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Various populations of regulatory T (Treg) cells have been
shown to play a central role in the maintenance of peripheral
homeostasis and the establishment of controlled immune
responses. Their identification as key regulators of immunologic
processes in peripheral tolerance to allergens has opened an
important era in the prevention and treatment of allergic
diseases. Both naturally occurring CD41CD251 Treg cells and
inducible populations of allergen-specific, IL-10–secreting Treg
type 1 (TR1) cells inhibit allergen-specific effector cells in
experimental models. Skewing of allergen-specific effector T
cells to a regulatory phenotype appears to be a key event in the
development of healthy immune response to allergens and
successful outcome in allergen-specific immunotherapy.
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Forkhead box protein 3–positive CD41CD251 Treg cells and
TR1 cells contribute to the control of allergen-specific immune
responses in several major ways, which can be summarized as
suppression of dendritic cells that support the generation of
effector T cells; suppression of effector TH1, TH2, and TH17
cells; suppression of allergen-specific IgE and induction of IgG4;
suppression of mast cells, basophils, and eosinophils; interaction
with resident tissue cells and remodeling; and suppression of
effector T-cell migration to tissues. Current strategies for drug
development and allergen-specific immunotherapy exploit these
observations, with the potential for preventive therapies and
cure for allergic diseases. (J Allergy Clin Immunol
2009;123:735-46.)

Key words: T regulatory cells, immunotherapy, tolerance, anergy,
IgE, T cells, histamine, IL-10, TGF-b, allergen immunotherapy, reg-
ulatory T cells, T helper cells, immune tolerance, IgE, IgG, T cells, B
cells, mast cells, basophils, eosinophils

The immune system is a highly interactive network, which
makes its decisions on the basis of all body tissues, infections,
normal flora bacteria, and almost any environmental agents.
Extensive progress has been made in the understanding of
mechanisms of allergic disease with the complex interaction of
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Abbreviations used

CCR: CC chemokine receptor

CTLA: Cytotoxic T lymphocyte–associated antigen

DC: Dendritic cell

DP: D prostanoid

FoxP3: Forkhead box protein 3 (FOXP3: human, FoxP3: mice)

HR: Histamine receptor

ICOS: Inducible costimulator

IPEX: X-linked immune dysregulation, polyendocrinopathy,

and enteropathy syndrome

LAP: Latency-associated protein

NK: Natural killer

SHP: Src homology 2 domain–containing protein tyrosine

phosphatase

SIT: Specific immunotherapy

SLIT: Sublingual specific immunotherapy

Treg: Regulatory T

effector T cells, natural killer (NK) T cells, other effector cells,
resident tissue cells, and regulatory T (Treg) cells. In recent years,
Treg cells have become a prime target for strategies aimed at
inducing tolerance. Immune tolerance in the context of allergy
can be defined as persistence of efficacy after discontinuation of
treatment, implying an altered allergen-specific memory T- and
B-cell response.1-4 In addition, prevention of new antigen sensiti-
zations5 and prevention of progression to more severe disease,
such as the development of asthma after allergic rhinitis,6 are es-
sential clinical implications of immune tolerance. The pivotal role
of Treg cells in inducing and maintaining immune tolerance has
been demonstrated in that their adoptive transfer was shown to
prevent or cure several T cell–mediated diseases, including
allergy, asthmatic lung inflammation, autoimmune diseases, and
allograft rejection, by restoring immune tolerance to allergens,
self-antigens, or alloantigens in animal models. In the clinical set-
ting allergen-specific immunotherapy (SIT) has been the only
treatment that induces specific Treg cells in human subjects.
The role of Treg cells in allergen-specific tolerance, their interac-
tion with other cells in the inflamed tissues, and their role in anti-
body regulation have been demonstrated in several studies. This
review article discusses the role of Treg cells in the treatment of
allergy, as well as the healthy immune response to allergens, in
the big picture of immune regulation.

EFFECTOR T-CELL SUBSETS
Depending on the adjuvanticity of the substances coexposed

with the antigen and the status of the cells and cytokines in the
microenvironment, CD41 naive T cells can differentiate into
TH1, TH2, TH9, or TH17 effector cells. Based on their respective
cytokine profiles, responses to chemokines, and interactions with
other cells, these T-cell subsets can promote different types of
inflammatory responses (Fig 1). During the development of aller-
gic disease, effector TH2 cells produce IL-4, IL-5, IL-9, and
IL-13,1-3,7,8 and probably other recently identified cytokines,
such as IL-25, IL-31, and IL-33, contribute to TH2 response
and inflammation.9-13 These cytokines play roles in the produc-
tion of allergen-specific IgE, eosinophilia, the permissiveness of
endothelium for the recruitment of inflammatory cells to in-
flamed tissues, the production of mucus, and the decreased
threshold of contraction of smooth muscles.14 TH1 cells also
efficiently contribute to the effector phase in allergic dis-
eases15,16 or dampen allergic inflammation, depending on the
specific disease model and stage of inflammation.17 They play
a role in apoptosis of the epithelium in asthma and atopic derma-
titis,15,16 and a predominant TH2 profile in atopic diseases might
be a result of the increased tendency for activation-induced cell
death of high IFN-g–producing TH1 cells.18 The discovery of the
TH17 cell is filling an essential gap in our understanding of in-
flammatory processes. TH17 cells are characterized by IL-17A,
IL-17F, IL-6, IL-8, TNF-a, IL-22, and IL-26 expression.19-23

Neutralization of IL-17 and TH17-related functions resolves tis-
sue pathology in autoimmune models, improves joint destruction
in experimental arthritis, and reduces neutrophil infiltration in an
experimental asthma model while increasing eosinophil infiltra-
tion.24-27 In addition to currently established subsets of effector T
cells, several novel subsets of T cells are being identified. For ex-
ample, distinct TH2 cell subgroups have been demonstrated to ex-
press 1 or 2 of the lineage-specific cytokines but not others.28-30

