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Introduction

Immunoglobulin (Ig) E plays a key role in the pathoge-
nesis of allergic disease. The studies on the cellular basis of
IgE regulation have provided important insights into a dis-
ease process which affects a considerable proportion of the
population worldwide. More recently, the molecular events
underlying IgE synthesis have been actively investigated. In
this review, we will discuss the cells, the cytokines, the sig-
nal transduction events and the molecular mechanisms in-
volved in human IgE synthesis as well as therapeutic ap-
proaches directed at the abrogation of these processes.

B-Cell Gene Rearrangements Leading to
IgE Expression

The Ig molecule is composed of heavy and light chains
encoded by distinct gene clusters. The gene cluster for the
lambda (λ) light chain is on human chromosome 22, the
kappa (κ) light chain is on human chromosome 2, and the Ig
heavy chain locus is on chromosome 14. These loci are con-
figured such that a series of gene rearrangements is required
in order to generate the extensive repertoire of Ig specif-
icities [reviewed in 1]. The variable regions of the κ and λ
light chains are generated through somatic recombination
of the variable (Vκ and Vλ) and joining (Jκ and Jλ) seg-
ments while the heavy chain variable region results from
recombination of variable, joining and diversity (D) seg-
ments [2]. In the case of the heavy chains, joining of D to JH

segments precedes the joining of VH to the previously rear-
ranged (D)JH segments. The processes of (D)JH and VH(D)
JH recombination involve the juxtaposition of conserved
heptamer and nonamer repeats located upstream to the

V genes, downstream of the J genes and on both sides of the
D genes. When these recombination signal sequences are
brought together, the intervening DNA is looped out and
recombination occurs with joining of the (D)JH or VH(D)JH

sequences and excision of the intervening DNA. These re-
combination events are accomplished by the products of the
recombination activator genes RAG-1 and RAG-2, which
have topoisomerase-like activity and result in DNA break-
age and rejoining. The critical role for these gene products is
exemplified by mice genetically deficient in RAG-1 or
RAG-2, which are unable to rearrange their immunoglobu-
lin genes due to an inability to initiate V(D)J recombination
[3, 4]. In addition, a form of human autosomal recessive
severe combined immunodeficiency has been linked to de-
fective RAG-1 and RAG-2 function with a marked reduction
or absence of V(D)J recombination activity [5].

During the development of an immune response, a B
lymphocyte can express different immunoglobulin heavy
chain isotypes which share the same antigen-binding re-
gion. The phenomenon of isotype switching allows a single
B-cell clone to produce antibodies with the same fine speci-
ficity but different effector functions determined by the
heavy chain isotype. The genes encoding the Ig heavy chain
isotypes form a cluster located 3 to the JH region genes and
contains segments for Cµ, Cδ, Cγ3, Cγ1, a pseudogene for
epsilon (Cψε), Cα1, Cψγ, Cγ2, Cγ4, Cε, and Cα2 arranged
in tandem. The 5 intronic region of each heavy chain iso-
type gene, except Cδ, includes a switch (S) region which
contains repeated sequences of GAGCT and GGGGT [6].
Following the signal which activates the switch machinery
(see below), these switch regions undergo recombination
and result, in the case of switching to IgE, in the formation
of an Sµ/Sε junction with delection of the intervening DNA
segments [7, 8]. This process occurs during switching to all
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isotypes except for IgD, which results from splicing var-
iations of the Cµ-Cδ transcript. It should be noted that class
switching can occur sequentially, such that a B cell which
had previously switched to Cγl can later switch to an iso-
type located 3 to the Cγl gene, such as Cε, by repeating this
same process. RNA transcription proceeds from the
VH(D)JH segment to the Cε segment following by splicing
out of the intronic and switch regions and results in a mature
mRNA species for an ε heavy chain. Therefore, in order to
produce a functional immunoglobulin molecule, B cells
must undergo two DNA rearrangement events. The first re-
arrangement involves VH(D)JH recombination and gives
rise to an IgM+IgD+ B cell. The second rearrangement in-
volves isotypes switching and gives rise to a B cell express-
ing IgG, IgA, or, as illustrated in figure 1, IgE.

The Two-Signal Model for the Induction of
IgE Synthesis

In order to undergo isotype switching, B cells require
two distinct signals [9, 10]. The initial signal is cytokine-

dependent and results in the activation of transcription at a
specific region of the Ig locus, thus determining isotype
specificity. The second signal activates the recombination
machinery, resulting in DNA switch recombination.

