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Abstract

ABSTRACT
Kristiina Santalahti
Vascular adhesion protein-1, its ligands and role in cardiovascular disease
prediction
University of Turku, Faculty of Medicine, Institute of Biomedicine, Medical
Microbiology and Immunology, Turku Doctoral Programme of Molecular
Medicine, National Doctoral Programme in Nanoscience, MediCity Research
Laboratory
Annales Universitatis Turkuensis, Turku, Finland, 2018
To study the pathogenesis and prevention of diseases, population studies in
which hundreds of measurements are done from the same persons have a crucial
role. A biomarker is any measurable characteristic that gives information on the
biological state of the body. At its best a biomarker can predict future disease
events. Cardiovascular diseases (CVDs) are chronic diseases in which one
feature is harmful leukocyte trafficking.
In this thesis project, I studied vascular adhesion protein-1 (VAP-1), a molecule
involved in leukocyte trafficking. I wanted to identify the ligands on the surface
of leukocytes to which VAP-1 binds to and thus helps the leukocytes to migrate
from blood to tissues. A soluble form of VAP-1 (sVAP-1) is present in the blood.
To study sVAP-1 as a biomarker, I developed two different assays to measure the
sVAP-1 levels in a high throughput way. This enabled the measurements of the
sVAP-1 levels in two population cohorts and examine whether sVAP-1
associates with early phases of CVDs. Furthermore, I investigated the ability of
sVAP-1 levels to predict future cardiovascular events in a Finnish population.
In this thesis, the first leukocyte ligands for VAP-1 were identified. Sialic acid
binding Ig-like lectins Siglec-10 and Siglec-9 are expressed on different
leukocytes and were able to bind to VAP-1. In addition, the sVAP-1 levels from
nearly 5000 Finns were measured with the newly developed assays. The
statistical analyses revealed that increased levels of serum sVAP-1 correlated
with early manifestations of atherosclerosis. Additionally, sVAP-1 levels could
predict future cardiovascular events and even improved the reclassification of
patients to correct risk categories.
Keywords: cardiovascular diseases, leukocyte trafficking, ligand, biomarker,
population study
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Kristiina Santalahti
Vaskulaarinen adheesioproteiini-1, sen ligandit ja rooli sydän- ja
verisuonitautien ennustamisessa
Turun yliopisto, Lääketieteellinen tiedekunta, Biolääketieteen laitos,
Lääketieteellinen mikrobiologia ja immunologia, Molekyylilääketieteen
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Sydän- ja verisuonitaudit ovat suomalaisten kansantauteja. Näille sairauksille
ominaista on häiriintynyt valkosoluliikenne. Näiden tautien kehittymisestä ja
ennaltaehkäisystä saadaan tietoja kansallisilla väestötutkimuksilla, joissa
ihmisestä voidaan mitata niin kutsuttaja biomarkkereita, jotka antavat tietoa
elimistön tilasta. Parhaimmillaan biomarkkerit ennustavat tulevia tautitapahtumia
vuosien päähän näytteenottohetkestä.
Tässä väitöskirjatyössä keskeisessä roolissa oli soluliikenteessä vaikuttava
biomolekyyli, vaskulaarinen adheesioproteiini-1 (VAP-1). Työssä etsittiin
valkosolujen pinnalla esiintyviä molekyylejä, ligandeja, joihin VAP-1 sitoutuu, ja
näin auttaa valkosoluja siirtymään verestä kudoksiin. Lisäksi kahta veren
liukoisen VAP-1:n määrää mittaavaa menetelmää kehitettiin väestötutkimuksiin
sopivammaksi VAP-1:n biomarkkeri-roolin selvittämiseksi. Näillä highthroughput -menetelmillä oli tarkoitus selvittää assosioituuko VAP-1 sydän- ja
verisuonitautien alkuvaiheisiin ja voidaanko VAP-1:n tasoilla ennustaa tulevia
sydän- ja verisuonitautitapahtumia suomalaisessa väestössä.
Tutkimuksissa
löysimme
ensimmäiset
valkosoluligandit
VAP-1:lle.
Siaalihappoihin sitoutuvat immunoglobuliini-tyyppiset lektiinit, Siglec-10 ja
Siglec-9 ilmentyvät eri valkosolujen pinnalla ja sitoutuvat VAP-1:een.
Kehittämiemme menetelmien avulla määritimme VAP-1-tasot lähes 5000:lta
väestötutkimuksiin osallistuneelta suomalaiselta. VAP-1-tulosten tilastollinen
analyysi muiden väestötutkimuksissa määritettyjen muuttujien ohella osoitti, että
VAP-1-tasot korreloivat kaulavaltimon seinämäpaksuuden kanssa. Lisäksi VAP1-tasoilla pystyttiin selittämään tulevien sydäntautitapahtumien riskiä ja
parantamaan tilastollisen ennustemallin uudelleenluokittelukykyä.
Avainsanat: sydän- ja verisuonitaudit, valkosoluliikenne, ligandi, biomarkkeri,
väestötutkimukset
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INTRODUCTION

Cardiovascular diseases (CVDs) were estimated to be responsible of nearly 18
million deaths worldwide in 2015, with an estimated 423 million prevalent CVD
cases (Roth et al. 2017). In order to prevent these events and to better understand
the pathogenesis of the diseases, population studies are carried out around the
globe. In a typical epidemiological population study, thousands of randomly
selected participants answer questionnaires and take part in a physical
examination involving the collection of blood samples. Depending on the study
design, the participants are then followed-up through linkages to national
registries or by re-examinations in the study centers. Any measurable variable
which gives information on the status of the body is called a biomarker.
Human circulatory system entwines the cardiovascular and lymphatic systems
together. Human cardiovascular system consists of heart, blood vessels, and
blood, whereas lymphatic system consists of lymphoid tissues, lymphatic vessels
and lymph. Together these systems transport nutrients (including lipids) around
the body, maintain the fluid homeostasis, and effectively protect the body from
pathogens and environmental threats by distributing the cells and molecules of
the immune system (OpenStax 2013).
The cells of the immune system are called leukocytes. In a process called
leukocyte trafficking, leukocytes patrol through the whole body in the search of
pathogens. Blood vessels are lined by endothelium, a heterogeneous population
of cells, which are able to actively interact with the leukocytes. Endothelial cells
express adhesion molecules, which in turn attach to their counterparts on the
leukocytes and thus help the leukocytes to migrate into the surrounding tissue.
(Abbas 2018). Atherosclerosis, the disease preceding CVDs, is a chronic
inflammatory disease combining endothelial dysfunction and harmful leukocyte
trafficking (Aspelund et al. 2016).
Vascular adhesion protein-1 (VAP-1) is an adhesion molecule expressed by
vascular endothelium, smooth muscle cells, and adipocytes, and is present in
circulation as a soluble form (Salmi and Jalkanen 2017). VAP-1 can assist
leukocytes to migrate through vascular endothelium, but the leukocyte
counterparts for VAP-1 have remained unknown. VAP-1 is also an enzyme
producing hydrogen peroxide, ammonia and aldehydes, all of which are known
to be detrimental for the vascular endothelia. In an attempt to prevent harmful
cell trafficking, more is needed to know on the counterpart of VAP-1. Soluble
VAP-1, a biomarker, has been measured in various disease states (Salmi and
Jalkanen 2017), but its role in CVDs remains unclear.
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2.1

Human circulatory system

The human circulatory system consists of the cardiovascular system and the
lymphatic system. Both systems are designed to transport fluids and its contents
throughout the human body, and they are intertwined together to accomplish this
task, as seen in Figure 1. In steady state, the fluids in human body continuously
flow between the plasma, interstitial fluid, and the lymph. The fluid turnover is
estimated to be ~8L/day, meaning that once every 9 h the entire plasma volume
(~3L) leaves the blood circulation (Levick and Michel 2010). In non-steady
states the fluid flow alters to accommodate the situation. In acute hemorrhages
the fluid is absorbed to bloodstream from the interstitial space to secure the
cardiac output, whereas in acute inflammation the permeability of the vessel
walls changes to assist more leukocytes on the inflammatory site, causing
swelling at the site.
Human cardiovascular system includes the heart, the blood vessels and the blood.
The main function of the cardiovascular system is to transport oxygen, nutrients,
and cells to tissues while removing the waste products from the periphery. First,
in the pulmonary circulation the blood high in carbon dioxide is pumped from the
right side of the heart to the lungs for oxygenation and back to the left side of the
heart, as seen in Figure 1. Next, in the systemic circulation the left side of the
heart pumps the oxygenated blood to arteries, which carries the blood to tissues
in relatively high pressure. In the tissues the gases are exchanged, and the
deoxygenated, but high in carbon dioxide blood then returns to the right side of
the heart via veins in a relatively small pressure thus completing the systemic
circulation.
In contrast to cardiovascular system, lymphatic system is linear, not circular, as
depicted in Figure 1. The lymphatic system consists of the lymphatic vessels,
lymphoid tissues, and the lymph. The lymphatic system maintains the tissue fluid
homeostasis. Fluid leaks from the blood capillaries into the interstitial space as
the result of hydrostatic pressure. Some fluid is reabsorbed through the postcapillary venules, but the fluid left behind is called interstitial fluid. The fluid
flows into the lymphatic capillaries as the result of the pressure gradient. The
fluid is now called the lymph. In addition to blood-derived molecules and cells,
the lymph entails products of metabolic/catabolic activity of the specific organ
(Clement et al. 2011; Clement et al. 2013; Hansen et al. 2015). The smooth
muscle cell and skeletal muscle contractions together with intraluminal valves of
the collecting lymph vessels transport the lymph to the lymph nodes, the meeting

Review of literature

13

points of antigens and lymphocytes. Finally, the lymph returns back to the blood
via the thoracic and right lymphatic ducts at the subclavian vein. In addition, the
lymphatic system regulates the absorption of gastrointestinal lipids.

Figure 1. Illustration of the blood and lymph circulation in the human body. The
blood is oxygenated in the pulmonary circulation, and then pumped to tissues through
the systemic circulation. In the tissues the arterial capillaries transform into venous
capillaries. The gases and nutrients are exchanged, and the fluid is leaked into the
interstitial space. The excess fluid is taken up by the lymphatic capillaries, and the
resulting lymph is returned to the heart through lymph nodes and lymphatic vessels. The
deoxygenated blood is returned to the heart through venous vessels.
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Human cardiovascular system

The human cardiovascular system (including heart, blood vessels, and blood) has
several functions such as transportation of nutrients, gases and cells; defense
against external threats by blood clotting and immune cell trafficking; and
maintaining temperature, pH, and fluid homeostasis. Diseases involving blood
vessels and heart are called CVDs. A vast majority of CVDs are caused by
atherosclerosis, a condition where plaques are formed in the arterial wall and the
vascular elasticity is diminished (Head et al. 2017).

2.1.1.1 Blood……
Blood consists of extracellular matrix and cellular elements. The extracellular
matrix in blood, called plasma, is mostly water (92%). The second largest
component (7%) of plasma consists of different proteins (albumins, globulins,
and fibrinogen). A study by Clement et al. revealed that the plasma proteome
consisted of extracellular proteins (45%), cytoplasmic proteins (17%), plasma
membrane proteins (12%), and nucleus-derived proteins (8%) (Clement et al.
2013). Functionally the plasma proteome contains proteins associated with
coagulation (61%), and lipid metabolism and molecular transport (18%). In
addition, the plasma contains gases (such as oxygen and carbon dioxide);
nutrients (such as glucose, amino acids, and fatty acids); ions (such as calcium,
potassium, and sodium) and metabolic wastes (such as urea and lactic acid).
The cellular element of blood consists of erythrocytes, platelets, and leukocytes.
Erythrocytes constitute the largest part (99%) of the blood’s cell entity and they
are responsible for the transportation of gases. Platelets are small cell fragments
which promote blood clotting (also known as hemostasis). Leukocytes are
specific cells with a key role in immune defense against pathogens and in repair
of injured tissues. Leukocytes are divided into two categories according to their
morphology. Granular leukocytes include neutrophils, eosinophils and basophils,
whereas lymphocytes and monocytes constitute the agranular group. Most
leukocytes are involved in non-specific immunity, whereas lymphocytes are
capable of specific immune defense by producing antibodies (B cells) and
forming effector and memory cells (B and T cells). (Abbas 2018). The immune
defense mechanisms of blood leukocytes are discussed further later on.
The variety of substances found in blood reflects the diversity of functions of the
blood. In addition to oxygen carbon dioxide –transportation, blood transports
nutrients for cells to use and waste products for the body to excrete. Moreover,
hormones are released from endocrine glands and carried in bloodstream to their
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target sites. The blood electrolytes are involved in modification of membrane
potential. Blood also has a significant role in maintaining the homeostasis in the
body by buffering against pH changes. In addition, the plasma proteins maintain
the osmotic pressure of the blood; function as transport vehicles for hydrophobic
molecules, and mediate immune responses with leukocytes. Taken together, it is
not surprise, that the clinical analysis of blood is a widely used diagnostic
procedure since the blood reflects the state of an individual’s physiology (Geyer
et al. 2017). Blood is thus an abundant source of biomarkers.

2.1.1.2 Systemic blood vessels
Systemic blood vessels are the scene of the beginning and progression of CVDs.
Atherosclerosis, the disease behind the life-threatening complications such as
myocardial infarction and stroke, affects the walls of large and medium-sized
arteries, whereas smaller vessels are the site of molecule and cell trafficking.
Structurally, the larger blood vessels consist of three layers (tunicas): intima,
media and externa (also knowns as adventitia) illustrated in Figure 2. The tunica
intima is lined by endothelial cells forming the endothelium. Endothelium is not
merely a barrier between blood and the extravascular compartment, but an active
multifunctional organ with key aspects regarding vascular health. The
endothelium is thus further discussed in the following chapter. Beneath the
endothelium are basal lamina and a thin layer of connective tissue with elastic
and collagenous fibers to give the vessel flexibility and strength.

Figure 2. The three layers of blood vessels. On the left is an illustration of a mediumsized vein, and on the right an illustration of a muscular artery. Usually the lumens of
veins are larger in diameter than the lumens in arteries. Tunica intima consists of
endothelium, basal lamina and a connective tissue layer with elastic fibers. The tunica
media contains smooth muscle cells (SMCs; red diamond shaped cells) and especially
in the arteries, elastic tissue (blue lines). The outer layer, the tunica externa, is mostly
collagen with some SMCs, elastic fibers, and vasa vasorum.
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The tunica media, the middle layer of the vessel wall, consists of mainly smooth
muscle cells (SMCs) and circular layers of elastic tissue. In the outer part of the
media the SMCs form layers of longitudinal muscle. As the SMCs contract and
relax in response to various stimuli, the lumen of the vessel decreases and
increases, respectively. This affects the pressure and flow of the blood; as the
smooth muscles contract and the lumen narrows, the blood flow decreases and
pressure increases. The opposite happens as the smooth muscles relax.
Collagenous fibers bind the media to the intima and externa tunics. In general,
the tunica media is the most prominent part of arterial walls, and the thickness
decreases with the distance from the heart. In veins the media is always thinner
than in arteries. The outmost layer of blood vessel, the tunica externa or
adventitia, is made out of collagen and some elastic fibers. In veins, the externa is
usually the thickest. Within the tunica externa of larger vessels are vasa vasorum,
small blood vessels that supply the cells in vessel walls with oxygen and
nutrients, and remove waste products. Recently, the role of vasa vasorum, and
especially the neovascularization of these vessels, in atherosclerotic plaque
instability has become clearer (Chistiakov et al. 2017). The accumulation of
inflammatory leukocytes, thickening of intima, and intraplaque haemorrhages
leading to lesion ruptures, atherothrombosis, and finally to acute cardiovascular
events, are processes involving vasa vasorum (Chistiakov et al. 2017).
In normal arteries, medial and adventitial layers of the wall contain lymphatic
vessels, whereas in atherosclerotic lesions lymphatic vessels are found in the
intima as well (Kholova et al. 2011). In atherosclerotic arteries the number of
lymphatics increased in intima and media according to the progression of
atherosclerosis, although angiogenesis was increased more in these areas than
lymphangiogenesis (Kholova et al. 2011). In normal and in atherosclerotic
arteries, lymphatic vessels are found in the vicinity of vasa vasorum in the
adventitia (Kholova et al. 2011).
As the heart muscle contracts, the blood is pushed into the systemic arteries in a
pulsatile flow. The pressure pulse travels inside the closed system of systemic
blood vessels causing the blood to press against the inner walls of the vessels.
This force is called the blood pressure, and as the distance from the heart grows
the pressure lessens. The fine structure of the vessel wall changes as well, as the
distance from the heart increases. The blood leaves the heart in a large vessel
called aorta, an example of an elastic artery. Elastic arteries (diameter >1 cm)
have high amount of elastic tissue in their walls in order to even the blood flow.
As the heart pumps the blood forcefully to arteries (systole), the elastin in the
vessel wall is stretched and the wall is dilated. After the contraction, in the
diastole, the arterial pressure is maintained as the elastin rebounds passively and
the heart valves prevent the blood to flow back to heart. As the distance from the
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heart increases, the diameters of the vessels decrease. In addition, the elastin
proportion of the arteries gradually decreases and the smooth muscle proportion
increases and the arteries are called muscular arteries. In the muscular arteries
(diameter 0.5mm-1 cm), the vessel wall contains mainly smooth muscle cells and
some elastic fibers. This structure reflects the key part the muscular arteries play
in the vasoconstriction. As the diameter of the arteries further decreases, the
vessels are called arterioles (diameter 0.03-0.5 mm). Arterioles play an important
role in the vascular resistance, as they are very responsive for the neural and
chemical stimuli.
The smallest vessels in the blood circulatory system are capillaries (diameter 510 µm), formed by a single layer of endothelial cells (ECs) encased by pericytes
here and there. They form a network of microvasculature where arteries change
into veins while they supply the surrounding tissue with blood in a process called
perfusion. The main function of capillaries thus is to permit the transfer of
oxygen from blood to tissues and carbon dioxide from tissues to blood. The rate
and mode of molecule relocation through endothelium are in proportion to the
fine structure of capillaries. In continuous capillaries molecules are transported in
a regulated manner through transcytosis. In fenestrated capillaries the exchange
of water and small solutes between plasma and interstitial fluid is fast since the
ECs have intracellular pores covered with a diaphragm. Under the ECs the
basement membrane is still complete as is the case in continuous capillaries as
well. Instead, in sinusoidal capillaries both the EC lining and the basal lamina
have gaps resulting in free exchange of water and large solutes between plasma
and interstitial fluid. (Augustin and Koh 2017; Potente and Makinen 2017).
From the capillaries the blood starts the journey back to heart. In general, veins
have larger lumen sizes and thinner walls, than arteries. The blood drains into
postcapillary venules (diameter 10-25 µm) from the capillaries. The venules
merge to form small veins (diameter <1mm) which in turn join to form mediumsized veins (diameter 1-10 mm). In venules and in veins valves prevent the blood
to flow backwards.

2.1.1.3 Vascular endothelium
A heterogeneous population of endothelial cells (ECs) forms the inner lining of
the entire cardiovascular system. This organ called endothelium is large in
surface (350 m2) while weighing only 110 g (Pries et al. 2000; SumitranHolgersson and Holgersson 2010). Morphologically vascular ECs are flat and
long with average dimensions of 0.1-0.5 µm thick, 10-15 µm wide and 20-40 µm
long (Cahill and Redmond 2016). However, the shape, thickness and alignment
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of the ECs, as well as the thickness of the glycocalyx (a layer of membranebound proteoglycans and glycoproteins) coating the ECs, as seen in Figure 3,
varies across the vascular tree (Aird 2007). This variation in the structure of the
cells reflects the variety of functions ECs have. For example, endothelium acts as
a semipermeable barrier between blood and the extravascular space; regulates
vasomotor tone by sensing the hemodynamic forces; controls hemostasis; and
allows leukocytes to pass to the underlying tissue (Rajendran et al. 2013; Cahill
and Redmond 2016).
Endothelium executes its various tasks by producing vast amount of different
signaling molecules making it a paracrine, endocrine, and autocrine organ (Hadi
et al. 2005). ECs produce vasodilating mediators (such as nitric oxide),
cytokines, chemokines, and growth factors, as well as receptors for cytokines,
chemokines, and growth factors (Sumitran-Holgersson and Holgersson 2010). In
addition, endothelium expresses several adhesion molecules involved in
leukocyte recruitment, such as E- and P-selectin, intercellular adhesion molecule
1 (ICAM-1), vascular cell adhesion molecule 1 (VCAM-1), vascular adhesion
protein-1 (VAP-1), and platelet endothelial cell adhesion molecule-1 (PECAM1). Endothelial dysfunction is a state where the normal physiology of
endothelium is altered resulting in impaired endothelium-dependent vasodilation,
and activation of EC’s characterized by proinflammatory process (Hadi et al.
2005).

