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ABSTRACT

During the development of immune responses to
pathogens, self-antigens, or environmental allergens,
naive CD4" T cells differentiate into subsets of effector
cells including Th1, Th2, and Th17 cells. The differentia-
tion into these subsets is controlled by specific tran-
scription factors. The activity of these effector cells is
limited by nTregs and iTregs, whose differentiation and
maintenance are dependent on the transcription factor
Foxp3. The regulation of autoimmune diseases medi-
ated by Th1 and Th17 cells by Tregs has been studied
and reviewed extensively. However, much less has
been presented about the interplay between Tregs and
Th2 cells and their contribution to allergic disease. In
this perspective, we discuss the regulation of Th2 cells
by Tregs and vice versa, focusing on the interplay be-
tween the IL-4-activated STAT6/GATA3 pathway and
Foxp3. J. Leukoc. Biol. 87: 1011-1018; 2010.

ROLE OF IL-4 AND STAT6 IN DRIVING
TH2 DIFFERENTIATION

CD4" Th2 cells are a subset of T cells that secrete the charac-
teristic cytokines IL-4, IL-5, and IL-13 [1]. It has been well es-
tablished that Th2 cells are required for providing host de-

fense against extracellular parasitic (especially helminthic) in-

fections, but at the same time, aberrant Th2 responses can
lead to allergic inflammation and asthma. IL-4 signaling
through the IL-4R in naive CD4" T cells leads to the phos-
phorylation and activation of a key transcription factor,
STAT®6, which then translocates into the nucleus and drives
expression of IL-4-responsive genes [2]. The crucial role
played by this transcription factor in driving differentiation has
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regulatory T cell
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been elucidated by a number of groups, using in vitro and

in vivo experimental systems. It is known that STAT6 defi-
ciency abrogates the ability of IL-4 to induce the expression of
many genes [3]. In addition, IL.-4-mediated differentiation of
T lymphocytes into Th2 effectors and proliferation of these
cells were completely dependent on STAT6 in vitro [3, 4].
STAT6~/~ T cells also failed to proliferate and produce Th2
cytokines in response to nematode infections. Subsequently,
several groups have shown that STAT6 is not absolutely re-
quired for Th2 differentiation using in vivo models. Specifi-
cally, Jankovic et al. found large numbers of cells producing
cytokines such as IL-4 and IL-5 in helminth-infected mice lack-
ing STAT6 or IL-4Rq, although populations of Thl cells were
also present [5]. However, they found that IL-4R/STAT®6 sig-
naling was important for stabilization of the Th2 phenotype, as
STAT6 /~ or IL-4Ra™”~ T cells could revert to Thl cells in
the presence of rIL-12. Finkelman et al. [6] made similar ob-
servations; IL-4 and STAT6 responses were not absolutely re-
quired for Th2 differentiation in vivo but were necessary for
generating memory IL-4 responses in mice.

STAT6 participates in Th2 differentiation, in part, by en-
hancing the expression of the master regulator of Th2 differ-
entiation, GATA3 [7]. STAT6 and GATAS3 together with IL-2-
mediated STAT5 activation induce the secretion of copious
amounts of IL-4, IL-5, and IL-13 by activated Th2 cells [8]. Ex-
pression of these transcription factors is also necessary for Th2
lineage commitment. For example, IL-4-induced activation of
STAT6 mediated the expression of Gfi-1, a transcriptional re-
pressor that leads to the selection of GATA-3" cell growth [9].
Thus, in spite of the somewhat varying results, it is clear that
STAT6 plays an important role in Th2 cell differentiation and
effector function.

nTregs AND iTregs

Regulation of effector T lymphocyte function in the periphery
is mediated largely by CD4™ CD25" FoxP3™* Tregs [10-22],
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which act to suppress effector lymphocyte functions to main-
tain immune tolerance to self-antigens and to prevent overly
vigorous responses to innocuous foreign antigens. There are
two main classes of Tregs: nTregs are generated in the thymus
and released into peripheral tissues after thymic-positive selec-
tion [23]. The TCRs of nTregs recognize self-antigens and are
designed to suppress effector function of pathogenic autoreac-
tive T lymphocytes that have escaped negative selection and
entered peripheral tissue [23-26]. iTregs are generated via
peripheral conversion (after antigen-specific stimulation) from
mature, naive CD4" T cells or from “rescued” autoreactive ef-
fector T lymphocytes [21]. Regulatory cells can be subdivided
into FoxP3-expressing and nonexpressing subsets. FoxP3™"
iTregs undergo differentiation from CD4"CD25 Foxp3~ T
cells after stimulation by TGF-B [27]. The FoxP3~ cohort has
been studied mainly in vitro and consists of: Trl cells, which
express large amounts of IL-10, and Th3 cells, which produce
high levels of TGF-$ [28].

