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Abstract

Atopic allergies have increased during the past 20—30 years in frequency quite dramatically and in many countries have reached almost
epidemic proportions. Allergies have thereby become one of the major medical issues of the western world. Immunoglobulin E (IgE) is here
a central player. IgE is the Ig class that is present in the lowest concentration in human plasma. IgG is, for example, 10000 to 1 million times
more abundant than IgE. However, despite of its low plasma levels IgE is a very important inducer of inflammation, due to its interaction with
high-affinity receptors on mast cell and basophils. IgE has been conserved as a single active gene in all placental mammals studied, and the
expression of this gene is under a very stringent control, most likely due to its very potent inflammatory characteristics. IgE expression is being
regulated at many levels: by cytokines, switch region length, positive and negatively acting transcription factors and suppressors of cytokine
signaling (SOCS). In addition, the plasma half-life differs markedly for IgG and IgE, with 21 and 2.5 days, respectively. This review summarizes
the rapid progress in our understanding of the complex network of regulatory mechanisms acting on IgE and also how this new information may
help us in our efforts to control IgE-mediated inflammatory conditions.
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1. Introduction

Placental mammals generally express five immunoglobulin
classes, IgM, IgD, IgG, IgE and IgA. The only known excep-
tion is rabbit, which appears to lack a functional gene for IgD
[1]. Of these five Ig classes IgG and IgE were the last two to
appear as separate immunoglobulin classes during vertebrate
evolution. Both of them originate from a gene duplication
that most likely occurred during early mammalian evolution,
215—350 million years ago [2—5]. The duplicated genes
diversified and gave rise to two separate Ig classes with very
different biological characteristics and regulation, IgG and
IgE. IgG did become the dominant plasma Ig class and is in
placental mammals frequently present as several isotypes.
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IgG concentrations in human plasma are normally in the range
of 8—16 mg/ml. IgE has, in contrast, been conserved as a
single active gene [3]. The expression of this gene is under
a very stringent control, most likely due to its very potent in-
flammatory characteristics. IgE is usually present in very low
concentrations, in the range of 1—400 ng/ml in non-atopic
human. IgE was therefore the last Ig class to be isolated and
characterized [6—9].

Similar to humans, most laboratory strains of rat and mice
have very low plasma levels of IgE, below 200 ng/ml. There
are, however, exceptions. The rat strain Brown Norway has
levels from 200 ng to several pg/ml. We have actually
observed animals with up to 100 png of IgE/ml serum [10].
Among mice, the Balb/c strain is also a high IgE responder
with IgE levels in the pug range. However, the absolute major-
ity of laboratory strains have very low levels of IgE, and some
strains, like the mouse SJA/9 strain, have almost no detectable
IgE [11—13]. IgE levels in the range of 1—400ng were
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therefore considered the general rule for domestic animal pop-
ulations. However, recent studies on both dogs and horse have
shown that some domestic animals may have very high plasma
IgE levels. In a panel of almost 100 adult dogs the levels of
IgE were found to range between 1 and 41 pg/ml serum,
which is almost 100 times the levels seen in non-atopic
humans [14]. Horses have even higher IgE levels, a mean of
approximately 100 pg/ml has been observed in 26 Icelandic
horses [15]. However, in humans IgE levels in the range of
5—100 pg/ml are almost only seen in heavily parasite-infested
persons and in humans with genetic disorders like Wiskott—
Aldrich syndrome (WAS) and hyper-IgE syndrome [16—18].

Infections and other environmental factors as well as gene
variants within the population seem to very strongly affect
plasma IgE levels. IgE levels therefore vary markedly between
individuals and also in the same individual over time. Plasma
IgE levels are largely set by the regulation of gene expression
and protein stability, which has been shown to depend on
a large number of regulatory factors.

Following the V—D—J and V—J rearrangements of the
heavy chain and the light chains, respectively, all B cells ini-
tially express IgM. While retaining their antigen specificity
the B cell can later switch to a different isotype, dependent
on appropriate stimulus. This second step, which is tightly reg-
ulated by cytokines, is known as class switch recombination
(CSR). The cytokines determine the switching frequency by
binding to specific receptors on the surface of the B cell.
Signaling through the various cytokine receptors leads in
turn to the activation of positively acting transcription factors,
which relocate into the nucleus and activate promoters
upstream of the switch region. Switch regions are highly repet-
itive sequences, which depending on the isotype they control,
vary from approximately 1—12 kb in length. They are found at
5" (upstream) of all the different constant regions that are in-
volved in CSR, i.e. all isotypes except IgD (Fig. 1). A number
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of transcription factors that interact sequence specifically with
and activate the epsilon switch promoter have been identified,
namely STAT6, NFkB, Pax5, Pul, C/EBP, Apl and E2A. Two
transcriptional repressors that are of importance in determin-
ing total IgE levels have also been described, namely 1d2
and Bcl6. Different cytokines activate these different switch
promoters and thereby determine the amount of the respective
isotype being produced. For IgE, the important cytokines are
IL-4 and IL-13.

However, there are also additional levels of regulation in-
volved. The much shorter half-life of IgE, compared to IgG,
also results in a much more rapid turnover of IgE and thereby
in reduced plasma levels. In addition, cytokines also regulates
the type of immune response mounted upon environmental
challenge. IL-18, IL-25, IL-33, IL-15, TSLP and possibly
also IL-3 may here be of key importance for setting the cyto-
kine environment promoting a so-called TH2 response. The
TH2 response results then in elevated IL-4 and IL-13 levels
and increased IgE production.

In the following sections, I will describe more in detail var-
ious levels of regulation, the factors involved and how this
information may affect our chances to control IgE-mediated
inflammatory conditions.

2. Switch regions and the DNA rearrangement

Switch regions (S) are long simple repetitive sequences of
1—12 kb in length, located 1—5 kb immediately upstream of
each constant region (CH) gene. The S regions are built
from short 5—7 nt G-rich repeats, predominantly GAGCT,
GGGGT and GGGCT, which are organized in larger blocks
of 20—80 bp in length [19]. These blocks are in turn repeated
a number of times to build the entire switch region [20]. The
importance of the switch region has been well-documented in
experimental systems. For example, the deletion of the p
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Fig. 1. The mouse immunoglobulin heavy chain locus. The top of the figure shows a schematic figure of the rearranged heavy chain locus with a functional VDJ
joining. The individual heavy chain gene is depicted as individual block in different colors, the p chain gene in orange, the different IgG isotypes in different shades
of blue, the IgE € chain gene in green and the IgA o chain gene in red. In front of all constant regions genes, except IgD, is a switch region positioned, shown in
orange. Transcription preceding a CSR to IgE is also shown in the top panel. The lower panel of the figure shows an enlarged picture of the € chain locus including
the € GL promoter and the € I exon, as well as the primary and the spliced transcripts originating from this promoter.
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switch region leads to a decrease in switch recombination,
although not to its total absence [21,22]. This latter finding
indicates that regions outside the switch region also are of
importance for CSR. The DNA rearrangement during CSR is
not site specific but can occur at any site over the entire length
of the switch region, and no clear consensus sites for CSRs
have been identified. This is marked in contrast to V—D—J
rearrangements and RNA splicing, which occur at site-specific
consensus sites, within a few nucleotides or at a specific nucle-
otide, respectively.

