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Immunoglobulin E (IgE) isotype antibodies are associated with atopic disease, namely allergic
rhinitis, asthma and atopic dermatitis, but are also involved in host immune defence mechanisms
against parasitic infection. The commitment of a B cell to isotype class switch to an IgE-producing
cellis a tightly regulated process, and our understanding of the regulation of IgE-antibody
production is central to the prevention and treatment of atopic disease. Both those that are
presently in use and potential future therapies to prevent IgE-mediated disease take advantage

of our existing knowledge of the specific mechanisms that are required for IgE class switching.

Immunoglobulin E (IgE) isotype antibodies are nor-
mally present at low levels in the plasma and are mainly
produced by plasma cells in the mucosal-associated
lymphoid tissue. Patients suffering from atopic condi-
tions, such as asthma, allergic rhinitis and atopic der-
matitis, have elevated serum levels of both total IgE
and of IgE that is specific for the antigens that drive
these diseases. Most of the IgE that is produced is
bound by its high-affinity Fc receptor, FceRI, expressed
by mast cells and basophils. Crosslinking of IgE on tis-
sue mast cells by specific antigens results in the local
release of inflammatory mediators (for example, hista-
mine and leukotrienes), enzymes and cytokines that
mediate the clinical manifestations of atopy (FIG. 1).
The low-affinity IgE receptor, FceRII (CD23), is
expressed by several immune cell types, including
B cells. IgE that is bound to CD23 facilitates allergen
uptake by B cells, enhancing presentation to T cells
and augmenting secondary immune responses. IgE
levels are also increased in parasitic diseases, in which
they have a role in immunity, and in rare genetic dis-
orders that affect the immune system (for example,
Wiskott—Aldrich syndrome (WAS) and hyper-IgE syn-
drome). However, the level of serum IgE in these con-
ditions remains several thousand-fold lower than the
level of serum IgG, indicating that IgE synthesis is

tightly regulated. In this review, we discuss new insights
into the control of IgE production at the level of IgE
isotype class switching and in the development of
T helper 2 (T,2) cells, which drive IgE responses. The
implications of this understanding for the treatment of
IgE-mediated diseases are also discussed.

Mechanisms of class-switch recombination

A two-step process of DNA excision and ligation is
required for the assembly of a functional IgE gene'.
These two steps are common to all immunoglobulin
isotypes that are encoded downstream of IgM and IgD.
The first step occurs during the pre-B-cell stage, in
which individual heavy-chain variable (V ), diversity
(D) and joining (J,,) exons randomly combine with
precise joins to generate a V,(D)] , cassette that encodes
an antigen-specific V, domain. This V(D)],, cassette,
which is situated just upstream of the constant (C) p
exons, allows for production of the p-heavy-chain pro-
tein. The second step, known as class-switch recombi-
nation (CSR), allows appropriately stimulated B cells to
alter the isotype of the antibodies that they produce
while retaining their antigen specificity. This step
involves tightly regulated and irreversible exchange
of the C,, cassettes of the various isotypes to construct
different heavy chains.
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Figure 1 | Biological effects of IgE binding. a | The low-affinity IgE receptor, FceRII (CD23), is
expressed by a wide variety of immune cell types, including B cells and dendritic cells. IgE that is
bound to FceRl or FceRll can facilitate allergen uptake by antigen-presenting cells (APCs) and
augment secondary immune responses. b | Most IgE is bound by its high-affinity receptor, FceRl,
expressed by mast cells and basophils. Crosslinking of IgE bound to FceRI on tissue mast cells by
specific antigen results in the local release of inflammatory mediators (for example, histamine and
leukotrienes), enzymes and cytokines that mediate the clinical manifestations of atopy.

The architecture of the Ce locus is shared with the
other C, genes. The 5’ intronic region of each heavy-
chain isotype gene, except C9, includes a switch
region (S), which contains repeated tandem pentamers
(predominantly GAGCT, GGGGT or GGGCT), ora
49 base-pair sequence that is flanked immediately
upstream by a region that encodes a short I exon and
its promoter. The switch region in individual C,, genes
(Se in the case of IgE) is the site that undergoes physi-
cal recombination to form a DNA hybrid molecule
with the p switch region (Sp) during CSR. Se is
excised downstream of V, (D)],, and upstream of the
Ce locus (FIG.2). The contiguous joining of V, (D)],
and Ce sequences, resulting from imprecise and het-
erogeneous SU-Se ligation, generates a functional
gene encoding IgE. As discussed, germline transcrip-
tion from the promoter of the Ie exon, which is
located immediately upstream of Sg, is a prerequisite
of CSR to IgE**.

The crucial role of activation-induced cytidine
deaminase (AID) in CSR has been established by the
observation that CSR is markedly impaired in both
AID-deficient mice* and in a subset of patients with
autosomal-recessive hyper-IgM syndrome type 2
(HIGM2), who have mutations in the AID gene’. AID
has homology with APOBECI1, an RNA-editing enzyme,
and has been shown to have cytidine-deaminating
activity®. Recently, it was shown that AID deaminates
cytidines on single-stranded DNA (ssDNA) substrates,
but not double-stranded DNA (dsDNA) substrates’.
However, dsDNA can be deaminated by AID when the
reaction is coupled to transcription. It has been pro-
posed that AID targets ssDNA that is produced during
transcription and substitutes U for C. A role for RNA
deamination by AID and its requirement in CSR has
not been eliminated. Base-excision repair results in
dsDNA breaks, and repair of these breaks in the Sy and
Se regions by the joining of non-homologous ends
results in S| to Se deletional switch recombination.

