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Chemokines and atherosclerosis: focus on the 
CX3CL1/CX3CR1 pathway
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Atherosclerosis is currently considered an inflammatory disease.  Much attention has been focused on the potential role of inflamma-
tory mediators as prognostic/diagnostic markers or therapeutic targets of atherosclerotic cardiovascular disease.  CX3CL1 (or frac-
talkine) is a structurally and functionally unique chemokine with a well documented role in atherosclerosis.  In its membrane bound 
form it promotes the firm adhesion of rolling leucocytes onto the vessel wall, while in its soluble form it serves as a potent chemoat-
tractant for CX3CR1-expressing cells.  Additionally, CX3CL1 exerts cytotoxic effects on the endothelium as well as anti-apoptotic and 
proliferative effects on vascular cells, affecting the context and stability of the atherosclerotic plaque.  Studies on animal models have 
shown that the blockade of the CX3CL1/CX3CR1 pathway ameliorates the severity of atherosclerosis, while genetic epidemiology has 
confirmed that a genetically-defined less active CX3CL1/CX3CR1 pathway is associated with a reduced risk of atherosclerotic disease 
in humans.  Although several studies support an important pathogenic role of CX3CL1/CX3CR1 in atherogenesis and plaque destabi-
lization, this does not necessarily suggest that this pathway is a suitable therapeutic target or that CX3CL1 can serve as a prognostic/
diagnostic biomarker.  Further studies on the CX3CL1/CX3CR1 chemokine pathway are clearly warranted to justify the clinical rel-
evance of its role in atherosclerosis.
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Introduction
Despite advances in its diagnosis and treatment, vascular 
disease remains a leading cause of mortality worldwide[1, 2].  

Inflammation has been considered an important component 
of vascular disease[3].  The response-to-injury hypothesis pro-
posed by Ross and Glomset suggests that the development of 
atherosclerotic lesions is the outcome of injury to the arterial 
endothelium that initiates the interaction of cellular popula-
tions of peripheral blood with cell components of the arterial 
wall[4, 5].  The progression of this inflammatory response is reg-
ulated by specific patterns of cytokine expression.  The balance 
of pro- and anti-inflammatory cytokines is of great importance 
in the process of vascular inflammation.  

The response to injury hypothesis remains an active field of 
investigation and multiple pro-inflammatory factors, chemoat-
tractant cytokines and adhesion molecules have been proven 
important mediators in orchestrating this process[4–6].  Sadly, 
despite over three decades of research on the role of inflam-
mation and atherosclerosis, no inflammatory mediators have 

been applied in the diagnosis, prognosis or therapy of athero-
sclerotic vascular disease.

In the following review article we present an overview of 
the role of chemokines in atherosclerosis with particular focus 
on the CX3CR1/CX3CL1 (fractalkine) pathway.  We further 
attempt a critical review of the available data in an effort to 
explain why promising in vitro data never become clinically 
applicable practices.

Chemokines: structure and function
Chemokines are a family of low molecular weight chemotactic 
cytokines (approximately 8–17 kDa)[7].  Their main function is 
to coordinate leukocyte trafficking and activation in health and 
disease[7].  Chemokines share considerable homology and most 
importantly, a conserved tetracysteine motif.  They are classi-
fied into four sub-families (C, CC, CXC, and CX3C) based on 
the number and structural arrangement of conserved cysteine 
residues within their amino-terminal polypeptide sequence[8].  

Chemokines signal through G protein-coupled 7-transmem-
brane receptors to promote the directed migration of cells 
along a chemoattractant gradient.  Following interaction with 
their specific chemokine ligands, chemokine receptors trigger 
a flux in intracellular calcium ions leading to dynamic assem-
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bly of the actin cytoskeleton and cellular movement[9].  There 
have been 19 distinct chemokine receptors identified in mam-
mals.

