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Abstract
Despite significant advances in identifying the risk factors and elucidating atherosclerotic pathology,
atherosclerosis remains the leading cause of morbidity and mortality in industrialized society. These
risk factors independently or synergistically lead to chronic vascular inflammation, which is an
essential requirement for the progression of atherosclerosis in patients. However, the mechanisms
underlying the pathogenic link between the risk factors and atherosclerotic inflammation remain
poorly defined. Significant progress has been made in two major areas, which are determination of
the roles of the receptors for pathogen-associated molecular patterns (PAMPs) in initiation of
vascular inflammation and atherosclerosis, and characterization of the roles of regulatory T cells in
suppression of vascular inflammation and atherosclerosis. In this review, we focus on three related
issues: (1) examining the recent progress in endothelial cell pathology, inflammation and their roles
in atherosclerosis; (2) analyzing the roles of the receptors for pathogen-associated molecular patterns
(PAMPs) in initiation of vascular inflammation and atherosclerosis; and (3) analyzing the advances
in our understanding of suppression of vascular inflammation and atherosclerosis by regulatory T
cells. Continuous improvement of our understanding of the risk factors involved in initiation and
promotion of artherogenesis, will lead to the development of novel therapeutics for ischemic stroke
and cardiovascular diseases.
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1. INTRODUCTION
Atherosclerosis is characterized by focal arterial lesions containing cholesterol, fibrosis,
intense immunological activity, inflammatory cell infiltrates and cell death [1]. Several risk
factors have been identified for atherogenic process including hyperlipidemia, high density
lipoprotein (HDL), cigarette smoking, diabetes, hypertension, obesity[2] and excessive
quiescence[3]. We and others confirmed that hyperhomocysteinemia (HHcy) acts as an
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independent risk factor in accelerating atherosclerosis, etc [4–8]. In addition, atherosclerosis
is positively correlated with the endotoxin load in patients’ plasma[9]. Endotoxinemia at levels
as low as 50 pg/ml, that results from bacterial infection, constitutes a strong risk factor for the
development of atherosclerosis[10]. These risk factors independently or synergistically lead
to chronic vascular inflammation, which is an essential requirement for the progression of
atherosclerosis in patients[11]. Despite significant advances in elucidating atherosclerotic
pathology, atherosclerosis remains the leading cause of morbidity and mortality in
industrialized society. Therefore, continuous improvement of our understanding on the
atherogenesis initiated and promoted by risk factors will lead to the future development of
novel therapeutics for ischemic stroke and cardiovascular diseases.

A typical multi-step picture in the atherogenic process has emerged [12]: first, atherosclerosis
probably starts from endothelial cell (EC) inflammation, activation and dysfunction with the
expression of adhesion molecules on the cell surface and secretion of proinflammatory
cytokines. This step may be triggered by risk factors and metabolic stress signals. At the same
time, lipids in the intima of arteries can accumulate. The low-density lipoproteins (LDL) are
modified by enzymes and oxygen and are transformed into proinflammatory stimuli.
Second, in response to the inflammation signals initiated in ECs, vascular smooth muscle cells
(SMCs) release chemokines and chemoattractants, which act together with inflamed ECs in
leading to the recruitment of monocytes and T cells into the arterial wall at specific sites. When
the monocytes are translocated into the intimal layer and activated, they may differentiate into
macrophages and then form foam cells by taking up lipid. Third, at this point, the inflammation
has become chronic, and the fatty streak is now well on its way to becoming an atherosclerotic
lesion. As the lesion matures, it becomes necrotic and calcified. Ultimately, the lesion may
rupture, initiate a thrombus, block an artery, and cause a myocardial infarction or stroke[13].
The historical focus of immunological studies on regulation of atherogenesis has been on the
functions of infiltrating macrophages and T cells. However, recent reports demonstrated that
endothelial cells play a major role in the atherogenic initiation, changing their quiescence into
activated phenotypes to support every phase of the inflammatory process[14,15]. In this review,
we will focus on three related issues as we outlined in Fig. 1, (1) examining the recent progress
in endothelial cell pathology, inflammation and their roles in atherosclerosis; (2) analyzing the
roles of the receptors for pathogen-associated molecular patterns (PAMPs) in initiation of
vascular inflammation and atherosclerosis; and (3) analyzing the advances in understanding
of suppression of vascular inflammation and atherosclerosis by regulatory T cells. We
apologize for not being able to include many valuable articles and reviews due to limited space.

2.Endothelial cell (EC) pathology and potential therapeutic targets
The ECs of all vascular beds form a single cell layer in vivo, which lines all blood and lymphatic
vessels, and is located at the interface between circulation blood and the surrounding tissue.
More than 1012 ECs in the human body cover a surface area of more than 1,000 m2. ECs have
an elongated shape with an approximate size of 20 × 50 μm2 and the total weight of ECs is in
excess of 100 g [16]. As such, the vascular endothelium can be considered a systemically
disseminated “organ” system [17]. ECs serve a multitude of functions that help to maintain
blood fluidity and thrombo-resistance, control vessel-wall permeability, and keep blood
leukocytes and lymphocytes in a quiescent state. In pathological conditions, damaged,
impaired, or dysfunctional ECs in these vascular beds contribute to the pathogenesis and
complications of systemic and pulmonary hypertension, coronary heart disease, stroke,
diabetes, kidney failure, and the major chronic diseases that constitute the leading causes of
death and disability[18,19]. ECs are the organ that bridges several cardiovascular risk factors
(e.g. a diet high in saturated fat, hypercholesterolemia, obesity, hyperglycemia, insulin
resistance, hypertension, smoking[20], and congestive heart failure) and may serve as initiators
in the development of vascular inflammation and atherosclerosis[21]. Proinflammatory
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cytokines, chemokines, and adhesion molecules that stimulate leukocytes also act on ECs
[14] and promote EC inflammation. In order to better understand vascular EC inflammation,
we outline the following aspects related to the EC pathology.

2.1. EC markers
Characteristic vascular EC markers include von Willebrand factor (factor VIII-related antigen),
platelet endothelial cell adhesion molecule-1(PECAM1/CD31), CD34, CD105/endoglin,
vascular-cell-adhesion molecule 1 (VCAM1/CD106), endothelin receptor B (ENDRB),
P1H12/CD146, Tie 1, Tie 2, angiotensin converting enzyme (ACE), vascular endothelial
growth factor receptor 1 (VEGFR1), VEGFR2 (KDR/Flk-1; kinase-insert domain receptor in
humans, and fetal liver kinase-1 in mice)[22] and staining with Ulex europaeus lectin type 1
(for human cells). Of note, these EC markers are not universal (also see other sections) or
consistent with every detection technique. In addition, cells at the afferent and efferent
interfaces of lymph nodes (LNs) from all animals show differential expression of lymphatic
endothelial cell (LEC) markers, with podoplanin, Prox-1, and vascular endothelial growth
factor receptor 3 (VEGFR3) expressed in both microenvironments, but with lymphatic vessel
endothelial hyaluronan receptor 1 (LYVE-1) expressed only at the efferent interface. The
chemokine CCL20 is uniquely expressed at the afferent interface by cells co-expressing
podoplanin, and this expression is increased during infection with simian immunodeficiency
virus or M. tuberculosis [23]. The common features of EC physiology include strong uptake
of Dil-Ac-LDL and prostacyclin secretion. Moreover, ECs have specific morphology [16,24],
which often adopt a typical “cobblestone” appearance at confluence and may form “tubes” in
Matrigel (BD Matrigel™ Basement Membrane Matrix). Flow resistance of microvascular beds
is higher than expected from in vitro studies of blood rheology, suggesting that there is a
substantial layer on the luminal endothelial surface (endothelial surface layer, ESL) with a
thickness in the range of 0.5–1 microm. In comparison, the typical thickness of the glycocalyx
directly anchored in the endothelial plasma membrane amounts to only about 50–100 microm.
The thick endothelial surface layer significantly impacts hemodynamic conditions, mechanical
stresses acting on red cells in microvessels, oxygen transport, vascular control, coagulation,
inflammation and atherosclerosis [25].

