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Asthma is a clinical syndrome characterized by intermit-
tent episodes of wheezing and coughing. The diagnosisis
confirmed by abnormal lung physiology, including
reversible airway obstruction and airways hyperrespon-
siveness (AHR). The pathologic manifestations of asthma
include airway inflammation, airway remodeling, and
mucus hypersecretion. Since the advent of bronchoscopy,
we have been able to assess the lower airways in asthmat-
ics during periods of disease activity and when the disease
is quiescent and lung function is normal. From these stud-
ies, it has become clear that persistent inflammation is
central to the pathogenesis of asthma. Bronchoscopic
biopsies, bronchoalveolar lavage (BAL), and bron-
choprovocation studies in patients with allergic asthma,
intrinsic (nonallergic) asthma, or isocyanate-induced asth-
ma show similar characteristic inflammatory responses.
Increased numbers of inflammatory cells, predominantly
eosinophils and lymphocytes, infiltrate the mucosa and
submucosa in asthmatics independent of the etiology. It
is now believed that airway inflammation leads to AHR
(reviewed in ref. 1), airway remodeling (see article by Elias
etal. in this series), and mucus hyperplasia (2, 3).

Our objective in this review is to define the role of CD4*
Th2 cells in asthma and to detail the cellular and molec-
ular mechanisms involved in the generation of Th2 cells
in the respiratory tract. By outlining the steps that occur
in Th2 cell differentiation, recruitment, and activation in
the lung, we will define novel points at which we may be
able to direct immunologic and pharmacologic interven-
tions in the treatment of this disorder.

CD4"* T cells in astbma. CD4" T cells are believed to play a
crucial role in controlling inflammation in asthma. They
make up the predominant lymphocyte population that
infiltrates the airways in asthmatics, and are activated in
these sites, expressing the surface activation markers
MHC class IT and CD25 (IL-2R) (4, 5). Although CD4" T
cells make up only a fraction of leukocytes in the lung,
they are critically important for adaptive immunity in nor-
mal individuals. They have the ability to rapidly expand in
response to specific stimuli, and through the release of
cytokines, CD4* T cells communicate with other cells, ini-
tiating cascades of inflammatory mediators for effective
host defense. In addition to CD4* T cells, CD8* T cells and
Y/OT cells have been identified in the airways of asthmat-
ics (S), but their roles in orchestrating pulmonary immune
responses are less clear. CD4* T cells can also be memory
cells, retaining the ability to respond to an antigen for the
lifetime of the host. Thus, for all of these reasons, CD4* T
cells are believed to initiate and perpetuate the inflamma-

tory response that is characteristic in asthma.

Association of CD4* Th2 cells and asthma. Antigen-activated
CD4* T cells can differentiate into effector cells that pos-
sess distinct functional properties conferred by the
cytokines they secrete (6, 7). Th1 cells are a subset of CD4*
T cells that secrete the macrophage-activating factor IFN-
Yand lymphotoxin, whereas CD4* Th2 cells produce a dif-
ferent panel of cytokines, including IL-4, IL-S,and IL-13 (8,
9). Thl cells stimulate strong cell-mediated immune
responses, particularly against intracellular pathogens.
Th2 cells, through the production of IL-4 and IL-13, are
potent activators of B-cell antibody production, particu-
larly IgE (10). IL-5 secretion by Th2 cells is critical for
eosinophil differentiation and maturation (11, 12).

In asthmatics, CD4* T cells producing IL-4, IL-5, and IL-
13 have been identified in BAL and airway biopsies. These
cytokines are secreted in the airways of patients with mild
or asymptomatic disease (5, 13). After antigen challenge in
allergic asthmatics, Th2 lymphocytes are increased in the
airways of patients (1, 5, 13). Because Th2 cells have been
identified in the airways of asthmatics, and because Th2
cytokines are required for the development of airway
eosinophilia and IgE, it has been proposed that Th2 cells
stimulate an inflammatory response that results in asthma.

The hypothesis that Th2 cell activation leads to the
development of asthma has caused debate, as some stud-
ies failed to show typical Th2 cytokine patterns in the
airways of asthmatics. In nonallergic (intrinsic) asth-
matics, for example, IL-5, but not IL-4, protein was
detected in BAL fluid and in supernatants from BAL
lymphocytes (5). Yet, in allergic asthmatics, both IL-4
and IL-5 were produced. This variable expression of Th2
cytokines suggested that different cytokines could stim-
ulate the pathologic changes in asthma. More recent
studies show that mRNA for IL-13 is expressed in CD3*
cells in airway biopsies of both allergic and nonallergic
asthmatics (14, 15), suggesting that a “true” Th2 pheno-
type characterizes asthma independent of the etiology.

Th1 cells were also identified in the airways of asth-
matics, and were speculated to play a role in the patho-
genesis of the disease (16). When activated nonspecifi-
cally, BAL cells recovered from allergic asthmatics
produced IFN-y (17, 18). Yet, bronchoprovocation with
allergen did not lead to an increase in IFN-y production
(19), indicating that the Th1 cells present in the airways
of asthmatics are not allergen-specific. They may be
bystanders in the airways, responding to other antigens
or, alternatively, functioning in a regulatory capacity.

