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Abstract
Airway inflammation in asthma is characterized by activation of T helper type-2 (Th2) T cells,
IgE production and eosinophilia. In many cases, this process is related to an inappropriate
T cell response to environmental allergens, and other T cell-dependent pathways may also be
involved (such as Th17). Regulatory T cells (Tregs) are T cells that suppress potentially harmful
immune responses. Two major subsets of Treg are CD25hi, Foxp31Tregs and IL-10-producing
Tregs. There is evidence that the numbers or function of both subsets may be deficient in
patients with atopic allergic disease. Recent work has extended these findings into the airway
in asthma where Foxp3 expression was reduced and CD25hi Treg-suppressive function was
deficient. In animal models of allergic airways disease, Tregs can suppress established airway
inflammation and airway hyperresponsiveness, and protocols to enhance the development,
recruitment and function of Tregs have been described. Together with studies of patients and
in vitro studies of human T cells, these investigations are defining potential interventions to
enhance Treg function in the airway in asthma. Existing therapies including corticosteroids
and allergen immunotherapy act on Tregs, in part to increase IL-10 production, while vitamin
D3 and long-acting b-agonists enhance IL-10 Treg function. Other possibilities may be
enhancement of Treg function via histamine or prostanoid receptors, or by blocking
pro-inflammatory pathways that prevent suppression by Tregs (activation of Toll-like
receptors, or production of cytokines such as IL-6 and TNF-a). As Tregs can also suppress
the potentially beneficial immune response important for controlling infections and cancer,
a therapeutic intervention should target allergen- or site-specific regulation.

Immune mechanisms in asthma

A majority of patients with asthma have an atopic, allergic
background. The prevailing consensus is that the immu-
nological basis of atopic sensitization and allergic disease
results from inappropriate T helper type-2 T cell responses
to common environmental proteins termed allergens.
Th2-associated cytokines such as IL-4 and IL-13 are
important in driving IgE production to allergens, IL-5
contributes to the eosinophilic inflammation that char-
acterizes allergic disease and IL-9 and IL-13 are thought to
be important for bronchial hyperresponsiveness [1]. Th2
cytokines and local mucosal IgE production are also
features of non-atopic or intrinsic asthma, although what
drives this process is unknown [2].

Recent advances in both immunology and clinical
phenotyping of asthma have raised the possibility that
other mechanisms may drive pathology in some patients
with asthma, or co-exist with Th2-type inflammation
in many patients. For example, both cluster analysis of
clinical, pathological and physiological parameters [3]

and biopsy studies [4] of patients with severe asthma
suggested eosinophilic and non-eosinophilic subsets.
Th17 T cells are a more recently described subset driven
by IL-23, which produce IL-17 and are associated with
neutrophilic inflammation [5]. This subset can also be
derived with TGF-b and IL-6, as discussed below. IL-17
expression by both T cells and eosinophils is increased in
the asthmatic airway [6], and in animal models, IL-17 was
required during initial allergic sensitization but reduced
Th2-dependent inflammation in established disease [7],
whereas transfer of Th17 cells together with Th2 cells in
naı̈ve mice augmented airway inflammation [8]. Neutro-
philic inflammation in asthma has been associated with
development of fixed airflow obstruction [9] although
whether this results from Th17-type T cell activation or is
restricted to asthma is uncertain. Recently, a variety of
cytokines derived from epithelium, fibroblasts and other
airway structural cells have been shown to have an
important potential for interaction with Th2 T cells, mast
cells and eosinophils: these include IL-25 [10], IL-33 [11]
and TSLP [12].
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It may be that different phenotypes in asthma result
from different patterns of genetic predisposition to atopy,
Th2 responses, Th17 responses, epithelial cell activation
and neutrophilic inflammation. Much more research is
required to link genotypes and phenotypes, and in parti-
cular to define how these determine disease progression
and response to treatment [13].

Why do asthmatics develop Th2-driven airway
inflammation?

It is clear that whole populations are exposed to ubiqui-
tous allergens such as pollens and dust mites, so why does
everyone not develop allergic sensitization, and why are
all atopics not asthmatic? The answers to these questions
probably lie in a mixture of genetic susceptibility to both
atopy and asthma (possibly through changes in airway
structural cells such as epithelium), timing and dose of
allergen exposure and co-exposure to infectious agents.
At the level of immunological sensitization, it has become
clear that Th2-cell responses to common allergens can be
detected in non-atopic healthy individuals under certain
conditions [14]. Along with other inappropriate T cell
reactivity, such as that to self-antigens, there is increasing
evidence that at least one mechanism for preventing
activation of potentially harmful T cells is active suppres-
sion by regulatory or suppressive T cells [15]. One possible
explanation for development of allergic airway inflam-
mation in asthma is that such suppression is either
defective or overwhelmed.

