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ABSTRACT: Substantial experimental evidence now supports the notion that allergic diseases

are characterised by a skewing of the immune system towards a T-helper cell type-2 (Th2)

phenotype.

Studies using both human and mouse model systems have provided key evidence for the role

that Th2 cytokines play in driving many of the hallmarks of allergic inflammation. Furthermore, the

signalling pathways by which Th2 cytokines exert their effects on airway target cells are rapidly

being elucidated, and antagonists of the Th2 pathway are under active development.

In this review, the current knowledge of the role of T-helper cell type-2 cells in asthma is

summarised, focusing on how and where T-helper cell type-2 cells differentiate from naı̈ve

precursors. The signalling molecules and transcription factors involved in T-helper cell type-2

differentiation will be reviewed in detail, in an attempt to translate studies using genetically

modified mice into meaningful insights about asthma and other allergic diseases.
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S
ubstantial evidence supports the notion
that allergic asthma is an immune-
mediated disease, driven in part by T-

cells directed against aeroallergens and viruses
[1]. CD4+ T-helper cell (Th) type-2 cells in
particular, which secrete interleukin (IL)-4, IL-5,
IL-9 and IL-13, are thought to contribute to many
of the pathophysiological features of asthma,
including airway inflammation, mucus secretion
and airway hyperresponsiveness (AHR) [2].
Much of the current research is aimed at under-
standing how Th2 cytokines act on resident lung
cells, including airway epithelium, myofibro-
blasts and smooth muscle, to induce the asth-
matic phenotype, and the signalling pathways
and transcription factors involved in this process
are rapidly being elucidated [3]. The precise
molecular basis for a Th2-biased immune
response is complex and is likely to be multi-
factorial in any given individual. A genetic
predisposition is suggested by the association
between single nucleotide polymorphisms
(SNPs) and haplotypes in the Th2 cluster, as well

as Th2-signalling molecules and different allergic
diseases (table 1). Poorly defined environmental
exposures also contribute to the Th2 bias, in part
by acting on dendritic cells and other cells that
influence T-cell activation and expansion. Since a
Th2 bias is characteristic of atopy in general, it
seems likely that there are disease-specific sus-
ceptibility genes and environmental exposures
that ultimately influence the development of a
specific atopic phenotype (e.g. atopic dermatitis
versus asthma); candidates in this regard are
beginning to be identified [4–6]. According to this
model, a Th2-biased immune system can be
considered necessary but insufficient for the
development of allergic asthma, which requires
a ‘‘susceptible airway’’ (fig. 1). This article
reviews the genetic and potential environmental
factors that lead to a Th2-biased immune
response. It draws heavily from studies using
mouse models that identified key molecules
involved in Th2 differentiation, but will empha-
sise areas where future research should enhance
the understanding of human atopic diseases.
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TH2 CELLS, ASTHMA AND ATOPY
Several studies have documented increased numbers of
activated CD4+ T-cells in the lungs of subjects with asthma,
and, in the majority of studies to date these cells were found to
express cytokines or transcription factors characteristic of Th2
cells [22–32]. In some studies this apparent Th2 bias in asthma
extends outside of the airway to circulating lymphocytes [33–
35]. Furthermore, research in mouse models has established
the critical roles that Th2 cytokines play in the pathophysiol-
ogy of asthma, including mucus hypersecretion and AHR [36–
50], and a recent study emphasised the importance of IL-4 and
IL-13 in airway dysfunction and remodelling in response to
chronic allergen exposure [50]. In human studies, administra-
tion of recombinant IL-4 resulted in AHR in asthmatic subjects
[51], whereas IL-12 suppressed eosinophils in blood and
sputum (without affecting AHR [52]). Furthermore, clinically
useful drugs, including inhaled corticosteroids, potently
suppress Th2 cytokine gene expression [53, 54]. Taken
together, these observations support the hypothesis that the
expansion and activation of Th2 cells in the airway is a critical
component of asthma pathophysiology [55]. A corollary of this
hypothesis is that a detailed understanding of the factors
responsible for the Th2 bias in asthma should identify future
therapeutic targets.

Given the key role that Th2 cells and cytokines play in asthma
pathophysiology, it was originally thought that inducing a Th1
response in the lung would be protective. However, it is now
known that Th1 cells and their signature cytokine interferon
(IFN)-c have complex and potentially pro-inflammatory effects
in the lung. Studies using mouse models have provided
conflicting results about the potential role of Th1 cells and IFN-
c in airway inflammation and AHR. In some studies, Th1 cells
and IFN-c were found to dampen allergic airway inflammation

[56], whereas Th1 cells and IFN-c were found to have pro-
inflammatory effects in other studies [57–59]. In a mouse
model of virally induced AHR and airway remodelling, there
was no attenuation of these parameters in IFN-c-deficient mice
[60]. Interestingly, there is evidence that IFN-c expression in
peripheral blood CD8+ T-cells correlated with AHR in
asthmatic subjects [61], and a recent study found that IFN-c
production in cord blood CD8 T-cells predicted subsequent
allergic sensitisation [62]. IFN-c-expressing lymphocytes are
present in the lungs or sputum of some subjects with asthma
[63, 64], and it would seem likely that IFN-c-secreting cytolytic
CD8+ cells would be recruited to the lung during virally
triggered exacerbations. Although there is some evidence for
CD8+ recruitment to the lung during asthma exacerbations
[65], surprisingly little is known presently about the cytokine
profile of these cells. Taken together, these studies suggest that
the potential role of IFN-c in asthma is complex and depends
on the location of cells expressing this cytokine and stage of the
disease. Studies using specific cytokine antagonists will be
needed to help clarify the role of IFN-c and related cytokines in
human subjects with asthma.

T-CELL ONTOGENY AND TH2 DIFFERENTIATION
It is currently not known exactly where Th2 cells arise in atopic
individuals. Naı̈ve T-cells exit the thymus with a productively
re-arranged T-cell receptor (TCR) after having undergone
positive selection and escaped negative selection. Due to their
expression of homing receptors, including the peripheral
lymph node addressin, naı̈ve T-cells recirculate through
central immune organs, including lymph nodes, until they
encounter antigen-presenting cells (APC) bearing peptide
fragments recognised by their surface TCR. If the APC is
appropriately activated, then the naı̈ve T-cell receives
additional signals that initiate clonal expansion driven in part
by autocrine secretion of IL-2. Interestingly, recent studies
show that in addition to its effects on T-cell proliferation,

TABLE 1 Association of single nucleotide polymorphisms
in T-helper cell type-2 (Th2) related genes and
different lung-related phenotypes

Gene Association Reference

Th2 cytokine cluster

IL-4 promoter Asthma severity [7]

Severe RSV disease in children [8]

IL-13 promoter Asthma [9, 10]

COPD [11]

IgE levels [12]

IL-13 coding Asthma [13]

IgE levels [14]

Th2 signalling pathway

IL-4Ra Asthma [15, 16]

Lung function decline in smokers [17]

IgE levels [18]

Stat6 Allergic diseases [19]

This table is representative but not exhaustive; see references [20, 21] for recent

comprehensive reviews. Reference [16] provides an example of interactions

between interleukin (IL)-4R and IL-13 polymorphisms. Stat: signal transducer

and activator of transcription; RSV: respiratory syncytial virus; COPD: chronic

obstructive pulmonary disease; Ig: immunoglobulin.
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FIGURE 1. The relationship between a T-helper cell type-2 (Th2) biased

immune response and organ-specific atopic diseases. This model emphasises that

a Th2-bias can be considered a systemic marker of immune dysregulation, but that

the clinical manifestation of different diseases is affected by organ-specific factors.