Figure 3. An illustration of the dimensions (not drawn to scale) of vascular
endothelial cell (EC) and the endothelial surface layer (ESL). The blood vessel is
sectioned by the black line and the flat layer of ECs is examined. Vascular ECs are 0.10.5 µm thick, 10-15 µm wide and 20-40 µm long. The thickness of ESL varies
according to the location in the blood circulatory tree.
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The intracellular structure of ECs clearly demonstrates the selective barrier
function of endothelium between intravascular and extravascular spaces. ECs
have various vesicle organelles to accomplish the endocytosis and transcytosis
pathways. The intercellular structures of the endothelium reflect the permeability
function of the endothelium as well. ECs are anchored to the extracellular matrix
(basal lamina) and to each other through transmembrane proteins. Integrins and
extracellular matrix proteins link the ECs to the extracellular matrix and to the
filaments in the matrix. Junctional proteins link the cells to each other forming
the cell monolayer of endothelium. These interendothelial junctions physically
restrict proteins to passively diffuse from blood through the vessel wall and thus
maintain the tissue-fluid homeostasis (Komarova et al. 2017; Radeva and
Waschke 2017). The regulated transport of fluids and solutes across the
endothelium can be basal or inducible. In basal conditions, the flux of materials
between blood and interstitium is continuous, and happens primarily in the
capillaries. The basal permeability differs spatially, and one reason for this is the
number and complexity of tight junctions, which is inversely proportional to
permeability (Aird 2007). The induced permeability occurs in acute and chronic
inflammation, and mainly in the postcapillary venules. Thus, for example in
acute allergic reactions, activation of mast cells with consequent release of
histamine and of vasoactive compounds, endothelial gaps are formed, so
increasing endothelial permeability particularly in the postcapillary venules
(Ashina et al. 2015).
EC alignment differs across vascular tree as well. In the straight segments of
arteries the ECs are aligned in the direction of blood, and this flow-dependent
alignment of cells happens in response to hemodynamic stress (Flaherty et al.
1972). However, the branching of the arteries to smaller arteries causes
irregularities in blood flow in the sharp turns and branched areas of the blood
vessels. Thus, in the branch area of an artery, the ECs are irregular in shape and
in orientation (Lupu et al. 2005). These changes in ECs are caused by the
mechanical forces such as fluid shear stress (the frictional force caused by the
flowing blood per unit area) and blood pressure (the force of blood flow against
the vessel wall). It is known, that the alignment of cells renders some part of the
vasculature more vulnerable for vascular diseases (Tarbell 2010). The inner wall
of vessel curvature, near branch points, and the lateral walls of bifurcations are
typical sites for the atherosclerotic plaques to occur (Head et al. 2017). Hahn and
Schwartz reviewed the role of mechanotransduction in vascular physiology and
especially in atherogenesis (Hahn and Schwartz 2009). Vascular endothelial
cadherin, together with vascular endothelial growth factor receptor (VEGFR)2
and platelet endothelial cell adhesion molecule-1 (PECAM-1) comprise a
mechanosensory complex, which in fluid flow studies was shown to align ECs in
the direction of flow (Tzima et al. 2005). In addition to shear stress and blood
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pressure, the transmigration of leukocytes generates mechanical forces that
impact the ECs (Dorland and Huveneers 2017). The phosphorylation of vascular
endothelial cadherin has a pivotal role in the opening of endothelial junctions in
inflammation allowing leukocytes to extravasate into the tissue (Wessel et al.
2014).

2.1.1.4 Glycocalyx and endothelial surface layer
Virtually all ECs have a structure called endothelial surface layer (ESL) on the
luminal surface of the endothelium. The ESL actually consists of two physically
different layers, a glycocalyx and a superficial layer denoted as outer layer of
ESL (Pries et al. 2000; Marki et al. 2015). The endothelial glycocalyx is roughly
100-nm-thick layer of carbohydrate-rich extracellular domains of membranebound glycoproteins (proteins with covalently bound short and branched
carbohydrate moieties in N-glycosyl or O-glycosyl linkages) and proteoglycans
(proteins with long unbranched sugar side chains with O-glycosyl linkages)
(Becker et al. 2010) shown in Figure 4. Furthermore, shorter projections from the
cell membrane, mainly membrane receptors and adhesion molecules are
accounted to the glycocalyx as well. The outer layer of ESL consists of proteins,
peptides, and polysaccharides, as seen in Figure 4. These molecules are either
plasma or membrane derived and include glycosaminoglycans such as heparan
sulfate and hyaluronic acid, plasma proteins such as albumin and fibrinogen, and
secreted proteoglycans such as syndecan-1 and biglycan (Marki et al. 2015).
Some researchers refer to ESL by the name of glycocalyx and vice versa creating
confusion. For example, Reitsma et al. reported the thickness of the glycocalyx
coating to differ across the blood circulatory tree ranging from 0.5 µm thickness
in muscle capillaries to 4.5 µm in carotid arteries (Reitsma et al. 2007). In
another review by Marki et al., the same dimensions were reported for the ESL
(Marki et al. 2015). In this dissertation, the ESL refers to the two layers together,
the glycocalyx and the outer layer of ESL, as seen in Figure 4. Nevertheless, in
some pathophysiological situations, such as ischemia/reperfusion, and in chronic
inflammation in atherosclerosis, the glycocalyx and the whole ESL are damaged
(Becker et al. 2010). This implies to the importance of the ESL in normal
physiology. Pries and co-workers reviewed the several vascular functions
regulated by the ESL (Pries et al. 2000). The fluid shear stress affects the ECs via
ESL and the mechanotransduction is transmitted through transmembrane proteins
of the glycocalyx, which in turn are attached to the cytoskeleton. In addition,
regulation of blood flow, the barrier function of ECs, coagulation, and
interactions with leukocytes are mentioned in regard the role of ESL.
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Figure 4. Glycocalyx together with an outer layer constituting of hyaluronic acid
and adsorbed plasma proteins form the endothelial surface layer (ESL).
Glycoproteins and proteoglycans form the glycocalyx (~100 nm thick), whereas the
plasma proteins and glycosaminoglycans constitute the outer layer of the 500-4500 nm
thick ESL. In inflammatory conditions the ESL is shed in part, leaving approximately
200 nm thick layer, as depicted in the picture. Secreted chemokines are bound to the
outer layer initiating the contacts with leukocytes. Even when the ESL is partly shed,
the adhesion molecules (glycoproteins mainly) reach only ~50 nm into the lumen.

Especially important is the role of ESL in vascular permeability. The size and
steric hindrance in addition to electrostatic charges created by the glycocalyx and
ESL affect the extravasation of fluids and solutes (Reitsma et al. 2007). The
negative charges of the glycosaminoglycan side chains in the ESL prevent the
adhesion of the circulating platelets and red cells, and the steric hindrance
prevents leukocytes to interact with the endothelial adhesion molecules (Chelazzi
et al. 2015). In addition, the plasma-derived soluble molecules docked to the ESL
can change the local environment by increasing the local concentration of
different substances.
As mentioned, damages in ESL have severe consequences. Intravenous injection
of oxidized low-density lipoproteins (LDL) to hamsters reduced the ESL by 60%
in the capillaries of the cremaster muscle, when studied by intravital microscopy.
As a result, an increased number of platelets adhered to endothelium compared to
LDL-treated hamsters (Vink et al. 2000). The glycosaminoglycans can be shed
from the ESL by inflammatory mediators resulting in an increased adhesion of
leukocytes to the endothelium (Mulivor and Lipowsky 2004). It was also shown,

22

Review of literature

that tumor necrosis factor-α was able to modify the ESL independently of
leukocyte adhesion, resulting in increased macromolecule penetration (Henry and
Duling 2000). Chelazzi and co-workers reviewed the effects of pro-inflammatory
mediators and oxidative stress in inflammatory injury of the glycocalyx
(Chelazzi et al. 2015).

2.1.2

Human lymphatic system

The lymphatic system transports lymph from nearly all organs back to the
bloodstream thereby maintaining the tissue fluid homeostasis (Trevaskis et al.
2015). It also produces, maintains, and transports the players of the immune
system, and thus facilitates innate and adaptive immune responses (Abbas et al.
2016). Finally, the lymphatic system transports dietary lipids and fat-absorbed
vitamins (Bernier-Latmani and Petrova 2017). Taken together the tasks
performed by the lymphatic system, it is not surprising that recently the role of
lymphatic system in the pathogenesis of CVDs has emerged (Aspelund et al.
2016). Cardiac lymphatics, or lymphatic vasculature in the heart, have several
processes important for the heart function (Vuorio et al. 2017). For example, the
atherosclerotic plaque formation can be delayed by the development of new
lymphatics (lymphangiogenesis) presumably by improving the reverse
cholesterol transport (RCT) (Martel et al. 2013; Vuorio et al. 2017). In addition,
studies have shown a beneficial role of lymphangiogenesis after myocardial
infarction (MI) in resolving the edema and clearing the inflammatory cells from
the cardiac tissue (Henri et al. 2016).
During the last decade it has become clearer that the lymphatic system is not just
a secondary transport system where the lymph flows passively (against pressure
gradients), but an actively regulated and energy consuming process (Zawieja
2009). In addition, recently many previously ‘alymphatic’ organs have been
proven to have lymphatic vessels. For example cornea (Aspelund et al. 2014) and
the central nervous system (Aspelund et al. 2015; Louveau et al. 2015) have
lymphatic vessels.

2.1.2.1 Lymph
Even though the lymphatic vessels and the lymph were described by Hippocrates
(460-377 BCE) 2400 years ago, the exact content of lymph has remained without
much attention (Choi et al. 2012). In fact, it has just been assumed that the lymph
and the plasma would have similar protein composition (Hansen et al. 2015).
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Still, lymph is known to be derived from the interstitial fluid, which contains the
metabolic products of the organ as well as the fluid leaked out of the vascular
vessels (Hansen et al. 2015). Thus in general, the lymph contains products of
tissue metabolism, catabolism and remodeling, ultrafiltrate of proteins and
molecules originated from the blood, apoptotic cells, and possible pathogens
(Zolla et al. 2015). However, the content of the lymph is modified by the
anatomical region it is derived from, as well as pathological conditions,
especially sepsis, inflammation, and trauma (Hansen et al. 2015). The intestinal
lymph contains chylomicrons, protein and lipid packages produced by the
enterocytes from the food-derived fatty acids and cholesterol. It is worth
noticing, that due to this arrangement, only lipids are transported through
mesenteric lymph nodes and through heart and lung vasculature before entering
the liver, whereas all other nutrients from the diet are directly entered into the
portal venous circulation of liver (Randolph and Miller 2014). It is worth
noticing, that other chylomicron targeted macromolecules such as drugs and
environmental toxins go through the systemic circulation before entering the
portal circulation (Randolph and Miller 2014).

2.1.2.2 Lymphatic vessels
Lymphatic endothelial cells (LECs) line all lymphatic vessels, and are in direct
contact with the extracellular matrix, and thus make the initial contacts with the
macromolecules, immune cells and pathogens, and small molecules arriving to
the lymphatic system from the periphery. As their blood vascular equivalents,
LECs are covered by a glycocalyx layer as well (Zolla et al. 2015). LECs are able
to control the lymph flow, and thus the delivery of leukocytes and antigens to
lymph node, by expressing chemokines, adhesion molecules, and secreting nitric
oxide (Card et al. 2014). It has been revealed, that LECs are able to express
major histocompatibility class I and II molecules, thus enabling them to
potentially act as antigen presenting cells and cause peripheral tolerance (Liao
and von der Weid 2015; Aspelund et al. 2016).
Lymphatic capillaries, also called initial lymphatic vessels, are ~50 µm in
diameter and are constituted solely of LECs, meaning that they do not have any
basement membrane, SMCs, pericytes, nor continuous interendothelial junctions
(Huxley and Scallan 2011). Instead, LECs overlap each other creating button-like
junctions (Baluk et al. 2007). The button-like appearance is formed by adherens
and tight junctions. Increase in the interstitial pressure tenses the anchoring
filaments attached to the LECs opening the flaps (Figure 5). The appearing holes
(2-3 µm in diameter) allow extracellular fluid as well as all the molecules and
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particles with less than 1 µm diameter in size to freely enter the lymphatic
capillary from the interstitium. This means that the resulted lymph can contain
bacteria and viruses, foreign antigens, as well as a pool of self-antigens from the
surrounding tissue. (Liao and von der Weid 2015).
Gradually the morphology of the lymph vessels change as the LEC junctions
become zipper-like, basement membrane becomes continuous, and SMCs cover
the vessel as seen in Figure 6. These changes reflect the functional change from
gathering surrounding fluids and solutes to transporting these toward the lymph
node. These vessels are called collecting lymphatic vessels. To facilitate the
movement toward the lymph nodes, luminal valves are disposed along the way
with lymphangions constituting the section between two valves. To pump the
lymph, the smooth muscle cells surrounding lymphangions contract
spontaneously as a consequence of action potential initiated by the pacemaker
cells (von der Weid and Zawieja 2004; Trevaskis et al. 2015). In coordination
with the muscle contractile activity the intraluminal valves close thus preventing
the backflow of the lymph.
Older age and obesity are linked to CVDs, and some studies imply that lymphatic
system might have a role in this link. Zolla et al. demonstrated how older rats had
degenerated lymphatic collectors with less extracellular matrix in the valves,
decreased vessel functionality, and altered glycocalyx coating of LECs resulting
in impaired pathogen clearance and permeability of lymphatic collectors (Zolla et
al. 2015). In addition to age, obesity can cause impairment of lymphatic vessels’
function (Blum et al. 2014; Garcia Nores et al. 2016; Escobedo and Oliver 2017),
but fortunately by losing weight these detrimental changes are reversible (Nitti et
al. 2016). Some studies implicate that aberrations in lymphatic vessel function
could cause obesity, one of the risk factors for CVDs (Aspelund et al. 2016). The
lymphatic vessels of the intestines of the VEGF-C-deficient mice regressed,
resulting in reduced lipid uptake and simultaneous increase in lipid excretion
through feces (Nurmi et al. 2015). Even though these mice were fed a high-fat
diet, their glucose-metabolism improved after the VEGF-C deletion and the
obesity was counteracted.
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Figure 5. The transcapillary flow of fluids. This oversimplified scheme illustrates
how the fluid leaks out of the blood capillary (→) into the interstitial space increasing
the pressure of interstitial fluid. This in turn tenses the anchoring filaments attached to
the connective tissue from the flaps of the LECs of lymphatic capillary, opening them.
Some fluid reabsorbs to the postcapillary venule (→) but according to the latest
hypothesis, most of the fluid is taken up by the lymphatic capillary (→), which returns
the fluid back to the bloodstream through the subclavian vein.

Figure 6. Lymphatic valves and zipper-like junctions in collecting lymphatic
vessels. In collecting vessels the lymphatic endothelial cells have zipper-like appearance
and smooth muscle cells cover the vessel. The lymphatic valve facilitates the fluid
movement by opening and closing according to the contractions of SMCs.
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2.1.2.3 Lymph nodes and adventitial tertiary lymphoid organs
The secondary lymphoid organs (SLOs) include the encapsulated lymph nodes,
and spleen, and the cutaneous and mucosal immune systems. These organs are
developed during ontogeny, and are highly compartmentalized with special areas
for T and B cells, antigen-presenting cells, stromal cells, and blood and lymph
vessels (Ruddle 2014). Specific features of SLOs (except spleen) are the highendothelial venules (HEVs), through which the lymphocytes egress the blood and
enter the lymphoid organs. The ECs in HEVs are cuboidal in morphology with
thick apical glycocalyx and they express addressins (lymphocyte homing
receptors) on their apical surface (Ager and May 2015). Non-lymphoid organs
can develop HEVs during chronic inflammation (Ager and May 2015).
The raison d’être of lymph nodes (LNs) is to bring together the antigen from the
periphery and the lymphocytes from the blood circulation which then elicit a
proper immune response. In humans, LNs are 1-25 mm in length and beanshaped. The fine structure of LNs is designed to facilitate the encounter of
antigens and lymphocytes by forming a meshwork of lymph-filled sinuses to
reach the LN parenchyma (von Andrian and Mempel 2003). Structurally, LN can
be divided into four layers starting from the outmost: capsule, cortex, paracortex,
and medulla. LNs are located outside the organs they drain and constantly
receive information of the state of the tissue (Card et al. 2014). Throughout the
body the LNs are situated in critical places to be able to filter out the antigens
and pathogens before reaching vital organs and to collect the antigens from the
periphery. Thus the respiratory and digestive systems and urogenital tract areas
are concentrated with LNs responding to the high exposure to external
substances.
In chronic inflammation lymphoid cells can accumulate to almost any nonlymphoid tissue as a result of environmental cues similar to those in LN
development. These organs have similarities to SLOs, especially LNs, and are
referred to as tertiary lymphoid organs (TLOs) (Ruddle 2014). TLOs have
organized lymphatic vessels and HEVs, and are thus able to recruit lymphocytes
from the blood (Akhavanpoor et al. 2018). TLOs are usually disease-associated
findings, and the size of the TLOs have been reported to correlate with disease
severity (Yin et al. 2016). In aged atherosclerosis-prone hyperlipidemic
apolipoprotein E-deficient mice, lymphoid aggregates called artery tertiary
lymphoid organs (ATLOs) are found in the adventitia of the atherosclerotic
arteries (Yin et al. 2016). In humans, cellular infiltrates in the adventitia of
atherosclerotic arteries were described already in 1962 (Schwartz and Mitchell
1962). Other studies have implied an association of immune cell infiltration to
adventitia with adverse cardiovascular events (Kohchi et al. 1985; Akhavanpoor
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et al. 2018) and that vulnerable plaques have more lymphocyte infiltration than
stable plaques (Tavora et al. 2010). Akhavanpoor et al. staged the human
adventitial TLOs similarly to the mice ATLO staging (Grabner et al. 2009): in
Stage I T cell aggregates are present; in Stage II separate T- and B-cell areas are
evident; and in Stage III ectopic germinal centers are found in addition to
separate T- and B-cell areas (Grabner et al. 2009; Akhavanpoor et al. 2018). In
the same study, a positive correlation between the sizes of TLOs and plaque size
and instability was reported (Akhavanpoor et al. 2018). In addition, the fatal
lesions presented stage III TLOs, and the media and intima adjacent to the TLO
were infiltrated with inflammatory cells and structural and cellular destruction
was evident at these sites as well (Akhavanpoor et al. 2018). These results
indicate, that a massive inflammatory cell invasion precedes the plaque rupture,
which might be involved with the intraplaque neovascularization as a route for
the inflammatory cells (Chistiakov et al. 2017; Akhavanpoor et al. 2018). Thus,
at least in atherosclerosis, the presence of TLOs is linked to plaque ruptures and
subsequent acute cardiovascular events.

2.1.2.4 Reverse cholesterol transport by lymphatic system
Lymphatic system transports lipids from the intestine to the blood circulation and
thus finally to the peripheral tissues (Dixon 2010). Interestingly, lymphatic
system also removes the excess cholesterol from the interstitial space of
peripheral tissues, a process called the reverse cholesterol transport (RCT)
(Martel and Randolph 2013; Huang et al. 2015; Vuorio et al. 2017).
In RCT the excess cholesterol is removed from the peripheral tissues by
macrophages and transported as HDL for excretion in the liver (Lim et al. 2013;
Martel et al. 2013; Huang et al. 2015). As an example, the excess cholesterol in
the form of cholesteryl ester-rich lipoprotein in the arterial wall is taken up by the
macrophages in the intima. A vast accumulation of cholesteryl esters into the
macrophages’ cytoplasm converts them into foam cells. The cholesteryl esters
are then hydrolyzed to free cholesterol. In the RCT, the excess free cholesterol is
actively transported (through ATP-binding cassette A1 or G1, or scavenger
receptor BI expressed on the surface of macrophages) or passively diffused into
the interstitial space (Wang and Rader 2007). The free cholesterol is bound by
mature high-density lipoprotein (HDL) or by apolipoprotein A-I to form HDL,
where the free cholesterol is again esterified to maintain the gradient of free
cholesterol from macrophages to acceptors (Wang and Rader 2007). The size
range of the small discoidal HDL-molecules found in the interstitial fluid is 3.8
to 5.4 nm, directing it to the lymphatic rather than blood vasculature (Randolph

28

Review of literature

and Miller 2014). Surprisingly, Lim et al. showed that at least partly, the entry of
HDL particles to the lymphatics is an actively controlled process (Lim et al.
2013). LECs express HDL transporters on their surface, and interfering the
scavenger receptor BI expression impaired HDL uptake to the lymphatics by
80%, and antibody-blocking of the same receptor prevented the specific transport
of HDL through the LEC monolayer (Lim et al. 2013). Martel et al.
demonstrated that the cholesterol efflux from the aortic plaques through the
adventitial lymphatic vessels could be blocked by anti-VEGFR3-antibodies
(Martel et al. 2013). Once in the lymphatic system, the cholesterol-carrying
HDL-particle travels through the collecting lymphatic vessels and finally enters
the blood circulation via thoracic duct. In the last stage of RCT, the liver takes up
the HDL and secretes the cholesterol to bile to be excreted via the feces. Through
RCT, the lymphatic system can actually facilitate the cholesterol efflux from a
plaque (Aspelund et al. 2016).

