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ATHEROSCLEROSIS, a disease as old as mankind…

For decades, morbidity and mortality of the aging population due to cardiovascular disease 
is a burden for the health system. Along with a boost of hypertension, type II diabetes and 
obesity in the young generation, the incidence of cardiovascular disease and implicit 
atherosclerosis is rapidly increasing, with heart disease being the major cause of death in 
the modern world. The pathogenesis of atherosclerosis is heterogeneous; infection and 
inflammation1, 2 and even autoimmunity3 are implicated. 
The term “atherosclerosis” has ancient Greek roots. It derives from “athero”, the Greek 
word for gruel (symbolized by the lipid core of the plaque) and “sclerosis”, the Greek 
word for hardening (referring to the fibrous cap covering the lipid core). One of the first 
descriptions of atherosclerosis belongs to Leonardo da Vinci (1452-1519), who admirably 
described it as “debility through lack of blood and deficiency of the artery which nourishes 
the heart and other lower members”. In 1904, Felix Merchand of Leipzig proposed the 
term “atherosclerosis” to describe those lesions in the arterial wall with increased lipid 
content. “Few human diseases have a longer incubation period than atherosclerosis” 
(Peter Libby), atherosclerosis begins to affect arteries of individuals from the second and 
third decades of life. 

The risk factors
The prevalence and severity of atherosclerosis among individuals are related to risk factors. 
These risk factors have been identified by several major studies, among which the 
Framingham Heart Study and Atherosclerosis Risk in Communities Study4, 5. The risk 
factors for atherosclerosis are commonly classified in constitutional (therefore 
uncontrollable) and acquired (potentially modifiable). Age, gender and genetics form the 
group of constitutional risk factors; age has a great influence, between the ages 40 and 60 
the incidence of myocardial infarction increases tremendously (up to fivefold). Women 
(premenopausal) seem to be protected against atherosclerosis and its clinical manifestations 
when compared with the age-matched males. Family history is considered the most 
significant independent risk factor. 
Hyperlipidemia, hypertension, cigarette smoking and diabetes represent the acquired 
(modifiable) risk factors. Hyperlipidemia, in particular hypercholesterolemia alone can 
induce lesion development; high levels of low density lipoprotein (LDL) cholesterol (the 
“bad cholesterol”) associate with higher risk while high levels of high density lipoprotein 
(HDL) cholesterol (the “good cholesterol”) relates to lower risk. Approaches (dietary as 
well as pharmacological) to lower LDL and to raise HDL could restore a healthy cholesterol 
balance and reduce the complications of atherosclerosis. Hypertension increases the risk 
of atherosclerotic manifestations by approximately 60%; therefore therapy-controlled 
blood pressure is of great importance. Prolonged smoking (years) doubles the risk of death 
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due to atherosclerosis while smoking cessation significantly reduces the risk. Diabetes 
mellitus increases the risk by inducing hypercholesterolemia. Additional risk factors, which 
found their utility in daily clinical practice, are:   inflammation (assessed by e.g. C-reactive 
protein); hyperhomocysteinemia; metabolic syndrome (central obesity, hypertension, and 
glucose tolerance); lipoprotein A (an altered form of LDL); and others. 

INFLAMMATION IN ATHEROSCLEROSIS

Atherosclerosis is an inflammatory disease 
As long as 200 years ago, in 1815 Joseph Hodgson was claiming that atherosclerosis is an 
inflammatory disease. Short after that, Rudolf Virchow (1821 – 1902) considered 
atherosclerosis an inflammatory condition and proposed that atheroma was a result of an 
inflammatory process within the vessel wall. He also noticed that cholesterol was present in 
the atheroma but he considered it secondary. A few decades after that, the theory of 
inflammation as a cause for atherosclerosis was forgotten. Only in 1976, the theory was 
revived due to the extensive studies and publications of Russel Ross (1929–1999) who 
introduced the “response-to-injury” concept. Since 1999, atherosclerosis is seen as “a chronic 
inflammatory and healing response of the arterial wall to endothelial injury; lesion progression 
occurs through the interaction of modified lipoproteins, monocyte-derived macrophages, and 
T lymphocytes with the normal cellular constituents of the arterial wall” (Russel Ross). 
The initiation of atherosclerosis is secondary to endothelial damage presumably caused 
by conditions such as hypertension, hypercholesterolemia, diabetes mellitus, smoking and 
others. The endothelial-cell damage promotes the adhesion of circulating leukocytes and 
platelets, which in turn leads to increased vessel permeability for lipids, such as LDL. 
Lipids begin to accumulate within the vessel intima and this attracts leukocytes, mostly 
monocytes. The infiltrated monocytes uptake the modified lipids (e.g. oxLDL) and 
transform into lipid-loaded macrophages. Lipid-loaded macrophages accumulate in the 
vessel intima and give rise to the fatty streaks (the first signs of atherosclerotic transformation 
of the vessel wall). Fatty streaks develop into mature atherosclerotic plaques due to a 
continuous infiltration of different subsets of leukocytes (i.e. monocytes, neutrophils, and 
lymphocytes) and lipids. 
A mature plaque consists of a lipid (or necrotic) core surrounded by a cap of smooth muscle 
cells and a thick collagen matrix. Such a plaque growing in the vessel intima may provoke 
gradual chronic stenosis or might cause acute stenosis of the artery when the integrity of 
the cap is disrupted. Disintegration of the cap (complete rupture or erosion) exposes the 
lipid core to the blood and that triggers the coagulation cascade and the formation of a 
thrombus; the thrombus can occlude the artery and induce downstream tissue ischemia 
(i.e. acute ischemic heart or cerebral attacks). 
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Inflammatory cells in atherosclerosis
Leukocyte subsets accumulate into an atherosclerotic plaque at various stages of lesion 
progression and play a role in the atherogenesis as well as in the further development. 
Substantial evidence supports the involvement and the role of monocytes/macrophages 
and T-lymphocytes in the pathobiology of a plaque. Recently, a role for neutrophils and 
mast cells was discovered. 

Monocytes/macrophages are the dominant cell type in the plaque and they were extensively 
investigated and discussed in the field of atherosclerosis. Many pages can be written on 
the role of these cells in atherosclerosis, from which a short summary is given here. 
Monocytes are attracted into the lesion by a large palette of chemokines, such as CCL2 
(also known as MCP-1) and CCL5 (also known as RANTES). Infiltrated monocytes give 
rise to macrophages which accumulate lipids and develope into foam cells (a hallmark of 
the disease). Recently, the considerable heterogeneity of the circulating monocyte has 
found its implementation also in atherosclerosis. Two distinct monocyte subsets were first 
identified in mice: an inflammatory subset (CX3CR1lowCCR2+Ly6Chi) that is recruited 
to inflamed tissues and a resident subset (CX3CR1hiCCR2-Ly6Clow) recruited to non-
inflamed tissues. Based on CX3CR1 and CCR2 expression, the two subsets identified in 
mice might have the following human homologues: CD14+CD16- and CD14lowCD16+, 
respectively. However, the contribution of both these monocyte subsets to atherogenesis 
(in mice or humans) remains to be elucidated. Plaque macrophages engulf lipoproteins, a 
phenomenon which stimulates these cells to produce and secrete cytokines (e.g. TNF-
alpha). This further increases leukocyte adhesion and production of chemokines, creating 
a stimulus for recruitment of additional leukocytes. Activated macrophages also secrete 
reactive oxygen species that induce LDL oxidation and produce growth factors that drive 
SMCs proliferation. 

Lymphocytes. Although T cells are less numerous than macrophages in plaques, they are 
of great importance in mediating the immune response associated to atherosclerotic lesions. 
T cells might have a pro-atherogenic effect in mild hypercholesterolemic mice6, but data 
supporting a pro-atherogenic role of these cells in human atherogenesis are missing. 
Different T cell subsets coexist in atherosclerotic plaques: Th1 (secrete interferon (IFN) γ 
and may promote atherosclerosis), Th2 (secrete interleukin (IL) 4, 5 and 10 and may 
suppress inflammation and atherosclerosis), CD8+ (unknown, may induce death of SMCs), 
CD4+ (produce TGFβ and therefore may have anti-inflammatory, anti-atherogenic 
functions)7. 

Neutrophils are found in small numbers in plaques. Despite this, neutrophils seem to be 
pro-atherogenic8, 9 and may also be of importance in plaque development and destabilization 
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of an advance lesion. Specific neutrophil products, such as alarmins, human neutrophil 
peptides, elastase, cathepsin G and proteinase-3 are present in human plaques10. All these 
products might induce destruction of the collagen matrix and might facilitate macrophage 
penetration in plaques. Further studies are required to elucidate the role of these cells in 
atherosclerosis. 

Mast cells are rare cells in plaque, found in human lesions at sites of cap rupture, erosion 
or in areas with hemorrhage. Mast cells products are implicated in lesion progression and 
in lipid accumulation, since they impair cholesterol efflux and degrade HDL11.   

Innate immunity in atherosclerosis 
Atherosclerosis is nowadays reckoned as a complex inflammatory process that involves 
both arms of immunity: innate and adaptive12. Immunity mediates the initiation, progression 
and eventual thrombotic complications of atherosclerosis13. The innate immune response 
rises quickly after a danger signal and combats foreign pathogens but also self-structures 
released under cell stress. It demands no prior “education” of the immune cells and can 
recognize hundreds of different structures, therefore being labeled as “fast and blunt”. 
Cells of the innate immune system, namely monocytes/macrophages and neutrophils are 
present within atherosclerotic lesions and express various pattern-recognition receptors 
among which, toll-like receptors (TLRs). TLRs are occurring in atherosclerotic lesions14 
where they are triggered by both exogenous (bacterial and viral pathogens) and endogenous 
(tissue-damage associated) molecules15. 

Endogenous Toll-like receptor activators in Atherosclerosis
Several endogenous ligands for Tlrs are expressed during inflammation in atherosclerotic 
plaques where they might play a role in disease pathogenesis and progression. These are 
discussed in chapter 2 of the current thesis. Myeloid-related protein (Mrp) 8 and 14, also 
known as S100A8 and S100A9, were recently identified as activators of Tlr-4 and they 
will be further discussed in detail. 

MYELOID RELATED PROTEIN 8 AND 14

Myeloid-related protein (Mrp) are two calcium binding proteins mainly expressed in cells 
of myeloid origin, particularly in monocytes and neutrophils16. Both proteins are secreted 
by activated monocytes and neutrophils and have pro-inflammatory effects17, 18. Upon cell 
activation, the two proteins form a complex, Mrp-8/14, that translocates to the cytoskeleton 
and plasma membrane where it is secreted19. Intracellular, Mrp-8 and Mrp-14 essentially 
regulate phagocyte (monocytes and neutrophils) migration by integrating the calcium and 
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mitogen-activated protein kinase (MAPK) transduction pathways, thereby controlling 
reorganization of the phagocyte microtubular system20. The secreted Mrp-8/14 complex 
exerts antimicrobial activity21, stimulates IL-8 production by airway epithelial cells22, and 
transports arachidonic acid to endothelial cell (EC) targets affecting pathological responses 
in inflammation and atherosclerosis23. Mrp-8, -14 and -8/14 are expressed in both mouse24 
and human atherosclerotic plaques25. Mrp-14 and Mrp-8 are expressed by subsets of 
macrophages during inflammation in different tissues26, as well as in atherosclerotic 
lesions27, 28. Taking advantage of mice lacking functional Mrp-8/14 complexes, Vogl et al. 
have identified the endogenous Mrp-8 and Mrp-14 as activators of TLR-429. Their study 
shows that although leukocytes of the Mrp-14 knockout mice have normal TLR-4 and 
CD14 (TLR-4 co-receptor for LPS) cell-surface expression, they have an impaired response 
toward LPS stimulation with less tumor necrosis factor (TNF)-α production and secretion 
when compared to wild type leukocyte’s LPS response; addition of extracellular Mrp-8/14 
compensates for the reduced response in TNF-α of Mrp-14 knockout leukocytes. Mrp-8 
alone stimulates TNF-α RNA and protein secretion and has an additive effect on LPS-
induced TNF-α secretion. Moreover, the same study has shown that leukocytes from mice 
with nonfunctional TLR-4 show no response to Mrp-8. Direct binding of Mrp-8 to Tlr-4/
MD2 complex is confirmed by surface plasmon resonance studies30. These findings suggest 
that Mrp-8/14 acts as an endogenous TLR-4 activator and is involved in amplification of 
LPS effects on leukocytes. Recently was shown that Mrp-8/14 is critical for the biological 
response to vascular injury. Using mice lacking functional Mrp-8/14 complexes, the authors 
demonstrate reduced atherosclerotic lesion area and macrophage accumulation within the 
lesions31 in Mrp-14 knockout mice, supporting a role for Mrp in plaque formation and 
development. Systemic Mrp-8/14 complexes relate to cardiac ischemic events: plasma 
Mrp-8/14 levels are elevated in patients with acute coronary syndromes (ACS) compared 
to patients with stable coronary artery disease (CAD) or with normal coronary arteries32. 
Moreover, levels of systemic Mrp-8/14 are elevated prior to markers of myocardial necrosis 
(myoglobin, creatine kinase - MB and troponin) and associate with increased risk of 
recurrent cardiovascular events compared to patients with lower Mrp-8/14 levels33. Plasma 
Mrp-8/14 concentrations are higher in patients with ST-segment-elevation myocardial 
infarction compared to patients with stable CAD34 and the risk of the first cardiovascular 
event increases with each quartile of plasma Mrp-8/14. For detailed information regarding 
the Mrp-8 and Mrp-14 genes, the reader is referred to the OMIM database. 

THE VULNERABLE PLAQUE AND THE VULNERABLE PATIENT

Initial atherosclerotic transformations of the vessel wall occur early in life and develop 
over decades, during which the affected individual often has no symptoms. Eventually, 
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the plaque built within the vessel wall becomes so big that it limits the blood flow through 
that artery. Arterial stenosis greater than 60% can cause flow limitations under conditions 
of increased demand; this commonly provokes chronic stable angina pectoris or intermittent 
claudication. However, the obstructive atherosclerotic plaques are outnumbered by multiple 
non-obstructive ones that are diffuse along the vasculature. These non-obstructive plaques 
are hidden in positively remodeled vessels and remain clinically silent until rupture with 
thrombus formation. These lesions, called the vulnerable plaques, are prone to rupture and 
therefore responsible for the vast majority of acute coronary syndromes and strokes. A 
vulnerable plaque has specific morphological characteristics: a macrophage infiltrated thin 
fibrous cap, a large lipid (or necrotic) core, reduced number of SMCs and reduced amount 
of collagen. Although the aforementioned morphological features are present in most of 
the lesions, the dynamic changes that a vulnerable, high-risk plaque undergoes over time 
are not defined in humans. The technological development in the field of plaque imaging 
is making remarkable progress in the detection of different structures of the vulnerable 
plaques. However, we are far from being capable to prevent major cardiovascular events 
by detecting the high-risk plaque before it ruptures. Ultimately, the detection of such 
plaques should be followed by systemic or local therapies to prevent plaque rupture.  
The term cardiovascular “vulnerable patient” defines the patient at high risk of developing 
an adverse cardiovascular event (e.g. myocardial infarction) based on plaque, blood and 
myocardial vulnerability. 

STUDY DESIGN

Using a proteomics screening approach, Myeloid related protein -8 and Mrp-14 were 
identified as highly expressed in atherosclerotic plaques of patients with recurrent 
cardiovascular events during three years follow-up after their carotid endarterectomy when 
compared with patients free of events (age and gender matched). The focus of this thesis 
is the association between Mrp-8 and -14 with the occurrence of adverse cardiovascular 
events (latest and recurrent) in patients undergoing carotid endarterectomy and with the 
features of the vulnerable plaque. 
For this purpose, the Athero-Express (Differential ATHEROsclerotic plaque EXPRESSion 
of mRNA and protein in relation to cardiovascular events and patient characteristics) 
biobank was used. Athero-Express is a large longitudinal biobank comprising different 
types of vascular surgery: carotid and femoral endarterectomy specimens. The study was 
initiated in 2002 by two Dutch hospitals, UMC Utrecht and St. Antonius Hospital 
Nieuwegein. Two features make the Athero-Express an unique biobank: first, the volume 
of patients included (at this moment, aprox. 2500 patients) and new patients are being 
included each week and second, the link between plaque composition clinical parameters 



17

chAPTER I

MYELOID-RELATED PROTEIN 8/14 A MARKER OF PLAQUE AND PATIENT VULNERABILITY

and clinical and duplex follow-up. The patients sign a written inform consent and complete 
an extensive questionnaire. All clinical data (e.g. symptoms prior to operation, the degree 
of luminal narrowing) are collected from the medical records. 
In this thesis, only carotid endarterectomy specimens from Athero-Express were used. 
Immediately after the surgical excision, the plaque is transferred to the laboratory where 
it is processed according to standardized protocols. The plaque is cut in 5 mm segments 
along the longitudinal axis of the vessel and the segment with the highest plaque burden 
is called the culprit segment and it is used for histology. The other segments are snap frozen 
in liquid nitrogen and are stored at -800C. The segments adjacent to the culprit segment 
are used for protein, RNA and DNA isolation. Next to plaques, the biobank also contains 
blood samples, withdrawn prior to surgical incision.   
Every post-operative year, patients receive at home a questionnaire they have to fill in with 
information regarding any new complaints or hospitalization that happened in the past 
year. This information is verified by the researchers. The primary outcome of Athero-
Express is defined as a composite of events including: any death of vascular origin (fatal 
stroke, fatal myocardial infarction, sudden death, and other vascular death), non-fatal 
stroke, non-fatal myocardial infarction, and any arterial vascular intervention that had not 
already been planned at the time of inclusion (i.e. carotid surgery or angioplasty, coronary 
artery bypass, percutaneous coronary artery intervention, peripheral vascular surgery or 
angioplasty).

OVERVIEW OF THE THESIS

This thesis describes the association of Mrp -8 and -14 with plaque and patient vulnerability. 
In Chapter II, the roles of TLRs and of their endogenous ligands in cardiovascular disease 
are reviewed. Chapter III describes the correlation between Mrp-14, but also Mrp-8 and 
Mrp-8/14 complex with the histological characteristics and the inflammatory status of the 
vulnerable plaque. In addition, the expression of Mrps in subset of non-foam plaque 
macrophages, predominately present in vulnerable plaques is recorded. In vitro studies 
show that human monocyte-derived macrophages expressing Mrps do not acquire a foamy 
phenotype when fed human oxLDL while those lacking Mrp do. In Chapter IV, Mrp-8/14 
expressing macrophages are described as a functional macrophage subset which resembles 
the anti-inflammatory alternatively activated macrophages side of the M1-M2 spectrum 
in vivo and in vitro. Chapter V describes Mrps expression in plaque neutrophil granulocytes 
and establishes the association between high plaque neutrophil numbers and the features 
(histological and molecular) of the vulnerable lesions. Chapter VI the association between 
Mrp-8/14 plaque and plasma levels and the type and time after cerebrovascular ischemic 
event is described. Chapter VII identifies Mrp-8/14 complex levels (plasma and plaque) 
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as potential diagnostic tools to identify the patients at high risk of developing recurrent 
cardiovascular events after carotid endarterectomy (CEA). In Chapter VIII, all the data 
presented in this thesis are discussed and in Chapter IX a summary is provided. Chapter 
X provides additional information, such as a list of abbreviations, author affiliations, review 
committee, list of publications and author’s curriculum vitae. 



19

chAPTER I

MYELOID-RELATED PROTEIN 8/14 A MARKER OF PLAQUE AND PATIENT VULNERABILITY

Reference List

1 Ben-Haim S, Gacinovic S, Israel O. Cardiovascular infection and inflammation. Semin Nucl Med 2009 
March;39(2):103-14.

2 Libby P, Ridker PM, Hansson GK. Inflammation in atherosclerosis: from pathophysiology to practice. J Am 
Coll Cardiol 2009 December 1;54(23):2129-38.

3 Zhao Q. Inflammation, autoimmunity, and atherosclerosis. Discov Med 2009 June;8(40):7-12.
4 Nambi V, Chambless L, Folsom AR, He M, Hu Y, Mosley T, Volcik K, Boerwinkle E, Ballantyne CM. 

Carotid intima-media thickness and presence or absence of plaque improves prediction of coronary 
heart disease risk: the ARIC (Atherosclerosis Risk In Communities) study. J Am Coll Cardiol 2010 April 
13;55(15):1600-7.

5 Ridker PM, Stampfer MJ, Rifai N. Novel risk factors for systemic atherosclerosis: a comparison of C-
reactive protein, fibrinogen, homocysteine, lipoprotein(a), and standard cholesterol screening as predictors 
of peripheral arterial disease. JAMA 2001 May 16;285(19):2481-5.

6 Zhou X, Nicoletti A, Elhage R, Hansson GK. Transfer of CD4(+) T cells aggravates atherosclerosis in im-
munodeficient apolipoprotein E knockout mice. Circulation 2000 December 12;102(24):2919-22.

7 Weber C, Zernecke A, Libby P. The multifaceted contributions of leukocyte subsets to atherosclerosis: les-
sons from mouse models. Nat Rev Immunol 2008 October;8(10):802-15.

8 Zernecke A, Bot I, Djalali-Talab Y, Shagdarsuren E, Bidzhekov K, Meiler S, Krohn R, Schober A, Sper-
andio M, Soehnlein O, Bornemann J, Tacke F, Biessen EA, Weber C. Protective Role of CXC Recep-
tor 4/CXC Ligand 12 Unveils the Importance of Neutrophils in Atherosclerosis. Circ Res 2008 February 
1;102(2):209-17.

9 van LM, Gijbels MJ, Duijvestijn A, Smook M, van de Gaar MJ, Heeringa P, de Winther MP, Tervaert JW. 
Accumulation of myeloperoxidase-positive neutrophils in atherosclerotic lesions in LDLR-/- mice. Arterio-
scler Thromb Vasc Biol 2008 January;28(1):84-9.

10 Soehnlein O, Weber C. Myeloid cells in atherosclerosis: initiators and decision shapers. Semin Immun-
opathol 2009 June;31(1):35-47.

11 Weber C, Zernecke A, Libby P. The multifaceted contributions of leukocyte subsets to atherosclerosis: les-
sons from mouse models. Nat Rev Immunol 2008 October;8(10):802-15.

12 Packard RR, Lichtman AH, Libby P. Innate and adaptive immunity in atherosclerosis. Semin Immunopathol 
2009 June;31(1):5-22.

13 Packard RR, Lichtman AH, Libby P. Innate and adaptive immunity in atherosclerosis. Semin Immunopathol 
2009 June;31(1):5-22.

14 Edfeldt K, Swedenborg J, Hansson GK, Yan Zq. Expression of Toll-Like Receptors in Human Atheroscle-
rotic Lesions: A Possible Pathway for Plaque Activation. Circulation 2002 March 12;105(10):1158-61.

15 Oude Nijhuis MM, van Keulen JK, Pasterkamp G, Quax PH, de Kleijn DP. Activation of the innate immune 
system in atherosclerotic disease. Curr Pharm Des 2007;13(10):983-94.

16 Hessian PA, Edgeworth J, Hogg N. MRP-8 and MRP-14, two abundant Ca(2+)-binding proteins of neu-
trophils and monocytes. J Leukoc Biol 1993 February 1;53(2):197-204.

17 Roth J, Vogl T, Sorg C, Sunderk÷tter C. Phagocyte-specific S100 proteins: a novel group of proinflamma-
tory molecules. Trends in Immunology 2003 April;24(4):155-8.

18 Frosch M, Strey A, Vogl T, Wulffraat NM, Kuis W, Sunderkotter C, Harms E, Sorg C, Roth J. Myeloid-re-
lated proteins 8 and 14 are specifically secreted during interaction of phagocytes and activated endothelium 
and are useful markers for monitoring disease activity in pauciarticular-onset juvenile rheumatoid arthritis. 
Arthritis Rheum 2000 March;43(3):628-37.

19 Teigelkamp S, Bhardwaj RS, Roth J, Meinardus-Hager G, Karas M, Sorg C. Calcium-dependent com-
plex assembly of the myeloic differentiation proteins MRP-8 and MRP-14. J Biol Chem 1991 July 
15;266(20):13462-7.

20 Vogl T, Ludwig S, Goebeler M, Strey A, Thorey IS, Reichelt R, Foell D, Gerke V, Manitz MP, Nacken W, 
Werner S, Sorg C, Roth J. MRP8 and MRP14 control microtubule reorganization during transendothelial 
migration of phagocytes. Blood 2004 December 15;104(13):4260-8.

21 Nacken W, Roth J, Sorg C, Kerkhoff C. S100A9/S100A8: Myeloid representatives of the S100 protein fam-
ily as prominent players in innate immunity. Microsc Res Tech 2003 April 15;60(6):569-80.



20

chAPTER I

MYELOID-RELATED PROTEIN 8/14 A MARKER OF PLAQUE AND PATIENT VULNERABILITY

22 Ahmad A, Bayley DL, He S, Stockley RA. Myeloid Related Protein-8/14 Stimulates Interleukin-8 Produc-
tion in Airway Epithelial Cells. Am J Respir Cell Mol Biol 2003 October 1;29(4):523-30.

23 Nacken W, Roth J, Sorg C, Kerkhoff C. S100A9/S100A8: Myeloid representatives of the S100 protein fam-
ily as prominent players in innate immunity. Microsc Res Tech 2003 April 15;60(6):569-80.

24 Croce K, Gao H, Wang Y, Mooroka T, Sakuma M, Shi C, Sukhova GK, Packard RR, Hogg N, Libby P, 
Simon DI. Myeloid-related protein-8/14 is critical for the biological response to vascular injury. Circulation 
2009 August 4;120(5):427-36.

25 Ionita MG, Vink A, Dijke IE, Laman JD, Peeters W, van der Kraak PH, Moll FL, de Vries JP, Pasterkamp 
G, de Kleijn DP. High levels of myeloid-related protein 14 in human atherosclerotic plaques correlate with 
the characteristics of rupture-prone lesions. Arterioscler Thromb Vasc Biol 2009 August;29(8):1220-7.

26 Edgeworth J, Gorman M, Bennett R, Freemont P, Hogg N. Identification of p8,14 as a highly abundant 
heterodimeric calcium binding protein complex of myeloid cells. J Biol Chem 1991 April 25;266(12):7706-
13.

27 McCormick MM, Rahimi F, Bobryshev YV, Gaus K, Zreiqat H, Cai H, Lord RSA, Geczy CL. S100A8 and 
S100A9 in Human Arterial Wall: IMPLICATIONS FOR ATHEROGENESIS. J Biol Chem 2005 December 
16;280(50):41521-9.

28 Ionita MG, Vink A, Dijke IE, Laman JD, Peeters W, van der Kraak PH, Moll FL, de Vries JP, Pasterkamp 
G, de Kleijn DP. High levels of myeloid-related protein 14 in human atherosclerotic plaques correlate with 
the characteristics of rupture-prone lesions. Arterioscler Thromb Vasc Biol 2009 August;29(8):1220-7.

29 Vogl T, Tenbrock K, Ludwig S, Leukert N, Ehrhardt C, van Zoelen MAD, Nacken W, Foell D, van der Poll 
T, Sorg C, Roth J. Mrp8 and Mrp14 are endogenous activators of Toll-like receptor 4, promoting lethal, 
endotoxin-induced shock. Nat Med 2007 September;13(9):1042-9.

30 Vogl T, Tenbrock K, Ludwig S, Leukert N, Ehrhardt C, van Zoelen MAD, Nacken W, Foell D, van der Poll 
T, Sorg C, Roth J. Mrp8 and Mrp14 are endogenous activators of Toll-like receptor 4, promoting lethal, 
endotoxin-induced shock. Nat Med 2007 September;13(9):1042-9.

31 Croce K, Gao H, Wang Y, Mooroka T, Sakuma M, Shi C, Sukhova GK, Packard RR, Hogg N, Libby P, 
Simon DI. Myeloid-related protein-8/14 is critical for the biological response to vascular injury. Circulation 
2009 August 4;120(5):427-36.

32 Altwegg LA, Neidhart M, Hersberger M, Muller S, Eberli FR, Corti R, Roffi M, Sutsch G, Gay S, von Eck-
ardstein A, Wischnewsky MB, Luscher TF, Maier W. Myeloid-related protein 8/14 complex is released by 
monocytes and granulocytes at the site of coronary occlusion: a novel, early, and sensitive marker of acute 
coronary syndromes. Eur Heart J 2007 April 2;28(8):941-8.

33 Morrow DA, Wang Y, Croce K, Sakuma M, Sabatine MS, Gao H, Pradhan AD, Healy AM, Buros J, Mc-
Cabe CH, Libby P, Cannon CP, Braunwald E, Simon DI. Myeloid-related protein 8/14 and the risk of 
cardiovascular death or myocardial infarction after an acute coronary syndrome in the Pravastatin or Ator-
vastatin Evaluation and Infection Theraphy: Thrombolysis in Myocardial Infarction (PROVE IT-TIMI 22) 
trial. American Heart Journal 2008 January;155(1):49-55.

34 Healy AM, Pickard MD, Pradhan AD, Wang Y, Chen Z, Croce K, Sakuma M, Shi C, Zago AC, Garasic J, 
Damokosh AI, Dowie TL, Poisson L, Lillie J, Libby P, Ridker PM, Simon DI. Platelet Expression Profiling 
and Clinical Validation of Myeloid-Related Protein-14 as a Novel Determinant of Cardiovascular Events. 
Circulation 2006 May 16;113(19):2278-84.