The progression of atopic disease from skin to lung (e.g. the ‘‘atopic march’’

observed during childhood) is indicated by the large arrow. Ig: immunoglobulin.
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prolonged exposure to IL-2 also promotes Th2 differentiation
[66]. As clonal expansion progresses, many activated T-cells
undergo activation-induced cell death, which serves to limit
the subsequent immune response. Some T-cells survive and
differentiate into effector or memory cells, which are then
recruited to peripheral mucosal sites to orchestrate cellular
immunity. Based on this model, it seems reasonable to
speculate that the differentiation of allergen-specific Th2 cells
is initiated in regional lymph nodes. Since atopic individuals
can be sensitised via both the skin and respiratory tract to
environmental allergens, Th2 differentiation might occur in
lymph nodes that drain both the skin and lung. However,
recent findings in mouse models suggest that, in the absence of
lymph nodes, the lung has an intrinsic capacity to initiate
primary immune responses [67–69]; the precise site of naive T-
cell education in these models, and how they apply to human
allergic diseases, remains to be determined. Although techni-
cally challenging, it will be interesting in future research to
study the route of sensitisation and fate of allergen-specific T-
cells in humans with different allergic diseases. Along these
lines, the study of subjects with occupational asthma may be
insightful given that the route of sensitisation will vary and
this disease has an onset in adulthood.

The degree of polarisation of T-cell subsets depends on the
strength and duration of the polarising signals, and involves
both cell-intrinsic factors, as well as exogenous signals. The
relative contribution of cell-intrinsic factors in Th differentia-
tion (i.e. in the ‘‘selection’’ of pre-committed precursor cells) is
difficult to ascertain with certainty (for a review see [70]). The
decision to express an individual allele of IL-4 or IL-13 appears
to be a random event [71]. However, it is now clear that
‘‘instruction’’ by exogenous signals, including cytokines, plays
a key role in driving naı̈ve T-cell differentiation. IL-4 is the
most important cytokine for Th2 differentiation, and activates
the transcription factor signal transducer and activator of
transcription (Stat)6, as well as other downstream effectors (see
below). The primordial source of IL-4 that initiates Th2
differentiation has been debated. The observation that naı̈ve
T-cells can rapidly produce IL-4 suggested that IL-4 could
come from naı̈ve T-cells themselves [72]. In this model, if the
precise signals provided during naı̈ve T-cell activation
preferentially induce IL-4 and not IFN-c expression, then this
can feed forward to amplify Th2 differentiation. Genetic
polymorphisms that favour early IL-4 production would then
be predicted to enhance Th2 differentiation and contribute to
the Th2 bias in susceptible atopic individuals (fig. 2).

Although a non-T-cell source of IL-4 does not need to be
invoked to initiate Th2 differentiation, it is worth noting that
two other cell types relevant to human atopic diseases can
produce IL-4, namely basophils and eosinophils. Human
basophils secrete substantial amounts of IL-4 after IgE cross-
linking and produce IL-4 in the allergic lung [73, 74]. In
addition, experiments using transgenic mice in which IL-4-
expressing cells were tagged using green fluorescent protein
(GFP) found that most of the GFP-positive cells recruited to the
lung during Th2 reactions were eosinophils [75]. The essential
role of eosinophils in allergen-driven airway inflammation and
remodelling was recently shown using two new models of
eosinophil-deficient mice [76, 77]. Although eosinophils con-
stitutively express transcription factors required for IL-4

expression [78], the ability of these cells to secrete IL-4 protein
remains controversial. Whether or not these two cell types
influence naı̈ve Th cell differentiation will depend on their
ability to gain access to naı̈ve T-cells. Along these lines, the
recent demonstration that eosinophils are present in airway
draining lymph nodes suggests that they might actually
serve as antigen-presenting cells, but this is a controversial
area [79].

TH1 DIFFERENTIATION AND T-BET
In contrast to IL-4, the key cytokine driving Th1 differentiation
is IL-12. A major source of IL-12 is the dendritic cell, which
processes and presents soluble antigen to T-cells in the context
of major histocompatibility complex. IL-12 activates the
transcription factor Stat4 that enhances IFN-c expression in
part by binding to regulatory sequences near the IFN-c gene
[80]. Another key transcription factor driving Th1 polarisation
and IFN-c gene expression is T-bet. The recent discovery that
T-bet is as a lineage-specific transcription factor required for
IFN-c and IL-12Rb2 gene expression was a major advance in
the understanding of Th1 differentiation [81, 82]. The signals
that regulate T-bet in CD4+ cells are complex, and include the
IFN receptor (via Stat1) and the T-cell receptor via poorly
understood pathways [83]. T-bet appears to act in part at the
level of chromatin remodelling to induce IFN-c gene expres-
sion [84], but the precise binding sites for T-bet in and around
the IFN-c gene are currently undefined. T-bet is involved in
the generation of effector CD8+ cells and natural killer cells
[85, 86], and also regulates B-cell isotype switching [87].
Interestingly, there are T-bet independent pathways of IFN-c
gene expression [88].

FINOTTO et al. [89] reported that T-bet-deficient mice sponta-
neously developed an asthma-like syndrome with airway
inflammation, remodelling and hyperreactivity. Furthermore,
reduced expression of T-bet was found in T-cells in the lungs
of subjects with allergic asthma [89]. This study suggested
that allergic asthma may result from defective production of
T-bet and/or Th1 cells. Given the complex role of IFN-c in
asthma (as discussed above), this result is intriguing and
whether this reflects effects of T-bet on genes other than IFN-c
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FIGURE 2. Organisation of the T-helper cell type-2 (Th2) cytokine gene cluster

on chromosome 5. The relative location of the Th2 cytokine genes (rectangles) and

their promoters (arrow heads) is shown. Single nucleotide polymorphisms located

in promoter and coding regions associated with different asthmatic and atopic

phenotypes are shown at the bottom. The figure is a schematic and is not drawn to

scale. IL: interleukin; RAD: radiation sensitive 50; KIF: kinesin family member.
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warrants further investigation. The precise molecular basis
for reduced T-bet expression in humans with asthma is
currently unknown. Interestingly, polymorphisms in TBX21,
the gene encoding T-bet, were recently found to be
associated with a greater response to inhaled corticosteroids
in asthmatic children [90]. Whether TBX21 is a susceptibility
gene for asthma or other atopic disorders is currently
unknown.

DENDRITIC CELLS AND TH2 DIFFERENTIATION
Dendritic cells (DCs) are the key antigen-presenting cells that
activate naı̈ve T-cells, and there has been great interest in
deciphering the DC-derived signals that influence Th differ-
entiation (excellent recent reviews have covered this topic in
depth, see [91, 92]). In general, DC control of Th1 differentia-
tion is better understood than that of Th2 differentiation and
results from exposure of DCs to bacterial or other strong
danger signals that initiate DC maturation. DC maturation is
characterised by reduced endocytosis and enhanced antigen
presentation, altered chemokine receptor expression, homing
from peripheral mucosal sites to regional lymph nodes, and
increased production of immunoregulatory cytokines, includ-
ing IL-12. Many of these danger signals are transduced by the
toll-like receptor (TLR) family of pattern recognition receptors,
which are expressed on DCs and other cells of the innate
immune system. Strong danger signals tend to favour Th1
immune responses by inducing the differentiation of DCs
producing large amounts of IL-12 and related Th1-promoting
cytokines (including IL-23, IL-27, and type-1 IFNs) (fig. 3).