Tregs constitutively express CD25, the IL-2Ra chain of the
high-affinity IL-2R complex, even during the resting state [10,
19]. Signaling by the IL-2R is important for Treg survival and
maintenance. In addition, Tregs express several inhibitory
molecules on their surface, such as the glucocorticoid-induced
TNFR family-related gene and CTLA4, and they secrete high
amounts of IL-10 and TGF-8 [19].

The mechanisms by which Tregs suppress the functional
activity of effector cells have been explored in vitro [19,
21]. Several mechanisms for suppression of T effectors have
been proposed. The first suppressive mechanism requires
cell contact and is mediated by membrane-bound mole-
cules, such as galectin 1 or TGF-B [19]. The second mecha-
nism is through the production of secreted cytokines that
inhibit effector function, such as I1L-10, TGF-3, and 1L-35
[22]. The third mechanism is through the consumption of
limiting growth factors, such as IL-2 [29]. It was shown re-
cently that the ability of Tregs to suppress Th2 effectors de-
pended specifically on the expression of the transcription
factor IRF4, although the mechanism of this specific sup-
pression was not evaluated [30]. In addition to suppressing
effector T cell function, Tregs suppress DC function by a
cell contact-dependent mechanism [19].

Treg differentiation and suppressive function is dependent
on expression of the transcription factor Foxp3 [17, 20],
which is a member of the forkhead-winged helix family of
transcription factors; all members have a forkhead domain
that is needed to bind DNA [31]. Foxp3 can act as a transcrip-
tional activator or repressor; it regulates cytokine gene tran-
scription in effector and regulatory T lymphocytes. Several
studies have shown that Tregs can decrease effector T lympho-
cyte IL-2 expression but have yet to show if this is a direct ef-
fect by Tregs on T cells or an indirect effect caused by Treg
inhibition of T cell proliferation [32]. Foxp3 suppresses 1L-2
production by Tregs via its interaction with AP-1 [33]. This
renders Tregs dependent on exogenous sources of IL-2 or
other 7, cytokines for survival and protection from cell death
[33]. Furthermore, in vitro-cultured Tregs rapidly lose expres-
sion of Foxp3 in the absence of exogenous vy, cytokines [33].
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Naturally occurring mutations in the FOXP3 gene in humans
and mice cause immunopathology that has a major Th2 com-
ponent [13, 34, 35]. Humans develop the IPEX syndrome as a
result of accumulation of certain mutations in FOXP3. Clinical
manifestations of IPEX (also called X-linked autoimmunity-
allergic disregulation syndrome or XLAAD) include autoim-
munity together with severe atopy, eczema, food allergies, and
eosinophilic inflammation [34]. Humans with IPEX have a
mutated Foxp3 gene whose product is unable to dimerize to
form the necessary heterotetrameric complex [31]. Scurfy
mice also lack Foxp3 expression and are used commonly to
study IPEX in an animal model [13, 14]. However, original
Scurfy mutants possess another closely linked sparse-fur muta-
tion that can confound studies about the loss of Foxp3 expres-
sion [36]. In studies using Foxp3-deficient mice to study the
role of Foxp3 in allergic dysregulation, a specific knock-in mu-
tation of the Foxp3 locus was generated using targeted mu-
tagenesis [36]. These FoxP3~/~ mice from various genetic
backgrounds developed autoimmune disease and allergic air-
way inflammation.