21

chAPTER I

MYELOID-RELATED PROTEIN 8/14 A MARKER OF PLAQUE AND PATIENT VULNERABILITY



22



23

chAPTER II 
endogenous inflammatory molecules engage toll-like  
receptors in cardiovascular disease

Journal of Innate Imunity. 2010 April

Mihaela G. ionita, Fatih arslan, DoMinique De Kleijn anD GerarD PasterKaMP



24

 
Innate immunity is important in the pathogenesis and progression of cardiovascular disease. 
Innate immune cells express various pattern-recognition receptors among which, toll-like 
receptors (Tlrs). Tlrs are occurring in atherosclerotic lesions where they are triggered by 
both exogenous (bacterial and viral pathogens) and endogenous (tissue-damage associated) 
molecules. Several endogenous Tlr activators are described in relation to atherosclerotic 
disease or ischemia induced-cardiac injury. Experimental animal models have proved the 
role of Tlr endogenous activators in disease initiation and further development. Researchers 
aim to unravel the mechanisms downstream of this interaction and to discover new potential 
Tlr activators, released during pathological conditions such as atherosclerosis and related 
ischemic manifestations. This review provides and overview of the currently known 
endogenous molecules which trigger innate immunity via toll-like receptors in 
cardiovascular disease.
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Introduction 

For decades, morbidity and mortality of the aging population due to cardiovascular disease 
(CVD) is a burden for the health system. Along with a boost of hypertension, type II 
diabetes and obesity in the young generation, the incidence of CVD is rapidly increasing, 
with heart disease being the major cause of death in the modern world. The pathogenesis 
of cardiovascular diseases is heterogeneous; infection and inflammation33, 34 and even 
autoimmunity35 are implicated. For most clinical presentations of CVD (e.g. stroke, acute 
coronary syndromes), atherosclerosis is the underlining pathological cause. Long 
considered a passive lipid deposition on the vessel wall, atherosclerosis is nowadays 
reckoned as a complex inflammatory process that involves both arms of immunity: innate 
and adaptive36. Immunity mediates the initiation, progression and eventual thrombotic 
complications of atherosclerosis37. The innate immune response rises quickly after a 
danger signal and combats foreign pathogens but also self-structures released under cell 
stress. It demands no prior “education” of the immune cells and can recognize hundreds 
of different structures, therefore being labeled as “fast and blunt”. Fundamental cells of 
the innate immune system, namely monocytes and macrophages, are present within 
atherosclerotic lesions and express various pattern-recognition receptors among which, 
toll-like receptors (Tlrs). Tlrs are occurring in atherosclerotic lesions38 where they are 
triggered by both exogenous (bacterial and viral pathogens) and endogenous (tissue-
damage associated) molecules13. Several endogenous ligands for Tlrs are express during 
inflammation in atherosclerotic plaques or ischemic heart where they might play a role 
in disease pathogenesis and progression. With the use of experimental animal studies, 
researchers have gained insight into the mechanisms behind endogenous ligand induced 
Tlr-activation. This review provides an overview of the endogenous molecules, released 
under cell stress during inflammation, which can trigger innate immunity via toll-like 
receptors in cardiovascular diseases. 

The role of Toll-like receptors in cardiovascular disease
Toll-like receptors, especially Tlr-2 and Tlr-4, are extensively studied in cardiovascular 
disease and implicit in atherosclerosis. Toll-like receptors are important components of 
innate immunity that bridge inflammation, infection and atherosclerosis39. Atherosclerosis 
is a chronic inflammatory process affecting the vasculature at predetermined sites. Lipid 
accumulation within the vessel intima leads, in time, to an accelerated inflammatory 
response that encompasses both innate and adaptive immune systems. Previous 
epidemiological studies have suggested that exogenous bacterial ligands can induce an 
inflammatory response in the arterial wall and initiate atherosclerosis40 and therefore a 
link between atherosclerosis and Tlrs have been established. Experimental data have 
shown that lipopolysaccharide (LPS) and bacterial peptidoglycan (PGN), both potent Tlr 
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activators, can accelerate plaque formation in atherosclerotic mice13. These results point 
to a potential role of Tlr-2 and Tlr-4 in the pathogenesis of atherosclerotic disease. Indeed, 
Tlr-2 knockout mice crossed with low density lipoprotein receptor (Ldlr) show a reduction 
in the degree of atherosclerosis41. Tlr-4 knockout mice crossed with the apolipoprotein E 
(apoE) knockout mice have reduced atherosclerosis compared to apoE knockout controls42. 
Tlr-4 deficient mice also reveal inappropriate arterial remodeling, namely reduced outward 
remodeling43. ApoE-deficient mice lacking Tlr-4 but also a signal protein downstream 
the Tlr pathway, namely myeloid differentiation factor 8 (MyD88), have reduced aortic 
atherosclerosis that is associated with reductions in circulating levels of pro-inflammatory 
cytokine interleukin -12 or monocyte chemoattractant protein 1, plaque lipid content, 
numbers of macrophage, and cyclooxygenase-2 immunoreactivity in their plaques44. 
Another group has reported reduced atherosclerosis through a decrease in chemokine 
levels and in macrophages infiltrating into plaques, in apoE/MyD88 null mice45. The 
relation between Tlr-4 and atherosclerosis is strengthening by genetic analyses of 
polymorphisms in genes encoding Tlr-4. However, large clinical studies bring contradictory 
findings: Tlr-4 polymorphisms is related to a reduction46 or no effect47 on atherosclerosis 
and in intima-media thickness; to an increased risk of ischemic stroke48 and MI49 or an 
decreased risk of acute coronary syndromes50. Others have reported no association between 
Tlr-4 polymorphisms and the risk of acute ischemic events51, 52. Frantz et al. are among 
the first to study the role of Tlrs in the inflammatory response due to cardiac ischemia 
and they have trigged extensive research in the field of Tlrs and cardiac ischemia-related 
pathological conditions. Their observation that Tlr-4 is upregulated in heart failure53, has 
been confirmed in Tlr-4 knockout mice, which are relatively protected against adverse 
ventricular remodeling after infarction54. The association of Tlr-4 signaling with 
myocardial/ischemia/reperfusion injury is documented in various studies 55, 56;57;58 and, 
moreover, the pharmacological inhibition of Tlr-4 signaling reduces infarct size59. In 
humans, circulating Tlr-4 positive cells and Tlr-4 signaling are increased in patients with 
unstable angina and myocardial infarction60.

Similar experimental proofs are present for Tlr-2, as a critical modulator of post-infarct 
injury and repair. Tlr-2 knockout mice have higher survival rates and less expansive 
remodeling after infarction61. In a murine myocardial ischemia/reperfusion injury model, 
we and others have showed that lethal reperfusion injury was mediated by circulating Tlr-
2. Administration of a monoclonal anti-Tlr2 antibody at a clinically applicable time point 
reduces infarct size with approximately 50% and improves cardiac function62;63. These 
data, together with the fact that the post-infarct period and Tlr-2 and -4 signaling share 
similar immunological characteristics64, suggest that Tlr-2 and -4 are promising therapeutic 
targets in cardiac ischemia. It is expected that in the near future these promising compounds 
will enter clinical trials for their efficacy and feasibility.
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Potential Endogenous activators of Toll-like receptors: expression 
and role in cardiovascular disease
Toll-like receptors were initially described as recognizing proteins for bacterial and viral 
antigens. Bacterial lipopolysaccharide (LPS)65, peptidoglycans (PGN)66, different bacterial 
lipoproteins (triacyl67, diacyl68) and single69 or double-stranded viral RNA70, signal via 
Tlrs. Chlamydia pneumoniae, an infectious agent which happen to be a potent Tlr activator, 
is found in different atherosclerotic lesions71. In animal models Chlamydia pneumoniae 
can stimulate atherogenesis72 and therefore is considered a therapeutic target for 
atherosclerosis73. Peptidoglycan, a Tlr-2 ligand, is present in the bacterial flora at all 
mucosal sites from where it can travel along the bloodstream via monocytes. Peptidoglycan 
is an exogenous microbial derived Tlr ligand and activator that is widely present in the gut 
of each individual. PG-loaded monocytes adhere to the activated endothelium at sites of 
inflammation and are found in atherosclerotic plaques with features of unstable/rupture-
prone lesions74. Along with the classical bacterial and viral antigen recognition, Tlrs are 
able to detect and respond to endogenous molecules released during tissue injury75, 76. 
Below we summarize (see also figure) and discuss the role of potential Tlr endogenous 
activators in the progression of cardiovascular diseases. 

Heat-shock proteins (Hsp) are present in most cells, serving as molecular chaperones, and 
they play a role in cell protection from damage in response to stress stimuli77. Tlr-2 and 
Tlr-4 are able to recognize and respond to the soluble forms of Hsp6078, Hsp 7079, 80 and 
the endoplasmic reticulum Hsp9081 (gp96). Several groups have reported that in human 
mononuclear cells, human soluble Hsp60 binds to Tlr-4/Cd14, leading to p38 mitogen-
activated protein kinase activation82, whereas in smooth muscle and epithelial cells 
chlamydial and human soluble Hsp60 stimulates extracellular signal regulated kinase 42/44 
activation83. In macrophages and endothelial cells, the binding of soluble Hsp60 to the 
Tlr-4/Cd14 complex leads to the activation of MyD88–NF- B pathways; the same Tlr-4 
mediated signal pathway is described for soluble Hsp7084. Hsps have been found to be 
highly expressed in cardiovascular tissues and to induce inflammatory responses. These 
proteins are expressed during the development of atherosclerosis and elicit an immune 
response as autoantigens 85. Hsp60 is observed in the cell mitochondria (endothelial, 
smooth muscle cells and mononuclear cells of the carotid and aortic plaque specimens86) 
and is transported to the cell membrane in response to stress stimuli. Auto antibodies 
against Hsp60 (demonstrated in patients with heart attacks and strokes) bind to cell-
membrane exposed Hsp60 and therefore induce damage of the cell87. Hsps are secreted 
under stress stimuli and the soluble forms have proinflammatory activities88; Chen et al 
have demonstrated that autologous Hsp60 serves as a danger signal to the innate immune 
system, which results in proinflammatory responses, including the production of tumor 
necrosis factor (TNF)-α, interleukin (IL)-12, and IL-1589. The soluble Hsp60 is found in 
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high concentrations in the serum of subjects with prevalent/incident carotid atherosclerosis90. 
The intensity of Hsp60 expression in human plaque specimens positively correlates with 
the atherosclerotic severity91, 92. Furthermore, the expressions of Hsp60 and the stress-
inducible form of Hsp70 correlate with the development of atherosclerotic lesions in the 
aortic tree of apoE-deficient mice93. Both Hsps are present on the aortic root and endothelium 
at lesion-prone sites of apoE knockout mice, before infiltration of mononuclear cells. The 
same study has shown a temporary expression of Hsp60 and Hsp70 on all major cell types 
in lesion-predisposed areas during atherogenesis53. In the failing heart, Hsp60 associates 
with increased apoptosis of the myocardium and induces cardiomyocyte death via Tlr-4 
signaling94;95.Taken together, these results demonstrate that Hsp60 and Hsp70 are involved 
in both initiation as well as progression of atherosclerosis. 

High-mobility group box-1 (HMGB-1) is described as a non-histone, chromatin-associated 
nuclear protein96. HMGB-1 appears to have two distinct functions in cellular systems. 
First, it is an intracellular regulator of transcription, and, second, HMGB-1 can occupy an 
extracellular role in which it promotes tumor metastasis and inflammation97, 98. Extracellular 
HMGB-1 participates in inflammatory processes and stimulates the secretion of TNF-α 
and different proinflammatory cytokines99-101. HMGB-1 binds to Tlr-2 and Tlr-4102 and 
induces activation of endothelial cells and macrophages/monocytes with subsequent release 
of proinflammatory cytokines, chemokines and adhesion molecules. In human 
atherosclerotic plaques, HMGB-1 is highest in fibrofatty lesions where it is expressed and 
secreted by macrophages103. Along with an increase in HMGB-1 levels, also a concomitant 
decrease in HMGB-1 inhibitory proteins such as the anticoagulant protein thrombomodulin, 
which binds and sequesters HMGB-1104 is documented. In addition, the receptors for 
HMGB-1, namely Tlr-2, Tlr-4 and receptor of advanced end glycation products (RAGE) 
are upregulated in atherosclerotic lesions105, 106. Thus, HMGB-1 might be an important 
molecule linking innate immunity and inflammation in the pathogenesis of atherosclerosis. 
HMBG-1 may also elicit an inflammatory response following myocardial ischemia. 
Disruption of an atherosclerotic plaque results in thrombus formation at the site of rupture 
that causes a sudden disruption of the blood flow with subsequent ischemic injury and 
injury-related inflammation. HMGB-1 plays a pathogenic role in ischemic injury, because 
its circulating levels are increased shortly after ischemia/reperfusion, and its inhibition is 
protective against liver ischemia/reperfusion injury107. Moreover, the expression levels of 
Tlr-2, Tlr-4 and RAGE are increased after cardiac injury108, which might facilitate HMGB-
1 to mediate an inflammatory response. In a murine myocardial ischemia/reperfusion injury 
model, HMGB1 administration increases infarct size, while its inhibition significantly 
reduces infarct size via RAGE109. Several other HMGB-1 inhibiting agents (e.g. ethyl 
pyruvate, green tea and adrenomedulin) preserve cardiac function after myocardial 
ischemia110-112, consistent with a pathogenic role of HMGB-1 in cardiovascular diseases.
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Extra domain A of fibronectin (EDA), generated by regulated fibronectin RNA splicing113, 
is absent from healthy plasma and extracellular matrix and yielded only during pathological 
tissue alterations. EDA is expressed after tissue injury due to inflammation and stimulates 
production of various cytokines114 via Tlr-4 through NF-kB pathway115. In atherosclerotic 
plaques, fibronectin abundantly contains EDA whereas in the adjacent unaffected vessel 
wall, fibronectin lacks EDA. In a model of atherogenetic predisposed mouse (apoE 
knockout), systemic as well as local (plaque) EDA levels are elevated while mice lacking 
both apoE and EDA have decreased atherosclerosis (as much as 67%)116. The observed 
effect is justified by EDA involvement in plasma lipoprotein metabolism and in macrophage 
foam cell formation. These observations imply a pro-atherogenic role for EDA in the 
pathogenesis of atherosclerosis. The findings in mice are strengthened by those in humans: 
our group has previously reported, in human carotid atherosclerotic plaques, high levels 
of fibronectin containing EDA in fibrous (more stable) and low levels in highly-inflamed 
(unstable) lesions117. Additionally, patients with carotid atherosclerotic stenosis (> 75%) 
and no clinical associated complains, reveal high EDA plaque levels contrary to patients 
with clinical manifestations of carotid stenosis which have low EDA plaque levels. 
Although the exact role of EDA in the pathogenesis of atherosclerosis remains to be 
elucidated, it is no doubt that EDA is a molecule linking innate immunity and inflammation 
in atherosclerosis. 

Myeloid-related protein (Mrp) 8 and 14, also known as S100A8 and S100A9, are two 
calcium binding proteins mainly expressed in cells of myeloid origin, particularly in 
monocytes and neutrophils118. Both proteins are secreted by activated monocytes and 
neutrophils and have pro-inflammatory effects119, 120. Upon cell activation, the two proteins 
form a complex, Mrp-8/14, that translocates to the cytoskeleton and plasma membrane 
where it is secreted121. Intracellular, Mrp-8 and Mrp-14 essentially regulate phagocyte 
(monocytes and neutrophils) migration by integrating the calcium and mitogen-activated 
protein kinase (MAPK) transduction pathways, thereby controlling reorganization of the 
phagocyte microtubular system122. The secreted Mrp-8/14 complex exerts antimicrobial 
activity123, stimulates IL-8 production by airway epithelial cells124, and transports 
arachidonic acid to endothelial cell (EC) targets affecting pathological responses in 
inflammation and atherosclerosis125. Mrp-8, -14 and -8/14 are expressed in both mouse126 
and human atherosclerotic plaques127. Mrp-14 and Mrp-8 are expressed by subsets of 
macrophages during inflammation in different tissues128, as well as in atherosclerotic lesions 
129, 130.Taking advantage of mice lacking functional Mrp-8/14 complexes, Vogl et al. have 
identified the endogenous Mrp-8 and Mrp-14 as activators of Tlr-4131. Their study shows 
that even thou leukocytes of the Mrp-14 knockout mice have a normal Tlr-4 and Cd14 
(Tlr-4 co-receptor for LPS) cell-surface expression, they have an impaired response toward 
LPS stimulation with less tumor necrosis factor (TNF)-α production and secretion when 
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compared to wild type leukocyte’s LPS response; addition of extracellular Mrp-8/14 
compensates for the reduced response in TNF-α of Mrp-14 knockout leukocytes. Further 
analysis has shown that Mrp-8 alone stimulates TNF-α RNA and protein secretion and has 
an additive effect on LPS-induced TNF-α secretion. Moreover, the same study has shown 
that leukocytes from mice with nonfunctional Tlr-4 show no response to Mrp-8. Direct 
binding of Mrp-8 to Tlr-4/MD2 complex is confirmed by surface Plasmon resonance 
studies132. These findings prove that Mrp-8/14 acts as an endogenous Tlr-4 activator and 
is involved in amplification of LPS effects on leukocytes. Libby et al. have recently shown 
that Mrp-8/14 is critical for the biological response to vascular injury. Using mice lacking 
functional Mrp-8/14 complexes, the authors demonstrate reduced atherosclerotic lesion 
area and macrophage accumulation within the lesions133 in Mrp-14 knockout mice, 
supporting a role for Mrp in plaque formation and development. In human carotid 
endarterectomy (CEA) specimens, we have previously described an association between 
high Mrp-8, -14 and -8/14 levels and the features of rupture-prone lesions134, suggesting 
a role for Mrp - proteins in plaque destabilization and disruption. Additionally, we identified 
Mrp-proteins expression in a subset of non-foam plaque macrophages and in vitro, human 
monocyte-derived macrophages expressing Mrp-proteins do not acquire a foamy-phenotype 
when fed human oxidized LDL. This indicates Mrp-proteins as potential regulators of 
macrophage lipid-induced phagocyte resources, although additive proof is required. 
Systemic Mrp-8/14 complexes relate to cardiac ischemic events: plasma Mrp-8/14 levels 
are elevated in patients with acute coronary syndromes (ACS) compared to patients with 
stable coronary artery disease (CAD) or with normal coronary arteries30. Moreover, levels 
of systemic Mrp-8/14 are elevated prior to markers of myocardial necrosis (myoglobin, 
creatine kinase - MB and troponin) and associate with increased risk of recurrent 
cardiovascular events compared to patients with lower Mrp-8/14 levels31. Plasma Mrp-8/14 
concentrations are higher in patients with ST-segment-elevation MI compared to patients 
with stable CAD32 and the risk of the first cardiovascular event increases with each quartile 
of plasma Mrp-8/14. Acknowledging all these findings, we conclude that Mrp-proteins 
are endogenous activators of Tlr-4 occurring during atherosclerosis or acute coronary 
syndromes, therefore exacerbating the inflammatory response associated to those 
diseases. 

Minimally modified low density lipoprotein (mmLDL) represents a primitive form of 
oxidized LDL that is present in atherosclerotic plaques where it binds CD14 and Tlr-4135 
on macrophages and induces Tlr-4 dependent cytokine expression136. In addition to the 
Tlr-4 cytokine response, mmLDL induces Tlr-4/MD-2 dependent actin polymerization 
and spreading of macrophages137. Recently, Choi et al. have shown that mmLDL, via 
Tlr-4, enhances macrophage macropinocytosis, which results in lipid accumulation in 
macrophages and foam cell formation. The authors further demonstrate the in vivo 
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relevance of these observations by injecting mmLDL into mice and proving its uptake by 
the circulating monocytes, phenomenon modulated via Tlr-4. The active component in 
mmLDL, responsible for most of the observed effects is lypoxigenase (15LO) - cholesteryl 
esters (CE). Atherosclerotic prone mice (ApoE or LDLR knockout) lacking 12/15 LO 
(mouse homologue of human 15LO) have reduced atherosclerosis138; furthermore enhanced 
expression and activity of 12/15LO has been reported in macrophages and endothelial 
cells in atherosclerotic plaques in mice139. 

Free fatty acids (FFAs) promote insulin resistance and atherosclerosis in mice102,103 and 
are proposed as endogenous activators of Tlr-2 and Tlr-4 in these diseases. A saturated 
fatty acid, namely lauric acid, can activate Tlr-2 in 293T cells and Tlr-4 in RAW264.7 
cells104. Similarly, an oleate/palmitate mixture of fatty acids induces Tlr-4 signaling in 
293T cells and causes inflammation in wild-type but not in Tlr-4-deficient adipocytes105.  
Palmitate causes Tlr-4-dependent IkBα degradation in elicited peritoneal macrophages 102. 
However, recent publications suggest that fatty acids do not directly stimulate Tlr-4 and 
Tlr-2, and that the observed effects might be due to sample contamination with Tlr-4-
stimulating bacterial LPSs (endotoxin), Tlr-2-stimulating lipopeptide products or with an 
unidentified Tlr endogenous ligand106, 107. Therefore, the mechanisms linking high-fat diets 
with Tlr-associated pathologies such as atherosclerosis and insulin resistance remain to be 
discovered. 

Figure 1. Schematic representation of potential toll-like receptor ligands (endogenous and exogenous). 
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Summary 

Cardiovascular disease is an inflammation driven malignancy which involves innate 
immune responses partially due to toll-like receptor signaling. Tlrs are emerging as 
promising therapeutic targets for atherosclerosis and cardiac ischemia due to their 
involvement in disease pathogenesis. Tlrs are triggered by classical bacterial and viral 
particles (e.g. Chlamydia pneumoniae, peptidoglycan) but recent data suggest that 
endogenous molecules (e.g. heat-shock proteins, high-mobility group box-1, extra domain 
A of fibronectin, myeloid-related proteins) released from cells undergoing damage, can 
also bind and stimulate these receptors. Exogenous and endogenous Tlr activators have 
proved to be important contributors to the progression of atherosclerosis and related 
thrombotic complications. Tlr related research has gained much attention since Tlr 
discovery in humans and continues to be a dynamic field. In the near future, studies will 
reveal new potential endogenous ligands and provide more mechanistic insight into their 
biological functions. Especially endogenous activators are appealing for both researchers 
and clinicians, since they are yielded only during pathological conditions and therefore 
might represent useful diagnostic tools and therapeutic targets. In addition, 
pharmacological interventions antagonizing these endogenous molecules will likely 
cause fewer side effects.  
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Abstract 

Objective
Atherosclerotic plaque rupture can lead to severe complications such as myocardial 
infarction and stroke. Myeloid related protein (Mrp)-14, Mrp-8 and Mrp-8/14 complex 
are inflammatory markers associated with myocardial infarction. It is, however, unknown 
if Mrps are associated with a rupture-prone plaque phenotype. In this study, we determined 
the association between Mrp-14, -8, -8/14 plaque levels and plaque characteristics. 

Methods and Results
In 186 human carotid plaques, levels of Mrp-14, -8 and -8/14 were quantified using ELISA. 
High levels of Mrp-14 were found in lesions with a large lipid core, high macrophage 
staining and low smooth muscle cell and collagen amount. Plaques with high levels of 
Mrp-14 contained high interleukin (IL)-6, IL-8, matrix metalloprotease (MMP)-8, MMP-
9 and low MMP-2 concentrations. Mrp-8 and Mrp-8/14 showed a similar trend. Within 
plaques, a subset of non-foam macrophages expressed Mrp-8 and Mrp-14 and the 
percentage of Mrp-positive macrophages was higher in rupture-prone lesions compared 
to stable ones. In vitro, this subset of macrophages does not acquire a foamy phenotype 
when fed oxLDL. 

Conclusion
Mrp-14 is strongly associated with the histopathological features and the inflammatory 
status of rupture-prone atherosclerotic lesions, identifying Mrp-14 as a local marker for 
these plaques.
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Rupture of an atherosclerotic plaque and subsequent thrombosis is the underlying cause 
of the majority of Acute Coronary Syndromes (ACS) and strokes1. The major determinants 
of a rupture-prone plaque are the size of the lipid core, the thickness of the fibrous cap 
covering the core and ongoing inflammation and repair within the cap2. Macrophages can 
weaken the fibrous cap by secreting matrix degrading proteases and inflammatory proteins, 
leading to plaque disruption and subsequent thrombosis. Although macrophages are 
considered a hallmark of the rupture-prone plaque, it is unknown which proteins expressed 
by these macrophages can be used to identify rupture-prone plaques.
Myeloid related proteins (Mrp)-14 and -8 (also named S100A9 and S100A8 or calgranulin 
B and A) are two calcium binding proteins mainly expressed in cells of myeloid origin, 
particularly in monocytes and neutrophils3. Both proteins are secreted by activated 
monocytes and neutrophils and have pro-inflammatory effects4,5. Mrp-14 and Mrp-8 are 
expressed by subsets of macrophages during inflammation in different tissues6, as well as 
in atherosclerotic lesions 7. Upon cell activation, the two proteins can form a complex, 
Mrp-8/14, that translocates to the cytoskeleton and plasma membrane where it is secreted8. 
Intracellularly, Mrp-8 and Mrp-14 essentially regulate phagocyte (monocytes and 
neutrophils) migration by integrating the calcium and mitogen-activated protein kinase 
(MAPK) transduction pathways, thereby controlling reorganization of the phagocyte 
microtubular system9. The secreted Mrp-8/14 complex exerts antimicrobial activity10, 
stimulates IL-8 production by airway epithelial cells11, and transports arachidonic acid to 
endothelial cell (EC) targets affecting pathological responses in inflammation and 
atherosclerosis10. The receptor for advanced glycation endproducts (RAGE)12 and toll like 
receptor (TLR)-413 are two putative receptors for Mrp-8, Mrp-14 and Mrp-8/14 complex 
on phagocytes. The Mrp-8/14 complex is emerging as a new blood biomarker that can 
discriminate between patients with ACS and those with stable coronary heart disease14. 
Systemically as well as at the site of coronary occlusion, the Mrp-8/14 complex is a novel, 
early and sensitive marker of ACS and is elevated before necrotic factors such as myoglobin, 
CK-MB and troponin14. A recent study of the platelet transcriptome led to the identification 
of Mrp-14 as a biomarker that can predict future cardio-vascular events in healthy 
individuals15. 
Taken together, these results suggest that Mrp-8, Mrp-14 and Mrp-8/14 reflect biological 
events in plaque progression towards rupture leading to the hypothesis that Mrp plaque 
levels correlate with the characteristics of high-risk, rupture-prone atherosclerotic lesions. 
Until now, it is unknown if these proteins are associated with the rupture-prone plaque 
phenotype. To address this issue, we determined Mrp-8, Mrp-14 and Mrp-8/14 levels in a 
large cohort of human atherosclerotic specimens and assessed the association with plaque 
characteristics and the presence of clinically manifest atherosclerotic disease. We found 
high levels of Mrp-14 in the ruptured-prone lesions which make this protein a suitable 
candidate for the imaging of high-risk, rupture-prone plaques in humans. 
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A subset of non-foam macrophages expressing Mrp-8 and -14 was predominant in the 
rupture-prone lesions; in vitro, the Mrp-macrophage subset did not acquired a foamy 
phenotype when fed with human oxidized low density lipoprotein (oxLDL). 

Methods

Athero-Express Biobank
Athero-Express is an ongoing longitudinal cohort study, initiated in 2002 by two Dutch 
hospitals: the University Medical Center Utrecht and the St. Antonius Hospital in 
Nieuwegein16. The study has been approved by the institutional boards of both hospitals 
and written informed consent was obtained from all participants. The study is designed 
to investigate the expression of atherosclerotic tissue derived biological markers in 
relation to plaque phenotype of patients undergoing carotid endarterectomy (CEA) and 
adverse cardiovascular events during follow up. Patients who undergo carotid 
endarterectomy (CEA) fill in an extensive questionnaire and diagnostic examinations 
are performed.

Patient inclusion
In this study a random set of 186 plaques from symptomatic (n=154) and asymptomatic 
(n=32) patients undergoing carotid endarterectomy (CEA) were included. The indication 
for CEA for asymptomatic patients was based on the recommendations published by the 
Asymptomatic Carotid Surgery Trial (ACST) and for symptomatic patients was based on 
recommendations based on the European Carotid Surgery Trial (ECST) and the North 
American Symptomatic Carotid Endarterectomy Trial (NASCET)17-20 . All patients were 
reviewed by the vascular surgeon or neurologist before CEA to assess the nature and timing 
of clinical symptoms. 

Plaque processing
All carotid plaques were carefully dissected from the carotid arteries and immediately 
transferred to the laboratory for further processing as described previously16 and in detail 
in the online supplement. In short, in the laboratory the atherosclerotic fragments were 
dissected by a dedicated technician into 0.5 cm-thick cross-sectional segments along the 
longitudinal axis of the vessel. The plaque segment showing the largest plaque burden was 
called the culprit lesion and was used for histological analysis to determine plaque 
morphology. The definitions of each staining category (H&E, Elastin von Gieson, 
picrosirius red, α-actin and CD68) have been described previously16. 
Levels of interleukin (IL)-6 and IL-8 were measured by a multiplex suspension array 
system according to the manufacturer’s protocol (Bender Med Systems, Vienna, Austria). 
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Matrix metalloproteinase (MMP)-2, MMP-8 and MMP-9 activities were measured using 
the Biotrak activity assays RPN 2631, RPN 2635 and RPN 2634 (Amersham Biosciences, 
Buckinghamshire, UK), respectively. 

Immunoassays for Mrp-8, Mrp-14 and Mrp-8/14
Concentrations of Mrp-8, Mrp-14 and Mrp-8/14 were measured with a quantitative 
sandwich enzyme-linked immunosorbent assay (ELISA) using commercially available 
kits (BMA Biomedicals AG, Augst, Switzerland) according to the manufacturer’s protocols. 
The detection limits for Mrp-8 homodimers, Mrp-14 homodimers and Mrp-8/14 
heterodimers were 0.69, 0.31 and 4.69 ng/ml, respectively. Each ELISA kit was specific 
for the target Mrp-protein and the cross-reactivity was minimal (according to the 
manufacturer). All concentrations were corrected (normalized) for the amount of protein 
in each sample.