Th2 cells induce characteristic features of asthma in animal
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studies. Whereas investigations in humans highlight an
association of Th2 cells and asthma, animal studies
show cause and effect. Many studies have shown that
eosinophilic airway inflammation and AHR are depend-
ent upon CD4" T cells (1, 12). In addition, adoptive
transfer of CD4* T cells from animals with antigen-
induced AHR resulted in airway inflammation and
hyperresponsiveness in aerosol-challenged recipient
mice (20). The ability of Th2 cells to stimulate the char-
acteristic features of asthma was recently shown. When
antigen-specific Th1 or Th2 cells were generated in vitro,
transferred into recipient mice, and activated in the res-
piratory tract with inhaled antigen, Th2 cells induced
airway eosinophilia, mucus hypersecretion, and AHR (2,
21). Thl cells resulted in a neutrophil-predominant
inflammatory response without any of the characteris-
tic features of asthma. Thus, Th2 cells can activate
inflammatory pathways that result in airway inflamma-
tion and AHR after short-term exposure to antigen. Con-
stitutive production of individual Th2 cytokines has also
been found to induce an asthma-like syndrome. Trans-
genic mice that overexpress the Th2 cytokines — IL-4, IL-
S5, IL-13, and IL-9 — in the airway epithelium exhibit
common inflammatory features in the airways, includ-
ing eosinophilia and mucus overproduction. Transgenic
mice that overexpress IL-13, IL-9, and IL-5 showed AHR
and collagen deposition in the airways, indicating that
chronic exposure to Th2 cytokines can also induce air-
way remodeling (see article by Elias et al. in this series).
Therefore, it appears that activation of Th2 cells is suffi-
cient for the induction of inflammation and the chron-
ic pathologic changes associated with asthma.

Animal studies have now demonstrated how individ-
ual Th2 cytokines control different features of the
inflammatory response in asthma. IL-5 production is
essential for airway eosinophilia (12), and, in some cases,
AHR depends on eosinophilia (1). Recent studies have
shown that the induction of AHR, eosinophilia, and
mucus production by Th2 cells requires signaling
through IL-4R (1). This appears predominantly to reflect
the role of IL-13 in these processes (22, 23), because in
the absence of IL-4, AHR, lung eosinophilia, and mucus
production can still be induced (2, 21). Whether IL-4 can
also stimulate these asthmatic phenomena in the
absence of IL-13 has not yet been shown. IL-4 is critical

Figure 1

Generation of Th1 and Th2 cells from a naive CD4* T cell. A naive CD4*
T cell does not secrete cytokines, and has low levels of GATA-3 and c-
Maf expression. Differentiation along the Th1 or Th2 pathway is trig-
gered by stimulation with antigen (Ag), presented to the T-cell receptor
in the context of MHC by the appropriate APC, and by a second signal,
imparted by ligation of costimulatory molecules B7-1/B7-2 and CD28.
In the lung, DCs represent the key APC. The DCs have been classified
into 2 subsets: mature (DC1) and immature (DC2). The mature DCs
express high levels of MHC class Il on their surface and produce IL-12,
which drives Th1 differentiation. The immature DCs express low levels
of MHC class Il and produce IL-10, which favors Th2 differentiation.
Furthermore, the cytokine(s) present in the microenvironment, IL-4/IL-
10 versus IL-12, plays a decisive role in orchestrating the differentiation
along the Th1 or Th2 lineage.

for Th2 cell induction, and IL-4 may be required for the
persistence of Th2 cells in vivo in the lung (24).

Th2 cytokines can induce a constellation of patho-
physiologic changes in animals that resemble human
asthma. But, the production of IL-4, IL-5, and IL-13 is
not exclusive to CD4* T cells. In fact, CD8* and y/dT
cells, and eosinophils, mast cells, and basophils have all
been shown to produce these cytokines. Of all of these
inflammatory cells, CD4" T cells are typically present in
higher numbers in the respiratory tract, thus explaining
why the pathophysiologic abnormalities depend on
CD4* T cells in many animal models of asthma. But, in
certain animal systems, eosinophils, mast cells, and CD8
or Y/ T cells have been shown to contribute to airway
inflammation and AHR (25, 26). Different animal
strains or variations in methods for induction of airway
inflammation may accentuate the effects of one cell type
or another. Thus, these divergent results may indicate
that the consequences of inflammation in a particular
animal model depend on a non-CD4* T cell that is con-
tributing Th2 cytokines. What appears to be clear at
present is that the secretion of Th2 cytokines is critical
for the induction of the characteristic airway inflamma-
tion in animal models of asthma. In humans, Th2 cells
are present and actively secreting cytokines in the air-
ways. These cytokines influence the inflammatory
response and likely lead to the pathophysiologic changes
associated with asthma.

