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Atherosclerosis is a chronic disease that
begins in fetal life, slowly progresses
during childhood and adolescence, and
then accelerates in fits and spurts in
adult life to result in plaque erosion or
rupture, effecting morbid or fatal clini-
cal events. Autopsy studies have con-
firmed the presence of advanced and
obstructive lesions in young and clinically robust individu-
als, and intracoronary ultrasound studies have demonstrated
the remarkable prevalence of coronary atherosclerosis in
37% of ‘healthy’ heart donors 20–29 years of age, 60% of
those 30–39 years of age and 85% of those over 50 years of
age1. Therefore, it is not unexpected that the initial manifes-
tation of cardiovascular disease (CVD) in 50% of patients is
either sudden death or myocardial infarction. These data em-
phasize the need to intervene early in the ‘natural history’ of
atherosclerosis to prevent the development of clinical dis-
ease and death.

Hypercholesterolemia seems to be an absolute prerequisite
for lesion initiation and progression. If all adults had life-
long ideal plasma cholesterol (below 150 mg/dl), there
would probably be few if any cases of symptomatic disease.
However, there is diversity in expression of disease even in
cases of extreme hypercholesterolemia: a 3-year-old male
with homozygous familial hypercholesterolemia developed
myocardial infarction and died, whereas a 33-year-old fe-
male with the same mutation in the gene encoding the low-
density-lipoprotein receptor (LDLR) and the same plasma
cholesterol concentration (800 mg/dl) died from a non-coro-
nary cause2.

What accounts for these differences in the rate of lesion
formation and clinical presentation? For the most part, this
is unknown; furthermore, because atherosclerosis is a com-
plex disease whose etiology is multifactorial, it is likely that
different factors will dominate in different individuals3.
There are many ‘traditional’ risk factors discovered by classi-
cal epidemiology that define much of the risk, such as hyper-
cholesterolemia, smoking, male gender, hypertension,
diabetes and age. However, newly defined ‘non-traditional’
risk factors are emerging as being equally important. Among
these, it is now apparent that the immune system, when con-
sidered in the broadest context, is one of the dominant fac-
tors, aside from cholesterol, modulating atherogenesis4–6.
Here we will review the rationale for immune involvement—
the evidence that both adaptive and innate immune mecha-
nisms come into play in response to antigens in the
atherosclerotic lesion and that these responses can modulate
lesion development. Many of the immune responses in-
volved in atherogenesis most likely evolved as responses to
other pathogens that are more fundamentally important for
the survival of the host, and provide examples of antigens

that show molecular mimicry between
epitopes of atherosclerosis-associated
antigens and other endogenous and ex-
ogenous pathogens. Understanding the
mechanisms by which the immune sys-
tem affects atherogenesis not only will
provide new insights into the patho-
genesis of lesion formation but also

could lead to new therapeutic approaches that involve im-
mune modulation.

Why is the immune system involved?
Many genes are involved in immune function, indicative of
the vital survival advantage of such a complex system.
Atherosclerosis is manifested well beyond the reproductive
period and thus could not have exerted evolutionary pres-
sure for any selected immune response. However, it is now
recognized that there are responses to inflammatory compo-
nents of the atherogenic process that are shared with similar
disease processes in infectious as well as other acute and
chronic diseases. It is likely that those other diseases have
‘selected’ certain immune responses that in turn affect
atherogenesis for better or worse. The fundamental apprecia-
tion that inflammation is an important and possibly even
obligatory component of lesion initiation and progression,
and also participates in the plaque rupture that mediates
thrombotic complications and clinical events, has funda-
mentally changed the view of the pathogenesis of atheroscle-
rosis7,8. Immune activation must be viewed in the context of
responses to inflammatory components of atherogenesis.

Inflammation is a process in which blood leukocytes leave
the vascular space and enter a tissue site in response to a per-
ceived pathogen. In atherosclerotic lesions, the nature of the
inciting pathogen is not entirely clear. There are probably
several different candidate pathogens or pathogenic processes
that can elicit localized inflammatory responses in the artery;
one prime set of candidates is minimally oxidized LDL (called
minimally modified LDL, or mmLDL) and late forms of oxi-
dized LDL (oxLDL). Once trapped in the artery wall by bind-
ing to extracellular proteoglycans, a key event in
atherogenesis9,10, LDL is oxidized by mechanisms not yet un-
derstood11 and/or undergoes other types of modifications,
such as non-enzymatic glycation, enzymatic degradation, ag-
gregation or combinations of these, all of which result in al-
terations of ‘self’. The consequent generation of a wide
spectrum of oxidation-specific (or other modification-spe-
cific) neo-epitopes renders the modified LDL immunogenic,
and leads to both a cellular and a humoral response6. In addi-
tion, the oxidation of LDL generates oxidized lipids that are
toxic, pro-inflammatory and ultimately pro-atherogenic12.
For example, oxidized cholesterol moieties can promote
apoptosis and cell death13. Oxidized phospholipids can in-
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duce artery wall cells to secrete chemo-
tactic molecules, such as monocyte
chemoattractant protein 1 (MCP-1); ac-
tivate endothelial cells to express adhe-
sion molecules for monocytes and T
cells; and induce expression of growth
factors, such as monocyte colony-stim-
ulating factor, that facilitate the pheno-
typic transformation of monocytes into
macrophages and stimulate the prolif-
eration of smooth muscle cells14,15.
Macrophages, a central mediator of cel-
lular innate (and adaptive) immunity,
are essential in lesion initiation and
progression3,4. Once activated, they ini-
tiate the oxidation of LDL and rapidly
take up oxLDL through specific scav-
enger receptors, leading to foam-cell
formation16. This is a key event in dis-
ease progression, as mice deficient in
scavenger receptor A and CD36 have
significantly reduced atherosclero-
sis17,18. Activated macrophages also se-
crete a variety of pro-inflammatory
products that affect lesion progression
and plaque stability3.