These T cells play a predominant role in either increased eosino-
philia or induction of IgE. This depends on whether IL-5 or IL-4,
IL-13, or both is the overriding cytokine, respectively. With the
identification of new TH2-like cytokines, such as IL-25, IL-31,
and IL-33, it is conceivable that novel functional subgroups of
the TH2 cell subset can be identified.9-13 Supporting the concept
of expectation of new TH cell subsets, it was shown in 2 very
recent studies that TGF-b can govern effector T-cell differentia-
tion along a new pathway.31,32 TGF-b in the presence of IL-4
reprograms TH2 cell differentiation and leads to the development
of a new population of TH9 cells that produce IL-9 and IL-10.32 In
other words, IL-4 blocks the generation of TGF-b–induced
Foxp31 Treg cells and instead induces TH9 cells.31 Adoptive
transfer of TH9 cells into recombination-activating gene 1–defi-
cient mice induced colitis and peripheral neuritis. TH9 cells
lack suppressive function and constitute a distinct population of
effector T cells that promote tissue inflammation.31,32

Treg CELLS
During the last 13 years, the concept of Treg cells has received

general attention by the scientific community, and excitement
about the possibility of these cells in therapeutic applications for
the treatment of diseases that are associated with a dysfunction in
T-cell regulation has been increased. Many investigations have
firmly established the involvement of Treg cells in controlling
various aspects of inflammation.33-35 Models of allergic inflam-
mation in mice and various studies in human subjects have dem-
onstrated their essential role in the control of allergic disease (Fig
2). Treg cells are able to inhibit the development of allergic TH2
responses and play a major role in allergen SIT.36,37 Subsets of
Treg cells with distinct phenotypes and mechanisms of action in-
clude the naturally occurring, thymus-selected CD41CD251

forkhead box protein 3 (FoxP3)1 Treg cells and the inducible
type 1 Treg cells (TR1).38,39 In addition, subsets of CD81 T
cells,40-42 gd T cells,43 CD42CD82 T cells,44 IL-10–producing
B cells,45 IL-10–producing NK cells,46 IL-10–producing den-
dritic cells (DCs),47 and macrophage subsets with suppressive
properties48 might contribute to suppressive and regulatory
events.39 The triangle interaction of Treg–T effector cells and
DCs is important, but T effector and Treg cells were also shown
to directly interact with neutrophils,22 B cells,49 NK cells,50 and
NKT cells.51 In this context investigations of the mechanisms
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FIG 1. Effector T-cell subsets. After antigen presentation by DCs, naive T cells differentiate into TH1, TH2,

TH9, and TH17 effector subsets. Their differentiation requires cytokines and other cofactors that are released

from DCs and also expressed in the micromilieu. T-cell activation in the presence of IL-4 enhances differen-

tiation and clonal expansion of TH2 cells, perpetuating the allergic response. IL-12, IL-18, and IL-27 induce

TH1 cell differentiation; IL-4 and TGF-b induce TH9 differentiation; and IL-6, IL-21, IL-23, and TGF-b induce

the differentiation of TH17 cells.
of Treg cell function have identified an ever-growing list of mol-
ecules and interactions that contribute to their suppressive func-
tions. Depending on the nature of the immune response, the
eliciting agent, the genetic and immunologic background of the
host, and the site of inflammation, different cellular and molecular
mechanisms might play dominant roles in immune regulation. As
discussed in this review, understanding the immune mechanisms
that prevent disease occurrence in nonallergic individuals and
evidence for healing of altered regulatory mechanisms in allergic
diseases offers promise for new immune interventions.

MECHANISMS OF Treg CELL GENERATION
There has been long-term belief, as well as experimental

evidence, that the immune system has inducible peripheral mech-
anisms of immune tolerance to allergens. DCs not only control
immunity but also maintain peripheral tolerance, 2 complementary
functions that would ensure the integrity of the organism in an
environment full of pathogens and allergens. The tolerogenic
function of DCs depends on certain maturation stages and subsets
of different types of ontogeny and can be influenced by immuno-
modulatory agents. A role for DCs in the induction of different
subsets of Treg cells in defined microenvironments has been
supported by several studies. In intestinal lamina propria several
subsets of DCs reside in and are in close contact with commensal
bacteria and food antigens/allergens.52,53 DCs from the lamina
propria of the small intestine and from the mesenteric lymph nodes
are noticeably better than splenic DCs at inducing the expression of
Foxp3 in naive T cells in the presence of exogenous TGF-b.52,53 In
addition, DCs expressing CD103 in these 2 compartments can in-
duce Foxp31 T cells in the absence of any exogenous factors,
and these de novo induced Foxp31 Treg cells express the gut-hom-
ing receptors CC chemokine receptor (CCR) 9 and a4b7
integrin.52,53 Furthermore, Treg cells can be induced in a microen-
vironment of tumors and chronic infections because of DCs that
promote them. The consequences of these are the maintenance of
immune tolerance to tumor antigens, microbial persistence, and
limitation of collateral tissue damage.54 Immature DCs control pe-
ripheral tolerance by inducing the differentiation of Treg cells.55 In
some cases DCs conditioned by Foxp31 Treg cells; pathogen-
derived molecules, such as filamentous hemagglutinin56; and exog-
enous signals, such as histamine through the histamine receptor
(HR) 2,57 adenosine,58 vitamin D3 metabolites,59 or retinoic
acid,60 can induce new populations of Treg cells.

