Understanding the Molecular Mechanisms
of Cardiovascular Calcification

Ophélie Gourgas, M.Sc.

Doctor of Philosophy

Department of Mining and Materials Engineering

McGill University, Montreal, Canada

A thesis submitted to the Faculty of Graduate and Postdoctoral Studies of McGill

University in partial fulfilment of the degree of Doctor of Philosophy.

Copyright © Ophélie Gourgas, 2019



Abstract

Deposition of calcium phosphate (Ca-P) minerals in cardiovascular tissues, also
known as cardiovascular calcification, is a major health disorder with increasing
prevalence and high morbidity and mortality facing the elderly and patients with life-
threatening diseases. Currently, there are no approved therapeutic options available for
this pathologic condition, except invasive surgeries and costly transcatheter procedures
to which not all the patients are suited. The main reason behind this lack of effective
therapies is that the molecular mechanisms underlying both vascular and valvular
calcifications are unknown. Specifically, the physicochemical details of mineral formation

and transformation in this process are still elusive.

In our first study, we analyzed mineral formation and evolution in an animal model that
faithfully recapitulates medial calcification in humans, to understand how this type of
calcification is initiated on the vascular extracellular matrix. Using a combination of
material science techniques, we studied how minerals form and transform over time and
space in this in vivo system. Calcium was adsorbed first on the elastin (ELN)-rich elastic
laminae, and then precursor phases formed which then transformed into more crystalline
apatite phases. These events were repeated after each nucleation event, providing a
snapshot of the overall mineral evolution at each time point analyzed. This work
suggested the importance of analyzing mineral phases rather than just overall

calcification extent, to diagnose and possibly prevent disease progression.

In our next study, we developed an in vitro model involving ELN to study medial arterial
calcification. We used crosslinked ELN-like polypeptide (ELP) membranes immersed in

simulated body fluid (SBF) as models to study medial calcification. We showed that Ca-



P minerals first deposited on fibers and filaments and then spread out to globular
structures present in the membranes. Mineral phase evolution matched that previously
observed in our mouse model of medial calcification, showing that this simple system
captured some of the key in vivo findings. Overall, this work clarified the mechanism of
mineral formation on ELN and provided an in vitro model that can be tuned to further
understand the molecular mechanism involved and/or to design effective strategies to

face this pathologic condition.

Next, we studied the effect of increasing SBF ionic concentration on mineral formation
and transformation on crosslinked ELP membranes in vitro. Our results showed that
increasing SBF ionic concentration significantly enhanced the kinetics of mineral
deposition, and strongly affected the chemistry and morphology of the minerals deposited
on the ELP membranes and the overall mineralization process. While the use of low
concentration SBF seems to be more appropriate to study medial calcification associated
with the loss of calcification inhibitors, higher SBF ion concentration may be more relevant
to study medial calcification in patients with life-threatening diseases, such as chronic

kidney disease.

Finally, we studied the physicochemical properties of mineral deposits found in human
aortic valve calcification (AVC). We showed that minerals in AVC have different
composition and morphology in men than in women. Calcifications in women were overall
less crystalline and contained larger amounts of precursor phases. These phase
differences were mirrored by differences in morphology. We identified compact material,
calcified fibers, and spherical particles in women, while compact material was the only

mineral morphology found in men. Overall, this work suggested that mineralization is



slower in women than in men and follows a different pathway. These results paved the
way for new, sex-specific methods to diagnose, prevent and treat this disease.

As a whole, our studies to investigate the physicochemical properties of the mineral
deposits and the mineral phase transformations in cardiovascular calcification have
provided critical insights that will be useful to further understand the underlying
pathophysiological processes. This knowledge may also serve as a basis for novel
therapeutic approaches to prevent cardiovascular calcification initiation and/or

progression.



Résumé

Le dépbt de minéraux a base de phosphate de calcium (Ca-P) dans les tissus
cardiovasculaires, également appelé calcification cardiovasculaire, est un trouble majeur
de la santé caractérisé par une prévalence accrue ainsi que par une morbidité et une
mortalité élevées chez les patients ageés et ceux atteints de maladies mettant leur vie en
danger. Actuellement, il n'existe aucun traitement thérapeutique connu pour cette
pathologie, a I'exception des chirurgies invasives et des interventions de réparation par
cathétérisme colteuses et ne convenant pas a tous les patients. L’absence de traitement
efficace est principalement di a la méconnaissance des mécanismes moléculaires des
calcifications vasculaires et valvulaires. En effet, les détails physico-chimiques de la
formation et de la transformation des minéraux dans ce processus demeurent difficiles a

cerner.

Dans notre premiere étude, nous avons analysé la formation et I'évolution des
minéraux dans un modéle animal qui récapitule la calcification médiale chez 'homme,
afin de comprendre comment celle-ci est initi€e sur la matrice extracellulaire vasculaire.
En utilisant une combinaison de techniques de la science des matériaux, nous avons
étudié la fagon dont les minéraux se forment et se transforment dans le temps et I'espace
au sein de ce systeme in vivo. Le calcium a d’abord été adsorbé sur les couches de lames
élastiques riches en élastine (ELN), puis des minéraux précurseurs se sont formés pour
ensuite se transformer en apatites plus cristallines. Ces événements se sont répétés
aprés chaque nucléation, fournissant ainsi une capture instantanée de I'évolution globale

des minéraux a chaque instant analysé. Ce travail a suggéré I'importance d'analyser les



phases minérales plutét que de seulement estimer I'étendue globale de la calcification,

afin de diagnostiquer et d’éventuellement prévenir la progression de la maladie.

Dans I'étude suivante, nous avons développé un modéle in vitro a base d'ELN afin
d’étudier la calcification artérielle médiale. Nous avons utilisé des membranes réticulées
formées a partir d’'un polypeptide dérivé de 'ELN (ELP) et immergées dans un fluide
corporel simulé (SBF) en tant que modéles pour étudier la calcification médiale. Nous
avons montré que les minéraux se déposaient d'abord sur les fibres et les filaments, puis
s’étendaient aux structures globulaires présentes dans les membranes. L'évolution des
phases minérales correspondait a celle précédemment observée dans notre modele
murin de calcification médiale, montrant ainsi que ce simple systéme pouvait capturer la
plupart des événements ayant lieu in vivo. Globalement, ces travaux ont clarifié le
mécanisme de formation des minéraux sur 'ELN et ont fourni un modeéle in vitro pouvant
étre ajusté pour mieux comprendre le mécanisme moléculaire impliqué et/ou pour

concevoir des stratégies efficaces pour faire face a cette pathologie.

Nous avons ensuite étudié I'effet de 'augmentation de la concentration ionique du
SBF sur la formation et la transformation des minéraux sur des membranes d’ELP
réticulées in vitro. Nos résultats ont montré que I'augmentation de la concentration
ionique dans le SBF améliorait de maniére significative la cinétique de la déposition
minérale, et affectait fortement la chimie et la morphologie des minéraux formés sur les
membranes d’ELP ainsi que le processus de minéralisation global. Dans I'ensemble,
cette étude a suggeéré que bien que l'utilisation de SBF a faible concentration soit plus
appropriée a I'étude de la calcification médiale associée a la perte d’inhibiteurs de la

calcification, une concentration plus élevée en SBF pourrait étre plus pertinente pour



I'étude de la calcification médiale chez des patients atteints de maladies mettant leur vie

en danger, telle que la maladie rénale chronique.

Enfin, nous avons étudié les propriétés physico-chimiques des gisements de
minéraux présents dans la calcification de la valve aortique (AVC) humaine. Nous avons
montré que la composition et la morphologie des minéraux dans I'AVC étaient différentes
chez I'nomme et la femme. Les calcifications chez les femmes étaient globalement moins
cristallines et contenaient de plus grandes quantités de phases précurseurs. Ces
différences de phases étaient reflétées par des différences de morphologie. Nous avons
montré que les minéraux étaient composés de matériaux compacts, fibres calcifiees, et
particules sphériques chez les femmes, alors que les minéraux étaient seulement formés
de matériaux compacts chez les hommes. Dans I'ensemble, ces travaux ont suggéré que
la minéralisation était plus lente chez les femmes que chez les hommes et qu’elle suivait
un chemin différent. Ces résultats ont ouvert la voie a de nouvelles méthodes sexo-

spécifiques pour diagnostiquer, prévenir, et traiter cette maladie.

Dans I'ensemble, nos études sur les propriétés physico-chimiques des gisements
minéraux et les transformations des phases minérales dans la calcification
cardiovasculaire ont fourni des informations essentielles qui seront utiles pour mieux
comprendre les processus physiopathologiques sous-jacents. Ces connaissances
peuvent également servir de base a de nouvelles approches thérapeutiques pour

prévenir I'initiation et / ou la progression de la calcification cardiovasculaire.

Vi
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Glossary of abbreviations and symbols

B-TCMP Magnesium-substituted B-tricalcium phosphate

1.5 x SBF  Simulated body fluid with ionic concentration 1.5 times higher than serum

2 x SBF Simulated body fluid with ionic concentration 2 times higher than serum
3 x SBF Simulated body fluid with ionic concentration 3 times higher than serum
ACP Amorphous calcium phosphate

ALPL Alkaline phosphatase
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ATP Adenosine triphosphate

ATR Attenuated total reflection

AVA Aortic valve area

AVC Aortic valve calcification

BMP Bone morphogenetic protein

Ca Calcium

Ca-P Calcium phosphate

CHA Carbonated hydroxyapatite

CKD Chronic kidney disease

CLS Canadian Light Source

DCPD Dicalcium phosphate dehydrate

ECM Extracellular matrix

EDS Energy-dispersive x-ray spectroscopy
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Chapter 1. General introduction

Mineralization of bone, cartilage, and tooth extracellular matrix (ECM) is a
physiological process. These mineralized tissues provide critical biomechanical functions
and serve as reservoir for essential mineral ions. In contrast, soft tissue mineralization,
also known as ectopic calcification, is a pathological condition associated with a variety
of genetic and metabolic disorders (1). Although most soft tissues can undergo

pathological calcification, cardiovascular calcification appears as the most common one.

Cardiovascular calcification is a process in which calcium phosphate (Ca-P) mineral
deposits form in vessel walls and heart valve leaflets. This can lead to tissue stiffening,
plaque rupture, and heart failure (2-4). Cardiovascular calcification is a major health
disorder with increasing prevalence and high morbidity and mortality facing the elderly
and people with type Il diabetes, chronic kidney diseases (CKDs), and atherosclerosis (5-
7). Heart disease is the second leading cause of death in Canada and about 2.4 million

Canadian adults over 20 live with diagnosed heart disease (8).

Cardiovascular calcification has been traditionally considered as a passive and
degenerative process; however, it is now viewed as an active and regulated process that
shares many common determinants with hard tissues mineralization (9, 10). Despite the
rapid advances in our understanding of this pathologic condition and a few ongoing
clinical trials, currently there are no effective therapies for cardiovascular calcification.
The only available therapeutic options for calcific vascular and valvular heart disease are
invasive transcatheter procedures or surgeries that do not fully address the wide

spectrum of these conditions and to which not all patients are suited (3). Thus, an urgent



medical need exists for medical treatments that can halt or slow down disease

progression.

Vascular calcification can occur in the intimal and medial layers of the vessel walls.
Intimal calcification is commonly associated with atherosclerotic plaques and results from
a sequence of events initiated by inflammation, which stimulated the osteochondrogenic
transdifferentiation of vascular smooth muscle cells (VSMCs) (11, 12). In contrast, medial
calcification occurs in the absence of inflammation and is strongly associated with aging,
CKD, and type Il diabetes (13, 14). While the molecular mechanism of intimal calcification

is quite well understood, the process leading to medial calcification is still elusive.

Although the molecular mechanism of medial calcification is unresolved, several
studies have shown the critical role of elastin (ELN) as the main mineral nucleator in this
process (15-18). Still, the physicochemical details of mineral nucleation and growth on
the medial layer of vessel walls are unknown. This hinders our understanding of how
minerals interact with ECM and of the overall molecular mechanism of medial

calcification.

Mineral deposition can also happen on the ECM of valve leaflets. Aortic valve
calcification (AVC) is the most common valvular heart disease in the developed world and
the second most common indicator for cardiac surgery (19, 20). Mineral deposits can
severely narrow the opening of the aortic valve, thus leading to aortic stenosis (AS). While
it is known that AVC is an active process involving biological pathways with many
similarities to intimal arterial calcification (19, 21, 22), we still lack precise molecular

insights into the process governing AVC.



Recently, the impact of sex as key modulator of AVC emerged. In fact, several studies
have shown that for the same AS severity, women present significantly lower calcification
loads than men, thus suggesting important pathophysiological differences between sexes
in AVC (23-27). However, the causes of this sex-related difference are still unknown, and
more work needs to be done to understand the mechanisms leading to AVC in men and

women.



Chapter 2. Hypotheses and objectives

We hypothesize that an interdisciplinary approach combining in vivo and in vitro

models with materials science can provide critical insights into pathophysiological

processes underlying cardiovascular calcification.

To test this hypothesis, we establish four main objectives:

(i)

(ii)

Investigate the physicochemical details of mineral nucleation and growth
using an in vivo model of medial arterial calcification

Medial calcification significantly increases morbidity in life-threatening
diseases, and no therapies are available because of lack of understanding the
underlying molecular mechanism. In this work, we studied mineral formation
and evolution in an animal model that faithfully recapitulates medial calcification
in humans, to understand how this type of calcification is initiated on the

vascular ECM.

Develop an in vitro model involving ELN to study medial arterial
calcification

The next objective is to develop an in vitro model to further understand the
process of mineral deposition in medial calcification. In fact, the complexity of
the artery’s structure hampers a complete understanding of this process in vivo.
Since ELN is the mineral nucleator ECM involved in medial calcification, in vitro
models involving ELN could greatly improve our understanding of this process.
We proposed crosslinked ELN-like polypeptides (ELP) membranes immersed

in simulated body fluid (SBF) as models to study medial calcification.



(iii)

(iv)

Study the effect of ionic concentration in SBF on the minerals formed in
vitro on crosslinked ELP membranes

Using the in vitro model developed in Objective (ii), we investigated the effect of
increasing SBF ionic concentration on mineral nucleation and phase
transformation. We analyzed changes in mineral composition and morphology

using a variety of spectroscopic and microscopic techniques.

Investigate the impact of sex on mineral formation and evolution in AVC

Mineral deposition in AVC can severely narrow the opening of the aortic valve,
and thus leads to AS. Currently, there are no therapies to halt or slow down
disease progression and the mechanisms governing AVC are poorly
understood. Recently, it has been shown that for the same AS severity, women
present significantly lower calcification loads than men, thus suggesting
pathophysiological differences between sexes in AVC. To further understand
these differences, we analyzed mineral deposits from surgically excised

calcified human aortic valves from men and women.



Chapter 3. Literature review

3.1. Vascular calcification

3.1.1. Types of vascular calcification

Two distinct forms of vascular calcification exist based on the affected vascular layer
(Figure 3.1). Tunica intima, the first vascular layer which can be calcified, is the innermost
layer of the arterial wall. It is composed of endothelial cells and a small amount of
subendothelial connective tissues. Intimal calcification is the most common form of
vascular calcification and is mainly found in association with atherosclerotic plaques
(Figure 3.1) (28). In atherosclerotic lesions, calcification occurs in the form of dispersed
punctate or patchy mineral crystals associated with VSMCs, macrophages, and the
necrotic core of atheroma localized in the intima (11, 12). Calcifications in the fibrous cap
overlying the necrotic core of atherosclerotic plaques could lead to microfractures and
plaque rupture, leading to acute thrombosis and possibly fatal myocardial infarctions (29,
30).

Calcification can also occur in the arterial media, which is the middle layer of the
arterial wall containing VSMCs surrounded by alternate concentric networks of collagen
and elastic fibers within the vascular wall. Elastic fibers are mainly composed of two
different distinguishable components: ELN and microfibrils consisting of numerous
proteins such as microfibrillar-associated glycoproteins, fibrillin, and fibullin (31). During
the process of medial calcification, Ca-P minerals are deposited within and around the
elastic lamina (Figure 3.1) (15-18). In humans, medial calcification associated with
generalized stiffening of the arterial medial is known as Monckeberg sclerosis (31). In

contrast with intimal calcification, it occurs independently of atherosclerotic lesions and is



more prevalent in aging, and in patient with CKDs and type |l diabetes mellitus (13, 14).
Medial calcification leads to increased vessel wall stiffness and decreased vascular
compliance; this may lead to increased arterial pulse velocity and pulse pressure, with an

increased risk of cardiovascular mortality (13, 14).

Intimal calcification Medial calcification

Elastic

Intima

]

@ Mineral deposit

Figure 3.1. Schematic representation of intima and medial arterial calcification. Minerals
deposit on the intima layer in association with the atherosclerotic plaque in intima
calcification. In media calcification, mineral crystals are deposited on the elastic lamina.
(Adapted from Dr. Murshed'’s lecture slides).

There is a considerable confusion in the literature due to the failure to properly
distinguish intimal and medial calcification. Although there may be some common
determinants mediating intimal and medial calcification, there are several basic lines of
evidence showing that they follow distinct pathways, including histomorphological,

clinical, epidemiological, genetic, and animal studies (32). Hence, intimal and medial

calcification should be studied separately, and results of studies involving one of them



cannot be extrapolated to make general conclusions about the other one. The remainder

of this review on vascular calcification will focus on medial arterial calcification.

3.1.2. Key determinants of vascular calcification

Mineral deposition in the vascular tissues has been traditionally considered as a
passive phenomenon associated with aging or degenerative diseases (5, 6, 33). Growing
evidence now suggests that vascular calcification is an actively regulated process that
shares many common regulators with the physiological mineralization of bone. The major
players of both bone mineralization and vascular calcification have been identified as the
concentration of free calcium (Ca) ions and inorganic phosphate (P), a suitable ECM, and
an environment free of calcification inhibitors (9, 10). Although these common factors
govern mineral deposition in the arterial tissues, the exact molecular mechanism may
differ depending on the type of vascular calcification.

3.1.21. CaandPions

The extracellular Ca and P ions are essential for ECM calcification. Alteration of serum
Ca and P levels by genetic, metabolic, or therapeutic means can directly affect the
initiation and progression of vascular calcification (34).

Elevated serum P levels have been associated with medial arterial calcification.
Several in vitro studies have shown that when VSMCs were incubated in culture media
with P concentrations close to those observed in hyperphosphatemia (> 1.5 mM), apatite
phases precipitated into the ECM surrounding the cells (35-37). As a possible
mechanism, it was suggested that this process was not just a passive precipitation of Ca-
P phases, but rather a phenotypic change of VSMCs and the subsequent upregulation of

genes commonly associated with bone differentiation (5, 36). Similar phenotypic changes



have also been observed in vivo both in human and in animal models of vascular
calcification (36, 38, 39). Elevated P-induced phenotypic transition and calcification were
shown to be dependent on a type lll sodium-phosphate cotransporter, PiT-1, the most
abundant transporter of P in human and rat VSMCs. High P levels stimulate the
production of mineral molecules, such as matrix vesicles, Ca-binding proteins, alkaline
phosphatase (ALPL), and collagen-rich ECM, which may in turn lead to vascular

calcification (9, 40).

Likewise, elevating Ca levels in the culture medial of VSMCs in vitro to levels found in
hypercalcemia (>2.6 mM) led to enhanced calcification and transdiferentiation of VSMCs
(35, 41). Elevated Ca-induced calcification was also dependent on the function of PiT-1.
Although elevated Ca did not significantly increase P uptake, it induced PiT-1 messenger
ribonucleic acid (mMRNA) expression (9). Hypercalcemia, along with the elevated serum
P levels typically found in CKD, are considered to be the major cause of vascular

calcification in CKD patients (42).

On the other hand, a reduced serum P level (hypophosphatemia) can prevent vascular
calcification in mice lacking matrix gla protein (MGP), a potent mineralization inhibitor
(43). The severe vascular calcification and associated abnormalities observed in MGP-
mice are completely absent in Mgp”; Hyp mice, who have hypophosphatemia due to
Phex inactivation (44). Inactivation of Phex leads to an increase of fibroblast growth factor
23 (FGF23), a P regulating hormone in the serum. FGF23 acts on kidney proximal tubule
cells to decrease the expression of type Il sodium-phosphate cotransporters, resulting in
renal P wasting and serum P level lower than normal (9.6 £ 0.2 vs 7.9 + 0.3 mg/dIl, P <

0.001) (45, 46).



Overall, these data show that Ca and P not only participate in Ca-P mineral formation
but can also directly initiate both phenotypic changes and mineralization in vascular

calcification.

3.1.2.2. Mineral scaffolding ECM

Initiation of ECM calcification requires a scaffold of fibrillar proteins such as collagen
or ELN, within which critically sized nuclei of Ca-P compounds precipitate and become
stable. These precipitates grow and mature into apatite phases over time. In bone, fibrillar
type | collagen acts as mineral scaffold, and mineral deposition can take place both within
the collagen fibrils and in the interfibrillar spaces (34, 47). In medial calcification, instead,
the most abundant mineral nucleating protein appears to be ELN. Several studies have
shown that mineral deposition occurs predominantly along and within the ELN-rich elastic
laminae in humans and animal models (15-18). This process is increased when ELN is
degraded by elastase and other proteases (48).

Recently, Khavandgar. et al. (10) showed that mineralization occurs almost
exclusively along the ELN laminae in mouse model lacking MGP, and not in the collagen-
rich regions. They also showed that the ELN content in arteries is critical for the initiation
and progression of medial calcification in MGP-deficient mice. The amounts of
accumulated minerals were significantly different within the same MGP-deficient aorta
depending on the ELN content: the thoracic segment, which contains more ELN in
comparison to the abdominal segment, is more mineralized than the latter. The critical
role of ELN was further confirmed by the significant delays in mineral initiation and

progression when decreasing the ELN gene dosage. While these studies show the
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important role of ELN as main mineral nucleator in medial calcification, the molecular

mechanism of mineral nucleation by ELN is still not understood.

3.1.2.3. Calcification inhibitors

In order for hard tissue ECM to properly mineralize, an environment free of calcification
inhibitors is mandatory (43). On the contrary, these inhibitors are needed to prevent
mineral deposition in vascular calcification. In fact, in absence of such inhibitors,
spontaneous precipitation of Ca-P phases can occur since arterial media layer carries a
suitable mineral scaffolding ECM, and that extracellular levels of Ca an P ions are
supersaturated in blood serum in respect to apatite phases. Thus, calcification inhibitors
are critical in the prevention of vascular calcification and a discussion on the mechanism
of action of several key calcification inhibitors will be provided in the next section.

3.1.3. Molecular mechanisms of medial calcification

Based on the understanding of bone formation and of the regulators of ECM
mineralization, several different mechanisms, not necessarily mutually exclusive, have
been proposed for vascular calcification (Figure 3.2) (33).

The discovery of the expression of bone proteins such as osteopontin, osteocalcin,
and bone morphogenetic protein (BMP2) in calcified vascular tissues has suggested the
hypothesis that osteogenic mechanisms may play a role in vascular calcification (49). A
variety of factors such as genetic mutations, apoptosis, renal abnormalities causing
altered mineral homeostasis, or chronic inflammation, may induce the transdifferentiation
of VSMCs into osteoblast or chondrocyte-like cells. These cells can modulate the levels

of basic determinants of ECM mineralization to initiate vascular calcification. This
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hypothesis was further reinforced with the observation of bone-forming events, including

the production of matrix vesicles and apoptotic bodies in vascular calcification (50).

Although this was the most popular hypothesis on the mechanism of vascular
calcification for many years, results from several groups supported an additional
hypothesis, i.e. vascular calcification is due to the lack of specific calcification inhibitors,
such as MGP, inorganic pyrophosphate (PPi), fetuin A, osteopontin, and osteoprontegerin
(OPG). While both molecular mechanisms are not mutually exclusive, determining
whether the transdiferentiation of VSMCs or the lack of inhibitors is the cause of the
calcification process is critical, as medical treatments will differ depending on which

mechanism is the initiating process.

3.1.3.1. Osteochondrogenic transdifferentiation of VSMCs

VSMCs are present in the medial layers of blood vessels and are usually responsible
for regulating vascular tone. They also play a critical role in maintaining and remodelling
the ECM of blood vessels (51). VSMCs and cells present in physiological mineralized
tissues (i.e. chondrocytes and osteoblasts) share a common developmental precursor,
the mesenchymal stem cell. This common developmental origin may facilitate the
transdifferentiation of VSMCs into chondrocyte/osteoblast-like cells in response to a
variety of stimuli, such as increased serum levels of Ca and P ions, lipid accumulation,
and inflammatory responses, causing the induction of pro-chondrogenic/-osteogenic
signaling pathways (Figure 3.2). In fact, the phenotypic plasticity of the mesenchymal-
derived VSMCs allows them to transdifferentiate both in vitro and in vivo, thus gaining

osteochondrogenic-like characteristics and expression of related genes (13).

12



- CaandP
- Lipid accumulation
- Inflammatory responses

- Others 2. Loss of inhibition
l +  MGP
+ FetuinA
1. Osteochondrogenic *  Osteopontin

transdifferentiation * Osteoprontegerin

Vascular osteoblasts/ ICr)‘th)'nrganic pyrophosphate
chondrocyte-like cells ers

\ /

Vascular Calcification

/ Apoptotic bodies and

3. Disturbed calcium to necrotic debris
phosphorus balance

* Hyperphosphatemia
+ Hypercalcemia 4. Cell death

and
apoptosis

Figure 3.2. Schematic illustrating four non—mutually exclusive theories for vascular
calcification: (1) osteochondrogenic transdifferentiation of VSMCs promotes mineral
formation recapitulating bone development mechanisms, (2) loss of inhibition as a result
of deficiency of constitutively expressed tissue-derived and circulating mineralization
inhibitors leads to apatite deposition, (3) disturbed calcium to phosphorus balance, for
example in case of hyperphosphatemia or hypercalcemia, and (4) cell death and
apoptosis leading to release of apoptotic bodies and/or necrotic debris that may serve to
nucleate apatite at sites of injury. (Adapted from (33)).

Transdifferentiation of VSMCs into osteoblasts-like cells has been reported in the
mineralized medial layer of CKD patients. VSMCs in these patients express an early
chondrogenic/osteogenic transcription factor RUNX2, followed by the upregulation of
several other osteoblast markers such as type | collagen, osteopontin, bone sialoprotein,
and ALPL (38, 39). Osteogenic transdifferentiation was also reported in the aortas of

transgenic mice ubiquitously expressing Msx2, an osteoblast-specific transcription factor,
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which were on a high-fat diet. The high-fat diet led to medial calcification in these
transgenic mice, but not in their non-transgenic littermates. The results of these studies
showed that in this model, Mxs2 expression in the aortic media layer promoted vascular

calcification by activating paracrine WNT signals (52, 53).

Also, calcified arteries in MGP-deficient mice contained chondrocyte-like cells in the
medial layer (36, 54). Bostrom et al. and Zebboudj et al. suggested that MGP binds to
BMPs, thus inhibiting the downstream signaling events and preventing the
osteochondrogenic transdifferentiation of VSMCs (55, 56). Another study showed that the
expression of RUNX2 is upregulated in the VSMCs of MGP-deficient mice (57). However,
this study showed that RUNX2 upregulation can be detected at two weeks of age in the
arterial tissues, and previous studies showed extensive medial arterial calcification at this
age in MGP-deficient mice (54). It is thus not clear whether the observed
osteochondrogenic differentiation in MGP-deficient mice takes place before or after the

initiation of mineral deposition on the elastic lamina.

More recently, Khavandgar et al. showed that the osteochondrogenic
transdifferentiation of VSMCs is not a prerequisite for medial arterial calcification in MGP-
deficient mice (10). In fact, no upregulation of the expression of major osteochondrogenic
markers was detected in young MGP-deficient mice prior to the initiation of medial
calcification. They only observed upregulation of chondrogenic markers SOX9 and
aggrecan in older mice that had heavily calcified arteries. They also showed that ablation
of ALPL in Mgp™; Alpl”-mice had no effect on the vascular calcification phenotype. ALPL
expression is mainly regulated by the BMP signaling pathways, thus these findings

suggest that vascular calcification in MGP-deficient mice may not involve an induction of
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BMP signaling. These results are in agreement with a previous in vitro study showing that
the treatment of rat VSMCs with warfarin, an MGP antagonist, resulted in calcification of
the cultures, but did not alter the levels of RUNX2 mRNA expression (58). Overall, these
findings suggest that osteochondrogenic differentiation of VSMCs is not the initiating

mechanism leading to medial calcification.

In addition, recent evidence shows that bone-related gene expression can be
completely prevented in vitro with calcification inhibitors such as PPi or phosphonoformic
acid, even in the presence of high Ca and P concentrations (59, 60). This suggests that
osteochondrogenic expression can be a consequence of the nucleation of Ca-P minerals,

rather than the cause.

3.1.3.2. Loss of calcification inhibitors

Under normal conditions, blood vessels are protected from calcification via the
production and secretion of mineralization-inhibiting molecules. The loss of their
expression gives rise to spontaneous calcification and increased mortality. Studies in both
animals and humans have shown that the loss of a single calcification inhibitor can initiate
medial calcification (61). VSMCs can dynamically express a range of proteins that both
drive and inhibit calcification. The osteochondrogenic markers are balanced by inhibitors

including MGP, fetuin A, osteopontin, OPG, and PPi (Figure 3.2).

MGP, a 14 kDa protein produced in both VSMCs and chondrocytes, belongs to a
family of gamma (y) carboxylated glutamic acid (Gla)-containing proteins (62). MGP has
five Gla residues in humans and only four in mice (63). These Gla residues bind to Ca
ions and apatite crystals and may prevent the nucleation and further growth of the nascent

apatite crystals (63, 64). The glutamate residues are converted into Gla-residues during
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a post-translational modification carried out by a vitamin-K dependent carboxylase
(Figure 3.3). Upon oxidation of the co-factor-vitamin K hydroquinone (KH2), the addition
of an extra carboxyl group takes place at the y-position of a glutamate residue (65). After
reduction, vitamin K can be recycled by the vitamin K epoxide reductase (VKOR), which
oxidizes it to reinitiate the cycle (Figure 3.3). The synthesis of Gla proteins can be blocked
by 4-hydroxycoumarin derivates that block the VKOR enzyme, such as Warfarin, a
commonly prescribed anticoagulant (Figure 3.3) (65). Additionally, MGP undergoes
serine phosphorylation at the serine residues at positions 3, 6 and 9. Phosphorylation of
ECM proteins has been recognized as a mechanism of activity regulation, however the
impact of a such modification in MGP’s anti-mineralization function is still unclear (65).

Also, the kinase that phosphorylates the serine residues in MGP is still unknown.

Warfarin

1
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Non-carboxylated \——j >  y-carboxylated

proteins rglutamyl carboxylase proteins
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Figure 3.3. Schematic representation of the y-carboxylation of Gla proteins such as MGP.
The glutamate residues (GLU) are converted into GLA residues through the action of the
v-glutamyl carboxylase (GGCX) enzyme, using vitamin K as a co-factor. The oxidation
and reduction of vitamin K is a continuous process dependent on the vitamin K epoxide
reductase (VKORC) and can be inhibited by warfarin (Adapted from Dr. Murshed’s lecture
slides).
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MGP deficiency in humans causes Keutel syndrome, a rare genetic disease
characterized by extensive tissue calcification, pulmonary artery stenosis,
brachytelephalangism, and facial dimorphism (66). Mgp”- mice recapitulate most of the
phenotypic abnormalities of the Keutel syndrome patients. In this model, the medial layer
of the arteries quickly mineralizes, to the point that the animals die before 2 months of

age because of complications caused by extensive mineral deposition (67).

Although MGP is one of the most potent mineralization inhibitors of vascular
calcification in vivo, the molecular mechanism of its mode of action is still unknown. It was
shown that the anti-mineralization function of MGP requires four Gla residues. While
native MGP with four Gla residues, when overexpressed in bone caused severe
mineralization defects, overexpression of MGP lacking all four Gla residues did not affect
bone mineralization (68). However, the presence of Gla residues in osteocalcin, another
Gla protein, was not sufficient to prevent arterial calcification in MGP-deficient mice. (68)
This suggests that additional feature(s) in MGP is/are required for its anti-mineralization
function. Based on atomistic molecular dynamics data, O’Young et al. suggested that
both the Gla and phosphorylated N-terminal serine residues in MGP patrticipate in the
interaction of MGP with apatite crystals (69). This possibility is yet to be confirmed in cell

culture and animal models.

A complementary inhibiting process could be the interaction between MGP and ELN,
the mineral scaffolding ECM in medial calcification. By interaction with ELN on the same
sites where Ca ions adsorb, MGP could prevent apatite nucleation and growth. Thus, a

deficiency in MGP would lead to an unmasking of ELN and subsequent calcification. This
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hypothesis is supported by immunohistochemical studies showing that MGP was present

at the site of ELN fibres in healthy human arteries (70).

Fetuin A is a 60 kDa glycoprotein expressed in the liver and secreted into the blood,
where it exerts its systemic anti-mineralization function. It has a high affinity for Ca-P
compounds, forming soluble colloidal calciprotein particles (CCPs) that contain fetuin A,
Ca, and P (71, 72). Fetuin accumulates in bone and sites of ectopic calcification such as
atherosclerotic plaques (72); however, it is not known whether fetuin affects medial

calcification.

The Fetuin A knockout mice show a severe calcification phenotype when generated
on a genetic background that is prone to ectopic calcification. These mice manifest
massive ectopic calcification in multiple tissues but not in the vascular media (71). Also,
despite widespread soft tissue calcification in these mice, there has been no report of the
presence of chondrocytes or osteoblasts at the sites of ectopic calcification (71). This
observation strongly suggests that ectopic calcification may occur in the absence of any

osteochondrogenic transdifferentiation.

Low levels of circulating Fetuin A have been detected in CKD patients and are
associated with increased risk of death (73). Serum levels of Fetuin A are also reduced
in patients suffering from Pseudoxanthoma elasticum (PXE), a genetic disease caused
by a mutation of the Abcc6 gene. The ectopic calcification in these patients is mainly
localized in skin, eyes, and cardiovascular system (74). The overexpression of Fetuin A
in a mouse model of PXE (i.e. Abcc6” mice), significantly reduces soft tissue calcification

after 12 weeks of age (75). These data show the important role of Fetuin A as inhibitor of
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vascular calcification, but its exact mechanism of action is still unclear and needs further

investigation.

Osteopontin is an acidic phosphoprotein normally found in mineralized tissues such
as bones and teeth, and regulates mineralization by inhibiting apatite crystal growth (76).
Although osteopontin is not found in normal arteries, it is highly expressed at sites of
calcification in human calcified arteries (77-79). It was shown that osteopontin levels are
greatly elevated in calcified arteries from MGP-deficient mice (36). Also, mice deficient in
both osteopontin and MGP (Opn”-; Mgp” mice) showed accelerated and enhanced
medial calcification compared to those that were only MGP-deficient (80). These findings
suggest that osteopontin is a powerful inhibitor of vascular calcification in vivo and may

play an important role in the adaptive response of the body to injury or disease.

OPG is a phosphoprotein that regulates bone formation by inhibiting apatite crystal
growth and osteoclast differentiation (81). It is produced by many tissues, including the
cardiovascular system, lungs, kidney, and immune system (82). OPG was found to inhibit
osteogenic differentiation and calcification in VSMCs (83), and OPG-deficient mice
developed severe osteoporosis and vascular calcification (84). Clinical studies show that
as the severity of vascular calcification increases in CKD patients, so does the serum
OPG levels, thus indicating that this increase might be a compensatory response to the

disease, rather than a risk factor (85, 86).

PPi is considered as one of the most potent inhibitors of ECM mineralization both in
physiological and pathological calcification. PPi is formed by two P groups joined by an

phosphoester bond and can bind to nascent Ca-containing crystals and inhibit further
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crystal growth (87). It is generated by hydrolysis of adenosine triphosphate (ATP) induced
by the enzyme ecto-nucleotide pyrophosphatase/phosphodiesterase 1 (Enpp1), and
ECM-bound glycoprotein. When the Enpp1 gene is mutated and the enzyme is inactive,
severe abnormal calcification of soft tissues, including medial arterial calcification, occurs
both in mice and humans (87). This is one of the several demonstrations of the important
role of PPi in preventing vascular calcification. In contrast, ALP which is induced by VSMC
osteochondrogenic transdifferentiation, promotes vessel wall ECM mineralization (88).
ALP hydrolyzes PPi, which in turn generates P ions and thus favors the development of

vascular calcification.

3.1.3.3. Cell death and apoptosis

In addition to the two main molecular mechanisms of medial arterial calcification
described above, it is believed that cell death and apoptosis can lead to vascular
calcification (Figure 3.2). The vessel wall is damaged by inflammation processes and
oxidative stress in CKD patients, which may induce cell apoptosis. During apoptosis,
VSMCs release both matrix vesicles and apoptotic bodies. Although apoptotic bodies are
larger than matrix vesicles, they both have the ability to concentrate Ca and nucleate Ca-

P minerals (50).
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3.1.4. In vitro models of medial arterial calcification

Vascular calcification is primarily studied in vitro using cultures of VSMCs. Many in
vitro models using VSMCs from various sources (i.e. mouse, bovine, and human tissues)
have been developed to explain vascular calcification, i.e. models described in the
previous section (35-37, 40, 41, 50, 55, 58-60, 83). However, as discussed above, mineral
deposition in medial calcification is most likely initiated by a physico-chemical process
rather than a cell-mediated mechanism. Hence, an in vitro model based on ELN, the
mineralization scaffolding ECM in medial calcification, may be more suitable to study the
mechanism of medial calcification. Understanding how minerals nucleate and growth on
ELN could greatly improve our understanding of the overall mechanism of medial
calcification. Several acellular in vitro models based on ELN have been developed for

medial calcification in the past 60 years.