Immunohistochemistry for Mrp-8 and Mrp-14
To determine the cellular source of Mrp-8 and Mrp-14, a random set of eighty plaques, 
from the total 186 plaques included in the present study, was selected for immunohistological 
analysis. Sections were pretreated with EDTA and stained with mouse anti-human Mrp-8 
(mouse IgG2b, dilution 1:750; Santa-Cruz Biotechnologies, Santa-Cruz, CA) monoclonal 
antibody. Consecutive sections were boiled in citrate buffer (M = 294.1 g/Mol, pH 6.0, 20 
min.) and stained with a monoclonal anti-human Mrp-14 antibody (mouse IgG1, dilution 
1:200; Santa-Cruz Biotechnologies). Powervision poly HRP-anti-mouse IgG (Immunologic, 
Duiven, the Netherlands) was used as secondary antibody. Mouse IgG of the same isotype 
and same subclass as the primary antibody was used as negative control. The signal was 
visualized using diaminobenzidine. Sections were counterstained with hematoxylin.
The CD68 staining and the Mrp-8 staining were quantified using image-analyzing software 
(Soft Imaging Systems, Münster, Germany). Expression of Mrp-8 and Mrp-14 was detected 
in non-foam CD68-positive macrophages. We therefore decided to select only the non-foam 
CD68-positive macrophage areas for quantitative analysis. Areas rich in macrophage foam 
cells were excluded from the analysis. CD68 positive macrophage foam cells were 
identified by their classical morphology (increased cell size, lipid droplets in the cytoplasm 
and nucleus pushed to the membrane side of the cytoplasm). 

In vitro generation of human oxLDL-laden macrophages
Human monocyte-derived macrophages were generated as previously described21, 
monocytes were isolated from anonymous healthy blood donors’ buffy coats using Ficoll 
and Percoll density gradients (density: 1.077 g/ml and 1.063 g/ml, respectively). Next, the 
monocytes were differentiated into macrophages by culturing the monocytes under non-
adherent conditions in RPMI 1640 medium (BioWhittaker, Verviers, Belgium) supplemented 
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with 25nM Hepes, Ultraglutamin1 and 5% human AB serum and without further cytokine 
stimulation. After 7 days, macrophages were sorted based on CD14 and Mrp-8/14 
membrane expression as described below. The two sorted macrophage populations, namely 
Mrp-8/14 negative and Mrp-8/14 positive, were plated into 12-well (flow cytometric 
analysis) or 96–well (Oil-Red-O staining) flat-bottom culture plates (Nunc, Roskilde, 
Denmark).The macrophages were incubated during 24 h with 10 μg/ml human oxLDL, 
isolated and oxidized as described previously22, 23 or with culture medium as control. 
OxLDL uptake was detected with Oil-Red-O (ORO), which stains neutral lipids, as 
previously described24. 

Flow cytometry and Fluorescence-activated cell sorting 
Fluorescence-activated cell sorting on a FACS Aria (BD Biosciences, San Jose, CA) was 
performed to sort the CD14 positive Mrp-8/14 negative and CD14 positive Mrp-8/14 
positive cells. CD14 positive cell sorting was based on forward light scattering (FSC) and 
sideward light scattering (SSC), and subsequent gating of cells negative for CD3-PerCP 
(BD Biosciences), CD19-APC (BD Biosciences) and CD56-RPE (Bio-Connect B.V., 
Huissen, the Netherlands). Mrp-8/14 FITC (27E10) (mouse IgG1, Santa Cruz) antibody, 
recognizing only the Mrp-8/14 heterodimers, was used to identify the Mrp-8/14 negative 
and Mrp-8/14 positive cells within the CD14 positive population. 
For flow cytometry, the following antibodies were used: CD14-PerCP (BD Biosciences); 
CD68-APC (R&D Systems, Minneapolis, MN); Mrp-8/14-FITC (27E10), Mrp-8-FITC 
and Mrp-14-FITC (all from Santa Cruz). The samples were measured on a LSR II (BD 
Biosciences) and analyzed using FACS Diva version 6.1.1. (BD biosciences) and Flow Jo 
Version 7.2.5 (Tree Star Inc., Ashland, OR) software. 

Data analysis 
Data are expressed as means ± SEM. Correlations between different parameters were 
assessed using Spearman’s correlation test; the statistical significance of the difference 
between two groups was determined using Mann-Whitney test; probability values <0.05 
were considered significant. The authors had full access to the data and take responsibility 
for its integrity. All authors have read and agreed to the manuscript as written. 
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Results

Mrp plaque levels and atherosclerotic plaque histology 
The clinical characteristics of the patients and the histological features of the atherosclerotic 
specimens are shown in the online supplemental material. Protein levels of Mrp-8, Mrp-14 
and Mrp-8/14 were quantified in 186 atherosclerotic specimens and compared with different 
characteristics of the atherosclerotic plaque: size of the lipid core, the amount of collagen, 
the frequency of macrophages and SMCs (figure 1). Mrp-8, -14 and -8/14 levels were 
associated with the size of the lipid core (figure 1); this positive association was statistically 
significant (p=0.001, p=0.001, p=0.004 for Mrp-8, -14 and -8/14, respectively). Higher 
Mrp-8, -14 and -8/14 levels were observed in plaques with a lipid core greater than 40% 
of the plaque area compared to plaques with a lipid core smaller than 10%. An inverse 
association was observed between plaque Mrp-14 levels and the amount of collagen and 
SMC. High Mrp-14 levels correlated with low collagen levels in the plaque (p=0.01; figure 
1B) and with low SMC content in the plaque (p=0.001; figure 1B). Mrp-8 and -8/14 showed 
a similar trend, however without reaching statistical significance (figure 1A and C). 
A positive correlation was observed between plaque’s macrophage content and high levels 
of Mrp-14 (figure 1B); this correlation was statistically significant (p=0.008). In plaques with 
heavy macrophage staining, the concentrations of Mrp-14 were higher compared to plaques 
with minor macrophage staining. High Mrp-8 levels were significantly associated with heavy 
macrophage content (p=0.001; figure 1A) while for Mrp-8/14 a similar but non-significant 
trend was observed (figure 1C). The absolute levels of Mrp-8/14 were higher compared to 
Mrp-8 and Mrp-14 levels, suggesting that Mrp-8/14 is more abundant in plaques. 
In the lesions of patients with clinical symptoms (n=154) we detected higher levels of 
Mrp-14 and Mrp-8/14 compared to the asymptomatic lesions (n=32) (online supplemental 
material, figure 1). 

Mrp plaque levels in relation to MMPs and Cytokines
To investigate the relationship between plaque Mrp levels and matrix degradation and 
inflammation as features of the rupture-prone plaque, we determined the levels of the 
proteases MMP-2, MMP-8, MMP-9 and the pro-inflammatory molecules IL-6, IL-8 in the 
lesion (Table 1). Mrp-14 showed significant positive correlations with IL-6, IL-8, MMP-
8 and MMP-9 and a significant negative correlation with MMP-2. Mrp-8 was associated 
with IL-6, IL-8 and MMP-8 and was not associated with MMP-2 and MMP-9. Mrp-8/14 
was associated with IL-8, MMP-8 and MMP-9 plaque levels. 

Mrp-8 and Mrp-14 expression in a subset of plaque macrophages 
Mrp-8 and Mrp-14 were expressed by the same cells within atherosclerotic plaques (figure 
2, a and b). Mrp-8 and Mrp-14 expression was observed in a subset of CD68 positive 
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Figure 1. Mrp-8 (A), -14 (B) and -8/14 (C) in relation to the size of the lipid core as a percentage of total plaque 
area, the amount of collagen, smooth muscle cells and macrophages. Bars represent means ± SEM; below each 
bar, the number of patients per group is indicated; statistics Spearman’s correlation test, significance at * 
p<0.05. 

macrophages (figure 2, c-f). The Mrp positive macrophages did not exhibit a foamy 
phenotype as CD68-foam macrophages stain negative for Mrp (figure 2, e, f). Within non-
foam CD68-positive macrophage areas, the percentage of Mrp-positive macrophages is 
significantly higher in rupture-prone (n=55, mean 33.57 ± 3.74%) than in stable lesions 
(n=25, mean 9.56 ± 3.5%) (p=0.003; figure 3). 
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In addition to macrophages, Mrp expression was observed in a small number of neutrophilic 
granulocytes (figure 2, supplementary material).

Mrp and in vitro development of monocytes into foamy macrophages 
Since Mrp-8 and Mrp-14 were expressed in non-foam CD68 plaque macrophages, we 
asked whether human oxLDL will induce foam morphology in Mrp-expressing 
macrophages. We monitored Mrp-expression during the development of healthy human 
monocytes via monocyte-derived macrophages into oxLDL-loaded foamy macrophages 
using an in vitro system21 (figure 4a). Monocytes were identified based on their CD14 
positivity. These monocytes lacked Mrp-8/14 membrane expression and intracellular CD68 
expression but all showed intracellular Mrp-8, -14 and -8/14 positivity (figure 4b). After 
7 days of culture under non-adherent conditions and without further cytokine stimulation 
as expected, the CD14 monocyte population developed into monocyte-derived macrophages, 
without losing CD14 membrane expression (figure 4c). These primary macrophages were 
now also CD68 positive. All macrophages showed intracellular Mrp-8, -14 and -8/14 
expression, but only half of these cells expressed Mrp-8/14 on the membrane (figure 4c). 
Subsequent sorting based on FSC, SSC and Mrp-8/14 surface expression, resulted in two 
human primary macrophage populations, namely Mrp-8/14 positive and negative. Both 
populations were fed for 24 h with 10 µg/mL oxLDL and changes in the morphology were 
determined by light microscopy and by ORO staining to detect intracellular neutral lipids. 
Macrophages expressing membrane bound Mrp-8/14 did not acquire a foamy phenotype, 
whereas the vast majority of the macrophages lacking Mrp-8/14 membrane expression 
acquired a foamy phenotype and contained lipid droplets in the cytoplasm (figure 5).  

Table 1. Correlations between Mrp plaque levels and inflammatory cytokines and proteases

Mrp-8 Mrp-14 Mrp-8/14

Cytokines/ Chemokines

IL-6                     P = 0.048*           P = 0.001*        P = 0.114

R = (+) 0.177         R = (+) 0.351     R = (+) 0.141

IL-8                     P = 0.001*           P = 0.001*        P = 0.001*

R = (+) 0.587         R = (+) 0.718     R = (+) 0.528

Proteases

MMP-2                  P = 0.065            P = 0.018*        P = 0.187

R = (-) 0.222         R = (-) 0.283       R = (-) 0.155

MMP-8                  P = 0.007*           P = 0.001*        P = 0.001*

R = (+) 0.203         R = (+) 0.279      R = (+) 0.301

MMP-9                  P = 0.102            P = 0.001*        P = 0.005*

R = (+) 0.124         R = (+) 0.241 R = (+) 0.209

Spearman’s correlation (R=correlation coefficient); significance at * P<0.05; IL=interleukin; MMP= matrix 
metalloproteinase
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Figure 2. Expression of Mrps in carotid atherosclerotic plaque. Mrp-8 (a) and Mrp-14 (b) co-localize in 
consecutive sections. (c-f) Mrp-8 expression in CD68-positive macrophages. (c, d) Consecutive sections showing 
Mrp-8 staining (d, brown) in a small subset of CD68-positive macrophages (c, red) in a stable plaque. (e, f) 
Consecutive sections showing Mrp-8 staining (f) in a larger subset of CD68-positive macrophages (e) in a 
rupture-prone plaque. CD68 positive macrophage foam cells (e, arrows) are negative for Mrp-8 (f, arrows).Bars 
indicate 50 μm.  

The Mrp-8/14 membrane expressing macrophages maintained intracellular Mrp-8, Mrp-
14 and Mrp-8/14 expression (figure 4d). In contrast, almost all macrophages that developed 
a foamy morphology lacked intracellular and membrane Mrp-8/14 as well as intracellular 
Mrp-14, and approximately half of these cells lacked intracellular Mrp-8 expression 
(figure 4d). 
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Figure 3. Quantitative assessment of the Mrp-8 area 
within the non-foam CD68 area in stable (n = 25) and 
rupture-prone (n = 55) atherosclerotic lesions. The 
percentage of Mrp-8 positive macrophages was 
significantly (p = 0.003) higher in rupture-prone plaques 
(mean = 34.78) compared to stable ones (mean = 12.63). 
Lines represent medians; statistics Mann-Whitney test. 

Figure 4. In vitro development of human monocytes into macrophages and oxLDL-loaded macrophages (a). 
Flow cytometry showing differential expression of extracellular CD14 and Mrp-8/14 or intracellular CD68, 
Mrp-8/14, Mrp-8 and Mrp-14 proteins during development of monocytes (b) into monocyte-derived macrophages 
(c) and oxLDL-loaded macrophages (d). Arrow points to membrane Mrp-8/14 positive macrophage population. 
A representative experiment out of 3 with independent individual healthy donors is shown. 
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Discussion

Rupture of an atherosclerotic plaque and subsequent thrombosis is the most common 
cause of acute coronary syndromes and stroke and markers are needed to identify these 
dangerous lesions.
The present study identifies Mrp-14 as a marker of the high-risk, prone-to-rupture plaque. 
We report that high levels of Mrp-14 are associated with atherosclerotic lesions displaying 
features of a rupture-prone plaque. Levels of Mrp-8 and Mrp-8/14 complex showed similar 
trends but did not always reach statistical significance.
High Mrp-14 plaque levels are significantly associated with high levels of IL-6, IL-8, 
MMP-8, MMP-9 and low levels of MMP-2. Mrp-8 showed no significant correlation with 
MMP-2 and MMP-9 while Mrp-8/14 was not correlated with IL-6 and MMP-2. Within 
the atherosclerotic plaque, MMP-2 is a molecule associated with a stable plaque phenotype25. 
Pro-inflammatory cytokines IL-6 and IL-8 are associated with active plaque inflammation. 
The levels of proteases, such as MMP-8 and MMP-9, are elevated in the rupture-prone 
plaques and these MMPs are very active in the most vulnerable regions of the plaque: cap 
and shoulder26. The cellular source of these cytokines (IL-6, IL-8) and proteases (MMP-2, 
-8, -9) in atherosclerotic lesions is heterogeneous; IL-6 is secreted by active plaque 
macrophages, smooth muscle cells, endothelial cells and T-cells while IL-8 is secreted by 

Figure 5. Macrophages expressing surface Mrp-8/14 complex did not acquire foam cell morphology upon oxLDL 
ingestion whereas the macrophages lacking Mrp-8/14 surface expression did acquire foam morphology. Bars 50 
µm; bottom photos represent magnifications of the above black boxes. 
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active macrophages, endothelial cells and T-cells27. MMP-2 and MMP-9 co-localize with 
activated smooth muscle cells and macrophages within atherosclerotic plaques26. MMP-8 
is an extremely efficient type I collagenolytic enzyme in humans28 and is traditionally 
considered a neutrophil product, a cell type not commonly observed in atheroma29; however, 
within human atherosclerotic lesions also vascular endothelial cells, smooth muscle cells 
and macrophages express MMP-830. 
Mrp-8 and Mrp-14 are expressed in healthy human blood monocytes and neutrophils and 
in subpopulation of macrophages in inflammatory tissues31. In our study, Mrp-8 and Mrp-
14 were detected in a subset of macrophages in atherosclerotic plaques. This observation 
is in accordance with a previous report of subsets of Mrp-positive macrophages7, suggesting 
differential activation of plaque macrophages and underlining existence of subsets of 
macrophages in atherosclerotic lesions. Expression of plaque Mrp-8 and -14 was only 
observed in non-foamy macrophages with a higher percentage of Mrp-8 and 14 positive 
area of the non-foam CD68 area in the rupture-prone lesions compared to stable ones. This 
points to Mrps as markers for macrophages that do not develop into foam cells. In vitro 
data confirmed this observation; showing that Mrp-8/14 membrane bound expressing 
macrophages did not acquire a foamy phenotype when oxLDL was added to the culture. 
In contrast, the vast majority of macrophages lacking Mrp-8/14 membrane expression 
accumulated lipid droplets in the cytoplasm when fed with oxLDL. A variety of intracellular 
functions have been implied for Mrp-8, -14 and -8/14 in phagocyte physiology32, however 
nothing is documented regarding involvement of these proteins in phagocytosis. A mouse 
study suggested that secreted CP-10 (58% amino acid identity with human Mrp-8) has 
chemotactic properties for monocytes and enhances scavenger receptor expression and 
uptake of modified LDL by these attracted macrophages33. The Mrp-positive macrophage 
subset is associated with a high plaque inflammatory status as reflected by the levels of 
pro-inflammatory interleukins and proteases suggesting that this subset might be involved 
in plaque destabilization (see table V from the supplementary material). Involvement of 
Mrp in determining foam cell development or inflammatory active macrophages, however, 
remains to be determined. 
In addition, Mrp-8 and -14 staining was observed in a small number of neutrophilic 
granulocytes within the plaque area (Figure 2, supplementary material). This observation 
coupled with the positive correlation between IL-8 and Mrp-8, -14, -8/14 plaque levels 
might suggest a possible role for neutrophils in plaque associated inflammation. A recent 
study34 demonstrated that the infiltrated neutrophils within atherectomy specimens of 
patients with unstable angina were Mrp-8/14 positive. Although the focus of the present 
study was on the Mrp-subset of non-foam plaque macrophages, it does not exclude the 
importance of other possible Mrp-cellular sources within plaque (e.g. the neutrophils). 
We found high levels of Mrp-14 and Mrp-8/14 in clinically symptomatic atherosclerotic 
plaques. This observation is in accordance with previous studies showing that symptomatic 
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plaques often exhibit a rupture-prone phenotype35. Altwegg et al14 recently identified Mrp-
8/14 as a new biomarker that can discriminate between patients with ACS and patients 
with stable coronary heart disease. They report that Mrp-8/14 is markedly elevated in ACS 
culprit lesions (thrombus and plaque material) when compared with systemic levels, 
suggesting that Mrp-8/14 is locally expressed at the site of coronary occlusion due to plaque 
rupture or erosion. Our study clearly demonstrates that high levels of Mrp-14 but probably 
also Mrp-8 and Mrp-8/14 plaque are associated with rupture-prone atherosclerotic plaques. 
This has important implications for possible noninvasive imaging techniques to detect 
in-vivo, high-risk, hidden plaque destabilization and rupture before this leads to dangerous 
cardiovascular complications and therefore add to patient stratification for therapy. 
In summary, we show that high levels of Mrp-14 and to a lesser extent also Mrp-8 and 
Mrp-8/14, expressed by a subset of non-foam macrophages in human plaques, are strongly 
associated with both histopathological features and the inflammatory status of rupture 
prone lesions. These results identify Mrps as possible imaging markers to detect the hidden 
rupture-prone plaque.

Limitations
The non-significant results obtained for Mrp-8 and -8/14 might be due to limitations of 
the commercial ELISA kits used for the detection of those proteins. The Mrp-8 levels might 
be underestimated due to lower sensitivity of the Mrp-8 ELISA kit compared to the Mrp-
14 ELISA kit. The detection of the Mrp-8/14 heterodimer could be influenced by different 
conditions used when performing the assays; we performed all assays under the same 
conditions and little variation between tests was observed. It is important to note that the 
present study is purely observational and no implications regarding causality can be drawn. 
However, considering the facts that Mrp-positive cells are absent in the normal vessel 
wall7, are differentially expressed in stable versus rupture-prone plaques, with high levels 
in the rupture-prone plaque, it is more than reasonable to speculate that these proteins play 
a role in plaque destabilization. The exact function of Mrps in atherosclerotic lesions, 
however, remains unclear at this point. 
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Supplemental Material 

Methods

I. Plaque processing
All carotid plaques were carefully dissected from the carotid arteries and immediately 
transferred to the laboratory for further processing as described previously1. In the 
laboratory the atherosclerotic fragments were dissected by a dedicated technician into 
0.5cm-thick cross-sectional segments along the longitudinal axis of the vessel. The plaque 
segment showing the largest plaque burden as determined by visual assessment of plaque 
macroscopy was defined as the culprit lesion. This segment was fixed in 4% formaldehyde 
and paraffin embedded. The adjacent segments (0.5cm thickness) were grinded in liquid 
nitrogen and dissolved in Tripure™ Isolation Reagent Boehringer Mannheim to separate 
RNA from protein samples. Samples were carefully washed several times to remove the 
Tripure and to subsequent dissolve in 1% Sodium-Dodecyl-Sulfate. Prior to storage at 
-800C, the total protein concentration of each sample was quantified. Expressions were 
corrected for total amount of protein. 
The paraffin-embedded culprit lesion was cut into sections of 5 microns and used for 
histological stainings with hematoxilin and eosin (H&E), elastin von Gieson, picrosirius 
red, α-actin and CD68. Sections were studied semiquantitatively for macrophages (CD68), 
smooth muscle cells (α-actin), collagen (picrosirius red) and the lipid-core size and were 
subsequently classified as minor, moderate and heavy. The definitions of each staining 
category have been described previously1. The criteria for classification were defined as 
follows: macrophages1 minor CD68 staining with a few scattered cells;2 moderate and3 
heavy CD68 staining, clusters of cells with >10 cells present; smooth muscle cells1 minor 
α-actin staining over the entire circumference with absent staining at parts of the 
circumference of the arterial wall;2 moderate and3 heavy α-actin staining positive cells 
along the circumference of the luminal border; collagen:1 minor staining along part of the 
luminal border of the plaque;2 moderate and3 heavy staining along the entire luminal border; 
lipid-core size:1 less than 10% of plaque area;2 between 10 and 40% of plaque area;3 more 
than 40% of plaque area. The overall phenotype was established according to the estimation 
of the percentage of lipid core size of total plaque area and of collagen, smooth muscle 
cells and macrophage content: the rupture-prone plaque contains a large lipid core, low 
collagen and smooth muscle cell content with high macrophage infiltration; the stable 
plaque contains a small or absent lipid core (less then 10% of plaque area), high collagen 
and smooth muscle cell content with low macrophage number. Recently, we demonstrated 
that the segments adjacent to the culprit lesion showed good correlations with histological 
characteristics, that the histological analyses were well reproducible and revealed an 
acceptable inter observer agreement2. 
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For assessing changes in plaque composition at protein level, expression of proteins playing 
a role in inflammatory pathways (cytokines) or plaque destabilization (matrix 
metalloproteinases) were measured in all plaque specimens from the Athero-Express study. 
Levels of interleukin (IL)-6 and IL-8 were measured by a multiplex suspension array 
system according to the manufacturer’s protocol (Bender Med Systems, Vienna, Austria). 
Matrix metalloproteinase (MMP)-2, MMP-8 and MMP-9 activities were measured using 
the Biotrak activity assays RPN 2631, RPN 2635 and RPN 2634 (Amersham Biosciences, 
Buckinghamshire, UK), respectively. 

II. Immunohistochemistry for Mrp-8, CD66b and MPO
To determine the expression of Mrp-8 in neutrophils within atherosclerotic plaques, 
consecutive sections of fifty carotid atherosclerotic specimens were selected for 
immunohistological analysis. Sections were pretreated with EDTA and stained with mouse 
anti-human Mrp-8 (mouse IgG2b, dilution 1:750; Santa-Cruz Biotechnologies, Santa-Cruz, 
CA) monoclonal antibody. Consecutive sections were boiled in citrate buffer (M = 294.1 
g/Mol, pH 6.0, 20 min.) and stained with a monoclonal anti-human CD66b antibody (80H3, 
mouse IgG1, dilution 1:150, Abcam, MA, USA) and a monoclonal anti-human MPO 
antibody (mouse IgG1, dilution 1:100, Abcam, MA, USA). Powervision poly HRP-anti-
mouse IgG (Immunologic, Duiven, the Netherlands) was used as secondary antibody. 
Mouse IgG of the same isotype and same subclass as the primary antibody was used as 
negative control. The signal was visualized using diaminobenzidine. Sections were 
counterstained with hematoxylin.
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Results

Figure 1. Distribution of Mrp-8, Mrp-14 and Mrp-8/14 levels in carotid plaques from symptomatic (n=154) and 
asymptomatic patients (n=32). Lines represent medians; statistics Mann-Whitney test, significance at p<0.05, ns 
= not significant. 

Figure 2. Consecutive sections of a rupture-prone atherosclerotic plaques showing Mrp-8 (b) and MPO (c) co-
localization in CD66b-positive neutrophils (a). Bars represent 25 µm. 



59

chAPTER III

MYELOID-RELATED PROTEIN 8/14 A MARKER OF PLAQUE AND PATIENT VULNERABILITY

Table I. Clinical and histological plaque characteristics of the study population 

Number (N) Percentage (%)

N = 186 100 %

Clinical characteristics

Age, mean 73 (48 - 93) 8.6 %

Male gender 146 79 %

Current smoker 49 26 %

Diabetes 37 20 %

Hypercholesterolemia 39 21 %

Hypertension 50 27 %

Symptomatic stenosis 154 83 % 

Medication use

Statin use 111 60 % 

Aspirin use 61 33 % 

ACE inhibitor 61 33 %

Oral anticoagulants 28 15 % 

Corticosteroids 10 5 % 

Plaque characteristics

Large lipid core (>40%of plaque area) 64 35 % 

Heavy macrophage staining 32 17 %  

Heavy collagen staining 42 23 %

Heavy smooth muscle cell staining 43 23 %
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Table II. Clinical and histological plaque characteristics of symptomatic and asymptomatic patients

Symptomatic Asymptomatic 

N=186 83 % (154) 17 % (32)

Clinical characteristics

Age, years (mean) 71 (55-84) 74 (48-93)

Male 75 % (116) 65 % (21)

Current smoker 24 % (37) 21 % (7)

Diabetes 17 % (27) 19 % (6)

Hypercholesterolemia 56 % (86) 53 % (17)

Hypertension 64 % (98) 44 % (14)

Medication use

Statin use 62 % (96) 47 % (15) 

Aspirin use 33 % (51) 31 % (10)

ACE inhibitor 36 % (55) 19 % (6)

Oral anticoagulants 16 % (25) 9 % (3)

Corticosteroids 7 % (10) 0 % (0)

Plaque characteristics

Large lipid core (>40%of plaque area) 33 % (50) 28 % (9)

Heavy macrophage staining 16 % (24) 16 % (5)

Heavy collagen staining 20 % (31) 19 % (6)

Heavy smooth muscle cell staining 18 % (28) 16 % (5)

Rupture-prone (overall phenotype) 59 % (92) 59 % (19)

Table III. Patient distribution per medication use (No or Yes) and Mrp plaque levels (Low versus High)

Low High Low High Low High

N /Total (%) N /Total (%) N /Total (%)

Statin use        

No 23/52(44) 29/52(56)   28/56(50)  28/56(50)  30/56(54)  26/56(46)

Yes 68/129(53) 61/129(47)  64/126(51) 62/126(49) 64/133(48) 69/133(52)                                    

Aspirin use 

No 52/112(47) 60/112(53) 52/111(47) 59/111(53) 52/117(45) 65/117(55)

Yes 39/69(57)  30/69(43)   40/71(56) 31/71(44)   42/72(58)  30/72(42)

Corticosteroids use 

No 87/170(51) 83/170(49)  87/172(51) 85/172(49) 90/178(51) 88/178(49)

Yes 4/11(36)   7/11(64)    5/10(50)   5/10(50)   4/11(36)   7/11(64)  
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Table IV. Medication influence on Mrp plaque levels

Mrp-8    
Mean; 95%CI           

Mrp-14 
Mean; 95%CI                

Mrp-8/14
Mean; 95%CI

Statin use

No 135; 100-171      758; 166-1315     2689; 1364-4013

Yes 138; 112-165      610; 338-881      3149; 2165-4133

P = 0.8          P = 0.888           P = 0.555

Aspirin use

No 141; 113-169      652; 309-995      3161; 2183-4139

Yes 131; 98-165       661; 259-1063     2771; 1410-4133

P = 0.366         P = 0.183          P = 0.013

Corticosteroid use

No 139; 117-162 666; 393-938      3066; 2232-3900

Yes               107; 42-172       476; -133-1087 2140; 452-3828

P = 0.719          P = 0.47          P = 0.341

Significance at P<0.05, Mann-Whitney U test

Table V. Plaque interleukin and protease levels in relation with Mrp levels (low vs high) and macrophage 
number (low vs high) 

Mrp-8 Mrp-14    Mrp-8/14

Low High Low High Low High

M
ac

ro
ph

ag
es

 L
ow

IL-6 10 [4–15] 39 [8-70] 6.1 [3-9] 3 [11-76] 10 [3.5-16.7] 32 [6-59]

IL-8 43 [23–64] 256 [106–405] 29 [16-42] 258 [109-407 53 [20-87] 241 [89-394]

MMP-2 3.2 [2.6–3.8] 2.9 [2.4–3.5] 3.5 [2.9-4] 2.9 [2.1-3.7] 3.5 [2.8-4] 3 [2.3-3.6]

MMP-8 5.2 [2.5–8] 5.2 [3.3-7] 5.8 [2.8-8.8] 6.7 [4.4-8.9] 4.4 [3-5.6] 8.2 [4-12]

MMP-9 0.62 [0.4–0.8] 0.67 [0.5–0.8] 0.6 [0.4-0.8] 0.7 [0.6-0.9] 0.6 [0.4-0.8] 0.7 [0.5-0.8]

M
ac

ro
ph

ag
es

 H
ig

h IL-6 12 [6-18] 30 [7-53] 11 [4-18] 28 [9-48] 11 [5-17] 30 [8.5-52]

IL-8 113 [48-178] 218 [156-281] 90 [13-166] 227 [159-296] 93 [34-151] 278 [197-358]

MMP-2 3.6 [2.7-4.6] 3.8 [2.8-4.8] 4.1 [3-5] 3.7 [2.7-4.6] 3.7 [2.8-4.6] 3.8 [2.8-4.8]

MMP-8 5 [2.5-7.6] 6.5 [4.7-8.2] 5.7 [2.5-8.8] 7.1 [5-9.3] 6 [3-9] 7 [5-9]

MMP-9 0.6 [0.5-0.8] 0.8 [0.6-1] 0.7 [0.4-0.9] 0.8 [0.6-1] 0.6 [0.4-0.8]  0.9 [0.7-1]

Data shown as mean [95%confidence interval].
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Objective
High level of myeloid related protein (Mrp)-14 correlates with features of atherosclerotic 
plaque vulnerability, and mice deficient for Mrp-8/14 display reduced vascular injury and 
atherosclerosis (AS). In vitro, human Mrp-8/14 positive macrophages do not develop into 
foam cells upon oxLDL ingestion, suggesting that functional macrophage subsets 
differentially contribute to plaque progression. We addressed the hypothesis that Mrp-8/14 
expression segregates with lipid uptake function, and with functional macrophage subset 
properties within the paradigm of classical (M1) versus alternative activation (M2) 
extremes. We compared and opposed AS lesions and oxLDL uptake versus multiple 
sclerosis (MS) lesions and uptake of myelin.

