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GATA-3 promotes Th2 responses through three different mechanisms:
induction of Th2 cytokine production, selective growth of Th2 cells
and inhibition of Th1 cell-specific factors
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Naive CD4 T cells can differentiate into at least two different types of T helpers, Th1 and Th2 cells. Th2 cells, capable
of producing IL-4, IL-5 and IL-13, are involved in humoral immunity against extracellular pathogens and in the induc-
tion of asthma and other allergic diseases. In this review, we summarize recent reports regarding the transcription factors
involved in Th2 differentiation and cell expansion, including Stat5, Gfi-1 and GATA-3. Stat5 activation is necessary and
sufficient for IL-2-mediated function in Th2 differentiation. Enhanced Stat5 signaling induces Th2 differentiation inde-
pendent of IL-4 signaling; although it does not up-regulate GATA-3 expression, it does require the presence of GATA-3
for its action. Gfi-1, induced by IL-4, promotes the expansion of GATA-3-expressing cells. Analysis of conditional
Gata3 knockout mice confirmed the critical role of GATA-3 in Th2 cell differentiation (both IL-4 dependent and 1L-4
independent) and in Th2 cell proliferation and also showed the importance of basal GATA-3 expression in inhibiting

Th1 differentiation.
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Introduction

Upon antigen stimulation of their T cell receptors by
antigen presenting cells (APCs), naive CD4+ T cells can
differentiate towards at least two different types of T help-
ers, Th1l and Th2 cells [see recent Reviews 1, 2]. These
cells play important roles in adaptive immunity. Th1 cells
produce IFNy and are involved in immunity against intra-
cellular pathogens. Th2 cells can produce IL-4, IL-5 and
IL-13 and are involved in humoral immunity against extra-
cellular pathogens. Th1 and Th2 cells are also involved in
the induction or maintenance of human diseases. Th1 cells
are linked to organ-specific autoimmunity and Th2 cells
play critical roles in asthma and other allergic diseases.

Although peptide affinity for TCR, concentration of
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peptide and the particular co-stimulatory molecules in-
volved play important roles in determining the fate of T cell
differentiation, the cytokine milieu is the most important
factor for this process. Strikingly, the stimulatory cytokines
are the effector cytokines themselves. Thus, IFNy induces
Thl differentiation and 1L-4 induces Th2 differentiation.
During Th1 differentiation, IFNy, possibly made by NK,
NKT or memory T cells, induces T-bet, the master regulator
of Th1 cells, in activated CD4 T cells [3-6]. Up-regulation
of T-bet can either promote IFNy production directly or
indirectly by up-regulating IL-12Rp2 expression [7]. IL-
12 made by APC selectively enhances the growth of T-bet
expressing cells [8]. IL-12 mediated Stat4 activation can
also induce IFNy production independent of T-bet. The
IFNy/T-bet and IL-12/Stat4 pathways crosstalk and syn-
ergize with each other under most circumstances. For Th2
differentiation, Stat6 activation is necessary and sufficient
to transduce IL-4 signaling, at least in vitro [9-11]. IL-2
mediated Stat5 activation is also critical for this process [12,
13]. In this review, many recent reports by our laboratory
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regarding the molecules involved in Th2 differentiation
and cell expansion will be summarized.

IL-2 and Stat5 in Th2 differentiation

It was reported in 1991 that IL-2 is important for Th2
differentiation [14, 15]; however, very little attention was
drawn to this signaling pathway in the differentiation
process since it was thought that IL-2 might simply serve
as a T cell growth factor. Recently, Cote-Sierra et al have
shown that IL-2 is not required for T cell proliferation
and/or survival if [L-4 is added in the culture [12]. Thus,
when naive 5C.C7 CD4 T cells, derived from Rag2” TCR
transgenic mice, in which the TCR is specific for pigeon
cytochrome C (PCC), were primed under Th2 conditions in
vitro (peptide or anti-CD3/anti-CD28 plus IL-4, anti-IL-12
and anti-IFNy), the proliferative rate, as judged by CFSE
dilution, of the cells primed in the absence of IL-2 signal-
ing (through the addition of anti-IL-2 and anti-IL-2Ra)
was similar to that of the cells primed in the presence of
IL-2, as was the total cell yield. However, IL-4 production,
measured by cytokine intracellular staining after anti-CD3/
anti-CD28 re-stimulation, was dramatically reduced. In
addition, the early IL-4 production driven by low peptide
stimulation also depends on the IL-2 signaling [16].

