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Abstract
Recent genetic studies have implicated pro-inflammatory chemokines and chemokine receptors in
atherogenesis. Studies at the molecular and cellular level have suggested specific atherogenic
mechanisms for two chemokine-chemokine receptor pairs, CCL2:CCR2 and CX3CL1:CX3CR1,
involving differential receptor regulation by the transcription factor PPARγ. This pathway is
triggered by oxidized pro-atherogenic lipids, such as oxidized LDL and linoleic acid derivatives,
which promote differentiation of CCR2hiCX3CR1lo human monocytes to CCR2loCX3CR1hi

macrophages that adhere to coronary artery smooth muscle cells in a CX3CR1- and PPARγ-
dependent manner. Switching CX3CR1 on and CCR2 off in vivo may result in cessation of CCR2-
dependent migration and activation of CX3CR1-dependent retention that together may promote foam
cell accumulation in the vessel wall.

Introduction
Atherogenesis is now widely accepted to involve not only progressive buildup of oxidized
lipids in the arterial wall, but also chronic inflammation in which progression towards a rupture-
prone, unstable atherosclerotic plaque is driven in part by leukocytes infiltrating the vascular
subendothelium (Ross 1999). The molecular basis for leukocyte accumulation in the vessel
wall has not been clearly delineated; however, there is increasing evidence implicating specific
adhesion molecules and members of the chemokine superfamily of leukocyte chemoattractants
(Charo and Taubman 2004, Weber et al. 2004, Ludwig and Weber 2007). Chemokines are
divided into four major subfamilies--C, CC, CXC, CX3C--based on the number and positioning
of conserved cysteines in the amino-terminal portion of the protein chain, and act at seven-
transmembrane domain G protein-coupled receptors (GPCRs). There are ~50 human
chemokines and at least 18 human chemokine receptors (Murphy 2000). Recent work has
shown that oxidized LDL (oxLDL) and oxidized lipid components of LDL found in the vessel
wall may directly or indirectly influence expression of certain chemokines and chemokine
receptors (Han et al. 2000, Lei et al. 2002, Barlic et al. 2006). In this review we focus on a
novel pathway by which two pro-atherogenic chemokine receptors, CCR2 and CX3CR1, are
differentially regulated by oxidized lipids, and discuss the potential functional significance of
this in atherosclerosis.
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CCR2-CCL2 and CX3CR1-CX3CL1 in Atherosclerosis
Monocytes and mature macrophages are the main leukocyte subsets that accumulate at lipid-
laden vascular sites in atherosclerosis (Ross 1999). Monocyte chemoattractant protein-1
(MCP-1, or CCL2 in the systematic chemokine nomenclature) has been detected in
macrophage-rich areas bordering the lipid core, as well as on endothelial and smooth muscle
cells in human and mice atherosclerotic lesions (Yla-Herttuala et al. 1991, Nelken et al.
1991, Rayner et al. 2000). In mouse, direct evidence supporting a role for CCL2 in
atherogenesis has been obtained through targeted gene disruption in atherosclerosis-prone
mouse strains (low-density lipoprotein receptor-/- [ldlr−/−] or transgenic apolipoprotein B). On
these backgrounds, lesion size and plaque macrophage content were decreased by >60% in
mice lacking CCL2 (Gu et al. 1998, Gosling et al. 1999). Conversely, over-expression of CCL2
accelerated atherosclerosis in irradiated hypercholesterolemic apolipoprotein E (apoE−/−)
recipients (Aiello et al. 1999). A single nucleotide polymorphism (SNP) -2518G (alternatively
-2578G) in the regulatory region of human CCL2, which causes increased promoter activity
and elevated circulating CCL2 levels, has provided an opportunity to test the role of CCL2 in
human atherosclerosis. Consistent with the mouse results, this SNP has been associated with
a modest increased risk of myocardial infarction in two independent studies, including the
Framingham Heart Study Offspring Cohort (Szalai et al. 2001, McDermott et al. 2005).