Other potential candidate pathogens
include infectious agents19, pathogenic
molecules that incite one or more
events of the inflammatory cascade
(such as lysophospholipids or oxidized
lipids), and metabolic events, which
can mediate increased production of reactive oxygen species
(such as hypercholesterolemia or hypertension, by means of
angiotensin II)20. Evidence indicates that the chief risk fac-
tors for atherogenesis, such as dyslipidemia and diabetes as
well as the insulin resistance associated with obesity, also
contribute to inflammatory conditions through complex
mechanisms, including enhanced lipid peroxidation, glycox-
idation and increased secretion of pro-inflammatory cy-
tokines, among other effects. Evidence that inflammation is
important is strongly supported by many studies showing
that increased plasma concentrations of markers of inflam-
mation, such as C-reactive protein (CRP), interleukin 6 (IL-
6), serum amyloid A, IL-1 receptor (IL-1R) antagonist and
soluble adhesion molecules, are independent predictors of
coronary events8 (Fig. 1).

Evidence of immune system involvement in atherogenesis
Both adaptive and innate immune responses modulate the
rate of lesion progression as well as the composition of the
lesions (Table 1). Both apolipoprotein E–deficient (Apoe–/–)
and Ldlr–/– mice have been individually crossed into a recom-
bination activating gene (Rag)-deficient background (Rag1–/–

or Rag2–/–), generating hypercholesterolemic mice lacking
both T and B cells. When such mice are fed an atherogenic
diet to produce very high plasma cholesterol (above 1,300
mg/dl) for a sufficiently long period of time (more than 16
weeks), they do not show any change in the extent of lesion
formation as compared with that of Apoe–/– mice with normal
immune function21–23. However, when these same immunod-
eficient mice are examined at earlier time points (4–8 weeks)

or even at more extended periods of time but in the presence
of much lower plasma cholesterol concentrations (about
600–800 mg/dl), the effect of immune deficiency results in a
40–80% decrease in the extent of lesions formed21,23,24. In ad-
dition, crosses of Apoe–/– mice with severe combined immun-
odeficiency mice, which also lack B and T cells, generated
mice that also had 70% fewer lesions. However, when CD4+ T
cells from atherosclerotic Apoe–/– mice were transferred into
these mice, they developed atherosclerosis similar to that of
immunocompetent controls25. These immune-mediated ef-
fects were site specific, as Apoe–/– × Rag2–/– mice showed a
60–80% reduction in lesions at the site where lesions first ap-
pear in mice, the aortic root, whereas there were no differ-
ences in lesions of the brachiocephalic trunk in male mice,
although this was not the case in female mice24.

Cumulatively, these studies indicate that T and B cells are
not obligatory for lesion initiation or progression if there is
sufficiently high atherogenic pressure generated by substan-
tial hypercholesterolemia for a sufficient period of time.
However, with less atherogenic pressure, these immune re-
sponses are influential in modulating the course of atherogen-
esis. These studies indicate a net pro-atherogenic effect of T-
and B-cell function, but even these effects must be qualified by
site and possibly even gender effects. Furthermore, there are
many examples of specific protective mechanisms of immune
activation as well, such as the demonstration that immuniza-
tion of hypercholesterolemic animals with an immunodomi-
nant antigen of lesions, oxLDL, ameliorates the progression of
lesion formation despite very high plasma cholesterol26–30.
Infusion of polyspecific immunoglobulin into Apoe–/– mice is
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Fig. 1 Relationship of CRP to HDL cholesterol concentrations, demonstrating that CRP is an inde-
pendent risk factor for CVD (from ref. 8). TC, total cholesterol; HDL, high density lipoprotein cho-
lesterol; ha-CRR, high-sensitivity CRP. 
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also protective31. The important lesson is that the impact of
immune function is complex, as might be expected, and ath-
erosclerosis can be both enhanced and inhibited by immune
modulation. However, there is no evidence so far that im-
mune mechanisms are primary causes of atherosclerosis.

