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Abstract Understanding the induction and regulation déads to subsequent isotype switching during immuno-
IgE synthesis in human B cells is crucial to elucidate thbulin synthesis in B cells. The CD40-CD40L interac-
molecular pathogenesis of IgE-dependent diseases. tioa is well established as a key signal for the induction
perimental data, in part supported by clinical obsenai-isotype switching while the elucidation of the role of
tions, suggests that IgE regulation is a complex procesiser cell-cell interactions, for example, through adhe-
involving several cellular and molecular interactions. gion molecules, needs further study. An important coun-
two-signal model is accepted for the induction of Igtracting cytokine for IgE synthesis is interferon (IRN)
synthesis in human B cells. The first signal is providechich is produced mainly by T lymphocytes. Several
by the cytokines interleukin 4 or 13, which are secretedll-contact molecules, cytokines, and various hormones
by T cells, mast cells, and basophils. The second signave been shown to modulate IgE synthesis in vitro, sug-
for the induction of IgE synthesis requires cell contagésting a complex network of molecular events to be in-
between T and B cells. Engagement of the B cell antigesived in the production of IgE. However, the relevance
CD40 by the CD40 ligand (CD40L) expressed on T celbi$ these factors for IgE production in vivo requires fur-
ther elucidation. Here we describe the molecular mecha-
nisms known to be involved in the induction and regula-
tion of human IgE synthesis and discuss the role of vari-
ous molecules during this process. Furthermore, evi-
dence is presented that the understanding of IgE synthe-
sis provides a potential key for new therapeutic strategies
in patients with IgE mediated diseases including atopic
dermatitis.
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in diverse clinical diseases such as hay fever (allergic riin- o .
itis), allergic asthma, and urticaria as classical maniferslﬁf-type switching and Ig synthesis
tions of IgE-dependent immediate hypersensitivity reddie antigen-binding specificity of an Ig molecule is de-
tions [1]. Understanding the basic mechanism of IgE syermined by the NKlterminus of the Ig heavy and light
thesis and its regulation are currently considered a keyghains, which is highly variable. By contrast, the COOH
unravel the pathogenesis of these diseases. terminus of the heavy chain has a constant amino acid
Production of IgE and other immunoglobulins isequence which determines the effector functions of the
thought to be the result of reciprocal activation of T amg molecule, such as binding to Fc receptors on various
B cells [2]. As a key initial step in the chain of eventzll types. The variable region of Ig is encoded by multi-
necessary for the induction of Ig production, resting fde germline elements which are assembled into com-
cells must bind allergens through their membrane boypidte V(D)J variable regions during B cell differentiation
antigen-specific Ig. After internalization of the allergeby a common enzymatic activity (recombinase) [6]
receptor complex allergens are processed and presenteduring an immune response a B lymphocyte can ex-
to T cells as peptide fragments in association with MH&ess different heavy chain isotypes sharing the same
Il [3]. The MHC Il complex is recognized by the T celWVDJ region. This phenomenon (heavy-class switching)
receptor, leading to antigen-specific T-B cell interactiallows a single B cell clone to produce antibodies that re-
in the presence of costimulatory molecules, an eveain variable region specificity in association with a dif-
which causes the activation of both T and B cells [4gerent CH region gene, i.e., with a different effector
The interaction of these activated B and T cells then fanction. Before the switching event occurs, B cells ex-
sults in molecular and cellular events which provide sigress IgM or IgD on their surface. Class switching to
nals necessary for Ig induction and the subsequent deigh, IgE, or IgG results from a recombination event
opment of Ig-producing plasma cells [5]. The initiavhich juxtaposes a downstream constant heavy-chain
steps for the development of IgE-producing plasma cedlsne (CH) to the expressed V(D)J genes [7]. Intervening
are discussed below in further detail. The relevancesafquences including the previously expressed CH gene
the cytokines interleukin (IL) 4 and 13 and the interaare deleted (Fig. 1). Switch regions (S) flanking the CH
tion between CD40 and the CD40 ligand (CD40L) fagenes |, y, a, andg) at the 5end serve as recognition
induction of IgE production is elucidated. Furthermoregequences for joining DNA segments during the process
the role of modulating effects by various molecules afi switch recombination (Fig. 1).
IgE synthesis is illustrated. Finally, potential new thera- Ig class switching is always preceded by synthesis of
peutic approaches to intervene with increased IgE pgarmline Ig RNAs. Germline transcripts contain not only

