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Endothelial-to-Mesenchymal Transition in Calcific
Aortic Valve Disease
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Calcific aortic valve disease (CAVD) represents a significant threat to cardiovascular health worldwide, and the
incidence of this sclerocalcific valve disease has rapidly increased along with a rise in life expectancy. Compelling
evidence has suggested that CAVD is an actively and finely regulated pathophysiological process even though it has
been referred to as “degenerative” for decades. A striking similarity has been noted in the etiopathogenesis between
CAVD and atherosclerosis, a classical proliferative sclerotic vascular disease. Nevertheless, pharmaceutical trials
that attempted to target inflammation and dyslipidemia have produced disappointing results in CAVD. While
senescence is a well-documented risk factor, the sophisticated regulatory networks have not been adequately
explored underlying the aberrant calcification and osteogenesis in CAVD. Valvular endothelial cells (VECs), a type
of resident effector cells in aortic leaflets, are crucial in maintaining valvular integrity and homeostasis, and
dysfunctional VECs are a major contributor to disease initiation and progression. Accumulating evidence suggests
that VECs undergo a phenotypic and functional transition to mesenchymal or fibroblast-like cells in CAVD, a process
known as the endothelial-to-mesenchymal transition (EndMT) process. The relevance of this transition in CAVD
has recently drawn great interest due to its importance in both valve genesis at an embryonic stage and CAVD
development at an adult stage. Hence EndMT might be a valuable diagnostic and therapeutic target for disease
prevention and treatment. This mini-review summarized the relevant literature that delineates the EndMT process
and the underlying regulatory networks involved in CAVD.
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INTRODUCTION

Calcific aortic valve disease (CAVD) affects nearly 3%
of people older than 75 years in the United States and
the incidence is also increasing in China.” This entity of
aortic valve pathology develops progressively from ini-
tial valve thickening to the end-stage formation of calci-
fication nodules.** The affected aortic valve malfunc-
tions to maintain stable hemodynamics between the
left ventricle and ascending aorta, presenting as varying
degrees of aortic valve stenosis and/or insufficiency, left
ventricle pressure overload and hypertrophy, ascending
aorta dilatation and aneurysm and even aortic dissec-
tion.> Patients with CAVD commonly have chest tight-
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ness and pain, dyspnea and syncope, which can lead to
congestive heart failure and sudden cardiac death (SCD).°
At present, the only curable approaches are invasive
therapeutic strategies including surgical aortic valve re-
placement (SAVR) and transcatheter aortic valve implan-
tation (TAVI) which radically replace the diseased cusps
with a mechanical or bioprosthetic valve.”® Even though
a successful SAVR or TAVI improves the long-term prog-
nosis, postprocedural outcomes are still complicated by
major adverse cardiovascular and cerebrovascular events
(MACCEs).? Improper postoperative antithrombotic the-
rapy after valve replacement can lead to catastrophic
ischemic or hemorrhagic events,'® and the invasive na-
ture of valve replacement surgery inevitably results in
more trauma and medical expense.11 In addition, me-
chanical/bioprosthetic valve and artificial blood vessels
can, to a great extent, simulate natural blood flow across
the valve. However, the physiological hemodynamics of
the aortic root is not entirely restored, and the anato-
mical structure of aortic sinuses remains incompletely
reconstructed.'® In addition, the bioprosthetic valves
are still at risk of calcification and osteogenesis."* Mak-
ing an early diagnosis and providing effective medical
therapy for CAVD remain a huge challenge.'® Hence,
early diagnostic markers and pharmacological targets
are urgently required in the prevention and treatment
of CAVD."™

CAVD is generally believed to be an actively and
finely regulated biological process in which specific
stimulators activate and perpetuate calcific and osteo-
genic programs.14 Although intensive investigations have
recently focused on this field, the underlying mecha-
nism remains largely elusive.® Aging is obviously a risk
factor for CAVD, and it might partially account for the in-
creasing prevalence of CAVD.™ In particular, atheroscle-
rosis and CAVD share similar pathophysiological events,
and accumulating evidence suggests an overlap of me-
chanisms that include inflammation, dyslipidemia and
oxidative stress."” However, clinical trials testing statins
for CAVD have produced disappointing results, even
though statins have long been recognized as the corner-
stone in the pharmaceutical treatment of atherosclero-
sis.®® Besides, while the role of intimal calcification is
still under debate in promoting plaque instability, it is
generally accepted that calcification compromises the
functional and structural properties of aortic leaflets.™
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This indicates that the currently known mechanisms may
account for only a fraction of the susceptibility to CAVD.
Very recently, endothelial-to-mesenchymal transi-
tion (EndMT) has been shown to play a role in the pa-
thogenesis of CAVD." In this transition, endothelial cells
progressively acquire the phenotypic and functional
characteristics of mesenchymal cells and express both
endothelial and mesenchymal cell markers.”® Numerous
reports have demonstrated that the EndMT and epithe-
lial-to-mesenchymal transition (EMT) are key regulators
in common human diseases including cancer, kidney fi-
2122 |5 particular, the
EndMT process has been associated with various cardio-
vascular disorders including atherosclerosis, pulmonary
hypertension, cardiac fibrosis, myocardiopathy and by-
pass graft restenosis.”> The EndMT process is crucial in
valve development at the embryonic stage, and adult
valvular endothelial cells (VECs) might also re-experi-
ence this cellular reprogramming to contribute to the
abnormal stiffening and calcification of aortic valve leaf-
lets.”**® Several studies have focused on the relation-
ship between EndMT and CAVD and identified the re-

lated stimulants, cellular transition features and under-
19,25,26

brosis and cardiovascular diseases.