The two signals required for switching to IgE are deliver-
ed to B cells by T cells through a complex series of interac-
tions. These are illustrated in figure 2 [reviewed in 11]. An-
tigen-specific IgM on the B-cell surface binds antigen, lead-
ing to internalization of the antigen-receptor complex. The
antigen then undergoes endosomal processing and subse-
quent presentation to an antigen-specific T cell in the form
of peptide fragments associated with HLA (human leuko-
cyte antigen) class II molecules. Recognition of the antigen/
HLA class II complex on the surface of the B cell by the
T-cell receptor (TCR) complex leads to two crucial events:
(1) the secretion of lymphokines, in particular interleukin
(IL)-4 and/or IL-13, and (2) the expression of the CD40 li-
gand (CD40L, CD154) by the T cell. Binding of IL-4 to its
receptor on the B cell delivers the first signal for isotype
switching and induces transcription of the Cε heavy chain
gene locus [12]. Binding of the TCR complex to an appro-
priate peptide fragment in the context of HLA class II re-

Fig.1. DNA rearrangement events in B-cell ontogeny and matura-
tion. The top panel shows a schematic arrangement of the Ig heavy
chain genes in the germline. This consists of an array of VH genes, D
genes, JH genes and genes encoding for the constant portion of the Ig
heavy chains (CH). Each of the CH genes consists of several exons
including exons encoding the transmembrane region and the secreted
region of each chain. Each CH gene, except Cδ, is flanked on its 5 side
by a switch region (S) containing repetitive DNA sequences. Differ-
entiation into a mature B cell involves V(D)J recombination with the
formation of a V(D)J segment that encodes for the antigen-binding
domain of the Ig molecule. This V(D)J segment lies in proximity of Cµ
and is separated from it by only those JH genes and intervening se-

quences that were not deleted during V(D)J recombination. The B cell
then transcribes an RNA that reads through V(D)J, Cµ and Cδ. Al-
ternative splicing results in IgM and IgD mRNA which are then trans-
lated into IgM and IgD proteins. The bottom panel depicts the Ig gene
organization in a B cell that has switched to IgE. This B cell has rear-
ranged its heavy chain genes by deletional switch recombination in-
volving Sµ and Sε. All intervening DNA has been deleted and now the
V(D)J region is the same proximity to Cε as it was to Cµ. An RNA is
transcribed through V(D)J and Cε and spliced to form an mRNA that
contains V(D)J-Cε and encodes for IgE. Since the V(D)J segment is
conserved, the antigen specificity of the Ig remains unaltered.
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sults in activation of the T cell and expression of CD40L is a
39-kDa type II membrane glycoprotein which is absent on
resting naive T cells [13]. The transient expression of
CD40L following T-cell activation renders T cells fully
competent to induce isotype switching to IgE [14]. CD40L
engages CD40, a 50-kDa integral membrane glycoprotein
member of the tumor necrosis factor (TNF) receptor super-
family that is constitutively expressed on B cells, macro-
phages, dendritic cells, and endothelial cells [13]. CD40L-
induced oligomerization of CD40 on B cells delivers the
second signal that triggers deletional switch recombination
to IgE. Ligation of CD40 on the B-cell surface by CD40L
results in the upregulation of several B-cell surface mole-
cules. Expression of B7 (CD80) is increased following
CD40 activation and serves as a counterreceptor for CD28,
a co-stimulatory molecule constitutively expressed on
T cells. The simultaneous engagement of the TCR and
CD28 results in optimal T-cell activation and secretion of
cytokines, including IL-4 [11, 15].

The importance of CD40-CD40L interactions in isotype
switching is illustrated by several observations. Monoclo-
nal antibodies directed against CD40 eliminate the need for
T cells in IL-4-driven isotype switching to IgE in vitro [16].
Soluble human CD40 inhibits in vitro T-cell-driven IL-4-
dependent IgE synthesis [17]. Patients with the X-linked
hyper-IgM syndrome (X-HIM) are deficient in CD40L and

lack serum IgG, IgA and IgE due to defective isotype
switching in vivo [18–22]. In addition, mice with targeted
disruption of the CD40L [23] or CD40 [24, 25] genes lack
serum IgE and fail to undergo isotype switching in vivo and
in vitro following immunization with T-cell-dependent anti-
gens but are capable of mounting IgM and IgG responses to
T-cell-independent antigens.

Stimulation of the IL-4 receptor (IL-4R) by IL-4 delivers
the first signal by inducing transcription of Cε RNA which
initiates upstream of the Iε exon and proceeds through the
Sε and the Cε exons (fig. 3a). The Sε is then spliced out and
results in the ε germline transcript (GLT) consisting of the
140-bp Iε exon and exons Cε1-Cε4 [26]. The ε-GLT is ster-
ile due to the presence of stop codons in each of the three
reading frames of the Iε exon. IL-4 or IL-13 alone are capa-
ble of inducing ε germline transcription without the require-
ment for previous B-cell stimulation [26, 27]. The exact
role of the germline transcript is presently unclear, but it
may serve to promote specific recombination events.

