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The Biology ofFoxP3:
A Key Player in Immune Suppression
during Infections, Autoimmune Diseases and Cancer
Frances Mercer and Derya Unutmaz*

Abstract

TheTranscription factorFoxP3 belongs to theforkhead/winged-helix family oftranscriptional
regulators and shares general structural features with other FoxPfamily members. FoxP3
functions asa masterof transcription for the development of regulatory T-cells (Tregcells)

both inhumansandin mice.NaturalgeneticmutationsofFoxP3that disruptitsfunctionin humans
result in an autoimmune syndrome called Immune Polyendocrinoparhy, Enteropathy, X-linked
(IPEX) and in mice, its deletioncauses the Scurfyphenotype,with similarpathology.The finding
that FoxP3 isrequiredfor the development and functionofTregs hasledto anexplosion of research
in determiningits regulation and function in the immune system. Understanding the biological
propertiesofFoxP3has awiderangeof implications for immunetolerance, autoimmune disorders,
inflammation and immuneresponse to infectious diseases and cancer.

Introduction
The Immune system has evolved sophisticated mechanisms to mount effective protective

immune responses and to limit damageto the host by tightly regulatingits potentially harmful
side effects. A specialized cell type within the immune system called regulatoryT-cells (Tregs)
is instrumental in preventing immune responses against self-antigens and dampening immune
activationto nonselfantigens.TheseregulatoryT-cells were initiallydefinedby high expression
of the IL-2 receptor alpha chain (CD25) and werefound to be part of the CD4+helper T-cell
subset. Tregcells were then shown to expressand require the transcription factor FoxP3, which
alsobecamea definingfactor for their biology.

The Discovery ofFoxP3
The forkhead family transcription factor Foxp3wasshown to be critically important for the

developmentand function of regulatoryT-cells.1•
2 FoxP3wasfirst identifiedasthe culprit mutant

gene responsible for the spontaneous scurfymutation in mice and the human syndrome called
Immunedysregulation Polyendocrinopathy Enteropathy, X-linked, or IPEXY Both of these
geneticdefectsresultedin death of animals and humans.

In2003 it wasdiscovered that FoxP3 isexpressed in 5-10%ofperipheralCD4+T-cells in mice
and 1-5% in humans.FoxP3 expression wasshownto besufficient formurineTregcelldevelopment
and function as revealed bystudies usingectopic expression ofFoxP3 in otherwiseconventional
Tvcells.' Inhumans,ectopicoverexpression ofFoxP3in naive T-cells wasalsoshownto differentiate
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these cellsinto Tregmimicsin vitro,5.6 although the roleofFoxP3 turned out to be more complex
in the human system,as discussedbelow.

Tregs are functional only when activated though their T-cell receptors (TCR) and are de
rived from the thymus, where they are selected based on their positive affinityfor selfantigens?
Thus, Tregscan recognizeselfantigens to suppressself-reactive T-cellsonce they migrate to the
periphery. Although Tregsrequire antigenic stimulation for their suppressive function, they are
hyporesponsiveto in vitro TCR activation.8•9Upon stimulation, Treg cellsfail to efficiently flux
calcium, displayimpaired proliferativecapacityand produce reduced levels ofproinflammatory
cytokines, such as IL-2 and IFNy, when compared to effectorT-cells?·9.lo

How Tregs exert their suppressive function is not fully characterized; however a number of
mechanisms have been identified or proposed." Treg cellsconstitutively express severalsurface
markers, including CD25 , GITR and CTLA-4? However these molecules are also present on
activatedconventionalT-cells.ThediscoveryofFoxP3 wasmonumental in this regard,asit served
to define Tregcellsboth genetically and phenotypically through protein expression.

Functional and Structural Features ofFoxP3
Inhumans,FoxP3mapsto theXp11.23-Xq13.310cus.4FoxP3has 11 exons,whichencodea431

amino acid protein." Murine FoxP3is 86% similar to the human protein." FoxP3sharesa struc
tural scaffoldwith FoxP1,FoxP2and FoxP4. Ithas the greatestpercent homologywith FoxP1.13•14

Similarto other membersofthe family, FoxP3has a forkhead domain at the Cvtermlnus,which is
responsiblefor DNA binding, a leucinezipper likedomain, which mediates oligomerizationand
a zinc fingermotifwith unknown funcdon.P" At the Ncerminus, FoxP3contains a proline rich
region,whileother FoxPproteins haveaglutamaterichpolyQregion.P'Ihe N-terrninusisthought
to be the repressordomain." Most of the IPEX mutations map to the Forkheaddomain ofFoxP3.
Theproline rich repressordomain and the leucinezipper domain arealsomutated in severalIPEX
patients, albeit at a lower frequency," Missensemutations within the Forkhead, leucine zipper
and repressordomainsalsocauseIPEX sydnrome,15.16 suggesting the necessityofallthree domains
for proper function ofthis transcription factor. Other Foxp3mutations in IPEX patients include
C-terminal elongation due to lossofa stop codon and a point mutation in the polyadenylation
site, which affectsmRNA stability.16The latter mutation in the polyA site is interesting because
it was identified in a multlgenerational family in which some affected maleslived well into the
first decade and one even into the third decade oflife,12 indicating an intermediate IPEX sever
ity due to low levels of mRNA translation. Also, the deaths associatedwith these 'intermediate
IPEX patients' occurred after infection or immunization" highlighting the importance ofintact
Treg function during an immune response. A similar phenotype is seen in 'HUG' mice, which
haveattenuated expressionofFoxP3. Thesemice displayuncontrolled lymphocyteproliferation,
but the diseaseseverityis lowerin HUG mice compared to scurfymice," which completelylack
FoxP3expressiondue to a frameshiftmutation.'!

ForkheadDomain
The FoxPfamilyof proteins is unique in that the Forkheaddomain liesat the C-terminal end,

whereas the other Fox family members have an N-terminal Forkhead domain .P The Forkhead
domains of the 4 FoxPfamilymembers share a >90% similarity!" In FoxP3,this domain extends
from exon 9 to exon 11.16TheForkheaddomain contains aputativenuclear localizationsequence
(NLS) at the C terminal end." It is also responsiblefor binding the DNA targets ofFoxP3 and
for binding Nuclear Factor ofActivatedT-cells (NFAT).19.20

Cofractionation experiments in FoxP3 transfected and activated T-cells found that FoxP3
associates with both a high molecular weight and a low molecular weight complex. The former
contains chromatin remodeling factors, while the latter is associated with FoxPl and NFATY
Although the interaction with FoxP1has not been characterized, the interaction with NFAT has
been localized to the Forkheaddomain."
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NFAT is a transcription factor activatedby the calciumfluxthat occurswhen all T-cellsare
activated.Togetherwith another protein calledAP-I , the NFATcomplexbinds to promoters of
cellactivationgenes,such as IL-2 and CD25. The FoxP3 Forkheaddomain binds to NFAT, as
wellas the AP-I target DNA sequence.ThusFoxP3effectively blocksAP-I activitybystealingits
bindingpartner and byoccupyingitspositionon the DNA. Usinga ChIP assay, the NFAT-FoxP3
complexwasshownto bind to the promotersofIL-2 , CD25 and CTLA-4.19 Interestingly, acety
lation of FoxP3 in the Forkhead region wasalso shown to enhance FoxP3 binding to the IL-2
promoter," suggesting that the Forkheaddomain can undergoposttranslationalmodification to
modulate its function.