To understand the approach used to develop in vitro models based on ELN, we first

need to describe and comprehend the formation of ELN in vivo.
3.1.4.1. ELN and elastogenesis

The main difficulty for building in vitro models based on ELN is the highly water
insoluble character of this protein. ELN is the major component of elastic fibers that allows
stretching and reversible recoiling to many vertebrate tissues including major blood
vessels, lung, and skin (89). ELN self-assembles from its monomeric precursor,

tropoelastin.

Tropoelastin is a highly (>75%) non-polar protein characterized by hydrophobic
sequences, or domains, that alternate with lysine-containing crosslinking domains (Figure

3.4). Hydrophobic domains are rich in glycine, valine, and proline residues that are
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commonly arranged into repetitive motifs such as Val-Pro-Gly and Pro-Gly-Val-Gly (89,
90). Crosslinking domains contain lysine residues that are almost exclusively found in
pairs spaced three or four residues apart (Figure 3.4). The formation of covalent
crosslinkings by these lysine residues provides fibrous elastic networks with high
resilience and structural integrity. Lysine residues in crosslinking domains are arranged
either on a poly-alanine background (denoted KA-type), or within sequences rich in

hydrophobic residues (denoted KP-type) (Figure 3.4) (90).
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Figure 3.4. Schematic domain arrangement of human tropoelastin. Hydrophobic domains
(open rectangles) alternate with cross-linking domains of KP-type (shaded diamonds) or
KA-type (open diamonds). Representative sequence for each of these domain types is
given. Motifs conserved across phylogeny are indicated by a solid bar. The C-terminal
domain 36 (horizontal stripes) contains an RKRK motif. An expanded region that likely
arose from the duplication of a KA-type cross-linking and hydrophobic exon pair is
indicated by a dotted bar. Domain 22 is not observed in the most common isoform of
mature tropoelastin. Genomic sequences corresponding to exons 34 and 35 have been
lost in humans through evolution (90).

The process by which tropoelastin assembles into ELN in vivo is classically
characterized by distinct stages of tropoelastin synthesis, coacervation, microfibrillar
deposition and crosslinking. Human tropoelastin is expressed as an unglycosylated
protein by elastogenic cells such as SMCs, endothelial cells, and fibroblasts in response
to mechanical stress, glucocorticoids, cytokines, and growth factors (89). In the

extracellular space, tropoelastin self-aggregates in a process known as coacervation.
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Coacervation is a reversible thermosensitive liquid-liquid phase separation that is
characterized by the formation of a dense protein-rich phase dispersed in a protein-poor
solution phase (90). /n vivo, this process is likely to be initiated by a rise in concentration
concomitant with monomer secretion into a volume-restricted compartment (89). The
soluble monomers (about 15 nm) are progressively aligned and concentrated into
micrometer sized spheres which facilitate the formation of crosslinks (91). Hydrophobic
domains are involved in the correct alignment of tropoelastin prior to assembly. The
tropoelastin  coacervates remain attached to cell-surface integrins and
glycosaminoglycans until deposition on microfibrillar bundles (89). These microfibrillar

bundles serve to orient the ELN in the formation of the elastic fibers.

Microfibrillar proteins recruit lysyl oxidase, which oxidatively deaminates specific
tropoelastin lysine residues to form allysines (91). This triggers the spontaneous
formation of intra and intermolecular crosslinks, thus forming three—dimensional
networks of ELN fibers. Crosslinking imposes structural restrictions on ELN and renders

elastic fibers insoluble (89).
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Figure 3.5. The classical model of elastic fiber assembly. Tropoelastin is secreted by
elastogenic cells and coacervate into globules that remain attached to the cell surface
until deposition on microfibrils. Microfibrillar proteins recruit lysyl oxidase (LOX), which
modifies specific tropoelastin lysine residues. This triggers the formation of intramolecular
and intermolecular crosslinks needed for the formation of stable and insoluble elastic
fibers. (A) Secretion of tropoelastin particles (yellow particles shown by the arrows) by
RFL-6 cells. (B) Tropoelastin aggregates into a large globule on the cell-surface. (C)
Association of elastin (EL) with microfibrils (ML) in a human skin section stained with
uranyl acetate and lead citrate. (D) Electron micrograph of elastic fibers in human dermis
(89).
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3.1.4.2. In vitro models based on ELN

Several methods were developed to obtain solubilized ELN from animal sources
through partial hydrolysis of the protein chain (92). Agents used for hydrolysis include hot
alkali, guanidine, oxalic acid, and potassium hydroxide (93, 94). Animal tissues rich in
ELN, such as bovine ligamentum nuchae, are first extracted. Other macromolecules such
as collagen, glycosaminoglycans, and carbohydrates, are removed, and ELN is
fragmented by cleaving peptide bonds (95, 96). These fragmented peptides have
properties similar to tropoelastin, such as the capacity to coacervate (97). Early studies
published between 1964 and 1993 used solubilized ELN to build in vitro models for medial

calcification.

Using solubilized ELN extracted from bovine nuchal ligament, Schiffmann et al.
suggested sulfhydryl groups as nucleation sites in ELN (98, 99). However, it has been
shown later that native ELN contains only few cysteines and other sources of sulfhydryl
groups (100-102). Solubilized ELN is often contaminated by residual microfibrillar
proteins, which are characterized by their high content of cysteine (103). The lack of a
purification step after the extraction of ELN may thus explain the results obtained by

Schiffmann et al (98, 99).

Carboxyl and amino groups have also been suggested as nucleation sites using in
vitro models involving ELN. Molinari-Tosatti and Gotte showed that the binding of Ca ions
to purified solubilized ELN was dependent on pH. In fact, Ca-ELN binding occurred only
above pH 5.5 and increased with increasing pH (104). This could be due to electrostatic
interactions between Ca ions and ionized groups on ELN, such as carboxyl groups. They

also reported no binding of P at physiological pH, indicating that Ca rather than P ions
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interacted first with ELN (104). Several studies have shown that blocking or altering amino
groups by treatment with fluorodinitrobenzene, nitrous acid, or acetic anhydride, inhibited

ELN calcification in vitro, thus suggesting their role as main nucleation sites (98, 105).

Although charged groups have been proposed as nucleation sites by several in vitro
models of ELN calcification, these groups have been detected only in low concentrations
in the amino acid composition of native ELN, which is mostly apolar (106). In addition,
Starcher and Urry (107) showed that a solubilized form of ELN in which all the carboxyl
and amino groups were blocked provided an excellent matrix for calcification in vitro.

These findings suggest that ELN calcification involves the contribution of other groups.

Urry et al. proposed another type of nucleation sites in the absence of ionic
interactions. The results of their in vitro study using solubilized ELN suggested that Ca
ions bind at neutral binding sites (i.e. carbonyl groups) forming complexes with the acyl
oxygens in ELN (108). When ELN was dissolved in trifluoroacetic acid, thus making all
the functional groups on ELN either positively charged or neutral, a large conformation
change was observed upon addition of Ca ions, thus indication that Ca ions can interact
with neutral sites (108). The ability of neutral sites to coordinate and bind to Ca ions was
further confirmed by Rucker et al. In their in vitro model, Ca-ELN binding was largely
independent on changes in pH and ionic strength in solutions containing methanol (109).
While these studies did not preclude the possibility that charged groups act as nucleation

sites in ELN, they showed that Ca ions can also bind at neutral sites.

In agreement with previous studies, Mollinari and Gotte showed that in ELN
calcification, apatite precipitation occurs with the prior binding of Ca rather than P (104).

However, the results from Koutsopoulos et al. another study still using solubilized ELN
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as in vitro model suggested that the formation of minerals on ELN was initiated via the
adsorption of inorganic P (110). Possibly, one of the reasons behind these contradictory
results is the heterogeneity of solubilized ELN. In fact, extraction and purification of
solubilized ELN from animal sources result in a heterogeneous mixture of hydrophobic
ELN fragments that are partially crosslinked, rather than the alternative domain structure
observed in natural ELN (89, 111). Also, solubilized ELN shows evidence of degradation

and contains high levels of contaminants (112).

An alternative to solubilized ELN are synthetic ELN-like polypeptides (ELPs)
representative of the whole structure of the protein. Urry was the first to develop an
artificial polypentapeptide (HCO-(Val-Pro-Gly-Val-Gly),-Val-OMe, where 10 < n < 15)
mimicking the repeated hydrophobic motifs found in tropoelastin (113). Since then, other
groups have produced many ELP variants composed of segments of alternating
hydrophobic and crosslinking domains (90, 114-120), or the full-length monomer (90, 91,
121, 122), using synthetic genes expressed in bacteria. ELPs self-organize into structures
resembling native ELN through coacervation. Several researchers used ELPs with
various combinations of hydrophobic and crosslinking domains to explore ELN structure
and self-assembly in vitro (90, 114-120), thus overcoming the limitations of the previous

studies based on solubilized ELN.

Not only do ELPs self-assemble in vitro, but they can also be crosslinked to form
ELN-based matrices that have physical and elastic properties approaching those of native
insoluble ELN (117, 118, 123). Many researchers have tested ELPs in this crosslinked
form for tissue engineering, such as enamel, cartilage, and bone regeneration, and

vascular grafts (124-134). In most of these studies, the ELN sequence was modified by
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the addition of one or more bioactive sequences, for example to promote mineralization
(i.e. Statherin-derived peptide) (125-129, 134), mesenchymal stem cell adhesion (i.e.

RGDS sequence), or endothelial cell adhesion (i.e. REDV sequence) (126, 129, 130).

Despite the large literature on ELP-based materials, especially to promote hard
tissue regeneration, ELP-based matrices have not been explored as models to
understand medial arterial calcification. Even more surprisingly, no more in vitro models
of ELN calcification have been reported since the early studies using solubilized ELN
published between 1964 and 1993, and no one has brought new convincing evidence on

the nucleation sites on ELN and the overall mechanism of mineral formation.

Currently, there is no available in vitro model that truly mimics arterial structure. In
vitro models using natural tissues are the closest models to the in vivo situation; however,
their complexity hampers a molecular understanding of the mechanism of vascular

calcification.
3.2. Valvular calcification

While mineral deposition can occur in the four heart valves, AVC is the most common
form of valvular calcification. AVC is the main intrinsic cause of valvular obstruction
leading to AS, a pathologic condition characterized by a narrowing of the aortic valve
opening that restricts blood flow from the heart to the aorta (135, 136). AS is the most
common valvular heart disease affecting the aging population in developed nations and
currently there are no therapies to treat this disease (19, 20). Once symptomatic and
severe AS has developed, the only available therapeutic option is surgical aortic valve

replacement or implantation, to which not all patients are suited (137).

28



AVC is present in about 25-30% of the population over the age of 65, and as many as
half of those over 85 (138, 139). Until the early 1900s, AVC was regarded as a simple
passive age-related degenerative process resulting in the deposition of mineral deposits
in the ECM of the aortic valve leaflets. However, recent studies have shown that, instead,
AVC is an active, highly complex process sharing common determinants with intimal
arterial calcification, or atherosclerosis (19, 21, 22, 140). Both the latter and AVC result
from a sequence of events initiated by inflammation, which stimulates the
osteochondrogenic transdifferentiation of myofibroblasts and SMCs (140). They also
share common risk factors including male sex, body mass index, smoking, arterial
hypertension, and elevated lipid levels (141). Despite these recent findings, we still lack
precise molecular insights into the mechanisms governing AVC and the extent to which

AVC differs for atherosclerosis is currently unknown.
3.2.1. Pathophysiology and mechanism of AVC

AVC can be divided into two distinct phases: an early initiation phase dominated by
valvular lipid deposition, injury, and inflammation, with many similarities with
atherosclerosis, and a later propagation phase where pro-calcific and pro-osteogenic
factors take over and drive mineral deposition (140) (Figure 3.6).

In normal conditions, aortic valve is composed of three leaflets that are at the same
time strong and flexible to withstand the considerable mechanical stress and strain
associated with valve opening and closing (142). In AVC, mineral deposition leads to
reduced leaflet mobility and progressive valvular obstruction. Aortic valve homeostasis is

tightly controlled by valvular interstitial cells (VICs) embedded in ECM, valvular
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endothelial cells (VECs) covering the leaflets, and circulant and resident immune cells
(3).

The initiation phase is usually triggered by increased mechanical stress and reduced
shear stress in the valve causing endothelial activation and damage. The endothelial
damage results in lipid infiltration, especially lipoprotein(a) and oxidized low-density
lipoprotein (LDL) cholesterol. Progressive endothelial injury and lipid oxidization then
initiate an inflammatory response within the valve that is characterized predominantly by
infiltration of macrophages, T lymphocytes, and mast cells (143) (Figure 3.6). At this early
stage, microcalcifications that co-localize with sites of lipid deposition are observed (143).
The formation of these calcifications is likely mediated by cell death and the release of
apoptotic bodies and extracellular vesicles (Figure 3.6). Such structures are similar to the
matrix vesicles found in bone, and act as nucleating sites for Ca-P deposition (140, 144).

While the initiation phase is mainly mediated by inflammatory responses, the role of
inflammation and lipid deposition is less prominent in the propagation phase. Instead, this
phase is characterized by fibrotic thickening, followed by extensive calcification of the
aortic valve leaflets (Figure 3.6). Bone formation is characterized by the initial deposition
of collagen matrix, which provides scaffold for mineral deposits. Similar structural
processes seem to occur in the aortic valve with many of the same cell mediators and
proteins implicated (145). In fact, in AVC, collagen is deposited in anticipation of the pro-
calcific processes that subsequently dominate. This fibrotic process with the valve may
be regulated by reduced nitric oxide expression following endothelial injury (146).
However, the up-regulation of the renin-angiotensin system and formation of angiotensin

Il are also believed to play a central role (147) (Figure 3.6).
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Figure 3.6. The pathophysiology of AVC. initiation phase: endothelial injury (1) facilitates
the infiltration of oxidized lipids and inflammatory cells (2) into the valve and the release
of proinflammatory mediators (3). These trigger the very early stages of AVC. The
propagation phase: these proinflammatory processes subsequently induce VICs to
undergo osteogenic differentiation (5) via several different mechanisms, including the
binding of RANKL to RANK (4). Differentiated cells within the aortic valve first lay down a
collagen matrix and other bone-related proteins causing valvular thickening and stiffening
before producing calcium (6). Additionally, apoptotic remnants of some VICs and
inflammatory cells (7) create a nidus for apoptosis-mediated calcification (8). Calcification
of the valve (9) induces compliance mismatch, resulting in increased mechanical stress
and injury (10). This results in further calcification via osteogenic differentiation and
apoptosis (11). Hence, a self-perpetuating cycle of calcification, valve injury, apoptosis,
and osteogenic activation is established that drives the propagation phase of the disease
(147).
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Beyond the initial fibrosis, once calcification is abundant, pro-osteogenic mechanisms
become overwhelming, thus leading to severe calcification and valvular dysfunction. One
mechanism implicated in the pathogenesis of AVC is the transdifferentiation of normally
quiescent VICs into osteoblast-like bone-forming cells (148). This phenotypic switch is
thought to be the fundamental step in the acceleration of AVC, initiated at least in part by
inflammation (147). In the propagation phase, disease progression is driven by calcific
regulatory pathways including Notch, receptor activator of nuclear kappa B
(RANK)/receptor activator of nuclear factor kappa B ligand (RANKL), and BMPs (147,
148) (Figure 3.6).

Notch belongs to a family of cell surface receptors that are highly expressed in the
aortic valve, playing a role in the morphological development. Patients with loss-of-
function mutations in Notch-1 have higher rates of AVC and AS (149). Notch-1 was shown
to be important in establishing osteogenic cells in the valve via the action of BMP2 (150).
Expression of BMP2 is increased in both intimal arterial calcification and AVC, and plays
a central role in the osteogenic transdifferentiation (151). In vitro, activated endothelial
cells have been shown to secrete BMP2 in response to changes in laminar flow patterns,
and BMP2 has been detected in VICs isolated from the aortic valve of aged rats (152,
153). BMP2 is up-regulated through binding of RANKL to RANK. Activation of the
RANK/RANKL pathway results in the expression of proteins involved in calcification such
as ALPL and osteocalcin and is involved in AVC (147).

Once calcification is established in the valve, it can initiate further mineral formation.
This self-perpetuating cycle of calcification and valve injury appears to be the central

driving force of disease progression (Figure 3.6). The mechanism for this may be
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explained by the compliance mismatch caused by mineral deposits in the leaflets that
results in increased mechanical stress and further osteoblast transdifferentiation (147).
However, it could also be due to the action of membrane-bound ectonucleotidases. These
enzymes are produced by VICs and regulate the extracellular production of inorganic P
and PPi. Enpp1 is highly up-regulated in AVC. Hydrolysis of ATP by Enpp1 produces a
significant increase in P, thus promoting calcification and production of further Enpp1
(154). Also, since ATP acts as a cell survival signal for VICs, its depletion also triggers
apoptosis of these cells, thus providing a further key stimulus to calcification (154). Thus,

ectonucleotidases may have a central role in amplifying pro-calcific processes in AVC.

3.2.2. The impact of sex in the pathogenesis of AVC

Consistent with many other cardiovascular diseases, male sex is an important risk
factor for developing AVC (141, 155, 156). Although several studies have shown higher
prevalence of AVC in men, investigations that focus on this issue have concentrated on
sex differences in ventricular or vascular dysfunction caused by AVC, rather than the
valve itself (157). Also, most of the in vitro studies investigating the mechanism of AVC
use VICs that are not separated by sex or whose sex is unknown (157).

Only recently a significant step toward uncovering sex-specific differences in AVC was
achieved in 2013. In fact, Aggarwal et al. provided initial evidence that male sex impacts
not only the probability of developing AVC but also the nature of AVC (158). Specifically,
they showed that, for the same AS severity, men present significantly higher AVC loads
than women, as measured by multidetector computed tomographic (MDCT) imaging of
valve patients. This difference in calcification amount remained significant even after

adjusting for smaller body surface area and smaller aortic annulus area as typically
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observed in women (158). This difference was further confirmed by other studies using
both MDCT and echocardiography (23-27).

In 2017, Simard et al. confirmed the fundamental difference in AVC burden between
men and women. Using a semiquantitative fibrosis score analysis, the also showed that
for the same AS severity and same valve weight density, women have relatively more
fibrosis than men (23). Since the two major mechanisms involved in AS are calcification
and fibrosis of the valve, this may explain why women reach severe AS at a lower level
of AVC loads. However, this is the only report showing differences in fibrosis between
sexes, and the cause of different AVC loads between men and women is still unknown.

Some studies suggested that hormones may be involved. Estrogen signaling impacts
several molecular processes and thus may have effects on osteogenic and fibrogenic
signaling cascades (159). Physiological levels of estrogen have been shown to be
essential for activation of endothelial nitric oxide signaling and increased nitric oxide
bioavailability (160, 161), and suppression of RANKL signaling (162). This suggests that
estrogen may be implicated in the production of excessive ECM through the activation of
nitric oxide signaling, and in the protection against progression of AVC by suppression of
RANKL signaling, a key signaling pathway in progression of AVC. Also, women tend to
develop heart diseases and especially AVC later in life compared to men (163, 164); this
could be attributable to the loss of estrogen during menopause.

Androgens, such as testosterone also initiate complex effects that could play a role in
the initiation and progression of AVC. It was shown that androgens can have a significant

positive effect on both osteoclast and osteoblast activity and function (165). Along the
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same lines, in vitro studies showed that testosterone plays an important role in promoting
calcification of VSMCs (27, 166).

In contrast, some studies proposed that intrinsic cell differences between sexes may
be responsible of this pathophysiological difference. An in vitro study showed that male
and female VICs behaved differently in a hormone-free environment: male VICs calcified
more extensively than female VICs in hormone-free osteogenic medium (167). Another
study showed that VICs derived from animals exhibited sex-specific molecular signatures
in vitro that are likely to provide altered susceptibility to osteogenic and fibrogenic cell
phenotypes in vivo. In fact, female VICs were less likely to express molecular signatures
related to inflammation, apoptosis, and cellular proliferation compared with men cells
(168). These data suggest that the biological explanation behind sexual differences in
AVC is likely highly complex and may not rely only on hormonal differences between

sexes.
3.3. Mineral deposits found in cardiovascular calcification
3.3.1. Ca-P phases in cardiovascular calcification

3.3.1.1. Apatite phases

The nature of the mineral deposits formed in cardiovascular calcification was found to
be complex and non-uniform. For many years, minerals present in cardiovascular tissues
have been identified predominantly as carbonated hydroxyapatite (CHA) with variable
Ca/P ratios and substitutions (78, 169-175), similar in composition to the mineral

component of bones and teeth (176-178).
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HA is thermodynamically the most stable Ca-P salt with formula Cao(PO,)s(OH).. Its
crystalline lattice symmetry is hexagonal belonging to space group P63/m, with 44 atoms
per unit cell. Stoichiometric HA has a Ca to P (Ca/P) ratio of 1.67 (15). The structure of
HA allows for compositional variations due to the presence of different ions that can be
substituted on its three sub lattices. The main substitutions observed in biological apatites
is the replacement of the POs* anions by COs?> and HPOQ.%. Carbonate ions can
substitute either hydroxyls ions (type A carbonated-apatite; Cao(PO,4)sCOj3) or phosphate
ions (type B carbonated-apatite; Ca g« [(PO4)s-2x (CO3)2x] (OH),) (15). Numerically, one
substitution of CO3s? for PO4* results in a half Ca and one P deficiencies, thus giving a
Cal/P ratio higher than 1.67 (Table 3.1) (179). Vice versa, one substitution of HPO4? for
PO.* results only in a half Ca deficiency, to give a Ca/P ratio lower than 1.67 (Table 3.1)
(179).

Several studies showed that the mineral deposits isolated from different
cardiovascular tissues contained a non-negligible fraction of carbonate, which varied
depending on the sample (172, 173, 175). Overall, the amount of carbonate was very

similar to the carbonate content of bone (4 to 9 wt. % carbonate ions) (180).

Ca/P ratios can be used to characterize mineral deposits found in cardiovascular
calcification. Fitzpatrick et al. quantified the Ca/P ratios in atherosclerotic arteries using
energy dispersive x-ray (EDX) microanalysis and showed that they varied between 1.55
and 1.70, thus suggesting that the apatite phases with various ion substitutions was the
main mineral phase present in the samples (78). Later, Cottignoli et al. showed chemical
variability within a same calcified tissue by electron microprobe analysis (175). In fact,

Ca/P ratios were significantly different from point to point within a same sample as well
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as in different types of cardiovascular tissues. However, overall all of the Ca/P ratios fell
in the CHA range, thus suggesting the chemical variability was likely regulated by the
degree of carbonate substitution (175). Another study confirmed that Ca/P ratios varied
not only among individual samples but also within the same sample. Indeed, using wet
chemistry and EDX, Prieto et al. found very scattered Ca/P ratio values (174). Among of
the values, they were able to distinguish two different groups of deposits: a group with
high Ca/P ratios (average of 1.82) that indicate the presence of CHA, and a group with
Ca/P ratio lower than 1.6 that were likely due to the presence of non-apatitic phases, such
as amorphous calcium phosphate (ACP) (174). Danilchenko et al. reported much higher
Ca/P ratios in a wide range of cardiovascular samples using the same technique (171).
Ca/P ratios were all higher than 2.0 both in AVC and intimal calcification. They concluded
that such high values were likely due to excess of Ca localized on the surface of apatite

crystals.

Overall, these data show that Ca/P values vary significantly according to the method
used to quantify the Ca/P ratios, the type of cardiovascular calcification, the degree of
calcification, and even the localization within the sample. The amount of ion substitutions
in the crystal apatite lattice has been seen as the main parameter that explain a such
variability; however, the presence of non-apatitic Ca-P phases could also be responsible

of this variability.
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Table 3.1. List of Ca-P compounds found in pathological calcifications and their Ca/P
molar ratios (179).

Name Formula Ca/P ratio
Amorphous calcium phosphate (ACP) Ca3(P04)2.3H20 1.5
Octacalcium phosphate (OCP) CagH2(POa)s. 5H20 1.33
Dicalcium phosphate dihydrate (DCPD) Ca(HPO4).2H20 1.0
Magnesium- substituted p-tricalcium Ca1s(Mg)2H2(POa4)14 1.29
phosphate (B-TCMP)
Hydroxyapatite (HA) Ca10(PO4)s(OH)2 1.67
Carbonated hydroxyapatite (CHA) Ca10-p(PO4)6-p(OH)25(CO3), (0<p<1) >1.67
Calcium-deficient HA Ca10x(HPO4)x(POa4)sx(OH)2x (0<x<1) 1.3 —1.67

3.3.1.2. Precursor phases

More recently, several studies have suggested the presence of non-apatitic Ca-P
phases, such as ACP, Ca3(P0Os)2.3H20), octacalcium phosphate (OCP, CagH2(POa4)s.
5H,0), dicalcium phosphate dihydrate (DCPD, Ca(HPOs4).2H20), and magnesium-
substituted B-tricalcium phosphate (B-TCMP, Ca1g(Mg)2H2(POa4)14), in addition to CHA
(Table 3.1).

While HA is the most thermodynamically stable form of Ca-P at physiological pH,
different phases can crystallize, and non-crystalline deposits can form too (181). ACP,
OCP, DCPD, and B-TCMP were identified as the main Ca-P phases that can form and be
transformed into apatite phases in vitro. The formation of each phase depends on a
combination of pH, temperature, and solution composition (182). A similar process occurs

also in vivo, during bone formation.
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In vitro, ACP is the first phase that precipitates from a supersaturated solution
prepared by mixing solutions containing Ca and P ions (183-185). ACP is a highly
unstable phase that hydrolyzes almost instantaneously to more stable Ca-P phases.
However, the life time of ACP in aqueous solutions was reported to be a function of the
presence of additive ions and macromolecules, pH, ionic strength, and temperature (186,
187). For example, high pH and high Ca and P ion concentrations favor the formation of
ACP. Also, magnesium and carbonate ions as well as pyrophosphate can stabilize ACP
and prevent its further transformation to apatite phases (182). Thus, ACP may persist for

appreciable periods under some specific conditions both in vitro and in vivo.

ACP was identified as the main precursor phase in newly formed bone and enamel,
transforming over time into apatite phases (188-191). It was also recognized as one of
the main precursor phases in both arterial and valve calcification. Using electron
diffraction (ED) on human aortic valves, Kim et al. were the first to show the presence of
ACP, in addition to apatite phases, in human non-skeletal tissues (192). Tomazic et al.
(169) showed that the crystallinity of minerals found in human calcified deposits from
different cardiovascular tissues was influenced by the composition of the tissue, the age
of the deposit, and the relative exposure to blood flow. Using x-ray diffraction (XRD), they
showed that youngest calcified deposits were largely apatitic but contained a non-
negligible amorphous fraction, while well-aged deposits did not show the presence of
ACP (169). These results, in agreement with ED data obtained by Kim et. al (192),
indicate that mineral phases evolve over time and supported the presence of an

amorphous precursor of apatite in cardiovascular calcification. Later, several other
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studies suggested the presence of ACP in various calcified cardiovascular tissues where

it was regarded as the main precursor of apatite phases. (174, 182, 193-195)

OCP has a significant biological relevance since it is recognized as a precursor during
the formation of CHA in the hard tissues of vertebrates (196-199). It is also regarded as
a precursor of HA in vitro (186, 187). In vitro studies have shown that when pH > 5.4, the
precipitation of HA is thermodynamically favorable, while OCP precipitation is
thermodynamically favorable only when pH > 6.3 (200). The thermodynamic force of HA
is always larger than that of OCP, although both increase with increasing pH. However,
the nucleation rate of OCP is higher than that of HA under physiological conditions (200).
Due to their mineralogical correlation, OCP can easily convert into HA, either through
dissolution and subsequent reprecipitation into apatite phases, or by a direct solid-state
transformation with reorganization of lattice ions and/or apatite clusters (186). It was also
proposed that OCP could be an intermediate in the conversion of ACP to apatitic phases
(201).

Using XRD, FTIR and SEM/EDS, Mikroulis et al. showed the presence of OCP, in
addition to DCPD and HA, in mineral deposits from excised calcified natural and
bioprosthetic aortic valves (202). XRD patterns and Ca/P ratios determined by chemical
analysis showed the presence of both OCP and crystalline apatite among the mineral
phases. They found lower Ca/P ratios in bioprosthetic valves compared to natural ones.
This difference was ascribed to a higher content of precursor phases, such as OCP and
DCPD in these samples, subsequently transformed into apatite phases. While XRD did
not suggest the presence of DCPD, SEM/EDS analysis showed the presence of DCPD

in addition to OCP and CHA (202).
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The presence of OCP in calcified aortic valves was further confirmed by Raman
spectroscopy. Pilarczyk et al. analyzed mineral phases present in calcified aortic valves
by monitoring the shift of the Raman v4 phosphate band. They also correlated the
chemical composition with the structural properties of the sample (203). Their results
suggested that at very early stages of calcification, small deposits mainly composed of
OCP (v1phosphate band at 970 cm™') were formed. In intermediate stages, grain growth
was observed with transformation of OCP into B-TCMP (v+ phosphate band at 985 cm™).
Finally, in very advanced stages of calcification, CHA was the main compound found (v+
phosphate band at 960 cm™) (203). While these studies suggest that OCP is a precursor
phase in valve calcification, the presence of OCP in both intimal and medial arterial

calcification was never reported so far.

DCPD has been proposed as an intermediate in both bone mineralization and enamel
dissolution (196). DCPD was also reported in some pathological calcifications, such as
dental and urinary calculi (182). Studies on DCPD hydrolysis have shown that DCPD can
transform into OCP and HA via dissolution and reprecipitation. This indicates that an
DCPD can serve as a Ca and P ion reservoir for subsequent crystal growth of apatite

phases (196).

As mentioned above, Mikroulis et al. suggested the presence of DCPD using
SEM/EDS analysis, in addition to OCP and CHA in both natural and bioprosthetic calcified
aortic valves (202). The presence of DCPD in AVC was also suggested by Raman
spectroscopy, in addition to ACP, OCP, and CHA (174). However, to date, no convincing
evidence of the presence of DCPD in AVC was reported. Also, DCPD was never reported

so far in either intimal or medial arterial calcification.
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Pure B-TCP never occurs in biological calcifications; only the magnesium-substituted
form, B-TCMP or whitlockite, is found in dental calculus formation and in renal stones
(196). However, it has not been observed in enamel, dentin, or bone, thus suggesting

that it is not a precursor phase in physiological calcification (196).

Using synchrotron x-ray-micro-fluorescence and XRD, Verberckmoes et al. reported
the presence of B-TCMP in addition to ACP and apatite phases in two rat models of
uremia-related vascular calcification (193). Similarly, B-TCMP has been detected in
addition to apatite phases in human vascular calcification (204). However, B-TCMP was
not reported in non-uremic patients. The formation of 3-TCMP in uremia-related vascular
calcification may potentially be the result of the high concentration of Mg in these patients
because of the presence of high levels of Mg ions in the dialysis solution. In rat models
of uremia-related vascular calcification, vitamin D treatment was used to induce
calcification. Vitamin D stimulates the gastrointestinal absorption of Mg, and can thus

explain the formation of 3-TCMP in this rat model.

More recently, Danilchenko et al. analyze the minerals found in several human
cardiovascular deposits. Interestingly, they showed a correlation between mineral phase
and localization of the deposit: a significant amount of B-TCMP was detected in human
mitral valves, while the same mineral phase was not found in human tricuspid valves and
aortas (171). Only one study suggested the presence of B-TCMP in calcified aortic valves

using the shift of the Raman v1 phosphate band (203).
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3.3.2. Morphology of mineral deposits found in cardiovascular calcification

Several studies have used scanning electron microscopy (SEM) to characterize the
morphology of minerals deposited in several cardiovascular tissues. They showed that
Ca-P phases can have several dense structures. Among them, the most common one is
uneven and rough compact material of variable dimensions (171, 174, 175, 202, 205-
207). Some studies showed that calcifications in the form of compact material were
composed of smooth plate-like structures. These structures appeared as both single and

stacked plates.

Some researchers also reported the presence of calcified fibers deposited in networks
in addition to compact material (175, 206, 207). In addition to calcified fibers, several
studies showed the presence of calcified spherical particles with sizes ranging from 100
nm to 5 um (174, 175, 206, 207). These spherical particles have been observed in
vascular and valvular calcification, independent of disease severity. Both single and

coalescent spherical particles have been observed.

Using transmission electron microscopy (TEM) and selected area electron diffraction
(SAED), Bertazzo et al. showed that the atoms that comprise these spherical particles
are arranged in a highly ordered fashion, like a single HA crystal (207). Their SAED
patterns are different from any different material found in the body, and they are far more

crystalline than the minerals found in bone.
3.4. Clinical treatment of cardiovascular calcification

Despite the evidence that cardiovascular calcification induces cardiovascular mortality
in patients suffering from life-threatening diseases, currently it is regarded as an

untreatable disease. Once started, the process of mineral deposition in the cardiovascular
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tissues becomes almost irreversible. The available therapeutic approaches are mainly
focused on delaying disease progression. To date, treatments with PPi derivates, called
bisphosphonates, and P binders are the most successful approaches to slow down the

progression of cardiovascular calcification.

Bisphosphonates were first developed to prevent osteoclast-mediated bone
resorption in osteoporotic patients. They inhibit bone resorption by binding to nascent
mineral nuclei where they are ingested by osteoclasts (208-210). The uptake of these
pyrophosphate analogs interferes with normal osteoclast functions, and reduces bone
resorption. Pyrophosphate and bisphosphonates have been found to inhibit vascular
calcification in a several animal studies (211). It has been hypothesized that this effect is
due to lowered serum levels of Ca and P, and/or reduced nucleation and growth of Ca-P
crystals. However, the efficacy of bisphosphonates for preventing vascular calcification in
human is still controversial, and the results differ depending on the bisphosphonate

molecule used (212, 213).

Hyperphosphatemia is a major factor contributing in the development of vascular
calcification in CKD. Increased serum P in CKD patients may promote osteogenic
transdifferentiation of the VSMCs but can also directly promote Ca-P deposition in the
vascular walls (214). Several types of P binders are currently in use to control the elevated
serum P levels. These compounds are taken orally together with food; they bind to dietary
P and form an insoluble complex in the digestive system. This prevents the P from ever
being absorbed. There are two main types of P binders: Ca-containing binders, such as
Ca acetate, and Ca-free binders, such as lanthanum carbonate and sevelamer carbonate.

Although both types are effective at regulating P levels, Ca-containing binders may
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promote increased Ca loads in the gastrointestinal track and thus increase the circulatory
Ca levels. This hypothesis is supported by several studies in human CKD patients (215).
Most patients on dialysis are currently taking some form of P binder, but the data suggests
that non-Ca containing P binders should be used in patients with high risk for vascular

calcification.
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Chapter 4. Multidisciplinary Approach to Understand Medial Arterial

Calcification.

As described in Chapter 3, there are currently no available treatments to cure medial
arterial calcification, mostly due to a lack of understanding of the underlying molecular
mechanism. Despite recent evidence on the role of ELN as mineral nucleator in medial
calcification, the physicochemical details of mineral nucleation and growth on the medial
layer or arterial tissues are still unknown. This hinders our understanding of how minerals
interact with ECM and mineralization inhibitors, and of the overall molecular mechanism

of vascular calcification.

In this study, we analyze the evolution of medial calcification in an animal model that
faithfully recapitulates medial arterial calcification in humans, to understand how
pathological calcification is initiated on the vascular ECM. By combining traditional and
synchrotron-based spectroscopies, we show that the mineral composition and crystallinity
evolve over time and space, starting from the ELN-rich component of the arteries. We
find that Ca is adsorbed first, and then ACP and OCP form, which then transform into HA
and CHA. These events are repeated after each nucleation event, providing a snapshot
of the overall mineral evolution at each time point analyzed. This work suggests the
importance of analyzing mineral phases rather than just overall mineralization extent, to

diagnose and possibly prevent disease development.

The findings of this study were published in the journal Arteriosclerosis, Thrombosis,

and Vascular Biology, in 2018.
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41. Abstract

Objective: Vascular calcification significantly increases morbidity in life-threatening
diseases, and no treatments are available because of lack of understanding of the
underlying molecular mechanism. Here, we study the physicochemical details of mineral
nucleation and growth in an animal model that faithfully recapitulates medial arterial
calcification in humans, to understand how pathological calcification is initiated on the
vascular extracellular matrix.

Approach and Results: MGP (matrix gla protein) is a potent mineralization inhibitor. We
study the evolution of medial calcification in MGP-deficient mice over the course of five
weeks using a combination of material science techniques and find that mineral
composition and crystallinity evolve over time and space. We show that calcium is
adsorbed first, and then amorphous calcium phosphate and octacalcium phosphate form,
which then transform into hydroxyapatite and carbonated apatite. These events are
repeated after each nucleation event, providing a snapshot of the overall mineral

evolution at each time point analyzed.

Conclusions: Our results show that an interdisciplinary approach combining animal
models and materials science can provide insights into the mechanism of vascular
calcification, and suggest the importance of analyzing mineral phases, rather than just

overall mineralization extent, to diagnose and possibly prevent disease development.
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4.2. Introduction

Some of the most common pathologies worldwide, such as atherosclerosis, chronic
kidney diseases (CKDs), and type 2 diabetes mellitus involve the calcification of vascular
tissues (28, 216, 217). Vascular calcification is also associated with aging and genetic
disorders (1). Vascular calcification can happen both in the intimal layer of arteries, along
with atherosclerotic plaques, or in the medial layer, which is more common in CKD and
diabetic patients (61, 216, 218).

