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ABSTRACT

The aortic valve lies in a unique hemodynamic environment, one characterized by a range of stresses
(shear stress, bending forces, loading forces and strain) that vary in intensity and direction throughout
the cardiac cycle. Yet, despite its changing environment, the aortic valve opens and closes over
100,000 times a day and, in the majority of human beings, will function normally over a lifespan of
70—90 years. Until relatively recently heart valves were considered passive structures that play no
active role in the functioning of a valve, or in the maintenance of its integrity and durability. However,
through clinical experience and basic research the aortic valve can now be characterized as a living,
dynamic organ with the capacity to adapt to its complex mechanical and biomechanical environment
through active and passive communication between its constituent parts. The clinical relevance

of a living valve substitute in patients requiring aortic valve replacement has been confirmed.

This highlights the importance of using tissue engineering to develop heart valve substitutes
containing living cells which have the ability to assume the complex functioning of the native valve.
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INTRODUCTION

The aortic valve is a sophisticated structure that performs a range of functions resulting in the
unidirectional flow of blood out of the left ventricle, the optimising of coronary blood flow, and
preservation of myocardial function. For many years the aortic valve was regarded as a passive
structure that opens and closes as a result of changes in transvalvular pressures and myocardial
contraction/relaxation. It is now widely accepted that the function of the aortic valve is regulated by
complex mechanisms that are evident initially during embryonic development, and are present during
adaptation of the valve after birth and growth into adulthood. Clinical experience involving the Ross
procedure has demonstrated the importance of a “living valve”," and diverse research conducted
globally over the past 20 years has increased our understanding of heart valve biology at the
molecular, protein, cellular and tissue level. As a consequence, we are now gaining insights into the key
factors contributing to the sophisticated function of heart valves, as well as those underpinning the
superior performance of living valves compared with other valve substitutes. In addition, this improved
understanding is clarifying the role played by specific mediators, certain of which are also involved
during valve development, and in the structural and functional changes that lead to disease and,
ultimately, valve failure.

The complexity of aortic valve function was highlighted in 1999 by Yacoub et al. who proposed that it
relies on “dynamism and crosstalk”.? Dynamism is defined by the ability of the component parts of the
valve to move spatially and to change size and shape in a coordinated manner. This principle applies
elsewhere in nature, dynamism being used to optimise the function of a specific process. For example,
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Figure 1. Relationship between size and shape of the wings of a swift and the speed of lift during flight.3
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in order to optimise delicate control during flight, swifts are able to change the shape and size of their
wings according to whether turning is during a slow or fast glide (Figure 1).2 In terms of the aortic valve,
dynamism may be either passive or active. Passive dynamism relates to the way in which the different
components of the aortic root - from the subvalvular regions (LVOT, sub aortic curtain and fibrous
trigones) up to the supravalvular regions (sinus of Valsalva and the sinotubular junction) — move in
response to the flow of blood throughout the cardiac cycle. An example of passive dynamism is evident
from the influence of the shapes of the sinuses on forming the vortices important for valve closure and
for maintaining coronary flow during systole. In contrast, active dynamism occurs in cases where
structures in each part of the valve (cusp, annulus, sinus, sinotubular junction) change size, shape and
stiffness during specific parts of the cardiac cycle. Such changes are necessary to guarantee optimal
valve opening, ejection of blood from the left ventricle, rapid valve closure, coaptation of the leaflets to
prevent flow of blood back into the left ventricle, and adequate coronary perfusion.

PASSIVE DYNAMISM IN VALVE FUNCTION

The aortic valve is composed of a number of distinct functional units (Figure 2). The entire valve
“machinery” is located between the left ventricle and the ascending aorta and is referred to as the
“aortic root”. The valve cusps are attached in a semilunar pattern to a crown-shaped annulus. The
highest point of the attachment, where the adjacent cusps are closest together (the commissures),
marks the boundary between the valve and the ascending aorta, this being identified as a small ridge
called the sinotubular junction. At the basal point of attachment of each cusp, the annulus bulges to
create three “pockets” called the sinuses of Valsalva. Two of the sinuses of Valsalva have ostia that
give rise to the left and right coronary arteries. The sinuses and cusps are named left, right or
non-coronary according to which, if any, coronary artery arises from the particular sinus or cusp.

The competent seal of the aortic valve ensures that regurgitation of blood flow is prevented, and it is
involved in coapting areas on individual cusps. In the middle of the free edge of each cusp, nodules of
Arantius are created from bundles of fibrous tissue. The two crescent-shaped edges of each cusp
(known as lunulae), which are located along the free edge between the commissures and the nodule of
Arantius, form a competent seal during diastole through contact with the corresponding region of the

Figure 2. Photograph of an open aortic root showing its structural components (annulus, cusps, sinuses of
Valsalva and sinotubular junction [dashed line]) and their relationship with the left ventricular outflow tract and
the mitral valve. AML, anterior mitral leaflet; LC, left coronary cusp; LFT, left fibrous trigone; MS, membranous
septum; Musc Sep, muscular septum; NC, non-coronary cusp; RC, right coronary cusp; RFT, right fibrous trigone.
Adapted from Yacoub, El-Hamamsy et al.**®
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contiguous cusps. The remaining area of the cusp, apart from the coapting area, is the “belly”
region that represents the main load bearing part of the cusp when closed during diastole.

The precise geometry of the valve allows it to be responsive and to function effectively in the face
of the different haemodynamic forces operating during the cardiac cycle. It is often the case that
differences in this geometry result in alterations in short or long term function. For example, the
presence of only two cusps (bicuspid valves) instead of three is associated with accelerated calcific
valve disease.”

The shape of the aortic valve allows for distribution of the stresses to which it is exposed such that
the valve will function without complications throughout a lifetime. The cusps of the aortic valve are
subjected to a unique stress profile comprising a range of stresses including shear stress, leaflet strain
in both the radial and circumferential directions, mechanical pressure during diastole, and bending
forces.” Importantly, the two sides of the valve are exposed to different forces, particularly in terms of
shear stress. The ventricular side of the valve is exposed to a high-velocity, high-shear stress, whereas
the aortic side is exposed to a pattemn of interrupted low-velocity flow and low-shear stress.® These
different types of mechanical stress act individually or in combination as stimuli that induce functional
responses from the cellular components of the valve. The responses made to these forces by the cells
on and within the valve - and similarly to a range of paracrine mediators - represent the regulatory
mechanisms that contribute to active dynamism.

ACTIVE DYNAMISM IN VALVE FUNCTION
It has been shown experimentally that the different parts of the valve move in a co-ordinated fashion.
Using a closed-chest ovine model with radiopaque markers placed at key points in the aortic root,
Dagum et al. studied aortic root deformations during the cardiac cycle.” Interestingly, changes in aortic
root shape are asymmetric and dictated by both structure and changes in transvalvular pressure
(Figure 3). For instance, during the early isovolumic contraction phase, circumferential expansion of the
base was greatest in the left annular region and least in the non-coronary annular region that is
continuous with the anterior mitral annulus (aortic-mitral continuity and right fibrous trigone) and
composed primarily of fibrous tissue. Importantly, this expansion was accompanied by a simultaneous
increase in circumferential diameter at the level of the commissures. This conformational change is
proportional to the end-diastolic volume. In other terms, before the aortic valve opens, the aortic root
prepares to accommodate the large volume of blood exiting from the left ventricle, thereby improving
transvalvular hemodynamics and minimising any turbulent damage to the aortic cusps.”®

It is known that aortic root expansion is asymmetric but, importantly, precise changes in tilt angle are
generated. The aortic root tilt angle (the angle between the basal and the commissural planes) is ~16°
degrees at end-diastole (the angle being oriented posteriorly and to the left).® During systole, it is
reduced by ~ 7°, aligning the left ventricular (LV) outflow tract with the ascending aorta. This reduction
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Figure 3. Aortic annular deformation of left (L), right (R), and non-coronary cusp (NC) sectors of aortic annulus
throughout different stages of the cardiac cycle (from Dagum et al. 1999).”
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in tilt angle results in a straight cylinder that undoubtedly facilitates ejection. During diastole the tilt
angle increases, this probably reducing leaflet stress.