Related to the prevention and development of asthma, airway
DCs control the pulmonary immune response and determine
tolerance and immunity to newly encountered antigens. Immature
DCs are distributed throughout the lungs and capture allergens
and migrate to the T-cell area of mediastinal lymph nodes within
12 hours.61 They express a partially mature phenotype with an in-
termediate array of costimulatory molecules and induce T-cell
tolerance.62 Antigen presentation by partially mature airway
DCs that express IL-10 induces the formation of TR1-like cells,
which inhibit subsequent inflammatory responses.47 In addition,
depletion and adoptive transfer of pulmonary plasmacytoid DCs
has demonstrated an important role for these cells in protection
against allergen sensitization and asthma development in
mice.63 Prostaglandin D2 binds to the D prostanoid (DP) 1 and
DP2 receptors and is seen as a critical mediator of asthma, causing
vasodilation, bronchoconstriction, and inflammatory cell influx.64

The inhalation of a selective DP1 agonist suppresses the cardinal
features of asthma-like lung inflammation in mice by targeting the
function of lung DCs. An increase in Foxp31CD41 Treg cells that
suppressed inflammation in an IL-10–dependent way was ob-
served in mice treated with DP1 agonist or receiving DP1 ago-
nist–treated DCs.64 Studies of IL-10 production in the human
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FIG 2. FoxP31CD41CD251 and TR1 cells contribute to the control of allergen-specific immune responses in

several major ways. Suppression of DCs that support the generation of effector T cells; suppression of TH1,

TH2, and TH17 cells; suppression of allergen-specific IgE and induction of IgG4, IgA, or both; suppression of

mast cells, basophils, and eosinophils; interaction with resident tissue cells and remodeling; and suppres-

sion of effector T-cell migration to tissues.
lung demonstrate that there is significantly less IL-10 present in
the lungs of patients with asthma than in those of control sub-
jects.65 Polymorphisms in the IL-10 gene promoter are similarly
associated with low IL-10 levels and more severe asthma.66 In-
verse correlations between IL-10 levels and disease severity are
also observed in allergic patients. For example, wheal size from
skin prick tests with allergen was positively associated with
in vitro IL-5 and IFN-g responses and negatively associated
with IL-10 levels.67 Although molecular mechanisms of Treg
cell generation in vivo remain to be elucidated, some existing ther-
apies for allergic diseases, such as allergen SIT, treatment with
glucocorticoids, and b2-agonists, seem to function to promote
the numbers and activity of IL-10–secreting TR1-like cells.1,68,69

IL-10 IN IMMUNOREGULATION AND ALLERGIC

DISEASE
Suppression of antigen-specific immune responses by IL-10, a

known suppressive cytokine of T-cell proliferation and cytokine
production, is essential in peripheral tolerance to allergens,
autoantigens, transplantation antigens, and tumor antigens.70

Multiple mechanisms have been proposed (Table I). In mice IL-
10 administration before allergen treatment induces antigen-spe-
cific T-cell unresponsiveness and demonstrates the pivotal role of
IL-10 in the establishment of peripheral T-cell tolerance.71 More-
over, inhibition of graft-versus-host disease by IL-10 and allograft
rejection in patients with severe combined immunodeficiency un-
dergoing HLA-mismatched bone marrow transplantation provide
further evidence for a key role of this cytokine in the induction and
maintenance of peripheral tolerance.72 Similarly, inappropriate
stimulation of tumor-reactive human T cells was shown to result
from increased endogenous IL-10 production by these cells, indi-
cating a role for IL-10 in tumor-specific tolerance.73 IL-10–pro-
ducing antigen-presenting cells, such as B cells45 and DCs,47 as
well as clonally expanded IL-10–producing allergen-specific
TR1 cells,36,74 all contribute to the suppressive effects of IL-10.
IL-10 inhibits the proliferative T-cell response in PBMCs to
various allergens; however, it does not suppress the proliferative
responses of T cells that were stimulated by anti-CD3.75-77 IL-
10 inhibits the T-cell proliferation within a certain range of low
numbers of triggered T-cell receptors that T cells require for
costimulation. IL-10 suppresses T cells by blocking CD2,
CD28, and inducible costimulator (ICOS) costimulatory signals
in a rapid signal transduction cascade.76 In the presence of IL-
10, direct inhibition on CD2, CD28, and ICOS signaling in T
cells occurs through use of Src homology 2 domain–containing
protein tyrosine phosphatase (SHP-1) by IL-10.76,77 On binding
to its receptor, IL-10 activates 2 tyrosine kinases: Janus kinase
1 and tyrosine kinase 2. Tyrosine kinase 2 acts as a constitutive
reservoir for SHP-1 tyrosine phosphatase in resting T cells.
After activation, SHP-1 rapidly binds to CD28 and ICOS and
dephosphorylates them within 1.5 to 3 minutes. In consequence,
the binding of phosphatidylinositol 3-kinase to either costimula-
tory molecule no longer occurs, and downstream signaling is
inhibited.76 Supporting these findings, spleen cells from SHP-
1–deficient mice showed increased proliferation with CD2,
CD28, and ICOS stimulation in comparison with that seen in
wild-type mice, which was not suppressed by IL-10. Generation
of dominant negative SHP-1–overexpressing T cells or silencing
of the SHP-1 gene by small inhibitory RNA both altered SHP-
1 functions and abolished the suppressive effect of IL-10.75-77

Interestingly, the suppressive effect of IL-10 was not observed
in other IL-10 family cytokines, such as IL-19, IL-20, IL-22,
and IL-24.78 In addition to T cells, IL-10 also exerts inhibitory
effect on activated monocytes and macrophages.79 It has been
shown in monocytes and DCs that IL-10 suppresses costimula-
tory molecules and downregulates MHC class II molecules and
antigen-presenting cell capacity.80 Furthermore, IL-10 induces
the expression of the suppressor of cytokine signaling 3 gene,
which might play a role in the inhibition of the IFN-g–induced
tyrosine phosphorylation of signal transducer and activator of
transcription 1.81
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TABLE I. Mechanisms of action of IL-10 and TGF-b

