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Abstract 
 

Atherosclerosis and restenosis are driven by chronic immune response in the vascular wall. This involves 
cell migration into and within the vessel wall, cell proliferation as well as accumulation of lipids in the vessel 
wall. These processes are mediated, among other substances, by molecules belonging to a large family of 
chemoattractants. The aim of this thesis was to investigate whether several chemoattractants can serve as 
causative agents, biomarkers and therapeutic targets in atherosclerosis and restenosis. 

 
One of the recently discovered chemoattractants, chemokine CXCL16 exists in soluble and transmembrane 

forms. It ligates chemokine receptor CXCR6 and guides migration of activated Th1 and Tc1 cells. It is identical 
to scavenger receptor SR-PSOX, which mediates uptake of oxidized low-density lipoprotein (oxLDL) by cells. 
We detected abundant CXCL16/SR-PSOX and CXCR6 expression in atherosclerotic lesions from human 
subjects and apolipoprotein-E-deficient (ApoE-/-) mice. In monocytes, CXCL16/SR-PSOX expression was 
increased by interferon-γ (IFN-γ), a proatherogenic cytokine abundant in atherosclerotic lesions. This 
corresponded to increased uptake of oxLDL by monocytes, which was specifically mediated by       
CXCL16/SR-PSOX. IFN-γ injections to ApoE-/- mice induced CXCL16/SR-PSOX expression in atherosclerotic 
lesions. These data demonstrate a novel role of IFN-γ in cellular lipid accumulation through up-regulation of 
CXCL16/SR-PSOX and suggest that CXCL16/SR-PSOX may serve as a molecular link between lipid 
metabolism and immune activity in the atherosclerotic lesion. 

 
These results also suggested that patients with atherosclerosis may present with altered levels of 

CXCL16/SR-PSOX in the systemic circulation. Using ELISA we assessed plasma CXCL16/SR-PSOX 
concentration in stable angina pectoris (SAP) patients, unstable angina pectoris/non-ST-elevation myocardial 
infarction (UAP/non-STEMI) patients, survivors of a first myocardial infarction (MI) and healthy control 
subjects. SAP patients exhibited significantly lower median CXCL16/SR-PSOX levels than control subjects, 
while UAP/non-STEMI patients and post-MI patients tended to have lower CXCL16/SR-PSOX levels compared 
to controls. At the same time there were no significant correlations between CXCL16/SR-PSOX levels and 
measures of coronary artery disease (CAD) severity: angiographically determined degree of coronary artery 
stenosis, plasma lipoprotein fractions, inflammatory cytokines and C-reactive protein. The finding that lower 
plasma CXCL16/SR-PSOX concentration is associated with CAD might indicate a potential atheroprotective 
function of CXCL16/SR-PSOX and suggests that it is worth further investigation as a CAD biomarker. 

 
CCL11 (eotaxin) is another chemokine, whose systemic levels and genetic variants might be associated 

with CAD. However, the relationship between CCL11 genetic variants and plasma concentrations in CAD 
patients has not been studied. We genotyped post-MI patients and healthy controls for a 67G>A single 
nucleotide polymorphism (SNP) in the CCL11 gene and related the presence of the former to the plasma CCL11 
concentrations, measured by ELISA. There were no differences in CCL11 genotype frequencies between 
patients and controls. Patient G/G carriers had higher circulating CCL11 levels compared both to G/A and A/A 
patients and G/G controls. At the same time, CCL11 levels did not differ between patients and controls 
irrespective of the 67G>A SNP variants they carried. No associations were found between plasma CCL11 levels 
and biochemical indicators of CAD or the degree of coronary artery stenosis in patients. Taken together, we 
show that despite certain influence of 67G>A SNP on CCL11 plasma levels, neither of them is useful for 
distinguishing subjects with and without clinical manifestations of coronary atherosclerosis. 

 
Leukotriene B4 (LTB4), a potent chemoattractant derived from arachidonic acid, exerts its action by means 

of specific receptors BLT1 and BLT2. In this study, BLT1 protein was detected in human atherosclerotic 
plaques, where it co-localized with macrophages, endothelial cells, and smooth muscle cells (SMC). Human 
coronary artery SMC exposed to either the LTB4 or the BLT1 partial agonist U75302 exhibited increase of 
whole-cell ion currents indicating that these cells express functional BLT1. LTB4 induced BLT1-mediated 
migration and proliferation of SMC in vitro, while treatment with the BLT1 antagonist BIIL284 inhibited 
balloon injury-induced carotid artery neointimal hyperplasia in rats. In the latter model, intimal SMC exhibited 
increased expression of BLT1 compared with medial SMC. This could be prevented by transfection with a 
dominant-negative form of IκB kinase-β, indicating that BLT1 expression depends on NF-κB. These results 
show that LTB4 activates functional BLT1 on vascular SMC affecting their chemotaxis and proliferation, and 
that inhibition of BLT1 signaling reduces neointimal hyperplasia, suggesting this pathway as a possible target for 
restenosis therapy. 
 

In summary, this thesis suggests the novel roles for such chemoattractants as CXCL16/SR-PSOX and LTB4 
in the development of atherosclerosis and restenosis, respectively. Moreover, CXCL16/SR-PSOX deserves 
further investigation as a CAD biomarker, while CCL11 is unlikely to be validated as such. And finally, therapy 
directed at LTB4/BLT1 axis may be useful for the treatment of post-angioplasty restenosis. 
 

Keywords: atherosclerosis, coronary artery disease, restenosis, chemokines, eicosanoids 
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There are two kinds of forecasters: 
those who don't know, 

and those who don't know they don't know. 
 

John Kenneth Galbraith 
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1. The burden of atherosclerosis and restenosis 
In today’s world cardiovascular diseases (CVD) top the charts of morbidity and 

mortality. The leader among those diseases is undoubtedly coronary artery disease 

(CAD). Each year almost 2 million Europeans and 1.4 million Americans die from 

CAD only. The costs of caring for patients with all forms of CVD amount to 170 

billion euros/year in Europe and almost 400 billion dollars/year in the US [1, 2]. 

The underlying pathological process leading to the majority of cardiovascular 

events is atherosclerosis. Successes in surgical treatment of atherosclerosis led to the 

appearance of another problem – restenosis. Certain aspects of the pathology of 

these conditions, relevant to the topic of this thesis, will be outlined in this chapter. 

Detailed review of the pathogenesis of these conditions can be found elsewhere [3-

7]. 

Atherosclerosis 

Since Anitschkow and Chalatow created a rabbit model of diet-induced 

atherosclerosis in 1913, lipids became known as causative factors of atherosclerosis 

[8, 9]. However, the exact mechanisms behind this observation were not known at 

that time. More recent work showed that an important early event in the 

atherosclerotic lesion formation is the subendothelial retention of atherogenic 

apoprotein(apo)-B-containing lipoproteins as a result of their direct binding to artery 

wall proteoglycans [10-14]. This first happens in regions of arterial branching or 

curvature where laminar blood flow is disturbed and endothelial cells show 

increased permeability to macromolecules [15]. Lipoproteins retained in 

subendothelial space become modified (by oxidation and otherwise) (reviewed in 

[16]) and in this state can trigger processes, leading to immune infiltration of the 

artery wall and formation of an atherosclerotic plaque. 

Inflammation has been long proposed to be involved in atherogenesis [17-19]. 

In 1950s it was discovered that the earliest lesions, the fatty streaks, originated 

through clustering of lipid-loaded macrophages (Mφ) (foam cells) in the subintimal 

space of the artery [20]. Those Mφ were later found to originate from blood 

monocytes, which became loaded with lipids in the arterial wall [21-24]. Further 

research showed that activated T lymphocytes also accumulate in atheroma 

13 
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suggesting that they might play an important role in its development [25-27]. At the 

same time smooth muscle cells (SMC) were shown to be the targets of T-cell 

cytokines [28, 29]. Later on T-cell-independent ways of SMC and endothelial cell 

(EC) activation were discovered, establishing those cell types as targets and 

producers of proinflammatory and proatherogenic cytokines [30]. B-cells, dendritic 

cells (DC), NKT cells and mast cells were also found to play distinct roles in plaque 

evolution and rupture [7]. 

Most of our knowledge about the pathogenesis of atherosclerosis comes from 

the studies in animal models [31], of which mice are the most frequently used [32, 

33]. Two mouse strains utilized in the majority of the studies are low-density 

lipoprotein receptor deficient mice (LDLR-/-) and apolipoprotein E deficient mice 

(ApoE-/-). Both of them develop atherosclerotic lesions in aorta and other vascular 

beds, even though induction of atherogenesis in LDLR-/- mice requires 

administration of high fat diet. Many studies unraveling contributions of 

chemoattractants to the pathogenesis of atherosclerosis were also performed in those 

models. 

Restenosis 

The first successful percutaneous transluminal coronary angioplasty (PTCA, 

now termed percutaneous coronary intervention (PCI)) in man was performed by 

Andreas Grüntzig in 1977 [34]. It was a great advancement in the treatment of CAD 

at that time, which promised to dramatically change the way it was managed. The 

other side of the coin showed up pretty soon – reocclusion of the dilated coronary 

artery (restenosis), which occurred in 30-60% of operated patients and led to the 

recurrence of clinical symptoms [35, 36]. The solution was developed in the form of 

small metallic coils (stents), which were placed in the dilated segment of the 

coronary artery. This decreased restenosis rate to 20-30% but did not completely 

eliminate it [37]. Systemic pharmacotherapy was proposed to tackle the problem 

[38], but the true revolution came with the discovery that immunosuppressive 

macrolide cyclosporine A inhibited the development of neointimal hyperplasia [39]. 

This paved the way to the advent of drug-eluting stents (DES) coated with anti-

inflammatory and anti-proliferative medications: second-generation macrolide 

sirolimus (rapamycin) and taxane paclitaxel [40-42]. This greatly diminished the rate 

14 
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of in-stent restenosis (0-9%), but brought another set of problems such as in-stent 

thrombosis, delayed healing and polymer hypersensitivity [43, 44]. 

Intravascular ultrasound studies performed in humans showed that in-stent 

restenosis was, to a large extent, caused by neointimal hyperplasia related to the 

vessel trauma during the procedure [45]. Subsequent pathological studies confirmed 

that disruption of the internal elastic lamina, protrusion of stent struts into lipid-

laden portions of the plaque, as well as the presence of neovascularization in the 

neointima contributed to inflammatory component of the process and associated 

with increased rates of restenosis [46, 47]. 

Studies in animal models expanded our understanding of the pathogenesis of 

restenosis [48]. A major role in this process was attributed to proliferation and 

migration of SMC [3, 49, 50], which happens in 3 waves: replication of SMC in the 

media occurring within 2 days after injury, migration of SMC from the media into 

intima (days 2-14) and proliferation of SMC in the intima where they produce 

extracellular matrix (ECM) and form neointima. The inflammatory component 

(neutrophil and monocyte adherence and production of cytokines) also plays an 

important role in restenosis [39, 51-53]. In total, restenosis in animal models takes 

around 30 days to develop, while in humans it develops for 6 months to 1 year post 

injury. 

 

Thus, migration and proliferation of leukocytes and SMC play pivotal role in 

the pathogenesis of both atherosclerosis and restenosis. Attempts to identify the 

mechanisms leading to cell migration into and within the vessel wall have unraveled 

a complex network of adhesion molecules, growth factors and chemoattractants all 

of which play distinct roles in lesion evolution. The work of this thesis has focused 

on three chemoattractants belonging to the chemokine and eicosanoid families, for 

which we propose novel roles in the pathogenesis of atherosclerosis and restenosis. 

15 
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2. Chemoattractants in vascular pathology 

What are chemoattractants? 

Chemoattractants are a diverse group of molecules whose main function is the 

stimulation of directional migration of cells (chemotaxis) (Table 1). 

Chemokines 
The largest family of chemoattractants is undoubtedly the chemokines (CK). 

They are low molecular weight (8-14kDa), predominantly secreted proteins 

produced by a variety of cells. Chemokines act via chemokine receptors (CKR), 

which belong to the G-protein coupled receptor (GPCR) family [54]. To date there 

are 48 human CK and 20 functional CKR identified. The classification of CK is 

based on their structural features – the number and spacing of the first two amino-

terminal cysteines in a peptide sequence, which divides CK into 4 families: CXC (α-

CK), CC (β-CK), C (γ-CK) and CX3C (δ-CK) [55]. CKR are also divided into 4 

families depending on the spectrum of CK they bind [56, 57]. The majority of CKR 

bind several CK, while some are highly monogamous (e.g. CXCR4 binds only 

CXCL12, CXCR5-CXCL13 and CXCR6-CXCL16). 

The first identified members of the CK family were CXCL4 (PF4, platelet 

factor 4) [58] and CXCL10 (IP-10, interferon-inducible protein 10) [59], but at that 

time they had no known chemotactic activity. CK were recognized as chemotactic 

molecules only after characterization of CXCL8 (IL-8, interleukin-8) [60, 61] 

followed by CCL3 (MIP-1α, macrophage inflammatory protein-1α) [62], CCL5 

(RANTES, regulated upon activation, normally T-cell expressed, and presumably 

secreted) [63] and CCL2 (MCP-1, monocyte chemotactic protein-1) [64]. 

The regulation of cell behavior by CK is a complex process. The most 

important is undoubtedly their ability to induce chemotaxis, which is vital for the 

control of immune responses and constitutive cell trafficking [65, 66]. CK can bind 

negatively charged sugar moieties (typically glycosaminoglycan (GAG) side chains 

of proteoglycans) on cell membranes and matrix proteins and may thus be exposed 

to cells moving along surfaces, e.g. those of blood and lymph vessels [67]. 

16 
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Table 1. Chemoattractants and their receptors 
Chemokines 

CC family 
CCL1 (I-309) CCR8, Duffy (no signaling) 
CCL2 (MCP-1, MCAF) CCR2, CCR5, Duffy (no signaling), D6 (no signaling) 
CCL3 (MIP-1α, LD78α) CCR1, CCR5, D6 (no signaling) 
CCL4 (MIP-1β) CCR5, CCR8, D6 (no signaling) 
CCL5 (MCP-5, RANTES) CCR1, CCR3, CCR5, Duffy (no signaling), D6 (no signaling) 
CCL7 (MCP-3) CCR1, CCR2, CCR3 
CCL8 (MCP-2) CCR2, CCR3, CCR5 
CCL11 (Eotaxin) CCR2 (partial antagonist), CCR3, CCR5, CXCR3 (antagonist) 
CCL13 (MCP-4) CCR2, CCR3, D6 (no signaling) 
CCL14 (HCC-1) CCR1, D6 (no signaling) 
CCL15 (HCC-2, Lkn-1, MIP-1δ) CCR1, CCR3 
CCL16 (HCC-4, LEC) CCR1 
CCL17 (TARC) CCR4, CCR8 
CCL18 (DC-CK1, PARC) Unknown 
CCL19 (MIP-3β, ELC, exodus-3) CCR7, PPR1 
CCL20 (MIP-3α, LARC, exodus-1) CCR6 
CCL21 (6Ckine, SLC, exodus-2) CCR7, CXCR3, PPR1 
CCL22 (MDC, STCP-1) CCR4 
CCL23 (MPIF-1) CCR1 
CCL24 (MPIF-2, eotaxin-2, CK-β6) CCR3 
CCL25 (TECK) CCR9, PPR1 
CCL26 (Eotaxin-3, MIP-4α) CCR2 (antagonist), CCR3, CCR10 
CCL27 (CTACK, ILC) CCR10 
CCL28 (MEC) CCR10 
CXC family 
CXCL1 (GROα, MGSA-α) CXCR1, CXCR2, Duffy (no signaling) 
CXCL2 (GROβ, MGSA-β) CXCR2 
CXCL3 (GROγ, MGSA-γ) CXCR2 
CXCL4 (PF4) Unknown 
CXCL5 (ENA-78) CXCR2 
CXCL6 (GCP-2) CXCR1, CXCR2 
CXCL7 (NAP-2) CXCR2, Duffy (no signaling) 
CXCL8 (IL-8, NAP) CXCR1, CXCR2, Duffy (no signaling) 
CXCL9 (Mig) CXCR3, CCR3 (antagonist) 
CXCL10 (IP-10) CXCR3, CCR3 (antagonist) 
CXCL11 (I-TAC) CXCR3 
CXCL12 (SDF-1α/β) CXCR4, CXCR7 
CXCL13 (BLC, BCA-1) CXCR5 
CXCL14 (BRAK, bolekine) Unknown 
CXCL16 CXCR6 (Bonzo) 
CX3C family 
CX3CL1 (fractalkine) CX3CR1 
C family 
XCL1 (lymphotactin, SCM-1α, ATAC) XCR1 
XCL2 (SCM-1β) XCR1 

Leukotrienes 
LTB4 BLT1, BLT2 
LTC4, LTD4 and LTE4 CysLT1, CysLT2 

Other chemoattractants (Chemokine-like function molecules) 
C5a C5aR 
fMLP FPR1, FPR-like 1 
β-defensins CCR6 
MIF Receptor not known, possibly CD74 
PDGF PDGFR-α, PDGFR-β 
Notes: CCL6, 9, 10, 12 and CXCL15 have not yet been identified in humans. 
Duffy=DARC (Duffy antigen receptor for chemokines). See text for other details. 
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Functioning in concert with adhesion molecules, CK are involved in all stages 

of leukocyte migration into tissues (arrest-adhesion-activation-transmigration) [68]. 