Of particular importance are the dynamics of aortic valve opening and closing. Instantaneous
movements of the valve, especially the closing velocity during end-systole, can impose major stresses
on the cusps. It has been demonstrated clearly that the aortic valve cusps initiate the closure
movement during the second half of systole. From a dynamic perspective, the aortic root undergoes a
conformational change from a conical shape that generates a velocity gradient to a cylindrical shape
that negates any such gradient. In terms of fluid dynamics, as the velocity gradient dissipates, the
pressure across the aortic valve reverses with the deceleration in blood flow. Deceleration of flow
implies a negative value for 8v/dt; consequently, a positive pressure gradient (8p/8z) must exist across
the valve from left ventricle to aorta. An effect of this gradient is that the leaflets begin to move towards
closure. If the velocity gradient across the aortic root persists, deceleration of flow is offset by this and a
pressure reversal will occur later in ejection, meaning that the leaflets will begin to close later in systole.
As the leaflet edges must traverse the same distance within a shorter time period, the leaflets close at a
faster rate, thereby increasing the closing stress on the cusps. Furthermore, the generation of vortex
patterns of flow in the sinuses of Valsalva early in systole generates a momentum that allows timely
initiation of valve closure during systole.® ™"

Superimposed on the movements of the valve apparatus are the regulatory influences that comprise
active dynamism. Central to the phenomenon of active dynamism is the fact that the valve is a “living”
structure containing a number of key “players” that orchestrate the response of the valve to its
mechanical environment, whether this is an immediate response or adaptation to chronic changes in
the surrounding environment.

STIMULI, CELLS AND MEDIATORS INVOLVED IN ACTIVE DYNAMISM

The ability of different parts of the valve to change in size, shape and stiffness is due to the
communication that occurs between cells and the extracellular matrix in response to exposure of the
valve to a range of stresses (shear stress, bending forces, loading forces, and strain). These stresses
vary in intensity and direction throughout the cardiac cycle.”” Due to improved imaging technigues and
the application of research disciplines including genomics, proteomics and cell physiology we are
beginning to comprehend the vital role played by the living components of heart valves in valve
development, valve adaptation, maintenance of valve integrity, modulation of the movements of
specific parts of the aortic valve and root throughout the cardiac cycle, and in optimising the function
of the valve throughout life.

VALVE DEVELOPMENT

Specification of valve forming fields

The embryonic heart originates as bilaterally symmetric fields of Nkx2.5+ cardiac progenitors. The
primary and secondary heart forming fields resemble a horseshoe (mammal) or butterfly (avian) shape,
with the primary heart field forming nearly all of the atria and ventricles, while the secondary field
contributes substantially to the outflow tracts, great vessels, and part of the right ventricle.>~*® These
fields fuse medially to form a linear tube that begins contractions virtually simultaneously with the
onset of blood flow.” The presumptive cardiac segments are arranged with the putative atria most
caudal, through a singular contractile ventricular segment, and then finally the outflow most cranial.
Shortly after the initiation of a rudimentary linear conduction sequence, the heart bends rightward into
a characteristic “C” loop and through differential growth of the ventricular segment arrives at a figure of
eight shape with the ventricular segment now caudal to the atrial segment. It is in this configuration
that the cardiac valves originate (Figure 4). At this point the heart tube comprises an inner ring of
endocardial cells and an outer ring of cardiomyocytes. Between them lies a gelatinous, hyaluronic
acid-rich substance called the “cardiac jelly” that is synthesized by the myocardium and is present
throughout the heart tube.?** For reasons that are not completely understood, specific fields

of endocardial cells located at the junction between the atrial and ventricular segment (the
atrioventricular canal), and along the length of the outflow region just distal to the ventricular segment,
are induced to undergo an endocardial to mesenchymal transformation (EMT) process. Recent
evidence supports a Wnt-Notch axis for constraining a bone morphogenetic protein (BMP) inductive
signal to these presumptive regions within the myocardium; disruption of this signal can result in the
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Figure 4. Overview of cardiac development and formation of heart valves (from High & Epstein, 2008).'7¢

EMT process occurring in aberrant locations.”® The daughter mesenchymal progenitors invade and
migrate within the cardiac jelly, and further proliferate into amorphous swellings called the cardiac
cushions that provide the first valve action in the embryonic heart. Many vertebrate species, for
example the zebrafish, chick, and mouse, share this same localization of EMT, although in the zebrafish
an activated ring of hypertrophied endocardium is formed that invaginates into a valve leaflet shape
and this undergoes an EMT process much later.**

Molecular regulation of EMT

Most that is known about EMT and valvulogenesis has been gained from studying animal models, most
notably the avian and mouse, and from using the atrioventricular canal as a domain analogous to the
outflow tract. More than 115 genes have been identified and characterized for their roles in the EMT
process and many reviews on the subject have been published.?>2® Synthesis of the hyaluronic
acid-rich cardiac jelly is essential for valve formation, and requires a local restriction of myocardial
vascular endothelial growth factor (VEGF) signaling and an increase in the secretion of BMP2/4.2"*7
This BMP ligand binds to the BMPR1 receptor on the endocardial surface and activates an
autocrine/paracrine TGF signaling loop.?® Each of the three TGFP ligands participates in the EMT
process in a unique and redundant manner, there being notable differences according to the species in
which the process is occurring.?® 3! In mouse, the TGFB2 isoform is the ligand particularly responsible
for the invasion component of EMT, whereas for chick it is the TGFB3 isoform.?* These ligands act
promiscuously through a number of TGFB/Alk receptors, which in turn activate Smad-dependent
transcriptional cascades.?> These transcription factors activate mesenchymal signaling programs
(including migratory, contractile, and proliferative), while simultaneously restricting endocardial
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programs including the disassembly of tight junctions and the digestion of basement membrane
substances. Newly transformed mesenchymal cells initially separate from their endocardial neighbors
and then invade the cardiac jelly. This process involves the upregulation of contractile filaments such
as aSMA, the expression of integrins, and the secretion of matrix metalloproteinases.?* As the
mesenchymal cells invade, they secrete a number of proteoglycans and matricellular proteins,
including chondroitin sulphate, versican, and periostin, that further condition the matrix
environment for more cellular invasion.?® " Genetic tracking studies have established that only
20-30% of the surface endocardial cells undergo EMT, the remainder presumably proliferating

and migrating to maintain a confluent monolayer.3® The transformed mesenchyme is also highly
proliferative, this explaining the rapid colonization and expansion of the cardiac jelly into
cellularized cushions.

