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The immune system’s correct functioning requires a sophisticated balance between
responses to continuous microbial challenges and tolerance to harmless antigens, such
as self-antigens, food antigens, commensal microbes, allergens, etc. When this equi-
librium is altered, it can lead to inflammatory pathologies, tumor growth, autoimmune
disorders, and allergy/asthma. The objective of this review is to show the existing data
on the importance of regulatory T cells (Tregs) on this balance and to underline how intra-
uterine and postnatal environmental exposures influence the maturation of the immune
system in humans. Genetic and environmental factors during embryo development and/
or early life will result in a proper or, conversely, inadequate immune maturation with
either beneficial or deleterious effects on health. We have focused herein on Tregs as a
reflection of the maturity of the immune system. We explain the types, origins, and the
mechanisms of action of these cells, discussing their role in allergy and asthma predis-
position. Understanding the importance of Tregs in counteracting dysregulated immunity
would provide approaches to diminish asthma and other related diseases in infants.
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REGULATORY T CELLS (TREGS): TYPES AND PHENOTYPIC
CHARACTERISTICS

Regulatory T cells are a specific CD4* T cell population involved in peripheral tolerance by inhibit-
ing autoreactive CD4* T cells that have eluded negative selection in the thymus and controlling
inflammation in diverse biological processes, such as infection, metabolic disease, tissue repair,
cancer, and hypersensitivity reactions (1,227). Tregs suppress inflammation by upregulating
immunosuppressive molecules and tissue homing receptors and repressing genes, preventing the
acquisition of pro-inflammatory functions (2). At least five subtypes of Tregs have been identified
and classified based on the expression of the transcription factor FOXP3. The group of FOXP3*
Tregs includes thymus-derived Tregs (tTregs) and peripheral regulatory T cells (pTregs). The
FOXP3~ Tregs group includes Tr1, Th3, and CD8" Tregs.

FOXP3* Tregs: tTregs and pTregs and Their Phenotypic Markers

Two types of CD4*FOXP3* Tregs have been described. A major population of Tregs of thymic
origin, called thymus-derived Tregs (tTregs), also known as natural Tregs (nTregs), which mediate
tolerance to self-antigens (3), and a second population that arises extrathymically in secondary lym-
phoid tissues when naive T cells (Tconv) encounter antigens and differentiate under the influence
of TGF-p (4). These peripheral regulatory T cells (pTregs) are mainly present in the gastrointestinal

Frontiers in Pediatrics | www.frontiersin.org

1 May 2017 | Volume 5 | Article 117


http://www.frontiersin.org/Pediatrics
http://crossmark.crossref.org/dialog/?doi=10.3389/fped.2017.00117&domain=pdf&date_stamp=2017-05-23
http://www.frontiersin.org/Pediatrics/archive
http://www.frontiersin.org/Pediatrics/editorialboard
http://www.frontiersin.org/Pediatrics/editorialboard
https://doi.org/10.3389/fped.2017.00117
http://www.frontiersin.org/Pediatrics
http://www.frontiersin.org
https://creativecommons.org/licenses/by/4.0/
mailto:emartin@um.es
https://doi.org/10.3389/fped.2017.00117
http://www.frontiersin.org/Journal/10.3389/fped.2017.00117/abstract
http://www.frontiersin.org/Journal/10.3389/fped.2017.00117/abstract
http://loop.frontiersin.org/people/359423
http://loop.frontiersin.org/people/399921
http://loop.frontiersin.org/people/407566

Martin-Orozco et al.

Regulatory T Cells

tract and in the lungs during chronic inflammation, with spe-
cificities directed against microbial antigens or environmental
allergens (5). Probably due to their different origins, FOXP3*
tTreg and pTreg cells are characterized by a non-overlapping
T-cell receptor (TCR) repertoire. Based on that, a division of
roles has been suggested in which tTreg would regulate immune
responses developed against self-antigens and pTreg cells would
regulate immune responses against “non-self” infectious or
innocuous antigens (6, 7).

At the moment, there are no exclusive markers for Tregs,
although it has been described that Tregs express several mole-
cules that altogether characterize them and allow their identifica-
tion in comparison to T conventional or effector T cells (Teff).

Thus, CD25 was the first marker associated with Tregs; never-
theless, this protein is also present in recently activated T cells. As
a consequence, CD25 expression can be used only to differentiate
Tregs from Tconv. In naive mice, Tregs show constitutive expres-
sion of CD25, while in humans, Tregs exhibit very high levels of
CD25, and activated T cells show intermediate expression of this
molecule (8, 9).

FOXP3, a member of the forkhead transcription factor
family, was identified as a Tregs-specific transcription factor in
mice (10, 11) and in humans (12). More than 90% of murine
Tregs express this transcription factor, while naive and Teff do
not present detectable levels of this molecule. Similarly, most
human CD4*CD25"¢" Tregs express FOXP3, but, contrary to
the results observed in mice, human Teff express intermediate
levels of FOXP3 upon activation for a short period of time (13),
introducing serious doubts regarding the specificity of FOXP3
as an exclusive marker for human Tregs (14). Moreover, FOXP3
plays a decisive role in Treg cell lineage establishment and
function (10, 11). With regard to that, a mutation in the FOXP3
human gene is responsible for the human syndrome known as
immunodysregulation, polyendocrinopathy, and enteropathy
X-linked syndrome (IPEX), or X-linked autoimmunity and
allergic dysregulation syndrome (XLAAD), equivalent to the
murine syndrome known as Scurfy (10, 15-17). Murine and
human diseases are characterized by low levels of circulating
Tregs, suggesting a critical role for Foxp3 and FOXP3 for appro-
priate Treg differentiation in both species, respectively. Although
60-70% of patients with IPEX have mutations in FOXP3 and
produced normal levels of IL-10 (18), other studies (19, 20)
have described that certain IPEX patients lacked expression of
CD25 (IL-2 receptor alpha chain) and showed defective IL-10
production after in vitro stimulation of their Tregs (20). These
data suggest fundamental and non-overlapping roles for both
Tregs (FOXP3* and IL-10%) in the control of autoimmune and
allergic disorders (9, 21).

FOXP3 gene expression is regulated by epigenetic modifica-
tions of conserved non-coding sequences (CNS) presented in
four elements. Regarding that, it is known that pTreg cells are
less stable than tTreg cells and can lose FOXP3 expression and
produce cytokines, such as IFN-y and IL-17, under inflamma-
tory conditions (22). This lack of stability can be explained by
the methylation status of the CNS2 region of the FOXP3 gene,
which is stably hypomethylated in tTreg cells, but is incompletely
demethylated in pTreg cells (23, 24).

In addition to CD25 and FOXP3, tTreg and pTreg cells express
similar levels of shared Treg cell markers, such as cytotoxic
T-lymphocyte antigen 4 (CTLA-4), glucocorticoid-induced
TNFR-related protein (GITR), inducible T cell Costimulator
(ICOS), and CD103. However, many of those markers are also
upregulated by activated CD4* T cells under inflammatory condi-
tions, and their expression does not allow discrimination between
these two populations (25). In order to distinguish between tTreg
and pTregcells, theuse of Heliosand Neuropilin-1 (Nrp-1) hasbeen
proposed since the expression of such markers is higher in tTreg
compared with pTreg cells (26-28). Finally, thymic-derived Tregs
can be differentiated into two subpopulations based on the degree
of FOXP3 expression and the presence or absence of CD45RA
(29). These populations are “CD25"*CD45RA* (FOXP3") resting
Treg cells (rTreg cells) and CD25***CD45RA" (FOXP3") activated
Treg cells (aTreg cells), which represent different stages of Treg cells
differentiation and are both suppressive in vitro” (29).

Asalready mentioned, it seems that Tregs display a certain level
of functional plasticity since they have the capability to perceive
cytokines in their milieu and respond to them with the expres-
sion of a subset of appropriate genes; this functional plasticity is
critical for the regulation of the peripheral immune response. In
fact, Tregs are widespread in non-lymphoid tissues, skin, lungs,
and intestine, since barrier tissues contain large populations of
specialized Tregs that utilize several of the same molecules to
reach the same sites as their effector cell counterparts. Thus,
specific transcription factors activation and the expression of
several chemokine receptors such as CCR4, CCR6, CXCR3,
and CXCRI10 have been suggested to characterize four differ-
ent subsets of human tTregs (30), which colocalize and control
specific Th subsets (Th1, Th2, Th17, Th22) expressing identical
chemokine receptors. Supporting this idea, it has been shown that
Treg cell homing to the skin requires the expression of CCR4 by
Tregs and of ligands for P- and E-selectin by cutaneous vascular
endothelial cells. In fact, Tregs with deficiency in one of these
molecules expression fail to correctly control immune responses
in the skin (31, 32).

Generation of Thymus-Derived Regulatory

T Cells (tTreg)

It is well established that thymocyte destiny depends on the bind-
ing affinity/avidity of the TCR to its self-peptide-MHC ligands
on antigen-presenting cells (APC). Thus, although thymocytes
expressing a TCR with low affinity for self-peptide-MHC com-
plexes are positively selected and differentiate into conventional
T cells, thymocytes that bind self-peptide-MHC complexes
with high affinity undergo negative selection and experience cell
death in order to remove potentially self-reactive T cells. A third
possibility is the existence of thymocytes expressing TCRs with
intermediate avidity for self-peptide-MHC, which may differen-
tiate into cells with a regulatory function (tTregs) (33).

Together with the interaction of the TCR with self-peptide-
MHC, additional signals are required for thymic induction of
Tregs, such as costimulation through CD28 or the signaling
provided by the IL-2R-y. cytokine family. Thus, deficiency of
tTregs was observed in CD80/CD86 and CD28 knockout ani-
mals (34). Accordingly, the absence of the Treg population from
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the thymus and periphery was observed in IL-2R-y. knockout
animals (35) as well as the emergence of autoimmunity in ani-
mals lacking IL-2Rp, which could be repaired by the transfer
of Tregs from control mice (36, 37). Furthermore, in IL-27~ or
CD257~ mice, the expression of FOXP3 in thymocytes was
drastically reduced and these animals developed fatal autoim-
munity disorders (35).

Regulatory T cells may also be induced to differentiate at a
double-positive (CD4*CD8*) developmental stage (38), since
a momentary reduction of FOXP3* thymocytes in newborn
mice was observed upon elimination of TGF-BRI in the murine
thymocytes at a double-positive (CD4*CD8*; DP) development
stage (39). These results support the hypothesis that thymic
Treg selection is enhanced by TGF-f signaling. In this regard,
TGF-p signaling has been demonstrated to control apoptosis of
self-reactive thymocytes through a Bim-dependent mechanism,
raising the Treg precursor cells (40). In addition to the above data
in mice, studies on the development of human thymic Tregs have
shown that an important percentage of FOXP3* single-positive
(SP) cells derive from FOXP3* DP thymocytes (41).

In summary, the majority of the Tregs originate in the thymus
at the CD4 SP stage and intermediate signal strength TCR, IL-2,
CD28, and TGF-p are needed for FOXP3 upregulation during
the process of Treg cell generation. Additionally, Tregs may be
differentiated at a previous double-positive stage in the presence
of TGF-p.

Generation of Peripheral Regulatory T Cells (pTreg)
Experiments based on the transfer of purified FOXP3~ CD4*
T cells into lymphopenic mice followed by the subsequent analysis
of the TCR repertoire of the FOXP3* T cells generated, compared
with that of cells which remained FOXP3~ demonstrated that
“TCR repertoires were only partially overlapping by FOXP3*
Tregs and FOXP3~ non-Treg CD4* T cells present in control mice”
(42, 43). Furthermore, it was found that the TCRs from Tregs
located in the colon were different from those expressed by Tregs
from other tissues, and a subset of these colonic TCRs was specific
for antigens associated with the gut microbiota (44). The above
results suggest that while the differentiation of thymic Tregs
is induced by intermediate affinity interactions of TCRs with
self-peptide-MHC molecules, the development of peripheral
Tregs is probably promoted by encounters with foreign antigens,
e.g., foods, gut microbiota, and allergens.

Nevertheless, it has been suggested that the TCRs expressed
by pTreg cells probably exhibit high affinity, as shown by the
observation that “rare high-affinity antigenic peptides allow for
most efficient FOXP3 induction upon stimulation of a cognate trans-
genic TCR displayed by peripheral CD4* T cells in comparison with
a less efficient pTreg generation by low-affinity peptide variants”
(45). Additionally, it seems that insufficient activation of T cells
promotes the induction of FOXP3, since CTLA-4 expression is
essential for the induction of FOXP3 in vitro by a mechanism
dependent on TGF-p presence (46), while CD28 has the contrary
effect (47, 48). Thus, in vitro and in vivo studies suggest that
FOXP3 induction and pTreg cell generation require high-affinity
TCR signaling together with suboptimal costimulation (high
CTLA-4 and low CD28 signaling) (40), and the process is helped

by the presence of high amounts of TGF-p (47). Signaling through
TGF-BR seems decisive for the expression of FOXP3 in most
peripheral CD4" T cells (49).

The pTreg cell generation requires the combined action of
soluble factors, such as TGF-f and IL-2, in the microenviron-
ment and the presentation of the antigens by appropriate APCs.
Furthermore, the presence of all-transretinoic acid (ATRA) in the
Tconv environment synergizes with TGF-p, and this effect is great
enough to promote pTreg generation even when a high costimu-
lation is being produced. This is particularly evident in lung
tissues where resident macrophages (CD45*CD11c*MHCclass
IT°"F4/80") constitutively expressing TGF-f} and retinoic acid are
the main subset of cells driving pTreg cell induction from naive
CD4* Tconv cells (50).

The data discussed so far indicate that pTreg cells generation
is influenced by a specific type of TCR signaling, and costimu-
lation, and through cooperation with other signals, such as
TGEF-B, IL-2, and ATRA. These conditions suggest that pTreg
cell differentiation could be restricted to precise locations such
us mucosal surfaces where they may regulate immune responses
to harmless antigens such as commensal microbiota and prevent
allergic inflammation. Supporting these ideas, “studies using Rag-
I-deficient T-B monoclonal mice sufficient or deficient in FOXP3
demonstrated that TCR transgenic pTreg cells were sufficient to
establish mucosal tolerance and control allergic inflammation
induced by the model antigen recognized by the TCR” (5).

Additionally, several studies suggest a role of microRNAs
(miRNAs) in the generation and function of Tregs (51, 52).
Specifically, miR155 was recently described as a player in Treg cell
differentiation and was shown to induce upregulation of several
Treg cell-associated genes when transferred to conventional
T cells (51, 53). It has also been reported that an acquired decrease
of the endoribonuclease Dicer, involved in the generation of
miRNAs (54), induces spontaneous autoimmunity in a disease
model (52). The progression to autoimmune disease was associ-
ated with a marked decrease in Dicer and an increased miR-155
expression which can upregulate CD62L in Tregs. Furthermore,
Singh et al. (55) found three miRNAs (miR-15b/16, miR-24, and
miR-29a) that regulated the induction of Tregs from naive CD4*
T cells, with miR-15b/16 having the highest effect. Important
genes regulated by miR-15b/16 were Rictor and mTOR, which
encode components of the mTOR signaling pathway involved in
controlling the generation of Tregs.

In summary, the requirements to promote induction of
pTregs include high-affinity interaction of TCRs with peptide:
MHC complexes; suboptimal activation of dendritic cells (DCs);
mucosal administration of peptide; signaling by cytokines, such
as TGF-p and IL-2; and regulation by the appropriate miRNAs
(49, 51-53, 55, 56).

FOXP3- Tregs: Tr1, Th3, and CD8" Tregs

In addition to FOXP3* Tregs residing in lymphoid and non-
lymphoid tissues, there are other tissue-residing Tregs with unclear
origins. They could have a thymic origin and migrate to peripheral
tissue and proliferate in response to inflammation or they could
develop from CD4*CD25~ Tconv as a consequence of antigen
recognition in the tissue.
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Type 1 regulatory T cells (Trl) are a population activated in
the periphery after antigenic stimulation in the presence of IL-10
(57, 58). These cells are characterized by the expression of CD4,
CD226, lymphocyte-activation gene 3 (LAG3), and CD49b as
their specific markers (59). The Tr1 Tregs produce a large amount
of the “cytokines IL-10 and TGF-, some IL-5, low levels of IFN-y,
and IL-2, but no IL-4” (57). The secretion of the immunosuppres-
sive cytokine IL-10 is the main mechanism by which Tr1 cells are
thought to regulate the immune response (60).

T helper type 3 cells (Th3) is a subset of Tregs that differenti-
ate in the periphery upon interaction with a specific antigen and
mediate suppression by secreting the cytokine TGF-p. These cells
“suppress the proliferation and activation of Thl cells and the
development of autoimmunity in the mouse model of multiple
sclerosis” (61). Thus, Th3 cells may have a role in controlling
autoimmunity and allergy in humans (62), although their role
in the maintenance of immune tolerance in humans has yet to be
clearly defined (60).

An immunoregulatory function has also been attributed to
some CD8* Treg subsets, and blocking this immunosuppressive
action may induce autoimmune reactions. The most frequent
phenotype for CD8* Tregs is CD25*CD28~ (63, 64), although
the expression of other markers has been described and includes
CTLA-4, CD122, CD38-4, GITR, CD8aa, and CD103. This Treg
subset has been observed in tonsils but is infrequent in peripheral
blood. The action mechanisms of these cells include suppression
by cell contact; the release of regulatory cytokines such as IL-10
and TGF-f; and the promotion of anergy in APCs (60, 65).