IL-10 TGF-b

Blocks CD2, CD28, and ICOS costimulatory pathways Suppresses specific TH1, TH2, and TH17 cells

Inhibits DC maturation Induces FoxP3 and suppressive function of Treg cells

Decreases MHC class II and costimulatory ligand expression on DCs and

monocytes

Downregulates FceRI expression on Langerhans cells

Reduces release of proinflammatory cytokines by mast cells Associates with CTLA-4 expression on T cells

Suppresses IgE Suppresses IgE

Induces IgG4 and IgA Induces IgA

Induces IL-10–producing DCs Induces TH9, TH17, and Treg cells under different conditions

Synergistic effect in in vivo suppression with TGF-b, CTLA-4, and PD-1 Synergistic effect in in vivo suppression with IL-10, CTLA-4, and PD-1
TABLE II. Components of immune response to allergens and possible involvement of Treg cells in healthy and allergic individuals

Allergen-specific T-cell response

Healthy No T-cell proliferation or cytokine response, no sensitization caused by no exposure or low-dose exposure

TH0 response in PBMCs and specific T-cell clones with low frequency

TR1, particularly IL-10–dominating response with relatively high frequency

Allergic TH2 response with varying quantities of IL-4, IL-5, and IL-13; detectable IL-10; and IFN-g

Specific antibodies in serum

Healthy Not detectable, no sensitization caused by no exposure or low-dose exposure

Detectable IgG1, IgG4, and IgA

High amounts of IgG4, detectable IgG1, and detectable IgA and IgE

Allergic Relatively high amounts of IgE together with low or high amounts of IgG1, IgG4, and IgA

Clinical response

Healthy Healthy, no response on skin tests and allergen challenges

Skin prick test and specific IgE positivity, clinical disease cannot be induced by provocation tests

Skin prick test and specific IgE positivity, clinical disease can be induced by provocation tests and is dose dependent

Allergic Allergic disease in various clinical forms, remissions and exacerbations related to tissue and specific immune

response activation
TGF-b IN IMMUNOREGULATION AND ALLERGIC

DISEASE
The TGF-b superfamily consists of more than 35 members, with

TGF-b1 being the proteotypic member. Three TGF-b members
(TGF-b1, TGF-b2, and TGF-b3) are present in mammals.82 TGF-
b is an important pleiotropic cytokine with potent immunoregula-
tory properties and is essential for the maintenance of immunologic
self-tolerance in the CD41 T-cell compartment (Table I).83 TGF-
b1 is synthesized and produced as a latent form that requires acti-
vation to be functional. A homodimer of the TGF-b1 propeptide,
the latency-associated protein (LAP), is constitutively associated
with the mature TGF-b1, which prevents TGF-b1 from binding
to its receptors. TGF-b1 activation proceeds through the degrada-
tion of LAP or the alteration of LAP conformation; this can be me-
diated by proteases, including plasmin, matrix metalloproteinases,
thrombospondin 1, and the integrins avb6 or avb8.84 TGF-b1–de-
ficient mice have the phenotype, caused by activated CD41 T cells,
of a rapidly wasting syndrome leading to death by the age of 3 or 4
weeks.85,86 The failure to rescue the inflammatory phenotype under
germ-free conditions suggests that the T cell–driven inflammation
is of autoimmune origin.87 TGF-b induces the conversion of naive
CD41CD252 T cells into CD41CD251 T cells by the induction of
FoxP3,88 and TGF-b signaling is required for in vivo expansion and
immunosuppressive capacity of CD41CD251 T cells.89 The TGF-
b superfamily can act on virtually all mammalian cell types by en-
gaging an intracellular cascade of Smad family proteins through
ligand-induced activation of TGF-b receptor kinases.90 Activated
Smad complexes accumulate in the nucleus to participate in tran-
scriptional activation of target genes, some of which stimulate tu-
morigenesis, whereas others suppress it. TGF-b receptors are also
able to activate Smad-independent signaling mechanisms, includ-
ing mitogen-activated protein kinases and phosphoinositide 3-
kinase.91 However, the exact suppressive mechanisms behind
TGF-b activation of Smad pathways remain to be elucidated.

In contrast to its known T cell–suppressive activity, some
reports imply a role for TGF-b in the pathogenesis of asthma,
particularly in the remodeling of injured lung tissue in human
subjects.92 The increased allergic inflammation observed after
blocking of cytotoxic T lymphocyte–associated antigen (CTLA)
4 is clearly associated with decreased TGF-b levels in the bron-
choalveolar lavage fluid of these animals.93 Evidence to support
the contribution of TGF-b to airway remodeling in asthma is de-
rived from animal model studies with mice deficient in Smad-3,
which mediates signaling in response to TGF-b,94 or studies
with mice administered an anti–TGF-b antibody.95 Neutralizing
either TGF-b or TGF-b signaling through Smad-3 significantly
reduces peribronchial fibrosis, airway smooth muscle prolifera-
tion, and mucus production without an associated significant
change in levels of airway inflammation. TGF-b is expressed in
the airway in patients with asthma and stimulates fibroblasts to
produce extracellular matrix proteins (collagen and fibronec-
tin).96,97 In addition, TGF-b decreases the production of enzymes
that degrade the extracellular matrix (collagenase) and increases
the production of proteins that inhibit enzymes that degrade the
extracellular matrix (tissue inhibitor of metalloprotease).97 The
net effect of TGF-b acting on fibroblasts is to increase the produc-
tion of extracellular matrix proteins. There is evidence that the
subepithelial fibrosis component of airway remodeling in asthma
is mediated through induction of TGF-b expression, with conse-
quent activation of myofibroblasts to produce extracellular matrix
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proteins, such as collagen.92 TGF-b expression correlates with
the degree of subepithelial fibrosis, and levels of TGF-b are sig-
nificantly increased in patients with severe asthma who have
prominent airway eosinophilic inflammation.98 An important
role for eosinophil-expressed TGF-b in airway remodeling in hu-
man subjects with asthma is also suggested from studies in which
TGF-b levels in the lungs of patients with asthma were reduced by
depleting eosinophils that express TGF-b.99 In these studies with
anti–IL-5 (which depletes eosinophils), there was a parallel de-
crease in levels of airway TGF-b, eosinophil TGF-b expression,
and associated airway remodeling.99 These studies suggest that
eosinophil expression of TGF-b is an important contributor to
airway remodeling in human asthma.