When arteries calcify, calcium phosphate (Ca-P) minerals are deposited on the
extracellular matrix (ECM) of their walls. This process may arise from several different
and non- mutually exclusive mechanisms, such as loss of inhibitors, osteochondrogenic
transdifferentiation of vascular smooth muscle cells (VSMCs), hyperphosphatemia,
hypercalcemia, and cell death (31, 61). Matrix gla protein (MGP) is one of the most potent
mineralization inhibitors that are normally present in the vascular tissues. Luo et al. (67)
showed that genetically modified mice that do not express MGP develop extensive and
progressive medial arterial calcification. Later, Khavandgar et al. (10) demonstrated the
important role of elastin (ELN) as the main ECM protein regulating mineral deposition in
the arteries of these mice and showed that ELN-rich thoracic aorta calcified more

extensively than the abdominal aorta, which contains less ELN.

Despite this progress, the physicochemical details of mineral nucleation and growth
inside blood vessels are still unknown; this hinders our understanding of how minerals
interact with ECM and mineralization inhibitors and of the overall molecular mechanism

of vascular calcification.
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Several studies have characterized minerals formed in cardiovascular tissues and
found that the major inorganic phase is poorly crystalline nonstoichiometric carbonated
hydroxyapatite (CHA) with variable Ca/P ratios and substitutions (171, 172, 175, 182,
219), similar in composition and structure to the mineral component of bone (188, 220).
More recently, other mineral phases were found at early stages of calcification, such as
amorphous calcium phosphate (ACP), magnesium-substituted -tricalcium phosphate (-
TCMP), octacalcium phosphate (OCP), and dicalcium phosphate dehydrate (DCPD)
(169, 174, 193, 194, 202-204). The detection of such phases suggests that the vascular
calcification shares common features with bone mineralization; however, a recent study
reported the presence of highly crystalline, spherical hydroxyapatite (HA) particles in
mineralized cardiovascular tissues and, thus, suggested that vascular calcification and

bone mineralization follow completely different mechanisms (207).

To shed some light on this debate, in this study, we use MGP-deficient (Mgp‘/‘) mice
as an animal model of acute medial calcification. MGP deficiency in humans causes
Keutel syndrome, a rare genetic disease characterized by extensive tissue calcification,

pulmonary artery stenosis, brachytelephalangism, and facial dysmorphism (221). This

phenotype is faith- fully recapitulated in Mgp‘/‘ mice. Also, in this model, the medial layer
of the arteries quickly mineralizes, to the point that the animals die before 2 months of

age because of complications caused by extensive mineral deposition (67).

Thus, Mgp‘/‘ mice provides us with a unique in vivo model to study the temporal
evolution of medial calcification. We analyze mineral phases and crystallinity by
combining traditional spectroscopic and microscopic techniques such as Fourier

transform infrared (FTIR) spectroscopy, Raman spectroscopy, x-ray diffraction
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spectroscopy, energy-dispersive x-ray spectroscopy (EDS), and scanning electron
microscopy (SEM), with x-ray photoelectron spectroscopy (XPS) and synchrotron-based
spectroscopy. This interdisciplinary approach combining genetically modified mouse
models and materials science provides needed insights into the mechanism of ectopic

calcification.
4.3. Results

Mgp_/_ mice show progressive ectopic deposition of Ca-P minerals along the elastic
laminae, reaching highly extensive mineralization after 5 weeks of age (Figure 4.1.A) (10).
After 5 weeks, at some sites, minerals are also deposited on the surrounding ECM (54).
At a very early stage (5 days), Ca adsorption is sparse in the aorta, and we detect only a

punctate pattern primarily in the upper part of the thoracic aorta (Figure 4S.1).

Arterial mineral composition in Mgp_/' mice might be influenced by systemic Ca and

P levels or abnormal glucose metabolism. However, we did not observe any change in
serum Ca and phosphate levels in 5-week-old Mgp~~ mice in comparison to wild-type

mice (Figure 4.1.B). Also, fasting glucose levels in 1- and 3-week-old Mgp ™~ mice did not

differ from age- and sex-matched control mice (Figure 4.1.C).
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Figure 4.1. (A) Histological sections stained with von Kossa and van Gieson (stains
phosphate) showing ectopic deposition of Ca-P minerals along the elastic lamina in the
aortas from (a1) 1-week, (a2) 3-week, and (a3) 5-week-old Mgp”mice. (B) Serum calcium
and phosphate levels measured in 5-week old WT and Mgp™” littermates show no
difference between genotypes. (C) Glucose measurement in blood of 1-, and 3-week old
WT and Mgp™- littermates. At 1 week the pups were fasted for 2 hours and at 3 weeks the
mice were fasted for 4 hours. There was no difference in the glucose level between the
mutant and control mice at 1 and 3 weeks. The Student’s f test was used for statistical
analyses of 2-group comparisons.

An initial screening of the type of Ca compounds present in the mouse arteries, their

crystallinity, and their amounts can be obtained by FTIR and Raman spectroscopies

(Figure 4.2). FTIR spectra of aorta samples from Mgp~~ mice show peaks related to Ca-
P phases starting from week 2, which become clearly indicative of HA at week 5 (Figure
4.2.A; see the degenerate v3 vibration at 1031 and 1091 cm-', and the degenerate v4band
at 564 and 602 cm'; Figure 4S.2.A; Table 4S.1). We estimate HA crystallinity by
analyzing the relative intensities of the peaks and valleys in the v4 envelope (Section 1 in
the Supplement Material; Figure 4S.2.B) and find that the crystallinity of the deposits in

5-week-old mice is comparable to that of bone (Figure 4S.2.A).
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Raman spectra confirm the presence of HA in Mgp_/_ mice (Figure 4.2.B; Figure
4S.3.A; Table 4S.2): the intensity of the v4 phosphate peak increases with the mice age,
and the vz and v4 bands of HA become clearly visible after 3 weeks, similar to what

observed via FTIR (Figure 4.2.A).
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Figure 4.2. Representative FTIR (A) and Raman (B) spectra of aortas from (i) 5-week
old WT mouse, (ii) 1-week, (iii) 2-week, (iv) 3-week, (v) 4-week, and (vi) 5-week-old Mgp~
" mice. FTIR spectra (A) were normalized based on the absorbance of the v C=0 amide
| band at 1654 cm', while Raman spectra (B) based on the absorbance of the &as
CH2,CHs band at 1443 cm™'. Distribution of FWHM values (C) measured on the Raman
v1 phosphate peak and of ME (D) based on Raman spectra collected on thoracic aortas
from 1-week (grey), 2-week (blue), 3-week (black), 4-week (green), and 5-week-old (red)
Mgp’mice. For each age, 3 mice were analyzed, and 20 spectra were collected at
different points for each sample.
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Because the full width at half maximum (FWHM) of the v4 phosphate peak inversely
correlates with HA crystallinity (222) (Section 1 in the Supplement Material; Figure
4S.3.B), we can get a picture of the micron-scale distribution of mineral crystallinity as the
mouse age increases (Figure 4.2.C for the thoracic segment; Figure 4S.4.A for the
abdominal segment). FWHM values are highly heterogeneous in both segments. The
median FWHM values decrease in both the thoracic and the abdominal segments as the
mice age and reach values that are somewhat higher than those found for HA in mature
bone (19.3+0.3 for the minerals found after 5 weeks in the thoracic segment versus

18+0.2 for bone).

By comparing the area underlying the vi phosphate peak between 945 and 962 cm’

with that of the 655 CH2,CH3 peak (223), we can also analyze the changes in inorganic-

to-organic ratio, or mineralization extent (ME), as the mouse age increases (Figure
4S.3.C). Similar to FWHM values, the MEs found on aortas from 2- to 5-week-old mice
are greatly scattered, suggesting that the mineral distribution on these tissues is highly
uneven (Figure 4.2.D for the thoracic segment; Figure 4S.4.B for the abdominal segment).
At each age analyzed, the median ME in the thoracic segment is significantly higher than
that in the abdominal segment from the same mouse (P<0.05), thus confirming that for
the same aorta the thoracic part is more calcified than the abdominal one, as expected
based on the relative ELN content (10). Overall, the ME increases as the age of the mice

increases in both thoracic and abdominal aortas.
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The overall increase in mineral crystallinity over time is further confirmed by x-ray
diffraction (Figure 4S.5; Table 4S.3): the FWHM of the peak corresponding to the HA
planes (211), (121), and (300) decreases as the mouse age increases, reaching values

similar to those found in mature bone.

XPS and Ca K-edge near-edge x-ray absorption fine structure (NEXAFS)
spectroscopy (Figure 4.3) provide more details on the chemical composition and Ca-P
phases present in the samples. Although only carbon (C), oxygen (O), and nitrogen (N)

are present on the XPS survey spectra of wild- type mice aortas (Figure 4.3.A(i)), the

spectra of Mgp™~ mice aortas show also Ca and P (Figure 4.3.A(ii, iii, iv)), confirming the
presence of Ca-P phases in these samples. The Ca and P peaks are visible already after
1 week and increase in intensity in older mice, thus indicating that the mineral amounts
increase with time. Indeed, Ca/N ratios are significantly higher in 5-week-old samples
than in 3-week-old samples (Table 4S.4). The lack of significant differences between 1-
and 3- and 3 and 5-week- old samples contrasts with the increasing ME found by Raman
spectra. This may be because of the fact that XPS was performed on aorta sections,
whereas with Raman spectra, we analyzed whole aortas—thus, Raman spectra results

may be more representative.
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Figure 4.3. (A) Representative XPS survey spectra of aorta sections from (i) 5-week-old
WT mice, and (ii) 1-week, (iii) 3-week and (iv) 5-week-old Mgp~’- mice. (B) Mineral phase
distribution based on the Ca/P ratios determined by XPS on aorta sections from 1-week
(grey), 3-week (black), and 5-week-old (red) Mgp’ mice. ACP and OCP correspond to
Ca/P ratios between 1.3 and 1.5, HA corresponds to Ca/P ratios between 1.6 and 1.8,
and CHA corresponds to Ca/P > 1.8. For each age, 3 mice were analyzed. For each
mouse, 10 Ca/P ratios were determined at different points. One-way ANOVA test was
used for statistical analysis followed by Tukey’s test correction for multiple comparisons.
* indicate significant differences between the different ages, with * = P< 0.05, ** = P<
0.02, and *** = P< 0.0001. (C) Representative Ca K-edge NEXAFS spectra of calcified
aortas from (i) 1-week, (ii) 2-week, (iii) 3-week, (iv) 4-week, and(v) 5-week-old Mgp™-mice.
(D) Relative amounts of precursor phases (ACP and OCP) and apatite phases (CHA and
HA) in calcified aortas determined by LCF based on the reference sample spectra. 5 mice
were analyzed for each age. The data are averages of 5 values * the standard deviation.
One-way ANOVA test was used for statistical analysis followed by Tukey’s test correction
for multiple comparisons. * indicate significant differences between the different ages,
with * = P< 0.05, ** = P< 0.005, and *** = P< 0.0001.
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CalP ratios vary greatly among point measurements within samples from the same
age and even within the same sample, showing large differences in the composition of
the minerals deposited (Table 4S.4). Overall, there is a significant increase in the average
Ca/P ratios over time, with values going from 1.5 + 0.2 after 1 week to 1.8 £ 0.3 after 5
weeks (P<0.05). This increase can be correlated to a change in Ca-P phases (174)
(Figure 4.3.B; Table 4S.5). One-week-old aortas contain a larger amount of ACP and
OCP than HA, but after 3 weeks, the amounts of ACP and OCP significantly decrease,
the amount of HA significantly increases, and CHA appears. After 5 weeks, ACP and
OCP further decrease, whereas HA remains constant, and CHA significantly increases

(Figure 4.3.B).

A more precise identification of both crystalline Ca-P phases and precursors can be
achieved with NEXAFS. NEXAFS is a local sensitive and chemically selective probe that
is applicable to materials that are crystalline, poorly crystalline, or amorphous (224). All
the reference and arterial sample spectra show 4 features that are typical of Ca-P
compounds (Figure 4S.6; Figure 4.3.C, respectively). The small feature at the pre-edge
(4039 eV) is because of electronic transitions from 1s to 3d orbitals (225, 226). The most
intense absorption, that is, the absorption edge, shows a shoulder peak at 4044 eV, which
is assigned to 1s to 4s transitions, and a double peak assigned to 1s to 4p12and 1s to
4pass2 transitions (225, 226). The relative intensities of the peaks assigned to 1s to 4p12
and 1s to 4psp2 transitions depend on the atoms surrounding calcium atoms in the
compounds (225, 226). Features at higher energies are related to transitions from 1s to

higher unoccupied states, or multiple scattering contributions (225, 226).
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To identify the Ca-P phases present in the samples, we perform linear combination

fitting after the procedure explained in Section 1 in the Supplement Material.

Table 4S.6 shows the linear combination fitting results and the R-factors of each fit.
All the R-factors are <0.02, thus indicating that all the fits are satisfactory (227).The results
confirm that the calcified aortas are composed of a mixture of HA, CHA, ACP, and OCP.
DCPD was not detected in any samples. Although HA and ACP are found as components
of the spectra collected on all mice, OCP seems to be present only in the young mice (1

and 2-week-old), whereas CHA only in old mice.

To simplify the analysis of mineral evolution over time, we compare the amounts of
precursor, nonapatitic Ca-P phases (ie, ACP and OCP), with the amounts of apatitic
phases (ie, HA and CHA) at different time points (Figure 4.3.D). Larger amounts of
precursor phases than apatite are found in 1-week-old mice. After 2 and 3 weeks, the
amount of precursors significantly decreases, whereas apatitic phases increase. From 3
to 4 weeks, the composition of the calcified aortas does not significantly change. Finally,
in 5-week-old samples, the Ca detected is mainly present in apatitic structures, and only
a small amount of ACP can be detected. These results confirm XPS results, showing that
although the amount of apatitic phases increases with the age of the mouse, the amounts

of precursors decrease. Also, both techniques suggest that the conversion of precursor

phases into apatite phases is rather fast in Mgp_/_ mice model because a large amount
of apatite (33 £ 6% by XPS and 38 + 6% by NEXAFS) is already present in 1-week-old

samples.
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Next, we combine micro-x-ray fluorescence and y-NEXAFS (Figure 4.4) to analyze
the spatial distribution of the mineral phases in the thoracic sections of the aortas. Micro-
x-ray fluorescence Ca maps (Figure 4.4.A through Figure 4.4.C) show an uneven mineral
distribution. Ca/P ratios calculated based on micro-x-ray fluorescence spectral intensity
lie between 1.3 and 1.8 for most of the spots analyzed on 1- and 3-week-old samples
(see values reported on Figure 4.4.A and Figure 4.4.B) and between 1.6 and 2.3 for most
spots analyzed on 5-week-old samples (Figure 4.4.C). Lower values can be seen on the
less mineralized areas (values shown in yellow). These results show a conversion from
precursor phases to hydroxy- apatite and CHA over the course of the 5 weeks of mice

life, consistent with XPS.

The areas closer to the abdominal sections (to the left in Figure 4.4.A through Figure
4.4.C) show an overall lower Ca content, which was expected because of the lower ELN
content of the abdominal section (10). On these areas, the Ca/P ratios measured were >
4 (values shown in red); this suggests that here Ca ions are only adsorbed on the samples

and have yet to be transformed into Ca-P compounds.

M-NEXAFS Ca K-edge spectra collected on the spots containing the larger amounts
of Ca show the presence of OCP, ACP, and HA on the 1-week-old sample, and ACP
and HA on the 3- and 5-week-old samples. This observation is consistent with bulk
NEXAFS results, which showed the presence of OCP mostly on 1-week-old aortas

(Table 4S.6).
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Figure 4.4. (A1, B1 and C1): y-XRF Ca maps of calcified aortas from (A1) 1-week, (B1)
3-week, and (C1) 5-week-old Mgp” mice. The values indicated in A1, B1 and C1 are
Ca/P ratios based on averaged u-XRF spectral intensities of 4 pixels. The red cross
shown in (B1) indicates that the aorta was broken at that location. Ca K-edge uy-NEXAFS
spectra were collected on the spots that contained the highest amounts of Ca (20 pixels
per spot), labeled as (i)-(v) in A1, B1 and C1. (A2, B2 and C2): LCF results obtained from
the analysis of the Ca K-edge u-NEXAFS spectra collected at the corresponding locations
indicated on the y-XRF maps, reported along with the LCF results from bulk Ca K-edge
spectra on the same samples.
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The locations showing OCP on the 1-week old sample (points (i) through (iii) in Figure
4.4 A and Figure 4.4.D) are close to the abdominal section of the aortas. This observation
suggests that the spatial distribution of mineral phases observed on the aortas at a
specific time point follows the overall distribution observed with time: the least mineralized
points are at earlier transformation stages, whereas the most mineralized points are at
later stages. This is further confirmed on 3- and 5-week- old aortas. On the 3-week-old
sample, most points analyzed by y-NEXAFS show higher HA to ACP ratios than the bulk
NEXAFS data, because the y-NEXAFS spectra were collected on the spots showing the
highest Ca concentration (Figure 4.4.E). On the 5-week-old sample, the differences
between y-NEXAFS and bulk NEXAFS spectra are less evident, because the aorta is
overall heavily mineralized; still, even on this sample, the spots that show lower HA to
ACP ratios (eg, points (i), (ii), and (iv) in Figure 4.4.F) are close to the least mineralized

areas.

Finally, we combined SEM and EDS to examine the structure of the minerals and their

interaction with the ECM. SEM images of calcified aortas from 1-, 3-, and 5-week-old

Mgp‘/‘ mice (Figure 4.5; Figure 4S.7) reveal 2 distinct mineral structures: compact
material composed of smooth platelets and fibers deposited in networks. These 2
structures were previously reported in cardiovascular calcifications (171, 174, 175, 205-
207, 219). Elemental analysis by EDS (Figure 4S.7) shows the presence of C, O, N, Ca,
and P in the samples, confirming XPS data. However, EDS also shows small amounts of
magnesium (Mg) in some spots (Figure 4S.7), not detected by XPS. Mg is frequently

reported in calcified tissues in both organic and inorganic compounds (206).
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Ca/P ratios determined by EDS (Figure 4.5; Figure 4S.8; Table 4S.7 through Table
4S.9) agree with those calculated by XPS and thus confirm the nature of the minerals.
However, on aortas from 3- and 5-week-old mice, some spots show much higher Ca/P
ratios, suggesting that Ca ions are adsorbed on the organic matrix (Figure 4.5.D, spots

1, 6, and 7 on Figure 4S.8.B and spots 2 and 4 on Figure 4S.8.C).

To further understand the relationship between the minerals and the ECM, we
collected EDS maps of elemental distribution (Figure 4.6). In 1-week-old samples (Figure
4.6.C through Figure 4.6.G), Ca and P colocalize and are present only along the elastic
laminae, in agreement with von Kossa staining (Figure 4.6.B). This is confirmed by the
SEM/EDS spot analysis (Figure 4S.8.A; Table 4S.7) and further proves that mineral

deposition first occurs on the elastic laminae.

After 5 weeks (Figure 4.6.J through Figure 4.6.N), EDS maps show Ca both along and
between the elastic laminae, whereas P is mainly present along them, again in agreement
with von Kossa staining (Figure 4.6.1). This suggests that at some point Ca started being

adsorbed between the elastic laminae, whereas P did not.

61



Figure 4.5. SEM images of aortas from (A and B) 1-week, (C and D) 3-week, and (E and
F) 5-week-old Mgp~’- mice. B, D, and F are the magnified images of the regions highlighted
by squares in A, C, and E, respectively. The Ca/P ratios indicated on B, D, and F are
based on the elemental atomic percentages obtained by EDS.
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Figure 4.6. SEM images (A and H), histological sections stained with von Kossa and van
Gieson (B and I) and EDS elemental mapping for Ca (C and J), P (D and K), C (E and
L), O (F and M) and N (G and N) of calcified aortas from (A-G) 1-week and (H-N) 5-week-
old Mgp™- mice.
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4.4. Discussion
Medial calcification is commonly seen in patients with CKD, diabetes mellitus, and

some genetic diseases. Because of its rapid and fully penetrant elastic lamina calcification

phenotype, Mgp_/_ mice have become an attractive model to study medial calcification.
VSMCs, the major cell type present in the arterial media, originate from both neural crest

and mesoderm (228). Regardless of their origin, these cells coordinate the formation of

the concentric elastic laminae that are the primary sites of mineral deposition in Mgp_/_
mice. Genetic studies have established that arterial elastic content is a critical determinant
of vascular calcification (10).

Although earlier studies analyzed the composition of medial calcifications (193, 204,
207), not much is known on how minerals nucleate, grow, and change in phase and
crystallinity; this knowledge could be important in understanding disease development

and potentially suggest ways to treat it. In this study, we strive to get to this understanding

. . . . . e . /- .
by analyzing mineral evolution in medial calcifications of Mgp = mice over the course of

5 weeks, using a variety of spectroscopic and microscopic techniques.

Raman spectroscopy shows that the amount of minerals significantly increases over
time and that mineral deposition occurs predominantly on the elastic lamina, an ECM rich
in ELN, which is more abundant in the thoracic than in the abdominal segment of aortas
(10). Raman, FTIR, and x-ray diffraction spectroscopies show that although the mineral
crystallinity is heterogeneous, overall it increases over time. These results confirm
previous findings of lower crystallinity in ectopic deposits compared with physiological
hard tissues (229) and show that Raman spectra is more reliable than FTIR and x-ray

diffraction at evaluating small differences in HA crystallinity. The 3 techniques show that
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Mgp =~ mice are a model for rapidly progressing medial arterial calcification because in
few weeks vascular mineral deposits are almost as crystalline as minerals present in

mature bone (230).

Both XPS and NEXAFS allowed us to identify mineral phase transformations.
Although NEXAFS provided many more details, XPS was crucial in this study because it
was the first time that NEXAFS was applied to the analysis of mineral phase
transformations in arterial calcifications, and, thus, a more direct analysis was necessary

to validate the results of linear combination fitting deconvolution of NEXAFS spectra.

The mineral phase identification enabled by XPS and NEXAFS confirms previous
findings, while providing new insights. HA and CHA are the most abundant Ca-P phases
of both physiological (220, 231) and pathological calcifications (171, 172, 175, 182). In
vitro studies have shown that although HA is the most thermodynamically stable form of
Ca-P at physiological pH, different phases can crystallize, and non-crystalline deposits
can form too (181). ACP, OCP, DCPD, and B-TCMP were identified as the main Ca-P
phases that can be formed and transformed into HA in vitro. The formation of each phase
depends on a combination of pH, temperature, and solution composition (182). A similar

process occurs also in vivo, during bone and enamel formation (190, 191).

In our samples, we did not detect either DCPD or 3-TCMP. DCPD is considered a
precursor of biological apatite in physiological and in some pathological calcifications,
specifically dental and urinary calculi (182). Recently, few studies have identified DCPD
in human valve calcified deposits (202, 203), but it was never found in arterial calcification.
This may be because of different molecular mechanisms involved in arterial and valve

calcifications, thus leading to the formation of different precursors of biological apatites
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(182, 217). Our study confirms this point. B-TCMP has been reported to be a component
of the mineral phase of several soft tissue calcifications, such as dental calculi and
salivary stones (182). In arterial calcification, B-TCMP was detected in addition to HA in
both human and rat uremic mineral deposits but not in nonuremic patients (193, 204).
The formation of B-TCMP in uremia-related vascular calcification may potentially be the
result of the high concentration of Mg in these patients because of the presence of high
levels of Mg ions in the dialysis solution (182). In rat models of uremia-related vascular

calcification, vitamin D treatment used to induce the calcification stimulates the

gastrointestinal absorption of Mg (193). Because Mgp~~ mice did not receive any
treatment that may increase the Mg concentration in their serum, it is not surprising that

we did not find B-TCMP in this study.

The finding of ACP in Mgp_/_ mice aortas is in line with previous findings showing ACP
as the main precursor phase in newly formed bone and enamel, before apatitic phases
(188-191); it was also found in both arterial and valve calcification, where it was regarded

as a precursor of more crystalline phases (190, 191, 232).

The finding of OCP in arterial calcifications is new. Although previous studies have
shown that OCP can be a precursor of biological apatite in normal calcified tissues (198)
and in valve calcification (202, 203), this study reports the presence of OCP in arterial
calcification. The high sensitivity of the synchrotron-based techniques we used might
explain why we were able to identify OCP in this study. However, the presence of OCP
might also be MGP related, and, thus, its formation might be indicative of another

molecular mechanism involved. Analyzing the Ca-P phases present in calcified soft
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tissues from patients with Keutel syndrome may help understand which explanation is the

most likely.

Micro-x-ray fluorescence and u-NEXAFS results suggest that the growth and phase
transformation of Ca-P compounds occurs at different times depending on the location of
the nucleation and that some locations are less prone to mineralization than others within
the same aorta. Thus, by looking at the minerals found at a specific time point, one can

get a snapshot of the overall, lifetime mineral phase transformation in the mouse aortas.

SEM/EDS data confirm the crucial role of ELN-rich elastin lamina as the main ECM
scaffold onto which minerals deposit in medial arterial calcification. The results also show
that while Ca starts accumulating between the elastic laminae after some time, P does
not. Vascular calcification may induce both cell death and degradation of the ECM (10,
31). Dying cells may release Ca from the intracellular storages, whereas degraded ECM
may expose Ca-binding peptides (eg, fibrillins), which could serve as substrate for Ca
adsorption and, thus, explain the large amount of Ca found. However, the finding that P
ions do not initially adsorb on this Ca-rich layer suggests that the substrate onto which

Ca is adsorbed crucially determines the rate of mineral nucleation and growth.

SEM images did not show any of the highly crystalline HA spheres found in
cardiovascular mineral deposits in a previous work (207). Thus, if any crystalline HA
spheres were present in our samples, they would be much less prevalent. This difference
may be because of the fact that we analyzed medial arterial calcification, which is
associated with ELN, whereas the highly crystalline HA spheres were detected in intimal
arterial and valve calcifications. These 2 types of calcification may not necessarily be

associated with ELN and may be induced by a different mechanism, that is, chondro-
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osteogenic transdifferentiation of VSMCs. Thus, this different mechanism and ECM
substrate may be responsible for the formation of the highly crystalline spheres, whereas
ELN may favor the mineralization process described in this work. Indeed, understanding
how different calcification mechanisms affect mineral phase transformation remains to be
explored. Thus, it will be important to compare the mineral properties in animal models
and human patients with vascular calcification caused by other mechanisms. Overall, our
results imply that medial calcification associated with ELN is a multistep process like bone
mineralization, starting from amorphous precursors and leading to overall more crystalline
deposits. This suggests that an effective strategy to prevent vascular calcification may
involve preventing the transformation of metastable precursor phases, which are
amorphous or poorly crystalline, into crystalline apatite deposits. Because the metastable
precursors are more soluble than HA or CHA (196), it may be possible to selectively
dissolve them with appropriately targeted drugs. This could become a viable treatment

for vascular calcifications associated with ELN.

In summary, this study confirms the importance of multidisciplinary approaches
combining genetically modified mouse models and material science (207, 232) to unravel
the mystery of ectopic mineralization. We show that mineral deposition in medial arterial
calcification happens through a precise series of events (adsorption of Ca ions on the
elastic lamina, formation of ACP and OCP, and transformation to HA and CHA), which
are reproduced after each nucleation event throughout the life of the mice. Although
drawn from animal models, these conclusions may be highly relevant to humans as well:

analyzing the mineral phases rather than just the overall amount of minerals may help
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diagnose and possibly prevent disease development. To achieve this, it will be crucial to

develop advanced techniques to analyze mineral phase transformation in vivo (233-235).
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4.8. Highlights
* An interdisciplinary approach combining animal models and materials science can

provide insights into the mechanism of vascular calcification

* Mineral composition and crystallinity evolve over time and space in medial arterial
calcification.

» Mineral deposition happens through a series of events (adsorption of Ca ions on elastic
lamina, formation of ACP and OCP, and transformation to HA and CHA), which are
reproduced after each nucleation event throughout the life of the mice.

 Analyzing the mineral phases rather than just the overall amount of minerals may help
diagnose and possibly prevent disease development.

+ An effective strategy to prevent vascular calcifications associated with ELN may involve

preventing the transformation of metastable and soluble precursor phases into

crystalline apatite deposits.

4.9. Methods

4.9.1. Materials
All the powdered reference compounds (i.e. ACP, OCP, DCPD, HA, CHA, and Ca
acetate) were purchased from Sigma-Aldrich (USA) and directly used without further

modification.
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4.9.2. Mice

/

Both male and female Mgp™' mice are in C57BI/6 background. All the knockout mice

- mice lack exon 1 to 3 and part of exon 4 of the MGP

were whole-body knockouts. Mgp
gene (67). Mice were maintained in a pathogen-free standard animal facility. The animal
use protocol and all procedures were reviewed and approved by the Shriners Hospitals
for Children Animal Care Committee and the McGill Institutional Animal Care and Use
Committee. Shriners Hospitals for Children - Canada and McGill University are accredited
and followed the guidelines of the Canadian Council on Animal Care. Genotypes were

determined by PCR on genomic DNAs isolated from tail biopsies. The nucleotide

sequences of the primers used for genotyping are available upon request.

4.9.3. Tissue preparation
Thoracic and abdominal aorta segments were isolated from 1-week, 2-week, 3-week

"~ mice and from 3-week and 5-week old wild-type (WT)

, 4-week , and 5-week-old Mgp™
mice. For whole tissue analyses, aortas were fixed in 4% buffered paraformaldehyde
overnight, washed in phosphate buffered saline (PBS), transferred to 70% ethanol, and
dried under vacuum overnight before analysis. For cross section analyses, aortas were
fixed overnight in freshly prepared 4% paraformaldehyde, washed in PBS, transferred to

70% ethanol, embedded in methyl methacrylate, sectioned (7-um-thick), and deplastified

with 2-methoxyethyl acetate before analysis.

Bones were isolated from 5-week-old WT mice. For the analyses, bones were fixed in
10% formalin overnight, washed in PBS, kept into 70% ethanol and then dried under

vacuum overnight.
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4.9.4. Histological analysis

Mouse aortas were fixed overnight in 4% buffered paraformaldehyde, embedded in
methyl methacrylate, sectioned (7 um), and stained by von Kossa and van Gieson
(VKVG). All histological images were captured using a digital camera (DP72; Olympus
Canada Inc), acquired with DP2-BSW software (XV3.0; Olympus Canada Inc) and

processed using PhotoShop software (Adobe).

4.9.5. Alizarin red staining

For alizarin red staining of aortas, thoracic cages were fixed overnight in 95% ethanol,
stained in 0.015% Alcian Blue dye (Sigma-Aldrich) in a 1:4 solution of glacial acetic acid
and absolute ethanol for 24 hours. Tissues were then treated with 2% potassium
hydroxide for another 24 hours (or until the soft tissues were dissolved) and then stained
by 0.005% Alizarin Red (Sigma-Aldrich) in a 1% potassium hydroxide solution. Finally,
the stained skeletal tissues were clarified in 1% potassium hydroxide /20% glycerol for 2

days.

4.9.6. Fourier Transform infrared (FTIR) spectroscopy

FTIR spectra of powdered aortas mixed with an appropriate 50% weight/weight ratio
of KBr were collected on a Bruker Tensor 27 spectrometer equipped with a diffuse
reflectance (DRIFT) accessory and a DTGS detector. The spectra were collected from
400 to 4000 cm™" with 128 scans at 4 cm resolution. The reflected signals were converted
and reported as absorbance in the figures shown in this study. FTIR measurements were
performed on three points per sample and three samples per condition were analyzed.

The data was analyzed using OPUS software (OPUS 7.0.0, Bruker, Karlsruhe, Germany).
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4.9.7. Raman spectroscopy

Whole aortas were analyzed by Raman spectroscopy using a Bruker Senterra
confocal Raman spectrophotometer equipped with a 785nm diode laser coupled with an
Olympus optical microscope, using a 40x objective. Spectra were collected at 100 mW
laser power and spectral resolution of 3.5 cm™', between 400 and 1800 cm™', with an
integration time of 60 seconds and 4 co-additions. In total, 3 thoracic and 3 abdominal
samples were analyzed for each mouse age, and 20 points per sample were analyzed.

The data was analyzed using OPUS software (OPUS 7.0.0, Bruker, Karlsruhe, Germany).

4.9.8. X-ray diffraction (XRD)

XRD data of grounded aortas were obtained with a Bruker D5000 diffractometer using
a Cu Ka radiation source (Ka1 A=1.54 A), and a monochromator operated at 40 kV and
40 mA within the 10° to 80° range in 20. Three samples per condition were analyzed. The

FWHM were analyzed using GraphPad software, Inc. (2016).

4.9.9. X-ray photoelectron spectroscopy (XPS)

The atomic composition of aorta cross sections was characterized using a Thermo
Scientific Ka spectrometer, equipped with an Al Ka X-ray source (1486.6 eV, 0.843 nm),
a micro-focused monochromator, and an ultrahigh vacuum chamber (10 Torr). Survey
scans and high resolution spectra were acquired with an X-ray spot with a diameter of 50
pum. At least three survey scans were collected between 0 and 1200 eV with a step size
of 1 eV for each sample. Elemental high resolution scans were acquired with a step size
of 0.1 eV. Samples were hit with a flood gun shooting low energy electrons during the
measurement to prevent charging. Ten points were randomly selected along the cross

section of each aorta and three samples were analyzed per condition. Peak fitting and
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quantitative analysis of the survey spectra were performed using the Thermo Advantage

software (version 4.60).

4.9.10. Ca K-edge Near Edge X-ray absorption fine structure (Ca K-edge NEXAFS)
spectroscopy

Ca K-edge NEXAFS spectra on whole aortas were collected at the bulk-XAFS end-
station of the Soft X-ray Microcharacterization beamline (SXRMB) at the Canadian Light
Source (CLS), Saskatoon, Saskatchewan. Powdered reference compounds of known
chemical compositions were analyzed, including ACP, OCP, DCPD, hydroxyapatite (HA),
CHA, and Ca acetate (Ca(CH3;COOQ),). Spectra were collected with energies between 1.7
and 10 keV in fluorescence mode and with a photon beam spot size of 2 mm x 6 mm.
The spectra were calibrated, aligned, and normalized using Athena software (Demeter
0.9.20). Linear combination fitting (LCF) was performed on the NEXAFS regions of the
aorta sample spectra using all the possible combinations of the reference samples. The
quality of the fits was evaluated by the R-factor value: values below 0.02 indicate that the
fitting results are satisfactory (227). For each spectrum, the best LCF combination (i.e.
the combination giving the lowest R-factor) was retained. LCF was performed using
Athena software.
4.9.11. Micro-X-ray fluorescence (u-XRF) and y-NEXAFS spectroscopy

M-XRF Ca and P maps and py-XAFS spectra were collected on whole aortas at the
microprobe end-station of the Soft X-ray Microcharacterization beamline (SXRMB) at the
Canadian Light Source (CLS), Saskatoon, Saskatchewan. y-XRF maps were obtained
by scanning the sample under a monochromatic beam with a spot size of 10 x 10 um? at

an X-ray energy of 4100 eV. uy-NEXAFS spectra were collected on hot spots, i.e. spots
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that contain the highest amounts of Ca with energies between 1.7 and 10 keV in
fluorescence mode and with a photon beam spot size of 10 x 10 ym?. uy-XRF maps were
created and analyzed using the SMAK software program and y-NEXAFS spectra were

analyzed using Athena software.

4.9.12. Scanning electron microscopy (SEM) and energy-dispersive X-ray
spectroscopy (EDS)

Aorta cross sections were characterized using a combination of SEM and EDS.
Samples were secured to an aluminium sample holder with carbon tape, and then coated
with 8.5 nm carbon (carbon sputter coater, EMS150R ES, Electron Microscopy Sciences
(EMS)). The samples were then imaged using an Inspect-50 field emission SEM (FEl,
Japan), at 10 kV operating voltage under high vacuum. EDS spectra and elemental maps
were obtained in the regions of interest using an EDX spectrometer (EDX, Thermo
Scientific, USA).

4.9.13. Statistical analysis

Statistical data analysis was performed using GraphPad software, Inc. (2016). Mean
values were expressed as average * standard deviation. Statistical analysis on mean
values were performed by Student’s t test or one-way ANOVA test followed by Tukey’s
test correction for multiple comparisons, and p< 0.05 was considered significant. In the
Raman experiments, median values instead of means were used because the data was
not normally distributed. In this case, median values were expressed as median *
standard deviation; the statistical analysis was performed using Mood’s median test
followed by Tukey’s test correction for multiple comparisons, and p< 0.05 was considered

significant.
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4.10. Supplemental Material

4.10.1. Section 1: Detailed methods

4.10.1.1. Determination of the crystallinity index (Cl) of the minerals by FTIR
The splitting of the v4 band can be used to estimate HA crystallinity index (ClI)

according to the formula introduced by Shemesh et al. (222):
Cl = (Aso5 + Asps) / Asgs, (i)
where Ay is the absorbance at wavenumber x (Figure 4S.2.B)

A higher degree of splitting and therefore a higher Cl correspond to more
crystalline materials (236). The Cl of samples of synthetic HA, bone and calcified aortas
are shown in the inset of Figure 4S.2.A. The CI of synthetic HA (3.4 £ 0.1, n = 3) is the
highest (p<0.005), while no statistically significant differences are present between the

minerals found in bone (2.4 £ 0.2, n = 3) and aorta (2.5 £ 0.1, n = 3).

4.10.1.2. Determination of the Full width at half maximum (FWHM) and
mineralization extent (ME) by Raman spectroscopy

We analyzed changes in mineral crystallinity and in the amount of minerals
deposited by measuring the full width at half maximum (FWHM) of the v1 phosphate peak
and the mineralization extent (ME), respectively. The FWHM is inversely proportional to
HA crystallinity (Figure 4S.3.B) (222).

