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Abstract

Atherosclerosis is an inflammatory disease of the wall of large- and medium-sized arteries that is

precipitated by elevated levels of low-density lipoprotein (LDL) cholesterol in the blood. Although

dendritic cells (DCs) and lymphocytes are found in the adventitia of normal arteries, their number is

greatly expanded and their distribution changed in human and mouse atherosclerotic arteries.

Macrophages, DCs, foam cells, lymphocytes, and other inflammatory cells are found in the intimal

atherosclerotic lesions. Beneath these lesions, adventitial leukocytes organize in clusters that

resemble tertiary lymphoid tissues. Experimental interventions can reduce the number of available

blood monocytes, from which macrophages and most DCs and foam cells are derived, and reduce

atherosclerotic lesion burden without altering blood lipids. Under proatherogenic conditions, nitric

oxide production from endothelial cells is reduced and the burden of reactive oxygen species (ROS)

and advanced glycation end products (AGE) is increased. Incapacitating ROS-generating NADPH

oxidase or the receptor for AGE (RAGE) has beneficial effects. Targeting inflammatory adhesion

molecules also reduces atherosclerosis. Conversely, removing or blocking IL-10 or TGF-β
accelerates atherosclerosis. Regulatory T cells and B1 cells secreting natural antibodies are

atheroprotective. This review summarizes our current understanding of inflammatory and immune

mechanisms in atherosclerosis.
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Introduction

Atherosclerosis is the most common pathological process that leads to cardiovascular diseases

(CVD), a disease of large- and medium-sized arteries that is characterized by a formation of

atherosclerotic plaques consisting of necrotic cores, calcified regions, accumulated modified

lipids, inflamed smooth muscle cells (SMCs), endothelial cells (ECs), leukocytes, and foam

cells (1). These features of atherosclerotic plaques illustrate that atherosclerosis is a complex

disease, and many components of the vascular, metabolic, and immune systems are involved

in this process. Although low-density lipoprotein (LDL) remains the most important risk factor

for atherosclerosis, immune and inflammatory mechanisms of atherosclerosis have gained

tremendous interest in the past 20 years (1–3). This review focuses on the role of inflammatory
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cells in atherosclerosis; the molecular mechanisms of their recruitment and retention in

atherosclerotic plaque; differentiation, activation, and production of cytokines; as well as other

pro- and anti-inflammatory mediators that regulate atherosclerosis and chronic inflammation

that accompanies this process. We discuss the association of atherosclerosis with other

inflammatory diseases, as well as existing and potential anti-inflammatory treatments for the

prevention of atherosclerosis.

In 1829, the term arteriosclerosis was first introduced by Jean Lobstein (4). Within a few years,

the associated cellular immune alterations within the arteries were described by two different

schools of pathology, resulting in two theories of atherosclerosis. Rudolf Virchow postulated

an initial role for aortic cellular conglomerates, emphasizing that cellular pathology is critical

in atherosclerosis. In contrast, Carl von Rokitansky suggested that initial injury of the vessel

wall owing to mechanical injury and toxins led to endothelial dysfunction and further

inflammation (5). Two centuries later, Mayerl et al. (4) analyzed human samples from von

Rokitansky's collection and showed T cell accumulation already in early lesions, suggesting

that lymphocytes play an essential role in atherosclerosis. In the 1970s, the response-to-injury

model was described (1). However, a large number of recent papers have emphasized that the

chronic inflammatory response also has an immune component (3). How and why endothelial

functions, lipid metabolism, and lipid retention become unbalanced and disturbed is still

unclear. Atherosclerosis entails reactivity to self-antigens, but we do not yet know why this

occurs so late in life or what role this response might play in atherosclerosis.

Inflammatory Cell Involvement

The presence of leukocytes within atherosclerotic arteries was reported in the early 1980s (6).

Initially, investigators thought that only macrophages are predominantly present within

atherosclerotic vessels. However, several studies reported the presence of most known

leukocytes in both mouse and human aortas (3,7). The occurrence of inflammatory cells in

atherosclerotic lesions (Figure 1) depends on the rate of their recruitment and egress and the

balance of proliferation, survival, and apoptosis within the arterial wall. So far, most published

studies have investigated short-term leukocyte recruitment, with a small minority studying

egress, very few reporting on local proliferation in the vessel wall, and almost none on

apoptosis. The reasons for this imbalance are both technical and philosophical. Conducting

lymphocyte homing studies is possible, yet finding apoptotic cells in vivo is almost impossible

because they are immediately taken up by surrounding phagocytes. Egress studies are

technically demanding, and one of the well-established models of egress involves the

transplantation of atherosclerotic aortic arches into nonatherosclerotic mice (8). Proliferation

can be assessed by dyes such as BrdU (bromodeoxy-uridine) or CFSE (carboxyfluorescein

succinimidyl ester), but finding proliferating cells in the vessel wall does not prove that the

proliferation occurred locally. Development of more advanced techniques is needed to examine

these questions in more detail.

In and Out: Monocyte Recruitment To, Retention In, and Egress from the

Artery Wall

DCs and macrophages already reside within the aortas of C57BL/6 mice before atherosclerosis

development (9,10). DCs are observed in the intima of atherosclerosis-predisposed regions of

C57BL/6 aorta, and abundant macrophages are found throughout the aortic adventitia (10).

Elegant experiments using bone marrow transfer between mice carrying allelic variants of the

CD45 common leukocyte antigen demonstrated that monocyte-derived cells in atherosclerotic

plaques are of bone marrow origin (11). The mechanisms of monocyte recruitment into

noninflamed aortas are not well defined. More is known about monocyte homing to aortas

during atherogenesis (12). Monocyte rolling on inflamed endothelium occurs in a P-selectin-
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dependent manner, and absence of P-selectin results in decreased fatty streaks with

concomitant reduction of emigrated macrophages within plaques (13). E-selectin overlaps with

P-selectin in supporting rolling. Followed by rolling on inflamed aortic endothelium,

monocytes use vascular cell adhesion molecule (VCAM)-1 for slow rolling and tight adhesion

(13). Vcam1D4/D4Ldlr−/− mice expressing only 8% of normal VCAM-1 showed decreased early

lesion formation (14). There is some evidence that β2 integrins and intercellular adhesion

molecule (ICAM)-1 might be involved in the support of monocyte recruitment into aortas, but

this was not found in all studies (13).

The chemokine/chemokine receptor network is essential for direction of leukocyte migration

in homeostatic and inflammatory conditions (Figure 2). Numerous reports described the

important role of the chemokines CXCL1, CCL2, MIF (macrophage migration inhibitory

factor), CXCL16, and CX3CL1 and of their receptors CXCR2, CCR2, CXCR2 and CXCR4,

CXCR6, and CX3CR1 in the regulation of leukocyte recruitment during atherosclerosis (15).

Macrophage Polarization

Both M1 and M2 macrophages are found in atherosclerotic lesions. M1 macrophages are

the result of classical activation by lipopolysaccharide in the presence of IFN-γ, which leads

to production of high levels of IL-12, IL-23, IL-6, IL-1, and TNF-α. Alternatively activated

M2 macrophages differentiate in the presence of IL-4, IL-13, IL-1, or vitamin D3 and tend

to produce large amounts of IL-10 and express scavenger receptors, mannose receptors, and

arginase (20).

Monocyte Subsets

In the circulation of mice, monocytes can be distinguished by differential expression of the

Ly6C antigen, CX3CR1, and CCR2 (16). Circulating through lymphoid and nonlymphoid

organs under homeostatic conditions, Ly6ChighCCR2+CX3CR1low monocytes are involved in

the inflammation caused by microbial infections (17) and have been named inflammatory

monocytes. Ly6ClowCCR2lowCX3CR1high resident monocytes may patrol the inside of blood

vessels under homeostatic conditions (18) and extravasate during infection with Listeria

monocytogenes with differentiation to M2-like, alternatively activated macrophages (see side

bar, Macrophage Polarization) (17). Similar subsets of inflammatory and resident monocytes

have also been described in human blood (19), but it is not clear whether the mouse and human

subsets are truly corresponding.

Recent studies suggest that Ly6Chigh monocytes preferentially migrate into atherosclerosis-

prone arteries and predominantly differentiate into aortic macrophages (21), utilizing

CX3CR1, CCR2, and CCR5 chemokine receptors (22). These conclusions are based on

monocytes loaded with latex beads (22) or cultured in vitro for 24 h (21), both procedures that

likely alter the monocyte phenotype (23). The functions of CX3CL1, the only known ligand

for CX3CR1, and CCR2 are not completely overlapping because atherosclerosis in

Cx3cl1−/−Ccr2−/−Apoe−/− mice is reduced compared with Ccr2−/−Apoe−/− and

Cx3cl1−/−Apoe−/− mice (24). Combined inhibition of CCL2, CX3CR1, and CCR5 abrogated

monocytosis and almost abolished atherosclerosis (up to 90%) in Apoe−/− mice (25).

LyC6low monocytes require CCR5 for migration to aortas (22), but unknown additional

chemokines are likely involved in monocyte recruitment and differentiation in the arterial wall.

Monocyte recruitment is also determined by monocyte release from the bone marrow. It is not

clear how hyperlipidemia affects monocyte maturation and functions. It is possible and indeed

likely that Ly6Chigh and Ly6Clow monocyte-derived macrophages and DCs alter their

phenotype under conditions of hypercholesterolemia.
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Macrophages

Macrophages were the first inflammatory cells to be associated with atherosclerosis. In a

groundbreaking paper, Gerrity and coworkers (6) identified these cells as the main component

of the atherosclerotic plaque in porcine specimens. Macrophages produce proinflammatory

cytokines, participate in lipid retention and vascular cell remodeling, and express pattern-

recognition receptors (PRRs), including scavenger receptors (SRs) and Toll-like receptors

(TLRs) that connect the innate and adaptive immune response during atherosclerosis.