The pattern of CKR expression is different for different cells, while the 

expression of CK differs between tissues as well as between healthy and diseased 

states of the same tissue [69]. This dictates differential recruitment of leukocyte 

subtypes in inflammatory and non-inflammatory (cell homing) conditions. At the 

same time different CK/CKR seem to participate in different stages of leukocyte 

migration or at the same stage but in different conditions/tissues [66, 68]. For 

example, CXCL1/CXCR2 (GRO-α, growth-regulated oncogene-α and its receptor) 

and CXCL12/CXCR4 (SDF-1α, stromal cell-derived factor-1α and its receptor) 

seem to be primarily involved in leukocyte arrest and adhesion, but not 

transendothelial migration. CX3CL1 and CX3CR1 (fractalkine and its receptor) can 

mediate both adhesion and transendothelial migration. CCL5 also fulfills both 

functions, but this is controlled by receptor expression: CCR1 mediates cell arrest to 

GAG-immobilized CCL5, while CCR5 mediates transendothelial migration to a 

subendothelial CCL5 gradient. 

Besides regulating chemotaxis, CK regulate other processes. Some CK, e.g. 

CCL2, CXCL8, CXCL10, CXCL16 possess mitogenic activity, while others, e.g. 

CCL3 inhibit cell proliferation. CXC CK can be either angiogenic or angiostatic 

depending on the presence or absence of the amino-terminal ELR (glutamic acid-

leucine-arginine) motif [70]. Several CK (CXCL4, CXCL9 (Mig, monokine induced 

by interferon-γ), CXCL10, CXCL11 (I-TAC, interferon-inducible T-cell α 

chemoattractant), and CCL5) possess antimicrobial functions [71], while some CKR 

are utilized by human immunodeficiency virus to gain access to the cell [72]. 

Recently several CK were found to exert lipid-scavenging function [73]. Given such 

a broad range of functions, it is no wonder that CK/CKR are implicated in the 

pathogenesis of many diseases [74]. 

Eicosanoids 
Eicosanoids are bioactive lipid mediators derived from arachidonic acid (AA) 

(20:4ω6) and similar polyunsaturated fatty acids. The road to eicosanoids discovery 

is paved by two observations made in the 1930s: the first one describing essential 

fatty acids and the second one identifying smooth-muscle stimulating properties in 

18 



© Yuri Sheikine, 2006   Chemoattractants in vascular pathology, ISBN 91-7140-884-3 

the extracts from the sheep prostate gland [75]. These observations prompted 

Bergström with colleagues to isolate and characterize the factors exerting this 

activity. They turned out to be lipids derived from the essential fatty acid, AA (Ref 

[75]). Subsequent work by Samuelsson et al elucidated the metabolic pathways 

leading from AA to a broad range of prostaglandins (reviewed in [76]). 

In 1971 Vane discovered that aspirin and other non-steroidal anti-inflammatory 

drugs (NSAIDs) acted by inhibiting prostaglandin synthesis [77]. At the same time, 

anti-inflammatory effects of steroids, which were also proposed to inhibit 

prostaglandin synthesis [78], and NSAIDs suggested the presence of other AA 

derivates with proinflammatory functions. This led to the discovery of leukotrienes 

(LT) in 1976 (reviewed in [79]). Nowadays the eicosanoid family includes 

mediators derived both from enzymatic (prostaglandins H2, I2, F2α, D2, E2, 

tromboxane A2, di- and tri-HETE, LT, lipoxins and 15-HETE) and non-enzymatic 

(J2 family of prostaglandins and isoprostanes) conversion of AA [80, 81]. 

LT are eicosanoids of triene structure, predominantly synthesized by 

inflammatory cells. Their production is initiated by the liberation of AA from 

glycerophospholipids of nuclear membrane. This process is activated by 

inflammatory stimuli and catalyzed by type IV cytosolic phospholipase A2 

translocating to the nuclear envelope. On the next step, the key enzyme of LT 

cascade, 5-lipoxygenase (5-LO), aided by 5-lipoxygenase activating protein (FLAP), 

converts AA into 5-hydroperoxyeicosatetraenoic acid (5-HPETE) and then – 

unstable epoxide LTA4. LTA4 can be further metabolized by hydrolysis, conjugation 

or transcellular metabolism. The first pathway, catalyzed by LTA4 hydrolase, yields 

dihydroxi fatty acid LTB4, which was one of the earliest chemoattractants to be 

identified. LTA4 conjugation with glutathione, catalyzed by LTC4 synthase or its 

isoenzymes MGST2 and MSGT3, leads to the formation of the generic cysteinyl LT 

– LTC4, which can be further converted into LTD4 and LTE4. And finally, LTA4 

transported out of the cell can be taken up by surrounding cells (e.g. cells that 

normally lack the ability to produce LTA4) and converted into LTB4, C4, D4 and E4. 

Detailed information on LT biosynthesis and functions can be found elsewhere [75, 

80, 82]. 

The effects of LT are mediated by LT receptors, which, like CKR, belong to the 

family of GPCR. Currently there are two known types of LTB4 receptors: high-
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affinity BLT1 and low-affinity BLT2 [83, 84]. BLT1 is expressed on leukocytes and 

mediates strong chemotactic response, while BLT2 expression is more ubiquitous 

and functions are obscure (reviewed in [85, 86]). Receptors for cysteinyl LT are also 

divided into two classes: CysLT1 and CysLT2 [87]. Effects exerted by cysteinyl LT 

include stimulation of SMC contraction and proliferation, activation of mononuclear 

cells and migration of DC. LT have been implicated in a variety of inflammatory 

disorders including asthma, colitis, dermatitis, rheumatoid arthritis, peritonitis, and 

recently, atherosclerosis [80]. 

Other chemoattractants 
Some molecules do not belong to CK or eicosanoid families, but fulfill similar 

functions in cell recruitment and activation. Degryse and de Virgilio [88] proposed 

to collectively term them chemokine-like function (CLF) molecules. They include 

the C5a fragment of complement protein C5, the N-formyl-methionyl-leucyl-

phenylalanine (fMLP) peptide from bacteria and damaged host cells, the β-defensin 

family of antimicrobial peptides, macrophage migration inhibitory factor (MIF), 

urokinase-type plasminogen activator (uPA), the HMGB1 chromosomal protein, 

some growth factors (e.g. platelet-derived growth factor (PDGF)), members of 

lipoprotein receptor family [89] and others. Some of them bind traditional CKR (e.g. 

β-defensins bind CCR6), while others (e.g. PDGF, uPA) act via their own specific 

receptors. 

 

The actions of almost every chemoattractant are quite diverse and often overlap 

with each other. However, an attempt will be made below to describe the 

contribution of chemoattractants to main processes involved in the pathogenesis of 

atherosclerosis and restenosis. The description is not meant to be exhaustive, but 

serves to place the findings of this thesis in the proper context. 

Chemoattractants and cell migration and proliferation in the 
vessel wall 

Monocytes/Macrophages 
In the formation of an atherosclerotic lesion, monocytes are the earliest cells to 

enter the vessel wall. There they differentiate into Mφ and start ingesting lipids, 

20 



© Yuri Sheikine, 2006   Chemoattractants in vascular pathology, ISBN 91-7140-884-3 

ultimately turning into foam cells (reviewed in [90]). 

CCL2 and its murine homolog JE are secreted by several cell types and mainly 

function as chemoattractants for monocytes/Mφ and T-cells [91]. CCL2 mRNA and 

protein were shown to be abundant in Mφ-rich areas of human and animal 

atherosclerotic lesions [92-94]. Expression of the CCL2 receptor CCR2 is increased 

in human monocytes treated with low density liporotein (LDL) in vitro [95] and in 

monocytes from hypercholesterolemic patients vs monocytes from 

normocholesterolemic controls [96]. Such “primed” monocytes exhibit increased 

chemotactic response to CCL2. On the other hand, oxidized LDL (oxLDL) reduces 

expression of CCR2 [95]. This mechanism might help keeping monocytes in the 

lesion: increased CCR2 expression in hypercholesterolemia mediates recruitment of 

circulating monocytes to the forming lesion, but once they migrate there and engulf 

oxLDL, CCR2 is down-regulated, which helps retain cells in the vessel wall. 

Lutgens et al [97] recently reported that, besides CCL2, mRNA levels for a number 

of other CC CK (CCL3, 4 and 5) increased in aortic lesions of ApoE-/- mice on high 

fat diet in a time-dependent fashion. Immunohistochemistry for CCL1, 3 and 5 

proteins showed their highest expression on lesional Mφ. 

CCL2-/-LDLR-/- mice exhibited dramatic decrease in lesion size and plaque Mφ 

content compared to CCL2+/+LDLR-/- mice [98]. CCL2-/- mice crossed to human 

apoB-transgenic mice also had a 60% decrease in lesion size and Mφ content in the 

lesions compared to CCL2+/+ littermates [99]. Conversely, viral-mediated 

overexpression of CCL2 in carotid arteries of hypercholesterolemic rabbits led to 

increased Mφ and lipid infiltration of the intima [100]. CCL2 expression by 

monocytes themselves is also deleterious: CCL2 overexpression in ApoE-/- mice via 

bone marrow transplantation resulted in a 3-fold increase in atherosclerosis [101]. 

CCL2 promotes atherosclerosis by ligating CCR2. ApoE-/- mice lacking CCR2 

displayed a 50% reduction in the lesion size and a 60% decrease in the number of 

plaque Mφ compared to CCR2+/+ApoE-/- mice [102, 103]. Transplantation of CCR2-

deficient bone marrow to irradiated ApoE3-Leiden mice led to 86% reduction of 

aortic root lesion area [104], which emphasized the importance of leukocyte-

expressed CCR2 in atherogenesis. Interestingly, the earliest expression of CCL2 in 

the course of lesion formation was detected in adventitial cells, rather then in the 
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intima [105]. Mφ expressing high levels of CCR2 were also found in those regions 

of the adventitia, suggesting that initial monocyte migration to the vessel wall may 

occur from the adventitial side. 

 

CXCL8 is another potent chemoattractant for neutrophils, monocytes and T 

cells [106, 107]. This CK does not exist in mice where its functions are fulfilled by 

other CK (CXCL1 (in mice termed KC, keratinocyte-derived chemokine), CXCL2 

(MIP-2α; GRO-β) and CXCL3 (MIP-2β; GRO-γ)), which all bind to a common 

receptor – the murine homologue of CXCR2 [108]. 

CXCL8, its murine homologues and CXCR2 are abundant in Mφ-rich areas of 

murine and human plaques [109, 110]. Mφ from human plaques possess an 

enhanced ability to produce CXCL8 compared to blood monocytes from healthy 

donors [111], which is mediated by cholesterol loading of Mφ [110]. Repopulation 

of irradiated LDLR-/- mice with CXCR2-negative bone marrow resulted in 60% 

smaller lesions containing fewer Mφ and SMC compared to recipients of CXCR2-

positive bone marrow [109]. This substitution, however, had a profound effect on 

plasma cholesterol levels – they were 31% lower in CXCR2-/- mice. This might 

partly account for the observed effect. In addition, disruption of CXCR2 signalling 

diminishes or eliminates effects of other CK binding CXCR2 (CXCL1, 2, 3, 5, 6, 7), 

which might result in additional protection. Huo et al [112] showed that in 

atherosclerotic carotid arteries isolated from ApoE-/- mice, CXCL1 triggered very 

late antigen-4-dependent monocyte arrest on endothelium under flow conditions. 

Blocking CXCL1 decreased monocyte arrest by 50%. In contrast to this, CCL2 or 

CCR2 did not seem to be involved in monocyte arrest, which suggested that CCL2 

may have a function downstream from arrest (e.g. transendothelial migration of 

monocytes). However, this observation was in contrast with a previous report, which 

found that CCL2 also participated in monocyte adhesion [113]. 

 

The only CX3C-type CK, CX3CL1, is one of the two CK that exist both in 

transmembrane and soluble forms, the latter formed as a result of A Disintegrin and 

Metalloproteinase(ADAM)10-mediated cleavage [114]. In this way, it combines the 

properties of a traditional CK and an adhesion molecule. It binds its unique receptor 
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CX3CR1 and serves as a potent chemoattractant and adhesion molecule for 

monocytes, T-cells, NK cells and SMC. Adhesion mediated by CX3CL1 and 

CX3CR1 is independent of chemotaxis and the activation of integrins. 

CX3CL1 is expressed on Mφ and SMC in human atherosclerotic plaques [115, 

116]. Generation of CX3CL1-/-ApoE-/- mice showed that atherosclerosis was not 

changed in the aortic root, but dramatically decreased in the brachiocephalic artery 

[117]. CX3CL1-/-LDLR-/- mice displayed smaller lesions in both the aortic root and 

the brachiocephalic artery. CX3CR1-deficient mice were also recently crossed with 

ApoE-/- mice [118, 119]. When fed Western diet for 5, 10 or 15 weeks,        

CX3CR1-/-ApoE-/- mice developed significantly smaller lesions, with fewer Mφ 

infiltrating the plaques than CX3CR1+/+ApoE-/- animals. Further studies using more 

comparable experimental designs will be needed to clarify the precise role of 

CX3CL1 and its receptor in atherosclerosis. 

 

CCL15 (Lkn-1, leukotactin-1) possesses a multitude of potentially pro-

atherogenic properties: it is expressed by plaque Mφ and acts on several cell types. It 

induces monocyte migration, secretion of pro-inflammatory cytokines and CK 

(tumor necrosis factor(TNF)-α, CXCL8 and CCL2), expression of intercellular 

adhesion molecule-1 on EC and production of tissue factor by monocytes [120, 

121]. However, its contribution to the development of atherosclerosis in vivo has not 

been investigated. 

 

MIF is a pleiotropic chemokine-like function molecule involved in innate 

immunity [122]. MIF can be found on SMC, EC and Mφ in human and rabbit 

lesions [123, 124]. In a model of arterial injury in ApoE-/- and LDLR-/- mouse 

models MIF blockade by a monoclonal antibody reduced Mφ and foam cell content 

in the neointima and stabilized restenotic lesions [125, 126]. MIF might act by 

increasing monocyte adherence to the endothelium possibly via increased expression 

of adhesion molecules or activation of GPCR [124, 125, 127]. Deletion of MIF in 

LDLR-/- mice decreased lesion size at 12 and 26 weeks and reduced cell 

proliferation rates and proteolytic activity in the aortic lesions [128]. These results 

suggest that MIF might mediate different pro-atherogenic processes including 
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monocyte recruitment. 

 

Leukotrienes have long been known as activators and chemoattractants for 

leukocytes [129]. Recent in vitro data suggest that products of the LT pathway might 

also participate in monocyte recruitment to the vessel wall. Monocytes and Mφ are 

known to express BLT1, BLT2, CysLT1 and CysLT2 and respond to their ligands 

[86, 87]. Thus, LTB4, acting via activation of integrins, can trigger monocyte 

adhesion under flow being as potent as CCL2 [130]. Furthermore, LTB4 increases 

vascular permeability and induces the expression of adhesion molecule Mac-1 

(CD11b/CD18) on leukocytes, as a prerequisite of their adherence to EC [131]. 