Regulatory T cells

There is now evidence for a variety of suppressive or
regulatory T cell (Treg) subsets that either develop as a
normal part of the immune system (termed naturally
occurring Tregs) or in response to particular antigenic
exposure (adaptive Tregs) [16]. The best characterized are
CD41 T cells that constitutively express high levels of
surface CD25 (the IL-2 receptor a chain: CD25hi T cells)
[17]. Unlike CD41 Th cells, these CD25hi cells do not
proliferate or produce cytokines when stimulated with
antigen in the laboratory, but actively suppress prolifera-
tion and cytokine production from other T cells (termed
effectors). They owe their suppressive phenotype in large
part to the expression of high levels of the transcription
factor Foxp3, because removal or reduction of Foxp3
abrogates their ability to suppress and adding Foxp3 to
CD25 negative effector T cells renders these suppressive
[18–21]. Patients with defects in foxp3 develop a syn-
drome termed immunodysregulation, polyendocrinopa-
thy, enteropathy and X-linked (IPEX), which includes
development of autoimmunity and atopic allergic disease
[22]. How Foxp3 renders the cell suppressive is unclear:
although it prevents the cell from developing into an

IL-17-producing effector by inhibiting expression of tran-
scription factor RORgT [23], it is itself inhibited by
expression of the Th1-associated transcription factor
T-bet and the Th2-associated factor GATA3 in developing
CD41 T cells [24, 25]. Foxp3 directly associates with the
transcription factor AML1/Runx1, which in turn is re-
quired for activation of the IL-2 and IFN-g genes [26], and
also increases expression of the micro-RNA miRNA 155,
which, via suppression of cytokine synthesis (SOCS)-1,
can down-regulate STAT5 activation and hence IL-2
production [27]. How CD25hi Tregs suppress is also
uncertain. A variety of suppressive pathways are de-
scribed including cytokines such as IL-10 and TGF-b, cell
surface molecules such as CTLA4, PD-1 and BTLA [15, 17]
and recently a suppressive cytokine termed IL-35 was
described (although whether this is important for human
Tregs is less clear)[28, 29]. These cells can suppress
effector T cells both directly and via effects on antigen-
presenting cells such as dendritic cells. CD25hi Tregs
formed aggregates around dendritic cells, which depended
on expression of the adhesion molecule LFA-1, and
subsequently, via a CTLA-4-dependent pathway, down-
regulated DC expression of the co-stimulation molecules
CD80 and CD86 [30]. Thus, these cells compete with naı̈ve
T cells for access to DCs and reduce their ability to activate
effector T cell responses. CD25hi Tregs can also directly
suppress effector cell functions of mast cells [31] and
neutrophils [32]. It is likely that Tregs can suppress by a
variety of mechanisms in a context-dependent manner.
For example, it was recently shown, using a Foxp3-
specific conditional knockout of the IL-10 allele, that
IL-10 production by Tregs was required to control immune
responses at environmental interfaces such as the colon or
the lung, but not to prevent development of autoimmune
disease [33]. Expression of ICOS by human Foxp31 Tregs
was shown to distinguish two subsets: ICOS1 cells inhib-
ited dendritic cell function via IL-10, and T cells via TGF-
b, whereas ICOS�Foxp31 Tregs used TGF-b only [34].

In addition to CD25hi Tregs, there is a subset of IL-10-
producing Tregs [35]. These cells were derived in vitro
after stimulation of naı̈ve T cells in the presence of the
immunosuppressive drugs dexamethasone and vitamin
D3 [36], in animal models after peptide treatment [37],
and in patients after immune reconstitution [38]. These
cells do not express high levels of Foxp3 [35]. Other Treg
subtypes including TGF-b-producing cells are described
[39]. The inter-relation between these different regulatory
subsets is uncertain.

CD25hi T cells were first characterized in animal models
of autoimmune disease but have been associated with a
variety of animal models and human disease [17].
Although a failure of suppression may result in immuno-
logical diseases such as diabetes [40] or rheumatoid arthritis
(RA) [41], or transplant rejection [42], over-exuberant
suppression has been associated with progression and
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metastasis of some cancers [43] and with progression of
some infectious diseases [44]. Thus, the equilibrium between
suppression and activation of immune responses to main-
tain health is a fine balance and therapeutic intervention in
this pathway would ideally be antigen or site specific.

