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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 ar-
teries, 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 inti-
mal atherosclerotic lesions. Beneath these lesions, adventitial leukocytes
organize in clusters that resemble tertiary lymphoid tissues. Experimen-
tal 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. Un-
der 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 se-
creting natural antibodies are atheroprotective. This review summarizes
our current understanding of inflammatory and immune mechanisms
in atherosclerosis.
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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

INTRODUCTION

Atherosclerosis is the most common pathologi-
cal 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 com-
plex disease, and many components of the vas-
cular, metabolic, and immune systems are in-
volved in this process. Although low-density
lipoprotein (LDL) remains the most important
risk factor for atherosclerosis, immune and in-
flammatory mechanisms of atherosclerosis have
gained tremendous interest in the past 20 years
(1–3). This review focuses on the role of in-
flammatory cells in atherosclerosis; the molecu-
lar mechanisms of their recruitment and reten-
tion in atherosclerotic plaque; differentiation,
activation, and production of cytokines; as well
as other pro- and anti-inflammatory mediators
that regulate atherosclerosis and chronic in-
flammation 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 alter-
ations within the arteries were described by

−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−→
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, probably 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.

two different schools of pathology, resulting in
two theories of atherosclerosis. Rudolf Virchow
postulated an initial role for aortic cellular con-
glomerates, emphasizing that cellular pathol-
ogy is critical in atherosclerosis. In contrast,
Carl von Rokitansky suggested that initial in-
jury of the vessel wall owing to mechanical in-
jury 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, sug-
gesting 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 en-
dothelial 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 atheroscle-
rotic arteries was reported in the early 1980s
(6). Initially, investigators thought that only
macrophages are predominantly present within
atherosclerotic vessels. However, several stud-
ies reported the presence of most known
leukocytes in both mouse and human aortas
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(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. Conduct-
ing lymphocyte homing studies is possible, yet
finding apoptotic cells in vivo is almost im-
possible because they are immediately taken
up by surrounding phagocytes. Egress stud-
ies are technically demanding, and one of the

www.annualreviews.org • Immune and Inflammatory Mechanisms of Atherosclerosis 167

A
nn

u.
 R

ev
. I

m
m

un
ol

. 2
00

9.
27

:1
65

-1
97

. D
ow

nl
oa

de
d 

fr
om

 a
rj

ou
rn

al
s.

an
nu

al
re

vi
ew

s.
or

g
by

 L
a 

Jo
lla

 I
ns

tit
ut

e 
fo

r 
A

lle
rg

y 
&

 I
m

m
un

ol
og

y 
on

 0
5/

15
/0

9.
 F

or
 p

er
so

na
l u

se
 o

nl
y.



ANRV371-IY27-07 ARI 16 February 2009 8:29

well-established models of egress involves the
transplantation of atherosclerotic aortic arches
into nonatherosclerotic mice (8). Prolifera-
tion can be assessed by dyes such as BrdU
(bromodeoxy-uridine) or CFSE (carboxyfluo-
rescein succinimidyl ester), but finding prolif-
erating cells in the vessel wall does not prove
that the proliferation occurred locally. Devel-
opment 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 vari-
ants of the CD45 common leukocyte anti-
gen demonstrated that monocyte-derived cells
in atherosclerotic plaques are of bone mar-
row origin (11). The mechanisms of mono-
cyte recruitment into noninflamed aortas are
not well defined. More is known about mono-
cyte homing to aortas during atherogenesis
(12). Monocyte rolling on inflamed endothe-
lium occurs in a P-selectin-dependent manner,
and absence of P-selectin results in decreased
fatty streaks with concomitant reduction of

MACROPHAGE POLARIZATION

Both M1 and M2 macrophages are found in atherosclerotic le-
sions. M1 macrophages are the result of classical activation by
lipopolysaccharide in the presence of IFN-γ, which leads to pro-
duction 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 pro-
duce large amounts of IL-10 and express scavenger receptors,
mannose receptors, and arginase (20).

emigrated macrophages within plaques (13).
E-selectin overlaps with P-selectin in support-
ing 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 in-
tercellular adhesion molecule (ICAM)-1 might
be involved in the support of monocyte recruit-
ment into aortas, but this was not found in all
studies (13).

The chemokine/chemokine receptor net-
work is essential for direction of leukocyte
migration in homeostatic and inflammatory
conditions (Figure 2). Numerous reports de-
scribed 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).

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 nonlym-
phoid organs under homeostatic conditions,
Ly6ChighCCR2+CX3CR1low monocytes are in-
volved in the inflammation caused by microbial
infections (17) and have been named inflamma-
tory 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
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Lymphocytes

CXCR2
CCR1, 5
CX3CR1

CXCR6

CCR2
PSGL-1

α4β1 integrin

CXCL1, 2, 8

CXCL16

High
endothelial

venuleCCL5
CX3CL1
CCL2
P-selectin
VCAM-1

Monocyte

Lesion

?L-selectin

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.

atherosclerosis-prone arteries and predomi-
nantly 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 mi-
gration 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 mono-
cyte maturation and functions. It is possible

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: Toll-like
receptor

and indeed likely that Ly6Chigh and Ly6Clow

monocyte-derived macrophages and DCs alter
their phenotype under conditions of hyperc-
holesterolemia.

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 compo-
nent of the atherosclerotic plaque in porcine
specimens. Macrophages produce proinflam-
matory cytokines, participate in lipid reten-
tion and vascular cell remodeling, and express
pattern-recognition receptors (PRRs), includ-
ing scavenger receptors (SRs) and Toll-like re-
ceptors (TLRs) that connect the innate and
adaptive immune response during atheroscle-
rosis. 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
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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 abun-
dant foam cells, suggesting alternative lipid up-
take mechanisms and a possible atheroprotec-
tive 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 atheroscle-
rosis compared with Cd36−/−Apoe−/− mice (28).

Macrophages are extremely plastic cells, tak-
ing on many different phenotypes. M1 and M2
macrophages play opposite roles during inflam-
mation, but both are present in atheroscle-
rotic lesions. Using an elegant model of
CD11b diphtheria toxin (DT) receptor trans-
genic 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 elim-
inate 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 expo-
sure to lipopolysaccharide (LPS) of Chlamydia

SR

PAMP

MIF

TNF-α

IL-1, IL-6, IL-12

IL-15, IL-18

VEGF

IL-10, TGF-β

TLR

Macrophage

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.

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 inflamma-
tory mediators by macrophages is summarized
in Figure 3.