Macrophages use PRRs to phagocytose different microbes and microbial components. They

can also take up modified LDL and form foam cells. There is some controversy about the

function of SRs in atherogenesis. Early studies showed that SRs play a strictly proatherogenic

role in atherosclerosis, given that Cd36−/−Apoe−/− mice showed protection from atherosclerosis

(26). In a separate study, Apoe−/− mice lacking SR-A or CD36 showed increased aortic sinus

lesion areas with abundant foam cells, suggesting alternative lipid uptake mechanisms and a

possible atheroprotective role for SR-A and CD36 (27). Apoe−/− mice with a combined

deficiency of CD36 and SR-A I/II showed no further reduction of atherosclerosis compared

with Cd36−/−Apoe−/− mice (28).

Macrophages are extremely plastic cells, taking on many different phenotypes. M1 and M2

macrophages play opposite roles during inflammation, but both are present in atherosclerotic

lesions. Using an elegant model of CD11b diphtheria toxin (DT) receptor transgenic mice,

Stoneman et al. (29) showed that CD11b+ cells are critical to atherogenesis, but once plaques

are established, killing CD11b+ cells does not reduce plaque burden. Because in this model

DT administration would eliminate all CD11b+ cells in mice, it is unclear whether the effect

from the deletion of CD11b-expressing cells was due to an exclusive role played by

macrophages or to a combined role of macrophages, myeloid DCs, and perhaps neutrophils in

this model. The ability to form foam cells can also be stimulated by the exposure to

lipopolysaccharide (LPS) of Chlamydia pneumoniae through TLR-dependent activation of

macrophages resulting in the production of IL-18, IL-12, and IL-15 and promoting a Th1

response with further inflammation within the wall (30). The production of some inflammatory

mediators by macrophages is summarized in Figure 3.

An increase in macrophage apoptosis in early lesions appears to cause the attenuation of

atherogenesis, whereas impairment in macrophage apoptosis in the late stage may contribute

to secondary necrosis, leading to increased proinflammatory responses and further apoptotic

signals for SMCs, ECs, and leukocytes within the plaques (31). Deficiency of phospholipase

C β3 resulted in enhanced sensitivity of newly recruited macrophages to 25-OHC- or oxLDL-

induced apoptosis in early lesions with concomitant decrease of atherosclerosis (32). Because

elimination of phospholipase C β3 leads to no visible effect on the mouse phenotype (32), this

may be an attractive target for the modulation of macrophage apoptosis. The adipocyte fatty-

acid-binding protein aP2 has an important role in regulating systemic insulin resistance and

lipid metabolism and plays a protective role in atherosclerosis (33). Dysregulation in the

balance between the influx and efflux of modified LDLs leads to the formation of lipid-laden

foam cells. ATP-binding cassette transporter A1 (ABCA1) and G1 (ABCG1) initiate

macrophage reverse cholesterol transport in vivo. Combined deficiency of ABCA1 and

ABCG1 results in foam cell formation and further acceleration of atherosclerosis (34).

Investigators (35) also found that macrophage-specific overexpression of cholesteryl ester

hydrolase, which participates in cholesterol efflux, resulted in atherosclerosis reduction in

Ldlr−/− mice, demonstrating that enhanced cholesterol efflux and reverse cholesterol transport

play important roles in atherosclerosis prevention.
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Vascular Dendritic Cells

About a decade after the discovery of vascular macrophages and foam cells, vascular DCs were

described in atherosclerotic lesions (36), forming a network of DCs within the intima of arteries

but not veins of healthy humans and rabbits. These arterial DCs are

CD1a+S-100+lag+CD31−CD83−CD86− and phenotypically similar to Langerhans cells of the

skin. Further studies revealed that aortic CD68+CD11c+ DCs have extended long, dendritic-

like processes and are mostly located in the intima layers of the lesion-susceptible lesser

curvature of the aortic arch (10). Interestingly, the number of intimal DCs, but not the number

of CD68+ adventitial macrophages, was significantly reduced in Vcam1D4D/D4D mice,

suggesting a role for VCAM-1 in intimal DC recruitment (10).

The function of vascular DCs within healthy and atherosclerosis-prone arteries is poorly

understood. DCs are seen in contact with T cells in the atherosclerotic plaques within the zones

of neovascularization and near the zones of vasa vasorum with the adventitia. In the immune

system, DCs are defined as cells that can present antigen to naive T cells. They constitutively

migrate through nonlymphoid organs to secondary lymphoid tissues (17). Whether vascular

DCs can present antigen has not been formally demonstrated, but two efforts support this

concept: (a) experiments using TCR transgenic mice and antigenic peptide-treated DCs (9)

and (b) a study showing that isolated vascular DCs are capable of presenting antigen to

transgenic T cells as effectively as bone marrow–derived myeloid DCs (T. Deem & K. Ley,

unpublished data) (Figure 4).

In shoulder regions of human unstable plaques, CD83+ DCs are in close proximity to

CD40L+ T cells. These DCs produce CCL19 and CCL21 chemokines that might accelerate

naive lymphocyte recruitment into atherosclerotic vessels (37). Some DCs within

atherosclerosis-prone vessels are IFN-α+ plasmacytoid DCs that responded to pathogenderived

motifs (38) and might lead to accelerated apoptosis of CD4+ T cells.

Blood monocytes enter different tissues and differentiate into tissue-resident macrophages or

DCs that likely leave nonlymphoid tissue within a few days and migrate back to lymphoid

organs through the lymphatic vessels. The number of DCs is significantly elevated in

atherosclerosis-prone arteries. Reasons may include accelerated migration into the aorta,

reduced emigration out of the vessel wall, increased local proliferation, or decreased apoptosis.

In a model of atherosclerosis regression, CCR7-dependent trafficking of monocyte-derived

cells out of atherosclerotic plaques was detected during lesion regression (Figure 5), but little

emigration was detected from progressive plaques (8,39).

Mechanisms that might regulate DC responses to modified LDL have not been defined, but

some studies suggest that oxLDL plays a role in DC maturation and activation in vivo. Oxidized

phospholipids (ox-PLs) alterDC activation; prevent their maturation by blocking TLR3- and

TLR4-dependent induction of CD40, CD80, CD83, and CD86; and block IL-12, TNF, and

lymphocyte stimulatory capacity (40). OxLDL during the late stage of monocyte differentiation

gives rise to phenotypically mature DCs that secrete IL-12 but not IL-10, and it supports both

syngeneic and allogeneic T cell stimulation (41).

T Lymphocytes

T lymphocytes mainly reside within the adventitia of normal, noninflamed arteries (7). Short-

term adoptive-transfer experiments suggest that this T cell localization is a consequence of

constitutive homing of T cells into the aortic wall, which is partially L-selectin dependent (9),

and multiphoton microscopy imaging confirms this observation (42). Atherosclerosisprone

conditions accelerate T cell recruitment into the aortas in early and advanced atherosclerosis

(13). Most of the T cells are TCRαβ+ CD4+ cells with an activated phenotype, and a few express
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CD8 or TCRγδ (43,44). Oxidized lipoprotein- and heat shock protein (HSP)-specific T cells

are found in atherosclerotic plaques, suggesting local activation and clonal expansion during

atherogenesis (45,46). The set of Vβ and Vα segments are limited within the atherosclerotic

lesions with preferential expression of Vβ6 TCR (45). Several studies have also demonstrated

CD80-, CD86-, and CD40-CD154-dependent T cell responses to oxLDL (47).

Atherosclerosis is a dynamic process, and the inflammation that accompanies atherosclerosis

goes through different stages. There is evidence that early atherosclerosis shows a Th1 response

with prevalent production of IFN-γ, IL-6, and IgG2a antibodies against modified LDL (48).

T-bet deficiency results in the reduction of lesional SMCs, a switch in the response to HSP-60

toward Th2, an alteration in the T cell–dependent isotype of oxLDL-specific antibodies, an

increase in atheroprotective B1-derived antibodies, and reduced atherosclerosis (49). These

results suggest that the Th1 response is proatherogenic and affects atherosclerosis not only

through the production of proinflammatory cytokines, but also through the regulation of B cell

function and antibody production. Severe hypercholesterolemia in Apoe−/− mice induces a

switch to a Th2 response and IL-4 production in atherosclerotic lesions, but this Th2 response

does not prevent further atherosclerosis development (48).

Adoptive transfer of CD4+ T cells into scid/scid Apoe−/− mice clearly demonstrates the

proatherogenic role of CD4+ T cells in these immunodeficient conditions (47). Further studies

have demonstrated a more complex role for CD4+ T cells in atherosclerosis. Immunization

with MDA-LDL results in CD4+ T cell–independent atheroprotection; however, the

atheroprotective immunization with adjuvant injections is CD4+ T cell–dependent (47). It is

remarkable and intriguing how CD4+ T cells can play such opposite roles under different

conditions. There are at least two sites of action during atherosclerosis: systemic through the

secondary lymphoid organs and local within the arteries. Administration of the sphingosine-1-

phosphate (S1P) analog FTY720 results in reduced lymphocyte proliferation, IFN-γ
production, decreased plasma levels of IL-6, IL-12, and CCL5, and a switch of macrophages

to the M2 phenotype, resulting in reduced atherosclerosis in Ldlr−/− (50) and Apoe−/− mice

(51). Because FTY720 affects monocyte, T lymphocyte, and B lymphocyte trafficking, it is

not clear which population is most responsible for the atheroprotective effect of FTY720.

Regulatory T Cells

The balance between Th1 and Th2 responses is tightly controlled by Tregs, which are critical

in maintaining immunological tolerance (52). Atherosclerosis can be considered an

autoimmune disease, as significant evidence shows a response to self-antigens such as HSP-60

and LDL during atherosclerosis. Therefore, impaired function or absence of Tregs is likely

among the reasons for the local inflammation and proinflammatory response in atherosclerosis.