Regulatory T cells in allergy and asthma

Both CD25hi and IL-10-producing Tregs have been im-
plicated in preventing Th2 responses to allergens. When
peripheral blood CD41CD251 T cells were separated from
the CD41 T cell population from non-atopic non-allergic
individuals, the remaining CD41CD25� T cells showed
brisk proliferative and cytokine responses to allergen
stimulation in vitro [14]. CD41CD251 T cells could inhibit
proliferation of and cytokine production by these allergen-
responsive T cells. Furthermore, the suppressive effects of
CD41CD251 T cells on allergen-stimulated CD41CD25� T
cells were reduced when cells from atopic allergic patients
were studied and still further reduced when patients had
active allergic rhinitis (AR) during the pollen season [14, 45].

After allergen stimulation in vitro, IL-10-producing, IL-
4-producing and IFN-g-producing T cells could be iso-
lated from peripheral blood of atopic allergic donors and
healthy controls [46]. IL-10-producing T cells had the
capacity to suppress allergen-driven Th2 cytokine pro-
duction from IL-4-producing effector cells, through me-
chanisms including IL-10, TGF-b, CTLA4 and PD-1. The
frequency of these IL-10-producing Tregs was reduced
and that of IL-4-producing cells increased in blood from
atopic allergic donors. The frequency of these allergen-
specific IL-10-producing Tregs was 0.1–0.007% of the
total CD41 T cells. Whether they are the allergen-specific
subset of the CD41CD251 population or represent a
separate cell type is unclear.

These findings suggested that CD41CD251 regulatory
and IL-10-producing T cells have the potential to suppress
pathogenic Th2 responses and that this suppression may be
defective or overridden in patients with allergic disease.

A similar reduction of suppression by peripheral blood
CD41CD251 T cell from house dust mite (HDM)-allergic
asthmatic children compared with non-atopic controls is
reported [47]. Hartl et al. [48] addressed the issue of
whether CD41CD251 Tregs are present in the airways
and whether their function is reduced in asthma. In
bronchoalveolar lavage fluid (BALF) from children with
asthma, the percentage of BAL T cells that were
CD41CD251 and levels of Foxp3 mRNA were lower than
in BAL from healthy controls or children with chronic
cough. The percentage of both CD41CD251 T cells and
Foxp3 mRNA in BAL correlated positively with FEV1 for
children with asthma. They also demonstrated reduced
suppression of effector T cell proliferation and cytokine
production by BAL CD41CD251 T cells from asthmatic
children compared with those from BAL of healthy con-

trols. After 4 weeks of treatment of asthmatics with
inhaled corticosteroids, the percentages of both
CD41CD251 T cells and Foxp3 were increased in BAL.

Part of the explanation for this reduction in the frequency
of CD41CD251 Tregs in the lung may relate to the observed
reduction in the response of these cells in peripheral blood
from asthmatics to the chemokines CCL1 and XCL1 [49, 50].
Potential interactions of Tregs in asthma are shown in Fig. 1.

Regulatory T cells in animal models of allergic
airway disease

The development of animal models of allergic airways
disease has allowed a specific intervention to determine
potential mechanisms in allergic asthma [51]. Transfer of
antigen-specific Tregs from a DO11.10 T cell-receptor
transgenic mouse could prevent development of airway
hyperresponsiveness (AHR) and Th2-mediated airway in-
flammation, and suppress established AHR and airway
inflammation in an ovalbumin-inhaled challenge model
[52]. This suppression was dependent on induction of IL-
10 from recipient T cells but not on IL-10 production by
the transferred CD41CD251 Tregs. In a study of two
strains of mouse, one (A/J) susceptible to development of
AHR and airway inflammation in response to inhaled
HDM extract, and one relatively resistant (C3H), depletion
of CD41CD251 T cells was shown to increase AHR and
inflammation in the ‘resistant’ C3H mice [53]. This effect
was associated with an increase in the numbers and
activation status of pulmonary myeloid DCs, suggesting
that the reported in vitro effects of CD41CD251 Tregs on
DC/T cell interaction [30] are also relevant in vivo. In a
long-term challenge model, CD41CD251 T cells could
prevent development of airway mucus hyper-secretion,
smooth muscle hypertrophy and collagen synthesis but
not reverse established remodelling [54]. Animal models
have also allowed identification of novel mechanisms of
suppression by Tregs, including IL-35, which comprises a
heterodimer, the Epstein-Barr virus induced gene 3 (EBi3)
and the IL-12 p35, is preferentially expressed by
Foxp3-positive Tregs and suppressed T cell proliferation
[28]. However, as with all animal models, it is important to
confirm such findings in human cells, and IL-35 was not
detected in human CD41CD251Foxp31 Tregs [29].
Further investigation will be required to determine the
role of IL-35 in suppression by human Tregs.