IMMUNE MATURATION AND ALLERGY/
ASTHMA INCIDENCE

In addition to genetic and environmental factors, proper immune
system maturity during the first years of life is fundamental to
avoid allergic asthma (AA). In fact, a high percentage of asthmat-
ics (ninety percent) are diagnosed by 6 years of age, suggesting
that the influence of intrauterine milieu and early life events such
as atopic diseases and wheezing illnesses induced by respiratory
viral infections are highly determinant for the development or
not of asthma during childhood (66, 67). In this sense, abnormal
regulatory T-cell function and/or numbers have been pointed
to as the main cause of AA incidence and it has been observed
that Tregs are already defective in the umbilical cord blood of
newborns at a genetic risk of allergy (67, 68).

Asthma: Definition and Classification
Asthma is the most frequent childhood chronic inflammatory
airway disease worldwide and is characterized by reversible air-
flow obstruction. The prevalence of asthma in children ranges
between 5 and 20%, with approximately 300 million people suf-
fering from this disease (69, 70).

Asthma can be classified as mild, moderate, or severe accord-
ing to National Asthma Education and Prevention Program,
Global Initiative for Asthma (GINA), or American Thoracic
Society (ATS) guidelines (71, 72). Nevertheless, asthma is an
extremely heterogeneous disease that develops in many clinical

forms or phenotypes with distinct pathogenic mechanisms and
is induced by diverse sensitizers such as allergen exposure,
viral infection, oxidative stress, and air pollution, amongst
others. Today, clinical asthma is mainly divided into two main
phenotypes: AA and non-allergic asthma (NA). AA is charac-
terized by airway hyperreactivity (AHR), eosinophilic airway
inflammation, increased total and specific IgE levels and blood
eosinophil counts, elevated mucus production, and reversible
airway obstruction and remodeling (73). Th2 cells initiate AA,
and the characteristic cytokines are produced by both Th2 cells
(IL-4, IL-5, and IL-13) and type 2 innate lymphoid cells (ILCs)
(IL-5 and IL-13). These molecules induce IgE class switching by
B-cells (IL-4), eosinophils infiltration (IL-5), and hyperplasia of
goblet cells (IL-13) (74).

Allergic symptoms usually start in childhood upon sensitiza-
tion of the airways to common allergens such as dust mites,
animal dander, or tree pollens (Figure 1, Step 1). The immune
mechanisms involved are divided into two phases. First, a
sensitization and memory phase develops (Figure 1A). Second,
the effector phase occurs and includes the immediate and late
responses (Figure 1B) (75). Throughout the sensitization phase,
the clonal expansion and development of allergen-specific Th2
cells and the production of the cytokines IL-4 and IL-13 take
place (Figure 1, Steps 2-4). These cytokines induce B-cells class-
switching to allergen-specific IgE antibodies, which bind to the
high-affinity receptor for IgE (FceRI) that is expressed on mast
cells and basophils (Figure 1, Steps 4-5). The initiation of the
effector phase takes place after a new encounter with the same
allergen that binds to the IgE-FceRI complex causing cross-
linking and as a consequence triggering the activation of mast
cells and basophils, which release the anaphylactogenic mol-
ecules contained in their cytosolic granules (Figure 1B, Step 6).
These molecules trigger the symptoms of the immediate reaction
(Figure 1B). Late-phase reactions are generated by the prolonged
presence of the allergen, which initiates a specific Th2 cells activa-
tion, with the production of cytokines such as IL-4, IL-5, IL-9,
IL-13, and IL-31. These are critical to sustaining specific IgE
levels, the arrival of inflammatory cells to tissues, eosinophilia,
mucus release, and smooth muscles contraction (76, 77). Such
events can conclude with the more severe symptoms of allergy,
such as asthma, rhinitis, dermatitis, and less frequently systemic
anaphylaxis. Additionally, recently identified cytokines such as
IL-25, thymic stromal lymphopoietin (TSLP), and IL-33, secreted
by injured epithelial cells among others, have been associated
with the development of the Th2 response (78, 79). Furthermore,
additional T-cell subsets contribute to the allergic airway disease,
such as IL-9-producing Th9 cells but also Th1 and Th17 cells (80).
Finally, it has been found that neutrophils infiltrate airways after
recruitment by certain allergens and release inflammatory media-
tors contributing to asthma development (81).

Influence of Intrauterine Milieu in the
Neonatal Immune System and Risk of
Asthma Development

Theintrauterinemilieuiscritical foranappropriateimmunological
maturation of the fetus but could be influenced by environmental
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FIGURE 1 | Schematic illustration representing major mechanisms that contribute to the development of asthmatic symptoms. (A) Sensitization and
memory phase. The sensitization phase is initiated when the allergen is introduced in the organism for the first time. At the end of this phase, the immune system is
prepared for a new contact with the same allergen. (B) Effector phase includes the immediate and late responses. The effector phase is initiated after a new contact
with the same allergen that binds to IgE on the surface of basophils and mast cells. The followed numbers describe the consecutives steps in asthma: (1) antigen
entry, (2) migration of dendritic cells from the alveolar space to the lymphatic node, (3) antigen presentation to naive T cell and maturation into Th2, (4) production of
Th2 cytokines and antibodies production, (5) isotype switch from IgM to IgE, (6) IgE binds to FceRIl on mast cells and basophils and inflammatory mediators are
released, and (7) and (8) response mediated by memory B-cells and Th cytokines with recruitment and activation of eosinophils and neutrophils. DCs, dendritic cells.

factors. Thus, it has been shown that maternal conditions such
as diet, microbiota, inflammation, and environmental antigens
can be decisive for an adequate immune development during
pregnancy and during the postnatal period. Therefore, allergy/
asthma can represent an early consequence of inappropriate
immune regulation (82).

The development of the fetal immune system and organs such
as lungs and airways take place during the intrauterine period
and they are more vulnerable to environmental influences.
Microbial exposures during this period are particularly impor-
tant. Thus, based on the hygiene hypothesis, it may be possible
that microbial antigen transfer from the mother to the progeny
starts during the pregnancy (83-85) dispensing a first supply of
immune stimulation. Epidemiological research has also shown
that “a high microbial environment during pregnancy induces
greater protection from allergy than postnatal exposure alone”
(82, 86). Thus, maternal exposure to microbial compounds dur-
ing pregnancy is coincident with increased expression of certain
Toll-like receptors (TLR2 and TLR4) and the CD14 molecule
on peripheral blood cells, suggesting that this type of exposure
during the prenatal period might prevent childhood sensitiza-
tion (86). For example, maternal exposure to farm animals
during fetal development is related with an improvement in the

function and number of Tregs within umbilical cord blood and
a reduction in the secretion of Th2 cytokines or lymphocyte
proliferation upon innate stimulation (39). Additionally, experi-
ments conducted in mice have demonstrated that exposure to
endotoxin during pregnancy avoids future sensitization and
lung inflammation episodes induced by allergens in the offspring
(87). Moreover, a mother tolerant before pregnancy can transfer
this immunological tolerance to her descendants, suggesting
that the immunological status of the mother has a great influ-
ence in the immune response of the offspring to allergens (88).
In fact, it has been shown that during fetal development, the
tTreg levels in venous blood change depending on pet exposure
levels and the atopic condition (65). In addition to infection and
exposure to allergens, it has been demonstrated that pollution
and diet influence the development of disease during early
infancy (89). Thus, enhanced asthma symptoms in children
have been associated with poor maternal intake of vitamins D,
E, and zinc during fetal development (90). Specifically, vitamin
D has been associated with FOXP3* and IL-10* Tregs genera-
tion and survival in humans and mice (91). Furthermore, it has
been shown that diet-related factors can control the epigenetic
mechanisms that modify the risk of allergic disease (89). Thus, a
maternal diet high in folates, choline, methionine, vitamin B12,
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or exposure to cigarette smoke may promote DNA methylation,
inhibit gene transcription, and foster asthmatic symptoms
(92, 93). These studies have shown that the regulatory cytokines
IL-10 and TGF-f participate in the dysregulated immunity of
the lung.

Postnatal Maturation of the Immune
System and Risk of Asthma Development

High susceptibility to infections and/or the emergence of atopic
and/or asthmatic manifestations in children have been linked
to the functional immaturity of the immune system influenced
by the degree of exposure to several immunostimulatory factors
during embryonic development and during the early infancy
(76). In general, the immune system that is still immature at
birth and triggering most TLR ligands in their leukocyte subsets
produces less typel IFN, IL-12, and TNFa but increased amounts
of IL-1, IL-6, IL-10, and IL-23 in comparison to the same adult
cells; in general, the newborn innate response presents Th2- and
Th17-biased immunity while Th1 response is scarce. This fact
highlights the fundamental role of antigen exposure during
early infancy for an adequate maturation of the immune system.
Developmental deficiency in the circulating DC compartment
has been implicated in atopic diseases in children (94), with
attenuated capacity for IFN-y and IL-12 production (95, 96)
and with a disequilibrium in the balance between cytokines
secreted by Th-cells (pro-inflammatory versus regulatory) (97).
Furthermore, children at an elevated risk of atopy usually dis-
play decreased responses to certain vaccines (98). This could be
explained by an immune dysregulation during the intrauterine
period and/or an absence of exposure to infectious and/or envi-
ronmental microbes during childhood. As a result, children may
experience a failure in their protective Treg responses to allergens
(99, 100). Additionally, it is possible that the lack of deviation
from an allergen-specific Th2 immune response toward a Thl
may play a role (101). During childhood, such mechanisms may
be alternatively activated by different types of microorganisms,
albeitinfectious or innocuous. For example, helminthicinfections
are related to IL-10 production and diminish the risk of allergic
disorders (102) and have been shown to induce Tregs in an ani-
mal model of allergen challenge, thus preventing development of
airway inflammation (103). A murine model has demonstrated
that a heat-inactivated suspension of Mycobacterium vaccae also
protected against airway inflammation via IL-10 and TGF-p
production (104). However, the preventive effect of a livestock
exposure may be through TLR-mediated immune bias toward
Th1 responses to antigens present in the farm environment (105).
In relation to that, it has been shown that the immunosuppressive
role of CD4* CD25* Tregs may be regulated by TLR signaling
during the course of the immune response. TLR signaling may
influence the balance between CD4* Th and Tregs and, as a con-
sequence, orchestrate the subsequent immune response. In fact,
a significant decrease in CD4* CD25* Tregs has been described
in TLR2-deficient but not TLR4-deficient mice in comparison
with control mice. Other data suggest that DC maturates in vivo
upon binding of their TLR ligands, which subsequently regulate
the development of the Teft (106).

In addition, the intestinal microbiota modulates the new-
born Th2-biased immunity by promoting a Th1-cell response
(107). Colonization of the newborn with the gut microbiota
begins right after birth and is regulated by specific mucosal
DCs, which bind antigens and favor T effector or Tregs dif-
ferentiation. These DCs are characterized by a high expres-
sion of TLRs and costimulatory molecules upon interaction
with TLR ligands, by production of the immunosuppressive
cytokine IL-10 and absence of pro-inflammatory factors
(108). It can be hypothesized that this specific control of TLR
responsiveness is a mechanism to prevent unwanted inflam-
matory responses.

Interestingly, infection with a specific type of bacteria has
also been associated with Treg development. Thus, infection of
newborn mice with Helicobacter pylori protects from the pro-
gression of allergic airway symptoms and has been related with
an accumulation of Tregs in the lung (109). Furthermore, DCs
exposed to the bacteria were impaired in their maturation after
lipopolysaccharide stimulation and induced the expression of
FOXP3 in Tconv (110).

Finally, one study demonstrated that environmental antigens
were transferred from the mother to the lactating mice via breast
milk. As a consequence of this, protection from AA and toler-
ance mediated by Tregs and TGF-f production were observed in
such newborn mice. These data propose a mechanism explaining
breast feeding-induced tolerance in neonates and support the
role of maternal factors on the regulatory responses that affect
the predisposition to allergic disorders (67, 111).

ROLE OF TREGS IN ALLERGY AND
ASTHMA

Importance of Tregs in Allergic Diseases
Although the population is continuously being exposed to a wide
range of allergens, not everyone develops allergic sensitization,
and not all atopic individuals are asthmatic. This fact could be
explained by genetic susceptibility to both atopy and asthma and
differences in the maturation of the immune system and organs/
tissues affected by allergic diseases. With regard to immunologi-
cal sensitization, it has been shown that under certain conditions
non-atopic healthy individuals develop Th2-cell responses to
common allergens. In this sense, the control of potentially harmful
T cells requires the use of an active immunosuppressive mecha-
nism by Tregs. Defective or overwhelmed suppression by Tregs
could explain the development of allergic airway inflammation in
asthma (105). Accordingly, the development of allergic reactions
can result from decreased induction, impaired function, or both,
of allergen-specific Tregs in genetically allergy-prone subjects.
On the contrary, in another study, Treg numbers were higher in
asthmatic versus healthy children, and Tregs of children with AA
show sufficient suppression of Th1/Th2 cytokines; whereas Tregs
from infants with NA do not. These results suggest that the high
number of Tregs in certain patients with AA might still not been
sufficient to control the disease or additional mechanisms, such
as deficiency in innate immune regulation, may be relevant for
persistent inflammation (70, 73).
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Nevertheless, studies on human newborn Tregs have found
an association between decreased regulatory function at birth
and the development of allergic diseases. For example, a defect
was detected in the suppressive function of newborn Tregs in a
child who was later diagnosed of egg allergy (68), and an inverse
relation has been found between postnatal deficiencies in Treg
numbers and/or function and development of allergy phenotypes
during childhood (112). Regarding that, it has been shown that
“whereas the turnover and suppressor function of non-atopic
infant’s Treg cells appears to increase with age, there is a delay in
this process in atopic infants” (113).

The importance of neonatal pTregs in asthma prevention is
based on the observation that the cytokines IL-4 and IL-6 inhibit
FOXP3 expression in naive CD4* T cells. As a consequence, the
generation of Tregs should be less efficient when it goes in paral-
lel with conventional T-cells activation due to the presence of an
allergen. However, if pTregs can be induced at early times, the
tolerance mechanisms would promote expansion of the pTreg
population (114).

One study showed deficient CD4*CD25" T cell numbers and
function and decreased FOXP3 (mRNA) in the lungs of asthmatic
children in comparison to healthy controls (115). Another study
has shown that patients with asthma have normal numbers of
CD4*CD25" and CD4*CD25" FOXP3* Tregs in peripheral blood
compared to healthy individuals, although the expression of the
FOXP3 protein was attenuated (116). Conversely, inhibition of
Th2-cell responses to allergens has been described by Tregs in
healthy donors. Thus, depletion of CD4*CD25* T cells from PBMC
of healthy donors increased the proliferation and Th2 cytokines
release in response to allergens as compared to whole PBMC
cultures (117). In addition, passive transfer of allergen-specific
Tregs can attenuate chronic airway inflammation induced by the
allergen. Importantly, CD4*CD25* Tregs also inhibited airway
remodeling, and this might occur through an early decrease of
the profibrotic cytokine TGF-p in lung (118).

Activation and Recruitment of Tregs

An intense research focus concerns the study of the specific
mechanism of Tregs generation and location in the airways of
asthmatic mice and humans. The results of several studies suggest
arole for ICOS-L-expressing DCs and the presence of the immu-
nosuppressive cytokine IL-10 (119), although other researchers
hypothesized that plasmocytoid DCs contribute decisively to the
development of Tregsand accumulation in the airways (120). Ithas
recently been reported that “siglec-F* alveolar macrophages were
found to be the major APC driving the differentiation of FOXP3*
Treg cells in the lungs of mice following allergen inhalation, in a
process requiring TGF-p and the retinal dehydrogenases, RALDH- 1
and RALDH-2” (121). The means by which Tregs migrate to the
allergic lung tissue and lymph nodes of mice implicate the expres-
sion of certain chemokine receptors such as CCR4 and CCR7,
respectively (122). Supporting this, studies have demonstrated
that CCL17 and CCL22, both ligands for CCR4, have a role in the
accumulation of CD4*CD25* Tregs to the airway tissue through-
out allergen response (118). The CD103* conventional DC subset
of the lungs (123, 124) is involved in the release of the CCR4
ligands, leading to the development and recruitment of Tregs in

that location (125). Importantly, maintenance of T regulatory cell
function required a continued allergen presence. In fact, discon-
tinuous allergen exposure led to a reduction in Treg function and
an increase of pathological symptoms (126). It would appear that
Tregs control migration of effector cells to inflamed tissues and
line up appropriate immune responses at different stages after
antigen challenge.

Mechanisms of Suppression by Tregs
in Allergic Processes

Regulation is a general process that uses many strategies to attenu-
ate inflammation, and the specific mechanism triggered depends
on the tissue and associated milieu where the antigenic challenge
occurs. Thus, Treg cell suppressive functions are similar when
controlling autoimmunity or allergy and their action could be
mediated by multiple mechanisms that involve either the release
of suppressive cytokines (IL-10, TGF-p, and IL-35) (127-129)
and cytolytic molecules [granzymes (Gzm) A and B] (130) or
the downmodulation of APC through expression of inhibitory
molecules such as CTLA-4 (CD152) and LAG-3 (CD223) (131);
deprivation of trophic cytokines (IL-2 through CD25) (132);
modulation of metabolic pathways (CD73 and CD39) (133); and
modulation of the expression of specific transcription factors and
receptors. Tregs function can also be regulated by endogenous
danger signals or alarmins released by epithelial cells at the
mucosal barrier. Colonic Tregs express the IL-33 receptor (ST2),
allowing them to respond to the cytokine IL-33 produced by
epithelial cells as a result of tissue damage. After IL-33 binding
to their ST2 receptor, Tregs respond by amplifying their regula-
tory functions and restraining intestinal inflammation (28, 134).
One of several combined mechanisms could be used by Tregs
to regulate activation of the different cell types involved in the
allergic response including B-cells, ILC2 cells, mast cells, eosino-
phils, neutrophils, CD4* and CD8* T cells, NK cells, NKT cells,
monocytes, and DCs (135) (Figure 2).

