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Allergic diseases and asthma are caused by dysregu-
lated Th2-type immune responses, which drive dis-
ease development in susceptible individuals. Immune
tolerance to allergens prevents inflammatory symp-
toms in the respiratory mucosa and provides protec-
tion against inflammation in the airways. Increasing
evidence indicates that Foxp3+ regulatory T cells
(Tregs) play a critical role in immune tolerance and
control Th2-biased responses. Tregs develop in the
thymus from CD4" T cells (natural Tregs) and also
in the periphery by the conversion of naive CD4" T
cells (induced Tregs). Increased susceptibility to al-
lergy and airway inflammation is hypothesized to
result from impaired development and function of
Tregs. Thus, strategies to induce allergen-specific
Tregs hold great promise for treatment and preven-
tion of asthma. (4m J Pathol 2010, 177:000—000; DOI:
10.2353/ajpath.2010.090936)

The incidence of chronic inflammatory lung diseases,
such as asthma, has increased dramatically in recent
years in industrialized countries. Asthma is characterized
by airway hyperresponsiveness, chronic pulmonary
eosinophilia, elevated serum IgE, excessive mucus pro-
duction, and airway remodeling.’ These symptoms are
believed to result from interactions between environmen-
tal stimuli and a variety of genes influencing immune and
respiratory function. In susceptible individuals, environ-
mental stimuli induce immune dysfunction, which drives
Th2 responses to otherwise harmless antigens. Although
it is clear that Th2 responses drive pathological changes
in asthma, the mechanisms that develop in vivo to prevent
Th2-driven inflammation in nonallergic individuals are not
clear.

The identification of reciprocally inhibitory functions of
Th1 and Th2 cells led to the concept that a defect in Th1-
type immune responses resulted in deregulated Th2 re-
sponses and increased incidence of allergic diseases.
Based on this concept, the hygiene hypothesis was pro-
posed, which posits that decreased exposure to Th1-induc-
ing infections, such as mycobacteria and viruses, leads to
unconstrained development of Th2 responses and in-
creased incidence of allergic diseases.”® However, this
simple explanation is insufficient to explain many experi-
mental findings. First, Th1-responding cells are not always
beneficial in allergic asthma and have been reported to
contribute to and exacerbate this disease.>* For example,
adoptive transfer of Th1 cells resulted in enhanced airway
eosinophilia and Th2 responses.® Similarly, inhaled recom-
binant interferon-y did not significantly alter clinical symp-
toms in humans.® Second, epidemiological data suggest a
parallel increase in Th2-mediated allergic diseases and
Th1-mediated autoimmune diseases, such as Type 1 dia-
betes, multiple sclerosis, and rheumatoid arthritis.” These
findings suggest that other regulatory mechanisms play a
critical role in inhibiting the development of inappropriate
Th2 (and Th1) responses.

The respiratory mucosal surface is exposed to a vast
quantity of environmental antigens, which challenge the
immune system. Thus, the immune system must discrim-
inate between, and appropriately respond to, both patho-
genic and innocuous antigens. Under nonallergic cir-
cumstances, soluble proteins do not provoke a strong
immune response, but instead induce a state of antigen-
specific tolerance or hyporesponsiveness. T cell toler-
ance is achieved through central and peripheral mecha-
nisms. Central tolerance encompasses deletion of T cells
during negative selection, as well as selection of Tregs in
the thymus. On the other hand, peripheral tolerance en-
compasses the mechanisms that lead to T cell tolerance
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to antigens; these include ignorance, deletion, anergy
induction, and active suppression by CD4+Foxp3+ reg-
ulatory T cells (Tregs).

There is growing evidence that Tregs play an important
role in inhibiting Th2-mediated responses to allergens
and maintaining immune tolerance. Studies in mouse
models have shown that peripheral CD4" T cell toler-
ance, induced by respiratory exposure to allergens, pre-
vents the development of allergen-induced airway hyper-
responsiveness.® Likewise, we have reported that
intravenous administration of soluble antigens results in
antigen-specific anergy in Th2 cells and reduces airway
inflammation.® In this review we summarize current
knowledge of Treg development and their role in the
regulation of Th2-mediated allergic responses.

