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Preface

IgE antibodies were discovered in the 1960s as “reaginic antibodies” (Ishizaka and
Ishizaka 1967), defined at that time as a type of immunoglobulin that could transfer
hypersensitivity to protein antigens. Since then, the genes and proteins of both IgE
and its high-affinity receptor, FcεRI (Kinet 1999), have been fully characterized.
The role of IgE in human chronic inflammatory allergic diseases was suggested by
a large number of association studies and was more recently conclusively proven by
the beneficial effects of anti-IgE therapy in severe asthma.

The study of IgE-producing B cells was nevertheless long hampered by their
relative paucity in peripheral blood and lymphoid organs. The recent development
of genetically modified mouse models to study IgE responses has enabled the
tracking and isolation of IgE-expressing cells and has uncovered distinctive aspects
of the IgE response. We now know that IgE cell responses are characterized by
a transient IgE germinal center phase, a predominance of the IgE plasma cell fate,
an absence of functional IgE memory B cells, and the co-opting of the sequential
switching process to generate high-affinity IgE antibodies. These findings have
suggested a link between sequential switching to IgE and the pathogenic potential
of IgE responses. Recent advances describing unique features of IgE cell differ-
entiation and of the mechanisms involved in the memory of IgE responses are
discussed in this volume by He Jin-shu and collaborators (“Biology of IgE
Production: Ige Cell Differentiation and the Memory of Ige Responses”).

IgE antibody genes are generated through class switch recombination (CSR),
a process whereby the DNA sequence encoding the constant region of the IgE
heavy chain, Cε, is brought in close proximity to the VDJ gene through looping out,
ligation, and excision of the intervening DNA sequences. Antibody genes can be
further modified by somatic hypermutation (SH). Both CSR and SH are mediated
by the enzyme AID (Muramatsu et al. 2000). Here Pei Tong and Duane Wesemann
discuss the molecular mechanisms underlying the generation of antibodies, how
the specific features of CSR to IgE regulate the production of IgE antibodies in
immature and mature B cells, and the implications of this regulation for the roles of
IgE in disease (“Molecular Mechanisms of IgE Class Switch Recombination”).
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The pathogenic potential of IgE antibodies lies mainly in its ability to bind to the
high-affinity FcεRI on the surface of mast cells and to induce mast cell degranu-
lation upon crosslinking by allergens. Accordingly, it is now well established that
IgE is a valid therapeutic target for difficult-to-treat allergic inflammatory diseases,
such as corticosteroid-resistant asthma. Stephanie Logsdon and Hans Oettgen
(“Anti-IgE Therapy: Clinical Utility and Mechanistic Insights”) review the latest
clinical data on the treatment of asthma and other allergic diseases with
Omalizumab, the first therapeutic anti-IgE antibody successfully used in chronic
allergic diseases. Immunological studies in anti-IgE treated patients have also shed
new light on the role of IgE in immune responses beyond mast cell activation, and
the success of Omalizumab has reinvigorated the search for new approaches
targeting IgE-FcεRI interactions.

The affinity of IgE for an allergen, the relative concentration of allergen-specific
IgE in the total IgE pool, and IgE cross-reactivity, are all important determinants
of the occurrence, or not, of allergic reactions. Ryo Suzuki and collaborators (“New
Insights on the Signaling and Function of the High Affinity Receptor for IgE”)
review the mechanisms of IgE- and FcεRI-mediated mast cell responses, sharing
new insights into their modulation: we now know that monomeric IgE can induce
diverse signaling and activation responses in mast cells, even in the absence of
cognate antigens. New concepts have provided a framework linking monomeric
IgE polyreactivity and its ability to activate mast cells in the absence of known
antigen; furthermore, the affinity of IgE has been identified as a key determinant in
the type of signaling and inflammatory responses induced downstream of antigen
recognition.

The pathogenic role of IgE in allergy has somehow eclipsed its valuable pro-
tective functions in the case of parasitic infection. Helminthes in particular induce
the production of high levels of serum IgE, but their presence is, somewhat
counterintuitively, associated with protection from allergic diseases, even in the
presence of IgE antibodies against allergens. Firdaus Hamid and collaborators
(“Helminth-Induced IgE and Protection Against Allergic Disorders”) discuss how
helminthes infections result in the formation of IgE antibodies that recognize both
the parasite and the allergen, but have low pathogenic potential. Interestingly, there
is evidence of important differences in the allergen epitopes recognized by IgE from
parasite-infected patients compared to allergic patients, and further research in this
area holds the promise of exciting advances in our understanding of the mecha-
nisms of allergy in the near future.

The novel ideas emerging from these studies suggest new preventive and ther-
apeutic approaches based on interventions that alter IgE concentration and its
affinity for allergens.

Alongside protection from parasites, IgE-mediated mast cell responses appear to
be an important component of our bodies’ anti-tumor defenses. Lai Sum Leoh and
collaborators (“IgE Immunotherapy Against Cancer”) explain the rationale behind
the innovative use of IgE rather than IgG antibodies in cancer treatment, and discuss
the therapeutic IgE antibodies that are currently under development for treatment of

vi Preface

http://dx.doi.org/10.1007/978-3-319-13725-4_3
http://dx.doi.org/10.1007/978-3-319-13725-4_4
http://dx.doi.org/10.1007/978-3-319-13725-4_4
http://dx.doi.org/10.1007/978-3-319-13725-4_5
http://dx.doi.org/10.1007/978-3-319-13725-4_6


malignancies, as well as the possibility of prophylactic use of anti-tumor IgE and
the challenges of effective delivery.

We hope this volume on IgE antibodies will help to disseminate current
knowledge on the generation and function of IgE, and encourage further studies. It
is also our aim to showcase the broad spectrum of IgE functions: in causing, as well
as preventing, allergic diseases; in defense against parasites, and as a valuable
component in protection from cancer. Only by taking all these facets of the complex
biology of IgE into account can we hope to fully understand the workings of this
intriguing biological molecule and so harness its potential to improve human health.

Juan J. Lafaille
Maria A. Curotto de Lafaille
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Biology of IgE Production: IgE Cell
Differentiation and the Memory of IgE
Responses

Jin-Shu He, Sriram Narayanan, Sharrada Subramaniam, Wen Qi Ho,
Juan J. Lafaille and Maria A. Curotto de Lafaille

Abstract The generation of long-lived plasma cells and memory B cells producing
high-affinity antibodies depends on the maturation of B cell responses in germinal
centers. These processes are essential for long-lasting antibody-mediated protection
against infections. IgE antibodies are important for defense against parasites and
toxins and can also mediate anti-tumor immunity. However, high-affinity IgE is
also the main culprit responsible for the manifestations of allergic disease, including
life-threatening anaphylaxis. Thus, generation of high-affinity IgE must be tightly
regulated. Recent studies of IgE B cell biology have unveiled two mechanisms that
limit high-affinity IgE memory responses: First, B cells that have recently switched
to IgE production are programmed to rapidly differentiate into plasma cells, and
second, IgE germinal center cells are transient and highly apoptotic. Opposing these
processes, we now know that germinal center-derived IgG B cells can switch to IgE
production, effectively becoming IgE-producing plasma cells. In this chapter, we
will discuss the unique molecular and cellular pathways involved in the generation
of IgE antibodies.
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Abbreviations

AID Activation-induced cytidine deaminase
BCR B cell receptor
CSR Class switch recombination
EMPD Extra membrane proximal domain
GC Germinal center
LN Lymph node
PC Plasma cell
TLR Toll-like receptor
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1 Introduction

IgE antibodies are key mediators of allergic diseases, which manifest as acute
allergic reactions such as hives, bronchospasm and systemic anaphylaxis, or
chronic diseases such as rhinitis, atopic dermatitis, and asthma (Gould and Sutton
2008). The pathogenesis of IgE results from its ability to bind to high-affinity FcεRI
receptors on the surface of mast cells and basophils (Kinet 1999). Crosslinking of
surface-bound IgE by allergens causes FcεRI clustering, leading to mast cell
degranulation and thereby the release of inflammatory mediators responsible for
smooth muscle contraction, increased vascular permeability, secretion of mucus by
epithelial cells, and inflammation (Galli and Tsai 2012).

The production of IgE is tightly regulated at the molecular and cellular level,
resulting in a serum concentration of IgE that is several orders of magnitude lower
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than that of either IgG or IgA (Geha et al. 2003; Vieira and Rajewsky 1988). Recent
studies have identified unique features of the differentiation of IgE-producing cells
that account for its relative scarcity: Unlike the cells producing IgG, recently
switched IgE B cells often rapidly differentiate into plasma cells (PCs) (Erazo et al.
2007; He et al. 2013; Yang et al. 2012); alongside, IgE-producing germinal center
(GC) cells undergo high levels of apoptosis (He et al. 2013). However, the capacity
for generation of high-affinity IgE can be maintained through a low level of
switching of GC-derived IgG cells to IgE (Erazo et al. 2007; He et al. 2013; Xiong
et al. 2012b). Here, we discuss the biological mechanisms involved in the gener-
ation of IgE responses, including the current knowledge of IgE GC cells and PCs,
and the unique role of sequential switching in the IgE memory response.

2 Regulation of Class Switch Recombination to IgE
by Cytokines and Transcription Factors

The generation of IgG, IgA, and IgE-producing cells occurs following activation of
IgM- and IgD-expressing B cells via a process termed class switch recombination
(CSR). When CSR to IgE occurs after initial recombination to an upstream isotype
(usually IgG), the process is referred to as “sequential switching” (Mandler et al.
1993;Mills et al. 1992; Siebenkotten et al. 1992; Yoshida et al. 1990). CSR is induced
in B cells after activation by ligation of surface receptors such as CD40, members of
the toll-like receptor (TLR), or BAFF receptor family, in synergy with IL-4R receptor
signaling (Geha et al. 2003). Activation induces expression of the enzyme activation-
induced cytidine deaminase (AID) that mediates recombination between two DNA
switch (S) regions, resulting in the joining of the targeted DNA sequences and
deletion of intervening sequences (Muramatsu et al. 2000). S regions contain
imperfect G-rich repeats that are located upstream of the Ig constant region (C) genes
of IgM, all IgGs, IgA, and IgE. CSR is preceded by, and depends upon, transcription
of the S regions, which is initiated in upstream intervening (I) germline promoters.
Germline transcription results in the production of germline transcripts, in which a
short I-exon is joined to the constant region, splicing out the switch region.

Activation of the germline I promoters is differentially regulated by transcription
factors that are themselves activated by cytokine receptor signaling: CSR to IgE
occurs downstream of IL-4 and IL-13 signaling and is inhibited by IFNγ, TGFβ,
and IL2 (Coffman et al. 1993; de Vries et al. 1993; Finkelman et al. 1990;
Punnonen et al. 1993; Suto et al. 2002). Signaling through the IL-4R triggers
phosphorylation and nuclear translocation of STAT6. Binding of pSTAT6 to the Iε
promoter is essential for promoter activation. pSTAT6 also induces the transcription
factor NFIL3 (Rothman 2010), which binds to the Iε promoter and positively
regulates transcription (Kashiwada et al. 2010).

Other transcription factors including E2A, NF-κB, PU.1, Pax5, AP-1, and
C/EBP synergize with pSTAT6 to activate germline Iε transcription. In contrast, the
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transcriptional inhibitor BCL6, which is expressed in GC B cells, inhibits CSR to
IgE (Harris et al. 1999). The transcription factor Id2, induced downstream of TGFβ
signaling, is also a negative regulator of the Iε promoter (Sugai et al. 2003).

In sum, CSR to IgE depends on general mechanisms of B cell activation and
signaling through the IL-4/IL-13 receptor. The fine regulation of CSR to IgE by
cytokines secreted by CD4 T cells makes IgE responses highly sensitive to the T
cell cytokine environment.

The molecular mechanisms involved in the generation of antibody genes and the
specific features of immunoglobulin class switching to IgE are reviewed in detail by
Tong and Vesseman in this volume.

3 T Cell-dependent Versus T Cell-independent Class
Switching to IgE

The interaction between CD40 on the B cell surface and CD40L expressed on
CD4+ T cells is essential for antigen-specific IgE responses in vivo. The additional
requirement for the T cell cytokines IL-4/IL-13 for B cell activation further high-
lights the dependence of IgE responses on T cell help.

Following engagement of B cell CD40 by CD40L, TRAF signaling factors are
recruited and activated (Geha et al. 2003). TRAF activation ultimately results in
nuclear translocation of the transcription factors NF-κB and AP-1. The engagement
of CD40 also induces the activation of MAP kinase p38 (Faris et al. 1993, 1994;
Pesu et al. 2002; Zhang et al. 2002). p38 is thought to directly regulate the activity
of the transactivation domain of STAT6 (Pesu et al. 2002). The stimulation of
IL-4R and CD40 thus has synergistic effects that enhance both germline Cε tran-
scription and AID transcription through NF-κB and STAT6 (Geha et al. 2003).

Despite the obvious importance of T cell support for CSR to IgE, this requirement
can be circumvented in the case of some B cell stimulants including TLR ligands
such as lipopolysaccharide (LPS) (Snapper et al. 1988), or via BAFF/APRIL
stimulation (Litinskiy et al. 2002), in the presence of IL-4. Sustained activation of
NF-κB driven by TRIF is thought to be essential for the activation of the Cε locus
and class switching to IgE driven by LPS plus IL-4 (Janssen et al. 2014).

In the case of BAFF and APRIL produced by dendritic cells (DCs), the outcome
of B cell stimulation appears to depend on the local cytokine milieu; in the presence
of IL-10, class switching to IgG is promoted, whereas IgE class switch is driven in
the presence of IL-4 (Litinskiy et al. 2002).

Recently, the Yonehara group identified novel type 2 innate lymphoid cells
(ILCs) in the spleen with the ability to enhance IgE production from murine B cells
(Fukuoka et al. 2013). The mechanism underlying such enhancement is unclear, as
is the physiological role of this process; since the ILCs are unable to produce
IL-4, they are unlikely to be primary drivers of IgE class switching, though further
study is clearly warranted. The Cerutti group found that ILCs in the spleen can
integrate stromal and immunological signals to enhance antibody production by

4 J.-S. He et al.



marginal zone B cells in both human and mouse (Magri et al. 2014). In this case,
splenic ILCs support marginal zone B cells via provision of BAFF (or APRIL),
CD40L, and NOTCH ligand Delta-like 1 (Magri et al. 2014). It would be worth
assessing whether the novel type 2 splenic innate immunocyte described by the
Yonehara group also produces BAFF (or APRIL) and CD40L and to further elu-
cidate their possible involvement in the enhancement of IgE production.

The relevance of CD40-independent pathways of IgE production in vivo is not
known. They could be involved in the production of IgE associated with some
immunodeficiencies (Xiong et al. 2012a).

4 Which T Cells Provide Help for B Cell Class
Switching to IgE?

Early studies of IgE responses in immunized mice or in mice infected with helminth
parasites demonstrated that, in these systems, the production of IgE was dependent
on CD4+ T cells and the cytokine IL-4 (Finkelman et al. 1988; Katona et al. 1988).
Furthermore, IL-4 was shown to be necessary for the production of IgE, but not
IgG1, in secondary responses (Katona et al. 1991), implying an absence of memory
IgE cells and therefore that de novo class switching to IgE occurs in recall, as well
as primary responses.

The generation of mice expressing reporter genes in the IL-4 locus (Mohrs et al.
2005) has facilitated the characterization of IL-4-producing cells in vivo. Two
populations of IL-4-producing cells in lymphoid organs, Tfh and Th2-like cells, in
addition to tissue Th2 cells, are potential helper cells for B cell class switching to
IgE. Isolation of T–B cell conjugates from LNs of IL-4 reporter mice showed higher
levels of post-switched IgG1 transcripts in conjugates of B cells with IL-4 pro-
ducing Tfh cells than in conjugates of B cells with IL-4 producing non-Tfh cells.
Upon adoptive transfer, both populations of IL-4 producing T helper cells were able
to mediate class switching to IgG1. The production of IgE was not analyzed
(Reinhardt et al. 2009). Although the results indicate that both Tfh and Th2-like
cells from LN can mediate CSR to IgG1, they cannot be taken as evidence that
either population is responsible for CSR to IgE.

Recent studies by Turqueti Neves et al. showed that in bonemarrow chimeric mice
in which IL-4 and IL-13 could only be produced by T helper cells unable to localize to
the B cell follicles (due to CXCR5 deficiency), neither GC formation, nor the pro-
duction of IgG1 and IgEwere compromised. This suggested that IL-4/IL-13 produced
by non-Tfh cells is sufficient for CSR to IgE and IgG1 (Turqueti-Neves et al. 2014). In
contrast to these data, mice with a deletion in the CNS2 DNA control element of the
IL-4 locus, which is necessary for IL-4 expression in Tfh but not for expression in
in-vitro differentiated Th2 cells, were highly deficient in the production of both IgG1
and IgE. This apparent contradiction might be explained if the IL-4-producing non-
Tfh cells of the spleen and LNs require an active CNS2 locus for IL-4 expression,

Biology of IgE Production … 5



unlike in vitro-differentiated Th2 cells. Furthermore, it was shown that Th2 cells could
differentiate into Tfh cells in vivo (Glatman Zaretsky et al. 2009). Thus, the data so far
are not conclusive as to which T helper population mediates CSR to IgE.

5 When and Where Does B Cell Class
Switching to IgE Occur

Related to the issue of T cell help for IgE production, the timing and tissue envi-
ronment in which CSR to IgE takes place is also not yet well understood. Kinetically,
the production of IgE in T-dependent responses is associated with the germinal
center phase and not with the initial extra-follicular antibody production (Erazo et al.
2007). The fast decline of IgE GC cells and IgE PC in primary responses (He et al.
2013; Yang et al. 2012) suggests that most CSR to IgE occurs in early GC phase and
not in the mature GC. CSR to IgE may thus take place as activated B cells interact
with Th2-like or pre-Tfh cells during the early GC reaction. The expression of BCL6
in GC B cells, as well as the production of IL-21 by Tfh cells are potential inhibitor
of CSR to IgE in the GC (Harris et al. 2005; Ozaki et al. 2002; Suto et al. 2002;
Vinuesa et al. 2005). Nevertheless, heterogeneity in BCL6 expression by GC B cells
and heterogeneity in IL-21 and IL-4 production by Tfh cells may create a permissive
environment for class switching to IgE in the GC.

There is ample evidence that class switching to IgE occurs in the nasal mucosa
of allergic rhinitis patients (Cameron et al. 2003; Coker et al. 2003; Takhar et al.
2005), patients with chronic rhinosinusitis with nasal polyps (Gevaert et al. 2013),
and in the bronchial mucosa of asthmatic individuals (Takhar et al. 2007). Detection
of Sμ-Sε and Sγ-Sε switch DNA circles in the nasal mucosa (Cameron et al. 2003),
and Iε-Cμ and Iε-Cγ circle transcripts in bronchial mucosa (Takhar et al. 2007)
indicates the occurrence of direct and sequential switching. It is not known if class
switching to IgE in the respiratory mucosa is necessarily associated with organized
lymphoid tissues, but GC-like structures were detected in the nasal mucosa of
rhinitis patients and in nasal polyps (Gevaert et al. 2013), as well as in the lungs of
mice with chronic allergic inflammation (Curotto de Lafaille et al. 2008). Allergen-
specific IgE was found to constitute a much higher proportion of total IgE in the
nasal mucosa than in the blood of patients with grass pollen allergy, implying that
local IgE production is important for mucosal mast cell sensitization and localized
allergic reactions (Smurthwaite et al. 2001).

6 Differential Regulation of the Production of IgE and IgG1

Stimulation of mouse B lymphocytes through TLRs or CD40 in the presence of
IL-4 promotes CSR to IgE and IgG1, and in reality, far more B cells switch to
production of IgG1 under these conditions than to IgE, both in vivo and in vitro
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(Rothman et al. 1988; Siebenkotten et al. 1992). This may reflect the fact that the ε
switch region of IgE is much shorter and less repetitive than the γ1 switch region,
which decreases the statistical probability of the recombinase AID binding to this
section of DNA (Hackney et al. 2009). In addition, while the Iγ1 germline promoter
is activated by the transcription factor ATF-2/CREB2, which is upregulated in a
sustained fashion during B cell stimulation, Iε transcripts rely upon AP-1 for their
activation, which is upregulated only transiently (Mao and Stavnezer 2001).

SWAP-70 is another molecule involved in differential regulation of IgE and IgG
class switching. SWAP-70-deficient mice have impaired IgE production, while
LPS-induced B cell proliferation and switching to other isotypes, including IgG1, is
normal (Borggrefe et al. 2001). Recently, it was shown that SWAP-70 binds to Iε
promoter and is required for association of STAT6 with the Iε promoter, and that in
the absence of SWAP-70, the occupancy of inhibitory BCL6 on the Iε promoter is
substantially increased (Audzevich et al. 2013). Thus, SWAP-70 mediates IgE
production through regulation of antagonistic STAT6 and BCL6 occupancy of the
Iε promoter.

Cytokines also have important roles in the differential regulation of CSR to IgE
and IgG1. Following IL-4/IL-13 signaling and STAT6 activation, IgE CSR is
favored by the germline ε promoter region, which binds STAT6 with a 10-fold
higher affinity than the γ1 germline promoter (Mao and Stavnezer 2001). Therefore,
Cε germline transcription is far more responsive to IL-4 than the γ1 promoter, and
accordingly, IgG1 CSR can take place in the absence of IL-4. In contrast, IL-21,
which is produced by T cells in GCs, promotes the production of IgG1 and at the
same time inhibits CSR to IgE (Erazo et al. 2007; Ozaki et al. 2002). Other
cytokines, such as TGF-β and IFN-γ, act directly on B cells to repress both Cε and
Cγ1 germline transcription (Geha et al. 2003).

Adding a further level of complexity to the regulation of IgE production is the
activity of various kinases/phosphatases. Phosphoinositide 3-kinase (PI3K) nega-
tively regulates IgE production at both CSR and protein levels in vivo and in vitro
(Doi et al. 2008) by maintaining levels of BCL6 that preclude STAT6 binding to
the Iε promoter (Zhang et al. 2008, 2012). The transmembrane phosphatase CD45
can inhibit IL-4-mediated CSR to IgE in human B cells (Loh et al. 1995) by
blocking activation of STAT6 through its JAK phosphatase activity or by inhibiting
CD40-initiated activation of c-Jun NH2-terminal kinase and p38 (Arimura et al.
2001) that are involved in the induction of ε germline transcription.

Taken together, it is evident that the process of CSR is tightly regulated by the
complex interplay of several factors. The decision to switch to IgE production will
therefore be governed by the timing, strength, and combination of signals received
by the individual B cell, in a process that we are yet to fully understand.
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7 Direct Versus Sequential Switching to IgE and Their
Biological Role

Class switching to IgE may occur through direct recombination between the switch
(S) regions of Cμ and Cε genes (Sμ and Sε, respectively) or by the sequential
switching of B cells that have already undergone recombination to IgG (Tong and
Wesemann, this volume). In the mouse, sequential switching occurs predomi-
nantly in cells with a Sμ-Sγ1 rearrangement (Siebenkotten et al. 1992). In humans,
remnants of all the four Sγ regions (Sγ1, Sγ2, Sγ3, and Sγ4) have been found in
hybrid Sμ-Sγ-Sε regions of IgE cells (Mills et al. 1992, 1995). While the presence
of Sγ repeat remnants in the Sμ-Sε region of IgE cells indicates a sequential
switching event, Sγ remnants may be lost in the secondary recombination, which
means that the frequency of sequential switching is most likely underestimated.

Initial data from mice suggested that sequential switching was not required for
IgE production since animals bearing a mutation in DNA regulatory sequences
upstream of Sγ1, which suppressed IgG1 class switching, remained able to produce
IgE (Jung et al. 1994). However, more detailed analysis in IgG1-deficient mice
revealed that, in the absence of sequential switching, only low-affinity IgE was
produced (Xiong et al. 2012b). From these studies, we now know that sequential
switching is primarily important for the production of high-affinity IgE and is
therefore predicted to play an important role in the pathogenesis of IgE-mediated
allergic responses such as anaphylaxis (Xiong et al. 2012a).

In addition to the affinity of IgE for an allergen, another important factor for the
pathogenic potential of IgE is the relative concentration of allergen-specific IgE in
the total IgE pool. The affinity and concentration of IgE determine the probability
that two or more allergen-specific IgE molecules will be cross-linked by a multi-
valent allergen on the mast cell surface. We showed that an excess of low-affinity
IgE inhibited the passive cutaneous anaphylaxis reaction mediated by high-affinity
IgE (Xiong et al. 2012b).

Accordingly, high levels of IgE in some conditions such as helminth infections
are not associated with occurrence of allergic diseases even though patients harbor
allergen-specific IgE antibodies. Interestingly, helminth-infected patients recognize
cross-reactive determinants in peanut allergens that are different than the determi-
nants recognized by peanut-allergic patients (Hamid et al. this volume). The high
risk of adverse reaction to peanuts in allergic patients may thus be related to the
specificity and affinity of the IgE antibodies, as well as the relatively high con-
centration of peanut-specific IgE in the total IgE pool.

In addition to their distinct biological roles in the generation of high- and low-
affinity IgE, direct and sequential switching drives different B cell differentiation
pathways (He et al. 2013). We found that the switch regions of GC IgE-producing
cells were devoid of Sγ1 footprints, indicating that they originated from IgM-
producing cells by direct switching. In contrast, the switch regions of IgE PCs
consistently contained Sγ1 repeats, indicating that most or a large proportion of the
IgE PC originated from sequential switching (He et al. 2013).
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In sum, direct class switching to IgE is involved in the generation of GC IgE
cells and linked to the production of low-affinity IgE, while sequential switching
generates IgE PCs and is essential for the production of high-affinity IgE.

8 The Memory IgE Response

8.1 Germinal Center IgE B Cells

Primary antibody responses usually comprise an initial extra-follicular differentia-
tion phase that generates short-lived PCs and a delayed response that involves the
formation of GCs. It is in GCs that B lymphocytes proliferate, mutate their antigen
receptors, and are positively selected through their high-affinity interactions with
follicular DCs and Tfh cells (Tarlinton 2008; Victora and Nussenzweig 2012). GCs
are essential for the generation of high-affinity antibody secreting long-lived PCs
and memory B cells. Mature GCs have two distinct regions: the dark zone, in which
cell division and somatic hyper-mutation take place, and a light zone, where
positive and negative selection occurs. Positively selected light zone B cells may
reenter the dark zone for another cycle of proliferation/mutation, to differentiate into
PCs or to become memory cells.

Initial studies of IgE B cells in mice revealed that while IgE-producing cells
were predominantly generated during the GC phase of the immune response, GC
IgE B cells were not readily detectable in the spleen or LNs of these animals (Erazo
et al. 2007). Detailed analysis showed that the IgE B cell population in these mice
was dominated by PCs. Furthermore, sequence analysis of IgE antibodies after
repeated immunization provided evidence of affinity maturation. It was thus pro-
posed that class switching to IgE was rapidly followed by differentiation into PC
and that in the absence of a clear IgE GC phase, high-affinity IgE was generated by
sequential switching of GC-derived IgG1-expressing cells (Erazo et al. 2007).

However, the development of reporter mice for IgE expression revealed that
bona fide GC IgE-producing cells do exist (He et al. 2013; Talay et al. 2012; Yang
et al. 2012). Kinetic analysis of the frequency of GC IgE B cells revealed that they
decreased in numbers very quickly, unlike IgG1 B cells, which persisted in the
mature GC (He et al. 2013; Yang et al. 2012). One group attributed the decline of
IgE GC cells to their differentiation into PCs (Yang et al. 2012, 2014). Our results
however indicated that the intrinsic properties of IgE GC cells resulted in increased
apoptosis and rapid decline of the population (He et al. 2013).

We found that IgE-producing GC cells expressed threefold to fourfold lower
levels of surface immunoglobulin than IgG1 GC cells, had lower levels of proximal
BCR signaling than IgG1 cells, and were unable to populate the light zone of the
GC (He et al. 2013). Furthermore, most apoptotic IgE B cells had a dark zone
phenotype, while IgG1 GC cells undergoing apoptosis exhibited mostly a light
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zone phenotype (Fig. 1). We used mathematical modeling of the GC reaction
(Meyer-Hermann et al. 2012) to explain the phenotype of IgE GC cells; the best-fit
hypothesis predicted that the GC dark zone IgE cells were somehow unable to exit
the dark zone and become light zone cells and thus most would die in the dark zone
(Fig. 1). Since IgE B cells in the GC have low BCR expression and signaling, we
believe that they may fail at a BCR-dependent checkpoint after expression of a new
mutated receptor or in the transition from the dark zone to the light zone (He et al.
2013).

8.2 IgE Plasma Cells

In mice, IgE-producing PCs differ from those of other isotypes in that they express
higher levels of surface immunoglobulin (He et al. 2013; Yang et al. 2012). In
addition, IgE-expressing PCs constitute 20–40 % of all spleen and LN PCs during
Th2 responses despite the fact that antigen-specific serum IgE levels are many fold
lower than IgG1 levels (Erazo et al. 2007; He et al. 2013; Yang et al. 2012). There
is evidence that IgE-producing PCs are less responsive to stromal cell-derived
factor 1 than IgG-expressing PCs, which may impair their ability to localize to the
bone marrow (Achatz-Straussberger et al. 2008). However, IgE-producing PCs
were detected in the bone marrow after immunization or helminth infection (He
et al. 2013; Luger et al. 2009).

Fig. 1 Atypical distribution of IgE-producing B cells in the dark zone (DZ) and light zone (LZ) of
the GC. a IgE GC cells are highly apoptotic and are underrepresented in the LZ of the GC. Most
apoptotic IgE B cells in the GC have a DZ phenotype. b IgG1 GC cells are twice as frequent in the
DZ than in the LZ. Most apoptotic IgG1 GC cells are in the LZ. The best-fit hypothesis generated
by mathematical modeling predicts that the IgE DZ cells fail to migrate to the LZ and die in the DZ
(He et al. 2013). Blue arrows indicate the apoptotic pathway. Red arrows represent the intensity of
the inter-zonal migration pattern
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8.3 Mechanisms of IgE Memory

B cell memory has been studied predominantly in the case of IgG responses, which
are typically maintained by classical memory B cells that respond rapidly to anti-
gen-mediated activation and by long-lived PCs that reside in the spleen and bone
marrow. Until recently, the B cell population responsible for IgE production in
secondary responses was unknown.

We have now demonstrated that B220+CD138−IgG1+ B cells, which contain both
GC and memory IgG1-expressing cell populations, accounted for the bulk of IgE
production in recall responses. In contrast, B220+CD138−IgE+ B cells made little or
no contribution to the secondary IgE response (He et al. 2013). These results provide
an explanation for the established observation of the need for de novo class
switching in IgE memory responses (Finkelman et al. 1988). The data are also
supported by earlier findings by Nojima and collaborators, where in vitro-generated
GC phenotype (iGB) IgG1 and IgE cells were adoptively transferred into mice,
revealing that IgG1 iGB cells, but not IgE iGB cells, gave rise to memory B cells
capable of mounting a T cell-dependent immune response (Nojima et al. 2011).

In contrast to the observations described above, L. Wu’s group using M1′GFP
mice reported that IgE GC cells, but not IgG1 cells, generate IgE memory cells and
IgE PCs (Talay et al. 2012). Further analysis by the same group concluded that
IgG1 memory cells, in addition to IgE memory cells, could generate IgE antibodies
(Talay et al. 2013; Wu and Zarrin 2014). However, concerns remain that modifi-
cations made to the IgE gene in the M1′GFP mouse may have altered the level of
production of membrane IgE and the biological proprieties of IgE-producing cells
(Lafaille et al. 2012; Xiong et al. 2012a).

Another important aspect of B cell memoryis the long-term production of
antibodies by PCs. We studied the ability of IgE- and IgG1-secreting PCs to
mediate antibody production following adoptive transfer and found that
CD138+IgE+ PCs but not CD138+IgG1+ PCs from lymphoid organs transferred the
production of IgE antibodies to recipient mice (He et al. 2013). This showed that
IgE PCs are important to sustain the memory of IgE responses and that IgG1 PCs
are too differentiated to undergo sequential switching to IgE.

In summary, IgE memory responses in mice are maintained by a combination of
the sequential switching of IgG1-producing B cells to IgE production and by IgE
PCs. A model illustrating the production of IgE antibodies in mice is shown in Fig. 2.

9 The Role of Membrane IgE in Cell Survival and Cell Fate

Immunoglobulins are produced either in a membrane-bound form or as soluble
secreted proteins through a process of differential polyadenylation and splicing
(Edwalds-Gilbert et al. 1997; Venkitaraman et al. 1991). The membrane form is
the main form expressed in B lymphocytes. On the other hand, for most isotypes,
the differentiation of GC or memory B cells into PCs is accompanied by a switch
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to the predominant production of soluble immunoglobulin. However, the expres-
sion of IgE differs from the expression of other membrane immunoglobulin iso-
types in multiple ways (Laffleur et al. 2014). Membrane IgE is expressed at low
levels in B220+IgE B cells and is upregulated in CD138+IgE PCs (He et al. 2013;
Yang et al. 2012). In addition, human and mouse B220+IgE B cells express rela-
tively high levels of the soluble IgE (He et al. 2013; Karnowski et al. 2006). The
low membrane/secreted IgE ratio results from inefficient polyadenylation of
membrane IgE. In both human and mouse IgE genes, the internal polyadenylation
signal for secreted IgE has the consensus AATAAA sequence, while three deviant
polyadenylation signals (AGTAA, AAGAAA, and ATTAAA) are present in the 3′
untranslated region downstream of the membrane exons (Fig. 3). These atypical
polyadenylation signals dramatically decrease the efficiency of polyadenylation for
the IgE membrane transcript (Karnowski et al. 2006) and thereby account for the
preferential production of soluble IgE by B220+B cells.

The membrane and cytoplasmic regions of IgE are encoded by two membrane
exons, M1 and M2. Human M1 exon encodes for a unique long extra membrane
proximal domain (EMPD) not found in mice. Human IgE can also carry a short
EMPD produced by alternative splicing (Fig. 3). Ectopic expression of human IgE
containing the short or long EMPD domains in mouse B cells suggested a prolif-
eration-inhibition and pro-apoptotic function of IgE containing the short EMPD
(Batista et al. 1996; Poggianella et al. 2006).

Fig. 2 Model for the generation of low- and high-affinity IgE antibodies. a Encounters between
activated IgM B cells and IL-4-producing CD4 T helper cells (CD4 Th) in the T-B zone border
generate short-lived IgG1 and IgE PC, and IgG1 and IgE GC cells. IgE-producing GC cells are
generated through direct switching (μ → ε). b IgE GC cells are highly apoptotic and do not give
rise to high-affinity IgE PC or IgE memory cells. Some early IgE GC cells may generate short-
lived IgE-secreting PC (dashed arrows). c IgG1 GC cells differentiate into high-affinity IgG1 PC
and IgG1 memory cells. IgG1 GC cells interacting with IL-4-producing CD4 Tfh cells may
undergo sequential switching (γ1 → ε) and generate high-affinity IgE PC. d IgG1 memory cells
(IgG1 M) differentiate into IgG1 PC or sequentially switch to IgE production and give rise to IgE
PC after interaction with IL-4-producing CD4 Th cells
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The mouse IgE cytoplasmic tail was found to bind the anti-apoptotic molecule
HAX-1 (Oberndorfer et al. 2006). In transfected cells expressing full-length IgE
heavy chain, but not IgE lacking the cytoplasmic tail, HAX-1 promoted the
internalization of membrane IgE. This would explain the lower IgE serum levels in
mice expressing IgE lacking the cytoplasmic tail (Achatz et al. 1997). It was also
speculated that association with HAX-1 is required for antigen presentation by IgE
B cells to T cells (Oberndorfer et al. 2006).