Regulation of CSR to IgE

Specific signals from cytokines and cell-surface recep-
tors collaborate to regulate CSR in B cells (FIG.3). The
levels of regulation that are common for switching to
all isotypes are the germline transcription of C,, genes
and the induction of AID expression. The specificity of
the C, switch is at the level of C,; germline transcrip-
tion. The classic pathway to IgE switching involves
the cytokines interleukin-4 (IL-4) and IL-13 and the
tumour-necrosis factor receptor (TNFR)-superfamily
member CD40.

Induction of Ce germline transcription. The I€ pro-
moter is activated before the initiation of CSR in B cells
and results in the production of ‘sterile’ Ce germline
transcripts (GLTs), which lack the VDJ region. The Ie
promoter contains binding sites for several known
transcription factors, including signal transducer and
activator of transcription 6 (STAT6), nuclear factor-xB
(NF-xB), PU.1 (REE 8), B-cell-specific activator protein
(BSAP; also known as paired-box protein 5, PAX5)?,
CCAAT/enhancer binding protein (C/EBP)'* and
activator protein 1 (AP1)", all of which promote Ce
germline transcription (FIG. 4). In addition, the I pro-
moter contains the E-box binding sites, E1 and E2, for
the transcription factor E2A, which also promotes Ce
germline transcription'®.

The T, 2-type cytokines IL-4 and IL-13 are potent
inducers of Ce germline transcription in B cells" (80X 1).
They function through the activation of STAT6, which
can synergize with NF-xB to induce the production of
Ce GLTs (FIG. 4). The TNF-superfamily member CD40
ligand (CD40L, also known as CD154) is transiently
expressed by antigen-stimulated T cells and promotes
Ce germline transcription through its activation of
NF-xB'" (FIG. 4). The PU.1 element overlaps the distal
NF-«B site in the Ie promoter and, similar to NF-kB,
PU.1 synergizes with STAT6 in activating germline
transcription from the Ie promoter®. Although neither
BSAP nor NF-xB nuclear-binding activities are altered
by cytokine signalling, these promoter elements must be
present for normal Ie promoter function’. Furthermore,
IgE isotype switching is selectively impaired in NF-kB
p50-deficient mice' and is enhanced in mice that lack
the NF-kB inhibitor IxBo.'7, whereas overexpression of
BSAP can drive the transcription of Ie and promote IgE
isotype switching'®.

Regulation of AID induction. Ligation of CD40 has an
essential role in CSR to IgE and all other isotypes.
Ligation of CD40 synergizes with IL-4 to induce the
expression of AID-encoding messenger RNA and AID
protein’. In the case of initiating IgE CSR, IL-4 also
induces the binding of STAT® to a site in the 5" upstream
region of the AID gene, whereas CD40 ligation induces
the binding of NF-xB to two sites in that region of the
AID gene. B cells from STAT6-deficient mice fail to
upregulate the expression of AID in response to IL-4,
whereas B cells from NF-xB p50-deficient mice are
impaired in their ability to upregulate AID expression
in response to CD40 ligation and IL-4 signals that are
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Cholesterol and sphingolipid-
enriched membrane detergent-
resistant microdomains
(DRMs), which function as
aggregation points for
membrane and cytosolic
signalling complexes.

CORTICOSTEROIDS

Small lipophilic molecules that
regulate physiological processes,
including immune responses, by
binding cytoplasmic receptors.
They have broad therapeutic use
as potent anti-inflammatory and
immunosuppressive agents.

also required for Ce germline transcription (E Dedeoglu,
E. Castigli and R.S.G., unpublished observations). So,
NF-«B that is activated by CD40 ligation synergizes
with STAT6, which is activated by IL-4, to induce AID
gene expression. This indicates that synergy between
IL-4 and CD40 might be required to achieve a threshold
level of AID expression for CSR to IgE".

CD40 signalling. CD40 is expressed by all B cells and
its intracellular domain associates with, and signals
through, four intracellular proteins that belong to the
family of TNFR-associated factors (TRAFs) — that is,
TRAF2, TRAF3, TRAF5 and TRAF6 (REFS 20-22).
Ligation of CD40 by membrane-bound trimeric CD40L
causes a higher degree of oligomerization, which pro-
motes the association of CD40 with, and signalling
through, TRAFs*. It might also cause a conforma-
tional change that results in the translocation of CD40,
together with associated TRAFs, to Lipip raFTs in which
signalling molecules are concentrated following recep-
tor ligation?. The association of TRAF2, TRAF5 and
TRAF6 with CD40 promotes the dissociation of NF-xB
from its inhibitor, IkB, allowing NF-kB to translocate to
the nucleus and synergize with STAT6 to activate the Ie
promoter'*. TRAF3, which seems to function through
mitogen-activated protein kinase (MAPK)/extracellular

Ce GLT
r>|s

r> VvDJ

Cu C8

signal-regulated kinase kinase 1 (MEK1)%, has also
been implicated in the CD40-mediated upregulation
of IL-4-driven production of Ce GLTs. Upregulation of
IL-4-driven production of Ce GLTs, as well as SpL to Se
switch recombination, is effectively blocked by the loss
of binding of TRAF2 or TRAF3 to CD40 (REFS 27,28).
In addition to inducing TRAF association and sig-
nalling, the aggregation of CD40 activates protein
tyrosine kinases (PTKs) and p38 kinase (MAPK14),
both of which are important in immunoglobulin class
switching?” ' by inducing the production of Ce GLTs.

Alternative pathways of IgE class switching
Several T-cell-independent pathways for inducing
IgE class switching, in the presence of IL-4, have been
described.