An increase in macrophage apoptosis in
early lesions appears to cause the attenua-
tion of atherogenesis, whereas impairment in
macrophage apoptosis in the late stage may
contribute to secondary necrosis, leading to
increased proinflammatory responses and fur-
ther 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 ef-
fect 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 trans-
port 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 hy-
drolase, which participates in cholesterol efflux,
resulted in atherosclerosis reduction in Ldlr−/−

mice, demonstrating that enhanced cholesterol
efflux and reverse cholesterol transport play im-
portant roles in atherosclerosis prevention.

VASCULAR DENDRITIC CELLS

About a decade after the discovery of vas-
cular macrophages and foam cells, vascular
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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 aor-
tic 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). Inter-
estingly, 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 un-
derstood. 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 sys-
tem, DCs are defined as cells that can present
antigen to naive T cells. They constitutively
migrate through nonlymphoid organs to sec-
ondary lymphoid tissues (17). Whether vascular
DCs can present antigen has not been formally
demonstrated, but two observations support

this concept: (a) experiments using TCR trans-
genic mice and antigenic peptide-treated DCs
(9) and (b) a study showing that isolated vascular
DCs are capable of presenting antigen to trans-
genic 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 proxim-
ity 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+ plas-
macytoid DCs that responded to pathogen-
derived motifs (38) and might lead to acceler-
ated 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 lym-
phoid organs through the lymphatic vessels.
The number of DCs is significantly ele-
vated in atherosclerosis-prone arteries. Reasons
may include accelerated migration into the
aorta, reduced emigration out of the ves-
sel wall, increased local proliferation, or de-
creased apoptosis. In a model of atherosclerosis

Th1 IFN-γ, TNF, CD40L

Treg

T cell

Dendritic
cell

IL-10, TGF-β

Th2 IL-4, IL-5, CD40L

Th17

?

IL-17A, IL-17F

Antigen presentation
Costimulation

CD40 — CD40L
OX40L — OX40

CD80, 86 — CD28

CD11c+

CD68+

CD1+

IL-12, IL-23

IFN-γ
IL-6, TGF-β

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.
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CCR7
CCL19

CCL21
S1P?

MacrophageMacrophage

DendriticDendritic
cellcell

Macrophage

Dendritic
cell

Dendritic
cell

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.

HSP: heat shock
protein

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 re-
sponses to modified LDL have not been de-
fined, but some studies suggest that oxLDL
plays a role in DC maturation and activation in
vivo. Oxidized phospholipids (ox-PLs) alter DC
activation; prevent their maturation by block-
ing TLR3- and TLR4-dependent induction of
CD40, CD80, CD83, and CD86; and block
IL-12, TNF, and lymphocyte stimulatory ca-
pacity (40). OxLDL during the late stage of
monocyte differentiation gives rise to pheno-
typically 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 ad-
ventitia of normal, noninflamed arteries (7).
Short-term adoptive-transfer experiments sug-
gest that this T cell localization is a consequence

of constitutive homing of T cells into the aor-
tic wall, which is partially L-selectin depen-
dent (9), and multiphoton microscopy imaging
confirms this observation (42). Atherosclerosis-
prone conditions accelerate T cell recruitment
into the aortas in early and advanced atheroscle-
rosis (13). Most of the T cells are TCRαβ+

CD4+ cells with an activated phenotype, and a
few express 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
sets of Vβ and Vα segments are limited within
the atherosclerotic lesions with preferential ex-
pression 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 atheroscle-
rosis 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 reduc-
tion 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 atheroscle-
rosis (49). These results suggest that the Th1
response is proatherogenic and affects
atherosclerosis not only through the produc-
tion of proinflammatory cytokines, but also
through the regulation of B cell function and
antibody production. Severe hypercholes-
terolemia 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). Fur-
ther studies have demonstrated a more complex
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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 intrigu-
ing how CD4+ T cells can play such opposite
roles under different conditions. There are at
least two sites of action during atherosclero-
sis: systemic through the secondary lymphoid
organs and local within the arteries. Adminis-
tration 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 lym-
phocyte trafficking, it is not clear which popu-
lation is most responsible for the atheroprotec-
tive 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 autoim-
mune disease, as significant evidence shows a
response to self-antigens such as HSP-60 and
LDL during atherosclerosis. Therefore, im-
paired function or absence of Tregs is likely
among the reasons for the local inflammation
and proinflammatory response in atheroscle-
rosis. Adoptive transfer of cognate peptide-
specific Tregs (Tr1) into Apoe−/− mice di-
minishes the production of the Th1 cytokine
IFN-γ and of IgG2a. Together with elevated
IL-10 levels, these phenomena may explain re-
duced atherosclerosis in recipient mice (53).
Adoptive transfer of bone marrow cells de-
ficient in CD4+CD25+ Tregs into irradiated
Ldlr−/− donors results in increased lesion size
(54). In the same study, transfer of spleno-
cytes 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 pre-
vention (Figure 4).

Which factors might affect the genera-
tion 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 func-
tion compared with wild-type cells (55), sug-
gesting that ICOS is an important molecule
controlling Treg functions. Interestingly, the
number and activity of Tregs can also be mod-
ulated by CD31 (56), but the underlying mech-
anisms are not known. Unexpectedly, obesity
increases Treg numbers and improves Treg
function in atherosclerosis-prone mice. Lep-
tin deficiency in Ldlr−/− mice reduces Th1
polarization and improves Treg cell functions,
with a significant reduction in lesion devel-
opment (57). These results identify a critical
role for the leptin/leptin receptor pathway in
the modulation of the regulatory immune re-
sponse in atherosclerosis. Another study shows
that the oral administration of HSP-60 can in-
duce an increase in CD4+CD25+Foxp3+ Treg
cells in HSP-60-treated mice in parallel with
decreased atherosclerosis (58). Increased pro-
duction of IL-10 and TGF-β by lymph node
cells in response to HSP-60 was observed af-
ter 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–deficient Apoe−/− mice show no difference

www.annualreviews.org • Immune and Inflammatory Mechanisms of Atherosclerosis 173

A
nn

u.
 R

ev
. I

m
m

un
ol

. 2
00

9.
27

:1
65

-1
97

. D
ow

nl
oa

de
d 

fr
om

 a
rj

ou
rn

al
s.

an
nu

al
re

vi
ew

s.
or

g
by

 L
a 

Jo
lla

 I
ns

tit
ut

e 
fo

r 
A

lle
rg

y 
&

 I
m

m
un

ol
og

y 
on

 0
5/

15
/0

9.
 F

or
 p

er
so

na
l u

se
 o

nl
y.