Following the second signal via CD40, deletional switch
recombination occurs [7, 8] (fig. 3b). DNA is cut in the
switch region that is upstream of the Cµ gene (Sµ) and in the
switch region that is upstream of the Cε gene (Sε). The two
switch regions are then joined together to form an Sµ/Sε
junction. The intervening DNA is circularized and deleted.
This rearrangement brings the VH(D)JH segments encoding

Fig. 2. T- and B-cell interactions involved in IgE synthesis. Bind-
ing of an antigen (Ag) by a B cell with surface IgM specific for the Ag
leads to (1) internalization of the IgM/Ag complex and is followed by
endosomal processing and presentation on the surface of the B cell in
the context of HLA class II molecule. (2) Recognition of this complex
by an Ag-specific TCR complex induces CD40L expression. (3) Liga-
tion of CD40 by CD40L results in upregulation of CD80 (B7) expres-

sion. (4) Engagement of CD28 by CD80 delivers a co-stimulatory sig-
nal to the T cell which, together with the TCR signal (2), leads to (5)
cytokine synthesis and T-cell proliferation. (6) The cytokine IL-4
binds to its receptor on B cells and synergizes with the CD40 signal (3
and 6) to induce (7) B-cell proliferation and (8) IgE isotype switching
and synthesis. Asterisk denotes molecules that are not constitutively
expressed but which are inducible by the above signals.
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the antigen-binding site into proximity of the Cε-encoding
segments and results in the transcription of a message that
encodes for a full ε heavy chain.

A detailed understanding of the mechanisms of isotype
switching is still lacking. It is though that transcription
through an Ig heavy chain locus renders that region acces-
sible to switch recombination, although the mechanism by
which this occurs is unclear [28]. Recent data suggests that
the recombination machinery is constitutively active in
B cells, since an artificial substrate containing DNA se-
quences that encompass murine Sµ and Sγ2a undergoes de-
letional switch recombination when integrated into the ge-
nome of murine B-cell lines [29]. Transcription through the
switch region is not sufficient by itself to activate isotype
switching, because replacement of the promoter of Cε and

of the Iε exon by an LPS-responsive promoter induces
strong transcription through the switch region and of Cε but
results in minimal IgE isotype switching [30]. This sup-
ports a role for the Iε-containing mRNA transcript and/or a
putative short polypeptide derived from the Iε exon in ren-
dering the Sε region a suitable substrate for switch recombi-
nation, perhaps by allowing the recruitment of the ‘recom-
binase’ [31]. The switch recombinase is likely to be a com-
plex of several proteins, including the DNA-dependent
protein kinase (DNA-PK), which is defective in scid mice
[32], and the associated DNA-binding proteins Ku70 and
Ku80 [33, 34]. The importance of the DNA-PK complex in
isotype switching is illustrated by experiments in which B-
cell precursors from scid mice express ε GLTs after stim-
ulation with anti-CD40 monoclonal antibody (mAb) plus

Fig. 3. Molecular events in IgE isotype
switching. a In an IgM B cell, the V(D)J seg-
ments have been rearranged and lie in prox-
imity to the constant region genes for the IgM
and IgD heavy chains Cµ and Cδ. The Cµ
gene is flanked at its 5 side by a switch region
Sm. Transcript initiates 5 of V(D)J and ex-
tends downstream of Cδ. This transcript can
be spliced into a V(D)J+ Cµ or VDJ+ Cδ
mRNA which encode for IgM and IgD, re-
spectively. Signal 1 is delivered by IL-4 or
IL-13 and results in the activation of tran-
scription factors that bind upstream to the Iε
exon. This initiates transcription through Iε,
the switch region Sε, and the Cε exons. The
spliced Iε+Sε mRNA germline transcript is
sterile and does not encode for a full-length
protein because there are stop codons in all
three reading frames within the Iε exon.
b Signal 2 is delivered via CD40 and targets
the transcriptionally active ε gene for switch
recombination. This occurs by deletion of the
DNA region between Sµ and Sε with the for-
mation of an Sµ/Sε switch junction by loop-
ing out and deletional switch recombination.
This brings the V(D)J segment close to Cε.
Transcription followed by splicing results in a
V(D)J+Cε mRNA that encodes for an IgE
molecule that retains the exact antigen speci-
ficity of the original IgM because they both
use the same V(D)J segment that encodes for
the antigen-binding site.

a

b
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IL-4 but fail to undergo Sµ/Sε recombination [35]. In addi-
tion, nuclear extracts from resting B cells contain relatively
low levels of the Ku heterodimer but, following activation
through CD40 ligation plus IL-4, Ku expression is increased
[36]. Thus, both DNA-PK and Ku70/80 appear to be inte-
gral members of the isotype switch machinery.