Chemokine ligands also bind to decoy receptors — also 
known as interceptors (internalizing receptors)[10].  These 
receptors bind chemokine ligands with high affinity but do 
not educe signal transduction.  There are three decoy receptors 
currently known: D6, Daffy antigen receptor for chemokines 
(DARC) and CCX-CKR.  Chemokine receptor CCX-CKR is a 
scavenger of CCR7 ligand chemokines, while D6 is consid-
ered to be a chemokine scavenger for pro-inflammatory CC 
chemokines[10].  DARC is a decoy receptor for both CC and 
CXC motif chemokines while no data exist on its affinity for 
CX3C and XC chemokines[11].

Chemokines and atherosclerosis
Atherosclerotic vascular disease is characterized by complex 
chemokine signaling with different chemokine pathways 
involved in the different stages of disease[12].  In the early 
stages of atherogenesis, oxLDL induces the expression of CCL2 
[or monocyte chemotactic protein-1 (MCP-1)] and CX3CL1 by 
vascular smooth muscle cells and endothelial cells[13].  CCL2 
is secreted by endothelial cells and smooth muscle cells and 
promotes the transendothelial migration of CCR2-expressing 
monocytes[14].  CCL5 [or regulated on activation normal T 
cell expressed and secreted (RANTES)] through interaction 
with its receptor CCR1, is also considered an early pathway 
leading to accumulation of rolling monocytes to stimulated 
endothelial cells[13, 14].  CXC chemokines induced by interferon 
gamma, such as CXCL9 [or monokine induced by gamma 
interferon (MIG)], CXCL10 [or interferon gamma-induced 
protein 10 (IP-10)] and CXCL11 [or interferon-inducible T-cell 
alpha chemoattractant (I-TAC)] expressed predominantly 
by endothelial cells interact with CXCR3-positive T cells, 
inducing their accumulation and migration to the inflamed 
vascular wall[13, 14].  The recruitment of neutrophils and vascu-
lar progenitor cells in atherosclerotic lesions is controlled by 
CXCR2 and CXCR4, and their ligand, CXCL8 (or interleukin 
8).  CXCL8 is highly expressed by lesion macrophages as well 
as by endothelial cells and smooth muscle cells.  CXCL8 also 
promotes angiogenesis in advanced stages of plague develop-
ment[15].  It is obvious that during the course of atherosclerosis, 
chemokines form a complex network.  Different chemokines 
promote different pathways.  Moreover, the interaction of 
the same chemokine ligand with different receptors results 
in a different outcome.  In such a complex system the conse-
quences of a single pathway blockade cannot be predicted[16].

CX3CL1 (fractalkine): unique structure and function
CX3CL1 (or fractalkine) is an atypical chemokine with a docu-
mented role in the development of numerous inflammatory 
diseases, including atherosclerosis.  It represents the only 
known member of the CX3C family and was first character-
ized by Bazan et al in 1997[17].  It is a unique chemotactic factor 
existing in both the membrane-bound and soluble form[17].  
The human CX3CL1 molecule consists of 373 amino acids 

and it is functionally divided into 4 domains: an extracellu-
lar domain of 76 amino acids connected to an extended 241 
amino acid mucin-like stalk, followed by transmembrane and 
intracellular domains of 21 and 35 amino acids, respectively.  
CX3CL1 is synthesized as a membrane-bound molecule 
with the chemokine domain presented on a mucin-like stalk 
which mediates the direct capture of circulating leukocytes[17].  
Cleavage at the base of this stalk by a protease, namely the 
tumor necrosis alpha-converting enzyme, generates a soluble 
chemokine, which functions as a potent chemoattractant of 
target cells[17, 18].  Its unique structure results in unique func-
tion, as CX3CL1 is the only known chemokine able to act both 
as a chemoattractant and as an efficient adhesion molecule 
through a non-integrin dependent mechanism.  CX3CL1 sig-
nals through a single G-protein-linked receptor: CX3CR1[18, 19].  
Unlike most chemokine ligands that demonstrate affinity for 
multiple receptors, CX3CL1 interacts with a single receptor.  
CX3CR1 is expressed on monocytes, natural killer cells, T cells, 
and smooth muscle cells, where it mediates migration, adhe-
sion and proliferation[20].  Promotion of cell survival is consid-
ered another key function of CX3CL1 operating under both 
homeostatic and inflammatory conditions[20].  