Why is the balance between regulatory and effector T cells
skewed towards activation in asthma?

Inherent defects in regulatory T cells

There are several possible explanations for the finding of a
reduced suppressive activity of Tregs in allergy and
asthma. One would be that atopic and/asthmatic
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individuals have an inherent defect that reduces their
suppressive potential. The reduced expression and func-
tion of CTLA-4 by CD41CD251 Tregs from patients with
RA was related to the reduced ability to suppress effector T
cell cytokine production [55]. However, to date, no such
generalized defect in Treg function has been described in
allergic or asthmatic patients: indeed, suppression of anti-
CD3-stimulated CD41CD25� T cells did not differ between
Tregs from allergic and control subjects [14], suggesting
that the observed reduction in Treg-suppressive function
is allergen specific. If a defect in Treg function predisposes
to atopy and/or asthma, one might also expect an associa-
tion with increased prevalence of autoimmune disease.
Although some studies have detected such a link, others
show no relation or even an inverse association [56, 57].

The hygiene hypothesis

An important hypothesis to explain the increased preva-
lence of asthma and allergy in Western populations is
termed the hygiene hypothesis, which suggests that lack

of exposure to infectious agents and environmental mi-
crobes during childhood may predispose to allergy [58]. At
the immunological level, this hypothesis has been extended
to suggest a failure of development of protective Treg
responses to allergens [59]. However, this may not be the
only immunological explanation for the hygiene hypoth-
esis as an absence of immune deviation from Th2 towards
Th1 responses to allergens may also play a role [60]. These
mechanisms may be differentially activated by different
pathogens or environmental microbes. For example, hel-
minth infections are associated with IL-10 responses and
protect against development of atopic allergic disease [61],
and helminth infection could prevent development of air-
way inflammation by inducing Tregs in an animal model of
allergen challenge [62]. A heat-killed suspension of Myco-
bacteria vaccae also protected against airway inflammation
in a mouse model and this protection was via IL-10-
producing T cells and TGF-b [63]. In contrast, the protec-
tive effect of growing up in a farming environment may be
via Toll-like receptor (TLR)-mediated immune deviation
towards Th1 responses to bacteria present in cowsheds [64].
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Fig. 1. Possible interactions between regulatory T cells (Treg) and the asthmatic airway. Th2 cells are activated by allergen presented by dendritic cells
(DC) and act on eosinophils via IL-5, and B cells (switching to IgE production), epithelium (Epi) and airway smooth muscle (ASM) via IL-4 and IL-13.
Allergen-specific IgE activates mast cells (MC). CD25hi Foxp31 Tregs can use a variety of regulatory pathways (including TGF-b, IL-10, CTLA-4 and PD-
1; interrupted arrows), to suppress Th2 cells directly or via DCs, and can also directly suppress MC function. IL-10-producing Tregs also act via DCs or
directly on T cells. The suppressive function of CD25hi Tregs is reversed by IL-6, IL-7, IL-15 and TNF-a (interrupted arrows). High-dose antigen, vitamin
D3 and long-acting b2-agonists can all augment IL-10 production from IL-10-producing Tregs, while allergen immunotherapy and corticosteroids
appear to enhance regulation by both subsets of Tregs. Agonists for histamine receptor 4 and D-prostanoid 1 receptor, and an antagonist for IL-6,
augment Treg function (possibly via DCs). CD25hi Tregs can induce IL-10-producing Tregs under some circumstances. Some DCs are also suppressive via
the actions of indoleamine 2,3 dioxygenase. The interactions of Tregs with Epi and ASM are uncertain. See the text for further details.
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Further understanding of how Treg responses develop
(or fail to) will be important. The allergen dose may be
important. High-level exposure to bee venom was shown
to induce protective IL-10-producing T cell responses in
bee keepers [65], and exposure to high concentrations of
cat allergen appeared to be protective against develop-
ment of asthma, possibly because of development of
‘modified Th2’ responses characterized by the production
of IL-10 [66]. For bee keepers, the protective IL-10 T cell
response was short lived, waning over weeks during the
winter months, when they were not working with bees.
Repeated low-dose inhaled allergen can lead to immune
tolerance and reduced airway Th2 inflammation upon
subsequent inhaled allergen challenge in animal models.
In a mouse model, such a tolerance was associated with
development of Foxp31 Tregs with surface TGF-b, which
activated the Notch-/HES-1 signalling pathway in target
cells [67, 68]. High-dose-inhaled tolerance induced IL-10
production from dendritic cells and IL-10-producing
Tregs [69]. In a rat model, repeated airway challenge
prevented AHR and inflammation by induction of
CD41CD251Foxp31 Tregs, which acted to prevent ma-
turation of airway dendritic cells [70]. The relationship
between breastfeeding and allergy is controversial and
recent studies have not confirmed a protective effect [71,
72]. In a mouse model, breastfeeding was shown to
transfer allergens from mother to neonate and protect
from airway inflammation and AHR upon subsequent
inhaled challenge of the offspring [73]. This effect was
mediated by Tregs and was dependent on TGF-b. Studies
on breastfeeding in humans should take into account
allergen exposure of the mother. Certainly, avoidance of
peanuts during pregnancy and lactation may be ill
advised for avoidance of peanut allergy [74].

