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inAllergic Disease
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Abstract

A llergicdiseases suchasasthma,rhinitis and eczemaareincreasingin prevalenceworldwide,
in particular in industrialisedcountriesaffectingup to 20%ofthe population. Regulatory
T-cells(Tregs) havebeenshownto becriticalinT-cellhomeostasis andin the maintenance

of immune responses, such asprevention of autoimmunity and hamperingallergic diseases. The
so-called'natural' CD4+CD25+ Tregsand/or IL-lO-producingTrl cells havebeen shown to be
responsible for theprotectionofimmunetolerance and intact immunereactions followingexposure
to allergens such asaeroallergens or food allergens. In this regard, both cell-cell contact (through
membrane bound TGF-p or via suppressive molecules such as CLTA-4) and solublecytokine­
(TGF-p and IL-10) dependent mechanisms havebeenshownto contribute to the abilityofTregs
to operate effectively. The transcription factor Foxp3, a member of the forkhead-winged helix
family, appearsto be criticalin the suppressive abilities of regulatoryT-cells. Adoptivetransferof
CD4+CD25+ Tregs fromhealthyto diseased animalscorroboratedand providedfurther evidence
of the vital roleof thesepopulations in the preventionor cureof certainautoimmuneconditions.
Clinicalimprovementseenafterallergen immunotherapyfor allergic diseases suchasrhinitis and
asthma has also been associated with the induction ofIL-lQ and TGF-p producingTrl cellsas
wellasFoxp3expressingCD4+CD25+T-cells, resultingin the suppression ofTh2 cytoklnemilieu.
Activationand expansionof antigen-specific CD4+CD25+ Tregs in vivousingadjuvants such as
IL-10 or pharmacological agentssuch as lowdose steroidsor vitamin D3 could representnovel
approachesto induce antigen-specific tolerancein immune-mediatedconditions such asallergic
asthma,autoimmunedisease and the rejectionof transplanted organsin man.

Introduction
ThepursuitofregulatoryT-cellswasrevived in the 1990sfollowing theobservation that athymic

nudemiceinjectedwithCD25+ -depletedCD4+cells developed multiorganautoimmunediseases'{
and that these autoimmuneincidentscould be reversed by the adoptivetransferof CD4+CD25+
T-cells from healthymiceto the nude mice. Thislandmarkobservationprovidedrobust evidence
for the putative regulatoryrole of CD4+CD25+ T-cells in the control of immune responses and
generatedconsiderable interest in all aspects of basicand clinical immunology. The discovery of
CD4+CD25+ Tregs in the peripheralblood and lymphoid tissues in micewasfollowed bysimilar
findings in man.3-6 Numerousinvitrostudieson CD4+CD25+T-cells revealed acriticalrolefor these
T populations as the regulatorof immune responses in clinicalsettings includingautoimmunity,
tumour and microbialinfection, transplantationand allergic diseases.
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Background
Natural regulatory T-cells (Tregs) constitutively express the high-affinity imerleukin-2 (IL-2)

receptor a.-chain (CD25), a receptorwhich is crucial for IL-2 signalling and events leadingto
maintenance,homeostasis and functionofTregscells in vivo. However, the mainsource ofIL-2 for
the survival of CD4+CD25+ Tregcells seems to be T-cells other than Tregs themselves presentin
close proximity to CD4+CD25+ Tregs within lymphoid organs,?·8 Natural CD4+CD25+ Tregs are
alsoequippedwith a variety of cellsurface molecules includingcytotoxic T-lymphocyte antigen-4
(CTLA-4,orCD 152)andglucocorticoid-induced turnournecrosis factorreceptor(GITR),OX40
andprogrammed death-I (PD-l) antigen."!' UnlikeCD25 whichisupregulared on both newly ac­
tivatedand regulatoryT-cells, theintensityofCD 127antigenon naturalTregs hasbeenreportedto
inversely correlatewith theirsuppressive ability, makingCD127uniqueamongst cellsurface markers
expressed on TregsY CD4+CD25+ Tregs alsoexpress highlevels ofLAG-3 (aCD4-relatedmolecule
thatbindsMHC class II)uponactivation (Fig. 1).Tregs mayalso express CCR4and CCR6,lymphoid
homingreceptors CD 103and CD62Landmolecules suchasperforinandgranzyme A.13 However,
noneofthesesurface markers areuniqueto naturalTregs, but combinations ofthesemoleculeswould
makeuseful surrogate markes for the functional abilityofTregs.

Thymicselection ofCD4+CD25+ Tregs isregulatedbythe transcription factorfoxp3 ,13.ISagene
withapivotalroleinthedevelopment offunctionalTregs.Foxp3 isamemberoftheforkhead-winged
helixfamily oftranscription regulators locatedon chromosomeXp11.23. Foxp3 full-length protein
is encodedby 11 exons and containsa forkhead DNA-bindingdomain at the C terminuswhich
can bind to the IL-2 promoter and repress IL-2 mRNA transcription." Foxp3 is constitutively
expressed at highlevels on naturalTregs in both man and mice. I? Foxp3 canactivate or stifle other
transcriptionfactorse.g., Tbet (Thl) and STAT6and GATA3 (Th2) (Table1),signalling path­
ways or membraneexpression ofcertain molecules in the periphery. Scurfj micelacking Foxp3 are
deficient in CD4+CD25+ Tregs anddevelop severe lymphoproliferative and autoimmune disease."

