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ABSTRACT

Aortic valve stenosis is a slowly progressive dilgorwith a spectrum of disease ranging
from aortic sclerosis to severe destroyed valvalahitecture leading to critical outflow
obstruction. The diseased valve is characterizednfigmmation, as an initiating event,
pathological remodeling of extracellular matrix aptbnounced calcification, which all
eventually cause restricted leaflet mobility. Coitipg evidence obtained from both
experimental animal models and human studies pedvittailed histopathological picture of
disease development. This implies endothelial celthacrophage activation and
inflammation-dependent calcification paradigm, ihieh phenotypic transdifferentiation of
valvular myofibroblasts towards osteogenic phenetygkes place to further enhance the
structural and compositional changes of the vadadléts. The prognosis of symptomatic
patients with severe stenosis is poor without satgialve replacement. To date there is no
medical treatment for this condition other thargseal valve replacement.

Based on inflammation associated calcification,eobsd in early stages, within this thesis
the molecular mechanisms of calcified aortic vadtenosis with focus on inflammation and
subsequent calcification were characterized. Thedithe project was to determine the role
of proinflammatory signaling through the leukotéepathway in aortic stenosis. Surgically
explanted human aortic valves were subjected focrosaopic dissection followed by
Tagman gPCR in order to correlate the gene expresmttern with the echocardiographic
parameters quantifying the stenosis severity. $hidy established a macroscopic dissection
technique as a model for vivo disease development, where different parts ofosieaortic
valve represent the entire disease spectrum frorly aiggns to advanced stages. The
inflammatory environment within the affected aortialve stimulates the 5-lipoxygenase
pathway leading to production of potent inflammgtonediators, leukotrienes. Several
components of the 5-lipoxygenas pathway were catedl with the stenosis severity. As
inflamed valvular tissue demonstrates signs of oai@nd macrocalcification, the next step
was to determine the spatio-temporal distributioh genes with osteoinductive and
osteoresorptive pontential. These findings alontdp Wie plasma measures of proteins taking
part in bone turnover point to a correlation betéeeir tissue-, systemic levels and the
stenosis severity. Furthermore, the intracelluliects of LTC, in vitro cell culture of
valvular insterstitial cells and smooth muscle diftom human coronary artery were
characterized. The results of these experimentsodsitated cascade of events leading to
activation of cell death pathways, activation of thuclear enzyme PARP-1, upregulation of
CysLT; receptor expression in response to proinflammasiimuli coupled to nuclear
calcium signaling. Moreover, in a separate expening conceptual model of phenotypic
plasticity of the valvular insterstitial cells die epigenetic alteration was provided, which
might be connected to stenosis progression. Theuaiaf methylated DNA within the 5-
lipoxygenase promoter region was significantly lovire the calcified part compared with
non-calcified, which was confirmed by accompanigttréease in expression of 5-
lipoxygenase leading to enhanced inflammatory #gtin the calcified region of the valve.

In conclusion, the findings of this thesis integrabservations of molecular research using
quantitative gene expression data with clinicalialdes in terms of echocardiographic
parameters. The results point to leukotrienes #sntial mediators of inflammation in aortic
stenosis. Furthermore, the bone turnover botrssti¢i and systemic levels is associated with
stenosis severity. In addition, the thesis alswigies mechanistic insight into the direct role
of leukotrienes in the pathophysiological procefsaartic stenosis. Finally, translational
implication of our data suggests possibility for aphacological intervention using
leukotriene receptor antagonists with a potentiaktard the hemodynamic progression.
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PREFACE

Calcified aortic valve stenosis is increasing ievalence and has become the most common
indication for surgical valve replacement.

Aortic valve stenosis is a slowly progressive digorwith a disease continuum beginning
with early phases, called aortic valve sclerosisemebling to early atherosclerotic plaque
formation, however which may subsequently progtesgard to more severe calcification
and ultimately to a critical stenosis.

In addition, aortic valve stenosis is characteribgdnflammation, a key feature preceding
pronounced calcification of the leaflets, leadingpathological remodeling of the valvular
architecture. To date, there is no medical treatnoérihe aortic valve stenosis other than
surgical valve replacement. Therefore it is emeygmpursue new pathways, which could be
a potential target of treatment in a force to ashieemodynamic retardation.

This thesis is focusing on some of the key featwfethe aortic valve stenosis including
inflammation and calcification, through demonstratof the involvement of the leukotriene
pathway with its functional consequences. Moreover further explain the potentially
deleterious effects of leukotrienes in the valvuliasue and on valve's structural cells,
demonstration of several mechanistic experimemakso included in the thesis.

Finally, an overview of the current understandifighe aortic valve stenosis development
and progression will be discussed including thedrtamnce of our studies in this context.
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1 INTRODUCTION
1.1 THE NORMAL AORTIC VALVE

1.1.1 The anatomy and physiology of aortic valve (AV)

A competent aortic valve (AV) with three underlyisgmilunar cusps ensures unidirectional
blood flow throughout the cardiac cycle with mininsastruction and without regurgitatibn
Multiscale computational simulations linking cellt{jssue-, and organ-scale models
demonstrated flow convergence and unobstructed awrwflow under physiological
conditions with underlying TA¥ The AV has a tissue structure with only a sparse
vasculaturg at its proximal part and its motions are driven rogchanical/hemodynamic
forces exerted by the surrounding blood. The abiit the valves to permit unobstructed
forward flow depends on the mobility, pliabilityné structural integrity of their cusps
Schoen has provided a detailed description abeuattatomy of the AY a complex system
maintaining the adequate stroke volume and cardidput, adjusted to the instantaneous
functional requirements of the circulation. Theiudual AV cusps attach to the aortic wall
in a crescentic semilunar fashion, ascending tac@mmissures and descending to the basal
attachment of each cusp to the aortic wall. Théi@ooot behind the cusps are dilated, this
area callecsinuses of Valsalyawhich stretch out with each ejection of blood.eTthree
separate AV cusps with their respective equal sigiedises have a relationship to the
coronary artery ostia that they arise from themymadly a left, a right, and a noncoronary
cusp. Coaptation of the free parts of the cusparesscomplete central closure of the valve
during diastol& Due to physiological changes of the transvalvplassure gradients during
the cardiac cycle, different parts of the AV arep@sed to mechanical forces of the
bloodstream. For example, while under systole Ahes inflow surface containing the
ventricularis layer is exposed to pulsatile and oscillatory stseess, relevant changes in
hemodynamic forces begin when the bloodstream eetek in the aorta at the end of systole
causing vortices in the sinuses and facilitatinlyev@losuré. The diastolic coaptation of the
AV depends on the relation/pressure gradient betwihee bending stretch” occurring in the
outflow surface right beneath the semilunar cugps “¢he tensile stretch” in the outflow
surface right above the semilunar cdspsnder systole the cups are relaxed due to their
elastin content allowing rapid, reversible deformatand prompt accommodation, while
under diastole the valvular tissue is stretchedautlides the orifice. The proper function of
a competent AV depends on the integrity and thalhigrganized/coordinated movements of
the cuspal attachments

The AV consists of three principal layers benehthvtalvular endothelial cells that envelope
both the inflow and outflow surfaces of the valiée spongiosaayer made up of loosely
organized connective tissue localized on the veunar side, closed to the outflow surface
rich in glycosaminoglycans and scattered valvutaerstitial cells. Thdibrosa layer is the
most superficial layer of a cusp located beneathwvilvular endothelial cell layer on the
aortic side and is distinguished by its richnessgaisely packed collagen. Ttentricularis
layer contains mainly elastin fibers perpendicylanientated from the base to the free edge
of the cusp. The maintenance of the valve integuity its function is closely connected to the
aortic valves own structure cell, i.e. the valvulaterstitial cells, a mesenchymal cell type
with many similarities to the smooth muscle celts dibroblasts, however representing a
heterogeneous cell population with high phenotygasticity. Beyond the VICs, valvular
endothelial cells, high concentration of organizesbllagen, elastin fibers and
glycosaminoglycans build up the valvular ECM. Thamponents of the valvular ECM,
mainly collagen fibers demonstrate cyclical inténrearrangement, in terms of progressive
rotational alignment and extension of fibers inpm@sse to pulsatile and oscillatory changes
of transvalvular pressure gradientthat occur under normal valvular function. Beecao$
strains under diastole, when the valve is closatlthe mechanical properties of the AV’s
cusps are anisotropic, the compliance exhibitedifices demonstrating more competence in
radial than in circumferential direction. This raldcompliance is closely connected to the
ventricularislayer, rich in elastin fibers
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1.1.2 Aortic valve interstitial cell (VIC)

Valvular interstitial cells (VICs), the dominatirgll type of aortic valves, are responsible for
the maintenance of valve integrity. The interatiiells act as mechanical sensors through
complex cell-ECM interactions and translate forcés the cellular level as
mechanotransductors, which is critical in the nenance of the valve integrity and its
architecture. VICs represent a heterogeneous oglption and demonstrate phenotypic
plasticity, which is crucial for valve developmehtring organ genesis and even involved
into the valvular disease development and progyesdPhenotypic transdifferentiation of
VICs, determined as an altered expression profileeytoskeletal and surface proteins,
reflects an age-related adaptation mechanism of¥/dhaular structure, which is associated
with a physiological maturation proc&ssVICs hence represent a highly plastic cell
population with dynamic phenotypic features, inahgddifferent subpopulations that may
exhibit embryonic progenitor endothelial/mesenchlyrgalls (eVICs), quiescent VICs
(qVICs), activated VICs (aVICs), postdevelopmemtdilt progenitor VICs (pVICs), and
osteoblastic VICs (0bVICS)

Under pathological conditions, a subset of VICs maglergo phenotypic transdifferentiation
toward bone-producing osteoblast-like cells witpression of osteogenic mediators, such as
osteocalcin, bone sialoprotein, and osteonectingtwharticipate in the active calcification
associated with aortic stendsfs

The embryonic progenitor endothelial/mesenchymallls ceundergo endothelial-to-
mesenchymal transformation (EMT), which is conngédtethe valve formation in the fetus.
Whithin the valvular morphogenesis, there is a demnterplay amongst myocardial and
endocardial signaling which is necessary for EMfie Endocardium starts to secrete TG F-
and together with BMP-2 secreted by the myocardiaets synergistically to enhance
mesenchyme formatich

The gVIC are the cells that are at rest in adutt eesponsible for the maintenance for the
normal valve physiology.

The aVICs, expressingractin, as an evidence for their activation to lmeeonyofibroblasts
regulate the pathobiological responses of the vaVWCs are the master cells in diseased
valves and exhibit heterogeneity in motility. Thetieated state of this versatile
subpopulation of VICs (aVICs) is associated withr@ased synthetic activity in terms of
increased ECM secretion, expression of MMPs, amdeased proliferating potential and
migration properties. This pathologically increassginthetic activity contributes to
compositional changes and altered quantity of tMEupon cell activation. Moreover,
aVICs release a number of cytokines, one of thetnmgortant is TGH3, which acts in
autocrine manner.

The pVICs consists of heterogeneous populationrtizgt take place in valve repair.

The obVIC the best characterized of all the aboventroned subtype and regulate
chondrogenesis and osteogenesis in’.sEarlier findings observed in human aortic valve
lesions provided evidence that atherogenic riskofacincluding oxidized LDL, upregulate
the expression of BMP-2 leading to promotion ofeogenic signaling pathways, such as
Runx2/Cbfat"** and Wnt/Lrp5f-catenin® leading to osteoblastic differentiation with
subsequent calcification. The Lrp 5 (LDL receptetated protein) belongs to the LDL-
receptor family and mediates the intracellular @fef the canonical Wnt pathway resulting
in nuclear translocation @fcatenin, which mediates the transcription of salviarget genes,
for example Runx2/Cbfdl

1.1.3 Vascular smooth muscle cells (vascular SMC)

Vascular SMCs is a mesenchymal cell type sharingynpienotypic similarities with VICs.
Atherosclerosis is characterized by migration adcudar SMCs from tunica media into the
intima layer of the arterial wall, where they stanliferate, release ECM proteins, contribute
to vessel wall inflammation together with infiltiagg immune cellSand lipoprotein retention
leading to vascular lumen obstructidH. In early atherosclerosis vascular SMCs contribute
to atheroma formation through the production ofiftammatory mediators and synthesis of
matrix proteins required for retention of lipoprioi’. This phenotypic shift of the vascular

2
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SMCs may be due to the inflammatory environmentitegito altered vascular sensitivity

In addition, earlier observations on primary isethtrat aortic SMCs demonstrated
phenotypic shift into a synthetic state with enlehgproliferative response evoked by LT
treatment >° Furthermore, increased vascular responsivendsEstavas observed in human
atherosclerotic coronary arteries, which demorstratontractile response to CysP¥s
whereas healthy vessels did not showed any vasoimboisresponses.

1.1.4 The development of the aortic valve

Quantitative histopathological studies demonstratedt evolution of valvular tissue
architecture, cell phenotypes, proliferation ratpoptosis continue throughout the fetal and
postnatal development showing adaption to alteredrenmental conditiors VIC density,
proliferation, and apoptosis were significantly heg in fetal than adult valves.
Phenotypically changed VICs, determined by altesegdression of cytoskeletal and surface
proteins and by proteolytic enzymes, regulate age@ated structural remodeling and
adaptation of the ECR During valvulogenesis the aortic valve exhibismpositional
changes and develops from bilaminal structure wgfidrse, loosed unorganized collagen to a
trilaminar structure containing elastin in thentricularis and increased collagen in the
fibrosa Those changes became apparent by 36 weeks atigagbut remained incomplete
versus the normal adult valve structiréMoreover, progressive decrease of VICs density
under second to third trimester and further deereagected throughout life. In addition,
aVIC undergo evolution to a more quiescent phereiypring postnatal life. Collectively,
fetal valves possess a dynamic/adaptive structurel a@ontain cells with an
activated/immature phenotype. During postnatal, lietivated cells gradually become
quiescent, whereas collagen matures through inedefiser thickness and alignment, which
suggests a progressive, environmentally mediateptatiof.

Rather than viewing each signaling molecule asparsg¢e entity, several signaling pathways
(such as VEGF, NFATc1, Notch, Wpitatenin, BMP/TGH3, erbB, and NF1) integrated
into physiologic steps that occur during the precek valvulogenesis, build up a network
model, in there they interact with each offier

1.2 AORTIC VALVE STENOSIS

Aortic valve stenosis is the most frequent primaadvulopathy in the western world and is a
consequence of either a congenital malformation athestnating abnormal commissural
attachments and fusions or a result of “degeneratsalcification. The prevalence of
rheumatic aortic stenosis is however low in theustdalized countries. The condition is
defined by a limited opening area of the AV, cagsinfixed obstruction in the left ventricle
outflow due to restricted leaflet motion, rigidiyd extensive calcificatiéh

1.2.1 Epidemiology of aortic valve stenosis

The prevalence of aortic valve sclerosis, a prastadof manifest valvular stenosis is
reported >25% in a general population with an ad years and is associated with a 50%
increased risk for cardiovascular evéhtdhe prevalence of manifest valvular stenosis is
approximately 2,5% in a population aged >75 yeafsHowever, end stage calcified AS can
be a result of underlying bicuspid valve anatomyval, as a congenital malformation with a
prevalence of 0.9-1.37 % Patients with bicuspid aortic valve anatomy havaster disease
progression and require valvular replacement onetww decades earlier than their
counterparts with normal valvular anatomy suggedtiifferent underlying pathology.
Although, there is an overlap between the riskdisctausing atherosclerosis and aortic valve
stenosis, only approximately 40-50% of patients eltgy overt atherosclerosis with
concomitant aortic valve calcification, indicatiagbstantial differences of these two diseases
entities®. In Europe, the latest rapport from the Euro H&antvey in 2003 identified 33% of
all patients with AS with coexisting obstructivergoary artery disease who were subjected

3
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for concomitant coronary artery bypass graftinggsty at the time of aortic valve
replacemerit.