The ME is defined as the inorganic to organic ratio, i.e. the ratio between the areas
under the peaks relative to the mineral component and those relative to the organic matrix
(Figure 4S.3.C). While the v1 phosphate peak between 945 and 962 cm' is always used
as the mineral marker in the literature, different bands were used as organic markers,

such as the amide | v C=0, the v CH, or the das CH2, CH3 peak (223). Here we chose to
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use the 8as CH2, CH3 peak at 1443 cm™' as marker of the organic matrix since it was well

defined on all our spectra:
ME = Ag4s.962/ A1443, (if)
where Ay is the area underneath the peak at the wavenumber x (Figure 4S.3.C)

The peak area calculation used to quantify the ME was performed by applying an
integration profile to all spectra, i.e. by calculating the area between two manually
selected points corresponding to the first and the last point of the peak. Only the area

above the baseline was included in the measurements.

4.10.1.3. Linear combination fitting (LCF) procedure

To identify the Ca-P phases present in the samples, we first select six reference
compounds (Figure 4S.5.): six Ca species that were identified in cardiovascular
calcifications (ACP, OCP, DCPD, B-TCMP, HA, and CHA) (169, 174, 193, 194, 202-204),
and Ca acetate (Ca(CH3COOQ)2), which may be a model of the very early stages of
calcification if the Ca ions were first absorbed on the organic matrix by forming complexes
with organic carboxyl groups. Then, we perform principal component analysis (PCA) to
determine which reference compounds should be excluded; based on the PCA results,
we exclude Ca(CH3COO). and B-TCMP from the reference samples for the fit. Finally, we
perform LCF using all the possible combinations of the reference compounds that were
selected by PCA, i.e. ACP, OCP, DCPD, HA, and CHA. We evaluate the quality of the
fits using the R-factor: fitting results with R-factor values below 0.02 are considered
satisfactory (227). We report the LCF combination giving the lowest R-factor for each

sample analyzed.
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4.10.1.4. Determination of the Ca/P ratios by micro-X-ray fluorescence (u-XRF)
The Ca/P ratios are based on the ratio between the Ca and P y-XRF spectral

intensities (counts) ratio. y-XRF spectral intensities were extracted from the Ca and P

maps using the SMAK software program (Figure 4.4). For each map region, we calculated

an averaged Ca/P ratio based on averaged p-XRF spectral intensities of 4 pixels.

4.10.2. Section 2: Supplemental figures

Figure 4S.1. Alizarin red (stains calcium) and alcian blue (stains proteoglycans) of the
thoracic of 5-day-old Mgp”-mouse showing the initial detection of calcified deposits in the
upper part of the descending aorta (black arrow).
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Figure 4S.2.(A) Representative FTIR spectra of (i) calcified aorta from a 5-week-old Mgp
" 'mouse, (ii) bone, and (iii) HA showing the triply degenerated v4 phosphate band used
to determine the Cl values. The inset shows the CI values for these three samples, (n =
3). * indicate significant differences between the different ages, with ** = P< 0.01, and ***
= P< 0.002. (B) Representative FTIR spectrum of calcified aorta from 5-week-old Mgp™-
mouse showing the triply degenerated v4 phosphate band used in Shemesh’s method to

determine the mineral crystallinity (222).
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Figure 4S.3. (A) Representative Raman spectra of (i) calcified aorta from a 5-week-old
Mgp+ mouse, (ii) mature bone, and (iii) HA. Representative Raman spectra (B and C) of
aorta from 5-week-old Mgp+mouse showing (B) the v; phosphate peak between 945 and
962 cm- and its FWHM, which was used to estimate mineral crystallinity, and (C) the two
peaks used to estimate the ME: the v, phosphate peak at 960 cm+used as inorganic
marker, and the 6 ..CH.,CH- band used as organic marker. The inorganic to organic ratio
was calculated as the ratio of the integrated areas of these two peaks.
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(A) and of the ME (B) determined by Raman spectroscopy on abdominal aortas from 1-
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Mgp+mice. For each age, 3 mice were analyzed, and 20 spectra were taken at different
points for each sample.
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Figure 4S.5. Representative XRD patterns of aortas from (i) synthetic HA, calcified aortas
from (i) 1-week, (iii) 3-week, and (iv) 5-week-old Mgp+mice and from (v) bone. (+) and (*)
signs indicate the peaks corresponding to collagen and HA, respectively. The labels on
the spectra refer to the HA planes visible on aorta and bone samples. For each age, 3
mice were analyzed.
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All the spectra of bone and aorta samples show a broad peak at about 20°
characteristic of collagen (237) (Figure 4S.5). All the other peaks correspond to the
diffraction peaks of HA (238). Only one well-defined diffraction peak centered at about
32° is present on 1-week and 3-week-old samples. This broad peak is the combination of
the peaks corresponding to the crystallographic planes (211), (121), and (300) of HA and
is indicative of a relatively low degree of crystallinity (239). In addition to this peak, mature
bone and 5-week-old aorta samples show three other peaks at about 40°, 47°, and 51°,
that correspond to the HA planes (310), (222), and (213), respectively (238). The
presence of these peaks only after 5 weeks suggests that the crystallinity of the minerals
in aorta samples increases with time. To confirm this, we estimated the degree of
crystallinity by calculating the FWHM of the peak corresponding to the planes (211),
(121), and (300). The FWHM decreases as the mice age increases, reaching the same
value measured on mature bone (2.0 +0.1, 1.5+ 0.1, and 1.1 £ 0.2 for the minerals found
after 1, 3, and 5 weeks in aorta samples, respectively, vs. 0.9 £ 0.2 for bone) (Table 4S.3).
The decrease in the collagen peak intensity over time may be explained by collagen

remodeling induced by calcification.
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Figure 4S.6.Representative Ca K-edge NEXAFS reference spectra of (i) Ca(CH.COOQO),,
(i) DCPD, (iii) ACP, (iv) OCP, (v) CHA and (vi) HA.
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Figure 4S.7. (A1, B1, and C1): SEM images of aortas from (A1) 1-week, (B1) 3-week,
and (C1) 5-week-old Mgp- mice. (A2, B2, and C2): Corresponding EDS spectra collected
at the sites indicated by the crosses on the SEM images A1, B1, and C1, respectively.
The Cal/P ratios were calculated based on the elemental atomic percentages.
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Figure 4S.8. SEM images of aortas from (A) 1-week, (B) 3-week, and (C) 5-week-old
Mgp+ mice. The numbered sites on A, B, and C indicate the spots where EDS spectra
were collected and they correspond to the data presented in Table 4S.7, Table 4S.8, and

Table 4S.9, respectively.
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4.10.3. Section 3: Supplemental tables

Table 4S.1. FTIR peak assignments for HA, bone, and calcified aorta from a 5-week-old

Mgp~- mouse.
Peak (cm) HA Bone Calcified aorta References
v OH 3571 3322 3306 (194, 240)
v N-H 2960 (194)
Vas CH2 2926 (194)
vs CH> 2855 (194)
v C=0 (carbonyls) 1743 (194)
& C=0 (amide 1) 1661 1654 (194, 240, 241)
vz CO3z* 1644 (173, 240)
v C-N (amide II) 1533 1534 (194, 240, 241)
vz CO3z* 1458 1449 1457 (173, 240)
6 C-H 1449 1457 (173, 240)
& C-H (amide 111) 1239 1241 (241)
v C-O 1165 (241)
vz POs* 1091 1094 1094 (173, 174, 194, 240, 241
vz POs* 1031 1046 1046 (173, 174, 194, 240, 241
vi POs* 962 955 963 (173, 174, 194, 240, 241
vz COs?% 863 869 (173, 174, 194, 240, 241
v OH 633 626 628 (240)
vs PO 602 603 604 (173, 174, 194, 240, 241)
vs PO 564 566 588 (173, 174, 194, 240, 241)
vz POs* 473 (173, 174, 194, 240, 241)

V... antisymmetric stretching; v.. symmetric stretching; §: bending
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Table 4S.2. Raman peak assignments for HA, bone, and calcified aorta from a 5-week-

old Mgp™ mouse.

Peak (cm) HA Bone Calcified aorta References
v C=0 (amide 1) 1659 1658 (235, 242, 243)
8as CH2, CH3 1448 1443 (203, 242, 243)
(proteins)

&s C-H (lipids) 1303 (242, 244)
8s N-H (amide IIl) 1250 1252 (235, 242, 243)
vi COs?% 1104 1103 (203)

vi COs?% 1086 1086 (242, 244)
vz PO4* 1072 1070 1072 (203, 243, 244)
vz PO4* 1046 1046 1046 (203, 243, 244)
vz PO4* 1032 1035 1031 (203, 243, 244)
v C-C phenylalanine 1003 1003 (242, 244)
vi POs* 960 945-962 945-962 (203, 243, 244)
v C-C proteins 870 868 (235, 242)
va PO4* 602 602 602 (244)
va PO4* 591 592 591 (244)
va PO4* 560 561 561 (244)
v2 PO4* 462 460 460 (244)
v2 PO4* 425 427 428 (244)

v: stretching; v .. symmetric stretching; ds: bending; das: antisymmetric bending
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Table 4S.3. Experimental FWHM values of the peak corresponding to the planes (211),
(121), and (300) for calcified aortas from 1-week, 3-week, and 5-week-old Mgp’ mice
calculated from XRD data.

Age (week) FWHM
1 2.0+0.17
3 15+0.1""
5 1.1+£0.2 "

** indicates significant differences between 1- and 3-week-old samples with P< 0.005.
*** indicates significant differences between 1- and 5-week-old samples with P < 0.001.
# indicates significant differences between 3- and 5-week-old samples with P < 0.02. (n=3)

Table 4S.4. Elemental Ca/N and Ca/P ratios determined by XPS on aorta sections from
1-week, 3-week, and 5-week-old Mgp~- mice.

Age (week) Ca/N Ca/lP
1 0.4+01 1.5+£0.2°
3 04+02% 1.6+03""
5 0.8+0.2** 1.8+03°

* indicates significant differences between 1- and 3-week-old samples with P< 0.02.
* indicate significant differences between 3- and 5-week-old samples with * = P < 0.05 and
= P<0.0001. (n=3)

Table 4S.5. List of Ca-P phases present in bone and their Ca/P molar ratios (179).

Name Formula Ca/P
Hydroxyapatite (HA) Ca10(PO4)s(OH)2 1.67
Dicalcium phosphate dehydrate
(DCPD) Ca(HPO4).2H20 1.0
Amorphous calcium phosphate (ACP) Cag(POa4)s 1.5
Octacalcium phosphate (OCP) CagH2(POa4)s. 5H20 1.33

Carbonated hydroxyapatite (CHA) Ca10-p(PO4)s-p(OH)2o(CO3)p (O<p<1) >1.67
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Table 4S.6. Percentages of HA, CHA, ACP, and OCP in calcified aortas from 1-week, 2-
week, 3-week, 4-week, and 5-week-old Mgp” mice determined by LCF using NEXAFS

spectra of reference samples, and R-factors of the LCF.

LCF results (%)

Sample (V\f;gei) HA CHA ACP OoCP R-factor
1 1 40+ 2 0 0 60+ 2 0.001623
2 1 30 +2 0 11+£2 50+8 0.000283
3 1 34 +1 0 373 273 0.000481
4 1 24 +3 16+ 6 34+ 3 273 0.000836
5 1 46 + 2 0 10+ 1 53+2 0.000883
6 2 40+ 2 0 62+ 2 0 0.001391
7 2 49 + 1 0 3312 16+ 2 0.000275
8 2 50+3 0 432 0 0.002424
9 2 35+1 0 42+ 3 172 0.000451
10 2 38+3 0 69 +3 0 0.003994
11 3 78 £ 1 0 21+ 1 0 0.000447
12 3 80 + 1 0 20 +1 0 0.000551
13 3 711 0 27 + 1 0 0.000412
14 3 82+2 0 15+ 1 0 0.000863
15 3 61+1 0 38 +1 0 0.000186
16 4 74 £ 1 14+3 15+3 0 0.000312
17 4 59 +1 1312 28+2 0 0.000157
18 4 44 + 1 24 + 1 313 0 0.000502
19 4 42 +1 23+2 3312 0 0.000237

20 4 57 +2 20+ 2 23+2 0 0.000902
21 5 902 0 10+ 1 0 0.000545
22 5 917 0 71 0 0.005459
23 5 83+2 0 19+2 0 0.000937
24 5 81+ 1 0 211 0 0.000538
25 5 86 + 1 0 15+ 1 0 0.000440
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Table 4S.7. Relative elemental atomic percentages in aorta from a 1-week old Mgp™
mouse. The spots 1-7 are shown in Figure 4S.8.A.

Spot C(at%) O (at%) N (at%) Ca(at%) P (at%) Mg (at%) CalP calC

1 39.4 34 4.3 9.6 6.5 0 1.5 0.2
2 87.4 12.3 0.1 0.2 0 0 / /
3 53.1 21.4 9.1 3.8 2.6 0 1.5 0.1
4 81.1 16 2.1 0.8 0 0 / /
5 31.7 45.6 0.7 13.2 8.9 0 1.5 0.3
6 86.5 13.4 0,2 0.1 0 0 / /
7 68.5 24.4 2.2 29 2 0 1.5 0.1

Table 4S.8. Relative elemental atomic percentages in aorta from a 3-week-old Mgp~
mouse. The spots 1-7 are shown in Figure 4S.8.B.

Spot C(at%) O (at%) N(at%) Ca(at%) P (at%) Mg (at%) CalP calC

1 52.6 16.2 14.2 16.1 0.7 0.2 23 0.3
2 52.4 15.1 11 12.9 8 0.9 1.6 0.3
3 36 36.3 2.3 16.3 8.8 0.7 1.9 0.5
4 50.5 19.1 13.6 10.6 6.5 0.1 1.6 0.2
5 59.4 13.6 8 11.2 7.6 0.4 1.5 0.2
6 60.7 13.3 9.5 15.9 0.4 0 40 0.3
7 57.8 12.5 11 18.1 0.5 0.2 36 0.3
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Table 4S.9. Relative elemental atomic percentages in aorta from a 5-week-old Mgp™-
mouse. The spots 1-7 are shown in Figure 4S.8.C.

Spot C(at%) O (at%) N(at%) Ca(at%) P (at%) Mg (at%) CalP calC

1 41 33.2 5.1 11.6 8.2 1.1 1.4 0.3
2 61.5 13.9 8.7 15.4 0.7 0.2 22 0.3
3 33.6 38.9 41 13.7 9 1 1.5 0.4
4 34.6 37.6 4 22.4 0.6 0.3 37 0.6
5 23.4 49.5 5.4 13.9 7.9 0.2 1.8 0.6
6 50.5 13.3 2.3 18.7 12.4 2.9 1.5 0.4
7 64.3 9.8 4.3 13.2 7.8 0.6 1.7 0.2
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Chapter 5. Crosslinked Elastin-Like Polypeptide (ELP) Membranes as a

Model for Medial Arterial Calcification.

In the previous chapter, we showed that mineral phase deposition in a mouse model
of medial calcification occurs through a precise series of events including the formation
of precursor phases and their further transformation into more crystalline apatite phases.
This suggests that mineral formation associated with ELN is a multistep process like bone
formation. However, the complexity of the artery’s structure hampers a molecular
understanding of this mechanism in vivo. Thus, in vitro models involving ELN could

greatly improve our understanding of this process.

In this study, we propose crosslinked ELP membranes immersed in SBF as an in vitro
model of medial calcification. We show that ELP fibers and filaments mineralize first,
suggesting that the fiber-like nature of ELN makes it prone to mineralization. Ca-P phases
form and evolve over time on ELP membranes similarly to what we previously reported
in MGP-deficient mice, showing that a model based on ELP membranes immersed in

SBF captures this crucial in vivo finding.

This work was published in the American Chemical Society journal

Biomacromolecules, in 2019.
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Ophélie Gourgas, Lisa D. Muiznieks, Dainelys Guadarrama Bello, Antonio Nanci, Simon
Sharpe, Marta Cerruti. Crosslinked Elastin-Like Polypeptide (ELP) Membranes as a

Model for Medial Arterial Calcification.

5.1. Abstract

Calcium phosphate minerals deposit on the elastin-rich medial layers of arteries in
the majority of seniors, diabetic and chronic kidney disease patients, causing severe
cardiovascular complications. There is no cure for medial calcification, and the
mechanism of mineral formation on elastin layers is unknown. Here we propose
crosslinked elastin-like polypeptide membranes as models to study medial calcification.
Calcium phosphates deposit first on fibers and filaments and then spread to globular
structures present in the membranes. Mineral phase evolution analyzed by near-edge x-
ray spectroscopy matches that previously observed in a mouse model of medial
calcification, showing that this simple system captures some of the key in vivo findings.
This work shows how minerals form and evolve upon nucleation on elastin and provides
an in vitro model that can be tuned to study hypotheses related to arterial calcification

mechanisms and test drugs to stop or revert mineralization.
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5.2. Introduction

Arterial calcification leads to the deposition of calcium phosphate (Ca-P) minerals on
the extracellular matrix (ECM) of the arteries. This pathological condition significantly
increases morbidity in patients suffering from life-threatening diseases, such as chronic
kidney disease (CKD), type 2 diabetes, and atherosclerosis (28, 216, 245). It is also
commonly seen in seniors and in patients with some genetic disorders (246). Currently,
there is no cure to arterial calcification and the treatments available are aimed only at

limiting its progression.

Mineral deposition occurs both in the intimal and medial layer of the arteries.
Intimal calcification is mainly associated with atherosclerosis while medial calcification is
mostly found in CKD and diabetic patients (14). Although they share common
determinants, intimal and medial calcifications follow distinct pathways. For example,
while intimal calcification involves osteochondrogenic transdifferentiation of vascular

smooth muscle cells (VSMCs), this is not a prerequisite for medial calcification (10).

Although the molecular mechanism of medial arterial calcification is still unknown,
several studies have shown the critical role of elastin (ELN) as mineral nucleator in this
process (15, 16, 107, 247). Specifically, it was shown that mineral deposition occurs
predominantly along and within the ELN-rich elastic laminae, and that collagen fibers are
not required for the initiation of calcification (15, 16, 107, 247).This was confirmed more
recently by Khavandgar et al. (248) who also showed that ELN haploinsufficiency
significantly delays the progression of medial calcification. Still, the physicochemical

details of mineral nucleation and growth and the sites of mineral deposition on ELN are
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unknown. This impedes our understanding of how minerals interact with the ECM,

especially ELN, and of the overall molecular mechanism of medial calcification.

Several studies have analyzed minerals formed in cardiovascular tissues and found
that the major inorganic phase is poorly crystalline non-stoichiometric carbonated
hydroxyapatite (CHA), similar in composition and structure to the mineral component of
bone (171, 172, 175, 182, 207, 219). In addition to CHA, other Ca-P phases were found
at early stages of calcification, such as amorphous calcium phosphate (ACP),
octacalcium phosphate (OCP), dicalcium phosphate dehydrate (DCPD), and magnesium-
substituted B-tricalcium phosphate (B-TCMP) (174, 193, 194, 202-204, 249). However,
most of these studies examined intimal arterial and valve calcifications (171, 172, 175,
182, 207, 219), and only few works have been reported on medial calcification (193, 204,
249). Intimal arterial and valve calcifications may not necessarily be associated with ELN
and may be induced by a different mechanism, thus leading to a different mineralization
pathway. In our recent work (250), we analyzed minerals formed in matrix gla protein
(MGP)-deficient mice, a mouse model for medial calcification. We showed that mineral
deposition associated with ELN happens through a precise series of events: adsorption
of Ca ions, formation of ACP and OCP, and further transformation to HA and CHA. This
suggests that mineral formation in medial calcification is a multistep process like bone
formation (188, 189, 251), starting from amorphous and poorly crystalline precursors and
leading to more crystalline apatite deposits. However, more work is needed to confirm
these results and to fully understand the ELN mineralization process. In fact, the

complexity of the artery’s structure hampers a molecular understanding of this
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mechanism in vivo. Thus, in vitro models involving ELN could greatly improve our

understanding of this process.

A major difficulty of this approach is that ELN is highly water insoluble (252). ELN self-
assembles from its monomeric precursor, tropoelastin, through coacervation and
subsequent formation of intermolecular crosslinks (89). Tropoelastin is a highly (>75%)
non-polar protein characterized by hydrophobic sequences, or domains, that alternate
with lysine-containing crosslinking domains. Hydrophobic domains are rich in glycine,
valine, and proline residues that are commonly arranged into repetitive motifs such as
Val-Pro-Gly and Pro-Gly-Val-Gly (89, 90). Early studies used solubilized ELN obtained
from natural tissues through partial hydrolysis to build in vitro models for medial
calcification (98, 99, 104, 105, 107-110). Among them, some suggested charged groups
such as sulfhydryl, amino, and carboxyl groups as nucleation sites for ELN mineralization
(98, 99, 104, 105); however, Starcher and Urry showed that a solubilized form of ELN in
which all the carboxyl and amino groups were blocked provided an excellent matrix for
calcification in vitro (107). This is consistent with the proposal that neutral binding sites
(i.e. carbonyl groups) on ELN can bind Ca (108, 109). Although these studies suggested
that Ca ions are adsorbed first on ELN, the results from another study also using
solubilized ELN as an in vitro model suggested that the formation of minerals on ELN is
initiated via adsorption of inorganic P (110). Possibly, one of the reasons behind these
contradictory results is the heterogeneity of solubilized ELN. In fact, extraction and
purification of solubilized ELN from animal sources result in a heterogenous mixture of

hydrophobic ELN fragments that are partially crosslinked, rather than the alternative
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domain structure observed in natural full-length ELN (89, 111). Also, solubilized ELN

shows evidence of degradation and contains high levels of contaminants (112).

An alternative to solubilized ELN are synthetic ELN-like polypeptides (ELPs)
representative of the whole structure of the protein. In 1974, Urry et al. first developed an
artificial polypentapeptide (HCO-(Val-Pro-Gly-Val-Gly),-Val-OMe, 10 < n < 15) mimicking
the repeated hydrophobic motifs found in tropoelastin (113). After this, several ELPs
composed of segments of alternating hydrophobic and crosslinking domains (90, 114-
120), or the full-length monomer (90, 91, 121, 122), were produced through bacterial
expression. ELPs self-organize into structures resembling native ELN through
coacervation. Several researchers used ELPs with various combinations of hydrophobic
and crosslinking domains to explore ELN structure and self-assembly in vitro (90, 114-
120), thus overcoming the limitations of the previous studies based on heterogeneous

and partially crosslinked solubilized ELN.

Not only do ELPs self-assemble in vitro, but they can also be crosslinked to form ELN-
based matrices that have physical and elastic properties approaching those of native
insoluble ELN (117, 118, 123). ELPs in this crosslinked form have been extensively used
as biomaterials for tissue engineering applications, including enamel, cartilage, and bone
regeneration, and vascular grafts (124-134). In most of these studies, the ELN sequence
was modified by the addition of one or more bioactive sequences, for example to promote
mineralization (i.e. Statherin-derived peptide) (125-129, 134), mesenchymal stem cell
adhesion (i.e. RGDS sequence), or endothelial cell adhesion (i.e. REDV sequence) (126,

129, 130).

97



Despite the large literature on ELP-based materials, especially as platforms for
promoting hard tissue regeneration, ELP-based matrices have not been explored as
models to understand arterial calcification. Even more surprisingly, no new in vitro models
of ELN calcification have been reported since the early studies using solubilized ELN
such that the nucleation sites on ELN and the overall mechanism of mineral formation

remain poorly understood.

To address this gap, in this study we use crosslinked ELP membranes as an in vitro
model for medial arterial calcification. We induce ELP self-assembly by adding salt and
heat; we do not use any organic solvent during this process. As crosslinker, we employ
genipin, a natural plant-derived compound with excellent biocompatibility (253). We
conduct the mineralization experiments in simulated body fluid (SBF) at physiological pH
and temperature. This system allows us to more closely emulate the in vivo condition of
ELN calcification, while providing us with a simple model for studying the temporal
evolution of medial calcification. We analyze mineral phases formed on ELP membranes
by combining traditional microscopic and spectroscopic techniques with synchrotron-

based near-edge x-ray absorption fine structure spectroscopy (NEXAFS).

5.3. Materials and methods

5.3.1. Materials

Genipin (298.0% by HPLC) was purchased from Challenge Bioproducts (Taiwan,
China). Sodium chloride (NaCl, 299.0%), and hydrochloric acid (HCI, ACS reagent, 36.5
to 38.0% (w/w)) were purchased from Fisher Scientific (Ottawa, ON, Canada). Sodium
tetraborate decahydrate (Na2B40O7.10H20, ACS reagent, 99.5-105.0%) sodium hydrogen

carbonate (NaHCO3, 299.0%), potassium chloride (KCI, BioXtra, 299.0%), potassium
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phosphate dibasic trihydrate (KoHPO4-3H20, 299.0%), magnesium chloride hexahydrate
(MgCl2-6H20, BioXtra, 299.0%), calcium chloride (CaClz2, 297.0%), sodium sulfate
(Na2S0s4, ACS reagent, 299.0%), tris(hydroxymethyl)aminomethane (NH2C(CH2OH)3)
(Tris), ACS reagent, 299.8%), amorphous calcium phosphate (Cas3(PO4)2.3H20 (ACP)),
dicalcium phosphate dihydrate (Ca(HPO4).2H2.0 , (DCPD)), and B-tricalcium phosphate
(Ca1g(Mg)2H2(PO4)14, B-TCMP)) were purchased from Sigma-Aldrich (Oakville, ON,
Canada). Hydroxyapatite (Ca10(PO4)s(OH)2 (HA)) was obtained from the National Institute
of Standards and Technology (NIST). The Epon resin kit was purchased from Electron

Microscopy Sciences (EMS; Hatfield, PA, USA). All materials were used as received.

Carbonated hydroxyapatite (Ca105(POa)ep(OH)2-5(CO3), (0<p<1), (CHA)) and
octacalcium phosphate (CasH2(PO4)s. 5H20, (OCP)) were prepared following methods

previously described in (254) and (255), respectively.

5.3.2. ELP3 expression and purification

ELP3in a pET-32b vector was cloned and overexpressed in E.coli BL21(DE3) cells as
previously described (114). Briefly, expression was induced with isopropyl [-D-1-
thiogalactopyranoside (0.1 mM) when the optical culture density (Asoonm) reached ~1.
Cells were grown a further 3 h, (200 rpm, 37 °C) and harvested by centrifugation (6000
rom, 15 min). Cell pellets were digested overnight (1g CnBr in 20 mL 70 % formic acid
per liter culture) and dialysed (3500 MWCO dialysis tubing, Spectropor) against Na
acetate (20 mM, pH 5.25) for 24 h. ELP3 was purified from cleared cell lysate by ion
exchange chromatography (SP Sepharose, Amersham Bioscience), eluted with a linear
gradient of NaCl (0-220 mM) in 20 mM Na acetate buffer, pH 5.25. A final purification was

carried out by HPLC (Jupiter C4 10 um 300 A column, Phenomenex), eluted with a linear
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gradient of 25-50% acetonitrile. Purity, integrity and molecular weight of lyophilized
proteins were confirmed by mass spectrometry (SPARC BioCentre, Hospital for Sick

Children). Protein was stored lyophilized until use.
5.3.3. ELP3 membrane preparation

Recombinant ELP3-based membranes were prepared via coacervation and
subsequent crosslinking by genipin as described previously (123). Briefly, purified and
lyophilized ELP3 was dissolved in 0.15 M sodium borate buffer (pH 8) to a final
concentration of 10 mg/mL. The ELP3 solution was incubated for 2 hours at 4 °C to allow
complete dissolution. ELP3 membranes were then prepared in the wells of Lab-Tek
chamber slides: ELP3 solution was added in the wells to a final concentration of 10
mg/mL; then, NaCl and genipin were added to final concentrations of 0.8 M and 10 mM,
respectively. The sample chamber slide was then carefully placed into a styrofoam
support and transferred to a flat-bottomed centrifuge bucket pre-warmed at 37 °C. Then,
the bucket was inserted into a temperature-controlled swinging-bucket centrifuge pre-
warmed at 37 °C and was spun at 3200 rpm for 7 min at 37 °C. The sample slide was
then immediately placed in an incubator set at 37 °C and left overnight for the crosslinking
reaction to occur. The membranes were removed from the chamber slide by gently

flushing with distilled water and stored in water at pH 7 until use.
5.3.4. In vitro mineralization of ELP3 membranes in simulated body fluid (SBF)

SBF with ionic concentration 1.5 times higher than serum (1.5xSBF) was prepared
according to Kokubo et al. (256), and sterilized by filtering through a 0.2 pm
polyethersulfone filter (Thermo Scientific, USA). ELP3 membranes with lateral sizes of 0.5

cm x 0.5 cm were immersed vertically in Eppendorf tubes containing 500 pL of 1.5xSBF
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and stirred at a speed of 50 rpm inside an incubator at 37 £ 0.5 °C. The SBF solution was
changed every 3 days to mimic the constant ion concentrations present in body fluids.
The membranes were sampled at 8, 16, 24, 28, and 32 days, and rinsed in deionized
water for 3 times, 20 minutes each time, to remove the salts. The samples were then

dried under vacuum overnight or kept hydrated in water, as needed for following analysis.

5.3.5. Scanning electron microscopy (SEM) and energy-dispersive X-ray

spectroscopy (EDS)

ELP3 membranes incubated in 1.5 x SBF for 8, 16, 24, 28, and 32 days were
characterized using a combination of SEM and EDS. Samples were mounted on an
aluminium SEM stub with carbon tape, and then coated with about 20nm carbon using a
EMS 150R ES carbon sputter coater (EMS, Hatfield, USA). The samples were then
imaged using an Inspect F50 field emission SEM (FE-SEM) (FEI, Japan), at 15 kV
operating voltage under high vacuum. EDS spectra and elemental maps were obtained
at 15 kV in the regions of interest using an Octane super 60 mm? EDS system (EDAX

Inc., USA).

Further compositional and topographical information on the minerals present in 32
day-old samples were obtained using a Regulus 8230 ultra-high-resolution FE-SEM
(Hitachi, Ltd., Japan) operated at 0.8 kV. EDS spectra and elemental maps of regions of
interest were obtained at 10 kV using an X-Max Extreme EDS system (Oxford

Instruments, Abingdon, UK).

Cross sections of 32 day-old samples were prepared using a IM4000PIlus Ar lon

Milling System (Hitachi, Ltd., Japan). Images were obtained using the Regulus 8230 FE-
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SEM operating at 0.5 kV and EDS spectra were acquired using the X-Max Extreme EDS

system, as above.

5.3.6. Transmission electron microscopy (TEM) and selected area electron

diffraction (SAED) analyses

5.3.6.1. Sample preparation

For resin embedding, air-dried 32 day-old samples were processed through a graded
acetone series (30%, 50%, 70%, 90%, 95%, and two times 100% (v/v)) for 15 minutes in
each solution. The samples were then infiltrated (a) overnight with a 1:1 mixture of pure
acetone and epoxy resin (EMbed-812b, DDSA, NMA, DMP-30; EMS) prepared
according to the manufacturer’s instructions, (b) in a 1:3 mixture for 6 hours, (c) in pure
epoxy resin overnight, and (d) in pure resin two times for 60 minutes. All these steps were
performed under vacuum and at room temperature. Finally, the samples were embedded
in pure resin, briefly passed under vacuum to remove any air bubbles, and finally

transferred into an oven at 60 °C for two-day polymerization.
5.3.6.2. Focused ion beam (FIB), TEM AND SAED

Thin lamellae of the embedded samples (~ 100 nm thickness) were prepared using
an Ethos NX5000 FIB system (Hitachi Ltd., Chiyoda, Japan) and examined in a JEM-
2100F field emission TEM (JEOL, Akishima, Japan) operated ar 200 kV. SAED were
obtained in the TEM operating at 200 kV. The Gatan Microscopy Suite® (GMS) 3 software

was used for analysis of the SAED patterns.
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5.3.7. Fourier Transform infrared (FTIR) spectroscopy

FTIR spectra of dried ELP; membranes were collected on a Spectrum 400 FT-IR
spectrometer (PerkinElmer, Waltham, USA) equipped with an attenuated total reflection
(ATR) accessory and a temperature stabilized fast-recovery deuterated triglycine
sulphate (FR-DTGS) detector. The spectra were collected between 400 and 1800 cm™’
with a resolution of 4 cm™ and using 64 scans. The collected spectra were baseline
corrected and then normalized based on the absorbance of the v C=0 amide | band at
1634 cm™' using Spectrum software (PerkinElmer, Waltham, USA). Three samples per

condition were analyzed.

5.3.8. X-ray diffraction (XRD)

XRD diffractograms of dried ELPs membranes were obtained using a Bruker D8
Discover X-ray diffractometer (Bruker AXSS Inc., Fitchburg, USA) equipped with a Cu Ka
source (Kai A=1.54 A), and a monochromator operated at 40 mV and 40 mA within the

10° to 80° range in 26. Three samples per condition were analyzed.

5.3.9. X-ray photoelectron spectroscopy (XPS)

The atomic composition of the ELP3 membranes was characterized using a
Thermo Scientific Ka spectrometer (ThermoFisher Scientific, USA), equipped with an Al
Ka X-ray source (1486.6 eV, 0.843 nm), a micro-focused monochromator, and an
ultrahigh vacuum chamber (10°Torr). Survey scans and high-resolution spectra were
acquired with an X-ray spot with a diameter of 400 um. Three survey scans were collected
for each sample, between 0 and 1200 eV with a step size of 1 eV. Elemental high-
resolution scans were acquired with a step size of 0.1 eV. To prevent charging, samples

were hit with a flood gun shooting low energy electrons during the measurement. For
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each membrane, four points were randomly selected, and three samples were analyzed
per condition. Peak fitting and quantitative analysis of the survey spectra were performed

using the Thermo Advantage software (version 4.60).

5.3.10. Raman spectroscopy

The ELP3 samples were analyzed using a Senterra Raman spectrophotometer
(Bruker, Germany) equipped with 532, 633, and 785 nm diode lasers coupled with an
Olympus optical microscope. The spectra were acquired using a 40x objective, in a
spectrum range from 400 to 1800 cm at a resolution of 3.5 cm™'. The samples were also
analyzed using a MultiRAM stand-alone FT-Raman spectrometer (Senterra, Bruker,
Germany) equipped with a Nd:YAG laser sample excitation source of 1064 nm. The
spectra were also acquired in a spectrum range from 400 to 1800 cm™' at a resolution of
3.5 cm™ The data was analyzed using OPUS software (OPUS 7.0.0, Bruker, Karlsruhe,

Germany).

5.3.11. Uniaxial tensile testing

Genipin crosslinked ELP3 membranes (0.5 x 0.5 cm) were mounted between the top
and bottom grips of a Mach-1 mechanical tensile testing apparatus with a 1000 g load
cell (Biosyntech, Montréal, Canada). Force-extension curves were obtained for
membranes in deionized water using cycles of loading/ unloading to a strain of 25% initial
resting length, Lo, and a rate of 103.6 um/s. Membranes were preconditioned with 3 cycles
of loading/ unloading and subsequently extended to break. Failure strain (extension) was
calculated from strain at break as AL/Lo, change in length normalized by the resting length
of the material. Strength was measured as the stress at break, where stress was

calculated as failure load/ cross-sectional area. As membranes were too thin to directly
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measure cross-sectional area, normalized cross-sectional area was determined as [(dry
weight/ elastin density) + dry weight x (water content/ water density)]/ Lo. Values for the
density of insoluble elastin (1.3 g/m3) and water content of genipin crosslinked ELPs
(2.13%) were previously calculated (257). Dry weight of samples (i.e. mg protein exposed
between grips) was determined using a ninhydrin colourimetric assay (Sigma Aldrich)
following the method of Starcher (258) after overnight hydrolysis (HCI, 6N, 100C) of
samples and ELP3 standards of known concentration. Data are expressed as mean +
standard deviation, n=5-8. Statistical analyses were performed using an unpaired

student’s t-test with Welch’s correction for unequal variance.

5.3.12. Ca K-edge near edge X-ray absorption fine structure (Ca K-edge NEXAFS)
spectroscopy

Ca-P phases present in ELP3 membranes were characterized using Ca K-edge
NEXAFS spectroscopy at the bulk-XAFS end-station of the Soft X-ray
Microcharacterization Beamline (SXRMB) at the Canadian Light Source (CLS),
Saskatoon, Saskatchewan. Powdered reference compounds of known chemical
compositions were also analyzed, including ACP, OCP, DCPD, HA, CHA, B-TCMP. We
also analyzed ELP; membranes incubated in 3.8 mM of CaCl; solution (ELP3-Ca?*), as
possible models of the early stages of calcification with only Ca ions adsorbed on the
ELP3 matrix. Spectra were collected with energies between 1.7 and 10 keV and with a
photon beam spot size of 2 mm x 6 mm. Reference spectra were collected in transmission
mode while spectra of ELP3 membranes were collected in fluorescence mode. The
spectra were calibrated, aligned, and normalized using Athena software (Demeter

0.9.20). Principle component analysis (PCA) was first performed on the spectra to avoid
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using an excessive number of references in the fitting. Then, linear combination fitting
(LCF) was performed on the NEXAFS regions of the spectra using combinations of the
reference samples selected by the PCA. The quality of the fits was evaluated by the R-
factor value: values below 0.02 indicate that the fitting results are satisfactory (227). For
each spectrum, the best LCF combination (i.e. the combination giving the lowest R-factor)

was retained. PCA and LCF were performed using Athena software.
5.3.13. Statistical analysis

Statistical data analysis was performed using GraphPad software, Inc. (2016). Mean
values were expressed as average * standard deviation. Statistical analysis on mean
values was performed by Student’s t-test or one-way ANOVA test followed by Tukey’s

test correction for multiple comparisons, and p< 0.05 was considered significant.