duction in atopic diseases are described. the spliced CH coding exons, but also a 100-500 bp up-
Fig. 1 Mechanism of heavy- rearranged DNA
chain isotype switchir:j
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stream exon [8] (Fig. 1). Germline transcripts are not IL-4
translated because the upstream exon (I exon) contains IL-13 \@
stop codons in the reading frame. It is therefore called a
sterile transcript. Although sterile transcripts are not
translated into a mature protein, they are important fgr
initiating isotype switching. It has recently been shown
that deletion of the Ml and Ig2b exons in mice pre- T cell
vented class switching to IgG1 and IgG2b [9]. By con-
trast, deletion of theelregion significantly impairs class RN
switch to IgE, indicating that transcription per se is not
sufficient for class switch recombination, although tran-
scription still occurs through the switch region [10]. Iso-
type switching is regulated by many different molecules,
including mitogens and cytokines. Cytokines are thought IgE
to control class switching by modulating the accessibili 2 The induction of IaE svnthesis in h B cell .
of particular S regions to the recombinase, whereas r%/%signaim uction ot Igk synthesis in human b Celis requires
togens activate recombination. In reality the process Is
more complex, but this distinction may be valuable for a
better understanding. contains a binding site for an IL-4 responsive element
[18]. This element (TCCNNNGAA) is known to bind a
family of transcription factors known as signal transduc-
Role of IL-4 and IL-13 for induction of ISE synthesis ers and activators of transcription (STAT). STAT proteins
are found in the cytoplasm; they are activated after tyro-
The cytokine IL-4 has been identified as a crucial facteine phosphorylation, translocate into the nucleus, and
for isotype switching to IgE [11, 12]. The role of IL-4activate gene transcription through binding of STAT
for the induction of IgE synthesis first became evident liinding sequences [19]. IL-4 and IL-13 have both been
1986 when it was shown that rIL-4 induces IgE produshown to induce STAT6, which binds the STAT binding
tion by lipopolysaccharide-stimulated murine B cellsequence of theeclpromoter and can induce germline
[13]. The absolutely essential presence of IL-4 for IgEanscription [18, 20]. The biological role of STAT6
production has been demonstrated by the ability of aritinding to thee germline promoter has recently been
IL-4 antibodies to abrogate IgE production induced ldemonstrated in vivo. STAT6-deficient mice are unable
parasites [14]. Similiary, IL-4 knock-out mice are unablte make IgE, supporting the hypothesis that STAT6-driv-
to synthesize IgE [15]. More recently another cytokinen G gene transcription is critical for class switching
IL-13, has been identified as a switch factor to IgE in hi21].
mans [16]. IL-13 has an approximately 30% homology
to IL-4 and shares many of its biological activities. Until
now the contribution of IL-13 to human IgE responses Role of CD40/CD40L for ISE synthesis
vivo has not been clarified. In mice this cytokine does
not promote IgE synthesis since murine B cells do Hotis well established that the principal molecules for T
express a receptor for IL-13. The contribution of IL-dell mediated B cell activation are CD40 and CD40L
and IL-13 to IgE production of human B cells in vivo refig. 2). CD40 is a 50-kDa glycoprotein and is expressed
mains to be determined. on all B cells and on other cells such as endothelial, epi-
Both cytokines are also produced by mast cells attelial, dendritic, and monocytic cells [22—-24]. CD40 be-
basophils upon appropriate stimulation [17]. Interactidongs to the nerve growth factor —tumor necrosis factor
of basophils and B cells through CD40L-CD40 bindingTNF) receptor family, which are type | transmembrane
together with basophil-derived IL-4, is able to induce hproteins. Engagement of CD40 results in switch recom-
man IgE synthesis in the absence of T cells in vitdeination in human B cells, and the generation of CD40
Thus, in addition to T cells, mast cells and/or basophidsock-out mice has demonstrated that the presence of
may also be involved in the induction of IgE synthesis this molecule is crucial for generating a normal immune
vivo, and basophil-derived IL-4 may play a role in theesponse, including class switching [25]. Activation of
differentiation of T cells into the TH2 phenotype. Futhe CD40 molecule is important for isotype switching;
ther evidence is needed to confirm this finding and detBowever, the presence of cytokines is required. Cross-
mine its physiological relevance. linking of CD40 on B cells with anti-CD40 antibodies
IL-4 and IL-13 are capable of inducirggermline allows for IgE production in the presence of IL-4 or IL-
transcripts in human B cells, and they provide thus th®&, and IgA production has been determined in the pres-
first signal for the induction of IgE synthesis [11gnce of IL-10 and transforming growth factor (TGF)
(Fig. 2). The mechanism by which both cytokines indu§26].
germline transcription have recently been unraveled atThe natural ligand for CD40 is CD40L, which is ex-
the molecular level. The promoter region of thkeexon pressed predominantly on activated T cells and mast
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cells [27, 28]. The critical role of CD40 in B cell functhrough indirect effects on other cells (e.g., T cells and
tion has been illustrated by patients with X-linked hypemonocytes). Cytokines which have been shown to act di-
IgM syndrome who lack the expression of functionaéctly at the B cell level by modulating IL-4 induced
CDA40L due to mutations in the gene for CD40L [29, 30Jermline transcription are TNFand TGHB. TNFa en-