RELATIONSHIP BETWEEN Th2 CELLS
AND Tregs

Recent research in this field suggests that although Th2 cells
and Tregs belong to different subsets of the CD4" T cell lin-
eage, they may be related more closely than earlier thought.
Th2 differentiation requires strong STAT5 activation through
IL-2 signaling [8]; the same is important for development of
Tregs [37]. In addition to IL-2, nTregs and iTregs need TGF-3
for their survival to induce and maintain Foxp3 expression
and for mediating their suppressive function [38]. TGF-g, in
turn, suppresses differentiation of Th2 cells by inhibiting the
expression of transcription factors GATA3 and Gfi-1 [39].
Several years ago, two groups independently found that di-
minished expression of Foxp3 caused Tregs to revert back to
effector T cells (especially Th2-like cells), which produce cyto-
kines such as IL-2 and IL-4 [40, 41]. A close relationship be-
tween Tregs and Th2 cells is illustrated further by the observa-
tion that the presence of a Th2 bias in the scurfy mouse is not
a result of the complete absence of Tregs but a result of the
lack of suppressive function of nTregs and iTregs in these
mice [42]. They also report that these Tregs display a Th2-like
phenotype, as they express GATAS3 in addition to producing
elevated levels of Th2 cytokines. These results suggest that
there may be some plasticity between Th2 cells and iTregs.
IRF4 is a transcription factor that is critical for Th2 differen-
tiation [43, 44]. High levels of IRF4 were found to enhance
production of IL-10 by Th2 cells [45]. Interestingly, IRF4 was
identified as a Foxp3-induced gene in Tregs, and Tregs consti-
tutively expressed high levels of IRF4 [30]. As mentioned
above, Zheng et al. [30] showed that IRF4 expression in Tregs
was necessary to suppress Th2-mediated responses specifically.
They proposed that IRF4 interacts with Foxp3 and modifies
gene expression to initiate a Th2-specific, suppressive mecha-
nism. The nature of this Th2-specific, suppressive mechanism
is unclear. This strategy of co-opting effector T cell transcrip-
tional machinery by Tregs, leading to specific suppression, ap-
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pears to be used for Thl and Th17 suppression as well [46,
47]. Although the mechanism is not known, it has been pro-
posed that sharing transcriptional regulation allows Tregs to
adapt to the local environment and mediate suppression of
the specific type of inflammation [47].

IL-4 has been reported to have stimulatory and inhibitory
effects on Treg development and maintenance, making it diffi-
cult to develop a clear understanding of how IL-4 regulates
Tregs in vivo. Recent studies showed that IL-4 signaling
through STAT6 was required for Foxp3 mRNA expression and
maintenance of Foxp3 protein in nTregs [48, 49]. This path-
way was also important for Treg proliferation and survival. It
was also shown that IL-4 could induce the formation of iTregs
from naive CD4" T cells [50]. On the other hand, Th?2 cells
have been reported to suppress Tregs. Most of the reports fo-
cus on iTregs, although nTregs can also be affected. The in-
hibitory effect of IL-4 on iTregs is brought about by the differ-
entiation of Th2 cells (and production of cytokines such as
IL-4), which can potently block TGF-B-mediated differentiation
of FoxpS+ Tregs from naive CD4" T cells [51]. Furthermore,
it has been shown that the production of IL-4 makes Th2 cells
refractory to Treg suppression in a STAT6- and GATA3-depen-
dent manner [49]. It is possible that the effect of IL-4 on
Tregs, either positive or negative, depends on the timing of
exposure to IL-4, relative to the Treg-inducing stimulus and
the context of the inflammatory environment.

INTERPLAY OF TRANSCRIPTION
FACTORS

Many factors induced by the antigen TCR, costimulatory mole-
cules, and cytokine receptors [20] modulate the transcrip-
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tional regulation of Foxp3 expression. Model systems have
been developed to identify the cytokines and transcription fac-
tors that regulate its expression. One factor critical for induc-
tion of Foxp3 is TGF-B, which is necessary for the conversion
of CD4+FOXp3’ T cells into CD4+F0xp3+ Tregs [562-56]. TGF-
B-deficient mice showed a defect in peripheral Foxp3™* Treg
homeostasis with decreased levels of Foxp3 in the low num-
bers of CD25"CD4" T cells found in these mice [57]. In addi-
tion, TGF-B-deficient mice develop a lethal lymphoproliferative
disorder characterized by enhanced Th1l and Th2 effector re-
sponses, suggesting that TGF- is required for suppressive
function [57]. In contrast, other investigators using different
models of in vivo TGF-B deficiency (Smad3~/~, neonatal
TGFB1 /", and dominantnegative TGF-B-type RIl-transgenic
mice) have shown that Tregs isolated from these mice were
effectively immunosuppressive in vitro and in vivo [58]. Never-
theless, our current state of knowledge, based on many pub-
lished observations, establishes TGF-8 as a crucial factor regu-
lating Treg development and function.

