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Induction and regulation
of the IgE response
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Immunoglobulin E (IgE) is believed to be one of the major mediators of immediate hypersensitivity reactions that underlie atopic
conditions such as urticaria, seasonal allergy, asthma and anaphylaxis. Factors that control IgE production are therefore essential
to the pathogenesis of these important af¯ictions. But a complete understanding of this topic is lacking, while new data have
raised questions regarding the precise role of IgE in atopic disease. Evolving concepts of IgE production and elimination are likely
to clarify the importance of IgE in health and disease.

The atopic*, or allergic, conditions constitute a familiar group of
diseases of rising importance in Western societies. Seasonal allergy,
urticaria and eczema are believed to share a unique mechanism of
disease which involves the binding of IgE antibodies to surface
receptors present on a wide variety of cells, most importantly mast
cells and eosinophils (Fig. 1). Crosslinking of receptor-bound IgE
with antigen stimulates release of potentially toxic products that
elicit the familiar signs and symptoms of atopic disease. These
phenomena, called immediate or type I hypersensitivity reactions,
include weal and ¯are eruptions of the skin (hives or urticaria) and
sneezing, rhinorrhoea and conjunctival irritation (seasonal allergy).
More serious conditions such as asthma (intermittent shortness of
breath) and anaphylaxis (shortness of breath coupled with lowered
blood pressure) are believed to share a similar pathogenesis.
Although these diverse signs and symptoms are associated with
disease, they originate from mechanisms that putatively serve a
host-protective function. For example, IgE-dependent mechanisms
may contribute to defence against immature parasites such as
schistosomula1 and may limit tissue injury induced by adult
forms2 (Fig. 2).

In many individuals, the total serum IgE level correlates roughly
with both disease severity and protective immunity to parasites.
However, even in patients with marked disease, with serum anti-
body levels in excess of 100 times normal, IgE titres rarely approach
baseline levels of other antibody classes such as immunoglobulin-g
(IgG). Tight control of IgE may therefore be important to prevent
potentially lethal consequences of IgE-dependent in¯ammation.
Consequently, understanding the factors that control the serum IgE
level becomes essential to dissecting the pathogenesis of atopic
disease.

In this review we consider the complex regulation of the IgE
response, distinguishing where possible the factors affecting anti-
body production and elimination. IgE production is intimately tied
to subtypes of T cells and their cytokine products, certain pathogens,
and the unique properties of the antigens, called allergens, asso-
ciated with disease. Despite their equal importance in determining
the serum IgE level, far less is known about the mechanisms of IgE
elimination, although novel receptors at mucosal surfaces are
probably involved.

Helper-T-cell subsets
The immune response is divided traditionally into two broad
categories, humoral and cellular, emphasizing the distinct contribu-
tions of secreted antibodies and various effector cells, respectively.
This dichotomy is increasingly dif®cult to maintain, however, as the
essential cellular contributions to humoral immunity and humoral
effects on the cellular response become apparent. Among the many

cells participating directly in immune responses, helper (CD4+) T
cells have emerged as essential orchestrators of both humoral and
cellular events, for example by providing the necessary signals for
antibody production and through activation of cellular antimicro-
bial machinery. Helper T cells are further classi®ed into two
functionally distinct effector subtypes, a concept that is now a
dominant paradigm in cellular immunology and that provides an
elegant framework for understanding atopic in¯ammation and the
IgE response3. In general, these effector subtypes are mutually antag-
onistic; consequently, in¯ammatory responses tend to be dominated
by the effects of one cell type over another.

Th1 (type 1 helper) and Th2 cells derive from a common
precursor in response to distinct stimuli and are differentiated
according to two major patterns of secreted proteins called cytokines
(Fig. 2). Th1 cells secrete interleukin (IL)-2, interferon (IFN)-g,
tumour necrosis factor (TNF)-a, lymphotoxin (LT) and other
cytokines that together mobilize cellular and humoral defence
mechanisms against intracellular pathogens and antagonize IgE
responses. IL-2 and IFN-g both suppress IgE synthesis through
direct effects on B cells4±7. Although IL-12 and IL-18 are not type 1
cytokines in a strict sense, they also suppress IgE secretion, probably
through induction of IFN-g8.