ANRV371-IY27-07 ARI 16 February 2009 8:29

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 tis-
sue, resulting in chronic activation of the immune system. Adi-
pose 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 prod-
ucts and are considered key components in regulating inflam-
mation within the adipose tissues. Serum levels of adiponectin
are markedly decreased in obesity, insulin resistance, type 2 di-
abetes, 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 atherosclerosis-
prone 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 el-
evated atherosclerosis compared with control Apoe−/− mice (182).
The discovery of adipokines has spawned the concept of an as-
sociation between atherosclerosis and low-degree inflammation
not only within the aortic wall, but also within the surrounding
adipose tissues.

in atherosclerosis development throughout the
aortic root (59).

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 func-
tional 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 cyto-
plasmic granules show reduced atherosclerosis.
Ldrl−/−LystbeigeRag1−/− mutant mice demon-
strate increased atherogenesis and lipid lev-
els, which complicate interpretation (61).
Because in those models NK cells are still
present, other NK cell functions might be in-
volved 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 re-
sulted in 70% reduction of atherosclerotic le-
sion 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 atherosclero-
sis; however, modified lipids may also regulate
inflammation through CD1-mediated antigen
presentation. The proatherogenic role of NKT
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 depen-
dent 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
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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 un-
altered levels of IFN-γ, suggesting that the ab-
sence of NKT cells does not significantly alter
Th1/Th2 balance (66).

MAST CELLS

Mast cells are major effector cells in al-
lergy and host defense responses. Upon acti-
vation, mast cells release a broad spectrum of
proinflammatory cytokines, growth factors, va-
soactive 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 pro-
teases 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 perivas-
cular mast cells correlates with intraplaque
hemorrhage, macrophage and EC apopto-
sis, vascular leakage, and CXCR2- and very
late antigen (VLA)-4-mediated recruitment of
leukocytes to the plaque (68). Mast cells al-
ter lipid metabolism by interfering with ApoE-
and ApoA-II-dependent cholesterol efflux (69).
Mast cell–deficient KitW-s h/W-s hLdlr−/− mice
show increased collagen content, fibrous cap
development, and reduced local inflamma-
tion 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 atheroscle-
rosis 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 de-
tected within atherosclerotic plaques (7).
Although investigators did not initially appre-

Granzymes

Perforin

IFN-γ

NK cell

Apoptosis

Figure 6
NK cells. Activated NK cells produce IFN-γ, which promotes a Th1 response,
and release perforin and granzymes, which cause apoptosis in target cells.

NKT
cell

Dendritic
cell IFN-γ, TNF

IL-4, IL-5, IL-13

IL-10

IL-12

Glycolipids

CD1

Vα14

TCR

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.

ciate 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

Mast
cell

Dendritic
cell IFN-γ, TNF, IL-6

Proteases

LTB4

GM-CSF

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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Antigen
B1 IgM natural antibodies

IL-10

BCR

B cell

Self-antigen

B2
IgG2a

IgG1

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.

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

to affect Th1 or Treg responses specifically
because a simultaneous decrease in IFN-γ,
IL-10, and TGF-β was observed (71). Absence
of splenocytes upon splenectomy aggravated
atherosclerosis in Apoe−/− mice with an asso-
ciated 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 autoanti-
bodies 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 anti-
bodies 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 ex-
pansion 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 con-
ditions. In atherosclerotic mice, the spleen is a
major source of oxLDL-specific IgM antibodies

(73). Much less is known about the local pro-
duction 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 es-
pecially neutrophilia are independent risk fac-
tors for coronary heart disease. CXCR4 and its
ligand CXCL12 are involved in the egress of
neutrophils from bone marrow and also regu-
late recruitment of neutrophils to atheroscle-
rotic lesions (77). Chronic blockade of CXCR4
causes neutrophilia and increases neutrophil
content in plaques, associated with apoptosis
and a proinflammatory phenotype, suggesting

ROS

MPO

Proteases

CXCL1
CXCL8

Neutrophil

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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a proinflammatory role for neutrophils in
atherosclerosis (77). Further studies are nec-
essary to dissect how neutrophils might affect
functions of vascular ECs, SMCs, and aortic
leukocytes through the production of ROS, en-
zymes, metalloproteinases, and proinflamma-
tory cytokines. It is unclear whether neutrophils
are equally important in human and mouse
atherosclerosis.

PLATELETS

Platelets play a major role in the hemo-
static process and in thrombus formation upon
injury. They can regulate the inflammatory
and immune responses through the secre-
tion of inflammatory mediators that mod-
ulate 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 calcifica-

PSGL-1

TGF-β CXCL4
CCL5

CXCL12

IL-1β

P-selectin

Monocyte

Platelets

CD40L

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.

ROS: reactive oxygen
species

tion of atherosclerotic plaques (79). Activated
platelets transiently interact with the endothe-
lium of atherosclerotic carotid arteries of
Apoe−/− mice in vivo. This transient inter-
action results in immobilization of platelet-
derived CCL5 and CXCL4 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. Immo-
bilized platelets also interact with leukocytes
through P-selectin/P-selectin glycoprotein lig-
and (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 in-
teractions between Mac-1 and junctional adhe-
sion molecule ( JAM)-C in injured carotid arter-
ies (82). Surprisingly, platelets are also required
for CX3CL1-induced leukocyte adhesion at
high shear 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 interac-
tions of P-selectin and PSGL-1 and by using
the β1 and β2 integrins. Platelets bridge in-
flamed endothelium and circulating blood cells
and support recruitment of leukocytes to in-
flamed atherosclerotic endothelium.

THE CASE FOR A VASCULAR
IMMUNE RESPONSE

Anatomical Proximity

Although much evidence supports the involve-
ment 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 atheroscle-
rosis is found in laminar flow regions (10).
Activated by disturbed flow, ECs elevate expres-
sion of adhesion molecules and chemokines,
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VALT: vascular-
associated lymphoid
tissue

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
monocyte or lymphocyte recruitment from the
arterial lumen into the vessel wall.

Several reports demonstrate T and B lym-
phocyte accumulation in the aortic adventitia
in normal (9) and atherosclerotic vessels (9,
85, 86). Adoptive transfer experiments suggest
that lymphocytes accumulate in the adventi-
tia through the migration from the adventi-
tial vasa vasorum rather than from the intimal
lumen site (9). Local revascularization corre-
lates with an increase in cellular composition
within vulnerable regions of human atheroscle-
rotic plaques (Figure 1). In contrast, the in-
hibition of plaque neovascularization reduces
macrophage accumulation and progression of
advanced atherosclerosis (87). Recently, inves-
tigators have shown that vasa vasorum can pen-
etrate the media, enter atherosclerotic plaques,
and come close to the arterial lumen (88). This
is an important direct demonstration of the ex-
istence of a vascular network connecting the ad-
ventitia with the plaque tissue. Thus, we now
better understand the role of neovasculariza-
tion in atherosclerosis (87), but further studies
are necessary to elucidate the role of small ad-
ventitial 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 ac-
tivation of T cells. It remains to be deter-
mined whether elevated numbers of lympho-
cytes, 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 pro-
liferation that leads to the increased aortic lym-
phocyte numbers.