Innate immunity and atherosclerosis
Innate immunity is characterized by a natural selection of
germline-encoded receptors, which focuses on highly con-
served motifs in pathogens. It provides the first line of defense
for the host and is characterized by fast and blunt responses. It
involves several cell types, most importantly macrophages
(and dendritic cells), which express a limited repertoire (about
100) of highly conserved pattern-recognition receptors (PRRs),
such as scavenger receptors and Toll-like receptors (TLRs).
Such PRRs typically recognize a restricted pattern of ligands,
called pathogen-associated molecular patterns (PAMPs). In ad-
dition to being ligands on pathogens, PAMPs include a diverse
array of compounds, including lipopolysaccharides, teichoic
acids, aldehyde-derivatized proteins, mannans, bacterial
DNAs and denatured DNAs. After receptor ligation, cells either
endocytose PAMP-expressing particles or are activated (for ex-
ample, through nuclear factor-κB), which elicits an inflamma-
tory response32,33.

The recruitment of monocytes is essential for lesion forma-
tion (Fig. 2), as hypercholesterolemic mice that are deficient
in MCP-1 or in expression of CCR2, its cognate receptor on
monocytes, have a greatly reduced incidence of atherosclero-
sis 34,35. Similarly, hypercholesterolemic Op/Op (Csf1–/–) mice,
which lack monocyte colony-stimulating factor and there-
fore lack differentiated macrophages in their tissues, show
minimal atherosclerosis36. During early events in atheroscle-
rosis, activated endothelial cells express various adhesion
molecules, resulting in leukocyte rolling and adhesion37. This
activation is triggered most prominently by products of
oxLDL. For example, the oxidized phospholipid 1-palmitoyl-
2-(5-oxovaleroyl)-sn-glycero-3-phosphorylcholine (POVPC)
selectively induces connecting segment-1 (CS-1) fibronectin,

whereas other oxidized phospholipids show an induction of
vascular cell adhesion molecule 1, which might explain the
preferential recruitment of monocytes and T cells because of
their interaction with the integrin very late antigen 4 (ref.
14). Cytokines such as tumor necrosis factor-α (TNF-α) and
IL-1 are also involved. Oxidized LDL and locally secreted
chemokines, such as MCP-1, effect the chemotactic migra-
tion of monocytes and T cells, but not neutrophils, into the
subendothelial space38. In turn, the expression of MCP-1 by
arterial cells is strongly stimulated by oxidized phospho-
lipids as well as cytokines and activated complement.

Macrophages (and dendritic cells) are important in adap-
tive immunity in their capacity to ingest pathogens and pre-
sent antigens to initiate adaptive immune responses.
Macrophages are fundamental innate immune cells through
their production of reactive oxygen species, proteases and
cytokines as well as their scavenging functions mediated
through PRRs. The scavenger receptors CD36 and SR-B1, as
well as SR-A, are examples of such PRRs, which internalize
oxLDL, leading to foam-cell formation, a rate-limiting step
in atherogenesis17,18. TLRs are expressed in atherosclerotic le-
sions39 and may also participate in inflammatory signaling.
Although TLR4 deficiency does not decrease atherosclerosis
in cholesterol-fed Apoe–/– mice40, a TLR4 polymorphism that
attenuates receptor signaling is associated with decreased
atherosclerosis in humans41. The function of other TLRs has
not yet been examined. CD14, the non-transmembrane re-
ceptor for lipopolysaccharide, initiates inflammatory re-
sponses through interactions with TLRs. A polymorphism in
the CD14 promoter, resulting in a significantly higher den-
sity of CD14 on monocytes, has been identified as a risk fac-
tor for myocardial infarction42. These data indicate a
convergence of innate immunity to pathogens and athero-
sclerosis. A variety of stimuli can activate macrophages to se-
crete an array of cytokines that tightly regulate scavenger
receptor expression and inflammatory responses in general.
Components of oxLDL, in turn, can also activate
macrophages and affect gene expression, such as expression

Table 1.  Immune modulation of atherogenic murine models

Defect or treatment Immunological effect Effect on Mouse model Diet Ref.
atherosclerosis

