CHAPTER 14

Foxp3 Expressing Regulatory T-Cells

in Allergic Disease
Kayhan T. Nouri-A ria*

Abstract

llergic diseases such as asthma, rhinitis and eczema are increasing in prevalence worldwide,
Ain particular in industrialised countries affecting up to 20% of the population. Regulatory

T-cells (Tregs) have been shown to be critical in T-cell homeostasis and in the maintenance
of immune responses, such as prevention of autoimmunity and hampering allergic diseases. The
so-called ‘natural’ CD4*CD25* Tregs and/or IL-10-producing Tr1 cells have been shown to be
responsible for the protection of immune tolerance and intact immune reactions following exposure
to allergens such as aeroallergens or food allergens. In this regard, both cell-cell contact (through
membrane bound TGF-B or via suppressive molecules such as CLTA-4) and soluble cytokine-
(TGF-B and IL-10) dependent mechanisms have been shown to contribute to the ability of Tregs
to operate effectively. The transcription factor Foxp3, a member of the forkhead-winged helix
family, appears to be critical in the suppressive abilities of regulatory T-cells. Adoptive transfer of
CD4*CD25* Tregs from healthy to diseased animals corroborated and provided further evidence
of the vital role of these populations in the prevention or cure of certain autoimmune conditions.
Clinical improvement seen after allergen immunotherapy for allergic diseases such as rhinitis and
asthma has also been associated with the induction of IL-10 and TGF-f producing Tr1 cells as
well as Foxp3 expressing CD4*CD25* T-cells, resulting in the suppression of Th2 cytokine milieu.
Activation and expansion of antigen-specific CD4*CD25* Tregs in vivo using adjuvants such as
IL-10 or pharmacological agents such as low dose steroids or vitamin D3 could represent novel
approaches to induce antigen-specific tolerance in immune-mediated conditions such as allergic
asthma, autoimmune disease and the rejection of transplanted organs in man.

Introduction

The pursuit of regulatory T-cells was revived in the 1990s following the observation that athymic
nude mice injected with CD25* -depleted CD4* cells developed multiorgan autoimmune discases™?
and that these autoimmune incidents could be reversed by the adoptive transfer of CD4*CD25*
T-cells from healthy mice to the nude mice. This landmark observation provided robust evidence
for the putative regulatory role of CD4*CD25* T-cells in the control of immune responses and
generated considerable interest in all aspects of basic and clinical immunology. The discovery of
CD4*CD25* Tregs in the peripheral blood and lymphoid tissues in mice was followed by similar
findings in man.*¢ Numerous in vitro studies on CD4*CD25* T-cells revealed a critical role for these
T populations as the regulator of immune responses in clinical settings including autoimmunity,
tumour and microbial infection, transplantation and allergic diseases.
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Background

Natural regulatory T-cells ('Tregs) constitutively express the high-affinity interleukin-2 (IL-2)
receptor O--chain (CD25), a receptor which is crucial for IL-2 signalling and events leading to
maintenance, homeostasis and function of Tregs cells in vivo. However, the main source of IL-2 for
the survival of CD4*CD25* Treg cells seems to be T-cells other than Tregs themselves present in
close proximity to CD4*CD25* Tregs within lymphoid organs.”® Natural CD4*CD25* Tregs are
also equipped with a variety of cell surface molecules including cytotoxic T-lymphocyte antigen-4
(CTLA4, or CD152) and glucocorticoid-induced tumour necrosis factor receptor (GITR), OX40
and programmed death-1 (PD-1) antigen.*!! Unlike CD25 which is upregulated on both newly ac-
tivated and regulatory T-cells, the intensity of CD127 antigen on natural Tregs has been reported to
inversely correlate with their suppressive ability, making CD127 unique amongst cell surface markers
expressed on Tregs.'> CD4*CD25* Tregs also express high levels of LAG-3 (a CD4-related molecule
that binds MHC classIT) upon activation (Fig. 1). Tregs may also express CCR4 and CCR6, lymphoid
homingreceptors CD103 and CD62L and molecules such as perforin and granzyme A.'> However,
none of these surface markers are unique to natural Tregs, but combinations of these molecules would
make useful surrogate markes for the functional ability of Tregs.

Thymic selection of CD4*CD25* Tregs is regulated by the transcription factor foxp3,'*'> a gene
with a pivotal role in the development of functional Tregs. Foxp3 is a member of the forkhead-winged
helix family of transcription regulators located on chromosome Xp11.23. Foxp3 full-length protein
is encoded by 11 exons and contains a forkhead DNA-binding domain at the C terminus which
can bind to the IL-2 promoter and repress IL-2 mRNA transcription.'® Foxp3 is constitutively
expressed at high levels on natural Tregs in both man and mice.” Foxp3 can activate or stifle other
transcription factors e.g., T-bet (Th1) and STAT6 and GATA3 (Th2) (Table 1), signalling path-
ways or membrane expression of certain molecules in the periphery. Scurfy mice lacking Foxp3 are
deficient in CD4*CD25* Tregs and develop severe lymphoproliferative and autoimmune disease.'®

