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Abstract Atherosclerosis is a chronic inflammatory dis-
ease of the arterial wall where both innate and adaptive
immune responses contribute to disease initiation and
progression. Recent studies established that subtypes of T
cells, regulatory T cells (Tregs), actively involved in the
maintenance of immunological tolerance, inhibit the de-
velopment and progression of atherosclerosis. Here, we
review the current knowledge on the Treg response and the
major cytokines involved in its modulation in the context of
atherosclerosis.
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Atherosclerosis is a pathological condition of the arterial
wall that underlies adverse vascular events including
coronary artery disease, stroke, abdominal aortic aneurisms,
and ischemic gangrene, responsible for most of the
cardiovascular morbidity and mortality in the western
world. Epidemiological studies also indicate that the
prevalence of atherosclerosis is increasing due to the
adoption of western lifestyle in developing countries and
the accumulation of metabolic risk factors [1, 2].
Experimental and clinical studies provided strong evi-
dence supporting a crucial role for inflammation in the
development and progression of atherosclerosis. Athero-
sclerosis is initiated by focal endothelial activation in large-
and medium-size arteries induced by biochemical and
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physical stimulation, including hypertension and hypercho-
lesterolemia. Initially, lipoproteins infiltrate the artery wall
to an extent that exceeds the capacity for elimination and
are retained in the intima space [3]. Low-density lipoprotein
(LDL) modifications, through enzymatic attack or non-
enzymatic oxidation, release bioactive phospholipids that
can activate endothelial cells. Activated endothelial cells
express leukocyte adhesion molecules and release chemo-
kines, which promote leukocyte recruitment (monocytes
and lymphocytes) into the intima [4]. Monocytes become
successively macrophages and foam cells after maturation
and lipid phagocytosis and interact with vascular and
inflammatory surrounding cells. Pathogenic T cells recog-
nize modified autoantigens including oxidized LDL and
heat shock proteins (i.e., HSP-60) that are presented by
antigen-presenting cells such as macrophages or dendritic
cells (DCs). The accumulation of inflammatory cells within
the arterial wall leads to local production of chemokines,
interleukins (IL), and proteases that enhance the influx of
monocytes and lymphocytes thereby promoting the pro-
gression of atherosclerotic lesions (for review [5, 6]).

Pathogenic Thl-driven responses in atherosclerosis

Experimental studies have clearly shown that the adaptive
immune system affects the development of atherosclerosis
[7]. In humans, most of the T cells in atherosclerotic
plaques express «f3-T cell receptor (TCR) and are of the T
helper type 1 (Thl) cells. They are responsible for cell-
mediated immunity and secrete interferon (IFN)-y, IL-2,
and IL-22, in contrast to Th2 cells, which secrete IL-4, IL-
5, 1IL-10, and IL-13, and provide help for antibody
production by B cells. In mice, deficiency in both T and
B cells, as occurs in apolipoprotein E-deficient (apoE ") or
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LDL receptor-deficient (LDLr ') mice on a recombination-
activating gene-deficient background, is associated with a
significant reduction in early atherosclerotic lesion devel-
opment [8, 9]. Moreover, atherosclerosis is enhanced after
the transfer of CD4" T cells from apoE ™ mice into apoE '~
xSCID immunodeficient mice, indicating a proatherogenic
role of T cells [10]. The transplanted cells produced high
levels of IFN-y, suggesting a Thl-related proatherogenic
effect. Subsequent studies have shown that cytokines or
transcription factors involved in the differentiation and/or
activation of Thl cells also contribute to the atherosclerotic
process. Differentiation of Thl cells requires TCR activation
by DCs. Distinct subsets of DCs elicit distinct T helper
responses [11]. IL-12 production by DCs plays a critical role
in Thl differentiation as DCs from IL-127" mice fail to
induce Thl responses [12]. IL-12 activates the transcription
factor signal transducer and activator of transcription 4
(STAT4) and a unique Thl transcription factor, T-box ex-
pressed in T cells (T-bet), leading to upregulation of IFN-y,
the prototypic Thl cytokine, in T cells. IL-12 synergizes
with IL-18 for full induction of IFN-y. In addition,
proinflammatory mediators such as tumor necrosis factor
receptor and IL-1 receptor as well as costimulatory signals,
including CD40/CD40L interaction, contribute to DC mat-
uration and induction of Thl cells. All these proinflamma-
tory mediators, costimulatory molecules, and transcription
factors involved in Thl differentiation and activation are
expressed in atherosclerotic plaques of mice and humans and
are required for initial plaque development [13—15] as well
as for the perpetuation of plaque inflammation and “insta-
bility” [14—17] in mouse models of atherosclerosis. Overall,
these results provide convincing elements to incriminate
Thl-related responses in the promotion of plaque develop-
ment and progression.