Cushion expansion and valve action

Continued proliferation of the cushion mesenchyme, combined with the secretion of matrix proteins
and proteoglycans, has the effect of further expanding the endocardial cushions into the flow field. The
cushions are initially wispy swellings that perform a valve-like function through a treadmill-like wave
action.> Ventricular suction draws the cushions into the lumen of the chamber, where they abut to
block blood flow. This plane of apposition then translates cranial to caudal, with linear conduction
through the atrioventricular canal. The cushions then sink back in profile as a new wave initiates at the
level of the atrium. Although the molecular mechanisms have not yet been studied extensively, a
similar process has been found to occur with the outflow tract cushions; within 48 hours, however
(in avian and mouse), these cushions are significantly larger and have acquired a much more rigid
structural composition.*® The few mediators of cushion cell proliferation and expansion that have been
identified include members of the BMP, FGF, and TGFB ligand families.** At this stage, valve action no
longer occurs by a treadmill-like process, rather the cushions are pushed together as a result of
ventricular contraction. The cross section of the atrioventricular canal lumen thereby resembles a “dog
bone” shape, with flow increasing in the head regions and decreasing in the central shaft.#* Through a
mechanism that currently is not well understood, blood flow ceases between the cushions, which then
become fused medially. The intermediating endocardium is removed, leaving a fully mesenchymal
septal wall to which the rising ventricular septum soon connects from below, and the protruding dorsal
mesocardium from above.** This completes the septation of the heart into left and right sides. The
outflow tract cushions undergo a similar septation process but with notable differences. The outflow
tract contains several cushions that extend almost its entire length, but these can be classified broadly
into proximal and distal domains.*# Although research has recently begun into the molecular and
cellular mechanisms specifying these two domains and the resulting tissues formed, currently far more
is known about the atrioventricular canal. The outflow cushions also receive cells from the secondary
heart field and cardiac neural crest lineages.*® It appears that the neural crest derived progenitors
within the outflow cushions form a boundary delineating where the valves will eventually form. In
addition, the aorticopulmonary septum originates as a protrusion of neural crest cells from the aortic
sac, which then drives caudally through the outflow tract while twisting to create the separate but
twinned pulmonic and aortic outlets.*® The septum exhibits a two pronged fork-like appearance that
drives into the outflow cushions as it moves, dividing the cushions in such a way that two sets of three
cushions are created, one set in each of the outflow lumens.*” The septal wall arrests near the level of
the proximal outflow cushions which, unlike the distal cushions, do not form valves but instead fuse
to form a septum known as the pulmonary infundibulum that subsequently becomes muscularized.*®
At this point, the ventricular and outflow channel anatomy is largely defined.

Cushion remodeling into valves

Once fused, the lateral edges of the cushions are remodeled into the valves recognized postnatally. In
the atrioventricular canal, two additional cushions are initiated around the time of cushion fusion to
create what are eventually the mural leaflets of the atrioventricular valves. Both the atrioventricular and
outflow cushions undergo a process of condensation and extension into leaflets, the molecular
mechanisms underpinning this process currently being unknown.*® A number of genetic mutations in
mouse have been associated with a failure to condense, these including TGFb2, TACE, and NFATc.*”>*
°! In the atrioventricular canal, the left septal leaflet appears to remain free of ventricular connection
while it is condensing and elongating. The septal leaflet of the tricuspid valve, and to some degree the
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mural leaflets, extends along the atrioventricular myocardial substrate and delaminates from the
ventricular wall.>? Interestingly, the mural leaflets are unique in retaining a significant number of cells
that are positive for cardiac myosins; this feature was found recently to be associated with the leaflets
being populated with a high proportion of epicardially-derived progenitor cells (EPDC).>® The formation
of outflow valve cusps in the outflow tract is somewhat different. The cushions are progressively
invaginated from the cranial surface, there being effectively a scooping away of tissue to form their
characteristic crescent shape.> The process of elongation/extension of the cushion appears to require
expression of VEGF by the endocardium, presumably both to enhance its proliferation to cover the
increase in valve surface area and to abate the EMT process.>® Tissue condensation is a cell traction
mediated process, involving both BMP and TGFb ligands.>® Concomitant with tissue morphogenesis is
a transition in phenotype of the resident mesenchymal cells from a highly activated myofibroblast-like
progenitor toward a more quiescent fibroblast phenotype. Transcriptional profiling has identified a
pre-cartilage-like phenotype for these early cushion progenitors, which also express a capacity to
undergo osteogenic-like differentiation in vitro and in vivo.*” Indeed, Smad6-null mice have valves that
are heavily ossified, and mutations in other important valve signaling components, such as Notchi, can
predispose valves to early calcification.”® Studies suggest a program by which progenitors begin with
transcriptional activity driven by soxg and twist1 that becomes progressively restricted in favor of
scleraxis-mediated transcription.>® ~© Expression of earlier pro-osteochondrogenic signaling
components has been reported in calcified postnatal aortic valves, but whether these represent a
reactivation of embryonic signaling programs and what the clinical importance may be is still

being debated.®>®3

Role of hemodynamics in valvulogenesis

The process of valve formation cannot be disassociated from the rapidly changing and demanding
hemodynamic environment in which the process occurs. Until recently, the small size and complex
geometry of the embryonic heart has limited our ability to quantify and test the effects of mechanical
forces on heart and valve development. While the heart tube can form and even loop independent of
any blood flow,%* the formation of valves appears to require hemodynamic stimuli. Obstruction of
either the inflow or outflow of the heart results in no activation of a valvulogenic program.®®
Computational simulations reveal that the intracardiac zones where EMT occurs most prominently are
associated with the highest wall shear stresses.** In zebrafish, the presence of reversing blood flows
was responsible for activating endocardial ring formation mediated by klf2.%¢ Shear stress was
sufficient to induce EMT in cultured embryonic endothelial cells in vitro through a TGFb/Alk2 mediated
pathway, but the specific effect of shear on the valvular endocardium was not addressed.®” It is likely
that hemodynamics influence valve remodeling post EMT. While the inflow surfaces of the
atrioventricular cushions (and ventricularis of the outflow cushions) experience the highest shear
stress in the entire cardiac lumen, the fibrosa surfaces of each cushion reduce significantly as the
cushions expand and remodel.** We identified strong flow oscillations and vorticity in these regions,
which correlated significantly with separation of the regions from the myocardial wall and
condensation. Growth simulations were conducted based solely on the external hemodynamic
environment and it was determined that the changing surface shear profile was sufficient to generate
the growth and transition of the hemispherical endocardial cushions into a “shark fin”-like valve
shape.®®®9 This phenomenon was also demonstrated using isolated cushions subjected to pulsatile
fluid flow in vitro,”® and it was suggested that the remodeling was controlled in part by activity of the
small GTPase RhoA. However, it is unclear where in the process this GTPase acts and whether or not
there are other contributing pathways.”* Microsurgical alteration of the blood flow environment can
result in malformed valves. For instance, partial ligation of the left atrium restricts blood flow into the
left ventricle, leading to a delayed and stunted cushion morphogenesis.”>~7> Conotruncal banding, on
the other hand, increases ventricular afterload and may accelerate valve elongation and condensation.
Recently, we developed an innovative non-invasive microsurgical approach using two photon
microscopy guided femtosecond pulsed laser ablation to specifically localize internal tissue cuts
without affecting any other tissue zone.”® We showed that local cushion ablation creates profound
regurgitation that reduces mesenchymal cell proliferation, EMT, and cushion remodeling. While these
initial findings indicate that mechanical signaling plays important roles in valve development, much
work remains to establish causality and the potential to control the effects of hemodynamic signaling
on embryonic and fetal valve growth and remodeling.
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CELLULAR COMPONENTS OF THE VALVE

Endothelial cells

The endothelium forms a monolayer of cells throughout the body that separates blood components
from underlying microstructural elements of various organs. For many years, endothelial cells from
different locations were considered to be similar both at the structural and functional levels.
Consequently, from research carried out on the vascular endothelium — as the most widely studied
type of endothelium — assumptions were made about endothelial cells in other locations. However, it
has now clearly been demonstrated that the endothelium is a superfamily of cells sharing several
common features but also expressing many differences that have an impact on function.”” In light of
these findings, aortic valve endothelial cells have generated significant interest in recent years both in
terms of understanding normal valve physiology and, more importantly, in an attempt to elucidate the
mechanisms of valvular disease. Such interest has stemmed from a paradigm of the pathophysiology
of aortic valve disease which suggests that aortic valve endothelial dysfunction is the first step in a
series of events leading to valve calcification, similar to the process that occurs in the vasculature
during development of atherosclerosis.”® On this basis, the role played by the endothelium is
understood to be central to aortic valve function.

