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Bcl-6: B-cell lymphoma 6
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Blimp-1: B-lymphocyte maturation protein 1
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Cε: Constant domain of IgE
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DC: Dendritic cell

GC: Germinal center

GLT: Germline transcript

mIg: Transmembrane immunoglobulin

NGF: Nerve growth factor

PC: Plasma cell

SHM: Somatic hypermutation

STAT: Signal transducer and activator of transcription

TFH: Follicular helper T
Allergic asthma and allergic rhinitis/conjunctivitis are
characterized by a TH2-dominated immune response associated
with increased serum IgE levels in response to inhaled allergens.
Because IgE is a key player in the induction and maintenance of
allergic inflammation, it represents a prime target for
therapeutic intervention. However, our understanding of IgE
biology remains fragmentary. This article puts together our
current knowledge on IgE in allergic airway diseases with a
special focus on the identity of IgE-secreting cells (‘‘who’’), their
location (‘‘where’’), and the circumstances in which they are
induced (‘‘when’’). We further consider the therapeutic
implications of the insights gained. (J Allergy Clin Immunol
2012;129:635-45.)
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IgE, the fifth and least abundant class of immunoglobulins, is
thought to have evolved in mammals from a first line of defense
mechanism against parasites, particularly helminths and proto-
zoa. However, today it is best known as a mediator of allergic
reactions ranging from allergic rhinitis and asthma (Box 1) to life-
threatening anaphylactic shock. IgE is composed of a pair of light
chains and a pair of heavy chains (Fig 1). Like IgM, IgE has 4
heavy chain domains (Cε1-Cε4) and lacks a hinge region. IgE dif-
fers from other antibody isotypes in being located predominantly
in tissues, where it is tightly bound to mast cells and basophils
through its high-affinity receptor. In this cell-bound state IgE
can persist for extended periods of time.1 Most IgE is retained
in tissues, and free serum IgE levels are the lowest of all immuno-
globulin classes (50-200 ng/mL in healthy subjects compared
with 10 mg/mL for IgG1 and 3 mg/mL for IgA1, Table I). In ad-
dition, its serum half-life is short: 2 days compared with 21
days for IgG1 and 6 days for IgA1. IgE does not activate comple-
ment and exerts its functions mostly through its receptors (Fig 2
and Box 2). The high-affinity receptor FcεRI is expressed on ba-
sophils and mast cells as an abg2 tetramer and on Langerhans
From athe Laboratorium of Immunoregulation andMucosal Immunology, Department of

Pulmonary Medicine, and bthe Department of Paediatric Gastroenterology and Hepa-

tology, University Hospital Ghent; cthe Randall Division of Cell and Molecular Bio-

physics and the MRC and Asthma UK Centre in Allergic Mechanisms of Asthma,

King’s College London; and dthe Upper Airways Research Laboratory, Department

of Otorhinolaryngology, Ghent University.

Disclosure of potential conflict of interest: H. J. Gould has received research support from

the Wellcome Trust, the Medical Research Council, and the Biotechnology and

Biological Sciences Research Council. The rest of the authors declare that they have no

relevant conflicts of interest.

Received for publication September 28, 2011; revised October 18, 2011; accepted for

publication October 19, 2011.

Available online December 9, 2011.

Corresponding author: Melissa Dullaers, PhD, De Pintelaan 185, Blok B, 9000 Ghent,

Belgium. E-mail: melissa.dullaers@ugent.be.

0091-6749/$36.00

� 2011 American Academy of Allergy, Asthma & Immunology

doi:10.1016/j.jaci.2011.10.029
cells, myeloid dendritic cells (DCs), plasmacytoid DCs, mono-
cytes and eosinophils as an ag2 trimer.2-5 The low-affinity recep-
tor FcεRII (CD23) is a C-type lectin and can be induced on a
broad range of immune cells, such as activated B cells, macro-
phages, eosinophils, natural killer T cells, T cells, and follicular
dendritic cells, but also on structural cells, such as airway epithe-
lial cells and smooth muscle cells.6
STATE OF THE ART ON IgE1 B-CELL

DEVELOPMENT
Typically, mature naive B cells encounter antigen in peripheral

lymphoid organs, where it is presented by DCs. T-dependent
antibody responses are initiated when rare B and T cells specific
for an incoming antigen cluster at the boundary between B-cell
follicles and T-cell zones and engage in cognate interactions.
Activated B cells then can adopt one of 2 fates: movement into
extrafollicular areas followed by proliferation and terminal
differentiation into short-lived plasma cells (PCs) or movement
into B-cell follicles followed by proliferation and establishment
of germinal centers (GCs).7

Cognate TH cells interact with B cells and provide them with
the necessary helper signals. The ligation of CD40, which is con-
stitutively expressed on B cells, by CD40 ligand (CD40L), which
is upregulated on activated CD41 TH cells, is known to play an
essential role in differentiation, class-switch recombination
(CSR), and GC formation.8,9 Specialized follicular helper T
(TFH) cells, characterized by CXCR5, B-cell lymphoma 6
(Bcl-6), programmed death-1, and inducible costimulator expres-
sion, provide specialized B-cell help with a plethora of cytokines,
such as IL-2, IL-4, IL-21, and TGF-b1.10,11 Of these cytokines,
IL-21 plays a particularly crucial role in GC formation by provid-
ing growth and differentiation signals and sustaining the expres-
sion of Bcl-6, a transcription factor necessary for GC B-cell
development.12,13 Among the different subtypes of TFH cells,
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Box 1. IgE in patients with atopic asthma and atopic rhinitis