Infection and inflammation affect the balance between
regulation and activation of T cell responses

An important factor in determining the outcome of aller-
gen exposure both during development and in adult life
may be co-incident infection and exposure to microbial
products, as discussed above. These agents both activate
innate immunity and modulate adaptive immune responses
through their interaction with pathogen-associated mole-
cular patterns receptors including TLRs. These receptors
have both direct and indirect effects on Treg function.
Activation of TLR4 by bacterial lipopolysaccharide (LPS)
blocked the suppressive effect of CD41CD251 T cells, in part
via induction of IL-6 [75]. However, LPS was reported to
enhance the proliferation and regulatory activity of
CD41CD251 Tregs [76]. In contrast, TLR2 ligation enhanced
the proliferation of both Tregs and effector T cells and
reduced Foxp3 expression by Tregs [77], while TLR8 ligation
reversed suppression by CD251 Tregs [78]. Recently, TLR9
was shown to be highly expressed by IL-10-producing Tregs

(but not by CD41CD251 Tregs, or Th1 and Th2 effector T
cells), and CpG oligonucleotides (ligands for TLR9) reduced
IL-10 production and suppression by these cells [79]. A
variety of pro-inflammatory cytokines can overcome sup-
pression by Tregs. For example, IL-7 and IL-15, at concen-
trations detectable in synovial fluid from children with
juvenile RA, prevented suppression by CD41CD251 Tregs
from the joint tissue [80]. TNF-a may also play a role in
overcoming Treg function in inflamed joints in RA [41, 81].
There is little information on the effect of cytokines present
in sites of allergic inflammation on Treg function in asthma,
although TNF is reported to overcome suppression by
peripheral blood CD41CD251 Tregs from asthmatic indivi-
duals [47]. TNF receptor antagonists are effective in the
treatment of RA and, in at least some studies, asthma [82]; it
may be that part of their effect is to restore Treg function at
sites of inflammation.

Can regulatory T cell function be enhanced in allergy
and asthma?

Inhaled corticosteroids are the mainstay of anti-inflam-
matory treatment for asthma, often in combination with
long-acting b2-agonists [83]. Pre-incubation with fluti-
casone propionate increased the subsequent suppressive
actions of CD41CD251 Tregs in allergen-stimulated
cultures, and this enhancement of suppression was related
to increased IL-10 production by these cells [84]. Corti-
costeroids also increased Foxp3 expression by CD251

T cells [85], and corticosteroid treatment of children with
asthma enhanced the suppressive ability of CD251 T cells
isolated from BALF [48]. Corticosteroids, together with
vitamin D3, induce the IL-10 Treg phenotype in vitro, and
long-acting b-agonists can enhance IL-10 production
from these cells [86]. A small percentage of asthmatics
fail to respond to corticosteroid treatment. CD41 T cells
from these steroid-resistant asthmatics do not show ster-
oid induction of IL-10 upon stimulation in vitro. This
in vitro steroid resistance was reversed by treatment of
patients with vitamin D3 [87]. Relative vitamin D defi-
ciency is not uncommon in Western populations [88], and
it will be of considerable interest to determine whether
vitamin D3 or analogues can enhance regulation in the
context of allergic asthma.