The observation that polarized Th2 cells inhibited Foxp3 ™
Treg development [51] suggested that there could be a direct
interaction between transcription factors critical for Th2 re-
sponses (IL-4-induced STAT6 and GATA3) and transcription
factors critical for Tregs (TGF-B-induced Foxp3). Indeed, ini-
tial reports suggested that Foxp3 can bind to the Th2 lineage-
specific transcription factor GATAS3, but the consequences of
this interaction were not well understood [51, 59]. One out-
come of this interaction was that Foxp3 could inhibit the dif-
ferentiation of Th2 cells directly (Fig. 1). Foxp3 not only inter-
acted with GATAS3 but also inhibited the ability of GATA3 to
transactivate the promoter of a Th2 target gene, I75.

Figure 1. Transcription factor interplay in
the Th2/iTreg balance. Naive CD4" T
cells receive signals through the antigen
TCR and costimulatory molecules to be-
gin the differentiation process. IL-4 binds
to the type I IL-4R, present on the surface
of T cells, and induces the activation of
STAT®6, which drives transcription of
GATAS3 and suppresses transcription of
Foxp3. GATAS controls the Th2 cytokine
locus and regulates IL-5 transcription.
TGF-B binds to the TGF-R, leading to
activation of the Smad family of transcrip-
tion factors. In cooperation with signals
from the TCR and IL-2R, the Smads drive
transcription of Foxp3, which then regu-
lates the expression of genes important
for the Treg phenotype. GATA3 can bind
to Foxp3 directly and prevent its ability to

| N induce the Treg genes. On the other
<Foxp3) hand, Foxp3 can bind to GATA3 and pre-
|__ ¢ vent its ability to regulate Th2 genes.

I12ra, IL-2R antagonist; npll, nonphoto-
tropic hypocotyl 1-like protein.

Transcrption
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The relationship among Foxp3, GATA3, and STAT6 was
more fully addressed in a recent study by Dardalhon and col-
leagues [60]. They showed that IL-4 inhibited Foxp3 induction
in iTregs and that this inhibition was critically dependent on
STAT6. Naive T cells from IL-4-transgenic mice were cultured
in vitro in the presence of increasing doses of TGF-B8. Under
such conditions, TGF-8 did not induce the generation of
Foxp3" Tregs. These results suggest that IL-4 inhibition of
Foxp3+ Tregs is dominant over the TGF-B effect on Foxp3 ex-
pression. As STAT6 is a canonical IL-4Ra signaling pathway
critical for Th2 cell differentiation, the authors assessed the
involvement of STATG6 in IL-4-mediated Foxp3 inhibition by
using STAT6_/_/FOXp3-GFP mice. Over 80% of T cells from
these mice showed high Foxp3 expression, even in the pres-
ence of IL-4, in combination with TGF-B. In addition, T cells
from STAT6™/~ mice were unable to give rise to the Foxp3~
IL-9'IL-10" T cell population in response to TGF-$ plus IL-4.
Similarly, this T cell population could not be detected in
TGF-B plus IL-4 T cell cultures from GATA3™ /" mice. There-
fore, in the absence of STAT6 or GATAS3, IL-4 did not antago-
nize the TGF-B-mediated induction of Foxp3 expression. This
work clearly shows that IL-4 has a critical, down-regulatory ef-
fect on iTregs. The authors also demonstrated that Foxp3 and
GATAS3 physically associated with each other by coimmunopre-
cipitation assays in transiently transfected human embryo kid-
ney 293 cells. This direct association of GATA3 with Foxp3
and cross-inhibition creates a balancing act between transcrip-
tion factor dominance and T cell differentiation (Fig. 2), remi-
niscent of the interaction between Foxp3 and retinoic acid
receptor-related orphan receptor-yt, which reciprocally regu-
late the induction of Tregs and Th17 cells [52, 61-63].