Results
The data show that Mrp-8/14 expressing macrophages in both human AS and MS lesions 
are non-foam cells, which populate different lesion areas than the foam macrophages. 
Second, using a human in vitro model of foam cell development from healthy donor 
monocytes, Mrp-8/14 expressing macrophages do not ingest oxLDL or myelin and fail to 
develop foamy morphology. Mrp-8/14 expression on macrophages is associated with 
enhanced expression of scavenger receptors, CD206 (mannose receptor) and CD163 
(haptoglobin receptor), features consistent with anti-inflammatory action and tissue repair. 
Functionally, Mrp-8/14 expressing cells exposed to lipids secrete a spectrum of anti-
inflammatory cytokines, in contrast to the Mrp-8/14 lacking macrophages that do ingest 
lipids and subsequently secrete pro-inflammatory cytokines.

Conclusion
Mrp-8/14 expressing macrophages represent a functional macrophage subset which 
resembles the anti-inflammatory alternatively activated macrophages side of the M1-M2 
spectrum in vivo and in vitro, with distinct lipid sources for AS versus MS.
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Introduction 

Atherosclerosis is the underlying cause of acute ischemic attacks (cardiac and cerebral), 
accounting for the majority of deaths among the elderly. It is a chronic inflammatory 
disease of major arteries, characterized by a continuous influx of blood circulating 
inflammatory cells (e.g. monocytes, neutrophils, and lymphocytes). The circulating 
monocytes are the precursors of plaque macrophages and foam macrophages, the most 
abundant cells in atherosclerotic lesions1. Compounds driving foam cell formation include 
oxidized LDL, fatty acids, and local cell debris. Macrophages and foam macrophages are 
also present in multiple sclerosis brain lesions where foam formation is induced in 
macrophages by ingestion of myelin-derived lipids2.

Blood circulating monocytes constitutively express myeloid related protein (Mrp)-8 and 
Mrp-14 homodimers in the cytoplasm3. Mrp-8 (S100A8) and Mrp-14 (S100A9) are 
cytoplasmic calcium-binding proteins involved in monocyte metabolism4. These two 
proteins have a high affinity for each other in the presence of calcium and form the Mrp-
8/14 heterodimer which is translocated to cell membrane and/or secreted5. In humans, a 
subset of monocytes expresses the Mrp-8/14 heterodimer on the cell surface (Mrp-
8/14surface positive)6]. In healthy individuals, the percentage of Mrp-8/14surface positive 
monocytes accounts for 0-5% of all monocytes while in type 1 diabetics the Mrp-8/14 
surface expression is significantly increased7. This subset of monocytes has an enhanced 
adhesive capability, at least in type 1 diabetic patients8, and is the preferentially migrating 
subpopulation of monocytes through the macrovascular endothelium9. In addition, this 
subset expresses more CD11b (complement receptor 3) than the Mrp-8/14 cell surface-
negative monocytes10. 

Mrp-expressing monocytes infiltrate into atherosclerotic plaques[11 where they differentiate 
into macrophages. Partly plaque macrophages express Mrp-8 and -14 while those from 
the lesion-free intima, considered tissue resident cells, lack Mrp-expression12. We have 
previously shown that Mrp-8 and -14 are expressed by a subset of plaque macrophages 
which are not foam cells [13]. In addition, foam macrophages generated in vitro lack Mrp-
8/14 expression while the Mrp-8/14surface positive macrophages do not phagocyte oxLDL. 
Interestingly, the percentage of non-foam macrophages expressing Mrp-8 and Mrp-14 is 
higher in rupture-prone plaques than in stable ones. In addition, the protein levels of Mrp-
8, -14 and -8/14 are elevated in these lesions compared to stable plaques11. 

Functional activities of intracellular, surface-bound and secreted Mrp-8/14 are incompletely 
known. Intriguingly, upon release from phagocytes, complexes of Mrp-8/14 can amplify 
LPS-induced inflammatory responses of phagocytes. Mrp-8 interacts with the TLR4-MD2 
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complex, and hence Mrp-8 and -14 are endogenous activators of TLR-414. Interestingly, 
the same group provided evidence that Mrp-8/14 acting as TLR ligands promote the 
development of autoreactive cytotoxic CD8 T cells15. Mice deficient for Mrp-14 also lack 
Mrp-8/14 complexes. These mice have reduced vascular damage upon experimental arterial 
injury, vasculitis, and atherosclerosis (combined with ApoE deficiency). In a mouse model 
of focal cerebral ischemia, Mrp-8/14 deficiency reduces lesion volume, brain swelling, 
and macrophage number16.
In the current study, we hypothesized that Mrp-8/14 expression is associated with reduced 
capability of lipid uptake and foam cell formation. In addition, we investigated whether 
functionality of Mrp-8/14 membrane positive macrophages conforms to functional subsets 
as known within the M1-M2 paradigm. The overly linear M1-M2 approach has now been 
superseded by more subtle and useful categories based on joint functional and phenotypical 
data17, 18.
We used in situ analysis to assess differential localization of Mrp-8/14 expressing 
macrophages in human atherosclerosis (AS) and multiple sclerosis (MS) lesions. An in 
vitro model of foam cell development was used to analyze atherosclerotic oxLDL and 
multiple sclerosis myelin uptake by macrophages lacking and expressing Mrp-8/14surface 
as well as cytokine release and scavenger receptors. This showed that macrophages lacking 
Mrp-8/14surface phenotypically as well as functionally resemble the M1 (classically 
activated) cells while those macrophages expressing Mrp-8/14surface resemble the M2 
(alternatively activated) cells. These findings add to our understanding of functional 
macrophage subsets in lesion development and vulnerability, and could add to current 
treatment strategies19. 

Methods

In situ analysis of human atherosclerotic plaques and multiple 
sclerosis lesions
Ninety carotid plaques were carefully dissected from the carotid arteries and immediately 
transferred to the laboratory for further processing as described previously20. Plaque 
sections were pretreated with EDTA and stained with mouse anti-human Mrp-8 (mouse 
IgG2b, dilution 1:750; Santa-Cruz Biotechnologies, Santa-Cruz, CA) monoclonal antibody. 
Consecutive sections were boiled in citrate buffer (M = 294.1 g/Mol, pH 6.0, 20 min) and 
stained with a monoclonal anti-human Mrp-14 antibody (mouse IgG1, dilution 1:200; 
Santa-Cruz Biotechnologies). Powervision poly HRP-anti-mouse IgG (Immunologic, 
Duiven, the Netherlands) was used as secondary antibody. Mouse IgG of the same isotype 
and same subclass as the primary antibody was used as negative control. The signal was 
visualized using diaminobenzidine. Sections were counterstained with hematoxylin.
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MS brain tissues were obtained from The Netherlands Brain Bank (NBB), Netherlands 
Institute for Neuroscience, Amsterdam. All material was collected from donors from whom 
a written informed consent for brain autopsy and the use of the material and clinical 
information for research purposes had been obtained by the NBB. MS lesions from three 
different human brains were snap frozen in liquid nitrogen and processed as described 
here: consecutive sections were stained with mouse anti-human Mrp-8 (mouse IgG2b, 
dilution 1: 80; Santa-Cruz Biotechnologies, Santa-Cruz, CA) and with mouse anti-human 
Mrp-14 antibody (mouse IgG1, dilution 1:80; Santa-Cruz Biotechnologies) monoclonal 
antibodies. Rabbit poly HRP- anti-mouse (Dako, Denmark) was used as secondary antibody. 
The signal was visualized using 3-amino-9-ethylcarbazole (AEC). Sections were 
counterstained with hematoxylin. 

In vitro generation of human oxLDL-laden macrophages
Human monocyte-derived macrophages (MDM) were generated as previously described 
[21, monocytes were isolated from anonymous healthy blood donor buffy coats (at least n = 
3 per experiment) using Ficoll and Percoll density gradients (density: 1.077 g/ml and 1.063 
g/ml, respectively). Next, the monocytes were differentiated into macrophages by culturing 
the monocytes under non-adherent conditions in RPMI 1640 medium (BioWhittaker, 
Verviers, Belgium) supplemented with 25nM Hepes, Ultraglutamin1 and 5% human AB 
serum and without further cytokine stimulation. After 7 days, macrophages were sorted 
based on CD14 and Mrp-8/14 membrane expression as described below. The two sorted 
macrophage populations, namely Mrp-8/14 negative and Mrp-8/14 positive, were plated 
into 12-well (flow cytometric analysis) or 96–well (Oil-Red-O staining) flat-bottom culture 
plates (Nunc, Roskilde, Denmark).The macrophages were incubated during 24 h with 10 
µg/ml human oxLDL, isolated and oxidized as described previously22, 23 ; during 24 – 48 h 
with 50 µg/ml non-labeled or DiI labeled human myelin, isolated and labeled as described 
previously, or with culture medium as control. Uptake of OxLDL and non-labeled myelin 
was detected with Oil-Red-O (ORO), which stains neutral lipids, as previously described24. 
Uptake of DiI-labeled was detected by flow cytometry, described below.
 
Flow cytometry and fluorescence-activated cell sorting 
Fluorescence-activated cell sorting on a FACS Aria (BD Biosciences, San Jose, CA) was 
performed to separate the CD14 positive Mrp-8/14 negative and CD14 positive Mrp-8/14 
positive cells. CD14 positive cell sorting was based on forward light scattering (FSC) and 
sideward light scattering (SSC), and subsequent gating of cells negative for CD3-PerCP 
(BD Biosciences), CD19-APC (BD Biosciences) and CD56-RPE (Bio-Connect B.V., 
Huissen, the Netherlands). Mrp-8/14 FITC (27E10) (mouse IgG1, Santa Cruz) antibody, 
recognizing only the Mrp-8/14 heterodimers, was used to identify the Mrp-8/14 negative 
and Mrp-8/14 positive cells within the CD14 positive population. 
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For flow cytometry, the following antibodies were used: CD14-PerCP (BD Biosciences); 
CD68-APC (R&D Systems); Mrp-8/14-FITC (clone 27E10), Mrp-8-FITC (clone CF145) 
and Mrp-14-FITC (clone MRP1H9) (all from Santa Cruz); CD36-RPE; HLA-DR-APC_
Cy7; CD80-PE_Cy5; CD163; and CD206 (all from BD Biosciences). The samples were 
measured on an LSR II (BD Biosciences) and analyzed using FACS Diva version 6.1.1 
(BD Biosciences) and Flow Jo Version 7.6.1 (Tree Star Inc., Ashland, OR) software. 

Figure 1. Foam cell morphology and Mrp-8/14 expression are mutually exclusive in AS plaques and MS lesions. 
Consecutive sections of human carotid AS plaque (a-d) and MS lesion (e-h) showing foam macrophages lacking 
Mrp-8 expression; (a) Cd68 expression in plaque macrophages, foam (thick arrows) and non-foam (thin arrows); 
(b) Mrp-8 expression (in brown) in a group of non-foam plaque macrophages (thin arrows); foam macrophages 
(thick arrows) lack Mrp-8, shown at higher magnification in c and d; (e) Oil red O positive foam macrophages 
indicative of neutral lipid content; (f) consecutive section showing the same foam macrophages lacking Mrp-8 
expression; (g and h) magnifications of e and f, respectively; (i) schematic representation of different plaque 
regions with localization of Mrp-8 expressing macrophages; (j) schematic representation of different regions of 
an MS lesion25 showing localization of Mrp-8 expressing macrophages; NAWM = normal appearing white 
matter.
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Cytokine measurements 
Conditioned media (from three different donors) of plated (12-well flat-bottom culture 
plates; Nunc, Roskilde, Denmark) Mrp-8/14surface negative and positive sorted MDMs 
was collected 24 h after cells were fed with oxLDL or myelin. The conditioned media (0.5 
ml/condition) were loaded onto a human cytokine antibody array V (RayBio) designed to 
detect 80 different human cytokines; the assay was performed according to the manufacturer’s 
protocol. MDM culture media was used as negative control. The intensity of the signals 
was detected with a Molecular Imager ChemiDocTM XRS+ system (Bio-Rad). The MDMs 
culture media was negative. Positive control (present on each membrane, by manufacturer) 
was used to normalize for the variation between the membranes. Cytokine levels were 
quantified using Image Lab software (Bio-Rad) and are reported as pixel intensity/mm2. 

Data analysis
Data were analyzed with SPSS 17.0. The statistical significance of the difference between 
two groups was determined using Mann-Whitney test; probability values <0.05 were 
considered significant. The flow cytometry data of the markers CD68, CD36, CD80, 
CD163, CD206, CD80, CD11b, CD16 and MPO derived from 3 different experiments and 
shown in figure 3, has been corrected for the variance between experiments. For each 
marker, the X-median fluorescence of unstained cells in one experiment was considered 
as standard. The X-median fluorescence values of the other 2 experiments were divided 
by the standard value resulting in a correction factor for each marker. The X-median 
fluorescence of Mrp-8/14surface positive and negative cells of each marker was then 
corrected according to the correction value. 

Results

Foam macrophages within human AS plaques and MS lesions lack Mrp-
expression
Both AS plaques and MS lesions are characterized by presence of macrophage foam cells. 
This allows a compare and contrast approach for Mrp-8/14 expression and function, since 
the foam cell lipid source in AS is thought to be mainly oxLDL and fatty acids, while in 
MS the lipid source is mainly myelin, and perhaps cell debris of leukocytes and inflamed 
brain tissue. In situ analysis of human carotid plaque specimens revealed that Mrp-8 and 
Mrp-14 co-localize in cells within plaques as expected and shown before10. Conversely, the 
CD68-positive macrophages with a foam-cell morphology lack Mrp-expression. In contrast, 
the CD68-positive non-foam macrophages express both Mrp-8 (figure 1a-d) and Mrp-14 
(data not shown). The Mrp-8 expressing macrophages were observed in all plaque regions, 
with prevalence in the fibrous and shoulder areas (figure 1i).
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Similarly, foam macrophages within human MS lesions are Mrp-8 and Mrp-14 negative 
(figure 1 e-h) while the Mrp-positive macrophages are non-foam cells (not shown). In 
these lesions, the Mrp-8 expressing macrophages were seen within the normal appearing 
white matter (NAWM) and pre-active areas (outer rim in figure 1j) and not in areas of 
demyelination which are abundantly populated by foam macrophages (inner rim and center 
in figure 1j). 

Surface expression of Mrp-8/14 on Monocyte Derived Macrophages 
associates with a characteristic receptor repertoire
Since Mrp-8/14 expression and foam cell formation are mutually exclusive in AS and MS 
lesions, we reasoned that the surface receptor repertoire would differ. To experimentally 
model that under controlled conditions, buffy coat monocytes from healthy blood bank 
donors were employed. Monocytes were identified based on their high expression of 
surface CD14. 

Figure 2. Monocytes from healthy human donors were cultured for 7 days under non-adherent conditions and 
without further cytokine stimulation; one representative example of three experiments is shown. (A) Surface 
CD14, (B) intracellular CD68 and (C) surface Mrp-8/14 expression on monocytes (culture days 1 and 3) and 
monocyte-derived macrophages (day 7) is given. Dashed histogram: unlabeled control cells; colored histogram: 
the population after staining.
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In addition, these cells had a low expression of intracellular CD68. After 7 days of culture 
under non-adherent conditions and without further cytokine stimulation, the surface 
expression of CD14 was decreased (figure 2A) and the intracellular expression of CD68 
was increased (figure 2B) which is conform to the predicted phenotype of MDM. At day 
7, on average 25% (ranging from 20 to 40%) of the cultured MDM were Mrp-8/14surface 
positive while the rest were negative (figure 2C). Intracellularly, on average 45% of the 
MDM were Mrp-8/14 positive, 70% were Mrp-8 positive and 60% were Mrp-14 positive 
(data not shown). To gain more insight into the phenotype of the Mrp-8/14surface positive 
and negative macrophages, we analyzed the expression of a selection of markers 
differentially expressed on functional macrophage subsets: CD11b, CD16, MPO 
(myeloperoxidase), CD80, MHC-II and the scavenger receptors CD36, CD68, CD163 and 
CD206 (also known as the mannose receptor). All MDM showed surface CD11b and 
intracellular MPO expression as expected. The expression of these two markers was 
markedly higher on the Mrp-8/14surface positive cells than on the negative ones: on 
average, 1.7 fold higher CD11bsurface and 2.2 fold higher intracellular MPO expression 
(figure 3). Mrp-8/14surface positive MDMs had 1.8 fold higher CD80 cell membrane 
expression compared to the Mrp-8/14surface negative population (figure 3). 

Figure 3. Expression of cell surface CD11b, CD16, CD80, CD68 and CD206 and intracellular MPO on unsorted 
monocyte-derived macrophages at day 7 of in vitro culture without addition of growth factors or lipid exposure. 
Three different donors are shown.
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Interestingly, the frequency of MDM expressing surface CD16 was higher in the Mrp-
8/14surface negative population than in the positive one: on average 59% (ranging from 
46% to 67%) of the Mrp-8/14surface negative MDM were CD16 positive in contrast to 
43% (ranging from 37% to 51%) of the Mrp-8/14surface positive MDMs (p = 0.03). 
Moreover, within the Mrp-8/14surface negative MDM expressing CD16 (59%), 78% 
showed a high CD16 expression while the rest had an intermediate expression. In contrast, 
from the Mrp-8/14surface positive MDM expressing CD16 (43%), only 20% showed a 
high CD16 expression, and the vast majority of the cells showed an intermediate expression. 
We have previously shown that human MDM expressing surface bound Mrp-8/14 do not 
take up oxLDL in vitro, and therefore do not acquire a foamy phenotype26. 

Figure 4. Sorted (A and B) and unsorted (C and D) Mrp-8/14surface positive and negative monocyte-derived 
macrophages (MDMs) were fed with human oxLDL and labeled or unlabeled human myelin for 24 and 48hours. 
One representative example of three experiments is shown. (A) Sorted MDMs lacking surface Mrp-8/14 did 
uptake oxLDL (a) and myelin (b) after 24 h. (B) Sorted MDMs expressing surface Mrp-8/14 did not uptake 
oxLDL (a) and myelin (b) after 24 h. (C) Flow-cytometry histograms showing that the frequency of macrophages 
that ingested DiI-labeled myelin increased with time; the percentage represents the frequency of macrophages 
that has taken up DiI-labeled myelin (background is subtracted). (D): In contrast to Mrp-8/14surface negative 
cells, the vast majority of the Mrp-8/14surface positive cells did not take up DiI-labeled myelin. Dashed histogram: 
control cells; colored histogram: cells fed with 10µg/ml DiI-labeled myelin →light grey: Mrp-8/14surface 
negative cells; dark grey: Mrp-8/14surface positive cells; in red, Oil Red O staining visualizes accumulation of 
neutral lipids in the cytoplasm; in blue, hematoxylin staining of the cell nucleus.
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Here, we investigated whether the expression of the lipid scavenger receptors CD36 and 
CD68, as well as receptors CD206 and CD163, and CD11b, MHC-II plus CD80 for antigen 
presentation/costimulation, differed between the Mrp-8/14surface positive and negative 
MDM, before feeding them with oxLDL or myelin. The expression of CD36 was similar 
on both MDM populations (data not shown). The expression of CD68surface was 2.4 fold 
higher on the Mrp-8/14surface positive cells than on the negative ones (figure 3). In 
addition, the Mrp-8/14surface positive MDM had 1.9 fold higher CD206 membrane 
expression (figure 3) and a slightly higher CD163 (not shown) membrane expression 
compared to the Mrp-8/14surface negative population. Both populations showed similar 
MHC-II membrane expression (data not shown). 

Figure 5. Cytokines secreted by MDMs lacking and expressing Mrp-8/14surface, after feeding oxLDL (10 µg/
ml) for 24 h. Three individual donors are shown.*Cytokine levels in pixel intensity/mm2; white = no difference; 
green = low expression (ratio of mean lacking / mean expressing < 0.6); red = high expression (ratio of mean 
lacking/mean expressing > 1.4).
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Figure 6. Similarities between M1-M2 functional extremes of the human macrophage spectrum and macrophages 
lacking or expressing Mrp-8/14surface.

Figure 7. Proposed phenotype and function of the Mrp-8/14surface negative and positive macrophages in 
atherosclerosis and multiple sclerosis.
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Mrp-8/14surface positive MDM do not take up/ingest oxLDL and 
myelin
In AS and MS lesions, foam cells do not express Mrp-8/14. To analyze whether this reflects 
a true lack of uptake capability, the ingestion of lipids by the Mrp-8/14surface positive 
and negative MDM, we sorted the positive and negative population and cultured these 
cells for 24 and 48 h under adherent conditions with human oxLDL (10µg/ml) and human 
myelin (50µg/ml). Mrp-8/14surface negative MDM ingested oxLDL in vitro (figure 4Aa). 
In contrast, Mrp-8/14surface positive MDMs did not take up oxLDL (figure 4Ba). 
Culturing unsorted MDMs with DiI-labeled myelin (10µg/ml) for 24 and 48 h revealed that 
the percentage of MDM that ingested myelin increased with time (figure 4C). Moreover, 
the DiI-labeled myelin was predominantly ingested by Mrp-8/14surface negative cells; the 
vast majority of Mrp-8/14surface positive cells did not take up myelin (figure 4D). 

The same effect was seen when sorted Mrp-8/14surface positive and negative MDMs were 
fed with non-labeled myelin (50 µg/ml) for 24 h: MDMs lacking surface Mrp-8/14 did 
ingest myelin (figure 4Ab) while those expressing Mrp-8/14 did not (figure 4Bb). 
Interestingly, unlike the lipids oxLDL and myelin, the uptake of the sugar dextran was not 
hampered in the Mrp-8/14surface positive cell population (data not shown).
Mrp-8/14surface positive MDM secrete anti-inflammatory cytokines, upon ingestion of 
oxLDL and myelin
Next, we asked if MDMs lacking and expressing Mrp-8/14surface secrete different cytokine 
profiles consistent with known macrophage subset functions, after feeding them two 
distinct lipid preparations. 
Sorted MDM lacking and expressing Mrp-8/14surface were plated and fed for 24 h with 
human oxLDL (10 µg/ml) and human myelin (50 µg/ml), after which the cell-conditioned 
media were collected and used for cytokine semi-quantification. 

Discussion

Foam cell formation is a characteristic of both AS and MS. Atherosclerotic plaques are 
abundantly populated by foam macrophages, mainly derived from infiltrating blood 
monocytes which ingest and accumulate lipids (e.g. oxLDL, fatty acids) present in the 
vessel intima. In MS lesions, infiltrating monocytes and local microglia accumulate myelin 
debris rich in oligodendrocyte membrane lipids and transform into foam macrophages [27. 
It is of note that the size and structure of the lipid sources are different in AS versus MS: 
while oxLDL are relatively small particles, myelin debris actually consists of large particles 
maintaining the lamellar structure of myelin sheath, originally consisting of live multiple 
membrane windings by oligodendrocytes. In vitro, foam macrophages appear to have 
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mainly an anti-inflammatory phenotype: TNF production is diminished in TNF stimulated 
lipid-laden macrophages28; LDL uptake by macrophages induces IL-10 production29; 
myelin-laden macrophages produce, among others, anti-inflammatory cytokines IL-10, 
TGF-beta and CCL-1830. 
Diversity and plasticity of macrophages are since long acknowledged. Macrophages can 
express a continuous spectrum of activation/deactivation programs in response to the 
different microenvironments they encounter during their life-span19. It is now well 
understood that the M1-M2 paradigm based on in vitro differentiation is overly linear and 
more nuance is required for the definition of functional subsets. Definition solely by surface 
phenotyping is generally not sufficient, while functional characterization is hampered by 
differences in experimental conditions, such as the concentration and degree of LDL 
oxidation. In atherosclerosis, macrophages are heterogeneous in terms of tissue factor31, 
CCL-1832, MPO33 and Mrp-8 and Mrp-1426, 34. 
In atherosclerotic plaques as well as in active multiple sclerosis lesions, the infiltrated 
macrophages express Mrp-8 and Mrp-1435, 36. Previously, we have shown that Mrp-8 and 
Mrp-14 are expressed by a subset of non-foam macrophages within atherosclerotic plaques, 
while plaque foam macrophages lack Mrp-expression26. Furthermore, in vitro MDM 
expressing membrane surface Mrp-8/14 do not take up oxLDL and do not acquire a foamy 
phenotype; in contrast, MDM lacking membrane surface Mrp-8/14 do. In the current study, 
we confirmed and extended these observations and provide further evidence that Mrp-
8/14surface expressing macrophages do not phagocytes human modified lipids (i.e. oxLDL 
and myelin) in vitro. We demonstrated this with two different methodologies: first by 
sorting the Mrp-8/14surface expressing macrophages from the population lacking Mrp-
8/14surface and subsequently feeding them with oxLDL or myelin (figure 4A and B). The 
second method entailed plating the mixed population of macrophages (expressing and 
lacking Mrp-8/14surface ) with myelin and subsequent flow cytometry confirmation of 
myelin uptake by the macrophages lacking Mrp-8/14surface and not by those expressing 
this marker (figure 4D). 
The expectation was that the Mrp-8/14surface expressing macrophages would have a 
diminished expression of scavenger receptors, explaining that these macrophages do not 
take up oxLDL. In contrast, we show that the expression of CD36, a common class B 
scavenger receptor for oxLDL on macrophages37 is similar on macrophages lacking or 
expressing Mrp-8/14surface. Another receptor implicated in oxLDL scavenging and uptake 
is surface CD6838, 39, a class D receptor37. Mrp-8/14surface expressing macrophages showed 
a higher CD68 surface expression than the ones lacking Mrp-8/14surface. Thus, 
unexpectedly, the macrophages expressing Mrp-8/14surface showed similar or higher 
expression of lipid scavenger receptors compared to the ones lacking it, although the former 
do not take up / ingest lipids. The overall phagocytic capacity of the Mrp-8/14surface 
expressing macrophages was not hampered, since these cells ingested the sugar dextran 
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to comparable extent (data not shown). Therefore, the macrophages expressing surface 
Mrp-8/14 have an altered phagocyte capacity for lipids. Two other receptors, the scavenger 
receptor CD163 (hemoglobin scavenger receptor) and the mannose receptor CD206 were 
higher expressed on the surface of macrophages with membrane Mrp-8/14 than on those 
lacking the complex. Whether Mrp-8/14 is involved in the mechanisms leading to an 
enhanced expression of the aforementioned receptors on macrophages’ surface or whether 
it interacts with these receptors, is currently under investigation using silencing RNA 
approaches. 
It was previously shown that Mrp-8/14surface positive monocytes have higher CD11b 
expression than the negative population40. Similarly, in this study the expression of CD11b 
was higher on macrophages expressing Mrp-8/14surface than on those without (figure 3). 
CD11b mediates leukocyte adhesion and migration and is involved in immune processes 
such as cellular activation, chemotaxis, and cell-mediated cytotoxicity41. Therefore, the 
macrophages carrying membrane Mrp-8/14 and high CD11b potentially have an enhanced 
migration capability. 
Macrophages expressing Mrp-8/14surface also had high intracellular MPO expression. 
MPO is a pro-oxidant enzyme which has been found in macrophages within plaques, where 
it might play a role in pathogenesis of atherosclerosis by secreting the reactive oxygen 
species hypochlorous acid (HOCl)42; HOCl activates the pro-forms of the matrix 
metalloproteinases and inactivates the inhibitors of the metalloproteinases, thereby 
stimulating extracellular matrix degradation in two ways33. Moreover, this differential 
MPO expression is in line with the heterogeneity of macrophages in human atherosclerotic 
lesions where MPO-positive and MPO-negative subsets coexist33. Also in human blood, 
two distinct monocyte populations exist with high MPO versus low MPO monocytes, in 
circulating human blood33. Consistent with these observations, we generated monocyte-
derived macrophages with low and high MPO. Interestingly, the macrophages expressing 
surface Mrp-8/14 were MPO high suggesting that these cells may be involved in tissue 
degradation. This can prove relevant for atherosclerosis, considering that the proportion 
of macrophages expressing Mrp-8 and Mrp-14 is higher in rupture-prone plaques than in 
stable ones26.
The binding of soluble Mrp-8/14 to TLR-4 on phagocytes induces the activation of a 
positive feedback loop resulting in production of cytokines, chemokines and reactive 
oxygen species (ROS)43. Here we show that Mrp-8/14surface expressing macrophages, in 
the presence of oxLDL and myelin, secrete anti-inflammatory cytokines (e.g. IL-10 and 
TGF-β) compared to macrophages lacking Mrp-8/14surface expression which secrete 
pro-inflammatory cytokines (e.g. IL-6). 
Coupling this evidence with the fact that the Mrp-8/14surface expressing macrophages 
are CD206 and CD163 high, we propose that the Mrp-8/14surface expressing cells are a 
subset of alternatively activated macrophages (also known as the M2- macrophages).  
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In comparison with the interferon-γ-mediated classical activation of macrophages in vitro, 
the alternative pathway of macrophage activation is prototypically induced by the T helper 
2 (Th2) cytokines IL-4 and IL-13 in vitro44. Typically, M1- macrophages express opsonic 
receptors such as CD16 and produce high levels of the pro-inflammatory cytokines IL-6, 
IL-8, RANTES, GRO (CXCL1, 2 and 3) and CCL-4. In contrast M2-macrophages express 
abundant levels of non-opsonic receptors (e.g. mannose receptor) and scavenger receptors 
and they make high levels of the anti-inflammatory cytokines IL-10 and TGF-β45, 46. 
Macrophages lacking or expressing surface Mrp-8/14 follow the M1 – M2 dichotomy in 
terms of expressed receptors and secreted cytokines: cells lacking Mrp-8/14surface show 
similarities with the M1-macrophages while those expressing Mrp-8/14surface with the 
M2-macrophages (summarized in figure 6). 

