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I. Introduction

The human heart is a four-chamber muscle, which can be divided depending on the side
they are located and which function they maintain. The right side of the heart is composed of
the right atrium and right ventricle. Their function is to receive the blood from the veinous
circulatory system and to pump it towards the pulmonary circulation for re-oxygenation.
Therefore, the right heart is a low-pressure system. Conversely, the left heart is a high-pressure
system. The left atrium receives oxygenated blood from the pulmonary vasculature, and the left
ventricle pumps it toward the systemic circulation through the aorta to distribute oxygen to the

organism (Figure 1).

To maintain a unidirectional blood flow, the heart is composed of four valves. Two are located
between the ventricle and the vasculature and are classified as semi-lunar valves: the pulmonary
valve, between the right ventricle and the pulmonary artery; and the aortic valve between the
left ventricle and the aorta (Figure 1). They open during systole to allow blood ejection, and
close during diastole to prevent backward blood flow towards the ventricle. The two other
valves, classified as atrioventricular valves, are located between atria and ventricles. The
tricuspid valve is located in the right heart, and the mitral valve between the left atrium and left

ventricle (Figure 1).

Structural and/or functional defects of one or more valves have important impacts on the cardiac
remodeling and function, and lead to heart failure and increased risk of cardiac death.!” The
manifestations of valvular heart diseases are stenosis, characterized by a reduction of the valve

opening, and regurgitation, characterized by coaptation defects and backward blood leakage.

Throughout this thesis, the focus will be on the mitral valve (MV) and its most prevalent

pathology, the myxomatous mitral valve dystrophy (MVD). MVD is the main etiology of mitral



valve prolapse (MVP). The consequence of MVP is the progressive development of mitral
regurgitation (MR), increasing the incidence of heart failure, arrhythmia, endocarditis, and
sudden cardiac death.!**> Even though this pathology has been described since the 1960s, no
pharmacological treatment is available. Mitral valve surgery (repair or replacement) is the only
therapeutic option for patients with severe MVD.? Thus, diagnosis as well as treatment of MVD

represents a major challenge for healthcare system.
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Figure 1. Human heart anatomy. Transversal section of the hear depicting the four chambers
and valves. Created in BioRender.



1. Anatomy and physiology of the mitral valve

1.1 The mitral valve apparatus

The mitral valve apparatus is composed of the mitral valve, the papillary muscles, and
the chordae tendineae (Figure 1 and Figure 2). The MV is the only bicuspid valve of the heart,
and comprise the anterior and the posterior leaflets, each divided in 3 scallops (A1, A2 and A3
for the anterior leaflet, and P1, P2, and P3 for the posterior leaflet; Figure 2).° The leaflets are
attached to the heart wall via the fibrous mitral annulus at the atrio-ventricular junction, and to

the papillary muscles via the chordae tendineae.’

Figure 2. Mitral valve apparatus. Representation of the mitral valve apparatus showing the 3
scallops of the leaflets, the chordae tendineae and the papillary muscles. From Tumenas et al.’



The primary chordae attach the free edge of both leaflets, are rich in collagen and have low
extensibility. The secondary chordae are attached to the leaflets central part, they are thicker
and more extensible than primary chordae. The chordae allows the proper coaptation of both
leaflets during systole and prevent MV leaflet prolapse.® The two papillary muscles are located
at the anterolateral and posteromedial position of the left ventricle. During systole, the papillary
muscles contract simultaneously with the left ventricle, and taut the chordae tendineae to

prevent MV leaflet prolapse.®®

1.2 Mitral valve function

The function of the mitral valve is to keep a unidirectional flow of blood between the
left atrium and left ventricle. The coordinated opening and closing of the valve during the
cardiac cycle is essential to the process.®? During diastole, the mitral valve opens and the blood
flows from the atrium towards the ventricle in two different phases: the passive filling of
ventricle and the active filling caused by the contraction of the atrium. Then, during systole, as
the ventricle starts contraction, the mitral valve closes and prevents the blood to flow backwards
to the atrium. When closed, the aortomitral continuity also helps to guide the blood flow

towards the aortic valve.

1.3 Mitral valve structure

The mitral valve leaflets are well-organized structures, the anterior leaflet is 18-24 mm
long and 4-7 cm? in area, as opposed to 11-14 mm and 2-3 cm? for the posterior leaflet.” The
structure of the MV is divided in three distinct layers: the atrialis, the spongiosa, and the fibrosa

(Figure 3).!%'2 The atrialis, located on the atrial side of the leaflets, comprises a layer of elastic



fibers that allows the tissue to resist the laminar shear stress caused by the blood flow during
the opening of the valve. The spongiosa is the thickest layer of the MV and is located in the
middle part of the leaflet. It contains a high proportion of glycosaminoglycans and other
extracellular matrix (ECM) components.'? The purpose of this layer is to absorb the different
mechanical forces the leaflets endure at each cardiac cycle, during opening and closing of the
valve. Finally, the fibrosa is the layer at the ventricular interface, composed by a network of
collagen fibers (Figure 3). The collagen fibers absorb the compression forces applied to the
leaflet during the systole. The cellular composition of the MV leaflets relies on three cell types:
valvular endothelial cells (VECs); valvular interstitial cells (VICs), and macrophages (Figure

3). Altogether with the extracellular matrix, those cell types contribute to maintain the valvular

homeostasis.
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Figure 3. Healthy mitral valve leaflet structure. The three layers of the mitral valve are the
atrialis, the spongiosa, and the fibrosa. The extracellular matrix comprises layers of elastin,
proteoglycan, and collagen. Valvular endothelial cells, valvular interstitial cells and tissue-
resident macrophages are the three main cell types populating the valve. Created in BioRender.



[.3.1 Extracellular matrix

The valvular extracellular matrix (ECM) is composed of elastin, collagen, and various
glycosaminoglycans and proteoglycans (GAGs and PGs; Figure 3).!* Three types of collagen
are present in the MV-ECM: type I collagen, representing 74% of collagen in healthy valve,
followed by type III collagen accounting for 24% of collagen content, and the 2% remaining
are type V collagen, which is known to interact with type I to form heterotypic fibrils.!*!3
Collagen synthesis is at least partly regulated by VICs stiffness and valvular pressure.!¢
Collagen fibers are found mostly in the fibrosa layer (ventricular side), they allow the tissue to
cope with the compression forces during systole, and they also connect the leaflet to the
chordae, which are also rich in collagen. Glycosaminoglycans are polysaccharide chains
classified in five categories. Four of them are sulfated GAGs: chondroitin sulfate; dermatan
sulfate; heparan sulfate; and keratin sulfate, and the last one is non-sulfated: hyaluronic acid
(HA). Unlike other GAGs, HA doesn’t require to be bound to a protein, and exist freely in the
tissue.!® Three different enzymes are known to synthetize HA: Hyaluronic Acid Synthase 1, 2
and 3 (Hasl, Has2, Has3). HA is a highly hydrophilic GAGs that facilitates cellular
proliferation and motility, and is important for proper heart development.!”!® Proteoglycans
consist of a core protein to which is bound covalently at least one GAG. In the MV leaflets, the
major proteoglycans are versican, biglycan, and decorin. The distribution of proteoglycans is
not uniform across MV leaflets and depends on the mechanical forces applied: biglycan and
decorin are abundant in the center of the anterior leaflet (region of tensile forces), whereas

versican is more abundant in the posterior leaflet and at the free edge of the anterior leaflet

(region of compression forces).!*!%-2



1.3.2  Valvular Endothelial Cells

Valvular endothelial cells, or VECs, are specialized cells derived from the endocardium during
embryogenesis.?!?> They form a monolayer surrounding the valve leaflets and are particularly
important to maintain tissue homeostasis (Figure 3). As the first barrier of the MV leaflet,
endothelial cells are submitted to a wide variety of mechanical constraints: opening and closing
of the valve creates tension and strain, blood flow generates laminar and turbulent shear stresses
as well as compression forces on the leaflets. To cope with those tremendous mechanical forces,
VECs express a wide variety of receptors at their surface, such as integrins, mechanoreceptors,
mechanosensitive ion channels, and adhesion molecules, that act as sensors of the
microenvironment, and triggers signaling pathways to modulate endothelial cell -or other
neighboring cell- properties in response to the microenvironment.?*~?’ Endothelial cells also
have immune functions, as the migration of monocytes to sites of inflammation depends on
their interaction with endothelial cells. Particularly, through the release of chemoattractant and
the modulation of adhesion molecules expression at their surface, endothelial cells finely
regulates leukocyte trafficking and extravasation.”®* The regulation of endothelial immune
functions is tightly linked to the level of activation of the endothelial cell, which is driven by
different stimuli such as mechanical stress, and cytokines like Interferon y (IFN-y) or Tumor

Necrosis Factor o (TNF-a).2*3

Different VECs subpopulation with specific functions and localization have been described in
the literature.>!>* Three mitral-VECs subtype were described by Hulin ef al.3? Typical VEC
with high expression of endothelial markers (Emcn, Ednl, Vwf); Lymph-VEC characterized by
Prox1 expression and located on the fibrosa; and Coapt-VEC, located at the coaptation area of
the leaflet and marked by Hapinl expression.’? In a different study, Shu et al. identified via
scRNAseq 5 distinct VECs states: Structural VECs, similar to the typical VECs described

previously; Shear stress reactive VECs with high expression of endothelial-mesenchymal-



transition (EMT) signature; Protective VECs that express genes involved in repair processes;
Metabolically active VECs; and inflammatory VECs.?! Noteworthy, this study was performed
on non-diseased human cardiac valve leaflets from aortic, pulmonary, tricuspid and mitral
origins. The proportion of each VEC subtypes was variable depending on the type of valve, and

MV had low proportion of shear stress-reactive VECs compared to the other valves.’!

1.3.3  Valvular Interstitial Cells

Valvular Interstitial cells (VICs) are fibroblastic cells located in the inner layer of the valve
leaflets, and are the most prevalent cell type in the mature valve, around 80% of cells (Figure
3).32 They differ from typical fibroblast because of their unique origin. Indeed, VICs derive
from endocardial cells that undergo EMT during development, and are then self-renewed in the
fully developed heart.>>** These cells are in charge of the valves ECM homeostasis through
secretion and degradation of the ECM components.* In order to understand valve physiology
and pathophysiology, research studies have been conducted to decipher the cellular landscape
of VICs and diverse classifications have been proposed.’'*%3 Quiescent-VICs (qVICs)
maintain the normal valve homeostasis in the adult valves .>® They are also called fibrosa-VICs,
or structural-VICs in some publications.3!*? Activated-VICs (aVICs) are present in
pathological valves and are cells involved in the ECM remodeling. As such, they have increased
expression of genes involved in collagen organization, wound healing, and myofibroblast
differentiation.’?® The aVICs have been compared to matrifibrocytes, a specific population of
fibroblast observed in the infarcted myocardium. After infarction, cardiac fibroblasts are
activated, highly proliferative, express a-smooth muscle actin (a-SMA) and secrete abundant
ECM proteins to replace the necrotic core with scar tissue. It was shown that this population of

fibroblasts persists within the scar and undergo a new phenotypic switch to express ECM and



tendon genes to support the mature scar.’ Other types of VICs have been described but are
restricted to a certain type of valves, like osteoblastic-VICs described in aortic valves, or a

certain period like embryonic progenitors during development.>®

More recently, the studies of
Hulin et al. and Shu et al. showed the presence of Antigen presenting-VICs and Complement
response-VICs, and pro-inflammatory-VICs. Although different in terms of markers and

function, those populations highlight the ability of VICs to have an immune phenotype.*!-*?

1.3.4 Macrophages

The presence of tissue-resident macrophages in the mitral valve is a relatively new concept that
emerged with the identification of cells with hematopoietic origin in the mitral valve
leaflets.*®3? It was later shown an increase of hematopoietic CD45" cells in myxomatous valve
disease from conditional endothelial Filamin-A knock-out mice model, highlighting for the first
time the possible role of immune cells in MVD.* The immune cells infiltration was also
confirmed in the model of Marfan syndrome related-MVD, and they further described those

cells as predominantly macrophages (CCR2", CD206").3%#!

A more detailed description of macrophages, their function, origin, and contribution to heart

homeostasis and diseases will be developed in the section 4 of this manuscript.

1.4 Developmental origin of the mitral valve

The development of cardiac valves during embryogenesis is referred as valvulogenesis. It is an
early process, starting at embryonic day E28 in human and E9 in mice.?®** After gastrulation,

mesodermal mesenchymal cells give rise to the primary heart fields, which will first evolve in



the cardiac crescent and later the linear heart tube, composed of two cell layers: outer
myocardial and inner endocardial cells. Those layers are separated by a hyaluronan and
chondroitin sulfate-rich ECM called the cardiac jelly. Once formed, the linear heart tube
initiates looping to form separate chambers. Concomitantly, swelling of the cardiac jelly leads
to the formation of the endocardial cushions positioned at the atrioventricular junctions and at
the outflow tract region for atrioventricular and semilunar valves respectively (Figure 4). A
subset of endocardial cells then loses their intercellular junctions and migrate into the cardiac
jelly while transitioning from endothelial to mesenchymal phenotype (EMT), giving rise to the
valvular interstitial cell population (Figure 4).2122264445 The finely regulated mechanisms
behind this transition are not fully understood, but it is establish that it is locally triggered by
various stimuli including shear stress, ECM composition, and Bone Morphogenetic Protein

(BMP) signaling (Figure 5).4648
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Figure 4. Valvulogenesis process. Endocardial cells undergo endothelial to mesenchymal
transition (EMT) and invade the cardiac jelly. The newly formed VICs secrete extracellular
matrix to remodel the endocardial cushion that undergo an elongation process until birth. From
Lin et al.®
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Several studies have investigated those mechanisms, and have revealed the importance of the
Notch-WNT-BMP signaling axis.***-! Notably, Jaggedl-mediated Notchl activation in
endocardial cells regulates WNT4 expression which in turn induce Bmp2 expression in the
adjacent atrioventricular myocardium. Bmp2 then promote EMT of endocardial cells.*” EMT
is also under the control of Nuclear factor of activated T cells cytoplasmic 1 (NFATcl), an
endocardial transcription factor which is highly expressed in endocardial cells.’>™>* It was
shown that NFATc1 expression is restricted to endocardium at the endocardial cushion early in
development, and that its expression is reduced upon EMT. Precisely, Wu et al. demonstrated
that a subset of endocardial cells downregulate NFATcl before initiating EMT. The other
NFATcl endocardial cells remain in the endocardium as a proliferative population contributing
to valve growth and elongation.’? Moreover, endocardial deletion of NFATc1 results in failure
of endocardial cushion to remodel and grow into mature valves.>>>%->-38 The upstream regulator
of NFATcl1 in endocardial cells is not clearly identified, but the Vascular endothelial growth
factor (VEGF) signaling pathway is thought to be involved. VEGF activates NFATc signaling
in human endothelial cells postnatally, and there is a spatiotemporal overlap between NFATc1
and VEGF expression in the endocardial cushion (Figure 5).>*>°¢! In 2010, Stankunas et al.
clarified the role of VEGF signaling in valvulogenesis. They showed that VEGF signaling is
necessary for EMT at the outflow tract but not at the atrioventricular canal. This process
involves VEGFR1, which is highly expressed in endocardial cells at early developmental stages
but downregulated following EMT. On the other hand, VEGFR2 gets upregulated after EMT,

and is involved in growth and elongation of the valve into mature leaflets.*
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Figure 5. Valvulogenesis pathways. Representation and localization of the pathways involved
in the formation of the endocardial cushion, the endothelial to mesenchymal transition and in
the elongation and maturation phase of the valve during development. Modified from Combs
and Yutzey.””

Other studies have focused on the role of mechanical forces in the event leading to valve
development.?6?7444647 The mechanosensitive Transient Receptor Potential Vanilloid 4
(TRPV4) and Transient Receptor Potential Polycystin 2 (TRPP2), as well as the transcription
factors Kruppel-like factor 2 (KLF2) and Early growth response 3 (EGR3) have been identified
as key actors in the response to shear stress to modulate endocardial cell behavior, and thus
regulate the cellular re-organization necessary for valve development.?’#66364 Finally, it was
also demonstrated that the composition of the ECM influence endocardial cell fate, as
Hyaluronan Synthase 2 (HAS2) knockdown leads to embryonic lethality associated to

abnormalities of the atrioventricular canal.?”-%

The final maturation step of valve morphogenesis is not embryonic but occurs
postnatally.*>¢%66:67 At birth the valve structure is still immature, and strong remodeling process
takes place to reshape the valve ECM. Notably, increased collagen and elastin production after
birth allows the proper delineation of the three layers visible in the adult valves.3>6%67:%8 The

interstitial cells are in charge of the vast majority of the postnatal ECM remodeling. However,

a few studies postulate that macrophages could participate to the process. At birth, macrophages
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account for approximately 5% of aortic and mitral valve cells and seems to localize in areas
with high mechanical stress: beneath the endothelium at the atrial side, and at the tip of the

t.*! Macrophages of the post-natal valve leaflets are CD206" macrophages, denoting a

leafle
pro-remodeling phenotype and MHC-II", denoting antigen-presentation phenotype. Over-time,
new macrophages are recruited in the valve and the proportion of MHC-II" macrophages
increase. Interestingly, both populations display different location with CD206" macrophages
beneath the endothelium and MHC-II" macrophages at the free edge of the leaflet.>>*! Despite

those observation, the precise role of macrophages in the developing valve remains largely

unknown.