TheForkheaddomainofFoxP3alsohasnumerousDNA bindingsites. Agenomewideanalysis
usingmicroarrayon the nuclearfractionfrom mouseCD4+CD2Y cells and a CHIP assay found
that FoxP3 binds at 1,276 regions throughout the mouse genome." FoxP3 binding sites were
substantiallyenriched within 10 kb of the 5' untranslared regionof genes, correlatingwith the
position of promoter regions, aswould be expectedfrom a transcription factor.The listofFoxP3
binding targetsthat areup or downregulatedin FoxP3+ cells confirmsthat FoxP3 can act asboth
an activator and a repressor.P Histone H3 modifications are common at FoxP3 binding sites,
indicating that chromatin remodelingoccursduring FoxP3activity. This is probablya result of
the abilityof the N-terminal regionofFoxP3 to recruit chromatin-remodeling factors. It wasalso
revealed that FoxP3bound genesweremostlyinvolved in TCR signaling, cellcommunication and
transcriptionalregulation.Theseprofiles support the notion that FoxP3is involved in regulating
TCR mediated signals intracellularly, can promote the expressionof geneswith intercellularef
fector functionsand contributes to geneticprogrammingand celldevelopment."

Leucine Zipper Domain
Leucinezipperand zincfingerdomainsareboth traditionallyknownasprotein-proteininterac

tiondomains, whichhavethepotentialto bindDNA.16Theleucinezipperisknownto be indispens
able for FoxP3function basedon two IPEX patient missense mutations. Although the function
of the zinc fingerdomain ofFoxP3 is not currently established, the leucinezipper is responsible
for oligomerformation. FoxP3 can form homo-oligomersand can alsoform a heterodimerwith
FoxPI. In fractionationexperiments, FoxPI wasfound in the lowmolecularweightcomplexwith
FoxP3and NFAT.13In addition, recombinantFoxP3 raisedin eitherbacterialor mammalian cells,
formshomotetramers.The IPEX E251 mutation ofFoxP3 eluted asa monomer,indicatingthat
compromisingthe oligomerformation could be disrupting protein function."

Forkhead- Leucine Zipper LinkerRegion
The region that bridges the Forkhead and leucine Zipper domains in FoxP3 (aa 278-336)

bindsto the AcuteMyeloid Leukeamia-I(AML-I)/Runt Relatedtranscriptionfactor(RUNX-I)
protein, specifically, in the C-terminal repressor domain.AML-I bindsupstreamofthe IL-2gene,
actingasa promoter enhancer.FoxP3 isshown to block this enhancementand FoxP3mutations
that attenuate binding to AML-l , result in increasedIL-2 production. Furthermore,thesemuta
tions impair the expression ofTreg phenotype markers and some Tregfuncrions."

N-TerminalProline Rich Repressor Domain
Analysis of ChIP and microarrayexperiments showthat FoxP3 directlybinds only 6%of the

genes that it regulates."Thiscouldbe because FoxP3binds to the promotersof genesthat in turn
controlother genes or because DNA bindingisnot theonlymechanism bywhichFoxP3 altersgene
expression. Indeed, DNA binding activityaloneprobablydoesnot account for the indispensable
activityofFoxP3 in regulatoryT-cells, asTregs alsoexpress FoxPl, which has 90%similarityto
FoxP3 in the Forkheaddomain." Inother studies, it wasnoted that the N-terminusof the protein
isalsoimportant in interactionofFoxP3with NFATand its funcrion.P'Ihus it isconceivable that
the N-terminaldomain of FoxP3isa majordistinguishingfactor between the function ofFoxP3
and the other membersof the family."
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The N-terminal proline rich region has crucialfunction in binding to chromatin remodeling
factors that are necessary for FoxP3 transcriptional activity. As mentioned above, fractionation
experiments with FoxP3overexpressing cellsshowedthat FoxP3associates with both a high and
a low molecularweight complex in cells," The high molecularweight complexis composedof
chromatin remodelingfactors." Specifically, it wasfound that TIP60, a histone acetyltransferase,
binds to the N-terminal proline rich region of FoxP3.24 TIP60 acetylates FoxP3in Tregs and a
TIP60 mutant, deficientin the abilityto acetylate (HAT domain mutated) cannot promote tran
scriptionalrepression. Thisinteractionwasthought to be necessary for repression ofFoxP3 target
genesas assessed through IL-2 production, because repression ofIL-2 does not occur in TIP60
knockdown cells," In addition, TIP60 recruits a histone deacetylase calledHDAC7.13 Histone
deacerylases remove acetylgroupsfromhistonetails, whichin turn encourages high-affinitybinding
of histones to DNA. Therefore, HDAC7 could be preventingtranscriptionalaccess, consistent
with a model ofFoxP3 mediated repression of sometarget genes. Indeed, HDAC7 isalsofound
in complexwith FoxP3during coimrnunoprecipitation experiments. Mutating the N terminal
proline richregionabolishes the coimmunoprecipitation ofFoxP3and HDAC7 and abolishes the
transcriptional repressor function of FoxP3.J3 However, it wasalsoshownthat treatingTregcells
with a broad based HDAC inhibitor increasedtheir suppressive function." Thiseffecthowever,
maybe the result of HDAC regulationof the FoxP3 gene itself, as HDAC inhibitor treatment
alsoresultedin increased expression ofFoxP3 in the cells. In addition, FoxP3 binding to the pro
moters of cytokinesIL-2 and IFNy wasshown to deacetylate histone H3, inhibiting chromatin
remodelingand effectively blockingtranscription."

Multiple Isoforms and Subcellular Localization
In contrast to the murineversion, humanFoxP3hastwo isoforms, whicharecalledFoxP3a and

FoxP3b. FoxP3aisfull-lengthprotein and FoxP3bisa splicevariant lackingexon2. Interestingly,
in activated CD4+CD2S+ cells, FoxP3acan be found in both the nucleus and the cytoplasm,
FoxP3bis only found in the nucleus." Exon2 has a nuclearexport signal(NES), thus FoxP3bis
not properlyexported to the cytoplasmafteractivationdue to lackof an NES.14The implications
ofa cytoplasmicexport in human cells isnot clearsincemouseFoxP3appearsto beonlylocalized
to the nucleus,"

Itwasalsoreported that expression of full length FoxP3aresultsin a moreunresponsive T-cell
phenotype as compared to the FoxP3bisoform. Human cells expressing only FoxP3bhave an
intermediate Tregphenotype in terms of curbed proliferative capacityand dampened cytokine
secretion." However, in other reports,both isoforms wereshown to possess a similarcapacityto
induceTregsand to suppress T-cellactivation.6.2S,29The regionencodedbyexon2 isalsothought
to be criticalfor the association of Foxp3 with transcription factors retinoic acid relatedorphan
receptoralpha RORa30 and RORyt,28 which aremaster transcriptionfactorsfor developmentof
a proinflammatoryT-celi subsetcalledTh17.

FoxP3 Regulation and Function

Role ofFoxP3 in DevelopmentandFunction ofTregs
It isnowwell-established that FoxP3isrequiredfor developmentofTregcellsboth in humans

and mice. However, it is not fullyclearwhether FoxP3expression alone is sufficient to program
conventionalT-cells into bona fideTregs, especially in the human system. Ectopicexpression of
FoxP3in CD4+CD2S· non-Tregcells produced a regulatoryphenotype, as these cells exhibited
suppressive activityin vitro and alsoprotected the host micefromautoimmunediseases in several
adoptivetransfermodels.1.2.31 In humans,ectopicoverexpression ofFoxP3in naiveT-cells wasalso
shownto differentiatethesecells into Tregmimicsin vitro.5•6 Howeverin microarray experiments
the geneexpression profilebetweennatural Tregs and FoxP3ectopicallyexpressing cellsin mice
werefound to be differenn" specifically, there aregenesupregulatedin Tregs that are not under
the controlofFoxP3.In experiments utilizingFoxP3knock-out/GFP knock-inmice,it wasfound
that someTregcharacteristics and markergenes arepresentevenin theabsence ofFoxP3.33•

34Taken
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together,theseresultssuggest theremaybe other important factorsrequiredalongwith FoxP3, in
the developmentofTreg lineagecells.