One of the possible sites of T cell ac-
tivation in aorta may be vascular-associated
tertiary lymphoid structures (Figure 1). The
lymphoid-like structures are formed in a va-
riety of autoimmune-mediated diseases, such
as rheumatoid arthritis or Hashimoto’s thy-
roiditis. 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 ad-
vanced atherosclerosis-prone vessels and con-
tain 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 arte-
rial external elastic lamina contain prolifer-
ating Ki67+ leukocytes, apoptotic cells, and
CD138+ plasma cells, showing local B cell mat-
uration and possible humoral immune response
in these 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 cy-
tokine production depends on many factors and
is tightly regulated during inflammation. An ex-
cellent review by Tedgui & Mallet (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 af-
fect hematopoietic cell proliferation through
the production of stem cell factor, IL-3, GM-
CSF, G-CSF, and M-CSF (90). Under condi-
tions 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
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and TGF-β. Proatherogenic mast cells gener-
ate IL-6 and IFN-γ that are crucial in the in-
duction of mast cell–dependent acceleration of
atherosclerosis. Upon activation, platelets shed
IL-1β, CD40L, and CXCL4, which may serve
as proatherogenic mediators. Cytokines can af-
fect 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 ex-
pression of matrix metalloproteinase (MMP)-1,
-3, -8, -9, and -12 and their inhibitors TIMP-1,
-2, and -3 (91).

Neovascularization is a proatherogenic pro-
cess that greatly depends on the local microen-
vironment 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 microves-
sels surrounding the plaques. Proatherogenic
IL-1β, TNF-α, and leptin, as well as vascu-
lar endothelial growth factor (VEGF) and pla-
cental growth factor (PlGF), accelerate neo-
vascularization. IL-10, CXCL9, CXCL10, and
adiponectin may balance the process of neo-
vascularization 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 re-
ceptor (TNFR) p55 developed larger lesions
compared with controls (93). Because of ele-
vated cholesterol levels in p55-deficient mice,
it was difficult to interpret whether TNFR de-
ficiency itself resulted in the acceleration of
atherosclerosis. Recently, a study with mutant
mice clearly identified the roles of transmem-
brane and soluble forms of TNF in the con-
text of hyperlipidemia. TNF-α affected the de-
velopment 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 lo-
cal 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 exper-
iments with the administration of IL-2 or IL-
2-blocking antibodies into Apoe−/− mice (95).
However, further experiments are needed to an-
alyze 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 atheroscle-
rosis and decreased leukocyte homing (97, 98).
It is important to note that IL-6-dependent
regulation of lipid metabolism may have con-
founded 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−/− recip-
ients (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).
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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 stimu-
lation. Upon activation with IL-12, they up-
regulate their CCR5 expression, chemotaxis,
and transendothelial migration toward CCL5
(101). Together, these results support the no-
tion that IL-12 is proatherogenic and proin-
flammatory.

IL-18

IL-18 and IL-12 are involved in the genera-
tion of Th1 effector cells. Unexpectedly, ad-
ministration of IL-18 antibodies accelerates
lesion development in Apoe−/− mice, but over-
expression of IL-18-binding protein abolishes
the proinflammatory effects of IL-18, induc-
ing 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 downreg-
ulates circulating cholesterol in serum (102).

IFN-γ

IFN-γ administration accelerates atherosclero-
sis 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 se-
creted by macrophages, NK cells, and vascular
cells seems to be sufficient for disease progres-
sion. Moreover, IFN-γ can induce atheroscle-
rosis in scid Apoe−/− mice in the absence of
detectable leukocytes by acting on SMCs to
prime for growth factor–inducible prolifera-
tion (107). IFN-γ is involved not only in early
but also in late stages of atherosclerosis. Ad-
vanced 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. Interest-
ingly, 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 capac-
ity 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 pro-
duction that led to further plaque destabiliza-
tion (38). Thus, IFN-α provides a possible link
between viral infections and immune-mediated
complications of atherosclerosis.

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 atheroscle-
rosis 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
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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% re-
duction 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 con-
comitant reduction of anti-HSP-65 antibodies
and elevated IFN-γ production (113).

IL-5

Immunization with MDA shifts the immune re-
sponse in atherosclerotic mice toward Th2 and
induces significant production of natural anti-
bodies 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 pro-
duced by B1 and marginal zone B cells, with
concomitant elevation in IL-5 (73). IL-5 further
stimulates B1 cells, leading to increased produc-
tion 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, mono-
cytes, and macrophages is an important reg-
ulator of the balance between Th1 and
Th2 responses. Administration of IL-10 de-
layed atherosclerosis development. Conversely,
IL-10-deficient mice showed increased T cell
accumulation and IFN-γ production with di-
minished collagen content in the atheroscle-
rotic 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).

TGF-β

TGF-β is produced by several cell types, in-
cluding 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 treat-
ment with soluble TGF-β receptor II acceler-
ates atherosclerosis with significant loss of col-
lagen content (90). Apoe−/− mice that express
a dominant-negative form of the TGF-β re-
ceptor II in T cells, as well as Ldlr−/− irra-
diated mice that received bone marrow from
mice expressing a dominant-negative TGF-β
receptor type II under a T cell–specific pro-
moter, 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 experi-
mental research suggests that chemokines and
chemokine receptors play critical roles in di-
recting leukocytes into atherosclerosis-prone
vessels. Taking into account the chemokine
abundance within atherosclerosis-prone arter-
ies 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 recep-
tor CCR2 are most prominently involved in
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LO: lipoxygenase

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 proin-
flammatory 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 in-
ducing expression of E-selectin, NF-κB activa-
tion, 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 le-
sions compared with Apoe−/− mice (127).

CXCL8 induces proliferation and migration
of SMCs and ECs and affects neovasculariza-
tion. In the Apoe−/− mouse model, CXCL1 ini-
tiated 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 composi-
tion (129). Expression of CCL2, CXCL10, and
CXCL1 was detected in low shear stress re-
gions, 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 regu-
lation of lipid deposition, protease expression,
and intimal thickening (131).

CX3CL1 is expressed in atherosclerotic
plaques in a transmembrane form and can initi-
ate 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-
expressing cells. Several independent studies
with Cx3cr1−/−Apoe−/− or Cx3cl1−/−Ldlr−/−

mice clearly demonstrate a proatherogenic role
for the CX3CL1/CX3CR1 axis in atheroscle-
rosis (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 ac-
celerated 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, reduc-
ing macrophage infiltration, and diminishing
atherosclerosis (133).