Stat5 is one of the key downstream molecules mediating
IL-2 signaling [17]. To test whether the IL-2’s role in Th2
differentiation is through Stat5 activation, StatSa-deficient
CD4 T cells were used for Th2 priming. Even in the pres-
ence of IL-2, these Stat5a-deficient CD4 T cells failed to
undergo Th2 differentiation implying that Stat5a activation
is required for this differentiation process. A constitutively
active form of Stat5a (STATSA1*6) [18] was introduced by
retroviral infection into CD4 T cells during Th2 priming;
it was found that expression of STAT5A1*6 fully rescued
the IL-4 producing capacity of the cells primed under Th2
conditions in the absence of IL-2, suggesting that Stat5
activation is sufficient to transduce IL-2 signaling for Th2
priming [12]. Many other cytokines including IL-4, IL-7,
IL-9 and IL-15 also activate Stat5 [17]; however, the degree
of Stat5 tyrosine phosphorylation in these CD4 T cells was
greatest in response to IL-2 [12]. In addition, in Stat5a-
deficient cells, IL-2 can still activate Stat5b. Therefore,
weak Stat5 activation remained when cells were cultured
in the absence of IL-2 or when Stat5a-deficient cells were
cultured in the presence of IL-2, but such weak activation
appears to be insufficient for Th2 differentiation. These
results suggest that Th2 differentiation requires robust Stat5
activation, whereas T cell proliferation remains intact with
low levels of Stat5 activation.

STATS5A1*6-expressing cells can acquire IL-4-produc-
ing capacity even when cultured under Thl conditions

(peptide or anti-CD3/anti-CD28 plus IL-12 and anti-I1L-4)
in the presence of IL-2 [13]. Thus, the Stat5-mediated
induction of IL-4-producing capacity is IL-4 independent.
Such induction was also observed in Stat6 deficient or in
IL-4Ra deficient CD4 T cells [13]. The increased Stat5
signaling does not cause general up-regulation of cytokine-
producing capacity since IFNy production was not detected
in STAT5A1*6-expressing Th2 cells. To further test the
specificity of Stat5 effect, CD4 T cells were primed under
ThN conditions (non-polarized Th conditions, peptide or
anti-CD3/anti-CD28 plus anti-IL-4, anti-IL-12 and anti-
IFNy), after which neither IFNy nor IL-4 is produced upon
re-stimulation. The introduction of STAT5A1*6 under such
conditions caused a large percentage of the cells capable of
making IL-4 with minor effect on IFNy production.

Th2 differentiation is usually associated with the up-
regulation of GATA-3 expression [19, 20]. Real-time PCR
experiments suggest that the GATA-3 expression levels
in STAT5A1*6-RV infected Th1 cells were not increased
although these cells were capable of making IL-4 [13]. In
addition, neutralizing IL-2 in Th2 culture did not affect the
up-regulation of GATA-3 by IL-4 although IL-4 production
was severely blocked [12]. Early IL-4 production (24hr
after stimulation) in response to stimulation of naive TCR
transgenic cells is associated with the up-regulation of
GATA-3 expression. Neutralization of IL-2 totally abol-
ished the early IL-4 producing capacity but did not diminish
GATA-3 up-regulation [16]. Thus, GATA-3 up-regulation
and Stat5 activation may be regarded as two independent
events in the induction of Th2 differentiation.