2.1.3

Leukocyte circulation between blood, lymphoid organs, and other
tissues

The main purpose of leukocyte recirculation is to allow naïve lymphocytes to
search for their specific antigens in confined spaces distributed around the body
and to then allow the effector cells to migrate into tissues from which the antigen
originated from. In addition, monocytes and neutrophils migrate to inflammatory
sites in case of infection or tissue injury. Thus, an essential feature of leukocyte
recirculation is the variability in the timing and location of leukocyte
extravasation from the blood to enter either an SLO or an inflamed tissue. This
specificity to recognize the site of extravasation is tightly regulated by changing
the expression of adhesion molecules on the surface of endothelium as well as on
the leukocytes (Butcher and Picker 1996). By varying the timing, amount, and
combinations of just a few trafficking molecules, the immune system can either
enable or restrict the access of specific leukocytes to relevant sites. This
sequential process is called adhesion cascade, and it is reviewed in details in the
next chapter. Each leukocyte subpopulation has its special role in immune
surveillance, and the migratory tendencies of the leukocytes belonging to the
various subpopulations vary in physiological and inflammatory circumstances. In
short, naïve B and T lymphocytes migrate from blood to SLOs, whereas the cells
of the innate immunity (dendritic cells, monocytes, and neutrophils for example)
readily enter tissues upon inflammatory signals. Later on, the cells of the
adaptive immunity (effector and memory B and T cells) enter the inflammatory
sites as well. (Abbas et al. 2016).
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2.1.3.1 Leukocyte trafficking across inflamed endothelium
In general, venules are the site of leukocyte transmigration (Nourshargh et al.
2010). The following is a description of leukocyte trafficking across the
endothelium in inflamed and/or damaged tissues. The same steps, with slightly
different adhesion molecules, are taken when lymphocytes enter LN through
HEVs (von Andrian and Mempel 2003). In particular monocytes, neutrophils,
and effector T cells are required to enter the interstitium to eliminate the
inflammatory trigger and help repairing the tissue. For this to happen, several
steps involving leukocyte stimulation and shape changes, as well as destruction
of the endothelium while preventing plasma leakage need to be taken, all while
under the hydrodynamic forces of the blood flow. This highly controlled process
has been reviewed in great detail recently (Nourshargh and Alon 2014;
Vestweber 2015). A simplified illustration of the cascade is shown in Figure 8.

Figure 8. The leukocyte adhesion cascade. The cascade starts as the endothelial cells
express certain adhesion molecules on their surface. The bypassing leukocytes first
tether on the vascular wall and start to roll on the endothelium. The activated
endothelial cells and leukocytes express new adhesion molecules leading to firmer
attachment. The leukocyte crawls on the endothelium in search of an appropriate
transmigration site and finally extravasates the blood vascular lumen and enters the
tissue.

The whole cascade of events starts as exogenous (micro-organisms, allergens,
toxic compounds etc.) or endogenous (signals originated from stressed, damaged,
or malfunctioning tissue) inducers are released to the interstitium (Medzhitov
2008). The resident cells of the innate immune system and other local cells
respond to this stimulus by releasing cytokines and other pro-inflammatory
mediators, which in turn activate the ECs of the post-capillary venules in the
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tissue (Vestweber 2015). Activated ECs express first P-selectin and later Eselectin as well, on their surface, causing the bypassing leukocytes to take initial
contacts (tethering) to the endothelium via P-selectin glycoprotein ligand-1 and
L-selectin expressed on the leukocyte surface. This capture of leukocytes leads to
rolling of leukocytes on the endothelium. Vascular adhesion protein-1 (VAP-1)
an adhesion molecule expressed by ECs is involved in the tethering and rolling
phases of the adhesion cascade as well (Salmi and Jalkanen 2017). P- and Lselectin depended rolling requires the shear stress of blood flow, and allows the
movement of leukocyte as new bonds are formed before the old ones are broken
(Ley et al. 2007). In addition to selectins, integrins play an important role in the
rolling, as well as the firm adhesion stages of the cascade in a leukocyte subtype
specific manner (Evans et al. 2009; Hogg et al. 2011). As ECs express certain
chemokines on their surface, the rolling leukocytes get activated leading to the
activation of integrins on the leukocyte surface. The activated integrins are then
able to bind intercellular adhesion molecule 1 (ICAM-1) and vascular cell
adhesion molecule 1 (VCAM-1) expressed on the activated endothelium. These
interactions first slow the rolling down, and finally arrest the leukocyte. Next, the
leukocytes crawl on the vessel wall presumably in search of an exit place
(Vestweber 2015). Especially neutrophils, monocytes and T-cells can crawl long
distances on the luminal surface of the blood vessel. Interestingly, some
monocytes patrol the blood vessels even in non-inflamed tissues (Auffray et al.
2007), and scavenge microparticles (Carlin et al. 2013). Finally the leukocytes
have reached the transmigration site to extravasate the blood and cross the
endothelium. The transmigration itself can happen by paracellular (between ECs)
or transcellular (through an individual EC) route. Some studies suggests, that no
matter what route, the ECs form actin filament-containing membrane extensions
called docking structures (Barreiro et al. 2002). Another study showed how in
vivo by binding to ICAM-1 on the surface of ECs the leukocyte triggers a
signaling cascade involving cortactin and Ras homology growth-related, which
results in the clustering of ICAM-1 molecules into a ring-like structure around
the leukocyte (Schnoor et al. 2011). This action is required for the diapedesis
process.

2.2

Atherosclerosis, the underlying cause of several CVDs

Atherosclerosis is a chronic, inflammatory, and progressive disease which is
accountable for the majority of CVDs (Head et al. 2017). The mechanisms and
pathways behind atherosclerosis are complex, with particular emphasis on the
role of endothelium as the regulator of blood flow and leukocyte migration for
instance. In atherosclerosis, the lumen of a large- or medium-sized artery narrows
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in consequence of plaque build-up in the arterial wall. The origin of
atherosclerosis lies in 1) the dysfunctional mechanotransduction of endothelium
in disturbed flow areas, 2) the entailing disrupted lipid accumulation to the intima
of the blood vessel as a result of increased permeability and hyperlipidemia, and
3) the maladaptive immune response to the situation, seen as an inappropriate
leukocyte trafficking (Galkina and Ley 2009). As the intima thickens, hypoxia
entails, resulting in the formation of immature, leaky neovessels (Chistiakov et
al. 2017). These neovessels are responsible for recruiting more leukocytes to the
scene which has been shown to associate with adverse cardiac events. In
addition, the intraplaque neovessels can cause intraplaque hemorrhages, thus
destabilizing the plaque (Chistiakov et al. 2017). Indeed, the stability of the
forming plaque determines whether the plaque progression completes with a
rupture leading to acute cardiovascular events.
Atherosclerosis manifests itself in the clinic as ischemic heart disease (in which
an obstruction in the coronary arteries of the heart restricts the blood supply to
the heart; also known as coronary artery disease (CAD) or coronary heart disease
(CHD)), ischemic stroke (in which an obstruction in the cerebral arteries restricts
the blood supply to the brain; also known as cerebrovascular disease), and as
peripheral artery disease (in which atherosclerosis restricts blood supply to lower
limbs, stomach, or arms) (Herrington et al. 2016). Despite the vast understanding
of the biology and genetics behind atherosclerosis, CVD alone is accounted for
nearly half of the deaths in Europe (Nichols M 2012; Townsend et al. 2015),
suggesting that we are not able to intervene the course of the disease early
enough, or that we are not accurately identifying the individuals at risk for future
CVD. Indeed, approximately 60% of the persons classified to low or lowintermediate risk for future CAD had a CAD event (Elosua et al. 2013). This
suggests that new biomarkers for CVD are needed.

2.2.1

Pathogenesis of atherosclerosis

Atherosclerosis is a long process, origins of which are found already in the
childhood (Tabas et al. 2007; Juonala et al. 2013). Atherosclerosis is now known
to be a complex chronic inflammatory disease (shown in Figure 9), which starts
by dysfunction of ECs exposed to external forces such as disturbed flow in the
branch points of the aortic tree (fluid shear stress), hypertension, free radicals,
smoking, or dyslipidemia. This leads to the activation of endothelium, following
expression of adhesion molecules and chemokines, and subsequently leukocyte
(especially monocyte and T lymphocyte) adherence and transmigration. At the
same time, changes in the permeability of the endothelial barrier allow
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cholesterol-carrying low-density lipoprotein (LDL) particles to enter the
extracellular matrix beneath the endothelium. The protein part of the particles,
apolipoprotein B-100, interacts with the proteoglycans of the extracellular
matrix. This leads to the retention of LDL-particles to the intima layer and
subsequently predisposes these particles to the attacks of oxidative enzymes and
reactive oxygen species generating oxidized LDL. The oxidized LDL presents
danger-associated molecular patterns (DAMPs) that activate the cells of the
innate immune system as well as the vascular cells (Ketelhuth and Hansson
2016). Additionally, the oxidative stress can accelerate the reactions between
reducing sugars and the free amino groups of proteins leading to advanced
glycation end (AGE) products, which in turn increase the production of
inflammatory cytokines (Galkina and Ley 2009; Nowotny et al. 2015). Activated
ECs release macrophage colony-stimulating factor (MCSF) which stimulates
monocytes to differentiate into scavenger receptor expressing macrophages,
while activated T-cells release inflammatory cytokines, such as interferon
gamma (IFN-γ) to further activate the ECs and macrophages (Hansson and
Hermansson 2011). These macrophages are able to take up oxidized LDL
particles and turn into lipid-rich foam cells, which form the initial lesion called a
fatty streak. The early lesion develops neovessels in respond to the hypoxia and
inflammation resulting from the thickening of the vessel wall, and facilitating the
recruitment of leukocytes (Moreno et al. 2006; Galkina and Ley 2009). As the
lesion progresses, some foam cells and SMCs die of apoptosis, releasing lipids
and cell debris which accumulates and forms the necrotic core. SMCs, resident
and the ones recruited from the tunica media, form a fibrous cap above the
necrotic core by producing collagen, proteoglycans, and elastin. Some advancing
lesions may undergo a thinning of the cap as the interferon-γ produced by T-cells
is inhibiting the synthesis of cap-stabilizing collagen and as macrophages are
producing collagenases. This may lead to a fracture in the cap, which brings the
blood components into a close contact with the plaque components. The
following thrombosis and partial or total occlusion of the affected artery may be
the first clinical manifestation of the asymptomatic, subclinical atherosclerosis.
(Hansson and Hermansson 2011; Libby et al. 2011; Libby 2013; Libby et al.
2013).
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Figure 9. The process of atherosclerosis. a) High blood pressure, hyperlipidaemia,
smoking, free radicals, and diabetes lead to dysfunction of endothelium. Endothelial
cells (ECs) release adhesion molecules, and the permeability of endothelium increases.
b) Leukocytes and cholesterol enters intima. Activated ECs release chemokines and
growth factors. LDL-particles are oxidized. Monocytes recruited to the intima transform
into macrophages. Macrophages accumulate the lipids, forming foam cells, which make
up the early lesions called fatty streaks. c) Fibrous cap and SMC layer forms.
Neovessels are formed to feed the thickening wall. Necrotic core forms from the
apoptotic foam cells. The lumen of the blood vessel narrows. d) Matrix degradation due
to proteases and time thins the fibrous cap. Plaque ruptures, and blood coagulation
factors encounter the debris from the plaque, which leads to thrombosis, arterial
occlusion, and myocardial infarction or stroke. Reprinted by permission from Springer
Nature: Springer Nature, Nature Reviews Immunology, The multifaceted contributions
of leukocyte subsets to atherosclerosis: lessons from mouse models. Weber, C.,
Zernecke, A. and Libby, P. 2008. License number: 4283050451709.

The numerous roles of T and B cells, as well as monocyte-macrophages and
dendritic cells in atherosclerosis have been recently reviewed (Cybulsky et al.
2016; Ketelhuth and Hansson 2016; Tabas and Lichtman 2017). In addition to
the devastating role of immune cells to the progress of atherosclerosis, the
lymphatic vessels have numerous paths to affect the atherogenesis process as
well, as they are involved in the dietary fat absorption and metabolism, in the
inflammation of adipose tissue, in obesity, in RCT, and in generally in innate and
adaptive immunity (Milasan et al. 2015; Aspelund et al. 2016). In humans,
lymphatic vessels are present in the adventitia of aorta (Drozdz et al. 2008), and
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in the intima of atherosclerotic lesions (Kholova et al. 2011).The dense network
of lymphatic vessels in arteries seems to be atheroprotective, probably because of
the RCT (Kutkut et al. 2015). Several studies have shown that the TLOs in
arteries are associated with the severity of atherosclerosis (Schwartz and Mitchell
1962; Kohchi et al. 1985; Tavora et al. 2010; Akhavanpoor et al. 2018).

2.2.2

Atherosclerosis as a foundation bed of CVD risk factors

The term ‘risk factor’ was introduced in 1961 in Framingham Study (Kannel et
al. 1961), and in many occasions it is described as a factor that increases the
probability of developing a disease. In this dissertation, the term ‘risk factor’
means that the factor has causal effect on the disease progression and that this
has been proven at least in Mendelian randomization experiments (Herrington et
al. 2016). The causality of at least smoking, high blood pressure, dyslipidemia,
and diabetes mellitus to future CVD have been established (Herrington et al.
2016), and are considered as traditional risk factors in this dissertation. In
addition, male sex and older age are considered as traditional risk factors for
CVDs in this dissertation (D'Agostino et al. 2008). Most of the traditional risk
factors for CVDs are considered as lifestyle-associated, and CVDs are often seen
as lifestyle-dependent modern diseases of Western society. Recent studies
however have reported atherosclerosis-like arterial changes in mummies of
ancient societies challenging the previous hypothesis, and other studies have
determined that age itself is the strongest risk factor for atherosclerosis, and thus
for CVDs (Head et al. 2017; Niiranen et al. 2017). Interestingly, endothelial
dysfunction is associated with smoking, hypercholesterolemia, hypertension,
aging, and diabetes (Hadi et al. 2005; Rajendran et al. 2013). Since the results
from intervention studies concerning diet, physical activity, alcohol intake, social
connections, sleep, and psychological stress in association of CVD events are
somewhat controversial (Doughty et al. 2017), this review of literature
concentrates on the traditional risk factors of CVDs and the environmental
factors as risk factors of CVDs.
Smoking. According to World Health Organization, smoking alone accounts for
10% of CVD events (Messner and Bernhard 2014). The evidence for causal
effect of cigarette smoking to CVD has been easily proven, since the
predisposing to this particular risk factor is rather straightforward, as a person
either smokes or does not. In addition, by quitting cigarette smoking the risk for
CVD events is decreased (Messner and Bernhard 2014). Since tobacco smoke
can contain up to 4000 different chemicals, the physiological pathways to which
these agents affect to are still mostly unclear. Smoking causes several pro-
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atherogenic changes in the vasculature. It decreases the endothelium-dependent
flow-mediated dilatation (a marker of endothelial dysfunction) measured by
ultrasound, increases serum total cholesterol while decreasing HDL cholesterol,
and increases the oxidative modification of lipids (Hadi et al. 2005; Messner and
Bernhard 2014). In addition, smokers have elevated levels of proinflammatory
cytokines and leukocytes in blood circulation, and furthermore, the endothelium
of smokers expresses more adhesion molecules than non-smokers endothelium,
thus facilitating leukocyte recruitment (Messner and Bernhard 2014). Finally,
smoking has pro-atherothrombotic effects as it activates the coagulation system
(Csordas and Bernhard 2013).
High systolic blood pressure. Hypertension is such a major risk factor for CVD,
that in 2017 the threshold for hypertension was lowered to ≥130/80 mmHg from
the previous ≥140/90 mmHg (Whelton et al. 2017). The regulation of blood
pressure takes place mainly in the small resistance arteries (lumen diameter
<300µm) (Touyz et al. 2018). The vascular SMCs are plastic, switching
phenotype from differentiated contractile cells to dedifferentiated, proliferative
phenotype. Inflammation in the vasculature is thought to contribute to
hypertension by increasing the proliferation of SMCs. The proliferative SMCs
express low levels of contractile markers, but high levels of signaling molecules
associated with migration, inflammation, fibrosis, and cell growth leading to
accumulation of SMCs in the vascular wall, and ultimately to vascular stiffness
(Touyz et al. 2018). However, the etiology of hypertension is far from clear
(Leibowitz and Schiffrin 2011). Hypertension is a complex state which is
influenced by factors such as age, sex hormones, and lifestyle, and recently the
differences in the key systems of activation among men and women, and their
contribution to different effects on hypertension and CVD risk have been studied
(Colafella and Denton 2018).
High levels of modified LDL. The causality of cholesterol to atherosclerosis, and
thus to CVD, is well established (Steinberg 2013; Di Pietro et al. 2016), and
some even suggest that the lipoprotein retention is the root cause of
atherosclerosis (Tabas et al. 2007). LDL consists of cholesteryl ester, free
cholesterol, phospholipids, triglycerides, and an apolipoprotein B-100 protein,
and it is the main lipid transporter in circulation. The LDL particles enter the
intima via transcytotic pathway through endothelium, but since the intima lacks
lymphatic vessels which would remove excess LDL, the LDL not taken up by the
cells accumulates in the arterial intima (Pentikainen et al. 2000). Indeed, the
nearest lymphatic vessels are located in the medial layer, and in order to reach
them LDL particles have to pass the extracellular matrix of intima (Pentikainen
et al. 2000). The subendothelial LDL is modified proteolytically, lipolytically,
and oxidatively, creating modified LDL particles. The macrophages in the intima
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remove the modified LDL and form foam cells (Matsuura et al. 2006). The
modified LDL in turn can further activate the endothelium and SMCs by
increasing the expression of adhesion molecules and chemokines, thus
perpetuating the inflammatory cycle (Steinberg 2002; Galkina and Ley 2009).
Low levels of plasma HDL. Low levels of plasma HDL are associated with
increased risk of CVD (Rosenson et al. 2016). This originates in the role of HDL
in many antiatherosclerotic processes. HDL, and its main protein component
apolipoprotein A1 are the main acceptors of free cholesterol from macrophages
in RCT (Martel and Randolph 2013; Lee-Rueckert et al. 2016). HDL can
enhance the production of nitric oxide from ECs thus ameliorating the
endothelial dysfunction. HDL particles range in size from 7 nm to 14 nm, with
the largest particles containing largest amounts of cholesterol (He et al. 2018).
Nevertheless, HDL as a population is heterogeneous with each sub-population
having possibly distinct functions and routes of metabolism (He et al. 2018).
Type 2 diabetes mellitus (DM) is a metabolic disease which manifests as
hyperglycemia caused by insulin resistance and beta-cell impairment (De Rosa et
al. 2018). Type 2 DM is an independent risk factor for CVD (Grundy et al.
1999), although several pathophysiological features are shared by type 2 DM and
CVD, such as hypertension, obesity and dyslipidemia (De Rosa et al. 2018) and
thus it is hypothesized that these diseases have a ‘common soil’ (Stern 1995).
The prevalence of type 2 DM is rising with the Western diet of high-caloric
intake which has been shown to induce vascular abnormalities due reactive
oxygen species production (Rajendran et al. 2013). Insulin has vasodilatory
effects (widening of the vessel lumen) through enhanced production of nitric
oxide causing increase in blood flow, which is especially important in the
microvasculature where nutrients, hormones, and insulin itself is transported into
the tissues (Rajendran et al. 2013). In insulin resistance the microvascular
circulation is disturbed leading to further peripheral endothelial dysfunction
(Hadi et al. 2005). In addition, chronic hyperglycemia results in glycation of
macromolecules and proteins, oxidation of lipids and proteins, all of which are
contributing to endothelial dysfunction and are thus atherogenic (Hadi et al.
2005).
Male sex. There are sex differences in the incidence of CVD events as well as in
the clinical spectrum of events. In a Finnish population study, men had more
major adverse cardiovascular events (MACEs), four times more fatal coronary
heart disease events and three times more non-fatal coronary heart disease events
than women (Lehto et al. 2014). In addition, the clinical spectrum varied as
coronary heart disease was the most common type of MACE in men, whereas in
women heart failure was the most common type (Lehto et al. 2014). However,
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contemporary studies on gender has evoked new perspectives on how much the
male sex and how much the male gender as a social determinant, is behind these
differences seen in the CVD vulnerability (O'Neil et al. 2018). O’Neil and coworkers speculated that as the gender is socially produced, the roles for boys and
girls are adopted already in the early childhood, affecting the risk of CVD events
in adulthood through societal pressure for smoking, physical activity, and alcohol
consumption. In adulthood the gender, rather than the biological sex, modifies
the risk of CVD events via experiences of work, home and financial stress
(O'Neil et al. 2018).
Aging. The inevitable aging of vessels leads to vascular remodeling evident as
thickening of intima and media, and loss of arterial elasticity resulting in arterial
stiffness, and subsequently hypertension (Wang and Bennett 2012). In arteries,
aging can be seen as a chronic, low-grade inflammation (Wang et al. 2014) Aged
vessels have increased amounts of collagen, matrix metalloproteinase enzyme
activity, and glycated proteins, while decreased amounts of SMCs and elastin in
arterial wall have been reported (Wang and Bennett 2012). In addition, both
SMCs and ECs in aged vessels have shown to secrete augmented amounts
proinflammatory cytokines, and ECs of aged vessels express increased levels of
leukocyte adhesion molecules. All these detrimental changes are accelerated in
atherosclerosis (Wang and Bennett 2012).
Environmental factors, such as air pollution (combustion byproducts released
from motor vehicles, particulate matter from coal burning and other fossil fuel
usage) and nonessential metals (arsenic, cadmium, and lead), are considered risk
factors of CVD (Cosselman et al. 2015; Bhatnagar 2017). According to WHO,
air pollution attributed 3.7 million deaths in 2012, and 4 out 5 deaths were CVDrelated (Cosselman et al. 2015). The environmental agents can be inhaled,
ingested, or absorbed through skin, and they evoke inflammation, and alter cell
signaling and gene expression. Like the air pollutants, the nonessential metal
pollutants can act through oxidative stress, inflammation, and altered ion channel
activity leading to endothelial dysfunction, increased blood pressure, and
decreased heart-rate variability, ultimately resulting in atherosclerosis and
hypertension (Cosselman et al. 2015).