Dendritic cells do not produce IL-4, the prototypic Th2-
promoting cytokine, and probably initiate Th2 differentiation
indirectly. One possibility is that activated DCs that produce
low amounts of IL-12 (IL-12lo DCs) will promote Th2

differentiation (fig. 3). Therefore, the environmental signals
that lead to the maturation of IL-12lo DCs can be considered
susceptibility factors for the Th2 bias in atopy. Several signals
have been discovered that allow DCs to mature into an IL-12lo/
Th2-promoting phenotype. These include low-dose endotoxin,
TLR2 ligands, glucocorticoids, and many G-protein coupled
receptor agonists (e.g. histamine, cholera toxin, prostaglandin
(PG) E2, PGD2 and others, see table 2). Exactly how these and
other signals might influence allergen-driven DC maturation in
humans with asthma is not entirely clear. A note of caution is
warranted regarding the potential for glucocorticoids (GCs) to
induce a Th2-bias by directly acting on DCs. Some studies have
shown that GCs inhibit IL-12 production in developing DCs,
and that GC-exposed IL-12lo DCs induce a Th2 phenotype in
co-culture assays with T-cells [93, 94]. However, in these
studies DCs were washed prior to co-culture with T-cells
(which was done in the absence of GCs). When GCs are
present during DC:T-cell co-cultures, a more physiological
model of T-cell activation, IL-4 expression was potently
suppressed [95]. This observation is consistent with the known
ability of GCs to suppress IL-4 and Th2 gene expression in vivo,
and is in keeping with the potent therapeutic efficacy of these
drugs in asthma [54]. Therefore, the conclusion that inhaled
GCs contribute to the Th2 bias in asthma is premature, and
reflects an artefact of the in vitro culture systems used.

There is some support for the idea that reduced production or
activity of IL-12 is a risk factor for Th2 sensitisation in humans
with allergic diseases [99], although further research is needed
in this area. However, it should be noted that in the absence of
IL-12, T-cells do not automatically default to the Th2 pathway
(e.g. in IL-12-deficient mice). Thus, although reduced DC IL-12
production can be considered a risk factor for Th2 sensitisa-
tion, there are other mechanisms by which activated DCs
initiate Th2 differentiation. These may include both secreted
factors as well as contact-dependent signals. The distinction
between IL-12lo and immature DCs is not always clear, and
DCs can also downregulate immunity by inducing the
differentiation of regulatory T-cells (e.g. cells secreting IL-10,
transforming growth factor-b, or other cytokines [108, 109]).
The potential role of regulatory T-cells in asthma and atopy is
beginning to be appreciated but is beyond the scope of this
review.

TH2 RECRUITMENT AND SURVIVAL
Whether the expansion of Th2 cells in asthma is due to the
ongoing recruitment of circulating T-cells into the lung or the
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FIGURE 3. Regulation of T-cell differentiation by signals provided by dendritic

cells (DCs). Strong toll-like receptor (TLR) signalling enhances IL-12 production

leading to T-helper cell (Th) type-1 differentiation. Th2 differentiation, in contrast,

results in the absence of IL-12 when IL-4 gene transcription in naı̈ve T-cells is

promoted. Whether there are DC-derived signals that can actively promote Th2

differentiation is not entirely clear (see text for details). Naı̈ve T-cells can also

differentiate in the periphery into regulatory phenotypes that can down regulate

immunity: the signals involved in regulatory T-cell differentiation are not known but

may include IL-10 (not shown). IFN: interferon; TGF-b: transforming growth factor-b.

TABLE 2 Examples of factors that induce interleukin-12lo,
T-helper cell type-2 promoting dendritic cells

Examples References

Low-dose endotoxin [101]

TLR2 agonists [102]

Glucocorticoids [93, 94]

G-protein-coupled receptor ligands (e.g. PGE2,

cholera toxin, histamine, lipoxin)

[103–107]

TLR: toll-like receptor; PGE2: prostaglandin E2.
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expansion and persistence of resident airway effector cells
remains to be determined. Recent studies in mice suggest that
ongoing T-cell recruitment is much more important than
expansion of resident lymphocytes in explaining effector cell
accumulation in the lung and other nonlymphoid organs [110,
111]. For example, in an allergic sensitisation and challenge
model, HARRIS et al. [110] showed that activated T-cells migrate
from the regional lymph nodes to the lung and airway, where
they secrete IL-4 but are unable to further divide. The specific
recruitment of IL-4 secreting Th2 cells may be mediated by
Th2-attracting chemokines, such as thymus- and activation-
regulated chemokine (TARC or CCL17) and macrophage-
derived chemokine (MDC or CCL22) [112, 113]. The ligand for
TARC and MDC is C-C chemokine receptor 4 (CCR4), which is
preferentially expressed on some Th2 cells. The expression of
MDC was recently shown to be potentiated by PGD2 in a
mouse model of asthma [114]. Interestingly, PGD2 can also
directly recruit Th2 cells by binding to the receptor CRTh2,
which is selectively expressed on Th2 lymphocytes. Taken
together, these studies show that antagonising Th2 recruitment
provides a novel therapeutic target in asthma.

Although less well studied than the regulation of naı̈ve T-cell
differentiation, the persistence of memory T-cells in the
periphery also plays a role on the Th2 bias in atopy. Factors
that control the long-term survival of memory cells include
homeostatic cytokines, such as IL-7 and IL-15 [115]. Th2 cells
appear to survive longer than Th1 cells, which may be prone to
apoptosis. For example, in a recent study by WU et al. [116], the
generation of memory CD4+ Th1 cells was inhibited in cells
actively secreting IFN-c consistent with the known ability of
IFN-c to promote T-cell apoptosis [117]. These studies suggest
that Th2 cells might preferentially expand in atopy regardless
of the initial differentiating signals. Although there is some
experimental evidence to support this idea [118, 119], further
research into the factors that sustain the persistence of Th2 cells
in atopy is needed. Genetic polymorphisms in these factors
might also contribute to the Th2 bias in human allergic
diseases (see table 3).

TH2 TRANSCRIPTIONAL REGULATION
Whether due to enhanced recruitment or persistence, T-cells
that accumulate in the allergic airway tend to express Th2

cytokines. The molecular basis for selective expression of the
Th2 subset of cytokine genes has come under intense scrutiny
in the past decade, and several key signalling pathways and
transcription factors involved in this process have been
identified (fig. 4). The remainder of this review will cover the

TABLE 3 Potential genetic factors involved in the T-helper cell type 2 (Th2) bias in atopy

Candidate location or gene(s) Examples

Th2 regulatory regions that affect DNA binding of transcriptional or chromatin-based regulators IL-4 and IL-13 promoters, LCR (?)

Th2 cytokine coding regions that affect cytokine activity IL-13

Th2-promoting signaling molecules or transcription factors Stat6, GATA3, many other potential candidates

Polymorphisms that inhibit the expression/function of genes that activate Th1 cytokine

gene expression

IL-12Rb2, T-bet (?)

Genes that regulate Th2 cell growth or survival GIF-1 (?)

Genes that induce the differentiation of Th2-promoting DC TLR2, GPCRs (?)