Until recently, aortic valve endothelial cells were thought to play only a minor role in valve physiology
as valves were considered passive structures that opened and closed in response to changes in
transvalvular pressure. More recently, several studies focusing on the structural and functional
properties of aortic valve endothelial cells suggest that valvular endothelium possesses unique
properties that distinguish it from other endothelial beds, particularly the endothelium lining the aorta
with which it lies in direct continuity. The most striking difference between valvular and vascular
endothelial cells is cell alignment with regards to the orientation of flow (Figure 5). Whereas the
vascular endothelium throughout the body aligns with the long axis of the cell parallel to flow
(except in areas of turbulent flow),”>° aortic valve endothelial cells are aligned perpendicular to
the direction of flow.®* This property of valve endothelial cells was reported originally by Deck et al.
on the basis of electron microscopic analysis of explanted aortic valves with further validation from
in vitro studies.®*®2 The response of cultured porcine aortic valve endothelial cells to unidirectional
non-pulsatile laminar flow at 20 dynes/cm? was compared with that of aortic (vascular) endothelial
cells from the same animal. Whereas the vascular cells were found to be aligned parallel to flow
after 24 hours, the aortic valve endothelial cells were aligned perpendicular to flow even without the
presence of an aligned substrate.®* These adaptations were found to be dependent on cytoskeletal
reorientation, a process involving different mechanotransduction pathways in each type of
endothelium. Laminar flow induced activation of Rho-kinase, phosphatidylinositol-3-kinase and
calpain pathways in vascular endothelial cells, whereas activation of the latter was not required for
cytoskeletal reorganization in valve endothelial cells. In addition, the proliferation rate was found to
be higher in aortic valve endothelial cells than in vascular endothelial cells.®

PAVEC

static

Figure 5. Porcine aortic valve endothelial cell (PAVEC) and porcine aortic endothelial cell (PAEC) morphology in
static and fluid flow environments. Insets depict F-actin filament organization; arrow shows the direction of flow
(from Butcher & Nerem, 2004).5*
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Differences in flow pattern between the two sides of the valve are sensed by a thin layer of
glycoproteins on the luminal surface of endothelial cells (the glycocalix), which communicates with the
cytoskeleton and can activate several signaling pathways in response to flow.34~%” One of these
responses is the secretion of nitric oxide in response to shear stress.®® In addition to nitric oxide, other
bioactive molecules such as prostacyclin and endothelin-1 are expressed and released by
flow-independent mechanisms.®®~9° These substances can interact with both the blood and the
underlying valve interstitial cells and have a range of effects on the valve. However, the glycocalix has
not yet been identified or characterized on the surface of aortic valves.

Studies on vascular endothelial cells have demonstrated that differences in shear stress correspond
with the activation of different gene expression and signaling pathways, as evident from atherosclerotic
plaques in areas of the vasculature characterized by low wall shear stress, such as the inner curvature
of the aortic arch and arterial bifurcation points.®*?* A study of the transcription profiles of 847 genes
present in the valve and vascular endothelium revealed the common expression of 55 activated genes
but differential activation of a further 48 genes.. Among those genes with a higher activation in the
valvular endothelial cells were transcription factors associated with a higher proliferation rate, such as
jun D and protein kinase C.23 Notably, both vascular endothelium and valve endothelial cells expressed
markers linked with calcification, including osteonectin, and bone morphogenic protein-7 and -9
(BMP-7 and BMP-9). Differences in gene expression profile between vascular and valvular endothelium
were similarly revealed in a study of the response of cultured porcine aortic endothelial cells or aortic
valve endothelial cells to shear stress stimulation.?® In this study, Butcher et al. demonstrated a
preferential expression of genes associated with chondrogenesis by aortic valve endothelial cells,
whereas vascular endothelial cells expressed more genes associated with osteogenesis. Shear stress
was found to reduce the expression of osteogenic genes.

Interstitial cells

The matrix of aortic valve cusps is rich with a mixed population of cells known as valve interstitial cells.
Phenotypic studies suggest the presence of at least two distinct populations of cells within the matrix:
a smooth muscle a-actin (SMA)-positive population of cells, and fibroblasts. SMA-positive cells are
themselves considered to include pure smooth muscle cells and an “activated” subset of fibroblasts
that express contractile proteins, called myofibroblasts. Myofibroblasts are thought to be involved
in certain of the pathological mechanisms involving aortic valves, such as valve calcification or
myxomatous valve degeneration.®#°> This dual cell population confers on valve interstitial cells two
main properties: the ability to contract and the capacity to synthesize extracellular matrix (ECM)
components, thereby permitting a constant remodeling of the valve. Valve interstitial cells differ from
cells derived from other sources. We have shown previously that valve-derived fibroblasts have
different properties from dermal fibroblasts or pericardial cells.®® In addition, valve interstitial cells
express a range of specific skeletal and non-muscle cell markers such as B-myosin heavy chain and
markers of the troponin complex.®”

Valve interstitial cells represent a dynamic population of cells that can move from one phenotype to
another during the lifespan of a cell.9 It has been proposed that valve interstitial cells comprise five
identifiable phenotypes that define their molecular structure-function relationships (Table 1)°° and
include embryonic progenitor endothelial/mesenchymal cells, quiescent VICs (qVICs), activated VICs
(aVICs), progenitor VICs (pVICs), and osteoblastic VICs (obVICs). These phenotypes exhibit a plasticity
that allows them to convert from one form to another. Indeed, recent work from our laboratory has
demonstrated the capacity of valve interstitial cells to transdifferentiate into other cell phenotypes
including osteoblasts, adipocytes and chondrocytes.**®

Valve interstitial cells respond actively to their local cellular, matrix and hemodynamic environment
through a range of specific molecules that allow them to adapt to their environment. Studies by
Merryman et al. showed that valve interstitial cells isolated from different valves have different
mechanical properties, cells from the left side of the heart being significantly stiffer.*°* This finding
emphasises the direct correlation between the structure and function of a cell. Cell-cell communication
at the interstitial cell level occurs via cell-cell junction molecules such as cadherins, desmosomal
junctions and gap-junction proteins (connexin-26 and -43)."°* Cell-matrix communication is thought to
be a major component of valvular responses to changing mechanical conditions. Integrins are present
in high concentrations in valve interstitial cells and are thought to contribute to the transmission of
force between the ECM and the cellular components of the valve.’*3
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Table 1. Phenotypic-functional classification of aortic valve interstitial cells. Adapted from Liu
et al.??

Cell type Location Function
Embryonic progenitor ~ Embryonic cardiac Give rise to qVICs through an activated stage or EMT

endothelial/ cushions

mesenchymal cells
qVICs Valve leaflet Maintain valve structure and function and prevent angiogenesis
pVICs Bone marrow, blood,  Enter valve or are resident

valve leaflet Provide aVICs for valve repair
May be CD34-, CD133- and/or S100+

aviCs Valve leaflet SMA-containing VICs with activated cellular repair processes

(proliferation, migration, remodeling)
Respond to valve injury and abnormal hemodynamic or
mechanical forces
obVICs Valve leaflet Calcification, chondrogenesis and osteogenesis in the leaflet.
Secrete ALP, osteocalcin, osteopontin and bone sialoprotein

The interstitial cells within the valve respond both to the mechanical environment and to bioactive
substances present in the circulation or released locally by adjacent endothelial cells. Typically, these
responses are involved in the regulation of the extracellular matrix, the tension within the valve, and
the renewal of the cell population by cell proliferation. It has been shown, for example, that mechanical
stretch can stimulate the production of collagen, secretion of the matrix remodeling enzymes MMPs
and TIMPs, and the production of growth factors.4~1°¢

