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ABSTRACT

Background. Atherosclerosis is the most important cause of cardiovascular diseases
and globally, the major cause of death. Generally, atherosclerosis can be considered
to be a form of chronic inflammation resulting from interaction between modified
lipoproteins, monocyte-derived macrophages, T cells, and the normal cellular
elements of the arterial wall.

Objectives. The objectives of the thesis were to 1) sudy the gene expression
changes induced by oxidized low-density lipoprotein (ox-LDL) and oxidized high-
density lipoprotein (ox-HDL) molecules in cultured human monocyte-macrophages,
2) study the gene expression changes that prevail in advanced human atherosclerotic
arteries, 3) define the expression of ADAM8 mRNA and protein in atherosclerotic
arteries and study if there is an association of its 2662 T/G allelic variant
(rs2995300) with atherosclerosis and myocardial infarction (MI) and 4) define the
expression of ADAMY, -15 and -17 mRNA and protein in human atherosclerotic
plaques and identify their catalytically active formsin the plaques.

Subjects and Methods. The gene expression changes characterizing early
atherosclerotic leson formation were studied with ¢cDNA microarray and
guantitative RT-PCR (QRT-PCR) using cultured human monocyte-macrophages
obtained from leukocyte-rich buffy coats collected from healthy blood donors. The
Tampere Vascular Study (TVS) material was used to evaluate the gene expression
changes prevailing in advanced human atherosclerotic arteries using genome-wide
oligonuclecotide array. The TVS study material consisted altogether of 24
atherosclerotic arteries and six non atherosclerotic control arteries. Atherosclerotic
arteries were collected from carotid and femoral arteries as well as abdominal
aortas. Internal thoracic arteries were used as controls. Gene expression changes
were verified with QRT-PCR and the localization of the ADAM proteins studied
was studied with immunohistochemistry. The association of ADAMS allelic variant
with atherosclerosis and MI was analyzed with TagMan 5 exonuclease assay and
fluorescent allele-specific TagMan probes using the Helsinki Sudden Death Study
(HSDS) material.
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Results. 1) Ox-LDL and ox-HDL significantly affected the gene expression
profiles of monocyte-macrophages. Lipoprotein treatments (LDL vs. HDL) mainly
induced opposite expression in the gene expression of monocyte-macrophages but
in addition, a significant number of genes was found to respond similarly to
lipoprotein treatments. Several new candidate genes for foam cell formation were
found. 2) Using genome-wide gene expression array (GWEA), we characterized the
generally most up- and down-regulated genes in atherosclerotic plagues and found
eight genes specific for aortic plagues and three genes for femoral plaques. In
addition, a total of 28 pathways dysregulated (20 up- and 8 down-regulated
compared to non-atherosclerotic controls) in plagues were defined with special
emphasison a T cell chemokine pathway. 3-4) The expression of ADAMS, -9, -15
and -17 were found to be significantly induced in the atherosclerotic plagues and the
alelic variant of ADAMS8 (rs2995300) was significantly associated with the area of
complicated atherosclerotic plagues and fatal MI in HSDS material.

Conclusions. Microarray technology was found to be applicable in the screening
of gene expression changes in lipoprotein-loaded monocyte-macrophages as well as
in advanced human atherosclerotic arteries. Several novel candidate genes and
pathways potentially involved in the development of atherosclerosis were found.
The pronounced expression of ADAMS, -9, -15, and -17 in the atherosclerotic
plaque and the association of ADAMS allelic variant with the areas of complicated
atherosclerotic plagues and fatal myocardial infarct support the involvement of

ADAMS in atherosclerosis.
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THVISTELMA

Tausta. Ateroskleroosi on monitekijainen sairaus, jonka kehittymiseen vaikuttavat
perima ja ympéristotekijét. Sairaus aiheuttaa vuoskymmenien saatossa valtimoiden
tukkeutumista, mik& johtaa verenkiertohdiridihin sydamessd, alvoissa ja
alaragjoissa. Ateroskleroosia voidaan tarkastella kroonisena tulehdussairautena,
jonka etenemisessa etenkin  hapettuneilla lipoproteiineilla, monosyyteista
erilaistuneilla makrofageilla ja T soluilla on merkittava rooli. Ateroskleroosin
syntymiseen ja etenemiseen vaikuttavia tekijoitéd voidaan tutkia selvittamalla
sairaudessa ilmentyvia geengjd tai usean geenin muodostamia toiminnallisia
kokonaisuuksia. ADAM- (A Disintegrin And Metalloprotease) metalloproteaaseilla
on useita ateroskleroosin kannalta mielenkiintoisia ominaisuuksia, esimerkiksi
sytokiinien ja kasvutekijoiden aktivointi tai inaktivointi.

Tavoiteet. Vatoskirjatyon tavoitteena oli 1) tutkia hapettuneiden LDL- ja HDL-
partikkeleiden aiheuttamia geenien ilmentymisen muutoksia ihmisten monosyytti-
makrofageissa, 2) selvittéd ihmisten ateroskleroottisille valtimoille tyypillisia
geenien ilmentymisen muutoksia, 3) maarittéd ADAM8 mRNA:n ja proteiinin
ilmentyminen ateroskleoottisissa valtimoissa seka selvittdd sen 2662 T/G
(rs2995300) polymorfismin yhteyttd ateroskleroosiin ja sydaninfarktiin ja 4)
médrittéa ADAM9, -15 ja -17 mRNA:n ja niiden katalyyttisesti aktiivisten
proteiinien ilmentyminen ateroskleroottisissa valtimoissa.

Aineisto ja menetelméat. Hapettuneiden lipoproteiinien vaikutuksia tutkittiin
Suomen Punaiselta Ristilta saaduista ” Buffy-Coat” valkosoluvalmisteista eristetyilla
monosyytti-makrofageilla cDNA  mikroarray-menetelmalla ja QRT-PCR-
menetelmédlla (QRT-PCR). Ihmisen terveissa rintakehdn seinamavaltimoissa ja
ateroskleroottisissa kaula- ja reisivaltimoissa sekd aortoissa ilmentyvid geengj,
ADAM-geenit mukaanlukien, tutkittiin Tampereen vyliopistollisessa sairaalassa
kerdystd TVS-materiaalista koko genomin lagjuisella mikroarray-menetelmélla ja
QRT-PCR:ll&. ADAMS, -9, -15 ja-17 proteiinien lokalisaatiota ateroskleroottisissa
valtimoissa tutkittiin immunohistokemiallisin menetelmin ja ADAM9, -15 ja-17
proteiinien katalyyttisesti aktiivisisten muotojen olemassaolo varmistettiin Western-
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blot menetelmdlda ADAMS8 polymorfismin  yhteyttd ateroskleroosiin ja
sydaninfarktiin tutkittin HSDS-materiaalilla kayttden polymorfismille spesifeja
TagMan koettimia ja 5" eksonukleaasi-aktiivisuuteen perustuvaa menetelmaa.

Tulokset. 1) Mikroarray-menetelméd havaittiin - toimivaksi  kartoitettaessa
hapettuneiden LDL- ja HDL-partikkeleiden vaikutuksia ihmisen monosyytti-
makrofagien geenien imentymiseen. Hapettuneilla lipoproteiineilla (ox-LDL ja ox-
HDL) havaittiin olevan padasiallisesti vastakkainen vaikutus geenien
ilmentymiseen, vaikkakin huomattava osa geeneistd kayttaytyi samansuuntaisesti
lipoproteiinikasittelyiden  jalkeen. Tutkimuksessa |0ydettiin  useita uusia
mahdollisesti vaahtosolujen muodostumiseen osallistuvia geeneja 2) Koko genomin
lagjuisella mikroarray-menetelmélla selvitettin  ateroskleroottisissa valtimoissa
eniten ja vahiten ilmentyvéat yksittéiset geenit, sairaudessa muuntuneet geenien
toiminnalliset kokonaisuudet ja signaalinvalitysreitit (yhteensd 28 kpl, joista 20
séadelty ylos- ja 8 alaspéin verrattuna terveisiin valtimoihin), seké karakterisoitiin
ateroskleroottisille aortta- ja reisivaltimoille ominaiset geenien ilmentymisen
muutokset. 3) Tutkimuksessa havaittiin  ensimmaisena maailmassa ADAMS8
MRNA:n ja proteinin ilmentymisen voimistuneen ateroskleroosissa ja sen
rs2995300 polymorfismin liittyvan komplisoituneiden ateroskleroottisten plakkien
pinta-alaan ja sydanakkikuolemaan. 4) ADAMY, -15 ja-17 mRNA:n ja proteiinien
ilmentymisen havaittiin lisdantyneen ja varmigtettiin niiden aktiivissen muotojen
esiintyminen ateroskleroottisissa valtimoissa.

Johtopaatokset. Mikroarray-menetelman havaittiin olevan toimiva analysoitaessa
niin  lipoproteiinikasittelyiden vaikutuksia monosyytti-makrofagien geenien
ilmentymiseen, kuin myos ihmisen ateroskleroottisissa valtimoissa ilmentyvia
geengld  Tutkimuksessa |0ydettiin useita uusia kandidaattigeenejd, jotka
mahdollisesti vaikuttavat ateroskleroosin syntymiseen ja etenemiseen. ADAMS, -9,
-15 ja -17 ilmentymisen havaittiin lisdéntyneen ateroskleroottisissa valtimoissa ja
ADAMS8 rs2995300 polymorfismin liittyvan komplisoituneiden ateroskleroottisten
plakkien pinta-alaan ja sydanakkikuolemaan.
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INTRODUCTION

Atherosclerosis is a systematic, multifactorial disease that is the most prevalent of
al diseases and a major cause of death in both industrialized and developing
nations. Atherosclerosis can cause stenosis or occlusion of arteries, the principal
manifestations being heart attack, stroke and lower limb ischemia.

Atherosclerosis is a chronic inflammatory disease disease (Ross 1999; Hansson
et a. 2006) that may persist for many years before clinical manifestations become
evident. The early lesions of atherosclerosis, fatty streaks, consist mainly of
cholesterol-enriched macrophages (Stary et al. 1994), usually found in the aorta in
the first decade of life, the coronary arteries in the second decade and the cerebral
arteries in the third and fourth decades (Lusis 2000). Fatty streaks are not clinically
relevant, but may proceed to more advanced lesions that are characterized by the
accumulation of lipid-rich necrotic debris and smooth muscle cells. The
atherosclerotic process can evolve into complex phenotype characterized by plague
rupture and thrombosis (Stary et al. 1995).

While several classical risk factors (elevated plasma LDL, cigarette smoking,
hypertension, diabetes mellitus, male sex) for atherosclerosis have aready been
identified that confer a high probability of future pathogenic events, additional
prognostic markers are required for a more accurate prediction of the risk. In
addition, clarifying the inflammatory mechanisms in the atherosclerotic plaque
formation may result in pharmacological and possibly gene therapy applications for
disease prevention or treatment.

The microarray method is a transcendent in screening method that can be used to
study the gene expression of multiple genes, even all human genes in diseases
(Duggan et al. 1999; Lockhart and Winzeler 2000; Hiltunen et al. 2002). The
microarray method is particularly well suited to atherosclerosis studies since
atherosclerosis is a disease with multiple genes influencing its progression. With the
microarray method it is possible to screen the gene expression changes typical for
diseases widely and find new genes potentially involved in disease progression.
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In this study, the involvement of ADAMs was established in a GWEA of human
atherosclerotic plagues. ADAMs are a family of transmembrane and secreted
proteins that function in cell adhesion and proteolytic processing of diverse cell
surface receptors and signaling molecules (Huovila et al. 2005; Edwards et al.
2008). Since inflammatory activation is a key element in atherosclerosis, ADAMs
are of particular interest due to their capability to cleave various subtrates that affect
leukocyte recruitment, cell adhesion and proliferation (Herren 2002; Canault et al.
2006; Gomez-Gaviro et al. 2007).

The purposes of this study were to 1) investigate the effect of oxidized low-
density and high-density lipoproteins on the gene expression of heathy human
monocyte-macrophages and reveal the genes involved in the early phases of
atherosclerosis, 2) investigate the typical gene expression changes in advanced
human atherosclerotic ateries and 3) study the involvement of ADAM family
members 8, 9, 15, and 17 in more detail that were found to be affected in
atherosclerosis.

18



REVIEW OF THE LITERATURE

1. Atherosclerosis

1.1 Prevalence and risk factors

Cardiovascular disease (CVD) is the most prevalent of all diseases in both
industrialized and developing nations. The principal manifestations of CVD are
heart attack, stroke amd lower limb ischemia. Despite a reported 60% decrease in
the age-adjusted CVD mortality rate over the past 30 years, disease prevalence
remains largely unchanged. According to the World Health Organization (WHO),
CVD was the number one cause of death, with 16.7 million people dying due to
CVD in 2003, representing 30% of deaths worldwide. In Europe, CVD was a direct
cause of over 4.35 million deaths and accounted for 43% of all deaths in men and
55% in women of all ages (including 40% of all deaths under the age of 75 years)
(Cifkovaet al. 2008). According to Statistics Finland, coronary artery disease was a
leading cause of death causing ca. 30% of all deaths. These grave statistics attest
that in addition to being the leading cause of death, CVD causes impaired quality of
life, disability, lost productivity and economic loss (Murray and Lopez 1997).
Atherosclerosis is a systematic, multifactorial process, the complexity of which
makes it difficult to clearly to define the risk as attributable to any one risk factor.
The prevalence and severity of atherosclerosis are related to several “old” and
“new” risk factors. According to the American Heart Association (AHA), risk
factors can be categorized as the 1) traditional and conventional, 2) predisposing,
and conditional risk factors. 1) A conventional risk factor appears to have a direct
causal role in atherogenesis. The four major risk factors for vascular disease are
smoking, diabetes mellitus, dyslipidemia and hypertension. 2) Predisposing risk
factors confer their risk through conventional factors and through potentially
independent ways. Predisposing risk factors are divided into nonmodifiable and
modifiable. Nonmodifiable risk factors include advanced age, gender (male sex,
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postmenopausal women), family history and genetics, race (black), and ethnicity
(e.0. non-Hispanic black) whereas modifiable risk factors include overweight and
obesity, physical inactivity, insulin resistance and socioeconomic-behavioral factors.
3) Conditional risk factors are found to be associated with an increased risk of
CVDs, athough their independent contribution is not well documented. Conditional
risk factorsinclude homocysteine, C-reactive protein, fibrinogen, lipoprotein (a) and
hypertriglyceridemia. In addition, there are numerous of emerging risk factors, e.g.,
inflammatory markers, vascular calcification markers, hemostatic factors,
adipokines etc., of which clinical value needs to be ascertained in the future (Liapis
et al. 2009).

1.2 Hypotheses on atherogenesis

In the past, several theories have been presented about the development of
atherosclerosis.  Although each hypothesis provides a different perspective on the
initiation of atherosclerosis, there are many common features among them, eg.,
inflammation and the involvement of low-density lipoprotein (LDL). At present,
atherosclerosis is explained as an inflammatory response elicited by lipoprotein
retention in the arterial intima.

The hypothesis of monoclonal cell growth. In 1973, Benditt and Benditt
proposed that the smooth muscle cells (SMCs) of an atherosclerotic plague were of
monoclonal origin (Benditt and Benditt 1973). Atherosclerotic lesions would thus be
analogous to neoplastic alterations of the vascular wall. This hypothesis has not,
however, been supported later.

The response-to-injury hypothesis. Early hypotheses included the “organized
thrombus hypothesis’ of Rokitansky, who suggested that intimal thickening was due
to arterial fibrin deposition (Rokitansky 1852) and a “lipid transudation” hypothesis
offered by Virchow in 1858, describing atherosclerosis as a disease caused by lipid
complexes with mucopolysaccharides (Virchow 1989). These hypotheses shared the
idea that atherosclerosis is a passive phenomenon of deposition rather than an active
cellular process. These theories were accompanied by the response-to-injury
hypothesis, originally proposed by Ross and Glomset (Ross and Glomset 1973).
According to this hypothesis, the proposed initial step in atherogenesis is that
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endothelial erosion leads to a number of compensatory responses that alter the
normal vascular properties.

The response-to-retention hypothesis. According to the response-to-retention
hypothesis of atherosclerosis, mild to moderate hyperlipidemia causes lesion
development only in specific sites within the arterial tree characterized by local
synthesis of apolipoprotein B-retentive molecules such as biglycan and decorin
(Williams and Tabas 1995). Accumulation is thought to result from apolipoprotein
B-100 motifs and arterial factors, e.g., secretory sphingomyelinase, that facilitate
lipoprotein aggregation (Williams and Tabas 1998).

The oxidative modification hypothesis. Brown and Goldstein observed that
chemical modification of LDL in the form of acetylation leads to foam cell
formation when incubated with macrophages. The uptake of acetylated LDL was
shown to take place through a specific receptor, later termed “the acetyl-LDL
receptor” (Goldstein et a. 1979). Later, oxidatively modified LDL was also found to
be internalized through the same receptor (Parthasarathy et al. 1986). The current
theory of oxidative modification hypothesis states that LDL becomes oxidized in the
arterial wall where it then lends itself to cellular uptake and foam cell formation. Of
critical importance to this hypothesis is the mechanism of LDL oxidation.

The infection-inflammation hypothesis. The facts that inflammation is always
present in plaques and atherosclerotic lesions are reminiscent of scar tissue, led to
gpeculation that an inflammatory-reparative reaction caused atherosclerotic
remodeling. This idea was further supported by the finding that atherogenesis
cannot be totally explained by conventional risk factors (Cook and Lip 1996) and
viral and bacterial agents were found to be involved in atherosclerosis (Nicholls and
Thomas 1977; Mendall et al. 1994).

1.3 Initiation of atherosclerosis

1.3.1 Structure of a normal vascular wall

Atherosclerosis is an insidious process that may exist for many years before clinical
manifestations become evident. Understanding the pathogenesis of atherosclerosis

first requires knowledge of the structure and biology of the normal artery and its
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indigenous cell types. A normal muscular artery consists of three distinct layers; the
intima, media and adventitia. These three layers are separated by concentric layers
of elastin known as the internal elastic lamina (between intima and media), and the
external elastic lamina (between media and adventitia).

The intima. The intima is adjacent to the vessel lumen which includes the
endothelial monolayer that rests upon a basement membrane containing nonfibrillar
collagen types and other extracellular matrix molecules (Wight 1995). Endothelial
cells are attached to one another by a series of interconnections known as junctional
complexes. Endothelial cells regulate a diverse array of functions in the arterial
wall, e.g., thrombosis, vascular tone and leukocyte trafficking into the arterial wall
(Bachetti and Morbidelli 2000).

Thetunica media. The tunica media also consists of a single cell type, the SMCs
that are held together by an extracellular matrix comprised largely of elagtic fibers
and collagen, or cells may be attached also by junctional complexes. The SMCs
form well-developed concentric layers that enable the storage of the kinetic energy
during circulation, which is crucial in the control of blood pressure. The media
varies in size depending on the size of the artery. In small arteries, the media may be
only one cell layer thick, whereas in large arteries, e.g., in aortas, media is usually
many cell layers thick and consists of a large amount of elastin (Keaney 2000). The
externa elastic lamina bounds the tunica media abluminally, forming the border
with the adventitial layer.

The adventitia. The adventitia of arteries has typicaly received little attention,
although recently interest has increased in its role in arterial homeostasis and
pathology. The adventitia consists of a loose matrix of elastin, SMCs, fibroblasts,

mast cells and collagen as well as nerves and vaso vasorum (Keaney 2000).

1.3.2 Lipoprotein retention and endothelial activation

A primary initiating event in atherosclerosis is the accumulation of cholesterol-rich
very low-density lipoprotein (VLDL) and LDL in the subendothelial matrix. When
plasma levels of LDL rise, the transport and retention of lipoproteins are increased
in the preferred sites for lesion formation. Lipoprotein accumulation preferentially

occurs at stes of arterial branching or curvature, where flow is turbulent, in contrast
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to areas of laminar flow, which are less affected. There is also a positive correlation
between low shear stress and LDL accumulation (Zand et al. 1999). LDL diffuses
passively through endothelial cell junctions and its retention in the vessel wall
seems to involve interactions between the apolipoprotein B (apoB) and matrix
proteoglycans (Boren et al. 1998). In addition to LDL, other apoB containing
lipoproteins (lipoprotein(a), remnants) may also accumulate in the intima (Grainger
et a. 1994). Increased LDL retention in the subendothelial space finally exceeds the
elimination capacity through lymphatic vessels, which, in turn, increases the amount
of retained lipoproteins in the subendothelial matrix. This makes LDL and other
lipoproteins vulnerable to enzymatic and non-enzymatic modifications, e.g.,
proteolysis, aggregation, lipolysis and most importantly, oxidation.

Minimally modified LDL. Okxidation is considered the most significant
modification of LDL for the development of an early lesion formation. LDL is first
“minimally modified” (minimally oxidized) by e.qg., hydroperoxyeicosatetra-
enoicacid (HPETE), a reactive oxygen species (ROS) produced by 12/15
lipoxygenase (12-LO) (Kuhn et al. 1994, Folcik et al. 1995), but is still recognized
by the normal LDL receptors. The oxidation process is inhibited by a high-density
lipoprotein (HDL) associated enzyme, paraoxonase 1 (PON1), antioxidants and
cellular enzymatic antioxidants (Watson et al. 1995; Aviram 1996). Minimally
modified LDL (mm-LDL) elicits though multiple pro-inflammatory functions
crucial for atherosclerotic plague initiation, e.g., modifications lead to the release of
bioactive phospholipids that can activate endothelial cells (Kume et al. 1992). In
addition, mm-LDL stimulates the endothelial cells to express adhesion molecules
and chemokines such as monocyte chemotactic protein 1 (MCP1), macrophage
colony stimulating factor 1 (CSF1), vascular cell adhesion molecule 1 (VCAM1)
and other pro-inflammatory molecules and growth factors that promote
inflammatory cell migration into the subendothelium (Cushing et al. 1990;
Rajavashisth et al. 1990; Yla-Herttuala et al. 1991; Kume et al. 1992; Khan et al.
1995; Lusis 2000). In addition, circulating blood cells are activated by a variety of
pro-inflammatory cytokines, including interleukins and tumor necrosis factor alpha
produced by intimal cells in response to infiltrating lipoproteins (Takahashi et al.
2002; Sheikine and Hansson 2004; Daugherty et al. 2005).

Oxidized LDL and foam cell formation. Activated inflammatory cells, mainly

monocytes and T cells, roll on the surface of activated luminal endothelial cells and
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adhere to them in response to signals originating from the intima. The sequential
and overlapping actions of chemoattractants, cytokines and adhesion molecules
result in the firm arrest of circulating monocytes on sites of activated endothelium
(Sheikine and Hansson 2004; Boyle 2005; Daugherty et al. 2005). Once trapped in
the arterial wall, monocytes differentiate mainly to macrophages, but also into
dendritic cells, depending on micro-enviromental conditions such as the content and
composition of cytokines (colony stimulating factor 1 and 2) (Ross 1993; Randolph
et a. 1998). In the arterial wall, macrophages react to the vessel microenvironment
by internalizing and metabolizing a variety of subendothelial components.

As ROS and several enzymes, e.g., myeloperoxidase (Podrez et a. 2000),
sphingomyelinase (Xu and Tabas 1991) and secretory phospholipase (Neuzil et al.
1998), further oxidize LDL, it finally becomes “fully oxidized” (ox-LDL). Ox-LDL
is no longer recognized by normal LDL receptors but instead by scavenger receptors
on macrophages that rapidly uptake ox-LDL particles and eventually turn into foam
cells (Goldstein et al. 1979; Kruth 2001). Macrophages express several scavenger
receptors (Matsumoto et a. 1990) but the role of scavenger receptor A (SR-A) and
CD (cluster of differentiation) molecule 36 in the foam cell formation has been
widely studied (de Villiers and Smart 1999; Linton and Fazio 2001). It has also been
suggested that macrophages internalize modified lipoproteins by an alternative
uptake mechanism that may contribute to foam cell formation (Moore et al. 2005).

After uptake, lipoproteins are transported within vesicles towards lysosomes
(Kruth 2001), and actualy, in the early stages of transformation of macrophages
into foam cells, lipid inclusions are present within large swollen lysosomes (Jerome
and Yancey 2003). The major storage form of cholesterol in macrophages is free
cholesterol and cholesteryl fatty acid esters, which are sequestered into membrane-
bound cytoplasmic lipid droplets, a process where Acyl-CoA cholesterol
acyltransferase (ACAT) is found to play a major role (Kellner-Weibel et al. 1999;
Tabas 2000). Cholesterol esters within lipid droplets can be hydrolyzed by
hormone-sensitive lipase, generating free cholesterol for incorporation into
membranes and transport out of the cell. Membrane incorporation of excess
cholesterol, in turn, inhibits the proteolytic activation of the sterol-regulated element
binding (SREB) transcription factors required for cholesterol biosynthesis and LDL
receptor expression (Brown and Goldstein 1999). While this prevents further
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accumulation of cholesterol via these pathways, it does not ater cholesterol uptake
via scavenger receptors.

Macrophages can dispose excess cholesterol mainly via ABCA1 (ATP-binding
cassette, subfamily A) to HDL or enzymatic modifications (Lawn et al. 1999;
Kozarsky et al. 2000). As the amount of cholesterol in macrophages increases,
foam cells develop that eventually form an early atherosclerotic lesion, "the fatty
streak”, that are prevalent in young individuals, never cause symptoms, and may
either progress into atheromas or disgppear with time. The initiating events in

atherosclerotic plaque formation are described in Figure 1.
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Figure 1. Initiating events in the development of the fatty streak. LDL is vulnerable to
oxidative modifications in the subendothelial space, progressing from minimally
modified LDL (mmLDL) to extensively oxidized LDL (oxLDL). Monocytes attach
to endothelial cells that have been induced to express cell adhesion molecules
by mmLDL and inflammatory cytokines. Adherent monocytes migrate into the
subendothelial space and differentiate into macrophages. Uptake of oxLDL via
scavenger receptors leads to foam cell formation. OxLDL cholesterol taken up by
scavenger receptors is subject to esterification and storage in lipid droplets, is
converted to more soluble forms, or is exported to extracellular HDL acceptors
via cholesterol transporters, such as ABCAL. Abbreviations: VCAM1; vascular
cell adhesion molecule 1, ICAM1; inter cellular adhesion molecule 1,
CSlconnecting segment 1, MCP1; monocyte chemotactic protein 1, CCR2;
chemokine receptor 2, ox-LDL; oxidized LDL, HDL; high-density lipoprotein,
ABCAL; ATP-binding cassette, memberl, ACAT; acetyl-coenzyme A
acyltransferase, CD36: CD molecule 36, SR-A; scavenger receptor A, M-CSF;
macrophage colony-stimulating factor 1, 15L0O; 15 lipoxy-oxygenase, INOS; nitric

oxide synthase, inducible. From (Glass and Witztum 2001), with permission.
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In addition to promoting foam cell formation, ox-LDL has several other pro-
atherogenic effects. For example, ox-LDL is chemotactic for monocytes (Quinn et
al. 1987) and T cells (McMurray et al. 1993), reduces the the macrophage mobility
(Quinn et al. 1987), reduces the bioactivity of endothelium-derived nitric oxide
(Kugiyama et al. 1990) and induces the expression of macrophage scavenger
receptors thereby enhancing foam cell formation and LDL uptake (Mietus-Snyder et
al. 1997) (Table 1).

Table 1. Potential pro-atherogenic and thrombotic effects of oxidized low-density
lipoprotein (ox-LDL). Modified from (Keaney 2000; Stocker and Keaney
2004).

Potential pro-atherogenic and thrombotic activities of oxidized LDL (ox-LDL)

e Supports macrophage foam cell formation

e Ox-LDL derived products are chemotactic for monocytes, T cells and
macrophages

e Ox-LDL derived products are cytotoxic and can induce apoptosis

e Mitogenic for smooth muscle cells and macrophages

e Altersinflammatory gene expression, e.g., macrophage scavenger receptors

e |nduces the expression and activation of PPARYy (peroxisome proliferator-
activated receptor gamma) influencing function of many genes

e Immunogenic and elicits autoantibody formation and activated T cells

e Oxidation renders LDL more susceptible to aggregation which leads to enhanced
uptake

e Substrate for sphingomyelinase, which aggregates L DL

e Enhances procoagulant pathways by induction of tissue factor and platelet
aggregation

e Products of ox-LDL impair -NO (nitric oxide) bioactivity

e Binds C-reactive protein activating the complement pathway
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1.4  Progression of atherosclerosis

1.4.1 Involvement of T cells in the plague progresson

The presence of T cellsin human atherosclerotic plaques was first described in 1985
(Jonasson et al. 1985) and today, the involvement of T cells in atherosclerosis is of
particular interest since T cells secrete mediators that influence plague development
and act on most cells in the plague. Human atheroseclerotic plagues contain
numerous T cells. In a plague, ca 40% of the cells express macrophage markers, ca
10% cells are CD3" T cells and most of the remainder have characteristics of SMCs
(Jonasson et d. 1986). Among T cells, there are also small populations of mast cells
(Kovanen 1995), B cells and dendritic cells present in the plague (Hansson and
Libby 2006).

Foam cells present together with other antigen presenting cells, e.g., dendritic
cells digested ox-LDL to T cells which initiates an adaptive immune reaction (Ross
1999; Hansson 2001; Jawien 2008). Other antigens promoting atherosclerosis are
suggested to be heat shock protein 60 (HSP60)(George et a. 1999), b2-glycoprotein
| (George et a. 2000) or fragments of bacterial antigens (Zhu et al. 2001). The exact
location for the initial antigen presentation to T cells in atherosclerosis is not known
but is thought to occur in regional lymph nodes (Bobryshev 2005).

Activation of naive T cells requires two signals: 1) ligation of the antigen/major
histocopatibility complex (MHC) and b) ligation of the costimulatory molecule
CD28 on T cells by CD80 or CD86 on the antigen presenting cell (Hansson et al.
2006). In addition, the interaction between the immunological cells requires the
presence of CD40 receptor on the antigen presenting cells and CD40L on T cells
that results in priming and expansion of antigen-specific CD4" T cells (Xu and Song
2004). Depending on the antigen, naive T cells differentiate into Thl, Th2, Th17 or
regulatory T cells (Tregs). Interestingly, macrophages, platelets, endothelial cells
and SMCsin lesions also express CD40 and CD40L, which creates many possible
interactions of CD40-CD40L ligation contributing to expression of chemokines,
adhesion molecules and leukocyte recruitment (Karmann et al. 1995; Schonbeck and
Libby 2001). It is currently believed that the immunological response of Thl type
and its mediators (IFNy, tumor necrosis factor alpha; TNFa, interleukin 1; IL1,
IL12, IL18) accelerate atherosclerosis, whereas the Th2 response (IL4, IL5, IL10,
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IL13) inhibits the development of atherosclerosis (Laurat et al. 2001; Daugherty and
Rateri 2002; Pinderski et al. 2002). The role of Th17 response in atherosclerosis has
been suggested to be insignificant (Song and Schindler 2004), or speculated to be
less atherogenic than Thl (Taleb et a. 2008). Tregs home in peripheral tissues to
maintain self-tolerance and to prevent autoimmunity by inhibiting pathogenic
lymphocytes. Treg function in atherosclerosis is not fully understood but it has been
suggested to play a protective role in the disease (Ait-Oufella et al. 2006; Taleb et
al. 2008). The interactions between foam cells, Thl and Th2 cells are represented in
Figure 2.