2.2. EC progenitors and circulating ECs
Endothelial progenitor cells are a circulating, bone marrow-derived cell population that appears
to participate in both vasculogenesis and vascular homeostasis. This cell type may have
tremendous therapeutic potential for a wide range of human diseases (see excellent review
[26]). The endothelial progenitor cell population is defined by CD34+KDR+ (VEGFR2)
double positive markers [22]. In addition, CD117 can also be an EC progenitor marker [27].
In certain disease conditions, circulating ECs (CECs) that have detached from affected blood
vessels provide useful indicators for studying vascular injury, cardiovascular disease and
progression of atherosclerosis [22]. CECs have also been detected in diverse endothelial
damage conditions including acute coronary syndrome, coronary angioplasty, sickle cell
anemia, thrombotic thrombocytopenic purpura, infection with Rickettsia conorii or
cytomegalovirus, Behcet’s disease, systemic lupus erythematosus (SLE), and small vessel
vasculitis. In addition, circulating endothelial cells (CECs) and circulating endothelial
progenitors (CEPs) are promising surrogate biomarkers in oncology [28]. Three related
circulating cell populations have been identified: (i) CECs are defined as CD45−, CD34+, and
P1H12+; (ii) activated CECs are identified as CD45−. P1H12+, CD62+ or CD106+; and (iii)
EC progenitors are defined as CD34+ and CD133+[29] or CD34+KDR+[22]. We and others
have demonstrated that hyperhomocysteinemia (HHcy) acts as an independent risk factor in
accelerating atherosclerosis [4–8]. We found that the peripheral EPC population is not
significantly altered in HHcy mice. However, Hcy has a profound inhibitory effect on EC
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proliferation and migration at physiologically relevant concentrations and inhibits EC adhesion
at concentrations of 200 μM and higher [6].

2.3 EC heterogeneity
There is significant heterogeneity in endothelial structure and function (see excellent reviews
[30,31]) including (1) the heterogeneity in endothelial properties between species, organs,
vessel classes and even within individual vessels and, (2) the differences in composition and
role of the molecular layer on the luminal surface of endothelial cells. The endothelial lining
of blood vessels in different organs differs with respect to morphology and permeability.
Furthermore, the mediator release, antigen presentation or stress responses of endothelial cells
vary between species, different organs and vessel classes. Finally, there are relevant differences
even between adjacent endothelial cells, with some cells exhibiting specific functional
properties, e.g. as pacemaker cells for intercellular calcium signals.

Organ-specific structural and functional properties of the endothelium are marked in the
vascular beds of the lung and the brain. Pulmonary endothelium exhibits a high constitutive
expression of adhesion molecules, which may contribute to the margination of the large
intravascular pool of leucocytes in the lung. The pulmonary microcirculation is less permeable
to protein and water flux as compared to large pulmonary vessels. Endothelial cells of the
blood-brain barrier exhibit a specialized phenotype with no fenestrations, extensive tight
junctions and sparse pinocytotic vesicular transport, which allows a strict control of exchange
of solutes and circulating cells between the plasma and the interstitial space.

Arteries with different sizes or from different tissues vary in their sensitivities to inflammation
and atherogenic stimuli. Human umbilical vein ECs (HUVECs) may be different from
microvascular ECs in generating proinflammatory cytokines [32]. In addition, EC numbers in
glomeruli and macrovessels are decreased in diabetes but EC numbers in retina are increased
in diabetes [33]. Atherosclerosis predominantly affects large and mid-size elastic and muscular
arteries at vessel bifurcations in heart, brain and extremities[3,34], which may result from the
fact that aortic ECs located in lesion-prone regions are highly susceptible to injuries associated
with atherosclerosis[35].

2.4 EC permeability
EC permeability is mediated by two pathways, transcellular and paracellular pathways – that
is, solutes and cells can pass through (transcellular) or between (paracellular) ECs. In
transcellular passage, cell fenestration or a complex system of transport vesicles can fuse and
appear as channels that traverse single cell and allow the passage of leukocytes and solutes
through ECs. In contrast, paracellular pathway is mediated by the coordinated opening and
closure of EC cell-cell junctions. Several pharmacological strategies have been proposed in
controlling EC permeability: (1) tyrosine kinase SRC inhibitors; (2) inhibitors blocking the
association between VEGFR2 and VE cadherin; (3) inhibitors of VE-cadherin internalization;
(4) inhibitors of metalloproteases and other lytic enzymes that can cleave extracellular domain
of VE-cadherin; and (5) modulators that can modulate the activity of RAP1 or other small
GTPases[36].

2.5 EC activation, inflammation and anti-inflammation targets
EC activation and EC inflammation are two interchangeable concepts in some reports.
However, traditional EC activation suggests a status with upregulation of adhesion molecules
and prothrombotic molecules; whereas EC inflammation has been defined as a status with
generation of proinflammatory cytokines after stimulation.
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Two types of EC activation have been identified. Type I activation is mediated by ligands that
bind to heterotrimeric G-protein-coupled receptors. Type II activation is a more sustained
inflammatory response mediated by IL-1β and TNF-α [14]. Upregulation of EC activation
marker von Willebrand factor (vWF) levels is generally accepted as an indicator of EC injury
[37]. Several other molecules are also important for EC activation. Vascular endothelial (VE)-
cadherin is a strictly endothelial specific adhesion molecule located at junctions between
endothelial cells. VE-cadherin is of vital importance for the maintenance and control of ECs
contacts, vascular permeability and leukocyte extravasation. In addition to its adhesive
functions, VE-cadherin regulates various cellular processes such as cell proliferation, apoptosis
and modulates VEGF receptor functions[38]. PECAM-1 (or CD31) is a molecule expressed
on all cells within the vascular compartment, being expressed to different degrees on most
leukocyte sub-types, platelets, and on endothelial cells where its expression is largely
concentrated at junctions between adjacent cells. As well as exhibiting adhesive properties,
PECAM-1 is an efficient signaling molecule and is known to have diverse roles in vascular
biology including roles in angiogenesis, platelet function, and thrombosis, mechano-sensing
of EC response to fluid shear stress, and regulation of multiple stages of leukocyte migration
through venular walls [39].

Significant progress has been made in identifying potential therapeutic targets for suppressing
atherogenic inflammation, as outlined in Table 1[40–60] (also see a review by Rader and
Daugherty[61]). Recent report shows that selective or combined inhibitors of cyclooxygenase
(COX)-1, COX-2 and 5-lipooxygenase (5-LOX) might be beneficial in the treatment of
atherosclerosis [58]. In addition, peroxisome proliferator-activated receptor (PPAR) α is a
nuclear receptor activated by natural ligands such as fatty acids as well as by synthetic ligands
such as fibrates currently used to treat dyslipidemia. PPARα improves markers for
atherosclerosis and insulin resistance and inhibits inflammation [59].