The extracellular matrix
The aortic valve is a thin structure measuring 300—700 wm in thickness. Despite a delicate appearance
the valve cusps by necessity are extremely strong. This strength is due to the precise arrangement and
composition of the extracellular matrix of the valve. Histologically, the valve is composed of three
distinct superposed layers: the fibrosa, spongiosa and ventricularis (Figure 6). The fibrosa lies on the
aortic side of the cusp and the ventricularis on the ventricular-facing side with the spongiosa between
these two layers. The fibrosa represents about 45% of the thickness of the cusp and is rich in
circumferentially oriented collagen fibers that provide structural strength to the cusps. In contrast, the
ventricularis (20% of the thickness) is composed mainly of radially aligned elastin fibers, these
conferring elasticity on the leaflets. The spongiosa layer (35% of the thickness) is rich in proteoglycans
and glycosaminoglycans which have a high hydrous content so allowing smooth sliding of the fibrosa
and ventricularis during the various phases of the cardiac cycle, thereby minimizing the repeated
microtrauma associated with valve deformation.**”

In addition to defining physical characteristics of the valve cusps the extracellular matrix also
provides a framework on and within which the cellular components of the valve reside. Both surfaces

Interstitial Cells
Endothelial Cells -Smooth muscle cells

-Fibroblasts

-Myofibroblasts

Figure 6. Microstructure of aortic valve cusps showing the characteristic trilaminar architecture.
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of the valve cusp are covered by a monolayer of endothelial cells that lie in direct continuity with the
aortic endothelium on one side and the ventricular endocardium on the other, while the body of the
cusp is populated by the interstitial cells. Thus, the relationship between the extracellular matrix and
the valve cells is fundamental to the longevity of the valve. As outlined above, the valve interstitial cells
provide a source of matrix proteins and remodeling enzymes that help sustain the integrity of the
matrix during the lifetime of the valve. The matrix itself is responsible for transmitting to the cells the
mechanical forces experienced by the valve. The integrin molecules that represent the anchoring points
of the cells to the extracellular matrix are fundamental to the communication between these two
components of the valve. It has been shown that valve interstitial cells express a,, a,, a5, o, and o
integrins to varying degrees, and predominantly 8, integrin but not 35 or 8,, integrin.’°® Integrin binding
is involved not only in mediating cellular attachment to the ECM but has also been shown to mediate
transduction of other biological signals. These biological cues are important during development and
throughout the life of the tissue in maintaining specialised cellular function and tissue regeneration. It
has been demonstrated that integrins regulate proliferation, differentiation and action of growth factors
in other non-valve cell types.**® ™™ Currently, few studies have been made of the expression and
functional role of integrins in valve cells.

Neuronal supply to the valve

In addition to mechanical stimuli, the valve also receives chemical signals through a rich and highly
preserved network of nerves. The precise function of this neural network has yet to be elucidated, but
there is increasing evidence that the network plays an active role in normal valve physiology as well as
potentially playing a contributory role in valve disease.’** Marron et al. have completed the most
comprehensive anatomical study of the neural distribution in human heart valves to date."> These
researchers showed that aortic valve innervation arises from ventricular endocardial plexuses, while
some fibers originate from the aortic adventitial wall penetrating the leaflets through the raphe.">'*
These nerves are localized predominantly in the ventricularis (the lower part of the leaflet). The entire
length of the leaflets is covered with nerves except for the coapting edge, which is devoid of any nerve
terminals. The left and right coronary cusps are equally innervated, whereas the non-coronary cusp is
less extensively so. Due to its non-juxtaposition to the ventricular endocardium, the non-coronary cusp
receives its nerve endings from both contiguous cusps (the right and left), which may account for the
uneven nerve density. Although the mitral valve (which lies in continuity with the left and non-coronary
cusps) is more densely innervated than the aortic valve, none of its nerve fibers extend into the aortic
cusps.™** Thus, each valve appears to be innervated and controlled independently. Few of the aortic
valves studied have possessed large nerve terminals. Rather, groups of thin nerve terminals originate
from large individual nerves that cross the entire leaflet. These thin nerves have a dot- and brush-like
ending whereas the thicker proximal nerves appear to have a varicose-like structure.**#**> According to
De Biasi et al., these thicker nerves follow a circumferential distribution within the leaflets, mirroring the
orientation of muscle fibers in the valve."® Nerve terminals present on the aortic valve express
immunoreactivity for tyrosine hydroxylase and neuropeptide Y (NPY), which are both markers of
postganglionic sympathetic nerves as well as acetylcholinesterase (AchE) activity (Figure 7)."3**® Using
double immunostaining techniques, nerve endings can be shown to be in close proximity to
SMA-positive interstitial cells in the matrix, suggesting a direct role of these nerves on valve function.
Electrical field stimulation of isolated porcine aortic valve has demonstrated the function of nitric-oxide
containing nerves which were shown to mediate a relaxation (loss of tension) in cusp tissue. In
contrast, similar experiments with portions of annular tissue resulted in contractile (increased tension)
responses.® Interestingly, the responses to nerve stimulation were evident only in the left- and
non-coronary annular regions, and not in the right-coronary portion of the annulus.

REGULATION OF VALVE MECHANICS

Stiffness of the aortic valve cusps can be measured by deriving the Young’s modulus from the stress-
strain relationship of the tissue. To date, studies examining the mechanical properties of aortic valves
have determined that the aortic valve cusps possess properties typical of viscoelastic materials.*®~***
Another important property of aortic valve cusps is anisotropy. Anisotropy concerns the possession of
mechanical properties that are directionally dependent which, in the case of the aortic valve, refers to
the radial and circumferential axes of the cusps. Indeed, it has been shown that aortic valve cusps are
significantly stiffer in their circumferential axis than in the radial one. This could be due to the specific
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Figure 7. Presence of sympathetic nerves in the aortic root. Panel A shows the whole aortic root (stained for
tyrosine hydroxylase), Panels B-E (stained for tyrosine hydroxylase) and F-1I (stained for neurofilament protein)
show nerve bundles at a higher magnification in the sinotubular junction (ST)) sinus area, hinge region of the
cusp, and in the annular region (from Chester et al., 2008).**®

content and alignment of ECM proteins or cells in each axis. As both axes of the aortic valve are part of
a single unit, inevitably they will influence one another in an inter-dependent manner. Nevertheless,
reports published to date have focused predominantly on the use uniaxial tensile testing methods to
analyze aortic valve cusps one axis at a time. Furthermore, most studies have focused on the baseline
mechanical properties of the cusp, with no regard to the potential contribution of its cellular
components. As it forms a monolayer on the surface of the aortic valve cusps the endothelium is
exposed to all mechanical stimuli including shear stress. It is now well accepted that valve endothelial
cells have unique signaling and gene expression profiles, different from those of endothelial cells

in other parts of the body, including the aortic-derived vascular endothelial cells.®**22 While in the
vasculature endothelial cells are responsible for regulating vascular tone, the role of valve endothelial
cells on valve mechanical properties remains undetermined.

Findings from a recent study provide evidence for the critical role of endothelial-derived nitric oxide
and endothelin-1 in regulating the stiffness of the aortic valve cusp under conditions of physiological
loading.**® This work also demonstrated direct communication by paracrine mechanisms between
endothelial-derived nitric oxide and underlying valve interstitial cells, in particular, SMA-positive cells.
These findings represent the first evidence of the presence of active cell-mediated pathways regulating
the mechanical properties of valves (Figure 8).

The precise physiological significance of changes in the stiffness of the aortic valve is yet to be fully
determined. It is without doubt, however, that the capability of a living valve to adapt its structure and
function to the surrounding environment is of major clinical importance, both in terms of patient quality
of life and survival, and the ability of the cusps to withstand major hemodynamic forces over many
years. Changes in stiffness can optimize stress distribution across the surface of the cusps. Although
the belly region is considered to be the major load-bearing region, in the absence of any regulation of
the mechanical properties of the cusps, changes to the may result in the load experienced by the cell
within the valve, with consequential alterations to the function of the cells. Indeed, it may be that the
early valve calcification observed in some patients with bicuspid aortic valves could be due in partto a
deficiency in eNOS, which renders the cusps incapable of adapting their stiffness to changing
hemodynamic and humoural conditions.**#**> Changes in the mechanical properties of the valve
can also be beneficial in hypertensive patients with high diastolic pressure. An increased stiffness of
the cusps could maintain an adequate surface of coaptation and ensure valvular competence despite
the elevated afterload.