lying signaling pathways. In this mini-review, we
collected the relevant literature to: 1) summarize the
known knowledge of EndMT in CAVD; 2) describe our
hypothesis of the role of EndMT in CAVD progression;
and 3) suggest several key questions that warrant inten-

sive investigations in the future.

BASIC KNOWLEDGE OF AORTIC VALVE HISTOLOGY

Aortic valve leaflets are usually comprised of three
distinct extracellular matrix (ECM) layers including the
fibrosa, ventricularis and spongiosa. This highly orga-
nized “sandwich” architecture plays a pivotal role in
maintaining the normal functions of aortic valves. The
fibrosa is rich in collagen and is situated adjacent to the
aorta, whereas the elastin-rich ventricularis lies close to
the left ventricle. A middle spongiosa layer rich in gly-
cosaminoglycans is located between the fibrosa and
ventricularis.® The fibrosa/aortic aspect and ventricu-
laris/ventricular aspect of aortic leaflets are differen-
tially affected in CAVD, most likely due to distinct mo-
dels of shear stress. The fibrosa is more prone to calci-
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fication, with calcific nodules mainly forming in the base
of the aortic aspect.e"27 The whole disease progression
evolves from initial thickening, subsequent fibrosis, and
then calcific nodules which ultimately influence the open-
ing and closing of leaflets.

VALVULAR ENDOTHELIAL CELLS AND VALVULAR
INTERSTITIAL CELLS

VECs and valvular interstitial cells (VICs) are two
resident effector cells in aortic cusps that are highly
heterogeneous cell populations. VICs and VECs, in a
physiological state, contribute synergistically to valve
homeostasis and structure integrity.zg'29
rantly or excessively activated, these two types of cells
can transform from guardians of valve health to cul-
prits of diseased valves. Current evidence has indicated
that VICs and VECs might orchestrate a complex inter-
play in the pathological initiation and progression of
CAVD, and that VICs might also fine-tune the EndMT
process in CAVD.”

Once aber-

VALVULAR ENDOTHELIAL CELLS

VECs mainly line the outmost surface of leaflets of
both the aortic and ventricular aspects. In line with the
role of vascular endothelial cells (ECs) in atherosclero-
sis, the integrity of VECs is crucial in the maintenance
of valve physiology and function. Anomalies in VECs,
including activation, dysfunction and even transforma-
tion, have been demonstrated to be substantially re-
sponsible for CAVD pathogenesis.”® From the stand-
point of atherosclerosis, once ECs are aberrantly acti-
vated, they lose their protective and regulative mecha-
nisms for vascular homeostasis and integrity, which
means: 1) the loss of polarity; 2) impairment of barrier
function; 3) deficiency of anti-inflammatory, anti-th-
rombotic and anti-oxidative capacities; and 4) decline
in the production of nitric oxide (NO).>*°
guence, perturbations in EC physiology lead to: 1) the
leakage of cell junction and infiltration of modified
lipids into vascular media; 2) adhesion and transmigra-
tion of circulating inflammatory cells into vessel walls;
3) descending regulation of vasodilation and vasocon-

As a conse-

striction; and 4) vascular inflammation and thrombus
formation.*® In addition, ECs lining the vascular endo-
thelium might further experience decreased cellular
proliferation and augmented apoptosis, autophagy and
even necrosis if atherogenic stresses persist.32 Very re-
cently, several reports have highlighted the role of the
EndMT process in the initiation and progression of ath-
erosclerosis.’® During plaque development, ECs lose
their specific markers and acquire a mesenchymal or
myofibroblastic phenotype, and this transition has
been reported to accelerate vulnerable plaque progres-
sion and increase clinical coronary events.** Similarly
for CAVD, VEC activation and dysfunction has been
linked with: 1) impaired NO generation; 2) increased
oxidative stress; 3) enhanced pro-inflammatory path-
ways; and 4) the EndMT process.™* Additionally, previ-
ous studies have identified several systemic or localized
stimulators/risk factors that can cause VEC anomalies
in CAVD, including inflammation, oxidative stress, dysli-
pidemia, diabetes and hyperphosphatemia.>*®3* H
ever, the detailed mechanisms and similarities/differ-
ences between vascular EC and VEC dysfunction in re-
sponse to environmental stimuli have yet to be eluci-
dated. Compared to VICs, the involvement of VECs in
CAVD has been less convincingly verified and exten-
sively studied. Very recently, an inhibitory role of acti-
vated VICs in regulating the EndMT process of VECs has
been reported, suggesting that further studies on the
reciprocal interactions between VECs and VICs in the
pathogenesis of CAVD are worthwhile (Figure 1).