This observation of IL-4-induced, STAT6-dependent Foxp3
inhibition is in accord with our recent finding that there is a
higher number of Foxp3™ nTregs and iTregs in naive and im-
munized STAT6 7~ mice as compared with STAT6"”" mice
[64]. Moreover, a recent study by Takaki and colleagues [65]
provides an additional mechanism for regulation of Tregs by
IL-4/STATS6. Using in vitro cultures of CD25"CD4" cells with
TGF-B1, the authors showed that Foxp3 levels were only tran-
siently induced in these cells; however, the Foxp3 expression
could be maintained by the addition of anti-IL-4 antibody to
the cultures. Similarly, TGFB-1-induced Foxp3 expression was
sustained longer in STAT6 7~ CD25°CD4" T cells, as com-
pared with that observed in STAT6"/ ™ cells. During this time
period, GATA3 was not induced, and IL-4 did not inhibit acti-
vation of Smad transcription factors by TGF-B. Therefore, the
authors proposed that STAT6 inhibits Foxp3 mRNA expres-

STAT6:

iTreg Foxp3 Th2

Figure 2. Levels of transcription factors can tip the balance to Th2 or
to iTreg differentiation. As GATA3 and Foxp3 interact with each
other and suppress functional activity, the relative amounts of GATA3
and Foxp3 can determine the differentiation fate of the CD4™ T cell
to Th2 or iTreg, respectively.
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sion directly in these developing iTregs. Using chromatin immu-
noprecipitation and in vitro-binding assays, they identified a
silencer region in the Foxp3 transcript with a specific STAT6-
binding site and showed that binding of STAT6 to this site re-
duced TGF-B1l-induced transcriptional activation and chroma-
tin modification. This IL-4-induced suppression was reversed
by retinoic acid. The authors suggest that the use of anti-IL-4
could be efficient in the induction of tolerance in Th2-medi-
ated diseases such as allergy. However, as mentioned above,
several reports showed that IL-4 had a positive effect on Foxp3
expression and Treg number and/or function [48-50, 66].
This discrepancy in observations may be a result of differences
between in vitro and in vivo studies, the use of mouse and hu-
man cells, the timing of IL-4 exposure, the presence of other
factors such as retinoic acid, and by different mechanisms reg-
ulating Foxp3 transcription or message stability. It was shown
that IL-4-mediated enhancement of Foxp3" Treg function per-
sisted in STAT6 /"~ cells [48], suggesting that there is an TL-4-
dependent, STAT6-independent enhancement of Treg func-
tion by IL-4. These controversial findings illustrate the need
for further studies aimed at clarifying the inter-relationship
between Th2 and Tregs.

INTERPLAY BETWEEN Th2 CELLS AND
Tregs IN ALLERGY AND ASTHMA

Allergic asthma is an increasing worldwide health problem;
~300 million people in the world currently have asthma [67].
It is a chronic inflammatory disease of the airway associated
with eosinophilic inflammation, airway obstruction, and AHR.
This reaction can be suppressed by Tregs, which maintain air-
way tolerance [68-70]. Thus, allergic asthma is essentially a
breakdown of immune tolerance to an environmental aller-
gen. Environmental allergens stimulate airway epithelial cells
and lung DCs, resulting in the priming of CD4" T cells to be-
come Th2 cells [71]. Repeated exposure to this allergen
causes massive expansion of the allergen-specific CD4" Th2
cells and overproduction of Th2 cytokines (Fig. 3). The
skewed Th2-immune response underlies the development of
allergic asthma. Taking into consideration the antagonistic re-
lationship between Th2 cytokine gene expression and Foxp3
expression, it is not surprising that Foxp3 expression in Tregs
helps to mediate regulation of Th2-mediated allergic airway
inflammation and tolerance at mucosal surfaces [72].

Many experimental studies in mice have shown that airway
exposure to low doses of allergen without adjuvant causes a
state of unresponsiveness to subsequent stimulatory allergen
challenge [72-79]. Gereke and associates [72] have shown that
such allergen-induced tolerance was associated with the induc-
tion of suppressive Foxp3™ Tregs. Akbari and collegues [75]
associated it with IL-10-producing pulmonary DCs, which stim-
ulated the development of IL-10-producing Tregs in an ICOS-
ICOS ligand-dependent costimulation pathway. Pulmonary DC
and alveolar epithelial cells present allergen in a tolerizing
mode under such exposure [72, 75]. IL-10-producing alveolar
macrophages (AM) can also play an important role in suppres-
sion of the Th2 response to an allergen in the lung, although
currently, there is no evidence associating AM with Tregs [77].
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Moreover, several experimental studies have demonstrated that
a prolonged exposure of airways to low-dose antigen has a sup-
pressive effect on an established Th2 pulmonary inflammation
[76-78]. These effects were largely Treg-dependent; however,
TGF-B1-producing macrophages also can play a prominent,
suppressive role [76, 77].