CCL2 activates T cell and monocyte chemokine receptor CCR2, which has been identified
directly on foam cells in human atherosclerotic lesions (Charo and Taubman 2004, Weber et
al. 2004, Ludwig and Weber 2007). Genetic evidence in both mouse and man support a
functional role for CCR2 in atherogenesis. In mice, both genetic inactivation of ccr2 on an
apoE−/− atherogenic background (Boring et al. 1998) and transplantation of bone marrow from
ccr2−/− mice into irradiated apoE3-Leiden recipients (Guo et al. 2003) results in decreased
susceptibility to atherosclerosis. In humans, the SNP CCR2-V64I has been associated with
increased risk of myocardial infarction and left ventricular heart failure (Ortlepp et al. 2003).
A caveat in interpreting this result is that CCR2-V64I has not been shown to directly affect
receptor function; instead, it may be part of a haplotype bearing another unidentified
functionally important genetic change.

CX3CR1 and its ligand CX3CL1 (also known as fractalkine) have also been implicated in
atherosclerosis by genetic evidence. CX3CL1 is an atypical multimodular chemokine that
exists both in membrane-tethered and soluble forms. The immobilized form consists of a
chemokine domain anchored to the plasma membrane through an extended mucin-like stalk,
followed by a transmembrane helix and an intracellular domain (Bazan et al. 1997). Full-length
CX3CL1 functions as an intercellular adhesion molecule that mediates integrin-independent
cell capture by binding to CX3CR1 on target cells (Fong et al. 1998). A disintegrin-like
metalloproteinase has been identified that cleaves the chemokine domain of CX3CL1 (Garton
et al. 2001), which may promote trafficking of CX3CR1+ monocytes, platelets, NK cells, NK-
T cells, T cells and dendritic cells to sites of inflammation (Imai et al. 1997).

Neither CX3CL1 nor CX3CR1 has been found in normal mouse or human arterial wall.
However, in the context of atherosclerosis, both molecules are expressed on both foam cells
and coronary artery smooth muscle cells, but not endothelial cells, in both species (Wong et
al. 2002, Lesnik et al. 2003). Targeted disruption of cx3cl1 or cx3cr1 does not affect viability
or fertility or lead to spontaneous infections in mice. However, deletion of cx3cr1 in apoE−/−

mice (Lesnik et al. 2003, Combadiere et al. 2003) or cx3cl1 in either ldlr−/− or apoE−/− mice
(Teupser et al. 2004) has been reported to decrease susceptibility to atherosclerosis by ~50%.
Two independently derived lines of cx3cr1−/−apoE−/− mice both showed decreased lesion
formation with fewer macrophages infiltrating plaques in the aortic root (Lesnik et al. 2003,
Combadiere et al. 2003), whereas the cx3cl1−/−apoE−/− strain had dramatically decreased
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atherosclerosis in the brachiocephalic artery, and cx3cl1−/−ldlr−/− mice displayed smaller
lesions in both the aortic root and the brachiocephalic artery (Teupser et al. 2004).

Translating this to man has been facilitated by discovery of two common human CX3CR1 non-
synonymous coding region SNPs, named I249V and T280M for the amino acid changes they
cause, which strongly affect function. These SNPs are in strong linkage disequilibrium, and
for simplicity we refer to the most common variant receptor, which contains both V249 and
M280, as CX3CR1-M280. In retrospective cohort studies these polymorphisms have been
consistently associated with reduced prevalence of disease endpoints (Odds Ratio = 0.6-0.7),
including coronary endothelial dysfunction and physical coronary artery stenosis in a National
Heart, Lung and Blood Institute cardiac catheterization cohort (McDermott et al. 2001),
reduced prevalence of acute coronary events in the Accidents Coronaires Aigus Bichat cohort
(Moatti et al. 2001), reduced progression of carotid atherosclerosis (Ghilardi et al. 2004) and
association with lower risk of cardiovascular events in the Framingham Heart Study Offspring
cohort (McDermott et al. 2003). Consistent with the loss-of-function results for mouse
CX3CR1, McDermott et al. found that transfected cells expressing recombinant CX3CR1-
M280 were defective both in binding the iodinated chemokine domain of CX3CL1 and in
adhering to immobilized endothelial cell-expressed recombinant CX3CL1 under conditions of
physiologic shear (McDermott et al. 2003). An independent study by Daoudi et al. found that
CX3CR1-M280, tested in both transfected cells and at natural abundance in primary cells from
homozygotes, promoted substantially greater intercellular CX3CL1-dependent adhesion than
wild-type CX3CR1 (Daoudi et al. 2004). Further work will be needed to clarify this
discrepancy, which is very important from a translational perspective; however, regardless of
whether CX3CR1-M280 functions as a gain- or loss-of-function mutant, it has been
consistently reported to function abnormally and to be associated with reduced risk of
cardiovascular disease in man.