Ligands other than LTB4 such as B4 isoleukotrienes also act as agonists of BLTs and 

initiate monocyte activation and recruitment [132]. Two additional 5-LO products, 

5-HETE and 5-oxo-eicosatetraenoic acid, have been shown to induce actin 

polymerization and directional migration of human monocytes [133]. Unfortunately, 

data on the specific abrogation of LT receptor signaling in monocytes in animal 

models of atherosclerosis or human subjects are missing, which does not let us 

conclude on the importance of LT pathway for monocyte/Mφ recruitment to 

atherosclerotic lesions. LT, however, exert important effects on other cells in the 

lesions such as SMC, which will be discussed further in this thesis. 

T-cells 

Together with Mφ, T-cell is another important player in atherogenesis [27].     

T-cells appear in growing atheromas on early stages and drive immune reactions in 

the plaque. 

Three interferon(IFN)-γ-inducible CXC CK (CXCL9, CXCL10 and CXCL11), 

which act via CXCR3 and attract activated T-cells [134], are expressed within 

human atherosclerotic plaques but not in the normal vessel wall [135]. CXCL10 is 

expressed by EC, SMC and Mφ, while CXCL9 and CXCL11 are predominantly 

expressed by EC and Mφ. CXCR3 is abundant on plaque T-cells [135]. This 

suggests that these CK might be necessary for the recruitment and retention of 

activated T-cells within the vascular wall, especially considering the fact that IFN-γ 

is abundant in the lesions where it is produced by T-cells and Mφ [26, 136].         

Up-regulation of CXCL9, 10 and 11 might thus serve as an important 
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proatherogenic mechanism of IFN-γ. Recently created CXCL10-deficient mice 

showed impaired    T-cell responses, T-cell proliferation to allogeneic and antigenic 

stimulation and IFN-γ secretion in response to antigenic challenge [137]. Generation 

of CXCL10-/-ApoE-/- mice revealed that CXCL10 deficiency impairs T-cell 

accumulation in the lesions and leads to decreased lesion size in those mice [138]. 

CXCR3-deficient mice have also been crossed with ApoE-/- mice and exhibited 

decreased lesions in the abdominal aorta compared to control ApoE-/- mice [139]. 

Surprisingly, lesions in the aortic root of CXCR3-/-ApoE-/- mice were not different 

from those seen in  ApoE-/- mice. Despite this, the number of T-cells in the plaques 

was reduced, as were several CK including CCL3, CCL4, CXCL1 and CCR5. The 

number of SMC was increased. These effects suggest that plaques of CXCR3-/-

ApoE-/- mice are more stable than those of CXCR3-competent ApoE-/- mice. This, in 

turn, points to an important role of T-cells as determinants of plaque stability. 

 

CCL5 is a 7.8 kDa protein, which is secreted by EC, SMC, activated T-cells, 

Mφ and platelets, and binds CCR1, CCR3 and CCR5. It serves as an important 

chemotactic factor for T-cells. CCL5 is not expressed in healthy human and murine 

arteries, but can be detected in atherosclerotic lesions, where it co-localizes with Mφ 

and activated T-cells [140, 141]. Interestingly, in ApoE-/- mice, CCL5 as well as 

CXCL4 can be delivered by circulating platelets to lesional endothelium, where they 

increase leukocyte adhesiveness under flow [142-144]. Deletion of CCR5 did not 

protect 16-week-old ApoE-/- mice from atherosclerosis [145], which might be due to 

compensation by CCR1 and CCR3. However, a recent study showed that LDLR-/- 

mice transplanted with CCR5-deficient bone marrow exhibited smaller lesions and 

Mφ accumulation in the plaques [146]. Unfortunately the number of plaque T-cells 

was not estimated in this study even though spleen T-cells produced significantly 

less TNF-α in response to concanavalin A stimulation. 

 

Two other lymphocyte CK, CCL18 (PARC, pulmonary and activation-

regulated chemokine) and CCL19 (ELC, EBI1-ligand chemokine) are highly 

expressed in human atherosclerotic plaques: CCL18 by Mφ and CCL19 by Mφ and 

SMC [147]. The expression patterns of these CK in the lesions suggest their 
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potential role in attracting T lymphocytes into the lesions. 

Smooth muscle cells 
SMC proliferation, migration and production of extracellular matrix are 

important constituents for the formation of atherosclerotic and, especially, restenotic 

lesions [148-150]. 

One of the most potent modulators of SMC behavior is certainly PDGF [151-

153]. It influences proliferation, chemotaxis and contractility of SMC. PDGF exists 

in 3 subtypes – AA, AB and BB, of which only AB and BB augment SMC 

migration via specific α and β PDGF receptors. A number of other growth factors 

(e.g. basic fibroblast growth factor (bFGF), epidermal growth factor (EGF)) were 

also shown to augment SMC chemotaxis [154], but their primary effect seems to be 

the influence on SMC proliferation [155, 156]. In addition, SMC migration requires 

a set of other molecules including integrins [157], extracellular matrix proteins [158] 

and coordinated expression of matrix metalloproteases (MMP) [159]. 

 

CK are also known to affect migration of SMC. Both CCL2 and CCR2 

deficiency substantially retarded the development of intimal hyperplasia in a murine 

model of arterial injury [160, 161], which suggests CCL2/CCR2 involvement in 

SMC proliferation and/or migration. Activated platelets were recently shown to 

induce CCL2 expression in SMC and promote SMC migration in cell culture [162]. 

This might be one of the mechanisms responsible for SMC migration after vessel 

injury. 

The CX3CL1 receptor, CX3CR1, is detected on plaque SMC and there is a 

positive correlation between the numbers of CX3CR1-positive cells and CX3CL1-

expressing cells in coronary artery plaques [116, 163]. Cultured SMC migrate to a 

CX3CL1 gradient, which suggests that it is important for SMC migration in plaques. 

Deficiency of CX3CR1 has recently been shown to protect from development of 

neointimal hyperplasia after wire-induced arterial injury in mice [164]. This effect 

seemed to be mediated via impairment of SMC proliferation and monocyte 

infiltration of the vessel wall. Unfortunately SMC migration was not specifically 

evaluated in that study. 

CCL11 (eotaxin) is a 74 amino acid (aa) chemokine activating CCR3; the latter 
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is highly expressed on eosinophils, basophils and mast cells, a subpopulation of Th2 

cells and other cell types [165]. Even though it is largely known as the main CK in 

asthma pathogenesis, CCL11 was recently shown to induce SMC chemotaxis via 

CCR3 [166]. SMC also produce CCL11 in response to TNF-α stimulation, while 

CCL11 was detected on SMC in human lesions [167]. In addition, CCL11 might 

stimulate vessel formation: it induces migration of CCR3-expressing EC and EC 

sprouting from aortic rings in vitro as well as angiogenesis in vivo [168]. This 

suggests that CCL11 regulates migration of cells other than eosinophils and may 

play a role in lesion formation. 

CCL1 (I-309) (Ref [169]), CXCL8 (Ref [170]) and CXCL10 (Ref [171]) are 

also known as inducers of vascular SMC proliferation and/or migration and thus 

might contribute to restenosis development. CXCL12 aggravates transplant 

atherosclerosis by increasing the mobilization of haematopoietic stem cells, which 

may also contribute to neointima formation [172]. Neutralizing antibodies to 

CXCL12 inhibit neointima formation after arterial injury in ApoE-/- mice [173]. 

 

A number of CK (CCL2, CX3CL1, CXCL8, CXCL10 and CXCL16) have been 

shown to affect SMC proliferation in vitro [170, 171, 174-176]. However, the in vivo 

relevance of these findings awaits experimental proof. 

 

Several studies link viral infections with atherosclerosis and restenosis [177-

179]. Their pathogenic mechanisms may involve CKR homologues, which are 

encoded by many viruses [180]. Streblow et al [181] observed that SMC infected 

with human cytomegalovirus exhibited increased migration towards CCL2 and 

CCL5 gradients, due to their expression of the viral CKR US28. US28-transfected 

monocytes also undergo transendothelial migration towards a CCL2 gradient and 

can be efficiently captured by membrane CX3CL1 [182]. 

LTB4 and BLT1 affect SMC behavior in vascular pathology (Paper 
IV) 

Leukotrienes have been long known to affect SMC behavior [183-187], but the 

mechanisms mediating those effects were not investigated. 

Our study (Paper IV) [188] for the first time showed that SMC express 
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functional receptor for LTB4 – BLT1. Using immunohistochemistry we identified 

abundant expression of BLT1 protein in SMC-rich areas of human carotid plaques. 

Expression pattern for BLT1 protein also matched that of markers for EC and Mφ. 

At the same time BLT2 protein was not detectable on lesional SMC. Presence of 

BLT1 receptor on SMC suggested that it might be involved in the modulation of 

SMC behavior in the atherosclerotic plaque. 

In an attempt to determine whether BLT1 engagement affects SMC response, 

we used patch-clamp technique and showed that in whole-cell configuration LTB4 

addition to human SMC led to an increase in cellular ion currents. Moreover, 

addition of the selective BLT1 antagonist, U75302 (Ref [189]), which at higher 

concentrations (10µM) acts as a partial BLT1 agonist [190], also elicited whole-cell 

ion currents. These effects were not observed in isolated patches of cellular 

membrane (inside-out configuration). This suggests that the receptor, mediating 

opening of ion channels is not directly coupled to the channels and channel 

activation requires the presence of a diffusible secondary messenger. These data, 

together with the identification of BLT1 protein on SMC, let us conclude that LTB4 

effects were, to a large extent, mediated by cell-surface expressed BLT1. 

Investigating the regulation of BLT1 expression, we showed that LPS and     

IL-1β could induce BLT1 mRNA and protein in human and rat SMC. IL-1β effect 

on BLT1 expression in rat SMC was mediated via the nuclear factor-κB (NF-κB) 

pathway, as transfection of cells with dominant-negative IκB kinase-β (IKK-β) 

prevented IL-1β-mediated increase in BLT1 mRNA levels. 

 

Trying to identify the physiological importance of LTB4 in SMC behavior, we 

further showed that LTB4 increased migration of human coronary artery SMC in 

vitro (Figure 1A). Using Boyden-chamber-like assay we identified that SMC 

migration in response to different concentrations of LTB4 was bell-shaped and 

peaked at a 100nM concentration of LTB4. Using two different antagonists of BLT1, 

the non-selective ONO-4057 (Ref [191]) and the selective U75302, we showed for 

the first time that SMC chemotaxis towards LTB4 was specifically mediated by 

BLT1. Application of LTB4 to SMC in vitro also increased SMC proliferation in a 

dose-dependent manner (Figure 1B). Using high concentrations (10µM) of U75302, 
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Figure 1. LTB4 induces migration and proliferation of human coronary artery smooth muscle cells 
(SMC). 
A. Migration of SMC through an 8-µm-pore filter. Results (mean±SEM) are expressed as percentage 
of the migration induced by the positive control, PDGF. * denotes P<0.05 vs. negative control, which 
is indicated by reference lines (mean±SEM). The triangle and the square indicate SMC migration 
towards 100nM LTB4 after pretreatment with the BLT1 antagonists U75302 (1µM) and ONO-4057 
(10µM). † denotes P<0.05 vs. 100nM LTB4, n=4. 
B. Proliferation of SMC in SmGM2 medium containing LTB4 (0.1-100nM), U75302 (10µM), or 
PDGF (10 ng/ml) (measured with the WST-1 proliferation kit). Results (mean±SEM) are expressed 
as percentage of increase compared with proliferation of cells incubated in medium alone (negative 
control). * denotes P < 0.05 vs. negative control, n=5. 

we identified that activation of BLT1 drives SMC proliferation. Interestingly, 

significantly greater amounts of BLT1 mRNA were present in SMC derived from 

the neointima of balloon-injured rat carotid arteries compared to SMC from the 

media of uninjured arteries. Taken together, these data show that LTB4-BLT1 

interaction stimulates two processes important for the formation of restenotic, and to 

a lesser extent, atherosclerotic lesions – migration and proliferation of vascular 

SMC. 

 

The first in vivo evidence that LT are involved in atherogenesis appeared in 

2002 when Mehrabian with colleagues [192] identified a pro-atherogenic effect of 

the 5-LO gene. LDLR-/- mice heterozygous for the 5-LO allele showed 

approximately 26-fold decrease in aortic atherosclerosis compared to homozygous 

5-LO mice. At the same time, bone marrow transplantation from 5-LO+/- to LDLR-/- 

mice suggested the importance of Mφ-expressed 5-LO for atherogenesis. 

Mφ, DC and granulocytes in human atherosclerotic plaques abundantly express 

5-LO [193], while ex vivo lesions produce LTB4, levels of which correlate with the 
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degree of leukocyte infiltration in the plaques and the complexity of the plaques 

[194, 195]. In addition, unstable plaques express higher amounts of 5-LO and LTB4 

compared to stable asymptomatic plaques [196, 197]. LTA4 hydrolase mRNA and 

protein were also abundantly expressed in human carotid atherosclerotic lesions, 

while its mRNA levels were highest after acute cerebrovascular episode [197]. All 

these data suggested that LTB4 is avidly produced by leukocytes infiltrating the 

plaque. However, the targets for its action in the plaque were not identified. Our 

study (Paper IV) [188] identified the presence of LTB4 receptor BLT1 on SMC, EC 

and Mφ in human atherosclerotic plaques. This is in line with the results of a parallel 

study by Heller et al [198], who detected BLT1 expression on SMC of the fibrous 

cap and neovessels in human carotid plaques. This data suggest that plaque SMC 

may be potential targets for LTB4 action. 

 

LTB4 was noted as a potent mediator of SMC migration almost 20 years ago by 

Nomoto et al [184]. They showed a typical bell-shaped dose response in migration 

of rat SMC to increasing concentrations of LTB4. In their experiments SMC 

migration peaked at LTB4 concentrations as low as 10-9 to 10-8 g/mL. This 

corresponds well with our data where the strongest migratory response was observed 

at 10-7 M (=10-9 g/mL) LTB4. Similar results were obtained by Kondo et al [183]. 

Nomoto et al [184] first pointed out that addition of the non-specific LTB4 receptor 

antagonist LTB4-dimethylamide potently inhibited the migratory response of SMC. 

However, the mechanism behind this effect was not elucidated, as the two types of 

BLT receptors were not known at that time. We showed for the first time that this 

effect is mediated by BLT1 (Paper IV) [188]. This is in line with the results of the 

recent study by Heller et al [198], which showed that another selective BLT1 

antagonist CP-105,696 potently inhibited SMC migration in vitro. 

 

In addition to SMC migration, their proliferation also contributes to the 

development of restenotic and, to a lesser extent, atherosclerotic lesions [149]. SMC 

are subject to the influence of a large number of mitogens [156]. Which of them are 

important for vascular pathology? 

LT effects on SMC proliferation were studied earlier. Thus, Palmberg et al 

[185] showed that LTB4 speeds up the transition of cultured rat SMC from the 
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contractile to synthetic phenotype and stimulates DNA synthesis. Porreca et al [186, 

187] showed that proliferation of SMC could also be affected by cysteinyl LT, 

among which LTD4 at a concentration of 10-6 M had the strongest stimulatory effect 

on 3H-thymidine incorporation into rat SMC. Kondo et al [183] showed that LTB4 

could mediate SMC proliferation assessed by bromodeoxyuridine (BrdU) 

incorporation. However, the mechanism of this effect was not known. Our study 

(Paper IV) [188] employing a specific partial BLT1 agonist U75302 was the first to 

show that LTB4 stimulates SMC proliferation in a BLT1-dependent manner. 

Interestingly, Heller et al [198] did not detect any effect of LTB4 on SMC 

proliferation. Moreover, they detected that the ERK1/2 pathway, related to cell 

proliferation was suppressed 1 hour after exposure of SMC to LTB4. One of the 

reasons for this discrepancy might be that Heller et al [198] used murine SMC, while 

we used human SMC. The responses of these two cell types to the same mitogen 

might be different. Another reason for discrepancy might stem from experimental 

methodology. For estimation of SMC proliferation Heller et al [198] employed the 

CyQUANT cell proliferation assay, which estimates only cell number, while we 

used WST-1-based proliferation assay, which gives a combined estimation of cell 

number as well as metabolic activity of the cells. In light of these differences, further 

studies detailing effects of LTB4 on human SMC are warranted. 

 

Our data on the stimulatory effects of IL-1β and LPS on BLT1 expression in 

SMC are complemented by the data from Heller et al [198], who showed that    

TNF-α and IFN-γ also induced BLT1 on SMC. Both of these findings are important 

since they show that IL-1 and TNF-α, which are known to aggravate atherosclerosis 

and restenosis in experimental models [199-203], might act via activation of the LT 

cascade and SMC migration. 