Allergic asthma and allergic rhinitis/conjunctivitis are characterized by a TH2-dominated immune response associatedwith increased serum IgE levels in

response to inhaled allergens. Symptoms of atopic asthma are intermittent attacks of breathlessness, wheezing, and cough after exposure to inhaled

allergens. These are caused by chronic inflammation and remodeling of the conducting airways. Atopic rhinitis/conjunctivitis is an inflammation of

the nasal passages, usually associated with swelling, watery nasal discharge, and itching of the nose and eyes. The association between allergen-

specific serum IgE levels and asthmawas established through epidemiologic studies. Burrows et al85 found a close correlation between serum IgE levels,

skin test reactivity, and asthma. Involved antigens are mostly indoor aeroallergens derived from, for example, house dust mite, animal dander, cock-

roach, and molds. In patients with allergic rhinitis, seasonal allergens from pollens and grasses play an equally important role as aeroallergens.

Asthmatic patients who do not respond to common allergens on a skin prick test are defined as nonatopic. About a third of adult asthmatic patients are

nonatopic by this definition. Nonatopic asthmatic patients usually have more severe and difficult-to-control disease. They also have increased total IgE

serum levels compared with those seen in healthy control subjects.

Experimental asthma can be induced in animals in the absence of B cells or IgE,86,87 suggesting that other immunologic effector pathways can induce

allergen-driven airway inflammation.

FIG 1. Protein structure of soluble IgE in comparison with IgM, IgG, and

IgA. Schematic representation of the protein and domain structure showing

the variable regions in red and the constant heavy chain regions in blue. In-

terdomain disulfide bridges are represented by black lines, and sites of

N-linked glycosylation are represented by green spheres.

TABLE I. Human serum immunoglobulin levels and their main

function

Isotype

Serum

concentration

(mg/mL)

Serum

half-life (d) Main effector functions

IgD 0.03 3 Binding to mast cells and basophils

Neutralizing airway microbes

IgM 1.5 10 Classical pathway of complement

activation

Neonatal immunity

IgG

IgG1

IgG2

IgG3

IgG4

9.0

3.0

1.0

0.5

21

20

7

21

Classical pathway of complement

activation

Fc receptor–dependent phagocytosis

Neonatal immunity

IgA

IgA1

IgA2

3.0

0.5

6 Mucosal immunity: secreted into

lumens of respiratory and

gastrointestinal tracts

Alternative pathway of complement

activation

IgE 5 3 1025 2 High-affinity binding to mast cells

and basophils (immediate

hypersensitivity reactions)
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TH2-like TFH cells are the only subset capable of inducing IgE
class-switching in naive B cells.14

Once B cells have entered the GC reaction, they undergo clonal
expansion and selection, antibody affinity maturation through
somatic hypermutation (SHM), and CSR (Fig 3). Two signals are
required for class-switching to IgE: IL-4/IL-13 and CD40 liga-
tion.15 This is illustrated by decreased IgE levels in mice deficient
for CD40 or IL-4.16,17 The TH2 cytokines IL-4 and IL-13 are
strong inducers of IgE switch through signal transducer and acti-
vator of transcription (STAT) 6, whereas CD40 ligation signals
through nuclear factor kB. Both signaling molecules can bind
the Iε promoter (STAT6 with a higher affinity) to initiate the
production of ‘‘sterile’’ ε germline transcripts (εGLT).18,19

Production of εGLTs from the Iε promoter precedes IgE class-
switching and makes the ε switch region available for recombina-
tion. Nuclear factor kB and, to a lesser extent, STAT6,20 induce
expression of activation-induced cytidine deaminase, which initi-
ates a series of reactions leading to recombination of the heavy
chain between the Sm and Sε regions.21 This results in rearranged
mature ε chain mRNA and a circular piece of DNA that is looped
out, referred to as a switch circle. Both direct m to ε CSR, as well
as sequential switch through g intermediates have been observed
in human subjects,22,23 as well as mice.24

An isotype-switched affinity-matured B cell exiting the GC
reaction will become either a memory B cell or a long-lived PC.
How this decision is made is not yet known. Memory B cells are
long-lived, dividing B cells that carry their B-cell receptor (BCR)
at high levels on the surface and secrete little immunoglobulin.7 On
antigen recall, they react rapidly and give rise to antigen-specific
antibody-secreting PCs. PCprecursors or plasmablasts that emerge
from GC reactions are highly proliferative cells and migrate pri-
marily to the bone marrow, where they terminally differentiate
into PCs. They downregulate several B-cell lineage–specific
markers and upregulate the PC marker CD138 (syndecan-1).
The transcription factors B-lymphocyte maturation protein
1 (Blimp-1) andX-box protein 1 are necessary for PCdevelopment
because they regulate secretory processes and endoplasmic reticu-
lum stress, allowing the endoplasmic reticulummachinery to adapt
to high-level antibody production. Long-lived PCs provide long-
term antibody titers; they do not self-renew and express very low
to undetectable levels of membrane immunoglobulin.25 Together,
memory B cells and long-lived PCs ensure humoral memory. In
the case of IgE, it is not clear whether both long-lived PCs and
memory B cells exist. Fig 4 provides an overview of immunoglob-
ulin expression, membrane markers, and transcription factors in
the different stadia of B-cell differentiation.
OUTSTANDING QUESTIONS/GAPS IN OUR