2.2.3

Biomarkers of CVD

In this thesis, a biomarker and a risk factor are defined as follows. For a
character to be called a risk factor, this character has to have proven effect to
affect the beginning or the progress of the disease, i.e. causality has been proven
(Libby and King 2015). A biomarker however may or may not contribute to the
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disease progression itself, but merely reflects the state of the disease (Libby and
King 2015). In this regard, cardiovascular risk factors are high age, high total and
low HDL cholesterol, smoking, high systolic blood pressure, presence of diabetes
mellitus, and male sex for example, whereas some of the biomarkers of
cardiovascular diseases with their pathophysiological pathways (given in
brackets after the respective risk factor) are high-sensitivity CRP (inflammation),
homocysteine (endothelial dysfunction), cardiac troponins (cardiomyocyte
injury), natriuretic peptides (hemodynamic stress), plasminogen activator
inhibitor-1 (thrombosis), and lipoprotein(a) (lipid metabolism) for example
(Wang et al. 2006; Vasan 2006; Zethelius et al. 2008; Wang 2011; Cahill et al.
2015; Wang et al. 2017).
New potential biomarkers for coronary artery disease are extracellular vesicles
containing lipids, proteins, noncoding RNA and nuclear material, which are
known to accumulate in atherosclerotic plaques, and released by ECs, leukocytes,
platelets, and erythrocytes (Boulanger et al. 2017). Another new area of
biomarkers for CVD are the markers of endothelial glycocalyx dysfunction,
especially the proteoglycans of glycocalyx, such as Syndecan-1 (Kim et al.
2017). Flow-mediated vasodilation is a potential marker for endothelial
dysfunction as it measures the diameter of the artery in endothelium-dependent
(reactive hyperemia induced by cuff) and in endothelium-independent (response
to nitroglycerin) dilatation (Raitakari and Celermajer 2000; Kim et al. 2017).
Biomarkers of CVD are needed, because the current risk prediction leaves out the
persons with none of the traditional risk factors or with only one traditional risk
factor, who however do experience a CVD event (Khot et al. 2003; Wang 2011).
Recently, biomarkers identifying the individuals at the “low and intermediate”
risk of CVD events have acquired much interest since the individuals in high risk
for CVD get intervention in any case, whereas the individuals with only a few
risk factors as a population account for the most CVD events (Khot et al. 2003;
Wang et al. 2012; Folsom 2013). Indeed, in numbers most of the CVD events
happen in this group of people, yet they are not targeted for any preventive
measures according to traditional risk factors (Wang 2011).

2.2.4

Technical considerations regarding an ideal biomarker of CVD

According to Biomarkers Definitions Working Group a biomarker is defined as
“A characteristic that is objectively measured and evaluated as an indicator of
normal biological processes, pathogenic processes, or pharmacological responses
to a therapeutic intervention” (Atkinson et al. 2001). Biomarkers are used to
discover new pathogenic pathways, to discover new therapeutic targets, to
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discriminate ‘cases’ and ‘non-cases’, to categorize individuals to different risk
categories of future event, and in precision medicine, to help indicate the
responsiveness of the patient for a drug dosage, for example (Libby and King
2015). When considering a new biomarker for CVD, the biomarker should be
easily and cost-effectively measurable, have an association with the outcome,
add information to old tests, and help the clinician to manage the patients
(Morrow and de Lemos 2007).
There are several methods to obtain biomarker information from an individual
(Vasan 2006). First, a biomarker can be quantified from a biosample, such as
blood, urine or tissue. Second, biomarker information can be recorded from a
person like blood pressure. Third, the biomarker can be the result of an imaging
test, such as ultrasound. This review of literature concentrates on the biomarkers
obtained from blood sampling. When considering blood biomarkers several
issues need to be addressed. Pre-analytical variability stems from the blood
sampling as such (effect of hemolysis for example), the anticoagulants used (the
effect of chelating agents), the stability of the analyte in different storage
temperatures and for different lengths of time (Vasan 2006; Libby and King
2015). The assays measuring the biomarkers need some consideration as well, as
they are the source of analytical variation. Accuracy and precision of the assay
are pivotal in biomarker assay validation and can be controlled through use of
reference materials and coefficients of intra-assay variation (calculated from the
duplicates on the same plate) and inter-assay variation (describes the plate-toplate variation, and is calculated from the mean values of high and low controls
on different plates) (Vasan 2006). In addition, the costs of a biomarker assay are
to be considered when transferring the assay to a clinical environment.

2.2.5

Statistical considerations regarding an ideal biomarker of CVD

For a CVD biomarker, a few characteristics are considered invaluable.
Regardless the causality or non-causality of the CVD biomarker, a novel
biomarker should add information above and beyond the classical risk factors in
prediction equations of CVD events (Wang 2011; Folsom 2013). For researchers
to demonstrate the ability of a novel biomarker to add incremental value to the
elevated risk of an outcome, the already established risk factors must be
accounted for in multivariable models. The hazard ratios (HRs) obtained from
Cox proportional hazard models with the values of the probability test of
significance are one way to present the results (Vasan 2006).
Classically, the goodness of a novel biomarker has been measured by its
performance in discrimination (i.e. the tests’ ability to distinguish those who will
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get the disease from those who will not) by improving the concordance statistics
(Wang 2011). Concordance statistics measures the area under the receiver
operating characteristics (ROC) curve (AUC), which is drawn based on the ranks
of the individuals who developed the disease and those who did not (Vasan
2006). The concordance statistics introduces two inherently important aspects of
any screening test; sensitivity (“the ability to detect disease when it is present”)
and the specificity (“the ability to exclude disease when it is absent”) (Wang
2011). Since the model including the traditional risk factors explain nearly 80%
of the CVD events (D'Agostino et al. 2008), it’s fairly difficult to add new
predictive biomarkers for this model (Pencina et al. 2008). In addition, the area
under the ROC curve (also known as AUC and C-statistics) has gained criticism
for not being suitable for clinical use, since it was developed for a different
purpose (during World War II to analyze radar data in order to differentiate
signal noise and enemy aircraft) (Streiner and Cairney 2007; Cook and Ridker
2009; Grund and Sabin 2010). After the World War II, the ROC analysis has
been used to compare diagnostic tests, with the emphasis on true positive rate
against the false positive rate (Janes et al. 2008). The ROC analysis is based on
the rank-orders of the predicted risks rather than the size of the risks, and
additionally, ROC-analysis assumes that both high sensitivity and high
specificity are equally meaningful (Grund and Sabin 2010). However, in clinical
settings the size of the actual risk of an individual may be important, and
furthermore, a clinician is rarely asked to compare the risks of a pair of subjects
(Janes et al. 2008). To address these before mentioned defects, Pencina and coworkers introduced two new measures to evaluate the usefulness of a new
marker, since statistically significant relation of a new marker to the outcome
does not imply improvement in model performance nor clinical significance
(Pencina et al. 2008; Wang 2011). The first measure is called net reclassification
improvement (NRI) and it is based on a priori decided risk categories (0-5, 5-10,
10-20, and >20 per cent risk categories for CVD events in the next 10 years for
example). The movement of subjects who develop an event to a higher risk
category is considered as an improvement in classification, whereas movement of
an event subject to a lower risk category is considered worse reclassification. The
same reclassification tables are calculated for the non-events (i.e. those subjects
who do not develop the event) but with opposite interpretation of the movements
(downward improves reclassification and upward movements worsens it). The
sum of proportional movements in the right direction for subjects with and
without an event minus the sum of proportional movements in the wrong
direction for both groups quantifies the improvement in reclassification and this
measure is called the NRI (Pencina et al. 2008). The drawback of NRI is that it
requires the use of pre-existing risk categories. To overcome this, Pencina and
co-workers introduced another measure, called integrated discrimination
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improvement (IDI), a category-free measure for quantifying the overall
improvement in specificity and sensitivity based on the difference in
discrimination slopes of the old and new (with the new biomarker) models
(Pencina et al. 2008). These measures have since been developed further
(Pencina et al. 2011), and the usefulness of these measures in clinical point of
view has been a subject of debate (Leening et al. 2014; Leening et al. 2014;
Sniderman et al. 2015).
In addition to the abilities to discriminate and reclassify, the risk prediction
model with the new biomarker should be well calibrated, meaning that the
predicted risks and the observed risks actually go hand-in-hand, and this can be
measured with Hosmer-Lemeshow test (P values >0.05 means that there is not a
significant difference between the predicted and observed risks and the model is
thus well calibrated) (Wang 2011). Finally, the findings related to a novel
biomarker need a validation; a test how well the results obtained from the
training study population would fit to another study population called the
validation data set. The validation tells how well the model performs in practice.
In ideal circumstances, the model is trained and validated in two independent
data sets, but this is rarely possible, and to circumvent this a cross-validation
protocol is used (Picard and Cook 1984). In cross-validation the data set is first
divided to k subsets with equal sizes. For example, in 10-fold cross validation,
the model is trained in 9 subsets and then the intercepts and parameter estimates
acquired from the 9 training folds are used in the remaining subset, called the
validation data set. This process is repeated 10 times, with each subset as the
validation data set once.

2.3

Vascular adhesion protein-1

As mentioned before, a hallmark of leukocyte trafficking is the adhesion of
leukocytes to the vascular endothelial cells. In normal circumstances
lymphocytes migrate to peripheral lymph nodes and mucosal lymphoid organs
through HEVs. Instead, upon inflammation the endothelium of any location is
activated and adhesion molecules are expressed and or transported onto the
luminal side. In 1992 Salmi and Jalkanen produced monoclonal antibodies
(mAb) against human synovial vessels. In immunohistological stainings of
inflamed synovial membranes, peripheral lymph node, and tonsil, one mAb
stained HEV-like venules. The antigen was named vascular adhesion protein-1
(Salmi and Jalkanen 1992).
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Basic characteristics

In humans, VAP-1 was first discovered as a 90-kDa protein on the luminal
surface, as well as in intracellular granules of endothelial cells, and in smooth
muscle cells of arteries, veins and bowel wall (appendix) (Salmi and Jalkanen
1992). A larger, 150-180-kDa form of VAP-1 was detected soon after the first
discovery (Jalkanen and Salmi 1993). In 1998, a circulating form of VAP-1 was
detected in human serum samples, allowing the quantitation of soluble VAP-1 in
patients (Kurkijarvi et al. 1998). Surprisingly, the cloning of VAP-1 revealed an
unexpected similarity to the copper-containing amine oxidase family (Smith et al.
1998), and further studies confirmed that the D4 domain of VAP-1 is the
catalytic site of the enzyme (Salminen et al. 1998). The enzymatic activity of
VAP-1 is referred as semicarbazide-sensitive amine oxidase (SSAO)-activity
stemming from the notion that semicarbazide inhibits the reaction (Bergeret et al.
1957). In summary, VAP-1, the adhesion molecule involved in the leukocyteadhesion, was discovered in 1992, but the enzyme, the copper-containing amine
oxidase, has been known since the 1950’s (Bergeret et al. 1957), and finally in
1998 they were shown to be the same molecule.
Structurally, VAP-1 is a type II transmembrane protein, a homodimer with each
identical monomer consisting of domains D2, D3, and D4, and with sialic acid
decorations on the surface at the end of the glycans (Salminen et al. 1998; Smith
et al. 1998; Airenne et al. 2005; Maula et al. 2005). The crystallographic studies
on VAP-1 have shown that all 6 possible N-glycosylation sites are occupied and
that on the surface of VAP-1 molecule, an RDG motif is found (Airenne et al.
2005; Jakobsson et al. 2005).
VAP-1 molecule is found on various cell and tissue types in relation to the
various functions of VAP-1. In the vessels of tonsil and peripheral lymph node,
VAP-1 is expressed on the cells of HEVs (Salmi et al. 1993) where VAP-1 exerts
its function as an adhesion molecule of leukocyte trafficking (Salmi and Jalkanen
1992). Instead, in the larger vessels (aorta and vena cava for example) VAP-1 is
present in the smooth muscle cells of the vessel wall (Salmi et al. 1993; Jaakkola
et al. 1999). On adipocytes VAP-1 is present on the plasma membrane as well as
in intracellular glucose transporter type 4 containing vesicles (Enrique-Tarancon
et al. 1998) in line with VAP-1’s role in glucose transportation in adipocytes, and
in leukocyte infiltration to white adipose tissue (Zorzano et al. 2003; Bour et al.
2007; Bour et al. 2009). In human liver, VAP-1 is a heavily sialylated
glycoprotein, which is constitutively expressed on vascular and sinusoidal
endothelium, and the anti-VAP-1-mAb 1B2 is able to inhibit T cell binding to
hepatic endothelium (McNab et al. 1996). In addition, VAP-1 is found on a
subset of venules in kidney, skin, heart, and brain (Salmi et al. 1993).
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The expression of VAP-1 was elevated in inflamed human tissue samples, but
none of the known inflammatory mediators were able to induce the VAP-1
expression in vitro (Salmi et al. 1993). Instead, in an organ culture of human
tonsillar tissue, interleukin-4 (IL-4), IFN-γ, tumor necrosis factor alpha (TNF-α),
and lipopolysaccharide were able to up-regulate the endothelial VAP-1
expression (Arvilommi et al. 1997). Interestingly, this induced increase in
endothelial VAP-1 expression was not achieved in an organ culture of human
appendix, nor in the SMCs of these tissues (Arvilommi et al. 1997). In in vivo
experimental inflammations of skin and joint, the results indicated that the upregulation of VAP-1 occurred in 60 minutes after an inflammatory stimulus, and
that in the normal tissues the VAP-1 molecule was not present on the luminal
surface of the endothelium, but was intracellularly stored (Jaakkola et al. 2000).
Weston and co-workers developed a GFP-fusion protein of VAP-1 and
demonstrated that VAP-1 is localized in subcellular vesicles throughout the
cytoplasm of hepatic sinusoidal ECs, liver myofibroblasts, and hepatic stellate
cell line (Weston et al. 2013). Interestingly, Sallisalmi and co-workers measured
the amounts of SSAO-activity and syndecan-1 in 20 septic shock patients and
showed that the glycocalyx injury and circulating VAP-1 levels coincident thus
suggesting that endothelial injury activated VAP-1 on the endothelium
(Sallisalmi et al. 2012). Curry et al. reviewed the several consequences of
glycocalyx injury on the microvascular permeability and the following
inflammatory cascade leading to leukocyte adherence (Curry and Noll 2010).
When comparing naturally occurring VAP-1 in vessels to cultured endothelial
cells, several differences were noticed. In tonsil HEV, VAP-1 is 170-kDa in size,
has sialic acid as well as O- and N-linked glycans as decorations, and is localized
in large cytoplasmic granules, which are not Weibel-Palade bodies (Salmi and
Jalkanen 1995). Instead, in cultured endothelial cells (e.g. EaHy-926 and human
umbilical vein endothelial cells) these post-translational modifications were
absent, and the 180-kDa VAP-1 molecule was expressed solely in small
cytoplasmic granules, and was not inducible (Salmi and Jalkanen 1995;
Arvilommi et al. 1997). These differences in VAP-1 post-translational
modifications could be due to the difference in the inherent properties of
different endothelial cells; cells of HEVs have ample glycocalyx and larger
intercellular junctions suitable for lymphocyte trafficking, whereas no leukocyte
migration occurs through human umbilical veins in normal circumstances. The
various sialidase and glycosidase digestions revealed the abundancy of sialic acid
and oligosaccharide decorations on VAP-1 (Salmi and Jalkanen 1996). The
importance of these sialic acid decorations for VAP-1 function became evident,
when neuraminidase or O-sialoglycoprotease treatment abrogated VAP-1dependent lymphocyte binding to tonsil HEV on frozen sections under conditions
of shear stress (Salmi and Jalkanen 1996). In addition, experiments with mutated
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Ax endothelial cells demonstrated the particular importance of the three apical Nglycans in lymphocyte adherence to endothelium (Maula et al. 2005). The abovementioned differences of endothelial cells bring a twist in the experimentation
concerning adhesion molecules of HEV, and thus affect the result interpretation
as well.
Generation of two mice lines expressing full-length human VAP-1 on the surface
of endothelial cells or adipocytes, respectively (Stolen et al. 2004), and the
creation of VAP-1 KO mice (Stolen et al. 2005) brought new tools to study VAP1. The mice overexpressing VAP-1 had higher amounts of SSAO reaction
product H2O2 in adipose tissue and liver lysates (Stolen et al. 2004). In general,
the VAP-1 KO mice (AOC3-/-) develop normally with no differences in the body
weight nor in the life span compared to wild type (WT) mice (Stolen et al. 2005).
In addition, the leukocyte numbers in the blood and in the secondary lymphoid
organs were comparable (Stolen et al. 2005). The VAP-1 KO mice have
generally normal lymphocyte recirculation (Salmi and Jalkanen 2017). However,
the granulocytes and lymphocytes roll faster, adhere less, and transmigrate less in
the VAP-1 negative blood vessels, but these effects were not due to changes in
other adhesion molecules (Stolen et al. 2005). The blood pressure, heart rate, and
the pulse pressure are normal in SSAO-/- mice (Mercier et al. 2006). Although the
diameters of carotid arteries were found to be higher in SSAO-/- animals
compared to WT mice, the arterial stiffness and the mechanical strength of the
vascular wall were similar, suggesting that the smooth muscle function and the
endothelial function were normal (Mercier et al. 2006).

2.3.2

VAP-1, an enzyme

As mentioned earlier, when VAP-1 was cloned, it was revealed to be an enzyme
(Smith et al. 1998). The correct name for the gene product of AOC3 gene is
Membrane primary amine oxidase (EC:1.4.3.21), although it has been known as
copper amine oxidase (one Cu2+ ion in each subunit (Airenne et al. 2005)) and as
semicarbazide-sensitive amine oxidase (SSAO) as well (the reaction can be
inhibited with semicarbazide (Smith et al. 1998)). Even though the current name
specifies the enzyme to be membrane-related, the soluble form of endothelial
VAP-1 harbors the SSAO-activity as well (Kurkijarvi et al. 2000).
VAP-1 belongs to the enzyme family of human copper amine oxidases with four
other genes (AOC1, AOC2, and AOC4) belonging to the same gene family
(Finney et al. 2014). AOC1 encodes a diamine oxidase, an enzyme with main
responsibilities to metabolize ingested histamine and putrescine (Kaitaniemi et
al. 2009; Finney et al. 2014). AOC2 encodes a retina-specific amine oxidase,
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which prefers p-tyramine and tryptamine as substrates (Kaitaniemi et al. 2009;
Finney et al. 2014). The AOC4 is a pseudo-gene and due to an internal stop
codon the AOC4 encodes a non-functional protein in humans (Schwelberger
2010). The proteins encoded by AOC1, AOC2 and AOC3 share 38%-65%
identity, with main conserved areas in the active-site (Finney et al. 2014). The
AOC3 comprises 7008 base pairs, has 4 exons, and is located in chromosome 17
(GeneCards 2018).
In this thesis, the enzymatic activity of VAP-1 is referred to as SSAO. The SSAO
reaction catalyzed by VAP-1 involves the deamination of primary amines to
corresponding aldehydes while releasing hydrogen peroxide and ammonium.
Crucial for the enzymatic reaction is a topaquinone (TPQ) cofactor, which is
derived from a tyrosine in a post-translational modification requiring copper and
molecular oxygen (Shepard and Dooley 2015). The SSAO reaction is divided to
two half-reactions. First, in the reductive half-reaction the substrate (a primary
amine) reacts with the TPQ to form a Schiff base. Subsequently, the product
aldehyde is released through hydrolysis, and the remaining TPQ is reduced. In
the second half-reaction, molecular oxygen then reoxidizes the reduced TPQ in
the presence of copper ion, producing H2O2 and ammonium. (Shepard and
Dooley 2015). The enzymatic reaction is illustrated in Figure 10 on page 47.
Endogenous substrates of SSAO include methylamine, aminoacetone,
cysteamine, and β-phenylethylamine (Dunkel et al. 2008; Heuts et al. 2011).
These substrates are products of metabolism or ingested from drink, food, or
through inhaling cigarette smoke (Yu et al. 2003). In addition to semicarbazide,
several small-molecule inhibitors of the SSAO reaction are known, including
hydroxylamine, hydralazine, phenelzine, aminoguanidine, and zimeldine, for
example (Dunkel et al. 2008). One of these inhibitors, hydroxylamine, a byproduct of normal cell metabolism, acted as a local vasodilator eliciting
hypotension in rats partly by its conversion to nitric oxide, and partly by its
inhibitory effect to SSAO-activity decreasing the local amount of released H2O2
(Vidrio and Medina 2007).
The wide array of functions related to the SSAO activity in humans, namely the
metabolism of endogenous amines, involvement in the leukocyte adhesion
cascade and angiogenesis, and participation in glucose transport and adipocyte
differentiation (Yu et al. 2003; Dunkel et al. 2008; Salmi and Jalkanen 2017),
have been a promising target for drug discoveries. Nevertheless, the effectors of
the enzymatic activity of an SSAO are the cytotoxic products of the reaction, as
discussed in the Chapter 2.3.5 VAP-1 in atherosclerosis.
To study the effect of the SSAO-activity in different functions, a cell line
overexpressing enzymatically inactive VAP-1, where the crucial tyrosine is
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mutated to phenylalanine (CHO-VAP-1-Y471F) has been developed (Koskinen
et al. 2004). In flow-dependent experiments the enzyme inactive mutant VAP-1
molecules were unable to mediate the transmigration of granulocytes,
demonstrating the importance of the SSAO-activity for the adhesive function of
VAP-1 (Koskinen et al. 2004). In addition, mice with the corresponding Y471F
mutation have been generated (Noonan et al. 2013). These mice were healthy and
expressed normal amounts of VAP-1, but they had a defect in cell trafficking as
fewer neutrophils trafficked in a sterile peritonitis model induced by tumor
necrosis factor alpha (Noonan et al. 2013). Furthermore, in an arthritis model, the
mutant mice with enzyme inactive VAP-1 had smaller mean arthritis scores than
the WT mice, suggesting a less severe inflammation (Noonan et al. 2013). These
studies thus point to an important role of SSAO-activity in physiological
functions of VAP-1.