Regulatory T cell subsets

CD4+CD25* T cells

FOXp3, CTLA4, GITR, CD127%~
0X40, PD-1, LAG-3,

Adaptive

Tricells IL-10
Foxp3? TGF-B

Th3cells TGF-B

Figure 1. Regulatory T-cells (natural and adaptive-Tr1 and Th3). Cell surface markers, the transcrip-
tion factor Foxp3 and their cytokines (IL-10 and TGF-B) are depicted. Reproduced with permission
from Nouri-Aria KT, Durham Sr. Inflammation & Allergy-Drugs Targets, 2008; 7:237-252.
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Table 1. T-cell subsets, their transcription factors and cytokines

Subset Transcription Factor Cytokines

Th1 (Autoimmunity) T-bet, STAT1, STAT4 IFN-y, IL-2, TNF-a

Th2 (Allergy and helminith infection) GATA3, STAT6 IL-4, IL-5, IL-9, IL-13

Th17 (Inflammation and autoimmunity) RORgt (mice), RORC2 (man) IL-17, IL-25, IL-21,
IL-22

Treg (Immunetolerance) Foxp3 (mice), FOXP3 (man) IL-10, TGF-B

Mutations in the foxp3 gene in man result in IPEX syndrome, a condition with the spontaneous
development of allergic airways inflammation, hyper IgE and eosinophilia which predominantly
affect male offspring.!”” Conversely, the ectopic expression of Foxp3 phenotypically and function-
ally convert effector T-cells to Tregs with full regulatory function.” In mice, Foxp3 expression has
been shown to be both necessary and sufficient for Tregs development.?! Whereas in man there is
increasing evidence demonstrating that Foxp3 is also transiently expressed in activated T-cells.2**!
The observation that Foxp3 mRNA expression in newly activated CD4*CD25* cells lacking regula-
tory function? may suggest that in humans Foxp3 alone is not sufficient to command regulatory
activity of CD4*CD25* cells.

The molecular mechanisms involved in the regulation of Foxp3 expression remain poorly
understood. However, it has been established that the transcriptional activity of Foxp3 promoter
is dependent on TCR signalling and several AP1- and NFAT-binding sites within the promoter.”
The binding of STATS and STAT?3 to conserved binding sites of the Foxp3 locus have also been
implicated in the regulation of Foxp3 expression in man.?* In both peripheral blood and tissues
Foxp3*CD4*CD25* Tregs can be induced from CD4*CD25- T-cells in the presence of TGF-§
and interleukin-2 (IL-2).”* Demethylation of DNA plays a critical role in the conversion of
CD4*CD25" T-cells into Foxp3* Tregs.2 The mechanism of suppression used by Tregs remains
contentious, nonetheless it has been postulated that TGF-f 1 may mediate the immunosuppressive
activity of Tregs. In a recent report the in vitro induction of Foxp3 failed to upregulate EBI3, p35
mRNA, or IL-35 secretion,” refuting the earlier suggestion that IL-35 contribute to the suppres-
sive mechanism of human Treg.28?

Regulatory T-Cells in Health and Allergic Conditions

In the last few decades allergic diseases such as asthma, atopic dermatitis and rhinitis have been
increasing in prevalence worldwide and in particular in the industrialised countries. The prominent
role of natural Tregs in preventing autoimmune diseases, rejection of solid organ transplants and
uncontrolled tumour growth collectively suggest CD4*CD25* Tregs may also play a critical role
in hampering allergic diseases. A low proportion of Tregs and/or a defect in the ability of allergen
specific Tregs may be responsible for the increase in the number of individuals with allergy seen in
the past 30 years. Thus, better understanding of mechanisms of Tregs controlling Th2 responses,
the characteristic feature of allergic conditions, may help in developing more effective therapeutic
strategies for treatment of these discases.

The role of Th2-driven immune responses has been decisively established in the development of al-
lergic diseases. Nevertheless environmental factors and the genetic predisposition of allergic individuals
arealso believed to contribute, as cofactors, in the severity of these Th2 diseases. Conversely, the lack
of responses to allergens in nonatopic healthy individuals and the mechanisms by which such immune
tolerance isinduced and regulated are poorly understood. This chapter summarises in vitro and in vivo
evidence for the functional abilities of regulatory T-cells in controlling effector T-cell responses (cell
proliferation and cytokine production) in health and ina number of allergic disorders including asthma,
allergic rhinitis and atopic dermatitis as well as in experimental models of allergies. It also discusses the
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effects of treatment (glucocorticoids and allergen immunotherapy) on modification of Tregs and the
possibility of manipulating these T-cell populations for treatment of allergic conditions.

Health

Despite constant exposure to acroallergens or food allergens, healthy subjects maintain stable
immune tolerance in their gastrointestinal and respiratory systems. The role of CD4*CD25* Tregs
in controlling immune responses to allergens in man was established?! by the lack of proliferative
responses to allergens and a trend towards cytokine profile of Tr1 cells in healthy volunteers.
This was in sharp contrast to T-cell recognition of allergens resulting in elevated Th2 cytokine
production (IL-4, IL-5 and IL-13) and heightened proliferative T-cell responses to allergens in
atopic individuals.? These findings may imply that active immune surveillance by Treg populations
operates in healthy nonatopic individual and is possibly absent in atopic subjects. The majority
of allergen-specific T-cells in these healthy individuals were of IL-10-secreting Tr1 type. These
observations support the notion that an impairment in the ability of Tregs to control exaggerated
Th2 responses rather than an imbalance between Th2:Th1 responses, may exist in atopy. It would
also provide a plausible explanation as to why no immunological responses are seen in nonatopic
healthy volunteers following allergen exposure.