Signal 1: The Cytokines IL-4 and IL-13
CD4+ T-helper (TH) lymphocytes are heterogeneous and

can be divided into two subtypes based on their patterns of
cytokine production [reviewed in 37]. TH1 cells produce
predominantly IL-2, TNF-â and IFN-γ and promote de-
layed-type hypersensitivity responses while TH2 cells se-
crete IL-4, IL-5, IL-6, IL-10, and IL-13 which favor humoral
immune responses including isotype switching and the de-
velopment of allergic diseases. The TH1-derived cytokines
especially IFN-γ, inhibit TH2 cytokine production and
TH2-derived cytokines inhibit TH1 cytokine production.
Consistent with this paradigm, while IL-4 and IL-13 induce
ε germline transcription, IFN-γ suppresses the IL-4 induc-
tion of ε GLTs [38].

The interaction between the cytokines IL-4 and IL-13
and their receptors delivers the first signal for switching to
IgE. Evidence from different lines of inquiry consistently
shows that IL-4/IL-13 is essential for IgE production. IL-4
and IL-13 are the only known cytokines able to induce IgE
synthesis in vitro when added in recombinant form [9, 27,
39]. Anti-IL-4 antibodies preferentially inhibit IgE synthe-
sis without affecting IgM, IgG or IgA synthesis [12, 40, 41].
Injection of an anti IL-4 or anti IL-4 receptor antibody abol-
ishes IgE production in parasite-infected mice [42, 43]. A
recombinant extracellular domain of the IL-4R blocked
switching to IgE by blocking IL-4/IL-4R interactions [44]
and shifted the immune response of mice infected with
Leishmania major from a TH2-predominant response asso-
ciated with disease susceptibility to a TH1-predominant re-
sponse resulting in disease resistance [45].

IL-4 is an 18–20-kDa glycoprotein produced by TH2
cells, NK 1.1+ cells, mast cells and basophils [46]. Like oth-
er cytokines, it demonstrates pleotropic effects which in-
clude favoring development of TH2-type T cells, increasing
surface CD23 (FcεRII), MHC class II and IL-4R expression
on B cells and monocytes, and increasing VCAM-1 expres-
sion on endothelial cells. The proto-oncogene c-maf has re-
cently been described as a murine TH2-specific transcrip-
tion factor and appears to be an important element in the
control of the IL-4 promoter [47]. c-maf synergizes with the
nuclear factor of activated T cells (NF-AT) in transactiva-
tion of the IL-4 promoter, an effect which is markedly en-
hanced by the NF-AT-interacting protein NIP-45 [48].

IL-13 is produced by activated TH2 cells and mast cells
[49]. The biologic effects of IL-13 overlap those of IL-4
with the notable exception that IL-13 does not activate hu-
man T cells [39, 50]. Like IL-4, IL-13 increases CD23 and
MHC class II expression on B cells and monocytes and in-
duces ε germline transcription and isotypes switching to
IgE and IgG4 [27, 39, 50]. However, IL-13 is less potent than
IL-4 in most of these actions.

Figure 4 depicts the structure of the receptors for IL-4
and IL-13. The IL-4R complex is composed of two chains,
the 145-kDa IL-4Rα chain and the γc chain which is shared
with the receptors for IL-2, IL-7, IL-9 and IL-15 [51].
IL-4Rα binds IL-4 with high affinity and is similar in struc-
ture to type I hematopoietin receptors with four conserved
cysteine residues and a WSXWS motif in the extracellular
domain. The IL-4R complex is expressed on multiple cell
types including T cells, B cells, mast cells, endothelial cells
and macrophages [46]. The IL-4 receptor exists in both a
cell membrane bound form as well as in a soluble, circulat-
ing form in vivo [52]. In addition, recent data indicates that
several allotypes of the murine IL-4R exist and that BALB/c
mice posses an allotype characterized by a significantly en-
hanced rate of IL-4 dissociation from the receptor [53]. This
may account for the diverse responses in different inbred
mouse strains in IL-4-dependent disease models. The
IL-13R is a heterodimer which consists of an IL-13 binding

Fig. 4. Relationship of IL-4 and IL-13 receptors. a The IL-4R is
comprised of two chains: IL-R4α chain that binds IL-4 and a γc chain.
b, c The IL-13R consists of two chains, an IL-13Rα chain and
IL-4Rα. IL-4 can bind both IL-4R and IL-13R because it binds with
high affinity to the IL-4Rα chain used by both receptors. IL-4 has very
poor affinity to γc and none to IL-13Rα. IL-13 binds only to the IL-13R
because it has high affinity only to IL-13Rα.

a b c
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(IL-13Rα) chain and the IL-4Rα chain [54–57]. IL-4 can
bind to the IL-13R by virtue of its affinity to the IL-4Rα
chain, whereas IL-13 does not bind to the IL-4R.