B cells from patients with hyper-IgM syndrome do ndtances IgE production by upregulating IL-4 indueed
switch from IgM to other Ig classes and do not form gegermline transcription whereas T Hknhibits IgE syn-
minal centers in the spleen. More recently, several c#isesis by downregulating IL-4 inducedgermline tran-
reports have been published reporting on patients suffaription in purified B cells [42]. Other cytokines such as
ing from hyper-IgM syndrome with functionally normalL-5 and IL-6 have been shown not to affeajermline
expression of CD40L but with defects in the CD40 sitranscription, and other as yet unclarified mechanisms
naling pathway [31]. The intracellular mechanisms byust apply. IL-10 inhibit€ germline transcription only
which CD40 induces switch recombination in B cells ane the presence of monocytes, indicating that indirect ef-
not yet completely known and are currently under inveects through monocytes occur on IgE synthesis in B
tigation. cells [34]. IFNx and IFNy in turn fail to block IgE pro-
duction in the absence of T cells [43]. These observa-
tions, together with the finding that IdFand INFy fail

Factors influencing ISE synthesis to modulate IL-4 induced germline transcription in pu-
rified B cells, suggest that IkRNand IFNy mediate their
Modulation by cytokines inhibitory effects through inhibition of costimulatory sig-

nals provided by T cells. However, another report has

A variety of cytokines can modulate IL-4 and IL-13 meshown that IFN represses germline transcription and
diated IgE synthesis (Table 1). Factors which have betownregulates switch recombinationstp44]. Consider-
shown to downregulate IgE synthesis in vitro include iimg the fact that the germline promoter contains bind-
terferon (IFN)a, IFNy, IL-8, IL-10, IL-12, and TGB ing sites for IFN-induced transcription factors, directs
[12, 32-35]. IFN and IFNa have been demonstrated teffects of IFN on epsilon germline production seem
be effective in reducing serum IgE levels in vivo, as hpessible. In conclusion, it remains unclear at which level
been shown in a study of patients with hyper-IgE sy=Na and IFNy inhibit IgE synthesis: primarily on the B
drome in which the administration of IEeNor IFNy re- cell level or mainly through T cells. Most likely, both
sulted in a rapid but transient reduction of serum IgE lemechanisms apply under certain circumstances in vivo
els [36]. In contrast, in vivo administration of IBENor and can be influenced by many diverse factors as well.
IFNy in patients with atopic dermatitis fails to inhibit Taken together, the mechanisms by which cytokines
IgE production [37, 38]. These data suggest that IFN®dulate IgE synthesis are not completely understood.
are able to inhibit IgE production in vivo in some but ndthe data obtained until now indicates that the modula-
all patients and shows that suppression of IgE producttmn of IgE production by cytokines can either occur
in vivo by IFN alone is not sufficient to downregulat¢hrough direct effects on B cells or indirectly through ef-
IgE synthesis efficiently. fects on other cells like T cells, monocytes, or natural