Th2-driven responses in atherosclerosis

Differentiation toward Th2 cells requires specific factors.
IL-6, IL-13, and OX40-L (CD134; OX40 ligand) may play
a role in DC-induced Th2 differentiation [18]. Particularly,
IL-4 activates the Th2 transcription factor Gata3 through
STAT®6, induces IL-5, and downregulates IFN-y. Counter-
regulation between Thl and Th2 may result from a balance
between T-bet and Gata3 [19]. It has therefore been
proposed that Th2-biased responses antagonize proathero-
genic Thl effects and thereby should confer atheroprotec-
tion. In fact, a number of experiments, especially those
exploring the role of humoral immunity in atherosclerosis,
suggest that Th2-driven humoral immune responses may be
atheroprotective. A switch toward a Th2 cytokine profile in
mouse models of atherosclerosis is associated with in-
creased production of “protective” anti-oxidized LDL
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(oxLDL) antibodies [20]. Furthermore, splenectomy in
cholesterol-fed apoE ™"~ mice, which is associated with
reduced levels of IgM and Th2-related IgG anti-oxLDL
antibodies, increase atherosclerosis [21]. Production of high
titers of IgM-type anti-oxLDL antibodies, as observed fol-
lowing immunization of apoE” mice with malondialde-
hyde-LDL, is associated with reduced lesion size [22-24].
These antibodies arise from B1 cells and appear to be under
the control of IL-5 produced by modified LDL-specific Th2
cells [25, 26]. A switch toward the production of Th2-related
IgG1 antibodies has been reported in mice overexpressing
IL-10, which was associated with a reduction in lesion size
[27]. In addition, promoting Th2 responses in mice with
mild hypercholesterolemia resulted in a reduction of early
fatty-streak formation [28]. However, other data indicate that
Th2 responses may be proatherogenic. Deficiency in 1L-4,
the prototypic Th2-related cytokine, is associated with a de-
crease in atherosclerotic lesion formation [29], particularly at
the advanced stages of lesion progression [30]. Thus, even
though initial lesion development in mice is mostly under
the control of Thl-related immunity and could be counter-
regulated by the promotion of a Th2 response, this may
occur at the risk of favoring plaque progression as the
lesion progresses with time in a hypercholesterolemic con-
text. Therefore, the attractive concept of Thl and Th2, yin
and yang controlling the development of atherosclerosis,
may not stand at all stages of plaque development. It
would therefore be at risk to promote Th2 responses as a
strategy to modulate atherosclerosis.

Implication of Th-17 T cells in atherosclerosis

Although T cell categorization may be attractive in its
simplicity, it has become apparent that the original Th1/Th2
paradigm is much more complicated than the originally
appreciated. Recently, a novel lineage of T cells, Thl7,
characterized by production of the inflammatory cytokine
IL-17, was identified and shown to promote inflammatory
autoimmune diseases including acute encephalomyelitis
[31, 32]. The development of Th17 cells from naive pre-
cursor cells is potently inhibited by products of the Thl and
Th2 lineages, and promoted in vivo by IL-23 independently
of the transcription factors T-bet, STAT1, STAT4, and
STAT6 [31, 32]. In vitro, the induction of Th17 subset is
independent of IL-23 and can be achieved by transforming
growth factor (TGF-8) in combination with IL-6 [33, 34].
IL-6 induces a STAT3-dependent IL-21 production leading
to increased expression of IL-23 receptor and induction of
the orphan nuclear receptor RORyt, which in synergy with
STAT3, promotes IL-17 expression, and suppresses Foxp3
[35-37]. The role of Th17 in atherosclerosis development is
unknown. LDLt/IL-6 "~ mice, which exhibit a decrease of
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IL-17 [37], have a small non-significant reduction in lesion
development [38], suggesting a potential minor role for
Th17 in the promotion of atherogenesis. However, it is
likely that the promotion of a Thl7 pathway would be
associated with decreased proatherogenic Thl responses,
which should ultimately be protective against lesion
development. Further studies are required to elucidate the
specific and direct role of Th17 in atherosclerosis.