In human plagues, CD8" T cells are also present but their role in plague
progression needs to be clarified in the future (Jonasson et al. 1986; Gewaltig et al.
2008).

1.4.2 Fibrous plagues

The transition from fatty streak to a more complex lesion is characterized by the
immigration of SMCs from the medial layers of the artery wall past the interna
elagtic laminainto intima in a process mediated by matrix metalloproteases (Mason
et a. 1999). In the intima, SMCs proliferate under the influence of various factors
produced by macrophages and T cells, especialy to transforming growth factor b
and platelet-derived growth factors (Sugiyama et al. 2001; Packard and Libby
2008). 1L18 produced by Thl cells evokes crucial events that facilitate the
progression of atherosclerosis, e.g., inducement of VCAM1, chemokines, cytokines
and matrix metalloproteases. 1L18 signaling also induces IFNy expression of SMCs
activating another proinflammatory pathway (Gerdes et a. 2002) (Figure 2).

In the centre of the mature plaques, atheromas, reside foam cells and extracellular
lipid droplets that are surrounded by a cap of SMCs and collagen-rich matrix
(Jonasson et al. 1986). T cells and macophages are particularly abundant in the
shoulder regions of the plague (Jonasson et al. 1986). In mature atheromas, denritic
cells (Bobryshev and Lord 1995), mast cells (Kovanen et al. 1995), B cells and
natural killer T cells have also been found. Neovascularization, promoted by
proangiogenic factors, arising from the artery’s vasa vasorum, contributes to lesion

progression by providing a route for inflammatory cells to enter the plague and by
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favoring intraplague hemorrhage (Croce and Libby 2007). With time, the plague can
progress into an even more complex lesion with a considerable amount of
cholesterol deposits surrounded by a fibrous cap of varying thickness. The
progression of an atherosclerotic lesion also requires the involvement of activated
platelets that produce CD40L, platelet-derived growth factor (PDGF) and direct
leukocyte adherence into plagues through platelet-mediated leukocyte adhesion, a
process that reveals the synergism between inflammation and thrombosis (Croce
and Libby 2007).

Vascular

Endothelial
lumen :

Fibrinogen

Figure 2. Progression of the lesion. Interactions between foam cells, Thl and Th2 cells
establish a choronic inflammatory process. Cytokines secreted by lymphocytes
and macrophages exert both pro- and antiatherogenic effects on each of the
cellular elements of the vessel wall. Smooth muscle cells migrate from the
medial portion of the arterial wall, proliferate and secrete extracellular matrix
proteins that form a fibrous plaque. Abbreviations: IL; interleukin, Th; helper T
cell, IFNy; interferon gamma, CD; cluster of differentiation. From (Glass and

Witztum 2001), with permission.

1.4.3 Rupture of the vulnerable plague and thrombosis

Significant obstruction (~70%) in luminal size can lead to clinical syndromes such
as effort angina and intermittent claudication, but even very large unstable plagues
may be completely symptomatic (Brown et al. 1993). There is evidence that the
development of thrombus-mediated acute coronary events depends principally on
the composition and vulnerability of the plaque, rather than the severity of the
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senosis. Patients with acute coronary events have also been found to have elevated
levels of circulating cytokines, acute phase reactants and activated T cells (Liuzzo et
al. 1994, Cdligiuri et al. 2000). Maintenance of the fibrous cap is a balance between
matrix production and degradation and inflammatory cells are likely to influence
both processes. The stability of advanced plaguesis also influenced by calcification
and neovascularization (Libby 2001; Croce and Libby 2007).

Advanced complex atheroma exhibits few SMCs at sites of rupture but on the
other hand, a number of macrophages, which are key histological characteristics of
plagues that have ruptured and caused fatal coronary thrombosis, stroke or critical
limb ischemia. Activated macrophages, T cells and mast cells found at sites of
plague rupture, produce several plague destabilizing molecules, e.g., cytokines,
proteases, coagulation factors, radicals and vasoactive molecules (Moreno et al.
1994; van der Wal et al. 1994; Kaartinen et al. 1998; Hansson et al. 2006). The
thrombogenity of the lesion core is thought to depend on the presence of tissue
factor that initiates the coagulation cascade among other thrombosis mediating
molecules (Naghavi et a. 2003a; Naghavi et a. 2003b; Gosk-Bierska et al. 2008).

Acute coronary events most often result from a physical disruption of the fibrous
cap that allows the blood to make contact with the thrombogenic material in the
lipid core or the subendothelial region of the intima (Libby 2001). This initiates the
formation of a thrombus, which can lead to dramatic obstruction of blood flow
through the affected artery and cause severe clinical manifestations or even sudden
death.

1.5 Classification of atherosclerosis

The atherosclerotic lesions can be classified according to progression of the disease.
The American Heart Association (AHA) has published the most recent classification
system for atherosclerotic lesions; it recognizes six types of lesions of increasing
severity in the atherosclerotic process (Stary et al. 1994; Stary et al. 1995).

Type |I. Type | lesions consist of the first microscopically and chemically
detectable lipid deposits and small isolated groups of foam cells in the intima and
the cell reactions associated with such deposits. The initial histological changes in

the intima, however are minimal. These lesions may be present in even a few
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months old infants, most likely at sites where later more advanced lesions develop.
However, initial type | lesions can also be found in adults, or in locations that are
considered lesion resistant (Gerrity 1981; Stary et al. 1994).

Type ll. Type |l lesions include fatty streaks that are often visible on the intimal
surface. Lesions consigt primarily of macrophage foam cells stratified in adjacent
layers, intimal SMCs containing lipid droplets and T cells (Munro et a. 1987;
Katsuda et al. 1992). The number of mast cells is also greater than in the normal
intima but their number is still limited (Stary 1990). Most of the lipid in the type 11
lesions is in cells and the extracellular space contains only small quantities of lipid
droplets and vesicular particles. Type Il lesions are divided into a “progression-
prone” (Type I1a) and “progression resistant” (Type 11b) subgroup. Type lla lesions
localize at typical sites and therefore normally give rise to more advanced lesions,
whereas type I 1b lesions tend to stabilize (Stary et al. 1994).

Type I11. The characteristic microscopical feature in type Il lesion is an increase
in extracellular lipids with progression from droplets to pools among the layers of
SMCs on the intimal thickening. The lipid pools replace intercellular matrix
proteoglycans and disrupt their structural uniformity. Type Ill lesion (preatheroma)
represents the bridge to atheroma, the first advanced lesion group.

Type V. Type IV lesion isalso known as “atheroma’ and is characterized by the
lipid core, a dense accumulation of extracellular lipid that occupies an extensive but
well-defined region of the intima. Fibrous tissue increases and the organelles of
SMCs may be calcified. Between the lipid core and the endothelial surface, the
intima contains macrophages and SMCs, lymphocytes and mast cells. The relative
thinness of this tissue explains why atheromas may sometimes be susceptible to
rupture, even though atheromas usually fail to narrow the vascular lumen (Stary et
al. 1995).

Type V. IntypeV lesions, a prominent new fibrous connective tissue has formed.
Type V lesions may be divided to fibroatheroma (Type Va), calcific (Type Vb) or
fibrotic (Type Vc). In fibroatheromas, new fibrous tissue is part of a lesion with a
lipid core whereas in atype Vb lesion any part of the lesion is calcified. In type Vc
lesion, alipid core is absent or minimal with a considerable amount of fibrous tissue
production possibly due to resorption of the lipid core, organization of thrombi or

extensive reparative response of the arterial wall (Stary et al. 1995).
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Type VI. Type VI lesions are also called “complicated lesions’ and they can be
subdivided by the superimposed features. In type Vla, the surface is disrupted, in
Type VIb there is hemorrhage or hematoma whereas thrombus formation is typical
for Type Vic leson. There are severa factors that promote plague progress to
complicated phenotype, e.g., inflammatory infiltrates in lesions (van der Wal et al.
1994), release of proteolytic enzymes and toxic substances by macrophages
(Henney et al. 1991), coronary artery spasm (Nobuyoshi et al. 1991), structural
weakness (Richardson et al. 1989).

1.6  Applications of microarrays in atherosclerosis research

Microarrays have been utilized in human atherosclerosis research since the
development of the method in the mid 1990s. Microarrays have been used to screen
the genes involved in foam cell formation in a cell culture model (Shiffman et al.
2000) as well as the genes expressed in human atherosclerotic arteries. Gene
expression profiling has been done on several types on human atherosclerotic
plagues, e.g., carotid (Woodside et al. 2003; Dahl et a. 2007), coronary (Randi et al.
2003; King et al. 2005) and peripheral plagues (Fu et al. 2008) and a vast amount of
genes involved in cellular turnover, tissue remodeling, lipid metabolism, thrombosis
and inflammation are suggested to be involved in the pathologic processes of
atherosclerosis. However, the use of whole-mount atherosclerotic lesions or arteries
in microarray studies represents many problems since arterial tissue is a very
heterogenous collection of cells (Tuomisto et al. 2005). Therefore, the gene
expression findings should be localized to certain cell types using in situ
hybridization or immunohistochemistry. To overcome this problem, microarrays
have also been applied to analyse the expression profiles of a single cell type
isolated from atherosclerotic plaques (Haley et a. 2000). In addition, microarray
methdod has been utilized in the search of suitable biomarkers for cardiovascular
diseases (Nakayama et al. 2008).
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2. ADAM metalloproteases

The ADAMSs (A Disintegrin And Metalloprotease) are a family of transmembrane
and secreted proteins of approximately 750 amino acids in length that function in
cell adhesion and proteolytic processing of the ectodomains of diverse cell surface
receptors and signaling molecules (Wolfsberg et a. 1995; Huovila et al. 2005;
Edwards et a. 2008). They belong to the adamalysin subfamily of the metzincin
superfamily of Zn-dependent metalloproteinases (Stone et al. 1999) (Figure 3). Of
the ADAM family, 38 members have been found in various species. The human
genome contains 25 ADAM genes of which four are pseudogenes. Several ADAM
genes display alternatively spliced transcripts that produce variant proteins. In
humans and other vertebrates, ADAMs are expressed in the testes, hematopoietic
cells, nervous system, stem cells and broadly in somatic tissues, see, for example,
(Edwards et a. 2008). The typical ADAM gene consists of an N-terminal signal
peptide, propeptide, metalloprotease, disintegrin, cysteine-rich and epidermal
growth factor-like domains followed by a transmembrane region and a cytoplasmic
tall (Figure 4).

Zinc metalloproteinases
Zincin HEXXH

Sluzincin Metzincin Aspzincin

hAMAF Reprvol)r i Serrabysin Pappaly=sin
MMatrixin) damalysin

Figure 3. Zinc metalloproteinases. The proteases of the zincin type that have the minimal
catalytic zinc-binding motif containing two histidine residues flanking the catalytic
glutamate, HEXXH, comprise three superfamilies: the gluzincins, the aspzincins
and the metzincins. Within the metzincins the major families are the matrixins or
matrix metalloproteinases (MPP), the reprolysins and the astacins. From

(Murphy 2008), with permission.
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2.1 Prodomain

All ADAM precursors possess signal sequences at their N-terminus, which direct
the nascent polypeptides to the secretory pathway. N-terminus is followed by the
prodomain which, a least in some ADAMS, acts as an intramolecular chaperone
affecting the correct protein folding (Roghani et al. 1999) and functions via the
cysteine-switch mechanism to maintain the pro-enzyme latency. According to the
cysteine-switch model, a conserved cysteine within the prodomain coordinates the
essential active site zinc atom, thus rendering the metalloprotease inactive (Van
Wart and Birkedal-Hansen 1990). The prodomain is usually removed during the
transit through the secretory pathway. This activation is thought to be mediated by
the intracellular pro-protein convertases in a post-Golgi compartment (Lum et al.
1998). Interestingly, there is evidence that the prodomain of ADAMS8 and -28 is
removed by an autocatalytic mechanism (Howard et al. 2000; Schlomann et al.
2002).

2.2 Metalloprotease domain and catalytic activity of ADAMs

The catalytic metalloproteinase domain shows a remarkable conservation among the
various ADAM family members. The active site contains zinc and water atoms that
are necessary for the hydrolytic processing of protein substrates, and which are
coordinated by three conserved histidine residues and a downstream methionine
(Seals and Courtneidge 2003). Of twenty-one human ADAMSs, 13 of them possess
the reprolysin-type active site (HEXGHXXGXXHD; the one-letter code for amino
acids) in the metalloprotease domain followed downstream by the “methione turn”
that is the signature of the metzincins (Bode et a. 1993). The presence of the intact
active site sequence indicates that the human ADAMs 7, -8, -9, -10, -12, -15, -17, -
19, -20, -21, -28, -30, and -33 are catalytically active. Other ADAMSs lack one or
more essential amino acid residues from the active site, indicating that their
metalloproteinase domain is catalytically inactive. Given the high degree of
sequence similarity and thus apparent structural conservation, it is tempting to
speculate that the inactive metalloprotease domains may participate in other
functions such as protein-protein interactions or they may be critical to the overall
structure of the ADAM itself.



The most prominent function assigned to ADAM metalloproteases is ectodomain
shedding. A variety of cytokines, chemokines, and growth factors are initially
produced as transmembrane precrursors. ADAMs constitute the major family of
“ectodomain sheddases’ proteolytically releasing and activating these mediators, as
well as down-regulating their receptors and other membrane proteins, albeit some
shedding events are mediated by other membrane-bound proteinases (Blobel 2005;
Huovila et al. 2005). Despite the increasing number of the sheddase substrates, their
specific recognition by the sheddase ADAMs remains poorly understood. The
primary sequence of the cleavage-site does not appear to play a major determinant
role. The variability and the tolerance for mutations of the sequences flanking the
scissile bond in the substrates of given ADAMSs, as well as the fact that several
ADAMs can cleave the same peptide mimetics of some subtrates, indicate the
importance of more distal interactions (Black et al. 2003; White 2003; Huovila et al.
2005; Arribas and Esselens 2009). Hence, it has been difficult to find specific small-
molecule inhibitors for given ADAMSs implicated in diverse diseases. On the other
hand, ADAM inhibitors based on the tissue inhibitors of metalloproteinases are
being pursued at least for some ADAMS, in line with the importance of the distal
interactionsin ADAM substrate recognition (Lee et al. 2005).

ADAM activities are regulated post-trandationally (Doedens and Black 2000;
Zheng et al. 2002), by G-protein-coupled receptors (GPCRS), epidermal growth
factor receptor (EGFR) activation (Ohtsu et a. 2006) and by ADAM inhibitors e.g.,
tissue inhibitors of metalloproteinases (TIMPs) and the membrane-associated RECK
(reversion-inducing cysteine-rich protein with Kazal motifs) (Baker et al. 2002;
Muraguchi et al. 2007).

2.3  Disintegrin domain

The disintegrin domain is named for its presence in the snake venom
metalloproteases (SVMPs), being involved in binding of platelet integrin receptors.
This prevents the association of platelets with their natural ligands like fibrinogen
and blocks platelet aggregation. The disintegrin domain of ADAMS proteins is ~90
amino acids long. Structurally, little is known about the disintegrin domain of

ADAMSs. “True’ snake venom disintegrins have a Arg-Gly-Asp RGD adhesion
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sequence (RGD sequence) in the disintegrin loop but with the exeption of ADAM15
other ADAMs lack the RGD sequence (Evans 2001). Despite this, the disintegrin
domains of many ADAMs do associate with integrin receptors (Chen et al. 1999;
Eto e a. 2002), e.g., through binding to aspartic acid-containing sequences (Zhu
and Evans 2002). In many cases these interactions have been shown to influence
cell adhesion and cell-cell interactions, see, for example, (Eto et al. 2002; Arribas et
al. 2006).

2.4  ADAM cysteine-rich (ACR) domain and EGF-like domain

The cysteine-rich domain is present in al ADAMs and it has been implicated
together with the disintegrin domain in the regulation of catalytic activity (Smith et
al. 2002), substrate targeting (Janes et al. 2005) and removal of the prodomain from
the catalytic domain (Milla et al. 1999). The cysteine-rich domain may also have a
role in the binding of cell surface proteoglycans (Ibaet al. 1999).

Almost al ADAMs contain an EGF-like domain in their ectodomain. The
functional significance of the ADAM EGF-like domain remains poorly understood,
but it has been suggested that it may function in cell-cell adhesion and lateral

protein interactions.

2.5  Cytosolic domain

The cytosolic tails of the ADAMs vary widely in length and sequence, ranging from
11 to 231 residues (Seals and Courtneidge 2003). The cytosolic tails of most
sheddase ADAMSs contain putative recognition motifs for signaling proteins and
adaptors (Huovila et al. 2005). Several contain one or more PXXP motifs that can
act as binding sites for SRC homology 3 domain (SH3) containing proteins and
serine, theronine and tyrosine residues that are potential sites for phosphorylation by
diverse kinases, suggesting that the cytosolic domains of ADAMs may play
important roles in regulating protease function in response to intracellular and
outside-in signaling. ADAM9 and ADAM15 bind to endophilin | and SH3-andphox
homology (PX) domain-containing protein (SH3PX1). The interactions appear to
favor the unprocessed, intracellular forms of these ADAMs (Howard et a. 1999).
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As endophilin | and SH3PX1 function in vesicle sorting, is has been speculated that
these interactions are involved in the regulation of ADAM maturation and/or
subcellular localization (Seals and Courtneidge 2003).
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Figure 4. Structure of the ADAM (A Disintegrin And Metalloprotease) family domain. PRO:
amino-terminal propeptide, MP: metalloproteinase domain, DIS: disintegrin
domain, CR: cysteine-rich region, EGF: epidermal growth factor-like repeat, TM:
transmembrane domain, CD: cytoplasmic domain, HVR: hypervariable region.

From (Murphy 2008), with permission.

2.6 ADAMS, -9, -15, and -17 genes and expression

ADAMS. ADAMS8 (CD156, MS2) is a cell surface glycoprotein originally identified
as MS2 cell surface antigen found on mouse macrophages (Y oshida et al. 1990).
The human ADAMS8 gene includes 23 exons and is located in 10026.3. Its
transcripts encode a 3.1 kb open reading frame which translates to 826 amino acids.
ADAMS8 protein consists of 16 amino-acid signa peptide, 637 amino acid
ectodomain, 25 amino-acid transmembrane region, and 146 amino-acid cytoplasmic
region. The deduced ADAMS protein contains N-glycosylation sites (Y oshiyama et
al. 1997) and SH3-binding sequence in the cytosolic region that is generally thought
to be involved in the intracellular signaling and regulation of activity (Schlondorff
and Blobel 1999; Seals and Courtneidge 2003). ADAMS8 is also capable of binding
to integrins (Schlomann et al. 2000; Rao et al. 2006) located in disintegrin domain.
Zymogen ADAMs are typically activated by furin-catalyzed cut a the
pro/metalloprotease domain junction or by other proprotein convertases but
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ADAMS8 does not contain the consensus cleavage site but, in turn, its prodomain is
cleaved off autocatalytically. (Yoshida et al. 1990). ADAMS8 is not inhibited by any
of the known TIMPs (Amour et al. 2002).

In humans, ADAMS is expressed in immune cells, particularly in monocytes and

granulocytes with the exception of T cells (Yoshiyama et al. 1997). It is also
expressed in several tissues, including thymus, cartilage, bone, brain, and, spinal
cord and during embryonic development. However, ADAMS is not essential for the
embryogenesis since ADAMB8-deficient mice develop normally (Kelly et al. 2005).
Although ADAMS is weakly expressed in normal neurons, its expression is strongly
up-regulated in the inflamed murine central nervous system, eg., in reactive
astrocytes, oligodendrocytes, activated microglia and in degenerating neurons
(Schlomann et al. 2000). In addition, ADAMS8 has also been detected in human
osteoclasts (Choi et al. 2001).
ADAM9. ADAM9 (MDC9, meltrinrgamma) was originally cloned from a mouse
lung cDNA library (Weskamp et al. 1996). The human ADAM9 gene is located in
8pl11.22, comprised of 108 267 bp with 22 exons giving rise to two alternative
ADAMS9 transcripts through differential splicing, encoding a secreted and a
membrane-bound isoform (Hotoda et al. 2002). The mature ADAM9 protein is
about 84 kDa protein constituted of 819 amino acids. ADAM9 contains a consensus
sequence RXXR for furin through which the pro-metalloprotease domain could be
removed (Yamamoto et a. 1999). ADAMO is also capable of binding integrins
through its disintegrin domain and thus suggested to play a role in cell adhesion
(Zhou et al. 2001). The cytosolic part of ADAM9 contains two proline-rich (SH3)-
binding sequences, suggested to participate in signal transduction, in the C-terminal
region of the cytoplasmic tail (Weskamp et al. 1996).

ADAMO is widely expressed in mouse and human (Weskamp et al. 1996).
ADAMY9 knockout mice have been reported to be viable and fertile without
pathologies in unchallenged conditions (Sahin et al. 2004).

ADAM15. ADAM15 (MDC15, metargidin) was first cloned from
adenocarcinoma cells (Kratzschmar et al. 1996) and later from human umbilical
vein endothelial cells and cultured human aortic smooth muscle cells (Herren et al.
1997). ADAM15 geneis located in 1921.3 (Karkkainen et al. 2000) and contains 23
exons of which exons 19 to 21 are used alternatively in human tissues (Kleino et al.
2007). The mass of the mature ADAM15 protein is 85 kDa. The extracellular
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moiety contains 5 potential sites of N-linked glycosylation and the zinc-bonding
motif suggesting metalloprotease activity. The boundary between prodomain and
metalloprotease domain has four consecutive arginine residues providing a potential
cleavage site for serine proteases such as the proprotein convertase furin. ADAM15
is the only member the ADAM family that possesses an RGD integrin-binding
sequence in the disintegrin loop suggesting a specific role in integrin binding and
cell-cell interactions (Kratzschmar et al. 1996). The cytoplasmic tail of ADAM15
presents motifs involved in cell signaling for interaction with SH3-domains of
various intracellular proteins (Feng et al. 1994).

ADAM17. ADAM17 (tumor necrosis factor alpha converting enzyme, TACE)
was originaly identified as the protease responsible for the release of the
inflammatory cytokine TNFo from its membrane bound precursor pro-TNF by two
groups in 1997 (Black et al. 1997; Moss et a. 1997). The ADAM17, located in
2p25, is 3.0 kb long (Black et a. 1997) and constitutes of several transcripts. The
mass of ADAM17 protein is 85 kDa and expression of the protein is largely
constitutive. Similarly to ADAM9 and ADAM15, ADAM17 is thought to be
activated through cysteine switch mechanism (Black et al. 1997) or by a related
enzyme in a late Golgi compartment (Schlondorff et al. 2000). ADAM17 differs
from other ADAM family members by having a proline in place of the second
cysteine in the consensus EECDCG sequence. There are six potential N-linked
glycosylation sites in the extracellular domain (excluding the pro-domain). The
cytoplasmic tal ADAM17 is rich in proline and contains a potential tyrosine
phosphorylation site, and a Src-homology 3 domain binding site (Moss et al. 1997)
that are thought to affect the signaling functions.

2.7 ADAMS, 9-, -15, and -17 in human diseases

27.1 ADAMS8

The expression of ADAMS is induced in several diseases indicating a contribution
to their pathology. ADAMS8 is mainly expressed in the immune systems cells and it
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has aready been proposed to be involved in several diseases involving
immunological processes, e.g., in leukocyte recruitment, rheumatoid arthritis and
asthma. In addition, ADAMS8 has been associated with cancer.

ADAMS8 has been claimed to promote the maturation of bone-destroying
osteoclasts and to degrade the hyaline cartilage in rheumatoid arthritis (Koller et al.
2009). Interestingly, a correlation between the degree of joint inflammation and
soluble ADAMS8 has been established (Gomez-Gaviro et a. 2007). Asthma is a
chronic eosinophilic inflammatory disease wherein ADAMS8 has recently been
found to associate (Matsuno et al. 2006; Foley et al. 2007). In addition, CD23, the
low affinity receptor for IgE, has been found to be a substrate of ADAM8 (Moss
and Rasmussen 2007), suggesting that ADAM8 may be involved in the CD23
mediated functions, like the regulation of IgE level that initiates the activation
cascade leading to hypersensitivity (Gould and Sutton 2008).

ADAMS8 mRNA is up-regulated in mice with multiple sclerosis symptoms and in
human Parkinson's disease patients (Koller et al. 2009). ADAMS8 has been
suggested to exert a neuroprotective effect by preventing neuronal cell death by the
release of soluble cell adhesion molecule with homology to L1CAM (CHL1) (Naus
et al. 2004) that is an important molecule for neuron survival, neurite outgrowth and
cell migration (Schluesener 1998).

Over-expression of ADAMS8 has been detected in several cancers. In pancreatic
cancer, the over-expression of ADAMS8 has been found to be associated with the
invasiveness of cancer cells and correlate with reduced patient survival
(Valkovskaya et al. 2007). ADAMS8 expression has also been found to be associated
with severity of progtate cancer (Fritzsche et al. 2006) and tumor invasiveness in
brain tumors (Wildeboer et al. 2006). In addition, a diagnostic role has been
proposed for ADAMS8 as a marker for early stage lung cancer (Ishikawa et al. 2004).
ADAMBS8 in atherosclerosis. Except for Study 111 inthis thesis, no information exists
in the literature about ADAM8 and atherosclerosis.

2.7.2 ADAM9

Most publications concerning the involvement of ADAM9 in human disease have
been on cancer. As in the case of ADAMS, the expression of ADAM9 has been
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found to be significantly induced in several cancers, including pancreatic cancer and
stomach cancer, skin melanoma and hepatocellular carcinoma (Tannapfel et al.
2003; Grutzmann et al. 2004; Carl-McGrath et al. 2005; Zigrino et al. 2005).
ADAMO9 expression is associated in breast cancer with lymph node metastasis and
and correlates positively with neuroblastoma/glioblastoma derived oncogene
homolog (HER?2), an important prognostic factor for breast cancer (O'Shea et al.
2003).

As a conclusion from the association of ADAM9 with cancer, it has been
suggested that ADAM9 may be involved in tumorigenesis, invasion and metastasis
through modulation of growth factor activity and integrin function (Mochizuki and
Okada 2007).

ADAM9 in atherosclerosis. ADAM9 has previously been reported to be up-
regulated in human atherosclerotic carotid artery specimens. Nine-fold up-regulation
was seen in the carotid plagues compared to non-atherosclerotic thyroid arteries. In
the plaques, ADAM9 was located in smooth muscle cells in the neointima and foam
cells of smooth muscle cell origin surrounding lipid cores (Al-Fakhri et al. 2003).

2.7.3 ADAM15

Dysregulation of ADAM15 expression may contribute to a variety of pathological
processes. ADAM15 deficient mice have been viable and fertile, but showed
reduced tumour neovascularization and accelerated development of osteoarthritis
(Horiuchi et al. 2003; Sahin et al. 2004; Bohm et al. 2005). Of human diseases, the
association of ADAM15 has mostly been studied with various cancers. ADAM15
up-regulation has been detected e.g., in breast (Lendeckel et al. 2005), prostate
(Kuefer et a. 2006), stomach (Carl-McGrath et al. 2005) and lung cancer (Schutz et
al. 2005). ADAM15 has been suggested to be involved in tumor invasion and
metastasis in lungn cancer and in higher grade disease in prostate cancer (Schutz et
al. 2005; Kuefer et al. 2006) Interestingly, ADAM15 knockdown reduced the
metastatic spread of prostate cancer cells in vivo and inhibited numerous malignant
processes (Najy et al. 2008a). Angiogenesis is an essential process in tumor growth
and ADAM15 has actually been detected in areas showing neovascularization in
breast cancers (Kuefer et al. 2006).
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ADAM15 levels are also up-regulated in osteoarthritis (Bohm et al. 1999) and
rheumatoid arthritis (Bohm et al. 2001). Although little is known about the
mechanisms of ADAM15-mediated effects on chondrocyte-matrix interactions, it
seems clear that ADAM15 plays a role in maintaining homeostasis of cartilage and
that disturbation of ADAM15 expression can have pathological consequences
(Lucas et al. 2009). ADAM15 has been also linked to Alzheimers™ disease in which
it is thought to contribute to the disease via integrin and src protein tyrosin kinase
interactions (Bernstein et al. 2003).

ADAM15 in atherosclerosis. There are only few publications on ADAM15 in
atherosclerosis, which is quite surprising, since ADAM15 was originally cloned
from human umbilical vein endothelial cells (Herren et al. 1997) and endothelial
activation is known to play a crucial role in atherosclerosis. In the work of Herren et
al., ADAM15 was found to be up-regulated in atherosclerosis of nonhuman primates
and localized to the macrophage-rich core. In humans, ADAM15, together with
ADAMY9, were found to be up-regulated in human atherosclerosis parallel with
integrins a5b1 and avb3 (Al-Fakhri et al. 2003) that contribute to SMC migration,
proliferation and neointima growth (Kim and Yamada 1997; Moiseeva 2001), all
crucial elements in the progression of atherosclerosis. ADAM15 was prominently
expressed in foam cells of SMC origin and SMCs surrounding lipid cores in the
neointima (Al-Fakhri et al. 2003). These data suggest that ADAM 15 may contribute

to the progression of atherosclerotic lesions.

274 ADAM17

ADAM17 has been found to play an important role in various physiological and
pathophysiological processes, which is not surprising given the wide array of
possible ADAM17 substrates (Edwards et al. 2008; Arribas and Esselens 2009;
Duffy et al. 2009). ADAM17 knockout mice exhibit perinatal fatality probably due
to heart defects, pulmonary hyperplasia and problems with epithelial tissue
maturation (Peschon et al. 1998; Zhao et al. 2001; Jackson et al. 2003; Shi et al.
2003).

Similarly to other ADAMs, ADAM17 has been implicated in various cancers,
e.g. breast (Lendeckel et al. 2005), ovarian (Tanaka et al. 2005), kidney (Roemer et
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al. 2004), colon (Blanchot-Jossic et al. 2005) and prostate cancer (Karan et al.
2003). In breast cancer, the inhibition of ADAM17 has been found to revert the
morphology of tumor cells towards nonmalignant phenotype (Kenny and Bissell
2007) whereas the over-expression of ADAM17 has been found to increase the
invasion and proliferation of cancer cells (McGowan et a. 2007). Interestingly,
treatment of breast cancer cell lines with anti-ADAM17 antibodies decreases cell
proliferation (Lendeckel et al. 2005). ADAM17 over-expression in cancers has been
suggested to contribute to tumour growth, angiogenesis (Blanchot-Jossic et al.
2005), cancer cell motility (Ali and Knauper 2007) and aggressive behavior of
tumors (Tanaka et al. 2005).

ADAM17 has aso been found to affect rheumatoid arthritis (Qian et al. 2007)
and several inflammatory diseases, e.g., inflammatory bowel disease (Colon et al.
2001), peritonitis (Kermarrec et a. 2005) and polymyositis (Dehmel et al. 2007).