1.5 Pathology of the mitral valve

Myxomatous mitral valve diseases are a major cause of cardiovascular morbidities and
mortality worldwide. Mitral stenosis account for 12% of single valve diseases and is largely
due to rheumatic heart disease and mostly prevalent in low-income countries. Prevalence of
mitral stenosis in developed countries is between 0.02 — 0.2% according to the US population-
based study, with good prognosis.**® Mitral regurgitation (MR) is more frequent and its
prevalence increase with age due to the predominance of degenerative form of MR.
Accordingly, prevalence is 0.5% in patients aged 18-44 and increases to 9.3% in patients over

75-year-old.*

In 1980, Carpentier and colleagues established the first classification of mitral regurgitation
(Figure 6).”%7! The Carpentier classification, still used nowadays focuses on the function of the

valve to classify the disease rather than lesions, that were previously used. In this functional
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approach, the classification is based on the opening/closing function of the MV leaflets and

three classes are described:

- Type L: normal leaflet motion, MR come from either annular dilatation or leaflet perforation

- Type II: excessive motion of the leaflet due to MV prolapse, chordae elongation or rupture,
or papillary muscle rupture

- Type Illa: restricted leaflet motion in systole and diastole, caused by rheumatic valve
disease

- Type IlIb: restricted leaflet motion in systole only, caused by ventricular dilation and/or

papillary muscle displacement.

— g

Typell Typelll Type llla Type llib

Normal leaflet Increased leaflet Restricted leaflet Restricted leaflet
motion motion motion motion
(systole and diastole) (systole)

Figure 6. Carpentier classification of mitral regurgitation. Representation of the Carpentier
classification of mitral regurgitation showing the different leaflet motions (red arrow).
Modified from Stone et al.”

In line with the Carpentier classification, two forms of MR are distinguished. Primary MR
results from a default in the MV apparatus, such as prolapsed leaflets, perforation or chordae

rupture, whereas secondary MR is caused by left ventricle or atrium abnormalities.>”7>"3
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The main etiology of MR is the type II mitral valve prolapse (MVP), affecting 2 to 3% of the
population.*”*”* To date, no pharmacological therapeutics are available to prevent or slow the
disease progression. Thus, surgical valve repair or replacement represents the only option for
patients with MVP-induced severe MR. Although most forms of MVP are sporadic, some
syndromic forms exist, fueled by connective tissue disorders. Marfan syndrome is caused by a
mutation in the gene encoding for Fibrillin-1 (FBLNI) with a prevalence of 1 in 5,000
individuals. More than 50% of patients with Marfan syndrome develop MVP.’¢"” Other
connective tissue disorders, such as Loeys-Dietz or Ehler-Danlos syndrome, caused by
mutations in TGF-p pathway genes, and collagens respectively, also induce MVP in a subset of
patients (21% and 6% respectively).®*#? Interestingly, although MVP is observed in every
mutations associated to Leys-Dietz syndrome, Ehler-Danlos-associated MVP are related to

mutations in the gene COLIA2 only.

Non syndromic MVP are the most common forms and include Barlow’s disease and fibroelastic
deficiency.®® Although pathophysiology is different for these two forms of MVP, both of them
are classified as type II MR. Fibroelastic deficiency (FED) affects relatively old patients, over
60 years old. Patients are generally asymptomatic until chordal rupture, leading to prolapse and
regurgitation. The prolapse is usually restricted to the middle scallop of the posterior leaflet
(P2) at the chordae insertion where local thickening and proteoglycan accumulation is visible.
It is probable that this local remodeling is responsible for chordal rupture. The rest of the leaflet
is normal and thin. The mechanisms of FED are largely unknown but are most likely related to
aging 8% Conversely to FED, myxomatous mitral valve dystrophy (MVD), also known as
Barlow’s disease, affects younger patients and has a progressive development upon years.® It
represents the first cause of MVP and is characterized by an accumulation of ECM that leads
to thickening and lengthening of the entire MV leaflets, which impair the coaptation of the

leaflets, resulting in mitral regurgitation.®*

15



2. Myxomatous mitral valve dystrophy

2.1 Definition and etiology

The first description of what is now known as Barlow’s disease is from 1887 by Cuffer
and Barbillon®, who described a syndrome of midsystolic click and systolic murmur. But it
was only in 1963 that Barlow and colleagues were able to demonstrate the presence of mitral
regurgitation in seven patients with midsystolic murmurs.®” A few years later, Criley and
colleagues described the mechanisms of regurgitation as an excessive leaflet motion towards
the atrium in systole, and named this phenomenon mitral valve prolapse, which was soon
recognized as degenerative rather than rheumatic etiology due to the myxomatous degeneration

observed macroscopically on explanted valves (Figure 7).83-%

The clinical definition of MVP is the billowing of at least 2 mm of one or both leaflets above
the mitral valve annular plane.®>! This definition is completed by the morphological changes
of the tissue, with elongation and thickening of the MV leaflets. The three-layer organization
of the leaflet is disrupted with fragmentation of elastin and collagen fibers in the atrialis and
fibrosa. The spongiosa layer is largely expanded due to the accumulation of proteoglycan

(Figure 7).%
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Figure 7. Myxomatous mitral valve leaflet structure. The spongiosa layer is enlarged due to
proteoglycan accumulation. Elastin and collagen fibers are disrupted. VECs are activated, VICs

differentiate in a myofibroblastic phenotype, and macrophages are recruited in the tissue.
Created in Biorender.

2.2 Diagnostic and treatment

The development of MVD is slow and mostly asymptomatic in early phase, rendering
its early detection rare. With progression to more advanced stages, symptoms such as dyspnea,
dizziness, fatigue, chest pain, mid-systolic click at the apex during cardiac auscultation, and
electrocardiographic abnormalities appears but are not specific to MVD. Such symptoms
should guide towards further investigation to refine the diagnosis. Echocardiography is the first

line imaging modality to confirm the diagnosis of MVD/MVP (Figure 8).>7
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Systole Diastole

Figure 8. Echocardiography of MVD. Echocardiographic images of a MVD patient in systole
(left panel) and diastole (right panel). Billowing of the leaflet is visible in systole and thickening
of the leaflet is visible in diastole (white arrows). From Le tourneau et al.”’

The evaluation of MVD should follow the guidelines for the management of valvular heart
disease from the European Society of Cardiology and the European Association for Cardio-
Thoracic Surgery (ESC/EACTS).? The evaluation of primary mitral regurgitation relies on 3

complementary methods:

Trans-thoracic-echocardiography (TTE) is the gold standard method for the evaluation of
valve morphology (presence of prolapse, length and thickness of the leaflets, annulus
diameter; Figure 8), quantify ventricle and atrial dimensions and functions, as well as to
assess the presence of regurgitation and grade its severity. Right heart catheterization can be

important to verify pulmonary pressure and rule out any concomitant lung disease.

- Cardiac biomarkers, although non-specific, can be good indicators of disease severity.

Notably, NT-proBNP level is related to the New-York Heart Association (NYHA)

functional class of primary MR.”
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- Cardiac magnetic resonance is an alternative to echocardiography to determine cardiac
dimensions and volumes as well as regurgitation. Magnetic resonance imaging can also
detect myocardial fibrosis, which has been associated with ventricular arrythmia and sudden

cardiac death.”*
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Figure 9. Decisional tree of primary mitral regurgitation management. AF: atrial
fibrillation; LA: left atrial; LAVI: left atrial volume index; LV: left ventricle; LVEF: left
ventricular ejection fraction; LVESD: left ventricular end-systolic diameter; LVESDi: left
ventricular end-systolic diameter indexed to BSA; MV: mitral valve; SPAP: systolic pulmonary
artery pressure; TEER: transcatheter edge-to-edge repair; TMVI: transcatheter mitral valve
implantation; TR: tricuspid regurgitation. From Praz F et al.?

Due to rather low effect and poor long-term outcome, medical therapy is only recommended
for patients at prohibitive surgical risk. For other patients with severe MR, the type of
recommended surgery recommended is based on the functionality of the leaflet and the severity
of MR as detailed in Figure 9.7 The goal of MV repair surgery is to correct the coaptation

default to reduce the severity of MR. Depending on the anatomy of the valve, it can be whether
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by reducing the annulus diameter, reducing the chordae length, or reducing the opening orifice.
Recently, new techniques have emerged bypassing the need of open-heart surgery like the
transcatheter edge-to-edge repair (TEER) using the MitraClip (Abbott Laboratories) or
PASCAL (Edwards) technology that allows the reduction of MR by placing a clip between the
free edge of both leaflets, thereby reducing the orifice during systole and limiting the extent of
regurgitation.” 7 When repair is not possible, the last option is the replacement of the valve. It

can be done surgically or by TMVR (Transcatheter Mitral Valve Replacement).”

2.3 Genetics of MVD

Myxomatous mitral valve dystrophy was long thought to be a degenerative disease due
to aging.®* However, the observation of familial forms of MVD, lead the researchers to explore
genetic inheritance of MVD.*>!% Thus, in 1998, Kyndt et al. successfully linked MVD to
chromosome Xq28 in a large French family of MVD.!°! Later in 2007, the same authors refined
their analysis and identified a P637Q mutation in the gene encoding the actin-binding protein
Filamin A (FLNA), making it the first causal gene associated to MVD.!%? The mutation is
located in the fourth repeat consensus sequence, close to the actin binding domain. Four other
mutations were later found in non-related families: G288R, V711D, H743P and a 182 amino
acid deletion, all of which are located within the same N-terminal region of the FLNA gene.'%*
104 A genotype-phenotype and outcome study was conducted by Le Tourneau et al. in 2017 and
described classical MVD phenotype with prolapse, elongation and thickening of the leaflets. It
also revealed specific features, including restricted leaflet motion in diastole. Of note, the
mutated patients present abnormalities as early as childhood, suggesting developmental disease
and evolution of the MV remodeling from prodromal form to MVD with functional impact.®?

Clinical identification of familial forms and genetic screening later lead to the identification of
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mutations in other genes.'%1% Dyrst et al. described mutations in Dachsous 1 (DCHSI) gene
coding for a cadherin superfamily member, and confirmed the role of DCHS mutation in MVD
using animal and cellular models.!%!” Another pedigree lead to the identification of a missense
mutation in the primary cilia gene DZIP1, and a mouse model validated the pathogenicity of

the variant.'%

Genetic screening of familial forms of MVD allowed for the detection of rare variants with a
strong effect on the development of the disease, but were restricted to the limited number of
familial cases. Genome Wide Association Study, or GWAS, are genetic studies based on very
large cohort of patients and controls, to identify common variants in the population that are
more prominent in the diseased group. The first MVP-GWAS was performed by Dina et al. in
2015, and included 1412 cases and 2439 controls.'® Six loci (TNSI, LMCDI, SIPAILI, SMG6,
SETD4, PITPNB) were associated to MVP and replicated in a follow-up cohort of 1422 cases
and 6779 controls. Downstream analysis used knockdown of target genes ortholog in Zebrafish,

and showed atrioventricular valve regurgitation for LMCDI and TNS1.'%®

A meta-analysis of six GWAS studies including 4884 cases and 434649 controls was conducted
in 2022 by Roselli et al. (Figure 10). This meta-analysis increased the number of loci associated
with MVP up to 16 including previously described LMCDI1 TNSI, and SMG6.'” Integration
with epigenetics, transcriptional and proteomic data identified candidate genes at these loci,
including LMCDI, SPTBN1, LTBP2, TGFB2, NMB and ALPK3 (Figure 10). This study
strongly supports the hypothesis of TGF- contribution to MVP as two candidate genes belong
to the TGFp superfamily. TGFB2 encoding for the TGF-B2 protein, and Latent TGF- Binding
Protein 2 (LTBP2), encoding for an extracellular matrix protein that regulates TGFf signaling.
Interestingly, a recent publication from 2025 identified a L7BP2 mutation in a large family with

MVP, and confirmed the causality of the mutation in a mice model carrying the mutation.'!!
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2.4 Pathophysiological mechanisms

Over the last decades, several pathophysiological mechanisms have been studied and
proposed as a cause of myxomatous degeneration. It appears that the development of MVD is

a complex and multifactorial process, with interconnected pathways.!'!%!13

Those mechanisms have been described in 2024 in a short review in the French journal Archive

des maladies du Coeur et des vaisseaux Pratique.'"?

2.4.1 Transforming Growth Factor f pathway

The TGF-f superfamily is a highly conserved group of proteins known to regulate a wide range
of cellular processes, including cell differentiation, proliferation, migration, survival and
apoptosis, in a variety of cell types. The TGF-f3 superfamily comprises 37 ligands and 12
different receptors (Figure 11).!'* Within the canonical pathway, two branches are described
depending on the signaling effectors. The TGF-B-Activin-Nodal branch signal through the
phosphorylation of Small Mother Against Decapentaplegic 2/3 (Smad2/3), and the BMP-GDF
branch signal through the phosphorylation of Smad1/5/8. Two types of receptors co-exist: type
I and type II receptors. The ligand fixation occurs on a homodimer of type II receptors, and
induce the recruitment of a type I receptors homodimer. Once the heterotetramer is formed,
autophosphorylation of different residues of the receptors occurs and leads to the
phosphorylation, of Smad2/3 or Smad1/5/8. Smad4 is then recruited as a co-Smad, and the

Smad complex is translocated to the nucleus to regulate gene expression (Figure 11).!14
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Figure 11. Signaling pathway of the TGF- superfamily. The TGF-3 superfamily is divided
in two branches: TGF-B/Activin/nodal on the left and in red, and BMP/GDF on the right and in
green. The ligands are in the square box on top. Binding to type I and type II receptors triggers
either Smad2/3 or Smadl/5/8 phosphorylation. The co-Smad Smad4 is recruited for the
translocation to the nucleus where the complex will regulate gene expression. Modified from
Guignabert and Humbert.''4

In Marfan syndrome, in which 50% of patients develop MVD, the fibrillin-1 deficiency causes
an upregulation of TGF-f activity, and the inhibition of the pathway in murine models of
Marfan syndrome prevent the development of MVD.!''> Moreover, in 2005, Loeys and
colleagues reported families carrying mutations in the genes coding for TGF-B receptors
TGFBRI and TGFBR2. The phenotype of these patient is close to Marfan syndrome, and some
display mitral valve prolapse.””® More recently, in 2025, Shpitzen et al. described a mutation
in the Latent TGF-B Binding Protein 2 (LTBP2) gene in a family with MVP.!!! Interestingly,
both TGFBR2 and LTBP?2 loci have been identified as candidate genes associated to MVP in

the latest GWAS for MVP by Roselli et al.!?”
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In vitro experiments have further shown that primary culture of VICs from MVD patients have
increased expression of TGF-B1 associated with increased level of phosphorylated-Smad2/3.
Oxidative stress in the MVD micro-environment could, at least in part, explain this increased
TGF-B signaling.''® Another study by Blomme et al. showed that a cyclic stretch imposed to

human VICs induced an early and transient over-expression of TGF-B2.%°

2.4.2 Serotonin

Serotonin, also known as 5-Hydroxytryptamine (5-HT), is a neurotransmitter derived from
tryptophane under the action of tryptophane hydroxylase 1 (TPH1), and synthetized primarily
by the enterochromaffin cells of the intestinal mucosa (95% of total 5-HT), and in less part in
the raphe nuclei of the brain (5% of total 5-HT).!'7-!!® Serotonin plays multiple physiological
roles in brain functions such as behavior, mood, or memory, but also in gastrointestinal
function, such as food intake or intestinal motility.!'” After liberation in the bloodstream,
circulating serotonin is rapidly internalized and stored in dense granules of blood platelets
through the serotonin transporter SERT. Upon platelets activation, serotonin is released through
degranulation and can act locally. Serotonin signaling is mediated by a variety of 5-HT
receptors. Seven families of receptors are described (5-HT1R to 5-HT7R), and several subtypes
can be distinguished inside families. In total, 20 subtypes of receptors have been identified, all
of them are G protein coupled receptors (GPCR) with the exception of the 5-HT3R which is a

ion-gated channel.!?