1.2.2 Risk factors coupled to development of aortic \eabtenosis

One of the largest epidemiological tffabmprising 5201 patients investigating the
traditional risk factors for atherosclerosis to threvalence for AV sclerosis and stenosis
identified age (twofold increased risk for eachy®ayr increase in age), male gender (twofold
excess risk), present smoking (35% increase in) asid a history of hypertension (20%
increase in risk). Other significant factors in@ddheight, high lipoprotein(a) and low
density lipoprotein cholesterol levels, as indeandlinical factors, which were associated
with degenerative AV disease. Beyond the classisklfactors, other additional risk factors
have been identified to be connected to aorticevabenosis, such as an association with the
metabolic syndroni@ with faster hemodynamic progression faia both genders. Another
important risk factor significantly influencing thgrevalence of AV calcification is renal
dysfunction, demonstrated both in animal mofelsd in human observational studre¥’

In one study, elevated serum creatinine levels werelated to increased progression rate of
AS®, Interestingly, earlier observations suggeste@othiologies to aortic valve stenosis,
such as infection from the respiratory tract by @mydophila pneumonia, long before the
need of valve replacement surgery, indicating a rof a persistent infection in the
pathogenesis of A In addition, the disturbed trace elements balatetected in the valve
tissue and in serum from humans further supported active influence of an ongoing
immune process coupled to an infectfon

1.2.3 Clinical manifestations and prognosis of aortic lve stenosis

Symptomatic severe aortic valve stenosis is cliassliy the onset of exertional chest pain,
shortness of breath, dizziness and is connecteld arnt average survival after onset of
symptoms less than 2 to 3 yeardviore severe symptoms of aortic stenosis sucheast h
failure and syncope are late manifestations ofdikease and identify a high-risk population.
Patients with depressed left ventricle functiorhaiit any other explanation for it represent a
subgroup which has a clear benefit from valve mEpiegent surgery as a class | C indication,
because of improvement of long-term outcéhpostoperativel} despite of high expected
operative mortality rate. In the latter subgroug therioperative risk in patients with
contractile reserve, detected on dobutamin strelsscardiography was 5 % and in a subset
of patients with depressed left ventricle functigithout contractile reserve was 3%%
According to previous epidemiological studies orgaients with aortic valve stenosis
become symptomatic will experience high event ratel rapid deterioration of their
functional status, therefore those patients shdwdd considered for elective valvular
replacement surgely In the clinical decision making the first stephie risk stratification of
an individual patient which includes careful phgsiexamination. This is followed by
echocardiography, a standard diagnostic tool inebeduation of the stenosis severity. In
addition, echocardiography confirms the presenceabfular calcification assesses the left
ventricle geometry, function, the severity of steiapthe extent of valvular calcification and
provides prognostic informatiéh

However, the management of asymptomatic patientsaurtic valve stenosis is challenging.
According to Otto et al., in the presence of mildstouction further hemodynamic
progression is inevitably with an average annuahdgynamic progression rate of 7 mmHg
in mean transvalvular pressure gradient, an inereds0.3 m/s in peak velocity, and a
decrease of 0.1 dfyear in aortic valve area is expecfedeak aortic jet velocity, which is a
marker of disease severity, has been shown to benportant predictor of outcome with
incrementally higher event rates among asymptonyaditents with mild, moderate, and
severe aortic steno8is’” *

Earlier observational data described that patieiitfs aortic valve stenosis and concomitant
obstructive coronary artery disease have a podranae for event-free survival and a more
rapid hemodynamic progressférf® Recently published data described the naturaiseoof
very severe aortic valve stenosis, defined by & pesatic jet velocity>5m/s, showing that

4
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aortic jet velocities permit risk stratification ymnd the conventional definition of severe
aortic valve stenosts

Collectively, patients with very severe but asympatic aortic valve stenosis should be
considered for an elective valve replacement syripecause of increased risk for rapid
deterioration, and high event rite

1.2.4 Diagnosis of aortic valve stenosis-the role of echadiography

In the clinical practice echocardiographic assessnie the key diagnostic tool in the
diagnosis of AS. It provides accurate quantificatid disease severity, assess the anatomy of
the valve, the presence and extent of calcificatibea mobility of the cusps, using Doppler
measurements the peak velocity (Vmax) across thwe vihe maximum (P-max) —and mean
(P-mean) transvalvular pressure gradients, anavalt@lculation of the effective orifice area
(AVA=aortic valve area) using the standard contigiquation. This is based on modified
Bernoulli equation. Furthermore, continuity equatjdVA= (cross sectional area in LVOT x
VTlwor)/VTlav] based AVA is reliable parameter for predictiontloé clinical outcome and
for clinical decisions makirig Previous evidence supports the concept thatfthetige not
the anatomical orifice area is a primary predictboutcomé’. In adults with normal resting
left ventricle function the calculation of the AVI& correct, whereas in the presence of left
ventricle dysfunction with low flow conditions, thelve area calculation is challenging. In a
subset of patients with documented depressed égftricle function Dobutamin stress test
should be performed to differentiate between seserkpseudo-severe XSThe definition

of severe AS according to the ESC guidelines inptiesence of normal resting left ventricle
function is the following: AVA< 1cr) AVA/BSA<0.6 cnf/m? P-mean>50 mmHg, Vmax>4
m/s, VTl-ratio <0.2%’. These Level | recommended parameters togethér aliitical data
and the patient’s functional status are adequatéhén clinical decision-makifg The
hemodynamic changes in patients with AS includénarease in afterload, progressive left
ventricle hypertrophy as a consequence of pressuedoad due to stepwise progressive
valve obstruction, demonstrating a maladaptive gharin left ventricle. In addition, as AS
and the subsequent left ventricular hypertrophytinae to progress, the left ventricle
becomes less compliant due to progressive fibrasd this leads to elevation of the left
ventricle end-diastolic pressure with symptom omsein individual patiefi. The presence of
co-existing hypertension, however confounds theli@te assessment of the stenosis severity
due to imposing a double-load on the left ventrigldich consists of an increased systemic
vascular resistance in addition to the valvular tlzsion. The contribution of this
superimposed vascular component increases theldifbaentricle hemodynamic load in
those clinical situations and the stenosis sevetiy be underestimat€dCollectively, these
echocardiographic parameters identify a subpomuatithin patients with AS, which
characterized by low-flow, low-gradient despiteganeved left ventricle ejection fraction.

1.2.5 Bicuspid aortic valve (BAV) and genetics of aoriralve disease

The bicuspid aortic valve (BAV) is a common conganicardiac malformation with a
prevalence of 0.9-1.37% and with a documented meddominance 2%, which could be
associated with other left-sided lesions, suchnasiiysm/dilatation of the ascending part of
aortg® * hypoplastic aortic ar¢h coarctation of aort4 sub-or supravalvular membrane in
LVOT?®3 and in extreme cases can be a part of multiftesided obstructive lesions, i.e. the
Shone syndromié or causes through severe obstruction of LVOT higsijr left heart
syndromé’. Patients with BAV develop hemodynamically sigrdiint aortic valve stenosis
one or two decades earlier than those with triclapitic valve anatomy The main reason
for this accelerated calcification process is thiug be a consequence of altered systolic
flow distribution due to abnormal commissural att@ents, fusions between the valve
cusps®. In addition, a subset of BAV-patients with anfassteriorly located cusps exhibiting
eccentric systolic flow pattern are more prone dpid progression. Morphologically, the
prevalence of type 1 (fusion of the right and tftonary cusps) is present in about 80% of
affected individuals, compared to type 2 demonisigausion between the right and the non-
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coronary cusps in about 20% in several retrospechorts of surgically explanted human
BAV®"*8 Since BAV might be associated with a number sbamted conditions (as stated
above), this further suggests that BAV is accomgémiith dysfunctional tissue structure due
to a genetic difference, as stated above. The disgmf other candidate genes, such as the
endothelial nitric oxide synthase (eNOS) influegcithe aortic valve anatomy, provides
further evidence of this gene’s functional impodanthrough its involvement into the
embryonic developmetit

The Notchl gene (with a disease locus mapped tnadsome 9p34) encods a single-pass
transmembrane receptor (2556 amino acids) whosetifun is a highly conserved
intracellular signaling pathway involved in cellffdrentiation and cell fafé Upon ligand
binding, Notchl receptors undergo proteolytic cége resulting in release of their
intracellular domain. Overexpression of Notchl, ranscriptional a repressor of the
Runx2/Cbfal pathway, which a central regulator sioblastic transformation and may lead
to impaired osteoblastogenédisAccording to compelling evidence obtained in aus®
model where the Notchl mRNA transcripts were abonhigtathe outflow tract mesenchyme,
which gives rise to the valves and in the endocandivhen septation of the common trunk
occurs. In addition, Notchl was expressed at heglels in the endothelial layer and in
mesenchyme of aortic valve cuSpssuggesting its function in valvulogenesis. Howeve
earlier observations provided evidence that Notefaly directly affect calcium deposition
into the AV. Expression of osteoblast-specific germich as osteocalcin, osteopontin and
other osteoblast-related genes is regulated byregmatcis elements specifically binding to
Runx2/Cbfaf? Although Runx2/Cbfal can be inhibited by epigengtodifications such as
by histone deacetylase activity (HDA®)the evidence for Notchl-mediated Runx2/Cbfal
inhibition was present after using trichostatin aApotent HDAC inhibitor. In addition, a
downstream effector system coupled to Notchl wastified, which directly activates the
hairy family of transcriptional repressors (Hrtldahirt2), and are co-expressed in the
endothelial lining of the murine aortic valve ledfl, as well as in the endocardium and in the
vascular endotheliuth The discovery of Notchl mutations as a causeebpectrum of AV
disease has increased the current understanditiped abnormalities within the congenital
cardiology”.

1.2.6 The pathophysiology of calcified aortic valve steim

Based on dyslipidemic experimental mod&l$ ®®the pathogenetic role of hyperlipidemia
was implemented in the human aortic valvular disedsvelopment and was the target of
treatment in large interventional trials. Otherenaisting finding was the detection of
Angiotensin-converting enzyme (ACE) in a subset le§ion macrophages, exhibiting
primarily an extracellular distribution, where theplocalized with apolipoprotein °B
Numerous histological studies demonstrated strattohanges including inflammatith
which is thought to be the initiating step in patigical remodeling of the aortic valve tissue,
followed by ECM remodelintj leading to increased fibrosis and valve thickeffingith
subsequent phenotypic transdifferentiation of ttCa towards osteoblastic phenot§pat
advanced stages pronounced calcification containiagpellar bone formation with
microfractures, apoptotic cor@sand neovascularisatifntakes place to further leading to
progressive compositional changes of the valvugsue. Although, there is an overlap in
clinical risk factors, as mentioned above, theeeragjor differences between atherosclerosis
and aortic valve stenosis regarding the biologidiection of the disease, tissue
characteristics and associated clinical event dk Wee underlying mechanism to clinical
event in patients with aortic valve stenosis igeased leaflet thickening and stiffness, not
plaque ruptur®&.

In the following paragraphs an overview will be ggated about the pathophysiology coupled
to stenosis development and progression focusindp@mole of inflammation, the presence
of oxidative stress, followed by a detailed deg@ipabout the calcification process.
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1.2.7 Inflammation

Inflammation is a key step promoting the patholabi@rocess with superimposed
calcification in aortic stenogis? Early lesion of aortic valve stenosis is chandoéel by 1)
subendothelial thickening on the aortic side of lgeflet, between the basement membrane
and elastic lamina; 2) large amount of extra-anttagellular lipids; 3) fine stippled
mineralization; 4) disruption of the basement membr overlying the lesion, and 5) the
presence of infiltrating immune cells, such as rmplages, T cells and mast c&l& ™ The
cellular composition of human atherosclerotic pgontaining macrophages and activated
T cells”® resembles to that observed in early lesions dériméd valvular tissue. Previous
histological observations of human normal valvemaolestrated scattered macrophages in the
fibrosa and ventricularis layers, occasionak-actin positive cells mostly in the proximal
portion ofventricularisbut no T cells were detecféd

In contrast, infiltrating immune cells containingaanophages, T celfs predominantly
clonally expanded T cells (mainly highly expandeB 8 in lineage)’ with considerable
evidence of activation, were detected in stenotilvas. This study by Wu et al. elegantly
showed that a subset of limited numbers of expandegll clones detected in the aortic
valve tissue was also identified in the blood. Heere the composition of the T cell
repertoire in AS differs from that seen in stabéscular lesions, where the lymphocytes are
mainly polyclonal® * Moreover, highly significant predominance of CDs@bset among
valves with bicuspid morphology was deteéfed

Molecular imaging tools to quantify and visualibe tomponents of inflammation have been
used in atherosclerosis research demonstratingopiaage infiltration directly connected to
local calcificatioi’. Based on this knowledge, and on results of sffditshowing the role

of macrophage-derived inflammatory cytokines (I,-TNF-a, IL-6, TGF{) in promoting
osteogenic differentiation of vascular smooth mescells, in vivo molecular imaging
technique was implemented in the assessment &fak8 this allowed to obtain a detailed
picture of the pathological process at moleculgelleThe introduction of the near- infrared
fluorescence imaging to map endothelial cells, w@itages, proteolytic activitiy, aVICs and
osteogenesis has led to paradigm shift through dstragion a concept of inflammation-
dependent calcification. This process can be divintto three phases, such as initiation,
propagation and end-stage ossificatlorin the initiation phase activated macrophages
infiltrate the valvular tissue and release proimitaatory and pro-osteogenic cytokines (as
stated abové). In the propagation phase further compositionahges take place due to the
presence of excessive levels of proteolytic enzgetévity in form of MMPs and cysteine
endoproteases, released by the activated macraphagest cells and aVICs resulting in
disruption of collagen and elastin fibers, whiclydther with matrix vesicles and apoptotic
bodies may provide a core fior situ calcification. And finally, the end-stage charaizted by
heterotopic bone formation, where the intact welidtioning aortic valve is replaced by
pronounced calcification containing elements ofdfiar bone with microfacturél apoptotic
core§®® with preceding endochondrial bone tisSU&resembling to that existing in skeletal
bone which is the key feature in advanced stagethefstenotic lesions with subsequent
hemodynamic consequences.

1.2.7.1 The Leukotriene pathway

Within the inflammatory pathway, the downstream poments of the arachidonic acid (AA),
known as the leukotrienes (LT) induce inflammatsignaling through activation of specific
BLT and CysLT receptors. The activation of the egl form of phospholipase A2, exhibits
higher specificity for phospholipidscontaining AA. This step deliberates the AA foliedv
by enzymatic lipoxygenation by the enzyme of 5-ipgenase (5-LO). This enzymatic step
is assisted by the FLAP (5-LO activating proteinfich stabilizes 5-LO and enhances its
interaction to the substrate leading to productbran unstable metabolite: the LTAThe
latter product can either be metabolized by theoacbf LTA, hydrolase yielding to
production of LTR, a potent chemoattractant for neutrophils and Ts,cer can be
conjugated with gluthation assisted by LiT€ynthase leading to production of LIC
Subsequently, the released LgGndergoes conversion into L xnd LTE, collectively
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referred to as cysteinyl-LT5(Figure 1). Alternatively, non-myeloid cells as eptor cells
expressing distal LTAmetabolizing enzymes, such as LI&ynthase can take up LTA&om

a donor cell, (for example a neutrophil) and meliabat to the final product of LTE€which
mediates sustained broncho-and vasoconstriétidiis process is defined as transcellular
biosyhthesis and exists in vascular smooth musgle, endothelial cells and in platef&ts
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Figure 1.The Leukotriene pathway, modified fr8m

LTB, is released by monocytes, macrophages and neilfropinereas cysteinyl-LTs are
mainly formed by macrophages, mast cells and ephkif®. LTs act via specific receptors,
divided into two subtypes, namely the BLT and theslO receptors, respectively and a
subdivision into BLT(1) and BLT(2) receptors andsCy(1) and CysLT(2) receptors has
been established, belonging to the G-protein calieeptory” *° Within the BLT receptor
subtype, BLT is a high affinity, whereas BL;Tis a low affinity receptor of LTB The
cysteinyl-LTs (LTG, LTD,4 and LTE) exert their action through activation of specific
CysLT; and CysLT receptors. CysLiactivated by the CysLT with a rank order potenty o
LTD,>LTC4>LTE,, whereas CysLjiagonist rank order potency is LIFELTC,, while LTE,

is less poterit. Selective CysLT receptor antagonists are used in the treatmebtaichial
asthma. The role of the CyskTeceptor subtype has been implicated in the coraéx
inflammation, vascular permeability and tissuediis".

The role of LTs in the pathogenesis of cardiovaacdlsease, with focus on atherosclerosis
has been the subject of intense investigation botBxperimental settings and in human
conditions.