Th2 cell generation. Naive CD4* T cells encounter antigen
in the lymph node, where they are stimulated to differen-
tiate along 1 of 2 pathways: Th1 or Th2 (Figure 1). Once
matured, these effector Th cells can be called into an area
of inflammation, such as the lung, where they produce
cytokines, resulting in the initiation of cascades of inflam-
matory mediators. After performing their secretory func-
tion, effector Th1 or Th2 cells are believed to have 1 of 2
fates. They may either undergo cell death or become part
of a memory cell population. CD4* memory T cells are
long-lived, maintain their polarity as Th1 or Th2 cells, and
thus can be restimulated with specific antigen to secrete
the same cytokines as they did previously. Once an anti-
gen-specific, Th2-dominated response is established in the
lung, it may persist for the life of the host.

Cellular basis of Th2 cell induction in the respiratory tract. A
variety of different factors have been shown to control
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whether naive CD4" T cells develop into Th1 or Th2 cells.
The most potent signals in influencing this process are
cytokines. If CD4* T cells are activated by antigen/antigen-
presenting cells (APCs) in the presence of IL-12, a Th1-
dominated population will develop, whereas if IL-4 is pres-
ent in the environment, Th2 cells are induced. In the
respiratory tract, many studies now suggest that Th2
responses are preferentially stimulated. The cells that line
the bronchial airways create the cytokine microenviron-
ment that controls CD4* Th subset differentiation. Mast
cells secrete IL-4, IL-5, and IL-13 in response to cross-link-
ing of IgE by antigen or by non-IgE-mediated mecha-
nisms. In this manner, the early production of cytokines
may initiate a shift in the immune responses toward Th2.
Lymphocytes residing near the respiratory tract and
secreting IL-4 — including NK1.1, y/& T cells, and activat-
ed Th2 cells — may also influence the cytokine milieu and
shift a T-cell response toward Th2.

Dendritic cells (DCs), the predominant APC in the lung,
have also been shown to promote Th2 cell development in
the respiratory tract. DCs form a network within the air-
way mucosa where they take up and process inhaled anti-
gens and then migrate to local lymph nodes to present the
processed antigen to CD4" T cells. Recent studies indicate
that respiratory tract DCs express low levels of surface
MHC class II, and produce IL-10 but minimal IL-12 — an
immature phenotype that favors Th2 cell differentiation
(27). These mucosal surface DCs, alternatively termed
DC2, preferentially stimulate Th2 cell developmentin an
IL-4-independent fashion (28). In contrast, mature DC1
cells isolated from peripheral lymphoid organs stimulate
the generation of Th1 cells. Th1/Th2 differentiation may
also be influenced by the interactions of costimulatory
molecules on APCs with their ligands on CD4* T cells.
Studies in other organs have shown the importance of
CD40-CD40L and CD80/CD86-CTLA-4/CD28 interac-
tions in Th2 generation (29). Elevated expression of both
CD80 and CD86 has been shown on APCs in asthmatics.
In the respiratory tract, these cell-surface interactions have
not yet been shown to control the polarization of CD4* T
cells toward Th1 or Th2, but these molecular interactions
are important for activation of naive CD4* T cells and for
recall Th responses. Lastly, some aeroallergens, including
the dust mite antigen Der p 1, have been observed to pos-
sess proteolytic activity that may shift responses in the
lung toward Th2, either through effects on the cytokine
milieu or on IgE regulation (30).

Th1 responses can be generated in the respiratory tract
when the appropriate stimulus is provided. For example,
pathogenic organisms that require macrophage activa-
tion for host defense, such as Mycobacterium tuberculosis,
stimulate IL-12 production by APCs, resulting in a Th1-
dominated, cell-mediated immune response.Generally,
the respiratory tract appears to have immunologic con-
trols that favor Th2 responses and thus may protect the
lung and preserve gas exchange by inducing humoral
responses rather than highly cellular responses that lead
to cell-mediated injury. In addition, Th2 cells activate
other noncellular mechanisms of host defense, such as
mucus production. Asthmatic individuals exhibit the
negative effects of these lung-protective immune
responses: chronic Th2 cell-induced inflammation in

the respiratory tract, mucus production, and recurrent
episodes of airway obstruction.

Molecular basis of the Th2 response. Although many dif-
ferent factors have been shown to control CD4* Th sub-
set differentiation, the mechanism(s) by which these fac-
tors regulate Th1/Th2 cell generation is poorly
understood. Recent studies, however, have demonstrat-
ed that differential cytokine production by Th1 and Th2
cells is regulated at the level of cytokine gene transcrip-
tion. They also demonstrate that this regulation involves
an interplay between chromatin structure, tissue-specif-
ic transcription factors, and probabilistic gene activa-
tion. Each is reviewed below.