In summary, Thl profile appears to clearly be more
pathogenic than Th2 or Thl7 during the development of
atherosclerosis. The hypothesis that excessive activation of
Thl and/or Th2 pathways may result from alteration in
regulatory immune responses has been proposed based on
the discovery of a protective role for anti-inflammatory
regulatory T cells (Tregs) in atherosclerosis [39, 40]. These
cells have the capacity to suppress both pathogenic Thl and
Th2 responses, suggesting their important protective role
against atherogenesis (cf Fig. 1).

Tregs and maintenance of self-tolerance

Natural Treg cells (nTregs), characterized by the expression
of CD4, CD25, and the transcriptional factor Foxp3 (fork-
head/winged helix transcription factor) develop in the
thymus and recognize specific self-antigen (for review
[41]). They home to peripheral tissues to maintain self-
tolerance and to prevent autoimmunity by inhibiting patho-
genic lymphocytes. Subsets of Treg cells, induced Treg cells
(iTreg), are also generated in the periphery during an active
immune response. Naive CD4"CD25 in the periphery can be

Fig. 1 Complex interactions
between CD4™ T cell subsets
involved in atherosclerosis
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cells). They mediate suppressor functions through the
production of IL-10 and TGF-f3, respectively (cf Table 1).
Under homeostatic conditions, the natural Treg cells are
the major cells exhibiting suppressor functions. This
population is composed of two Treg subsets that have
distinct phenotypes and homeostasis in normal unmanipu-
lated mice. One is composed of quiescent cells with long
lifespan and the other is a cycling nTreg subset that divides
extensively and expresses multiple activation markers,
suggesting that it is composed of autoreactive Tregs that
are continuously activated by tissue self-antigens [42]. An
extremely close TCR clonal homology has been found
between regulatory and memory CD4" T cells, suggesting
that a proportion of this regulatory population is generated
from rapidly dividing, highly differentiated memory CD4"
T cells [43]. In vitro, these cells are anergic. They do not
proliferate upon stimulation but are able to inhibit effector
T cell proliferation [44]. The transcriptional factor, Foxp3,
is necessary to mediate the inhibitory effect of Treg cells on
pathogenic T cells since no suppressive function was
observed in CD4'CD25" isolated from Foxp3 knockout
mice [45]. Foxp3 is specific for Treg cell lineage. However,
functional Foxp3 is not required for Treg cell development
[46] but is instrumental, through its interaction with other
transcription factors such as nuclear factor of activated T
cells [47] and acute myeloid leukemia 1 [48], in transcrip-
tional repression of genes involved in T cell activation such
as IL-2, and at the opposite, induces genes required for Treg
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Table 1 Different subsets of CD4" regulatory T cells

Phenotype Mechanisms of suppression Origin

Natural Tregs cells (nTregs) CD25"e"Foxp3* Contact-dependent IL-10, TGF-f3, Thymus
CD45RB™Y CTLA-4, GITR
CTLA-4" GITR' CD127""

Expanded nTreg cells CD25"e"Foxp3* Contact-dependent Expansion of natural Tregs
HLA-DR" CD69"

Induced Treg cells (iTregs) Foxp3* Contact-dependent and in some Conversion of non-Tregs
CD45RB™Y cases TGF-f
CTLA-4" GITR"

Th3 Treg cells Foxp3™ (not well defined) TGF-{ and/or IL-10 Periphery

Tr-1 Treg cells Foxp3 ™ (not well defined) 1L-10 Periphery

function such as CD25 (IL-2 receptor- chain) and CTLA-
4 (cytotoxic T-lymphocyte antigen 4) [47, 49-51]. Foxp3-
mediated regulation unique to the thymus more specifically
affects genes encoding nuclear factors that control gene
expression and chromatin remodeling. In contrast, Foxp3
target genes shared by the thymic and peripheral Treg cells
encode primarily plasma membrane proteins as well as cell-
signaling proteins [52].