Adoptive transfer of cognate peptide-specific Tregs (Tr1) into Apoe−/− mice diminishes the

production of the Th1 cytokine IFN-γ and of IgG2a. Together with elevated IL-10 levels, these

phenomena may explain reduced atherosclerosis in recipient mice (53). Adoptive transfer of

bone marrow cells deficient in CD4+CD25+ Tregs into irradiated Ldlr−/− donors results in

increased lesion size (54). In the same study, transfer of splenocytes deficient in

CD4+CD25+ Tregs into Rag2−/−Apoe−/− mice doubled the lesion size compared with mice

transferred with wild-type splenocytes. Thus, naturally occurring Tregs that maintain

immunological tolerance may play an important role in atherosclerosis prevention (Figure 4).

Which factors might affect the generation and maintenance of Tregs? Recent studies suggest

that inducible costimulatory molecule (ICOS) is involved in the Treg response during

atherosclerosis. Tregs from Icos−/− mice have an impaired TGF-β-dependent suppressor

function compared with wild-type cells (55), suggesting that ICOS is an important molecule

controlling Treg functions. Interestingly, the number and activity of Tregs can also be

modulated by CD31 (56), but the underlying mechanisms are not known. Unexpectedly,

Galkina and Ley Page 6

Annu Rev Immunol. Author manuscript; available in PMC 2010 January 1.

N
IH

-P
A

 A
u
th

o
r M

a
n
u
s
c
rip

t
N

IH
-P

A
 A

u
th

o
r M

a
n
u
s
c
rip

t
N

IH
-P

A
 A

u
th

o
r M

a
n
u
s
c
rip

t



obesity increases Treg numbers and improves Treg function in atherosclerosis-prone mice.

Leptin deficiency in Ldlr−/− mice reduces Th1 polarization and improves Treg cell functions,

with a significant reduction in lesion development (57). These results identify a critical role

for the leptin/leptin receptor pathway in the modulation of the regulatory immune response in

atherosclerosis. Another study shows that the oral administration of HSP-60 can induce an

increase in CD4+CD25+Foxp3+ Treg cells in HSP-60-treated mice in parallel with decreased

atherosclerosis (58). Increased production of IL-10 and TGF-β by lymph node cells in response

to HSP-60 was observed after tolerance induction, suggesting key roles for IL-10 and TGF-β
in the balancing of the immune response against possible antigens in atherosclerosis.

γδ T Cells

γδ T cells account for 5% of all T cells but are enriched at sites of exposure to antigens such

as skin and gastrointestinal mucosa as well as at sites of chronic inflammation. γδ T cells are

also observed within the intima of human atherosclerotic vessels at the early stages of

atherosclerosis. Interestingly, γδ T cell–deficientApoe−/− mice show no difference in

atherosclerosis development throughout the aortic root (59).

Atherosclerosis and Obesity

A growing body of evidence suggests a close association between the immune system,

obesity, diabetes, and atherosclerosis (189). Obesity is characterized by an excess of adipose

tissue mass and is associated with low-grade inflammation in white adipose tissue, resulting

in chronic activation of the immune system. Adipose tissues include adipocytes,

preadipocytes, fibroblasts, and macrophages and other types of leukocytes that secrete

various cytokine-like hormones, including adiponectin, leptin, resistin, and visfatin, as well

as TNF-α, IL-6, IL-1, and CCL2 (190). Adiponectin and leptin are the most abundant

adipocyte products and are considered key components in regulating inflammation within

the adipose tissues. Serum levels of adiponectin are markedly decreased in obesity, insulin

resistance, type 2 diabetes, and atherosclerosis (191). Several reports suggest that

adiponectin has antiatherogenic and antithrombotic effects by reducing lipid accumulation

in macrophage-derived foam cells (192) and suppressing the production of CXCL10,

CXCL11, and CXCL9, leading to reduced T cell homing into atherosclerosisprone aortas

(193). Adiponectin can dampen the inflammatory phenotype of ECs and SMCs (190) and

curb platelet aggregation (194). In contrast, leptin is considered a proinflammatory and

proatherogenic cytokine. Leptin increases the secretion of CCL2 and endothelin-1 by

endothelial cells, initiates proliferation and oxidative stress in ECs, and promotes migration

and proliferation of SMCs (195). Leptin also facilitates thrombosis by increasing platelet

aggregation (196). Treatment with recombinant leptin accelerates atherosclerosis and

thrombosis in Apoe−/− mice (197). Paradoxically, leptin resistance is also proatherogenic.

Apoe−/− mice lacking the long form of the leptin receptor (db/db) show elevated

atherosclerosis compared with control Apoe−/− mice (182). The discovery of adipokines has

spawned the concept of an association between atherosclerosis and low-degree

inflammation not only within the aortic wall, but also within the surrounding adipose tissues.

Natural Killer Cells

Natural killer (NK) cells were found in early and advanced human atherosclerotic lesions,

mainly in the shoulder regions. There is no mouse model that can provide complete NK cell

deficiency, but some models, including Il15−/− and Il15ra−/− mice, lack fully functional NK

cells (60). Defective cytolysis by NK cells has no effect on atherosclerosis in the model of

Ldlr−/− perforin-deficient mice (61). However, Ldrl−/−Lystbeige mutant mice that have defective

protein release from cytoplasmic granules show reduced atherosclerosis.
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Ldrl−/−LystbeigeRag1−/− mutant mice demonstrate increased atherogenesis and lipid levels,

which complicate interpretation (61). Because in those models NK cells are still present, other

NK cell functions might be involved in atherosclerosis. To further address a possible role of

NK cells in atherosclerosis (Figure 6), bone marrow cells from transgenic mice expressing

Ly49A under the control of the granzyme A promoter were transferred into lethally irradiated

Ldlr−/− mice (62). Absence of fully functional NK cells in this model resulted in 70% reduction

of atherosclerotic lesion formation, although it cannot be excluded that some natural killer T

cells (NKT cells) and a subset of CD8+ T cells expressing Ly49A might also be affected.

Natural Killer T Cells

Glycolipid antigens can be presented by CD1 (Figure 7), a major histocompatibility complex

(MHC)-like glycoprotein, to CD1-restricted T cells (63). Cellular lipid homeostasis and

metabolism play a critical role in atherosclerosis; however, modified lipids may also regulate

inflammation through CD1-mediated antigen presentation. The proatherogenic role ofNKT

cells has been convincingly demonstrated in different mouse models (60). Cd1d−/−/Apoe−/−

mice have a decrease in lesion size up to 25% (64). To show that this effect is dependent on

CD1-restricted NKT cell activation, α-galactosylceramide (α-GalCer), a glycolipid that

activates NKT cells, was injected into Apoe−/− mice, and it induced a 50% increase in

atherosclerosis. In parallel, inflammatory Th1 as well as Th2 cytokines have been observed in

Apoe−/− mice that received α-GalCer (64). Interestingly, administration of α-GalCer to

Apoe−/− mice with established lesions had no significant effect on size, but it did decrease their

collagen content (65). Cd1d−/−Ldlr−/− mice express both IL-12 and IL-10, with unaltered levels

of IFN-γ, suggesting that the absence of NKT cells does not significantly alter Th1/Th2 balance

(66).

Mast Cells

Mast cells are major effector cells in allergy and host defense responses. Upon activation, mast

cells release a broad spectrum of proinflammatory cytokines, growth factors, vasoactive

substances, and proteolytic enzymes (Figure 8). Although vascular mast cells are rare, they are

found within the adventitia and lesions of atherosclerotic plaques, especially in the location of

rupture-prone shoulder regions (67). Because mast cells are loaded with proteases such as

tryptase and chymase, they might destabilize atherosclerotic plaques. Indeed, mast cells are

colocalized within the regions of plaque rupture, and the activation of perivascular mast cells

correlates with intraplaque hemorrhage, macrophage and EC apoptosis, vascular leakage, and

CXCR2- and very late antigen (VLA)-4-mediated recruitment of leukocytes to the plaque

(68). Mast cells alter lipid metabolism by interfering with ApoE- and ApoA-II-dependent

cholesterol efflux (69). Mast cell–deficient KitW-sh/W-shLdlr−/− mice show increased collagen

content, fibrous cap development, and reduced local inflammation with diminished numbers

of T cells and macrophages and reduced atherosclerosis (70). Adoptive transfer of wild-type,

but not IL-6- or IFN-γ-deficient, mast cells restores atherosclerosis progression, suggesting

that mast cells provide IL-6 and IFN-γ in atherosclerosis.

B Cells

B cells in atherosclerosis were initially discovered within the adventitia, and immunoglobulin-

positive cells were detected within atherosclerotic plaques (7). Although investigators did not

initially appreciate the impact of B cells on atherosclerosis, recent studies have evaluated the

role of B cells in directing the immune response during atherosclerosis (Figure 9). Adoptive

transfer of bone marrow from B cell–deficient mice into lethally irradiated Ldlr−/− mice

resulted in up to 40% increased lesion size in parallel with decreased production of anti-oxLDL

antibodies. This B cell deficiency did not seem to affect Th1 or Treg responses specifically

because a simultaneous decrease in IFN-γ, IL-10, and TGF-β was observed (71). Absence of
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splenocytes upon splenectomy aggravated atherosclerosis in Apoe−/− mice with an associated

reduction of anti-oxLDL antibodies. Adoptive transfer of splenic B cells, but not of T cells,

from atherosclerosis-prone Apoe−/− mice into young Apoe−/− recipients reduced atherosclerosis

(72). These studies indicate that atheroprotective immunity develops during the progression

of atherosclerosis and that B cells or their immunoglobulin products may perform protective

functions.