Regulatory T cell subsets

Natural CD4+CD25+T cells

Foxp3, CTLA-4, GITR,CD127'­
OX40, PD-l, LAG-3,

Trl cell

Th3 cell

IL-l0
Foxp3? TGF-p

TGF-~

Figure 1. Regulatory T-cells(natural andadaptive-Tr1 andTh3).Cellsurface markers, thetranscrip­
tion factor Foxp3 andtheir cytokines(IL-1 0 andTGF-~) aredepicted. 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

Thl (Autoimmunity)

Th2(Allergy and helminith infection)

Th17 (Inflammationand autoimmunity)

Treg (Immunetolerance)

Transcription Factor

T-bet, STAT1, STAT4

GATA3, STAT6

RORgt (mice), RORC2 (man)

Foxp3 (mice), FOXP3 (man)

Cytokines

IFN-y, Il-2, TNF-a

Il-4, Il-S, Il-9, Il-13

Il-17, Il-2S, u-zr,
Il-22

Il-lO, TGF-~

Mutations in the foxp3 genein man result in IPEX syndrome, a condition with the spontaneous
developmentof allergic airways inflammation, hyper IgE and eosinophilia which predominantly
affectmaleoffspring." Conversely, the ectopicexpression ofFoxp3 phenotypically and function­
allyconverteffectorT-cells to Tregs with full regulatoryfunction." In mice, Foxp3 expression has
been shownto be both necessary and sufficient for Tregs development," Whereasin man there is
increasing evidence demonstratingthat Foxp3 isalsotransientlyexpressed in activated T_cells.20.21

Theobservationthat Foxp3 mRNAexpression in newlyactivated CD4+CD25+cells lackingregula­
tory function" maysuggest that in humans Foxp3 alone is not sufficient to commandregulatory
activityof CD4+CD25+cells.

The molecular mechanisms involved in the regulation of Foxp3 expression remain poorly
understood. However, it hasbeen establishedthat the transcriptionalactivityofFoxp3 promoter
isdependent on TCR signalling and several AP1-and NFAT-bindingsiteswithin the promoter.P
The binding ofSTAT5 and STAT3 to conservedbinding sitesof the Foxp310cus havealsobeen
implicated in the regulationofFoxp3 expression in man.24In both peripheral blood and tissues
Foxp3+CD4+CD25+ Tregs can be induced from CD4+CD25· T-cells in the presenceofTGF-13
and interleukin-2 (IL-2).25 Demethylation of DNA plays a critical role in the conversion of
CD4+CD25· T-cellsinto Foxp3+ Tregs.26The mechanismof suppression used by Tregs remains
contentious,nonetheless it hasbeenpostulatedthat TGF-13 1maymediatethe immunosuppressive
activityofTregs. In a recent report the in vitro induction ofFoxp3 failed to upregulateEBI3,p35
mRNA, or IL-35 secrerion," refutingthe earliersuggestion that IL-35 contribute to the suppres­
sivemechanismof human Treg.28.29

Regulatory T-Cells in Health and Allergic Conditions
In the last fewdecadesallergic diseases suchasasthma,atopicdermatitisand rhinitishavebeen

increasingin prevalence worldwide and in particularin the industrialised countries.Theprominent
roleof natural Tregsin preventingautoimmunediseases, rejectionof solidorgan transplantsand
uncontrolled tumour growth collectively suggest CD4+CD25+ Tregs mayalsoplaya criticalrole
in hamperingallergic diseases.A lowproportion ofTregs and/or adefect in the abilityof allergen
specific Tregsmaybe responsible for the increase in the numberofindividuals with allergyseenin
the past 30 years. Thus, better understandingof mechanisms ofTregs controllingTh2 responses,
the characteristic featureofallergic conditions,mayhelp in developing moreeffective therapeutic
strategies for treatment of thesediseases.

Theroleof1h2-driven immuneresponses has beendecisivelyestablished in thedevelopment ofal­
lergicdiseases.Neverthelessenvironmental factors andthegeneticpredisposition ofallergic individuals
arealsobelieved to contribute, ascofacrors, in theseverityof theseTh2diseases." Conversely, the lack
ofresponses to allergens in nonatopichealthyindividuals andthemechanisms bywhichsuchimmune
tolerance isinducedandregulatedarepoorlyunderstood.Thischaptersummarises invitroandinvivo
evidence for the functional abilities of regulatory T-cells in controlling effector T-cellresponses (cell
proliferation andeytokineproduction) inhealthandinanumberofallergicdisorders indudingasthma,
allergic rhinitisandatopicdermatitis aswellasinexperimental models ofallergies. It alsodiscusses the
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effects of treatment(glucocorticoids and allergen immunotherapy) on modification ofTregs and the
possibility of manipulating these T-cellpopulations for treatmentof allergic conditions.

