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Originally interpreted within the framework of a binary TH1/
TH2 paradigm, our knowledge of the pathogenesis of atopic
diseases has broadened to incorporate the contribution of T
regulatory cells and the newly described proinflammatory TH17
cell lineage. The commitment of peripheral T-cell clones to
undergo differentiation into one of those lineages is shaped by
self-reinforcing transcriptional circuitries that center on key
transcriptional regulators: T-box expressed in T cells (TH1),
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Terms in boldface and italics are defined in the glossary on page 813.
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GATA-3 (TH2), forkhead box p3 (T regulatory cells), and
retinoid-related orphan receptor gt/retinoid-related orphan
receptor a (TH17). These circuits function both to establish the
respective lineage phenotype and to enable epigenetic changes
that maintain those phenotypes long-term. This evolving view of
how signaling and transcriptional networks generate effector
T-cell responses suggests novel therapeutic approaches to
reprogram effector T-cell lineage commitment in allergic
diseases in favor of tolerance induction. (J Allergy Clin
Immunol 2008;121:812-23.)

Key words: Transcriptional regulation, T-cell differentiation, TH1,
TH2, Treg, TH17, T-bet, GATA-3, Foxp3, RORgt, atopic disease,
asthma, therapeutic strategies, oxidative stress, Nrf2

Transcriptional regulation of immune response is dependent on
a number of coordinated events involving a network of transcrip-
tion factors (TFs). Sequential activation and combinatorial inter-
actions of TFs are the most important determining factors that
govern the fate and function of immune cells. Similar to other
organs and tissues, numerous TFs are involved in regulating
immune function.

Originally interpreted within the framework of a binary TH1/
TH2 paradigm, our knowledge of the pathogenesis of atopic
diseases has broadened to incorporate the contribution of
T regulatory (Treg) cells and the newly described
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Abbreviations used

ARE: Antioxidant response element

aTreg: Adaptive T regulatory

c-MAF: Musculoaponeurotic fibrosarcoma oncogene homolog

Foxp3: Forkhead box p3

GR: Glucocorticoid receptor

IL-12Rb1: IL-12 receptor b1

IPEX: Immune dysregulation, polyendocrinopathy,

enteropathy, X-linked

NFAT: Nuclear factor of activated T cells

NR: Nuclear receptor

Nrf2: Nuclear factor-erythroid 2-related factor 2

nTreg: Natural T regulatory

ROR: Retinoid-related orphan receptor

RUNX: Runt-related transcription factor

STAT: Signal transducer and activator of transcription

T-bet: T-box expressed in T cells

TCR: T-cell receptor

TF: Transcription factor

Tr-1: T regulatory type 1

Treg: T regulatory
proinflammatory TH17 cell lineage.1-4 In parallel, there has been
increased understanding of how environmental cues that influ-
ence the development of allergic diseases act through the innate
immune system to affect the transcriptional programs of TH cell
lineages.5 Here we highlight the transcriptional regulation of
TH1, TH2, Treg, and TH17 lineages, their relation to atopic dis-
eases, and the therapeutic potential of targeting the TFs involved
in T-cell differentiation.

The complexity of immune regulation requires delicate cross-
regulation among different TH lineages. Although TH1 and TH2

responses antagonize each other, both IFN-g and IL-4 have an in-

hibitory effect on the development of TH17. Moreover, whether

the immune response will be dominated by pathogenic TH17 cells

or protective Treg cells has been shown to be determined by IL-6

(and amplified by inflammatory cytokines), whose expression is

classically induced by the action of microbial products on the

innate immune system.6-8 TFs involved in the development of

TH1, TH2, Treg, and TH17 differentiation and cross-regulation

among these T-cell lineages are depicted in Fig 1 and are dis-

cussed here.
GLOSSARY

39 ENHANCER: Enhancer DNA sequences increase gene transcription.

The 3 enhancer sequencer can be located at long distances in upstream,

downstream, or intronic locations in DNA relative to the transcription

initiation site.

CHROMATIN REMODELING: A process whereby DNA that is tightly

bound around histones and inaccessible to proteins becomes ‘‘opened’’

by the action of histone acetylases allowing gene transcription. Some

coactivators of TFs have the ability to acetylate histones, with hypo-

acetylation associated with gene silencing. Acetylation removes posi-

tive charges on lysine residues of histones and loosens the electrostatic

interaction with negatively charged DNA.

CYTOTOXIC T-LYMPHOCYTE–ASSOCIATED ANTIGEN 4 (CTLA-4),

GLUCOCORTICOID-INDUCED TNF RECEPTOR–RELATED PROTEIN

(GITR): CTLA-4 limits activation through the costimulatory molecules

CD28:CD80/86. GITR interacts with its receptor (GITRL) on antigen-

presenting cells to coactivate effector T cells. The exact role of GITR in

activating Treg cell suppressive activity is unclear, but the expression of

GITR in Treg cells depends on the TF Foxp3.

DOMINANT-NEGATIVE, ANTISENSE DNA, SMALL INTERFERING RNA

(SIRNA): These terms all describe techniques that reduce gene expres-

sion. A dominant-negative TF binds DNA but does not allow transcrip-

tional activation to occur; antisense DNA binds to target mRNA and

recruits ribonuclease H (degrades RNA) or inhibits translation to protein;

and siRNA silences RNA by targeting it for degradation.

EPIGENETIC: Genetic changes affecting cellular phenotype (as defined

by gene expression) through DNA methylation, chromatin remodeling,

and histone modifications are called epigenetic changes. These changes

are transmissible to progeny but are also reversible, because the genetic

code remains unchanged.

GATA-3: GATA-3 is a member of the guanosine, adenosine, thymidine,

adenosine (GATA) family of zinc-finger DNA binding proteins. GATAs

1-3 are hematopoietic, and GATAs 4-6 are nonhematopoietic. GATA-3

is upregulated in TH2 lineage cells, which is important for IL-4, IL-5,

and IL-13 gene expression. Blunting of GATA-3 expression decreases

TH2-mediated asthma.

GRANZYMES: Granzymes are serine proteases from cytotoxic T cells

required for effective target cell killing; granzymes can act in concert with

perforin.

HISTONE ACETYLASE: See Chromatin Remodeling.

HYPOMETHYLATED: Methylation normally occurs at CpG dinucleotides

and prevents TFs from binding to DNA. Methylation also recruits methyl-

CpG binding proteins that repress chromatin remodeling. Hypomethy-

lated DNA is thus more readily transcribed.

IL-12, IFN-g: IL-12 is composed of biologically active p40/35 hetero-

dimers stimulates production of IFN-g and produces a shift to a TH1 cell

phenotype. IL-12p40, IL-12Rb1, STAT1, and IFN-g receptor deficiency all

lead to severe nontuberculous mycobacterial infections.

IL-1b: IL-1b induces histone acetylation via nuclear factor-kB activation

of gene transcription. Glucocorticoids can interfere with IL-1b–induced

histone acetylation.

PALINDROMIC: DNA sequences that read identically 59 to 39 on each

strand of DNA are termed palindromic—for example, the STAT consen-

sus binding site: 59-TTC(Xn)GAA-39, 39-AAG(Xn)CTT-59.

RETINOIC ACID RECEPTOR (RAR), PEROXISOME PROLIFERATOR-

ACTIVATED RECEPTOR (PPAR): RAR and PPARa/d both bind retinoic

acid, both dimerize with retinoid X receptor; ligand binding protein

ratios will tip the balance to retinoic acid binding to RAR, causing cell

survival, or PPARa/d, causing apoptosis. PPARg can have anti-inflam-

matory effects in asthma.

SIGNAL TRANSDUCER AND ACTIVATOR OF TRANSCRIPTION (STAT):

The signal transducer and activator of transcription family of TFs

become phosphorylated, dimerize, and bind to palindromic DNA ele-

ments in response to Janus-activated kinase pathways. STAT1,2 is

involved in IFN signaling. STAT3 is involved in IL-2, IL-6, IL-10 signaling

and in IL-21, IL-1, IL-23 signaling for RORgt/ TH17 cells. STAT4 is involved

in IL-12 signaling and activates T-bet transcription. STAT5 is required for

IL-2– stimulated Treg cell development. STAT6 is important for IL-4,

IL-13 signals and activates GATA-3 gene expression.

TH17, IL-17: TH17 cells are CD41 T cells that produce IL-17A,F, IL-6, IL-

21, IL-22, and TNF-a and are involved in autoimmunity. TH17 CD41 T

cells’ production of IL-17 is increased by IL-23 secreted by dendritic

cells. IL-23 activation of the TF STAT3 maintains the TH17 phenotype

of the CD41 T cells. IL-17 induces IL-1b , IL-6, and chemokine

CXCL1,2,8 production, causing increased neutrophil recruitment and

possible fibrosis. IL-17 is thought to reduce tissue pathology in auto-

immune diseases.

TRANSCRIPTION FACTOR (TF): TFs are proteins that bind DNA to

activate or repress gene expression. TFs are often modular in compo-

sition with the DNA-binding, dimerization, transactivation, and/or

transrepression domains. TFs often belong to families defined by

conserved modules—for example, homeobox, leucine zipper, and

forked head.

The Editors wish to acknowledge Seema Aceves, MD, PhD, for preparing this glossary.
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FIG 1. Key TFs involved in T-cell differentiation and cross-regulation among T-cell subsets. Increased IFN-g

activates STAT1 leading to the activation of T-bet, the determining TF for TH1. IL-12 reinforces the IFN-g pro-

duction via STAT4. In the presence of IL-4, STAT6-mediated signaling pathway is activated resulting in the

activation of GATA-3, a master TF for TH2. Treg cells and TH17 cells share a common requirement for TGF-b.