Recent studies have also made interesting observations on the peculiarities of the
structure of IgE antibodies. The constant region of IgE consists of four immuno-
globulin-type domains, Cε1 to Cε4 (Fig. 3), which are similar to IgM, but different
from the IgG constant region that is formed by three Cγ domains and a hinge region.
Furthermore, in IgE, the disulfide-linked Cε2 domain replaces the hinge, and anal-
ysis of the crystal structure of the soluble Cε2-Cε4 dimer (IgE-Fc) demonstrated that

Fig. 3 The structure of mouse and human mature IgE transcripts. Graphic representation of the
structure of the mouse and human IgE heavy chain genes (DNA) and mature transcripts. The Cε
region comprises four exons, each encoding an immunoglobulin-like domain. The two membrane
(M) exons encode the extra membrane proximal domain (EMPD), the transmembrane region, and a
cytoplasmic tail. In humans, the M1 exon carries additional 5′ DNA sequences (M1′) that encode
for 52 extra amino acids in the EMPD. Human mIgE can be produced with a short or long EMPD,
while mouse IgE has only a short EMPD. The membrane and secreted forms of IgE (mIgE and
sIgE, respectively) are generated through the use of different polyadenylation sites (A) and
alternative splicing. The internal polyadenylation site for secreted IgE has a consensus signal,
while three atypical polyadenylation sites are located downstream of the M exons. Inefficiency in
3′ polyadenylation leads to preferential production of sIgE in IgE B cells. Em: enhancer of m;
Sμ(γ1)ε and Sμ(γ)ε: switch (S) region of the IgE genes containing or lacking Sγ repeats
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the IgE molecule is asymmetrically bent, with the Cε2 domains folded back into the
Cε3 and Cε4 domains (Wan et al. 2002). An acutely bent conformation was also
detected for IgE bound to FcεRIα (Holdom et al. 2011). This conformation of the
IgE-Fc region appears to be responsible for the slow dissociation rate of IgE from
FcεRI, as it facilitates the interaction of both Cε3 domains with the two binding sites
in FcεRIα (Holdom et al. 2011). It was proposed that membrane-bound IgE also has
a bent conformation that causes the Fab fragments to face toward the membrane, in a
non-favorable position for antigen binding. Recently, however, it was shown that
IgE can flip through an extended conformation that may enable antigen recognition
(Drinkwater et al. 2014). Whether membrane-bound IgE adopts a mostly bent or
flexible structure could have profound impacts on its cellular function in terms of
antigen binding and BCR signaling.

In summary, IgE genes, mRNA expression, and protein structure have marked
differences from that of other immunoglobulins. These characteristics are likely to
be involved in the unique aspects of IgE cell function, survival, and fate.

10 Conclusions

The development of new models to study IgE in mice, alongside methodological
advances in cellular and molecular analysis, human genetics, and bioinformatics,
have paved the way for an unprecedented depth of study of IgE responses that has
already yielded some exciting insights into the biology of IgE. Furthermore, interest
in IgE has been renewed by the success of anti-IgE therapies, which have cemented
the role of IgE in chronic inflammatory allergic diseases. As such, further studies of
IgE are necessary and hold the promise of clinical advancement of therapeutics.

The production of IgE antibodies is tightly controlled in mice and humans
through several mechanisms that include suppression of differentiation of Th2 cells
by regulatory T cells and cytokines, characteristics of the switch region of IgE that
lead to low recombination frequency, increased apoptosis of GC IgE cells, impaired
formation of IgE memory cells, and high turnover of IgE antibodies. Nevertheless,
high-affinity IgE antibodies can form, albeit in limited amounts, through the
sequential switching of GC-derived IgG cells with the necessary help of T cells and
IL-4. The high threshold required for production of high-affinity IgE suggests that
strong evolutionary pressure operates to limit, but not eliminate, the production of
IgE. This serves to reinforce the notion that the biological activity of IgE must be
constrained to avoid immunopathology, while retaining the ability to exploit its
protective capacities during infection.
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Molecular Mechanisms of IgE Class
Switch Recombination

Pei Tong and Duane R. Wesemann

Abstract Immunoglobulin (Ig) E is the most tightly regulated of all Ig heavy chain
(IgH) isotypes and plays a key role in atopic disease. The gene encoding for IgH in
mature B cells consists of a variable region exon—assembled from component gene
segments via V(D)J recombination during early B cell development—upstream of a
set of IgH constant region CH exons. Upon activation by antigen in peripheral
lymphoid organs, B cells can undergo IgH class switch recombination (CSR), a
process in which the initially expressed IgH μ constant region exons (Cμ) are
deleted and replaced by one of several sets of downstream CH exons (e.g., Cγ, Cε,
and Cα). Activation of the IL-4 receptor on B cells, together with other signals, can
lead to the replacement of Cμ with Cε resulting in CSR to IgE through a series of
molecular events involving irreversible remodeling of the IgH locus. Here, we
discuss the molecular mechanisms of CSR and the unique features surrounding the
generation of IgE-producing B cells.
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1 Introduction

B cell immunoglobulin (Ig) E production is a tightly regulated mediator of allergic
disease as well as host defense. As B cells develop, Ig heavy (IgH) and light (IgL)
chain loci undergo V(D)J recombination and somatic hypermutation (SHM), which
defines antibody specificity to antigen. The IgH locus can uniquely undergo an
additional process that defines antibody function, namely IgH class switch
recombination (CSR). CSR to IgE positions the variable region exon next to
constant region exons that encode for IgE (Cε). The regulation of CSR to IgE
involves transcriptional control, enzymatic modification of DNA leading to DNA
double-stranded breaks (DSB), DNA repair processes, and permanent deletion of
the previously expressed C exons (Wu and Zarrin 2014; Geha et al. 2003). In this
review, we provide an overview of the intracellular events related to CSR with a
focus on unique aspects of CSR to IgE (Table 1).

Table 1 Different regulation of transcription factors in Iε promoter and Iγ1 promoter

Transcription
factor

Iε
promoter

Iγ1
promoter

Species Reference

NF-κB + + Human
and
mouse

Delphin and Stavnezer (1995), Dryer
and Covey (2005), Lin and Stavnezer
(1996), Messner et al. (1997)

STAT6 + + Human
and
mouse

Stütz and Woisetschläger (1999),
Linehan et al. (1998), Messner et al.
(1997)

PU.1 + ? Human Stütz and Woisetschläger (1999)

Pax5 + + Human
and
mouse

Thienes et al. (1997), Max et al.
(1995)

E2A + * Mouse Sugai et al. (2003)

NFIL3 + * Mouse Kashiwada et al. (2010)

C/EBP β + − Human
and
mouse

Mao and Stavnezer (2001), Shen and
Stavnezer (2001), Lundgren et al.
(1994)

Bcl6 − − Mouse Harris et al. (1999, 2005)

Id2 − * Mouse Sugai et al. (2003)

AP-1 + * Mouse Shen and Stavnezer (2001)

SWAP-70 + * Mouse Audzevich et al. (2013)

+ positive regulation; − negative regulation; * no effect; ? not clear
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2 The IgH Locus

2.1 V(D)J Recombination and B Cell Development

The IgH locus in mice spans 2,300 kb on mouse chromosome 12 and 1,250 kb on
human chromosome 14 (Lefranc 2001; Lefranc et al. 2005). The germline (unre-
arranged) configuration of the IgH locus consists of multiple VH, DH, and JH gene
segments located 5′ to several sets of CH exons that correspond to the various IgH
isotypes (Fig. 1). In developing progenitor (pro-) and precursor (pre-) B cells,
transcription through V, (D), and J gene segments is accompanied by assembly of
the IgH and IgL variable region exons through V(D)J recombination (Bassing et al.
2002), which is the primary driver of primary Ig diversification and provides an
expansive repertoire of binding specificities. The RAG1 and RAG2 endonuclease
complex (RAG) mediates V(D)J recombination by introducing DNA double-strand
breaks within specific recombination signal sequences flanking germline V, (D),
and J gene segments (Dudley et al. 2005). DNA end-joining factors complete the V
(D)J recombination reaction by joining DNA ends together (Rooney et al. 2004;
Lieber et al. 2003; Verkaik et al. 2002). Productive assembly of IgH and IgL V
region exons leads to the surface IgM expression on immature B cells. This is
followed by the initiation of alternative splicing events that result in the dual
expression of both IgM and IgD on mature naïve B cells.

The CH gene segments consist of several sets of exons each encoding an indi-
vidual antibody constant region (Cμ for IgM, Cδ for IgD, Cγ for IgG, Cε for IgE,
and Cα for IgA). As depicted in Fig. 1, Cμ is most proximal to the V region gene
segments, while the most distal C regions, namely Cε and Cα, are over 100 kb
downstream of Cμ in both mouse and human. Each CH region, except Cδ, is a
transcription unit equipped with a promoter and several downstream exons. The
first intron of these CH transcription units—located between the so-called I epsilon
exon and downstream CH exons—is called the switch (S) region and contains large
stretches of repetitive DNA elements. As discussed in more detail below, activation

Fig. 1 Schematic presentation of IgH locus in human and mouse. The unassembled (germline)
IgH variable region consists of VH, DH, and JH clusters. The IgH constant region consists of
several CH gene segments. Each CH gene segment, except for Cδ, is a noncoding transcription unit
that includes an initial I exon (I), a large first intron termed the switch region (S), and a set of CH

exons (C) that contain open reading frames when in context of a transcript driven from a V region
promoter, but not in the context of a transcript arising from the I region promoter. I promoters as
well as 3′ regulatory region (3′RR in mouse and 3′α1 RR and 3′α2 RR in human) and other cis
regulatory elements provide binding sites for transcription factors and other regulatory elements
that affect transcription and IgH CSR. ψε and ψγ depict pseudogenes
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of these C region transcription units, referred to as I region germline transcription, is
required for CSR (Chaudhuri and Alt 2004).

Upon activation, mature naïve B cells can participate in further Ig diversification
reactions including somatic hypermutation (SHM) and IgH class switch recombi-
nation (CSR). Both SHM and CSR are dependent upon the enzyme activation-
induced cytidine deaminase (AID). SHM is a process wherein high-frequency point
mutations occur within both IgH and IgL V region exons in germinal center (GC) B
cells. These mutations result in altered binding Ig specificities that provide sub-
strates for GC selection processes leading to Ig molecules with higher affinity to
antigen in a process termed affinity maturation (Odegard and Schatz 2006;
Shlomchik and Weisel 2012). IgH CSR replaces initially expressed Cμ exons with a
set of downstream exons (Cγ, Cε, and Cα) leading to a switch from IgM to other
IgH isotypes such as IgG, IgE, or IgA. As the IgH constant region isotype deter-
mines antibody function, IgH CSR positions the IgH V region of selected B cells in
a different functional context.

2.2 S Regions and Unique Structure Features of Sε

CSR occurs between two S regions. In mouse, individual core sequences of S
regions vary in size from 1 to 10 kb and are organized in the order 5′-VDJ-Sμ
(4.0 kb), Sγ3 (2.5 kb), Sγ1 (8 kb), Sγ2b (5.0 kb), Sγ2a (2.5 kb), Sε (1.0 kb), and Sα
(4.2 kb) (Zarrin et al. 2005). As discussed in more detail below, S regions are
guanine rich on the non-template strand. Based on the type of repetitive sequences
as well as homology in non-template strands, S regions can be classified into two
groups. Sμ, Sε, and Sα contain 10–80 bp repeats and share motif GGGGT and
GAGCT, while Sγ1, Sγ2a, Sγ2b, and Sγ3 contain 49–52 bp repeats and share motif
AGCT which is also in Sμ, Sε, and Sα (Chaudhuri and Alt 2004). The AGCT motif
is evolutionarily conserved in vertebrates such as amphibians, birds, and mammals
and is a key target for the CSR machinery. In mammals, motifs containing G’s in
clusters of 2–5 together are required (Hackney et al. 2009). S region length and
repetitiveness appear to influence IgH CSR efficiency in that more efficient S
regions are longer in length and contain more repeats (Zarrin et al. 2005). In this
regard, the Sε region is shortest in length and has the fewest amount of repetitive
sequences compared to other S regions in mouse, making it the least efficient S
region in general (Hackney et al. 2009).

3 Mechanism of CSR

AID initiates the CSR process through DNA deaminase activity. In this respect, AID
deaminates deoxycytosine (dC) into deoxyuridine (dU) on a single-stranded DNA
template. The resulting dC-to-dU mutation can then be processed via a number of
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pathways. The mutation may be repaired by a mismatch repair protein 2 (MSH2)-
dependent process involving exonuclease activity and resynthesis of flanking DNA
by an error-prone polymerase resulting in spreading of mutations from the original
site of AID action. The mutation can also be replicated into a dC→dT mutation
resulting in a point mutation at the site of AID action. Or the mutation may be
processed into a DNA break through the action of uracil-N-glycosylase (UNG) and
apyrimidinic endonuclease (APE1), which can remove the dU:dGmismatch resulting
in a single-stranded DNA break. Double-stranded DNA breaks (DSBs) may result
from multiple single-stranded DNA breaks in close proximity on both template and
non-template DNA strands (Chaudhuri andAlt 2004; Chaudhuri et al. 2007). DSBs in
both Sμ and a downstream S region—such as Sε in the case of CSR to IgE—can lead
to deletion of the intervening DNA and joining of the Sμ and Sε breaks together
through classical nonhomologous end-joining (C-NHEJ), or alternative end-joining
(A-EJ) repair pathways (Yan et al. 2007). In terms of IgE, the post-CSR hybrid Sμ/Sε
junction is located within an intron located between the V region exon and newly
positioned Cε exons, which is spliced out of transcripts emanating from the V region
promoter to produce productive IgE message. Alternative splicing of constant region
exons can generate a membrane-bound or secreted Ig.

3.1 I Region Germline Transcription in CSR

Early studies showed that induction of CSR to a downstream CH region correlated
closely with antecedent transcription of the corresponding CH region. Transcription
of the Cε region proceeds through Iε exon/Sε region/Cε exons and terminates at a
poly A site. Iε region germline transcript (εGLT) is spliced, capped, and transported
out of the nucleus, but does not encode for protein due to lack of an open reading
frame (Rothman et al. 1990). The importance of I epsilon exon and transcription in
CSR was implicated decades ago when it was demonstrated that removal of 5′
flanking sequences of Sγ1 region abolished CSR to IgG1 (Jung et al. 1993). CSR to
IgG2b was also abrogated in B cells lacking the Iγ2b promoter and I exon in spite of
an intact Sγ2b region (Zhang et al. 1993). Replacement of Iγ2b with a strong
transcriptional promoter (PKG-neor) was able to rescue CSR to IgG2b in Iγ2b-
deficient cells (Seidl et al. 1998). Together, these results show that transcription is
required for CSR.

3.2 Role of S Region Structure in AID Targeting

AID was discovered over a decade ago as the key mediator of both SHM and CSR
(Muramatsu et al. 2000). AID is highly conserved in mouse and human with 92 %
homology in sequence (Muto et al. 2000). Ectopic expression of AID in fibroblasts
can induce CSR in a transcribed artificial switch construct reaching levels that
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parallel CSR in stimulated B cells, and the CSR is completely ablated in AID-
deficient cells, indicating that AID is key for CSR (Muramatsu et al. 2000; Okazaki
et al. 2002). Patients with mutations in AID also show a lack of IgH isotypes other
than IgM (Revy et al. 2000).

In vitro observations have shown that AID deaminates dC into dU in single-
stranded DNA (ssDNA) but not double-stranded DNA (dsDNA) or RNA (Ramiro
et al. 2003; Chaudhuri et al. 2003; Dickerson et al. 2003; Pham et al. 2003) and
AID is involved in stabilizing target sequences through the recruitment of repli-
cation protein A (RPA) (Chaudhuri et al. 2004; Basu et al. 2005). When AID is
phosphorylated on serine 38, this induces the recruitment of RPA to transcribed S
regions and enhances the activity of AID by virtue of its ability to stabilize single-
stranded target DNA (Vuong et al. 2013). Experimental findings and current models
discussed below account for AID acting on single-stranded DNA in the context of
transcription.

Clustering of G’s on the non-template strand in S regions can lead to RNA-DNA
hybrids that are formed during transcription through S regions (Roy et al. 2008).
Newly transcribed S region RNA is G rich and pairs with the C-rich template DNA
with greater stability compared to its DNA complement, thus leaving a portion of
the non-template G-rich DNA single stranded. This single-stranded loop of G-rich
DNA is referred to an R loop and provides a model for how AID can target the
single-stranded non-template DNA strand (Tracy et al. 2000; Yu et al. 2003; Roy
et al. 2008). Substitution of only 5 % G with C by changing GGGGG into GGG and
GGGG into GGG—while maintaining GC density—reduced the frequency of R
loops dramatically from 6.7 to 0.23 %. When continuous G’s changed into GG or
G, no R loops were detected (Roy et al. 2008).

R loops have been detected in both Sμ and downstream S regions in vivo,
including kilobase-sized R loops in Sγ3 and Sγ2b regions (Huang et al. 2007; Yu
et al. 2003). Replacement of the endogenous Sγ1 region with an otherwise identical,
but inverted sequence resulted in a 4-fold reduction of CSR to IgG1. Endogenous
Sγ1 region is G rich on the non-template strand, which can form R loops in
physiological orientation due to the favorable energetics of G-rich RNA interacting
with C-rich DNA. Inverted S regions, which are C rich on the non-template strand,
do not exhibit these characteristics and thus do not form detectable R loops
(Shinkura et al. 2003). Replacement of Sγ1 region with Xenopus Sμ region, which
is AT rich and similarly does not form R loops, results in a 4-fold decrease of CSR
(Zarrin et al. 2004). These results suggest that although not required, R loops
magnify the efficiency of CSR.

Although S regions in general are required for CSR, there appears to be flexi-
bility regarding the requirements for specific S region sequences. In this context,
substitution of Sα sequences with Sε and Sγ sequences did not change target
specificity of CSR (Kinoshita et al. 1998). As mentioned above, while inverted Sγ1
and amphibian Sμ were still permissible for CSR, substitution of Sμ with vertebrate
telomere sequences abolishes CSR completely (Junko et al. 2001). Inverted Sγ1 and
vertebrate telomere sequences are both G rich, but the telomere sequences do not
contain palindromic sequences, whereas both inverted Sγ1 and amphibian Sμ do.
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As palindromic sequences can form secondary structures, such as stem loops, these
findings may suggest that some form of secondary structure within S regions may
be required. Other DNA structures are also reported in S region DNA sequence
such as G quartets, in which guanines from four DNA strands are stabilized by G–G
Hoogsteen Bondings and form a G4 planar structure (Dempsey et al. 1999). More
complex structures involving AID and other factors during transcription have also
been described (Yu and Lieber 2003; Shinkura et al. 2003). Although the roles of
primary, secondary, and more complex tertiary structures remain to be fully elu-
cidated, complex S region DNA structures are thought to lead to stalling of RNA
polymerase II (RNA pol II)—to which AID is linked (Nambu et al. 2003)—thus
providing CSR factors increased transcription-coupled S region access (Pavri et al.
2010; Xu et al. 2012; Kenter 2012).

Using an MSH2−/− UNG−/− genetic model system—in which AID-catalyzed
deamination events can be tracked directly by C→T transitions—mutations are
detected at equal frequencies in both template and non-template S region DNA
(Xue et al. 2006), indicating that AID directly catalyzes deamination events on both
template and non-template DNA. As template strand DNA does not form R loops,
how AID targets the template DNA strand is an active area of research. In this
regard, three models have been proposed to explain how AID may gain access to
the template strand. One suggests that RNA polymerase generated DNA topological
changes in S regions during transcription—where negatively supercoiled DNA is
generated upstream of the active transcriptosome complex—provides AID targets
to both DNA strands (Shen and Storb 2004; Besmer et al. 2006). Another model
hypothesizes that RNase H leads to exposure of template DNA by degrading RNA
transcripts in R loops (Huang et al. 2007; Lieber 2010). A third model implicates a
role for the RNA exosome, which can degrade nascent RNA transcripts in R loops
thus facilitating AID access to the template DNA strand (Basu et al. 2011; Nambu
et al. 2003; Willmann et al. 2012; Pavri et al. 2010). In all of these models, non-
template and template DNA strands in S regions must be accessible in the form of
single-stranded DNA long enough for AID-mediated deamination to take place.

4 Unique Features of CSR to IgE

4.1 Transcriptional Control of Iε

As discussed above, accessibility of Sε to AID requires transcription of the germline
Iε/Sε/Cε unit controlled by the Iε promoter upstream of Sε, as well as other cis
regulatory elements, including a set of enhancer elements located at the 3′ end of the
IgH locus termed the 3′ regulatory region (3′RR). Mouse IgH has one 3′RR
downstream of the IgH CH regions containing four enhancer segments, while human
IgH has two 3′RR downstream of Cα1 and Cα2, respectively (Fig. 1). Each human 3′
RR contains enhancer segments homologous to mouse (Pinaud et al. 2011).
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Mice deficient in the entire IgH 3′ regulatory region (3′RR) show a 25-fold reduction
of CSR to IgE and a more modest*5 fold reduction in CSR to the other CH isotypes
(Vincent-Fabert et al. 2010) (Fig. 2).

Th2 cytokines, such as IL-4, are involved in driving CSR to IgE and IgG1. IL-4
binding to IL-4 receptor (IL-4R) activates signal transducer and activator of tran-
scription 6 (STAT6). STAT6 is phosphorylated by JAK kinases, leading to
homodimerization and translocation to the nucleus, where it can bind to the Iε
promoter (Hebenstreit et al. 2006; Geha et al. 2003). STAT6 is coordinated on the
Iε promoter with other inducible factors, such as NF-κB, which can be activated

Fig. 2 Molecular pathways to IgE. a–c Schematic representations depicting the direct, sequential,
and alternative class switch recombination. a One-step recombination of Sμ and Sε results in direct
CSR to IgE. This pathway may predominate in immature B cells. b Recombination of Sμ region
with Sγ1 region first causes the production of IgG1, then the hybrid Sμ/Sγ1 region recombines
with Sε region leading to the production of IgE. In accordance with this process, B cell changes its
surface immunoglobulin from IgM to IgG1, then to IgE with an IgG1+IgE+ intermediate. This
pathway predominates in mature B cells. c An alternative class switch can be seen in Sμ-knockout
mice, in which B cells undergo recombination of Sγ1 region with Sε region. Then, the hybrid Sγ1/
Sε S region recombines with the weakened Sμ (Wu and Zarrin 2014; Zhang et al. 2010;
Wesemann et al. 2011; Xiong et al. 2012)
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either through LPS stimulation or through T-cell interaction through CD40 sig-
naling. The two transcription factors bind to adjacent areas on the Iε promoter and
act synergistically to activation transcription (Shen and Stavnezer 1998).

The Iε promoter contains two binding sites for E2A proteins termed E boxes,
which are both required to fully activate Iε transcription (Sugai et al. 2003). E2A
proteins are negatively regulated by Id2, which is a helix-loop-helix transcription
factor constitutively expressed in resting B cells (Ishiguro et al. 1995; Becker-
Herman et al. 2002) and can be induced by transforming growth factor-β1 (TGF-
β1) (Sugai et al. 2003). Id2−/− mice show an increased level of εGLT and elevated
levels of IgE. Id2 negatively regulates Iε promoter by binding to activated tran-
scription factor E2A, thus interfering with its binding to E boxes in Iε promoter.
Although Id2 negatively regulates CSR to IgE, it does not appear to affect IgG1
(Sugai et al. 2003).

The zinc finger-containing transcriptional repressor B-cell lymphoma 6 (Bcl6)
also plays an inhibitory role in IgE CSR (Harris et al. 2005). Bcl6-deficient mice
undergo an increased CSR to IgE and IgG1 after IL-4 activation in vitro. There are
Bcl6 binding sites within the Iε promoter and these were shown to overlap with the
binding sites for STAT6 (Harris et al. 1999).

Several basic leucine zipper (bZIP) family members, such as ATF, AP-1,
CCAAT/enhancer-binding protein (C/EBPβ), and IL-3-regulated (NFIL3, also
called E4BP4), also bind to and can regulate the Iε promoter. After activation of the
CD40 signaling pathway, AP-1 is rapidly upregulated and synergizes with STAT6
to activate the Iε promoter in mice. AP-1 recruits histone acetyl transferase, p300/
CBP, which produces active histone modifications that may prolong the effect of
AP-1 as it is induced quickly and transiently (Mao and Stavnezer 2001; Shen and
Stavnezer 2001). In humans, C/EBPβ synergizes with STAT6, whereas mouse C/
EBPβ may inhibit the synergism of AP-1 and STAT6 (Shen and Stavnezer 2001)
and has been suggested to negatively regulate NF-κB on the Iγ1 promoter (Mao and
Stavnezer 2001).

In response to stimulation with LPS plus IL-4, mouse B cells deficient in nuclear
factor interleukin-3 regulated (NFIL3) greatly reduce the production of εGLT and
CSR to IgE, while CSR to IgG1, IgM, IgG2a, IgG2b, and IgG3 are essentially
unchanged (Kashiwada et al. 2010). Furthermore, unlike other bZIP transcriptional
regulators, NFIL3 was found to bind to the Iε promoter but not other I promoters,
indicating that in terms of C region regulation, NFIL3 may uniquely affect CSR to
IgE (Kashiwada et al. 2010). Notably, NFIL3 has been shown to be involved in
signaling circuits related to the circadian clock. The levels of NFIL3 are opposite to
that of proline and acidic amino acid-rich (PAR) proteins, which are a group of
transcription factors important in core circadian clockwork and fluctuate in a cir-
cadian fashion (Mitsui et al. 2001). Recently, the histone methyltransferase MLL3,
which catalyzes active histone modification (H3K4me) in IgH locus I region pro-
moters, was also found to be regulated by the circadian circuitry (Li et al. 2013;
Valekunja et al. 2013). The protein levels of NFIL3 and MLL3 are both at their
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peak during the first half of day, suggesting that they may work together to add a
circadian dimension to the transcriptional regulation of Iε and CSR to IgE. Such a
dimension is an intriguing possibility that remains to be explored.

4.2 Dual Activation of IgG1 and IgE

IL-4 in combination with either CD40 activation or LPS stimulation induces murine
B cell transcription of both the Iε and the Iγ1 promoters and thus may lead to
switching to both IgG1 and IgE. Observations from over two decades ago that Sγ1
sequences can be found within Sμ/Sε junctions of both mouse and human IgE+ cells
indicated that CSR can occur in a stepwise fashion. The first step is CSR from IgM
to IgG, and the second step is a CSR reaction from IgG to IgE (Yoshida et al. 1990;
Mills et al. 1992). It was later shown that B cells stimulated in vitro with IL-4 plus
LPS, secreted IgG1 first, and then IgE after a delay of several hours. A similar delay
also occured in the production of membrane-bound IgG1 (mIgG1) versus IgE
(mIgE). A small number of intermediate cells containing both mIgG1 and mIgE can
be detected, indicating B cell passage through a step where IgG1 protein is still
present after having undergone CSR from Cγ1 to Cε at the DNA level with freshly
produced IgE (Mandler et al. 1993). A similar pattern of IgG1 before IgE was
observed in mature B cells upon stimulation with IL-4 plus a stimulating antibody
against CD40 (anti-CD40) (Wesemann et al. 2011). The physiologic reasons for
dual Iγ1 and Iε activation and the molecular coordination of CSR to IgG1 and IgE
are areas of active research.

Although the frequency of sequential CSR to IgE through IgG1 is dominant over
direct CSR to IgE in mature B cells (Jung et al. 1994), immature and transitional B
cells have a preference to undergo CSR to IgE through a mechanism involving
more direct IgM to IgE CSR (Wesemann et al. 2011). While the Iγ1 and Iε pro-
moters are both induced substantially by IL-4 plus anti-CD40 in mature B cells, the
preference for direct CSR from IgM to IgE in immature cells is explained molec-
ularly by the relative preservation of Iε inducibility compared to the abrogated
inducibility of the Iγ1 promoter in immature B cells (Wesemann et al. 2011). In
addition, as young mice have a natural abundance of immature and transitional B
cells in the periphery, splenic B cells from young mice demonstrate increased
propensity to undergo CSR to IgE. The extent to which this mechanism contributes
to the elevated IgE seen in some immune deficiencies as well as in youth compared
to adults (Monroe et al. 1999; Melamed et al. 1998; Grundbacher 1976) remains to
be uncovered.

Sμ contains the highest density of AID hotspots, and DSBs are more frequent in
Sμ compared to any other downstream S region (Schrader et al. 2003, 2005).
Although the evolutionary forces leading to Sμ as the most powerful S region are
not fully known, we speculate that it may speak to the importance of simultaneous
activation of two or more acceptor S regions. In the context of IL-4 plus anti-CD40
or LPS signaling, high DSB activity in the donor Sμ region appears to drive CSR to
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simultaneously activated Sγ1 and/or Sε. In this respect, the limiting DSB activity in
the acceptor S regions may control CSR outcome by competing for “next best”
status—in terms of transcriptional activation, AID targeting, and DSB activity—
compared to Sμ. In the case of the simultaneously active triplex of Sμ, Sγ1, and Sε,
excess DSB in Sμ may ensure that selection of the downstream acceptor S region
resides within the respective relative strengths of Iγ1/Sγ1 and Iε/Sε to become
transcriptionally active, recruit AID and form DSBs. If Sμ DSBs were not able to
drive CSR in the setting of simultaneous activation of multiple S acceptor regions,
the acceptor regions may undergo recombination themselves and thus reduce the
flexibility and diversity of CSR outcomes. Such a scenario was observed in mice in
which Sμ was weakened substantially through deletion of most of the core AID
targets (Sμ−/− mice). Sμ−/− mice exhibited impaired CSR to IgG1, IgG2a, IgG2b,
and IgG3 (Luby et al. 2001; Khamlichi et al. 2004). However, IL-4 plus anti-CD40-
induced CSR to IgE is nearly the same levels in Sμ−/− mice as wild-type mice
(Zhang et al. 2010) due to downstream Sγ1-to-Sε CSR occurring before involve-
ment of the weakened Sμ. The Sγ1-to-Sε CSR results in deletion of the Cγ1 exons
leaving a hybrid Sγ1/Sε S region as a second-step recombination partner with the
inefficient, truncated Sμ sequence. Thus, as Cγ1 is located in between Cμ and Cε,
the B cell looses the ability to undergo CSR to Cγ1 in Sμ−/− mice because Sγ1 and
Sε recombination—and Cγ1 exon excision—will occur before either has a chance
to recombine with the weakened Sμ, thus severely limiting the probability of Cγ1 as
a CSR outcome due to its position along the IgH locus.

In addition to Sμ as the most powerful S region, at least three other regulatory
mechanisms likely play a role in controlling CSR outcomes in the setting of
simultaneous activation of Sμ, Sγ1, and Sε. Firstly, as discussed above, Sε is the
weakest S region in terms of length, number of repeat elements, and AID target
motifs, and Sγ1 is one of the strongest S regions given its large size. Hence, these
primary structural DNA features would favor CSR from Sμ to Sγ1 first (unless Iγ1/
Sγ1 cannot be transcriptionally activated as in the case of immature B cells).
Evidence of this notion was derived from experiments wherein the Sε region was
enhanced by replacing it with Sμ sequence. This resulted in more direct CSR to IgE
in vitro and elevated IgE in vivo (Misaghi et al. 2013). Secondly, the Sγ1 region
may play a role in actively repressing Sε accessibility to participate in CSR as
deletion of Sγ1 results in increased levels of IgE in vitro and in vivo (Misaghi et al.
2010). However, deletion of the Iγ1 promoter did not affect the level of CSR to IgE
(Jung et al. 1993, 1994). Thus, perhaps the Sγ1 region, but not the Iγ1 promoter,
may be involved in regulating CSR to Cε. Thirdly, Sε appears to become accessible
with delayed rate, even after Sμ/Sγ1 recombination has taken place. When acti-
vated, IgG1+ B cells proceed from IgG1 to IgE with similar kinetics compared to
IgM to IgE (Wesemann et al. 2012), indicating that regulatory mechanisms delay
the timing of CSR to IgE.

Production of IgE through direct CSR or indirect CSR may differ in the extent to
which affinity maturation may occur. In this regard, direct CSR to IgE tends to
generate low-affinity IgE, while sequential CSR to IgE inherits V region somatic
mutations and affinity selection that occurs during the IgG1 stage (Xiong et al. 2012).
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After activation by IL-4, purified IgG1 cells derived from germinal centers and
memory B cells underwent CSR to IgE, indicating that sequential CSR can be
interrupted by an IgG1 stage that can be rounds of cellular proliferation and differ-
entiation before switching to IgE (Erazo et al. 2007). So far, high-affinity IgE derived
from memory IgM B cells has not been observed, and IgG1 deficient mice tend to
produce low-affinity IgE indicating that B cells produce high-affinity IgE by way of
IgG1 (Erazo et al. 2007; Xiong et al. 2012). Years to come will assuredly uncover a
deeper molecular and cellular understanding of the developmental pathways that
generate IgE.
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Anti-IgE Therapy: Clinical Utility
and Mechanistic Insights

Stephanie L. Logsdon and Hans C. Oettgen

Abstract As the major trigger of acute allergic reactions, IgE has long been
considered an ideal target for anti-allergy treatments. Omalizumab, first approved
by the USA in 2003 and now in use in many other countries is a humanized
monoclonal antibody that binds serum IgE. Anti-IgE therapy using omalizumab
reduces circulating free IgE levels and blocks both early and late-phase reactions to
allergen challenge. It has proven effective for allergic asthma and is currently being
evaluated for use in a number of other atopic conditions including allergic rhinitis
and chronic idiopathic urticaria. Clinical observations and mechanistic studies with
omalizumab have shed new light on the multifaceted roles of IgE in immune
homeostasis and in allergic disease.
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1 IgE Functions in Immune Homeostasis and Pathology

1.1 IgE, IgE Receptor, and Effector Cells

Atopic diseases are characterized by production of allergen-specific IgE antibodies.
These arise when IgM+ or IgG+ B cells of committed antigenic specificity are
driven into the process of class switch recombination (CSR) by T helper-2 (Th2)
cells. As with CSR to other isotypes, the IgE switch can occur in germinal centers
of secondary lymphoid tissues. This may be where some or all IgE memory resides
and where affinity maturation occurs during the stage of pre-IgE-switched IgG+ B
cell intermediates (Xiong et al. 2012). However, CSR to IgE is not restricted to
lymphoid tissues; it also occurs directly in mucosal tissue sites of allergen exposure
(Cameron et al. 2003).

Several unique features of the IgE antibodies bear on the design and imple-
mentation of effective strategies of IgE blockade. IgE is the least prevalent antibody
in circulation, with concentrations of 50–100 ng/ml in normal individuals, logs
lower than the normal level of IgG (5–10 mg/ml). IgE also has a short circulating
half-life of only 2–3 days, but it is stable in tissues for many weeks where is it
tightly bound to FcεRI on mast cells and not readily accessible to inhibitors
designed to target-free IgE. This latter aspect of IgE physiology poses one of the
major challenges to the designers of novel anti-IgE strategies (Kubo et al. 2003;
Gould et al. 2003). The creation of an agent which would displace tightly bound
IgE antibodies from FcεRI would be the ultimate aspiration for a designer of anti-
IgE therapeutics.

IgE shares a similar molecular structure with other immunoglobulin isotypes,
with two pairs of identical heavy and light chains. However, the constant regions of
the ε-heavy chains are comprised of four Cε domains, Cε1–Cε4, in contrast to three
Cγ domains in IgG proteins. The constant regions determine the isotype-specific
functions of IgE, including binding to its high- and low-affinity receptors. Mem-
brane-bound IgE expressed on the surface of IgE+ B cells is the product of a splice
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isoform containing hydrophobic sequences encoded by M1 and M2 exons (Gould
et al. 2003). Monoclonal antibodies targeting the unique M1 domain of trans-
membrane IgE are under development as potential inhibitors of IgE production
(Brightbill et al. 2010).