Figure 5 depicts the mechanism of signal transduction
via the IL-4R. The IL-4Rα and γc chains lack known kinase
activity and are associated with the Janus family tyrosine
kinases JAK1 and JAK3, respectively [58, 59]. Upon activa-
tion, presumably secondary to IL-4-induced heterodimer-
ization of the IL-4Rα and γc chains, these kinases phospho-
rylate tyrosin residues in the intracellular domains of the
receptor chains. The intracellular domain of IL-4Rα con-
tains two tyrosine residues which, upon phosphorylation,
serve as docking sites for two units of the signal transducer
and activator of transcription (STAT) molecules STAT6
[60, 61]. STAT6 molecules in turn undergo phosphorylation
and form homodimers which subsequently translocate to
the nucleus where they bind to specific DNA sequences
(TTCNNN(N)GAA) in the promoter regions of IL-4-re-
sponsive genes, including Cε [62]. The importance of
STAT6 in IL-4 signaling is reinforced by the lack of IgE
class switching in mice deficient for STAT6 [63].

Although IL-13 activates STAT6 and induces CεGLTs it
does not activate JAK3 [64–67]. Consistent with this obser-
vation, IL-13R signaling is intact in B cells from JAK3-defi-
cient patients [68]. There is evidence that the IL-13Rα chain
associates with JAK2 [65] and with the Janus kinase family
member TYK2 [67]. Upon ligand binding, heterodimeriza-
tion of the IL-13R chains initiates a cascade of events identi-
cal to that which follows heterodimerization of the IL-4R
chains by IL-4, resulting in IL-4Rα chain phosphorylation,
docking and phosphorylation of STAT6 followed by STAT6
dimerization and nuclear translocation.

The adaptor protein insulin receptor substrate-1 (IRS-1)
and the antigenically related 4PS also undergo phosphory-
lation following IL-4 treatment [69]. IL-4-dependent phos-
phorylation of IRS-1 may be mediated by JAK1, TYK2 or
JAK2 [70]. The intracellular domain of the IL-4Rα contains
an I4R motif which is also present in the insulin and insulin-
like growth factor-1 receptors. Phosphorylated IRS-1 binds
to the I4R motif and then functions as a docking protein for
many src-homology 2 (SH2) domain-containing molecules,
thereby serving as a potential link between the IL-4R and
other pathways implicated in cell growth, including the
phosphatidylinositol-3-kinase (PI-3-kinase) and mitogen-
activated protein kinase (MAPK) pathways [46, 49]. It has
recently been demonstrated that IL-4 treatment of human
B cells results in the dephosphorylation of tyrosine residues
in the p85 component of PI-3-kinase, likely by the SH2-con-
taining tyrosine phosphatase-1 (SHP-1), which co-immuno-
precipitates with IL-4R and PI-3-kinase following IL-4 stim-

ulation [71]. The importance of SHP-1 in IL-4R signaling is
demonstrated in a recent study which identified a gain-of-
function mutation in the intracellular domain of IL-4Rα
which resulted in increased signaling via IL-4R, as mea-
sured by CD23 expression, along with a decrease in SHP-1
binding to IL-4Rα [72]. Therefore, in addition to tyrosine
phosphorylation, tyrosine phosphatase activity may play a
role in the signaling pathways following IL-4R activation.

Activation of Cε gene transcription requires DNA-bind-
ing transcription factors other than STAT6. The promoter
region upstream of the Iε exon also contains binding sites
for NF-κB/p50 and for once or more members of the C/EBP
family of transcription factors [73]. Mice deficient for
NF-κ/p50 are severely deficient in switching to IgE, sup-
porting a role for NF-κB in isotype switching [74]. Addi-
tionally, B cells from mice genetically deficient for the C-
terminal transactivation domain of the NF-κB family mem-
ber c-Rel express normal levels of ε GLT but fail to switch
to IgE in response to lipopolysaccharide (LPS) plus IL-4
[75]. The B-cell-specific activator protein BSAP (Pax 5) al-
so binds to the Iε promoter and has been implicated in acti-
vating Cε germline transcription [76].

It was recently demonstrated that IL-4 induces Cε germ-
line transcription and IgE isotype switching in B cells from
patients with X-linked severe combined immunodeficiency
(X-SCID) due to mutation of the γc chain [77]. Induction of
Cε gene transcription by IL-4 in B cells with γc chain defi-
ciency may involve signaling via the IL-4Rα-containing
IL-13 receptor. Alternatively, the IL-4Rα chain may trans-
duce intracellular signals that lead to Cε gene transcription
independent of the γc chain. We recently showed that homo-
dimerization of the intracellular domain of the human IL-
4Rα chain induces Cε GLTs [78]. This was accomplished by
expressing chimeric receptors consisting of the extracellular
domain of the erythropietin receptor and the transmembrane
and intracellular domains of the IL-4Rα chain in B-cell
lines. Homodimerization of the chimeric receptor by eryth-
ropoietin resulted in JAK1 activation and induction of nu-
clear STAT6 DNA-binding activity which was abolished by
disruption of the JAK1-binding region of IL-4Rα.