Although TGF-b (together with IL-2) activates TF Foxp3, leading to the development of aTreg cell lineage, in

the presence of IL-6 it activates TF RORgt, which is necessary and sufficient for TH17 differentiation. There

are cross-regulations among different T-cell subsets. Although TH1 and TH2 antagonize each other, both

IFN-g and IL-4 have an inhibitory effect on TH17.
TRANSCRIPTIONAL CIRCUITS AND TH CELL

PHENOTYPE MAINTENANCE
The capacity of master regulatory factors to orchestrate TH

cell differentiation is critically dependent on the induction by
those factors of transcriptional circuits that establish the TH

cell phenotype and maintain its stability. They also benefit
from epigenetic changes that are brought about by the action
of those circuits, and from the modular nature of TF domains,
which allow 1 factor to simultaneously mediate interactions
with DNA, other TFs, histones, and histone-modifying en-
zymes.9 Expression of alternatively spliced forms of these fac-
tors presents an additional layer of regulation that may enable
selective interactions with other transcriptional regulators that,
ultimately, affect cell fate decisions. Once their expression is
established by cell-extrinsic signals, many lineage-determining
TFs maintain their own expression by autoinduction. Examples
of how such attributes govern T-cell differentiation are de-
scribed here.

T-bet and TH1 differentiation
The development of the TH1 response requires T-cell receptor

(TCR) stimulation and TH1-promoting cytokines from the antigen
presenting cells such as IL-12 and IFN-g.10 Although a major
function of this axis of immunity is to eliminate intracellular path-
ogens such as viruses and bacteria, unhindered TH1 responses
also play a role in the pathogenesis of autoimmune diseases.
The signaling pathway that leads to the development of TH1 lin-
eage is initiated by the pathogens that stimulate IFN-g and IL-12
production.10,11 Under TH1-inducing conditions, exposure of na-
ive TH cells to IFN-g during TCR engagement activates signal
transducer and activator of transcription (STAT)–1, which in
turn, activates its downstream TF, T-box expressed in T cells
(T-bet).10,11 T-bet has been considered a specific master regulator
for TH1 differentiation, and there is a strong correlation between
T-bet expression and IFN-g production.10

T-bet, also known as TBX21, is a member of the T-box family
of TFs. Members of this family share a conserved DNA binding
domain known as a T-box that binds to a palindromic 20-bp
DNA sequence. T-bet itself is a 530–amino acid long protein in
which the T-box DNA binding domain is flanked by 2 transcrip-
tional activation domains.12 T-bet is essential for the genetic pro-
gram of CD41 TH1 cell lineage differentiation.10,12 Another T-box
factor, eomesodermin, is a paralog of T-bet that promotes IFN-g
production and cytolytic activity of CD81 T cells.13

T-bet displays the attributes of a TH1 lineage commitment
factor, including the capacity to initiate TH1 cell differentiation
independently, to activate its own expression, and to promote
chromatin remodeling at target loci. Ectopic expression of T-bet
leads to strong transactivation of the IFN-g gene and, reciprocally,
represses TH2 gene expression. Importantly, forced expression of
T-bet in established TH2 cells reprograms the cytokine profile into
that of TH1 cells. These attributes of T-bet are enabled both by the
direct action of T-bet at target promoters, including those of IFN-
g, IL-12 receptor b1 (IL-12Rb1), and IL-4 genes, and by the
activation of secondary transcriptional circuitries that work in
synergy with T-bet to enforce the TH1 genetic program (Fig 2).
One such circuit involves the TF runt-related transcription factor
(RUNX)–3, which is induced in differentiating TH1 cells in a
T-bet–dependent manner.14 Unlike T-bet, RUNX3 is unable to
initiate TH1 differentiation independently. However, the binding
of both factors to the IFN-g promoter enables maximal gene
expression. The 2 factors also synergize to repress IL-4 gene
expression by cooperatively binding to a composite response ele-
ment in a silencer region at the 39 end of the IL-4 gene. A second
transcriptional circuit involving a T-bet–induced homeobox
factor, H2.0-like homeobox (HLX), also acts to reinforce IFN-g
gene activation positively.15 These interactions enable the
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FIG 2. Transcriptional circuitries that enforce TH1 and TH2 lineage commitment. Each circuit is composed of

1 primary (T-bet or GATA-3) and a number of secondary regulators that are induced and mobilized by the

primary transcription factors. In addition to enforcing commitment to the appropriate lineage, these circuits

simultaneously repress commitment to alternative lineages. HLX, H2.O-like homeobox.
establishment of stable epigenetic changes at the IFN-g and IL-4
gene loci that sustain a terminally differentiated TH1 phenotype.
T-bet induces stable DNase I hypersensitivity sites in the IFN-g
locus, reflecting active chromatin remodeling that involves
histone acetylation and methylation.15,16 These changes are
ultimately transmitted into daughter cells of terminally differen-
tiated TH1 cells in a T-bet–independent manner.17

T-bet expression is induced on signaling via the IFN-g receptor
and the downstream TF STAT1, and both IFN-g receptor
deficiency and STAT1 deficiency result in profound defects in
T-bet expression and TH1 differentiation.18,19 IFN-g activates
T-bet expression by a STAT1-dependent mechanism and, in
turn, T-bet induces the transcription of the IFN-g gene to establish
a positive feedback loop. T-bet can also promote IFN-g produc-
tion indirectly by upregulating IL-12 receptor b2 expression,
which combines with the constitutively expressed IL-12Rb1 to
form a functional IL-12 receptor.18 IL-12, acting via STAT4,
can then induce IFN-g production independent of T-bet. An alter-
native model of TH1 differentiation has also been proposed that
lays emphasis on the IL-12/STAT4 circuit as the initiator of
TH1 differentiation, which is consolidated by the action of
IFN-g–STAT1–T-bet.20 The primacy of the IFN-g–STAT1 versus
IL-12/STAT4 circuit in initiating TH1 differentiation may well de-
pend on the capacity of a microbial agent to mobilize the produc-
tion initially by the innate immune system of IL-12 (eg, from
dendritic cells) versus IFN-g (eg, natural killer cells).

In vivo, T-bet deficiency induced by targeted gene disruption in
mice results in profound deficits in TH1 cell development and
IFN-g production.21 Importantly, T-bet deficiency results in TH2
skewing and overproduction of TH2 cytokines.22 T-bet–deficient
mice spontaneously develop allergic airway inflammation and
airway hyperresponsiveness, associated with a peribronchial
and perivascular infiltration with eosinophils and lymphocytes.
They also undergo spontaneous airway remodeling similar to hu-
man beings with chronic asthma, including subepithelial collagen
deposition and myofibroblast hyperplasia. T-bet–deficient CD41

T cells are sufficient to induce the airway phenotype when trans-
ferred into a T-cell–deficient but T-bet–sufficient host. The airway
changes proceed in an IL-13–dependent manner and are associ-
ated with increased production in the airways of profibrotic
cytokines, including TGF-b.23 These changes have been ex-
tended by the observations that patients with asthma downregu-
late T-bet expression in the airway.

True T-bet deficiency has not been reported in human beings,
but specific T-bet haplotypes have been associated with asthma
and airway hyperresponsiveness.24 Loss of function mutations in
components of the TH1 circuits in human beings, including
STAT1 and IFN-g and IL-12 receptors, give rise to susceptibility
to mycobacterial infections. In the case of STAT1, which links
with the IFN-a and IFN-b receptors, there is also susceptibility
to some viral infections as well. These mutations have not been
linked to profound TH2 skewing, consistent with the capacity of
more than 1 pathway (STAT1, STAT4) to mediate T-bet activa-
tion.25 On the other hand, mutations in Tyk2, a Janus kinase
family member that participates in several cytokine signaling
pathways involved in innate and adaptive immunity, including
type I (IFN-a/b) and type II (IFN-g IFNs, IL6, IL-10, IL-12,
and IL-23, gives rise to impaired TH1 cell differentiation, overt
TH2 skewing, and a hyper-IgE–like syndrome with susceptibility
to bacterial, mycobacterial, viral, and fungal infections.26

GATA-3 and TH2 differentiation
TH2 cells are involved in humoral immune responses and are

essential in host defense against parasitic infection. On the other
hand, TH2-driven responses are central to the development of
atopic diseases. Differentiation of naive CD41 cells into effector
TH2 cells requires IL-4 receptor and TCR stimulation and is
characterized by the production of IL-4, IL-5, and IL-13.27 TH2
lineage commitment is typically initiated by signaling via the
IL-4/IL-4 receptor/STAT6 axis, which upregulates expression of
GATA-3. In turn, GATA-3 autoinduces its own expression in a
classic positive feedback loop. GATA-3, a member of the
GATA family of zinc finger–type TFs, is both necessary and suf-
ficient to initiate TH2 cell differentiation.28,29 GATA-3 binds to
target regulatory sequences of both TH2 and TH1 cytokine genes,
promoting the expression of the former and suppressing the latter.
It also binds to the Il4-Il13 intergenic region (conserved noncod-
ing sequence 1) in TH2 cells. Several lines of evidence support the
function of GATA-3 as the TH2 lineage specification factor.
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Expression of GATA-3 in naive T cells is sufficient to drive their
differentiation into TH2 cells, whereas its forced expression in
developing TH1 cells drives de novo TH2 cytokine expression
and induces chromatin remodeling at target cytokine gene
loci.28,30,31 Antagonism of GATA-3 expression in T cells inhibits
TH2 cell differentiation both in vitro and in vivo.29,32 The primacy
of GATA-3 in the establishment of the TH2 cell lineage is further
evident from experiments with STAT6-deficient T cells, which
differentiate into full-fledged TH2 cells on their transduction
with GATA-3.30

The requirement of GATA-3 for IL-4 production early in TH2
differentiation is intimately tied to chromatin remodeling at the
Il4 locus. However, this requirement becomes less acute when
the TH2 phenotype has been established. Disruption of the
GATA-3 gene in established TH2 cells is associated with a mild
decrease in the number of IL-4–producing TH2 cells and a 2-
fold to 3-fold decrease in the magnitude of IL-4 production.33,34

Chromatin remodeling at the IL-4 locus in established TH2 cells
is largely maintained, but the accessibility of the IL-4 gene at
its 39 enhancer remains dependent on the presence of GATA-3.
The effect of sudden GATA-3 deficiency on the production by
established TH2 cells of other TH2 cytokines is more severe, with
complete loss of IL-5 and IL-13 expression. Thus, overall, the
continued expression of GATA-3 is required for the effective
maintenance of TH2 cell differentiation.

