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Abstract

I nnate immune responses follow accumulation of modified lipids within the arterial wall
thereby influencing atherosclerotic plaque progression. One of the mechanisms evolved in
maintaining immunologic self-tolerance involves upregulation of regulatory Tvcells, among

which the CD4+CD25+ FoxPY regulatory T-cells (Treg) are best characterized. The putative
important role of Treg in the initiation of atherosclerotic lesions as well as in the progression
towards unstable plaques leading to ischemic events, supported by human studies and , indirectly,
by murine models . Herein, we summarize the experimental approaches taken in order to study
the possible mechanisms ofTreg involvement in atherosclerosis as well as the beneficial clinical
potential ofTreg in stabilizing atherosclerotic plaques .

Atherosclerosis, Inflammation and Autoimmunity
The immune system plays a pivotal role in the pathogenesis ofatherosclerosis, the underlying

cause ofmany cardiovascular diseases, including myocardial infarction, stroke and ischemic gan­
grene.P Atherosclerosis involves the innate immune responses with the recruitment and activa­
tion ofmonocytes/macrophages that respond to the accumulation ofmodified lipids, mainly the
oxidatively modified LD L (OxLDL) within the arterial wall. These events are possibly followed
by adoptive immune responses comprising differential antigen-specific T-Iymphocytes. Most of
the effector T-Iymphocytes in atherosclerotic lesions are CD4+ T-helper cellswith the phenotype
characteristic ofa proinflammatory T-helper I (Thl) subset."! Most of the T-cells bear T-cell
receptors (TCR)6.7and are often found in clusters in shoulder regions ofthe lesion .8•9These cells
specifically recognize antigens that are produced in relative abundance in hypercholesterolemic
individuals or in plaques, including Ox-LDL and HSP 60/65 in the form ofantigen-presenting
cells(APC) such as macrophages or dendritic cells." The accumulation of inflammatory cells
within the arterial wall leads to local production of chemokines, interleukines and proteases
that enhance the influx ofmonocytes and lymphocytes, among which are IFN-gamma, tumor
necrosis factor (TNF)-alpha and membrane CD40 ligand, thereby amplifying the immune
response and promoting progression ofatherosclerotic lesions.

Regulatory T-Cells, Developmental and Functional Aspects
Many mechanisms have evolved to maintain immunologic self-tolerance and to limit responses

to foreign antigens." One of these mechanisms involves regulatory T-cells that actively suppress
responses ofeffector T-cells,via homing in on peripheral tissues in order to maintain self-tolerance
and to prevent autoimmunity by inhibiting pathogenic lymphocytes. Several types of regulatory
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Figure 1. Potential involvement of Treg in atherosclerosis.
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T-cells havebeenidentified, includingIL-l O-producingType1regulatoryT-cells (Tr1),transform­
ing growth factor beta (TGF betaj-producingTh3 cells l4

•1S and the CD4+CD2Y (interleukin-2
receptor-a chain) FoxPY regulatoryT-cells (Treg) which are best ones characterized. Tregs are
natural regulatoryT-cells that mature in the thymusand comprise 5% to 10%of the peripheral
CD4+T-cells.16 FoxP3, a forkhead family transcriptionfactor, isa lineage-specific factor for Treg,
whichplays acrucialrolein their suppressive functionasoutlined in Figure 1.Whereasinitialstud­
iescharacterized thesecells bytheir co-expression of CD4 and CD25 surface markers, subsequent
reportsidentifiedexpression ofothersurface markers includingCTLA-4(CytotoxicT-Lymphocye
Antigen4 alsoknownasCD 152)and GITR (Glucocorticoid-Induced TNF Receptor)17.18aswellas
CD 103,CD62L, lymphocyteactivationgene3protein (LAG3),C-C chemokinereceptorType5
(CCR5) andneurophiIin, andtheconcomitantabsence ofcertainmarkers suchasCD 127(thealpha
chainof the IL-7receptor).18.21 Majorprogress in the understandingof the homeostasis ofnaturally
occurringTregs wasmadewith the identification ofFoxP3asarequisitefactorfor thedevelopment
ofTregsand for their suppressive functions, aswillbe describedin detail in the sectionbelow.