Synergistic effect of GATA-3 and active Stat5 in IL-4
production

Stat5 signaling appears to be independent of the up-regu-
lation of GATA-3. Indeed, inhibiting Stat5 activation does
not affect the up-regulation of GATA-3 by IL-4 signaling
[12, 16]; enhanced Stat5 activation does not up-regulate
GATA-3 expression [13]. In addition, the over-expression
of GATA-3 in Th2 cells cannot rescue the defect in IL-4
production when Stat5 signaling is inhibited [12]. Since
enhancing either of two distinct pathways can induce IL-
4 production, we studied whether there is a synergistic
effect between them [13]. Cells co-expressing GATA-3
and STAT5A1*6, primed under Thl or ThN conditions,
had highest percentage of IL-4 producing cells as well as
highest mean fluorescence intensity (MFI) of the IL-4-
producing cells, particularly when compared to the cells
infected with GATA-3-RV or STAT5A1*6-RV alone in
the same culture (Figure 1). This suggests that these two
independent pathways can collaborate with each other in
inducing IL-4 production.
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Figure 1 Co-infection with STAT5A1*6-NGFR-RV and GATA-
3-GFP-RV optimizes IL-4 production (adapted from Immunity
2003; 19: 739-48) [13]. Line 94 CD4 T cells were activated with
T-depleted spleen cells as antigen presenting cells (APC) and pigeon
cytochrome C (PCC) under ThN (anti-IL-4, anti-IFNy and anti-IL-
12) or Th1 conditions (IL-12 and anti-IL-4) for 40 h and co-infected
with the STAT5A1*6-NGFR-RV and the GATA-3-GFP-RV. After
an additional four-day culture under ThN or Thl conditions, they
were stimulated with PMA and ionomycin. Staining for IL-4 and
for NGFR expression was carried out. Dot plots were gated on
NGFR" (STAT5A1#6-NGFR") and NGFR™ (STAT5A1*6-NGFR")
populations.

The accessibility of regulatory sites to transcription
factors within a gene is highly associated with its gene
expression levels [21, 22]. There are several DNase |
hypersensitivity sites within the //4/1113 locus. Gene dele-
tion experiments have shown that among those elements,
conserved non-coding sequence 1 (CNS-1) and DNase |
hypersensitivity site V, are important for IL-4 production
[23-25]. Two DNase I hypersensitivity sites within intron
2 of the /14 gene, HSII and HSIII, are also associated with
IL-4 production. HSII has been suggested important in
IL-4 production in mast cells [26]. We utilized a real-time
PCR based assay (REA, restriction endonuclease acces-
sibility assay) for measuring the “openness” of the sites
in the 7/4 locus [27]. In Th2 cells, all four //4 locus sites,
CNS-1, V,, HSII and HSIII, show strikingly increased
accessibility compared to that in Thl cells. Cells primed
under Thl conditions that were infected with a GATA-
3-RV show increased accessibility in the //4 locus at the
CNS-1 and V, sites, but not at HSII and HSIII sites. By
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contrast, cells primed under Thl cells infected with the
STAT5A1*6-RV had enhanced accessibility at the HSII
and HSIII sites but not at the CNS-1 and V,, sites. Cells
primed under Th1 conditions that expressed both GATA-3
and STAT5A1*6 opened all four sites to a similar degree
to that in Th2 cells.

Furthermore, it has been shown that GATA-3 is bound
to the V, site in Th2 cells [28]. Using chromatin immuno-
precipitation (ChIP), we found that Stat5 is bound to both
the HSII and HSIIT sites in Th2 but not Th1 cells [12, 13].
These results thus indicate that GATA-3 and Stat5 directly
bind to and modulate the //4 locus at different sites.

Gfi-1 and Th2 expansion

We have reported that growth factor independent-1
(Gfi-1) was induced by IL-4 signaling in activated T cells
through Stat6 [29]. TCR signaling alone can induce Gfi-1;
however, the induction of Gfi-1 expression was substan-
tially prolonged when cells were cultured in the presence
of IL-4. Gfi-1 expression levels fell after several days of
T cell stimulation under all conditions. Enforced expres-
sion of Gfi-1 by retroviral infection of Th2 cells resulted
in sustained cell expansion when cells were cultured in
IL-2-containing medium; no such effect was noted in
Gfi-1-RV-infected Th1 cells. Since GATA-3 expression is
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Figure 2 GATA-3 is a cofactor of Gfi-1 in promoting cell expansion.
Naive Stat6” CD4 T cells were activated and co-infected under ThN
conditions with GATA-3-GFP-RV and Gfi-1-NGFR-RV or control
NGFR-RV. Staining for NGFR expression was carried outond 1 and
d 8 of culture in IL-2, and NGFR and GFP expression are shown.
Numbers in the plots indicate the percentage of NGFR*GFP* cells.
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strikingly different between Th1 and Th2 cells, we consid-
ered the possibility that it might determine the differential
responsiveness of the two cell types to Gfi-1. To study
this, cells primed under Th1 conditions were co-infected
with GATA-3-RV and Gfi-1-RV. Stat6” CD4 T cells that
expressed both transcription factors displayed a striking
growth advantage (Figure 2). Interestingly, although Gfi-1
was originally cloned from an IL-2-independent cell line,
leading to its designation as “growth factor independent”
[30], in Th2 cells, IL-2 is required for their proliferation.
Indeed, one interpretation of its function is that it prolongs
the period during which the cells show responsiveness to
IL-2.