Oow-

VALVULAR INTERSTITIAL CELLS

VICs are ubiquitously distributed in all of the three
“sandwich” ECM layers. This group of mesenchymal cells
has recently been shown to dynamically mediate com-
plex valvular alterations, both physiologically and patho-
logically.?® Their roles are to a certain extent akin to
those of vascular smooth muscle cells and fibroblasts
resident in the vascular wall or atherosclerotic plaques.
Within healthy adult aortic valves, VICs mostly resemble
quiescent fibroblasts, called quiescent VICs (qVICs), and
are primarily responsible for balancing the production
and degradation of the ECM and various types of colla-
gen. Once stimulated, qVICs are reprogrammed to dif-
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Figure 1. Aberrant endothelial cells in atherosclerosis and calcific aortic valve disease. During the development of atherosclerosis and calcific aor-
tic valve disease (CAVD), aberrant endothelial cells (ECs) disturb markedly the micro-environmental homeostasis of cardiovascular system and con-
tribute greatly to the disease progression. (A) Endothelial dysfunction leads to the loss of barrier function and results in the infiltration of modified
lipids to the subendothelial region. (B) Dysfunctional ECs transfer from an anti-inflammatory phenotype to a pro-inflammatory phenotype. Particu-
larly, an increased expression of adhesion molecules and pro-inflammatory cytokines and mediators by these ECs promote the adhesion and subse-
quent transmigration of circulating immune cells to the subendothelial region. (C) The bio-synthesis and release of nitric oxide (NO) is compromised
in the dysfunctional ECs and it impedes the physiological functions of ECs. (D) An array of pathological environmental stimuli induces the augmented
oxidative stress in the aberrant ECs. (E) The anti-thrombotic property of ECs is deficient in the dysfunctional ECs. (F) Accumulating evidence suggests
that the aberrant ECs undergo the endothelial-to-mesenchymal transition (EndMT) during which these ECs co-express the endothelial and
mesenchymal markers and acquire the mesenchymal phenotypic and functional properties. (G) Persistent or potent pathological stimulators cause
the increased level of autophagy and apoptosis and even the abnormal necrosis of ECs. (H) Dysfunctional ECs malfunction to regulate properly the
vasomotor activity.

ferentiate into activated myofibroblast-like VICs (aVICs) BASIC CONCEPT AND KNOWLEDGE OF EndMT

and regulate the functional remodeling of valve ECM

and collagen. In addition, aVICs are also thought to EndMT is generally considered to be a specialized
transform back to qVICs if physiological stimulation re-  form of EMT, but it has unique characteristics compared
cedes or terminates.*® This dynamic conversion of qVICs  to EMT.*® EndMT represents a cellular reprogramming
and aVICs plays a key role in sustaining normal valve re-  process in which ECs acquire mesenchymal cell markers
modeling and function. Nevertheless, if pathological and features upon certain stimulations. Via EndMT, ECs
stimulation occurs or physiological stimulation perpetu- act like mesenchymal cells by regaining mesenchymal
ates, aVICs can further adapt themselves into an osteo-  phenotype characteristics of proliferative, migratory, se-
blastic phenotype (oVICs), the chief culprit of calcium cretory and productive features with a simultaneous
deposition in CAVD.*® oVICs can enhance the expression  loss of specific endothelial markers and functions.** Pos-
of metalloproteinases (MMPs) and proinflammatory itive staining of both mesenchymal markers and endo-
cytokines and mediators that promote pathological re-  thelial markers in stimulated ECs is a landmark of EMT,

. . 35,37
modeling of valve tissue.

Thus, a heterogeneity of  as well as a switch of cellular shape from a pyramidal to
VIC subpopulations existduring disease progression, and  spindle type (Figure 2).

studying how this heterogeneity predisposes to CAVD

will become a research hotspot in the near future.”® Re-

cent investigations have suggested the effects of VECs ~ ALTERATIONS OF MOLECULAR MARKERS AND

on the proliferative and osteogenic activation of VICs, TRANSCRIPTION FACTORS IN EndMT

indicating the relevance of VEC-VIC interactions in de-
termining the fate of VICs.?>?%% During EndMT, there is a decline in the expression
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of endothelial markers. These endothelial markers com-
monly include PECAM (CD31), vWF, VE-cadherin (CD144),
tyrosine kinase with immunoglobulin-like and EGF-like
domains 1 and 2 (TIE1 and TIE2), eNOS and platelet-
derived growth factor (PDGF). The most commonly
used mesenchymal markers include alpha-smooth mus-
cle actin (a-SMA), N-cadherin (CDH2), calponin, fibro-
blast-specific protein-1 (FSP-1), vimentin, fibronectin
(FN), collagen types | and Ill, and matrix metallopro-
teinase 2 (MMP-2) and matrix metalloproteinase 9
(MMP-9). In particular, a frequently used EMT marker,
E-cadherin (CDH1), is not expressed in ECs. In addition,
epithelial surface markers such as claudins, occludins
and cytokeratin are not usually used in studies of
EndMT. Cells co-expressing epithelial/endothelial and
mesenchymal markers can be regarded as indirect evi-
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dence of EMT/ EndMT because it might also be the con-
sequence of a reversed process, mesenchymal-to-epi-
thelial/endothelial transition?>*? (Figure 2A and B).