NaturalTregaregeneratedduringthymicdevelopment, but arealsoinducedin peripheral tissues
duringimmuneresponses" andatherosclerosis(Fig. 2).Tregexpress antigenreceptors typical ofeffec­
tor Tvcells and arepresumably activated bypeptideantigens presentedbyAPCs.Theyalsoacquire
interleukin (IL)-2receptor fordevelopment andsurvival. Inthiscontext, twopopulations ofpotential
Treghave beendescribed: thosethatoriginatefromacommittedlineage ofFoxP3-expressingcells in
thethymus andthosethat convertfrommatureCD4+ cells in theperiphery.22Thebasiccharacteristics
of naturalTreg, and adaptive Tregversus effector T-cells aresummarized in Table 1.Threegeneral
models ofsuppression havebeenproposedtoexplain the inhibitoryactionsofTregcells on activated
T-cells, none of which havebeen completely elucidated: 1. Cell contact-dependantsuppression



108 Forkbead Transcription Factors: VitalElementsin Biology and Medicine

Hi&h levels ofox-LDLand HSPal/65

· Aaivity 0 fN K cells

· Expans ion 0 f autnrea clive and
effectorT cells (CD4+ CD25·)

· B cellpmliferaticn, [gO producticn,
IgG class switch,

1[ndurllanof

Thymus

Lymph rode s

· [n8ammatorycyUlkincs TGf·ll . [L·IO.
IfN·y. TNE-a

Rcdoclion 0 f s'4' pressive capac lly

Proinflammalory enviromenll""dInlllo
plaque IlJlIwlh and stabilization.

Figure 2. Tregand atherosclerosis. Natural Tregdevelop in the thymus and may be induced
in peripheral tissues. Naive T-cells specific for plaque antigens (such as oxidized LDL and
HSP60) are activated by APCs and differentiate into Thl effector cells, which migrate into
atherosclerotic lesions, reactivated by lesionalAPCs, secrete IFN-gammaand promote disease.
The reduced numbers and functional impairment of Tregscould promote atherosclerosis by
several mechanisms as described.

mediated by engagement of CTLA-4 (expressed on Tregcells) with CD80 molecules (expressed
on effectorT-cells) or interaction of CTLA-4 with CD80/CD86 on APCs.232. Consumption
and limitationof growthfactors suchas IL-2.Effector T-cells secrete IL-2upon activation, which
binds to CD25 on Tregcells. thus maintainingand activating Tregcellgenes suchasFoxP3, which
in turn down-regulate IL-2 secretion in a feedback loop. This action results in deprivation of ef­
fectorT-cells from the essential growthfactor IL-2. Thisfeedback process might therefore induce
apoptosis ofactivated T-cells in vitroand in vivo.l4 3.Productionof inhibitorycytokines, including
IL-lO,TGF-p or IL-35.25Productionof thesecytokines mayinducedeactivation of dendriticcells,
leadingto a loss of abilityto activate effectorT-cells with distinctantigenspecificity to Tregcells, a
mechanism called'bystander immunesuppression: In addition, TGF-p inhibits the proliferation,
activation and differentiation ofT-cellstowardsThl and Th2.26.27

FoxP3 (Forkhead Box Protein P3), a member of the forkhead winged helix protein fam­
ily of transcription factors. wasdemonstrated to governmouse CD4+CD25+Tregfunction.28.29

Lossof function mutations of FoxP3wereshown to eliminate CD25+Tregand result in lethal
lymphoproliferative autoimmune syndromein mice associated with extremely enlargedspleens



Tregand Atherosclerosis

Table 1. A basiccomparison between naturally-occurring Tregs, induced Tregs and
effector Tcells
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Generationsite
CD25 expression
FoxP3 expression
IL-2 dependency
Specificity