CXCL10 is a potent mitogenic and chemo-
tactic factor for SMCs and can modulate the lo-
cal balance of the effector and regulatory arms
of the immune system through the reduction
of Tregs in aortas (134). Other chemokines, in-
cluding CCL3, CCL4, CCL11, and CXCL12,
are expressed in human and mouse atheroscle-
rotic 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 re-
sponsible 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.

182 Galkina · Ley

A
nn

u.
 R

ev
. I

m
m

un
ol

. 2
00

9.
27

:1
65

-1
97

. D
ow

nl
oa

de
d 

fr
om

 a
rj

ou
rn

al
s.

an
nu

al
re

vi
ew

s.
or

g
by

 L
a 

Jo
lla

 I
ns

tit
ut

e 
fo

r 
A

lle
rg

y 
&

 I
m

m
un

ol
og

y 
on

 0
5/

15
/0

9.
 F

or
 p

er
so

na
l u

se
 o

nl
y.



ANRV371-IY27-07 ARI 16 February 2009 8:29

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). Unexpect-
edly, 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 adap-
tive 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 ex-
periments demonstrated that 12/15-LO ex-
pression in bone marrow–derived cells was re-
sponsible 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 induc-
tion 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 pro-
cess (145). From a therapeutic point of view,
it is important to mention that HO-1 is also

HO: heme oxygenase

involved in antioxidant-dependent protection
from atherosclerosis (146).

Paraoxonases

The paraoxonase family consists of three mem-
bers (PON1, PON2, and PON3) that share
structural properties and enzymatic activities,
among which is the ability to hydrolyze ox-
idized lipids in LDL. PON1 prevents oxida-
tion of LDL as well as high-density lipopro-
tein (HDL), with which PON1 is associated
in the serum (147). HDL of Pon1−/−Apoe−/−

mice is predisposed to oxidation, and as a con-
sequence lesions in Pon1−/−Apoe−/− mice are
larger compared with controls (148). In sev-
eral other studies using transgenic mice overex-
pressing 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 forma-
tion, alteration of nitric oxide signaling, initi-
ation of endothelial activation, and expression
of adhesion molecules that accelerate leuko-
cyte homing to the site of atherosclerosis (149).
One of the key observations that crystallized
the important role of oxLDL in atheroscle-
rosis came from a study that showed heparan
sulfate–dependent binding of oxLDL to suben-
dothelial matrix (150). Generation of lectin-like
oxLDL receptor-1-deficient Olr1−/−Ldlr−/−

mice showed reduced atherosclerosis as mea-
sured by luminal obstruction and intima thick-
ness (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 re-
ceptor γ–dependent pathway (152).

Autoantibodies to oxLDL are found within
normal/nondiseased and atherosclerosis-prone
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AGE: advanced
glycation end products

RAGE: receptors for
advanced glycation
end products

subjects. IgG autoantibodies to oxLDL are as-
sociated with proatherogenic properties, and
IgM autoantibodies to oxLDL, including nat-
ural antibodies, have been proposed as athero-
protective (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 as-
sociated with increased risk of atherosclerosis,
but the mechanisms have not been fully identi-
fied (153). CRP is found within atherosclerotic
plaques close to LDL and macrophages. Re-
cently, several reports demonstrated that CRP
can modulate endothelial functions and leuko-
cyte 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 func-
tions of CRP in atherogenesis remain to be
investigated.

Advanced Glycation End
Products (AGE)

Nonenzymatic modification of proteins by re-
ducing sugars leads to the formation of AGEs
in vivo. These reactions take part during aging
and substantially accelerate during cancers, di-
abetes, and atherosclerosis (155). Although the
mechanisms are not fully identified, the alter-
ations 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 re-
ceptor for AGE (RAGE) is a member of the
immunoglobulin superfamily and is expressed
by ECs, SMCs, monocytes, and lymphocytes
with enhanced expression in atherosclerotic le-
sions. Neutralizing AGE by the administration
of soluble recombinant RAGE reduced NF-κB
induction, VCAM-1 and tissue factor expres-
sion, 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 express-
ing 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 fac-
tor, elevates expression of adhesion molecules,
and, through all these mechanisms, accelerates
development of atherosclerosis (155).

Reactive Oxygen Species

Extensive production of ROS has been impli-
cated 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) ox-
idase, MPO, xanthine oxidase, lipoxygenases,
nitric oxide synthases, and the dysfunctional
mitochondrial respiratory chain may play criti-
cal roles in ROS generation. In humans, higher
expression of NADPH oxidase subunit pro-
teins is associated with increased superoxide
(O2

−) production and severity of atheroscle-
rosis (158). NADPH oxidase-deficient Apoe−/−

mice had significantly less atherosclerosis com-
pared with Apoe−/− mice (159). Further studies
clearly demonstrated that superoxide produc-
tion from both monocytes/macrophages and
vascular cells plays a critical role in atherogen-
esis (160). One of the mechanisms by which su-
peroxide affects atherogenesis is the activation
of SMC mitogenic signaling pathways (160).
Platelets also produce ROS, and NADPH-
induced superoxide production results in
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enhanced availability of released ADP and am-
plified platelet recruitment (161). ROS can be
neutralized by antioxidants such as superox-
ide dismutase, catalase, glutathione peroxidase,
glutathione reductase, and others, but ROS
production can exceed the scavenging capac-
ity of cellular antioxidant systems, and the re-
sulting oxidative stress can damage lipids, mem-
branes, proteins, and DNA. The mechanisms of
regulating antioxidant activity are multidirec-
tional, but it is important to mention that lami-
nar 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 adap-
tive 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, pso-
riasis, and CVDs (162). Emerging evidence
suggests that the complement system plays a
role in atherosclerosis, although its exact func-
tions and mechanisms of action remain unclear.
Modified lipoproteins and apoptotic/necrotic
cells have been shown to activate the alterna-
tive and classical complement pathways. Stud-
ies 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 le-
sion size in C5-deficient Apoe−/− mice (164)
or C3-deficient Ldlr−/− mice (165). The clas-
sical pathway of complement activation may
be protective because it promotes the clear-
ance 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 sys-
tem at the advanced stages of atherosclero-
sis is not known, but examination of human
tissues demonstrates activated complement in

human vulnerable plaques prone to rupture
(167).