Corticosteroids. The corticosTeroID hydrocortisone
induces the synthesis of IgE by IL-4-stimulated
human B cells*, and upregulates the expression of
mRNA encoding CD40L and the cell-surface expres-
sion of CD40L protein by T and B cells**. There are
two potential glucocorticoid-responsive elements
(GREs) in the 5" upstream region of the CD40L gene
that might be responsible for this activity. Hydro-
cortisone fails to induce the synthesis of IgE by B cells
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Figure 2 | Deletional class-switch recombination of the human immunoglobulin locus. The human immunoglobulin heavy-
chain locus contains clusters of heavy chain variable (V,), diversity (D,) and joining (J,) cassettes that are rearranged during B-cell
development. This process results in the assembly of a complete VDJ exon that encodes an antigen-binding V,, domain capable of
producing intact 1 heavy chains. Following light-chain rearrangement, B cells can produce intact IgM antibodies. The production

of other antibody isotypes that have the same antigen specificity requires an additional excision and repair process — known as
deletional class-switch recombination. For IgE isotype switching, this process involves the excision of a large piece of genomic DNA
spanning from p switch (Sp) sequences to the Se sequence. Ligation of the VDJ sequences to the constant (C) € locus gives rise to
an intact € heavy-chain gene and a B cell that can produce intact IgE antibodies. RNA splice isoforms with the M1 and M2 exons
encode membrane IgE. Similar to Ce, Cu and C8 genes are composed of multiple exons (not shown).
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from CD40L-deficient patients, and disruption of
CD40L—-CD40 interactions by soluble CD40—immuno-
globulin fusion proteins or CD40L-specific monoclonal
antibodies blocks the capacity of hydrocortisone to
induce IgE synthesis by normal B cells. So, hydrocorti-
sone-inducible IgE class switching is CD40L dependent.
The level of hydrocortisone that results in optimal
expression of CD40L (107° M) is in the range of the
cortisol levels that are found in the serum of humans
under stress conditions*. Rapid induction of CD40L
expression by glucocorticoids that are secreted in
response to stress might be advantageous for a host on
first encounter with an infectious organism, when popu-
lations of antigen-specific T cells have not yet expanded.
This is because, in addition to the induction of isotype
switching in B cells, CD40L activates many CD40-
expressing inflammatory cells, including macrophages,
dendritic cells and eosinophils, which contributes to the
elimination of pathogens. The effect of hydrocortisone
on the class switching of other immunoglobulin isotypes
has not yet been tested.

BAFF and APRIL. The recently described TNE-super-
family members B-cell-activating factor belonging to
the TNF family (BAFF) and a proliferation-inducing lig-
and (APRIL) have also been reported to induce CSR*,
and, in particular, the induction of IgE-specific CSR.
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Figure 3 | Cellular interactions important for IgE class-switch recombination. Uptake of
allergens by dendritic cells allows for the presentation of antigenic determinants to T cells. The
subsequent stimulation of specific CD4* T cells leads to the production of interleukin-4 (IL-4) and
the upregulation of expression of CD40 ligand (CD40L) by T cells. CD40 stimulation of allergen-
specific B cells upregulates the expression of the co-stimulatory molecules CD80 and CD86,
which allows for more efficient T-cell expression of CD40L and enhanced stimulation of B cells
through the induction of IL-4. CD40-mediated stimulation of B cells also synergizes with IL-4-
receptor (IL-4R) signals to enhance the transcription of Ce germline transcripts (Ce GLTs) and
activation-induced cytidine deaminase (AID), rearrangement of the IgE genomic locus and
production of IgE antibodies. FcR, Fc receptor; TCR, T-cell receptor.

These factors also induce CSR to the IgA and IgG iso-
types. BAFF and APRIL are mainly expressed by mono-
cytes and dendritic cells. Interferon-o. (IFN-ou), IFN-y,
lipopolysaccharide (LPS) and CD40L induce their
expression on the surface of dendritic cells. Engagement
of the BAFF and APRIL receptors expressed by B cells,
together with IL-4, induces the production of Ce GLTs,
the expression of AID and IgE class switching®. In
addition, CSR that is induced by cytokine-stimulated
dendritic cells is inhibited by antibodies specific for
BAFF and APRIL.

At present, the receptors that mediate the activation
of CSR by BAFF and APRIL are unknown. APRIL and
BAFF both bind to two receptors that are expressed by
B cells— BCMA (B-cell maturation antigen) and TACI
(transmembrane activator and calcium-modulator and
cytophilin ligand interactor), which are members of
the TNFR superfamily®. A third receptor, BAFFR (also
known as BR3), that is unique for BAFF is expressed
mainly by B cells”. BCMA binds TRAF1, TRAF2, TRAF3,
TRAF5 and TRAF6 and activates NE-kB, JUN N-termi-
nal kinase (JNK) and p38 kinase®. TACI recruits TRAF2,
TRAF5 and TRAF6, and has been found to activate
NF-xB, JNK and nuclear factor of activated T cells
(NFAT)**%. BAFFR binds TRAF3, but the signalling path-
ways that are activated by the ligation of BAFFR remain
unknown. Unlike CD40, BAFF and APRIL receptors
stimulate NF-xB activity through an alternative pathway
that involves the NF-kB-inducing kinase (NIK) and p52
activation pathway*!. Isotype switching induced by
BAFF and APRIL could be important for the response
to T-cell-independent antigens, as mice that are deficient
for TACI have virtually no antibody responses to type II
T-cell-independent antigens, such as pneumococcal
polysaccharides and trinitrophenyl (TNP)—Ficoll*2.

Epstein—Barr virus infection. Infection with Epstein—
Barr virus (EBV) of freshly isolated peripheral-blood
mononuclear cells (PBMCs) in the presence of IL-4 has
long been reported to induce CSR to IgE*. This effect is
probably not specific for IgE CSR, because it has been
shown that introduction of a transgene encoding the
EBV-encoded protein latent membrane protein 1 (LMP1)
in B cells from CD40-deficient mice restores the ability to
switch to IgG1 (REF. 44). The ability of LMP1 to recruit
TRAFs®, activate NF-kB* and promote cell survival*®*
might explain its capacity to mimic the effect of CD40
ligation in vivo and the ability of EBV to synergize with
IL-4 in inducing CSR in vitro. The induction of isotype
switching in B cells by EBV might simply be a secondary
effect of CD40 mimicry by virus-encoded LMP1 in the
activation of B cells to ensure replication of the virus.