See table 1 for interleukin (IL)-4 and IL-13 promoter polymorphism references. References for the following SNPs are as follows: IL-13 coding region [96], signal

transducer and activator of transcription (Stat)6 [97], GATA3 [98], IL-12Rb2 [99], TLR2 [100]. Question marks indicate that no association has been shown to-date for

atopic or asthmatic phenotypes. DC: dendritic cell; LCR: locus control region; GIF-1: growth-factor independent-1; TLR: toll-like receptor; GPCR: G-protein coupled

receptor.
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FIGURE 4. Molecules involved in T-helper cell (Th) type-1 versus Th2

polarisation. This figure is a compilation of studies using gene-targeted and

transgenic mice and is not meant to be comprehensive. This format was suggested

by a table in a review article by HO and GLIMCHER [121], which contains some of the

primary references. Additional references include the following: interleukin (IL)-23

[122], IL-25 [123], IL-27 [124], B7 family [125], antigen strength ([126, 127] and

references therein), signalling lymphocyte activation molecule-associated protein

(SAP) [128], SWAT-70-like adapter molecule of T (SLAT) [129], linker for activation

of T-cells (LAT) [130], Rip2 [131], Itk [132], Itch [133], protein kinase C (PKC)-h

[134, 135], mitogen-activated protein kinase (MAPK) review [136] and suppressor

of cytokine signalling (SOCS) [137]. Additional references for transcription factors

not discussed in the text include the following: nuclear factor-kB p50 [138, 139], c-

Rel [140], and Hlx [141]. For some molecules it is currently unclear whether they act

as primary activators of one pathway or inhibitors of the other pathway (e.g. IL-27

[142] and LAT [130]). IFN-c: interferon gamma; ICOS: inducible costimulator; Stat:

signal transducer and activator of transcription; NFAT: nuclear factor of activated T-

cells; T-bet: T-box expressed in T-cells; c/EBP: CCAAT enhancer binding protein.
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transcription factors involved in Th2 gene regulation and their
potential roles in dysregulated gene expression in humans
with allergic diseases.

The Th2 genes are located in a cluster on chromosome 5q (fig. 2).
IL-4 and IL-13 share similar intron/exon structure and sequence
homology, and are thought to have arisen from a primitive gene
duplication event. Although the 59-flanking regions of the IL-4,
IL-5 and IL-13 genes all contain TATA sequences (required
for the assembly of the RNA polymerase II-containing basal
initiation complex), overall promoter sequence homology is
otherwise limited. This suggests that each promoter will allow
the assembly of unique transcription factor complexes, and that
the expression of a given Th2 cytokine can be fine-tuned at the
level of promoter-driven transcription initiation. In support of
this notion, individual Th2 cytokines and their alleles can be
selectively expressed when cell populations are examined on an
individual cell basis [71, 120].

Since the original description of a binding site for the
transcription factor nuclear factor of activated T-cells (NFAT)
in the IL-4 promoter [143], discrete binding sites for many
other factors have been identified therein (for recent review see
[144]). Based on sequence conservation between species, the 59

boundary of the IL-4 promoter is generally considered to
contain several hundred base pairs upstream from the
transcription start site but this is inevitably an arbitrary
distinction. In transient transfection assays using reporter
constructs, the IL-4 promoter is inducible in response to cell
stimulation, implying that some of the factors responsible for
enhanced IL-4 gene expression act at the promoter level [138].
Using combinations of in vitro DNA-binding assays (e.g. gel
shift assays) and functional studies using wild-type and
mutated promoter reporter constructs, several factors have
been shown to bind to and enhance IL-4 promoter activity,
including members of the NFAT, activation protein 1 (AP-1),
and C/enhancer binding protein (EBP) families [145–147].
Other nuclear factors that bind to the IL-4 promoter include
signal transducer and activator of transcription (Stat6),
CCAAT-box binding protein 2 (CP-2), and YY-1 [148–150],
and a current challenge in the field is to determine how
different factors interact in a combinatorial way to lead to
specific patterns of gene expression. Notably absent from this
list is GATA3, the signature transcription factor of Th2 cells
[151]. There is currently little evidence that GATA3 binds
directly to high affinity sites in the IL-4 promoter, and
overexpressed GATA3 does not transactivate the IL-4 promo-
ter (for example see [152]). The exact mechanism by which
GATA3 enhances IL-4 gene expression in Th2 cells is complex
and is considered further below.

Nuclear factor of activated T-cells
NFAT cells comprise of a family a calcium-sensitive transcrip-
tion factors that is critically important for the expression of
many T-cell cytokines, including IL-2 and IL-4, as well as for
the induction of tolerance [153, 154]. NFAT proteins are
constitutively cytoplasmic, but translocate to the nucleus after
dephosphorylation by the calcium-activated phosphatase
calcineurin (fig. 5). The IL-4 promoter contains at least six
purine-rich NFAT sites (termed the P elements P0–P5), and
current thinking is that DNA-bound NFAT proteins interact
with other transcription factors to enhance the rate of IL-4

transcription in activated T-cells [145, 155]. At some P
elements, NFAT interacts with AP-1 family members to form
a heterotrimeric transcription factor complex. As AP-1 is
activated by a distinct signalling pathway (involving of protein
kinase C (PKC)/ras activation), these so-called composite
NFAT sites represent a point of signal integration in the
nucleus [156]. The structural basis for NFAT AP-1 interactions
has been solved and involves an extended surface of
interaction between NFAT and AP-1 that also covers ,15 base
pairs of the DNA template [157]. This intimate interaction
between NFAT and AP-1 helps explain the fact that AP-1
consensus sites are not readily detectable at the IL-4 promoter
P elements that support combinatorial interactions [155].
NFAT activation without AP-1 (e.g. after cell stimulation with
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FIGURE 5. Nuclear factor of activated T-cells (NFAT) comprise a family of

calcium-activated transcription factors that bind to the interleukin (IL)-4 and IL-13

promoters. Cytoplasmic NFAT is dephosphorylated by the phosphatase calcineurin

(CN) that promotes its nuclear entry. Nuclear NFAT can interact with members of

the activation protein 1 (AP-1) family to form a transcriptionally active complex. AP-1

proteins are activated by phosphorylation by c-Jun N-terminal kinases (JNK), which

can also re-phosphorylate NFAT and promote its nuclear export (not shown). Single

nucleotide polmorphisms (SNPs) are located 59 of the IL-13 and IL-4 promoter

regions that affect the binding of NFAT and are associated with asthma and/or

chronic obstructive pulmonary disease phenotypes in different kindreds. PKC:

protein kinase.
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calcium ionophore alone) induces a state of T-cell unrespon-
siveness referred to as anergy (or tolerance) [158]. This is due
to the induction of different molecules that inhibit proximal
TCR-dependent signalling events, such as tyrosine phospha-
tases and ubiquitin ligases [159]. Interestingly, the require-
ments for NFAT:AP-1 complex formation differ between the
Th2 cytokines. For example, NFAT-dependent IL-4 promoter
transactivation requires an intact AP-1-interacting domain,
whereas an NFAT mutant incapable of binding AP-1 can still
transactivate the IL-13 promoter [160]. The physiological
consequences of this in relation to T-cell anergy are unclear
at present, but one implication is that the signalling require-
ments for IL-4 and IL-13 gene expression will be different.

Both the IL-4 and IL-13 promoter regions contain SNPs that are
associated with asthma or asthma severity in different
populations (table 1). Interestingly, both of these polymorph-
isms affect the binding of NFAT. The IL-4 promoter poly-
morphism is located at position -589 relative to the
transcription start site, and has an allele frequency of ,0.5
and 0.2 in African-American and Caucasian subjects, respec-
tively [7]. The C-T SNP, which recreated a higher affinity
NFAT site, is associated with asthma severity (i.e. reduction in
forced expiratory volume in one second by 4.5% compared
with wild-type subjects), especially in white subjects [7]. The
IL-13 promoter SNP (at position -1055) also recreates a higher
affinity NFAT site, and is thought to function in a complex
manner by reducing poorly understood inhibitory effects of
CD2 and other signals on IL-13 gene expression [9]. Therefore,
one way NFAT might contribute to the Th2 bias in asthma is
due to polymorphic binding sites in Th2 cytokine promoters.