Rag1–/–Rag2–/– T- and B-cell defect ↓ Apoe–/– Chow diet 21,24
Rag1–/–Rag2–/– T- and B-cell defect No effect Apoe–/– High-fat diet 21,22
Rag1–/– T- and B-cell defect ↓ (early) Ldlr–/– High-fat diet 23
Splenectomy ↑ Apoe–/– High-fat diet 72
plus B-cell transfer from old Apoe–/– Rescue Normal/splenectomized Apoe–/– High-fat diet 72
plus T-cell transfer from old Apoe–/– Rescue Splenectomized Apoe–/– High-fat diet 72
CD4+ cell transfer from old Apoe–/– ↑ Apoe–/– × SCID Chow diet 25
Anti-CD40L No CD40 signaling ↓ Ldlr–/– High-fat diet 56–58
CD40L–/– No CD40 signaling ↓ Apoe–/– Chow diet 59
IFN-γR–/– No IFN-γ effects ↓ Apoe–/– High-fat diet 62
IFN-γ treatment More IFN-γ effects ↑ Apoe–/– Chow diet 63
IL-10 transgenic More IL-10 by T cells ↓ Ldlr–/– High-fat diet 66
IL-12 treatment More IL-12 effects ↑ Apoe–/– High-fat diet 64
IL-18 treatment More IFN-γ effects ↑ Apoe–/– /Apoe–/– × IFN-γ –/– Chow diet 65
Anti-TGF-β1,2,3 No TGF-β signaling ↑ Apoe–/– Chow diet 70,71
Polyspecific IgG Immunosuppression ↓ Apoe–/– High-fat diet 31
Hsp65 Vaccination ↑ Ldlr–/– Chow diet 80
oxLDL Vaccination ↓ Ldlr–/– High-fat diet 28
oxLDL Vaccination ↓ Apoe–/– High-fat diet 29,30

SCID, severe combined immunodeficiency; Anti-CD40L, antibody against CD40L;IFN-γR, IFN-γ receptor; Anti-TGF-β1,2,3, antibody against TGF-β1,2,3.
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of genes encoding peroxisome proliferator-activated recep-
tor-γ, CD36 and ATP-binding cassette transporter A1, which
profoundly influence macrophage inflammatory and athero-
genic activity (discussed in the accompanying article by Li
and Glass43).

Soluble factors of innate defense, such as complement and
CRP, which act together to rapidly eliminate microbes, are
also involved in atherogenesis. Deposition of C3, C4 and ter-
minal C5b–C9 complement complexes occur in atheroscle-
rotic lesions44. Ldlr–/– mice deficient in C3 develop increased
atherosclerosis, indicating an important function for the
complement system45. As discussed above, CRP reflects in-
flammation and is an independent risk factor for CVD. In
the context of immunity, it functions as an acute-phase pro-
tein to rapidly clear pathogens46. CRP may be  involved in
atherogenesis, however, as indicated by the observation that
it is secreted by intimal macrophages, as discussed below47.

Natural antibodies (generated in the absence of known anti-
gen stimulation), mainly immunoglobulin M (IgM), mediate
immediate responses against systemic bacterial and viral infec-
tions, preventing their dissemination. Many of these antibod-
ies are produced by a specialized set of innate B lymphocytes,
the B1 cells, which typically express a restricted set of
germline-encoded antigen receptors with specificity for nat-
ural or self ligands and generate a link between the innate and
adaptive immune responses. In atherosclerosis, IgM responses
to oxLDL have been found in both animal models of athero-
sclerosis and in humans (discussed below). Immunoglobulins,
including IgM, are deposited in atherosclerotic lesions, and
some of these have been shown to have specificity for epitopes
of oxLDL (ref. 48). CD1d-restricted natural killer T cells, equiv-
alent to B1 cells as innate T lymphocytes, have not yet been re-
ported to be involved in atherosclerosis.

Adaptive immunity and atherosclerosis
In contrast to innate immunity, adaptive immunity is more
precise but slower. Specific molecular structures on antigens
are recognized by antigen receptors, such as T-cell receptors
(TCRs) and B-cell receptors (BCRs), which provide great
specificity and affinity by somatic rearrangements in blast
cells. In contrast to the limited number of PRRs, TCRs have
been estimated to number about 1018 and BCRs about 1014,
providing an almost unlimited number of receptors.

Dendritic cells and macrophages can activate T cells. This
process involves the presentation of antigen to the antigen-
specific TCR and additional co-stimulatory signals, such as
the interaction of CD40 ligand (CD40L) with CD40. Most
antigens cannot stimulate B cells without assistance from
CD4+ T cells, which recognize these peptide–major histocom-
patibility complex (MHC) complexes on B cells, become acti-
vated and provide signals (co-stimulatory molecules and
cytokines) that promote somatic hypermutation and im-
munoglobulin class switching. Most CD4+ cells are cytokine-

secreting T-helper (Th) cells and express αβ-TCR, which in-
teracts with MHC class II molecules. A smaller portion ex-
presses γδ-TCR; most of these cells interact with the
non-polymorphic non-classical MHC molecule CD1, which
presents certain antigens (particularly lipids and glycol-
ipids). Based on the cytokines they secrete, Th cells are tradi-
tionally divided into Th1 cells, which secrete interferon-γ
(IFN-γ) and IL-2 and promote cell-mediated immunity, and
Th2 cells, which secrete IL-4, IL-5, IL-10 and IL-13 and help B
cells produce antibodies. These two subsets of Th cells also
cross-regulate each others’ activity. CD8+ T cells are mainly
cytotoxic killer cells, although they too can secrete cy-
tokines, such as TNF-α, lymphotoxin and IFN-γ.