2.3.3

VAP-1, an adhesion molecule

As previously stated, VAP-1 was found in a quest to discover endothelial
adhesion molecules assisting lymphocyte homing (Salmi and Jalkanen 1992).
The mAb stainings readily showed VAP-1 to be located at the luminal surface of
HEVs in synovial membranes, lymph nodes, and tonsil. The functionality of
VAP-1 to assist lymphocyte binding to before mentioned HEVs was proved by
inhibiting the interactions with the mAb. In addition, a small decrease on
granulocyte binding to inflamed tonsil HEVs was seen. The HEVs of mucosaassociated lymphatic tissues were not as VAP-1-positive as the HEVs of
peripheral lymph nodes in normal circumstances, but instead at the sites of
inflammation the expression of VAP-1 was increased, and VAP-1 was shown to
assist the binding of lymphocytes to the venules of inflamed lamina propria
(Salmi et al. 1993). Thus, already the early data on VAP-1 indicates the diverse
role of VAP-1 under normal conditions, i.e. in lymphocyte homing, and at the
sites of inflammation in non-lymphoid organs.
The role of VAP-1 in the initial tethering and rolling phases of the lymphocyte
trafficking to lymph node HEVs was elegantly showed in an intravital
microscopy assay (Salmi et al. 1997). Furthermore, the crucial role of VAP-1 in
granulocyte extravasation came apparent in in vivo experiments of acute
inflammation, where the mAbs against VAP-1 increased the rolling velocity of
the granulocytes, leading to decreased number of firmly bound and extravasated
granulocytes (Tohka et al. 2001). In addition to the acute inflammation, VAP-1
was shown to be involved in a mouse model of diabetes as an example of chronic
inflammation (Merinen et al. 2005).
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The importance of SSAO enzyme activity for the leukocyte adhesion was first
seen in experiments where primary endothelial cells were pre-incubated with
SSAO inhibitors resulting in reduced number of lymphocytes rolling on and
adhering to the endothelium (Salmi et al. 2001). In the same experiments it was
shown that the tethering, i.e. the first transient contacts between lymphocyte and
endothelium, was not dependent on the SSAO-activity (Salmi et al. 2001). In
addition, the number of adhered and transmigrated lymphocytes on human
hepatic endothelial cells decreased in the presence of enzyme activity inhibitor
(Lalor et al. 2002). Similarly, in experiments with inhibitors of SSAO-activity,
enzymatically inactive VAP-1 mutant, and mAbs against VAP-1, the results
showed that the number of granulocytes rolling on and transmigrating through
EC layer was diminished (Koskinen et al. 2004). The dualistic role of VAP-1 and
its enzyme activity in leukocyte trafficking is summarized in Figure 10, where
the substrate for the enzymatic reaction is provided by the leukocyte adhering to
the endothelial cells.

Figure 10. Enzyme activity of VAP-1 in leukocyte adhesion cascade. The substrate
primary amine (in red) is provided by the leukocyte ligand of VAP-1 (denoted by L) as
the leukocyte adheres to the endothelium (E). The endothelial cells express VAP-1 on
their surface. The topaquinone (TPQ) of the catalytic center of VAP-1 is shown in
green. Through an intermediary Schiff base formation, an aldehyde is produced with the
release of hydrogen peroxide and ammonia. The enzymatic activity of VAP-1 is
important for the adhesion cascade. The copper ion (in blue) is the inorganic cofactor
common for all copper-containing amine oxidases.
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To date, the experimental evidence for the adhesive function of VAP-1 is vast. In
liver, VAP-1 is known to mediate the binding of T cells to hepatic endothelium
(McNab et al. 1996), adhesion and transendothelial migration of lymphocytes on
human hepatic ECs (Lalor et al. 2002), rolling and adhesion of CD4-positive
type 2 T helper (Th2) cells in inflamed liver sinusoids (Bonder et al. 2005),
recruitment of inflammatory cells to liver (Weston et al. 2015), and adhesion of
gut-tropic lymphocytes to hepatic endothelial cells (Trivedi et al. 2017). In
inflammatory settings other than in liver, and in disease models other than
cancer, VAP-1 has been shown to mediate adhesion of lymphocytes to inflamed
skin vasculature (Arvilommi et al. 1996), binding of granulocytes to vessels in
ischemic human heart (Jaakkola et al. 2000), binding of granulocytes to
inflamed peritoneum in rabbits (Tohka et al. 2001), binding of lymphocytes to
renal vessels in chronically rejected kidney (Kurkijarvi et al. 2001),
transmigration of granulocytes to inflamed peritoneum and migration of
monocytes to inflamed air pouch (Merinen et al. 2005), migration of neutrophils
to inflamed lung (Foot et al. 2013), infiltration of macrophages to choroidal
neovascularization lesions (Yoshikawa et al. 2012), leukocyte trafficking in
aneurysmal subarachnoid hemorrhage (Xu et al. 2014), accumulation of
macrophages to atherosclerotic plaques (Silvola et al. 2016), infiltration of
neutrophils, but not macrophages or T cells, to renal ischemia/reperfusion injury
site (Tanaka et al. 2017), extravasation of neutrophils to inflamed brain (Becchi
et al. 2017), and infiltration of inflammatory cells to inflamed retina (Matsuda et
al. 2017). In addition, in tumor models VAP-1 mediates the adhesion of tumorinfiltrating leukocytes, lymphokine-activated killer cells, and natural killer (NK)
cells to the vasculature of cancer tissue (Irjala et al. 2001), the migration of Gr1+CD11b+ myeloid cells into tumor (Marttila-Ichihara et al. 2009), and the
accumulation of CD8+ lymphocytes to tumors (Marttila-Ichihara et al. 2010).
Instead, in non-inflamed circumstances VAP-1 does not mediate the binding of
CD4-positive T cells to HEVs of popliteal lymph nodes (Salmi et al. 1998), but
VAP-1 mediates binding of CD8 positive T cells and NK cells to endothelium of
popliteal lymph nodes under shear (Salmi et al. 1997) and the infiltration of
macrophages, NK cells, T cells, and NKT cells to white adipose tissue (Bour et
al. 2009).

2.3.4

Soluble VAP-1

In order to use VAP-1 as a biomarker, it has to be readily measurable.
Fortunately, VAP-1 is found as a soluble form in the blood (Kurkijarvi et al.
1998), and the soluble form harbors the catalytic SSAO activity thus allowing the
fluorometric detection of sVAP-1 in blood samples (Kurkijarvi et al. 2000). The
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levels of sVAP-1 in human blood samples have been associated to several
conditions, such as diabetes, heart failure, and liver diseases (Salmi and Jalkanen
2017). The origin of soluble VAP-1 has been studied in mice overexpressing
VAP-1. Under normal physiologic conditions, the endothelial VAP-1 was the
source of sVAP-1 found in the serum, whereas in experimental diabetes the
adipocytes released VAP-1 to the circulation as well (Stolen et al. 2004).
Interestingly, the same study revealed that the male mice overexpressing
transmembrane VAP-1 had higher levels of sVAP-1 in the serum than the female
mice overexpressing VAP-1, and the amount of sVAP-1 in circulation could be
genetically regulated (Stolen et al. 2004). In humans, sVAP-1 is released by liver
sinusoidal ECs (Kurkijarvi et al. 2000), and in human adipose tissue explants the
release of sVAP-1 from the adipocyte membrane was regulated by tumor
necrosis factor alpha and insulin (Abella et al. 2004). In addition, the shedding of
VAP-1 from the adipocyte membrane was metalloproteinase-dependent (Abella
et al. 2004). Yoshida et al, showed that matrix metalloproteinase-2 and -9 shed
VAP-1 from retinal capillary ECs after stimulation with VEGF, TNF-α, or IL-1β
(Murata et al. 2012; Yoshida et al. 2018).
Soluble forms of several adhesion molecules are found in the circulation, often as
the result of sheddases cleaving the extracellular part of the adhesion molecules
on the endothelial cell surface. In addition to cleaving VAP-1 on cell surface,
matrix metalloproteinases cleave CD44 and ICAM-1 as well (Salmi and Jalkanen
2012). Soluble forms of L-selectin, VCAM-1, and vascular endothelial cadherin
instead are released by members of the disintegrin and metalloproteinase
(ADAM) family (Salmi and Jalkanen 2012). The soluble forms of adhesion
molecules are known to regulate the cell trafficking in various ways, such as
altering the activation of leukocytes and competing for the binding sites on the
vascular endothelium and thus limiting the inflammation (Smalley and Ley
2005). Since the levels of soluble forms of adhesion molecules are fairly constant
in the circulation, the shedding must be tightly regulated, yet altered levels of
soluble adhesion molecules are found in several diseases (Salmi and Jalkanen
2012).

2.3.5

VAP-1 in atherosclerosis

Atherogenesis, the progression of atheroma formation as seen in the Figure 9, is a
long process with several steps to which VAP-1 can contribute to. First of all,
VAP-1 present on the SMCs in the tunica media of muscular arteries, are capable
of producing hydrogen peroxide (H2O2) (Jaakkola et al. 1999), aldehydes (Yu
and Deng 1998), and ammonia, all of which can contribute to endothelial
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dysfunction (Yu and Zuo 1993; Magyar et al. 2001; Dunkel et al. 2008) and thus
exacerbate the local inflammation. The H2O2 and aldehydes are involved in lipid
peroxidation and aldehyde modifications of proteins and oligosaccharides (AGE
products), and the H2O2 induces other adhesion molecules, chemokines, as well
as direct cytotoxic effects on endothelium (Yu and Zuo 1993; Yu and Deng
1998; Lalor et al. 2002; Jalkanen et al. 2007; Sole et al. 2008; Liaskou et al.
2011). Secondly, VAP-1 can promote atherosclerosis by recruiting more
leukocytes to the scene. In fact, atherosclerotic plaques are shown to have
upregulated gene expression of VAP-1 (Anger et al. 2007), and the neovessels of
human atherosclerotic plaque are VAP-1 positive (Silvola et al. 2016). This
allows VAP-1 to assist monocytes and macrophages to infiltrate into the
atherosclerotic plaque, thus further aggravating the atherogenesis. Indeed, by
inhibiting the VAP-1’s SSAO-activity by a small molecule inhibitor, less
macrophages infiltrated to inflamed atherosclerotic plaques in mice (Silvola et al.
2016).
As mentioned, amine oxidases have been subjects of investigations since 1950’
and thus already in the 1980’s it became evident, that SSAO was found in the
plasma membrane fraction of rat aorta (Wibo et al. 1980) and that the vascular
smooth muscle cells were the source of SSAO-activity (Lyles and Singh 1985).
In humans, elevated amounts of SSAOs in conditions related to atherosclerosis
have been found in the plasma samples of patients with diabetes (Boomsma et al.
1995) and congestive heart failure (McEwen and Harrison 1965; Boomsma et al.
1997). The SSAO-activity or sVAP-1 levels were positively correlated to carotid
plaque score and IMT in healthy subjects, and to severity of carotid stenosis in
patients of type 2 DM (Karadi et al. 2002) and in patients with calcific aortic
stenosis (Altug Cakmak et al. 2015). Fernanda et al. noticed, that the
homogenates of vascular tissue of type 2 DM patients had significantly less
SSAO-activity than those derived from the subjects without type 2 DM, whereas
the plasma SSAO activity was higher in patients with type 2 DM compared to
subjects without type 2 DM (Nunes et al. 2010). It seems insulin might regulate
the shedding of endothelial VAP-1 (Salmi et al. 2002). In addition, in patients
with type 2 DM, the sVAP-1 levels predicted 10-year CVD mortality (Li et al.
2011). In relation to ischaemic strokes, all the vessels in human brain from postcapillary venules to large-size arteries express VAP-1 on the ECs as well as
SMCs, and an acute cerebral ischemia triggered the release of VAP-1 from the
brain vasculature leading to increased sVAP-1 in circulation and decreased
expression of VAP-1 in infarcted brain areas (Airas et al. 2008). This might be
due to the loss of integral elements of basal lamina, or by the increased tumor
necrosis factor alpha amounts in ischemic brain enhancing the clearance of VAP1 (Abella et al. 2004). Nevertheless, the cholesterol lowering drug simvastatin is
able to attenuate the sVAP-1 release in experimental models of cerebral
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ischemia, and block the VAP-1-mediated leukocyte adherence (Sun et al. 2018).
Interestingly, some other drugs, such as hydralazine for hypertension and
aminoguanidine for diabetes mellitus, can inhibit the SSAO-activity (Boomsma
et al. 2005).
In cultured endothelial cells, methylamine deaminated to formaldehyde by the
SSAO in human serum led to endothelial damage measured in cell viability and
growth (Yu and Zuo 1993). As both the amount of methylamine and the SSAO
activity are elevated in the blood of diabetic individuals, the authors suggested
that the metabolism of methylamine could be behind the endothelial injury,
leading to atherosclerotic plaques, and to subsequent CVD events among diabetic
patients (Yu and Zuo 1993). An interesting note is, that formaldehyde produced
in blood is not further metabolized since the dehydrogenase is missing from
blood, leaving the formaldehyde to interact with proteins and single-stranded
deoxyribonucleic acid forming cross-linked complexes (Yu et al. 2003). The byproduct of oxidative deamination of aminoacetone by SSAO is methylglyoxal,
with similar cross-linking properties as formaldehyde (Yu et al. 2003). When
taking into account the co-existence of H2O2 and formaldehyde under
physiological pH, free radicals are generated, which in turn could result in the
oxidation of LDL, for example (Trezl and Pipek 1988; Yu et al. 2003).
The first evidence of VAP-1 causing vascular complications in in vivo came
apparent in experiments studying the long-term effects of SSAO-activity in
transgenic mice overexpressing VAP-1 on endothelium (Stolen et al. 2004). The
increased SSAO-activity was shown to cause increased amounts of AGE
products, elevated blood pressure, as well as higher BMI and increased fat pad
weight (Stolen et al. 2004). The transgenic mice had fewer atherosclerotic lesions
in the aortas compared to non-transgenic mice, but interestingly, the total area of
lesions were equal, indicating that the lesions were larger in transgenic mice
(Stolen et al. 2004). This unexpected result was repeated by Zhang et al., who
discovered that by inhibiting SSAO activity in LDLR-/- mice (animal model for
human atherosclerosis) they developed larger lesions than mice without
inhibition (Zhang et al. 2016). The current hypothesis is, that without SSAO
activity, the SMCs switch from quiescent contractile phenotype to active
synthetic phenotype, thus exacerbating atherosclerotic lesion progress (Peng et
al. 2016; Zhang et al. 2016).

Aims of the study
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AIMS OF THE STUDY

Cardiovascular diseases are a global burden affecting the lives of hundreds of
millions of people. The origin of these diseases lies in the vascular endothelium.
Vascular adhesion protein-1 (VAP-1) is an adhesion molecule assisting leukocyte
trafficking across endothelium into inflamed tissues. In addition, VAP-1’s
enzymatic activity produces substances which are harmful to endothelium. Thus,
VAP-1 has the characteristics to have an important role in the beginning of
atherosclerosis, the hallmark of atherosclerotic cardiovascular diseases. As VAP1 is present in the blood as a soluble form, it is possible to measure the level of
VAP-1 in different populations.
The aim of this study was to elucidate the role of VAP-1 in atherosclerosis. The
specific aims were:
I

To find the molecules on the leukocyte surface to which the endothelial
VAP-1 attaches to, and verify this interaction

II

To develop methods suitable for soluble VAP-1 level measurements in
large population studies

III

To study the association of VAP-1 to CVD risk factors and the
potentiality of soluble VAP-1 to function as a biomarker of early
manifestations of atherosclerosis

IV

To test the biomarker ability of VAP-1 by investigating whether soluble
VAP-1 levels can predict cardiovascular events in a normal population
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Materials and methods

MATERIALS AND METHODS

The materials and methods used in this study are summarized here and described
in more detail in the original publications, which will be denoted in Roman
numerals.

4.1

Materials

4.1.1

Antibodies

Table 1. Characteristics of antibodies used in the study.
Antigen

Clone

Isotype

chicken T-cell

3G6

mouse IgG1

Conjugate Source/reference Used
in
(Salmi and
Jalkanen 1992)

I, II

human CD14

mouse IgG2a

FITC

Southern Biotech

II

human CD19

mouse IgG1

FITC

eBioscience

I

(Jalkanen et al.
1986)

I, II

BD Biosciences

II

human CD44

Hermes1, 9B5

rat IgG2a

human CD66b

mouse IgM

FITC

human IgG

mouse IgG1

BD Bioscience

I

human leukocyte
antigen A,B,C

HB-116

mouse IgG1

ATCC

II

human VAP-1

TK8-18

mouse IgG2a

(Kurkijarvi et al.
1998)

I, IV

human VAP-1

Jg-2.10

rat IgG2a

Gift from E.
Butcher

I, II

human VAP-1

1B2

mouse IgM

(Salmi and
Jalkanen 1992)

III

human VAP-1

TK8-14

mouse IgG2a

(Kurkijarvi et al.
1998)

IV

human VAP-1

rabbit
polyclonal

(Maula et al.
2005)

I, II

mouse IgG

goat IgG

Molecular Probes

II

Alexa 546
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Table 1. (continued)
Antigen

Clone

Ig class

Conjugate Source/reference Used
in

mouse PV-1

Meca-32

rat IgG2a

gift from E.
Butcher

II

mouse VAP-1

rat IgG2b

(Merinen et al.
2005)

II

P-selectin

sheep
polyclonal

FITC

R&D Systems

I

rabbit IgG

sheep tai goat
polyclonal

FITC

Sigma-Aldrich

I, II

rat IgG

goat IgG

Alexa 546

Invitrogen

I, II

rat IgG

rabbit tai goat
polyclonal

FITC

Sigma-Aldrich

I,II

sheep IgG

donkey
polyclonal

Alexa 546

Invitrogen

I

Siglec-9

polyclonal

gift from P.
Crocker

II

Siglec-9

K8

mouse IgG1

(Zhang et al.
2000)

II

Siglec-10

5G6

mouse IgG1

(Munday et al.
2001)

I

sheep
polyclonal

(Munday et al.
2001)

I

Siglec-10

In addition, two chimeric Ig molecules were used in the study I: a human CD44IgG (descripted in the thesis of Maula, SM, in 2003), and a Siglec-10 Ig (Munday
et al. 2001) .
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4.1.2

Materials and methods

Peptides

All the peptides used in this study were from PolyPeptide Group.