Treg Repertoire Development

Tregs develop in the thymus from CD4 single positive
thymocytes (called natural Tregs or nTregs), and also in
the periphery by the conversion of naive CD4 T cells in
response to specific tolerogenic stimuli (called induced
Tregs or iTregs). Although there is consensus that nTregs
develop early to suppress autoimmune responses, as
recently reviewed by Kong et al, ' it is presently unclear
whether nTregs and iTregs serve different physiological
needs or have some redundant functions. Moreover, their
relative contribution to the total pool of Tregs in second-
ary lymphoid organs or nonlymphoid tissues during the
course of immune challenge remains to be determined.

Thymus-Derived nTregs

The notion that Tregs develop in the thymus came from
neonatal thymectomy experiments. Thymectomy at day 3
after birth in normal mice resulted in autoimmune damage
of various organs, such as the thyroid, stomach, and ova-
ries. Inoculation of normal CD4™ T cells and CD4+CD8-
thymocytes inhibited the development of autoimmunity.’’
These studies suggested that normal animals harbor not
only pathogenic, self-reactive T cells but also inhibitory T
cells that suppress immune responses detrimental to self.
Subsequent efforts to identify Tregs resulted in the elucida-
tion of first CD4''® and then CD25, as the specific Treg
markers. These CD4+CD25+Tregs constitute approxi-
mately 5 to 15% of peripheral CD4™ T cells and play a
nonredundant role in maintaining immunological self-toler-
ance and homeostasis of the immune network. "

Tregs express the Fork-head transcription factor FoxpS3,
which was first identified as the defective gene responsible
for wide spread autoimmune disease in scurfy mice and in
humans with IPEX, the immune dysregulation, polyendocri-
nopathy, enteropathy, and x-linked syndrome."" Foxp3 is
specifically expressed in CD4+CD25+ Tregs and ectopic
expression of Foxp3 in CD4+CD25— cells converts them
into Tregs, capable of suppressing proliferation of other T
cells in vitro and inhibiting autoimmunity in vivo.' Despite
our growing knowledge of Treg biology, the molecular
mechanism that regulates expression of Foxp3 in Tregs
during their development is not fully understood. Studies

have suggested that nTregs develop from CD4 single pos-
itive thymocytes, which acquire Foxp3 expression during
ontogeny. More recent work from our lab and that of Chyi
Hsieh’s has demonstrated that Tregs undergo development
via a two-step process.'®'® The first step requires TCR/
MHC 11'® and CD28-dependent signals,’” which results in
the generation of a CD4+CD25+CD122+GITR"Foxp3™~
Treg progenitor. The effect of CD28 appears to involve the
nuclear factor (NF)kB pathway, as CD28 knock-in mice
defective in NF«B activation exhibit a clear reduction in
Tregs. Consistent with this notion, carma? ™~ mice also lack
Treg progenitors'®; this appears to reflect a specific role for
c-Rel, as c-rel”/~ but not NFkB1~/~ mice lack Tregs'®2°
and Treg progenitors.’” Thus, the molecular mechanisms
underlying the development of Treg progenitors are just
beginning to be characterized.

The second step of Treg development involves cyto-
kine-dependent conversion of Treg progenitors into ma-
ture Foxp3+ Tregs. This is consistent with the observa-
tion that interleukin (IL)-2R yc™/~ mice are devoid of
Tregs.' IL-2 is likely the only physiologically relevant
cytokine involved in this process. Several pieces of evi-
dence support this statement. First, IL-2 is by far the most
effective cytokine at driving the conversion of sorted Treg
progenitors into mature Tregs in vitro; IL-7 and IL-15 also
can do this, but quite poorly.'®2" Second, although Tregs
can be observed in 2™~ and il2ra™’~ mice, these Tregs
show aberrantly high expression of IL-7Ra and IL-15R«
chains; short-term exposure of Tregs obtained from /2™~
mice to IL-2 rapidly reduces expression of both cytokine
receptors.?’ Finally, in mixed bone marrow chimeras us-
ing wild-type and il2ra™"~ bone marrow, only the wild-
type bone marrow-derived cells effectively generated
Tregs.?? Thus, under physiological conditions, IL-2 ap-
pears to be the only cytokine that effectively drives Treg
development.