Some T cell–independent antigens can activate B cells
without the help of cognate T-cell function; these responses
are dominated by IgM, because class switching is severely
limited49. Such thymus-independent antigens are typically
represented by closely spaced repeated epitopes expressed at
high density50. Oxidized LDL, which expresses multiple
copies of oxidation-specific epitopes on a single LDL particle,
is probably an example of such an antigen.

In general, antibodies provide protection against exoge-
nous pathogens and endogenous altered self molecules to
maintain homeostasis by neutralization and clearance.

Fig. 2 Fatty streaks of human coronary arteries and aortae from animal
models of atherosclerosis immunostained for macrophages (top), oxida-
tion-specific epitopes (middle) or T cells (bottom). Oxidation-specific epi-
topes were visualized using a natural monoclonal antibody cloned from
atherosclerotic Apoe–/– mice that recognizes oxLDL and oxidized phospho-
lipids and is structurally and functionally identical to T15-clonospecific
antibodies against PC. (Courtesy of W. Palinski, Department of Medicine,
University of California, San Diego.)

RV-1102.qxd  10/18/02  4:12 PM  Page 1221

©
20

02
 N

at
u

re
 P

u
b

lis
h

in
g

 G
ro

u
p

  
h

tt
p

:/
/w

w
w

.n
at

u
re

.c
o

m
/n

at
u

re
m

ed
ic

in
e



1222 NATURE MEDICINE • VOLUME 8 • NUMBER 11 • NOVEMBER 2002

REVIEW

Antibodies can also induce other components of the im-
mune system, such as complement pathways and effector
functions of other immune cells (macrophages, B cells, mast
cells and so on). The latter process involves binding to anti-
body class–corresponding Fc receptors, leading to either neg-
ative or positive regulation of immune cell responses, the
efficient uptake of immune complexes for the degradation of
antigens, and efficient antigen presentation. These adaptive
responses cooperate in a highly regulated manner and arm
the host for quick and specific responses in subsequent en-
counters with the antigen.

T cells are a prominent component of both early and late
lesions (Fig. 2). Most T cells in lesions bear CD3 and CD4
markers and αβ-TCR. These represent about two-thirds of all
CD3+ cells in advanced human lesions and more than 90% of
T cells in lesions of Apoe–/– mice5. There is also evidence for
the presence of dendritic cells, which could be part of a hy-
pothesized Langerhans cell–like network in the vessel wall51.
In addition, moderate numbers of CD8+ T cells are found.
Small numbers of natural killer cells are also found in early
lesions; however, cytolytic activity mediated by natural killer
cells does not affect lesion progression52. In contrast, there
are relatively few B cells, although they are found in the ad-
ventitia surrounding lesions53,54.

All lesion cells express MHC class II molecules, indicative
of IFN-γ-mediated activation. In turn, MHC class II mole-
cules can interact with the TCRs of CD4+ Th cells5.
Unexpectedly, the co-stimulatory factors CD40 and CD40L
have been reported to be expressed widely in all cells in the
lesion, not just in T cells and B cells55. These interactions are
important, as genetic disruption of CD154 (CD40L) in Apoe–/–

mice56, as well as treatment of cholesterol-fed Ldlr–/– mice
with antibody against CD40L, reduced lesion formation by
more than 60% (ref. 57). Furthermore, treatment with anti-
bodies against CD40L inhibited the evolution of already es-
tablished lesions and induced a stable plaque phenotype58,59.
IFN-γ induces CD40, and CD40 ligation induces matrix met-
alloproteinase expression by macrophages, which can cause
plaque destabilization.

Th1 cells are dominant in atherosclerotic lesions, espe-
cially early lesions, as the cytokines IFN-γ, IL-2 and TNF-α are
highly expressed, whereas only low amounts of the Th2 cy-
tokines IL-4, IL-5 and IL-10 can be detected. In addition,
IgG2a antibodies against oxLDL epitopes, typical of Th1
help, predominate in plasma during early stages of athero-
sclerosis in Ldlr–/– and Apoe–/– mice. IL-4 expression was de-
tected in lesions of Apoe–/– mice only at very advanced stages
of disease in the presence of excessive hypercholesterolemia.
Only at this later stage were IgG1 antibodies, typical of Th2
help, found more prominently5.

In the context of atherogenesis, the Th1 cytokine IFN-γ is
pro-inflammatory and pro-atherogenic. In addition to acti-
vating macrophages, it inhibits smooth muscle cell prolifera-
tion and collagen synthesis, and thereby promotes plaque
destabilization. IL-1 and TNF-α have similar functions in
promoting inflammatory responses (IL-6 and CRP) and the
induction of matrix metalloproteinase 9. IL-12 and IL-18 are
also highly expressed in atherosclerotic lesions and can fur-
ther augment IFN-γ secretion60,61. Th1-mediated effects ap-
pear to be atherogenic: Apoe–/– mice deficient in the IFN-γ
receptor have significantly decreased lesions and increased
collagen content62; daily administration of IFN-γ promoted

atherosclerosis in Apoe–/– mice63; and daily administration of
IL-12 or IL-18, both of which promote Th1 effects, also in-
creased atherosclerosis in Apoe–/– mice64,65. The pro-athero-
genic effects of IL-18 are mediated through IFN-γ (ref. 65).
Thus, Th1 cells secrete IFN-γ, which activates macrophages
and leads to their release of IL-12, which in turn augments
IFN-γ secretion by T cells. IFN-γ also inhibits the production
of the Th2 cytokines IL-4 and IL-10.