Observational studies provided evidence for thesgmmee of 5-LO in human atherosclerotic
aorta, diseased coronary- and carotid art&riéhese notions were further expanded by
mechanistic experiments demonstrated functionalidapons of the LT pathway at several
stages of the atherosclerotic prodéss

Moreover, genetic variations with a decreased nuroab€pG-repeats in the 5-LO promoter
have been reported to have a reduced susceptitulitgethylatiod®. These polymorphisms
identified a subpopulation with increased measufesubclinical atherosclerodts hence
supporting the notion of an important epigenetgutation of 5-LO activity in cardiovascular
pathology. Genetic variants of other componenthefLT-pathway such as FLAP and LTA
hydrolase showed associations with cardiovascutsade and atherosclerotic complication
with subsequent myocardial infarction and strgkE?

In addition, a recent observation on vascular smaaiscle cells from human atherosclerotic
lesion showed up-regulation of BLTreceptor mediating proliferation and migration of
coronary artery SMCs, suggesting the pathogenelie of BLT, receptor activation in
response to LTRin intimal hyperplasi&®. LTB, is thought to promote plaque vulnerability
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by increasing the activity of MMP%, which was further confirmed in the study evalogti
the functional involvement of the LT-pathway in hamabdominal aortic aneury§th

Earlier investigations suggested different CysLTeporial distribution in arterial wall in
resting and in inflammatory conditions, respecii¥el demonstrating significantly
upregulated transcript levels of the CyslLTeceptor (three-fold) in human carotid
atherosclerotic lesidff compared to CysLT expression. Further studies confirmed a
potential causal relationship between the high eotrations of CysLTs in gingival
crevicular fluid and increased atherosclerosis oy showing increased carotid artery wall
thickness, regardless of the dental stdfus

The role as effective vasoconstrictors of cystelriiy in diseased human coronary arteries
was describedy Allen et al??, suggesting increased vascular sensitivity to Idlising
atherogenesié In addition, the notion of cysteinyl-LTs as pdieh effectors of
atherosclerosis has also confirmed by animal modd#iswing beneficial effects on
atherosclerosis burd€f'®and intimal hyperplast&’ by using specific antagonists of the
CysLT; receptor. Collectively, these findings suggestagomrole of the cysteinyl-LTs in the
pathogensis of atherosclerosis. In addition, a nticepublished Swedish nationwide
population-based study provided a first indicatibat the antiasthma drug montelukast use
might be associated with a lower risk of recurartiovascular everits.

1.2.8 The role of epigenetics in aortic valve stenosis

Age related epigenetic modifications leading tored® global hypomethylation pattern in
atherosclerosis has been propd¥edhese functional changes representing overalbmén
instability without structural mutations may resultalterations in certain gene transcriptional
activity, contributing to increased atherosclerdiirden with its functional consequences.
Epigenetic maodifications including histone modificas, DNA methylation, small and non
coding RNAs, chromatin architecture in addition ¢ther transcriptional regulations
ultimately regulate gene activity and expressioMNAD methylation is linked to the
transcriptional silencing or activation of certagjanes. DNA methylation is predominantly
found in CpG sites, which tend to cluster in regiaf large repetitive sequences. The DNA
methylation status is critical for the control &ettranscriptional silencing/activity and the
chromatin stability. For exemple, hypermethylati@i the repetitive sequences in
combination with histone modifications can resoltondensation of the chromatin structure
leading to suppression of certain gene activity ADNethylation has been linked to several
tumorgenesis in  human through  hypomethylation leadi to  activation
(reactivation/restoration) of certain oncogerne$™ VICs, the dominating cell type of aortic
valves, are responsible for the maintenance ofevadtegrity. However, this cell population
is highly plastic demonstrating different phenotyfeatures both under physiologitaind
pathophysiological conditions toward bone-produ@stgoblast-like celts’. The mechanism
behind this phenotypic transdifferentiation procet¥ICs has not been fully explored yet.
However, Miller et al'® proposed an assessment of epigenetic modificaitiosgICs, which
could be one possible mechanism beyond a sustaigiefibroblast activation state.

1.2.9 The role of oxidative/nitrosative stress in aorstenosis

In the presence of established cardiovascular fastors the initiating cellular process in
aortic valve similar to that existing in atherosokis is the endothelial dysfunctidn
Increased oxidative stress burden might play dcatitrole and contribute to stenosis
progression. Previous findings provided evidencerforeased levels of superoxide angDb
in the calcified regions of stenotic aortic valveshich was not counterbalanced by
antioxidant enzymes, indicating dysfunctional petite"*'’. Nitric oxide acts under
physiological conditions as a potent anti-inflamomgt'®, anti-apoptotit™, and vasodilatator
agent®® and may protect against valvular calcificationwéwer, a disturbed vascular redox
balance results in eNOS (endothelial NO synthasehadie and uncoupling of oxygen
activation from I-arginine conversitft Uncoupled eNOS generates ROS rather than NO.
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In addition, oxidative stress causing altered wgHalar signaling, gene expression and rise
in intracellular [C&"], may lead to DNA-injury with subsequent activatiof the nuclear
enzyme poly(ADP-ribose) polymeras (PARP)DNA strand breakage through hydroxyl
radical, nitroxyl anion and peroxy-nitrite (reagioxidant formed from the reaction of nitric
oxide and superoxide) is the obligatory trigger RARP activation. PARP consists of a
family of enzymes which catalyses poly(ADP-riboayidn of DNA-binding proteins. Seven
isoforms have been identified. PARP-1 is the béstracterised member, and works as a
DNA-damage nick sensor protein using beta-NAD(+)¥don polymers of ADP-ribosé®
Previous studies showed increased oxidative amdsaitive stress in response to myocardial
infarction i.e. increased nitrotyrosine stainingidative stress, antioxidant depletion, increase
in oxidative markers, increase in circulating n&mitrate formation (breakdown products of
nitric oxide), and has been demonstrated in thedtige of reperfusitit. Overactivation of
PARP in oxidatively stressed cells can lead to seggpon of cellular metabolic function with
subsequent depletion of cellular NAD+ and ATP cobtenitochondrial dysfunction and
ultimately necrotic cell death and organ dysfuncfid representing a final common pathway
involved in the pathophysiology of many cardiovdacdiseases. However, the pathogenetic
role of PARP-1 activation was not investigatedartia valve stenosis.

1.2.10 Extracellular matrix remodeling

The quantity and quality of ECM together with thECg are responsible for the maintenance
of competency of the AV throughout a lifetime. Haxwe under pathological remodeling
process a number of ECM proteins normally occurimgkeletal bone are present following
the pathological matrix degradation due to incrdagssue levels of cysteine proteases
(cathepsins), MMPs secreted by aVICs and infiligaimmune cells. These processes are
collectively associated with loss of the valve gniy and function. The increased tissue
levels of elastolytic enzymes, such as cathepskiq, @nd V in calcified aortic valves lead to
elastin fragmentation which reflects a disturbedahee between ECM synthesis and
degradatioff®. In parallel, macrophages in human atherosclert#gions overexpress
cathepsin L, leading to necrotic core formationhvstibsequent plaque instabitfty In the
context of AS, this process contributes to thefestihg of valvular cusps and represents a
nidus together with apoptotic cells and matrix vesicies subsequent calcificatifh To
further confirm the active influence of cathepsiims calcification process, a previous
observation demonstrated abolished arterial andcawgalve calcification in cathepsinS
knock-out mice with chronic renal dise¥s&imultaneously with extensive ECM remodeling
non-collagenous bone associated proteins are adstond@ave a critical role in further
compositional changes of ECM. Related to that, stvesteoblast markers such as
osteonectin, bone sialoprotein, OPN: a multifunwioglycophosphoprotein are involved in
both the inflammation and biomineralization andumgulate at the sites of calcifications.
Earlier in vivo investigations showed that OPN faad active inhibitory effect on mineral
deposition and promotes regression of ectopic fieation'?®. However, later observations
including studies assessing circulating plasmal$egé OPN indicated that the presence of
OPN rather is associated with aortic valve calaifin and the degree of stend$isThis
functional implication of OPN is probably coupled its role as an indicator of active
inflammation, which is observed in patients withutgc coronary syndrome , unstable
coronary plaque, and after PCI (percutaneous coyangervention) representing a possible
predictor of accelerated atherosclerbSis In addition, the known posttranslational
modifications of OPN (phosphorylation) can moduléte biological function. OPN is a
substrate for TRAP, highly expressed by osteocldsstial dephosphorylation of OPN by
the action of TRAP regulates the osteoclast’s httemnt ability to the bone surfaces and their
migration to new resorptive sit€§ Several studies performed in patients with ASeaded
high circulating plasma levels of OPN compared withtrolg®® 1321

1.2.11 In situ calcification

Descriptive studies demonstrated upregulation demaar calcification markers in calcified
aortic valve tissue including Runx2/Cbfal, a cdntteanscriptional regulator of
osteoblastogenedis osteocalcilt®, bone-morphogenetic protein 2 (BMP“2)and the active
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influence of RANKL/RANK/OPG-axis regulating osteast differentiatioft®, activation and
survival®.  Moreover, bone morphogenetic protein related ®t/-catenin signaling
pathway have been observed in calcified regiorsxofsed human aortic valVés'**and in
experimental animal modéfs'® 1%?

Accumulation of calcium into the valvular tissuecocs via several different processes: 1)
caspase-dependent apoptosis, 2) osteoblasticatiffation of VICs'® 3) due to enhanced
proteolytic activity leading to production of elakines favoring calcification, 4) through
homing of circulating cells with hematopoietic arigpossessing osteogenic properfitand

5) passive accumulation of calcium.

The intact well-functioning aortic valve is gradyateplaced by pronounced calcification
containing elements of lamellar bone with microfiaet®, apoptotic coré§® with preceding
endochondrial bone tissi1e®® resembling to that existing in skeletal bone whikhhe key
feature in advanced stages of the stenotic lesiafith subsequent hemodynamic
consequences. Histopathologically the early phasmodstrating valvular thickening is
characterized by inflammatiéh'** **? disruption of the basement membrane, presence of
extra-and intracellular lipid§®and infiltrating immune cells and fine stippled mializatiori®
whereas in the end-stage disease heterotopic lbomation takes place, which is an actively
regulated form of bone formatiéfrcontaining large amount of calcium. In additios earlier
observations demonstrated, the extent of valvukcification is a strong independent
predictor of outconf€é and correlates with the stenosis sevéfityMolecular imaging
technique provided evidence for inflammation-deganctalcification paradigm already in
the early stage of the dise#s&°

Heterotopic bone formation at ectopic sites ocowten 1) specific group of cytokines with
pro-osteogenic potential mediate osteoinduction, tB¢ surrounding milieu favors
osteogenesi® and 3) the aortic valves own structural cells semg a prerequisite with a
propensity to transform into bone producing ostasblcells due to their phenotypic
plasticity, besides the presence of circulatingogenic precursors, CD45t4) The latter
study provided evidence that osteogenic cells enlitood home to sites of vascular injury
and are associated with heterotopic ossificatiorhéart valve¥® This cell population
identified as a bone marrow—derived type 1 collafgb45" subpopulation of mononuclear
adherent cells that are present in early preossgiusproliferative) lesions of heterotopic
ossificatiort*’. Additionally, valvular endothelial cells also ¢ohute to the osteoprogenitors
through endothelial-mesenchymal transitf8rThe heterotopic bone has all the morphologic
and biochemical characteristics of orthotopic basesubjected to the intriguing ability to
generate the formation of bone mart&in*®

Collectively, heterotopic ossification charactedzas a reactive proliferative tissue with
features resembling to that existing in skeletaldsy however in chronically damaged soft
tissue. Furthermore, this ectopic bone exhibitshérigremodeling rate compared to that
existing in the normal bone tissue and demonstratese than twice the number of
osteoclasts compared to normal age-matched ctfitrelpresenting uncoupling of bone
formation from resorption with decreased osteobéast increased osteoclast number and
activity. The serum alkaline phosphatase level,aaksr of osteoblast activity, is elevated
early in the course of heterotopic ossification betuirns to normal levels as maturation
proceedS®.

However, according to a detailed histological obaton by Mohler et al. including 347
surgically excised human valve specimens (256 @®tl mitral valves) the prevalence of
dystrophic calcification was 83%, mature lamellan®d with hematopoietic elements and
active bone remodeling was found only in 13% alomigh dystrophic calcification.
Interestingly, high prevalence of microfracturessvpaesent, 92% of all the examined valves
with ossificatior’.

Taken together, almost all previous observatiomglaoted in stenotic AV tissue focused on
the molecular mechanism of active bone formaticetgfotopic bone formation), although
this part contributes only to a small amount ofalocalcification. In addition, local
accumulation of elastin degradation products, assalt of enhanced proteolytic activity
triggers the calcification partly through stimutatiof phenotypic transdifferentiation of VICs
and on the other hand through the elastins incdeastarity to calcium together with
apoptotic bodies and matrix vesicles promotesffarchydroxyapatite nucleatiofr.
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Clinical studies and observations from experimentabdels suggested inflammation, as a
common cause with reciprocal regulation on vascaal valvular calcifications and on bone
osteogenesis.

The bone remodeling in calcified aortic valves ftasorigin in microfractures at multiple
sites of the valve, at which osteoclasts are tist fiells recruited, followed by osteoblasts,
together building up a complex system: a BMU. Tung works as a spatially and temporally
controlled team of bone-resorbing osteoclasts (1@&lls) and bone-forming osteoblasts, as
team of 1000-2000 celfé.

An interesting advanced mathematical model desdribe evolution, the spatio-temporal
dynamics of BMU, and the interplay between the Bygdmetry and its regulatory cytokine
system containing RANKL, RANK and OPG.

Bone remodeling in aortic valve tissue proceedsi@spnously at multiple sites in response
to multiple microfractures due to cyclic hemodynanforces. According to this elegant
applied mathematical mod#&] as the time progress, osteoclasts continue teerimoform of

a cutting cone along the damage lines, followea$tgoblasts replacing the resorbed bone.
In response to RANKL field which exhibited the high concentration at the site of
microfracture in front of the BMU, osteoclasts wettde to move as a well-confine cutting
cone, whereas OPG reached its highest concentitaick of the BMU. These concentration
differences lead to development of RANKL/OPG gratighich finally determinates the rate
and direction of BMU progressitfi. In contrast, there is a little conclusive infotioa on
the osteoclasts activity, their relation to stesoseverity and the interplay between
osteoblasts and osteoclasts. Mohler et al. destrilbst multinucleated cells within the
resorption spaces (Howship's lacunae) in the éadcjart of the valvular tissue.

However, their role is not well investigated. Oth&udies confirmed the presence of
osteoclasts **® throughy-GT positivity and co-expression with CD 88 confirming their
hematopoietic origin. The latter study demonstathrough negative correlation to the valve
calcium content and the stenosis severity suggettat osteoclasts could decrease the
mineral content of the valve and thus limit thegression of valvular stenosis.

To date, no previous study assessed the spatigbditon of bone turnover containing genes
with osteoinductive and osteoresorptive potentditained from different parts of calcified
aortic valve tissue and their relation to the clahistenosis severity. In addition no previous
observation on the posttranslational phosphoryidtwel of OPN on osteoclast function was
performed in aortic valve specimens, which regsléte extent of degradation. Furthermore,
according to the previous description on the extamd relationship between dystrophic
calcification and active lamellar bone formatioreictised AV tissu&, one can speculate that
uncoupling due to decreased osteoblast populatimh enhanced osteoclast burden in
calcified aortic valve lesions exists.

1.3 EXPERIMENTAL ANIMAL MODELS

To date, only aging swine develop valvular sclevagithout initiating factdP®, while other
species require special diets or genetic mutafidridowever, even the animal models do not
recapitulate fully the natural course of AS ocaugrin human, but contribute to better
understanding of the underlying mechanisms atdissw cellular level. The major limitation
using experimental models of AS that few of thermveli@p hemodynamically significant
valvular lesion. To date, two experimental animaldels have been identified in mice, which
consistently  develop hemodynamically  significant &S 1) the LDL"
lapoB*IMttp"™ /Mx1-Cre”*=Reversa mice, in which reducing plasma lipid lsvely
genetic inactivation of the mttp gene with earlytigovalve disease normalizes the oxidative
stress, reduces pro-osteogenic signaling, and Hetsprogression of A§ 2) Egf22"a2
(hypomorphic Epidermal growth factor receptor @&jeldemonstrating a phenotype with
significantly thicker aortic valve cusps with suggent elevated transvalvular pressure
gradients™’.