Suppression of Type 2 ILC2 by Tregs

Innate lymphoid cells are a population of mucosal innate cells
characterized by a lack of antigen specificity (absence of T- and
B-cell receptors) and by shared developmental origin and pheno-
typic traits with T cells. ILC2 produce large amounts of Th2 cell
cytokines and are linked to allergic disorders, such as asthma,
chronic rhinosinusitis, and atopic dermatitis (28).

It has been demonstrated that peripherally induced Tregs
effectively suppress the production of the ILC2-driven, pro-
inflammatory cytokines IL-5 and IL-13, both in vitro and in vivo
by blocking of ICOS:ICOS-L interaction on ILC2 cells. Inducible
T cell Costimulator (ICOS) is a receptor expressed by ILC2 cells,
Tregs, and others. It is well known that ICOS:ICOS-L interactions
on ILC2 cells have a role in cell function and survival and are
involved in controlling Th2 cytokine release, airway hyperreactiv-
ity (AHR), B-cell differentiation, and IgE class-switching in mice
(136, 137). A recent study by Maazi et al. (138) demonstrated
that the expression of ICOS and ICOS-L in ILC2s from human
peripheral blood was increased by in vitro culture in the presence
of IL-2 and IL-7 but not of IL-33. It has been demonstrated that
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FIGURE 2 | Suppressive role of Treg in allergic diseases. Tregs contribute to the control of allergic diseases through several pathways. Red arrows indicate
suppressive effects that Treg exert directly or indirectly on effector cells (ILC2 cells; mast cells; basophils; DC; B-cells; effector Th2, Th1, and Th17 cells; neutrophils).

The green arrow indicates suppressive molecules produced by Tregs.
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cell contact is required for suppression of ILC2 mediated by Treg,
TGEF-p, and IL-10. Thus, in vitro stimulation of human ILC2s with
IL-2, IL-7, and IL-33 and subsequent blockade of ICOS:ICOS-L
interactions decreased the release of IL-5 and IL-13 cytokines
(139). Additionally, it has been shown that human pTregs suppress
syngeneic human ILC2s via ICOS-L to control airway inflam-
mation in a humanized ILC2 mouse model (140) (Figure 2).

Suppression of Mast Cells by Tregs

Mast cells are essential to initiate the immediate phase of aller-
gic reactions (Figure 1, Step 6), and their degranulation initi-
ates the triggering of allergic symptoms (141). It has recently
been demonstrated that the symptomatic phase of allergic
disorders can be controlled by constitutive FOXP3* Tregs in
mice (142), although mast cells increased the IL-6 secretion.
This inhibition by Tregs is produced via direct cell-to-cell
contact between OX40 expressed on Tregs and OX40 ligand
on mast cells, which leads to increased intracellular levels of
cyclic AMP (cAMP) and results in blockage of extracellular
Ca?* (Figure 2). However, the suppression of IL-6 secretion
by mast cells seems to be controlled via TGF-p (143). In vitro
studies have shown that “IL-4 and TGF-B1 had balancing effects
on mast cell survival, migration and FceRI expression, with each
cytokine cancelling the effects of the other. Dysregulation of
this balance may impact allergic disease and be an objective of
targeted therapy” (65, 144).

Suppression of APCs by Tregs

Dendritic cells are key initiators and master regulators of the
allergen-specific immune response by processing and presenting
antigens to Tconv and secreting cytokines that control T cell dif-
ferentiation to a certain effector type. Tregs could directly act on
DCs by downmodulating their surface expression of CD80/CD86
and subsequently blocking generation of an allergen-specific Th2
cell immune response. Suppression of DCs appears to be medi-
ated through LAG-3, CTLA-4, leukocyte function-associated
antigen 1 (LFA-1), and other molecules (Figure 2).

Thus, Tregs may express LAG-3, a homologous of the CD4
molecule that acts as a coreceptor of the MHCII complex,
although with higher affinity. The binding of MHCII and LAG-3
reduces the maturation and costimulatory capacity of DCs and, as
a consequence, diminishes their capacity for antigen presentation
to Tconv (131, 145, 146). Activated human T cells express MHCII
molecules, and interaction of Tregs via LAG-3 on Teft might also
induce immunosuppression (147).

Additionally, murine and human Tregs exhibit a constitutive
expression of the coinhibitorymolecule CTLA-4, whichis detected
on the surface of Teff upon activation (148). The deficiency of the
CTLA-4 gene produces serious autoimmune disorders similar to
those induced by defective FOXP3, demonstrating that CTLA-4
is essential for Treg function (149). CTLA-4 binds to the same
ligands CD80/86 as CD28 (T cell costimulatory antigen) but
with a higher binding affinity. The interaction between CD28

Frontiers in Pediatrics | www.frontiersin.org

May 2017 | Volume 5 | Article 117


http://www.frontiersin.org/Pediatrics
http://www.frontiersin.org
http://www.frontiersin.org/Pediatrics/archive

Martin-Orozco et al.

Regulatory T Cells

and its ligands CD80/86 on DCs is required for T-cell activa-
tion. However, CTLA-4 binding to the same ligands blocks such
activation and induces the generation of anergic T cells. CTLA-4
may also suppress or decrease the surface expression of CD80/86
molecules, decreasing the activation of Tconv. Furthermore,
the interaction of CTLA-4 with CD80/86 in Tregs can promote
the generation of indoleamine 2,3-dioxygenase (IDO) that
catalyzes degradation of the essential amino acid tryptophan to
kynurenine, provoking the starvation of Teff and cell cycle arrest.
Additionally, IDO induces pTreg generation (150). Also, CTLA-4
may be involved in the reduced glutathione synthesis observed
in murine DCs, which promotes a Redox milieu unfavorable for
the proliferation of conventional T cells (151). In relation to that,
several studies have shown that certain polymorphisms in the
CTLA-4 gene are significantly associated with susceptibility to
autoimmunity (152).

Regulatory T cells can control Tconv activation by reducing
their interaction with DCs (153). In fact, it has been described
that the aggregation of CD25" Tregs around DCs, via CTLA-4,
downregulated CD80/86 molecules expression (149, 154). Thus,
there is a competition between Tregs and Tconv for the interac-
tion with DCs reducing their capability to activate Teff (105). This
downregulation of CD80/86 expression by Tregs is also partly
dependent on the adhesion molecule LFA-1, thereby indirectly
impeding the activation of Tconv cells by APCs in vitro (155, 156)
and in vivo (149, 157) (Figure 2).

Another surface molecule involved in immunosuppression
is T cell immunoglobulin and ITIM domain (TIGIT), which is
highly expressed on Treg and Teff. A protein named Poliovirus
receptor (PVR, NECL5, or CD155), highly expressed on DCs
and others, was identified as a high-affinity coreceptor for TIGIT.
Upon interaction of Treg cell with DCs through TIGIT, secre-
tion of the suppressive cytokines IL-10 and TGF-p by DCs was
observed (158).

Neuropilin-1 is another molecule expressed by Tregs and
which elongates their contact with DCs reducing the presenta-
tion of antigen to Tconv. These results were confirmed by using
an anti-Nrp-1 antibody to abrogate Treg-mediated suppressive
activity (159, 160). However, as other CD4* cells express Nrp-1
(161) it is possible that the anti-Nrp-1 antibody was interfering
with cell activation rather than Treg function (146).

Finally, ICOS:ICOS-L interactions between mostly plasma-
cytoid DCs and Tconv could result in their differentiation into
IL-10-secreting Tregs (28).

Suppression of Th by Tregs

During the activation process, T cells follow several differentia-
tion pathways, acquiring specific properties and functions. Th
cells could differentiate into Thl (IFN-y-secreting cells), Th2
(IL-4/IL-5-secreting cells), Th17 (IL-17-secreting cells), and
other subsets. Thl cells are specialized in the elimination of
intracellular microorganisms; Th2 cells are required for fighting
extracellular pathogens; and Th17 cells protect against extracel-
lular fungal and bacterial pathogens and have a role in autoim-
mune tissue injury. Regarding that, it has been shown that Tregs
can avoid allergy by suppression of the effector Th1, Th2, and
Th17 cells (162, 163) (Figure 2). Nevertheless, such results are

not clear since it has been published that TGF-f1 secreted by
FOXP3* Tregs is necessary to block Th1 and support Th17-cell
generation (164). On the other hand, it has been suggested that
Tregs induced by nitric oxide can suppress Th17 but not Th1 cell
development and function (165). Furthermore, it has been
published that Tregs can also block the synthesis of the cytokine
IEN-y without inhibiting Th1 cell differentiation (166) and that
FOXP3* Tregs induce Th17 cell differentiation in vivo through
IL-2 modulation (167). Additionally, it has been found that the
cytokines IL-6 and TGF-f promote the generation of pathogenic
Th17 cells (65, 168). Further studies should be performed to
clarify the importance of Tregs in the suppression of specific Th
subsets.

Recent evidence suggests the existence of a balance between
Tregs and Th17 cells during the first stages of naive T cell devel-
opment. Thus, the presence of IL-6 and TGF-p promotes the
differentiation of Tconv into Th17 cells. However, without IL-6 in
the milieu, T cells differentiate into Tregs. Additionally, IL-21 has
a role in the generation of the Th17 subset and inhibits FOXP3.
Given the contribution of Th17 cells in asthma, the inhibition
of the Th17 population by Tregs is crucial to maintaining the
immune homeostasis (146).

Furthermore, it has been observed that Tregs suppress the
TCR-mediated proliferation and IL-2 release of Tconv cells (132).
The mechanism by which Tregs suppress murine (169) or human
(168) Tconv proliferation can be directly mediated by immuno-
suppressive factors or by a contact-dependent action. Tregs can
also block Tconvs indirectly by controlling the activation of APCs
as previously described (14).

Another mechanism to control immune activation would be
effector cell-death induction by Tregs. In fact, it was observed that
human tTregs express Gzm A and kill activated CD4* T cells and
other cells by perforin-dependent mechanism (170). Another
study reported a partially Gzm B-dependent inhibition of Tconv
proliferation by murine Tregs in vitro, although perforin was not
involved (130). A further example of suppression of T effector
cells by Tregs was demonstrated in vitro and in vivo in a model of
transplantation in mice with the involvement of the death recep-
tor TRAIL (171).

At the same time, high-level IL-2R expression on Tregs, indis-
pensable in Treg cell homeostasis (172), could deprive Teff of
IL-2 and inhibit their proliferation (173). Nevertheless, there is a
controversy about the role, if any, of the decreased availability of
IL-2 because of its consumption by Tregs that exhibit high expres-
sion levels of the CD25 molecule and may depend on the specific
setting and stimulation conditions of the cells (14).

Suppression of Eosinophils and Neutrophils by Tregs
Eosinophils are secondary effector cells involved in the patho-
genesis of allergy (Figure 1B). It has been reported that Tregs can
inhibit their function (174), and a negative correlation has been
found between the percentage of FOXP3* cells in bronchoalveo-
lar lavage fluid (BALF) from tolerant mice and the number of
eosinophils detected in that fluid (65, 175). The mechanism by
which Tregs inhibit eosinophils activation is mediated by IL-10
released by Trl cells (176, 177).
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Additionally, Tregs might directly control allergic responses
by induction of neutrophil apoptosis and/or by promoting an
immunosuppressive phenotype on these cells (Figure 2) that
generate IL-10, TGF-p1, IDO, heme oxygenase-1 (HO-1), and
the suppressor of cytokine signaling 3 molecule (SOCS3) (178).
These anti-inflammatory neutrophils may inhibit Th17 cell
induction, which depends on the presence of both TGF-p1 and
IL-6 (179). Additionally, phagocytosis of apoptotic neutrophils
by macrophages and DCs results in a reduction in IL-23 release
by these cells, which in turn leads to lower IL-17 secretion by
CD4" T cells (180). Hence, cooperation of activated Tregs with
neutrophils might result in inhibition of Th17 response, provid-
ing an important control of inflammatory responses. Supporting
this idea, one study (181) has shown that the reduced capacity of
weanling, as compared with neonatal, mice to develop inducible
bronchus-associated lymphoid tissue (iBALT) in response to LPS
can be reversed by the elimination of Tregs. This was associated
with a high expression of IL-17A and CXCL9 and with increased
neutrophilic inflammation in the lungs.

Suppression of B-Cells by Tregs

Activated Tregs may directly suppress effector B-cells through
the release of Gzm and perforin (182). As a consequence of this,
Tregs can control IgE production and the posterior mast cell-
mediated inflammation. In fact, the large amounts of IL-10 and
TGF-p that are secreted by Tregs drastically inhibit IgE release,
although a simultaneous increase in the production of IgG4 and
IgA by B-cells has been observed. This isotype unbalance has also
been reported in individuals naturally exposed to large allergen
doses. Thus, beekeepers with multiple stings and patients with
chronic helminthic infections have tolerance mediated by IL-10
and increased levels of antigen-specific IgG4 (183). Recently, the
identification of IL-10-producing B regulatory cells with immu-
nosuppressive function has been reported; these cells may also
control the inflammatory reactions mediated by T cells (184) and
may participate in the generation of peripheral CD4*CD25" cells
by inducing the development or elongating the survival of such
cells (146).

Suppression by Tregs through Expression of Effector
T Cell-Specific Transcription Factors

Several researchers have suggested that as with conventional
CD4* helper T cells, Tregs display various phenotypically and
functionally diverse subsets and that their location in different
tissues is critical for their ability to interact with and regulate
the different subsets of Teft (82). Tregs may modulate a Th cell
subset specifically by expressing the characteristic transcription
factor as well as adhesion and chemoattractant receptors of said
specific subset that would target them to the same tissues and
inflammatory sites (185). These comprise chemokine receptors
such as CXCR3, CCR8, and CCRé, involved in the migration of
cells to locations of Th1-, Th2-, or Th17-mediated inflammatory
responses, as well as other general receptors such as CCR2 and
CCR5 (185, 186). In this regard, it was shown that upregulation
of T-bet in a Treg subset upon IFN-y secretion was required
for the control of inflammatory responses mediated by Th1 cells
(187). Similarly, the expression of IRF-4 (associated with Th2 and

Th17 cells) in Tregs was essential for the inhibition of immune
responses mediated by Th2 cells (188). Moreover, the presence
of the transcription factor STAT3, characteristic of Th17 cells, in
Tregs was critical for the suppression of the intestinal inflamma-
tion associated with Th17 cells (189). In accordance with this,
the absence of GATA-3, transcription factor associated with Th2
cells in Tregs, led to autoimmunity, defective FOXP3 expression,
and elevated cytokine levels specific of Th1, Th2, and Th17 cells
(190). In fact, Tregs lacking GATA-3 expression usually trans-
form into a Th17 subset. In relation with that, Bcl6, which acts
by suppressing GATA-3 transcriptional activity independently
of IL-4 and STATS, is crucial for the control of Th2 inflammation
by Tregs (191-193). The mechanism used by Tregs to suppress
each subset of Teff might include deprivation of limiting factors
since Tregs accumulate at the location of the immune response.
Accordingly, IRF-4 or STAT3-deficient Tregs lack suppressive
function in vitro. In contrast, the presence of certain transcrip-
tion factors in Tregs might inhibit FOXP3 expression with
the subsequent blocking of Tregs suppressive function. Thus,
STATS3 is a transcription factor induced by the release of various
cytokines that downregulate Tregs and FOXP3, such as IL-6,
IL-23, or IL-27 (192, 194). In fact, the lack of STAT3 in T cells
in a model of induced colitis promoted the development of Treg
and diminished the symptoms of the disease (195). Probably, the
different CD4* T cell subsets have the ability to experiment high
levels of plasticity between them, although there is controversy
about the stability of the Tregs in vivo (22, 196). Nevertheless,
several studies indicate an evident plasticity between Th17 cells
and pTregs (197), and supporting this idea, a transitory stage
with simultaneous expression of RORyt and FOXP3 has been
detected (198). In the context of a specific cytokine environ-
ment, the release of IL-17 in murine and human Tregs, which
might maintain immunosuppressive activity, was described
(199, 200).

Suppression by Tregs via Ectoenzymes

During the immune response, extracellular ATP acts as a danger
signal and may exert its effects on DCs. Cell damage induces the
release of the intracellular ATP since the nucleotide is present
within the cells in high concentration. “Extracellular ATP can
be sensed by purinergic P2 receptors such as CD39. This molecule
is the main ectoenzyme in the immune system, hydrolyzes ATP
or ADP to AMP and is expressed by B cells, DCs, all mouse Treg
cells, and about 50% of human Treg cells” (201). Thus, another
anti-inflammatory mechanism that may be used by Tregs could
be catalytic inactivation of extracellular ATP by CD39 (201).
Supporting this idea, CD39 knockout Tregs showed decreased
suppressive capacities in vitro and in vivo (133). In fact, CD39
expression was suggested to identify a highly suppressive
human Treg subset (202), and inhibition of Tconv proliferation
by this subset could be partially abolished by suppression of
ectonucleotidase activity (203). CD73 is another ectoenzyme,
also expressed by Tregs, that degrades AMP to adenosine (204).
Adenosine binds to the A2A receptor and may suppress DCs
and/or Teff, e.g., by increasing cCAMP (205). In vivo, signaling
through A2A receptor might lead to anergy and induce pTreg
development (206). In conclusion, adenosine seems to contribute
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to the regulatory function of certain Treg subsets. Thereby, cAMP
is transferred through gap junctions from the Tregs into Teff
where it activates protein kinase A that suppresses proliferation
and IL-2 release by triggering the activation of inducible cAMP
early repressor (ICER) (207).

Suppression by Tregs via Cytokines Secretion:
TGF-p, IL-10, and IL-35

Despite the critical role of TGF-f and IL-10 in various in vivo
models, the specific contribution of immunosuppressive cytokines
in Treg-mediated regulation is still poorly understood (Figure 2).