Tregs have been shown to suppress allergic airway responses
by multiple mechanisms (Fig. 3). It was shown that adoptive
transfer of unfractionated, Th2-polarized CD4" T cells caused
less allergic response to allergen challenge as compared with
Treg-depleted CD4" T cells [80] and that allergen-specific
Tregs transferred to sensitized mice suppressed inflammation
[81]. However, these two transfer studies identified different
mechanisms of suppression. In the first case, the suppression
was induced by Foxp3™ Tregs expressing TGF-$ through a
cell-cell contact-dependent mechanism without IL-10 involve-
ment and was inhibited by anti-TGF-B-neutralizing antibodies
[80]. In the second case, suppression was mediated by Tregs
through an IL-10-dependent mechanism and was abrogated by
neutralizing anti-IL-10 antibodies [81]. Interestingly, this latter
suppression was not dependent on IL-10 production by Tregs
but on their ability to enhance IL-10 production by CD4" T
cells. However, recent studies using mice engineered, such
that only Foxp3™ Tregs lacked IL-10, clearly established that
IL-10 produced by Foxp3™ Tregs was important for suppress-
ing allergic lung inflammation in response to allergen chal-
lenge [82].

Further studies used anti-CD25 mAb to deplete nTreg. Treg
depletion resulted in increased IgE synthesis and Th2 cytokine
production in response to the house dust mite [83]. Another
interesting consequence of Treg depletion was an increase in
pulmonary mDGCs. These cells had an increased ability to stim-
ulate effector T cells and also had elevated expression levels of
costimulatory molecules, such as MHC II and CD80 [83].
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Figure 3. nTregs and iTregs can in-
fluence allergic lung inflammation by
multiple mechanisms. Exposure to low
doses of allergen leads to immune
tolerance as a result of the production
of IL-10 by DGs. IL-10 produced by
DGs also stimulates differentiation of
IL-10-producing iTregs. nTregs and
iTregs can suppress allergic lung in-
flammation at three different stages. 1.
Tregs can suppress DC function, thus
blocking priming of naive CD4 T cells
and their subsequent differentiation
into Th2 effectors. 2. They can inhibit
Th2 activity by direct cell-cell contact
or by producing cytokines such as
TGF-B and/or IL-10. This results in
lower Th2 cytokine production. 3.
Finally, both classes of Tregs can
dampen recruitment of eosinophils
and other cells into the lung, leading
to lower inflammation, and can re-
duce IgE secretion by B cells. How-
ever, the role of Tregs in blocking
AHR is somewhat controversial.

® Tregs suppress DC function- prevents
TH2 cell differentiation

® TGF-B & IL-10 independently cause iTreg
differentiation

nTregs: CD4+CD25+ T cells

Suppression by cell-cell contact or by
cytokine production (TGF-B, IL-10)

Reduced IL-4 and IL-13 secretion by T2
cells

nTregs and iTregs suppress allergic
lung inflammation and AHR?

® IL-10 decreases eosinophil
recruitment and Ig E production

® Foxp3+ nTregs and iTregs suppress
lung inflammation, eosinophil
recruitment and IgE release

Thus, one possible mechanism used by Tregs to suppress aller-
gic airway inflammation could be the reduction of mDC stimu-
lation to prevent excess antigen presentation and activation of
CD4" Th2 cells. Another study about Treg depletion reported
an increase in DGCs following Treg depletion and indicated a
complex feedback system between Tregs and DCs, in which
DC levels regulated Treg homeostasis [84]. It is important to
note that the anti-CD25 mAb does not necessarily deplete
Tregs but may induce shedding of CD25 from the surface of
Tregs and render them functionaly inactive, as they are unable
to bind IL-2 [85]. In contrast to Treg depletion, adoptive
transfer of Tregs has been shown to have protective effects
against allergic respiratory symptoms. Work by Hadeiba and
Locksley [86] illustrated Treg ability to suppress Th2-immune
responses by decreasing IL-4 production, serum IgE levels, and
lung eosinophillic infiltration.