Role of chromatin remodeling. A sequential 2-step model
involving differential programming in Th1 and Th2 cells
has been suggested by Agarwal and Rao to explain specific
cytokine gene expression in T-cell subsets (31). In this
model, naive T cells have a closed chromatin configuration
around the IL-4/IL-5/IL-13 and IFN-y gene loci (Figure 2).
In the first step, after cells are induced to differentiate by
antigen and cytokine, rapid chromatin remodeling and
CpG demethylation occur, with the acquisition of a char-
acteristic cell-specific open chromatin structure. This leads
to occupancy of the accessible DNA by Th2-specific tran-
scription factors such as GATA-3 and c-Maf in Th2 cells.
In the second step, these tissue-specific transcription fac-
tors synergize with transiently induced factors that are
more widely expressed, such as AP-1 and NF-AT, to induce
transcription of Th2 genes. It appears that the open chro-
matin configuration and the expression of tissue-specific
transcription factors are maintained in the polarized cells.
During subsequent antigenic stimulation of the memo-
ry/eftector cells, transcription factors such as AP-1 are rap-
idly induced and synergize with preexisting factors such as
GATA-3 and c-Maf, causing active transcription of the IL-
4/IL-5/IL-13 gene locus in Th2 cells. A similar model can
be envisaged for Th1 gene expression, although much less
information is presently available for Thl-specific gene
expression. Some of the key transcription factors in Th2-
specific gene expression are discussed below.

Transcription factors in Th2 differentiation and
gene expression
STATG6 and initiation of Th2 differentiation. The signal trans-
ducer and activator of transcription (STAT) proteins
play an important role in the selective response of cells
to particular cytokines (32). After stimulation with
cytokines, STAT proteins undergo phosphorylation by
the Janus family of kinases (Jak). This causes dimeriza-
tion and nuclear translocation of the proteins, wherein
they induce transcription of target genes. IL-4 engage-
ment with its receptor leads to phosphorylation of
STAT6 by Jak1 and Jak3, and results in the activation of
IL-4-regulated genes such as IL-4R, IgE, FcR, and MHC
class II molecules (32). An alternate pathway for STATG6,
particularly in humans, is through IL-13 (33). Whereas
IL-47/~ mice have residual Th2 responses, STAT6/~ mice
have almost complete abolition of Th2 responses. In
murine models of allergic inflammation, STAT67 mice
showed marked attenuation of pulmonary eosinophilia,
mucus production, AHR and serum IgE levels.

GATA-3: a key regulator of T-cell development, Th2 differen-
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Figure 2

Molecular mechanisms of differentiation of a naive CD4* T cell into Th2 cells. A naive CD4* T cell contains a condensed chromatin structure with
extensive methylation. Antigen stimulation and engagement of the IL-4R result in STAT6 activation, which, in turn, causes specific demethylation
around the IL-4/IL-5/1L-13 locus (similarly, antigen + IL-12 causes demethylation around the IFN-ylocus). Chromatin remodeling is accompanied by
induction of Th2-specific transcription factors such as GATA-3 and c-Maf, which bind to target sequences in the IL-4/IL-5/IL-13 locus. The chro-
matin — rendered accessible by demethylation and perhaps by binding of GATA-3, c-Maf, and other, currently undiscovered Th2-specific transcrip-
tion factors — is next bound by more widely expressed and transiently induced transcription factors such as AP-1, NF-kB, NF-ATc, and C/EBPP. This
may allow synergistic interactions between the tissue-specific and general transcription factors to occur, resulting in the active transcription of the
IL-4, IL-5, and IL-13 genes. Effector/memory cells are thought to be in a state of suspended animation, with an open chromatin structure and high
levels of GATA-3 and c-Maf expression. Restimulation of these cells by antigen would result in transient induction of the general factors leading to

rapid induction of Th2 gene expression.
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tiation, and the Th1/Th2 balance. GATA-3 was first described
as a transcription factor that interacted with the TCR-O
gene enhancer (34). GATA-3 belongs to the GATA family
of transcription factors, which bind to the WGATAR (W
= A/T; R = A/G) DNA sequence through a highly con-
served C, zinc-finger domain. Six members (GATA-1 to
GATA-6) of this family have been identified in avians,
with homologues in mammals and avians. Based on their
expression profile and structure, the GATA proteins may
be classified as hematopoietic (GATA-1 to GATA-3) (35)
or nonhematopoietic (GATA-4 to GATA-6).

Targeted disruption of the GATA-3 gene in mice
results in embryonic death on day 12, with a failure of
fetal liver hematopoiesis and defects in the central nerv-
ous system (36). The lethal effects of GATA-3 deficiency
were bypassed by generating GATA-37~ chimeras and by
using antisense oligonucleotides for GATA-3 in fetal thy-
mus organ cultures (37, 38). These elegant studies estab-
lished an essential role for GATA-3 in the earliest steps
of T-cell development. The targets of GATA-3 in the early
T-cell progenitors are presently unknown, yet these ini-
tial studies clearly demonstrated that GATA-3 is not a
functionally redundant GATA family protein.

In addition to its essential role in T-cell development,
GATA-3 has also been identified as a Th2 differentiation
factor. Naive CD4* T cells express low levels of GATA-3
mRNA (39, 40). The expression of GATA-3 is, however,
markedly upregulated in cells differentiating along the Th2
lineage, and is downregulated in cells differentiating along

*Transcription of IL-4/IL-5L-13 genes

the Th1 pathway (39, 40). A role for GATA-3 in the expres-
sion of a Th2 cytokine gene was first established by Siegel
etal.,, who demonstrated the critical importance of a GATA-
3 binding site in the IL-5 promoter (41). Subsequently, by
using established clones as well as Th1 or Th2 cells gener-
ated from naive CD4* T cells (39), and by using representa-
tional differential analysis (42), Th2-specific expression of
the GATA-3 gene was demonstrated. In further studies,
GATA-3 was shown to be sufficient for activation of the IL-
5, but not IL-4, promoter in a non-Th2 environment (43,
44). Other than the IL-5 gene, a functional GATA-3 bind-
ing site has yet to be identified in Th2-expressed cytokine
genes. However, several regions around the IL-4/IL-13 locus
have been shown to bind GATA-3 (44), the functional
implications of which remain to be determined.