2.6 Vasomotor dysfunction and EC injuries
EC injuries involve membrane damage, increased permeability, swelling and necrosis. EC
dysfunction is characterized by impaired vasomotor response (reduced vasodilation and
increased EC-dependent contraction), cell proliferation, platelet adhesion/aggregation,
vascular permeability and leukocyte-endothelial interactions that participate in vascular
inflammation [21]. EC’s vasodilator dysfunction and injuries precede the establishment of the
earliest lesions of atherosclerosis [18], which thus is a common precursor and denominator of
various pathologic conditions, such as stroke, myocardial infarction, hypertension and
atherosclerosis [62]. There are different techniques to evaluate the EC functional activity,
which can be classified into EC-dependent and EC-independent based on the amount of nitric
oxide (NO) produced and the vasodilation effect. EC vasomotor function/dysfunction is
assessed on a pressure myograph as the vessel myogenic response to acetylcholine [63,64],
which remains the gold standard[62]. In addition, several EC dysfunction markers have been
proposed, including elevated circulating levels of von Willebrand factor, plasminogen activator
inhibitor-1, some adhesion molecules, isoprostane and thrombomodulin[62]. Nearly all stimuli
elicit vasodilation via nitric oxide, which is a volatile gas, biologically active, presents in all
tissues. NO is produced by the action of nitric oxide synthases (NOS) on L-arginine amino
acid. Both constitutive and inducible NOS (iNOS) are expressed in ECs [65]. EC specific NOS
(eNOS) is a point of convergence of signaling pathways responsible for the execution of
hemodynamic adaption in physiologic and pathologic conditions. eNOS is stimulated by fluid
shear stress, cyclic strain, acetylcholine, endothelins, angiotensins II and IV, bradykinin,
estrogens, VEGF, insulin-like growth factor-1 (IGF-1), opiates, cannabinoids, L-arginine and
TGF-β. In contrast, eNOS is inhibited by high NO output from iNOS, high CO output from
heme oxygenase-1, superoxide anions, oxidized LDL, asymmetric dimethylarginine (ADMA),
advanced glycation end products (AGEs), hyperglycemia, erythropoietin and TNF-α [62]. EC-
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derived NO activates the guanylate cyclase of vascular smooth muscle cells to promote cGMP-
dependent vasodilation [66]. A risk factor for cardiovascular disease, hyperhomocystinemia
(HHcy), is associated with EC dysfunction. We found that arterial relaxation in response to the
EC-dependent vessel relaxant, acetylcholine or the NOS activator (A23187), is significantly
impaired in cystathionine beta-synthase null (CBS(−/−)) mice, a HHcy mouse model. eNOS
activity is significantly reduced in mouse aortic endothelial cells (MAECs) of CBS(−/−) mice,
as well as in Hcy-treated mouse and human aortic endothelial cells (HAECs). Ultimately, a
protein kinase C (PKC) inhibitor, GF109203X (GFX), reverses Hcy-mediated eNOS
inactivation and threonine 495 phosphorylation in HAECs. These data suggest that HHcy
impairs endothelial function and eNOS activity, primarily through PKC activation[5]. EC
dysfunction promotes vascular inflammation by inducing the production of vasoconstrictor
agents, adhesion molecules and growth factors[21]. Considering the role of the endothelium
in the initiation and propagation of vascular wall injury, there is a need for the discovery of
validated biomarkers to serve as a predictor of activation of inflammatory cascades in the
development of vascular injury[67].

2.7 EC responses to proinflammatory cytokines
As outlined in Table 2[68–83], proinflammatory cytokines and anti-inflammatory cytokines
play critical roles in modulation of atherogenesis (also see a comprehensive review[84]).
Mechanistically, locally released proinflammatory cytokines and chemokines activate ECs to
upregulate soluble adhesion molecules, activate neutrophils and generate reactive oxygen
species, which serve to amplify the initial inflammation leading to dysregulated apoptosis,
secondary necrosis and overt vascular injury lesions [67]. By releasing substances via
autocrine, paracrine or endocrine manners, ECs modulate (i) the vascular smooth muscle cells
and exercise vasodilation or vasoconstriction; (ii) production of prothrombotic and
antithrombotic components, and fibrinolytics and antifibrinolytics; (iii) EC proliferation; (iv)
EC migration; and (v) leukocyte activation and inflammation [65]. During inflammation, cell
surface adhesion molecules guide the adhesion and migration of circulating leukocytes across
the EC lining of the blood vessels to access the site of injury. In addition, oxygen-derived free
radicals mediate the disruption of the EC surface layer and increase vascular wall adhesiveness
by ox-LDL [85]. Of note, EC denudation is not an absolute prerequisite to allow platelet
attachment to arterial wall[86].

EC responses can be different to the same group of inflammation-regulating cytokines.
Proinflammatory cytokine tumor necrosis factor-α (TNF-α) selectively diminish the ability of
arterial rings to relax to the EC-dependent vasodilator acetylcholine, indicating that cytokine
activity may be associated with endothelial vasodilator dysfunction as judged by arterial
vascular tone. The cytokine granulocyte colony stimulating factor (G-CSF) and erythropoietin
induce ECs relaxed, whereas proinflammatory cytokines TNF-α, interleukin-6 (IL-6) and
suppressive cytokine IL-10 induce contraction of human arterial segments, suggesting a
complex picture for relexation/contraction during inflammation. Cytokine induced relaxation
or constriction are inhibited by blockers of endothelial-derived nitric oxide (NO) and
endothelin, respectively. Reports in patients with congestive heart failure have shown a
correlation between plasma levels of IL-6 and TNF-α and impaired endothelium-dependent
vasodilation of the brachial artery and vein. The proinflammatory cytokines TNF-α and
IL-1β (but not IL-6) induce transient and reversible EC dysfunction in humans. Importantly,
TNF-α activates nuclear factor-κB (NF-κB) with subsequent upregulation of EC adhesion
molecules. Adhesion and transmigration of different leucocyte subsets are stimulated after TNF
treatment of ECs. In this regard, TNF-α enhances EC adhesion and vascular invasion of
dendritic cells, the most potent antigen presenting cell type. Therefore, TNF-α might decrease
endothelial NO bioactivity by several pathways. Importantly, ECs transfected with eNOS
(endothelial NOS) reduce monocyte-endothelial binding after TNF-α stimulation. Finally,
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TNF-α-mediated oxidative stress may directly cause apoptotic cell death of the endothelium
and up-regulates the death signaling protein, Fas/apo-1/CD95, a cell surface-borne protein
belonging to the TNFR (TNF receptor) superfamily. A recent report showed that mildly
oxidized LDL (low-density lipoprotein)-induced apoptosis of human coronary ECs involves
TNFRs. These data suggest that ECs are the major targets of cytokine signals derived from
different vascular cells [87].

In addition to classical proinflammatory cytokines, a few adipocytokines from fat tissue have
recently been identified including leptin, adiponectin and resistin. Both leptin and resistin are
pro-inflammatory. Leptin induces endothelial dysfunction, increase blood pressure and
atherosclerosis. Resistin activates NF-κB-dependent cytokine release and adhesion molecule
expression. In contrast, adiponectin is anti-inflammatory and vasculo-protective, which
prevents atherosclerosis [88].

2.8 EC proliferation, angiogenesis and repair
Endothelial cell proliferation and replication are associated with vessel proliferation and
angiogenesis, which are new therapeutic targets in diseases, such as cancer and muscular
dystrophy[89]. Vascular morphogenesis encompasses a temporally regulated set of
morphological changes that endothelial cells undergo to generate a network of interconnected
tubules. The formation of a new capillary involves multiple steps such as EC activation,
migration, alignment, proliferation, tube formation, branching, anastomosis, and maturation
of intercellular junctions and the surrounding basement membrane, etc. Each of these stages
is either known or suspected to fall under the influence of VEGF, notch, and transforming
growth factor-β (TGF-β)/bone morphogenetic protein signaling pathways[90].