C4BP. C4-binding protein (C4BP) is a circulating regu-
latory component of the classical complement pathway
that is synthesized by liver cells and activated mono-
cytes®®* and is upregulated by glucocorticoids and
inflammatory cytokines (IFN-y, IL-1, IL-6 and TNF)***'.
C4BP is a functional cofactor for factor-I-dependent
degradation of C4B and C3B*, and it accelerates the
decay of C3-convertase. Recently, C4BP was found to
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Box 1| IL-4 and IL-13

Interleukin-4 (IL-4) and IL-13 are mainly produced by
T helper 2 (T,,2) cells and have overlapping activities".
Mice with targeted deletions of the gene encoding IL-4 or
IL-13 have impaired T 2-cell responses and decreased
production of IgE, but Il47-, 11137~ double-mutant mice
have a more marked T, 2-cell impairment and virtual
absence of IgE-antibody responses''.

IL-4 binds the IL-4 receptor 0-chain (IL-4R0.) that is
contained in both IL-13R and IL-4R.IL-13R has
a unique IL-13-binding chain (IL-13Rou or IL-13R02).
IL-4R also contains the common cytokine receptor
Y-chain (yc). IL-4R triggers the activation of the Janus
family tyrosine kinases JAK1 (through IL-4Ra), JAK3,
IRS1 and TYK1 (through yc). IL-13R activates JAK1
(through IL-4Rat) and TYK2. The activated JAKs
phosphorylate tyrosine residues in the intracellular
domains of IL-4Ro., which act as signal transducer and
activator of transcription 6 (STAT6)-binding sites.
STAT6 is phosphorylated, dimerizes and translocates
to the nucleus, where it can activate transcription of

the Ie promoter.

IL-13Ra1/2

¥ IL-4Ro

bind CD40 and to mimic CD40L in the stimulation of
B cells through CD40 (REE 53). C4BP synergizes with
IL-4 to induce the transcription of Ce GLTs and the
expression of AID, and to cause Sp to Se CSR, and
the synthesis and secretion of IgE by purified B cells.
The effect of C4BP on the class switching of other
immunoglobulin isotypes has not yet been tested.
C4BP co-localizes with B cells in the germinal centres
of human tonsils, which indicates that sustained
CD40 signalling by C4BP in B cells after their activa-
tion by CD40L-positive T cells in extrafollicular areas
might be important for B-cell survival and activation
in germinal centres®.

Negative regulation of class switching

In non-allergic individuals, the level of IgE in the plasma
is 10,000 to 50,000-fold less than that of plasma IgG.
Even in highly atopic individuals, the level of plasma IgE
remains less than 1,000-fold that of plasma IgG. Only a

relatively small part of this difference is due to the
shorter half-life of circulating IgE. The main factor in
the maintenance of low levels of plasma IgE is a tight
control of IgE class switching. This is not surprising
given the potent, and potentially destructive and life
threatening, biological effects of antigen-specific IgE'.
The tight control of IgE class switching is exerted by sev-
eral molecules, the action of which converges on the
regulation of Ce germline transcription that is induced
by T, 2-type cytokines (FIG.5).

Inhibition by cytokines. Several cytokines regulate IgE
class switching, either by regulating the production of
T, 2-type cytokines and/or regulating the effect of these
cytokines on Ce germline transcription.

IFN-y inhibits the development of T, 2 cells and
therefore inhibits the production of IL-4 and IL-13.
IFN-yalso acts directly on B cells to repress Ce germline
transcription and subsequently to downregulate CSR to
Ce™. The effect of IFN-y on isotype class switching is
specific to the IgE and IgG1 isotypes.

IL-21 induces T- and B-cell proliferation and the
differentiation of natural killer cells®. In vivo injection
of IL-21 specifically blocks antigen-induced IgE pro-
duction, but not IgG2a production, after immuniza-
tion™. T ;2-cell differentiation and IL-4 production are
not altered. IL-21 blocks IgE production by inhibiting
the transcription of Ce GLT that is stimulated by IL-4
without altering STAT®6 activation®, although, the exact
mechanism is unknown.

By contrast, IL-18 — an IL-1-like cytokine that
requires cleavage by caspase-1 for activation — promotes
IgE class switching®. In vivo administration of IL-18
alone increased serum IgE levels in an IL-4-dependent
manner. This is achieved by the activation of T cells by
IL-18, which leads to the upregulation of expression
of CD40L and the release of 1L-4,IL-10,IL-13 and
IEN-*°. Overexpression of IL-18 by transgenic mice
results in higher production of both T, 1- and T, 2-type
cytokines by splenic T cells, and a marked increase in
the levels of serum IL-4 and IFN-y. The overall results,
however, were that the levels of serum IgE and IgG1
were higher, indicating a bias to a T ,2-type response by
IL-18 overproduction®.

Inhibition by B-cell surface receptors. Although
CD40 promotes switching to IgE, several other B-cell
surface receptors, including the B-cell receptor (BCR),
CD45, cytotoxic T lymphocyte antigen 4 (CTLA4)
and the low-affinity IgE receptor CD23, seem to inhibit
this process.

Crosslinking of the BCR with immunoglobulin-
specific monoclonal antibodies inhibits the CD40/IL-4-
driven isotype switching to IgG1 and IgE. This is
regardless of their effect on proliferation, which can
range from enhancement to inhibition. This indicates
that the ligation of the BCR by antigen can modify the
rates of B-cell clonal expansion and class switching
independently and might be important in the selection
of immunoglobulin isotypes during the T-cell-dependent
humoral response®.
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HUMANIZED SEVERE COMBINED
IMMUNODEFICIENCY (SCID)
MICE

Mice that have the Scid
mutation, which leads to an
absence of T and B cells, that
have been reconstituted with

T and B cells from human
peripheral blood.