The observation that enforced Gfi-1 expression caused
enhanced Th2 cell expansion does not necessarily mean
Gfi-1 plays arole in Th2 cell expansion under physiological
conditions. Germline Gfil knockout mice had previously
been made by two groups [31, 32]; many abnormalities
have been reported, including neutropenia, a T cell devel-
opment defect, a hematopoietic stem cell defect as well as
defects in dendritic cell development and function [31-36].
On the other hand, because of the profound defect in T cell
development [32, 33], it was not possible to analyze the
role played by Gfi-1 in the differentiation and/or growth
of mature CD4 T cells. To test the physiological function
of Gfi-1 in peripheral T cells, we made a Gfi/-conditional
knockout mice strain using Cre-loxP system. Our homo-
zygous floxed (allele flanked by loxP sites) Gfi-1 mice
(Gfil™), in which the exons encoding 4 zinc-finger do-
mains were flanked by loxP sites, appeared grossly normal
without obvious defects (unpublished observations). Most
importantly, those mice have normal-sized thymuses with
CD4/CD8 profiles similar to those of wild-type mice. CD4
T cells were purified from lymph nodes of Gfi/" mice and
primed under Th2 conditions; Cre was introduced by RV
infection. The Cre-RV carries a GFP marker. After prim-
ing, the relative capacity of the Gfi-1" and Gfi-1" cells to
expand in IL-2 was determined by the monitoring ratio of
GFP"/GFP" cells. While infection with Cre-RV has very
little effect on Th2 cells from wild type mice, infection
of Gfil"™ cells with the Cre-RV, resulting the deletion of
Gfil, significantly reduced the rate of cell expansion (un-
published observations).

To further test whether Gfi-1 is also important for in vivo
Th2 responses, Gfil" mice were bred to CD4-Cre trans-
genic mice [37]. Unlike the germline Gfi/ knockout, the
Gfil""CD4Cre mice have normal CD4 T cell development
with slightly increased percentage of single positive CDS8
cells in the thymus (unpublished observations). Gfi/""CD-
4Cre mice were infected with Schistosoma mansoni. Eight
weeks later, cytokine production of mesenteric lymph node
cells was measured after ex vivo stimulation. Mesenteric

lymph node CD4 cells from Gfi/"CD4Cre (Gfil-deficient
CD4 cells) made substantially less IL-4 than did cells from
control infected mice. In addition, the proportion of cells
expressing large amounts of GATA-3, as determined by
intracellular staining was less than that among the control
Gfil-sufficient group. /n vitro stimulation of such cells
with SEA for 5 days significantly increased the percent-
age of GATA-3" cells in both groups; however, there were
still fewer GATA-3" cells in the Gfil-deficient population.
Furthermore, after another 3 days culture in [L-2 medium,
most of the cells in control group were GATA-3", whereas
more than 50% of the cells in Gfi/-deficient group were
GATA-3" (unpublished observations).

We conclude that forced expression of Gfi-1 results in
a proliferative advantage for GATA-3" cells in IL-2, lead-
ing to the dominance of the population of Gfi-1" GATA-3"
cells. Conversely, deletion of Gfi/ impairs normal Th2 cells
expansion both in vitro and in vivo, resulting in a lower
percentage of GATA-3" cells. These results imply that Gfi-1
plays an important physiologic role in Th2 cell expansion
and that by acting only on Th2 cells helps to explain how
these cells may come to dominate the population of cells
responding to given stimuli.

The central role of GATA-3 in reinforcing Th2 re-
sponses

GATA-3 is differentially expressed by Th1 and Th2 cells
[19, 20]. Enforced expression of GATA-3, by retroviral
infection, induced Th2 responses independent of IL-4/Stat6
signaling [38]. Introduction of anti-sense GATA-3 or of a
dominant negative form of GATA-3 limited Th2 responses
[20, 39]. Our data also showed that GATA-3 can induce
IL-4 production and that it is required for Gfi-1 mediated
cell growth [13, 29]. Introducing constitutively active
STATS (STAT5A1%*6) can also drive an IL-4 independent
Th2 response and it does so without up-regulating GATA-3
expression. This raises the question of whether GATA-3 is
required for Th2 differentiation, especially when it occurs
under IL-4 independent circumstances.