 

Recently obtained in vivo data support the results of in vitro studies by showing 

that BLT1 deficiency ameliorates atherogenesis in animal models. Subbarao et al 

[204] showed that ApoE-/- mice deficient in BLT1 exhibited decreased 

atherosclerosis on early stages of the disease (4 and 8 weeks), but not later on (19 

weeks). Analysis of Mφ from the BLT1-/-ApoE-/- animals showed that despite the 

absence of BLT1 those Mφ were able to undergo chemotaxis to high concentrations 
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of LTB4, probably due to the presence of low-affinity receptor BLT2. This led the 

authors to conclude that BLT1 and BLT2 play additive and sequential roles in 

atherogenesis. In addition, comparison with the 5-LO-deficient LDLR-/- mouse 

exhibiting almost total protection against atherosclerosis suggests that other products 

of the 5-LO pathway (e.g. cysteinyl LT and their receptors) are of importance. 

A compound BLT1-/-ApoE-/- knockout mouse, recently generated by Heller et al 

[198], showed marked reduction in lesion size throughout the aorta with fewer Mφ 

and T-cells in lesions. Unlike the study by Subbarao et al [204], this study showed 

that BLT1 deficiency protected mice from atherosclerosis both on early (10 weeks) 

and late (16 weeks) stages of the disease, even though there was a trend for smaller 

difference between the knockout and control groups at late stages. The most striking 

finding of this study was that lesions from double knockout animals contained much 

fewer SMC in the plaque cap and vessel media, which suggested LTB4 involvement 

in SMC migration and/or proliferation in vivo. In fact, the migratory capacity of 

SMC obtained from aortas of BLT1-/-ApoE-/- mice to the LTB4 gradient was 

significantly lower compared to the animals with intact BLT1 gene. Exposure of 

cells to LTB4 consistently increased the levels of phosphorylated focal adhesion 

kinase (FAK), which is a key modulator of cell-matrix interactions and cytoskeletal 

rearrangements leading to cell migration [205]. The peak of SMC migration in the 

study by Heller et al [198] was at an LTB4 concentration of 100nM, which is well 

within the range found in our study (Paper IV) [188]. 

Taken together these data suggest that LTB4-BLT1 pair can be a valid 

therapeutic target in vascular pathology. This hypothesis was experimentally tested 

in one of the studies included in this thesis and will be discussed later on. 

Chemoattractants and lipid uptake 

Scavenger receptors were discovered as molecules facilitating uptake of 

modified lipoproteins by Mφ [206]. These molecules, initially considered strictly 

proatherogenic, are now known to regulate apoptotic cell clearance, initiate signal 

transduction, and serve as pattern recognition receptors for pathogens, activities that 

may contribute both to proinflammatory and anti-inflammatory forces regulating 

atherogenesis [207, 208]. 

In 2000 Shimaoka et al [209] cloned a novel scavenger receptor, which binds 
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oxLDL, SR-PSOX (scavenger receptor that binds phosphatidylserine and oxidized 

lipids). It turned out to be identical to the chemokine CXCL16 discovered the same 

year [210, 211]. Further studies showed that CXCL16/SR-PSOX exists in 

transmembrane and soluble forms. Its membrane-bound form functions as an 

adhesion molecule [212] and a scavenger receptor for oxLDL [209], while the 

soluble one, generated by metalloproteases ADAM10 and ADAM17 [213, 214] is 

chemotactic for T-cells and NKT cells. CXCL16 binds a specific receptor, CXCR6 

(BONZO), which is present on several cell types. 

Versatile functionality of CXCL16/SR-PSOX as a chemokine, a scavenger 

receptor and an adhesion molecule suggested that it could be an interesting player in 

lesion formation. This, in turn, led us to perform the study evaluating    

CXCL16/SR-PSOX contribution to atherogenesis. 

CXCL16/SR-PSOX – a dual-function player in vascular pathology 
(Paper I) 

Our study (Paper I) [215] aimed to characterize CXCL16/SR-PSOX 

expression in atherosclerosis. Using quantitative real-time PCR we showed abundant 

expression of CXCL16/SR-PSOX mRNA in atherosclerotic lesions from human 

carotid arteries. At the same time, samples taken from control vessels (internal 

mammary artery and vein) exhibited low levels of CXCL16/SR-PSOX transcript. 

CXCR6 transcript followed similar pattern of expression, albeit at a much lower 

level. Elevated levels of CXCL16/SR-PSOX mRNA were also detected in 

atherosclerotic aortas from ApoE-/- mice fed high fat diet compared to non-

atherosclerotic aortas of control C57BL/6 mice. Interestingly, the amount of 

CXCL16/SR-PSOX transcript increased with the age of ApoE-/- mice (more at 26 

weeks compared to 16 weeks). At the same time, CXCR6 transcript did not follow 

the same pattern, nor was it significantly up-regulated in comparison to control 

mice. Immunohistochemical staining of human carotid plaques identified       

CXCL16/SR-PSOX and CXCR6 protein in Mφ- and T-cell-rich regions of the 

lesions. Unfortunately, control arteries were not available for such stainings. Aortic 

root atherosclerotic lesions from ApoE-/- mice also stained positively for 

CXCL16/SR-PSOX. This data show that CXCL16/SR-PSOX is abundant in 

atherosclerotic lesions and that its expression in the mouse model of atherosclerosis 
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resembles that observed in human arteries. 

Figure 2. IFN-γ (10 ng/mL, 4-day treatment) induces CXCL16/SR-PSOX protein on the surface of 
THP-1 cells (A) and human peripheral blood mononuclear cells (PBMC) (B), n=4. 
IFN-γ treatment also increases CXCL16/SR-PSOX-mediated uptake of oxLDL by THP-1 cells (C). 
Preincubation with the antibody against the chemokine domain of CXCL16/SR-PSOX abrogates the 
increase in oxDLD uptake, n=5. Representative flow cytometry histograms are shown. 
 

Investigating the regulation of CXCL16/SR-PSOX expression in mononuclear 

cells, we showed that its mRNA could be induced by IFN-γ in both dose and time-

dependent manner. Furthermore, expression of the membrane-bound form of the 

CXCL16/SR-PSOX protein on mononuclear cells was also augmented by IFN-γ 

(Figures 2A and 2B). In vivo studies supported these in vitro data by showing that 

injection of IFN-γ to ApoE-/- mice increased CXCL16/SR-PSOX mRNA in aortic 

plaques (but not unaffected parts of the aorta) already 6 hours after treatment. At the 

same time, IFN-γ treatment of human peripheral blood mononuclear cells (PBMC) 

and THP-1 cells promoted oxLDL uptake by these cells. Reasoning that this increase 

in oxLDL uptake could be mediated by increased expression of membrane-bound 

CXCL16/SR-PSOX, we used anti-CXCL16/SR-PSOX antibodies and showed that 

they blocked oxLDL uptake (Figure 2C). Taken together, our data show that, at least 

in vitro, CXCL16/SR-PSOX is a functional scavenger receptor, whose expression is 

increased by IFN-γ. 

 

Our observations are in line with the results of others, who show abundant 

expression of CXCL16/SR-PSOX protein and mRNA in human atherosclerotic 

plaques [216, 217]. In addition, Aslanian and Charo [218] recently reported that 

LDLR-/- mice fed high fat diet exhibited significant increase in CXCL16/SR-PSOX 

mRNA in the plaques, which paralleled the duration of the diet. 

Functional significance of the regulation of CXCL16/SR-PSOX expression by 
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IFN-γ is not well understood. Similar effects have been observed in human PBMC 

and bone marrow stromal cells [219] as well as human SMC [217].       

CXCL16/SR-PSOX can also be upregulated in cultured SMC [220] and in 

atherosclerotic lesions of ApoE-/- mice treated with IL-18 [221]. This effect, 

however, can be indirect and mediated by the release of IFN-γ. Aslanian and Charo 

[218] showed that peritoneal Mφ from CXCL16-/- mice were much less efficient 

than wild-type Mφ in binding and internalizing oxLDL. This supported our data and 

suggested that CXCL16/SR-PSOX accounted for a significant proportion of oxLDL 

uptake by the cells. As lesions usually contain large amounts of IFN-γ secreted by 

Mφ and activated T-cells, it could be tempting to think that IFN-γ-mediated 

upregulation of CXCL16/SR-PSOX may be one of the mechanisms whereby IFN-γ 

exerts its known pro-atherogenic effects in vivo [222, 223]. 

Surprisingly, CXCL16-/-LDLR-/- mice [218] develop larger atherosclerotic 

lesions both in the aortic arch and in the aortic root compared to LDLR-/- mice. The 

effect was observed in mice of 11 and 15 weeks of age, even though it was 

diminished at the second time point. Lesions from CXCL16-/-LDLR-/- mice exhibited 

increased number of apoptotic cells and mRNA levels for CD68, CCL2 and TNF-α 

and a trend for decreased number of CXCR6+ cells. However, Mφ from wild-type 

and CXCL16-/- mice bound and internalized apoptotic thymocytes equally well in 

both in vitro and in vivo assays, which suggests that impaired apoptotic cell 

clearance in CXCL16-/- mice is not the main reason leading to exacerbation of 

atherosclerosis. Thus, the reasons for observed effects remain unclear. Moreover, 

genetic ablation of such a dual function molecule as CXCL16/SR-PSOX does not 

allow us to estimate the relative contribution of its chemoattractant and scavenger 

receptor functions to atherogenesis. 

 

Another recent report also showed that deletion of the scavenger receptors    

SR-A and CD36 either did not provide any protection against atherosclerosis or even 

exacerbated the disease [224]. The authors proposed that this apparent contradiction 

with earlier studies showing amelioration of atherosclerosis in SR-A and CD36 

knockout mice could be explained by the mixed genetic background of the mice 

used in earlier experiments. In conclusion, it is possible that scavenger receptors 

35 



© Yuri Sheikine, 2006   Chemoattractants in vascular pathology, ISBN 91-7140-884-3 

might generally be protective in atherosclerosis, but the precise mechanism for this 

observation is currently not clear. These reports are, nevertheless, supported by 

several observations in experimental animals [225] and humans [226, 227] where 

CD36 deficiency is associated with impaired glucose tolerance, metabolic syndrome 

and increased prevalence of CAD. Our report on lower CXCL16/SR-PSOX plasma 

levels in patients with CAD (Paper II) [228] might also indirectly support these 

observations. 

 

Interestingly enough, a recent study showed that many CK can bind modified 

lipoproteins via their CK domains and thus possibly function as scavenger receptors 

[73]. The relevance of this finding to in vivo situation is, however, not known. 

Chemoattractants and thrombosis 

CK participate in thrombus formation in at least two ways. On one hand they 

can induce expression of the coagulation initiator, TF, by the cells of the vessel wall. 

Thus, CCL2 was a potent TF inducer in human and rat SMC [229]. CCL3 and CCL4 

(MIP-1β) binding to CCR5 on SMC elicited a similar response [230]. Elevated 

levels of CXCL8 were detected in coronary artery thrombi and plaque material 

aspirated during directional atherectomy [231], while abrogation of CXCL8 

signaling seemed to interfere with thrombus formation in murine coronary artery 

[232]. Another CXC CK, that attracts monocytes and lymphocytes, CXCL12, is 

highly expressed by SMC, EC and Mφ in human atherosclerotic plaques but not in 

normal vessels [233]. After binding to its receptor CXCR4 on SMC, CXCL12 also 

induces TF expression [234]. 

CK, in concert with other agonists, can also potentiate activation and 

aggregation of platelets. Membrane CX3CL1 expressed on SMC was shown to 

mediate platelet adhesion, activation and degranulation [235]. CXCL12 also induced 

platelet activation and aggregation in a CXCR4-dependent manner [234]. CCL17 

(TARC, thymus and activation regulated chemokine) and CCL22 (MDC, 

macrophage-derived chemokine) are also expressed on Mφ and SMC within human 

plaques [115, 116]. By ligating CCR4, they are able to mediate platelet activation 

[236]. 
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Table 2. Chemoattractants involved in experimental atherosclerosis and restenosis 
Molecule Association References 

Smaller lesions with decreased Mφ content in CCL2-/-LDLR-/- mice [98] 
Smaller lesions with decreased Mφ content in CCL2-/-ApoBtg mice [99] 
Increased lesions in ApoE-/- mice transplanted with CCL2+ bone marrow [101] 
Increased Mφ and lipid infiltration of the intima in rabbit carotid artery 
overexpressing CCL2 

[100] 

CCL2 

Reduced neointimal hyperplasia in CCL2-/- mice [161] 
Smaller lesions with decreased Mφ content in CCR2-/-ApoE-/- mice [102, 103]  
Smaller lesions in ApoE3-Leiden mice transplanted with CCR2-/- bone marrow [104] 

CCR2 

Reduced neointimal hyperplasia in CCR2-/- mice [160] 
No change in lesion size in CCR5-/-ApoE-/- mice [145] CCR5 
Smaller lesions in ApoE-/- mice transplanted with CCR5-/- bone marrow [146] 

CXCR2 Smaller lesions with decreased Mφ and SMC content in LDLR-/- mice 
transplanted with CXCR2-/- bone marrow 

[109] 

Smaller lesions with fewer T-cells in the abdominal aorta but not the aortic root 
in CXCR3-/-ApoE-/- mice 

[237] CXCR3 

Reduced neointimal hyperplasia in CXCR3-/- mice [164] 
CXCL10 Smaller lesions with fewer T-cells in CXCL10-/-ApoE-/- mice [138] 
CXCL12 Reduced neointimal hyperplasia in ApoE-/- mice treated with CXCL12 

neutralizing antibodies 
[173] 

CXCL16 Larger lesions in CXCL16-/-LDLR-/- mice [218] 
CX3CL1 Smaller lesions in CX3CL1-/-LDLR-/- mice, but not in CX3CL1-/-ApoE-/- mice [117] 
CX3CR1 Smaller lesions with fewer Mφ in CX3CR1-/-ApoE-/- mice [118, 119] 
BLT1 Smaller lesions with fewer Mφ, T-cells and SMC in BLT1-/-ApoE-/- mice [198, 204] 
MIF Smaller lesions in MIF-/-LDLR-/- mice [128] 
Abbreviations: ApoE – apolipoprotein E, ApoB – apolipoprotein B, BLT1 – leukotriene B4 receptor type 1, 
LDLR – low density lipoprotein receptor, Mφ - macrophage(s), MIF – macrophage migration inhibitory 
factor, SMC – smooth muscle cell(s), tg – transgenic 

Interestingly, neointimal SMC upregulate expression of CXCL12 and CX3CL1, 

which, besides capturing monocytes and T-cells, might also participate in adhesion, 

aggregation and activation of platelets [238]. 

Conclusion: putting the puzzle together 

Even though until recently it seemed that all chemoattractants had similar 

and/or overlapping roles in cell behavior, a distinct picture is starting to emerge. 

Accumulating evidence speaks for temporal and functional separation of the 

roles of different chemoattractants in modulation of cell migration under normal 

conditions [68] as well as in the pathogenesis of atherosclerosis and restenosis [127]. 

Pathogenic effects of chemoattractants in vascular pathology are summarized in 

Table 2 and Figure 3. 

Monocytes seem to be recruited to the plaque with the help of CXCL8, 

CX3CL1 and CCL2, which act sequentially: CXCL8 and CX3CL1 mediate 

adhesion while CCL2 induces transmigration. 
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Once a monocyte enters the plaque, the expression of CCR2 is downregulated. 

This helps keeping the cell in the lesion. Here such CK as CXCL16/SR-PSOX (and 

possibly others) might contribute to monocyte conversion into a foam cell. 

T-cells utilize a distinct set of chemoattractants for their migration: CXCR3 

ligands CXCL9, 10 and 11 might be the most important, but CCL5, 18 and 19 might 

play certain roles as well. 

SMC migration and proliferation within the plaque, important in atherogenesis 

and especially restenosis, seem to be driven by LTB4 and PDGF with the possible 

contribution of bFGF, CCL2, CX3CL1, CCL11, CXCL12 and several other CK. 

Recent studies speak for the emerging role of platelets in the formation of 

atherosclerotic and restenotic lesions. Platelets can both deliver CK to the forming 

lesions and be targets for CK action [239]. And finally, such CK as CCL2, 3, 4, 12, 

17, 22, CXCL8, CXCL12 and CX3CL1 might be important for thrombus formation. 

Understanding the temporal and spatial division of functions between different 

chemoattractants in vascular pathology will help us better understand how we could 

interfere with this system and combat atherosclerosis and restenosis. 
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3. Chemoattractants as biomarkers of vascular 
pathology 

What is a biomarker? 