EndMT is “powered” by the strength of transcrip-
tion regulation, and a series of transcription factors
(TFs) have been noted to modulate EndMT once the
process is initiated. The commonly involved TFs include
snail, ZEB1, ZEB2 and Slug, which play key roles in the
transcriptional control of the expression of endothelial
and mesenchymal markers**? (Figure 2C and D).

EndMT-RELATED DISEASES

Decades of research have correlated EMT/EndMT
with various types of common human diseases, includ-
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Figure 2.  Endothelial-to-mesenchymal transition in the cardiovascular diseases. It has gained increasing attention that endothelial cells (ECs) expe-
rience the endothelial-to-mesenchymal transition (EndMT) in the evolution of common cardiovascular diseases including calcific aortic valve disease
(CAVD) and this cellular reprogramming is potentially utilized as a novel diagnostic signature and therapeutic target. Under physiological conditions,
ECs undertake a fundamental role in maintaining the homeostasis and integrity of cardiovascular architecture and their common duties include bar-
rier, anti-inflammation, anti-thrombus and vasomotor. However, once the EndMT process is initiated, the normal functions of ECs are aberrantly in-
terfered and progressively deprived. Furthermore, these transformed ECs gain the mesenchymal phenotypic characteristics such as proliferation, mi-
gration, secretion, extracellular matrix (ECM) synthesis and above all, pro-inflammatory capacities. In the process of EndMT, the cells co-expressing
endothelial markers and mesenchymal markers is a hallmark. And in these cells, the listed endothelial markers (A) are down-regulated whereas the
expression of mesenchymal markers (B) are enhanced. This cellular transition is launched by certain environmental stimuli, after which several
well-documented signaling pathways (C) have been linked with the regulation of expression of certain target genes, on the transcriptional level by
transcription factors (TF) (D), in most cases. (The red ones have been associated with the EndMT process in CAVD.) Several stimulators (E) have been
correlated with the induction of EndMT. (The red ones have been reported in the EndMT process in CAVD). CD31, cluster of differentiation 31; CD144,
cluster of differentiation 144; CDH2, N-cadherin; ECM, extracellular matrix; ECMs, extracellular matrixs; EndMT, endothelial-to-mesenchymal transi-
tion; eNOS, endothelial nitric oxide synthase; ERK, extracellular signal-regulated protein kinases; FGF, fibroblast growth factor; FN, fibronectin; FSP-1,
fibroblast-specific protein-1; MMPs, matrix metalloproteinases; MMP-2, matrix metalloproteinase 2; MMP-9, matrix metalloproteinase 9; NF-kB, nu-
clear factor kappa-light-chain-enhancer of activated B cells; PDGF, platelet derived growth factor; PECAM, platelet endothelial cell adhesion mole-
cule; TF1, transcription factor 1; TF2, transcription factor 2; TIE1, tyrosine kinase with immunoglobulin-like and EGF-like domains 1; TIE2, tyrosine
kinase with immunoglobulin-like and EGF-like domains 2; VE-cadherin, vascular endothelial cadherin; vWF, von willebrand factor; ZEB1, zinc finger
E-box-binding homeobox 1; ZEB2, zinc finger E-box-binding homeobox 2; a-SMA, alpha-smooth muscle actin; TGF-, transforming growth factor-f3.
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ing malignant cancers, cardiovascular diseases, transplant
arteriopathy, fibrodysplasia ossificans progressiva and
organ fibrosis. In the field of cardiovascular disorders,
EndMT has been confirmed to contribute to atheroscle-
rosis, myocardial fibrosis due to diabetes, infarction or
pulmonary hypertension, pulmonary hypertension, graft
vessel remodeling after coronary artery bypass grafting,
vascular malformation and calcification, as well as CAVD.
These cardiovascular diseases can be categorized as fi-
brotic diseases, suggesting that EndMT might be a new
target and a common mechanism for the prevention and
treatment of these diseases. EndMT in CAVD has been
relatively less intensively studied, and it is considered to
be a promising research hotspot in exploring the re-
modeling of valve structure except for canonical theo-
ries such as chronic inflammation and dyslipidemia.**

