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Regulatory T cells as potential i
mmunotherapy in allergy
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Purpose of review

CD4þ regulatory T cells are fundamental for the induction

and maintenance of immunological tolerance to self and

foreign-antigens, including allergens. Here we discuss

recent advances in the field of regulatory T cells and how

this knowledge can be exploited to treat and prevent allergy.

Recent findings

Current research suggest that naturally occurring

CD4þCD25þ regulatory T cells together with inducible

IL-10-producing CD4þ regulatory T cells actively control

allergic responses and that their function or numbers may

contribute to the development or progression of allergy.

Indeed, successful treatment of allergy by allergen-specific

immunotherapy may depend on the induction of IL-10

secreting CD4þ T cells. Work has begun to reveal the

impact of various pharmaceutical treatments on naturally

occurring CD25þ regulatory T cells. In addition, recent

findings point to an important role for toll-like receptors in

the tuning of regulatory T cell function and homeostasis.

This may link the hygiene hypothesis to regulatory T cells

and open up new possibilities for early intervention in

allergic disease.

Summary

The identification of a role for regulatory T cells in allergic

disease has provided a host of new therapeutic

possibilities, with the potential prospect of safe and long-

term alleviation of allergic diseases.
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Introduction
Allergic diseases, such as rhinitis, asthma and atopic

dermatitis, which follow immune responses to otherwise

innocuous antigens, are rarely life-threatening, but have

become common chronic diseases in many societies,

particularly in the developed part of the world. Indeed,

in some western countries every third child needs

medical attention by a physician because of allergic

disease. Medicine is thus faced with a challenge, and

even though a great deal has been learned about the

pathogenic mechanisms of allergy, less is known about

the underlying cause of disease or how this negative trend

can be reversed.

CD4þ helper T cells play a key role in allergic disease by

driving the anomalous Th2 mediated allergic immune

responses in susceptible individuals. Signature cytokines

of allergic diseases are IL-4 and IL-13, which instigate IgE

production, mucus secretion and airway hyper-

responsiveness, and IL-5 that promotes eosinophil infil-

tration and inflammation [1�]. Additionally, although

atopic sensitization is associated with Th2 responses, other

factors, including Th1 cytokines may sometimes have

adverse effects on clinical manifestation of disease, which

is to be considered when creating potential protocols for

tolerance induction [2]. Current treatments of allergy and

asthma are mainly based on pharmacological interventions

with antihistamines or glucocorticoids, which in most cases

effectively control the disease but without providing long-

term relief or permanent cure. With recent advances in our

understanding of various subsets of regulatory T cells

(Tregs) including inducible IL-10-producing Tregs and

thymically derived naturally occurring CD4þCD25þ

Tregs, such therapeutic goals may now be within reach.

CD4þTregs have a unique role in the induction and

maintenance of tolerance since they regulate both adap-

tive and innate immune responses and both Th2 as well

as Th1 reactions which makes them an ideal target of

immunotherapy. This review will highlight recent pro-

gress in the field of Tregs and allergic disease research and

discuss the potential role of Tregs in current and future

therapy of allergy.

CD4RCD25RFoxp3R regulatory T cells
The majority of CD4þCD25þ Tregs (CD25þTregs)

emerge from the thymus and constitute 5–10% of per-

ipheral CD4þ T cells in healthy mice and humans

(Fig. 1). The suppressive mechanism of CD25þTregs

is unclear at present but is believed to be mainly

cell-contact dependant in vitro although suppressive
rized reproduction of this article is prohibited.
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Figure 1 Relationship of thymically and extrathymically generated regulatory T cells

T cells emerge from the thymus as either
conventional naı̈ve T cells (Th0) or fully functional
Foxp3þ regulatory T cells (Tregs). Th0 cells
undergo further differentiation and become Th1 or
Th2 cells in the periphery after exposure to antigen.
Stimulation of Th0 cells under specialized
conditions of antigen priming can result in effector
cells with a suppressive phenotype that either may
or may not express Foxp3. Induced Foxp3þTregs
are virtually indistinguishable from thymically
derived Foxp3þTregs and similar to thymic Tregs
they may suppress effector cells by either short-
range or cell-contact dependent mechanisms even
though the involvement of suppressive cytokines
cannot be excluded. Foxp3�Tregs are recognized
by their secretion of IL-10 or TGF-b and have for
example been suggested to be generated in the
healthy response to allergens in humans or after SIT
therapy in allergic patients. Ag, Antigen; VitD3,
vitamin D3; Dex, dexamethasone.
cytokines like IL-10 and TGF-b have been reported to

play a role, particularly in vivo [3]. CD25þTregs are best

recognized by expression of the transcriptional regulator

Foxp3 (FOXP3 in humans), which appears to serve as a

master switch gene for Treg development and function.