1.4 TREATMENT OPTIONS

As to date no pharmacological treatment option leesn shown to halt the hemodynamic
progression of AS, surgical valve replacement il the standard therapy for this disease.
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However, many patients not suitable candidate fwgexy because of multiple co-morbid
conditions with high anticipated perioperative riakd therefore they are subjected to
transcatheter valve replacemghtin this part of the introduction section an ovew will be
given covering previously proven pharmacologic&iiventions in the context of AS.

1.4.1 Statins

Based on promising results of lipid lowering treatmin experimental animal models of
AS® %8 139and on those obtained in numerous retrospectisergational studids *°® 160162
where statin treatment was used in primary or s#egnprevention, to date four large
randomized triaf$*'® are published, however with an overall neutralultsson the
hemodynamic progression of AS, except for '6heThe latter study (RAAVEJ® was en
prospective study with open label design, whichvigled the first clinical evidence for
beneficial effect of targeted HMG-coenzyme A redset inhibitor treatment in terms of
hemodynamic retardation in patients with asymptamaioderate AS and known elevated
plasma LDL-levels. A recently published meta-anialygs randomized lipid trials on patients
with AS examined the effects of treatment on ASgpession and clinical outcorm@sThe
authors concluded, that the current data do nopatphe hypothesis that statin therapy
reduces AS progression.

The major criticisms against the published intetiaral trials using statin treatment are:

1) The trials were designed according to the tiau#d vascular trials using vascular and
valvular end point§® 164 168

2) The late initiation of statin treatment in thieahse cours®.

3) The short duration of follow-up used in the $tsdabove, given that aortic stenosis
develops over long period of time.

4) There are differences between the trials reggrtlie enrollment criteria, statin medication
and timing of therapy, which all do not offer ditreomparisons between the trials.

Although, the published interventional statin-saslidid not demonstrate hemodynamic
retardation of AS, in contrast statistically sigraint improvement in vascular end points
were observed, suggesting that atherosclerosi&\8rate two different disease entities.

As a further explanation of the observed neutrallts, two fundamental differences in
valvular versus vascular biology has to be mentiotige different biological direction of the
valvular and vascular disease development with mimkating inward direction causing
occlusion of the vascular lumen over time, whertdasdirection in which LDL affects the
valve is upward direction along the y-axis corresping of the aortic valve ar€a

There are more additional facts questioning thectiffeness of statin treatment in AS. First,
a report described the paradoxical effects of rstatiatment in vitro cell culture model of
primary isolated porcine VICs reporting limited thpphic calcification but paradoxically
increased bone cell calcificatiS analogous to “statin paradd¥ reported in the field of
osteoporosis research. Second, in line with thi®olation, the partial therapeutical failure of
statins may be due to the induction of the phosfgdied ERK (Extracellular-regulated
kinases), which in turn triggers the proliferatidegeneration and calcification procé$s
whereas the inflammation associated genes exhiliednregulated expression levels in
statin-pretreated human aortic valve specimens aoeapto untreated onés Third, statins
are known as DNA methyltransferase inhibitors, émas leading to demethylation of the
BMP-2 promoter with subsequent enhanced BMP-2 sgpa in colon cancer cells, which
is beneficial in those cells because of the BMP-Risnor suppressor propertt&s
Collectively, this statin induced shift of BMP-2atrscriptional profile through epigenetic
modifications however has no beneficial effect aicdic AS, rather leading to enhanced
local calcification. And finally, statins have amdib action on bone by increasing bone
formation and improving fracture repait They suppress cell apoptosis partly through TGF-
B -Smad3 pathway in osteoblastic cEfls
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1.4.2 The Renin-Angiotensin System blockade therapy

In human AV specimens pressure overload incredsesenin-angiotensin system at early
stage§'®, promoting development of left ventricular hypepiny and fibrosis leading to
myocardial contractile dysfunction. This notion wagher supported by histopathologically
demonstrated presence of angiotensin-convertingynesz (ACE), angiotensin Il and
angiotensin Il type 1 receptor in which suggesteat ACE may participate in the valvular
lesion developmefit The latter observation suggested that ACE inbibilse may be
associated with reduced calcium accumulation imovilvular tissue, but no effects to retard
the hemodynamic progression rate of°A3n addition, a recently published retrospective
analysis in a japanese cohort (Japanese AorticoSigerstudy) identified 2 risk factors
coupled to stenosis progression in early stagbefltsease: 1) no use of ARB and 2) use of
warfarin which increases the calcium content of vhives’® *’" Furthermore, a recently
published large retrospective observational tmaluding a total of 2117 patients with AS
suggested that ACE-inhibitor/Angiotensin receptdockade (ARB) is associated with
improved survival, lower all-cause mortality anddiavascular event rat€. The authors
concluded, that a part of the observed benefidfatts might be due to the effects of ACE-
inhibitor/ARB on the valvular, ventricular or onstgmic level.

1.4.3 Bisphosphonates

Recently published restrospective analysis inclydgiatients with aortic valve stenosis and
co-existing osteoporosis, where nitrogen-contaimiisghophonate treatment for osteoporosis
was independently associated with slower prograssite of stenosis severfy'®
suggested the active influence of osteoclasts seadie progression. These results hence
indicate that local induction of osteoclast apoistdrs the calcified aortic valve might have a
beneficial hemodynamic effect. In addition to prevesteoclast-mediated bone resorption,
bisphosphonates are potent inhibitors of farneggtphosphate synthase, an enzyme located
distal of HMG-coa in the mevalonate pathway. By thetion of nitrogen-containing
bisphosphonates the amount of isoprenoids, such faesyl-pyrophosphate and
geranylgeranylpyrophosphate decreases, explaihigig tstatin like pleiotropic effects” that
decreases inflammation, matrix degradation, andiferation'®> However, the beneficial
effects of the bisphosphonate treatment with deemgbacardiovascular calcification were
observed in elderly, in contrast the prevalencevalivular, aortic and coronary artery
calcification increased in younger women with ae afj <65 years®. In addition, a most
recently published retrospective analysis with thdrio largest patient population of 800
femalzsﬁ)atients with an age of >60 years failedawfirm the previously reported promising
results™.
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2 AIMS

1. To explore the pathogenetic role of the leukotripathiway in aortic valve stenosis,
and its relation/contribution to the stenosis sigwéstudy 1)

2. To characterize the transcriptional profile of RARP-ribose polymerase 1 in
bicuspid and in tricuspid aortic valves, respetyivend its relation to the clinical
stenosis severity (Study II)

3. To further extend the LTCintracellular effects in vascular smooth musclé, @
mesenchymal cell type similar to valvular interatitells (Study 111)

4. To investigate the role of epigenetics in phenatypansdifferentiation of the
valvular interstitial cells (Study 1V)

5. To study the role of genes with osteoinductive araieoresorptive functions
focusing on the roles of osteoclasts in aortic @dlgsue and their relation to clinical
stenosis severity (Study V)
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3 MATERIALS AND METHODS

All experiments included in the present thesis wandormed on human materials or on cells
of human origin. The corresponding papers are nedeto with Roman numerals (I-V).

Project design

Fatients with aotic valve dizease and Snrgeal exasion of the aortic valves
normal preop. coronarography

Aorhicvalvem ENA Later Iealation of
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Figure 2. Overview of the study design.

Patient cohort, clinical data

Patients

Human aortic valves for RNA extraction were obtdirfieom 79 patients undergoing aortic
valve replacement surgery. After the exclusionbpatients due to insufficient RNA quality,
68 patients were included in the subsequent amsal#dd male and 20 women, mean age
65.9+ 13.4 years) (Table 1). For cell- and orgaltuce: experiments, aortic valves from an
additional 12 patients were usegaper I). Only patients with a normal preoperative
coronary angiogram and no history of rheumatic thdmease were included in the study
(Figure 2).

Echocardiography

All patients underwent two-dimensional transtharabBioppler echocardiography using a
Philips IE33 system (Philips Medical Systems, Arelp\WMA).The severity of aortic valve
stenosis was based on, 1) the aortic valve area\(Avh2) calculated using the continuity
equation, 2) AVA indexed for body surface area (AB8A, cm2/m?), 3) the ratio of the VTI
in the left ventricle outflow tract to the VTI ithé aortic valve and 4) the mean transvalvular
pressure gradient according to the current guidgfin®® '®> The echocardiographic
assessment of the aortic valve as bicuspid orgpiduvas confirmed intraoperatively.

Based on the echocardiographic assessment, thg gamllation was categorized into 5
diagnosis groups: 1) normal aortic valve (pathologyhe aortic root and/or the ascending
aorta without valve dysfunction in which valve-dpar surgery could not be performed
according to perioperative surgical decision), n24combined aortic vitium, i.e., increased
transvalvular pressure gradient without fulfillitige criteria for severe aortic stenosis and the
presence of aortic valve regurgitation, n=7; 3)atad aortic regurgitation, n=11; and finally,
isolated, severe aortic stenosis with either aiddydpid, n=23 or 5) tricuspid, n=23 valve
(Table 1).
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Quantification of the extent of valvular calcifi@at: Aortic valve calcification (AVC) scoring
(paper V)

In real time short-axis (SAX) view a single scofeifh 1-5) was assigned to each aortic
leaflets 1: normal leaflet, 2: thickened with nadence of calcification, 3: mild calcification
(<1/3 of leaflet area), 4: moderate calcificatiol/3¢2/3 of leaflet area) and 5: severe
calcification (>2/3 leaflet area).

Table 1. Patient characteristiggper )

Aortic root Combined Aortic Aortic valve stenosis OverallP-
pathology aortic vitium  regurgitation value
without
aortic valve
dysfunction

Bicuspid Tricuspid
aortic valve  aortic valve

No. of 4 7 11 23 23
patients
Male, n (%) 2 (50%) 6 (86%) 11 (100%) 16 (69%) 13 (56%)
Age, y 66.6 (55.4- 59 (37.7-82.5) 61 (31.5-74.6)* 64.4 (28.5- 76.2 (57.9- 0.002
BMI, kg/m2 25.3(21.5- 247 (24.2-31) 25.9(18.1-28.4) 26.9 (19.2- 26.3 (21.6- 0.228
35.9) 34.7) 37.4)
AVA, cm? 2.1 (1.2-3.2)t 1.3 (1.2-2.5)t 2.6 (1.7-6.8) 0.7870 0.72 (0.45-1) <0.001
1.2)
AVA/BSA, 0.83 (0.67-1.2) 0.4 (0.3-0.6)  0.38(0.25- 0.003
cm?/ m2 t 0.58)
VTl-ratio 0.4 (0.27-0.56) 0.26 (0.21- 0.49(0.38-0.91) 0.2(0.16- 0.2 (0.14-0.37) <0.001
0.48) t 0.28)
Aorta Vmax, 2.2(1.8-2.9)| 41(1.846)T 2(1.6-3.6)T 45(3457)  45(4-58) <0.001
m/s
P-mean, mm 12 (7-20) t 40 (9-48) t 9 (5-30) t 51 (27-85) 49-03) <0.001
Hg
Left 52% (37-64)  59% (47-68) 59% (38-75)  61% (44-78)  64% (42-75) 0.185
ventricular
EF, %
LVEDD, mm 50 (46-55) 51 (44-63) 57 (63-92) t 49 (36-63) 47-53) <0.001

Left ventricular EF: left ventricular ejection frdon; LVEDD: left ventricular end diastolic
diameter. Values are medians and ranges unlesswite stated. *P<0.05 compared with
tricuspid; 1P<0.05 compared with tricuspid and bspid; Kruskal-Wallis ANOVA on ranks
followed by Dunn’s all pairwise post hoc testing.

Blood sample collection

Blood was drawn from an antecubital vein into EDfTAes from all the patients with AS
(paper V), put on ice and centrifuged within 30 min. Plasmzes stored at -80C until analysis
of bone-related circulating biomarkers. Serum @n@#, lipid profile, HbAlc, and high
sensitive CRP were measured using well-establistettiods routinely used in clinical
practice.

Macroscopic dissection

Preparation and macroscopic dissection of aortibtrgaspecimens

Immediately after surgical removal, valves were insed in RNA Later (Qiagen) and stored
at 4°C until transport to the laboratory. Macroscagissection was performed in the RNA
Later solution, dividing each valvular cusp intg: formal areas defined as non-calcified,
smooth, pliable, and opalescent; 2) thickened aras 3) calcified areas, as demonstrated
on Figure 3. From each class, 1 sample from eash was frozen at -80°C until RNA
extraction and another was used for histologicalyamis. The macroscopic definitions were
verified by histology in a subset of preparations89) using eosin and hematoxylin, Masson
trichrome and Alizarin red as indicated in SupplatakFig 1 inpaper |. Furthermore, the
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degree of calcification detected macroscopicallye@&th cusp using morphometric analysis
was in agreement with preoperative echocardiogeagitoring of calcification (Figure 3).

Macroscopic dissection
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Figure 3. The left panel shows examples of adjatsesties from stenotic aortic valves used
for RNA extraction and histology, respectively. Tight panel shows the correlation
between gross anatomy (macroscopic dissection) thadaortic valve echocardiographic
calcification scoring.

RNA isolation, cDNA synthesis, Tagman real-time RP@icroarray analysis

RNA extraction and quality assessment

In all papers included in this thesis total RNA wiaslated from either whole tissue,
representing the various parts (normal, thickeaed, calcified) from each aortic valve cusp
or from cell culture experiment using the RNeaspidiTissue Mini kit (Qiagen). RNA
concentrations were measured spectrophotometrieall260 nm (A260/280 nm, Agilent
Technologies, Palo Alto, CA).

The quality of the RNA was analyzed on a 2100 Babgzer (Agilent, Palo Alto, CA, USA)
using RNA 6000 NANO chips to assess the RNA Intggdumber (RIN), as describ&d
Consequently, of the 79 valves that were colledsdRNA analysis, 11 patients were
excluded due to insufficient RNA quality, and theng expression data for 311 preparations
from 68 patients were used for further analypapér 1). On average, 4-5 preparations were
examined for each aortic valve. In subsequent aralya mean value of each tissue category
(i.e. normal, thickened, and calcified, respectivalas calculated for each individual.

MRNA and DNA extraction in paper IV

VICs were harvested for RNA and DNA isolation usihg AllPrep RNA&DNA, Qiagen
according to the manufacturer’s instructions. DN anRNA extraction from non-calcified
(thickened) and calcified parts of valvular tissuere performed using DNeasy and RNeasy
kits (Qiagen), respectively.

TagMan real-time PCR

In all papers included in this thesis, gene expoessinalysis was performed by using
TagMan real-time gPCR. First-strand cDNA was sysitterl from 0.5 pg RNA (Superscript
II, Invitrogen, Carlsbad, CA) with random hexameascording to the manufacturer's
instructions. Quantitative TagMan PCR was perforroada 7900HT Fast Real-Time PCR
system (Applied Bisosystemsjith primer/probe pairs that were obtained usingayson-
demand™ from Applied Biosystems (Supplemental Tablén paper |); the reactions
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contained 5 pl cDNA which was diluted i ng/ul and 5 pl TagMan™ Fast Universal PCR
Master Mix (Applied Biosystems, Foster City, USA).

The following primer/probe pairs, Assay-on-demand®re used from Applied Biosystems
in paper Il: Cyclophilin A=PPIA: Hs99999904 m1; poly (ADP-rib®) polymerase
1=PARP-1. Hs00911369 g1, and ipaper V: BGLAP: Hs01587813 gl; BMP-2:
Hs01055564 m1; BMP-6: Hs01099594 m1; Runx2/Cbfal: s00231692 m1;
TNFSF11=0OPG: Hs00243522_m1l1; TRAP: Hs00356261 mi1P1SPHs00959019 mi1;
RANK: Hs00187192 ml1; RANKL: Hs002433522 ml. ResuMere normalized to the
expression levels of PPIA.

Transcriptional changes in VICs (paper I, 11, IM)dhin SMCs (paper 111)

To evaluate transcriptional changes induced byeeiti G, or by different cytokines, such as
TGF1, IL-1B, VICs (passages 2-3) were seeded in 6-well pi@i@scells per well). After
24 hours serum-starvation, VICs were incubatedhénabsence or presence of L& either

1 or 10 nM, and collected for RNA extraction andedmination of expression levels of
BMP-2, BMP-6, and the Runx2/Cbfal using TagMan teaé PCR (see Suppl Table 1 for
primer/probe references in paper ). The sameigeif cell culture experiment was used in
paper Il to evaluate the transcriptional changes of PARRdliced by various cytokines,
such as TGHL (10 ng/mL), IL-B (10 ng/mL) and LT (1nM).