Health
Despiteconstant exposure to aeroallergens or food allergens, healthysubjectsmaintain stable

immunetolerancein theirgastrointestinal and respiratorysystems.The roleofCD4+CD25+Tregs
in controllingimmune responses to allergens in man wasestablished'! bythe lackof proliferative
responses to allergens and a trend towards cytokine profile of Tr1 cells in healthy volunteers.
This wasin sharp contrast to T-cell recognition of allergens resultingin elevatedTh2 cytokine
production (IL-4, IL-5 and IL-13) and heightened proliferative T-cell responses to allergens in
atopicindividuals.32Thesefindings mayimplythat active immunesurveillance byTregpopulations
operates in healthy nonatopic individualand is possibly absent in atopic subjects. The majority
of allergen-specific T-cells in these healthy individuals were ofIL-iO-secreting Trl type. These
observations support the notion that an impairment in the abilityofTregs to controlexaggerated
Th2 responses rather than an imbalance betweenTh2:ThI responses, mayexistin atopy. It would
alsoprovidea plausible explanationasto whyno immunological responses areseenin nonatopic
healthyvolunteersfollowing allergenexposure.

In linewith thesefindings wasthe lackofproliferative T-cellresponses to cows' milkantigenin
healthychildren. Depletion of CD4+CD25+ T-cellsfrom PBMCs reversed T-cellrecognitionof
cow's milk antigen,implyingthat the food toleranceto dietary antigensmaybe an activeprocess
imposedbyCD4+CD25+ TregsY Contrary to thesedata, childrenwho had outgrowncows' milk
allergy revealed increases in thefrequency ofcirculating CD4+CD25+ T-cells anddecreased invitro
proliferative responses to bovine~-lactoglobulin (a milk protein) when comparedwith children
who remainedclinically milksensitive," A similarscenarioofIL-IO-associated T-cell-induced an­
ergyhasbeenreportedin hyperimmune individuals i.e.,beekeepers,whohad received multiplebee
stings.Theintracytoplasmic IL-IQ+ cellsfrom theseindividuals werecolocalized to CD4+CD25+
T-cellswith specificity for beevenomanrigens."

ExperimentalModels
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 thymectomizedmice im­
munized with ragweed pollen. Subsequent allergen challenge in these mice resulted in severe
allergic conjunctivitisas judged by conjunctivaleosinophil numbers, ragweed-specific IgE and
IgG1 levels, an increasedproliferative response and Th2 cytokine production by splenocytes to
ragweedallergen, confirmingthat thymus-derived CD2S+ T-cells areinvolved in the development
and the regulationof allergic conjuctivitis. The adoptive transferof CD4+CD25+Foxp3+ T-cells
from healthy, naive mice into ragweed-sensitized mice, suppressed the developmentof allergic
conjuctivitis, reinforcingthe perception that Foxp3 expressing Tregs playa pivotal role in the
regulationof allergic conditions."

Foxp3 mutant mice, generated by means of knock-in mutagenesis developed an intense
multiorgan inflammatoryresponse associated with allergic airwayinflammation, hyperirnmuno­
globulinemiaE,eosinophiliaand dysregulated Thland Th2 cytokineproduction in the absence
of overt Th2 skewing, is consistent with the striking influenceof Foxp3 in the developmentof
allergic inflammation."

The influence of IL-I 0 producing Tr1 cells governingTh2 type responses in experimental
model of OVA challengedmicewasestablishedby the adoptive transferofIL-1O+CD4+CD25+
cells fromnaivemiceto OVA sensitized mice,resultingin the resolutionofinflammatory responses
in the bronchial mucosa." Thisobservationisconsistent with the lowconcentration ofIL-l 0 in
the bronchoalveolar lavage fluid of adult asthmatic patients compared with healthy controls."
Neutralization studies using anti-IL-IO almost abolished the suppressive effectofTrl cells in
vitro and further strengthened the roleof this immunesuppressive cytokine in the controlofTh2
responses and in the maintenanceofT-cell homeostasis.
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Similarly to IL-l 0,TGF-~ isalsoinvolved in the control of atopicconditions.ThusinTGF-~
knockout mice a higher susceptibility to bronchial hyperreactivity and bronchial inflammation
resemblingasthmatic reactionsin 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
regulatedbyTGF-~ hasbeen demonstrated in the gut. Subsequentrecovery from food allergyin
these micewasassociated with localproduction ofTGF-~.40

A failureof immunetolerancerather than a defective inThl immunityappearsto underliethe
immunobiologyofTh2-drivenallergen-induced airwaydisease in a mousemodelof asthma.The
reduction in the bronchial inflammationappearsto be the consequence of regulatoryprocesses
involving dendritic cell-T-cell interactions.In contrast to OVA-inducedmurinemodelsofasthma
in which mice developedTh2-drivenairwaydisease, the prolonged/three week OVAexposures
resulted in the suppression of airwayhypersensitivity. The mechanismunderlyingtolerance by
chronic repetitive allergen (OVA) exposure in this rodent model included the recruitment of
considerable numbersofTregs expressingCD4+CD25+Foxp3+plusenhancedTGF-~1production
in the airways, despite tissueeosinophiliaand high serum levels of, OVA-specific IgEand IgG1•

The resolution of airwayhyperresponsiveness, tissueeosinophiliaand Th2 cytokineprofilewere
associated with the accumulationof Foxp3 expressing regulatoryT-cells in localdraining lymph
nodes.41•42 Understandingof mechanisms involved in airwaytoleranceto inhaled allergens could
potentially help to improvetreatment 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 surfaceand the soluble form ofTGF-~ 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-~ particularly interfered with immunosuppression,
the severityofsuppressionwasprofound when CD4+T-cellswereobtained from the tolerized
miceexpressinghigh levels ofFoxp3.43 Thesefindingssuggestthat the cellsurfaceexpressionof
TGF-~ rather than the secreted form of this immunosuppressive cytokine maybe responsible
for the effective inhibition and blunting the development of allergicresponses. The study also
suggestedantigen-induced tolerance requires cell-cell contact with Tregsexpressing Foxp3and
the expressionof membrane bound TGF-~ as the dominant component in the mechanismsof
suppression of allergicresponses.?