How is then CSR regulated? Transcription of the un-
rearranged un-switched gene through so-called germ line
transcripts (GL), which lack a VDJ region, has here been
shown to be essential for CSR [23,24]. The ¢ GL-transcript
originates from a promoter located approximately 2 kb up-
stream of the S region. The transcription starts with a short
240—245 bp exon (or 140 bp for the human & gene), the I
exon (Fig. 1). This exon becomes the 5'-end of the & GL
transcript that also contains four exons of the IgE CH region
gene (Fig. 1) [23,25].

It has been proposed that transcription promotes CSR by
opening the chromatin and making it more accessible for the
enzymes carrying out the DNA rearrangement [26]. However,
GL-transcripts stimulate recombination not only by the open-
ing of chromatin, but also the specific transcript or splicing
appears to be of importance. Namely, 10 to 100-fold higher
switch frequency has been observed with transcripts including
the I exon than with transcripts lacking this exon [27]. The rea-
son for the importance of this exon is, however, not yet known.
The resulting transcripts probably do not encode a protein, but
may instead act primarily through the transcript itself or by
a splicing dependent effect [28].

One enzyme has been shown to be particularly important
for CSR, i.e. the activation induced cytidine deaminase
(AID) [29,30]. AID is a B cell-specific enzyme with DNA
editing activity. Deficiency in this enzyme causes complete
defect in both class switching and somatic hypermutation,
and a hyper-IgM phenotype [31]. A number of other enzymes
are also of importance for the CSR, among them the DNA

repair proteins Ku70, Ku80 and DNA-PK [20]. Deficiencies
in these enzymes greatly decrease CSR [32—34].

In the mouse CSR to both IgGl and IgE is activated by
IL-4, however, it is well-known that CSR to IgGl occurs
much more frequent than CSR to IgE [35]. One factor that
may have an important effect on switch frequency is the
size of the switch region and thereby the target region for
the DNA recombination event. Accordingly, the IgE (¢)
and IgGl (y1l) switch regions in the mouse are the shortest
and the longest, with a size of 1 kb and 12 kb, respectively.
Recently, an almost linear correlation between S region
size and CSR frequency was observed in genetically modi-
fied mice with varying sizes of the IgGl switch region
[36]. These data strongly support the role of the S region
size in determining the frequency of CSR and indicate that
the small size of the epsilon S region is one factor contribut-
ing to its low expression levels.

For an evolutionary perspective on CSR see an excellent
recent review by Stavnezer and Amemiya [37].

3. Activators of the epsilon switch region promoter

One of the most important events in regulating CSR is the
initiation of transcription from the switch promoters. Tran-
scription from these promoters is regulated by a large number
of different positively and negatively acting transcription fac-
tors. Germ line (GL) transcription from the epsilon switch
promoter is induced by the coordinated action of several
positively acting transcription factors. Depending on their
expression pattern some of them seem, however, to be
more important than others for the initiation of CSR. Pax 5
(BSAP), Pul, C/EBP, and E2A, all bind to sites within the
epsilon switch promoter and promote Ce germ line transcripts
(Fig. 2) [38—41]. These transcription factors are, however, al-
ready present from relatively early B cell development and
are therefore not the key factors which open the promoter
for transcription. The master regulator of IgE CSR appears
instead to be STAT6, which is located in the cytoplasm as
a dormant inactive transcription factor and becomes activated
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Fig. 2. A schematic figure of the ¢ GL promoter. Activating transcription factors are shown in red and repressors of transcription in black.
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through phosphorylation. This phosphorylation, which is
induced upon binding of IL-4 or IL-13 to their respective
receptors leads to dimerization of STAT6 and subsequent
translocation into the nucleus. Well inside the nucleus
STAT6 dimers bind to specific sites in the epsilon switch
promoter (Figs. 2 and 3). The importance of STAT6 in IgE
regulation is clearly documented by the almost total absence
of IgE in STAT6 knock out mice [42]. However, STAT6 also
synergizes with NFkB and Apl, to induce epsilon GL tran-
scription. The importance of NFkB, which has two binding
sites in the epsilon switch promoter (Fig. 2), has been shown
by the selectively impaired epsilon CSR in NFkB p50 defi-
cient mice [43] and its enhancement in mice that lack the
NFkB inhibitor IkBa [44]. Notably, NFkB is activated by
its release from its inhibitors IkBa, which is induced by
CD40—CD40L ligation (Fig. 3) [45,46]. An Apl-binding
site has also been found within the ¢ GL promoter and this
site has been shown to be absolutely essential for promoter
activity. Low basal levels of Apl transcription factors, specif-
ically JunD and FosB, are present before activation. However,
upon engagement of B cell surface receptors by antigen (ex-
perimentally anti-Ig), CD40L or bacterial lipopolysaccharide
(LPS), the Apl transcription factors are markedly upregulated
[47]. STAT6 and NFkB also bind to a site in the upstream
region of the AID gene and thereby contribute to an increase
in available AID enzyme during the DNA rearrangement
process (Fig. 3) [48].

Both the ¢ GL promoter and the GL y1 promoter bind to
STAT6, but it has been shown that the affinity of STAT6 to
the € GL promoter is 10 times higher than to the GL y1 pro-
moter [47]. The € GL promoter is therefore more dependent on
IL-4 and also more inducible than the GL y1 promoter. This
finding is consistent with a more stringent regulation of the
GL ¢ promoter [47]. The GL y1 promoter is, however, gener-
ally more active, which is reflected in the higher expression
levels of IgG1 [47].

4. Negative regulators of the epsilon switch region
promoter

The epsilon switch region promoter is not only regulated by
positive acting transcription factors, but also by negative reg-
ulators. Two such negative regulators have been characterized
in relative detail, Id2 and Bcl6. These two factors act by com-
peting for binding sites with E2A and STAT6, respectively
(Figs. 2 and 3).

Bcl6 is a POZ/zinc finger transcription factor that can bind
with different affinities to several DNA elements recognized
by STAT6 thereby acting as a sequence-specific repressor of
transcription (Fig. 2). Bcl6 was recently been found to bind
three sites within the epsilon promoter, of which at least two
appear necessary for maximum repression [49]. Bcl6 can
thereby repress IL-4 dependent induction of germ line ¢ tran-
scripts. Mice lacking Bcl6 have been shown to display an
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Fig. 3. Positive and negative regulations of IgE CSR. A schematic representation of the different cell surface receptors, signaling molecules and transcription fac-
tors regulating IgE CSR. All the different signaling molecules shown in the figure have been described in the text except the TNFR-associated factors (TRAFs).
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increased ability to class switch to IgE in response to IL-4 in
vitro. These mice also exhibit a multiorgan inflammatory dis-
ease characterized by the presence of a large number of IgE+
B cells [50].