In line with these findings was the lack of proliferative T-cell responses to cows’ milk antigen in
healthy children. Depletion of CD4*CD25* T-cells from PBMCs reversed T-cell recognition of
cow’s milk antigen, implying that the food tolerance to dietary antigens may be an active process
imposed by CD4*CD25* Tregs.** Contrary to these data, children who had outgrown cows’ milk
allergy revealed increases in the frequency of circulating CD4*CD25* T-cells and decreased in vitro
proliferative responses to bovine f3-lactoglobulin (a milk protein) when compared with children
who remained clinically milk sensitive.>* A similar scenario of IL-10-associated T-cell-induced an-
ergy has been reported in hyperimmune individualsi.c., bee keepers, who had received multiple bee
stings. The intracytoplasmic IL-10* cells from these individuals were colocalized to CD4*CD25*
T-cells with specificity for bee venom antigens.*

Experimental Models

The strategic role of CD25 in the induction of CD4* Tregs in a murine model of allergic
conjunctivitis was identified following the injection of anti-CD25 in thymectomized mice im-
munized with ragweed pollen. Subsequent allergen challenge in these mice resulted in severe
allergic conjunctivitis as judged by conjunctival eosinophil numbers, ragweed-specific IgE and
IgGl levels, an increased proliferative response and Th2 cytokine production by splenocytes to
ragweed allergen, confirming that thymus-derived CD25* T-cells are involved in the development
and the regulation of allergic conjuctivitis. The adoptive transfer of CD4*CD25*Foxp3* T-cells
from healthy, naive mice into ragweed-sensitized mice, suppressed the development of allergic
conjuctivitis, reinforcing the perception that Foxp3 expressing Tregs play a pivotal role in the
regulation of allergic conditions.*

Foxp3 mutant mice, generated by means of knock-in mutagenesis developed an intense
multiorgan inflammatory response associated with allergic airway inflammation, hyperimmuno-
globulinemia E, eosinophilia and dysregulated Th1 and Th2 cytokine production in the absence
of overt Th2 skewing, is consistent with the striking influence of Foxp3 in the development of
allergic inflammation

The influence of IL-10 producing Trl cells governing Th2 type responses in experimental
model of OVA challenged mice was established by the adoptive transfer of IL-10*CD4*CD25*
cells from naive mice to OVA sensitized mice, resulting in the resolution of inflammatory responses
in the bronchial mucosa.” This observation is consistent with the low concentration of IL-10 in
the bronchoalveolar lavage fluid of adult asthmatic patients compared with healthy controls.®
Neutralization studies using anti-IL-10 almost abolished the suppressive effect of Tr1 cells in
vitro and further strengthened the role of this immunesuppressive cytokine in the control of Th2
responses and in the maintenance of T-cell homeostasis.
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Similarly to IL-10, TGF-B is also involved in the control of atopic conditions. Thus in TGF-f§
knockout mice a higher susceptibility to bronchial hyperreactivity and bronchial inflammation
resembling asthmatic reactions in man has been observed.*” In a mouse model of food allergy,
a significant reduction of secreted IgA antibodies, a class of immunoglobulin which is tightly
regulated by TGF- has been demonstrated in the gut. Subsequent recovery from food allergy in
these mice was associated with local production of TGF-§.%

A failure of immune tolerance rather than a defective in Th1 immunity appears to underlie the
immunobiology of Th2-driven allergen-induced airway disease in a mouse model of asthma. The
reduction in the bronchial inflammation appears to be the consequence of regulatory processes
involving dendritic cell-T-cell interactions. In contrast to OVA-induced murine models of asthma
in which mice developed Th2-driven airway disease, the prolonged/three week OVA exposures
resulted in the suppression of airway hypersensitivity. The mechanism underlying tolerance by
chronic repetitive allergen (OVA) exposure in this rodent model included the recruitment of
considerable numbers of Tregs expressing CD4*CD25*Foxp3* plus enhanced TGF-B1 production
in the airways, despite tissue eosinophilia and high serum levels of, OVA-specific IgE and IgG,.
The resolution of airway hyperresponsiveness, tissue eosinophilia and Th2 cytokine profile were
associated with the accumulation of Foxp3 expressing regulatory T-cells in local draining lymph
nodes.**? Understanding of mechanisms involved in airway tolerance to inhaled allergens could
potentially help to improve treatment for allergic diseases and asthma.

In another study of murine model, immune tolerance was induced by repeated low-dose
aerosolized OVA exposure. In this model, CD4* T-cells with regulatory effects expressed
both cell surface and the soluble form of TGF-f and inhibited the development of an allergic
phenotype when these cells were administrated to naive recipient mice challenged with the
allergen. Although the blockade of TGF-f particularly interfered with immunosuppression,
the severity of suppression was profound when CD4* T-cells were obtained from the tolerized
mice expressing high levels of Foxp3. These findings suggest that the cell surface expression of
TGEF-B rather than the secreted form of this immunosuppressive cytokine may be responsible
for the effective inhibition and blunting the development of allergic responses. The study also
suggested antigen-induced tolerance requires cell-cell contact with Tregs expressing Foxp3 and
the expression of membrane bound TGF- as the dominant component in the mechanisms of
suppression of allergic responses.”