Role of TGF-p

TGF-pisa pleiotropic cytokine that directly prevents proliferation
of T- and B-cells and also induces cell death of immature or naive
B-cells. In addition, this cytokine inhibits macrophage prolifera-
tion and function, acts such as a chemoattractant for eosinophils
and can suppress allergen-specific IgE release. Furthermore, TGF-
f participates in Treg function and supports the generation of
pTregs. TGF-p may promote pro-inflammatory Th17 responses.
Thus, TGF-p favors the conversion of Teff into FOXP3* Tregs in
the periphery (208). However, in the presence of IL-6, TGF-f
sustains the differentiation of Th17 from Tconv (177). In vivo
studies have demonstrated the existence of a TGF-p-dependent
mechanism for Treg-mediated immunosuppression (164). In this
respect, it has been shown that TGF-p1 specifically expressed by
Tregs plays a role in the regulation of allergic responses. In fact,
TGF-p is involved in a negative feedback mechanism to regulate
airway inflammatory responses, repair asthmatic tissues, and
induce fibrosis in human subjects (177). Nevertheless, the effects
of TGF-f in patients with allergic disorders appear to be complex,
with evidence of both disease inhibition and promotion. Tregs
can release large quantities of soluble or membrane-bound
TGF-p and the partial neutralization of TGF-f reversed the
in vitro inhibition of murine and human T-cell proliferation
(128, 209, 210), supporting the hypothesis that TGF-p secreted
by Tregs regulates inflammatory responses. However, other
researchers found no such connection between TGF-f release
and suppression of T cells by Tregs (211, 212). Furthermore,
neutralizing antibodies against TGF-p did not block suppressive
activity in vitro and in vivo, and effector T cell responses were not
inhibited by supernatants from cellular suppression assays (213).
Furthermore, Tregs from TGF-p-deficient mice maintain their
suppressive function (214). Probably, the contribution of TGF-f
to the immunosuppressive function of Tregs might depend on the
location of the immune response and the characteristics of the
effector cells involved in the process.

Role of IL-10

IL-10 is a cytokine synthesized by a diverse number of cell
types, including B-cells, monocytes, DCs, natural killer cells,
and T cells. The requirement for the release of IL-10 by Tregs
in the control of allergic reactions has been demonstrated. In
fact, inhibition of allergic airway inflammation has been shown
by adoptively transferred allergen-specific Tregs (118, 215).
Supporting the concept that IL-10 produced by Tregs plays

a fundamental and non-redundant role in the induction of
immune tolerance in patients with allergic airway disorders,
studies by several researchers show that Treg cell-specific dele-
tion of IL-10 promoted allergic airway inflammation (195).
IL-10 has immunosuppressive functions and can modulate the
activity of several cell subsets involved in allergic reactions, such
as mast cells (216), Th2 T cells (217), eosinophils, and DCs (149).
Specifically, it decreases pro-inflammatory cytokine release and
Th1 and Th2 cell response, probably due to their effects on APC.
Direct effects on T-cell function have also been demonstrated.
T-cell activation requires antigen-specific recognition by the
TCR and the signaling through costimulatory molecules such as
CD28 and ICOS. On these cells, the tyrosine kinase Tyk-2, asso-
ciated with the IL-10 receptor acts as a recruitment site for Src
homology domain 2-containing protein tyrosine phosphatase
1 (SHP-1), which is a negative regulator for T-cell activation.
After IL-10 binds to its receptor, Tyk-2 phosphorylates SHP-1
(117, 149), which immediately binds to and dephosphorylates
the CD28 and ICOS costimulatory receptors, producing the
inhibition of downstream signaling (218). Accordingly, T cells
from SHP-17~ mice exhibited increased activation upon CD28
and ICOS binding compared with control mice, which was
not attenuated by IL-10 supply. Activation of mast cells and
eosinophils, the two effector cell types involved in the early and
late phases of the allergic response, were inhibited by IL-10.
Data from studies in murine models and human subjects have
indicated that IL-10 contributes to the immune homeostasis in
lung tissue (28).

Role of IL-35

IL-35 is a cytokine composed of two different subunits: the
Epstein-Barr virus-induced gene 3 (EBI3) and a subunit of
IL-12 (p35, IL-12a). It was identified as an anti-inflammatory
and immunosuppressive cytokine produced mainly by Tregs
(219). According to that, Tregs lacking one of the two subunits
of IL-35 had decreased suppressive capability in vitro and in vivo
in an intestinal bowel disease (IBD) murine model. Furthermore,
EBI3™~ and IL-1207'~ mice have Tregs with attenuated suppres-
sive capacity, which supports the role of IL-35 in Treg-mediated
immunosuppression. In contrast to mice, human Tregs do not
constitutively express IL-35 (220), although this cytokine may
contribute to human regulation. In fact, the treatment of Tconv
(human or murine) with IL-35 promoted Tregs-mediated suppres-
sion and did not require IL-10, TGF-f, or FOXP3 (221). A specific
role of IL-35 in allergic responses has been described. Thus, IL-35
protein and mRNA levels in allergic asthmatics were shown to
be lower than in healthy controls (222). In addition, the number
of FOXP3* Tregs and IL-12p35* T cells in patients with AA was
also found to be decreased (222). Furthermore, the production of
IL-17, allergic airway hyperresponsiveness and the frequencies of
macrophages, neutrophils, lymphocytes, and eosinophils in BALF
increased in mice that were deficient in EBI-3 (223). Finally, it
has been demonstrated that IL-4, IL-5, and IL-13 in BALF were
inhibited by the administration of plasmid DNA encoding recom-
binant single-chain IL-35 or adenovirus expressing IL-35 (224)
These findings strongly support a fundamental role for IL-35 in
the control of allergic responses.
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Suppression by Tregs via Transfer of miRNAs
microRNAs have recently been described as critical regulators
of Treg development and function. These are small double-
stranded RNAs that negatively regulate gene expression at a post-
transcriptional stage (225). Furthermore, an exosomal pathway
has been described that can capture miRNAs from certain cells
and transfer them to other cells (226), providing a mechanism
for cell communication. In this sense, Okoye et al. (53) have
observed that Tregs are capable of releasing miRNA-containing
exosomes. Specifically, Tregs released and transferred Let7d to
Thl cells, regulating Thl cell proliferation and IFN-y release.
Furthermore, generation of miRNA and the release of exosomes
by Tregs were both required for suppression of Th1 cell activation
in vivo and for the prevention of systemic inflammatory disor-
ders. Supporting this new mechanism of control by Tregs, it has
been demonstrated that exosomes isolated from Tregs can inhibit
Teff. However, this suppressive effect was not as potent as that of
Tregs, suggesting that exosome transfer and other mechanisms
are necessary for optimal regulation (53). Additionally, miR-21
expression has been associated with Tregs deficient in Bcl6 which
exhibit a defective ability to control Th2 inflammation by limiting
the transcriptional activity of GATA-3 (193).

In summary, the mechanisms of Treg cell-mediated sup-
pressive function open up the possibility that Tregs capture and
deliver different miRNAs and other molecules to different cells at
different times depending on the specific situation.

FUTURE PERSPECTIVES

Although many efforts have been made to uncover the mecha-
nisms that control allergic responses, several aspects remain to
be clarified.

First, special interest should be paid to the prevention of
allergic diseases through the study of intrauterine and postnatal
factors that influence the predisposition of individuals to suffer
such diseases. In this sense, the mechanisms by which TLRs
modulate the differentiation and immunosuppressive ability of
thymic and peripheral Tregs during the different stages of their
development deserve special attention.

REFERENCES

1. Burzyn D, Benoist C, Mathis D. Regulatory T cells in non-lymphoid tissues. Nat
Immunol (2013) 14:1007-13. doi:10.1038/ni.2683

2. Van der Veeken ], Gonzalez AJ, Cho H, Arvey A, Hemmers S, Leslie CS,
et al. Memory of inflammation in regulatory T cells. Cell (2016) 166:977-90.
doi:10.1016/j.cell.2016.07.006

3. Lio CWJ, Hsieh CS. Becoming self-aware: the thymic education of regulatory
T cells. Curr Opin Immunol (2011) 23:213-9. d0i:10.1016/j.c0i.2010.11.010

4. Bilate AM, Lafaille JJ.Induced CD4*Foxp3* regulatory T cells in
immune tolerance. Annu Rev Immunol (2012) 30:733-58. doi:10.1146/
annurev-immunol-020711-075043

5. Curotto de Lafaille MA, Kutchukhidze N, Shen S, Ding Y, Yee H, Lafaille JJ.
Adaptive Foxp3 regulatory T cell-dependent and -independent control of
allergic inflammation. Immunity (2008) 29:114-26. doi:10.1016/j.immuni.
2008.05.010

6. Haribhai D, Lin W, Edwards B, Ziegelbauer ], Salzman NH, Carlson MR, et al.
A central role for induced regulatory T cells in tolerance induction in experi-
mental colitis. ] Immunol (2009) 182:3461-8. doi:10.4049/jimmunol.0802535

Second, important questions have arisen regarding the
controversy on the plasticity of Tregs. It remains to be further
clarified whether the expression of transcription factors specific
for each Th subset promotes the acquisition by Tregs of selective
migratory characteristics and/or certain specialized suppressive
capacities to effectively regulate the inflammatory response
induced by each subset of Teff. Additionally, the mechanisms by
which certain Tregs subsets target specific effector T cell popula-
tions with more efficient suppressive results than others should
be explored.

Third, the contribution of each particular suppression mecha-
nism to the maintenance of self-tolerance and immune homeosta-
sis should be studied. It is necessary to elucidate whether a general
suppressive mechanism used by any type of Treg at any tissue
exists or, conversely, different mechanisms are used depending
on the location, type of antigen, Treg subsets, and conditions of
the immune responses.

Success in analyzing these cellular and molecular events,
in vitro and in vivo, in rodents and in humans can reveal which
factors are important in the proper differentiation of Tregs, in
their plasticity, and which suppression mechanisms mediated by
Tregs are adequate targets for an effective control of the immune
responses.

AUTHOR CONTRIBUTIONS

MN-M produced the figures, collaborated in the writing, and
performed critical reading of the manuscript. JM-G organized
references, collaborated in the writing, and performed critical
reading of the manuscript. EM-O wrote the paper and supervised
figures and references.

ACKNOWLEDGMENTS

We apologize to those authors whose works we could not cite
due to space constraints. We thank Dr. Manuel Sanchez for
his helpful suggestions. This work was supported by the grant
PIE15/00051 from the Instituto de Salud Carlos III.

7. Haribhai D, Williams JB, Jia S, Nickerson D, Schmitt EG, Edwards B, et al. A
requisite role for induced regulatory T cells in tolerance based on expand-
ing antigen receptor diversity. Immunity (2011) 35:109-22. doi:10.1016/j.
immuni.2011.03.029

8. Sakaguchi S. Naturally arising CD4* regulatory T cells for immunologic
self-tolerance and negative control of immune responses. Annu Rev Immunol
(2004) 22:531-62. doi:10.1146/annurev.immunol.21.120601.141122

9. Povoleri GAM, Scotta C, Nova-Lamperti EA, John S, Lombardi G, Afzali B.
Thymic versus induced regulatory T cells — who regulates the regulators? Front
Immunol (2013) 4:169. doi:10.3389/fimmu.2013.00169

10. Fontenot JD, Gavin MA, Rudensky AY. Foxp3 programs the development
and function of CD4*CD25" regulatory T cells. Nat Immunol (2003) 4:330-6.
doi:10.1038/ni904

11. Hori S, Nomura T, Sakaguchi S. Control of regulatory T cell development
by the transcription factor Foxp3. Science (2003) 299:1057-61. doi:10.1126/
science.1079490

12. Yagi H, Nomura T, Nakamura K, Yamazaki S, Kitawaki T, Hori S, et al. Crucial
role of FOXP3 in the development and function of human CD25+CD4" reg-
ulatory T cells. Int Immunol (2004) 16:1643-56. doi:10.1093/intimm/dxh165

Frontiers in Pediatrics | www.frontiersin.org

May 2017 | Volume 5 | Article 117


http://www.frontiersin.org/Pediatrics
http://www.frontiersin.org
http://www.frontiersin.org/Pediatrics/archive
https://doi.org/10.1038/ni.2683
https://doi.org/10.1016/j.cell.2016.07.006
https://doi.org/10.1016/j.coi.2010.11.010
https://doi.org/10.1146/annurev-immunol-020711-075043
https://doi.org/10.1146/annurev-immunol-020711-075043
https://doi.org/10.1016/j.immuni.2008.05.010
https://doi.org/10.1016/j.immuni.2008.05.010
https://doi.org/10.4049/jimmunol.0802535
https://doi.org/10.1016/j.immuni.2011.03.029
https://doi.org/10.1016/j.immuni.2011.03.029
https://doi.org/10.1146/annurev.immunol.21.120601.141122
https://doi.org/10.3389/fimmu.2013.00169
https://doi.org/10.1038/ni904
https://doi.org/10.1126/science.1079490
https://doi.org/10.1126/science.1079490
https://doi.org/10.1093/intimm/dxh165

Martin-Orozco et al.

Regulatory T Cells

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

Pillai V, Karandikar NJ. Human regulatory T cells: a unique, stable thymic
subset or a reversible peripheral state of differentiation? Immunol Lett (2007)
114:9-15. doi:10.1016/j.imlet.2007.08.012

Schmidt A, Oberle N, Krammer PH. Molecular mechanisms of Treg-mediated
T cell suppression. Front Immunol (2012) 3:51. doi:10.3389/fimmu.2012.00051
Powell BR, Buist NR, Stenzel P. An X-linked sindrome of diarrhea, poly-
endocrinopathy, and fatal infection in infancy. J Pediatr (1982) 100:731-7.
doi:10.1016/S0022-3476(82)80573-8

Chatila TA, Blaeser E Ho N, Lederman HM, Voulgaropoulos C, Helms C,
et al. JM2, encoding a fork headrelated protein, is mutated in X-linked
autoimmunity-allergic ~ disregulation syndrome. JClin Investig (2000)
106:75-81. doi:10.1172/JCI11679

Godfrey VL, Wilkinson JE, Russell LB. X-linked lymphoreticular disease in
the scurfy (sf) mutant mouse. Am J Pathol (1991) 138:1379-87.

Gambineri E, Torgerson TR, Ochs HD. Immune dysregulation, polyendo-
crinopathy, enteropathy, and X-linked inheritance (IPEX), a syndrome of
systemic autoimmunity caused by mutations of FOXP3, a critical regulator
of T-cell homeostasis. Curr Opin Rheumatol (2003) 15:430-5. doi:10.1097/
00002281-200307000-00010

Roifman CM. Human IL-2 receptor o chain deficiency. Pediatr Res (2000)
48:6-11. doi:10.1203/00006450-200007000-00004

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. d0i:10.1016/j.jaci.2006.10.007
Bacchetta R, Passerini L, Gambineri E, Dai M, Allan SE, Perroni L, et al.
Defective regulatory and effector T cell functions in patients with FOXP3
mutations. ] Clin Invest (2006) 116:1713-22. doi:10.1172/JCI25112

Zhou X, Bailey-Bucktrout SL, Jeker LT, Penaranda C, Martinez-Llordella M,
Ashby M, et al. Instability of the transcription factor Foxp3 leads to the gen-
eration of pathogenic memory T cells in vivo. Nat Immunol (2009) 10:1000-7.
doi:10.1038/ni.1774

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) 5:38. doi:10.1371/
journal.pbio.0050038

Ohkura N, Kitagawa Y, Sakaguchi S. Development and maintenance of regu-
latory T cells. Immunity (2013) 38:414-23. doi:10.1016/j.immuni.2013.03.002
Herrath von MG, Harrison LC. Regulatory lymphocytes: antigen-induced
regulatory T cells in autoimmunity. Nat Rev Immunol (2003) 3:223-32.
doi:10.1038/nri1029

Yadav M, Louvet C, Davini D, Gardner JM, Martinez-Llordella M, Bailey-
Bucktrout S, et al. Neuropilin-1 distinguishes natural and inducible regulatory
T cells among regulatory T cell subsets in vivo. ] Exp Med (2012) 209:1713-22.
doi:10.1084/jem.20120822

Thornton AM, Korty PE, Tran DQ, Wohlfert EA, Murray PE, Belkaid Y, et al.
Expression of Helios, an Ikaros transcription factor family member, differ-
entiates thymic-derived from peripherally induced Foxp3 T regulatory cells.
J Immunol (2010) 184:3433-41. doi:10.4049/jimmunol.0904028

Noval Rivas M, Chatila TA. Regulatory T cells in allergic diseases. ] Allergy
Clin Immunol (2016) 138:639-52. d0i:10.1016/j.jaci.2016.06.003

Miyara M, Wing K, Sakaguchi S. Therapeutic approaches to allergy and
autoimmunity based on FoxP3 regulatory T-cell activation and expansion.
J Allergy Clin Immunol (2009) 123:749-55. d0i:10.1016/j.jaci.2009.03.001
Duhen T, Duhen R, Lanzavecchia A, Sallusto F, Campbell DJ. Functionally
distinct subsets of human FOXP3* Treg cells that phenotypically mirror effec-
tor Th cells. Blood (2012) 119:4430-40. doi:10.1182/blood-2011-11-392324
Sather BD, Treuting P, Perdue N, Miazgowicz M, Fontenot JD, Rudensky AY,
et al. Altering the distribution of Foxp3(+) regulatory T cells results in
tissue-specific inflammatory disease. JExp Med (2007) 204:1335-47.
doi:10.1084/jem.20070081

Dudda JC, Perdue N, Bachtanian E, Campbell DJ. Foxp3* regulatory T cells
maintain immune homeostasis in the skin. J Exp Med (2008) 205:1559-65.
doi:10.1084/jem.20072594

Li MO, Rudensky AY. T cell receptor signaling in the control of regulatory
T cell differentiation and function. Nat Rev Immunol (2016) 16:220-33.
doi:10.1038/nri.2016.26

Golovina TN, Mikheeva T, Suhoski MM, Aqui NA, Tai VC, Shan X, et al. CD28
costimulation is essential for human T regulatory expansion and function.
J Immunol (2008) 181:2855-68. doi:10.4049/jimmunol.181.4.2855

35.