To investigate the functional significance of downreg-
ulation of GATA-3 gene expression in Th1 cells, GATA-
3 was forcibly overexpressed in Th1 cells. In developing
Th1 cells, overexpression of GATA-3 resulted in aboli-
tion of IL-12Rf3, subunit expression with concomitant
abrogation of IFN-y production (40). In previously polar-
ized Th1 effector cells, GATA-3 overexpression did not
inhibit IFN-y gene expression (40). This suggests that
GATA-3 does not directly act on the IFN-y promoter, but
has indirect effects on activated CD4* T cells, shifting
their development away from Th1. Thus, GATA-3 con-
trols Th2 activity by inducing Th2 cytokine gene expres-
sion and by biasing Th1/Th2 balance in vivo.

GATA-3 in asthma. In keeping with the crucial role of
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Th2 cells in asthma, a significant increase in GATA-3
expression was demonstrated in asthmatic airways com-
pared with that in control subjects (45). The increase in
GATA-3 expression in the asthmatic subjects correlated
significantly with IL-5 expression and AHR (45).

While the studies in humans clearly showed increased
GATA-3 expression in asthma, the initial animal studies
of GATA-3 in Th2 gene expression did not conclusively
indicate that GATA-3 was sufficient for the expression of
all Th2 cytokine genes. Thus, it was unclear whether
GATA-3 inhibition would block the production of all the
key Th2 cytokines that have been implicated in asthma,
ie., IL-4,IL-5, and IL-13. Because deficiency of the GATA-
3 gene causes embryonic lethality, transgenic mice
expressing a dominant-negative mutant of GATA-3 in an
inducible and T cell-specific fashion were developed to
address this question. These studies demonstrated that
inhibition of GATA-3 activity causes a severe blunting of
Th2 effects, both locally in the lung (eosinophil influx
and mucus production) and systemically (IgE produc-
tion) (46). Although the precise mechanisms by which
GATA-3 controls expression of all the Th2 cytokine genes
is presently unknown, it is possible that in addition to
directly transactivating the IL-5 promoter, it also acts as
a chromatin remodeling factor, allowing the transcrip-
tion of IL-4 and IL-13. Taken together, studies of GATA-
3 in mice and humans provide a basis for targeting this
important regulator of Th2 gene expression in therapies
of asthma and allergic diseases.

The role of c-Maf (Th2-specific), NF-AT, AP-1, C/EBP[3, and
NF-KB in Th2 gene expression. Because IL-4 is a potent stim-
ulus and a critical factor for Th2 cell generation, IL-4 gene
regulation has been intensely studied in many laborato-
ries as a model system for Th2 gene expression. The inabil-
ity of GATA-3 to activate the IL-4 promoter and support
IL-4 production in a non-Th2 environment suggests that
there is a requirement for additional transcription factors
that probably act in concert with GATA-3 to activate IL-4
gene expression. In a study by Ho et al., the transcription
factor c-Maf was identified as a Th2-specific factor and
was shown to transactivate the IL-4 promoter (47). Stud-
ies of ¢-Maf”/~ mice recently reported by Kim et al. also
demonstrate a crucial role for c-Maf in IL-4 gene expres-
sion (48). Whereas ¢-Maf~~ mice displayed impaired IL-4
production by CD4* T cells, production of IL-5 and IL-13
was normal in these animals (48). Also, upon immuniza-
tion, c-Maf”~ mice expressed normal IgE levels, which was
probably due to unimpaired IL-13 production. Therefore,
unlike GATA-3, c-Maf directly activates the IL-4 promot-
er, but does not appear to regulate the expression of all
Th2 cytokine genes (48).

NF-AT has also been shown to directly activate the IL-4
promoter. NF-AT proteins contain a cytoplasmic subunit
and an inducible nuclear component. Four related genes
encoding the cytoplasmic subunit are currently known:
NF-ATp (NF-AT1), NF-ATc (NF-AT2), NF-AT3 and NF-
AT4. NF-AT proteins are present in both Th1 and Th2
cells, and have been implicated in the expression of both
Th1 and Th2 genes in in vitro studies (49). However, stud-
ies of mice genetically deficient in specific NF-AT mem-
bers have revealed a Th2-selective role of these proteins in
CD4* T-cell responses. While NF-ATp-deficient mice are

viable (50), NF-ATc deficiency causes embryonic lethality
(50). In studies of immune responses in NF-ATc/~
chimeric mice, severe T-cell defects in IL-4 production and
Th2 differentiation were observed (50).