The second important inhibitor of epsilon CSR, 1d2, is
a member of the Id family of negative regulators of basic
helix-loop-helix (bHLH) transcription factors. The Id family
negatively regulates the activity of transcription factors such
as E2A proteins (E12 and E47) and MyoD. Knock out mice
for Id2 lack lymph nodes and Payer’s patches and exhibit
a greatly reduced population of NK cells [51]. B cells in these
mice preferentially switch to IgE and secrete increasing
amounts of IgE is sera. Id2 inhibits IgE CSR by inhibiting
the interaction between the E box-binding factors (E12 and
E47) with E1 and E2 boxes of the GL € promoter (Figs. 2
and 3). Interestingly, Id2 is induced by TGF-B1, which offers
an explanation as to why TGF-B1 can negatively regulate CSR
to IgE (Fig. 3) [41].

The presence of these negative regulators acting on the €
GL promoter appears to be one of the major differences
between GL promoters of IgE and IgG. This seems to be the
major contributing factor for the comparatively low levels of
IgE in plasma [41]. Sugai et al. also proposed that Id2 might
act as molecular safeguard to suppress IgE CSR, and thereby
to prevent serious complications such as allergic hypersensi-
tivity during normal immune responses [41].

For a more detailed description of some of these events I
recommend a detailed and excellent review by Geha et al. [48].

5. Cytokines involved in regulating the CSR

Cytokines are important at almost all levels of immune reg-
ulation and in particular in the regulation of IgE. They both
regulate the overall TH1 or TH2 environment and also more
directly the CSR event. Interferon-y (IFN-vy) activates CSR
to IgG2a in mice and IgG2 in humans, and TGF-f is a central
cytokine for the induction of isotype switch to IgA in both
mice and man. The only cytokines that have been shown to
positively promote CSR to IgE are IL-4 and IL-13 [52,53].
Their individual contribution to human IgE CSR in vitro is
estimated to approximately 60 and 40% for IL-4 and IL-13,
respectively [54].

Both IL-4 and IL-13 are typical TH2 type cytokines, i.e.
growth and differentiation factors that primarily regulate hu-
moral immunity. In addition to regulating IgE CSR, IL-4
also induces switching to IgG1 in mice and IgG4 in humans.
However, these two cytokines also have numerous other func-
tions. IL-4 is, for example, a key cytokine in the induction of
TH2 type immunity involving enhanced antibody production
and suppression of cell-mediated immunity. IL-4 has also
been shown to display proliferative effects on human mast
cells when administrated together with SCF [55]. IL-13 upre-
gulates MHC Class II expression on monocytes and is a potent
mediator of tissue fibrosis in both schistosomiasis and asthma,
which indicates that it is a key regulator of the extracellular
matrix [56].

The activation of a cytokine receptor by binding of its li-
gand, the cytokine, is the first step in the CSR process. The
receptor activation leads through a complex cascade of signal-
ing molecules and phosphorylations to the activation of dor-
mant transcription factors. These transcription factors bind
then to promoters upstream of the switch regions. In more
detail, the cascade initiated by binding of cytokines to their
receptors results in receptor oligomerization and activation
of Janus kinase (JAK) family of tyrosine kinases, i.e. JAKI,
JAK 2, JAK3 and tyrosine kinase 2 (Tyk2) [57]. The cytoplas-
mic domain of the receptor then becomes phosphorylated by
activated JAKs. This process creates recruitment sites for sig-
naling molecules, like the signal transducers and activators of
transcription (STATS). There are seven different STATS,
STAT1, -2, -3, -4, -5a, -5b and -6, and one or a few of them
are activated by a particular cytokine receptor [57]. The IL-
4 receptor signals mainly via JAK1, JAK3, which activate
the transcription factor STAT6 (Fig. 3) [57]. Although the
IL-13 receptor signals via different JAKs, mainly JAK1 and
TYK2, STAT6 is also activated upon IL-13 receptor engage-
ment (Fig. 3) [57,58]. The activated STATSs, together with
other transcriptional activators, then activate promoters
located 5" of each switch (S) region, and initiate germ line
I-S—CH transcription (Figs. 1—3).

Although cytokines are the most important signal to govern
isotype specificity, the B cell needs additional stimulatory in-
teractions to initiate and complete the CSR (Fig. 3). The
CD40—CD40-ligand (CD40L) interaction is the most impor-
tant additional factor for T cell-dependent CSR [59—61].
CD40 and CD40L are members of the TNF receptor and
TNF families, respectively. Cytokines and the CD40—
CD40 L interaction have been shown to be sufficient for com-
pleting a CSR in vitro [62]. In addition to the induction of GL
transcription, IL-4 and CD40—CD40L interactions also induce
AID expression, which further increases the activity of the re-
combination machinery [63].

CSR was previously thought to be an exclusively T cell-
dependent process. However, T cell-independent CSR does
also occur, although at lower frequency. Namely, viral glyco-
proteins and bacterial polysaccharides can stimulate IgG, IgA
and IgE production in the absence of CD40L-expressing TH
cells [64—67]. Two CD40-ligand homologues, APRIL and
BAFF, seem here to be of major importance. These two
TNF-superfamily members are expressed on myeloid dendritic
cells and monocytes in response to type I interferons and upon
exposure to CD40L and IFN-y [68]. One very important
source of type I interferons are plasmacytoid dendritic cells,
which produce massive amounts of IFN-a and IFN-f in re-
sponse to virus [68]. DCs thereby appear to be of major impor-
tance for T cell-independent CSR. In the presence of IL-10,
TGF-B or IL-4 DCs have also been shown to induce CSR to
IgG, IgA and IgE, respectively, in B cells [69]. Switched B
cells then further differentiate into plasma cell-like cell, which
produce secretory antibodies upon engagement of their B cell
antigen receptor and exposure to IL-15. This clearly indicates
that T cell-independent CSR also can contribute to plasma IgE
levels [69].
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6. Cytokines regulating TH2 development

Cytokines are not only involved in directly regulating the
CSR, but also to affect the TH1 to TH2 balance. By setting
the balance between humoral and cellular immunity these cy-
tokines are therefore of major importance for the higher order
of regulation. By doing so, they also regulate what cell types
that are being activated and what Ig isotypes that are being
produced. Although a large number of cytokines are involved
in determining this balance, only a few are more directly re-
sponsible for strongly promoting TH2 development. Cytokines
of this latter category are TSLP, IL-25, IL-18, IL-33 and IL-
15. These five cytokines are therefore, in addition to IL-4
and IL-13, very interesting target candidates for the treatment
of various TH2-mediated disorders and will be discussed here
in more detail.