Blood vessels, either in insufficient numbers or in excess, contribute to the pathogenesis of
many diseases, thus, agents that stimulate angiogenesis can improve blood flow in patients
with ischemic diseases. In contrast, anti-angiogenic agents are used to treat disorders ranging
from macular degeneration to cancer. Tumor vascular endothelium is characterized by its
increased permeability, abnormal morphology, disorganized vascular networks and variable
density. There are two types of angiogenesis inhibitors: first, antiangiogenesis agents include
the monoclonal antibody bevacizumab; and tyrosine kinase inhibitors sorafenib and sunitinib
that disrupt EC survival and block new tumor blood supply, second, vascular disrupting agents
that include those that disrupt the already established vasculature[91].

The repair of the endothelium after inflammatory injury is essential to maintaining
homeostasis. Using a mouse model of carotid injury linked re-endothelialization, we have
observed impaired re-endothelialization and increased neointimal formation in severe
hyperhomocysteinemia mice. The capacity of homocysteine to inhibit proliferation and
migration of EC may be responsible for impaired re-endothelialization and contribute to
arteriosclerosis in hyperhomocysteinemia[6]. We also reported previously that homocysteine
(Hcy) inhibits EC growth by transcriptional inhibition of the cyclin A gene via a
hypomethylation-related mechanism[92]. The mRNA levels of cyclin A are significantly
suppressed by Hcy and a DNA methyltransferase inhibitor. Hcy inhibits DNA
methyltransferase 1 (DNMT1) activity by 30%. Adenovirus-transduced DNMT1 gene
expression reverses the inhibitory effect of Hcy on cyclin A expression and EC growth
inhibition[8].

Endotoxins are a set of complex lipopolysaccharide (LPS), which are an integral component
of gram-negative bacteria such as E. coli [93]. Loss of the normal EC structure is observed in
the aorta of the animals treated with LPS[94]. Erythropoietin is found to inhibit LPS-induced
EC apoptosis. EC injury activates the mobilization of circulating angiogenic cells, thus
completing EC repair[94].
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Microparticles (MPs) are small fragments generated from the plasma membrane after
stimulation. Among the proteins harbored by MPs, sonic hedgehog (Shh) is present in MPs
generated from activated/apoptotic T lymphocytes[95]. Shh carried by MPs induces NO release
from ECs and decreases production of reactive oxygen species. When the phosphoinositide-3
kinase (PI3-kinase) and extracellular-signal-regulated kinase (ERK) signaling are specifically
inhibited, the effects of MPs are reversed. In vivo injection of MPs in mice is also able to
improve EC function by increasing NO release, and it reverses EC dysfunction after ischemia/
reperfusion, suggesting that Shh represents a new therapeutic approach against endothelial
dysfunction during acute severe endothelial injury[60].

2.9 Immunogenicity of ECs
Even though ECs are not listed as a type of antigen presenting cell, the important role of ECs
in antigen-presentation and immunogenicity in vascular inflammation and autoimmune
responses have been recognized. ECs represent a highly heterogeneous population of cells with
the ability to modulate the function of immune cells [96]. Matrix-embedding confers a
quiescent EC state with reduced expression of chemokines, adhesion, co-stimulatory, and
major compatibility complex molecules. Matrix-embedded ECs induce an immune-inhibitory
phenotype of dendritic cells and regulatory T cells to a greater extent than non-embedded ECs
[34]. However, liver sinusoidal endothelial cells (LSEC) are microvascular endothelial cells
with a unique phenotype reminiscent of dendritic cells and a unique function as APCs for CD4
+ T cells[97]. All the microvascular and small vessel endothelial cells are ‘constitutively’
positive for MHC class II antigens.

Immunogenicity of ECs is significantly upregulated when ECs are activated. Activated ECs
express major histocompatibility complex (MHC) class II and T cell co-stimulators such as
CD80 and CD86[14,34,98,99], and select the migration of antigen-specific lymphocytes into
the site of inflammation [100]. Unlike bone marrow-derived antigen presenting cells, which
utilize B7/CD28 interactions, human ECs utilize lymphocyte function antigen 3 (LFA3)/CD2
pathways to stimulate T cells. ECs activate a CD45RO + B7-independent subpopulation of T
cells. Release of MHC and non-human leukocyte antigens (HLA) from ECs stimulates an
alloantibody and autoimmune response leading to chronic transplant rejection [101]. In vivo
studies suggest that aortic ECs can acquire and cross-present exogenous antigen (Ag) on MHC
class I. The process is most efficient for intact proteins rather than degraded peptide fragments
[102].

The ET(B)R inhibitor BQ-788 increases T cell adhesion to human ECs in vitro, an effect
countered by intercellular adhesion molecule-1 (ICAM-1) blockade or treatment with NO
donors[103]. In addition, EC auto-antigens are recognized by anti-endothelial cell antibodies
(AECA), which are found in various diseases and recognize several auto-antigen determinants.
Some AECA activate ECs, resulting in increased leucocyte adhesiveness, activation of vascular
thrombosis[104]. Moreover, oligomerization of the chemokine interferon-γ (IFN-γ)-inducible
protein of 10 kDa (IP-10; CXCL10) plays an important role in the recruitment of activated T
lymphocytes via transendothelial migration into sites of inflammation by interacting with
CXCR3 [105].

In searching for the mechanism underlying the generation of autoantigens and autoantibodies,
we found that alternative splicing occurs in 100% of the autoantigen RNA RNA transcripts
associated with various autoimmune diseases. This is significantly higher than the
approximately 42% rate of alternative splicing observed in the 9554 randomly selected human
gene transcripts (p<0.001). In addition, the product of a transcript that does not undergo
alternative splicing is unlikely to be a target antigen in autoimmunity[106]. We also found that
TNF-α downregulates expression of prototypic alternative splicing factor ASF/SF2, which
correlates with our finding of reduced expression of ASF/SF2 in inflamed cells from patients
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with autoimmune disease[107], suggesting that proinflammatory cytokines upregulate
untolerized auto-antigens via modulation of expression of ASF/SF2. Based on these data, we
proposed a new model of stimulation-responsive splicing for the generation of autoantigens
and self antigens[108].

2.10. EC death
Programmed cell death (PCD) plays an essential role in the EC homeostasis and pathology.
Eight forms of cell death have been identified in various types of cells, including two well-
characterized forms, apoptosis and autophagy [109,110], and six atypical forms, including
paraptosis, calcium-mediated cell death, apoptosis-inducing factor (AIF)/poly-(ADP-ribose)
polymerase (PARA)-dependent cell death, oncosis[111], caspase-1-dependent inflammatory
cell death pyroptosis[112] and caspase-1-indepednent inflammatory cell death pyronecrosis
[113]. It is unclear whether all of the forms of cell death play a role in regulation of EC
homeostasis. EC dysfunction is associated with increased rates of EC apoptosis. The presence
of severe EC dysfunction and increased apoptotic rates of circulating ECs are associated with
a high incidence of cardiovascular events in patients with severe hypertension, coronary heart
disease, atherosclerosis, allograft vasculopathy, heart failure, diabetic retinopathy and
scleroderma[114–116]. EC death favors thrombosis[117]. The inducers of apoptosis in
atherosclerosis include Oxidized LDL (oxLDL) [118], oxysterols, reactive oxygen species,
reactive nitrogen species (NO at high levels), X-, γ, and UV radiation, heat, cytokines and Fas
ligand; whereas the inhibitors of apoptosis in atherosclerosis include shear stress, NO at low
levels, vascular endothelial growth factor (VEGF), basic fibroblast growth factor (bFGF),
cowpox virus CremA, baculovirus protein p35, the inhibitors of apoptosis (IAP) protein family
and microorganism [115]. Overexpression of the integrin-linked kinase(ILK) gene
significantly prevents oxLDL-induced cell death[118]. In addition, mechanistically, Fas ligand
(FasL) can induce apoptosis in cells bearing the Fas receptor. Overexpression of endothelial
FasL is anti-inflammatory and inhibit atherosclerotic lesion by 49% under
hypercholesterolemic conditions, suggesting that EC apoptosis induced by attack of Fas-
expressing cells (lymphocytes and inflammatory cells) contributes to atherogenesis [119].