IL-4Ro.

The transmembrane phosphatase CD45 can dephos-
phorylate Janus-activated kinase 1 (JAK1) and JAK3,
blocking IL-4-mediated stimulation of STAT6 and, there-
fore, acting as a negative regulator of IgE CSR and Ce GLT
production®?. Recently, it has also been shown that
crosslinking of CD45 can block IL-4-induced expression
of AID%. CD45 might also have a role in the inhibition of
CD40-induced activation of JNK and p38 kinase are
involved in the production of Ce GLTs. The activities of
these enzymes are enhanced following ligation of CD40
in CD45-deficient B cells*, and CD45-CD40 crosslinking
inhibits IgE class switching®. The effect of CD45 on
switching to other immunoglobulin isotypes has not
yet been tested.

The expression of the inhibitory co-stimulatory
molecule CTLA4 is induced by either CD40 or LPS on
IL-4-stimulated B cells®. Engagement of CTLA4 after
upregulation of expression by B cell, inhibits the activa-
tion of NF-xB and STAT6 and blocks the induction of
IgE and IgG1 isotype switching by abrogating the tran-
scription of Ce and Cy GLTs. Interaction of CTLA4 with
its B7 ligands CD80 and CD86 expressed by activated
B cells might provide a negative-feedback mechanism
for the inhibition of isotype switching.
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Figure 4 | IL-4 and CD40 activation signals lead to Ce germline and AID transcription.
Class-switch recombination is preceded by RNA transcription at the heavy-chain constant (C,)
locus, which is induced by specific cytokine signals. Ce germline transcripts (Ce GLTs) originate at a
promoter upstream of the le exon and do not encode functional proteins. The binding of interleukin-4
(IL-4) to the IL-4 receptor (IL-4R) leads to the recruitment and activation of the tyrosine kinases
Janus-activated kinase 1 (JAK1), JAK3 and TYK1, which activate signal transducer and activator of
transcription 6 (STAT6). Interaction of T-cell-expressed CD40 ligand (CD40L) with CD40 expressed
by B cells allows for the recruitment and activation of tumour-necrosis factor receptor-associated
factors (TRAFs) and nuclear translocation of the transcription factors nuclear factor-«xB (NF-kB) and
activator protein 1 (AP1). The stimulation of IL-4R and CD40 promotes the synergistic enhancement
of transcription of both the Ce GLTs and activation-induced cytidine deaminase (AID) by NF-kB and
STATB (F. Dedeoglu, E. Castigliand R.S.G., unpublished observations). C/EBP, CCAAT/enhancer
binding protein; IkB, inhibitor of NF-kB; JNK, JUN N-terminal kinase; PAX5, paired-box protein 5.

In addition to its role in allergen uptake, CD23 seems
to have specific regulatory influences on IgE synthesis
and allergic inflammation. Human and animal studies
indicate that ligation of membrane-bound CD23
expressed by B cells suppresses the production of IgE®,
and transgenic mice that overexpress CD23 have sup-
pressed IgE responses®. Conversely, mice that are ren-
dered CD23 deficient by targeted gene disruption have
increased and sustained specific IgE titres following
immunization, consistent with a suppressive effect of
membrane-bound CD23 (REE 69). Soluble CD23 frag-
ments, which are generated by proteolytic cleavage,
enhance the production of IgE by binding to IgE and
thereby blocking its interaction with membrane-bound
CD23, or possibly also by directly interacting with
B cells through CD21 (REE 70). Metalloproteinase
inhibitors block the shedding of soluble CD23 in cul-
tures of tonsillar B cells or PBMCs, and this is accompa-
nied by decreased IgE production after stimulation with
IL-4 (REE.71). Recent data implicate a role for allergens,
some of which are proteases, as effectors of CD23 cleav-
age’?. Two possible consequences of such allergen-
mediated cleavage would be decreased suppressive
signalling to the B cell through CD23 and an increased
production of activating soluble CD23 fragments, both
promoting the production of IgE. Inhibition of prote-
olytic activity of the mite allergen Derp1 blocks its abil-
ity to induce IgE responses in vivo both in normal and
HUMANIZED SEVERE COMBINED IMMUNODEFICIENCY (SCID) MICE”>74,
Similar effects are also observed in culture systems.

Inhibition by transcription factors. B-cell ymphoma 6
(BCL6) — a Poxvirus and zinc-finger-domain tran-
scription factor that is expressed by B cells — is an
important negative regulator of Ce germline transcrip-
tion. BCL6 represses the IL-4-mediated induction of Ce
GLTs by binding to STAT® sites in the Ie promoter”.
Consistent with this model, Bcl6-deficient mice have
enhanced IgE isotype switching, whereas Stat6-deficient
animals are severely impaired in IgE production’, and
Bcl6 and Stat6 double-deficient animals do not produce
IgE (TABLE 1). Loss of Stat6 expression also markedly
impairs the production of IgG1 (REE 76). Bclo-deficient
mice also overexpress T, 2-type cytokines and have
increased eosinophilia”.