Three general modes of suppression have been proposed
to explain the inhibitory actions of Treg cells on activated T
cells, although these are not completely elucidated. These
include cell contact-dependent suppression, consumption
and limitation of growth factors such as IL-2, and produc-
tion of inhibitory cytokines.

Cell contact-dependent inhibition mediated by Treg cells
involves engagement of CTLA-4 expressed on Treg cells
with CD80 molecules expressed on effector T cells or
interaction of CTLA-4 with CD80/CD86 on DCs [53]. The
interaction between Treg cells and DCs induces indole-
amine dioxygenase which leads to downregulation of
effector T cell responses through tryptophan catabolism
[54]. A passive mechanism of effector T cell inactivation
mediated by Treg cells was also proposed. Effector T cells
secrete IL-2 upon activation, which binds to CD25 on Treg
cells, maintains and activates Treg cell genes such as
Foxp3, which in turn downregulates IL-2 secretion in a
feedback loop. Once activated, Treg cells suppress effector
T cells but also deprive them from IL-2. One recent finding
demonstrated that Treg cells induce apoptosis of activated T
cells in vitro and in vivo by depriving them from IL-2 [55].
In addition, Treg cells could inhibit activated lymphocytes
by producing soluble inhibitory cytokines such as IL-10
and TGF-3 (see below) or IL-35 [56]. Production of these
cytokines may also induce deactivation of DCs, leading to a
loss of ability to activate effector T cells with distinct
antigen specificity to Treg cells, a mechanism called
bystander immune suppression. However, the requirement
of these soluble cytokines in suppressive function mediated
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by nTreg in vivo is complicated by the existence of iTreg
that use overlapping inhibition mechanisms.

Two major mediators of Treg cell function
with relevance to atherosclerosis: TGF-3 and IL-10

TGF-B
TGF-3 and Treg cell function

The importance of TGF-f in the immune system was
highlighted by the discovery that TGF-{3-deficient mice
develop multiple inflammatory diseases [57, 58]. These
were associated with enhanced T cell proliferation, activa-
tion, and a switch of T cell differentiation toward both Th1
and Th2 profiles. The activation of T cells in this setting
results from the fact that TGF-3 inhibits the proliferation,
activation, and differentiation of T cells towards Thl and
Th2 [59, 60]. In addition, TGF-31 has been shown to main-
tain Treg cells in the periphery by acting as a costimulatory
factor for expression of Foxp3 [61]. This dual effect on
effector T cells and Treg cells is likely to contribute to TGF-
[3 regulation of peripheral T cell tolerance.

Studies concerning the modalities of requirement of
TGF- for Treg-suppressive function remain controversial
[62, 63]. In vitro, TGF-3 produced by Treg cells appears to
be dispensible for the suppressive function of Treg cells [64],
but adoptive transfer of Treg cells with specific deletion of
TGF-3 failed to inhibit T cell-induced colitis in vivo, sug-
gesting the importance of Treg cell-derived TGF-$ in
maintaining self-tolerance [64]. However, previous studies
with Treg cells isolated from TGF-31-deficient mice have
generated contrasting results [65-67]. In particular, transfer
of Treg cells from DO11.10.TGF-B1""" mice, which recog-
nize ovalbumin epitope together with CD4'CD45RB"eE"
cells into lymphopenic mice, prevented colitis similarly to
the equivalent cells taken from DO11.10/TGF-31""" mice,
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showing that Treg cells can develop in the absence of TGF-
B1 and retain suppressor function in vivo [66]. Interestingly,
the suppressor function of TGF-31"" Treg was abrogated by
injection of anti-TGF-f3, indicating that TGF-B1 is important
for the suppressive function of Treg cells even though these
cells do not produce it [66].