The first evidence suggesting a role for 5-HT in the development of MVD comes from the
observation in the 1980s that patients with a carcinoid tumor, a type of tumor affecting the
enterochromaffin cells of the gut and releasing high levels of serotonin in the circulation, often

presented cardiac symptoms.'?! Those symptoms were referred as carcinoid heart disease, and
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includes valves thickening.'?>!?3 The second evidence came in the 1990’s, when the role of the
anorexigen treatments fenfluramine, dexfenfluramine and benfluorex, were recognized as
causative of pulmonary hypertension and valvulopathy because of their action on the
serotoninergic system, leading to their suspension.'?*'?° Several studies were then conducted
to understand how serotonin participates to the development of valve diseases. It was shown
that the effect of serotonergic treatment on valve dystrophy were mediated by the 5-HT2s
receptor in VIC, that triggers the MAP kinase pathway via Erk1/2 activation.!?"13° Other more
recent studies point out the fact that an increase in serotonin or a decrease of SERT activity lead

to a myxomatous degeneration of the mitral valve (Figure 12).!26.131-133

A 8 weeks old, wild type 8 weeks old, SERT -

I 1 I 1

Figure 12. Serotonin transporter deficiency induce myxomatous mitral valve. Histology of
SERT knock-out mice showing myxomatous remodeling of the mitral valve leaflet at 8 weeks.
AL: anterior leaflet, PL: posterior leaflet. From Castillero et al.'*
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2.4.3  Primary cilia

Primary cilia are extrusion of the plasma membrane present in most mammalian cell types,
composed of an axoneme of nine microtubules doublets that extend from an intracellular basal
body (Figure 13). Primary cilia differ from motile cilia by the lack of two dynein-associated
microtubules that confers the ciliary motility.!** Along the axoneme is the intraflagellar
transport system (IFT) that allows the anterograde transport of proteins towards the tip or
anterograde transport to the basal body of the cilia. Thus, primary cilia serve as hub for a wide
variety of receptors, making the primary cilia a mechanosensor and chemosensor of the cellular
microenvironment (Figure 13).!*° The first descriptions of primary cilia are from the 1960’s,
and they were named in 1968 by Sorokin.!*® Since then, many diseases related to cilia gene
mutations have been identified, and are now referred as ciliopathies.!’®!137-1%0 Indeed in a 2023
review, Morleo et al. performed an Online Mendelian Inheritance in Man (OMIM) database
search using the term ‘ciliopathies’, and identified 147 transcripts, of which 127 were associated
to a specific clinical phenotype.!*® During embryonic development, primary cilia are only
sparsely present at the surface of endocardial cells, but present on the majority of interstitial
cells. Interestingly, cilia expression correlated with the nature of the ECM, with most of the
cells expressing cilia in a proteoglycan-rich matrix at early developmental stage, to only few

ciliated cells in postnatal collagen-enriched matrix.!%
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Figure 13. Primary cilia structure. A: Structure of the primary cilia showing the basal body
and the axoneme along which the intraflagellar transport (IFT) machinery transport proteins
anterogradely in a kinesin-dependent manner, and retrogradely in a dynein-dependent manner.
B: Dynamics of primary cilia is regulated at three levels: the composition of the cilia (1), the
signaling dynamics refers to the molecular adaptation to the signals perceived by the cilia (2),
and the assembly/disassembly of the cilia which is coupled to the cell cycle. From
Gopalakrishnan et al.!¥

In 2005, Nesta et al. published the discovery of a new locus on chromosome 13 associated with
MVP."! 1t is only in 2019 that this locus was linked to DAZ Interacting Zinc Finger Protein 1
(DZIPI), a gene known to regulate ciliogenesis and cilia signaling.!%®!4? In their study, the
authors show that the introduction of the mutation in a mice model result in myxomatous mitral
valve dystrophy. They further demonstrate that cilia dysfunction is causal, as deletion of the

ITF88 gene, a specific cilia gene, also leads to myxomatous mitral valve disease.'%
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2.4.4 Endothelial to mesenchymal transition

Endothelial to mesenchymal transition is a developmental process during which endothelial
cells (ECs) undergo a phenotypic switch towards mesenchymal type.!*~1%° Importantly, in the
cardiac valves, EMT is the process that gives rise to the valvular interstitial cell population as
described in 1.4. It has been hypothesized that under pathological conditions, EMT could be
reactivated in adult mitral valve endothelial cells.!*® The mechanisms behind EMT are not
completely understood but it is known that it can be triggered by mechanical forces, as well as
several signaling pathways and growth factors such as TGF-, WNT, NOTCH, Yes-associated
protein 1 (YAPI), IL1-B, or Fibroblast growth factor 2 (FGF2) as represented in Figure
14 143145147199 Those various signaling pathways activate a small set of transcription factors
(TFs) that regulates EMT, and that include: Snaill, Snail2, Zinc finger E-box binding

homeobox 1 (Zebl), Zeb2, Twistl and Twist2.'*’ Those TFs collectively repress expression of

endothelial genes, while activating mesenchymal gene expression (Figure 14).!%
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The ability of VECs to undergo EMT has been previously described in aortic and
pulmonary valves both in vitro and in vivo.'**!3! In 2009, Dal-Bianco et al. performed papillary
muscle shortening surgery in adult sheep to mimic tethering of the mitral valve and induce
secondary MR.'% They showed that after 60 days, stretched MV were 2.8 times thicker, mostly
due to spongiosa thickening. They also described that stretched MV had significantly increased
proportion of CD31" endothelial cells positive for a-smooth-muscle-actin (a-SMA), a
mesenchymal marker that could suggest EMT. Finally, they showed that TGF-3 could induce
a-SMA expression in vitro in primary culture of MV-ECs.'* The ability of mitral valvular ECs
to undergo EMT in vitro has later been confirmed in other studies.!** 1> However, these studies
relied on a-SMA expression, which could be triggered by myofibroblastic differentiation rather
than actual endothelial-mesenchymal transition. Moreover, in vivo re-activation of EMT in
adult mitral valve has never been reported. A study in the context of Marfan-related MVD used
endothelial lineage tracing (Tie2-Cre and Cdh5-CreER™ mice model), and demonstrated the

absence of endothelial-derived mesenchymal cells in both healthy and pathological valves.!

2.4.5 Mechanotransduction

The MV opens and closes approximately 3 billion times in a lifetime, while facing high
mechanical forces.?*> On the atrial side, the blood flow during ventricular filling in diastole
generates shear stress and tension. During systole, the closure of the leaflets coupled to the
contraction of the ventricle generates compression forces and turbulent flows against the
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ventricular face of the leaflets. Therefore, a dysregulation of the mechanotransduction

pathways is thought to be involved in the pathophysiology of MVD.

During valvulogenesis mechanical forces participate to shape the MV structure.?%?’#’ The

unique hemodynamic of the developing heart starts with the first contraction at E8.5 in mice
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and 22 days in Humans. All along heart development, the hemodynamic environment is
spatially and temporally modified, inducing distinct transcriptional program that contributes to
valvulogenesis.?6*¢47:63 Particularly, the mechanosensitive transcription factor Kruppel-like
factor 2 (KLF2) has been shown to be important during valvulogenesis as it regulates WNT-9a
expression in endocardial cells, and fibronectin deposition in the atrioventricular
cushion.*-:63158-160 Iy 3 recent study from 2022, Pham et al. looked into the elongation phase of
semilunar valves, and found that endocardial cells respond differently depending on their
location due to the different mechanical stress imposed.*” As such, endocardial cells from the
vascular side endure oscillatory shear stress that induces canonical WNT/B-catenin signaling
which activate BMP signaling pathway with increased SMAD1/5 phosphorylation, leading to
endocardial proliferation. Conversely, endocardial cells of the ventricular side of the leaflet
endure laminar shear stress that induce NOTCH signaling which inhibits WNT pathway,

thereby limiting proliferation of endocardial cells.*’
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Figure 15. Cellular mechanosensing. A. The cell cytoskeleton plays a key role in the
mechanosensory machinery. B. Transmembrane proteins like integrins transduce external
stimuli to the actin cytoskeleton via adaptor proteins. C. Intercellular adhesion can also transmit
mechanical stimuli to the cytoskeleton. D. Primary cilia are mechanosensitive element via their
unique structure, and via the numerous receptors expressed at their surface. From Shou et al.’%
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The sensing of mechanical forces is permitted by a range of specialized
mechanosensitive receptors expressed at the surface of the cell, such as G protein-coupled
receptors (GPCR), ions channels and integrins (Figure 15). Integrins are known to be involved
in many cellular functions like adhesion, migration, angiogenesis, permeability, signaling
transduction, cytoskeletal organization, and are thus crucial to maintain tissue
homeostasis.'®!"!62 They are transmembrane adhesion proteins that connect the ECM to the actin
cytoskeleton by specific actin-binding proteins (Talin, Filamin, a-Actinin, Vinculin), making
integrins the primary sensor and transducer of external mechanical stimuli to the cell (Figure
15). In addition, integrins can also react to the intrinsic properties of the ECM, like its
composition, rigidity or elasticity.!9>!* Integrins are heterodimers of 18 o and 8 B subunits that
can assemble into 24 subtypes.'®>1%® Each subunits has a specificity for a ligand, and the
signaling pathway induced by the binding differ depending on the subunits engaged and the
ECM ligand.'®*1%® The mechanisms by which integrins bidirectionally sense the mechanical
stimuli are well described. The inside-out signaling is induce by traction forces of the cell
cytoskeleton that induces binding of intracellular actin-binding proteins to the cytoplasmic tail
of the integrin triggering interaction with the extracellular ligand. On the other hand, the
outside-in signaling occurs when an external force is applied to the ECM leading to activation

of the integrin and binding of the ECM ligand which leads to intracellular signaling.'®%1¢°

2.4.6  Crosstalk between pathways

It is important to mention that all the previous pathways described are not independent of each
other, and that a dysregulation of one of them can affect the others through the many crosstalk
between these pathways (Figure 16). For example, it was shown that the activation of the

serotonin receptor 5S-HT2aR causes an increase of TGF-B1, and that both serotonin and TGF-
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B1 induced collagen and proteoglycan synthesis in vitro with sheep VICs.!”® Another study
identified that antagonism of the 5-HT2gR could prevent the non-canonical TGF-f1 signaling
through P38-MAPK in porcine VICs, preventing their differentiation in vitro.!”! The
mechanical stress, which can be sensed via primary cilia or integrins, was shown to induce
differentiation of VICs through activation of TGF-f pathway in the model of leaflet tethering

in sheep.!#®

Additionally, the familial and population-based studies identified associated genes that are all
related in some ways to the response to mechanical stress. Among them, 7NS/ codes for the
protein Tensin-1, localized at focal adhesion and linking the actin cytoskeleton to integrins
cytoplasmic tails. DZIP1 mutation induce a shortening of primary cilia that could impair their
mechano-sensory functions. LMCD] is a regulator of GATAG, a key transcription factor in
cardiac development, and LMCD]1 is thought to be involved in the cardiac remodeling caused
by hypertensive stress.!”? Finally, FLNA is an actin-binding protein involved in the transduction

of external stimuli to the actin cytoskeleton.
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Figure 16. Mechanotransduction pathways. Mechanical stimuli are sensed by various
transmembrane receptors. Those receptors can transduce the signal via several pathways like
WNT/B-catenin, or RhoA-Rho kinase. From Shou et al.’%
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2.5 Filamin A

Filamin proteins were discovered and described for the first time in 1975 in chicken
gizzard.!'” At the same time, a similar protein was described in rabbit alveolar
macrophages.!’#!"> It was later identified that among the three filamin isoforms (Filamin A, B
and C), filamin A is the most abundant in adult and coded by the FLNA gene located on the X
chromosome.!”6!7® Filamin A is a ubiquitously expressed actin-binding protein that promotes
actin filament reticulation and connect the actin cytoskeleton to the cell membrane by binding
to transmembrane receptors or ion channels.!”®'¥2 The structure of Filamin A consist of a N-
terminal actin binding domain followed by 24 immunoglobulin-like repeated domains, the 24"

). As an actin-binding

domain being involved in the dimerization of Filamin A (Figure 17
protein, Filamin A serve as a scaffold for many other proteins, including membrane receptors,
integrins, ion channels, enzymes, GTPase, or transcription factors, and can modulate the
activity of these partners. This place Filamin A as a central actor of many cellular functions
such as cellular migration, proliferation, adhesion, filopodia formation, cell spreading, cell-
ECM crosstalk, and mechanosensing.!””:178:184-190 Notably, it has been well described that the
Rho-GTPase activating protein FilGAP can bind Filamin A specifically to site of membrane
protrusion to antagonize Rac activity and regulate cell spreading via a RhoA-dependent

190.91 Moreover, FilGAP binding to Filamin A was demonstrated to be

mechanism.
mechanosensitive in a in vitro network of actin. Deformation of the actin network increased [3-

integrin binding to Filamin A and induced dissociation of FilGAP from Filamin A.'?
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Figure 17. Filamin A structure. The actin-binding domain is located at the N-terminal region
(yellow box) and is followed by 24 repeats of immunoglobulin-like domain with 2 calpain
cleavage sites. The dimerization domain is at the C-terminal region. Modified from Stossel et
al 178

Mutations in the Filamin A genes has been associated to several pathologic phenotype that
include mainly periventricular nodular heterotopia, but also skeletal alterations, otopalatodigital
syndrome, Melnick-Needles syndrome, congenital heart disease, pulmonary hypertension,
interstitial lung disease, gastrointestinal disorders, dilation of the thoracic aorta,
thrombocytopenia, and, as developed in the section 2.3 ‘Genetics of MVD’, valvular dystrophy

with the identification of the first MVD causal mutation.!0%193-197

Four mutations have been associated with to induce MVD: P637Q, G288R, V711D and H743P.
They are all located in the N-term region of the protein, but little is known on how these
mutations affects Filamin A function or its partners. Our group previously demonstrated that
the mutations P637Q, G288R and H743P destroyed the folding of the 5™ domain, affected the
ability to transmit cellular forces, and abolished the interaction between Filamin A and protein
tyrosine phosphatase non-receptor type 12 (PTPN12), a regulator of the response to mechanical

stress and cytoskeleton dynamic.!8%!9%1% Specifically, mutations in Filamin A impaired the
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activation status of the focal adhesion kinase Src and the RhoA specific activating protein
p190RhoGAP, two PTPN12 substrates.!®® This could partly explain why the FLNA-mutated
cells have a failed response to mechanical stress, leading to their activation and the acquisition

of a myofibroblastic phenotype.'®3
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3. Models of MVD

Over the years, several models of myxomatous remodeling of the MV have been developed
to study the involved signaling pathways, relying on three different species: dog, rodent, and

zebrafish (Figure 18).!'* Each of these models presents advantages and limits.
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Figure 18. Animal models of MVP. 3 categories of animals are available for modeling MVP:
canine, zebrafish and rodent. Advantages and limits are presented in the green and red squares
respectively. From Delwarde et al.!'3

3.1 Canine spontaneous MVD

Myxomatous mitral degeneration is spontaneous in some small-breed dogs like Cavalier
King Charles Spaniel and Dachshunds. The clinical evaluation of such dogs show that the
pathology recapitulates the MVD phenotype observed in Human Barlow disease with

proteoglycan accumulation and disruption of the layered architecture of the leaflets.?” It was
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shown that dogs with spontaneous MVD has elevated plasmatic serotonin level, reduced
serotonin clearance, and that this was associated with TGF-p mediated activation of VICs.?"!
The spontaneity of the disease in dogs has the advantage of better representing the human
pathology. This model is suitable for pre-clinical studies or to identify biomarkers.!30-201-203
However, there are some limits regarding the access of samples that can be collected (late

appearance of MVD, mostly limited to veterinary research center), as well as regarding ethical

considerations and costs.

