disease were unsuccessful, the subsequent elucidation of alternative splicing of
FcεRIβmRNA and the functional differences of alternate isoforms have established new
avenues of study and reignited interest in the therapeutic potential of FcεRIβ. Alterna-
tive splicing enables a single gene to generate a variety of different mRNA transcripts
and protein isoforms and is thereby an important regulatory component of eukaryotic
gene expression [124]. Splicing occurs when the spliceosome, a complex comprising five
small nuclear ribonucleoprotein subunits and various protein cofactors [125], recognizes
a splice site within the pre-mRNA transcript. During splicing, the spliceosome catalyzes
the removal of introns before ligating the remaining exons to produce a continuous mRNA
message (Figure 2). Despite the fundamental importance of alternative splicing in eukary-
otic cells, alternative splicing of genes and the effects of polymorphisms on regulating
splicing mechanisms are often overlooked and studies of expression in disease states do
not always take alternative splicing into consideration. Overall, mRNA transcript number
may not change, but skewed splicing could be present and may markedly alter the gene
function. FcεRIβ is an excellent example of how apparently minor alterations in transcripts
by alternative splicing can markedly affect protein function and regulate processes that
would be missed if not specifically examined.
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cleotides (SSOs).

In addition to its ITAM-mediated signaling capacity, FcεRIβ performs the crucial role
of trafficking FcεRIα to the plasma membrane, which takes place after the two subunits
associate during an early stage of biosynthesis in the endoplasmic reticulum [119,126].
Association of the α and β chains facilitates glycosylation and folding of the α chain,
and the arrival of the γ chains permits export of the αβγ2 receptor complex from the
endoplasmic reticulum (reviewed in [25]). In particular, the first transmembrane helix of
FcεRIβ is critical for trafficking and stabilizing the receptor complex, ultimately increasing
FcεRI surface expression [51,119,127]. Binding of IgE to FcεRIα adds further stability to
the receptor and prevents its internalization [25]. Since the ability of FcεRIβ to fulfill these
functions depends upon its polypeptide sequence and structure, alternative splicing of the
MS4A2 gene represents a critical regulatory mechanism of FcεRIβ expression and function.

In human basophils and cord blood-derived mast cells, a truncated splice variant
of MS4A2 (MS4A2 variant 2-FcεRIβT) caused by inclusion of intron 5 results in a prema-
ture in-frame stop codon and loss of the downstream third and fourth transmembrane
regions, as well as the C terminal ITAM [128]. Since the first transmembrane helix of
FcεRIβ is sufficient to bind FcεRIα and traffic the FcεRI complex [127], FcεRIβT can as-
sociate with FcεRIα. However, FcεRIβT competes with full-length FcεRIβ for FcεRIα
binding, and redirects FcεRIα to endosomes and proteasomal degradation rather than to
the plasma membrane [128]. Consequently, the relative abundance of each splice variant
determines the proportion of FcεRIβ capable of trafficking FcεRIα to the plasma membrane
or through degradation pathways, and thus alternative splicing modulates FcεRI surface
expression [128].

Human mast cells also express MS4A2 variant 3, which excludes exon 3 and produces
a truncated isoform (t-FcεRIβ) that lacks the first two transmembrane regions [129]. The
first transmembrane helix is necessary for binding to FcεRIα and trafficking of the receptor
complex [127], and thus loss of exon 3 restricts t-FcεRIβ to the cytoplasm, nuclear membrane
and juxtanuclear organelles [129]. Adenoviral transduction of high levels of t-FcεRIβ
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triggers cell death in human lung mast cells, inhibits proliferation and induces apoptosis in
the rapidly dividing mast cell line HMC-1 [129]. However, MS4A2 variant 3 also plays a
role in IgE-mediated mast cell activation. Following mast cell activation, t-FcεRIβ interacts
with calmodulin via a putative calmodulin-binding domain and, most likely through its
C-terminal ITAM, also binds Fyn kinase, GRB2-associated-binding protein (Gab)-2, and
the phosphoinositide 3 kinase (PI3K) p85 subunit [130]. Together, these interactions enable
translocation of t-FcεRIβ to the Golgi, where it facilitates the formation of microtubules
that are required for FcεRI-induced granule translocation to the plasma membrane, prior
to exocytosis [130,131].

5. Functional Outcomes of Modulating FcεRIβ Expression in Mast Cells

By determining the various roles of MS4A2 splice variants in mast cells, it becomes
apparent that alternative splicing of FcεRIβ pre-mRNA selectively removes domains in the
protein that are critical for specific functions. Therefore, in addition to regulation of FcεRI
expression by transcription of the FcεRI subunits, alternative splicing of FcεRIβ pre-mRNA
may regulate FcεRI trafficking to the cell surface, since alternative splicing dictates the
intracellular trafficking and function of FcεRIβ. Thus, altered splicing of MS4A2 could
have implications in susceptibility to allergic diseases. Moreover, manipulation of MS4A2
splicing to favor a particular phenotype, such as aberrant FcεRIα trafficking, could have
therapeutic potential.