Foxp3 expression closely correlates with CD4þCD25þ

T cells in mice and to that of CD4þCD25high cells in

humans although Foxp3þCD25�/CD25low cells with sup-

pressive activity also exist. Other commonly used

CD25þTreg markers are CTLA-4 (CD152) and GITR

(glucocorticoid induced TNF family-related gene/

protein), but neither these nor any other so far described

surface markers are exclusively expressed by CD25þ

Tregs, making it difficult to differentiate Tregs from

other T cells, especially after activation [4]. This fact

poses a particular problem for CD25þTreg research in

humans and human disease and has led to inconclusive

reports of CD25þTreg quantification in disease settings

[5]. Moreover, although protocols that aim to purify or

expand human CD25þTregs for systemic therapy in

patients have already been developed, the success

and safety of these in the clinic may very well depend

on highly selective and easy to use markers for human

CD25þTreg [6–8]. Therefore much effort has been

devoted to find surface markers that distinguish

CD25þTregs from activated nonregulatory T cells.

One such marker is CD27, which in combination with

CD25 expression was found to better define Treg in

inflamed synovium of juvenile idiopathic arthritis

patients than CD25 used alone [9�]. CD27 is a member

of the tumor necrosis factor receptor family and it is

expressed by naı̈ve and some memory T cells, but the

expression is downregulated in terminally differentiated

T cells. Why CD27 expression remains on activated

CD25þTreg but not on conventional T cells is not known
opyright © Lippincott Williams & Wilkins. Unauth
and the molecule itself has so far not been implicated in

the function of Tregs [10]. Overall, CD27 expression

appears to be useful as a Treg marker only in a highly

inflammatory environment but even so it should be noted

that its expression is not exclusively confined to FOXP3
expressing cells [11]. Recently, two separate groups

reported CD127 (IL-7 receptor) expression to be inver-

sely correlated to FOXP3 expression in freshly isolated

human adult and cord blood T cells [12�,13�]. If CD127

was co-stained with CD25 the expression level of FOXP3

in the resulting CD127lowCD25þ population reached an

average of 87%, although individual variation could be

seen [12�]. The main advantage of using CD127 in

combination with CD25 is that both FOXP3þCD25high

and FOXP3þCD25low cells, which have so far been

difficult to study, are included in the CD127low cell

population (see below).

The discovery of the importance of the Foxp3 gene in

Treg biology and later the possibility to detect Foxp3

protein on a single cell level has vastly improved our

knowledge of naturally occurring Tregs [14–16]. With

Foxp3 as a basis, elegant murine studies have begun to

elucidate basic requirements of CD25þTreg develop-

ment and homeostasis, such as their more or less

absolute dependency on IL-2 in the periphery, the

important role of CD28 during thymic development

and the positive impact of TGF-b on Foxp3 expression

[17��,18��,19]. In humans, flow cytometric staining of

FOXP3 protein has shown that FOXP3þ T cells con-

stitute 5–10% of CD4þ T cells in peripheral blood [20].

This is a far greater proportion of CD4þ T cells than the

early estimations of approximately 2–3%, which were

based on CD4þCD25high Treg numbers and, in fact,

more comparable to levels of CD25þTreg reported in
orized reproduction of this article is prohibited.
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mice [21,22]. Many of these Foxp3þ T cells express

CD25 with lower intensity than traditional CD25high-

Tregs, making them difficult to purify for functional

studies. This fact raises several questions. For example,

do functional and immunophenotypic studies based on

human CD25high Tregs show the whole truth if large

amounts of potential FOXP3þ Treg are missing from

Treg isolates? On the other hand, how do we even know

that FOXP3þCD25dim T cells are regulatory cells with-

out reliable surface markers that enable functional

assessment of them? In this respect, newly discovered

markers such as CD127 might be useful. Finally, if these

FOXP3þCD25dim cells are not regulatory what are they?