Besides maintenance of nTreg in the periphery, several
studies demonstrated that TGF-f3 induced conversion of
Foxp3~ cells to Foxp3" cells in extrathymic sites. Over-
expression of TGF-f in mouse T cells increased the pro-
portion of Th3, which are protective in adoptive transfer
model of experimental autoimmune encephalomyelitis [68].
Additional studies have extended these findings in vivo, par-
ticularly in settings of chronic antigen exposure or antigen-
specific tolerance induction. For example, oral exposure to
antigen induced antigen-specific Foxp3" cells in large part
dependent on TGF-f [69]. Furthermore, continuous low-
dose administration of specific peptide induced a TGF-f3-
dependent formation of suppressor cells that can persist for
long periods in the absence of antigen [70]. Thus, it appears
that the induction of Foxp3" cells in the periphery depends
on TGF-f3. The gut environment represents a preferential site
of extrathymic Treg cell development depending on TGF-f3.
The intestinal immune system has evolved redundant
regulatory strategies to maintain immune homeostasis. In
this regard, the gut is home to a large number of Treg cells,
which have the capacity to inhibit many pathogenic T cells
in an antigen-independent manner using bystander suppres-
sion mechanism (for review [71]). DCs have the capacity to
induce Treg cell formation depending on TGF-f3 and retinoic
acid, which is a vitamin A metabolite highly expressed in the
gut-associated lymphoid tissue [72, 73]. Recent studies
proposed a mechanism that explains how DCs induce Treg
cell development in the gut [74, 75]. DC expresses the
integrin alphavbeta8, which has the capacity to activate the
inactive form of TGF-f3. This factor is secreted in inactive
complexes with a latency-associated peptide, a protein
derived from the N-terminal region of the TGF-f gene
product, and extracellular activation of these complexes is
critical for TGF-[3 function. It was reported that DC lacking
integrin alphavbeta8 fail to induce Treg cells in vitro, an
effect that depends on TGF-f3 activity [75]. Furthermore,
these mice have reduced proportions of Treg cells in colonic
tissue and, thus, increased T cell activation, leading to colitis
[75]. Therefore, integrin alphavbeta8-mediated TGF-f3 acti-
vation by DC is essential for preventing immune dysfunc-
tion. This mechanism appears to be specific for the colon
since the Treg number in the spleen of integrin alphavbeta8-
knockout mice remains unaffected [75]. Thus, it is possible
that DCs activate TGF-[3, and in the presence of IL-6, induce
the formation of Treg cells via paracrine effects.

TGF- converts naive T cells into Treg cells that prevent
autoimmunity. However, in the presence of IL-6, TGF-f3

also promotes the differentiation of naive T lymphocytes
into cytokine-producing Th17 cells, which promote auto-
immunity and inflammation [36]. This raises the question of
how TGF-f3 can generate such distinct outcomes. Recently,
Mucida et al. identified the vitamin A metabolite, retinoic
acid, as a key regulator of TGF-3-dependent immune re-
sponses capable of inhibiting the IL-6-driven induction of
proinflammatory Th17 cells and promoting anti-inflammatory
Treg cell differentiation [72]. The authors concluded that a
common metabolite such as retinoic acid can regulate the
balance between pro- and anti-inflammatory pathways. How-
ever, these data were complicated by recent results showing
that TGF-f3 in combination with IL-6 not only leads to
increased IL-17 but also IL-10, which has anti-inflammatory
properties [76]. These cells have regulatory effects and are
protective against experimental autoimmune encephalomy-
elitis. Hence, TGF-f3 and IL-6 drive Th17 regulatory cells,
which are different from pathogenic Th17 lineage induced,
for example, by 1L-23.

Role of T cell-dependent TGF-[3 in atherosclerosis

Previous studies using TGF-f3 neutralizing antibodies [77],
soluble TGF-f3 receptors [78], or genetic deficiency in
TGF-f [79] demonstrated an anti-atherosclerotic effect of
TGF-p in apoE” mice. In these murine models, acceler-
ated atherosclerosis development was observed with in-
creased infiltration of inflammatory cells within lesions
together with reduced collagen content [77, 78]. Therefore,
TGF-B has anti-inflammatory effects in addition to its
stabilizing effects within the lesions through the induction
of extracellular matrix synthesis.

The availability of mice with specific deletion of TGF-{3
signaling in T cells facilitated the study of the specific role of
TGF-f in T cell-induced atherosclerosis [80, 81]. The trans-
plantation of bone marrow from T cell dominant-negative
TGF-pB receptor type II mice into irradiated LDLr '~ mice
revealed accelerated atherogenesis [81] and increased differ-
entiation of T cells toward both Thl and Th2 phenotypes
[80, 81]. These studies clearly showed a protective role of T
cell-specific TGF-[3 activity against atherogenesis by inhib-
iting activation of both Thl and Th2 pathways.