Thymic stromal lymphopoietin (TSLP) is a very interesting
cytokine from an allergy viewpoint. This cytokine has even
been described as the master switch of allergic inflammation
[70]. TSLP is an IL-7 like cytokine that in humans is produced
predominantly by epithelial cells and mast cells. Interestingly,
the heterodimeric TSLP receptor appears to be exclusively ex-
pressed by myeloid dendritic cells (mDCs) [71]. This cytokine
stimulates mDC to promote the differentiation of naive CD4+
T cells into TH2 type effector cells [70]. These TH2 cells pro-
duce the allergy promoting cytokines IL-4, IL-5, IL-13 and
TNF-a, but not IL-10 and IFN-vy [72]. Recent findings also in-
dicate that TSLP activated DCs play important roles not only
in TH2 priming, but also in the maintenance and further polar-
ization of TH2 central memory cells in allergic diseases [73].
Keratinocytes in atopic dermatitis lesions have been shown to
express high levels of TSLP and may thereby be a key
cytokine in the development of atopic dermatitis [72]. Mice
engineered to over-express TSLP in skin also develop atopic
dermatitis and a dramatic increase in circulating TH2 cells
and elevated serum IgE [74]. TSLP is, however, not only
expressed in peripheral tissues, but also by Hassall’s corpus-
cles within the human thymus. Here, TSLP is involved in
instructing thymic DCs to convert high-affinity self-reactive
T cells into CD4+CD25+ FoxP3+ regulatory T cells [75].
An excellent review on the role of TSLP in allergic inflamma-
tion has been published recently [70].

IL-25 is a novel member of the IL-17 family. By database
searches five novel members of the IL-17 gene family with
20—30% identity to IL-17 were identified (IL-17B, IL-17C,
IL-17D, IL-17E/IL-25, IL-17F). Of these novel cytokines IL-
25 appears as the most interesting one from an allergy per-
spective. IL-25 induces elevated gene expression of the TH2
type cytokines IL-4, IL-5, IL-13, and of eotaxin [76,77]. The
resulting TH2 responses lead to increases in serum IgE and
pathological changes in lungs and digestive tract with eosino-
philic infiltrates, increased mucus production and epithelial
cell infiltrates. This latter finding clearly shows that IL-25 is
capable of amplifying allergic inflammation [76,77]. From ini-
tial studies, IL-25 appeared to be exclusively expressed by
TH2 type T cells. However, RT-PCR analysis showed that
IL-25 mRNA is present in many tissues indicating that IL-

25 also is expressed by other cell types. Expression of 1L-25
mRNA and protein is also induced in mast cells upon IgE re-
ceptor cross-linking. mRNA levels for IL-25 in bone marrow
derived mast cells (BMMCs) are comparable with those of ac-
tivated T cells [78].

Recent data on IL-25 have clearly documented its central
role in parasite immunity. IL-25-deficient mice were shown
to display inefficient expulsion of the worm parasite Nippos-
trongylus brasiliensis and delayed cytokine production by
TH2 cells [79]. The authors here identify a novel non-B
non-T cell population that is c-kit positive, but high-affinity
IgE receptor (FceRI) negative. These cells are most likely
the source of the TH2 cytokines (IL-4, IL-5 and IL-13) pro-
duced in response to IL-25 [79]. In this context, it should
also be mentioned that IL-13 has been shown to play a major
role in the expulsion of several parasitic worms, nematodes,
however, by yet unknown mechanisms [56].

Another very interesting cytokine is [L-18, a member of the
IL-1 family. IL-18 has for several years been known as a potent
inducer of TH1 responses by increasing IFN-y and TNF-o pro-
duction [80,81]. This THl1-inducing potential is, however,
primarily seen in the presence of IL-12. Recently IL-18 was
shown to also be a potent inducer of TH2-like responses.
Namely, administration of IL-18 resulted in increases in total
IgE and IgG1 levels. This increase was dependent on TH cells
and a population of invariant chain (Va14—Ja281) expressing
CDld-restricted NKT cells [81,82]. Moreover, in the presence
of IL-3, IL-18 induces IL-13 production in both mast cells and
basophils, and IL-4 in basophils. Interestingly, this effect was
observed even in the presence of IL-12 [83]. In addition, trans-
genic expression of active IL-18 in mouse keratinocytes was
found to induce severe atopic dermatitis [84]. This dermatitis
is, however, not dependent on IgE as no difference in severity
is seen in STAT6—/— mice, which have undetectable levels of
IgE [84]. The presence of both IgE dependent and independent
pathways may have very interesting implications for the treat-
ment of both severe asthma and atopic dermatitis. An excellent
review on IL-18 and its role in allergic inflammation was
published in Immunological reviews in 2004 [81].

IL-33 is another IL-1 like cytokine that shows strong TH2
potentiating effects. In vivo administration of this cytokine
induces the expression of IL-4, IL-5 and IL-13, and leads to
severe pathological changes in mucosal organs like the lung
and digestive tract [85]. Intraperitoneal administration of IL-
33 also resulted in increased numbers of eosinophils and
lymphocytes and elevated levels of IgE and IgA [85]. IL-33
mediates its effects through the IL-1 orphan receptor ST2.
This receptor has been shown to act as a negative regulator
of Toll-like receptor and IL-1 receptor signalings [86]. The
ST2 receptor is expressed primarily on mast cells and on
TH2 cells and has in earlier studies also been linked to TH2
type effector functions [87—92]. Interestingly, administration
of antagonistic antibodies against ST2 or a soluble ST2 recep-
tor has inhibitory effects on TH2 associated allergic airway
inflammation and promotes TH1 responses [88,92].

IL-15 is a cytokine known to promote activation and prolif-
eration of T cells as well as their migration and cytokine
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release [93,94]. This cytokine is produced by a wide range of
cells including epithelial cells macrophages and dendritic cells
(DC). DC-derived IL-15 has been shown to both induce the
proliferation of naive and memory CD8+ T cells and to en-
hance differentiation of TH2 cells when administrated together
with IL-4. Atopic or IgE-mediated allergies have classically
been considered as primarily TH2 driven responses. However,
the importance of CD8+ T cells in the induction of allergic
sensitization has recently become more evident. In a murine
model of allergic sensitization the airway hyperreactivity
and eosinophil influx were correlated to CD8+ T cells [95].
In a recent study in a mouse ovalbumin sensitization model
the blocking of endogenous IL-15 leads to a suppression of
the induction of Ag-specific TH2 cells [96]. The blocking of
IL-15 by soluble IL-15Ra chain, which was performed during
the sensitization, resulted in reduced levels of antigen-specific
IgE and IgG and prevented the induction of pulmonary inflam-
mation [96].