A major feature of allergic asthma is AHR to challenge with
methacholine. Many studies using mouse models of experi-
mental asthma have demonstrated a dissociation between AHR
and inflammation in the allergic lung response [87-89]. Re-
cent studies have shown that depending on the experimental
setting, Tregs can efficiently block the inflammatory compo-
nent of an allergic response, but not AHR, [83, 86] or inhibit
AHR without having a substantial effect on Th2 cytokine pro-
duction [90].

These mouse models have allowed the characterization of
the essential role of Tregs in suppressing allergic diseases by
multiple mechanisms. Recent clinical studies have shown that
Tregs function in humans in ways similar to that observed in
mice, including human Treg expression of Foxp3 [91], sup-
pression of effector T cell proliferation and cytokine produc-
tion [92], decreased allergen-specific proliferation [93], and
enhanced Th2 cytokine production by PBMC after Treg deple-
tion [92, 94]. Pediatric patients with allergic respiratory symp-
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toms have, on average, a lower number of CD4" CD25" Tregs
than compared with healthy control patients [95]. Further-
more, the iTregs isolated from these patients were functional
and able to suppress effector T lymphocytes in vitro [95]. Cor-
ticosteroid treatment of asthma results in the increase in Treg
numbers in the peripheral blood and bronchoalveolar lavage
of asthmatic children and restores their suppressive function,
suggesting a potent immunomodulatory, Treg-mediated mech-
anism(s) of the disease by this drug [96]. Recent advances in
understanding the immunological mechanisms of allergen SIT
and sublingual immunotherapy further illustrate the important
role of Tregs in allergen-specific peripheral tolerance (re-
viewed in refs. [59, 97]). Therefore, Tregs could be useful
cells for SIT of allergic diseases including asthma.

The relative contribution of nTregs versus iTregs in allergic
asthma is not clear. It is reasonable to predict that iTregs may
be dominant in the control of asthma, as allergic phenomena
result from a skewed Th2 effector response to a harmless envi-
ronmental allergen rather than a self-antigen [98]. nTregs
have a TCR repertoire oriented toward recognizing self-anti-
gens, but the iTreg TCR repertoire has been reported to have
similar diversity to the TCR repertoire found on mature, pe-
ripheral, naive CD4™" cells [23-26, 98]. A model system de-
signed to test the role of iTregs in the absence of nTregs re-
vealed that iTregs can mediate mucosal tolerance and moder-
ate the inflammatory response during chronic allergic lung
inflammation [99]. nTregs and iTregs have been implicated in
the control of lung inflammation, and it may be that they
work synergistically to combat allergic asthma (Fig. 3).

To complicate things further, there is a body of research
strongly implicating a major role for Foxp3~, IL-10-producing
Trl cells in the control of asthma [69, 97, 100]. Research by
Akdis and colleagues [91] has shown that the dominant aller-
gen-specific T cell population in healthy individuals consists of
Trl cells. However, the relationship between Foxp3™ Trl cells
and Foxp38™ iTregs producing IL-10 is not clear. As noted
above, production of IL-10 by Foxp3™ cells was essential for
suppression of inflammation and AHR after allergen challenge
[82]. Recent evidence suggests that Tregs in the periphery can
become unstable and lose Foxp3 expression, adopting some
effector functions [101]. Perhaps in the inflammed Th2 lung
environment, Foxp3™ cells can become Foxp3~ cells, produc-
ing high amounts of IL-10. Other findings suggest a necessary
role for TGF-B in immunosupression by showing a require-
ment for effector T cells to express TGF-BRs to prevent consti-
tutive T cell activation [102]. Thus, a number of distinct but
possibly related regulatory cell populations can dampen aller-
gic inflammation.

SUMMARY

The studies highlighted in this perspective demonstrate a need
for further detailed investigations of the relationship between
Th2 cells and Tregs and their balance in allergic disease. The
possible contributions of the different Treg populations
(nTregs and iTregs, Trl, Th3) to the maintenance of mucosal
tolerance in the pulmonary system are complex. The coopera-
tion between different populations of resident lung cells and
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immune cells is critically important, not only for maintaining
normal pulmonary homeostasis but also for limiting harmful
inflammatory and/or hyper-reactivity reactions induced by al-
lergen exposure in sensitive individuals. The control of the
Th2/Treg balance by the key transcription factors STATS,
GATA3, and Foxp3 suggests therapeutic targets to control al-
lergic disease. However, such an approach would need to be
carefully considered and fine-tuned to avoid immunosuppres-
sion and susceptiblity to infectious pathogens and to cancer.
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