Extensive atherosclerosis in Apoe−/− mice is associated with increased natural antibody titers

to oxLDL (73). These IgM autoantibodies to oxLDL recognize ox-PLs containing the

phosphorylcholine (PC) head group, and they block binding and degradation of oxLDL by

macrophages in vitro (73). The IgM antibodies found in atherosclerosis are structurally and

functionally identical to classic natural T15 anti-PC antibodies that are produced by B1 and

marginal zone B cells (74,75). Immunization with malondialdehyde (MDA) leads to the

expansion of antigen-specific Th2 cells, elevated production of IL-5, noncognate stimulation

of B1 cells, and thus increased production of these antibodies (76). Currently, little information

is available about the presence of B1 cells and plasma cells in secondary lymphoid organs and

in the aorta under atherosclerosis-prone conditions. In atherosclerotic mice, the spleen is a

major source of oxLDL-specific IgM antibodies (73). Much less is known about the local

production of natural antibodies within the aorta or their role in preventing modified LDL

uptake by macrophages and other cell types.

Neutrophils

Neutrophils are short-lived phagocytic cells with a broad spectrum of biologically active

molecules such as myeloperoxidase (MPO) and proteinases (Figure 10). Leukocytosis and

especially neutrophilia are independent risk factors for coronary heart disease. CXCR4 and its

ligand CXCL12 are involved in the egress of neutrophils from bone marrow and also regulate

recruitment of neutrophils to atherosclerotic lesions (77). Chronic blockade of CXCR4 causes

neutrophilia and increases neutrophil content in plaques, associated with apoptosis and a

proinflammatory phenotype, suggesting a proinflammatory role for neutrophils in

atherosclerosis (77). Further studies are necessary to dissect how neutrophils might affect

functions of vascular ECs, SMCs, and aortic leukocytes through the production of ROS,

enzymes, metalloproteinases, and proinflammatory cytokines. It is unclear whether neutrophils

are equally important in human atherosclerosis.

Platelets

Platelets play a major role in the hemostatic process and in thrombus formation upon injury.

They can regulate the inflammatory and immune responses through the secretion of

inflammatory mediators that modulate leukocyte recruitment into inflamed tissues (78).

Activated platelets expressing P-selectin are detected at different stages of atherosclerosis

(Figure 11). Bone marrow transfer experiments with P-selectin-deficient mice show that

platelet P-selectin contributes to lesion development and assists in calcification of

atherosclerotic plaques (79). Activated platelets transiently interact with the endothelium of

atherosclerotic carotid arteries of Apoe−/− mice in vivo. This transient interaction results in

immobilization of platelet-derived CCL5 and CXCR4 on atherosclerotic endothelium (80,

81). Platelet glycoproteins GPIIb/IIIa, GPIb, and endothelial von Wille-brand factor are at least

partially responsible for the platelet-endothelial interactions. Immobilized platelets also

interact with leukocytes through P-selectin/P-selectin glycoprotein ligand (PSGL)-1

interactions that activate Mac-1 and VLA-4 integrins and may facilitate firm monocyte

adhesion (80). Platelets also initiate rolling of DCs through PSGL-1-dependent interactions

between Mac-1 and junctional adhesion molecule (JAM)-C in injured carotid arteries (82).

Surprisingly, platelets are also required for CX3CL1-induced leukocyte adhesion at high shear
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rates. Both soluble and membrane-bound CX3CL1 trigger P-selectin expression on adherent

platelets, which facilitates the local accumulation of leukocytes under arterial shear (83).

Platelets also help recruit and differentiate progenitor cells into ECs through the interactions

of P-selectin and PSGL-1 and by using the β1 and β2 integrins. Platelets bridge inflamed

endothelium and circulating blood cells and support recruitment of leukocytes to inflamed

atherosclerotic endothelium.

The Case for a Vascular Immune Response

Anatomical Proximity

Although much evidence supports the involvement of the immune system in a systemic

response to hyperlipidemia, a significant body of data also suggests a local immune response

within the aortic wall. Atherosclerotic plaques are formed in very specific regions of the aortic

tree where flow is disturbed (84). In contrast, very little inflammation or atherosclerosis is

found in laminar flow regions (10). Activated by disturbed flow, ECs elevate expression of

adhesion molecules and chemokines, which accelerate leukocyte recruitment. Rolling and firm

adhesion of monocytes to aortic endothelium was documented in an ex vivo model of the

carotid artery and in vivo (13). Eriksson et al. (85) demonstrated a role for L-selectin-dependent

secondary capture in leukocyte accumulation in inflammation and atherosclerosis in vivo.

However, there is no direct intravital microscopic evidence for lymphocyte recruitment from

the arterial lumen into the vessel wall.

Several reports demonstrate T and B lymphocyte accumulation in the aortic adventitia in

normal (9) and atherosclerotic vessels (9,85,86). Adoptive transfer experiments suggest that

lymphocytes accumulate in the adventitia through the migration from the adventitial vasa

vasorum rather than from the intimal lumen site (9). Local revascularization correlates with an

increase in cellular composition within vulnerable regions of human atherosclerotic plaques

(Figure 1). In contrast, the inhibition of plaque neovascularization reduces macrophage

accumulation and progression of advanced atherosclerosis (87). Recently, investigators have

shown that vasa vasorum can penetrate the media, enter atherosclerotic plaques, and come

close to the arterial lumen (88). This is an important direct demonstration of the existence of

a vascular network connecting the adventitia with the plaque tissue. Thus, we now better

understand the role of neovascularization in atherosclerosis (87), but further studies are

necessary to elucidate the role of small adventitial vessels in the immune response during this

disease.

The presence of antigen-presenting cells and T cells within atherosclerosis-prone artery walls

is well documented, but there is little information about local antigen-dependent activation of

T cells. It remains to be determined whether elevated numbers of lymphocytes, which have

been seen in atherosclerotic vessels, are a consequence of the accelerated recruitment of

activated cells from draining lymph nodes or of local antigen-induced proliferation that leads

to the increased aortic lymphocyte numbers.

One of the possible sites of T cell activation in aorta may be vascular-associated tertiary

lymphoid structures (Figure 1). The lymphoid-like structures are formed in a variety of

autoimmune-mediated diseases, such as rheumatoid arthritis or Hashimoto's thyroiditis.

Conglomerates of leukocytes within the adventitia were reported in the early 1970s; however,

only in 1997 did Wick et al. (44) name these conglomerates vascular-associated lymphoid

tissues (VALTs). These lymphoid structures are formed within advanced atherosclerosis-prone

vessels and contain T and B lymphocytes, plasma cells, CD4+/CD3− inducer (LTi) cells, and

some MECA-32+ and HECA-452+ microvessels (9,86,89). Follicles located close to the arterial

external elastic lamina contain proliferating Ki67+ leukocytes, apoptotic cells, and CD138+

plasma cells, showing local B cell maturation and possible humoral immune response in these
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structures (86). Whether the VALTs in atherosclerosis are beneficial or proatherogenic is still

unclear.

Cytokine Involvement in Atherosclerosis

Cytokines are key players during acute and chronic inflammation. The regulation of cytokine

production depends on many factors and is tightly regulated during inflammation. An excellent

review by Tedgui et al. (90) analyzed the cytokine biology in atherosclerosis. Many cytokines,

such as TNF-α, IL-1, IL-2, IL-3, IL-6, CXCL8, IL-10, IL-12, IL-15, IL-18, IFN-γ, M-CSF,

TGF-β1, TGF-β2, and TGF-β3, are detected within atherosclerosis-prone vessels (90). SMCs

and ECs produce TNF-α, IL-1, IL-6, CXCL8, and IL-15 and regulate the production of other

cytokines in an autocrine and paracrine manner. ECs affect hematopoietic cell proliferation

through the production of stem cell factor, IL-3, GM-CSF, G-CSF, and M-CSF (90). Under

conditions of hyperlipidemia, macrophages produce TNF-α, IL-1, IL-6, IL-12, IL-15, and

IL-18 but also the anti-inflammatory cytokines IL-10 and TGF-β. Proatherogenic mast cells

generate IL-6 and IFN-γ that are crucial in the induction of mast cell–dependent acceleration

of atherosclerosis. Upon activation, platelets shed IL-1β, CD40L, and CXCL4, which may

serve as proatherogenic mediators. Cytokines can affect endothelial permeability, the

expression of adhesion molecules, SR, lipid metabolism, and proliferation and migration of

SMCs and ECs. Cytokines also influence extracellular matrix composition through the

alteration of the expression of matrix metalloproteinase (MMP)-1, -3, -8, -9, and -12 and their

inhibitors TIMP-1, -2, and -3 (91).

Neovascularization is a proatherogenic process that greatly depends on the local

microenvironment of cytokines and growth factors (87). T cell–derived cytokines are likely

responsible for plaque neovascularization because many T cells are found within the regions

of microvessels surrounding the plaques. Proatherogenic IL-1β, TNF-α, and leptin, as well as

vascular endothelial growth factor (VEGF) and placental growth factor (PIGF), accelerate

neovascularization. IL-10, CXCL9, CXCL10, and adiponectin may balance the process of

neovascularization and play antiatherogenic and antiangiogenic roles.

TNF-α
Several studies were conducted to analyze the role of TNF-α in atherogenesis, but until recently

results were contradictory. TNF-α-deficient Apoe−/− mice showed a reduction in lesion

formation, with a concomitant decrease in VCAM-1, ICAM-1, and CCL2 expression (92). In

contrast, mice deficient in TNF-α receptor (TNFR) p55 developed larger lesions compared

with controls (93). Because of elevated cholesterol levels in p55-deficient mice, it was difficult

to interpret whether TNFR deficiency itself resulted in the acceleration of atherosclerosis.

Recently, a study with mutant mice clearly identified the roles of transmembrane and soluble

forms of TNF in the context of hyperlipidemia. TNF-α affected the development of

atherosclerosis at the fatty streak stage, and cleavage of TNF was an important step in activating

the proatherogenic properties of TNF-α (94).