In contrast, Th2 cells secrete an entirely separate and functionally
distinct repertoire of cytokines, including IL-4, IL-5, IL-6, IL-9 and
IL-13. These cytokines seem to coordinate host defence against
large, extracellular pathogens such as helminths9. Most of the
characteristic features of atopy and asthma, especially IgE synthesis,
result from the combined effects of type 2 cytokines and are closely
associated with Th2-like cells10,11 (Fig. 2).

IL-4/IL-13 expression and signalling
IL-4, arguably the paradigmatic type 2 cytokine, is the most
important cytokine mediating IgE synthesis6,12 (Fig. 3). Human13

and murine14 B cells also synthesize IgE in response to the closely
related cytokine IL-13 (ref. 15). IgE synthesis has also been observed
under unusual conditions in the absence of IL-4, but with uncertain
relevance to atopic disease16,17. Thus the biology of allergic disease
closely parallels that of IL-4 and IL-13.

But the relevant sources of IL-4 required for IgE production
remain unclear. The cellular sources of IL-4 are quite restricted,
limited predominantly to T cells, although mast cells, basophils18

and eosinophils19 may also produce IL-4 and other cytokines. IL-13
shares a similar cellular distribution but is produced additionally by
natural killer (NK) cells20. In some experimental systems, Th2 cells
are alone suf®cient to produce the IL-4 required for IgE synthesis21,
but human basophils are able to elicit signi®cant IgE production
when cultured with B cells22. In addition, eosinophils are recruited
early to sites of allergic challenge where they promptly secrete IL-4
in amounts suf®cient for Th2 cell outgrowth, thus establishing a
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potentially important link between innate immunity and the IgE
response23. Natural T cells, CD4+ T cells expressing a restricted
T-cell-receptor repertoire and the NKRP-1 surface antigen typically
associated with NK cells24 release suf®cient IL-4 for IgE synthesis
under some conditions but are not essential for the IgE response to
allergens25.

Recent studies have emphasized intracellular pathways in the
molecular control of the IgE response through IL-4/IL-13. Although
the composition of the complete IL-4 and IL-13 receptors is
controversial, they share the alpha chain of the IL-4 receptor (IL-
4Ra)26. Engagement of this moiety with either ligand initiates a
signalling cascade that results in translocation to the nucleus of
signal transducer and activator of transcription 6 (Stat-6)27 and
initiation of germline epsilon messenger RNA (precursor mRNA for
IgE) transcription and epsilon class switching (Fig. 3). The latter is a
recombination event in which DNA encoding the antigen-binding
domain of mature antibody is paired with the non-binding coding
region that is speci®c for IgE. As determined by in vivo gene
targeting, these events are dependent on IL-4Ra and Stat-6Ð
mice that are genetically de®cient in either molecule are incapable
of IgE synthesis if given conventional antigen challenges28±30. Con-
sistent with these ®ndings, individuals with gain of function
mutations in both the extracytoplasmic and intracellular domains
of IL-4Ra show enhanced IgE responses and predisposition to
atopic disease31,32. Further analysis of mutations in IL-4Ra and
related genes, including their promoters and other regulatory
regions, may identify additional patient subsets with dysregulation
of IgE.

Other signalling pathways
Additional receptors and transcriptional regulators modulate the
IgE response. The CD40 antigen is expressed on the B-cell surface
after antigen recognition; engagement with its ligand (CD154;
relative molecular mass 39,000) promotes IgE class switching,
B-cell growth and other functions33 (Fig. 3). Crosslinking of CD40
alone is suf®cient to elicit a polyclonal IgE response, but when
combined with signals from the B-cell antigen receptor the response
becomes antigen speci®c16. As with IL-4Ra, complete de®ciency of
CD40 abrogates in vivo IgE responses33,34. Nuclear factor kappa B
(NF-kB) is the probable factor initiating CD40-dependent epsilon
chain transcription and synergizes with Stat-6 to achieve maximal
IgE production35±37. Gamma (IgG) transcript synthesis is also
initiated through CD40/NF-kB, but epsilon transcription is com-

paratively low with respect to gamma transcription, in keeping with
relative serum levels of the respective antibodies. Thus, additional
mechanisms may exist that limit CD40-dependent epsilon tran-
scription, perhaps representing an important means for controlling
the serum IgE level38. Other epsilon-speci®c transcription factors
have been described, including C/EBP family members39 and BSAP/
pax-5 (ref. 40) but their in vivo relevance has yet to be determined.