KNOWLEDGE OF IgE BIOLOGY
‘‘Who’’: Is IgE memory ensured by PCs and memory B cells?
‘‘Where’’: Where do IgE-secreting cells reside?
‘‘When’’: Does IgE CSR take place during GC formation? Can

it happen independently of T-cell help?



Box 2. Effector functions of IgE (Fig 2)

IgE produced locally in themucosabinds to its high- and low-affinity receptors on awide range of immune cells and structural cells of the airwaymucosa.

Mast cells and basophils are the best-known IgE effector cells and are responsible for the acute phase of airway inflammation. Cross-linking of IgE-FcεRI

complexes on the mast cell and basophil surface leads to degranulation and synthesis of inflammatory mediators and cytokines. Histamine,

leukotrienes, prostaglandins, and platelet-activating factor cause the symptoms of immediate hypersensitivity, such as vascular permeability, blood

vessel dilation, bronchoconstriction, plasma extravasation, and smooth muscle contraction. Release of proinflammatory (IL-6, macrophage inflamma-

tory protein 1a, and TNF-a) and type 2 (IL-4, IL-5, and IL-13) cytokines initiates the late-phase response with recruitment and activation of inflammatory

cells, such asmonocytes, T cells, eosinophils, and basophils. These cells contribute to the clearance of allergen-IgE complexes and phagocytose and kill

pathogens.6 In addition to promoting more IgE production, IL-4 and IL-13 also cause goblet cell hyperplasia and excess mucus production.88,89

Expression of FcεRI on antigen-presenting cells is important for IgE-mediated antigen uptake. Allergen that binds DCs through FcεRI-fixed specific IgE is

efficiently taken up and presented to T cells, thus amplifying the late allergic response.90 In addition, FcεRI1 DCs have been shown to be necessary and

sufficient for the induction of TH2-driven allergic airway inflammation in response to inhaled house dust mite.5

CD23 is upregulated on antigen-engaged B cells and allows them to bind allergen-IgE complexes, internalize the allergen, and present its peptides to T

cells in a noncognate manner, a process also called facilitated antigen presentation.91 CD23 expressed on epithelial cells acts as a transepithelial IgE-

allergen transporter, transferring IgE-allergen complexes from the lumen to themucosa, where they can engage FcεRI onmucosa-resident mast cells.92

Ligation of CD23 by IgE-allergen complexes on airway smooth muscle cells induces production of IL-1b, which contributes to inflammation.93

IgE-mediated antigen presentation by both B cells andDCs amplifies the allergen-specific IgE response. Repeated allergen exposure thus creates an IgE-

driven chronically inflammatory environment causing tissue damage that will engage wound repair mechanisms. These repair mechanisms will, in the

case of asthma, eventually result in remodeling of the airways characterized by goblet cell hyperplasia, increased airway wall thickness from smooth

muscle hyperplasia, collagen deposition, and increased vascular permeability.94

FIG 2. Central role of IgE in patients with allergic airway diseases. When DCs take up inhaled antigens in an

atopic environment, this results in a predominant TH2 cell induction. In addition to recruiting eosinophils,

TH2 cells are potent inducers of IgE1 B cells through production of IL-4 and IL-13. IgE produced locally in

themucosa binds to its high-affinity (FcεRI) and low-affinity (FcεRII) receptors on cells of the airwaymucosa.

Ligation of FcεRI-bound IgE by allergen on mast cells and basophils leads to degranulation and the synthe-

sis of inflammatory mediators and cytokines, which cause the symptoms of immediate hypersensitivity,

such as plasma extravasation, smooth muscle contraction, and itching. Release of proinflammatory (IL-6,

macrophage inflammatory protein 1a, and TNF-a) and type 2 (IL-4, IL-5, and IL-13) cytokines initiates the

late-phase response with recruitment and activation of inflammatory cells, such as monocytes and eosino-

phils. IL-4 and IL-13 also cause goblet cell hyperplasia and excess mucus production. Increased local IgE

levels induce the expression of FcεRI on DCs and stabilize FcεRII on B cells. This allows both cell types to

take up allergen-IgE complexes and present the allergen to T cells in a TH2-skewing environment. For

FcεRII-bearing B cells, this happens in a noncognate manner, and it is therefore called facilitated antigen

presentation.
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FIG 3. Molecular events leading up to IgE class-switching. Schematic

representation of the immunoglobulin heavy chain locus with regions of

interest. A mature B cell expresses a rearranged VDJ coupled to Cm and Cε.