AllergicRhinitis andAsthma
Allergic rhinitis,adebilitatingallergic conditionaffectingup to 30%ofpopulationsin northern

Europeand in the USA,isaTh2predominantdisease. ThefactorsdrivingsuchTh2 responses have
not been fullyresolved and pathologicalmechanisms are unclear. It ishowever, conceivable that
reductions in absolutenumbersor a defect in function of the Foxp3+CD4+CD25+ in circulation
and/or in the nasal mucosaof allergic rhinitics'" could, in pans , be responsible for the clinical
manifestationand the high prevalence of this condition in the westernworld. In several in vitro
studies,CD4+CD25+ T-cells from aeroallergen sensitive individuals (e.g., grass and birch pollens,
cat and house dust mite) werefound to be defective resultingin high proliferative responses and
IL-5 secretionwhen CD4+CD25+ T-cellswere cocultured with autologousallergen-stimulated
CD4+CD25' T_cells.4S-46The dysregulation ofCD4+CD25+Tregs in the atopiescontrollingIL-13
and IL-5production'! wasmostpronouncedduringthepeakof thebirchand grass pollenseasons.
In contrast, CD4+CD25- T-cellsfrom both allergic and nonallergic individuals wereefficiently
ableto suppress T-cellproliferationandTh2 cytokineproduction to allergens outsideof the pollen
seasonwith significant levels ofFoxp3.

Thefrequencies of the Foxp3+, CD4+CD25+ and Foxp3+CD4+CD25+ populationswerefound
to be moreabundant in the nasalmucosaofhealthycontrolsthan in hayfever sufferers, whereas the
concentration ofIL-2 and IFN-ysecretedbyPBMC in hayfeversufferers wassignificantly greater
than in the controlgroup,consistentwith adefectin regulatorypathways in thisclinicalcondition.
Theresults funher indicatethatCD4+CD25+ Tregs aswellasFoxp3 expressingcells mayplayacrucial
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rolein immunological imbalance in hayfever, suggesting that Foxp3+CD4+CD2S+ T-cells have the
potential to act asa newtherapeutic targetfor the treatmentof this allergic disorder,"

Childrenwith allergic disease have beenshownto havefewer CD4+CD2Shi T-cells than control
subjects. Surprisingly, numbersof CD4+CD2S+ and CD4+CD2Shi Tdymphocyres werehigher in
childrenwithpersistent allergic rhinitisand/or moderate-severe bronchialasthmathan inthosewith
respective milderdisease and the frequency of thesecells werecorrelated with total serumimmuno­
globulinE level," Foxp3 expression of CD4+CD2S+ T-cells waselevated in moderate-severe versus
mildasthma.Similarly,patientswith moderate-severe bronchialasthmahad increased expression of
IL-lOcomparedwith patientswith mild asthma. Thesuppressive capability of Tregs from patients
with moresevere asthmaappearedto be intactin vitro." On balance,decreased numbersofTregs in
childrenwith allergic airwaydisease mayalsorepresent adefectof theTregfunction.Theunexpected
findings mayhowever represent the recruitmentofFoxp3+IL-IQ+ Tregs from the lymphoidorgans
to the targetorganand/or circulation to combatand dampenof the ongoingallergic inflammation
in the lungsof severe asthmatics.

Theantigenspecificity ofTregsand its influence in the induction and maintenance of tolerance
remaincontentious. Studies on Tregs from nonallergic healthysubjects demonstrated a profound
inhibition of proliferation of effector cells stimulatedwith influenza antigenaswellasbirchpollen
allergen.ThiswasinsharpcontrastwithCD4+CD2S+ cells fromallergic rhinitispatientswhichwere
capable of dampeningproliferative responses ofT-cells to influenza antigen,but not birchpollen.
Similarly, the regulation of1h2, butnot Thl cyrokineproductionbyCD4+CD2s+ cells was impaired
in allergic patients, upon stimulationwith birch pollenextract. Neutralization ofIL-lO led to in­
creased productionofIFN-y and TNF-a in the nonatopic controls, substantiating a dysregulation
ofallergen-specific Foxp3 expressingCD4+CD25+ T-cells inatopicsubjects.Theelevatedconcentra­
tion ofTNF-a following neutralization ofIL-I 0,however suggests apro-inflammatory rolefor this
cytokineand that the IL-!0 producedbyTregs ispossibly involved in promotingtolerance."