IL-1

IL-1 stimulation initiates leukocyte adhesion to ECs and transmigration and serves as a local

autocrine and paracrine stimulator of other cytokines (90). Studies with blocking IL-1ra

antibodies in Apoe−/− mice and with Ldlr−/− transgenic mice that overexpress IL-1ra or that

have a deficiency in IL-1β clearly show that IL-1 is involved in atherogenesis (90).

IL-2

That IL-2 may serve as a proinflammatory, proatherogenic cytokine was shown in experiments

with the administration of IL-2 or IL-2-blocking antibodies into Apoe−/− mice (95). However,
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further experiments are needed to analyze the differential role of IL-2 on Tregs and in lipid

metabolism.

IL-6

There are two lines of studies that propose a specific role for IL-6 in atherosclerosis: IL-6

administration into wild-type C57BL/6 mice increases the formation of fatty streaks (96), but

Il6−/−Apoe−/− mice show elevated atherosclerosis and decreased leukocyte homing (97,98). It

is important to note that IL-6-dependent regulation of lipid metabolism may have confounded

these studies.

IL-12

IL-12 is a key Th1 cytokine that is produced mainly by plaque macrophages and stimulates

proliferation and differentiation of NK cells and T cells. IL-12 is detected in the aortas of

Apoe−/− mice, and the administration of IL-12 results in enhanced lesion size in Apoe−/−

recipients (99). IL-12p40-deficient Il12b−/−Apoe−/− mice have a 52% reduction of plaque area

at 30 weeks, but not at 45 weeks of age (100). Some interesting details of IL-12 properties

come from a study that analyzed CD4+CD28− T cells in mice. This subset of T cells expresses

IL-12 receptor in the absence of antigen stimulation. Upon activation with IL-12, they up-

regulate their CCR5 expression, chemotaxis, and transendothelial migration toward CCL5

(101). Together, these results support the notion that IL-12 is proatherogenic and

proinflammatory.

IL-18

IL-18 and IL-12 are involved in the generation of Th1 effector cells. Unexpectedly,

administration of IL-18 antibodies accelerates lesion development in Apoe−/− mice, but

overexpression of IL-18-binding protein abolishes the proinflammatory effects of IL-18,

inducing a more stable plaque (90). Il18−/−Apoe−/− mice exhibited reduced expression of I-

Ab and IFN-γ, elevated IgG production, and reduced lesions compared with Apoe−/− controls

(102). IL-18 seems to enhance atherosclerosis mainly by increasing IFN-γ (103). Interestingly,

in Il18−/−Apoe−/− mice, serum cholesterol and triglyceride levels are higher than in Apoe−/−

mice, indicating that IL-18 somehow downregulates circulating cholesterol in serum (102).

IFN-γ
IFN-γ administration accelerates atherosclerosis in Apoe−/− mice (104). Conversely, IFN-γ
receptor–deficient mice on the Apoe−/− (105) or Ldlr−/− background (106) show decreased

atherogenesis. T cell–independent IFN-γ secreted by macrophages, NK cells, and vascular cells

seems to be sufficient for disease progression. Moreover, IFN-γ can induce atherosclerosis in

scid Apoe−/− mice in the absence of detectable leukocytes by acting on SMCs to prime for

growth factor–inducible proliferation (107). IFN-γ is involved not only in early but also in late

stages of atherosclerosis. Advanced atherosclerotic lesions can be reduced in size and stabilized

in composition by IFN-γ inhibition (108).

IFN-α
IFN-α is a pluripotent inflammatory cytokine typically induced by viral infections.

Interestingly, IFN-α produced by aortic plasmacytoid DCs induced a tenfold increase of TNF-

related apoptosis-inducing ligand (TRAIL) on CD4+ T cells and enhanced their cytolytic

capacity toward SMCs (109). IFN-α also sensitized antigen-presenting cells to pathogen-

derived TLR4 ligands by upregulation of TLR4 and intensified TNF-α, IL-12, and MMP-9

production that led to further plaque destabilization (38). Thus, IFN-α provides a possible link

between viral infections and immune-mediated complications of atherosclerosis.
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CD40/CD40L

T lymphocytes, platelets, ECs, SMCs, macrophages, and DCs express CD40L, whereas CD40

is found on macrophages, ECs, and SMCs from atherosclerosis-prone vessels. The interaction

of CD40 with CD40L plays a significant role in thrombosis, but it also contributes to the

modulation of the immune response in plaques. Treatment with antibodies against CD40L

reduces atherosclerosis in Ldlr−/− mice, with a concomitant decrease of macrophages and T

cells and a reduction in VCAM-1 expression (110). Further experiments using

Cd40lg−/−Apoe−/− mice have demonstrated a proatherogenic role for CD40L in advanced

atherosclerosis by promoting lipid core formation and plaque destabilization. Unfortunately,

therapeutic effects directed at CD40L failed clinical trials because of an enhanced thrombosis

risk. Cd40−/−Ldlr−/− mice showed no reduction in atherosclerotic lesion formation, suggesting

a possible alternative ligand for CD40L (111).

Anti-Inflammatory

IL-4

IL-4 is a Th2 cytokine with an unclear role in atherosclerosis. Neither exogenous administration

of IL-4 into Apoe−/− mice nor IL-4 deficiency had any effect on lesion size in mice fed normal

or saturated fat diets for 4 weeks (112). However, a long-term diet study in Il4−/−Apoe−/− mice

demonstrated a 27% reduction in plaque area at 30 weeks of age and a reduction in aortic arch

lesions at 45 weeks of age, compared with Apoe−/− mice (100). Il4−/− mice immunized with

HSP-65 showed reduced formation of early atherosclerosis, with concomitant reduction of

anti-HSP-65 antibodies and elevated IFN-γ production (113).

IL-5

Immunization with MDA shifts the immune response in atherosclerotic mice toward Th2 and

induces significant production of natural antibodies of the EO6/T15 type. IgM antibodies like

EO6 (74,75) found in atherosclerosis are structurally and functionally identical to classic

natural T15 anti-PC antibodies that are produced by B1 and marginal zone B cells, with

concomitant elevation in IL-5 (73). IL-5 further stimulates B1 cells, leading to increased

production of these antibodies. Experiments with bone marrow transferred from Il5−/− or

Il5+/+ mice suggest an atheroprotective role for IL-5 (73).

IL-10

IL-10 derived from Th2 cells, B cells, monocytes, and macrophages is an important regulator

of the balance between Th1 and Th2 responses. Administration of IL-10 delayed

atherosclerosis development. Conversely, IL-10-deficient mice showed increased T cell

accumulation and IFN-γ production with diminished collagen content in the atherosclerotic

vessels (90). Studies with Il10−/−Apoe−/− confirmed the atheroprotective properties of IL-10

at the early stage of atherosclerosis and showed that IL-10 also promotes the stability of

advanced plaques (114).

IL-33

IL-33 is expressed in normal and atherosclerosis-prone arteries (115). The administration of

IL-33 significantly reduces atherosclerosis in Apoe−/− mice by mechanisms that involve a

switch from a Th1 to a Th2 response, with concomitant increases in IL-4, IL-5, and IL-13,

reduction of proinflammatory cytokines, and diminished IFN-γ production (115). IL-33 may

also neutralize harmful oxLDL through IL-5-dependent production of antibodies against

oxLDL (115).
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TGF-β
TGF-β is produced by several cell types, including ECs, SMCs, macrophages, platelets, and

Treg cells. Several studies suggest that TGF-β regulates atherosclerosis through the modulation

of SMC and EC phenotypes, as well as by regulating Th1 functions. Introducing blocking

antibodies against TGF-β or treatment with soluble TGF-β receptor II accelerates

atherosclerosis with significant loss of collagen content (90). Apoe−/− mice that express a

dominant-negative form of the TGF-β receptor II in T cells, as well as Ldlr−/− irradiated mice

that received bone marrow from mice expressing a dominant-negative TGF-β receptor type II

under a T cell–specific promoter, both clearly demonstrated a substantial role for TGF-β in

controlling the Th1 response in atherosclerosis (116,117).

Chemokines in Atherosclerosis

Substantial evidence from clinical and experimental research suggests that chemokines and

chemokine receptors play critical roles in directing leukocytes into atherosclerosis-prone

vessels. Taking into account the chemokine abundance within atherosclerosis-prone arteries

and the variety of chemokine receptors on leukocytes, it is clear that a tightly controlled network

regulates recruitment, retention, and emigration of leukocytes in the arterial wall (15).

CCL2 was the first chemokine shown to affect atherosclerosis. CCL2 and its receptor CCR2

are most prominently involved in monocyte recruitment from the bone marrow (118) and into

the arterial wall (119). Studies with CCL2- and CCR2-deficient mice clearly demonstrate that

this pair is mainly involved at the early stages of atherosclerosis (120–123).

The important role of platelets is suggested by their capacity to quickly release the

proinflammatory chemokines CCL5 and CXCL4 to endothelium and thus initiate monocyte

and T cell recruitment into the vessel wall (80). CXCL4 can induce activation of ECs by

inducing expression of E-selectin, NF-κB activation, and enhanced binding of oxLDL to ECs

(124). However, Ccr5−/−Apoe−/− mice lacking CCR5, one of the receptors for CCL5, had no

significant reduction in early atherosclerosis (125), and Ccr5−/− bone marrow–derived cells

affected atherosclerosis only transiently (126). A more recent study found a more than 50%

reduction of lesion size in the aortic root and the thoracoabdominal aorta of Apoe−/−Ccr5−/−

mice and fewer macrophages and T cells in lesions compared with Apoe−/− mice (127).

CXCL8 induces proliferation and migration of SMCs and ECs and affects neovascularization.