IgE class-switching is initiated by IL-4 through induction of STAT6 and by

CD40 ligation through translocation of nuclear factor kB. These signaling

molecules initiate transcription from the Iε promoter (εGLT) and induce

expression of activation-induced cytidine deaminase (AID). This enzyme ca-

tabolizes a deletion recombination when the switch regions Sm and Sε pair

up their homologous sequences. The result is a genomic sequence inwhich

the VDJ regions are followed by the Cε region, giving rise to mature ε

transcripts.
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‘‘WHO’’: IS IgE MEMORY ENSURED BY BOTH PCs

AND MEMORY B CELLS?
The formation of allergen-specific IgE in atopic subjects often

occurs early in life26 and usually continues long into adulthood,
even without continuous antigen exposure.27 Studies on
allergen-specific IgE reactivity in allergic subjects found that it
is steady and exhibits characteristics of a typical secondary (ie,
memory) response.28,29 In a murine model IgE transcripts could
be detected in the spleen only 1 day after boost, indicating that
IgE memory B cells exist.30 More in-depth research is hampered
by the extreme low frequency at which these cells occur.
In human subjects switched transmembrane immunoglobulin

(mIg) G1 and mIgA1 memory B cells can be found recirculating
through the blood. On average, they represent 9% and 6%, respec-
tively, of circulating B cells in healthy subjects (Fig 5,A), which is
in line with serum IgG and IgA levels. Given that serum IgE con-
centrations are 4 to 5 orders of magnitude lower than those of IgG,
it is expected that mIgE1 B cells would be near undetectable in
the blood.
In our hands, using flow cytometry, the blood of healthy and

mildly atopic subjects contained comparable mIgE1 B-cell
numbers (0.1% to 0.2% of peripheral blood B cells; Fig 5, A
and B). Allergic patients with increased serum IgE levels
(>1000 kU/mL) had only slightly increased frequencies of
mIgE1 B cells (mean, 0.47%), which is in line with results
by Donohoe et al (Table II). Serum IgE concentrations did
not correlate well to mIgE1 B-cell frequency but did correlate
to IgE fluorescence intensity on circulating basophils, mono-
cytes, and plasmacytoid dendritic cells, the effectors of allergic
reactions (Fig 5, C).
The short half-life of serum IgE implies that a constant de novo
production must occur to sustain allergen-specific IgE levels. It is
known that long-lived PCs are responsible for the long-term
maintenance of antigen-specific antibody titers.31,32 This is
most likely also the case for IgE because it is known that atopy
can be transferred through transplantation of bone marrow from
an atopic into a nonatopic patient.33 Moreover, it has been shown
in mice that the majority of IgE-secreting cells after airway aller-
gen exposure reside in the bonemarrow and are long-lived and cy-
clophosphamide resistant, which is typical of long-lived PCs.34

Direct proof of the existence of circulating human IgE-secreting
PCs was provided by a number of studies (Table II). To summa-
rize, IgE1 PCs were detected by using ELISPOT in the blood
of patients with increased serum IgE levels but were on the lower
end of detection in healthy subjects. The frequency of circulating
IgE-secreting cells correlates well with serum IgE levels in all
studies.
On the basis of their findings in a murine model, Erazo et al24

claim that IgE1 B cells exhibit a unique maturation program fa-
voring swift PC differentiation over memory B-cell development.
In their model IgE1 B cells developed through sequential switch
from IgG1

1B cells in the extra-GC areas. They found that IgE1B
cells did not express the GC B-cell transcription factor Bcl-6 but
instead contained high levels of the PC-related transcription fac-
tors Blimp-1 and X-box protein 1. Because these data could be a
unique feature of the monoclonal T-cell/B-cell murine model
used in this study, further research in more physiologic animal
models and human allergic patients is warranted to validate the
premise that IgE1 B cells preferentially develop into PCs.

Taken together, our knowledge on the cellular source of IgE
memory is fragmentary, but both PCs and memory B cells have
been detected in the blood. With regard to IgE-targeting thera-
peutics under development, it is of major interest to further
characterize each subset and determine their relative contribution
to long-term IgE production. This is possible by studying the fate
of IgE1 B cells in more relevant animal models (ie, by using real
allergens in wild-type mice and follow-up in atopic patients or pa-
tients with hyper-IgE syndrome).
‘‘WHERE’’: WHERE DO IgE-SECRETING CELLS

RESIDE?
Where does the IgE come from that causes allergic reactions at

mucosal sites? One hypothesis is that it is produced in regional
lymph nodes or in the bone marrow and specifically enriched in
the mucosa through binding to resident mast cells. Alternatively,
IgE could be produced locally in the mucosa by resident PCs.
Luger et al34 found in a murine model that long-lived allergen-

specific PCs persisted in the bone marrow and spleen long after
allergen exposure had stopped. Together with the fact that bone
marrow transplantation in patients can transfer atopy,33 this sup-
ports the theory that memory IgE PCs persist in the bone marrow.
Ganzer and Bachert35 found IgE-containing lymphoid follicles

in human palatine and nasopharyngeal tonsils and in cervical
lymph nodes. They therefore suggested that IgE synthesis takes
place in the lymphoid tissues of the Waldeyer ring and in lower
respiratory tract lymph nodes, after which it is transported to
the respiratory mucosa by migratory mast cells that mediate the
allergic reaction. In line with this, McMenamin et al36 identified
in rats the lymph nodes draining the lower respiratory tract as
the primary site of IgE secretion in response to inhaled antigen.