Upregulation of IgE production by some cytokinekiller cells. However, the precise role of their involve-
has also been described. For example, IgE synthesis o@mt in IgE production remains elusive.
be enhanced by the cytokines IL-5 and IL-6 in vitro [39,
40]. An involvement of TNE and its receptors CD120a
and CD120b for the induction of IgE synthesis was sugodulation of IgE production by contact molecules
gested by a study of Aversa et al. [41]. They demonstrat-
ed that mTNE expressed on T cells can promote IgEhere is solid evidence that a number of other surface
synthesis in vitro. molecule pairs on T and B cells are also involved in IgE

The mechanisms by which cytokines affect IgE prproduction [1]. Other signals than CD40 have been de-
duction occur at different levels. Cytokines can modulageribed which synergize with IL-4 for the induction of
IgE synthesis through direct effects on B cells (e.dgE synthesis. Engagement of mouse CD30 by CD30L in
germline transcription or switch recombination) ahe presence of IL-4 and IL-5 results in polyclonal secre-

Table 1 Modulation of IgE

synthesis by Cytokines and con- CytOkines ContaCt m0|ecu|es
tact molecule:: - -
Enhancing IgE TNE, lymphotoxina [41] CD23-CD21 [47-49]
synthesis IL-5, IL-6 [39, 40] CD28-B7 [53]

CD30-CD30L [45]

CD58-CD2 [52]

Inhibiting IgE IL-8, IL-10, IL-12 [32-34] CD54-LFA3  [68]
synthesis IFN, IFNy [12]
TGH3 [35]
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tion of IgG1, IgA, 1gG3, and IgE [45]. The involvementgE but not of IgG synthesis by tonsillar B cells when
of other family members from the nerve growth fackiven by an allergen-specific human T cell clone, sug-
tor—TNF receptor familiy in the induction of IgE synthegesting involvement of these molecules in the regulation
sis may be due to similarities of these molecules withofilgE synthesis [53].
the intracellular portion of the family receptors, leading Taken together these results indicate that molecules
to the activation of similar signal transduction pathwayggher than CD40-CD40L may be sufficient to provide T-
and subsequent mobilization of common transcripti@ cell interaction and are therefore able to induce IgE
factors participating in the induction of isotype switctsynthesis in vitro. However, patients with defective
ing. This hypothesis holds because engagement of bGMMOL expression or defective CD40 signaling suffering
CD30 or TNF receptor | and CD40 results in activatidnom hyper-IgM syndrome do not switch to IgE isotype
of the transcrition factor NkB. The importance of this production, suggesting that the interaction of molecules
transcription factor promoting isotype switching hasther than CD40-CD40L, including adhesion molecules,
been shown by the generation of p50/RE--deficient is not be sufficient for the induction of IgE synthesis in
mice. These mice are defective in class switching \ivo.
IgG3, IgA, and IgE [46].

The low-affinity receptor for IgE (CD23) has also
been shown to play a role in IgE regulation (Table Hffects of hormones, neuropeptides,
CD23 is expressed on a variety of cells including B celend other molecules on IgE production
T cells, a subset of thymic epithelial cells, follicular den-
dritic cells, Langerhans cells, monocytes, eosinophilhe fact that hormones may play an important role in the
and platelets. The importance of CD23 or its solubigE antibody response was demonstrated by a report
fragments in the synthesis of human IgE in vitro habowing that hydrocortisone and IL-4 induce IgE synthe-
been highlighted by the demonstration that a speci§is in B cells derived from peripheral blood [54]. Fur-
subset of anti-CD23 antibodies blocks both, IL-4 inhermore, oral treatment with corticosteroids has been
duced IgE production by normal human B cells and teeown in patients with allergic asthma to result in in-
spontaneous production of IgE by B cells from atop@zeased IgE production in vivo [55]. The therapeutic ef-
patents [47, 48]. Moreover, CD23 has been shown fézt of steroids in allergic disorders despite their enhanc-
modulate the antigen-specific IgE response in an isng effects on IgE synthesis in IL-4 supplemented in vit-
type-selective manner in vivo [49]. Studies using inhilie systems may be explained by the observation that ste-
tory anti-CD21 antibodies and the binding of CD23 lipgeids are able to inhibit IL-4 production in vitro and in
somes to recombinant CD21-transfected cells reveal thigb [56]. No other hormones, including testosterdhe,
CD23 binds to a subtype of CD21 which is identical &stradiol, progesterone, aldosterone, gonadotropin, and
complement receptor 2 (CR2). Engagement of CD21 prolactin, seem to affect IgE synthesis [57]. Thus the ef-
B cells by some anti-CD21 monoclonal antibodies ifiects of hydrocortisone in vitro during the induction of
creases IL-4 induced IgE production, as does treatmhky# synthesis seem to be selective, although the molecu-
with recombinant sCD23 in both T cell dependent andldr processes leading to this phenomen have not been
cell independent systems [50]. Considering the fact tledticidated so far.
IL-4 and allergens induce CD23 expression on T cells, itThe question of whether neuropeptides are able to
may be possible that in allergic patients T cell associateddulate IgE synthesis has been addressed by Kimata et
CD23 interacts with B cell associated CD21, leading &b. [58]. These authors reported that adrenocorticotropic
increased IgE production. Although the data indicateharmone is a potent modulator of human IgE synthesis
role for CD23 in IgE synthesis, further evidence is ré vitro. This has been shown to modulate IgE synthesis
quired to define the role and physiological relevance iof a dose-dependent fashion in human peripheral blood
CD23 in human IgE regulation. mononuclear cells in vitro [58]. Furthermore, the ubiqui-