Allergen-specific immunotherapy has long been used
for AR and asthma and is associated with the modulation
of Th2 responses [89]. It is suggested that both CD251 and
IL-10-producing Treg function may be enhanced by
immunotherapy: CD251 T cells produced increased
IL-10 in allergen-stimulated peripheral blood cells from
immunotherapy-treated patients, and the numbers of
CD251Foxp31 T cells and IL-101 cells recruited to the
nasal mucosa during the pollen season were increased in
patients who had been treated with immunotherapy
[90–93]. Further understanding of the mechanisms
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of immunotherapy, and which of these mechanisms is
responsible for the long-term effects of this treatment on
clinical symptoms and Th2 inflammation will be impor-
tant if we are to improve immunotherapy for asthma. In
a mouse model of sublingual immunotherapy, vitamin
D3 and dexamethasone increased the efficacy of immu-
notherapy with an increase in local Foxp31 T cells [94].

In murine systems, a number of factors that can either
enhance development or recruitment of Tregs have been
defined. TGF-b acts on naı̈ve CD41 T cells to enhance
Foxp3 expression and could induce CD251Foxp31 Tregs
that suppressed airway inflammation in an HDM model
[95]. Of note, TGF-b also induces development of Th17
T cells from naı̈ve precursors, although there is an addi-
tional requirement for IL-6 [96]. Blockade of the IL-6
receptor led to expansion of CD41CD251 Tregs in the
airway and suppression of airway inflammation in
a mouse model [97]. The histamine receptor-4 agonist,
4-methylhistamine, given intra-tracheally before allergen
challenge reduced airway inflammation and AHR upon
subsequent allergen challenge, in a mouse model, and
acted in vitro to increase migration of human
CD41CD251Foxp31 T cells [98]. Similarly, activation of
the D-prostanoid 1 receptor suppressed AHR and inflam-
mation in a mouse model by modulating dendritic cell
function and increasing Foxp31 Treg numbers in the
airway [99]. Osteopontin has immunoregulatory effects
on Th1 inflammation and was also shown to suppress
established airway inflammation via an effect on dendritic
cells [100]. Blocking the IL-2 receptor b chain also reduced
AHR and inflammation to airway challenge in a mouse
model, possibly tilting the balance towards Treg activity
[101]. Whether these findings can be translated into
therapies that increase Treg function in human asthma
remains to be seen. An important consideration will be the
safety of such potential treatments. Tregs also suppress
immunity with anti-tumour and anti-infective capacities.
It may be that non-allergen-specific approaches can be
combined with allergen-specific therapy such as immu-
notherapy to enhance allergen-specific T cell tolerance. Of
note using two mouse strains devoid of naturally occur-
ring Tregs, Curotto de Lafaille et al. [102] showed that a
strain that could develop adaptive Foxp31 Tregs could
suppress IL-4 production and induce mucosal tolerance in
an airway challenge model, whereas IL-5 and eosinophilia
was controlled by IFN-g-dependent mechanisms even in
the absence of Foxp3. Thus, Tregs are not the only
suppressive pathway to consider in asthma.

An important factor in the equilibrium between regula-
tion and inflammation in the asthmatic airway is the
mechanism of recruitment of effector and Tregs.
CD41CD251 Tregs have been characterized as expressing
a range of chemokine receptors broadly similar to Th2
effector T cells, namely CCR4, 5, 6 and 8 [103]. Although
no differences in chemokine receptor expression or re-

sponsiveness were found between atopic and non-atopic
donors [103], it has been reported that CD41CD251 Tregs
from asthmatics had reduced responsiveness to CCL1, the
ligand for CCR8, and a relative deficiency of surface XCL1
expression [49, 50]. Furthermore, it was suggested that
XCL1 could enhance the in vitro suppressive function of
CD251 Tregs from asthmatic individuals. If Tregs could be
selectively recruited to and retained in the asthmatic
airway this might have therapeutic potential.