In human carotid atherosclerotic plaques, both classically and alternatively activated 
macrophage subsets have been described, but these two macrophage types display a 
different tissue distribution. The alternatively activated macrophages are found distant 
from the lipid core and are not foam cells but are CD68-non foam plaque macrophages [47. 
Similarly we showed that in human carotid plaques, Mrp-8 and Mrp-14 are expressed by 
CD68-non foam plaque macrophages26. It is not known whether the alternatively activated 
macrophages identified in human carotid plaques by Bouhlel and colleagues47 express 
Mrp-8 and Mrp-14. In conclusion, we provide functional and pathologic evidence 
underlining macrophage subset heterogeneity in AS and MS, since we identified two 
distinct macrophage populations in these lesions: expressing and lacking surface Mrp-8/14. 
Based on the in vivo and in vitro observations presented here, we propose the following 
model (see figure 7): in AS plaques and MS lesions, macrophage subsets expressing and 
lacking surface Mrp-8/14 coexist. The population lacking Mrp-8/14surface effectively 
ingests modified lipids leading to foam cell formation and secretion of pro-inflammatory 
cytokines in these cells; the cells expressing Mrp-8/14surface do not phagocytes lipids 
leading to foam cell formation, have an enhanced tissue destruction capability facilitates 
their migration in the tissue, and secrete anti-inflammatory cytokines. The Mrp-8/14surface 
expressing macrophages may be functionally involved in the resolution of the inflammatory 
reaction generated by the macrophages lacking surface Mrp-8/14. 
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Objective
Neutrophils are inflammatory cells with tissue destruction capabilities that have been found 
at the site of an atherosclerotic plaque rupture or erosion. Poor evidence exists for neutrophil 
infiltration in human carotid atherosclerotic plaques and its association with plaque 
morphology has not yet been described. We scored the number of plaque neutrophils and 
related it to plaque morphology and inflammatory status. 

Methods and Results
A set of 355 human carotid plaques were stained for the neutrophil marker CD66b. High 
neutrophil numbers were found in plaques with a large lipid core, high macrophage numbers 
and low collagen amount and smooth muscle cell numbers. High neutrophil numbers were 
associated with high interleukin-8 (p<0.001), matrix metalloprotease (MMP)-8 (p = 0.005) 
and MMP-9 (p<0.001) plaque levels. High micro vessel density within plaques was 
correlated with high neutrophil numbers (p=0.014). In addition, low numbers of neutrophils 
were associated with female gender and use of β-blockers.

Conclusion
These results show for the first time that neutrophil-numbers are strongly associated with 
the histopathological features of rupture-prone atherosclerotic lesions and suggest a role 
for neutrophils in plaque destabilization. 
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Introduction

Chronic inflammation plays a key role in the pathogenesis and progression of atherosclerosis 
and later in the destabilization and rupture of an atherosclerotic plaque, leading to adverse 
cardiovascular events. The involvement of inflammatory cells such as macrophages and 
T cells in atherogenesis is well documented, while the neutrophil granulocytes, also present 
in atherosclerotic lesions are detected in much lower numbers. 
Neutrophils have been observed at the site of plaque erosion or rupture in atherectomy 
specimens from patients with unstable angina and in autopsy samples from  patients with 
acute myocardial infarction (AMI)185, 186. Histological analysis of plaques from cerebral 
arteries has shown that the expression of neutrophil elastase is increased in late-stage 
plaques187. Epidemiological studies have shown that neutrophil counts in peripheral blood 
positively correlate with coronary atherosclerotic risk188 and the risk of AMI189. 
Mouse studies reveal accumulation of neutrophils in the luminal plaque region and adventitia 
of aortic plaques of mice that lack apolipoprotein E (ApoE)190 as well as in lesions of LDL-
receptor deficient mice191. Neutrophils exert most of their functions via preformed granule 
proteins, most of these proteins are found in atherosclerotic lesions (e.g. alarmins, human 
neutrophil peptides,  elastase, cathepsin G, proteinase-3)192. Neutrophils, similar to 
monocytes, are phagocytic cells involved in innate immunity193. Next to pathogen recognition 
and destruction, neutrophils contribute to tissue damage by secreting enzymes such as 
myeloperoxidase (MPO), elastase, esterase and matrix metalloproteinase-9 (MMP-9)194. 
MPO and MMP-9 expressed in mouse and human atherosclerotic lesions195, have been 
shown to have prognostic value in atherothrombosis 196, 197,198. 
Although the presence of neutrophils in atherosclerotic specimens (carotid, coronary, 
femoral) has been previously reported, no study so far strictly and specifically investigated 
neutrophil localization within plaques, their association with plaque characteristics and 
clinical data. We hypothesized that the number of neutrophils per plaque correlates with 
the features of high risk, rupture-prone atherosclerotic lesions. 
In this observational study, we determined the total number of neutrophils per plaque in a 
large human cohort, assessed their localization within plaques and the correlation with 
plaque characteristics.  We also studied the association of neutrophils with gender and 
β-blocker therapy and report an association between high neutrophil plaque numbers and 
the features of the rupture-prone plaque. Next to this, low neutrophil numbers were 
associated with female gender and history of β-blocker medication. These results might 
imply a role for neutrophils in rupture-prone plaque development and bring evidence for 
in vivo β-blocker therapy induced neutrophil-dependent plaque stabilization.  
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Methods 

Athero-Express Biobank
Athero-Express is an ongoing longitudinal cohort study, initiated in 2002 by two Dutch 
hospitals: the University Medical Center Utrecht and the St. Antonius Hospital in 
Nieuwegein 199 .

Plaque processing
All 355 carotid plaques used in this study, were carefully dissected from the carotid arteries 
and immediately transferred to the laboratory for further processing as described 
previously199. In short, in the laboratory the atherosclerotic fragments were dissected into 
0.5 cm-thick cross-sectional segments along the longitudinal axis of the vessel. The plaque 
segment showing the largest plaque burden was called the culprit lesion and was used for 
histological analysis to determine plaque morphology. The adjacent segments were used 
for protein isolation. 

Human carotid endarterectomy specimens
Patients included for CEA were asymptomatic (no clinical symptoms related to the carotid 
luminal stenosis > 75%, n = 46) and symptomatic (n = 309); with minor clinical 
presentations (i.e., transient ischemic attack, amaurosis fugax and retinal infarction; n = 
234) or major presentations (i.e., stroke; n = 75).

(Immuno)histochemistry
Plaque segments were fixed in formalin and embedded in paraffin. Consecutive sections 
were stained with Hematoxylin & Eosin (H&E), Elastin von Gieson, Picrosirius red and 
α-actin, CD68 and CD34 immunostains199, 200. To determine the plaque phenotype, sections 
were scored as described previously199.
To visualize neutrophils, consecutive sections were boiled in citrate buffer and stained 
with mouse anti-human CD66b (dilution 1:100; AbD Serotec, Oxford, UK) and 
myeloperoxidase (MPO) (dilution 1:10000; Dako, Glostrup, Denmark) monoclonal 
antibodies. Powervision poly HRP-anti-mouse IgG (Immunologic, Duiven, the Netherlands) 
was used as secondary antibody. Mouse IgG of the same isotype and same subclass as the 
primary antibodies was used as negative control. The signals were visualized using 
diaminobenzidine. Sections were counterstained with hematoxylin.
In addition to the immunostains, we used a third staining to detect neutrophils. Naphthol 
AS-D Chloroacetate Esterase (Leder) reaction is a common procedure to identify the 
neutrophils in tissues. Sections adjacent to the ones used for immunohistochemistry were 
boiled in citrate buffer and subsequently developed in naphthol AS-D chloroacetate for 45 
minutes. Sections were counterstained with hematoxylin.
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Presence of neutrophils was analyzed using image-analyzing software (Soft Imaging 
Systems, Munster, Germany). Tissue areas with CD66b-positive cells were selected for 
further analysis. The areas with CD66b-positive cells within loose blood in between the 
tissue due to the surgical procedure were excluded. The numbers of CD66b-positive cells 
were counted and expressed as the number of neutrophils per plaque.  Using a magnification 
of ×100, CD34-positive microvessels were counted in three areas of the plaque with the 
highest microvessel density (MVD) as described previously201. Subsequently, the average 
MVD per square millimeter of these areas was calculated for each plaque.
Intra plaque haemorrhage (IPH) was scored using H&E and fibrin (Mallory’s 
phosphotungstic acid-hematoxilin) and anti smooth muscle actin immunostains202. 

Protein isolation
Segments adjacent to the ones used for histology were used for protein isolation as 
described previously199. In short, plaque segments were frozen in liquid nitrogen and stored 
at -800˚C until further use; protein extraction was performed according to a standard 
protocol using Tris. Levels of interleukin (IL)-8 were measured by a multiplex suspension 
array system according to the manufacturer’s protocol (Bender Med Systems, Vienna, 
Austria). Matrix metalloproteinase MMP-8 and MMP-9 activities were measured using 
the Biotrak activity assays RPN 2635 and RPN 2634 (Amersham Biosciences, 
Buckinghamshire, UK), respectively.  Measurements of IL-8, MMP-8 and -9 are standard 
for all Athero-Express patients and part of these data (8.5%) have been used in another 
article203.

Data analysis 
Statistics were performed with SPSS 15.0
Correlations between plaque characteristics, cytokines and MMPs and patient clinical data 
were assessed using Spearman’s correlation test and the difference between two groups 
was determined using Mann-Whitney test. For these analyses, the number of neutrophils 
per plaque was used as a continuous variable. 
For the associations mentioned in table 1, the number of neutrophils per plaque (as 
continuous variable) was divided into two equal groups using the median (31.0) as a cut-
off point. Multivariate analysis was used to adjust for confounders (e.g. β-blockers and 
gender): the neutrophil data were binned into two groups (low and high) using the median 
as a cut-off point; a binary logistic model with a probability for stepwise entry (0.01) and 
removal (0.05) was performed. Probability values <0.05 were considered significant.
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Results

Neutrophil identification and localization within plaque 
Clinical characteristic of the study population in relation with neutrophil numbers are 
shown in table 1 and table 2. Three staining methods were used to identify the neutrophils 
in sections of atherosclerotic plaques (CD66b, Leder and MPO). The analysis showed that 
CD66b positivity was detected in neutrophils and not in other cell types within plaque; 
Leder staining was mainly found in neutrophils and resembled the CD66b distribution; 
MPO expression was found in neutrophils and in a subset of plaque macrophages 
(supplement material, figure I). 

Figure 1. Neutrophil localization in human carotid plaques (A-E). (A) CD66b - positive neutrophils in the 
shoulder; (B) CD66b – positive neutrophils underneath the luminal endothelium (black arrows); (C) CD66b - 
positive neutrophils around a plaque micro-vessel; (D) schematic representation of different plaque areas; (E) 
distribution of CD66b-positive neutrophils within plaque areas. IPH indicates intra plaque hemorrhage; * mostly 
observed around microvessels.
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Further analysis of the CD66b-positivity of plaque neutrophils showed a heterogeneous 
distribution for neutrophils within plaque tissue. Neutrophils were found in different 
regions of the plaque: in the fibrous cap or in the shoulder, in the interface to media (also 
called the base of a plaque) or in areas with intra plaque bleeding (hemorrhage) (figure 1). 
In addition, neutrophils were observed lying underneath the luminal endothelium (figure 
1B) or in the vicinity of micro vessels in the plaque (figure 1C). 

Figure 2. Neutrophils and plaque characteristics (A-E). Number of Neutrophils per plaque in relation to the size 
of the lipid core (A), macrophages (B), collagen (C), smooth muscle cells (D) and micro-vessels (E). Bars 
represent means ± SEM; below each bar, the number of patients per group is indicated; statistics Spearman’s 
correlation test.
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Neutrophils and plaque histology
The number of neutrophils per plaque was assessed and compared with different plaque 
histological characteristics: neutrophil numbers were positively correlated with the size 
of the lipid core (p < 0.001), the amount of macrophages (p < 0.001) and micro vessels (p 
= 0.014); and negatively correlated with the amount of collagen (p < 0.001) and smooth 
muscle cells (p < 0.001 ; figure 2). 

Neutrophils and IL-8, MMP-8 and MMP-9 
Next, we investigated the association of plaque neutrophils with IL-8, a neutrophil chemo 
attractant protein and MMP-8 and MMP-9, two proteases expressed by neutrophils. A 
positive correlation was observed between the number of neutrophils and the levels of 
IL-8 (Spearman’s correlation coefficient r = 0.407, P = <0.001), active MMP-8 (Spearman’s 
correlation coefficient r = 0.239, P = 0.005) and active MMP-9 (Spearman’s correlation 
coefficient r = 0.305, P = <0.001). 

Table 1. Patient characteristics related to the number of neutrophils in the common carotid endarterectomy 
specimens:

Neutrophils

Low High P-value

Medians, [IQR]  8 [2 - 17] 110 [58 - 240]

Number of patients (n) 178 177

Age, mean (sd) 72 (10) 73 (9) 0.83

Male, n 102 134 0.05

Hypertension, n 115 124 0.94

Diabetes, n 41 37 0.56

Current Smoker, n 46 37 0.22

Hypercholesterolemia, n 113 117 0.94

History: Angina pectoris, n 60 51 0.17

History: Myocardial infarction, n 27 31 0.68

History: Vascular intervention, n 29 24 0.65

History: Carotid intervention, n 16 9 0.25

Symptomatic carotid stenosis, n 149 159 0.076

Time between TIA/Stroke until CEA, median [IQR] 57 [24 – 110] 58 [21 – 106]          0.88

Medication

Statins 151 147 0.23

Aspirin 47 36 0.07

ACE inhibitors 55 56 0.90

Beta-blockers 100 83 0.12

TIA indicates transient ischemic attack; CEA indicates carotid endarterectomy; [IQR] indicates interquartile 
range. 



93

chAPTER V

MYELOID-RELATED PROTEIN 8/14 A MARKER OF PLAQUE AND PATIENT VULNERABILITY

Neutrophils and clinical patient characteristics
Having established that neutrophils are associated with characteristics of rupture-prone 
plaques, we investigated whether clinical parameters differed between patients with high 
and low neutrophils (equal groups, using the median 31.0 as a cut-off point) within plaques 
(table 1). 
Table 2 shows the number of neutrophils in plaque for each patient characteristic. The 
number of plaque-neutrophils was significantly different between males and females. 
Lower neutrophil numbers were observed in plaques from females compared with plaques 
from males (figure 3A; p < 0.001). In addition, an association between the number of 
neutrophils per plaque and the use of β-blockers was found (table 2). The number of 
neutrophils was lower in plaques from patients treated with β-blockers prior to their CEA 
compared to plaques from untreated patients (p = 0.039, figure 3B). 
 
In addition, patients on β-blocker treatment longer than 1 year had lower plaque neutrophil 
numbers compared to patients treated for less than 1 year (p = 0.049; supplement material, 
figure IVB). A trend towards lower neutrophil numbers in plaques from patients treated 
with selective β1-blockers (e.g. Metoprolol, Bisoprolol, Atenolol) than in plaques from 
patients treated with non-selective drugs (e.g. Sotalol) was observed (supplement material, 
figure IVA). Baseline patient characteristics in relation to beta blocker therapy are presented 
in the supplement material (table 1).

Figure 3. Neutrophils in relation to gender and β-blocker therapy. (A) The number of Neutrophils per plaque 
and gender (male and female); (B) the number of neutrophils per plaque and beta-blocker therapy. Bars represent 
means ± SEM; below each bar, the number of patients per group is indicated; statistics Mann-Whitney test.
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Table 2. Neutrophil numbers in relation to clinical characteristics: 

Characteristic Groups (n)
Number of Neutrophils Median 
[interquartile range] P - value

Age
≤ 70 (n = 153) 33.0 [7 -150]
> 70 (n = 190) 32.5 [8 - 105] p = 0.525

Gender
Female (n = 107) 16.0 [5 – 54]
Male (n = 236) 43.5 [11 – 143] p < 0.001*

Smoker
No (n = 246) 42.0 [8 - 122]
Yes (n = 83) 28.0 [7 – 82] p = 0.357

Hypertension (HT)
No (n = 87) 30.0 [6 – 110]
Yes (n = 239) 38.0 [9 – 117] p = 0.816

Hypercholesterolemia
No (n = 95) 36.0 [12 – 108]
Yes (n = 230) 32.0 [7 – 110] p = 0.714

Diabetes Mellitus (DM)
No (n = 248) 36.5 [8 – 112]
Yes (n = 78) 26.0 [5 – 110] p = 0.199

Carotid stenosis
Asymptomatic (n = 46) 21.0 [6 – 65]
Symptomatic (n = 309) 37.0 [8 – 118] p = 0.085

History: Myocardial infarction (MI)
No (n = 276) 32.0 [8 – 106]
Yes (n = 58) 41.0 [7 – 167] p = 0.621

History: Angina Pectoris (AP)
No (n = 203) 42.0 [8 – 121]
Yes (n = 111) 28.0 [7 – 97] p = 0.104

Medication used:
Statins

No (n = 57) 50.0 [16 – 120]
Yes (n = 298) 29.0 [7 – 106] p = 0.107

Aspirin
No (n = 262) 38.5 [8 – 119]
Yes (n = 83) 25.0 [8 – 70] p = 0.134

ACE inhibitors
No (n = 231) 31.5 [8 – 112]
Yes (n = 111) 28.0 [7 – 89] p = 0.691

Beta-blockers (β-blockers)
No (n = 158) 43.0 [8 – 136]
Yes (n =183) 25.0 [7 – 85] p = 0.039*

ACE = angiotensin conversion enzyme; Mann-Whitney test, *significance at p < 0.05



95

chAPTER V

MYELOID-RELATED PROTEIN 8/14 A MARKER OF PLAQUE AND PATIENT VULNERABILITY

Multivariate analysis showed that the association between neutrophil numbers and the 
characteristics of rupture-prone plaque is independent of β-blocker therapy and gender 
(table 3). No difference in neutrophil plaque numbers between patients presenting with 
clinical manifestations of the carotid stenosis (symptomatic) and those without symptoms 
(asymptomatic) was observed (p = 0.085; table 2 and supplement material, figure II).

Discussion 

Atherosclerosis is a chronic inflammatory disease. Different inflammatory cell types 
infiltrate through vessel’s damaged endothelium into the intima, where they initiate a 
chronic inflammatory process. The role of macrophages and T-lymphocytes in the process 
of atherogenesis is already well established. A wide range of functions relevant to 
atherosclerosis are now attributed to mast cells and dendritic cells204. Neutrophils, although 
present in much lower numbers within an atherosclerotic lesion, are now regaining interest 
in respect to atherosclerosis development and progression. 
We used different markers to identify the neutrophils in human CEA specimens: CD66b, 
MPO and esterase. The analysis of consecutive sections stained for anti-CD66b, MPO and 
esterase showed that the CD66b-positive cells expressed MPO and esterase, demonstrating 
that the CD66b-positive cells in plaques are neutrophils (as previously reported205). 
The localization of neutrophils within the plaque proved to be heterogeneous; neutrophils 
were found infiltrated in the cap, in the shoulder and in areas towards the media (also 
known as the base of the plaque, figure 1). In these areas, neutrophils were mainly found 
around micro vessels (figure 1C, E); in the cap, neutrophils were also observed underneath 
the luminal endothelium (figure 1B, E). These may represent two distinct routes by which 
neutrophils infiltrate into the plaque. Rotzius et al206 recently showed in ApoE deficient 

Table 3. Association between neutrophil numbers and plaque characteristics, adjusted for potential 
confounders

Neutrophil Numbers (Low versus High)

OR [95%CI]

Characteristics

Lipid core size 1.9 [1.29 – 2.79] p = 0.001*

Macrophage influx 1.7 [1.23 – 2.53] p= 0.002*

Smooth muscle cell influx 0.7 [0.48 – 0.99] p = 0.047*

Collagen amount 1.0 [0.65 – 1.57] p = 0.002*

Gender 1.5 [0.92 – 2.62] p = 0.099*

Beta-blockers use 0.7 [0.46 – 1.19] p = 0.221*
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mice (by use of flow cytometry on the whole aorta and confocal microscopy on whole 
mounted plaque) how neutrophils infiltrate and abundantly accumulate in the shoulder 
regions of the plaque where they outnumber the amount of infiltrating monocytes. In 
addition, they observed that neutrophils were the main leukocyte subset which interacted 
with the lesion endothelium. Naruko et al207 in coronary arteries and Leclercq et al208 in 
carotid arteries, reported  the localization of neutrophils in the vicinity of intraplaque 
vessels. In our study, an association between high numbers of neutrophils and high vessel 
density per plaque was observed (figure 2E), providing further support for neutrophil 
infiltration through small vessels.  The presence of (neo)vessels, expressing adhesion 
molecules (ICAM, VCAM) within an atherosclerotic lesion may facilitate the influx of 
inflammatory cells, thus possibly contributing to plaque destabilization and rupture209. 
Leclercq et al210 observed in the shoulder regions of carotid plaques, areas positive for 
P-selectin (a neutrophil adhesion molecule required for their diapedesis) surrounded by 
neutrophils. Thus, the infiltration of neutrophils from intra plaque micro vessels, into 
atherosclerotic lesions could be an active phenomenon. However, since our study is purely 
observational, we cannot exclude the possibility that the observed neutrophils around 
plaque micro vessels and underneath the luminal endothelium might be an effect of CEA; 
it is known that the surgical procedure can induce diapedes of neutrophils. No correlation 
between the time interval in which the carotid artery was opened and plaque was removed 
(on average 34 ± 11min) and the number of neutrophils per plaque was found (Spearman’s 
correlation coefficient, R= -0.059, p = 0.350). 
In 36 percent of the plaques, neutrophils were observed in areas with intra plaque 
hemorrhage (figure 1E), this being a third possible route by which neutrophils come into 
the plaque. A histological analysis of human carotid endarterectomy (CEA) specimens 
suggested that intra plaque hemorrhage could convey neutrophils into the lesion211. 
Moreover, intra plaque hemorrhage along with angiogenesis, contribute to plaque 
destabilization and possible rupture212. 
High neutrophil numbers were found in plaques with features of rupture-prone lesions 
(bigger lipid core, heavy macrophage influx, and minor collagen and smooth muscle cells). 
The aforementioned histological characteristics of rupture-prone plaques originate from 
cross-sectional observations in coronary lesions; however, these characteristics  also apply 
for carotid plaques213. 
 Different studies reported the presence of neutrophils at sites of rupture of human 
atherosclerotic lesions (coronary, carotid and cerebral) and mouse studies suggest a role 
for neutrophils in plaque formation214. Previous human neutrophil studies were either based 
on autopsy specimens (coronary215, cerebral216) or atherectomy specimens217. In the coronary 
specimens obtained postmortem, neutrophils were detected in atherosclerotic lesions of 
patients who died of acute myocardial infarction and not in the lesions of patients who 
died from noncardiovascular disease218. A study in CEA specimens compared the culprit 
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zone with the adjacent plaque segments and reported the presence of neutrophils in the 
culprit lesion and an association between neutrophil infiltration and intraplaque 
hemorrhage219.
A positive association between the number of neutrophils and plaque levels of IL-8, MMP-
8 and MMP-9 was observed. IL-8 is a well known neutrophil chemo-attractant molecule 
and high IL-8 levels are found in rupture-prone plaques220. It is secreted by active 
macrophages, endothelial cells and T-cells221 and may contribute to neutrophil migration 
into the plaque. IL-8 is also known as a neutrophil stimulator, inducing the release of 
MMP-9 from neutrophil’s tertiary granules222. In addition, MMP-8 (also known as 
neutrophil collagenase) is highly expressed by neutrophils. This might explain the strong 
correlation between the high number of neutrophils and the high levels of IL-8, MMP-8 
and MMP-9 in plaques and might point to neutrophils as a source of MMP-8 and MMP-9 
in human plaques. IL-8 levels were significantly associated with MMP-8 and MMP-9 
levels (data not shown), suggesting that IL-8 might stimulate MMP-8 and MMP-9 
expression in those plaques and is in accordance with the finding that MMP-8 and MMP-
9 levels are elevated in rupture-prone plaques223. This study, however, can only measure 
at one point in time which limits firm conclusions on regulatory mechanism. Also, the 
source of these proteases in human plaques is heterogeneous; plaque’s vascular endothelial 
cells, smooth muscle cells and macrophages can produce and secrete MMP-9 and MMP-
8224. Therefore, neutrophils could only be counted as one of the cellular sources of matrix 
mettalloproteases in human plaques, next to macrophages and smooth muscle cells. 
We and others previously demonstrated that carotid plaques stabilize over time following 
stroke 225, 226; the levels of cytokines and the number of infiltrated macrophages decrease 
immediately after a stroke/TIA until CEA. Therefore, we assessed the relation between 
neutrophils and time between stroke/TIA and CEA; no significant association between the 
two was found (Spearman’s correlation, r = -0.029, p = 0.645, data not shown). 
It would be interesting to know whether the numbers of plaque infiltrated neutrophils 
correlate with the numbers of blood circulating neutrophils. In this study, in a subgroup 
of 25 patients, no correlation between the number of neutrophils in plaque and the number 
of circulating granulocytes was observed (Spearman’s correlation, r = 0.249, p = 0.230; 
supplement material, figure III). This might be due to the limited number of patients for 
which both plaque and blood were available. 
An association between gender and neutrophil numbers in plaques was observed (figure 
3A and Table 2). The plaques from females showed lower neutrophil counts compared to 
plaques from males. This is in accordance with earlier results from our group which shown, 
in a large cohort of patients undergoing carotid endarterectomy, that females have a more 
stable, less inflammatory plaque phenotype compared with males227. Gender differences 
in cardiovascular disease are since long a source of investigation; pre-menopausal women 
are protected against atherosclerosis and its complications, however post-menopausal their 
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risk of cardio-vascular complications increases by a factor of 2 or 3228. Women have smaller 
arteries and therefore might have smaller plaques. In the current study, the degree of carotid 
stenosis (partially representing the plaque size) did not differ between women and men 
(supplement material, table II).   
An association between the number of neutrophils per plaque and the use of β-blockers 
was observed. Plaques from patients with records of β-blockers use had significantly lower 
neutrophil numbers compared to plaques from patients without a history of β-blockers use 
(figure 3B and Table 2). The use of β-blockers showed no association with the different 
plaque characteristics (size of the lipid core, amount of collagen, macrophages and smooth 
muscle cells) or with the levels of IL-8, MMP-8 and MMP-9 (data not shown). Use of 
beta-blockers for longer than 1 year might induce a significant reduction in the number of 
infiltrating neutrophils, since an inverse association between the time of beta-blockers 
treatment and the number of plaque neutrophils was observed ( supplement material, figure 
IV). It has been described that β-blockers have accessory effects on neutrophils; several 
in vitro studies demonstrated a β-blocker-induced inhibition of neutrophil chemotaxis and 
release of cytoplasmic products229, 230. Our observation is in line with these previous findings 
suggesting that beta-blockers could reduce neutrophil influx and might therefore reduce 
progression to rupture-prone plaque lesion. New prospective clinical studies are, however, 
necessary to confirm this hypothesis. 
In summary, we show that within human carotid atherosclerotic plaques high number of 
neutrophils is associated with morphological characteristics and the inflammatory status 
of rupture-prone lesions. This points to neutrophils, known for their tissue destruction 
capabilities, as potential contributors to the destabilization and subsequent rupture of an 
atherosclerotic plaque. 
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Supplemental Material

Supplemental table. Baseline characteristics in relation to β-blockers treatment

β-blocker naïve β-blocker treatment P

(n = 183)          (n = 158)

Characteristics

Age, y 70.3 ± 0.8 72.5 ± 0.7 0.04

Gender, n (%)

Male 121 (69.9) 101 (65.5) 0.17

Female 52 (30.1) 53 (34.5)

Smoker, n (%) 39 (22.5) 44 (28.5) 0.58

Asymptomatic, n (%) 19 (10.9) 21 (13.6)

Symptomatic, n (%) 147 (84.9) 125 (81.1)

History

Hypertension, n (%) 113 (65.3) 116 (75.3) 0.84

DM, n (%) 37 (21.4) 37 (24) 1.0

Hypercholesterolemia, n (%) 116 (67) 103 (66.8) 0.88

Angina pectoris, n (%) 41 (23.6) 65 (42.2) 0.02

Myocardial infarction, n (%) 14 (8.09) 41 (26.6) 0.001

CABG, n (%) 16 (9.2) 26 (16.8) 0.12

Vascular intervention, n (%) 22 (12.7) 24 (15.5) 0.65

Carotid intervention, n (%) 43 (24.8) 34 (22) 0.81

Serum Cholesterol, mmol/L 4.2 ± 1.2 4.2 ± 1.1 0.80

HDL, mmol/L 1.1 ± 0.4 1 ± 0.4 0.99

LDL, mmol/L 2.5 ± 0.9v 2.4 ± 0.9 0.93

Triglycerides, mmol/l 1.3 ± 0.6 1.4 ± 0.7 0.70

Medication

Statins, n (%) 142 (82) 130 (84.4) 0.35

Aspirin, n (%) 33 (19) 43 (28) 0.12

ACE inhibitors, n (%) 41 (24) 60 (39) 0.38

Plaque histology

Small lipid core

(0 - 40% of plaque area), n (%) 117 (67.3) 115 (74.6) 0.89

Minor macrophage staining 61 (35.2) 67 (43.5) 0.59

Minor collagen staining 31 (17.9) 26 (16.8) 0.50

Minor smooth muscle cell staining 45 (31.2) 44 (28.5) 0.91
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Supplemental figure I. Sections of rupture-prone plaque (A-C) showing CD66b (A), esterase (B) and MPO (C) 
expression in neutrophils.

Supplemental figure II. Neutrophils and β-blocker therapy. (A) Number of Neutrophils per plaque in relation 
to different beta-blockers and (B) to the time of treatment (less or more than 1 year). Bars represent means ± 
SEM; below each bar, the number of patients per group is indicated; statistics Mann-Whitney test, significance 
at p < 0.05.
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Supplemental figure III. Number of neutrophils in plaque in relation to clinical presentation: asymptomatic 
(46) versus symptomatic (309), reported as minor or major events. TIA = transient ischemic attack; AF = 
amaurosis fugax; RI = retinal infarct. Kruskal-Wallis test, significance at p < 0.05.