The role of GATA-3 in Th2 differentiation has not been
carefully verified by gene deletion experiments. Part of
the difficulty in doing so is that deleting Gata3 results in
embryonic lethality [40]. Furthermore, GATA-3 is involved
in multiple stages of CD4 T cell development. First, GATA-
3-deficient hematopoietic stem cells fail to generate T cells
in transfer experiments [41]. Second, using conditional
Gata3 knockout mice, it was observed that deletion in
CD4/CDS8 double-negative thymocytes blocked T cell de-
velopment at the DN3 stage [42]. Third, deleting Gara3 at
the double positive (CD4"'CD8") stage results in a severe
impairments of the development of CD4 single positive T
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cells, although development of CDS single positive T cells
appears normal [42, 43].

We prepared a conditional Gata3 knockout by flanking
exon 4 of the Gata3 gene with two loxP sites [43]. Exon
4 encodes the N-terminal of the zinc-fingers of GATA-3
and its deletion also introduces a reading frame shift so
that the C-terminal portion of the molecule, including the
C-terminal zinc-fingers, will not be expressed.

These homozygous Gata3 floxed (Gata3"™) mice appear
to be normal, as expected. CD4 T cells were purified from
lymph nodes of Gata3"" mice; Cre was introduced by ret-
roviral infection during the initial priming of naive CD4 T
cells under Th2 conditions or after the Th2 phenotype had
been established. Deletion of Gara3 during the initiation
of Th2 differentiation greatly reduced the capacity of the
cells to produce IL-4 upon re-stimulation [43]. However, if
Gata3 was deleted in established Th2 cells, only a modest
decrease was noted in the percentage of IL-4 producing
cells, accompanied by a 2~3-fold reduction in MFI. [/4
chromatin accessibility tested by REA was dramatically
decreased at all the sites tested including HSII, HSIII in
intron 2 and V, at 3’ of //4 gene when Gata3 was deleted
during initial Th2 priming (unpublished observations).
However, only accessibility at V, site of the //4 gene, but
not at the HSII and HSIII sites, was lost when Gata3 was
deleted in the differentiated Th2 cells. This is consistent
with reported data indicating that GATA-3 is bound to the
V, site in Th2 cells [28]. Thus, GATA-3 is required for
promoting the opening of //4 chromatin during the early
Th2 differentiation but is dispensable for maintaining the
accessibility of the //4 gene when the Th2 phenotype has
been well established. However, the accessibility of 7/4
gene at the V, site continues to depend on the presence of
GATA-3, implying that the capacity of GATA-3 to enhance
IL-4 production in differentiated Th2 cells depends on its
action on the 3’ enhancer, which contains V,.

The limited effect of Gara3 deletion on IL-4 production
in established Th2 cells was confirmed by the analysis of
Th2 cells that appeared in mice infected with Nippostron-
gaylus brasiliensis [43]. In such experiments, the deletion
of Gata3 by infection with a Cre-RV had no effect on the
percentage of IL-4-producing cells but reduced the MFI
of these cells by 2~3 fold. Interestingly, although the IL-4
production is modestly affected, IL-5 and IL-13 produc-
tion by those cells was totally lost upon Gata3 deletion.
It has been shown that there are GATA-3-binding sites in
the /5 and //13 promoters but not in the //4 promoter [44-
49]. Thus, GATA-3 is indispensable for IL-5 and IL-13
production in Th2 cells.