Table 2. Peptides used in the study.
Sequence

Description

Used in

CVKWRGVVVC

phage display hit

II

CWSFRNRVLC

phage display hit

I

biot-CARLSLSWRGLTLC

biotinylated cyclic Siglec-9

II

CARLSLSWRGLTLCPSK-biot

biotinylated cyclic Siglec-9

II

CAALSLSWAGLTLCPS

mutated cyclic Siglec-9 without
arginines

II

CAALSLSWRGLTLCPS

mutated cyclic Siglec-9 without
arginine in site 284

II

CARLSLSWAGLTLCPS

mutated cyclic Siglec-9 without
arginine in site 290

II

CATLSWVLQNRVLSSCK-biot

biotinylated cyclic Siglec-10

I

CATLSWVLQNAVLSSCK-biot

biotinylated, mutated cyclic Siglec-10
without arginine

I

4.1.3

Cells

Table 3. Cells and cell lines used in the study.
Cell / Cell line

Description

Source/ reference

Used
in

CHO

Chinese hamster ovary cells

American Type
Culture Collection
(ATCC)

I, II

CHO mock

Chinese hamster ovary cells transfected
with vector only

(Salmi et al. 2000)

I, II

CHO-VAP-1

Chinese hamster ovary cells expressing
human VAP-1

(Smith et al. 1998)

I, II

CHO-VAP-1Y471F

Chinese hamster ovary cells expressing
enzymatically inactive mutant VAP-1

(Koskinen et al.
2004)

I, II

CHO-VAP-1D728A

Chinese hamster ovary cells expressing
RGD mutant VAP-1

(Salmi et al. 2000)

I
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Table 3. (Continued)
Cell / Cell line

Description

Source/ reference

Used
in

CHO-Siglec-10

Chinese hamster ovary cells expressing
Siglec-10

(Munday et al.
2001)

I

CHO-Siglec11GFP

Chinese hamster ovary cells expressing
extracellular region of Siglec-11 fused
to the green fluorescent protein

(Angata et al.
2002)

I

CHO-Siglec-GGFP

Chinese hamster ovary cells expressing (Hoffmann et al.
extracellular region of Siglec-G fused to 2007)
the green fluorescent protein

CHO-Siglec-9

Chinese hamster ovary cells expressing
Siglec-9

(Zhang et al. 2000) II

CHO-mVAP-1

Chinese hamster ovary cells expressing
mouse VAP-1

(Bono et al. 1999)

CHO-Siglec-E

Chinese hamster ovary cells expressing
mouse Siglec-E

(Zhang et al. 2004) II

B16

Mouse melanoma cell line

Xenogen

4.1.4

I

II

II

Animals

Table 4. Animals used in the study.
Animals

Description

Source/
reference

Used
in

Mouse, C57Black

Wild type

Mouse, VAP-1 KO,
mouse VAP-1-/human VAP-1-/- ,
1296S/ FVB/N and
C57BL/6N

Mouse lacking endogenous VAP1 and human VAP-1

(Stolen et al.
2004; Jalkanen et
al. 2007)

I, II

Mouse, VAP-1 KOTG, mouse VAP-1-/human VAP-1+/-,
1296S/ FVB/N and
C57BL/6N

Mouse lacking endogenous VAP1, but expressing human VAP-1
under the control of mouse Tie-1
promoter

(Stolen et al.
2004; Jalkanen et
al. 2007)

I, II

Rat, Sprague-Dawley

Wild type

Central Animal
Laboratory,
Turku University,
Finland

II

II
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4.1.5

Materials and methods

Nationwide study populations

4.1.5.1 The Cardiovascular Risk in Young Finns Study, YFS
The Cardiovascular Risk in Young Finns Study (YFS) is a prospective
longitudinal study. It was started in 1980 as a counteraction to the high incidence
of coronary heart diseases in Finland and as a response to the World Health
Organization Recommendation of 1978 declaring that atherosclerosis
predisposition should be studied in children (reviewed in (Raitakari et al. 2008).
The main focus is to study how childhood lifestyle, psychological, and biological
measures contribute to the risk of CVD in adulthood. The study involves five
university cities with medical schools, and their surroundings. From the
population register 4320 children of age 3, 6, 9, 12, 15 and 18 years were
randomly chosen from these areas. Out of these, 3596 children and adolescents
participated in the first cross-sectional study conducted in 1980. The participants
answered structured questionnaires, donated blood sample and their body
measurements were taken. After the baseline study, the participants have been
followed up 3 to 9 years apart by repeating the questionnaires and physical
examinations. The blood samples used for sVAP-1 measurements were collected
in 2007 from 2183 participants. Thus, the participants were at the time 30, 33, 36,
39, 42 and 45 years old, respectively. The strength of this study cohort is the
longitudinal research frame, which allows the scientists to study the association
of lifetime burden of risk factors to vascular ageing progression (Raitakari et al.
2008). In addition, it allows studying the stability, or on the contrary, changes of
risk factor levels from childhood to adulthood.

4.1.5.2 The FINRISK 2002
The National FINRISK Studies are prospective population surveys focused on
studying the protective as well as the risk factors of chronic non-communicable
diseases in the Finnish population. The study started as the North Karelia Project
in 1972 and is conducted every fifth year since (Borodulin et al. 2015; Jousilahti
et al. 2016; Puska et al. 2016). Each year the participants are randomly chosen
from the national register and a physical examination with blood drawing and a
background questionnaire are carried out. After the baseline examination the
participants are followed up through linkages to National Hospital Discharge
Register, National Causes of Death Register, and National Drug Reimbursement
Register. In 2002 the areas included in the study were province of North Karelia,
province of North Savo, Turku-Loimaa district, Helsinki-Vantaa, province of
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Oulu and province of Lapland. The participants were randomly chosen from the
population aged 25-64 years in a 10-year and gender adjusted way. In addition, in
the provinces of North Karelia and Lapland, and in the Helsinki-Vantaa area a
subpopulation of 65-74 year old participants was included (250 women and 250
men). The study sample used in this study was a subpopulation of all the 51-74
year old participants of the 2002 FINRISK with a blood sample (n=2775).

4.2

Methods

Table 5. Methods used in the studies.
Method

Used in

Adhesion assays with peptides, proteins, chimeras

I, II

Adhesion assays with transfectants

I, II

Cell isolation and culture

I, II

ELISA (enzyme-linked immunosorbent assay)

IV

Ex vivo frozen section binding assay

I, II

Expression induction

II

FACS (fluorescence-activated cell sorting)

I, II

Fluorescence microscopy imaging

II

Immunohistochemistry

I, II

Intravital video microscopy

II

Modeling and docking simulation

I, II

Mouse inflammation models, cremaster and skin

II

Mouse tumor model, melanoma

II

PET imaging

II

Phage display screening

I, II

Rat inflammation model, turpentine

II

SSAO activity assay, transfectants cells

I

SSAO activity assay, blood samples

III

Statistical analysis

I, II, III, IV

Surface plasmon resonance assay

II
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Materials and methods

96-well plate based peptide – protein adhesion assay (I)

The wells of a Nunc MaxiSorp flat bottom white 96-well plate (Nunc, Roskilde,
Denmark) were coated with 400 ng of either recombinant VAP-1 protein or
bovine serum albumin in 100 µl of 0.1 M NaHCO3, and left at +4 °C overnight.
In the following morning, the plate was incubated in RT for an hour. Next the
liquids were aspirated from the wells and blocked with 200 µl/well 2 % bovine
serum albumin in phosphate buffered saline (PBS) for 90 minutes in +37 °C. The
wells were washed 6 times with Wallac Delfia Microplate washer (PerkinElmer,
Waltham, USA) with 0.1% Tween-PBS as a washing solution to remove the unimmobilized bovine serum albumin. Next, 10 µg/ml of biotinylated peptides
(wild type sialic acid binding Ig-like lectin-10 (Siglec-10) and mutated Siglec-10
without arginine) were added to the wells in 100 µl of 2 % bovine serum
albumin in PBS. A specific anti-VAP-1 antibody (1 µg/ml TK8-18) was used as
a positive control. After 90 minutes incubation in RT, the wells were washed as
told previously. The bound peptides and antibody were detected with 1:1000
dilution of streptavidin-horseradish peroxidase (HRP) in PBS. 15 minutes before
the end of the last incubation, BM Chemiluminescence ELISA substrate (POD;
Sigma-Aldrich, Saint Louis, USA) solutions A and B were mixed in 1:100
proportions. After 60 minutes incubation in RT the wells were washed again and
the freshly mixed ELISA substrate solution was added to the wells. The
luminescence of the bound peptides and antibody were measured after 3 minutes
with a multimode plate reader (Tecan Infinite M200, Tecan, Männedorf,
Switzerland). The experiment was done on three different days with three
replicates of each peptide-protein or antibody-protein pair.

4.2.2

Cell – cell adhesion assays (I, II)

Labelled cells in suspension were introduced to a layer of cultured cells,
incubated, and after washes the adherence of the cells was quantified by
measuring the fluorescence of the labelled cells. In more details, 50 000 - 90 000
cells (CHO-VAP-1, CHO-VAP-1Y471F, CHO-VAP1D720A, CHO-mVAP-1
and CHO-mock transfectants) were plated on 96-well plates (ViewPlate, Perkin
Elmer, Waltham, USA) the previous night and cultured to confluence the next
day. The wells were blocked with 1% bovine serum albumin in phosphate
buffered saline (PBS) for 10 min in +4 °C, and then washed with 10% fetal calf
serum (FCS) in RPMI-medium. CHO-Siglec-9, CHO-Siglec-10, and CHOSiglec-E cells were detached, counted, and labelled with carboxyfluorescein
succinimidyl ester (final concentration 0.5 µM) in warm HEC-medium (RPMI
1640 medium with 4 mM L-glutamine, 10% FCS, 100 IU/ml penicillin, and 100

Materials and methods

61

µg/ml streptomycin) for 20 min in +37 °C, and then washed three times with
warm HEC-medium. CHO-Siglec-11-GFP and CHO-Siglec-G-GFP were
detached and counted, but not stained with carboxyfluorescein succinimidyl ester
since they were attached to GFP. The labelled cells (200000/well) were added in
50 µl volume of 10% FCS in RPMI-medium. The cells were incubated in +37 °C
for 30 minutes in gentle shaking. After the incubation the cells were imaged with
Axiovert 200 M microscope with Hamamatsu ORCA camera and the
fluorescence was measured with Tecan Infinite M200 microplate reader (Tecan,
Männedorf, Switzerland). The wells were washed by running warm 10% FCS in
RPMI medium along the wells wall for 9 times. Between each wash the
fluorescence was measured to quantify the amount of adherent cells, and after the
washes the wells were imaged again to visualize the amount of adherent cells.

4.2.3

SSAO-activity measurements of YFS samples (III)

The enzymatic activity of sVAP-1, and thus the amount of sVAP-1 molecules in
human plasma is possible to quantify by measuring the amount of one of the
reaction end products, hydrogen peroxide (H2O2) in the sample solution. The
high-throughput method used in this study was developed based on an old
fluorometric detection protocol performed on 96-well microplates (Salmi et al.
2001). The enzymatic reaction and the following detection reaction used in this
study are depicted in the Figure 11. Benzylamine was used as the substrate for
sVAP-1 molecules in the sample. As the catalytic reaction of VAP-1 transforms
the primary amine to benzaldehyde, ammonia and hydrogen peroxide are
released. In the coupled reaction, HRP converses Amplex Red reagent (10-acetyl
3,7-dihydroxyphenoxazine)
to
highly
fluorescent
resorufin
(7hydroxyphenoxazin-3-one). The stoichiometry of the reaction is 1:1, as for each
hydrogen peroxide molecule produced by the oxidase activity of VAP-1 one
molecule of Amplex Red is transferred to one molecule of resorufin. The
development of the high-throughput enzyme activity assay is discussed in more
detail in the results.
The series of samples measured in this study, the YFS, composed of 2204 serum
samples. With the new high-throughput assay 112 samples could be measured on
a 384-well microplate simultaneously. One assay took 2 to 3 hours, and thus each
day two assay plates (224 samples) were processed. The whole series was
measured in 10 days. The finalized protocol for measuring the SSAO-activities
of the YFS samples was as follows.
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NH2+H 2 O

O
+ NH3
C

VAP-1

S

H
O2
Resorufin

H2O2

HRP

Amplex Red

Figure 11. The SSAO-activity assay is based on coupled catalytic reactions of
sVAP-1 and HRP. The coupled reactions of oxidation of benzylamine and the
following conversion of Amplex Red into highly fluorescent resorufin are illustrated. In
the activity assay the upper part of the reaction is catalyzed by the sVAP-1 molecules in
the plasma samples. HRP=horseradish peroxidase.

The assay was built on a black 384-well microplate (Perkin Elmer, Waltham,
USA). Two 96-well white non-treated microplates (Nunc, Roskilde, Denmark)
were used to pre-dilute the samples. The layouts of the pre-dilution plates and the
assay plate are shown in Figure 12. The final volume on the assay plate wells
was 80 µl. For each sample, two separate wells were pipetted, either without the
inhibitor (yellow wells) or with the inhibitor (blue wells). In this study the
inhibitor was hydroxylamine in the final concentration of 5 µM. In both wells
the substrate, benzylamine, was present at the final concentration of 0.5 mM. To
speed up the process, all buffer solutions were dispensed with a Multidrop Combi
reagent dispenser (Thermo Fisher Scientific, Waltham, USA). After each
dispensing, the tubes of Multidrop Combi were carefully cleaned by running MQ
water through the system.
The night before the measurements, the sera (224 sample tubes) were taken from
-135 °C to +4 °C overnight. The assay buffer was 0.1 M sodium phosphate buffer
(SPB) pH 7.4. One liter of SPB was reached by combining 95 ml of 0.2 M
sodium dihydrogen phosphate, 405 ml of 0.2 M disodium hydrogen phosphate,
and 500 ml MQ water. This solution was kept at room temperature.
The reagents were weighted and diluted freshly every morning for each assay
plate. The SSAO-specific inhibitor and substrate were weighted and diluted in
the buffer. More specifically, 10 mM solution of hydroxylamine hydrochloride
(Sigma Aldrich, Saint Louis, USA) and 4 mM solution of benzylamine
hydrochloride were prepared.
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Pre-dilution plates:
1
A
B
C
D
E
F
G
H

1
2
3
4
5
6
7
8

2
9
10
11
Low
13
14
15
16

3
17
18
19
20
21
22
23
24

25
26
27
28
29
30
31
32

4

3
17
73
18
High
19
75
20
76
21
77
22
78
23
79
24
80

25
81
26
82
27
83
28
84
29
85
30
86
31
87
32
88

5
33
34
35
36
37
38
39
40

6
41
Pool
43
44
45
46
47
48

7
49
50
51
52
53
54
55
56

6
41
97
Pool
98
43
99
44
100
45
101
46
102
47
103
48
104

7
49
105
50
106
51
107
52
108
53
109
54
110
55
Mid
56
112

A
B
C
D
E
F
G
H

1
57
58
59
60
61
62
63
64

2
65
66
67
68
69
70
71
72

3
73
High
75
76
77
78
79
80

4
81
82
83
84
85
86
87
88

5
89
90
91
92
93
94
95
96

6
97
98
99
100
101
102
103
104

7
105
106
107
108
109
110
Mid
112

8
Pool
Pool
Pool
Pool
Pool
Pool
Pool
Pool

12
9
65
10
66
11
67
Low
68
13
69
14
70
15
71
16
72

13
17
73
18
High
19
75
20
76
21
77
22
78
23
79
24
80

14
25
81
26
82
27
83
28
84
29
85
30
86
31
87
32
88

15
33
89
34
90
35
91
36
92
37
93
38
94
39
95
40
96

16
41
97
Pool
98
43
99
44
100
45
101
46
102
47
103
48
104

17
49
105
50
106
51
107
52
108
53
109
54
110
55
Mid
56
112

18

19

Assay plate:
A
B
C
D
E
F
G
H
I
J
K
L
M
N
O
P

1
1
57
2
58
3
59
4
60
5
61
6
62
7
63
8
64

2
9
65
10
66
11
67
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68
13
69
14
70
15
71
16
72

4

5
33
89
34
90
35
91
36
92
37
93
38
94
39
95
40
96

8

9

10

11
1
57
2
58
3
59
4
60
5
61
6
62
7
63
8
64

20

21
Pool
Pool
Pool
Pool
Pool
Pool
Pool
Pool
Pool
Pool
Pool
Pool
Pool
Pool
Pool
Pool

22
Pool
Pool
Pool
Pool
Pool
Pool
Pool
Pool
Pool
Pool
Pool
Pool
Pool
Pool
Pool
Pool

23
Pool
Pool
Pool
Pool
Pool
Pool
Pool
Pool
Pool
Pool
Pool
Pool
Pool
Pool
Pool
Pool

24
Pool
Pool
Pool
Pool
Pool
Pool
Pool
Pool
Pool
Pool
Pool
Pool
Pool
Pool
Pool
Pool

Figure 12. The layouts of the pre-dilution and assay plates of the SSAO-activity
assay. Dilutions of the serum samples numbered 1-112 were done on the pre-dilution
plates. ‘Low’, ‘Pool’, ‘Mid’, and ‘High’ denote the control sera used on every plate.
From the pre-dilution plates the diluted samples were transferred to the assay plate with
an 8-channelled manual pipette. On the assay plate the samples were incubated without
(columns 1-7) or with (columns 11-17) a SSAO inhibitor, hydroxylamine. The wells in
columns 21-24 indicate the standard wells in which pooled serum was in the same
dilution as the samples in the sample wells. All the sample wells contained the
substrate, benzylamine.

The final volumes of the solutions needed to be large enough to account for the
dead volume in the tubes of the automatic dispenser. The inhibitor solution,
substrate solution and 150 ml of SPB were tempered in +37 °C for at least 30
minutes, or until used.
The samples were taken from the +4 °C to room temperature. The containers
including the sample tubes were first pound against the table top in order to make
sure the serum was completely detached from the walls and the cap of the sample
tube. Next the sample tubes were vortexed individually and then centrifuged at
4000 round per minutes for 3 minutes. For the pre-dilution plates, 255 µl of SPB
was dispensed with the Multidrop Combi (large volume cassette). According to
the plate layout, 45 µl of serum samples were pipetted by hand into the wells of
the pre-dilution plates.
Next, a 100 µM solution of hydroxylamine was prepared in the buffer, which was
further diluted to the final concentration of 9 µM by adding buffer to yield a final
volume of 11 ml. With the automatic dispenser 45 µl of SPB was dispensed on
the assay plate wells in the columns 1-10, and 55, 50, 45 and 40 µl of SPB to the
wells in the columns 21, 22, 23, and 24, respectively (small cassette). After
washing the tubes, 45 µl of the previously prepared 9 µM hydroxylamine
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solution was dispensed to the wells in the columns 11-20. Next, the pre-dilution
plates were shaken with the Multidrop Combi for 15 seconds, and then 16 µl of
the samples were transferred with an 8-channelled manual pipet to the assay plate
according to the plate layout shown in Figure 12. The assay plate was shaken
with Multidrop Combi for 15 seconds, sealed with an adhesive film, and
incubated at +37 °C with a pre-heated iron plate on top of the plate for 30
minutes. In the mean-time, the plate reader (Tecan Infinite M200) was started
and pre-heated to +37 °C.
After the incubation, the SPB, plate and substrate were taken from the incubator.
All the subsequent reagents were prepared just before the usage. 10 ml of 5 µM
H2O2-solution was prepared from 3 % H2O2-solution, and 5, 10 and 15 µl of the
solution were dispensed with Multidrop Combi to the assay plate (columns 22,
23, and 24, respectively). Next a 15 ml solution of Amplex Red reagent (final
concentration of 8 µM; Sigma-Aldrich, St. Louis, USA) and HRP (1:125;
Peroxidase, Type VI from horseradish, 1KU in 1 ml of PBS, Sigma-Aldrich) was
prepared and 10 µl of this solution was dispensed to all wells on the assay plate.
Finally, 10 µl of the 4 mM benzylamine solution was dispensed to all the sample
wells.
The amount of fluorescent resorufin formed in the wells by the conversion of the
H2O2 formed by the enzymatic activity of VAP-1 in the samples, or by the H2O2
pipetted in the standards, was measured with the Tecan Infinite M200 plate
reader. For 60 minutes, in 5 minutes interval the fluorescence was measured at
the emission wavelength of 590 nm, with the excitation wavelength of 545 nm.
The 4992 numeric values obtained from the one hour kinetic measurement were
transferred to a sheet called ‘raw data’ on a self-made Excel macro. In addition,
the macro included sheets for each time interval (0-5 min, 5-10 min, etc.) and a
summary sheet collecting all the results. From the raw data sheet the values were
automatically transferred to corresponding analyzing sheets. An example of the
analyzing sheet with the formulas is shown in Figure 13. The same sheet with
actual values from the YFS 2007 is shown in Figure 14. The specific activity in
the sample was analyzed by calculating the change in the fluorescence during the
5 minutes interval in the wells without and with the inhibitor, and changing these
values to corresponding amounts of H2O2 formed by dividing with the slope of
the standard line. The specific H2O2 was the difference of the H2O2 formed in the
wells with and without the inhibitor. Finally the specific H2O2 was transformed
to activity by taking into account the volume of the sample, total volume, and
time as shown in Figures 13 and 14.
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Formed fluorescence in the standard wells in 5 minutes
V1 µl
0
5
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15
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=AVERAGE(data!X2:X17)
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=(J15*60*1000*$C$9)/(1000*$C$8*$E$9)
=(J16*60*1000*$C$9)/(1000*$C$8*$E$9)
=(J17*60*1000*$C$9)/(1000*$C$8*$E$9)
=(J18*60*1000*$C$9)/(1000*$C$8*$E$9)
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Figure 13. The Excel macro for calculating the VAP-1 activity. The formulas used in
the macro are shown. ‘Data’ refers to the sheet to which the data from the measurement
had been copied to. RFU=relative fluorescence unit, the values obtained from the
multimode microplate reader.
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Figure 14. An example of the Excel macro for calculating the VAP-1 activities in
the samples. The values are from the YFS 2007 series. RFU=relative fluorescence unit;
HA=hydroxylamine.