Treg CELLS IN ALLERGEN-SPECIFIC IMMUNE

RESPONSE

Allergen-specific T-cell response in healthy

individuals and Treg cells
Studies on T-cell response to allergens in healthy individuals

have demonstrated a wide range of immune responses, from no
detectable T-cell response to involvement of active peripheral
tolerance mechanisms mediated by different subsets of Treg cells
(Table II). In a high number of healthy individuals, T cells do not
show any proliferative response to allergens in PBMC cultures.
This can be due to a low frequency of specific T cells because
of a lifetime lack of exposure. If a detectable allergen-specific
T-cell response is mounted in a nonallergic individual, active sup-
pression against allergens takes place in cultures by TR1 cells or
CD41FoxP31 Treg cells.37,57,74,100

The human in vivo relevance of Foxp3 is understood after the
discovery of X-linked immune dysregulation, polyendocrinop-
athy, and enteropathy syndrome (IPEX).101,102 Various allergic
and autoimmune phenotypes spontaneously develop in patients
with IPEX when CD41CD251 Treg cells are nonfunctional, indi-
cating the presence of a population of professional suppressor
cells. IPEX is characterized by an allergic phenotype with derma-
titis and hyper-IgE syndrome and an autoimmune phenotype with
enteropathy, type I diabetes, thyroiditis, hemolytic anemia and
thrombocytopenia, and results from mutations of FOXP3. A pa-
tient was described with clinical manifestations of IPEX who
had a normal FOXP3 gene but CD25 deficiency caused by auto-
somal recessive mutations in this gene.103 This patient exhibited
defective IL-10 expression from CD4 lymphocytes, whereas a
FOXP3-deficient patient expressed normal levels of IL-10. These
data show that CD25 deficiency results in an IPEX-like syndrome
and suggests that FOXP3 is not required for normal IL-10 expres-
sion by human CD4 lymphocytes, whereas CD25 expression is
important. Similarly, deletion in the forkhead domain of FoxP3
in scurfy mice results in failure to develop thymus-derived natu-
rally occurring Treg cells and presents with lymphoproliferative
disease, hyper-IgE levels, and eosinophilia in the absence of TH2
skewing, with the death of mice around 3 weeks.104-106 The rele-
vance of immune suppressive function of FOXP31CD41CD251

Treg cells in human allergies has been studied. Impaired skin infil-
tration of CD41CD251FOXP31 T cells was observed in acute
atopic dermatitis lesions,107 and FOXP3 mRNA expression was
significantly increased in asthmatic patients receiving glucocorti-
coid treatment.69 Similar findings were observed in patients with
chronic rhinosinusitis with nasal polyps, with decreased FOXP3
expression and a downregulation of TGF-b1 levels compared
with values seen in control subjects and patients with chronic rhi-
nosinusitis without nasal polyps.108 Supporting these findings, the
accumulation of FoxP31 Treg cells in local draining lymph nodes
of the lung correlates with spontaneous resolution of chronic
asthma in a murine model.109 CD25hiCD41 T cells expressing
FoxP3 and cutaneous lymphocyte–associated antigen were in-
creased in patients with atopic dermatitis and were linked to dis-
ease severity.110 Two subtypes of CD25hi T cells were identified
on the basis of differential expression of CCR6. Despite a regula-
tory phenotype, activated CD25hi T cells that lack expression of
CCR6 were found to promote TH2 responses.110

It was found in allergic children that Treg cells increase during
the pollen season.111 Whether these CD41CD25hi T cells directly
contribute to inflammation or their increased levels keep the in-
flammation at low levels remains an important research question.
Circulating allergen-specific CD41CD25hiFoxp31 Treg cells do
not show a major difference between nonatopic and atopic indi-
viduals.112 However, it was demonstrated that FOXP3 expression
shows a negative correlation with IgE, eosinophilia, and IFN-g
levels, and the FOXP31/CD41 ratio is significantly low in pa-
tients with asthma and atopic dermatitis.113 Another study on
healthy immune response to allergens demonstrated that
CD41CD251 Treg cells have been associated with the spontane-
ous remission of cow’s milk allergy. Children who outgrew their
allergy (tolerant children) had higher frequencies of circulating
CD41CD251 T cells and decreased in vitro proliferative re-
sponses to bovine b-lactoglobulin in PBMCs compared with
values seen in children who maintained clinically active al-
lergy.114 Studies have been reported in other diseases in the
same line. The in vitro proliferative response to nickel of human
CD41 T cells from healthy nonallergic individuals was strongly
augmented when CD41CD251 Treg cells were depleted.115