Furtherevidence for the existence of antigenspecificity ofFoxp3expressing Tregs wasprovided
bystudiesofallergen (Der-p 1)-specific and streptokinase (SK)specific-CD4+CD2S+Foxp3+ Tregs
in the peripheralbloodof atopicindividuals.soCD4+CD2S+Foxp3+ T-cells from Der p 1-sensitive
atopicindividuals whenculturedwithDCs activatedwithDerp-I, but not thoseculturedwitheither
unloaded or SK-Ioaded DCs, suppressed the proliferative responses of autologous CD4+CD2S'
phenotype to Der p 1 or SK respecnvely.'" Thesefindings mayalsoimplythat the pool of human
circulatingCD4+CD2ShighFoxp3+ T-cells consist ofTregpopulations specialised inthe recognition of
antigens withdifferent specificities. Ithasbeenposrulated that naturalTregs withalarge repertoire for
self-specificT-cellreceptors suppress immuneresponses viacontact-dependentmechanisms,whereas
the inducibleTregs consistof both self- and nonself-specific cells recognising autoantigens aswellas
foreign antigens and the latter populations arecapable of suppressing a widerangeof immunecells
viahigh concentrations ofTGF-~ ! (possibly Th3 cells) or IL-l O/TGF-~ 1 producingTr1cells,"
AlthoughantigencontactisrequiredbyTregs to induceasuppressive mechanism, oncetheyareset
in motion,subsequent suppression maynot requireantigens and caninhibit both in antigenspecific
and antigennonspecific fashion.

MucosalSystem
Theinduction of mucosaltolerancethrough the recruitment ofFoxp3expressing cellshasbeen

proposedasanalternative approachfor the treatmentofrespiratoryallergy. Long-termefficacy and
mechanisms of mucosal tolerance induction were investigated by the meansof an experimental
modelof birchpollenallergy.Twostructurallydiverse products of Betvl allergen i.e., unmodified
nativethree-dimensional major BP allergen Bet v 1 and nonconformationalhypoallergenic frag­
mentwereappliedintranasallybefore- (prophylactic) or afrersensitization (therapeutic) with birch
pollenallergen." Bothnative-and the modifiedfragmentBetv 1allergen showedprophylactic and
therapeuticeffects.Theimmunetoleranceinducedwith the nativeBetv 1allergen however wasas­
sociatedwith the enhancedexpressionofTGF-~, IL-lOand Foxp3 expressing CD4+T-cells. These
observations providefurtherevidence on antigenspecificityofTregsand suggest that thenativeand
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conformationalstructureofantigens ratherthan modifiedfragmentisan important componentin
the induction of appropriateimmuneregulatoryeffects byTregs." In this scenario Foxp3 seemto
be the dominant molecule for the long-termefficacy ofimmunosuppression and in the dampening
of immunopathologyof birch allergy.

Epidemiological studieshaveindicatedthat infectionwith helminth parasitesmaycounteract
allergies, possiblybygenerating Tregsand suppressionof the Th2limb ofimmunity.To address
whether the gastrointestinalnematode Heligmosomoidespolygyruswascapableof down-regu­
latingallergicreactions,a rodent modelof OVAand housedust mite allergen-Der p l -lnduced
asthma wasused.53The administration ofthe parasite induced suppressionofinflammatory cell
infiltrates in the lung, but wasreversedif micewere treated with anti-CD2S . The inhibition of
bronchial hyperresponsiveness and airwayinflammationwastransferable with mesenteric lymph
node cells (MLNe) from helminth infected animals to uninfected allergen sensitized mice.
MLNC from infected animalsshowedsignificantnumbersofCD4+CD2S+FoxpYT-cells, high
expressionofTGF-~ and strong interleukin IL-10 responsesto parasite antigen. Unexpectedly,
MLNC from IL-1D-deficlent animalsalsotransferredsuppressionto sensitizedhosts,indicating
that IL-10 per se may not be the primary suppressorof the allergicresponse." Thesedata sup­
port the contention that helminth infectionscanelicit a regulatory T-cellpopulation capableof
down-regulatingallergen-induced lungpathology in vivo. Intervention studieswith hookworm
in parasite-naiveallergicindividualsarecurrentlyongoing in the United Kingdom to test these
hypotheses further.54

Atopy
Maternal atopic status and the adaptive immune responses to microbialexposure at an early

stagein lifemaydecidethe outcomeof developing allergic disease or atopyduringthe childhood.
Usingcordblood mononuclearcells from SO healthyneonates(31 nonatopicand 19atopicmoth­
ers) and the innate TLR2 agonistpeptidoglycan (Ppg) or the adaptive allergen house dust mite
Dermatophagoides farinae (Derf 1)55 asstimulidemonstratedthat peptidoglycan wasmoreableto
induce high levels ofIL-IQ, IFN-y, IL-13 and TNF-a cytokinesecretionand lymphocyte prolif­
eration than Der f 1.Foxp3 and GITR expression of cord blood mononuclearcells (CBMC)and
IL-10 production werealsogreaterin CBMC from neonateswithout maternalatopythan those
withmaternalatopy. IL-10 productionwashighlycorrelatedwith theincreased expression ofFoxp3,
GITR and CTLA4, independentof maternalatopy. The increased IL-10 and Foxp3 induction in
cordbloodmononuclearcells ofnonatopiccomparedto atopicmothersand the inductionoHL-10
producingTregs viaTLR2, suggest possible intrinsicdefectin the induction of adaptive responses
to microbialstimuliwhich maybe associated with acopy,"

In a group of childrenwith eggallergy, the abilityof CD4+CD2S+CD12710w Tregcells in sup­
pressionofIFN-y production byautologous CD4+effectorT-cells in responses to staphylococcal
endotoxinBrevealedsignificandylessTregcell-associatedsuppression intheallergic groupcompared
with nonallergic children,althoughtheproportion ofcirculating CD4+CD2S+CD12710wTregand
Foxp3 expressing cells weresimilarin both groups.56