Natural Treg

Thymus
High
Yes
Yes
Self

Induced Treg

Peripheral lymph nodes
Variable
Yes
Yes
Selfand foreign

EffectorT cells

Thymus
No

No

No

Foreign

and lymph nodes and lymphocytic infiltrates in multiple organs, associated with deficiencyor
malfunction ofTreg.30This finding wasstrongly supported by the observation that patients with
the rareimmune systemdysregulation, polyendocrinopathy,enterophathyand X-linkedinheritance
(IPEX), haveasevereinflammatorydiseaseaccompanied bya mutation in the FOXP3 gene." The
requirement of FoxP3 in CD4+CD2S+ regulatory T-cell development was demonstrated upon
generation ofa mixed bone marrow (BM) chimeric mice in which lethally- irradiated CS7BL/6
(B6) Thy1.1+congenic mice were reconstituted with T-cell-depleted BM from congenic B6
LyS.l+mice mixed at a 1:1 ratio with BM from either FoxP3- or FoxPY mice. The CD4+CD2S+
regulatory T-cell population in the (LyS.PB6+FoxP3-) chimeras was solelyof LyS.l+B6 origin
in both the thymus and lymph nodes, whereas, both LyS.l+B6 and FoxP3+ BMs contributed
equallyto the CD4+CD2S+regulatoryT-cellcompartment in the (LyS.lB6+FoxP3+/+) chimeras."
Moreover,ectopic FoxP3expressionwas found to be sufficientto activatea program ofsuppressor
function in peripheral CD4+CD2S-,28,29pointing to FoxP3 as a unique marker of CD4+CD2S+
Treg, distinguishing them from activated CD4+CD2S- T-cells and as a master transcriptional
regulator ofTreg homeostasis . Therefore, in contrast to other molecular markersused to identify
regulatory T-cells, such as GITR, CTLA-4 and CD2S, FoxP3 is not upregulated by activated
CD4+CD2S- T-cells.

Recently, several monoclonal antibodies specificfor human Foxp3 became availablefor de­
tection ofendogenous human FoxP3 by flowcytometry and irnmunohistochernisrry," Similar
to murine FoxP3, the majority of human FoxP3 was also expressed by the majority of the
CD4+CD2Shigh T-cells in peripheral blood, enabling investigation ofhuman FoxP3 for clinical
use. FoxP3-GFP knock-in mice33as well as FoxP3-GFP-hCre bacterial artificial chromosome
transgenic mouse" were recently created. Those mouse strains may pave the way for better
characterization ofthe different FoxPYTreg subpopulations and thus provide a better analytic
tool to identify the subpopulation mostly involved in atherosclerosis progression.

FoxP3 in Experimental Models ofAutoimmunity and Atherosclerosis
In recent decades, the role of the immune systemin atherosclerosisdevelopment has received

considerable arrention.R'Ihe general belief is that risk factors such as hypertension, hyperlipi­
demia, familyhistory ofpremature atherosclerosisaswell as infectious pathogens could promote
LDL oxidation within the vessel walland in the circulation.Thesedownregulate the numbers and
functions of FoxP3-expressing Treg (Fig. 1).35In the last decade experimentalapproachessuccess­
fullyused in other disease model, havebeen employed to test the importance of autoimmunity in
the development of atherosclerosis. Initial studieshaveidentifiedputative autoantigens within ath­
erosclerotic plaques,includingheat shock proteins, oxidizedLDL and p2-glycoprotein.36-38Several
studies, some ofwhich were performed in our laboratory, demonstrated that adoptive transfer of
antigen-responsive lymphocytesor alternativelypassive transferofantibodies,significantlyenhance
developmentofatherosclerosis in experimentalmodels.39-41Furthermore, induction ofimmunetoler­
anceto plaque-associated components,suchasOxLDL,attenuated the progression ofatherosclerosis
in mice.42-44Several studieswerelaterconducted in an attempt to elucidate the potential roleof the
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CD4+CD25+FoxP3+ Tregcellrepertoire in the controlofatherosclerotic plaquedevelopment. Since
CD25-deficient (lL2ra-/-) micedie prematurely from severe autoimmunedisease with cachexia
and malabsorption," theyarenot suitable for thestudyoftheeffectofTregcelldeficiencyon athero­
sclerosis. Therefore, twoalternative transgenic atherosclerosis-prone micestrainshave beenstudied
for assessment of the development of atherosclerotic plaques: 1. The apolipoprotein E-deficient
(ApoE-/-) mice.Thesemicedevelop complex atherosclerotic lesions that resultfromplasmaaccu­
mulationofcholesterol-rich lipoproteins.f Thenumberandfunctional properties ofTregwerefound
to becompromised inApoE-/- micecomparedwith thoseinwild-type C57BL/6littermates.47.482.
Thelow-density lipoproteinreceptor-deficient (Ldlr-/-) mice, knownto besusceptible to develop­
mentofatherosclerosis whenfedahigh-fat,high-cholesterol diet.49 Theexperimentaldesign included
depletionofTregcells byeithergeneticor antibody-mediatedmeans" andbyenrichmentofTregby
adoptivetransfer, asreportedbyour research groupand others.50.51Usingtheseapproaches, adirect
effectof Tregon atherosclerosis wasdemonstrated. Our group has recently shownthat compared
with controls,ApoE-/- mice exhibit reducedTreg numbers and compromised Tregfuncrion."
Interestingly,proatherogenic Ox LDLtriggered amorerobustdepletion in thesplenicTregpopulation
than in the effector T-cellpopulation,and theApoE-/- miceweremoresusceptible to thisattenua­
tion than controlanimals. Moreover, Tregdeficiency relatedto genetic ablationof theB71/2-CD28
costimulatory pathway in the hematopoietic compartmentwas shown to enhanceatherosclerotic
lesiondevelopment in Ldlr-/- mice.52 Tregdepletionusingan anti-CD25 antibodyalsoenhanced
atherosclerosis inApoE-/- mice."Deficiencyof theT-cellcostimulatory molecule lCOS resultedin
enhancedatherosclerosis inLdlr-/- mice, whichcanbeattributedto an impairedTregdevelopment
and function.53Interestingly, Tregdepletion didnot influence lesion sizeor inflammatoryphenotype
whena host effectorT-cellpopulationwasgenetically engineered to be insensitive to TGF~.50 This
findingtogetherwithaprevious workshowingmarkedlyenhancedatherosclerosis inApoE-/-mice
with TGF-~ resistant Tcells," suggests that TGF-~ is requiredfor the atheroprotective effects of
Treg. Reduction in atherosclerosis in Apo E -/- micehas also been achieved through adoptive
transferof CD4+CD25+ regulatory T_cells,so.51 possibly through expression of distinct formsof
TNF-alpha in ApoE(-/-)mice54or viainductionof oral tolerance to HSP60 in Ldlr (-/-) mice.44