EndMT-RELATED ENVIRONMENTAL STIMULI IN
CARDIOVASCULAR DISEASES

In adults, EndMT and EMT have to be launched and
augmented by environmental stimuli that are persis-
tently pathological. Inflammatory stimuli are amongst
the strongest inducers of the EndMT process, and in-
clude TNF-a, IL-6, IFN-y and lipopolysaccharide (LPS).
These inflammatory mediators can promote EndMT
alone or synergistically. TGF-§ is also a potent stimulat-
ing factor for EndMT, and TGF-f3 signaling has been re-
ported to be one of the most important signaling path-
ways in the EndMT process.“’44 In addition, disturbed
blood flow has been demonstrated to contribute to the
occurrence of EndMT. Several studies have shown that
oscillatory flow induces harmful shear stress and facili-
tates the initiation and progression of EndMT in certain
locations of the cardiovascular system.*® Typical loca-
tions are arterial bifurcations such as the orifice of su-
pra-aortic arteries, lesser curvature of the aorta, as well
as the aortic aspect of aortic valves.'®*® Conversely, la-
minar flow seems to have a protective role against
EndMT. For example, compared to lesser curvature of
the aorta, greater curvature of the aorta has been pro-
ven to be an atherosclerotic-proof area.”® In addition,
hypoxia, modified lipids and hyperglycemia have been
shown to drive the process of EndMT individually.** Fur-
thermore, EndMT might also be induced by altered ECM
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in aortic valve ECs, as shown in an in vitro model of
CAVD?® (Figure 2E).

PIVOTAL SIGNALING PATHWAYS REGULATING
EndMT

Among all of the related signaling pathways regu-
lating EndMT, TGF-f is the most frequently mentioned.
It is a major regulator of fibroproliferative disease and
has been extensively investigated in EndMT/EMT. Three
TGF-B members, TGF-B1, -2 and -3 act through type |
and Il TGF-B receptors to form multimeric complexes
and subsequently launch the downstream Smad-de-
pendent and Smad-independent signaling pathways.47
The fibroblast growth factor signaling pathway is crucial
in modulating EC physiology, and it has been recently
been demonstrated to be a vital negative regulator for
EndMT and to be impeded by inflammatory stimuli and
shear stress in atherosclerotic plaques.*®*® Another sig-
nificant pathway is the Notch signaling pathway, which
plays key roles in cell differentiation, proliferation and
apoptosis. It can mediate EndMT by fine-tuning the ex-
pression of EndMT-related transcriptional factors.* Se-
veral other signaling pathways involved in EndMT include
Whnt-catenin pathway, Akt/NF-kB and microRNAs92%>0-52
(Figure 2C and D).

EndMT IN ATHEROSCLEROSIS

In atherosclerosis, vascular ECs undergo the EndMT
process upon stimulation by hemodynamic shear stress
and pro-inflammatory signals, and EndMT is involved in
the whole course of disease from initial stable plaques
to end-stage vulnerable plaques.®® In addition, the EndMT
process has also been linked with disease severity, with
the severity being directly proportional to human coro-
nary remodeling and plaque instability.*® Kim and col-
leagues first demonstrated in delayed coronary artery
disease (CAD) after chest radiotherapy that radiation
can induce the EndMT process, which can then be rein-
forced by oxidized low-density lipoprotein (ox-LDL).>
Recently a group led by Chen showed the pivotal role
of the FGF signaling pathway in the inhibition of the
TGF-B signaling pathway and regulation of EndMT. In
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vitro evidence has suggested that inflammatory cyto-
kines promote the EndMT process and stimulate the
TGF-B signaling pathway by down-regulating the ex-
pression of FGFR1. Additionally, it has been reported
that conditional knockout (CKO) of Fgfr1 in Apoe'/‘ mice
can facilitate the development of both early and ad-
vanced atherosclerotic plaques and accentuate conver-
sion from the stable stage to the vulnerable stage.
More importantly, the severity of human coronary dis-
ease has been positively correlated to the expression
of markers of the TGF-§ signaling pathway and the ex-
tent of EndMT.*® Kovacic and colleagues presented
their findings using an endothelial-tracking system in a
mice model in which EC-derived fibroblast-like cells
were a significant source of mesenchymal cells in athe-
rosclerotic plaques. In addition, in human atherosc-
lerotic plaques, the extent of EndMT has been proven
to be more serious in vulnerable plaques and ruptured
plaques. Moreover, they proposed the role of EndMT in
driving plaque evolution by disturbing ECM homeosta-
sis between collagen production and MMP degrada-
tion.>* Subsequent to myocardial infarction, the in-
farcted region undergoes remodeling and fibrosis, and
Hatzopoulos et al. reported that ECs in the infarcted re-
gion also experienced the EndMT process, which was
mediated by Wnt-catenin signaling pathway.’® Coro-
nary artery bypass grafting (CABG) is still the standard
of care for CAD, especially in multivessel and compli-
cated coronary lesions. However, the mid- and long-
term patency of saphenous vein grafts (SVGs) remains
unsatisfactory, with a reported rate of graft failure be-
ing more that 50% at 10 years of follow-up. Boehm et
al. also reported that the EndMT process contributes to
neointimal formation and SVG restenosis mainly via the
TGF-B-Smad2/3-Slug signaling pathway.>