Supplemental figure IV. Number of neutrophils in plaque in relation to the number of blood circulating 
granulocytes.
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Objective
Mrp-8/14 plaque levels are a marker of plaque vulnerability. It unknown whether Mrp-8/14 
(plaque and plasma) levels associate with symptomatic atherosclerosis and how the Mrp-
8/14 levels change in time after a cerebrovascular ischemic event. Here, we investigated 
the association between Mrp-8/14 plaque and plasma levels and the type and time after 
cerebrovascular ischemic event. 

Methods and Results
In 230 consecutive patients (183 symptomatic and 47 asymptomatic) undergoing carotid 
endarterectomy, Mrp-8/14 levels (plaque and plasma) and the percentage of Mrp-8 positive 
macrophages were determined. For each symptomatic patient, the time between the latest 
cerebrovascular ischemic event and carotid endarterectomy was recorded. Plaque Mrp-8/14 
levels showed an inverse association with the time interval between the latest ischemic 
cerebrovascular event and surgery (p = 0.049); plasma Mrp-8/14 levels and Mrp-8 and 
Mrp-14 (plaque and plasma) levels showed no correlation. The percentage of Mrp-
expressing non-foam macrophages showed a similar trend, albeit not significant. 

Conclusion
Mrp-8/14 plaque levels are high shortly after an ischemic cerebrovascular event, but 
decrease at later time points, supporting the concept that an atherosclerotic plaque stabilize 
after an event.
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Introduction

Most of ischemic strokes and transient ischemic attacks (TIAs) occur due to a reduction 
in the blood supply to the brain, after significant stenosis of a carotid artery. The degree 
of carotid stenosis is associated with the incidence of stroke in symptomatic patients231. A  
large percentage of stroke patients have a history of TIA232 while effective treatment of 
patients with TIAs diminishes the incidence of stroke in those patients233. 
Previous histological studies have shown that for most strokes and TIAs, the pathological 
substrate is an atherosclerotic plaque built within the vessel wall along the carotid artery; 
in addition, these plaques have a rupture-prone phenotype, with large lipid pools, intense 
macrophage infiltration and reduce collagen and smooth muscle cells numbers234. The 
rupture or erosion of an atherosclerotic plaque and subsequent thrombus formation may 
result in a downstream ischemic symptom. Sequential ruptures and/or erosions might 
happen during plaque natural evolution which may contribute to further plaque development.  
Histopathological studies have shown that immediately after a major event (e.g. stroke), 
a plaque reveals morphological and biological features of instability/vulnerability ; in time 
following the initial event, the plaque undergoes cellular and molecular changes leading 
to its stabilization235, 236.  
We previously reported that high levels of myeloid related protein (Mrp) -8, -14 and -8/14 
associate with the rupture-prone plaques, which make these proteins candidate markers 
and potential contributors to plaque destabilization237. Mrps are proteins expressed in the 
cytoplasm of monocytes, macrophages and neutrophils238, 239. Mrp-8 actively binds to Mrp-
14 and form the Mrp-8/14 complex that is translocated to cell membrane and/or secreted240. 
Only a subset of non-foam macrophages expresses Mrp in human plaques and this subset 
is more numerous in the rupture-prone lesions237.
In patients with coronary heart disease, the serum Mrp-8/14 levels associate with the ischemic 
event and either remain constant or change in time after the event: Katashima et al241 showed 
that in unstable angina patients, with vulnerable coronary plaques, the Mrp-8/14 levels 
remained unchanged for one week while in acute myocardial infarction (AMI)  patients, the 
levels reached a peak (50% increase) at 3-5 days after the onset of AMI and showed still a 
high level at 6-8 days after (all compared to day 1, considered the baseline value). 
Whether high plasma Mrp-8/14 levels also associate with cerebrovascular ischemic events 
and how the plasma Mrp-8/14 levels fluctuate in time after such an event, it is so far 
unknown. Considering all this, we hypothesized that the Mrp- levels (plaque and plasma) 
are higher in patients with symptomatic atherosclerosis than in those patients without 
complains and that in symptomatic patients Mrp-levels are high shortly after an acute 
cerebrovascular ischemic event (stroke, TIA) and decrease in time following the event, 
consistent with the already established plaque stabilization. For this, in a cohort of patients 
with carotid atherosclerotic disease undergoing carotid endarterectomy (CEA),  
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we investigated the association between Mrp-8/14 levels (plaque and plasma) with patients’ 
clinical presentation (asymptomatic or symptomatic) and with the time between event 
onset and CEA. We found that high Mrp-8/14 (plaque and plasma) levels associate with 
symptomatic atherosclerotic disease while only plaque levels change in time after the 
ischemic cardiovascular event until CEA. The fact that plaque Mrp-8/14 levels are high 
shortly after a cerebrovascular event and decrease at later time points supports the concept 
of plaque stabilization after an event. 
 

Methods

Study population and design 
Athero-Express is an ongoing longitudinal cohort study, initiated in 2002 by two Dutch 
hospitals: the University Medical Center Utrecht and the St. Antonius Hospital in 
Nieuwegein.  The study has been approved by the institutional boards of both hospitals 
and written informed consent was obtained from all participants. The study is designed to 
investigate the expression of atherosclerotic tissue derived biological markers in relation 
to plaque phenotype of patients undergoing CEA and relate these to recurrence of 
cardiovascular events during follow up, as described previously242. 
In this study a random set of 230 patients presenting with cerebral ischemia (i.e. transient 
ischemic attack or stroke) or free of clinical symptoms but with a carotid luminal stenosis 
greater than 75%, undergoing carotid endarterectomy were included. At baseline clinical 
parameters including cardiovascular risk factors and medication use were documented and 
recorded. Exclusion criteria for follow-up were: unwillingness or physical incapability to 
participate (e.g. severe dementia). 

Clinical presentations of atherosclerotic carotid disease, prior to 
CEA and the time scale
Patients included for CEA were asymptomatic (no clinical symptoms related to the carotid 
luminal stenosis > 75%, n = 47) and symptomatic (n = 183); with minor clinical 
presentations (i.e., transient ischemic attack, amaurosis fugax and retinal infarction; n = 
127) or major presentations (i.e., stroke; n = 56). The time between the onset of symptoms 
and CEA (in days) was recorded as previously described13. We reported an association 
between the time of symptoms onset until CEA and cellular and molecular changes in 
plaques. In short, we showed that symptomatic plaques are associated with a rupture-prone 
phenotype and remodel into more stable plaques over time following stroke; therefore 
these temporal plaque phenotypic changes should be taken into account when analyzing 
plaque Mrp-8/14 as a biomarker.
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Symptomatic patients were categorized into 4 different groups according to the time elapsed 
from the latest cerebrovascular ischemic event until the carotid endarterectomy: 0-30 days, 
31 - 90 days, 91-180 days and >180 days, as described earlier243. 

Plaque processing
All 230 carotid plaques used in this study, were carefully dissected from the carotid arteries 
and immediately transferred to the laboratory for further processing as described 
previously199. In short, in the laboratory the atherosclerotic fragments were dissected into 
0.5 cm-thick cross-sectional segments along the longitudinal axis of the vessel. The plaque 
segment showing the largest plaque burden was called the culprit lesion and was used for 
histological analysis to determine plaque morphology. The definitions of each staining 
category (H&E, Elastin von Gieson, picrosirius red, alpha-actin and CD68) have been 
described previously.  The adjacent segments were used for protein isolation. 

Immunohistochemistry for Mrp-8
Plaque (n = 170) sections were pretreated with EDTA and stained with mouse anti-human 
Mrp-8 (mouse IgG2b, dilution 1:750; Santa-Cruz Biotechnologies, Santa-Cruz, CA) 
monoclonal antibody. Powervision poly HRP-anti-mouse IgG (Immunologic, Duiven, the 
Netherlands) was used as secondary antibody. Mouse IgG of the same isotype and same 
subclass as the primary antibody was used as negative control. The signal was visualized 
using diaminobenzidine. Sections were counterstained with hematoxylin.
The CD68 staining and the Mrp-8 staining were quantified using image-analyzing software 
(Soft Imaging Systems, Münster, Germany). Expression of Mrp-8 was detected in non-
foam CD68-positive macrophages. We therefore decided to select only the non-foam 
CD68-positive macrophage areas for quantitative analysis. Areas rich in macrophage foam 
cells were excluded from the analysis. CD68 positive macrophage foam cells were 
identified by their classical morphology (increased cell size, lipid droplets in the cytoplasm 
and nucleus pushed to the membrane side of the cytoplasm). 

Immunoassays of Mrp-8, -14 and -8/14
Levels of Mrp-8/14 heterodimers were measured with a commercial ELISA (Bühlmann 
Laboratories AG, Schönenbuch, Switzerland). For each patient, 50 µg of plaque Tris- 
protein and 5µl heparin plasma were used. The detection limits for plaque and plasma 
Mrp-8/14 were 10µg/g and 4ng/ml, respectively. The average inter-assay variability was 
2.5%. The ELISA kit is specific for the Mrp-8/14 heterodimers and the cross-reactivity 
with Mrp-8 and -14 homodimers is minimal (according to the manufacturer).
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Data analysis
Statistics were performed with SPSS 17.0
Correlations between the Mrp levels and patient clinical data were assessed using 
Spearman’s correlation test and the difference between two groups was determined using 
Mann-Whitney test. Probability values <0.05 were considered significant.

Results

Baseline characteristics
The baseline characteristics of the study population are mentioned in table 1. From the 
cohort of 230 patients, 183 were symptomatic with the majority of patients presenting with 
TIA (n = 79, 43%) or stroke (n = 46, 25%). 
Mrp levels and the type of cerebrovascular event prior and leading to CEA  Plasma Mrp-
8/14 levels were higher in patients who suffered a major event compared to asymptomatic 
patients (p = 0.001, figure 1A) and minor events (p = 0.002, figure 1A). The same trend, 
although not significant, was observed in patients with minor events compared to 
asymptomatic ones (figure 1). 

Figure 1. Mrp-8/14 plasma (A) and plaque (B) levels in relation to baseline manifestations of atherosclerotic 
carotid disease (asymptomatic, minor or major events) prior to carotid endarterectomy. Lines represent medians; 
on the X-axis, below each group, the number of patients is mentioned. Statistics Mann-Whitney; significance at 
p < 0.05.
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Plaque Mrp-8/14 levels were higher in patients with clinical manifestations of carotid 
disease compared to asymptomatic ones (figure 1B); minor events compared to 
asymptomatic (p = 0.006) and major events compared to asymptomatic (p = 0.021). No 
significant difference was observed between Mrp-8/14 plaque levels in patients with minor 
compared to major events (p = 0.776, figure 1B). 

Mrp -8/14 plaque and plasma levels and the time between latest 
symptom onset and CEA
Time between latest symptom (i.e. stroke, TIA) onset and CEA showed a weak inverse 
correlation with plaque Mrp-8/14 levels (Spearman’s correlation coefficient, r = -0.16, p 
= 0.045). Figure 2 shows the relation between Mrp-8/14 plaque levels and the time elapsed 
from latest symptom onset until CEA. The levels of Mrp-8/14 in plaques collected within 
90-180 days after an event were lower compared to the levels measured in plaques collected 
within the first 30 days  (median [IQR]; 0.69 [0.33-2.44] vs 2.68 [1.07-5.09], respectively; 
p = 0.001) or within 30-90 days (median [IQR]; 0.69 [0.33-2.44] vs 1.4 [0.64-4.76], 
respectively; p = 0.018). In plaques obtained from patients operated later than 180days 
after an event, the levels of Mrp-8/14 were higher than in plaques from 90-180 days 
(median [IQR]; 1.52 [0.92-4.61] vs 0.69 [0.33-2.44], respectively; p = 0.008). 

Table 1. Baseline characteristics in relation to the time between symptom onset and carotid 
endarterectomy

Symptomatic  Asymptomatic

0-30          31-90         91-180        >180                 P-value

N 28 55 55 25 47

Clinical presentation

TIA, % (n) 54% (15) 46% (25) 49% (27) 48% (12) -

Stroke, % (n) 18% (5) 29% (16) 33% (18) 28% (7) -

Age, years mean (sd) 74 (8.8) 72 (8.3) 73 (9.6) 74 (8.4) 0.780 72 (8.2)

Male gender, % (n) 86% (24) 58% (32) 67% (37) 84% (21) 0.024 57% (27)

Hypertension, % (n) 64% (18) 75% (41) 66% (36) 68% (17) 0.707 77% (36)

Diabetes, % (n) 18% (5) 26% (14) 16% (9) 4% (1) 0.139 17% (8)

Current Smoker, % (n) 25% (7) 29% (16) 26% (14) 12% (3) 0.419 28% (13)

Hypercholesterolemia, % (n) 54% (15) 53% (29) 51% (28) 56% (14) 0.980 64% (30)

History:vascular intervention 14% (4) 15% (8) 6% (3) 12% (3) 0.322 36% (17)

Statin use, % (n) 64% (18) 69% (38) 64% (35) 64% (16) 0.887 72% (34)

Aspirin use, % (n) 29% (8) 31% (17) 42% (23) 60% (15) 0.136 49% (23)

Oral anticoagulants, % (n) 14% (4) 15% (8) 15% (8) 16% (4) 0.918 11% (5)

TIA = transient ischemic attack
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Figure 2. Time (in days) between latest symptom (stroke or transient ischemic attack) onset until carotid 
endarterectomy (CEA) and asymptomatic patients group in relation to Mrp-8/14 plaque levels. Lines represent 
medians; statistics Mann-Whitney test, significance at * p < 0.05.  

Figure 3. Time (in days)  between TIA onset until CEA in relation to Mrp-8/14 plaque levels. Lines represent 
medians; statistics Mann-Whitney test; significance at * p < 0.05. 
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A similar trend was observed in subgroup analysis; time between TIA onset and CEA 
showed a weak inverse correlation with Mrp-8/14 plaque levels (Spearman’s correlation 
coefficient, r = -0.22; p = 0.049) while patients who suffered from a stroke showed a similar 
trend, albeit not significant (Spearman’s correlation coefficient, r = -0.09, p = 0.532). 
Consistent with the aforementioned trends, the levels of Mrp-8/14 in plaques collected 
within 90-180 days after a TIA were lower compared to the levels measured in plaques 
collected within the first 30 days (median [IQR]; 0.65 [0.30-1.40] vs 2.96 [1.16-5.02], 
respectively; p = 0.003) or after 180 days (median [IQR]; 0.65 [0.30-1.40] vs 2.19 [0.82-
4.95], respectively; p = 0.041; figure 3). 
Plasma Mrp-8/14 showed no correlation with the time between stroke or TIA and CEA 
(Spearman’s correlation coefficient, r = -0.018, p = 0.824; data not shown).
 
Mrp-8 and Mrp-14 plaque and plasma levels and the time between 
latest symptom onset and CEA
The time between latest symptom (stroke, TIA) onset and CEA showed no correlation with 
Mrp-8 levels (plaque: Spearman’s correlation coefficient, r = -0.11, p = 0.236; plasma: 
Spearman’s correlation coefficient, r = 0.03; p = 0.761), Mrp-14 levels (plaque: Spearman’s 
correlation coefficient, r = 0.13, p = 0.174; plasma: Spearman’s correlation coefficient, r 
=0.03; p = 0.747; figure 4). 
 
Mrp-expressing macrophages and the time between latest symptom 
onset and CEA
We previously shown that Mrp-8 and Mrp-14 (co-localized in plaques) are expressed by 
subset of plaque non-foam macrophages which associates with rupture-prone lesions237. 
Here, we addressed the association between the subset of Mrp-8 expressing plaque 
macrophages (shown as percentage) and the time between symptom onset and CEA. In a 
subgroup of 170 plaques, a trend towards more Mrp-positive macrophages soon after the 
event (within 30days) and less afterwards (between 30 and 180 days) was observed, albeit 
not significant (Kruskal-Wallis test, p = 0.78; figure 5). 
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Figure 4. Time (in days) from latest symptom (stroke or transient ischemic attack) onset until CEA and 
asymptomatic patients group in relation to Mrp-8 levels (A plaque; B plasma) and Mrp-14 levels (C plaque; D 
plasma). Lines represent medians. 
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Discussion

Atherosclerotic plaques are commonly built within the vessel wall of large arteries and the 
natural course of an atherosclerotic lesion it is, so far unknown. Carotid plaques are often 
discovered during medical routine screenings of the carotid arteries in high-risk profile 
patients or when a patient presents to the physician with complains of cerebral ischemia 
(i.e. TIA, stroke). In the common practice, atherosclerotic plaques which provoke carotid 
stenosis larger than 70%, asymptomatic or symptomatic, are surgically removed. The 
severity of the cerebral ischemia determines the rapidity of the intervention. Nowadays, 
stroke patients are scheduled for carotid endarterectomy much sooner than TIA or 
asymptomatic patients. In the Athero-Express study (ongoing since 2002), patients who 
underwent a CEA are included. We and others have shown, in patients undergoing CEA, 
that soon after a cerebro-vascular event, plaques stabilize at molecular and histological 
levels:  following stroke, plaques demonstrated significant decrease of macrophage content 
after 180days; at protein level, interleukin (IL)-6, IL-8 levels and caspase 3-7 activity 
strongly decreased within 90 days235, 236. 
In rupture-prone carotid plaques, the levels of Mrp-8, Mrp-14 and Mrp-8/14 are higher 
than in stable plaques237, therefore Mrp-8/14 could be considered a marker of plaque 
destabilization and rupture. 

Figure 5. Percentage Mrp-8 positive plaque non-foam macrophages in relation to time (in days) between latest 
symptom onset until CEA. Lines represent medians.
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In the current study, we showed that the both plaque and plasma Mrp-8/14 levels are higher 
in patients who suffered a recent stroke or TIA than in asymptomatic patients. Adding this 
observation to the previous evidence that symptomatic patients often have plaques with 
an unstable/rupture-prone phenotype while the asymptomatic ones have more stable 
lesions244, we suggest that Mrp-8/14 could be involved in the plaque destabilization 
preceding or leading to rupture. 
Consistent with this idea, we hypothesized that Mrp-8/14 levels (plaque and plasma) are 
high soon after the acute cerebrovascular ischemic event and decrease afterwards during 
plaque stabilization post event. For this, we investigated to which extent the Mrp-8/14 
levels (plaque and plasma) fluctuate in time after a stroke or TIA until CEA. Interestingly, 
we showed here that Mrp-8/14 plaque levels are high within the first 30 days after an event 
and decrease afterwards, being significantly lower at 180 days; from 180 days onwards, 
plaque Mrp-8/14 levels appear to increase again, being significantly higher than in the 
90-180 days interval (figure 2). This effect was mainly observed in patients who suffered 
a TIA (only a trend for stroke patients).  This is relevant, in the context of clinical recurrent 
pattern of cardiovascular events (increased incidence of stroke and recurrent TIAs) from 
90 days onwards following a TIA245. It also underlines the idea of atherosclerosis as a 
process with repetitive cellular and molecular changes resulting in sequential ruptures and/
or erosions with thrombus formation; further, it strengthens the association of Mrp-plaque 
levels with the high-risk, rupture prone plaque demonstrated elsewhere237.
Although high Mrp-8/14 plasma levels associate with symptomatic atherosclerosis (stroke 
and TIA), after the cerebrovascular event the levels did not changed in time (0 to 180 days) 
until CEA. In coronary disease patients, after an AMI, the serum Mrp-8/14 levels reached a 
peak (50% increase) at 3-5 days after the onset of AMI and showed still a high level at 6-8 
days after (all compared to day 1, considered the baseline value)246.  No study to our knowledge 
documented the time interval in which Mrp-8/14 levels are detectable in plasma or serum of 
patients with cardiovascular disease. Here, we bring proof that Mrp-8/14 levels are circulating 
unchanged in plasma of patients with cerebrovascular ischemia for at least 180 days. 
Mrp-8 and Mrp-14 are expressed by subset of non-foam macrophages within human carotid 
plaques. The proportion of plaques showing high macrophage intensity (moderate/heavy 
staining) is high within 30 days after an acute ischemic event, decreases over time until 
180 days but increases after more than 180 days (in TIA patients)235. In the current study, 
we showed a similar trend for the subset of plaque macrophages expressing Mrps; the 
incidence of plaques containing high percentage of Mrp-8 expressing macrophages was 
higher in plaques excised within the first 30 days after an event and showed a tendency of 
decreasing with time. This observation might imply that the macrophages expressing Mrp 
are involved in the processes leading to plaque disruption. The fate of these cells during 
the changes that occur in a plaque after rupture remains unknown. The levels of cytokines 
and matrix degrading proteases also fluctuate in time after an event: following stroke, IL-6 
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and IL-8 levels strongly decrease within 90 to 180 days. IL-6 and other cytokine levels 
(IL-2,-4,-5,-8,-10,-12p70, IFN-gamma and TNF-alpha) decrease initially but increase at 
later time points (>180 days); the same trend was seen for the matrix degrading 
proteases235. 
In summary, we conclude that plaque Mrp -8/14 levels and not plasma levels decrease 
over time after a cerebral event until 180 days after the event. After 180 days levels increase 
suggesting that after stabilization features of plaque vulnerability reappear.  
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Objective
Myeloid-related protein (Mrp) 8/14 complex is the functional relevant form of Mrp-8 and 
Mrp-14. Mrp-8/14 complex is actively formed in the cytoplasm of circulating neutrophils 
and monocytes and then secreted. Plasma Mrp-8/14 complex is emerging as a new 
biomarker that may discriminate between patients with an acute coronary syndrome and 
those with stable coronary heart disease. Little is known about the predictive value of Mrp 
- 8/14 plaque and plasma levels for cardiovascular events after atherectomy.

Methods and Results
Plasma and plaque Mrp-8/14 levels were determined by ELISA in 230 consecutive patients 
(mean age 73), who underwent carotid endarterectomy. Patients were followed for three 
years for recurrent cardiovascular events (vascular death, nonfatal vascular event and 
peripheral intervention). During follow-up, 62 patients experienced an event. Baseline 
Mrp-8/14 levels were higher in patients who experienced an event than in event-free 
patients (plasma 0.78±0.63 versus 0.57±0.67 mg/L, p = 0.030 and plaque 0.54±1.23 versus 
0.08±1.51mg/kg, p = 0.027). In a Cox model, a 1 unit increase in log Mrp-8/14 was 
associated with an increased risk of recurrent events (plasma, HR 1.51, 95% CI [1.02 – 
2.23], p = 0.040 and plaque, HR 1.23, 95% CI [1.04 – 1.46], p = 0.018). After multivariate 
adjustment for risk factors (both plasma and plaque Mrp-8/14) and plaque characteristics 
(only plaque Mrp-8/14), the HR remained the same for both plasma (HR 1.50, 95%CI 
[1.01 – 2.30], p = 0.046) and plaque (HR 1.20, 95%CI [1.01 – 1.44], p = 0.042).

Conclusion
High Mrp-8/14 plasma and plaque levels are related to an increased risk of adverse 
cardiovascular events following a carotid endarterectomy, independent of traditional 
cardiovascular risk factors. 
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Introduction

Disruption and thrombosis of an atherosclerotic plaque may lead to severe clinical 
presentations such as acute ischemic attacks in the heart and brain, with morbidity and 
mortality for the patient. Inflammation is pivotal for the development and destabilization 
of an atherosclerotic plaque; therefore a large number of inflammatory proteins have 
been investigated in prospective studies and they have been found to relate to 
cardiovascular events260. 
Myeloid - related protein (Mrp) 8 and 14 are inflammation-associated proteins, expressed 
by inflammatory cells like neutrophils, monocytes239 and macrophages261. Upon cell 
activation, Mrp-8 and Mrp-14 form the Mrp-8/14 complex, which is transferred to the cell 
membrane and/or secreted262. The Mrp-8/14 complex is considered the functional relevant 
form of Mrp-8 and Mrp-14, being a cytokine and chemokine-like protein263. Mrp-8/14 is 
expressed in both mouse264 and human atherosclerotic plaques237. Mice lacking the Mrp-
8/14 have reduced atherosclerotic lesion area and macrophage accumulation within the 
lesions264, supporting a role for Mrp in plaque formation and development. In human carotid 
endarterectomy (CEA) specimens, we previously described an association between high 
Mrp-8, -14 and -8/14 levels and the features of the rupture-prone lesions237, suggesting a 
role for high levels of Mrp - proteins in plaque destabilization and disruption. 
In human plasma, Mrp-8/14 levels were shown to be useful markers for monitoring disease 
activity in inflammatory diseases, like rheumatoid arthritis and Crohn disease265. In addition, 
plasma as well as local (thrombi) Mrp-8/14 levels are elevated in patients with an acute 
coronary syndrome (ACS) compared to patients with stable coronary artery disease (CAD) 
or patients with normal coronary arteries30. Moreover, levels of systemic Mrp-8/14 appear 
to increase prior to markers of myocardial necrosis (myoglobin, creatine kinase – MB and 
troponin) and high levels are associated with increased risk of recurrent cardiovascular 
events31. Plasma Mrp-8/14 levels were higher in patients with ST-segment-elevation MI 
compared to patients with stable CAD32 and the risk of the first cardiovascular event 
increased with each quartile of plasma Mrp-8/14. 
Taken together, these studies demonstrate that high Mrp-8/14 plasma levels are related to 
an increased risk of cardiovascular events in healthy (primary event) and coronary diseased 
patients (secondary event). Mrp-8/14 is expressed in human carotid plaques and high levels 
are associated with rupture-prone lesions; this might point to Mp-8/14 as a marker for 
plaque vulnerability. No study so far has evaluated the association of high Mrp-8/14 plaque 
levels and the occurrence of recurrent cardiovascular events after atherectomy. 
To investigate this, we measured Mrp-8/14 levels locally (carotid plaque) and systemically 
(plasma) in patients undergoing CEA and studied the association with the occurrence of 
recurrent cardiovascular events during three years of follow-up. 
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Methods

Study population and design 
Athero-Express is an ongoing longitudinal cohort study, initiated in 2002 by two Dutch 
hospitals: the University Medical Center Utrecht and the St. Antonius Hospital in 
Nieuwegein.  The study has been approved by the institutional boards of both hospitals 
and written informed consent was obtained from all participants. The study is designed to 
investigate, in patients undergoing CEA, the expression of atherosclerotic tissue derived 
biological markers in relation to plaque phenotype and the recurrence of cardiovascular 
events during follow up, as described previously242. 
In this study a set of 230 consecutive patients undergoing CEA between April 1, 2002 and 
March 1, 2006 were included. At baseline clinical parameters including cardiovascular 
risk factors and medication use were documented and recorded. Exclusion criteria for 
follow-up were: unwillingness or physical incapability to participate (e.g. severe 
dementia). 

Clinical presentations of atherosclerotic carotid disease, prior to 
CEA. 
Patients included for CEA were asymptomatic (no clinical symptoms related to the carotid 
luminal stenosis > 75%, n = 47) and symptomatic (n = 183); with minor clinical 
presentations (i.e., transient ischemic attack, amaurosis fugax and retinal infarction; n = 
127) or major presentations (i.e., stroke; n = 56). The time between the onset of symptoms 
and CEA (in days) was recorded as previously described235. We reported an association 
between the time of symptoms onset until CEA and cellular and molecular changes in 
plaques235. In short, we showed that symptomatic plaques are associated with a rupture-
prone phenotype and remodel into more stable plaques over time following stroke; therefore 
these temporal plaque phenotypic changes should be taken into account when analyzing 
plaque Mrp-8/14 as a biomarker. 

Follow-up
Patients underwent clinical follow-up 1 year after CEA and completed postal questionnaires 
1, 2 and 3 years after the surgery. Adjudication of the outcome events was done by a 
committee, consisting of three surgeons, who were blinded to laboratory results. All 
endpoints were independently assessed by two members of the committee. 

Clinical Outcome
The primary outcome was defined as a composite of events including: any death of vascular 
origin (fatal stroke, fatal myocardial infarction, sudden death, and other vascular death), 
non-fatal stroke, non-fatal myocardial infarction, and any arterial vascular intervention 
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that had not already been planned at the time of inclusion (i.e. carotid surgery or angioplasty, 
coronary artery bypass, percutaneous coronary artery intervention, peripheral vascular 
surgery or angioplasty). In addition, we defined three subgroups regarding the clinical 
outcome in different vascular territories: coronary, stroke and peripheral; and a composite 
group of major outcomes. Coronary outcomes include myocardial infarction (fatal and 
non-fatal), coronary artery bypass, coronary artery intervention and sudden death. Stroke 
outcomes include non-fatal and fatal stroke. Peripheral outcomes include leg amputation 
and peripheral arterial intervention that had not been planned at the time of inclusion. 
Major outcomes include myocardial infarction (fatal and non-fatal), stroke (fatal and non-
fatal), coronary artery bypass, coronary artery intervention and sudden death.

Carotid endarterectomy specimens and blood collection
All carotid plaques were dissected from the carotid arteries during surgery and immediately 
transferred to the laboratory for further processing as described previously242. In short, in 
the laboratory the atherosclerotic fragments were dissected, by a dedicated technician, into 
0.5 cm-thick cross-sectional segments along the longitudinal axis of the vessel. The plaque 
segment showing the largest plaque burden was called the culprit lesion and was used for 
histological analysis to determine plaque morphology; adjacent segments were used for 
protein isolation. Plaques were categorized as no/minor staining or moderate/heavy staining 
for the following stains: Hematoxylin and Eosin (HE), Pico Sirius Red (PSR, for total 
collagen), anti-CD68 immunostain (for macrophages) and anti alpha-1 actin immunostain 
(SMA-1, for vascular smooth muscle cells). Using the HE and PSR stains, the size of the 
lipid core was estimated as percentage of total plaque area and divided in to three categories: 
<10%, 10-40% and >40%. Overall plaque phenotype is based on the size of the lipid core, 
the amount of collagen and the extent of macrophage and smooth muscle cell (SMC) 
infiltration. Plaques with a lipid core size greater than 40% of the plaque area, with high 
macrophage infiltration, low collagen levels, and low SMC infiltration were identified as 
rupture-prone plaques. Intra plaque hemorrhage was scored using HE, fibrin (Mallory’s 
phosphotungstic acid-hematoxilin) and anti smooth muscle actin; immunostains are 
reported in this study as absent (no) or present (yes). Blood is withdrawn prior to surgical 
incision for CEA and plasma is stored at -800 C until further use. 