ADAM17 in atherosclerosis. In addition to Study 111 in this thesis, ADAM17 has
previously been detected in human atherosclerosis by Canault et al. (Canault et al.
2006) who showed that human plaques contain catalytically active ADAM17 and
suggested the impact of ADAM17 in the inflammatory responses in the lesion
(Canault et a. 2007).
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AIMS OF THE STUDY

Atherosclerosis is a challenging disease for research of novel therapeutic approaches

due to multiple factors affecting its development and progression. Characterizing the

typical gene expression changes in the foam cell formation of macrophages and

atherosclerotic plaques produces knowledge about the comprehensive mechanisms

underlying the disease and discovery of novel candidate genes involved in the

disease. The specific aims of the study were:

1)

2)

3)

4)

To study and compare the gene expression changes induced by ox-LDL and
ox-HDL on healthy cultured human monocyte-macrophages in order to
reveal the gene expression changes involved in the foam cell formation of
macrophages (1).

To investigate the gene expression of all known human genes in advanced
human atherosclerotic arteries and non-atherosclerotic arteries using TVS
material. More spesifically, the aims were to investigate @) the most up-and
down-regulated genes in advanced human atherosclerotic carotid and
femoral arteries as well as aortas, b) the site-specific gene expression
changes in the arteries studied, ¢) all pathways and gene sets (available in
MSigDB database) that were significantly affected in plagues and d) to
verify the expression of all genes in one of the most up-regulated pathways

().

To study the expression of ADAM8 mRNA in advanced atherosclerotic
carotid and femoral arteries as well as aortas compared to non-
atheroscleortic arteries using TV S material and to study the localization and

quantity of ADAMS protein in the plaques (11).

To study the association of ADAMS8 2662 T/G allelic variant (rs2995300)
with atherosclerosis and myocardial infarction using HSDS material (I11).

44



5) To sudy the expression and localization and of ADAM9, -15, and -17
MRNA and catalytically active proteins in advanced human atherosclerotic
carotid and femoral arteries as well as aortasusing TV S material (1V).
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MATERIAL AND METHODS

1. Cell culture experiments

1.1 Cell culture and lipoprotein treatments

Peripheral mononuclear cells were isolated from leukocyte-rich buffy coats obtained
from healthy blood donors from the Finnish Red Cross by Ficoll-Pague (Amersham
Pharmacia Biotech UK, Ltd.,, Buckinghamshire, England) density-gradient
centrifugation. Mononuclear cells adhering to dishes (Corning, New York, USA)
were cultured in an X-vivo serum-free medium (BioWhittaker, Rockland,
California, USA) containing 100 pug / ml penicillin-streptomycin (BioWhittaker).
After differentiation into a macrophage-like phenotype, incubations with native and
ox-LDL and ox-HDL were done in the serum-free medium for one and three days.
Lipoproteins were isolated by sequential ultracentrifugation as previously described
(Jaakkola et al. 1989). After isolation, lipoproteins were diluted to 1 mg / ml with
phosphate-buffered saline (PBS) and oxidation was done by adding CuSO, to afinal
concentration of 20 umol / | and incubating for 24 h at + 37°C (Lehtimaki et al.
1999). Oxidized lipoproteins were given to the cells in a concentration of 50 pg / ml.
Agarose gel electrophoresis (Paragon Lipoprotein (Lipo) Electrophoresis Kit,
Beckman Coulter, Fullerton, California, USA) was run and absorbance of
conjugated dienes was measured at 234 nm (Perkin Elmer, Boston, Massachusetts,
USA) to confirm that lipoproteins were “fully oxidized”. The cells were harvested
for total RNA isolation after one and three days of incubation.

1.2 RNA isolation and cDNA expression array

Gene expression profiling was performed using the BD Atlas Human
Cardiovascular Array (BD Biosciences Clontech, Palo Alto, California, USA) which
included 588 genes potentially involved in cardiovascular diseases. Total RNA was
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extracted using the RNeasy® Mini Kit (Qiagen, Valencia, California, USA)
following the manufacturer’s instructions. After RNA isolation, 5 ug of total RNA
was transcribed, labeled with [o**P] dATP (Amersham Pharmacia Biotech) and
hybridized to microarray according to manufacturer’s instructions. Phosphoimaging
screens were exposed for ten days and the results scanned with the Storm
Phosphoimager (Molecular®Dynamics, Sunnyvale, California, USA).

1.3 Normalization statistical analyses of the microarray data

Raw signal intensities were normalized with ribosomal protein S9 (RPS9) using
Atlas Image 2.01 software (BD Biosciences). RPS9 was selected for a housekeeping
gene since it showed a constant expression in all microarray experiments. The chi-
square test was used to compare the differences in gene expression profiles (number
of up-and down-regulated genes) between ox-LDL and ox-HDL experiments
(version 8.0; STATA Corporation, Texas, USA). A p-value less than 0.05 was
considered statistically significant.

1.4 Quantitative reverse transcription polymerase chain
reaction (QRT-PCR)

The expression of macrophage colony stimulating factor 1 (CSF1), which was
constantly up-regulated by ox-LDL and down-regulated by ox-HDL after one and
three days of incubation in cDNA microarray experiments, was verified by the
quantitative RT-PCR (QRT-PCR) using the LightCycler (Roche Diagnostics,
Manneheim, Germany). RPS9 showed stable expression between compared samples
in QRT-PCR experiments and was thus selected as a housekeeping gene. The primer
sequences for CSF1 were from BD Biosciences and the primers were obtained from
TIB MolBiol (Berlin, Germany). Tota RNA (1 pg was synthesized to cDNA with
random primers using the First-Strand cDNA Synthesis Kit for RT-PCR (AMW)
(Roche Diagnostics) following the manufacturer’s instructions. PCR analyses were
performed in a total volume of 20 ul using the LightCycler FastStart DNA Master
SYBR Green | (Roche Diagnostics). The PCR reaction mixture included 0.5 pM
primers, 4 mM MgCI, for CSF1 and 3 mM for RPS9, 2 ul LightCycler — Fast Start
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Reaction Mix SYBR Green | and 2 pl of 1:10 diluted cDNA. Each sample was
analyzed as a duplicate. To verify the amplification specificity, melting curves were
run at denaturing + 95°C for Os, annealing at + 55°C (CSF1) or + 60°C (RPS9) for
30 s followed by denaturing of the samples in + 95°C at a ramping rate of 0.1°C 5™,
PCR products were further verified by running 1 % agarose gel electrophoresis.
QRT-PCR analyses were done using LighCycler Relative Quantification Software
with efficiency correction (Roche Diagnostics).

2. Gene expression studies of atherosclerotic plagues

2.1 Vascular samples — Tampere Vascular Study material

The atherosclerotic vascular sample series for genome-wide expression analysis
consists of 4 femoral arteries, 9 carotid arteries and 7 abdominal aortas together
from 20 patients participating in the ongoing Tampere Vascular Study (TVS). All
the patients had a polyvascular disease (i.e. at least two major arterial beds affected
by atherosclerotic plagues as evidenced by 1) previous transient ischemic attack and
atherosclerotic plagues in the cerebral vasculature or 2) coronary atherosclerosis as
evidenced by previous myocardial infarction or 3) angina pectoris and
atherosclerotic plagues in coronary angiography or 4) objectively verified peripheral
arterial disease by ankle-brachial pressure index < 0.9 or 5) previous arterial surgery
due to atherosclerosis or 6) angiographical demonstration of arterial plagues). Six
control samples were taken from interna thoracic arteries (ITA) from patients
obligated to by-pass surgery due to coronary heart disease. The sample from interna
thoracic artery was removed from the distal end of the artery at the beginning of
dissection. From these patients, only two had polyvascular disease and all the rest
had monovascular disease. The median age for TV'S patients was 70 years (45-93)
and 75.9% of the subjects were men. The prevalence of risk factors was as follows:
dydipidemia 40.7%, hypertension 77.8%, diabetes 18.5%, history of smoking
86.2%, alcohol consumption more than once a week 42.8%. For the relative gene
expression anaysis, 24 atherosclerotic tissues samples were used and similarly, the
six ITA vessels were used as controls. In a histological study of atherosclerotic

vessels, the carotid and femoral artery samples were type V or VI and all aorta
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samples were type VI. All control vessels were healthy. The vascular samples were
classified according to the American Heart Association classification (AHA) (Stary
et a. 1995). The study has been approved by the Ethics Committee of Tampere
University Hospital. The samples were taken from patients subjected to open
vascular surgical procedures at the Divison of Vascular Surgery, Tampere
University Hospital. All the patients gave informed consent.

2.2 RNA isolation and genome-wide expression analyses

The fresh tissue samples were soaked in RNALater solution (Ambion Inc., Austin,
TX, USA) and isolated with Trizol reagent (Invitrogen, Carlsbad, CA, USA) and the
RNAEasy Kit (Qiagen, Valencia, CA, USA). The concentration and quality of the
RNA was evaluated spectrophotometrically (BioPhotometer, Eppendorf, Wesseling-
Berzdorf, Germany). More than 23,000 known and candidate genes were analyzed
using Sentrix Human-8 Expression BeadChips, according to manufacturer’s
instructions. (Illumina, San Diego, CA, USA). In brief, a 200 ng aliquot of total
RNA from each sample was amplified to cDNA using the Ambion's [llumina RNA
Amplification Kit according to the instructions (Ambion, Inc., Austin, TX, USA).
Each sample cRNA (1500 ng) was hybridized to Illumina’s Sentrix Human-8
Expression BeadChip arrays (I1lumina). Hybridized biotinylated cRNA was detected
with 1 pg/ml Cyanine3-streptavidine (Amersham Biosciences, Pistacataway, NJ,
USA). BeadChips were scanned with the [llumina BeadArray Reader. The method
has been described in more detail in our previous work (Oksala et a. 2009).

2.3 Bioinformatics and statistical analyses

Raw intensity data obtained from the IlluminaTM platform were normalized with R
language and environment for statistical computing and related Bioconductor
module. Bioconductor module was also used to conduct single-probe analysis
including fold-change calculations and filtering the probes. Pathway analysis of the
expression data was performed using the gene set enrichment analysis (GSEA)
implemented in GSEA java desktop application version 2.0 and MsigDB (Molecular
Signature Database) version 2.0. Statistical analysis was performed using SPSS
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version 14.0. (SPSS Inc., Chicago, IL, USA). The non-parametric Mann-Whitney
U-test (SPSS version 14.0, SPSS Inc., Chicago, IL, USA) was used for comparison
of MRNA expression between atherosclerotic and control tissues. Data are presented
as median and range. A p-value lessthan 0.05 was considered significant.

2.4 QRT-PCR

Gene expression analyses were performed with TagMan Low Density arrays
(Applied Biosystems, Foster City, CA, USA) using gene specific TagMan Gene
expression assays. Total-RNA (500 ng) was transcribed to cDNA using the High
Capacity cDNA Kit (Applied Biosystems) according to manufacturer’s instructions.
After the cDNA synthesis, the LDA cards were loaded with 8 ml undiluted cDNA,
42 m H,0, and 50 m PCR Universal Master Mix (Applied Biosystems) and run
according to the manufacturer s instructions. Samples were analyzed as duplicates,
and both cDNA synthesis and PCR reactions were validated for inhibition.
Glyceraldehyde 3-phosphate dehydrogenase (GAPDH) was used as a housekeeping
gene. The results were analyzed using SDS 2.2 Software (Applied Biosystems)
using AACrmethod (Livak and Schmittgen 2001).

3. Immunohistochemical stainings

I mmunohistochemistry was performed using the ABC-method (Vestastain Elite kit,
Vector Laboratories, Burlingame, CA, USA) and paraffin-embedded vascular
samples. ADAM-proteins in the vascular wall was detected with a goat anti-human
ADAMS8 antibody (AF1031, R&D Systems, Minneapolis, MN, USA), rabbit anti-
human ADAM9 (CL3ADAMY, Cedarlane Laboratories Ltd., Burlington, NC,
USA), mouse anti-human ADAM15 (MAB935), and chicken anti-human ADAM17
(AF930) ectodomain antibodies (R&D Systems). The following primary antibodies
were used to detect vascular cell markers in adjacent sections. Muscle actin (mouse
anti-human muscle actin, clone HHF35 [DakoCytomation, Glostrup, Denmark]) was
used to detect smooth muscle cells. CD68 (mouse anti-human CD68, clone PG-M1

[DakoCytomation]) was used as marker of monocytes and macrophages. For the
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detection of endothelial cells, CD31 antibody (mouse anti-human CD31, clone
JC70A [DakoCytomation]) was used. The sections were subjected to microwave
antigen retrieval treatment as described earlier (Shi et al. 1991). Endogenous
peroxidase activity was extinguished by treating the sections with 0.3 % H,O, for 30
minutes. Subsequently, the sections were incubated overnight with the primary
antibodies, followed by biotinylated horse anti-goat, goat anti-chicken (1:500,
Vector Laboratories) or sheep anti-mouse (1:300, Amersham Int., Buckinhamshire,
UK) and ABC-complex for 30 min. Diaminobenzidine was used as a chromogen.
All antibodies were diluted in PBS containing 1 % bovine serum albumin and 0.3 %
of Triton X-100. Controls included omitting the primary antibody or replacing it
with non-immune sera. No staining was seen in the controls.

The co-localization of CD68 and ADAMS, -9 and, -17 in carotid arteries was
studied with double staining immunofluorescence. The samples were fixed with 4%
paraformaldehyde (in 0.1M PBS, pH 7.3) for 6 h at +4°C and cryoprotected with
20% sucrose in PBS. Frozen sections (6pum) were cut with Micron HM560 cryostat
and thaw-mounted onto Polysine glass slides (Menzel, Braunschweig, Germany).
The sections were incubated overnight with mouse monoclonal anti-CD68 (dil.
1:10) and goat anti-ADAMS (1:10), rabbit anti-ADAM9 (1:100), or with chicken
anti-ADAM17 (1:10) followed by a mixture of biotinylated horse anti-mouse
antibody (dil. 1:300, Vector Labs) and rhodamine conjugated donkey anti-goat
(ADAMS8) (dil. 1:50, Jackson Immunoresearch, West Grove, PA, USA) or
biotinylated sheep anti-mouse antibody (1:200), Amersham) and rhodamine-
conjugated goat anti-rabbit antibody (1:50, Boehringer-Mannheim) (ADAM9), or
with a mixture of fluorescein-labeled sheep anti-mouse antibody (1:10, Amersham)
and biotinylated goat anti-chicken (ADAM17)(V ector Laboratories, Peterborough,
England) for 30 min at +37°C. Subsequently, the sections were incubated with
rhodamine-conjucated avidin (dil. 1:100, Vector Labs) for 30 min. Sections were
mounted in a mixture of glycerol and PBS (3:1) containing 0.1%
paraphenylenediamine and examined in Nikon Microphot FXA microscope
equipped with a proper fluorescence filters. Photographs were obtained with PCO
Sensicam digital camera (PCO, Kelheim, Germany). Alternatively the co-
distribution of ADAMS, -9, -15, and -17 with CD68 was studied in 5 nm paraffin
sections (mirror-image sections). Sections were stained with ABC-method as
described above.
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4.  Western blotting analysis

Four randomly selected samples of atherosclerotic plagues from carotid (two
patients) and femoral artery, and aorta were homogenized (100 mg in 350 ul) in ice-
cold lysis buffer (10 mM TrissHCl pH 7.4, 1 % w/v Triton X-100, 0.1 % w/v
sodium dodecyl sulphate (SDS), 0.1 % w/v sodium deoxycholate, 150 mM NaCl)
(Huovila et al. 1992) containing Roche Complete protease inhibitors (Roche
Diagnostics) using a Potter-Elvehjem homogenizer with a Teflon pestle. The
amount of protein was not measured but the samples (each 100 mg wet weight)
were prepared in equal volumes of homogenization and sample buffers. Insoluble
debris was removed with centrifugation (16.2 k x g, 10 min) in a refrigerated
microcentrifuge at + 4C. Laemmli SDS-polyacrylamide gel electrophoresis (PAGE)
sample buffer (5x) with dithiotreitol (DTT) was added to 1x concentration (0.1 M
DTT final). The samples were heated at + 99°C for 5 minutes, cooled to room
temperature and centrifuged 16.2 x g for 10 minutes prior to loading 100 pl per well
onto a 10 % DSD-polyacrylamide gel. Molecular weight markers (Chemichrome
Ultimate, C2117, Sigma, St. Louis, MI, USA) were run along the samples.
Following the SDS-PAGE, the proteins were electrotransferred onto a
polyvinylidene fluoride membrane (BioRad, Hercules, CA, USA) in a semi-dry
blotter. The membrane was then treated with 0.1 % w/v Ponceau S in 5 % acetic
acid to verify a successful transfer, to ensure an even loading, and to fix the proteins
onto the membrane.

The primary antibodies against human ADAM protein ectodomains were from
R&D Systems (Abingdon, UK). Goat-anti-ADAM9 (AF939), goat-anti-ADAM15
(AF935), and goat-anti-ADAM17 (AF2129) were diluted 1/1000 in tris-buffered
saline with Tween-20 (TBST) containing 5 % non-fat milk (TBS with 0.1 % w/v
Tween-20). The peroxidase-coupled secondary antibody, anti-goat/sheep (A9452),
was diluted 1/5000 in TBST/milk.

For the immunodetection, the blots were blocked with 5 % w/v non-fat milk in
TBST, followed with 1 h incubation a room temperature (RT) with the primary
antibodies. After several TBST washes and the secondary antibody incubation (1 h,
RT), the blots were washed with TBST, rinsed in TBS, and the bound secondary
antibody was visualized with enhanced chemiluminescence (ECL) and a digital
imager. Just prior to the ECL reagent incubation, the blots were rinsed in water. The
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ECL was done with SuperSignal West Dura reagents according to the
manufacturer’s protocol (Pierce, Rockford, Illinois, USA). The ECL was visualized
in a ChemoDoc XRS digital imager using Quantity One 4.5.2 software (BioRad,
Hercules, California, USA).

5. Genotyping studies

5.1 The Helsinki Sudden Death Study Material

The HSDS material comprises 700 Finnish men subjected to a medicolegal autopsy
in the Helsinki region due to the out-of-hospital death of a previously healthy man,
accidental death, suspected intoxication, or suicide. The mgjority of the men studied
had died due to cardiac causes (41 %, n=288). Other causes of death were unnatural
deaths as the result of accidents or suicides (39 %, n=272) and other diseases (20 %,
n=140). Data on coronary artery disease risk factors were collected by interviewing
the spouse, relative, or a close friend of the deceased. An informant providing
interview data was available for 500 (71 %) of the cases. The interview consisted of
more than 50 detailed questions on smoking and alcohol consumption habits,
hypertension, diabetes, or other previous illnesses (Karhunen and Penttila 1990).
The study was approved by the Ethics Committee of the Department of Forensic
Medicine, University of Helsinki and all the medicolegal autopsies were performed
at the same department (llveskoski et al. 1999).

5.1.1 DNA extraction and genotyping

The samples for genotyping were collected in two series during 1981- 1983 (A
series, Nn=400) and 1991- 1992 (B series, n=300). In the A series, DNA was
extracted from paraffin-embedded samples of cardiac muscle by the method of Isola
et a. (Isola et a. 1994). In the B series, DNA was isolated from frozen (-70 °C)
cardiac samples by the standard phenol-chloroform method (llveskoski et al. 1999).
The samples were genotyped using the ABI Prism 7900HT Sequence Detection
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System (Applied Biosystems, Foster City, CA, USA), which is based on the 5'-
nuclease assay for allelic discrimination. The nucleotide sequences of the primers
and the fluorogenic allele-specific oligonucleotide probes used in the PCR reaction
were deduced from published sequences in the GenBank database and were chosen
and synthesized in conjunction with Applied Biosystems. PCR reaction was
performed according to standard protocol for TagMan MBG probes in a totd
volume of 5 pl. After cycling, end-point fluorescence was measured and the allelic
discrimination analysis module carried out the genotype calling, which was also
checked manually. Genotyping was successful in 539 cases out of the 700 samples
(298 cases in the A series and 241 in the B series). As a quality control method, we
genotyped random blind duplicates from the A and B series.

5.1.2 Measurements of atherosclerotic plaque area

The relative areas of different types of atherosclerotic plaques in the left anterior
descending coronary artery (LAD), right coronary artery (RCA), and left circumflex
coronary artery (LCX) were measured with the standard computer-assisted
planimetric technique, which has been described in detail by Ilveskoski et al.
(I'veskoski et al. 1999). Silicon rubber models of arteries were used to measure the
stenosis of the three main epicardial coronary arteries (LAD, RCA and LCX)
(Weman et al. 1999). Maximal stenosis was used to define the extent of coronary
narrowing for each coronary artery. This datais available for 670 men. To confirm
acute myocardial infarction (AMI), the myocardium was examined. The presence of
neutrophil granulocytes was used as a definitive marker of AMI, and scar tissue in
the myocardium was a marker of previous myocardial infarction (MI). Furthermore,
the presence of thrombosis in coronary arteries was studied during the autopsy.

5.1.3 Satistical analyses

Statistical analysis was performed using SPSS version 14.0. (SPSS Inc., Chicago,
IL, USA). The non-parametric Mann-Whitney U-test was used for comparison of
MRNA expression between atherosclerotic and control tissues. For statistical
analyses, the genotypes were merged into two groups. TT homozygotes and carriers



of the G allele (i.e.,, TG heterozygotes and GG homozygotes), because of the small
number of GG homozygotes (n=6). Categorical variables were compared with
Pearson c? test and continuous variables using analysis of variance (ANOVA). The
relative surface areas of different types of atherosclerotic plaques and tota
atherosclerotic surface area were square-root transformed for the analyses because
of their skewed distributions. The Mann-Whitney U test was used to analyze non-
normally distributed variables. To determine adjusted odds ratios for the occurrence
of MI, sudden cardiac death (SCD), and different subtypes of SCD by ADAMS8
genotype groups, logistic regression analysis was applied. The logistic regression
analyses were adjusted for age, body mass index and with hypertension because
these covariates significantly associate with the risk of MI and fatal AMI in the
present study. Smoking, alcohol consumption, and diabetes were not used as
covariates because these data were missing for several cases and including them
would have caused too many cases to be excluded from the analysis. There were no
significant associations between ADAMS8 genotype group and the occurrence of
smoking or diabetes and with daily alcohol consumption. The combined group of
men who had died of other diseases or by unnatural causes, was used as a reference
group when analyzing the association between ADAMS8 genotype group and fatal
AMI. The ADAMS8 genotype group was not associated with the occurrence of death
either by other diseases or by unnatural causes. A p-value less than 0.05 was
considered statistically significant.
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RESULTS

1.  Effects of lipoprotein-loading of human
macrophages (1)

1.1 cDNA expression array analysis on lipoprotein-loaded
macrophages

RNA extracted from cells incubated with native time-matched LDL and HDL was
used as controls in the microarray analysis. The genes showing at least 2-fold up- or
down-regulation according to the ratio of time-matched oxidized lipoprotein to
native lipoprotein-treated cells, (e.g. ratio of oxidized to native LDL or HDL for one
or three days) were selected for statistical anaysis.

Altogether ox-LDL and ox-HDL treatments of monocyte-macrophages for one
day caused an up-regulation of 34 vs. 13 genes (p= 0.0018) and for three days 52 vs.
99 genes (p< 0.0001) respectively. For one-day incubation, the number of down-
regulated genes was 1 vs. 57 (p< 0.0001) and for three-day incubation 7 vs. 14
genes (p= 0.12) respectively. The genes affected by lipoprotein treatments were
divided into five groups. 1) lipid metabolism, 2) growth and chemotaxis, 3)
inflammation and coagulation, 4) others and 5) total (all genes). The difference
between ox-LDL and ox-HDL incubations was statistically significant at both time-
points among up- and down-regulated genes in the lipid metabolism (1), others (4)
and in total groups (5) whereas in the growth and chemotaxis group the difference
was significant only in one-day incubation among down-regulated genes. In the
inflammation and coagulation group, the difference was significant only among
genes up-regulated by three-day incubations.

The most constantly expressed genes that showed altered expression in at least
two of the four different lipoprotein treatments (ox-LDL one and three day, ox-HDL
one and three day) were divided into groups according to their biological functions
(Table 2). Genes were divided into groups of 1) lipid metabolism, 2) inflammation,
growth and hemostasis, 3) matrix metalloproteinases and tissue inhibitors of matrix
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metalloproteinases, 4) other enzymes, 5) structural and binding proteins, and 6)
annexins. The genes were further classified according to the effects induced by ox-
LDL and ox-HDL; opposite effects (A), parallel (B), only ox-LDL (C) or only ox-
HDL (D) induced change in gene expression. Some of the genes have previously
been linked to atherosclerosis but in addition, several new candidate genes not
previously shown to have altered expression in response to lipoprotein loading in
macrophages are presented.

1.2 Expression of colony stimulating factor 1 and ribosomal
protein S9

Ox-LDL and ox-HDL incubations induced opposite effects on the expression of
certain genes. Since we were interested in this phenomenom, the expression of
colony stimulating factor 1 (macrophage) (CSF1) was verified which was constantly
up-regulated by ox-LDL and down-regulated by ox-HDL in both one and three-day
incubations in microarray experiments. Since ribosomal protein S9 (RPS9) was
found to have a stable expression in the microarray analysis as well asin QRT-PCR
experiments, it was used as a housekeeping gene. An expression pattern similar to
that found in microarray experiments was verified for CSF1 with QRT-PCR.
Incubation of monocyte-derived macrophages with ox-LDL for one and three days
caused more than 2-fold up-regulation of the CSF1 gene in QRT-PCR analysis,
while incubations with ox-HDL had a converse effect at both time-points studied.
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Table 2. Comparison of the effects of oxidized low and high density lipoproteins on the gene expression of human cultured macrophages
measured by BD ATlas™ Human Cardiovascular array. The gene expression is shown as a ratio of time-matched oxidized
lipoprotein-treated cells and native lipoprotein-treated cells. Genes are divided into functional groups and organized into four different
classes depending on whether the effect of LDL and HDL was; A) opposite, B) parallel, or whether c¢) oxidized LDL, or D) oxidized
HDL alone induced the gene expression change. Minus (-) indicates down-regulation.

Functional group Class Oxidized LDL Oxidized HDL Entrez Gene
1 day 3 days 1 day 3 days
Lipid metabolism (n=12)
Apolipoprotein E (APOE) A 25 - -31 - 348
Fatty acid-binding protein 3 (FABP3) A 2.9 21 -43 -23 2170
Lipase A (LIPA) A 3.9 6.0 -44 - 3988
LDL receptor-related protein-associated protein 1 (LRPAPL) A - -6.3 - 44.1 4043
CD68 molecule (CD68) A 2.7 20 -24 - 968
Cholesteral acyltransferase (ACAT) A - 57 -32 - 38
Low density lipoprotein receptor-related protein 1 (LRP1) B - 4.3 - 224.0 4035
High density lipoprotein-binding protein (HDLBP) B 6.2 4.0 - 9.6 3069
Apolipoprotein A precursor (APOA) B - 3.0 - 46.8 335
Macrophage scavenger receptor 1 (MSR1) B -45 34 - 30 4481
Acyl-coenzyme A dehydrogenase (VLCAD) D - - -14.3 -5.2 37
Phospholipase C, beta 2 (PLCB2) D - - -86 -4.0 5330
I nflammation, growth and chemotaxix (n=23)
Macrophage colony stimulating factor (CSF1) A 104 9.0 -52 -19.0 1435
Chemokineligand 2 (CCL2) A - 4.0 -56 -51 6347
Retinoid acid receptor alpha (RARA) A - 2.3 -30 - 5914
Major histocompatibility complex, class|, C (HLAC) A 2.0 -26 - 2.8 3107
CD9 molecule (CD9) A 2.7 34 -23 - 928
Intercellular adhesion molecule 1 (ICAM1) A - 2.3 -44 - 3383
Profilin 1 (PFN1) A 3.2 3.1 -29 - 5216
Calcium and integrin binding protein 1 (CIB1) A - 29 -31 - 10519
Thrombospondin 2 (THBS2) B 30.3 139 244.6 449.6 7058
Fibrinogen beta chain (FGB) B 115.3 66.9 2.2 94 2244
Platel et-activating factor acetylhydrolase (PAF-AHB1) B 33.0 11.0 5.5 51.8 5048
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Functional group

Plasminogen activator, tissue (PLAT)

Neuropilin 2 (NRP2)

Chemokineligand 5 (CCL5)

Selectin L (SELL)

Integrin, aphal (ITGAL)

CD40 molecule (CD40)

Sdectin Pligand (SELPLG)

Tissue factor pathway inhibitor (TFPI)

Coagulation factor 2 (F2)

Integrin, beta 2 (ITGB2)

Platelet-derived growth factor A (PDGFA)
Chemokineligand 1 (CCL1)

Matrix metalloproteinases and inhibitors (n=5)
Matrix metalloproteinase 9 (MMP9)

Matrix metalloproteinase 12 (MMP12)

Tissue inhibitor of matrix metalloproteinase 1 (TIMP1)
Tissue inhibitor of matrix metalloproteinase 2 (TIMP2)
Tissue inhibitor of matrix metalloproteinase 3 (TIMP3)
Other enzymes (n=16)

Superoxide dismutase 2 (SOD2)

Natriuretic peptide precursor B (NPPB)
Glucosamine-6 sulfatase (GNS)

Angiotensin | converting enzyme (ACE)

Prolyl 4-hydroxylase, beta (P4HB)

Glyceraldehyde 3-phosphate dehydrogenase (GAPDH)
PA450 oxidoreductase reductase (POR)

Peptidyl isomerase B (PPIB)

Cytochrome B5 reductase 1 (CY B5R1)

Cytochrome P450 1A1 (CYPA1)
Endothelin-converting enzyme 1 (ECEL)

Cytochrome P450, family 7 (CYP7A1)

Protein kinase, AMP-activated (PRKAA1)
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Oxidized LDL
1 day 3days
19.7 -
- 2.6
- 2.8
184 -
8.1 4.8
- 6.9
- 2.7
- 31
- 3.3
34 29
4.3 4.8
3.2 20
- 2.6
20.5 10.0
- 35
3.2 21
25 35
4.0 26
31 29
21 -

- 3.2
- 29
- 26
245 -

Oxidized HDL

1 day 3days
10.1 154
- 35.8
2.8 -

- 34
4.9 -

- 21
- 138
- 311
- 6.1
-154 31
-38 -89
-36 -
-16.3 -52
-22 -
-3.3 -
12.6 77.0
-23 -
-53 -22
-30 -
-15.7 -
-29 -
-80 -
-22 -
-25 -
-25 -
23.0 311.0
-96 -2.0
52.0 182.0
- 104 -2.6

Entrez Gene

5327
8828
6352
6402
3683
958

6404
7035
2147
3689
5154
6346

4318
4321
7076
7077
7078

6648
4879
2799
1636
5034
2597
5447
5479
51706
1543
1889
1581
5562
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Functional group

Farnesyl diphosphate synthase (FDPS)
Acetyl-coenzyme A acyltransferase 1 (ACAAL)
Structural and binding proteins (n=8)

Filamin A (FLNA)

Actin, beta (ACTB)

Cavealin 3(CAV3)

Amyloid beta precursor-like protein 2 (APLP2)
Vimentin (VIM)

Ezrin (EZR)

Junction plakoglobin (JUP)

Lectin, galactosidase binding 1 (LGALS1)
Annexins (n=5)

Annexin 1 (ANXA1)

Annexin 3 (ANXA3)

Annexin 4 (ANXA4)

Annexin 5 (ANXAD)

Annexin 6 (ANXAG6)

]
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Oxidized LDL

1 day 3days
6.3 54
2.8 29
3.7 4.0
55 35
2.7 20
3.2 29
80.2 -
21 -
2.2 34

Oxidized HDL

1 day 3days
4.6 124
2.7 6.2
-48 -24
-25 -
20 9.9
12.8 324.0
4.0 205
3.6 2.6
-4.0 -
11.8 116.0
-30 -
-38 -
-82 -3.2

Entrez Gene

2224
30

2316
60
859
334
7431
7430
3728
3956

301
306
307
308
309
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2. Whole-genome expression analysis of human
advanced atherosclerotic plaques (1)

2.1 Significantly altered gene expression in atherosclerotic
plaques

Several genes were found to have significantly altered expression in advanced
atherosclerotic carotid and femoral arteries as well as in aortas studied with GWEA.
According to the used selection criteria (>3.0 fold change and p-value < 0.05), 235
genes were up-regulated and 68 genes down-regulated in type V-VI carotid arteries.
For type V-VI femoral arteries, 242 genes were up-regulated and 116 genes down-
regulated. In type VI aortas, 256 genes were up-regulated and 49 genes down-
regulated. In order to identify globally affected genes, we combined all gene
expression results and calculated average fold changes. From these, the 27 most up-
regulated and 16 down-regulated genes were verified with QRT-PCR (Table 3 and
4). GWEA and QRT-PCR methods were found to be highly comparable, the
congruity was ca 90 %.