3. Receptors for pathogen-associated molecular patterns (PAMPs) and
vascular cell inflammation

In addition to being targets during the secondary wave of vascular inflammation, ECs are
capable of expressing a broad spectrum of pro- inflammatory cytokines including IL-1β, IL-3,
IL-5, IL-6, IL-8, IL-11, IL-15, TNF-α (tumour necrosis factor), chemokines [IL-8, monocyte
chemotactic protein-1 (MCP-1) and RANTES], CSFs (colony-stimulating factors), GM-CSF
(granulocyte/macrophage CSF), PDGF, VEGF and FGF, and anti-inflammatory cytokines
including IL-1α, IL-10, IL-13 and TNF-β[87], suggesting an essential role of ECs in initiating
the first wave of vascular inflammation. The question regarding how risk factors, metabolic
stress and danger signals trigger vascular endothelial cell inflammation remain unknown. An
exciting area of progress is the identification of the roles of PAMP recognition receptors (PRRs)
in the pathogenesis of atherosclerosis. Four major families of PRRs have been identified as
important components of innate immunity, participating in the sensory systems for host defense
against the invasion of infectious agents and uncontrolled metabolic stress (danger signals).
The Toll-like receptors (TLRs) recognize a variety of conserved microbial PAMPs derived
from bacteria, viruses, protozoa and fungi. TLRs work in synergy with the three cytosolic
sensing receptor families including NLRs [NOD (nucleotide binding and oligomerization
domain)-like receptors] (which sense bacteria), RLRs [RIG-I (retinoic acid-inducible gene 1)-
like receptors] (which sense viruses) and CLRs (C-type lectin receptors) (which sense fungi).
All of these receptor families signal an upregulation of a range of immune and inflammatory
genes. Elucidation of detailed mechanisms underlying how receptors for PAMPs bridge risk
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factors to vascular cell inflammation and atherosclerosis holds great therapeutic potential.
Unlike existing anti-inflammatory drugs, new drugs based on characterization of PRRs should
be capable of inhibiting specific components of innate immunity and inflammation, leaving
sufficient redundant function to avoid issues of immunosuppression[120].

3.1. PAMP receptor features
All PAMPs-recognition receptors (PRRs) share the following characteristics: PRRs are (1)
germline-encoded; (2) they are expressed in a wide variety of host tissues and cells including
ECs; (3) they share some of seven conserved domains including the LRR (leucine-rich repeat)
domain, the TIR [Toll/IL (interleukin)-1 receptor] domain, the NBS (nucleotide-binding site),
the CARD (caspase recruitment domain), the PYD (pyrin domain), the helicase domain and
the CTLD (C-type lectin domain)[121]; and (4) they are capable in recognizing a limited
numbers of evolutionally conserved molecules. PRRs have three major functions: (i)
transcriptionally activating nuclear factor-κB (NF-κB)-dependent gene expression, such as the
expression of proinflammatory cytokines pro-IL-1β, pro-IL-18 and TNF-α; (ii)
transcriptionally inducing the expression of type I interferons (IFN-β) and IFN-dependent
genes including inducible nitric oxide synthase; and (iii) post-translationally activating
inflammasome-related caspase-1, secretion of IL-1β and IL-18, as outlined in Fig. 2. In
addition, another class of receptors are considered as PRRs, which are scavenger receptors
(SRs) expressed mostly in macrophages but also in endothelial cells (SREC I, SRECII and SR-
PSOX). These receptors recognize distinct “epitopes” on the modified low-density lipoprotein
(LDL) and participate in internalization of LDL particles and phagocytic clearance. Some SRs
may also function as co-receptors of TLRs, involved in macrophage activation [15].

3.2. TLRs and their roles in atherosclerosis
TLRs represent a primary line of defense against invading pathogens in mammals, plants and
insects. TLRs recognize the structures of lipids, carbohydrates, nucleic acids and various
proteins, which are collectively referred to as pathogen associated molecular patterns (PAMPs)
[122]. Eleven TLRs have been identified in humans while 13 TLRs can be encoded by mouse
genome. TLRs 1–9 are conserved between humans and mouse[123]. TLRs are primary sensors
in response against PAMPs[124]. TLRs are also important for induction of adaptive immune
responses, but misguided responses can lead to autoimmune pathology[124]. Of note, TLRs
1, 2, 4, 5, and 6 are located in the plasma membrane and recognize bacterial wall components.
In comparison, TLRs 3, 7, 8, and 9 are preferentially expressed in intracellular compartments,
such as endosomes, and recognize nucleic acid structures[123]. TLR repertoire can be further
expanded in the following two manners: (1) formation of heterodimers, TLR2/TLR1 and
TLR2/TLR6; and (2) cooperation with other PRRs[15]. TLR signaling shares IL-1 receptor
pathway, activates the NF-κB (Fig. 2), mitogen-activated protein kinase (MAPK), and
interferon (IFN)-regulatory factor 3 (IRF3), and releases proinflammatory cytokines[15,125].
Several IKK [inhibitors of NF-κB (IκB) kinase] and NF-κB inhibitors are under development
[126]. How these inhibitors will affect TLR signaling, vascular inflammation and
atherosclerosis remains to be seen. Co-stimulation and interplay of TLR4 or TLR3 with TLR7
(stimulated by anti-viral compound R848) has been reported to induce secretion of mature
IL-1β, implying the TLR synergy activates an inflammasome efficiently. However, R848, the
TLR7/8 ligand, can also activate NALP3 inflammasomes (see next section). It is not clear if
the effective mature IL-1β production induced upon cotreatment of LPS or poly (I:C) with
R848 is derived from TLR3/4 and TLR7 synergy, TLR3/4 and NALP3 interplay, or both
[127].

In addition to exogenous ligands including LPS[128], an envelope glycoprotein encoded by
mouse mammary tumor virus[129], diacyl lipopeptides, glycolipids, peptidoglycan and
zymosan[15], TLRs can also be activated by host-derived stress-associated molecular patterns
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(SAMPs), including oxidized low density lipoprotein (oxidized LDL), high mobility group B1
(HMGB1), biglycan, hyaluronic acid fragments, heat shock protein (HSP)70, HSP60,
fibronectin extra domain [15], serum amyloid A, necrotic cells and possibly advanced glycation
end-products[3,15]. Proatherogenic TLR2 responses to unknown endogenous or unknown
endemic exogenous agonists are mediated by non-bone marrow derived cells including
endothelial cells[3]. Researchers have identified at least 15 different negative regulators of the
TLRs including MyD88s (a short form of MyD88), IRAKM, SOCS1, NOD2, PI3K and
TOLLIP [130]. TLR4 antagonists, such as CRX-526, E5531 and E5564, have been under
development as potential therapeutics [129].

