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Summary

Immunoglobulin E (IgE) mediated immune responses seem to be directed against parasites
and neoplasms, but are best known for their involvement in allergies. The IgE network is
tightly controlled at different levels as outlined in this review. Genetic determinants were
suspected to influence IgE regulation and IgE levels considerably for many years. Linkage
and candidate gene studies suggested a number of loci and genes to correlate with total
serum IgE levels, and recently genome-wide association studies (GWAS) provided the
power to identify genetic determinants for total serum IgE levels: 1q23 (FCER1A), 5q31
(RAD50, IL13, IL4), 12q13 (STATS), 6p21.3 (HLA-DRBI) and 16p12 (IL4R, IL21R). In this
review, we analyse the potential role of these GWAS hits in the IgE network and suggest
mechanisms of how genes and genetic variants in these loci may influence IgE regulation.
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Introduction

Immunoglobulin E (IgE) is the class of human antibodies
that is most frequently recognized for its role in type I
hypersensitivity (allergic) reaction [1-3]. In predisposed,
atopic individuals, IgE is produced against specific com-
mon environmental antigens (allergens) [4]. In a type I
hypersensitivity reaction, allergens cross-link IgE mole-
cules and bind the high-affinity IgE receptor (FceRI) on
the surface of basophils or mast cells, which results in the
release of local mediators, such as histamine [3, 5]. This
leads to local allergic symptoms most frequently from
the lower or upper respiratory tract, skin, gut or eyes [2,
6], but may also turn into a systemic, life threatening
immune reaction: the anaphylactic shock [2, 7].

In this review, we briefly describe the structural and
functional components of the IgE network and focus on
regulation of IgE by genetic determinants. We specifi-
cally address genes identified by GWAS approaches in
more detail and show how genes and polymorphisms
associated with total serum IgE levels may influence
the IgE network and mechanisms of IgE regulation.

Biological role of IgE

Among the five major classes of human antibodies, IgE
deserves special attention. IgE and IgG are the two

immunoglobulins exclusively present in mammals [3,
8]. It is thought that IgE and IgG appeared early in
mammalian evolution by duplication of an ancestral
immunoglobulin Y (IgY) gene [8-10], the major anti-
body of non-mammalian vertebrates, amphibians, birds
and probably reptiles [10]. IgG retained the function of
a major serum antibody, whereas IgE specifically acti-
vates mast cells and basophils [8, 9]. The separation of
IgG- (opsonic) and IgE-mediated (anaphylactic) activi-
ties of IgY may have allowed for a more specific regu-
lation of both immune mechanisms [11, 12]. IgE
turnover [3, 5, 6, 13] and IgE responses [11, 12] are
under tight control, keeping serum IgE levels very low.
In addition, the fact that IgE and its dependent anaphy-
lactic mechanisms were not abandoned during the evo-
lution of mammals suggests that the presence of this
unique isotype may be necessary or at least beneficial
[8].

It has long been suggested that the primary biologi-
cal role of IgE is to provide immunity against multicel-
lular parasites [13]. However, with the exception of
Trichinella spiralis [14] and Schistosoma mansoni [15,
16], there is only little evidence for a significant
function of IgE in the defence against parasitic worms
[17]. Helminth infections tend to induce large amounts
of polyclonal IgE, not specific against parasites [17].
This may have led to the assumption that helminthic
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infestations protect against the development of atopic
disorders and/or reduce their severity [18, 19]. Recent
results suggest that IgE also plays a role in host defence
against protozoa such as Toxoplasma gondii [20]. The
role of IgE in helminthic infection [17] and the rela-
tionship between intestinal parasite infestation and ato-
pic diseases [19] are reviewed elsewhere in more detail.

Epidemiological and experimental data suggest that
IgE may also contribute to anti-tumour immune
responses [21, 22], as recently reviewed [12]. IgE anti-
bodies that recognize antigen-rich intact tumour cells
interact with immune cells expressing IgE receptors,
thereby recruiting effector cells mediating oncolytic
activity [12, 23]. Both the high-affinity (FceRI) and the
low-affinity (FceRII) IgE receptors seem to be involved
[12, 21, 24, 25]. Genetic variants in FceRI were reported
to be associated with breast cancer [26], and variants in
FceRII with lung cancer [27].

The IgE network

The term ‘IgE network’ was first introduced and devel-
oped by Sutton & Gould [5, 28]. It relates to IgE, princi-
pal and secondary IgE receptors and further
biomolecules associated with the activity and control of
IgE (Fig. 1).

IgE

IgE is composed of two identical heavy chains and two
identical light chains. The light chain comprises one
variable region and one constant domain. The heavy
chain contains two regions, one variable and one con-
stant region. The constant region includes four domains
[5, 6, 29]. Immunoglobulin light chains are encoded on
chromosome 2p11 (k) or 22q11 (A); the heavy chain on
14q32 [6, 30, 31]. Variable regions of light and heavy
chains create two identical antigen-binding sites. Such
structure corresponds to secretory IgE [5, 6, 29]. The
membrane-bound form of IgE (mIgE) displays the same
basic structure, but an extracellular membrane proximal
domain (EMPD), a transmembrane sequence and a cyto-
plasmic tail is added to the last constant domain of the
heavy chain [32-35]. IgE EMPD exists as at least two
isoforms of different length [32-35].

Surface forms of immunoglobulins associate with
two membrane proteins, Iga (CD79a) and IgB (CD79b),
to form the B-cell antigen receptor (BCR) that plays an
important role in survival and development of the B
cell at any stage [11, 29, 33, 36-38]. Interestingly, syn-
thesis of mIgE seems to be more difficult than the pro-
duction of membrane-bound forms of other
immunoglobulin isotypes (excluding mIgE) and the syn-
thesis of secretory forms of antibodies (including secre-
tory IgE). While usually the polyadenylation signal
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during mRNA maturation is a conservative and optimal
AATAAA motif, mIgE is polyadenylated at three poten-
tial alternative sites, AGTAAA, AAGAAA and ATTAAA
[5, 11, 33, 35, 36]. This results in a lower rate of
matured mRNA production and diminished stability,
and in turn in lower mIgE-based BCR representation
and death of IgE producing clones.