In contrast, Th2 responses seem to antagonize pro-athero-
genic Th1 effects and thereby confer atheroprotection. IL-10
can potently suppress IL-12 and IFN-γ secretion. In vitro stud-
ies have shown that recombinant IL-10 inhibited the oxLDL-
induced production of IL-12 by human monocytes,
indicating a protective function for IL-10. Indeed, choles-
terol-fed Ldlr–/– mice that overexpress IL-10 in T cells under
control of the human IL-2 promoter had 50% smaller le-
sions66 compared to Ldlr–/– mice. These same mice also had de-
creased circulating IFN-γ-secreting CD4+ cells in peripheral
blood and in the spleen, and showed an increased ratio of
IgG1 to IgG2a antibodies against malondialdehyde-
(MDA)–LDL. Furthermore, treatment of Apoe–/– mice with
pentoxifylline, which inhibits Th1 differentiation, decreases
lesion formation67. In addition, mildly hypercholes-
terolemic, genetically modified C57Bl/6 mice demonstrated
a protective function for Th2-biased responses in fatty streak
formation68. The function of the Th2 cytokine IL-4 might be
more complex, as other studies found this cytokine to be
pro-atherogenic69. In summary, Th2 responses seem to have a
protective effect. T cells and macrophages engage in an inter-
active ‘dialog’60, and the local dominance of one subset of Th
cells could well influence the course of lesion progression
and stability.

The anti-inflammatory cytokine transforming growth fac-
tor-β (TGF-β) is secreted by macrophages, smooth muscle
cells and the subset of Th cells, Th3, that exerts regulatory
functions. TGF-β could be involved in plaque stabilization,
because, in contrast to IFN-γ, it stimulates collagen synthesis
and is fibrogenic. Indeed, inhibition of TGF-β signaling by
neutralizing antibodies led to larger lesion size with a less
stable plaque phenotype70,71.

Adding to the complexity of immune effects is the recent
report that splenectomy of cholesterol-fed Apoe–/– mice led to
significantly increased atherosclerosis, indicating that the
spleen has anti-atherogenic activity72,73. Further experiments
in this study established that transfer of either purified B
cells or T cells from the spleens of atherosclerotic Apoe–/–

donors, which presumably were already ‘educated’ with re-
spect to relevant atherosclerotic antigens, could rescue this
effect. The mechanisms for these important findings remain
to be elucidated. Similar effects may be found in humans,
moreover, as long-term studies of soldiers who underwent
splenectomy after trauma showed they had a twofold ele-
vated incidence of coronary artery disease74.

Antigens in atherosclerosis
There is ample evidence of immune activation in the athero-
sclerotic lesion. Of specific interest is the finding that athero-
sclerotic lesions of Apoe–/– mice showed preferential
expression of certain TCR-variable gene segments, suggesting
the oligoclonal expansion of T cells and indicating that a lim-
ited number of antigens mediate specific proliferation75.
What are the antigens involved? There are many candidates,
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including exogenous infectious pathogens such as bacteria
and viruses, and endogenous proteins such as heat-shock pro-
teins (Hsps) and β2GP-1 (ref. 76), which could lead to true au-
toimmune responses, modified artery wall proteins and
oxLDL, as discussed above. There has been much interest in
infectious agents as pathogens in atherogenesis19, such as
Chlamydia pneumoniae, as patients with CVD have high titers
of antibodies against these agents. In addition, C. pneumoniae,
herpes simplex and cytomegalovirus have been detected in
human lesions. Infectious agents are not necessary for lesion
development in Apoe–/– mice40, although this does not rule out
the possibility of a modifying function of infection in disease
progression. Infection at a site distant from the lesion, such as
gingivitis, could also influence cellular activation in the le-
sion through systemic events mediated by cytokines or anti-
bodies77. Many Hsps of microbes (such as Hsp65) and humans
(such as Hsp60) are highly conserved and show molecular
mimicry. Consequently, antibodies against Hsp65 could tar-
get arterial cells, such as endothelial cells, which express
Hsp60 in large amounts when exposed to stress78. Indeed, an-
tibodies against Hsp65 and Hsp60 correlated with the pro-
gression of carotid disease in one study in humans79, and
immunization of Ldlr–/– mice with Hsp65 promoted early ath-
erosclerosis80, whereas mucosal administration of antigens led
to tolerance and decreased atherogenesis81.