In paper Il the same procedure was used for total RNA extactRNA quantity and
quality assessment from SMCs as previously destriBéter cDNA synthesis gqTagMan
PCR was performed with primer/probe pairs that wastained using Assay-on-demand™
from Applied Biosystems for human CysLTHs00272624_s1) and PAI-2/SERPIN B2
(Hs01010736_m1). Levels of mRNA were normalizeagpression levels of PPIA, which
previously has been determined as an appropriatsekeeping gene in these cells.

Microarray Analysis in paper Il

Microarray analysis experiments were performed biARlerived from three separate SMC
culture experiments, using either Agilent one-calbiole human genome (44K) kit (Agilent
Technologies, Redwood city, USA; n=2) or the AffyfmeHuman Genome U133 Plus 2.0
array (n=1). Microarrays were analyzed with thel@&gfi high resolution microarray scanner.
Data was subsequently uploaded to GeneSpring GXglefit technologies), and analyzed
using advanced analysis workflow for the Agilenteaolor arrays. The set of data was
normalized according to recommendations by Gena§prfor one-color arrays.
(http://www.chem.agilent.com/cag/bsp/products/gs@xiuals/GeneSpring-manual.pdf
Variability between chips was accounted for by gipg/ a shift to the 75th percentile
(dividing all measured signals by a 75th percentiddue). Per-gene normalization was
performed by bringing the baseline to the mediaralbfsamples. Probe sets were firstly
filtered by confidence of detection, where genest there not confidently detected in any
sample were excluded from further analysis.

Further filtering based on expression discarded ganyes where less than 100 percent of
samples in either the relapse or diagnosis comdiiad expression values below thé"20
percentile. The most differentially expressed gedefined as those with an uncorrected p-
value of <0.05 and demonstrating a fold-changexpression of 2.0 or greater, were selected
for analysis. The list of 90 genes generated wésequently compared to data from the
Affymetrix arrays and the genes of interest wengfieel in terms of direction of regulation.
Genes meeting all these criteria contained 45 gemegh were submitted to Ingenuity®
Pathway Analysis for prediction of canonical patgigvand functional gene networks affected
by the significant differential expression of thggmes.

Analysis of the methylation status of the 5-LO ptamregion

DNA hypomethylation by 5-Aza-2’-deoxycytidine (Ad€VICs in paper IV

Cells were seeded into 6-well plates and incubBie@6 hours in the absence or presence of
the hypomethylating agent, 5-Aza-2’-deoxycytidiis@gfna) at different concentrations (100
NM-10 pM). The cell culture medium and AdC werelaepd every 24 hours.
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Analysis of the DNA methylation status of the Sgr@noter region in paper IV

Genomic DNA extracted from VICs and valve tissueenviirther analyzed using the DNA
Methylation Enzyme Kit (SA Biosciences) containimgthylation sensitive -and methylation
dependent restriction enzymes followed by SYBR wgieesed Methyl-Profiler™ gPCR
Primer Assay for Human ALOX5 (CpG Island: 13671;ldRed Refseq: NM_000698
(ALOX5); TSS Position: 45189635; TSS Orientatiooniard; SA Biosciences) to analyze
the methylation status of CpG islands in the prancgion of 5-LO.

Using methylation sensitive- and methylation-depgentd restriction enzymes, which
selectively digest the unmethylated and the metbgl®NA, respectively, allowed obtaining
the methylation density present in the region s&ddiThe change in Ct between the
treatments using the double digest and the mockstigerved as the average analytical
window. The resistant fraction after each treatmeat assessed by SYBR green-based
Methyl-Profiler™ gPCR, using primers that specifigdlank the region of interest of the
human ALOX5 gene. The assay covers one CpG islatidei promoter region and the PCR
product size is 157 bp. The number of CpG sitébanisland is 117
(http://genome.ucsc.edu/cgi-
bin/hgc?hgsid=2444848418&0=45188724&t=45190162&g+slpgdEXxt&i=CpG%3A+117).

Immunohistochemistry

In all paper double fluorescent immunostaining wsed on either frozen sections of valvular
tissue, human carotid endarterectomy samples qriomary isolated VICs and SMCs for
simultaneous detection of two proteins of interest.

Transversal cryosections (10 um thick) were cugned from the cusp base to the free edge,
and fixed in acetonédouble immunofluorescent stainings were performsidgipolyclonal
rabbit anti-human CysLTreceptor (Cayman Chemical Company) or 5-LO (Lif@eSce
Bioscience) and monoclonal mouse anti-human vimeati CD68 (Dako) gaper |, 1V),
polyclonal rabbit anti-human PARP-1 (Abcamaper 1), a-smooth muscle actin (from
DAKO) (paper 111), and monoclonal mouse antihuman antibody for TRp&per V) as
primary antibodies. Isotype-specific either TexasdRor Alexa Fluor 488-conjugated
secondary antibodies (Abcam) were used and theeinuere counterstained with DAPI
(Vector). Images were captured with confocal micope Leica DMI.

Cell biological experiments

VIC isolation (paper I, Il, IV)

Aortic valve samples in cell culture medium werd ouo small cubes (1-2 mm in each
dimension) using a scalpel and placed onto culdiskes to dry for approximately 15 min
under sterile conditions. Then, the valvular piesese covered with DMEM supplemented
with 10% heat-inactivated fetal bovine serum antbaotics at 37°C and 5% GO

The culture medium was changed 3 times per weeHl, the outgrowth of valvular
myofibroblasts was evaluated during 2-3 weeks hig point, outgrown myofibroblasts were
detached and reseeded for measurement of intracellular walciconcentrations,
mitochondrial membrane potential and ROS, calcifedule formation and transcriptional
changes.

Calcium measurements (paper I, )

Free cytoplasmic [C§ was measured using the fluorescent calcium imdic&luo-3
(Molecular Probes/Invitrogen) and confocal micrgac@Bio-Rad MRC 1024, attached to a
Nikon Diaphot inverted microscope with a Nikon PRamo 40% oil immersion objective (NA
1.3)). The myofibroblasts were loaded with the-peltmeant acetoxymethyl ester (AM) form
of Fluo-3 (Fluo-3 AM; 5um) for 30 minutes at 3T, followed by washout with C{D,
(5/95%)-bubbled Tyrode solution with the followifopp mmol/l): 121 NacCl, 5.0 KCI, 1.8
CaCb, 0.5 MgC}, 0.4 NaHPQ, 24 NaHCQ, 0.1 EDTA, and 5.5 glucose. In some
experiments, Cafree Tyrode solution was used, wherein Ga@s replaced with 5 mM
EGTA. Fluo-3 fluorescence was stimulated by excitatwith 488 nm laser light while
measuring the emitted light through a filter thibwed wavelengths >515 nm to pass. A
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stack (z-dimension) of 15-20 confocal images, eapproximately 0.5um thick, was
acquired at regular intervals during the experimehiorescence intensity was measured in
the same cell regions at each time point. All expents were performed at room
temperature (~2Z). In paper Il similar calcium signaling experiments were perfedion
SMCs, as irpaper I. In brief, SMCs were incubated for 48 hours in #ésence or presence
of LPS (10ug/mL) followed by washout and then loaded with therescent calcium
indicator Fluo-3. The cells were subsequently statad with LTG (1 uM, 30 min at room
temperature) in either Tyrode’s solution (the cosifion was the same as it was used in
paper I) or Tyrode's solution containing the Cyslf€ceptor antagonist MK571 ({M).
Changes in [Cd] were recorded using a BioRad MRC 1024 confocatrosicopy as
previously described.

Measurement of mitochondrial membrane potential r@aattive oxygen species (paper 1)

To measure mitochondrial membrane potentidrf), the fluorescent indicator
tetramethylrhodamine ethyl ester (TMRE; Invitroddolecular Probes) was used. Because
TMRE accumulates in the negatively charged mitodhiah matrix in proportion to the
electrical potential over the inner mitochondriabmbrane; the change in fluorescence
reflects the changes in¥’m. The myofibroblasts were loaded with TMRE (#) for 20
min at 3?C, followed by washout. Confocal images of TMREoflescence were obtained at
568 nm excitation/585 nm emission. At the end ef éxperiment, the myofibroblasts were
exposed to the mitochondrial uncoupling agent  aaybo cyanide-p
trifluoromethoxyphenylhydrazone (FCCP; (M), which depolarizes the mitochondria,
allowing the dynamic range of the dye to be meabuféuorescence was measured in the
same cell regions at each time point. Changes tocmondrial ROS (superoxide (02*-))
production were monitored wusing the fluorescent icar MitoSOX Red
(Invitrogen/Molecular Probes), which accumulatesfg@rentially in mitochondria and
specifically detects the formation of O2 *—. Cedlere incubated with MitoSOX Red (8J)

for ~30 min at 37C, and experiments were started after the cell® weshed with Tyrode
solution. MitoSOX Red was measured at 488 nm eb@itt>585 nm emission.

Calcified nodule formation in primary culture ofG4

For studies of calcification, primary cultures ainman VICs were plated into 6-well cell
culture plates with a cell density of *16ells/well in DMEM supplemented with 10% heat
inactivated fetal bovine serum and antibioticsatidition, 3-glycerophosphat (10 mmol/L),
CaCl (1.5 mmol/L) and ascorbic acid (@§mL) were added to the cell culture medium to
enhance calcification. The cell culture medium whanged every second day with LiTC
added at different concentrations (1-100 nM). Atigo weeks, calcified nodule formation
was evaluated by Alizarin red staining.

Cell culture experiment in paper Il

Human coronary artery SMC purchased from Cloné@asnbrex Bio Science, Walkersville,
MD), were cultured in SmGM2 kit medium and harvddigr experiments between passages
5 and 8. Cells were seeded in 6-well plates ¢Hlis/well) containing SMGM2 48 h before
the respective treatment, which was replaced witiib&€co’s modified Eagle’s medium
(DMEM) supplemented with 2% FCS (starvation mediu?d) hours before experiments.
Subsequently, cells were incubated in the absenpeesence of LPS (Sigma, 1@/mL), IL-

6 (Peprotech, 20 ng/mL), IFN{Peprotech, 20 ng/mL), or TNk{Peprotech, 10 ng/mL)
Duration of LPS treatment was experiment depend€etls were treated with various
substances across experiments, including 4. IO D,, and LTE (Cayman Chem, Ann
Arbor, USA; 1uM), the CysLT1 receptor antagonist MK571 (CaymanpuM), EGTA
(Sigma, 5 mM), and BAPTA-AM (Invitrogen, 1{M).

ELISA (paper I, lll, IV and V)

Concentrations of cysteinyl-LTs were measured usingenzyme immunoassay (EIA kit
from Cayman Chemicals) with a monoclonal antibodgognizing the total of all three
cysteinyl-LTs (LTG, LTD,4, LTEs) on conditioned media containing healthy, thicleeaad
calcified parts of stenotic aortic valves (n=72rided from 5 patients) after 24 hours
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incubation at 37°C in serum-free Dulbecco’'s modifi€agle’s medium (DMEM)
supplemented with antibioticpdper 1). The quantitative measurements of concentratbns
PAI-2 was carried out on cell lysates from untrdaBMCs and SMCs treated with LTC
(1uM) for 24 hours using IMUBIND® PAI-2 ELISA kit (Anrécan Diagnostica GmBH)
according to manufacturer’s protocpbper Ill) . Inpaper IV, to quantify the concentration
of LTB, in supernatants from VICs, ELISA (Cayman Chemicafls used. Impaper V
plasma concentrations of human total OPG, MMP-9 DR&ystems), BMP-2 (Boster
Immunoleader), BMP-6, BGLAP, RANK, Runx2, TRAP (USYX; OPN (Ray Biotech), and
RANKL (BioVendor Research Diagnostic) were measuusthg commercially available
ELISA kit. Each measurement was performed accorthntpe manufacturer’s instructions.
The intra-and interassay coefficients of variatimre 2% and 7.9% respectively for MMP-9,
<10% and <12% respectively for BMP-6, BGLAP, RANRynx2, TRAP, OPN, OPG, 2.6%
and 6.3 % respectively for BMP-2, and 8.7 % arid% respectively for RANKL.

Leukotriene synthesis in myofibroblasts and momscigaper 1)

Monocytes were isolated from 6 healthy volunteesimgi standard procedure. Mononuclear
leukocytes were resuspended in DMEM supplementdu 10% heat inactivated fetal bovine
serum and antibiotics and left to adhere for 24rfioddherent monocytes were then
harvested for RNA extraction and determination éf( expression levels, as described
above. In addition, myofibroblasts and monocytesrewstimulated with the calcium
ionophore A23187 (1@M) and supernatants assayed for cysteinyl-LT camagons by
EIA.

Ethical consideration

The valvular projectgaper I, Il, IV, V) was approved by the local ethics committee
(Reference number 2008/630-32), and all patiente gaformed consent at the inclusion to
the study. All experiments were performed in acaaog with the ethical standards laid down
in the 1964 Declaration of Helsinki and were appebby the local ethics committee. All
patients gave their informed consent prior to theitusion in the study before performing
carotid endarterectomy (Reference number 02/gdger Il ).
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4 RESULTS AND DISCUSSION

The corresponding papers are referred to with Romuamerals (1-V).

4.1 INFLAMMATION
4.1.1 Upregulation of the inflammation in aortic valvehe presence of the 5-
lipoxygenase pathway

As outlined in the introduction section calcifiedréc valve stenosis is a progressive disorder,
in which the initiating step is the active influenof local inflammatiof ® besides excessive
remodeling of ECM directly connected to calcificaf? '®” The complex interrelationship
between these events leads to pronounced calificatemonstrating elements of active bone
formation, which is a final common pathway repréisgnirreversible morphological changes
within the diseased valve tissue. Additionally, Hetive impact of infiltrating immune cells,
such as mast cells, macrophages and T-cells actragger for valve calcification in an early
vulnerable stag& " where eventually pharmacological interventionldaetard/decrease the
inflammatory burden. Previous landmark observatidimdh in explanted human valve
specimen¥and in experimental animal models provided eviddacénflammation associated
calcification paradigm using advanced moleculargimg techniqu¥’, allowing to obtain a
detailed histopathological picture of the early gghaof the disea¥t Based on those
observations and the fact the activated infiltigatmacrophages are the main source of the
inflammatory mediators in aortic valve tissue, vaardn assumed that leukotrienes, a group of
lipid mediators with potent proinflammatory propest might have a pathogenetic role in the
stenosis progressiorpdper 1). Accordingly, the LT-pathway has been implementeda
variety of inflammatory conditiofisand in cardiovascular patholodi&s

To this end we have established a macroscopicdiissd¢echnique of human valve specimens,
where we identified macroscopically normal, pliakitickened and calcified regions in each
individual leaflet, representing the entire disegigectrum from early signs to advanced stages
(Figure 3), demonstrating the disease developnmevityd. This model was subsequently used
in paper I, 1l, IVand V.

Aortic valve specimens with different underlyingtaovalve pathologies were included to the
study, as it shown in the Table 1 (see in the Niteand Methods section).

4.1.2 qgPCR-data analysis, obtained from stenotic aortatwes

The local expression levels of the inflammationoagted genes, such as CD 68, CD 8, 5-
LO, IL-1p increased gradually as the valve progressed frorma through thickened to
calcified part of the valvular tissue as shown iguFe 4. Since the mRNA levels derived
from normal part of valves belonging to differersiwe pathologies (Table 1) did not show
any significant differences, served as a controhlinsubsequent analysis. The results of
macroscopic dissection technique used in stugiager I, 1, IV, V and were corroborated
by previous histological classification with eviden of steady-state infiltration of
inflammatory cell& ™ In addition, the role of inflammation has beeplicated as a critical
link coupled to cuspal calcification through exmiea of MMPS° potent cysteine
proteinases (cathepsin&sj‘leading to disruption/degradation of the valvulestn content,
which could serve as midus for hydroxyapatite-precipitation in addition torsaunding
milieu favoring osteogenesis. Moreover, the trapsdevels of IL-13, expressed mostly by
activated leukocytes, according to earlier obs@mdf’ was abundantly present in the
calcified valvular tissue, which was confirmed hy observation (Figure féaper 1).
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Figure 4. Relative gene expression data of thainfhation associated genes: CD 68, CI
5-LO, IL-18 (normalized to the normal area, derived from stenealves paper ).