Inhibitor of DNA binding 2 (ID2) is a dominant-
negative regulator of helix-loop—helix (HLH) transcrip-
tion factors. ID2 is constitutively expressed by resting
peripheral-blood lymphocytes (PBLs), in immature
B-cell populations* and during dendritic-cell develop-
ment. Transforming growth factor-p (TGF-B) — a
cytokine that is involved in the suppression of IgE CSR
— induces the expression of ID2. ID2 binds to the tran-
scription factor E2A and inhibits its interaction with
DNA®!. Recently, it was shown that Id2-deficient mice
have increased serum levels of the T, 2-dependent IgG1
and IgE antibodies®. There was marked skewing to
T, 2-cell phenotypes and a reduction of T,,1-inducing
dendritic-cell populations. ID2 seems to have a dual
effect on IgE CSR in B cells: first, it functions as a regu-
lator of the T,;1/T ;2 balance through the regulation of
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Figure 5 | Negative regulation of IgE class switching. The binding sites for transcription factors that are involved in the activation of
the le exon promoter are shown in yellow. Molecules that induce switching (positive regulators of IgE class-switch recombination,
CSR) are shown in green, and those that inhibit (negative regulators of IgE CSR) are shown in red. BCL6, B-cell ymphoma 6; BCR,
B-cell receptor; C/EBP, CCAAT/enhancer binding protein; CTLA4, cytotoxic T lymphocyte antigen 4; GLT, germline transcript; 1D2,
inhibitor of DNA binding 2; IL, interleukin; IFN-y, interferon-y; kB, inhibitor of NF-xB; JAK, Janus-activated kinase; NF-«B, nuclear
factor-«xB; PAX5, paired-box protein 5; STAT6, signal transducer and activator of transcription 6; TGF-f3, transforming growth factor-f3.

dendritic-cell populations® and, second, it suppresses
B-cell-specific gene transcription, specifically blocking
transcription of Ce GLTs that leads to IgE CSR'. This is
likely to be mediated by the sequestration of E2A, which
normally binds to the Ie promoter and participates in
activating Ce transcription.

Regulation of T, 2-cell development and allergy
Both genetic components and environmental factors,
such as viral and parasitic infections, can promote the
shift to T, 2-type responses that underlies the high IgE
levels that occur in allergic individuals. Studies of these
factors have provided new insights into the regulation of
IgE synthesis.

Identification of genetic influences. In humans, it is clear
that there is a familial tendency to develop allergic
responses to antigens, indicating genetic influences in
T, 2-cell development and IgE production. In mice,
some inbred strains — for example, the BALB/c strain
— have a propensity for T, 2-cell-dominated responses
with the production of high levels of IgE antibody in
response to antigens. Other strains, for example,
C57BL/6, are characterized by T, 1-cell-dominant
responses and poor IgE antibody responses.

Several genes, including those that encode several
transcription factors, have been shown to regulate the
balance of T, 2 versus T, 1 cells. These include GATA3,
which promotes T, 2-cell differentiation and inhibits

T, 1-cell differentiation®®, and T-bet*>*, which exerts
the opposite effects to GATA3. The NFAT transcription
factors have a complex role in regulating T -cell differ-
entiation. Some NFAT members, such as NFAT?2, pro-
mote T ,2-cell differentiation, whereas others, such as
NFAT1, inhibit it*"%,

In humans, there are strong links between total IgE
levels and markers that flank the cytokine cluster on
chromosome 5 (5q31). This locus contains the genes
encoding IL-13 and IL-4 receptor (IL-4R)¥. In particu-
lar, links have been reported between total IgE levels and
polymorphisms in the 5’ region, and between intron 3
of the IL4 gene®! and the promoter region and coding
sequence of the IL13 gene®?. High IgE levels have been
associated with the polymorphism Arg551Gln in IL-4Ra,
which results in decreased binding of the cytosolic
phosphatase SRC-homology-2-domain-containing
protein tyrosine phosphatase 1 (SHP1), giving rise to a
potential gain-of-function mutation with delayed ter-
mination of the IL-4 signal®. High IgFE levels have also
been associated with polymorphisms in the 5" untrans-
lated and coding regions of IL-13Ral (for example,
Ala1398Gly)®*. Recently, linkage of IgE levels with
asthma at the 5q21-5q33 region showed positive associ-
ation with the D5S673 marker that includes the hepati-
tis A virus cellular receptor (HAVCR1) — a member of
the T-cell immunoglobulin mucin (TIM) family — and
IL-12B, a pro-inflammatory cytokine and inducer of
B-cell proliferation®. Chromosome 13q14 also shows
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Table 1 | Mouse models of selective dysregulated IgE production

Mouse deficiency Pathway disrupted

Bcle
Swap70

IL-4 1IL-13 IL-4R
02

IgE levels References
Inhibition of Stat6 activation T 76,77
of Ce germline transcription
Unknown (potential DNA 4 116
recombination mechanism)
IL-4 or IL-13 signalling cascade d 131
Inhibition of E2A/Ce germline T 12

transcription

BclB, B-cell lymphoma 6; IL, interleukin; R, receptor; Stat6, signal transducer and activator of

transcription 6.

consistent linkage to atopy and total serum IgE levels,
and fine mapping of this site recently attributed the
linkage to several alleles in a single gene, PHFI1 —a
PHD zinc-finger protein that might regulate transcrip-
tion and is expressed by immune tissues and cells*>?.
A restriction fragment length polymorphism (RFLP) in
the first intron of the BCL6 gene has been associated
with high IgE levels and atopy, indicating that it might
interfere with the ability of BCL6 to compete with
STATG6 for binding to the Ie promoter?”’. Finally, linker
for activation of T cells (LAT) knock-in mice with the
mutation Tyr136Phe develop a lymphoproliferative
disorder with a T,;2-cell bias and high levels of serum
IgE. The LAT knock-in data indicate that point muta-
tions in signal-transducing molecules, in addition to
transcription factors, cytokines and cytokine receptors,
could underlie atopy in some patients®.