The process by which IL-2 drives Treg development
appears to uniquely require IL-2-dependent activation of
the downstream transcription factor, signal transducer
and activator of transcription (STAT)5. Mice that lack
STATS are devoid of Tregs, while transgenic mice ex-
pressing a constitutively active form of STAT5 (called
STAT5b-CA) have a greatly expanded population of
Tregs.?® Moreover, mice expressing IL-2RB mutants that
can only activate the STAT5 pathway still have Tregs, and
crossing the STAT5b-CA transgenic mice to il2rB~"~ mice
rescues the defect in Treg development normally seen in
ii2rB~"~ mice.?® Intriguingly, the STAT5-dependent con-
version of Treg progenitors into mature Tregs is blocked
by histone deacetylase inhibitors.'® The reason for this
remains unknown. However, the most likely explanation is
that STAT5/histone deacetylase interactions are required
for foxp3 transcription; this could involve removal of in-
hibitory acetyl groups on other transcription factors re-
quired for foxp3 transcription or may involve a completely
novel mechanism.

A more controversial question involves the role of
transforming growth factor (TGF)-B in Treg development.
nTreg development was shown to be normal in both
tgf-B~/~ mice and tgf-B receptor knock-out mice.?* Like-
wise, we and Chyi Hsieh and colleagues'®'® found that in
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vitro conversion of thymic Treg progenitors into mature
Tregs did not require TGF-B. However a separate study
found that mice doubly deficient for TGF-B and IL-2 ex-
hibit a severe defect in Treg development in the thy-
mus,?® suggesting that IL-2 masks the effect of Treg
deficiency by expanding the few Tregs that develop in
tgfB~’~ mice. This finding appears to contradict the ob-
servation that conversion of thymic Treg progenitors into
mature Tregs does not require TGF-B. However, these
data would be reconciled if TGF-B influenced the devel-
opment of Treg progenitors (step | of the Treg develop-
mental process) but not the IL-2-driven conversion of
those cells into mature Tregs (step Il of the process).

A final question involves the thymic niche where Treg
development occurs. Recent work by Hsieh and col-
leagues®® has demonstrated that the thymic niche for
Treg development is likely to be ~100-fold smaller than
that observed for positive selection. Specifically, mice
expressing a TCR-transgene derived from nTreg can
give rise to Tregs but only do so efficiently if present at
very low clonal frequencies. In contrast, the OT-II TCR
(specific for an MHC class ll/ovalbumin peptide) trans-
gene is incapable of giving rise to Tregs at any clonal
frequency. This result suggests that Treg development
requires both the appropriate TCR and also interaction
with an easily saturable thymic niche. Whether the small
size of this thymic Treg niche reflects limiting high affinity
antigens, and/or limiting levels of IL-2 remains to be
addressed.

Peripheral Generation of iTregs

In addition to the thymic production of nTregs, naive
CD4™ T cells in the periphery acquire Foxp3 expression
and Treg function in several experimental settings,
namely in vitro antigen stimulation in the presence of
TGF-B or chronic antigen stimulation in vivo.?”*® Such
iTregs inhibit the development of autoimmunity and in-
flammation in allergic inflammation models.?” For exam-
ple, using a mouse model of hyper-IgE and asthma,
Mucida et al®® demonstrated that iTregs induced in the
absence of nTregs effectively inhibit Th2 responses. To
generate this model they crossed influenza Hemagglutinin-
specific immunoglobulin heavy and light chain knock-in
mice with DO11.10 OVA-specific TCR-transgenic mice on a
rag-1 knock-out background. These mice develop an exac-
erbated Th2 response after immunization and respiratory
challenge with cognate antigen complex OVA-Hemaggluti-
nin.?® However, oral antigen administration before immuni-
zation inhibited effector/memory Th2 cell development,
class switching to IgE, and airway inflammation. This effect
of oral antigen administration was due to the develop-
ment of antigen-specific CD4+CD25+Foxp3+ Tregs in-
dependent of thymic Treg development.