Allergic Rbinitis and Asthma

Allergic rhinitis, a debilitating allergic condition affecting up to 30% of populations in northern
Europe and in the USA, is a Th2 predominant disease. The factors driving such Th2 responses have
not been fully resolved and pathological mechanisms are unclear. It is however, conceivable that
reductions in absolute numbers or a defect in function of the Foxp3*CD4*CD25* in circulation
and/or in the nasal mucosa of allergic rhinitics* could, in parts, be responsible for the clinical
manifestation and the high prevalence of this condition in the western world. In several in vitro
studies, CD4*CD25* T-cells from aeroallergen sensitive individuals (e.g., grass and birch pollens,
cat and house dust mite) were found to be defective resulting in high proliferative responses and
IL-5 secretion when CD4*CD25* T-cells were cocultured with autologous allergen-stimulated
CD4*CD25" T-cells.**# The dysregulation of CD4*CD25* Tregs in the atopics controlling IL-13
and IL-5 production® was most pronounced during the peak of the birch and grass pollen seasons.
In contrast, CD4*CD25" T-cells from both allergic and nonallergic individuals were efficiently
able to suppress T-cell proliferation and Th2 cytokine production to allergens outside of the pollen
season with significant levels of Foxp3.

The frequencies of the Foxp3*, CD4*CD25* and Foxp3*CD4*CD25* populations were found
to be more abundant in the nasal mucosa of healthy controls than in hay fever sufferers, whereas the
concentration of IL-2 and IFN-y secreted by PBMC in hay fever sufferers was significantly greater
than in the control group, consistent with a defect in regulatory pathways in this clinical condition.
The results further indicate that CD4*CD25* Tregs as well as Foxp3 expressing cells may playa crucial



Foxp3 Expressing Regulatory T-Cells in Allergic Disease 185

role in immunological imbalance in hay fever, suggesting that Foxp3*CD4*CD25* T-cells have the
potential to act as a new therapeutic target for the treatment of this allergic disorder.”

Children with allergic disease have been shown to have fewer CD4*CD25" T-cells than control
subjects. Surprisingly, numbers of CD4*CD25* and CD4*CD25" T-lymphocytes were higher in
children with persistent allergic rhinitis and/or moderate-severe bronchial asthma than in those with
respective milder disease and the frequency of these cells were correlated with total serum immuno-
globulin E level.® Foxp3 expression of CD4*CD25* T-cells was elevated in moderate-severe versus
mild asthma. Similarly, patients with moderate-severe bronchial asthma had increased expression of
IL-10 compared with patients with mild asthma. The suppressive capability of Tregs from patients
with more severe asthma appeared to be intact in vitro.*® On balance, decreased numbers of Tregs in
children with allergic airway disease may also represent a defect of the Treg function. The unexpected
findings may however represent the recruitment of Foxp3*IL-10* Tregs from the lymphoid organs
to the target organ and/or circulation to combat and dampen of the ongoing allergic inflammation
in the lungs of severe asthmatics.

The antigen specificity of Tregs and its influence in the induction and maintenance of tolerance
remain contentious. Studies on Tregs from nonallergic healthy subjects demonstrated a profound
inhibition of proliferation of effector cells stimulated with influenza antigen as well as birch pollen
allergen. This was in sharp contrast with CD4*CD25* cells from allergic rhinitis patients which were
capable of dampening proliferative responses of T-cells to influenza antigen, but not birch pollen.
Similarly, the regulation of Th2, but not Th1 cytokine production by CD4*CD25* cells was impaired
in allergic patients, upon stimulation with birch pollen extract. Neutralization of IL-10 led to in-
creased production of IFN-y and TNF-a. in the nonatopic controls, substantiating a dysregulation
ofallergen-specific Foxp3 expressing CD4*CD25* T-cells in atopic subjects. The elevated concentra-
tion of TNF-a following neutralization of IL-10, however suggests a pro-inflammatory role for this
cytokine and that the IL-10 produced by Tregs is possibly involved in promoting tolerance.®

Further evidence for the existence of antigen specificity of Foxp3 expressing Tregs was provided
by studies of allergen (Der-p 1)- specific and streptokinase (SK) specific-CD4*CD25*Foxp3* Tregs
in the peripheral blood of atopic individuals.** CD4*CD25*Foxp3* T-cells from Der p 1- sensitive
atopic individuals when cultured with DCsactivated with Der p-1, but not those cultured with either
unloaded or SK-loaded DCs, suppressed the proliferative responses of autologous CD4*CD25"
phenotype to Der p 1 or SK respectively.* These findings may also imply that the pool of human
circulating CD4*CD25"#Foxp3* T-cells consist of Treg populations specialised in the recognition of
antigens with different specificities. It has been postulated that natural Tregs with a large repertoire for
self-specific T-cell receptors suppress immune responses via contact-dependent mechanisms, whereas
the inducible Tregs consist of both self- and nonself-specific cells recognising autoantigens as well as
foreign antigens and the latter populations are capable of suppressing a wide range of immune cells
via high concentrations of TGF- 1 (possibly Th3 cells) or IL-10/TGF-f 1 producing Tr1 cells.’"
Although antigen contact is required by Tregs to induce a suppressive mechanism, once they are set
in motion, subsequent suppression may not require antigens and can inhibit both in antigen specific
and antigen nonspecific fashion.