Recently, it was found that conventional in-vitro stimu-

lation transiently induces FOXP3 expression in non-

regulatory human CD4þ and CD8þ T cells, but without

accompaniment of suppressive ability [23��]. Such tran-

sient expression has not been reported in mice and may,

together with the production of a second splice variant of

Foxp3, very well represent unique features of human

T cells [24,25]. At the same time, a growing number of

reports show that suppressive cells with similar pheno-

type and function as naturally occurring CD25þTregs

can be experimentally generated from peripheral

CD4þCD25� T cells in both mice and humans after

antigen stimulation, an event especially evident in the

presence of high levels of TGF-b (Fig. 1) [26–31].

Thus, one possibility is that Foxp3 can be induced in

more or less all T cells but certain circumstances are

required for a regulatory phenotype to be induced and

sustained. The significance of this extrathymic devel-

opment remains to be elucidated but it points to a

previously unappreciated plasticity in the CD25þTreg

population that may be important for the induction of

tolerance to self antigens and perhaps even more so to

foreign antigen such as allergens.

The role of CD25RTregs in allergic disease
The spontaneous development of allergic airway inflam-

mation, hyper-IgE and eosinophilia in addition to various

autoimmune syndromes in Foxp3 mutant mice, and the

subsequent rescue of these animals if transferred with

wild type CD25þTregs, provide compelling evidence for

the important role of CD25þTreg in allergic disease

[16,32�]. Humans suffering from immune dysregula-

tion polyendocrinopathy enteropathy-X-linked syn-

drome (IPEX) are similarly affected and a majority of

these patients also have some form of mutation in the

FOXP3 gene [25]. In contrast to models of Foxp3
mutant mice, in which Foxp3 message and CD25þTregs

Tregs are completely lacking, IPEX patients may some-

times but not necessarily always be deficient in

CD25þTregs [15,16,23��,32�,33��]. Rather it appears as

if various FOXP3 mutations in these patients can lead

to heterogeneous immunological abnormalities that

affect both the function of CD25þTreg and conventional
opyright © Lippincott Williams & Wilkins. Unautho
T cells [33��]. For example, while Foxp3-deficient mice

display an upregulated production of both Th1 and Th2

cytokines, some IPEX patients instead produce less IL-2

and IFN-g than normal donors. Since CD25þTregs are

highly dependent on the growth factors produced by

effector cells this finding suggests that even if

CD25þTregs exist in IPEX patients they may not be

optimally stimulated and therefore not properly func-

tional in vivo [32�,33��]. Interestingly, one patient

carrying a FOXP3 mutation that did not result in auto-

immunity still had elevated IgE levels and eczema, which

illustrates that allergic disease, compared to autoimmune

disease, is more easily triggered by immune dysregula-

tion [33��].

Several studies have examined the role of CD25þTregs

in common allergic diseases. For example, children who

had outgrown their cow’s milk sensitivity had signifi-

cantly higher levels of CD4þCD25þ T cells in their

peripheral blood and were less responsive to stimulation

with b-lactoglobulin in vitro than those who maintained a

clinically active allergy [34]. CD25þTregs have also been

shown to suppress allergic responses to inhaled antigens

such as grass or birch pollen [35–37]. Broadly speaking

these studies together show that while healthy controls

suppress proliferation and Th1/Th2 cytokine production,

allergic individuals defectively inhibit Th2 but not Th1

responses to allergen and this is even more pronounced

during the pollen season. Thus, CD25þTregs in allergic

patients may not be dysfunctional per se but their function

may rather be affected by various genetic and environ-

mental factors resulting in the dysregulation of Th2

responses to allergens.

The role of CD25þTregs and adaptive Tregs in atopic

dermatitis was recently investigated. One study found

that the total number of CD4þCD25þ T cells but not

FOXP3 mRNA, increased in peripheral blood of atopic

dermatitis patients compared with that of healthy con-

trols and asthma patients, indicating that the increase in

CD25þ T cells represents activated effector T cells and

not Tregs [38]. FOXP3þ cells have also been studied in

the skin of atopic dermatitis patients and while one study

found plenty of CD4þCD25þ T cells but no expression of

FOXP3 protein, another study detected an accumulation

of FOXP3þ cells, which is usually not seen in healthy

skin [39,40]. This is similar to previously published

reports in other inflammatory conditions such as rheuma-

toid arthritis, for which FOXP3þ cells increase in the

afflicted joints [5]. Finally, various studies of allergic

asthma in the DO11.10 transgenic mouse model have

shown that CD25þTregs can reduce the recruitment of

Th2 cells and eosinophils as well as the secretion of

IL-4, although the impact of CD25þTregs on

airway hyperreactivity appears to be more modest

[41,42,43��,44��].
rized reproduction of this article is prohibited.
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Adaptive Tregs in the allergic response
Recent findings suggest that allergen-specific IL-10 pro-