FIG 4. Markers of B-cell differentiation on antigen recognition. Schematic representation of B-cell differ-

entiation on antigen recognition in human subjects and mice and the markers that characterize the different

stadia are shown. Membrane markers are shown in the upper box, intracellular immunoglobulin and tran-

scription factors are shown in the middle box, and the location of the subset is shown in the lower box per

differentiation stage. Ag, Antigen; BM, bone marrow; IcIg, intracellular immunoglobulin; LN, Lymph node;

MZ, marginal zone.
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Yet in Northern blot analysis, they picked up ε chain mRNA in the
lung parenchyma and in tracheal tissue, as well as in lung-
draining lymph nodes, suggesting that IgE can be produced in
the mucosa as well.
This had already been suggested, when allergen-specific IgE

was found in nasal secretions of patients with allergic rhinitis,
even if they had a negative skin prick test response.37,38 Indeed,
IgE-producing cells and IgE-encodingmRNAwere found in nasal
mucosa and nasal lavage fluid from both patients with atopic rhi-
nitis and healthy subjects, but they were several times more abun-
dant in the allergic subjects.39-41 Allergen-specific IgE1 PCswere
found only in allergic patients and correlated to their atopic sta-
tus.41 It was further shown that de novo grass pollen–specific
IgE synthesis takes place in the nasal mucosa of patients with
hay fever and that this persists between seasons.42 High levels
of local IgE and IgE1 B cells were also found in nasal polyps,
independent of the atopic status of the patient.43,44 In parallel,
asthmatic patients were found to have increased levels of
IgE-encoding mRNA in the bronchial mucosa compared with
those seen in healthy control subjects, and this was irrespective
of their atopic status.23,45 Thus it appears that allergen-specific
IgE1 B cells and PCs accumulate in the respiratory mucosa of
atopic subjects. Luger et al34 found in a murine model that persis-
tence ofmucosal IgE1 cellswas dependent on continuous allergen
exposure. This might be different in human subjects, however, be-
cause Smurthwaite et al42 found pollen-specific IgE being pro-
duced in the allergic nasal mucosa between seasons.
The mucosa as the principal site of allergen-specific IgE
production could explain the difference between so-called non-
atopic and atopic patients: a negative skin prick test response or
lack of allergen-specific IgE in the serum does not exclude the
presence of allergen-specific IgE at the mucosal surface. Hence it
is conceivable that many ‘‘nonatopic’’ patients are atopic after all
but that they do not have spillover of the mucosally produced
allergen-specific IgE into the circulation.
An important question with regard to therapeutic intervention

that remains unanswered is whether IgE1 B cells at the respira-
tory mucosal surface are continuously replenished from a source
of local progenitors or whether the mucosa is merely a survival
niche for cells induced elsewhere? In vitro–generated human
IgE1 B cells express CCR10 and migrate toward CCL28, which
is produced by the airway epithelium on inflammation.46 This
would enable IgE1 B cells that were generated elsewhere to mi-
grate into inflamed airways. Murine studies further showed that
adoptively transferred allergen-pulsed DCs migrated from the
lung tissue to draining lymph nodes and subsequently induced
allergen-specific IgE.47 Together with the abovementioned stud-
ies,35,36 this shows that respiratory tract draining lymph nodes
contribute to IgE induction.
On the other hand, it has become increasingly clear that IgE

class-switching can occur within lymphoid accumulations in the
mucosa, as reviewed by Gould et al.48 Several groups have found
increased IL-4, signal 1 for IgE-class switching, in the nasal mu-
cosa of patients with allergic rhinitis49 and bronchial biopsy



FIG 5. Circulating mIgE1 B cells are not readily detected in the blood of allergic donors. Data are flow cyto-

metric analyses of PBMCs from healthy subjects or patients with house dust mite allergy. Staining for CD19

and membrane immunoglobulins was performed. A, Data from a representative donor with house dust

mite allergy for membrane IgM, IgG, IgA, and IgE levels. Cells were gated on scatter, singlets, alive, and

CD19. Data from all donors tested are plotted in B. C, Although there are very few B cells expressing

mIgE, basophils, plasmacytoid DCs, and monocytes bound IgE relative to the serum IgE levels. Populations

were gated as follows: basophils, CD1231BDCA22; plasmacytoid DCs, CD1231BDCA21; monocytes, CD141.