36.

37.

38.

39.

40.

41.

42.

43.

44.

45.

46.

47.

48.

49.

50.

51.

52.

53.

54.

55.

56.

Fontenot JD, Rasmussen JP, Gavin MA, Rudensky AY. A function for interleu-
kin 2 in Foxp3-expressing regulatory T cells. Nat Immunol (2005) 6:1142-51.
doi:10.1038/ni1263

Suzuki H, Zhou YW, Kato M, Mak TW, Nakashima I. Normal regulatory T cells
effectively eliminate abnormally activated T cells lacking the interleukin 2
receptor in vivo. ] Exp Med (1999) 190:1561-71. doi:10.1084/jem.190.11.1561
Malek TR, Yu A, Vincek V, Scibelli P, Kong L. CD4 regulatory T cells
prevent lethal autoimmunity in IL-2R-deficient mice: implications for the
nonredundant function of IL-2. Immunity (2002) 17:167-78. doi:10.1016/
$1074-7613(02)00367-9

Pennington DJ, Silva-Santos B, Silberzahn T, Escorcio-Correia M, Woodward
M]J, Roberts SJ, et al. Early events in the thymus affect the balance of effector
and regulatory T cells. Nature (2006) 444:1073-7. doi:10.1038/nature06051
Schaub B, Liu J, Hoppler S, Haug S, Sattler C, Lluis A, et al. Impairment of
tregulatory cells in cord blood of atopic mothers. J Allergy Clin Immunol
(2008) 121:1491-9. d0i:10.1016/j.jaci.2008.04.010

Josefowicz SZ, Lu LF, Rudensky AY. Regulatory T cells: mechanisms of differ-
entiation and function. Annu Rev Immunol (2012) 30:531-64. doi:10.1146/
annurev.immunol.25.022106.141623

Nunes-Cabaco H, Caramalho I, Sepulveda N, Sousa AE. Differentiation of
human thymic regulatory T cells at the double positive stage. Eur J Immunol
(2011) 41:3604-14. doi:10.1002/ji.201141614

Hsieh CS, Liang Y, Tyznik AJ, Self SG, Liggitt D, Rudensky AY. Recognition
of the peripheral self by naturally arising CD25+ CD4* T cell receptors.
Immunity (2004) 21:267-77. d0i:10.1016/j.immuni.2004.07.009

Lathrop SK, Santacruz NA, Pham D, Luo J, Hsieh CS. Antigen-specific periph-
eral shaping of the natural regulatory T cell population. J Exp Med (2008)
205:3105-17. doi:10.1084/jem.20081359

Lathrop SK, Bloom SM, Rao SM, Nutsch K, Lio CW, Santacruz N, et al.
Peripheral education of the immune system by colonic commensal microbi-
ota. Nature (2011) 478:250-4. doi:10.1038/nature10434

Gottschalk RA, Corse E, Allison JP. TCR ligand density and affinity deter-
mine peripheral induction of Foxp3 in vivo. ] Exp Med (2010) 207:1701-11.
doi:10.1084/jem.20091999

Zheng SG, Wang JH, Stohl W, Kim KS, Gray JD, Horwitz DA. TGF- requires
CTLA-4 early after T cell activation to induce FoxP3 and generate adaptive
CD4*CD25" regulatory cells. J Immunol (2006) 176:3321-9. doi:10.4049/
jimmunol.176.6.3321

Kim JM, Rudensky A. The role of the transcription factor Foxp3 in
the development of regulatory T cells. Immunol Rev (2006) 212:86-98.
doi:10.1111/j.0105-2896.2006.00426.x

Benson MJ, Pino-Lagos K, Rosemblatt M, Noelle RJ. All-trans retinoic
acid mediates enhanced T reg cell growth, differentiation, and gut homing
in the face of high levels of co-stimulation. ] Exp Med (2007) 204:1765-74.
doi:10.1084/jem.20070719

Selvaraj RK, Geiger TL. A kinetic and dynamic analysis of Foxp3 induced
in T cells by TGE-B. J Immunol (2007) 179:1390. doi:10.4049/jimmunol.
179.2.1390-b

Poojary KV, Kong YM, Farrar MA. Control of Th2-mediated inflamma-
tion by regulatory T cells. Am ] Pathol (2010) 177:525-31. doi:10.2353/
ajpath.2010.090936

Kohlhaas S, Garden OA, Scudamore C, Turner M, Okkenhaug K, Vigorito E.
Cutting edge: the Foxp3 target miR-155 contributes to the development of regu-
latory T cells. J Immunol (2009) 182:2578-82. d0i:10.4049/jimmunol.0803162
Divekar AA, Dubey S, Gangalum PR, Singh RR. Dicer insufficiency and
microRNA-155 overexpression in lupus regulatory T cells: an apparent para-
dox in the setting of an inflammatory milieu. J Immunol (2011) 186:924-30.
doi:10.4049/jimmunol.1002218

Okoye IS, Coomes SM, Pelly VS, Czieso S, Papayannopoulos V, Tolmachova T,
et al. microRNA-containing T regulatory cell-derived exosomes suppress
pathogenic T helper cells. Immunity (2014) 41:89103. doi:10.1016/j.immuni.
2014.05.019

Kim VN, Han J, Siomi MC. Biogenesis of small RNAs in animals. Nat Rev Mol
Cell Biol (2009) 10:126-39. d0i:10.1038/nrm2632

Singh Y, Garden OA, Lang F, Cobb BS. microRNA-15b/16 enhances the induc-
tion of regulatory T cells by regulating the expression of Rictor and mTOR.
J Immunol (2015) 195:5667-77. doi:10.4049/jimmunol.1401875

Chen W, Jin W, Hardegen N, Lei KJ, Li L, Marinos N, et al. Conversion of
peripheral CD4*CD25~ naive T cells to CD4*CD25* regulatory T cells by

Frontiers in Pediatrics | www.frontiersin.org

May 2017 | Volume 5 | Article 117


http://www.frontiersin.org/Pediatrics
http://www.frontiersin.org
http://www.frontiersin.org/Pediatrics/archive
https://doi.org/10.1016/j.imlet.2007.08.012
https://doi.org/10.3389/fimmu.2012.00051
https://doi.org/10.1016/S0022-3476(82)80573-8
https://doi.org/10.1172/JCI11679
https://doi.org/10.1097/00002281-200307000-00010
https://doi.org/10.1097/00002281-200307000-00010
https://doi.org/10.1203/00006450-200007000-00004
https://doi.org/10.1016/j.jaci.2006.10.007
https://doi.org/10.1172/JCI25112
https://doi.org/10.1038/ni.1774
https://doi.org/10.1371/journal.pbio.0050038
https://doi.org/10.1371/journal.pbio.0050038
https://doi.org/10.1016/j.immuni.2013.03.002
https://doi.org/10.1038/nri1029
https://doi.org/10.1084/jem.20120822
https://doi.org/10.4049/jimmunol.0904028
https://doi.org/10.1016/j.jaci.2016.06.003
https://doi.org/10.1016/j.jaci.2009.03.001
https://doi.org/10.1182/blood-2011-11-392324
https://doi.org/10.1084/jem.20070081
https://doi.org/10.1084/jem.20072594
https://doi.org/10.1038/nri.2016.26
https://doi.org/10.4049/jimmunol.181.4.2855
https://doi.org/10.1038/ni1263
https://doi.org/10.1084/jem.190.11.1561
https://doi.org/10.1016/S1074-7613(02)00367-9
https://doi.org/10.1016/S1074-7613(02)00367-9
https://doi.org/10.1038/nature06051
https://doi.org/10.1016/j.jaci.2008.04.010
https://doi.org/10.1146/annurev.immunol.25.022106.141623
https://doi.org/10.1146/annurev.immunol.25.022106.141623
https://doi.org/10.1002/eji.201141614
https://doi.org/10.1016/j.immuni.2004.07.009
https://doi.org/10.1084/jem.20081359
https://doi.org/10.1038/nature10434
https://doi.org/10.1084/jem.20091999
https://doi.org/10.4049/jimmunol.176.6.3321
https://doi.org/10.4049/jimmunol.176.6.3321
https://doi.org/10.1111/j.0105-2896.2006.00426.x
https://doi.org/10.1084/jem.20070719
https://doi.org/10.4049/jimmunol.179.2.1390-b
https://doi.org/10.4049/jimmunol.179.2.1390-b
https://doi.org/10.2353/ajpath.2010.090936
https://doi.org/10.2353/ajpath.2010.090936
https://doi.org/10.4049/jimmunol.0803162
https://doi.org/10.4049/jimmunol.1002218
https://doi.org/10.1016/j.immuni.2014.05.019
https://doi.org/10.1016/j.immuni.2014.05.019
https://doi.org/10.1038/nrm2632
https://doi.org/10.4049/jimmunol.1401875

Martin-Orozco et al.

Regulatory T Cells

57.

58.

59.

60.

61.

62.

63.

64.

65.

66.

67.

68.

69.

70.

71.

72.

73.

74.

75.

76.

77.

78.

TGF-f induction of transcription factor Foxp3. ] Exp Med (2003) 198:1875-86.
doi:10.1084/jem.20030152

Groux H, O’Garra A, Bigler M, Rouleau M, Antonenko S, de Vries JE, et al.
A CD4* T-cell subset inhibits antigen-specific T-cell responses and prevents
colitis. Nature (1997) 389:737-42. doi:10.1038/39614

Vieira PL, Christensen JR, Minaee S, O’Neill EJ, Barrat F], Boonstra A, et al.
IL-10-secreting regulatory T cells do not express Foxp3 but have compa-
rable regulatory function to naturally occurring CD4*CD25* regulatory
T cells. ] Immunol (2004) 172:5986-93. doi:10.4049/jimmunol.172.10.5986
Gagliani N, Magnani CE, Huber S, Gianolini ME, Pala M, Licona-Limon P,
etal. Coexpression of CD49b and LAG-3 identifies human and mouse T regu-
latory type 1 cells. Nat Med (2013) 19:739-46. doi:10.1038/nm.3179

Ndure J, Flanagan KL. Targeting regulatory T cells to improve vaccine
immunogenicity in early life. Front Microbiol (2014) 5:477. doi:10.3389/
fmicb.2014.00477

Chen Y, Kuchroo VK, Inobe J, Hafler DA, Weiner HL. Regulatory T cell clones
induced by oral tolerance: suppression of autoimmune encephalomyelitis.
Science (1994) 265:1237-40. doi:10.1126/science.7520605

Andersson PO, Olsson A, Wadenvik H. Reduced transforming growth
factor-1 production by mononuclear cells from patients with active chronic
idiopathic thrombocytopenic purpura. Br ] Haematol (2002) 116:862-7.
doi:10.1046/j.0007-1048.2002.03345.x

Ciubotariu R, Colovai A Pennesi G, Liu Z, Smith D, Berlocco P, et al. Specific
suppression of human CD4* Th cell responses to pig MHC antigens by
CD8+CD28- regulatory T cells. ] Immunol (1998) 161:5193-202.

Fenoglio D, Ferrera F, Fravega M, Balestra P, Battaglia F Proietti M, et al.
Advancements on phenotypic and functional characterization of non-
antigen-specific CD8CD28 regulatory T cells. Hum Immunol (2008) 69:
745-50. doi:10.1016/j.humimm.2008.08.282

Zhang H, Kong H, Zeng X, Guo L, Sun X, He S. Subsets of regulatory T cells and
theirrolesinallergy.J Transl Med (2014)12:125.d0i:10.1186/1479-5876-12-125
Sly PD, Boner AL, Bjorksten B, Bush A, Custovic A, Eigenmann PA, et al.
Early identification of atopy in the prediction of persistent asthma in children.
Lancet (2008) 372:1100-6. doi:10.1016/S0140-6736(08)61451-8

Lloyd CM, Hawrylowicz CM. Regulatory T cells in asthma. Immunity (2009)
31:438-49. doi:10.1016/j.immuni.2009.08.007

Smith M, Tourigny MR, Noakes P, Thornton CA, Tulic MK, Prescott SL.
Children with egg allergy have evidence of reduced neonatal CD4(+)
CD25(+)CD127(lo/-) regulatory T cell function. J Allergy Clin Immunol
(2008) 121:1460-6. doi:10.1016/j.jaci.2008.03.025

Klaassen EM, van de Kant KDG, Soeteman M, Damoiseaux ], van Eys G,
Stobberingh EE, et al. CD14/toll-like receptors together with bacterial colo-
nisation and regulatory T-cells modify asthma risk in children. Eur Respir J
(2014) 44:799-802. doi:10.1183/09031936.00020314

Landgraf-Rauf K, Anselm B, Schaub B. The puzzle of immune pheno-
types of childhood asthma. Mol Cell Pediatr (2016) 3:27. doi:10.1186/
$40348-016-0057-3

Bousquet ], Clark TJH, Hurd S, Khaltaev N, Lenfant C, O’Byrne P, et al.
GINA guidelines on asthma and beyond. Allergy (2007) 62:102-12.
doi:10.1111/j.1398-9995.2006.01305.x

Brusselle GG, Kraft M. Trustworthy guidelines on severe asthma thanks to the
ERS and ATS. Eur Respir J (2014) 43:315-8. doi:10.1183/09031936.00191113
Raedler D, Ballenberger N, Klucker E, Bock A, Otto R, Prazeres da Costa O,
et al. Identification of novel immune phenotypes for allergic and nonallergic
childhood asthma. J Allergy Clin Immunol (2015) 135:81-91. doi:10.1016/j.
jaci.2014.07.046

Vroman H, van den Blink B, Kool M. Mode of dendritic cell activation:
the decisive hand in Th2/Th17 cell differentiation. Implications in asthma
severity? Immunobiology (2015) 220:254-61. doi:10.1016/j.imbi0.2014.09.016
Larche M, Akdis CA, Valenta R. Immunological mechanisms of allergen-
specificimmunotherapy. Nat Rev Immunol (2006) 6:761-71. doi:10.1038/nri1934
Meiler E, Zumkehr J, Klunker S, Ruckert B, Akdis CA, Akdis M. In vivo switch
to IL-10-secreting T regulatory cells in high dose allergen exposure. ] Exp Med
(2008) 205:2887-98. doi:10.1084/jem.20080193

Akdis CA, Akdis M. Mechanisms and treatment of allergic disease in the
big picture of regulatory T cells. ] Allergy Clin Immunol (2009) 123:735-46.
doi:10.1016/j.jaci.2009.02.030

Brandt EB, Sivaprasad U. Th2 cytokines and atopic dermatitis. J Clin Cell
Immunol (2011) 2:110. doi:10.4172/2155-9899.1000110

79.

80.

81.

82.

83.

84.

85.

86.

87.

88.

89.

90.

91.

92.

93.

94.

95.

96.

97.

98.

99.

Vocca L, Di Sano C, Uasuf CG, Sala A, Riccobono O, Gangemi S, et al. IL-33/
ST2 axis controls Th2/IL-31 and Th17 immune response in allergic airway
diseases. Immunobiology (2015) 220:954-63. doi:10.1016/j.imbi0.2015.02.005
Basinski TM, Holzmann D, Eiwegger T, Zimmermann M, Klunker S, Meyer N,
et al. Dual nature of T cell epithelium interaction in chronic rhinosinusitis.
J Allergy Clin Immunol (2009) 124:74-80. doi:10.1016/j.jaci.2009.04.019
Hosoki K, Itazawa T, Boldogh I, Sur S. Neutrophil recruitment by allergens
contribute to allergic sensitization and allergic inflammation. Curr Opin
Allergy Clin Immunol (2016) 16:45-50. doi:10.1097/ACI.0000000000000231
Campbell DJ. Control of regulatory T cell migration, function and homeosta-
sisl. J Immunol (2015) 195:2507-13. doi:10.4049/jimmunol.1500801

Rautava S, Luoto R, Salminen S, Isolauri E. Microbial contact during preg-
nancy, intestinal colonization and human disease. Nat Rev Gastroenterol
Hepatol (2012) 9:565-76. doi:10.1038/nrgastro.2012.144

Pfefferle PI, Prescott SL, Kopp M. Microbial influence on tolerance and
opportunities for intervention with prebiotics/probiotics and bacterial
lysates. JAllergy Clin Immunol (2013) 131:1453-63. doi:10.1016/j.
jaci.2013.03.020

Collado MC, Rautava S, Aakko J, Isolauri E, Salminen S. Human gut
colonisation may be initiated in utero by distinct microbial communities
in the placenta and amniotic fluid. Sci Rep (2016) 6:23129. doi:10.1038/
srep23129

Ege MJ, Bieli C, Frei R, van Strien RT, Riedler ], Ublagger E, et al. Prenatal farm
exposure is related to the expression of receptors of the innate immunity and
to atopic sensitization in school-age children. J Allergy Clin Immunol (2006)
117:817-23. doi:10.1016/j.jaci.2005.12.1307

Gerhold K, Avagyan A, Seib C, Frei R, Steinle J, Ahrens B, et al. Prenatal
initiation of endotoxin airway exposure prevents subsequent allergen-induced
sensitization and airway inflammation in mice. J Allergy Clin Immunol (2006)
118:666-73. d0i:10.1016/j.jaci.2006.05.022

Polte T, Hennig C, Hansen G. Allergy prevention starts before conception:
maternofetal transfer of tolerance protects against the development of asthma.
J Allergy Clin Immunol (2008) 122:1022-30. doi:10.1016/j.jaci.2008.09.014
Hollingsworth JW, Maruoka S, Boon K, Garantziotis S, Li Z, Tomfohr J, et al.
In utero supplementation with methyl donors enhances allergic airway disease
in mice. J Clin Invest (2008) 118:3462-9. doi:10.1172/JCI34378

Willers SM, Wijga AH, Brunekreef B, Kerkhof M, Gerritsen ], Hoekstra
MO, et al. Maternal food consumption during pregnancy and the longitu-
dinal development of childhood asthma. Am J Respir Crit Care Med (2008)
178:124-31. doi:10.1164/rccm.200710-15440C

Urry Z, Xystrakis E, Richards D, McDonald J, Sattar Z, Cousins D, et al.
Ligation of TLRY induced on human IL-10-secreting Tregs by 1a,25-di-
hydroxyvitamin D3 abrogates regulatory function. JClin Invest (2009)
119:387-98. doi:10.1172/]JCI32354

Noakes PS, Hale ], Thomas R, Lane C, Devadason SG, Prescott SL. Maternal
smoking is associated with impaired neonatal toll-like-receptor-mediated
immune responses. Eur Respir ] (2006) 28:721-9. doi:10.1183/09031936.06.
00050206

Miller RL. Prenatal maternal diet affects asthma risk in offspring. J Clin Invest
(2008) 118:3265-8. doi:10.1172/JCI37171

Nguyen XD, Robinson DS. Fluticasone propionate increases CD4CD25
T regulatory cell suppression of allergen-stimulated CD4CD25 T cells by an
IL-10-dependent mechanism. J Allergy Clin Immunol (2004) 114:296-301.
doi:10.1016/j.jaci.2004.04.048

Karagiannidis C, Akdis M, Holopainen P, Woolley NJ, Hense G, Riickert B,
et al. Glucocorticoids upregulate FOXP3 expression and regulatory T cells
in asthma. JAllergy Clin Immunol (2004) 114:1425-33. doi:10.1016/j.
jaci.2004.07.014

Xystrakis E, Kusumakar S, Boswell S, Peek E, Urry Z, Richards DE, et al.
Reversing the defective induction of IL-10-secreting regulatory T cells in
glucocorticoid-resistant asthma patients. J Clin Invest (2006) 116:146-55.
doi:10.1172/JCI21759

Hypponen E, Power C. Hypovitaminosis D in British adults at age 45 y:
nationwide cohort study of dietary and lifestyle predictors. Am ] Clin Nutr
(2007) 85:860-8.