It has been suggested by Vercelli et al. [51] that céous neuropeptides vasointestinal peptide, somatostatin,
tain adhesion molecules participate in T-B cell interaand substance P have been shown specifically to inhibit
tions, resulting in IgE synthesis because blocking antiE production in a T cell and monocyte-dependent fash-
bodies directed against either CD2, CD4, or LFA-1 haign [58]. These studies were performed with peripheral
been shown to inhibit IgE production by B cells stimlood mononuclear cells and not in pure B cell systems,
lated with IL-4 and autologous T cells. In addition, it haand indirect effects through cytokine production by other
been shown that ligation of B cell surface CD58 (LFA-®glls must be considered. The physiological role of hor-
provides IL-4 stimulated B cells with a second signal tnones during IgE production in vivo has not been eluci-
induce IgE production in the absence of T cells or antiated and is at this point speculative.
CD40 [52]. Although there is strong evidence to suggestThe effects of other immunoregulatory molecules
that costimulatory molecules such as CD28 and CTLAsdch as prostaglandins and gangliosides on human IgE
are involved in isotype switching, the role of these molsynthesis is controversial, and, again, their physiological
cules in the regulation of IgE synthesis has not yet baete has not been proven. Prostaglandinhés been
well studied. It has been shown that anti-CD28 monockhown to enhance IL-4 dependent B cell proliferation but
nal antibodies produce a dose-dependent inhibition tofinhibit IL-4 induced IgE secretion [59]. A recent study
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has demonstrated that the gangliosides GM2 and GB&h receptor antagonists are needed, however, to deter-
inhibit IgE production in vitro by inhibiting endogenousnine their potential place in anti-allergic therapeutic mo-
TNFa production [60]. dalities.

These findings demonstrate that the production of hu-A more recent therapeutic strategy in allergic diseases
man IgE by B cells can be modulated by a number isfthe induction of tolerance in allergen-specific T cells,
different factors including neuropeptides and hormong® main sources of IL-4 and IL-13. The induction of
in vitro, indicating a possible interaction between neurnenresponsiveness in allergen-specific T cells in vitro is
logical, endocrinological, immunological, and allergipossible by using high immunogenic doses of antigenic
responses during this process in vivo. However, the rgdeptides in the absence of professional APC. The useful-
vance of these factors in humans remains to be estadss of this model has also been demonstrated in vivo
lished. [66] since subcutaneous administration of Fel d | pep-
tides in mice decreases T cell responses and induces pe-
. ) ; ripheral T cell tolerance. Because these peptides do not
Implications for therapeutic strategies react with IgE antibodies, a reduction of the potentially

. ... life-threatening unwanted effects during conventional

of mediator release or on blocking the binding of soluq munotherapy is to be expected. A clinical trial with

diators to thei i Th h h b | d | derived peptides is currently underway and will
medaiators 1o heir receplors. There have, however, ‘ﬁ%’ﬂefully provide more information about the potential
recI:en_t alttempts toﬂzno_dulate IgE production b3|’ phar."l%efulness of such therapeutic approaches.
cological means. The immunosuppressant cyclosporin S -
(CsA) has been shown to inhibit T cell dependent I%Lately the development of chimeric humanized mouse