CellExtrinsic Regulation ofFoxP3
ThecytokineTGF~ inducesFoxP3expression in CD4+CD2S·cells,"In mice,TGF~ induced

FoxP3programscellswith Tregcharacteristics and the abilitysuppress T-cellactivation, thesecells
aresometimes referredas iTreg,or inducibleTreg.42 Peripheral, but not thymicTregs werefound
to be reduced in eight to ten dayold TGF~l-l- miceand Tregs deficientin TGF~ ReceptorII
werealsopoorly maintained in the periphery, suggesting TGFWs criticalrole in peripheralTreg
rnaineenance.t-" Human CD4+CD2S-T-cellsupregulateFoxP3 upon activationin the presence
ofTGF~Y However, in human cells, such induction does not confer suppressive funcrion.F"
It is possible that FoxP3 has a second role in human cells, in mediating hyporesponsiveness of
CD4+CD2S- T-cells in vivo." Recently, a moleculecalled GARP was shown to be specifically
expressed on Tregs and can potentiallybe used to differentiate between FoxPY bona fideTregs
and TGF~-induced FoxP3expressing cells."

Thedownstream signalingcascade leading to FoxP3 inductionisnot yetclearly established;how
everseveral keyplayers havebeenidentified. In keepingwith conventional TGF~ signaling, Smad3
hasbeen identifiedasnecessary for FoxP3 inducrion." StatS,whichfunctionsdownstream ofIL-2
signaling, bindsthe FoxP3 promotersimilarly to NFAT,whichisactivated afterTCRtriggering.48

•
49

Thesefindings areconsistentwith the requirementofIL-2 and TCR activation for Tregfunction.
Signaling through the Notch receptor/trancriprionfactorpathwaymayalsobe involved in FoxP3
expression, aspharmacological inhibition of Notch1blocksFoxP3 lnducrion." Another signaling
protein important in cellular survival calledAkrhasbeenestablished asa repressor of novelFoxP3
induction, although it cannot reverse already established FoxP3 expression." Phosphoinositide
3-kinase and downstream signaling molecule mTOR can alsoantagonizeFoxP3expression." in
fact, the mTOR inhibitor Rapamycin promotesFoxP3expressionboth in vitroand invivoand has
been usedtherapeutically in IPEX patients.52·54

Itwasrecently reportedthat theVitaminA metaboliteretinoicacid(RA)couldpromoteFoxP3
expression in T-cells.55 RA ispresentin the gut and produced by antigen-presenting cells such as
macrophages,whichhavethe necessary metabolicenzymes.55•56 It ispossiblethat RAmayplayarole
in establishing oral toleranceto ingestedfood and to the vastmicrobiome that inhabits the human
gut.In fact,dietaryvitaminAhasbeenknownforovertwentyyears to protectagainst autoimmunity
in mice.57 It wasalsosuggested that RA enhancesstabilityof FoxP3 inducedbyTGF~.58

Epigenetic andPosttranslationalRegulation ofFoxp3
Asdiscussed in the structural section,FoxP3issubjectto posttranslationalmodification in its

N-terminal repressor domain by TIP60. FoxP3can also be acerylatedin the Forkheaddomain
and optimal Tregrepressorfunction is dependent on this acetylation, as it allows binding to the
IL-2 promorer.P The administration ofHDAC inhibitors therefore positively regulates FoxP3
acriviry,"

Evidence alsoexists that FoxP3 mayregulateitselfthrough positivefeedback. During analysis
of micegenetically modifiedto replace FoxP3with GFP at the Foxl'Slocus(FoxP3-GFP knock-in
mice), FoxP3-GFP+ T-cells downregulated GFP over time, while the majority of the Foxl"/
GFP- cells maintained FoxP3expression.P'" indicating that FoxP3 presencepromotes further
transcriptionat the FoxP310cus. A positivefeedbackloop for FoxP3 expression isalsosupported
bythe findingsthat FoxP3obstructsdevelopmentofother helperT-cellsubsets." Recentresearch
has suggested a role for epigeneticchromatin patterning in this process. Specifically, dernerhyla
tion occurs near the FoxP3 promoter in naturally occurringTregs.59 Methylation of DNA is a
mechanismto limit access to transcriptionalproteins and demethylationwould be predicted to
relieve this restriction. Usingazacytidine, a DNA methyltransferaseinhibitor, FoxP3expression
wasinduced stablyin cellsthat do not physiologically express it, includingconventionalT-cells.60

Furthermore,dernethylarion at the FoxP310cus wasa faithful markerof naturalTregs and neither
transiently FoxP3 expressingcells norTGF~ inducedFoxP3+ cells weredemethylated at thislocus."
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The stableexpression that demethylation at the FoxP3 genelocusconfers mayalsocontribute to a
positive feedback mechanism inwhichFoxP3 promotesitsownsynthesis, thusmaintainingabundant
and sustainedlevels in the cell.

Recentstudieshave confirmed thelinkofchromatinremodeling to the regulation ofFoxP3and
haveprovidedmechanistic insightintocellextrinsic mechanisms in this process. Anenhancerregion
upstreamof the FoxP3 genetogetherwith Smad3and NFATarerequiredforhistoneacetylation at
the enhancer, thusopeningup the regionfor transcription," Asseveral Smads areinvolved inTGF~
signaling, this mayalsohelp to explain the TFG~-mediated induction ofFoxP3 expression." The
T-cellcytokineIL-4wasalso foundto inhibitFoxP3 induction, throughtranscription factorSTAT6,
whichwasshownto bind to the silencer regionin the vicinityofFoxP3 and inhibit chromatinre
modelingat the locus,"Interestingly, RAreducedSTAT6 bindingto thesilencer region, relieving the
inhibition and enhancinghistoneacetylation.S Another cytokine, IL-6, canpromotemethylation
at the FoxP3locus, silencingitsrranscriprion," Epigenetic controlof the FoxP3locus maytherefore
be criticalin understanding complex regulation ofFoxP3geneexpression.

Role ofFoxP3 in Cancer
AsFoxP3+ Tregs mainlyfunctionto eliminate self-reactive lymphocytes, theycanbepotentially

detrimental to the immuneresponse againsttumors. Because most tumor-associated antigens are
recognized asself theyaremorelikely to activateTregs ratherthan effectorT-cells capable ofmount
ingan immuneresponse. In addition,tumor cells oftenacquire the abilityto secrete cytokines such
asTGF~, which induces FoxP3 expression in T-cells. Indeed,high levels of FoxP3+ cells havebeen
detectedin the tumor environments ofmanycancers and strategies to eliminatethem to blocktheir
tumor protective effects arein development.

Foxp3+ T-cells arealsoactively recruited to tumor sites. In a modelof human ovarian cancer, it
wasfound that a chemokine called CCL22 isreleased bycells in the tumor microenvironment and
specifically recruits Tiegs," Severalgroupshave shownthat invarious tumormodels inmiceandman,
naturalTregs arepresentandproliferatinginthe tumor tissue.65-68TGF~, whichisoftenproducedby
tumor cells," is favored to be the inducerTregproliferation in thesetumor microenvironmenrs."