5.4. Results and Discussion

Recombinantly expressed ELP3 contains an alternating arrangement of crosslinking
and hydrophobic domains that are simplified representations of repetitive sequence
motifs commonly found in human tropoelastin (Figure 5S.1) (259). ELP3 coacervates and
forms a protein-rich liquid phase in presence of NaCl at 37 °C (120). After overnight
crosslinking with genipin, we obtain elastic dark blue ELP3 membranes (see inset in
Figure 5.1.A). SEM images show that the membranes mainly consist of clusters of
spherical droplets about 1 to 6 um in diameter, either smooth or rough (Figure 5.1). Thin
filaments (about 5 nm in diameter) and fiber-like structures (about 100 to 300 nm in
diameter) link the droplets to one another (Figure 5.1). The atomic composition of

droplets, thin filaments, and fiber-like structures are not significantly different (Figure 5S.2

106



and Table 5S.1). The spherical droplets were already reported in in vitro assembly of both
full-length tropoelastin (89, 91, 122, 252) and ELPs (90, 119, 120, 257, 260). It was shown
that droplets grow by coalescence over time and that droplet size and long-term
morphology can be influenced by the primary sequence of the ELP used (90). Similar
tropoelastin-rich globules of 1 to 6 um diameter are a feature of elastogenesis in vivo
where they are transformed over time into a more fibrous appearance (261, 262). Both
thin filaments and fibers seem to be more advanced self-assembled structures compared
to ELN droplets, and are similar in morphology and diameter to those observed in

previous studies of elastogenesis (91, 263, 264).

Figure 5.1. (A-B) Scanning electron microscopy (SEM) images of ELP3 membranes.
Inset figure on (A) is a photo of a hydrated ELP3 membrane.

After 8 days of incubation in 1.5 x SBF, relatively few minerals deposits are observed
on the droplets (Figure 5.2.A and Figure 5.2.B). Ca/P ratios determined by EDS vary
between 1.3 and 1.5 (Figure 5S.3.A and Figure 5S.3.B; Table 5S.2). Although EDS is
more reliable on flat and homogenous samples due to the influence of the surface

roughness on the x-ray intensity, these results suggest that minerals are composed of
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mixed Ca-P phases but do not contain HA or CHA at this stage (Table 5S.3) (179).
Several spots show much higher Ca/P ratios (Figure 5S.3.A, spots 1 and 3) or only Ca
and no P (Figure 5S.3.B, spot 6) suggesting that Ca ions are adsorbed on the ELN
membranes. Overall, elemental analysis on the filaments and fiber-like structures show
higher atomic percentages of Ca and P than on the droplets (Figure 5S.3.B, spots 4 and
5), implying that they are the first structures to be mineralized. This is confirmed by lower
N/Ca ratios measured on these spots (Table 5S.2). However, the Ca/P ratios are similar
to those found on the globules, indicating that the minerals formed on these structures
are also a mix of non-apatitic Ca-P phases (Figure 5.2.B; Figure 5S.3.A and Figure

5S.3.B; Table 5S.2).

No significant changes in mineral deposition and Ca/P ratios are observed after 16
days, suggesting that apatite phases are still not formed at this stage (Figure 5.2.C and
Figure 5.2.D; Figure 5S.3.C and Figure 5S.3.D; Table 5S.4); however, the filaments and
fiber-like structures are much more mineralized than at 8 days (Figure 5S.3.C, spots 1

and 2 and Figure 5S.3.D, spots 4 and 6).

Overall, the SEM/EDS data on samples incubated in SBF for 8 and 16 days show that
Ca ions are first adsorbed on the ELP3 membranes. This finding is in agreement with
some of the early in vitro studies showing that mineral formation starts with the initial
adsorption of Ca on the ELN matrix (108, 109). This also agrees with the results of our in
vivo study showing that medial calcification is initiated by the deposition of Ca ions (250).
These results also show that mineral deposition first occurs on the filaments and fiber-

like structures.
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Figure 5.2. Scanning electron microscopy (SEM) images of ELPs membranes after
incubation in 1.5 x SBF for (A and B) 8, (C and D) 16, (E and F) 24, and (G and H) 28
days. The Ca/P ratios indicated on B, D, F, and H are based on elemental atomic
percentages obtained by energy-dispersive x-ray spectroscopy (EDS). Inset on H is an
SEM image showing the morphology of the minerals deposited on the ELP3 membranes

after 28 days.
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This finding emphasizes that ELN is highly vulnerable to calcification. Indeed, to perform
its function and provide elasticity and flexibility to blood vessels, ELN has to be assembled
into fibers; however, these self-assembled fibers and filaments seem to be the structures
that are more prone to mineralization, as if this configuration exposed a larger fraction of
nucleation sites for interaction with Ca ions. Further work will be needed to understand

this intriguing result.

After 24 days, more minerals form on the droplets, with Ca/P ratios going from 1.5 to
1.7, implying that at this stage the minerals are likely composed of both non-apatitic and
apatitic phases (Figure 5.2.E and Figure 5.2.F; Figure 5S.3.E and Figure 5S.3.F; Table
5S.5). After 28 days, minerals in the form of thin flakes in radial arrangement are observed
on the droplets (Figure 5.2.G and Figure 5.2.H). This is the typical microstructure of HA
in vitro and is reported in many other studies (265-268). Except for few spots where Ca/P
ratios are lower than 1.6 (Figure 5S.4.A, spots 1 and 2), most of the Ca/P ratios are in the
range of HA and CHA, suggesting that more apatite phases are formed (Figure 5S.4.A
and Figure 5S.4.B; Table 5S.6). However, not all the globules are coated by HA flakes,
and some of them are only partially covered (see spot 1 on Figure 5S.4.A). The filaments
and fiber-like structures contain very high atomic Ca and P percentages and are highly

mineralized (Figure 5S.4.B, spot 5).

After 32 days, all the globules are covered by aggregates of HA and the Ca/P ratios
are all higher than 1.6, indicating that at this stage the minerals are mainly composed of
HA and CHA (Figure 5.3.A and Figure 5.3.E; Figure 5S.4.C and Figure 5S.4.D; Table
5S.7). The globules, filaments, and fiber-like structures contain very high Ca and P atomic

percentages, and thus very low N/Ca ratios (Table 5S.7). EDS mapping reveals that Ca,
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P, and oxygen (O) co-localize (Figure 5.3.B-Figure 5.3.D) and are primarily present within
the mineral particles (seen as lighter areas in the backscattered electron image; Figure
5.3.A). On the contrary, carbon (C) and nitrogen (N) are mainly localized within the parts
of the globules that are not coated by HA (Figure 5S.5.B and Figure 5S.5.C, respectively).
Cross section backscattered electron images of 32 day-old ELP3 membranes show lighter
regions only around the ELN droplets, thus suggesting that the minerals are not
penetrating inside the globules (Figure 5.3.F and Figure 5S.6.A). This is further confirmed
by EDS analysis showing Ca and P only on the external surface of the ELP3 globules
(Figure 5S.6.B and Figure 5S.6.C). This indicates that the mineral layers deposited on
the surface prevent the diffusion of Ca and P ions into the ELN globules from the SBF

solution.

High-resolution TEM images of FIB sections from 32 day-old ELP3 membranes
confirm the presence of rod-shaped mineral crystals deposited on the ELN droplets
(Figure 5.3.G). At even higher resolution, several sets of lattice fringes with predictable
spacings can be seen over a whole area of minerals (Figure 5.3.H). The SAED patterns
reveal diffraction rings corresponding to poorly crystalline HA, similar to what observed in

native bone (Figure 5.3.1) (JCPDS# 09-0432) (269).
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Figure 5.3. (A — F): Scanning electron microscopy (SEM) image (A) and energy-
dispersive x-ray spectroscopy (EDS) elemental mapping for Ca (B), P (C), and O (D) of
ELP3s membranes after incubation in 1.5 x SBF for 32 days. (E) High magnification SEM
image showing the morphology of the minerals deposited on the ELP3z membranes after
32 days. (F) Cross section view of ELP3 membranes incubated in 1.5 x SBF for 32 days.
(G and H) High-resolution transmission electron microscopy (TEM) images of an ultrathin
section of ELP3 membranes incubated in 1.5 x SBF for 32 days showing the crystals
deposited on the membranes. (I) Selected area electron diffraction (SAED) image from
mineral region imaged in (G).

We further analyzed the mineral phases present in the calcified ELP3 samples, their
crystallinity, and their amounts by FTIR, XRD, and XPS (Figure 5.4.A-Figure 5.4.D). FTIR
spectra of ELP3 membranes incubated in SBF show the v1 phosphate band at 963 cm’
and the degenerate vs vibration at 1030 and 1109 cm™ related to HA starting from 24
days; they become more and more visible with time (Figure 5.4.A) (191, 240). While the

vs peak at 1030 cm™' is characteristic of highly crystalline apatite, the vs peak at 1109 cm-
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' has been assigned to poorly crystalline apatite (191, 270, 271). Thus, we estimated
mineral crystallinity by analyzing the area ratio 1030/1109 cm™ (272). This ratio
significantly increases from 24 to 32 days, suggesting that the minerals become more
crystalline over time (Table 5S.8). By comparing the area underlying the v3 phosphate
peak between 1030 and 1109 cm™ with that of the vc-0 peak for amide |, we can also
analyze the changes in inorganic to organic ratio over time (Table 5S.8). The ratios found
after 8 and 16 days are very low and do not significantly increase over time. After 16 days,
the inorganic to organic ratios significantly increase over time, thus showing that overall
more minerals are deposited. A complete list of peak assignments is presented in Table

5S.9.

XRD spectra confirm the presence of HA starting from 24 days (Figure 5.4.B; see the
broad peak centered at about 32° that is the combination of the peaks corresponding to
the crystallographic planes (211), (121), and (202) of HA) (JCPDS# 09-0432). In addition
to this peak, after 32 days, the XRD spectra show six other peaks corresponding to the
planes (002), (210), (212), (222), (213), and (304) of HA. The presence of these peaks
only after 32 days confirms that the HA crystallinity increases with time (238). We
estimated the crystallinity of the HA deposits by calculating the full width at half maximum
(FWHM) of the peak corresponding to the HA planes (211), (121), and (202); this value
inversely correlates with HA crystallinity. FWHM values significantly decrease between
24 and 32 days (1.4 £ 0.1 vs 1.0 £ 0.2, p = 0.0059), confirming the increase in mineral

crystallinity.
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Although only C, O, and N are present on the XPS survey spectra of ELP3; membranes
before incubation in SBF, the XPS surveys of samples immersed in SBF show additional
Ca and P (Figure 5S.7; Table 5S.10). This confirms the presence of Ca-P phases in the
samples incubated in 1.5 x SBF starting from 8 days. While the N/Ca ratios are constant
between 8 and 16 days, they significantly decrease between 16 and 32 days, thus
confirming that mineral amounts increase significantly after 16 days (Figure 5.4.C; Table
5S.10). Also, average Ca/P ratios significantly increase over time after 16 days, with
values increasing from 1.4 £ 0.1 to 1.8 £ 0.2 after 32 days incubation (Figure 5.4.D; Table
5S.10). This increase is correlated to a change in Ca-P phases (Table 5S.3) and is in
agreement with changes in mineral morphologies and Ca/P ratios observed by SEM/EDS.

Overall, these data suggest that more apatite is formed over time.

We attempted to use Raman spectroscopy to characterize the minerals present in the
ELP3 samples; however, we were not able to get a good Raman signal due to a large
fluorescent background (Figure 5S.8). ELN is one of the main fluorophores in biological
tissues (273), and several other studies have already reported difficulties in getting

Raman spectra of ELN samples due to the high fluorescence background (274, 275).

Tensile tests on non-calcified ELP; membranes show that the mechanical properties
of the membranes are similar to native elastic fibers, with ultimate tensile strength (~ 0.8

MPa) of the same order of magnitude to that of native elastic fibers (Figure 5.4.E) (276).
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Figure 5.4. (A) Representative Fourier transform infrared (FTIR) spectra of ELP3
membranes after incubation in 1.5 x SBF for (i) 8, (ii) 16, (iii) 24, (iv) 28, and (v) 32 days.
Arrows show vs PO4® vibration bands discussed in the text. The spectra were normalized
based on the absorbance of the v C=0 amide | band at 1634 cm™'. For each time point,
3 samples were analyzed. (B) Representative x-ray diffraction (XRD) patterns of ELP3
membranes after incubation in 1.5 x SBF for (i) 8, (ii) 16, (iii) 24, and (iv) 32 days, and
from (v) synthetic HA. (*) and (*) signs indicate the peaks corresponding to ELN and HA,
respectively. The labels on the spectra refer to the HA planes present on ELP3z membrane
samples. For each time point, 3 samples were analyzed. N/Ca (C) and Ca/P ratios (D)
determined based on x-ray photoelectron spectroscopy (XPS) surveys in ELP3

115



membranes incubated in 1.5 x SBF. For each time point, 3 samples were analyzed, and
4 XPS surveys were collected at different points for each sample. One-way ANOVA test
followed by Tukey test correction for multiple comparisons were used for statistical
analysis. * indicate significant differences between the different time points, with * = P<
0.05, ** = P< 0.005, and *** = P< 0.0001 (E) Ultimate tensile strength calculated based
on the stress-strain curve in control samples and ELP3 membranes incubated in SBF. T-
test was used for statistical analysis. ** indicate significant differences with the 32-days
old samples, with P< 0.02. (F) Representative Ca K-edge near-edge x-ray absorption fine
structure spectroscopy (NEXAFS) spectra of ELP3 membranes incubated in 1.5 x SBF
for (i) 8, (ii) 16, (iii) 24, and (iv) 32 days. The labels on the spectra refer to the different
electronic transitions. (G) Relative percentages of ELP3-Ca?*, ACP, OCP, HA, and CHA
in ELP3 membranes incubated in 1.5 x SBF determined by linear combination fitting (LCF)
based on the reference spectra. Two samples were analyzed for each time point and
three spectra by sample were collected.

Both ultimate tensile strength and extension (~ 0.5 mm/mm) values are in the normal
range for materials formed from both ELPs and tropoelastin (Figure 5.4.E and Figure
5S.9, respectively) (120, 257, 277, 278). Results on calcified samples show no significant
differences in mechanical properties for the ELP; samples incubated in SBF for 8, 16, and
24 days, compared to the non-incubated membranes. However, both the extension and
ultimate tensile strength of the calcified ELP; membranes decrease after 32 days of
incubation in SBF (Figure 5.4.E and Figure 5S.9). This correlates well with the drastic

increase both in mineral amount and crystallinity.

Overall, SEM/EDS, FTIR and XPS show that the amount of mineralization significantly
increases over time from 16 to 32 days. No significant increase in mineralization is shown
by FTIR and XPS between 8 and 16 days; however, SEM/EDS analyses on the different
ELN structures reveal that while the amounts of Ca and P are not significantly different
between 8 and 16 days on the ELN droplets, they significantly increase both on the thin
filaments and fiber-like structures, which are the first ones to mineralize. Both SEM/EDS

and XPS show that the increase in mineral amount over time is associated with an overall
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increase in Ca/P ratios, thus suggesting a change in mineral phases. On average, Ca/P
ratios lower than 1.6 are reported before 24 days, indicating non-apatitic phases. Both
techniques show that after 24 days, apatite phases dominate with Ca/P ratios higher than
1.6. The ratios further increase with time, implying that more apatite is formed. This is
further confirmed by FTIR and XRD, which show HA only after 24 days and an increase
in mineral crystallinity over time. All techniques show a drastic difference in mineral
amount and crystallinity after 32 days. This is supported by the significant loss of

mechanical resistance of the ELP3 membranes only in the 32 day-old samples.

While SEM/EDS, FTIR, XRD, and XPS show that overall minerals evolve from non-
apatitic to more crystalline apatite phases over time, these techniques cannot determine
the nature of Ca-P phases present in the calcified ELP3 membranes. To identify and
quantify the mineral phases present in the samples, we further analyzed the calcified
ELP3 membranes using Ca K-edge NEXAFS (Figure 5.4.F and Figure 5.4.G). NEXAFS
analyzes how x-rays absorption by an atom is affected by its neighboring atoms, thus
acting as local chemical/structural probe. NEXAFS is well suited for our samples since
crystallinity is not required (224); thus, enabling identification of the amorphous and poorly
crystalline phases present in the ELP3 membranes, in addition to the crystalline apatite
phases.

To identify the compounds present in ELP3 membranes, we selected as reference
samples: ELP; membranes incubated in Ca solution (ELPs-Ca?*), ACP, OCP, DCPD, B-
TCMP, HA, and CHA. We then performed principle component analysis (PCA) and linear

combination fitting (LCF) following the procedure explained in Section 1 of the

supplemental material. NEXAFS spectra of reference samples and ELP3 membranes
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show four features that are typical of Ca-P compounds (Figure 5S.10 and Figure 5.4.F,
respectively) (225, 226). The small feature at the pre-edge around 4035 eV is due to
electronic transitions between 1s and 3d orbitals. The absorption edge, the most intense
peak, shows a shoulder around 4040 eV assigned to 1s to 4s transitions, and a more
intense double peak centered at around 4045 eV, which is assigned to 1s to 4p12and 1s
to 4psp2 transitions (225, 226). The features at higher energies are due to multiple

scattering contributions.

The LCF results and the associated R-factors are presented in Table 5S.11 and Figure
5.4.G. All the R-factor values are < 0.02, thus suggesting that all the fits are satisfactory
(227). The results show that the calcified ELP3 samples are composed of a mixture of
adsorbed Ca ions (ELP3 -Ca?*), ACP, OCP, HA, and CHA. DCPD and B-TCMP were not

detected in any sample.

After 8 days of incubation in SBF, nearly 50% of the Ca atoms show a neighboring
environment like that of Ca atoms in ELP3 membranes immersed in CaClz solution, thus
indicating that about 50% of the Ca present is just adsorbed on the samples. The other
Ca atoms are present as ACP (21 + 4), OCP (11 £ 2), and HA (21 + 3) (Figure 5.4.G).
From 8 to 16 days, the amount of adsorbed Ca ions significantly decreases, the amounts
of ACP and HA remains the same, OCP increases, and CHA is formed. After 24 days,
there is a drastic change in mineral phase proportions: while the amount of adsorbed Ca
ions and ACP significantly decreases, both HA and CHA drastically increase. Meanwhile,
the amount of OCP slightly increases. Finally, in the 32 day-old samples, the Ca detected
is mainly present in apatitic structures (HA and CHA), and only a small amount of OCP

can be detected. Adsorbed Ca ionsand ACP are not present anymore at this stage. These
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results confirm the SEM and EDS data, showing that while the fraction of Ca in apatite
phases increases with time, the amounts of ELP3;-Ca?*, ACP, and OCP decrease. This
suggests that ACP and OCP are the precursor phases of apatite in this in vitro model of

medial calcification.

The presence of HA and CHA in our samples is in agreement with the literature since
they are the most abundant Ca-P phases found in both physiological (176, 220) and
pathological (171, 172, 175, 182) calcifications. HA is the most thermodynamically stable
Ca-P phase at physiological pH; however, other mineral phases that are amorphous or
poorly crystalline can also form under these conditions (181). In pathological
calcifications, it was shown that ACP, OCP, DCPD, and B-TCP are the main phases that

can be formed and transformed into HA (182).

The finding of ACP and OCP as precursor phases is in line with our previous study
where both ACP and OCP were found in medial calcification of mice arteries (250). Both
ACP and OCP have been identified as precursors of biological apatite in normal calcified
tissues, such as bone and enamel (190, 198, 220, 279). Although ACP was described as
one of the main precursor phases in arterial calcification (182), the presence of OCP in
arterial calcification was first reported in our recent in vivo study (250). The use of highly
sensitive synchrotron-based NEXAFS spectroscopy may explain why we were able to

identify OCP both in our in vivo study and in this present work.

We did not find either DCPD or B-TCMP in our samples. Although DCPD was identified
as a precursor phase in valve calcification (202, 203), it was never reported in arterial
calcification. This can be explained by the different molecular mechanisms in arterial and

valve calcifications, which may lead to the formation of different precursor phases of
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apatite. B-TCP was reported in two studies of uremia-related medial calcification (193,
204) but was never detected in non-uremic patients. The presence of B-TCMP in human
uremic minerals may be due to the high magnesium (Mg) concentration in the dialysis
solution. In rat models of uremia-related arterial calcification, vitamin D treatment used to
induce calcification stimulates the gastrointestinal absorption of Mg and thus leads to the
formation of B-TCMP. Since ion concentration in SBF matches that of serum and there is

no excess of Mg, it is not surprising that we did not detect B-TCMP in our samples.

5.5. Conclusion

Using genipin crosslinked ELP3 membranes we show that mineral deposition on ELP3
membranes happens through a precise series of events starting with the adsorption of
Caions, in agreement with our in vivo findings (250). Fibers and filaments mineralize first,
showing that the fiber-like nature of elastin makes it prone to mineralization. Ca-P phases
form and evolve over time on ELP3 membranes similarly to what was previously reported
in calcified mice arteries (250), showing that a model based on ELP3; membranes

immersed in SBF captures this crucial in vivo finding.

This model could be used in the future to study hypotheses related to arterial
calcification mechanisms and to test drugs designed to stop or revert calcification. For
example, by changing the ELP sequence and analyzing the interactions between different
ELP membranes with Ca and P ions, the sequence(s) in ELN that are involved in mineral
nucleation could be investigated. This in vitro model could also be used to understand the
interactions between ELN and calcification inhibitors, leading to design and testing of new

therapeutic agents to block the initiation and progression of medial calcification.
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Finally, this study further shows the power of a material science approach to
understand vascular calcification and highlights the importance of NEXAFS in mineral

analysis.
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5.8. Supplemental material
5.8.1. Section 1: Detailed methods
5.8.1.1. Determination of the inorganic to organic ratio by Fourier Transform
Infrared (FTIR) Spectroscopy

We analyzed changes in mineral amount by calculating the inorganic to organic ratio,
i.e. the ratio between the areas under the peaks relative to the mineral component and
those relative to the organic matrix. We choose the v3 phosphate peak between 1030 and
1109 cm as the mineral marker, and the vc-0 band at 1634 cm™' as organic marker since

it is well defined on all the spectra.
The inorganic to organic ratio is defined as: A103o-1109/A1634 (i)
where Ay is the area underneath the peak at the wavenumber x

The peak area calculation used to quantify the inorganic to organic ratio was
performed by applying an integration profile to all spectra, i.e. by calculating the areas
between two manually selected points corresponding to the first and the last point of the

peak. Only the area above the baseline was included in the measurements.

5.8.1.2. Ca K-edge Near Edge X-ray absorption fine structure (Ca K-edge
NEXAFS) spectroscopy
Spectra acquisition
To identify and quantify the Ca-P phases present in the samples, we applied NEXAFS
spectroscopy. It is a synchrotron-based technique that allows analyzing how x-rays are

absorbed by an atom at energies near the core-level binding energies of that atom
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depending on its chemical and physical environment (224). Because of crystallinity is not
required for NEXAFS measurements, this technique is well suited for analysis of non-
crystalline or poorly crystalline phases (224). Also, NEXAFS is more sensitive than
traditional spectroscopic techniques, with a detection limit that can be as low as few ppm.
Thus, NEXAFS is an excellent tool to analyze et differentiate the Ca-P phases present in

our samples.

Ca K-edge spectra were collected in fluorescence mode with energies between
1.7 and 10 keV and with a photon beam spot size of 2 mm x 6 mm. The storage ring
energy during data collection was 2.9 GeV ant the current around 200 mA. The X-ray

beam was monochromated by Si (111) crystals with energy resolution (AE/E) of 104,
Data analysis

We first selected seven reference compounds (Figure 5S.10). The first one is ELP3
membranes incubated in 3.8 mM of CaCl; solution for 16 days (ELP3-Ca?*) which may be
a model of the very early stages of calcification if the Ca ions were first adsorbed on the
ELPs matrix. The other five references are Ca species that are known to be present in
pathological calcifications: amorphous calcium phosphate (ACP), octacalcium phosphate
(OCP), dicalcium phosphate dihydrate (DCPD), hydroxyapatite (HA), carbonated
hydroxyapatite (CHA), and B-tricalcium phosphate (3-TCP) (174, 175, 182, 193, 204,

250).
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To determine and quantify the Ca-P phases in the ELP3 samples, we performed linear
combination fitting (LCF) analysis using Athena software (Demeter 0.9.20). LCF is
justified because the x-ray absorption from different species in a sample is additive (280).

The total absorption coefficient calculated by LCF can be written as:
M =% fi (STDy), (ii)
where M is the least square fit to the sample spectrum, (STD;) represents the
absorption coefficient of the standard reference spectra, and fi is the fraction of each
reference spectrum in the sample spectrum, summed over the number of references, i.

Thus, with appropriate standard references, LCF can identify and quantify the fraction of

chemical species in an unknown sample (280).

We first performed principal component analysis (PCA) to determine which reference
compounds should be excluded for the LCF fitting and thus avoid using an excessive
number of standard compounds. PCA results showed that DCPD and B-TCP were not
likely present in the calcified membranes. Thus, we used ELP3-Ca?*, ACP, OCP, HA, and
CHA as references for the LCF analysis. We performed LCF using all the possible
combinations of the selected reference compounds. We evaluated the quality of the fits
using the R-factor: fitting results with R-factor values below 0.02 are considered
satisfactory (227). We reported the LCF combination giving the lowest R-factor for each

sample analyzed.
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5.8.2. Section 2: Supplemental figures and tables

Amino acid sequence  AAAAAKAAKYGA — (GVPGV), AAAAAKAAKYGA

HP
Domain schematic

Figure 5S.1.The repeating amino acid sequence and alternating domain architecture of
ELPs. Crosslinking domains (CLD) and hydrophobic domains (HP) are represented as
orange rectangles and springs, respectively.

Figure 5S.2. (A and B) Scanning electron microscopy (SEM) images of non-calcified
ELP3 membranes. The numbered sites on A and B indicate the spots where energy-
dispersive x-ray spectroscopy (EDS) spectra were collected and they correspond to the
data presented in Table 5S.1.
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Table 5S.1. Relative elemental atomic percentages in ELP3; membranes non-incubated

in SBF. The spots 1-6 are shown in Figure 5S.2.A and Figure 5S.2.B.

Spot C(at%) O (at%) N (at%) o/C N/C
1 64.8 20.4 14.8 0.31 0.23
2 64.4 19.8 15.8 0.31 0.25
3 65.7 17.4 16.9 0.26 0.26
4 63.3 20.1 16.6 0.32 0.26
5 64.5 18.2 17.4 0.28 0.27
6 63.6 20.4 16.0 0.32 0.25
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Figure 5S.3. SEM images of ELP3 membranes after incubation in 1.5 x SBF for (A and
B) 8, (C and D), and (E and F) 16 days. The numbered sites on A and B, C and D, and
E and F indicate the spots where EDS spectra were collected and they correspond to the
data presented in Table 5S.2, Table 5S.4,and Table 5S.4, respectively.
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Table 5S.2. Relative elemental atomic percentages in ELP3 membranes incubated in SBF

for 8 days. The spots 1-6 are shown in Figure 5S.3.A and Figure 5S.3.B.

Spot C(at%) O (at%) N (at%) Ca(at%) P (at%) OIC N/C  CalP  N/Ca
1 65.4 18 154 11 0.1 028 024 11 141
2 61.9 269 8.8 14 1.0 043  0.14 14 6.3
3 653  17.1 15.7 1.9 0.2 026 024 9.5 8.3
4 62.8 208 104 3.6 2.4 033 017 15 2.9
5 524 352 6.8 3.2 2.4 067  0.13 1.3 2.1
6 672 159  16.3 1.6 0 024 024 / 10.2

Table 5S.3. List of Ca-P compounds found in pathological calcifications and their Ca/P

molar ratios (179).

Name Formula Ca/P ratio
Amorphous calcium phosphate Casz(P0a)2.3H20 1.5
(ACP)
Octacalcium phosphate (OCP) CagH2(POa)s. 5H20 1.33
Dicalcium phosphate dihydrate Ca(HPO4).2H20 1.0
(DCPD)
Magnesium- substituted p-tricalcium Cais(Mg)2H2(POa4)14 1.29
phosphate (B-TCMP)
Hydroxyapatite (HA) Ca10(PO4)s(OH)2 1.67
Carbonated hydroxyapatite (CHA) Ca10-p(PO4)6-p(OH)2o(CO3), (0<p<1) >1.67
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Table 5S.4. Relative elemental atomic percentages in ELP3 membranes incubated in
SBF for 16 days. The spots 1-6 are shown in Figure 5S.3.C and Figure 5S.3.D.

Spot C(at%) O (at%) N (at%) Ca(at%) P (at%) OIC N/C  CalP  N/Ca
1 56.8 214  16.2 34 2.2 038 029 15 4.8
2 38.6 414 4.3 9.5 6.2 1.07 0.1 15 0.45
3 611 222  17.3 0.6 0 036  0.28 / 28.8
4 431 325 9.5 8.8 6.1 075 022 14 1.08
5 648 188 125 3.8 0.1 029  0.19 38 3.29
6 543 214 18 3.7 2.6 039  0.33 14 4.86

Table 5S.5. Relative elemental atomic percentages in ELP3 membranes incubated in
SBF for 24 days. The spots 1-6 are shown in Figure 5S.3.E and Figure 5S.3.F.

Spot  C (at%) O (at%) N (at%) Ca (at%) P (at%) OIC N/C  CalP _ N/Ca
1 475 39 45 56 34 082  0.09 16 0.80
2 382 415 8.8 7.3 4.2 109 0.3 1.7 1.21
3 31.8 325 9.9 12.4 7.3 1.02  0.31 1.7 0.80
4 62.1  25.1 105 2.2 15 040 0.7 15 4.77
5 495 313 145 2.8 1.9 063  0.29 15 5.18
6 60.7  21.1 10.2 4.1 2.5 035  0.17 1.6 2.49
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Figure 5S.4. SEM images of ELP3 membranes after incubation in 1.5 x SBF for (A and
B) 28, and (C and D) 32 days. The numbered sites on A and B, and C and D indicate the
spots where EDS spectra were collected and they correspond to the data presented in
Table 5S.6, and Table 5S.7, respectively.

Table 5S.6. Relative elemental atomic percentages in ELP3 membranes incubated in
SBF for 28 days. The spots 1-6 are shown in Figure 5S.4.A and Figure 5S.4.B.

Spot  C (at%) O (at%) N (at%) Ca(at%) P (at%) OIC N/C  CalP _ N/Ca
1 274 470 2.7 13.9 9.0 172 0.10 15 0.19
2 236 500 1.9 14.8 9.7 212 0.8 15 0.13
3 213 568 3.8 11.7 6.4 267  0.18 1.8 0.32
4 195  58.1 3.6 11.8 7.0 298  0.18 1.7 0.31
5 226 289 0.1 31.4 17.1 128  0.01 1.8 0.01
6 204 527 1.2 16.1 9.6 258  0.06 1.7 0.07
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Table 5S.7. Relative elemental atomic percentages in ELP3 membranes incubated in
SBF for 32 days. The spots 1-6 are shown in Figures Figure 5S.4.C and Figure 5S.4.D.

Spot  C(at%) O (at%) N (at%) Ca (at%) P (at%) OIC N/C  CalP  N/Ca
1 126 174 2.1 44.8 23.1 138 017 1.9 0.05
2 146  40.3 3.9 26.6 146 276 027 1.8 0.15
3 2.2 3.0 0.1 63.2 315 136  0.05 2.0 /
4 5.4 8.2 0.2 57.6 286 152  0.04 2.0 /
5 102 111 0.6 49.5 286 109  0.06 1.7 0.01
6 2.9 8.5 0.1 55.0 335 293  0.03 1.6 /

Figure 5S.5. SEM image (A) and EDS elemental mapping for oxygen (B) and nitrogen

(C) of ELP3 membranes after incubation in 1.5 x SBF for 32 days.
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Figure 5S.6. (A) Cross section view of ELP3 membranes incubated in 1.5 x SBF for 32
days. (B - C) EDS spectra collected on areas shown by rectangles 1 and 2 on (A),

respectively.

Table 5S.8. Experimental FTIR area ratio 1030/1109 cm™" and inorganic to organic ratio
measured in ELP3 membranes at 24, 28, and 32 days based on the FTIR vs vibration

peaks.
Time point FTIR area ratio 1030/1109 cm- FTIR
(days) 1
8 / 0.1 £0.06
16 / 0.3 £ 0.1%##
24 1.29 £+ 0.1*** 3.0 £0.3##1
28 1.31+£0.2*" 3.7+£04"*1
32 143 £ 0.2 ** 8.0+£0.3"""

##indicates significant difference between 16- and 24- days old samples with P< 0.0001.
*** indicates significant differences between 24- and 32-days old samples with P< 0.0001.
Tindicates significant differences between 24- and 28-days old samples with P< 0.05.

* indicates significant differences between 28- and 32-days old samples with ++ = P< 0.005,
and *** = P< 0.0001.

Three samples per time point were analyzed.
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Table 5S.9. FTIR peak assignments for calcified ELP3 membranes.

Peak (cm™) Calcified ELP3 membrane References
v C=0 (amide 1) 1634 (281), (282), (283)
v C-N, 8 N-H (amide II) 1516 (281), (282), (283)
8 CH: 1447 (284)
8 CHs 1372 (281), (283), (284)
8 C-H (amide Ill) 1236 (281)
v C-O 1162 (281)
vz PO4% 1109 (282), (242), (240), (285)
vz PO4% 1030 (282), (242), (240), (285)
vi PO4% 963 (282), (242), (240), (285)
vz CO3? 874 (282), (242), (240), (279)

v : symmetric stretching; 6 : bending
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Figure 5S.7. Representative x-ray photoelectron spectroscopy (XPS) survey spectra of

non-calcified ELP3 membranes (i) and ELP3 membranes incubated in 1.5 x SBF for (i) 8,
(i) 16, (iii) 24, and (iv) 32 days.
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Table 5S.10. Relative atomic percent of C, O, N, Ca, and P, and Ca/P and N/Ca ratios
on ELP3 membranes after incubation in 1.5 x SBF, measured by XPS survey.

Time point  C (at%) O (at%) N (at%) Ca (at%) P (at%) CalP N/Ca
(days)
0 68+3  19£3  13%1 N N / /
8 70£1  20+1 8702 06+0.1 0.4 £0.1 1.4 £ 0.1 1512
16 68+1 21+1 96+07 0902 0.6+0.1° 1.4£01°  12+£3"
24 68+1  19+1 97+04 1.6£027%%  10£02%%* 16£01° % 6.1£07
32 57+6  32+5 1803 6.0+04**% 38:03*** 17:01*% 0320.1%**

+ indicates significant differences between 16- and 24-days old samples with + = P< 0.05 and ++ = P< 0.005
# indicates significant differences between 24- and 32-days old samples with # = P< 0.05 and ### = P< 0.0001
For each time point, 3 samples were analyzed and 4 surveys were taken at different spots for each sample

1600 1400 1200 1000 800 600 400
Raman shift (cm™)

Figure 5S.8. Representative Raman spectra of non-calcified ELP3 membranes (grey
spectrum) and ELP3 membranes incubated in 1.5 x SBF for 32 days (red spectrum)
obtained using a near-infrared (1064 nm) excitation laser.
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We analyzed the ELP3 membranes using Raman spectroscopy either with a visible
(532 and 633 nm) or a near-infrared (NIR) (785 or 1064 nm) excitation laser. We were
not able to get a good Raman signal with either of the laser, even though the 1064 nm
laser is supposed to drastically reduce fluorescence in biological samples (Figure SVII).
This is due to the highly fluorescent signal of ELN which is known as one of the main
fluorophores in biological tissues, along with collagen (273). Several other studies have
discussed the difficulty of getting Raman ELN peaks due to its high fluorescence

background (274, 275).
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Figure 5S.9. Extension calculated based on the stress-strain curve in control samples
and ELP3 membranes incubated in SBF. T-test was used for statistical analysis. * indicate
significant differences with the 32-days old samples, with P< 0.05.
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Figure 5S.10. Representative Ca K-edge NEXAFS reference spectra of (i) ELP3-Ca?*, (ii)
ACP, (iii) DCPD, (iv) OCP, (v) HA, (vi) CHA, and (vii) 3-TCP.

Table 5S.11. Percentages of ELP3-Ca?*, ACP, OCP, HA, and CHA in ELP3 membranes
incubated in SBF for 8, 16, 24, and 32 days determined by LCF using Ca K-edge NEXAFS
spectra of reference samples, and R-factors of the LCF.

Time point  ELP3-Ca?* (%)  ACP (%) OCP (%) HA (%) CHA (%) R-factor
(days)

8 48 £ 4*** 21+4 11+ 2* 21+3 0*** 0.000396

16 30 + 5% 20+5"" 1857 20 £ 5™ 17 £5*** % 0.000404

24 14 £ 27+ ##E 7+1TEE 25 £ 3THEE 3g k4t EEE 1 x4t 0.000313

32 o### 0*# 10 £ 2### 68 + 6" ## 232 0.000910

* indicates significant differences between 8- and 16-days old samples with * = P< 0.05 and *** = P< 0.0001

+ indicates significant differences between 16- and 24-days old samples with + = P< 0.05 and +++ = P< 0.0001

# indicates significant differences between 24- and 32-days old samples with ## = P< 0.005 and ### = P< 0.0001
For each time point, 2 samples were analyzed and 3 different spectra were collected for each sample
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Chapter 6. Effect of the lonic Concentration of Simulated Body Fluid on
the Minerals Formed on Crosslinked Elastin-Like Polypeptide

Membranes.