EndMT IN CALCIFIC AORTIC VALVE DISEASE

Current evidence suggests that the molecular regu-
latory mechanisms and TFs involved in heart valve pro-
genitor development might be activated in adult dis-
eased aortic valves. Amongst them, the EndMT process
is crucial in generating valve progenitor cells and certain
TFs expressed in these progenitor cells that play a key
role in valve development and EndMT.** Intriguingly,

these TFs might also become active in CAVD and exert
potential pathological functions via mediating EndMT.
These modulators of the EndMT process include Msx1/
2, RBPJ and Sox9,°® which have been associated with
cardiovascular calcification and aortic valve disease.
However, to date there is very limited evidence of whe-
ther or not these factors quicken the process of CAVD
through EndMT (Figure 3).

In vitro and in vivo evidence of EndMT in CAVD

EndMT is a relatively novel frontier even in the basic
research of atherosclerosis, and related findings are also
scarce when it comes to EndMT in CAVD. In 2001,
Paranya et al. reported that ECs isolated from adult ma-
ture aortic valves could transdifferentiate to a mesen-
chymal phenotype in medium containing either TGF-f3
or low levels of serum without basic fibroblast growth
factor. These transdifferentiated ECs co-expressed the
endothelial marker CD31 and mesenchymal marker -
SMA, and exhibited increased migration upon stimula-
tion with platelet-derived growth factor-BB. In addition,
the presence of this transdifferentiation has also been
detected in vivo, with positive staining of both markers
in a subpopulation of cells in frozen sections of aortic
valves. This evidence supports the existence of the EndMT
process both in vivo and in vitro, and that it is poten-
tially mediated by TGF-B-dependent and -independent
signaling. Moreover, Mahler et al. supported the spatio-
temporal nature of the EndMT process in CAVD, and it
will be discussed later'® (Figure 3).

Inflammation induces the EndMT process in CAVD
Mahler et al. were amongst the first to demonstrate
indirect evidence of the presence of EndMT by showing
a population of subendothelial cells co-expressing o.-
SMA and CD31 in explanted calcific human aortic valves.
A majority of these EndMT-derived cells also co-ex-
pressed nuclear NF-kB. It appeared to be a side-specific
and disease-specific property of the EndMT process in
CAVD, as healthy pediatric human valves and the ven-
tricularis layer of aortic cusps did not co-express endo-
thelial or mesenchymal markers. In addition, the EndMT
and potential EndMT-derived cells were found distal to
the sites of calcified lesions, indicating that EndMT is
not likely to be involved in the mineralization process.
The same group further found that inflammatory cyto-
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kines, both TNF-o. and IL-6, promoted the EndMT pro-
cess in not only adult VECs but also embryonic valve
endocardium partially through NF-kB signaling, an ef-
fect which resembled that of TGF-f3. Mechanistic studies
revealed that Akt/MAPK/NF-kB signaling was essential
for the EndMT process in both adult VECs and embry-
onic valve endocardium, while TGF-B-ALK-Smad2/3 sig-
naling downstream of NF-kB seemed to be unique to
the EndMT process at an embryonic stage. To sum up,
inflammatory cytokines induced EndMT in VECs in both
embryonic and adult stages via Akt/NF-kB signaling, but
with distinct utilization of TGF-f3 signaling®® (Figure 3).

Mechanical stress serves as a stimulating factor for
EndMT in CAVD
Oscillatory shear stress is very likely to be a caus-

ative factor for EndMT in CAVD. The typical pathological
changes are limited to the fibrosa layer, because the
aortic aspect of leaflets bears the disturbed blood flow
while the ventricular aspect undergoes a laminar flow.
Balachandran et al. were amongst the first to demon-
strate that EndMT could also be induced by mechanical
stress in diseased aortic valves. By using microcontact
printing to simulate the regions of isotropy and aniso-
tropy of the leaflet and applying cyclic mechanical strain
in the 2D valve endothelium, they found that both low
and high strain contributed to the EndMT process, but
in distinct regulatory pathways. Moreover, TGF-3 signal-
ing was increased with low strain-induced EndMT while
high strain strengthened Wnt/fB-catenin signaling, sug-
gesting that in healthy or diseased aortic valves, dif-
ferent modes of strain are utilized. The effect of cyclic