It is also known that tumors can induce expression of FoxP3 in conventional T-cells. In ad
dition to TGF~, indoleamine 2,3-dioxygenase (IDa) can contribute to this induction. An IDa
inhibitor abolishes conversion of conventional CD4+cells to Tregin the A20 lymphomamodel"
and IDa expression by human leukemia cells correlates with the number of FoxP3+ cells in the
blood.Tumorresident antigen-presening cells suchasplasmacytoid dendriticcells canalsoproduce
IDo.72Both TGFI3 and IDa inhibitors are under investigation to override tumor mediatedim
munesuppression.?

FoxP3 expression bynon-T-cells mayalso havean important rolein development of certainma
lignancies suchasbreastcancer. Forexample, micethat areheterozygous for FoxP3, haveincreased
incidence of breastcancerdevelopment. Furthermore, human breastcancercells that express the
HERIneu markers of aggressive malignancy, downregulate FoxP3 in breasttissue." In fact, FoxP3
wasfound to repress transcription ofSKP2,abreastcanceroncogene," Loss ofFoxP3in non-T-cells
thereforemayleadto moreaggressive tumorgrowth.ThusFoxp3 expression isadouble-edgedsword
in cancer.

FoxP3 in Infectious Diseases

Parasitic Infections
Recent observations havefurther demonstratedthat FoxP3+ Tregs mayinfluence the immune

response to manymicrobes. One of the firstobservations on the roleofTregsduringinfectionwas
madewith the parasitic pathogenLeishmania major?5.76 When Tregs wereremoved fromthe siteof
infection, the animals couldbetter discard the infecdon." However, further studies showedthat in
certainstrainsofmiceTregs actually held the cutaneousinfectionin check,whichotherwisewould
result in progressive lesions,"A similarpicturewasobserved in adoptive transferofTreg depleted
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cells into SCID mice,whichdeveloped moresevere infections than thosethat alsoreceived the Treg
subset.From thesestudiesit isclearthat Tregs couldplaya useful role in Leishmania pathogenesis,
althoughtoo muchTregresponse alsodiminishes the immunityto thepathogenresultingin chronic
disease. Similarly, inMalaria, increasedTregsweredetectedin theperipheralblood,wherePlasmodium
faldparum resides on redblood cells.A positive correlationbetweenFoxP3+ T-cells and growthrate
of the parasitewasobserved."

ViralInfections
Several viral infections, especially those that persist, may perturb the immune response.Y?

which can result in increasedsusceptibilityto other infections,tumors or even auroimmuniry."
Tregs have recentlybeen implicatedin mediating functional impairment of CD8+T-cellsduring
persistent retroviralinfection." Other instancesofviralinfectionswherein the Tregresponseacts
to the detriment of the host are recognized. For example, in HSV infection of mice, the magni
tude of both CD8 and CD4 responses against the virus wereelevatedtwo to three fold if mice
were depleted of Treg cells prior to the infection." In chronic hepatitis C infection, Tregscan
curb liverdamage." Tregsare alsoexpanded in micepersistentlyinfected with Friend retrovirus,
suggestingthat they maycontribute to immunosuppressionin the absenceofT-cell depletion in
chronic viral infecrlons."

HIV Infection
Another viralinfectionwhereFoxP3+ T-cells mayhavea criticaldual role isHIV infection.The

abilityof HIV to establish apersistentinfectioniscriticallydependenton T-cellactivation signals.84

Indeed,a chronicstateof hyperactivation isa hallmarkof HIV Infection." Consequently, this state
of chronic immuneactivationcombinedwith the direct destructionof CD4+T-cells byHIV leads
to a profound immunodeficiency characterized byprogressive deteriorationin immunefunction.86

FoxP3+ T-cells werefound to be highlysusceptible to HIV infectionboth in vitro!and in vivo." It
ispossiblethat the lossofFoxPY T-cells in turn couldpotentiallyresult in hyperactivity of conven
tional T-cells due to the lackof regulationby Tiegs, therebycreatingmore T-celltargetsfor HIV.
In a mousemodel reconstitutedwith a human immunesystem to studyHIV pathogenesis, FoxP3+
Tregcells werepreferentially infectedand depleted.f When thesemiceweredepletedof theirTregs
during acute infection,HIV infectionwasreduced." Conversely, ifTregs are specifically activated
by HIV during the earlierstages of infection,this couldhavea suppressive effect on the protective
immuneresponse againstthe viruS.89'91

Foxp3mayalsoplaya direct rolein facilitating HIV transcriptionin infectedT-cells. HIV gene
transcriptionisdependant on endogenoushost cellfactorssuch asNFAT and NFKB.92FoxP3 was
shown to enhance NFKB binding the HIV LTR, increasing HIV-transcription in these cells."
AbrogatingFoxP3 binding to NFKB prevented this enhancement.However, other groups found
that FoxP3suppressed geneexpression fromthe HIV LTR,94.95 FoxP3and FoxP3+ T-cells thus play
a multifacetedroleduring HIV infection.

Foxp3 in Transplantation Tolerance
FoxP3+Tregsarepartly responsible for maintainingperipheraltoleranceto selfin the bodyand

could be invoked to suppressimmune responses to foreign antigens.This would be particularly
important in a not fully matched organ transplantion, which can result either in rejectionof the
transplanted tissueor an immuneresponsebythe donor calledgrafi-versus-hose disease (GVHD).
It is conceivable for example to educate donor Tregsto recognizeallogeneic antigens from the
transplated host and transfer these alongwith the transplant tissue. This would presumably sup
pressdonor effectorT-cellsfrom attackingthe host, thuspreventingGVHD. Patientswith chronic
GVHD indeed show diminished FoxPY T-cellnumbers and low dose IL-2 therapy is currently
beingexploredas an approach to induce FoxP3and promote Tregsurvivalin thesepatients."

Alternatively, ifFoxP3 expression can be induced byhost cells aftertransplantation, this could
alsohelp to establishtoleranceand complement immune-suppressive therapies.Thereisevidence
to support that the Tregresponsedoesnot need to be specific to transplant tissueand can prevent
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immune activationby bystandersuppression." Indeed. higher levels of FoxP3mRNA detected
in the urine of renal transplant patients and higherTregcellscorrelatedwith reducedgraft rejec
tion." In this regard.the immune-suppressive drug rapamycin could havedual function both by
dampening immune responses and byselectively inducingFoxP3+ Tregs.97

FoxP3 in Autoimmune Diseases
Disruption of FoxP3 function leads to severe autoimmunity both in humans and mice,

highlighting the criticalimportanceof this transcriptionfactor in preventingunwanted immune
responseagainstself Here wewillreviewsomeofthe experimentalautoimmunemodelsin mice,
where FoxPY Tregs wereshown to playa crucialrole.

Multiple Sclerosis
Experimentalautoimmuneencephalomyelitis (EAE)isasyndromeofinflammation oftheCentral

NervousSystem (CNS).whichisusedasa mousemodelfor humanmultiplesclerosis (MS)disease.
alsocaused byautoimmuneresponse to myelin,"EAE is typically induced by myelin injectionor
by transferring myelin-reactive CD4+cells to susceptible mice. Earlyexperiments done beforethe
discovery ofFoxP3 showedthat CD4+CD2s+ T-cells transferred from healthymicecouldprotect
susceptible miceagainstEAE.99 It wasthen determinedthat FoxP3+ Tregcells wereresponsible for
this protection in an antigen(myelin) specific or bystander fashion," In humans. analysis of blood
samples and spinalfluidfromMSpatientsalsoshows evidence ofTregperturbation."