The cellular source of TGF-f3 within atherosclerotic
lesions is multiple since all atheroma-associated cells have
the capacity to produce this cytokine. Treg cells, which can
be both source and target of TGF-f3, may contribute to its
production and/or protective activity. Strategies using mouse
models with genetic deficiency of Treg cells or strategies
using CD25 neutralizing antibodies clearly demonstrated a
protective role of Treg cells against atherogenesis [39].
Moreover, Treg depletion did not influence lesion size or
inflammatory phenotype when the host T cells do not
respond to TGF-f3, suggesting that this factor is required
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for the atheroprotective effect of Treg cells. Furthermore,
reduction in atherosclerosis in apoE ' mice has also been
achieved through adoptive transfer of CD4°CD25" Tregs
[39, 82] (cf Fig. 1).

IL-10
IL-10 and Treg cell function

Experiments using specific deletion of IL-10 in lymphocytes
have revealed the importance of this cytokine in the protec-
tion against inflammatory processes. Mice with deficiency of
IL-10 are susceptible to inflammatory diseases such as colitis
[83]. Furthermore, adoptive transfer of IL-10-deficient
CD4" T cells into lymphopenic mice induces severe colitis
despite the ability of the recipient’s innate immune system
to produce IL-10 [84]. In lymphocytes, the production of
IL-10 has been associated to Th2 subset and Treg cells.
Among the Tregs, both nTreg and induced Trl cells have
the capacity to produce IL-10. Trl cells exhibit their sup-
pressor function by a cell contact-independent, cytokine-
dependent mechanism that involves both IL-10 and TGF-f3.
Several experiments have revealed the requirement of IL-10
to modulate the activation of DCs that prime Trl develop-
ment. Specifically, it has been shown that the culture of
bone marrow cells in the presence of IL-10 induces the
differentiation of tolerogenic DCs expressing CD11¢""
CD45RBM&" which have the capacity to induce Trl
phenotype in vitro and in vivo [85]. However, more recent
study showed that the formation of Tr1 cells expressing IL-
10 rather requires the presence of TGF-3 and may occur
independently of IL-10 [86]. In addition, IL-27 (a member
of IL-12 family) was recently involved, together with TGF-
{3, in promoting the generation of IL-10-producing Tr1 cells
[37, 87]. We can therefore speculate that TGF-3-induced
Treg cells stimulate DC to produce IL-27, which promotes
Trl formation.

Role of IL-10 in atherosclerosis

The role of endogenous IL-10 has been clearly established
in mouse models of atherosclerosis. We and others have
shown that IL-10 deficiency in C57BL/6 mice fed an
atherogenic cholate-containing diet promotes early athero-
sclerotic lesion formation characterized by increased infil-
tration of inflammatory cells, particularly activated T cells,
and by increased production of proinflammatory cytokines
[88, 89]. Similar results have been reported in IL-107"/
apoE "~ mice fed a chow diet [90]. More recently, using a
model of chimeric LDLr "~ mice in which bone marrow
cells were deficient in IL-10, we showed that the absence of
IL-10 induced a clear switch toward a Thl immune re-
sponse, associated with enhanced accumulation of T cells
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and macrophages within the lesions [91]. These results
provided evidence that leukocyte-derived IL-10 is instru-
mental in the prevention of atherosclerotic lesion develop-
ment and in the modulation of cellular and collagen plaque
composition, at least in part, through a systemic immune
response modulation [91]. The effect of IL-10 disruption in
specific cell subtypes (macrophages, DCs, or T cells) on
lesion development and progression is still unknown.
Consistent with a protective role of IL-10 in atherosclerosis,
systemic or local overexpression of IL-10 by adenoviral
gene transfer in collar-induced carotid atherosclerosis of
LDLr "~ mice was found to be highly efficient in preventing
atherosclerosis [92]. It is noteworthy that overexpression of
IL-10 by activated T lymphocytes reduced atherosclerosis
in LDLr "~ mice [27]. The authors attributed these effects to
a switch towards a Th2-like phenotype but failed to report
on IL-4 production. In fact, the mouse strain used in that
study has been shown to be unable to generate Th2 re-
sponses [93], leading us to suggest that the protective effect
on atherosclerosis was associated with a Trl-like pheno-
type. This is consistent with studies showing that transfer of
clones of Trl cells reduces lesion development in apoE ™~
mice [94], and that promotion of endogenous adaptive Trl
cell response plays a significant role in limiting disease
development during the natural course of atherosclerosis
[95] (see below).

