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Inhibition of the allergic respon
se by regulatory T cells
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Purpose of review

Allergic diseases are caused by the overdevelopment of

T-helper type 2 biased immune responses in susceptible

individuals. A number of recent studies indicate that

regulatory T cells play an important role in controlling such

T-helper type 2 biased responses not only in animal models,

but in humans as well, and these will be reviewed in this

article.

Recent findings

A family of regulatory cells appears to be involved in

regulating allergies. Both naturally occurring CD4þCD25þ

regulatory T cells and inducible forms of antigen-specific

regulatory T cells, both expressing the transcription factor

foxp3, have been shown to inhibit the inappropriate immune

responses involved in allergic diseases. Impaired expansion

of natural or adaptive regulatory T cells is hypothesized to

lead to the development of allergy, and treatment to induce

allergen-specific regulatory T cells could provide curative

therapies for allergy and asthma.

Summary

Allergen-specific regulatory T cells play an important role in

controlling the development of allergy and asthma.
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Charité, Berlin, Germany and bDivision of Immunology, Children’s Hospital Boston,
Harvard Medical School, Boston, Massachusetts, USA

Correspondence to Dale T. Umetsu MD, PhD, Division of Immunology, Children’s
Hospital Boston, Harvard Medical School, Karp Laboratories, Rm 10127, One
Blackfan Circle, Boston, MA 02115, USA
Tel: +1 617 919 2414; fax: +1 617 7300528;
e-mail: dale.umetsu@childrens.harvard.edu

Current Opinion in Allergy and Clinical Immunology 2006, 6:12–16

Abbreviations
TReg re
opyrig

12
gulatory T cells

TCR T
-cell receptor

TGF-b tr
ansforming growth factor b

Th2 T
-helper type 2

TLR to
ll-like receptor

TSLP th
ymic stromal lymphopoietin

IL in
terleukin
� 2006 Lippincott Williams & Wilkins
1528-4050
ht © Lippincott Williams & Wilkins. Unautho
Introduction
Immune tolerance to self or exogenous antigens/allergens

is mediated by several mechanisms, including clonal

deletion, anergy or immune suppression by regulatory

T (TReg) cells. TReg cells mediate tolerance by prevent-

ing the activation and function of nonregulatory effector

T cells. The study of TReg cells has advanced markedly

over the last few years, driven by a few key findings and

improvements in the technology for identifying and

isolating TReg cells. Several subtypes of TReg cells have

been described, including those that develop centrally in

the thymus, specific for auto/self-antigens (also called

natural CD25þ TReg cells) and those that develop in the

periphery on exposure to exogenous antigen/allergens

(also called adaptive TReg cells). Allergen-specific adap-

tive TReg cells are thought to play an important role in

limiting immune responses to allergens and preventing

allergic disease, but the precise relationship between

natural and adaptive subsets of TReg cells is not yet

certain.

Thymus-generated natural TReg cells
Natural TReg cells develop in the thymus and constitute

5–10% of the CD4þ T cells in the periphery in both mice

and in humans. Natural TReg cells constitutively express

the CD25 [interleukin (IL)-2 receptor] molecule, as

well as cytotoxic T-lymphocyte-associated protein 4

(CTLA-4), a member of the immunoglobulin superfam-

ily, glucocorticoid-induced tumor necrosis factor receptor

(GITR), a member of the tumor necrosis factor-nerve

growth factor receptor family of proteins, and the tran-

scription factor Foxp3 [1�]. Although the expression of

CD25 has been used in many studies to specifically

identify natural TReg cells in naı̈ve mice, the value of

CD25 as a marker of TReg cells is limited, since CD25 is

highly expressed (as is CLTLA-4, and GITR) on acti-

vated CD4þ T cells, virtually eliminating the value of

CD25 as a marker for TReg cells in settings of immune

activation, particularly in humans. In contrast, the expres-

sion of Foxp3 is highly restricted to a subset of ab T-cell

receptor (TCR) cells, and irrespective of CD25 expres-

sion, expression correlates closely with suppressor

activity [2��]. Studies in mice suggest that Foxp3, which

binds to DNA, localizes to the nucleus and acts as a

transcriptional repressor [3], functioning as a TReg cell

lineage specification factor [4–6].