In the previous chapter, we developed an in vitro model of medial calcification based
on ELP membranes immersed in SBF. Our results show that this simple system captures
some of the in vivo findings, however, the long incubation time required to follow mineral
nucleation and growth is a practical limitation of this model. Using an accelerated process
with higher SBF ion concentration could be a good alternative to enhance the kinetics of
mineral deposition in this model; however, the effect of increasing SBF ion concentration

on mineral nucleation and growth is still not well understood.

To understand if our ELP membranes remain a biomimetic system if immersed in
higher ion concentration SBF, we analyze mineral nucleation and phase transformation
in vitro on ELP membranes immersed in high concentration SBF. We show that while
mineral deposition is significantly accelerated in these conditions, both the mineral phase
evolution as well as the final composition and structure of apatite formed are strongly
affected. While the use of low concentration seems more appropriate to study medial
calcification associated with the loss of calcification inhibitors, higher SBF ion
concentration may be more relevant to study medial calcification in patients with life-
threatening diseases, such as chronic kidney disease.

An article based on these findings is currently in preparation for submission to a

peer-reviewed journal.
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Ophélie Gourgas, Lisa D. Muiznieks, Simon Sharpe, Marta Cerruti. Effect of the lonic
Concentration of Simulated Body Fluid on the Minerals Formed on Crosslinked Elastin-

Like Polypeptide Membranes.

6.1. Abstract

Deposition of calcium phosphate minerals on the elastin-rich medial layers of arteries
can cause severe cardiovascular complications. There are no available treatments for
medial calcification, and the mechanism of mineral formation on elastin layers is still
unknown. We recently developed an in vitro model of medial calcification using
crosslinked elastin-like polypeptide (ELP) membranes immersed in simulated body fluid
(SBF). While mineral phase evolution matched that observed in a mouse model of medial
calcification, the long incubation required was a practical limitation of this model. Using
higher SBF ion concentrations could be a solution to speed up mineral deposition, but its
effect on the mineralization process is still not well understood. Here we analyze mineral
nucleation and phase transformation on ELP membranes immersed in high concentration
SBF. We show that while mineral deposition is significantly accelerated in these
conditions, the chemistry and morphology of the minerals deposited on the ELP
membranes and the overall mineralization process are strongly affected. Overall, this
work suggests that while the use of low concentration SBF in this in vitro model is more
appropriate to study medial calcification associated with the loss of calcification inhibitors,
higher SBF ion concentration may be more relevant to study medial calcification in

patients with life-threatening diseases, such as chronic kidney disease.
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6.2. Introduction

Arterial calcification involves nucleation and growth of calcium phosphate (Ca-P)
minerals on the extracellular matrix (ECM) of the arteries. There is no therapy to stop or
reverse arterial calcification and the medical treatments available are aimed only at

slowing down its progression.

Mineral deposition occurs both in the intimal and medial layer of the arteries. Intimal
calcification is commonly associated with atherosclerotic plaques and results from a
sequence of events initiated by inflammation, which stimulates the osteochondrogenic
transdifferentiation of vascular smooth muscle cells (VSMCs) (14, 61). On the contrary,
medial calcification occurs in the absence of inflammation and is associated with aging,
CKD and type Il diabetes (14, 61).

While the processes leading to intimal calcification are quite well understood, the
molecular mechanism of medial calcification is still elusive (13, 216). Several researchers
have shown that medial calcification occurs predominantly within and along the elastic
lamina, the concentric layers rich in elastin (ELN) (10, 15, 16, 107, 247). However, the
mechanism of mineral nucleation and growth on ELN is still unknown.

To help understanding ELN mineralization process, researchers have developed in
vitro models of medial calcification (286). In vivo, the ELN-rich layers are formed through
coacervation of tropoelastin and subsequent crosslinking (89). Tropoelastin is a highly
(>75%) non-polar protein characterized by hydrophobic domains alternating with lysine-
containing crosslinking domains (89, 90). Early in vitro models were based on what is
known as “solubilized ELN”, i.e. ELN fragments obtained by hydrolysis of the elastic

layers of natural tissues (98, 99, 104, 105, 108-110). Since solubilized ELN consists of a
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heterogeneous mixture of partially crosslinked hydrophobic ELN fragments rather than
the alternating domain structure of full-length tropoelastin (89, 111), these early models
were only partially biomimetic and sometimes led to contradictory results (98, 99, 104,
105, 108-110).

To overcome these drawbacks, we recently developed an in vifro model of medial
calcification based on a synthetic elastin-like polypeptide (ELP) composed of alternating
crosslinking and hydrophobic domains that mimic the motifs found in human tropoelastin
(259). ELPs self-assemble and can be crosslinked to form gels and membranes with
microstructural and tensile properties approaching those of native insoluble ELN (117,
118, 123). In our model, ELP is coacervated by adding salt and heating, and the
coacervate crosslinked via genipin, a natural plant-derived compound with excellent
biocompatibility (253). We then analyzed mineral nucleation and growth by immersing the
crosslinked ELP membranes in 1.5 x simulated body fluid (SBF), at physiological pH and
temperature. We showed that mineral phase evolution matches that previously observed
in a mouse model of medial calcification (250), suggesting that this simple system
captures some of the key in vivo findings (286). Although we used a solution with 1.5
times the ion concentration of the original 1 x SBF, long incubation times (i.e. 32 days)
were needed to follow mineral nucleation and growth in this in vitro model. Using higher
SBF ion concentrations could be a good alternative to enhance the kinetics of mineral
deposition in this model.

The use of highly concentrated SBF was already proposed by several researchers to
shorten the time needed to form Ca-P phases on various types of substrates in vitro (267,

287-294). SBF is a supersaturated solution with respect to several Ca-P phases, with
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ionic concentration very similar to that of human blood plasma. It was first introduced by
Kobuko et al. three decades ago as a way to perform in vitro simulations of in vivo
conditions (295, 296). Since then, several modifications to the original SBF composition
have been adopted to better match the ionic concentration of blood plasma (256, 297-
300). More recently, it was shown that incubation times can be significantly reduced by
incubating various types of substrates in SBF solutions with 2 to 10 times the ion
concentration of original SBF (2 x to 10 x SBF) (267, 287-294). While increasing ion
concentrations in SBF enhances the kinetics of mineral deposition, mineral nucleation

and growth may also be affected in these higher supersaturation conditions.

A few studies have investigated the effect of increasing SBF ion concentration on the
chemical and morphological properties of minerals deposited on metallic and polymeric
substrates for bone tissue engineering (267, 287-291). For example, Barrere et al.
accelerated mineral deposition on titanium alloys from 7 days to 1 day by immersing
substrates in 5 x SBF instead of 1.5 x SBF (287, 288). However, they did not compare
the minerals formed in this system with those formed in 1.5 x SBF. Kim et al. studied the
composition and structure of apatite phases formed on polyethyleneterephtalate
substrates in SBFs with concentrations from 0.75 to 2 x SBF (289). They showed that
both the Ca/P ratio and the lattice constant ¢ of the apatite formed significantly decreased
with increasing ionic concentration and attributed this to an increase in the number of
PO.* to HPO4% substitutions, which caused the formation of Ca-deficient apatites. In
agreement with this, Shin et al. showed that less crystalline and more Ca-deficient
carbonated hydroxyapatite (CHA) was formed on poly(lactide-co-glycolide) scaffolds

when SBF ion concentration increased from 0.75 to 2 x SBF (267). All the minerals in this
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study were flake-like and composed of sub-micrometer sized structures, thus suggesting
that the increase in SBF ion concentration did not affect the mineral morphologies (267).
Chen et al. also found no differences in morphology between the apatite particles formed
on poly(L-lactic acid) films and poly(glycolic acid) scaffolds using 1.5 x or 5 x SBF (291).
However, differently from Kim (289) and Shin (267), they found no compositional
differences among the minerals formed in the two solutions. In another study, Chesnutt
et al. showed profound differences in the morphology of minerals formed on
phosphorylated chitosan films in 1 x and 1.5 x SBF, and yet they did not find significant
compositional differences between minerals formed in the two SBFs (290).

These contradictory results may be explained by the different substrates used, which
may have caused different mineral formation mechanisms. Also, some of these studies
pre-treated the samples before immersing them in SBF to favor mineral formation, such
as soaking in a saturated Ca(OH)2 solution or putting them in contact with particles of
bioactive glass-ceramics (289, 290). This might have affected the mineral formation

process.

Also, while all these studies focused on morphological and compositional changes of
the minerals, none of them investigated the effect of SBF concentration on mineral
nucleation and growth. No studies analyzed the precursor phases formed and the overall
process of mineral phase transformation in the different SBFs used. In fact, while
hydroxyapatite (HA) and CHA are the most thermodynamically stable Ca-P phases
formed at physiological pH and temperature, non-apatitic phases can form too (181).
Amorphous calcium phosphate (ACP), octacalcium phosphate (OCP), dicalcium

phosphate (DCPD), and magnesium-substituted B-tricalcium phosphate (3-TCMP) can
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be formed in vitro before HA and CHA, depending on the pH, temperature, and solution
composition (182). A similar process occurs in vivo, for both physiologic and pathologic
calcification (182, 188, 189, 250, 251). None of these precursor phases were reported in
the studies cited above (267, 287-291). One reason could be that, in an accelerated
process, Ca-P phase transformation on these substrates is so fast that the precursor
phases cannot be detected. Another reason could be that the techniques used in (267,
287-291) were not sensitive enough to detect them. Understanding how precursor phases
form and evolve over time in vitro when using high SBF ion concentrations would be

critical to determine whether such models can still be used to emulate in vivo situations.

To shed some light on these open questions, as well as understand if our ELP
membranes remain a biomimetic system if immersed in higher concentration SBF, we
analyze mineral nucleation and phase transformation on ELP membranes immersed in
high concentration SBF using several techniques, including highly sensitive synchrotron-
based near-edge x-ray absorption fine structure spectroscopy (NEXAFS) to study mineral
phase evolution. While this study focuses on mineral formation on ELP, its conclusions
on the effect of increasing SBF ion concentration on mineralization are relevant for any in

vitro model involving SBF.

6.3. Materials and methods
6.3.1. Materials

Genipin (298.0% by HPLC) was purchased from Challenge Bioproducts (Taiwan,
China). Sodium chloride (NaCl, 299.0%), and hydrochloric acid (HCI, ACS reagent, 36.5

to 38.0% (w/w)) were purchased from Fisher Scientific (Ottawa, ON, Canada). Sodium
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tetraborate decahydrate (Na2B4O7.10H20, ACS reagent, 99.5-105.0%) sodium hydrogen
carbonate (NaHCO3, 299.0%), potassium chloride (KCI, BioXtra, 299.0%), potassium
phosphate dibasic trihydrate (KoHPO4-3H20, 299.0%), magnesium chloride hexahydrate
(MgCl2-6H20, BioXtra, 299.0%), calcium chloride (CaClz, 297.0%), sodium sulfate
(Na2S0s4, ACS reagent, 299.0%), tris(hydroxymethyl)aminomethane (NH2C(CH2OH)3)
(Tris), ACS reagent, 299.8%), amorphous calcium phosphate [Ca3(PQO4)2.3H20, (ACP)],
dicalcium phosphate dihydrate [Ca(HPO4).2H-O , (DCPD)], and B-tricalcium phosphate
[Caig(Mg)2H2(PO4)14, (B-TCMP)] were purchased from Sigma-Aldrich (Oakville, ON,
Canada). Hydroxyapatite [Ca10(POa4)s(OH)2, (HA)] was obtained from the National

Institute of Standards and Technology (NIST). All materials were used as received.

Carbonated hydroxyapatite [Ca10-(POa)ep(OH)25(CO3), (0<p<1), (CHA)] and
octacalcium phosphate [CagH2(PO4)s. 5H20, (OCP)] were prepared following methods

previously described in (254) and (255), respectively.
6.3.2. ELPs3 expression and purification

ELP3 (Figure 6S.1) in a pET-32b vector was cloned and overexpressed in E.coli
BL21(DE3) cells as previously described (114). Briefly, expression was induced with
isopropyl B-D-1-thiogalactopyranoside (0.1 mM) when the optical culture density (Asoonm)
reached ~1. Cells were grown a further 3 h, (200 rpm, 37 °C) and harvested by
centrifugation (6000 rpm, 15 min). Cell pellets were digested overnight (1g CnBrin 20 mL
70 % formic acid per liter culture) and dialysed (3500 MWCO dialysis tubing, Spectropor)
against Na acetate (20 mM, pH 5.25) for 24 h. ELP3 was purified from cleared cell lysate
by ion exchange chromatography (SP Sepharose, Amersham Bioscience), eluted with a

linear gradient of NaCl (0-220 mM) in 20 mM Na acetate buffer, pH 5.25. A final
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purification was carried out by HPLC (Jupiter C4 10 um 300 A column, Phenomenex),
eluted with a linear gradient of 25-50% acetonitrile. Purity, integrity and molecular weight
of lyophilized proteins were confirmed by mass spectrometry (SPARC BioCentre,

Hospital for Sick Children). Protein was stored lyophilized until use.
6.3.3. ELP3 membrane preparation

Recombinant ELPs;-based membranes were prepared via coacervation and
subsequent crosslinking by genipin as described previously (123). Briefly, purified and
lyophilized ELP3 was dissolved in 0.15 M sodium borate buffer (pH 8) to a final
concentration of 10 mg/mL. The ELP3 solution was incubated for 2 hours at 4 °C to allow
complete dissolution. ELP3 membranes were then prepared in the wells of Lab-Tek
chamber slides: ELP; solution was added in the wells to a final concentration of 10 mg/mL;
then, NaCl and genipin were added to final concentrations of 0.8 M and 10 mM,
respectively. The sample chamber slide was then carefully placed into a styrofoam
support and transferred to a flat-bottomed centrifuge bucket pre-warmed at 37 °C. Then,
the bucket was inserted into a temperature-controlled swinging-bucket centrifuge pre-
warmed at 37 °C and was spun at 3200 rpm for 7 min at 37 °C. The sample slide was
then immediately placed in an incubator set at 37 °C and left overnight for the crosslinking
reaction to occur. The membranes were removed from the chamber slide by gently

flushing with distilled water and stored in water at pH 7 until use.
6.3.4. In vitro mineralization of ELP3 membranes in simulated body fluid (SBF)

Modified SBF solutions (Table 6S.1) were prepared following procedures

described by Kokubo et al. (256). The concentrations of ionic species (Na*, K*, Mg?*,
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Ca?*, CI, HPO4 2%, S04*) were adjusted to produce SBF solutions with ionic
concentrations 1.5 (1.5 x SBF), 2 (2 x SBF), and 3 (3 x SBF) times higher than those of
blood plasma. Each SBF solution was prepared by sequentially dissolving reagent-grade
chemical NaCl, NaHCO3, KCI, KoHPO4-3H20, MgCl2-6H20, CaCl2, and Na2SOs in
deionized water. Since SBF solutions are supersaturated at physiological pH, increasing
the concentrations is limited by the low solubility of Ca and P. To maintain thermodynamic
conditions conducive to heterogeneous nucleation and avoid any homogeneous
nucleation, SBFs were buffered to three different pH values (7.4 for 1.5 x SBF, 7.0 for 2
x SBF, and 6.8 for 3 x SBF) with 1M HCI and Tris at 36.5 °C. All the SBF solutions were
sterilized by filtering through a 0.2 ym polyethersulfone filter (Thermo Scientific, USA).
ELP3 membranes with lateral sizes of 0.5 cm x 0.5 cm were immersed vertically in
Eppendorf tubes containing 500 pL of 1.5 x SBF, 2 x SBF, or 3 x SBF and stirred at a
speed of 50 rpm inside an incubator at 37 + 0.5 °C. The membranes were removed from
the solutions after 3, 5, and 7 days, and rinsed in deionized water for 3 times, 20 minutes
each time. Membranes incubated in 1.5 x SBF were also sampled after 21 days. The
samples were then dried under vacuum overnight or kept hydrated in water, as needed

for following analysis.

6.3.5. Scanning electron microscopy (SEM) and energy-dispersive X-ray
spectroscopy (EDS)

ELP3 membranes incubated in 1.5 x, 2 x, and 3 x SBF were characterized using a
combination of SEM and EDS. Samples were mounted on an aluminium SEM stub with
carbon tape, and then coated with about 20nm carbon using an EMS 150R ES carbon
sputter coater (EMS, Hatfield, USA). The samples were then imaged using an Inspect

F50 field emission SEM (FE-SEM) (FEI, Japan), at 15 kV operating voltage under high
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vacuum. EDS spectra and elemental maps were obtained at 15 kV in the regions of

interest using an Octane super 60 mm? EDS system (EDAX Inc., USA).
6.3.6. X-ray photoelectron spectroscopy (XPS)

The atomic composition of the ELP3 membranes was characterized using a
Thermo Scientific Ka spectrometer (ThermoFisher Scientific, USA), equipped with an Al
Ka X-ray source (1486.6 eV, 0.843 nm), a micro-focused monochromator, and an
ultrahigh vacuum chamber (10-° Torr). Survey scans and high-resolution spectra were
acquired with an X-ray spot with a diameter of 400 um. Three survey scans were collected
for each sample, between 0 and 1200 eV with a step size of 1 eV. To prevent charging,
samples were hit with a flood gun shooting low energy electrons during the measurement.
For each membrane, four points were randomly selected, and three samples were
analyzed per condition. Peak fitting and quantitative analysis of the survey spectra were

performed using the Thermo Advantage software (version 4.60).
6.3.7. Fourier Transform infrared (FTIR) spectroscopy

FTIR spectra of dried ELP; membranes were collected on a Spectrum Two FT-IR
spectrometer (PerkinElmer, Waltham, USA) equipped with an attenuated total reflection
(ATR) accessory and a temperature stabilized fast-recovery deuterated triglycine
sulphate (FR-DTGS) detector. The spectra were collected between 400 and 4000 cm™’
with a resolution of 4 cm™ and using 64 scans. The collected spectra were baseline
corrected and then normalized based on the absorbance of the v C=0 amide | band at
1634 cm™' using Spectrum software (PerkinElmer, Waltham, USA). Three samples per

condition were analyzed.
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6.3.8. X-ray diffraction (XRD)

XRD diffractograms of dried ELP; membranes were obtained using a Bruker D8
Discover X-ray diffractometer (Bruker AXSS Inc., Fitchburg, USA) equipped with a Cu Ka
source (Kai A=1.54 A), and a monochromator operated at 40 mV and 40 mA within the

10° to 80° range in 26. Three samples per condition were analyzed.

6.3.9. Ca K-edge near edge X-ray absorption fine structure (Ca K-edge NEXAFS)

spectroscopy

Ca-P phases present in ELP3 membranes were characterized using Ca K-edge
NEXAFS spectroscopy at the bulk-XAFS end-station of the Soft X-ray
Microcharacterization Beamline (SXRMB) at the Canadian Light Source (CLS),
Saskatoon, Saskatchewan. Powdered reference compounds of known chemical
compositions were also analyzed, including ACP, OCP, DCPD, HA, CHA, B-TCMP. We
also analyzed ELP; membranes incubated in 3.8 mM of CaCl; solution (ELP3-Ca?*), as
possible models of the early stages of calcification with only Ca ions adsorbed on the
ELP3 matrix. Spectra were collected with energies between 1.7 and 10 keV and with a
photon beam spot size of 2 mm x 6 mm. Reference spectra were collected in transmission
mode while spectra of ELP3 membranes were collected in fluorescence mode. The
spectra were calibrated, aligned, and normalized using Athena software (Demeter
0.9.20). Principle component analysis (PCA) was first performed on the spectra to avoid
using an excessive number of references in the fitting. Then, linear combination fitting
(LCF) was performed on the NEXAFS regions of the spectra using combinations of the
reference samples selected by the PCA. The quality of the fits was evaluated by the R-

factor value: values below 0.02 indicate that the fitting results are satisfactory (227). For
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each spectrum, the best LCF combination (i.e. the combination giving the lowest R-factor)
was retained. PCA and LCF were performed using Athena software. Three samples were

analyzed for each condition and two spectra by sample were collected.
6.3.10. Statistical analysis

Statistical data analysis was performed using GraphPad software, Inc. (2016).
Mean values were expressed as average + standard deviation. Statistical analysis on
mean values was performed by Student’s t-test or one-way ANOVA test followed by

Tukey’s test correction for multiple comparisons, and p< 0.05 was considered significant.
6.4. Results and Discussion

ELP3 peptides form elastic dark blue membranes after coacervation in presence of
NaCl at 37 °C and overnight crosslinking with genipin (see inset in Figure 6.1.A) (286).
Crosslinked ELP3 membranes form clusters of spherical droplets about 1 to 6 um in
diameter, either smooth or rough (Figure 6.1). Thin filaments and fibre-like structures link
the droplets to one another (Figure 6.1). These results are consistent with previous
studies showing that droplets, filaments, and fibers are the three self-assembled
structures that formed during in vitro assembly of both full-length tropoelastin (89, 91,

122, 252, 263, 264) and ELPs (90, 119, 120, 257, 260, 286).
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Figure 6.1. (A-B) Scanning electron microscopy (SEM) images of ELP3 membranes.
Inset figure on (A) is a digital picture of a hydrated ELP3; membrane.

After 3 days of incubation in 1.5 x SBF, no minerals are deposited on the ELN droplets,
but some Ca-P deposits are found on the filaments and fiber-like structures (Figure 6.2.A;
Figures 6S.2.A and 6S.2.B; Table 6S.2). Ca/P ratios on filaments and fibers vary between
1.3 and 1.4, suggesting that minerals are composed of mixed Ca-P phases but do not
contain apatite phases, such as HA and CHA, at this stage (Table 6S.3) (179). Some
spots show much higher Ca/P ratios (Figure 6S.2.B; Table 6S.2), suggesting Ca ion
adsorption (286). After 5 days in 1.5 x SBF, Ca and P ions start depositing on the ELN
droplets and more minerals are formed on the thin filaments and fibers with Ca/P ratios
between 1.4 and 1.6, suggesting the presence of both non-apatitic and apatitic phases
at this stage (Figure 6.2.B; Figure 6S.2.C and 6S.2.D; Table 6S.4). Overall the N/Ca ratios
decrease from 3 to 5 days, indicating that more minerals are formed overtime. The ELN
droplets start being covered by HA flakes after 7 days in 1.5 x SBF with Ca/P ratio
between 1.6 and 1.7, suggesting formation of stochiometric HA (Figure 6.2.C; Figures
6S.2.E and 6S.2.F; Table 6S.5). These apatites are flake-like in radial arrangement and

composed of sub-micrometer sized platelets, which is the typical microstructure of HA in
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vitro (Figure 6S.3.A) (265-268). The amount of minerals further increases after 7 days, as
shown by overall lower N/Ca ratios (Table 6S.5). However, some spots on ELN globules
still show higher Ca/P ratios, implying that Ca ions are adsorbed on the surface and have
yet to be transformed into Ca-P compounds (Table 6S.5). Also, many droplets do not
show yet the presence of Ca or P at this stage. This implies that mineral nucleation and
growth on the ELN droplets occur at different times depending on the location and that
after 7 days, only partial mineral deposition has occurred. After 21 days of incubation in
1.5 x SBF, most of the ELP globules are fully covered with thin HA flakes (Figures 6S.4.A-
6S.4.D) and most of the minerals are composed of apatitic phases at this stage (Figure
6S.4.C). The minerals exhibit the same morphology than at earlier time pointin 1.5 x SBF
(Figure 6S.4.D).

A similar but faster process happens for samples incubated in 2 x SBF (Figures 6.2.D-
6.2.F; Figure 6S.5). Indeed, for each time point analyzed, the N/Ca ratios are overall lower
for samples incubated in 2 x SBF compared to those immersed in 1 .5 x SBF (Tables
6S.6-6S.8). After 3 days, the 2 x SBF samples already show the presence of minerals
with flake-like morphology in radial arrangement, similar to those found in 1.5 x SBF at
longer time points (Figure 6S.3.B). This finding is in agreement with a previous study
showing no significant differences in the size and shape of the minerals deposited on
polymeric substrates incubated in 1.5 and 2 x SBF (267). However, the Ca/P ratios on
the apatite flakes in 2 x SBF are all between 1.4 and 1.6 (Table 6S.8). These values are
overall lower than those for 1.5 x SBF samples at the same time point and suggest that

apatite phases formed in 2 x SBF are mostly Ca-deficient (Table 6S.3).
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Figure 6.2. Scanning electron microscopy (SEM) images of ELP3 membranes after
incubation in (A - C) 1.5 x SBF, (D - F) 2 x SBF, and (G - 1) 3 x SBF for 3, 5, and 7 days.
The Ca/P and N/Ca ratios indicate on A, B, C, D, E, F, G, H and | are based on elemental
atomic percentages obtained by energy-dispersive x-ray spectroscopy (EDS).

Mineral deposition is even faster on samples incubated in 3 x SBF. After 3 days, most
of the ELN globules are already covered by Ca-P deposits (Figure 6.2.G; Figures 6S.6.A
and 6S.6.B). The greater mineral deposition in 3 x SBF is confirmed by the lower N/Ca

ratios measured on 3 x SBF samples compared to those found in both 1.5 x and 2 x SBF

samples (Figure 6S.6; Tables 6S.9-6S.11). While all of the apatites deposited on samples
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incubated in 1.5 x and 2 x SBF solutions after 7 days are flake-like in radial arrangement
and composed of sub-micrometer sized platelets (Figures 6S.3.A and 6S.3.B), those
formed on samples incubated in 3 x SBF are substantially different. The mineral flakes
are more disordered and densely packed compared to those formed in 1.5 and 2 x SBF
solutions (Figure 6S.3.C). Similar to what was observed in 2 x SBF, the Ca/P ratios
measured on 3 x SBF samples are all lower than 1.67, thus suggesting that the apatites
formed in this system are also mostly Ca-deficient (Figures 6.2.G-6.2.H; Table 6S.3). This
result agrees with previous findings of Ca/P ratios lower than 1.67 for minerals formed in
2 x SBF and higher concentration SBF, thus suggesting that the apatite formed through

this accelerated process is mostly Ca-deficient (267, 291, 293).

Overall, these results show that the rate of mineralization can be significantly
accelerated by increasing the SBF ionic concentration. A uniform HA layer can be
deposited on ELP3 membranes in 7 days by immersing the samples in 3 x SBF, while this
takes about 21 days in 1.5 x SBF solution. However, while no major differences in mineral
morphology are found between 1.5 x and 2 x SBF samples, apatite particles formed on

ELP membranes incubated in 3 x SBF are greatly different.

We further analyzed the mineral deposits by XPS (Figures 6.3.A and 6.3.B). XPS data
confirm that the atomic percent of Ca deposited on ELP3 membranes, and thus the
amount of minerals, significantly increases with both the incubation time and ion
concentration (P < 0.05) (Figure 6.3.A; Table 6S.12). While there are no significant
differences in average Ca/P ratios between 3 and 5 days in all SBF solutions, the ratio
significantly increases after 7 days for the 1.5 x SBF samples only (P < 0.05) (Figure

6.3.B). This increase is correlated with the overall higher Ca/P ratios found by EDS after
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7 days. In higher concentration SBF, the Ca/P values measured by XPS match those
obtained by EDS, and are lower than the value for stochiometric apatite, in agreement
with previous literature (267, 291, 293).

We estimated mineral crystallinity using FTIR and XRD (Figures 6.3.C and 6.3.D). All
FTIR spectra of ELP3 membranes incubated in 1.5, 2, and 3 x SBF for 7 days show peaks
related to HA (Figure 6.3.C; see the v1 phosphate band at 963 cm, the degenerate v
vibration at 1030 and 1109 cm', and the degenerate v4 band at 562 and 602 cm™'; a
complete list of peak assignments is presented in Table 6S.13). We estimated apatite
crystallinity by analyzing the relative intensities of the peaks and valley in the v4 envelope
(Section 1 in the supplemental material; Figure 6S.7). A higher degree of splitting and
therefore a higher crystallinity index (CI) correspond to more crystalline materials (236).
After 7 days, the Cls of the mineral deposits in samples incubated in 2 x and 3 x SBF
solutions are significantly lower than those formed in 1.5 x SBF (P < 0.05) (Figure 6.3.C;
Table 6S.14). These data suggest that apatite phases formed in an accelerated SBF
process are not only Ca-deficient but also less crystalline, confirming results from Shin et
al. (267) on poly(lactide-co-glycolide) scaffolds. The Cl of HA deposits in samples
incubated in 1.5 x SBF further increases from 7 to 21 days (P < 0.02) (Figure 6.3.C), as
previously observed (286). All the Cls are significantly lower than that of synthetic HA

(Figure 6.3.C).
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Figure 6.3. Atomic percentages of calcium (A) and Ca/P ratios (B) determined by x-ray
photoelectron spectroscopy (XPS) surveys on ELP3 membranes incubated in 1.5 x (blue),
2 x (green), and 3 x SBF (red) for 3, 5, and 7 days. For each time point, 3 samples were
analyzed, and 4 XPS surveys were collected at different points for each sample. One-
way ANOVA test followed by Tukey test correction for multiple comparisons were used
for statistical analysis. * indicates significant differences between the different SBF
solutions with P< 0.05. (C) Representative Fourier transform infrared (FTIR) spectra of
ELP3 membranes (i) before incubation in SBF, after incubation in (ii) 1.5 x, (iii) 2 x, and
(iv) 3 x SBF for 7 days, and in (v) 1.5 x SBF for 21 days, and from (vi) synthetic HA. The
arrow shows v4 PO.3 vibration bands used to estimate the mineral crystallinity. The
spectra were normalized based on the absorbance of the v C=0 amide | band at 1638-
1642 cm™'. The inset shows the Cl values for samples (ii) to (vi). * indicate significant
difference between the different samples, with * = P < 0.05, ** = P< 0.02, and *** =P <
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0.001. For each time point, 3 samples were analyzed. (D) Representative x-ray diffraction
(XRD) patterns of ELP3 membranes (i) before incubation in SBF, after incubation in (ii)
1.5 x, (ii) 2 x, and (iii) 3 x SBF for 7 days, and in (iv) 1.5 x SBF for 21 days, and from (vi)
synthetic HA. (*) and (*) signs indicate the peaks corresponding to ELN and HA,
respectively. The labels on the spectra refer to the HA planes present on ELP3z membrane
samples. The inset shows the FWHM values for samples (ii) to (v). * indicates significant
difference between the different samples, with * = P < 0.05. For each time point, 3
samples were analyzed.

XRD spectra confirm the presence of HA in ELP3 membranes incubated in the three
different SBF ionic concentrations for 7 days (Figure 6.3.D; see the broad peak centered
at about 32° that is the combination of the peaks corresponding to the crystallographic
planes (211), (121), and (202) of HA) (JCPDS# 09-0432). Full width at half maximum
(FWHM) values of the peak corresponding to the HA planes (211), (121), and (202) are
significantly lower in samples incubated in 1.5 x SBF compared to those found in 2 x and
3 x SBF samples (P < 0.05) (Figure 6.3.D;Table 6S.15). Since FWHM inversely correlates
with HA crystallinity, this confirms the higher mineral crystallinity in 1.5 x SBF samples
compared to 2 x and 3 x samples. FWHM values further decrease from 7 to 21 days in

1.5 x SBF, thus confirming the increase in mineral crystallinity shown by FTIR (P < 0.05)

(Figure 6.3.D).

Overall, SEM/EDS, XPS, FTIR, and XRD show that as the ionic concentration in SBF
increases, minerals grow faster and more abundantly on the ELP3; membranes, but the
apatite phases become Ca-deficient and less crystalline. The faster precipitation in high
SBF ion concentration is consistent with the results of a theoretical analysis of Ca-P
precipitation in SBF showing that the activation energy for nucleation (i.e. the free energy
change, AG) decreases with increasing Ca and P ion concentrations in SBF (200). The
increase in the nucleation rate with increasing SBF ion concentrations can be attributed

to an increase in the HA ionic activity product (IP) and degree of supersaturation (S).
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Indeed, while the three SBF solutions are supersaturated with respect to HA (S > 0), the
degree of supersaturation increases with the SBF ionic concentration (S= 20, 26, and 45
in 1.5, 2, and 3 x SBF, respectively) (Section 1 in the supplemental material, Table 6S.1).
This increase is non-linear, and the sudden increase in S between 2 x and 3 x SBF

matches the drastic changes in mineral amount and morphology observed in 3 x SBF.

Once the mineral nuclei are formed, less energy and time are required to add ions or
ion clusters to already existing mineral nuclei than to form the initial mineral crystals (49).
They grow spontaneously by consuming the Ca, and P ions from the surrounding fluid.
SBF solutions with high degree of supersaturation provide a large supply of Ca and P
ions in the area surrounding the nuclei, leading to an accelerated growth of the minerals.
Since minerals grow much faster in SBF with higher degree of supersaturation, the ions
have less time to re-organize themselves within the apatite lattice, thus leading to an
overall lower degree of structural order. This explains the differences in mineral
crystallinity and morphology observed between minerals formed on samples incubated in
SBF with different degree of supersaturation. The presence of larger amounts of Mg?* in
high ion concentration SBFs compared to 1.5 x SBF also contributes to the formation of
less crystalline, Ca-deficient apatite (301-303). In fact, while Mg?* ions hardly incorporate
into the apatite lattice, as confirmed in our experiments by the absence of Mg based on
both EDS and XPS results, they can be adsorbed on existing mineral nuclei and

temporarily block these sites.

Although Ca/P ratios determined by EDS and XPS give some indications about the
Ca-P phases present in our samples, they cannot unequivocally identify these phases.

Indeed, the variability in Ca/P values can be explained by the presence of non-apatitic
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phases in addition to apatite phases, but it can also be due to ion substitutions within the
crystal apatite lattice. To show whether differences in amounts and types of non-apatitic
and apatitic phases exist in samples incubated in different SBF ionic concentrations, we
further analyzed the calcified ELP3 membranes using Ca K-edge NEXAFS (Figure 6.4).
NEXAFS is a local chemical/structural probe analyzing how x-rays absorption by an atom
is affected by its neighboring atoms. Since crystallinity is not required for NEXAFS (224),
it can identify the amorphous and poorly crystalline phases present in the ELP3

membranes, in addition to the crystalline apatite phases.

To identify the Ca-P phases present in our samples, we selected as reference
samples ELP3 membranes incubated in Ca solution (ELPs-Ca?*), ACP, OCP, DCPD, B-
TCMP, HA, and CHA. We then performed principle component analysis (PCA) and linear
combination fitting (LCF) following the procedure explained in Section 1 of the
supplemental material. NEXAFS spectra of reference samples and ELP3 membranes
incubated in 1.5 x, 2 x, and 3 x SBF solutions show four features that are typical of Ca-P
compounds (Figure 6S.8 and Figures 6.4.A-6.4.C, respectively) (225, 226). The small
feature at the pre-edge around 4035 eV is due to electronic transitions between 1s and
3d orbitals. The absorption edge, the most intense peak, shows a shoulder around 4040
eV assigned to 1s to 4s transitions, and a more intense double peak centered at around
4045 eV, which is assigned to 1s to 4p+12 and 1s to 4ps2 transitions (225, 226). The

features at higher energies are due to multiple scattering contributions.

The LCF results and the associated R-factors are presented in Table 6S.16 and
Figure 6.4.D. All the R-factor values are < 0.02, thus suggesting that all the fits are

satisfactory (227). The results show that the calcified ELP3 samples are composed of a
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mixture of adsorbed Ca ions (ELP3 -Ca?*), ACP, OCP, HA, and CHA. DCPD and B-TCMP

were not detected in any sample.
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Figure 6.4. Representative Ca K-edge near-edge x-ray absorption fine structure
spectroscopy (NEXAFS) spectra of ELP3 membranes incubated in 1.5 x (blue), 2 x
(green), and 3x SBF (red) for (A) 3, (B) 5, and (C) 7 days. The labels on the spectra refer
to the different electronic transitions. (D) Relative percentages of ELP3-Ca?*, ACP, OCP,
HA, and CHA in ELPs membranes incubated in 1.5 x, 2x, and 3x SBF solutions
determined by linear combination fitting (LCF) based on the reference spectra. Three
samples were analyzed for each condition.

After 3 days of incubation in 1.5 x SBF, nearly 30% of the Ca atoms show a
neighboring environment like that of Ca atoms in ELP3 membranes immersed in CaCl:
solution, thus indicating that about 30% of the Ca present is just adsorbed on the samples.
The other Ca atoms are mostly present as non-apatitic phases, while only about 20% of

the Ca atoms are part of apatite phases. There are not many differences in the relative
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percentages of Ca-P phases in ELP; membranes incubated in 1.5 x SBF between 3 and
5 days (Figure 6.4.D). This finding is in agreement with SEM/EDS and XPS data showing
no significant differences in Ca/P ratios between these two time points. Ca/P ratios
determined by SEM/EDS and XPS are between 1.4 and 1.6 at this stage; this reflects well
the NEXAFS data showing a mix of non-apatitic and apatitic phases. After 7 days, the
ELPs; membranes show larger amounts of ACP and apatite phases, while the amounts of
adsorbed Ca and OCP remain the same. After 21 days in 1.5 x SBF, small amounts of
ACP and OCP are still detected, showing that not all the precursor phases have yet been
transformed into apatite phases (Figure 6.4.D). NEAXFS data show the presence of both
stochiometric HA and CHA at this stage. This is consistent with the Ca/P ratios higher

than 1.6 determined by EDS and XPS on these samples.

The relative amount of adsorbed Ca ions in ELP3 membranes incubated in 2 x SBF
for 3 days is not significantly different from that measured on 1.5 x SBF samples (Figure
6.4.D). However, the amounts of non-apatitic phases (i.e. ACP and OCP) are significantly
lower and about 50% of the Ca ions are already present as apatite phases (Figure 6.4.D;
Table 6S.16). In agreement with SEM/EDS results, there are not many differences
between 3 and 5 days for these samples. After 7 days in 2 x SBF, about 95% of the Ca
ions are present in apatitic structures (HA and CHA), and only a small amount of OCP is
still present (Figure 6.4.D). Since Ca-deficient HA and stoichiometric HA have very similar
spectra in NEXAFS (304),to understand which type of HA is formed on these samples we
have to look at results obtained with other techniques. Since both SEM/EDS and XPS

showed Ca/P ratios between 1.4 and 1.6 on 2 x SBF samples at all time points analyzed,
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the HA found by NEXAFS as the most abundant mineral phase deposited on these

samples after 7 days of immersion is Ca-deficient HA.