Together, the aortic annulus, the sinuses of Valsalva, the sinotubular junction and the aortic valve
cusps comprise the component parts of the aortic root. These different parts operate in harmony to
ensure adequate function of the aortic root, thereby minimizing ventricular workload and optimizing
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Figure 8. Porcine aortic cusp mounted on biaxial micromechanical testing device (top panel) and changes in the
stiffness of the tissue induced by 5-HT, endothelial denudation, nitric oxide synthase inhibitor (L-NAME),
endothelin-1, and cytochalasin B (CyB), an actin depolymerizing agent (bottom panel) (from El-Hamamsy et al.,
2009).**3

coronary flow.2'2° Because of the extreme mechanical forces in the aortic root region, tissue stress is
distributed between the sinuses and the cusps.®~ "7 As a consequence, the stiffness of the cusps
could have a direct impact on the function of the sinuses of Valsalva and on the magnitude of stresses
at that level, which in turn could contribute to changes in structure, such as those observed in bicuspid
aortic valve disease.’?® Indeed, Grande-Allen et al. showed that with every change in leaflet dimension,
elastic modulus and surface of coaptation, the distribution of strains over the aortic leaflet is
significantly altered with a marked increase at the free edge.”*® This increase in strain is thought to
contribute to the aortic regurgitation observed in these patients.

An important consideration for in vivo studies of mechanical properties is that the half-life of NO in
the cellular environment is short and so it may have an impact on the beat-to-beat regulation of valve
biomechanics. On the other hand, ET-1 has a much longer duration of action and is more likely to affect
the general tone of the valve, allowing it to adapt to its environment over a longer period of time. In
addition, other endothelial-derived mediators, such as prostacyclin and endothelium-independent
mediators, undoubtedly have an impact on valve mechanics. The true functional significance of such
findings will be fully understood only once four dimensional functional imaging techniques are
available as these will allow tracking of the instantaneous movements of the cusps and changes in
Young’s modulus.

The regulation of valve mechanics by the cellular components of the valve introduces a new
paradigm into the role of the endothelium and contractile mechanisms in aortic valve pathology. It is
well accepted that endothelial damage or dysfunction — through the loss of anti-inflammatory and
anti-oxidant mediators — is an early occurrence in the cascade of events leading to structural valve
disease.’° The ability of the endothelium to influence valve mechanics suggests that endothelial
dysfunction may result in changes in the mechanical responses to different stimuli, which potentially
could contribute to the pathophysiology of valve disease. Following pharmacological inhibition or
mechanical denudation of the endothelium, changes in the valve elastic modulus in response to
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endogenous mediators were found to be significantly altered. As explained previously, this may expose
specific regions of the cusps to abnormally high stresses, so increasing the risk of local microtrauma
which in turn will lead to further endothelial damage and structural degeneration. It is known that the
formation of calcific lesions on the valve are associated with localised areas of high stress.* A loss of
the capacity of aortic valves to adapt to their mechanical environment could lead to localised areas of
altered stress and thereby initiate or accelerate structural valve degeneration.

MOLECULAR MEDIATORS OF VALVE MECHANOBIOLOGY

Biological sensing of mechanical forces is critically important for a proper acute response and longer
term adaptation, and arguably especially so in valves where the mechanical environment is demanding
and unavoidable. The basic mechanotransduction process involves the conversion of a mechanical
stimulus into an electrical or chemical signal that can be propagated towards cellular responses.’
Two major pathways of mechanotransduction have been classified: centralized and decentralized.
Centralized mechanotransduction involves the direct interaction of the mechanical force on a surface
receptor and its transmission into the downstream signaling cascades. Several examples of centralized
mechanoreceptors have been proposed. Primary cilia are external microtubule-like structures
commonly found on epithelial cell types including endocardial and epithelial cells. Recent work
suggests that embryonic endocardial cells require intact cilia to respond to changes in fluid flow,
presumably by the deflection of the cilia within the flow field.*” The specific downstream mechanisms
of cilia in valve endothelium are not known, but studies suggest the involvement of Alks-mediated
Smad phosphorylation. Despite being located in the highest shear stress domains of the heart tube,
the valvulogenic endocardium appears to have no primary cilia, so the means by which cilia transduce
cellular responses in the valve endothelium, remains uncertain.’>® In contrast, integrins reside on the
basal surface of the endothelium and throughout the interstitium. Mechanosensation from integrins is
often achieved through the development of focal adhesion complexes, including accessory proteins
such as vinculin, talin, and focal adhesion kinase.** Actin filaments are tethered directly to the
intracellular ends of focal adhesions via filamin A.**> Mutations in filamin-A have been associated with
mitral valve dysfunction, but a role in aortic valve disease has yet to be identified.3® Integrins are
heterodimeric adhesion receptors essential for cellular interaction with the extracellular environment.
Recent studies suggest that integrin base adhesion helps control cellular tone and overall leaflet
tension (Chester, unpublished observations), although whether this is an active contractile process ora
passive mechanical connectivity remains unclear. The study of integrin-based mechanotransduction is
challenging because of the high promiscuity and redundant cellular functions of the integrins.*®®
However, signal transduction downstream of focal adhesion complexes is more streamlined.
Integrin-based signaling can activate several secondary messengers, including small GTPase proteins
such as RhoA, Rac1, and Src. These messenger molecules can affect many cellular functions, including
filipodia protrusion, cell contractility, migration, and cell stiffness. In particular, RhoA-based signaling
has been investigated for a variety of cellular processes in valve endothelial and interstitial cells.
Inactivation of RhoA disrupts endothelial alignment to flow,®* while inhibition in interstitial cells has
been found to prevent nodule formation in culture.” In contrast, decentralized mechanotransduction
is characterized by a lack of a central signaling pathway, rather a localized deformation of the
cytoplasm due to mechanical stimuli induces biological changes.3® In this case, the cell is viewed as a
tensegrity structure with all the internal components being suspended within an equilibrium of tensed
and contracted elements.’*® The heterogeneous distribution of components creates local
unpredictable maxima and minima of mechanical stress within the cell that may initiate signaling to the
nucleus.’® Although attractive because it lacks any requirement for a specific receptor, this
mechanotransduction hypothesis is challenging experimentally due to the difficulties associated with
identifying the internal signal initiators. The nucleus, however, is mechanically connected to the
cytoplasm and deforms as the cell deforms, supporting the observation that transcriptional activity can
be affected rapidly.**® Recent studies have identified a class of nuclear membrane proteins called
lamins that are mechanosensitive and involved in a number of clinical conditions, including progeria
and cancer.*** Recently, we stretched mouse valve leaflets ex vivo and followed local cell and matrix
fiber deformations in combination with global tissue stretch.*** We established that local cell
deformation and fiber reorganization occur to different degrees depending on the magnitude of global
tissue stretch. In general, cellular deformation lags fiber alignment. Cellular deformation in response to
the matrix environment was found to be dependent on the composition of the matrix, and this effect
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was established as age-dependent in valves. Interstitial cells from fibrillin-1 deficient valves deformed
under global stretch in a manner similar to those from immature valves, which could be explained
partly by the less mature composition of the tissue matrix, but occurred in a quite different
hemodynamic environment. These findings allowed three different modes of mechanotransduction
failure to be identified. First, the tissue might not be stretched adequately, resulting in a reduced or
elevated stimulus that could adversely affect cell response. Second, cellular adhesion within its local
ECM environment may be abnormal, resulting in greater or lesser than normal deformation under the
same global stretch. Third, the mechanosensory apparatus in the cell may be inappropriately tuned
such that it responds in @ muted or overactive way to a specific mechanical stimulus. It is possible that
more than one of these components could be adversely affected in valve disease, with obvious
consequences for the identification of an effective ameliorating strategy. Further compounding the
challenge is the fact that the natural stretch environment in vivo is strongly anisotropic and
heterogeneous." We and other researchers have demonstrated that endothelial and interstitial cells
respond differently to different patterns of cyclic stretch and shear stress, which exist in a localized
geometry.*°“*44~ ' Further work is required to gain an understanding of the way in which each
mechanotransduction pathway participates in valve homeostasis and disease. However, it is clear that
any clinically relevant disease mechanism and/or therapeutic strategy must accommodate the reality
of mechanical signaling.