Maternalatopyisalsoconsideredasastrongcandidatepredictingthedevelopment ofchildhood
allergic diseases. Cord blood from offspring of atopicmothers showedfewer Lipid A peptidogly­
can-inducedCD4+CD2Sh;ghTregcells, lowerexpression of GITR and Foxp3 and decreased IL-10
and IFN-y secretion. In contrast IL-17 response to Lipid A was independent of maternalatopy
and highlycorrelatedwith IL-13secretion," Similarly, mitogen-inducedsuppression ofT effector
cells in cord blood ofoffspring fromatopicmotherswasalsoimpaired."Thesefindings implythat
impairmentsin Foxp3 expressing Tregnumbersand/or function maybe a predisposing factor in
the developmentof atopicdiseases 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 synehesis." The frequency of circulating
Foxp3+CCR4+CLN cells was found to be greater in atopic dermatitis with highly elevated



Foxp3 ExpressingRegulatory T-Cells in AllergicDisease 187

serum IgE compared with low IgE levels with a strong association between Foxp3 expressing
cells and the disease severity. CD2Shi T-cells appeared to consist of two subsets based on the
differential expression of the chemokine receptor CCR6. Although the ratio of CCR6+ and
CCR6- subtypes within the CD2Shi subset were similar in atopic dermatitis, the intensity of
CCR6 expression was strongly correlated with the suppressive ability ofTregs. CCR6- popula­
tions, in contrast, demonstrated functional characteristics ofTh2 effector cells and synthesized
large quantities ofIL-S in response to Staphylococcus aureus superantigen derived from the skin
colonizing organism, possibly indicating the expression ofCD2S on the se populations merely
represent cell activation.57 Moreover, the CCR6+FoxpYCLA+ cells had greater suppressive
abilities controlling proliferation ofeffector cells than CCR6- populations.

Studies on the cutaneous coexpression ofFoxp3 and GITR on a panel ofdifferent inflamma­
tory skin diseases using dual immunohistochemical staining revealed that Foxp3 and GITR were
almost exclusivelypresent on T-cells that express both CD4 and CD2S and were more prevalent
in the inflammatory skin conditions than in healthy skin.58Similar 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+ Tvcclls, cutaneous Foxp3+ T-cells in
patients with spongiotic dermatitis, psoriasis and lichen planus showed a frequency of2S-29%
and in patients with leishmanias is this was _IS%.58 These observations at a glance were sugges­
tive ofmechanisms ofsuppression via molecules ofFoxp3 and GITR may be intact in these skin
conditions. However, the recruitment of Foxp3+GITR+ T-cells in the inflamed skin may playa
central role in the disease recovery, cessation ofimmune 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 CD2S+ cells were present in the perivascular and papillar dermis of alilesional
specimens and FoxP3+cells were distributed in the perivascular and inter stitial atopic dermatitis
dermis. In atopic dermatitis and psoriatic skin, CD4+CD2S+FoxPY T-cells were absent in the
lesional region and in the atop y patch test areas of the skin, despite the abundant expression of
IL-I0 and TGF-13as well as receptors for these cytokines in the dermis.59ln contrast skin biopsies
from healthy volunteers despite having few Foxp3+T-cells showed an even distribution through
the dermis. Double immunostaining demonstrated that CD2S+FoxP3+ cells were distributed in
the perivascular, interstitial and periadnexal dermis , in contrast healthy skin specimens featured
few CD2S+ FoxP3+ cells scattered throughout the derm is. These findings suggest an impaired
regulatory T-cell function rather than the absolute numbers ofTregs in the cutaneous lesions may
playa key role in the immunopathology ofatopic dermatitis.

Modulation ofTRegs with Treatment

Glucocorticoids
The administration of glucocorticoids, inhaled or systemic, has been reported to increase

Foxp3 and IL-l0 expression in the bronchial mucosa in patients with severeasthma. Foxp3+ T-cells
were tightly correlated with IL-1Oexpressing cells but not with the expression ofTGF-131, pos­
sibly suggesting the Tr1 nature of the Treg population. The frequency ofCD4+CD2S+ 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 ofIL-l0 and Foxp3 expression on these cells,60-61corroborates
that glucocorticoids are not only potent immunosuppressor agents with anti-inflammatoryeffects.
They are also capable ofinducing the differentiation ofCD4+ T-cells towards a Foxp3 expressing
Tr1 phenotype with suppressive consequences.

In asthmatic children, inhaled corticosteroid treatment was also associated with an increased
proportion ofCD4+CD2Shi T-cells in both peripheral blood and bronchial alveolar lavage fluid
(BALF) and an improvement in suppre ssion of proliferation and cytokine/chernokine produc­
tion by CD4+CD2S- responder T_cells.62 The role of immunosuppressive drugs , vitamin D3
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and dexamethasone. in the induction of IL-l0 producing regulatory T-cells from naive CD4+
T-cells have been reported in man and mouse . The newly induced Tregs failed to synthesize IL-S
or IFN-y. despite retaining strong proliferative capacity. The inhibition nuclear factor (NF)-K B
and activator protein (AP)-1 activities confirmed the influence ofthese two immunosuppressive
agents in the development of'Tregs/"

The population of CD4+CD2Shi 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+CD2Shi T-cells in peripheral
blood and BALF were identified in asthmatic children after inhaled corticosrerold.f In contrast
to the asthmatic group. isolated BALF and peripheral blood CD4+CD2Shi T-cells from non­
asthmatic subjects suppressed the proliferation and cytokine as well as chemokine production
by CD4+CD2S- responder T-cells . Corticosteroid treatment restored the regulatory activities
of CD4+CD2Shi 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 ofTh2 responses.
Pulmonary Tregs may also represent a therapeutic target in paediatric asthma .f

Specific Allergen Immunotherapy
The efficacy ofallergen specific immunotherapy (SIT) in treatment ofselected patients with

IgE mediated diseases has been established.64•65 SIT was initially described about 100 years ago66

and involves subcutaneous administration ofsmall but increasingdoses ofallergen using a relatively
crude allergen extract.