CX3CL1 and atherosclerosis: data from ex vivo studies 
and animal models
CX3CL1 has been considered an important mediator in all 
stages of atherogenesis, including the recruitment of mono-
cytes in early atherosclerotic lesions, as well as the promotion 
of vascular smooth muscle cell migration and neo-angiogene-
sis in more advanced plaques (Figure 1).  

Early immunochemical studies have confirmed CX3CL1 
expression in monocytes/macrophages, endothelial and 
smooth muscle cells within human atherosclerotic coronary 

Figure 1.  CX3CL1 mediated pathways in atherosclerosis.  CX3CL1 is 
synthesized as a membrane-bound molecule with the chemokine domain 
presented on a mucin-like stalk.  Cleavage at the base of this stalk tumor 
necrosis alpha-converting enzyme, generates a soluble chemokine, which 
functions as a potent chemoattractant of target cells.
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arteries[21].  Lucas et al detected the expression of CX3CR1 in 
smooth muscle cells in the neointima of human atheroscle-
rotic plaques.  The authors further demonstrated that primary 
cultured human coronary artery smooth muscle cells migrate 
toward CX3CL1, suggesting that CX3CR1 promotes the migra-
tion of smooth muscle cells in more advanced stages of ath-
erosclerosis[22].  Using immunohistochemistry and quantitative 
PCR, Stolla et al confirmed that CX3CL1 is expressed in all 
stages of atherogenesis, in human carotid artery plaques[23].  

In a different setting, Shah et al demonstrated that CX3CL1 is 
expressed in adipocytes and stromal vascular cells in a human 
endotoxemia model.  The authors concluded that CX3CL1/
CX3CR1 is a novel inflammatory adipose chemokine pathway 
that modulates monocyte adhesion to adipocytes and is asso-
ciated with obesity, insulin resistance and type 2 diabetes[24].

Two independent studies have demonstrated a significant 
decrease in atherosclerotic lesion size in the aorta of mice lack-
ing the CX3CL1/CX3CR1 signaling mechanism[25, 26], while 
more recently, Saederup et al demonstrated that the deletion 
of CX3CL1 in CCR2-deficient mice dramatically reduced the 
accumulation of macrophages in the arterial wall and the 
subsequent development of atherosclerosis[27].  The latter 
study concluded that successful therapeutic strategies may 
need to target multiple chemokines and/or chemokine recep-
tors[27].  In a similar setting, Combadière et al demonstrated 
that the combined inhibition of CCL2, CX3CR1, and CCR5 in 
hypercholesterolemic, atherosclerosis-susceptible apolipopro-
tein E-deficient mice leads to the abrogation of bone marrow 
monocytosis and to additive reduction in circulating mono-
cytes despite persistent hypercholesterolemia.  These effects 
were associated with a marked and additive 90% reduction in 
atherosclerosis[28].  More recently, Liu et al, using both RT-PCR 
and immunohistochemical analysis, showed that CX3CL1 
expression was higher in high-fat- vs normal diet-fed ApoE 
gene knockout mice and was significantly decreased by aspi-
rin treatment[29].

Recent studies have also implicated CX3CL1 in platelet 
stimulation and activation.  Platelets have been shown to 
express CX3CR1 and exposure to CX3CL1 has been shown to 
promote platelet activation.  Schäfer et al demonstrated that 
platelets from rats, pre-incubated with CX3CL1, had increased 
P-selectin surface expression.  Also, pre-incubation with 
CX3CL1 enhanced platelet adhesion to collagen and fibrino-
gen[30].  In the field of platelet endothelial interaction, Schulz et 
al demonstrated that CX3CL1 expressed by inflamed endothe-
lial cells triggers P-selectin exposure on adherent platelets, 
which thereby initiates the local accumulation of leukocytes 
under arterial shear, an essential step in the development of 
atherosclerotic lesions[31].