Inflammatory BowelDiseases
The murine colitis model is used to gain insight into ways to control human autoimmune

diseases of the intestine,suchas ulcerative colitisand Crohns disease. In this model.immunede
ficientmicearepopulated with naiveCD4+Tcells, which causes severe intestinal inflammation.
Mice that receive CD4+FoxP3+ T-cells are cured of the disease within weeksand it wasshown
that Tregcells migrated to the colon,which is the siteof'inflammation."

Type I Diabetes
TypeI diabetes,or diabetesmellitus, isan autoimmunesyndromein whichthe insulinproduc

ing beta cells in the pancreasare attacked by the immune system. Neonatal diabetesmellitus is
characteristic ofIPEXpatientswith FoxP3 mutations.A broadstudywithType1diabetespatients
showedthat (GT)n microsatellite polyrnorphisms in the FoxP3 genewerealsoassociated with the
disease.'?"Another study correlateda lowerFoxP3mRNA levelwith TypeI diabetespatients.'?'
In a mousemodel of TypeI diabetescallednonobesediabetic (NOD). FoxP3+ T-cellsdecreased
as the disease progressed.l'v The main culprit in this mousemodel appears to be increasedbeta
cellspecific effectorT-cells that arealso resistant to suppression by FoxP3+ T_cells;103.104 there is
no defectin the generationor maintenanceofTregs, indicatingthat FoxP3 function isintact.I05.106
However.when beta cellspecific Tregs fromdiabeticmicewereexpandedin vitroand transferred
backto diseased mice. the diabetesregressed.!" In alternative experiments T-cells specific to pan
creaticbeta cells weregenetically manipulated to express FoxP3,which alsocausedregression of
disease when transferredto diabeticmice.!"

Emerging and Potential Therapeutic Intervention
Foxp3"Tiegsor Foxp3-programmed T-cells havea vastarrayof functionsand rolesin human

diseases (Table1).Thus.Foxp3ispotentiallyasignificant targetfor therapeuticapproaches against
thesediseases. On theonehandenhancingFoxPYTregs couldbeuseful in the treatmentofautoim
munesyndromes. inflammatorydisorders, transplantationand complications fromchronicinfec
tions.On the other hand attenuatingthe FoxP3+ Tregresponses wouldbebeneficial in enhancing
antitumor immunity. responses to acute infectionsand boostingthe potency of vaccines.

Although the prospect of targetinga transcription factor is generally avoided because of the
widespread and oftenunforeseen activities of transcriptional regulators. FoxP3 has been shownto
berelatively specific to the immunesystem andassociatedprimarilywithimmuneactivation.Several
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Table 1. Function and role of Foxp3 in diseases
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Disease Role of Foxp3 References

IPEX syndrome

Ovarian cancer

Breastcancer

Breastcancer

Malaria

HSV infection

Hepatit is C
infection

HIV infection

HIV infection

GVHD

Renal transplant
rejection

Multiple sclerosis

Type I diabetes

Natural genetic mutations in Foxp3 causesautoimmune 3,4
syndrome in humans

Foxp3+ Tregsrecruited to the site of tumor 64

Breastcancer cells that expressthe HER/neu markersof 73

aggressive malignancy, downregulate FoxP3 in breast tissue

FoxP3 represses transcription of SKP2, a breast cancer oncogene 74

A positive correlation between FoxPJ+ T-cells and the growth 77
rate of plasmodium falciparum was observed

The magnitude of immune responses against the virus elevated if 82
mice were depleted of Foxp3+ T-cells prior to the infection

Foxp3 expressingTregscan curb liver damage 77

FoxP3+ T-cells were found to be highly susceptible to HIV infec- 87,88
tion

FoxP3 shown to enhance NFKB binding the HIV LTR, increasing 93
HIV-transcription in infected cells

In chronic GVHD FoxP3+ T-cell numbers are reduced, they 96

could potentially be protective against the disease

Higher levelsof FoxP3 mRNA detected in the urine of renal 97
transplant patients correlated with reduced graft rejection

FoxPY Treg cells are responsible for protection of mice against 98
EAE, the model of multiple sclerosis in mice

Polymorphism in the FoxP3 gene is associatedwith the disease, 100,101
lower FoxP3 mRNA level in Type I diabetes patients

questionsremain to be answered in order to manipulateFoxP3or FoxP3expressing cells duringhu
man diseases. First,how can weinduce FoxP3in specific cell types?It ispossible that the signaling
pathwaysused byTGF~ to induce FoxP3can beexploitedto developpharmacological agonists to
induceFoxP3expression. Conversely, in conditionssuchascanceror acuteinfectiousdiseases it may
be desirable to dampen FoxP3expression to amplifythe immune response.

Second,howcanwegenerateantigen-specific FoxP3+Tregsand direct them to the sitesofinflam
mation?It maybepossibleto identifycertainepitopesofantigensthat preferentially stimulateTregs
versus effectorT-cells. Reverse approaches to exclude theseepitopesin vaccineswouldboostimmune
response to antigens. MigrationofT-cellsto tissues islargely dependenton their chemokinereceptor
expression profiles. Increased knowledgein this fieldhas revealed various biological agentssuch as
cytokinesthat can program cells to express givenchemokine receptorsand target them to sitesof
infectionor inflammation. Futureapproaches to genetically manipulateT-cells to ectopicallyexpress
FoxP3,forced expression ofTCRs specific to antigensof interest or specific chemokine receptors
on bona fideTregcouldalsobepowerfulcellulartreatment options in controllingchronic immune
activationor inflammation.

Acknowledgements
Supported by NIH grant RO 1 AI065303 to DU.



56 Forkbead Transcription Factors: VitalElements in Biology andMedicine

References
1. Fontenot JD. Gavin MA. Rudensky AY. Foxp3 programs the development and function of CD4+CD25+

regulatory T-cells. Nat Immuno12003; 4(4) :330-336.
2. Hori S. Nomura T. Sakaguchi S. Control of regulatory T-cell development by the transcription factor

Foxp3. Science 2003; 299(5609) :1057-1061.
3. Wildin RS, Ramsdell F,Peake] er aI. X-linked neonatal diabetes mellitus, enteropathy and endocrinopathy

syndrome is the human equivalent of mouse scurfy. Nat Genet 2001; 27(1) :18-20.
4. Bennert CL, Christie]. Ramsdell F et al. The immune dysregularion, polyendocrinopathy, enteropathy.

X-linked syndrome (IPEX) is caused by mutations of FOXP3. Nat Genet 2001; 27(1) :20-21.
5. Oswald-Richter K, Grill SM, Shariat N ec al. HIV infection of naturally occurring and genetically

reprogrammed human regulatory T-cells. PLoS Bioi 2004; 2(7) :EI98.
6. Aarcs-RiemensT. Emmelor ME. Verdonck LF ec al. Forced overexpression of either of the two common

human Foxp3 isoforms can induce regulatory T-cells from CD4(+)CD25(-) cells. Eur] Immunol 2008;
38(5) :1381-1390.