Among the most up-regulated genes verified with QRT-PCR in atherosclerotic
plague (Table 3), we found genes already previously connected to atherosclerosis,
like matrix metalloproteinases (Raffetto and Khalil 2008), apolipoproteins
(Greenow et a. 2005) and osteopontin (Singh et al. 2007), but we also found genes
that have not been reported at all in the context of atherosclerosis. Without any prior
evidence according to a PubMed search, new potential candidate genes involved in
atherosclerosis pathogenesis generally are eg., acid phosphatase 5 (ACP5S),
interleukin 4 induced 1 (1L4l11), interferon, gamma-inducible protein (1IFI30), SLAM
family member 8 (SLAMFES), lysozyme (LY Z) and immunoglobulin J polypeptide
(IGJ). These genes are presented in boldface in Table 3.

The most generally down-regulated genes (n=16) in advanced atherosclerotic
plagues analyzed QRT-PCR are shown in Table 4. For most of the genes on thislist,
there are only few studies in the literature and no information about their connection
to atherosclerosis.
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2.1.1 Ste-specific gene expression changes in different arterial regions

As the susceptibility to develop atherosclerosis differs notably between different
sites in human vasculature and the severity of atherosclerosis varies from stable
calcified and fibrotic plaques to unstable ulcerated plaques, we sought genes that
were specifically induced in each atherosclerotic artery type. According to GWEA
data, we found eight genes that were induced only in aortic plaques and three genes
that were specifically induced in femoral plagues. The genes that were induced in
carotid arteries, were also induced in aortic and femoral plaques, thus no specific
gene for carotid plaques was found. The genes that were induced only in aortic or

femoral plagues, are shown in Table 5.
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Table 3. The most generally up-regulated genes in atherosclerotic plaques

analyzed with TagMan Low Density array. The results are shown as an
average fold change (FC) compared to control arteries analyzed with
AACr method (Livak and Schmittgen 2001). New potential candidate genes

involved in atherosclerosis pathogenesis are marked in boldface.

Gene abbreviation GenelD Average FC
MMP12 (matrix metallopeptidase 12) 4321 473.7 (p= 0.000)
MMP7 (matrix metall opeptidase 7) 4316 686.1 (p=0.000)
SPP1 (secreted phosphoprotein 1) 6696 173.0 (p= 0.000)
APOC1 (apolipoprotein C-1) 341 154.8 (p= 0.000)
MMP9 (matrix metal | opeptidase 9) 4318 125.3 (p= 0.000)
CCL 18 (CC chemokineligand 18) 6362 105.7 (p= 0.000)
ACPS5 (acid phosphatase 5) 54 57.7 (p= 0.000)
APOE (apolipoprotein E) 348 52.9 (p=0.000)
IL4I1 (interleukin 4 induced 1) 259307 35.2 (p= 0.000)
RGSL (regulator of G-protein signaling 1) 5996 19.9 (p=0.000)
HMOX1 (heme oxygenase (decycling) 1) 3162 20.5 (p=0.000)

[ F130 (interferon, gammarinducible protein ~ 30) 10437 23.2 (p=0.000)
SLAMF8 (SLAM family member 8) 56833 22.0 (p= 0.000)
MGC29506 (hypothetical protein) 51237 19.2 (p=0.001)
THBSL (thrombospondin 1) 7057 13.8 (p=0.000)
LYZ (lysozyme) 4069 10.8 (p= 0.000)
IGJ (immunoglobulin J pol ypeptide) 3512 14.1 (p=0.001)
TYMP (thymidine phosphorylase) 1890 14.0 (p=0.000)
IL8 (interleukin 8) 3576 12.0 (p= 0.000)
COL1A1 (collagen, typel, alpha 1) 1277 5.7 (p=0.000)
CAPG (capping protein) 822 7.4 (p=0.000)
ADFB (adipose differentiation-related protein) 123 6.4 (p=0.000)
LGALSS3 (lectin, galactoside-binding, soluble, 3) 3958 1.8 (p=0.001)
CYBA (cytochrome b-245, apha polypeptide) 1535 5.4 (p=0.000)
CFL1 (cofilin 1) 1072 1.3 (p=0.158)
ALDOA (aldolase A, fructose-bisphosphate) 226 1.2 (p=0.000)
HLA-DRP3 (major histocompatibility complex, class|l, DR beta 3) 3125 - 8.8 (p=0.561)
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Table 4. The most generally down-regulated genes in atherosclerotic plaques

analyzed with TagMan Low Density array. The results are shown as an
average fold change (FC) compared to control arteries analyzed with

AACr method (Livak and Schmittgen 2001).

Gene abbreviation GenelD Average FC
ITLN1 (intelectin 1) 55600 - 568.2 (p= 0.000)
APOD (apolipoprotein D) 347 - 103.9 (p= 0.000)
DUSP26 (dual specificity phosphatase 26) 78986 - 21.3 (p=0.000)
CASQ?2 (calsequestrin 2) 845 - 23.6 (p=0.000)
RGS5 (regulator of G-protein signaling 5) 8490 - 13.0 (p= 0.000)
TCEAL2 (transcription elongation factor A (Sl1)-like 2) 140597 - 18.6 (p=0.000)
DES (desmin) 1674 - 15.8 (p=0.025)
CALD1 (caldesmon 1) 800 - 10.4 (p=0.000)
PPP1R3C (protein phosphatase 1) regulatory (inhibitor) subunit 3C) 5507 - 9.5 (p=0.000)
ADRA2C (adrenergic, alpha-2C-, receptor) 152 - 12.9 (p= 0.000)
CSRP2 (cysteine and glycine-rich protein 2) 1466 - 8.6 (p=0.000)
SPEG (SPEG complex locus) 10290 - 4.2 (p=0.000)
CNNZ1 (calponin 1) 1264 - 4.3 (p=0.000)
C60orf117 (chromosome 6 open reading frame 117) 112609 - 8.7 (p=0.000)
LMODL1 (leiomodin 1) 25802 - 6.5 (p=0.000)
RAMP1 (receptor (G protein-coupled) activity modifying protein 1) 10267 - 5.4 (p=0.000)




Table 5. Genes induced only in human advanced aortic or femoral plagues analyzed with genome-wide expression array (GWEA) and
represented as fold changes (FC). For all genes, the p-value was less than 0.05.

Gene Gene D FC Function

Aortic plaques

CHGA (chromogranin A) 1113 5.8 Secretory granule formation, immunity against microbes,
cancer, hypertension

CSF3 (colony stimulating factor 3) 1440 4.6 Survival / proliferation of neutrophils and macrophages

GAGE12I (G antigen 121) 26748 4.5 Antigen, anti-apoptotic factor

Corf7 (chromosome 4 open reading frame 7) 260436 | 4.3 B cell immunity

GAGES (G antigen 6) 2578 4.0 Antigen, anti-apoptotic

LTF (lactotransferrin) 4057 3.7 I mmune modulator

PRPH (peripherin) 5630 3.6 Intermediate filament

MSAA L (membrane-spanning 4-domains) 931 35 B cell immunity

Femoral plaques

C1QTNF3 (Cig and tumor necrosis factor related protein 3) 114899 | 34 Adipose tissue secreted protein

CHAD (chondroadherin) 1101 3.9 Extracellular matrix modification

PTN (pleiotrophin) 5764 4.7 Heparin-binding growth factor, cancer, angiogenesis
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2.2 Altered pathways and gene sets in advanced
atherosclerotic plaques

In order to identify globally affected pathways in advanced atherosclerosis, we
performed GSEA to illuminate dysregulated pathways. In the pathway analyses, 20
pathways appeared to be significantly up-regulated and 8 pathways down-regulated
in advanced atherosclerotic arteries compared to non-atherosclerotic arteries
according to the criteria recommended by Subramanian et a. (FDR<0.25)
(Subramanian et al. 2005). Significantly up-regulated pathways involved apoptotic
and pro-inflammatory pathways as well as pathways involved in thrombosis or B
cell activation and cell movement. The significantly altered down-regulated
pathways included fatty acid metabolism and amino acid metabolism pathways
(glutamate, leucine, isoleucine), benzoate degradation pathway and pathway
including genes of hormonal functions. A pathway including homeobox genes

related to hematopoiesis was also significantly down-regulated.

2.2.1 T cell differentiation pathway

One of the significantly upregulated pathways was a set of genesinvolved in T cell
differentiation (nktPathway). Since T cells are important effectors of plague
inflammatory processes, we quantitated all genes in this pathway with QRT-PCR
(Table 6). Many of the genes involved in T cell function have been widely studied
with regard to atherosclerosis but now, for the first time, the expression of all the
genes involved in T cell differentiation is characterized at the same time from all
major atherosclerotic vascular beds. The pathway included a total of 29 genes of
which 25 were significantly up-regulated in advanced atherosclerotic lesions
compared to non-atherosclerotic internal thoracic arteries (for exact fold changes,
see Table 6). In general, the highest fold changes were seen for all genes in aortas.
The most up-regulated genes are a set of chemokines and colony stimulating factor
2, interleukin 12B, CD4 molecule and interleukin 12 receptor. Even though the
pathway was in general up-regulated, there were also four genes that were generally
down-regulated in the arteries studied. The most down-regulated gene was
chemokine (C-C motif) receptor 3 (CCR3) (Table 6). By quantitating the whole T
cell differentiation pathway we were able also to reveal genes whose role in the
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research has commanded less interest. Genes that were significantly up-regulated in
this pathway but have not been thoroughly studied with regard to atherosclerosis are
chemokine receptors 3, 4, and 7 (CCR3, CCR4, CCRY7), interferon gamma receptor
1-2 (IFNGR1, IFNGR2), interleukin 12 receptor beta 1-2 (IL12RB1, IL12RB2),
interleukin 18 receptor 1 (IL18R1), interleukin 4 receptor (IL4R), transforming
growth factor beta 2 (TGFB2).

Table 6. Expression of nkTPathway genes in atherosclerotic plaques from carotid
arteries, aortas and femoral arteries analyzed with TagMan Low Density
array. Fold changes are calculated by comparing the median expression
of genes in atherosclerotic arteries vs. controls. Genes marked in
boldface represent a specific expression pattern dependable upon arterial

bed.

Gene abbreviation GeneID Average FC
CSF2 (colony stimulating factor 2 (granulocyte- 1437 TMr*
macrophage)

IL12B (interleukin 12B) 3593 T*

CCR5 (chemokine (C-C motif) receptor 5) 1234 14.9 (p=0.000)
CXCR4 (chemokine (C-X-C motif) receptor 4) 7852 12.4 (p=0.001)
CCR1 (chemokine (C-C matif) receptor 1) 1230 10.7 (p=0.000)
CD4 (CD4 molecule) 920 10.2 (p= 0.000)
CCL4 (chemokine (C-C matif) ligand 4) 6351 8.4 (p=0.001)
CCRY (chemaokine (C-C motif) receptor 7) 1236 8.1 (p=0.001)
CCL 3 (chemokine (C-C matif) ligand 3) 6348 6.6 (p=0.000)
IL12RB1 (interleukin 12 receptor, beta 1) 3594 6.0 (p=0.000)
CD28 (CD28 molecule) 940 5.8 (p=0.001)
CXCR3 (chemokine (C-X-C matif) receptor 3) 2833 5.6 (p=0.001)
CCR4 (chemokine (C-C matif) receptor 4) 1233 3.5 (p=0.033)
CD40L G (CD40 ligand) 959 3.4 (p=0.008)
IFNG (interferon, gamma) 3458 3.1 (p=0.022)
IL12RB2 (interleukin 12 receptor, beta 2) 3595 3.0 (p=0.233)
IFNGR2 (interferon gamma receptor 2) 3460 2.9 (p=0.000)
IL12A (interleukin 12A) 3592 2.9 (p=0.009)
TGFBL (transforming growth factor, beta 1) 7040 2.0 (p=0.000)
IL18R1 (interleukin 18 receptor 1) 8809 2.0 (p=0.007)
CCR2 (chemokine (C-C matif) receptor 2) 1231 1.9 (p=0.213)
IFNGR1 (interferon gammareceptor 1) 3459 1.7 (p=0.005)
IL4R (interleukin 4 receptor) 3566 1.4 (p=0.002)
TGFB2 (transforming growth factor, beta 2) 7042 1.4 (p=0.069)
IL5 (interleukin 5) 3567 0.2 (p= 0.500)
IL4 (interleukin 4) 3565 - 0.5 (p=0.468)
IL2 (interleukin 2) 3558 - 0.1 (p=0.836)
TGFB3 (transforming growth factor, beta 3) 7043 - 0.1 (p=0.350)
CCR3 (chemokine (C-C matif) receptor 3) 1232 - 1.7 (p=0.108)

Note. *Highly expressed in atherosclerotic arteries.
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3.  Comparison of the gene expression profiles of
cultured lipoprotein-loaded macrophages and
human advanced atherosclerotic plaques (I, 1)

Since many of the candidate genes for foam cell formation found in Study | of the
thesis, are new with regard to atherosclerosis, we also investigated their expression
in human advanced plagues using the GWEA data obtained in Study 1. While many
of the genes suggested to be crucial for foam cell formation in Study I, several of
them were not found to be differentially expressed in advanced atherosclerotic
plagues. However, fatty-acid binding protein 3 (FABP3), thrombospondin 2
(THBS2) and filamin A (FLNA) were found to be significantly dysregulated in
lipoprotein-loaded macrophages as well as in human advanced plaques suggesting
that these genes may have a constant effect in the development of atherosclerosis.
These genes are marked in boldface in Table 7 (unpublished data).

Table 7. Comparison the gene expression profiles of selected candidate genes
between human lipoprotein-loaded macrophages and advanced
atherosclerotic plaques. The gene expression changes in lipoprotein
treatments are shown as a ratio of time-matched oxidized lipoprotein-
treated cells and native lipoprotein-treated cells. The gene expression
changes in atherosclerotic arteries are shown as fold changes
(atherosclerotic artery vs. control artery). Genes dysregulated in both
lipoprotein-loaded macrophages and atherosclerotic plagues are marked
in boldface.

Functional group Oxidized Oxidized Carotid | Aorta | Femoral
LDL HDL arteries arteries
lday /3day | 1day /3day

Fatty acid-binding
protein 3 (FABP3) 29 | 21 -43 -23 -19 -27 | -24
LDL receptor-related
protein-associ ated

protein 1 (LRPAP1) -/ -63 |- /[ 441 |12 - 11
Thrombospondin 2

(THBS2) 303 / 139 | 2446/ 4496 | 2.2 17 19
Fibrinogen beta chain

(FGB) 1153/ 669 (22 [/ 94 |11

Chemokineligand 1

(CCLY) - - -38/ -89 |- 11 -11
Natriuretic peptide

precursor B (NPPB) 32 | 21 -53 /-22 |11 -11 |11
Acyl-coenzyme A

dehydrogenase

(VLCAD) - /- -143/ -52 |11 13 13
Filamin A (FLNA) 6.3 / 54 -48 | -24 |-17 -18 [-20
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4.  Expression of ADAM family genes and proteins in
atherosclerotic plagques (I, 1V)

4.1 ADAM mRNA expression in plagues

ADAM gene expression was examined with GWEA and QRT-PCR between
atherosclerotic arteries (types V-VI) and non-atherosclerotic internal thoracic
arteries, as well as ADAM expression between different vessel types. All ADAM
family genes studied (ADAMS8, ADAM9, ADAM15, and ADAM17) were found to
be up-regulated generally in atherosclerosis as well as in the various vascular
regions studied. The strongest up-regulation was seen for ADAMS8 and weakest for
ADAM17 (Table 8, unpublished). The expression of ADAMS8 was higher in type VI
vessels than in type V plagues, whereas no such difference was seen with other
ADAM genes.

Table 8. Expression of ADAM genes in advanced human atherosclerotic plaques
measured by GWEA and QRT-PCR compared to control arteries. Results
are displayed as fold changes and p-values.

ADAM Gene Carotid Aorta Femoral artery Atheroscleratic
artery vs. control artery
ADAMS8
GWEA 2.6 (p=0.000) 3.0 (p=0.005) 2.7 (p=0.038) p < 0.000
QRT-PCR 8.2 (p=0.000) 10.0 (p=0.002) 6.3 (p=0.009) p < 0.000
ADAM9
GWEA 1.2 (p=0.012) 1.3 (p=0.001) 1.5 (p=0.010) p =0.001
QRT-PCR 1.8 (p<0.001) 1.7 (p< 0.001) 1.4 (p=0.065)
ADAM15
GWEA 2.2 (p<0.001) 2.7 (p<0.001) 3.0 (p=0.010) p <0.001
QRT-PCR 1.4 (p=0.607) 2.1 (p=0.012) 2.2 (p=0.065)
ADAM17
GWEA 1.2 (p<0.001) 1.2 (p=0.001) 1.3 (p=0.01) p <0.001
QRT-PCR 1.1 (p<0.001) 1.4 (p<0.001) 1.3 (p=0.132)

4.2 ADAM proteins in plagues

I mmunohistochemistry of the atherosclerotic lesions revealed that ADAMS8 protein
is present in both healthy arteries and advanced atherosclerotic lesions but there is a
distinct increase in the ADAMS8 protein in atherosclerotic plagues. ADAMS8 protein
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was observed in macrophages and smooth muscle cells (Figure 5). However,
endothelial cells displayed no immunoreactivity to the ADAM8. The ADAMS
protein was most prominent in macrophages. The ADAMS8 protein presence in
macrophages was further verified with double-immunofluorescence and staining
adjacent mirror-image section that clearly demonstrated the localization of ADAMS8
in macrophages in carotid arteries. The ADAMS8 protein was seen mainly in the cell
membranes of macrophages (Figure 5).

D)

Figure 5. Immunohistochemical stainings of ADAMS8 protein in A) AHA type V-VI femoral
artery, B) non-atherosclerotic  internal  thoracic  artery, double
immunofluorescence images demonstrating co-distribution of C) ADAM8 and D)
CD68. Arrows indicate the double labeled cells. Adjacent mirror-image sections
showing a macrophage (arrows) heavily stained for E) ADAM8 and F) CD68.
ADAMS8 immunoreactivity is strongest in the cell membrane.

ADAMY9, ADAM15, and ADAM17 proteins were present in the atheromatous
core and to some extent in all the vessel wall layers in advanced plaques while only
gparse cells were positive in ITA vessels. In aortas, ADAMY, -15, and -17 positive

cells co-distributed mainly with CD68-positive macrophages in the plague but did
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not co-distribute with CD31-positive endothelial cells. In the femoral arteries,
however, ADAMY, -15, and -17 proteins co-distributed with endothelial cells in
addition to macrophages. In the carotid arteries, ADAMY, -15, and -17 proteins co-
distributed with macrophages and HHF35-positive smooth muscle cells (Figure 6).
I mmunofluorescence double-staining microscopy of a representative carotid plague
confirmed that ADAM9 and ADAM17 positive cells co-localized with
macrophages, especialy in the plasma membrane. ADAM15 co-localized with
macrophages in the mirror sections.

The majority of ADAMY, -15, and -17 protein was found to be in the
catalytically active form in the atherosclerotic plagues of carotid and femoral
arteries and in aortas (Figure 7).

Femoral artery AHA Type 5-6

{ A Aorta AHA Type 6

. s A 13
Left internal thoracic

artery AHA Type 0

| ADAM15. * ADAM1T
1

Figure 6. Expression of ADAM9, ADAM15, and ADAM17 in human atherosclerotic
plagues. Stainings of monocyte marker CD68, smooth muscle cell marker
HHF35 and endothelial cell marker CD31 in human aortic (A), femoral (B), and
carotid (C) plaques. Samples from internal thoracic arteries (ITA) were used as
controls (D). A straight line indicates the transition between the intima and
media. Arrows indicate typical positively stained cells. Arteries were classified
according to the American Heart Association (AHA). 100 X magnification.
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Figure 7. Western detection of A) ADAM9, B), ADAM15, and C) ADAM17 in
atherosclerotic carotid (1, 3), femoral (2), and aortic (4) plaques, visualized with
enhanced chemiluminescence. The positions of the molecular weight markers
and active/inactive forms are indicated.

5. Association of ADAM8 polymorphism (rs2995300)
with atherosclerosis (111)

5.1 The ADAMS8 rs2995300 polymorphism and the area of
different types of atherosclerotic plagues in coronary
arteries

According to the coronary measurements of our study, the carriers of the ADAMS8
2662G allele had significantly more atherosclerosis (measured as the relative
surface area covered by atherosclerotic lesions) in their coronary arteries than the
TT homozygotes (p= 0.020 in ANOV A adjusted with age and BMI). When the areas
of specific plague types were compared separately, only the areas of fatty streaks
were not significantly associated with this polymorphism (p= 0.229 in ANOVA
adjusted with age and BMI).

In line with the results concerning total plaque areas, the G allele carriers
had significantly larger relative areas of fibrotic plaques in their coronary arteries
(p=0.027 in ANOVA adjusted with age and BMI). A large proportion (23.4%) of
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the autopsied men were not found to have calcified plaques in their coronary
arteries, and, therefore, we first studied whether ADAMS8 polymorphism would
affect the occurrence of such plagues. According to logistic regression analysis
adjusted with age and BMI, there was no difference in the occurrence of calcified
plagues. However, in the group of men who were found to have calcified plaquesin
their coronary arteries, the relative areas of such plagues were significantly larger
among the G allele carriers than among the TT homozygotes (p=0.011 by ANOVA
adjusted with age and BMI). The proportion of men without complicated plaques
was also very high (53.7%), and the same protocol was therefore followed as with
analyzing the occurrence and surface areas of calcified plaques. The G allele carriers
a had higher occurrence rate for complicated plagues (age and BMI adjusted OR
1.75 with 95% CI 1.04 to 2.96, p=0.037), and among the men who had complicated
plagues, the G allele carriers had significantly larger areas covered by such plaques
than the TT homozygotes (p=0.011 by ANOV A adjusted with BMI and age) (Table
2).

5.2 The ADAMS8 rs2995300 polymorphism and the occurrence
of autopsy-verified myocardial infarctions and fatal
prehospital coronary events

In the whole Helsinki Sudden Death study population, the G allele carriers had a
higher occurrence rate for autopsy-verified M| (old or acute) compared to T allele
carriers, 23.9% (n=101) of the TT homozygotes and 35.0 % (n=41) of the G allele
carriers had suffered an M1 (adjusted OR 2.03 with 95% CI 1.25 to 3.31, p=0.004).
Correspondingly, the G allele carriers had a significantly higher risk of SCD by
acute MI (AMI): 12.3% (n=52) of all TT homozygotes and 23.9% (n=28) of all G
alele carriers had suffered a fatal prehospital AMI (adjusted OR 2.41 with 95% ClI
1.34 to 4.32, p=0.003). When the same analysis was limited to men whose death
was caused by autopsy-verified coronary thrombus, the association became more
significant: 6.9% (n=29) vs. 17.9% (n=20) (adjusted OR 3.18 with 95% CI 1.59 to
6.34, p= 0.001).

In our material the relative areas of complicated plagues significantly
associated with the occurrence of fatal AMI. We found that the ADAMS8 genotype
group associated with both the surface areas of complicated plagues and the
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occurrence of fatal AMI. Therefore, we tested whether the higher susceptibility of
the G allele carriersto fatal AMI was due to the larger surface areas of complicated
plagues in their coronary arteries. When the surface areas of complicated plagues
were included as a covariate into the regression analyses, the effect of the G allele
on the occurrence of fatal AMI was markedly weakened markedly and was no
longer statistically significant (adjusted OR 1.56 with 95% CI 0.69 to 3.5, p= 0.284).
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DISCUSSION

1.  Effect of lipoprotein loading of human macrophages

(1)

Foam cell and fatty streak formation are the first hallmarks of atherosclerosis
(Goldstein et al. 1979; Kruth 2001). To revea the gene expression changes that
prevail in the early phases of atherosclerosis, we studied in the Study | the effects of
native and oxidised lipoproteins on human monocyte-macrophages. Even though
ox-LDL is thought to be a major factor in foam cell formation, HDL is also
susceptible to oxidative modifications (Nishigaki et al. 1981) which could affect
foam cell formation (Nagano et al. 1991; Hurtado et a. 1996). The overall gene
expression profiles were significantly affected by both ox-LDL and oxHDL
treatments. Both oxidized lipoproteins induced similar as well as different, or even
contragting, effects on the gene expression of human monocyte-macrophages. Ox-
LDL and ox-HDL induced mainly opposite gene expression but a significant
proportion of the genes behaved similarly to ox-LDL and ox-HDL treatments. In
Study |, genes that were new with regard atherosclerosis, were discussed in more
detail.

Lipid metabolism. Fatty acid-binding proteins are thought to be markers of tissue
injury, and actually fatty acid-bonding protein 3 (FABP3) has been found to predict
long-term mortality after acute coronary syndrome (Kilcullen et al. 2007) and
thought to be a useful biomarker in acute coronary syndromes (Valle et al. 2008).
The role of FAPB3 in the development of atherosclerosis is not known, but it is
known to modulate intracellular lipid metabolism (Coe and Bernlohr 1998). In
Study I, ox-LDL induced over 2-fold increase in FABP3 expression as compared to
non-treated cells. We have later done genome-wide gene expression studies of
human atherosclerotic plagues where the expression of all the genes in the disease
can be evaluated. Interestingly, FABP3 was also ~2-fold up-regulated in
atherosclerotic arteries, suggesting that in addition to being involved in the early
phases of atherosclerosis, FABP3 is also associated with later stages of the disease.
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Another protein involved in lipid metabolism that induced conversely to ox-LDL
and ox-HDL treatments was LDL receptor-associated protein 1 (LRPAPL), which is
required for normal processing of LDL receptor (Willnow et al. 1995). The
biological meaning of LRPAPL dysregulation in atherosclerosis is not known, but,
interestingly, LRPAPL has already been associated to M| (Gonzalez et al. 2002) and
metabolic syndrome (McCarthy et al. 2003). The dysregulation of very-long-chain
acyl-CoA dehydrogenase (VLCAD) was also found in Study |. Until now, the role
of VLCAD in atherosclerosis is not known. According to our GWEA data, VLCAD
is sightly up-regulated in human plagues, further suggesting the involvement of
VLCAD in atherosclerosis.

Inflammation, growth and hemostasis. Natriuretic peptide precursor B (NPPB)
has been found to inhibit monocyte migration, change their shape and inhibit their
adhesion to human umbilical vein endothelial cells (Kim et al. 2004). Interestingly,
ox-LDL enhanced the expression of NPPB, which could result in atheroprotective
effects, whereas ox-HDL down-regulated NPPB, suggesting an atherosclerosis
promoting effect for ox-HDL. In the atherosclerotic plague however, there were no
differences in NPPB levels compared to healthy arteries, suggesting the role for
NPPB in the early phases of atherosclerosis.

An ox-LDL inducible up-regulation of filamin A (FLNA) could, in turn, be
considered to promote foam cell formation and atheroclerosis since FLNA mediates
the attachment of platelets and leukocytes. Ox-HDL seemed to down-regulate
FLNA, suggesting an atheroprotective role for HDL that is not influenced by
oxidation. In the advanced plagues, FLNA was dightly down-regulated.

Chemokine ligand 1 (CCL1) is another suggested candidate gene for foam cell
formation presented in Study | based on its strong down-regulation in response to
lipoprotein treatments. Apolipoprotein (Apo) (a) treatment of human vascular
endothelial cells has been found to induce CCL1 as the principal monocyte
chemoattractant protein (Haque et al. 2000) strengthening the involvement of CCL1
in the early phases of atherosclerosis. However, in the advanced human plagues the
expression for CCL1 was not changed. Similarly, the expression of neuropilin 2
(NRP2) was increased in response to ox-LDL and ox-HDL but, according to our
GWEA data, the expression of NRP2 is not changed in advanced plaques. The
expression of fibrinogen B polypeptide (FGB) was also induced in response to ox-
LDL and ox-HDL but in the advanced plagues, no difference was seen.
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Thrombosponding 2 (THBS2), which showed a strong up-regulation in response
to ox-LDL treatments, was also ~ 2-fold up-regulated in advanced plaques
suggesting that THBS2 may be involved in the early atherogenic processes as well
as later stages of the disease. THBS2 is suggested to modulate collagen
fibrillogenesis and angiogenesis (Bornstein et al. 2000) and its single nucleotide
polymorphisms have been found to be associated with coronary heart disease
(McCarthy et al. 2004) and plague erosion (Burke et al. 2009) but still, more
research isrequired to reveal its biological function in atherosclerosis.

2.  Whole-genome expression analysis of advanced
atherosclerosis (I1)

2.1 Significant gene expression alterations in human advanced
atherosclerotic arteries

Microarray method has previously been used to reveal the gene expression changes
prevailing in the atherosclerotic plague (Hiltunen et al. 2002; Tyson et al. 2002,
Tuomisto et al. 2003; Seo et a. 2004) but in Study II, for the first time, the
expression profiling was done out of three maor arterial beds affected by
atherosclerosis. A considerable number of gene expression changes were found in
advanced human atherosclerotic arteries compared to healthy non-atherosclerotic
arteries. Many of the genes have already previously been connected to
atherosclerosis, whereas several new candidate genes are also presented. In the
following, a gathering of some of the interesting new candidate genes, are presented.

Up-regulated genes. Among the 27 generally up-regulated genes was chemokine
ligand 18 (CCL18) with ~100 —fold up-regulation. CCL 18 has also previously been
found to be expressed in human atherosclerotic plagues, predominantly in
macrophages and suggested to play arole in T lymphocyte attraction (Reape et al.
1999; Hagg et al. 2008). In addition, the plasma level of CCL 18 has been found to
increase in patients with unstable angina pectoris (Kraaijeveld et al. 2007)
suggesting the suitability of CCL18 for use as a biomarker in cardiovascular
diseases. A substantial up-regulation was also observed for the regulator of G-
protein signalling 1 (RGS1) which could be an interesting new candidate in the
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atherosclerosis pathogenesis as RGS proteins are implicated in blocking the signa
transduction of chemokine receptors and thus are likely to have an important
suppressive impact on lymphocyte migration and function (Moratz et a. 2004).
Thrombospondin 1 (THBS1) was found to be strongly up-regulated in all
atherosclerotic plagues studied, average fold change being 10.9. THBS1 has
previously been detected in atherosclerotic plagues of mice and has been suggested
to enhance endothelial dysfunction, apoptosis and smooth muscle cell proliferation.
However, once the lesion has been formed, the expression of THBS1 may in turn be
protective as it may reduce inflammation as well as maturation and plague rupture
(Moura et a. 2008; Stenina and Plow 2008). Galectin-3 gene (LGALS3) and
capping protein (CAPG) were also among the most up-regulated genes. LGALS3
has previously been found to be expressed in plagues (Nachtigal et al. 1998) and the
deficiency of LGALS3 was found to be associated with less severe atherosclerotic
lesions and decreased adventitial inflammation in mice (Nachtigal et al. 2008).
CAPG in turn, has been suggested to modulate the protective effects of
unidirectional shear stress (Pellieux et a. 2003).