Heat Shock Protein 60

There are distinct cellular and humoral reac-
tions 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 re-
sponses may be triggered against human HSPs
(168). Anti-HSP antibodies elicit production
of proinflammatory cytokines by macrophages
and of adhesion molecules by ECs. Autoanti-
body levels against HSPs are significantly in-
creased 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 liga-
tion 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 in-
volved 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 proin-
flammatory status of the vessel wall. TLRs are
the primary receptors of the innate immune sys-
tem 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 proinflamma-
tory cytokines and nitric oxide in macrophages
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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 atheroscle-
rotic lesions, and TLR4 can be upregulated
by oxLDL. Interestingly, atheroprotective lam-
inar flow downregulates TLR2 expression.
Mice lacking MyD88, a signaling molecule
downstream of most TLRs, showed re-
duced atherosclerosis (172). Myd88−/−Apoe−/−

and Tlr4−/−Apoe−/− mice exhibited reduced
atherosclerosis that was associated with reduc-
tion in the circulating levels of the proinflam-
matory 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 atheroscle-
rosis in Tlr2−/−Ldlr−/− mice, suggesting that
an unknown endogenous TLR2 agonist influ-
enced 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 char-
acterized by autoantibody production (175). In
recent years, much attention has been given to
the rising incidence of accelerated atherosclero-
sis 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 disor-
ders (176). The gld.Apoe−/− mice displayed en-
hanced atherosclerosis compared with Apoe−/−

mice, accompanied by an increase in lym-
phocyte proliferation and autoimmunity. The
gld.Apoe−/− mice had high levels of apoptotic
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 cardi-
olipin, 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 suscepti-
bility to vascular injury in patients with di-
abetes. Diabetes-accelerated atherosclerosis is
observed in type 1 and type 2 diabetic pa-
tients, but it is not known whether atheroscle-
rosis is induced through the same mechanisms
(178). In type 1 diabetes, hyperglycemia gen-
erally occurs in the absence of elevated blood
lipid levels, whereas type 2 diabetes is fre-
quently associated with dyslipidemia. Few an-
imal models are available to study diabetes-
accelerated atherosclerosis (179). To dissect the
role of lipids, glucose, and insulin in atheroscle-
rosis, investigators generated Ldlr−/− mice that
express a lymphocytic choriomeningitis virus
glycoprotein transgene under control of the in-
sulin promoter (180). Diabetic mice on regular
chow diet, in the absence of the lipid abnor-
malities, developed atherosclerosis with prefer-
ential accumulation of macrophages within the
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aortas. Western diet–fed diabetic mice showed
advanced lesions, characterized by extensive in-
tralesional hemorrhage, suggesting that hyper-
lipidemia induces a formation of more advanced
lesions (180). Mice expressing human aldose
reductase that may multiply toxic effects of
elevated glucose showed advanced atheroscle-
rosis compared with controls (181). Thus,
glucose or products of glucose metabolism are
sufficient to induce atherosclerosis in hyperlipi-
demic 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 hyper-
glycemia 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 in-
creased lipid levels in experimental groups com-
pared with control made the interpretations of
these results difficult.

Adipose tissues release cytokines that reg-
ulate not only body weight homeostasis, but
also insulin resistance that in turn influ-
ences atherosclerosis (183). Several reports sug-
gest that adipose tissues are active regula-
tors of inflammation through the production
of adipokines, proinflammatory cytokines, and
CRP that can affect immune response, in-
duce endothelial dysfunction, increase oxida-
tive 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, emerg-
ing evidence supports the existence of other
mechanisms of action. The beneficial influences
may include modification of endothelial func-
tion, increased plaque stability, reduced throm-
bus formation, and, in particular, dampened
inflammatory pathways. Statins activate per-
oxisome proliferative activated receptors (185)
and thus, indirectly, control lipid and glu-
cose 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 influ-
ence as well of CRP’s role in atherogenesis are
not clear (186). Clinical data show decreased
levels of IL-6, CXCL8, and CCL2 after treat-
ment with simvastatin. Pretreatment of human
monocytes with statins induced downregula-
tion of IL-1, CCL3, and CCL4 and of IL-18,
CCR1, and CCR2 (184). Statins also inhibit el-
evated expression of both ICAM-1 and lympho-
cyte 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 me-
diate most reverse cholesterol transport and
thus influence the amount of cellular choles-
terol under normal and pathogenic conditions.
Several studies with knockout mice for ApoA-1,
SR-B1, or ABCA1 dissected the role and impor-
tance 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. Re-
cently, investigators have also appreciated that
HDLs can lose their usual atheroprotective
properties through specific chemical and struc-
tural alterations and can play a proinflamma-
tory role by alteration of reverse cholesterol
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transport, enhanced oxidation of LDLs, and in-
creased vascular inflammation (188).

CONCLUSIONS

Our understanding of atherosclerosis has pro-
gressed remarkably over the past few years. The
discovery of subsets of inflammatory and res-
ident monocytes, M1 and M2 macrophages,
NKT cells, and Tregs opened new perspectives
on the role of inflammation and immune re-
sponses in atherosclerosis. New data suggest an
important role for chemokines and chemokine
receptors in atherosclerosis and highlight a net-
work of cytokines that modulate the immune

response and inflammation in the aortic wall.
All phases of atherosclerosis are regulated by
inflammatory mechanisms that provide over-
lapping networks of pathways involved in the
regulation of immune cell functions, activa-
tion of endothelium, and alteration of metabolic
parameters. Increasing evidence suggests that
components of the immune system may alter
lipid metabolism and thus affect atherosclero-
sis in yet another way. More work is needed to
understand the effects of statins on inflamma-
tion 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 vas-
cular 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 atheroscle-
rosis. 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.

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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167. Laine P, Pentikäinen MO, Würzner R, Penttilä A, Paavonen T, et al. 2002. Evidence for complement

activation in ruptured coronary plaques in acute myocardial infarction. Am. J. Cardiol. 90:404–8
168. Van EW, Wick G, Albani S, Cohen I. 2007. Stress, heat shock proteins, and autoimmunity: how immune

responses to heat shock proteins are to be used for the control of chronic inflammatory diseases. Ann.
N.Y. Acad. Sci. 1113:217–37

169. Hochleitner BW, Hochleitner EO, Obrist P, Eberl T, Amberger A, et al. 2000. Fluid shear stress induces
heat shock protein 60 expression in endothelial cells in vitro and in vivo. Arterioscler. Thromb. Vasc. Biol.
20:617–23

170. Rigano R, Profumo E, Buttari B, Tagliani A, Petrone L, et al. 2007. Heat shock proteins and autoimmunity
in patients with carotid atherosclerosis. Ann. N.Y. Acad. Sci. 1107:1–10

171. Frantz S, Ertl G, Bauersachs J. 2007. Mechanisms of disease: Toll-like receptors in cardiovascular disease.
Nat. Clin. Pract. Cardiovasc. Med. 4:444–54