TABLE II. Membrane IgE1 and IgE-secreting cells in human blood

Publication Method Subjects (serum IgE levels) Frequency

Membrane IgE1 cells in

human blood

Donohoe, 199598 Flow cytometry Healthy 0.05% of PB B cells

Atopic 0.33%

Dullaers et al,

unpublished

Flow cytometry Healthy (<150 IU/mL) 0.18% of PB B cells

Atopic (150-500 IU/mL) 0.15%

Atopic increased IgE level (>1,000 IU/mL) 0.47%

IgE-secreting cells in

human blood

Stein, 198699;

MacKenzie, 1989100
EBV transformation 1

IgE ELISA on clone

supernatant

Healthy 0.03% to 0.1% of EBV-responsive B cells

Dhanjal, 1992101 ELISPOT Healthy (<100 IU/mL) ND

Atopic (<1,000 IU/mL) ND

Atopic dermatitis (>2,000 IU/mL) 49 IgE AFCs/106 PBMCs

King, 1991102 ELISPOT Healthy (>200 ng/mL) 0.4 IgE AFCs/105 PB B cells

Loiasis (200-13,500 ng/mL) 5

Lymphatic filariasis (350-26,000 ng/mL) 9

Tropical pulmonary eosinophilia (2,300-84,400 ng/mL) 52

Hyper-IgE syndrome (14,400-72,700 ng/mL) 218

Horst, 2002103 CD138 enrichment 1
intracellular flow

Healthy 0.32% of PB PCs

Hyper-IgE syndrome 6.5%

AFC, Antibody-forming colony; ND, not detected; PB, peripheral blood.
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FIG 6. The IgE membrane regions possess 3 suboptimal termination sequences. Schematic representation

of the IgM and IgE sequences showing that the membrane regions M1 and M2 of IgE are followed by 3

deviant termination sequences, unlike IgM. This results in a suboptimal expression of membrane IgE in

favor of sIgE.

Box 3. Inefficient splicing favors the secreted form of IgE (Fig 6)

Like the other immunoglobulin classes, IgE is produced as a transmembrane (mIgE) or a secreted (sIgE) protein. Expression of the 2 forms is regulated by

alternative splicing of the immunoglobulin heavy chain transcripts. The constant domains of the heavy chain are followed by 2 additional exons for the

transmembrane domain (M1) and the cytoplasmic tail (M2, Fig 6). The last constant-domain exon of all immunoglobulin heavy chain genes contains an

internal polyadenylation site and a splice donor site. The 39untranslated region downstreamofM2 contains 1 ormore external polyadenylation sites (Fig

4). Alternative processing of this transcript is regulated by the choice of polyadenylation sites and determines whether M1 and M2 are included in the

mature mRNA. The membrane immunoglobulin/sIg ratio depends on the differentiation stage of the B cell, but the exact biochemical signals that reg-

ulate this process are not known.95

Both inmice and human subjects, the IgEmembrane locus contains 3 poly-A termination sequences that deviate from the consensusAATAAA sequence

found in other immunoglobulin genes (Fig 6).96 As a result, the expression ofmRNA formIgE but not sIgE is poor because of inefficient processing at the

deviant polyadenylation hexamers, and this leads to the preferential synthesis of sIgE. However, mice expressing a truncated ε cytoplasmic tail (hence

signaling downstream of their BCR is defective) have significantly lower serum IgE levels after immunization and the antibodies are of a lower affinity

compared with wild-typemice.97 Thismeans that mIgE, although expressed inefficiently, does play a role in positive selection and affinitymaturation of

IgE1 B cells.
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specimens from asthmatic patients.50 It is known that mast cells
present in airway mucosa can provide CD40L, signal 2 for IgE
switching.51 Furthermore, activation-induced cytidine deaminase
expression and levels different IgE CSR-related nucleic acid spe-
cies were increased in the nasal mucosa of patients with allergic
rhinitis23,52 and in the bronchial mucosa of atopic asthmatic pa-
tients compared with those seen in healthy control subjects.53 To-
gether these data demonstrate that the respiratory mucosa has the
intrinsic capacity to drive local IgE class-switching.
Additionally, murine models of asthma have shown that the

respiratory mucosa provides survival signals for resident PCs.
Airway epithelial cells are a major source of the neurotrophins
nerve growth factor (NGF) and neurotrophin-2 in patients with
allergic airway inflammation.54 Lung PCs express receptors for
NGF and neurotrophin-3 (TrkA and TrkC).55 Blocking of the
NGF pathway resulted in lower allergen-specific IgE levels be-
cause of increased cell death of PCs,55 whereas overexpression
of NGF in Clara cells increased allergen-specific IgE levels and
airway eosinophil numbers.56

In summary, IgE-secreting PCs are found in the bone marrow,
respiratory lymph nodes, and respiratory mucosa. Both draining
lymph nodes and lymphoid accumulations within the mucosa are
IgE-inducing sites. The lung provides a survival niche for PCs by
means of local production of neurotrophins, such as NGF.
‘‘WHEN’’: IS GC FORMATION NEEDED FOR IgE

SWITCHING?
Even though it is clear that B cells need T cell–providedCD40L

and IL-4 for switching to IgE, there is disagreement over the
importance of the GC reaction for the generation of IgE1 B cells.
The observation that increased levels of IgE in germ-free rats nor-
malized on nonsterilized chow feeding,whichwas associatedwith
the emergence ofGCs in Peyer patches, led to a hypothesis that the
GC reaction itself is a negative regulator of IgE CSR.57

Looking at the location of IgE1 B cells, some animal studies
found that postimmunization IgE1 B cells were localized exclu-
sively in the GCs of draining lymphoid tissues,58,59 whereas
others observed that they were excluded from the GCs.24,60 The
most recent of these studies used an elegant murine model to vi-
sualize IgE responses.24 Even though they found IgE1B cells pri-
marily outside of GCs as opposed to IgG1

1 B cells, they detected
increased levels of εGLTs in GC B cells, suggesting that IgE CSR
was initiated in GCs.
Aalberse and Platts-Mills61 hypothesized that IgE is primarily

induced when allergen exposure is low, such as with pollen or
house dust mite, which results in a TH2 response that is too
weak to inducemature GCs or TFH cells.