3.2 Zebrafish

If dog is the largest model for MVD, on the other hand, zebrafish is the smallest.
Nonetheless, zebrafish are “easy-to-use” models for translational or fundamental researchers.
Moreover, zebrafish can be genetically manipulated to study the role of specific genes in
various processes. Notably, zebrafish have been extensively used to study valve developmental
processes, and the impact of mechanical forces. It was shown in Zebrafish, that blood flow
activates the KIf2-Wnt signaling pathway which participate to the regulation of heart
development,26-2746.63.158.160 7ehrafish was also the model of choice to validate candidate loci
identified in genetic studies, and zebrafish confirmed the causal role of TNSI, LMCDI, and

DCHS]I to MVD. 105108

3.3 Rodent models

Rodents are the most used animal to model cardiovascular diseases, including MVD.
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3.3.1 Syndromic models

Notably, a mice model of Marfan syndrome has been generated by introducing the Fibrillin-1
(Fbn1¢1%416™") mutation discovered in Marfan patients. Though only half of Marfan patients

develop MVD, all homozygous Fbn1¢10416/

mice present myxomatous degeneration of the MV
by the age of 2 month.'"> This model has been used to characterize the cellular population of
the mitral valve during development and disease, but also to demonstrate macrophage
recruitment during myxomatous remodeling.>>*1** Moreover, Xu and Yutzey established that

therapeutic blockade of C-C motif chemokine receptor 2 (CCR2) was sufficient to prevent

macrophage recruitment and development of myxomatous mitral valve disease.?%

3.3.2  Non-syndromic model

Following the discovery of mutations associated to MVD, new mice models have emerged.
Notably, the Tensin-1 knock-out mice (7ns/-KO) has been developed to validate the
association of the candidate gene identified by GWAS, and deletion of Tensin-1 effectively
induced a myxomatous phenotype of the MV.!%® Among the other mutations involved in MVD,
Dchsl and Dzipl were both studied through knock-out and/or knock-in studies. DchsI-KO
mice exhibit prolapse and thickening of the MV leaflets.! As for Dzip!, both the full knock-
out and the mutated form induce myxomatous degeneration of the MV associated to increased
prolapse. The authors also showed that Dzip/ mutation induced a shortening of primary cilia

length in the MV.!1%

Following the identification of the first causal mutation in FLNA gene, genetic engineered
rodent models were studied. The Fina-null mice is embryonically lethal at day E14.5 with

vascular defect and hemorrhage, abnormal septation of the outflow tract, defective vascular
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endothelial cells junctions, and mitral valve dysplasia.'®”!°* These observation demonstrated a
central role of Filamin-A in developmental process, not only restricted to valvulogenesis. To
better understand the role of Filamin-A in mitral valve, an original approach was developed by
Sauls et al. in 2012.2°° Their strategy was to breed Filamin-A floxed mice with Tie2-Cre mice
to generate conditional endothelial knockout of Filamin-A (F/na-cKO). By doing so, they take
advantage of the fact that VICs derive from endothelial cells through EMT during
embryogenesis. This results in valvular knockout of Filamin-A, viable in mice in contrast to the
full knockout.?®® The cKO mice exhibit a significant MV leaflet thickening with increased
collagen and hyaluronan deposition at the age of 2 month. Surprisingly, the analysis of
embryonic stage revealed that valvular enlargement was detectable at E17.5 but was not yet
associated to increased ECM deposition, suggesting that matrix production didn’t contribute to
the embryonic phenotype. The authors examined the interaction of filamin A with serotonin
and demonstrate that during embryonic development only, the interaction of filamin A with
serotonin and transglutaminase 2 (TG2) was important for the formation of stress fibers. Thus,
the knock-out of filamin A disrupted this interaction and VICs lost their capacity of matrix

compaction in vitro.?%

To overcome the limitations of knocking-out a protein involved in several processes, our group
generated in 2017 a new model by introducing the FLNA-P637Q mutation in a rat using
CRISPR-Cas9 technique.2’” The newly developed FLNA-P637Q Knock-In rat model was then
phenotyped by Delwarde et al.>*® The FLNA-KI rat was analyzed at the age of three weeks, and
the observed phenotype was similar to those of MVD patients (Figure 19). Specifically, FLNA-
Kl rats had elongated leaflets and enlarged annulus, as assessed by echocardiography, increased
MYV volume quantified by micro-computed tomography, as well as leaflet thickening and
proteoglycan accumulation as determined by histological analysis (Figure 19). This phenotype

was the confirmed over a 6-months follow-up. Finally, at the transcriptomic level, a gene-
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ontology terms (GO-terms) analysis of the differentially expressed genes revealed five
metaclusters: chemotaxis and immune cell migration; extracellular matrix; epithelial cell
migration; endothelial to mesenchymal transition; and molecular stress pathways.
Unexpectedly, 30% of all GO-terms were classified under the metaclusters chemotaxis and

immune cell migration (Figure 19).
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Figure 19. Morphological and molecular phenotyping of the FLNA-KI rat model. The top
panel show the histological analysis of WT and FLNA-KI rats MV by hematoxylin phloxin
saffron, Alcian blue and Masson’s trichrome staining. Bottom panel is the enrichment analysis
of the transcriptomic data from 3 weeks WT and KI rats MV. Modified from Delwarde et al.””

Overall, the different animal models used for the study of MVD allowed the identification
of several key pathways involved in the development of the pathology. Recently, the
identification of macrophages involvement in the development of Marfan syndrome-related
MVD using the Fbn1“1%!S"* mice, and the transcriptomic signature of chemotaxis in FInA-
related MVD paved the way to study macrophages as a new pathophysiological pathway of
particular interest. Indeed, MVD was considered as a non-inflammatory disease, and the role
of immune cells was left aside, but the comprehension of the immune mechanisms at play
during the development and the maintenance of MVD could potentially offer new therapeutic

targets.
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4. Innate immune system and macrophages

4.1 Innate immune system

The innate immune system is one of two defense system of the organism, and is conserved
across all multicellular organisms. It consists of all the immune defense mechanisms that lack
immunologic memory and provide an immediate but non-specific response, in opposition to the
adaptive immune system. Innate immunity has developed earlier on the history of evolution,
but it remains the first defense mechanism of host organisms to a variety of infections,
pathogens, or toxins.?? 2! The very first lines of defense of innate immunity system are the
skin and mucosa that form a natural barrier which prevents most pathogens from entering the
host organism. The second line of defense is cellular, and comprise granulocytes, natural killer
(NK) cells, dendritic cells, monocytes and macrophages. To support their role, those cells have
a wide range of effector molecules, from cellular receptors for recognition, to secreted soluble
mediators that allow immune cell communication (i.e. cytokines and chemokines), opsonization
(i.e. complement factors) or antigen presentation (i.e. major histocompatibility

complex).209’2“’212

To ensure their function of defense, innate immune cells harbor different mechanisms. For the
clearance of abnormal cells, NK cells are capable of “killing” via a cytolytic process involving
perforin and granzyme. Specifically, NK cells express a series of specific activator and
inhibitory receptors, and the balance between activator or inhibitory signals govern the activity
of the NK cells. 2!'2!3 The Complement system is another mechanism of innate immunity. It
comprises over 50 plasmatic or surface proteins that can be activated in three ways: the classical

pathway, the lectin pathway or the alternative pathway.?'*?!> Each pathways initiate a signaling
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cascade with different actors that all ends up by the activation of C3 and C5 convertases. This
will lead to either opsonization of the pathogen for recognition by immune cells, or lysis of

abnormal cells through the formation of the membrane attack complex (MAC).2!*

Finally, the last mechanism of innate immunity is phagocytosis, a complex process by which a
phagocytic cell engulfs a particle into a vesicle called phagosome to degrade it intracellularly
via the formation of a phagolysosomes (Figure 20).2!62!® The professional phagocytes are
neutrophils, eosinophils, dendritic cells, osteoclasts, monocytes and macrophages.’!
Phagocytes must recognize a large variety of particles larger than 0.5um, ranging from
microbial pathogens, to apoptotic cells.?!® Thus, phagocytosis is utterly important for immunity

against external pathogens, but also for tissue homeostasis.
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Figure 20. Phagocytosis. Schematic representation of the phagocytic process. A target cell is
recognized through surface signals by a phagocyte. It is then internalized into a
phagolysosome for degradation. From Brown et al.>!8

In order to recognize their target, professional phagocytes are equipped with a large panel of
recognition receptors (Figure 20 and Figure 21).2!722* Those receptors are designed to recognize
four types of signal from the target cells: find-me signal, a chemotactic factor to attract the

phagocyte; eat-me signal, a surface ligand from the target cell to initiate phagocytosis; don’t-
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eat-me signal, a surface ligand preventing phagocytosis; and opsonin, a soluble molecule bound
to the target cell surface to stimulate phagocytosis (Figure 21).2!7 It is important to note that the
clearance of apoptotic cells by phagocytes is a specific phagocytic process called
efferocytosis.??*??! Thus, efferocytosis plays a major role in the maintenance of tissue

homeostasis, and in tissue repair.?°
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Figure 21. Efferocytosis cell surface signals. Eat-me and Do-not-eat-me signals are expressed
at the surface of dying and viable cells respectively. Eat-me signals are recognized by
phagocytic receptors either directly or through adaptor proteins like GAS6. From Boada-
Romero et al.”’”’

Once the target cell is bound to the phagocytes, the latter will rapidly rearrange its actin
cytoskeleton to form filopodia that will engulf the target cell (or particle) in a vesicle called
phagosome (Figure 22).220-222-22% The actin remodeling occurs via Low density lipoprotein
related protein 1 (LRP1)- or DOCK180-dependant activation of RAC1.22225 Intracellularly,
the phagosome will undergo a multistep maturation process and merge with a lysosomal vesicle

into a phagolysosome which will enzymatically and chemically degrade the target (Figure 22).
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Among the professional phagocytes, macrophages are the most prevalent. They are present in
all tissue at steady state to maintain tissue homeostasis, and they can be locally recruited to sites

of inflammation via differentiation of circulating monocytes.
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4.2 Macrophages

Described for the first time in the late 19" century by Ilya Metchnikov, co-laureate of
the physiology Nobel prize in 1908, macrophages are mononuclear phagocytes of the innate
immune system.??® Macrophages plays a critical role in the clearance of pathogens, cellular
debris, or apoptotic corpses, and in the maintenance of tissue homeostasis. They are also crucial
for immune function as they regulate local inflammation and immune response to pathogen.
Macrophages are ubiquitously distributed in the body, and meet different tissue-specific
functions. The tissue specificity of macrophages is guided by the surrounding cells and
microenvironment, known as the macrophage ‘niche’.>’-2*0 The vast diversity of macrophages
raised questions about their origin and the developmental programing that shapes their function

depending on their localization.?*°

4.3 Ontogeny of macrophages

In adult, hematopoiesis relies on hematopoietic stem cells (HSCs), a pluripotent and
self-renewed cell population located in the bone marrow that give rise to all circulating cell
types, from erythrocytes to innate and adaptive immune cells. Over the years, several evidences
were provided leading to the conclusion that some populations of tissue-resident macrophages

were not HSC-derived, but rather originates from a developmental hematopoiesis.??° 28

Developmental hematopoiesis refers to the spatiotemporal processes that lead to the generation
of several hematopoietic progenitors, before the settlement of HSC in the bone marrow. Three
hematopoietic waves have been described in mice. The first one is the primitive hematopoiesis
initiated at embryonic day E7.5 in the yolk sac, with the generation of a mesodermal hemogenic

endothelium (Figure 23).>* From E8.5 to E10.5 is the transient hematopoiesis during which the
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hemogenic endothelium give rise to erythromyeloid progenitors (EMPs: Cflr" Kit™ CD45"°%
AA4.1") that will colonize the fetal liver and differentiate into pre-macrophage (pMac:
Cx3crl™). From the liver, EMPs and pMac will further colonize embryo’s tissue in a Cx3crl-
dependant manner (Figure 23).2%° The third wave, or definitive hematopoiesis, starts at E10.5
and see hematopoietic stem cell (HSCs) emerge from the hemogenic endothelia in the aorta-
gonad-mesonephros region (AGM), the vitelline and umbilical arteries, before migration to the
fetal liver where they expand (Figure 23).2*® Around E17.5, HSCs migrates to the newly formed
bone marrow niche.??*-234236238.240 Dyring colonization of the embryos, pMac will differentiate
in a tissue-specific manner to give rise to what we know as tissue-resident macrophages. The
mechanisms that regulates this tissue-specific differentiation are still unclear, but some
transcription factors have been linked to specific differentiation, like Id3 for Kupfter cells, Irf8

and Salll for microglia or Id2 and Runx3 for Langerhans cells.?%-233:240
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Figure 23. Developmental origin of macrophage in mice. AGM: Aorta-Gonado-

Mesonephros, E: Embryonic day, EMP: Erythro-Myeloid Progenitor, HSC: Hematopoietic
stem cell, pMac: Macrophage progenitor. Created with BioRender.
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4.4 Cardiac resident-macrophage at steady state

The question of macrophage ontogeny in the heart has been a matter of controversy over
the years. In 2013, Nakano et al. conducted a study to demonstrate the existence of a subset of
endocardial cells expressing the transcription factor Nkx2.5 and displaying hemogenic capacity
that could give rise to cardiac macrophages.?*! The same group later used lineage tracing to
confirm the endocardial origin of cardiac macrophages. Using NfatcI™ reporter mice, they
show that 58% of F4/80" macrophages in the atrioventricular cushion were Nfatc1-derived, and
that the depletion of those endocardial-derived macrophages resulted in abnormal valvular
development.?*? Other studies were conducted to define the mechanisms and revealed that the
Nkx2.5/Notch/Retinoic acid pathway was essential.’!*** Those study were opposed to the
general consensus that myeloid cells originate from hemogenic endothelium in the yolk-sac and
AGM region of the embryo 2?*232234238240 Iy order to clarify the origin of cardiac resident
macrophages, Liu et al. elegantly performed multiple lineage tracing experiments which
demonstrated that the reporter used in previous study (i.e., Nkx2.5 and Nfatc1) were not specific
of endocardial cells, but could also label endothelium of the yolk-sac. Thereby, it cannot be
excluded that the so-called endocardial-derived macrophages were in fact yolk-sac-derived.?**
They further used specific endocardial reporters Mef2c and Npr3 and demonstrated the absence

of endocardial-derived macrophages.?**

Since the emergence of the developmental hematopoiesis concept, several studies have attached
to investigate the origin of cardiac-resident macrophages (CRM).2*2% In a study from 2014,
Epelman et al. explored the ontogeny of CRM in mice.?** They analyzed mouse heart at E10.5,
prior to fetal liver and HSCs hematopoiesis, and revealed that primitive yolk-sac derived
macrophages could already be detected.?*® They show that the vast majority of CRM are CCR2"

and derive from the yolk-sac and fetal liver progenitors. They are renewed through local

48



proliferation rather than monocyte replacement. Conversely, a small population of CCR2"
CRM originate and are maintained from circulating monocytes progenitors.?*>2°0-252 The
embryonic-derived CCR2" population can further be divided based on major histocompatibility
complex class II expression into MHC-II"€" and MHC-IT'% 245-248.252-254 NfTHC-1I is the mice
homolog of human leukocyte antigen-DR (HLA-DR) and is involved in antigen presentation.
Furthermore, some studies showed a specific spatial distribution of these subtypes, with CCR2"
MHC-II"eh being preferentially located close to nerve bundles and endings, whereas CCR2"
MHC-II'V are distributed around blood vessels.?’>?>3 Although CCR2" CRM are almost
exclusively replenish by local proliferation, upon depletion or inflammation CCR2" monocytes
can replace the different CRM populations of the mouse heart.?*> In human, the analysis of
explanted heart confirmed the existence of CCR2" and CCR2™ macrophage populations. CCR2"

population represents embryonic-derived CRM with self-renewal ability, whereas the CCR2"

population is monocyte-derived.?>0-23%253

CRM have plenty of functions in the developing heart as well as in the adult heart. Those
functions are summarized in Figure 24. Briefly, it has been demonstrated that CRM assure the
clearance of cardiomyocytes defective mitochondria via the efferocytosis receptor MER
tyrosine kinase (MERTK).2® RCM-derived amphiregulin mediates connexin 43
phosphorylation translocation in cardiomyocytes, thereby stabilizing electrical
conduction.”’?® CRM regulates cardiac growth in response to hypertensive stress through
Insulin-like growth factor 1 (IGF-1).2%° Studies have also demonstrated that CRM prevents

cardiac fibrosis and promotes angiogenesis (Figure 24).233-260
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Figure 24. Cardiac resident macrophages functions. During development, CRM participates
to cardiomyocytes proliferation through CCL24, vascular and lymphatic development through
VEGEF signaling. In adult, CRM helps to the adaptive growth of cardiomyocytes, limits the
activation of cardiac fibroblasts, stimulates angiogenesis and lymphangiogenesis. Finally, CRM
limit monocytes recruitment whereas it is stimulated by CCR2" macrophages. From Zaman and
Epelman.?*

Overall, at steady state, the heart macrophage population, which represents 5 to 10% of the
cardiac cells, are distinguished based on their origin and functions.?*’->>3261262 Three distinct
populations are described: CCR2- MHC-I1"#"; CCR2- MHC-11'°; and CCR2".%° Each of these
population coexist in the adult heart in specific niche, and originate from different stages of
development. The respective proportion and function of each subpopulation is relatively stable

at steady state, but can drastically vary upon disease or injury.
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4.5 Macrophages in heart and valve diseases

Upon diseases, the macrophage niche is quickly reorganized to respond to the disturb
homeostasis caused by the injury. This modification is often beneficial in the acute phase, but
the long-term consequences of such a rearrangement of the macrophage niche can also have
detrimental effects. The role of macrophages in response to heart injury has been extensively
studied in the context of myocardial infarction (MI).23%263-267 Although the rapid increase of
macrophages after infarction has long been described, the mechanisms behind this influx were
only recently been elucidated. It was shown that after MI the tissue-resident CCR2"
macrophages orchestrate the recruitment of circulating monocytes through a Myeloid
Differentiation primary response 88 - Monocyte Chemoattractant Protein (MYD88-MCP)
pathway. On the other hand, the CCR2" macrophage population inhibits monocyte
recruitment.?° It is important to note that the CCR2" recruited macrophages are distinct from
the tissue-resident CCR2" macrophages as they have different transcriptional signature.?* In
terms of consequence, the depletion of resident CCR2" macrophages leads to a reduction of the
infarct size, whereas depletion of CCR2" resident macrophages increases the infarct size,

confirming the different roles of macrophages depending on their origin.>>°

In valve diseases, macrophage have been mostly studied in the context of calcified aortic
valve disease (CAVD), where macrophages participate to the fibrocalcific degeneration of the
aortic cusps.?®®27 In the mitral valve, studies on macrophages were initially conducted on their
function during mitral valve development and post-natal remodeling.>**-*** The study of
macrophages in MVD is more recent and was limited to the Marfan syndrome-related
MVD.#:204205 Ag described in the section 3.3, it was shown that during myxomatous MV
degeneration of Marfan patient or Marfan mice and pig models, there is an increase of

infiltrating CCR2" macrophages as well as an increase of CCR2 resident macrophages.’** They

51



further crossed the Marfan Fbn1¢1%3°%" mice with CCR2RFPRFP mice to generate a model of
Marfan syndrome mice deficient for CCR2 in order to block the recruitment of macrophages
into the MV. After immunofluorescent analysis, they conclude that the deficiency of CCR2"

macrophages in the MV was sufficient to prevent Marfan-related MVD progression.?%*

C DM RS

WT

an 1C103QG/+

Figure 25. CCR2" macrophage depletion in the Marfan mice model. CD45 staining of WT
and Fbn1¢'%°C* Marfan mice mitral valve, treated with DMSO (DM) or with CCR2 inhibitor
(RS). From Xu and Yutzey.?%

In a later study, the same group used a different strategy to limit the infiltration of circulating
macrophages. They used the molecule RS504393, a selective antagonist of CCR2, to prevent
recruitment of macrophages into the MV, and showed that it prevents the development and the
progression of MVD (Figure 25).2% It is important to note that Marfan-related MVD cannot
recapitulate sporadic MVD phenotype. Indeed, in Marfan syndrome, caused by Fibrillin 1
mutation, the ECM is more prone to elastin fragmentation, and studies have proved that fibrillin

fragment induced macrophage chemotaxis using Marfan-mice and Human aortic extract in
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vitro.”%?™27> Moreover, TGF-P signaling is largely increased in Marfan patient, and could also

induce immune activation of the MV cells, and recruitment of circulating monocytes.'"