Immunoassays for Mrp-8/14
Levels of Mrp-8/14 heterodimers were measured with a commercial ELISA (Bühlmann 
Laboratories AG, Schönenbuch, Switzerland). For each patient, 50 µg of plaque Tris- 
protein and 5µl heparin plasma were used. The detection limits for plaque and plasma 
Mrp-8/14 were 10µg/g and 4ng/ml, respectively. The average inter-assay variability was 
2.5%. The ELISA kit is specific for the Mrp-8/14 heterodimers and the cross-reactivity 
with Mrp-8 and -14 homodimers is minimal (according to the manufacturer). 
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Data analysis
Medians with inter quartile ranges (IQRs), means with standard deviations (SDs) or 
proportions for baseline clinical characteristics were computed for patients with and 
without secondary cardiovascular events during three years of follow-up. The distributions 
of plasma and plaque Mrp-8/14, low density lipoprotein (LDL), triglycerides (TG) and 
high sensitivity C reactive protein (CRP) were skewed therefore they were log 
transformed. The differences between two variables were tested by the t-test (continuous 
versus continuous/categorical) or by chi-square (categorical versus categorical). The 
correlation between two variables was assessed by Spearman’s or Pearson’s correlation 
test. Cox proportional hazard models were used to assess the independent relation with 
recurrent CV events for a 1 unit increase of log transformed Mrp-8/14 (plasma or plaque) 
data. Results are presented as hazard ratios (HRs) with their 95% confidence intervals 
(CIs). First, crude hazard ratios were calculated (Cox-regression, Enter method). Next, 
results were adjusted for age (continuous), male gender (yes/no), smoking status (yes/
no), hypertension (yes/no), hypercholesterolemia (yes/no), diabetes mellitus (yes/no), 
history of coronary interventions, peripheral interventions, stroke or MI (yes/no), the 
use of statins prior to operation (yes/no). Results for plasma Mrp-8/14 were further 
adjusted for serum CRP (continuous). Results for plaque Mrp-8/14 were further adjusted 
for plaque characteristics (i.e., large lipid core (yes/no), high macrophage infiltration 
(yes/no), low collagen (yes/no), low SMC infiltration (yes/no), intra plaque hemorrhage 
(yes/no)) and for time between symptom onset and CEA (continuous). A backward 
method leaving variables with a p-value > 0.1 step-wise out was used. Statistically 
significant associations with clinical outcome were defined as a 95% confidence interval 
(CI) not including 1 or a p-value < 0.05. For statistical analyses SPSS 15.0 was used 
(SPSS Inc., Chicago, Illinois). 

Results

Baseline characteristics 
The current study is based on a cohort of 230 patients suffering from carotid atherosclerotic 
disease. The cohort was 68% male, with an average age of 73 years, a mean BMI of 26.3 
(± 3.9), 70% were hypertensive, 54% had hypercholesterolemia and 19% had diabetes 
mellitus. Baseline characteristics are provided in Table 1. 20% of the patients reported a 
previous manifestation of atherosclerotic disease (i.e. previous stroke, myocardial infarction, 
coronary or peripheral intervention). At the time of inclusion for CEA, 80% of the patients 
were symptomatic with minor clinical presentations (i.e., transient ischemic attack, 
amaurosis fugax and retinal infarction; n = 127) or major presentations (i.e., stroke; n = 
56); 47 patients were asymptomatic. Prior to CEA, 67% were on statin therapy, while a 
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Table 1. Characteristics of the study population, by cardiovascular event status during follow-up

All patients Non-Event Event

Variable (n = 230) (n = 168) (n = 62) p-value

Age, mean/sd, years 73/8.6 72.1/8.3 74.7/9.3  0.039*

Males, % (n) 68% (157) 65% (109) 77% (48)  0.047*

Current smoker, % (n) 26% (60) 25% (42) 29% (18) 0.412

BMI, mean/sd 26.3/3.9 26.4/4.2 26.3/3.3 0.902

Hypertension, % (n) 70% (160) 69% (115) 73% (45) 0.546

Hypercholesterolemia, % (n) 54% (125) 53% (88) 60% (37) 0.532

Diabetes, % (n) 19% (43) 19% (32) 18% (11) 0.822

History: Coronary intervention, % (n) 22% (51) 17% (29) 35% (22) 0.003*

History: Peripheral intervention, % (n) 20% (46) 18% (31) 24% (15) 0.217

History: Stroke, % (n) 30% (70) 31% (52) 29% (18) 0.476

History: MI, % (n) 21% (49) 18% (31) 29% (18) 0.190

Plaque Mrp-8/14†, mean/sd 0.21/1.47 0.08/1.51 0.54/1.23 0.027*

Plasma Mrp-8/14†, mean/sd 0.63/0.66 0.57/0.67 0.78/0.63  0.030*

TG†, mean/sd 0.44/0.49 0.45/0.50 0.44/0.49 0.927

LDL†, mean/sd 0.98/0.34 1.00/0.32 0.93/0.38 0.247

HDL, mean/sd 1.16/0.37 1.19/0.39 1.05/0.32 0.005*  

CRP†, mean/sd 1.20/1.22 1.16/1.19 1.34/1.31 0.354

Symptomatic carotid stenosis, % (n) 80% (183) 80% (135) 77% (48) 0.353

Time between event onset and CEA,  
days, median (IQR)

90 (43.5-146) 92 (48-146.5) 69 (19-136.5) 0.095

Statines, % (n) 67 % (154) 64% (107) 76% (47) 0.201

Aspirin, % (n) 43% (98) 41% (69) 47% (29) 0.631

Oral Anticoagulants, % (n) 15% (34) 12% (20) 23% (14) 0.111

Plaque characteristics

Large lipid core, % (n) ( >40% of plaque area) 27% (63) 26% (44) 31% (19) 0.509

High macrophage infiltration, % (n) 46% (105) 44% (74) 50% (31) 0.455

Low collagen amount, % (n) 17% (40) 16% (26) 23% (14) 0.237

Low SMCs infiltration, % (n) 24% (56) 24% (40) 26% (16) 0.730

Intraplaque hemorrhage, % (n) 77% (178) 77% (130) 77% (48) 0.628

BMI indicates body mass index; MI indicates myocardial infarction; TG indicates triglycerides; LDL indicates 
low density lipoprotein in mmol/l ; HDL indicates high density lipoprotein in mmol/l ; CRP indicates C reactive 
protein in mg/L; IQR indicates interquartile range; SMCs indicates smooth muscle cells; * p< 0.05; † Log 
transformed.
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smaller percentage was using aspirin (43%) or oral anticoagulants (15%; Table 1).
During three years of follow-up (mean follow-up 2.46 years, range 0.01 to 3.00), 62 
patients reached a primary outcome; 14 patients had a non- or a fatal stroke; 11 patients 
had non- or fatal MI; 26 patients had a peripheral intervention and 21 patients died of 
cardiovascular disease.  Patients who developed a recurrent event during follow-up were 
significantly older, were more frequently men, had lower HDL levels and had more 
coronary interventions (percutaneous coronary intervention or surgery) in the past (table 
1). Mrp-8/14 (plasma and plaque) levels were considerably higher in patients with recurrent 
events than in those without (table 1). Serum CRP levels were correlated with plasma 
Mrp-8/14 levels (Pearson’s correlation coefficient, r = 0.50, p <0.001); no correlation with 
plaque Mrp-8/14 levels was observed (r = 0.088; p = 0.189). Time between symptom onset 
and CEA showed a weak inverse correlation with plaque Mrp-8/14 levels (Spearman’s 
correlation coefficient, r = -0.16, p = 0.045); no correlation with plasma Mrp-8/14 was 
observed (r = -0.018; p = 0.824). No correlation between plasma and plaque Mrp-8/14 
levels was observed (Spearman’s correlation coefficient r = 0.121, p = 0.068). High plaque 
Mrp-8/14 levels were correlated with the size of the lipid core (r = 0.235; p < 0.001), 
collagen amount (r = - 0.209; p = 0.001), SMC infiltration (r = -0.235; p < 0.001) and 
presence of intra plaque hemorrhage (r = 0.242; p = 0.001). 

Mrp-8/14 levels and the risk of recurrent cardiovascular events
We determined whether Mrp-8/14 levels (plasma and plaque) differed between patients 
who developed a recurrent cardiovascular event during the three years following their CEA 
and patients who remained free of events. 

Table 2. Hazard ratio (HR) for any CV-events (combined outcome) by 1- unit increase in log Mrp-8/14 
plasma or plaque:

Model HR  [95 % CI] P - value

Plasma Mrp-8/14

Unadjusted 1.51 [1.02 – 2.23] 0.040

Multivariable adjustment * 1.50 [1.01 – 2.30] 0.046

Multivariable and CRP adjustment 1.57 [1.05 – 2.36] 0.030

Plaque Mrp-8/14

Unadjusted 1.23 [1.04 – 1.46] 0.018

Multivariable adjustment *# 1.20 [1.01 – 1.44] 0.042

Multivariable and Time between symptom and CEA 1.26 [1.01 – 1.57] 0.038

*Multivariable adjustment for age, male gender, smoking status, hypertension, hypercholesterolemia, diabetes 
mellitus, history of coronary or peripheral intervention, history of stroke or myocardial infarction, use of statins, 
plaque characteristics and intraplaque hemorrhage. # Further adjustment for plaque’s lipid core size, collagen 
amount, macrophage and SMCs infiltration and intra plaque hemorrhage.
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In a model containing only plasma Mrp-8/14, a 1 unit increase in log Mrp-8/14 was 
associated with a 51% increase in risk of any recurrent cardiovascular event (HR 1.51, 
95% CI [1.02 – 2.23], p = 0.040).  Multivariate adjustments for traditional risk factors, did 
not attenuate the relationship (HR 1.50, 95%CI [1.01 – 2.30], p = 0.046). Addition of serum 
CRP to the multivariable model lead to similar findings (HR 1.57, 95% CI [1.05 – 2.36], 
p = 0.030, table 2).
Similar analysis was done for plaque Mrp-8/14: a model containing only plaque Mrp-8/14 
showed that a 1 unit increase in log Mrp-8/14 was associated with a 23% increase in risk 
of any recurrent cardiovascular event (HR 1.23, 95% CI [1.04 – 1.46], p = 0.018). 
Adjustments for traditional risk factors and plaque characteristics did not change the risk 
(HR 1.20, 95%CI [1.01 – 1.44], p = 0.042). Further, addition of time between symptom 
onset and CEA to the multivariate model did not materially affect the relation (HR 1.26, 
95% CI [1.01 – 1.57], p = 0.038, table 2). 

Discussion

In the present cohort of patients with severe carotid atherosclerotic disease undergoing 
CEA, we investigated the risk of recurrent cardiovascular events associated with Mrp-8/14 
plasma and plaque levels. Both plasma and plaque Mrp-8/14 were elevated in patients who 
developed a recurrent cardiovascular event compared to those who remained free of events. 
Both markers were strongly and independently related to an increased risk of recurrent 
cardiovascular events even after adjustment for traditional risk factors, history of previous 
events or interventions, medication and plaque characteristics. 
The finding that Mrp-8/14 levels measured in plaque relate to an increased risk of recurrent 
cardiovascular events in any vascular territory, underlies the previously described concept 
postulating that local plaque protein levels may reflect an individuals constitution to build 
unstable plaques266. 
We previously showed that after an event (i.e. stroke) until the time of CEA, carotid plaques 
stabilize at a molecular and cellular level235. In the current study, a weak association 
between plaque Mrp-8/14 levels and the time between symptom onset and CEA was 
observed, therefore we corrected for this parameter in the model of plaque Mrp-8/14. 
Plasma Mrp-8/14 levels showed no correlation. 
In the past, we reported an association between high Mrp-plaque levels and plaque 
characteristics: size of lipid core > 40% plaque area, high macrophage infiltration, low 
collagen and reduced SMC infiltration237. Moreover, in the current study an association 
between plaque Mrp-8/14 levels and the presence of intra plaque hemorrhage was observed. 
In this context, we decided to correct for the aforementioned plaque characteristics and 
for intra plaque hemorrhage in the model for plaque Mrp-8/14 although, as recently shown 



130

chAPTER VII

MYELOID-RELATED PROTEIN 8/14 A MARKER OF PLAQUE AND PATIENT VULNERABILITY

by our group, the lipid core size and the macrophage numbers in local plaques are not 
predictive for events originating from other plaques within the vasculature267.
It would be interesting to know whether Mrp-8/14 plasma levels change once the plaque 
is removed from the patient. In the present study, we were unable to measure plasma Mrp-
8/14 levels after CEA since we only collect blood prior to CEA. Nevertheless, a correlation 
between plasma and plaque Mrp-8/14 was not seen which may suggest that only a small 
proportion of the circulating Mrp-8/14 levels originate from atherosclerotic plaque. In 
addition, we analyzed plasma and plaque Mrp-8/14 levels by the elapsed time from 
symptom onset (stroke or TIA) to CEA. We found that plaque Mrp-8/14 levels slightly 
decreased over this time (r = -0.16, p = 0.045), while plasma Mrp-8/14 levels remained 
constant (r = -0.018; p = 0.824). This observation suggests that the local carotid plaque 
may not be the dominant source of Mrp-8/14 in plasma, however, we cannot rule out 
plaques as a source. The possibility of other tissue origins of Mrp-8/14 in plasma from our 
patients remains uncertain.
Two studies, both focusing on coronary events (first or second manifestation) showed that 
plasma Mrp-8/14 was related to future coronary events. In an ACS cohort, high plasma 
Mrp-8/14 levels were related to the risk of a first cardiovascular event in apparently healthy 
postmenopausal women32. In this prospective, nested-case control study (n = 255 case-
control pairs), apparently healthy women, matched for age and smoking, were included 
and followed for approximately 3 years and any cardiovascular events (nonfatal MI, stroke 
and cardiovascular death) were documented. Women that developed cardiovascular events 
during follow-up had higher Mrp-8/14 plasma levels at baseline, than women who remained 
free of events; the relative risks according to increasing quartiles of Mrp-8/14 were 1.0, 
1.7, 1.7 and 2.3 (p = 0.03). 
Another nested case-control study31 (n = 237 case control pairs) included patients with 
a first presentation of MI or unstable angina and discharged with moderate/intensive 
statin treatment; patients were matched for age, gender and smoking status. At 30 days 
after the ACS, the Mrp-8/14 plasma levels were measured. Patients were then followed 
for 24 months and endpoints such as cardiovascular death or new MI were documented. 
The authors found significantly higher Mrp-8/14 plasma levels in patients with endpoints 
than in patients without; after adjusting for risk factors the relative odds of CV death or 
MI increased significantly with each increasing quartile of Mrp-8/14: 1.0, 1.3, 1.7 and 
2.0 (p = 0.024). 
In our study, we also investigated the association between plasma Mrp-8/14 and the risk 
of coronary events and interventions after CEA. We found that a 1 unit increase of log 
Mrp-8/14 was related to a 108% increase in risk of coronary events or interventions, 
however, after multivariate adjustments for traditional risk factors the risk decreased to 
98% and was not statistically significant (table 3). The present study has a small number 
of recurrent coronary events and this might diminish the power of the study. 
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Our cohort is different from those used in the previous studies, which were based on healthy 
cohorts32 or cohorts of coronary diseased patients31. The current study included patients 
with recent cerebral ischemia (stroke, TIA). We followed the patients for 3 years after CEA 
and in comparison with the study of Morrow et al31, we did not focus on recurrent coronary 
events but we documented all cardiovascular events in the follow-up. For the first time, we 
measured Mrp-8/14 levels in plasma and plaque in the same patient and we showed that 
both are related to recurrent cardiovascular events. Our findings indicate that plasma Mrp-
8/14 reflects the patient’s instability rather than just the instability of a local plaque.
The findings presented here could have clinical implications. We bring proof to support 
the concept that high Mrp-8/14 levels measured in plasma are a clinically useful tool in 
estimating the risk of recurrent cardiovascular events in severely diseased atherosclerotic 
patients. Furthermore, we show for the first time that high Mrp-8/14 levels measured also 
locally in plaque are associated with an increased risk of recurrent events. For imaging 
techniques (e.g. MRI, SPECT) which aim to target plaque proteins and use them to stratify 
patients at risk of recurrent events, plaque Mrp-8/14 might be a potential target. 

In conclusion, we have expanded the existing evidence by showing that high Mrp-8/14 
levels (local (plaque) and systemic (plasma)) are independently related to an increased 
risk of adverse cardiovascular events following a carotid endarterectomy. 

Table 3. Hazard ratio (HR) for different CV-events of 1-unit increase in log Mrp-8/14 plasma or plaque:

Plasma Mrp-8/14 Plaque Mrp-8/14

Event  (follow-up) HR [95% CI] (p - value) HR [95% CI] (p – value)

Major Crude: 1.624 [0.950-2.777] (0.076) 1.065 [0.843-1.346] (0.598)

Adjusted*#: 1.543 [0.906-2.626] (0.110) 0.871 [0.657-1.154] (0.336) 

Stroke                 Crude: 1.385 [0.620 – 3.092] (0.427) 0.950 [0.664 – 1.361] (0.782)

Adjusted*#: 1.071 [0.462 – 2.482] (0.872) 0.885 [0.611 – 1.282] (0.519)

Coronary Crude: 2.086 [1.036 – 4.200] (0.039) 1.255 [0.924 – 1.705] (0.145)

Adjusted*#: 1.984 [0.970 – 4.061] (0.061) 1.219 [0.782 – 1.900] (0.383

Peripheral intervention  Crude: 1.471 [0.808 – 2.676] (0.206) 1.365 [1.042 – 1.788] (0.024)

Adjusted*#: 1.432 [0.773 – 2.652] (0.254) 1.470 [0.901 – 2.398] (0.123)

Myocardial infarction Crude: 1.801 [0.718 – 4.520] (0.210) 1.045 [0.696 – 1.570] (0.830)

Adjusted*#: 1.800 [0.670 – 4.836] (0.244) 0.955 [0.647 – 1.408] (0.815)

*Adjusted for age, gender, smoking status, hypertension, hypercholesterolemia, diabetes mellitus, history of 
stroke, myocardial infarction, coronary and peripheral interventions, use of statins, plaque characteristics and 
intraplaque hemorrhage. # Plaque Mrp-8/14 was further adjusted for plaque’s lipid core size, collagen amount, 
macrophage and SMCs infiltration and intra plaque hemorrhage.
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Preface
The present doctoral thesis comprises findings with possible implications for the 
pathobiology of atherosclerosis and its clinical applications. Atherosclerosis, “a disease 
as old as the mankind”, it remains the first malignancy of the Modern World with a high 
morbidity and mortality in the elderly. Annually, 12 million deaths in the world are caused 
by the complications of atherosclerotic artery disease (e.g. cerebral stroke and acute 
myocardial infarction) despite considerably improvements reached in the clinical decisions 
and treatment of these patients. In the latest decade, the field witnessed a deviation from 
the standard focus on the pathology of the “vulnerable plaque” towards a broader approach, 
the identification of the “vulnerable patient” (both terms described in Chapter I). Along 
with intensive research on the pathobiology of atherosclerosis (basic molecular and animal 
studies), research strategies are directed towards the discovery of potential (bio) markers 
for imaging applications or for screening of patients at high risk for CVD. The biobank 
Athero-Express (described in Chapter I, Study design) is a good and unique research-
platform to perform studies on both the vulnerable plaque and the vulnerable patient. 
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Myeloid-related proteins, markers for the Vulnerable Plaque
It is well known that prevention of adverse cardiovascular events such as myocardial 
infarction, sudden cardiac death or cerebral stroke is a milestone still to be reached. In 
spite of the aggressive systemic treatment that patients with cardiovascular disease have 
to take (e.g. aspirin, cholesterol lowering statins, angiotensin converting enzyme inhibitors), 
adverse cardiovascular events still occur1-3. In addition to the systemic therapies, efforts 
to identify and treat the local vulnerable plaque are now considered. What is a vulnerable 
plaque is a frequently raised question in the field of atherosclerosis, which remains 
unanswered. In Chapter I, a summary of the current definitions of the “vulnerable plaque” 
is given. Since most definitions of the vulnerable plaque are based on cross-sectional 
studies of human atherosclerotic specimens (mostly coronary and few carotids), without 
natural history studies being available, no one really knows what a vulnerable plaque looks 
like. Each year, new articles are published over the pathobiology, diagnosis, and potential 
management and the vulnerable plaque is a favourite highlight on most international 
symposia. Despite all efforts, until now no consensus has been reached regarding the 
criteria to identify and treat such plaques. 
Overall in this thesis, the vulnerable plaque is referred to as a rupture-prone plaque with 
a large lipid core, high influx of macrophages, reduced collagen amount and smooth muscle 
cell content, high density of plaque micro-vessels, and high levels of cytokines (e.g. IL-6, 
IL-8) and MMPs (e.g. MMP-8, MMP-9). These characteristics are derived from cross-
sectional studies on coronary lesions which also apply to carotid lesions4. 
In these rupture-prone plaques (with the characteristics mentioned above) the levels of 
Mrp-8, Mrp-14 and Mrp-8/14 complex are considerably higher than in stable plaques (as 
presented in Chapter III). Therefore, Mrp-8, Mrp-14 and Mrp-8/14 should be considered 
markers for the high risk, vulnerable plaque. 
Are such markers (proteins) important? What would be their clinical utility? For a local 
therapy to be completely effective, all vulnerable plaques that might cause adverse events 
should be identified. With regards to in vivo detection of the vulnerable plaque, invasive 
(e.g. angioscopy, intravascular ultrasound, molecular imaging, thermography etc.) and 
non-invasive (e.g. magnetic resonance imaging, computed tomography, etc.) devices are 
used. These include devices that can identify a lipid-rich necrotic core, the thin fibrous 
cap, plaque inflammation (e.g. macrophages) and the vasa vasorum. The availability of 
all these techniques rarely translates into the clinical utility because the question what is 
a vulnerable plaque? still applies. If one should rely on the assumption that a vulnerable 
plaque is a plaque with the previously mentioned morphological characteristics, then how 
thin should the fibrous cap be, how large should the lipid core be, and how much 
inflammation should be present to make it vulnerable at the moment when is found and 
lead to a rupture resulting in a cardiovascular event5? At this point, markers (proteins) 
might prove helpful; markers such as Mrp-8, Mrp-14 and Mrp-8/14. Since the levels of 
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Mrps are higher in rupture-prone plaques than in stable ones (Chapter III), they might 
constitute prime candidates for in vivo the detection of high risk plaques. Such proteins 
could be targeted with specific antibodies (administered locally or systemically) and 
visualized inside the lesions across the vasculature by, for example, non-invasive magnetic 
resonance imaging. Those lesions which show a high intensity (translated into high levels 
of Mrp-8, -14 or -8/14) should be regarded as the most vulnerable ones. As appealing as 
such a technique might sound, at the present researchers perform the first tests in animal 
models and it may take years until it will reach clinical application. Even so, simply 
identifying the vulnerable plaques won’t be enough; an efficient interventional therapy to 
combat these plaques should be available. For this purpose, proteins identified as markers 
for the dangerous lesions could prove helpful. 

Food for Thought
The vulnerable plaque is the underlining condition of acute coronary syndromes and 
cerebral strokes. The identification of the vulnerable plaque in vivo is a milestone to 
be reached. Current strategies involve the use of the classical features: size of the lipid 
core, fibrous cap thickness and amount of inflammation. New, reliable, and better 
accessible markers are desirable. Mrp-8, Mrp-14 and Mrp-8/14 levels are higher in 
vulnerable plaques than in stable ones, making these proteins markers for the high 
risk, rupture prone plaque and appealing targets for in vivo detection of these 
lesions. 

Myeloid-related proteins are expressed by inflammatory cells in 
atherosclerotic plaques
Virchow’s view that atheroma is the result of chronic inflammatory disease of the intima 
persisted throughout the nineteenth century and is consistent with the current views of the 
pathogenesis of atherosclerosis. There is a vast body of literature on the involvement and 
role of inflammatory cell types (i.e. macrophages, lymphocytes, and less numerous cells 
like mast cells and neutrophils) in atherogenesis (reviewed in Chapter I). Among all cell 
types present in a plaque, macrophages are the most numerous and their capacity to 
phagocyte modified lipids and transform into foam cells, made them a “hallmark“of the 
disease. In consequence, plaque macrophages gained enormous interest and investigators 
aimed to unravel all sides of macrophage biology in plaques. Due to these efforts, we know 
today that macrophages are beneficial but also detrimental for the plaque: their beneficial 
side relies on their phagocytic ability to engulf and process modified lipids and thus, to 
clean up the intima; their detrimental side is that once activated inside the intima (by 
various agents), they produce/secrete cytokines and matrix degrading/synthesising 
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proteases, inducing the atherosclerotic changes of the intima. Plaque macrophages express 
a large variety of proteins, among which calgranulins (Mrp-8, Mrp-14 and Mrp-8/14). 
Mrp-8 and Mrp-14 have been described in plaque macrophages, for instance in the study 
of McCormick et al.6; interestingly, the authors report that only lesion macrophages express 
Mrps, while the macrophages residing in the lesion-free arterial intima lack these proteins. 
In addition, the study of McCormick et al. reports the existence of a subset of plaque-
macrophages expressing Mrps (not all CD68-positive macrophages are Mrp-positive; 
observations derived from 11 carotid and 9 aortic plaques). 
Consistent with this observation, in Chapter III we report the expression of Mrp-8 and 
Mrp-14 in a subset of CD68-positive plaque macrophages (90 carotid plaques were 
stained and analyzed). A closer microscopy investigation revealed that the Mrp-
expressing macrophages were not foam cells. Plaque foam macrophages, identified 
based on the CD68-expression correlated with the typical foam-cell morphology 
(intracellular fat, nucleus pushed to the side of the cytoplasm) were Mrp-8/14 negative. 
Interestingly, in rupture-prone, vulnerable plaques the percentage of non-foam 
macrophages expressing Mrps was higher than in stable plaques. In other words, 
substantially more non-foam macrophages in rupture-prone plaques bring Mrps to 
expression. One might argue that this observation is not surprising since rupture-prone 
plaques usually contain more macrophages and presumably more non-foam macrophages. 
It is true that one of the features that separate these plaques from the stable ones is the 
abundance of macrophages. However, the fact that the micro-environment of rupture-
prone lesions attracts more Mrp-expressing macrophages or induces Mrp-expression 
in more macrophages is quite intriguing.
This led us to the next investigation, presented in Chapter III. We hypothesised that 
macrophages expressing Mrp-8, -14 and -8/14 will not acquire a foamy-phenotype when 
fed human modified lipids (in this study represented by oxLDL). Using an in vitro system 
to generate human monocyte-derived macrophages from healthy blood monocytes, we 
could prove that macrophages expressing Mrps (Mrp-8, -14 and -8/14) do not phagocyte 
human oxLDL and do not acquire a foamy-phenotype while those macrophages lacking 
Mrps do. Moreover, with this system we confirmed that a subset of human macrophages 
is Mrp-positive, since at the time of monocyte maturation into macrophages (after 7 days 
of culture under non-adherent conditions and without any further cytokine stimulation) 
only half of the population showed Mrp-8/14 expression. Corroborating these observations 
with those obtained from the histological analyses on human plaques, the following 
conclusion can be drawn: that rupture-prone plaques contain more Mrp-expressing non-
foam macrophages than stable plaques, and these Mrp-macrophages are protected against 
foam-cell development. How came that Mrp-8/14 expressing macrophages do not 
phagocyte oxLDL as the other plaque macrophages do? What is their role within complex 
plaque environment? 
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We addressed these important questions by performing additional investigations in the in 
vitro system of monocyte-derived macrophages and foam cell formation (described in 
chapter III and IV). The findings are presented in Chapter IV. That Mrp-8/14 expressing 
monocyte-derived macrophages did not uptake lipids might be explained by reduction in 
expression of scavenger receptors on these cells; therefore we assessed the expression of 
CD36 and CD68, well known lipids-scavenger receptors and major mediators of foam cell 
formation and promoters of atherosclerosis in general7. Interestingly, the Mrp-8/14 
expressing monocyte-derived macrophages showed either similar (for CD36) or increased 
(for CD68) expression of these scavenger receptors, compared with monocyte-derived 
macrophages lacking Mrp-8/14. Moreover, their overall phagocytic capacity was not altered 
(they ingested sugar dextran). In addition, expression of two scavenger receptors, CD163 
and CD206 (also known as the mannose receptor) was increased on Mrp-8/14 expressing 
monocyte-derived macrophages compared to cells lacking Mrp-8/14. Macrophages use 
CD163 to bind and clear haemoglobin-haptoglobin complexes from the vessel wall; in 
human atherosclerotic lesions8, CD163high macrophages secrete anti-oxidant and anti-
inflammatory molecules (e.g. IL-10) in likely attempt to counter the atherogenic effects 
of plaque haemorrhage. The expression of CD163 is upregulated in vulnerable/unstable 
plaque regions as compared to stable areas9 and thus CD163 might be a marker for high-
risk atherosclerotic plaques. Similarly, Mrp-8/14 levels were high in the rupture-prone 
human plaques suggesting Mrp-8/14 as a marker for these plaques (chapter III). Because 
the macrophage subset expressing Mrp-8/14 also expressed high CD163, at least in our in 
vitro system, imply that in vivo these macrophages exert atheroprotective functions within 
the environment of a high-risk plaque. That Mrp-8/14 expressing macrophages might be 
atheroprotective is further supported by the observation that in vitro these cells secreted, 
in the presence of lipids, high amounts of anti-inflammatory molecules (e.g. IL-10 and 
TGF-beta) compared to macrophages lacking Mrp-8/14 (data shown in chapter IV). In 
contrast, macrophages lacking Mrp-8/14 secreted pro-inflammatory cytokines, such as 
IL-6. 
Taken together, we propose that macrophages lacking and macrophages expressing Mrp-
8/14 follow the dichotomy of classically (also known as M1) and alternatively (or M2) 
activated macrophages proposed in literature. Similar to the alternatively activated (M2) 
macrophages, Mrp-8/14 expressing macrophages, in vitro, have an increased scavenger 
receptor (CD68, CD163 and CD206) expression and secrete the anti-inflammatory, anti-
atherogenic cytokines IL-10 and TGF-beta10, 11. Macrophages lacking Mrp-8/14 have 
increased CD16 surface expression and predominantly secrete the pro-inflammatory 
cytokine IL-6 in vitro, therefore resembling the classically activated (M1) macrophage 
subset12. Both populations of polarized macrophages, M1 and M2 have been found in 
human atherosclerotic plaques where the M2 macrophages populate more stable plaque 
regions situated distant from the lipid core13. The general concept is that M1 macrophages 
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promote atherosclerosis while the M2 macrophages inhibit plaque growth and mediate 
plaque stability. In line with this concept, in rupture-prone plaques macrophages lacking 
Mrp-8/14 expression might promote inflammation while macrophages expressing Mrp-
8/14 might suppress the inflammatory reaction induced by the former. Within the complex 
environment of a rupture-prone, high-risk plaque the atheroprotective effects of Mrp-8/14 
expressing macrophages might be counteracted by the proatherogenic effects of 
macrophages lacking Mrp-8/14. 
Next to macrophages, neutrophils were identified as another cellular source for Mrp-8 
and Mrp-14 within plaques (Chapter V). Neutrophils were identified based on a specific 
membrane marker CD66b and scored in a large number of human carotid plaques. 
Although less numerous than macrophages, neutrophils are part of the plaque’s cellular 
compartment. Neutrophils are known to migrate to and infiltrate into inflamed tissues, 
such as plaques, where they respond to inflammatory stimuli (e.g. IL-8) by releasing their 
granules filled with tissue destructive proteins (e.g. MMPs, elastases, etc). In the study 
presented in chapter V, all neutrophils infiltrated into plaques expressed Mrp-8 and Mrp-
14, and no negative cells were observed. Moreover, the number of neutrophils was 
significantly higher in rupture-prone plaques than in stable ones. The distribution of 
neutrophils within plaques proved to be heterogeneous: these cells were seen underneath 
the luminal endothelium, around micro-vessels within the cap and shoulder regions, and 
in areas with intraplaque haemorrhage. Thus, neutrophils infiltrate into plaques through 
the damaged endothelium, through the plaque vasa vasorum and via plaque bleeding. 
Whether this is an active phenomenon, it is a matter of debate. Here some evidence 
supporting the idea of active infiltration. First, the levels of IL-8 (a powerful neutrophil 
chemo-attractant) are high in rupture-prone plaques and associate with high numbers of 
neutrophils (data shown in Chapter V). So, the signal required to attract the neutrophils 
in plaques is present; IL-8 is synthesized and expressed by plaque macrophages, 
T-lymphocytes and endothelial cells. Secondly, the luminal endothelium and the 
endothelium of the vasa vasorum express adhesion molecules like P-selectin, a neutrophil 
adhesion molecule required for their diapedesis14, which facilitate the firm adhesion of 
neutrophils to the endothelium and induce subsequent migration into the plaque. Once 
infiltrated into plaques, neutrophils could be further activated and stimulated by, for 
example IL-8. IL-8 is also known as a neutrophil stimulator, inducing the release of 
MMP-8 and MMP-9 from neutrophil tertiary granules15. In support of this idea, high 
levels of plaque IL-8 were associated with high levels of plaque MMP-8 and MMP-9 
(data shown in chapter V) and, as mentioned above, with high numbers of neutrophils 
in plaque. In turn, high number of neutrophils correlated with high MMP-8 and MMP-9 
levels. Based on these observations, we propose the following interrelation for rupture-
prone plaques: IL-8 (in high levels) attracts high numbers of neutrophils and stimulates 
them to express/secrete MMP-8 and MMP-9 (figure 1). 
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MMP-8 and MMP-9 are collagen degrading proteases highly expressed in rupture-prone 
plaques16 with a heterogeneous cellular source (vascular endothelial cells, smooth muscle 
cells and macrophages). Although neutrophils can be counted as a cellular source, they 
are definitely not the only cells to produce/secrete MMP-8 and MMP-9 in plaques. 