In a high-dose allergen exposure model in human subjects,
repeated exposure of nonallergic healthy beekeepers to bee venom
antigens during the beekeeping season represents a valuable model
to ascertain mechanisms of T-cell tolerance induction. After
multiple bee stings, venom antigen-specific TH1 and TH2 cells
show clonality and switch toward IL-10–secreting TR1 cells, which
results in diminished T cell–related cutaneous late-phase responses
in parallel with suppressed allergen-specific T-cell proliferation
and TH1 and TH2 cytokine secretion.57 This regulation is marked
as long as venom exposure persists and returns to initial levels
within 2 to 3 months after bee stings. In the same model the upre-
gulation of HR2 on specific TH2 cells suppresses allergen-stimu-
lated T cells and increases IL-10 production.57

By using IFN-g–, IL-4–, and IL-10–secreting allergen-specific
CD41 T cells that resemble TH1-, TH2-, and TR1-like cells, re-
spectively, it was shown that both healthy and allergic individuals
exhibit all 3 subsets, although in different proportions. In healthy
individuals who show detectable IgG antibodies against allergen,
TR1 cells represent the dominant subset for common environmen-
tal allergens, whereas a high frequency of allergen-specific IL-
4–secreting T cells is found in allergic individuals. Therefore
the frequency of effector TH2 cells or TR1 cells is decisive in
the development of allergy or a healthy immune response.74

Allergen-specific TR1 cells use IL-10, TGF-b, CTLA-4, and
PD1 as suppressor molecules.57,74

Human CD41 TH1 cells predominantly express HR1 and CD41

TH2 cells predominantly express HR2, which results in their differ-
ential regulation by histamine.116 Histamine induces the production
of IL-10 by DCs.117 In addition, histamine induces IL-10
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production by TH2 cells57,118 and enhances the suppressive activity
of TGF-b on T cells.119 All 3 of these effects are mediated through
HR2, which is relatively highly expressed on TH2 cells and sup-
presses IL-4 and IL-13 production and T-cell proliferation.57,116

Apparently, these findings suggest that HR2 might represent an es-
sential receptor that participates in peripheral tolerance to allergens.

Allergen SIT and Treg cells
The induction of a tolerant state in peripheral T cells represents

an essential step in allergen SIT. Peripheral T-cell tolerance is
characterized mainly by generation of allergen-specific Treg cells
and suppressed proliferative and cytokine responses against the
major allergen.120 It is initiated by the autocrine action of IL-10
and TGF-b, which are increasingly produced by the antigen-spe-
cific TR1 cells.36,37,121 The suppression by these cells could par-
tially be blocked by the use of neutralizing antibodies against
secreted or membrane-bound IL-10 and TGF-b. However, these
cells do express CD4 and CD25, raising the question of whether
these are inducible TR1 cells that have upregulated CD25 or nat-
urally occurring CD41CD251 Treg cells that produce suppres-
sive cytokines.122 There is some evidence in adults that
circulating CD41CD251 Treg cells and IL-10– and TGF-
b–secreting TR1 cells represent overlapping populations. In co-
herence with this, it has been shown that CD41CD251 Treg cells
from atopic donors have a reduced capability to suppress the pro-
liferation of CD41CD252 T cells after allergen SIT.37,100 It has
been suggested that upregulation of CD41CD251 Treg cells
plays a role in allergen SIT. Recently, it was shown that grass pol-
len immunotherapy increased the expression of mucosal and pe-
ripheral T-cell IL-10123 and TGF-b.124 The demonstration of
local FOXP31CD251 T cells in the nasal mucosa and their in-
creased numbers after immunotherapy supported the role of
Treg cells in the induction of allergen-specific tolerance in human
subjects.125 Their increased numbers correlated with clinical effi-
cacy and suppression of seasonal allergic inflammation.125

The findings observed in sublingual specific immunotherapy
(SLIT) seem to be similar to those seen with injection SIT.
Increases in serum allergen-specific IgG4 levels,126,127 decreases
in allergen-stimulated T-cell proliferation,128 induction of IL-10
in T cells,128-130 suppression of TH2 cells,129 and decreased eosin-
ophilia and eosinophil migration to the nose in response to aller-
gen challenge131,132 have been reported. However, a significant
number of studies have not detected any immunologic
changes.126,133 In a recent study after 4 weeks of SLIT, higher fre-
quencies of circulating CD41CD251 T cells were detected to-
gether with increased FoxP3 and IL-10 and reduced IL-4 and
IFN-g mRNA expression compared with expression seen before
SLIT.130 Proliferation to all 3 antigens was markedly reduced
but increased significantly after depletion of CD251 cells or addi-
tion of anti-IL–10 antibodies. Neither TGF-b levels nor cell-cell
contact–mediated suppression of CD41CD251 cells changed
during the course of SLIT. Current understanding of mechanisms
of allergen SIT, particularly the role of Treg cells in peripheral tol-
erance, opens a new window for novel treatment strategies.

To date, clinical trials of peptide immunotherapy have been
performed for 2 different allergies, and evidence for the induction
of peripheral T-cell tolerance to whole allergen has been demon-
strated. Synthetic peptide-based vaccines from the major cat
allergen Fel d 1 and bee venom–derived phospholipase A2 have
been developed and clinically evaluated.134-136 Mixtures of short
peptides demonstrated downregulation of systemic TH1 and TH2
cell responses to allergen,134 together with concomitant induction
of IL-10 production.136,137