Indeed, proinflammatory mediators, such &1, and Teells via direct contact can activ:
macrophages and thus further enhance their lolammatory activity, and the releaof

proteolytic enzymée€® . In parallel with atherosclerosis, as the stenpsigresses wit
increased inflammatory activity, L1, one of the downstream effector of tt-LO pathway
acts as potent chemoattractant to further recraitenminflammatorycells to the inflamed
valvular tissue and thus maintain -synthesi¥.

In paper | the transcriptional profile of CD 68 and-LO increased stepwise a
demonstrated a positive significant correlatiomlirthe three tissue classifications, provid
evidence for that activated, infiltrating macrophages ahe main source of loc
inflammatory activity, exerted in surgically remavBuman aortic valves. Whereas previ

observations revealed evidence for the functionablvement of L’-pathway in human
atherosclerosi$ *°* *°, our recent publicationp@per 1) demonstrates for the first time t
upregulation of the L-cascade in explanted calcified human Apecimens. The lack
concomittant increase in the mRNA levels of thetali®nzymes of the -LO pathway
suggests the influence of other transcriptionalul@gry mechanisms. Our data shov
gradually increased with a preferential inflammgptactivity observed in the calcified pe
which might be connected to increased number ditrating immure cells and model tr
natural course of disease developn

4.1.3 The role of phenotypic plasticity of VICs, as a soa of amplified inflammatory
response exerted in aortic valve tis:

VIC is the dominating cell type of aortic valve arebponsible for the aintenance of valve
integrity, competency and function in response tmtinuously changing metaboli
inflammatory and hemodynamic conditions. Phenotypiansdifferentiation of VICs
determined as an altered expression profile ofskgietal and surfa proteins reflects an
agerelated adaptation mechanism of the valvular strectand is associated with
physiological maturation proce®. However, altered phenotypic feature of VICs isoi
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implemented into the pathophysiology of stenosiogpmssion. Under pathological
conditions, a subset of interstitial cells may faxample undergo phenotypic
transdifferentiation toward bone-producing osteshblie cells with expression of osteogenic
mediators, such as osteocalcin, bone sialoproseid, osteonectin, which participate in the
active calcification associated with A%> One example of a possible epigenetically
regulated pathway is the Runx2/Cbfal, the mastanstription factor involved into the
osteoblastogene&fxan be inhibited by either by histone deacetylasiwity (HDAC)®, or

by Notch, which is its transcriptional repressanese facts suggested that the aortic valve’s
own structural cells may take active part in thdve&’s morphological changes with
subsequent functional consequencBsper IV was aimed to assess the underlying
mechanism of one unexpected finding obtainegdper | demonstrating 5-LO activity in
vimentin positive cells both in frozen sectionsAdf tissue and in primary culture of VICs
(Figure 5). The hypothesis @aper IV was that epigenetic modification could lead to a
transformation of VICs into leukotriene producingmune-like cells with a potential to
aggravate the pathological processes. This waéediurtorroborated irpaper I, where
conditioned media derived from different part argitic valves exhibited gradually increased
CysLT concentrations (healthy: 28.7+6.2 pg/mL; kleiwed: 40.9+2.9 pg/mL; calcified:
47+2.3 pg/mL;P<0.05).

Figure 5. Double Immunofluorescent staining shoaedbcalization of the 5-LO protein
(red chromogen) with markers for VIC (vimentin,@mehromogen), nuclei were
counterstained with DAPI (merged, the last pictureach row). The upper row: frozen
section from aortic valvepéper ); the lower row: primary culture of VICpéper IV).

Although, the mRNA levels of 5-LO were significanthigher in adherent monocytes
(collected from healthy individuals; expressed &§72 3.2x10°+1.1x10° (n=6) versus

2.9x10°+4.3x10° (n=4), for monocytes and VICs, respectivéhz0.01) compared with VICs

(paper 1), suggesting that monocytes are more efficientlypcers of leukotrienes compared
with VICs. However, the number of infiltrating imme cells even in the calcified part will
still be lower compared it with those of VICs, whiis the dominating cell type of the valve
and serves as an additional source of inflammatioralvular tissue. According to previous
observations, that the transcriptional activitybdfO is epigenetically regulated by promoter
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methylatior®**% the aim ofpaper IV was to assess thel'® promoter methylation status

AV tissue with its subsequent functional consequettcd® transcriptional activity of-LO.

Calcified part of valvular tissue show a significantlylower amount of hypmethylated 5-
LO (densely methylatecpromoter compared to naralcified part (Figure 6A). In additio

the alteration of the -LO methylation status was functional as demongiraty the
accompanied significant incree in 5-LO transcription (Figure 6B).
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Figure 6. Extent of methylation o-LO promoter region (A; n=8 preparations from
patients. The data are presented as a fold chaongepared to the methylation level in -
calcified tissue) and -LO mRNA leveldB; n=12 preparations from 6 patients) in r-
calcified (thickened) and calcified parts of hunst@notic aortic valves. *P<0.05; compar
with non<€alcified part

Additionally, there was a significant and inverserrelation between -LO promoter
methylation and %O mRNA levels in aortic valves (-0.5, p=0.04). These data point to

dynamic change of the methylation status LO promoter parallel with disea
progression, which could further explain the enkanoflammatory activity detected in e-

stage valvular lesion. This is in accordance wdHier observation demonstrating still hi
inflammatory burden in er-stage aortic valve lesioH8 However, it should b
acknowledged, that interpretation of DNA methylatianalysis data obtained fr: tissue
samples is complicated by the fact that whole &ssentains heterogeneous cell populat
with different methylation pattern. Therefore inocat be excluded that a part of the obsel
decrease in the BO methylation level is due to the inrating, lessnethylated immune cel
in the calcified part. As we demonstrated t-LO mRNA in VIC culture is several orders

magnitude lower than in leucocytepaper 1), cells are known for their abundant expres:
of 510, probably related to theihigher expression levels of downstream enzyi
However, the number of DNA copies derived from leuites will still be lower compare
with VICs, and the methylation status analysis wilinly reflect the dominating cell type

the valve. To further coirm the phenotypic plasticity of VICsin vitro cell culture
experiments were performed on VICs, which has tiivaatage of studying uniform ct
population. In this model, pharmacological inhifmitiof DNA methylation byusing AdC, a
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known hypomethylating agent increased 5-LO expoessind decreased the degree of
methylation in the CpG-rich region of the 5-LO prater. This alteration of the 5-LO
promoter methylation status was functional, as destrated by the increased LB
production in the cell culture supernatants. linteresting to note, that activated VICs are
able to produce both LTBpaper 1V) and CysLTs gaper |), probably due to epigenetic
alterations of the 5-LO promoter.

Collectively, our results are definite and providl biological findings on VICs phenotypic
plasticity, which could serve as a functional linktween epigenetics and the development
and progression of aortic stenosis.

4.1.4 LT receptor expression in valvular tissue

LTs act through activation of specific receptorsheSe receptors are expressed on
inflammatory cells, for example neutrophils, madrages, lymphocytes vascular and airway
smooth muscle cefls In paper | the transcriptional profile of CysliTand CysLF was
unaltered throughout the valve, whereas the exjpredsvel of BLT, was significantly
upregulated in thickened part, demonstrating p@sen infiltrating leukocytes. Furthermore,
the role of CysLT receptor signaling in structucells is discussed in chapter.1.6 within
this discussion sectiopdper Il ).

4.1.5 The functional consequences of increased inflamm@ataactivity to the stenosis
severity

After the demonstration the presence of the LTypathin valvular tissue, here it will be
discussed its functional consequences. Earliersiiyegtions established a potentially causal
relationship between active influence of LTs arftedeént cardiovascular pathologies, such as
atherosclerost&® 1% 7 in stent restenosis after P&] and abdominal aortic aneury¥mAs
aortic valve stenosis is a slowly progressive diseaith a disease continuum, beginning with
early phases containing signs of enhanced inflamamatvhich is the key feature in early
vulnerable phase, resembling to that existing iyegtherosclerotic plaque formation, the
hypothesis ofpaper | was that LT potentially could lead to hemodynamiogression. In
order to assess the LT's effect on stenosis sgyerdrrelation analyses were performed
between gPCR data and echocardiographic paraneuardifying the stenosis severity. In
the thickened part, representing the early vulderatage, the local expression level of
several components of the LT-pathway, such as 5HL@\P and LTAH correlated inversely
with the VTI-ratio (Table 2).
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Table 2. Correlations between echocardiographiarpaters and gene expression levels in
thickened areas of stenotic aortic valves, inclgdiituspid and tricuspid valves.

5-LO FLAP LTC,S
Age,y Correlation 0.0147 0.142 0.0805
coeff.
P-value 0.931 0.406 0.653
AVA/BSA, Correlation -0.309 -0.303 -0.245
cm2/m?2 coeff.
P-value 0.0663 0.0722 0.167
VTl-ratio Correlation -0.351 -0.385 -0.302
coeff.
P-value 0.0357 0.0205 0.0869
P-mean, mm Correlation -0.021 0.101 0.352
Hg coeff.
P-value 0.9 0.556 0.0446

In multiple linear stepwise regression FLAP remdisignificantly correlated with VTI-ratio
(P=0.025). In addition, the transcript levels for LjFA IL-13, and MMP-9 correlated
inversely with AVA/BSA paper 1). Moreover, the transcriptional profile of LTE&
demonstrated significant correlation with the P-mgBable 2). Based on this classificaffon
the early thickening of valve cusps before caleiiien represents an intermediate stage of
aortic valve stenosis at which one can intervere raverse the pathology. It is therefore
interesting that our univariate correlation analynithickened areas of stenotic aortic valves
revealed that, in addition to the already explomeHiators of aortic stenosis, II3*t* and
MMP-9'% 1% the mRNA levels for 5-LO, its activating protdi AP, and the down-stream
enzymes LTGS and LTAH correlated significantly with severity of stermsCollectively,
upregulation of the LT-pathway in valvular tissuégh have several effects through
promoting inflammation and leading to stenosis peegion. It was interesting to note, that
the local expression level of all enzyme represgnthe entire LT-pathway correlated with
the stenosis severity, whereas neither of CD 68 afolCD 8 showed any significant
correlation with the clinical stenosis severity réétations between several components of the
LT-pathway, such as 5-LO, FLAP, LTH, LTC,S and potent osteogenic morphogenes:
BMP-2, BMP-6 and Runx2/Cbfal further confirmed theflammation associated
calcification, in which LTs might have a criticalle (paper ).

4.1.6 CysLT's intracellular effects in human VICs and huan SMCs

Since our observation showed upregulation of inffetion in diseased aortic valve tissue,
particularly the active influence of the LT-pathwafich was correlated with the stenosis
severity, we next elucidated the intracellular etffeof one its candidate signal molecule
(paper 1, 111'). Because CysLT receptors were expressed on a@hie’s structural cells
(Figure 7), we next examined the intracellular @feof one of its agonist acting as a potent
inflammatory mediator: LT¢ This was based on previously known fact, thati@a@nd
airway wall express LT-receptors responding to Qyst. Because striking similarities exist
between these two cell types (VIC and SMC) basedlmervations from experimental and
clinical studie®’, the next step was to identify common pathwaygicat for further
functional understanding of the LT-cascade.
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VIC is a mesenchymal cell type sharing many phepiotgimilarities with vascular SMCs
when it is not in an activated statdJpon activation vascular SMCs and VICs exhibit
phenotypical shift towards proliferating, secretiagd migrating cells. In addition, earlier
observations provided evidence for CyslLimediated proliferation in primary culture of
arterial SMC and their phenotypic alterations tosynthetic state in response to LT
stimulatiort® 2° Furthermore, earlier investigations provided ewice for LTs mediated €a
influx followed by activation of apopto3fs.

Vimentin

Vimentin

Figure 7. Representative confocal photomicrographisnmunofluorescent labeling of
human stenotic aortic valve (upper panel) and llGwer panel), respectively.

To characterize the short, intermediate and long-teffects induced by LTLon VICs
different treatment durations were used.

Short-term/acute effect of LT,C

15 to 30 minutes stimulation by LECL nmol/L) caused significant rise in intracelluj@a’"]
with the most pronounced increase detected in tioéear and perinuclear region of the cell
(Figure 8, left panel), indicating receptor tramsition upon cell activation. The CysLT
receptor in some cases demonstrated nuclear ionksas indicated by white arrows in the
lower panel of Figure 7. Similar expression patteas detected in human coronary smooth
muscle cells gaper Ill, Figure 11). These LT&nduced changes were dependent on EC
Cd"-supplementation and were absent whefi-Bae cell culture medium was administered
(Figure 8). Furthermore, these LT-induced changesevaccompanied by time-dependent
morphological alterations with an increase in theaicytoplasmatic vacuole formation, as
shown in Figure 8, (left panel red arrows), dissga of the mitochondrial membrane
potential and increased ROS production, seriesvelts leading to activation of cell death
pathways gaper 1). In addition, ROS production has previously besssociated with
calcification in diseased valve tis$tleand also with osteoblast differentiation through
induction of BMP-2%, Collectively, all those findings indicate that CJ might act as a
critical link between inflammation and situ calcification in inflamed aortic valve tissue.
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Figure 8. LTG-mediated increase in nuclear arperinuclear [CZ#']. Representative
confocal images of VICs loaded with the**indicator: Fluo-3. The left panel shovpictures
before, indicated as “ontrol” and after treatment with LTS indicated as “LT(”,
respectively. Red arrows indicate vaci-formation after LTG treatment. The right pan
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Intermediate effect of LT,:

To further confirm LT('s effect linking inflammation anduspal calcification together :
hoursstimulation was used in primary culture of humarC¥lipaper I). As the Figure 9
shows the transcriptional level of BI-2 and BMP6 increased in a concentrat-dependent
manner and exhibited significant rise comp. to the untreated cells.
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Figure 9. mRNA levels for BN-2 and BMP-6 in VICs after 24 houegposure to LT, (1-
10nM), *P<0.05.
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Prolonged exposure of LT,®n VICs:

Sustained stimulation (two weeks) of primary cudtuof VICs with LTG stimulated
increased cell aggregation, calcified nodule foromtas evaluated by Alizarin red, a calcium
specific staining (Figure 10)

Figure 10. Representative micrographs of Alizaed stained human VICs cultured with
glycerophosphate (10 mmol/L), CaCl.5 mmol/L) and ascorbic acid (a@/mL) in the
absence or presence of LJ00 nM) for 2 weeks.

Taken together, all our findings are in line witreyious observation on Cysk Teceptor
mediated eryptosis due to sustained intracellulalciam overload with subsequent
deleterious effects on the cytoskeleton leadingcét scrambling and shrinkadé In
agreement with these CyslLmediated observations earlier study demonstratadQysLT,
inhibitor, montelukast was able to reverse leuke@poptosis in chronic renal failafe In
addition, pharmacological inhibition of either thmultidrug resistant protein 1 (MRP1) by
MK 571, which promotes the transport of LTf@om the intra- to the extracellular
compartment, or the Cysl, Teceptor by montelukast, reduced vascular ROSugtah and
improved endothelial functid®. Based on our experimental observations on 4ifi@uced
nuclear calcium signaling and nuclear translocatibits receptor, the next studgaper I11)
was aimed to further characterize and extend tfiedangs to vascular SMCs derived from
human coronary arteries. Previous observationsteghthree-fold higher expression level of
CysLT, compared to CysLTin atherosclerotic human carotid artetfewith increased
contractile response evoked by CysETsIn contrast, under physiological conditions
systemic vessels are unresponsive to CysLT stiioofat which further indirectly
corroborates the increased vascular sensitivity.Te in diseased arteries mediated by
CysLT; recepto¥. The hypothesis of this study was that inflammatemvironment could
lead to upregulation of CyslyTreceptor with subsequent functional consequennegene
expression profile leading to loss of intact vaacuslensitivity towards atherogenic properties
(paper III').