Introduction of STAT5A1*6 into cells during initial
stimulation can induce Th2 differentiation independent of
IL-4/Stat6 signaling and without up-regulating GATA-3
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expression [13]. However, in view of the distinctive role
of Stat5 and GATA-3 in the activation of the //4 gene, it
was important to determine whether GATA-3 was com-
pletely dispensable for Th2 priming in cells expressing
STATS5A1*6. We examined the role of GATA-3 in a co-in-
fection experiment, in which a STAT5A1*6-NGFR-RV and
a Cre-GFP-RV were introduced into Gata3"" CD4 T cells
primed under Th1 conditions. As expected, in GFP™ group,
STAT5A1*6 expression induced substantial IL-4 produc-
tion compared to uninfected cells. However, within GFP*
group, in which Gata3 was presumably deleted by Cre,
STATS5A1*6 failed to induce IL-4 production [43]. Thus,
although the GATA-3 levels are very low in STAT5A1*6-
driven (IL-4 independent) Th2 differentiation, such low
level expression of GATA-3 is critical for generating IL-
4-producing Th2 cells.

Early IL-4 production is associated with IL-4-indepen-
dent GATA-3 up-regulation and Gata3 deletion in naive
CD4 T cells totally abrogates the early IL-4 production
[16]. These data suggest that GATA-3 is important for IL-
4-independent IL-4 production and Th2 differentiation as
well as for IL-4-dependent Th2 differentiation.

Gfi-1 induces the expansion of GATA-3-expressing
cells, suggesting that Th2 cells are selected to grow as a
result of IL-4 stimulation. Consistent with this idea, the
Gata3-deleted “Th2” cells expanded poorly [43]. In a BrdU
uptake experiment, the Gata3-deleted cells had a substan-
tially diminished proportion of BrdU positive cells. We
also found that in vitro deletion of Gata3 floxed alleles by
Cre-RV was incomplete; thus, within the sorted GFP"(Cre")
cells, there were a percentage of cells (2~5%) that failed
to undergo Gata3 deletion; in these cells, the floxed al-
leles can be detected by specific real-time PCR. Those
cells preferentially expanded in the culture. Indeed, after
three additional rounds of Th2 priming, more than 80% of
the cells carried floxed alleles, implying that the limited
number of cells that had failed to delete Gata3 alleles, had
amarked growth advantage over those cells that completely
deleted Gata3. These data also suggest that GATA-3 plays
an important role in Th2 cell expansion.

To obtain a cell population with complete Gata3 dele-
tion, single cell cloning under Th2 conditions was carried
out after one round of Th2 priming and Cre-RV infection
[43]. Among 18 clones from Gata3"Cre" group, 12 of
them had deleted Gata3 (Gata3™). Each of those 12 Gata3
" clones produced a certain amount of IL-4 although the
expression levels were generally lower than that of the
clones from Gata3""Cre" clones. Chromatin accessibility
of the //4 locus at the HSII and HSIII sites was similar to
that of normal Th2 cells, but accessibility at the V, site was
greatly diminished (unpublished observations). No detect-
able IL-5 and IL-13 were noted in those Gata3” “Th2”
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clones. Strikingly, all the Gata3" “Th2” clones were able
to produce a large amount of IFNYy [43]. The majority of
the IL-4-producing cells from those clones were also IFNy-
producing cells. Real-time PCR showed that the expres-
sion of c-Maf [50], a transcription factor critical for 1L-4
production, was not reduced but the T-bet expression was
greatly enhanced in the Gata3™ “Th2” clones (Figure 3).
Re-introduction of GATA-3 by retroviral infection restored
the capability of the Gata3™ “Th2” clones to produce IL-5
and IL-13; IL-4 production was also enhanced by 2~3 fold;
however, [FNy production was not inhibited (unpublished
observations).

When Gata3" mice were bred to CD4-Cre, a severe
defect in CD4 single positive T cell development was
found, consistent with previous reports [42, 43]. Of those
small percentage of CD4 T cells in the peripheral, the
majority display a memory-like phenotype [43]. Thus,
CDA4-Cre is not a suitable tool to study the effect of Gata3
deletion in mature CD4 T cells. To test whether GATA-3
is indeed important for in vivo Th2 responses, OX40-Cre
was used to delete Gata3 gene in vivo. Unlike CD4-Cre,
0X40-Cre is not expressed in most thymocytes; thus, CD4
T cell development in Gata3""0X40-Cre mice was normal
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Figure 3 Enhanced expression of Thl factors in Gata3™” “Th2”
clones. Naive CD4 T cells were activated and infected with Cre-GFP-
RV under Th2 (IL-4, anti-IFNy and anti-IL-12) conditions. Cre”Gata"
T and Cre*Gata3"" cells were sorted based on GFP expression and
single cell cloning was carried out. The clones were genotyped after
eight weeks of priming under Th2 conditions. The mRNA levels
of transcription factors and cytokines in four different clones were
measured by real-time PCR after PMA/ionomycin stimulation for two
hours. FI/fl: a Cre*Gata™ clone in which neither of the floxed Gata3
alleles were deleted; -/-: a Gata3 deleted clone; +/-: a Cre'Gata3"*
clone in which the floxed Gata3 allele was deleted.