(2) EndMT Stimulating
Factors in CAVD
« Inflammatory Stimuli

(TGF-B, TNF-a & IL-6) <
- Disturbed Blood Flow i

« Altered ECM

VECs: EndMT- Susceptlble

.| o | ol “
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el g TGF-B-Smad ~tl —
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Figure 3.  Endothelial-to-mesenchymal transition in calcific aortic valve disease: the known knowledge and unresolved questions. The investigation
on the role of endothelial-to-mesenchymal transition (EndMT) in calcific aortic valve disease has recently emerged. The evidence of EndMT in vivo
has been found in the fibrosa layer (aortic aspect) of aortic valve, which was distal to the calcification nodule. In vitro evidence supported that in-
flammatory cytokines (including TNF-o, IL-6 and TGF-B), disturbed blood flow and altered extracellular matrix (ECM) was responsible for the induc-
tion of EndMT process, during which the TGF-B-Smad, ALK-NF-kB, ERK and Wnt signaling pathways might play a regulatory role. The transformed
VECs (eVICs) might serve as an important reservoir for activated VICs (aVICs) whereas the EndMT process might be negatively regulated by VICs.
eVICs might further transformed into an osteogenic type (oVIC) and cooperate with the VIC-derived oVICs to promote the CAVD progression. Several
key unresolved questions are crucial in understanding the role of EndMT process in CAVS. (1) The origin of cells co-expressing endothelial and
mesenchymal markers in the diseased aortic valve has to be further validated. (2) What are the effects of other risk factors/stimulating factors of
CAVD on the EndMT process? (3) The relationship between EndMT process and calcific and osteogenic process remains to be explored in the future. In
other words, it is elusive that how the EndMT process contributes to the different phases of CAVD from valve thickening, stenosis to calcification. (4)
Several other well-known signaling pathways involved in the regulation of EndMT/EMT might also exert effects on the development of CAVD via
EndMT. (5) Further in-depth investigation is required to verify a clearer correlation between the extent of EndMT, and severity and progression of
CAVD based on pathological examination and echocardiography evaluation. (6) It is not clear how the interactions between VECs and other immune
cells influence the EndMT process, and vice versa. (7) Last but not least, it is worthwhile of intensive efforts to verify the sub-population of EndMT-
resistant VECs and the mechanisms modulating this obvious heterogeneity.
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strain was also directionally dependent, and transformed
cells displayed increased capacity for migration in re-
sponse to endothelin-1 and larger basal mechanical tone.

Mahler et al. developed a dynamic, 3D environment
to quantify the effects of a shear stress pattern and
magnitude on the EndMT process and invasion of VECs,
and found that low steady shear stress and oscillatory
shear stress up-regulated EndMT-related and inflamma-
tion-related gene expressions and matrix invasion in
comparison with static controls or high steady shear
(Figure 3).

Alterations in ECM contribute to the EndMT process
in CAVD

Except for inflammatory conditions, altered ECM
might also contribute to the EndMT process in CAVD. A
very recent report by Dahal and colleagues used in vitro
models of early- and late-stage valve disease by incorpo-
rating the glycosaminoglycan chondroitin sulfate (CS)
into a 3D collagen gel culture system with or without
TGF-B1 stimulation to induce EndMT. They noticed that
high levels of CS facilitated the EndMT process to the
highest grade, showed by most collagen and GAG pro-
duction by the EndMT-derived cells. In addition, the
EndMT process due to altered ECM depended on cell-
ECM bond strength and ERK1/2 signaling® (Figure 3).

VIC and VEC interactions modulate the EndMT
process in CAVD

Hjortnaes et al. recently reported that VECs undergo
osteogenic differentiation via the EndMT process, and
that this could be reversed by VICs. In addition, they
found that TGF-B1 stimulation promoted EndMT in
VECs, and that osteogenic alterations were induced in
VECs by osteogenic media (OM). Moreover, co-culture
with VICs could inhibit both TGF-f1-mediated EndMT
and OM-induced osteogenic differentiation. Interest-
ingly, time course analysis demonstrated that EndMT oc-
curred in advance of osteogenesis. Increased expres-
sions of EndMT markers (o.-SMA and MMP-2) were first
observed at 7 days after stimulation by OM alone or OM
plus TGF-B1, which was followed by subsequent in-
creases in osteogenic markers (osteopontin and osteo-
calcin) at 14 days after stimulation. In addition, VICs
suppressed osteogenesis in VECs in CAVD, but not vice
versa® (Figure 3).

Different responsiveness of distinct sets of VECs to
inflammation-induced EndMT process in CAVD

A recent report reported the heterogeneous re-
sponsiveness of VECs to EndMT transformation stimu-
lated by TNF-o.. Two distinct subsets of VECs were pre-
sent, among which one group converted into the me-
senchymal phenotype and the other group remained re-
sistant to mesenchymal transformation. Transformed
cells abandoned the endothelial characteristics and
up-regulated the mesenchymal marker a-SMA, whereas
untransformed cells expressed stabilized levels of the
endothelial markers eNOS and VE-cadherin. Both sub-
sets of cells presented with an inflammatory phenotype
with an increased expression of ICAM-1, but only the
transformed cells up-regulated MMP-9, Notchl, TGF-3
and BMP-4. In addition, the transformed cells also ex-
erted distinct effects on collagen fiber alignment at mi-
gration. It remains unknown how the different destinies
of VECs are determined. Elucidating the molecular sig-
nature of transformation-resistant VECs could promote
the development of diagnostic and treatment strategies
(Figure 3).