IgE antibodies exert their biological effects via several receptors. The two major
ones are commonly referred to as the “high-affinity receptor,” FcεRI, and the
“low-affinity receptor,” CD23, the latter having a more respectable affinity for IgE
than its name would imply. FcεRI is expressed on mast cells and basophils as a
αβγ2 tetramer (Fig. 1). A trimeric αγ2 form of FcεRI exists on the surface of
dendritic cells, Langerhans cells, and eosinophils in humans. In rodents, FcεRI
expression is generally restricted to mast cells and basophils, and trimeric FcεRI
expression is observed only under limited circumstances such as viral infection
(Dombrowicz et al. 2000; Grayson et al. 2007; Kraft and Kinet 2007; Lin et al.
1996). The α subunit is a type I integral membrane protein which binds the Fc
region of IgE. It is comprised of two extracellular immunoglobulin domains, which

α

β γ

IgE

Tetrameric FcεRI
αβγ2

Mast cells, basophils

Antigen 

Cε4

Cε3
Cε2

Cε1

VH

Trimeric FcεRI
αγ2

Langerhans cells, dendritic cells,  
monocytes, eosinophils, platelets 

Vκ/λ 

Cκ/λ 

Fig. 1 Structure of the high-affinity IgE receptor, FcεRI. FcεRI is assembled in a tetrameric αβγ2
form on mast cells and basophils and a trimeric αγ2 form on numerous other cell types. The α
subunit is a type I integral membrane protein which binds the Cε2–3 domains of the Fc region of
IgE. It is comprised of two extracellular immunoglobulin domains, a transmembrane domain and a
short intracellular tail. The β-chain, a member of the tetraspanin family of proteins that cross the
plasma membrane four times, serves to amplify receptor signal transduction. A pair of disulfide-
linked γ-chains, also shared with FcγRIII, contains several intracellular ITAM motifs and is
primarily responsible for docking of the signaling protein tyrosine kinase, SYK, in the initiation of
IgE-triggered signaling
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bind the Cε2–3 regions, a transmembrane domain and a short intracellular tail. In
comparison with FcγRs, FcεRI is typically completely saturated at normal physi-
ological concentrations of IgE due to the exceedingly low Kd (*1 nm) for IgE
binding. This underlies the persistence of allergen-specific IgE in tissues for many
weeks even in individuals being treated with anti-IgE.

Neither the β subunit nor γ subunits assist in ligand binding. The β chain
provides accessory signaling and amplification, while the γ chain, which is shared
with FcγRIII, is the main activator of key signaling pathways (Kraft and Kinet
2007). Cross-linking of FcεRI causes signal transduction by phosphorylation of
tyrosine-based activation motifs (ITAM) in the γ subunit through activation of
constitutively receptor-associated tyrosine kinases.

The low-affinity IgE receptor, CD23, is completely distinct from FcεRI. It is a
type II transmembrane glycoprotein with a c-terminal extracellular globular domain
containing a calcium-dependent lectin domain. This is followed by an alpha-helical
coiled-coil stalk region with a short n-terminal cytoplasmic domain (Acharya et al.
2010). The stalk region contains leucine zipper motifs that mediate oligomerization
of CD23. Trimeric CD23 exhibits an avidity for IgE of 10–100 nM which
approaches the affinity of FcεRI for IgE (Gould and Sutton 2008). The membrane-
bound form of CD23 is susceptible to proteolysis, generating a free receptor known
as soluble CD23 that retains the capacity to bind IgE.

IgE antibodies are best known for their role in inducing immediate hypersen-
sitivity reactions, in which exposure to an allergen results in rapid development of
allergic symptoms. These reactions are initiated by activation of the high-affinity
receptor FcεRI on effector cells including mast cells and basophils. FcεRI aggre-
gation induced by polyvalent antigen-induced IgE cross-linking incites the rapid
release of preformed mediators along with de novo synthesis of lipid mediators,
which act on target tissues to trigger the early phase allergic response within
minutes of allergen exposure. Hours later FcεRI-activated cells produce proin-
flammatory and immunomodulating cytokines and chemokines that promote
recruitment of cells including eosinophils, monocytes, and T cells (Sutton and
Gould 1993). These events can elicit “late-phase” symptoms of allergy, in which a
second wave of allergic symptoms is experienced 8–12 h after the acute reaction.
These proinflammatory mediators, when produced chronically in the course of
recurrent IgE-triggered reactions also drive the chronic allergic inflammation
characteristic of a number of atopic diseases. In the setting of asthma, mediators
released by degranulation of mast cells and basophils act on endothelial cells to
increase vascular permeability leading to edema of the airway wall. Mucus pro-
duction and constriction of airway smooth muscles, induced by the same mediators,
lead to further airflow airway narrowing. In an individual with aeroallergen sen-
sitivity, these events manifest as acute airflow obstruction, measured in the clinical
laboratory as a drop in forced expiratory volume of air in 1 s (FEV1). Asthmatic
individuals exhibit acute drops in FEV1 immediately after allergen challenge and
late phase decreases 8–12 h later. In some chronic asthmatics, cellular infiltration of
the airway wall and chronic fibrotic changes cause stable airflow obstruction with a
fixed decrease in FEV1.
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The major rationale underlying the development of anti-IgE therapies has been
that blockade of acute and late-phase reactions precipitated by allergen exposure
would reduce symptoms. There have additionally been expectations that interfer-
ence with chronic recurrent acute reactions to allergen would diminish the pool of
mast cell and basophil-derived mediators that might drive cellular recruitment and
chronic allergic inflammation. However, recent findings regarding functions of IgE
in the regulation of its own receptors and in mast cell homeostasis suggest addi-
tional mechanisms whereby IgE blockade might be beneficial.

1.2 IgE and Regulation of IgE Receptors

IgE plays an important role in the regulation and expression of both its high- and
low-affinity receptors. Our studies with IgE-deficient mice revealed reduced
expression of both FcεRI on their mast cells and basophils and CD23 on their B
cells (Kisselgof and Oettgen 1998; Yamaguchi et al. 1997). Reconstitution of
normal circulating IgE levels via i.v. infusion restored surface expression of both
receptors to normal levels. In human studies, Saini et al. (2000) showed a direct
correlation between total serum IgE levels and FcεRI cell surface expression, across
a range of atopic and nonatopic conditions. IgE binding to CD23 inhibits cleavage
of the receptor by proteases, thus allowing the IgE-CD23 complex to remain on the
effector cell surface (MacGlashan 2008). Similarly, binding of IgE to cell surface
FcεRI stabilizes the receptor and prevents both removal of the receptor from the
surface of the effector cell, and degradation by proteases. Empty FcεRI receptors are
rapidly internalized, and the presence of IgE in the milieu of effector cells supports
accumulation of FcεRI at the cell membrane (Borkowski et al. 2001; Saini et al.
2000). It is very likely that some of these effects of IgE on the stability and
expression of its receptors underlie the benefits of anti-IgE therapy.

1.3 Mast Cell Homeostasis

Up until recently, the accepted paradigm of FcεRI-mediated IgE signaling held that
cross-linking of receptor-bound IgE by polyvalent allergen and consequent
aggregation of FcεRI in the membrane were critical for signaling. A mast cell or
basophil bearing FcεRI-bound IgE was considered a loaded gun, ready for allergen-
driven triggering but unaffected by the mere presence of IgE. A number of studies
now reveal that IgE itself, in the absence of exogenous allergen, can exert signif-
icant effects. These findings have significance with respect to consideration of
potential mechanisms of action of IgE blockade. Initial findings supporting the
antigen-independent effects of IgE on FcεRI signaling and on the survival and
proliferation of cultured mast cells were presented as back-to-back reports in 2001
(Asai et al. 2001; Kalesnikoff et al. 2001). A role for IgE antibodies in mast cell
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expansion in vivo is supported by our observation that the appearance of mast cells
in the airways of mice subjected to repeated inhalation of Aspergillus funigatus was
markedly impaired in animals lacking IgE antibodies (Mathias et al. 2009).

Studies of antigen-independent effects of IgE antibodies on mast cells have been
performed using monoclonal IgE antibodies of varying specificity. Kawakami and
colleagues observed that there is considerable variability among individual anti-
bodies with respect to the potency of their antigen-independent effects on mast
cells, and they have designated clones capable of inducing high-level antigen-
independent cytokine secretion, including SPE-7, as “Highly Cytokinergic” (HC)
(Kashiwakura et al. 2012). They have demonstrated that HC IgE clones exhibit
reactivity to autoantigens (dsDNA, ssDNA, and thyroglobulin) an observation that
provides a potential mechanism whereby cross-linking of receptor-bound IgE is
induced by ubiquitous autoantigens in the absence of nominal antigen. James and
colleagues published a very interesting finding in 2003 that both anticipated this
autoreactivity of HC IgE antibodies and provided a structural basis (James et al.
2003). Using X-ray crystallography, they observed that the antigen-binding site of
HC IgE, SPE-7, exists in equilibrium of alternative isoforms, at least one of which
could bind to an autoantigen (thioredoxin) identified by peptide screening. Taken
together, these observations indicate that the pro-allergic effects of IgE antibodies
may be observed in the absence of allergen exposure and that IgE blockade could
exert effects even in allergen-independent contexts.

1.4 Antiviral Responses

Consideration of potential impacts of IgE on antiviral responses is intriguing, as
viral infections are the most common triggers of asthma. Multiple studies have
demonstrated reduced production of type I interferons in atopic patients. Cells
recovered from bronchoalveolar lavage, dendritic cells, and peripheral blood
mononuclear cells from asthmatic patients were evaluated after treatment with
viruses including influenza and rhinovirus (Gill et al. 2010; Sykes et al. 2012;
Durrani et al. 2012). Dendritic cells from atopic patients produced significantly less
IFN-α when exposed to influenza, and the amount produced was inversely pro-
portional to total serum IgE (Gill et al. 2010). Supportive data were shown from
BAL cells from allergic patients exposed to rhinovirus. Production of type I
interferons was again deficient, and this reduced production was associated with
worsening airway hyperresponsiveness (Sykes et al. 2012). In addition, cross-
linking FcεRI on PBMCs prior to exposure to human rhinovirus also triggered a
significant decrease in IFN-α production (Durrani et al. 2012). Such observations
suggest that reductions in free IgE may help improve immune responses to viral
infections and attenuate asthma exacerbations in patients exposed to respiratory
viruses.
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2 Omalizumab: Structure and Pharmacology

2.1 Structure: Humanized MAb Against IgE

Omalizumab (initially designated rhuMAb-E25) is a humanized IgG1κ monoclonal
anti-IgE antibody that binds with high affinity to IgE at the Cε3 domain and has a
molecular weight of approximately 149 kD (Fig. 2). The antibody is derived from
the murine monoclonal antibody, MAE11. MAE11 was humanized by incorporating
the mouse-derived complementarity-determining region into a human IgG1 frame-
work (Presta et al. 1993; Boushey 2001). The IgG1 human framework comprises
approximately 95 % of the omalizumab molecule, leaving 5 % murine sequences.
Importantly, omalizumab binds circulating IgE regardless of its antigen specificity. It
effectively blocks the binding site of IgE for both FcεRI and CD23, and its high
affinity for IgE allows it to compete with FcεRI. Preclinical studies demonstrated
reduction in serum levels of free IgE in murine models (Haak-Frendscho et al. 1994),
while subsequent clinical studies established this capacity to reduce IgE in asthmatic
patients. Omalizumab was approved for use in the USA in 2003 and was later
approved as adjunctive therapy in 2005 by the European Medicines Agency. While
omalizumab remains licensed only for patients aged 12 or older in the USA, the
medication was recently approved by the European Medicines Agency for use in
children aged 6 years and older (Pelaia et al. 2011).

Cε4

Cε3 Cε2

Cε1
IgE 

Omalizumab 
(IgG) 

Hexamer 

Trimer 

Fig. 2 Omalizumab. Omalizumab is a humanized IgG1κ monoclonal anti-IgE antibody that binds
to IgE at the Cε3 domain. Omalizumab forms trimeric and hexameric complexes with IgE, which
circulate. IgE in these complexes is detected in standard clinical IgE assays so that total IgE levels
appear to rise following institution of omalizumab therapy
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2.2 IgE–Omalizumab Interaction

Omalizumab specifically binds circulating free IgE at the high-affinity receptor-
binding site, thus inhibiting binding of the antibody to effector cells. Once bound to
free IgE, small complexes are formed. Typically, omalizumab:IgE complexes are
trimers of approximately 490–530 kD or hexamers of approximately 1,000 kD. The
size of complexes depends on the relative concentrations of both serum-free IgE
and omalizumab. A study of anti-IgE in cynomolgus monkeys found the largest
complex formed in vivo was a hexamer (Liu et al. 1995; Fox et al. 1996). Oma-
lizumab does not cause cross-linking of the IgE receptor or subsequent effector cell
degranulation, a property that has been referred to as its being “nonanaphylacto-
genic” (Chang 2000).

2.3 Pharmacokinetics

Omalizumab is administered subcutaneously, with a bioavailability of 62 %. Peak
serum concentrations are reached after an average of 7–8 days, and the half-life is
approximately 26 days. This is in contrast to the much shorter 2-day half-life of free
IgE. Omalizumab dosing utilizes important data gleaned from a phase II clinical
trial of anti-IgE for the treatment of allergic rhinitis triggered by ragweed allergen
(Pelaia et al. 2011). The study concluded that significant symptomatic benefit was
reached only when free IgE levels were completely suppressed and that the mag-
nitude of suppression was associated with both pretreatment serum IgE level and
anti-IgE dosing. Therefore, omalizumab is administered every 2–4 weeks at a dose
of 150–375 mg subcutaneously, with the dose and frequency determined based on
patient body weight and IgE level. Due to the requirement of near-total suppression
of IgE levels for clinical efficacy, the drug is only FDA approved for pretreatment
IgE levels of 30–700 IU/mL (XOLAIR PACKAGE INSERT).

Following administration of omalizumab, serum-free IgE concentrations
decrease rapidly in clinical studies, with a mean drop of over 96 % from baseline
using standard dosing. However, total serum IgE including both bound and
unbound fractions increased subsequent to omalizumab dosing. The clearance of
omalizumab:IgE complexes is slower than that of free IgE, and standard clinical lab
assays detect IgE in both free and complexed forms. Thus, an apparently para-
doxical increase in total IgE is observed in omalizumab-treated patients. After
discontinuation of omalizumab dosing, serum total IgE decreases, while free IgE
increases. However, this reversal occurs slowly and does not reach pretreatment
levels even one year after discontinuation of therapy.
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3 Early Clinical Studies in Asthma

3.1 Inhalation Challenge

Early clinical studies demonstrated that anti-IgE treatment in asthmatic patients led
to significantly decreased free IgE levels and reduced both immediate symptoms
and late-phase responses to inhaled aeroallergen challenge (Fahy et al. 1997; Boulet
et al. 1997).

3.2 Early and Late-phase Suppression, Further Analyses

Attenuation of the early allergen response in the above studies was demonstrated
both by a decrease in the degree of the fall of FEV1 after exposure to fixed doses of
allergen and by an increase in the threshold dose of allergen necessary to elicit
bronchoconstriction. Fahy et al. (1997) showed that late-phase responses in the
airway were also reduced in the treatment groups, as evidenced by protection from
late drops in FEV1 and by a reduction in the percentage of airway eosinophils in
sputum 24 h after challenge. These early studies set the stage for future evaluations
of the safety and efficacy of anti-IgE in asthma and other atopic diseases. The
demonstration that anti-IgE could counteract both early and late-phase allergic
responses confirmed the importance of IgE antibody function both in immediate
hypersensitivity and in cellular recruitment and the initiation of inflammation,
providing a strong rationale for clinical trials of IgE blockade in chronic allergic
diseases such as asthma.

4 Asthma Studies

Subsequent studies evaluating the efficacy of anti-IgE therapy for allergic asthma in
adolescent and adult patients further underscored the ability of anti-IgE to attenuate
early and late-phase asthma symptoms. Milgrom and colleagues completed a large
randomized, placebo-controlled phase II study evaluating patients with moderate to
severe allergic asthma (Milgrom et al. 1999). In treatment groups, serum-free IgE
levels dropped precipitously, and asthma symptoms were significantly improved as
evidenced by reduced use of rescue β-agonist inhalers, decreased oral and inhaled
corticosteroid (ICS) requirement, and improved pulmonary function testing.

Two critical phase III clinical trials of anti-IgE therapy in patients with severe
chronic asthma, performed in the USA and Europe, provided the evidence that led
to FDA approval of omalizumab (Soler et al. 2001; Busse et al. 2001). Both groups
studied ICS-dependent asthmatics and utilized a study design that included initial
continuation of daily ICS, with a subsequent steroid reduction phase during
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anti-IgE treatment. In both trials, treatment group patients suffered fewer asthma
exacerbations during both the steroid stable and reduction phases. Other primary
end points in the treatment groups included a significant reduction in ICS dose,
decreased frequency of rescue inhaler use, improved pulmonary function parame-
ters including mean FEV1, and improved asthma symptoms scores. The frequency
of adverse events was not increased in the anti-IgE treatment groups.

A veritable flood of trials followed on the heels of these initial studies. The results
of twenty-five of these anti-IgE studies comprising a total of 6,382 participants with
mild to severe allergic asthma were analyzed in a recent Cochrane review (Nor-
mansell et al. 2014). Most of the included studies evaluated anti-IgE as adjunctive
therapy to inhaled corticosteroids and/or long acting beta agonists (LABAs).
Overall, the pooled data indicated that clinical benefit from anti-IgE therapy was
improved from placebo, including reduced asthma exacerbation frequency, reduced
hospitalizations, and reduction in daily ICS and rescue inhaler use. Also, anti-IgE
therapy significantly increased the number of participants who were able to com-
pletely withdraw from daily ICS use as compared to placebo. Participants in 7 of 11
studies also noted modest but significant improvements in asthma scores and quality
of life assessments. However, changes in pulmonary function parameters were
inconsistent. Overall, the message of both the initial pivotal studies and the large
number of follow-up trials has been that anti-IgE reduces the frequency of acute
flares and hospitalizations while only modestly affecting the chronic day-to-day
indicators of disease activity such as quality of life scores and physiologic measures
of small airway obstruction. These findings suggest that anti-IgE attenuates disease
flares precipitated by aeroallergen exposure or respiratory infection but that it does
not interfere with the chronic Th2-driven allergic inflammatory process that leads to
the infiltration of the airways with inflammatory cells, edema of the airway mucosa,
hyper-responsiveness of bronchial smooth muscle, and hyper-production of mucus
all of which can likely arise in the absence of IgE signals.

5 Pediatric Asthma

Most of the initial anti-IgE studies focused on adult participants, but in recent years
more emphasis has been placed on childhood asthma, a disease that appears to be
more consistently allergen driven. Milgrom and colleagues performed a large,
double-blind, randomized, placebo-controlled trial to evaluate the safety and effi-
cacy of anti-IgE in the treatment of children aged 6–12 years with moderate to
severe asthma (Milgrom et al. 2001). This study design echoed adult studies, with
the 334 enrolled children treated with anti-IgE as adjunctive therapy to stable ICS
regimens. Inclusion criteria for pediatric participants included moderate to persis-
tent asthma well controlled on ICS, positive skin prick testing to at least one
common aeroallergen, and total IgE levels between 30 and 1,300 IU/mL. These
criteria differ from the previously discussed adolescent and adult studies, where the
majority of trials included patients with poorly controlled asthma despite ICS use
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and a more restricted pretreatment IgE level. Results were encouraging in the
treatment group, with significant reductions in ICS dosage and more frequent
complete withdrawal of ICS use. During the steroid reduction phase in the treatment
group, use of rescue albuterol was reduced, and asthma exacerbations requiring
additional treatment declined in both frequency and severity. No significant change
between the groups was seen in asthma symptom scores or pulmonary function
parameters. Anti-IgE was well tolerated, with no serious adverse effects. Following
completion of the above trial, further information regarding quality of life evalu-
ations was published (Lemanske et al. 2002). No change in quality of life was found
during the steroid-stable phase of the trial, but at the end of the study treatment
group participants reported improved asthma scores and a statistically significant
increase in overall asthma-related quality of life. This was likely affected by the
reduction in exacerbations, decrease in ICS use, and lack of hospitalizations in the
treatment group.

A more recent pediatric anti-IgE trial performed by Lanier et al. (2009) had
similar results. This study more closely resembled the adult trials, as enrolled
pediatric subjects included children aged 6 to <12 years old with moderate to severe
persistent asthma incompletely controlled with ICSs. Over the course of the trial,
the overall exacerbation frequency was reduced by 43 % versus the placebo
group. Additionally, in contrast to the previous pediatric study, treatment group
subjects experienced a significant attenuation in exacerbation frequency during the
fixed-steroid phase. Further support of the effectiveness of omalizumab in
adjunctive treatment of pediatric asthma was exhibited by a recent retrospective
analysis of pooled data extracted from five adolescent and adult anti-IgE trials
(Massanari et al. 2009). This analysis included patients aged 12–17 years old and
also demonstrated a reduction in frequency of asthma exacerbations, improved
pulmonary function parameters, and improvement in asthma scores. In all studies,
regardless of participant age, anti-IgE therapy significantly reduced asthma exac-
erbations, thus highlighting the importance of IgE during times of asthma exacer-
bation. However, as was evident in the meta-analyses of the adult trials,
improvements in pulmonary function parameters and quality of life were incon-
sistent across studies. This again reveals the key role of IgE in acute flares while
suggesting a dominant role for IgE-independent mechanisms in the pathogenesis of
the chronic inflammation and impairments in airway physiology seen in asthma.

6 Omalizumab in Other Atopic Diseases

Alongside the successes of omalizumab in asthma trials, anti-IgE was evaluated
early on for its effectiveness in allergic rhinitis (AR), another disease characterized
by high-titer IgE responses to inhaled aeroallergens and by seasonal flares of
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symptoms driven by allergen inhalation (Casale et al. 1997). Subsequently, other
disorders became candidates for anti-IgE trials, including atopic dermatitis, urti-
caria, and food allergy (Chang et al. 2007; Incorvaia et al. 2014).

6.1 Allergic Rhinitis

Allergic rhinitis is a prevalent problem in both adult and pediatric patient populations.
A number of trials have evaluated use of anti-IgE in patients with allergic rhinitis
triggered by a variety of environmental allergens, most commonly birch pollen or
ragweed. Their results established that anti-IgE decreased nasal and ocular symptoms,
reduced antihistamine use, and improved quality of life scores (Adelroth et al. 2000;
Casale et al. 1997, 2001; Chervinsky et al. 2003). Anti-IgE also improved symptom
scores and decreased sensitivity to nasal allergen challenge (Hanf et al. 2004). Nasal
biopsy specimens in patients receiving anti-IgE showed none of the mucosal tissue
eosinophilia evident in the placebo group (Plewako et al. 2002). Further evidence for
improvement in allergic rhinitis was demonstrated by a trial of anti-IgE administered
in combination with traditional subcutaneous immunotherapy in children and ado-
lescentswithmoderate to severe allergic rhinitis. Study participants receiving anti-IgE
in addition to standard allergen immunotherapy showed significant clinical
improvement in symptoms as compared to immunotherapy alone (Kuehr et al. 2002).
Thus, removal of IgE seems to ameliorate both early and late-phase hypersensitivity
responses in allergic rhinitis.

6.2 Rush Immunotherapy

Rush immunotherapy is an accelerated subcutaneous immunotherapy regimen that
allows patients to reach maintenance dosing much more quickly than with tradi-
tional protocols. However, these faster protocols are associated with an increased
incidence of serious adverse reactions including anaphylaxis. Casale et al. (2006)
established that adult patients treated with anti-IgE prior to induction of rush
immunotherapy had fewer reactions. Another study showed addition of anti-IgE
prior to cluster immunotherapy in patients with persistent asthma reduced the risk of
adverse events during immunotherapy. More patients in the anti-IgE treatment
group reached goal maintenance dosing and had fewer adverse events, including
those requiring epinephrine, throughout the cluster protocol (Massanari et al. 2010).
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6.3 Food-induced Anaphylaxis and Oral Immunotherapy

Food allergy has emerged as another attractive option for anti-IgE therapy.
Immediate hypersensitivity reactions to allergenic food ingestion depend on the
presence of food-specific IgE antibodies and can be quite severe, progressing to
potentially fatal systemic anaphylaxis. As current therapeutic options are limited to
strict avoidance of the allergenic food for safety reasons, patients are paradoxically
deprived of their only hope for achieving tolerance, namely oral ingestion of the
allergenic food. Anti-IgE has been considered an attractive treatment option in this
setting both because it might reduce dangerous reactions following inadvertent food
ingestions and as an adjunct to oral immunotherapy.

The first study evaluating use of anti-IgE in food allergy was conducted by
Leung et al. (2003) who showed that administration of an anti-IgE monoclonal
antibody, TNX-901, led to significant increases in the threshold dose of peanut
required to trigger hypersensitivity reactions in oral peanut food challenges. This
result established the efficacy of anti-IgE in blunting IgE-mediated food reactions
and provided the basis for the more recent application of anti-IgE treatment during
oral immunotherapy (OIT) in children with food allergies. While OIT, in which
allergic subjects are fed incrementally increasing doses of allergenic food under
very controlled conditions, has shown promise in terms of reducing food sensitivity,
its broad application has been impeded by the frequency of undesirable and
potentially dangerous reactions experienced by patients in the course of dose
escalation. Nadeau et al. reasoned that anti-IgE might mitigate these reactions and
conducted a pilot study in children with cow’s milk allergy undergoing rapid oral
milk desensitization under cover of anti-IgE. Nine of 10 patients reached the goal
dose of 2,000 mg milk after desensitization over 7–11 weeks. Anti-IgE therapy was
then discontinued, and daily milk ingestion continued. All 9 patients subsequently
passed a double-blind, placebo-controlled food challenge (DBPCFC) 8 weeks after
discontinuation of anti-IgE (Nadeau et al. 2011).

Anti-IgE therapy has also been applied to OIT for the extremely allergenic food,
peanut. A phase II trial performed by Sampson et al. (2011) to evaluate the
effectiveness of anti-IgE in reducing the frequency of peanut-induced allergic
reactions during OIT was discontinued early due to anaphylactic episodes that
occurred during initial pre-enrollment peanut food challenges. However, data
obtained prior to discontinuation revealed that participants receiving anti-IgE
therapy were able to tolerate higher peanut doses than placebo-treated participants.
Another study evaluating peanut oral immunotherapy under cover of anti-IgE has
been performed (Schneider et al. 2013). High-risk peanut allergic children were
treated with anti-IgE, and then underwent oral desensitization. Patients reached a
cumulative dose of 992 mg without symptoms of hypersensitivity, and subse-
quently tolerated a peanut food challenge of 8,000 mg peanut flour. These studies
illuminate the possibilities of future successful, safe oral desensitization to foods. It
will be of great interest to determine whether IgE blockade during OIT, in addition
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to enhancing safety by reducing anaphylactic reactions, might also modulate
immune responses to food allergens, suppressing allergen-driven Th2 expansion,
and favoring Treg induction (Fig. 3).

6.4 Chronic Idiopathic Urticaria

Chronic idiopathic urticaria (CIU) is a condition characterized by hives that last for
a minimum of 6 weeks, without obvious trigger. Therapeutic options currently
include antihistamines, leukotriene receptor antagonists, systemic steroids, and
other immunosuppressive medications. However, the condition is often refractory
to these therapies and the side effects of systemic steroids are undesirable. An early
proof of concept study using anti-IgE demonstrated improvement in the Urticaria
Activity Score (UAS), which includes pruritus severity, number of hives, and size
of largest hive, as well as a reduction in rescue antihistamine use and improvement
in overall quality of life (Kaplan et al. 2008). Subsequent phase II and III trials
evaluating the efficacy of anti-IgE compared to placebo in treating CIU unre-
sponsive to traditional therapies substantiated the findings of previous proof of
concept trials. The first phase III trial performed by Maurer et al. (2013) included
323 patients with treatment-resistant moderate to severe CIU and evaluated efficacy
of increasing doses of omalizumab.

Since CIU is not generally considered an atopic disease and allergen triggers are
not usually identified in these patients, the efficacy of omalizumab was a surprise to
some. The average IgE level of the study population was only 168.2 ± 231.9 IU/ml,
which is only very modestly elevated and much lower than the levels observed in
the other atopic conditions responsive to anti-IgE. The study found significant dose

Fig. 3 Hypothetical model for IgE-mediated regulation of T cell responses to allergen and effects
of omalizumab in this model. Mast cells produce significant levels of the Th2-skewing cytokine
IL-4. We speculate that IgE-mediated mast cell activation drives IL-4-mediated Th2 expansion and
concomitant Treg suppression and that inhibition of this effect in the setting of omalizumab
therapy would favor Treg responses over Th2
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responsive diminution of symptoms as compared to placebo, with the greatest
clinical effects generated by the highest anti-IgE dose (300 mg). A subsequent
phase III trial performed by Kaplan et al. (2013) substantiated these results.
Omalizumab was recently approved by the FDA for the treatment of CIU refractory
to antihistamine therapy in patients aged 12 years and older.

The mechanisms by which anti-IgE reduces symptoms in patients with CIU
remain to be elucidated, but a rapid reduction in free IgE levels has been consis-
tently demonstrated in omalizumab-treated patients with CIU and this reduction in
IgE correlates closely with clinical improvement. Several mechanistic studies of
omalizumab have demonstrated downregulation of FcεRI on peripheral blood
basophils and on skin and nasal mast cells (Saini et al. 1999; Beck et al. 2004;
Eckman et al. 2010). There is some evidence that a subset of patients with CIU has
autoantibodies directed against FcεRI (Grattan et al. 1991; Hide et al. 1993;
Kikuchi and Kaplan 2001), and it has been speculated that the reduction in FcεRI
density induced by omalizumab therapy reduces the susceptibility of FcεRI+ cells to
activation by such antibodies. An alternative possibility is that these patients have
HC IgE antibodies (see Sect. 1.3) that interact with autoantigens and omalizumab
decreases the titers of these antibodies. While both the results of the CIU trials and
these proposed mechanisms are thought provoking, further studies are required
before firm conclusions can be made.

6.5 Atopic Dermatitis

Atopic dermatitis (AD) typically presents in childhood and can persist throughout
the lifetime of an affected patient. Patients typically have dramatically elevated
serum IgE levels and are often affected by other concurrent allergic diseases sug-
gesting a potential pathogenic role of IgE in AD. Treatment of recalcitrant AD can
be difficult and may include immunosuppressive medications. Clinical studies of
anti-IgE therapy for AD have resulted in variable conclusions. Case reports and an
early pilot study using omalizumab suggested improvement in clinical atopic der-
matitis symptoms (Sheinkopf et al. 2008). A larger explorative study also found
treatment with anti-IgE significantly reduced free serum IgE, decreased FcεRI
expression on basophil cell surfaces, and also decreased IgE saturation of FcεRI.
However, treatment group patients had no improvement in clinical symptoms (Heil
et al. 2010). These findings, like those of the asthma studies, suggest that the
chronic inflammatory component of AD is likely driven in large part by IgE-
independent mechanisms and that the utility of IgE blockade may be limited in this
setting.
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6.6 Eosinophilic Gastrointestinal Disorders

Eosinophilic gastrointestinal disorders include eosinophilic esophagitis, eosino-
philic colitis, and eosinophilic gastroenteritis. Affected patients experience a range
of chronic gastrointestinal symptoms including difficulty swallowing, pain, and
diarrhea but, unlike typical food allergy patients, they do not generally experience
immediate hypersensitivity reactions, such as systemic anaphylaxis. In this way, the
disease process seems more analogous to that involved in AD. However, eosino-
philic gastrointestinal disorders can be associated with atopy, and some patients
have positive skin prick testing to foods. A clinical trial evaluating the effects of
anti-IgE therapy in patients with eosinophilic gastroenteritis gave results consistent
with those for anti-IgE therapy for other atopic conditions (Foroughi et al. 2007).
As expected, serum-free IgE and food allergen skin prick test reactions were
decreased in the treatment group along with reductions in FcεRI surface expression
on basophils and dendritic cells. A downward trend in tissue eosinophilia was
observed in biopsies of the duodenum, gastric antrum, and gastric body but this did
not reach significance. Symptom scores improved both midstudy and at the con-
clusion of the trial, but did not correlate with reduction in tissue eosinophilia.

7 Mechanisms

Many of the clinical trials of IgE blockade described above have been accompanied
by immunologic analyses, which have provided valuable insights both into the
pathogenesis of allergic diseases and the mechanisms of action of anti-IgE.

7.1 Blockade of Early and Late-phase Hypersensitivity

The seminal studies of anti-IgE therapy have demonstrated sharp reductions in
circulating levels of free IgE antibodies along with strong evidence that anti-IgE
blockade impairs both early and late-phase hypersensitivity reactions. Anti-IgE
therapy reduces early and late-phase allergic asthma responses after inhalational
allergen challenge (Fahy et al. 1997), diminishes late-phase skin responses to
intradermal allergen exposure (Ong et al. 2005), and decreases sputum eosinophilia
(Fahy et al. 1997; Djukanovic et al. 2004) and airway submucosal eosinophil,
T cell, and B cell numbers in asthmatic subjects (Djukanovic et al. 2004). A study
performed on adult subjects with allergic rhinitis secondary to dust mites showed a
rapid reduction in serum-free IgE levels and a 97 % decrease of basophil cell
surface expression of FcεRI (MacGlashan et al. 1997). Basophil histamine release
was also decreased by approximately 90 %, and basophil response was completely
eradicated in 50 % of subjects. Mast cell involvement was implicated by
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requirement of antigen doses of 100 times the original dose in order to generate
similar pre-anti-IgE skin prick wheals. Peripheral eosinophilia and serum levels of
Th2-inducing cytokines including IL-13 are also decreased in asthmatic patients
treated with anti-IgE (Noga et al. 2003). The latter observation is consistent with a
role for IgE antibodies in the maintenance of Th2-driven allergic responses and
highlights the importance of anti-IgE therapy in combating these responses (Fig. 3).

7.2 Regulation of IgE Receptors

Prior to the application of anti-IgE therapy, it was known that IgE levels regulate
expression and stability of FcεRI receptors on the surface of basophils, mast cells,
and dendritic cells. Treatment with anti-IgE depletes the concentration of free IgE in
serum, and therefore, as predicted, results in decreased cell surface density of FcεRI
(MacGlashan et al. 1997; Beck et al. 2004; Prussin et al. 2003). Beck and col-
leagues evaluated the effects of omalizumab treatment on mast cell FcεRI expres-
sion. After 1 week of therapy, minimal reduction in mast cell surface FcεRI was
noted, and later in therapy FcεRI receptor density was significantly decreased, along
with a reduction in skin prick allergen-stimulated wheal size (Beck et al. 2004).
While these studies have been interpreted to imply discordance in rate of FcεRI
reduction between mast cells and basophils, there are technical differences in the
approach to FcεRI measurement that limit this extrapolation. Basophil FcεRI
density has typically been quantitated by flow cytometry, a method that reliably
detects only cell surface receptor while the measurements of FcεRI on skin mast
cells have been performed using immunohistochemical staining which does not
discriminate surface from internalized FcεRI. In analyses of cultured rodent mast
cells, surface FcεRI levels modulate very rapidly in response to changes in ambient
IgE. It will be important in future studies to determine the kinetics of reduction of
surface levels of FcεRI on mast cells of omalizumab-treated subjects.

Dendritic cells, which also express FcεRI, are key inducers and regulators of
immune responses. Omalizumab therapy results in reduction of FcεRI expression
on circulating plasmacytoid dendritic cells (pDCs) as demonstrated by Prussin et al.
(2003). The reduction of pDC surface FcεRI receptor density was evident within
7 days of anti-IgE therapy and correlated well with reduced serum-free IgE levels.
Schroeder et al. (2010) have reported that the reduction in DC FcεRI following
omalizumab therapy is associated with a reduction in IgE-facilitated antigen pre-
sentation in the induction of Th2 responses in a cell culture system. These results
are of great interest and suggest that anti-IgE therapy may interfere with IgE-
facilitated antigen presentation by dendritic cells. This ultimately could cause a
blockade of early sensitization to antigens. This in turn acts in concert with
reduction of effector cell mediation of immediate hypersensitivity responses to
further reduce hypersensitivity reactions.
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7.3 Effects on Viral Immunity

Upper respiratory viral infections are probably the most important trigger of asthma
exacerbations across age groups. While anti-IgE therapy has proven to be effective
in decreasing the frequency of asthma exacerbations overall, it has been unclear
whether this is exclusively because of interference with immediate hypersensitivity
reactions in patients exposed to inhaled aeroallergens or whether omalizumab might
also alter the onset of asthma flares after viral infection. In the “Inner City Asthma
Study,” (Busse et al. 2011) made the intriguing observation that anti-IgE treatment
is associated a significant reduction of the frequency of asthma flares associated
with seasonal virus exposure. In a substudy of this cohort, the investigators found
that rates of viral infection as measured in nasal swabs were the same in treatment
and placebo groups, suggesting a benefit of anti-IgE treatment in attenuating virus-
induced asthma flares. We speculate that this resistance to flares might be due either
to an elevated threshold for bronchial obstruction because of reduced allergic
inflammation of the airway mucosa in omalizumab-treated subjects or to interfer-
ence with the negative effects of IgE:FcεRI signaling on innate immune responses
(Type I interferon production) to viruses by dendritic cells (see Sect. 1.4).