To date SIT is the only treatment that can alter the natural course ofallergic rhinitis. conjunc­
tivitis and allergic reactions to stinging insects." Conventional subcutaneous allergen immuno­
therapy prevents further allergen sensitisations and the development ofasthma in patients with
allergic rhinitis.68 The clinical improvement following allergen immunotherapy is sustained for
years after discontinuation. thus SIT is believed to modify the underlying immunological mecha­
nisms ofallergic responses.v The mechanisms by which allergen immunotherapy reduces allergic
symptoms have been studied for decades . Induction ofblocking antibody i.e.• IgG4. a shift from
Th2 to IFN-y producing Thl cytokine profile7°.71 and reductions in the numbers ofeffector cells
such as eosinophils, mast cell and basophils in the target organ are amongst the immunological
changes observed following successful SIT.

More recently induction offunctional CD4+CD2S+ Tregs72 capable ofattenuating allergen-in­
duced proliferation ofTh2 cellsand their cytokine pattern have been reported with successful SIT.
The intracellular IL-l0 positive T-cells from patients who had completed a course ofallergen im­
munotherapywas almost exclusivelylocalized to CD4+CD2S+ cells. IL-I0-producing CD4+CD2S+
regulatory T-cells have therefore emerged as potential mediators ofimmune tolerance following
grass pollen Immunotherapy,"

Two subsets ofregulatory T-cells , IL-lO-producing Type 1 regulatory T-cells and the natural
CD4+CD2S +Foxp3+Treg cells have been reported to play important roles in the control ofallergic
inflammation. Successful SIT dampens allergen-specific effector T-cells and activates uncommit­
ted CD4+CD2S- phenotypes to possibly IL-l0 secreting Tr 1 populations. Tr 1 cells suppress Th2
cells and effector cells ofallergic inflammation. such as eosinophils, mast cells. basophils, through
IL-I0 and possibly TGF-~. Understanding ofthe mechanisms ofIL-IQ+ Tr 1 cells may be helpful
in developing new strategies for treatment ofallergic diseases.Y"

The effect of house dust mite (HDM) specific immunotherapy on the induction ofTregs
expressing markers such as Foxp3. CTLA4. IL -I0 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 -I0 production or in the expression Foxp3 +Tregs . Contrary to these findings were significant
increases in TGF-~ and Foxp3 expression by CD4+CD2S+ 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-~ and Foxp3 as the two sensitivebiomarkers for monitoring the response
to imrnunotherapy,"

Usinghouse dust mite-sensitivemice,peptide IT increasedthe number ofCD4+CD25+Tregs
in the peripheral blood and the adoptive transfer of CD4+CD25+Tregsprecluded the induction
ofexperimentalallergicencephalomyelitis." Although theseCD4+CD2 5+ Tregsshowedsuppres­
sivecapabilitiesin vitro, their effectsin vivodepended on the induction of antigen-specific IL-I 0
producing Tr-I cells. Asindicated above, Tr I cellsare likelyto playa crucial role in the control of
allergicdiseasewith major effector mediator cytokinessuch as IL-lO and TGF-~.

The suppressive mechanismsofTrl cellsnot only involvecytokinesIL-lO and TG F-~, but also
moleculessuch as CTLA-4 and PD-I antigens. IL-lO inhibits CD28 tyrosine phosphorylation
and prevents the binding ofphosphatidylinositol3-kinase p85,hence reducing the costimulatory
CD28 signallingpathway," Induction ofantigen-specific TrI cellscan thus redirect inappropriate
immune responsesagainst allergensusinga broad rangeof suppressormechanisms.

The autocrine action of IL-lO and TGF-~ is important the induction of peripheral T-cell
tolerance and playsa crucial role in the mechanismsof allergen-SIT.78.79 ReactivationofT-cells
tolerized by IL-lO and TGF-~ can result in the distinct pattern of either Thl or Th2 cytokine
profilesdepending on the cytokine milieu in the target organ. Peptide presentation to the anergic
T-cellswas,however, fullyrestoredin the presenceofIL-2 or IL-15asdocumented bythe secretion
ofIFN-y, but no IL-4 could be detected in this systemsuggestingthat the suppressioninduced
by Tregsare reversible." Both IL-I 0 and TGF-~ expressing cellshavebeen reported to increase
in the nasal mucosaofgrasspollen IT treated patients, with a strong associationbetweenTGF-~
expressed in the nasalmucosaand the levels of secretory IgA2produced in the circulation, imply­
ing that the immunologicalchangesare not only systemic,but occur in the target organ, i.e., nasal
mucosa.Thus, in addition to their cellularinhibitory influence,IL-I 0 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 ofIg with significantvaluesin the outcome of
SIT treatment and protection of mucosalsurfaces.78.79