Robinson DS, Larche M, Durham SR. Tregs and allergic disease. J Clin Invest
(2004) 114:1389-97. doi:10.1172/JCI1200423595

Strachan DP. Hay fever, hygiene, and household size. Br Med ] (1989)
299:1259-60. doi:10.1136/bmj.299.6710.1259

Frontiers in Pediatrics | www.frontiersin.org

May 2017 | Volume 5 | Article 117


http://www.frontiersin.org/Pediatrics
http://www.frontiersin.org
http://www.frontiersin.org/Pediatrics/archive
https://doi.org/10.1084/jem.20030152
https://doi.org/10.1038/39614
https://doi.org/10.4049/jimmunol.172.10.5986
https://doi.org/10.1038/nm.3179
https://doi.org/10.3389/fmicb.2014.00477
https://doi.org/10.3389/fmicb.2014.00477
https://doi.org/10.1126/science.7520605
https://doi.org/10.1046/j.0007-1048.2002.03345.x
https://doi.org/10.1016/j.humimm.2008.08.282
https://doi.org/10.1186/1479-5876-12-125
https://doi.org/10.1016/S0140-6736(08)61451-8
https://doi.org/10.1016/j.immuni.2009.08.007
https://doi.org/10.1016/j.jaci.2008.03.025
https://doi.org/10.1183/09031936.00020314
https://doi.org/10.1186/s40348-016-0057-3
https://doi.org/10.1186/s40348-016-0057-3
https://doi.org/10.1111/j.1398-9995.2006.01305.x
https://doi.org/10.1183/09031936.00191113
https://doi.org/10.1016/j.jaci.2014.07.046
https://doi.org/10.1016/j.jaci.2014.07.046
https://doi.org/10.1016/j.imbio.2014.09.016
https://doi.org/10.1038/nri1934
https://doi.org/10.1084/jem.20080193
https://doi.org/10.1016/j.jaci.2009.02.030
https://doi.org/10.4172/2155-9899.1000110
https://doi.org/10.1016/j.imbio.2015.02.005
https://doi.org/10.1016/j.jaci.2009.04.019
https://doi.org/10.1097/ACI.0000000000000231
https://doi.org/10.4049/jimmunol.1500801
https://doi.org/10.1038/nrgastro.2012.144
https://doi.org/10.1016/j.jaci.2013.03.020
https://doi.org/10.1016/j.jaci.2013.03.020
https://doi.org/10.1038/srep23129
https://doi.org/10.1038/srep23129
https://doi.org/10.1016/j.jaci.2005.12.1307
https://doi.org/10.1016/j.jaci.2006.05.022
https://doi.org/10.1016/j.jaci.2008.09.014
https://doi.org/10.1172/JCI34378
https://doi.org/10.1164/rccm.200710-1544OC
https://doi.org/10.1172/JCI32354
https://doi.org/10.1183/09031936.06.00050206
https://doi.org/10.1183/09031936.06.00050206
https://doi.org/10.1172/JCI37171
https://doi.org/10.1016/j.jaci.2004.04.048
https://doi.org/10.1016/j.jaci.2004.07.014
https://doi.org/10.1016/j.jaci.2004.07.014
https://doi.org/10.1172/JCI21759
https://doi.org/10.1172/JCI200423595
https://doi.org/10.1136/bmj.299.6710.1259

Martin-Orozco et al.

Regulatory T Cells

100.

101.

102.

103.

104.

105.

106.

107.

108.

109.

110.

111.

112.

113.

114.

115.

116.

117.

118.

119.

Wills-Karp M, Santeliz ], Karp CL. The germless theory of allergic disease:
revisiting the hygiene hypothesis. Nat Rev Immunol (2001) 1:69-75.
doi:10.1038/35095579

Romagnani S. Coming back to a missing immune deviation as the main
explanatory mechanism for the hygiene hypothesis. J Allergy Clin Immunol
(2007) 119:1511-3. d0i:10.1016/j.jaci.2007.04.005

Flohr C, Quinnell R], Britton J. Do helminth parasites protect against atopy
and allergic disease? Clin Exp Allergy (2009) 39:20-32. doi:10.1111/j.1365-
2222.2008.03134.x

Wilson MS, Taylor MD, Balic A, Finney CA, Lamb JR, Maizels RM.
Suppression of allergic airway inflammation by helminth-induced regulatory
T cells. ] Exp Med (2005) 202:1199-212. doi:10.1084/jem.20042572
Zuany-Amorim C, Sawicka E, Manlius C, Le Moine A, Brunet LR, Kemeny
DM, et al. Suppression of airway eosinophilia by killed Mycobacterium
vaccae-induced allergen-specific regulatory T-cells. Nat Med (2002) 8:625-9.
doi:10.1038/nm0602-625

Robinson DS. Regulatory T cells and asthma. Clin Exp Allergy (2009)
39:1314-23. doi:10.1111/j.1365-2222.2009.03301.x

Liu G, Zhao Y. Toll-like receptors and immune regulation: their direct and
indirect modulation on regulatory CD4*CD25* T cells. Immunology (2007)
122:149-56. doi:10.1111/j.1365-2567.2007.02651.x

McLoughlin RM, Mills KH. Influence of gastrointestinal commensal bacteria
on the immune responses that mediate allergy and asthma. J Allergy Clin
Immunol (2011) 127:1097-107. doi:10.1016/j.jaci.2011.02.012

Monteleone I, Platt AM, Jaensson E, Agace WW, Mowat AM. IL-10-
dependent partial refractoriness to toll-like receptor stimulation modulates
gut mucosal dendritic cell function. Eur ] Immunol (2008) 38:1533-47.
doi:10.1002/¢ji.200737909

Arnold IC, Dehzad N, Reuter S, Martin H, Becher B, Taube C, et al.
Helicobacter pylori infection prevents allergic asthma in mouse models
through the induction of regulatory T cells. J Clin Invest (2011) 121:3088-93.
doi:10.1172/JCI45041

Oertli M, Sundquist M, Hitzler I, Engler DB, Arnold IC, Reuter S, et al. DC
derived IL-18 drives Treg differentiation, murine Helicobacter pylori-specific
immune tolerance, and asthma protection. J Clin Invest (2012) 122:1082-96.
doi:10.1172/JC161029

Verhasselt V, Milcent V, Cazareth ], Kanda A, Fleury S, Dombrowicz D, et al.
Breast milk-mediated transfer of an antigen induces tolerance and protection
from allergic asthma. Nat Med (2008) 14:170-5. doi:10.1038/nm1718
McLoughlin RM, Calatroni A, Visness CM, Wallace PK, Cruikshank WW,
Tuzova M, et al. Longitudinal relationship of early life immunomodulatory
T cell phenotype and function to development of allergic sensitization in
an urban cohort. Clin Exp Allergy (2012) 42:392-404. doi:10.1111/j.1365-
2222.2011.03882.x

Tulic MK, Andrews D, Crook ML, Charles A, Tourigny MR, Mogbel R,
et al. Changes in thymic regulatory T-cell maturation from birth to puberty:
differences in atopic children. J Allergy Clin Immunol (2012) 129:199-206.
doi:10.1016/},jaci.2011.10.016

Ray A, Khare A, Krishnamoorthy N, Qi Z, Ray P. Regulatory T cells in many
flavors control asthma. Mucosal Immunol (2010) 3:216-29. doi:10.1038/
mi.2010.4

Hartl D, Koller B, Mehlhorn AT, Reinhardt D, Nicolai T, Schendel D], et al.
Quantitative and functional impairment of pulmonary CD4*CD25" regula-
tory T cells in pediatric asthma. ] Allergy Clin Immunol (2007) 119:1258-66.
doi:10.1016/j.jaci.2007.02.023

Provoost S, Maes T, van Durme YM, Gevaert P, Bachert C, Schmidt-Weber
CB, et al. Decreased FOXP3 protein expression in patients with asthma.
Allergy (2009) 64:1539-46. doi:10.1111/j.1398-9995.2009.02056.x

Ling EM, Smith T, Nguyen XD, Pridgeon C, Dallman M, Arbery J, et al.
Relation of CD4*CD25* regulatory T-cell suppression of allergen-driven
T-cell activation to atopic status and expression of allergic disease. Lancet
(2004) 363:608-15. doi:10.1016/S0140-6736(04)15592-X

Kearley J, Robinson DS, Lloyd CM. CD4*CD25* regulatory T cells reverse
established allergic airway inflammation and prevent airway remodeling.
J Allergy Clin Immunol (2008) 122:617-24.e6. doi:10.1016/j.jaci.2008.05.048
Hammad H, Kool M, Soullie T, Narumiya S, Trottein F, Hoogsteden HC, et al.
Activation of the D prostanoid 1 receptor suppresses asthma by modulation

120.

121.

122.

123.

124.

125.

126.

127.

128.

129.

130.

131.

132.

133.

134.

135.

136.

137.

of lung dendritic cell function and induction of regulatory T cells. ] Exp Med
(2007) 204:357-67. doi:10.1084/jem.20061196

Lombardi V, Speak AO, Kerzerho J, Szely N, Akbari O. CD8alpha(+)beta(-)
and CD8alpha(+)beta(+) plasmacytoid dendritic cells induce Foxp3(+) reg-
ulatory T cells and prevent the induction of airway hyper-reactivity. Mucosal
Immunol (2012) 5:432-43. doi:10.1038/mi.2012.20

Soroosh P, Doherty TA, Duan W, Mehta AK, Choi H, Adams YF et al. Lung-
resident tissue macrophages generate Foxp3+ regulatory T cells and promote
airway tolerance. ] Exp Med (2013) 210:775-88. doi:10.1084/jem.20121849
Afshar R, Strassner JP, Seung E, Causton B, Cho JL, Harris RS, et al. Com-
partmentalized chemokine-dependent regulatory T-cell inhibition of allergic
pulmonary inflammation. JAllergy Clin Immunol (2013) 131:1644-52.
doi:10.1016/j.jaci.2013.03.002

Iellem A, Mariani M, Lang R, Recalde H, Panina-Bordignon P, Sinigaglia F,
et al. Unique chemotactic response profile and specific expression of chemo-
kine receptors CCR4 and CCR8 by CD4CD25 regulatory T cells. ] Exp Med
(2001) 194:847-53. doi:10.1084/jem.194.6.847

Plantinga M, Guilliams M, Vanheerswynghels M, Deswarte K, Branco
Madeira F, Toussaint W, et al. Conventional and monocyte-derived CD11b+
dendritic cells initiate and maintain T helper 2 cell-mediated immunity
to house dust mite allergen. Immunity (2013) 38:322-35. doi:10.1016/j.
immuni.2012.10.016

Lambrecht B, Hammad H. Asthma: the importance of dysregulated barrier
immunity. Eur ] Immunol (2013) 43:3125-37. doi:10.1002/eji.201343730
Strickland DH, Stumbles PA, Zosky GR, Subrata LS, Thomas JA, Turner DJ,
etal. Reversal of airway hyperresponsiveness by induction of airway mucosal
CD4*CD25* regulatory T cells. ] Exp Med (2006) 203:2649-60. doi:10.1084/
jem.20060155

Kitani A, Fuss I, Nakamura K, Kumaki F, Usui T, Strober W. Transforming
growth factor (TGF)-betal-producing regulatory T cells induce Smad-
mediated interleukin 10 secretion that facilitates coordinated immunoregu-
latory activity and amelioration of TGF-betal-mediated fibrosis. ] Exp Med
(2003) 198:1179-88. doi:10.1084/jem.20030917

Nakamura K, Kitani A, Fuss I, Pedersen A, Harada N, Nawata H, et al. TGF-
f1 plays an important role in the mechanism of CD4*CD25* regulatory
T cell activity in both humans and mice. J Immunol (2004) 172:834-42.
doi:10.4049/jimmunol.172.2.834

Pillai MR, Collison LW, Wang X, Finkelstein D, Rehg JE, Boyd K, et al. On
the plasticity of regulatory T cell function. J Immunol (2011) 187:4987-97.
doi:10.4049/jimmunol.1102173

Gondek DC, Lu LE Quezada SA, Sakaguchi S, Noelle R]. Cutting edge:
contact-mediated suppression by CD4*CD25" regulatory cells involves
a granzyme B-dependent, perforin-independent mechanism. JImmunol
(2005) 174:1783-6. doi:10.4049/jimmunol.174.4.1783

Liang B, Workman C, Lee ], Chew C, Dale BM, Colonna L, et al.
Regulatory T cells inhibit dendritic cells by lymphocyte activation gene-3
engagement of MHC class II. ] Immunol (2008) 180:5916-26. doi:10.4049/
jimmunol.180.9.5916

Thornton A, Shevach EM. Immunoregulatory T cells suppress polyclonal
T cell activation in vitro by inhibiting interleukin 2 production. J Immunol
(1998) 188:287-96.

Deaglio S, Dwyer KM, Gao W, Friedman D, Usheva A, Erat A, et al. Adenosine
generation catalyzed by CD39 and CD73 expressed on regulatory T cells
mediates immune suppression. ] Exp Med (2007) 204:1257-65. doi:10.1084/
jem.20062512

Schiering C, Krausgruber T, Chomka A, Frohlich A, Adelmann K, Wohlfert EA,
et al. The alarmin IL-33 promotes regulatory T-cell function in the intestine.
Nature (2014) 513:564-8. doi:10.1038/nature13577

Martin H, Taube C. Regulatory T cells and regulation of allergic airway
disease. Am J Clin Exp Immunol (2012) 1:166-78.

Kallinich T, Beier KC, Gelfand EW, Kroczek RA, Hamelmann E.
Co-stimulatory molecules as potential targets for therapeutic inter-
vention in allergic airway disease. Clin Exp Allergy (2005) 35:1521-34.
doi:10.1111/§.1365-2222.2005.02369.x

Lombardi V, Singh AK, Akbari O. The role of costimulatory molecules in
allergic disease and asthma. Int Arch Allergy Immunol (2010) 151:179-89.
doi:10.1159/000242355

Frontiers in Pediatrics | www.frontiersin.org

May 2017 | Volume 5 | Article 117


http://www.frontiersin.org/Pediatrics
http://www.frontiersin.org
http://www.frontiersin.org/Pediatrics/archive
https://doi.org/10.1038/35095579
https://doi.org/10.1016/j.jaci.2007.04.005
https://doi.org/10.1111/j.1365-2222.2008.03134.x
https://doi.org/10.1111/j.1365-2222.2008.03134.x
https://doi.org/10.1084/jem.20042572
https://doi.org/10.1038/nm0602-625
https://doi.org/10.1111/j.1365-2222.2009.03301.x
https://doi.org/10.1111/j.1365-2567.2007.02651.x
https://doi.org/10.1016/j.jaci.2011.02.012
https://doi.org/10.1002/eji.200737909
https://doi.org/10.1172/JCI45041
https://doi.org/10.1172/JCI61029
https://doi.org/10.1038/nm1718
https://doi.org/10.1111/j.1365-2222.2011.03882.x
https://doi.org/10.1111/j.1365-2222.2011.03882.x
https://doi.org/10.1016/j.jaci.2011.10.016
https://doi.org/10.1038/mi.2010.4
https://doi.org/10.1038/mi.2010.4
https://doi.org/10.1016/j.jaci.2007.02.023
https://doi.org/10.1111/j.1398-9995.2009.02056.x
https://doi.org/10.1016/S0140-6736(04)15592-X
https://doi.org/10.1016/j.jaci.2008.05.048
https://doi.org/10.1084/jem.20061196
https://doi.org/10.1038/mi.2012.20
https://doi.org/10.1084/jem.20121849
https://doi.org/10.1016/j.jaci.2013.03.002
https://doi.org/10.1084/jem.194.6.847
https://doi.org/10.1016/j.immuni.2012.10.016
https://doi.org/10.1016/j.immuni.2012.10.016
https://doi.org/10.1002/eji.201343730
https://doi.org/10.1084/jem.20060155
https://doi.org/10.1084/jem.20060155
https://doi.org/10.1084/jem.20030917
https://doi.org/10.4049/jimmunol.172.2.834
https://doi.org/10.4049/jimmunol.1102173
https://doi.org/10.4049/jimmunol.174.4.1783
https://doi.org/10.4049/jimmunol.180.9.5916
https://doi.org/10.4049/jimmunol.180.9.5916
https://doi.org/10.1084/jem.20062512
https://doi.org/10.1084/jem.20062512
https://doi.org/10.1038/nature13577
https://doi.org/10.1111/j.1365-2222.2005.02369.x
https://doi.org/10.1159/000242355

Martin-Orozco et al.