Down-regulated genes. Most of the significantly down-regulated genes found in
Study 11, are new with regard to atherosclerosis. The most markedly down-regulated
gene was intelectin 1 (ITLN1), which was almost absent in atherosclerotic plaques
compared to non-atherosclerotic internal thoracic arteries. ITLN1 is a cell surface
phagocytotic receptor that recognizes specific bacterial cell wall components (Tsuji
et al. 2001) and the absence of ITLN1 has been suggested to alter immune responses
to infection and facilitate inflammation (Schaffler et al. 2005). Another significantly
down-regulated gene was the regulator of G-protein signaling 5 (RGS5). Recently,
the blockage of RGS5 has been suggested to provide an alternative approach to treat
hypertension but the biological impact of the reduced expression of RGS5 in the
plagues is not known. Traditionally, in gene expression profiling studies, research
has focused on genes found to be up-regulated in various diseases. The evaluation of
down-regulated genes may, however, be equally important in the ascertaining the
pathogenic processes underlying different diseases.
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2.1.1 Ste-specific gene expression changesin the vascular regions studied

The susceptibility to develop atherosclerosis differs noticeably between different
gtes in human vasculature and the type of atherosclerosis ranges from stable
calcified plagues and fibrotic plaques all the way to unstable ulcerated plagues and
the prevalence of these lesions varies according to vascular bed region. To better
understand the molecular basis of this phenomenon, we determined genes that were
specifically induced in only one arterial bed. Eight genes were found to characterize
specialy the aortic plagues and three genes the femoral plagques. An apparent
observation was that the genes characterizing the aortic plagues were mainly
involved in immunity, e.g., B cell regulation and antigen presenting, whereas the
genes characterizing the femoral plagues were involved in extra-cellular
environment modifications, adipose tissue metabolism and angiogenesis. This
suggests that in aortic plagues the immune mechanisms are pronounced compared to
femoral and carotid plaques. In addition, the three genes observed to be specifically
induced in femoral plagues may contribute to the commonly observed stable
phenotype of lower limb atherosclerosis.

2.2 Dysregulated pathways in atherosclerosis

Apoptotic activity is a well-known feature of atherosclerotic plagues (Isner et al.
1995; Hegyi et al. 1996) thus it is not surprising that among the significantly up-
regulated pathways were several central pro-apoptotic pathways including tumor
necrosis factor alpha and beta signaling genes as well as caspases. In addition, a
careful examination of the genes belonging to these pathways may reveal new genes
involved in the apoptotic activity of plagues. Several pro-inflammatory pathways
involved in T cell differentiation, bacterial infection, interleukin signaling and B cell
activation were found to be induced in advanced plaques, especially the B cell-
related pathways seemed to be significantly induced. The involvement of T cellsin
atherosclerosis has been widely studied but little is known about the role of B cells
in the disease. Two pathways involved in thrombus formation and blood coagulation
were found to be up-regulated. These pathways may have emerged in this study
since the carotid artery plagues analyzed in this study were mainly from patients

79



with symptomatic carotid artery disease where plaque rupture and thrombosis are
known to be activated. One of the thrombogenic pathways, Par1Pathway, includes
protease-activated receptors 1 and 4 that have been found to cause platelet
aggregation (Kim et al. 2002) and a G protein-coupled receptor kinase-5 that
regulates thrombin-activated signaling in endothelial cells (Tiruppathi et al. 2000).
Another pathway involved in blood coagulation was a pathway involving genes in
complement activation. Although complement activation has been recognized in
atherosclerotic lesions, the functional role of the complement system in the
atherogenesis is not known. The complement has been considered to be a part of the
pro-inflammatory system, while there is also evidence that that it may protect tissues
from the accumulation of debris through opsonization of apoptotic cells (Haskard et
al. 2008).

A totaly different phenomenon was seen among the most down-regulated
pathways compared to the up-regulated pathways. The significantly down-regulated
pathways were involved in the basic metabolism of fatty and amino acids, benzoate
degradation and hormonal functions. In addition, a pathway related to hematopoiesis
was significantly down-regulated in the atherosclerotic plagues. This suggests that
the basic metabolic functions are significantly lower in advanced atherosclerotic
arteries compared to healthy non-atherosclerotic vessels. The biological impact of
this phenomenon remainsto be elucidated in the future.

2.2.1 T cell differentiation pathway in atherosclerotic plaque

T cells have crucial effects in the regulation of the inflammatory response in the
atherosclerotic plaques, which makes them interesting targets in the prevention and
treatment of atherosclerosis (Hansson et al. 2006). Among the most up-regulated
pathways, we chose a pathway involved in T cell differentiation for further
ingpection. Several T cell markers, chemokines and chemokine receptors were
found to be highly up-regulated in the plagues. Instead of focusing on well-known
genes involved in T cell activation, which are widely discussed with regard
atherosclerosis, we focused on genes whose role in T cell mediated functions in the

disease is not known.
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Chemokine receptor 7 (CCR7), which was highly up-regulated in the
atherosclerotic plagues contributes to macrophage and dendritic cell emigration and
homing (Llodra et al. 2004) and is involved in immunity and peripheral
immunotolerance (Forster et al. 2008). CCR7 has been demonstrated to have a
major functional role in the regression of atherosclerotic plagues (Trogan et al.
2006) making it an interesting candidate for pharmacological studies. Another two
chemokine receptors, CCR4 and CCR3, showed a different expression profile
between the arteries studied compared to other chemokine receptors included in the
pathway. CCR4 was significantly up-regulated only in the aortas (fold change 5.5,
p= 0.008) whereas the up-regulation in the carotid and femoral arteries was not
significant. This suggests a vascular bed specific function for CCR4. CCR4 is
expressed in SMCs aswell asin Th2 cells. Pronounced up-regulation may be due to
a greater number of SMCs in the aorta than in the carotid and femoral arteries but
the consequence of up-regulation of CCR4 specifically in the aortas remains to be
ascertained in the future. CCR3, a marker for Th2 cells, showed significant down-
regulation (fold change — 4.5, p = 0.012) only in the carotid arteries, suggesting that
the Th2 response in carotid artery disease is significantly lower than in femoral
arteries and in aortas.

Interferon gamma has been suggested to accelerate atherosclerosis e.g. by
activating macrophages and increasing their production of nitric oxide, pro-
inflammatory cytokines and, pro-thrombotic and vasoactive mediators (Hansson and
Libby 2006). In our study, the expression of interferon gamma receptors 1 and 2
(IFNGR1, IFNGR2) was significantly up-regulated in all atherosclerotic arteries
studied. To the best of our knowledge, this is the first study to report the up-
regulation of IFNGR1 and IFNGR2 in human atherosclerotic plagues. It remains to
be seen whether INFG-mediated actions in atherosclerotic plagues could be
modulated through manipulation of its receptors.

Transforming growth factors beta 1-3 (TGFB1-3) also showed a different
expression pattern in the atherosclerotic arteries studied. TGFB1, which has
previously been shown to be atheroprotective (Amento et al. 1991) was ~ 2.0-fold
up-regulated in the plaques, whereas TGFB2 was ~ 1.5 fold down-regulated in all
arteries studied. Interestingly, the expression of TGFB3 was up-regulated only in the

aortas and femoral arteries but significantly down-regulated in the carotid arteries
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suggesting different roles for TGFB molecules in arterial atherosclerosis that may,

in addition, be dependent upon vascular bed.

3. ADAMs in atherosclerosis (I1, 1V)

3.1 ADAMS8

Apart from the present thesis (Study I11), no information was found in the literature
about the role of ADAMS in atherosclerosis. The study results in the third article
clearly represent the up-regulation of ADAMS8 in atherosclerotic plaques and revedl
an association between its single nucleotide polymorphism and complicated plaque
area as well as fatal myocardial infarction, clearly showing that ADAMS is
somehow involved in plague progression. An obvious way for ADAMS8 to affect the
plague progression arises from its capability to cleave adhesion molecules on the
cell surfaces.

ADAMS in leukocyte recruitment and inflammation. The recruitment of
leukocytes into the inflammatory sites is a crucial event in the inflammatory
response that plays a fundamental role in atherosclerosis. Since ADAMS8 is capable
of cleaving adhesion molecules L-selectin and VCAML, it is possible that ADAMS8
could be involved in the regulation of inflammatory cell recruitment to the
atherosclerotic plague.

Neutrophils are the first immune cells to be recruited to the inflammatory foci,
where they phagocytose foreign bodies and release several antimicrobial
polypeptides (Borregaard and Cowland 1997) and generate oxygen-free radicals. In
the early stages of adhesion, neutrophils utilize the L-selectin adhesion molecule
which aids the neutrophil rolling along the endothelium. The rolling speed of
neutrophils was reduced and their accumulation into tissues increased when the
shedding of L-selectin was inhibited (Walcheck et al. 1996). Upon neutrophil
activation and degranulation, ADAMS8 was translocated from the granule membrane
to the cell membrane and a soluble form of ADAMS8 was released. Both the cell
membrane and the soluble form of ADAMS8 were found to enhance L-selectin
shedding (Gomez-Gaviro et a. 2007). ADAMS8 can thus reasonably be considered
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as a physiological anti-inflammatory agent regulating the leukocyte invasion
through its L-selectin sheddase activity.

Endothelial cells are activated during the early atherogenic process and they
express leukocyte adhesion molecules contributing to the progression of
atherosclerosis (Cybulsky and Gimbrone 1991). While the first step in the adhesion,
the “rolling” of leukocytes along the endothelial surface, is mediated by selectins,
vascular cell adhesion molecule (VCAM1) interacts with leukocyte integrins
(Springer 1994) to establish a firm adhesion to the endothelium. Matsuno et al.
found that ADAMS8 is able to shed VCAM1 and suggested that ADAM8 may have a
suppressive role in leukocyte trafficking through VCAM1 clearance from
endothelial cells (Matsuno et al. 2006).

ADAMS is also capable of shedding CD23, which has been implicated in several
functions ranging from cellular adhesion, antigen presentation, growth and
differentiation of B and T cells, rescue from apoptoss, release of cytotoxic
mediators and regulation of IgE synthesis (Bonnefoy et al. 1997). The consequences
of CD23 shedding in atherosclerotic plague need to be studied in the future.

It is also interesting to note that peroxisome proliferator-activated receptor
gamma (PPARG) activation of macrophages induced the up-regulation of ADAM8
(Hodgkinson and Ye 2003). PPARG is an important regulator of macrophage gene
expression inhibiting the production of inflammatory cytokines by macrophages
(Jiang et al. 1998) and promoting cholesterol efflux from macrophages (Chinetti et
al. 2001). PPARG has also been shown to block the proliferation and to increase
apoptosis of SMCs (Bruemmer et al. 2003a; Bruemmer et al. 2003b). It remains to
be seen in the future whether ADAMS is involved in the PPARG mediated anti-
inflammatory mechanisms.

ADAMS in the progression of atherosclerosis. The probability of developing
thrombogenic events rises as atherosclerosis proceeds (Libby 2001). It is interesting
to note that ADAMS is capable of interacting with alphaSbetal integrin (Rao et a.
2006) that is also a ligand for coagulation factor XIIl1 and von Willebrand factor
(Takahashi et al. 2000). Since there is evidence suggesting that soluble ADAMS8
(SADAMS8) may be physiologically active (Schlomann et al. 2002), it is intriguing to
speculate whether SADAMS8 could prevent the thrombotic events in atherosclerosis
by blocking the binding site for these essential factorsin blood coagulation and thus

prevent the thrombotic complications of atherosclerosis.
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Another typical feature, besides thrombosis, of advanced atherosclerosis, is
calcification. Although calcification has previously been thought to be a passive
precipitation phenomena, there is accumulating evidence that arterial calcification is
an organized, regulated process (Abedin et al. 2004). Interestingly, ADAMS8 is an
important factor in osteoclast formation (OCL) (Choi et a. 2001), which could be an
important finding considerating that the monocytotic line of hematopoietic cells
have been reported to undergo osteoclastic differentiation and OCL-like cells have
been detected in atherosclerotic plagues (Jeziorska et al. 1998). It remains to be
seen in the future whether ADAMS8 is involved in the calcification process of

atherosclerosis.

3.1.1 Association of ADAMS8 rs2995300 polymor phism with advanced

atherosclerotic lesion area and risk of M|l and fatal acute Ml

The G dlele carriers of ADAMS8 2662 T/G allelic variant had significantly more
atherosclerosis as well as increased areas of fibrotic, calcified, and complicated
plagues in their coronary arteries, than did the TT homozygotes. The observed SNP
appears to be related to the extent of the atherosclerotic plague area suggesting that
ADAMS is somehow involved in the plague formation.

Patients with the G variant of 2662 T/G (TG and GG genotypes) appeared to
have higher rates of MI and fatal acute MI, possibly explained by the association
with the increased areas of complicated lesions in the coronary arteries of the G
alele carriers. However, when the MI prevalence was adjusted with the areas of
complicated lesions, the correlation disappeared. This suggests that the G allele
might have an effect on the emergence of Ml at the level of complicated lesion areas
rather than directly affecting the thrombus formation. Even though the 2662 T/G is
located in the 3-UTR region of the gene, it has been suggested that the 3-UTR can
affect gene expression by influencing mRNA stability and translation (Misquitta et
al. 2001). Since the 2662 T/G belongs to bin (SNPs in high linkage disequilibrium)
with four other SNPs it is also possible that the 2662 T/G is a neutral marker of

some other SNP belonging to same subset.



3.2 ADAM9

ADAMQ in atherosclerotic plagues. In addition to Study 11 in this thesis, ADAM9
has previously been reported to be up-regulated in human atherosclerotic carotid
artery specimens. ADAM9 was found to be ninefold up-regulated in the carotid
plagues compared to non-atherosclerotic thyroid arteries and located in smooth
muscle cells in the neointima and foam cells of SMC origin surrounding lipid cores
(Al-Fakhri et al. 2003). We observed a notably lower up-regulation of ADAM9 in
atherosclerotic arteries, which may be due to the fact that our control samples were
obtained form subjects with coronary atherosclerosis and the systemic nature of
atherosclerosis may affect several arterial beds, even though the control arteries in
this study were histologically healthy. We also found that, in addition to being
expressed in SMCs, ADAM9 was also found in macrophages in carotid and femoral
arteries as well asin aortas and in addition, in endothelial cellsin femoral arteries.

ADAMO9 in cell adheson. A complex process of atherosclerosis is initiated by
the recruitment of inflammatory cells into the vascular wall. In the process, cell
adhesion allowing the firm contact of blood cells with the endothelium, and
proteolytic degradation of the extracellular matrix allowing cell migration into the
subendothelium, are crucial. The binding of leukocytes to vascular endothelium is
mainly mediated by integrins and selectins (Hillis 2003). In the study by Al-Fakhri
et al., integrins a5b1 and avb3, involved in the migration of smooth muscle cells to
sites of vascular injury, were parallel up-regulated along with ADAM9 and
ADAM15. This process can be regulated, among others, by integrin binding through
different ligands. ADAMs have been suggested to function as integrin regulators,
e.g., alowing cells to specifically open or block integrin binding to different ligands
and regulating cell-cell, cell-matrix interactions, migration and proliferation (Al-
Fakhri et al. 2003; Karadag et al. 2006).

ADAMY9 could also affect the leukocyte recruitment by shedding laminin, a
molecule that monocytes utilize in the attachement to the endothelium (M azzocca et
al. 2005; Konstantinidis et al. 2009). Vascular endothelial growth factor (VEGF), a
cytokine crucial for atherosclerosis (Kimura et al. 2007), has been found to induce
laminin expression in umbilical arteries (Infanger et al. 2008). Despite being
recognized as a substrate of ADAMY, it remains to be seen in the future whether
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ADAMO9 is a functional sheddase of these substrates in atherosclerosis and thus
contributes to plague progression.

As thrombogenic features are typical in advanced atherosclerosis and predispose
to fatal complications of atherosclerosis, it isinteresting to note that ADAM9 isable
to inhibit the adhesion of activated platelets to collagen type | (Cominetti et al.
2009). Collagen type | is a major component of atherosclerotic lesions (McCullagh
et a. 1980) and serves as a ligand for macrophages which, through collagen type |
binding, may influence the progression of the disease. Further study is needed to
elucidate the possible role of ADAM9 and collagen type | interaction of
macrophages in atherosclerosis.

Atherosclerosis-related ADAMO substrates. ADAMO has several substrates that
could be relevant for atherosclerosis (Edwards et al. 2008; Duffy et al. 2009).
ADAMO9 has been proposed to activate epidermal growth factor (EGF) and heparin-
binding epidermal growth factor (HB-EGF), both associated with atherosclerosis,
through ectodomain shedding. Soluble EGF concentrations have been found to be
positively associated with protective lipid concentrations, e.g., apolipoprotein Al
and high-density lipoprotein, (Berrahmoune et al. 2009) whereas soluble HB-EGF
has been found to stimulate proliferation and migration of SMCs and fibroblasts
(Dreux et al. 2006). The HB-EGF signaling pathway was also associated with
increased leukocyte density, wall hypertrophy and lumen narrowing (Zhang et al.
2008). However, even though HB-EGF and EGF are potential substrates for
ADAMY, the major sheddase for HB-EGF is thought to be ADAM17 (Lee et 4.
2003a).

3.3 ADAM15

ADAM15 in atherosclerotic plaque. ADAM15 was originally cloned from human
umbilical vein endothelial cells and found to be up-regulated in atherosclerosis of
nonhuman primates (Herren et al. 1997). Later ADAM15 up-regulation was found
in human atherosclerosis parallel with integrins a5b1 and avb3 (Al-Fakhri et al.
2003) that contribute to SMC migration, proliferation and neointima growth (Kim
and Yamada 1997; Moiseeva 2001), all crucial factors in the progression of
atherosclerosis. ADAM15 was prominently expressed in foam cells of SMC origin
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and SMCs surrounding lipid cores in the neointima (Al-Fakhri et al. 2003). We also
localized ADAM15 to macrophages and SMCs and in addition, observed ADAM 15
protein in endothelial cellsin femoral arteries. Whether the rheological properties of
different vascular beds affect the expression profile of ADAMs in specific cell types
remains to be elucidated in the future.

ADAM15 and integrins. Besides the observation that ADAM15 was parallel up-
regulated with integrins (Al-Fakhri et al. 2003), there are several studies suggesting
the role for ADAM1S5 in integrin regulation (Blobel 1997; Herren et al. 1997; Al-
Fakhri et al. 2003; Charrier et al. 2005; Mosnier et al. 2006) which makes ADAM 15
an intriguing molecule in the field of atherosclerosis.

A complex process of atherosclerosis is initiated by the recruitment of
inflammatory cells into the vascular wall. In the process, cell adhesion allowing the
firm contact of blood cells with the endothelium, and proteolytic degradation of the
extracellular matrix allowing cell migration into the subendothelium, are crucial
(Krieglstein and Granger 2001; Lu et al. 2008). ADAM family members have both
of these properties making them interesting targets in the search for putative
molecules for future therapies in atherosclerosis. Considering the maor role of
ADAM15 in integrin functions, and the observed up-regulation of ADAM15 in
atherosclerosis, ADAM15 makes an interesting candidate for pharmacological
studies in aherosclerosis being involved in inflammatory cell and platelet
recruitment, SMC migration and proliferation. In addition, ADAM15 may be
involved in thrombogenic events, since platelets were found to adhere to ADAM15
via GPIlIb-llla integrin (allb/b3) and recruit further platelets to form a
microthrombus. ADAM15 was also found to induce platelet activation and secretion
of CD40 Ligand (Langer et al. 2005), which has been found to contribute to
atherosclerosis (Mach et al. 1998; Langer et al. 2005).

Atherosclerosisrelated ADAM15 substrates. Since ADAM15 aready has
several potential substrates (Edwards et al. 2008; Duffy et al. 2009; Lucas et al.
2009) and the number is constantly growing, it is likely that ADAM15 could affect
atherosclerosis by several mechanisms. Cadherins are another family of cell surface
adhesion molecules suggested to be involved in cardiovascular diseases. For
example, the shedding of E-cahderin by ADAM15 induces the ErbB transactivation
(Najy et al. 2008b) that has been suggested to play a critical role in cardiovascular
diseases (Eguchi et al. 2003).
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In addition to ADAM9 and -17, ADAM15 is able to cleave HB-EGF, the
signaling of which is associated with increased leukocyte density, vessel wall
hypertrophy and lumen narrowing (Zhang et al. 2008). ADAM15 expression has
also been found to be elevated after infarction in myocardium and has been
suggested to be involved in inflammatory response and cardiac remodeling (Li et al.
2009).

3.4 ADAM17

ADAM17 in atherosclerotic plaque. Previousy ADAM17 has been detected in
human atherosclerosis by Canault et al. (Canault et a. 2006), who showed that
human plagues contain catalytically active ADAM17 and suggested the impact of
ADAM17 in the inflammatory responses in the lesion (Canault et a. 2007). In Study
[11, a slight up-regulation of ADAM17 was observed in the carotid artery plagues
and in the aortas where it was localized to macrophages and SMCs. ADAM17 has
already been found to be involved in the survival, proliferation and differentiation of
mononuclear phagocytes based on its ability to shed the macrophage colony-
stimulating factor receptor (M-CSFR) (Clinton et al. 1992; Rovidaet al. 2001).

Atherosclerosis-related ADAM17 substrates. Many of the several ADAM17
substrates (Arribas and Esselens 2009; Duffy et a. 2009) have aready been
suggested to be involved in atherosclerosis as it is able to cleave several molecules
crucial to atherosclerosise.g, vascular cell adhesion molecule (VCAM), intercellular
adhesion molecule (ICAM), L-selectin, TNF and its receptors and HB-EGF. As
discussed regarding ADAMS8 and its L-selectin shedding, it is evident that
ADAM17 mediated adhesion molecule shedding may also have a crucial effect in
the regulation of inflammatory cell recruitment into the atherosclerotic plague.
ADAM17 is also able to cleave endothelial chemokines that may result in
diminished inflammatory cell attachment (Clinton et al. 1992).

An obvious effect of ADAM17 to atherosclerotic plaque biology arises from its
capability to shed TNFo and its receptor tumor necrosis factor receptor 1 (TNFR1)
(Canault et al. 2006; Canault et al. 2007). TNFa induces the gene expression of
various inflammatory cytokines and chemokines that accelerate atherogenesis,

thrombosis, vascular remodeling, vascular inflammation, endothelium apoptoss,

88



vascular oxidative stress and dimished NO bioavailability contributing to the
blunted vascular function (Zhang et al. 2009). TNFa level has also been found to be
elevated after acute myocardial infarction (Maury and Teppo 1989). Whether
ADAM17 mediated TFNa and its receptor shedding is a promoting or a protective
phenomenon in atherosclerosis remains to be ascertained in the future. Interestingly,
though, the increased expression and activity of ADAM17 has been found to
decrease the lesion formation in mice (Holdt et d. 2008) supporting the protective
role of ADAM17.

ADAM17 shedding is also known to affect lipoprotein functions since ADAM17
is able to shed low-density lipoprotein receptor-related protein 1 (LRP1) (Liu et al.
2009) and its shedding activity is activated by HDL (Tellier et al. 2008). LRP1 is an
endocytic receptor that is thought to regulate the cellular microenvironment in injury
and inflammation that is found to act protectively in atherosclerosis (Boucher et al.
2003) and of which soluble form has been suggested to have anti-inflammatory
properties (Raghavendra et al. 2002; Gaultier et al. 2008) suggesting another anti-
atherogenic role for ADAM17.

4.  Limitations of the study

HSDS study material. In the autopsy series, the survival bias is avoided, a
phenomenon typical in conventional cross-sectional or retrospective studies. The
HSDS subjects may, however, present more severe atherosclerosis that randomly
selected subjects and the cardiovascular risk factors may be differentially
distributed, e.g., dueto the high alcohol consumption in the HSDS subjects. The risk
factor data for HSDS subjects is limited as there are no blood samples from this
study population. The data obtained by interviewing spouses, relatives, or close
friends of the deceased, is however, considered reliable enough to be used in
statistical analyses. All HSDS subjects are men thus the results obtained with this
study polulation cannot necessarily be generalized to women.

TVS study material. The atherosclerotic vascular samples were collected from
the carotid, aorta and femoral arteries, where the local hemodynamic conditions are
different from each other. The mgority of the samples were though from

histologically advanced plaques (types V-VI), however, which allows us to suggest
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that they reflect the systemic nature of atherosclerosis. We compared the expression
of mMRNA and protein levels between atherosclerotic plagues and non
atherosclerotic internal thoracic arteries. Even though comparison of diseased and
healthy arteries from the same source would be more accurate, unfortunately we
were not able to obtain any corresponding healthy arteries from the carotid, aortic
and femoral regions due to ethical issues. The fact that each arterial sample was
obtained from a different individual with different medication may also have
influenced the results. Nevertheless, we believe that comparison of atherosclerotic
plagues to ITA vessels provides sufficient information to reveal the biological
processes going on in the diseased vessels.

Gene expression studies. In this thesis, the level of mMRNA was evaluated with
cDNA microarray, oligonucleotide microarray and QRT-PCR. cDNA and
oligonucleotide microarrays are fundamentally two different methods for mRNA
guantification. In cDNA microarrays, PCR products are spotted on a nitrocellulose
membrane (Duggan et al. 1999) whereas oligonucleotide microarrays are fabricated
by in situ synthesis and immobilization on a glass matrix (Lipshutz et al. 1999).
Despite the advantages and disadvantages of these two methods, both microarrays
are thought to be suitable for the identification of specific gene alterations in
diseases (Duggan et al. 1999; Lipshutz et a. 1999; Maughan et al. 2001; Lee et al.
2003b). The main concern with microarray studies arises from data mining, which
can greatly influence the results (Forster et al. 2003). The QRT-PCR reactionsin the
thesis were done with TagMan Gene expression assays based on 5 nuclease
chemistry that are highly specific to measure even minor changes in gene
expression. The crucial matter in quantitating QRT-PCR runs is normalizing the
results with regard to a stable expressed housekeeping gene. Disruption of the
expression of the housekeeping gene between samples studied will result in
erroneous results (Bustin 2000). In the QRT-PCR experiments done in this thesis,
the stable expresson of a housekeeping gene was assured and standard
recommendations for the validation of a QRT-PCR assay was performed, thus the
results obtained by the AACy method are considered reliable.

The most critical issue in RNA studies arises from the radip degradation of RNA
molecules. The tissues in TVS material were stored immediately after the surgical
procedures in an RNA preserving solution, RNALater that efficiently inhibits RNA
degradation. The integrity of RNA was also verified spectrofotometrically aswell as
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electrophoretically. Another issue about gene expression analyses is that the
correlation between mRNA and protein expression is not linear, which poses many
challenges in genomic analyses. This discrepancy arises from various post-
transcriptional and post-trandational modifications, functional interactions of
proteins, and gene regulation, which could function only at the mRNA level, at the
protein level, or a both levels. Analysing gene expression using whole-mount
atherosclerotic plagues mainly reflect the genes induced in inflammatory cells
recruited into plagues rather than a different gene expression profile of basic arterial
cells in different arteries. The data obtained in gene expression profiling studies is
purely descriptive which makes it challenging to make any conclusions about the
biological function of dysregulated genes in various diseases.

Even though theoretical pathways can be constructed out of microarray or QRT-
PCR data (Subramanian et al. 2005), the results will not reveal the function of the
genes nor the biological consequences of the gene dysregulation.

| mmunohistochemistry. Immunohistochemistry was applied to study the
localization of ADAM proteins in this study. |mmunohistochemistry is considered
reliable and powerful research tool when appropriately used, whereas inappropriate
use may easily produce confusing and misleading results (Mighell et al. 1998). In
this study, the immunohistochemical procedures were thoroughly validated. Tissues
were originally stored in RNALater that should not interfere with
immunohistocemistry. However, it cannot be ruled out that RNALater may have
compromised some factors involved in immunohistochemical stainings. To ascertain
the immunohistochemical stainings, the results were verified with double-labeled

fluorescence and mirror image methods from fresh-frozen tissues.

S. Future prospects

The gene expression profiling done in this thesis on human monocyte-macrophages
and human advanced plaques revealed several novel candidate genes, e.g., ADAMSs
that could be involved in atherosclerotic processes. In the future, the role of
ADAMS' dysregulation in atherosclerosis will be studied in more detail. Cell culture
experiments will be employed to study the effect of ADAM gene silencing to an
overall gene expression profile of the cells and the functional ADAM substrates.
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Since the regulation of ADAM acitivity is not fully understood, we will characterize
the transcription factors specific for ADAM genes. In addition, the usability of
soluble ADAMs as biomarkers in human atherosclerosis will be evaluated. In the
future, ADAM apoE knockout mice or mice overexpressing a particular ADAM
would provide functional information valuable in evaluating the role of ADAMS in

atherosclerosis.
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SUMMARY AND CONCLUSIONS

The present study was conducted to identify the gene expression changes specific to
the foam cell formation of macrophages by treating human cultured human
monocyte-macrophages with ox-LDL and ox-HDL particles as well as to later
stages of the disease by screening the gene expression changes involved in human
advanced atherosclerotic plagues. Several new candidate genes were found to be
involved in these processes of which ADAMS, -9, -15, and -17 were studied in more
detail according to their multiple functions that may be crucia in the pathogenesis
of atherosclerosis.

The major findings of the study were:

1. cDNA microarray method was found to be applicable in analyzing the gene
expression changes induced by ox-LDL and ox-HDL particles in human monocyte-
macrophages. The overall gene expression profiles were significantly affected by
both oxidized lipoproteins. Mainly, the effects of oxidized lipoproteins were found
to be opposite, but a substantial number of genes also behaved similarly to
lipoprotein treatments. In the study, several new candidate genes involved in the

foam cell formation of macrophages were found.

2. Significant gene expression changes were observed in human advanced
atherosclerotic plagues compared to non-atherosclerotic arteries and several new
candidate genes for atherosclerosis pathogenesis were presented. Site-specific gene
expression changes were observed for aortic and femoral plagues. In addition,
pathways dysregulated in plagues were characterized with special emphasisona T
cell chemokine pathway.

3. For the first time, the present study implicates ADAMS in the pathogenesis of
human atherosclerosis. ADAM8 mRNA and protein levels are up-regulated in
advanced atherosclerotic lesions wherein ADAMS8 was co-distributed to monocyte-
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macrophages and SMCs. Furthermore, ADAMS8 rs2995300 polymorphism was
associated with the areas of complicated plagues and risk of MI and fatal acute M.