Allergen-specific antibody response in nonallergic

individuals and allergen SIT: Relationship to Treg

cells
Allergen-specific antibody response in healthy individuals

ranges from no detectable antibodies to low or sometimes
relatively high amounts of specific IgG4, IgG1, and IgA response
in the presence or absence of low amounts of specific IgE (Table
II).37,138 No exposure or no efficient antigen presentation (expo-
sure in small doses) might be responsible for no antibody re-
sponse. Low amounts of exposure leading to immunologic
ignorance caused by no accessibility, short persistence of the aller-
gens in secondary lymphoid organs, or both has been demon-
strated in mouse models.139 Short persistence and low dose
might not be as demonstrative in human subjects as in mice be-
cause a single bee sting can induce IgE and IgG and relatively
very small doses of T-cell epitope peptides injected into skin
can initiate allergic reactions.135,140,141 One honeybee sting re-
leases approximately 50 to 140 mg of venom per sting and contains
5 to 15 mg of the major allergen phospholipase A2. A single hon-
eybee sting is sufficient to induce IgE or IgG production against
phospholipase A2.141 Wasp venom has approximately 10 to 20
times less protein content (1.7-3.1 mg) compared with honeybee
venom; however, again one wasp sting is sufficient to induce
IgE- or IgG-type antibodies against single allergic components,
some of which are less than 10% of the protein content.141 This
means that 01 to 0.3 mg of allergen directly injected into the
skin is sufficient to initiate an antibody response. However, it
has to be noted here that the immune response does not only de-
pend on the allergen dose as a single protein antigen. Many other
molecules in the content of the venom, such as hyaluronidase, can
show adjuvant effects and influence the diffusion of venom.142

Interestingly, nonallergic beekeepers have approximately 1000
times higher specific IgG4 ratios versus specific IgE ratios
compared with those seen in allergic individuals.143 The level
of specific IgG4 primarily reflects exposure. In beekeepers bee
venom–specific IgG4 levels correlate to the number of annual
stings and to the number of years spent in beekeeping. High-
dose exposure appears to induce clinical tolerance. Forty-five per-
cent of beekeepers who were stung less than 25 times a year had a
history of systemic allergic reactions to bee venom when com-
pared with no allergy in those with more than 200 stings per
year.141 High-dose exposure, increased specific IgG4 levels, and
protection against allergy have also been demonstrated in high
contact with cats and the low occurrence of asthma and allergies
in children.144 IgG4 has unique structural and functional features
among IgG subsets. Its heavy chains can exchange in a way that
leads to functional monomeric antibodies, it has low affinity for
certain Fcg receptors, and it does not activate complement.145

IgG4 antibodies exchange Fab arms by swapping a heavy chain
and attached light chain (half-molecule) with a heavy/light chain
pair from another molecule, which results in bispecific anti-
bodies.146 As such, IgG4 is uniquely capable of inhibiting im-
mune complex formation by other isotypes and thus might have
an anti-inflammatory role in immunity.

Although peripheral tolerance has been demonstrated in spe-
cific T cells, the ability of B cells to produce specific IgE
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antibodies is not eliminated during allergen SIT.120 SIT frequently
induces a transient increase in serum specific IgE levels, however,
followed by a gradual decrease over months or years of treat-
ment.147,148 In pollen-sensitive patients allergen SIT prevents
the increase of serum specific IgE levels during the pollen sea-
son.149 Serum levels of both specific IgE and IgG4 antibodies in-
crease during the early phase of treatment. However, the increase
in antigen-specific IgG4 levels is more striking, and therefore the
ratio of specific IgE to IgG4 significantly decreases between 6
months to 3 years. A similar change in specific isotype ratio has
been observed in SIT of various allergies.120,123 Moreover, IL-
10 produced and progressively secreted during allergen SIT ap-
pears to counterregulate synthesis of antigen-specific IgE and
IgG4 antibodies. IL-10 potently suppresses both total and aller-
gen-specific IgE production while simultaneously increasing
IgG4 production.36,150 Therefore IL-10 not only generates T-cell
tolerance, it also regulates specific isotype formation and skews
the specific IgE response toward an IgG4-dominated phenotype.

Direct influence of TR1 and Foxp31 Treg cells on B cells and
the induction of IgG4 and suppression of IgE has been demon-
strated in cell cultures of peripheral blood cells of healthy individ-
uals.49 In a mouse model of food allergy, it was observed that
antigen-specific secretory IgA antibody levels in the gut were de-
creased, suggesting a role for secretory IgA in peripheral toler-
ance to foods. Peyer’s patch CD31 cells were primarily
involved by favoring IgA production through the release of IL-
10 and TGF-b, and low IL-10 production in Peyer’s patches fa-
vored the symptoms of food allergy.151 In conjunction with the
role of TGF-b and IL-10 in IgA regulation in childhood asthma
with house dust mite allergy, 6 and 12 months of sublingual im-
munotherapy downregulated the specific IgE response while
slightly increasing specific IgA levels.152

There is accumulating evidence that SIT also influences the
blocking activity on IgE-mediated responses caused by IgG4, and
cellular assays are commonly used to investigate these changes. An
assay that detects allergen/IgE binding by using flow cytometry has
been used to detect ‘‘functional’’ SIT-induced changes in IgG
antibody activity. Results suggest that successful SIT is associated
with an increase in IgG blocking activity that is not solely
dependent on the quantity of IgG antibodies.153 It seems to be rel-
evant to measure the blocking activity of allergen-specific IgG or
IgG subsets, particularly IgG4 and also IgG1, rather than the crude
levels in sera. In this context the role of anti-IgE treatment in the in-
duction phase of allergen SITon safety and efficacy has been ques-
tioned. Anti-IgE mAb pretreatment enhances the safety of SIT for
allergic rhinitis and might be an effective strategy to permit more
rapid and higher doses of allergen immunotherapy.154,155 Its func-
tion on long-term efficacy is still under investigation.