172. Bjorkbacka H, Kunjathoor VV, Moore KJ, Koehn S, Ordija CM, et al. 2004. Reduced atherosclerosis
in MyD88-null mice links elevated serum cholesterol levels to activation of innate immunity signaling
pathways. Nat. Med. 10:416–21

173. Michelsen KS, Wong MH, Shah PK, Zhang W, Yano J, et al. 2004. Lack of Toll-like receptor 4 or
myeloid differentiation factor 88 reduces atherosclerosis and alters plaque phenotype in mice deficient
in apolipoprotein E. Proc. Natl. Acad. Sci. USA 101:10679–84

174. Mullick AE, Tobias PS, Curtiss LK. 2005. Modulation of atherosclerosis in mice by Toll-like receptor
2. J. Clin. Investig. 115:3149–56

196 Galkina · Ley

A
nn

u.
 R

ev
. I

m
m

un
ol

. 2
00

9.
27

:1
65

-1
97

. D
ow

nl
oa

de
d 

fr
om

 a
rj

ou
rn

al
s.

an
nu

al
re

vi
ew

s.
or

g
by

 L
a 

Jo
lla

 I
ns

tit
ut

e 
fo

r 
A

lle
rg

y 
&

 I
m

m
un

ol
og

y 
on

 0
5/

15
/0

9.
 F

or
 p

er
so

na
l u

se
 o

nl
y.



ANRV371-IY27-07 ARI 16 February 2009 8:29

175. Kotzin BL. 1996. Systemic lupus erythematosus. Cell 85:303–6
176. Aprahamian T, Rifkin I, Bonegio R, Hugel B, Freyssinet JM, et al. 2004. Impaired clearance of apoptotic

cells promotes synergy between atherogenesis and autoimmune disease. J. Exp. Med. 199:1121–31
177. Feng X, Li H, Rumbin AA, Wang X, La CA, et al. 2007. ApoE−/−Fas−/− C57BL/6 mice: a novel murine

model simultaneously exhibits lupus nephritis, atherosclerosis, and osteopenia. J. Lipid Res. 48:794–805
178. Gleissner CA, Galkina E, Nadler JL, Ley K. 2007. Mechanisms by which diabetes increases cardiovascular

disease. Drug Discov. Today Dis. Mech. 4:131–40
179. Hsueh W, Abel ED, Breslow JL, Maeda N, Davis RC, et al. 2007. Recipes for creating animal models

of diabetic cardiovascular disease. Circ. Res. 100:1415–27
180. Renard CB, Kramer F, Johansson F, Lamharzi N, Tannock LR, et al. 2004. Diabetes and diabetes-

associated lipid abnormalities have distinct effects on initiation and progression of atherosclerotic lesions.
J. Clin. Investig. 114:659–68

181. Vikramadithyan RK, Hu Y, Noh HL, Liang CP, Hallam K, et al. 2005. Human aldose reductase expres-
sion accelerates diabetic atherosclerosis in transgenic mice. J. Clin. Investig. 115:2434–43

182. Wu KK, Wu TJ, Chin J, Mitnaul LJ, Hernandez M, et al. 2005. Increased hypercholesterolemia and
atherosclerosis in mice lacking both ApoE and leptin receptor. Atherosclerosis 181:251–59

183. Van Gaal LF, Mertens IL, De Block CE. 2006. Mechanisms linking obesity with cardiovascular disease.
Nature 444:875–80

184. Steffens S, Mach F. 2006. Drug insight: immunomodulatory effects of statins—potential benefits for
renal patients? Nat. Clin. Pract. Nephrol. 2:378–87

185. Martin G, Duez H, Blanquart C, Berezowski V, Poulain P, et al. 2001. Statin-induced inhibition of the
Rho-signaling pathway activates PPARα and induces HDL apoA-I. J. Clin. Investig. 107:1423–32

186. Ridker PM, Cannon CP, Morrow D, Rifai N, Rose LM, et al. 2005. C-reactive protein levels and
outcomes after statin therapy. N. Engl. J. Med. 352:20–28

187. Tall AR. 2008. Cholesterol efflux pathways and other potential mechanisms involved in the athero-
protective effect of high density lipoproteins. J. Intern. Med. 263:256–73

188. Ansell BJ, Fonarow GC, Fogelman AM. 2007. The paradox of dysfunctional high-density lipoprotein.
Curr. Opin. Lipidol. 18:427–34

189. Katagiri H, Yamada T, Oka Y. 2007. Adiposity and cardiovascular disorders: disturbance of the regulatory
system consisting of humoral and neuronal signals. Circ. Res. 101:27–39

190. Tilg H, Moschen AR. 2006. Adipocytokines: mediators linking adipose tissue, inflammation and immu-
nity. Nat. Rev. Immunol. 6:772–83

191. Arita Y, Kihara S, Ouchi N, Takahashi M, Maeda K, et al. 1999. Paradoxical decrease of an adipose-
specific protein, adiponectin, in obesity. Biochem. Biophys. Res. Commun. 257:79–83

192. Tian L, Luo N, Klein RL, Chung BH, Garvey WT, Fu Y. 2009. Adiponectin reduces lipid accumulation
in macrophage foam cells. Atherosclerosis. 202:152–61

193. Okamoto Y, Folco EJ, Minami M, Wara AK, Feinberg MW, et al. 2008. Adiponectin inhibits the
production of CXC receptor 3 chemokine ligands in macrophages and reduces T-lymphocyte recruitment
in atherogenesis. Circ. Res. 102:218–25

194. Kato H, Kashiwagi H, Shiraga M, Tadokoro S, Kamae T, et al. 2006. Adiponectin acts as an endogenous
antithrombotic factor. Arterioscler. Thromb. Vasc. Biol. 26:224–30

195. Yang R, Barouch LA. 2007. Leptin signaling and obesity: cardiovascular consequences. Circ. Res. 101:545–
59

196. Maruyama I, Nakata M, Yamaji K. 2000. Effect of leptin in platelet and endothelial cells. Obesity and
arterial thrombosis. Ann. N.Y. Acad. Sci. 902:315–19

197. Bodary PF, Gu S, Shen Y, Hasty AH, Buckler JM, Eitzman DT. 2005. Recombinant leptin pro-
motes atherosclerosis and thrombosis in apolipoprotein E-deficient mice. Arterioscler. Thromb. Vasc. Biol.
25:e119–22

www.annualreviews.org • Immune and Inflammatory Mechanisms of Atherosclerosis 197

A
nn

u.
 R

ev
. I

m
m

un
ol

. 2
00

9.
27

:1
65

-1
97

. D
ow

nl
oa

de
d 

fr
om

 a
rj

ou
rn

al
s.

an
nu

al
re

vi
ew

s.
or

g
by

 L
a 

Jo
lla

 I
ns

tit
ut

e 
fo

r 
A

lle
rg

y 
&

 I
m

m
un

ol
og

y 
on

 0
5/

15
/0

9.
 F

or
 p

er
so

na
l u

se
 o

nl
y.