7. O'Garra A, Vieira P. Twenty-firsr cenmry Foxp3. Nat Immuno12003; 4(4) :304-306.
8. Thornton AM, Shevach EM. CD4+CD25+ immunoregulatory T-cells suppress polyclonal T-cell activa

tion in viero by inhibiting interleukin 2 producelon.] Exp Med 1998; 188(2):287-296.
9. Zwar TD, van Driel IR, Gleeson PA. Guarding the immune system: suppression of autoimmunity by

CD4+CD25+ immunoregulatory T-cells. Immunology and Cell Biology 2006; 84(6) :487-501.
10. Sakaguchi S, Wing K. Miyara M. Regulatory T-cells-a brief history and perspective. Eur] Immunol

2007; 37(Suppll) :SI16-123.
11. Sojka DK, Huang YH, Fowell DJ. Mechanisms of regulatory T-cell suppression-a diverse arsenal for

a moving target. Immunology 2008; 124(1):13-22.
12. Torgerson TR, Ochs HD. Immune dysregulanon, polyeadocrinopathy, enteropathy, X-linked syndrome:

a model of immune dysregulation. Curr Opin Allergy Clin Immunol 2002; 2(6) :481-487.
13. Li B. Greene MI. FOXP3 actively represses eranscription by recruiting the HAT/HDAC complex. Cell

Cycle 2007; 6(12) :1432-1436.
14. Li B, Sarnanra A. Song X er al. FOXP3 ensembles in T-cell regulation. Immunol Rev 2006;

212:99-113.
15. Campbell D]. Ziegler SF. FOXP3 modifies the phenotypic and functional properties of regulatory

T-cells. Nat Rev Immunol 2007; 7(4):305-310.
16. Gambineri E, Torgerson TR, Ochs HD. Immune dysregularion, polyendocrinopathy, enteropathy and

X-linked inheritance (IPEX), a syndrome of systemic autoimmunity caused by mutations of FOXP3 . a
critical regulator ofT-cell homeostasis. Curr Opin Rheumatol 2003; 15(4):430-435.

17. Zheng Y. Rudensky AY. Foxp3 in control of the regulatory T'-cell lineage. Nat Immunol 2007;
8(5):457-462.

18. Brunkow ME, Jeffery EW; Hjerrild KA et al Disruption of a new forkhead/winged-helix protein. scurtin,
results in the fatallymphoproliferative disorder of the scurfy mouse. Nat Genet 2001; 27(1) :68-73.

19. Wu Y. Borde M. Heissmeyer V et al. FOXP3 controls regulatory T-cell function through cooperation
with NFAT. Cell 2006; 126(2):375-387.

20. Bertelli E. Damange M. Oukka M. Foxp3 interacts with nuclear factor of activated T-cells and
NF-kappa B to repress cyeokine gene expression and effector functions of T helper cells. Proc Nad
Acad Sci USA 2005; 102(14) :5138-5143 .

21. Tao R. de Zoeten EF. Ozkaynak E et aI. Deacetylase inhibition promotes the generation and function
of regulatory T-cells. Nat Med 2007; 13(11):1299-1307 .

22. Zheng Y. ]osefowicz SZ. Kas A et al. Genome-wide analysis of Foxp3 target genes in developing and
mature regulatory T-cells. Nature 2007; 445(7130):936-940.

23. Ono M, Yaguchi H. Ohkura N et al. Foxp3 controls regulatory T-cell function by interacting with
AMLl/Runx1. Nature 2007; 446(7136):685-689.

24. Li B, Samanta A, Song X er al. FOXP3 interactions with histone acetyltransferase and class II histone
deacerylases are required for repression. Proc Nad Acad Sci USA 2007; 104(11) :4571-4576.

25. Chen C, Rowell EA, Thomas RM et al. Transcriptional regulation by Foxp3 is associatedwith direct pro
moter occupancy and modulation of histone acetylation.] Bioi Chern 2006; 281(48) :36828-36834.

26. Fontenot ]D, Rasmussen]P. Williams LM er aI. Regulatory T-cell lineage specification by the forkhead
transcription factor foxp3. Immunity 2005; 22(3) :329-341.

27. Ziegler SF. FOXP3 : of mice and men. Annu Rev Immunol 2006; 24:209-226 .
28. Zhou L, Lopes ]E . Chong MM et aI. TGF-beta-induced Foxp3 inhibits T(H) 17 cell differentiation by

antagonizing RORgammat function . Nature 2008; 453(7192) :236-240.
29. Smith EL, Finney HM, Nesbitt AM et al. Splice variants of human FOXP3 are functional inhibitors

of human CD4+ T-cell activation. Immunology 2006; 119(2) :203-211.



The Biology ofFoxP3:A KeyPlayer in ImmuneSuppression 57

30. Du J, Huang C, Zhou B et al. Isoform-specific inhibition of ROR alpha-mediated transcriptional activa
tion by human FOXP3. J Immunol 2008; 180(7):4785-4792.

31. Khattri R, Cox T, Yasayko SA et al. An essential role for Scurfin in CD4+CD25+ T-regulacory cells.
Nat Immunol2003; 4(4) :337-342.

32. Sugimoto N, Oida T, Hirota K et al. Foxp3-dependent and -independenc molecules specific for
CD 25+CD4+ natu ral regulatory T-cells revealed by DNA microarray analysis. Inr Immunol 2006;
18(8):1l97-1209.

33. Gavin MA, Rasmussen JP, Fontenot JD er al. Foxp3-dependent programme of regulatory T-cell dif
ferentiation . Nature 2007; 445(7129) :771-775.

34. Lin W, Haribha i D, Reiland LM et al. Regulatory T-cell development in the absence of functional
Foxp3. Nat Immunol 2007; 8(4) :359-368.

35. Chen W, Jin W, Hardegen N et al. Conversion of per ipheral CD4+CD25- naive T -cells to
CD4+CD25+ regulatory T-cellsby TGF-beta induction of transcription factor Foxp3. J Exp Med 2003:
198(12):1875-1886.

36. Fantini MC , Becker C, Monteleone G et al. Cutting edge: TGF-beta induces a regulatory phenotype
in CD4+CD25- T-cells through Foxp3 induction and down-regulation of Smad7. J Immunol 2004;
172(9) :5149-5153.

37. Tran DQ, Ramsey H, Shevach EM. Induction of FOXP3 expression in naive human CD4+FOXP3
T-cells by T-cell receptor stimulation is transforming growth factor-beta dependent but does not confer
a regulatory phenotype . Blood 2007; 1l0(8):2983-2990.

38. Shevach EM, Tran DQ, Davidson TS et al. The critical contribution of TGF-beta co the induction of
Foxp3 expression and regulacory T-cell function. Eur J Immunol2008: 38(4) :915-917.

39. Allan SE, Crome SQ, Crellin NK et al. Activation-induced FOXP3 in human T effecror cells does not
suppress proliferation or cytokine production. Int Immunol 2007; 19(4):345-354.

40. Wang J, Ioan-Facsinay A, van der Voort EI et al. Transient expression of FOXP3 in human activated
nonregulatory CD4+ T-cells. Eur J Immunol 2007; 37(1) :129-138.

41. Hori S. Rethinking the molecular definition of regulato ry T-cells . Eur J Immunol 2008;
38(4) :928-930.

42. Selvaraj RK, Geiger TL. A kinetic and dynamic analysis of Foxp3 induced in T-cells by TGF-beta.
J Immunol 2007: 179(2):1l p following 1390.

43. Marie JC, Letterio J], Gavin M et al. TGF-beta1 maintains suppressor function and Foxp3 expression
in CD4+CD25+ regulatory T-cells.J Exp Med 2005; 201(7) :1061-1067.