In the context of non-syndromic forms of MVD, although several findings push towards
the contribution of macrophages in the disease, the formal identification of increased
macrophages has not yet been characterized. The first evidence come from the identification by
immunofluorescence of increased CD45" and F4/80° cells in the MV of conditional endothelial
Filamin A knock-out mice.*® The second line of evidence comes from a study by Minvielle
Moncla et al. who performed a mendelian randomization on large dataset including GWAS,
blood proteome and genome-wide expression data to identify candidate drivers of MVP. They
found 33 blood proteins enriched in immune networks associated with MVP. Additionally, by
computing cytokine activity profile and using digital cell quantification, they identified a shift
towards a cytokine signature that promote “M2” macrophage polarization in MVP.?’® Finally,
in the previous study from our group on non-syndromic MVD, the FLNA-KI rat model was
used for MV transcriptomic analysis.?*® 524 genes were found differentially expressed between
KIand WT animals. Enrichment analysis of those differentially expressed genes highlighted 34
GO-terms. Unexpectedly, 10 of 34 GO-terms were related to chemotaxis and immune cell

migration, suggesting a major role of immune cells in the pathophysiology of MVD.?%

The literature is rather poor on the role of filamin A in macrophage, but a few studies were
conducted.!”%?"7278 Notably, it was shown that filamin A is required for podosome stabilization
during macrophage migration in mesenchymal environment.!”® Another study revealed that
Filamin A expression was increased in macrophages from advanced atherosclerotic plaques
compared to intermediate stage. The inhibition or knockdown of filamin A in macrophages

increased the efflux of cholesterol and lowered lipid uptake, thereby ameliorating the severity
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of the plaques.?’” Specifically, the absence of filamin A in macrophages decreased their ability

to migrate and proliferate, but also reduced the secretion of pro-inflammatory cytokines.?”’
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II. Hypothesis and objectives

Given the previously published transcriptomic analysis of the FLNA-KI rat identifying
chemotaxis and immune cells as a major contributor of MVD pathophysiology, we sought to
investigate the role of immune cells. Additionally, previous studies conducted on Marfan-
related MVD demonstrated that macrophages were increased in mice model of Marfan
syndrome with myxomatous mitral valve degeneration and that the blockade of macrophage

recruitment prevented the development of the pathology.

Therefore, we hypothesized that the increased immune and chemotactic signaling observed in
the FLNA-KI rats at three weeks was caused by an increase in macrophages population, which
contributed to the development or the maintenance of MVD, and could represent a new

therapeutic target.

Our objectives are to confirm the presence of macrophages in the MV of FLNA-KI rats, and to
corroborate if they also contribute to Human sporadic forms of MVD. To this aim, we did a
time course analysis of the FLNA-KI rat model to characterize the morphological, molecular
and cellular landscape of the MV from birth to the age of three weeks. We also analyzed the

molecular signature of human MVD in a unique cohort of 78 samples of Human sporadic MVD.

We developed in vitro assay to assess the functional properties of macrophages carrying the
FLNA mutation, and in vivo strategy to block macrophages recruitment to the mitral valve in

order to assess the therapeutic potential of targeting macrophages.
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I[II. Article: Macrophage recruitment as a hallmark of non-

syndromic myxomatous mitral valve dystrophy

1. Introduction

Using histological, transcriptomic and cytometry analysis, we performed a time course analysis
of MVD development and macrophage contribution to the pathophysiology of myxomatous
mitral valve dystrophy in the FLNA-KI rat model. We also corroborated the involvement of
macrophages in Human sporadic forms of MVD with bulk RNA-seq in a unique cohort of 78
sample collected in France and Italy. In the manuscript, we highlight a common phenotypic and
molecular signature between Human sporadic MVD and FLNA-KI rats> MVD. We then
demonstrate that as early as birth there is a molecular signature of MVD without morphological
consequences in the FLNA-KI rat model. Leaflets remodeling is detected one week after birth
and associates with evidences of chemotactic signaling without increased macrophage
proportion. Finally, at the age of three weeks, FLNA-KI rat displays large remodeling of the

mitral valve leaflet, with increase proportion of macrophages.

Overall, our results demonstrate the gradual development of MVD in the FLNA-KI rat model.
Extracellular matrix homeostasis disturbance is detectable at birth, quickly followed by
endothelial activation. This leads to remodeling of the MV by the age of one week, also marked
by induction of chemotactic signaling. This will in turn induce recruitment of macrophages in
the MV as detected at three weeks, comparable to the phenotype observed in Human end-stage

sporadic MVD sample.
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2. Manuscript

The following manuscript is currently under revision for publication in Cardiovascular

Research, a journal of the European Society of Cardiology.
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ABSTRACT

Aims: Mitral valve dystrophy (MVD) is a progressive cardiac disease characterized by extracellular
matrix remodeling, leaflet thickening, and proteoglycan accumulation. Despite its significant
contribution to cardiovascular morbidity and mortality, the underlying pathophysiological mechanisms
involved in its development and progression remain unclear. Recent investigations have revealed a
genetic component to the disease, such as mutations in the FLNA gene, and suggested potential
involvement of immune cells in the pathogenesis of MVD. In this study, we investigated the role of
macrophages in MVD using a large collection of human non-syndromic MVD samples and a unique

animal model, the Filamin-A knock-in (KI) rat.

Methods and Results: Transciptomic analysis of 78 human non-syndromic MVD samples revealed
significant enrichment of pathways associated with immune activation and macrophage recruitment.
Comparative analyses between human and rat MVD identified shared molecular signatures, validating
the Filamin-A Kl rat model for studying human MVD pathophysiology. Analyses of wild-type (WT) and
KI rat MVs demontrated a gradual activation of valvular cells from birth, which translated into
phenotypic MV remodeling by postnatal day 7. These early events were associated with the
development of a pro-inflammatory valvular environment, despite no initial increase in myeloid cells.
The subsequent accumulation of macrophages in the already remodeled MV leaflets indicated the

initiation of an active recruitment process, likely involved in the progression of non-syndromic MVD.

Conclusion: This study highlights the central role of chemotaxis and macrophage recruitment and
activation in the pathophysiological processes leading to non-syndromic myxomatous MVD.
Macrophage invovlement emerges as a hallmark of non-syndromic MVD, a disease previously
described as non-inflammatory, and opens new avenues to identify potential therapeutic targets to

mitigate disease progression.
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TRANSLATIONAL PERSPECTIVE

The pathophysiological mechanisms driving non-syndromic mitral valve dystrophy (MVD), the most
common cause of mitral valve prolapse, remain poorly understood. Traditionally considered a non-
inflammatory condition, MVD has not previosly been associated with immun cell involvement. Here,
we identify for the first time a central role for macrophages in the pathological processes of non-
syndromic MVD. Macrophage activation and recruitment emerge as hallmark features of the disease,
supporting their contribution in the progression of valve remodeling. These findings shift the current
paradigm and open new avenues for therapeutic exploration, particularly in a condition where

treatement optons remain limited to invasive surgical interventions.
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INTRODUCTION

Mitral valve dystrophy (MVD) is one of the most common valvular heart diseases affecting 2 to 5% of
the general population.! Myxomatous MVD, characterized by elongated and thickened MV leaflets
coupled with an accumulation of proteoglycans, is the main etiology observed in patients with primary
mitral regurgitation.? Despite its prevalence and significant contribution to cardiovascular morbidity
and mortality, the pathophysiological mechanisms underlying MVD remain poorly understood, leaving
open-heart MV surgery as the only therapeutic option for patients with severe and symptomatic

forms.>*

The MV is a complex tissue composed of an extracellular matrix (ECM) organized in three layers and
populated by valvular interstitial cells (VICs), which maintain valve homeostasis, and valvular
endothelial cells (VECs), which line the valve surface.® Recently, the presence of immune cells has been
highlighted in both healthy and myxomatous valves, with macrophages emerging as a particularly
prominent population.®!! As also reported for VICs and VECs, the immune cell population displays
significant heterogeneity within the valve.!? This heterogeneity may be attributed to their distinct

7,13,14

origins — either from an embryonic source or from bone marrow-derived monocytes - and/or to

the influence of the valve micro-environment on their phenotype and activation state.

Although the role of macrophages during valvulogenesis has been well described, little is known about
the function of these “resident” immune cells after birth.”#315 At birth, tissue-resident macrophages
in most organs are derived from the yolk sac,'* but under inflammatory conditions, this population is
complemented or replaced by “recruited" monocyte-derived macrophages.” Macrophages have been
implicated as key contributors to the pathophysiological processes underlying various valvular
disorders in both human and murine models.®>”%® However, it remains unclear whether and how

macrophages, during disease onset and progression, are shaped by their developmental origin.

The analysis of knock-out mouse models exhibiting myxomatous-like MVD showed a consistent

increase in macrophages within the valves.>'’ In Marfan syndrome, a rare connective tissue disorder
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characterized by elastin fragmentation and the development of myxomatous MVD in around 50% of
the affected patients, studies have demonstrated that depletion of monocytes protects against
myxomatous MVD progression.'®1° Notably, low molecular weight elastin-derived peptides, which are
released in Marfan syndrome, act as potent chemoattractant in vivo.2°22 This mechanism, combined
with altered Transforming Growth Factor-B (TGF-B) signaling, likely leads to the recruitment of
monocyte-derived macrophages and the development of syndromic myxomatous MVD.? However,
most myxomatous MVD cases are non-syndromic and exhibit lower TGF-B activation and elastin
fragmentation compared to Marfan syndrome. Therefore, the specific role of macrophages in initiating
or advancing non-syndromic MVD remains unclear. Since non-syndromic cases represent the majority
of MVD patients, further studies are now essential to determine whether targeting macrophages could

serve as a promising therapeutic strategy for this common pathology.

We recently generated the first rat model for non-syndromic myxomatous MVD: the Filamin-A (FInA)
knock-in (KI) rat.?* Transcriptomic analysis performed at postnatal day 21 (D21) revealed multiple
pathophysiological processes involved in the MV disease processes, including ECM remodeling,
response to stress, endothelial to mesenchymal transition, and a central role forimmune cells. Indeed,
30% of the Gene Ontology-terms associated with differentially expressed genes between Kl and wild-

type (WT) rats referred to the involvement of immune cells in the MVD pathophysiology.?

In the current study, we aimed to evaluate the contribution of myeloid cells, particularly macrophages,
in the development of non-syndromic MVD. To achieve this, we analyzed a unique collection of human
sporadic myxomatous MV samples alongside with our FInA-P637Q Kl rat model of non-syndromic
MVD. Transcriptomic analysis revealed activation of inflammation and immune cell chemotaxis
signaling pathways, as well as increased macrophage numbers in diseased tissue. These findings were
consistent in both human “end-stage” MVD samples and during the developmental phases of MVD in
our rat model, underscoring a key role of macrophages in the pathophysiology of non-syndromic

myxomatous MVD.
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METHODS

Human mitral valve RNA-seq

Resected MV leaflets from open heart surgery performed in patients with isolated non-syndromic
myxomatous MV prolapse at the Nantes University Hospital (Nantes, France) and the Centro
Cardiologico Monzino (Milan, Italy) were snap-frozen or collected in RNA Later (Thermo Fisher,
AM7020) for 24h, and stored in -80°C before RNA extraction. The study complies with the Declaration
of Helsinki and was approved by the local ethical committees (Nantes: N°215/2013; Milan: CCM-

3122014). All patients signed written informed consent.

Frozen MV samples were crushed on dry ice. 50 mg of MV powder was used for RNA extraction with
miRNeasy kit (Quiagen, 217084) per manufacturer's protocol. Quality control of RNA was performed
on Bioanalyzer (Agilent, USA), and the 78 samples with RIN>6.5 were used to prepare the library with
Illumina Stranded mRNA Prep, Ligation kit (lllumina, USA) following the manufacturer’s protocol.
Libraries were validated using both the Qubit Fluorometer and the Fragment Analyzer (Agilent, USA).
Sequencing was performed on a Novaseq 6000 sequencer (lllumina, USA). Sequenced reads were
demultiplexed using bcl2fastq2 software (lllumina, USA) and QC were performed using FastQC
pipeline. The primary analysis was done with prinseq, cutadapt, and multiqc tools. Reads were then
aligned using STAR on GRCH38 Human genome. Finally, the expression matrix was built with htseq-

Count.

Due to the limited access to human control MV and the lack of available transcriptomic data in the
literature, we conducted a 3-step analysis (Figure 1a). Firstly, we ranked the 36 652 genes based on
their normalized expression level across the 78 samples, and selected the 2000 genes with the highest
expression profile: the over-representation analysis (ORA) was performed on those 2000 genes with
MsigDB.% Secondly, we run the xCell deconvolution algorithm? on normalized expression data to
estimate the core enrichment in immune cells for each sample. Finally, to compare the molecular

signature of human MVD and rat FLNA-KI MVD, we used our previously published RNA-seq data of MV
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from 3-week-old FLNA-KI rats.2* We firstly mapped rat genes to the Human gene ID using biomaRt,?’
and applied the same method to extract the 2000 highly expressed genes from the rat MV. ORA was

conducted with MsigDB on the common genes found in both human MVD and rat FLNA-KI datasets.

Human mitral valve histological staining and immunostaining

One additional human MV was collected in Nantes University Hospital at the time of MV replacement
for significant MV regurgitation associated with non-syndromic MV prolapse (ethical committee:
N°215/2013). The patient signed informed consent. As a control, and following the signed family
agreement, the MV from a patient referred for sudden cardiac death at the “Centre de référence des
maladies rythmiques et cardiaques” of the Nantes University Hospital, was collected. Both samples
were fixed in 10% formalin (Sigma-Aldrich, HT501320) for 48h. Paraffin-embedded slides were cut and
stained with Hematoxylin Eosin Saffron (HES) to assess MV morphology. Immunohistochemistry
analyses were performed using antibodies against CD68 (pan-macrophages; M0876, DakoCytomation)

(Supplementary Table S1).

FInA-P637Q Knock-In rat model

The rat model used in this study has been previously described.?* Briefly, Sprague-Dawley FInA-P637Q
Knock-In (K1) rats were engineered using CRISPR/Cas9 method.? All rat experiments were carried out
following European Union Directive 2010/63/EU about the protection of animals used for scientific
purposes and were authorized by the French Ministry of Higher Education and Research after approval
by the Ethics Committee on Animal Experimentation from the Région Pays de la Loire (approval

numbers: APAFIS 33433 & 44870).

In the present study, newborn (D0), 2-day-old (D2), 7-day-old (D7) and 3-week-old (D21) KI and WT

rats were analyzed by investigators blinded to the animals’ genotype. Rats were anesthetized with
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isoflurane (Iso-Vet 100%, Piramal; induction at 4% and maintenance at 2%). Immediately after the
euthanasia by cervical dislocation, the chest was opened, and the heart was harvested and placed in

ice-cold PBS.

Flow cytometry

Flow cytometry was performed at D7 and D21. Anterior and posterior MV leaflets were dissected from
at least 7 littermate rats for each genotype and were pooled in 1X HBSS (Sigma, H1641), 2% FBS
(Biosera, FB-1200) to generate one biological sample. MVs were digested using a solution of 1X HBSS,
1.2U/mL Dispase Il (Sigma, D4693) and 2mg/mL Collagenase IV (Worthington, LS004188) for 45 min at
37°C under agitation. Cells were filtered on a 40 um cell strainer before 2 washing cycles in HBSS, 2%
FBS with centrifugation cycles (4°C for 5’ at 400 x g). Fc Block (Purified Rat Anti-Mouse CD16/CD32
(Mouse BD Fc Block™), 10ug/mL) was added to the cells to limit non-specific staining, and then isolated
cells were stained with antibodies (Supplementary Table S1) for 1h at 4°C on a rotating wheel. Cells
were finally washed 3 times in FACS Buffer (PBS, FBS 2%, EDTA 1mM) (centrifugation cycles at 4°C for
5’, 400 x g), before adding DAPI to assess viability. To compensate for fluorescence spectral overlap,
controls were prepared using Ultracom eBeads Plus (Invitrogen, 01-3333-42), for each antibody of the

panel, according to the manufacturer’s protocols.