VECs might serve as a reservoir for VICs via the
EndMT process

Hjortnaes et al. also advanced a theory that VECs
might act as a reservoir for VICs via the EndMT process.
A subset of VEC-derived VICs (eVICs) arise from the
EndMT process, accompanied by a decline in the expres-
sion of VE-cadherin and an increased expression of a-
SMA. This transition is very likely to be negatively regu-
lated by VICs. eVICs might further differentiate into
oVICs and contribute to the calcification in CAVD, a pro-
cess in which osteoblastic markers such as runx2, osteo-
calcin and osteopontin are up-regulated.”® The effects of
eVICs under physiological or pathological conditions are
not clear. For normal aortic valve tissue, this transition
might be a functional supplement for resident VICs in
order to maintain valve physiology and homeostasis.
eVICs might also experience a reversed phenotypic tran-
sition back to VECs if the viability of VICs is restored.
While in diseased aortic valves, persistent pathological
stimuli make this special subset of VECs play a role in
valve stiffening and calcification. If there is a continuum
from VECs to eVICs to oVICs, then it might be precisely
modulated by a negative feedback regulatory loop. How-
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ever, during the advanced stage of CAVD, this balance
might be progressively disrupted due to a loss of well-
functioning VICs, and the inhibitory effects of VICs on
the EndMT process then become deficient (Figure 3).

QUESTIONS AWAITING ANSWERS FOR THE
EndMT PROCESS IN CAVD

Despite the evidence listed above, investigations of
the role of the EndMT process in CAVD and the underly-
ing molecular regulatory networks are in the prelimi-
nary phase. First, the origin of cells co-expressing endo-
thelial and mesenchymal markers has to be further vali-
dated. The endothelial tracking system used in mice
models to study atherosclerosis is highly recommended
in CAVD to confirm that the population of EndMT-de-
rived mesenchymal cells is one major source of aVICs or
oVICs in diseased aortic valves (Figure 3(1)).

Second, based on the current knowledge learned
from CAVD and other cardiovascular diseases, this cellu-
lar transformation might be initiated in CAVD by inflam-
matory stimuli, ECM composition alterations, hemody-
namic shear stress, oxidative stress, and metabolic dis-
orders. While the former three have recently emerged
in this field, investigations of hyperglycemia, dyslipi-
demia, hyperphosphatemia and oxidative stress are al-
most completely lacking. Thus, in the future, intensive
investigations should focus on the role of these poten-
tial risk factors in mediating EndMT in CAVD (Figure
3(2)).

Third, the explicit role of the EndMT process in the
early- and end-stage phases of CAVD is still unclear.
The current evidence suggests that EndMT precedes
osteogenic changes in vitro, and that EndMT-derived
cells are located in regions not proximal to calcification
nodules in vivo. The EndMT process might mainly influ-
ence the initial stage of the CAVD process, but future
studies should continue to investigate the association
between the EndMT process and calcification (Figure
3(3)).

Fourth, the detailed molecular regulatory mecha-
nisms involved in the EndMT process in CAVD should be
investigated in detail. As mechanistic exploration has
been intensively performed regarding EMT in malignancy
and EndMT in atherosclerosis, relevant work is thought
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to be relatively easier in CAVD. To date, canonical TGF-
B-Smad signaling and Akt-MAPK-NF-kB signaling have
been found to play roles in the regulation of EndMT in
CAVD, however this cannot explain all of the observed
changes. Other well-documented signaling pathways
should be taken into consideration for in-depth explora-
tions including Wnt-catenin, non-canonical TGF- and
Notch signaling pathways (Figure 3(4)).>”*®

Fifth, clinical investigations are required to verify
the correlation between the extent of EndMT and sever-
ity and progression of CAVD based on pathological and
echocardiography evaluations. However, it remains a
challenge to obtain sufficient explanted human aortic
valves because surgical aortic valve replacement is not
indicated for patients with mild and mild-to-moderate
aortic stenosis due to CAVD (Figure 3(5)).

Sixth, except for resident VICs and VECs, infiltrating
immune cells also contribute to disease progression, and
it still remains unclear as to how VECs and these ef-
fector cells interactively influence the EndMT process.
Similar research, however, has recently been performed
in atherosclerosis (Figure 3(6)).

Seventh, as mentioned above, the simultaneous pre-
sence of two heterogeneous subsets of VECs that react
differently to EndMT stimuli implies that one acts as the
guardian of valve integrity with the other serving as the
culprit of pathological remodeling. However, the funda-
mental mechanisms regulating the distinct behaviors
and fates of VECs remain undetermined. Whether these
two groups can be converted to each other is still an un-
resolved question (Figure 3(7)).

CONCLUSIONS

Increasing evidence indicates that the EndMT pro-
cess is an emerging theory driving the development of
CAVD, and that it can potentially be used as a novel di-
agnostic signature and therapeutic target in disease pre-
vention and treatment. Future efforts should focus on
investigating the association between EndMT and CAVD
with regards to clinical progression, different effects of
EndMT at different disease stages, and detailed mecha-
nisms modulating various stimuli, distinct responsive-
ness of VECs and cell-to-cell interactions in the EndMT
process.
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