Natural TReg cells develop in the thymus, presumably

through mechanisms that involve TCR–ligand interac-

tions, as well as additional, poorly understood signals,
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distinct from those required for nonregulatory T-cell

selection [7]. The TCR repertoire and specificity of TReg

cells are overlapping with those of nonregulatory T cells,

and a large proportion of the TCRs of TReg cells are self

reactive [8]. The process of positive section in the thymus

for TReg cells does not appear to involve the Aire gene,

which induces the transcription in the thymic medullary

epithelium of a large set of genes encoding tissue-specific

proteins. Rather, Aire is thought to primarily induce

clonal deletion of self-reactive thymocytes, and not

positive selection of TReg cells [9�]. A factor, however,

that may be critically involved in positive selection of

natural TReg cells in the thymus is thymic stromal

lymphopoietin (TSLP), which is highly expressed in

Hassall’s corpuscles in the thymic medulla, and which

activates dendritic cells to induce thymocyte expression

of Foxp3 [10��]. Whether this mechanism that results in

the development of natural CD25þ TReg cells is also

involved in the development of adaptive TReg cells is

not known.

Natural CD25R TReg cells in allergy
Several studies have examined the role of the

CD4þCD25þ T-cell population in regulating allergic

disease. In studies of cow’s milk allergy, children who

had outgrown cow’s milk sensitivity had higher frequen-

cies of circulating CD4þCD25þ T cells and decreased in-

vitro proliferative responses to bovine b-lactoglobin in

peripheral blood mononuclear cells compared with chil-

dren who maintained a clinically active allergy [11��].

CD4þCD25þ T cells may also suppress allergic responses

to inhaled allergens (e.g. cat allergen or grass pollen),

as CD25þ T cells from nonallergic donors, but not

from allergic donors, suppressed proliferation and IL-5

secretion by their own allergen-stimulated CD4þCD25�

T cells [12�]. The loss in inhibitory activity of CD25þ

T cells from allergic donors was most pronounced during

symptomatic periods, when pollen counts were highest.

Similarly, CD25þ T cells from both allergic and non-

allergic individuals potently suppressed T-cell prolifer-

ation and T-helper type 2 (Th2) cytokine production in

response to birch allergen outside of the pollen season.

During the birch pollen season, however, CD25þ T cells

from allergic patients, although not from nonallergic

controls, were defective in downregulating birch pollen

induced IL-13 and IL-5 production [13]. These studies

suggest that the ‘natural’ CD25þ T-cell population

includes T cells that recognize allergens, or possibly that

activated antigen-specific ‘adaptive’ TReg cells express-

ing CD25 are present in this population. Alternatively,

nonspecific suppressive activity of the natural CD25þ

T-cell population can inhibit the development of atopic

disease, but this suppressive activity is reduced in atopic

individuals for various reasons, for example by exposure

to superantigen [14]. In mice, natural CD25þ T cells have

been shown to limit airway inflammation but not airway
opyright © Lippincott Williams & Wilkins. Unauth
hyperreactivity [15], consistent with the idea that CD25þ

T cells are weak against allergen-specific responses

because they are not allergen specific. Therefore, pre-

activation of the CD25þ T cells by nonspecific signals

appears to be required to obtain strong inhibition of

allergic responses [16].

Exogenous antigen-specific adaptive TReg

cells
While it is clear that natural TReg cells are positively

selected in the thymus by encounter with self-antigens,

it is likely that allergen-specific adaptive TReg cells

develop after encounters with exogenous allergens

(e.g. from food or plants), not in the thymus, but rather

in the periphery. This suggests that adaptive TReg cells

develop through pathways distinct from CD25þ natural

TReg cells, presumably from nonregulatory T cell pre-

cursors. Alternatively, it is possible that adaptive TReg

cells derive from the same dedicated TReg cell lineage

as do natural TReg cells, possibly by differentiation in

the thymus, but then expand in the periphery after

encounters with allergens. Because adaptive TReg cells

do not have clear-cut markers that make them easy to

identify and isolate, the specific characteristics and

pathways by which they develop are difficult to study.

In human patients with the immune dysregulation,

polyendocrinopathy, X-linked (IPEX) syndrome, who

have mutations in the Foxp3 gene, the development of

both severe autoimmune disease as well as food allergy

and eczema suggests that regulatory T cells expressing

Foxp3 play an important role both in regulating auto-

immunity as well as in regulating allergic responses to

exogenous allergens. Therefore, natural and adaptive

TReg cells may be related by the expression of Foxp3.

The development of allergy, therefore, may be due

to insufficient development of allergen-specific TReg

cells expressing Foxp3 in allergic individuals [17]

(see below).