Flow cytometry was conducted using a Symphony A5.2 Flow Cytometer (BD Biosciences). FCS 3.0 files
were processed using BD FACSDiva™ v8.5 software. For flow cytometry analyses, cells were gated
using FSC-A vs SSC-A, then cell doublets were gated out using FSC-A vs FSC-H followed by DAPI staining
exclusion to identify viable (i.e. DAPI') single cells (Supplementary figure S1). To quantify the proportion
of hematopoietic cells in MV, the viable single cells were gated on CD45 expression. CD45* cells were
further gated on CD11b and CD206 expression to identify myeloid cells. Negative cells for CD206 and
CD11b were considered as non-myeloid CD45" cells. The CD45 negative cells were then gated on CD31

for VECs. The rest of the cells, negative for all markers, were considered as VICs. Indeed, no specific
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marker is currently available to identify and quantify rat VICs by flow cytometry. The analyses of flow
cytometry were performed on FlowJo Software (Tree Star, Ashland, USA). Flow cytometry was

performed on 6 WT and 6 Kl biological replicates at D21, and 10 WT and 9 Kl at D7.

Histological staining and immunofluorescence of rat mitral valves

Following the previously published protocol for histological staining,?* hearts from DO, D2 and D7 were
fixed in 10% formalin (Sigma-Aldrich, HT501320) for 24h, dehydrated, cleared in xylene and embedded
in paraffin. 3 um thick slides were sectioned using a microtome and serial slides were stained.
Hematoxylin Phloxine Saffron (HPS: Hematoxylin cp813, Diapath; Phloxine pb-p-25, Biognost; Saffron
27481.105, VWR) and Alcian Blue (c0053, Diapath; pH2.5) staining were performed. The slides were
examined under light microscopy and scanned using Hamamatsu NanoZoomerS360. As previously
defined,* several histological features (i.e. leaflet thickness, free edge and medial part thicknesses,
endothelial cell turgescence, leaflet immaturity, proteoglycan content) were used to qualitatively
recognize myxomatous MVD. The histological score, presented in Supplementary Table S2, was built
to assess the remodeling of the MV at DO and D2 on 12 WT and 12 Kl animals. 16 WT and 15 Kl animals
were also evaluated at D7. The content in proteoglycans was quantified by Alcian Blue using QuPath
software, as previously published.?* Briefly, the anterior and posterior MV leaflets were segmented

and colour deconvolution was applied to quantify the Alcian blue positive area.

For immunofluorescence staining, serial frozen OCT-embedded slides were brought to room
temperature and fixed before antigen retrieval in Citrate buffer pH 6.2, and then saturated in 2% BSA
(bovine serum albumin, Sigma-Aldrich, A7030). Primary antibodies were used to identify macrophages
(i.e. CD206%), hematopoietic stem cells (i.e. CD45*) and VECs (i.e. CD31*) (see the complete list of
antibodies, references and dilutions in Supplementary Table S1). All primary antibodies were incubated

at 4°C overnight. Appropriate secondary antibodies were incubated for 1h at room temperature before
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nuclei were stained with 1ug/mL Hoechst. All images were captured using ECLIPSE Ti2 microscope

(Nikon).

RT-qPCR

WT and KI MV leaflets were dissected, snap-frozen and stored at -80°C before RNA extraction using
the miRNeasy mini kit (Qiagen, 217084), as previously described.?* Briefly, quality control was
performed using the NanoDrop (ThermoFisher) with a 260/280 ratio of 1.8-2.2 being acceptable. cDNA
transcription was conducted using the High-Capacity cDNA Reverse Transcription Kit (Applied
Biosystems, 4368814) per manufacturer’s protocol. cDNA was stored at -20°C until amplification by
real-time semi-quantitative PCR (qPCR). Specific primers targeting relevant genes involved in the
pathophysiological pathways, as identified in our previous study,?* were designed using Primer3Plus
and included Ccl7, Esm1, Has1, Hyall, Tnfsf18, and Gapdh as the housekeeping gene (Supplementary
Table S3). The gPCR reaction was performed using the Power SYBR green PCR master mix (Applied
Biosystems, 4367659) on QuantStudio 5 Real-Time PCR System (Applied Biosystems, A28140). Melting
curve (95°C for 15 sec and 60°C for 15 sec) was performed at the end of the last cycle to assess the
amplification specificity. Results of gene expression were processed under DA2 v2.6 software. Ct raw
data were adjusted between runs with an interplate calibrator. For each marker, delta Ct was
calculated on the housekeeping gene (i.e. Gapdh). Log2 transformation was applied to transform the

data to a linear scale.

RNA-seq of mitral valves in rats

Anterior and posterior MV leaflets from 6 WT and 6 Kl rats were dissected, snap-frozen and stored at
-80°C before RNA extraction using the miRNeasy mini kit (Qiagen, 217084) per manufacturer’s

protocol. RNA samples were quantified using a Qubit Fluorometer (Thermo Fisher Scientific, USA) and
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qualified using a BioAnalyzer (Agilent, USA). Libraries were prepared using the [llumina Stranded mRNA
Prep, Ligation kit (Illumina, USA) following the manufacturer’s protocol, with a modification after the
PCR step where all samples were purified twice with AMPure beads (Beckman Coulter, A63880) to
remove small fragments. Libraries were validated using both the Qubit Fluorometer and the Fragment
Analyzer (Agilent, USA). Sequencing was performed with a P2 100 cycles kit on a NextSeq 2000

sequencer (Illumina, USA).

The RNA-seq analysis was performed with Sequana 0.14.2%3° We used the RNA-seq pipeline:
https://github.com/sequana/sequana_rnaseq built on top of Snakemake 7.8.5.3! Briefly, reads were
trimmed from adapters using Fastp 0.20.1, then mapped to the Rattus norvegicus genome assembly
from Ensembl (mRatBN7_2_dna_sm_toplevel_109) using STAR 2.7.8a.3>33 FeatureCounts 2.0.1 was
used to produce the count matrix, assigning reads to features using corresponding annotation v109
from Ensembl with strand-specificity information.3* Quality control statistics were summarized using
MultiQC 1.11.3> Statistical analysis on the count matrix was performed to identify differentially
expressed genes (DEGs). Differential expression testing was conducted using DESeqg2 library 1.30.0
scripts.3® DEGs were selected with a p-value <0.05 and Fold Change (FC) >1.2 or FC <0.8. Finally, gene
set enrichment analysis was performed using ClusterProfiler and mSigDB. Significant Gene Ontology

(GO)-terms (p<0.05) were then grouped under metaclusters, as previously described.?*

Statistics

Data are presented as means + SEM or median (interquartile range, IQR), as appropriate. The Mann-
Whitney test has been used to assess the difference in cellular proportion and the relative transcript
expression between WT and Kl animals. Data were analyzed using GraphPrism software, v8. A p-value

<0.05 was considered significant.
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Data availability

The data supporting the findings of this study are available from the corresponding author upon

reasonable request.

RESULTS

Transcriptomic profiling of human “end-stage” non-syndromic MVD reveals immune cell
involvement in disease processes

To investigate which cellular and molecular alterations are induced upon MVD, we performed bulk
RNA-seq analysis on 78 human MVs collected from isolated non-syndromic MVD patients (Figure 1a).
They presented classical clinical features for patients undergoing MV surgery for sporadic MVD
(Supplementary Table S4): the mean age was 61 + 11 years, 77% were male, and 51% presented
hypertension, 22% dyslipidemia, and 5% diabetes. There was no specific transcriptomic signature
observed between males and females or between samples from France and ltaly (Supplementary

Figure S2).

We extracted the 2000 top expressed genes, which included many genes associated with ECM
remodeling (FN1, VIM, COL1A1, VCAN, POSTN), TGF-B signaling (LTBP2, LTBP1), and immune cells (C7,
MMP2, CD81, ITGB1) (Figure 1b). Interestingly, among those highly expressed genes, several have been
previously linked to MVD, such as FLNA, FBN1, and TNS1 (Figure 1b). ORA of these 2000 genes resulted
in 95 GO Biological Processes and 6 KEGG pathways significantly enriched (Supplementary Table S5).
The enriched GO terms referred to cell activation, adhesion, migration, and response to TGF-$3, as well
as to cytoskeleton organization and ECM receptor interaction (Figure 1c). Interestingly, MMP2, ITGB1,
and CXCL12, genes belonging to the term “Leukocyte transendothelial migration”, were also enriched
in MVD samples (Figure 1d and Supplementary Table S5), suggesting that immune cell infiltration may

play a role in disease pathophysiology. To assess which cell types potentially contribute to MVD, we
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.26 The enrichment score showed that macrophage-

performed a deconvolution analysis using XCel
specific genes are the main contributors to the MVD transcriptional signature (Figure 1e), indicating
the relevance of this immune cell type in the pathophysiology of human “end-stage” MVD. Other

immune cells, such as megakaryocytes, monocytes, and dendritic cells, were also identified with lower

enrichment scores (Figure 1e).

We further used immunohistochemistry to assess the presence and localization of macrophages in
human MV from patients with non-syndromic MVD associated with severe mitral regurgitation
requiring MV replacement surgery. This was compared to healthy control valves (Figure 1f). In the
diseased specimen, we observed classical features of myxomatous MVD, including elongated and
thickened MVs, disruption of the layered organization of the leaflet’s structure, and myxomatous
deposits. These pathological changes were associated with a higher abundance of CD68* macrophages,
which infiltrated the complete leaflet, while macrophages were confined to the outer layers in control

MV (Figure 1f).

Next, we used the FInA Kl rat model to determine whether the observed immune-related signatures
in human MVD are species-specific or represent acommon hallmark of MVD. To this end, we compared
the 2000 top expressed genes from 78 human MVD samples with those from the dataset of D21 Kl rat
MVs.2* Rat genes were first mapped to their human orthologues, then ranked based on expression
level, and the top 2000 genes were selected for comparison. 951 out of 2000 top expressed genes
(47.5%) were shared between human and rat MVD (Figure 1g). ORA identified shared pathways
between human and rat MVD, including cell adhesion, cell activation, ECM remodeling, cytoskeleton

organization, and leukocyte migration (Figure 1g).

Altogether, these findings underscore an important immune component in the pathophysiological
traits of human non-syndromic MVD, including signs of leukocyte recruitment and ectopic localization
of CD68* cells within the valve leaflets, and point to macrophages as potential contributors. They

further emphasize the translational relevance of our rat model to study human MVD pathophysiology.
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Increased abundance and altered distribution of macrophages in MV of Kl rats mirror human MVD

To investigate the cellular distribution of immune and non-immune cells in MVD on a single-cell level,
we developed a flow cytometry panel to quantify the different cell subtypes within MVs from D21 rats
(Figure 2a and Supplementary Figure S1). Consistent with previous studies?, VICs were the
predominant cell population, with a moderate but significant decrease in their proportion in KI MV

(81.9% £2.2% in WT versus 78.5% * 2.5% in Kl; p=0.02; Figure 2c). CD31* VECs represented the second-

largest population, showing no significant difference between WT and Kl rats (9.7% + 0.8% versus 8.7%

t 1.7%, respectively; p=0.75; Figure 2c).

In contrast, the proportion of CD45* immune cells was significantly higher in KI MVs compared to WT
(12.8% * 2.3% versus 8.4% * 2.1% respectively, p=0.002; Figure 2b and 2c). The CD45" population
represented predominantly myeloid cells with ~95% of cells co-expressing the myeloid/macrophage
cell markers CD11b and/or CD206 in both WT and Kl animals (Figure 2d). Specifically, the CD45* CD206*
CD11b* myeloid cell population was significantly increased in KI MV (8.0% + 1.2% versus 5.7%  1.6%

in WT; p=0.001) as well as the CD45* CD11b* CD206™ population (4.0% * 1.5% versus 2.2% + 1.4% in
WT; p=0.01; Figure 2d). Meanwhile, non-myeloid CD45 cells (i.e. CD45" CD11b CD2067) were present

in small amounts (<0.6%) and showed no difference between genotypes (Figure 2d).

To validate our findings, we performed immunofluorescence staining using markers for leukocytes
(CD45) and macrophages (CD206) on serial sections. The overlap of CD45 and CD206 signals confirmed
that most CD45" cells were indeed CD206* macrophages (Figure 2e). An increased number of both
CD45* leukocytes and CD206* cells was visible in KI animals. Interestingly, the distribution of these cells
differed between WT and Kl animals. In both genotypes, CD45* and CD206* cells are located in the

sub-endothelial atrialis layer and the medial part of the leaflet. However, in Kl animals, these cells more

frequently invaded the inner tissue, similar to the observations reported in human MVD. Noteworthy,
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macrophages were also observed on the ventricular side of KI MV leaflets, a MV leaflet area of

turbulent shear stress and increased mechanical stress.

Overall, flow cytometry and immunofluorescent analysis revealed a significant increase and altered
distribution of macrophages in MV of D21 Kl rats compared to WT, concordant with transcriptomic

and histological findings in human MVD.

Early onset of valve remodeling and endothelial activation precedes macrophage recruitment during
the progression of MVD

To evaluate the time course of the development of MVD and decipher whether the increased
proportion of macrophages observed in diseased MV from both rats and humans was the cause or the
consequence of MVD, MV leaflet remodeling, molecular signature, and macrophage recruitment were

assessed at DO, D2 and D7 in Kl and WT animals.

At both DO and D2, histological analysis revealed similar MV morphology in WT and Kl (Figure 3a and
3b). The overall structure of the KI and WT MV leaflets was disorganized and immature, with minimal
deposits of collagen and proteoglycan, as shown by HPS and Alcian Blue staining, respectively. The
evaluation of the leaflet’'s remodeling of serial sections revealed diverse and heterogeneous
morphological features across the entire MV, both in WT and Kl (Supplementary Figure S3). The
leaflet’s cellularity appeared to be increased compared to the more mature stages (i.e. D21) (Figure 3a
and 3b). Additionally, VECs presented a turgescent phenotype, indicative of endothelial cell activation.
This activation was specific to VECs and was not observed in endothelial cells surrounding the

myocardium (Figure 3a and 3b), suggesting a MV-specific endothelial activation.

Although no consistent differential histological features were detected at DO and D2, we investigated
whether genes upregulated in D21 KI MVs?* were already elevated at birth. The ECM remodeling
marker Has1 was significantly upregulated in KI compared to WT at both DO and D2, as assessed by

RT-gPCR (Figure 3c). In contrast, Hyall, another ECM remodeling marker, showed no difference at
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these early time points (Figure 3c). The endothelial activation marker Esm1 showed a trend toward
increased expression at DO and became significantly upregulated at D2 (Figure 3d). Finally, we
observed no difference in the expression of pro-inflammatory markers, such as Ccl/7 and Tnfsf18, at
DO. However, Tnfsf18 was significantly upregulated in KI MVs at D2 (Figure 3e). In summary, these
gene expression findings, in combination with the histological assessment, highlight the potential role
for postnatal mechanical stresses on the valvular cell activation, and an early onset of a pro-

inflammatory valvular micro-environment.

We continued our longitudinal analyses at D7, where macroscopic evaluation revealed morphological
alterations in both the anterior and posterior MV leaflets in Kl animals. These leaflets appeared opaque
and redundant compared to those of WT animals (Figure 4a). Histological analysis confirmed that Kl
animals display thicker MVs with prevailing proteoglycan content, a hallmark of myxomatous MVD
(Figure 4b). We evaluated MVD at D7 using qualitative and semi-quantitative histological criteria
(Supplementary Table S2). Compared to WT, KI MVs presented a higher incidence of leaflet thickening
(80% of Kl versus 37% of WT animals; data not shown), particularly in the medial region and the free
edge of the leaflets. Additionally, turgescent VECs were frequently observed in KI MVs (red box), while
WT MVs displayed normal morphology (blue box) (Figure 4b). Although MV remodeling was
heterogeneous among Kl rats, these animals exhibited a significantly higher histological score
compared to WT (Figure 4c). Proteoglycan content analysis showed a trend towards increased Alcian
Blue staining in KI MVs (Figure 4d), which was significant for the anterior leaflet (Figure 4e) but not the
posterior leaflet (Figure 4f). Consistent with the presence of MVD, molecular markers of MVD were

differentially expressed in KI MVs compared to WT (Supplementary Figure S4).

Based on the phenotypic and molecular evidence of MVD at D7 in KI animals, we performed flow
cytometry experiments using the same strategy as applied at D21 (Supplementary Figure S1) to
determine the proportion of different cell subtypes within MV tissue (Figure 4g-i). As opposed to the

findings at D21, we did not observe any significant differences in the proportions of cells (i.e. VICs,
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VECs and CD45" cells) between Kl and WT animals (Figure 4h). The proportions of CD45* immune cells
in general and of myeloid cells (CD45* CD11b* and/or CD206*) were similar between Kl and WT MVs
at D7 (Figure 4i). The localization of immune cells (CD45* and CD206") within the MV tissue was also

similar between genotypes (Figure 4j). These cells were preferentially located in the sub-endothelial

atrialis layer, particularly in the medial region and the free edge of both leaflets.