NFAT binds to additional purine boxes located within the IL-5
and IL-13 promoters, as well as to distal enhancer elements
[161, 162]. One interesting NFAT site was discovered 39- of
the IL-4 gene using DNase hypersensitivity analysis [163].
This site, termed VA, possesses enhancer activity in reporter
constructs and can support the binding of NFAT and GATA3
in a Th2-dependent manner as determined by chromatin
immunoprecipitation (ChIP) assay (fig. 6) [164]. Thus, even
though NFAT proteins are not differentially expressed in Th1
versus Th2 cells (see below), occupancy of the VA regulatory
element was restricted to the Th2 lineage. In a follow-up series
of experiments, SOLYMAR et al. [164] used gene targeting to
delete the VA region in mice, and observed a striking reduction
in IL-4 expression in both bone-marrow derived mast cells
(BMMCs) as well as in vitro differentiated Th2 cells.
Interestingly, IL-13 expression was also partially reduced in
VA-null mice, especially in BMMCs. These results confirmed
that VA is a critical enhancer of IL-4 and Th2 cytokine gene
expression, and underscore the notion that many transcription
factor binding sites are located 39 of coding regions [165]. AVNI

et al. [166] showed that NFAT and GATA3 functionally
cooperate at VA to enhance IL-4 promoter activity in transient
transfection assays. Together with the recent observation that
NFAT also cooperates with T-bet to regulate IFN-c gene
expression [167], these data suggest that NFAT can interact
with lineage-restricted factors to induce cytokine gene expres-
sion in both Th1 and Th2 cells.

There are five currently known NFAT family members that
differ in their tissue distribution and regulation. NFAT1

(NFATp or NFATc2), NFAT2 (NFATc or NFATc2) and
NFAT4 (NFTAx or NFATc3) predominate in immune cells
[153]. Despite its name, the expression of NFAT is not
restricted to T-cells, but can also be detected in B-cells, muscle
cells, mast cells, basophils and eosinophils [78, 168]. The
evidence available todate would argue that NFAT proteins
should not have a dominant role in Th differentiation. This
conclusion is based on the following three observations. First,
the consensus binding sites of different NFAT proteins are
almost identical (reflecting conserved DNA-binding domains),
implying that target genes of different NFAT proteins should
be very similar. Secondly, there are no major differences in
NFAT expression when comparing highly polarised Th1 and
Th2 cells. Thirdly, NFAT can interact with lineage restricted
factors (e.g. GATA-3 and T-bet) to activate both IL-4 and IFN-c
gene expression. However, experiments using gene-targeted
and chimeric mice uncovered a surprisingly important role for
NFAT2, but not NFAT1 or NFAT4, in Th2 polarisation [169,
170]. In fact, deletion of NFAT1 (especially in combination with
NFAT4) resulted in a phenotype of hyperactive immunity,
characterised by heightened IL-4 gene expression and eosino-
phil recruitment to the lung [169, 171, 172]. As both NFAT1
and NFAT2 can activate the IL-4 or IL-13 promoters in
transient transfection assays [173], enhanced IL-4 gene expres-
sion in NFAT1-null mice probably does not reflect a direct
repressive effect of NFAT1 on Th2 gene expression. Instead,
the Th2-bias of these mice may be the result of immune
hyperproliferation due to the inhibited regulation of NFAT1-
dependent genes that keep Th2 lymphocyte proliferation and/
or cellcycle progression in check (e.g. CDK4 and ROG [174,
175]). NFAT proteins can therefore influence patterns of Th
cytokine gene expression both directly and indirectly and the
effect of a given NFAT family member will depend on
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FIGURE 6. Conserved regulatory elements in the T-helper cell (Th) type-2

gene cluster identified using DNase hypersensitivity analyses and/or cross-species

sequence alignment. A locus control region (LCR) in the 39-region of the RAD50

gene was recently identified using transgenic mice. Conserved nucleotide

sequence-1 (CNS-1) is located in between the interleukin (IL)-4 and IL-13 genes

and has been implicated in Th2 lineage commitment. Two nearby elements 39 of the

IL-4 gene have opposing functions. The VA enhancer is required for maximal IL-4

gene expression and Th2 differentiation, whereas the hypersensitive site IV silencer

suppresses IL-4 in naı̈ve, Th1 and Th2 cells. CNS: conserved nucleotide sequence;

HS: hypersensitive.
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differences in strength and duration of activation, and possibly
interaction with unique co-factors.

The current authors demonstrated in T-cell lines that gluco-
corticoids interfere with NFAT2-driven IL-4 promoter activity
via a novel protein-protein interaction between the glucocorti-
coid receptor and NFAT2 [176], which may help explain some
of the inhibitory effects of GC on IL-4 gene expression. New
calcineurin antagonists are under development that may also
prove to be useful agents in allergic asthma, especially if used
in conjunction with glucocorticoids. Interestingly, there is
some evidence that activation of NFAT proteins correlates with
predisposition to atopy and asthma. For example, CHAN et al.
[177] showed that NFAT was preferentially activated in
peripheral blood mononuclear cells of subjects with atopic
dermatitis using nonspecific pharmacologic agonists. In addi-
tion, KEEN et al. [178] showed that NFAT2 activation correlated
with preferential IL-4 gene expression in ‘‘asthma susceptible’’
A/J mice (compared with resistant C3H/HeJ mice). The
biochemical basis for these differences is unclear at present
but deserves further study.

The activator protein-1 family (including junB) and c-Maf
Ap-1 is made up of members of the c-Fos and c-Jun families of
transcription factors that dimerise via their leucine zippers and
regulate the expression of diverse groups of genes in multiple
lung cell types [179]. As discussed above, AP-1 interacts with
NFAT in IL-4 gene regulation, and a similar interaction is
involved in regulation of the IL-5 promoter [161]. It is currently
unknown whether AP-1 proteins are involved in IL-13 gene
regulation: preliminary evidence suggests that NFAT:AP-1
interactions are dispensable for IL-13 promoter activity [161].
Several reports show that distinct AP-1 family members are
important for IL-4 gene expression in Th2 cells. For example, LI

et al. [180] showed that junB was preferentially expressed in
Th2 cells, activated the IL-4 promoter in transient transfection
assays and enhanced IL-4 gene expression in transgenic
animals. This result was surprising because junB was
originally discovered as a kinase-inactive mutant that could
repress the transacting functions of c-Jun [181]. In a recent
paper, HARTENSTEIN et al. [186] generated transgenic mice
expressing junB under the control of ubiquitin promoter in
order to rescue the embryonic lethality of junB-null mice.
Lymphocytes isolated from these chimeric animals expressed
little or no junB and showed significantly reduced levels of IL-
4. Furthermore, there was a concomitant decrease in
ovalbumin-induced airways inflammation in junB-null chi-
meric mice. Clinical studies linking junB activation and/or
expression in humans with asthma are currently lacking.

Another leucine-zipper containing transcription factor impor-
tant for IL-4 transcriptional activation in Th2 cells is c-Maf.
Since the original description by HO et al. [183] that c-Maf was
preferentially expressed in Th2 clones and could induce IL-4
gene expression when overexpressed in B-cell lines, several
studies have refined the understanding of the role of this factor
in Th2 gene regulation. Current thinking is that c-Maf directly
activates IL-4 but not IL-13 gene expression, and can do so in
concert with other factors, including NIP-45, NFAT, and junB
[180, 184, 185]. Furthermore, c-Maf can directly suppress IFN-c
production, independently of IL-4 [186]. Thus, these studies
suggest that c-Maf plays an important role in Th2 polarisation.