ducing T cells with regulatory capacity may be adaptively

induced as a component of the normal response to aller-

gens in healthy individuals (Fig. 1) [45]. Moreover, IL-10

producing T cells have been shown to be induced follow-

ing specific allergen immunotherapy in humans and in

mouse models of tolerance induction after respiratory

exposure to allergen [46–50]. The relationships between

naturally occurring Foxp3þTregs, the inducible Foxp3þ-

Tregs aforementioned and the inducible IL-10 produ-

cing T cells is currently unclear. Adoptive transfer of

ovalbumin-specific CD25þTreg to ovalbumin-sensitized

recipients was shown to reduce clinical symptoms of

asthma through an IL-10 dependant mechanism [44��].

Interestingly, suppression was still evident when oval-

bumin-specific CD25þTregs from IL-10 deficient mice

were transferred. The authors concluded that CD25þ

Tregs suppressed Th2 mediated responses via the induc-

tion of IL-10 production in conventional T cells [44��].

Recent reports propose that inducible Tregs may be

differently polarized, perhaps depending on the con-

ditions of induction. That is, Tregs induced in the

respiratory tract have been shown to express IL-10, Foxp3
and GATA3 or alternatively TGF-b and Foxp3 [49,51]. In

contrast, administration of ovalbumin together with heat-

killed Listeria monocytogenes induced Tregs that expressed

both Foxp3 and T-bet and secreted IFN-g as well as IL-10

[50]. It should be mentioned, however, that these

induced Tregs were analyzed as bulk populations and

not at a single cell level, making it difficult to definitely

predict the expression pattern. In summary, tolerance to

allergens seems to involve several types of Treg, both

thymically derived and peripherally induced ones. Much

work remains, however, to fully decipher the relation-

ships between them and their respective roles in the

response to allergens.

Regulatory T cells and intervention in allergic
disease
During the course of allergic disease, three main points of

intervention can be envisaged. The first point is to

prevent a dysregulated Th2 response to allergens and

this most probably has to be done very early in life. There

is overwhelming consensus that the immune system is

critically matured and tuned by interaction with com-

mensal bacteria as well as other types of parasites and

infections, and conceivably this also applies to the main-

tenance of Tregs [52,53]. Indeed, recent studies suggest

that toll-like receptor (TLR) signalling is important for

the function and homeostasis of CD25þTreg. MyD88-

deficient mice have a lower frequency of Tregs than

normal animals, and several TLRs, including TLR 2, 5

and 8, are expressed by CD25þTreg, which suggests that

bacterial products can modulate Treg directly in addi-

tion to indirect effects via antigen presenting cells
opyright © Lippincott Williams & Wilkins. Unauth
[54��,55��,56�]. Interestingly, epidemiological studies

show that Th2 cell stimulating helminths may counteract

the development of allergies, possibly by induction of

Treg [57]. This hypothesis was verified in an experimen-

tal model in which mice infected with the gastrointestinal

nematode Heligmosomoides polygyrus were found to sig-

nificantly suppress experimentally induced airway allergy

to ovalbumin and the house dust mite allergen Der p 1,

compared to uninfected controls [58��]. Suppression was

accompanied by increased levels of CD4þCD25þFoxp3þ

T cells, IL-10 and TGF-b. While depletion of CD25þ T

cells reversed suppression, however, IL-10 did not appear

to play a role in this model. The antigen specificity of the

resulting Treg population in helminth infected mice is

not known but one reasonable speculation might be that

the parasites cause a general and nonspecific expansion of

naturally occurring CD25þTregs, which alters the bal-

ance between Tregs and effector cells in favor of toler-

ance.