Another crucial change seen after successful allergen-SITis a shift in the balancefrom IgEto
IgG, in particular to IgG4 subclass, the latter being under the regulation ofIL-I O. Two indepen­
dent studies havereported that the increasedIL-lO- and TGF-~ production byTregsin vivomay
endorse that high and increasingdosesof allergensadministrated during the courseofgrasspollen
IT are responsiblefor the proliferation and activationofTrI populations. jurel et al reported the
suppression inducedbyCD4+CD25+TrI+cells waspartiallyblockedbyneutralizationofantibodies
against secreted forms or membrane-bound IL-lO and TGF-f3.80

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+CD2S+Foxp3 expressingcellswere identified in the nasal mucosaofallergicrhinitics who
had completed a successful courseofSIT. Seasonalincreases in CD4+FoxpY and CD2S+Foxp3+
cellsin these patients wereaccompanied bysuppressionoflocal allergicinflammation, indicative
of the development and differentiation of a regulatory T-cell phenotype post immunotherapy.
CD2S+IL-1O+ T-cellswereboth Foxp3positiveand Foxp3negativeand co-existedin a closemi­
croenvironmentwithin the nasalmucosa,providingevidencefor the emergenceof phenotypically
and functionallydistinct populations ofregulatorycellsi.e.,"adaptive" Foxp3expressingTregsand
IL-IOexpressing"TrI"cellsfollowingSIT.8I A5 Similarobservationshavebeen reported in patients
with inflammatoryboweldisease, in whom IL-I0 producingFoxp3+CD4+CD25+cells werepresent
at increaseddensity in the colon and the presenceofIL-I0 expressingTregswereassociatedwith
amelioration ofcolitis.82Thesefindingsencouragestrategieswhich augment numericallyand/or
functionally Tregslocallywhich would be beneficialin the treatment ofallergicrhinitis.

Venom Immunotherapy
Venom immunotherapy (VIT) induces long-lasting immune tolerance to hymenoprera

venom antigens; however, the underlying mechanisms haveyet to be clarified.In a longitudinal
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study VIT induced a significant progressive increase in percentage and absolute numbers of
CD2SbrightFoxpY CD4+ regulatory T-cells, with the particular effect on Foxp3 confirmed both
at mRNA and protein levels.83 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 FoxpYTregs 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 ofcirculating regulatory T-cells as defined by high expression of
CD2S and/or CD4+Foxp3+Tcells,supporting a role for these cells in the induction oftolerance
and unresponsiveness to subsequent venom exposure similar to the phenomenon ofnatural sting
tolerance in bee keepers. Wasp venom- or phospholipase A2-pulsed dendritic cell stimulation
of CD4+CD2S- T-cells from healthy donors resulted in inhibition of proliferation and Th2
cytokine production by Tregs at lO-fold lower than the optimal concentration. In contrast,
IFN-y production was inhibited at all concentrations, suggesting that the threshold ofresponse
is different between allergic and nonallergic individuals.f

Less is known about the underlying molecular mechanisms ofTGF-~-mediated suppression
in allergen immunotherapy. Blocking of CTLA-4 was associated with decreased TGF-~ levels
within the bronchoalveolar lavagefluid ofa murine model ofallergic inflammation." TGF-~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 ofTregs numerically or functionally gives promise of
therapeutic potential in the treatment ofallergic diseases. Novel strategies should be adopted to
improve the clinical efficacyofIT using adjuvants such as IL-l0,vitamin D3 ,or TLR agonist such
as CpG. Mycobacterium induced allergen-specific Tregs producing IL-l0 and TGF-~ protected
against airway inflammation in mice.86-89 The application of adenoviral vectors encoding IL-l0
also resulted in a longer suppressive effect, with avery limited half-life ofIL-l0, hence with lessor
no side effects. Alternatively immunostimulatory CpG motifs, an agonist ofTLR9, may improve
clinical efficacywhen combined with pollen immunotherapy.

Conclusion
Natural CD4+CD2S+ Tregs playa critical role in the control of peripheral tolerance to

self-antigens and in prevention ofallergicdiseasesincluding rhinitis, atopic dermatitis and asthma.
CD4+CD2S+Foxp3+ Tregsand IL-l0 producingTr1 cells capable ofsuppressing Th2 responses to
allergens seem to be defective in those who develop allergic sensitization. Significant progress has
been made in understandingspecific mechanisms resulting in allergic inflammation and IL-4 may
be a key factor in preventing the de novo induction ofTreg cellsand re-induction ofallergen toler­
ance. However the exact mechanism ofsuppression remains controversial. Better understanding
ofregulatory mechanisms involved in the development ofallergic sensitization and the manipula­
tion ofTreg cells holds the promise ofeffective treatment strategies to prevent and treat allergic
diseases. Allergen immunotherapy modifies T-cell responses to allergen and may do so through
induction ofadaptive Tiegs, e.g., IL-lO-producing Tr1 cells contributing to the clinical efficacy
ofthe treatment in aeroallergen sensitive individuals. Allergen immunotherapy may enhance the
development ofallergen-specificTregs and provide safe,specific and long-term control ofallergic
diseases and asthma. Co-administration of specific allergen immunotherapy with drugs such as
corticosteroids and vitamin D3, adjuvants, for example IL-IO 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 ofTregsin patients remain
an attractive option. This may present a more realistic line to improve allergen specificTregs and
provide significant benefit to allergic rhinitis and asthmatic patients.
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