Like other classes of immunoglobulins, IgE is exclu-
sively produced by B cells and plasma cells. Two steps
of somatic DNA rearrangements are required for IgE
expression. The first rearrangement during B-cell devel-
opment is called ‘V(D)J’ recombination. Genes for
immunoglobulin heavy chains (IgH) are composed of
numerous V (variable), D (diversity) and J (joining) seg-
ments encoding for different antigen-binding regions
[6, 39-41]. Recombination allows for the synthesis of
antibodies against a wide spectrum of potential anti-
gens. Similarly, the genes encoding immunoglobulin
light chain genes (x and A) have multiple V and J seg-
ments [6, 40]. Naive mature B cells are capable of pro-
ducing immunoglobulin M (IgM) or D (IgD), the latter
through differential splicing of the precursor mRNA
containing both constant (C) regions, Cp and Cd respec-
tively [6, 42]. Following antigen activation and an
appropriate stimulation, mature B cells undergo the sec-
ond somatic rearrangement step that involves only the
chromosomal IgH locus, and is called ‘class-switch
recombination’ (CSR) or simply ‘class switching’ [6, 40,
43-45]. In addition to V, D and J segments and C
regions for IgM (Cp) and IgD (C3), the human IgH chro-
mosomal locus has several further alternative segments
encoding the C region (Cy3, Cy1, Cal, Cy2, Cy4, Ce and
Coa2) (Fig. 2), which enables production of antibodies
belonging to different functional classes upon CSR
(IgG3, IgG1, IgAl, IgG2, 1gG4, IgE and IgA2 respec-
tively) [6, 40, 42]. With the exception of C9, every C
region is preceded by ‘intervening’ (I) and ‘switch’ (S)
regions (Fig. 2) [6, 40, 42].

CSR is initiated by activation-induced cytidine deam-
inase (AID), which deaminates dC residues in both
genomic strands of two transcriptionally active S
regions [46-51]. This leads to double-strand DNA
breakage in both S regions and, subsequently, forma-
tion of an S-S synapse and an intervening loop [45, 46,
50-52]. Next, somatic recombination occurs, which
involves DNA repair mechanisms for re-ligation that
results in the deletion of S-S intervening loop. A chro-
mosomal IgH locus lacking S-S intervening region is
then ready to express mature IgH [45, 46, 50-52]. The
loop itself is excised in the form of a so-called ‘switch
circle’, expressing the switch circle transcript, a specific
marker for ongoing CSR [6, 52, 53]. Molecular mecha-
nism of CSR (exemplified by direct CSR from IgM to
IgE) is presented in Fig. 2. In direct CSR from IgM to
IgE, deletional recombination between Sp and Se
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Fig. 1. Basic molecules and cells contributing to the IgE network, IgE function and IgE regulation. Gene products identified by GWA studies on
total serum IgE are depicted in red (with chromosomal loci provided). IL-4 denotes interleukin-4; MHC II, major histocompatibility complex, class
II; APC, antigen-presenting cell; IL-13, interleukin-13; CD40L, CD40 ligand; mIgE, membrane IgE; FceRI, the high-affinity IgE receptor; CSR,
class-switch recombination; (m/s) CD23;, (membrane/soluble) low-affinity IgE receptor, trimeric form. The figure was adopted and modified from
Gould & Sutton [5] and further inspired by graphics from other sources [87, 118, 125].

regions occurs. After excision of Su-Se loop, the IgH
locus is ready to express the IgE heavy chain (Fig. 2)
[6, 42, 52]. In addition to direct CSR from IgM to IgE,
IgM can also switch to IgE in a sequential manner via
IgG. In the first step of CSR from IgM to IgG, deletional
recombination between Sp and Sy happens that enables
synthesis of IgG [52, 54]. In the second step of CSR
from IgG to IgE, deletional recombination occurs
between Spu/Sy and Se with subsequent formation of
IgH locus expressing IgE. This kind of CSR to IgE is
feasible for IgG1, IgG3 and IgG4, whereas IgG2 is not
able to switch to IgE [52, 54].

CSR towards IgE is under tight control. Several steps
are absolutely necessary for a B cell to undergo IgE
CSR [3, 6, 55-57]. A first signal for CSR is provided by
interleukin-4 (IL-4) and interleukin-13 (IL-13) [3, 6, 55,
57, 58] which act through shared pathway components
(Figs 1 and 2). There are two basic types of IL-4 recep-
tor (IL-4R). Type I IL-4R is a dimer composed of IL-4R
o-subunit (IL-4Ro) and a so-called ‘common y-chain’
(yc), a subunit common for several interleukin receptors
(Fig. 2). This receptor type is specific for IL-4. Type II
IL-4R, also called ‘IL-13 receptor’ (IL-13R), comprises
IL-4Rar and IL-13 receptor ol-subunit (IL-13Ra1). This