To manipulate splicing of MS4A2, splice switching oligonucleotides (SSOs) target-
ing exon 3 of MS4A2 (herein referred to as FcεRIβ SSOs) have been employed by our
group [132]. SSOs are beginning to show promise as therapeutics in personalized medicine.
They consist of short synthetic strands of nucleic acids, which are typically less than 50
nucleotides, and provide a targeted approach to gene modification by binding to RNA and
affecting splicing. Conventionally, the therapeutic development of oligonucleotides for
many diseases has followed either classic antisense or siRNA approaches that rely on RNase
H or RNA-induced silencing complex (RISC)-mediated pathways of transcript degrada-
tion (reviewed in [133]). These approaches have had some success in early-stage clinical
trials of various disease areas, which has contributed to increased attention for antisense
oligonucleotide therapy (reviewed in [133–136]). However, compared to classic antisense
oligonucleotide-mediated mRNA transcript degradation, SSOs comprise a different type
of antisense oligonucleotide therapy that alters normal splicing of the targeted transcript
that may prove more versatile. Indeed, SSOs can be utilized to introduce a frameshift into
the mature mRNA to introduce a premature termination codon that degrades transcripts
through presumably nonsense-mediated mRNA decay to induce apoptosis of transformed
cells and reduce tumor burden in an in vivo mouse model of mast cell neoplasia [137].

SSOs can promote the inclusion or removal of exons from mature mRNA. In the
case of the latter, SSOs induce skipping of a specific exon in mature mRNA by binding
to splicing sites in precursor-mRNA, resulting in a steric block of the spliceosome ma-
chinery proteins from binding to the site (Figure 2). Recent studies are also exploring
the emerging phenomenon of cryptic splice site activation by antisense oligonucleotides,
although this is, at present, a rare observation [138]. An advantage of SSOs is that chemical
modifications to the backbones increase the stability of the antisense oligonucleotides and
prevent degradation of pre-mRNA-SSO complexes by RNase H; if designed correctly, they
will allow transcription of an altered mRNA to continue (reviewed in [139]). In some
applications, exon exclusion or inclusion can correct aberrant splicing, or a frame-shift
mutation to restore expression of a partially functional protein. For example, in Duchenne
muscular dystrophy (DMD), exon skipping is utilized to reestablish the correct reading
frame where a mutated exon that contains a frameshift is skipped to restore production of a
partially functional dystrophin protein. This approach reduces the clinical severity of DMD
(reviewed in [140]). A number of other genetic diseases may also benefit from SSO-based
therapy, which are covered in other reviews [133,135,141,142].
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To this end, FcεRIβ SSOs have been used to induce exon skipping and force the cell to
preferentially produce the alternatively spliced t-FcεRIβ isoform [132]. Specifically, FcεRIβ
SSOs have been used to target the splicing sites within exon 3. These SSOs yield a protein
that resembles the alternative splice variant 3 of MS4A2, which prevents FcεRIβ from
binding to and trafficking FcεRIα (Figure 3). In mouse bone marrow-derived mast cells
(BMMCs) and the human mast cell line LAD2, FcεRIβ SSO treatment causes dispropor-
tionate expression of t-FcεRIβ and leads to a dose-dependent loss of surface expression of
FcεRIα [132].
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Figure 3. The functional effect of FcεRIβ antisense oligonucleotide (AON) treatment on mast cell
activation. Blue arrows represent the path of full-length (FL) MS4A2 and FcεRIβ; red arrows represent
the path of truncated (t)-MS4A2 and t-FcεRIβ, as a consequence of FcεRIβ exon skipping by FcεRIβ
AONs. (A) MS4A2 pre-mRNA molecule undergoes normal splicing, resulting in transcription of FL-
MS4A2 and translation of FcεRIβ. (B) In the presence of FcεRIβ AONs, exon 3 of MS4A2 pre-mRNA
molecule is alternatively spliced, resulting in a truncated mature mRNA molecule, t-MS4A2. (C) FL-
FcεRIβ forms complex with α and γ-subunits and traffics the receptor complex to the cell surface.
(D) At the cell surface, FL-FcεRIβ stabilizes the receptor, enabling activation of FcεRI by antigen
via crosslinking IgE antibodies, and subsequent proinflammatory cellular outcomes. (E) In contrast,
t-MS4A2 is translated into t-FcεRIβ that lacks the first two transmembrane regions, rendering it
incapable of trafficking FcεRIα to the plasma membrane.

The loss of surface FcεRIα should impact IgE-mediated mast cell activation because,
even in the presence of high levels of IgE, mast cells lacking surface FcεRIαwill not have
the capacity to bind IgE. Indeed, in BMMCs and, to a lesser extent, LAD2 cells, FcεRIβ
SSO-induced loss of surface FcεRIα corresponds with inhibition of IgE-mediated degran-
ulation [132] (Figure 3). Importantly, loss of surface FcεRIα is not directly proportional
to the degree of inhibition of degranulation. This phenomenon is likely attributable to
the small number of receptors required to trigger degranulation, since significant reduc-
tions in degranulation are only achieved with higher SSO concentrations where efficacy of
exon skipping and loss of surface FcεRIα exceeds around 80% [132]. Thus, FcεRIβ SSOs
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may face similar challenges to therapies targeting serum IgE, such as omalizumab, as
described above.

6. Conclusions

Targeting FcεRI and IgE-mediated mast cell and basophil activation has great thera-
peutic potential for allergic diseases. In addition to the established approaches that target
IgE and binding of IgE to FcεRI, targeting FcεRI trafficking and signaling may also prove
effective in IgE-mediated diseases. Identifying genes and proteins that play important roles
in the FcεRI pathway is a critical step to finding novel targets for therapeutics. However,
alternative splicing is often overlooked and splice variants can not only provide information
for how pathways are regulated; once they are understood, the alternative splicing can also
be utilized as a way to target those pathways. By altering the splicing of non-mutated but
pathologically associated genes, the therapeutic potential of SSOs extends beyond diseases
driven by genetic mutations. For allergic diseases and asthma, FcεRIβ is an ideal target for
SSO therapy, since it has a characteristic role in IgE-mediated mast cell activation that is
inhibited by SSO-mediated alternative splicing of the MS4A2 gene.
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