In accordance with the findings obtained in VICpared inpaper |, double fluorescence
immunohistochemistry showed Cysf protein expression in-smooth muscle actin positive
cells both in human specimen derived from atheevstit lesion and in cell culture of human
coronary SMCs (Figure 11) demonstrating perinucleaalization pattern. Furthermore,
LPS, IL-6 and IFNy stimulation induced increased CyslLileceptor expression in a time
dependent manner (Figure 12). To evaluate whethisk T; receptors expressed on vascular
SMC were functional, calcium changes in human carprartery SMC were studied using
the fluorescent calcium indicator Fluo-3.
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Figure 11. CysLTexpression ita-smooth muscle actin positive cells in atherosclel
lesion from human carotid artery (upper panel) amaell culture of human coronary S

(lower panel).White arrows indicate nuclear inclusé
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Figure 12. CysLTreceptor expressic in human coronary artery SMCs is upregulated
pro-inflammatory stimuli. Re-time quantitative TagMan RFER for CysL; receptor
MRNA in SMCs incubated in the absence and pressnc®S (10ug/ml) for 1, 4, and 8
hours (A) and IL6 (20 ng/mL), TN-a (10 ng/mL), or IFNy (20 ng/mL) for either 8 houl
(B) or 24 hours (C). Results are expressed asifaiccase compared with untrea

cells (n=3-5). *P<0.05 vs. tim-matched control.
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Figure 13. A: concentration-response curves fof‘Cluorescence in nuclei and cytosol of
SMCs incubated for 48 hours in the presence of (Sg/ml). B: C&" fluorescence in
nuclei and cytosol of SMCs incubated for 48 hoarthie absence (Control) or presence of
LPS (10ug/ml) prior to stimulation with LTE€(1 «M, 30 min). C:The time course of the
LTC,induced calcium increase shows that the increasauclear calcium (Blue symbols)
preceded the increase in cytosolic calcium (Blagklsols).*P<0.05 vs. controls, #P<0.05 N
vs C in each condition.

LTC,4 induced a dose-dependent increase in intraceltabium was observed, which was
predominantly located in the nucleus (Figure 13Tje LTG-induced calcium increase was
significantly higher in LPS-pretreated cells congghwith untreated cells (Figure 13 B). In
LPS-pretreated cells, the LJ@cuced increase in nuclear calcium was signitigan
inhibited by the CysLT receptor antagonist MK571 (Figure 13 B). The ticoairse of the
LTC,-induced calcium increase in the nuclear and cyimsompartments is shown in Figure
13 C. The increase in nuclear calcium precededirtbiease in cytosolic calcium. Taken
together, priming of vascular SMCs with LPS andeothflammatory cytokines up-regulated
CysLT, receptor mRNA and enhanced Lfi@duced effects, similar to that observed in
endothelial cel®. Intracellular calcium signaling in nucleated selnight have dual
properties depending on the kinetics of the cyiosaind nuclear calcium oscillator
generating periodic pulses of calcium. While pedodalcium oscillations in the
cytoplasmatic compartment are physiologitalsustained intracellular calcium overload
could stimulate activation of apoptotic pathwd{dn our cell culture of human SMCs, LTC
stimulation resulted in increase in calcium both the nuclear and the cytoplasmatic
compartments of the cell with a sustained incre@sehing a plateau level without any
further significant changes in calcium concentrai¢Figure 13 C). Collectively, this type of
changes in intracellular calcium concentrationgratcould be connected to apoptosis.
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The next steps within this project was to assessdthwnstream effectors in response
enhanced nuclear calcium signaling, determinedltased phenotypic feature of vascu
SMCs with synthetic potent™. Microarray experiment revealed SERPIN B2/-2 as one
of the most significantly upregulated genes, whigs confirmed by TagMan real time P¢
(Figure 14 A) and at the protein level, using ELIS&chnique (Figure 14 B) in ti
supernatants derived from L, stimulated human coronary SMCs.
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Figure 14.L TC,-induced upregulation of P-2 in human coronary artery SMC. A: Real t
gPCR for PAI2 mRNA in human coronary artery SMC incubated ia #bsence an
presence of LT LTD, or LTE, (1 «M) for 24 hours. Insome experiments, cells wt
pretreated with the Cysl; receptor antagonist MK571 (@M) for 1 hour before addition ¢
LTC, *P<0.05 vs. no-LTC,; stimulated Contr (n=36). B: PAF2 concentrations in
supernatants from human coronary artery SMC inceb&4hours in the absence (Contr)
presence of LTL(1 uM). *P<0.05 vs. Contr (n=7). C: Increase in P-2 mRNA levels
induced by LT¢(1 «M) in human coronary artery SMC incubated in theetre (Contr) o
presence of either BAP-AM or EGTA. *P<0.05.

In addtion, these changes in gene expression profilRAl-2 were significantly abolished
the presence of BAPT-AM and EGTA, known calciurahelators (Figure 14 C

PAI-2 belongs to the serine proteinase inhibitor farpilgferentially expressed in unste
carotid plaqu&® In addition, PA-2 but not PAIL is relatively resistant to oxidati
condition$® which characterizes inflammatory states and thus loa used to monitc
sustained inflammatory activity. In addition, ottetudies demonstrated upreated PAI-2
expression levels in vascular SMCs treated by -0*'°, or by conditioned media deriv:
from macrophages activated by oxidized I***. Furthermore, the presence of -2 within
the extracellulaispace of the atherosclerotic vessel wall may ibute to control woun
healing process after plaque rup®®

Although the microarray analysis did not reveal atftgrations in PA1 gene expression
profile, which is the main inhibitory SERPIN, butcarding toa previous findin®* PAI-1
promoter regn contains several responsive sites for cCAMParse element binding prote
(CREB) as well. Ingenuity Pathway Analysis idemtifi several functional gene netwc
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predicted to be significantly affected by L7 Gtimulation. One of the most interesting
finding was the involvement of CREB, a transcriptifactor and member of the leucine
zipper family of DNA binding proteins, which is kwa to be activated by nuclear calcitifn
Another pathway connected to LT@duced gene expression was the receptor actiwdtor
nuclearxB (NF- «kB), which previously has been shown to be activédddwed by CysLT
ligation®. Collectively, observations ipaper Il confirmed and extended our previous
findings reported inpaper | demonstrating perinuclear CyslL&xpression in response to
inflammatory stimuli. In addition, LT&£induced increase in nuclear calcium signaling was
associated with alteration of gene expression lgrofdemonstrating proatherogenic
properties.

4.2 THE ROLE OF NITROSATIVE STRESS--CONNECTION TO THE C ELL
DEATH PATHWAYS; DIFFERENCES BETWEEN TAV AND BAV

Previous observations suggested that oxidativessstneay contribute to the hemodynamic
progression of AS". In vitro experiment of porcine VICs demonstrated that N@ots
attenuate osteogenic differentiafith which suggests that the presence of oxidativesstr
might be connected to hemodynamic progression af $iBce we found impaper I, that
leukotriene signaling was associated with an irsgea ROS formation in valvular interstitial
cells, thepaper Il was initiated with the aim to explore the nuclesizyme PARP-1
expression, as a downstream effector of oxidatitress in the context of AS. The
transcriptional profile and the topological distriiton of PARP-1 in human AV, and its
relation to the severity of stenosis in differeatwe anatomies including both tricuspid and
bicuspid valves were investigated. Using the mamis dissection technique establised and
validated inpaper |, surgically explanted human stenotic aortic valvesre used for
macroscopic dissection followed by Tagman gPCRHARP-1. In addition, cell culture
studies were performed to assess the relationsdtiwelen leukotrienes and PARP-1. Our
results demonstrate that the thickened areas abtstevalves with tricuspid morphology
expressed significantly higher levels of PARP-1 mRébmpared with the corresponding
part of bicuspid valves (Figure 15). These findimgsvide a first suggestion of potential
differences in DNA damage pathways between bi- @icdspid valves. Furthermore, the
guantitative gene expression levels of PARP-1 tated with aortic stenosis severity in
tricuspid aortic valves, whereas no correlationsavaserved in bicuspid valves (Table 3).

Table 3. Correlations between echocardiographiarpaters and gene expression levels for
PARP-1 in thickened areas of stenotic aortic va(peper II)

PARP-1in TAV PARP-1 in BAV

AVA, cm? Correlation coeff. -0.46 0.174
P-value 0.0469 0.542

AVA/BSA, cm2/m? Correlation coeff. -0.498 -0.0462
P-value 0.0296 0.868
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Figure 15. qPCR data in TAV and BAV in normal (Ajckened (B) and calcified (C) part
stenotic valveqpaper II)
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Figure 16. Invitro cell culture experiment on VICs using L, TGFf1, and IL-1. Bars
represent meanzSEM. The transcript level of P-1 exhibited significant increase at 1r
LTC, (P=0.006). paper 1)

In vitro cell culture experiment showed that L, lead to significantly elevated mRNA leve
of PARP4 in VICs (Figure 16). These effects were obsemteldw concentrations of LT,
which is in line with our previous study, indicalih. TC, as a potent inducer of PAK-1 in
VICs. Along with previously cmonstrated intracellular effects of L in VICs (paper )
and in vascular SMCspaper Ill') containingincreased nuclear calcium, ROS product
dissipation of the mitochondrial membrane potentiatreased sensitivity for Cysl
receptor with subsequ¢ altered gene expression profile and as an effegbrolonged
stimulation, increased calcium nodule formation, collectivelyl #@hese events lin
inflammation through activation of cell death pa#tys and cuspal calcification together. -
activation of PARPE pathway, as a result of increased ROS produatisasponse to LT,
stimulation potentially could serve as an effettomediate LT(,’'s intracellular effects
Previously has been shown, that P/1 regulates the intracellular trafficking of se\l
transcription factors and thus modulates the aalluesponse to oxidative inji**®, for
example for NReB. In addition, we have demonstrated the activabbiNF-xB in LTC,
primed vascular SMCspaper Il ), which might be mediated through R-induced PARP-1
activation.

Some substantial differences exist between TAV BAY, not only regarding the differel
etiology, but also the natural course of the dise&e previously demonstrated that T.
representsa more pronounced inflammatory state compared WAV (paper |), as the
transcript levels of CD 68 and CD 8 were signiftbarhigher in TAV. In addition, th
hemodynamic progression of the stenosis is acdetéran BAV compared with TAV
probably dued altered systolic flow distributic®.

In conclusion, in human aortic stenosis, P~1 expressionevels were higher in tricusp
compared with bicuspid valves, and were correlaigll stenosis severity only in tricusg
valves. Since PARRwas induced y leukotrienes, these data suggest oxidative stress
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and valvular DNA-damage through PARP-1 activatianyrhe associated with inflammation
and the stenosis severity in tricuspid aortic valve

43 THE ROLE OF BONE TURNOVER, VALVULAR OSTEOCLASTS AND
THEIR RELATION TO THE CLINICAL STENOSIS SEVERITY

Based on inflammation-dependent calcification parat **°> and on our observation on
LTC,-induced calcificationgaper I) we next characterized the calcification procéssugh
assessment of the local transcriptional profile génes with osteoinductive and
osteoresorptive potential and their associatioh thie clinical stenosis severitggper V).

In vivo experimental data provided evidence for opposifigctes of inflammation in the
vasculature, aortic valve and in skeletal bonaudss Whereas inflammation is associated
with increased calcification in arterial wall andréc valve, the mineral content of inflamed
bone decreases, revealing paradox simultaneouslysg®". Longitudinal epidemiological
studies in patient cohorts with osteoporosis detnatesi high prevalence of cardiovascular
disease suggesting common promoting factor foropstesis and co-existing vascular and
valvular disease® This raises an important question, if osteoclasith their known
resorptive function can be used in the context $fté remove mineral content and thus limit
the progression rate. The method using local iilgacdf osteoclasts or using RANKL to
recruit osteoclasts to efficiently resorb calcifioa, as a potential biological treatment of
calcified tendinitis has been propo$€d However, the role of vascular and valvular
osteoclasts has not been investigated in the coot&S progression.

All previous studies focused on the role of ostastd in AS and there is little conclusive
information about the influence of osteoclastshi® ¢alcification process. Mohler et al. were
the first to describe osteoclasts in heavily cadihuman aortic valve tisstieAccording to
the facts obtained in skeletal bone tissue, theelysemodeling in calcified aortic valves has
its origin in microfractures at multiple sites dietvalve, at which osteoclasts and osteoblast
recruited, together building up a complex systém

The aim ofpaper V was to assess circulating mediators of bone hommsiesand their
association to the severity of stenosis and tocggphe spatio-temporal distribution of bone
turnover in different parts of calcified aortic val tissue, based on dissection technique
reported inpaper |. As we earlier describegdper I, [I) human aortic valves were used for
RNA extraction followed by qPCR.

Osteoclasts are formed by fusion of monocytes/nmarges, confirming their hematopoietic
origin. Recent published data described osteobistetaclast cross tafk, demonstrating
regulatory effect of osteoblasts on the recruitmant activity of osteoclasts through
expression of RANKL which can be abolished by ORGmember of TNF receptor
superfamily, taking active part of the regulatidnbone turnover®. Once RANKL binds to
its receptor (RANK) on the osteoclasts a serieseeénts activated stimulating bone
resorption, ECM degradation though activity of eysé proteases, MMP and osteopontin
phosphatase, also known as TRAP, a generator ofivesoxygen specié$. In advanced
stages of AS parallel to mature lamellar bone foiona diseased valves are places of intense
remodeling of the ECR leading to hemodynamic progression of stenosigritgy Our
previous observation showed significantly upregdatranscript levels of MMP-9 and its
correlation to the stenosis severity confirms theva notion** (paper I).
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Table 4. Patients’ characteristigaper V)

Aortic valve stenosis

All patients Bicuspid aortic ~ Tricuspid aortic ~ Overall P-value
valve valve
No. of patients 46 23 23
Male, n (%) 29 (63%) 16 (35%) 13 (28%)

Age, y 70.9 (28.5-87.1) 64.4 (28.5-82.4)* 76.2 (57.9-87.1 <0.001
BMI, kg/m? 26.9 (19.2-37.42) 26.9 (19.2-34.7) 26.3 (21.6-37.4) 0.682
Creatinine 78.5 (47-156) 76 (47-134) 79 (60-156) 0.235

HbAlc 4.5 (3-6.3) 4.5 (3.9-6.3) 4.5 (3-6.3) 0.659
t-cholesterol 4.85 (2.7-6.7) 5(2.7-6.7) 4.7 (3.3-6.1) 0.094

(mmol/L)
LDL-C (mmol/L) 2.9 (1.3-4.4) 3.05(1.3-4.4) 1.8 (1.4-4.2) 0.26

HDL-C 1.4 (0.5-2.9) 1.4 (0.5-2.9) 1.4 (0.6-2.5) 0.785

(mmol/L)
Triglyceride 0.99 (0.38-13.8) 0.91(0.42-13.8) 1.1(0.38-3.7) 0.775
(mmol/L)

Hs CRP 1.35 (0.2-18) 1(0.2-18) 1.5 (0.35-14.6) 0.59
AVA, cm? 0.73(0.45-1.2) 0.76 (0.47-1.2) 0.72 (0.45-1) 0.134
AVA/BSA, cmz?/ 0.39 (0.26-0.6) 0.4 (0.3-0.6) 0.38 (0.25-0.58) 6.25

m2
VTl-ratio 0.195 (0.14-0.37) 0.2(0.16-0.28) 0.2 (0.14-0.37) 0.613
Aorta Vmax, m/s  4.475 (3.36-5.8) 4.5 (3.4-5.7) 4.5 (4-5.8) 0.255
P-mean, mm Hg 50 (27-93) 51 (27-85) 49 (37-93) 0.403
Left ventricular 61.9 (42-78) 61% (44-78) 64%(42-75) 0.55

EF, %

LVEDD, mm 47 (36-63) 49 (36-63) 47 (37-57) 0.234
Overall calcium 4 (3-5) 4 (4-5) 4 (3-5) 0.54
score

In paper V only patients with AS with either bi-or tricuspidlve anatomy were involved as
shown in the Table 4. Among the clinical and echdicgraphic parameters it was only the
age which differed significantly between the grauplssma levels of OPG were significantly
higher in BAV patients gaper V), whereas other circulating biomarkers were not
significantly different between the groups.

Given that the measured biomarkers indicated apcegin of aortic stenosis severity with
the osteoclast-derived TRAP (as discussed in thapter); we assessed the presence of
osteoclasts in human aortic valves. Hematoxylinreasad immunofluorescence staining of
calcified part revealed multinucleated cells inagradjacent to active bone formation (Figure
17).