type of IL-4R can be activated by both IL-4 and IL-13
[57, 59, 60] (Fig. 2). Stimulation of both types of recep-
tors results in activation of Janus kinases (JAK1, JAK2,
JAK3, TYK1 and TYK2), which leads to phosphoryla-
tion, dimerization and nuclear migration of signal
transducer and activation of transcription 6 (STAT6)
transcription factor [3, 6, 57-62] (Fig. 2). The second
signal for CSR towards IgE is provided by an interac-
tion between B-cell surface CD40 and its ligand, CD40L
[3, 6, 55, 57, 58] (Figs 1 and 2). Activated CD40 recruits
tumour-necrosis factor receptor-associated factors
(TRAFs) inducing nuclear translocation of nuclear fac-
tor- kB (NF- «B) [3, 57, 62-65]. STAT6 and NF- «B
interact with their respective responsive DNA elements
in the &€ germline gene promoter, located just upstream
of Ie region [6, 57, 66, 67]. This leads to & germline
gene transcription with subsequent splicing to a ‘sterile’
transcript (Fig. 2). The term ‘sterile’ refers to the fact
that the Ie exon contains stop codons in all three possi-
ble frames, making it impossible to express any immu-
noglobulin [50, 55]. Additional transcription factors
involved in positive regulation of human & germline
gene promoter are CCAAT/enhancer binding protein (C/
EBP), PU.1 and B-cell-specific activator protein (BSAP;
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Fig. 2. Induction of & germline gene transcription in human (upper panel). Organization of human immunoglobulin heavy chain (IgH) locus (chro-
mosome 14q32) after V(D)J recombination and a mechanism of direct class-switch recombination (CSR) from IgM to IgE (lower panel). Stimulation
of B cell by interleukin-4 (IL-4) and/or interleukin-13 (IL-13) leads to phosphorylation, dimerization and nuclear migration of signal transducer
and activation of transcription 6 (STAT6) factor. Signalling through CD40L/CD40 unblocks nuclear factor- kB (NF- «B), which subsequently
migrates to the nucleus. STAT6 and NF- kB induce & germline gene transcription. Other transcription factors also contribute to activation of ¢
germline gene transcription, including CCAAT/enhancer binding protein (C/EBP), PU.1 transcription factor and B-cell-specific activator protein
(BSAP; paired box protein 5, PAX5). Transcription of &€ germline gene, comprising its intervening (Ig), switch (Sg) and constant (Ce) regions, is a
prerequisite for CSR towards IgE to happen. Deletional recombination between Sp and Se is initiated by an activation-induced cytidine deaminase
(AID). Chromosomal region between Su and Se forms a loop. DNA breaks are repaired, finally leading to the formation of switch circle (from a
loop) and rearranged immunoglobulin locus. Now, IgE can be produced. For more details, please, refer to the main document. Human IgH locus is
shown without pseudo-(\s)-genes. The size of the DNA fragments and the distances between them do not reflect real chromosomal relationships.
The upper panel of figure has been adopted and modified from Geha et al. [57] and Hellman [3] with further inspiration by graphics from the
other sources [6, 4244, 58, 59, 62, 65, 71]. The lower panel of the figure has been adopted and modified from Kinoshita & Honjo [41], Gould
et al. [6, 42, 46], Stavnezer [44, 51], Stavnezer et al. [50], Takhar et al. [52], Kracker €& Durandy [45], Bacharier et al. [40], Chaudhuri & Alt [47]
and Martin € Scharff [48]. Products of the genes identified by GWA studies on total serum IgE potentially involved in the stimulation and molec-
ular mechanisms of CSR towards IgE are depicted with stars.
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paired box protein 5, PAX5) [6, 42, 58, 66-68]. More-
over, Myb factors have been shown to inhibit STAT6-
dependent activation of & germline gene promoter in
humans [6, 69]. In mice, the activation factors are simi-
lar [43, 70, 71], but a contribution of AP1 and E2A
transcription factors has been shown [43, 72, 73]. In
addition, Bcl6 and Id2 factors are important negative
regulators of & germline gene expression in mice [43,
71, 72].

Although it is generally thought that the expression
of the & germline gene is a prerequisite of CSR towards
IgE [3, 42-44, 57], the exact function of germline ‘IgH’
gene transcription/transcripts is still under extensive
debate [42, 44, 55, 74-76]. Germline transcription may
create short regions of single-stranded DNA, which are
the substrate for AID. Furthermore, germline transcrip-
tion may recruit AID and could alter histone modifica-
tion in a manner favouring its accessibility for AID [47,
50, 51]. Transcription of AID itself is also co-stimulated
by IL-4/IL-13-induced STAT6 and CD40L/CD40-acti-
vated NF- kB through their binding sites in AID pro-
moter [3, 57]. However, the regulation of AID
expression seems to be far more complex [45, 51, 77].
AID also plays a crucial role in another process of
somatic changes in the IgH locus, the somatic hypermu-
tation (SHM) [41, 48, 49, 78]. During SHM, genes
encoding variable regions of heavy and light chains
accumulate massive point mutations which, in addition
to V(D)J recombination, further increases their variabil-
ity and antigen-binding spectrum [48, 49, 78]. More
details on somatic DNA changes involved in V(D)J
recombination [39, 41] or SHM [41, 49], the role of AID
in SHM and CSR [41, 45, 47, 48, 78], the molecular
mechanisms of CSR [6, 40-42, 45, 47, 49-51] and the
regulation of CSR towards IgE [3, 6, 42, 43, 50, 57, 58],
can be found elsewhere.

The signals required for CRS towards IgE include
IL-4/IL-13 and CD40OL to cross-link B-cell CD40 [3, 5,
40, 42, 57]. They are provided by T-helper type 2 (Th2)
lymphocytes (major source), basophils, mast cells, B
cells or y8T cells [79-82] (Fig. 1). In addition, it seems
that basophils are potent inducers of Th2 cells [82-88],
although this notable aspect of basophil biology is still
debated [89, 90].

Plasma half-life of human IgE (2.5 days) is very short
compared with other immunoglobulin classes, especially
IgG (21 days) [3]. Such a short plasma half-life may be
considered as another mechanism controlling serum IgE
levels [11, 12, 33]. Indeed, serum IgE levels are about
10* times lower than IgG concentrations in healthy
individuals [3, 5]. There is growing evidence that the
synthesis of IgE may not only take place in germinal-
centres of lymph nodes but also in local mucosal tissues
[3, 5, 46]. CSR towards IgE and local IgE production
were observed in nasal mucosa in allergic rhinitis (AR)

and bronchial mucosa in asthma [52, 91, 92]. In asth-
matics, this was not restricted to atopic patients [53]. In
addition, local CSR to IgE and IgE production were
recently reported in oesophageal mucosa of patients
suffering from eosinophilic oesophagitis [93]. Mecha-
nisms of local IgE synthesis are discussed in more
details elsewhere [46].

In models of local IgE production, it has been shown
that IgE against a single specific allergen can account
for up to 50% of total IgE content [5, 94]. Correlations
between specific and total serum IgE have been
observed to a lesser extent in blood [95-98]. Specific
serum IgE against certain allergen can account for up
to 20-25% of total serum IgE, driving the overall value
of total blood serum IgE [97]. Geographic (or ethnic)
differences in sensitization to specific allergens exist
[95-97].