Regulatory T Cells

138.

139.

140.

141.

142.

143.

144.

145.

146.

147.

148.

149.

150.

151.

152.

153.

154.

155.

156.

157.

158.

Maazi H, Patel N, Sankaranarayanan I, Suzuki Y, Rigas D, Soroosh P, et al.
ICOS: ICOS-ligand interaction is required for type 2 innate lymphoid cell
function, homeostasis, and induction of airway hyperreactivity. Immunity
(2015) 42:538-51. d0i:10.1016/j.immuni.2015.02.007

Karta MR, Broide DH, Doherty TA. Insights into group 2 innate lymphoid
cells in human airway disease. Curr Allergy Asthma Rep (2016) 16:8.
doi:10.1007/s11882-015-0581-6

Rigas D, Lewis G, Aron JL, Wang B, Banie H, Sankaranarayanan I, et al.
Type 2 innate lymphoid cell suppression by regulatory T cells attenuates
airway hyperreactivity and requires inducible T-cell costimulator-inducible
T-cell costimulator ligand interaction. JAllergy Clin Immunol (2017)
139:1468-77. doi:10.1016/j.jaci.2016.08.034

He S, Zhang H, Zeng X, Yang P. Self-amplification mechanisms of mast
cell activation: a new look in allergy. Curr Mol Med (2012) 12:1329-39.
doi:10.2174/156652412803833544

Kanjarawi R, Dy M, Bardel E, Sparwasser T, Dubois B, Mecheri S, et al.
Regulatory CD4* Foxp3* T cells control the severity of anaphylaxis. PLoS
One (2013) 8:69183. doi:10.1371/journal.pone.0069183

Ganeshan K, Bryce PJ. Regulatory T cells enhance mast cell production
of IL-6 via surface-bound TGF-beta. ] Immunol (2012) 188:594-603.
doi:10.4049/jimmunol.1102389

Macey MR, Sturgill JL, Morales JK, Falanga YT, Morales J, Norton SK, et al.
IL-4 and TGF-beta 1 counterbalance one another while regulating mast cell
homeostasis. ] Immunol (2010) 184:4688-95. doi:10.4049/jimmunol.0903477
Huang CT, Workman CJ, Flies D, Pan X, Marson AL, Zhou G, et al. Role
of LAG-3 in regulatory T cells. Immunity (2004) 21:503-13. doi:10.1016/j.
immuni.2004.08.010

Thorburn AN, Hansbro PM. Harnessing regulatory T cells to suppress
asthma from potential to therapy. Am ] Respir Cell Mol Biol (2010) 43:511-9.
doi:10.1165/rcmb.2009-0342TR

Shevach EM. Mechanisms of Foxp3+ T regulatory cell-mediated suppres-
sion. Immunity (2009) 30:636-45. doi:10.1016/j.immuni.2009.04.010

Read S, Malmstrom V, Powrie E Cytotoxic T lymphocyte-associated antigen
4 plays an essential role in the function of CD25(4)CD4(+) regulatory
cells that control intestinal inflammation. J Exp Med (2000) 192:295-302.
doi:10.1084/jem.192.2.295

Wing K, Onishi Y, Prieto-Martin P, Yamaguchi T, Miyara M, Fehervari Z,
et al. CTLA-4 control over Foxp3+ regulatory T cell function. Science (2008)
322:71-5. doi:10.1126/science.1160062

Curti A, Pandolfi S, Valzasina B, Aluigi M, Isidori A, Ferri E, et al. Modulation
of tryptophan catabolism by human leukemic cells results in the conversion of
CD25 into CD25* T regulatory cells. Blood (2007) 109:2871-7. doi:10.1182/
blood-2006-07-036863

Fallarino F, Grohmann U, Hwang KW, Orabona C, Vacca C, Bianchi R, et al.
Modulation of tryptophan catabolism by regulatory T cells. Nat Immunol
(2003) 4:1206-12. doi:10.1038/ni1003

Miyara M, Gorochov G, Ehrenstein M, Musset L, Sakaguchi S, Amoura
Z. Human FoxP3+ regulatory T cells in systemic autoimmune diseases.
Autoimmun Rev (2011) 10:744-55. doi:10.1016/j.autrev.2011.05.004
Tadokoro CE, Shakhar G, Shen S, Ding Y, Lino AC, Maraver A, et al.
Regulatory T cells inhibit stable contacts between CD4* T cells and dendritic
cells in vivo. ] Exp Med (2006) 203:505-11. doi:10.1084/jem.20050783
Qureshi OS, Zheng Y, Nakamura K, Attridge K, Manzotti C, Schmidt EM, etal.
Trans-endocytosis of CD80 and CD86: a molecular basis for the cell-extrinsic
function of CTLA-4. Science (2006) 332:600-3. doi:10.1126/science.1202947
Oderup C, Cederbom L, Makowska A, Cilio CM, Ivars E. Cytotoxic T lym-
phocyte antigen-4-dependent down-modulation of costimulatory molecules
on dendritic cells in CD4* CD25* regulatory T-cell-mediated suppression.
Immunology (2006) 118:240-9. doi:10.1111/j.1365-2567.2006.02362.x
Onishi Y, Fehervari Z, Yamaguchi T, Sakaguchi S. Foxp3+ natural regulatory
T cells preferentially form aggregates on dendritic cells in vitro and actively
inhibit their maturation. Proc Natl Acad Sci U S A (2008) 105:10113-8.
doi:10.1073/pnas.0711106105

Sakaguchi S, Wing K, Onishi Y, Prieto-Martin P, Yamaguchi T. Regulatory
T cells: how do they suppress immune responses? Int Immunol (2009)
21:1105-11. doi:10.1093/intimm/dxp095

Yu X, Harden K, Gonzalez LC, Francesco M, Chiang E, Irving B, et al.
The surface protein TIGIT suppresses T cell activation by promoting the

159.

160.

161.

162.

163.

164.

165.

166.

167.

168.

169.

170.

171.

172.

173.

174.

175.

176.

177.

178.

generation of mature immunoregulatory dendritic cells. Nat Immunol (2009)
10:48-57. d0i:10.1038/ni.1674

Glinka Y, Chang Y, Prudhomme GJ. Protective regulatory T cell gener-
ation in autoimmune diabetes by DNA covaccination with islet antigens
and a selective CTLA-4 ligand. Mol Ther (2006) 14:578-87. doi:10.1016/j.
ymthe.2006.03.021

Solomon BD, Mueller C, Chae W], Alabanza LM, Bynoe MS. Neuropilin-1
attenuates autoreactivity in experimental autoimmune encephalo-
myelitis. Proc Natl Acad Sci U S A (2011) 108:2040-5. doi:10.1073/
pnas.1008721108

Milpied P, Renand A, Bruneau J, Mendes-Da-Cruz D, Jacquelin S, Asnafi V,
et al. Neuropilin-1 is not a marker of human Foxp31 Treg. Eur ] Immunol
(2009) 39:1466-71. doi:10.1002/€ji.200839040

Palomares O, Yaman G, Azkur AK, Akkoc T, Akdis M, Akdis CA. Role of Treg
in immune regulation of allergic diseases. Eur J Immunol (2010) 40:1232-40.
doi:10.1002/€ji.200940045

Girtsman T, Jaffar Z, Ferrini M, Shaw P, Roberts K. Natural Foxp3(+) regu-
latory T cells inhibit Th2 polarization but are biased toward suppression of
Th17-driven lung inflammation. J Leukoc Biol (2010) 88:537-46. d0i:10.1189/
jlb.0110044

LiMO, Wan YY, Flavell RA. T cell-produced transforming growth factor-betal
controls T cell tolerance and regulates Th1- and Th17-cell differentiation.
Immunity (2007) 26:579-91. doi:10.1016/j.immuni.2007.03.014

Niedbala W, Besnard AG, Jiang HR, Alves-Filho JC, Fukada SY, Nascimento D,
et al. Nitric oxide-induced regulatory T cells inhibit Th17 but not Th1 cell
differentiation and function. J Immunol (2013) 191:164-70. doi:10.4049/
jimmunol.1202580

Sojka DK, Fowell DJ. Regulatory T cells inhibit acute IFN-gamma synthesis
without blocking T-helper cell type 1 (Thl) differentiation via a compart-
mentalized requirement for IL-10. Proc Natl Acad Sci U S A (2011) 108:
18336-41. doi:10.1073/pnas.1110566108

Chen Y, Haines CJ, Gutcher I, Hochweller K, Blumenschein WM,
McClanahan T, et al. Foxp3(+) regulatory T cells promote T helper 17 cell
development in vivo through regulation of interleukin-2. Immunity (2011)
34:409-21. doi:10.1016/j.immuni.2011.02.011

Bettelli E, Carrier Y, Gao W, Korn T, Strom TB, Oukka M, et al. Reciprocal
developmental pathways for the generation of pathogenic effector TH17 and
regulatory T cells. Nature (2006) 441:235-8. doi:10.1038/nature04753
Ermann J, Szanya V, Ford GS, Paragas V, Fathman CG, Lejon K. CD4*CD25*
T cells facilitate the induction of T cell anergy. ] Immunol (2001) 167:4271-5.
doi:10.4049/jimmunol.167.8.4271

Grossman WJ, Verbsky JW, Barchet W, Colonna M, Atkinson JP, Ley TJ.
Human T regulatory cells can use the perforin pathway to cause autologous
target cell death. Immunity (2004) 21:589-601. doi:10.1016/j.immuni.2004.
09.002

Ren X, Ye E, Jiang Z, Chu Y, Xiong S, Wang Y. Involvement of cellular death
in TRAIL/DR5-dependent suppression induced by CD4*CD25* regulatory
T cells. Cell Death Differ (2007) 14:2076-84. doi:10.1038/sj.cdd.4402220
Malek TR, Yu A, Zhu L, Matsutani T, Adeegbe D, Bayer AL. IL-2 family of
cytokines in T regulatory cell development and homeostasis. ] Clin Immunol
(2008) 28:635-9. doi:10.1007/s10875-008-9235-y

Pandiyan P, Zheng L, Ishihara S, Reed ], Lenardo MJ. CD4*CD25*Foxp3*
regulatory T cells induce cytokine deprivation-mediated apoptosis of effector
CD4+ T cells. Nat Immunol (2007) 8:1353-62. d0i:10.1038/ni1536

Braga M, Quecchia C, Cavallucci E, Di Giampaolo L, Schiavone C,
Petrarca C, et al. T regulatory cells in allergy. Int ] Immunopathol Pharmacol
(2011) 24:55-64.

Adel-Patient K, Wavrin S, Bernard H, Meziti N, Ah-Leung S, Wal JM. Oral
tolerance and Treg cells are induced in BALB/c mice after gavage with
bovine beta-lactoglobulin. Allergy (2011) 66:1312-21. doi:10.1111/j.1398-
9995.2011.02653.x

Wu K, Bi Y, Sun K, Wang C. IL-10-producing type 1 regulatory T cells and
allergy. Cell Mol Immunol (2007) 4:269-75.

Akdis M, Akdis CA. Mechanisms of allergen-specific immunotherapy: multi-
ple suppressor factors at work in immune tolerance to allergens. ] Allergy Clin
Immunol (2014) 133:621-31. doi:10.1016/j.jaci.2013.12.1088

Lewkowicza N, Klinkb M, Myckoc MP, Lewkowiczc P. Neutrophil —
CD4*CD25* T regulatory cell interactions: a possible new mechanism of

Frontiers in Pediatrics | www.frontiersin.org

May 2017 | Volume 5 | Article 117


http://www.frontiersin.org/Pediatrics
http://www.frontiersin.org
http://www.frontiersin.org/Pediatrics/archive
https://doi.org/10.1016/j.immuni.2015.02.007
https://doi.org/10.1007/s11882-015-0581-6
https://doi.org/10.1016/j.jaci.2016.08.034
https://doi.org/10.2174/156652412803833544
https://doi.org/10.1371/journal.pone.0069183
https://doi.org/10.4049/jimmunol.1102389
https://doi.org/10.4049/jimmunol.0903477
https://doi.org/10.1016/j.immuni.2004.08.010
https://doi.org/10.1016/j.immuni.2004.08.010
https://doi.org/10.1165/rcmb.2009-0342TR
https://doi.org/10.1016/j.immuni.2009.04.010
https://doi.org/10.1084/jem.192.2.295
https://doi.org/10.1126/science.1160062
https://doi.org/10.1182/blood-2006-07-036863
https://doi.org/10.1182/blood-2006-07-036863
https://doi.org/10.1038/ni1003
https://doi.org/10.1016/j.autrev.2011.05.004
https://doi.org/10.1084/jem.20050783
https://doi.org/10.1126/science.1202947
https://doi.org/10.1111/j.1365-2567.2006.02362.x
https://doi.org/10.1073/pnas.0711106105
https://doi.org/10.1093/intimm/dxp095
https://doi.org/10.1038/ni.1674
https://doi.org/10.1016/j.ymthe.2006.03.021
https://doi.org/10.1016/j.ymthe.2006.03.021
https://doi.org/10.1073/pnas.1008721108
https://doi.org/10.1073/pnas.1008721108
https://doi.org/10.1002/eji.200839040
https://doi.org/10.1002/eji.200940045
https://doi.org/10.1189/jlb.0110044
https://doi.org/10.1189/jlb.0110044
https://doi.org/10.1016/j.immuni.2007.03.014
https://doi.org/10.4049/jimmunol.1202580
https://doi.org/10.4049/jimmunol.1202580
https://doi.org/10.1073/pnas.1110566108
https://doi.org/10.1016/j.immuni.2011.02.011
https://doi.org/10.1038/nature04753
https://doi.org/10.4049/jimmunol.167.8.4271
https://doi.org/10.1016/j.immuni.2004.09.002
https://doi.org/10.1016/j.immuni.2004.09.002
https://doi.org/10.1038/sj.cdd.4402220
https://doi.org/10.1007/s10875-008-9235-y
https://doi.org/10.1038/ni1536
https://doi.org/10.1111/j.1398-9995.2011.02653.x
https://doi.org/10.1111/j.1398-9995.2011.02653.x
https://doi.org/10.1016/j.jaci.2013.12.1088

Martin-Orozco et al.

Regulatory T Cells

179.

180.

181.

182.

183.

184.

185.

186.

187.

188.

189.

190.

191.

192.

193.

194.

195.

196.

197.