The relative percentages of Ca-P phases on ELP; membranes incubated in 3 x SBF
for 3 days are very similar to those measured on 2 x SBF samples. However, different
from 2 x SBF samples, after 5 days the Ca detected on 3 x SBF is mainly present in
apatitic structures, and ACP and OCP are only present in small amounts. There is no
more evidence of adsorbed Ca ions, suggesting that there are no more available
nucleation sites on the ELP3 membranes at this stage (Figure 6.4.D). After 7 days, the
samples are exclusively composed of apatite phases (HA and CHA). Like what discussed
for 2 x SBF samples, considering that both EDS and XPS results indicate Ca/P ratios
close to 1.5, these samples are mostly composed of Ca-deficient apatite, indicated as HA

in the NEXAFS results, and a small percentage of CHA.

The finding of ACP and OCP as precursor phases in these three in vitro systems is in
line with our previous study where we found both ACP and OCP in the medial layer of
calcified arteries from genetically modified mice lacking a specific calcification inhibitor
(matrix gla protein, MGP) (250). We showed that ACP and OCP are slowly transformed
into HA and CHA and these mineral phase transformations are reproduced after each
nucleation event throughout the life of the mice (250). Although these precursor phases
are detected in the three in vitro systems, the kinetics of mineral phase formation and
transformation is much faster in the models using 2 and 3 x SBF. In fact, ACP and OCP
are hardly detected on samples incubated in 2 x SBF after 7 days, and they are almost
completely absent in 3 x SBF samples. Also, while apatite phases formed in 1.5 x SBF

are mostly stochiometric HA and CHA, those formed in higher degree of supersaturation
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are mainly Ca-deficient HA, which were not present among the minerals formed in the
medial layer of MGP-deficient mice (250). Thus, the in vitro model using 1.5 x SBF more

closely matches mineral transformation related to MGP deficiency (250).

MGP deficiency is found in humans with Keutel syndrome, a rare genetic disease
(221). It is possible that mineral formation and growth occur similarly in patients suffering
from diseases associated with the deficiency of other calcification inhibitors, such as type
2 diabetes and idiopathic infantile arterial calcification, marked by lower levels of Fetuin
A and pyrophosphate, respectively (305-308). However, the mineral formation process in
medial calcification may be completely different in other diseases, such as CKD. CKD
patients usually suffer from hypercalcemia and/or hyperphosphatemia, i.e. their serum
Ca and P levels are higher than those found in healthy people (42). Also, patients with
end-stage CKD on dialysis usually present high Mg concentration in their serum because
of the presence of high levels of Mg ions in the dialysis solution (182). The presence of
higher Ca, P, and Mg levels in CKD patients may lead to an overall mineralization process
quite different from the one observed in the MGP-deficient mouse model we previously
studied, and may be in fact more similar to what observed here on the ELP membranes
immersed in 2 and 3 x SBF. Thus, different SBF ion concentrations could be used in
conjunction with ELP membranes as in vitro models of different in vivo pathological

situations.

6.5. Conclusion

The formation of Ca-P phases on ELP3 membranes incubated in SBF solutions with
different ionic concentrations can be significantly accelerated by increasing SBF ionic

concentration. However, the chemical and morphological properties of the minerals
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deposited on the ELP3 membranes and the overall mineralization process are strongly
affected. We show that SBF ion concentration influences both the mineral phase evolution
and the final composition and structure of apatite formed.

Mineral phase formation and transformation on ELP3 membranes immersed in 1.5 x
SBF matches that previously observed in a mouse model of medial calcification
associated with the loss of MGP. However, mineral phase evolution on samples
incubated in 2 x and 3 x SBFs is substantially different. While the same precursor phases
are involved, they are much less prevalent and very quickly transformed into apatite
phases. The final apatites are less crystalline and mostly Ca-deficient HA in these two
systems, rather than stochiometric HA and CHA. In 3 x SBF, the mineral deposits are
overall more disordered and densely packed compared to those formed in 1.5 and 2 x

SBF solutions.

The findings obtained using 2 or 3 x SBF might more closely match mineral nucleation
and transformation happening in the arteries of patients with life-threatening diseases
such as CKD. This hypothesis could be tested by analyzing mineral phase formation and
transformation in medial calcification associated with CKD, which is yet to be explored. If
mineral formation and transformation found in CKD patients actually matched those
observed in our in vitro system using 2 x and/or 3 x SBF, then different strategies should
be developed to stop or reverse calcification for these patients compared to seniors or

patients affected by loss of calcification inhibitors.

For example, an effective approach to prevent medial calcification associated with the
loss of calcification inhibitors may involve preventing the transformation of metastable

precursor phases, which are amorphous or poorly crystalline, into crystalline apatite

163



phases. However, this approach may not be a viable treatment for CKD patients where
mineral phase transformation is likely accelerated in the presence of high serum Ca and
P levels and almost no precursor phases are formed, as shown in this study. Thus,

another option should be considered for these patients.
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6.8. Supplemental material
6.8.1. Section 1: Detailed methods

6.8.1.1. Determination of the apatite ionic activity products (IP) and degree of
supersaturation (S)

An increase in concentration of calcium (Ca) and phosphate (P) ions in the simulated

body fluid (SBF) leads to an increase in the apatite ionic activity product (IP) of the SBF.

Formation of hydroxyapatite (HA) from its constituent ions is given by the following

equilibrium (309):
Ca1o(PO4)s(OH)z < 10Ca2* + BPO.* + 20H, (i)

The ionic activity product (IP) of HA in an aqueous solution is this given by the

following equation (309):
IP = (v ca®)"° (v pos> )" (v or)? [Ca**]"® [PO4>]° [OHP?, (i)
Where vy is the activity coefficient, and [ ] represents ionic concentration.

The activity coefficients were calculated based on the modified Debye-Hulckel

equation proposed by Davies (310). The IP of each SBF solution is given in Table 6S.1.

The relative degree of supersaturation S with respect to apatite phases was

calculating using the following equation (309):
S = (IP/Ksp)", (iii)
Where IP is the ionic activity, Ksp the solubility product, and n the number of ions in a

formula unit (i.e. 18 for apatite). Ksp of apatite in water is 5.5 x 10 -1 at 37 °C (311).

The degree of supersaturation S of each SBF solution in respect to apatite is given in

Table 6S.1.
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6.8.1.2. Determination of the crystallinity index (Cl) of the minerals by FTIR

The splitting of the v4 PO43- band can be used to estimate HA crystallinity index (Cl)

according to the formula introduced by Shemesh et al. (222):

Cl = (AB02 + A562) / A588, (iv)

where Ax is the absorbance at wavenumber x (Figure 6S.7)

A higher degree of splitting and therefore a higher Cl correspond to more crystalline

materials (236).

6.8.1.3. Ca K-edge Near Edge X-ray absorption fine structure (Ca K-edge

NEXAFS) spectroscopy

To identify and quantify the Ca-P phases present in the samples, we applied NEXAFS
spectroscopy. It is a synchrotron-based technique that allows analyzing how x-rays are
absorbed by an atom at energies near the core-level binding energies of that atom
depending on its chemical and physical environment (224). Because of crystallinity is not
required for NEXAFS measurements, this technique is well suited for analysis of non-
crystalline or poorly crystalline phases (224). Also, NEXAFS is more sensitive than
traditional spectroscopic techniques, with a detection limit that can be as low as few ppm.
Thus, NEXAFS is an excellent tool to analyze et differentiate the Ca-P phases present in

calcified ELP3 membranes.

Ca K-edge spectra were collected in fluorescence mode with energies between

1.7 and 10 keV and with a photon beam spot size of 2 mm x 6 mm. The storage ring
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energy during data collection was 2.9 GeV ant the current around 200 mA. The X-ray

beam was monochromated by Si (111) crystals with energy resolution (AE/E) of 104,
Data analysis

We first selected seven reference compounds (Figure 6S.6). The first one is ELP3
membranes incubated in 3.8 mM of CaCl; solution for 16 days (ELP3-Ca?*) which may be
a model of the very early stages of calcification if the Ca ions were first adsorbed on the
ELPs matrix. The other five references are Ca species that are known to be present in
pathological calcifications: amorphous calcium phosphate (ACP), octacalcium phosphate
(OCP), dicalcium phosphate dihydrate (DCPD), HA, carbonated hydroxyapatite (CHA),

and B-tricalcium phosphate (B-TCMP) (174, 175, 182, 193, 204, 250, 286).

To determine and quantify the Ca-P phases in the ELP3 samples, we performed linear
combination fitting (LCF) analysis using Athena software (Demeter 0.9.20). LCF is
justified because the x-ray absorption from different species in a sample is additive (280).

The total absorption coefficient calculated by LCF can be written as:
M =Zifi (STD)), (v)

where M is the least square fit to the sample spectrum, (STD;) represents the
absorption coefficient of the standard reference spectra, and fi is the fraction of each
reference spectrum in the sample spectrum, summed over the number of references, i.
Thus, with appropriate standard references, LCF can identify and quantify the fraction of

chemical species in an unknown sample (280).

We first performed principal component analysis (PCA) to determine which reference

compounds should be excluded for the LCF fitting and thus avoid using an excessive
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number of standard compounds. PCA results showed that DCPD and 3-TCMP were not
likely present in the calcified membranes. Thus, we used ELP3-Ca?*, ACP, OCP, HA, and
CHA as references for the LCF analysis. We performed LCF using all the possible
combinations of the selected reference compounds. We evaluated the quality of the fits
using the R-factor: fitting results with R-factor values below 0.02 are considered
satisfactory (227). We reported the LCF combination giving the lowest R-factor for each

sample analyzed (Table 6S.16).

6.8.2. Section 2: Supplemental figures and tables

Amino acid sequence  AAAAAKAAKYGA — (GVPGV); — AAAAAKAAKYGA

HP

Domain schematic

3

Figure 6S.1. The repeating amino acid sequence and alternating domain architecture of
ELPs3. Crosslinking domains (CLD) and hydrophobic domains (HP) are represented as
orange rectangles and springs, respectively.
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Table 6S.1. lon concentrations, apatite ionic activity products (IP), and degree of
supersaturation (S) of human blood plasma, 1 x, 1.5 x, 2 x, and 3 x simulated body fluid

(SBF) solutions.
lon concentration (mM)

Solution  Na* K*  Mg* Ca?** CII  HCO; HPOs# S04 LoglP S
Blood 142.0 5.0 1.5 25 103.0 270 1.0 0.5 -96.6 14

plasma
1xSBF 1420 5.0 1.5 25 1478 4.2 1.0 0.5 -96.6 14
1.5xSBF 2115 75 24 3.8 2280 6.3 1.5 0.8 -93.8 20
2xSBF 2820 100 3.0 5.0 304.0 8.4 2.0 1.0 -91.9 26
3xSBF 423.0 150 438 7.6 4560 126 3.0 1.6 -87.5 45
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Figure 6S.2. SEM images of ELP3 membranes after incubation in 1.5 x SBF for (A and
B) 3, (C and D) 5, and (E and F) 7 days. The spots marked with “X” on all panels indicate
the spots where EDS spectra were collected and they correspond to the data presented
in Tables SlI (spots in A, B), SIV (spots in C, D), and SV (spots in E, F).
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Table 6S.2. Relative elemental atomic percentages measured by EDS in ELP3
membranes incubated in 1.5 x SBF for 3 days. The spots 1-4 are shown in Figures 6S.2.A

and 6S.2.B.

Spot C(at%) O (at%) N (at%) Ca(at%) P (at%) OIC N/C CalP N/Ca
1 67.2 17.8 15.0 0 0 0.26 0.22 / /
2 64.8 21.6 12.9 0.4 0.3 0.33 0.20 1.3 32.3
3 64.4 26.3 7.4 1.3 0.9 0.41 0.11 14 5.7
4 68.1 20.8 10.4 0.6 0.1 0.31 0.15 6.0 17.3

Table 6S.3. List of Ca-P compounds found in pathological calcifications and their Ca/P

molar ratios (179).

Name Formula Ca/P ratio
Amorphous calcium phosphate (ACP) Ca3(P04)2.3H20 1.5
Octacalcium phosphate (OCP) CagH2(POa)s. 5H20 1.33
Dicalcium phosphate dihydrate (DCPD) Ca(HPO4).2H20 1.0
Magnesium- substituted B-tricalcium Cais(Mg)2H2(POa4)14 1.29
phosphate (B-TCMP)
Hydroxyapatite (HA) Ca10(PO4)s(OH)2 1.67
Carbonated hydroxyapatite (CHA) Ca10-p(PO4)6-p(OH)2o(CO3), (0<p<1) >1.67
Calcium-deficient HA Ca10x(HPO4)x(POa4)ex(OH)2x (0<x<1) 1.3-1.67

The stoichiometric apatite is given by the chemical formula Ca1o(POa4)s(OH)2, with a

Ca/P atomic ratio of 1.67 (179). When apatite forms, both in vivo and in vitro, some sites

for the PO4% ion can be partially substituted by CO3?- and HPO4? ions. Numerically, one

substitution of CO3s? for PO4* results in a half Ca and one P deficiencies, thus giving a
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Ca/P ratio higher than 1.67. On the contrary, one substitution of HPO4?- for PO results

only in a half Ca deficiency, to give a Ca/P ratio lower than 1.67 (179).

Table 6S.4. Relative elemental atomic percentages measured by EDS in ELP3
membranes incubated in 1.5 x SBF for 5 days. The spots 1-4 are shown in Figures 6S.2.C

and 6S.2.D.

Spot C(at%) O (at%) N (at%) Ca(at%) P (at%) OIC N/C CalP N/Ca
1 60.4 21.3 15.7 1.5 1.1 0.35 0.26 14 10.5
2 65.1 21.8 12.4 0.6 0.1 0.33 0.19 6 20.7
3 52.8 254 17.7 25 1.6 0.48 0.34 1.6 71
4 61.2 20.9 16.7 1.0 0.2 0.34 0.27 5 16.7

Table 6S.5. Relative elemental atomic percentages measured by EDS in ELP3
membranes incubated in 1.5 x SBF for 7 days. The spots 1-4 are shown in Figures 6S.2.E

and 6S.2.F.

Spot C(at%) O (at%) N (at%) Ca(at%) P (at%) OIC N/C CalP N/Ca
1 30.3 46.0 6.1 10.9 6.6 1.52 0.20 1.7 0.56
2 33.0 48.6 3.6 9.0 5.8 1.47 0.05 1.6 0.40
3 40.4 40.0 3.9 9.6 6.1 0.99 0.10 1.6 0.41
4 67.4 17.4 13.6 1.4 0.3 0.26 0.20 4.7 9.7
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Figure 6S.3. (A - C) Highly magnified nanoscale structures of the minerals after 7 days
in (A) 1.5, (B) 2 x, (C), 3 x SBF solutions.
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Figure 6S.4. SEM images of ELP3 membranes after incubation in 1.5 x SBF for 21 days.
The Ca/P ratio indicated on C is based on elemental atomic percentages obtained by ED
and (D) is the magnification of the highlighted region in (C).
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Figure 6S.5. SEM images of ELP3 membranes after incubation in 2 x SBF for (A and B)
3, (C and D) 5, and (E and F) 7 days. The spots marked with “X” on all panels indicate
the spots where EDS spectra were collected and they correspond to the data presented
in Tables SVI (spots in A, B), SVII (spots in C, D), and SVIII (spots in E, F).
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Table 6S.6. Relative elemental atomic percentages measured by EDS in ELP3
membranes incubated in 2 x SBF for 3 days. The spots 1-4 are shown in Figure 6S.5.A

and 6S.5.B.

Spot C(at%) O (at%) N (at%) Ca(at%) P (at%) OIC N/C CalP N/Ca
1 36.0 44.6 3.2 9.7 6.5 1.24 0.09 1.5 0.33
2 61.8 17.7 18.7 1.7 0.2 0.29 0.30 8.5 11.0
3 67.5 19.3 6.2 41 29 0.29 0.09 14 1.5
4 59.9 221 17.0 0.9 0.1 0.37 0.28 9.0 18.9

Table 6S.7. Relative elemental atomic percentages measured by EDS in ELP3
membranes incubated in 2 x SBF for 5 days. The spots 1-4 are shown in Figures 6S.5.C

and 6S.5.D.

Spot C(at%) O (at%) N (at%) Ca(at%) P (at%) OIC N/C CalP N/Ca
1 45.8 38.1 1.9 71 4.8 0.83 0.04 1.5 0.27
2 52.4 30.2 11.7 3.4 2.3 0.58 0.22 1.5 3.44
3 27.5 51.5 5.0 9.3 6.6 1.87 0.18 14 0.54
4 60.0 23.2 15.8 0.8 0.2 0.39 0.26 4.0 19.8
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Table 6S.8. Relative elemental atomic percentages measured by EDS in ELP3
membranes incubated in 2 x SBF for 7 days. The spots 1-4 are shown in Figures 6S.5.E

and 6S.5.F.

Spot C(at%) O (at%) N (at%) Ca(at%) P (at%) OIC N/C CalP N/Ca
1 229 56.1 3.2 10.7 71 2.45 0.14 1.5 0.31
2 38.3 41.0 21 11.4 7.3 1.07 0.05 1.6 0.18
3 204 50.7 1.2 171 10.6 2.48 0.06 1.6 0.07
4 25.6 52.0 2.7 11.4 8.3 2.03 0.11 14 0.24
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Figure 6S.6. SEM images of ELP3 membranes after incubation in 3 x SBF for (A and B)
3, (C and D) 5, and (E and F) 7 days. The spots marked with “X” on all panels indicate
the spots where EDS spectra were collected and they correspond to the data presented
in Tables SIX (spots in A, B), SX (spots in C, D), and SXI (spots in E, F).
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Table 6S.9. Relative elemental atomic percentages measured by EDS in ELP3
membranes incubated in 3 x SBF for 3 days. The spots 1-4 are shown in Figures 6S.6.A

and 6S.6.B.

Spot C(at%) O (at%) N (at%) Ca(at%) P (at%) OIC N/C CalP N/Ca
1 214 57.6 1.8 10.7 8.3 2.69 0.08 1.3 0.17
2 35.7 45.0 1.2 8.2 5.9 1.26 0.03 14 0.15
3 51.9 28.8 6.0 11.4 1.8 2.69 0.12 6.3 0.52
4 48.8 33.4 2.2 15.7 0.1 0.68 0.05 157 0.14

Table 6S.10. Relative elemental atomic percentages measured by EDS in ELP3
membranes incubated in 3 x SBF for 5 days. The spots 1-4 are shown in Figures 6S.6.C

and 6S.6.D.

Spot C(at%) O (at%) N (at%) Ca(at%) P (at%) OIC N/C CalP N/Ca
1 13.4 59.5 29 13.3 10.0 4.44 0.22 1.3 0.22
2 17.2 55.7 3.2 13.3 10.6 3.24 0.19 1.3 0.24
3 11.5 38.4 2.2 30.6 17.3 3.34 0.19 1.8 0.07
4 15.5 57.0 4.7 13.7 9.1 3.68 0.30 1.5 0.34
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Table 6S.11. Relative elemental atomic percentages measured by EDS in ELP3
membranes incubated in 3 x SBF for 7 days. The spots 1-4 are shown in Figures 6S.6.E

and 6S.6.F.

Spot  C(at%) O (at%) N (at%) Ca(at%) P (at%) O/C N/C Ca/P  N/Ca
1 18.4 43.0 3.1 21.3 14.2 2.34 0.17 1.5 0.15
2 6.4 44.7 0.7 29.1 19.2 6.98 0.11 1.5 0.02
3 15.9 55.2 1.4 16.6 11.0 3.47 0.09 1.5 0.08
4 17.8 46.8 2.5 20.1 12.9 2.63 0.14 1.6 0.12
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Table 6S.12. Relative atomic percent of C, O, N, Ca, and P, and Ca/P and N/Ca ratios
on ELP3 membranes after incubation in 1.5 x, 2 x, and 3 x SBF, measured by XPS survey.
No other elements were detected.

SBF Time point C O (at%) N (at%) Ca (at%) P (at%) Ca/P N/Ca
solution (days) (at%)
/ 0 68+3  19+3 13+ 1 N N / /
3 67+2  22+3 11+1  03£01*** 02+01 15£02 378
15 x SBF 5 67+1  21£2 111  07£01"* " 05+01 15+01 173
7 66+4  21£2 1122  1.6£02"* " 09£02 17£01  7%2
21 50+3  23+3 10 £ 1 48+0.8 30£09 18+03 22:06
3 65+2  20+3 9t2 3+0.7**  21£04 14+01 3.0%10
2 x SBF 5 52+4 302 8+2  58:08°*"T 39+07 15+01 1406
7 30£3  49£2 5:1 9806 T 64:+05 15201 06£0.2
3 55+5  30+4 82 42+09™  28+08 1501 1907
3 x SBF 5 24+3  47+2  17+05 154+08"' 106%0.7 15£02 010
7 22+3  46+3 15205  18+1"T 118106 1.5+02 010
* indicates significant differences between samples incubated in 1.5 x and 2 x SBF with * = P<0.02, ** = P<0.001, ***
= P<0.0005.

* indicates significant difference between samples incubated in 1.5 x and 3 x SBF with ** = P< 0.005, *** = P< 0.0001.
T indicates significant differences between samples incubated in 2 x and 3 x SBF with 1 = P< 0.005, and 111 = P<
0.0001.
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Table 6S.13. FTIR peak assignments for calcified ELP3 membranes and HA.

Peak (cm™) Calcified ELP3 HA References
membrane
v OH 3290-3300 3300 (281), (282), (283)
v N-H 2958-2964 (281), (282), (283)
Vas CH2 2926-2929 (281), (282), (283)
vs CH2 2865-2868 (281), (282), (283)
v C=0 (amide I) 1638-1642 (281), (282), (283)
v C-N, 8 N-H (amide II) 1535-1540 (281), (282), (283)
8 CH: 1443-1451 (284)
8 CHs 1365-1372 (281), (283), (284)
8 C-H (amide IlI) 1232-1236 (281)
vz PO4% 1109-1110 1091 (282), (242), (240), (285)
vz PO4% 1027-1031 1031 (282), (242), (240), (285)
vi PO 960-963 962 (282), (242), (240), (285)
vz CO3? 864-867 (282), (242), (240), (279)
va PO4* 600-602 602 (281), (282), (283)
va PO4* 561-563 564 (281), (282), (283)

vas: antisymmetric stretching; vs: symmetric stretching; §: bending
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Figure 6S.7. Representative FTIR spectrum of calcified ELP3 membraned incubated in
1.5 x SBF for 21 days showing the degenerated v4 phosphate band used in Shemesh'’s
method to determine the mineral crystallinity (222).

Table 6S.14. Experimental mineral crystallinity indexes (Cl) measured in calcified ELP3
membranes and HA based on the FTIR v4 vibration peaks.

SBF solution Time point (days) Cl
7 3.3+0.1* *##
1.5 x SBF
21 4.2+02%*
2 x SBF 7 26+0.27
3 x SBF 7 26+0.1"
HA / 56+0.3

* indicates significant differences between samples incubated in 1.5 x and 2 x SBF for 7 days with P<0.05.
* indicates significant difference between samples incubated in 1.5 x and 3 x SBF for 7 days with P< 0.05.
# indicates significant differences between samples incubated in 1.5 x SBF for 7 and 21 days with P< 0.02.
Three samples per condition were analyzed.
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Table 6S.15. Experimental XRD FWHM values of the peak corresponding to the planes
(211), (121), and (202) in ELP3 membranes incubated in 1.5 x SBF for 7 and 21 days,
and in 2 x SBF and 3 x SBF for 7 days.

SBF solution Time point (days) XRD FWHM
7 1.2+0.1**#
1.5 x SBF
21 0.7 + 0.2
2 x SBF 7 1.8+0.2%
3 x SBF 7 1.9+0.2°

* indicates significant differences between samples incubated in 1.5 x and 2 x SBF for 7 days with P<0.05.
** indicates significant difference between samples incubated in 1.5 x and 3 x SBF for 7 days with P< 0.05.
#indicates significant differences between samples incubated in 1.5 x SBF for 7 and 21 days with P< 0.05.

Three samples per condition were analyzed.
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Figure 6S.8. Representative Ca K-edge NEXAFS reference spectra of (i) ELP3-Ca?*, (ii)
ACP, (iii) DCPD, (iv) OCP, (v) HA, (vi) CHA, and (vii) 3-TCMP.
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Table 6S.16. Percentages of ELP3-Ca?*, ACP, OCP, HA, and CHA in ELP3 membranes
incubated in 1.5 x, 2 x, and 3 x SBF solutions determined by LCF using Ca K-edge
NEXAFS spectra of reference samples, and R-factors of the LCF.

SBF Time point ELPs;-Ca* ACP (%) OCP (%) HA (%) CHA R-factor
solution (days) (%) (%)
3 305 27+ 77 21+5" 15 £ 5% ** 72 0.007 £ 0.003
5 24 + 47 19 £ 3™ 20+ 6™ 19+£3*" 104 0.003 £ 0.001
1.5 x SBF 7 20 £ 4x 16 £ 3™ 173" 33+£3*"" 145 0.005+0.002
21 0 10+3 10+£2 5116 29+2 0.0003 £ 0.0001
3 26+4 11+2* 14+3 39 £ 6™ 10+4  0.005+0.0002
2 x SBF 5 20+ 4111 9+ 3" 14 +4 42 + 51T 15+3 0.0002 + 0.0001
7 o*** o*** 731 685 T 25+5%  0.003 +0.001
3 25+4 9+3™ 10+ 5™ 46 + 3" 10+4 0.002 +0.0005
3 x SBF 5 o rrt 4+1™ 7+37 75£47°1T 14 +3  0.0004 +0.0001
7 o o of 84+6" 16+5 0.0004 +0.0001

* indicates significant differences between samples incubated in 1.5 x and 2 x SBF with * = P<0.05, ** = P<0.005,
***=P<0.0001.
* indicates significant difference between samples incubated in 1.5 x and 3 x SBF with ** = P< 0.005, *** = P< 0.0001.
T indicates significant differences between samples incubated in 2 x and 3 x SBF with + = P< 0.05, 11 = P< 0.005,

and 11 = P< 0.0001.

Three samples per condition were analyzed.
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Chapter 7. Aortic Valve Calcification Follows Different Mineralization

Pathways in Men and Women.

While in Chapters 4, 5, and 6, we studied the molecular mechanism of mineral
formation and evolution in medial arterial calcification, in this chapter we studied the

process involved in another type of cardiovascular calcification, AVC.

AVC is the most common intrinsic mechanism of valvular obstruction leading to AS. It
is a major health issue with high morbidity and mortality. Currently, there is no approved
effective treatment and the only available therapeutic option is invasive valve
replacement, to which not all patients are suited. The main reason for such lack of
treatment options is our lack of understanding of the calcification mechanism. Recently,
several studies have shown that for the same aortic stenosis severity, women present
significantly lower calcification loads than men. However, the causes of this sex-related

differences are still unknown.

To understand sex-dependent differences in AVC, we analyzed mineral deposits from
surgically excised calcified human aortic valves from men and women. We show profound
differences in mineral composition and morphology between sexes, suggesting that aortic

valve calcification follows different mineralization pathways in men and women.

The findings of this study have been submitted to Proceedings of the National

Academy of Sciences of the United States of America and are currently under review.
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Ophélie Gourgas, Kashif Khan, Adel Schwertani, Marta Cerruti. Aortic Valve

Calcification Follows Different Mineralization Pathways in Men and Women.

7.1. Abstract

Aortic valve calcification is a pathologic condition resulting in the deposition of calcium
phosphate minerals in the extracellular matrix of the aortic valve leaflets. The mineral
deposits can severely narrow the opening of the aortic valve, thus leading to aortic
stenosis. Currently, there are no therapies to halt or slow down disease progression and
the mechanisms governing aortic valve calcification are still poorly understood. Recently,
several studies have shown that for the same aortic stenosis severity, women present
significantly lower calcification loads than men. However, the causes of this sex-related
differences are still unknown, and more work need to be done to understand these
mechanisms. Also, while previous studies analyzed minerals present in aortic valve
calcification, the impact of sex on the chemical composition and morphology of minerals

was never studied.

To address these gaps, in this study we analyzed mineral deposits from surgically
excised calcified human aortic valves from men and women. We first assessed the
calcified aortic valves for overall levels of calcification and fibrosis using semi-quantitative
methods. Then, using a combination of material characterization techniques we analyzed
the composition and structure of the minerals. We found profound differences in mineral
composition and morphology between sexes, which strongly suggest that minerals form
slower in women than in men and follow a different mineralization pathway. These results
pave the way for new, sex-specific methods to diagnose, prevent and treat aortic valve

calcification.
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7.2. Statement of significance

Aortic valve calcification is a health disorder with increasing prevalence and high
morbidity and mortality. Currently there is no approved effective treatment; the only
available therapeutic option is invasive valve replacement, to which not all patients are
suited. The main reason for such lack of treatment options is our lack of understanding of
the calcification mechanism. In this study, we show profound differences in mineral
composition and morphology between sexes, suggesting that aortic valve calcification
follows different mineralization pathways in men and women. These findings pave the
way for new approaches specifically geared towards men or women in the diagnosis and

treatment of aortic valve calcification.
7.3. Introduction

Aortic stenosis (AS) is the most common valvular heart disease affecting the aging
population in developed nations (19, 20). Although several medical treatments are on
clinical trials, none of them convincingly halted or slowed down disease progression, and
currently there are no therapies for AS (312). Once symptomatic and severe AS has
developed, the only available treatment is surgical aortic valve replacement or

implantation, to which not all patients are suited (137).

Aortic valve calcification (AVC) is the main intrinsic mechanism of valvular obstruction
leading to AS (135, 136) and is present in about 25-30% of the population over the age
of 65, and as many as half of those over 85 (138, 139). Until the early 1900s, AVC was
regarded as a simple passive age-related degenerative process resulting in the
deposition of calcium phosphate (Ca-P) phases in the extracellular matrix (ECM) of the

aortic valve leaflets. However, recent studies have shown that AVC is an active, highly
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complex process sharing common determinants with intimal arterial calcification, or
atherosclerosis (19, 21, 22). Both the latter and AVC result from a sequence of events
initiated by inflammation, which stimulates the osteochondrogenic transdifferentiation of
myofibroblasts and smooth muscle cells (SMCs) (140). They also share common risk
factors including male sex, body mass index, smoking, arterial hypertension, and elevated
lipid levels (141). Despite these recent findings, we still lack precise molecular insights

into the mechanisms governing AVC.

Although male sex is a well-known risk factor for developing AVC(141, 155, 156), only
recently a significant step toward unraveling sex-specific differences in AVC was made.
Aggarwal et al. (158) provided initial evidence that male sex impacts not only the
probability of developing AVC but also the nature of AVC. Specifically, they showed that
men present significantly higher AVC loads than women for an equivalent degree of AS,
as measured by multi detector computed tomographic (MDCT) imaging (158). This finding
was further confirmed by several other studies using both MDCT and echocardiography
(23-27).

While the causes of this sex-related difference are still unknown, some studies
suggested that hormones may be involved. On one hand, it was shown that estrogen may
protect against the progression of valvular calcification (159). Indeed, women tend to
develop heart diseases and especially AVC later in life compared to men (163, 164); this
could be attributable to the loss of estrogen during menopause. On the other hand,
androgens have been reported to have a significant effect on both osteoclast and
osteoblast activity and function (165). Along the same lines, it was shown that

testosterone plays an important role in promoting calcification of vascular SMCs in vitro
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(27, 166). However, another in vitro study showed that male and female valvular
interstitial cells (VICs) behaved differently in a hormone-free environment: male VICs
calcified more extensively than female VICs in hormone-free osteogenic medium (167).
Another work from Simard et al. suggested that the sex-related difference in AVC may be
explained by more valvular fibrosis and relatively less valvular calcification in women than
men (23). Overall, this shows that the biological explanation for the sexual difference in
AVC is likely highly complex and may not rely only on hormonal differences between
sexes. Clearly, more work needs to be done to understand the pathophysiological

differences between sexes.

To shed some light on the sex differences in AVC, here we analyze the mineral
deposits from surgically excised calcified aortic valves from both men and women
patients. We first assessed the calcified aortic valves for overall levels of calcification and
fibrosis using semi-quantitative methods. Then, using a combination of material
characterization techniques including Raman and near edge x-ray absorption fine
structure (NEXAFS) spectroscopies, scanning electron microscopy (SEM) and energy-
dispersive spectroscopy (EDS), we analyzed the composition and structure of the

minerals.
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7.4. Methods
7.4.1. Materials

Amorphous calcium phosphate [Ca3(POa4)2.3H20, (ACP)], dicalcium phosphate
dihydrate [Ca(HPO4).2H.O , (DCPD)], and magnesium-substituted [-tricalcium
phosphate [Caig(Mg)2H2(PO4)14, (B-TCMP)]. were purchased from Sigma-Aldrich
(Oakville, ON, Canada). Hydroxyapatite [Ca10(PO4)s(OH)2, (HA)] was obtained from the
National Institute of Standards and Technology (NIST). All materials were used as

received.

Carbonated hydroxyapatite [Ca10-p(POa4)6-p(OH)25(CO3)p (0<p<1), (CHA)] and
octacalcium phosphate [CasH2(PO4)s. 5H20, (OCP)] were prepared as previously

described in (254) and (255), respectively.
7.4.2. Human aortic valve samples

Archived human aortic valve tissues were obtained in accordance with the McGill
University Health Centre guidelines. These aortic valves were originally obtained from
cardiac valve replacement surgeries from patients with severe AS between 2009 and
2012 at the McGill University Health Centre. The samples were collected in ice cold saline
and washed with cold 1x phosphate-buffered saline (PBS) before being snap frozen in
liquid nitrogen and transferred to -80 °C freezer for long storage. A total of 109 calcified
human aortic valves from both sexes and different ages (71 + 13 years old) were collected
for valve histology analysis along with a detailed clinical history (Table 7S.1). Lipid profile,
aortic valve area (AVA), jet velocity through the aortic valve (jet), the maximum pressure
gradient across the valve (Pmax), the mean pressure gradient across the valve (Pmean)

and the left ventricular ejection fraction (LVEF) were all noted.
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For mineral analysis, 33 calcified human aortic valves were selected (Table Sll). The
samples were kept in 70% ethanol and then dried under vacuum overnight for mineral

characterization.

The study was approved by the McGill University Health Centre and the Montreal
Heart Institute ethics committees; we have obtained informed consent from all

participants involved in this study.
7.4.3. Human aortic valve histology

The 109 calcified aortic valves were fixed in formalin and embedded in paraffin for
histological analysis. The paraffin-embedded tissue blocks were cut into 4 um sections
using a microtome and placed on glass slides. Five sections were examined per lesion.

A total of 6 images were analyzed per section.

The degree of valvular calcification was attributed by a visual semi-quantitative score
(313, 314): score 0: no calcium deposition; score 1: calcium deposition in < 25% of tissue;
score 2: calcium deposition in 25-50% of tissue; score 3: calcium deposition in > 50% of

tissue.

The degree of valvular tissue fibrosis was also assessed using a semi-quantitative
method (314, 315): score 0: no fibrotic tissue on the section surface; score 1: fibrotic
tissue representing < 25% of the section surface; score 2: fibrotic tissue representing 25-
50% of the section surface; score 3: fibrotic tissue representing > 50% of the aortic

surface.
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7.4.4. Raman spectroscopy

The valve samples were analyzed using a Raman spectrophotometer (Senterra,
Bruker, Germany) equipped with a 785 nm diode laser of 100 mW power coupled with an
Olympus optical microscope. Raman spectra were acquired using a 40x objective, in a
spectrum range from 400 to 1800 cm™" at a resolution of 3.5 cm-'. Ten different spots were
scanned for each sample with an integration time of 60 seconds and 2 co-additions. The

data was analyzed using OPUS software (OPUS 7.0.0, Bruker, Karlsruhe, Germany).

7.4.5. Ca K-edge Near Edge X-ray absorption fine structure (Ca K-edge NEXAFS)
spectroscopy

The samples were characterized using Ca K-edge NEXAFS spectroscopy at the bulk-
XAFS end-station of the Soft X-ray Microcharacterization Beamline (SXRMB) at the
Canadian Light Source (CLS), Saskatoon, Saskatchewan. Powdered reference
compounds of known chemical compositions were also analyzed, including ACP, OCP,
DCPD, HA, CHA, and B-TCMP. Spectra were collected with energies between 1.7 and
10 keV in fluorescence mode and with a photon beam spot size of 2 mm x 6 mm.
Reference spectra were collected in transmission mode while spectra of calcified aortic
valves were collected in fluorescence mode. The spectra were calibrated, aligned, and
normalized using Athena software (Demeter 0.9.20). Principle component analysis (PCA)
was first performed on the spectra to avoid using an excessive number of references in
the fitting. Then, linear combination fitting (LCF) was performed on the NEXAFS regions
of the spectra using combinations of the reference samples selected by the PCA. The
quality of the fits was evaluated by the R-factor value: values below 0.02 indicate that the

fitting results are satisfactory (227). For each spectrum, the best LCF combination (i.e.
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the combination giving the lowest R-factor) was retained. PCA and LCF were performed

using Athena software.