IgE receptors

FceRI and FceRIl are the two main receptors for IgE.
They differ in structure, function and location [99,
100]. Several other molecules can be considered as
additional IgE receptors or co-receptors, like galectin-3,
some integrins or CD21 [5, 100-104]. Galectin-3 can
interact with IgE and/or FceRI on the surface of
basophils or mast cells. CD21 is an important co-receptor
of FceRII involved in IgE regulation [5, 100, 101].
Human FceRI is composed of up to four protein
chains of three kinds: o- (FceRla), B- (FceRIB) and
v-subunit (FceRly), encoded by FCER1A, FCERIB or
FCER1G, respectively [1, 100, 105]. Of the three FceRI
subunits, only FceRla is IgE receptor-specific, whereas
FceRIP and FceRIy are also a part of other Fc receptors.
For example, FceRIy associates with FcyRI, FcyRIIl and
FcaRI depending on cellular context, whereas in mast
cells, FceRIP is shared with FcyRIII [1, 2, 105]. On mast
cells and basophils, FceRI has a tetrameric structure
comprising one o-, one B- and two y-subunits (ofy,)
[1, 2, 106]. On the surface of antigen-presenting cells
(APCs), including monocytes, macrophages, dendritic
cells (DCs) and Langerhans cells, and also on platelets,
smooth muscle cells or eosinophils (and potentially
other cell types), human FceRI is expressed in a trimeric
form, lacking the B-subunit (ory,) [2, 107-109]. FceRla
is a member of the immunoglobulin superfamily and
comprises two extracellular immunoglobulin-like
domains, a hydrophobic transmembrane region and a
short cytoplasmic tail. FceRlo is a subunit responsible
for binding of IgE molecule [110, 111]. FceRIB has
four transmembrane regions and two cytoplasmic tails.
FceRly consists of a transmembrane region and a cyto-
plasmic tail. FceRIf and FceRly both contain an
immunoreceptor tyrosin-based activator motif (ITAM).
The By, or y, complex is the FceRI signalling module.

© 2012 Blackwell Publishing Ltd, Clinical & Experimental Allergy, 42 : 852-871
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Phosphorylation of their ITAM motifs upon receptor
stimulation is crucial for the signal transduction. In
contrast to FceRly, the ITAM motif in FceRIP is not
directly involved in downstream signalling, but func-
tions as a signal amplifier [112, 113]. Cross-linking of
IgE molecules occupying FceRI on mast cells and
basophils leads to activation of the receptor and the
subsequent signal transduction. In turn, effector cells
degranulate and release local mediators, such as hista-
mine [3, 5, 114]. FceRI expressed on the surface of
APCs also contributes to antigen presentation [115,
116]. Antigen-IgE-FceRI complexes are transported
from the APC surface to the intracellular antigen-
presenting compartment and delivered to the major
histocompatibility complex (MHC) class II antigen-
presentation pathway [100, 101, 105]. FceRlo can also
exist in a soluble form (sFceRla) [117], as very recently
reviewed [104].

FceRIl substantially differs in structure from FceRI
(FceRla), and almost all other Fc receptors belonging to
the immunoglobulin superfamily [100, 118]. The type II
transmembrane protein FceRIl consists of the CD23
polypeptide only. In the CD23 polypeptide, a calcium-
dependent C-terminal globular extracellular domain of
C-lectin type is followed by a stalk region with few
repeats serving as a putative leucine zipper required for
oligomerization of CD23 polypeptides [6, 118, 119]. In
addition, a short C-terminal tail also extends from
C-terminal globular extracellular domain of C-lectin
type [5, 6]. The stalk region is followed by a sole
hydrophobic transmembrane region and a short
N-terminal cytoplasmic tail [5, 6, 119]. The stalk region
is susceptible to proteolysis [5, 118]. The gene encoding
for the CD23 polypeptide is FCER2 [118, 120]. FCER2
possesses two alternative transcription start sites driving
synthesis of two mRNA variants which leads to synthe-
sis of two CD23 polypeptides differing in the first seven
(CD23a) or six (CD23b) amino acids of the N-terminal
cytoplasmic tail [120-123]. CD23a is exclusively
expressed by B cells in a constitutive manner, whereas
CD23b can be induced by IL-4 on the surface of mono-
cytes/macrophages, B cells, T cells, eosinophils, DCs
and epithelial cells [5, 100, 118, 120].

FceRII is called ‘low-affinity IgE receptor’ which sug-
gests that its affinity for IgE is much lower than that of
the ‘high-affinity IgE receptor’ FceRI (K, ~ 10'°—
10" M"). Indeed, IgE-binding affinity of a single
CD23 polypeptide is low (K, ~ 10°~10” M~'), but sub-
stantially increased in its trimeric form (K, ~ 10%-
10° M™') [5, 124]. The membrane-bound form of CD23
is trimeric, but can be cleaved at the site of the proteol-
ysis susceptible stalk region. This may lead to a forma-
tion of soluble CD23 fragments (sCD23) whose activity
depends on oligomerization status. A disintegrin and
metalloproteinase 10 (ADAM10) is considered the pri-

© 2012 Blackwell Publishing Ltd, Clinical & Experimental Allergy, 42 : 852-871

mary cleaving enzyme generating smaller sCD23 frag-
ments [5, 118, 125, 126]. Interactions of various forms
of CD23 with its ligands CD21 and IgE on the B-cell
surface underlie a pivotal mechanism of IgE homeosta-
sis in humans [5, 118, 123, 125, 126]. Cross-linking of
membrane-bound CD23 and mIgE by an allergen-serum
IgE complex results in suppression of IgE synthesis. In
contrast, cross-linking of mIgE and CD21 by trimeric
sCD23 leads to enhanced IgE production [5, 125]. This
mechanism can be supplemented by the effects of
monomeric sCD23 that competes with trimeric CD23 for
a binding to CD21 and mlIgE, which prevents cross-
linking of CD21 and mIgE by trimeric sCD23 and
related up-regulation of IgE synthesis [104, 126].
Monomeric sCD23 lacking a CD21 binding site may
also lower IgE levels by disruption of co-ligation
between membrane CD21 and mIgE by trimeric sCD23
[127]. For mice, it was recently suggested that binding
of IgE to CD23 expressed on B cells, rather than to
FceRI present on basophils or mast cells, regulates a
pool of free serum IgE [128]. B-cell membrane-bound
CD23 also enhances IgE-dependent antigen presentation
to T cells [5, 129, 130]. Similar to FceRI in APCs [100,
101, 105], antigen-IgE-CD23 complexes are transported
from the B-cell surface to endosomal network compart-
ments where processing by proteolytic enzymes and
loading onto MHC class II antigens takes place [5, 131,
132].