In addition to its central function in enabling TH2 cytokine pro-
duction, GATA-3 promotes TH2 cell differentiation by 2 other
complementary mechanisms. First, it makes possible the expan-
sion of TH2 cells by the action of growth factor independent
1 (GFI), an IL-4/STAT6–inducible gene that promotes TH2 cell
proliferation. Second, GATA-3 inhibits T-bet expression and
TH1 cytokine production in TH2 cells. De novo deficiency of
GATA-3 in established TH2 cells is rapidly followed by the upre-
gulation of T-bet expression and IFN-g production.33,35

Consistent with the TH2 bias encountered in asthma, GATA-3
mRNA is elevated in the airways of patients with asthma com-
pared with controls.36 Antagonism of GATA-3 by the expression
in T cells of a dominant-negative GATA-3 transgene or by the
delivery into the airways of antisense DNA or small inhibitory
RNA (siRNA) ameliorates allergic inflammation in experimental
asthma models and decreases airway eosinophilia and TH2 cyto-
kine production.32,37,38

Downstream of GATA-3 is the TF musculoaponeurotic fibro-
sarcoma oncogene homolog (c-MAF), which is expressed in TH2
cells and binds to the proximal IL-4 promoter (Fig 2).30,39,40

c-MAF is a basic leucine zipper TF that selectively induces IL-
4 expression in synergy with other factors such as the nuclear
factor of activated T-cells (NFAT) interacting protein 45 and
NFAT at the c-MAF response element within the IL-4 proximal
promoter.41 Overexpression of c-MAF enhances IL-4 production
and, secondarily, TH2 responses. By contrast, c-MAF–deficient T
cells differentiated under TH2 conditions show a selective de-
crease in IL-4 production, but not other TH2-specific cytokines.
Although c-MAF functions as a specific transactivator of the
IL-4 gene, it appears to be dispensable for chromatin remodeling
at the IL-4 locus.

Foxp3 and Treg cell differentiation
T regulatory cells play a key role in tolerance to self-antigen

and prevention of autoimmune diseases, as well as in
inappropriate immune responses involved in allergic dis-
eases.42-44 A majority of peripheral Treg cells are programmed
in the thymus and are known as natural Treg (nTreg) cells.44 Other
Treg cells, also known as induced or adaptive (aTreg) cells, are
derived de novo from a naive CD41 precursor pool in peripheral
lymphoid tissues after encountering exogenous antigen under the
influence of TGF-b.

T regulatory cells are characterized by the expression of a
distinctive combination of surface antigens including the IL-2
receptor a-chain (CD25), cytotoxic T-lymphocyte–associated
antigen 4 (CTLA-4), and glucocorticoid-induced TNF recep-
tor–related protein (GITR). Unlike conventional T cells, they
do not produce IL-2, but are dependent of IL-2 and TGF-b for pe-
ripheral expansion and function.45-47 A cardinal feature of Treg
cells is their high level expression of the forkhead-family TF fork-
head box p3 (Foxp3), which is indispensable to their suppressive
activity, phenotype stability, and survival in the periphery.44 In
human beings, loss of function Foxp3 mutations result in the im-
mune dysregulation, polyendocrinopathy, enteropathy, X-linked
(IPEX) syndrome.42,48 The hallmark of IPEX is immune dysregu-
lation caused by the lack of functional Treg cells. It typically
presents during infancy with enteropathy, autoimmune endocri-
nopathy, immune-mediated cytopenias, dermatitis, and intense al-
lergic dysregulation manifesting as food allergy and elevated IgE
levels. Foxp3 deficiency in mice, whether a result of natural or in-
duced mutations, gives rise to a fatal autoimmune and inflamma-
tory disorder called Scurfy that has many of the features of IPEX.
IPEX-like syndromes in human beings and in mice also arise from
mutations along the IL-2 signaling pathway, including loss of
function mutations in IL-2 receptor a-chain (CD25) and the IL-
2–responsive TF STAT5b, the latter with an associated phenotype
of resistance to growth hormone.49-51

The essential role of Foxp3 in Treg cell biology is supported by
several lines of evidence. Forced expression of Foxp3 in effector
T cells endows them with regulatory properties and some, but not
all, of the phenotypic markers of Treg cells.52,53 Foxp3 deficiency
is permissive to the development in the thymus of Treg cell pre-
cursors that share many of the phenotypic and genetic attributes
of Treg cells. However, unlike Foxp3-sufficient Treg cells,
Foxp3-deficient Treg cell precursors fail to mediate suppres-
sion.54,55 Once in the periphery, they acquire attributes of an ac-
tivated cytotoxic cell phenotype. They express high levels of
mRNA-encoding granzymes, some killer cell markers, and a
mixed TH1 and TH2 cytokine profile. In particular, they secrete
large amounts of IL-4 and other TH2 cytokines, which accounts
for much of the allergic dysregulation associated with Foxp3 de-
ficiency.54-56 Circulating Foxp3-deficient Treg cell precursors
also exhibit a high rate of apoptotic death, possibly as a result
of suboptimal response to growth factors such as IL-2. The con-
tinued requirement for Foxp3 expression to maintain the pheno-
type of mature Treg cells in the periphery was demonstrated in
experiments in which the acute inactivation of the Foxp3 locus
rapidly led to the loss of Treg cell regulatory function. Acute
Foxp3 deficiency also alters the transcriptional program of Treg
cells in a manner reminiscent of that of Foxp3-deficient Treg
cell precursors.57

Foxp3 was initially thought to function as a transcriptional
repressor.58 However, it has become clear that Foxp3 may func-
tion as either a transcriptional activator or repressor depending
on the context.59,60 The transcriptional functions of Foxp3 are en-
abled by capacity of its different domains to interact with distinct
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FIG 3. Transcriptional circuitries in Treg cells. A, Activation of the Foxp3 promoter/enhancer. Signaling by

the TCR/NFAT, IL-2/STAT5, and TGF-b/Smad3 pathways converges on the Foxp3 promoter/enhancer to ac-

tivate Foxp3 gene expression efficiently. B, Regulation of gene expression by Foxp3. Foxp3 cooperates with

other TFs, including NFAT and RUNX1/AML1, to activate transcription of a number of genes and suppress

that of others (such as IL2). Ag, Antigen.
sets of regulatory proteins to form large macromolecular tran-
scriptional complexes. An N-terminal domain that mediates tran-
scriptional activation and repression associates with the histone
acetyltransferase Tat-interactive protein, 60 kd, and class II
histone deacetylases HDAC7 and HDAC9.61 A zinc finger do-
main and leucine zipper domains mediate a second set of interac-
tions, with the leucine zipper domain especially important for
homoligmerization and heteroligmerization of Foxp3 with related
members of the Foxp family.62 The distal part of the protein in-
cludes a carboxyl-terminal forkhead domain that mediates bind-
ing to specific DNA response elements. It also includes residues
that contribute to the physical association of Foxp3 with other
TFs, including NFAT and RUNX1/acute myelogenous leukemia-
1, both of which contribute to the transcriptional program and sup-
pressive functions of Treg cells63,64 (Fig 3). An isoform of Foxp3 is
expressed that lacks a N-terminal domain 33 amino acid peptide
encoded by exon 2. This isoform is ineffective in conferring regu-
latory function when expressed in conventional T cells.65

Foxp3 directly regulates a sizable portion of the genetic
program associated with Treg cells.54,55,59,60 A critical mecha-
nism by which Foxp3 maintains the phenotype of Treg cells in
the periphery is to coordinate and reinforce transcriptional
circuitries activated by key Treg cell signaling pathways, in-
cluding the T-cell receptor and the cytokines IL-2 and TGF-
b.66,67 Foxp3 upregulates the expression of components of
the IL-2 signaling pathway, most notably the IL-2 receptor a-
chain (CD25). It similarly upregulates expression of TGF-b
signaling components, including TGF-b receptor II. In turn,
those pathways upregulate Foxp3 expression and maintain
Treg cells in a fit condition. A target of Foxp3 is the Foxp3
gene itself, which is endowed with a number of forkhead factor
response elements.54 Foxp3 deficiency is associated with de-
creased Foxp3 expression in the Treg cell precursors that do
develop, consistent with autoinduction of Foxp3 by a positive
feedback loop.
Treg cells are unique among the effector T-cell subsets in being
composed of 2 developmentally distinct populations: natural Treg
(nTreg) cells, which develop in the thymus, and adaptive Treg
(aTreg) cells that are induced de novo in the periphery from con-
ventional T cells. The 2 populations display a close affinity in their
regulatory function and phenotype but are not identical. The phe-
notypic and genetic attributes of nTreg cells are ‘‘hard-wired,’’
with most of them persisting even in the absence of Foxp3. This
is a reflection of an irreversible commitment to the Treg cell line-
age that occurs in the course of thymic selection and maturation of
nTreg cells. In contrast, aTreg cells are ‘‘plastic,’’ developing on
antigenic stimulation of conventional T cells in the presence of
TGF-b and IL-2.68,69 The de novo activation of Foxp3 transcription
in aTreg cells proceeds through the agency of several TFs that
include NFAT (TCR), Smad3 (TGF-b), and STAT5 (IL-2)70 (Fig
3). Foxp3, whose expression in aTreg cells is induced by the action
of TGF-b and T-cell receptor signaling, is absolutely required for
the suppressive functions of aTreg cells, similar to the situation of
their nTreg cell counterparts (D. Haribhai, T. A. Chatila, C. B.
Williams, unpublished data, December 2007). aTreg cells have
been demonstrated to develop during induction of oral tolerance
to an allergen and may play an important role in tolerance induc-
tion in immunotherapy.71,72 Their phenotype, however, maybe
less stable than that of nTreg cells. Whereas the Foxp3 locus is sta-
bly hypomethylated in natural Treg cells, it is weakly so in adaptive
Treg cells.73 The suppressive function and Foxp3 expression levels
of the latter may accordingly decline over time.