N ; ti-human IgE antibody has shown promising results in
synthesis in vitro through downregulation of CDA40L &4 phase Il study in adults with allergic asthma. Adminis-

pression [61]. By contrast, T cell independent induc“?rrhtion of the antibodies not onlv siqnifi
; ; y significantly lowered
of IgE synthesis by anti-CD40L-4 was not affected by so 1 |gE levels but also increased the allergen thresh-

cyclosporin A treatment [61]. From clinical studies theig ¢, the induction of an early asthmatic response [67].
is nevertheless convincing evidence that local and s

) e . : . ! SYPese studies must be repeated with a larger group of pa-
temic administration of cyclosporin A in patients Withe " and over a longer period of time to confirm their

atopic dermatitis improves the clinical condition in thesgi» v The effects of administering such antibodies in
patients, resulting rather from downregulation of the @%

. X atients with atopic dermatitis has not yet been studied
flammatory response than from direct interference w t
IgE synthesis [62]. '
Another drug which may be useful in preventing al-
lergic disease is disodium cromoglycate (DNCG). It h ferences
been demonstrated that disodium cromoglycate inhibits
anti-CD40G IL-4 induced IgE synthesis by targeting ,
CD40-mediated switch recombination. The inhibitior CAut:g?f'mAnfdn"éf:éyaé'aﬁ#deﬁg’bgaﬁfd(el,gﬁé)’ Sg”l”g?r_ggﬁ mole-
occurs at concentrations of disodium cromoglycate. vitetta ES, Fernandez-Botran R, Meyers CD, Sanders VM
readily achievable in the course of asthma therapy, indi-(1989) Cellular interactions in the humoral immune response.

. - ; Adv Immunol 45:1-105
T;lgr:geg]ieal:etglgisd(;;ge?%g]be useful in the treatment %f Lanzavecchia A (1990) Receptor mediated antigen uptake and

. ... its effect on antigen presentation to class Il MHC-restricted T
The approach to modulate IgE production by modifi- [ymphocytes. Ann Rev Immunol 8:773-793

cation of molecular mechanisms which lead to isotypé Jelinek DF, Lipsky PE (1987) Regulation of human B lympho-

switching from IgM to IgE requires further study. To cvte aé:tivation, proliferation and differentiation. Adv Immunol

date the regulatory elements involved in switch recomt_)g—. vercell D, Geha RS (1992) Regulation of isotype switching.

nation are still not completely understood, and this curr Opin Immunol 4:794-797

makes the search for new therapies at this molecular les-Oettinger MA, Schatz DG, Gorka C (1990) RAG-1 and RAG-
el rather difficult. 2 adjacent genes that synergistically activate V(D)J recombi-

. _ ; nation. Science 248:1517-1523.
Because of the central role of IL-4 and IL-13 in the7_ Schatz DG, Oettinger MA, Schissel MS (1992) V(D)J recom-

induction of IgE synthesis, on the one hand, and, on théyjnation: molecular biology and regulation. Ann Rev Immunol
other, the enhanced production of these cytokines by al-10:359-383
lergen-specific T cells, shown to be associated with irB. Severinson E, Fernandez C, Stavnezer J (1990) Induction of

creased IgE levels, it is obvious that approaches to blockdermline immunoglobulin heavy chain transcripts by mitogens

IgE synthesis should include inhibition or neutralization ap% thereukins prior to switch recombination. Eur J immunel

of IL-4 and IL-13. The first step has already beem. jung S, Rajewski A, Radbruch A (1993) Shut down of class
achieved with the development of an IL-4 mutant protein switch recombination by deletion of a switch region control el-
which can sufficiently block IgE synthesis in vitro [64], ~ement. Science 259:984-987

. . Bottaro A, Lansford R, Xu L, Zhang J, Rothman P, Alt FW
More recently it has been shown that the IL-4 mutajn (1994) S region transcription per se promotes basal IgE class

protein is also active in inhibiting IgE synthesis in vivo switching recombination but additional factors regulate the
in a hu-SCID mouse system [65]. Further studies with efficiancy of the process. EMBO J 13:665-674
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