Mucosal System

The induction of mucosal tolerance through the recruitment of Foxp3 expressing cells has been
proposed as an alternative approach for the treatment of respiratory allergy. Long-term efficacy and
mechanisms of mucosal tolerance induction were investigated by the means of an experimental
model of birch pollen allergy. Two structurally diverse products of Bet v1 allergen i.e., unmodified
native three-dimensional major BP allergen Bet v 1 and nonconformational hypoallergenic frag-
ment were applied intranasally before- (prophylactic) or after sensitization (therapeutic) with birch
pollen allergen.52 Both native- and the modified fragment Bet v 1 allergen showed prophylacticand
therapeutic effects. The immune tolerance induced with the native Bet v 1 allergen however was as-
sociated with the enhanced expression of TGF-f, IL-10 and Foxp3 expressing CD4* T-cells. These
observations provide further evidence on antigen specificity of Tregs and suggest that the native and
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conformational structure of antigens rather than modified fragment is an important component in
the induction of appropriate immune regulatory effects by Tregs.’” In this scenario Foxp3 seem to
be the dominant molecule for the long-term efficacy of immunosuppression and in the dampening
of immunopathology of birch allergy.

Epidemiological studies have indicated that infection with helminth parasites may counteract
allergies, possibly by generating Tregs and suppression of the Th2 limb of immunity. To address
whether the gastrointestinal nematode Heligmosomoides polygyrus was capable of down-regu-
lating allergic reactions, a rodent model of OVA and house dust mite allergen—Der p 1-induced
asthma was used.’® The administration of the parasite induced suppression of inflammatory cell
infiltrates in the lung, but was reversed if mice were treated with anti-CD25. The inhibition of
bronchial hyperresponsiveness and airway inflammation was transferable with mesenteric lymph
node cells (MLNC) from helminth infected animals to uninfected allergen sensitized mice.
MLNC from infected animals showed significant numbers of CD4*CD25*Foxp3* T-cells, high
expression of TGF-f and strong interleukin IL-10 responses to parasite antigen. Unexpectedly,
MLNC from IL-10-deficient animals also transferred suppression to sensitized hosts, indicating
that IL-10 per se may not be the primary suppressor of the allergic response.’ These data sup-
port the contention that helminth infections can elicit a regulatory T-cell population capable of
down-regulatingallergen- induced lung pathology in vivo. Intervention studies with hookworm
in parasite-naive allergic individuals are currently ongoing in the United Kingdom to test these
hypotheses further.*

Ato

lgztcmal atopic status and the adaptive immune responses to microbial exposure at an early
stage in life may decide the outcome of developing allergic disease or atopy during the childhood.
Using cord blood mononuclear cells from 50 healthy neonates (31 nonatopic and 19 atopic moth-
ers) and the innate TLR2 agonist peptidoglycan (Ppg) or the adaptive allergen house dust mite
Dermatophagoides farinae (Der f 1) as stimuli demonstrated that peptidoglycan was more able to
induce high levels of IL-10, IFN-y, IL-13 and TNF-a cytokine secretion and lymphocyte prolif-
eration than Der f 1. Foxp3 and GITR expression of cord blood mononuclear cells (CBMC) and
IL-10 production were also greater in CBMC from neonates without maternal atopy than those
with maternal atopy. IL-10 production was highly correlated with the increased expression of Foxp3,
GITR and CTLA4, independent of maternal atopy. The increased IL-10 and Foxp3 induction in
cord blood mononuclear cells of nonatopic compared to atopic mothers and the induction of IL-10
producing Tregs via TLR2, suggest possible intrinsic defect in the induction of adaptive responses
to microbial stimuli which may be associated with atopy.**

In a group of children with egg allergy, the ability of CD4*CD25*CD127" Treg cells in sup-
pression of IFN-y production by autologous CD4* effector T-cells in responses to staphylococcal
endotoxin B revealed significantly less Treg cell-associated suppression in the allergic group compared
with nonallergic children, although the proportion of circulating CD4*CD25*CD127"* Tregand
Foxp3 expressing cells were similar in both groups.

Maternal atopy is also considered as a strong candidate predicting the development of childhood
allergic diseases. Cord blood from offspring of atopic mothers showed fewer Lipid A peptidogly-
can-induced CD4*CD25"#" Treg cells, lower expression of GITR and Foxp3 and decreased IL-10
and IFN-y secretion. In contrast IL-17 response to Lipid A was independent of maternal atopy
and highly correlated with IL-13 secretion.” Similarly, mitogen-induced suppression of T effector
cells in cord blood of offspring from atopic mothers was also impaired.”” These findings imply that
impairments in Foxp3 expressing Treg numbers and/or function may be a predisposing factor in
the development of atopic diseases in childhood.

Atopic Dermatitis

The high levels of serum IgE in patients with atopic dermatitis was hypothesized to de-
rive from a dysregulation of Tregs controlling IgE synthesis.”® The frequency of circulating
Foxp3*CCR4*CLA* cells was found to be greater in atopic dermatitis with highly elevated
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serum IgE compared with low IgE levels with a strong association between Foxp3 expressing
cells and the disease severity. CD25" T-cells appeared to consist of two subsets based on the
differential expression of the chemokine receptor CCR6. Although the ratio of CCR6* and
CCRG6" subtypes within the CD25" subset were similar in atopic dermatitis, the intensity of
CCRG expression was strongly correlated with the suppressive ability of Tregs. CCR6™ popula-
tions, in contrast, demonstrated functional characteristics of Th2 effector cells and synthesized
large quantities of IL-5 in response to Staphylococcus aureus superantigen derived from the skin
colonizing organism, possibly indicating the expression of CD25 on these populations merely
represent cell activation.” Moreover, the CCR6*Foxp3*CLA* cells had greater suppressive
abilities controlling proliferation of effector cells than CCR6~ populations.