8 Future Directions

The success of omalizumab in the treatment of allergic asthma has generated new
insights into the roles of IgE in allergic pathophysiology and has opened doors for
novel strategies. The generation of higher affinity anti-IgE reagents is in progress
(Cohen et al. 2014) as is the design of therapeutics, which uniquely bind to IgE+ B
cells and could selectively target IgE production at the source (Brightbill et al.
2010). There is considerable interest in the development of inhibitors of the very
high-affinity interaction of IgE with FcεRI. Jardetzky and colleagues have presented
encouraging data regarding designed ankyrin repeat inhibitors (DARPins), which
have the potential to dislodge IgE bound to FcεRI (Eggel et al. 2014). Other
promising studies have focused on blocking critical activators of key IgE-mediated
signaling pathways. Spleen Tyrosine Kinase (SYK) is the critical proximal protein
tyrosine kinase in FcεRI signaling. Early studies have shown inhibition of SYK
leads to mitigation of airway inflammation and mast cell degranulation (Matsubara
et al. 2006; Penton et al. 2013; Yamamoto et al. 2003). Moy et al. utilized a small
molecule and very highly selective inhibitor of SYK (SYKi) to achieve blockade of
allergen-induced bronchoconstriction in murine models (Moy et al. 2013). Mean-
while, ongoing analyses of omalizumab efficacy and mechanisms of action in a
range of allergic diseases promise to further illuminate the role of IgE in sensiti-
zation and pathogenesis of allergy.

56 S.L. Logsdon and H.C. Oettgen

http://dx.doi.org/10.1007/978-3-319-13725-4_1


References

Acharya M, Borland G, Edkins AL, Maclellan LM, Matheson J, Ozanne BW, Cushley W (2010)
CD23/Fc epsilon RII: molecular multi-tasking. Clin Exp Immunol 162(1):12–23. doi:10.1111/
j.1365-2249.2010.04210.x

Adelroth E, Rak S, Haahtela T, Aasand G, Rosenhall L, Zetterstrom O, Byrne A, Champain K,
Thirlwell J, Cioppa GD, Sandstrom T (2000) Recombinant humanized mAb-E25, an anti-IgE
mAb, in birch pollen-induced seasonal allergic rhinitis. J Allergy Clin Immunol 106(2):253–
259. doi:10.1067/mai.2000.108310

Asai K, Kitaura J, Kawakami Y, Yamagata N, Tsai M, Carbone DP, Liu FT, Galli SJ, Kawakami T
(2001) Regulation of mast cell survival by IgE. Immunity 14(6):791–800

Beck LA, Marcotte GV, MacGlashan D, Togias A, Saini S (2004) Omalizumab-induced
reductions in mast cell Fc epsilon RI expression and function. J Allergy Clin Immunol 114
(3):527–530

Borkowski TA, Jouvin MH, Lin SY, Kinet JP (2001) Minimal requirements for IgE-mediated
regulation of surface Fc epsilon RI. J Immunol 167(3):1290–1296

Boulet LP, Chapman KR, Cote J, Kalra S, Bhagat R, Swystun VA, Laviolette M, Cleland LD,
Deschesnes F, Su JQ, DeVault A, Fick RB Jr, Cockcroft DW (1997) Inhibitory effects of an
anti-IgE antibody E25 on allergen-induced early asthmatic response. Am J Respir Crit Care
Med 155(6):1835–1840. doi:10.1164/ajrccm.155.6.9196083

Boushey HA Jr (2001) Experiences with monoclonal antibody therapy for allergic asthma.
J Allergy Clin Immunol 108(2 Suppl):S77–83

Brightbill HD, Jeet S, Lin Z, Yan D, Zhou M, Tan M, Nguyen A, Yeh S, Delarosa D, Leong SR,
Wong T, Chen Y, Ultsch M, Luis E, Ramani SR, Jackman J, Gonzalez L, Dennis MS,
Chuntharapai A, DeForge L, Meng YG, Xu M, Eigenbrot C, Lee WP, Refino CJ, Balazs M, Wu
LC (2010) Antibodies specific for a segment of human membrane IgE deplete IgE-producing B
cells in humanized mice. J Clin Investig 120(6):2218–2229. doi:10.1172/JCI40141

Busse W, Corren J, Lanier BQ, McAlary M, Fowler-Taylor A, Cioppa GD, van As A, Gupta N
(2001) Omalizumab, anti-IgE recombinant humanized monoclonal antibody, for the treatment
of severe allergic asthma. J Allergy Clin Immunol 108(2):184–190

Busse WW, Morgan WJ, Gergen PJ, Mitchell HE, Gern JE, Liu AH, Gruchalla RS, Kattan M,
Teach SJ, Pongracic JA, Chmiel JF, Steinbach SF, Calatroni A, Togias A, Thompson KM,
Szefler SJ, Sorkness CA (2011) Randomized trial of omalizumab (anti-IgE) for asthma in
inner-city children. N Engl J Med 364(11):1005–1015. doi:10.1056/NEJMoa1009705

Cameron L, Gounni AS, Frenkiel S, Lavigne F, Vercelli D, Hamid Q (2003) S epsilon S mu and S
epsilon S gamma switch circles in human nasal mucosa following ex vivo allergen challenge:
evidence for direct aswell as sequential class switch recombination. J Immunol 171(7):3816–3822

Casale TB, Bernstein IL, Busse WW, LaForce CF, Tinkelman DG, Stoltz RR, Dockhorn RJ,
Reimann J, Su JQ, Fick RB Jr, Adelman DC (1997) Use of an anti-IgE humanized monoclonal
antibody in ragweed-induced allergic rhinitis. J Allergy Clin Immunol 100(1):110–121

Casale TB, Condemi J, LaForce C, Nayak A, Rowe M, Watrous M, McAlary M, Fowler-Taylor A,
Racine A, Gupta N, Fick R, Della Cioppa G (2001) Effect of omalizumab on symptoms of
seasonal allergic rhinitis: a randomized controlled trial. JAMA 286(23):2956–2967

Casale TB, Busse WW, Kline JN, Ballas ZK, Moss MH, Townley RG, Mokhtarani M, Seyfert-
Margolis V, Asare A, Bateman K, Deniz Y (2006) Omalizumab pretreatment decreases acute
reactions after rush immunotherapy for ragweed-induced seasonal allergic rhinitis. J Allergy
Clin Immunol 117(1):134–140. doi:10.1016/j.jaci.2005.09.036

Chang TW (2000) The pharmacological basis of anti-IgE therapy. Nat Biotechnol 18(2):157–162
Chang TW, Wu PC, Hsu CL, Hung AF (2007) Anti-IgE antibodies for the treatment of IgE-

mediated allergic diseases. Adv Immunol 93:63–119. doi:10.1016/S0065-2776(06)93002-8

Anti-IgE Therapy: Clinical Utility and Mechanistic Insights 57

http://dx.doi.org/10.1111/j.1365-2249.2010.04210.x
http://dx.doi.org/10.1111/j.1365-2249.2010.04210.x
http://dx.doi.org/10.1067/mai.2000.108310
http://dx.doi.org/10.1164/ajrccm.155.6.9196083
http://dx.doi.org/10.1172/JCI40141
http://dx.doi.org/10.1056/NEJMoa1009705
http://dx.doi.org/10.1016/j.jaci.2005.09.036
http://dx.doi.org/10.1016/S0065-2776(06)93002-8


Chervinsky P, Casale T, Townley R, Tripathy I, Hedgecock S, Fowler-Taylor A, Shen H, Fox H
(2003) Omalizumab, an anti-IgE antibody, in the treatment of adults and adolescents with
perennial allergic rhinitis. Ann Allergy Asthma Immunol 91(2):160–167. doi:10.1016/S1081-
1206(10)62171-0

Cohen ES, Dobson CL, Kack H, Wang B, Sims DA, Lloyd CO, England E, Rees DG, Guo H,
Karagiannis SN, O’Brien S, Persdotter S, Ekdahl H, Butler R, Keyes F, Oakley S, Carlsson M,
Briend E, Wilkinson T, Anderson IK, Monk PD, von Wachenfeldt K, Eriksson PO, Gould HJ,
Vaughan TJ, May RD (2014) A novel IgE-neutralizing antibody for the treatment of severe
uncontrolled asthma. MAbs 6(3):1

Djukanovic R, Wilson SJ, Kraft M, Jarjour NN, Steel M, Chung KF, Bao W, Fowler-Taylor A,
Matthews J, Busse WW, Holgate ST, Fahy JV (2004) Effects of treatment with anti-
immunoglobulin E antibody omalizumab on airway inflammation in allergic asthma. Am J
Respir Crit Care Med 170(6):583–593. doi:10.1164/rccm.200312-1651OC

Dombrowicz D, Quatannens B, Papin JP, Capron A, Capron M (2000) Expression of a functional
Fc epsilon RI on rat eosinophils and macrophages. J Immunol 165(3):1266–1271

Durrani SR, Montville DJ, Pratt AS, Sahu S, DeVries MK, Rajamanickam V, Gangnon RE, Gill
MA, Gern JE, Lemanske RF Jr, Jackson DJ (2012) Innate immune responses to rhinovirus are
reduced by the high-affinity IgE receptor in allergic asthmatic children. J Allergy Clin Immunol
130(2):489–495. doi:10.1016/j.jaci.2012.05.023

Eckman JA, Sterba PM, Kelly D, Alexander V, Liu MC, Bochner BS, Macglashan DW Jr, Saini SS
(2010) Effects of omalizumab on basophil andmast cell responses using an intranasal cat allergen
challenge. J Allergy Clin Immunol 125(4):889–895. doi:10.1016/j.jaci.2009.09.012 e887

Eggel A, Baravalle G, Hobi G, Kim B, Buschor P, Forrer P, Shin JS, Vogel M, Stadler BM,
Dahinden CA, Jardetzky TS (2014) Accelerated dissociation of IgE-Fc epsilon RI complexes
by disruptive inhibitors actively desensitizes allergic effector cells. J Allergy Clin Immunol 133
(6):1709–1719. doi:10.1016/j.jaci.2014.02.005

Fahy JV, Fleming HE, Wong HH, Liu JT, Su JQ, Reimann J, Fick RB Jr, Boushey HA (1997) The
effect of an anti-IgE monoclonal antibody on the early-and late-phase responses to allergen
inhalation in asthmatic subjects. Am J Respir Crit Care Med 155(6):1828–1834. doi:10.1164/
ajrccm.155.6.9196082

Foroughi S, Foster B, Kim N, Bernardino LB, Scott LM, Hamilton RG, Metcalfe DD, Mannon PJ,
Prussin C (2007) Anti-IgE treatment of eosinophil-associated gastrointestinal disorders.
J Allergy Clin Immunol 120(3):594–601. doi:10.1016/j.jaci.2007.06.015

Fox JA, Hotaling TE, Struble C, Ruppel J, Bates DJ, Schoenhoff MB (1996) Tissue distribution
and complex formation with IgE of an anti-IgE antibody after intravenous administration in
cynomolgus monkeys. J Pharmacol Exp Ther 279(2):1000–1008

Gill MA, Bajwa G, George TA, Dong CC, Dougherty II, Jiang N, Gan VN, Gruchalla RS (2010)
Counterregulation between the Fc epsilon RI pathway and antiviral responses in human
plasmacytoid dendritic cells. J Immunol 184(11):5999–6006. doi:10.4049/jimmunol.0901194

Gould HJ, Sutton BJ (2008) IgE in allergy and asthma today. Nat Rev Immunol 8(3):205–217.
doi:10.1038/nri2273

Gould HJ, Sutton BJ, Beavil AJ, Beavil RL, McCloskey N, Coker HA, Fear D, Smurthwaite L
(2003) The biology of IGE and the basis of allergic disease. Annu Rev Immunol 21:579–628

Grattan CE, Francis DM, Hide M, Greaves MW (1991) Detection of circulating histamine
releasing autoantibodies with functional properties of anti-IgE in chronic urticaria. Clin Exp
Allergy 21(6):695–704

Grayson MH, Cheung D, Rohlfing MM, Kitchens R, Spiegel DE, Tucker J, Battaile JT, Alevy Y,
Yan L, Agapov E, Kim EY, Holtzman MJ (2007) Induction of high-affinity IgE receptor on
lung dendritic cells during viral infection leads to mucous cell metaplasia. J Exp Med 204
(11):2759–2769

Haak-Frendscho M, Robbins K, Lyon R, Shields R, Hooley J, Schoenhoff M, Jardieu P (1994)
Administration of an anti-IgE antibody inhibits CD23 expression and IgE production in vivo.
Immunol 82(2):306–313

58 S.L. Logsdon and H.C. Oettgen

http://dx.doi.org/10.1016/S1081-1206(10)62171-0
http://dx.doi.org/10.1016/S1081-1206(10)62171-0
http://dx.doi.org/10.1164/rccm.200312-1651OC
http://dx.doi.org/10.1016/j.jaci.2012.05.023
http://dx.doi.org/10.1016/j.jaci.2009.09.012
http://dx.doi.org/10.1016/j.jaci.2014.02.005
http://dx.doi.org/10.1164/ajrccm.155.6.9196082
http://dx.doi.org/10.1164/ajrccm.155.6.9196082
http://dx.doi.org/10.1016/j.jaci.2007.06.015
http://dx.doi.org/10.4049/jimmunol.0901194
http://dx.doi.org/10.1038/nri2273


Hanf G, Noga O, O’Connor A, Kunkel G (2004) Omalizumab inhibits allergen challenge-induced
nasal response. Eur Respir J 23(3):414–418

Heil PM, Maurer D, Klein B, Hultsch T, Stingl G (2010) Omalizumab therapy in atopic dermatitis:
depletion of IgE does not improve the clinical course—a randomized, placebo-controlled and
double blind pilot study. J Dtsch Dermatol Ges 8(12):990–998. doi:10.1111/j.1610-0387.2010.
07497.x

Hide M, Francis DM, Grattan CE, Hakimi J, Kochan JP, Greaves MW (1993) Autoantibodies
against the high-affinity IgE receptor as a cause of histamine release in chronic urticaria.
N Engl J Med 328(22):1599–1604. doi:10.1056/NEJM199306033282204

Incorvaia C, Mauro M, Russello M, Formigoni C, Riario-Sforza GG, Ridolo E (2014)
Omalizumab, an anti-immunoglobulin E antibody: state of the art. Drug Des Devel Ther
8:197–207. doi:10.2147/DDDT.S49409

James LC, Roversi P, Tawfik DS (2003) Antibody multispecificity mediated by conformational
diversity. Science 299(5611):1362–1367. doi:10.1126/science.1079731

Kalesnikoff J, Huber M, Lam V, Damen JE, Zhang J, Siraganian RP, Krystal G (2001) Monomeric
IgE stimulates signaling pathways in mast cells that lead to cytokine production and cell
survival. Immunity 14(6):801–811

Kaplan AP, Joseph K, Maykut RJ, Geba GP, Zeldin RK (2008) Treatment of chronic autoimmune
urticaria with omalizumab. J Allergy Clin Immunol 122(3):569–573. doi:10.1016/j.jaci.2008.
07.006

Kaplan A, Ledford D, Ashby M, Canvin J, Zazzali JL, Conner E, Veith J, Kamath N, Staubach P,
Jakob T, Stirling RG, Kuna P, Berger W, Maurer M, Rosen K (2013) Omalizumab in patients
with symptomatic chronic idiopathic/spontaneous urticaria despite standard combination
therapy. J Allergy Clin Immunol 132(1):101–109. doi:10.1016/j.jaci.2013.05.013

Kashiwakura J, Okayama Y, Furue M, Kabashima K, Shimada S, Ra C, Siraganian RP, Kawakami
Y, Kawakami T (2012) Most highly cytokinergic IgEs have polyreactivity to autoantigens.
Allergy Asthma Immunol Res 4(6):332–340. doi:10.4168/aair.2012.4.6.332

Kikuchi Y, Kaplan AP (2001) Mechanisms of autoimmune activation of basophils in chronic
urticaria. J Allergy Clin Immunol 107(6):1056–1062. doi:10.1067/mai.2001.115484

Kisselgof AB, Oettgen HC (1998) The expression of murine B cell CD23, in vivo, is regulated by
its ligand, IgE. Int Immunol 10(9):1377–1384

Kraft S, Kinet JP (2007) New developments in Fc epsilon RI regulation, function and inhibition.
Nat Rev Immunol 7(5):365–378. doi:10.1038/nri2072

Kubo S, Nakayama T, Matsuoka K, Yonekawa H, Karasuyama H (2003) Long term maintenance
of IgE-mediated memory in mast cells in the absence of detectable serum IgE. J Immunol 170
(2):775–780

Kuehr J, Brauburger J, Zielen S, Schauer U, Kamin W, Von Berg A, Leupold W, Bergmann KC,
Rolinck-Werninghaus C, Grave M, Hultsch T, Wahn U (2002) Efficacy of combination
treatment with anti-IgE plus specific immunotherapy in polysensitized children and adolescents
with seasonal allergic rhinitis. J Allergy Clin Immunol 109(2):274–280

Lanier B, Bridges T, Kulus M, Taylor AF, Berhane I, Vidaurre CF (2009) Omalizumab for the
treatment of exacerbations in children with inadequately controlled allergic (IgE-mediated)
asthma. J Allergy Clin Immunol 124(6):1210–1216. doi:10.1016/j.jaci.2009.09.021

Lemanske RF Jr, Nayak A, McAlary M, Everhard F, Fowler-Taylor A, Gupta N (2002)
Omalizumab improves asthma-related quality of life in children with allergic asthma. Pediatrics
110(5):e55

Leung DY, Sampson HA, Yunginger JW, Burks AW Jr, Schneider LC, Wortel CH, Davis FM,
Hyun JD, Shanahan WR Jr (2003) Effect of anti-IgE therapy in patients with peanut allergy.
N Engl J Med 348(11):986–993

Lin S, Cicala C, Scharenberg AM, Kinet JP (1996) The Fc(epsilon)RI beta subunit functions as an
amplifier of Fc(epsilon)RI gamma-mediated cell activation signals. Cell 85(7):985–995

Liu J, Lester P, Builder S, Shire SJ (1995) Characterization of complex formation by humanized
anti-IgE monoclonal antibody and monoclonal human IgE. Biochemistry 34(33):10474–10482

Anti-IgE Therapy: Clinical Utility and Mechanistic Insights 59

http://dx.doi.org/10.1111/j.1610-0387.2010.07497.x
http://dx.doi.org/10.1111/j.1610-0387.2010.07497.x
http://dx.doi.org/10.1056/NEJM199306033282204
http://dx.doi.org/10.2147/DDDT.S49409
http://dx.doi.org/10.1126/science.1079731
http://dx.doi.org/10.1016/j.jaci.2008.07.006
http://dx.doi.org/10.1016/j.jaci.2008.07.006
http://dx.doi.org/10.1016/j.jaci.2013.05.013
http://dx.doi.org/10.4168/aair.2012.4.6.332
http://dx.doi.org/10.1067/mai.2001.115484
http://dx.doi.org/10.1038/nri2072
http://dx.doi.org/10.1016/j.jaci.2009.09.021


MacGlashan D Jr (2008) IgE receptor and signal transduction in mast cells and basophils. Curr
Opin Immunol 20(6):717–723. doi:10.1016/j.coi.2008.08.004

MacGlashan DW Jr, Bochner BS, Adelman DC, Jardieu PM, Togias A, McKenzie-White J,
Sterbinsky SA, Hamilton RG, Lichtenstein LM (1997) Down-regulation of Fc(epsilon)RI
expression on human basophils during in vivo treatment of atopic patients with anti-IgE
antibody. J Immunol 158(3):1438–1445

Massanari M, Milgrom H, Pollard S, Maykut RJ, Kianifard F, Fowler-Taylor A, Geba GP, Zeldin
RK (2009) Adding omalizumab to the therapy of adolescents with persistent uncontrolled
moderate–severe allergic asthma. Clin Pediatr (Phila) 48(8):859–865. doi:10.1177/
0009922809339054

Massanari M, Nelson H, Casale T, Busse W, Kianifard F, Geba GP, Zeldin RK (2010) Effect of
pretreatment with omalizumab on the tolerability of specific immunotherapy in allergic asthma.
J Allergy Clin Immunol 125(2):383–389. doi:10.1016/j.jaci.2009.11.022

Mathias CB, Freyschmidt EJ, Caplan B, Jones T, Poddighe D, Xing W, Harrison KL, Gurish MF,
Oettgen HC (2009) IgE influences the number and function of mature mast cells, but not
progenitor recruitment in allergic pulmonary inflammation. J Immunol 182(4):2416–2424.
doi:10.4049/jimmunol.0801569 [pii] 182/4/2416

Matsubara S, Li G, Takeda K, Loader JE, Pine P, Masuda ES, Miyahara N, Miyahara S, Lucas JJ,
Dakhama A, Gelfand EW (2006) Inhibition of spleen tyrosine kinase prevents mast cell
activation and airway hyperresponsiveness. Am J Respir Crit Care Med 173(1):56–63. doi:10.
1164/rccm.200503-361OC

Maurer M, Rosen K, Hsieh HJ, Saini S, Grattan C, Gimenez-Arnau A, Agarwal S, Doyle R,
Canvin J, Kaplan A, Casale T (2013) Omalizumab for the treatment of chronic idiopathic or
spontaneous urticaria. N Engl J Med 368(10):924–935. doi:10.1056/NEJMoa1215372

Milgrom H, Fick RB Jr, Su JQ, Reimann JD, Bush RK, Watrous ML, Metzger WJ (1999)
Treatment of allergic asthma with monoclonal anti-IgE antibody. rhuMAb-E25 study
group. N Engl J Med 341(26):1966–1973

Milgrom H, Berger W, Nayak A, Gupta N, Pollard S, McAlary M, Taylor AF, Rohane P (2001)
Treatment of childhood asthma with anti-immunoglobulin E antibody (omalizumab). Pediatrics
108(2):E36

Moy LY, Jia Y, Caniga M, Lieber G, Gil M, Fernandez X, Sirkowski E, Miller R, Alexander JP,
Lee HH, Shin JD, Ellis JM, Chen H, Wilhelm A, Yu H, Vincent S, Chapman RW, Kelly N,
Hickey E, Abraham WM, Northrup A, Miller T, Houshyar H, Crackower MA (2013)
Inhibition of spleen tyrosine kinase attenuates allergen-mediated airway constriction. Am J
Respir Cell Mol Biol 49(6):1085–1092. doi:10.1165/rcmb.2013-0200OC

Nadeau KC, Schneider LC, Hoyte L, Borras I, Umetsu DT (2011) Rapid oral desensitization in
combination with omalizumab therapy in patients with cow’s milk allergy. J Allergy Clin
Immunol 127(6):1622–1624. doi:10.1016/j.jaci.2011.04.009

Noga O, Hanf G, Kunkel G (2003) Immunological and clinical changes in allergic asthmatics
following treatment with omalizumab. Int Arch Allergy Immunol 131(1):46–52 doi: 70434

Normansell R, Walker S, Milan SJ, Walters EH, Nair P (2014) Omalizumab for asthma in adults
and children. Cochrane Database Syst Rev 1:CD003559. doi:10.1002/14651858.CD003559.
pub4

Ong YE, Menzies-Gow A, Barkans J, Benyahia F, Ou TT, Ying S, Kay AB (2005) Anti-IgE
(omalizumab) inhibits late-phase reactions and inflammatory cells after repeat skin allergen
challenge. J Allergy Clin Immunol 116(3):558–564. doi:10.1016/j.jaci.2005.05.035

Pelaia G, Gallelli L, Renda T, Romeo P, Busceti MT, Grembiale RD, Maselli R, Marsico SA,
Vatrella A (2011) Update on optimal use of omalizumab in management of asthma. J Asthma
Allergy 4:49–59. doi:10.2147/JAA.S14520

Penton PC, Wang X, Amatullah H, Cooper J, Godri K, North ML, Khanna N, Scott JA, Chow CW
(2013) Spleen tyrosine kinase inhibition attenuates airway hyperresponsiveness and pollution-
induced enhanced airway response in a chronic mouse model of asthma. J Allergy Clin
Immunol 131(2):512–520. doi:10.1016/j.jaci.2012.07.039 e511-510

60 S.L. Logsdon and H.C. Oettgen

http://dx.doi.org/10.1016/j.coi.2008.08.004
http://dx.doi.org/10.1177/0009922809339054
http://dx.doi.org/10.1177/0009922809339054
http://dx.doi.org/10.1016/j.jaci.2009.11.022
http://dx.doi.org/10.4049/jimmunol.0801569
http://dx.doi.org/10.1164/rccm.200503-361OC
http://dx.doi.org/10.1164/rccm.200503-361OC
http://dx.doi.org/10.1056/NEJMoa1215372
http://dx.doi.org/10.1165/rcmb.2013-0200OC
http://dx.doi.org/10.1016/j.jaci.2011.04.009
http://dx.doi.org/10.1002/14651858.CD003559.pub4
http://dx.doi.org/10.1002/14651858.CD003559.pub4
http://dx.doi.org/10.1016/j.jaci.2005.05.035
http://dx.doi.org/10.2147/JAA.S14520
http://dx.doi.org/10.1016/j.jaci.2012.07.039


Plewako H, Arvidsson M, Petruson K, Oancea I, Holmberg K, Adelroth E, Gustafsson H,
Sandstrom T, Rak S (2002) The effect of omalizumab on nasal allergic inflammation. J Allergy
Clin Immunol 110(1):68–71

Presta LG, Lahr SJ, Shields RL, Porter JP, Gorman CM, Fendly BM, Jardieu PM (1993)
Humanization of an antibody directed against IgE. J Immunol 151(5):2623–2632

Prussin C, Griffith DT, Boesel KM, Lin H, Foster B, Casale TB (2003) Omalizumab treatment
downregulates dendritic cell Fc epsilon RI expression. J Allergy Clin Immunol 112(6):1147–
1154

Saini SS, MacGlashan DW Jr, Sterbinsky SA, Togias A, Adelman DC, Lichtenstein LM, Bochner
BS (1999) Down-regulation of human basophil IgE and FC epsilon RI alpha surface densities
and mediator release by anti-IgE-infusions is reversible in vitro and in vivo. J Immunol 162
(9):5624–5630

Saini SS, Klion AD, Holland SM, Hamilton RG, Bochner BS, Macglashan DW Jr (2000) The
relationship between serum IgE and surface levels of Fc epsilon R on human leukocytes in
various diseases: correlation of expression with Fc epsilon RI on basophils but not on
monocytes or eosinophils. J Allergy Clin Immunol 106(3):514–520

Sampson HA, Leung DY, Burks AW, Lack G, Bahna SL, Jones SM, Wong DA (2011) A phase II,
randomized, doubleblind, parallelgroup, placebocontrolled oral food challenge trial of Xolair
(omalizumab) in peanut allergy. J Allergy Clin Immunol 127(5):1309–1310. doi:10.1016/j.jaci.
2011.01.051 e1301

Schneider LC, Rachid R, Lebovidge J, Blood E, Mittal M, Umetsu DT (2013) A pilot study of
omalizumab to facilitate rapid oral desensitization in high-risk peanut-allergic patients.
J Allergy Clin Immunol 132(6):1368–1374. doi:10.1016/j.jaci.2013.09.046

Schroeder JT, Bieneman AP, Chichester KL, Hamilton RG, Xiao H, Saini SS, Liu MC (2010)
Decreases in human dendritic cell-dependent T(H)2-like responses after acute in vivo IgE
neutralization. J Allergy Clin Immunol 125(4):896–901. doi:10.1016/j.jaci.2009.10.021 e896

Sheinkopf LE, Rafi AW, Do LT, Katz RM, Klaustermeyer WB (2008) Efficacy of omalizumab in
the treatment of atopic dermatitis: a pilot study. Allergy Asthma Proc 29(5):530–537. doi:10.
2500/aap.2008.29.3160

Soler M, Matz J, Townley R, Buhl R, O’Brien J, Fox H, Thirlwell J, Gupta N, Della Cioppa G
(2001) The anti-IgE antibody omalizumab reduces exacerbations and steroid requirement in
allergic asthmatics. Eur Respir J 18(2):254–261

Sutton BJ, Gould HJ (1993) The human IgE network. Nature 366(6454):421–428. doi:10.1038/
366421a0

Sykes A, Edwards MR, Macintyre J, del Rosario A, Bakhsoliani E, Trujillo-Torralbo MB, Kon
OM, Mallia P, McHale M, Johnston SL (2012) Rhinovirus 16-induced IFN-alpha and IFN-beta
are deficient in bronchoalveolar lavage cells in asthmatic patients. J Allergy Clin Immunol 129
(6):1506–1514. doi:10.1016/j.jaci.2012.03.044 e1506

Xiong H, Curotto de Lafaille MA, Lafaille JJ (2012) What is unique about the IgE response? Adv
Immunol 116:113–141. doi:10.1016/B978-0-12-394300-2.00004-1

Yamaguchi M, Lantz CS, Oettgen HC, Katona IM, Fleming T, Miyajima I, Kinet JP, Galli SJ
(1997) IgE enhances mouse mast cell Fc(epsilon)RI expression in vitro and in vivo: evidence
for a novel amplification mechanism in IgE-dependent reactions. J Exp Med 185(4):663–672

Yamamoto N, Takeshita K, Shichijo M, Kokubo T, Sato M, Nakashima K, Ishimori M, Nagai H,
Li YF, Yura T, Bacon KB (2003) The orally available spleen tyrosine kinase inhibitor 2-[7-(3,
4-dimethoxyphenyl)-imidazo[1, 2-c]pyrimidin-5-ylamino]nicotinamide dihydrochloride (BAY
61-3606) blocks antigen-induced airway inflammation in rodents. J Pharmacol Exp Ther 306
(3):1174–1181. doi:10.1124/jpet.103.052316

Anti-IgE Therapy: Clinical Utility and Mechanistic Insights 61

http://dx.doi.org/10.1016/j.jaci.2011.01.051
http://dx.doi.org/10.1016/j.jaci.2011.01.051
http://dx.doi.org/10.1016/j.jaci.2013.09.046
http://dx.doi.org/10.1016/j.jaci.2009.10.021
http://dx.doi.org/10.2500/aap.2008.29.3160
http://dx.doi.org/10.2500/aap.2008.29.3160
http://dx.doi.org/10.1038/366421a0
http://dx.doi.org/10.1038/366421a0
http://dx.doi.org/10.1016/j.jaci.2012.03.044
http://dx.doi.org/10.1016/B978-0-12-394300-2.00004-1
http://dx.doi.org/10.1124/jpet.103.052316


New Insights on the Signaling
and Function of the High-Affinity
Receptor for IgE

Ryo Suzuki, Jörg Scheffel and Juan Rivera

Abstract Clustering of the high-affinity receptor for immunoglobulin E (FcεRI)
through the interaction of receptor-bound immunoglobulin E (IgE) antibodies with
their cognate antigen is required to couple IgE antibody production to cellular
responses and physiological consequences. IgE-induced responses through FcεRI
are well known to defend the host against certain infectious agents and to lead to
unwanted allergic responses to normally innocuous substances. However, the cel-
lular and/or physiological response of individuals that produce IgE antibodies may
be markedly different and such antibodies (even to the same antigenic epitope) can
differ in their antigen-binding affinity. How affinity variation in the interaction of
FcεRI-bound IgE antibodies with antigen is interpreted into cellular responses and
how the local environment may influence these responses is of interest. In this
chapter, we focus on recent advances that begin to unravel how FcεRI distinguishes
differences in the affinity of IgE–antigen interactions and how such discrimination
along with surrounding environmental stimuli can shape the (patho) physiological
response.
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1 Introduction

The binding of IgE antibodies to FcεRI occurs with high affinity and the half-life of
receptor-bound IgE is measured in days (Isersky et al. 1979). When a multivalent
antigen binds to the FcεRI-bound IgE antibodies, aggregation of individual
receptors occurs (also known as receptor cross-linking); a key step in interpreting
receptor engagement into downstream molecular signaling leading to the cells
effector response (Metzger 1992). The molecular events that are initiated have been
well reviewed (Gilfillan and Beaven 2011; Rivera et al. 2008). We will briefly
summarize these events as background to the recent advances that will be detailed
herein.

FcεRI is comprised of an IgE-binding α chain, a signal-amplifying β chain (Lin
et al. 1996; On et al. 2004), and homodimeric γ chains (Gilfillan and Beaven 2011;
Rivera et al. 2008). The β and γ chains encode immunoreceptor tyrosine-based
activation motifs (ITAMs) (Pribluda et al. 1994), which are the targets for phos-
phorylation, a key step in receptor activation. Phosphorylation requires aggregation
of FcεRI by IgE–antigen interactions, which allows proximity of receptors for
transphosphorylation by the associated Src family protein tyrosine kinase (Src PTK),
Lyn (Pribluda et al. 1994; Vonakis et al. 1997). Aggregation also segregates the
clustered receptors in a cholesterol-enriched lipid domains in the plasma membrane,
termed lipid rafts (Young et al. 2003), and protects the receptors from tyrosine
phosphatases (Young et al. 2005), creating a phosphorylation-dominant environment
that favors the phosphorylated form of FcεRI. The phosphorylated ITAM motifs act
as docking modules that allow recruitment of SH2 domain-containing signaling
molecules to FcεRI [such as Fyn and Syk kinase (Paolini et al. 1996; Parravicini et al.
2002; Yamashita et al. 2008)] which amplify the phosphorylation of this receptor and
activate complementary signaling modules (pathways) that control the effector
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response of the cell (Nadler and Kinet 2002). Both protein and lipid molecules
participate in this process (Olivera et al. 2007; Olivera and Rivera 2011; Oskeritzian
et al. 2010), and their activity is mutually coordinated to initiate the appropriate
cellular response (Fig. 1).

There are several known Src PTKs that participate in this process (Hong et al.
2007; Lee et al. 2011; Parravicini et al. 2002; Pribluda et al. 1994). In mast cells, it
is known that Lyn is essential for phosphorylation of FcεRI (Pribluda et al. 1994),
Fyn does not participate in FcεRI phosphorylation but controls a key lipid signaling
pathway (the production of phosphatidyl-inositides) (Gomez et al. 2005a, b) that is
essential in driving the effector responses of mast cells (Fig. 1). Other Src PTKs,
such as Hck are known to negatively regulate that activity of Lyn kinase (Hong
et al. 2007), whereas Fgr has been shown to be associated with FcεRI and pre-
sumably function as a positive regulator of mast cell effector responses (Lee et al.
2011), a topic that will be revisited below. Regardless, the implications are that
FcεRI phosphorylation induces a complex series of events that are essential in
the regulation of mast cell responses (Fig. 1). While for the most part, many of the
signaling pathways and corresponding protein or lipid participants have been
uncovered, it is not clear how these signaling molecules facilitate distinguishing a
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Fig. 1 Schematic model of FcεRI signaling by high-affinity IgE interactions with allergen. FcεRI
is comprised of an IgE-binding α chain, a tretraspanning β chain, and two disulfide-linked γ chains.
Aggregation of FcεRI with high-affinity allergen results in phosphorylation of the ITAMs by Lyn
kinase and leads to activate Syk kinase through ITAM binding. Activation of Syk results in the
phosphorylation of the adapter protein, linker of activation of T cells (LAT1), which is required for
PLCγ phosphorylation, generation of IP3, and normal calcium responses. The Lyn-Syk-LAT1
signals generated by high-affinity allergens cooperate with Fyn kinase signals that positively
regulate PI3-K and Akt pathways. Together, these pathways are essential for the initiation of
degranulation
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strong from a weak stimulus. Moreover, these events occur in tissue-specific
microenvironments where mast cells reside; thus, the influence of other factors that
may be present or recruited to the tissues on FcεRI responses is an important
consideration toward understanding the subtleties of how this receptors’ engage-
ment is ultimately interpreted into cellular responses. It is early in this endeavor;
however, some recent advances are beginning to shed some light on such subtleties
of IgE or IgE–antigen engagement of FcεRI.