Studies using c-Maf gene-targeted mice should prove interest-
ing in this regard. Interestingly, LI-WEBER et al. [187] found that
the Maf response element was dispensable for full activation of
the human IL-4 promoter, possibly reflecting subtle sequence
divergence downstream of this site. Thus, the function of c-Maf
in transcriptional regulation of the human IL-4 gene requires
further study. Interestingly, two studies found increased
expression of c-Maf in bronchial biopsies or induced sputum
leukocytes in asthmatics compared with controls [31, 188]. The
function of c-Maf in these cells, and whether this increased
expression reflects Th2 skewing of cells in asthmatics or other
factors, remains to be determined.

Other AP-1 proteins besides JunB and cMaf have been shown
to bind the IL-4 promoter in gel shift assays, but to date none
has demonstrated selective expression in Th subsets. However,
the c-Jun N-terminal kinases JNK1 and JNK2, which regulate
c-Jun activity, play complex roles during Th2 differentiation.
Experiments using gene-targeted or transgenic mice found that
JNK1 surprisingly antagonised Th2 differentiation, especially
during early stages of naı̈ve T-cell activation. This was
attributed to phosphorylation of other targets besides AP-1,
such as NFAT2. In contrast, JNK activity was required for full
IL-4 expression in effector T-cells. These studies underscored
the notion that Th differentiation in naı̈ve T-cells and
subsequent cytokine gene expression in re-stimulated effector
T-cells are distinct biochemical events with distinct intermedi-
aries. This notion is also useful for considering the roles of
other transcription factors in Th2 gene regulation, including
Stat6 and GATA3 (see below).

CCAAT-enhancer binding protein
Members of the CCAAT-EBP family are also potent transacti-
vators of the IL-4 gene. C/EBP-b in particular binds to multiple
sites in the IL-4 promoter, some of these in a Th2-speficic
manner, and mutational analysis indicates that these sites are
essential for IL-4 transcriptional regulation [147, 187]. C/EBP
also activates the IL-5 promoter [189]. The signalling cascades
that activate C/EBP in T-cells are complex, and appear to be
distinct from those that activate NFAT. For example, C/EBP is
activated in T-cells in a PKC-dependent, calcineurin-indepen-
dent manner. One possibility is that signals downstream of the
IL-6 receptor (known to activate C/EBP in other cell types) are
involved in this process. However, although IL-6 can enhance
IL-4 gene expression and Th2 differentiation [190], this was
recently attributed to a novel enhancing effect of IL-6 on
NFAT2 expression [191]. Additional studies of the effects of IL-
6 and related cytokines on C/EBP activation in T-cells should
help address this issue. Studies using retrovirally-mediated
overexpression of C/EBP-b in mouse lymphocytes provided
strong confirmation that this factor enhances IL-4 (and
represses IFN-c) expression in primary cells [192]. Future
studies in which the levels of C/EBP-b can be genetically
manipulated in mice should help address its role in
allergen-driven Th2 pulmonary immune responses.
Interestingly, defective expression of C/EBPa was recently
found in bronchial smooth muscle cells (but not circulating
lymphocytes) in subjects with asthma [193]. This defect in
C/EBPa conferred resistance to the inhibition of smooth
muscle cell proliferation by glucocorticoids, which was
restored by overexpressing C/EBPa. This study showed

TH2 REGULATION IN ALLERGY S.N. GEORAS ET AL.

1126 VOLUME 26 NUMBER 6 EUROPEAN RESPIRATORY JOURNAL



that while C/EBP-b can contribute to Th2-mediated inflamma-
tion, defective expression of C/EBP-a also leads to smooth
muscle dysfunction in asthma [194]. This has important
consequences for understanding how to position C/EBP as a
potential therapeutic target. The ideal strategy would be to
antagonise C/EBP-b in lymphocytes while restoring C/EBPa
in bronchial smooth muscle cells, which will be a challenging
task.

Signal transducer and activator of transcription-6
Ligation of the IL-4 and IL-13 receptors leads to the
phosphorylation and activation of latent cytoplasmic Stat6,
and current thinking is that Stat-6 mediates most of the
transcriptional programmes that are downstream of IL-4/IL-13
signalling. The essential role of IL-4 in Th2 polarisation was
discussed above, and studies using gene-targeted mice
demonstrated that this requires Stat6 [195]. The molecular
mechanisms by which Stat6 activates Th2 cytokine gene
transcription are indirect. The current authors and others
detected Stat6 binding sites in the IL-4 promoter, suggesting an
initial model in which IL-4-induced Stat6 simply enhanced
transcriptional activation of the IL-4 gene. However, in
transient transfection assays Stat6 paradoxically repressed IL-
4 promoter activity by displacing NFAT [148]. In support of
this model, a recent study by DORADO et al. [196] showed that
Stat6 downregulates IL-4 expression at later stages of Th2 cell
activation. That Stat6 can downregulate gene expression
(including chemokines) in the allergic lung was recently
demonstrated by FULKERSON et al. [197]. Whether or not Stat6
directly regulates the transcription of other Th2 cytokines will
require further research. One way that Stat6 might indirectly
promote Th2 expression is at the level of chromatin remodel-
ling; recent data suggest that Stat6 binds to a locus control
region required for opening chromatin structure in the Th2
gene cluster on chromosome 5 (see below). A third way Stat6
might indirectly regulate Th2 responses is by enhancing the
expression of other Th2 transcription factors, such as GATA3
and c-Maf (fig. 7) [198]. Although two GATA3 promoter
regions have been identified [199], direct evidence that Stat6
activates the GATA3 promoter is currently lacking. Another
indirect effect of Stat6 is to promote the survival of Th2 cells. In
two key studies, ZHU and co-workers [200, 201] showed that
Stat6 is necessary and sufficient for the Th2 expansion in part
by inducing the expression of growth factors (e.g. Gfi-1) that
promote the proliferation of Th2 cells and prevent their
apoptosis. Recent studies have shown that the requirement
for Stat6 in Th2 differentiation is not absolute. For example, in
gene-targeted mice lacking the inhibitory molecule CTLA-4,
Th2 differentiation can proceed in the absence of Stat6 [202].
This study showed that unopposed TCR signalling can
substitute for Stat6 in some settings (possibly due to the
recently described ability of IL-2 and Stat5 to drive Th2
differentiation).

Studies using gene-targeted mice have also demonstrated an
essential role for Stat6 in allergic airway inflammation [203].
Molecules induced by Stat6 in the lung are numerous and
include Th2-induced chemokines, such as eotaxin (CCL11) and
possibly mucus genes. Stat6 is ubiquitously expressed, and
regulates IL-4- and IL-13-induced gene expression in multiple
lung cell types. KUPERMAN et al. [46] generated transgenic mice

in which Stat6 expression was restored in airway epithelial
cells in an otherwise Stat6-null background. Mucus production
and AHR, two cardinal features of asthma, were induced in
these Stat6-expressing mice, but not controls, in an IL-13-
dependent manner [46]. This was associated with the expres-
sion of a remarkably small subset of genes [204]. These studies
suggested that the key IL-13/Stat6 target in asthma is a
structural lung cell. However, adoptive transfer experiments
using wild-type and Stat6-deficient T-cells found that the
expression of Stat6 in lymphocytes (and not the recipient lung)
was essential for AHR [205]. In a model of helminth-induced
lung eosinophilia, it was recently shown that Stat6 expression
in a bone-marrow derived cell was essential for eosinophil
recruitment to the lung [75]. Future studies in which Stat6
expression can be genetically manipulated in discrete cell
lineages should help identify the key Th2 target cell(s) in
models of asthma. Interestingly, Stat6 was found to be
overexpressed in bronchial mucosal biopsies from subjects
with atopic asthma compared with nonatopic asthmatics or
controls [31]. In addition, allergen challenge induced the
expression of Stat6 in the nasal mucosa that could be blocked
by topical steroids [206]. Since most studies using purified cells
ex vivo show that Stat6 is equally expressed in Th1 and Th2
cells, these studies suggest that the airway microenvironment
promotes Stat6 expression: the biochemical basis of this
remains to be determined. Single nucleotide polymorphisms
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FIGURE 7. Regulation of T-helper cell type-2 (Th2) differentiation by signal

transducer and activator of transcription (Stat)6 and GATA3. Interleukin (IL)-4-

activated Stat6 can enhance Th2 responses by inducing the expression of genes

that promote Th2 survival (e.g. Gfi), and binding to a locus control region (LCR)

located in the Th2 gene cluster. The potential ability of Stat6 to enhance GATA3

expression is indicated by the dashed line. The signalling pathways that activate