Studies on the cutaneous coexpression of Foxp3 and GITR on a panel of different inflamma-
tory skin diseases using dual immunohistochemical staining revealed that Foxp3 and GITR were
almost exclusively present on T-cells that express both CD4 and CD25 and were more prevalent
in the inflammatory skin conditions than in healthy skin.*® Similar findings were identified using
peripheral blood CD4* T-cells co-expressing Foxp3 and GITR. In contrast to healthy volunteers
whose biopsies showed low numbers of Foxp3*GITR* T-cells, cutaneous Foxp3* T-cells in
patients with spongiotic dermatitis, psoriasis and lichen planus showed a frequency of 25-29%
and in patients with leishmaniasis this was ~15%.® These observations at a glance were sugges-
tive of mechanisms of suppression via molecules of Foxp3 and GITR may be intact in these skin
conditions. However, the recruitment of Foxp3*GITR* T-cells in the inflamed skin may play a
central role in the disease recovery, cessation of immune responses to invasive pathogens and the
establishment of immunologic tolerance.

Analysis of Treg cells infiltrated in the skin conditions such as atopic dermatitis and psoria-
sis showed that CD25* cells were present in the perivascular and papillar dermis of all lesional
specimens and FoxP3* cells were distributed in the perivascular and interstitial atopic dermatitis
dermis. In atopic dermatitis and psoriatic skin, CD4*CD25*FoxP3* T-cells were absent in the
lesional region and in the atopy patch test areas of the skin, despite the abundant expression of
IL-10 and TGF-P as well as receptors for these cytokines in the dermis.” In contrast skin biopsies
from healthy volunteers despite having few Foxp3* T-cells showed an even distribution through
the dermis. Double immunostaining demonstrated that CD25*FoxP3* cells were distributed in
the perivascular, interstitial and periadnexal dermis, in contrast healthy skin specimens featured
few CD25* FoxP3* cells scattered throughout the dermis. These findings suggest an impaired
regulatory T-cell function rather than the absolute numbers of Tregs in the cutaneous lesions may
play a key role in the immunopathology of atopic dermatitis.

Modulation of Ty, with Treatment

Glucocorticoids

'The administration of glucocorticoids, inhaled or systemic, has been reported to increase
Foxp3 and IL-10 expression in the bronchial mucosa in patients with severe asthma. Foxp3* T-cells
were tightly correlated with IL-10 expressing cells but not with the expression of TGF-$1, pos-
sibly suggesting the Tr1 nature of the Treg population. The frequency of CD4*CD25* T-cells in
circulation and the Foxp3 expression by CD4* T-cells was transient, but significantly greater in
patients who received systemic glucocorticoid treatment. In vitro cultures of CD4* T-cells with
corticosteroid induced upregulation of IL-10 and Foxp3 expression on these cells,**¢" corroborates
that glucocorticoids are not only potent immunosuppressor agents with anti-inflammatory effects.
They are also capable of inducing the differentiation of CD4* T-cells towards a Foxp3 expressing
Tr1 phenotype with suppressive consequences.

In asthmatic children, inhaled corticosteroid treatment was also associated with an increased
proportion of CD4*CD25" T-cells in both peripheral blood and bronchial alveolar lavage fluid
(BALF) and an improvement in suppression of proliferation and cytokine/chemokine produc-
tion by CD4*CD25- responder T-cells.®? The role of immunosuppressive drugs, vitamin D3
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and dexamethasone, in the induction of IL-10 producing regulatory T-cells from naive CD4*
T-cells have been reported in man and mouse. The newly induced Tregs failed to synthesize IL-5
or IFN-y, despite retaining strong proliferative capacity. The inhibition nuclear factor (NF)-k B
and activator protein (AP)-1 activities confirmed the influence of these two immunosuppressive
agents in the development of Tregs.®

The population of CD4*CD25" Tregs and Foxp3 mRNA levels in peripheral blood and in
the BALF of asthmatic children were found to be lower than in children with chronic cough
and healthy control children.®® Increased percentages of CD4*CD25" T-cells in peripheral
blood and BALF were identified in asthmatic children after inhaled corticosteroid.® In contrast
to the asthmatic group, isolated BALF and peripheral blood CD4*CD25" T-cells from non-
asthmatic subjects suppressed the proliferation and cytokine as well as chemokine production
by CD4*CD25" responder T-cells. Corticosteroid treatment restored the regulatory activities
of CD4*CD25" T-cells after inhalation, suggesting that the lung pathology seen in paediatric
asthma, as with adult asthma, may stem from impaired regulatory T-cell control of Th2 responses.
Pulmonary Tregs may also represent a therapeutic target in paediatric asthma.®®

Specific Allergen Immunotherapy

The efficacy of allergen specific immunotherapy (SIT) in treatment of selected patients with
IgE mediated diseases has been established.#¢> SIT was initially described about 100 years ago®
and involves subcutaneous administration of small but increasing doses of allergen using a relatively
crude allergen extract.