A recentstudyperformedin our laboratorydemonstratedan association betweenhypoxia and the
homeostasis oITregmediatedbyupregulation ofHIF-Ia (hypoxia-inducingfactoralpha),pointing
to the additionalpotentialmechanismsofvasculo-protective effects ofTreg.55 Invivoexpression of
HlF-la achieved byhydrodynamic injectionofHlF-la expressing vector inducedan increase in
FoxP3expression andan increase in thenumberoffunctionallyactiveFoxP3+CD4+CD25+ Treg. We
thereforeassume that hypoxic sites(tumoral, ischemic,inflammatory) maydownregulate localearly
Thl-rnediaredinflammatory response byinducingexpression ofHlF-Ia within locallymphocytes
with consequentupregulation of the TregpooL

Foxp3, Regulatory T-Cells and Atherosclerosis in Humans
When comparingthe data fromhuman studiesinvestigating the potential involvement ofTreg

in atherosclerosis withdata from murinestudies, it isimportant to keepin mind one crucialfactor.
Whereasmost murinestudiestestplaqueburden asdetermined bylipid accumulation, in humans
it is practicallyimpossible to quantitatively evaluatethe extent of atherosclerotic vasculatur.l" In
humans,amore realistic markerfor assessing atherosclerosis maybe the clinicalsyndrome, namely
the presence ofplaquerupture asevidenced bythe occurrence ofacutecoronarysyndromes (ACS).
It is now recognizedthat most plaquesthat causeACS exhibit angiographic obstruction ofless
than 70%57.58and that the onset of ACS is mainlyassociated with changesin the inflammatory
response in theselesions, includingashifrin thephenotypeofintraplaqueT-cells.59.60Themajority
ofACS-relatedatheromas arecausedbyruptureof plaques consistingofalarge, thrombogeniccore
oflipidand necroticdebris,includingfociof macrophages, T-cells, old haemorrhage,angiogenesis
and calcium.Thefactorsthat governthe transition of the plaquefrom a stableto a rupture-prone
lesionarenot entirelyunderstood. However, accumulatingevidence supports the roleof immune
systemdysregulation, including reduction and impaired function of the pool of the naturally
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occurring CD4+CD2S+ FoxPY Tregs in the alteration of the plaque phenotype. Indeed, in two
independent studies, one ofwhich wasperformed in our laboratory, Tregpurified from peripheral
blood ofpatients with ACS exhibited a significantly reduced expression ofFoxP3 compared to
blood from patients with stable angina or from normal coronary arteries.61.62An additional in situ
study pioneered by De Boer et al63demonstrated significantly reduced mean numbers ofintimal
as well as adventitias FoxP3 and GITR in atherosclerotic lesions compared to inflammatory skin
leslons/" as opposed to normal vesselfragments in which T-cellswere virtually absent. This novel
finding may account for the chronic inflammatory process that takes place throughout the long­
standing course ofatherosclerosis. In addition, high-risk lesions contained significantly-increased
numbers of Treg compared to early lesions. Similarly, the frequency of FoxP3+cells in high-risk
lesions was somewhat higher compared to the stable ones. Similar to Treg, the frequency of
activated T-lymphocytes is reported to be significantly increased in unstable lesionss9•60 and the
onset ofACS was shown to be associated with the antigen-driven proliferation ofcertain T-cell
subpopulations.f It appears that the overall increase in Tvcell-medlared inflammatory activity
within the unstable plaque environment may account for the subsequent increased frequency of
Treg in these unstable lesions. De Boer et al63speculated that the reason for this low frequency
ofTreg in atherosclerosis may rise from local inhibition by oxidized lipids already present in the
intima or from the direct contact with plaque-derived lipoproteins transported via microves­
sels to the adventitia. The mechanisms involved in Treg suppression ofproarherogenic immune
responses, however, have yet to be resolved. The mechanisms may involve contact-dependant or
cytokine-dependant suppression assome studies would suggest.M.50.53However, when interpreting
the data, caution should be taken when extrapolating findings from animal models to humans.
One should keep in mind that unlike mice, in which most CD4+CD2S+ Tregexpress FoxP3, this
master transcription factor is less abundant in humans in an equivalent popularion .v Moreover,
in humans, T-cell receptor engagement is sufficient to stimulate a notable expression of FoxP3,
whereas this is not evident in CD2S- cells from mice.