2 IgE Binding to FcεRI and Functional Consequences

IgE binding to FcεRI occurs with very high affinity (KA ≥ 1010M−1) but it is
reversible with a half-life of greater than six days (Furuichi et al. 1985). The high-
affinity binding of IgE along with the apparent lack of immediate functional cellular
consequences led to the theoretical and also practical view (particularly for
experimental purposes) that the IgE-FcεRI complex comprises the “inert” or
“resting” receptor (Metzger 1977, 1978). This was based on studies demonstrating
that binding of IgE to cells in vitro failed to elicit the hallmark degranulation
response of mast cells and only aggregation of the IgE with antigen could induce
such response (Metzger 1983). Further support was provided by studies demon-
strating a similar productive response (degranulation) of cells containing IgE and
reacted with antibody to IgE and of cells that had not seen IgE but were stimulated
with an aggregating antibody directed to FcεRI (Isersky et al. 1977, 1978). This
suggested that the role of IgE was a passive one. Additional studies, using chem-
ically oligomerized IgE, demonstrated that a response could be elicited by an IgE
aggregate as small as a dimer, whereas monomers of IgE failed to provide a
measurable response (Fewtrell and Metzger 1980). This suggested that dimerization
of FcεRI is the minimal signal required for a measureable response.

2.1 Does Monomeric IgE Binding to FcεRI Induce Mast Cell
Responses?

During the past decade, there has been considerable work demonstrating that
monomeric IgE binding to FcεRI on mouse mast cells can induce various mast cells
responses (Kalesnikoff et al. 2001; Yamaguchi et al. 1997) (Fig. 2). These include
increased mast cell survival, increased cytokine production, and increased granule
content and, in some cases, detectable molecular signals reviewed in (Kashiwakura
et al. 2011; Kawakami andGalli 2002). One notable oddity, even in early studies, was
that such responses seemed to be particular to the IgE clone used in the study. Later, it
became evident that these clonal IgE molecules showed heterogeneity in their ability
to induce responses. Highly cytokinergic (HC) IgEs (Kitaura et al. 2003, 2005)
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promoted mast cell responses in the apparent absence of a multivalent antigen, and
poorly cytokinergic (PC) IgEs did not show these responses. HC IgEs’ also induced
relatively strong signaling events with Lyn and Syk seemingly important to mast cell
survival (Kitaura et al. 2005). PKCβII was implicated in the regulation of calcium
responses to monomeric HC IgEs but less so in IgE-antigen-induced responses (Liu
et al. 2005). Downstream molecules such as MAP kinases were also demonstrated to
be active with HC IgEs but molecules such as Fyn, Gab2, PI3-K p85, or Akt were
seemingly not required for monomeric IgE-mediated survival effects (Yamasaki et al.
2004). Nonetheless, other studies (Jimenez-Andrade et al. 2013) have found that
monomeric IgE-induced VEGF secretion, through a Fyn kinase-dependent mecha-
nism, modulates the activity of the translational regulator 4E-BP1 and that mono-
meric IgE increased melanoma tumor growth and blood vessel numbers in mouse.
The induction of transcriptional activity by monomeric IgE has also been reported
with activation of MITF, STAT3, and tribbles homolog 3 (TRB3) (Kuo et al. 2012;
Sonnenblick et al. 2005).
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Fig. 2 Schematic summary of the varying stimulus strength and resulting effector response in
mast cells. a A surface expressing high-affinity receptor for IgE (FcεRI) without IgE binding does
not induce receptor activation. b Binding of monomeric IgE to FcεRI can cause cellular responses
such as increasing cell surface expression of FcεRI and mast cell survival without effectively
inducing degranulation and cytokine productions. This appears to occur by weak interactions of
certain IgE’s with unknown cell surface auto-antigens. c The weak interaction of a low-affinity
allergen with cell surface-bound IgE antibody causes induction of cell signals that differ from those
elicited by high-affinity antigens and results in induction of distinct responses (chemokine
production, but not degranulation). d An aggregation of surface-bound IgE antibody with high-
affinity allergen induces cellular signals that can effectively induce extensive mast cell effector
responses (degranulation and cytokine productions)
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It is still unclear as to whether monomeric HC IgE is relevant in humans. There
is some evidence suggesting that human mast cells also respond to monomeric IgE.
Gilchrest et al. (2003) reported that monomeric human IgE-induced chemokine
I-309, GM-CSF, and MIP-1α from human cord blood-derived mast cells (CBMCs).
Cruse et al. (2005) also demonstrated that monomeric IgE-induced Ca2+ influx,
dose-dependent histamine release, LTC4 production, and IL-8 synthesis from
human lung mast cells. Human CBMCs also produce IL-8 and MCP-1 in response
to monomeric IgE (Matsuda et al. 2005). While these findings suggest that
monomeric IgE may have previously unappreciated effects on cellular responses,
there remains considerable ambiguity on whether these effects are indeed induced
by a monomeric form of IgE or whether the IgEs inducing such effects have special
properties that allow for FcεRI aggregation. Several pieces of evidence argue for
this latter model: 1. Structural studies (James et al. 2003) have demonstrated that
one type of mouse HC IgE (derived from the SPE-7 clone) changes its confor-
mation upon binding to FcεRI inducing cross-reactivity to an undefined cell surface
antigen (Fig. 2). 2. Most mouse HC IgEs have been shown to have polyreactivity to
cellular autoantigens, and the functional effects of such IgEs can be disrupted by
monovalent haptens (Kashiwakura et al. 2012). Based on such evidence, it appears
that these HC IgEs are clustering (aggregating) FcεRI. Thus, in principle, the effects
of “monomeric” IgE may differ from those of IgE-antigen clustering of the receptor
by the extent of receptor clustering or perhaps the stability of such clusters.
Regardless, these HC IgE’s appear to maintain the requirement for FcεRI clustering
to achieve cell activation and responses (Fig. 2). Whether some human IgE’s share
similar clustering characteristics remains unknown.

2.2 IgE-Antigen Engagement of FcεRI

2.2.1 Spatial Requirements for FcεRI Activation; Stability,
and Mobility of This Receptor

Using trivalent DNP ligands with rigid DNA spacers of varying lengths (16, 26, 36,
or 46 bases), Sil et al. (2007) demonstrated a relationship between the length of
these ligands and the stimulation of FcεRI phosphorylation in RBL-2H3 cells. The
findings showed that there is an inverse correlation with spacer length for FcεRI
phosphorylation, with the shortest ligand being 5–6 fold stronger in stimulating this
response than the longest ligand. In contrast, Ca2+ release from intracellular stores
did not correlate with spacer length, suggesting that the spatial requirement was less
stringent for this response and perhaps that the required signals were not spatially
constrained or were separate from those required for FcεRI phosphorylation, as
differences in PLCγ phosphorylation were not apparent. This suggests that the early
events such as FcεRI phosphorylation are more spatially constrained than sub-
sequent events. The use of a monovalent hapten (DNP-L-Lys), which diminishes
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FcεRI aggregation by disrupting DNP-specific IgE interaction with a multivalent
antigen (DNP30–40-HSA), abrogates the phosphorylation of FcεRI and also causes
inhibition of Ca2+ release from intracellular stores (Suzuki et al. 2013; Weetall et al.
1993). Thus, while Ca2+ release from intracellular stores is not spatially con-
strained, it appears to require that FcεRI remains aggregated in its appropriate
spatial configuration for this response to occur. Simple dimerization alone does not
appear to be sufficient, given that divalent ligands with similar DNA spacer lengths,
as used for the trivalent ligands, failed to elicit responses and were effective
blockers of multivalent antigen triggering of FcεRI (Paar et al. 2002).

Fluorescence recovery after photobleaching (FRAP) experiments from several
different groups (Pyenta et al. 2003; Thomas et al. 1994) have shown that aggre-
gation of IgE-FcεRI by multivalent antigen decreases the mobility of FcεRI clus-
ters. The decrease in FcεRI cluster mobility appears to be associated with receptor
activation. Carroll-Portillo et al. (2010) studied the engagement of DNP-specific
IgE-occupied FcεRI with either DNP24-BSA on lipid bilayers (mobile antigen) or
DNP24-BSA-conjugated coverslips (immobilized). Interaction of DNP-specific IgE-
occupied FcεRI with immobilized DNP24-BSA resulted in degranulation at the
equivalent levels of mobile DNP24-BSA. Although immobilized monovalent DNP-
Lys failed to induce mast cell degranulation, unexpectedly, significant degranula-
tion was observed under 10 or 25 mol % mobile monovalent DNP-embedded lipid
bilayers; conditions that presumably do not cause receptor aggregation. The authors
concluded that the FcεRI aggregation is not an obligatory step for mast cell sig-
naling. However, studies in B cells have demonstrated that lipid bilayer presenta-
tion of monovalent antigens promotes changes in the B cell antigen receptor (BCR)
that induces receptor aggregation (Tolar et al. 2009). Thus, whether presentation of
monovalent antigen in a lipid bilayer to FcεRI promotes similar changes and
receptor aggregation is currently not known.

The recent development of live-cell imaging using highly sensitive fluorescence
microscopy and the improvement of fluorescent labeling techniques has revolu-
tionized direct observation of the details of FcεRI cluster formation and mobility
with high spatial and time resolution. Andrews et al. (2009) studied the relationship
between antigen-induced changes in FcεRI mobility and signal initiation using total
internal reflection fluorescence (TIRF) microscopy in combination with quantum
dot (QD)-conjugated anti-DNP IgE (QD-IgE)-based single particle tracking. They
found that the rate and extent of QD-IgE-FcεRI immobilization is dose-dependent
in RBL-2H3 cells and in bone marrow-derived mast cells. Addition of low con-
centrations of a highly multivalent antigen (0.001–0.01 μg/ml DNP25-BSA) caused
little reduction in mobility of individual QD-IgE-FcεRI clusters and demonstrated
they were relatively free to diffuse in the plasma membrane. However, high con-
centrations of antigen (1–10 μg/ml DNP25-BSA) caused a marked reduction of
movement of QD-IgE-FcεRI clusters. Antigen valencies were also found to
affect FcεRI mobility. While the diffusion coefficient of FcεRI stimulated with
DNP2-BSA was indistinguishable from that of FcεRI in resting cells, a valency-
associated reduction of FcεRI mobility was observed for DNP-HSA with valencies
of 4, 12, and 25. Further, degranulation of mast cells was measured at the full range
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of doses and DNP-antigen valencies. Of note, degranulation occurred under
conditions where receptors remained mobile. Immobile FcεRI appeared to be
confined by actin-rich membrane-associated barriers, whereas mobile receptors
(and diffusion) were largely limited to actin-poor regions of the membrane.

Thus, such studies indicate that a productive IgE/antigen engagement of FcεRI,
leading to mast cell or basophil activation and effector function, is likely to require a
spatially correct aggregation of FcεRI, which allows for effective transphospho-
rylation of this receptor (Sil et al. 2007). Downstream signaling is most productive
when clusters of FcεRI are small and highly mobile (usually occurring at the
periphery of the cell if antigen is immobilized in a lipid bilayer) and larger clusters
of FcεRI are immobilized by actin-rich membrane barriers that appear to isolate
these receptors from productive signaling modules or perhaps increase the
dephosphorylation of FcεRI and thus limit signaling.

2.2.2 Antigen Concentration Effects

Varying the concentration of antigen to stimulate antigen-specific IgE antibodies
bound to FcεRI has a marked effect on the cellular responses observed (degranu-
lation, cytokine production, etc.). For example, suboptimal concentrations elicit very
poor responses, which in some cases are not measurable. Supra-optimal concen-
trations also seem to dampen these responses. It has been suggested (Hlavacek et al.
2001) that the optimum concentration is one that sustains the presence of FcεRI in
clusters for the time needed to enable the molecular events required for the mast cell
effector responses. The kinetic proofreading model (McKeithan 1995), that is
derived from studies on the T cell receptor (TCR), argues that receptors must remain
clustered for a period of time sufficient to achieve the thresholds required for acti-
vation of downstream molecular signals. Experimental proof for such predictions
can readily be obtained, but such studies are limited by selective focus on certain
effector responses and do not necessarily encompass all cellular responses. Clues
that warn against making the universal assumption that FcεRI must be clustered for
prolonged periods to induce mast cell activation have begun to emerge.

Differences in the extent of FcεRI occupancy with antigen -specific IgE or in the
concentration of antigen used to cluster FcεRI have demonstrated that changes in
antigen concentration or in FcεRI occupancy with antigen-specific IgE can still
induce responses in mast cells. Gonzalez-Espinosa et al. (2003) showed that
varying the concentration of antigen elicited distinct profiles of cytokine/chemokine
mRNA in murine bone marrow-derived mast cells. Quantitation of the net response
to varying concentrations of antigen revealed that the mRNA accumulation of
MIP-1α, MIP-1β, MCP-1, M-CSF, IL-2, and IL-4 reached a maximum at a sig-
nificantly lower concentrations of antigen as compared to IL-3, IL-6, IL-10, LIF,
MIP-2, TNF-α, and IFN-γ. Furthermore, differences in FcεRI occupancy with
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antigen-specific IgE (which may be similar to the state of an allergic individual
whose mast cells may have varying amounts of allergen-specific IgE) showed that
the degranulation response had linearity with increasing receptor occupancy.
However,*50 % of the maximal mRNA accumulation for MCP-1, M-CSF, and
IL-4 was observed with *10 % of receptor occupancy. Moreover,*50 % of the
maximal mRNA response for MIP-1α, MIP-1β, and MIP-2 required between 30
and 40 % IgE receptor occupancy. In contrast, IL-2, IL-6, IL-13, TNF-α, and LIF
required greater than 40 % IgE receptor occupancy to achieve a 50 % response.
Interestingly, the profile of cytokine/chemokine production seen at low receptor
occupancy was accompanied by induction of p38 MAPK phosphorylation, whereas
high receptor occupancy caused JNK1 and ERK2 activation. This demonstrated
that sensitivity of signals differs and that selective induction of some molecular
pathways may result in productive cellular responses since the secretion of some of
these chemokines was detected (Gonzalez-Espinosa et al. 2003). Studies by Gro-
dzki et al. (2009) also showed that antigen concentrations that are tenfold lower
than those required to elicit FcεRI-dependent mast cell degranulation induced
NFAT-mediated gene activation as measured by a GFP reporter assay. NFAT is
essential for the generation of TNF-α and IL-13 in mast cells. NFAT activation was
not blocked by a PI3-K inhibitor, whereas degranulation was inhibited by the
treatment of the cells with this inhibitor. Thus, once again select and productive
signals may be elicited by antigen concentrations that are likely to differ in their
ability to sustain similar FcεRI clustering.

3 Affinity of Receptor–Ligand Interactions and Functional
Responses

Studies in T cells assessing the effects of strong or weak ligands on TCR signaling
demonstrated that weak stimuli generated unique signals/events when compared to
strong ligands (Edwards and Evavold 2011; van der Merwe and Davis 2003).
Surprisingly, the signaling behavior elicited by a weak stimulus was not mimicked
by stimulation of the TCR with lower concentrations of strong ligands (Madrenas
et al. 1995; Sloan-Lancaster et al. 1994). The fact that signals in response to weak
stimulus are not identical to low concentrations of strong ligands suggested that a
weak stimulus generates unique signals distinct from those that are evident upon the
interaction of the TCR with a strong stimulus. The potential differences in molecular
events elicited by a weak TCR stimulus are not well defined. Moreover, whether
signaling elicited by a weak stimulus generates an effector response is unknown
(Fig. 2).
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3.1 FcεRI and the Affinity of IgE/Antigen Interactions

It is well known that distinct allergic individuals can produce IgE antibodies of
differing affinities that recognize the same epitope of an allergy-producing antigen
(termed allergen) (Jackola et al. 2002). How such differences in the affinity of IgE/
antigen interactions are interpreted by FcεRI and what cellular outcomes may result
has long remained an enigma (Fig. 2). Studies by Torigoe et al. (1998), began to
explore this issue by investigating how antigens of differing affinities (approxi-
mately three orders of magnitude difference in affinity) affect mast cell signaling
and degranulation. Engagement of DNP-specific IgE sensitized FcεRI on mast cells
with low (2-nitrophenyl (2NP) caproate Fab; rapidly dissociating)- and high
(dinitrophenyl (DNP) caproate Fab; slowly dissociating)-affinity antigens caused
phosphorylation of this receptor with comparable amounts phosphorylated and with
similar kinetics. High-affinity antigen was competent in transducing signals that
resulted in mast cell degranulation (Suzuki et al. 2014). However, low-affinity
antigen was ineffective in activating many of the same signaling molecules and
failed to induce degranulation. Such findings are consistent with the aforementioned
kinetic proofreading model (McKeithan 1995), arguing that the transduction of
productive signals requires sustained clustering of FcεRI to produce the necessary
levels of activated signaling molecules required for a productive response (Hla-
vacek et al. 2001). While such models may well explain how the threshold for
producing a particular cellular response may be determined, they fail to consider
that there are many cellular responses and some may not be limited by sustained
FcεRI aggregation requirements. In addition, such models also fail to consider how
the differences in the behavior of low-affinity versus high-affinity FcεRI clusters
might be translated into subsequent molecular signals that may generate selective or
unique responses as observed for the TCR (Edwards and Evavold 2011; van der
Merwe and Davis 2003).

3.2 Deciphering the Affinity of IgE/Antigen Interactions
by FcεRI

Using the same high- (DNP) and low- (2NP) affinity antigens used by Torigoe et al.
(1998), we studied the effect of these antigens on the behavior of FcεRI clustering,
how the differences in receptor clustering were interpreted into molecular signaling,
and whether the generated molecular signals caused distinct cellular responses
(Suzuki et al. 2014). To achieve parity in FcεRI phosphorylation a 100-fold greater
concentration of low-affinity (2NP) was used relative to the high-affinity (DNP)
antigen. Under these conditions, mast cell degranulation and cytokine production
stimulated by the low-affinity antigen was poor relative to high-affinity antigen.
Nonetheless, low-affinity antigen was a more potent stimulator of chemokine release
compared to high-affinity antigen. To investigate the underlying mechanism(s) for
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this differential outcome under conditions where FcεRI was similarly phosphory-
lated, we studied the dynamics of the FcεRI clustering by TIRF microscopy and
single particle tracking. Following high-affinity antigen (DNP) stimulation, small
and highly mobile FcεRI clusters were observed whereas low-affinity (2NP) stim-
ulation resulted in large and less mobile receptor clusters. Additionally, while high-
affinity antigen induced a rapid mobilization of FcεRI clusters to the cell center
forming a synapse-like structure, the low-affinity antigen showed a delayed move-
ment of FcεRI clusters to the cell center, a loose formation of a synapse-like
structure, and more of the FcεRI clusters remained at the cells periphery (Suzuki
et al. 2014). Phosphotyrosine appeared to be more abundantly co-localized with the
low-affinity FcεRI clusters although it was present in high-affinity FcεRI clusters as
well. Perhaps, the most striking feature of low-affinity engagement observed by
TIRF microscopy was the marked increase in association of FcεRI clusters with the
Src PTK, Fgr. This kinase was implicated by others in FcεRI signaling and function
upon high-affinity antigen engagement (Lee et al. 2011); however, we found only
modest co-localization of Fgr with FcεRI under these conditions and in co-immu-
noprecipitation experiments endogenous Fgr was difficult to detect with FcεRI. In
contrast, engagement of FcεRI with low-affinity antigen revealed detectable amounts
of endogenous Fgr co-immunoprecipitating with FcεRI (Fig. 3). In addition, whereas
high-affinity antigen failed to cause FcεRI phosphorylation in the absence of Lyn,
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Fig. 3 Schematic model of FcεRI signals generated by low-affinity allergen. While the Lyn-Syk-
LAT1 signals are dominant under high-affinity allergen engagement (see Fig. 1), low-affinity
allergens are more effective in recruiting another Src kinase, Fgr, and cause enhanced
colocalization of FcεRI clusters with the adapter LAT2, which is important for chemokine
production. Thus, the lower allergen affinity causes changes in the molecular balance of both
kinases (enhanced Fgr association) and adapter proteins (enhanced LAT2 co-localization) resulting
in enhancement of chemokine release but dampened degranulation
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low-affinity antigen caused a modest phosphorylation that was found to be Fgr-
dependent (Suzuki et al. 2014). These findings demonstrate that FcεRI is able to
distinguish low from high-affinity antigen engagement by shifting the balance of
proximal Src PTKs used; a phenomena that seems to be related to the differences in
FcεRI cluster size, mobility, and/or localization.

We further explored whether changes in the molecular balance of proximal sig-
naling molecules might lead to differences in downstream signaling and alterations
in cellular responses. Mast cell degranulation is tightly linked to the mobilization of
calcium. Since degranulation was markedly reduced upon low-affinity stimulation of
FcεRI, we investigated the calcium response to both low- and high-affinity antigens.
The mobilization of calcium from intracellular stores as well as its influx from the
extracellular medium was diminished when FcεRI was engaged by the low-affinity
antigen as compared to high-affinity antigen. Exploration of the underlying mech-
anism revealed that high-affinity antigen engagement of FcεRI favored the phos-
phorylation of the adaptor LAT1 [an adaptor essential for calcium responses in mast
cells (Saitoh et al. 2000)]. In contrast, low-affinity antigen engagement of FcεRI
favored the phosphorylation of LAT2 (a LAT1-related adaptor), whose contribution
to mast cell calcium responses and degranulation is modest, at best (Suzuki et al.
2014) (Fig. 3). These findings demonstrate that a distinct balance of signals results
from low-affinity antigen engagement of FcεRI relative to high-affinity antigen
engagement of this receptor. One concludes from such findings that the requirement
for sustained FcεRI engagement (as proposed by the kinetic proofreading model) for
a productive response is not absolute. Weak stimulation of FcεRI creates conditions
that alter the molecular balance of signaling but such signals are still productive as
they selectively enhance chemokine release (Figs. 2 and 3).

3.3 In Vivo Consequences in Response to Differences
in IgE/Antigen Affinities

Of interest is, whether the changes in molecular signals and cellular responses caused
by low-affinity antigen stimulation of FcεRI might result in differences in (patho)
physiological responses. Using a model of passive cutaneous anaphylaxis (PCA), we
tested this possibility by challenging the ears of mice sensitized with DNP-specific
IgE with either high-affinity (DNP) or low-affinity (2NP) antigens. In both cases, an
inflammatory response was induced although, remarkably, there was little mast cell
degranulation in the ear tissue of mice challenged with low-affinity antigen (Suzuki
et al. 2014). Nonetheless, much of the same symptomology was observed under
either condition. However, analysis of the cell types in the ear tissue demonstrated a
change in the profile of immune cell infiltrates; whereby high-affinity antigens
induced a strong neutrophil response, low-affinity antigens induced increased
numbers of monocyte/macrophages in ear tissues. This suggests the possibility that
under low-affinity antigen conditions monocyte/macrophage recruitment may be
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required to induce a strong inflammatory response, given that these cells are more
potent producers of cytokines/chemokines relative to neutrophils.

Collectively, the data discussed above suggests that differences in the strength of
a stimulus can be deciphered by FcεRI. The clustering behavior, mobility, and
localization of FcεRI appear to be involved in changes in the use of molecules that
translate the affinity of the interaction into induction of selective signals and
responses. This in turn has in vivo consequences with regard to the type of
inflammatory response induced.

4 Effect of the Microenvironment on FcεRI Responses

Recently, there has been an increasing recognition of the effects of the microen-
vironment on FcεRI-induced cellular responses resulting from IgE/antigen inter-
actions. The surrounding tissue microenvironment provides various soluble or
membrane bound factors that can positively or negatively modulate IgE/antigen-
activated mast cell responses. Multiple in vitro studies (as reviewed in Gilfillan and
Beaven 2011) with mouse, rat or human mast cells or studies using in vivo models,
support the concept that co-stimulation of other receptors together with FcεRI can
significantly enhance, suppress, or modify mast cell responses induced through
FcεRI. These receptors are mainly but not exclusively classified into five major
categories (Table 1): (i) G-protein-coupled receptors (GPCRs), (ii) immunoreceptor
tyrosine-based inhibitory motif (ITIM) (iii) activation motif (ITAM)-containing
receptors, (iv) toll-like receptors (TLRs), and (v) cytokine receptors. Given the
brevity of this chapter, we will discuss recent work focusing on GPCRs and TLRs
(important contributors to innate immunity) as examples of how the tissue micro-
environment may influence FcεRI signaling and function.

4.1 Modulation of FcεRI Responses by G-Protein-Coupled
Receptors

Reports on modulation of IgE/antigen-dependent mast cell responses by GPCRs
date back to 1978 when Marquardt and colleagues reported (Marquardt et al. 1978)
an enhancement of mast cell responses to antigen challenge by adenosine—the
endogenous ligand for P1 receptors. The P1 family consists of 4 members A1,
A2A, A2B, and A3 which interacts with different heterotrimeric G-proteins, con-
sisting of a Ga (with four different classes Gαs, Gαi/o, Gαq/11, and Gα12/13) and Gβγ

subunits each of which are the product of multiple genes and splice variants. Like
most GPCRs, the various P1 receptors interact with more than one G-protein,
although they might have a preference for a particular one, but whose expression
may vary among cells and with species. This promiscuity makes it difficult to
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predict the effect of a particular GPCR on FcεRI signaling and responses in mast
cells. However, in general, Gαs has been found to stimulate adenyl cyclases which
catalyze the conversion of ATP to 3′,5′-cyclic AMP (cAMP) and pyrophosphate
while Gαi mainly inhibits them. Although it’s not entirely understood how cAMP
acts in mast cells, it seems that elevated cAMP levels dampens mast cell calcium
responses and degranulation (reviewed in Alm and Bloom 1982). Consistent with
this view A2A and A2B receptors, which strongly interact with Gαs, suppress
FcεRI-induced mast cell degranulation, while A3 receptors which associate with
Gαi potentiate it (Table 1). Such examples extend beyond the adenosine receptor
family, as recent studies by Serra-Pages et al. (2012) showed that prostaglandin E2

(PGE2) can enhance or suppress FcεRI-dependent mast cell degranulation
depending on the ratio of EP2 to EP3 receptor expression on these cells, which,
respectively, associate with Gαs or Gαi. Interestingly, negative regulation of mast
cell degranulation through cAMP is not restricted to GPCRs. In a study focusing on
the modulating capacity of the mast cell-expressed OX40L, Gri et al. (2008)
demonstrated that Foxp3+T regulatory cells were able to dampen the release of
granule-stored mediators from mast cells through OX40L-OX40 interaction which
led to increased intracellular cAMP in BMMC. The GPCRs that enhance FcεRI
mast cell responses are likely to do so via multiple mechanisms. Gaq/11-associating
receptors activate PLC to catalyze the cleavage of phosphatidylinositol 4,5-
biphosphate (PIP2) into inositol (1,4,5) triphosphate (IP3) and diacylglycerol (DAG)
which activates intracellular Ca2+ stores via IP3 receptors or the PKC pathway,
respectively, providing stronger calcium responses linked to enhanced mast cell
degranulation. Furthermore, they activate brutons tyrosine kinase (BTK) which is
an important signaling molecule in FcεRI receptor signaling and helps to regulate
calcium (reviewed in Kawakami et al. 1999). Ga12/13-coupled GPCRs stimulate the
small GTPase Rho, Na+/H+ exchangers, and JNK. The GTPase Rho is involved in
the regulation of mast cell degranulation (Price et al. 1995; Sibilano et al. 2012).
Accordingly, GPCRs that associate with Gαq11 and/or Gα12/13, such as A2B and A3,
the chemokine receptor CCR1 or the receptors for PGE2; EP1, EP3, and EP4,
usually enhance FcεRI signaling and potentiate degranulation and/or cytokine
release (Table 1). Although probably most of the observed effects of GPCRs on
mast cell responses can be explained by the activity of the Gα subunit, it should be
taken into account that Gβγ by itself regulates several signaling processes such as
PI3-K, adenylylcyclases, PLCβ, BTK, or G-protein-coupled inwardly rectifying
potassium channels (GIRKs) and thereby can modulate Gα signals (reviewed in
Birnbaumer 2007). Therefore, the association of a particular Gα protein with a given
receptor should not be viewed as entirely predictive of whether the modulatory role
might be enhancing or suppressing.
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4.2 Modulation of FcεRI Responses by Toll-like Receptors

Present knowledge suggests that rodent and human mast cells or basophils can
express a variety of TLRs including 1, 2, 3, 4, 5, 6, 7, and 9, which can activate
these cells independently but also modulate FcεRI signaling and responses (Komiya
et al. 2006; Novak et al. 2010). However, expression of TLRs appears to vary. On
mast cells, the difference in expression is related to the species or tissue source from
which they were isolated or, for in vitro cultured cells, the cytokine environment in
which they are cultured. For instance, TLR3, 7, and 9 ligands failed to stimulate
mouse BMMC due to the low expression of these receptors, whereas murine fetal
skin-derived-cultured mast cells (FSMC) responded by expressing higher levels of
mRNA for cyto- and chemokines (Matsushima et al. 2004). Some cultured human
mast cells apparently lack TLR4 expression but it can be upregulated and func-
tionality restored by exposure to IL-4 or IFN-γ (Okumura et al. 2003; Varadarad-
jalou et al. 2003). Moreover, rat peritoneal mast cells can upregulate TLR2 and
TLR4 under the influence of CCL5 and/or IL-6 (Pietrzak et al. 2011). Thus, such
findings suggest that the cytokine milieu influences which microbial or endogenous
pathogen-associated molecular patterns can be recognized and directly stimulate
mast cells or alter FcεRI-dependent activation. Interestingly, although TLR stim-
ulation by itself activates mast cells, co-stimulation of TLRs and FcεRI is not per se
synergistic. Instead, the outcome may be determined by the ligand activating a
given TLR or combination of receptors. Fehrenbach et al. (2007) showed that the
TLR1/2 ligand Pam3CSK4 attenuated IgE-antigen-induced degranulation and Ca2+

mobilization of mouse BMMCs in a TLR2-dependent manner, while the TLR6/2
ligand MLAP-2 did not. However, both ligands synergized with FcεRI signals to
induce IL-6. The inhibitory effect of Pam3CSK4 was also confirmed in vivo
(Kasakura et al. 2009), while the enhanced IL-6 release through TLR2-FcεRI
co-stimulation could be induced with extracts from M. sympodialis, a skin com-
mensal yeast (Selander et al. 2009). In addition, Yoshioka et al. (2007) reported that
lipoteichoic acid (LTA) and peptidoglycan—both TLR2 agonists—dampened IgE-
induced degranulation of LAD2 and human pulmonary mast cells. This inhibitory
effect appeared to be achieved through downregulation of FcεRI surface expression.
TLR2 is not the only TLR found to negatively impact mast cell responses to FcεRI
stimulation as ES-62—a secreted product of filarial nematodes that binds to TLR4
—was found to inhibit antigen-induced responses in human mast cells by inter-
fering with FcεRI signaling events through presumed degradation of PKC-α
(Melendez et al. 2007). In contrast, stimulation of TLR4 through LPS generally
augments FcεRI-dependent mast cell responses (Table 1). How these differences in
modulation of FcεRI responses by a given TLR arise (engaged by distinct ligands)
is not understood. Nonetheless, there are many potential intersection points in TLR
and FcεRI signaling cascades (Novak et al. 2010), and there is evidence that TLRs
may utilize some of the same key signaling molecules used by FcεRI, such as Syk,
Lyn, or Btk (Avila et al. 2012; Chaudhary et al. 2007; Horwood et al. 2006).
However, some mast cell-specific peculiarities may also influence the role of TLRs

New Insights on the Signaling and Function of … 81



in modulating FcεRI-dependent responses. For instance, mast cells do not express
CD14, an important co-receptor for the recognition of LPS and other TLR4 ligands
(Bischoff 2007). Additionally, the use or expression of certain signaling molecules
may differ in mast cells as compared to other cell types. For example, Zorn et al.
(2009) demonstrated that Btk is dispensable for TLR4- or TLR1/2-dependent
activation of mouse BMMC with LPS or Pam3CSK4, respectively, but yet it played
a significant role in TLR signaling in other cell types (Horwood et al. 2006;
Jefferies et al. 2003).

Because TLRs belong to the family of pattern recognition receptors, it should be
recognized that each TLR recognizes several molecules that share conserved
molecular patterns. The evidence to date suggests that distinct TLR ligands can
generate distinct responses through the same TLR. Thus, to uncover the molecular
mechanism by which TLRs modulate FcεRI signaling and responses, one must
decipher the molecular signals of each TLR and the respective ligand regarding its
influence on FcεRI signaling. Uncovering of these complexities is key toward
understanding how the microenvironment exerts its influence on FcεRI-dependent
mast cell responses.

5 Conclusion and Future Perspectives

Current knowledge on how FcεRI interprets the interaction of receptor-bound IgE
antibodies with cognate antigen is still evolving. The recent advances outlined
above shed new light on the molecular machinery utilized by FcεRI and how it can
be influenced by the surrounding environmental milieu. This new information
reveals important subtleties in how IgE antibodies are able to elicit discrete signals
through FcεRI that promote distinct effector responses with physiological conse-
quences. Noteworthy is the recognition that differences in the affinity of IgE anti-
body interactions with antigen can be interpreted by FcεRI, resulting in changes in
the immune response. Of similar note is the increasing evidence that IgE-dependent
responses through FcεRI can also be modulated by the microenvironment in which
mast cells or basophils may be found, through the plethora of receptors expressed
on these cells. Some of these co-modulators can dampen some effector responses
(degranulation) while enhancing others (cytokine production). This raises the
possibility that IgE-dependent responses might be modulated for therapeutic pur-
poses through identification of appropriate molecular targets. Future efforts might
be focused on deciphering the intersecting molecular signals engendered by these
various modulators and whether there is efficacy in specifically tailoring FcεRI
responses in vivo. Regardless, the recent work clearly demonstrates that the biology
and function of IgE-dependent FcεRI responses is highly complex and much
remains to be revealed.
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Abstract The immune response against helminths and allergens is generally
characterized by high levels of IgE and increased numbers of Th2 cells, eosinophils,
and mast cells, yet the clinical outcome with respect to immediate hypersensitivity
and inflammation is clearly not the same. High levels of IgE are seen to allergens
during helminth infections; however, these IgE responses do not translate into
allergy symptoms. This chapter summarizes the evidence of the association
between helminth infections and allergic disorders. It discusses how helminth
infection can lead to IgE cross-reactivity with allergens and how this IgE has poor
biological activity. This information is important for developing new diagnostic
methods and treatments for allergic disorders in low-to-middle-income countries.
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1 Introduction

Over the past few decades, the prevalence of allergic disease has been on the rise in
both developed and developing countries (Pawankar et al. 2011). In addition, many
epidemiological studies have shown a higher prevalence of allergic disorders in
subjects living in urban environments compared to rural areas, particularly in
developing countries (Hamid et al. 2013; Perzanowski et al. 2002).

Such observations indicate that environmental factors, along with underlying
genetics, play a key role in the development of allergic disease. Environmental
influences can include exposures to microbes, parasites, and lifestyle factors (Burke
et al. 2003; von Mutius 2002). Of particular interest have been infections with
parasitic helminths that are highly prevalent in tropical regions of the developing
world. It is estimated that a quarter of the World’s population is chronically infected
by helminths such as Ascaris lumbricoides (roundworm), Trichuris trichiura
(whipworm), Necator americanus or Ancylostoma duodenale (hookworms),
schistosomes, and filarial worms (Bethony et al. 2006).

Despite the close parallels between immune responses that characterize helminth
infections and allergic diseases, namely increased levels of immunoglobulin (Ig)-E,
eosinophils, and mast cells along with T cells that preferentially secrete T helper
type 2 (Th2) cytokines, the clinical outcome with respect to immediate hypersen-
sitivity and inflammation is not the same (Yazdanbakhsh et al. 2001). Moreover,
there is little geographical overlap worldwide between helminth infections and
allergies. In fact, several studies have reported a negative association between the
presence of helminth infections and allergic disorders (Feary et al. 2011). However,
the relationship between allergic disorders and helminth infections does not show
consistent results since there are also studies that show that helminth infections
either have no effect or are associated with increased atopic disorders (Obihara et al.
2006; Palmer et al. 2002).