In both humans and mice, monocytes are a heterogeneous population of circulating leukocytes
that may be separated into two major subsets with respect to chemokine receptor expression
pattern: CCR2+CX3CR1low (classical monocytes) and CCR2−CX3CR1high (non-classical
monocytes) (Geissmann et al. 2003). Recent studies from apoE−/− mice suggest that phagocyte
heterogeneity in plaques is linked to distinct types of entering monocytes. While
CCR2−CX3CR1high monocytes, which are less prevalent, utilize CCR5 to enter plaques,
CCR2+CX3CR1low monocytes, the predominant monocyte subset, require CCR2, CCR5 and
CX3CR1 to accumulate within plaques (Tacke et al. 2007). These results suggest that CCR2
and CX3CR1 both support the recruitment of classical monocytes into the arterial wall.

Regulation of CCR2 and CX3CR1 Expression and Function in the
Atheromatous Microenvironment – the Role of PPARγ

Monocyte recruitment to lesion-prone areas involves not only pathological changes in the
arterial wall but also functional adjustments of the entering monocytes. The atheromatous
microenvironment includes a specific mix of oxLDL and its free lipid constituents, which have
been shown to stimulate monocyte recruitment and inhibit macrophage motility (Gerrity
1981, Gerrity et al. 1985). These properties of oxLDL and its derivatives may help explain
how monocytes are recruited to and trapped within plaques.

It has been clearly demonstrated that oxLDL regulates monocyte gene expression (Tontonoz
et al. 1998); thus, the mechanism utilized by oxLDL to induce functional changes of monocytes
may include oxidized lipid-dependent regulation of monocyte chemoattractant receptors. In
this regard, stimulation of human monocytes with oxLDL or end-point oxidation derivatives
of linoleic acid found in high amounts in human atherosclerotic lesions (9-hydroxy-10E,12Z-
octadecadienoic acid ester [9-HODE] and 13-hydroxy-9Z,11E-octadecadienoic acid ester [13-

Barlic and Murphy Page 3

Trends Cardiovasc Med. Author manuscript; available in PMC 2007 December 20.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



HODE]) (Glavind and Hartmann 1951, Harland et al. 1973, Jira et al. 1998) specifically induced
differentiation of CCR2highCX3CR1low monocytes to CCR2lowCX3CR1high macrophages that
strongly adhered to CX3CL1+ primary human coronary artery smooth muscle cells (CASMCs)
under static conditions (Barlic et al. 2006) (Figure 1). Adhesion of macrophages to CASMCs
was mediated directly and predominantly by CX3CR1. Furthermore, effects of oxLDL and its
end-point oxidation products on CX3CR1 and CCR2 expression was mediated by peroxisome-
proliferator activated receptor γ (PPARγ), since knockdown of PPARγ with specific sRNAi
reversed the oxLDL-induced chemokine receptor switch and dramatically reduced CX3CR1-
mediated macrophage adhesion to CASMCs (Barlic et al. 2006) (Figure 1). This observation
suggests that in atherogenesis oxidized lipid-driven activation of macrophage PPARγ in the
intima results in a proadhesive chemokine receptor switch-CCR2 off, CX3CR1 on-causing
cessation of CCR2-dependent migration and activation of CX3CR1-dependent retention
mechanisms, which together promote macrophage accumulation in vessel wall. These results
suggest a second function in atherosclerosis for CX3CR1, which has also been shown to
promote monocyte recruitment into plaques (Tacke et al. 2007). Since CX3CR1 and its ligand
CX3CL1 are both expressed by foam cells and smooth muscle cells in atherosclerotic plaques
(Wong et al. 2002, Lesnik et al. 2003), PPARγ activity may also support CX3CR1-dependent
homotypic adhesive interactions of these cell types in plaque, a possibility that has not yet been
addressed experimentally.