Overall, these results highlight the progressive development of the pathophysiological processes
leading to MVD. Activation of the disease-related signaling pathways begins gradually from birth,
resulting in a morphologically detectable MVD at D7, which exhibits the same phenotypic traits
observed at D21. However, at this early stage, there is no myeloid cell accumulation into the diseased

MV, suggesting that macrophage recruitment occurs after the development of MVD.

Early transcriptomic changes reveal ECM remodeling and pro-inflammatory signaling in KI MVs

To determine the main mechanisms underlying MV remodeling observed as early as D7, we performed
RNA-seq analysis on MVs from 6 WT and 6 KI (Figure 5a). This analysis revealed a total of 2250 DEGs,
with 678 upregulated and 1572 downregulated. Gene Set Enrichment Analysis of these DEGs identified
173 significantly enriched GO terms (p-value <0.05; Supplementary Table S6), which were further
grouped into metaclusters (MCs) (Figure 5b-e). As expected at this earlier time point, we found 35 GO
terms related to “Morphogenesis and development” (MC1, Figure 5b). MC2 encompassed
“Cytoskeleton and extracellular matrix”, and was generated based on 15 GO terms related to actin and
microtubules dynamics and ECM organization (Figure 5c). Genes such as Has1, Wnt11, Serpinb2, Pdgfb
and Itgb3 were differentially expressed in this MC. The third MC, called “Chemotaxis and cytokines”,
comprised 10 GO terms related to immune cell chemotaxis, migration and cytokine activity (MC3,
Figure 5d). Among the DEGs in MC3, we identified several genes involved in chemotaxis such as Iltgb1,
Itgal, Tnfsfl8, Cx3crl, Il1b, and Icaml1 (Figure 5f). MC4, called “Valvular cells activation and

differentiation”, included 52 GO-terms related to cellular activation, differentiation, proliferation,
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adhesion, migration, with genes such as Hasl, Sppl, Ednl, Acta2 and Tgfb2 being differentially
expressed (Figure 5e). Altogether, the transcriptomic data show a dysregulation of the ECM
organization coupled to cellular activation processes. This analysis also points to the emergence of a
pro-inflammatory valvular micro-environment, which may contribute to the recruitment and

accumulation of monocyte-derived macrophages occurring between D7 and D21.

Finally, we investigated potential pathways that may drive monocyte recruitment during the first
weeks of age by comparing DEGs at D7 and D21 (from our previous analysis?*). This analysis identified
82 common DEGs (Figure 5g). ORA of those genes pointed out the consistent activation of signaling
pathways related to immune cell migration and chemotaxis (Ccl7, Tnfsf18, Tgfbrl, Slit2, Csfr2b).
Interestingly, growth factor and BMP signaling pathways, which were consistently described as key
players in the ECM remodeling leading to MVD, were also steadily modulated between these

timepoints (Figure 5h).

Overall, the transcriptomic analysis reveals hallmarks of early MVD pathogenesis, including activation
of signaling pathways involved in cytoskeleton dynamics, ECM remodeling, and valvular cell
differentiation and activation. Interestingly, KI MVs exhibit a pro-inflammatory microenvironment,
similar to that observed in human “end-stage” disease, which may contribute to ECM remodeling and

promote macrophage recruitment and accumulation that likely occurs between D7 and D21 in rats.

DISCISSION

This study provides the first evidence of the central contribution of chemotaxis and macrophage
recruitment and activation in the pathophysiological processes leading to human non-syndromic MVD.
Based on the first transcriptomic analysis of a large collection of human non-syndromic MVD, we
confirmed the activation of ECM remodeling, cytoskeleton organization, and TGF-B/BMP signaling

pathways in the pathophysiology, and also highlighted a significant contribution of immune cells,
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particularly macrophages, in this process. Interestingly, the MVD molecular signatures from human
“end-stage” disease were also consistently reported over different early time-points in the FInA-P637Q
KI rat model of non-syndromic MVD. This common transcriptomic signature between human and Kl
rat MVD confirms the relevance of the FInA-P637Q rat model to study the kinetics of the
pathophysiological mechanisms leading to MVD. In newborn and D2 Kl rats, we identified the
molecular signature of MVD, which did not yet translate to morphological MV remodeling. At D7, the
phenotypic and molecular screening revealed the presence of MVD associated with a pro-
inflammatory microenvironment but without an increase in myeloid cells. Finally, at D21, we reported
an abundance of myeloid cells in MV from Kl rat. These findings highlight the gradual activation of the
pathophysiological mechanisms associated with MVD following birth, which will later lead to a
morphologically detectable MVD. Our results also support the role of myeloid cell recruitment, and
specifically macrophages, that invaded the already remodeled MV leaflets, in the maintenance and/or
progression of non-syndromic MVD, highlighting potential therapeutic targets to treat patients

diagnosed with MVD.

Different cell populations were described in healthy and pathological MV tissues, each of them
participating in the development, maturation and homeostasis of the valve.”'*!537:38 Myxomatous
MVD is mainly characterized by ECM remodeling with accumulation of proteoglycans, and until
recently, most of the studies were focused on VICs, the fibroblast-like cells responsible for ECM
production, to unravel the pathophysiological mechanisms leading to MVD. However, recent data
emerged regarding the potential role of myeloid cells, and especially macrophages, in the development
of myxomatous valve disorders and syndromic MVD,571517.1839 3|though the sporadic form of MVD has
always been considered as a non-inflammatory disease. By taking advantage of the transcriptomic
analysis performed on a unique collection of human non-syndromic myxomatous MVD, we challenged
this concept and confirmed an activation of leukocyte chemotaxis-related pathways conjointly with
macrophage activation and accumulation at the end-stage of MVD. Together with a recent Mendelian

randomization study integrating multi-omics data,*® as well as previously published data in mice
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models of bone marrow transplants and Marfan-related syndromic myxomatous MVD,%%171841 these
findings support the substantial contribution of macrophages and immune responses in the processes

leading to MVD.

The FInA-P637Q rat model offers a unique opportunity to study the kinetics of the development of
MVD and activation/accumulation of macrophages. We observed a 2-fold increase in the proportion
of macrophages in myxomatous MVD from Kl rats compared to controls at D21, with an ectopic
location of these cells invading the diseased tissue. This particular topography was also reported in
human “end-stage” disease, reinforcing the suitability of the rat model. The MV remodeling observed
in the context of non-syndromic MVD is characterized by important changes in the composition of the
ECM that likely modify the cellular sensing of mechanical stresses within the MV tissue. Interestingly,
it has been recently shown that dynamic forces related to fibroblast activation and ECM remodeling
act as a critical attractant signal for macrophages.*~** Moreover, hyaluronic acid binding proteins have
been implicated in triggering immune responses.***® Our study reveals a dysregulation of the
hyaluronan synthesis and degradation pathway in KI MVs, characterized by upregulation of the
synthase Has1 and downregulation of the hyaluronidase Hyall. Together with the extensive Alcian
blue staining detected in Kl valves, we thus postulate that the deregulation of valvular hyaluronan
homeostasis, as a marker of VIC activation, contributes to ECM remodeling and increased tissue-
specific mechanical stress, thereby providing a favorable context for monocyte and macrophage

attraction and activation in non-syndromic MVD.

Analysis of the early developmental disease stages in the FInA-P637Q rat model shows a molecular
activation of VICs and VECs from birth onward that leads to morphologically observable MVD as early
as D7, with similar features to those observed at D21.2* However, there was no difference in the
proportion of macrophages in the MV of these juvenile D7 rats, suggesting that the accumulation of
macrophages in MVD occurs between D7 and D21, and then more likely contributes to the

maintenance and/or progression of the disease, instead of its initiation. These findings are in line with
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recently published data on Marfan-related syndromic MVD, where myeloid cell recruitment follows
valve remodeling,” and where deficiency in recruited macrophages limited the progression of Marfan-
related myxomatous MV disease.'® However, the transposition of findings from Marfan syndrome-
related MVD to the more common sporadic form of MVD remains limited, as Marfan syndrome is
primarily characterized by elastin fragmentation,*” which is known to act as a chemoattractant and
may thus serve as the main trigger of macrophage recruitment in this context.?>-?? In non-syndromic
MVD, where elastin fragmentation is less prominent, alternative mechanisms beyond elastin-mediated

chemoattraction are likely to contribute to the pathophysiological process.

In our study, we reported a gradual activation of VECs coupled with the establishment of a pro-
inflammatory valvular micro-environment, two potential contributing processes to macrophage
recruitment. VEC activation, associated with an increased expression of endothelial cell adhesion
molecules, such as ICAM1, has long been implicated in circulating monocyte recruitment in the context
of other valve diseases.*** Remarkably, lcam1 was upregulated in KI MV as compared to WT at D7,
supporting the pivotal role of VEC activation in both monocyte recruitment and the crosstalk with valve
interstitial cells and macrophages during MVD development. The presence of a pro-inflammatory
microenvironment in the absence of macrophage accumulation further supports the local activation
of tissue-resident macrophages within the diseased valve, which may in turn promote additional
macrophage recruitment via the release of chemoattractant cytokines such as Ccl7. The specific
contribution of each mechanism and their potential crosstalk remains to be elucidated and will provide
essential insights for therapeutic strategies targeting non-syndromic myxomatous MVD. By
distinguishing the mechanisms involved in the initiation versus progression of the disease, we aim to

refine the identification of optimal therapeutic targets for this frequent and life-threatening condition.

The present study has some limitations. First, the macroscopic evaluation of MV at DO and D2 revealed
heterogeneous and variable leaflet remodeling, which is likely reflective of the physiological

immaturity and transitional remodeling processes occurring at these early postnatal stages. While
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advanced imaging approaches, such as 3D rendering of the entire MV leaflets, could potentially
improve discrimination between healthy and diseased valves, the rapid hemodynamic changes
following birth, particularly the onset of systemic circulation, substantially alter the mechanical
environment surrounding the MV. These biomechanical shifts likely contribute to the structural
reorganization of the leaflets and may account for the disorganized morphology observed at early time
points. Second, an inherent limitation of flow cytometry is the dependence on predefined antibody
panels. In our case, this restricted the identification of all cellular subpopulations within the valve
tissue. Although single-cell RNA-seq approaches would provide deeper insights into the cellular
landscape and heterogeneity, such analyses were beyond the scope of the current study. Given the
available tools for the rat model and in line with our previous work and published findings, we focused

on the role of macrophages in MVD pathophysiology.”17/182440

In conclusion, by analyzing the first human MV transcriptome alongside a translationally relevant FInA-
P637Q Kl rat model of non-syndromic myxomatous MVD, we identify a previously unrecognized
contribution of macrophages to the pathophysiological processes underlying this disease. Our findings
demonstrate that the gradual postnatal activation of disease-associated pathways leads to
morphological manifestations of MVD within days after birth, followed by macrophage recruitment,
which likely contributes to disease maintenance and/or progression. Although further work is needed
to elucidate the underlying cellular crosstalk, our data point to monocyte-derived macrophages as

potential therapeutic targets in non-syndromic myxomatous MVD.
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FIGURE LEGENDS

Figure 1: Transcriptomic analysis of human end-stage non-syndromic MVD. a. Analysis workflow of
78 human MVD samples. b. Violin plot showing the expression level of 18 genes among the list of the
most 2000 expressed genes. The numbers in brackets correspond to the position of the gene on the
ranked gene list. c. GSEA of Gene-Ontology Biological Process (GOBP) and KEGG pathways identified
based on the top 2000 ranked genes expression. d. Enrichplot of the immune KEGG pathway. e.
Deconvolution of the expression data using xCell showing the enrichment score of 17 immune cell
types. f. Human control MV (n=1) and non-syndromic MVD (n=1) analysis: HES and CD68 staining
showed ECM remodeling and an increase in macrophage signal in MVD as compared to the control
valve. Scale bars are 2.5 mm, 500 um or 100um. g. Comparative analysis of the top 2000 most
expressed genes in human MVD and FLNA-KI rat model. The 951 common genes were analyzed with
GSEA. The dotplot represents the most relevant and significant GO terms. HES: Hematoxylin Eosin

Saffron, KI: Knock-In, MV: Mitral Valve, MVD: Mitral Valve Dystrophy.

Figure 2: Identification of cell populations in the mitral valve and their location in 21-day-old Kl and
WT animals. a. Workflow of the experiments indicating markers used for the identification of cell
types. b. Gating strategy for cell sorting and cell number analysis to determine their relative
proportions within the MV tissue. Live single cells were gated on CD45 expression for hematopoietic
lineage. CD45" cells were then gated with CD11b and CD206 to identify myeloid cells. CD45" cells were
gated with CD31 to identify VECs. The negative cells for all markers were considered as VICs. c.
Histogram showing the relative proportion of VICs, VECs and CD45" cells in MV from Kl and WT 21-day-
old rats (n=6 for WT and Kl). d. Barplot representation of the CD45" cells showing increased proportion

of myeloid cells (CD45* CD206* and/or CD11b*, n=6 individual experiments for WT and KlI, performed
with a pool of 7 to 10 rat’s MV from the same litter). e. Inmunostainings of CD45* and CD206* cells in

WT and KI MV showing that leukocytes/macrophages lined up in the sub-endothelial atrial layer in WT
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animals, whereas they were present more diffusely in Kl animals. A 20x magnification was applied to
the posterior leaflet. Scale bars are 500 um or 100 um. *: p<0.05, **: p<0.01 from Mann-Whitney test.
Kl: Knock-In, LA: Left Atrium, LV: Left Ventricle; VECs: Valvular Endothelial Cells; VICs: Valvular

Interstitial Cells; WT: Wild-Type.

Figure 3: Histological and molecular evaluation of WT and Kl mitral valves at D2 and DO. a. Newborn
(DO) histological evaluation based on Hematoxylin Phloxine Saffron (HPS, left) and Alcian Blue (right)
staining in serial MV sections for WT (top) and Kl (bottom) animals. b. 2-day-old (D2) histology
evaluation based on HPS (left) and Alcian Blue (right) staining in serial MV sections for WT (top) and Kl
(bottom) animals. Images are representative of 12 WT and 12 Kl animals, at DO and D2. Scale bar = 250
pum and 50um. c. Fold-changes of the gene expression levels between Kl and WT for the extracellular
matrix-related genes Has1 and Hyall, at DO and D2. d. Fold-changes of the gene expression levels
between Kl and WT for the endothelium activation-related gene Esm1, at DO and D2. e. Fold-changes
of the gene expression levels between Kl and WT for the inflammation-related genes Cc/7 and Tnfsf18,
at DO and D2. n = 10-22 rat’s MV. *: p<0.05, **: p<0.01, ***: p<0.001 from Mann-Whitney test. KI:

Knock-In; WT: Wild-Type.

Figure 4: Phenotyping of WT and Kl mitral valves at D7. a. Representative images of the mitral valve
in WT and Kl animals, showing the thickening of both anterior and posterior leaflets in KI animals
compared to WT. Scale bars are 500um b. Standard histological evaluation based on HPS and Alcian
Blue staining of WT and KI MV. Magnification of regions of interest shows flat endothelial cells in WT
(blue box) and turgescent endothelial cells in Kl (red box). Images are representative of 16 WT and 15
KI animals. Scale bars are 250 um and 15um. c. Histological score to grade MV remodeling (n=16 for
WT and n=15 for KI, all biological replicates). d-f. Quantification of the proteoglycans content

estimated by the proportion of Alcian Blue in the whole MV (d), and in the anterior (e) or posterior
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leaflet (f) (n=13 for WT and n=12 for KI, all biological replicates). g. Gating of hematopoietic cells with
CD45 expression and sub-gating for myeloid cells with CD11b and CD206 expression. h. Relative
proportion of VICs, VECs, and CD45" cells in MV from 7-day-old rats. n=10 for Kl and n=9 for WT. i.
Barplot representation of the CD45* cells based on CD11b and CD206 expression (n=10 individual
experiments for WT and n=9 for Kl, each experiment was performed with a pool of 7 to 10 rat’'s MV
from the same litter). j. Immunostainings of CD45%, CD206* and CD31* cells in WT and KI mitral valve.
Scale bars are 200 um or 100 pum. *: p<0.05, ***: p<0.001 from Mann-Whitney test. Ant: Anterior
leaflet; KlI: Knock-In; LA: Left Atrium, LV: Left Ventricle; Post: Posterior leaflet; VECs: Valvular

Endothelial Cells; VICs: Valvular Interstitial Cells; WT: Wild-Type.