Antigen-specific adaptive TReg cells have been induced

in a number of experimental conditions. For example, the

induction of tolerance by intravenous or oral adminis-

tration of antigen resulted in the development of (adap-

tive) antigen-specific (CD25þ) TReg cells [18], or

suppressive Th3 cells [19], although Foxp3 expression

was not examined in these studies. In addition, admin-

istration of peptide subcutaneously [20] or subcu-

taneously with osmotic pumps [21��], or of antigen into

the respiratory tract [22,23��], or of antigen with the

adjuvant heat-killed Listeria monocytogenes [24��] induced

the development of antigen-specific TReg cells that

expressed Foxp3. Some of these TReg cells expressed

IL-10 [22], while others expressed transforming grow-

th factor b (TGF-b) [23��], or both IL-10 and interferon

g (IFN-g) [24��]. In particular, the IL-10 producing TReg

cells (which expressed GATA-3, master regulator for Th2
orized reproduction of this article is prohibited.
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polarization, and FoxP3), the IL-10 and IFN-g producing

TReg cells (which expressed T-bet and Foxp3) [22,24��],

and the TGF-b-producing TRegs (which expressed

Foxp3) [23��] all had potent inhibitory activity, and

blocked the development of airway hyperresponsiveness

(AHR) in murine models of asthma. Thus, several types

of adaptive TReg cells that express Foxp3 and that may be

related to natural TReg cells can inhibit the development

of Th2-driven inflammation.

Antigen-specific adaptive TReg cells expressing Foxp3

may also be related to TR1 cells, which develop in vitro in

the presence of IL-10 [25], or in the presence of vitamin

D3 and dexamethasone [26]. TR1 cells, however, do not

express Foxp3 [27], and treatment of mice with cortico-

steroids prevents the development of antigen-specific

TReg cells [28], suggesting that corticosteroid therapy

has the potential to worsen allergic diseases. In-vitro

treatment with corticosteroids can induce Foxp3 expres-

sion in nonregulatory human T cells, but only twofold

[29], and can enhance IL-10 production, but also only

twofold [30], and the suppressor activity of such Foxp3þ,

IL-10þ T cells is modest. Additional mechanisms have

been shown to increase Foxp3 expression in T cells, for

example exposure to TGF-b [31,32], or by blockade of

IL-6R [33], but the precise role of such Foxp3þ cells

in vivo is not clear. Nor is it clear if the expression of

Foxp3 is due to the expansion of a small population of

Foxp3þ T cells that might contaminate the population,

or due to a true conversion of nonregulatory T cells

into TReg cells. The induction of TReg cells in the

periphery is unlikely to involve TSLP, which induces

Foxp3 expression in TReg cells in the thymus [10��], since

expression of TSLP in the lungs or the skin results in

the development of allergic airway inflammation [34]

and atopic dermatitis [35], respectively. Although meti-

culous analysis of mouse T cells in vitro and in vivo
shows no upregulation of Foxp3 after activation of non-

regulatory T cells [2��,36], under certain circumstances

naı̈ve CD25 cells, presumably those without regula-

tory cell activity, develop into allergen-specific adaptive

TReg cells producing Foxp3 on encounter with allergen

outside of the thymus. The precise mechanisms by which

this occurs in the periphery, however, remain to be

elucidated.

IL-10 and tolerance in allergy and asthma
Until recently, the development of allergic diseases was

thought to be due to an imbalance between allergen-

specific Th1 and Th2 cells. The importance of TReg cells,

however, suggests that allergy is due rather to an imbal-

ance between allergen-specific TReg cells and Th2 cells.

In allergic individuals, there is an increase in the fre-

quency of IL-4-secreting, allergen-specific T cells, and a

reduction in the frequency of IL-10-secreting, allergen-

specific TReg cells compared with nonallergic individuals
opyright © Lippincott Williams & Wilkins. Unautho
[37��]. This is consistent with the cytokine profiles

observed in a large cohort of allergic and nonallergic

children, in which increased IL-4, IL-5 and IL-13 was

associated with allergy, and IL-10 was associated with

negative allergy skin tests [38]. The lack of allergen-

specific tolerance (and limited development of TReg

cells) in allergic individuals has been hypothesized to

be related to improved hygiene in industrialized

countries, possibly due to reduced infections, alterations

in commensal microflora in the intestinal tract and

reduced toll-like receptor (TLR) signaling [39]. This

idea is consistent with the observation that oral tolerance

cannot be induced in germ-free mice [40]. Furthermore,

elimination of commensal intestinal microflora and TLR

signaling with broad spectrum antibiotics also prevented

oral tolerance from developing, enhanced allergic sensi-

tization [41], and resulted in susceptibility to intestinal

inflammation [42��]. These observations suggest that

TLR signaling by commensal bacteria under normal

steady-state conditions is required for maintenance of

intestinal epithelial homeostatsis, and possibly for the

induction of some forms of TReg cells.