High levels of Th2 responses can lead to allergic diseases, and to prevent this,
either a shift to Th1 or an increased anti-inflammatory response would be needed
(Carvalho et al. 2006; Cooper 2009). A number of immune mechanisms have been
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proposed to account for the negative association between helminths and allergies.
The observations that chronic helminth infections are associated with higher sup-
pressive responses, such as interleukin-10 (IL-10) and regulatory T cells, led to the
proposal that a strong regulatory network induced by helminths might prevent the
downstream effector phase of Th2 responses, preventing excessive inflammation
(Satoguina et al. 2008; Wilson et al. 2005).

Another mechanism that might explain the inverse association between helminth
infections and allergies could involve helminth-induced IgE. Early studies have
suggested that polyclonal IgE that is stimulated by helminth infections might
compete with allergen-specific IgE and therefore block degranulation of basophils
and mast cells. However, a number of studies have refuted this IgE-blocking
hypothesis. The idea that IgG4 antibodies associated with helminth infections might
bind allergen and quench it from binding to IgE was put forward by Aalberse et al.
(2009). An alternative idea that helminth infections may be associated with
increased levels of allergen-specific IgE that are functionally poor and therefore
cannot lead to basophil or mast cell degranulation (Yazdanbakhsh et al. 2002) is
gaining support from several recent studies that indicate cross-reactive IgE might be
associated with poor biological activity (Amoah et al. 2013b; Larson et al. 2012a).

Over the years, there has been increasing number of publications covering (a) the
relationship between helminths and IgE, which started in 1969; (b) IgE and the
issue of cross-reactivity; and (c) component-resolved diagnosis (CRD) (Fig. 1). In
this chapter, we will focus on (1) the epidemiological studies of the relationship
between helminth infections and allergic disorders and (2) the characterization of
helminth-induced IgE and the possible application of new technologies in allergy
diagnostics in low-to-middle-income countries.

2 Helminth Infections and Allergic Disorders

The prevalence of allergic diseases has been increasing mainly in the developed
world where long ago changes have been seen in lifestyle and the environment
characterized by increasing sanitation, hygienic measures, and urbanization. In less
developed countries, the prevalence of allergic disorders is relatively low, but the
allergic march is starting in these geographical areas due to ongoing dramatic
changes in lifestyle and the environment. Although not as dramatic as in Western
countries, an increase in allergic disorders has been reported in developing coun-
tries with the tendency for prevalences in urban centers to approach those seen in
affluent countries.

In developed countries, the presence of IgE antibodies to allergens increases the
risk of allergic disorders. These antibodies, which bind to high-affinity IgE recep-
tors present on basophils and mast cells, can be cross-linked by allergens, an event
that leads to mast cell degranulation and histamine release. The mast cell degran-
ulation leads to inflammation and in target organs such as the airways can result in
symptoms which can be recognized as an asthmatic attack. One of the diagnostic
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methods for allergy is to perform a skin prick test (SPT). This is based on applying
allergens to the skin, pricking the skin with a lancet and assessing whether a
reaction develops to the allergen within 15 min. If a wheal and flare easily visible in
lighter skin reaction is seen, which is the result of mast cell degranulation, then it is
concluded that person being tested is sensitized to the allergen applied. In devel-
oped countries, the SPT is often interchangeable with the measurement of IgE
antibodies to allergens by in vitro tests such as the ImmunoCAP assay. This means
that allergen-specific IgE measured in serum can be associated with SPT reactivity
and potentially with allergic symptoms. However, the relationship between IgE,
SPT, and symptoms of allergy can be different in different geographical areas. For
example, the proportion of SPT reactivity with clinical allergic asthma appears to be
much smaller in some rural areas compared to urban centers in Europe (Priftanji
et al. 2001) or in many developing nations compared to developed ones (Cooper
et al. 2003a; Dagoye et al. 2003). Helminth infections have some interesting effects
on the relationship between IgE, SPT, and clinical symptoms.

Several epidemiological studies have shown that helminth infections can be
negatively associated with allergic outcomes (Feary et al. 2011). Some studies have
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shown that having schistosome or filarial infections decreases the risk of SPT pos-
itivity (Supali et al. 2010; van den Biggelaar et al. 2001). Similarly, studies in
Ecuadorian and Vietnamese children have demonstrated that having soil-transmitted
helminth infections decreases the risk of SPT positivity (Cooper et al. 2004; Flohr
et al. 2006). In addition, Cooper et al. (2003b) found that the presence of serological
markers of chronic infections (elevated levels of total serum IgE or anti-A. lumb-
ricoides IgG4) was independently negatively associated with allergen SPT reac-
tivity. Araujo et al. (2000) reported a strong and inverse association between skin
responses to allergens and infection with Schistosoma mansoni, among persons
living in an area endemic for this helminth (Araujo et al. 2000). Similarly, a study in
Gabonese children observed that the risk of a positive SPT was reduced by 72 % if a
child was infected with S. haematobium, a blood-dwelling helminth (van den Big-
gelaar et al. 2001). Moreover, an investigation conducted among 1,385 urban and
rural Ghanaian children aged 5–16 years showed a strong negative association
between schistosome infection and SPT reactivity to mite but not with reported
wheeze or asthma (Obeng et al. 2014). However, with regard to clinical symptoms of
asthma, a case–control study in urban and rural Ethiopians aged 16–60 years
determined that active hookworm infection reduced the risk of reported wheeze
(Scrivener et al. 2001).

Although the majority of studies have shown a negative association between
helminth infection and SPT, there are studies that show that helminthmay increase the
risk of asthma and atopic disorder. Obihara et al. (2006) found Ascaris-specific IgE
may be a risk factor for atopic disease in populations exposed to mild A. lumbricoides
infection (Obihara et al. 2006). In line with this, a study in China, in an area with a low
burden ofA. lumbricoides, demonstrated a positive association between helminth and
allergen skin test reactivity as well as asthma risk (Palmer et al. 2002). Finally, there
are also studies showing no significant association. A study in Brazil among patients
aged 12–30 years with asthma or rhinitis living in an urban area endemic for geo-
helminth showed that individuals infected with a low parasite burden of A. lumbric-
oides did not differ on the frequency of positive SPT to dust mites from those A.
lumbricoides negatives living in the same area (Ponte et al. 2006). A birth cohort of
children from Ethiopia which investigated the effect of geohelminths on allergic
symptoms, at 3 years of age, found that there was no association between helminth
infections and wheeze nor with eczema (Amberbir et al. 2011).

Considering that cross-sectional studies can only show relationships, it is
important to prove that helminths, and no other confounders, are responsible for any
association seen with allergies. For this, interventional studies such as use of an-
thelmintics to remove helminths or intentional infection with helminths are needed.
With respect to anthelmintic treatment, a study of soil-transmitted helminth-infected
subjects demonstrated that regular anthelmintic treatment resulted in significant
increase in skin test reactivity as well as serum level of IgE to aeroallergens (Lynch
et al. 1993). In line with this, anthelmintic treatment of Gabonese children chron-
ically infected with S. haematobium and soil-transmitted helminths resulted in
increased SPT reactivity (van den Biggelaar et al. 2000). Three large interventional
studies conducted in Ecuador, Vietnam, and Indonesia have shown different results.
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In Ecuador, treatment with albendazole every 2 months, for 1 year, did not affect
SPT nor clinical symptoms of allergy (Cooper et al. 2006), but in Vietnam, three-
monthly treatment with albendazole resulted in a significant increase in SPT pos-
itivity but not in allergy symptoms (Flohr et al. 2010). The third study in Indonesia
revealed that intensive community treatment of 3-monthly albendazole for
21 months over 2 years was not associated with increased risk of SPT to any
allergen, but post hoc analysis showed that SPT to cockroach allergen was
increased in the albendazole arm compared to placebo (Wiria et al. 2013). However,
in agreement with the studies in Ecuador and Vietnam, there was no effect on
reported clinical symptoms of allergy (Wiria et al. 2013). However, it has to be
noted that one study in Venezuela showed that anthelmintic treatment resulted in
improvement in all clinical indicators of asthma (Lynch et al. 1997). On the other
hand, when considering anthelmintic treatment given during pregnancy, a large
randomized, double-blind, placebo-controlled trial carried out in Uganda found that
treatment of pregnant women with albendazole (compared with placebo) was
strongly linked to an increased risk of doctor-diagnosed infantile eczema in their
infants (Mpairwe et al. 2011).

Another approach to investigate the effect of helminths on allergies would be to
use data from studies where humans have been experimentally infected with hel-
minths. Recent years have seen an increasing number of such studies where vol-
unteers were infected with L3 larvae of hookworm N. americanus as well T. suis
eggs (Jouvin and Kinet 2012; Wright and Bickle 2005). From these studies, it is
possible to delineate whether helminth infections are associated with increased
allergies or whether they can suppress allergic symptoms. Helminth infections lead
to expansion of Th2 responses and upregulation of IgE as well as eosinophils
(Wright and Bickle 2005). This expansion of Th2 responses was not associated with
an increase in allergic symptoms even though the life cycle of the hookworm parasite
involves lung passage. In two safety trials, small numbers of patients with rhino-
conjunctivitis or asthma were treated with helminths. Ten L3 infective larvae of N.
americanus were inoculated into allergic patients in UK who were followed up for
16 weeks and showed no worsening or improvement of their symptoms (Feary et al.
2010). Regarding T. suis ova therapy, a double-blind placebo-controlled trial con-
ducted in Danish adults assessed the efficacy of T. suis ova therapy for the treatment
of grass pollen-induced allergic rhinitis and found no therapeutic effect of this
particular therapy (Bager et al. 2010).

Taken together, most studies, but not all, show that helminth infections are
associated with decreased SPT, but there does not seem to be a strong effect on
clinical symptoms with the possible exception of a beneficial effect on infantile
eczema. Both for anthelmintic treatment studies and experimental helminth infec-
tions, it is possible that different helminths with their varying life cycles and
locations in tissues would lead to different effects on allergic outcomes. Moreover,
it should be noted that chronicity of infection as well as worm burden might be
important parameters to take into account when studying the association between
helminths and allergies. Chronic infections as well as higher worm burdens might
have stronger regulatory effect on allergies than acute or light infections (Smits
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et al. 2007). Finally, attention should be paid to the methods used to assess clinical
symptoms of allergy as these could be a source of variability.

2.1 Mechanisms Behind the Association Between Helminths
and Allergies

Given that most studies seem to show a negative association between chronic
helminth infections and SPT reactivity, researchers have been looking for the
mechanisms that could explain this. Although the mechanisms associated with this
inverse relationship are not fully understood, it has been suggested that strong
immune regulatory networks might be involved. This means that high levels of
suppressive cytokines such as IL-10 and transforming growth factor-beta (TGF-β)
as well as regulatory T and B cells (Smits et al. 2010), which seem to expand during
chronic infections with helminth parasites, might downregulate allergic responses.
The question as to where in the allergy cascade they exert their downregulatory
activity is still unanswered. It is possible that regulatory responses affect Th2 and
thereby IgE. However, immune regulation could also downregulate the effector
phase of an allergic response which involves inflammation induced by mast cell
degranulation (Larson et al. 2012b). This notion is supported by reports showing
that IL-10 could inhibit basophil degranulation (Royer et al. 2001) and by the
negative association between IL-10 and SPT (Macaubas et al. 1999; van den
Biggelaar et al. 2000). Regarding antibodies, in the 1970s, the idea that polyclonal
stimulation of IgE-producing plasma cells with many different specificities would
compete with allergen-specific IgE for binding to high-affinity IgE receptors on
mast cells was first proposed (Lancet editorial 1976; Godfrey 1975). This compe-
tition would reduce the chance of an allergen-dependent mast cell degranulation
and therefore explain the absence of strong allergic responses in helminth-infected
subjects (Lynch et al. 1998). However, a study by Mitre et al. (2005) showed that
the high ration of polyclonal IgE to allergen-specific IgE did not inhibit basophil
degranulation. Moreover, it has been shown that increases in IgE result in the
upregulation of IgE receptors and that anti-IgE treatment is often accompanied by
downregulation of IgE receptors which argues against the ability of high total IgE to
compete out specific IgE (MacGlashan et al. 1997). Another hypothesis put forward
is that high levels of IgG4 produced during parasitic infections could act as
“blocking antibodies,” since IgG4 is a Th2-dependent isotype not associated with
clinical allergy (Aalberse et al. 2009; Arruda and Santos 2005). However, here, we
will consider, yet another hypothesis, that helminths are associated with an IgE
response that is cross-reactive with a low biological activity and therefore associ-
ated with less SPT reactivity to allergens and no strong increase in allergic
symptoms in a Th2-skewed population.
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3 Cross-Reactivity Between Allergen and Helminths

In general, cross-reactivity reflects the phylogenetic relationship between organisms
that results in a high degree of homology in the primary structure of proteins and
potentially in cross-reactivity (Aalberse et al. 2001). Cross-reactivity occurs when
antibodies elicited to one epitope also recognize similar epitopes in other homol-
ogous molecules (Acevedo and Caraballo 2011). In allergy, the allergen that is
supposed to induce the original allergic responses is named the primary sensitizer,
and the others are considered cross-reactive allergens (Acevedo and Caraballo
2011). Two types of IgE cross-reactivities have been described: one cross-reactivity
due to sugar moieties (glycans on glycoproteins) known as cross-reactive carbo-
hydrate determinants (CCDs) and the other cross-reactivity due to proteins (Aal-
berse et al. 2001).

3.1 Cross-Reactive Carbohydrate Determinants (CCDs)
and Helminths

The asparagine-linked carbohydrate components of plant and insect glycoproteins
are highly cross-reactive and are known as CCDs (Altmann 2007). Two typical
non-mammalian substitutions to N-glycans of plant glycoproteins are an α(1,3)-
linked fucose on the proximal N-acetyl glucosamine and a β(1,2)-linked xylose on
the core mannose (van Ree et al. 2000).

These epitopes are also found in helminth parasites. The existence of IgE
antibodies directed to CCDs was first reported by Aalberse et al. (1981) in the early
1980s. This study demonstrated that serum IgE from European pollen or venom-
allergic patients cross-reacted with extracts from various allergenic foods. However,
treating the extracts with periodate, which destroys the carbohydrate structures,
abolished the reactions, indicating the involvement of carbohydrates in this cross-
reactivity (Aalberse et al. 1981). Another investigation by the same group observed
elevated levels of IgE against peanut extract among grass pollen-sensitized Euro-
pean patients without peanut SPT reactivity or clinical symptoms of peanut allergy
(van der Veen et al. 1997). Furthermore, among 91 % of those with a discrepancy
between specific IgE to peanut and SPT, IgE against CCDs could be detected (van
der Veen et al. 1997). In some of these patients, almost complete inhibition of IgE
to peanut (as measured by competitive radioallergosorbent test) was possible with
CCD. In addition, cross-reactive IgE directed against CCDs in this study was
demonstrated to have poor biological activity (van der Veen et al. 1997).

In another study, about 42 % of pollen-allergic European patients were found to
have specific IgE to the CCD marker bromelain without skin reactivity to this
molecule (Mari et al. 1999). In line with these observations, 23 % of a large group
of 1,831 subjects with symptoms of allergic respiratory disease were IgE sensitized
to bromelain without SPT to the same molecule (Mari 2002). Taken together, these
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studies demonstrate the role of anti-CCD IgE in false-positive in vitro allergy test
responses. One could argue that this lack of biological activity was due to the fact
that bromelain is substituted with a single IgE-binding glycan, making effective
cross-linking highly unlikely. The most convincing proof of the complete lack of
clinical relevance of CCD-specific IgE was reported by Mari et al. (2008) in a study
where grass pollen-allergic patients with high titers of CCD-specific IgE were skin-
tested and subjected to an oral challenge with human lactoferrin expressed in rice
kernels. This transgenic molecule was substituted with multiple IgE-binding gly-
cans, but both SPT and oral challenge were completely negative (Mari et al. 2008).
This study shows that a single IgE-binding glycan is not the reason for lack of
activity of IgE to CCD.

With regard to helminth-induced IgE cross-reactivity, a recent study among
schoolchildren (aged 5–16 years) in Ghana, West Africa, demonstrated how cross-
reactivity between helminth antigens and allergens can affect IgE sensitization
patterns and clinical expression of allergy (Amoah et al. 2013b). In this study, the
overall prevalence of peanut–IgE sensitization was 17.5 % (233 out of 1,328).
However, none of the peanut–IgE-sensitized children had either SPT reactivity to
peanut or much reported adverse reactions to peanut. In this study, the presence of
S. haematobium infection was positively associated with an increased risk of having
peanut-specific IgE. In a subset of this study population, both the CCD marker
bromelain and S. haematobium-soluble egg antigen (SEA) inhibited IgE binding to
peanut extract. This study also showed that peanut-specific IgE was strongly cor-
related with CCD-specific IgE. Furthermore, these results indicate that much of IgE
to peanut in Ghanaian children could be directed against CCD which is also present
in the schistosome SEA. In addition, basophil histamine release assays demon-
strated that the IgE directed against peanut in this population had low biological
activity (Amoah et al. 2013b).

This study provides a model which proposes that parasite-induced IgE against
CCDs that are carried by parasites might account for high IgE levels to food
allergens, and the finding that this IgE does not lead to reactivity to allergenic
extracts either in vitro (in basophil release assay) or in vivo (in skin prick testing)
further confirms that these IgEs to CCDs are clinically irrelevant (Amoah et al.
2013a).

Although a number of studies have demonstrated that IgE antibodies directed
against CCDs are not of clinical relevance, IgE direct against the mammalian
carbohydrate epitope galactose-α-1,3-galactose (alpha-gal) has been linked to
anaphylactic reactions.

The first cases of anaphylactic reactions associated with alpha-gal were among
cancer patients in the southeastern USA receiving therapy with the monoclonal
antibody cetuximab (Chung et al. 2008). This antibody carries alpha-gal structure.
These patients were shown to have pre-existing IgE against alpha-gal, and imme-
diate-onset anaphylaxis followed the first infusions of cetuximab (Chung et al.
2008). Further analysis indicated that IgE directed against alpha-gal was possibly
induced by the lone star tick Amblyomma americanum commonly found in the
southeastern USA (Commins et al. 2011). Aside from immediate-onset anaphylactic
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reactions, delayed onset reactions 3–6 h following the consumption of mammalian
meat have also been linked to IgE directed against alpha-gal, present on this food
(Commins and Platts-Mills 2013).

In addition, positive IgE responses to alpha-gal have been observed in samples
from children living in helminth-endemic areas of Ecuador and Kenya (Commins
and Platts-Mills 2013). The involvement of helminths in the induction of IgE
responses to alpha-gal has been indicated by an investigation conducted in Zim-
babwe. In this study, IgE responses to alpha-gal were measured in urban cat-allergic
patients as well as in rural helminth-infected subjects (Arkestal et al. 2011). The
study observed that 85 % of the parasite-infected group had IgE against alpha-gal
and 66 % had IgE against the cat allergen Fel d 5 found in cat dander extract which
has been demonstrated to have alpha-gal epitopes (Gronlund et al. 2009). More-
over, in this study, IgE to alpha-gal and IgE to Fel d 5 were highly correlated.
Among the urban cat-allergic patients, only a few had IgE responses to Fel d 5 and
alpha-gal, while 74 % had responses to the recombinant form of the cat allergen Fel
d 1. By contrast, only two of 47 of the parasite-infected had IgE to Fel d 1 which
lacks alpha-gal epitopes. Taken together, these observations suggest that in hel-
minth-endemic areas, the IgE to alpha-gal may not be clinically relevant. However,
given that no information was collected on reactions to mammalian meat in the
helminth-endemic areas (Commins and Platts-Mills 2013), additional in-depth
studies are needed to assess the prevalence of sensitization to alpha-gal in different
populations worldwide and the relationship between IgE sensitization to this oli-
gosaccharide and clinical outcomes.

3.2 Peptide Cross-Reactivity and Helminths

Cross-reactions between allergens from invertebrates such as mite and snail;
cockroach and ascaris; mite, shrimp, and cockroach; and mites and schistosomes
(Aalberse et al. 2001) have been reported and involve protein cross-reactivity.
Three of the proteins that are involved in these examples are tropomyosin, gluta-
thione S-transferase (GST), and paramyosin (Aalberse et al. 2001).

Tropomyosins are proteins involved in the contraction of muscle cells along with
actin and myosin (Arruda and Santos 2005). Not only are tropomyosins major
allergens of seafood, mite, and cockroach but are also highly immunogenic hel-
minth proteins (Sereda et al. 2008). Tropomyosins from invertebrates are strong
inducers of IgE antibody responses in human (Jenkins et al. 2007). Santiago et al.
(2011) demonstrated that there was 72 % identity at the amino acid level between
the tropomyosin from the filarial parasite Onchocerca volvulus (OvTrop) and the
house dust mite tropomyosin Der p 10 (Santiago et al. 2011). A strong correlation
between specific IgE to Der p 10 and IgE to OvTrop was shown. In addition,
histamine release from basophils sensitized with the sera of individuals IgE positive
to Der p 10 could be triggered by either the OvTrop or Der p 10. It is, however,
important to realize that such biological activity is not proof of clinical allergy.
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In the study by Mari et al. (2008) with transgenic lactoferrin, histamine release was
also reported at relatively high protein concentrations, but SPT and oral challenge
with the same molecule were negative. The study by Santiago et al. (2011) does,
however, confirm that the anti-tropomyosin antibodies induced in filarial infection
are cross-reactive with those allergenic tropomyosins of invertebrates (mite) that
may affect sensitization and regulation of allergic reactivity. As expected, no
clinical mite allergy was reported for the subjects studied, indicating that these
cross-reactive responses are of no clinical relevance.

In another investigation, Santos et al. (2008) showed that the predicted structure
of A. lumbricoides tropomyosin was similar to that of Periplaneta americana
tropomyosin. The same study compared IgE responses to these proteins in Brazilian
children aged 3–6 years living in a helminth-endemic area and cockroach-allergic
patients aged 2–52 years also from Brazil (Santos et al. 2008). A strong correlation
was also found for IgE antibodies to tropomyosin from A. lumbricoides and from
P. Americana in sera from both populations. Seventy-six percent (90 out of 119) of
subjects from the parasite-endemic area had positive IgE antibodies against cock-
roach tropomyosin without allergy to cockroach (Santos et al. 2008). In line with
this study, Acevedo et al. (2009) have also demonstrated high allergenic cross-
reactivity between Blomia tropicalis tropomyosin (Blo t 10) and Ascaris tropo-
myosin in Colombian asthmatic patients (Acevedo et al. 2009).

The glutathione S-transferases (GSTs) are detoxification enzymes found in most
living organisms (Sheehan et al. 2001). The important known sources are cock-
roaches, house dust mites, and molds; however, GSTs from invertebrates including
helminths are known to be strong inducers of IgE (Acevedo et al. 2013). Moreover,
Blattella germanica GST caused positive immediate skin tests in cockroach-allergic
asthmatic patients, suggesting that GST from cockroach is a clinically relevant
allergen (Arruda et al. 1997). Regarding helminth-induced IgE cross-reactivity,
Santiago et al. (2012) showed that the GSTs from the filarial worm Wuchereria
bancrofti (WbGST) and cockroach GST (Bla g 5) were 30 % identical at the amino
acid with marked similarity in the N-terminal region (Santiago et al. 2012). Inter-
estingly, mice infected with Heligmosomoides bakeri, a parasite that contains a
GST that was 32 % identical to Bla g 5, developed immediate hypersensitivity
reaction in the skin to cockroach GST (Bla g 5), suggesting that some parasite-
induced cross-reactivity may induce in vivo reactivity to the cross-reactive allergen
in a common allergen source like house dust mite (Santiago et al. 2012).

Paramyosin is another allergen family from invertebrate muscle that is targeted
in IgE responses against helminths (Fitzsimmons et al. 2014). A study among
patients reporting symptoms of allergy and ascaris-infected subject in Philippines
showed evidence of cross-reactivity between paramyosin from mite (B. tropicalis)
and paramyosin from A. lumbricoides (Valmonte et al. 2012). This study observed
that IgE to mite extract among allergic patients can be inhibited, up to 92 %, by
ascaris antigen, while mite extract could inhibit up to 54 % of Ascaris-sIgE among
Ascaris-infected subjects. Of note, IgE responses to the recombinant form of the
paramyosin Blomia allergen (Blo t 11) were seen in 80 % of allergic patients and
46 % of Ascaris-infected subjects (Valmonte et al. 2012).
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In general, IgE cross-reactivity between helminth antigens and allergens dem-
onstrates the limits to diagnostic value of examining IgE responses to whole
allergen extracts in helminth-endemic populations. Establishing the molecular basis
of cross-reactivity between helminths and common allergen sources is essential to
evaluate whether sensitization to the latter is true primary sensitization or cross-
reactivity induced by helminths.

4 Component-Resolved Diagnosis (CRD) in Allergy
Diagnosis

For the past few decades, in vitro allergy diagnostics has been largely based on the
detection of specific IgE to whole extracts comprised of allergenic and non-allergenic
components (Treudler and Simon 2013). However, this approach has been prob-
lematic since the allergenic content of whole extracts is often difficult to standardize
and also the specific allergic reaction inducing components in whole allergen extracts
can be hard to identify (Valenta et al. 1999).

Such issues in in vitro allergy diagnostics led to the development of CRD in
which purified natural or recombinant allergens are used to detect IgE sensitization
to individual allergen molecules (Treudler and Simon 2013).

The use of molecular techniques and recombinant DNA technology has allowed
the sequencing, synthesizing, and cloning of allergenic proteins leading to the
production of recombinant allergens for CRD (Gadisseur et al. 2011). Recombinant
allergens can be generated as defined molecules with consistent quality and without
biological variation (Valenta and Niederberger 2007).

The molecular biological techniques underlying CRD were initially employed
for the determination of the primary structures and molecular identities of allergens
(Valenta et al. 1999). The sequence analysis of allergens allowed the identification
of structurally related allergens and also revealed how closely linked cross-reactive
molecules may not be differentiated by the immune system (Valenta et al. 1999).
CRD involves the use of specific marker allergens to diagnose real sensitization
toward a particular allergen source and to discriminate from sensitization to CCD or
other homologous allergens (De Knop et al. 2010). It also allows the differentiation
between clinically important and irrelevant specific IgEs (Treudler and Simon
2013).

In terms of the application of CRD to research in helminth-endemic populations,
the study on peanut allergy among Ghanaian schoolchildren found that in a subset
of study subjects with elevated IgE to whole peanut allergen, responses to
recombinant forms of the major peanut allergens (rAra h 1, 2 & 3) were generally
very low (Amoah et al. 2013b). In addition, among Brazilian children living in a
helminth-endemic urban area, Carvalho et al. (2013) evaluated the use of IgE
responses to B. tropicalis allergens (rBlo t 5 and rBlo t 21) in improving the
specificity of determining mite allergy in this population. This study showed that
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the assays using recombinant allergens exhibited lower IgE cross-reactivity with A.
lumbricoides antigens and therefore conferred higher specificity in detecting gen-
uine mite IgE sensitization than crude mite extract.

4.1 Microarray

In recent years, microarray biochips have been developed to allow the simultaneous
measurement of specific IgE to multiple recombinant and natural allergen com-
ponents using a small amount of serum. These microarray biochips are increasingly
being used in developed countries to provide additional information on IgE profiles
of polysensitized allergic patients to improve the management of their conditions.

In a previously published cohort of children in Indonesia, high levels of IgE to
house dust mite were found, but this did not translate into SPT reactivity (Hamid
et al. 2013). In the study, helminth-induced IgE cross-reactivity was implicated as a
possible explanation for the elevated levels of clinically irrelevant allergen-specific
IgE. In a subset of these children, the specific IgE to Dermatophagoides pter-
onyssinus (Der p) determined by the ImmunoCAP method (sensitization cut-
off ≥0.35 kUA/L) was compared to semiquantitative IgE analysis using a
commercially available microarray chip (ImmunoCAP ISAC). It was found that the
prevalence of IgE sensitization to whole house dust mite extract (Der p) was 74 %,
while sensitization to recombinant and natural house dust mite component allergens
as assessed by the microarray biochip was only up to 5 % (Hamid et al. unpub-
lished). This investigation also observed that among these same children, the
highest IgE reactivity was to natural allergens of Bermuda and Timothy grass
pollen and not much to recombinant grass pollen allergens on the chip indicating
that these chips can possibly provide valuable additional information when studying
sera with less known IgE specificities. For example, as shown in Fig. 2, the
microarray slide contains natural forms of major peanut and grass pollen allergens
that contain glycan structures as well as recombinant allergen components that are
not glycosylated. The microarray technique used for serum sample from a helminth-
infected individual compared to a European allergic patient can differentiate
between IgE directed against protein structures that may be biologically active and
IgE directed against carbohydrate moieties on glycosylated allergens that might be
clinically irrelevant.

5 Future Directions

The studies of helminths and IgE have shed much light but also uncertainty about
different aspects of the association between IgE, SPT, and allergy symptoms.
Further research into this area should consider the importance of refining and
preparing new diagnostic methods for the developing world where allergies are
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increasing, but the diagnosis is hampered by the complexity of the IgE antibodies.
Moreover, further understanding of how IgE cross-reactivity develops and how this
affects the biological activity of the antibody is needed. This could help devise
interventions to stimulate IgE with poor biological activity which could hamper the
development of high-affinity IgE, mast cell degranulation, and allergy symptoms.
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IgE Immunotherapy Against Cancer

Lai Sum Leoh, Tracy R. Daniels-Wells and Manuel L. Penichet

Abstract The success of antibody therapy in cancer is consistent with the ability of
these molecules to activate immune responses against tumors. Experience in clinical
applications, antibody design, and advancement in technology have enabled anti-
bodies to be engineered with enhanced efficacy against cancer cells. This allows
re-evaluation of current antibody approaches dominated by antibodies of the IgG
class with a new light. Antibodies of the IgE class play a central role in allergic
reactions and have many properties that may be advantageous for cancer therapy.
IgE-based active and passive immunotherapeutic approaches have been shown to be
effective in both in vitro and in vivo models of cancer, suggesting the potential use of
these approaches in humans. Further studies on the anticancer efficacy and safety
profile of these IgE-based approaches are warranted in preparation for translation
toward clinical application.
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1 Immunoglobulins and Their Relevance in Cancer

1.1 Immunoglobulins

Immunoglobulins, also known as antibodies, were the first characterized molecules
involved in specific immune recognition. Antitoxins against tetanus and diphtheria
toxins were discovered in the 1890s by Shibasaburo Kitasato and Emil von Behring
(Behring and Kitasato 1890). Collaboration between Behring and Paul Ehrlich
enabled the production of a standardized, efficient serum therapy for the treatment
of diphtheria (Winau and Winau 2002). Subsequently, Paul Ehrlich formulated the
concepts of active and passive immunization (Ehrlich 1891) and developed the side
chain theory (Ehrlich 1901b), describing receptors that bind distinct toxins on the
cell surface with lock-and-key specificity (Winau et al. 2004). These receptors,
representing antitoxins or antibodies, are released into the blood (Ehrlich 1901a).
Since then, antibodies, with their unique specificity to recognize distinct target
molecules (known as antigens), have been utilized to attack tumor cells expressing
certain antigens (Sliwkowski and Mellman 2013; Weiner et al. 2010). Introduction
of the hybridoma technology (Kohler and Milstein 1975) enabled mass production
of mouse monoclonal antibodies with a single specificity. This technology, along
with advances in bioengineering, has facilitated the development of chimeric,
humanized, and fully human monoclonal antibodies with decreased immunoge-
nicity and enhanced anticancer efficacy that can be used as effective anticancer
therapeutics in humans.
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1.2 The Structure of Immunoglobulins

Antibodies are composed of 2 identical heavy (H) and 2 identical light (L) chains,
exhibiting a H2L2, heterotetramer configuration (Janeway et al. 2005a). Each chain
has both constant and variable regions. Heavy chains can pair with either kappa (κ)
or lambda (λ) light chains. There are 5 different classes of antibodies in humans
distinguished by their heavy chain structure denoted by the Greek letters: α (IgA),
δ (IgD), ε (IgE), γ (IgG), and μ (IgM). IgD, IgG, and IgE are monomeric antibodies.
There are 4 subclasses of IgG (IgG1, IgG2, IgG3, and IgG4), while IgA has 2
subclasses (IgA1 and IgA2). IgG is the main antibody class found in blood and
extracellular fluid and protects the body from infection (Janeway et al. 2005a). IgE
is associated with type I hypersensitivity (anaphylactic/allergic) reactions. IgM is
the first responder to an antigenic challenge, such as an infection, and exists as a
pentamer or hexamer. IgA is secreted through body fluids, while IgD (or an IgM
monomer) forms the B-cell receptor on the surface of the B cell. The approximate
molecular weights of the different classes are as follows: 184 kDa for IgD; 188 kDa
for IgE; 146 kDa for IgG1, IgG2, and IgG4; 165 kDa for IgG3 due to an extended
hinge region; 160 kDa for both subclasses of monomeric IgA in serum; 390 kDa for
secretory dimeric IgA; 970 kDa for pentameric IgM; and 1,140 kDa for hexameric
IgM (Janeway et al. 2005a; Murphy 2012).

1.3 Antibodies for Cancer Immunotherapy

As of 2013, 15 antibodies have been approved by the United States Food and Drug
Administration (FDA) for the treatment of cancer, with many more undergoing
evaluation in clinical trials (Lewin and Thomas 2013; Sliwkowski and Mellman
2013; Cameron and McCormack 2014). Five antibodies target the B-cell marker
CD20, including rituximab (Rituxan®, mouse/human chimeric IgG1), the first
monoclonal antibody approved for the treatment of cancer (indolent lymphoma) in
1997 (Leget and Czuczman 1998), and a new antibody, obinutuzumab (GazyvaTM,
humanized IgG1) glycoengineered for higher binding affinity to the FcγRIIIa
(Cameron and McCormack 2014). Trastuzumab (Herceptin®), a humanized IgG1
specific for HER2/neu, a member of the epidermal growth factor receptor (EGFR)
family, was approved for the treatment of HER2/neu-positive metastatic breast
cancer as a single agent in 1998 (Vogel et al. 2001). Since then, trastuzumab in
combination with conventional chemotherapy has also been approved for the
treatment of HER2/neu-positive breast cancer (Slamon et al. 2001). Cetuximab
(Erbitux®), a chimeric mouse/human IgG1 targeting EGFR, combined with che-
motherapy was approved for the treatment of wild-type KRAS (Kirsten rat sarcoma
viral oncogene homolog) and EGFR-expressing metastatic colorectal cancer
(Sliwkowski and Mellman 2013). Multiple mechanisms of action have been
described for antibodies targeting tumors including the direct inhibition of target
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function, complement-mediated cytotoxicity (CDC), antibody-dependent cell-
mediated cytotoxicity (ADCC), and antibody-dependent cell-mediated phagocyto-
sis (ADCP). However, Fc-mediated functions, in particular ADCC, are believed to
be a major component of their antitumor activity (Campoli et al. 2010; Kellner et al.
2014; Sliwkowski and Mellman 2013; Weiner et al. 2012).

The above-mentioned FDA-approved antibodies targeting cancer cells and other
antibodies in development are of the IgG class. IgA molecules have also been
evaluated as anticancer agents. An anti-EGFR IgA2 containing the variable regions
of cetuximab significantly decreased the number of metastasis in an established
immunocompetent lung metastasis model using mouse melanoma cells (B16F10)
expressing human EGFR in C57BL/6 human FcαRI transgenic mice (Boross et al.
2013). The effect of this IgA2 lasted a week longer (up to 30 days) than its IgG
counterpart cetuximab. IgE is another antibody class that is currently being
explored as a potential cancer therapeutic. Studies using IgE in the context of cancer
belong to the rapidly growing field of AllergoOncology, which aims to reveal the
function of IgE-mediated immune responses against cancer cells in order to enhance
the understanding of its biology and to develop novel IgE-based treatment options
against malignant diseases (Penichet and Jensen-Jarolim 2010).