CX3CL1 has also been demonstrated to exert cytotoxic 
effects on the vascular endothelium, as well as anti-apoptotic 
and proliferative effects on vascular cells, affecting the synthe-
sis and stability of the atherosclerotic plaque[32].  

The role of CX3CL1/CX3CR1 in atherosclerosis is summa-
rized in Figure 2.  

CX3CL1 and atherosclerosis: clinical research
Commonly used clinical risk factors, individually or incorpo-
rated in risk algorithms, fail to identify all individuals at risk 
of cardiovascular disease.  This notion has inspired biomarker 
research in the field of cardiovascular disease prevention for 
more than 3 decades.  An ideal biomarker should provide 
diagnostic information in patients at risk for cardiovascular 
disease and/or prognostic information on patients with estab-
lished cardiovascular disease and/or serve as predictors of 
efficacy for therapeutic interventions.

Serum levels of CX3CL1 have been assessed as a potential 
diagnostic and prognostic biomarker.  Stolla et al assessed 
soluble CX3CL1 serum levels in 137 patients with atheroscle-
rotic carotid artery disease.  The authors observed significantly 
elevated levels of soluble CX3CL1 in patients with carotid 
artery stenosis near occlusion (90%–99% stenosis) but simi-
lar levels among patients with moderate (50%–70% stenosis) 
and advanced (70%–90% stenosis) carotid artery disease[23].  
Yadav et al assessed 62 healthy controls and 128 patients with 
stage III–V chronic kidney disease (CKD)[33, 34].  The authors 
observed increased levels of soluble CX3CL1 in CKD subjects 
and a significant correlation between common carotid artery 
intima-media thickness and soluble CX3CL1 levels.  In a 
case-control study involving 281 type 2 diabetics and 274 age 
and gender-matched controls, Shah et al observed increased 
plasma CX3CL1 levels in patients with type 2 diabetes vs non 
diabetics[24].  Nevertheless, in a large cohort of angiographi-
cally verified coronary artery disease (CAD) patients, Njerve 
et al detected no differences in circulating levels of CX3CL1 
between patients with or without type II diabetes mellitus, 

Figure 2.  The dual-role of CX3CL1 in atherosclerosis: In its membrane 
bound form, it promotes the firm adhesion of rolling leucocytes onto the 
vessel wall (B) promoting sub-endothelial migration (C).  In its soluble 
form, following cleavage by the TNF-alpha converting enzyme, it serves as 
a potent chemoattractant for CX3CR1-expressing cells (A).



1254

www.nature.com/aps
Apostolakis S et al

Acta Pharmacologica Sinica

npg

or between patients with or without metabolic syndrome[35].  
Maegdefessel et al compared serum CX3CL1 concentrations 
among 46 patients with coronary heart disease, 47 insulin-
dependent diabetic patients following rehabilitation and 50 
control subjects.  The authors demonstrated that following 
rehabilitation serum, CX3CL1 levels in coronary heart disease 
patients were similar to those in control subjects, whereas 
CX3CL1 levels were lower in insulin-dependent diabetic 
patients[36].  Li et al assessed the concentrations and mRNA 
expression levels of CCL2, CCL5, and CX3CL1 in 60 patients 
with acute myocardial infarction, 60 patients with unstable 
angina pectoris, 60 patients with stable angina pectoris and 40 
patients without coronary heart disease.  The authors observed 
significantly higher chemokine levels in unstable coronary 
artery disease patients compared to stable coronary artery dis-
ease patients[37].  Similarly, Damås et al assessed plasma levels 
of CX3CL1 and CX3CR1 expression in peripheral blood mono-
nuclear cells of various coronary artery disease populations 
and concluded that the plasma levels of CX3CL1 are greatly 
increased in coronary artery disease, particularly in unstable 
angina with parallel increase of CX3CR1 expression in periph-
eral blood mononuclear cells.  The authors further demon-
strated that statin therapy for 6 months reduced the expression 
of CX3CL1 and CX3CR1[38].  Our group, using flow cytometry, 
similarly observed a higher rate of CX3CR1-positive periph-
eral blood mononuclear cells in patients with coronary artery 
disease as compared to the controls with a difference that was 
enhanced beyond the limit of statistical significance when 
CX3CR1 expression was evaluated in the monocyte gate[39].