Numerous other cytokines are probably also involved in
positively regulating TH2 type immunity. One additional inter-
esting candidate is IL-3. Apart from its role as a key cytokine
in early hematopoiesis, IL-3 is also important for basophil
activation and differentiation. Moreover, IL-3 enhances the ef-
fect of the complement component C5a, a potent inducer of
cytokine production in basophils [97]. Basophils have recently
been shown to be potent producers of both IL-4 and IL-13
[98—102]. In vitro they have been shown to produce approxi-
mately 20 times more IL-4 per cell than fully activated T cells
[101]. In addition, basophils express the CD40-ligand and can
induce IgE switch in vitro [103]. This shows that basophils and
basophil-produced IL-4 and IL-13 most likely are important
players in allergic sensitization. The importance of IL-3 is
here that it is a key regulator of this cytokine production.

Apart from the above listed TH2 promoting cytokines there
are also a number of cytokines that down-regulate TH2
responses. IL-12 is here one of the key cytokines. IL-12
negatively regulates TH2 responses by strongly promoting
TH1 immunity. It is a potent inducer of IFN-y, which in
turn both promotes TH1 immunity and also directly inhibits
IgE switch in B cells [104]. Type I interferons (IFN-a and
IFN-B) are also important inducers of TH1-mediated immu-
nity. One THI1 promoting effect of type I interferons is to
inhibit the secretion of IL-4 and IL-13 by basophils [105].
TGF- is a potent general anti-inflammatory cytokine. In addi-
tion, this cytokine has been shown to directly repress IgE pro-
duction by upregulating the expression of Id2 in B cells [41].

IL-21 is a novel member of the type I cytokine family.
Other members of this family are IL-2, IL-4, IL-7, IL-9 and
IL-15 [106]. In one study, IL-21 expression was detected pri-
marily from TH2 type T cells. The exposure of naive T cells to
IL-21 was here also shown to inhibit IFN-y production by
developing THI cells [107]. Moreover, IL-21 administration
resulted in a decrease in IL-12 responsiveness in developing
T cells and a reduced STAT4 expression. These results indi-
cate that IL-21 is involved in amplifying TH2 responses
[107]. In contrast Strengell et al. showed that IL-21 together
with IL-15 and/or IL-18 is a potent inducer of IFN-y from

NK and T cells and is thereby a potentiator of TH1 responses
[108,109]. An IL-21 knock out also shows increased IgE pro-
duction, however, without any increase in IL-4 levels [110].
The reason for this discrepancy in published effects of IL-21
administration is not known. Possibly, the large difference in
response may depend on the absence or presence of other
cytokines as has been observed for IL-18 [81]. Accordingly
IL-21 serves as a potent amplifier of TH1 responses in the
presence of IL-15 or/and IL-18, whereas is an inducer of
TH2 in their absence. This does, however, not fully explain
the increase in IgE in IL-21 knock out mice.

As outlined above, many cytokines have pleiotropic and
sometimes synergistic effects. This implies that great care
has to be taken when comparing results from different studies,
and also when trying to modulate cytokine responses and
effects in vivo. In spite of this, many of the cytokines listed
above are very interesting potential targets for intervention.
Numerous attempts to develop modifiers of their in vivo effects
are also probably already ongoing.

7. Suppressors of cytokine signaling (SOCS)

In order to avoid excessive effects of cytokine stimulation,
negative regulators tightly control the signals transmitted from
the cell surface to the nucleus. At least three different types of
such repressors have been identified, the suppressors of cyto-
kine signaling SOCS, the protein inhibitors of activated
STATS (PIAS) and the tyrosine phosphatases SHP1 and
CD45 [111]. For example, the tyrosine phosphatase CD45
down-regulates both IL-4-dependent IgE switching and AID
expression by dephosphorylating JAK1 and JAK3 (Fig. 3).
This phosphatase thereby inhibits signals coming from the
IL-4 receptor [112,113]. Although, both CD45 and PIAS are
of importance for IgE CSR I will here primarily focus on
the repressors of the SOCS family. Several member of this
family are directly involved in regulating responses from
THI1 or TH2 cytokine receptors.

The SOCS family consists of eight members, CIS and
SOCS 1—7, which all have in common a central SH2 domain
and a C-terminal SOCS box. SOCS family members are in-
duced upon cytokine signaling and by a range of other stimuli
like bacterial lipopolysaccharides (LPSs) and chemokines
[111]. They are involved in down-regulating further signaling
from the cytokine receptors by blocking the JAK—STAT path-
way. The SOCS SH2 domains have been suggested to bind to
phosphorylated tyrosine residues on signaling intermediates,
e.g. on JAKs or the cytokine receptor. CIS is thought to act
by blocking STAT recruitment to the receptor [111]. Several
of the SOCS are of interest from an allergy view point,
some are potent regulators of TH1 and some are of TH2 re-
sponses. For example, CIS over expression has been shown
to favor TH2 responses and may thereby be involved in the
development of asthma and atopic dermatitis [111]. This
member of the SOCS family is induced by cytokines that ac-
tivate STATS, such as erythropoietin (EPO), growth hormone,
prolactin, IL-2 and IL-3, and CIS is thought to act as a negative
regulator of STATS. However, the most important SOCS
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regarding an allergic setting seem to be SOCSI1, -3 and -5.
SOCS3 is predominantly expressed in TH2 type cells and
SOCI and SOCSS primarily in TH1 cells [111].

SOCSI is a potent inhibitor of STAT1, and thereby a potent
inhibitor of IFN-vy receptor signaling. Deficiency of this SOCS
family member results in a phenotype characterized by fatty
degeneration of the liver, lymphopenia, macrophage infiltra-
tion of major organs and activation of peripheral T cells
[111]. Affected mice normally die within three weeks after
birth [111]. SOCS1 may also act on the signaling by other in-
flammatory cytokines, including IL-2, -4, -6, -12 and -15, and
its absence may therefore be associated with a large number of
primarily TH1 type inflammatory disorders [111]. However,
increased expression of SOCS1 may instead lead to suppres-
sion of TH1 responses and an accelerated TH2 differentiation.
SOCSI may in this situation act as an inducer of allergic in-
flammation [114].

SOCS3 is transiently induced by a number of inflammatory
and anti-inflammatory cytokines, including IFN-vy, IL-3, IL-6
and IL-10, and inhibits STAT3 signaling [115,116]. In addi-
tion, SOCS3 inhibits IL-12-mediated STAT4 activation. This
latter activity may actually be the most important role of
SOCS3 in regulating TH cell differentiation [116]. Mice that
constitutively express or lack the SOCS3 gene show defects
in fetal liver erythropoiesis or placental function, resulting in
embryonic lethality [117,118]. SOCS3 transgenic mice show
increased TH2 responses, which indicate that this factor is
directly involved in regulating the TH1—TH2 balance. Inter-
estingly, Seki et al. also observed a strong correlation between
the level of SOCS3 expression, serum IgE levels in allergic
patients and the severity of the asthma and atopic dermatitis,
which further substantiates this conclusion [116].