The second point of intervention is to block the already

established Th2 response to allergens. This can be done

either by specific allergen immunotherapy (SIT) or by

glucocorticoid treatment. SIT has been around as an

effective clinical treatment of IgE mediated diseases

for almost a century but it is only recently that the

mechanisms behind it have begun to be revealed. One

important event might be the induction of allergen

specific CD4þTregs that produce IL-10 and perhaps also

TGF-b [46,47,59,60]. These Tregs are primarily found

among CD25þ T cells but it is currently unclear how

these cells are related to thymically derived FOXP3þ-

Tregs. What can be said is that peripheral blood of SIT

patients do not display an increase in either CD25þ,

CD25high cells or in the level of FOXP3 expression, which

suggests that SIT-induced Tregs might be CD25þ effec-

tor cells that have deviated towards an IL-10 producing

phenotype (H. Grindebacke, unpublished data) [46].

One possibility is that naturally occurring CD25þTreg

somehow facilitate the induction of these IL-10 produ-

cing T cells, a phenomenon which has been reported to

occur in mice in response to inhaled allergen [44��].

Currently, attempts are being made to rid SIT of severe

side effects like anaphylaxis and also shorten the long

treatment period. One strategy is to use purer prep-

arations of allergens such as specific peptides to avoid

binding of allergen to IgE. So far, there are limited reports

on the Treg response after peptide immunotherapy. One

study found that the beneficial effect of peptide therapy

was not directly dependent on CD25þTreg [61]. In

another study by the same group, however, whole

CD4þ T cells were found to suppress cell division of

CD4� cells after cat peptide antigen treatment, indicat-

ing the induction of a Treg population [62]. Another

strategy involves the use of adjuvants in combination

with allergens which in mice can enhance induction of
orized reproduction of this article is prohibited.
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Treg [50,63]. In humans, allergen conjugated to immu-

nostimulatory CpG, which binds to TLR 9, seem to

induce long lasting effects in spite of only a short treat-

ment period [64,65]. Animal experiments show an

immune deviation towards Th1, but the role of Tregs

remains to be assessed [66]. In conclusion, the role of

CD25þTregs in SIT remains unclear and detailed studies

of the interactions between CD25þFOXP3þTregs, con-

ventional CD4þ T cells and also antigen presenting cells

are warranted.

Glucocorticoids are known to deliver short-term relief

from clinical symptoms by downregulation of Th2

responses and the combination of dexamethasone and

vitamin D3 was found to induce IL-10 production but not

FOXP3 expression in CD4þ T cells in mice and humans

[1�,67,68�]. In contrast, another study [69] did detect

enhanced FOXP3 expression in CD4þ T cells, both in
vitro and in asthmatic patients after treatment with

steroids. Despite these effects, corticosteroids do not

seem to alter the underlying disease mechanisms.

A recent study [70�] in mice showed that corticosteroids

interfere with production of adaptive Tregs after respir-

atory exposure with allergen, by abolishing the develop-

ment of IL-10 producing dendritic cells, which are

important for induction of IL-10 producing Tregs. This

highlights the fact that corticosteroids have multiple

effects on the immune system and that it is the net effect

of all these that determines the outcome.

The third way to control the allergic response is to

prevent the action of effector molecules such as cyto-

kines, IgE or histamine. The implications on Tregs in

this stage of the allergic pathway might be to lower the

activation status of effector cells and thus allow for Treg

suppression to take place. Recently, IL-6 was shown to

play a role in allergic airway inflammation by both enhan-

cing Th2 responses and hindering the expansion of

CD25þTregs [43��]. This suggests that anti-IL-6 therapy

may be a potential way to not only control clinical

manifestations but also to tip the balance in favor of

permanent tolerance. Another interesting effector mol-

ecule is histamine. It seems that histamine can have

several different effects depending on which type of

histamine receptor (HR1, HR2) the target cells express.

HR1 expressed by Th1 cells enhances their function

while HR2 expressed by Th2 cells inhibits the pro-

duction of Th2 cytokines [71�]. The expression pattern

of histamine receptor on CD25þTregs has yet to be

reported but may indicate how Treg functionality is

affected during allergic inflammation.

Conclusion
Induction or expansion of Tregs is an attractive thera-

peutic solution for allergic diseases, one that may already

be here. In order to take advantage of the full potential of
opyright © Lippincott Williams & Wilkins. Unautho
Treg therapy, however, much remains to be learnt about

how these cells develop, how they function and impor-

tantly what the respective roles of naturally occurring

CD25þTregs versus inducible Tregs are in allergic dis-

ease.
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