Other transcription factors that are more generally
expressed, such as NF-KB, C/EBPf3, and AP-1, are also
important for Th2 gene expression. The transcription
factor NF-KB belongs to the Rel family of proteins, and
the classic NF-KB complex is a heterodimer composed of
2 polypeptide subunits: p50 and RelA (p65). Studies of
mice with targeted disruptions of specific Rel proteins
show that these proteins are not functionally redundant.
For example, while p65 deficiency caused embryonic
lethality in mice, pS0~~ mice developed normally. How-
ever, when p50~7~ mice were tested in a murine model of
allergic airway inflammation, no airway inflammation
was induced in these mice. Strikingly, the pS0~~ mice
failed to express IL-5, which is important for the prolif-
eration and differentiation of eosinophils, or eotaxin,
which is important for the recruitment of eosinophils
into the asthmatic airway (51). The transcription factors
C/EBPp and AP-1, which are widely expressed in many
cell types, have been also shown to be important for the
expression of Th2 cytokine genes (41, 50). Collectively,
these studies emphasize that while the Th2-specific fac-
tors, such as GATA-3 and c-Maf; are essential and deter-
mine the tissue specificity of gene expression, they are not
sufficient for optimal expression of the cytokine genes.
The concomitant activation of more general factors, such
as NF-kB, AP-1, NF-AT and C/EBP, is required for high-
level expression of the Th2 cytokine genes.

Negative regulators of Th2 gene expression: BCL-6 and NF-
ATp. Studies of NF-ATp7/~ and NF-ATc/~ mice have
revealed an interesting reciprocal relationship between
the 2 proteins in the regulation of Th2 responses. Where-
as NF-ATc7/~ chimeric mice displayed impaired IL-4 pro-
duction, NF-ATp~~ mice showed exaggerated and pro-
longed IL-4 production and constitutive nuclear
localization of NF-ATc (50). The mice displayed
increased Th2 and decreased Th1 responses both in vivo
and in vitro. Thus, unlike NF-ATc, NF-ATp can behave
as a negative regulator of Th2 responses in vivo.

Another molecule that appears to be a repressor of Th2
responses in vivo is BCL-6, which was originally identi-
fied as a proto-oncogene that is frequently translocated
in diffuse large-cell lymphoma. BCL-6 is a potent tran-
scriptional repressor, and has been shown to bind the
STAT6 DNA-binding sequence in the CD23b promoter
and to repress IL-4-induced activation of CD23 expres-
sion (52). Interestingly, targeted deletion of the BCL-6
gene led to a massive inflammatory response in many
organs (including the lung), a response characterized by
eosinophilic infiltration (52, 53). IgE responses were also
elevated in immunized BCL-6-deficient mice (52, 53).
Although the precise mechanism by which BCL-6
represses Th2 responses is unclear, dysregulation of
STAT-responsive gene expression most likely underlies
the aberrant inflammatory response in BCL-6-deficient
mice. Interestingly, mice lacking STAT6 and BCL-6, or
mice lacking both BCL-6 and IL-4, were shown to mount
a Th2 response upon antigen provocation in vivo (54).
Therefore, Th2 cell generation can be independent of IL-
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4 and STATG. The factors that control this alternate
pathway have not yet been identified.

The hierarchy of transcription factors and differential control
in Th2 gene expression. The pattern of expression of the var-
ious transcription factors during Th2 gene expression
suggests a hierarchy of control that determines coordi-
nate or differential expression of the Th2 cytokine genes.
The precise relationship between STAT6, GATA-3, NF-
AT, and c-Mafis not clear. However, the initiation of Th2
differentiation in antigen- and cytokine-stimulated naive
CD4" T cells appears to be orchestrated by STAT6, which
preexists in the cell cytoplasm. NF-ATp and NF-ATc also
exist in the cytoplasm of naive CD4" T cells, and undergo
rapid nuclear translocation upon stimulation of the cells.
However, their precise positions in the activation cascade
are undefined. The expression of both GATA-3 and c-Maf
is clearly induced in developing Th2 cells, albeit with dif-
ferent kinetics. While GATA-3 expression peaks at 48
hours after stimulation (39, 40), the expression of c-Maf
peaks between S and 7 days after antigenic stimulation
(47). Are both factors required for the expression of all the
Th2 cytokines? As discussed above, neither GATA-3 nor
c-Maf is sufficient, but both are critical for IL-4 gene
expression in vivo. However, GATA-3 plays an essential
role in the control of production of all key Th2 cytokines
implicated in asthma pathogenesis (46). Analysis of
genetically manipulated mice has also revealed how the
transcription of individual Th2 cytokine genes is differ-
entially controlled. For example, NF-KB appears to be
more important for antigen-induced IL-5 gene expres-
sion than for IL-4 gene expression (51). In contrast, c-Maf
is a critical regulator of IL-4, but not IL-5 or IL-13, gene
expression (48). GATA-3, on the other hand, regulates the
expression of all of these genes (46). These different lev-
els of molecular control might explain differential expres-
sion of Th2 cytokines in particular situations. There is
increasing interest in the dissociation of IL-4 and IL-5
gene expression in T cells in various disease situations
and in T-cell lineages. In intrinsic asthmatics, increased
IL-5, but not IL-4, production has been reported (5). In
contrast, in leukemic Sézary cells, IL-4 production is
upregulated but IL-S production is downregulated (55).
Although there is no evidence to support different Th cell
lineages for IL-4 and IL-5 production, it is reasonable to
speculate that once cells have been committed to the Th2
lineage, different microenvironmental factors might acti-
vate different sets of transcription factors, such as GATA-
3, c-Maf, NF-AT, and NF-KB, to cause differential expres-
sion of cytokine genes.