Additional molecules expressed on the B-cell surface after
encounter with antigen include CD80 and CD86 (formerly B7-1
and B7-2; Fig. 3). These co-stimulatory ligands engage the CD28
receptor present on T cells, providing an additional activation signal
that is crucial to T-cell survival and cytokine secretion41 (Fig. 3). At
least under some conditions, CD86 appears to be more important
for Th2 cell development, IgE production and related allergic
phenomena42,43.

Nature of the antigen
It is now clear that the biochemical properties of antigens signi®-
cantly in¯uence the direction (Th1 or Th2) of the immune response
and the rise, if any, of serum IgE titres. By de®nition, allergens,
including products of some infectious organisms such as fungi and
other parasites, give rise to Th2 cells and high serum IgE levels. In
contrast, other antigens, including products of bacteria, do not
produce a signi®cant rise in IgE titres but instead elicit reactivity of
other antibody classes and no or few Th2 cells. Such bacteria include
Listeria monocytogenes44, the agent of human listeriosis, and
Mycobacterium tuberculosis, the agent of human tuberculosis. The
mammalian immune system has evolved to recognize unique
substances present in these organisms that in¯uence the direction
the immune response takes without necessarily being the target of T
and B cells (that is, the antigen). Both listeria and mycobacteria
contain conserved DNA sequences consisting of repeated cytosine
and guanosine residues (CpG repeats) that are uncommon in
eukaryotic DNA45. These sequences are recognized by receptors
on antigen-presenting cells (APCs) and trigger the release of IL-12,
which suppresses IgE synthesis and attenuates the experimental
asthma phenotype in mice8,46,47. Components of the cell walls of
these and related organisms may have a similar in¯uence on
APCs48,49.

By analogy, it is likely that substances derived from fungi,
parasites and other allergens direct the immune response to give
rise to Th2 cells, IgE and thus atopy. Many allergens are enzymatically
active, including Der p I (derived from Dermatophagoides
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Figure 1 The type 1 hypersensitivity reaction. IgE produced by B cells is captured at the

cell surface by Fc epsilon receptor I (FceRI) present on mast cells and eosinophils. Cross

linking of this receptor during subsequent encounter with antigen stimulates release of a

variety of toxic products that together elicit atopic disease. The central role of the Th2 cell

is evident: stimulated by antigen, these cells produce the IL-4 and IL-13 required for IgE

synthesis and the IL-5 required for eosinophil growth and differentiation.
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Figure 2 Overview of T-cell differentiation. Terminally differentiated helper T cells, termed

T helper cells 1 and 2 (Th1 and Th2 cells), derive from a common precursor cell (ThP cell)

depending on the signals received at the time of antigen recognition. Th1 cells

emerge typically in the presence of IL-12, whereas Th2 cells are induced by IL-4. Upon

re-exposure to antigen, Th1 and Th2 cells secrete distinct patterns of cytokines that serve

to activate separate immune compartments. Th1 cytokines (IL-2, IFN-g, TNF and LT) elicit

antibodies (IgG2a) and other cellular responses that together promote defence against

organisms entering the intracellular compartment. In contrast, Th2 cytokines (IL-4, IL-5,

IL-6, IL-9 and IL-13) promote other antibody classes (IgE, IgG1) and cellular mechanisms

that protect against larger organisms that cannot be taken intracellularly.
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pteronyssinus, the common dust mite), an allergen strongly asso-
ciated with childhood asthma50. This protease selectively cleaves
surface CD23 of murine B cells, potentially interrupting an important
negative regulator of IgE production51 (see Box 1). Additional
mechanisms by which proteolytically active allergens may augment
atopic disease have been suggested52.