Allergy and the hygiene hypothesis. In the past few years,
several epidemiological studies have documented an
association between increased incidence of allergic dis-
eases and improved hygiene. Early childhood exposure to
antibiotics is associated with increased incidence of
allergy. By contrast, large family size, early placement in
day care, animal exposure early in life, exposure to hepati-
tis A virus and other infectious agents are associated with
decreased incidence of allergic disease. The TIMI gene —
the prototype of a new gene family that affects T ,-cell
development — functions as a receptor for hepatitis A
virus”. TIM1 is expressed by T, 2 cells and polymor-
phisms in TIM1 are associated with the development of
T, 2-cell responses. These data, together with the observa-
tion that infection with hepatitis A virus protects against
atopy'”, indicate that the effect of environmental agents
and genetics in the development of atopy are related.

The hygiene hypothesis proposes that infection with
viruses and bacteria and exposure to bacterial products,
such as LPS, early in life promote the development of T ,1
cells which, in turn, downregulate the development of
T, 2 cells and an IgE antibody response'*"'*>. However,
this is inconsistent with the concomitant rise in T, 1-
mediated diseases (for example, type 1 diabetes) with
better hygiene, and with the observation that T,1 cells
exacerbate allergic inflammation in animal models of
allergic disease. Recent data indicate that the protective
effects of early infection lie in stimulating the emergence
of regulatory T cells that include CD4*CD25* T cells,
which downregulate both T 2- and T}, 1-cell responses'®.

Parasitic diseases. Infestation with several parasites gives
rise to a robust T, 2-cell response and an increased
serum IgE level'™. T ,2-type cytokines and the induction
of IgE synthesis are thought to be important in parasite
immunity'®. Most of the IgE in parasitic disease is poly-
clonal and only a small fraction of it is directed against
the invading pathogen. IgE could have a role in parasite
immunity by arming mast cells and eosinophils to
release the contents of their toxic granules after recogni-
tion of the parasite. The role of T, 2-type cytokines in
parasitic diseases is illustrated by the case of infection
with Schistoma mansoni, in which administration of
IL-13-specific antibody inhibited the rise in serum IgE
levels through the loss of Ce germline transcription'®.
Interestingly, at least one parasite antigen derived from
Dirofilaria immitis also acts directly on B cells as a
CD40 agonist that synergizes with IL-4 to induce IgE
class switching!?”.

Despite their propensity to trigger T 2-cell responses
and IgE production, parasitic infections protect against
the development of allergic diseases in humans. In an ani-
mal model, helminth-dependent blockade of allergen-
specific IgE production and protection against allergic
disease were shown to involve immunoregulatory
mechanisms that include IL-10, because the inhibitory
effects of helminth infection were reversed by IL-10-
specific antibody (REFS 108,109). It has been suggested that
parasitic infections, such as infection with bacteria and
viruses, stimulate the production of regulatory T cells
that exert their effect, in part, through IL-10, to block the
production of allergen-specific IgE.

IgE immunodeficiencies

Several primary immunodeficiencies, which result from
a single gene mutation, and several mice with targeted
mutations of genes that are expressed by immune cells
have abnormalities in IgE serum levels. These observa-
tions shed further light on the physiological mecha-
nisms of regulation of IgE synthesis. Some of these
mutations affect CSR to all immunoglobulin isotypes,
whereas others selectively affect CSR to IgE.

Gene mutations that affect CSR to all classes. Several
gene mutations result in a generalized decrease in all
serum isotypes, other than IgM. These defects are often
associated with a rise in the level of serum IgM owing
to the inability of soluble IgM-positive B cells to
undergo class switching to downstream isotypes''’.
These conditions are known as HIGM syndromes and
they include mutations that affect CD40L (as in
HIGM1) and CD40 (as in HIGM3). In addition, muta-
tions of various elements of the molecular machinery
that are involved in CSR—namely, AID (as in HIGM2)
and uracil-DNA glycosylase (UNG) — have been classi-
fied as HIGM syndromes. Inactivation of members of
the Ku70-Ku80-DNA-dependent protein kinase
(DNA-PK) complex and DNA mismatch repair
enzymes, for example, mutS homology 2 (MSH2)'",
also results in defective production of all immuno-
globulins. Furthermore, mutations that affect the NF-xB
regulator inhibitor of NF-kB kinase (IKKYy, also known
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Hypomethylated DNA
sequences that typically contain
a purine-purine-C-G-
pyrimidine-pyrimidine core
hexamer. These motifs are
suppressed in mammalian DNA,
but are enriched in bacterial
active DNA. The mammalian
innate immune system is
stimulated by CpG motifs
though Toll-like receptor 9.

as NF-kB essential modulator, NEMO)!''>!13 and the
NF-kB-family members REL and p50 (REFS 16,114) also
result in defective CSR, possibly because these gene
products are crucial for C,, germline transcription and
expression of AID.

Gene mutations that selectively affect CSR to IgE. As we
have discussed, inactivation of the Il4, Il13 and Il4Rc
genes in mice results in a selective decrease of CSR to
IgE and, to alesser extent, to IgG1. Polymorphisms in
these genes in humans have been associated with selec-
tive increase of serum IgE levels in allergic individuals.
Mice that are deficient in Swap70 — a component of
the multiprotein complex Swap that is involved in
CSR'"® — have reduced total IgE serum levels, reduced
IgE responses to immunization and impaired CD40-
dependent IgE isotype switching in vitro'®. A specific
mechanism for the action of SWAP70 in IgE CSR has
not been elucidated.