GATA3 in re-stimulated Th2 cells require further study. GATA3 can bind to several

sites in the Th2 gene cluster to induce chromatin remodelling in naı̈ve Th cells, and

activate IL-13 and IL-5 transcription in re-stimulated Th2 cells. TCR: T-cell receptor;

CGRE: conserved GATA response element; Gfi: growth factor independent-1.
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in Stat6 have been associated with asthma, but their functional
significance is currently unknown [97].

CP-2 and Yin-Yang-1
During a detailed deletion analysis, the current authors
discovered binding sites for additional factors in the IL-4
promoter, including CP-2 and Yin-Yang-1 (YY-1) [149, 150].
Emerging data suggest that these factors play a previously
underappreciated role in IL-4 gene regulation. CP-2 (also
known as LBP1) was originally identified as a transcription
factor required for a-globin expression. It is now known that
CP-2 is expressed in multiple cells types and can regulate the
expression of many genes. Using transient transfection assays,
the current authors found that the integrity of the IL-4
promoter CP-2 site was essential for both constitutive and
inducible promoter activity. Furthermore, the expression of a
dominant negative CP-2 construct (LBP-1d) inhibited IL-4 gene
expression in the D10 Th2 line [149]. The signalling pathways
that lead to CP-2 activation in T-cells are currently under
study, and involves members of the MAPK family.
Interestingly, in ongoing studies the current authors have
found that expression of CP-2 is also upregulated in
differentiating human Th2 cells. Thus, CP-2 represents a novel
transcriptional regulator of IL-4.

Using similar approaches, the current authors uncovered four
binding sites for the pleiotropic factor YY-1 in the proximal IL-
4 promoter. These sites (termed the Y elements, Y0–Y4) are
located adjacent to or overlapping with the purine-rich NFAT
sites described above. Using a careful mutagenesis strategy to
preserve the integrity of the adjacent NFAT site, the authors
found that mutation of Y0 had a particularly drastic effect on
IL-4 promoter activity in transient transfection assays [150].
Surprisingly, in co-transfection assays the authors did not
observe any positive interactions between YY-1 and NFAT
proteins in driving the IL-4 promoter. Thus, despite their close
association on the DNA-template, YY-1 and NFAT appear to
enhance IL-4 transcriptional activity by distinct mechanisms.
YY-1 can interact with a diverse array of other co-factors
including histone-modifying enzymes [207], and one possibi-
lity is that YY-1 recruits these enzymes to the IL-4 locus. YY-1
has been shown to repress the IL-5 promoter in T-cell lines
[208], and can also bind to the IFN-c promoter [209]. The ability
of YY-1 to regulate IFN-c promoter activity is controversial,
with both enhancing and repressing effects shown in different
experiments [209, 210]. Whether or not YY-1 plays a role in T-
cell polarisation is currently unknown. YY-1 was recently
shown to regulate MCP-4 expression via a polymorphic site in
the MCP-4 promoter [211]. Since deletion of YY1 results in
early embryonic lethality, it will be necessary to manipulate the
expression of YY1 at different stages of lymphocyte develop-
ment in order to address its role in T-cell differentiation and
allergic airway responses. Although it is known to be a
constitutively nuclear phospho-protein, emerging data suggest
that the expression and/or function of YY-1 can be altered by
post-translational modifications. For example, BOVOLENTA et al.
[212] showed that YY-1 was proteolytically degraded in
IL-2-treated peripheral blood mononuclear cells, and YAO

et al. [213] showed that the transacting function of YY-1 was
regulated by lysine acetylation. Studies aimed at dissecting the

signalling cascades that regulate the expression and function of
YY-1 in the lung are ongoing.

GATA3
Since the original description by ZHANG et al. [214] that GATA3
expression was upregulated in Th2 cells but downregulated
during Th1 differentiation, research by several laboratories has
documented the key role this factor plays in the coordinate
induction of Th2 cytokine gene expression and differentiation
[151]. The preferential expression of GATA3 in Th2 cells
involves signals provided by Stat6 and nuclear factor-kB [41,
72, 198], as well as an auto-activation positive feedback loop
that stabilises GATA3 expression [215]. The signals that
extinguish GATA3 expression following T-cell activation
under neutral or Th1 conditions are less clear. Another
important property of GATA3 is its ability to repress IFN-c
gene expression, thus serving to reinforce the Th2 phenotype
[216]. Interestingly, distinct domains of GATA3 appear to be
required for activation of Th2 cytokines compared with
repression of IFN-c [217]. Definitive evidence of the essential
role for GATA3 in Th2 differentiation was recently provided
by ZHU et al. [218]. Using conditional deletion of GATA3 in
lymphocytes, ZHU et al. demonstrated that GATA3 was
essential for both initiating Th2 responses and maintaining
Th2 survival in vivo. Furthermore, deletion of GATA3 resulted
in Th1 differentiation in the absence of Th1-inducing factors
(e.g. IL-12), showing that GATA3 is a principal switch for Th1/
Th2 responses [218]. The precise binding sites of GATA3 in the
Th2 locus are under study. High-affinity GATA3 binding sites
are located upstream of the IL-5 and IL-13 genes, but
interestingly not in the IL-4 promoter [163, 214, 219]. In the
report by ZHU et al. [218] conditional deletion of GATA3 in
already committed Th2 cells inhibited the expression of IL-5
and IL-13, but only slightly blocked IL-4 production (little
change in the number of IL-4 positive cells but ,50% reduction
in their mean fluorescence intensity by intracellular staining
and flow cytometry). This is compatible with a model in
committed Th2 cells, in which GATA3 acts at the transcrip-
tional level to primarily enhance promoter-driven expression
of IL-5 and IL-13, with less effects on IL-4, although this a
controversial area where more research is needed. The ability
of GATA3 to initiate Th2 differentiation may be independent
of its ability to promote transcriptional activation; the potential
role of GATA3 in chromatin remodelling at the Th2 gene
cluster is discussed in the concluding section of this review.

Several studies have directly linked GATA3 with allergic
airway inflammation in mouse models and in man. For
example, FINOTTO et al. [220] showed that inhaled GATA3
antisense oligonucleotides suppressed Th2 cytokine expression
and AHR in mice. ZHANG et al. [40] created transgenic mice
expressing an inducible GATA3 dominant negative in T-cells,
and provided definitive evidence of the role of GATA3 in
allergen-driven Th2 cytokine production and airway inflam-
mation. Studies analysing GATA3 expression by immunohis-
tochemistry found that GATA3 expressing cells were more
numerous in airway biopsies from asthmatic compared with
control subjects, and that GATA3-positive cells were strikingly
increased following allergen challenge [29, 221]. If GATA3
expression is used as a surrogate marker of Th2 commitment,
then these studies show that there is a striking enrichment of

TH2 REGULATION IN ALLERGY S.N. GEORAS ET AL.