The genetic association of atopy and certain human leukocyte
antigens (HLAs) indicates another feature of allergens that may
predispose to the development of atopy. Under otherwise neutral
conditions in vitro, murine Th2 cells develop from precursor cells
according to the strength of signals received from APCs. If the signal
is extremely low or high, Th2 cells tend to develop whereas
intermediate signals tend to produce Th1 cells53,54. An essential
component of this signal is received when class II major histo-
compatibility complex (MHC) molecules (analogous to HLAs in
humans) interact with the antigen receptor of CD4+ T cells (Figs 1,
3). Allergenic peptides with low or high af®nity for MHC molecules
would be expected to confer relatively weak or strong signals
through the same T-cell receptor, respectively, facilitating Th2 cell
outgrowth and thus atopy.

Allergen exposure history
Similarly, peptides in very low abundance, which is typical of many
allergens, would be expected to load incompletely into MHC
molecules regardless of binding af®nity. Weak presentation of
peptides on this basis may also bias T-cell development towards
IL-4 production, and thus atopy.

The route of exposure to allergen might also in¯uence the
magnitude of the IgE titre and its stability with time. Evidence
indicates that antigen administered through the respiratory route
is highly immunogenic, with a propensity to induce allergic

in¯ammation. In contrast, antigen encountered through other
routes, especially intravenously and orally, is more likely to
induce immunologic unresponsiveness or tolerance, the latter con-
dition being a state in which the immune system fails to respond (or
responds only transiently) to potentially recognizable antigen and
cannot be induced to respond on subsequent challenge. The factors
that make the respiratory immune response less susceptible to
tolerance induction are not entirely clear. Immune surveillance is
very ef®cient in the lungs, and necessarily so given their importance
as barriers against infections. APCs, particularly dendritic cells (also
called Langerhans cells in the skin), are a critical part of this defence
mechanism. These `professional' APCs are potent inducers of
immunity through their array of surface molecules (including
CD80, CD86 and MHC class II molecules) and secreted substances
(including IL-12) that in¯uence both the strength and the direction
of the resulting in¯ammatory response55. Recent studies demon-
strate that airway dendritic cells underlie the Th2 polarity exhibited
in airway immune responses56,57 and may induce Th2 cell develop-
ment through a new pathway that does not involve IL-4 (ref. 58).

IgE receptors and binding factors
The regulation of IgE is associated intimately with speci®c receptors
and other binding factors. CD23 seems to be the most important
receptor affecting IgE production, while additional receptors at
mucosal surfaces, so far poorly described, may be responsible for
elimination of most IgE.
FceRI. Although essential to the biology of IgE-mediated disease,
the role of the high-af®nity receptor for IgE, FceRI, in the regulation
of serum IgE levels seems to be minimal. FceRI binds IgE at very
low concentrations (Ka = 109 M-1), greatly prolonging the in vivo
half-life of IgE59. Furthermore, crosslinking of FceRI substantially
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Figure 3 Molecular control of the IgE response. Although several cell types have the

potential to interact with B cells to promote IgE production, T cells are probably most

relevant. A stimulatory effect is indicated by !; an inhibitory effect by s. Antigen

presented through MHC class II molecules to the T-cell receptor (TCR) can be either

stimulatory or inhibitory depending on the nature of the antigen and other factors. CD86±

CD28 (and perhaps CD80±CD28) and CD40±CD154 interactions promote IgE production

through direct effects on T cells and B cells, respectively. Although many cytokines affect

IgE production, IFN-g is probably the most important negative regulator while IL-4 and