1.4 The IgE Antibody and Its Receptors

IgE antibodies have a different structure compared to IgG1 antibodies (Fig. 1). The
heavy chain of IgG has 3 constant domains and 1 variable region, while the IgE
heavy chain contains an extra constant domain, having a total of 4 constant domains
and 1 variable domain. They have similar light chains with 1 variable and 1 con-
stant domain each. The variable regions bind specific antigens, while the constant
regions are responsible for effector functions. IgE has 6 N-linked glycosylation sites
compared to 1 for IgG. Crystal structure and solution scattering data have revealed a
bent structure of the IgE Fc region, which undergoes substantial conformational
changes upon binding to Fc epsilon receptor I (FcεRI) (Beavil et al. 1995; Wan
et al. 2002). There are 2 receptors for IgE: the high-affinity receptor, FcεRI, and the
low-affinity receptor, FcεRII, also known as CD23.

FcεRI expression is abundant on human mast cells (MC) and basophils and is
expressed at lower levels on dendritic cells (DC), Langerhans cells (LC), mono-
cytes/macrophages, eosinophils, and platelets (Kinet 1999). It is expressed as an
αβγ2 heterotetramer in MC and basophils and as an αγ2 heterotrimer in monocytes
and eosinophils (Ravetch and Kinet 1991). The extracellular α subunit is sufficient
for IgE binding (Hakimi et al. 1990), while the β and γ subunits are involved in cell
signaling (Gould et al. 2003). In the mouse, FcεRI is only expressed in MC and
basophils (Kinet 1999) and not in eosinophils (de Andres et al. 1997) and mac-
rophages. However, FcεRI is present on rat eosinophils, monocytes/macrophages,
and platelets (Capron and Dessaint 1985; Dombrowicz et al. 2000; Gould and
Sutton 2008).
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IgE also binds to FcεRII (CD23), a type II integral membrane protein with a
calcium-dependent lectin domain ‘head.’ CD23 exists in the membrane as an
equilibrium mixture of a monomer and a trimer that is held together by a coiled-coil
stalk (Gould et al. 2003). There are 2 isoforms of human CD23. The CD23a isoform
is expressed on antigen-activated B cells prior to differentiation into antibody-
secreting plasma cells (Gould et al. 2003). CD23a is involved in IgE antibody-
dependent antigen endocytosis, processing, and presentation. CD23b is expressed on
monocytes and eosinophils following interleukin-4 (IL-4) stimulation (Yokota et al.
1992). Murine and human CD23 show similar structures; however, their pattern of
expression is different. Human CD23 is expressed on monocytes/macrophages,
lymphocytes, eosinophils, follicular DC, LC, and platelets (Delespesse et al. 1991),
while murine CD23 is present on B cells and a subset of CD8 T cells (Mathur et al.
1988).

IgE antibodies play a central role in triggering the allergic immune response
(type I hypersensitivity) when exposed to allergens, such as pollen, which leads to
MC and/or basophil degranulation and acute inflammation at the site of allergen
challenge (Fig. 2a) (Gould and Sutton 2008; Gould et al. 2003). Allergen sensiti-
zation results in the production of allergen-specific IgE, which then coat the surface
of FcεRI-bearing cells. Re-exposure to the same allergen triggers MC and basophil
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Fig. 1 Schematic diagram comparing the structures of human IgE and IgG1. Antibodies are
composed of 2 pairs of identical heavy (H) and light (L) chain proteins linked by disulfide bonds
forming H2L2 heterotetramers. The Fab region consists of a constant and a variable domain from
each heavy and light chain. The variable region (Fv), composed of both the heavy and light chain
variable domains, is responsible for antigen binding and is located at the amino-terminus of
the antibody. The remaining constant regions include the Fc portion of the antibody and are
responsible for the effector functions. Black circles denote N-linked glycosylation sites. The hinge
region, which provides flexibility, joins the Cγ1 and Cγ2 domains in IgG1. Cε2 replaces the hinge
region in IgE. Reprinted from Fig. 7.2 of Daniels et al. (2010) with kind permission from Springer
Science and Business Media
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degranulation due to receptor cross-linking, resulting in recruitment of inflamma-
tory cells. The early phase reaction of the type I hypersensitivity response occurs
within minutes of exposure to an allergen, releasing preformed mediators including
histamine, heparin, lipid mediators, proteases, chemokines, and cytokines from
cytoplasmic granules (Galli and Tsai 2010; Karagiannis et al. 2012). Since
engagement of multiple FcεRIs is necessary for cross-linking (Kanner and Metzger
1983; Scholl et al. 2005a; Segal et al. 1977), degranulation can only be triggered by
multi-epitopic antigens. The late phase reaction occurs after early phase symptoms
have diminished and can last up to several weeks. Recruited inflammatory cells
include neutrophils, eosinophils, basophils, monocytes/macrophages, and T cells
(Ying et al. 1999). Together, these factors lead to tissue damage and an acute
inflammatory response. Additionally, IgE-dependent antigen presentation by anti-
gen-presenting cells (APC) such as DC, LC, and macrophages may lead to a
secondary immune response. Upregulation of FcεRI by IgE (Karagiannis et al.
2007; MacGlashan et al. 1999) and CD23 by Interleukin-4 (IL-4) (Karagiannis et al.
2007; Spiegelberg 1990) on effector cells may also enhance these pathways. IgE
has also been thought to play a role in parasitic infections (Capron et al. 1999;
Capron and Capron 1994; Dunne et al. 1992; Gould and Sutton 2008;
Obata-Ninomiya et al. 2013); however, this role has been questioned (Cooper et al.
2008; Watanabe et al. 2005).
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Fig. 2 Scheme of possible IgE-mediated interactions between effector cells and targeted tumor
cells. a IgE can trigger degranulation upon cross-linking of FcεRI on the surface of effector cells,
such as MC, in the presence of tumor cells expressing high density of the targeted antigen. This
degranulation is the type I hypersensitivity (allergic) reaction also triggered in the presence of
allergens, which in the case of targeted cancer antigens may result in cytotoxicity and cancer cell
death. b The Fc region of the IgE specific for a tumor antigen interacts with the FcεRI or FcεRII/
CD23 expressed on the surface of effector cells such as monocytes/macrophages and may trigger
cell killing through ADCC or ADCP. Antibodies bound to apoptotic cells or apoptotic bodies are
also expected to trigger phagocytosis. Adapted from Fig. 7.3 of Daniels et al. (2010) with kind
permission from Springer Science and Business Media
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1.5 IgE and Cancer

1.5.1 Clinical and Epidemiological Observations

There is evidence suggesting that IgE may play a role in antitumor immunity. An
immunohistochemistry study on the distribution of the immunoglobulin classes in
head and neck cancer revealed the IgE antibody to be the most abundant class in the
tumor tissues (Neuchrist et al. 1994). Significantly elevated levels of tumor-specific
serum IgE have been observed in patients with pancreatic cancer compared to
healthy controls (Fu et al. 2008). Importantly, these IgE antibodies induced ADCC
against pancreatic cancer cells (Fu et al. 2008). In multiple myeloma patients,
higher levels of polyclonal IgE in non-allergic individuals have been associated
with lower disease incidence and longer survival (Matta et al. 2007). Additionally,
the presence of IgE effector eosinophils in the blood or peritumoral infiltrates of
both hematological and solid malignancies has been linked to favorable prognosis,
particularly in solid tumors (Gatault et al. 2012; Munitz and Levi-Schaffer 2004).
The frequent state of eosinophil degranulation in close proximity to the tumor
(Caruso et al. 2011) suggests their cytotoxic potential in eliminating cancer cells.
Furthermore, epidemiological studies have found inverse correlations between the
incidence of allergies and the risk of certain malignancies such as glioma, non-
Hodgkin lymphoma (NHL), and childhood leukemia, especially acute lympho-
blastic leukemia (Josephs et al. 2013; Martínez-Maza et al. 2010; Turner et al.
2006). Taken together, the above studies suggest a potential natural role of IgE in
cancer immune surveillance, at least in certain malignancies.

1.5.2 Advantages of IgE Compared to IgG

Affinity for FcεRs

IgE antibodies have several properties that make them attractive as cancer thera-
peutics. One of these properties is the high affinity of IgE for its FcεRs. The binding
affinity of human IgE for FcεRI (Ka = 10

10M-1) is two orders ofmagnitude higher than
that of IgG for its high affinity receptor FcγRI (Ka = 108 M-1) (Daniels et al. 2010;
Gould et al. 2003; Janeway et al. 2005d). This high affinity reflects the slow disso-
ciation rate with a half-life of about 20 h for IgE on the receptor (McDonnell et al.
2001), with residence life onMC in tissues extended up tomonths (Achatz et al. 2010)
as a result of restricted diffusion and rebinding to cell receptors (Gould et al. 2003).
The affinity of human IgE for the CD23 monomer is around 106–107 M−1, while
the formation of the CD23 trimer leads to a 10-fold higher affinity for human IgE with
a Ka of about 10

8
–109 M−1, which is equivalent to the affinity of IgG1 for FcγRI

(Conrad 1990; Gould and Sutton 2008; Hibbert et al. 2005; Kilmon et al. 2001;
McCloskey et al. 2007; Ravetch and Kinet 1991).
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Human Effector Cells

The effector cells involved in the allergic reaction are unique and thus, are a
potential advantage of IgE-based cancer therapies. Several mechanisms may be
involved in the potential anticancer activity of tumor-targeted IgE (Fig. 2). IgE on
the surface of these effector cells would result in cells better suited to target cancer
cells. The use of tumor-specific IgE could arm effector cells to recognize tumor
antigens, enhancing local tumor cell killing and inducing a secondary anti-tumor
response, possibly inducing long-term antitumor immunity.

MC are tissue-based immune cells of hematopoietic origin located primarily in
association with blood vessels and at epithelial surfaces (Stone et al. 2010). MC
constitutively express FcεRI on their surface and are central effector cells in IgE-
mediated allergic reactions. IgE-mediated antigen activation of MC triggers the type
I hypersensitivity reaction releasing inflammatory mediators such as histamine,
heparin, proteases, chemokines, cytokines, and lipid mediators (Galli and Tsai
2010). MC can potentially mediate pro-inflammatory or immunosuppressive
functions (Galli et al. 2008). It has been observed that the microanatomical location
of MC within the tumor microenvironment is important and can lead to different
outcomes. A high density of MC is associated with unfavorable prognosis in
malignancies such as pancreatic and colorectal cancer, Hodgkin lymphoma (HL),
and aggressive skin cancer such as malignant melanoma (Dalton and Noelle 2012).
However, in other human cancers such as breast and non-small-cell lung cancer,
high MC density in tumors is associated with favorable prognosis (Dalton and
Noelle 2012). Peritumoral MC in prostate cancer contributes to angiogenesis and
tumor invasion into surrounding tissues and is significantly associated with unfa-
vorable prognosis and poor survival (Johansson et al. 2010). However, intratumoral
MC are associated with favorable prognosis in prostate cancer (Dalton and Noelle
2012). In fact, the cytotoxic effect of MC in breast cancer was demonstrated by
histological images of degranulating MC surrounding dying tumor cells (della
Rovere et al. 2007). The release of cytotoxic compounds from MC including tumor
necrosis factor-α (TNF-α) leads to inflammation, cytotoxic T lymphocyte (CTL)
responses, and tumor destruction (Wasiuk et al. 2010). Importantly, MC degranu-
lation may also cause inhibition of the function of regulatory T cells (Tregs), which
may enhance the immune response (de Vries et al. 2009). Therefore, administration
of tumor-specific IgE is expected to enhance the protective effect of MC in tumor
types that show protection, as well as to ‘re-educate’MC to target tumor antigens in
the other tumor types where MC are not protective, triggering an ‘explosive’
degranulation leading to tumor destruction.

Basophils develop from CD34+ progenitors in the bone marrow, where they
differentiate and mature before relocating to the circulation (Stone et al. 2010).
They constitute less then 1 % of granulocytes in healthy humans and are involved in
allergic/anaphylactic (type I hypersensitivity) reactions. Similar to MC, they
express FcεRI, secrete TH2 (T helper 2) cytokines, and release histamine, lipid
mediators, chemokines, and cytokines after activation (Stone et al. 2010). Taken
together, the above properties suggest that the use of tumor-specific IgE could
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potentially be manipulated to direct basophil degranulation at localized tumor sites
resulting in anti-tumor activity.

Eosinophils are granulocytes that originate in bone marrow and are named for
their granules colored by the acidic stain eosin (Janeway et al. 2005c). Most
eosinophils reside in mucosal tissues and only very small numbers of these cells are
normally present in the circulation, implying a likely role in the defense against
invading organisms. Blood and tissue eosinophilia are hallmarks of helminth
infection, allergy, asthma, eosinophilic gastrointestinal disorders, and other rare
disorders (Stone et al. 2010). Upon IgE activation, eosinophils can release cytotoxic
mediators such as eosinophil cationic protein (ECP), major basic protein (MBP),
eosinophil peroxidase (EPO), eosinophil-derived neurotoxin (EDN), and free rad-
icals. Activation also induces the synthesis of a variety of chemical mediators such
as prostaglandins, leukotrienes, cytokines, and chemokines, which amplify the
inflammatory response by activating epithelial cells and recruiting and activating
more eosinophils and other leukocytes (Janeway et al. 2005c). Eosinophils have
been observed to infiltrate malignant tissues, a phenomenon known as tumor-
associated tissue eosinophilia (TATE), which has been associated with significantly
better prognosis in esophageal squamous cell carcinoma as well as colorectal, oral,
and gastric cancer, (Cuschieri et al. 2002; Dorta et al. 2002; Fernandez-Acenero
et al. 2000; Ishibashi et al. 2006). However, it has been associated with poor
prognosis in HL (von Wasielewski et al. 2000). Recent reports suggest that
eosinophils are involved in tumoricidal activity. In fact, TNF-α, together with
granzyme A, was shown to direct tumoricidal activity of eosinophils against colon
carcinoma cells (Legrand et al. 2010). Clearance of melanoma metastases by CD4
TH2 cells was associated with a large influx of eosinophils into the tumor, as
detected by immunohistochemistry staining of degranulating eosinophils and its
cytotoxic protein MBP in lung metastatic sections (Mattes et al. 2003). Eosinophil
infiltration of tumors has been reported to be an early and persistent inflammatory
host response, as demonstrated in C57/BL6 J mice challenged subcutaneously (s.c.)
with B16-F10 mouse melanoma cells (Cormier et al. 2006). In addition, the use of
IL-5 transgenic mice, containing elevated levels of circulating eosinophils, dem-
onstrated significant reduction in tumor establishment and growth, which directly
correlated with the recruitment of eosinophils and other myeloid cells to the tumor
and surrounding connective tissue (Simson et al. 2007). The above observations
indicate that eosinophils may have a protective role in the context of tumor erad-
ication. Thus, human eosinophils, which express both FcεRs, should be able to
interact with tumor-targeted IgE to enhance these anti-tumor effects.

Monocytes develop from dividing monoblasts in the bone marrow and are
released into the bloodstream as nondividing cells (Lee et al. 2013). Differentiation
of monocytes in tissues gives rise to macrophages, phagocytes that are present
essentially in all tissues and function in both innate and adaptive immunity (Cook
and Hagemann 2013; Ovchinnikov 2008). Classical M1 macrophages are tumori-
cidal and highly microbicidal, and are often present after induction by interferon-γ
(IFN-γ) in the tissue during infection or acute inflammation (Cook and Hagemann
2013). In contrast, alternatively activated M2 macrophages support TH2-associated

IgE Immunotherapy Against Cancer 117



effector functions such as allergy in response to IL-4 or IL-13 and are involved with
tissue remodeling and immunoregulation (Martinez and Gordon 2014). Tumor-
associated macrophages (TAM) resemble M2 macrophages and have been impli-
cated in fostering tumor progression, metastasis, angiogenesis, immune suppression
of T-cell responses, and resistance to cancer treatment. The presence of TAM has
been associated with decreased survival in breast, endometrial, prostate, ovary,
gastric, head and neck, and oral carcinomas (Cook and Hagemann 2013; Zhang
et al. 2012). Interestingly, improved overall survival was detected with TAM
infiltration in colorectal cancer patients (Tan et al. 2005; Zhang et al. 2012).
Emerging therapeutic strategies include the repolarization of TAM as a way of
unlocking their anti-tumor potential. The effect of immunotherapy targeting CD40,
a co-stimulatory molecule found on most APC, was examined to induce recognition
and cytotoxicity of TAM by other cells of the immune system as an alternative to
direct targeting (Beatty et al. 2011). An agonist CD40 antibody combined with
gemcitabine chemotherapy activated macrophages that infiltrated the tumors and
became tumoricial and facilitated the depletion of tumor stroma in a syngeneic
pancreatic ductal adenocarcinoma mouse model. Macrophages in the tumors and
spleens of these animals showed upregulation of MHC class II molecules,
co-stimulatory factors including CD86, and cytokines such as IL-12, IFN-γ, and
TNF-α. Together, these factors promote the ‘M1’-like macrophage phenotype,
improving the anti-tumoral adaptive immune response. In a similar way, since
monocytes/macrophages express both FcεRs, tumor-specific IgE could be explored
to ‘re-educate’ TAM, leading to enhanced antigen presentation and targeting of
tumor cells through ADCC and ADCP.

DC are unique APC because they are capable of stimulating naïve CD8 T
lymphocytes via presentation of exogenous antigens in complex with MHC class I
molecules, a process referred to as antigen cross-presentation (Janeway et al. 2005b;
Spel et al. 2013). DC progenitors in the bone marrow give rise to circulating
premature DC, which enter tissues such as the skin or mucosa as immature DC with
high phagocytic capacity (Banchereau et al. 2000). After antigen capture, DC are
activated by inflammatory cytokines. They then migrate to local lymphoid tissue
and mature into highly specialized APC that can prime naïve T cells (Novak et al.
2010), expressing co-stimulatory molecules and inducing immune responses. DC,
also present antigen in complex with MHC class II peptides to CD4 T-helper cells
(Lemos et al. 2003), which secrete cytokines to recruit immune cells including
antigen-specific CD8 CTL, as well as macrophages, eosinophils and NK cells
(Banchereau et al. 2000), stimulating both primary and secondary T-cell responses
(Maurer et al. 1996). The activated T cells help DC in terminal maturation, allowing
lymphocyte expansion and differentiation. Importantly, effector cells are educated
by DC to home to the site of tissue injury (Banchereau et al. 2000). FcεRI is
expressed on DC (Kinet 1999), LC (Bieber et al. 1992; Osterhoff et al. 1994; Rieger
et al. 1992), which are considered to be specialized DC present in the skin, and
monocyte-derived DC (Novak et al. 2002). DC also express CD23 (Delespesse
et al. 1991). The antigen uptake and presentation efficiency of DC are increased
several fold in the presence of specific IgE (Daniels et al. 2010), leading to efficient
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activation of allergen-specific T cells. This suggests that tumor-targeted IgE can be
employed to induce IgE-mediated tumor antigen presentation by DC, stimulating
CD8 T cells, eventually resulting in lysis of tumor cells via CTL, and the estab-
lishment of long-term adaptive immune responses against the tumor.

Additional Advantages of IgE

Another property of IgE that could be advantageous for cancer therapy is its low
endogenous blood levels, which provide less competition for receptor occupancy.
IgE in circulation comprises only 0.02 % of total circulating immunoglobulin,
compared to IgG at 85 % (Manz et al. 2005). In fact, high levels of endogenous IgG
compete for host FcγR-expressing cells resulting in the loss of the therapuetic
IgG from effector cells, thus high doses are required to overcome this limitation
(Preithner et al. 2006). Importantly, IgE bound to effector cells has a long half-life
from weeks to months (Achatz et al. 2010) compared to 2–3 days for IgG in tissues
(Karagiannis et al. 2012), resulting in strong local retention of IgE by FcεRI-
expressing resident immune effector cells even in the absence of antigens. The
stable interaction of IgE and its receptors on effector cells enables efficient travel to
the site of tumor, suggesting that tumor-specific IgE could be used to arm the
immune system to target tumor cells. The local retention of IgE in tissues along
with lower endogenous IgE levels in the blood may be translated to lower thera-
peutic doses and/or reduced frequency of administration compared to IgG therapy.

In contrast to IgG1, IgE does not elicit CDC (Janeway et al. 2005d). However,
for many IgG-based immunotherapeutics, such as rituximab (Weng and Levy 2001)
and trastuzumab (Hudis 2007; Peipp et al. 2008), ADCC is a major mechanism of
action responsible for the antitumor activity of the antibody (Campoli et al. 2010;
Weiner et al. 2012). CDC can be a hindrance to therapy as it has been shown that
ADCC can be reduced by CDC interference (Wang et al. 2008, 2009). Thus, the
fact that IgE does not mediate CDC should not necessarily dampen its potential
effects as an anticancer agent. IgE can also mediate ADCC via activation of a
variety of effector cells such as MC through the release of signaling molecules,
enzymes, and cytokines as depicted in Fig. 2b. In addition, IgE mediates ADCP via
activation of effector cells such as monocytes/macrophages normally abundant in
tumors (Fig. 2b). Furthermore, there is no known inhibitory receptor for IgE; thus,
its effector functions can be fully executed. IgG, on the other hand, can be bound by
inhibitory FcγRIIb (CD32b), potentially decreasing ADCC/ADCP and antibody-
mediated antigen presentation for IgG molecules (Clynes et al. 2000; Nimmerjahn
and Ravetch 2007). These properties, together with all of the relevant characteristics
of IgE mentioned above, make IgE an attractive strategy to target a wide range of
malignancies.
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2 IgE-based Immunotherapy

Below are several examples of IgE-based cancer therapies. The different strategies
that have been evaluated in vivo are summarized in Table 1.

Table 1 Examples of IgE antibodies and mouse models used to evaluate their anti-tumor efficacy

IgE species IgE
specificity

Route of
administration

Targeted cancer cells
(route of cell inoculation)

Mouse
model

References

Mouse gp36 of
MMTV

i.p. H2712 mouse mammary
carcinoma (s.c. and i.p.)

C3H/HeJ Nagy et al.
(1991)

Rat/human
chimeric

Mouse
Ly-2

s.c. E3 mouse thymoma (s.c.) C57BL/6 Kershaw et al.
(1996)

Mouse DNP i.p. MC38 mouse colon carci-
noma cells expressing
human CEA (s.c.)a

C57BL/6 Reali et al.
(2001)

Mouse DNP s.c. TS/A-LACK mouse
mammary carcinoma cells
coated with DNP (s.c.)

BALB/c Nigro et al.
(2009)

Mouse and
mouse/human
chimeric

Colorectal
cancer
antigen

i.v. Human COLO 205 (s.c.) SCID Kershaw et al.
(1998)

Rat/human
chimeric

Mouse
Ly-2

i.p. E3 mouse thymoma (i.p.) NOD–
SCID

Teng et al.
(2006)

Mouse/human
chimeric

FBP i.v. IGROV-1 human ovarian
carcinoma cells (s.c.)

C.B-17
scid/scid

Gould et al.
(1999)

i.p. HUA patient-derived
ovarian carcinoma (i.p.)

nu/nu Karagiannis
et al. (2003)

Mouse/human
chimeric

NIP s.c. TS/A-LACK mouse
mammary carcinoma cells
coated with NIP (s.c.)

Human
FcεRIα Tg
BALB/c

Nigro et al.
(2009)

Human HER2/neu i.p. D2F2/E2 mouse
mammary carcinoma cells
expressing human HER2/
neu (i.p.)

Human
FcεRIα Tg
BALB/c

Daniels et al.
(2012a)

Human
(truncated)

N/A s.c. TS/A-LACK mouse
mammary carcinoma cells
coated with truncated IgE
(s.c.)

Human
FcεRIα Tg
BALB/c

Nigro et al.
(2012)

Mouse/human
chimeric

MUC1 s.c. 4T1 tumor cells express-
ing human MUC1 (s.c.)

Human
FcεRIα Tg
BALB/c

Teo et al.
(2012)

Mouse/human
chimeric

PSA s.c. CT26 tumor cells
expressing human PSA (s.
c.)

Human
FcεRIα Tg
BALB/c

Daniels-Wells
et al. (2013)

a Tumor targeting occurred via a biotinylated anti-CEA IgG followed by streptavidin and then a biotinylated
IgE.
s.c. subcutaneous, i.p. intraperitoneal, i.v. intravenous, MMTV mouse mammary tumor virus, DNP
dinitrophenol, FBP folate binding protein, NIP nitrophenylacetyl, HER2/neu human EGFR2/neuroblastoma,
MUC1 mucin-1, cell surface associated, N/A not applicable, PSA prostate-specific antigen, Tg transgenic.
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2.1 Passive Immunotherapy

2.1.1 Mouse IgE Specific for Glycoprotein 36 of the Mouse Mammary
Tumor Virus

The use of IgE as an anticancer drug was pioneered by Nagy E. et al. in the 1990s
(Nagy et al. 1991). Using the hybridoma technology, this group developed a mouse
monoclonal IgE specific for the major envelope glycoprotein (gp36) of the mouse
mammary tumor virus (MMTV) (Nagy et al. 1991). This anti-gp36 IgE demon-
strated anti-tumor activity in C3H/HeJ mice challenged s.c. with a syngeneic
MMTV-secreting mouse mammary adenocarcinoma (H2712). The mice were ini-
tially treated with 12.5 μg of IgE followed by the subsequent treatment of 25 μg of
IgE via intraperitoneal (i.p.) injection every 4 days for 8 weeks. A 50 % protection
rate was observed with IgE treatment compared to control animals. Similar pro-
tection was observed with mice injected i.p. with H2712 tumor cells treated with
25 μg of IgE every 4 days for 6 weeks. Long-term survival of IgE-treated mice was
observed up to 175 days. This IgE did not protect mice challenged with MMTV-
negative tumor cells (MA16/C). These results demonstrated, for the first time, the
ability of a tumor-targeted IgE antibody to improve survival of tumor-bearing mice.

2.1.2 Rat/Human Chimeric IgE Specific for Murine Ly-2

The second tumor-specific IgE antibody developed was a rat/human chimeric IgE
specific for mouse Ly-2, a subunit of the T-cell CD8 molecule that is also expressed
on mouse T-cell tumors (Kershaw et al. 1996). Since human IgE does not interact
with mouse FcεRI (Kinet 1999), a strategy utilizing a chimeric FcεRI was used to
direct mouse CTL to recognize the tumor in a MHC-independent manner. This
chimeric receptor was comprised of the human FcεRIα extracellular domain fused
to the membrane proximal and transmembrane domains of human FcγRIIa and the
cytoplasmic domain of human CD3ζ (Kershaw et al. 1996). In vitro, only mouse E3
thymoma cells (expressing Ly-2) pre-coated with the anti-(Ly-2) IgE were sensitive
to lysis by mouse CTL (CTLL-R8) effector cells expressing the chimeric receptor
(3H2). In an in vivo assay, 3H2 effector cells and E3 target cells at a 10:1 ratio in
the presence or absence of the anti-(Ly-2) IgE were incubated together prior to s.c.
injection into C57BL/6 mice. Although effector cells (3H2) alone significantly
prolonged survival of mice, the antitumor effect was more prominent with addition
of the anti-(Ly-2) IgE, where only 1 out of 5 mice developed tumors compared to
4 out of 5 mice with 3H2 cells alone. These results suggest that an anti-tumor IgE
can be used to redirect engineered CTL to lyse tumor cells in an adoptive transfer
therapy setting.

A similar strategy was used in immunodeficient non-obese diabetic–severe
combined immunodeficiency (NOD–SCID) mice utilizing primary human T cells
expressing a chimeric FcεRI (T-CL9) comprised of the extracellular domain of
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human FcεRIα, the human FcγRII hinge and transmembrane regions, the cyto-
plasmic signaling domain of human CD28, and the T-cell receptor ζ chain (Teng
et al. 2006). T-CL9 treated with the anti-(Ly-2) IgE induced lysis of mouse E3
thymoma cells expressing Ly-2 in vitro. Production of immune stimulatory cyto-
kines (IFN-γ and GM-CSF) was observed when the anti-(Ly-2) IgE was incubated
with T-CL9 and E3 target cells. Importantly, increased survival from 18 to 27 days
was observed in mice challenged i.p. with E3 tumors treated with T-CL9 cells (i.p.)
loaded with the anti-(Ly-2) IgE at 6, 24, 48, and 96 h following tumor challenge
compared with control mice. Similar enhanced survival was observed in mice with
established tumors. However, complete tumor rejection and long-term survival
were not observed, probably due to the fact that T-CL9 cells did not persist in the
animal (Teng et al. 2006).

2.1.3 Mouse and Mouse/Human Chimeric IgE Specific for a Human
Colorectal Cancer Antigen

A mouse IgE (mIgE 30.6) specific for a human colorectal cancer antigen was
developed in parallel with a mouse/human chimeric IgE (chIgE 30.6) with the same
variable regions (Kershaw et al. 1998). The variable regions of both antibodies were
derived from the murine IgG2b antibody 30.6. Neither antibody showed direct
in vitro cytotoxicity against human colorectal carcinoma COLO 205 cells. The
growth of COLO 205 cells (s.c.) in SCID mice was significantly inhibited by 1 μg
mIgE 30.6 injected intravenously (i.v.) 5 days after tumor challenge, although the
effect was transient and lasted only for 48 h. This anti-tumor effect was not
enhanced with 3 consecutive treatments of 1 μg mIgE 30.6 every 2 days starting
5 days post-tumor challenge. Administration of chIgE 30.6 did not result in anti-
tumor activity, which is expected since human IgE does not bind murine FcεRs
(Bettler et al. 1989; Kinet 1999). A previous study with a mouse/human chimeric
IgG1 30.6 showed anticancer protection with 250 μg of antibody administered at
days 5, 7, and 9 after tumor challenge (Mount et al. 1994). The strong anticancer
activity exhibited by the murine IgE may be due to its higher affinity for its FcεR
compared to the affinity of IgG to its FcγR. It is notable that chIgG1 30.6 and chIgE
30.6 were not tested simultaneously. It was suggested that the release of cytokines,
such as TNF-α or IL-4, from MC may be involved in the anti-tumor effect of mIgE
30.6 (Kershaw et al. 1998).

2.1.4 Mouse/Human Chimeric IgE Specific for Human FBP

Folate binding protein (FBP), also known as folate receptor α, is overexpressed on
about 80 % of serous non-mucinous ovarian adenocarcinomas (Veggian et al.
1989). A mouse/human chimeric IgE specific for FBP (MOv18-IgE) was developed
and has been extensively studied (Gould et al. 1999). The anti-tumor efficacy of this
IgE was compared to a mouse/human chimeric IgG1 containing the same variable
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regions in 2 different human xenograft transgenic models of FBP-expressing human
ovarian carcinoma grown in immunodeficient mice. Mice were challenged s.c. with
human ovarian carcinoma IGROV1 cells followed by i.v inoculation of human
peripheral blood mononuclear cells (PBMC) as a source of effector cells capable of
binding human IgE, in the presence of MOv18-IgE or MOv18-IgG1 (100 μg).
MOv18-IgE demonstrated a superior and prolonged anti-tumor effect up to 35 days
compared to MOv18-IgG1-treated mice, which developed tumors after 19 days
(Fig. 3). Of note, treatment with half the dose of IgE (50 μg) showed 40 % inhibition
of tumor growth at day 35. Since the human Fc region of the chimeric IgE does not
bind mouse FcεRs (Bettler et al. 1989; Kinet 1999), MOv18-IgE did not induce an
anti-tumor response in the absence of human PBMC. This IgE-mediated tumor
response is expected to be amplified in humans with a permanent supply of the entire
effector cell repertoire, including MC, basophils, monocytes/macrophages, eosino-
phils, as well as an intact immune system. A similar model employed nude mice
challenged i.p. with human HUA ovarian cancer cells expressing FBP inoculated
i.p. with human PBMC alone or in combination with the MOv18-IgE or Mov18-
IgG1 (Karagiannis et al. 2003). MOv18-IgE significantly increased survival up to
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Fig. 3 MOv18-IgE inhibits IGROV1 human ovarian cancer cell growth in vivo in the presence of
human PBMC effector cells. A matched variable region set of mouse/human chimeric IgE and
IgG1 antibodies specific for FBP was tested for their ability to inhibit tumor growth in a SCID
transgenic mouse model of ovarian cancer. SCID mice were pre-treated with rabbit anti-asialo GM1

antibody i.p. to eliminate host NK cells. One day later, all mice were challenged s.c. with 2.5 × 106

IGROV1 carcinoma cells, followed by i.v. administration of 3 × 106 human PBMC combined with
either 100 μg MOv18-IgG1, 100 μg MOv18-IgE, or 50 μg MOv18-IgE. Mean tumor
size ± standard error of the mean measured on days 19, 29, and 35 after challenge (n = 4 for
all groups) is shown. Mice given PBMC and 50 μg MOv18-IgE exhibited reduced growth by both
day 29 (51 % inhibition; p < 0.03) and day 35 (40 % inhibition; p < 0.04). Mice injected with
100 μg MOv18-IgE exhibited an even greater degree of inhibition, relative to the positive tumor
control, on day 29 (72 % inhibition; p < 0.001) and day 35 (62 % inhibition; p < 0.005). Adapted
from Fig. 4 of Gould et al. (1999) with kind permission from John Wiley and Sons
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40 days compared to 22 days with MOv18-IgG1. Immunohistochemistry analysis of
HUA xenograftsrevealed infiltration of human monocytes into tumor lesions, rein-
forcing their role in the anti-tumor efficacy of tumor-specific IgE, which was con-
firmed using monocyte-depleted PBMC in this tumor model (Karagiannis et al.
2007). Subsequent flow cytometric analysis revealed the distinct pathways by which
human monocytes and eosinophils mediated MOv18-IgE-dependent tumor killing
in vitro (Karagiannis et al. 2007), where IGROV1 cells were primarily lysed by
antibody-dependent cell-mediated cytotoxicity (ADCC) via binding to FcεRI, and
phagocytosed by ADCP via binding to CD23, as depicted in Fig. 2.

The safety of the MOv18-IgE has been evaluated in ex vivo studies using blood
from patients with ovarian cancer. The potential FcεRI cross-linking capacity of
soluble Folate binding protein (FBP), which is found in monomeric form in the
circulation (Karagiannis et al. 2012), was recently assessed (Rudman et al. 2011).
Even though high levels of Folate binding protein (FBP) can be found in the blood
of cancer patients, concentrations up to 10-fold higher than those observed in the
blood of patients did not induce degranulation of RBL SX-38 (rat basophil leu-
kemic cells expressing human FcεRI) in the presence of the MOv18-IgE. The
ability of cancer cells to induce degranultion was also explored. IGROV-1 human
ovarian cancer cells expressing Folate binding protein (FBP) were incubated with
the MOv18-IgE and RBL SX-38 effector cells. Degranulation was induced at high
tumor:effector cell ratios, as is expected at tumor sites. Importantly, degranulation
was not observed at lower ratios that coincide with numbers of cancer cells that may
occur in the peripheral blood of ovarian cancer patients. Incubation with tumor cells
not expressing Folate binding protein (FBP) did not induce degranulation, con-
firming the need of a tumor-targeted IgE. basophils, either isolated or within the
whole blood from patients, were also not activated by MOv18-IgE in the presence
of soluble Folate binding protein (FBP), as evaluated via CD63 upregulation. Even
though antibody-induced tumor cell death could release fragments of tumor cells
from lesions that might activate basophils in the periphery, previous studies suggest
that in addition to cytotoxicity, MOv18-IgE triggers substantial infiltration and
phagocytosis by monocytes/macrophages (Karagiannis et al. 2007, 2008), which
may limit their escape into the circulation. In addition, although IgG autoantibodies
against FBP were detected in low concentrations in a small subset of patients, a
hypersensitivity reaction was not induced in vitro (Rudman et al. 2011). These
studies show that the extent of Folate binding protein (FBP) overexpression on
tumor cells and the density of tumor cells seem to determine IgE/FcεR cross-linking
capacity, with the expectation of activating FcεRI-mediated effector cells within the
tumor mass but not in the circulation.