Similarly, it has been demonstrated that nTregs and de
novo generated iTregs contribute independently to tu-
mor-specific tolerance.®® However, the extent to which
such iTregs contribute to the peripheral pool of Tregs,
and whether they have a stable phenotype comparable
with that of nTregs, is not clear. This is partly due to a lack
of reliable markers to distinguish nTregs and iTregs.
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Recent studies suggest that there are significant dif-
ferences in the development, antigen specificity, and
stability of suppressor function between nTregs and
iTregs.®" The development of nTregs requires high affin-
ity interactions with cognate self peptide-MHC com-
plexes and CD28 costimulation, whereas iTreg develop-
ment requires weaker suboptimal TCR stimulation and
costimulation through CTLA-4.%2 In vitro studies further
show that Foxp3 expression is relatively unstable in
iTregs compared with nTregs; when iTregs are restimu-
lated in the absence of TGF-B, they lose Foxp3 expres-
sion and inhibitory function.®® This difference in the sta-
bility of Foxp3 expression is attributed to the methylation
status of CpG motifs in the Foxp3 locus.®® However, the
full extent of differences and similarities between iTregs
and nTregs is yet to be defined.

Several studies have suggested that mucosal tissues are
a major site of Foxp3+ iTreg development, and several
micro-environmental factors may promote or inhibit iTreg
development. The presence of IL-6 inhibits Foxp3 expres-
sion and promotes CD4™ T cell differentiation into Th17
effector cells.®* Blockade of the IL-6 receptor led to expan-
sion of CD4+CD25+ Tregs in the airway and suppressed
airway inflammation.®® In addition to IL-6, it has been found
that pro-inflammatory cytokines that drive Th1 and Th2 dif-
ferentiation also inhibit iTreg development.3®

The vitamin A metabolite retinoic acid (RA) inhibits the
|L-6—driven induction of TH17 cells and promotes anti-
inflammatory Treg cell differentiation.®” CD103+ DCs iso-
lated from the small intestine produce both TGF-B and RA,
and these DCs efficiently promote Foxp3 expression and
iTreg development.®®2° RA was shown to enhance TGF-$-
driven Smad3 signaling and inhibit IL-6 and 1L-23 receptor
expression.*® On the other hand, Hill et al*’ showed that,
rather than enhancing TGF-B signaling directly in naive
CD4 T cells, RA negatively regulates accompanying
CD4+CD44hi effector memory cells. These memory cells
actively inhibited TGF-B effects through the secretion of a
set of cytokines (IL-4, IL-21, and interferon-y) whose ex-
pression was curtailed by RA. Further, using highly purified
naive (CD4+CD25-CD44loCD62L+) CD4+T cells, Mucida
et al*? reported that RA enhanced Foxp3 expression by
acting both directly on naive CD4 T cells and indirectly via
inhibitory effects on CD4+CD44hi T cells. Taken together,
the net outcome is likely determined by relative levels of
various factors present in the tissue microenvironment dur-
ing T cell activation.

Transcriptional Regulation of Foxp3

Despite the growing body of data regarding the role of
Foxp3in Treg development and function, relatively little is
known about the transcriptional regulation of Foxp3. Spe-
cifically, what are the signals that regulate transcription of
foxp3 in Tregs? The foxp3 promoter contains NFAT, AP-1,
and SP1 binding sites and a TATA and CAAT box*?
(Figure 1). The core promoter is located 6.5 kb upstream
of the foxp3 translation start site and the 5’ untranslated
region is interrupted by a 6000 bp intron.*® The promoter
is highly conserved among mice, humans, and rats.
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Tregs and effector T cells exhibit differences in the epi-
genetic modification of the foxp3 promoter and first intron
in both mice and humans. Although several signals that
induce the expression of Foxp3 have been identified, the
precise molecular mechanisms that imprint Foxp3 ex-
pression in Tregs is not clear.

Three highly conserved noncoding sequences (CNS
1-3) in the foxp3 locus have been identified.***° CNS1 is
in the promoter region and shows extensive chromatin
remodeling in Tregs. CNS2 and CN3 are located in the
intronic region of Foxp3. Tone et al*® demonstrated that
Smad3 and NFAT cooperatively bind to CNS2, which
suggests a model in which TCR and TGF-B-induced sig-
nals converge to regulate the foxp3 promoter. CNS3 con-
tains highly conserved CpG-rich island to which the tran-
scription factors CREB and ATF bind.** Recently, it has
been demonstrated that the c-Rel transcription factor
controls Treg development by the formation of foxp3-
specific enhanceosomes and binds to CNS3 as well. 920