SOCSS is preferentially expressed in TH1 cells where it in-
hibits IL-4 and probably IL-13-dependent STAT6 activation,
which results in a reduced TH2 differentiation [119].

8. Cell surface receptors on B cells and their role in IgE
regulation

Several cell surface receptors, other than the cytokine re-
ceptors and CD40, have been shown to affect IgE regulation
(Fig. 3). One of them the cell surface phosphatase CD45 has
already been discussed in relative detail. Other cell surface
molecules of interest are the B cell receptor (BCR), the low
affinity receptor for IgE (CD23), and CTLAA4.

Cross-linking of the BCR by monoclonal antibodies in vitro
has been shown to inhibit a CD40+ IL-4-driven CSR to IgG1
and IgE, which indicates that the antigen receptor may play an
important role in the selection of Ig isotypes during T cell-
dependent immune responses [120]. This indicates that the
isotype pattern during an immune response may be determined
by the strength in the Ag—Ab interaction.

Cytotoxic T lymphocyte antigen 4 (CTLA4) is an inhibi-
tory costimulatory molecule that is primarily expressed by T
cells. However, CTLA4 is also induced by either CD40 or
LPS stimulation on IL-4-treated B cells. When CTLA4 binds
to its receptor (B7:1 or B7:2 (CD80 and CD86)) it becomes

activated, which leads to an inhibition of NFkB and STAT6,
and a block in the induction of IgGl and IgE CSR (Fig. 3)
[121].

The low-affinity IgE receptor (FceRII), which also goes by
the name CD23, acts as a receptor for antigen uptake and
thereby antigen presentation. Cross-linking of this receptor
on the surface of B cells has been shown to suppress the pro-
duction of IgE in both human and animal studies (Fig. 3)
[122,123]. Transgenic mice over-expressing CD23 show a de-
crease in IgE levels and conversely, mice deficient in CD23
show increased IgE levels [124]. Soluble CD23, generated
by proteolytic cleavage has also been shown to enhance the
production of IgE [125]. A probable mechanism is that soluble
CD23 binds to IgE and thereby limits its access to cell-bound
CD23.

9. IgE, stress and complement components

It has recently been shown that both stress (increased cor-
tisol levels) and complement components directly can affect
IgE synthesis.

Interestingly the synthetic corticosteroid hydrocortisone
has been found to induce IgE production in IL-4-stimulated
human B cells in vitro [126]. This IgE production is
CDA40L-dependent as B cells from CD40L-deficient patients
fail to produce IgE upon hydrocortisone stimulation. More-
over, soluble CD40 can inhibit hydrocortisone-induced IgE
production by normal B cells [127]. Hydrocortisone also
upregulates the expression of the CD40L on both B and T
cells. Notably, the hydrocortisone levels conferring optimal
CDA40L expression are in the pM range, the same range that
has been observed for cortisol in humans under stress [128].
Stress can thereby initiate IgE synthesis, and increase
CDA40L expression, relatively rapid. The increase in CD40L
can in turn activate CD40-expressing cells, including macro-
phages, dendritic cells and eosinophils and thereby contributes
to the elimination of pathogens before antigen-specific T cells
being increased in numbers [48].

The complement regulatory protein C4 binding protein
(C4BP) was recently found to bind CD40 and to stimulate B
cells in a way that mimics activation by CD40L. C4BP is pro-
duced in the liver, where it is upregulated by glucocorticoids
and inflammatory cytokines such as IFN-y, IL-1, IL-6 and
TNF-a [129,130]. In the presence of IL-4, C4BP induces ¢
GL transcription and the expression of AID. This in turn leads
to CSR and the production and secretion of IgE. C4BP may
also be of importance for B cell survival and activation in ger-
minal centers. Co-localization of C4BP with B cells has
namely been observed in germinal centers of human tonsils.
This complement regulatory protein may here contribute to
sustained CD40 signaling after the initial activation by
CD40L on T cells [48].

10. Site of production — local or systemic

The site of IgE production may also have interesting impli-
cations for potential treatment strategies. If the majority of IgE
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is produced in spleen and lymph nodes a systemic administra-
tion of for example anti-IgE should be the most favorable way
of treatment. However, if IgE primarily is produced in local
tissue we should instead aim at more local administration. It
is well-known that the majority of IgA is produced in mucosal
tissues and that CSR to IgA also occurs at these sites. A potent
activator of IgA CSR is here a high local TGF-f concentration.

Recently several articles describing local IgE production
have also appeared in the literature. IgE producing plasma
cells have been detected in local tissues such as nose and
skin [131]. A marked increase in IgE positive cells in the nasal
mucosa in rhinitis patients has also been observed [132]. In ad-
dition, IgE GL-transcripts have been detected in local tissues
(sinus mucosa) by in situ hybridization indicating that CSR oc-
curs in peripheral organs [133]. IgE producing B cells have
been found to be more than 1000 times more frequent in the
nose than in peripheral blood [134]. One interesting possibility
in the light of these findings is that local allergic reactions may
be confined to specific tissue sites, and that treatment strate-
gies should aim at targeting these specific sites.

11. Factors influencing the half-life of IgG and IgE

The plasma half-life of IgG and IgE are known to differ
markedly, with 21 and 2.5 days in humans, respectively. Inter-
estingly, a recent knock out for the FcRN [135] has been shown
to reduce the plasma half-life of IgG1 in mice from 9 days to
1.4 days. Thereby, IgG1 in these mice has approximately the
same half-life as all other Ig isotypes in mice 1—2 days
[135]. This finding clearly indicates that the main reason for
the difference in half-life between IgG and IgE is this stabiliz-
ing interaction between IgG and FcRN. Thus, the turnover of
IgE may be much faster than that of IgG and a substantially
higher amount of IgE may be produced than what is reflected
in its plasma levels.

For these calculations we have, however, to take into consid-
eration that the majority of the produced IgE is probably bound
to high-affinity FceRI on the surface of basophils and mast
cells. This in marked contrast to IgG that instead is primarily
found in free circulating form. The IgE—FceRI interaction
has a potent stabilizing effect on IgE half-life. The half-life
of receptor bound IgE when has been estimated to approxi-
mately 14 days, which indicate that the majority of IgE may
have a half-life similar to IgG, despite its much lower plasma
half-life. No studies of the turnover of all IgE, plasma and
cell bound, have, however, been performed (to my knowledge),
which would clarify this issue.