2.1.5 Engineered IgE Specific for Human HER2/neu

The anti-tumor efficacy of IgE antibodies specific for HER2/neu (human EGFR2/
neuroblastoma, ErbB2), which is overexpressed by approximately 20–30 % of all
breast and ovarian cancers and is associatedwith poor prognosis (Berchuck et al. 1990;
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Meden et al. 1994; Slamon et al. 1987, 1989), has also been evaluated. HER2/neu is a
member of the EGFR family and has tyrosine kinase activity that mediates cell sur-
vival and proliferation (Martinelli et al. 2009). Trastuzumab (Herceptin®), a
humanized IgG1, has shown efficacy as a treatment for metastatic breast cancer.
However, the majority of patients treated with trastuzumab alone or combined with
chemotherapeutic agents eventually relapse (Ahn and Vogel 2011). In addition, a
significant number of breast cancer patients with HER2/neu expression do not
respond to trastuzumab-based therapies (Ahn and Vogel 2011; Fernandez et al. 2010;
Nahta et al. 2009), confirming the need for additional strategies in targetingHER2/neu
overexpressing tumors. Thus, the variable regions of trastuzumab were fused to the
constant region of human IgE to produce a humanized trastuzumab IgE (Karagiannis
et al. 2009). Similar direct cytotoxic effects up to 48 h were observed with both
antibodies in cell viability assays using SK-BR-3 human breast cancer cells. Trast-
uzumab IgE mediated antibody-dependent cell-mediated cytotoxicity (ADCC) in the
presence of U-937 human monocytic cells, while trastuzumab IgG1 exhibited a dif-
ferent mechanism, , as detected by flow cytometry and validated by confocal
microscopy.Degranulationwas induced by trastuzumab IgE in the presence ofmurine
colon carcinoma cells expressing human HER2/neu (CT26-HER2/neu) incubated
with rat basophilic leukemia cells that express human FcεRI (RBL SX-38).

We have developed a fully human anti-HER2/neu IgE using the variable regions
of the single-chain Fv C6MH3-B1 (Daniels et al. 2012a). C6MH3-B1 was isolated
from a naïve human phage display library, affinity matured in vitro, and does not
compete with trastuzumab for HER2/neu binding (Schier et al. 1995, 1996; Tang
et al. 2007). This IgE induced in vitro degranulation of RBL SX-38 cells expressing
human FcεRI in the presence of murine mammary carcinoma cells expressing
human HER2/neu (D2F2/E2) but not in the presence of the parental D2F2 cells that
lack HER2/neu expression or shed (soluble) extracellular domain of HER2/neu
(ECDHER2) (Daniels et al. 2012a). These results suggest that the acute inflammatory
response (type I hypersensitivity) is expected to occur within the tumor microen-
vironment, where the HER2/neu antigen is overexpressed at high levels on the
surface of cancer cells (Pegram and Ngo 2006), facilitating FcεRI cross-linking and
triggering effector cell degranulation. However, due to the mono-epitopic nature of
the interaction between the C6MH3-B1 IgE and ECDHER2, such a reaction is not
expected to occur in the presence of this soluble antigen. This is supported by our
data in vivo (Daniels et al. 2012a), which show that ECDHER2 did not induce a
reaction in the presence of the IgE. Administration of the C6MH3-B1 IgE intra-
dermally (i.d.) into mice, followed by i.v. injection of an anti-human κ antibody to
artificially cross-link the IgE-loaded FcεRI, mediated a local, passive cutaneous
anaphylaxis reaction, as observed via leakage of Evans blue dye into the skin
(Daniels et al. 2012a). This anaphylactic response was not observed with systemic
administration of ECDHER2, confirming that soluble ECDHER2 in the presence of the
C6MH3-B1 IgE cannot induce cross-linking of the FcεRI. In addition, priming of
human DC with complexes of ECDHER2 and the C6MH3-B1 IgE resulted in CD4
and CD8 T-cell activation in vitro (Daniels et al. 2012a), consistent with the pos-
sibility of a tumor-specific IgE enhancing DC antigen presentation via MHC class I
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and II pathways. Lower levels of T-cell activation were observed with complexes of
ECDHER2 and trastuzumab in the same assay. This suggests that the C6MH3-B1
IgE can bind soluble ECDHER2 and redirect it to APC enhancing antigen presen-
tation. Complexes of the C6MH3-B1 IgE-ECDHER2 alone or the use of DC loaded
with these complexes could potentially be used as a tumor vaccine.

The C6MH3-B1 IgE was well-tolerated and significantly prolonged survival of
BALB/c human FcεRIα transgenic mice bearing a mammary tumor expressing
human HER2/neu (D2F2/E2), when injected i.p. in a model of peritoneal carcino-
matosis (Fig. 4). The human FcεRIα transgenic mouse (also available in C57BL/6
background) has human FcεRIα knocked in and murine FcεRIα knocked out
(Dombrowicz et al. 1996, 1998; Fung-Leung et al. 1996) and is an important model
given that human IgE does not interact with mouse FcεRI (Kinet 1999). In this
mouse model, the human FcεRIα has been shown to assemble with endogenous
mouse FcεRβ and FcεRIγ to form functional receptors that mediated anaphylactic
reactions when stimulated by human IgE (Dombrowicz et al. 1998). In addition to
MC and basophils, in this mouse model, human FcεRIα is also expressed on murine
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Fig. 4 C6MH3-B1 IgE prolongs survival of human FcεRIα transgenic mice bearing syngeneic
mammary tumors expressing human HER2/neu. Survival plot of female BALB/c human FcεRIα
transgenic mice challenged i.p. with a lethal dose of D2F2/E2 (2 × 105 cells) mammary cancer cells
on day 0. Animals were treated i.p. with 100 μg C6MH3-B1 IgE or buffer alone on days 2 and 4.
Data shown are the combined results from 3 independent experiments. The experimental group
(n = 18) compared to buffer control (n = 17) shows a significant improvement in survival (p < 0.001,
log-rank test). The remaining 5 long-term survivors were considered cured. Adapted from Fig. 6 of
Daniels et al. (2012a) with kind permission from Springer Science and Business Media
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monocytes/macrophages, DC, LC, and eosinophils (Dombrowicz et al. 1998; Fung-
Leung et al. 1996; Kinet 1999), similar to the pattern of expression observed in
humans. The C6MH3-B1 IgE was also well-tolerated in an initial study in non-
human primates (Daniels et al. 2012a). Human IgE has been shown to mediate
anaphylaxis in cynomolgus monkeys (Macaca fascicularis) (Weichman et al. 1982),
which has been used for target validation and assessment of therapeutic candidates
designed to interfere with IgE biology, due to the highly conserved nature of FcεRIα
between cynomolgus monkey and humans, with a sequence similarity of 93.8 %
(Saul et al. 2014). The monkeys have also been used for safety studies on other
HER2/neu-targeted antibody therapies, including trastuzumab (Junutula et al. 2010),
due to the high sequence homology between human and cynomolgus ECDHER2

(Adams et al. 2006). In the initial study on the safety of the C6MH3-B1 IgE, animals
received i.v. infusion of either a 0.0024 or 0.08 mg/kg dose (10 ml over 20 min)
(Daniels et al. 2012a). These doses were chosen based on previous studies in humans
using different immune stimulating therapeutic antibodies and their derivatives
(Braly et al. 2009; King et al. 2004). No changes in eating habits or general health
were observed for one week after dosing. This preliminary study demonstrated, for
the first time, that systemic infusion of an IgE targeting a tumor antigen is and well-
tolerated in non-human primates, suggesting a manageable safety profile allowing
the anti-HER2/neu IgE to mobilize multiple anticancer immune mechanisms.

2.1.6 Mouse/Human Chimeric IgE Specific for Human CD20

CD20 is a transmembrane protein expressed on B cells during early pre-(B-cell)
development until its downregulation when cells differentiate into antibody-
secreting plasma cells (Reff et al. 1994). CD20 is expressed at reasonably high
levels, is not internalized after antibody binding (Liu et al. 1987), and is not shed or
secreted into the circulation, allowing efficient targeting of malignant B cells
(Grillo-Lopez 2000). Even though the mouse/human chimeric anti-CD20 IgG1
rituximab (Rituxan®) is currently used in clinic for the treatment of NHL, resistance
to this antibody is a common occurrence (Rezvani and Maloney 2011; Smith 2003),
indicating the need for additional treatment strategies.

A mouse/human chimeric anti-human CD20 IgE has been developed (Teo et al.
2012). This IgE incubated with cord blood-derived MC and OCI-Ly8 human B
lymphoma target cells showed an increase in tumor cytotoxicity 24 h after treatment
compared to a non-targeted IgE (Fig. 5). Interestingly, this IgE-mediated cytotoxicity
was decreased by the addition of an anti-TNF-α antibody, confirming its involvement
inMC-mediated cell death. Similarly, antibody-dependent cell-mediated cytotoxicity
(ADCC) was observed with eosinophils differentiated from cord blood mononuclear
cells and the IgE (Fig. 5). The addition of heparin blocked tumor cell death, probably
by neutralizing cationic proteins released by eosinophils. This study shows that MC
and eosinophils differentiated in vitro can be used as effector cells in IgE-mediated
antibody-dependent cell-mediated cytotoxicity (ADCC) assays.
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2.1.7 Mouse/Human Chimeric IgE Specific for Human MUC1

MUC1 (Mucin 1, cell surface associated) is expressed at the apical surface of
healthy epithelial cells and is characterized by a high glycosylation level (Roulois
et al. 2013). It is overexpressed on tumors arising from glandular epithelium, such
as the breast, ovary, pancreas, and colon cancers (Gourevitch et al. 1995; Kotera
et al. 1994), with a loss of polarity and modification of its glycosylation pattern
(Roulois et al. 2013). A mouse/human chimeric IgE specific for the human MUC1
antigen has been developed (Teo et al. 2012). The efficacy of the anti-MUC1 IgE
was tested in vivo using a murine breast carcinoma cell line expressing the

CBMCs

CBEos

Fig. 5 An anti-CD20 IgE induces ADCC in vitro in the presence of MC and eosinophils. OCI-
Ly8 human B cell lymphoma cells labeled with CFSE were incubated with unstained CBMCs
(cord blood-derived MC) and 2.5 μg/ml anti-CD20-IgE, or cord blood-derived eosinophils
(CBEos) and 5 μg/ml anti-CD20-IgE at different effector:target ratios. The cell mixture was stained
with propidium iodide (PI) before flow cytometry analysis. The percentage of PI+ cells in the
CFSEhi fraction representing total tumor cytotoxicity is shown. Results shown are mean ± standard
deviation (SD) of one representative experiment. Student’s t-test *, p < 0.05; ***, p < 0.005.
Adapted from Fig. 3 of Teo et al. (2012) with kind permission from Springer Science and Business
Media
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transmembrane form of human MUC1 (4T1.hMUC1). A 24 % reduction in tumor
size was observed in human FcεRIα transgenic mice challenged s.c. with 4T1.
hMUC1 cells (105) and treated with 20 μg anti-MUC1 IgE on days 1 through 5.
While 3 of 8 mice in the control group survived up to 34 days, 5 of 8 mice in the
anti-MUC1 IgE-treated group were still alive at this time. Mice treated with the
anti-MUC1 IgE showed an increased presence of MC in necrotic peritumoral
regions exhibiting signs of degranulation, compared to mice treated with a control
antibody. The lack of a stronger response was attributed to the fact that 4T1 tumors
are highly avascular and grow in a densely packed mass, which may impede drug
delivery or effector cell recruitment. An alternative approach was implemented to
further evaluate the anti-tumor activity of the anti-MUC1 IgE. 4T1 cells were
engineered to express mouse IgE specific for human MUC1 to ensure continual
exposure of the tumor to the antibody. In addition, 4T1.hMUC1 cells were engi-
neered to express IL-5, which has been shown to be involved in recruiting eosin-
ophils into the peritumoral stroma (Sanderson 1988) or monocyte chemoattractant
protein-1 (MCP-1) to recruit monocytes and MC (Soucek et al. 2007), thus
increasing the frequency of key effector cells at the tumor site. The 3 engineered
tumor cell lines were inoculated s.c. into human FcεRIα transgenic mice. Rejection
of tumors was observed up to 40 days in 7 of 8 mice, suggesting a durable response.
Tumor elimination was not observed in the absence of cells expressing the anti-
MUC1 IgE. Interestingly, rejection of tumors up to 30 days was also observed with
parental 4T1 cells inoculated s.c. into the opposite flank of the 7 mice that rejected
the initial tumor challenge, suggesting these animals developed memory responses
and that these responses targeted other tumor antigens, indicating that epitope
spreading had occurred. These results also suggest that a combination of antigen-
specific IgE and chemokine-transfected tumor cells may possibly be used as a
tumor vaccine.

2.1.8 Human IgE Specific for Human EGFR

EGFR is overexpressed in a variety of tumors including breast, ovary, prostate,
colon, gastric, liver, pancreas, lung, brain, and bladder cancer (Salomon et al.
1995). Two IgE antibodies with human contant regions containing the variable
regions of cetuximab, a mouse/human chimeric IgG1 (Erbitux®), and matuzumab
(EMD 72000), a humanized IgG1, were developed (Spillner et al. 2012), targeting
spatially distinct structures on EGFR (Schmiedel et al. 2008). Proliferation and
cytotoxicity assays demonstrated inhibition of EGFR signaling and direct tumor
cytotoxicity of both IgE antibodies (Spillner et al. 2012). Interestingly, using
purified human monocytes as effector cells, the cetuximab IgE increased ADCC up
to 70 % compared to 30 % by its IgG counterpart using A431 human epidermoid
carcinoma target cells, while ADCP levels were similar. This study also demon-
strated that surface clustering of the EGFR, and not soluble EGFR, triggers IgE-
mediated degranulation.
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2.1.9 Mouse/Human Chimeric IgE Specific for Human PSA

The high rate of relapse and absence of a cure for metastatic prostate cancer,
combined with the presence of organ-specific tumor antigens and the initial slow-
growing nature of the disease, make prostate cancer an attractive target for immu-
notherapy. The prostate-specific antigen (PSA) is a secreted molecule that has been
routinely used for blood screening of prostate cancer and assists in assessing
responses to therapy and determining tumor progression (Obort et al. 2013). The
anti-PSA murine monoclonal IgG1 AR47.47 complexed with PSA showed
enhanced antigen presentation by human DC and induced both CD4 and CD8 T-cell
activation (Berlyn et al. 2001). To examine if an IgE also possesses this activity, our
group constructed a novel mouse/human chimeric anti-PSA IgE composed of the
variable regions of AR47.47 (Daniels-Wells et al. 2013). An artificial multi-epitopic
molecule termed human serum albumin (HSA)-PSA, which consists of multiple
PSA peptides containing the AR47.47 binding epitope conjugated to HSA, induced
degranulation of rat basophil cells expressing human FcεRI (RBL SX-38),
confirming the functionality of this IgE. In contrast, incubation of the anti-PSA IgE
with free (soluble) PSA or the naturally occurring mono-epitopic PSA-ACT
(α1-antichymotrypsin) complex with RBL SX-38 did not induce degranulation, even
in amounts exceeding those detected in the blood of cancer patients (Fig. 6a).
Degranulation mediated by the anti-PSA IgE was also examined in vivo using
BALB/c human FcεRIα transgenic mice (Daniels-Wells et al. 2013). Administration
of the anti-PSA IgE (i.d.) into mice, followed by i.v. injection of an anti-human κ
antibody to artificially cross-link IgE-loaded FcεRI, mediated a local, passive
cutaneous anaphylaxis reaction, as observed via leakage of Evans blue dye into the
skin (Fig. 6b). However, this anaphylactic response was not observed with systemic
administration of PSA at concentrations exceeding those found in the blood of
cancer patients in the same model, confirming that free PSA in the presence of the
IgE does not induce cross-linking of the FcεRI. The observation of degranulation
when artificially cross-linked suggests the ability of the IgE to induce degranulation
in the tumor microenvironment, where cross-linking of the FcεRI may occur due to a
high PSA density in the tumors. In addition, priming of human DC with complexes
of PSA and the anti-PSA IgE resulted in CD4 and CD8 T-cell activation in vitro.
This suggests the possibility of the anti-PSA IgE to complex with PSA in the blood
of patients leading to the induction of a secondary immune response involving CTL
activity. Additionally, anti-PSA antibodies have been previously used for thera-
peutic purposes (Katzenwadel et al. 2000) and for the delivery of chemotherapeutic
drugs (Sinha et al. 1996, 1999), inhibiting the growth of PSA-producing tumors.
Furthermore, a radiolabeled anti-PSA has been successfully used to image PSA-
producing tumor cells (Evans-Axelsson et al. 2012). These studies on PSA-targeted
antibodies suggest that the anti-PSA IgE may also be able to target the tumor directly
due to the high PSA density within the tumor microenvironment.

An initial prophylactic vaccination study was conducted using PSA complexed
with the anti-PSA IgE in human FcεRIα transgenic male BALB/c mice (Daniels-
Wells et al. 2013). The vaccination was well-tolerated and significantly prolonged
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the survival (p ≤ 0.01 compared to the other groups, log-rank test) of mice chal-
lenged with syngeneic human PSA expressing murine colon carcinoma tumors
(CT26-PSA) (Fig. 7). No protection was observed with an anti-PSA IgG1 com-
plexed with PSA or with PSA alone. Importantly, this protective IgE-mediated
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Fig. 6 In vitro and in vivo degranulation induced by the anti-PSA IgE. a Rat basophil leukemic
cells expressing human FcεRI (RBL SX-38) were sensitized with 1 μg of IgE or buffer alone for
2 h, followed by a 2-h incubation with PSA, PSA-ACT, or HSA-PSA (an artificial PSA multi-
epitope conjugate). HSA-PSA is a positive control of a multi-epitopic antigen. Antigen
concentration was adjusted to the equivalent molar amount of PSA-ACT (1 or 0.1 μg/ml). The
release of β-hexosaminidase from cells was monitored through the addition of 2.5 μM
p-nitrophenyl-N-acetyl-β-D-glucosamine in 50 mM citrate buffer (pH 4.5). Mean ± SD of
triplicate samples are shown. Data are representative of 2 independent experiments (p < 0.01,
Student’s t-test compared to either component alone). b In vivo local, passive anaphylaxis in
human FcεRIα transgenic mice. Mice were injected i.d. on the back with buffer (PBS) alone, 1 μg
of PSA IgE, or a non-PSA-specific IgE (NS IgE). Four hours later, mice were injected i.v. with
either 50 μg of free PSA or 50 μg of the HSA-PSA peptide conjugate in 1 % Evans blue in PBS.
Animals were euthanized 10 min later. Local hypersensitivity (anaphylactic) responses induced by
degranulation of FcεRI-expressing cells in the skin were visualized by leakage of the dye into the
skin due to vasodilation of local blood vessels. A reaction was detected with anti-PSA IgE and
HSA-PSA (artificial multi-epitope) but not with anti-PSA IgE and PSA. Representative images of
3 independent experiments are shown. Adapted from Figs. 2 and 3 of Daniels-Wells et al. (2013)
with kind permission from BioMed Central

IgE Immunotherapy Against Cancer 131



response was associated with significant increased levels of mouse anti-PSA IgG2a,
an isotype connected to the T helper 1 (TH1) immune response in mice (Finkelman
et al. 1990). Even though the in vivo effects observed with the anti-PSA IgE under
these initial conditions were modest (although statistically significant) (Daniels-
Wells et al. 2013), the observed anticancer effect could have major clinical sig-
nificance since the BALB/c strain used in these studies is biased toward a TH2
response (Chu et al. 1997). In addition, these results also suggest the potential use
of the anti-PSA IgE complexed to PSA or the use of DC loaded with these com-
plexes as a vaccination approach.

25

50

75

100

10 15 20 25 30

Days After CT26-PSA Challenge

P
er

ce
n

t 
S

u
rv

iv
al

5

Buffer

PSA

PSA + Anti-PSA IgG1

PSA + Anti-PSA IgE

Fig. 7 Vaccination study with the anti-PSA IgE in human FcεRIα transgenic mice. Survival plot
of human FcεRIα transgenic mice (male) vaccinated s.c. with PSA alone (4 μg) or complexed in a
1:1 molar ratio to either the anti-PSA IgE or IgG1 in the left flank (day 0). Mice were given a
booster on day 15 in the same left flank. On day 40, mice were challenged with 106 mouse colon
carcinoma CT26 cells expressing human PSA (CT26-PSA) s.c. in the right flank. Animals were
euthanized when tumors reached 1.5 cm in diameter. Animals administered with buffer alone were
used as negative controls. Combined data from 2 independent experiments with a total of 8 mice
per group are shown. Reprinted from Fig. 5 of Daniels-Wells et al. (2013) with kind permission
from BioMed Central
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2.2 Active Immunotherapy (Vaccination Approaches)

The above applications describe examples of passive immunotherapy, which in
certain cases may also be used as vaccine approaches. Below, we will focus on
exclusive vaccination approaches involving IgE.

2.2.1 Oral Mimotope Vaccination

An alternative strategy to the passive administration of an IgE is to induce an
endogenous IgE response. A novel approach to establish an active vaccination
protocol is to induce tumor antigen-specific IgE through the oral route (Riemer et al.
2007). Synthetically manufactured epitope mimics (mimotopes) were generated for
the epitope of human HER2/neu that is recognized by trastuzumab. These mimo-
topes were used to immunize immunocompetent BALB/c mice orally under
simultaneous neutralization and suppression of gastric acid, a feeding regimen
shown to effectively induce TH2 immune responses (Scholl et al. 2005b; Untersmayr
et al. 2003). The induction of high-titer serum IgE targeting the HER2/neu antigen
was observed (Riemer et al. 2007). In addition, the endogenous anti-HER2/neu IgE
recognized HER2/neu-expressing human breast cancer cells (SK-BR-3), resulting in
both degranulation and cytotoxicity of rat basophil cells expressing rodent FcεRI
(RBL-2H3).

2.2.2 IgE-coated Cellular Approaches

The adjuvant effect of IgE and its role in the design of new cell-based tumor
vaccines have been explored. Targeting of tumors by IgE was performed using a
three-step strategy based on biotin–avidin interactions (Reali et al. 2001), which has
shown high efficiency in targeting cytotoxic molecules on tumor cells in vivo
(Guttinger et al. 2000). First, tumor cells were coated with a biotinylated IgG
antibody targeting the tumor antigen. Next, streptavidin was added to bind biotin-
labeled tumor cells, followed by binding of a biotinylated IgE to the streptavidin–
tumor complex to initiate effector functions (Reali et al. 2001). Immunocompetent
C57BL/6 mice were inoculated s.c. with murine colon adenocarcinoma tumors
expressing human carcinoembryonic antigen (MC38-CEA-2) and treated with
biotinylated mouse anti-CEA IgG2b (i.p.) 2 days later, followed by avidin (i.p.) on
day 3 to eliminate the unbound IgG antibodies in the blood, and streptavidin (i.p.)
4 h later to create the biotin–avidin bridge with the bound anti-CEA IgG2b anti-
body. On day 4, biotinylated murine anti-dinitrophenyl (DNP) IgE or IgG control
antibody was administered (i.p.). IgE treatment significantly reduced tumor growth
and prolonged survival compared with IgG treatment. Two out of 10 mice receiving
IgE treatment completely rejected the tumor and resisted subsequent tumor chal-
lenge with the parental MC38 cell line, consistent with the generation of a memory
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response and epitope spreading. Depletion of eosinophils, as well as CD4 and CD8
T cells, abrogated the anti-tumor effects, suggesting the role of these cells in IgE-
mediated responses against tumors. These findings were confirmed using the highly
aggressive syngeneic murine lymphoma Rauscher virus-induced T-cell lymphoma
cells (RMA) expressing tumor antigen Thy 1.1 under similar conditions (Reali et al.
2001).

Cellular vaccines were developed using irradiated tumor cells coated with mouse
IgE or IgG by the biotin–avidin bridging technique described above (Reali et al.
2001). Immunocompetent C57BL/6 mice were s.c. vaccinated twice (2 weeks apart)
with IgE- or IgG-loaded irradiated (10,000 rad) MC38-CEA-2 cells. Two weeks
after the second immunization, animals were challenged with parental MC38 tumor
cells. All doses of cells coated with IgE showed significant delay in tumor growth,
while only the highest dose of cells (30 × 104) coated with IgG showed protection
from tumor challenge. Similar results were observed using a similar vaccination
schedule in the RMA tumor model (Reali et al. 2001). These studies show the
efficacy of using IgE to stimulate T cell-mediated immune responses, including
epitope spreading and induction of a memory response, confirming its potential role
as an adjuvant of anti-tumor vaccines.

A slightly different strategy was used to confirm the adjuvant effect of IgE-coated
tumor cells. TS/A-LACK murine mammary adenocarcinoma cells were infected
with modified vaccinia virus Ankara (MVA) in a BALB/c model, avoiding the need
for irradiation of tumor cells prior to vaccination and increasing the tumorigenicity
of infected tumor cells (Nigro et al. 2009). TS/A-LACK cells were subsequently
haptenized with DNP then coated with a mouse anti-DNP IgE. Immunocompetent
mice were vaccinated s.c. and challenged 15 days later with live TS/A-LACK cells.
Anti-tumor protection was achieved after a single immunization with IgE-loaded
cells and was comparable to mice vaccinated twice in the absence of IgE. FcεRI was
demonstrated to be the mediator of IgE activity in this anti-tumor vaccination study.
To translate these findings into a human system, the same experiments were
performed using the human FcεRIα transgenic mouse with TS/A-LACK cells
haptenized with NIP (nitrophenylacetyl) and loaded with a mouse/human chimeric
anti-NIP IgE (Nigro et al. 2009). Significant anti-tumor protection was observed in
human FcεRIα transgenic mice immunized with IgE-loaded tumor cells (Fig. 8a),
but not in wild-type BALB/c mice (Fig. 8b) since human IgE does not interact with
mouse FcεRI (Kinet 1999). Taken together, these studies suggest that IgE can act as
an adjuvant of immunization in cancer therapy.

Based on these results, this group developed a novel protocol employing
membrane IgE for anti-tumor vaccination to eliminate any possible anaphylactog-
enicity caused by circulating IgE (Nigro et al. 2012). Truncated human IgE lacking
the Fab regions (tmIgE) engineered into a recombinant MVA (rMVA-tmIgE) was
used to infect TS/A-LACK tumor cells, resulting in transport of tmIgE to the
infected cell surface. Human FcεRIα transgenic mice were vaccinated s.c.
and challenged 15 days later with live TS/A-LACK cells. Mice immunized with
rMVA-tmIgE-infected TS/A-LACK cells showed significant attenuation of tumor
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growth compared with mice immunized with control vaccine not expressing tmIgE.
This effect is comparable to that obtained using secretory IgE and was lost in
wild-type BALB/c mice, confirming the role of FcεRI in IgE-active anti-tumor
immunotherapy (Nigro et al. 2012).

Fig. 8 IgE adjuvant effect in human FcεRIα transgenic mice. aMice were s.c. vaccinated with 105

mouse/human chimeric anti-NIP IgE-loaded (1 imm + human IgE) or IgE-free (1 imm) MVA-
infected TS/A-LACK cells at day -15 (p < 0.0001). At day 0, all vaccinated mice were challenged s.
c. with 2 × 105 living TS/A-LACK cells. Non-immunized mice challenged with living TS/A-LACK
cells were used as controls (no imm). b As a control, wild-type BALB/c mice were s.c. vaccinated
with 105 human IgE-loaded (1 imm + human IgE) MVA-infected TS/A-LACK cells at day -15. At
day 0, all vaccinated mice were challenged s.c. with 2 × 105 living TS/A-LACK cells. Non-
immunized mice challenged with living TS/A-LACK cells were used as controls (no imm). Results
are representative of 3 experiments. Mean ± standard error of the means is shown. Reprinted from
Fig. 5 of Nigro et al. (2009) with kind permission from The American Association of
Immunologists
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3 Safety Concerns

A major perceived concern in using IgE in the passive immunotherapy of cancer is
the potential to induce a systemic type I hypersensitivity reaction (anaphylactic
shock). However, there is evidence suggesting that this adverse reaction may not
occur. Type I hypersensitivity reactions are only induced by antigens that are able
to engage multiple FcεRIs on effector cells (Kanner and Metzger 1983; Scholl et al.
2005a; Segal et al. 1977), resulting in cross-linking of FcεRI and the release of
anaphylactic mediators. Since IgE antibodies are tightly bound to their FcεRI
receptor in a bent form (Gould et al. 2003), more then 2 antigen epitopes have to be
displayed rather rigidly in a specific range of spatial conformation in order to cross-
link IgE bound to FcεRI and induce its downstream effects (Holowka et al. 2007;
Jensen-Jarolim et al. 2010). Molecules present in high density, such as certain
overexpressed tumor antigens that are tightly packed on cell membranes or in lipid
rafts, may cross-link FcεRI by forming tumor-associated molecular patterns,
inducing a type I hypersensitivity reaction within the tumor microenvironment and
resulting in tumor cytotoxicity (Jensen-Jarolim et al. 2010). Importantly, no sys-
temic reactions have been observed in the various in vivo cancer models examined
via a range of approaches by multiple independent groups, aimed to address IgE-
mediated activity in cancer immunotherapy in the studies described above. Of
particular concern are antigens shed or secreted by tumors such as ECDHER2, FBP,
and PSA. However, due to the mono-epitopic nature of the interaction with the IgE,
these soluble antigens were not able to induce a type I hypersensitivity reaction.

A challenge in the field of IgE-based therapeutics is the lack of appropriate
in vivo models to examine the efficacy and toxicity of the therapy [reviewed in
Daniels et al. (2012b)]. Available models include immunocompetent murine
models bearing tumor cell lines from the same genetic background (syngeneic),
which can be used to evaluate the efficacy and potential toxicity of mouse IgE-
mediated therapy and cancer vaccines, as well as the adaptive immune response
induced by these murine antibodies. This model allows numerous administrations
of therapeutic IgE without the potential neutralization of the therapy by a murine
antibody immune response. However, due to the lack of species reactivity between
human IgE and murine FcεRs, the anti-tumor effects of human IgE cannot be
evaluated in syngeneic models. In addition, since FcεRI expression in the mouse is
limited to MC and basophils, this model does not adequately reflect the immune
response in humans where FcεRI is also expressed on other cells including APC
and eosinophils. Furthermore, human tumors cannot be established due to their
immunogenicity in mice. Xenograft models using immunocompromised mice allow
establishment of human tumors and the use of human effector cells bearing both
FcεRI and FcεRII/CD23 to evaluate the cytotoxic effects of a human antibody or a
mouse IgE specific for a human antigen. However, these animals have impaired
cellular and humoral immune responses and cannot be used to evaluate the adaptive
immune response elicited by antibodies. In addition, human effector cells must be
administered due to the lack of interaction of human IgE with mouse FcεRI.
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Another disadvantage of this model is the limited supply of human effector cells
and the possible lack of interaction of human cytokines secreted by these effector
cells with the murine immune system. Establishment of a human FcεRIα transgenic
mouse model in both BALB/c and C57BL/6 background (Dombrowicz et al. 1996,
1998; Fung-Leung et al. 1996), with murine FcεRIα knocked out and its human
equivalent knocked in, allowed human IgE binding and expression of functional
humanized FcεRI. This model also provides a constant repertoire of effector cells
expressing human FcεRI mimicking that of humans for the study of human IgE and
anaphylaxis (Dombrowicz et al. 1998; Fung-Leung et al. 1996; Kinet 1999) and the
efficacy of molecules that inhibit anaphylaxis (Allen et al. 2007; Zhang et al. 2004;
Zhu et al. 2002). In addition, it is useful for the evaluation of the anticancer effects
mediated by FcεRI and the potential toxicity of IgE containing human constant
regions. However, these animals are only transgenic for FcεRI and not FcεRII/
CD23; therefore, the role of CD23 in the anticancer effects cannot be measured,
which may underestimate the overall anticancer activity of the IgE. Additionally,
human cancer cells cannot be established in this transgenic model, and the potential
generation of an immune response against the foreign human components of the
IgE antibodies may prevent multiple administrations of human antibodies.

The cynomolgus monkey (M. fascicularis) has been used for target validation
and assessment of toxicity of therapeutic candidates designed to interfere with IgE
biology, due to the highly conserved nature of FcεRIα between cynomolgus
monkey and humans (Saul et al. 2014). This model has been used to study ana-
phylaxis induced by human IgE (Ishizaka et al. 1970; Weichman et al. 1982).
Recent studies confirmed the cross-reactivity of human IgE with cynomolgus
monkey effector cells and comparable binding kinetics to peripheral blood leuko-
cytes from both species (Saul et al. 2014). However, human IgE was reported to
dissociate faster from cynomolgus monkey PBMC compared with human, which
was reflected in IgE-mediated ADCC assays, where higher concentrations of human
IgE were needed to elicit an effector cell response of cynomolgus monkey cells
(Saul et al. 2014). Moreover, IgE binding on PBMC yielded significantly different
cytokine release profiles in each species, suggesting differences in downstream
activation of effector cells. These data need to be considered when evaluating the
toxicity of IgE-based therapies in this model.

Another animal model is the dog (Canis lupus familiaris), which has been used
to examine IgE-mediated food allergy and atopic dermatitis (Ermel et al. 1997;
Helm et al. 2003) and expresses FcεRI on MC (Brazis et al. 2002) and LC
(Bonkobara et al. 2005). Spontaneous development of tumors also occurs in dogs,
similar to humans (Singer et al. 2012). In addition, canine homologues of the tumor
antigens EGFR and HER2/neu were susceptible to cetuximab and trastuzumab
targeting, leading to growth arrest (Singer et al. 2012). These studies suggest that
the canine may be a meaningful model to accurately assess the potential and safety
of IgE-based immunotherapies against cancer. In summary, there are multiple
animal models with distinct advantages and disadvantages that should be carefully
considered when evaluating the efficacy and toxicity of IgE-based therapeutics.

IgE Immunotherapy Against Cancer 137



Other evidences that support the safety of IgE as an anticancer therapy in
humans include the presence of IgE antibodies against tumor antigens in patients
with different types of cancer. Clinical and immunohistochemistry studies have
decribed IgE that bind tumors both in the circulation and in tumor tissues (Fu et al.
2008; Neuchrist et al. 1994). Even so, anaphylaxis has not been observed in these
studies on naturally occurring IgE antibodies in head and neck cancers, pancreatic,
ovary, breast, or colon cancers (Jensen-Jarolim and Singer 2011). Importantly,
clinical administration of exogenous IgE has been previously conducted without
adverse events (Dreskin et al. 1987; Iio et al. 1978).

Allergic reactions are well-known clinical consequences of different types of
treatments, including therapeutic proteins, chemotherapy agents, and antibodies,
(Baldo 2013; Buttel et al. 2011; Romano et al. 2011; Singer and Jensen-Jarolim
2014). Pre-medication with antihistamines (Benadryl®) and/or corticosteroids
(dexamethasone) are often administered prophylactically before chemotherapy
(cisplatin, carboplatin) and monoclonal antibody treatment such as infliximab
(Remicade®), trastuzumab (Herceptin®), and rituximab (Rituxan®) (Mezzano et al.
2014). In the unlikely event of signs of systemic anaphylaxis upon IgE treatment,
epinephrine injection can be administered to neutralize this adverse effect (Simons
et al. 2011). Established rapid drug desensitization procedures also exist to allow
safe re-administration of a drug to patients that have developed allergic reactions to
it and are performed when no alternative to the drug is deemed equally effective
(Mezzano et al. 2014).

Despite the above statements, allergic reactions are relevant side effects that need
to be carefully monitored. Neutralization and prevention strategies should be
carefully considered. Safety measures and patient monitoring could include the
evaluation of: (1) clinical signs of a systemic type I hypersensitivity (anaphylactic)
reaction, (2) the presence of MC/basophils degranulation products in blood such as
the elevation of histamine and tryptase, (3) the presence of autoantibodies to the
targeted antigen and to the therapeutic antibody, and (4) blood concentrations of
the targeted antigen. Correlation between blood antigen concentrations and clinical
responsiveness, besides evaluation of toxicity in vivo, should also be examined.
Treatment of patients with IgE-based therapeutics will have to proceed with
extreme caution.

4 Concluding Thoughts

Several studies using IgE antibodies targeting various tumor antigens in different
models have shown that these immunoglobulins have significant anticancer activity
while being well-tolerated. The different properties of IgE compared to IgG support
the development of IgE-based therapeutics to complement or enhance the anti-
tumor activity shown by existing IgG-based therapeutics. Therefore, further studies
including clinical trials are needed to confirm the efficacy and tolerability of IgE in
cancer immunotherapy.
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