Our laboratory has recently demonstrated that several statins (HMG-CoA reductase inhibi­
tors), which are in widespread usedue to their LD L-reducing properties and concomitant improve­
ment ofclinical outcome in patients with and without preexisting atherosclerosis, induce expansion
offunctionally activeCD4+CD2S+Foxp3+Treg in humans in vitro and in vivo.66Increased numbers
ofTreg cells by statins in the atherosclerotic lesion may be beneficial by reducing the pathogenic
responses mediated by the effector T-cells in the atheroma and thus possibly enhance the stability
of the atheromatous plaque. Altogether, those studies shed light on the encouraging beneficial
clinical potential ofTreg in stabilizing atherosclerotic plaques .

Treg and Atherosclerosis: Prospects
The last decade has witnessed very important progress in our understandingofthe pathophysi­

ology ofatherosclerosis. The discovery ofendogenous counter-regulators ofthe pathogenic im­
mune response in atherosclerosis led to the identification ofan important role for Treg cells in
the control oflesion development and!or progression. FoxP3 was demonstrated to be a "master
regulator" gene for this subset ofT-cells. Data gathered from in vivo data in general, and in
particular data demonstrating that increasing the numbers ofTregs in the atherosclerosis prone
(ApoE-/-) mice by means ofadoptive transfer leads to smaller atherosclerotic lesions, suggests
that the Treg population appears to be capable of modifying plaque burden in vivo. Reduced
numbers of functionally active intraplaque Treg as well as in peripheral blood in patients with
ACS compared to bood from patients with stable plaques or blood from healthy individuals
further supports the perception ofTreg involvement in immunomodulatory reactions protecting
from coronary diseases. Although the data reviewed here suggest that Treg function has a central
role in the regulation of the proatherogenic T-cell response, much effort should be directed
towards the delineation of the major determinants of the regulatory response and to the mo­
lecular mechanisms involved in their survival, homing and suppressive function. The potential
for treating atherosclerosis by manipulatingTreg responses will require a better characterization
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of the antigens that proatherogenic T-cells recognize and the antigens that drive development
ofperipheral induction ofTregwhich migrate into atherosclerotic lesions. Identification ofsuch
antigens might pave the way for vaccination-like strategies using such antigens to promote a
disease-specific regulatory response and reduce atherosclerosis development. In addition, greater
knowledge about the long-term behavior ofTreg after transfer to humans is also essential in order
to establish treatment protocols. Thus preliminary human trials of adoptive Treg transfer may
provide further insights into the use ofTreg- modulating strategies in the treatment ofpatients
with atherosclerosis and ACS. Lastly, although the expression ofFoxP3 is now accepted as the
gold standard for defining either thymic-derived Treg cells or Treg cells that might be generated
in the periphery, one must consider the potential role of subpopulations of FoxP3+ Treg with
different functional properties, especially in humans in whom the CD2S expression levelsmight
vary among the CD4+FoxPY T-cell expressors.
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