12. Susceptibility genes for allergy and asthma

Most of the available data on the regulation of IgE expres-
sion have been obtained from experiments using traditional
cell and molecular biology techniques like, cell assays, protein
purification, cDNA cloning, and during more recent years
transgene and knock out techniques. However, during the
past 10—15 years, genome-based techniques have started to
enter the arena. Single nucleotide polymorphisms (SNIPs)

have been used in attempts to identify novel atopy and asthma
susceptibility genes. Complex diseases like asthma are, how-
ever, difficult to study with this technique, because a poten-
tially large number of genes are involved. After many years
of intense work, these efforts have now resulted in a number
of interesting candidate genes. Four of these are in more
advanced stages, namely PHF11, DPP10, ADAM33 and
GPRA. Although not all of them may be directly involved in
regulating IgE levels, they may still be of interest in the con-
text of this review. One of them, the plant homeo domain zinc
finger gene 11 (PHF11) on human chromosome 13q14 is a po-
tential transcriptional regulator. PHF11 was identified on con-
sistent linkage to atopy (high IgE concentrations) and severe
asthma [136]. This gene is highly expressed in stomach, ton-
sils and B cells, and encodes NY-REN-34, a protein originally
identified from patients with renal cell carcinoma. This protein
contains two plant homeo domain (PHD) zinc finger motifs
and is probably involved in chromatin-mediated transcrip-
tional regulation. No function of the gene product has, how-
ever, yet been presented. Two other genes, SETDB2 and
RCBTBI, are also located in the same region and may be in-
volved in the observed phenotype [136].

Another gene that was identified as a candidate gene asso-
ciated with asthma is the dipeptidyl peptidase homologue
(DPP10) on chromosome 2q14 [137]. The encoded protein be-
longs to the conserved family of dipeptidyl peptidases that can
cleave off terminal dipeptides from chemokines and cytokines,
and might thus regulate their activities. However, a mutation in
one of the three amino acids needed to form the catalytic triad
probably renders this member of a serine protease family inac-
tive. Namely, the crucial serine has been replaced with a gly-
cine. As an alternative function, DPP10 has been suggested to
associate with type A K+ channel subunits in neurons, based
on its high homology to DPP6, which holds such a function
[138]. However, it is not possible to tell the potential role of
this protein in regulating IgE and atopy before the functional
characteristics of this protein have been clarified.

A third gene identified through positional cloning is disin-
tegrin and metalloproteinase-33 gene (ADAM33) on chromo-
some 20pl3. This gene has also been linked to asthma
phenotype, combined with either bronchial hyperreactivity or
high total or specific IgE titers [139]. Due to its expression
in bronchial fibroblasts and smooth muscle cells, this protein
has been proposed to play a role in airway remodeling. There
is, however, still controversy concerning the linkage of this
gene to asthma-related phenotypes. This linkage has namely
not been observed in several other studies [140].

A fourth gene identified through positional cloning is
GPRA (G-protein coupled receptor for asthma susceptibility),
which is situated on chromosome 7pl4—pl5. This gene is
linked to high IgE levels in the Finnish Kainuu population
[141]. The same locus was later found in a screening on
asthma phenotype in both a French Canadian and a second
Finnish sample, and in several other genome scans [140].
GPRA encodes an orphan G-coupled receptor with yet un-
known function. Two isoforms have been described that are
differentially expressed in bronchial epithelial cells and
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smooth muscle cells of asthmatics and healthy controls [142].
A potential ligand peptide that may derive from an uncharac-
terized precursor has also been identified. This peptide, which
is phylogenetically conserved across mammals, induces both
calcium mobilization and adenylate cyclase accumulation by
GPRA, indicating that it is a functional receptor involved in
cellular signaling [143]. However, as for the other candidate
genes no direct role in regulating IgE levels or asthma severity
has yet been presented.

Taken together, although these four genes are very interest-
ing candidates for novel unrecognized regulatory pathways no
or only little functional data are so far available. A lot of ad-
ditional work is therefore probably still needed to characterize
these candidate genes for their role in asthma pathogenesis and
IgE regulation. Before their biological function is known it is
also difficult to evaluate their potential as future targets for
therapy.

13. Potential targets of intervention

Based on our present knowledge of IgE and IgE regulation
there are a relatively large number of potential target mole-
cules to consider for therapeutic intervention (Fig. 4). Among
the most interesting ones are the various cytokines, from the
classical TH2 cytokines IL-4 and IL-13 to the more recently
identified cytokines that positively regulate the TH2 environ-
ment, such as TSLP, IL-25, IL-18, IL-33, IL-15 and IL-3
(Fig. 4). Several of the TH1-inducing cytokines are also inter-
esting candidates as they increase cell-mediated immunity and
thereby often down-regulate TH2 responses. However, the
administration and in vivo distribution of THI cytokines

Sensitization
Allergen

may here pose a major problem. Injection of even minute
amounts of IL-12, one of the major TH1-inducing cytokines,
has for example shown to induce very severe adverse effects.
With a dose of 500 ng/kg of recombinant (r) IL-12, during
a phase II clinical trial these effects were so severe that two
persons died [144]. Administration of 0.5 or 1 pg of rIL-12
in mice for 6 consecutive days also resulted in 100% mortality
[144]. Tt therefore appears extremely difficult to balance the
appropriate dosing and in vivo distribution such that it grants
the wanted positive effects without causing many severe side
effects. Similar, although not so extreme, results have also
been seen after administration of IL-2. The aim with the injec-
tion of this cytokine has primarily been to improve T cell
responses in cancer or HIV patients. The problem is here
that relatively large amounts of IL-2 have to be injected to
render the desired response, which also increases the risk of
causing severe side effects [145,146].

Although there are numerous examples of difficulties in
using pure recombinant cytokines for therapy there are also
success stories. One such example is recombinant EPO, which
clearly has revolutionized the treatment of anemic patients
with kidney diseases [147,148]. The administration is here,
however, more easy. EPO normally works at a distance, as
an endocrine factor. It does not stay at the injection site, but
does instead move with the blood to reach its target, the
bone marrow. This is similar to its normal in vivo route,
from the kidney to the bone marrow. Many of the TH1 cyto-
kines are, however, not aimed to act at a distance and may
therefore be more difficult to administrate.