Genetic variants and serum IgE levels

Although IgE synthesis and serum levels are tightly
controlled by mechanisms described above, serum IgE
concentrations can be affected by various influences
including age, gender, ethnicity, smoking status and
genetics [133—137]. Heritability of total serum IgE levels
is estimated to be up to 80% and even stronger for cord
blood IgE concentrations [138—141]. Genetic influences
on serum IgE were suspected in the early days of
allergy genetics, and a polygenic pattern of inheritance
on the population level was suggested [136, 142—144].
Monogenic disorders such as hyper-IgE syndrome
(HIES) can lead to excessive IgE production and very
high serum levels [43, 145-147]. HIES can be inherited
in an autosomal dominant and an autosomal recessive
way. However, its sporadic form is most prevalent [148,
149]. Dominant negative mutations in STAT3 (encoding
signal transducer and activation of transcription 3 —
STAT3) have been detected in autosomal dominant and
sporadic HIES [43, 147, 150, 151], whereas mutations
of TYK2 or DOCK8 have been observed in its autosomal
recessive form [43, 145, 152, 153]. Interestingly, STAT3
genetic variants detected in HIES were neither associ-
ated with total or specific serum IgE levels nor asthma,
AR or AD in the general population [154]. Other mono-
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genic disorders associated with highly elevated serum
IgE levels include Omenn syndrome, Wiskott—Aldrich
syndrome, adenosine deaminase (ADA) deficiency and
IPEX  (immunodysregulation,  polyendocrinopathy,
enteropathy, X-linked) [145, 146, 155]. Of note, IPEX is
caused by defects in regulatory T cells (Treg), resulting
from null mutations in the forkhead box protein 3
(FOXP3) gene (FOXP3) [43, 155]. Interestingly, an asso-
ciation between single-nucleotide polymorphisms
(SNPs) within the FOXP3 locus and AR has been
reported by three independent groups [156—158].

Chromosomal loci and genes identified to influence total
serum IgE levels by linkage and candidate gene studies

To identify loci and genes underlying total serum IgE
levels detected by linkage and candidate gene
approaches, we conducted a systematic literature
search. Using the phrase ‘(SNP OR polymorphism OR
linkage) AND (serum OR total) AND (IgE OR immuno-
globulin E)’ to search the PubMed database [159] (10
July 2011), we retrieved 712 abstracts. After initial
screening, we identified 223 manuscripts of potential
interest, which were individually analysed for reports of
linkage and/or association with total serum IgE. Chro-
mosomal regions showing linkage with total serum IgE
levels are presented in Fig. 3. Genes in which polymor-
phisms were associated with total serum IgE in at least
three independent studies are given in Fig. 4.
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Fig. 3. Loci identified to be associated with total serum IgE levels in
genome-wide association (in blue) and linkage (in orange) studies.
Only linkage studies with more than five hundred genotyped partici-
pants were included. References underlying the figure can be found in
Appendix S1. The figure was generated using Idiographica v. 2.0
online software [280, 281].

Apamss [T
€CL11 (eotaxin-) [T
cord
crLas [
1

IL4R ]

i3
Lrarneg) [0

wopzcarpis) | ]

NsPR1 (Gera) [T
state [ ]

0 3 6 8 12 15

Fig. 4. Genes associated with total serum IgE levels in more than
three independent non-GWA candidate gene studies. X-axis shows the
numbers of the identified positive studies, whereas the names of the
genes are depicted in y-axis. Only studies with more than five hun-
dred genotyped participants were included. References underlying the
figure can be found in Appendix S1.

Markers of total serum IgE levels determined in
genome-wide association studies

In the first genome-wide association study (GWAS),
conducted by Weidinger et al. [160], loci on chromo-
somes 1q23, 5q31 and 12q13 were found to be consis-
tently associated with total serum IgE levels in a
discovery cohort and in subsequent replication in about
10 000 patients (Figs 1 and 3). Recently, the GABRIEL
consortium GWAS [161] analysed total serum IgE levels
in almost 15 000 patients, around half of whom were
asthmatics. This large GWAS confirmed the association
between chromosomes 1q23, 5q31 and 12q13 and total
serum IgE levels, and two additional serum IgE suscep-
tibility loci, 6p21.3 and 16p12, were identified (Figs 1
and 3) [161]. As GWAS is a hypothesis free approach,
genes and genome regions not previously associated
with a certain phenotype under investigation are fre-
quently identified. In case of total serum IgE levels,
GWAS hits represent known members of the IgE net-
work and/or are (potentially) involved in IgE homeosta-
sis (Figs 1 and 2). Herein, we discuss functional aspects
of those loci and genes identified by GWAS.

Chromosome 1q23, FCERIA

The top serum IgE association hit from chromosome
1923 [160] comprises FCERIA, the gene encoding the
FceRla subunit of FceRIl. Associations with this locus
were confirmed in subsequent studies [161-164], and
FCER1A SNPs have already been investigated before
GWAS [165] in American [166], Polish [167, 168] and
Korean [169, 170] populations. All groups reported
FCERIA polymorphisms to be associated with total
and/or specific serum IgE levels. In addition, genetic
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linkage had already been reported between 1q23 (or its
close neighbourhood) and total serum IgE levels [171-
173].

In GWAS, 152251746 [160, 164] and rs2427837 [160]
were found to be the two SNPs most significantly asso-
ciated with total serum IgE levels. While the function of
the SNP rs2427837 still remains unknown, the presence
of the 152251746 polymorphism minor allele results in
the disruption of a GATA-1 binding site [174], which
is in turn associated with the reduced activity of
FCER1A proximal promoter [174, 175]. In Europeans,
1s2251746 and rs2427837 are in tight linkage disequi-
librium (LD; * > 0.96) [160, 162, 176]. Thus, it is diffi-
cult to dissect which SNP is causal.

In the GABRIEL Consortium GWAS on serum IgE,
1s2252226 was the most significant SNP within the
1923 locus. The variant is in LD with two SNPs previ-
ously shown to be functional, 1s2427827 and
152494262 (r* in CEU of 0.97 and 0.77 respectively)
[177-179]. Only recently, a SNP rs2494264 within this
tagging bin (all #*>0.73 in CEU) [177-179] was
reported to be strongly assoicated with total serum IgE
levels [164]. SNP rs2427827 was shown to result in
increased activity of the FCERIA proximal promoter
[169, 175] due to replacement of weakly stimulating
Sp1 (binding to the major allele) with the strong tran-
scriptional activator HMG1/2 (binding to the minor
allele) [175]. Alternatively, it was suggested that the
higher activity of the FCERIA proximal promoter car-
rying the minor allele of rs2427827 SNP may result
from preferential binding of inhibitory MAZ transcrip-
tion factor to the major allele [169]. Nevertheless, the
minor allele of rs2427827 was associated with increased
FceRI(o) expression on the basophil cell surface [175].
SNP rs2494262, located in the untranslated exon 1A of
FCER1A [180], was reported to diminish transcriptional
activity by increasing YY1 factor binding affinity [181].