Other cytokines, including IL-5, IL-6, IL-12 and IFN-γ,
have modulatory effects on IgE synthesis. The TH2-derived
cytokines IL-5 and IL-6 increase IL-4-dependent IgE syn-
thesis [79, 80]. IL-6 appears to play an essential role, since a
polyclonal antibody against IL-6 inhibited IL-4-driven IgE
production. It has also been demonstrated that IL-12, which
favors TH0 differentiation into TH1 cells, inhibited IgE syn-
thesis by IL-4-stimulated peripheral blood mononuclear
cells but failed to inhibit IgE synthesis by purified B cells
stimulated by anti-CD40 mAb plus IL-4. IL-12 treatment
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Fig. 5. Signal transduction through the IL-4 and the IL-13 recep-
tors. Heterodimerization of the IL-4R chains follows binding of IL-4
to IL-4Rα. IL-4Rα and γc undergo phosphorylation by the JAK kinas-
es JAK1 and JAK3 that are associated with their intracellular domains.
IRS-1 is also phosphorylated by Janus family kinases and then binds to
the I4R domain of IL-4Rα, potentially linking IL-4 stimulation to
PI-3-K and MAPK pathways. Phosphotyrosines in the intracellular
domain of IL-4Rα serve as docking sites for the SH2 domains of
STAT6 molecules. The docked STAT6 molecules in turn undergo
phosphorylation, likely by the JAK kinases. The SH2 domains of
STAT6 have higher affinity to phosphorylated tyrosines on STAT6 than

to phosphorylated tyrosines on IL-4Rα. Thus, phosphorylated STAT6
molecules dissociate from IL-4Rα and form homodimers. This results
in the unmasking of a nuclear localization signal on the STAT6 mole-
cule allowing nuclear translocation. In the nucleus, STAT6 binds to
DNA sequences TTCNNN(N)GAA present in the promoter of IL-4-
responsive genes, including Cε and, in concert with other transcription
factors, activate transcription. A similar series of events occurs follow-
ing homodimerization of the IL-13R chains upon binding of IL-13 to
the high-affinity IL-13Rα chain. Both JAK2 and TYK2 have been
found to interact with IL-13-Rα.

resulted in decreased amount of mature ε transcripts but did
not affect ε germline transcription [81]. Treatment of activa-
ted B cells with anti-CD40 mAb plus IL-12 and/or IL-18
leads to IFN-γ production, and this IFN-γ inhibits IL-4-de-
pendent IgG1 and IgE responses in vitro [82].

Signal 2: CD40 Ligation
CD40 is a transmembrane glycoprotein member of the

TNF receptor superfamily [83] which includes the two TNF
receptors, Fas (CD95), the low-affinity nerve growth factor
receptor, CD27, CD30, 4–1BB antigen and OX-40 [re-
viewed in ]. CD40 activation by CD40L results in homotyp-
ic B-cell adhesion, increased B7, CD23, ICAM-1, and LT-α
expression [84] and rescues germinal center B cells from
apoptosis induced by Fas or surface IgM. CD40L is a 39-
kDa glycoprotein member of the TNF superfamily which is
expressed on activated T cells. The special capacity of
CD40 to trigger isotype switching suggests that CD40 liga-
tion activates a unique signaling pathway(s) or a unique
combination of known signaling pathways. Four intracellu-

lar proteins which belong to the family of TNF receptor-
associated factors (TRAF), TRAF-2, TRAF-3, TRAF-5 and
TRAF-6, were found to associate with the intracytoplasmic
domain of CD40 [85–89]. TRAF-2, TRAF-3 and TRAF-5
share a binding site which is distinct from the TRAF-6-
binding site. TRAF-2, TRAF-5 and TRAF-6 have been
shown to mediate activation of NF-κB [86, 87, 89, 90],
whereas the function of TRAF-3 is not known [85].
TRAF-3-deficient mice survive poorly and their T-cell-B-
cell collaboration is abnormal resulting in failure of isotype
switching [91]. It is, however, unlikely that TRAF proteins
are sufficient to mediate isotype switching since all TRAF
proteins associated with CD40 are also associated with oth-
er receptors which do not induce B-cell isotype switching.

Engagement of CD40 activates protein tyrosine kinases
(PTKs) [92, 93] which play an important role in CD40-me-
diated aggregation, LT-α expression and Ig class switching.
Indeed, CD40-mediated isotype switching is inhibited by
herbimycin A and by cross-linking CD40 to the transmem-
brane tyrosine phosphatase CD45 [94, 95]. Previous studies
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have shown that CD40 ligation results in the rapid tyrosine
phosphorylation and activation of the src family PTKs lyn
and syk, the phosphorylation of phospholipase Cγ-2 and the
activation of PI-3-kinase [92, 96]. However, there has been
no demonstration of direct or indirect association of src
family kinases with CD40.