Cell-intrinsic mechanisms and probabilistic gene expression in
CD4* T cells. The studies noted above describe the process-
es that regulate Th2 gene transcription, which may influ-
ence the amount of cytokine produced on a per cell basis.
Recent studies have shown that the intensity of a Th2
response can also be regulated by the number of cells
making Th2 cytokines (IL-4), without influencing the
amount produced by individual CD4* T cells. This alter-
nate genetically controlled pathway of probabilistic gene
activation has been proposed to explain the greater Th2
bias in BALB/c mice compared with C57BL/6 mice. As a
result, a greater number of CD4* T cells are committed to
IL-4 production in the BALB/c animals. Interestingly, this

regulatory event occurs upstream of cytokine-mediated
effects that induce expression of Th2-specific factors such
as GATA-3 and c-Maf (56). Another unexpected finding
in cytokine gene expression that is consistent with prob-
abilistic gene expression is monoallelic expression of
cytokine genes (for IL-2, IL-4, and probably others),
which may be due to differential chromatin remodeling
at independent alleles. The potential importance of this
regulation for human diseases such as asthma and atopy
is obvious but remains to be explored in the future.

Thus, the key intracellular events that orchestrate Th2-
specific gene expression upon antigen and cytokine stim-
ulation of naive CD4" T cells include chromatin remod-
eling accompanied by induction of Th2-specific factors
such as GATA-3 and c-Maf (Figure 2). These initial events
help maintain a stable Th2 phenotype in the committed
cells. Th2-specific factors synergize with other, more gen-
erally expressed factors (NF-AT, NF-KB, AP-1) that are
transiently induced during this process, resulting in
cytokine (IL-4, IL-5, IL-13) gene transcription. Superim-
posed on this process is a genetically controlled mecha-
nism that appears to determine the fraction of CD4* T
cells that are committed to the Th2 lineage and the spe-
cific allele that is expressed in these cells.

Treatment of asthma. The impressive data implicating
Th2 cell activation in the pathogenesis of asthma sup-
port a range of new therapeutic strategies that would
reduce Th2-induced inflammation and its consequences
in the airways. These interventions can be aimed at
inhibiting Th2 cell effects at 3 different points in the
inflammatory cascade in asthma (Figure 3): (a) Th2 cell
differentiation can be blocked, thus inhibiting the gen-
eration of Th2 cells; (b) Th2 activation can be blocked
and cytokine secretion inhibited; and (c) Th2 cytokine
effects can be blocked at the target tissue.

Blockade of Th2 cell differentiation. Altering the cytokine
environment that is present during CD4* T-cell differ-
entiation can inhibit the development of new Th2 cells.
Blocking IL-4, IL-13, and the molecular signaling mech-
anisms activated by engagement of IL-4Ra (STATG6) has
been shown to inhibit the generation of Th2 cells in ani-
mals (10). As discussed in this review, GATA-3 blockade
by overexpression of a dominant-negative mutant inhib-
ited Th2 cell induction (46). In many cases, blockade of’
Th2 cell differentiation results in the generation of a Th1
cell population. An alternative method to reduce Th2
cell generation in the respiratory tract is to increase lev-
els of IL-12 and IFN-yin the environment, thus shifting
the Th1/Th2 balance toward Th1. Recent epidemiolog-
ic evidence suggests that prior infection with M. tubercu-
losis or measles is associated with a reduction in atopy
and asthma (57). In mice infected with Bacille Calmette-
Guérin (BCG) prior to antigen sensitization, there was a
reduction in eosinophilic airway inflammation and AHR
(58). These studies imply that altering the cytokine
milieu in the respiratory tract by stimulating a Thl
response to certain infectious agents can reduce symp-
toms in asthma. The administration of CpG oligonu-
cleotides to mice at the time of antigen sensitization also
resulted in skewing of the inflammatory response
toward Th1, possibly by stimulating sustained IL-12 pro-
duction (59). This led to a reduction in eosinophilia and
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AHR. All of these interventions may have an effect in
asthma by reducing the number of Th2 cells in the air-
ways. Even when Th2 cells are already established in the
airway, altering the cytokine environment by Th2
cytokine blockade or by stimulating Th1 cell induction
may inhibit the generation of new Th2 cells.

Blockade of Th2 cell activation. Glucocorticoids are cur-
rently the mainstay of therapy in asthma, and lead to
effective control of symptoms by reducing airway
inflammation. Steroid treatment leads to a reduction in
cytokines, chemokines, cell adhesion molecules, and
DCs in the respiratory tract. All of these effects are
believed to contribute to the suppression of the inflam-
matory response in asthma. Therapy with glucocorti-
coids results in a reduction in total CD4* T cells in the
airways and a decrease in mRNA for IL-4, IL-5, and IL-
13, yet also results in increased IFN-y expression (60).
These effects likely indicate an increased sensitivity to
steroid treatment of IL-4, IL-5, and IL-13 genes com-
pared with IFN-y. It is unclear what role this shift from
Th2 to Th1 plays in the therapeutic effects of steroids, as
this is only one of many possible mechanisms by which
glucocorticoids can influence inflammation in asthma.