3.3. NLRs and inflammasomes
NOD-like receptors (NLRs; also known as CATERPILLAR proteins) are defined by their
tripartite domain structure containing a variable C-terminus, a middle nucleotide-binding
domain (NBD, also known as the NACHT domain), and a leucine rich repeat (LRR) domain.
The mid-NBD domain exhibits ATPase activity, and regulates oligomerization. The LRR
domain mediates autoregulation, protein-protein interaction, and/or PAMP sensing. NLRs are
highly conserved through evolution. The NLR system comprises 22 cytoplasmic proteins that
include 5 members of the NOD (Nucleotide-binding oligomerization domain) subfamily, 14
NALP (NACHT-, LRR- and pyrin-domain-containing proteins) members, IPAF, NAIP and
CIITA. The putative function of the majority of 22 human NLRs in activating caspase-1 has
not been confirmed except IPAF, NALP1, NALP2 and NALP3[19]. Stimulation of NOD1 and
NOD2, two prototypic NLRs, results in the activation of MAPK and NF-κB. On the contrary,
a different set of NLRs induces caspase-1 activation through the assembly of a protein complex
termed the inflammasome[131]. Three inflammasomes have been characterized[132]: NALP1
inflammasome, NALP3 inflammasome and IPAF inflammasome. NALP1 inflammasome
consists of four components, NALP1, PYCARD (ASC)[133], caspase-1 and caspase-5, and
functions as primary mediator of susceptibility to anthrax lethal toxin[134]; NALP3
inflammasome consists of three components, NALP3, PYCARD and caspase-1, and is capable
in sensing a broad range of stimuli including anti-viral compounds R837 and R848, bacterial
mRNA, UVB irradiation-induced increase in free cytoplasmic Ca++ [135], gout-associated
uratic acid crystals, aluminium adjuvants[136], asbestos and silica[137], bacterial toxins
derived from Listeria M., staphylococcus A. and shigella F, etc[138]; IPAF inflammsome
consists of three components, IPAF[139], NAIP and caspase-1 and functions to sense flagellin
derived from Legionella P., Salmonella T., pseudomonas A. and shigella F[138]. A database
search has found as many as 203 putative NLRs in the sea urchin genome[138], suggesting
that additional mammalian inflammasomes may be found. An important function of NLRs is
in the regulation of caspase-1 activation and proinflammatory cytokine interleukin-1 (IL-1β)
processing. Caspase-1 is responsible for conversion of pro-IL-1β to mature IL-1β (also known
as IL-1β-converting enzyme (ICE)) (Fig. 2). In addition, two other related cytokine precursors,
pro-IL-18 and pro-IL-33 are also cleaved by caspase-1[138]. ASC is markedly expressed at
the site of vascular injury. Neointimal formation was significantly attenuated in ASC−/− mice
after injury. IL-1β and IL-18 are expressed in the neointimal lesion in wild-type mice but show
decreased expression in the lesion of ASC−/− mice. These findings suggest that ASC is critical
for neointimal formation after vascular injury and identify ASC as a novel therapeutic target
for atherosclerosis and restenosis[140].

In addition to NLRs-containing inflammasomes, the cytoskeleton-organizing protein PSTPIP1
requires the familial Mediterranean fever protein termed pyrin to assemble the ASC
pyroptosome, a molecular platform that recruits and activates caspase-1. Pyrin is a cytosolic
receptor for PSTPIP1. Ligation by PSTPIP1 activates pyrin, thereby allowing it to interact with
ASC and facilitate ASC oligomerization into an active ASC pyroptosome, which is a
supramolecular assembly of ASC dimers mediating inflammatory cell death via caspase-1
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activation [141]. Therefore, constitutive ligation and activation of pyrin by mutant PSTPIP1
proteins explain the autoinflammatory phenotype observed in pyogenic sterile arthritis,
pyoderma gangrenosum, and acne (PAPA) syndrome [142]. Whether this autoinflammatory
phenotype contributes to vascular inflammation remains to be addressed.

3.4. Inflammatory caspases and inflammatory cytokines
Inflammatory caspases and inflammasomes are newly-identified master sensors and switches
of inflammation initiation. Inflammatory caspases (also known as group 1 caspases) are
encoded by three main genes in humans, caspase-1, caspase-4 and caspase-5 and three main
genes in mouse, caspase-1, caspase-11, and caspase-12. These caspases are characterized by
the presence of a CARD domain at the N-terminus [132]. Three human caspases, caspase-1,
caspase-4 and caspase-5, are inflammatory caspases since the main caspase-1 substrates are
precursors of proinflammatory cytokines pro-IL-1β, pro-IL-18 (Fig. 2), and pro-IL-33. In
addition to these three cytokines, caspase-1 cleaves 41 protein substrates including proteins
along the glycolysis pathway [143](also see
http://origin.bic.nus.edu.sg/casbase-bin/squery_browse.pl). Caspase-1 mediates serum-
withdrawal-induced apoptosis of endothelial cells, independently of reactive oxygen species
production[144]. Tripeptidyl peptidase II inhibitor (AAF-cmk), proteosome inhibitors
lactacystin[145] and MG132 [146]inhibit maturation of caspase-1 and Shigella-induced or
anthrax lethal toxin-mediated apoptosis. Caspase-1-mediated myocardial apoptosis plays an
important role in the progression of heart failure [147]. Studies in caspase-12 deficient mice
suggest that this caspase is important for endoplasmic reticulum (ER) stress-induced apoptosis
[148]. However, caspase-12 deficient mice clear bacterial infection more efficiently than wild-
type littermates and have an enhanced production of the proinflammatory cytokines IL-1β and
IL-18 but not TNF-α and IL-6. Thus, caspase-12 is considered to be a decoy caspase that blocks
caspase-1 activation resulting in enhanced vulnerability to bacterial infection and septic
mortality[132,149].

3.5. IL-1 family
Three cytokines, pro-IL-1β, pro-IL-18, and pro-IL-33 belong to the IL-1 family[150] and play
essential roles in inflammation[132]. IL-1 cytokines IL-1β, IL-1α, IL-1 receptor antagonist
(IL-1Ra) induce expression of many effector proteins, e.g. cytokines/chemokines, adhesion
molecules, VCAM-1, ICAM-1, MCP-1[68], NOS, matrix metalloproteinases (MMPs) and
prothrombotic function [151]. IL-1β is the most potent proinflammatory cytokine among all
proinflammatory cytokines including tumor necrosis factor-α, interferon-γ and IL-6. Eleven
members of IL-1β family have been identified[150]. IL-1β does not have a signal peptide, thus
IL-1β is secreted via a nonclassical secretory pathway, which can be inhibited by methylamine,
low temperature, or serum-free medium, and can be enhanced by raising culture temperature,
or by the presence of calcium ionophores, dinetrophenol, carbonyl cyanide
chlorophenylhydrazone, or the classical secretory pathway inhibitors brefeldin A and monensin
[152]. Purinergic receptor P2X7, that senses for ATP released from injured cells, triggers
IL-1β secretion[153]. Histone deacetylase inhibitors prevent exocytosis in IL-1β-containing
secretory lysosomes via disrupting microtubules[154]. IL-18 is a key player in models of
atherosclerosis, lupus erythematosus, graft-versus-host disease, hepatitis, appetite control and
obesity. The IL-18 binding protein, a naturally occurring and specific inhibitor of IL-18,
neutralizes IL-18 activities. Other therapeutic options for reducing IL-18 activities are
inhibitors of caspase-1, human monoclonal antibodies to IL-18, soluble IL-18 receptors, and
anti-IL-18 receptor monoclonal antibodies [155].
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4. The roles of the receptors for PAMPs and proinflammatory cytokines in
pathogenesis of atherosclerosis
4.1. Mouse models of atherosclerosis