In addition to the Foxp31 aTreg cells, another class of Treg
cells is the Foxp3–IL-101 T regulatory type 1 (Tr-1) cells, de-
rived by the ex vivo activation of naive CD41 T cells in the
presence of IL-10 or by IL-10–conditioned dendritic cells.74

Previous studies attempting to track these cells in vivo have
been impeded by the lack of clear markers that could distin-
guish Tr-1 cells from Foxp31 nTreg and aTreg cells, which
also express IL-10, especially after activation. Recent studies
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have overcome this limitation by using IL-10 locus-tagged
mice, revealing Foxp3– Tr-1–like cells to be particularly abun-
dant in the small and large intestine, where they play an es-
sential role in downregulating the inflammatory response
triggered by the commensal flora.75-77 Foxp3– Tr-1–like cells
share with Foxp31 aTreg cells a requirement for TGF-b for
their in vivo differentiation, but it remains unclear whether
Tr-1 cells branch off from a common differentiation pathway
with Foxp31 aTreg cells or arise by a separate pathway.
Although earlier studies have implicated Tr-1 in tolerance to
allergens, especially after immunotherapy, the precise contri-
butions of Foxp31 Treg cells and Foxp3– Tr-1 cells to
induced tolerance to allergens remain to be carefully analyzed
with the newer tools now available.78

RORgt/RORa and TH17 differentiation
In addition to the TH1, TH2, and Treg cell lineages, another

effector T-cell lineage has been recently introduced, namely
TH17 cells.79,80 TH17 cells are characterized by the production
of their distinct cytokines including IL-17A, IL-17F, and
IL-22. The IL-23/IL-17 axis has been reported to be involved
in immunity to bacterial and fungal pathogens.81-84 The proin-
flammatory role of TH17 was first identified in autoimmune dis-
orders such as experimental autoimmune encephalitis and
collagen-induced arthritis.3,80 Emerging evidence indicates that
TH17 may also be involved in the pathogenesis of various
chronic immune-inflammatory diseases in human beings.85,86

Although the exact role of TH17 in atopy and asthma is still
unclear, available data suggest that this T-cell lineage may con-
tribute to the pathogenesis of atopic diseases such as asthma, at
least in part, by inducing neutrophilic inflammation. Data from
experimental models suggest both a proinflammatory and a reg-
ulatory role for IL-17 in experimental asthma, depending on the
route of sensitization and the phase of the allergic inflammatory
response.87,88

The development of TH17 is independent of the STAT signaling
pathway required for TH1 and TH2 differentiation, but it shares a
common requirement with Treg cells for TGF-b, at least in the
murine system. Although TGF-b alone induces Treg cell differen-
tiation, a combination of TGF-b and IL-6 leads to TH17 commit-
ment.6-8 TH17 cells do not express the specific TFs of TH1, TH2,
and Treg, such as T-bet, GATA-3, and Foxp3.6 Instead, retinoid-
related orphan receptor (ROR)–gt has been identified as the
distinct TF that is necessary and sufficient for the signaling path-
way that leads to TH17 differentiation.22,23

Nuclear receptors (NRs) function as ligand-dependent DNA-
binding proteins that translate physiological signals into gene
regulation. Classic examples of this family include the receptors
for steroid hormones, the retinoic acid receptors, and the perox-
isome proliferator-activated receptor, all of which have been
clearly shown to have important immunoregulatory functions.
The NR superfamily includes ‘‘orphan’’ receptors for which no
ligands have been identified. The RORs (a, b, and g) make up
a distinct subfamily of NR. Members of this subgroup share
a similar structure with a highly conserved DNA binding domain
and a less conserved putative ligand binding domain. Multiple
isoforms generated by alternative splicing or differential pro-
moter use have been identified for each member of the RORs
(RORa1-4, RORb1 and 2, and RORg1and 2, the latter also
known as RORgt).89
The 495–amino acid long RORgt is an isoform of the orphan
nuclear receptor RORg that lacks the latter’s N-terminal 24 amino
acids. RORgt is transcribed from an alternative promoter within
the second exon of the RORg gene (resulting in a 495 amino acid
protein lacking the N-terminal 24 residues of RORg).90,91 RORg

and RORgt appear to be functionally equivalent. However,
whereas RORg is widely expressed in several tissues, RORgt is
almost exclusively expressed in the thymus.91 It is most abundant
in thymocytes but is not expressed in B cells or in most T cells
except the TH17 subset.

It is now well established that RORgt has a crucial role in T-
cell homeostasis and lymphoid organ development. Early studies
showed that RORg-deficient mice are devoid of lymph nodes and
Peyer patches, but in contrast with lymphotoxin-null mice, have
normal splenic follicles.92,93 In the thymus, there is a depletion of
CD41CD81 double-positive thymocytes, which undergo acceler-
ated apoptosis caused in part by a downregulation of the expres-
sion of the antiapoptotic gene Bcl-XL. More recently, RORgt has
been shown to be necessary and sufficient for the in vivo and
in vitro generation of the TH17 cells, a distinct lineage of TH cells
fundamental in host defense and autoimmunity.94 RORgt-null
mice have markedly diminished tissue-infiltrating TH17 cells
and display increased resistance to experimental autoimmune en-
cephalomyelitis. The residual TH17 activity could be ascribed to
the action of a second retinoid-related orphan receptor, RORa.95

Similar to RORgt, RORa is highly expressed in TH17 cells, and
its expression is induced in naive T cells in an IL-6, TGF-b, and
STAT3-dependent manner. Forced expression of either RORgt or
RORa is sufficient to confer a TH17 phenotype in naive CD41

cells, whereas their combined expression synergistically includes
IL-17 expression and TH17 cell differentiation. Like RORgt,
RORa deficiency diminishes TH17 differentiation, whereas their
compound deficiency globally impairs TH17 differentiation
and completely protects against experimental autoimmune
encephalomyelitis.95

In human T cells, induction of TH17 differentiation is also
associated with upregulation of RORgt expression. However,
human TH17 differentiation appears to be dependent on IL-1b,
rather than TGF-b, acting in synergy with either IL-23 or IL-
6.82,96 It has been pointed out that this apparent species-specific
difference in cytokine requirement for TH17 differentiation may
reflect the less naive nature of the human T cells under study.97

However, whether it reflects a more fundamental difference in
the mechanisms of TH17 differentiation between murine and
human T cells remains to be established.

Biochemical studies on RORg/RORgt have been limited, and
it remains unclear whether it functions as a monomer or as a
homodimer or heterodimer or whether its functional activity
requires binding of a ligand. However, it appears RORg can
function as a context-dependent transcriptional activator or
repressor.98 In the context of TH17 differentiation, RORgt could
directly transactivate IL-17A and IL-17F genes or act as a chro-
matin-remodeling factor that opening the Il17 locus for other
factors to bind directly to Il17 promoters.

The series of steps leading to TH17 differentiation has recently
been elucidated (Fig 4, A). Differentiation is initiated by the con-
certed action of TGF-b and IL-6 and is reinforced by other cyto-
kines such as IL-21 and IL-23.99-101 The molecular mechanisms
by which these cytokines establish TH17 lineage commitment
and expand TH17 cells are beginning to emerge. RORgt mRNA
is upregulated by IL-6–induced activation of the STAT3 TF, and
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STAT3-deficient mice have markedly decreased TH17 cells. IL-6
also induces IL-21 expression in activated T cells in a STAT3-
dependent but RORgt–independent manner. IL-21 mediates an
autocrine positive feedback loop that is important for TH17 differ-
entiation: it acts in an IL-6–independent manner to induce RORgt

expression and TH17 differentiation. It also upregulates the ex-
pression of the IL-23R subunit, which combines with the IL-
12Rb1 to form a functional IL-23 receptor. The latter cytokine
acts in synergy with TGF-b to promote TH17 differentiation fur-
ther. Downstream of IL-23, the TF STAT4 is dispensable for the
initial generation of TH17 cells but appears important for IL-
23-driven expansion.

In addition to STAT3 and RORgt/RORa, IFN regulatory factor
4 (IRF-4) has emerged as a third factor important to TH17 differ-
entiation.102 Compared with wild-type cells, IRF-4–deficient TH

cells have less expression of RORgt after stimulation with IL-
6, and IL-6 also fails to downregulate Foxp3 expression in re-
sponse to TGF-b. This abnormal regulation of both Foxp3 and
RORgt leads to compromised TH17 cell differentiation in favor
of Treg cell induction. Collectively, these studies reveal an inter-
locked series of cytokine-activated and self-reinforcing transcrip-
tional circuits that guide TH17 differentiation.

It can be anticipated that defects involving the IL-6 receptor
pathway would impair Th-17 cell differentiation. Two heritable
primary immunodeficiency disorders that affect IL-6 receptor
signaling have been identified recently. The first is the hyper-IgE
syndrome, which is frequently associated with hypomorphic loss
of function mutations in the DNA-binding and Src homology
2 domains of STAT3.103,104 The spectrum of infections associated
with this disorder, especially fungal infections, would be consis-
tent with defective TH17 differentiation, and recent evidence sug-
gests that patients with hyper-IgE syndrome exhibit such a
defect.84,139 Mutations in Tyk2, which give rise to a hyper-IgE–
like syndrome, may also act in part by impairing signaling via
the IL-6 and IL-23 receptors.26 Both cases point to a hitherto un-
appreciated yet prominent role for STAT3 in the regulation of IgE
levels whose molecular basis remains to be established.

THERAPEUTIC STRATEGIES OF TARGETING TFS
Transcription factors are the key regulators of immune re-

sponses and inflammation. Therefore, pharmacologic approaches
of targeting TFs may be used as a strategy to treat diseases in the
immune system, such as asthma. The strategies that modify the
actions of TFs include direct blocking of their activation, inter-
fering with their expression using nucleic acid–based technolo-
gies, and altering their interactions with other TFs.105 Here we
present select examples of such approaches.