44. Li MO , Sanjabi S, FlavellRA. Transforming growth Factor-betacontrols development, homeostasis and
tolerance of T-cells by regulatory Tvcell-dependene and -independent mechanisms. Immunity 2006;
25(3) :455-471.

45. Ziegler SF. FOXP3: not just for regulatory T-cells anymore. Eur J Immuno12007; 37(1) :21-23.
46. Wang R, Wan Q, Kozhaya L et al. Identification of a regulatory T-cell specific cell surface molecule

that mediates suppressive signals and induces Foxp3 expression. PLoS ONE 2008; 3(7):e2705 .
47. Samon JB, Champhekar A, Minter LM et al. Notch l and TGFbeta1 cooperatively regulate Foxp3

expression and the maintenance of peripheral regulatory T-cells. Blood 2008; 112(5):1813-1821.
48. Burchill MA, YangJ, Vogrenhuber C et al. IL-2 receptor beta-dependent STAT5 activation is required

for the development of Foxp3+ regulatory T-cells. J Immunol2007; 178(1):280-290.
49. Mantel PY.Ouaked N, Ruckert B et al. Molecular mechanisms underlying FOXP3 induction in human

T-cells.J 1mmunol 2006; 176(6):3593-3602.
50. Haxhinasto S, Mathis D, Benoist C. The AKT-mTOR axis regulates de novo differentiation of

CD4+Foxp3+ cells. J Exp Med 2008; 205(3):565-574.
51. Sauer S, Bruno L, Herrweck A et al. T-cell receptor signaling controls Foxp3 expression via PI3K, Akt

and mTOR. Proc Nat! Acad Sci USA 2008; 105(22):7797-7802.
52. Battaglia M, Stabilini A, Roncarolo MG. Rapamycin selectivelyexpands CD4+CD25+FoxP3+ regula

tory T-cells. Blood 2005: 105(12):4743-4748.
53. Strauss L, Whiteside TL, Knights A et al. Selective sur vival of naturally occurring human

CD4+CD25+Foxp3+ regulatory T-cells cultured with rapamycin. J Immunol 2007; 178(1):320-329.
54. Yong PL, Russo P, Sullivan KE. Use of sirolimus in IPEX and IPEX-like children. J Clin Irnrnunol

2008: 28(5):581-587.
55. Kim CH. Regulation of FoxP3 regulatory T-cells and Th17 cells by rerinoids. Clin Dev Immuno12008;

2008:416910.
56. Sun CM, Hall JA, Blank RB et al. Small intestine lamina propria dendritic cells promote de novo

generation of Foxp3 T- reg cells via retinoic acid. J Exp Med 2007; 204(8) :1775-1785.
57. Gershwin ME, Lentz DR , Beach RS et a1. Nutritional factors and autoimmunity. IV. Dietary vitamin A

deprivation induces a selective increase in IgM autoant ibodies and hypergammaglobulinemia in New
Zealand Black mice. J 1mmunol 1984: 133(1):222-226.



58 Forkhead Transcription Factors: VitalElements in Biology and Medicine

58. Hill lA. Hall lA, Sun CM et al. Retinoic acid enhances Foxp3 induction indirectly by relievinginhibition
from CD4+CD44hi CelIs. Immunity 2008; 29(5) :758-770.

59. Baron U, FloessS. Wieczorek G et al. DNA demerhylarion in the human FOXP31ocus discriminates regu
latory T-cells from activated FOXP3(+) conventional T-cells. Eur 1 Immunol2007; 37(9) :2378-2389.

60. Polan sky lK. Kretschmer K, Freyer 1 et al. DNA methylation controls Foxp3 gene expression.
Eur 1 Immunol2008; 38(6) :1654-1663.

61. Tone Y, Furuuchi K, Kojima Y ec al. Smad3 and NFAT cooperate to induce Foxp3 expression through
its enhancer. Nat Immunol 2008; 9(2):194-202.

62. Takaki H. Ichiyama K, Koga K et aI. STAT6 Inhibits TGF-betal-mediated Foxp3 induction through
direct binding to the Foxp3 promoter, which is reverted by retinoic acid receptor. 1 Bioi Chern 2008;
283(22):14955-14962.

63. Lal G. Zhang N. van der Touw Wet aI. Epigenetic regulation of Foxp3 expression in regulatory T-cells
by DNA methylation. 1 Immuno12009; 182(1):259-273.

64. Curiel T], Coukos G. Zou L et aI. Specific recruitment of regulatory T-cells in ovarian carcinoma fosters
immune privilege and predicts reduced survival. Nat Med 2004; 10(9):942-949.

65. Ghiringhelli F, Puig PE. Roux S et aI. Tumor cells convert immature myeloid dendritic cells into
'I'Gl--beta-secrenng cells inducing CD4+CD25+ regulatory T-cell proliferation. 1 Exp Med 2005;
202(7) :919-929.

66. Zhou G. Drake CG. LevitskyHI. Amplification of rumor-specific regulatory T-cells folIowingtherapeutic
cancer vaccines. Blood 2006; 107(2):628-636.

67. Zhou G. Levitsky HI. Narural regulatory T-celIs and de novo-induced regulatory T-celIs contribute
independently to rumor-specific tolerance. 1 Immuno12007; 178(4) :2155-2162 .

68. Bui10. Uppaluri R. Hsieh CS et al. Comparative analysisof regulatory and effector T-cells in progres
sively growing versus rejecting rumors of similar origins. Cancer Res 2006; 66(14) :7301-7309.

69. Colombo MP, Piconese S. Regulatory-T-celI inhibition versus depletion : the right choice in cancer
immunotherapy. Nat Rev Cancer 2007; 7(11):880-887.

70. Liu YC. Wong LY, lang T et al. Tumor evasion of the immune system by converting CD4+CD25
Tvcells int o CD4+CD25+ T-regulatory cells: role of rumor-derived 'TGf-beca. 1 Immunol 2007 ;
178(5) :2883-2892.

71. Curti A. Pandolfi S. Yalzasina B ec aI. Modulation of tryptophan catabolism by human leukemic cells
results in the conversion of CD25- into CD25+ T-regulatory cells. Blood 2007; 109(7):2871-2877.

72. Fallarino F, Grohmann U, You S et al. The combined effects of tryptophan starvation and tryptophan
catabolites down-regulate T-cell receptor zeta-chain and induce a regulatory phenotype in naive 'l-cells .
1 Immunol2006; 176(11):6752-6761.

73. Li B. Saouaf S], Samanta A et al. Biochemistry and therapeutic implications of mechanisms involved in
FOXP3 activity in immune suppression. CUrt Opin Immuno12007; 19(5):583-588.

74. Zuo T. Liu R. Zhang H et aI. FOXP3 is a novel transcriptional repressor for the breast cancer oncogene
SKP2.1 Clin Invest 2007; 117(12):3765-3773 .

75. Belkaid Y. Piccirillo CA. Mendez S et aI. CD4+CD25+ regulatory T-celIs control Leishmania major
persistence and immunity. Nature 2002; 420(6915):502-507.

76. Aseffa A. Gumy A. Launois P et al. The early IL-4 response to Leishmania major and the resulting Th2
celI maruration steering progressive disease in BALBIc mice are subject to the control of regulatory
CD4+CD25+ T-cells. 1 Immunol2002; 169(6):3232-3241.