In the Apoe−/− mouse model, CXCL1 initiated monocyte arrest through the activation of VLA-4

integrin (128).

Recently, a unique role for chemokines was documented in the shear stress–dependent

modulation of atherosclerotic lesion composition (129). Expression of CCL2, CXCL10, and

CXCL1 was detected in low shear stress regions, and exclusive expression of CX3CL1 was

observed in the low shear stress regions that had thinner fibrous caps and larger necrotic cores

(129).

The cytokine MIF is produced by ECs, SMCs, and macrophages in early and advanced

atherosclerotic lesions. Binding of MIF to its newly discovered receptor complex of CXCR2

and CD74 resulted in elevated monocyte arrest on atherosclerotic endothelium (130). Studies

with Mif−/−Ldlr−/− mice suggest that MIF is involved in atherosclerosis through the regulation

of lipid deposition, protease expression, and intimal thickening (131).

CX3CL1 is expressed in atherosclerotic plaques in a transmembrane form and can initiate the

arrest of CX3CR1+ NK cells, subsets of T lymphocytes, and monocytes (15). CX3CL1 can

also be shed in an ADAM-17-dependent manner. The cleaved form attracts CX3CR1-
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expressing cells. Several independent studies with Cx3cr1−/−Apoe−/− or Cx3cl1−/−Ldlr−/− mice

clearly demonstrate a proatherogenic role for the CX3CL1/CX3CR1 axis in atherosclerosis

(15).

The only other known transmembrane chemokine is CXCL16, which has dual functions as SR

and soluble chemokine and also is involved in atherogenesis (132). CXCL16 is expressed by

SMCs, ECs, and macrophages. Cxcl16−/−Ldlr−/− mice had accelerated atherosclerosis, likely

because of the lack of CXCL16 function as an SR (132). In contrast, the absence of CXCR6

in Cxcr6GFP/GFPApoe−/− mice resulted in reduced T cell number within the lesion, dampening

the inflammatory response at the lesion site, reducing macrophage infiltration, and diminishing

atherosclerosis (133).

CXCL10 is a potent mitogenic and chemotactic factor for SMCs and can modulate the local

balance of the effector and regulatory arms of the immune system through the induction of

Tregs in aortas (134). Other chemokines, including CCL3, CCL4, CCL11, and CXCL12, are

expressed in human and mouse atherosclerotic aortas, but the role of these chemokines in

atherosclerosis remains unclear (15).

Inflammation-Regulating Enzymes in Atherosclerosis

5-lipoxygenase

The 5-lipoxygenase (5-LO) pathway is responsible for the production of leukotrienes,

inflammatory lipid mediators that have a role in innate immunity but that can also play a

proatherogenic role (135). Expression of 5-LO and leukotriene A4 hydrolase in atherosclerotic

segments correlates with plaque instability. 5-LO-deficient Ldlr−/− mice show a dramatic

decrease in lesions, and bone marrow transplantation experiments suggest that macrophage 5-

LO is mainly responsible for atherogenesis (136).

12/15-LO

The proatherogenic effect of 12/15-LO has been established in 12/15-LO-deficient Apoe−/−

mice that showed reduced lesions throughout the whole aorta (137). Unexpectedly, these mice

also had diminished plasma IgG autoantibodies to oxidized LDL, which suggests that the

12/15-LO pathway affects not only lipid peroxidation but also the adaptive immune response

(137). Overexpression of 12/15-LO in C57BL/6 mice leads to the formation of fatty streak

lesions, at least partially through the elevated adhesion of monocytes to endothelium (138).

Further experiments demonstrated that 12/15-LO expression in bone marrow–derived cells

was responsible for the proatherogenic properties of 12/15-LO in vivo (139). 12/15-LO induces

the production of IL-6, TNF-α, and CCL2 and therefore connects the metabolic and immune

branches of atherosclerosis (140). By contrast, rabbits overexpressing human 15-LO showed

reduced lesion size (141). The reason for this difference may be related to the many products

of 12/15-LO, some of which are pro- and other anti-inflammatory (142).

Heme Oxygenase -1

Heme oxygenase (HO) catalyzes the rate-limiting step of heme catabolism. The induction of

HO-1 reduced monocyte chemotaxis in response to LDL oxidation (143). The absence of HO-1

exacerbated atherosclerosis in HO-1-deficient Apoe−/− mice (144), and macrophages

expressing HO-1 are crucial players in this process (145). From a therapeutic point of view, it

is important to mention that HO-1 is also involved in antioxidant-dependent protection from

atherosclerosis (146).
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Paraoxonases

The paraoxonase family consists of three members (PON1, PON2, and PON3) that share

structural properties and enzymatic activities, among which is the ability to hydrolyze oxidized

lipids in LDL. PON1 prevents oxidation of LDL as well as high-density lipoprotein (HDL),

with which PON1 is associated in the serum (147). HDL of Pon1−/−Apoe−/− mice is predisposed

to oxidation, and as a consequence lesions in Pon1−/−Apoe−/− mice are larger compared with

controls (148). In several other studies using transgenic mice overexpressing PON1, the role

of PON1 as inhibitor of lipid oxidation was confirmed (147).

Proinflammatory Mediators

OxLDL

According to the oxidation hypothesis of atherosclerosis, oxLDL plays a pivotal role through

the induction of foam cell formation, alteration of nitric oxide signaling, initiation of

endothelial activation, and expression of adhesion molecules that accelerate leukocyte homing

to the site of atherosclerosis (149). One of the key observations that crystallized the important

role of oxLDL in atherosclerosis came from a study that showed heparan sulfate–dependent

binding of oxLDL to subendothelial matrix (150). Generation of lectin-like oxLDL receptor-1-

deficient Olr1−/−Ldlr−/− mice showed reduced atherosclerosis by luminal obstruction and

intima thickness (151). OxLDL can also directly affect the migration of monocytes to the aortic

wall by switching from CCR2 to CX3CR1 expression using a peroxisome proliferator-

activated receptor γ–dependent pathway (152).

Autoantibodies to oxLDL are found within normal/nondiseased and atherosclerosis-prone

lesions. IgG autoantibodies to oxLDL are associated with proatherogenic properties, and IgM

autoantibodies to oxLDL, including natural antibodies, have been proposed as atheroprotective

(73). The mechanism by which the immune response coordinates the production of these two

isotypes in atherosclerosis remains to be identified. Importantly, it is possible to initiate

tolerance to oxLDL and MDA-LDL by oral administration of oxLDL or MDA-LDL before

the induction of atherogenesis and to promote generation of oxLDL-specific

CD4+CD25+Foxp3+ Treg cells (58).

C-Reactive Protein

Elevated plasma C-reactive protein (CRP) is associated with increased risk of atherosclerosis,

but the mechanisms have not been fully identified (153). CRP is found within atherosclerotic

plaques close to LDL and macrophages. Recently, several reports demonstrated that CRP can

modulate endothelial functions and leukocyte activities. CRP also induced the production of

IL-1α, IL-1β, IL-6, CXCL1, and CXCL8 by human monocytes in vitro. In contrast to these

proinflammatory properties, CRP also displayed anti-inflammatory effects through

upregulation of liver X receptor-α (153). CRP binds to minimally modified (mm)LDL and

prevents the formation of foam cells from macrophages (154). The functional importance of

these observations in vivo and the exact functions of CRP in atherogenesis remain to be

investigated.

Advanced Glycation End Products (AGE)

Nonenzymatic modification of proteins by reducing sugars leads to the formation of AGEs in

vivo. These reactions take part during aging and substantially accelerate during cancers,

diabetes, and atherosclerosis (155). Although the mechanisms are not fully identified, the

alterations in glucose and lipid metabolism likely lead to the production of excess aldehydes

and formation of AGEs. AGEs act directly or via receptors and participate in the cross-linking

proteins of extracellular matrix (155). The receptor for AGE (RAGE) is a member of the

immunoglobulin superfamily and is expressed by ECs, SMCs, monocytes, and lymphocytes
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with enhanced expression in atherosclerotic lesions. Neutralizing AGE by the administration

of soluble recombinant RAGE reduced NF-κB induction, VCAM-1 and tissue factor

expression, and atherosclerotic lesion burden (156). A critical role for RAGE and its ligands

was also demonstrated in RAGE-deficient Apoe−/− mice and in Apoe−/− transgenic mice

expressing human dominant-negative RAGE (157). The AGE/RAGE axis has a broad

spectrum of effects and elicits oxidative stress, increases endothelial dysfunction, increases

production of inflammatory cytokines and tissue factor, elevates expression of adhesion

molecules, and, through all these mechanisms, accelerates development of atherosclerosis

(155).

Reactive Oxygen Species

Extensive production of ROS has been implicated in atherosclerosis by inducing the chronic

activation of the vascular endothelium and components of the immune system. Vascular

endothelial ROS released from nicotinamide adenine dinucleotide phosphate (NADPH)

oxidase, MPO, xanthine oxidase, lipoxygenases, nitric oxide synthases, and the dysfunctional

mitochondrial respiratory chain may play critical roles in ROS generation. In humans, higher

expression of NADPH oxidase subunit proteins is associated with increased superoxide

(O2
−) production and severity of atherosclerosis (158). NADPH oxidase-deficient Apoe−/−

mice had significantly less atherosclerosis compared with Apoe−/− mice (159). Further studies

clearly demonstrated that superoxide production from both monocytes/macrophages and

vascular cells plays a critical role in atherogenesis (160). One of the mechanisms by which

superoxide affects atherogenesis is the activation of SMC mitogenic signaling pathways

(160). Platelets also produce ROS, and NADPH-induced superoxide production results in

enhanced availability of released ADP and amplified platelet recruitment (161). ROS can be

neutralized by antioxidants such as superoxide dismutase, catalase, glutathione peroxidase,

glutathione reductase, and others, but ROS production can exceed the scavenging capacity of

cellular antioxidant systems, and the resulting oxidative stress can damage lipids, membranes,

proteins, and DNA. The mechanisms of regulating antioxidant activity are multidirectional,

but it is important to mention that laminar shear stress upregulates a mechanosensitive group

of antioxidant enzymes, peroxiredoxins in ECs.