Mouse models have been extensively used in characterizing atherogenesis and vascular
inflammation. Normal mice are short-lived and resistant to cardiovascular diseases, a number
of genetic mutant mouse models have been developed via either spontaneous mutation or gene
manipulation[156]. ApoE−/− deficient mouse is the most widely used mouse model with total
plasma cholesterol concentration of 11 mM, compared to 2 mM for the parent wild-type
C57BL/6 mice[157] and it exhibits advanced intimal lesions that are largely confined to the
aortic root area. To mimic widely-distributed atherosclerosis that is seen in humans, a high
cholesterol diet with the induction of plasma cholesterol concentrations (approaching 30 mM)
is required[156]. Apolipoprotein E (ApoE) targets IL-1 receptor-associated kinase-1 (IRAK-1)
activation and thereby interrupts IL-1β and IL-18 signaling in vascular smooth muscle cells
(VSMCs), which represents a novel antiatherogenic activity of ApoE[158]. The second widely-
used atherosclerosis model is low density lipoprotein receptor (LDLR) −/− deficient mice.
However, these mice have mildly elevated cholesterol levels on a chow diet (5.8 versus 3.1
mM for homozygous and wild-type). When fed a 1.25% cholesterol diet, homozygotes have
extremely high plasma cholesterol concentrations in the 41 mM range [156]. In the case of
normal chow diet-fed LDLR−/− mice, there is the minimal amount of atherosclerotic lesions
present, even after 9–12 months [159].

Other mouse models of atherosclerosis include the following: (1) high density lipoprotein
(HDL) scavenger receptor class B type 1 deficient mice with ApoE−/− deficiency that are
sensitive to high fat/high cholesterol diet and have total cholesterol levels in the range of 40
mM, which develop severe coronary artery disease; (2) the db/db mouse strain carries a
spontaneous mutation of the leptin-ObR system that is analogous to the cp gene. Several studies
showed impaired endothelial and vascular function, abnormal cardiac function, retinal damage,
and glomerular sclerosis consistent with frank diabetes; (3) the ob gene is a mutation resulting
in the production of a defective leptin that does not bind to the ObR. There are cardiac and
vascular dysfunctions, but there are no reports of atherosclerosis and ischemic lesions[156].

4.2. TLRs, inflammasome and atherosclerosis
The depletion of TLR2 in LDLR−/− deficient mice leads to a significant reduction (50%) of
lesion size in both aortic sinus and the aorta of mice fed with hypercholesterolemic diet[160].
TLR2 expression is significantly upregulated in the lesser curvature region of the aorta within
1–2 weeks of feeding LDLR−/− mice a high fat diet[3]. Neointimal hyperplasia is markedly
suppressed in TLR-2KO mice compared with WT mice after vascular injury [161]. Similarly,
the depletion of TLR4 in ApoE−/− deficient mice results in significant reduction in
atherosclerotic lesion size and macrophages in lesion [162]. The synthetic lipoprotein
Pam3CSK4 and LPS induced TLR2 and TLR4 expression at mRNA and protein levels are
inhibited by candesartan, an antihypertensive drug angiotensin II type-1 receptor blocker, both
in vitro and in vivo[163].

4.3. IL-1β pathway and atherosclerosis
IL-1β is among the dominant cytokines expressed in human atherosclerotic plaques[164]. In
addition, IL-1β levels are significantly higher in patients with unstable angina as compared to
patients with stable angina[151]. Lack of IL-1β decreases the severity of atherosclerosis in
ApoE deficient mice[68]. In contrast, since IL-1 receptor antagonist (IL-1Ra) is an endogenous
inhibitor of IL-1, atherosclerotic lesion size in IL-1Ra+/−/ApoE−/− mice is significantly
increased by 30% compared with IL-1Ra+/+/ApoE−/− mice[165]. Based on these results, a
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recombinant human IL-1 receptor antagonist, Anakinra, has been used to inhibit inflammatory
apoptosis in experimental acute myocardial infarction [166]. In addition, the data from IL-18
deficient ApoE−/− mice showed reduced atherosclerosis in spite of increased serum
cholesterol, which support a proatherogenic role for IL-18 [69]. IL-33 is a novel IL-1-like
cytokine. IL-1 Receptor Accessory Protein and ST2 comprise the IL-33 Receptor Complex
[167]. In contrast to the roles of IL-1β and IL-18 in proatherogenesis, IL-33 can reduce
atherosclerosis development in ApoE−/− mice on a high-fat diet. This protective role of IL-33
in the development of atherosclerosis results from the induction of IL-5 and ox-LDL antibodies
[72].

5. The roles of CD4+CD25high regulatory T cells (Tregs) in inhibition of
vascular inflammation and atherogenesis
5.1. Tregs

Among several regulatory T cell subsets identified, Tregs are the best characterized[168–
172]. Comprising 5–10% of peripheral CD4+ T cells, Tregs exhibit potent immunosuppressive
functions[173], and play an important role in the regulation of autoimmunity and pathogenesis
of atherosclerosis. Of note, CD25high has proved to be by far the most useful surface marker
for nTregs (see our recent reviews for details)[174,175]. Recently, Roncarolo and Battaglia
summarized the difference between mouse and human Tregs[176].

5.2. Treg suppression of innate immune responses
Interestingly, the suppressive effects of these cells are not restricted to the adaptive immune
system including CD4+ T cells, CD8+ T cells[177], natural killer (NK) cells[178], and B cells
[179], but can also affect the activation and function of innate immune cells (monocytes,
macrophages, dendritic cells)[180] and neutrophils[181]. Treg effects on innate immune cells
are less well known. Alternatively activated macrophages (AAM) are cells with strong
antiinflammatory potential involved in immune regulation, tissue remodeling, parasite killing,
and tumor promotion. Treg co-cultured monocytes/macrophages display typical features of
AAM, including up-regulated expression of CD206 (macrophage mannose receptor) and
CD163 (hemoglobin scavenger receptor), an increased production of CCL18, and an enhanced
phagocytic capacity. In addition, the monocytes/macrophages have reduced expression of
HLA-DR and a strongly reduced capacity to respond to lipopolysaccharide (LPS) in terms of
production of proinflammatory mediators [IL-1β, IL-6, IL-8, macrophage inflammatory
protein 1α (MIP-1α), TNF-α], NF-κB activation, and tyrosine phosphorylation. Mechanistic
studies reveal that Tregs produce IL-10, IL-4, and IL-13 and that these cytokines are the critical
factors involved in the suppression of the proinflammatory cytokine response. In contrast, the
Treg-mediated induction of CD206 is entirely cytokine-independent, whereas the up-
regulation of CD163, CCL18, and phagocytosis are (partly) dependent on IL-10 but not on
IL-4/IL-13. Together these data demonstrate a previously unrecognized function of Tregs,
namely their ability to induce alternative activation of monocytes/macrophages. Moreover, the
data suggest that the Treg-mediated induction of AAM partly involves a novel, cytokine-
independent pathway[182].

5.3. Treg suppression of atherosclerosis and vascular inflammation
Tregs, as an active mechanism of immune suppression, have been targeted due to their
tremendous therapeutic potentials to prevent autoimmune diseases and atherosclerosis[174].
Tregs are also powerful inhibitors of atherosclerosis in several mouse models [183,184]. These
results provide new insights into the immunopathogenesis of atherosclerosis and could lead to
new therapeutic approaches that involve immune modulation using Tregs[183]. Treg numbers
are reduced in atherosclerotic compared with nonatherosclerotic ApoE-KO mice. The
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suppressive properties of Tregs from ApoE-KO mice are compromised in comparison with
those from their C57BL/6 littermates. Oxidation of low-density lipoprotein (LDL) and the
subsequent processing of oxidized LDL (oxLDL) by macrophages results in activation of
specific T cells, which contributes to the development of atherosclerosis. Thus, oxLDL
attenuates the suppressive properties of Tregs from C57BL/6 mice and more so in ApoE-KO
mice. Transfer of Tregs from age-matched ApoE-KO mice results in significant attenuation of
atherosclerosis compared with transfer of CD4+CD25+/− T cell controls or phosphate-buffered
saline. These results suggest that Tregs may play a protective role in the progression of
atherosclerosis and could be considered a therapeutic tool if results from human studies can
solidify observations in murine models[185].