4. ADAMY, -15, and -17 mRNA and protein levels were found to be up-regulated in
human advanced plagues in their catalyticaly active forms. In the plagues, ADAMs
were located mainly in macrophages but they were also seen in SMCs and
endothelial cells depending upon arterial bed, thereby suggesting roles in
inflammatory cell recruitment and profileration.
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Abstract

Objective. Oxidized low-density lipoprotein (ox-ILDL) is a major factor in foam cell formation,
whereas the role of oxidized high-density lipoprotein (ox-HDL) in this process is not known. The
objective of the present study was to examine the effects of ox-LDL and ox-HDL on the gene
expression of cultured human macrophages. Material and methods. Gene expression of human
macrophages was studied after incubation for 1 day and 3 days with native and oxidized LDL and
HDL using cDNA expression array. Expression of granulocyte-macrophage colony-stimulating factor
1, which was constantly up-regulated by ox-LDL and down-regulated by ox-HDL after 1- and 3 days
of incubation in cDNA microarray experiments, was verified by quantitative reverse transcriptase-
polymerase chain reaction (RT-PCR). Results. Genes that showed altered expression were divided
into six groups; 1) lipid metabolism, 2) inflammation, growth and hemostasis, 3) matrix
metalloproteinases and tissue inhibitors of matrix metalloproteinases, 4) enzymes, 5) structural and
binding proteins and 6) annexins. Conclusions. The microarray method was found to be applicable
in analyzing changes in gene expression induced by oxidized lipoproteins in cultured human
macrophages. Our results reflect different functional roles of ox-LDL and ox-HDL in foam cell
formation.
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Introduction

Monocyte-derived macrophages play a crucial role in the pathogenesis of atherosclerosis.
Macrophages are present in the initial events of atherosclerosis as well as in more advanced
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stages of the disease. The early lesions of atherosclerosis (fatty streaks) consist of
cholesterol-engorged macrophages, i.e. foam cells and T lymphocytes [1]. It is suggested
that macrophages internalize oxidized low-density lipoprotein (ox-LDL) via scavenger
receptors [2] that function in the uptake of various harmful agents, such as oxidized lipids.
This kind of process is not controlled by the normal negative feedback regulation of
cholesterol metabolism. Therefore, macrophages are thought to accumulate cholesterol
until they become full of cholesterol and cholesterol esters and eventually turn into foam
cells [3]. Macrophages have also been found to internalize lipoprotein aggregates by a
mechanism that resembles phagocytosis [4]. Although cellular and molecular interactions
between monocyte-macrophages and low-density lipoprotein (LDL) play a key role in
atherogenesis, overall the complexity of the pathogenesis also involves several other
additional risk factors that interact with several types of artery wall cell lines such as smooth
muscle cells, T-cell lymphocytes, mast cells and endothelial cells [5,6]. The major coronary
risk factors, which can also cause endothelial dysfunction, include elevated and modified
LDL, free radicals caused by cigarette smoking, hypertension, elevated plasma
homocysteine concentrations, several infectious microorganisms, diabetes mellitus, genetic
alterations and combinations of these or other factors [5,6].

LDL is retained in the artery wall by the interaction of its apolipoprotein B-100 with the
extracellular matrix [7], and becomes vulnerable to oxidative modifications. In the intima,
several factors are capable of oxidizing LDL, e.g. tyrosyl radical, hypochlorite, peroxynitrite
and lipoxygenase [8]. In addition, the less effective antioxidant capacity in the intima
compared to plasma [9] is thought to contribute to the oxidation of LDL.

Modified lipoproteins have been suggested to modulate gene expression of vascular cells.
Ox-LDL has been shown to contribute to the progression of atherosclerosis by attracting
more monocytes to enter the intima. Ox-LDL induces monocyte migration and
differentiation by stimulating the release of monocyte chemotactic protein (MCP1) [10]
and granulocyte-macrophage colony stimulating factor 1 (G-MCF1) [11] in vascular cells.
Once the macrophages become activated by cholesterol loading, they enhance the
progression of atherosclerosis by secreting several cytokines [12] and thus affect the gene
expression profile of other cells involved in atherosclerotic plaque formation.

In contrast to LDL, high-density lipoprotein (HDL) has several beneficial protective
properties [13]. HDL functions as a reverse cholesterol transporter [14] and has been
proposed to inhibit LDL oxidation [15,16]. HDL has also been found to suppress ox-LLDL-
induced adhesion of monocyte-like cells and may thus inhibit the uptake of modified LDL
[17]. On the other hand, HDL has been found to be even more susceptible to oxidation
than LDL. Nishigaki et al. first suggested the iz vivo oxidation of HDL [18] and ox-HDL
has been found to have properties resembling those of ox-LDL. Nagano et al. reported that
oxidatively modified HDL had a diminished cholesterol efflux capacity from macrophage-
derived foam cells iz vitro compared with native HDL [19]. It has been claimed that ox-
HDL is cytotoxic to endothelial cells [20] and causes aggregation of apolipoproteins [21].

Oxidized LDL is a major factor in macrophage-derived foam cell formation but the role of ox-
HDL in this process is not fully understood. Therefore, the objective of the present study was to
examine and compare the effects of oxidized LDL and HDL on changes in gene expression in
human macrophages. Macrophages obtained from healthy blood donors were treated with
native and oxidized LDL and HDL for 1 and 3 days and altered gene expression was detected
using the ¢cDNA microarray method. Gene expression changes induced by ox-LDL have
previously been investigated using THP-1 cells [22,23] but this is the first study to investigate
changes in gene expression induced by ox-LDL and ox-HDL in healthy human macrophages.
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Material and methods

Cell culture

Peripheral mononuclear cells were isolated from leukocyte-rich buffy coats obtained from
healthy blood donors from the Finnish Red Cross by Ficoll-Paque (Amersham Pharmacia
Biotech UK Ltd., Buckinghamshire, England) density-gradient centrifugation.
Mononuclear cells adhering to dishes (Corning, New York, USA) were cultured in an
X-vivo serum-free medium (BioWhittaker, Rockland, Calif., USA) containing 100 pg/mL
penicillin-streptomycin (BioWhittaker). After differentiation into a macrophage-like
phenotype, incubations with native and oxidized LDL and HDL were done in the
serum-free medium for 1 and 3 days. Lipoproteins were isolated by sequential
ultracentrifugation as previously described [24]. After isolation, lipoproteins were diluted
to 1 mg/mL with phosphate-buffered saline (PBS) and oxidation was done by adding
CuSO0, to a final concentration of 20 umol/L and by incubating for 24 h at +37°C [25].
Oxidized lipoproteins were given to the cells in a concentration of 50 pg/mlL. Agarose gel
electrophoresis (Paragon Lipoprotein (Lipo) Electrophoresis Kit, Beckman Coulter,
Fullerton, Calif., USA) was run and absorbance of conjugated dienes was measured at
234 nm (Perkin Elmer, Boston, Mass., USA) to confirm that lipoproteins were ‘“fully
oxidized”. The cells were harvested for total RNA isolation after 1 and 3 days of
incubation.

RNA isolation and cDNA expression array

Gene expression profiling was performed using the BD Atlas Human Cardiovascular Array
(BD Biosciences Clontech, Palo Alto, Calif., USA) which included 588 genes potentially
involved in cardiovascular diseases. The list of all the genes on the microarray is shown
in the Internet (http://www.bdbiosciences.com/clontech/atlas/genelists/7734-1_HuCardio.
pdf). Total RNA was extracted using the RNeasy® Mini Kit (Qiagen, Valencia, Calif.,
USA) following the manufacturer’s instructions. After extraction, 5 pg total RNA was
transcribed, labelled with [¢**P] dATP (Amersham Pharmacia Biotech) and hybridized to
microarray according to the manufacturer’s instructions. Phosphoimaging screens were
exposed for 10 days and the results scanned with the Storm Phosphoimager (Molecular®
Dynamics, Sunnyvale, Calif., USA).

Normalization of the microarray results and statistical analysis

Raw signal intensities were normalized with ribosomal protein S9 (RPS9) using Atlas
Image 2.01 software (BD Biosciences). RPS9 was selected as a housekeeping gene since it
showed a constant expression in all microarray experiments. The chi-square test was used
to compare the differences in gene expression profiles (number of up- and down-regulated
genes) between ox-LDL and ox-HDL experiments (version 8.0; STATA Corporation,
Tex., USA). A p-value of less than 0.05 was considered significant.

Quantitative reverse transcriprase-polymerase chain reaction (RT-PCR)

The expression of G-MCF1, which was constantly up-regulated by ox-LDL and down-
regulated by ox-HDL after 1 and 3 days of incubation in cDNA microarray experiments,
was verified by quantitative RT-PCR (QRT-PCR) using the LightCycler (Roche
Diagnostics, Mannheim, Germany). RPS9 showed stabile expression between compared
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samples in QRT-PCR experiments and was thus selected to a housekeeping gene. The
primer sequences for G-MCF1 were from BD Biosciences and the primers from the Centre
of Biotechnology (Helsinki, Finland). The primers for RPS9 were obtained from TIB
MolBiol (Berlin, Germany). Total RNA (1 pg) was synthesized to cDNA with random
primers using the First-Strand cDNA Synthesis Kit for RT-PCR (AMW) (Roche
Diagnostics) following the manufacturer’s instructions. PCR analyses were performed in
a total volume of 20 pL using the LightCycler FastStart DNA Master SYBR Green 1
(Roche Diagnostics). The PCR reaction mixture included 0.5 pM primers, 4 mM MgCl,
for G-MCF1 and 3 mM for RPS9, 2 pL. LightCycler — FastStart Reaction Mix SYBR
Green I and 2 pLL of 1:10 diluted cDNA. Primer sequences, product lengths and cycling
conditions are presented in Table I. Each sample was analyzed in duplicate. To verify the
amplification specificity, melting curves were run at denaturing +95°C for O s, annealing at
+55°C (G-MCF1) or +60°C (RPS9) for 30 s followed by denaturing of the samples to +
95°C at a ramping rate of 0.1°C s~ !. PCR products were further verified by running 1 %
agarose gel electrophoresis. QRT-PCR analyses were done using LightCycler Relative
Quantification Software with efficiency correction (Roche Diagnostics).

Results

Microarray

RNA extracted from cells that were incubated with native time-matched LDL and HDL
was used as the control in microarray and QRT-PCR analyses. The genes that showed at
least a 2-fold up- or down-regulation according to the ratio of time-matched oxidized
lipoprotein to native lipoprotein-treated cells (e.g. ratio of oxidized to native LDL or HDL
for 1 or alternatively for 3 days) were selected for statistical analysis. The number and the
distribution of genes fulfilling this criterion are presented in Table II.

Ox-LDL and ox-HDL treatments of monocyte-macrophages for one day caused an up-
regulation of 34 vs. 13 genes (p=0.0018) and for three days 52 vs. 99 genes (»p<0.0001),
respectively. For 1-day incubation the number of down-regulated genes was 1 versus
57 (<0.0001) and for 3-day incubation the number was 7 versus 14 genes (p=0.12).
Ox-LLDL and ox-HDL 1-day incubations differed significantly for up- (»p=0.0295) and

Table I. Primer sequences and cycling conditions in quantitative RT-PCR.

Primer sequences and

product lengths G-MCF1 RPS9
Forward and reverse primers fw 5’ fw 5’
CggAgTACTgTAgCCACATgATTgg 3' TCCTgggCCTgAAgATAgAg 3’
rev 5’ rev 5’
gATTggCggTgTTATCTCTgAAgCg 3° gACAATgAAggACgggATgT 3’
Product length 210 bp 158 bp
Cycling conditions
Initial denaturation +95°C for 10 min + 95°C for 10 min
Amplification (50 cycles)
Denaturation +95°C for 1 s +95°Cforls
Annealing +50°C for 5 s +55°C for 5 s
Elongation +72°C for 17 s +72°C for 12's

*Abbreviations: G-MCF1=granulocyte-macrophage colony stimulating factor 1; RPS9=ribosomal protein S9;
RT-PCR=reverse transcriptase-polymerase chain reaction.
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Table II. Comparison of the effects of oxidized low- and high-density lipoproteins on the gene expression profile
(up- and down-regulation) of cultured human macrophages measured by cardiovascular cDNA expression array.
Total number of genes in the array for each functional group is shown in parentheses.

Oxidized LDL Oxidized HDL p-value™

Functional group *Up % “Down % *Up % "Down % *Up “Down
Lipid metabolism

1-day 6 (5/89) 0 (0/89) 0 (0/89) 11.2 (10/89) 0.0295  0.0007

3-day 10.1 (9/89) 2.2 (2/89) 19.1 (17/89) 2.2 (2/89)  0.0895 1.0000
Growth and
chemotaxis

1-day 0 (0/46) 0 (0/46) 2.2 (1/46) 8.7 (4/46)  0.500 0.0584

3-day 6.5 (3/46) 2.2 (1/46) 10.9 (5/46) 6.5 (3/46)  0.3570  0.3083
Inflammation and
coagulation

1-day 15.6 (5/32) 0 (0/32) 9.4 (3/32) 6.3 (2/32)  0.3539  0.2460

3-day 25.0 (8/32) 3.1 (1/32) 46.9 (15/32) 0(0/32) 0.0682  0.5000
Others

1-day 5.7 (24/421) 0 (0/421) 2.1 (9/421) 9.7 (41/421) 0.008 0.0000

3-day 7.6 (32/421) 0.7 (3/421)  14.7 (62/421) 2.1 (9/421) 0.0010  0.0716
Total (all genes)

1-day 5.8 (34/588) 0.2 (1/588) 2.2 (13/588) 9.7 (57/588) 0.0018  0.0000

3-day 8.8 (52/588) 1.2 (7/588) 16.8 (99/588) 2.4 (14/588) 0.0000 0.1232

Abbreviations: LDL=Ilow-density lipoprotein; HDL=high-density lipoprotein. “At least 2-fold up- or down-
regulation in cDNA microarray experiments as determined by the ratio of time-matched oxidized to native
lipoprotein-treated cells; ~ chi-square test between oxidized LDL and HDL treated cells.

down- (»p=0.0007) regulated genes in the group comprising lipid metabolism genes
(Table II). For other non-classified genes this difference was also seen in the 1-day
incubation, where ox-LDL seemed mainly to up-regulate genes and ox-HDL to down-
regulate them. No such difference between ox-LDL and ox-HDL was seen during the
3-day incubations.

The most constantly expressed genes that showed altered expression in at least two of the
four different lipoprotein treatments (ox-LDL 1-d, ox-LDL 3-d, ox-HDL 1-d, ox-HDL 3-
d) were divided into groups based on their biological function (Table III). Groups were
selected as genes involved in 1) lipid metabolism, 2) inflammation, growth and hemostasis,
3) matrix metalloproteinases and tissue inhibitors of matrix metalloproteinases, 4)
enzymes, 5) structural and binding proteins and 6) annexins. The genes were further
classified according to the effects induced by ox-LLDL and ox-HDL; opposite effects (A),
parallel (B), only ox-LDL (C) or ox-HDL (D) induced change in expression. Some of the
genes have previously been linked to atherosclerosis but, in addition, several new candidate
genes, not previously shown to have altered expression in response to lipoprotein loading in
macrophages, are presented.

ORT-PCR

Ox-LDL and ox-HDL incubations induced opposite effects on the expression of certain
genes. Since we were interested in this phenomenon, we sought to verify the expression of
G-MCF1 that was constantly up-regulated by ox-LDL and down-regulated by ox-HDL in
both 1- and 3-day incubations in microarray experiments. Since RPS9 was found to have
stabile expression in the microarray as well as in QRT-PCR experiments, it was used as a
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Table III. Comparison of the effects of oxidized low and high density lipoproteins (LDL and HDL) on the gene
expression of human cultured macrophages measured by BD Atlas™ Human Cardiovascular Array. The gene
expression is shown as ratio of time-matched oxidized lipoprotein / native lipoprotein. Genes are divided into
functional groups and organized into four different classes depending on the change of expression induced by
oxidized LDL and HDL; A) Opposite, B) parallel, C) oxidized LDL or D) oxidized HDL alone caused a change.

Minus (—) indicates down-regulation.

Oxidized LDL

Oxidized HDL

Gene Bank
Functional group Class 1 day 3 day 1 day 3 day accession
Lipid metabolism (r=12)
Apolipoprotein E precursor (APOE) A 2.5 - -3.1 - M12529
Fatty acid-binding protein 3 (FABP3) A 2.9 2.1 —4.3 —-2.3 Y10255
Lysosomal acid lipase (LAL) A 3.9 6.0 —4.4 - M74775
LDL receptor-related protein- A - —-6.3 - 44.1 M63959
associated protein 1 (LRPAPI1)
Macrosialin precursor (CD68) A 2.7 2.0 —2.4 - S57235
Cholesterol acyltransferase (ACAT) A - 5.7 —-3.2 - 1.21934
Low-density lipoprotein receptor- B - 4.3 - 224 X13916
related protein 1 (LRP1)
High-density lipoprotein-binding B 6.2 4.0 - 9.6 M83789
protein (HBP)
Apolipoprotein A precursor (APOA) B - 3.0 - 46.8 X06290
Macrophage scavenger receptor I B —4.5 3.4 - 3.0 D90187
(MSR1)
Very-long-chain-specific acyl-CoA D - - —14.3 —5.2 D43682
dehydrogenase precursor (VLCAD)
Phospholipase C, beta 2 (PLCB2) D - - —8.6 —4.0 M95678
Inflammation, growth and hemostasis
(n=23)
Macrophage colony stimulating factor 1 A 10.4 9.0 —5.2 —19.0 M37435
(MCSF1)
Monocyte chemotactic protein 1 A - 4.0 —-5.6 —=5.1 M24545
(MCP1)
Retinoid acid receptor alpha (RAR) A - 2.3 -3.0 - X06614
HLA class I histocompatibility antigen A 2.0 —2.6 - 2.8 M11886
C-4 alpha subunit (HLAC)
CD9 antigen (CD9) A 2.7 3.4 —-2.3 - M38690
Intercellular adhesion molecule-1 A - 2.3 —4.4 - J03132
precursor, CD54 antigen 1ICAM1)
Profilin 1 (PFN1) A 3.2 3.1 -2.9 - J03191
Calcium and integrin binding protein A - 2.9 —-3.1 - U85611
(CIB)
Thrombospondin 2 (THBS2) B 30.3 13.9 244.6 449.6  L12350
Fibrinogen B beta polypeptide (FGB) B 115.3 66.9 2.2 9.4 J00129
Platelet-activating factor B 33.0 11.0 5.5 51.8 D63391
acetylhydrolase IB gamma subunit
(PAF-AH)
Tissue-type plasminogen activator B 19.7 - 10.1 154 M18182
(TPA)
Vascular endothelial cell growth factor B - 2.6 - 35.8 AF016098
165 receptor 2 (VEGF165R2)
Rantes pro-inflammatory cytokine B - 2.8 2.8 - M21121
(RANTES)
Leukocyte-endothelial cell adhesion B 18.4 - - 3.4 M25280

molecule 1 (LECAMI)
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Oxidized LDL

Oxidized HDL

Gene Bank
Functional group Class 1 day 3 day 1 day 3 day accession
Integrin alpha L, CD11a antigen B 8.1 4.8 4.9 - Y00796
(ITGAL)
Tumor necrosis factor receptor B - 6.9 - 2.1  X60592
superfamily, member 5 (TNFRSF5)
Selectin P ligand (PSGLI1) B - 2.7 - 13.8 U02297
Tissue factor pathway inhibitor B - 3.1 - 13.1  J03225
(TFPI1)
Prothrombin precursor (PT) B - 3.3 - 6.1 V00595
Integrin beta 2, LFA-1, CD18, C 3.4 2.9 - - M15395
(ITGB2)
Platelet-derived growth factor A D - - -15.4 3.1 X06374
(PDGFA)
Small inducible cytokine Al (SCYAL) D - — —-3.8 —8.9 M57502
Matrix metalloproteinases and inhibitors
(n=5)
Matrix metalloproteinase 9 (MMP9) A 4.3 4.8 —3.6 - J05070
Tissue inhibitor of metalloproteinase 1 A 3.2 2.0 —-2.2 - X03124
precursor (TIMP1)
Tissue inhibitor of metalloproteinase 2 A - 2.6 —-3.3 - J05593
precursor (TIMP2)
Tissue inhibitor of metalloproteinase 3 B 20.5 10.0 12.6 77.0 Ul4394
(TIMP3)
Matrix metalloproteinase 12 (MMP12) D - - —-16.3 —-5.2 123808
Enzymes (n=16)
Superoxide dismutase 2 (SOD 2) A - 3.5 -2.3 - M36693
Natriuretic peptide precursor B (NPPB) A 3.2 2.1 -5.3 —-2.2  M25296
Glucosamine-6 sulfatase (G6S) A 2.5 3.5 -3.0 - M23657
Angiotensin I converting enzyme (ACE) A 4.0 2.6 —-15.7 - X14329
Protein disulfide isomerase precursor A 3.1 2.9 —-2.9 - X05130
(PDI)
Glyceraldehyde 3-phosphate A 2.1 - -8.0 - X01677
dehydrogenase (GAPDH)
NADPH-cytochrome P450 reductase A - 3.2 —2.2 S90469
(P450)
Cytochrome P450 IB1 hydroxylase A - 2.9 —-2.5 - U03688
(CYPBI1)
Protein disulfide isomerase (PDI) A 3.1 2.9 -2.9 - X05130
NADH-cytochrome B5 reductase A - 2.6 —-2.5 - Y09501
(NADH)
Cytochrome P450 IA1 (CYP1Al) B 24.5 - 23.0 311 M38504
Endothelin-converting enzyme 1 D - - -9.6 —-2.0 Z35307
Cytochrome P450 VIIA1 (CYP7A1) D - - 52.0 182.0 X56088
Protein kinase, AMP-activated D - - —-10.4 —-2.6 U42412
(AMPK)
Farnesyl diphosphate synthase (FDPS) D - - 4.6 12.4  J05262
Oxoacyl-CoA thiolase (PTHIO) D - - 2.7 6.2 AF035295
Structural and binding proteins (n=28)
Endothelial actin-binding protein, A 6.3 5.4 —4.8 —2.4 X53416
nonmuscle filamin 1 (ABP-280)
Actin, beta (ACTB) A 2.8 2.9 -2.5 - X00351
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Table III. Continued.

Oxidized LDL Oxidized HDL
Gene Bank
Functional group Class 1 day 3 day 1 day 3 day accession
Caveolin 3 (CAV-3) B 3.7 4.0 2.0 9.9 AF043101
Amyloid-like protein 2 (APPH) C 5.5 3.5 - - S60099
Vimentin (VIM) C 2.7 2.0 - - M14144
Villin 2 (VIL2) D - - 12.8 324.0 X51521
Junction plakoglobin (JUP) D - - 4.0 20.5 768228
Lectin, galactoside binding (LGALS1) D - - 3.6 2.6 J04456
Annexins (n=5)
Annexin V (ANX5) A 2.2 3.4 —-3.8 - X12454
Annexin IV (ANX4) A 2.1 - —-3.0 - M19383
Annexin I (ANX1) A 3.2 2.9 —4.0 - X05908
Annexin III (ANX3) B 80.2 - 11.8 116.0  J03899
Annexin VI (ANX6) D - - —8.2 —3.2  DO00510

housekeeping gene. A similar expression pattern was verified for G-MCF1 with QRT-PCR
to that found in the microarray experiments. Incubation of monocyte-derived macrophages
with ox-LDL for 1 and 3 days caused a more than 2-fold up-regulation of the G-MCF1
gene in QRT-PCR analyses, while incubation with ox-HDL had a converse effect, leading
to down-regulation for both time-points studied.

Discussion

Effects of oxidized LDL and HDL on the gene expression profile of human macrophages

Modified lipoproteins have been suggested to modulate gene expression in the vascular
wall. Therefore, in the present work we studied the effects of ox-LDL and ox-HDL on the
gene expression of cultured human macrophages using a cDNA microarray including 588
genes related to cardiovascular diseases. The overall gene expression profiles were
significantly affected by both ox-LDL and ox-HDL treatments. Ox-LDL and ox-HDL
induced similar as well as different, even contrasting, effects on the gene expression of
cultured human macrophages. Changes in gene expression involved in atherosclerosis have
also previously been investigated using THP-1 cells [22,23,26] and atherosclerotic arteries
[27,28] but not by using healthy human macrophages which are treated with both ox-LDL
and ox-HDL. Most of the interest in foam cell formation has concerned the role of ox-
LDL. However, all lipoprotein density fractions of advanced atherosclerotic lesions have
been found to be substantially oxidized [29] and ox-HDL has been detected in
atherosclerotic plaques [30]. Oxidation of lipoproteins is known to lead to a number of
changes in their composition and function [31].

New candidate genes for foam cell formation found with the cDNA microarray

We found a large number of differentially expressed genes fulfilling our criterion
(Table III). The genes were organized into six different groups based on their biological
functions; 1) lipid metabolism, 2) inflammation, growth and hemostasis, 3) matrix
metalloproteinases and tissue inhibitors of matrix metalloproteinases, 4) enzymes,
5) structural and binding proteins and 6) annexins. Four of the studied genes, i.e. fatty
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acid-binding protein 3 (FABP3), G-MCSF1, natriuretic peptide precursor B (NPPB) and
endothelial actin-binding protein (ABP-280), showed the most constantly converse
expression profiles between ox-LDL and ox-HDL incubations. Owing to our limited time
resources, we selected G-MCF1 from these genes for confirmation in QRT-PCR. The G-
MCF1 gene was selected since ox-LLDL has previously been shown to induce monocyte
differentiation by stimulating the release of this protein [11]. Another reason for the
selection of G-MCF1 for confirmation was that it was most constantly up-regulated by ox-
LDL and down-regulated by ox-HDL in both the 1- and 3-day incubations in the
microarray experiments. Thus, with regard to this gene, our cDNA microarray and QRT-
PCR experiments suggest that the effect of ox-HDL is the reverse of that of ox-LDL. Ox-
LDL and ox-HDL might have a different effect on macrophage gene expression because of
their different composition or possibly they use different scavenger receptors to enter these
cells.

Lipid metabolism. Disturbances in lipid metabolism are essential for foam cell
formation. Our focus was on genes that have not been previously connected to foam cell
formation. We found that the expression of FABP3 is induced in human macrophages in
response to incubations with oxidized lipoproteins. Incubations with ox-LDL increased the
expression of FABP3, whereas incubations with ox-HDL decreased it. Cytoplasmic fatty
acid-binding proteins are a family of proteins that bind fatty acid ligands with high affinity.
They function in the shuttling of fatty acids to specific enzymes and cellular compartments,
modulation of intracellular lipid metabolism and regulation of gene expression [32].
Another protein involved in lipid metabolism is LLDL receptor-associated protein 1
(LRPAP1), which is required for normal processing of LDL receptor [33]. It has been
suggested that LRPAP1 prevents association of newly synthesized receptors with their
ligands during transport to the cell surface [34]. We report that 3 days of incubation with
ox-LLDL decreased the expression of LRPAP1 6-fold. If ox-LDL decreases the expression
of LRPAP1 also in vivo, the secretion of mature LRP to the cell surface might get blocked.
In contrast to ox-LDL, ox-HDL significantly increased the expression of LRPAP1. The
initial rate-limiting step in mitochondrial f-oxidation of fatty acids is catalyzed by very-
long-chain acyl-CoA dehydrogenase (VLCAD) [35]. VLCAD has previously been linked
to mitochondrial fatty-acyl-CoA beta-oxidation disorders [35]. We report that both 1- and
3-day incubations with ox-HDL clearly decreased the expression of VLCAD. In all, it is
clear that oxidized lipoproteins have effects on genes involved in lipid metabolism that are
different from the effects of native lipoproteins.

Inflammation, growth and hemostasis. Atherosclerosis is considered as an inflammatory
disease and growth factors as well as cytokines play a crucial role in its progression. Small
inducible cytokine Al (SCYAI1) has been reported to be expressed in T lymphocytes and
activated monocytes [36]. SCYAI is also widely distributed in human atherosclerotic
plaque [37] and has been suggested to be a novel modulator of angiogenesis [38]. One- and
3-day incubations with ox-HDL decreased the expression of SCYA1. One-day incubation
with ox-HDL down-regulated SCYA1l 3.8-fold and at 3 days of incubation down-
regulation was already 8.9-fold.

Vascular endothelial growth factor 165 receptor 2 (VEGF165R2), also called neuropilin
2, is a receptor for predominant vascular endothelial cell growth factor (VEGF) isoform
VEGF(165). VEGF(165) is a protein [39] that is secreted by a variety of normal and
transformed cells [40]. The expression of VEGF165R2 was increased in 3 days of
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incubation with ox-LDL and ox-HDL, suggesting that VEGF165R2 might affect the
development of foam cells and thus the formation of early atherosclerotic lesions. This is
the first time that VEGF165R2 expression has been found to be altered in human
monocyte-macrophages in response to cholesterol loading.

Numerous studies have shown an association between plasma fibrinogen and
cardiovascular diseases [41-43]. Synthesis of the B beta chain is the rate-limiting step in
the formation of fibrinogen. Previously, the hepatocyte and megakaryocyte have been
considered the sites for fibrinogen B beta polypeptide (FGB) expression [44,45] but
interestingly, Haidaris suggested that the expression of FGB could also be induced in
extrahepatic tissues in response to inflammatory stimuli [46]. We are the first to report a
significant up-regulation of FGB induced by both ox-LDL and ox-HDL incubation of
human monocyte-macrophages. Another gene involved in coagulation was also strongly
up-regulated by ox-LDL and ox-HDL; thrombospondin 2 (THBS-2). THBS-2 is thought
to be an adaptor and modulator of cell-matrix interactions through interaction with cell-
surface receptors, cytokines, growth factors, proteases and structural proteins [47]. THBS-
2 has also been speculated to be a potential candidate for genetic and functional studies on
atherothrombosis [48].

Conclusions

Gene expression in cultured monocyte-macrophages was studied in response to native and
oxidized lipoproteins. Several genes were found to have altered expression, including genes
that have previously been linked to atherosclerosis, whereas the role of others in the
development of the disease is not known. We conclude that cDNA microarray experiments
are applicable in measuring the effects on human monocyte-macrophages induced by
oxidized lipoproteins and for finding new genes potentially involved in foam cell formation.
Based on our results, ox-LLDL and ox-HDL seemed to have different effects on the gene
expression of macrophage-derived foam cells iz vitro. If this is also the case iz vivo, it would
be interesting to evaluate the role of ox-HDL,, in addition to ox-LDL, in foam cell and early
atherosclerotic plaque formation.
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Abstract

Objective. Previously, we scanned all 23,000 human genes for differential expression between normal and atherosclerotic
tissues and found the involvement of ADAMS.

Methods. We investigated the expression of ADAM8 mRNA and protein level in human atherosclerotic tissues and non-
atherosclerotic internal thoracic arteries as well as the association of ADAMS8 2662 T/G single nucleotide polymorphism
(SNP) with the extent of coronary atherosclerosis and with the risk of fatal myocardial infarction.

Results. ADAM8 mRNA was up-regulated in carotid, aortic, and femoral atherosclerotic plaques (# =24) when compared
with non-atherosclerotic arteries. ADAMS protein expression was increased in advanced atherosclerotic plaques as
compared to control vessels wherein it was localized to macrophages and smooth muscle cells. The G allele carriers of the
ADAMS 2662 T/G SNP had significantly larger areas of fibrotic, calcified, and complicated plaques in coronary arteries
(P=0.027, P=0.011, and P=0.011, respectively) and significantly higher occurrence of myocardial infarction (MI) (P =
0.004) and fatal pre-hospital MI (P=0.003) than did the TT homozygotes.