To date SIT is the only treatment that can alter the natural course of allergic rhinitis, conjunc-
tivitis and allergic reactions to stinging insects.” Conventional subcutaneous allergen immuno-
therapy prevents further allergen sensitisations and the development of asthma in patients with
allergic rhinitis.®® The clinical improvement following allergen immunotherapy is sustained for
years after discontinuation, thus SIT is believed to modify the underlying immunological mecha-
nisms of allergic responses.”” The mechanisms by which allergen immunotherapy reduces allergic
symptoms have been studied for decades. Induction of blocking antibody i.e., IgG4, a shift from
Th2 to IFN-y producing Th1 cytokine profile™”! and reductions in the numbers of effector cells
such as eosinophils, mast cell and basophils in the target organ are amongst the immunological
changes observed following successful SIT.

More recently induction of functional CD4*CD25* Tregs’* capable of attenuating allergen-in-
duced proliferation of Th2 cells and their cytokine pattern have been reported with successful SIT.
The intracellular IL-10 positive T-cells from patients who had completed a course of allergen im-
munotherapy was almost exclusively localized to CD4*CD25* cells. IL-10-producing CD4*CD25*
regulatory T-cells have therefore emerged as potential mediators of immune tolerance following
grass pollen immunotherapy.”

Two subsets of regulatory T-cells, IL-10-producing Type 1 regulatory T-cells and the natural
CD4*CD25*Foxp3* Treg cells have been reported to play important roles in the control of allergic
inflammation. Successful SIT dampens allergen-specific effector T-cells and activates uncommit-
ted CD4*CD25" phenotypes to possibly IL-10 secreting Tr1 populations. Tr1 cells suppress Th2
cells and effector cells of allergic inflammation, such as eosinophils, mast cells, basophils, through
IL-10 and possibly TGF-B. Understanding of the mechanisms of IL-10* Tr1 cells may be helpful
in developing new strategies for treatment of allergic diseases.”>*

The effect of house dust mite (HDM) specific immunotherapy on the induction of Tregs
expressing markers such as Foxp3, CTLA4, IL-10 and TGF- was studied using peripheral
blood CD4* T-cells from both HDM sensitive asthmatic- and nonatopic children. This revealed
a temporary increase in CTLA-4 at three months after SIT with no significant changes in
IL-10 production or in the expression Foxp3* Tregs. Contrary to these findings were significant
increases in TGF-B and Foxp3 expression by CD4*CD25* Tregs and the associated clinical
improvement following the completion of SIT at one year, suggesting that conventional SIT
requires high concentrations of allergens to induce an effective clinical and immunological
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tolerance, with TGF-f and Foxp3 as the two sensitive biomarkers for monitoring the response
to immunotherapy.”

Using house dust mite-sensitive mice, peptide IT increased the number of CD4*CD25* Tregs
in the peripheral blood and the adoptive transfer of CD4*CD25* Tregs precluded the induction
of experimental allergic encephalomyelitis.”® Although these CD4*CD25* Tregs showed suppres-
sive capabilities in vitro, their effects in vivo depended on the induction of antigen-specific IL-10
producing Tr-1 cells. As indicated above, Tr1 cells are likely to play a crucial role in the control of
allergic disease with major effector mediator cytokines such as IL-10 and TGF-.

The suppressive mechanisms of Tr1 cells not only involve cytokines IL-10 and TGF-f, but also
molecules such as CTLA-4 and PD-1 antigens. IL-10 inhibits CD28 tyrosine phosphorylation
and prevents the binding of phosphatidylinositol 3-kinase p85, hence reducing the costimulatory
CD28 signalling pathway.” Induction of antigen-specific Tr1 cells can thus redirect inappropriate
immune responses against allergens using a broad range of suppressor mechanisms.

The autocrine action of IL-10 and TGF- is important the induction of peripheral T-cell
tolerance and plays a crucial role in the mechanisms of allergen-SIT.”*” Reactivation of T-cells
tolerized by IL-10 and TGF-f can result in the distinct pattern of cither Thl or Th2 cytokine
profiles depending on the cytokine milieu in the target organ. Peptide presentation to the anergic
T-cells was, however, fully restored in the presence of IL-2 or IL-15 as documented by the secretion
of IFN-y, but no IL-4 could be detected in this system suggesting that the suppression induced
by Tregs are reversible.”” Both IL-10 and TGF-f expressing cells have been reported to increase
in the nasal mucosa of grass pollen IT treated patients, with a strong association between TGF-B
expressed in the nasal mucosa and the levels of secretory IgA2 produced in the circulation, imply-
ing that the immunological changes are not only systemic, but occur in the target organ, i.e., nasal
mucosa. Thus, in addition to their cellular inhibitory influence, IL-10 and TGF- are the critical
factors in switching from an inflammatory immunoglobulin E (IgE) to the noninflammatory
isotypes IgG4 and IgA respectively, the two classes of Ig with significant values in the outcome of
SIT treatment and protection of mucosal surfaces.”®”

Another crucial change seen after successful allergen-SIT is a shift in the balance from IgE to
IgG, in particular to IgG4 subclass, the latter being under the regulation of IL-10. Two indepen-
dent studies have reported that the increased IL-10- and TGF-f production by Tregs in vivo may
endorse that high and increasing doses of allergens administrated during the course of grass pollen
IT are responsible for the proliferation and activation of Tr1 populations. Jutel et al reported the
suppression induced by CD4*CD25*Tr1* cells was partially blocked by neutralization of antibodies
against secreted forms or membrane-bound IL-10 and TGF-f.8°