Suppression of effector cells and inflammatory

responses by Treg cells
Allergen SIT efficiently modulates the thresholds for mast cell

and basophil activation and decreases IgE-mediated histamine
release.156 IL-10 was shown to reduce proinflammatory cytokine
release from mast cells.157 In addition, IL-10 downregulates eo-
sinophil function and activity and suppresses IL-5 production
by human resting TH0 and TH2 cells.158 Although demonstrated
in a model of myocarditis, IL-10 gene transfer significantly re-
duces mast cell density, local histamine concentration, and mast
cell growth and prevents mast cell degranulation.159 It was
recently explored whether Treg cells influence the immediate hy-
persensitivity response of mast cells.160 Treg cells directly in-
hibited the FceRI-dependent mast cell degranulation through
cell-cell contact involving OX40–OX40 ligand interactions be-
tween Treg cells and mast cells, respectively. When activated in
the presence of Treg cells, mast cells showed increased cyclic
adenosine monophosphate concentrations and reduced Ca11 in-
flux. The in vivo depletion or inactivation of Treg cells caused en-
hancement of the anaphylactic response.160 The demonstrated
crosstalk between Treg cells and mast cells defines a key mecha-
nism controlling mast cell degranulation. Loss of this interaction
might contribute to the severity of allergic responses.

Long-term SIT is associated with a reduction of not only the
immediate response to allergen provocation but also the late-
phase reaction in the nasal and bronchial mucosa or in the skin.
The mechanism of late-phase reaction is different from that of
mast cell–mediated immediate reaction and involves the recruit-
ment, activation, and persistence of eosinophils and activated T
cells at the sites of allergen exposure. Successful allergen SIT
results not only in the increase of allergen concentration neces-
sary to induce an immediate or late-phase reaction in the target
tissue but also in the decreased responses to nonspecific stimu-
lation. Bronchial, nasal, and conjunctival hyperreactivity to
nonspecific stimuli, which seem to reflect underlying mucosal
inflammation, decrease after SIT and correlate with clinical
improvement.161 During birch pollen SIT, reduced plasma levels
of eosinophil cationic protein, a marker of eosinophil activation,
as well as chemotactic factors for eosinophils and neutrophils,
correlated with decreased bronchial hyperreactivity and clinical
improvement.162 Inhibition by SIT of the seasonal increase in eo-
sinophil priming has also been demonstrated.163 In biopsy speci-
mens taken during grass pollen SIT, decreased eosinophil and
mast cell infiltration in nasal and bronchial mucosa after SIT
correlated with the anti-inflammatory effect.164

CONCLUSION
Understanding the mechanisms of action of allergic diseases

might enlighten the complex interactions of effector cells with
tissues and Treg cells. Peripheral T-cell tolerance to allergens,
which is also achieved by means of successful allergen SIT,
represents the key mechanism in healthy immune responses to
allergens. Both built-in and inducible components of the
immune system characterized by CD41CD251FoxP31 Treg
and TR1 cells, suppressive cytokines (eg, IL-10 and TGF-b),
and noninflammatory antibody isotypes (eg, IgG4 and IgA) or-
ganize these responses. In addition to allergy, these mechanisms
might have implications in autoimmunity, organ transplantation
tolerance, tumor cell growth, parasite survival/clearance, and
chronic infections. Suppression of an immune response by
TR1 or FoxP31 Treg cells seems to show beneficial effects in
the case of allergic reactions. However, it might be harmful in
other cases, such as tumor antigen tolerance during cancer de-
velopment and immune tolerance to chronic infectious agents,
which prevents complete neutralization. Changes in the fine bal-
ance between allergen-specific Treg and TH2, TH17, and/or TH1
cells are very crucial in both the development and treatment of
allergic diseases. In addition to the treatment of established al-
lergy, it is essential to consider prophylactic approaches before
the initial sensitization takes place. Preventive vaccines that in-
duce Treg cell responses could be developed, and allergen-
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specific Treg cells, which will become predominant, might in
turn dampen allergic inflammation, ensuring a well-balanced
immune response. Taking these findings into account along
with recent advances in knowledge of Treg cells and related pe-
ripheral tolerance mechanisms, developments of safer ap-
proaches and better treatment of allergy, asthma, and other
immune-mediated diseases are coming.

What do we know?

Allergen SIT induces:

d Increased IL-10–secreting TR1-like cells

d Increased suppressive capacity of TR1 and CD41CD251

Treg cells

d Decreased allergen-specific T-cell proliferation

d Decreased TH1 and TH2 cytokines

d Increased IL-10 levels in venom and IL-10 and TGF-b
levels in aeroallergen SIT

d Increased specific IgG4 levels (specific IgG4 is induced by
IL-10 and TR1 and CD41CD251 Treg cells)

d Multiple suppressor factors, such as IL-10, TGF-b, IL-10
receptor, TGF-b receptor, CTLA-4, PD-1, and HR2

d Decreased clinical and experimental late-phase response

d Decreased tissue mast cells and eosinophils and their
mediators

d Increased IL-10, TGF-b, and CD41CD251FoxP31 Treg
cells in nasal mucosa

Also:

d IL-10 and TR1 cells, as well as IgG4, play a role in toler-
ance to high-dose allergen exposure in bee venom and cat.

d Peptide immunotherapy and SLIT induce similar Treg-
related mechanisms.

d Treatment with glucocorticoids and b2-agonists promote
the numbers and activity of IL-10–secreting TR1-like cells.

What is still unknown?

d Molecular mechanisms of Treg cell generation in vivo

d Adjuvants that directly induce Treg cells

d Longevity of Treg cells after allergen SIT

d Whether adoptive transfer therapies will be possible in
human subjects

d How to balance the harmful role of Treg cells, such as immune
tolerance to tumor antigens and chronic infectious agents

d The use of Treg cells and their markers as a predictive de-
terminant for patient selection and success of allergen SIT

d Clinical effects of vitamin D3, retinoic acid, HR2, and
adenosine receptors targeting strategies in the induction
of Treg cells and benefit to patients

d Contribution of tissue cells to immune tolerance

d Mechanisms of spontaneous healing and remissions and
exacerbations of allergic disease and the contributions
of Treg cells in these processes

d Mechanisms and means for short-term success in allergen
SIT
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