Serum IgE levels positively correlate with FceRI sur-
face expression in different types of receptor-bearing
cells [108, 182]. In addition, changes in free IgE levels
in serum are reflected by altered FceRI expression on
cell surface, as demonstrated by clinical trials with
omalizumab, an anti-IgE antibody [183, 184]. The
mechanism of serum IgE-dependent FceRI expression
regulation is well known, although not yet fully under-
stood [1, 185, 186]. IgE bound to FceRI exerts a stabi-
lizing effect on the receptor, most probably by
preventing it from endocytosis and subsequent degrada-
tion or, less likely, by preventing its shedding [1, 185,
186]. However, genetic association between FCERIA
SNPs and total serum IgE concentrations suggests alter-
native mechanisms for IgE regulation.

FceRI may have a stabilizing effect on IgE turnover.
Plasma half-life of IgE is very short [3], but a substan-
tial portion of synthesized IgE is most probably bound
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to FceRI on basophils and mast cells. The half-life of
FceRI-bound IgE is approximately 14 days [3]. Thus, a
genetic alteration of FceRI expression levels on the sur-
face of those cells may affect IgE stability and half-life.
As a consequence, IgE serum levels may be influenced
[187].

Alternatively, genetically determined higher FceRI(o)
expression on bashophils and/or mast cells may
enhance IgE-FceRI(o)-mediated allergen-induced activa-
tion of those cells [187, 188]. In turn, increased secre-
tion of IL-4 and IL-13 [189-192] and expression of
CD40L [191, 193] by bashophils and/or mast cells could
stimulate further B cells to switch towards IgE produc-
tion [1, 194].

It is also possible that a genotype-related increase in
FceRI expression on the surface of classical APCs may
enhance their capacity to internalize allergens [188]. As
a result, MHC class II-dependent presentation of the
allergen to Th2 cells and their activation may increase
and lead to subsequent enhancement of B-cell stimula-
tion. In addition to classical APCs, basophils are also
capable of presenting antigens to naive T cells and Th2
cells as described in more details elsewhere [84—88, 194].

Considering that FceRla is an IgE-binding subunit of
the receptor, genetic variants affecting its protein struc-
ture (missense or nonsense mutations) would be
expected to be crucial for FceRI function. So far, only
very rare (<3%) [160, 195] or even private [196]
FCERIA missense mutations were reported in different
ethnicities [160, 166, 196, 197]. These studies were
restricted to coding exons and/or non-coding regulatory
elements only [160, 166—-169, 196, 197], but a system-
atic mutation screening of the full locus harbouring
FCERI1A is still missing.

Chromosome 5q31, IL13, IL4, RAD50

GWAS and family-based segregation studies show link-
age between the chromosome 5q31 (5q, 5q31.1 or
5q31-33) and total serum IgE [160, 161, 164, 198-202].
Associations between IL13 or IL4 genetic polymor-
phisms and total serum IgE levels were observed in
candidate gene studies [203-206], including those
involving a systematic mutation screening of both
genes [207, 208]. When concomitant effects of SNPs in
IL-13/IL-4 pathway genes [including IL13, IL4, IL4R
(encoding IL-4Ra) and STAT6] on total serum IgE levels
were investigated, the risk to develop high levels of IgE
was increasing with the number of functionally relevant
SNPs in the pathway [209]. In addition, pairwise
interactions between SNPs in ILI13 and IL4R [210] or
IL13 and IL13RA1 [encoding IL-13Ral subunit of type
II IL-4 (IL-4R)/IL-13 receptor (IL-13R)] [206] genes on
total serum IgE levels were reported by the other
investigators.
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Functional properties of SNPs in IL13 [211-216] and,
to a lesser extent, in IL4 have been reported [217]. IL13
promoter SNPs rs1800925 [213, 216] and rs1881457
[214], which affect binding of transcription factors and
promoter activity of IL13, are in high LD with three (¥’
with rs1800925 in CEU: rs2706347, 0.81; rs7737470,
0.81; rs3798135, 0.81) and four (+* with rs1881457 in
CEU: 1s2706347, 0.95; rs7737470, 0.95; rs3798135,
0.95; rs2040704, 0.90) top hits from the GWAS by Wei-
dinger et al. respectively [160, 177-179]. The top IgE-
associated polymorphism from 5q31 in the GABRIEL
Consortium [161] and a further GWAS [164], rs20541,
leads to a relevant amino acid change (R130Q), which
has been investigated for its function in detail [60, 211,
212, 215, 216].

Considering the role of IL-13 and IL-4 in promoting
CSR towards IgE, the GWAS association with total
serum IgE levels seems not surprising [160, 161]. How-
ever, the 5q31 locus comprises not only IL13 and IL4 .
Within a range of 150 kb, four genes are harboured in
the locus: IL5, RAD50, IL13 and IL4. IL5 encodes for
another Th2 cytokine. RAD50, a large gene spanning
almost 90 kb, encodes for RAD50, an important DNA
repair molecule. Interestingly, in the study by Weiding-
er et al. [160], SNPs showing the strongest association
with total serum IgE from 5q31 were localized within
RAD50, and not IL13 or IL4. A later GWAS from the
US also identified the RAD50/IL13 region to be associ-
ated with asthma [218]. Subsequent analyses of several
selected 5931 SNPs demonstrated that those in RAD5O0,
IL13 or IL4, but not IL5, were associated with total
serum IgE levels [218]. LD analyses in both studies
[160, 218] showed that total serum IgE association sig-
nals in RAD50 and IL13 and/or IL4 may be indepen-
dent. Of note, RAD50 function has not been related to
asthma and IgE regulation previously, and it has not
been studied in that context so far. This raises the ques-
tion, how could a SNP located in a DNA repair gene
play a role in IgE regulation?