[43]. CD4 T cells in the peripheral from Gata3"*0X40-Cre
mice were mostly naive, as in wild type mice. Infection of
Gata3""0X40-Cre mice with Nippostrongylus brasiliensis
demonstrated that GATA-3 is critical for in vivo Th2 re-
sponses. In the Gata3"" mice, N. brasiliensis worms were
cleared after 10 days of infection and a high percentage of
IL-4/IL-13-producing CD4 cells was detected in mesen-
teric lymph nodes and serum IgE levels were elevated. By
contrast, in the Gata3""0X40-Cre mice, there were high
worm burden at 10 days of infection, very few IL-4/IL-
13-producing CD4 cells detected and serum IgE levels
remained low. Significant numbers of IFNy-producing cells
were found in Gata3""0X40-Cre mice after infection [43].
Thus, although the Th2 response to helminth infection is
1L-4/Stat6 independent [51-54], it is GATA-3 dependent.

Conclusion

GATA-3 plays a central role in Th2 responses both in
vitro and in vivo [43]. There are three different mechanisms
through which GATA-3 can promote Th2 responses, in col-
laborating with other transcription factors (Figure 4).

First, GATA-3 is important for Th2 cytokine production.
GATA-3 can be initially up-regulated through IL-4-inde-
pendent pathways [16]. GATA-3 collaborates with active
Stat5 in initial as well as late IL-4 production [12, 13,
16, 43]. These two factors act on different part of the //4
locus. Initial IL-4 production causes further up-regulation
of GATA-3. Although GATA-3 is important for initiating

Th2 cell expansion

AN
Ny
A

IFNy, T-bet
Th1 factors

Th2 cell polarization

Figure 4 GATA-3 promotes Th2 responses through three different
mechanisms. 1, GATA-3, induced by TCR and/or IL-4 signaling,
collaborates with Stat5, activated by IL-2 and/or other cytokines, in
Th2 cytokine production (red). 2, Gfi-1, induced by TCR and IL-4
signaling, selectively enhances the growth rate of GATA-3" cells
in response to cytokines such as IL-2 (green). 3, GATA-3, even ex-
pressed at basal levels, suppresses the expression of Th1 factors like
[FNy and T-bet (blue). ?: unknown factors or mechanisms.
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the Th2 polarization it is less critical for maintaining the
accessibility of //4. However, GATA-3 is indispensable
for IL-5 and IL-13 production even in fully differentiated
Th2 cells.

Second, GATA-3" cells can be selected to expand by
Gfi-1, an 1L-4/Stat6 inducible gene product [29, 43]. In
the absence of Gfi-1, the expansion of GATA-3" cells is
impaired resulting in diminished Th2 responses.

Third, GATA-3, even when expressed at basal levels, in-
hibits Th1 responses [43]. Without GATA-3, Th1 responses
occur even in the absence of the Th1 inducing factor, IL-
12 and IFNy. The inhibition of Th1 responses by GATA-3
presumably is through inhibiting the expression of T-bet.

Therefore, a certain level of GATA-3 expression is
critical for CD4 T cells to maintain the non-polarized
phenotype. During Th1 responses, GATA-3 expression
is down-regulated, possibly relieving repression of T-bet
expression. T-bet can then promote Th1 responses through
three mechanisms similar to that of GATA-3 in Th2 re-
sponses: induction of Th1 cytokine production, promotion
of the selective growth of Th1 cells and inhibition of Th2
responses. T-bet induces the production of IFNy, which is a
potent inducer of T-bet [4, 6]; T-bet up-regulates IL-12R32
so that cells can be selected to grow in response to 1L-12
[7]; T-bet may down-regulate GATA-3 function either by
regulating its expression or by inhibiting its activity [4, 55].
Thus, controlling of the GATA-3 expression is the central
event in initiating Th2 as well as Th1 responses.
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