Glucocorticoid receptor
Glucocorticoids have been used as an effective long-term

treatment for asthma. Their action is mediated through the
glucocorticoid receptor (GR), which is widely distributed in the
lung and regulates the expression of many proinflammatory
genes.30 GR is a Cys4 zinc finger TF containing hormone binding,
DNA binding, and transactivation domains. GR can have either
positive (transactivation) or negative (transrepression) effects on
transcription.106,107 In the absence of the ligand, the GR is pre-
dominantly located in the cytoplasm in an inactive multiprotein
complex, which includes 2 molecules of heat shock protein of
90 kd. Binding of glucocorticoids to GR leads to the dissociation
of the multiprotein complex and nuclear translocation of GR.
Once in the nucleus, GR binds to a DNA binding sequence known
as the glucocorticoid response elements as a homodimer that
induces the transcriptional activation of a number of genes,
many of which have anti-inflammatory effects.106,107 In contrast,
transrepression can proceed with or without GR binding to DNA.
Although the former activity is performed by GR binding to a neg-
ative glucocorticoid response elements site, repression can also
proceed through the ability of the GR to bind to other TFs, such
as activator protein-1, nuclear factor-kB, NFAT, and STAT5.87

Transrepression is responsible for the inhibitory effects of gluco-
corticoids on many proinflammatory cytokines, chemokines, ad-
hesion molecules, proinflammatory receptors, and enzymes. An
important mechanism by which transrepression proceeds is
through the recruitment by the GR of histone deacetylases to
the activated transcription complex, which results in the reversal
of histone acetylation of activated inflammatory genes and sup-
pression of transcription at those loci.108-110 Taken together, the
extensive use of glucocorticoids to treat allergic airway inflamma-
tion is a well established therapeutic strategy that forms the bases
of anti-inflammatory interaction in asthma.106

Foxp3
The suppressive characteristics of Treg cells have made these

cells attractive candidates for immunotherapy, as suggested by
experimental attempts to affect autoimmune processes in animals
through adoptive transfer of Treg cells.111,112 Examples of disease
processes that can be controlled by this approach include gastritis,
thyroiditis, oophoritis, inflammatory bowel disease, graft-versus-
host disease, arthritis, and systemic lupus erythematosus.113-115

Similar treatment strategies are now being developed in human
beings, in whom it is envisaged that the cellular therapy with an-
tigen-specific Treg cells may allow the development of long-term
immune modulation strategies without the problem of general

FIG 4. A, Transcriptional circuitries that enforce TH17 lineage commitment.

Induction of the TH17 lineage differentiation by RORgt and RORa is rein-

forced by secondary circuits involving IL-21/STAT3 and IL-23 receptor/

STAT4. Autoinduction of RORgt and RORa is implicit but remains to be for-

mally established. B, Reprogramming by retinoic acid of TH17 cell differen-

tiation toward aTreg cells. Whereas, in the presence of IL-6, TGF-b drives

TH17 cell differentiation, retinoic acid shifts the balance toward aTreg cell

differentiation. IRF4, Interferon regulatory factor 4; Tconv, conventional

T cells.
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FIG 5. Induction of Nrf2-mediated protective responses. In the absence of stimuli, Keap1, the sensor pro-

tein, binds and targets Nrf2 for ubiquitin-mediated proteasomal degradation. Inducers react with the spe-

cific cysteine residues (SH) on Keap1, resulting in Nrf2 nuclear translocation. In the nucleus, binding of

Nrf2 to the ARE and formation of a transcriptional complex with small Maf and other proteins lead to the

activation of more than 200 genes.131 ROS, Radical oxygen species.
immunosuppression and systemic toxicity.113,114 Currently,
clinical trials with antigen-specific IL-10–producing Tr-1 cells
in haploidentical patients receiving bone marrow transplant are
underway.113 Other approaches include the derivation for thera-
peutic use of human cell lines that stably express ectopic
Foxp3, which converts both naive and antigen-specific memory
CD41 T cells into cells with Treg cell–like properties.116 Treg
cell therapy may also be rendered more effective by combining it
with immunomodulatory drugs that spare Treg cells while target-
ing conventional T cells. One such drug is rapamycin, an inhibitor
of the mTor pathway. The latter, which branches off the IL-2/
phosphoinositide-3-kinase pathway, plays an important role in
T-cell proliferation and survival. The mTor pathway is relatively
inactive in Treg cells, which use an alternative IL-2 receptor–
coupled STAT5 pathway to mediate cell growth and prolifera-
tion.117,118 A second approach is to use histone deacetylase
inhibitors, which promote the development of Foxp31 aTreg
cells.119

A pharmacologic approach of particular therapeutic relevance
to allergic diseases is to bolster aTreg cell–dependent oral
tolerance by manipulating the retinoic acid pathway. It is well
established that the induction of oral tolerance is associated with
the in situ production of Foxp31 aTreg cells. The in situ conver-
sion of naive T cells into aTreg cells, which takes place on antigen
presentation by CD1031 dendritic cells in gut-associated
lymphoid tissue and is strictly TGF-b–dependent, is greatly
augmented by retinoic acid and reciprocally antagonized by in-
hibitors of retinal dehydrogenase.120-124 Importantly, retinoic
acid inhibits the IL-6–driven programming of TGF-b–treated T
cells into proinflammatory TH17 cells in favor of Treg cell differ-
entiation.122,125 These findings, if proven applicable to the human
mucosal immune system, open up the possibility of pharmacolog-
ically enhancing oral tolerogenic therapies such as sublingual
immunotherapy with retinoic acid analogs or concurrent vitamin
A supplementation.126,127 They also usher in the potential to shift
effector T-cell differentiation in inflammatory diseases away from
TH17 and in favor of the Treg cell lineage (Fig 4, B).

Nuclear factor-erythroid 2-related factor 2
Oxidative stress has been implicated in the pathogenesis of a

variety of diseases including asthma, rheumatoid arthritis, and
other inflammatory diseases.128 Over the last several years, evi-
dence has begun to emerge demonstrating that the antioxidative
nuclear factor-erythroid 2-related factor 2 (Nrf2) pathway plays
a critical role in modulation of redox signaling involved in the
inflammatory process, suggesting that the Nrf2 pathway may
be used to suppress airway inflammation and other oxidative
stress–mediated inflammatory processes.128

Nrf2, a basic leucine zipper redox-sensitive TF, interacts with
the antioxidant response element (ARE), which is found on a large
set of genes involved in the oxidative stress response, such as
g-glutamylcysteine ligase, heme oxygenase-1, and thiore-
doxin.129 Products of these genes have been shown to play an im-
portant role in a variety of pathological processes including
protection against oxidative damage to tissues, cancer prevention,
and inhibition of apoptosis.129,130 Nrf2 activation is induced in re-
sponse to oxidative stress stimuli and electrophilic chemicals, in-
cluding a number of food chemicals such as the isothiocyanates,
sulforaphane, and a-lipoic acid.129 The activation process is gov-
erned by a series of specific chemical reactants that involve oxida-
tive cross-linking of the critical SH group in a chaperone
molecule, Keap I, which, under normal conditions, sequesters
Nrf2 in the cytosol and targets it for proteasomal degradation.131

The cross-linking of these thiol groups on Keap I releases Nrf2
from its sequestrating complex and allows it to translocate to the
nucleus, where it binds to the ARE, forms a complex with TF small
Maf and other proteins, and induces gene expression (Fig 5).131
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Emerging evidence indicates that oxidative stress has profound
effects on both innate and adaptive immunity.132,133 Oxidative
stress downregulates TH1 and promotes TH2 immunity through
perturbation of dendritic cell maturation and IL-12 pro-
duction.132,133 An even more profound immune perturbation is
observed in Nrf2-null mice, which, along with reduced anti-
oxidant capacity, develop a female-preponderant multiorgan
lupuslike inflammatory disease.134 Nrf2 deficiency enhances sus-
ceptibility to lung injury and inflammation and exaggerates aller-
gic airway inflammation in experimental asthma models.135,136

Cumulatively, these data suggest that Nrf2 exerts important
immunoregulatory and anti-inflammatory effects that may be of
therapeutic value in allergic diseases, including asthma. Nrf2
agonists such as sulforaphane may be useful in suppressing airway
inflammation, especially in people whose asthma could be pro-
moted by exposure to pro-oxidative stimuli such as ambient air
pollution, or a putative subset of patients with asthma who could
be more prone to the development of asthma because of a weak-
ened antioxidant defense.105,137

Conclusion
A more complex, and gratifying, view of effector T-cell

differentiation in the periphery has recently emerged, propelled
by the elucidation of cytokine programs and transcriptional
circuitries governing peripheral T-cell differentiation into the
Treg and TH17 cell lineages. A more refined view of TH1/ TH2 lin-
eage commitment has also emerged, aided by the elucidation of
secondary, reinforcing transcriptional circuits and epigenetic
changes that consolidate differentiation into the respective cell
lineage. Several gaps remain in our knowledge of the differentia-
tion pathways and long-term fate of the newer cell lineages. The
differentiation programs of other cell lineages such as Tr-1 cells,
although beginning to yield to investigation, remain largely
obscure.77 The position in this new scheme of intermediate phe-
notypes such as IL-10–producing TH1 cells is also uncertain, as
are the precise mechanisms by which environmental cues that
are prevalent in affluent societies bias effector cell differentiation
in favor of atopic diseases.5,138 These uncertainties hint at further
complexities along the way, but they also point to opportunities
for novel and effective interventions in the treatment and preven-
tion of allergic diseases.

REFERENCES

1. Mosmann TR, Cherwinski H, Bond MW, Giedlin MA, Coffman RL. Two types of

murine helper T cell clone, I: definition according to profiles of lymphokine ac-

tivities and secreted proteins. J Immunol 1986;136:2348-57.

2. Reiner SL. Development in motion: helper T cells at work. Cell 2007;129:33-6.

3. Steinman L. A brief history of T(H)17, the first major revision in the T(H)1/

T(H)2 hypothesis of T cell-mediated tissue damage. Nat Med 2007;13:139-45.

4. Sakaguchi S, Wing K, Miyara M. Regulatory T cells: a brief history and perspec-

tive. Eur J Immunol 2007;37(suppl 1):S116-23.

5. Schaub B, Lauener R, von Mutius E. The many faces of the hygiene hypothesis.

J Allergy Clin Immunol 2006;117:969-77; quiz 78.

6. Bettelli E, Carrier Y, Gao W, Korn T, Strom TB, Oukka M, et al. Reciprocal de-

velopmental pathways for the generation of pathogenic effector TH17 and regu-

latory T cells. Nature 2006;441:235-8.

7. Mangan PR, Harrington LE, O’Quinn DB, Helms WS, Bullard DC, Elson CO,

et al. Transforming growth factor-beta induces development of the T(H)17 line-

age. Nature 2006;441:231-4.

8. Veldhoen M, Stockinger B. TGFbeta1, a ‘‘Jack of all trades’’: the link with pro-

inflammatory IL-17-producing T cells. Trends Immunol 2006;27:358-61.