Finally the macro calculated the activities for each sample in each time interval
and collected the results on a summary sheet. The final results were the averages
from the 13 intervals. Each plate included control samples (high, low, pool,
middle) to inspect the validity of the plate.
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4.2.4

Enzyme-linked immunosorbent assay (ELISA) (IV)

The enzyme-linked immunosorbent assay (ELISA) used in this study was
developed on the basis of an original quantitative sandwich ELISA method for
sVAP-1 (Kurkijarvi et al. 1998) performed on a 96-well plates and used in the
research laboratory of Jalkanen and Salmi. The new ELISA protocol was
developed in order to measure more samples during a normal working day
(previously 8 samples, now 150 samples), while maintaining a pleasant
workflow. In Figure 15, the basic principle of a sandwich ELISA is
demonstrated. The capture and the detection antibodies are both specific mAbs
against VAP-1, the target protein.

B

Capture Ab
Blocking reagent

Y

Target protein
Detection Ab

Y

light
4-iodopheno
H2O2
Luminol

Biotin
Streptavidin
HRP

Y Y Y Y Y
YBY YY
BB

YBY YY
BB

YBY YY
BB

YBY YY
BB

YBY YY
BB

Figure 15. A schematic overview illustrating the principle of the in-house sandwich
ELISA used in this study. The whole reaction chain is shown for one capture antibody
(Ab) while in reality the same chain evolves for most of the capture antibodies. For
more details, please see text.

The following modifications were done during the assay development. In the
original protocol, all the samples, controls, and the standards were on the plate in
triplicates. In addition, for each specific anti-VAP-1 mAb well, a negative
antibody well was pipetted in order to get the background values and to identify
the rare cases were the patient sample would have autoantibodies. In the new
protocol, each sample, and standard was on the plate as a single well and thus
only the sVAP-1 molecules detected by specific anti-VAP-1 mAb pair (capture
antibody TK8-18 and detection antibody TK8-14) were measured. This was
achieved by carefully examining the sources of the largest influencers on the
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intra- and inter-assay variations, explained in more detail in the results section.
To quantify the sVAP-1 levels in the samples, three dilutions of human tonsil
lysates were used to produce the standard curve in the original protocol. In the
new protocol an 8-point linear standard curve generated by recombinant human
VAP-1 was used. The dilutions of samples, biotinylated detecting antibody
(TK8-14), and streptavidin-peroxidase were changed as well compared to the
original protocol. The new ELISA protocol was used to measure the sVAP-1
levels of the 2775 heparin plasma samples of the National FINRISK 2002 Study
subpopulation as described in the next paragraph. The method development itself
is discussed in more detail in the Results section.
All the reagents were prepared freshly for each day. During one work day 2 assay
plates were measured with 75 samples per plate, 150 samples per day
consequently. All the 2775 samples were measured in 19 days, 2 days a week for
10 weeks. The day before the measurement, two Nunc MaxiSorp flat bottom
white 96-well plates (Nunc, Roskilde, Denmark) were coated with the capture
Ab, 10 µg/ml anti-VAP-1 mAb (TK8-18) in 0.1 M NaHCO3 (pH 9.6) solution.
The 100 µl volume was pipetted into the wells with an electronic Biohit Proline
100-5000 µl pipettor (Sartorius, Göttingen, Germany) without touching the sides
of the wells. The plates were sealed with a sticker and incubated at +4°C
overnight. The following morning the previously coated assay plates were taken
from +4°C and incubated in +37°C for an hour. The once thawed sample tubes
were taken from -70 °C and let thaw at room temperature. The blocking reagent
was prepared by dissolving 3 g gelatin into 300 ml PBS by boiling the solution in
two patches for at least 10 minutes in a microwave oven. After cooling the
solution in cold water bath, 3 g of milk powder was dissolved into the solution.
All the subsequent reagents were diluted into the blocking reagent and all the
steps were done in room temperature. The assay plates were washed 6 times with
the Wallac Delfia Microplate washer (PerkinElmer, Waltham, USA) with 0.1%
Tween-PBS as washing solution, after which the free spaces in the wells were
blocked with the blocking reagent for 45 min.
The thawed samples were centrifuged at 5000 rounds per minute for 3 minutes.
The 1:100 dilution of samples were done by dispensing 495 µl of blocking
reagent to an auxiliary plate (Deep Well Storage plate, U-bottom, 1.2 ml, 4titude
Limited, Wotton, UK) with Multidrop Combi Reagent Dispenser
(ThermoFischer), adding 10 µl of samples with a Biohit mLine 1-10 µl pipette,
shaking the plate vigorously with Multidrop, and dispensing another 495 µl of
blocking reagent into the wells. The standards were diluted in FACS-tubes, and
thereafter transferred to an auxiliary plate. A serial dilution of recombinant
human VAP-1 (R&D Systems, Minneapolis, USA) was done in the blocking
reagent with the final concentrations of 44, 33, 22, 11, 5.5, 2.8, and 0.7 ng/ml.
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VAP-1-depleted plasma (i.e. plasma from which VAP-1 molecules had been
removed) was added into each standard dilution to a ratio of 1:100.
After blocking the assay plates, the plates were washed again as described above.
It is important, that the washing remnants were left to the wells and not tapped
against cellulose paper, nor allowed them to dry before transferring the standards
or samples from the auxiliary plates. The pre-diluted standard and sample
solutions were mixed by pumping with a manual 8-channelled Biohit mLine 30300 µl pipette and subsequently transferred from the auxiliary plates to the assay
plates. The standard and sample solutions were incubated for an hour, and then
washed as described previously. Next the detecting antibody, a biotinylated antiVAP-1 mAb (TK8-14) was diluted in the blocking reagent in 1:200, and then
pipetted 100 µl/well with an electronic 8-channelled Biohit eLine 10-300 µl
pipette. After 60 minutes incubation, the plates were washed and a 1:500 dilution
of streptavidin-HRP conjugate (GE Healthcare Life Sciences, Chicago, USA) in
the blocking reagent was added to the wells of the assay plates with an electronic
8-channelled pipette, and incubated for an hour. At least 15 minutes before the
end of the incubation time, BM Chemiluminescence ELISA substrate (POD;
Sigma-Aldrich, Saint Louis, USA) solutions A and B were mixed in 1:100
proportions. After the final washing step, 100 µl of the chemiluminescent reagent
was added to the wells with an electronic 8-channelled pipette. After a 3-minute
waiting period, the luminescence values of the assay plate wells were measured
with Tecan Infinite M200 plate reader.
After the reduction of blank values (1:100 dilution of VAP-1-depleted plasma in
the blocking reagent) the sVAP-1 levels were calculated by subtracting the
intercept of the linear standard curve from the luminescence value and divided
the result with the slope of the linear standard curve. A high and low control
plasmas were as triplicates on each plate for quality control and for intra- and
inter assay variation controls. After all the 37 plates were measured, those plates
which controls were not inside the pre-decided ±15% range from the average of
the whole series were replicated.
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RESULTS

5.1

Siglec-10 and Siglec-9 are first natural ligands for VAP-1 and
the interactions are dependent on arginines (I, II)
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Although VAP-1 has been known to mediate the trafficking of lymphocytes and
granulocytes for a while (Salmi and Jalkanen 1992; Tohka et al. 2001), the
counter-receptor(s) for VAP-1 on these cell populations has remained unknown.
In order to solve the mystery, a CX8C phage peptide library was introduced to
immobilized recombinant VAP-1. The phages bound to VAP-1 were sequenced
and the resultant sequences revealed similarities to Sialic acid binding Ig-like
lectin-10 (Siglec-10) and Siglec-9. Siglec-10 is a glycoconjugate binding protein
found on the surface of monocytes, eosinophils, and B cells (Munday et al.
2001), whereas Siglec-9 is found on monocytes, neutrophils, dendritic cells, and
natural killer cells (Zhang et al. 2000; Macauley et al. 2014). Siglecs, as well as
selectins, bind to sialic acids. The predominant sialic acid in humans is the Nacetylneuraminic acid, Neu5Ac, but in general sialic acid term is used on 43
different derivatives of the 9-carbon acidic sugar of neuraminic acid. Sialic acids
are usually the capping sugars at the end of the glycan chains of all cell surfaces
and secreted proteins (Varki 2008).
The interactions of VAP-1 with Siglecs were further validated in numerous in
vitro experiments involving peptides, proteins, and cells expressing VAP-1,
Siglec-9 or Siglec-10. The possibility of lymphocytes to use Siglec-10 and
granulocytes to use Siglec-9 in order to bind to endothelial VAP-1 were
demonstrated in ex vivo frozen section assays. By pretreating the isolated human
B cells with anti-Siglec-10 mAb and granulocytes with anti-Siglec-9 mAb, less
of them bound to the vessels of mesenteric lymph nodes of KOTG mice
expressing hVAP-1. Vice versa, when the heart sections of hVAP-1 KOTG mice
were pretreated with Siglec-10-Ig, less anti-VAP-1-mAb bound to the heart
vasculature. In addition, through intravital microscopy imaging the rolling of
granulocytes on VAP-1 positive inflamed endothelium was visualized. This
experiment also suggested that Siglec-9 has a role in the early phases of the
extravasation cascade.
Furthermore, the ability of Siglec-10 and -9 to bind to VAP-1’s enzymatic
groove and to study the interactions of VAP-1 and Siglec-9 and Siglec-10 on
molecular level, a series of experiments with mutated peptides and recombinant
proteins, or transfectants were performed. The relevant sequences are shown in
Table 2 in Methods and in Table 6.
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Table 6. Sequences in Siglecs relevant to VAP-1 binding.
Description

Sequence

Siglec-10

WVLQNRVLSS

Siglec-11

WVLQDRVLSS

Siglec-G

WVLEDQVLSW

Siglec-9

DSNPPARLSLSWRGLT

Siglec-E

DSYPPANLSWSWDNLT

All of these experiments revealed the necessity of arginines (denoted as R in
Table 6 and Figure 16) in the interactions between Siglec-10 or -9 and VAP-1.
First of all, Siglec-10 was able to act as a substrate for VAP-1 as H2O2 was
produced in the presence of Siglec-10 cells and purified VAP-1. Presumably the
arginine 293 of Siglec-10 interacts with the TPQ of VAP-1. Furthermore, Siglec10 expressing cells failed to adhere to cells expressing enzymatically inactive
VAP-1 where the TPQ precursor, tyrosine 471, was mutated to phenylalanine
(see Figure 16 for the structures of amino acids). Surprisingly, Siglec-9 failed to
act as a substrate for VAP-1, and even though the adhesion of Siglec-9
expressing cells to cells expressing enzymatically inactive VAP-1 was decreased
compared to the wild type VAP-1 expressing cells, the decrease was not as much
as with mock-transfected cells.
A cyclic peptide containing the residues 284-297 (ATLSWVLQNRVLSS) of
Siglec-10 was shown to bind to recombinant VAP-1 in an ELISA assay. When
the arginine in Siglec-10 peptide was mutated to alanine, a dramatically lesser
amount of the peptide was bound to immobilized recombinant VAP-1 (P<0.01).
The sequence binding to VAP-1 in Siglec-10 is located in the flexible CE loop of
Siglec-10 protein. Interestingly, in Siglec-11 there is only one amino acid change
in this area, an aspartic acid instead of the asparagine in Siglec-10. Remarkably,
the change of primary amide to a carboxylate (both in ionic states in
physiological circumstances) is enough to prevent the binding of Siglec-11
expressing cells to VAP-1 expressing cells. The mouse equivalent of Siglec-10 is
Siglec-G with 4 essential changes in the CE loop sequence (see Table 6). These
seemingly minor alterations in the sequence rendered the Siglec-G-transfectants
unable to bind to VAP-1-transfectants.
The importance of arginines 284 and 290 in Siglec-9 for VAP-1 binding was
demonstrated in surface plasmon resonance assays. Compared to the wild type
Siglec-9 peptide (see Table 2 in Methods), mutated peptides with both or one
arginines at the time mutated to alanines bound significantly less to VAP-1.
Apparently the Arg284 is even more critical to the interaction as the binding was
reduced 66%, P=0.04, whereas Arg290 mutation decreased the binding by 42%,
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P=0.05. Finally, cells expressing Siglec-E, the mouse equivalent of Siglec-9,
were unable to bind VAP-1 transfectants, presumably because the missing
arginines in relevant locations.

Figure 16. The structures of the relevant amino acids in the interactions of VAP-1
and its ligands Siglec-10 and Siglec-9.

These results together suggest that B cells use Siglec-10 and granulocytes use
Siglec-9 when adhering to VAP-1 on endothelial cells, and that the interaction is
dependent on arginines interacting with TPQ in enzyme activity-dependent and
independent mechanisms.
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5.2

Results

The SSAO-activity assay was successfully miniaturized and
validated for population studies (III)

The old protocol for measuring the SSAO-activities of sVAP-1 molecules in the
blood samples was inadequate for large population studies. To develop the
fluorometric in-house enzyme activity assay measuring the hydrogen peroxide
produced by the sVAP-1 molecule in the samples, a few modifications for the old
protocol were made. To increase the throughput of the assay the new protocol
was designed for 384-well microplates instead of 96-well microplates. In order
to reduce the background, the assay buffer was changed from Krebs-Ringer
bicarbonate buffer to 0.1 M sodium phosphate buffer (SPB) as was used in the
Amplex Red Hydrogen Peroxide / Peroxidase Assay Kit from Invitrogen (catalog
number A22188). The dilutions of the substrate (4 mM benzylamine) and the
inhibitor (100 µM hydroxylamine) were prepared freshly every day instead of
storing them at +4°C for 5 days. The sample dilution of 1/100 was chosen, as the
SSAO-activities measured in serum dilutions from 1/200 to 1/20 all gave the
same result with the assay. To further decrease the background of the assay, the
concentration of Amplex Red in the wells was reduced from 80 µM to 8 µM
according to (Votyakova and Reynolds 2004). To make the measurement more
convenient, instead of measuring the plate manually every 15 minutes with a
microplate reader and storing the plate in +37°C incubator in between, the
microplate reader was programmed to measure the plate every 5 minutes and
incubate the plate at +37°C in the reader’s incubator for the time between.
Since the SSAO-activity assay was fluorometric and the enzyme’s activity was
dependent on cations, we hypothesized that the sample format (serum vs plasma)
might affect the measurements. To study this, we collected plasma and serum
samples from 7 individuals. For collecting the plasma samples the blood samples
were taken to heparin, ethylenediaminetetraacetic acid (EDTA), and citrate
containing tubes. The tubes were kept turning for 30-60 minutes in RT and
centrifuged at 2200 x g for 10 minutes to separate the cells from the plasma. For
collecting the serum samples the same 7 persons donated blood to tubes without
anticoagulants, but with silica to promote the clotting. The samples were let stand
for 30-60 minutes and centrifuged thereafter (2200 x g, 10 min). The results
showed that the chelating agents EDTA and citrate affected the enzymatic
function of VAP-1 by chelating the Cu2+ ions, whereas heparin and serum gave
similar sVAP-1 activities. These results affirmed that serum is the best matrix for
the assay. Next, we wanted to confirm the specificity of the assay. To make sure
that the SSAO-activity in the serum measured by the assay actually originates
from sVAP-1-molecules, the sVAP-1 molecules were removed from the sera of
two individuals with cyanogen bromide beads coated with VAP-1-specific
antibodies recognizing different epitopes of VAP-1. The SSAO-activity was
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abolished in the sVAP-1-depleted sera, and moreover, by adding different
amounts of recombinant VAP-1 to the depleted sera, a linear response was
achieved. The result of this experiment was repeated by measuring both the
SSAO-activities as well as the sVAP-1 concentrations of 38 patient serum
samples. Again the SSAO-activities of the samples increased linearly according
to the sVAP-1 concentrations in the patient samples. To further validate the
assay, we studied the effect of freeze-thaw cycles to the SSAO-activity, since
even the protein stability is vulnerable for the freeze-thaw cycles (Lee et al.
2015; Gislefoss et al. 2017; Huang et al. 2017). When kept at -20°C, a
statistically significant decrease in the SSAO-activities came apparent after the
sixth and seventh freeze-thaw cycle with a 12% and 14% drop in the SSAOactivities of the samples, respectively. For the samples stored at -70°C, a similar
decrease (16%) in the SSAO-activities was evident after 7th freeze-thaw cycle.
Finally, the effect of long-term storage time and temperature to SSAO-activities
were studied as well, since some studies recommend taking these factors into
consideration (Cray et al. 2009; Gislefoss et al. 2009). After a year, the samples
stored at -20°C had on average 21% decreased SSAO-activities compared to the
samples measured freshly, whereas for the samples kept at -70°C the effect was
on average 5% and thus did not reach statistical significance. Taken together
these results strongly imply that the samples used in the SSAO-activity assays
should be sera and stored at -70°C without any previous freeze-thaw cycles.

5.3

In-house sVAP-1 ELISA for population studies (IV)

The major changes made for the original in-house ELISA for sVAP-1 (Kurkijarvi
et al. 1998) concerned the low quantity of samples able to be measured per plate.
This stemmed from the triplicate dilutions of each sample and their negative
control wells. In order to vastly increase the precision and accuracy of the assay
numerous parameters were controlled to find the biggest influencers on the interand intra-assay variations.
During freeze-thaw cycles, the sVAP-1 levels of the samples were decreased on
average by 10% (n=3, seven freeze-thaw cycles), and thus never thawed samples
should be preferred. EDTA and heparin plasma samples gave the same levels
(tested with low and high controls, P>0.4 in all tests). The intra- and inter-assay
variation improved from 5.6 and 7.9 to 3.7 and 7.5, respectively, when the 5 µl
volumes of the samples were pipetted with a mLine 1-10 µl pipette instead of a
mLine 10-100 µl pipette. The amount of washings was tested and when doing
only three washes instead of the normal six, the background increased, thus
decreasing the specific reactions. Different lots of the milk powder used in the
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blocking reagent affected the acquired luminescence values. The stability of the
biotinylated mAb TK8-14 was tested by comparing once thawed and a never
thawed batch of the antibody. Interestingly, the once thawed biotinylated Ab
gave statistically significantly lower levels of VAP-1 (P<0.010 in all tests). Thus,
the biotinylated TK8-14 Ab should be divided to appropriate quantities for each
day. The final adjustments were tested on a complex one plate assay, which
simultaneously tested the dilution of the samples, biotinylated Ab, and
streptavidin-HRP as demonstrated in Figure 17.
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Figure 17. A test plate to choose optimal ELISA reagent amounts. From the top: the
outline for the plate wells, the luminescence values obtained, and the proportions of the
luminescence values of high (R) and low (M) controls to the blank (B) in each
combination of different dilutions of biotinylated detection antibody (Biot), plasma
samples (P) and streptavidin-horseradish peroxidase (SAP).

In the example shown in Figure 17, the conditions of 1:100 plasma dilution,
1:100 dilution of biotinylated Ab, and 1:1000 dilution of streptavidin-HRP were
chosen because of the suitable ratios between high (R) and low (M) controls and
blank (B) including 1:100 dilution of VAP-1-depleted plasma in blocking
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reagent. In addition, with these dilutions the luminescence values obtained were
on an ideal middle area of the standard curve.

5.4

Soluble VAP-1 level is associated with cardiovascular risk
factors, early signs of atherosclerosis, and major adverse
cardiovascular events in the general population (III, IV)

CVD risk factors are male sex, high age, prevalent type 2 DM, smoking, high
systolic blood pressure, and dyslipidemia. We measured the serum SSAO
activities or the plasma sVAP-1 levels in subjects belonging to two Finnish
population studies, and studied the association of VAP-1 to the aforementioned
risk factors. The participants of Young Finns study (YFS) were 30-45 years old,
whereas the subjects in FINRISK02 were over 51 years old. The associations of
sVAP-1 to CVD risk factors are presented in Table 7.
Table 7. The association of sVAP-1 levels to CVD risk factors in two Finnish
populations of varying ages. This table summarizes the main findings in short; the more
detailed results can be found in III and IV.
Study population
Characteristic

YFS (III)
SSAO-activity
nmol/ml/h

P

FR02 (IV)
sVAP-1 levels
ng/ml

P

Male sex (men, women)

13.8 vs 13.5

0.024

820 vs 840

0.084

Smoking (no, yes)

13.6 vs 13.5

0.63

820 vs 874

<0.001

Type 2 DM (no, yes)

13.6 vs 16.4

0.028

824 vs 910

<0.001

Correlation
coefficient

P

Correlation
coefficient

P

Age (years)

0.047

0.030

0.086

<0.001

Systolic blood pressure

0.024

0.26

-0.0075

Total cholesterol

0.024

0.26

0.09

<0.001

HDL cholesterol

-0.012

0.56

0.034

0.084

0.71

Since the YFS cohort did not have any CVD events, we used IMT and plaques
(n=54) as a surrogate markers for sub-clinical atherosclerosis. When accounting
for various variables, including the traditional CVD risk factors, the SSAO
activity was an independent determinant of carotid IMT and plaques in women,
and the SSAO activity correlated positively with CVD risk scores in the whole
population. In the FR02 cohort there were 265 incident MACE cases, and sVAP1 levels were higher in participants with MACE than without (P<0.001), and the
number of MACE cases increased with the quartiles of sVAP-1 (P=0.0017).
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Furthermore, in a Cox proportional hazard model for CVD the sVAP-1 levels
resulted in 20% increase in the hazard of incident MACE (standardized HR 1.20
[95% Cl 1.06-1.36], P=0.0046) thus confirming the ability of sVAP-1 to predict
incident CVD events. Together these results verify the association of sVAP-1 to
CVD risk factors and more importantly the association of sVAP-1 to the early
manifestations of atherosclerosis, as well as to the MACE outcome.