In a different cardiovascular disease setting, Richter et al 
assessed CX3CL1 plasma levels in 349 patients with advanced 
systolic heart failure.  The authors observed over a median 
follow-up of 4.9 years that CX3CL1 was a significant predictor 
of all-cause mortality with a hazard ratio of 2.78 for the third 
compared to the first tertile[40].  The same group subsequently 
demonstrated that a multi-biomarker score including plasma 
CX3CL1 levels had strong discriminatory power for 5-year 
mortality (area under the Receiver Operating Characteristic 
curve 0.81) in patients with systolic heart failure[41].

In support of this evidence, several population-based genetic 
studies conducted in different population samples evaluated 
the effect of genetic variations of the CX3CL1 receptor on sus-
ceptibility to coronary artery disease.  Two non-synonymous 
polymorphisms have been identified in the CX3CR1 gene[42–44].  
They result in a valine to isoleucine substitution at position 
249 (CX3CR1-V249I), and threonine to methionine substitu-
tion at position 280 (CX3CR1-T280M) in the final polypeptide 
sequence of the final CX3CR1 protein[41].  These changes are 
located in the sixth and seventh transmembrane domains, 
respectively[42].  Several independent studies conducted in 
different settings of atherosclerotic cardiovascular disease 
have revealed an atheroprotective effect of these common 
single nucleotide polymorphisms of the CX3C receptor gene 
attributed to the reduced activity of the CX3CL1/CX3CR1 
pathway[42–44].  Accordingly, a meta-analysis involving 2000 
coronary artery disease patients and 2841 subjects without 

evidence of cardiovascular disease, confirmed a strong asso-
ciation between the 280M allele and reduced risk for coronary 
artery disease in the heterozygous state[45].

From bench to bedside: the future of CX3CL1
Since the establishment of the inflammatory basis of ath-
erosclerosis, several pro- or anti-inflammatory agents have 
been examined as potential mediators of the biochemical 
pathways of atherogenesis.  Following the discovery of the 
first chemokine in 1987, almost every one of the currently 46 
known family members has been implicated, in aspects of 
cardiovascular disease in general and atherosclerotic vascular 
disease in particular[46].

The structural and functional uniqueness of CX3CL1, dem-
onstrated by multiple studies under different settings, have 
clearly established a key role for the CX3CL1/CX3CR1 path-
way in atherogenesis.  Nevertheless, how the information that 
has been derived from in vitro studies and animal models can 
be applied in clinical settings remains to be determined.

The management of atherosclerotic cardiovascular disease 
consists of primary prevention, secondary prevention, and 
treatment of acute complications of atherosclerosis.  Primary 
prevention requires overall cardiovascular risk estimation and 
risk factor modification.  Commonly used risk algorithms, are 
quite effective but fail to identify all individuals that are poten-
tially affected by cardiavscular disease.  Novel cardiovascu-
lar biomarkers that identify these missed individuals would 
greatly improve current primary prevention practices.  In car-
diovascular risk estimation, several reports have indicated that 
increased serum levels of CX3CL1 correlate with an increased 
risk of cardiovascular disease per se, an adverse cardiovas-
cular risk profile or acute cardiovascular events.  However, 
these data are primarily the results of single-centre small-scale 
observational studies.  There are no data available derived 
from large-scale prospective clinical trials illustrating the addi-
tive value of CX3CL1 on traditional risk factors as prognostic 
markers of short- or long-term outcome after acute cardiovas-
cular events or in a primary prevention setting.  There are also 
methodological issues in the assessment of chemokines as bio-
markers.  Do plasma levels or serum levels of chemokines best 
reflect the underlying inflammatory process?  Recently, Schna-
bel et al observed that serum values of CCL2 are almost twice 
those in plasma.  The authors demonstrated that this phenom-
enon is likely due to the strong binding of CCL2 in erythrocyte 
DARC receptors and the release of CCL2 by activation of anti-
coagulation[47].  Erythrocyte DARC represents a large reservoir 
of chemokines and perhaps DARC-bound chemokines would 
be better biomarkers of atherosclerotic cardiovascular disease.  
In support of the latter theory, Tziakas et al demonstrated an 
association between erythrocyte-bound but not plasma CXCL8 
and the clinical presentation of coronary artery disease, sug-
gesting that erythrocyte-bound CXCL8 might be a better 
marker of unstable coronary artery disease[48].  Thus, there are 
a lot of obscure aspects in the regulation of plasma chemok-
ines and it is likely that CX3CL1 plasma concentrations might 
also be regulated by a yet unknown scavenging system.
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Another issue is whether additional markers for atheroscle-
rosis are required in either a primary or a secondary setting.  
Inflammatory markers have to demonstrate high specificity 
and sensitivity and increase predictive value positively or 
negatively, particularly if we take into account cost-efficiency 
parameters and the fact that most traditional risk factors are 
highly modifiable.