Complement System

The complement system plays a central role in innate immunity and also regulates the adaptive

response (162). Complement activation is essential to the host's immune defense, but its

uncontrolled or inappropriately targeted activation leads to various diseases such as

glomerulonephritis, rheumatoid arthritis, psoriasis, and CVDs (162). Emerging evidence

suggests that the complement system plays a role in atherosclerosis, although its exact functions

and mechanisms of action remain unclear. Modified lipoproteins and apoptotic/necrotic cells

have been shown to activate the alternative classical complement pathways. Studies using

complement-deficient animals have yielded apparently contradictory conclusions. C6

deficiency protects against diet-induced atherosclerosis in rabbits (163); however, no

difference was observed in diet-induced lesion size in C5-deficient Apoe−/− mice (164) or C3-

deficient Ldlr−/− mice (165). The classical pathway of complement activation may be

protective because it promotes the clearance of apoptotic cells and immune complexes during

atherosclerosis. Indeed, C1q-deficient Ldlr−/− mice have more apoptotic bodies within their

plaques and larger atherosclerotic lesions (166). The role of the complement system at the

advanced stages of atherosclerosis is not known, but examination of human tissues

demonstrates activated complement in human vulnerable plaques prone to rupture (167).
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Heat Shock Protein 60

There are distinct cellular and humoral reactions against microbial HSPs in humans that

participate in host defense. However, because of a high degree of sequence homology between

microbial and human HSPs, autoimmune responses may be triggered against human HSPs

(168). Anti-HSP antibodies elicit production of proinflammatory cytokines by macrophages

and of adhesion molecules by ECs. Autoantibody levels against HSPs are significantly

increased in patients with atherosclerosis, and HSP-specific T cells have been observed within

atherosclerotic plaques. Most of the known risk factors for atherosclerosis, such as oxLDL,

hypertension, infections, and oxidative stress, evoke increased expression of HSPs in ECs,

SMCs, and macrophages. Endothelial HSP-60 correlates with site-specific, flow-dependent

atherosclerosis development throughout the aortic tree. Altered wall shear stress after ligation

of the left common carotid artery induced rapid production of HSP-60 by ECs at this site

(169), which may provide conditions for humoral and cellular reactions to endothelial HSPs

in the earliest stages of atherosclerosis. Other HSPs such as HSP-90 might also be involved in

atherosclerosis (170).

Toll-Like Receptors

There is a significant body of evidence that not only metabolic mediators but also bacterial and

viral infections might amplify atherosclerosis and worsen the outcome by promoting a

proinflammatory status of the vessel wall. TLRs are the primary receptors of the innate immune

system that recognize highly conserved structural motifs of pathogens. TLR2 and TLR4 are

also receptors for HSP-60 (171). Under conditions of hyperlipidemia, TLRs likely participate

in the regulation of atherosclerosis. Activation of TLRs induces the production of

proinflammatory cytokines and nitric oxide in macrophages and the induction of DC

maturation, leading to the upregulation of costimulatory molecules such as CD80 and CD86.

TLR1, TLR2, TLR4, and TLR5 are expressed in atherosclerotic lesions, and TLR4 can be

upregulated by oxLDL. Interestingly, atheroprotective laminar flow downregulates TLR2

expression. Mice lacking MyD88, a signaling molecule downstream of most TLRs, showed

reduced atherosclerosis (172). Myd88−/−Apoe−/− and Tlr4−/−Apoe−/− mice exhibited reduced

atherosclerosis that was associated with reduction in the circulating levels of the

proinflammatory cytokines IL-12 and CCL2, plaque lipid content, numbers of macrophages,

and cyclooxygenase 2 immunoreactivity in plaques (173). TLR2 deficiency on non–bone

marrow–derived cells resulted in diminished atherosclerosis in Tlr2−/−Ldlr−/− mice, suggesting

that an unknown endogenous TLR2 agonist influenced lesion progression by activating TLR2

in cells that were not of bone marrow origin, most likely ECs (174). Thus, at least TLR2 and

TLR4 participate in the inflammatory arm of atherosclerosis.

Association with Inflammatory Diseases

Systemic Lupus Erythematosus

Atherosclerosis is associated with many chronic inflammatory diseases. As we start to

appreciate possible similarities between atherosclerosis and autoimmune diseases, we must

consider the possible impact of chronic inflammation on the acceleration of atherosclerosis.

Systemic lupus erythematosus (SLE) is a complex autoimmune disease involving multiple

organs that is characterized by autoantibody production (175). In recent years, much attention

has been given to the rising incidence of accelerated atherosclerosis and increased risk of CVDs

in patients with SLE. Increased production of CCL2, TNF-α, IFN-γ, IL-1, IL-12, and immune

complexes, upregulation of adhesion molecules, and increased antibodies to oxLDL may

promote atherosclerosis. Gld.Apoe−/− mice that carry an inactivating mutation in the Fas ligand

gene (FasL) develop lupus-like autoimmune disorders (176). The gld.Apoe−/− mice displayed

enhanced atherosclerosis compared with Apoe−/− mice, accompanied by an increase in

lymphocyte proliferation and autoimmunity. The gld.Apoe−/− mice had high levels of apoptotic
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material both in tissues and in the circulation. This was due, at least in part, to an impaired

ability to scavenge apoptotic debris, suggesting that the synergism between atherosclerosis and

SLE can be mediated by impaired apoptotic body clearance (176). Fas-deficient Apoe−/− mice

also showed increased production of IgG antibodies against dsDNA and cardiolipin, as well

as accelerated atherosclerosis (177).

Metabolic Syndrome and Diabetes

Metabolic syndrome is defined as prediabetes, abdominal obesity, elevated LDL cholesterol,

and increased blood pressure that significantly correlates with CVD. Despite evidence for a

tight correlation between atherosclerosis and metabolic syndrome, mechanisms by which these

diseases accelerate each other are not well identified and very little is known about the

underlying basis for differential susceptibility to vascular injury in patients with diabetes.

Diabetes-accelerated atherosclerosis is observed in type 1 and type 2 diabetic patients, but it

is not known whether atherosclerosis is induced through the same mechanisms (178). In type

1 diabetes, hyperglycemia generally occurs in the absence of elevated blood lipid levels,

whereas type 2 diabetes is frequently associated with dyslipidemia. Few animal models are

available to study diabetes-accelerated atherosclerosis (179). To dissect the role of lipids,

glucose, and insulin in atherosclerosis, investigators generated Ldlr−/− mice that express a

lymphocytic choriomeningitis virus glycoprotein transgene under control of the insulin

promoter (180). Diabetic mice on regular chow diet, in the absence of the lipid abnormalities,

developed atherosclerosis with preferential accumulation of macrophages within the aortas.

Western diet–fed diabetic mice showed advanced lesions, characterized by extensive

intralesional hemorrhage, suggesting that hyperlipidemia induces a formation of more

advanced lesions (180). Mice expressing human aldose reductase that may multiply toxic

effects of glucose metabolism showed advanced atherosclerosis compared with controls

(181). Thus, glucose or products of glucose metabolism are sufficient to induce atherosclerosis

in hyperlipidemic conditions.

Type 2 diabetes is much more prevalent than type 1 diabetes and is often preceded by the

metabolic syndrome, but it is even more difficult to generate an appropriate mouse model

(179). Hyperinsulinemia and hyperglycemia with dyslipidemia induced accelerated

atherosclerosis in Apoe−/− mice fed a regular chow diet and lacking the leptin receptor (182)

and in leptin-deficient mice on the Apoe−/− or Ldlr−/− background (179). Although these models

showed elevated atherosclerosis, the increased lipid levels in experimental groups compared

with control made the interpretations of these results difficult.

Adipose tissues release cytokines that regulate not only body weight homeostasis, but also

insulin resistance that in turn influences atherosclerosis (183). Several reports suggest that

adipose tissues are active regulators of inflammation through the production of adipokines,

proinflammatory cytokines, and CRP that can affect immune response, induce endothelial

dysfunction, increase oxidative stress, and thus accelerate atherosclerosis (183).

Anti-Inflammatory Drugs and Mediators

Statins

Statins inhibit 3-hydroxyl-3-methylglutaryl coenzyme A reductase, an enzyme crucial to

cholesterol synthesis. They reduce total and LDL cholesterol as well as triglycerides and

slightly increase HDL cholesterol and reduce the risk for CVD and stroke (184). Although the

clinical benefits of statins are mediated in large part through lipid modulation, emerging

evidence supports the existence of other mechanisms of action. The beneficial influences may

include modification of endothelial function, increased plaque stability, reduced thrombus

formation, and, in particular, dampened inflammatory pathways. Statins activate peroxisome
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proliferative activated receptors (185) and thus, indirectly, control lipid and glucose

metabolism, vascular inflammation and thrombosis, and NF-κB-dependent activation of SMCs

and monocytes. The level of CRP can be regulated in an LDL-independent manner by statins,

but the mechanisms of this influence as well of CRP's role in atherogenesis are not clear

(186). Clinical data show decreased levels of IL-6, CXCL8, and CCL2 after treatment with

simvastatin. Pretreatment of human monocytes with statins induced downregulation of IL-1,

CCL3, and CCL4 and of IL-18, CCR1, and CCR2 (184). Statins also inhibit elevated expression

of both ICAM-1 and lymphocyte function–associated antigen 1 (LFA-1) and may reduce

leukocyte adhesion and retention within the aortic wall (184).