10 In this case the absence
of the GC B-cell transcription factor Bcl-6 would lead to rapid in-
duction of Blimp-1 and plasmablast differentiation without for-
mation of memory B cells. Because these responses are
inefficient, the resulting antibody response is low, does not pro-
vide long-lived memory, and depends on chronic allergen stimu-
lation to last.
To the contrary, high-dose allergen exposure, as with cat

allergen or bee venom, induces strong TH2 responses and mature
GCs. Here, IgE1 B cells have a survival disadvantage compared
with other isotypes. Not only does inefficient expression of mem-
brane IgE (Fig 6 andBox 3)make it more difficult for IgE1B cells
to receive survival signals through their BCRs, interaction of
membrane IgE with follicular DC-expressed CD23 can also sup-
press their survival.62 This results in a TH2-driven GC response,
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generating predominantly IgG4 B cells (in human subjects) that
differentiate toward both PCs and memory B cells, as has been
found in children exposed to cat allergen or beekeepers exposed
to multiple bee stings.63 In these strong TH2 GC reactions,
IgE1 PCs could develop either through direct m to ε CSR and es-
cape from the follicle during early GC reaction or through sequen-
tial CSR from IgG4 B cells. This hypothesis fits very well with
Erazo et al’s experimental data24 and could also explain how
the different models discussed above could have obtained such
different results.
Dahlke et al64 proposed that IgE1B cells would develop from a

pathway distinct from the conventional GC pathway because they
found that IgE VH sequences isolated from the blood of healthy
and allergic subjects accumulated few somatic point mutations
compared with IgG sequences. However, studies looking at
SHM in mucosal IgE sequences of allergic subjects readily
showed that antigen-driven SHM is an ongoing process in the mu-
cosa, as documented by a mutation rate of 5% to 15%.65,66

Taken together, evidence from different models and patients
suggests that IgE1 B cells are dependent on GCs but not in a con-
ventional way like, for example, IgG1 B cells.
‘‘WHEN’’: CAN IgE CSR HAPPEN INDEPENDENTLY

OF T-CELL HELP?
In addition to unconventional GC-dependent pathways, alter-

native T-independent mechanisms have been suggested to give
rise to IgE production.
A preferential use of the minor VH5 family by IgE was ob-

served in the peripheral blood and spleens of atopic asthmatic pa-
tients, as well as in the nasal mucosae of patients with allergic
rhinitis.67,68 This biased VH gene use points toward selection by
bacterial superantigens, which can bind immunoglobulins
through the conserved framework region outside the conventional
binding sites in the complementarity determining regions. Indeed,
Coker et al69 found a preferential VH5 use for IgE and IgA se-
quences in the nasal mucosa and that 75% of mutational hot spots
were located in the framework region. Because it is known that
nasal carriage of Staphylococcus aureus occurs in more than a
third of the population70 and is associated with house dust
mite–induced allergic rhinitis71 and nasal polyposis,72 bacterial
superantigens are likely to play a role in airway mucosa IgE re-
sponses. It remains to be determined how superantigens at themu-
cosal surface favor IgE responses over other isotypes.
Another nonclassical pathway of IgE production was observed

in CD4-deficient mice. As in human T-cell deficiencies accom-
panied by increased levels of serum IgE (eg, Wiskott-Aldrich and
Omenn syndromes), McCoy et al73 observed increased levels of
spontaneously sIgE in the sera of mice fromCD4-deficient strains
and limited CD4-repertoire mice. This ‘‘natural’’ IgE arises in the
absence of cognate CD4 T-cell help and, like natural IgM, is com-
posed of natural specificities. It does not require secondary lym-
phoid structures or GC formation, although some bystander T
cell–derived IL-4 is necessary. Recently, it was shown that
lck2/2 mice, which lack TH2 cells, have paradoxically high IgE
levels and that this is caused by an increase in CD41 gd T-cell
numbers.74 It is thus highly likely that increased IgE levels in
the other CD4-deficient mice are also a result of gd T-cell
expansion.
Another pathway to natural IgE could involve IgD cross-

linking on basophils. It was recently shown that the human upper
respiratory mucosa gives rise to IgD-switched plasmablasts that
secrete IgD locally.75 This soluble IgD recognizes several strains
of respiratory bacteria and can be bound by basophils and mast
cells. Cross-linking of IgD bound on the surfaces of basophils re-
sults in their activation accompanied by the secretion of antimi-
crobial factors and upregulation of, for example, CD40L, B
cell–activating factor of the TNF family (BAFF), and IL-4. This
enabled basophils to induce IgG and IgA CSR in naive B cells.
However, it would be most interesting to know whether IgD-
activated basophils and mast cells would trigger IgE CSR. This
could provide a mechanism for the strong IgE responses induced
in mice by a single injection of polyclonal anti-IgD antibodies, as
reported by Finkelman et al.76,77 It could also partially account for
the IgE produced in the CD4-deficient mice because the majority
of B cells in these mice would not be able to class-switch and
hence produce IgD. Additionally, the presence of numerous
IgD-secreting cells andmast cells might contribute to the intrinsic
IgE-promoting properties of the respiratory mucosa.
In conclusion, in some circumstances IgE production can arise