As regards the therapeutic potential of the CX3CL1/
CX3CR1 pathway, only limited data are available.  Data from 
animal models are encouraging, demonstrating the suppres-
sion of atherosclerosis when the CX3CR1/CX3CL1 pathway is 
blocked.  From the efficacy point of view, one key question is 
whether the long-term inhibition of a single chemokine/recep-
tor would be an effective therapeutic strategy.  The combined 
inhibition of CCL2 and CX3CL1 may be required to overcome 
redundancy in the chemokine network.  Indeed, blockade of 
multiple chemokine-mediated pathways at the level of the 
receptor has been proven far more effective than the block-
ade of single pathways[27, 28].  From the safety point of view, 
chemokine inhibition as any immune-modulating therapeutic 
approach has several drawbacks that need to be considered.  
The resulting chronic monocyte suppression could have sig-
nificant undesirable effects.  Although targeting CX3CL1 in 
early atherosclerosis might reduce monocyte accumulation 
and survival in fatty streak lesions, macrophage survival may 
be crucial in late disease stages to ensure the clearance of 
necrotic and potentially thrombogenic material.  Additionally, 
atherosclerosis is a chronic condition; thus, long-term therapy 
must be applied.  This raises tolerability and safety issues for a 
potential therapeutic agent that blocks a non-specific chemot-
actic pathway.  Moreover, CX3CL1 is an important media-
tor of several aspects of immune response.  Therefore, the 
complete blockade of CX3CL1 signaling pathways may not 
be desirable.  Thus, techniques need to be applied to ensure 
that CX3CL1 signal blocking takes place in specific areas 
and tissues.  An appealing area of investigation for immune-
suppressive therapies is restenosis after percutaneous coro-
nary intervention(PCI), in which CX3CL1 signalling blockers 
may be tested as potential agents for stent eluting.  This lat-
ter approach ensures better targeting and probably less side 
effects than systemic treatment.  

Nonetheless, it is necessary to take into account that all 
therapeutic approaches for cardiovascular disease have been 
evaluated in large-scale clinical trials with specific “hard” 
endpoints.  Therefore, despite its promising in vivo and in 
vitro data, any CX3CL1 modulating therapy must be proven 
to exhibit the ability to reduce cardiovascular morbidity and 
mortality.  To the best of our knowledge, no large-scale clinical 
trials are currently evaluating the effectiveness of CX3CL1-as 
a prognostic marker or therapeutic target.  It will therefore be 
a long wait before CX3CL1-based therapeutic approaches find 
their way into clinical practice.

In conclusion, there is sufficient evidence in the scientific 
literature to support an important role of CX3CL1/CX3CR1 in 
atherosclerosis.  There is as yet no convincing evidence to sup-
port potential clinical use of CX3CL1 as a prognostic marker, 

diagnostic marker or therapeutic target in atherosclerotic vas-
cular disease.  
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