According to the NIH Biomarkers Definitions Working Group, a biomarker is a 

characteristic that is objectively measured and evaluated as an indicator of normal 

biological processes, pathogenic processes, or pharmacological responses to a 

therapeutic intervention [240]. Biomarkers have many valuable applications in 

disease detection and monitoring including their use as diagnostic tools, as tools for 

staging disease process, as indicators of prognosis and response to therapy, as aids in 

risk stratification of apparently healthy individuals and tools for drug discovery and 

development. A minority of biomarkers can be used as surrogate endpoints, which 

means that such biomarkers can substitute for a clinical endpoint – a characteristic or 

variable that reflects how a patient feels, functions, or survives. A biomarker 

intended to substitute for a clinical endpoint must be validated as such on the basis 

of epidemiological, therapeutic, pathophysiological, or other scientific studies. 

The quest for informative biomarkers in cardiovascular medicine is a 

burgeoning field of research. The first use of biomarkers in cardiology dates back to 

1954 when serum levels of glutamic oxaloacetic transaminase (now termed aspartate 

aminotransferase (ASAT)) were shown to be useful for diagnosing myocardial 

infarction (MI) [241]. Ten years later a number of serum enzymes were tested in 

patients with MI in an effort to further improve diagnostic accuracy [242]. It was 

estimated that traditional clinical tools of risk stratification such as patient’s history, 

physical examination and ECG were inadequate in the vast majority of cases: up to 

50% of patients hospitalized with suspected acure coronary syndrome (ACS) 

ultimately left the hospital with other diagnoses [243]. Nowadays the use of markers 

for myocardial injury significantly improves diagnostic accuracy of this life-

threatening condition [244]. 

One of the first markers proposed for estimation of CAD risk was the serum 

cholesterol concentration [245, 246]. In 1994 the Scandinavial Simvastatin Survival 

Study (4S) [247] and later the British Heart Protection Study [248] convincingly 

demonstrated that reduction of serum low density lipoprotein cholesterol (LDL-C) 
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also reduced mortality from CVD, thus, in addition, validating LDL-C as a surrogate 

endpoint. In the last 10 years several candidates have been proposed as biomarkers 

that may potentially improve timely diagnosis and effective therapy as well as 

provide risk stratification of CVD [249-252]. Among those are genetic markers 

[253-256], circulating molecules [257-260], blood cell counts [261, 262], structural 

[263] and functional markers [264] as well as risk assessment schemes partly based 

on the combination of biomarkers (US Adult Treatment Panel III Framingham Risk 

Scoring System [265, 266] and European Systematic Coronary Risk Evaluation 

Charts [267]). 

 

It is difficult to trace when exactly chemoattractants were first proposed as 

potential markers of CVD. Nevertheless, in the last few years genetic variants and 

circulating levels of several chemoattractants have been actively studied as potential 

biomarkers for several forms of vascular pathology (subclinical atherosclerosis, 

stable CAD and ACS, peripheral artery disease (PAD), carotid atherosclerosis and 

stroke, post-angioplasty and in-stent restenosis and heart failure) and prediction of 

future CVD risk. The following sections will describe emerging role of specific 

chemoattractants as cardiovascular biomarkers as well as discuss the novel findings 

on two of them, which were investigated in this thesis – CXCL16/SR-PSOX and 

CCL11. 

Leukotrienes 

The best example of linking genetic variants of chemoattractants to CVD is 

probably the story of LT. 5-LO gene (ALOX5) was cloned in 1989 and found to 

contain 10 binding sites for the transcription factor Sp1/Egr-1 (so-called GC boxes 

(GGGCGG)) in its promoter region [268, 269]. Five of them were located in a single 

tandem repeat between 180 and 147 bp upstream from the ATG transcription start 

site. Subsequent studies showed that the number of GC repeats could vary from 3 

(found less often) to 6 (found more often) and that all variants except for the most 

commonly occurring one (5 GC repeats) were associated with altered transcription 

factor binding and diminished transcription of the 5-LO gene in vitro [270]. This 

data, however, were inconclusive as ALOX5 transcription depended on the 

experimental cell line used [270, 271]. Interestingly, asthmatic patients homozygous 
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for “abnormal” number of GC repeats were found to poorly respond to treatment 

with the specific 5-LO inhibitor ABT-761 [272]. 

A few years later, based on the mapping of a murine atherosclerosis 

susceptibility locus containing the 5-LO gene [192] and ex vivo data obtained on 

human material [193], genetic studies showed that certain 5-LO promoter variants 

could be linked to CAD. The Los Angeles Atherosclerosis Study enrolled 573 

individuals free of diagnosed CVD and followed them for 1.5 years [273]. At the 

beginning and the end of the study the degree of intima-media thickness of the 

posterior wall of both common carotid arteries was estimated by ultrasound 

investigation in 470 individuals and correlated with the number of GC boxes in the 

5-LO promoter [274]. Individuals possessing fewer or more than 5 GC boxes (6% of 

the cohort) were found to have significantly increased intima-media thickness, 

which is a surrogate endpoint for progression of CAD [275]. Unfortunately, the 

biochemical mechanisms of this association were not investigated in the study. It is 

also unclear why variant promoter genotypes, which in vitro were found to decrease 

ALOX5 transcription, associated with more rapid atherosclerosis progression in vivo 

[276]. 

The gene for the 5-LO activating protein (ALOX5-AP) was cloned in 1991 

[277]. The Iceland and UK Myocardial Infarction and Stroke Study (IUMISS) 

conducted by Helgadottir and colleagues [278] identified a locus on chromosome 

13q12-13, which was associated with MI and stroke with LOD scores 1.5-2.9. Using 

microsatellite markers in this locus, the ALOX5-AP gene was identified as the one 

linked to MI. Further analysis identified numerous variants of ALOX5-AP, none of 

which caused non-synonymous aa substitutions and thus potentially did not affect 

the function of its product. Nevertheless, a four-marker single nucleotide 

polymorphism (SNP) haplotype termed HapA associated with MI and ischemic 

stroke in 779 Icelandic MI patients and controls. Another four-marker SNP 

haplotype HapB correlated with MI in 753 British MI patients. Even though 

ionomycin-stimulated blood neutrophils from Icelandic patients secreted larger 

amounts of LTB4 compared to neutrophils from controls, there was no difference 

between patients carrying HapA and wild-type alleles. A later study by the same 

authors related HapA with ischemic stroke in 450 Scottish individuals, while HapB 

showed no association in the same patients [279]. A similarly designed study 
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performed on 639 patients in Germany did not show HapA or HapB associations 

with stroke, but weakly linked certain SNP from HapA with stroke in males [280]. 

The LTA4H gene codes for LTA4 hydrolase, a metallopeptidase which catalyzes 

the rate-limiting step in LTB4 biosynthesis [281]. Even though no variants leading to 

aa substitutions in the LTA4H gene were identified, the HapK haplotype containing 

synonymous SNP was recently shown to be associated with complex CVD (MI with 

history of PAD or stroke or both) [282]. Even though the strength of the association 

was modest in Icelandic patients (1553 MI patients and 863 controls) and European 

Americans, it was much more pronounced in African-Americans, who, however, 

carried this haplotype much less frequently than European Americans. And again, 

measurement of LTB4 production in ionomycin-stimulated blood neutrophils 

suggested that increased CVD risk is mediated via upregulation of LT pathway. 

Urinary excretion of LTE4, a biochemical marker of the LT pathway, was 

increased in MI and unstable angina patients [283]. Unfortunately no such data have 

been reported for a more relevant candidate – LTB4. 

Taken together, these data show that certain genetic variants of the components 

of the LT pathway are associated with the increased risk of CAD and stroke. These 

associations, however, seem to be population specific. Moreover, biochemical 

changes caused by those genetic variants have not been fully understood. Clearly, 

more work needs to be done in this area. 

CCL2 and CCR2 

Back in the 1990s two small studies showed that CCL2 levels in systemic 

circulation were significantly elevated in patients with MI and unstable angina 

pectoris (UAP) compared to patients with stable angina (SAP) [284, 285]. This 

increase was maximal at 24 hours after ACS (unfortunately no further observation 

was performed) and correlated with CXCL8 levels [284]. De Lemos and associates 

[286] measured CCL2 in plasma of 279 healthy volunteers and 2270 patients with 

ACS enrolled into Orbofiban in Patients with Unstable Coronary Syndromes—

Thrombolysis in Myocardial Infarction 16 (OPUS-TIMI 16) study. Prospective 

analysis showed positive correlation between plasma CCL2 levels above the 75th 

percentile and increased risk for death or MI in patients during 10-months follow-up. 

CCL2 was associated with other risk factors of atherosclerosis, but appeared to be 
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independent of these factors in predicting risk. In a study by Martinovic et al [287] 

plasma CCL2 levels were higher in patients with stable CAD than in subjects 

without CAD. In healthy subjects, CCL2 levels correlated with the number of 

present cardiovascular risk factors. A substudy performed on subjects recruited into 

Atherosclerosis Risk in Communities (ARIC) Study showed that plasma CCL2 

levels were higher in PAD patients as well [288]. Petrkova et al [289] obtained 

similar results in a small study comparing serum CCL2 levels between patients with 

PAD and healthy controls. 

Circulating CCL2 levels might also correlate with the extent of subclinical 

atherosclerosis. In the Dallas Heart study [290], plasma CCL2 concentrations were 

measured in 3499 subjects and correlated with C-reactive protein (CRP) and degree 

of coronary artery calcification measured by electron-beam computer tomography. 

Higher levels of CCL2 correlated with higher values of coronary artery calcification. 

Logistic regression analysis showed that this association remained significant after 

adjustment for traditional atherosclerosis risk factors (male gender, smoking, 

diabetes, hypercholesterolemia, hypertension, and family history of CAD), but not 

age. As advancing age is itself one of the major risk factors for CAD, CCL2 needs to 

be further validated for the assessment of subclinical atherosclerosis in different age 

groups. The ARIC study mentioned above showed that in subjects initially free of 

CAD and history of CAD, CCL2 levels predicted the development of CAD (MI, 

revascularization or CAD death) after a median follow-up of 5.3 years [288]. The 

relationship between these two parameters was, however, non-linear and significant 

only at high CCL2 plasma levels. 

Recently, Herder with colleagues [291] investigated whether elevated serum 

levels of CCL2, CXCL8 and CXCL10 preceded the development of coronary 

events. In a prospective case-cohort study involving 381 subjects with and 1977 

subjects without CAD followed for an average of 11 years, they concluded that 

subjects developing CAD had elevated baseline levels of all mentioned CK. 

Adjustments for cardiovascular risk factors, however, attenuated those associations 

making them non-significant. The authors concluded that elevated levels of CCL2, 

CXCL8 and CXCL10 precede CAD, but cannot be considered as independent 

markers thereof. It is possible that traditional cardiovascular risk factors may 

mediate the increase in systemic concentrations of those CK. 
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A few studies did not detect any association of circulating CCL2 with existing 

CAD [288, 292-295], so the question of its diagnostic value remains open. This 

might arise due to differences in study designs, patient selection and investigated 

ethnic groups. 

 

In a study by Cippolone et al [296], 50 patients with SAP and UAP underwent 

PCI without stenting on single non-occlusive coronary lesion and had repeated 

angiograms up to 6 months post surgery. Even though there were no differences in 

baseline CCL2 levels between those who would and would not develop restenosis, 

circulating CCL2 levels were significantly elevated at all time points in 14 patients 

who developed restenosis. They also correlated with increased superoxide anion 

(O2
–) generation in monocytes. In contrast, in patients who did not develop 

restenosis, plasma CCL2 returned to baseline by day 15 after surgery. Plasma CCL5 

and CXCL8 did not differ between patients with or without restenosis at any of the 

time points. Nevertheless, only the plasma levels of CCL2 measured 15 days after 

PCI were a statistically significant independent predictor for luminal renarrowing. 

The results of this study were in accordance with an earlier study by Hokimoto et al 

[297], who found CCL2 levels to be predictive of restenosis rates up to 3 months 

after PCI without stenting. A small Japanese study performed around the same time 

tested whether CCL2 levels correlated with restenosis after coronary artery stenting. 

Plasma CCL2 levels were higher in the restenosis group compared to no restenosis 

group at 48h and at 6 months post stent implantation [298]. 

 

Genetic variations in CCL2 gene are also linked to CAD. A study of 320 CAD 

patients referred for coronary artery bypass grafting and 318 healthy controls 

showed that the G/G variant of the –2518A>G polymorphism in the CCL2 promoter 

was more frequent in CAD patients (odds ratio = 2.2) (Ref [299]). Patients carrying 

G/G variant also had higher lipoprotein(a) (Lp(a)) levels compared to patients 

carrying G/A or A/A genotypes. This observation can, at least partly, be explained 

by an earlier report showing increased production of CCL2 by monocytes from G/G 

homozygotes in response to IL-1β stimulation [300]. A recent study by McDermott 

et al [301] confirmed these observations in a clinical cohort: studying over a 1000 

subjects enrolled into the Offspring Cohort of the Framingham Heart Study the 
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investigators found that carriers of the G/G variant had significantly higher serum 

CCL2 levels and an increased risk of developing MI. In contrast, Tabara et al [302] 

pointed out that despite an association between the G allele of the –2518A>G SNP 

and increased CCL2 plasma levels, there was no direct association of this SNP to the 

degree of carotid atherosclerosis. Other studies also did not support the findings on 

the linkage between –2518A>G SNP, circulating CCL2 levels and the risk of CAD 

[295, 303]. 

 

An SNP leading to an isoleucine (Ile) for valine (Val) substitution at position 64 

in the CCR2 protein was found to be associated with an increased risk for MI and 

left ventricular heart failure [304-306], while other studies did not support those 

observations [299, 307]. We still do not know if this polymorphism carries any 

functional significance or if it is simply inherited in linkage disequilibrium with 

other “causative” polymorphisms. 

CXCL8 

In 1995 CXCL8 was first shown to be significantly elevated in sera of patients 

with MI compared to healthy controls [308]. This coincided with increased 

superoxide release in unstimulated and stimulated neutrophils from such patients, 

suggesting that high levels of CXCL8 contributed to neutrophil priming [309]. 

Several other studies evaluated CXCL8 levels in existing CAD (both stable and 

ACS) and all found higher circulating levels of CXCL8 in patients compared to 

healthy controls [310-312]. 

Plasma CXCL8 levels also seem to predict the development of early 

complications (abrupt occlusion, threatened abrupt occlusion, early recurrence of 

ischemia, MI, cardiac sudden death, and target vessel revascularization) [313] and 

restenosis at 1 year after PCI without stent placement [314]. 

The EPIC-Norfolk population study was the first to prospectively associate 

future CAD risk with elevated CXCL8 levels in apparently healthy men and women 

[315]. Baseline CXCL8 concentrations were higher in those who developed CAD 

during follow-up (785 subjects) compared to those who did not (1570 subjects), 

while CAD risk increased with increasing CXCL8 quartiles. The odds ratio for 

future CAD among individuals in the highest CXCL8 quartile remained significant 
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after adjustment for traditional risk factors and levels of CRP. 

CCL5 and CCR5 

In a study enrolling 2694 CAD patients and 530 controls the –403G>A 

polymorphism in the CCL5 gene was associated with an increased risk for CAD 

independent from conventional risk factors, CRP and fibrinogen [316]. The effect 

might be explained by increased promoter activity of the –403A variant [317]. A 

CCR5 polymorphism (∆32 mutation) resulting in a truncated form of CCR5 

protected humans from MI according to some studies [299, 307], but not others 

[316]. 

A study by Nomura [318] measured serum CCL5 in patients with ACS (both 

MI and UAP), stable angina patients and healthy controls. They differed in ACS vs 

controls, but did not differ between UAP and MI patients. PCI performed on ACS 

patients led to decrease in circulating levels of CCL5 30 days after intervention. As 

CCL5 is one of the platelet CK, it could potentially be a marker indicating platelet 

activation in ACS. 

CX3CL1 and CX3CR1 

As was mentioned earlier, CX3CL1 is a membrane-bound CK, which can be 

cleaved from the cell surface. To date, only one study [319] reported measurements 

of CX3CL1 levels in systemic circulation of patients with CAD. Compared to 

healthy controls, both stable and unstable CAD patients had higher circulating levels 

of CX3CL1. PBMC taken from those patients exhibited higher levels of CX3CL1 

receptor – CX3CR1. Interestingly, aggressive lipid-lowering therapy led to 

decreased levels of both molecules after 6 months of treatment. 