Other T cell subtypes that can regulate airway
inflammation

In addition to CD41CD251 and IL-10-producing Tregs,
other T cell subtypes have been described to have the
potential to suppress airway inflammation in asthma. A
human IL-10-producing NK T cell subset is described,
which, at least in vitro, could suppress allergen responses
from effector T cells [104]. CD8 memory T cells were
shown to be long lived in many tissues, including the
lung, and could be activated by antigen presentation or by
cytokines (IL-12 and IL-18) alone to produce IFN-g and to
stimulate IL-12 production by dendritic cells. Using a
transgenic T cell receptor model, Leggat et al. [105]
showed that non-allergen-specific CD8 T cells could
suppress allergen sensitization in a mouse model. Thus,
CD8 memory T cells may bridge the innate and adaptive
immune response, and under some circumstances (such as
infections), modulate development of allergic sensitiza-
tion. There may also be cross talk between Th1 and
chronically stimulated Th2 cells in the airway in indivi-
duals exposed to multiple allergens; further work is
needed in this area. Other suppressive pathways may also
be important in asthma. A subset of human dendritic cells
that express indoleamine 2,3 dioxygenase (IDO) and are
suppressive was described [105, 106], and recently the
HDM protein Der p 1 was shown to reduce IDO activity in
DCs from HDM-allergic individuals [107]. In addition,
dexamethasone suppression of allergic airway inflamma-
tion in a mouse model was shown to be in part via
activation of the IDO pathway [108].

Conclusion: regulatory T cells and asthma

Most of the current information relating to the role or the
potential for Tregs in asthma relates more to allergy in
general. With the increasing emphasis on different sub-
types of asthma [2–4] with differing mixes of inflamma-
tion, repair and remodelling, there is a need for more
information on the potential and contribution of Tregs to
these different aspects both in clinical ‘endotypes’ [109]
and in animal models. Current data from patients with
asthma confirm that the relative ‘defect’ of peripheral
blood CD41CD251 Treg function seen in allergy is also
seen in allergic asthmatics [47], and extend this finding to
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airway T cells [48]. Furthermore, possible defects in
chemokine receptor expression by Tregs in asthmatics
may in part explain reduced Treg numbers in the airway
[49, 50]. However, these studies have focused on T cell
function in vitro and are paralleled by studies showing the
ability of Tregs to reduce airway inflammation in vivo in
animal models, and there are few studies that address
other aspects of asthma such as airway remodelling,
fibroblast activation, smooth muscle changes and epithe-
lial repair. It is of note that TGF-b, which is an important
effector cytokine for Tregs, is also implicated in fibroblast
activation and initiation of airway remodelling [110]. This
may also be the case for other mediators such as actvin
and osteopontin. Thus, at least some aspects of airway
remodelling in asthma may directly result from the
regulatory response to allergic airway inflammation. In a
mouse model of repeated airway challenge, CD41CD251

Tregs could reverse inflammation but not established
airway remodelling [54], and it will be important to
explore further the ability of Tregs of different subtypes
to modulate (suppress or even increase) different aspects
of asthma pathophysiology. With the available tools of
animal models and potential for sampling the human
airway, it should be possible to define the biology of Tregs
in asthma with greater precision and move towards
specific immune intervention. Perhaps the most immedi-
ately attractive areas are in the enhancement of IL-10
production via corticosteroids and/or vitamin D, either
alone or combined with allergen-specific immunotherapy.
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lysaccharide-activated CD41CD251 T regulatory cells inhibit
neutrophil function and promote their apoptosis and death.
J Immunol 2006; 177:7155–63.

33 Rubtsov YP, Rasmussen JP, Chi EY et al. Regulatory T cell-
derived interleukin-10 limits inflammation at environmental
interfaces. Immunity 2008; 28:546–58.

34 Ito T, Hanabuchi S, Wang YH et al. Two functional subsets of
FOXP31 regulatory T cells in human thymus and periphery.
Immunity 2008; 28:870–80.

35 Hawrylowicz CM, O’Garra A. Potential role of interleukin-10-
secreting regulatory T cells in allergy and asthma. Nat Rev
Immunol 2005; 5:271–83.

36 Barrat FJ, Cua DJ, Boonstra A et al. In vitro generation of
interleukin 10-producing regulatory CD4(1) T cells is induced by
immunosuppressive drugs and inhibited by T helper type 1 (Th1)-
and Th2-inducing cytokines. J Exp Med 2002; 195:603–16.

37 Sundstedt A, O’Neill EJ, Nicolson KS, Wraith DC. Role for IL-10
in suppression mediated by peptide-induced regulatory T cells
in vivo. J Immunol 2003; 170:1240–8.

38 Bacchetta R, Bigler M, Touraine JL, Parkman R et al. High levels
of interleukin 10 production in vivo are associated with toler-
ance in SCID patients transplanted with HLA mismatched
hematopoietic stem cells. J Exp Med 1994; 179:493–502.