AORTIC VALVE DISEASE
Aortic valve calcification is a major clinical problem in elderly patients and those with bicuspid aortic
valve disease for whom surgical replacement of the valve remains the only viable treatment. In recent
years, it has become increasingly clear that aortic valve calcification is an active cell-driven process that
shares some similarities with atherosclerosis, such as early endothelial dysfunction and activation of
inflammatory mechanisms. However, despite these similarities, calcification of the aortic valve is
recognised as a disease entity in its own right.">°

The structural changes seen in aortic valve disease were believed initially to be due to progressive
degeneration of the valve due to “wear and tear”. However, it is now accepted that the onset and
progression of aortic valve disease is an active process. Alterations to any of the mechanisms that
constitute the passive and active dynamism of the valve can result in initial loss of regulation of cell
phenotype and function; his in turn precipitates structural and eventually functional changes to the
sophisticated mechanisms that the valve relies on for optimal function. In this regard, interstitial and
endothelial cells of the aortic valve have recently been the focus of much attention because of the
important role they are considered to play in valve disease. Some authors suggest that the behavior of
valve interstitial cells is the main orchestrator of valve pathobiology. Studies from our group and others
have shown that human aortic valve interstitial cells are involved directly in the calcification process of
aortic valves through the expression of osteoblastic cell markers in response to mediators such as
TGFB.2°%148149 |n addition, it is now recognised that damage to the endothelium results in a loss
of protective mechanisms that suppress changes in phenotype and function of the interstitial cells.
However, the precise mechanism by which calcification occurs remains unclear. Some studies suggest
that following apoptosis of aortic valve interstitial cells, calcium accumulates in the matrix vesicles that
are released by these apoptotic bodies, leading to mineralization; other studies have identified a role
for oxidant stress and an impaired responsiveness of platelets to nitric oxide, which was attributed to
the effects of increased oxidant stress on the platelets.®>*>* Other groups propose a phenotypic
transdifferentiation of aortic valve interstitial cells into osteogenic-like cells, which are capable of
producing mineralized bone, and suggest that this process may be exacerbated by the stiffness of the
valve and/or increased mechanical strain.°%149152 7156 Yet others have suggested changes to the
secretion of paracrine mediators from the endothelium, or the presence of resident stem cells within
the valve matrix, which are capable of undergoing differentiation and bone formation, and could be the
main culprits in valve disease.™” ™' Although not yet fully understood, the combined evidence
suggests that a repertoire of mechanisms exist and contribute to the onset and progression of the
disease, and these mechanisms involve the active participation of cells residing within the valve.

ROLE OF VALVE CELLS IN AORTIC STENOSIS
Histologically, aortic valve calcification occurs almost exclusively on the aortic side of the valve, which
suggests there are differences in the protective capacity of the cells that cover the two surfaces of the
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valve. Simmons et al. developed an innovative technique to analyse separately the gene expression of
aortic valve endothelial cells from each side of the valve.’* The authors used this technique to identify
the differential expression in situ of 584 genes,*®* and established that cells on the aortic surface
expressed a more ‘pro-calcific’ repertoire of genes compared with cells on the ventricular surface of the
valve. The differential expression of microRNAs, of which 30 were found to be shear-sensitive and three
side-specific, may also contribute to the susceptibility of the aortic surface of the valve to calcification
by Holliday et al.*4®

In common with the vasculature, the valve endothelium is a rich source of paracrine mediators. These
molecules are involved in the active dynamism of the valve, which promotes optimal function and
provides protection against pro-calcifying factors. It is unsurprising, therefore, that changes to the
functionality of the endothelium of the valve will result in loss of the protective capacity of these
important cells. As outlined above, the valve endothelium plays an important role in modulating the
stiffness of valve tissue. Risk factors such as high cholesterol, diabetes or smoking, all of which may
increase oxidant stress on the endothelium, may induce changes in the function of the endothelium,
and this may disrupt the balance between dilator and constrictor factors. Any such disruption would
lead to localised alterations in the biomechanics and stress distribution of the valve. It has been
established that calcific lesions on the surface of the valve occur preferentially at areas of high stress.
However, whether or not a change in the secretory function of endothelial cells in these areas of the
valve would have a contributory negative effect is yet to be determined.

One important mediator that has received much attention is nitric oxide. Production of nitric oxide in
the valve endothelium is catalyzed by the enzyme type llI nitric oxide synthase, and the principal
stimulus for its release is the shear force exerted on cells by the passage of blood over the surface of
the valve. Due to the difference in the types of blood flow experienced by the two sides of the valve
(high velocity flow on the ventricular side, and low velocity, interrupted flow on the aortic side) a
differing volumes of nitric oxide are released from each side of the valve.’s® It has been shown using
in vitro models of valve calcification that drugs capable of generating nitric oxide (so called nitric oxide
donors) are effective in ameliorating the effects of calcification.’ On this basis, it is apparent that a
reduction in the amount of nitric oxide released in response to flow, particularly on the aortic surface of
the valve, would have the effect of reducing, or removing, the protective effect of this paracrine
mediator. NO achieves its effects by causing an increase in the levels of cyclic guanosine
monophosphate (cGMP). Another mediator expressed by valve endothelial cells, which also activates
cGMP, is C-type natriuretic peptide (CNP).**? This peptide also has anti-calcification effects on valve
interstitial cells due to its activity at natriuretic peptide receptor-b.'®3 In addition, it has been
established that expression of CNP is reduced in the valves of patients with aortic stenosis.'®> The
paracrine effects of NO and CNP suggest a role for a cGMP-dependent mechanism in the interstitial
cells that suppresses the differentiation of cells within the valve towards an osteoblast/calcifying
phenotype. However, the precise regulation of valve interstitial cell phenotypes remains unclear, as
does the pathway followed by quiescent valve interstitial cells as they differentiate towards calcifying
valve cells.

During development and in the post-natal period there are changes to the phenotype of the cells
within the valve, the number of myofibroblasts present increasing significantly.®® These myofibroblasts
are gradually lost and subsequently the valve contains a more stable population of quiescent valve
interstitial cells that maintain the structure and durability of the valve, as well as preventing
angiogenesis. The role of these cells in the calcification process has recently been reviewed.'®* The
changes observed during the process are associated with activation of inflammatory signalling
pathways, one of which centres on nuclear factor-kB (NF-kB), a highly conserved transcription factor
which translocates to the nucleus when activated, where it triggers the production of pro-inflammatory
molecules.’*>*°® Expression of this transcription factor has been observed in stenotic valves.*’ In
addition, there is the revival of a number of mechanisms that are involved in the development of the
valve, such as the Wnt/B-catenin pathway and the action of bone morphogenetic proteins (BMPs),
principally BMP 2 and 4.°° A key regulator in the activation of these pathways is TGF@1, which has been
shown to be present in diseased cardiac valves.'*® TGFB1 stimulates the quiescent interstitial cells to
transdifferentiate into an osteoblast-like cell through activation of the transcription factor RUNX2."®
TGFB1 may achieve this by stimulating BMPs, which in turn can activate Wnt signaling.’>#*® The
precise pathway followed by the cells as they differentiate into a calcifying osteoblast-like cell is
unclear. Some reports suggest that activation into a myofibroblast is a key step, while other studies
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suggest that these cells are not involved. An alternative hypothesis centres on the recruitment of bone
marrow-derived cells that populate the valve following injury. We have recently obtained evidence of
the involvement of smooth muscle cells in the calcifying processes. These cells, which are
phenotypically, structurally and functionally distinct from myofibroblasts, can be found in calcified
regions of human valves.”® The study by Latif et al. also showed that the expression of specific smooth
muscle cell markers could be induced in cultured valve interstitial cells by TGFp1.