Certain SNP in the CX3CR1 gene are associated with atherosclerotic disease in 

humans. CX3CR1 can be polymorphic at amino acids 249 (Ile or Val) and 280 

(threonine(Thr) or methionine(Met)). Carriers of the Ile249 allele are at lower risk 

for CAD and exhibit better endothelium-dependent vasodilation, while Val249 

carriers are at higher risk [320, 321]. The Met280 allele is also associated with 

reduced progression of coronary and carotid atherosclerosis and impaired CX3CL1-

driven leukocyte chemotaxis [322, 323]. This may be due to the presence of the 

Ile249 allele, which is in linkage disequilibrium with Met280. However, according 
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to a recent report, these polymorphisms are not protective in atherosclerotic 

cerebrovascular disease [324]. 

CXCL16/SR-PSOX – a novel CAD marker? (Paper II) 

Our study (Paper II) [228] was the first to investigate whether plasma 

concentrations of CXCL16/SR-PSOX were associated with the presence and 

severity of CAD. Our hypothesis was that increased levels of CXCL16/SR-PSOX in 

the plaques might result in higher systemic concentration of the soluble form of 

CXCL16/SR-PSOX. We used an ELISA to measure plasma CXCL16/SR-PSOX 

concentration in 40 SAP, 17 UAP/non-ST elevation MI (non-STEMI) and 387 post-

MI patients as well as 44 and 387 control subjects for the first two and the last 

patient group, respectively. In contrast to our expectations, we were surprised to 

detect lower systemic levels of CXCL16/SR-PSOX in CAD patients compared to 

healthy controls (Figures 4A and 4B). Out of three groups of patients investigated by 

us, SAP patients exhibited significantly lower median CXCL16/SR-PSOX levels 

(2111 pg/mL) than the corresponding control subjects (2678 pg/mL) (p=0.0012). 

Median CXCL16/SR-PSOX levels in UAP/non-STEMI patients were 2192 pg/ml, 

while in patients investigated 3 months after MI – 2529 pg/mL (vs 2638 pg/mL in 

the corresponding controls). Thus, the latter two groups also showed trends towards 

lower CXCL16/SR-PSOX levels. 

We further attempted to correlate plasma CXCL16/SR-PSOX levels with the 

biochemical and structural signs of CAD. There were no significant correlations 

between CXCL16/SR-PSOX levels and the degree of coronary artery stenosis 

measured by quantitative coronary angiography in post-MI patients. Neither patients 

nor controls exhibited any significant correlations between CXCL16/SR-PSOX and 

plasma lipid and lipoprotein fractions, acute phase reactants (CRP and fibrinogen) 

and inflammatory cytokines (IL-2, 4, 6, 10 and TNF-α). Thus, we first showed that 

lower plasma CXCL16/SR-PSOX concentrations are associated with different forms 

of CAD. 

 

Similar results were recently reported on the XIV International Symposium on 

Atherosclerosis (Rome, Italy, June 18-22, 2006) [325]. Serum concentrations of 

CXCL16/SR-PSOX were measured with a sandwich ELISA in 105 patients 
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undergoing coronary angiography (89 patients without ACS and 16 patients with 

ACS). Those levels were significantly lower in ACS patients compared to non-ACS 

patients (p<0.02). As circulating CXCL16/SR-PSOX levels did not correlate with 

LDL-C, triglycerides, CRP and the presence of diabetes and hypertension, which is 

in line with our study, the authors concluded that CXCL16/SR-PSOX can be an 

independent biomarker of plaque instability and ACS. 

Figure 4. Plasma CXCL16/SR-PSOX concentrations in patients with different forms of coronary 
artery disease. 
A. Stable angina pectoris (SAP), but not unstable angina pectoris/non-ST-elevation myocardial 
infarction (UAP/non-STEMI) patients exhibit lower levels of CXCL16/SR-PSOX compared to 
healthy controls. 
B. Patients who survived the first myocardial infarction 3 months ago (post-MI patients) exhibit a 
trend for lower plasma levels of CXCL16/SR-PSOX. 
 

The two studies have important differences. Mitsuoka et al [325] did not use 

healthy control subjects for comparison: all of their non-ACS patients suffered from 

coronary atherosclerosis. This allowed them to distinguish patients undergoing acute 

cardiac ischemia from stable patients. It is, however, unclear whether serum 

CXCL16/SR-PSOX levels are equally good for diagnosing different forms of ACS 

(UAP, non-STEMI and STEMI). Moreover, the absence of a true control group does 

not allow estimation of the diagnostic value of serum CXCL16/SR-PSOX for the 

presence of CAD. The goal of our study (Paper II) [228] was not to evaluate 

CXCL16/SR-PSOX as marker of acute coronary events. However, a comparison of 

CXCL16/SR-PSOX plasma levels between patients with ACS (UAP and non-

STEMI patients) and stable angina did not reveal any statistical difference in those 

levels. This, however, maybe due to the time of blood sampling in ACS patients, 

which in our study was performed 1-3 days after the onset of symptoms. 
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A recent study linked an SNP in the CXCL16/SR-PSOX gene with the severity 

of coronary artery stenosis in CAD patients. Even thought no SNP in the 

CXCL16/SR-PSOX gene had been described in the literature, comparing the 

sequences reported after CXCL16/SR-PSOX cloning, Lundberg et al [326] detected 

two potential sites for missense SNP in the fourth exon of the gene, coding for the 

stalk domain of the molecule. Even though two SNP were found to be in complete 

linkage disequilibrium with each other, only the non-synonymous aa substitution 

(alanine(Ala)>Val) caused by the SNP in codon 181 could potentially alter 

proteolytic cleavage of CXCL16/SR-PSOX from the cell membrane. Genotyping 

almost 400 patients who survived the first MI and 468 patients undergone PCI with 

stenting for this SNP revealed that carriers of the rare Val181 allele had a higher 

degree of coronary artery stenosis and smaller luminal diameter before PCI, 

determined by quantitative coronary angiography. No difference was found in the 

frequency of genotypes between patients and controls. The authors suggested that 

this SNP results in the appearance of a new site for sheddase activity, which, in turn, 

increases the amount of locally available soluble CXCL16/SR-PSOX stimulating 

chemotaxis of T-cells and proliferation of SMC. 

 

Can we consider CXCL16/SR-PSOX as a potential marker of CAD? Possibly, 

but more work needs to be done. First of all, as we point out in our letter to the 

editor [327], the small number of subjects in our study and in the study by Mitsuoka 

[325] does not allow us to come to meaningful conclusions concerning the 

diagnostic value of circulating CXCL16/SR-PSOX. Certainly, larger studies are 

eagerly warranted. Obtaining dynamics for CXCL16/SR-PSOX levels in the course 

of ACS, as well as its assessment in prospective studies of CVD risk would be 

useful to determine whether it can add to the diagnostic/prognostic armamentarium. 

We would also need to find the biological explanation for this clinical 

observation. Is low CXCL16/SR-PSOX a mere marker of CAD or an active 

contributor to atherogenesis? If it were a marker of inflammation, its levels would 

most probably rise in CAD and especially ACS. Thus, a recent study by Le Blanc et 

al [328] assessed CXCL16/SR-PSOX in serum and cerebrospinal fluid (CSF) of 

patients with several neuroinflammatory disorders (bacterial and viral meningitis, 

multiple sclerosis and SLE with central nervous system (CNS) involvement). 
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Opposite to the situation in CAD, both serum and CSF concentrations of 

CXCL16/SR-PSOX were higher in diseased vs healthy subjects and CSF levels 

were always higher than serum levels in all subjects. This suggested that 

CXCL16/SR-PSOX might be produced by the Mφ resident in the CNS (microglia) 

and drive trafficking of T-cells into CNS. Can it fulfill a different role in CAD? 

Our first hypothesis was that CXCL16/SR-PSOX, functioning as a decoy 

scavenger receptor, might remove oxLDL from circulation and thus be protective in 

CAD. It was based on the observation that several CK can bind oxLDL via their 

chemokine domains [73]. Interestingly enough, circulating levels of those CK that 

do not bind oxLDL (e.g. CCL2 and CXCL8) associate positively with CVD [286, 

287, 315], while some of those that do seem to show inverse association [228, 325, 

329]. Another example of such oxLDL binding CK is CXCL12. Its plasma levels 

were also lower in stable and unstable CAD patients compared to controls [329]. 

Thus, higher levels of CXCL16/SR-PSOX and CXCL12 might be protective in 

CAD. Interestingly, overexpression of the soluble form of SR-A in LDLR-/- mice 

seems to be atheroprotective [330]. This might be the case for other scavenger 

receptors as well. However, Aslanian and Charo [218] recently reported in vitro 

studies that did not show the ability of soluble CXCL16/SR-PSOX to bind oxLDL 

and inhibit its binding and uptake by cells. This is in apparent contrast with data by 

Shimaoka et al [73], who even identified aa residues in the CK domain responsible 

for oxLDL binding. This controversy obviously requires further investigation. 

CCL11 genetic variants and plasma levels in CAD (Paper III) 

Our cross-sectional study (Paper III) [331] was the first to investigate whether 

possession of the 67G>A SNP affects CCL11 plasma levels in subjects suffering 

from coronary atherosclerosis. After genotyping 311 CAD patients and 338 healthy 

controls for 67G>A SNP we related its variants to CCL11 plasma levels. There were 

no differences in the frequencies of the 67G>A SNP variants and total CCL11 

plasma levels between CAD patients and controls. Further analysis showed that 

patients heterozygous (G/A genotype) and homozygous (A/A genotype) for the 

Thr23 allele had lower CCL11 plasma levels than patients homozygous for Ala23 

allele (G/G genotype) (p=0.046). Ala23 homozygous patients also had higher 

CCL11 plasma levels than Ala23 homozygous controls (p=0.028). In patients, 
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CCL11 plasma levels did not correlate with the degree of coronary artery stenosis 

measured by quantitative coronary angiography or any of the traditional biochemical 

risk indicators of CAD (triglycerides, HDL, LDL, CRP, fibrinogen, inflammatory 

cytokines). Thus, our results do not show any clear association between the presence 

of the CCL11 67G>A SNP, CCL11 plasma levels and CAD parameters in post-MI 

patients. 

 

The first reports on association of CCL11 with disease states linked its plasma 

levels with bronchial asthma. In stable asthma patients those levels were shown to 

inversely correlate with lung function expressed as forced expiratory volume in the 

first second (FEV1) [332]. In patients presented for emergency asthma treatment, 

plasma CCL11 levels were even higher than in stable asthmatics and inversely 

associated with response to anti-asthmatic treatment [333]. 

Several subsequent studies investigated CCL11 genetic variants and plasma 

levels in relation to CAD and other diseases. Our results are in accordance with two 

of them. Thus, Mosedale et al [293] investigated 31 patients with normal coronaries 

and 41 with 3-vessel disease. There was no association between serum CCL11 and 

the degree of coronary artery stenosis in patients and no difference in serum CCL11 

levels between patients and controls. Atherosclerosis in control subjects was 

excluded by carotid ultrasonography and clinical examination. A recent study by 

Rothenbacher et al [294] measured a panel of CK and other inflammatory mediators 

in 312 patients with angiographically verified stable CAD and 472 age- and gender-

matched healthy controls. Serum levels of CXCL10 and CXCL8 were associated 

with increased, while CCL5 with decreased odds ratios for CAD. Serum levels of 

CCL2, CCL3 and CCL11 did not show any clear disease association. 

 

Other studies have reported results that are in contrast with ours. A recent 

prospective study by Zee et al [334] found an association between the possession of 

the CCL11 Thr23 allele and the risk for future MI among men (odds ratio for 

possession of two Thr alleles vs zero or one allele = 1.86). Further investigation of 

the same cohort showed that this trend was even more pronounced among smokers 

possessing the Thr23 allele compared to non-smokers [335]. Of note, 67G>A is 

inherited in significant linkage disequilibrium with non-coding promoter SNPs        
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–384A>G and –488C>A [336, 337]. Unfortunately analysis of this linkage in CAD 

patients has not been performed in any of the studies published to date. 

A small study by Economou et al [338] reported that plasma CCL11 levels 

were higher in CAD patients (n=20) than in healthy controls (n=28). A larger study 

by Emanuele et al [339] showed that 245 patients with CAD had higher plasma 

CCL11 compared to 111 patients without CAD. The study also found reasonable 

correlation between plasma CCL11 concentrations and the extent of 

angiographically measured coronary artery stenosis. No correlation with CRP, age, 

gender, taken medications or blood pressure was detected. Interestingly, controls in 

the study were subjects referred for coronary angiography, but in whom no CAD 

was detected. PAD and carotid atherosclerosis were also excluded by specific 

investigations. The discrepancies between those studies and ours might be due to 

differences in sample sizes, investigated ethnic cohorts, sample handling and other 

differences in study design. In addition, effects of certain medication taken by the 

patients might have served as potential confounders for CCL11 levels in previous 

studies [338, 339]. This is exemplified in our study where patients receiving 

diuretics and short-acting nitrates had significantly lower CCL11 plasma levels 

compared to patients not receiving those. The mechanisms behind these associations 

are currently not clear. 

 

What could be the biological significance of this polymorphism? The human 

CCL11 gene has been localized to chromosome 17q21.1 [340] and known to contain 

several SNPs [336, 341]. The 67G>A SNP leads to a substitution of wild-type Ala 

with Thr in the signal peptide of the molecule [336]. As a secreted protein, CCL11 

contains an amino-terminal sequence of hydrophobic amino acids that are a substrate 

for signal peptidases, which process proteins for transport to the cell surface and 

secretion [342]. The substitution of polar Thr for hydrophobic Ala was predicted to 

reduce signal peptidase activity for the Thr variant and hence decrease its secretion 

[343]. This was later confirmed in a study by Nakamura et al [344], who showed 

that asthmatic subjects homozygous for the Thr form of CCL11 had significantly 

lower plasma CCL11 levels than asthmatic individuals who carried at least one Ala 

allele. Carriers of the Thr allele also had better lung function and decreased blood 

eosinophil counts. In vitro experiments showed that HEK293 cell transfected with 
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Thr23 variant of CCL11 gene and PBMC from subjects homozygous for Thr23 

allele secreted significantly less CCL11. Even though subsequent report did not 

prove those findings [337] and possession of the Thr23 allele was not associated 

with asthma [336, 341, 344, 345], it was suggested that the Thr23 variant plays a 

protective role with regard to lung function. 

Clearly, additional studies will be needed to determine whether SNPs in the 

CCL11 gene and CCL11 plasma levels are associated with CAD. 

Conclusion: can chemoattractants become valid CVD 
biomarkers? 

Certain genetic variants and circulating levels of several chemoattractants have 

been shown to be associated with CVD (Table 3). Even though some CK (e.g. 

CCL2) are better validated than others, the picture is still incomplete and none of the 

chemoattractant markers proposed so far is able to diagnose/predict CVD accurately 

enough in order for it to be included in the diagnostic armamentarium. This 

necessitates validation and further evaluation of proposed markers and dictates the 

need for development of additional markers. 

This thesis investigated the relevance of two chemoattractants as markers of 

vascular pathology – CXCL16/SR-PSOX (Paper II) [228] and CCL11 (Paper III) 

[331]. Even though only two small studies have so far linked CXCL16/SR-PSOX to 

CVD, the results between them seem to be concordant and point to a potential role 

of CXCL16/SR-PSOX in ACS. This, however, will require more solid proof. The 

importance of CCL11 as an atherosclerosis marker is more obscure. 

Most of the studies (including ours) testing the associations between 

chemoattractants and existing CVD used cross-sectional design. While it gives us 

information on the diagnostic capacity of candidate markers, it tells us nothing about 

their ability to predict development of future cardiovascular events. For this we will 

need sufficiently powered prospective studies with surrogate or hard endpoints. 