9. Lee GR, Kim ST, Spilianakis CG, Fields PE, Flavell RA. T helper cell differen-

tiation: regulation by cis elements and epigenetics. Immunity 2006;24:369-79.
10. Szabo SJ, Sullivan BM, Peng SL, Glimcher LH. Molecular mechanisms regulat-

ing Th1 immune responses. Annu Rev Immunol 2003;21:713-58.

11. Murphy KM, Reiner SL. Decision making in the immune system: the lineage de-

cisions of helper T cells. Nat Rev Immunol 2002;2:933-44.

12. Szabo SJ, Kim ST, Costa GL, Zhang X, Fathman CG, Glimcher LH. A novel

transcription factor, T-bet, directs Th1 lineage commitment. Cell 2000;100:

655-69.

13. Pearce EL, Mullen AC, Martins GA, Krawczyk CM, Hutchins AS, Zediak VP,

et al. Control of effector CD81 T cell function by the transcription factor eome-

sodermin. Science 2003;302:1041-3.

14. Djuretic IM, Levanon D, Negreanu V, Groner Y, Rao A, Ansel KM. Transcription

factors T-bet and Runx3 cooperate to activate Ifng and silence Il4 in T helper type

1 cells. Nat Immunol 2007;8:145-53.

15. Mullen AC, Hutchins AS, High FA, Lee HW, Sykes KJ, Chodosh LA, et al. Hlx is

induced by and genetically interacts with T-bet to promote heritable T(H)1 gene

induction. Nat Immunol 2002;3:652-8.

16. Lewis MD, Miller SA, Miazgowicz MM, Beima KM, Weinmann AS. T-bet’s abil-

ity to regulate individual target genes requires the conserved T-box domain to re-

cruit histone methyltransferase activity and a separate family member-specific

transactivation domain. Mol Cell Biol 2007;27:8510-21.

17. Martins GA, Hutchins AS, Reiner SL. Transcriptional activators of helper T cell

fate are required for establishment but not maintenance of signature cytokine ex-

pression. J Immunol 2005;175:5981-5.

18. Afkarian M, Sedy JR, Yang J, Jacobson NG, Cereb N, Yang SY, et al. T-bet is a

STAT1-induced regulator of IL-12R expression in naive CD41 T cells. Nat Im-

munol 2002;3:549-57.

19. Mullen AC, High FA, Hutchins AS, Lee HW, Villarino AV, Livingston DM, et al.

Role of T-bet in commitment of TH1 cells before IL-12-dependent selection. Sci-

ence 2001;292:1907-10.

20. Usui T, Preiss JC, Kanno Y, Yao ZJ, Bream JH, O’Shea JJ, et al. T-bet regulates

Th1 responses through essential effects on GATA-3 function rather than on IFNG

gene acetylation and transcription. J Exp Med 2006;203:755-66.

21. Szabo SJ, Sullivan BM, Stemmann C, Satoskar AR, Sleckman BP, Glimcher LH.

Distinct effects of T-bet in TH1 lineage commitment and IFN-gamma production

in CD4 and CD8 T cells. Science 2002;295:338-42.

22. Finotto S, Neurath MF, Glickman JN, Qin S, Lehr HA, Green FH, et al. Devel-

opment of spontaneous airway changes consistent with human asthma in mice

lacking T-bet. Science 2002;295:336-8.

23. Finotto S, Hausding M, Doganci A, Maxeiner JH, Lehr HA, Luft C, et al. Asthmatic

changes in mice lacking T-bet are mediated by IL-13. Int Immunol 2005;17:993-1007.

24. Raby BA, Hwang ES, Van Steen K, Tantisira K, Peng S, Litonjua A, et al. T-bet

polymorphisms are associated with asthma and airway hyperresponsiveness. Am

J Respir Crit Care Med 2006;173:64-70.

25. Fortin A, Abel L, Casanova JL, Gros P. Host genetics of mycobacterial diseases in

mice and men: forward genetic studies of BCG-osis and tuberculosis. Annu Rev

Genomics Hum Genet 2007;8:163-92.

26. Minegishi Y, Saito M, Morio T, Watanabe K, Agematsu K, Tsuchiya S, et al. Hu-

man tyrosine kinase 2 deficiency reveals its requisite roles in multiple cytokine

signals involved in innate and acquired immunity. Immunity 2006;25:745-55.

27. Ansel KM, Djuretic I, Tanasa B, Rao A. Regulation of Th2 differentiation and Il4

locus accessibility. Annu Rev Immunol 2006;24:607-56.

28. Zheng W, Flavell RA. The transcription factor GATA-3 is necessary and sufficient

for Th2 cytokine gene expression in CD4 T cells. Cell 1997;89:587-96.

29. Zhang DH, Cohn L, Ray P, Bottomly K, Ray A. Transcription factor GATA-3 is

differentially expressed in murine Th1 and Th2 cells and controls Th2-specific

expression of the interleukin-5 gene. J Biol Chem 1997;272:21597-603.

30. Ouyang W, Lohning M, Gao Z, Assenmacher M, Ranganath S, Radbruch A, et al.

Stat6-independent GATA-3 autoactivation directs IL-4-independent Th2 develop-

ment and commitment. Immunity 2000;12:27-37.

31. Ouyang W, Ranganath SH, Weindel K, Bhattacharya D, Murphy TL, Sha WC,

et al. Inhibition of Th1 development mediated by GATA-3 through an IL-4-inde-

pendent mechanism. Immunity 1998;9:745-55.

32. Zhang DH, Yang L, Cohn L, Parkyn L, Homer R, Ray P, et al. Inhibition of

allergic inflammation in a murine model of asthma by expression of a domi-

nant-negative mutant of GATA-3. Immunity 1999;11:473-82.

33. Zhu J, Min B, Hu-Li J, Watson CJ, Grinberg A, Wang Q, et al. Conditional de-

letion of Gata3 shows its essential function in T(H)1-T(H)2 responses. Nat Immu-

nol 2004;5:1157-65.

34. Pai SY, Truitt ML, Ho IC. GATA-3 deficiency abrogates the development and

maintenance of T helper type 2 cells. Proc Natl Acad Sci U S A 2004;101:1993-8.

35. Zhu J, Yamane H, Cote-Sierra J, Guo L, Paul WE. GATA-3 promotes Th2 re-

sponses through three different mechanisms: induction of Th2 cytokine produc-

tion, selective growth of Th2 cells and inhibition of Th1 cell-specific factors.

Cell Res 2006;16:3-10.



J ALLERGY CLIN IMMUNOL

APRIL 2008

822 CHATILA ET AL
36. Nakamura Y, Ghaffar O, Olivenstein R, Taha RA, Soussi-Gounni A, Zhang DH,

et al. Gene expression of the GATA-3 transcription factor is increased in atopic

asthma. J Allergy Clin Immunol 1999;103:215-22.

37. Finotto S, De Sanctis GT, Lehr HA, Herz U, Buerke M, Schipp M, et al. Treatment

of allergic airway inflammation and hyperresponsiveness by antisense-induced

local blockade of GATA-3 expression. J Exp Med 2001;193:1247-60.

38. Lee CC, Huang HY, Chiang BL. Lentiviral-mediated GATA-3 RNAi decreases

allergic airway inflammation and hyperresponsiveness. Mol Ther 2008;16:60-5.

39. Ho IC, Hodge MR, Rooney JW, Glimcher LH. The proto-oncogene c-maf is

responsible for tissue-specific expression of interleukin-4. Cell 1996;85:973-83.

40. Kim JI, Ho IC, Grusby MJ, Glimcher LH. The transcription factor c-Maf controls

the production of interleukin-4 but not other Th2 cytokines. Immunity 1999;10:

745-51.

41. Hodge MR, Chun HJ, Rengarajan J, Alt A, Lieberson R, Glimcher LH. NF-

AT-Driven interleukin-4 transcription potentiated by NIP45. Science 1996;274:

1903-5.

42. Chatila TA. Role of regulatory T cells in human diseases. J Allergy Clin Immunol

2005;116:949-59; quiz 60.

43. Bacchetta R, Gambineri E, Roncarolo MG. Role of regulatory T cells and FOXP3

in human diseases. J Allergy Clin Immunol 2007;120:227-35; quiz 36-7.

44. Zheng Y, Rudensky AY. Foxp3 in control of the regulatory T cell lineage. Nat

Immunol 2007;8:457-62.

45. D’Cruz LM, Klein L. Development and function of agonist-induced

CD251Foxp31 regulatory T cells in the absence of interleukin 2 signaling. Nat

Immunol 2005;6:1152-9.

46. Fontenot JD, Rasmussen JP, Gavin MA, Rudensky AY. A function for interleukin

2 in Foxp3-expressing regulatory T cells. Nat Immunol 2005;6:1142-51.

47. Marie JC, Letterio JJ, Gavin M, Rudensky AY. TGF-beta1 maintains suppressor

function and Foxp3 expression in CD41CD251 regulatory T cells. J Exp Med

2005;201:1061-7.

48. Torgerson TR, Ochs HD. Immune dysregulation, polyendocrinopathy, enteropa-

thy, X-linked: forkhead box protein 3 mutations and lack of regulatory T cells.

J Allergy Clin Immunol 2007;120:744-50; quiz 51-2.

49. Caudy AA, Reddy ST, Chatila T, Atkinson JP, Verbsky JW. CD25 deficiency

causes an immune dysregulation, polyendocrinopathy, enteropathy, X-linked-

like syndrome, and defective IL-10 expression from CD4 lymphocytes. J Allergy

Clin Immunol 2007;119:482-7.

50. Cohen AC, Nadeau KC, Tu W, Hwa V, Dionis K, Bezrodnik L, et al. Cutting

edge: Decreased accumulation and regulatory function of CD41 CD25(high) T

cells in human STAT5b deficiency. J Immunol 2006;177:2770-4.

51. Malek TR. The biology of interleukin-2. Annu Rev Immunol 2007; Dec 6 [epub

ahead of print].

52. Fontenot JD, Gavin MA, Rudensky AY. Foxp3 programs the development and

function of CD41CD251 regulatory T cells. Nat Immunol 2003;4:330-6.