In parallel to atherosclerosis, where several mete for example those taking part in ECM
degradation and thus contributing to plaque ddstabon - circulating plasma levels were
connected to risk factor status both in a poputatithout history of coronary artery disease
(CAD)?** and in patients with known CAB or to clinical outcom®&? ?*2 we next evaluated
the circulating plasma levels of proteins relateddteoblast and osteoclast activities.
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i i . 5 .

Figure 17. A: Overview of a calcified part of aartvalve demonstrating 1: cartilaginous
nodule in close vicinity to atheromatous plaquetaonng dystrophic calcification, indicated
as an *; 2: mature lamellar bone with active ostiastic resorption, original magnification
20x. B: osteoclast sitting in a Howship's lacunafmgtion space within a calcified part of
aortic valve. Hematoxylin and eosin, original médgrtion 40x; C: light microscopy of
TRAP activity staining identifies an area with stgo TRAP activity in close vicinity to
calcification, original magnification 10x. D: immuofiuorescent staining for TRAP
counterstained with DAPI demonstrates multinucléatells, as arrows indicate.

The results of the age-, gender- and aortic vahatcmy adjusted multivariable regression
model are shown in Table 5, demonstratwgoefficients. In this model, the plasma
concentrations of TRAP, Runx2/Cbfal and RANKL wsignificantly correlated with P-
max, P-mean, VTl-ratio, respectively. In additiomatios of RANKL/RANK and
RANKL/OPG were significantly related to AVA/BSA andTI-ratio. The plasma level for
BMP-2 was significantly correlated with overall ciaim score (Table 5).

These observations were confirmed at the tissuel ke the enhanced local transcriptional
profile of genes taking part in osteoclast diffeéiaion, activity and survival, detected in
calcified valvular tissue (Figure 18). Although taepression level of the master transcription
factor for terminal osteoblast differentiation R@fbfal was unaltered throughout the
valve, circulating (Table 5) and local Runx2/Cbfedpression levels exhibited significant
correlation with the stenosis severipydoefficient=-0.027P=0.03).

In addition, mRNA levels for TRAP in the normal pdemonstrated inverse correlation with
AVA and AVA/BSA (B-coefficient=-0.03, P=0.02; p-coefficient=-0.05, P=0.03,
respectively), and the transcriptional profile oMR-9 was also significantly correlated with
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the stenosis severity as we reportedoaper |. Taken together, these findings suggest a
correlation between bone turnover including ostastbldifferentiation and markers with
osteoresorptive function with stenosis severityhtaitthe systemic and tissue level.

Table 5. Multivariable regression, adjusted fog,agender and aortic valve anatomy for log-
transformed circulating biomarkers*P<0.05; *P<Q.01

Runx2/Cbfal ~ BMP-2  TRAP MMP- RANKL RANK RANKL/OPG RANKL/RANK

9

AVA/BSA, 0.016 0.026 0.017 0.021 -0.06* 0.063 -0.047* -0.051*
cm2/m?2

AVA,cm2 0.014 0.004 0.0120.036 -0.066 0.075 -0.06 -0.062
P-max, 4.62* 8.67 10.4* -0.46 11.3 5,64 2.92 3.12
mmHg

P-mean, 3.28* 5.39 7.86* -1.61 7.5 4.2 1.93 1.9
mmHg

VTl-ratio 0.017 0.03 0.037 0.054 -0.15* 0.041 -0.13* -0.09
Overall 0.015 0.072** 0.028 0.02 0.02 -0.03 0.02 0.02
calcium

score

As demonstrated by the Table 6 several studiesssddahe association between circulating
levels of bone-related biomarkers and the stersasisrity in patients with AS, however with
somewhat inconsistent results. Our results ideatifRunx2/Cbfal as a predictor of several
measures of aortic stenosis severity (Table 5)cuGiting levels of Runx2/Cbfal have
previously been shown to serve as biomarkers famobsasts’s anabolic functiéfi, and the
present study for the first time associates plagswvels of this master osteogenic transcription
factor with aortic stenosis.
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Figure 18. Relative gene expression data (normdlfee the normal area obtained from t
stenotic aortic valve cusp) for OPN, RANKL, TRARNR and for the ratios ¢
RANKL/OPG and RANKL/RANK.*P<0.05 considered stiatdlty significant
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Table 6. Circulating bone-related biomarkers stidiepatients with AS

Bone-related biomarkers, human studies

Biomarker
measured in| Reference | Study population Blood sample collection Main findings
serum What was measured?

2= 22 pts with AoS Serum (EDTA) concentration§ MMP-3 and -9 were elevated at tyo
of MMP-2, -3 and -9 pre-and | days postoperatively; MMP-3

MMP-9 postop. 2 days, 6 months and correlated with LVEDD; MMP-2
12 months postop. did not change during the study
period.
Biomarker
measured in Bone-related biomarkers, human studies Main findings
plasma
BMP-2 none - -
BMP-6 none - -
Runx2/Cbfal| none - -
Osteocalcin | none - -
(BGLAP)

22 131 adults with AoS| EDTA plasma from femoral |sRANKL was: - inversely related {o
vein and aortic root in all age in pts with AS. sRANKL was
patients (=131), and from the| unrelated to sex, severity of AS,
coronary sinus in a subgroup | presence of HF, presence of LV

RANKL 49 individuals. hypertrophy and drug therapy. A
soluble RANKL (sRANKL) weak inverse relationship was
were analyzed by ELISA, found between the concentrations
which measures the free or | of SRANKL and OPG.
unbound fraction of SRANKL

18 33 pts with AoS Soluble RANKL SRANKL concentration decreased

after statin treatment in pts with
AS.
RANK none - -

2 131 pts with AoS | The same procedure as Circulating OPG was elevated in

described at RANKF?. In pts with AS, and decreased after
OPG EDTA plasma both monomeri valve repl. in pts with preop. CHF

132

221

33 pts with AoS

136 pts with AoS

and homodimeric forms of
OPG, including OPG bound t¢
its ligand were detected.
Plasma OPG

EDTA Plasma

42

OPG level before atorvastatin wa:
statistically higher in pts with
moderate valv. calcification and fe
significantly after atorvastatin
treatment.

Elevated OPG was poorly
correlated with the degree of AS,
but was associated with impaired
cardiac function. OPG was
associated with all-cause mortalit

in pts with symptomatic AS.
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38 pts with AoS+38
healthy indiv.

Molecular mechanisms of inflammation and calcifiwain aortic valve stenosis

Plasma OPG

OPG was significantly elevated in
pts with AS.

64 pts with AoS

Chromatographic fraction
analysis ofy-GT, f-y-GT was
the most abundant in sera
compared to b-, s-, and -
GT.

Totaly-GT activity in valvular
tissue was negatively correlated
with the extent of valve
calcification;

both serum and tissyeGT levels
were negatively associated with B
max.

Osteopontin
(SPP1)

12¢

132

132

134

13t

22¢

23 pts with AoS, 7
controls

56 controls, 90 pts
with ao valve
sclerosis, 164 AoS
pts.

33 pts with AoS

33 pts with AoS

120 pts with angina
pectoris performing
coronary angiogr.

51 pts with AS and
56 controls

EDTA Plasma

Plasma

Plasma

EDTA Plasma

EDTA Plasma

EDTA Plasma OPN, the
phosphorylation status of OP
was assessed.

Pts with modetare/severe (echocard.

score of calcif.) AS hade
significantly higher conc. of OPN
compared with no or mild
calcification of AV.

Pts with AoS and ao valve sclerosi

had significantly higher OPN
levels. OPN splicing variants weré
differentially expressed during the
disease progression.

OPN showed a trend with
decreased plasma concentrationg
after introducing of statin
treatment; however these change
were not significant.

Pts with AS exhibited significantly
higher conc. of OPN. NT-pro-BNHR
BNP and OPN showed a direct
correlation with the presence of A

D

(2]

S.

Pts with CAD had increased plasina

OPN.

Plasma OPN levels were positive
correlated with atherogenic lipid
profile, hs CRP, mitral annular
calcification (MAC), aortic valve
sclerosis, and the number of
stenosed coronary vessels in CAL
pts. OPN is an independent
predictor of MAC and aortic valve

sclerosis and can reflect the extent

of coronary stenosis.

Elevated circulating OPN levels ir
pts with AS; phospho-threonine
levels of OPN were lower in pts
with AS compared with controls.

Yy

MMP-9

none

Abbreviations used in Table 6: Pts: patients; L&ft bentricle; CHF: cardiac heart failure;
CAD: coronary artery disease.

Although the transcriptional profile of Runx2/Cbfadas unaltered throughout the valve,
which is in contrast with previous rapdtts however our data are in line with some previous
observations suggesting that VICs may start to rgulghenotypic transdifferentiation

already in the early stage of the disease (nonfieal@art

)117, 23(?
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Plasma measures associated with osteoclasticadiffation and activity correlated with
stenosis severity, such as RANKL and TRAP (Tablepsdviding a first indication that
osteoclast-derived biomarkers are associated witicastenosis.

In addition, three restrospective analysis sugdelaneficial effects of nitrogen-containing
bisphosphonates on AS stenosis progression indosiegclast apoptosi§*®’ as mentioned
in the introduction section, although a recentlplfahned largest retrospective study failed to
confirm those earlier reported promising restfttdn contrast, only one study suggested that
the bone resorptive activity of osteoclasts maycedthe mineral/calcium content of the
valve and thus could limit the disease progressfon

As previously demonstrated in animal models of R&)S are increased prior the valve
dysfunction and actively mediates valvular caleifion™, firstly though induction of BMP-2
pathway** 2°? (paper 1), and secondly through promoting apoptosis, whagether with
matrix vesicles serve as rddus for hydroxyapatite nucleatiéh **> However, it is well
known from the skeletal bone physiology, that dslasts are redox sensitive cells and ROS
might have harmful effects on them, whereas thengtroxidative milieu favours
osteoclasts®. To confirm this notion, statins through decregsime local inflammation could
lead to decreased apoptosis and thus reduce timogminduced calcification, in contrast
through their anabolic effect on bone tisStieand as known DNA methyltransferase
inhibitors trigger BMP-2 pathway and thus leadingehhanced bone formatfdh However,
the amount of active bone formation in heavily dedd aortic valves is low in comparison
with the dystrophic calcification in which microttaire raté’ is high.

The association of circulating RANKL with stenosigverity inpaper V rather supports
deleterious effects of osteclasts in AS, which emforced by the similar associations
observed for RANKL/OPG and RANKL/RANK ratios. Onegsible explanation as to these
findings could be proteolytic enzyme release frasteoclasts, leading to ECM degradation
and valvular remodeling. Previous studies in thatext of atherosclerosis indicated that
RANKL leads to lesion progression with increaseltioan depositiof® which could further
explain our observations of RANKL and RANK'’s furatial consequences in AS. In
agreement with this, stimulation of VICs with RANKdiot only increased the proliferation
the valvular structural ceff§ but also lead to significant rise in matrix calztion, nodule
formation and alkaline phosphatese actiVfty

The differential spatio-temporal expression patt&in genes with osteoinductive and
osteoresorptive potential suggests that the obdaygaes have different clinical importance
during the disease initiation and progression.

It should also be acknowledged that multiple unatarassociations were performed within
the paper V and that modest testing correction through FDRéfdiscovery rate) resulted in
somewhat lower experiment-wise significance levetsnpared with those obtained in
individual analysis. The measured mediators shthédefore not be interpreted as potential
biomarkers for predicting aortic stenosis sevellityt rather for their potential mechanistic
involvement in the pathophysiology, which was tHernther explored at a tissue level.
Finally, these mediators are not solely expresseabrtic valves, and it cannot be excluded
that circulating levels are at least in part dedifr®ém other sources, such as skeletal bone.

In summary,paper V highlights a correlation between bone turnovetuiding genes with
osteinductive and osteoresorptive function and ostienseverity undein vivo disease
development. Whereas the expression levels of gamekled in active bone formation were
unaltered during the disease course, the end-stagecharacterized by increased osteoclast
burden with potential structural, morphological am#@modynamic consequences. In
conclusion, the associations between systemicdeveRunx2/Cbfal, RANKL, TRAP and
stenosis severity highlight their critical role fatenosis development. In addition,
upregulation of genes with osteoresorptive potentiastenotic valvular tissue and their
correlation to stenosis severity provides new aewigefor osteoclast’ role in the development
of AS.
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5 CONCLUDING REMARKS

The pathomechanism of calcified aortic valve stendmsed on inflammation-dependent
calcification paradigm with subsequent structuraipmpositional and ultimately
hemodynamic consequences. The key feature of ideask in the early stages, resembling to
early atherosclerotic plaque formation, is inflanimalong with macrophage accumulation,
endothelial- and interstitial cell activation. Idvanced stages active bone formation besides
dystrophic calcification containing microfracturéakes place and participates in further
structural changes of the valve leaflets causiegweise increase in transvalvular pressure
gradient as the stenosis progresses.

Aortic valve stenosis is an important health probland has become the most common
indication for surgical valve replacement. To dtitere is no medical treatment other than
surgical valve replacement for this disease, amdetbre it is crucial to find a potential
treatment for this progressive disorder.

The proof-of-concept of this thesis was based eradsumption that the leukotriene pathway
with potent proinflammatory properties might beaiwed in the pathogenesis of aortic valve
stenosis with a potentially direct association dedpto disease progression. We have
established a unique macroscopic dissection teghnighich allowed modeling tha vivo
disease development, representing the entire disspsctrum from early signs to more
pronounced morphological changes.

This thesis presents a new approach of the moleanlderstanding of stenosis development
integrating findings of molecular research usinqmitative gene expression data with
clinical variables in terms of echocardiographicrgmaeters. In addition, to further
characterize the pathobiological process, the shatso includes results of mechanistic
experiments usingn vitro cell culture model on isolated valvular interstiticells and
vascular smooth muscle cells.

The summary of the findings presented in this thissdepicted on Figure 19.

The inflammatory environment within the affectedtmovalve along with subendothelial
accumulation of oxidized LDL stimulates the 5-liggenase pathway in macrophages
leading to production of potent inflammatory medrat leukotrienes. In addition, to further
enhance the local inflammatory response, valvutéerstitial cells, representing a highly
plastic cell population, through epigenetic modifion will be able to produce 5-
lipoxygenase, and thus contribute to amplificatbdithe inflammation. The locally produced
LTC, through activation of CysliTreceptor, localized on immune competent-and ititials
cells leads to a cascade of events promoting R@8uption, dissipation of mitochondrial
membrane potential, increase in Cyskkdceptor expression and sensitivity with subsequent
altered gene expression profile towards atherogeroperties. All those events coupled to
increase in nuclear calcium signal in response i€ Lstimulation. In addition, LTEis a
potent inducer of the osteogenic morphogenes BMReE2BMP-6, linking inflammation and
active cuspal calcification together. Furthermatee locally produced ROS triggers the
nuclear enzyme PARP-1, which along with decreasiéachrondrial membrane potential and
overt formation of intracytoplasmatic vacuoles litaties apoptotic cell death. The apoptotic
bodies and matrix vesicles serve asidusfor hydroxyapatite nucleation thus taking part in
dystrophic calcification. The spatio-temporal dimition of genes with osteoinductive and
osteoresorptive potential is different at differesthges of the disease according to our
observations. Whereas osteoblast-associated gemes 0 be unaltered throughout the
natural course of the stenosis development, toagtoxidative milieu favors the presence of
osteoclasts. The active influence of osteoclastssiply through their potent proteolytic
enzyme release might rather promote further caltifon in diseased valve.

These above findings were confirmed at systemielleRlasma measures associated with
osteoclastic differentiation and activity correthigith stenosis severity, such as RANKL and
TRAP, providing a first indication that osteoclastrived biomarkers are associated with
aortic stenosis. In addition, the active influenf&unx2/Cbfal, a master transcription factor
for terminal osteoblastic differentiation, to steiso severity was consequent in all our
analysis. This confirms the associations betweetesyic levels of Runx2/Cbfal, RANKL,
TRAP and stenosis severity and highlights theiticai role for stenosis development. In
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addition, upregulation of genes with osteoresogppotential in stenotic valvular tissue and
their correlation to stenosis severity provides matdence for their role in the development
of aortic stenosis.

In summary, this new concept characterizing theeedisease spectrum from early phases to
end-stage might reveal new therapeutic approachrasslational implication of our data
suggests possibility for pharmacological intervemtusing leukotriene receptor antagonists
with a potential to retard the hemodynamic progoess
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Figure 19. Overview of the pathomechanism of ABclhding remarks, explanation is in the

text.
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