The most extensive data obtained so far support the idea
that oxLDL is important as an antigen82. Oxidized LDL is pre-
sent in the atherosclerotic lesions of all animal models and
humans examined16 (Fig. 2). When polyunsaturated fatty
acids of LDL phospholipids undergo peroxidation, a variety

of highly reactive breakdown products
are formed, such as MDA, which in turn
can form covalent adducts with the ly-
sine residues of the protein of LDL,
apoB. In addition, reactive oxidation
products derived from phospholipids,
such as POVPC, can also form covalent
adducts with apoB, and these adducts
retain the intact phosphorylcholine
(PC) headgroup6. These ‘neo-self’ deter-
minants have been called oxidation-
specific epitopes and have been shown
to trigger a substantial humoral re-
sponse specific to the given modifica-
tion. For the measurement of these
immune responses, two models of
oxLDL are widely used: MDA–LDL,
which is generated by the derivatiza-
tion of LDL with MDA, yielding mainly
MDA–lysine epitopes, and CuSO4-oxi-
dized LDL (CuOx–LDL), which has
many different oxidation-specific epi-
topes, although the oxidized PC-con-
taining phospholipid seems to be an
immunodominant epitope82–84.

Circulating IgG and IgM antibodies
against both MDA–LDL and
CuOx–LDL are present in the plasma
of animals and humans and form im-
mune complexes with oxLDL in ather-
osclerotic lesions48,85. These antibodies
closely correlate with atherosclerosis

progression and regression in murine models and correlate
with measures of lipid peroxidation6,86,87. In humans, many
(but not all) studies have shown that plasma titers of anti-
bodies against oxLDL epitopes, particular IgG, correlate
with risk factors for CVD, and can even be used to predict
the progression of carotid disease as well as myocardial in-
farction and death82. However, many variables affect such
titers in humans, and the clinical utility of such measure-
ments remains to be determined, particularly for the indi-
vidual patient. Further evidence of the importance of oxLDL
as an immunodominant antigen was obtained from the ob-
servation that 15% of CD4+ T cells cloned from human
carotid atherosclerotic plaques specifically proliferated in
response to oxLDL in a MHC class II–restricted way88.
Compelling evidence that the immune response to oxLDL is
important in modulating lesion formation comes from stud-
ies demonstrating that immunization of hypercholes-
terolemic rabbits and mice with MDA–LDL or CuOx–LDL
reduced the progression of lesion formation26–30.

Molecular mimicry between PC of oxLDL and pathogens
This review began with the thesis that many of the immune
responses found in atherosclerosis were in fact directed at
specific components of inflammatory responses in general.
One example of this was discovered by detailed study of a
specific immune response noted in Apoe–/– mice. Because the
titers of IgM autoantibodies against oxLDL are so high in
these mice, it was possible to clone a panel of IgM mono-
clonal autoantibodies from their spleens that specifically
bound to CuOx–LDL, but not native LDL, and specifically to
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oxidized phospholipids with the PC headgroup, such as
POVPC (refs. 89,90). These monoclonal antibodies, such as
the prototypic EO6, bind to intact oxLDL and block its bind-
ing and uptake by macrophages in a dose-dependent way,
and specifically block the binding of oxLDL to the scavenger
receptors CD36 and SR-B1 (refs. 90–92). In addition, POVPC
covalently bound to bovine serum albumin could also block
the uptake of oxLDL by these cells. These studies showed
that oxidized phospholipids bearing the PC headgroup as lig-
ands on oxLDL mediated uptake by macrophage scavenger
receptors. A wide variety of PC-bearing oxidized phospho-
lipids present in oxLDL have this property and are present in
lesions93,94. Furthermore, EO6 binds to apoptotic cells, which
are known to be under oxidative stress and would be ex-
pected to express common oxidation-specific epitopes on
their surface. EO6 blocks apoptotic cell uptake by
macrophages, as does POVPC bound to bovine serum albu-
min95. Thus, PC-oxidized phospholipids represent a previ-
ously unrecognized PAMP, which is bound by EO6 as well as
by the PRRs CD36 and SR-B1, and possibly others. These data
strongly indicate a common innate immune response to
apoptotic cells and oxLDL.