From this point of view both CXCL16/SR-PSOX and CCL11 require much bigger, 

preferably multiethnic trials aimed at detecting their predictive and diagnostic value 

for CVD patients. On the other hand, it is unlikely that atherosclerotic process can 

be reflected by the levels of one particular molecule. Therefore, a multi-marker 

approach is likely to be superior to any single marker alone. 
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Table 3. Chemoattractants as potential biomarkers for cardiovascular diseases 
Marker Observed associations with atherosclerosis/restenosis 

manifestations in human subjects 
References 

Faster atherosclerosis progression in individuals carrying abnormal 
number of GC boxes in the promoter of the 5-LO gene (ALOX5) 

[274] 

Increased risk of MI and ischemic stroke in carriers of the HapA 
haplotype in the gene of the 5-LO activating protein (ALOX5-AP) 

[278, 279] 

Increased risk of MI in carriers of the HapB haplotype in the gene of 
the 5-LO activating protein (ALOX5-AP) 

[278] 

No association of ALOX5-AP HapA or HapB haplotypes with 
ischemic stroke 

[279, 280] 

HapK haplotype in the LTA4 hydrolase gene (LTA4H) associates 
with complex CVD (MI with a history of PAD and/or stroke) 

[282] 

Leukotrienes 

Increased urinary excretion of LTE4 in ACS patients [283] 
Elevated CCL2 levels in systemic circulation of patients with stable 
CAD, ACS and PAD 

[284, 285, 287, 289] 

Increased CAD and post-PCI restenosis risk in subjects with higher 
plasma levels of CCL2 

[286, 288, 296, 297] 

Systemic CCL2 levels correlate with the degree of subclinical 
atherosclerosis 

[290] 

No association of circulating CCL2 with existing CAD [288, 292-295] 
–2518A>G SNP in the CCL2 promoter is associated with CAD. 
Carriers of this SNP exhibit higher plasma levels of CCL2 and 
increased risk of MI 

[299, 301] 

CCL2 

No association between –2518A>G SNP in the CCL2 promoter and 
CAD risk 

[295, 302, 303] 

CCR2 Ile64 allele carriers are at increased risk for MI and left 
ventricular heart failure 

[304-306] CCR2 

No association between CCR2 Ile64 possession and CAD risk [299, 307] 
Increased CAD risk in the carriers of the –403G>A SNP in the 
promoter of the CCL5 gene 

[316] CCL5 

CAD patients exhibit higher systemic levels of CCL5 [318] 
CCR5 ∆32 mutation protects from MI [299, 307] CCR5 
CCR5 ∆32 mutation does not protect from MI [316] 
CCL11 67G>A SNP is associated with risk of future MI [334] 
CAD patients exhibit higher CCL11 plasma levels [338, 339] 

CCL11 

CAD patients do not exhibit higher CCL11 plasma levels [293, 294, 331] 
Higher CXCL8 levels predict CAD development in healthy subjects [315] CXCL8 
CAD patients exhibit elevated systemic levels of CXCL8 [308, 310-312] 

CXCL12 CAD patients exhibit lower CXCL12 plasma levels [329] 
Lower circulating levels of CXCL16/SR-PSOX are associated with 
CAD 

[228, 325] CXCL16 

Higher degree of carotid stenosis among carriers of the Val181 allele 
of CXCL16/SR-PSOX 

[326] 

CX3CL1 CAD patients exhibit higher circulating levels of CX3CL1 [319] 
CX3CR1 Ile249 allele carriers are at a lower risk for CAD [320, 321] 
CX3CR1 Met280 allele carriers are at a lower risk for CVD [322, 323] 

CX3CR1 

CX3CR1 Ile249 and Met280 alleles are not protective from carotid 
atherosclerosis 

[324] 

Abbreviations: ACS – acute coronary syndrome(s), CAD – coronary artery disease, CVD – cardiovascular 
diseases, MI – myocardial infarction, PAD – peripheral artery disease, PCI – percutaneous coronary 
intervention, SNP – single nucleotide polymorphism. For details see text. 

At the same time, most markers of inflammation are highly correlated with each 

other and their combination will probably add little, if any, information into 

diagnostic workup. It will be important to find markers that do not correlate with one 

another because their combined use might be synergistic [346]. 
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An interesting question for us to answer is how variations of chemoattractant 

genes translate into biological effects. Investigating this will improve our 

understanding and validity of the markers and place them more precisely into 

disease pathogenesis. SNP found in promoters, introns, untranslated regions and 

splice junctions may influence gene expression, while exon SNP may lead to 

alterations in protein structure and function. The latter SNP can result in 

synonymous and non-synonymous aa substitutions, but also no aa substitution. 

However, the functional outcomes of those substitutions are not always as 

straightforward as might be expected. For example, HapK of LTA4H linked to MI 

[282] did not lead to any non-synonymous aa substitutions, but the functional 

readout showed increased production of LTB4 by neutrophils from patients carrying 

HapK. A similar situation was observed with the HapB haplotype of the FLAP gene 

[278] (see above). 

The studies testing associations of soluble molecules with carotid or peripheral 

atherosclerosis do not always estimate the extent of coronary atherosclerosis, which 

is imperative since atherosclerosis is a multifocal process [347]. This may lead to 

erroneous statements that plasma levels of a particular molecule are associated with 

a certain nosological form in a spectrum of CVD rather than reflect generalized 

atherosclerosis. It is also imperative to age-match controls with patients as it is 

known that levels of some markers correlate with advancing age even in healthy 

individuals. This is, for example, the case for CCL2 (Ref [288, 290, 292, 295, 301]). 

And finally, any biomarker must have well-established assays that behave 

reproducibly across varied patient settings and diagnostic laboratories [250, 348]. 

Usually the use of biomarkers is optimized in respect to their characteristics and 

discriminator limit to gain optimal predictive power in a specific study cohort. If 

they are applied to a much bigger population with different characteristics, the 

specificity and sensitivity of the test may become a significant problem. This must 

be accounted for in the assay design. 

Despite these hurdles, recent progress in this field of research gives us hope that 

biomarkers will one day be in use for diagnosing and predicting CVD. However, 

much more work needs to be done to show whether emerging biomarkers, like 

CXCL16/SR-PSOX and CCL11 can be incorporated into existing diagnostic 

schemes. 
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4. Chemoattractants as therapeutic targets in the 
treatment of cardiovascular diseases 

In the recent years several strategies have tested the validity of a hypothesis that 

chemoattractants can represent attractive therapeutic targets in vascular pathology 

[349]. These will be reviewed in the following sections together with the new 

approach proposed by us. 

Targeting chemokines and their receptors 

CK have long been considered as potential therapeutic targets, while CKR 

represent some of the most “druggable” molecules in the human body [350-353]. 

GPCR, which CKR belong to, are targeted by about 30% of the currently marketed 

drugs. Several kinds of compounds specifically interfering with the CK system have 

been developed. They include: small-molecule CKR antagonists, modified CK, 

antibodies against CK, chemokine-binding proteins (CKBP) and broad-spectrum 

chemokine inhibitors (BSCI). 

CCR2 and CCL2 blockade 
In 1994 Zhang et al [354] discovered that a deletion mutant of human CCL2, 

lacking N-terminal amino acids 2 to 8 (so-called “7ND”), acts as a dominant-

negative inhibitor for CCR2 and blocks CCL2-triggered monocyte chemotaxis. 

Transfection of a plasmid carrying the 7ND gene into skeletal muscle retarded 

media thickening and fibrosis in rats chronically administered the NO-synthesis 

inhibitor, Nω-nitro-L-arginine methyl ester (L-NAME) [355]. Further experiments 

showed that 7ND administration into skeletal muscle of ApoE-/- mice slowed both 

development of de novo atherosclerosis [356] and progression of existing lesions 

[357]. In both cases 7ND was found to stabilize the lesions by increasing the amount 

of ECM and number of SMC, while decreasing the number of Mφ, lipid content and 

expression of inflammatory mediators in the plaques. 

Anti-CCR2 therapy is also effective in preventing neointimal hyperplasia after 

vessel injury in animal models. Intramuscular injections of 7ND attenuated the 

development of neointimal hyperplasia and negative remodeling in balloon-injured 

carotid arteries of hypercholesterolemic rabbits [358]. The extent of periarterial cuff-
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induced vascular inflammation and neointimal hyperplasia was also reduced by 7ND 

in both mice and primates [359]. And finally, intramuscular injections of 7ND 

reduced in-stent restenosis in hypercholesterolemic rabbits and primates [360]. 

Neutralization of CCL2 by polyclonal antibodies before and immediately after 

carotid artery injury in rats also significantly inhibited the development of 

neointimal hyperplasia [361]. 

Based on the successes of the 7ND therapy in several animal models and 

different pathological states Egashira [362] proposed that this strategy may be a 

useful approach for prevention of postangioplasty restenosis in humans and reported 

filing for ethical permission for this indication in 2003. However, no new studies 

have been published since then. 

 

Even though small-molecule CCR2 antagonists have been synthesized, no 

studies evaluating them for treatment of atherosclerosis or restenosis have been 

reported. INCB3284, an oral CCR2 antagonist (which also blocks CCR1 and 

CCR5), developed by Incyte corporation (Wilmington, DE, USA, www.incyte.com) 

is being evaluated by Pfizer in a Phase II clinical trial for treatment of RA and 

multiple sclerosis as well as other undisclosed conditions. The company also reports 

testing other potent oral CCR2 antagonists. ChemoCentryx (Mountain View, CA, 

USA; www.chemocentryx.com) is currently in a Phase II clinical trial with its CCR2 

antagonist, CCX915, which is considered as a candidate drug for treatment of 

multiple sclerosis and cardiovascular disorders. Other CCR antagonists are also 

under investigation by several pharmaceutical companies. 

CCR5 blockade 
When CCL5 is expressed in E.coli, the amino-terminal methionine residue is 

not cleaved. The resultant product, Met-CCL5 (Met-RANTES), acts as a potent 

antagonist of CCR5 and CCR1 [363]. CCL5 deposition by platelets on the surface of 

atherosclerotic mouse aortas (wire-induced injury model) triggered shear-resistant 

monocyte arrest under flow conditions, which could be inhibited with Met-CCL5 or 

CCL5 blocking antibody [142]. A study by Schober et al [143] showed that one-

month intraperitoneal injections of Met-CCL5 to ApoE-/- mice on atherogenic diet 

reduced neointima formation, as well as Mφ and lipid infiltration of the vessel wall 
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after carotid artery injury. 

Administration of Met-CCL5 protein for 14 weeks to male LDLR-/- mice fed a 

high-cholesterol diet from 12 weeks of age [141] inhibited atherosclerotic plaque 

formation by 43% in the aortic root and 58% in thoracoabdominal aorta. It also 

decreased the number of plaque Mφ, T-cells and amount of MMP-9 and increased 

interstitial collagen content, which suggests plaque stabilization. Expression of CK 

CCL3, CCL4, CXCL1 (MIP-2) and CCL11 and CKR CCR2 and CCR5 mRNA in 

the lesions was significantly reduced by the treatment, which might be due to 

decreased number of Mφ and T-cells and/or decreased activation of vascular cells. 

Interestingly, Met-CCL5 specifically bound to atheroma sites in the aorta, i.e. it 

showed targeted delivery. 

Lutgens et al [97] produced a monoclonal antibody 11K2, which effectively 

bound CCL2 and CCL5 and inhibited monocyte chemotaxis induced by these 

chemokines in vitro. Injection of this antibody to ApoE-/- mice led to a significant 

decrease in the size of advanced atherosclerotic lesions in treated animals. This was 

accompanied by decreased Mφ and T-cell numbers and increased collagen content in 

the lesions. Thus, 11K2 treatment does not only halt lesion progression, but also 

stabilizes them. 

The small-molecule CCR5 antagonist, TAK-779 (Ref [364]), was recently used 

for atherosclerosis treatment in an animal model. Administration of TAK-779 to 

LDLR-/- mice dramatically inhibited development of aortic and carotid 

atherosclerosis with concomitant decrease in the number of T-cells in the plaques 

[365]. The effects of this antagonist might not only be mediated via CCR5, as   

TAK-779 was also shown to block murine (but not human) CXCR3, another T-cell 

CKR involved in atherogenesis. 

Broad-spectrum chemokine inhibitors 
Broad-spectrum inhibition of several CK might be another useful therapeutic 

strategy. Viruses encode several CKBP, which can sequester and inactivate host CK 

[366]. For example, the 35kDa soluble protein (35K) from vaccinia virus binds and 

inactivates a wide range of CC CK [367]. Adenovirus-mediated expression of 35K 

protein in 10-week-old ApoE-/- mice led to a 55% reduction in the extent of aortic 

atherosclerotic lesions after only 2 weeks of treatment [368]. This was accompanied 
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by an 85% reduction in lesion Mφ content and by reduced lipid deposition in 

descending aortas. The authors proposed that potential mechanisms of this effect 

include: 35K binding of CC family CK in circulation and prevention of CK binding 

to EC GAG, 35K binding to GAG on the EC surface and inactivating bound CK, 

and 35K binding to CK already immobilized on GAG and preventing their 

interaction with circulating leukocytes. However, the effects of this intervention 

need to be validated at later stages of atherosclerosis. 

Similar results were obtained utilizing murine γ-herpesvirus 44-kDa CKBP M3 

in restenosis [369]. M3 protein binds and inactivates human and murine CK from all 

four families [370]. Conditional expression of M3 protein triggered by doxycycline 

two days before wire-induced femoral artery injury resulted in a 70% reduction in 

neointimal area and intima/media ratio four weeks after injury [369]. Another study 

showed that intravenous administration of the myxoma virus CKBP M-T7 led to an 

80% decrease in neointimal hyperplasia in balloon-injured rabbit femoral arteries 

[371]. 

The synthetic broad-spectrum chemokine inhibitor NR58-3.14.3, a derivative of 

a conserved peptide sequence from CCL2, binds several CK and inhibits leukocyte 

migration in vitro and in vivo at nM concentrations [372]. Even though treatment of 

atherosclerotic mice with NR58-3.14.3 did not reduce lesion size, it reduced the 

number of Mφ in the lesions and was reported to stabilize the plaques [373]. 

Notably, administration of synthetic BSCI has few obvious side effects. 

In light of these results, future studies are warranted utilizing other viral CKBP 

[366], mammalian CK decoy receptors such as DARC and D6 [374] as well as 

synthetic BSCI [375]. 

Targeting chemokine receptor signaling pathways 
Mediators of signalling pathways launched by CKR activation are also being 

explored as drug targets [376, 377]. They include class I phosphoinositide-3-kinase 

(PI3K), guanosine 5’-triphosphatases (GTPases), farnesyltransferases (FTs) and 

guanine nucleotide-exchange factors (GEFs). 

Targeting the leukotriene pathway 

Components of the LT pathway are traditionally considered to be good targets 
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for the treatment of bronchial asthma [378]. However, in the last 15 years almost all 

of them have, with varying degree of success, been tested for the treatment of 

atherosclerosis and restenosis in animal models. Recent discoveries have spurred 

these attempts even further. 

5-lipoxygenase inhibitors 
As early as 1991 Hagihara and co-authors [379] showed that by treating rabbits 

with a specific 5-LO inhibitor, FR110302, they could inhibit leukocyte infiltration 

and subsequent intimal thickening of a cuff-damaged carotid artery, confirming that 

5-LO products could contribute to initiation and development of atherosclerosis. 

Importantly, the cyclooxygenase inhibitor indomethacin did not produce any effect 

on these processes. Later studies partially explained this observation by showing that 

treatment of endothelial cells with the 5-LO inhibitors nordihydroguaiaretic acid 

(NDGA) and AA861 reduced cell-surface induction of VCAM-1 by IL-1β (Ref 

[380]). The effect seems to be mediated via changes in the activity of NF-κB. 

5-lipoxygenase activating protein inhibitors 
One of the first studies targeting FLAP in vascular pathology used a compound 

developed by Merck & Co. – MK-886. It was initially believed to be a 5-LO 

inhibitor, but later shown to inactivate FLAP. Kondo et al [183] used a model of 

photochemically-induced femoral artery injury in rats where they showed that oral 

administration of MK-886 right after injury resulted in suppression of neointimal 

thickening. Recently MK-866 was also shown to prevent development of 

atherosclerosis. Orally given MK-886 decreased atherosclerotic lesion density and 

increased plaque stability in ApoE-/-LDLR-/- double knockout mice fed high fat diet 

[381]. 

A recent clinical trial with another FLAP inhibitor, DG-031 (BayX-1005) was 

aimed at patients with a history of MI and carrying at-risk variants of FLAP or LTA4 

hydrolase genes. A four-week treatment of those patients led to inhibition of urinary 

excretion of LTE4, production of LTB4 by leukocytes and dose-dependent 

suppression of blood myeloperoxidase (MPO) as a biomarker associated with 

systemic granulocyte activation and CAD [382]. Unfortunately no surrogate 

endpoints for atherosclerosis/CAD were investigated in this Phase II study. Since 
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MPO is still not fully validated as a marker of CAD prognosis [258], effects on 

MPO levels do not provide enough information on the efficacy of the compound. 