Whatis clear is that systemic glucocorticoids cause gen-

eral immunosuppression and many well-described side
effects. These effects can be reduced by local steroid treat-
ment, but the suppression of airway inflammation is only
temporary. Thus, selective approaches that block Th2 cell
activation are needed. If selective inhibition of Th2 cell
activation can be achieved, it will reduce Th2 cytokine
secretion, without compromising Th1 cell function. By
blocking cytokine secretion, not only will the effects on
target tissues be reduced, but the cytokine environment
may be altered, thus reducing the generation of new Th2
cells. GATA-3 is T cell-specific and, at present, the only
identified Th2-specific factor that has the potential to
inhibit the production of all the key Th2 cytokines (46).
Blockade of GATA-3 may therefore inhibit Th2 cytokine
secretion and also block the generation of new Th2 cells,
as described above. Although some studies have shown
that Th1 cells, through the production of IFN-y, can
inhibit Th2 cell function in vitro, these specific effects
have not been demonstrated in vivo in animals.

Blockade of Th2 cytokine effects. Blocking the effects of Th2
cytokines at the target tissue is another potential option
for reducing the inflammatory effects of Th2 cells. The
effects of cytokine blockade may not only have local
influence on airway epithelial cells and on the vascular
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Figure 3

Potential strategies for inhibiting Th2 function in asthma. (a) Block Th2 cell differentiation. The cytokine environment that is present during CD4*
T-cell differentiation affects the development of new Th2 cells. Blocking IL-4 and/or IL-13 or the Th2-specific transcription factor GATA-3 leads to
inhibition of Th2 cell induction. Alternatively, increasing levels of IL.-12 and IFN-y in the environment may shift the Th1/Th2 balance toward Th1 and
reduce the number of Th2 cells in the respiratory tract. This can be accomplished by stimulating a Th1 response to certain infectious agents, such as
Mycobacterium, or by the administration of CpG oligodeoxynucleotides. All of these interventions may have an effect in asthma by reducing the num-
ber of Th2 cells in the airways and by inhibiting the generation of new Th2 cells. (b) Block Th2 cell activation. Glucocorticoids are standard therapy
in asthma and cause nonselective immunosuppression. Th2 cell activation may be selectively blocked using inhibitors of GATA-3, a T cell-specific
factor that controls the production of key Th2 cytokines. (c) Block Th2 cytokine effects. Blocking IL-4, IL-5, or IL-13 may inhibit the effects of these
cytokines on target tissues. In addition, Th1 cells have been shown to inhibit Th2 cytokine effects on eosinophils and airway epithelial mucus pro-
duction. Allergy immunotherapy and CpG oligodeoxynucleotides both induce Th1 cells and lead to a reduction in allergic airway pathology.
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endothelium, but also may reduce systemic effects on the
bone marrow eosinophilopoiesis and on B-cell immuno-
globin production. We have recently shown that when
both Th1 and Th2 cells are transferred into recipient mice
and activated in the respiratory tract with inhaled anti-
gen, Th1 effects predominate, resulting in decreased air-
way eosinophilia and mucus production (61). These
effects are mediated by IFN-y acting on the target tissue
in recipient mice, and occur while Th2 cells are actively
secreting cytokines. In ragweed-sensitized mice, adminis-
tration of CpG oligodeoxynucleotides, potent inducers
of Th1 cells, led to a reduction in ragweed-induced airway
eosinophilia, IgE, and AHR (62). This may also be a mech-
anism by which immunotherapy results in improvement
of symptoms, as a reduction in eosinophilia in some
allergic patients is associated with an increase in IFN-y
levels (63). Thus, Th1 cells, through secretion of IFN-y,
may block the effects of Th2 cells on target tissues, lead-
ing to a reduction in airway pathology.

If our ultimate goal is the long-term reduction in the
number and activity of Th2 cells in the respiratory tract,
then we must focus on new modes of therapy in asthma.
One approach could be to increase the population of
activated Th1 cells at sites of allergic inflammation,
which may suppress ongoing Th2 cytokine effects. An
alternate approach is to selectively target Th2 cells. Tar-
geting Th2-specific factors such as GATA-3 by using
pharmacologic or antisense approaches will inhibit Th2
responses while sparing Th1 cells and avoiding general
immunosuppression. Over time, it is possible that these
effects will be sustained, as there is evidence that potent,
long-term stimulation with Th1 cytokines may shift a
Th2-predominant population toward Th1 (24). These
immunomodulatory approaches have the potential of
disturbing the highly regulated immune defense system
in the respiratory tract, including increasing unwanted
Th1 effects such as autoimmune diseases, delayed-type
hypersensitivity reactions, and excessive inflammation
(64). The potential value of immunomodulation in con-
trolling asthma, however, demands that these therapies
be further developed and tested.
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