Conclusion. ADAMS is a promising candidate to be involved in atherosclerosis, and its 2662 T/G allelic variant significantly
associates with advanced atherosclerotic lesion areas and MI.
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Key messages

o ADAMS mRNA expression and protein
level are increased in human atherosclero-
tic arteries as compared to healthy internal
thoracic arteries.

e The G allele carriers of the ADAMS 2662
T/G single nuclotide polymorphism had
significantly larger areas of fibrotic, calci-
fied, and complicated plaques in their
coronary arteries and significantly higher
occurrence of myocardial infarction (MI)
and fatal pre-hospital MI than did the TT
homozygotes.

e The up-regulated expression at transcrip-
tional and protein level as well as the
association of the 2662 T/G single nuclo-
tide polymorphism indicate the ADAMS
as a candidate to be involved in multiple
mechanisms underlying atherosclerosis
and MI.

Introduction

ADAMs (a disintegrin and metalloprotease) are a
family of transmembrane proteins implicated in a
variety of processes including cell adhesion and
proteolytic release of cell surface molecules, a process
called ectodomain shedding (1). ADAMS, also
known as human leukocyte antigen CD156 (2), was
initially identified in mouse macrophages and macro-
phage cell lines (3). It was later found to be expressed
in human immune cells, with the exception of T cells
(2). ADAMS has an intact metalloprotease active site
consensus sequence, and it is activated through
autocatalytic removal of its inhibitory pro-domain
(4). It has also been suggested to interact with
cytosolic regulatory proteins through putative
proline-rich consensus SH3 binding sequences (3).
ADAMS may participate in the degradation of the
vascular basement membrane or in the liberation of
physiologically active molecules from their precursors
harbored on leukocyte or endothelial cell surfaces (5).
These liberated molecules include L-selectin (SELL)
and vascular cell adhesion molecule 1 (VCAM-1)
that both mediate leukocyte trafficking to inflamed
tissues. Intriguingly, also peroxisome proliferator-
activated receptor ¥ (PPARG), an important regula-
tor of immune response in atherosclerosis, is found to
up-regulate ADAMS expression. It is suggested that
ADAMS might also be able to shed interleukin
receptor 1 (ILR1) (4) that mediates the proinflam-
matory effects of interleukin 1 (IL1) (6).

In order to identify novel candidate factors
possibly associated with the pathogenesis of athero-

Abbreviations

2662 T/G the allelic variant of ADAMS (rs2995300)

ADAMS8 a disintegrin and metalloprotease
AMI acute myocardial infarction

ASO atherosclerosis obliterans

CAD coronary artery disease

CD156 human leukocyte antigen (ADAMS)

GAPDH glyceraldehyde 3-phosphate
dehydrogenase

GWEA genome-wide expression array

HSDS Helsinki Sudden Death Study

IL1 interleukin 1

ILR1 interleukin receptor 1

ITA internal thoracic artery

LAD left anterior descending coronary artery

LCX left circumflex coronary artery

LDA low-density array

LDL low density lipoprotein

MI myocardial infarction

OCL osteoclast

OR odds ratio

PPARG  peroxisome proliferator-activated
receptor y

RCA right coronary artery

RT-PCR reverse transcription polymerase chain
reaction

SCD sudden cardiac death

SELL L-selectin

VCAM-1 vascular cell adhesion molecule

sclerosis, we previously screened all known 23,000
human genes for differential expression in athero-
sclerotic and healthy arteries with a genome-wide
expression array (GWEA) (7). Of the ~200 genes
up-regulated in atherosclerotic tissue, we selected
ADAMS for further characterization. Since athero-
sclerosis is a complex inflammatory disease (8),
ADAMS is a particularly relevant subject for closer
examination as a member of the ADAM metallo-
protease integrins implicated in diverse inflamma-
tory processes (9). Here we report the up-regulation
of ADAMS in advanced human atherosclerosis and
the association of 2662 T/G (rs2995300) with lesion
areas and myocardial infarction (MI). No previous
information is available for the expression of
ADAMS in normal or atherosclerotic human arteries
nor the association of 2662 T/G with atherosclerosis
or myocardial infarction.

Material and methods
The Helsinki Sudden Death Study (HSDS)

The HSDS material comprises 700 Finnish men
subjected to a medico-legal autopsy in the Helsinki



region due to an out-of-hospital death of a pre-
viously healthy man, accidental death, suspected
intoxication, or suicide. The majority of the men
studied had died due to cardiac causes (41%,
n=288). Other causes of death were unnatural
deaths as the result of accidents or suicides (39%,
n=272) and other diseases (20%, n =140). The
study was approved by the Ethics Committee of the
Department of Forensic Medicine, University of
Helsinki, and all the medico-legal autopsies were
performed at the same department (10).

Vascular samples—Tampere vascular study

Tampere vascular study (TVS) material for genome-
wide expression analysis consists of 4 femoral
arteries, 9 carotid arteries, and 7 abdominal aortas
together from 20 patients. All the patients had
polyvascular disease. Six control samples were taken
from internal thoracic arteries (ITA) from patients
obligated to by-pass surgery due to coronary heart
disease. The sample from internal thoracic artery
was removed from the distal end of the artery at the
beginning of dissection. From these patients, only
two had polyvascular disease, and all the rest had
monovascular disease. For the relative gene expres-
sion analysis, 24 atherosclerotic tissue samples were
used, and similarly the 6 ITA vessels were used as
controls. The study has been approved by the Ethics
Committee of Tampere University Hospital. The
samples were taken from patients subjected to open
vascular surgical procedures at the Division of
Vascular Surgery, Tampere University Hospital. All
the patients gave informed consent. The vascular
samples were classified according to American Heart
Association (AHA) classification (11).

RNA isolation and genome-wide expression analysis

The fresh tissue samples were soaked in RNALater
solution (Ambion Inc., Austin, TX, USA) and
isolated with Trizol reagent (Invitrogen, Carlsbad,
CA, USA) and the RNAEasy Kit (Qiagen, Valencia,
CA, USA). The concentration and quality of
the RNA was evaluated spectrophotometrically
(BioPhotometer, Eppendorf, Wesseling-Berzdorf,
Germany). More than 23,000 known and candidate
genes were analyzed using Sentrix Human-8
Expression BeadChips, according to the manufac-
turer’s instructions (Illumina, San Diego, CA,
USA). In brief, a 200 ng aliquot of total RNA
from each sample was amplified to cDNA using the
Ambion’s Illumina RNA Amplification kit according
to the instructions (Ambion, Inc., Austin, TX,
USA). Each sample cRNA (1500 ng) was hybridized
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to Illumina’s Sentrix Human-8 Expression Bead-
Chip arrays (Illumina). Hybridized biotinylated
cRNA was detected with 1 pg/mlL Cyanine3-strep-
tavidine (Amersham Biosciences, Pistacataway, NJ,
USA). BeadChips were scanned with the Illumina
BeadArray Reader. The method has been described
in more detail in our previous work (7).

Quantitative RI-PCR

Gene expression analyses were performed with Tag-
Man low-density arrays (LDAs) (Applied Biosys-
tems, Foster City, CA, USA) using TagMan Gene
expression assay Hs00174246_m1 for ADAMS de-
tection. Total-RNA (500 ng) was transcribed to
cDNA using the High Capacity cDNA Kit (Applied
Biosystems) according to the manufacturer’s
instructions. After the cDNA synthesis, the LDA
cards were loaded with 8 plL undiluted cDNA, 42 pL.
H,0, and 50 pL. PCR Universal Master Mix
(Applied Biosystems) and run according to the
manufacturer’s instructions. Samples were analyzed
as duplicates, and both cDNA synthesis and PCR
reactions were validated for inhibition according to
manufacturer’s recommendations. Glyceraldehyde
3-phosphate dehydrogenase (GAPDH) was used as
a housekeeping gene. The results were analyzed
using SDS 2.2 Software (Applied Biosystems).

Immunohistochemistry

Immunohistochemistry was performed using the
ABC-method (Vestastain Elite kit, Vector Labora-
tories, Burlingame, CA, USA) and paraffin-em-
bedded vascular samples. ADAMS in the vascular
wall was detected with a goat anti-human ADAMS
antibody (AF1031, R&D Systems, Minneapolis,
MN, USA). The following primary antibodies were
used to detect vascular cell markers in adjacent
sections. Muscle actin (mouse anti-human muscle
actin, clone HHF35 (DakoCytomation, Glostrup,
Denmark)) was used to detect smooth muscle cells.
CD68 (mouse anti-human CD68, clone PG-M1
(DakoCytomation)) was used as marker of mono-
cytes and macrophages. For the detection of
endothelial cells, CD31 antibody (mouse anti-hu-
man CD31, clone JC70A (DakoCytomation)) was
employed. Sections were subjected to microwave
antigen retrieval treatment as described earlier (12).
Subsequently, the sections were incubated overnight
with the primary antibodies, followed by biotinylated
horse anti-goat (1:500, Vector Laboratories) or
sheep anti-mouse (1:300, Amersham Int., Buckin-
ghamshire, UK) and ABC-complex for 30 min.
Diaminobenzidine was used as a chromogen.
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The co-localization of CD68 and ADAMS in
carotid arteries was studied with double-staining
immunofluorescence. The samples were fixed with
4% paraformaldehyde (in 0.1 M phosphate buffered
saline (PBS), pH 7.3) for 6 h at +4°C and
cryoprotected with 20% sucrose in PBS. Frozen
sections (6 pum) were cut with Micron HM560
cryostat and thaw-mounted onto Polysine glass
slides (Menzel, Braunschweig, Germany). The
sections were incubated overnight with mouse
monoclonal anti-CD68 (dilution 1:10) and goat
anti-ADAMS (dil. 1:10) followed by a mixture of
biotinylated horse anti-mouse antibody (dil. 1:300,
Vector Labs) and rhodamine-conjugated donkey
anti-goat (dil. 1:50, Jackson Immunoresearch, West
Grove, PA, USA) for 30 min at +37°C. Subse-
quently, the sections were incubated with fluorescein
isothiocyanate (FITC)-conjugated avidin (dil.
1:100, Vector Labs, Peterborough, England) for 30
min. All antibodies were diluted in PBS containing
1% bovine serum albumin (BSA) and 0.3% of
Triton X-100. Sections were mounted in a mixture
of glycerol and PBS (3:1) containing 0.1% para-
phenylenediamine and examined in Nikon Micro-
phot FXA microscope equipped with a proper
fluorescence filter. Photographs were obtained with
PCO Sensicam digital camera (PCO, Kelheim,
Germany). Alternatively the co-distribution of
ADAMS and CD68 was studied in 5 pum paraffin
sections (mirror-image sections). Sections were
stained with ABC-method as described above.

DNA extraction and ADAMS genotyping

The samples for genotyping were collected in two
series during 1981-1983 (A series, n =400) and
1991-1992 (B series, n =300). In the A series, DNA
was extracted from paraffin-embedded samples of
cardiac muscle by the method of Isola et al. (13).
In the B series, DNA was isolated from frozen
(—70°C) cardiac samples by the standard phenol-
chloroform method (10). The samples were geno-
typed using the ABI Prism 7900HT Sequence
Detection System (Applied Biosystems, Foster
City, CA, USA), which is based on the 5-nuclease
assay for allelic discrimination. The nucleotide
sequences of the primers and the fluorogenic allele-
specific oligonucleotide probes used in the PCR
reaction were deduced from published sequences in
the GenBank database and were chosen and synthe-
sized in conjugation with Applied Biosystems. PCR
reaction was performed according to standard pro-
tocol for TagMan MBG probes in a total volume of
5 pL. After cycling, end-point fluorescence was
measured, and the allelic discrimination analysis

module carried out the genotype calling, which was
also checked also manually. Genotyping was suc-
cessful in 539 cases of the 700 samples (298 cases in
the A series and 241 in the B series). As a quality
control method, we genotyped random blind dupli-
cates from the A and B series.

Measurements of atherosclerotic plaque area

The relative areas of different types of atherosclerotic
plaques in the left anterior descending coronary
artery (LAD), right coronary artery (RCA), and
left circumflex coronary artery (LCX) were mea-
sured with the standard computer-assisted plani-
metric technique, which has been described in detail
by Ilveskoski et al. (10). Silicon rubber models of
arteries were used to measure the stenosis of the
three main epicardial coronary arteries (LAD, RCA,
and LCX) (14). Maximal stenosis was used to define
the extent of coronary narrowing for each coronary
artery. These data are available for 670 men. To
confirm acute myocardial infarction (AMI), the
myocardium was examined. The presence of neu-
trophil granulocytes was used as a definitive marker
of AMI, and scar tissue in the myocardium was a
marker of previous myocardial infarction (MI).
Furthermore, the presence of thrombosis in coron-
ary arteries was studied during the autopsy.

Collection of risk factor data

Data on coronary artery disease (CAD) risk factors
were collected by interviewing the spouse, relative,
or a close friend of the deceased. An informant
providing interview data was available for 500 (71%)
of the cases. The interview consisted of more than
50 detailed questions on smoking and alcohol
consumption habits, hypertension, diabetes, or other
previous illnesses (15).

Statistical analyses

Statistical analysis was performed using SPSS ver-
sion 14.0. (SPSS Inc., Chicago, IL, USA). The non-
parametric Mann-Whitney U-test was used for
comparison of mRNA expression between athero-
sclerotic and control tissues. For statistical analyses,
the genotypes were merged into two groups: TT
homozygotes and carriers of the G allele (i.e. TG
heterozygotes and GG homozygotes), because of the
small number of GG homozygotes (z =6). Catego-
rical variables were compared with Pearson
chi-square test and continuous variables using ana-
lysis of variance (ANOVA). The relative surface
areas of different types of atherosclerotic plaques



and total atherosclerotic surface area were square-
root transformed for the analyses because of their
skewed distributions. The Mann-Whitney U-test
was used to analyze non-normally distributed vari-
ables. To determine adjusted odds ratios for the
occurrence of MI, sudden cardiac death (SCD), and
different subtypes of SCD by ADAMS genotype
groups, logistic regression analysis was employed.
The logistic regression analyses were adjusted for age
and body mass index (BMI) and with hypertension
because these covariates significantly associate with
the risk of MI and fatal AMI in the present study.
Smoking, alcohol consumption, and diabetes were
not used as covariates because these data were
missing for several cases and including them would
have caused too many cases to be excluded from the
analysis. There were no significant associations
between ADAMS genotype group and the occur-
rence of smoking or diabetes and with daily alcohol
consumption. The combined group of men who had
died of other diseases or by unnatural causes was
used as a reference group when analyzing the
association between ADAMS genotype group and
lethal AMI. The ADAMS genotype group did not
associate with the occurrence of death either by
other diseases or by unnatural causes. A P-value less
than 0.05 was considered statistically significant.

Results

Characteristics of the subjects and vascular samples
studied

Table I shows the characteristics of the HSDS study
population according to atherosclerosis risk factors,
cause of death, and genotype groups. Of the 539
subjects included in the study, 422 had the TT

Table I. General characteristics of the study population.
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genotype (78.3%), 111 had the TG genotype
(20.6%), and 6 had the GG genotype (1.1%). The
allele frequencies of T and G were 0.89 and 0.11,
respectively. The genotype distribution was in
Hardy-Weinberg equilibrium, and allele frequencies
were similar to those published by Applied Biosys-
tems for the Caucasian population on their web site.
ADAMS was not significantly associated with the
risk factors for atherosclerosis in the present study.
In a histological study of atherosclerotic vessels, the
carotid and femoral artery samples were type V or
VI, and all aorta samples were type VI. All control
vessels were healthy.

ADAMS expression in the atherosclerotic tissue

We compared the ADAMS8 mRNA expression ex-
amined with GWEA between atherosclerotic arteries
(types V-VI) and non-atherosclerotic internal thor-
acic arteries, as well as ADAMS expression between
different vessel types. The median ADAMS expres-
sion level was significantly higher in atherosclerotic
tissue artery specimens (z=20) than in control
tissue (n =6, P <0.000 Mann-Whitney U-test, inter-
quartile range ql—q3: 263-617) (Figure 1A). The
ADAMS gene expression was elevated 2.6-fold
(P=0.000, q1—q3: 263-1127), 3.0-fold (»=0.005,
ql—q3: 263-617), and 2.7-fold (P=0.038, ql—q3:
263-617) in the carotid arteries, aortas, and femoral
arteries, respectively. The Illumina array results were
verified with relative quantitative PCR. Similarly, the
median ADAMS expression level was significantly
higher in atherosclerotic tissue artery specimens
(n=20) than in control tissue (=6, P <0.000,
ql—q3: 5.2-23.9) (Figure 1A). The ADAMS expres-
sion was increased 8.2-fold (P=0.000, ql—q3:
5.2-23.9), 10.0-fold (P=0.002, ql-q3: 5.2-23.9),

ADAMS genotype groups

Valid » All (n=539) TT (n=422) TG/GG (n=117) Jig

Age (years)® 539 53.0+9.6 53.24+9.4 52.24+10.1 0.32
Body mass index (kg/m?)® 538 24.7+4.7 24.6 +4.7 24.9+4.9 0.56
Alcohol use (< 60 g/d/ > 60 g/d) 351 179/172 140/140 39/32 0.49
Hypertensive (n (%)) 539 79 62 (15) 17 (15) 0.97
Diabetic (n (%)) 366 88 65 (23) 23 (29) 0.23
Smokers® (n (%)) 381 319 253 (83) 66 (86) 0.60
Cause of death (7 (%)): 539

Cardiac causes 211 160 (38) 51 (44) 0.27

Other disease 119 101 (24) 18 (15) 0.05

Intoxication or violence 209 161 (38) 48 (41) 0.57

#P-values have been derived from analysis of variance (normally distributed continuous variables), Mann Whitney U-test (non-normally
distributed continuous variables), and chi-square test for categorical variables.

®Mean +standard deviation.
°Current and former smokers.
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Figure 1. A: The relative ADAM8 mRNA expression in atherosclerotic arteries and non-atherosclerotic arteries (controls) measured with
TagMan Low Density Array (*** P=0.000, Mann-Whitney U-test). B: Relative gene expression of the ADAMS in the non-atherosclerotic
internal thoracic arteries (controls), carotid arteries, aortas, and femoral arteries measured with TagMan Low Density Array (***P =0.000;
**P=0.002; *P=0.009; Mann-Whitney U-test) (o =individual case).

and 6.3-fold (P=0.009, ql-q3: 5.24-23.9) in the
carotid arteries, aortas, and femoral arteries, respec-
tively (Figure 1B), when compared to controls.
Furthermore, the expression of ADAMS was higher
in type VI vessels than in type V plaques. Immuno-
histochemistry of the atherosclerotic lesions revealed
that ADAMS protein is present in both healthy
arteries and advanced atherosclerotic lesions but
there is a distinct increase in the ADAMS protein
in atherosclerotic plaques. ADAMS8 protein was
observed in macrophages and smooth muscle cells.
However, endothelial cells did not show immunor-
eactivity to the ADAMS. The ADAMS protein was
most prominent in macrophages (Figure 2). The
ADAMS protein presence in macrophages was
further verified with double-immunofluorescence
and staining adjacent mirror-image section that
clearly demonstrated the localization of ADAMS in
macrophages in carotid arteries. The ADAMS
protein was seen mainly in the cell membranes of
macrophages (Figure 3).

The ADAMS 2662 T/G polymorphism and the area of
different types of atherosclerotic plaques in coronary
arteries

According to the coronary measurements of our
study, the carriers of the ADAMS 2662 G allele had
significantly more atherosclerosis (measured as the
relative surface area covered by atherosclerotic
lesions) in their coronary arteries than the TT
homozygotes (P=0.020 in ANOVA adjusted with
age and BMI). When the areas of specific plaque

types were compared separately, only the areas of
fatty streaks were not significantly associated with
this polymorphism (P =0.229 in ANOVA adjusted
with age and BMI).

In line with the results concerning total plaque
areas, the G allele carriers had significantly larger
relative areas of fibrotic plaques in their coronary
arteries (P =0.027 in ANOVA adjusted with age and
BMI). A large proportion (23.4%) of the autopsied
men were not found to have calcified plaques in their
coronary arteries, and, therefore, we first studied
whether the ADAMS polymorphism would affect
the occurrence of such plaques. According to logistic
regression analysis adjusted with age and BMI, there
was no difference in the occurrence of calcified
plaques. However, in the group of men who were
found to have calcified plaques in their coronary
arteries, the relative areas of such plaques were
significantly larger among the G allele carriers than
among the T'T homozygotes (P=0.011 by ANOVA
adjusted with age and BMI). The proportion of men
without complicated plaques was also very high
(53.7%), and the same protocol was therefore
followed as with analyzing the occurrence and sur-
face areas of calcified plaques. The G allele carriers a
had higher occurrence rate for complicated plaques
(age and BMI adjusted odds ratio (OR) 1.75 with
95% confidence interval (CI) 1.04-2.96, P=0.037),
and among the men who had complicated plaques
the G allele carriers had significantly larger areas
covered by such plaques than the TT homozygotes
(P=0.011 by ANOVA adjusted with BMI and age)
(Table II).
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Figure 2. A: ADAMS protein in type V-VI femoral artery; B: ADAMS expression in internal thoracic artery (control); C: ADAMS
expression in type VI carotid artery; D-F: smooth muscle cell, endothelial cell, and monocyte/macrophage stainings in type VI carotid

artery (ITA =internal thoracic artery).

ADAMS 2662 T/G polymorphism and the occurrence of
autopsy-verified myocardial infarctions and fatal
pre-hospital coronary events

In the whole Helsinki Sudden Death Study popula-
tion, the G allele carriers had a higher occurrence
rate for autopsy-verified MI (old or acute) compared
to T allele carriers: 23.9% (n=101) of the TT
homozygotes and 35.0% (n=41) of the G allele

carriers had suffered an MI (adjusted OR 2.03 with
95% CI 1.25-3.31, P=0.004). Correspondingly, the
G allele carriers had a significantly higher risk of
SCD by acute MI (AMI): 12.3% (n=52) of all TT
homozygotes and 23.9% (n=28) of all G allele
carriers had suffered a fatal pre-hospital AMI
(adjusted OR 2.41 with 95% CI 1.34-4.32, P=
0.003). When the same analysis was limited to
men whose death was caused by autopsy-verified
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N
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coronary thrombus, the association became more
significant: 6.9% (n=29) versus 17.9% (n=20)
(adjusted OR 3.18 with 95% CI 1.59-6.34, P=
0.001).

In our material the relative areas of complicated
plaques significantly associated with the occurrence of
fatal AMI. We found that the ADAMS8 genotype
group associated with both the surface areas of
complicated plaques and the occurrence of fatal
AMI. Therefore, we tested whether the higher sus-
ceptibility of the G allele carriers to fatal AMI was due
to the larger surface areas of complicated plaques in

N {1&

Figure 3. Double immunofluorescence images demonstrating co-distribution of (A) ADAMS and (B) CD68. Arrows indicate the double-
labeled cells. Adjacent mirror-image sections showing a macrophage (arrows) heavily stained for (C) ADAMS and (D) CD68. ADAMS
immunoreactivity is strongest in the cell membrane.

their coronary arteries. When the surface areas of
complicated plaques were included as a covariate into
the regression analyses, the effect of the G allele on the
occurrence of fatal AMI was weakened markedly and
was no longer statistically significant (adjusted OR
1.56 with 95% CI 0.69-3.5, P=0.284).

Discussion

For the first time, the present study implicates
ADAMS in the pathogenesis of human atherosclero-
sis. ADAMBS has previously been suggested to have a

Table II. Autopsy-verified surface areas of different atherosclerotic plaques and of total atherosclerosis in coronary arteries by ADAMS
genotype group in the Helsinki Sudden Death Study material. Values are expressed as percentages (%) +standard error (SE) of the total
vessel surface of the three main coronary arteries (LAD, LCX, and RCA).

ADAM-8 genotype group

Valid n All TT (n=422) TG/GG (n=117) P-value®
Plaque type:
Fatty streaks 399 5.43+0.23 5.261+0.24 6.144+0.60 0.229
Fibrotic plaques 399 3.89+0.21 3.61+0.22 5.02+0.56 0.027
Calcified plaques 516 2.59+0.19 2.3840.20 3.35+0.48 0.011
Complicated plaques 399 1.53+0.16 1.30+0.18 2.46+0.38 0.011
Total atherosclerosis 399 9.3340.33 8.87+0.34 11.1640.86 0.020

Significance calculated by ANOVA adjusted with age and body mass index after square-root transformation.
LAD =left anterior descending; LCX =left circumflex; RCA =right coronary artery.



role, e.g. in allergic response (16) and in pathological
neuron-glia interactions (17). Another member of
the same family, ADAMI15, has been shown to be
up-regulated in atherosclerotic lesions in monkeys
(18). Here we show that ADAMS8 mRNA and
protein levels are up-regulated in advanced athero-
sclerotic lesions wherein ADAMS was co-distributed
to monocyte-macrophages and smooth muscle cells.
Furthermore, we found that the 2662 T/G SNP of
ADAMS gene is associated with advanced athero-
sclerotic lesion areas and risk of MI and fatal acute
MI.

ADAMS8 has previously been found to be
up-regulated by PPARG activation of macrophages
(19). PPARG is an important regulator of macro-
phage gene expression that is found in atherosclero-
tic lesions (20). PPARG activation decreases
inflammatory cytokines produced by macrophages
(21) and promotes cholesterol efflux from macro-
phages (22). In addition, PPARG agonists have been
shown to block the proliferation and increase the
apoptosis of vascular smooth muscle cells (23,24).
Given the present results showing increased
ADAMS8 mRNA and protein in the atherosclerotic
arteries and the localization of ADAMS protein to
the monocyte-macrophages and smooth muscle
cells, it is intriguing to speculate that the ADAMS
up-regulation could be involved in the PPARG
mediated anti-inflammatory mechanisms.

The G allele carriers of the ADAMS 2662 T/G
allelic variant had significantly more atherosclerosis
as well as increased areas of fibrotic, calcified, and
complicated plaques in their coronary arteries, than
did the TT homozygotes. The observed SNP
appears to be related to the extent of the athero-
sclerotic plaque area, suggesting that ADAMS is
somehow involved in the plaque formation.

Patients with the G variant of 2662 T/G (TG and
GG genotypes) appeared to have higher rates of MI
and fatal acute MI, possibly explained by the
association with the increased areas of complicated
lesions in the coronary arteries of the G allele
carriers. However, when the MI prevalence was
adjusted with the areas of complicated lesions, the
correlation disappeared. This suggests that the G
allele might have an effect on the emergence of MI at
the level of complicated lesion areas rather than
directly affecting the thrombus formation. Even
though the 2662 T/G is located in the 3’-UTR
region of the gene, it has been suggested that the 3’-
UTR can affect gene expression by influencing
mRNA stability and translation (25). Since the
2662 T/G belongs to bin (SNPs in high linkage
disequilibrium) with four other SNPs it is also
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possible that the 2662 T/G is a neutral marker of
some other SNP belonging to the same subset.

An obvious possibility is that ADAMS8 might
contribute to the pathogenesis of atherosclerosis and
acute coronary syndromes through its proteolytic
potential. ADAMS8 has been found to act as
L-selecting sheddase. Transgenic mice over-expres-
sing the soluble ADAMS ectodomain showed atte-
nuated leukocyte infiltration and down-regulation of
L-selectin (26). L-selectin is a leukocyte-specific
adhesion molecule involved in the initial rolling of
leukocytes on the endothelium and, indeed,
ADAMS has been shown to be capable of cleaving
L-selectin from the cell surface (27). Interestingly,
inhibition of L-selectin shedding has been shown to
alter leukocyte rolling over activated endothelium
and to enhance leukocyte recruitment (28). ADAMS
also mediates the shedding of VCAM-1 (29),
another mediator of the attachment of monocytes
and lymphocytes (30). Thus, ADAMS8 might have a
protective role in atherosclerosis by its ability to
suppress leukocyte trafficking into the vessel wall.
Besides shedding other molecules to the blood-
stream, ADAMS is itself processed by metallopro-
tease domain removal (31). There is evidence
suggesting that soluble ADAMS might be active
(31) and thus elicit multiple events either in the
vascular wall or blood-stream. For example,
ADAMS can interact with alpha9betal integrin
(32) that is also a ligand for coagulation factor
XIII and von Willebrand factor (33). Thus it is
intriguing to speculate whether soluble ADAMS
could prevent the thrombotic events in atherosclero-
sis by blocking the binding site for these essential
factors in blood coagulation.

ADAMS has also previously been shown to be an
important factor in osteoclast (OCL) formation
(34), which could be an important finding consider-
ing that the monocytotic line of hematopoietic cells
have been reported to undergo osteoclastic differ-
entiation and OCL-like cells have also been observed
in atherosclerotic plaques (35).

The vascular samples were collected from car-
otid, aorta, and femoral arteries, where the local
hemodynamic conditions are different as compared
to coronary arteries. The majority of the samples,
however, were from histologically advanced plaques
(types V-VI), which allows us to suggest that they
reflect the systemic nature of atherosclerosis. The
pattern of ADAMS expression was similar in the
different atherosclerotic arteries with different he-
modynamic conditions, also supporting the role of
ADAMS in systemic atherosclerosis. We compared
the expression of ADAMS8 mRNA and protein levels
between atherosclerotic plaques obtained during
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open vascular surgical procedures and non-athero-
sclerotic internal thoracic arteries taken during
coronary artery by-pass grafting. Even though com-
parison of diseased and healthy arteries from the
same source would be more accurate, we were
unfortunately not able to receive any corresponding
healthy arteries from carotid, aortic, and femoral
regions due to ethical issues. Still, we believe that
comparison of atherosclerotic plaques to ITA vessels
provides sufficient information to reveal the biologi-
cal processes going on in the diseased vessels. By
combining data from the two study material sets (the
vascular sample series and the HSDS material), we
were able to demonstrate the ADAMS expression in
vascular samples and the association of ADAMS
2662 T/G polymorphism with the advanced athero-
sclerotic lesion areas and MI.

Although there are several classical factors for
atherosclerosis and cardiac disease (elevated plasma
(LDL), cigarette smoking, hypertension, diabetes
mellitus) (36) which confer a high probability of
future pathogenic events, additional prognostic
markers are required for a more accurate prediction
of the risk. In addition, clarifying the inflammatory
mechanisms in the atherosclerotic plaque formation
may result in pharmacological applications for dis-
ease prevention or treatment. In conclusion, the
present results emphasize that ADAMS is a promis-
ing candidate to be involved in multiple mechanisms
of atherosclerosis and MI. The observed increase of
ADAMS8 mRNA protein in atherosclerotic plaques
might elicit multiple anti-inflammatory mechanisms.
On the other hand, the SNP significantly associated
with plaque areas and myocardial infarction, sug-
gesting ADAMS is also involved in these processes.
The present study takes the first step towards
understanding the role of ADAMS in atherosclero-
sis, and more work is needed to elucidate the exact
pathogenic mechanism and to further define its
prognostic and therapeutic potential.
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ADAM-9, ADAM-15, and ADAM-17 are upregulated in macrophages
in advanced human atherosclerotic plaques in aorta and carotid
and femoral arteries—Tampere vascular study
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Abstract

Background and aims. The expression of disintegrin and metalloprotease ADAM-9, ADAM-15, and ADAM-17 has been
associated with cell-cell, cell-platelet, and cell-matrix interactions and inflammation. They are possibly implicated in the
pathophysiology of atherosclerosis.