39 Fukaura H, Kent SC, Pietrusewicz MJ, Khoury SJ, Weiner HL,
Hafler DA. Induction of circulating myelin basic protein and
proteolipid protein-specific transforming growth factor-beta1-
secreting Th3 T cells by oral administration of myelin in
multiple sclerosis patients. J Clin Invest 1996; 98:70–7.

40 Kriegel MA, Lohmann T, Gabler C, Blank N, Kalden JR, Lorenz
HM. Defective suppressor function of human CD41CD251

regulatory T cells in autoimmune polyglandular syndrome type
II. J Exp Med 2004; 199:1285–91.

41 Ehrenstein MR, Evans JG, Singh A et al. Compromised function
of regulatory T cells in rheumatoid arthritis and reversal by
anti-TNFalpha therapy. J Exp Med 2004; 200:277–85.

42 Kingsley CI, Karim M, Bushell AR, Wood KJ. CD251CD41

regulatory T cells prevent graft rejection: CTLA-4- and IL-10-
dependent immunoregulation of alloresponses. J Immunol
2002; 168:1080–6.

43 Curiel TJ, Coukos G, Zou L et al. Specific recruitment of
regulatory T cells in ovarian carcinoma fosters immune privi-
lege and predicts reduced survival. Nat Med 2004; 10:942–9.

44 Belkaid Y, Piccirillo CA, Mendez S, Shevach EM, Sacks DL.
CD41CD251 regulatory T cells control Leishmania major
persistence and immunity. Nature 2002; 420:502–7.

45 Grindebacke H, Wing K, Andersson AC, Suri-Payer E, Rak S,
Rudin A. Defective suppression of Th2 cytokines by CD4CD25
regulatory T cells in birch allergics during birch pollen season.
Clin Exp Allergy 2004; 34:1364–72.

46 Akdis M, Verhagen J, Taylor A et al. Immune responses in
healthy and allergic individuals are characterized by a fine
balance between allergen-specific T regulatory 1 and T helper 2
cells. J Exp Med 2004; 199:1567–75.

47 Lin YL, Shieh CC, Wang JY. The functional insufficiency of
human CD41 CD25 high T-regulatory cells in allergic asthma is
subjected to TNF-alpha modulation. Allergy 2008; 63:67–74.

48 Hartl D, Koller B, Mehlhorn AT et al. Quantitative and func-
tional impairment of pulmonary CD41 CD25hi regulatory T
cells in pediatric asthma. J Allergy Clin Immunol 2007;
119:1258–66.

49 Nguyen KD, Vanichsarn C, Fohner A, Nadeau KC. Selective
deregulation in chemokine signaling pathways of
CD4(1)CD25(hi)CD127(lo)/(�) regulatory T cells in human
allergic asthma. J Allergy Clin Immunol 2009; 123:933–9.

50 Nguyen KD, Fohner A, Booker JD, Dong C, Krensky AM, Nadeau
KC. XCL1 enhances regulatory activities of CD41 CD25(high)
CD127(low/�) T cells in human allergic asthma. J Immunol
2008; 181:5386–95.

51 Lloyd CM, Gonzalo JA, Coyle AJ, Gutierrez-Ramos JC. Mouse
models of allergic airway disease. Adv Immunol 2001; 77:263–95.

52 Kearley J, Barker JE, Robinson DS, Lloyd CM. Resolution of
airway inflammation and hyperreactivity after in vivo transfer
of CD41CD251 regulatory T cells is interleukin 10 dependent.
J Exp Med 2005; 202:1539–47.

53 Lewkowich IP, Herman NS, Schleifer KW et al. CD41CD251 T
cells protect against experimentally induced asthma and alter
pulmonary dendritic cell phenotype and function. J Exp Med
2005; 202:1549–61.

54 Kearley J, Robinson DS, Lloyd CM. CD41CD251 regulatory T
cells reverse established allergic airway inflammation and prevent
airway remodeling. J Allergy Clin Immunol 2008; 122:617–24.

55 Flores-Borja F, Jury EC, Mauri C, Ehrenstein MR. Defects in
CTLA-4 are associated with abnormal regulatory T cell function
in rheumatoid arthritis. Proc Natl Acad Sci USA 2008;
105:19396–401.

56 Stene LC, Nafstad P. Relation between occurrence of type 1
diabetes and asthma. Lancet 2001; 357:607–8.
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