Allergen-specific immunotherapies for
allergic diseases
If allergic disease is due to a lack of allergen-specific TReg

cells, then effective therapies for allergy should induce

the development of TReg cells producing cytokines such

as IL-10 [43�]. Although treatment using recombinant

IL-10 itself is well tolerated, IL-10 has both inflammatory

as well as noninflammatory effects, and when adminis-

tered as a pharmaceutical agent may exacerbate allergic

disease [44]. Therefore, delivery of IL-10 by allergen-

specific TReg cells, induced with allergen immunother-

apy, is a more attractive approach that has the poten-

tial to cure patients with allergy and asthma. Allergen

immunotherapy involves the subcutaneous, sublingual

or intranasal application of increasing doses of specific

allergen extract and is highly effective in patients

with immunoglobulin E (IgE)-mediated diseases, such

as allergic rhinitis, asthma and venom anaphylaxis [45–

47]. Traditional allergen-desensitization immunother-

apy, which has been in use for almost a century now

[46,47], may be effective for the treatment of allergy

because it induces the development of TReg cells. Thus,

successful allergen immunotherapy is associated with a

decrease in an allergen-specific Th2 response and the

induction of allergen-induced IL-10-secreting TReg cells

[48–51].

Because traditional immunotherapy is associated with

significant adverse side effects, including anaphylaxis

and death, and because sustained benefit requires pro-

longed administration over a period of several years,

improved and more efficient immunotherapy regimens

have been studied recently. First, the use of purer
rized reproduction of this article is prohibited.
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allergen preparations, including recombinant allergen

proteins, may increase the safety and specificity of immu-

notherapy, as well as improve the diagnosis of specific

allergy [52]. This strategy is dependent on a clear under-

standing of the important allergenic epitopes that induce

TReg cells. Second, to limit the allergenicity of whole

allergens, investigators have examined peptide-based

allergen preparations, which do not bind IgE and there-

fore do not activate mast cells, but which reduce both

Th1 and Th2-cytokine synthesis, while increasing levels

of IL-10 [53,54]. The beneficial effects of peptide immu-

notherapy, however, appear not to depend on enhancing

the development of CD4þCD25þ TReg cells [55]. A third

strategy, which may improve the safety of allergen immu-

notherapy, is to administer anti-IgE-monoclonal antibody

omalizumab with allergen immunotherapy [56,57]. Such

a combination may improve the rapidity by which immu-

notherapy induces TReg cells.

A fourth strategy to improve the efficiency by which

immunotherapy induces TReg cells is to use adjuvants.

For example, treatment of mice with mycobacterium-

induced allergen-specific TReg cells producing IL-10 and

TGF-b protected against airway inflammation [58]. Sim-

ilarly, the use of just one dose of heat-killed L. mono-
cytogenes as adjuvant induced allergen-specific TReg cells

producing IFN-g and IL-10, which protected against

airway inflammation and AHR in mice [24��], and against

food allergy in dogs [59]. The combination of IFN-g and

IL-10 produced by the TReg cells may be particularly

effective in reducing allergic inflammation [60]. The

adjuvant closest to clinical application in man is immu-

nostimulatory CpG motifs, which are present in bacterial

DNA but suppressed in vertebrates, and which activate

TLR9 [61]. Trials in humans showed that CpG allergen

(ragweed) possesses greatly reduced allergenicity, and

early reports of the clinical efficacy are highly encoura-

ging [62,63]. Because the beneficial effects of the CpG–

allergen conjugates appear to last well beyond the treat-

ment period (which generally includes only six injec-

tions), it is likely that the CpG–allergen conjugates

induce some form of TReg cells, which may produce

IL-10 and IFN-g, although this has not been formally

studied. In any case, adjuvants such as CpG or heat-killed

Listeria appear to greatly enhance the efficiency and

efficacy of allergen immunotherapy to provide safe and

long-lasting control of allergic diseases.

Conclusion
The induction of allergen-specific regulatory T cells

provides a local, allergen-driven inhibitory immune res-

ponse, which allows a safe and long-lasting control of

allergic diseases. Further understanding of the mechan-

isms involved to induce these cells is necessary to utilize

them more efficiently in therapeutic strategies.
opyright © Lippincott Williams & Wilkins. Unauth
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