The interrelation between IL-8, Mrps and neutrophils/macrophages is quite interesting. In 
chapter III, a strong association between high IL-8 levels and high Mrp-8, Mrp-14 and 
Mrp-8/14 levels is shown in plaques. The role of Mrps in neutrophil biology has been 
investigated in Mrp-14 knockout mice. In these mice, circulating neutrophils also lack 
Mrp-8, due to the instability of the Mrp-8 in the absence of Mrp-14 (at the protein level 
only, since the transcription of Mrp-8 is not altered). Neutrophils lacking Mrp-8 and Mrp-
14 exhibited a more organized microfilament system and a reduction of IL-8 mediated 
CD11b surface up-regulation, resulting in a diminished potential to respond to chemo-
attractant molecules in vitro. Nonetheless, in an inflammatory in vivo model of sterile 
peritonitis induced by intraperitoneal injection of thioglycolate, no abnormal neutrophil 
emigration that was observed, suggesting that Mrp-8 and Mrp-14 molecules may be 
dispensable, at least for the inflammatory model investigated in that study.  

Figure 1. Proposed interrelation between IL-8 (as chemo-attractant and stimulant), neutrophils (as target cells) 
and MMP-8 and MMP-9 (as neutrophilic products) in human carotid plaques.
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The Mrp-expressing macrophages and neutrophils in plaques originate 
from blood leukocytes
Macrophages as well as neutrophils expressing Mrp-8 and Mrp-14 are found in human 
atherosclerotic plaques, as described in the above paragraphs. What is the origin of these 
cells? The answer to this question is found in the blood circulating leukocytes, namely 
monocytes and neutrophils. Monocytes and neutrophils express Mrp-8 and Mrp-14; these 
proteins account for 40 to 60% of the cytosolic proteins in circulating neutrophils and 20% 
in monocytes REFERENCE. Upon leukocyte activation, the Mrp-8/14 heterodimer is 
translocated to the cell surface membrane. Although the exact mechanism by which Mrp-
8/14 gets access to the extracellular compartment is not completely understood, there is 
good evidence that this is an active process (described in Chapter I). In regard to Mrp-
8/14 expression, monocytes divide into two subgroups: those who lack and those who 
express the heterodimer on their cell surface. The Mrp-8/14 positive subset of circulating 
monocytes represents up to 10% of the monocytes within a healthy individual; the 
percentage of Mrp-8/14 positive neutrophils within healthy individuals represents up to 
15% of total neutrophils REFERENCE. 
In the diseased, the expression of Mrp-8/14 on monocyte’s surface is increased: in type 1 
diabetics, monocytes are able to express and secrete more Mrp-8/14 as compared to healthy 
control monocytes or monocytes from type 2 diabetics17.  
The expression of Mrp-8/14 on leukocyte’s cell surface membrane is not accidental. First, 
as mentioned above, the translocation of the Mrp-8/14 heterodimer to the cell surface is 
an active process. Second, the monocytes caring membrane bound Mrp-8/14 have an 
enhanced adhesive capability and are the preferentially migrating subpopulation of 
monocytes through the macrovascular endothelium18. In addition, this subset of monocytes 
expresses more CD11b than the Mrp-8/14 cell surface-negative monocytes19. The 
transendothelial migration of Mrp-8/14 cell surface-positive monocytes was inhibited by 
an anti-ICAM-1 antibody; thus, Mrp-8/14 could function as a regulator enhancing ICAM-
1 ligand binding to CD11b (a β2-integrin). The membrane bound Mrp-8/14 as well as the 
secreted Mrp-8/14 act as modulators of monocyte transendothelial migration. Concomitant 
with membrane expression, the Mrp-8/14 heterodimer is actively secreted during leukocyte 
activation. Mrp-8/14 binds specifically to human endothelial cells20 by a mechanism 
involving heparin sulfate proteoglycans and novel carboxylated glycans21, 22. Mrp-8/14 
induces a thrombogenic and a proinflammatory response in human endothelial cells, 
characterized by induction of cytokines and adhesion molecules23. In vitro stimulation of 
endothelial monolayer with Mrp-8/14 resulted in the loss of cell-cell contacts and in 
increased permeability.  Mrp-8/14 heterodimer is circulating in plasma of patients with 
atherosclerosis (data shown in Chapter VI, and reference 24). 
A recent study (Healy et al24) shows that human circulating platelets are able to synthesize 
Mrp-8 and Mrp-14. The authors profiled platelet mRNA (by microarray) from patients 
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with documented cardiovascular disease and performed RT-PCR to confirm the presence 
of, among others, Mrp-8 and Mrp-14 in platelets. Although, to our knowledge, this is the 
only study showing Mrp-expression in human platelets, it suggests that platelets might be 
an additional source for the circulating Mrp-8/14 plasma levels.

Food for Thought
Blood circulating monocytes and neutrophils express Mrp-8, Mrp-14 and Mrp-8/14. 
A subset of monocytes and neutrophils expresses Mrp-8/14 on their cell surface; this 
subset is far more numerous in atherosclerotic disease patients than in healthy 
individuals. Next to being exposed on monocyte’s and neutrophil’s cell surface, Mrp-
8/14 heterodimer might be also released in blood from these cells. The membrane 
bound Mrp-8/14 as well as the secreted Mrp-8/14 bind to vessel’s endothelium and 
facilitate the migration of monocytes and neutrophils into the atherosclerotic plaque. 
The migration of Mrp-positive neutrophils might be facilitated by IL-8. Infiltrated 
Mrp-positive neutrophils could be further stimulated by IL-8 (present in high amounts 
in the vulnerable plaque) to secrete MMP-8 and MMP-9. Rupture-prone, vulnerable 
plaques contain more Mrp-expressing cells than stable lesions. Within plaques, Mrp-
8/14 positive monocytes/macrophages do not phagocyte modified lipids and do not 
transform into foam cells, in comparison with Mrp-negative macrophages. These Mrp-
8/14 expressing macrophages are anti-inflammatory thus atheroprotective. 

Myeloid-related proteins, markers for Vulnerable Patient
Since atherosclerosis is a systemic, multifactorial disorder, no wonder that the concept of 
the “vulnerable patient” (described in Chapter I) is appealing for both clinicians and 
researchers in the field of cardiovascular disease. For the identification of the vulnerable 
patient, (bio) markers are a desirable tool; (bio) markers, which are usually related to the 
disease or disease severity, should help the clinician to optimally manage the patient25.
Long before being related to cardiovascular diseases (e.g. atherosclerosis, cardiac ischemia), 
Mrp-8/14 heterodimer was coined as a biomarker of chronic inflammatory diseases such 
as rheumatoid arthritis, juvenile idiopathic arthritis and inflammatory bowel disease. 
Indeed, in patients suffering from these diseases the serum Mrp-8/14 levels correlate better 
with disease activity than classical markers of inflammation such as erythrocyte 
sedimentation rate and CRP26. In addition, Mrp-8/14 proved to be actively involved in the 
pathogenesis of these inflammatory, autoimmune disorders and therefore it became a 
disease modulator and not just a biomarker. 
During the last 5 years, the Mrp-8/14 heterodimer was shown to have promise as a 
biomarker for cardiovascular diseases. A first prospective, nested case-control study 
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documents that plasma Mrp-8/14 levels predict the risk of a first cardiovascular event in 
apparently healthy individuals27. A second study performed in coronary disease patients, 
shows that Mrp-8/14 plasma levels are elevated in patients with ACS compared to patients 
with stable or no CAD; moreover, the plasma Mrp-8/14 levels are elevated prior to necrosis 
markers (i.e. myoglobin, CK-MB, and troponin)28. A third study including patients with 
latest manifestation of MI and discharged with intensive statin therapy, shows that the 
plasma Mrp-8/14 levels are higher in patients who subsequently developed a new MI or 
died of CVD than in patients who remained free of recurrent events29. A more recent study, 
documents in AMI patients who had undergone successful primary angioplasty, a transient 
increase in serum Mrp-8/14 levels with a peak value at 3-5 days after the onset of AMI30; 
the Mrp-8/14 levels were considerably higher than those in UAP patients. 
Based on the above mentioned findings, we can now claim that “a person is prone to [a 
cardiovascular event] heart attack if Mrp-8/14 is present at a high level” (according to 
Daniel Simon, Harvard Medical School). 
The question arises whether Mrp-8/14 is simply a biomarker of cardiovascular disease or 
whether it contributes to the pathological responses in atherosclerosis and cardiac ischemia. 
In a recent editorial, the same cardiologist from Harvard Medical School is challenged by 
the question “Mrp-8/14 (S100A8/A9) complex, more than just a biomarker of cardiovascular 
risk?” and creates a summary of the main findings on the subject, concluding that “It is 
interestingly evident that in addition to being a biomarker of inflammation and CV risk, 
Mrp-8/14 is also an important regulator of atherogenic processes”31. We can’t agree more 
with his conclusion, based on the findings in both mice and humans described also in this 
chapter. 

What makes Mrp-8/14 an attractive new biomarker for CVD? Is there 
clinical perspective?
In this dynamic field of biomarkers, in which the number of new candidates is expected 
to exponentially increase in the coming years, it is important to underline the advantage(s) 
that Mrp-8/14 might have. One of the appealing properties of Mrp-8/14 as biomarker of 
cardiovascular risk is its availability in the serum/plasma of patients suffering from a heart 
attack hours before the commonly used markers reach detectable levels (study of Altwegg 
et al32). In the hospital, at the emergency room it can take up to eight to twelve hours for 
current tests to confirm or infirm a heart attack. A simple blood test to measure the Mrp-
8/14 levels could provide the answer within minutes. This idea is supported by a group of 
cardiologists at Harvard’s Medical School’s Brigham and Women’s Hospital, who estimates 
that the Mrp-8/14 test will be available for clinicians use in the emergency room within 
the next two years (interview in the magazine of Case Western Reserve University School 
of Medicine, winter 2009 Edition). Such a diagnostic test may prove helpful also for the 
general practitioner to screen the individuals at high risk of cardiovascular events, after 
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the routine cholesterol check. This idea is supported by the study of Healy et al33; in 
apparently healthy women with elevated cholesterol levels, high blood pressure and other 
risk factors, high circulating Mrp-8/14 levels could separate those women who went on to 
have MI from those who remained free of any cardiovascular event. The elevated Mrp-8/14 
levels were associated with more than double risk of MI. The elevated Mrp-8/14 plasma 
levels are also useful in predicting the risk of recurrent cardiovascular events. As previously 
described in this section, two studies show the predictive power of Mrp-8/14 levels for 
recurrent ACSs in patients with previous coronary heart disease. In a different cohort 
(carotid stenosis with previous CVD), we show that elevated Mrp-8/14 plasma levels 
predict the risk of any recurrent CV-event. Therefore, Mrp-8/14 could serve as a marker 
of CV-risk.
As a follow-up of these investigations, a study, initiated in 2008 is running at the University 
Hospital Zürich under the name “Study of Myeloid-Related Protein 8/14 and Additional 
Biomarkers (Multi Marker Approach) for Early Diagnosis and Risk Stratification in 
Patients Presenting with Acute Chest Pain at the Emergency Department”. In this study, 
all patients (18 to 90 years old) presenting at the emergency department with measurement 
of troponin during the routine diagnostic evaluation, are included. The endpoints are as 
follows: acute coronary syndrome, coronary occlusion, coronary thrombosis, myocardial 
infarction and myocardial ischemia. The medical market is also taking initiative; Roche 
Diagnostics applied for a patent (“Use of MRP 8/14 levels for discrimination of individuals 
at risk of acute coronary syndromes”) for a diagnostic tool to measure Mrp-8/14 (plasma 
or serum) levels in patients presenting with chest pain and/or breathlessness. The proposed 
cut-off point is 8 mg/L. 

Several issues merit consideration while regarding Mrp-8/14 plasma as a biomarker of 
CVD. One issue is the fact that Mrp-8/14 levels are measured in plasma or serum of patients 
without knowing the exact origin of this protein in plasma/serum. Is the circulating Mrp-
8/14 secreted from the underlining atherosclerotic plaque(s), is it secreted by the circulating 
leukocytes sensing the danger of the thrombotic events preceding an ischemic event? Or 
is it partially originating from other inflamed tissues (for example the joints affected by 
arthritis in RA, etc.) therefore from patient’s co-morbidities? A source of the circulating 
Mrp-8/14 in patients with CVD is surely the vulnerable atherosclerotic plaque since this 
lesion has high levels of Mrp-8, Mrp-14 and Mrp-8/14 (as shown in this thesis, Chapter 
III). From plaques, Mrps can be expulsed into the blood stream. Since no correlation 
between plaque and plasma Mrp-8/14 levels was seen (as mentioned in Chapter VII), the 
atherosclerotic plaque isn’t the only source for the circulating Mrp-8/14. Another source 
could be the blood circulating leukocytes. At the site of coronary occlusion, in culprit 
lesions, monocytes and neutrophils were found to express and release Mrp-8/1434. 
Therefore, the circulating monocytes and neutrophils represent a plausible source. Another 
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source might be the infracted myocardium. In AMI patients, the peak level of serum Mrp-
8/14 correlates with the peak of CK-MB levels, suggestive for secretion of Mrp-8/14 from 
the activated macrophages present in the areas of  myocardial infarction35. The existence 
of non-CV related co-morbidities (such as RA, inflammatory bowel disease, etc.) in CVD 
patients may account for a different source for the circulating Mrp-8/14 levels. None of 
the studies documenting the predictive value of plasma Mrp-8/14 and mentioned previously 
in this section, report any information regarding existence of relevant co-morbidities in 
the investigated patients; except, of course, for the validation study of Healy et al. who 
included only apparently healthy women. No study reports the use of chronic medications, 
others than lipid-lowering drugs, blood pressure lowering drugs, and anti-coagulants. In 
our study presented in chapter VII, the existence of relevant co-morbidities is not 
documented in the patient’s file from the Athero-Express biobank. Therefore, we cannot 
exclude other inflamed tissues as a source for the circulating Mrp-8/14 levels. 
Another issue is the timing of the Mrp-8/14 appearance in blood. Are Mrp-8/14 complexes 
released before or after the onset of an ischemic event? It’s a “chicken-and-egg” problem. 
Which came first? At this point, without conclusive studies, it is impossible to answer it. 
What is the optimal time interval after an ischemic event to measure the Mrp-8/14 in blood? 
Katashima et al36, tried to answer this question by measuring serum Mrp-8/14 levels in 
patients with AMI and UAP, during the acute period of 8 days. In UAP patients, with 
vulnerable coronary plaques, the Mrp-8/14 levels remained unchanged for one week while 
in AMI patients, the levels reached a peak (50% increase) at 3-5 days after the onset of 
AMI and showed still a high level at 6-8 days after (all compared to day 1, considered the 
baseline value). It seems that the highest values are reached between days 3 and 5 after an 
AMI, however at day 8 the levels of Mrp-8/14 in blood were still higher compared to day 
1; the measurements stopped at day 8. For how long after the onset of an ischemic attack 
the Mrp-8/14 levels persist in blood? In Chapter VI, we show that the plasma Mrp-8/14 
levels remain constant in time following a stroke or a TIA (up to 180 days and more) until 
the CEA. During this time interval the levels stayed higher than the Mrp-8/14 levels 
measured in asymptomatic patients (patients with carotid stenosis greater than 75% but 
without clinical complains). This suggests that the Mrp-8/14 levels remain unchanged for 
months in blood, after the onset of an ischemic event. This characteristic is, for a good 
biomarker, desirable. 

Another approach could be to assess the plaque Mrp-8/14 levels and use it as a biomarker 
for the CV-risk. In chapter VII, we show that Mrp-8/14 measured in high levels in carotid 
plaques are related to an increased risk of any recurrent CV-event. This finding confirms 
a previously postulated concept by our research group, namely that plaque proteins contain 
information regarding the instability of the entire vasculature37. What concerns the clinical 
applicability of such a concept, it might prove costly and inefficient when opposed to a 
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simple blood measurement. The atherosclerotic tissue surgically removed could be sent 
to the laboratories for protein extraction and subsequent Mrp-8/14 quantification with 
already available and largely used assays (such as the Buhlmann ELISA kit used by 
clinicians to asses Mrp-8/14 levels in plasma); those patients which have high Mrp-8/14 
levels in their plaques should be considered at high risk for an adverse CV-event. 

Food for Thought
In the field of cardiovascular prevention, during the last five years Mrp-8/14 (plasma 
or serum) has shown promise and it is gaining more and more interest. It is expected 
that the circulating Mrp-8/14 levels will help the cardiologist to differentiate, among 
patients presenting at the emergency room with acute severe chest pain, those patients 
with an acute myocardial infarction from those with unstable angina. It is expected to 
facilitate the identification of patients with chest pain of an ischemic etiology, in 
patients presenting with chronic or atypical chest pain. Mrp-8/14 has the potential of 
a diagnostic biomarker for MI: it is rapidly elevated after a MI, has tissue specificity 
(plaque and myocardial origin), it is released proportional to disease extent (peak 
value at peak CK-MB), it is easily accessible (blood measurement), it is cost efficient, 
has predictive value. In other diseases (e.g. RA), Mrp-8/14 is used as a biomarker to 
monitor disease activity and response to therapy. 
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The current thesis describes the association of myeloid-related protein (Mrp) -8, -14 and 
-8/14 levels in plaque and plasma with both the atherosclerotic plaque phenotype and 
secondary cardiovascular events after carotid atherectomy. For this the AtheroExpress 
biobank was used, collecting carotid atherectomy specimen with follow-up for 
cardiovascular events after operation. 

Mrp -8 and -14 are two calcium binding proteins mainly expressed in cells of myeloid 
origin, particularly in monocytes and neutrophils. They were identified as highly expressed 
proteins in atherosclerotic plaques of patients with recurrent cardiovascular events during 
three years follow-up after their carotid endarterectomy when compared with patients free 
of events (age and gender matched). In Chapter III: the association between Mrp-8, -14 
and -8/14 and the plaque phenotype was investigated. High Mrp-8, -8/14 but mainly Mrp-
14 levels were found in those plaques with features of “vulnerability”: larger lipid pools, 
reduced collagen content, high macrophage and low smooth muscle cells infiltration. These 
plaques also contained high levels of cytokines and tissue degrading proteases. 

Mrp-8, -14 and Mrp-8/14 are expressed by subset of non-foam macrophages and neutrophils. 
Foam macrophages lack Mrp-expression while the Mrp-expressing macrophages lack the 
morphology of foam cells (increased cell size, lipid droplets in the cytoplasm and nucleus 
pushed to the membrane side of the cytoplasm). This in vivo observation was further 
supported by in vitro proof that Mrp-8/14 expressing monocyte-derived macrophages did 
not phagocyte lipids and therefore did not acquire foam morphology while monocyte-
derived macrophages lacking Mrp-8/14 did. 

In Chapter IV we further investigated this finding and showed that both monocyte-
derived macrophage populations have similar levels of lipids-scavenger receptors. In 
the presence of lipids, the Mrp-8/14 expressing monocyte-derived macrophages secreted 
higher levels of anti-inflammatory cytokines compared to the cells lacking Mrp-8/14; 
whereas the latter secreted pro-inflammatory cytokines. Moreover, the Mrp-8/14 
expressing monocyte-derived macrophages expressed at high levels the mannose receptor 
and the CD163 receptor. Based on this evidence, monocyte-derived macrophages 
expressing Mrp-8/14 were identified as an alternatively activated macrophage subset 
(also known as the M2-subset). 

In chapter V we showed that high numbers of plaque neutrophils express Mrp-8 and Mrp-
14 and are associated with high interleukin (IL)-8 and matrix metalloproteinase -8 and -9 
plaque levels. In chapter VI, patients with symptomatic carotid atherosclerosis, had higher 
Mrp-8, -14 and -8/14 plaque and plasma levels than the asymptomatic patients; plaque 
Mrp-8/14 levels were high shortly after a cerebrovascular event, decreased at latter time 
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points and increased again from 180 days post event while plasma Mrp-8/14 levels were 
high after an event and remained constant over time. In chapter VII, the association between 
plaque and plasma Mrp-8, -14 and -8/14 and the “vulnerable” patient was assessed. Patients 
who experienced any adverse cardiovascular event one year after the cerebrovascular event 
leading to the carotid endarterectomy, had higher plasma and plaque Mrp-8/14 levels 
compared to patients free of events. Both plaque and plasma Mrp-8/14 levels are related 
to an increased risk of adverse cardiovascular events following a carotid endarterectomy, 
independent of traditional cardiovascular risk factors. In Chapter VIII, the data presented 
in the current doctoral thesis are discussed in the perspective of clinical appliance and 
usefulness. In Chapter IX, all data are summarized.  

Main findings described in this thesis: Chapter

Mrp-8, -14 and -8/14 are markers for the Vulnerable plaques III, IV, V

Mrp-8, -14 and -8/14 are expressed by non-foam plaque macrophages III

Mrp-8/14 expressing macrophages do not phagocyte lipids AND resemble the M2-macrophage subset III, IV

Mrp-8, -14 and -8/14 are expressed by plaque neutrophils V

Mrp-8, -14 and -8/14 are markers for the Vulnerable patient VI, VII

Mrp-8/14 plaque and plasma predict the risk of adverse cardiovascular events VII
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Elk jaar sterven wereldwijd vele mensen aan hartinfarct en beroerte, de gevolgen van 
atherosclerose (aderverkalking). Atherosclerose is een ziekte die leidt tot vorming van 
afzettingen in de slagaders (atherosclerotische plaques) en daarmee het dichtslibben van 
slagaders. Atherosclerose is een systeemziekte, wat inhoud dat de ziekte in de slagaderen 
van het hele lichaam voorkomt en niet op een bepaalde locatie. Gevolgen, door de cellulaire 
en moleculaire factoren van een lokale plaque te bestuderen, kan men iets zegen over het 
stadium van atherosclerose - ontwikkeling in het hele lichaam. Risicofactoren zijn hoge 
bloeddruk (hypertensie), diabetes, roken en hoog cholesterol en die zijn geassocieerd met 
een slechte prognose. De voorspelde waarde voor het krijgen van een hartinfarct of beroerte 
van deze factoren is beperkt. 

Myeloid- gerelateerd eiwitten (Mrp) 8 en 14 zijn twee eiwitten die komen tot expressie 
vooral in monocyten en neutrofielen granulocyten. De expressie van deze twee eiwitten 
is hoger in de atherosclerotische plaques van de halsslagader van patiënten met uitingen 
(vasculaire events zoals hartinfarct en beroerte) en is lager in de plaques van patiënten 
zonder uitingen. 

In hoofdstuk III, is de associatie tussen de Mrp-8, -14 en -8/14 complex in humane 
atherosclerotische plaques en de plaque fenotype onderzocht. Een hoog Mrp-8, -8/14 
complex maar vooraal Mrp-14 expressie in zogenaamde “kwetsbare “ plaques was 
gevonden. Deze “kwetsbare” plaques kenmerken zich door een grote vetrijke plaquekern 
en een dunne fibreuze kap met ontstekingscellen zoals macrofagen, neutrofielen en 
lymfocyten. 

Het doel van hoofdstuk IV was om inzicht te krijgen in de associatie tussen Mrp-8, -14 en 
-8/14 en plaque macrofagen. Er is een associatie gevonden tussen de Mrp - eiwitten en 
plaque macrofagen die geen vet bevatten (non-foam macrophages). In andere worden in 
atherosclerotische plaques bestaan twee soorten macrofagen: vet- geladen macrofagen en 
macrofagen zonder vet. De tweede soort cellen zijn Mrp- positief. Vervolgens hebben we 
bepaald dat de Mrp- positieve macrofagen een anti- inflammatoir fenotype hebben. In 
plaques de expressie van Mrp- eiwitten is ook in neutrofielen granulocyten ontdekt, zoals 
in hoofdstuk V beschreven. 

In hoofdstuk VI bestudeerden we de fluctuatie in de concentraties van Mrp-eiwitten in 
atherosclerotische plaques en in de bloed van patiënten met en zonder een beroerte. Eerder 
hebben we beschreven dat de duur van het tijdsinterval tussen een beroerte en de operatieve 
ingreep verband houdt met wisselende eiwitten-concentraties in de atherosclerotische plaques 
van de halsslagader. Naarmate het tijdsinterval langer wordt, kan de concentratie van de 
eiwitten afnemen. Dat geld ook voor de concentraties van de Mrp- eiwitten (hoofdstuk VI). 
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Hoofdstuk VII beschrijft de studie naar Mrp- eiwitten in relatie tot het optreden van 
vasculaire events (zoals hartinfarct of beroerte). Uit deze studie blijken patiënten met een 
verhoogde Mrp-8/14 concentratie in de plaque en bloed, een hoog risico te hebben op een 
vasculair event binnen drie jaar na halsslagader operatie in vergelijken tot patiënten met 
een laag Mrp-8/14 concentratie.
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Abreviation Explanation

ACS, Acute Coronary Syndrome
AMI, Acute Myocardial Infarction
ApoE, Apolipoprotein E
CV(D), Cardio – Vascular (Disease)
CRP, C- Reactive Protein
CEA, Carotid Endarterectomy
CD, Cluster of Differentiation
CK, Creatin Kinase
EC, Endothelial Cell
EDA, Extra Domain A of fibronectin
FFA, Free Fatty Acid
FACS, Fluorescent Activated Cell Sorter
FC, Flow Cytometry
HDL, High Density Lipoprotein
HSP, Heat Shock Protein
HMGB, High Mobility Group Box
IL, Interleukin
LDL, Low Density Lipoprotein
LPS, Lipopolysaccharide
MI, Myocardial Infarction
MCP, Monocyte Chemoattractant Protein
MRP, Myeloid Related Protein
MDM, Monocyte Derived Macrophage
MMP, Matrix MetalloProteinase
MAPK, Mitogen-Activated Protein Kinase
oxLDL, oxidized Low Density Lipoprotein
ORO, Oil-Red-O
PG, Peptidoglycan
RAGE, Receptor for Advanced Glycation Endproducts
SMC, Smooth Muscle Cell
SR, Scavenger Receptor
TIA, Transient Ischemic Attack
TLR, Toll-Like Receptor
TG, Tryglicerides
TNF, Tumor Necrosis Factor
TGF, Tissue Growth Factor
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