5.5

Incorporation of soluble VAP-1 level to risk prediction model of
incident major adverse cardiovascular event improves the
reclassification of the persons in the clinically relevant
intermediary risk category (IV)

Risk prediction of future CVD event can be viewed on different levels. In a
recent review, Elosua et al. discuss the prevention approaches focused on either
the whole population or on individuals at high risk (Elosua 2014). The general
population approach uses governmental policies to affect the whole population,
e.g. banning smoking in public places. The latter approach instead focuses on the
individual’s risk for a future event by using mathematical equations called risk
functions. These risk functions estimate the individual’s probability for an event
in the future by using the information about the levels of traditional risk factors
of an individual. We used the second approach as we first categorized the
individuals into low (0-5%), intermediate (5-20%), and high (>20%) risk
categories according to the traditional risk factors, and then tested the sVAP-1’s
ability to reclassify these individuals correctly.
In our study cohort, 56% of subjects with an incident MACE had 0-2 risk factors
of the possible 6. This is in concordance with the earlier results published in
other cohorts (Elosua 2014). Even with a rigorous 10-fold cross-validation in
attempt to assess the performance of the predictive model in practice,
incorporation of sVAP-1 levels to Framingham risk model improved the IDI
(P=0.042), and the clinical NRI (focusing on the intermediate risk group,
P=0.0019). Especially the model specificity was improved, since adding the
sVAP-1 levels to the model improved the reclassification of the non-events in
both clinical NRI and in category-free NRI (P<0.001 in both tests after 10-fold
cross-validation). The sensitivity of the prediction model, i.e. the reclassification
of the events, was borderline statistically significant when sVAP-1 levels were
included in the model (P=0.069 in clinical NRI and P=0.086 in category-free
NRI after 10-fold cross-validation). Nevertheless, the clinical NRI for all
movements was 0.090 (CI 0.033 to 0.147) with a statistically significant
P=0.0019.
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6.1

First counterparts of VAP-1 discovered on leukocytes (I,II)
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VAP-1 is known to facilitate leukocyte adhesion and transmigration by enzymeactivity-dependent and enzyme-activity-independent way (Salmi et al. 2001;
Koskinen et al. 2004). Our experiments with the novel leukocyte ligands for
VAP-1, Siglec-10 and Siglec-9, support these earlier studies, as the interactions
of VAP-1 with Siglec-10 and -9 were both enzyme activity-dependent and
independent. An earlier notion of small amounts of H2O2 forming in VAP-1
dependent lymphocyte adhesion (Koskinen et al. 2004) was now verified by
Siglec-10 expressing cells in the presence of purified VAP-1. In addition, this
means that the mystery of endogenous substrates for SSAO, and the
physiological purpose of SSAO activity were clarified.
Siglec-10 was cloned by three different groups (Li et al. 2001; Munday et al.
2001; Whitney et al. 2001), who reported Siglec-10 expression on the surface of
eosinophils, neutrophils, monocytes, and B cells. Similarly, Siglec-9 cloning was
reported by three different groups (Angata and Varki 2000; Foussias et al. 2000;
Zhang et al. 2000), who reported Siglec-9 to be expressed on the surface of
monocytes, neutrophils, B cells, NK cells, and CD8+ T and CD4+ T cells. Thus,
as VAP-1 is known to mediate the adhesion of neutrophils (Foot et al. 2013),
monocytes (Merinen et al. 2005), NK cells and CD8+ T cells (Salmi et al. 1997),
CD4+ T cells (Bonder et al. 2005), and peripheral blood lymphocytes (Arvilommi
et al. 1996), the leukocyte ligands for these interactions might be Siglec-10 and 9. Furthermore, both Siglecs bind to glycoconjugates with sialic acids in α2,3 and
α2,6 linkages, and indeed, the sialic acids on the surface of VAP-1 are α2,3 and
α2,6 linked (Salmi and Jalkanen 1996).
Surprisingly, mutation in the TPQ precursor Tyr471 in the active site of VAP-1
was not enough to prevent the binding of Siglec-9, and furthermore Siglec-9
expressing cells failed to produce H2O2 in the presence of VAP-1 (data not
shown). Recently, this interaction has been studied in docking studies, which
revealed that the Siglec-9 peptide fits into the active site of VAP-1, but does not
interact covalently with the TPQ (Lopes de Carvalho et al. 2018) confirming our
results. Instead, two of the 6 glycans on the surface of VAP-1 are relevant for the
interaction, as the Arg290 of Siglec-9 forms hydrogen bonds with the Nacetylglucosamine of one of the glycans (Lopes de Carvalho et al. 2018).
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6.2

The development of high-throughput assays for sVAP-1
measurements (III, IV)

The soluble form of VAP-1 in human blood was discovered in 1998 (Kurkijarvi
et al. 1998). Circulating VAP-1 molecules display the SSAO-activity and most of
the serum monoamine oxidase activity is originated from sVAP-1 (Kurkijarvi et
al. 2000). In our laboratory, the SSAO-activity has been measured
radiochemically (Kurkijarvi et al. 2000), or with a fluorometric method, but these
assays have been suitable for only 8 to 12 samples at a time. Several sources of
pre-analytical variations were investigated for the SSAO-activity assay.
According to these studies, the SSAO-activity was inhibited by the cation
chelating anticoagulants EDTA and citrate. This was anticipated, since both are
known to chelate Cu2+ cations (Ding et al. 2011; Liu and Lin 2013) which are
vital for the TPQ reaction. The SSAO-activity remained stable through 4 to 5
freeze-thaw cycles when stored at -20 or -70 degrees. In addition, the level of
SSAO-activity did not change during a one year storing at -70 degrees.
The assay was validated for numerous variables. The assay was suitable for
different sample volumes, and it measured specifically the hydrogen peroxide
produced by VAP-1, as the sample devoid of VAP-1 gave no signal. In addition,
the assay was calibrated by adding increasing amounts of recombinant VAP-1
protein to sample matrices and measuring the SSAO-activities. The two methods
were also calibrated by measuring the SSAO-activities of human samples with
wide range of sVAP-1 levels.
The assay development of sVAP-1 ELISA was successful as well, and the test
plate for testing the appropriate dilutions of samples, biotinylated Ab, and
streptavidin-HRP is widely used in our laboratory each time a batch of any
reagent is changed, making the ELISA reliable even between the series of
measurements. The intra- and inter-assay coefficients of variation were 8 and 15
%, respectively, for the SSAO-activity assay on 384-well plate format, and 5 and
10 %, respectively for the sVAP-1 ELISA.

6.3

The feasibility of sVAP-1 as a biomarker (III, IV)

By demonstrating the associations of sVAP-1 levels in the blood to subclinical
atherosclerosis and to incident CVD outcomes, the ability of sVAP-1 to function
as a biomarker for CVD has been established. But in order to truly show the
clinical utility of sVAP-1, it has to add incremental value to the clinicians by
facilitating the decision making (Wang 2011; Folsom 2013). The Kaplan-Meier
curves in work IV indicate possible cut-off values (829 ng/ml, or even more
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stringent 975 ng/ml) for sVAP-1 levels to specify the persons at greater risk for
MACE. However, these estimates accounted for only the sVAP-1 levels and not
for the traditional CVD risk factors, and thus the use of more sophisticated
reclassification measures were warranted. The interest for reclassifying the
individuals in the intermediate risk range has increased (Khot et al. 2003; Wang
et al. 2012; Folsom 2013). In a cohort study, 80% of the participants were
classified to low or intermediate risk for coronary artery disease, though 60% of
the events were accounted for these individuals (Marrugat et al. 2011; Elosua et
al. 2013; Elosua 2014).
As cited in the review of literature, there are at least five criteria to consider when
introducing a novel biomarker, all of which are met by sVAP-1. 1) The soluble
form of VAP-1 present in circulation (Kurkijarvi et al. 2000) makes it easily
quantifiable from blood and the new high throughput assays developed in this
thesis work makes sVAP-1 measurement suitable for large population studies. 2)
The costs for one individual SSAO-activity test is only 1.2 euros, and for one
individual ELISA test 8.9 euros (the recombinant protein in the ELISA standard
costing 6.5 euros, so any simultaneously measured samples would increase the
costs by only 0.3 euros).
In addition to meeting the technical criteria, sVAP-1 meets the criterion of a
novel biomarker to add incremental value for the prediction models (Wang 2011;
Elosua 2014). 3) sVAP-1 was proven to have an association with the outcome
already in the early phase of atherosclerosis in women, as well as to the more
severe endpoint of a MACE in both sexes. 4) Even when sVAP-1 was added to
the Framingham risk prediction model, it remained as a statistically significant
predictor with a standardized HR of 1.20 (95% Cl 1.06-1.36). Interestingly, when
both high sensitivity CRP and sVAP-1 were added to the Framingham risk
prediction model to predict 9-year risk of a MACE, the HRs were similar for
both of them (1.23 and 1.22 HR for standardized high sensitivity CRP and sVAP1, respectively). Furthermore, when predicting fatal MACEs, only sVAP-1 had a
significant association to the outcome. 5) Finally, a novel biomarker has to prove
its usefulness in clinical setting by improving the reclassification of the
individuals. The sVAP-1 was able to improve the IDI, the category-free NRI, and
clinical NRI focusing on the individuals in the intermediate risk for MACE.
Since these performance metrics of sVAP-1 were done in the discovery
population, a rigorous 10-fold cross-validation of the results was used in order to
avoid overfitting of the model (Jia 2017).
The suitability of using the Framingham risk score (Anderson et al. 1991) in a
Finnish population can be discussed. The FINRISK02 study population used in
the IV represented an elderly population of Finns. Noticeably, the subjects with

80

Discussion

an incident MACE had all the traditional risk factors except one risk factor; the
participants with and without MACE, had the same levels of total cholesterol,
which probably reflects the use of statins in the individuals with high risk for
CVD. But all the other variables included in the Framingham risk prediction
model differed among the two groups, as the subjects who had MACE during the
follow-up were older, more commonly men, had higher BP, lower HDL
cholesterol, and higher prevalence of diabetes, were more often current smokers,
and had higher use of antihypertensive treatment. Thus, the use of Framingham
risk score in a Caucasian population of Finns seems legit.
To scale the results obtained from sVAP-1’s ability to reclassify persons in the
intermediate risk group, an extensive study including 246,699 participants
investigated the value of adding CRP or fibrinogen to the risk prediction model
with traditional risk factors (age, sex, smoking status, blood pressure, total and
HDL cholesterol, and history of diabetes) and concluded that addition of the
levels of CRP or fibrinogen would help to prevent approximately one additional
event over a period of 10 years for every 400 to 500 people screened (Kaptoge et
al. 2012). The sVAP-1 improved the reclassification of 9% of individuals in the
intermediate risk category, although most of the correct reclassification came
from the downward movements of the non-events (P<0.001), whereas the 5% of
correct movements in events was borderline statistically significant (P=0.069).
Nevertheless, these results with sVAP-1 are encouraging.

6.4

VAP-1 and its SSAO-activity in atherosclerosis (III, IV)

In our studies, the associations of sVAP-1 to CVD risk factors were more
prominent in the older cohort (FR02), as shown in Table 7 in Results. There are
several possible explanations for this. First of all, the overall health of Finns has
improved tremendously during the last decades (Borodulin et al. 2015), and it is
thus reasonable to say that the participants in the YFS representing Finns born
between 1962-1977 are much healthier than the population represented by the
FR02 with subjects born in 1927-1951. In YFS, men had higher SSAO-activities,
whereas in FR02 women have higher levels of sVAP-1 even though it is not
statistically significant. This could be explained by the effect of sex hormones, as
the women in FR02 were mostly post-menopausal, whereas in YFS, 16% of
women used oral contraceptives with a lowering effect on SSAO activities (13.6
vs 12.4 P=<0.0001). In both cohorts the number of smokers was the same
(~20%), but a clear increase in sVAP-1 levels were only seen in FR02,
suggesting that the years of smoking might play a role. Interestingly, the increase
in SSAO activity in diabetic people was seen in YFS although the absolute

Discussion

81

number of patients was only 17 (0.7%). In FR02 the increase was clear and the
number of subjects with diabetes was 7%. The absence of associations of
continuous sVAP-1 levels to systolic blood pressure, or cholesterols in YFS
might reflect the healthiness of the population, since these subjects did not have
any CVD events and only a few cases of type 2 DM; this said, it is intriguing that
despite the lack of associations to other risk factors, SSAO activity did associate
with the surrogate endpoint of IMT and plaques in multivariable models,
especially in women. In FR02, sVAP-1 levels correlated with total cholesterol,
but not with systolic BP or HDL cholesterol which probably reflects the usage of
antihypertensive treatment and statins.
The neovessels originated from the adventitial vasa vasorum are responsible for
the recruitment of lymphocytes, monocytes, and macrophages to the inflamed
vessel wall in humans (Moreno et al. 2006). Interestingly, in human coronary
plaques the neovessels express even 3-fold higher levels of adhesion molecules,
such as VCAM-1, ICAM-1, and E-selectin than the arterial luminal endothelium
(Moreno et al. 2006). Thus, the finding of VAP-1 expression on the human
carotid intra-plaque neovessels is not surprising (Silvola et al. 2016). Our
findings of two leukocyte ligands for VAP-1, Siglec-10 and Siglec-9, give VAP1 the means to assists both lymphocytes and monocytes to the inflamed arterial
wall through the neovessels. In addition, the amount of neovessels and thus the
increased amount of inflammatory cells in a plaque are often found in vulnerable
plaques, and thus are associated with adverse cardiovascular events (Chistiakov
et al. 2017). By inhibiting the SSAO-activity with semicarbazide, Peng et al.
were able to show a decrease in the infiltration of monocytes to and macrophages
in established lesions, as well as a phenotypic switch of the SMCs from
contractile phenotype to synthetic phenotype with enhanced migratory and
proliferative abilities (Peng et al. 2016). This decrease in the phenotypic switch
of SMCs from contractile phenotype to synthetic phenotype is atheroprotective
(Zhang et al. 2016), and may be related to the functions of VAP-1 in a normal
artery SMCs. However, these notions were done in mice and the fact that mice
are highly resistant to atherosclerosis (Breslow 1996) has hindered the in vivo
experimentation of atherosclerosis in mice. The only choice has been to use
genetically modified animals either deficient in some protein or reciprocally
overexpressing another protein (Breslow 1996). This of course leads to the
fundamental question whether these animals can serve as a model for humans
(Lee-Rueckert et al. 2016). “The laboratory literature and experimental
community sometimes assume that the results obtained in cultured cells or
animals closely correspond to humans” (Libby et al. 2011). For example, the
mouse model for human atherosclerosis is LDLR-/- mice which, unlike in
humans, express VAP-1 on the luminal side of the ECs on the plaques (Silvola et
al. 2016).
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6.5

Discussion

The dual role of VAP-1 in leukocyte circulation in homeostasis
and in atherosclerosis (I, II, III, IV)

The molecule studied in this thesis work was VAP-1, an adhesion molecule and
an enzyme with countless known functions in human body. Yet, the ligands on
the leukocyte surface, to which VAP-1 binds to when assisting leukocytes to
adhere to the endothelium have remained a mystery until now. On top of that, the
meaning of SSAO activity has puzzled the scientific community since the 1950s.
It was assumed, that the amine oxidase function is needed to metabolize the
potentially cytotoxic amines. However, it was discovered, that the products of
VAP-1’s SSAO activity are itself often more cytotoxic than the endogenous
substrates (Dunkel et al. 2008). By finding the leukocyte ligands for VAP-1 we
were able to shed light on a new physiological function of the SSAO activity as
well. The transient covalent binding between Siglec-10 and TPQ in VAP-1’s
active site makes the rolling and firm adhesion steps of leukocyte adhesion
cascade possible.
VAP-1 is involved in the homeostatic lymphocyte homing, as demonstrated in
Figure 18. The VAP-1 molecule is one of the glycoproteins among the ESL of
the cobblestone like HEVs in the peripheral LNs. Naive B cells come to the LN
via blood circulation, and when reaching a HEV, the B cell makes initial contacts
with the endothelium. When the B cell rolls on the endothelium, the Siglec-10
molecule expressed on its surface adheres to the sialic acids capping the N-linked
glycans on the surface of VAP-1 molecule. As the B cell continues to roll,
another Siglec-10 molecule on the B cell makes contacts with the active site
channel of VAP-1, where Arg293 of the Siglec-10 covalently binds to the TPQ
of VAP-1. This transient adhesion slows down the rolling B cell for a firmer
attachment, and for the transmigration.
VAP-1 is also involved in leukocyte trafficking to inflamed and infected areas. In
these situations, VAP-1 molecules are rapidly translocated from the intracellular
vesicles to the surface of ECs (Salmi et al. 1993; Weston et al. 2013) where they
assist the transmigration of neutrophils, monocytes, and T cells for example. In
this regard, VAP-1 is found on the surfaces of the ECs in the new capillaries
formed in the atherosclerotic vessel walls (Silvola et al. 2016) through
neovascularization (Moreno et al. 2006). Here VAP-1 can recruit more Siglec-9+
monocytes and T cells to the inflamed lesion site, as illustrated in Figure 19. In
addition, the VAP-1 molecules on the SMCs of the artery’s media layer are
capable of exacerbating the atheroma progression by producing H2O2, aldehydes
and ammonia through SSAO-activity.
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Figure 18. Role of VAP-1 and Siglec-10 in homeostatic B cell homing. A cross
section of a high endothelial venule (HEV) in a lymph node (LN) is shown in the left
upper corner. A close up on the interaction of B cell with the vascular endothelial cell is
illustrated on the right side. The Siglec-10 on the surface of B cell is interacting first
with the sialic acid on the end of the N-linked glycan. In the next phase, the arginine
293 from another Siglec-10 molecule binds to the TPQ in the active site of VAP-1. In
the catalytic reaction hydrogen peroxide and ammonia are released, and the B cell can
transmigrate through the endothelium to the LN.

Figure 19. Role of VAP-1 and Siglec-9 in atherosclerosis progression. The VAP-1
molecules on the surface of the vascular endothelial cells in the intra plaque neovessel
adhere to their monocyte ligand, Siglec-9, thus assisting monocytes to enter the
inflamed atherosclerotic arterial wall. In addition, the VAP-1 molecules on the surface
of the smooth muscle cells are capable of producing aldehydes, hydrogen peroxide, and
ammonia through their SSAO activity, aggravating the atherosclerosis progression.

84

7

Conclusions

CONCLUSIONS

The human body is an entity. Powerful forces impact the vast organizations of
cardiovascular and lymphatic systems. But in the end, it all comes down to
smaller things, to the microenvironments governing the surfaces of cells.
The exteriors of all cells are covered with an endothelial surface layer (ESL). On
the ESL of endothelial cells, an adhesion molecule called VAP-1 is found, with
sialic acid decorations on the top of the molecule. Correspondingly, on the ESL
of leukocytes, sialic acid binding molecules, called Siglecs are present. The
interactions of these molecules are so specific, that it all depends on a single
amino acid. The arginine in Siglec-10 ensuring the attachment to endothelial
VAP-1 can also act as a substrate leading to SSAO-activity, and thus to harmful
substances and inappropriate leukocyte trafficking. In the case of atherosclerosis,
with all the other circumstances being in critical balance, the actions of one
enzyme may tip the scale in favor of an infarction.
According to the data presented, one can conclude that the overall role of VAP-1
in atherosclerosis has been elucidated. The molecular counterparts for endothelial
VAP-1 on the surface of leukocytes were identified, and the interactions were
verified in numerous experiments. These specific interactions underline the
elegance of the adhesion cascade; how time- and site-dependently the immune
system is regulated to serve the body in changing circumstances.
Two different high-throughput methods were developed and validated to measure
the sVAP-1 levels or the SSAO-activity of sVAP-1 on blood samples. The
validated assays were used to measure the sVAP-1 levels or activities in large
national cohorts. The hypothesis of sVAP-1 to associate with CVD risk factors
and early manifestations of atherosclerosis was confirmed. The ability of sVAP-1
present in the blood to function as a biomarker was proven by the sVAP-1’s
ability to predict cardiovascular events in a normal Finnish population.
To conclude, VAP-1 assists leukocyte trafficking through its counterparts Siglec9 and Siglec-10, and the actions of VAP-1 may contribute to the disease
progression of atherosclerosis, and at least, it can serve as a biomarker for early
atherosclerosis as well as for cardiovascular events later on.
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