TREATMENT OF AORTIC STENOSIS

Currently, it is thought that patients with mild forms of aortic valve disease are those with the early
stages of the disease. Nevertheless, considering the various roles of the endothelium on valve
physiology, the true impact of any therapy may not be realized unless treatment is administered in very
early stages. Such early intervention brings with it important issues of cost and ethics that are beyond
the scope of this article. Nevertheless, if predictive biomarkers or genetic screening tests can identify
subjects at high risk of developing aortic valve disease, the real benefit of medical therapy aiming to
restore the mechanisms that regulate active dynamism may be achieved only if administered early in
order to prevent the long-term slow progression of local endothelial and aortic valve dysfunction.

The only means to alter the natural history of aortic valve disease, at present, remains surgical
intervention to replace the diseased valve. Studies of patients undergoing aortic valve replacement
reveal an improvement in patient survival but not one that matches that of the general population. The
first prospective randomized trial to demonstrate restored survival following aortic valve replacement
to levels matching an age- and gender-matched population has recently been published.* The patients
underwent a Ross procedure, whereby their own pulmonary valve was used to replace their diseased
aortic valve and a homograft valve was then placed in the pulmonary position. The excellent results as
reported are thought to be due to the long-term preserved viability of aortic valve cusps cells, which
allows them to adapt to their changing local mechanical and hemodynamic conditions, and to ensure
long-term valve durability as well as normal root physiology (Figure 9).

Compared with homografts, the Ross procedure has been found to result in enhanced survival
following aortic root replacement in young adults. In addition, the procedure is associated with a lower
likelihood of re-operation and an improved quality of life. It has also been shown that peak flow
velocities are similar for normal valves and pulmonary autografts despite the larger root dimensions in
the autograft (Figure 10)."”* This supports the hypothesis that implanting a living valve in the aortic

100 —— n
B0 -
— B0-
3‘9
-
£
A Log-rank p=0-002
40 -
20 -
1year 5 years 10 years 13 years
Autograft 98% (1) 97% (2) 97% (2) 95% (3)
-=== Homograft 96% (2) 92% (3) 83% (4) 78% (5)
—— Martched* population 99.8% 98-8% 97-0% 95.5%
o I 1 1 1 I 1
0 2 4 o 8 10 12
Niirnbés o risie Time since aortic root surgery (years)
Autograft 108 103 102 101 91 (§19) 34
Homograft 108 101 99 98 86 52 33

Figure 9. Actuarial survival after Ross procedure (autograft) compared with homograft aortic root replacement.
Survival over a 12 year period after a Ross procedure is indistinguishable from that of an aged matched
population (from El-Hamamsy et al., 2010)."
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Figure 10. Effective orifice area. Velocity maps (color contours) and effective orifice areas (broken lines)
visualized on cross sections above for autograft, xenograft, homograft native (normal) valve in the aortic
position visualised at peak. Images are derived from 2-dimensional cine phase contrast magnetic resonance
velocity mapping of valves approximately 10 years after implantation (from Torii et al., 2012).*”*

position can result in significantly improved clinical outcomes. Although homographs, and some
bioprosthetic valves, retain the same shape and ECM composition as the native valve, what they lack is
living cells. The Ross procedure provides the only aortic valve substitute that contains living cells. The
ability of these cells to continually provide a source of paracrine mediators and ECM proteins helps to
explain the superiority of the Ross procedure over other valve replacement strategies.

FUTURE DIRECTIONS

Unlike blood vessels, aortic valves are not tubular structures, the pattern of local blood flow is complex
and highly variable, and no surrogate imaging or biomarkers of whole aortic valve dysfunction or valve
endothelial dysfunction have yet been developed. In addition, computer simulations of valve motion
based on high resolution imaging techniques also represent a significant challenge because of the
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highly dynamic nature of the aortic root. As shown by Dagum et al., the aortic annulus undergoes
torsional deformations during the cardiac cycle as well as a significant longitudinal excursion which
makes motion tracking necessary but complex.” To date, few groups have managed to adjust for
dynamic aortic annular motion. Tracking the cusps constitutes an even greater challenge as their
motion is non-linear, they undergo important conformational changes during the cycle (particularly
bending changes), and the movements of the cusps dictate changes in the volume of blood flowing
through them, this adding a particular element of difficulty. Consequently, descriptive findings on aortic
valve physiology inevitably precede in vivo functional validation but, nevertheless, these offer
important guidance concerning the level of detailed imaging required if we are to understand

fully valve function in health and disease.

Molecular imaging represents an exciting area of research that has shown promise in characterizing
the early inflammatory changes in diseased vessels. This approach has been used to examine the
proteolytic and osteogenic markers in aortic valve disease.””? Novel methods of electron microscopy,
such as density-dependent colour scanning electron microscopy (DDC-SEM), have produced images
that reveal the very early (sub-clinical) stages of calcific lesion formation. Calcified spherical particles
are the first structures to be identified in these lesions (Figure 11A); these particles have also been
found in calcific lesions at later stages, in which other nano/micro structures, such as calcified fibres
(Figure 11B) and compact calcification, are also present (Figure 11C)."> It is now clear that the
application of molecular and nano-analytical imaging could have a significant effect in advancing our
understanding of the mechanisms of aortic valve disease and the origins of calcific lesions. The
ultimate objective behind research on the aortic valve is to alleviate the burden of disease in the
population. Aortic valve disease remains a major source of morbidity and mortality in the developed
world and its incidence is expected to increase significantly over the next 20-30 years.*”# Clinical trials
aimed at improving endothelial function in patients have been discouraging and have consistently
represented a vital gap between laboratory findings and clinical reality. However, few studies have
focused on aortic valve disease, partly because it had long been considered a passive, “degenerative”,
“wear and tear” disease. The largest trials, including studies in patients with mild forms of disease,
have focused mainly on the role of statins in halting the progression of aortic valve disease and have
produced disappointing results. Although not certain, it is likely that the absence of real observed
benefit relates to the timing of treatment. However, it is now well established that signaling pathways
and mechanisms involved in early morphogenesis remain operative in adult life and can contribute to
pathophysiology of disease. Therefore, it is possible that the absence of observed benefit from the

Figure 11. Density-dependent color scanning electron micrographs of human aortic valve (AV) tissue. Orange
color identifies denser material (calcium phosphate) and less dense structures are in green color (extracelular
matrix). Micrographs acquired by secondary and backscatter electron detectors were combined in post-
processing. A) Surface of AV with spherical calcified particles. B) Surface of AV with spherical calcified
particles and calcified fibers. C) Surface of AV with spherical calcified particles and compact calcification.
Scale bar =2 pm.
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various therapeutic strategies aimed at improving endothelial function may be linked directly to the
timing of initiation of treatment.

CONCLUSIONS

Evidence that the aortic root performs several sophisticated functions that allow its constituent parts to
change shape and function during the different parts of the cardiac cycle continues to accumulate.”*”
Such changes can influence left ventricular workload and possibly coronary flow as well as stress
distribution on the cusps.2*?® In addition, aortic cusps can modify their stiffness in response to
humoral and endothelial signals, allowing them to adapt to varying hemodynamic conditions.’*> An
understanding of exactly how and why the living components of the valve contribute to its function will
facilitate optimisation of current approaches for surgical replacement of the valve and, importantly, will
guide development of the new generation of tissue engineered “living” valves that currently are the
focus of numerous studies worldwide.
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