Regulatory T-cells are thought to play an important role in allergic diseases and tolerance
induction during specific immunotherapy. In a recent publication, significant numbers of
CD4*CD25*Foxp3 expressing cells were identified in the nasal mucosa of allergic rhinitics who
had completed a successful course of SIT. Seasonal increases in CD4*Foxp3* and CD25*Foxp3*
cells in these patients were accompanied by suppression of local allergic inflammation, indicative
of the development and differentiation of a regulatory T-cell phenotype post immunotherapy.
CD25*IL-10* T-cells were both Foxp3 positive and Foxp3 negative and co-existed in a close mi-
croenvironment within the nasal mucosa, providing evidence for the emergence of phenotypically
and functionally distinct populations of regulatory cells i.c., “adaptive” Foxp3 expressing Tregs and
IL-10 expressing “Tr1” cells following SIT.#* Similar observations have been reported in patients
with inflammatory bowel disease, in whom IL-10 producing Foxp3*CD4*CD25* cells were present
at increased density in the colon and the presence of IL-10 expressing Tregs were associated with
amelioration of colitis.*? These findings encourage strategies which augment numerically and/or
functionally Tregs locally which would be beneficial in the treatment of allergic rhinitis.

Venom Immunotherapy
Venom immunotherapy (VIT) induces long-lasting immune tolerance to hymenoptera
venom antigens; however, the underlying mechanisms have yet to be clarified. In a longitudinal
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study VIT induced a significant progressive increase in percentage and absolute numbers of
CD25" " Foxp3* CD4"* regulatory T-cells, with the particular effect on Foxp3 confirmed both
at mRNA and protein levels.® These changes were unrelated to alterations in the expression of
activation markers or imbalances in the naive/memory T-cell compartments. Interestingly, the
increase in the circulating Foxp3*Tregs were correlated with a shift from the venom-specific IgE
to IgG4, corroborating the findings in grass pollen IT in allergic rhinitis. VIT is also associated
with a progressive expansion of circulating regulatory T-cells as defined by high expression of
CD25 and/or CD4*Foxp3* T-cells, supporting a role for these cells in the induction of tolerance
and unresponsiveness to subsequent venom exposure similar to the phenomenon of natural sting
tolerance in bee keepers. Wasp venom- or phospholipase A2-pulsed dendritic cell stimulation
of CD4*CD25" T-cells from healthy donors resulted in inhibition of proliferation and Th2
cytokine production by Tregs at 10-fold lower than the optimal concentration. In contrast,
IFN-y production was inhibited at all concentrations, suggesting that the threshold of response
is different between allergic and nonallergic individuals.®*

Less is known about the underlying molecular mechanisms of TGF-B-mediated suppression
in allergen immunotherapy. Blocking of CTLA-4 was associated with decreased TGF-f levels
within the bronchoalveolar lavage fluid of a murine model of allergic inflammation. TGF-f has
been recognized to deviate antibody response from an IgE to an IgA-dominated response in man
and in mice post IT.

Based on these observations and the decreased Treg cell populations as possibly one major
cause of allergic diseases, the upregulation of Tregs numerically or functionally gives promise of
therapeutic potential in the treatment of allergic diseases. Novel strategies should be adopted to
improve the clinical efficacy of IT usingadjuvants such as IL-10, vitamin D3, or TLR agonist such
as CpG. Mycobacterium induced allergen-specific Tregs producing IL-10 and TGF-B protected
against airway inflammation in mice.** The application of adenoviral vectors encoding IL-10
also resulted in a longer suppressive effect, with a very limited half-life of IL-10, hence with less or
no side effects. Alternatively immunostimulatory CpG motifs, an agonist of TLR9, may improve
clinical efficacy when combined with pollen immunotherapy.

Conclusion

Natural CD4*CD25* Tregs play a critical role in the control of peripheral tolerance to
self-antigens and in prevention of allergic diseases including rhinitis, atopic dermatitis and asthma.
CD4*CD25*Foxp3* Tregs and IL-10 producing Tr1 cells capable of suppressing Th2 responses to
allergens seem to be defective in those who develop allergic sensitization. Significant progress has
been made in understanding specific mechanisms resulting in allergic inflammation and IL-4 may
be a key factor in preventing the de novo induction of Treg cells and re-induction of allergen toler-
ance. However the exact mechanism of suppression remains controversial. Better understanding
of regulatory mechanisms involved in the development of allergic sensitization and the manipula-
tion of Treg cells holds the promise of effective treatment strategies to prevent and treat allergic
diseases. Allergen immunotherapy modifies T-cell responses to allergen and may do so through
induction of adaptive Tregs, e.g., IL-10—producing Tr1 cells contributing to the clinical efficacy
of the treatment in aeroallergen sensitive individuals. Allergen immunotherapy may enhance the
development of allergen-specific Tregs and provide safe, specific and long-term control of allergic
diseases and asthma. Co-administration of specific allergen immunotherapy with drugs such as
corticosteroids and vitamin Ds, adjuvants, for example IL-10 or CpG, are promising candidates
for enhancing and generating antigen specific regulatory responses.

Adoptive transfer of Tregs may represent an effective, donor-specific therapeutic approach,
although it can also be cost effective. In vivo induction and/or expansion of Tregs in patients remain
an attractive option. This may present a more realistic line to improve allergen specific Tregs and
provide significant benefit to allergic rhinitis and asthmatic patients.
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