53. Hori S, Nomura T, Sakaguchi S. Control of regulatory T cell development by the

transcription factor Foxp3. Science 2003;299:1057-61.

54. Gavin MA, Rasmussen JP, Fontenot JD, Vasta V, Manganiello VC, Beavo JA,

et al. Foxp3-dependent programme of regulatory T-cell differentiation. Nature

2007;445:771-5.

55. Lin W, Haribhai D, Relland LM, Truong N, Carlson MR, Williams CB, et al. Reg-

ulatory T cell development in the absence of functional Foxp3. Nat Immunol

2007;8:359-68.

56. Chatila TA, Blaeser F, Ho N, Lederman HM, Voulgaropoulos C, Helms C, et al.

JM2, encoding a fork head-related protein, is mutated in X-linked autoimmunity-

allergic disregulation syndrome. J Clin Invest 2000;106:R75-81.

57. Williams LM, Rudensky AY. Maintenance of the Foxp3-dependent developmen-

tal program in mature regulatory T cells requires continued expression of Foxp3.

Nat Immunol 2007;8:277-84.

58. Schubert LA, Jeffery E, Zhang Y, Ramsdell F, Ziegler SF. Scurfin (FOXP3) acts

as a repressor of transcription and regulates T cell activation. J Biol Chem 2001;

276:37672-9.

59. Marson A, Kretschmer K, Frampton GM, Jacobsen ES, Polansky JK, MacIsaac

KD, et al. Foxp3 occupancy and regulation of key target genes during T-cell stim-

ulation. Nature 2007;445:931-5.

60. Zheng Y, Josefowicz SZ, Kas A, Chu TT, Gavin MA, Rudensky AY. Genome-

wide analysis of Foxp3 target genes in developing and mature regulatory T cells.

Nature 2007;445:936-40.

61. Li B, Samanta A, Song X, Iacono KT, Bembas K, Tao R, et al. FOXP3 interac-

tions with histone acetyltransferase and class II histone deacetylases are required

for repression. Proc Natl Acad Sci U S A 2007;104:4571-6.

62. Li B, Samanta A, Song X, Iacono KT, Brennan P, Chatila TA, et al. FOXP3 is a

homo-oligomer and a component of a supramolecular regulatory complex dis-

abled in the human XLAAD/IPEX autoimmune disease. Int Immunol 2007;19:

825-35.
63. Ono M, Yaguchi H, Ohkura N, Kitabayashi I, Nagamura Y, Nomura T, et al.

Foxp3 controls regulatory T-cell function by interacting with AML1/Runx1. Na-

ture 2007;446:685-9.

64. Wu Y, Borde M, Heissmeyer V, Feuerer M, Lapan AD, Stroud JC, et al. FOXP3

controls regulatory T cell function through cooperation with NFAT. Cell 2006;

126:375-87.

65. Allan SE, Passerini L, Bacchetta R, Crellin N, Dai M, Orban PC, et al. The role of

2 FOXP3 isoforms in the generation of human CD41 Tregs. J Clin Invest 2005;

115:3276-84.

66. Hill JA, Feuerer M, Tash K, Haxhinasto S, Perez J, Melamed R, et al. Foxp3 tran-

scription-factor-dependent and -independent regulation of the regulatory T cell

transcriptional signature. Immunity 2007;27:786-800.

67. Chatila T. The regulatory T cell transcriptosome: e pluribus unum. Immunity

2007;27:693-5.

68. Chen W, Jin W, Hardegen N, Lei KJ, Li L, Marinos N, et al. Conversion of

peripheral CD41CD25- naive T cells to CD41CD251 regulatory T cells by

TGF-beta induction of transcription factor Foxp3. J Exp Med 2003;198:

1875-86.

69. Fantini MC, Becker C, Monteleone G, Pallone F, Galle PR, Neurath MF.

Cutting edge: TGF-beta induces a regulatory phenotype in CD41CD25- T cells

through Foxp3 induction and down-regulation of Smad7. J Immunol 2004;172:

5149-53.

70. Tone Y, Furuuchi K, Kojima Y, Tykocinski ML, Greene MI, Tone M. Smad3 and

NFAT cooperate to induce Foxp3 expression through its enhancer. Nat Immunol

2008;9:194-202.

71. Mucida D, Kutchukhidze N, Erazo A, Russo M, Lafaille JJ, Curotto de Lafaille

MA. Oral tolerance in the absence of naturally occurring Tregs. J Clin Invest

2005;115:1923-33.

72. Apostolou I, von Boehmer H. In vivo instruction of suppressor commitment in

naive T cells. J Exp Med 2004;199:1401-8.

73. Floess S, Freyer J, Siewert C, Baron U, Olek S, Polansky J, et al. Epigenetic con-

trol of the foxp3 locus in regulatory T cells. PLoS Biol 2007;5:169-78.

74. O’Garra A, Vieira PL, Vieira P, Goldfeld AE. IL-10-producing and naturally oc-

curring CD41 Tregs: limiting collateral damage. J Clin Invest 2004;114:1372-8.

75. Calado DP, Paixao T, Holmberg D, Haury M. Stochastic monoallelic expression

of IL-10 in T cells. J Immunol 2006;177:5358-64.

76. Kamanaka M, Kim ST, Wan YY, Sutterwala FS, Lara-Tejero M, Galan JE, et al.

Expression of interleukin-10 in intestinal lymphocytes detected by an interleukin-

10 reporter knockin tiger mouse. Immunity 2006;25:941-52.

77. Maynard CL, Harrington LE, Janowski KM, Oliver JR, Zindl CL, Rudensky AY,

et al. Regulatory T cells expressing interleukin 10 develop from Foxp31 and

Foxp3- precursor cells in the absence of interleukin 10. Nat Immunol 2007;8:

931-41.

78. Akdis M, Akdis CA. Mechanisms of allergen-specific immunotherapy. J Allergy

Clin Immunol 2007;119:780-91.

79. Harrington LE, Hatton RD, Mangan PR, Turner H, Murphy TL, Murphy KM,

et al. Interleukin 17-producing CD41 effector T cells develop via a lineage dis-

tinct from the T helper type 1 and 2 lineages. Nat Immunol 2005;6:1123-32.

80. Weaver CT, Harrington LE, Mangan PR, Gavrieli M, Murphy KM. Th17: an

effector CD4 T cell lineage with regulatory T cell ties. Immunity 2006;24:

677-88.

81. Happel KI, Dubin PJ, Zheng M, Ghilardi N, Lockhart C, Quinton LJ, et al. Diver-

gent roles of IL-23 and IL-12 in host defense against Klebsiella pneumoniae. J

Exp Med 2005;202:761-9.

82. Acosta-Rodriguez EV, Napolitani G, Lanzavecchia A, Sallusto F. Interleukins

1beta and 6 but not transforming growth factor-beta are essential for the differen-

tiation of interleukin 17-producing human T helper cells. Nat Immunol 2007;8:

942-9.

83. LeibundGut-Landmann S, Gross O, Robinson MJ, Osorio F, Slack EC, Tsoni SV,

et al. Syk- and CARD9-dependent coupling of innate immunity to the induction

of T helper cells that produce interleukin 17. Nat Immunol 2007;8:630-8.

84. Palm NW, Medzhitov R. Antifungal defense turns 17. Nat Immunol 2007;8:

549-51.

85. van Beelen AJ, Teunissen MB, Kapsenberg ML, de Jong EC. Interleukin-17 in

inflammatory skin disorders. Curr Opin Allergy Clin Immunol 2007;7:374-81.

86. Afzali B, Lombardi G, Lechler RI, Lord GM. The role of T helper 17 (Th17) and

regulatory T cells (Treg) in human organ transplantation and autoimmune disease.

Clin Exp Immunol 2007;148:32-46.

87. He R, Oyoshi MK, Jin H, Geha RS. Epicutaneous antigen exposure induces a

Th17 response that drives airway inflammation after inhalation challenge. Proc

Natl Acad Sci U S A 2007;104:15817-22.

88. Schnyder-Candrian S, Togbe D, Couillin I, Mercier I, Brombacher F, Quesniaux

V, et al. Interleukin-17 is a negative regulator of established allergic asthma. J Exp

Med 2006;203:2715-25.



J ALLERGY CLIN IMMUNOL

VOLUME 121, NUMBER 4

CHATILA ET AL 823
89. Dzhagalov I, Zhang N, He YW. The roles of orphan nuclear receptors in the deve-

lopment and function of the immune system. Cell Mol Immunol 2004;1:401-7.

90. Jetten AM, Kurebayashi S, Ueda E. The ROR nuclear orphan receptor subfamily:

critical regulators of multiple biological processes. Prog Nucleic Acid Res Mol

Biol 2001;69:205-47.

91. He YW, Deftos ML, Ojala EW, Bevan MJ. RORgamma t, a novel isoform of an

orphan receptor, negatively regulates Fas ligand expression and IL-2 production

in T cells. Immunity 1998;9:797-806.

92. Sun Z, Unutmaz D, Zou YR, Sunshine MJ, Pierani A, Brenner-Morton S, et al.

Requirement for RORgamma in thymocyte survival and lymphoid organ develop-

ment. Science 2000;288:2369-73.

93. Kurebayashi S, Ueda E, Sakaue M, Patel DD, Medvedev A, Zhang F, et al. Ret-

inoid-related orphan receptor gamma (RORgamma) is essential for lymphoid

organogenesis and controls apoptosis during thymopoiesis. Proc Natl Acad Sci

U S A 2000;97:10132-7.

94. Ivanov II, McKenzie BS, Zhou L, Tadokoro CE, Lepelley A, Lafaille JJ, et al. The

orphan nuclear receptor RORgammat directs the differentiation program of proin-

flammatory IL-171 T helper cells. Cell 2006;126:1121-33.

95. Yang XO, Pappu BP, Nurieva R, Akimzhanov A, Kang HS, Chung Y, et al. T

helper 17 lineage differentiation is programmed by orphan nuclear receptors

RORalpha and RORgamma. Immunity 2008;28:29-39.

96. Wilson NJ, Boniface K, Chan JR, McKenzie BS, Blumenschein WM, Mattson

JD, et al. Development, cytokine profile and function of human interleukin 17-

producing helper T cells. Nat Immunol 2007;8:950-7.