Since CD40 lacks a kinase domain, CD40-associated
proteins must be critical in CD40 signaling. Cytokines and
growth factors which signal via JAK kinases contain, in
their intracellular domain, two conserved sequences known
as box 1 and box 2 [97]. Box 1 is a proline-rich motif which
is critical for stable association of JAK kinases with cyto-
kine receptors, whereas box 2 may play a crucial role in ki-
nase activation. We observed the presence of both box 1
(-PTNKAPHP-aa 202–209) and box 2 (-PVTQETGKESR-
aa 230–240) motifs in the membrane proximal region of the
cytoplasmic domain of CD40. This suggested that JAK3
could bind to CD40 through the box 1 motif of this receptor.
We recently demonstrated that JAK3 is constitutively asso-
ciated with CD40 and that CD40 engagement induces tyro-
sine phosphorylation and activation of JAK3 and STAT3
[98]. Signaling through CD40 also results in the activation
of the NF-κB transcription factor system in B cells [99].
The activated NF-κB resulting from CD40 stimulation may
then synergize with IL-4-derived signals, such as STAT6, on
the Cε promoter [100, 101].

The association of JAK3 with CD40 suggested that
JAK3 may play an important role in CD40-mediated iso-
type switching. However, current studies using peripheral
blood lymphocytes from JAK3-deficient patients stimulat-
ed with anti-CD40 mAb in the presence of IL-13, the action
of which is independent of JAK3, reveal normal IgE isotype
switching [H.H. Jabara and R.S. Geha, unpubl. data]. These
results suggest that JAK3 is not critical in isotype switching.
Thus, the nature of the PTK that is important for CD40-me-
diated isotype switching remains unknown.

T-Cell-Independent Second Signals

Two additional stimuli have been described which, when
present along with IL-4, can induce IgE synthesis in a T-cell
independent manner. The Epstein-Barr virus (EBV), in the
presence of IL-4, is capable of inducing IgE synthesis by
human B cells in vitro [102, 103]. This may be due to the
EBV latent infection membrane protein-1 (LMP-1), a con-
stitutively active TNFR superfamily member that is similar
to CD40 in structure and activation patterns. Studies have
demonstrated that TRAF-1, TRAF-2, and TRAF-3 associate
with LMP-1 and activate NF-κB [88, 104, 105]. The gluco-

corticoid hydrocortisone, in the presence of IL-4, is also ca-
pable of upregulating IgE synthesis by human peripheral
blood mononuclear cells as well as inducing IgE synthesis
by sIgE– B cells [106], although the mechanism of this ef-
fect is unclear.

Pharmacologic Modulation of IgE Synthesis

Based on our present understanding of IgE regulation, sev-
eral modalities aimed at modulating the synthesis and func-
tion of IgE may be available in the future. These include:

(1) Inhibition of IgE switching by interfering with the in-
teraction between IL-4 and the IL-4 receptor: A mutant
form of human IL-4, IL-4.Y124D, which results from sub-
stitution of the tyrosine residue at position 124 by aspartic
acid, binds to the IL-4R with high affinity but lacks detec-
table proliferative activity for T cells and inhibits IL-4-de-
pendent T-cell proliferation [107]. This mutant form also in-
hibits IL-13 action on IL-4- and IL-13-responsive TF-1 cells
[108] and inhibits both IL-4- and IL-13-induced IgE syn-
thesis in vitro [109]. When administered to scid mice recon-
stituted with human B and T lymphocytes, IL-4.Y124D sig-
nificantly reduced or eliminated in vivo IgE production
without affecting IgG production [110]. There is a also nat-
urally occurring isoform of IL-4, IL-4δ, which arises from
an alternatively spliced IL-4 RNA by omission of the sec-
ond exon and inhibits IL-4-induced T-cell proliferation
[111]. These functional antagonists of IL-4 and IL-13 may
prove to be effective as therapeutic agents. A soluble form
of the IL-4R (s-IL-4R) occurs naturally in mice and results
from alternative splicing of the IL-4R RNA [52]. Adminis-
tration of s-IL-4R to mice along with anti-IgD antibodies
resulted in significantly decreased IgE production [112].
Recent studies have identifed a protein present in normal
mouse serum and urine that binds to IL-13 (IL-13-binding
protein, IL-13BP) with greater affinity than does the
IL-13Rα chain [113]. Since s-IL-4R and IL-13BP exist in
vivo and mice with nonfunctional IL-4 genes are essentially
healthy [114], this form of therapy holds good promise.