PPARγ is widely expressed, including in the lipid core of human atherosclerotic lesions, where
it has been co-localized with markers specific for endothelial cells, foam cells and smooth
muscle cells (Ricote et al. 1998a). A variety of substances function as ligands for PPARγ,
including fatty acids and eicosanoids, components of oxLDL and oxidized alkyl phospholipids
including lysophosphatidic and nitrolinoleic acid, and 15-deoxy-Δ12,14-prostaglandin J2
(Knouff and Auwerx 2004). In addition, thiazolidinediones (TZDs) are synthetic PPARγ
agonists able to mimic the effects of oxLDL and oxidized linoleic acid metabolites on CCR2
and CX3CR1 expression in monocytes (Barlic et al. 2006).

PPARγ as a Target in Atherosclerosis
The genetic results reviewed above suggest that blocking the CCL2:CCR2 and
CX3CL1:CX3CR1 axes alone or in combination could be beneficial in the setting of
atherosclerotic cardiovascular disease. So far no such blocking agents have been entered into
clinical trials for this indication, and there are major obstacles that would confront any such
effort, such as the difficulty of monitoring efficacy at the site of action, the vessel wall.
PPARγ, on the other hand, has a long track record as a safe therapeutic target of TZDs (Li and
Palinski 2006). In particular, recently published interim results of the RECORD trial
(Rosiglitazone Evaluated for Cardiac Outcomes and Regulation of Glycaemia in Diabetes), a
long-term, multicenter, randomized and open-label study involving 4447 patients with type 2
diabetes mellitus (T2DM), did not find an association of this TZD with increased risk of
myocardial infarction or death from cardiovascular causes (Home et al. 2007), in contrast to
results from smaller studies (Nissen and Wolski 2007). On the contrary, surrogate marker
studies mainly of diabetic patients have supported possible vascular benefits of TZDs,
including decreased carotid artery intimal and medial thickening (Sidhu et al. 2003), improved
endothelial reactivity (Campia et al. 2006) and lower levels of inflammatory markers and
mediators (Meisner et al. 2006), even in nondiabetics (Rios-Vazquez et al. 2006). Consistent
with this, treatment of atherosclerosis-prone ldlr−/− mice with synthetic PPARγ agonists results
in relative resistance to atherosclerosis (Verreth et al. 2006).

Given the pleotropic effects of PPARγ it is difficult to pinpoint the mechanism(s) of action
driving the benefits of TZDs in atherosclerosis. With regard to chemokine receptors, their
ability to downregulate monocyte-macrophage CCR2 is likely to be beneficial whereas this
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might be offset by CX3CR1 upregulation. Also complicating the issue, PPARγ is also
important in lipid homeostasis (lipoprotein uptake and cholesterol efflux) and energy balance,
and governs physiological processes such as adipocyte differentiation, glucose homeostasis,
inflammatory responses and maturation of macrophages into foam cells (Lehrke and Lazar
2005). Furthermore, disruption of PPARγ in myeloid cells impairs alternative macrophage
activation and pre-disposes these animals to development of diet-induced obesity, insulin
resistance and glucose intolerance, indicating that PPARγ is required for maturation of
alternatively activated macrophages (Odegaard et al. 2007). In the area of inflammation alone,
PPARγ regulates not only the chemokine system, but also production of inflammatory
cytokines (TNFα and IL-1β) (Jiang et al. 1998), matrix metalloproteinases (Shu et al. 2000),
inducible nitric-oxide synthase (iNOS) (Ricote et al. 1998b), and expression of several
adhesion molecules, including VCAM-1 and ICAM-1 (Pasceri et al. 2000), which may
facilitate monocyte recruitment into the arterial wall.

PPARγ activation also induces uptake of oxLDL through transcriptional induction of the
scavenger receptor CD36, thereby promoting macrophage foam cell formation. In addition to
providing excess cellular cholesterol, internalized oxLDL upregulates PPARγ expression, thus
promoting further PPARγ activation and CD36 upregulation (Tontonoz et al. 1998). Conditions
of chronic lipid overload associated with a western diet would be predicted to stimulate these
effects of PPARγ on CD36 and CX3CR1 expression and thus may explain why
vasculoprotective effects of PPARγ agonists in treatment of atherosclerosis are moderately
beneficial.