One possible functional explanation for the position
of the association signal in the RAD50 gene locus may
be that locus regulatory elements, which affect tran-
scription of the nearby Th2 cytokine genes, IL5, IL13
and IL4, are located within the realm of the RAD50
gene [160, 218]. Gene expression within the complex
5931 locus is co-ordinated and synchronized [219,
220]. Locus control regions (LCRs) are long regulatory
regions that regulate the expression of linked genes in
a copy number-dependent and tissue-specific manner
[221]. They typically contain a cluster of tissue-specific
DNase I hypersensitive sites (HS) involved in chromatin
modelling [221]. In transgenic mice, in which IL5,
RAD50, IL13 and IL4 are organized similar to the
human chromosome 5q31, a Th2 LCR was detected
[219, 220]. Four RAD50 HS (RHS4-7) within 25 kb of

the 3’ end of RAD50 form the core region of the Th2
LCR [219, 222-225]. RHS5-7 are highly conserved
between mice and human [222, 223, 226]. Indeed, two
of the four SNPs showing the strongest association with
total serum IgE in the study be Weidinger et al. [160]
localize to human regions homologous to mouse RHS5
and RHS6 (rs3798135 and rs2040704 respectively),
whereas the other two SNPs (rs2706347 and rs7737470)
are in tight pairwise LD (+* > 0.85) with polymorphisms
located in human sequences corresponding to RH5-7
[177-179, 219, 227].

It might also be speculated that the RAD50 gene
itself affects IgE regulation. RAD50 is expressed ubiq-
uitously. Together with MRE11 and NBS1, RAD50
forms the MRE11-RAD50-NBS1 (MRN) complex, which
is responsible for recognition and repair of double-
strand DNA breaks [228-230]. Li et al. [218] suggested
that the mechanism of allergy-related effects of
RAD50 SNPs might be related to the role of the MRN
complex in somatic hypermutation (SHM). Indeed, the
MRN complex is involved in SHM, a process that wid-
ens the spectrum of antigen recognition by antibodies
[228, 231]. In addition, the MRN complex is involved
in V(D)J recombination and class-switch recombination
(CSR), two processes crucial for the development and
function of B cells. In brief, during V(D)J recombina-
tion and CSR, the MRN complex recognizes DNA dam-
age and may then direct cell to the cycle arrest where
the required DNA repair can be subsequently con-
ducted [229-231]. CSR is a critical step in the control
of IgE synthesis which is under strict control. Hence, a
contribution of the MRN complex to IgE regulation by
influencing DNA breakage and repair in the process of
CSR could explain the association between RADS50
SNPs and total serum IgE levels. However, no
functional data to support this hypothesis have been
published yet.

Chromosome 12q13, STAT6

The serum IgE association signal from 12q13 most
probably relates to the STAT6 locus [160, 161, 164].
Already, studies conducted in the 1990s showed linkage
between the chromosome 12q locus and total and/or
specific IgE levels, although the peak of the signal was
located rather in the 12q15-q24 region downstream of
STAT6 [232-235]. Subsequent candidate gene studies
[236, 237], including a systematic mutation screening
of the gene [238], showed associations between STAT6
polymorphisms and total serum IgE concentrations. The
intronic STAT6 SNP rs324011 SNP was discovered to
affect promoter activity by a silencing regulatory ele-
ment (silencer) [239]. The rs324011 minor allele creates
a binding site for the NF- B transcription factor,
increasing STAT6 transcriptional activity. Moreover,
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the minor allele of rs324011 was found to be associated
with elevated expression of STAT6 mRNA splicing vari-
ants in primary peripheral blood mononuclear cells
[239]. SNP 15324011 is in tight LD with the most signif-
icant 12q13 hits as reported by Weidinger et al. [160]
(rs12368672, " of 0.83), the GABRIEL Consortium
[161] and the Framingham study [164] (rs167769, * of
0.96) [177-179].

Chromosome 6p21.3, HLA-DRB1

SNP 1s9271300 showed the strongest association
(P=83x 107" vs. P> 8.5 x 10°7) with serum IgE
levels in the GABRIEL Consortium GWAS [161].
This SNP is located in the major histocompatibility
complex (MHC) class II region between HLA-DRB1 and
HLA-DQA1. The GWAS result is in line with previous
observations from genome-wide linkage searches that
identified linkage between 6p/6p21/6p21.3 locus and
total and/or specific serum IgE levels [234, 240, 241].
Candidate gene studies also reported associations
between HLA-DRB1/HLA-DRB1 alleles/markers and
total and/or specific serum IgE levels [242-246].

MHC II molecules are expressed on the surface of
professional and non-professional APCs where they
present antigens to T cells [247, 248]. In their struc-
ture, MHC class II molecules are heterodimers com-
posed of two non-covalently bound transmembrane
subunits, o and [, both encoded within the HLA locus
[247, 248]. Details on the structure of MHC class II
molecules [247, 248] and the complexity of the HLA
locus [249] can be found elsewhere. HLA-DR(B1) vari-
ants may modulate antigen (allergen) presentation to
T-helper cells, thus initiating Th2 differentiation and
activation of CSR towards IgE in stimulated B cells. In
addition, MHC class II and FceRIl may interact in dif-
ferent forms of IgE/FceRIl-mediated allergen presenta-
tion [5, 132, 250]. B cells can be activated not only
through binding of a specific antigen to their BCR but
even by binding completely unrelated allergens
through the IgE/FceRIl complex if FceRIl is expressed.
Subsequent MHC class II-dependent presentation of
more than one antigen may lead to inter-antigen epi-
tope spreading [5, 129, 131, 251] relating to the clini-
cal observation that in some atopic patients the
number of allergens for which sensitization is present
increases with the course and severity of the disease
[131, 251]. Blocking IgE/FceRIl-mediated allergen pre-
sentation with non-IgE antibodies may thus prevent
further development of the specific IgE repertoire and
disease severity in atopic patients [252]. In a very
recent GWAS in the Framingham cohort [164], several
other genes from the HLA locus showed evidence of
an association with total serum IgE levels, including
HLA-G, HLA-A and HLA-DQA2.
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Chromosome 16p12, IL4R/IL21R

SNP rs1859308 within the 16p12 locus was also associ-
ated with total serum IgE levels in GWAS [161]. The
signal originates from a locus that harbours IL4R and
IL21R. Both genes can potentially influence serum IgE
(Fig. 1). IL-4 and IL-13 signal through receptors con-
taining a IL-4Ra subunit, for which IL4R codes. Not
surprisingly, IL4R variants were a target of allergy
genetics even before GWAS. IL4R SNPs were reported
to be associated not only with total [253-258] and/or
specific [255-257] serum IgE levels per se but also
interacting with SNPs in other IL-4/IL-13/STAT6 path-
way genes [209, 210]. Genetic variants in IL4R may
affect ligand interaction and signal transmission [211,
255, 259].