77. Belkaid Y. Role of Foxp3 -positive regulatory T-cells during infection. Eur 1 Immunol 2008;
38(4) :918-921.

78. Rouse BT, Horohov OW. Immunosuppression in viral infections. Rev Infect Dis 1986; 8(6):850-873.
79. Tortorella D. Gewurz BE, Furman MH et al. Viral subversion of the immune system.Annu Rev Immunol

2000; 18:861-926.
80. Rouse BT, Deshpande S. Viruses and autoimmuniry: an affair but not a marriage contract. Rev Med

Yiro12002; 12(2):107-113.
81. Dittmer U, He H. Messer R] et al. Functional impairment of CD8(+) T-cells by regulatory T-cells

during persistent retroviral infection . Immunity 2004; 20(3) :293-303.
82. SuvasS. Kumaraguru U. Pack CD et at. CD4+CD25+ T-cells regulate virus-specific primary and memory

CD8+ T-celI responses. 1 Exp Med 2003; 198(6) :889-901.
83. Iwashiro M. Messer R], Peterson KE et al. Immunosuppression by CD4+ regulatory T-celIs induced by

chronic retroviral infection . Proc Nad Acad Sci USA 2001; 98(16):9226-9230.
84. Unutmaz D. T-cell signaling mechanisms that regulate HIY·l infection. Immunol Res 2001 ;

23(2 ·3) :167·177 .
85. Grossman Z, Meier-Schellersheirn M. Sousa AE er al. CD4+ T-cell depletion in HIY infection : Are we

closer to understanding the cause? Nat Med 2002; 8(4):319-323.



The Biology ofFoxP3:A KeyPlayer in ImmuneSuppression 59

86. Fauci AS. Multifactorial nature of human immunodeficiency virus disease: implications for therapy.
Science 1993; 262(5136) :1011-1018.

87. Dunham RM. Cervasi B. Brenchley]M er al. CD127 and CD25 expression defines CD4+ Tcell subsers
that are differentially depleted during HIV infection.] Immunol 2008; 180(8):5582-5592.

88. Jiang Q,Zhang L. Wang R er al. FoxP3+CD4+ regulatory T-cells play an important role in acute HIV-l
infection in humanized Rag2-/-gammaC-/- mice in vivo. Blood 2008; 112(7):2858-2868.

89. Weiss L. Donkova-Petrini V. Caccavelli L et al. Human immunodeficiency virus-driven expansion of
CD4+CD25+ Regulatory T-cells which suppress HIV-specific CD4 T-cell responses in HIV-infected
patients . Blood 2004; Nov 15;104(10):3249-56

90. Kinter AL. Hennessey M. Bell A et al. CD25(+)CD4(+) regulatory Tvcells from the peripheral blood
of asymptomatic HIV-infected individuals regulate CD4(+) and CD8(+) HIV-specific T-cell immune
responses in vitro and are associated with favorable clinical markers of disease status. ] Exp Med 2004;
200(3) :331-343.

91. Aandahl EM, Michaelsson ]. Moretto W] et al. Human CD4+ CD25+ regulatory T-cells control
T-cell responses to human immunodeficiency virus and cytomegalovirus antigens . ] Virol 2004;
78(5):2454-2459.

92. Rouse BT, Sarangi PP. Suvas S. Regulatory T-cells in virus infections. Immunol Rev 2006 ;
212:272-286.

93. Holmes D. Knudsen G. Mackey-Cu shman S et al. FoxP3 enhances HIV-l gene expression by
modulating NFkappaB occupancy at the long terminal repeat in human T-cells.] Bioi Chern 2007;
282(22) :15973-15980.

94. Grant C. Oh U. Fugo K et al. Foxp3 represses retroviral transcription by targeting both NF-kappaB
and CREB pathways. PLoS Pathog 2006; 2(4):e33.

95. Selliah N, Zhang M, White S et al. FOXP3 inhibits HIV-l infection of CD4 Tvcells via inhibition of
LTR transcriptional activity. Virology 2008; 381(2) :161-167.

96. Soiffer R. Immune modulation and chronic grafi-versus-hosr disease. Bone Marrow Transplant 2008;
42(Suppll) :S66-S69.

97. Kang SM. Tang Q,Bluestone]A. CD4+CD25+ regulatory T-cells in transplantation : progress. challenges
and prospects. Am] Transplant 2007; 7(6):1457-1463.

98. Vandenbark AA. Offner H . Critical evaluation of regulatory T-cells in autoimmunit y: are the most
potent regularory specificities being ignored? Immunology 2008; 125(1):1-13.

99. Olivares-Villagomez D, Wang Y. Lafaillen. Regulatory CD4(+) T-cells expressing endogenous T-cell
receptor chains protect myelin basic protein-specific transgenic mice from spontaneous autoimmune
encephalomyelitis.] Exp Med 1998; 188(10):1883-1894.

100. Iwase K. Shimada A, Kawai T et al. FOXP3 /Scurfin gene polymorphism is associated with adult onset
type 1 diabetes in Japanese. especially in women and slowly progressive-type patients. Autoimmunity
2008:1.

101. Kivling A, Nilsson L. Falth-Magnusson K ec al. Diverse foxp3 expression in children with type 1 diabetes
and celiac disease. Ann NY Acad Sci 2008: 1150:273-277.

102. Pop SM. Wong CPo Culton DA er al. Single cell analysis shows decreasing FoxP3 and TGFbetal
coexpressing CD4+CD25+ regulato ry T-cells during autoimmune diabetes. ] Exp Med 2005 :
201(8) :1333-1346.

103. Schneider A. Rieck M, Sanda S er al. The effector Tvcells of diabetic subjects are resistant to regulation
via CD4+ FOXP3+ regulatory T-cells.] Immunol 2008: 181(10):7350-7355.

104. Waid DM. Vaitaitis GM , Pennock ND et al. Disruption of the homeostatic balance between
autoaggressive (CD4+CD40+) and regulatory (CD4+CD25+FoxP3+) T-cells promotes diabetes .
] Leukoc Bioi 2008: 84(2) :431-439.

105. Feuerer M, Jiang W; Holler PD et al. Enhanced thymic selection of FoxP3+ regulatory 'Tcells in the
NOD mouse model of autoimmune diabetes. Proc Nat! Acad Sci USA 2007; 104(46):18181-18186.

106. Mellanby RJ. Thomas D, Phillips]M et al. Diabetes in non-obese diabetic mice is not associated with
quantitative changes in CD4+ CD25+ Foxp3+ regulatory T-cells. Immunology 2007; 121(1):15-28.

107. Jaeckel E. Mpofu N. Saal Net al. Role of regulatory T-cells for the treatment of type I diabetes mellitus.
Horm Metab Res 2008; 40(2) :126-136.


	CHAPTER 4 The Biology of FoxP3:AKey Player in Immune Suppression during Infections, Autoimmune Diseases and Cancer
	Abstract
	Introduction
	The Discovery of FoxP3
	Functional and Structural Features of FoxP3
	Forkhead Domain
	Leucine Zipper Domain
	Forkhead- Leucine Zipper Linker Region
	N-Terminal Proline Rich Repressor Domain
	Multiple Isoforms and Subcellular Localization

	FoxP3 Regulation and Function
	Role of FoxP3 in Developmentand Function of Tregs
	Cell Extrinsic Regulation of FoxP3
	Epigenetic and Posttranslational Regulation of Foxp3

	Role of FoxP3 in Cancer
	FoxP3 in Infectious Diseases
	Parasitic Infections
	ViralInfections
	HIV Infection

	Foxp3 in Transplantation Tolerance
	FoxP3 in Autoimmune Diseases
	Multiple Sclerosis
	Inflammatory Bowel Diseases
	Type I Diabetes

	Emerging and Potential Therapeutic Intervention
	References