1128 VOLUME 26 NUMBER 6 EUROPEAN RESPIRATORY JOURNAL



Th2 cells following allergen challenge. A recent study found
that three haplotypes within the GATA3 gene were associated
with asthma and atopy-related phenotypes [98]. This study
lends support to the idea that Th2 skewing in allergic
individuals has a genetic basis.

Th2 chromatin-based gene regulation
In addition to the acute transcriptional events outlined above,
which occur after TCR and co-stimulatory molecule-dependent
activation of NFAT and other factors, there is now substantial
evidence the transition of a naı̈ve Th cell into a Th2 effector is
also regulated at the level of chromatin remodelling. In this
model, chromatin structure at the Th2 locus in resting naı̈ve T-
cells is generally repressive for transcription because of tight
interactions between histone and other proteins and the DNA
template. Under Th2-biasing conditions (e.g. strong IL-4
receptor), chromatin is remodelled into a more permissive
form that allows easier access of NFAT and other transcription
factors required for sustained, high-level IL-4 gene expression.
Remodelled states of chromatin are passed on to daughter cells
after mitosis and represent an epigenetic trait [222]. The precise
biochemical basis of chromatin remodelling in Th2 cells is
under investigation, and involves post-translational acetyla-
tion and methylation of histones as well as passive de-
methylation of DNA [166, 223, 224]. Equally important in
Th2 cells is silencing of the IFN-c gene which also happens in
part at the epigenetic level.

The DNA elements that regulate chromatin remodelling are
under active study. Definitive evidence that an element acts at
the chromatin level requires experiments using gene-targeted
or transgenic mice in which the element of interest is used to
drive expression of a reporter gene. Elements that confer copy-
number dependent and integration site-independent patterns
of gene expression when to linked reporter genes are
operationally defined to as locus control regions (LCRs)
[225]. LCRs have been characterised at a few genetic loci and
are thought to spread open chromatin domains over thousands
of base pairs of DNA, thus facilitating the expression of gene
clusters. LCRs may or may not act as classical enhancers in
standard transfection assays. A candidate LCR was recently
identified in the 39 region of the RAD50 gene (fig. 6) [224]. The
DNA binding factors that regulate the LCR are under
investigation by several groups, and appear to include Stat6
but interestingly not GATA3 [226]. In addition to the LCR,
several elements around the IL-4 gene act in concert at the
chromatin level to restrict IL-4 gene expression to Th2 cells
[227].

The LCR and other regulatory elements were discovered on
the basis of DNase hypersensitivity analyses. Another means
of identifying important noncoding elements involved in gene
regulation involves cross-species sequence comparison. If an
intronic or noncoding element is conserved in multiple species,
this argues that it serves a functional role presumably in gene
regulation. In a ground-breaking paper, LOOTS et al. [228]
identified several regions throughout the Th2 locus that were
highly conserved, located mostly in noncoding regions, and
several hundred base pairs in length. One of these was ,400
base pairs in length and located between the IL-4 and IL-13
genes (conserved nucleotide sequence-1 (CNS-1), fig. 6) [228].
Deletion of CNS-1 in mice resulted in a reduced frequency of

IL-4-positive cells and a modest impairment in IL-4 production
per cell, reflecting reduced lineage commitment consistent
with effects on chromatin remodelling [229]. The response of
CNS-1-null mice to inhaled helminth challenge was blunted
(e.g. reduced AHR and immunoglobulin E), showing that
despite small changes in overall IL-4 expression-reduced
lineage commitment can have substantial effects on pulmonary
Th2 immune responses [229]. The combination of DNase
hypersensitivity analysis and cross-species sequence alignment
was used to identify other regulatory elements important for
IL-4 gene expression, the VA enhancer and hypersensitive (HS)
IV silencer. Both of these are located 39 of the IL-4 gene, and
have been deleted in the germ line in mice with interesting
phenotypes (fig. 6). The VA enhancer, which binds NFAT and
GATA3, was discussed above and is required for full IL-4
expression in T-cells and mast cells. The phenotype of HS IV
gene targeted mice was recently reported [230]. IL-4 and IL-13
expression were enhanced in naı̈ve HS IV-null T-cells with
concomitant Th2 skewing. Furthermore, IL-4 was aberrantly
expressed in Th1 cells and impaired the Th1 immune response
to Leishmania major. At present, contributions of the VA

enhancer and HS IV silencer to chromatin remodelling are
unclear. It will be interesting to discover the identity of
transacting factors that bind to the putative LCR, CNS-1 and
other noncoding regulatory regions in the Th2 gene cluster.
Studying the expression and regulation of these factors in Th2
immune responses in asthma should prove worthwhile. LOOTS

et al. [231] recently developed a computational tool for high-
throughput discovery of conserved DNA sequences termed
rVista. rVista combines clustering of predicted transcription
factor binding sites and the analysis of interspecies sequence
conservation to maximise the identification of functional
elements. This web-based tool should be helpful to many
investigators interested in gene regulation.

DIFFERENCES BETWEEN MOUSE AND MAN?
Polarisation of the cytokine repertoire is a feature of both CD4+
and CD8+ T-cells. Although originally defined in mouse T-
helper clones [232], Th2 polarisation has been observed in
many species including cats, dogs, cows, horses, monkeys and
humans. Due to the ease with which they can be grown and
genetically manipulated, the vast majority of studies todate
have been performed using mouse cells. Human T-cells behave
similarly and can be polarised in vitro by stimulation via the
TCR, co-stimulatory receptors and exogenous IL-4 [233, 234].
Thus, Th2 differentiation represents a programme of coordi-
nated gene expression that is conserved through evolution.
ROGAN et al. [235] recently showed, using a novel transgenic
mouse model, that human Th2 cytokine genes are coordinately
induced under Th2 conditions similar to their mouse counter-
parts. Thus, even though they are not genetically identical, the
human and mouse Th2 gene clusters are both subject to
coordinate regulation in vivo. However, there are some
apparent species-specific differences between man and mouse
in the Th differentiation programme. For example, there is
inter-subject variability in Th2 polarisation, and it is often
necessary to use prolonged polarising conditions to uncover
distinct Th subsets using human T-cells (e.g. up to several
weeks [234]). This probably reflects both genetic variability in
the outbred human population, as well as difficulties in
obtaining truly naı̈ve precursor T-cells to study. One way
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around the latter problem is to use cord-blood derived T-cells
[233]. In addition, differences in the expression and role of
polarising transcription factors in human versus mouse Th2
cells are beginning to emerge. For example, despite polarisa-
tion of the cytokine repertoire, the extinction of GATA3 and T-
bet under Th1 and Th2 conditions, respectively, is often not as
dramatic using human Th cells (De Fanis and Casolaro, John
Hopkins Asthma and Allergy Centre, Baltimore, USA; perso-
nal communication). It was also recently found that T-bet does
not extinguish IL-2 or IL-4 in human Th2 cells as effectively as
in mouse Th2 cells [236]. In addition, c-Maf is not so clearly a
Th2-restricted factor in human Th cells [234], and the human
IL-4 promoter c-Maf response element is dispensable for full
promoter activity [187]. The physiological significance of these
observations is currently uncertain, but one possibility is that
there are alternative pathways to Th2 cytokine gene expression
in human T-cells (i.e. c-Maf- and/or GATA3-independent?);
this should be an interesting area for future research.

SUMMARY
The understanding of the cellular and molecular regulation of
immune responses has increased at a dramatic pace. There is
now have an unprecedented understanding of the molecular
factors and biochemical processes involved in Th2 gene
regulation. Many key insights have been obtained using
gene-targeted or genetically modified mouse strains, and the
challenge for the future will be to translate this understanding
into clinically meaningful insights into asthma pathophysiol-
ogy and therapy.
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