Interleukin-21 (IL-21) belongs to a family of ‘com-
mon 7y-chain’ (yc) -dependent cytokines. Its functional
receptor, IL-21R, is composed of a IL-21R(a) subunit
and yc [260-262]. IL-21 suppresses IgE production in
mice [57, 263, 264]. IL21R-deficient mice had higher
IgE synthesis [264], whereas in normal mice injected
with IL-21, IgE production was reduced [263]. In
humans, a stimulatory effect of IL-21 on IgE synthesis
was reported [43, 265, 266]. Other studies identified
IL-21 to either stimulate or inhibit human IgE synthesis,
depending on circumstances [267, 268]. Taken together,
effects of IL-21 on IgE production seem to be bidirec-
tional [262, 267, 268]. SNP rs12934152 in IL2IR pro-
moter was shown to be associated with total serum IgE
levels [269] and the magnitude of IL21 related inhibi-
tory effects on IgE production by primary peripheral
blood mononuclear cells [268].

Genetics of total serum IgE in respect to asthma and
atopic dermatitis

IgE has been always thought to play a crucial role in
the pathogenesis of ‘allergic disorders’, such as asthma
and atopic dermatitis (AD). However, recent GWAS
results show only a very little overlap between associa-
tion signals for total serum IgE levels and asthma or
atopic dermatitis [161, 270, 271]. In the large GABRIEL
Consortium GWAS [161], the overlap between asthma
and IgE signals was limited to 5931 and 6p21.3. How-
ever, asthma (HLA-DQB1I) and IgE (HLA-DRBI) signals
from 6p21.3 seem to be rather independent of each
other based on a weak LD between them, and the fact
that the association between HLA-DQB1 and asthma
remained significant after adjustment for IgE levels
[161].

Thus, genetic data may suggest that elevated serum
IgE levels are a secondary epiphenomenon of asthma
rather than its causal source [161]. Likewise, only a lit-
tle overlap between GWAS for atopic dermatitis (AD)
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and total serum IgE levels has been observed [271].
Also, genetic determinants of total serum IgE levels
were not related to atopic diseases in recent candidate
gene studies, e.g. on FCERIA, where no clear evidence
for an association with asthma [160, 161], AD [160,
162, 163, 272, 273] or AR [160, 274] was found.

Genetic regulation of specific serum IgE and/or atopic
sensitization

So far, three GWA studies and one GWA meta-analysis
attempted to identify genetic markers for atopy deter-
mined by specific serum IgE [275, 276]. Using a pool-
ing-based GWAS approach in a small set of 75 atopics,
equivalent asthmatics and controls, Castro-Giner et al.
[275] found SGK493 (PKDCC, 2p21), and potentially
also MAP3K5 (6q23.3), COL29A1 (3q22.1) and
COL18A1 (21qg22.3), to be associated with atopy
(defined by specific serum IgE levels of > 0.35 kU/L
against D. Pteronyssinus, cat timothy grass or C. herba-
rum) and/or atopic asthma. Another study, conducted
by Wan et al. [276], identified several loci associated
with atopy (defined by specific serum IgE levels of
> 0.35 KU, /L against house dust mite [Der p 1], mixed
grass or cat fur): 8q12 (intergenic), 8q22 (ANKRD46),
10g26 (intergenic), 11q24 (KIRREL3), 13q14 (FNDC3A),
18922 (NETO1) and 20p13 (intergenic). However, only
the signal from the 11q24 locus (KIRREL3) could be
replicated in at least one of three smaller replication
cohorts in which atopic sensitization was analysed
based on a positive skin prick test against typical inha-
latory allergens [276]. In that study, SNPs associated
with specific IgE also demonstrated an association with
total serum IgE in the GWAS cohort (except for a vari-
ant in 11924, KIRREL3), although with substantially
smaller significance and lack of confirmation in replica-
tion cohorts [276]. The authors concluded that different
genetic mechanisms underlie specific and total IgE pro-
duction. None of the specific IgE signals reported by
Castro-Giner et al. [275] or Wan et al. [276] correspond
to those identified in GWAS-based studies on total
serum IgE [160, 161]. Another recent GWAS from Sin-
gapore investigated atopy defined by positive skin prick
test to house dust mite and other local allergens in a
population of the Chinese ethnicity [277]. No individual
SNP met the genome-wide significance level, but
replication of the top 56 SNPs in a second population
suggested rs8111930 in the MRLP4 gene (19p13.2) and
rs505010 upstream of the BCAP gene (10q24.1) to be
associated with atopy [277].

Very recently, a first sufficiently powered genome-
wide meta-analysis investigated GWAS data from four
cohorts including in total more than 2000 sensitized

and 10 000 non-sensitized patients in relation to grass
sensitization and allergic rhinitis. The definition of sen-
sitization was standardized, although it differed
between the cohorts as specific serum IgE in blood as
well as skin prick test on mixed grasses or timothy
grass and varying manufacturers and criteria for inter-
pretation of specific IgE testing were combined [278].
The HLA region (6p21.32), CI11orf30/LRRC32 (11q13.5)
and TMEM232/SLCA25A46 (5q22.1) showed genome-
wide significance for grass sensitization. Several
further loci demonstrated suggestive, although non-
significant associations [278]. Interestingly, the loci
consistently shown to be associated with total serum
IgE levels in GWA studies [160, 161, 164] from
chromosomes 123, 5q31 and 12q13, were not among
the most significant findings associated with grass
sensitization [278].

Although general mechanisms of IgE regulation seem
to be (more or less) known, it may still be difficult to
characterize mechanisms leading to enhanced produc-
tion of the certain specific IgE by a selected B-cell
clone. Genetic studies on specific IgE/atopy [275-278]
such as those focusing on specific sensitization [278],
may help in understanding the mechanisms of specific
IgE (dis-) regulation in general. At this point, it seems
that an overlap between top GWAS signals for ‘allergic’
disorders, such as AD and especially AR, and specific
IgE as well as atopy is stronger [277-279] than in the
case of total serum IgE and asthma [161, 270, 271].
Further large and well-defined GWA studies on specific
IgE with sufficient power are needed to assess the true
role of genetic determinants on atopic sensitization.
Only then further insight into the role of genetic IgE
regulation and its impact on disease development may
be gained.
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