High-Density Lipoprotein

Efflux of cholesterol from peripheral tissues into plasma, then to the liver and bile, is termed

reverse cholesterol transport (187). HDLs mediate most reverse cholesterol transport and thus

influence the amount of cellular cholesterols under normal and pathogenic conditions. Several

studies with knockout mice for ApoA-1, SR-B1, or ABCA1 dissected the role and importance

of reverse cholesterol transport and high-lighted HDL's functions in this process (187). The

role of ABCG1 in atherogenesis is less clear because conflicting results have been reported.

HDL also has antioxidant, anti-inflammatory, antiapoptotic, and vasodilatory properties.

Recently, investigators have also appreciated that HDLs can lose their usual atheroprotective

properties through specific chemical and structural alterations and can play a proinflammatory

role by alteration of reverse cholesterol transport, enhanced oxidation of LDLs, and increased

vascular inflammation (188).

Conclusions

Our understanding of atherosclerosis has progressed remarkably over the past few years. The

discovery of subsets of inflammatory and resident monocytes, M1 and M2 macrophages, NKT

cells, and Tregs opened new perspectives on the role of inflammation and immune responses

in atherosclerosis. New data suggest an important role for chemokine and chemokine receptors

in atherosclerosis and highlight a network of cytokines that modulate the immune response

and inflammation in the aortic wall. All phases of atherosclerosis are regulated by inflammatory

mechanisms that provide overlapping networks of pathways involved in the regulation of

immune cell functions, activation of endothelium, and alteration of metabolic parameters.

Increasing evidence suggests that components of the immune system may alter lipid

metabolism and thus affect atherosclerosis in yet another way. More work is needed to

understand the effects of statins on inflammation and the immune system. All these data will

help to identify potential therapeutic targets for the prevention and treatment of atherosclerosis

and other CVDs.

Summary Points

1. Atherosclerosis is a complex chronic inflammatory disease that affects large- and

medium-size arteries, inducing atherosclerotic plaques and alterations of the

phenotypes of vascular cells.

2. An early step in the development of atherosclerosis is the retention of LDLs in the

arterial wall.

3. Monocyte recruitment into aortas and formation of foam cells are hallmarks of

atherosclerosis. Recruitment of immune cells into the aortas is likely modulated

by adhesion molecules and chemokines.

4. There are some candidates for possible autoantigens during atherosclerosis,

including HSP-60 and oxLDLs.
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5. The immune response in atherosclerosis-prone conditions is predominantly Th1-

biased.

6. Monocytes, macrophages, DCs, subsets of T cells, NK cells, NKT cells,

neutrophils, platelets, and mast cells likely play proatherogenic roles.

7. Tregs and B cells (through the production of natural antibodies) suppress

inflammation during atherosclerosis.

8. Chronic inflammation produces inflammatory mediators such as modified LDLs,

ROS, and AGE that accelerate vascular inflammation and atherosclerosis.

9. Many autoimmune diseases such as systemic lupus erythematosus and diabetes

accelerate atherosclerosis development, probably through the defective clearance

of apoptotic cells.
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Glossary

Atherosclerosis 

a chronic inflammatory process characterized by plaque formation within the

vessel wall of arteries and extensive necrosis and fibrosis of surrounding tissues

Atherosclerotic plaques 

plaques consisting of foam cells, immune cells, vascular ECs, SMCs,

extracellular matrix, and a lipid-rich core

SMC  

smooth muscle cell

EC  

endothelial cell

Foam cells  

cells derived from macrophages or SMCs that took up modified LDL through

scavenger receptors

LDL  

low-density lipoproteins

ApoE  

apolipoprotein E

Apoe−/− mice 

these mice develop severe hypercholesterolemia and atherosclerosis plaques that

have some similarities to human atherosclerotic plaques

SR  

scavenger receptor

TLR  
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Toll-like receptor

HSP  

heat shock protein

Natural antibodies 

these antibodies are found in the absence of exogenous antigens early after birth;

they fight bacterial and viral infections, but also recognize self-antigens and carry

out a protective function in atherosclerosis

ROS  

reactive oxygen species

VALT  

vascular-associated lymphoid tissue

LO  

lipoxygenase

HO  

heme oxygenase

AGE  

advanced glycation end products

RAGE  

receptors for advanced glycation end products
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Figure 1.

Immune and inflammatory cells in atherosclerosis. Atherosclerotic lesion (foreground,

bottom) and relatively unaffected areas. The endothelial cells above the lesion are polygonal

in shape (cobblestone), whereas normal endothelial cells are aligned with the direction of flow.

The normal intima is so thin as to be invisible at this level of resolution, but it is greatly

expanded in the lesion area, where it contains vascular dendritic cells, macrophages, and foam

cells (blue) as well as occasional T lymphocytes (gray). The foam cells surround the necrotic

core (brown), which is thought to be composed of foam cells that have undergone secondary

necrosis. The normal media is populated by smooth muscle cells that are organized by several

elastic laminae (magenta lines). These laminae move apart as the smooth muscle cells assume

a secretory phenotype and may form foam cells. Myeloid cells (blue) invade the media in the

lesion area. The normal adventitia is populated by sparse T cells (gray), B cells (green), and

other lymphocytes (brown) as well as vascular DCs (blue). In the lesion area (bottom), the

lymphocytes organize into tertiary lymphoid structures, containing high endothelial venules

and other vessels. The angiogenic process eventually leads to neovessels invading the intima,

a process that is thought to destabilize plaque and precipitate rupture events. The normal

adventitia contains some microvessels (vasa vasorum, in background) that do not penetrate the

elastic lamina separating the media from the adventitia.
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Figure 2.

Monocyte recruitment to the atherosclerosis-prone vessel wall. Monocytes use an overlapping

network of adhesion molecules and chemokine receptors to enter the artery wall. P-selectin

supports rolling and monocyte-platelet interactions. Monocyte α4β1 integrin interacting with

endothelial VCAM-1 reduces rolling velocity and leads to firm adhesion. Surface-immobilized

chemokines including CXCL1, CXCL2, CXCL4, CCL5, and others can activate monocytes

as they roll by, leading to increased adhesiveness of α4β1 integrin through inside-out signaling

and receptor clustering. Ly6Chigh monocytes use CCR2, CX3CR1, and CCR5 to migrate to

aortas, whereas Ly6Clow monocytes use CCR5. L-selectin, interacting with an unknown ligand,

and CXCR6, likely interacting with CXCL16, are partially responsible for lymphocyte

recruitment, likely from vasa vasorum and under lesions from high endothelial venules.
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Figure 3.

Macrophage functions. Macrophages express scavenger receptors (SRs), TLRs, and other

receptors for pathogen-associated molecular patterns (PAMPs). Engagement of these receptors

results in release of proinflammatory cytokines IL-1, IL-6, IL-12, IL-15, IL-18, TNF-α, and

MIF, as well as anti-inflammatory IL-10 and TGF-β. Vascular endothelial growth factor

(VEGF) promotes angiogenesis.
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Figure 4.

Interactions between DCs and T cells. DCs may present possible atherosclerosis antigens

(possibly derived from HSP-60 and oxLDL) to T cells in the context of costimulatory molecules

like CD40, OX40L, CD80, and CD86, eliciting T cell differentiation and proliferation.

Although a Th1-biased response is documented in atherosclerosis, there is also a significant

body of evidence suggesting a possible role for Th2 cells in mature lesions. Whether newly

discovered Th17 cells also play a role remains to be investigated. Treg cells have

antiatherogenic effects and play a protective role against atherosclerosis, mainly by secreting

IL-10 and TGF-β.

Galkina and Ley Page 36

Annu Rev Immunol. Author manuscript; available in PMC 2010 January 1.

N
IH

-P
A

 A
u
th

o
r M

a
n
u
s
c
rip

t
N

IH
-P

A
 A

u
th

o
r M

a
n
u
s
c
rip

t
N

IH
-P

A
 A

u
th

o
r M

a
n
u
s
c
rip

t



Figure 5.

Egress of macrophages and DCs from the arterial wall. The factors that control retention of

macrophages and DCs in atherosclerotic vessels are not well defined, but sphingosine-1-

phosphate (S1P) may have a role in this process. CCR7 expression is necessary for the exit of

DCs and macrophages from atherosclerotic plaques.
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Figure 6.

NK cells. Activated NK cells produce IFN-γ, which promotes a Th1 response, and release

perforin and granzymes, which causes apoptosis in target cells.
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Figure 7.

NKT cells. Dendritic cells present glycolipids on CD1 molecules to NKT cells expressing

Vα14 TCR. This results in the production of the Th1 cytokines IFN-γ and TNF-α, the Th2

cytokines IL-4, IL-5, and IL-13, and the anti-inflammatory cytokine IL-10 by the NKT cells

and production of IL-12 by the dendritic cells.
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Figure 8.

Mast cells. Interactions of mast cells with DCs may promote release of proatherogenic TNF-

α, INF-γ, and IL-6, a broad spectrum of proteases, the 5-lipoxygenase product leukotriene (LT)

B4, and GM-CSF. Mast cells may direct the development of Th1 or Th2 responses.
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Figure 9.

B cells. The B1 subset of B cells is independent of T cell help and produces IgM natural

antibodies that appear to have atheroprotective functions. They may be triggered by foreign or

self-antigens through their B cell receptor (BCR). Th1-dependent B2 cells produce IgG2a and

IgG1. B cells also produce IL-10.
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Figure 10.

Neutrophils. Neutrophils, although rare in mature atherosclerotic lesions, interact with the

endothelium covering atherosclerotic lesions and may release reactive oxygen species (ROS),

myeloperoxidase (MPO), proteases, and the chemokines CXCL1 and CXCL8.
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Figure 11.

Platelets. Activated platelets release proinflammatory IL-1β, CD40L, CXCL12, CXCL4, and

CCL5 as well as anti-inflammatory TGF-β. Through P-selectin binding to PSGL-1, platelets

interact with monocytes.
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