IL-13, both ligands for IL-4Ra, are the most potent inducers. Although many transcription

factors are probably involved, Stat-6, through IL-4Ra, and NF-kB, through CD40, directly

promote IgE production by initiating epsilon transcript synthesis and class switching. The

effects of CD23 are mixed, as described in Box 1
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upregulates its own expression, indicating a mechanism for aug-
menting the biological effects of IgE where antigen is present.
However, baseline IgE levels and the ability to mount a robust IgE
response after immunization are not affected in the complete
absence of FceRI (J.-P. Kinet, personal communication). But as
emphasized elsewhere in this supplement, care should be taken when
attempting to extrapolate these experimental data to human disease.
CD23. The second major IgE receptor was identi®ed as a binding
activity present on cultured human B cells and B-cell lines. Binding
studies revealed this receptor to have a 100±1,000-fold lower af®nity
for IgE (Ka = 106±107 M-1) than the previously identi®ed FceRI on
mast cells and basophils; consequently, the receptor was termed the
low-af®nity IgE receptor or FceRII. Later studies con®rmed its
identity with an antigen associated with B-cell differentiation,
CD23. Aside from binding IgE, CD23 shares little in common
with FceRI and does not participate directly in type I hyper-
sensitivity reactions. Although controversial, CD23 seems to serve
principally as a negative regulator of IgE synthesis but may augment
IgE production under some conditions. A model for the complex
functions of CD23 is described in Box 1.
Other IgE receptors and binding factors. An unusual family of
T-cell-derived IgE binding factors has been described that may
signi®cantly in¯uence the IgE response60. The family is divided into
either IgE-potentiating or IgE-suppressive factors based on their
ability to augment or inhibit IgE responses, respectively. Although
derived from the same gene, different modi®cations seem to confer
the functional differences. These modi®cations are determined by
two additional T-cell productsÐglycosylation inhibitory factor
(GIF) and glycosylation enhancing factor (GEF). Administration
of GIF to allergen-challenged mice suppresses IgE responses61, but
the regulatory effects of GIF and GEF in human atopic disease,

particularly in comparison with other IgE-regulating factors,
are currently unknown. Consequently, the importance of IgE-
potentiating and IgE-suppressive factors remain to be established.

Although the preceding discussion has focused entirely on the
negative and positive factors affecting IgE production, equally
important factors determine elimination of IgE, but these are far
less well understood. Human IgE binds to additional immuno-
globulin receptors, including FcgRII and FcgRIII, which may
mediate phagocytosis (and degradation) of IgE complexed with
antigen62. Although this route may aid in the elimination of
antigen±antibody complexes, it probably does not participate in
the maintenance of basal serum IgE levels, which consist primarily
of uncomplexed antibody.

Both extravascular and intravascular catabolic pathways have
been identi®ed that account for loss or degradation of serum
IgE63,64, although the nature of these mechanisms remain unde®ned.
However, a recent analysis of IgE synthesis and elimination in the
parasitized gut provides signi®cant insight65. Most IgE synthesis in
response to the helminth Trichinella spiralis occurs within the wall
of the rodent gut by terminally differentiated B cells called plasma
cells. Antibody synthesized in this location is highly compartmen-
talized, with the vast majority transported into the lumen of the gut,
probably as a result of an IL-4-inducible mechanism66 (Fig. 4). A
similar mechanism may operate in atopic syndromes: IgE is con-
sistently found in the airways of atopic patients67,68, prompting its
classi®cation as a secreted immunoglobulin69. Intriguingly, IgE does
not bind the poly-Ig transporter required for luminal export of the
only other secreted antibody, IgA67, indicating that the IgE transport
mechanism involves distinct receptors or binding factors. IgE and
IgA also share a suspiciously short serum half-life70. Although much
remains to be learned, the data strongly support IgE as a secreted
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Box 1
The effects of CD23

The complex biology of CD23 hinders attempts at de®ning its
physiological relevance, which remains speculative. Depending on the
immune context, CD23 may exert opposite, but not necessarily mutually
exclusive, effects on the serum IgE level. Passively administered antigen±
IgE complexes augment subsequent antibody responses when
administered to mice, including that for IgE, through binding to CD23 (refs
78±80). Presumably, antigen captured in this way is processed ef®ciently
by B cells and presented to T cells for subsequent immune ampli®cation.