Strategies to enhance Treg function in atherosclerosis

Strategies to promote CD4 'CD25 Foxp3" Treg cell
function in vivo

Following our initial report on the protective role of CD4"
CD25"Foxp3™ Treg cells in atherosclerosis [39], other
studies have been published supporting an anti-atherogenic
role for this T cell subtype. Recent studies highlighted the
role of inducible costimulatory molecule (ICOS) on Treg
responses in atherosclerosis [96]. LDLr "~ mice trans-
planted with ICOS-deficient marrow showed accelerated
atherosclerosis and enhanced infiltration of CD4" T cells as
well as increased macrophage content. This was associated
with decreased numbers of Foxp3™ Treg cells and impaired
in vitro Treg-suppressive function in ICOS-deficient mice
compared with control mice, suggesting that ICOS modu-
lates atherosclerosis through its effect on Treg cell re-
sponses [96]. Compound deficient apoE ' /Cxcl10™ mice
fed a western-style diet demonstrated significant reductions
in atherogenesis as compared with apoE ™~ controls, and
this was associated with increased Foxp3 expression, as
well as IL-10 and TGF-f1 immunostaining [97]. These
studies in mice seem to be relevant to the clinical situation
in humans where defective Treg cell number/function has
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been associated with the presence of advanced stable or
unstable coronary artery disease [98—100].

The identification of a critical role of naturally occurring
Treg cells in atherosclerosis has led to the initiation of
studies aimed at promoting Treg response in vivo. Two
different strategies have been used. Based on the unique
capacity of anti-CD3-specific antibodies to restore self-
tolerance in type 1 diabetes [101], Steffens et al. applied
this strategy in the context of atherosclerosis and showed
that anti-CD3 antibody therapy reduced plaque develop-
ment when administered before a high-cholesterol diet and
markedly decreased lesion progression in mice with already
established atherosclerosis. This was associated with
increased production of TGF-3 and enhanced expression
of Foxp3 in lymph node and spleen cells, respectively,
suggesting a regulatory immune response [102]. The other
strategy consisted of the induction of oral tolerance through
oral administration of oxLDL or HSP-60 to LDLr "~ mice
and resulted in a significant attenuation of the initiation and
progression of atherogenesis, associated with increased
antigen-specific TGF-f and/or IL-10 production and
increased number of CD4'CD25Foxp3" cells in spleen
and mesenteric lymph nodes [103, 104]. Even though no
direct evidence was presented to relate changes in Treg cell
response to disease limitation, these studies suggest novel
potential therapeutic avenues in atherosclerosis based on
the modulation of Treg response.

Another strategy may consist on the interference with
Treg-inhibitory signals, such as leptin-dependent signaling.
Leptin directly affects the immune response, and initial
studies reported reversal of starvation-induced immunosup-
pression in vivo following leptin administration associated
with enhanced T cell proliferation and promotion of Thl
proinflammatory response [105]. More recent studies clear-
ly showed that lack or inhibition of leptin/leptin receptor
pathway protects against the development of various
immunoinflammatory diseases in experimental models,
ranging from colitis [106] to encephalomyelitis [107, 108]
or diabetes [109]. Protection was associated, at least in
some experiments [108], with a shift of the cytokine profile
toward increased Th2/Treg type and increased number of
Treg cells in lymphoid organs of mice with defective leptin
signaling. Therefore, leptin signaling may alter Treg cell
function and accelerate atherosclerosis. In agreement with
this hypothesis, we recently reported [110] that leptin-
deficiency (ob/ob) in LDLr "~ mice induces an unexpected
2.2- to 6-fold reduction in atherosclerotic lesion develop-
ment compared with LDLr '~ mice having similar total
cholesterol levels. LDLr ' /ob/ob mice show reduced Thl
response, enhanced expression of Foxp3, the specification
transcription factor of regulatory Treg cells, and improved
Treg cell function. Leptin receptor-deficient (db/db) mice
display marked increase in the number and suppressive