AR371-FM ARI 16 February 2009 15:37

Annual Review of
Immunology

Volume 27, 2009Contents

Frontispiece
Marc Feldmann � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � x

Translating Molecular Insights in Autoimmunity into Effective
Therapy
Marc Feldmann � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � �1

Structural Biology of Shared Cytokine Receptors
Xinquan Wang, Patrick Lupardus, Sherry L. LaPorte,
and K. Christopher Garcia � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � 29

Immunity to Respiratory Viruses
Jacob E. Kohlmeier and David L. Woodland � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � 61

Immune Therapy for Cancer
Michael Dougan and Glenn Dranoff � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � 83

Microglial Physiology: Unique Stimuli, Specialized Responses
Richard M. Ransohoff and V. Hugh Perry � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � �119

The Liver as a Lymphoid Organ
Ian Nicholas Crispe � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � �147

Immune and Inflammatory Mechanisms of Atherosclerosis
Elena Galkina and Klaus Ley � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � �165

Primary B Cell Immunodeficiencies: Comparisons and Contrasts
Mary Ellen Conley, A. Kerry Dobbs, Dana M. Farmer, Sebnem Kilic,
Kenneth Paris, Sofia Grigoriadou, Elaine Coustan-Smith, Vanessa Howard,
and Dario Campana � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � �199

The Inflammasomes: Guardians of the Body
Fabio Martinon, Annick Mayor, and Jürg Tschopp � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � �229

Human Marginal Zone B Cells
Jean-Claude Weill, Sandra Weller, and Claude-Agnès Reynaud � � � � � � � � � � � � � � � � � � � � � �267

v

A
nn

u.
 R

ev
. I

m
m

un
ol

. 2
00

9.
27

:1
65

-1
97

. D
ow

nl
oa

de
d 

fr
om

 a
rj

ou
rn

al
s.

an
nu

al
re

vi
ew

s.
or

g
by

 L
a 

Jo
lla

 I
ns

tit
ut

e 
fo

r 
A

lle
rg

y 
&

 I
m

m
un

ol
og

y 
on

 0
5/

15
/0

9.
 F

or
 p

er
so

na
l u

se
 o

nl
y.



AR371-FM ARI 16 February 2009 15:37

Aire
Diane Mathis and Christophe Benoist � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � �287

Regulatory Lymphocytes and Intestinal Inflammation
Ana Izcue, Janine L. Coombes, and Fiona Powrie � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � �313

The Ins and Outs of Leukocyte Integrin Signaling
Clare L. Abram and Clifford A. Lowell � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � �339

Recent Advances in the Genetics of Autoimmune Disease
Peter K. Gregersen and Lina M. Olsson � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � �363

Cell-Mediated Immune Responses in Tuberculosis
Andrea M. Cooper � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � �393

Enhancing Immunity Through Autophagy
Christian Münz � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � �423

Alternative Activation of Macrophages: An Immunologic Functional
Perspective
Fernando O. Martinez, Laura Helming, and Siamon Gordon � � � � � � � � � � � � � � � � � � � � � � � �451

IL-17 and Th17 Cells
Thomas Korn, Estelle Bettelli, Mohamed Oukka, and Vijay K. Kuchroo � � � � � � � � � � � � � �485

Immunological and Inflammatory Functions of the Interleukin-1
Family
Charles A. Dinarello � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � �519

Regulatory T Cells in the Control of Host-Microorganism Interactions
Yasmine Belkaid and Kristin Tarbell � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � �551

T Cell Activation
Jennifer E. Smith-Garvin, Gary A. Koretzky, and Martha S. Jordan � � � � � � � � � � � � � � �591

Horror Autoinflammaticus: The Molecular Pathophysiology of
Autoinflammatory Disease
Seth L. Masters, Anna Simon, Ivona Aksentijevich, and Daniel L. Kastner � � � � � � � � �621

Blood Monocytes: Development, Heterogeneity, and Relationship
with Dendritic Cells
Cedric Auffray, Michael H. Sieweke, and Frederic Geissmann � � � � � � � � � � � � � � � � � � � � � � � �669

Regulation and Function of NF-κB Transcription Factors in the
Immune System
Sivakumar Vallabhapurapu and Michael Karin � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � �693

vi Contents

A
nn

u.
 R

ev
. I

m
m

un
ol

. 2
00

9.
27

:1
65

-1
97

. D
ow

nl
oa

de
d 

fr
om

 a
rj

ou
rn

al
s.

an
nu

al
re

vi
ew

s.
or

g
by

 L
a 

Jo
lla

 I
ns

tit
ut

e 
fo

r 
A

lle
rg

y 
&

 I
m

m
un

ol
og

y 
on

 0
5/

15
/0

9.
 F

or
 p

er
so

na
l u

se
 o

nl
y.


	Annual Reviews Online
	Search Annual Reviews
	Annual Review of Immunology
Online
	Most Downloaded Immunology
Reviews
	Most Cited Immunology
Reviews
	Annual Review of Immunology
Errata
	View Current Editorial Committee

	All Articles in the Annual Review of Immunology, Vol. 2
7
	Translating Molecular Insights in Autoimmunity into EffectiveTherapy
	Structural Biology of Shared Cytokine Receptors
	Immunity to Respiratory Viruses
	Immune Therapy for Cancer
	Microglial Physiology: Unique Stimuli, Specialized Responses
	The Liver as a Lymphoid Organ
	Immune and Inflammatory Mechanisms of Atherosclerosis
	Primary B Cell Immunodeficiencies: Comparisons and Contrasts
	The Inflammasomes: Guardians of the Body
	Human Marginal Zone B Cells
	Aire
	Regulatory Lymphocytes and Intestinal Inflammation
	The Ins and Outs of Leukocyte Integrin Signaling
	Recent Advances in the Genetics of Autoimmune Disease
	Cell-Mediated Immune Responses in Tuberculosis
	Enhancing Immunity Through Autophagy
	Alternative Activation of Macrophages: An Immunologic FunctionalPerspective
	IL-17 and Th17 Cells
	Immunological and Inflammatory Functions of the Interleukin-1Family
	Regulatory T Cells in the Control of Host-Microorganism Interactions
	T Cell Activation
	Horror Autoinflammaticus: The Molecular Pathophysiology ofAutoinflammatory Disease
	Blood Monocytes: Development, Heterogeneity, and Relationshipwith Dendritic Cells
	Regulation and Function of NF-κB Transcription Factors in theImmune System