Human genetic disorders that result in elevated IgE
levels include WAS, IPEX (immune dysregulation, poly-
endocrine enteropathy, X linked syndrome), Netherton’s
syndrome and hyper-IgE syndrome (TABLE 2). Human
hyper-IgE syndrome is characterized by elevated IgE
levels, bone and teeth abnormalities and susceptibility to
infections, particularly with Staphylococcus aureus and
Aspergillus''’; however, the defective gene is not known.
The gene mutated in patients with IPEX (and its mouse
equivalent, the scurfy mutant) is the transcription factor
FOXP3, which is essential for the development of
CD4"CD25" regulatory T cells''®. The allergic manifes-
tations in this syndrome indicate that CD4*CD25"*
T cells regulate the production of T ,2-type cytokines
and the synthesis of IgE. WAS is an X-linked immuno-
deficiency syndrome that is characterized by eczema,
thrombocytopaenia and T-cell immunodeficiency'”. It
is caused by mutations in the WAS protein (WASP).
The fact that patients with WAS develop eczema and
Wasp-deficient mice develop a colitis that is character-
ized by the predominance of T ;2 cells, indicate T, 2-cell
predominance in this disease. This could be related to

the fact that T-cell receptor (TCR) signalling and
immune-synapse formation are attenuated in T cells that
lack WASP, as decreased intensity of TCR signalling pro-
motes T,,2-cell development'*.

Loss of integrity of the epidermal layer results in
epicutaneous sensitization to antigens and has also
been shown to induce a strong T ,2-cell response. This
might underlie the elevated IgE levels that are seen in
Netherton’s syndrome and Nga/c mice. Netherton’s
syndrome is due to deficiency of the skin-specific
serine protease inhibitor Kazal type 5 (SPINK5) and
results in ichthyosis of the skin'?'. The role of SPINK5
in the induction of increased IgE levels and the devel-
opment of skin lesions is unknown at present. The spe-
cific gene defect in Nga/c mice is unknown, but these
mice also develop severe eczema when housed under
conventional conditions'*.

Therapeutic approaches

The rapid progress in understanding the mechanisms of
regulation of IgE synthesis has been brought to the
clinic through the development of therapeutic interven-
tions that are aimed at inhibiting the development of
T, 2 cells and promoting the development of T ;1 cells
to block IgE synthesis by B cells. So far, the only proven
disease-modifying strategy in allergic disease is spe-
cific immunotherapy with whole antigens. This ther-
apy is limited due to the associated risk of systemic
adverse effects.

Newer approaches in the treatment of allergic
disease have focused on altering the T, 1-cell versus
T, 2-cell balance and these are briefly introduced. The
use of bacteria-derived oligonucleotides containing
cpG MOTIFs or immunostimulatory oligodeoxynucleotides
to enhance T, 1-cell responses and suppress T, 2-cell
immunity'?, or the use of fusion proteins of allergen
and T,;1-promoting cytokines'**'** are two of these new
approaches. The combined approach of immunization
by traditional (whole antigen) or peptide immunother-
apy with immunostimulatory oligodeoxynucleotides
shows promise in treating allergic disease'**. Inhibition

Table 2 | Human genetic disorders affecting IgE regulation

Syndrome Gene Phenotype IgE levels References

Diseases that affect class-switch recombination to all immunoglobulin isotypes

X-linked hyper- CD40L B-cell immunodeficiency, susceptibility to opportunistic L 110

IgM type 1 syndrome infections, low serum immunoglobulin levels, except IgM

Hyper-IgM type 3 syndrome CD40 Same as CD40L deficiency and bone abnormalities l 110

X-linked ectodermal dysplasia NEMO Hypogammaglobulinaemia, deficient NK-cell and innate immunity, L 112

with immune deficiency tooth abnormalities and reduced sweating

UNG deficiency UNG Low serum immunoglobulin levels, except IgM l 110

Diseases that selectively affect class-switch recombination to IgE

Netherton’s disease SPINK5 Ichthyosis T 121

Wiskott—Aldrich syndrome WASP Eczema, thrombocytopaenia, immune deficiency ) 119,120

Hyper-IgE syndrome ? Susceptibility to infection with Staphylococcus aureus and fungus, T 117
bone and teeth abnormalities

IPEX FOXP3 Defective development of CD4+CD25* regulatory T cells T 118

IPEX, immune dysregulation, polyendocrine enteropathy, X linked syndrome; L, ligand; NEMO, nuclear factor-kB essential modulator; NK, natural killer; UNG, uracil-DNA

glycosylase; SPINK5, serine protease inhibitor, Kazal type 5; WASP, Wiskott-Aldrich syndrome protein.
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of IgE class switching has also been explored through
the administration of soluble IL-4R'?” and ITFN-y'?, but
these methods fail to block the increase in serum IgE
levels due to the presence of existing IgE-secreting
B cells. Clinical trials of CD23-specific antibody to
inhibit Ce germline transcription in atopic patients are
being initiated at present'?’. As illustrated with soluble
IL-4R and IFN-y, therapies that inhibit IgE class switch-
ing might need to be combined with therapies that are
aimed towards the elimination of already existing
IgE-secreting B cells and/or the neutralization of IgE
antibody. Treatment with humanized IgE-specific
monoclonal antibody was recently shown to decrease
allergic sensitivity to oral peanut challenge'*°.

Conclusion

The increasing incidence of allergic diseases in soci-
eties with a high degree of socio-economic develop-
ment is a pressing public-health problem. This has
prompted physicians to advise parents to institute

major changes in the feeding of infants (for example,
the avoidance of shellfish and peanuts, and has even
prompted communities and airlines to ban the serv-
ing of peanuts in schools and airplanes). The marked
increase in our understanding of IgE and its role in
allergic diseases have led to therapies that selectively
target allergen-specific IgE. New therapies with
IgE-specific antibodies, which have been recently
approved by the Food and Drug Administration, or
immunostimulatory oligodeoxynucleotides are the
beginning of what promises to be a series of therapeu-
tic interventions that aim to eliminate IgE. However,
IgE-specific antibody therapy is expensive, cumber-
some and has potential long-term, undesirable effects.
The ideal therapeutic agent will block IgE isotype
switching in B cells without adverse effects, and will be
inexpensive and easy to administer. Given the high
incidence of morbidity and the cost of treatment of
allergic diseases, there is a great imperative to develop
such an agent.
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