The modulation of excessive amounts of a cytokine seems,
however, to be more easy to control. There are several
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Fig. 4. Potential targets of intervention. A summary of different potential target molecules and at what level during the allergic sensitization or activation phase they
act. Ways of targeting these molecules are also listed at the bottom (indicated by blue arrows).
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alternative strategies, and at least three of them have already
been studied in relative detail. The most frequently used strat-
egies are monoclonal antibodies that block cytokines from
binding to their receptors. These antibodies may also, depend-
ing on the epitope, target the cytokine to immune complexes
that can be removed by phagocytosis. Another alternative is
to use soluble receptors. These receptors can compete with
natural cell surface bound receptor for binding to the cytokine
and thereby limits its effects on target cells. A third alternative
is to use antagonistic or blocking cytokines, e.g. by introduc-
ing mutations in the cytokine that allow receptor binding but
hamper signaling. One interesting example of this latter alter-
native has been studied extensively, an IL-4 analog. A human
IL-4 mutant was first identified which could bind, but did not
activate, the IL-4 receptor [149]. However, to perform preclin-
ical conceptual studies in an animal model, the corresponding
mouse analog had first to be constructed. A mouse IL-4 variant
(Q116D, Y119D) was therefore produced and tested for its
therapeutic potential in allergic sensitization and in established
disease in a murine asthma model. Inhibition of the IL-4/IL-13
system in the allergic sensitization phase resulted in a dose de-
pendent reduction in ovalbumin-specific IgE and an inhibition
of airway eosinophilia. However, if the IL-4/IL-13 system was
inhibited at various time points after allergy was established,
only little effect on all measured allergic parameters was ob-
served in this short-term study [150]. However, it is possible
that more long-term administration may also reduce already
established sensitization.

Several additional therapies that inhibit or block cytokine
action have already reached the clinic or are in advanced
clinical studies. One very important example is the targeting
of TNF-a in patients with rheumatoid arthritis and other in-
flammatory disorders. The treatment is here based on mono-
clonal antibodies or the soluble receptor [151]. Many patients
have experienced a remarkable improvement with these new
biodrugs and the side effects are relatively modest, with
a moderate increase in sensitivity to mycobacterial infections
[151,152].

In addition to the cytokine targets where the development
in many cases has reached a very advanced clinical stage or
are already on the market, there are a number of less well-
explored targets to consider. SOCS1, -3 and -5 are certainly in-
teresting candidates, due to their involvement in regulating the
TH1—TH2 balance and because they are expressed in either
THI1 or TH2 cells (Fig. 4). They are, however, intracellular
proteins and are structurally related. This increases the com-
plexity in finding and designing activators or inhibitors with
sufficient specificity that reaches their targets inside the cell
in sufficient quantities.

Inhibiting the binding of transcription factor to their target
sites in switch promoters is may be even more difficult, but is
certainly of interest (Fig. 4). Stabilized double-stranded oligo-
nucleotides modified to enter cells through the plasma mem-
brane may here have the potential to block the activation of
the € GL promoter.

In addition to the potential targets discussed in this review
there is one important area where the development already has

reached a relatively advanced stage, the IgE molecule itself
(Fig. 4). In a collaborative effort between Tanox, Genentech
and Novartis, a monoclonal antibody has been developed
which targets the receptor-binding region of human IgE. The
mouse monoclonal originally isolated has been humanized,
and the recombinant humanized anti-IgE antibody is now pro-
duced under GMP for injection into patients with severe
asthma. All the clinical trials needed to take this drug to the
market have been performed, and this monoclonal is now
sold under the name Xolair. A relatively good add on effect
on other treatments has been seen with this new monoclonal,
and a 26—38% reduction in the rate of clinically significant
asthma exacerbations. A review that summarizes the clinical
studies on Omalizumab, the active component in Xolair, was
recently published in Respiratory Medicine 2006 [153]. One
major disadvantage with this type of treatment is, however,
the high cost. Relatively large amounts of high quality
recombinant protein have to be injected into the patient, up
to 375 mg of recombinant antibody every two or four weeks
[154]. The cost per patient and year has been estimated to
15000—44 000$ [155].

In order to address the problems with large amounts of
recombinant protein required per patient, the large number
of visits to the clinic, and the high cost of treatment we
have looked into an alternative strategy to target IgE, vacci-
nation. This strategy induces the patient’s own immune
system to produce anti-IgE antibodies. Preclinical studies in
rat and dog have shown that it is possible to trigger the
immune system to produce antibodies against a self-protein
[10,14,156]. By covalent coupling of the receptor interacting
domain of IgE, the CH3 domain, to a foreign (non-self) car-
rier molecule the immune system is triggered to produce an
antibody response to both the carrier and the self-protein.
Sufficiently high titers of anti-IgE antibodies are produced
in the animal models to suppress allergen triggered skin re-
actions [10,156]. The vaccination is reversible, appears very
safe and comparably very small amounts of recombinant pro-
tein are needed per injection. We estimate that 10000—
20000 times lower amounts of recombinant protein is needed
to treat a patient with the vaccine compared to injections of
monoclonal antibodies [10]. Therapeutic vaccines targeting
various self-molecules are, however, facing their limitations
at the level of the immune response [157]. Presently, only
very weak immuno-stimulatory substances, adjuvants, are
allowed for human use, but the induction of therapeutic an-
tibody responses against self-proteins apparently needs strong
adjuvants. The self-tolerance is potent and needs to be over-
ruled in order to obtain good therapeutic effects. The only
clinical trials with therapeutic vaccines against self-proteins
that have been performed have used the weak adjuvant
Alum [158] (Her-2 studies at Pharmexa, www.pharmexa.
com). However, these studies not even come close to the
very positive results obtained with potent adjuvant in preclin-
ical studies in animal models [10,156,159—162]. The optimi-
zation of adjuvants is therefore urgently needed to move
therapeutic vaccines from animal models into successful
treatment regimens in the clinic [157].
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14. Conclusions

The genes encoding IgG and IgE have, from originally
being two identical genes, diversified quite remarkably during
the past 200—250 million years of mammalian evolution. The
gene product of one of these two genes, IgE, has become an
extremely potent inducer of inflammation through its interac-
tion with high-affinity receptors on mast cells and basophils,
while IgG has become the major plasma isotype involved in
phagocytosis, ADCC and complement activation. The differ-
ent IgG isotypes and IgE are also being regulated very differ-
ently, where size of the switch region, positive and negative
transcriptional regulators and cytokines, both directly regulat-
ing class switch and the general TH1 and TH2 environment,
are involved. The progress in our understanding of the regula-
tory pathways and the components involved has opened a num-
ber of new ways of interfering with the production of IgE, and
thereby new treatment strategies against atopic allergies. Some
of the potential target molecules are already very well charac-
terized and we know their various effects on our immune
system. This category comprises the classical TH2 cytokines
IL-4, IL-13. A number of additional regulators of TH2 re-
sponses such as TSLP, IL-25, IL-18, IL-33 and IL-15 can
now also be added to the list of highly interesting target mol-
ecules for potential intervention. Also the IgE molecule itself
should be added here, as well as SOCS and CD23. In addition,
several candidate genes have been identified as the result of
genome wide screenings for atopy or asthma susceptibility.
These genes have, however, still some way to go before they
can be evaluated as potential targets for intervention. An in-
creasing number of potential targets are being identified which
at least in theory should lead to a more rapid progress in our
attempts to develop new treatment strategies against atopic
allergies. However, a selection from the many new targets
will have to be made carefully and novel ways to modulate
their in vivo effects have to be made such that good therapeutic
effects can be achieved with minimal side effects.
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