Further evidence in support of this hypothesis came from
studies in which the DNA sequences of the antigen-binding
domains of these IgM antibodies were determined. All of the
cloned IgM antibodies against oxLDL (including EO6) were
shown to be 100% homologous in their entire VH–VL re-
gions to an IgA natural antibody cloned more than 30 years
ago48. This antibody, made by the T15 clone, is directed
against PC and confers optimal protection to mice against
lethal infection with pathogens, such as Streptococcus pneu-
moniae96. PC, the headgroup of many phospholipids, is a
prominent component of the capsular polysaccharide (C-PS)
of many bacteria. T15(or EO6) bound equally well to C-PS
and oxLDL, and each of these could compete for the binding
to the other. T15 is a natural IgA antibody made by B1 cells
that has the T15 idiotype, and even arises in mice grown in
completely pathogen-free conditions. Thus, the actual posi-
tive selection agent for expansion of the B1 cell clone secret-
ing T15/EO6 antibodies is postulated to be apoptotic cells or
oxidized membranes or both; only later in life would
pathogens contribute to further selection48. This represents
positive selection of a natural antibody by an endogenous
‘neo-self’ antigen; there is an enhanced expansion of B cells
secreting T15/EO6 clonospecific antibodies in Apoe–/– mice
because of their atherogenic burden. Thus, PC-containing
phospholipids, which are prominent components of mam-
malian membranes and LDL, are ‘cryptic’ epitopes in viable
cells and native LDL. However, after oxidation, conforma-
tional changes occur that expose the PC epitope for recogni-
tion by EO6 (ref. 84) and by macrophage scavenger
receptors. In contrast, the PC moiety of the pathogen C-PS is
constitutively exposed for antibody recognition. Although
this has not been tested, it is hypothesized that the pathogen
PC also would be recognized by one or more of the same
scavenger receptors (Fig. 3).

CRP is a member of the phylogenetically ancient and
highly conserved pentraxin family of proteins that is
thought to be important in primary, innate host defenses. It
shows a rapid and substantial increase in plasma in response
to inflammatory events such as tissue injury and infection. It
is known to bind to PC of infectious pathogens such as S.

pneumoniae and to mediate their clearance46. CRP binds to
apoptotic cells as well, although the identity of the ligand in-
volved has not been determined97. CRP also binds to oxLDL
and exclusively to oxidized PC-containing phospholipids,
and not to native LDL (ref. 98). In addition, the binding of
CRP to apoptotic cells is also mediated by the PC moiety of
oxidized phospholipids. Although CRP does not bind to na-
tive LDL, it does bind to LDL whose native structure was al-
tered by plating on a microtiter well or by aggregation,
indicating that PC exposure for CRP could occur by non-ox-
idative events as well98 (Fig. 3).

These observations indicate that CRP, the natural anti-
body EO6 and certain scavenger receptors of macrophages
are all PRRs, with the PC moiety as the PAMP to which they
bind. Thus, PC exposure generates a potent pathogen, medi-
ating highly conserved and concerted innate responses.
With infectious pathogens, these responses are undoubtedly
protective, which is the basis for their conservation. In
atherogenesis, however, the responses could have complex
effects, and further study will be needed to sort out the po-
tential benefits or ‘penalties’. An increased titer of EO6 anti-
bodies would be expected to be protective, as these
antibodies potently block macrophage uptake of oxLDL.
Although scavenger receptor–mediated uptake of oxLDL is
itself apparently atherogenic, it could be protective if the
concentration of oxLDL generated were minimized by low
concentrations of LDL or inhibition of oxidative events.
With CRP, the situation is equally complicated: CRP could
bind to the PC moiety of oxLDL and block uptake by
macrophages. However, CRP could also enhance the uptake
of opsonized oxLDL through Fcγ receptors. In addition, lig-
and-bound CRP can activate complement pathways in a
complex way, and can activate macrophages to release pro-
atherogenic cytokines such as IFN-γ (ref. 46). Because CRP is
known to be present in atherosclerotic lesions, and to co-lo-
calize with oxidized98 and otherwise modified LDLs, these
observations indicate that CRP could be involved in com-
plex ways in modulating atherogenesis. Undoubtedly, this
complexity characterizes all immune interactions in the
course of atherosclerosis.

Summary
There is now much evidence that both innate and adaptive
immune mechanisms are involved in atherogenesis, as
might be anticipated for a disease that is a chronic inflam-
matory process. Immune mechanisms have both protective
and adverse effects in animal models. Elucidation of the
pathways involved could lead to insights into pathogenic
events that could explain in part the diversity in the expres-
sion of this disease in individuals apparently equal in regard
to risk factors, such as plasma LDL. In turn, new therapeutic
options could be developed, such as immunization with oxi-
dation-specific epitopes of oxLDL, or interference with Th1-
mediated pathways that lead to secretion of IFN-γ. Study of
the action of the immune system in atherogenesis is in its in-
fancy, and much remains to be learned. Most of the work so
far has been done on experimental animals, mainly mice,
and the relevance of these observations to human disease re-
mains to be determined. However, lesion formation in hu-
mans occurs with much less atherogenic pressure and thus
proceeds at a more leisurely pace than in hypercholes-
terolemic mice. Therefore, there may be more opportunity
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for immune mechanisms to function. That inflammatory
markers are a powerful predictor of CVD in humans, autoan-
tibody titers against epitopes of oxLDL and Hsp are increased
in CVD patients, and antigen-specific T cells and im-
munoglobulins are present in lesions indicates that immune
mechanisms are relevant to humans as well. The challenge
will be to translate what has been learned already, and what
will be learned through future experimental studies, to
human populations.
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