BLT1 antagonists retard development of neointimal hyperplasia 
(Paper IV) 

Our study (Paper IV) [188] was the first to show that the use of selective BLT1 

antagonist BIIL284 [383] prevented the development of neointimal hyperplasia in 

balloon-injured rat carotid arteries. After balloon injury of the left common carotid 

artery, the rats were treated once daily with either BIIL284 (10 mg/kg, i.p.) or 

vehicle (1% tylose, i.p.) for a period of 14 days. Serial sections of carotid arteries 

(15 sections from each artery) were stained with hematoxylin and eosin and 

subjected to computer-based morphometric analysis, which revealed significant 

reduction of neointimal area in BIIL284-treated animals (Figures 5A and 5B). 

Consequently, the lumen area in carotid arteries from BIIL284-treated rats was 

bigger (0.23±0.022 mm2) (mean±SEM) compared to carotid arteries from vehicle-

treated rats (0.13±0.025 mm2). 

As follows from our in vitro experiments (see above), this treatment 

presumably acts by interfering with proliferation and migration of SMC, the main 

driving forces of neointimal hyperplasia and postangioplastic restenosis. Moreover, 

neointimal SMC expressed higher levels of BLT1 mRNA compared to medial SMC, 

which suggests that the former are more responsive to LTB4 stimulation. 

The first in vivo study evaluating LTB4 receptor antagonists in the settings 

somewhat applicable to human vascular pathology came in 1988. Kondo et al [183] 

used a model of photochemically-induced femoral artery injury in rats where they 

showed that oral administration of the non-selective LTB4 receptor antagonist  

ONO-4057 resulted in suppression of neointimal thickening caused by vessel injury. 

As the two types of LTB4 receptors were not known at that time, it was not clear 

what mediated the observed effect. Our study (Paper IV) [188] was the first to show 

that inhibition of neointimal hyperplasia was specifically mediated via BLT1. 

Interestingly, in vivo pharmacological blockade of BLT1 also reduces 

atherosclerosis: administration of the specific BLT1 antagonist CP-105,696 to 

ApoE-/- and LDLR-/- mice for 35 days resulted in decreased lesion size, lipid 

accumulation and monocyte infiltration both in the aortic root and throughout the 
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Figure 5. Effects of BLT1 antagonism on the development of neointimal hyperplasia after balloon-
induced carotid artery injury in rats. 
A. Representative sections of rat carotid artery 14 days after injury. Rats treated with the BLT1 
antagonist BIIL284 (10 mg/kg, i.p. once daily; n=8) exhibit reduced neointima formation compared 
to rats treated with vehicle (1% tylose; n=7). Arrows point to the internal elastic lamina; arrowheads 
point to the external elastic lamina. 
B. Quantification of intimal and medial areas of the carotid arteries. BIIL284-treated rats exhibit 
decrease in intima/media ratio, which is attributed to smaller intimal area. Results are expressed in 
mean±SEM, * denotes P<0.05 vs. vehicle. 
orta [384]. This shows that antagonism of BLT1 also affects cells other than SMC 

nd leads to stabilization of the lesion. 

 

BIIL284 is an oral long-acting BLT1 antagonist developed by Boeringer 

ngelheim [383]. It is a prodrug with negligible binding to BLT1, which, upon 

odification by esterases, converts to the active metabolites BIIL260, BIIL304 (a 

ulphate metabolite of BIIL260), and BIIL315 (a glucoronide conjugate of 

IIL260). Whereas the affinity of BIIL304 for BLT1 is low, both BIIL260 and 

IIL315 have high affinity for BLT1 on isolated human neutrophils and U937 cells 

ith K(i) values just below 2nM. BIIL260 and BIIL315 interact with the BLT1 in a 

aturable, reversible, and competitive manner. Studies in monkeys who were 

dministered BIIL284 orally at 0.3 mg/kg showed that this dose achieved virtually 

ull blockade of BLT1 for a period of 24 hours [383]. However, the affinity for 
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BIIL260 binding to rat BLT1 was about 3 times lower than for human and monkey 

receptors. Although, this data alone cannot be considered as sufficient indication of 

the drug efficacy in vivo (receptor kinetic properties and species-specific 

pharmacokinetic properties are important as well), it gives some estimate for the 

dose selection. The dose used in the present study (10 mg/kg) was chosen to obtain 

full blockade of rat BLT1 for 24h and was determined based on discussions with the 

researchers at Boehringer-Ingelheim (F. Kalkbrenner, personal communication). 

BIIL284 has also been successfully tested in clinical practice: both the 25mg 

and 150mg doses of BIIL284 safely and effectively inhibited Mac-1 expression on 

neutrophils when taken orally by rheumatoid arthritis patients for 2 weeks [385]. 

Unfortunately no clinical criteria of effectiveness were assessed in this short-term 

study. Taken together, this data show that BLT1 antagonists can be useful in the 

prevention of postangioplasty restenosis and possibly atherosclerosis. 

CysLT antagonists 
The specific CysLT1 antagonist MK-571 effectively inhibits both the 

stimulatory effects of LTD4 on SMC proliferation and the formation of neointimal 

hyperplasia after carotid artery balloon injury in the rat [187]. MK-571 at a dose of 

1mg/kg/day inhibited neointima formation by approximately 70% on the seventh 

day after injury. However, a study by Kondo et al [183] used a model of 

photochemically-induced femoral artery injury in rats and showed that oral 

administration of CysLT receptor antagonist ONO-1078 did not affect intimal 

thickening. 

Conclusion: how can we target chemoattractants in CVD? 

Therapies directed at chemoattractants and other inflammatory mediators have 

been relatively successful in conditions such as rheumatoid arthritis and asthma. 

However, the pathogenesis of atherosclerosis seems to be much more complex. This 

might be the reason why, despite certain successes in animal models, none of the 

strategies to block chemoattractants proposed so far (summarized in Table 4 and 

Figure 6) has moved into the clinical arena for the treatment of atherosclerosis in 

humans. 
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Table 4. Therapeutic inhibition of chemoattractants in experimental atherosclerosis and 
restenosis 
Therapeutic 
target 

Intervention and observed effects References 

Transfection of 7ND into skeletal muscle of ApoE-/- mice slows 
development of de novo atherosclerosis and progression of existing 
lesions and makes lesions more stable 

[356, 357] CCL2 and 
CCR2 

Neutralization of CCL2 by antibodies or CCR2 by 7ND in rodents, 
rabbits and primates inhibits formation of neointimal hyperplasia after 
arterial injury 

[358-361] 

Decreased atherosclerosis with more stable plaques in LDLR-/- mice 
administered Met-CCL5 

[141] 

Reduced carotid artery neointima formation in ApoE-/- mice administered 
Met-CCL5 

[143] 

Decreased atherosclerosis and more stable plaques in mice administered 
anti-CCL5 and anti-CCL2 monoclonal antibody 11K2 

[97] 

CCR5 

Decreased atherosclerosis in LDLR-/- mice administered CCR5 antagonist 
TAK-779 

[365] 

Decreased atherosclerosis and more stable lesions in ApoE-/- mice 
infected with adenovirus expressing vaccinia virus chemokine-binding 
protein 35K 

[368] 

Decreased neointimal hyperplasia in mice transgenic for murine  
γ-herpesvirus chemokine-binding protein M3 

[369] 

Decreased neointimal hyperplasia in rabbits injected with myxoma virus 
chemokine-binding protein M-T7 

[371] 

Multiple 
chemokines 

More stable plaques in ApoE-/- mice administered broad-spectrum 
chemokine inhibitor NR58-3.14.3 

[373] 

5-LO Decreased neointima formation in rabbits treated with the 5-LO inhibitor 
FR110302 

[379] 

5-LO activating 
protein (FLAP) 

Decreased atherosclerosis in ApoE-/-LDLR-/- mice administered FLAP 
inhibitor MK-866 

[381] 

Decreased intimal thickening in rats administered BLT antagonist   
ONO-4057 

[183] 

Decreased atherosclerosis and more stable lesion in ApoE-/- and LDLR-/- 
mice administered BLT1 antagonist CP-105,696 

[384] 

BLT1 

Reduced neointimal hyperplasia in rats administered BLT1 antagonist 
BIIL284 

[188] 

MIF Decreased neointimal hyperplasia in ApoE-/- and LDLR-/- mice 
administered monoclonal antibody blocking MIF 

[125, 126] 

Abbreviations: 5-LO – 5-lipoxygenase, ApoE – apolipoprotein E, BLT1 – leukotriene B4 receptor type 1, 
FLAP – 5-LO activating protein, LDLR – low density lipoprotein receptor, MIF – macrophage migration 
inhibitory factor. See text for details. 

Restenosis seems to be a simpler problem to tackle. However, even the advent 

of DES, which significantly decreased the burden of restenosis, brought a new set of 

problems. DES are expensive and their use might be limited in patients with 

complicated lesions. Moreover, they significantly decreased, but did not eliminate 

restenosis, which still occurs in up to 10% of cases. There are likely to be DES-

specific side-effects [43, 44]. What complicates matters in real life is that restenosis 

in humans always happens in atherosclerotically modified arteries; this further 

contributes to the complexity of the resulting lesion [46]. 
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Medications used for stent coating effectively target SMC migration and certain 

aspects of inflammation [386-388] but do not tackle the complex network of 

processes happening in the atherosclerotic/restenotic plaque. This brings forward the 

need for effective systemic therapy which can be used in addition or even instead of 

DES. It would be especially desirable in patients receiving bare metal stents and in 

patients, who receive DES, but who are at high risk of restenosis (those with 

diabetes, small vessels and long lesions) [389]. 

Here we propose a new strategy for the treatment of restenotic lesions which, 

according to available data, effectively targets both restenotic and atherosclerotic 

components. Both genetic ablation of BLT1 and use of its specific antagonists in 

animal models have been shown to potently inhibit atherogenesis and neointimal 

hyperplasia after arterial injury. The BLT1 antagonist BIIL284 used in our study 

(Paper IV) [188] has also been successfully tested in humans and showed low 

frequency of side effects and long duration of action, necessitating a once daily dose 

[385]. Moreover, it is available in the oral form. We could also potentially envisage 

its use for coating DES, even though no such studies have been performed so far. 

However, we should not forget that despite the successes of BLT1 inhibition in 

animal models this does not necessarily mean that it will translate into effective 

therapy in humans. Arterial responses in animal balloon injury models are not fully 

representative of human restenotic lesions both in respect to pathology of the 

response and the time of its development [390]. As was mentioned earlier, post-PCI 

restenosis in humans always occurs in atherosclerotically changed vessels, while in 

animal models neointimal hyperplasia after injury develops in initially intact vessels, 

making this response much more predictable. Also, in human arteries, late lumen 

loss occurs to a large extent due to arterial remodeling [391], which does not happen 

in many animal models. A new animal model has recently been proposed that allows 

screening candidate drugs for DES on the vessels with pre-existing atherosclerosis 

[392]. It is definitely a more real-life approach to the problem, but it does not 

eliminate certain limitations of animal models. 

Certain differences also exist between the proliferative and inflammatory 

response of an artery to simple balloon injury or stent placement [45, 391, 393, 394]. 

This might explain why, for example, blockade of CCR2 was effective in preventing 

in-stent restenosis, but not in retarding neointimal hyperplasia after balloon injury 

67 



© Yuri Sheikine, 2006   Chemoattractants in vascular pathology, ISBN 91-7140-884-3 

[395]. Moreover, we studied responses to balloon injury in the carotid arteries, 

which, according to some reports, are different from responses observed in coronary 

arteries [396]. And finally, there might be species differences in pharmacological 

responses to the same medications as shown for the antagonists of human and 

murine CysLT2 receptors [397]. 

 

On one hand, the chemoattractant system is extremely complex with many 

redundant links about which we still know too little. On the other hand, finding 

certain key links might move us further in the treatment of vascular pathology. 

Blocking chemoattractants will only be a part of the strategy to combat CVD. Other 

molecules such as adhesion molecules also participate in cell migration to and 

within the plaques. Separate therapeutic strategies will be required for those. This is, 

however, beyond the scope of this thesis and I refer readers to several recent reviews 

on the subject [398-400]. 
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General conclusions and future directions 
The work of this thesis aimed at elucidating the novel roles of the three 

chemoattractants (CXCL16/SR-PSOX, CCL11 and LTB4) in the pathogenesis, 

diagnosis and treatment of cardiovascular disorders such as atherosclerosis and  

post-PCI restenosis. 

By now chemoattractants have been convincingly shown to participate in the 

pathogenesis of atherosclerosis and restenosis. Their main function was traditionally 

considered to be attracting cells to the evolving atherosclerotic lesion or forming 

neointima. Recent observations have greatly expanded the range of processes they 

affect. Those processes now include regulation of cell proliferation, angiogenesis, 

lipid uptake and thrombus formation. 

Our first study (Paper I) [215] showed that the chemokine CXCL16/SR-PSOX 

is abundantly expressed in atherosclerotic lesions from human subjects and animal 

models. In an in vitro system CXCL16/SR-PSOX can function as a scavenger 

receptor, whose expression is upregulated by IFN-γ. A later report utilizing an in 

vivo model showed partially disparate results, which, however, lacked proper 

explanation [218]. Thus, CXCL16/SR-PSOX continues to be an enigma in the 

pathogenesis of atherosclerosis. As a chemokine it may be deleterious, whereas as a 

scavenger receptor it may be protective. However, this functional separation of the 

two forms of the same molecule is difficult to investigate in a knockout model. 

Studies performed in humans expressing mutant forms of the CXCL16/SR-PSOX 

protein will be of importance in understanding whether the data obtained in in vitro 

systems and animal model are pertinent to human disease. 

Many studies show that chemoattractants can serve as genetic or systemic 

markers for different forms of CVD. Our report contributes to this area of research 

by showing that CXCL16/SR-PSOX is a potential marker of CAD (Paper II) [228]. 

We show that plasma CXCL16/SR-PSOX concentrations are lower in patients with 

different forms of CAD. Even though this data have been recently confirmed by 

other investigators, more work needs to be done assessing CXCL16/SR-PSOX as a 

marker of CAD. At the same time, our other study (Paper III) [331] shows that 

plasma CCL11 concentrations are not different between CAD patients and control 

subjects. Moreover, we show that a 67G>A SNP in the CCL11 gene, presumably 
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affecting secretion of CCL11 protein is not associated with CAD and only 

marginally influences CCL11 plasma levels in CAD patients. Several other studies 

on this subject show disparate results and this, in our opinion, suggests that CCL11 

is not likely to be validated as CAD marker. However, this remains to be proven in 

larger studies. Moreover, in many cases we do not know the mechanisms linking the 

behavior of a particular biomarker to the pathogenesis of the disease. It will be 

imperative to answer these questions in order to uncover the full diagnostic and 

prognostic capability of the proposed markers. 

Finally, several chemoattractants have been proposed and even validated as 

therapeutic targets in animal models of atherosclerosis and restenosis. In the last 

study (Paper IV) [195] we identified a mechanism whereby LTB4 regulates 

proliferation and migration of SMC, processes pertinent to the development of a 

restenotic and, to a lesser degree, atherosclerotic lesion. SMC were shown to express 

functionally active LTB4 receptor BLT1 and undergo proliferation and chemotaxis 

in response to LTB4 in a BLT1-dependent manner. Moreover, using the specific 

BLT1 antagonist BIIL284 we showed that it was effective in blocking neointimal 

hyperplasia in the rat model of postangioplasty restenosis. This suggests that BLT1-

mediated changes in SMC behavior are important in vivo and may be exploited as 

therapeutic target for restenosis. Even though anti-chemoattractant therapy may be 

beneficial in vascular diseases, we should not forget about other components of the 

system recruiting cells to growing lesions (adhesion molecules, MMPs). We should 

also not forget that any of the therapeutics we discover might be ineffective when 

we usually diagnose atherosclerosis – at late stages. They might only be helpful in 

the initial stages of cell migration to an atherosclerotic or restenotic lesions when the 

lesions are still small and do not cause any clinical symptoms. 

Thus, today we have several good candidate chemoattractants that may be 

exploited as biomarkers and therapeutic targets in atherosclerosis and restenosis. 

These candidates, however, need to be thoroughly validated and, provided their 

usefulness and effectiveness, taken further to the clinical arena. 
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