Therapy with IL-4 antagonists may, however, need to be
accompanied with therapy with IL-13 antagonists. By virtue
of the fact that both the IL-4R and IL-13R use the IL-4Rα
chain for signal transduction, compounds that inhibit IL-
4Rα signaling would be extremely useful. This therapeutic
approach is complicated by the finding that B cells that have
already switched to IgE production are no longer dependent
on IL-4 for IgE synthesis (see below). Thus, therapy direct-
ed towards IL-4 and IL-13 may need to be coupled with ther-
apy directed towards eliminating IgE-secreting B cells.
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(2) Modulation by cytokines: IFN-γ inhibits the induc-
tion of IgE synthesis by IL-4 [38]. IFN-γ has already under-
gone clinical trials in diseases associated with elevated se-
rum IgE levels, such as atopic dermatitis and the hyper-IgE
syndrome [115–117]. These studies demonstrated that,
while recombinant IFN-γ therapy resulted in inhibition of
spontaneous IgE production in vitro, it had minimal effect
on serum IgE levels. This is perhaps explained by the obser-
vation that B cells that have already switched to IgE syn-
thesis (IgE+ B cells) are no longer subject to inhibition by
IFN-γ [118].

(3) Neutralization of existing IgE and inhibition of IgE
synthesis by IgE+ B cells: Since IgE+ B cells are no longer
dependent on IL-4 [119], the above modalities of therapy
will not eliminate existing IgE, although they will prevent
the further differentiation of B cells along the IgE pathway.
Therefore, these therapies may need to be combined with
therapies aimed towards the elimination of already existing
IgE+ B cells and/or the neutralization of IgE antibody. Local
administration of a recombinant fragment of the ε chain
(ε2–4) was capable of inhibiting the Prausnitz-Kustner re-
action to ragweed antigen [120], likely by competing with
IgE for binding to its receptors. Intravenous injection of a
fusion protein consisting of the extracellular domain of the
human high-affinity IgE receptor (FcεRI) α chain and a
truncated human IgG heavy chain constant region was able
to block passive cutaneous anaphylaxis reaction in mice
[121]. Recently, high-affinity oligonucleotides have been
described which competitively inhibit the association be-
tween IgE and the FcεRI in vitro [122]. These approaches,
using peptides or oligonucleotides to interfere with IgE
binding to its receptors, may be useful in eliminating the
effects of existing IgE, but are unlikely to affect further IgE
production.

Another approach in abrogating IgE-mediated disease
would be the development of antibodies directed against
IgE. These anti-IgE antibodies must be specific for IgE and
not bind IgM, IgG or IgA. In addition, they must block bind-
ing of IgE to FcεRI yet avoid binding to, and subsequent
triggering of, mast cell-bound IgE. These mAbs are typical-
ly of murine origin and thus may serve as immunogens
when administered to humans. Humanization of mAbs with
these properties has been achieved [123]. Administration of
such a humanized anti-IgE antibody to atopic patients re-
sulted in decreased serum IgE levels, downregulation of ba-
sophil FcεRI expression and decreased histamine release to
Dermatophagoides farinae [124]. A phase I trial of CGP
51902, a humanized anti-IgE antibody that binds to free IgE
and IgE on the surface of IgE+ B cells but not to IgE bound
to FcεRI on mast cells or basophils nor to IgE bound to the

low-affinity IgE receptor (CD23), was conducted in a group
of pollen-sensitive patients with elevated IgE levels [125].
This therapy was well tolerated with a significant dose-de-
pendent decrease in free serum IgE. Only one patient devel-
oped low levels of anti-CGP 51902 antibodies. A mAb that
recognizes an amino acid sequence present in IgE expressed
on the surface of human B cells, but not present in secreted
IgE, has also been described [126]. Properly conjugated,
this type of antibody may be used to kill IgE+ B cells.

(4) Inhibition of CD40-mediated isotype switching by
pharmacologic agents: We have found that the popular anti-
asthma drugs disodium cromoglycate and nedocromil sodi-
um inhibit, in a dose-dependent fashion, IgE production in-
duced by anti-CD40 and IL-4 by peripheral blood mononu-
clear cells as well as by highly purified B cells [127, 128].
The inhibition is at the level of the B cell. Neither of these
compounds had an effect on Cε germline transcription in-
duced by IL-4. However, both drugs did inhibits switch re-
combination at the molecular levels as demonstrated by a
PCR assay that amplifies Sµ/Sε switch junctions [7].

Conclusions

Our understanding of the mechanisms of IgE synthesis
continues to expand. However, several issues remain to be
investigated. Foremost is the exact role of Cε germline tran-
scription in rendering the Sε region accessible to switch re-
combination and the nature of the switch recombinase in-
volved in isotype switching. A thorough understanding of
the role and mechanisms of action of IL-13 in human IgE
antibody responses is required because strategies that target
solely IL-4 may be insufficient to inhibit these responses.
The pace at which our understanding of the cytokines in-
volved in IgE synthesis, their receptors, the signal transduc-
tion pathways triggered via these receptors, and the ensuing
molecular mechanisms that result in IgE isotype switching,
promises that successful strategies that selectively inhibit
IgE synthesis are not too far in the future.
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