Signaling downstream of IL-2R through the JAK-STAT
pathway is also critical for foxp3 promoter activity.
STAT5a/b is required for optimal induction of foxp3 and
binds directly to the foxp3 promoter as well as sites in the
first intron.?®4® We have demonstrated that TGF-g induc-
ible early gene-1(tieg7) binds to the foxp3 promoter and
regulates foxp3 promoter activity. E3 ligase Itch-medi-
ated mono-ubiquitination of TIEG1 is essential for its nu-
clear translocation and binding to the foxp3 promoter
(Figure 1).*” Another study suggests that TIEG1 binds an
upstream enhancer region in the foxp3 promoter in
nTregs but not in iTregs.*® Several factors also inhibit
TGF-B-induced Foxp3 expression. For example, IL-4-in-
duced STAT6 and GATAS3 are reported to bind to the

IL-2

.
®
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N RRARARRARA
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Figure 1. Foxp3 transcription is regulated by
multiple transcription factors. Signals triggered
by the ligation of TCR, CD28, TGF-B, and IL-2
result in the activation of the transcription factors
CcAMP responsive element binding protein
(CREB), activating transcription factor (ATF),
SP1, Ca+ calcineurin-dependent nuclear factor
of activated T cells (NFAT), activator protein 1
(AP1), c-Rel, TGF-B-inducible early gene 1
(TIEG1), mothers against decapentaplegic ho-
mologue 3 (SMAD3), and signal transducer and
activator of transcription 5 (STATS). These tran-
scription factors converge on the Foxp3 pro-
moter to induce Foxp3 expression.

\

foxp3 promoter and negatively regulate Foxp3 expres-
sion.®* This suggests a delicate balance of TCR and
cytokine receptor signaling regulates Foxp3 expression
in Tregs.

Tregs in Allergic Inflammation

A number of studies have suggested a potential role of
Tregs in prevention and regulation of Th2-mediated allergic
responses. In animal studies, CD4+CD25+ Tregs inhibited
the differentiation of naive CD4 T cells into Th2 cells and
adoptive transfer of CD4+CD25+ Tregs before allergen
challenge of sensitized mice resulted in reduced airway
hyperresponsiveness and inflammation.*® Similarly, deple-
tion of CD25+ cells before delivery of house dust mite
allergen led to significantly elevated IgE levels and eosino-
philia.®° Likewise, the percentages of CD4+CD25+ Tregs
and Foxp3 mRNA levels were lower in the bronchoalveolar
lavage fluid from children with asthma compared with
healthy individuals.®’

However, the most convincing evidence for a role of
Tregs in preventing atopic disease comes from an exper-
iment-of-nature in patients with IPEX syndrome. These
X-linked multisystem disorders are caused by genetic
mutations in the gene encoding Foxp3. The clinical man-
ifestations in these patients not only include autoimmune
diseases but also allergic pathologies including eczema,
increased serum IgE levels, and eosinophila.’” A study
by Wan and Flavell®® suggests that attenuation of Foxp3
expression promotes Th2-mediated inflammation. The
authors inserted a gene cassette co-expressing lucif-
erase and enhanced green fluorescent protein into the
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3’-untranslated region of the foxp3 locus of mice to gen-
erate a Foxp3-IRES-luciferase-IRES-enhanced green flu-
orescent protein (FILIG) allele. This resulted in reduced
foxp3 gene expression. Notably, CD4 T cells expressing
decreased Foxp3 preferentially became Th2 type effec-
tors even in Thi-polarizing conditions.®® These results
were further supported by Bluestone and colleagues®®
who demonstrated that instability of Foxp3 led to gener-
ation of pathogenic CD4 memory T cells. All these find-
ings suggest a critical role for Foxp3+Tregs in the patho-
genesis of asthma and allergy.