Results of genetic studies of PPARγ in man and in mouse models of disease are difficult to
interpret in light of the effects of TZDs on the metabolic syndrome and atherosclerosis. The
loss-of-function human PPARγ allele Pro12Ala causes decreased basal transcriptional activity
following stimulation with synthetic PPARγ ligands (Masugi et al. 2000), yet has been
associated with reduced risk of atherosclerotic cardiovascular disease (Ridker et al. 2003).
Approximately 15% of Caucasians have this allele, which was originally associated with
decreased risk of T2DM and lower body mass index (BMI) (Deeb et al. 1998). In contrast,
Barroso et al (1999) reported in a small study that individuals heterozygous for loss-of-function
mutations known as Val290Met or Pro467Leu that affect the ligand-binding domain of
PPARγ exhibit marked insulin resistance with early onset of T2DM and hypertension.

Studies of potential PPARγ mechanisms in atherosclerosis have also been hindered by the fact
that homozygous PPARγ deficiency is lethal in the mouse owing to placental dysfunction and
myocardial thinning (Barak et al. 1999). PPARγ+/− mice are viable and have enhanced insulin
sensitivity (Miles et al. 2000). Skeletal muscle-, adipocyte- and cardiomyocyte-specific
disruption of PPARγ causes glucose intolerance and progressive insulin resistance in skeletal
muscle (Hevener et al. 2003), decreased numbers of adipocytes and progressive lipodystrophy
(He et al. 2003), and cardiac hypertrophy (Duan et al. 2005), respectively. Selective deletion
of PPARγ in macrophages results in accelerated atherosclerosis and reduced basal cholesterol
efflux (Akiyama et al. 2002). Similarly, conditional PPARγ−/−ldlr−/− mice fed an atherogenic
diet have enhanced atherosclerosis compared to wild type controls (Babaev et al. 2005).
Together, these results demonstrate an atheroprotective role of PPARγ in mouse.

Conclusions
Lipid components of the atheromatous microenvironment are major regulators of macrophage
function in atherosclerosis (Witztum 1994). We have reviewed a novel oxidized lipid-activated
pathway in macrophages involving activation of the transcription factor PPARγ and its ability
to oppositely regulate expression of the major macrophage chemokine receptors CCR2 and
CX3CR1 (Han et al. 2000, Barlic et al. 2006). Studies at the molecular, cellular, genetic and
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epidemiologic level provide evidence that blockade of CCR2 and/or CX3CR1 may be
beneficial in atherosclerotic cardiovascular disease. PPARγ regulates many other genes and
has pleotropic actions, so that its role in atherogenesis is complex, a balance of both pro-
atherogenic and anti-atherogenic activities. However, preliminary clinical studies involving
patients with T2DM suggest that PPARγ agonists may be beneficial in treatment of T2DM-
driven cardiovascular disease (Home et al. 2007), perhaps in part through its regulation of
macrophage CCR2 and CX3CR1.
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Figure 1.
A pro-adhesive PPARγ-mediated chemokine receptor switch, CCR2→CX3CR1, in
atherosclerosis. LDL diffuses from the blood into the vascular intima, where it undergoes
oxidative modifications forming randomly distributed extracellular pools of oxLDL and its
stable linoleic acid metabolites. Circulating blood monocytes expressing both CCR2 and
CX3CR1 invade inflamed arteries in response to pro-inflammatory cytokines and
chemoattractants produced by vascular endothelium through a multi-step process that includes
selectin-mediated rolling, integrin-firm arrest, spreading and diapedesis. After entering the
subendothelial space, the atheromatous microenvironment rich in oxLDL stimulates monocyte
differentiation into foamy macrophages that are the predominant cell population in early
atherosclerotic lesions. Furthermore, ingestion of oxLDL by monocytes activates the
transcription factor PPARγ, which not only participates in maturation of monocytes to
macrophages, but also promotes simultaneous downregulation of CCR2 and upregulation of
the adhesion chemokine receptor CX3CR1 expression, thus promoting cessation of
macrophage migration, and their capture and retention in the plaque. Furthermore, since
CX3CR1 and its ligand CX3CL1 are expressed by various cell types in lesions, this pro-
adhesive CCR2→CX3CR1 switch may support formation of numerous heterotypic and
homotypic intercellular interactions maintained by a pro-atherogenic CX3CL1-CX3CR1 axis
that may contribute towards organization of cells in plaque. Mo, monocyte; Mϕ, foamy
macrophage; oxLDL, oxidized LDL; SMC, smooth muscle cell.
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