from alternative T-independent pathways. This is an emerging
field of study, and more research is warranted to establish the
importance of bacterial superantigens, natural IgE, and basophil
IgD-cross-linking in the cause of allergic diseases.
THERAPEUTIC IMPLICATIONS
Inmanyways the development of IgE1B cells differs from that

of IgG1 or IgA1 B cells. In-depth study of the ‘‘who, where, and
when’’ of IgE leads us to 3main observations with important ther-
apeutic implications.
Local production, local treatment
IgE induction seems to occur mainly in the respiratory mucosa,

and receptor-bound IgE is more abundant in the mucosa than in
the circulation. This indicates local rather than systemic treat-
ment. Not only would local treatment be more effective, it would
allow for lower drug doses and induce fewer side effects.
Limitations of allergen avoidance for airway

allergies
Allergen avoidance is a valid strategy to reduce symptoms of

food allergy, for example; however, it does not result in loss of
allergy. Given the nature of the exposure, allergen avoidance is
less efficient for allergic airway inflammation to inhaled antigens.
IgE titers for certain (GC-dependent) allergens are long lasting;
hence allergen avoidance would not reduce symptoms on re-
exposure. For these allergens, immunotherapy to induce active
tolerance would be a better choice. For weak allergens, such as
house dust mite, allergen exposure can be reduced but not
eliminated. Even if the IgE memory compartment would be
inefficient or nonexistent, repeated or continuous low-level
allergen exposure would ensure constant replenishment of
allergen-specific IgE1 B cells.
IgE-targeting therapeutics
The importance of IgE in the pathology and symptoms of

allergic airway disorders is substantiated by the effect of IgE-
targeting biological agents on allergic asthma symptoms. Treat-
ment of allergic diseases with humanized anti-IgE (omalizumab)
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decreases serum IgE levels and prevents its interaction with mast
cells and basophils. Lower serum IgE levels further decrease the
expression of FcεRI on basophils and mast cells, thus rendering
them less excitable. Repeated subcutaneous administration of
omalizumab improves asthma symptoms and allows reduction of
medication use.78,79 It is worth noting that although omalizu-
mab’s effects are only modest and do not occur in all patients
with atopic asthma, benefits of IgE blockade can be observed,
even in the most severe cases.80

Since the success of omalizumab, other IgE-targeting strategies
are being investigated. Among them is a peptide vaccine that
elicits long-term protective autoantibodies against IgE. This
would result in therapeutic effects similar to those of omalizumab
without the need for frequent injections of recombinant anti-
body.81 Others focus on the development of therapeutics targeting
the proximal IgE-specific membrane sequence (constant domain
of IgE, proximal [CεmX], or IgE membrane proximal domain
[EMPD]) present in membrane IgE only. They developed anti-
bodies against this unique sequence, which could target and elim-
inate IgE-committed and memory B cells.82-84 The efficacy of
these antibodies was shown by in vitro binding to mIgE transfec-
tants and cell lines but will be difficult to prove in patients given
the very low frequency of IgE1 B cells in peripheral blood. Be-
cause binding of the antibody to mIgE provides BCR stimulation
without cognate interaction with CD41 T cells, this results in
receptor-mediated apoptosis. The mIgE antibody was thus able
to block synthesis of IgE on allergen exposure in a murine model
but did not affect established total IgE titers.79 Therapies targeting
long-lived PCs will be needed to reduce total IgE levels, but such
therapies are not currently available.
CONCLUSIONS
Although our knowledge is expanding, several important

questions on the ‘‘who, where, and when’’ of IgE memory remain
unclear. After careful review of the literature these are the up-to-
date answers.
‘‘Who’’
PCs are themost likely cellular source of IgEmemory. They are

readily detected both in animal models of allergic disease and in
patients with increased serum IgE levels. Furthermore, their
frequency correlates well with serum IgE levels. Detection of
mIgE1memory B cells is technically difficult because of their ex-
tremely low frequencies. The little evidence on their existence re-
mains to be confirmed.
‘‘Where’’
Both human and animal studies show that the respiratory

mucosa is a site of IgE induction during allergic airway inflam-
mation. The role of airway draining lymph nodes in IgE induction
needs to be revisited. IgE PCs are found in the bone marrow and
spleen in animal models. Murine studies further show that the
airway mucosa provides a survival niche for PCs through the
production of prosurvival neurotrophins.
‘‘When’’
GC dependence of the IgE response is still a subject of debate,

but evidence from different animal models and patients suggests
that IgE1B cells are dependent on GCs, although not in a conven-
tional way, such as IgG1 B cells. In some conditions, such as bac-
terial colonization, or more extreme situations, such as CD4
deficiency, IgE could arise in the absence of T-cell help.
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