function of Treg cells. Supplementation of Treg-deficient
lymphocytes with Treg cells from db/db mice in apoE '~
mice induces a significant reduction of lesion size and a
marked inhibition of IFN-y production compared with
supplementation by Treg cells from wild-type mice. Our
results are substantiated by those of De Rosa et al. [111]
showing that leptin inhibits the proliferation of Treg cells in
vitro and in vivo, in part through modulation of cyclin-
dependent kinase inhibitor p27 (p27(kip1)) and the phos-
phorylation of the extracellular-related kinases 1 (ERKI)
and ERK2. These results identify a critical role for leptin/
leptin receptor pathway in the modulation of the regulatory
immune response and point to an important target for thera-
peutic interventions in immune and autoimmune diseases
such as atherosclerosis.

Strategies to promote Foxp3-independent Treg response

Several studies addressed the role of mucosal tolerance to
HSP (expected to induce Treg cells) in the development of
experimental atherosclerosis [112, 113]. Both studies
showed a reduction in lesion size following oral adminis-
tration of HSP-65 in LDLr '~ mice immunized with
Mycobacterium tuberculosis or fed an atherogenic diet
[112, 113], suggesting that tolerance induction toward HSP
may be protective against atherosclerosis. The mechanisms
leading to lesion reduction have not been clearly delineated,
but the T cell cytokine profile was switched toward a Th2
phenotype with high production of IL-4 [112] or IL-10
[113]. These results suggest that mucosal administration of
antigen reduces plaque development. However, additional
mechanistic work is required to understand the potential
role of the regulatory immune response in this process.
The hypothesis that an imbalance exists between the
effector and the regulatory arms of the immune response
suggests that supplementation with Treg cells may lead to
the induction of immune suppression and a reduction in
pathogenic T cell-mediated responses, ultimately altering
plaque development and/or composition. We showed that
the administration of a clone of ovalbumin-specific Trl
cells [114], with its cognate antigen, to apoE ™ mice, in-
duced a significant suppression of Thl (and Th2)-mediated
responses and led to an increase in IL-10 production by
stimulated peripheral T cells [94]. Trl responses were asso-
ciated with a significant reduction in atherosclerotic plaque
development and a marked reduction in the relative
accumulation of inflammatory macrophages and T lym-
phocytes with a preservation of smooth muscle cell and
collagen contents of the atherosclerotic plaques. These
results showed that modulation of the peripheral immune
response is achievable by transfer of Trl cells with no
specificity to a known plaque antigen and leads to limita-
tion of plaque development in apoE "~ mice, probably
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through bystander immune suppression. Whether this could
be achieved with a Trl-clone specific to a plaque-derived
antigen remains to be addressed. More recently, we showed
that treatment of apoE "~ mice with measles virus nucleo-
protein, a component of measles virus known to inhibit DC
activation [115], induces a DC-dependent Trl-like pheno-
type characterized by increased IL-10 but reduced IFN-y
and IL-4 production, and leads to significant inhibition of
lesion development and progression [116]. These results
suggest that immunomodulatory properties of measles virus
may be harnessed for the treatment of atherosclerosis. How-
ever, it will be important to examine whether this could be
obtained without significant side effects.

Conclusion

The last decade has witnessed major advances in our
understanding of the pathophysiology of atherosclerosis.
The discovery of endogenous counter-regulators of the path-
ogenic immune response in atherosclerosis led to the
identification of an important role for Treg cells in the
control of lesion development and/or progression. Efforts
should be directed toward the delineation of the major
determinants of the regulatory response, the critical subtypes
of Treg cells responsible for these protective effects, and the
molecular mechanisms involved in their survival, migration,
homing, and suppressive function. It is also of utmost
importance to examine the therapeutic potential of Treg
cells specific for plaque-derived antigens or that of
vaccination-like strategies using such antigens to promote a
disease-specific regulatory response and reduce disease
development and complications.
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