7.4.6. Scanning electron microscopy (SEM) and energy-dispersive X-ray

spectroscopy (EDS)

Calcified human aortic valves were characterized using a combination of SEM and
EDS. Samples were mounted on an aluminium SEM stub with carbon tape, and then
coated with about 20nm carbon (carbon sputter coater, EMS150R ES, Electron
Microscopy Sciences (EMS)). The samples were then imaged using an Inspect-50 field
emission SEM (FEI, Japan), at 15 kV operating voltage under high vacuum. EDS spectra
and elemental maps were obtained in the regions of interest using an EDX spectrometer

(EDX, Thermo Scientific, USA).

7.4.7. Statistical analysis

Statistical data analysis was performed using GraphPad software, Inc. (2016).
Mean values were expressed as average * standard deviation. A generalized linear
regression model was used to assess the statistical significance of gender and age on all
clinical variables including lipid profile and echocardiographic parameters. Significance
level was set at p<0.05. For Raman and NEXAFS data, statistical analysis on mean
values was performed by unpaired t-tests, and p< 0.05 was considered statistically

significant
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7.5. Results and Discussion

Generalized linear regression model shows that there were no significant clinical
differences between men and women. Only age was significant for creatinine
concentration when adjusting for gender (P < 0.01) (Table 7S.1). This is in agreement
with previous literature showing that serum creatinine concentration significantly

increases with age (316).

We first assessed calcified aortic valves for overall levels of calcification and fibrosis
using semi-quantitative methods (313-315). Overall, the calcification score was
significantly lower in females compared to males (P = 0.0004) (Figure 7.1.A). This is in
agreement with previous studies showing lower AVC loads in females than males for the
same AS severity (23-27, 158). However, the degree of valvular tissue fibrosis was not
significantly different between sexes (P = 0.6911) (Figure 7.1.B). This result disagrees
with the work from Simard et al. (23). While we used only a semi-quantitative method to
measure fibrosis in aortic valves, Simard et al. used both semi-quantitative scoring and
quantitative methods based on histological staining. However, they did not quantify
fibrotic tissue in the entire series of samples but only in a small subset of histological
sections (24 samples) (23). To the best of our knowledge, Simard'’s et al. is the only report
showing significantly higher amounts of fibrotic tissues in women compared to men.
Clearly, additional work is required to accurately quantify fibrotic tissue in addition to
histological staining, but it seems likely that other mechanisms in addition or alternative

to fibrosis may be involved in the observed sex differences in AVC.
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Figure 7.1. Distribution of the (A) calcification score and (B) fibrosis score in females and
males. Welch’s t test was used for statistical analysis. ***indicates significant difference
between females and males with P < 0.0005.

To understand sex-specific differences in AVC we characterized mineral deposits in a
subset of 33 calcified aortic valves from men and women with severe AS (Table 7S.2).
We first analyzed the composition and crystallinity of the mineral deposits using Raman
spectroscopy. The main spectral features of the Raman spectra of calcified aortic valves
are related to HA, thus confirming the presence of minerals in the samples (Figure 7.2.A,
see the v1, v4 and v2 phosphate peaks; Table 7S.3) (203, 317, 318). Peaks related to the
vi and v2 carbonate (COs?%) stretching modes are also visible on the spectra, thus
suggesting that some carbonate ions were incorporated into the HA lattice (Table 7S.3)
(203, 233, 317, 318). In agreement with previous studies, these results show that the
main mineral phase present in the valve samples is carbonated hydroxyapatite (CHA),
similar in composition to the minerals in bone (174, 175, 229, 319). The other peaks
visible on the spectra are related to the organic components of the valves (Table 7S.3).
The peaks around 1292 and 1661 cm™ are ascribed to the amide Il and amide |,
respectively (203, 233, 320, 321). The peak around 1003 cm™ is assigned to the C-C

stretching of the phenylalanine residue of collagen (320). While most samples show
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similar Raman spectra with no strong differences in the mineral region of the spectra, we
could not identify distinguishable phosphate or carbonate peaks in five samples (Figure
7S.1.A), implying that the amount of mineral deposits in these samples was too low to be

detectable by Raman.
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Figure 7.2. (A) Representative Raman spectra of (i) a non-calcified aortic valve, (ii) a
calcified aortic valve from female, (iii) a calcified aortic valve from male, and (iv) HA.
Arrows point at the v4, v4 and v2 phosphate vibration bands of HA. The spectra were
normalized based on the absorbance of the C=0 amide | band at 1634 cm™. (B)
Distribution of Raman FWHM values in females and males measured on the Raman v+
phosphate peak. For each sample, we analyzed 10 different spots and we plotted the
value corresponding to the mean of the values measured on the 10 spots. Unpaired t-test
was used for statistical analysis. * indicates significant difference between females and
males with P< 0.05.

By measuring the full width at half maximum (FWHM) of the v4 phosphate peak, we
estimated the degree of crystallinity of the mineral deposits (see section 1 of the
Supplementary Material; Figure 7S.1.B). A wider peak indicates a less crystalline
material, while sharper peaks relate to higher crystallinity (222). Although the FWHM

values were overall homogeneous within the same sample, they varied greatly between
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samples (Table 7S.4). Consistent with previous findings (229, 250), the crystallinity
measured on all samples was lower than that found in bone; however, FWHM values
were significantly lower in men than women (P <0.05), indicating more crystalline apatite
deposits in men (Figure 7.2.B). In fact, while in women the minerals were much less
crystalline than the minerals present in mature bone, the apatite deposits in men were

almost as crystalline as minerals found in bone (230).

Although apatite phases are the most thermodynamically stable forms of Ca-P at
physiological pH, different phases can crystallize, and non-crystalline deposits can form
too (181). In fact, several researchers reported the presence of non-apatitic phases such
as amorphous calcium phosphate (ACP), octacalcium phosphate (OCP), and dicalcium
phosphate dehydrate (DCPD) in AVC (171, 174, 194, 202, 203, 322-324). Our previous
analysis of medial calcifications in mice showed that mineral deposition started with
amorphous precursors such as ACP and OCP and progressively transformed into more
and more crystalline deposits (250). A similar trend is observed during mineral deposition
in bone (188, 189, 251). Should a similar process happen in AVC, our finding that minerals
are less crystalline in women than in men would imply that mineral deposition in women

occurs more slowly than in men.

While Raman spectroscopy shows mineral crystallinity differences between sexes, it
cannot determine the nature of Ca-P phases deposited on the valve leaflets.
Theoretically, Raman can identify different mineral phases based on the position of the
v1 phosphate vibration (325). However, this band is sensitive to the local surroundings,
the substitution of anionic groups, and the changes in degree of crystallinity; thus, the

frequency of the v41 phosphate band varies according to several parameters in addition to
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Ca-P phase (326). Also, in the valve samples we did not detect distinct peaks, but only a
peak centered between 959 and 962 cm'. This suggests that Raman is not sensitive
enough to discriminate different phases in mixed samples. We made a similar observation

in our previous analysis of mixed Ca-P phases present in medial calcifications (250)

To identify and quantify the mineral phases present in the samples, we analyzed the
calcified aortic valves using Ca K-edge NEXAFS. NEXAFS analyzes how x-rays
absorption by an atom is affected by its neighboring atoms, thus acting as local chemical
and structural probe. NEXAFS is well suited for our samples since crystallinity is not
required (224); thus, it allows us to identify the amorphous and poorly crystalline phases
present in the calcified valves, in addition to crystalline HA. To identify the compounds
present in the valve samples, we selected as reference samples ACP, OCP, DCPD, B-
TCMP, HA, and CHA. We then performed PCA and LCF following the procedure
explained in Supplementary Material. NEXAFS spectra of reference samples and
calcified aortic valves show four features that are typical of Ca-P compounds (Figure 7S.2
and Figure 7.3.A, respectively) (225, 226). The most intense peak, also called the
absorption edge, shows a shoulder peak around 4044 eV assigned to 1s to 4s transitions,
and a double peak more intense centered at around 4046 eV, which is assigned to 1s to
4p12and 1s to 4pzp2 transitions (225, 226). The small feature at the pre-edge around 4039
eV is due to electronic transitions between 1s and 3d orbitals. Features at higher energies
are related to transitions from 1s to higher unoccupied states, or multiple scattering

contributions (225, 226).
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The LCF results and associated R-factors are presented in Table 7S.5. All the R-factor
values were lower than 0.02, thus suggesting that all the fits were satisfactory. We found
ACP, OCP, DCPD, HA and CHA in the samples; however, not all these phases were
present in all the valves, and the amount of each phase was very variable between

samples (Table 7S.5.). We did not detect B-TCMP in any sample.

To simplify the analysis of valve composition, we compared the amount of non-apatitic
phases (i.e. ACP, OCP, and DCPD) with that of apatitic phases (i.e. HA and CHA) in the
two sexes. Significantly larger amounts of non-apatitic phases were detected in women
compared to men (P< 0.05) (Figure 7.3.B). A more detailed analysis showed that women
had significantly higher amounts of ACP and DCDP than men (Figure 7.3.C and Figure
7.3.D), while the amounts of OCP were not significantly different between sexes (Figure
7S.3). Specifically, DCPD was much more prevalent in women than in men (P < 0.0002),

with only 3 male samples showing this phase out of the 20 analyzed (Figure 7.3.D).

While in five samples we could not detect apatite deposits by Raman spectroscopy,
NEXAFS showed the presence of Ca-P phases in all samples. This confirms that
NEXAFS is more sensitive than Raman spectroscopy, and highlights the importance of

using NEXAFS in addition to traditional spectroscopic techniques for mineral analysis.

The presence of non-apatitic phases such as ACP, OCP, and DCPD is in line with the
literature. ACP and OCP have been identified as the main precursors of biological apatite
in physiological calcifications (198, 220) and they have been reported several times in
valve calcification (190, 202, 203, 322-324). DCPD is also regarded as a precursor of
biological apatite in physiological and in some pathological calcifications, such as dental

and urinary calculi (182). Recently, it was also reported in human AVC (202, 203).
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Figure 7.3. (A) Representative Ca K-edge NEXAFS spectra of calcified aortic valves from
females ((i): spectrum for sample W103 and (ii): spectrum for sample W100) and males
((iii): spectrum for sample W99 and (iv): spectrum for sample W83). Distribution of the
percentage of (B) non-apatitic phases, (C) ACP, (D) and DCPD in females and males
determined by LCF based on reference Ca K-edge NEXAFS spectra. Unpaired t-test was
used for statistical analysis. * indicate significant differences between females and males
with * = P< 0.05 and *** = P<0.0005.

We did not detect B-TCMP in any sample. 3-TCMP has been reported as a component
of the minerals found in several soft tissue calcifications, such as dental calculi and
salivary stones (182). While it was detected in addition to HA in mineral deposits from
calcified human mitral valves (171, 327), only one study suggested its presence in AVC
(203). However, the presence of B-TCMP in this study was only shown by the shift of the

v1 phosphate peak from 960 for HA to 970 cm™ by Raman spectroscopy; no other
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characterization technique was used to confirm this result and only 11 samples were
analyzed (203), thus suggesting that further work will be required to unequivocally

determine if B-TCMP is present in AVC.

NEXAFS data show that women are prone to have greater amounts of non-apatitic
phases than men for the same AS severity. Since mineralization in both physiological
(188, 189, 251) and pathological (250) conditions usually starts from non-apatitic, less
crystalline precursors and develops into more crystalline deposits, this result along with
the lower HA crystallinity found by Raman strongly suggests that the process of mineral
deposition in women occurs more slowly than in men. This would explain why women are
found to have lower AVC loads than men for similar AS severity. Also, NEXAFS shows
that DCPD is found almost exclusively in women; this implies that the mineralization
process in women is not only slower but follows a different mineralization pathway than

in men.

To further prove whether different mineralization pathways exist between sexes, we
analyzed the morphology and composition of the minerals at a nanoscale level by
SEM/EDS. Previous studies have shown that the minerals present in AVC are remarkably
different from the platelets found in bone (328, 329). They can be classified as compact
materials, calcified fibers, and spherical particles (171, 174, 205, 207, 232). The
composition and formation mechanisms of these three distinct structures are still
unknown. Only recently, a study showed that the spherical particles are highly crystalline
HA (207). Such highly crystalline structures are not found in bone, which is composed
only of poorly crystalline CHA. This implies that there are profound differences in

mineralization pathways between AVC and bone.
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SEM images of calcified valves containing only apatite phases, as determined by
NEXAFS, revealed only one distinct mineral structure: compact material (Figure 7.4.A
and Figure 7.4.B, Figure 7S.4). This is the typical morphology of HA deposits in AVC
(171, 194, 205, 207, 324). Ca/P ratios determined by EDS on these structures are
between 1.7 and 1.9, thus confirming the HA nature of the minerals (Figure 7S.4; Table
7S.6 and Table 7S.7) (179). These are the samples with the most uniformly distributed

Ca/P ratios.
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Figure 7.4. SEM images of calcified human aortic valves containing only apatite phases
(A and B), or a combination of non-apatitic and apatite phases but no DCPD (C and D).
The Ca/P ratios indicated on the SEMs are based on elemental atomic percentages
obtained by EDS.
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SEM images of calcified valves containing ACP, OCP, HA, and CHA showed the same
compact material structure of the minerals (Figure 7.4.C and Figure 7.4.D; Figure 7S.5).
However, the Ca/P ratios varied greatly among the same sample, ranging from 1.3 to 1.9,
confirming that there is a mix of several phases in these samples (Figure 7.4.C and Figure

7.4.D; Figure 7S.5; Table 7S.8).

Samples containing DCPD, and thus almost exclusively female samples, showed the
presence of two other mineral morphologies in addition to compact materials: mineralized
fibers forming networks and coalesced spherical particles (Figure 7.5). The latter have
variable sizes, with diameters ranging from 100 nm to 5 um (Figure 7.5.C and Figure
7.5.D). Both calcified fibers and spherical particles were already reported by several
studies of AVC (171, 174, 205, 207, 232). While the nature and mineral formation
processes of these two structures are still unknown, a recent report showed that the
spherical particles are highly crystalline HA, and suggested that these are the first
mineralized structures forming in pathological calcifications (207). If this is the case, the
observation that spherical particles occur predominantly in female samples supports our

previous suggestion that mineral deposition occurs more slowly in women than in men.

EDS measured on the spherical particles confirmed that they are HA (Figure 7.5.D),
in agreement with (207) ; however, Ca/P ratios on the fibers were lower than 1.5 (Figure
7.5.A and Figure 7.5.C), suggesting that they could be rich in precursor phases,
specifically DCPD (Figure 7S.6;Table 7S.9). The concurrent presence of both highly
crystalline spherical particles and fibers containing precursor phases explains the overall

lower apatite crystallinity in women than men measured by Raman spectroscopy.
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Figure 7.5. SEM images of calcified human aortic valves containing DCPD in addition
to other non-apatitic and apatite phases (A - D). The Ca/P ratios indicated on the SEMs
are based on elemental atomic percentages obtained by EDS.

7.6. Conclusions

Minerals in AVC have different composition and morphology in men than in women.
Calcifications in women are less crystalline and contain larger amounts of ACP and DCPD
than in men. In fact, hardly any male sample showed any DCPD. These phase differences
are mirrored by differences in morphology. While compact material, calcified fibers, and
spherical particles were already identified as the three main mineral morphologies in AVC,
here we show that their presence is sex-dependant. Compact material is the only mineral

morphology we identify in male calcified aortic valves. In female aortic valve samples,
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instead, we show the presence of fibers and spherical particles in addition to HA compact

material.

These results suggest that mineralization is slower in women and follows a different
pathway than in men: minerals would start from ACP, convert to OCP and further
transform into crystalline HA in men, while in women minerals would take longer to

transform from ACP to OCP, and transition to DCPD before becoming HA.

Understanding the mechanisms of nucleation and growth of spherical particles and
fibers and what stabilizes ACP and DCPD as precursors in women will be crucial to
understanding the pathophysiological differences between sexes in AVC. The reasons
behind these mineral differences may be biological and intrinsic to tissues, or dependant
on hormone levels. But they may be also due to physical chemistry, and relate to different
levels of mineralization or phase transformation inhibitors circulating in the blood of
female and male patients. To understand this, it will be crucial to perform further
experiments, and explore mineral formation and transformation in vitro and possibly in

vivo, in animal models.

Although this mineral analysis was conducted on a small number of patients, the
difference between precursor phases and especially DCPD in women vs. men was
remarkable. This shows the power of analyzing mineral phases rather than just the overall
level of calcification and suggests mineral phase analysis as a new method to diagnose

and possibly prevent disease development.

Last but not least, the observed mineral differences may lead to the development of

sex-specific treatments: DCPD and the less crystalline deposits found in women may be
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easier to eliminate than the crystalline ones found in men. Future treatments may

consider exploiting such likely differences in stability.
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7.9. Supplemental material

7.9.1. Section 1: Detailed methods

7.9.1.1. Determination of the full width at half maximum (FWHM) by Raman
spectroscopy
We determined the crystallinity of mineral deposits present in calcified aortic valves
by measuring the full width at half maximum (FWHM) of the v1 phosphate peak at around
960 cm™" (Figure 7S.1.B). This peak is of particular interest because of its good resolution.
It corresponds to apatitic phosphate environment and gives direct information on the
crystallinity index of the sample. The narrower the peak is, the higher the crystallinity

index (222, 330).

7.9.1.2. Ca K-edge Near Edge X-ray absorption fine structure (Ca K-edge
NEXAFS) spectroscopy

Spectra acquisition

To identify and quantify the Ca-P phases present in the samples, we applied NEXAFS
spectroscopy. NEXAFS is a synchrotron-based technique that allows analyzing how x-
rays are absorbed by an atom at energies near the core-level binding energies of that
atom depending on its chemical and physical environment (224). This technique is
suitable for analysis non-crystalline and poorly crystalline mineral phases present in valve
calcification since crystallinity is not required for NEXAFS measurements (224). Also,
NEXAFS is more sensitive than traditional spectroscopic techniques, with a detection limit

that can be as low as few ppm.
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Ca K-edge spectra were collected in fluorescence mode with energies between
1.7 and 10 keV and with a photon beam spot size of 2 mm x 6 mm. The storage ring
energy during data collection was 2.9 GeV ant the current around 200 mA. The X-ray

beam was monochromated by Si (111) crystals with energy resolution (AE/E) of 104,
Data analysis

We first selected six reference calcium (Ca) species that were already reported in
cardiovascular calcifications: amorphous calcium phosphate (ACP), octacalcium
phosphate (OCP), dicalcium phosphate dihydrate (DCPD), hydroxyapatite (HA),
carbonated hydroxyapatite (CHA), and magnesium-substituted B-tricalcium phosphate

(B-TCMP) (171, 174, 175, 194, 202, 203, 319, 322-324).

To determine and quantify the Ca phosphate (Ca-P) phases present in the valve
samples, we performed linear combination fitting (LCF) analysis using Athena software
(Demeter 0.9.20). LCF is justified because the x-ray absorption from different species in
a sample is additive (280). The total absorption coefficient calculated by LCF can be

written as:
M = Zi fi (STDs), (i)
where M is the least square fit to the sample spectrum, (STD;) represents the
absorption coefficient of the standard reference spectra, and fi is the fraction of each
reference spectrum in the sample spectrum, summed over the number of references, i.

Thus, with appropriate standard references, LCF can identify and quantify the fraction of

chemical species in an unknown sample (280).

We first performed principal component analysis (PCA) to determine which reference

compounds should be excluded for the LCF fitting and thus avoid using an excessive
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number of reference compounds. PCA results did not exclude any reference compounds
for the LCF. Thus, we used all the reference compounds we first selected for the LCF
analysis. We performed LCF using all the possible combinations of the selected reference
compounds. We evaluated the quality of the fits using the R-factor: fitting results with R-
factor values below 0.02 are considered satisfactory (227). We reported the LCF

combination giving the lowest R-factor for each sample analyzed (Table 7S.5).

7.9.2. Section 2: Supplemental tables and figures

Table 7S.1. Clinical data of patients with aortic valve diseases included for the calculation
of calcium and fibrosis scores (total of 109 patients).

Clinical parameter Females (N=43) Males (N=66)
(Mean £ SD) (Mean £ SD)
Age (years) 71+ 11 69 +13
Total cholesterol (mmol/L) 4+ 1 4+ 1
LDL (mmol/L) 23+0.9 23109
HDL (mmol/L) 1.2+0.3 1.0+£04
Triglycerides (mmol/L) 1.5+0.9 1.4+£09
Creatinine (umol/L) 83 £ 54 100+ 35~
Calcium (mmol/L) 20+0.3 20+0.2
Albumin (mmol/L) 29+8 28+7
AVA (cm?) 1.0+£0.5 1.0+£0.7
Jet velocity (cm/s) 390 + 137 395 + 122
Pmax (mmHg) 68 + 39 68 + 34
Pmean (mmHg) 42 + 27 41 + 22
LVEF (%) 61+12 58 + 14

Abbreviations: SD: standard deviation; LDL: low density lipoprotein; HDL: high density lipoprotein;
AVA: aortic valve area; Pmax and Pmean: P-wave duration; LVEF: left ventricular ejection fraction
*P < 0.01 for age when adjusting for gender using a generalized linear model.
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Table 7S.2. Clinical data of patients with aortic valve diseases included for the mineral
analysis (total of 33 patients, 13 females and 20 males).

Study ID Age Sex
(years) (F=0, M=1)

W5 71 0
W45 68 1
W46 68 0
W51 35 1
W53 72 1
W54 75 1
W57 74 0
W59 59 1
W60 82 1
W63 65 0
W65 82 1
W66 68 1
W71 74 0
W72 79 1
W73 73 0
W74 78 1
W75 83 1
W77 62 1
W78 78 1
W81 69 1
W82 65 1
W83 55 1
W93 82 0
Wo4 66 0
W95 75 0
W97 78 0
W98 73 1
W99 71 1
W100 78 0
W101 67 0
W102 74 1
W103 73 0
W104 80 1
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Table 7S.3. Raman peak assignments for normal human aortic valve, calcified human

aortic valve, and HA.

Peak (cm) Normal aortic Calcified HA References
valve aortic valve
v C=0 (amide 1) 1661 1661 (203, 233, 320,
321)
C-H deformation proteins 1444 1444 (203, 233, 320)
6 C-H proteins 1331 1331 (320)
&s N-H (amide III) 1262 1262 (203, 233, 320)
v C-H Tyrosine, Phenylalanine 1182 1182 (320)
v C-C, v C-N in proteins 1155 1155 (320)
vz PO43 1073 (203, 317, 318)
vy CO3% 1071 1072 (233, 317, 318)
vz PO 1046 1046 (317, 318)
vz PO 1031 1032 (203, 317, 318)
v C-C phenylalanine 1003 1003 (320)
vi POs* 959-962 960 (203, 233, 317,
318)
v C-C proteins 871 871 (320)
v2 CO3% 826 (203, 317)
U, A, C (DNA) 796 796 (331)
Tryptophan 758 758 (320)
v C-C Phenylalanine 621 621 (320)
va POs* 602 602 (317, 318)
va POs* 591 591 (203, 317, 318)
va POs* 561 560 (317, 318)
vz PO 462 460 (317, 318)
vz PO 426 425 (203, 317, 318)

v: symmetric stretching; 6 : bending
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Figure 7S.1. (A) Representative Raman spectra of (i) a non-calcified human aortic valve
sample, (ii) W53, (iii) W57, (iv) W60, (v) W94, (vi) W99, and (vii) W66. This figure shows
the absence of vi, v2, and v4 phosphate peaks in samples W53, W57, W60, W94, and
W99. The spectra were normalized based on the absorbance of the C=0 amide | band at
1634 cm™'. (B) Raman v1 phosphate peak between 945 and 962 cm™ and its FWHM,
which was used to estimate mineral crystallinity.
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Table 7S.4. Raman FWHM values for calcified human aortic valves.

Study ID Sex Raman FWHM
(F=0, M=1)

W5 0 19+1
W45 1 19+2
W46 0 21£2
W51 1 211
W53 1 /
W54 1 20+ 2
W57 0 /
W59 1 20 + 1
W60 1 /
W63 0 20 + 1
W65 1 19+1
W66 1 19+2
W71 0 22+3
W72 1 20+ 2
W73 0 21+2
W74 1 17 + 1
W75 1 21+2
W77 1 18+ 2
W78 1 19 +1
W81 1 19+2
W82 1 18+ 2
wa3 1 18 £0.5
W93 0 21 £1
Wo4 0 /
W95 0 20+ 2
W97 0 21+2
wos 1 19 +1
W99 1 /
W100 0 19 +1
W101 0 18 £0.5
W102 1 19+0.7
W103 0 23+2
W104 1 21+2
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Figure 7S.2. Representative Ca K-edge NEXAFS reference spectra of (i) ACP, (ii) DCPD,
(iif) OCP, (iv) HA, (v) CHA, and (vi) B-TCMP.
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Figure 7S.3.Distribution of the percentage of OCP in females and males determined by
LCF based on reference Ca K-edge NEXAFS spectra. Unpaired t-test was used for
statistical analysis.
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Table 7S.5. Percentages of ACP, OCP, DCPD, HA, and CHA in calcified aortic valves
determined by LCF using Ca K-edge NEXAFS spectra of reference samples, and R-

factors of the LCF.

Study Sex ACP (%) OCP (%) DCPD (%) HA(%) CHA (%) R-factor

ID  (F=0, M=1)

W5 0 40+4  31+6 0 6+ 1 24+2 0.001903
W45 1 2644 0 0 61+4  17+5 0.001730
W46 0 42+3 0 25+ 4 34 +3 0 0.001682
W51 1 23 + 0 0 77 + 1 0 0.002533
W53 1 21+ 1 5345 0 26 + 2 0 0.004378
W54 1 2342 0 2743 42 +5 9+2  0.001204
W57 0 18+2 15 + 1 0 27+5  39+7 0.001040
W59 1 16 + 1 0 0 86 + 10 0 0.000774
W60 1 0 3445 11+3 17+2  39+5 0.001301
W63 0 22+8 0 2243 47 + 4 9+2  0.002691
W65 1 2645 17 + 6 0 30+3  28+5 0.000871
W66 1 0 0 0 52+2  48+1 0.002653
W71 0 35+ 3 0 11+ 1 42+3  13+3  0.002259
W72 1 13+ 1 14+2 0 64+8  10+3 0.002989
W73 0 18 + 4 12+3 23+5 48 + 4 0 0.003510
W74 1 3346 0 0 67+4 0 0.001566
W75 1 32+2 0 10 + 4 42+2 1645 0.001582
W77 1 0 13+2 32+5 49+8 7+2  0.001762
W78 1 0 26+ 3 0 23+2  51+4 0.000358
W81 1 2945 0 0 50+3  22+9 0.001487
W82 1 2645 0 0 12 +1 63+5 0.001017
W83 1 0 0 0 97 +4 0 0.001818
W93 0 0 0 17+3 86 +6 0 0.001862
W94 0 27+5  69+8 0 0 0 0.002811
W95 0 2042 0 10+2 390+6  32+8 0.001983
W97 0 13+3 0 23+6 7147 0 0.000755
W98 1 12+3 0 0 87+8 0 0.000804
W99 1 20+3 4846 0 13+4  19+5 0.005657
W100 0 10+2 0 13+3 18+6  60+5 0.000177
W101 0 19+6 0 26+7 40+4  13+3  0.002773
W102 1 0 49+9 0 51+8 0 0.013143
W103 0 29+7 0 26 +3 0 45+4  0.001997
W104 1 16 + 4 0 0 86+9 0 0.000635
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Figure 7S.4. (A and B) scanning electron microscopy (SEM) images of calcified human
aortic valves containing only apatite phases as determined by NEXAFS. The numbered
sites on A indicate the spots where energy dispersive spectroscopy (EDS) spectra were
collected and they correspond to the data presented in Table 7S.6.

Table 7S.6. Relative elemental atomic percentages in calcified human aortic valves
containing only apatite phases. The sports 1-6 are shown in Figure 7S.4.

Spot

1

2

C(at%) O (at%) N (at%) Ca (at%) P (at%) Mg (at%) Na(at%) Ca/P Ca/Mg Ca/Na
37.0 39.6 4.7 10.4 5.9 0.6 1.9 1.8 17 5
325 31 4 18.9 11.1 0.2 0.5 1.7 95 38
29.3 39.5 1.0 19.1 10.9 0 0 1.8 / /
36.9 30 1.2 20.6 11.2 0.1 0 1.8 206 /
26.8 36.9 1.1 20.4 11.4 0.3 0.1 1.8 68 204
321 44.3 10.3 6.8 4.1 0.5 1.9 1.7 14 4
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Table 7S.7. List of Ca-P compounds found in pathological calcifications and their Ca/P

molar ratios (179).

Name Formula Cal/P ratio
Amorphous calcium phosphate (ACP) Cag(POa)s 1.5
Octacalcium phosphate (OCP) CagH2(POs4)s. 5H20 1.33
Dicalcium phosphate dihydrate Ca(HPO4).2H20 1.0
(DCPD)
Hydroxyapatite (HA) Ca10(PO4)s(OH)2 1.67
Carbonated hydroxyapatite (CHA) Ca10-p(PO4)s-p(OH)2-p(CO3)p (0<p<1) >1.67

Figure 7S.5. (A and B) SEM images of calcified human aortic valves containing ACP,
OCP, HA, and CHA as determined by NEXAFS. The numbered sites on A indicate the
spots where EDS spectra were collected and they correspond to the data presented in
Table 7S.8.
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Table 7S.8. Relative elemental atomic percentages in calcified human aortic valves
containing ACP, OCP, HA, and CHA. The sports 1-6 are shown in Figure 7S.5.

Spot C(at%) O (at%) N (at%) Ca (at%) P (at%) Mg (at%) Na(at%) Ca/P Ca/Mg Ca/Na

1 38.6 28.3 3.2 17.6 9.9 0.6 1.8 1.8 29 10
2 39.5 35.8 9.1 8.5 5.1 0.5 1.5 1.7 17 6
3 35.9 39.0 15.1 5.2 3.6 0.2 1.1 1.4 26 5
4 33.6 35.9 12.0 10.3 6.7 0.4 1.1 1.5 26 9
5 28.7 41.2 6.6 14.4 7.6 0.3 0.2 1.9 48 72
6 37.7 39.2 13.8 4.6 3.0 0.3 0.6 1.5 15 8

Figure 7S.6. (A and B) SEM images of calcified human aortic valves containing DCPD
in addition to other non-apatitic and apatite phases as determined by NEXAFS. The
numbered sites on A and B indicate the spots where EDS spectra were collected and
they correspond to the data presented in Table 7S.9.
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Table 7S.9. Relative elemental atomic percentages in calcified human aortic valves
containing DCPD in addition to other non-apatitic and apatite phases. The sports 1-6 are
shown in Figure 7S.6.

Spot C (at%) O (at%) N (at%) Ca (at%) P (at%) Mg (at%) Na (at%) Ca/P Ca/Mg Cal/Na

1 31.9 43.3 0.7 14.3 7.8 0.8 1.2 1.8 18 12
2 44.5 28.2 5.5 10.4 8.1 1.5 1.8 1.3 7 6
3 20.9 33.0 1.2 28.5 15.9 0.5 0.9 1.8 57 32
4 31.8 42.3 5.9 10.9 6.4 1.1 1.5 1.7 10 7
5 27.2 47.2 3.9 11.9 8.6 1.5 1.1 1.4 8 11
6 294 46.5 4.5 10.4 8.1 0.5 0.5 1.3 21 21
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Chapter 8. Original contributions

The main motivation of this doctoral project was to study the physico-chemical

properties of the mineral deposits and the mineral phase transformations in

cardiovascular calcification both in vivo and in vitro, with the ultimate goal of

understanding the underlying molecular mechanisms. This work produced several

original contributions presented to the scientific community for the first time, as highlighted

below.

We studied the evolution of mineral nucleation and evolution in a mouse model
of medial arterial calcification. In addition to confirming that mineral deposition
predominantly happens on the ELN-rich elastic lamina, we showed that mineral
composition and crystallinity evolve over time and space. We found that mineral
deposition happens through a precise series of events: adsorption of Ca ions
on the elastic lamina, formation of ACP and OCP, and transformation to HA
and CHA, which are reproduced after each nucleation event throughout the life
of the mice. This new knowledge is relevant to understand how minerals
interact with ECM and mineralization inhibitors.

Our results imply that medial calcification is a multistep process like bone
formation, starting from amorphous precursors and leading to overall more
crystalline apatite deposits. These findings have a substantial clinical
implication. An effective strategy to prevent vascular calcification associated
with ELN may involve preventing the transformation of metastable and more

soluble precursor phases into crystalline apatite deposits.
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We showed that an interdisciplinary approach combining animal models and
materials science can provide insights into the mechanism of cardiovascular
calcification. We also demonstrated the importance of NEXAFS in mineral
analysis and suggested that analyzing the mineral phases rather than just the
overall amount of calcification may help diagnose and possibly prevent disease
development.

We developed an in vitro model of medial calcification based on ELP
membranes incubated in SBF. We showed that mineral deposition first occurs
on filament and fiber-like structures, thus showing that the fiber-like nature of
ELN makes it prone to calcification. We found that Ca-P phases form and
evolve over time in this model similarly to what we reported in MGP-deficient
mice, showing that a model based on ELP membranes immersed in SBF
captures this crucial in vivo finding.

This in vitro model could serve as a simple tool to study hypotheses related to
medial arterial calcification mechanisms and to test therapeutic agents
designed to stop or reverse calcification.

We showed that the formation of Ca-P phases on ELP membranes immersed
in SBF can significantly be accelerated by increasing SBF ionic concentration.
We showed that SBF ion concentration is a crucial modulator in vitro since it
regulates both mineral phase evolution and the final composition and structure
of minerals. As the SBF ionic concentration increases, final apatite phases

become less crystalline and mostly Ca-deficient, and the mineral deposits
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become more disordered and densely packed compared to those formed in
lower SBF ion concentration.

We proposed that SBF ionic concentration can be tuned in our in vitro model
depending on the in vivo situation we want to emulate. While the use of low
SBF ion concentration is more appropriate to study medial calcification
associated with the loss of calcification inhibitors, higher SBF concentrations
may be more relevant to study medial calcification in patients with life-
threatening diseases, such as CKD.

We analyzed mineral deposits formed in vivo in the ECM of aortic valve leaflets.
We showed profound differences in mineral composition and morphology
between sexes, which may be responsible of the lower AVC loads in women
compared to men. Calcifications in women are less crystalline and contain
larger amounts of ACP and DCDP than in men.

We showed that the presence of compact material, calcified fibers, and
spherical particles in AVC is sex-dependant. Only compact material is detected
in men, while female aortic valves show the presence of fibers and spherical
particles in addition to compact material,

We proposed that the mineralization process occurs more slowly in women
than in men, and that it follows a different mineralization pathway. These
findings have an important clinical implication since they pave the way for new
approaches specifically geared towards men or women on diagnosis and

treatment of AVC.
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Chapter 9. Conclusions and future perspectives

This current work has opened up new areas of research to further understand the

molecular mechanisms governing cardiovascular calcification. Future works in this regard

may have important clinical implications for the treatment and management of

cardiovascular calcification and associated diseases. Specific challenges and future

perspectives are highlighted below.

Our work confirmed the critical role of ELN as the main mineral scaffolding
protein in medial arterial calcification. However, despite the large literature on
ELN structure, no studies have rigorously studied which domains in ELN are
responsible for its calcification. The in vitro model that we developed in Chapter
5 could be used to identify the nucleation sites on ELN. By changing the ELP
sequence and analyzing the interactions between different ELP membranes
with Ca and P ions, the sequence(s) in ELN that are involved in mineral
nucleation could be investigated.

Literature on vascular calcification clearly shows that MGP is a potent
calcification inhibitor that prevents mineral deposition on ELN in medial
calcification. However, up to now, no one has analyzed the interactions of these
two proteins at a molecular level. Also, the exact details of calcification
inhibition by MGP are still unknown, and the exact functions of MGP domains
are not understood. One could use our in vitro model developed in Chapter 5
to identify the functional domain(s) in MGP essential for its anti-mineralization
function. By analyzing the extent of Ca and P deposition on ELP membranes

incubated in SBF in the presence of different MGP-derived peptides, one could
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identify which peptides are the most likely inhibitors of ELN calcification. These
findings may be relevant not only to medial calcification, but also more
generally to ectopic calcification, since MGP inhibits mineralization in several
tissues (trachea, growth plate cartilage, etc.)

Our in vitro model could be easily used to test therapeutic agents designed to
prevent the initiation and progression of calcification associated with ELN.
While our in vitro model based on ELP membranes can simulate mineral phase
transformation happening in vivo, it does not fully recapitulate the complex
biological, structure, physical, and mechanical properties of the arterial wall
involved in the initiation and progression of vascular calcification. Thus, a more
realistic in vitro model that includes both cellular and extracellular components
could be built. This model is missing so far in the literature and could become
a more reliable tool to test further hypothesis on the mechanism of vascular
calcification. For examples, adding lipid plagues could allow extending its use
to understand mineral formation in atherosclerotic patients.

To further understand the pathophysiological differences between sexes in
AVC, it will be crucial to investigate the mechanisms of nucleation and growth
of spherical particles and fibers, and what stabilizes ACP and DCPD as
precursors in women. The reasons behind these profound differences may be
biological and intrinsic to tissues, or dependant on hormone levels. But they
may be also due to physical chemistry, and relate to different levels of
calcification or phase transformation inhibitors circulating in blood serum of

female and male patients. Exploring mineral formation and transformation in
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vitro in presence of several factors, such as hormones and calcification
inhibitors, could shed light on these questions. Animal models would be also
crucial to understand the causes behind these pathophysiological differences.
We showed that a material science approach including NEXAFS can provide
critical insights that have important applications for understanding medial
arterial calcification and AVC. A similar approach could be used to analyze
mineral deposits found in intimal arterial calcification and thus get a deep

understanding of the underlying molecular mechanism.
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