198.

infectious tolerance. Immunobiology (2013) 218:455-64. doi:10.1016/j.
imbio.2012.05.029

Kimura A, Kishimoto T. IL-6: regulator of Treg/Th17 balance. Eur | Immunol
(2010) 40:1830-5. doi:10.1002/¢ji.201040391

Stark MA, Huo Y, Burcin TL, Morris MA, Olson TS, Ley K. Phagocytosis
of apoptotic neutrophils regulates granulopoyesis via IL-23 and IL-17.
Immunity (2005) 22:285-94. doi:10.1016/j.immuni.2005.01.011

Foo SY, Zhang V, Lalwani A, Cecile King JP, Steptoe RJ, Mazzone SB,
et al. Formation by dampening neutrophilic regulatory T cells prevent
inducible BALT inflammation. J Immunol (2015) 194:4567-76. d0i:10.4049/
jimmunol.1400909

Zhao DM, Thornton AM, DiPaolo R]J, Shevach EM. Activated CD4*CD25*
T cells selectively kill B lymphocytes. Blood (2006) 107:3925-32. doi:10.1182/
blood-2005-11-4502

Meiler F, Klunker S, Zimmermann M, Akdis CA, Akdis M. Distinct regula-
tion of IgE, IgG4 and IgA by T regulatory cells and Toll-like receptors. Allergy
(2008) 63:1455-63. d0i:10.1111/j.1398-9995.2008.01774.x

Yanaba K, Bouaziz J-D, Haas KM, Poe JC, Fujimoto M, Tedder TE A
regulatory B cell subset with a unique CD1dhiCD51 phenotype controls
T cell-dependent inflammatory responses. Immunity (2008) 28:639-50.
doi:10.1016/j.immuni.2008.03.017

Huehn J, Siegmund K, Lehmann JCU, Siewert C, Haubold U, Feuerer M,
et al. Developmental stage, phenotype, and migration distinguish naive- and
effector/memory-like CD4* regulatory T cells. ] Exp Med (2004) 199:303-13.
doi:10.1084/jem.20031562

Gratz IK, Campbell DJ. Organ-specific and memory Treg cells: specificity,
development, function, and maintenance. Front Immunol (2014) 5:333.
doi:10.3389/fimmu.2014.00333

Koch MA, Tucker-Heard G, Perdue NR, Killebrew JR, Urdahl KB, Campbell
DJ. T-bet controls regulatory T cell homeostasis and function during type-1
inflammation. Nat Immunol (2009) 10:595-602. doi:10.1038/ni.1731

Zheng Y, Chaudhry A, Kas A, de Roos P, Kim JM, Chu TT, et al. Regulatory
T-cell suppressor program co-opts transcription factor IRF4 to control TH2
responses. Nature (2009) 458:351-6. doi:10.1038/nature07674

Chaudhry A, Rudra D, Treuting P, Samstein RM, Liang Y, Kas A, et al. CD4*
regulatory T cells control Th17 responses in a Stat3- dependent manner.
Science (2009) 326:986-91. doi:10.1126/science.1172702

Wang Y, Su MA, Wan YY. An essential role of the transcription factor
GATA-3 for the function of regulatory T cells. Immunity (2011) 35:337-48.
doi:10.1016/j.immuni.2011.08.012

Wohlfert EA, Grainger JR, Bouladoux N, Konkel JE, Oldenhove G, Ribeiro CH,
et al. GATA3 controls Foxp31 regulatory T cell fate during inflammation in
mice. J Clin Invest (2011) 121:4503-15. doi:10.1172/JCI57456

Yang XO, Nurieva R, Martinez GJ, Kang HS, Chung Y, Pappu BP, et al.
Molecular antagonism and plasticity of regulatory and inflammatory T cell
programs. Immunity (2008) 29:44-56. doi:10.1016/j.immuni.2008.05.007
Sawant DV, Sehra S, Nguyen ET, Jadhav R, Englert K, Shinnakasu R,
et al. Bcl6 controls the Th2 inflammatory activity of regulatory T cells by
repressing Gata3 function. JImmunol (2012) 189:4759-69. doi:10.4049/
jimmunol.1201794

Ahern PP, Schiering C, Buonocore S, McGeachy MJ, Cua DJ, Maloy K],
et al. Interleukin-23 drives intestinal inflammation through direct activity
on T cells. Immunity (2010) 33:279-88. doi:10.1016/j.immuni.2010.08.010
Durant L, Watford WT, Ramos HL, Laurence A, Vahedi G, Wei L, et al.
Diverse targets of the transcription factor STAT3 contribute to T cell
pathogenicity and homeostasis. Immunity (2010) 32:605-15. doi:10.1016/j.
immuni.2010.05.003

Rubtsov YP, Rasmussen JP, Chi EY, Fontenot J, Castell L, Ye X, et al. IL-10
produced by regulatory T cells contributes to their suppressor function
by limiting inflammation at environmental interfaces. Immunity (2008)
28:546-58. doi:10.1016/j.immuni.2008.02.017

Lee YK, Mukasa R, Hatton RD, Weaver CT. Developmental plasticity of
Th17 and Treg cells. Curr Opin Immunol (2009) 21:274-80. doi:10.1016/j.
€0i.2009.05.021

Lochner M, Peduto L, Cherrier M, Sawa S, Langa F, Varona R, et al. In
vivo equilibrium of proinflammatory IL-174 and regulatory IL-10+
Foxp3+ RORt+ T cells. JExp Med (2008) 205:1381-93. doi:10.1084/
jem.20080034

199.

200.

202.

203.

204.

205.

206.

207.

208.

209.

210.

212.

213.

214.

215.

Xu L, Kitani A, Fuss I, Strober W. Cutting edge: regulatory T cells induce
CD4*CD25Foxp3™ T cells or are self-induced to become Th17 cells in the
absence of exogenous TGF-beta. ] Immunol (2007) 178:6725. doi:10.4049/
jimmunol.178.11.6725

Voo KS, Wang YH, Santori FR, Boggiano C, Wang YH, Arima K, et al.
Identification of IL-17-producing FOXP3+ regulatory T cells in humans.
Proc Natl Acad Sci U S A (2009) 106:4793-8. doi:10.1073/pnas.0900408106

. Borsellino G, Kleinewietfeld M, Di Mitri D, Sternjak A, Diamantini A,

Giometto R, et al. Expression of ectonucleotidase CD39 by Foxp3+ Treg
cells: hydrolysis of extracellular ATP and immune suppression. Blood (2007)
110:1225-32. doi:10.1182/blood-2006-12-064527

Mandapathil M, Lang S, Gorelik E, Whiteside TL. Isolation of functional
human regulatory T cells (Treg) from the peripheral blood based on the
CD39 expression. ] Immunol Methods (2009) 346:55-63. doi:10.1016/j.
jim.2009.05.004

Mandapathil M, Hilldorfer B, Szczepanski MJ, Czystowska M, Szajnik M,
Ren J, et al. Generation and accumulation of immunosuppressive adenosine
by human CD4CD25"$"FOXP3" regulatory T cells. J Biol Chem (2010)
285:7176-86. d0i:10.1074/jbc.M109.047423

Kobie JJ, Shah PR, Yang L, Rebhahn JA, Fowell DJ, Mosmann TR. T regula-
tory and primed uncommitted CD4 T cells express CD73, which suppresses
effector CD4 T cells by converting 5’-adenosine monophosphate to adenos-
ine. J Immunol (2006) 177:6780-6. doi:10.4049/jimmunol.177.10.6780
Ernst PB, Garrison JC, Thompson LE Generation and accumulation of
immunosuppressive adenosine by human CD4 CD25"$"FOXP3" regulatory
T cells. ] Biol (2010) 285:7176-86. doi:10.1074/jbc.M109.047423

Zarek PE, Huang CT, Lutz ER, Kowalski J, Horton MR, Linden J, et al. A4
receptor signaling promotes peripheral tolerance by inducing T-cell anergy
and the generation of adaptive regulatory T cells. Blood (2008) 111:251-9.
doi:10.1182/blood-2007-03-081646

Vaeth M, Gogishvili T, Bopp T, Klein M, Berberich-Siebelt E, Gattenloehner S,
et al. Regulatory T cells facilitate the nuclear accumulation of inducible
cAMP early repressor (ICER) and suppress nuclear factor of activated T cell
¢l (NFATcl). Proc Natl Acad Sci U S A (2011) 108:2480-5. doi:10.1073/
pnas.1009463108

Jutel M, Van de Veen W, Agache I, Azkur KA, Akdis M, Akdis CA. Mechanisms
of allergen-specific immunotherapy and novel ways for vaccine develop-
ment. Allergol Int (2013) 62:425-33. doi:10.2332/allergolint.13-RAI-0608
Nakamura K, Kitani A, Strober W. Cell contact-dependent immunosuppres-
sion by CD4*CD25" regulatory T cells is mediated by cell surface-bound
transforming growth factor beta. ] Exp Med (2001) 194:629-44. doi:10.1084/
jem.194.5.629

Levings MK, Sangregorio R, Sartirana C, Moschin AL, Battaglia M,
Orban PC, et al. Human CD25+CD4* T suppressor cell clones produce
transforming growth factor beta, but not interleukin 10, and are distinct
from type 1 T regulatory cells. J Exp Med (2002) 196:1335-46. doi:10.1084/
jem.20021139

. Godfrey WR, Spoden DJ, Ge YG, Baker SR, Liu B, Levine BL, et al. Cord

blood CD4*CD25*-derived T regulatory cell lines express FoxP3 protein and
manifest potent suppressor function. Blood (2005) 105:750-8. doi:10.1182/
blood-2004-06-2467

Oberle N, Eberhardt N, Falk CS, Krammer PH, Suri-Payer E. Rapid suppres-
sion of cytokine transcription in human CD4*CD25 T cells by CD4*Foxp3*
regulatory T cells: independence of IL-2 consumption, TGF-a and various
inhibitors of TCR signaling. ] Immunol (2007) 179:3578-87. doi:10.4049/
jimmunol.179.6.3578

Kullberg MC, Hay V, Cheever AW, Mamura M, Sher A, Letterio JJ, et al.
TGF-betal production by CD4*CD25" regulatory T cells is not essential for
suppression of intestinal inflammation. Eur J Immunol (2005) 35:2886-95.
doi:10.1002/€ji.200526106

Piccirillo CA, Letterio JJ, Thornton AM, McHugh RS, Mamura M, Mizuhara H,
et al. CD4*CD25* regulatory T cells can mediate suppressor function in the
absence of transforming growth factor beta-1 production and responsive-
ness. ] Exp Med (2002) 196:237-46. doi:10.1084/jem.20020590

Kearley ], Barker JE, Robinson DS, Lloyd CM. Resolution of airway
inflammation and hyperreactivity after in vivo transfer of CD4*CD25" reg-
ulatory T cells is interleukin-10 dependent. ] Exp Med (2005) 202:1539-47.
doi:10.1084/jem.20051166

Frontiers in Pediatrics | www.frontiersin.org

May 2017 | Volume 5 | Article 117


http://www.frontiersin.org/Pediatrics
http://www.frontiersin.org
http://www.frontiersin.org/Pediatrics/archive
https://doi.org/10.1016/j.imbio.2012.05.029
https://doi.org/10.1016/j.imbio.2012.05.029
https://doi.org/10.1002/eji.201040391
https://doi.org/10.1016/j.immuni.2005.01.011
https://doi.org/10.4049/jimmunol.1400909
https://doi.org/10.4049/jimmunol.1400909
https://doi.org/10.1182/blood-2005-11-4502
https://doi.org/10.1182/blood-2005-11-4502
https://doi.org/10.1111/j.1398-9995.2008.01774.x
https://doi.org/10.1016/j.immuni.2008.03.017
https://doi.org/10.1084/jem.20031562
https://doi.org/10.3389/fimmu.2014.00333
https://doi.org/10.1038/ni.1731
https://doi.org/10.1038/nature07674
https://doi.org/10.1126/science.1172702
https://doi.org/10.1016/j.immuni.2011.08.012
https://doi.org/10.1172/JCI57456
https://doi.org/10.1016/j.immuni.2008.05.007
https://doi.org/10.4049/jimmunol.1201794
https://doi.org/10.4049/jimmunol.1201794
https://doi.org/10.1016/j.immuni.2010.08.010
https://doi.org/10.1016/j.immuni.2010.05.003
https://doi.org/10.1016/j.immuni.2010.05.003
https://doi.org/10.1016/j.immuni.2008.02.017
https://doi.org/10.1016/j.coi.2009.05.021
https://doi.org/10.1016/j.coi.2009.05.021
https://doi.org/10.1084/jem.20080034
https://doi.org/10.1084/jem.20080034
https://doi.org/10.4049/jimmunol.178.11.6725
https://doi.org/10.4049/jimmunol.178.11.6725
https://doi.org/10.1073/pnas.0900408106
https://doi.org/10.1182/blood-2006-12-064527
https://doi.org/10.1016/j.jim.2009.05.004
https://doi.org/10.1016/j.jim.2009.05.004
https://doi.org/10.1074/jbc.M109.047423
https://doi.org/10.4049/jimmunol.177.10.6780
https://doi.org/10.1074/jbc.M109.047423
https://doi.org/10.1182/blood-2007-03-081646
https://doi.org/10.1073/pnas.1009463108
https://doi.org/10.1073/pnas.1009463108
https://doi.org/10.2332/allergolint.13-RAI-0608
https://doi.org/10.1084/jem.194.5.629
https://doi.org/10.1084/jem.194.5.629
https://doi.org/10.1084/jem.20021139
https://doi.org/10.1084/jem.20021139
https://doi.org/10.1182/blood-2004-06-2467
https://doi.org/10.1182/blood-2004-06-2467
https://doi.org/10.4049/jimmunol.179.6.3578
https://doi.org/10.4049/jimmunol.179.6.3578
https://doi.org/10.1002/eji.200526106
https://doi.org/10.1084/jem.20020590
https://doi.org/10.1084/jem.20051166

Martin-Orozco et al.

Regulatory T Cells

216.

217.

218.

219.

220.

221.

222.

223.

Burton OT, Rivas MN, Zhou JS, Logsdon SL, Darling AR, Koleoglou KJ,
et al. Immunoglobulin E signal inhibition during allergen ingestion leads
to reversal of established food allergy and induction of regulatory T cells.
Immunity (2014) 41:141-51. doi:10.1016/j.immuni.2014.05.017

Akdis M, Verhagen J, Taylor A, Karamloo F, Karagiannidis C, Crameri R,
et al. Immune responses in healthy and allergic individuals are characterized
by a finebalance between allergen-specific T regulatory 1 and T helper 2 cells.
J Exp Med (2004) 199:1567-75. doi:10.1084/jem.20032058

Taylor A, Akdis M, Joss A, Akkocx T, Wenig R, Colonna M, et al. IL-10
inhibits CD28 and ICOS costimulations of T cells via src homology 2
domain-containing protein tyrosine phosphatase 1. J Allergy Clin Immunol
(2007) 120:76-83. doi:10.1016/j.jaci.2007.04.004

Collison LW, Workman CJ, Kuo T'T, Boyd K, Wang Y, Vignali KM, et al. The
inhibitory cytokine IL-35 contributes to regulatory T-cell function. Nature
(2007) 450:566-9. doi:10.1038/nature06306

Bardel E, Larousserie F, Charlot-Rabiega P, Coulomb-UHermine A, Devergne
O.Human CD4*CD25*Foxp3* regulatory T cells do not constitutively express
IL-35. J Immunol (2008) 181:6898-905. doi:10.4049/jimmunol.181.10.6898
Collison LW, Chaturvedi V, Henderson AL, Giacomin PR, Guy C, Bankoti J,
et al. IL-35-mediated induction of a potent regulatory T cell population. Nat
Immunol (2010) 11:1093-101. doi:10.1038/ni.1952

Wang W, Li P, Chen YE Yang J. A potential immunopathogenic role for
reduced IL-35 expression in allergic asthma. J Asthma (2015) 52:763-71.
doi:10.3109/02770903.2015.1038390

Whitehead GS, Wilson RH, Nakano K, Burch LH, Nakano H, Cook DN. IL-
35 production by inducible costimulator (ICOS)-positive regulatory T cells

224.

225.

226.

227.

reverses established IL-17-dependent allergic airways disease. ] Allergy Clin
Immunol (2012) 129:207-15. d0i:10.1016/j.jaci.2011.08.009

Suzuki M, Yokota M, Nakamura Y, Ozaki S, Murakami S. Intranasal admin-
istration of IL-35 inhibits allergic responses and symptoms in mice with
allergic rhinitis. Allergol Int (2017) 66:351-56. doi:10.1016/j.alit.2016.08.014
He L, Hannon GJ. microRNAs: small RNAs with a big role in gene regulation.
Nat Rev Genet (2004) 5:522-31. do0i:10.1038/nrg1415

Valadi H, Ekstrom K, Bossios A, Sjostrand M, Lee JJ, Létvall JO. Exosome-
mediated transfer of mRNAs and microRNAs is a novel mechanism of
genetic exchange between cells. Nat Cell Biol (2007) 9:654-9. doi:10.1038/
ncb1596

Dieckmann D, Plottner H, Berchtold S, Berger T, Schuler G. Ex vivo isolation
and characterization of CD4CD25 T cells with regulatory properties from
human blood. J Exp Med (2001) 193:1303-10. d0i:10.1084/jem.193.11.1303

Conflict of Interest Statement: The authors declare that the research was con-
ducted in the absence of any commercial or financial relationships that could be
construed as a potential conflict of interest.

Copyright © 2017 Martin-Orozco, Norte-Muiioz and Martinez-Garcia. This is an
open-access article distributed under the terms of the Creative Commons Attribution
License (CC BY). The use, distribution or reproduction in other forums is permitted,
provided the original author(s) or licensor are credited and that the original publica-
tion in this journal is cited, in accordance with accepted academic practice. No use,
distribution or reproduction is permitted which does not comply with these terms.

Frontiers in Pediatrics | www.frontiersin.org

18

May 2017 | Volume 5 | Article 117


http://www.frontiersin.org/Pediatrics
http://www.frontiersin.org
http://www.frontiersin.org/Pediatrics/archive
https://doi.org/10.1016/j.immuni.2014.05.017
https://doi.org/10.1084/jem.20032058
https://doi.org/10.1016/j.jaci.2007.04.004
https://doi.org/10.1038/nature06306
https://doi.org/10.4049/jimmunol.181.10.6898
https://doi.org/10.1038/ni.1952
https://doi.org/10.3109/02770903.2015.1038390
https://doi.org/10.1016/j.jaci.2011.08.009
https://doi.org/10.1016/j.alit.2016.08.014
https://doi.org/10.1038/nrg1415
https://doi.org/10.1038/ncb1596
https://doi.org/10.1038/ncb1596
https://doi.org/10.1084/jem.193.11.1303
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/

	Regulatory T Cells in Allergy and Asthma
	Regulatory T Cells (Tregs): Types and Phenotypic Characteristics
	FOXP3+ Tregs: tTregs and pTregs and Their Phenotypic Markers
	Generation of Thymus-Derived Regulatory 
T Cells (tTreg)
	Generation of Peripheral Regulatory T Cells (pTreg)

	FOXP3− Tregs: Tr1, Th3, and CD8+ Tregs

	Immune Maturation and Allergy/Asthma Incidence
	Asthma: Definition and Classification
	Influence of Intrauterine Milieu in the Neonatal Immune System and Risk of Asthma Development
	Postnatal Maturation of the Immune System and Risk of Asthma Development

	Role of Tregs in Allergy and Asthma
	Importance of Tregs in Allergic Diseases
	Activation and Recruitment of Tregs
	Mechanisms of Suppression by Tregs in Allergic Processes
	Suppression of Type 2 ILC2 by Tregs
	Suppression of Mast Cells by Tregs
	Suppression of APCs by Tregs
	Suppression of Th by Tregs
	Suppression of Eosinophils and Neutrophils by Tregs
	Suppression of B-Cells by Tregs
	Suppression by Tregs through Expression of Effector T Cell-Specific Transcription Factors
	Suppression by Tregs via Ectoenzymes
	Suppression by Tregs via Cytokines Secretion: TGF-β, IL-10, and IL-35
	Role of TGF-β
	Role of IL-10
	Role of IL-35
	Suppression by Tregs via Transfer of miRNAs



	Future Perspectives
	Author Contributions
	Acknowledgments
	References