Methods and results. Whole-genome expression array and quantitative real-time polymerase chain reaction (PCR) analysis
confirmed that ADAM-9, ADAM-15, and ADAM-17 are upregulated in advanced human atherosclerotic lesions in samples
from carotid, aortic, and femoral territories compared to samples from internal thoracic artery (ITA) free of atherosclerotic
plaques. Western analysis indicated that the majority of these ADAMs were in the catalytically active form. ADAM-9,
ADAM-15, and ADAM-17-expressing cells were shown to co-localize with CD68-positive cells of monocytic origin in the
atherosclerotic plaques using immunohistochemistry and double-staining immunofluorescence analysis. Co-localization
was demonstrated in all vascular territories. In the carotid territory, cells expressing the ADAMs co-distributed also with
smooth muscle cells and, in femoral territory, with CD31-positive endothelial cells, indicating that the ADAM expression
pattern depends on vascular bed territory.

Conclusions. Present findings provide strong evidence for the involvement of catalytically active ADAM-9, ADAM-15, and
ADAM-17 in advanced atherosclerosis, most notably associated with cells of monocytic origin.

Key words: ADAM, atherosclerosis, gene expression, immunohistochemistry, whole genome

Introduction . . .

involved in this process. To better understand the
The inflammatory and chronic nature of athero- alterations in gene expression in advanced athero-
sclerosis (1) makes it compelling to identify genes sclerosis, we utilized genome-wide expression array
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Key messages

e Upregulated expression of ADAM-9,
ADAM-15, and ADAM-17 and the pre-
sence of their catalytically active forms are
implicated in advanced human athero-
sclerosis and suggest roles in the monocyte
homing, migration, or proliferation in
aorta, carotid, and femoral arteries.

e As the therapeutic intervention of ADAMs
in human diseases is actively pursued, our
findings underline the potential of target-
ing the development of atherosclerosis
through modulation of ADAM function.

e A precise picture of ADAMs expression is
a prerequisite for understanding the con-
tribution of their intricate interplay in
atherosclerosis, towards which the present
study takes an important step.

(GWEA), encompassing all the known 23,000 genes
to study a unique sample material of advanced
plaques in aorta, carotid and femoral arteries, and
control samples from internal thoracic artery (ITA)
classified according to the American Heart Associa-
tion classification (2). Over 200 genes were found to
be upregulated, including members of the disinte-
grin and metalloprotease (ADAM) family (3). Of
these, ADAM-9, ADAM-15, and ADAM-17 were
selected for more detailed analysis because they have
been associated with cellular and physiological
functions pertinent to atherosclerosis, such as cell-
cell, cell-platelet, and cell-matrix interactions, as
well as with inflammation (4,5).

ADAM metalloprotease disintegrins are trans-
membrane proteins mediating targeted proteolysis,
cell adhesion, and signal transduction (3,6). ADAM
proteinases can release and activate cytokines,
growth factors, and other bioactive proteins from
their membrane-bound precursors and remove
receptors from the cell surface, in the process called
ectodomain shedding (4,5). However, not all
ADAMs are active proteinases as half of them do
not contain all the essential amino acids at the active
site (5). ADAMs have also been implicated in cell-
cell and cell-matrix interactions through binding to
integrins and other adhesion molecules (6). Their
diverse involvement in cell interactions suggests that
alterations in the expression of ADAMs may play
roles in complex pathologies such as atherosclerosis.

ADAM-9 has been implicated both in ectodo-
main shedding and cell interactions through integrin
binding. The potential ADAM-9 sheddase sub-
strates include growth factors and cytokines (5)

which have been linked to atherosclerosis (7,8).
ADAM-9 is capable of binding to axfB; and o,f5
(9,10), and also these interactions might be relevant
in atherosclerosis. ADAM-9 interaction with ogf3;
was shown to regulate fibroblast motility, and o[,
can induce the mobility of several cell types includ-
ing macrophages (11-13). The interaction with o,f5
was shown to stimulate proinflammatory interleu-
kin-6 production in cultured osteoblasts (10).
ADAM-9 has indeed been shown to be expressed
in human atherosclerotic plaques, in conjunction
with increased levels of o,f; and osf; integrins
which also are associated with the development
and progression of atherosclerosis (14). No
ADAM-9 nor o,B3 or asB; mRNA and only weak
ADAM-9 immunostaining were detected from hu-
man thyroid artery without atherosclerosis (14).
Altogether, these interactions and expression data
are consistent with a potential role of ADAM-9 in
atherosclerosis.

The first direct indication of a potential role of an
ADAM in atherosclerosis was, indeed, the demon-
stration of upregulated ADAM-15 in monkey ather-
osclerotic lesions (1). Also ADAM-15 has been
shown to mediate both ectodomain shedding and
binding to integrins. The potential sheddase sub-
strates of ADAM-15 include epidermal growth factor
(EGF) family growth factors (5) with possible asso-
ciation with atherosclerosis (7). Human ADAM-15,
but remarkably not rodent adam-15, contains
the ‘classical’ arginine-glycine-aspartate (RGD) se-
quence in its putative integrin-binding motif which
appears to mediate binding to a5B;, o,B3, and oy B3
integrins (9,15,16). ADAM-15 is highly expressed in
mouse vascular cells and endocardium (17), and in
cultured human aortic smooth muscle and umbilical
vein endothelial cells (1). Similarly to ADAM-9, weak
ADAM-15 immunostaining was detected from nor-
mal human arteries while the mRNA level was below
detection, but atherosclerotic plaques from carotid
arteries showed upregulated ADAM-15 (and
ADAM-9) expression in conjunction with elevated
asP; and o, B5 integrins (14). ADAM-15 seems to be
an important mediator of inflammation (18). Hence,
also ADAM-15 is an intriguing candidate to be
involved in the pathology of atherosclerosis.

ADAM-17, besides ADAM-10, is the most
studied sheddase ADAM, originally identified as
the tumor necrosis factor alpha (TNF-o) convert-
ing-enzyme (TACE) (19,20). In addition to TNF-q,
ADAM-17 can activate several cytokines and growth
factors implicated in atherosclerosis and remove
their receptors from cell surfaces (5), and the
number of putative novel substrates continues to
grow. Since ADAM-17 has been implicated in
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atherosclerosis (21,22), and since it can modulate
leukocyte adhesion by shedding L-selectin (23,24)
and modulating macrophage activity (25), ADAM-
17 is an interesting potential target for the treatment
of inflammatory diseases such as atherosclerosis (8).
Further investigations of ADAM-17 will also ad-
vance our understanding of the molecular basis of
atherosclerosis.

The current view of possible roles of ADAMs in
atherosclerosis is based mainly on animal and i vitro
experiments, and on a single report of arterial
location but without classification of the degree of
atherosclerosis or verification of gene expression
data (14,22). Based on our genome-wide expression
array data on ADAMs, we hypothesized that their
expression is upregulated in advanced atherosclero-
sis and might co-distribute with endothelial, smooth
muscle, or monocytic cells in atherosclerotic areas.
Thus we performed detailed analysis of atherosclero-
tic plaques in different arterial beds, i.e. carotid
region, aorta, and femoral region, to find out
whether ADAMs associate with global progression
of atherosclerosis in human subjects.

Methods
Vascular samples

Vascular sample series from femoral arteries, carotid
arteries, and abdominal aortas were obtained during
open vascular procedures from 30 patients under
surveillance of a senior consultant vascular surgeon
(NO). Six control samples were taken from internal
thoracic arteries (ITA) obtained during coronary
artery bypass grafting. The study has been approved
by the Ethics Committee of Tampere University
Hospital. All clinical investigations were conducted
according to declaration of Helsinki principles. The
samples were taken from patients subjected to open
vascular surgical procedures in the Division
of Vascular Surgery and Heart Centre, Tampere
University Hospital. The vascular samples were
classified according to recommendation of American
Heart Association (AHA) (2).

RNA isolation and genome-wide expression analysis

(GWEA)

The fresh tissue samples (7 =26) were immediately
soaked in RNALater solution (Ambion Inc., Austin,
TX, USA), and total-RNA was isolated with Trizol
reagent (Invitrogen, Carlsbad, CA, USA) and
RNAEasy Kit (Qiagen, Valencia, CA, USA). The
concentration and quality of RNA were evaluated
spectrophotometrically (BioPhotometer, Eppendorf,

Wesseling-Berzdorf, Germany). The GWEA micro-
array experiments were performed by using Sentrix®
Human-8 Expression BeadChips analyzing over
23,000 known genes and gene candidates (Illumina,
San Diego, CA, USA) according to given instructions
by the manufacturer. In brief, a 200 ng aliquot of
total-RNA from each sample was amplified to cDNA
using Ambion’s Illumina RNA Amplification kit
following the instructions (cat. no 11755, Ambion,
Inc., Austin, TX, USA). In vitro transcription (IVT)
reaction of cDNA to cRNA was performed overnight
(14 h) including biotin-11-deoxy uridine tripho-
sphate (dUTP) (PerkinElmer Life And Analytical
Sciences, Inc., Boston, MA, USA) for labeling the
cRNA product. Both before and after the amplifica-
tions the RNA/cRNA concentrations were checked
with Nanodrop ND-1000 spectrophotometer (Nano-
drop Technologies, Wilmington, DE, USA), and
RNA/cCRNA quality was controlled by BioRad’s
Experion Automated Electrophoresis System and
RNA StdSens Analysis Kit (BioRad Laboratories,
Inc., Hercules, CA, USA). Each sample cRNA
(1500 ng) was hybridized to Illumina’s Sentrix®
Human-8 Expression BeadChip arrays (Illumina) at
55°C overnight (18 h) following the Illumina Whole-
Genome Gene Expression Protocol for BeadStation.
Hybridized biotinylated cRNA was detected with
1 pg/mL. cyanine3-streptavidine (Amersham Bios-
ciences, Pistacataway, NJ, USA). BeadChips were
scanned with Illumina BeadArray Reader. The accu-
racy of Illumina Sentrix® Human-8 Expression
BeadChips microarray methodology to measure the
gene expression was earlier verified by real-time
quantitative TagMan PCR by quantitating the ex-
pression of 20 genes with both methods (26).

Quantitative real-time PCR (qPCR)

From the 30 tissue samples, gene expression ana-
lyses were done with TagMan low-density arrays
(LDAs) (Applied Biosystems, Foster City, CA,
USA). Total-RNA (500 ng) was reverse-transcribed
to cDNA using High Capacity cDNA Kit according
to the manufacturer’s instructions (Applied Biosys-
tems). For the PCR, LDAs were loaded with 8 pLL
undiluted c¢cDNA, 42ul. H,O, and 50uLl. PCR
Universal Master Mix and run according to the
manufacturer’s instructions (Applied Biosystems).
Samples were analyzed as duplicates, and both
cDNA synthesis and PCR reactions were validated
for inhibition. Glyceraldehyde 3-phosphate dehy-
drogenase (GAPDH) was used as a housekeeping
gene control, and the qPCR results were analyzed
using SDS 2.2 Software (Applied Biosystems).
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Western analysis (WB)

Four randomly selected samples of atherosclerotic
plaques from carotid (two patients) and femoral
artery, and aorta were homogenized (100 mg/350
pL) in ice-cold lysis buffer (10 mM Tris-HCI pH
7.4, 1% (w/v) Triton X-100, 0.1% (w/v) sodium
dodecyl sulphate (SDS), 0.1% (w/v) sodium deox-
ycholate, 150 mM NaCl) (27) containing Roche
Complete protease inhibitors (Roche Diagnostics,
Mannheim, Germany) using a Potter-Elvehjem
homogenizer with a teflon pestle. The amount of
protein was not measured but the samples (each
100 mg wet weight) were prepared in equal volumes
of homogenization and sample buffers. Insoluble
debris was removed with centrifugation (16.2 k x g,
10 min) in a refrigerated microcentrifuge at 4°C.
Laemmli SDS-polyacrylamide gel electrophoresis
(PAGE) sample buffer (5x) with dithiothreitol
(DTT) was added to 1x concentration (0.1 M
DTT final). The samples were heated at 99°C for
5 minutes, cooled to room temperature and centri-
fuged 16.2 k x g for 10 minutes prior to loading 100
pL/well onto a 10% SDS-polyacrylamide gel. Mole-
cular weight markers (Chemichrome Ultimate,
C2117, Sigma, St. Louis, MI, USA) were run along
the samples. Following the SDS-PAGE, the proteins
were electrotransferred onto a polyvinylidene fluo-
ride (PVDF) membrane (BioRad, Hercules, CA,
USA) in a semi-dry blotter. The membrane was then
treated with 0.1% (w/v) Ponceau S in 5% acetic acid
to verify the successful transfer, to ensure an even
loading, and to fix the proteins onto the membrane.

The primary antibodies against human ADAM
protein ectodomains were from R&D Systems
(Abingdon, UK). Goat-anti-ADAM-9 (AF939),
goat-anti-ADAM-15 (AF935), and goat-anti-
ADAM-17 (AF2129) were diluted 1/1000 in tris-
buffered saline with Tween-20 (TBST) containing
5% non-fat milk (TBS with 0.1% (w/v) Tween-20).
The peroxidase-coupled secondary antibody, anti-
goat/sheep (A9452, Sigma), was diluted 1/5000 in
TBST/milk.

For the immunodetection, the blots were blocked
with 5% (w/v) non-fat milk in TBST, followed with
1 h incubation at room temperature (RT) with the
primary antibodies. After several TBST washes and
the secondary antibody incubation (1 h, RT), the
blots were washed with TBST, rinsed in TBS, and
the bound secondary antibody was visualized with
enhanced chemiluminescence (ECL) and a digital
imager. Just prior to the ECL reagent incubation,
the blots were rinsed in water. The ECL was done
with SuperSignal West Dura reagents according to
the manufacturer’s protocol (Pierce, Rockford,
USA). The ECL was visualized in a ChemiDoc

XRS digital imager using Quantity One 4.5.2 soft-
ware (BioRad).

Immunohistochemistry (1H)

Immunohistochemistry was performed using the
avidin biotin complex (ABC) method (Vectastain
Elite kit, Vector Laboratories, Burlingame, CA,
USA) and paraffin-embedded vascular samples
without any counterstain. ADAMs in vascular
wall were detected with rabbit anti-human
ADAM-9 (AF1031), mouse anti-human ADAM-
15 (MAB935), and chicken anti-human ADAM-17
(AF930) ectodomain antibodies (R&D Systems,
Minneapolis, MN, USA). The following primary
antibodies were used to detect vascular cell markers
in adjacent sections: Muscle actin (mouse anti-
human muscle actin, clone HHF35; DakoCytoma-
tion, Glostrup, Denmark) was used to detect smooth
muscle cells. CD68 (mouse anti-human CD68,
clone PG-M1; DakoCytomation) was used as mar-
ker of monocytes and macrophages. For the detec-
tion of endothelial cells, CD31 antibody (mouse
anti-human CD31, endothelial cell, clone JC70A;
DakoCytomation) was used. The sections were
subjected to microwave antigen retrieval treatment
as described earlier (28). Endogenous peroxidase
activity was extinguished by treating the section with
0.3% H,0O, for 30 min. Subsequently the sections
were incubated overnight with the primary antibo-
dies followed by biotinylated horse anti-goat, goat
anti-chicken (1:500, Vector Laboratories), or sheep
anti-mouse (1:300, Amersham Int., Buckingham-
shire, UK) and ABC complex for 30 min. Diamino-
benzidine was used as the chromogen. All antibodies
were diluted in phosphate buffered saline (PBS)
containing 1% bovine serum albumin (BSA) and
0.3% of Triton X-100. Controls included omitting
the primary antibody or replacing it with non-
immune sera. No staining was seen in the controls.

The co-localization of CD68 and ADAM-9 and
ADAM-17 in carotid arteries was studied with
double-staining immunofluorescence (IF). The sam-
ples were fixed with 4% paraformaldehyde (in 0.1 M
PBS, pH 7.3) for 6 h at +4°C and cryoprotected with
20% sucrose in PBS. Frozen sections (6 pm) were cut
with Micron HM560 Cryostat and thaw-mounted
onto Polysine glass slides (Menzel, Braunschweig,
Germany). The sections were incubated overnight
with mouse monoclonal anti-CD68 (1:10) and rabbit
anti-ADAM-9 (1:100), or with the mixture of CD68
antibody and chicken anti-ADAM-17 followed by a
mixture of biotinylated sheep anti-mouse antibody
(1:200, Amersham) and rhodamine-conjugated goat
anti-rabbit antibody (1:50, Boehringer Mannheim),
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or with a mixture of fluorescein-labeled sheep anti-
mouse antibody (1:10, Amersham) and biotinylated
goat anti-chicken (Vector Labs, Peterborough, Eng-
land) for 30 min at +37°C, respectively. Subse-
quently, the sections were incubated with
fluorescein isothiocyanate (FITC)-conjugated avidin
or rhodamine-conjugated avidin (1:100, Vector Labs)
for 30 min, respectively. Sections were mounted in a
mixture of glycerol and PBS (3:1) containing 0.1%
paraphenylenediamine and examined in Nikon
Microphot FXA microscope equipped with proper
fluorescence filters. Photographs were obtained with
a PCO Sensicam digital camera (PCO, Kelheim,
Germany). Alternatively the co-localization of
ADAM-9, ADAM-15, ADAM-17, and CD68 was
studied in 5 pm paraffin sections (mirror image
sections). Sections were stained with ABC method
as described above.

Statistical analyses

Statistical analyses were performed using SPSS
version 14.0 (SPSS Inc., Chicago, IL, USA). The
non-parametric Mann-Whitney U-test was used for
comparison of mRNA expression between athero-
sclerotic and control tissues and between different
arterial regions. Data are presented as median and
range.

Results

Characteristics of the subjects and studied vascular
samples

The median age was 70.0 years (45-93 years) and
75.9% of the subjects were men. The prevalence of
risk factors was as follows: dyslipidemia 40.7%,
hypertension 77.8%, diabetes 18.5%, history of
smoking 86.2%, alcohol usage more than once a
week 42.8%. A total of 73.3% of the samples were
classified as type 5-6 advanced plaques.

ADAM mRNA expression in the atherosclerotic tissue

We compared the ADAM-9, ADAM-15, and
ADAM-17 expression level between atherosclerotic
tissue (types 5-6) and control tissue from internal
thoracic artery (ITA) (type 0), and expression levels
between different vessel types. In GWEA, the
median ADAM-9 expression was elevated relative
to ITA in the carotid arteries (1.2-fold, 2=0.012),
aortas (1.3-fold, P=0.001), and femoral arteries
(1.5-fold, P=0.010), respectively (Figure 1).
ADAM-15 expression was elevated relative to ITA
in the carotid arteries (2.2-fold, P <0.001), aortas

(2.7-fold, P <0.001), and femoral arteries (3.0-fold,
P=0.010), respectively (Figure 1). ADAM-17
expression was elevated relative to ITA in the carotid
arteries (1.2-fold, P<0.001), aortas (1.2-fold,
P=0.001), and femoral arteries (1.3-fold, P=
0.01), respectively (Figure 1).

According to GWEA, the median ADAM-9
expression level in atherosclerotic tissues (z =20)
was 233 (153-338) and 174 (173-185) in ITA
tissues (type 0, n=6) (1.3-fold relative to ITA, P=
0.001) (Figure 2). The median ADAM-15 expres-
sion level in atherosclerotic tissues (7 =20) was 635
(366-834), and 239 (219-263) in ITA (type 0, n=
6) (2.7-fold relative to ITA, P<0.001) (Figure 2).
The median ADAM-17 expression level in athero-
sclerotic tissues (z=20) was 285 (239-395), and
232 (231-234) in ITA (type 0, n=6) (1.2-fold
relative to ITA, P<0.001) (Figure 2).

The Illumina GWEA array results were verified
with quantitative PCR. ADAM-9 expression was
elevated in the carotid arteries (1.8-fold, P <0.001),
aortas (1.7-fold, P<0.001), and there was trend of
increase in femoral arteries (1.4-fold, P=0.065),
respectively (Figure 3). ADAM-15 expression was
not elevated in the carotid arteries (1.4-fold,
P=0.607), but there was a significant increase in
aortas (2.1-fold, P=0.012), and a trend of increase in
femoral arteries (2.2-fold, P=0.065), respectively
(Figure 3). ADAM-17 expression was elevated in
the carotid (1.1-fold, P <0.001), aorta (1.4-fold, P <
0.001), and it was not elevated in femoral artery (1.3-
fold, P =0.132), respectively (Figure 3). No apparent
difference in gene expression profiles was found
between early (type 5) and advanced plaques (type 6).

ADAM protein expression in the atherosclerotic tissue

Immunohistochemistry of atherosclerotic lesions re-
vealed that ADAM-9, ADAM-15, and ADAM-17
proteins were expressed in the atheromatous core and
to some extent in all the vessel layers in early and
advanced plaques in all the vessel beds while only
sparse cells were positive in I'TA vessels (Figure 4). In
aortas ADAM-9, ADAM-15, and ADAM-17-stain-
ing cells co-distributed mainly with CD68-positive
cells in the plaque but did not co-distribute with
CD31-positive cells (Figure 4A). In femoral arteries,
however, ADAM-9, ADAM-15, and ADAM-17-
positive cells co-distributed with endothelial cells
and in addition with macrophages (Figure 4B). In
the carotid arteries, ADAM-9, ADAM-15, and
ADAM-17-positive cells co-distributed with both
macrophages and smooth muscle cells (Figure 4C).
Immunofluorescence double-staining microscopy of
a representative carotid plaque confirmed that
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Figure 1. ADAM-9, ADAM-15, and ADAM-17 expression in control samples from internal thoracic artery (ITA), and carotid, aortic, and
femoral artery samples. Gene expression value is the normalized average gene intensity for each group measured in the Illumina Expression
BeadChips. *P <0.05, **P <0.01, ***P <0.001 relative to ITA, Mann-Whitney U-test.

ADAM-9 and ADAM-17-positive cells co-localized
with CD68-positive cells (Figure 5). The staining of
ADAM-9 and ADAM-17 was localized at the plasma
membrane while CD68 was cytoplasmic (Figure 5).
ADAM-15 staining co-localized with CD68 in the
mirror sections (Figure 5). The representative figure
shows expression of ADAM-9 in macrophages invad-
ing the endothelial cell layer in a neovascularization
capillary within the atherosclerotic plaque (Figure 5).
The majority of ADAM-9, ADAM-15, and
ADAM-17 protein was in the catalytically active
form in the atherosclerotic plaques of carotid and
femoral arteries and aorta (Figure 6). A putative
negligible signal of unprocessed pro-form at c.
110 kDa was seen only after very long over-exposure
(1 h) for ADAM-9 and ADAM-15 (data not shown).
Hence, virtually all ADAM-9, ADAM-15, and
ADAM-17 protein appears to be in the processed
mature, presumably catalytically competent form.

Discussion

The present study provides novel evidence suggest-
ing that the metalloprotease disintegrins ADAM-9,

ADAM-15, and ADAM-17 (4,5) are associated with
the pathophysiology of human atherosclerosis. The
results corroborate those of the earlier animal model
and m wvirro studies (1) indicating roles for these
ADAMs in atherosclerosis, in addition to the first
demonstration of upregulation of ADAM-9 and
ADAM-15 in human atherosclerotic carotid arteries
(14). The combined examination with GWEA,
qPCR, immunohistochemistry (IHC), and IF
showed that ADAM-9, ADAM-15, and ADAM-17
expression was upregulated in advanced athero-
sclerosis at the transcriptional and protein levels.
The results are novel as four different vascular
territories were examined, and they suggest that
the upregulated expression of these ADAM:s is likely
to be associated with monocytic cells in the athero-
sclerotic plaques and with smooth muscle and
endothelial cells in the carotid and femoral terri-
tories, respectively. A precise picture of ADAMs
expression is a prerequisite for understanding the
contribution of their intricate interplay in athero-
sclerosis, towards which the present study takes an
important step.

In the previous study by Al-Fakhri et al., the
mRNA levels of ADAM-9 and ADAM-15 in human
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Figure 2. ADAM-9, ADAM-15, and ADAM-17 expression in atherosclerotic samples and control samples from internal thoracic artery
(ITA). Gene expression value is the normalized average gene intensity for each group measured in the Illumina Expression BeadChips. *P <

0.05, **P <0.01, ***P <0.001 relative to ITA, Mann-Whitney U-test.

carotid artery plaques were increased 9- and 7-fold,
respectively, as compared to thyroid artery samples
from subjects free of atherosclerotic disease (14). In
the present study, the fold-change was lower, which
might be explained by the fact that our control
samples from internal thoracic artery were from
subjects with coronary artery atherosclerosis and,
albeit there was no histological evidence of athero-
sclerosis, it is obvious that the systemic nature of
atherosclerosis might be reflected in the levels of
ADAMs in all the vascular beds narrowing the
difference in expression levels. According to the
previous study, ADAM-9 and ADAM-15 were
expressed in smooth muscle cells in the neointima
of atherosclerotic arteries (14). Co-localization of
ADAM-9, ADAM-15, and ADAM-17-positive cells
with those labeled with CD68 antibody indicates
that these cells are of monocytic origin, although
these ADAMs were localized also to smooth muscle
cells in the carotid samples. Whether the rheologic
properties of different vascular beds have a different
effect on expression of ADAM:s in specific cell types
in the plaque remains to be elucidated.

Proteolytic processing, the detachment of the
pro-domain, has been associated with the matura-
tion of at least some ADAMs, including ADAM-9

and ADAM-17, to a catalytically active form (5,6).
Western analysis indicated that virtually all ADAM-
9, ADAM-15, and ADAM-17 protein was in the
catalytically active form in atherosclerotic lesions in
carotid and femoral arteries and in aorta and hence
in the catalytically competent state.

The present findings support a role of ADAM-9
in the pathology of atherosclerosis through ectodo-
main shedding, cell-cell, or cell-matrix interactions.
ADAM-9 has been shown to be able to cleave several
substrates, including heparin binding-EGF (HB-
EGF) (29), and thus its upregulation might result
in misregulated shedding of factors effecting ather-
ogenesis (30). The ability of ADAM-9 to mediate
cell interactions through ogf; and o,ps integrins
(10,31) may also contribute to atherosclerosis since
these interactions can regulate cell motility and the
production of interleukin-6 (9,10).

The co-localization of ADAM-15-expressing
cells with CD68 and co-distribution with CD31-
positive cells in atherosclerotic areas strongly suggest
that ADAM-15 on monocytic or endothelial cells
might play a role in monocyte-macrophage migra-
tion, endothelial-platelet adhesion, or matrix remo-
deling in atherosclerosis. ADAM-15 on endothelial
cells might interact with «,f; integrin on leukocytes,
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especially monocytes, during atherogenesis. Consis-
tently cultured hematopoietic cells of monocytic
lineage express o,p; integrin which was shown to
bind recombinant ADAM-15 (31). Also, ADAM-15
binding to o,B3 or asB; on smooth muscle cells in
atherogenic areas could modulate their migration/
proliferation properties (32); however, we did not
observe co-distribution of ADAM-15 with the
smooth muscle cells. Furthermore, ADAM-15-
mediated interactions between the endothelial cells
and platelets are potentially important since the
initiation, inflammation, atherogenesis, and plaque
formation, including the recruitment of progenitor
and dendritic cells, require adherence of platelets to
the endothelial cells. This would be consistent with
the platelet adhesion to ADAM-15-expressing en-
dothelial-like cells and subsequent platelet activation
and microthrombus formation in a flow chamber
model (16). Given the inflammatory nature of
atherosclerosis, it is interesting that in inflammatory
bowel diseases, ADAM-15 is upregulated in epi- and
endothelial cells in close contact with os3;-expres-
sing leukocytes, suggesting a role in leukocyte
migration (33). This also corroborates our hypoth-

esis of ADAM-15 possibly contributing to mono-
cyte-macrophage migration in atherosclerosis.

To our knowledge, the present study provides the
first comprehensive immunohistochemical examina-
tion of ADAM-17 expression in human atherosclero-
sis. The results agree with and extend those of the
earlier investigations implicating ADAM-17 in the
pathology of atherosclerosis. Previously, Canault and
co-authors have demonstrated elevated ADAM-17
protein levels in the lipidic core of human athero-
sclerotic plaques and showed with a detailed analysis
of an apolipoprotein E-deficient mouse model that
ADAM-17 immunostaining increased along with the
development of atherosclerotic lesions (21). In a
subsequent study they provided convincing evidence
indicating the pathophysiological role of ADAM-17
sheddase activity in human atherosclerosis (22). The
contribution of ADAM-17 in atherosclerosis is also
corroborated by the studies showing increased TNF-
o levels after acute myocardial infarction (34,35) and
localization of TNF-a expression in atheromas (36).
The ability of ADAM-17 to downregulate macro-
phage colony-stimulating factor receptor (M-CSFR)
from macrophages undergoing activation enables
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Figure 4. Expression of ADAM-9, ADAM-15, and ADAM-17 in human atherosclerotic plaques. Serial staining of monocyte marker CD68
and smooth muscle cell marker HHF35 in human aortic (A), femoral (B), and carotid (C) plaques. Samples from internal thoracic artery
(ITA) served as controls (D). NV indicates a neovascularized vessel. A straight line indicates the transition between the intima and media.
Arrows indicate typical positively stained cells. The stage of atherosclerosis was classified according to American Heart Association (AHA)
classification (type 1-6). 100 x magnification.
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ADAM17

Figure 5. Double immunofluorescence images demonstrating co-localization of ADAM-9 and ADAM-17 and CD68, and mirror image
sections showing the co-localization of ADAM-15 and CD68. ADAM-9-immunoreactive cells at the border of adventitia and media
(arrows) are also labeled with CD68. High-magnification image showing ADAM-9/CD68-immunoreactive cells (arrows) adhered to the
intima of neovascularization capillary (arrowheads point to the intima exhibiting red/yellow autofluorescence). ADAM-9 labeling is very
strong in the cell membrane. Mirror image sections indicating co-localization of ADAM-15 and CD68. Arrows point to the cells
immunoreactive to both antigens. Double immunofluorescence photographs demonstrating the co-localization of ADAM-17 and CD68.
ADAM-17 immunoreactivity is very strong in the cell membrane whereas CD68 labeling is seen throughout the cytoplasm.
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Figure 6. Western detection of (A) ADAM-9, (B) ADAM-15, and
(C) ADAM-17 in atherosclerotic patient samples from carotid
(1,3), femoral (2), and aortic (4) plaques, visualized with
enhanced chemiluminescence. The positions of the molecular
weight markers and active/inactive forms are indicated.

fully activated phenotype in mononuclear macro-
phages by rapidly preventing M-CSF-mediated sig-
naling (25), suggesting that also ADAM-17 might
effect macrophage function in atherogenesis. To sum
up, our results combined with other studies suggest
that ADAM-17 might contribute to atherosclerosis
by activating and inactivating pro- and anti-inflam-
matory factors, respectively, and thus regulating
inflammation, leukocyte adhesion, migration, and
proliferation.

In conclusion, our results implicate ADAM-9,
ADAM-15, and ADAM-17 in advanced athero-
sclerosis and suggest roles in the monocyte homing,
migration, or proliferation in all major vascular beds.
As the therapeutic intervention of ADAMs in human
diseases is actively pursued (5,37), our findings
underline the potential of targeting the development
of atherosclerosis through modulation of ADAM
function.
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