Several approaches have been developed to increase Tregs and inhibit development of
atherosclerosis. Tolerance to oxLDL and malondialdehyde-treated LDL (MDA-LDL) is
induced in LDL receptor−/− mice fed a Western-type diet by oral administration of oxLDL or
MDA-LDL before the induction of atherogenesis. Oral tolerance to oxLDL results in a
significant attenuation of the initiation (30% to 71%; P<0.05) and progression (45%; P<0.05)
of atherogenesis. Tolerance to oxLDL induces a significant increase in Tregs in spleen and
mesenteric lymph nodes, and these Tregs specifically respond to oxLDL with increased TGF-
β production. Tolerance to oxLDL also increases the mRNA expression of Foxp3, CTLA-4,
and CD25 in the plaque. In contrast, tolerance to MDA-LDL does not affect atherogenesis.
OxLDL-specific T cells, present in LDL receptor−/− mice and important contributors in the
immune response leading to atherosclerotic plaque, can be counteracted by oxLDL-specific
Tregs activated via oral tolerance induction to oxLDL. These results suggest that the induction
of oral tolerance to oxLDL may be a promising strategy to modulate the immune response
during atherogenesis and a new way to treat atherosclerosis[186]. In addition, heat shock
protein 60 (HSP60)-specific T cells contribute to the development of the immune responses in
atherosclerosis. To explore the effect of oral tolerance induction to HSP60 and the peptide
HSP60 (253 to 268) on atherosclerosis, HSP60 and HSP60 (253 to 268) are administered orally
to LDLR−/− mice before induction of atherosclerosis. This tolerance results in a significant
80% reduction in plaque size in the carotid arteries and in a 27% reduction in plaque size at
the aortic root. Reduction in plaque size correlates with an increase in Tregs in several organs
and in an increased expression of Foxp3, CD25, and CTLA-4 in atherosclerotic lesions of
HSP60-treated mice. The production of IL-10 and TGF-β by lymph node cells in response to
HSP60 is observed after tolerance induction. Oral tolerance induction to HSP60 and a small
HSP60-peptide leads to an increase in the number of Tregs, resulting in a decrease in plaque
size as a consequence of increased production of IL-10 and TGF-β. These beneficial results of
oral tolerance induction to HSP60 and HSP60 (253 to 268) may provide new therapeutic
approaches for the treatment of atherosclerosis[187].

Hydroxy-3-methylglutaryl coenzyme A (HMG-CoA) reductase inhibitors (statins) are in
widespread use due to their LDL reducing properties and concomitant improvement of clinical
outcome in patients with and without preexisting atherosclerosis. Immune mediated
mechanisms play a dominant role in the beneficial effects of statins. Atorvastatin, but not
mevastatin nor pravastatin, treatment of human peripheral blood mononuclear cells (PBMCs)
increases the number of Tregs. These Tregs, induced by atorvastatin, express high levels of
Foxp3, which correlate with an increased regulatory potential. Furthermore, co-culture studies
reveal that atorvastatin induces Tregs are derived from peripheral CD4+CD25− cells.
Simvastatin and pravastatin treatment in hyperlipidemic patients increases the number of
Tregs. In C57BL/6 mice, however, no effect of statins on Tregs is evident. In conclusion, statins
appear to significantly influence the peripheral pool of Tregs in humans. This finding may shed
light on the mechanisms governing the plaque stabilizing properties of statins[188].
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TLR2 can sense endogenous insultsincluding vascular injury induced by cuff-placement
around the femoral artery, and induces inflammatory genes expression such as TNF-α,
IL-1β, IL-6, and MCP-1 [161]. It remains unknown whether Tregs can inhibit acute vascular
inflammation in addition to its inhibition on chronic vascular inflammation and atherosclerosis.
Our recent report showed that Tregs inhibit cuff-induced vascular inflammation presumably
by suppressing innate immune responses[189].

5.4. Treg apoptosis pathways are targets for modulation of vascular inflammation
In the last thirteen years, substantial molecular differences between homeostasis of Tregs and
that of other subsets of T cells and some factors specific in regulation of Treg survival have
been characterized. In our recent review[174], we examined 91 factors, pathways and drugs,
both well-characterized and newly defined, regarding the survival and homeostasis of Tregs,
suggesting that Treg homeostasis and apoptosis pathways are targets for development of new
therapeutics for atherosclerosis and autoimmune diseases. In addition, recent reports[190]
suggest that TLRs play important roles in modulating the function of Tregs and
immunosuppressive cytokines IL-10 and TGF-β as outlined in Fig. 3. We recently reported
that removal of Tregs via a pro-apoptotic protein Bax-dependent apoptotic pathway
significantly enhances anti-self antigen immune responses[191]. In several studies, we reported
that Tregs have an interleukin-2 (IL-2) withdrawal-triggered apoptosis pathway, in which the
upregulation of Bax expression in Tregs is induced[189]. By using transgenic mouse models,
we found that modulation of Treg apoptosis pathway, by enhanced Bax expression[189] or
decreased expression of anti-apoptotic protein translationally controlled tumor protein (TCTP)
[192–194], accelerates development of vascular inflammation presumably via decreasing the
striking threshold of vascular inflammation. Our results suggest that vascular inflammation is
induced by cuff-placement presumably via necrotic cell-triggered TLRs’ signaling (Fig. 2).
Our results have also demonstrated the proof of principle that the modulation of Tregs
apoptosis/survival could be used as a new therapeutic approach for inflammatory
cardiovascular diseases[189].
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Fig. 1.
Vascular inflammation and atherosclerosis are activated via receptors for PAMPs and
suppressed by regulatory T cells.
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Fig. 2. TLRs and NLRs signaling pathways in the generation of proinflammatory cytokines
IL-1β and IL-18
Abbreviations: ASC, apoptosis-associated speck-like protein containing a CARD; CARD
domain, caspase recruitment domain; FIIND, F-interacting domain of Cardinal protein;
HMGB1, High mobility group box 1; Hsp60, heat shock protein 60; IRAK4 and IRAK1, IL-1
receptor (IL-1R)–associated kinases 4 and 1; IL-1β, interleukin-1β; LDL, low density
lipoproteins; LPS, lipopolysaccharides; MSU, monosodium urate; MyD88, Myeloid
differentiation primary response gene (88); NACHT domain, a 300 to 400 residue predicted
nucleoside triphosphatase (NTPase) domain present in NAIP, CIITA, HETA and TP1; NALP,
NACHT domain, LRR domain, and pyrin domain- containing protein; NF-κB, nuclear factor-
κB; NLRs, Nod-like receptors; P2X7, a purinergic receptor; PYD, pyrin domain; R837 and
R848, imidazoquinoline compounds that serve as inflammasome activating agents and TLR7
and TLR8 agonists; TLRs, toll-like receptors; TRAF6, TNF receptor-associated factor 6; UV,
Ultraviolet light.
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Fig. 3.
Interaction between agonists/antagonists with TLRs can either enhance or inhibit functions of
Tregs and immunosuppressive cytokines, which leads to inhibition or enhancement of
inflammation and autoimmune reactions. TLR: toll-like receptor.
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