97. Laurence A, O’Shea JJ. T(H)-17 differentiation: of mice and men. Nat Immunol

2007;8:903-5.

98. Ivanov II, Zhou L, Littman DR. Transcriptional regulation of Th17 cell differen-

tiation. Semin Immunol 2007;19:409-17.

99. Korn T, Bettelli E, Gao W, Awasthi A, Jager A, Strom TB, et al. IL-21 initiates an

alternative pathway to induce proinflammatory T(H)17 cells. Nature 2007;448:

484-7.

100. Zhou L, Ivanov II, Spolski R, Min R, Shenderov K, Egawa T, et al. IL-6 programs

T(H)-17 cell differentiation by promoting sequential engagement of the IL-21 and

IL-23 pathways. Nat Immunol 2007;8:967-74.

101. Nurieva R, Yang XO, Martinez G, Zhang Y, Panopoulos AD, Ma L, et al. Essen-

tial autocrine regulation by IL-21 in the generation of inflammatory T cells. Na-

ture 2007;448:480-3.

102. Brustle A, Heink S, Huber M, Rosenplanter C, Stadelmann C, Yu P, et al. The de-

velopment of inflammatory T(H)-17 cells requires interferon-regulatory factor 4.

Nat Immunol 2007;8:958-66.

103. Holland SM, DeLeo FR, Elloumi HZ, Hsu AP, Uzel G, Brodsky N, et al. STAT3

mutations in the hyper-IgE syndrome. N Engl J Med 2007;357:1608-19.

104. Minegishi Y, Saito M, Tsuchiya S, Tsuge I, Takada H, Hara T, et al. Dominant-

negative mutations in the DNA-binding domain of STAT3 cause hyper-IgE syn-

drome. Nature 2007;448:1058-62.

105. Roth M, Black JL. Transcription factors in asthma: are transcription factors a new

target for asthma therapy? Curr Drug Targets 2006;7:589-95.

106. Ito K, Chung KF, Adcock IM. Update on glucocorticoid action and resistance.

J Allergy Clin Immunol 2006;117:522-43.

107. Newton R, Holden NS. Separating transrepression and transactivation: a distress-

ing divorce for the glucocorticoid receptor? Mol Pharmacol 2007;72:799-809.

108. Jee YK, Gilmour J, Kelly A, Bowen H, Richards D, Soh C, et al. Repression of

interleukin-5 transcription by the glucocorticoid receptor targets GATA3 signal-

ing and involves histone deacetylase recruitment. J Biol Chem 2005;280:

23243-50.

109. Ito K, Yamamura S, Essilfie-Quaye S, Cosio B, Ito M, Barnes PJ, et al. Histone

deacetylase 2-mediated deacetylation of the glucocorticoid receptor enables NF-

kappaB suppression. J Exp Med 2006;203:7-13.

110. Barnes PJ. How corticosteroids control inflammation: Quintiles Prize Lecture

2005. Br J Pharmacol 2006;148:245-54.

111. Wing K, Fehervari Z, Sakaguchi S. Emerging possibilities in the development and

function of regulatory T cells. Int Immunol 2006;18:991-1000.

112. Verbsky JW. Therapeutic use of T regulatory cells. Curr Opin Rheumatol 2007;

19:252-8.

113. Roncarolo MG, Battaglia M. Regulatory T-cell immunotherapy for tolerance to

self antigens and alloantigens in humans. Nat Rev Immunol 2007;7:585-98.

114. Tang Q, Bluestone JA. Regulatory T-cell physiology and application to treat au-

toimmunity. Immunol Rev 2006;212:217-37.

115. Joffre O, Santolaria T, Calise D, Saati TA, Hudrisier D, Romagnoli P, et al. Pre-

vention of acute and chronic allograft rejection with CD4(1)CD25(1)Foxp3(1)

regulatory T lymphocytes. Nat Med 2008;14:88-92.
116. Allan SE, Alstad AN, Merindol N, Crellin NK, Amendola M, Bacchetta R, et al.

Generation of potent and stable human CD4(1) T regulatory cells by activation-

independent expression of FOXP3. Mol Ther 2008;16:194-202.

117. Battaglia M, Stabilini A, Roncarolo MG. Rapamycin selectively expands

CD41CD251FoxP31 regulatory T cells. Blood 2005;105:4743-8.

118. Zeiser R, Leveson-Gower DB, Zambricki EA, Kambham N, Beilhack A, Loh J,

et al. Differential impact of mTOR inhibition on CD41CD251Foxp31 regula-

tory T cells as compared to conventional CD41 T cells. Blood 2008;111:453-62.

119. Tao R, de Zoeten EF, Ozkaynak E, Chen C, Wang L, Porrett PM, et al. Deacety-

lase inhibition promotes the generation and function of regulatory T cells. Nat

Med 2007;13:1299-307.

120. Benson MJ, Pino-Lagos K, Rosemblatt M, Noelle RJ. All-trans retinoic acid me-

diates enhanced T reg cell growth, differentiation, and gut homing in the face of

high levels of co-stimulation. J Exp Med 2007;204:1765-74.

121. Coombes JL, Siddiqui KR, Arancibia-Carcamo CV, Hall J, Sun CM, Belkaid Y,

et al. A functionally specialized population of mucosal CD1031 DCs induces

Foxp31 regulatory T cells via a TGF-beta and retinoic acid-dependent mecha-

nism. J Exp Med 2007;204:1757-64.

122. Mucida D, Park Y, Kim G, Turovskaya O, Scott I, Kronenberg M, et al. Recipro-

cal TH17 and regulatory T cell differentiation mediated by retinoic acid. Science

2007;317:256-60.

123. Sun CM, Hall JA, Blank RB, Bouladoux N, Oukka M, Mora JR, et al. Small

intestine lamina propria dendritic cells promote de novo generation of Foxp3 T

reg cells via retinoic acid. J Exp Med 2007;204:1775-85.

124. Kang SG, Lim HW, Andrisani OM, Broxmeyer HE, Kim CH. Vitamin A metabolites

induce gut-homing FoxP31 regulatory T cells. J Immunol 2007;179:3724-33.

125. Elias KM, Laurence A, Davidson TS, Stephens G, Kanno Y, Shevach EM, et al.

Retinoic acid inhibits Th17 polarization and enhances FoxP3 expression through

a Stat-3/Stat-5 independent signaling pathway. Blood 2008;111:1013-20.

126. von Boehmer H. Oral tolerance: is it all retinoic acid? J Exp Med 2007;204:

1737-9.

127. Chatila TA. Extra-intestinal manifestations of gastro-intestinal allergy: effector

and regulatory T cells in the balance. Clin Exp Allergy 2007;37:1417-8.

128. Chen XL, Kunsch C. Induction of cytoprotective genes through Nrf2/antioxidant

response element pathway: a new therapeutic approach for the treatment of in-

flammatory diseases. Curr Pharm Des 2004;10:879-91.

129. Li N, Alam J, Venkatesan MI, Eiguren-Fernandez A, Schmitz D, Di Stefano E,

et al. Nrf2 is a key transcription factor that regulates antioxidant defense in mac-

rophages and epithelial cells: protecting against the proinflammatory and oxidiz-

ing effects of diesel exhaust chemicals. J Immunol 2004;173:3467-81.

130. Fahey JW, Haristoy X, Dolan PM, Kensler TW, Scholtus I, Stephenson KK, et al.

Sulforaphane inhibits extracellular, intracellular, and antibiotic-resistant strains of

Helicobacter pylori and prevents benzo[a]pyrene-induced stomach tumors. Proc

Natl Acad Sci U S A 2002;99:7610-5.

131. Kensler TW, Wakabayashi N, Biswal S. Cell survival responses to environmental

stresses via the Keap1-Nrf2-ARE pathway. Annu Rev Pharmacol Toxicol 2007;

47:89-116.

132. Peterson JD, Herzenberg LA, Vasquez K, Waltenbaugh C. Glutathione levels in

antigen-presenting cells modulate Th1 versus Th2 response patterns. Proc Natl

Acad Sci U S A 1998;95:3071-6.

133. Kim HJ, Barajas B, Chan RC, Nel AE. Glutathione depletion inhibits dendritic

cell maturation and delayed-type hypersensitivity: implications for systemic dis-

ease and immunosenescence. J Allergy Clin Immunol 2007;119:1225-33.

134. Ma Q, Battelli L, Hubbs AF. Multiorgan autoimmune inflammation, enhanced

lymphoproliferation, and impaired homeostasis of reactive oxygen species in

mice lacking the antioxidant-activated transcription factor Nrf2. Am J Pathol

2006;168:1960-74.

135. Cho HY, Jedlicka AE, Reddy SP, Kensler TW, Yamamoto M, Zhang LY, et al.

Role of NRF2 in protection against hyperoxic lung injury in mice. Am J Respir

Cell Mol Biol 2002;26:175-82.

136. Rangasamy T, Guo J, Mitzner WA, Roman J, Singh A, Fryer AD, et al. Disruption

of Nrf2 enhances susceptibility to severe airway inflammation and asthma in

mice. J Exp Med 2005;202:47-59.

137. Li N, Nel AE. Role of the Nrf2-mediated signaling pathway as a negative regu-

lator of inflammation: implications for the impact of particulate pollutants on

asthma. Antioxid Redox Signal 2006;8:88-98.

138. O’Garra A, Vieira P. T(H)1 cells control themselves by producing interleukin-10.

Nat Rev Immunol 2007;7:425-8.

139. Milner JD, Brenchley JM, Laurence A, Freeman AF, Hill BJ, Elias KM, et al. Im-

paired TH17 cell differentiation in subjects with autosomal dominant hyper-IgE

syndrome. Nature 2008; Mar 12 [epub ahead of print].


	T-cell effector pathways in allergic diseases: Transcriptional mechanisms and therapeutic targets
	Transcriptional circuits and TH cell phenotype maintenance
	T-bet and TH1 differentiation
	GATA-3 and TH2 differentiation
	Foxp3 and Treg cell differentiation
	RORgammatau/RORalpha and TH17 differentiation

	Therapeutic strategies of targeting TFs
	Glucocorticoid receptor
	Foxp3
	Nuclear factor-erythroid 2-related factor 2
	Conclusion

	References