However, mice entirely de®cient in CD23 or with only low-level
expression show increased serum IgE levels81,82, particularly when anti-
gen-speci®c IgE is measured83. These data represent the strongest

evidence for a negative regulatory effect for CD23. The effect seems to
become signi®cant only at very high serum IgE titres, which may explain
why in some studies, perhaps with less robust allergic challenges, no
effect was observed79,84. A model for the combined effects of CD23 is
presented in the ®gure below. Because CD23 serves as both a positive
and a negative regulator of IgE synthesis, an elegant system potentially
exists for limiting IgE production and deleterious immediate hypersensi-
tivity responses. Importantly, the distribution of CD23 differs considerably
between humans and mice, and additional data are required to verify the
relevance of this model in allergic disease85.
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Box 1 Figure Regulation of IgE by CD23. Based on many studies, a two-part mechanism

for the role of CD23 is proposed. a, At an intermediate phase in allergic immune

responses, when IgE levels are suf®ciently high to begin binding signi®cantly to CD23,

antigen may be captured by B cells and presented to T cells, effectively augmenting IL-4/

IL-13 production and the IgE response. b, At later stages, however, the increased IL-4

also facilitates expression of CD23. Combined with excess IgE and antigen, CD23

becomes extensively crosslinked, providing an inhibitory signal that eventually overrides

the positive effects of antigen presentation86.
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immunoglobulin and that, rather than undergoing elimination
through catabolism, most IgE is simply secreted from the body at
mucosal sites through a speci®c transport mechanism controlled by
IL-4.

Conclusions and future directions
Although the advent of animal models of allergic disease and
sophisticated molecular and immunologic reagents have provided
a wealth of new information on induction and regulation of the IgE
response, we are far from having a complete understanding of this
important topic. In addition to gaps in existing knowledge, for
example regarding mechanisms of antibody elimination, the avail-
able data present a number of intellectual and practical hurdles.
Perhaps most daunting, but also most exciting, is applying the
extensive knowledge gained through use of animal models to the
human condition. Already the data indicate several new therapeutic
avenues for amelioration of allergic disease, including strategies that
target IL-4, IL-13 and their receptors.

An equally important challenge will be resolving the discrepan-
cies that inevitably arise when results from experimental models are
compared to human diseases. For example, a central paradox of
allergy has been the existence of both atopic (extrinsic) and non-
atopic (intrinsic) syndromes, the latter representing patients with
atopic disease but no serum IgE or skin reactivity to common
allergens. Several explanations have been proposed to resolve this
discrepancy, the simplest being that the `correct' antigen has simply
yet to be found in non-atopic patients. Data from animal models,
however, indicate a different explanation. Recently, the mechanism
underlying the experimental asthma phenotype has been found to
be largely antibody independent34,71, although IL-4 and IL-13
remain critical components72,73. Because these cytokines are also
essential for the IgE response, the data suggest that IgE may be a
marker of asthma-like disease only under some conditions. Another
experimental atopic disease, anaphylaxis, may occur in the total
absence of IgE74,75. These data stand in contrast to the previously
demonstrated role of IgE in both experimental anaphylaxis and
asthma76,77.

How seriously do these ®ndings challenge our long-held notions
of the role of IgE in disease? Again, extrapolating from rodent
systems to humans is potentially misleading. However, the data
suggest a more complex pathogenic landscape than previously
suspected, implying that the role of IgE in allergy has yet to be
fully explored. The ®nding that IgE may be produced mucosally and
exported to the lumen under the control of IL-4 indicates that
serum and skin-based assays may sometimes be inadequate for
investigating the role of IgE in atopic disease. Indeed, because most
IgE may be secreted intraluminally, many non-atopic asthmatics
might be found to be atopic if the IgE content of mucosal ¯uids were

determined. Our evolving concepts of IgE regulation will remain
important tools as we begin reassessing the role of IgE in health and
disease. M
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Figure 4 Elimination of IgE by extracellular transport. The majority of IgE synthesized in

response to intestinal parasites occurs in the interstitium of the gut wall by terminally

differentiated B cells called plasma cells. Most antibody is exported, through a poorly

characterized transport system, to the lumen of the gut where presumably it participates

in extracellular host defence. Only a small fraction of the total immunoglobulin pool is

delivered to the blood through the capillary bed. IgE is also detected in the airways of

patients with asthma, indicating a more generalized mechanism present at multiple

mucosal sites.
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