Recently, Th17 cells have been shown to mediate
pathogenic inflammatory responses. The presence of
TGF-B and pro-inflammatory cytokines, such as IL-6, IL-
23, and IL-21, promotes Th17 differentiation via coordi-
nated upregulation of the orphan nuclear receptor
RORwt.®* Considering that Treg and T,,17 cell differenti-
ation are cross-regulated, one can speculate that in al-
lergic individuals the balance is skewed toward inflam-
matory T,,17 cells. In fact, increased IL-17 levels are
reported in the lungs, sputum, bronchoalveolar lavage
fluids, or sera from asthmatics, and the level of IL-17
correlated with the severity of asthma, suggesting a con-
tribution of IL-17 to the pathogenesis of asthma.>* Stud-
ies using murine asthma models have shown that IL-17
receptor-deficient (il717r~~) mice exhibit reduced recruit-
ment of neutrophils and eosinophils into the airways,>®
resulting in impaired priming of Th2 responses. IL-17 has
also been shown to induce the release of the eosinophil-
recruiting chemokine eotaxin from airway smooth muscle
cells, and both IL-17 and IL-17F were able to induce the
release of inflammatory mediators from human eosino-
phils in vitro®®57. On the other hand, it has been demon-
strated that neutralization of IL-17 at the effector phase of
airway inflammation enhances eosinophilic inflamma-
tion.®® Similarly, IL-4 receptor-deficient mice, which are
protected from allergic inflammation, increased IL-17 lev-
els in the lungs that were partially responsible for sup-
pression of lung eosinophilia.®® Taken together, these
results clearly implicate IL-17 in allergic asthma but a
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\
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Figure 2. Foxp3+ Tregs regulate Th2-mediated
inflammation and allergy. Natural Tregs (nTregs)
inhibit priming and effector function of allergen-
specific Th2 cells and prevent inflammation and
allergy in non-atopic individuals. Induced Tregs
(iTregs), which develop via conversion of naive
CD4 T cells into Foxp3+ Tregs during therapeu-
tic exposure to allergens, can also function in
o% this manner. TGF-$ and retinoic acid (RA) may
.. facilitate such conversion and provide protec-
e tion against asthma and allergy.

()
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more detailed study on the balance of Treg/Th2/Th17 in
allergy and asthma is required.

There is considerable interest in the therapeutic use of
Tregs for allergic and asthmatic patients with the aim of
providing more effective, specific, and long-lasting treat-
ment. Approaches to shift the balance to Treg-mediated
tolerance to allergens have been investigated in mouse
models. A study using lower doses of intranasal OVA
administration resulted in surface TGF-B+ Tregs, which
inhibited Th2 response via a cell-to-cell contact-depen-
dent mechanism®® (Figure 2). Higher doses of antigen
exposure through the intranasal route resulted in IL-10
secretion by DCs, which induced allergen-specific Tregs
and inhibited lung inflammation in an IL-10—dependent
manner.®® Similarly, oral administration of OVA resulted in
TGF-p-dependent OVA-specific Tregs, which inhibited
lung inflammation.®

Recently it has been shown that RALDH-1, the rate-
limiting enzyme that converts retinaldehyde to RA, was
up-regulated in response to allergic stimulation in the
airway epithelium, which indicates a possible site for
RA production in the lung.®° Further, liposome-medi-
ated delivery of RA 1 hour before immunization re-
sulted in attenuated lung inflammation compared with
control mice that received empty liposomes. Similarly,
Citral, an inhibitor of RALDH-1, resulted in reduced
synthesis of RA and fewer Tregs in the lung. Moreover,
Calcitriol, an active form of vitamin D, has been shown
to reverse the defect in IL-10 secretion by Tregs in
glucocorticoid resistant patients.®’

Several studies have demonstrated that glucocorticoids
beneficially influence Tregs. For example, patients receiv-
ing glucocorticoids had higher levels of CD4+CD25+
Tregs and Foxp3 mRNA in peripheral blood cells compared
with untreated asthmatics.®® The combination of glucocor-
ticoids and 1,25-dihydroxyvitamin D3 or Calcitriol has been
shown to induce IL-10-producing Tregs. Taking these find-
ings into account along with recent advances in under-
standing Tregs and peripheral tolerance mechanisms, safer
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and long-lasting therapies for allergic asthma may arrive in
the near future.

Conclusion

Foxp3+ Tregs play a critical role in maintaining tolerance
to allergens and inhibit allergy and asthma. Changes in
the balance between allergen-specific Tregs and effector
Th2 and Th17 cells are crucial in the development of
effective therapies to allergic diseases. In addition to
therapeutic strategies for established allergy, it is essen-
tial to consider prophylactic approaches to prevent al-
lergy before the initial sensitization occurs. Developing
vaccines that induce allergen-specific Tregs to dampen
allergic inflammation, thus ensuring a well balanced im-
mune response, represents a promising avenue.
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