Figure 5: Transcriptomic analysis of WT and Kl mitral valves at D7. a. Schematic representation of the
analysis. 6 WT and 6 KI MV were sequenced, resulting in the identification of 2250 DEGs. b-e. Gene Set
Enrichment Analysis (GSEA) identified 173 enriched GO terms that were further used to build
Metaclusters (MC). Dot plots are representative of the GO terms in the corresponding metacluster. f.
Heatmap of representative genes from MC3 showing upregulation of chemotaxis and cytokine related
genes in Kl animals. g. Venn diagram of the Kl vs WT DEGs at D7 and D21. h. GSEA of the overlapping
82 DEGs at both D7 and D21. DEG: Differentially Expressed Gene, GO: Gene Ontology, KI: Knock-In,

MC: Metacluster, MV: Mitral Valve, WT: Wild-Type.
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SUPPLEMENTARY TABLE S1: List of Antibodies

Concentration Fluoro Excitation
Application Antibody Reference P Clone Isotype
(ng/ml) hore laser
Flow BD UV (355 nm
Cvt ¢ CD45 Bioscience 2 BUV395 30-F11  1gG2b,k 100mW) !
ytometry 740258
Flow Santa cruz sc- R (637 nm,
Cytometry CD206 53936 1,5 AF647 15-2 18G1,K 140mW)
Novus
Flow NB100- TLD- YG (561 nm,
CD31 1 PE 1gG1
Cytometry 312 8 200mW)
64796PE
Novus
Flow i
CD11b NB100 1 AF594 OX-42  IgG2a YG (561 nm,
Cytometry 200mW)
65284AF594
DakoCytomat
IHC CD68 ion MOST6 1/200
ProteinTech,
IF CD206 60143-1-1g 1/10000
Gift from
IF CD45 TRIP platform 1/200
IF CD31 Novus, 1/100
NR100-2284
Goat anti- ThermoFisher
IF Mouse A10037 1/1000
Goat anti- i
IF ThermoFisher 1/1000

Rabbit , A21206

Legend: Antibodies used for flow cytometry, immunofluorescence (IF) and
immunohistochemistry (IHC) experiments.



SUPPLEMENTARY TABLE S2: Histological Criteria used for the Grading of Myxomatous

MVD at D7

Criteria Grading
Thickened anterior leaflet 0/05/1
Thickened posterior leaflet 0/05/1
Thickened free edge 0/05/1
Thickened medial part 0/05/1
Remodeled tricuspid valve 0/05/1
Leaflet redundancy 0/05/1
Turgescent or proliferative zone 0/05/1
Immature anterior leaflet 0/05/1
Immature posterior leaflet 0/05/1
Presence of collagen 0/05/1
Diffuse Alcian Blue staining 0/05/1

Legend: Histological criteria used to characterize mitral valve phenotype in 7-day-old
rats. Phenotype was graded as absent (0), intermediate phenotype (0.5) and present (1).



SUPPLEMENTARY TABLE S3: Sequences of the primers used for molecular phenotyping of the

Mitral Valve
Gene Forward Reverse
Ccl7 GTGTCCCTGGGAAGCTGTTA CACAGACTTCCATGCCCTTT
Esm1l TGATTTCGGTGACGAGTTTG AAGGGGAAGTCCAGACACCT
Gapdh TCATACTTGGCAGGTTTCTCC CTGAACGGGAAGCTCACTG
Hasl GGGCGTCTCTGAATAGCATC CATGGGCTACGCTACCAAGT
Hyall ATGTGCCCATAATGCCCTAC AGCTCCTCCAGGGGTAGAAG
Tnfsf18 ACACACGTGTCCCCGAGATA TTCTTCCATCTGCTCCCCAC

Legend: Sequences of the primers used in gPCR.



SUPPLEMENTARY TABLE S4: Characteristics of the Patients

Variables n=78
Clinical

Age, years 61+11
Male gender, % 77%
Height, cm 173 +9
Weight, kg 74 £13
Body surface area, m? 1.88 +0.19
Body mass index, kg.m? 25+3.4
Sinus rhythm, % 90%
History of hypertension, % 51%
Systolic blood pressure, mm Hg 126 +11
Diastolic blood pressure, mm Hg 74 18
Diabetes, % 5%
Dyslipidemia, % 22%
History of smoking, % 37%

Doppler-echocardiographic data

LV end diastolic diameter, mm 58 +8
LV end systolic diameter, mm 38 16
LV ejection fraction, % 64 +7
Severity of MR
Moderate-to-severe, % 9%
Severe, % 91%
Etiology of MVD
Isolated P2, % 44%
Bileafets, % 56%

Legend: LV: left ventricle, MV: mitral valve, MVD: mitral valve dystrophy, MR: mitral
regurgitation. Values are mean 1SD or percentage.



SUPPLEMENTARY TABLE S5: List of GSEA Biological Process and KEGG pathways
obtained from the 2000 most expressed genes in the human RNA-seq data

Complete list of the GO-terms and the 2000 ranked gene list is presented in the
attached Excel file called “Extended data from Human MVD RNA-seq”.



SUPPLEMENTARY TABLE S6: List of GSEA Biological Process obtained from Rat RNA-seq
data at D7

Complete list of the GO-terms is presented in the attached Excel file called “Extended
data from Rat MV RNA-seq at D7”



SUPPLEMENTARY FIGURE S1
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Legend: Gating strategy for flow cytometry analysis of D21 and D7 mitral valve from WT and Kl
rats.



SUPPLEMENTARY FIGURE S2
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Legend: Heatmap of the top 2000 highly expressed genes across the 78 samples of human MVD.
Origin of the tissue as well as sex of the patients had no impact on the clustering of these samples.



SUPPLEMENTARY FIGURE S3
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Legend: Overall immaturity of the MV structure was assessed through serial HPS staining at DO

and D2 in WT and Kl rat MV sections. Representative images show the heterogeneous structure
of MV leaflets along the different sections varying from thickened to thin leaflets. Scale bar
250um
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SUPPLEMENTARY FIGURE S4
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IV. Complementary studies

1. Single nucle1 transcriptomic of FLNA-KI rat’s mitral valve

1.1 Introduction

The previous work demonstrated the dynamic contribution of macrophages in the
pathophysiology of MVD. We demonstrated that extracellular matrix remodeling occurred
within 7 days post-natal, and that macrophage expansion was secondary to this remodeling.
One limit of the study is that we couldn’t precisely discriminate macrophage phenotype or
origin due to the limited panel of flow cytometry antibody available for rat markers. Therefore,
in order to better decipher the cellular landscape, determine the origin of chemotactic signaling
at 7 days, and identify the interactions between macrophage and the other cell types during
MVD, we conducted a single nuclei RNA-seq analysis. Two timepoints were selected and
analyzed: post-natal day 7 (D7), in which the MV is remodeled without increased macrophage
proportion, and day 21 (D21), in which there is increased macrophage proportion associated to

the remodeling of the MV leaflet.
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1.2 Materials and methods

1.2.1 Mitral valve and nuclei isolation

Anterior and posterior MV leaflets from 5 to 10 littermates WT and KI rats were dissected,
pooled and snap-frozen. For nuclei isolation, S00uL of ice-cold homemade lysis buffer (10mM
Tris-HCI, 10mM KCI, 1mM MgCly, 250mM Sucrose, 0.1% Triton X100, ImM DTT, 1uM
flavopiridol, and 0.2U/uL RNase inhibitor) was added to the frozen sample. The lysis buffer
containing the tissue was transferred to a Dounce homogenizer and disrupted approximately 30
times. The homogenate was transferred in a 1% bovine serum albumin (BSA)-coated tube and
ImL of lysis buffer was added. After 10 minutes incubation on ice, the homogenate was filtered
through a 70pum strainer and centrifuge at 500g at 4°C for 5 minutes. The pellet was then
resuspended in 1.5mL of lysis buffer and incubated 5 minutes on ice before being centrifuge
again. Finally, the pellet was resuspended in 500uL of resuspension buffer (PBS, 1% BSA,
1uM flavopiridol, and 0.2U/mL RNase inhibitor) and filtered through a 20pum strainer. After
centrifugation the nuclei pellet was resuspended in 100uL resuspension buffer and nuclei were

counted and quality checked.

1.2.2¢DNA library preparation and sequencing

The experiment was performed with the Chromium GEM-X Single Cell 3’ Reagents kits v4
from 10X genomics, following manufacturer’s protocol. Briefly, Gel Beads-in-Emulsion
(GEMs) were generated and barcoded in using the GEM-X chip and the Chromium X series
instrument. 14500 nuclei per conditions were loaded in order to target a recovery of 10000

nuclei. Reverse transcription, cleanup, cDNA amplification and library construction were
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conducted following the standard protocol from 10X genomics. Quality controls of the library
were performed using Agilent High sensitivity D5000 Screentape for Tapestation and Qubit
assay was done to determine the concentration of the library. Sequencing was performed at the
EMBL genomics core facility GeneCore on a NextSeq 2000 sequencing system (Illumina)
using a P3 flowcell (Illumina). Alignments of the sequencing data to the rat genome assembly

(mRatBN7.2) was performed by the core facility.

1.2.3 Data analysis

Aligned data were processed using Python and the Scanpy package.?” Quality checks were
performed and cells with less than 200 or more than 5000 genes were removed. Cells with more
than 0.5% of mitochondrial genes or more than 2% of ribosomal genes were also removed.
Doublet detection and removal was performed with Scrublet algorithm using default
parameters.?®® Following data cleanup, principal component analysis (PCA) and dimension
reduction was performed and data were visualized with uniform manifold approximation and
projection (UMAP). Dotplot of the 13 clusters specific markers was generated. One cluster of
cardiomyocytes (Ryr2, Tnnt2) and 2 clusters of proliferation (Mki67, Top2a) were removed
from analysis. 2 clusters with less than 150 cells were also removed. After cluster quality check,
2 clusters were also excluded due to poor quality as the clusters had no specific markers and
much lower genes expressed per cell than the average of all other clusters. The remaining seven
clusters were annotated based on key markers of the cell types expected to be present in the
tissue: VECs, VICs, and macrophages. For differentially expressed genes (DEGs) analysis,
subsets of cell type were created for each timepoint, and KI vs WT DEG analysis was
performed. Gene ontology (GO-terms) enrichment analysis was then performed with the

significant DEGs (padj < 0.05 and 0.3 < Log2FoldChange < -0.3) using GProfiler.?8! For
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interaction analysis, D7 and D21 dataset were processed separately. Python dataset were

exported for R, and CellChat V2.0.0 package was used on each dataset.?5>%%3

1.3 Results

After nuclei isolation and sequencing (Figure 26a), a total of 36 498 cells and 25 629 genes
were used as input data. After quality control and data cleaning, 23 398 cells and 18 541 genes
were kept for analysis. Dimension reduction was performed and a UMAP was used to visualize
the 7 clusters (Figure 26b). Interestingly, none of the clusters seemed to be specific to the FLNA-
KI genotype, but some clusters appeared to be timepoint specific. Notably, clusters 0 and 4
were almost exclusive of D7 samples, and clusters 1 and 3 were specific of D21 samples (Figure
26c¢-1). For cell type annotation, a panel of key specific markers of endothelial cells, interstitial
cells, and macrophages was designed and expression across clusters was assessed (Figure 26g).
Clusters 2, 3 and 4 had a high expression of endothelial genes Pecam (CD31), Cdh5 (Vascular
endothelial cadherin), F'wf (Von Willebrand Factor), Nos3 (Endothelial nitric oxide synthase),
and Ptprb (Vascular endothelial protein tyrosine phosphatase), and were classified as VECs.
Clusters 0, 1 and 5 had high expression of ECM genes such as Collal (Collagen type I alpha 1
chain), Colla2 (Collagen type I alpha 2 chain), Adamts19 (A disintegrin and metalloproteinase
with thrombospondin motifs 19), Postn (Periostin), and Bgn (Biglycan) and were labelled as
VICs. As for cluster 6, it had high expression of Ptprc (CD45), Mrcl (CD206), 1167 (Interleukin
6 receptor), P2ryl2 (Purinergic receptor P2Y G protein coupled 12), and hematopoietic marker

Lyn, and was thus classified as macrophages (Macs) (Figure 26g).
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Figure 26. snRNA-seq analysis of D7 and D21 KI and WT mitral valve. a: Experimental
setup of the experiment. b: UMAP of the four samples depicting the seven clusters. c-f: UMAP
of individual samples of WT (c and e) and KI (d and f) at D7 (c and d) and D21 (e and f). g:
Dotplot of specific endothelial, interstitial and macrophage genes showing clusters identity.

Following clusters annotation, VECs, VICs and Macs were subsetted to look for clusters
differences and identify the different cell state. Then, we computed for differentially expressed
genes between KI and WT samples at both timepoints. Genes were considered differentially
expressed between genotype when adjusted p-value was below 0.05 and Log2FoldChange was
over 0.3 or below -0.3. Upregulated DEGs were then used for an enrichment analysis using

Gene-Ontology biological process (GO-BP).

Compared to the other VECs clusters, VEC-4 exhibit high expression of immature or
developmental endothelial gene like Tie/ (Tyrosine kinase with immunoglobulin like and EGF
like domains-1), Kdr (Vascular endothelial growth factor receptor-2), Nrpl (Neuropilin-1),
Postn, and Foxp2 (Forkhead box P2) (Figure 27b). Combined with the fact that this cluster is
specific of D7 samples, VEC-4 was labelled as Early-VECs (Figure 27c, d). Cluster VEC-3 was
present only at D21 (Figure 27f, g) and had expression of classical endothelial marker Ednrb

(Endothelin receptor type B), Tek (Angiopoietin-1 receptor/Tie2), Pecaml (CD31) and was
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labelled as homeostasis VECs (Figure 27b). Finally, the cluster VEC-2 was annotated as
activated VECs because of its high expression of proteoglycan gene Vcan (Versican), adhesion
molecules Icam I (Intercellular adhesion molecule-1), Veam1 (Vascular cell adhesion molecule-
1), and Esam (Endothelial cell adhesion molecule) (Figure 27b). Interestingly, this cluster also
had strong expression of the MVP-associated gene Lmcdl (Figure 27a, b). We found 187
upregulated genes in VEC-2 and 108 in VEC-4 at D7 (Figure 27¢). KI cells in VEC-4 had
enriched pathways such as ‘Macromolecule localization’, ‘Vascular process in circulatory
system’, ‘Circulatory system process’, ‘Regulation of cell adhesion’. In contrast KI cells in
activated VECs cluster 2 had enriched pathways like ‘Extracellular matrix organization’,
‘Response to wounding’, ‘Cell surface receptor signaling pathway’, ‘Response to growth
factor’. Interestingly, two immune pathways were also enriched in KI VEC-2: ‘Response to
cytokine’ and ‘Cellular response to cytokine stimulus’. This is consistent with our previous bulk
RNA-seq analysis of D7 KI MV which demonstrated increased immune and chemotactic
signature in KI MV compared to WT (Figure 27¢). For D21 timepoint, we found 349
upregulated genes in VEC-2 and 158 in VEC-3 at D21 (Figure 27h). Interestingly, the immune
activation of KI VECs is persistent over time, as immune pathways ‘Lymphocyte activation’
and ‘Immune system process’ are enriched in KI VEC-2 at D21. We also found enrichment of
pathways like ‘Response to stress’ or ‘Cell activation’, indicating that this cluster of VECs is
highly activated in KI MV. Finally, KI VEC-3 had enriched pathways related to extracellular
matrix organization, suggesting a supporting role of VEC in the remodeling of the ECM

observed in FLNA-KI MV (Figure 27h).
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Figure 27. Valvular endothelial cells subset analysis. a: UMAP of VECs subset. b: Dotplot
of VECs clusters specific markers. c-d: UMAP of D7 samples showing WT (c¢) and KI (d)
clusters. e: Venn diagram representing the number of upregulated DEGs between KI and WT
cells of each cluster. The Dotplot below shows the top GO-term associated to each cluster. f-g:
UMAP of D21 samples showing WT (f) and KI (g) clusters. h: Venn diagram representing the
number of upregulated DEGs between KI and WT cells of each cluster. The Dotplot below
shows the top GO-term associated to each cluster.

The same approach was applied on VICs clusters, and the three clusters were identified
as Early-VICs for cluster VIC-0, pro-inflammatory VICs for cluster VIC-1, and remodeling
VICs for VIC-5 due to expression of ECM gene (Figure 28a, b). At D7, 192 DEGs were found
in the KI cluster VIC-0 and those genes were enriched in pathways like ‘Cell proliferation’,
‘Cell migration’, ‘Cell adhesion’, ‘Extracellular matrix’, ‘Actin filament-based process’,
indicating an already disturbed cellular and ECM homeostasis at D7 (Figure 28c-¢). At D21,

there was 104 upregulated DEGs in VIC-0, 430 in VIC-1 and 209 in VIC-5. Enrichment
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analysis revealed pathways like ‘Smooth muscle contraction’, ‘Tissue morphogenesis’, and
‘Response to wounding’ for KI VIC-0 (Figure 28f-h). For VIC-1, enriched pathways were
‘Cell-matrix adhesion’, ‘Chemotaxis’, ‘Immune system process’, ‘Leukocyte migration’,
consistent with the inflammatory VICs annotation. Regarding VIC-5, pathways enriched in KI
sample were related to ‘Cell-cell adhesion’, ‘Membrane organization’, or ‘Regulation of

macromolecule metabolic process’, confirming their role in the remodeling of the MV (Figure
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Figure 28. Valvular interstitial cells subset analysis. a: UMAP of VICs subset. b: Dotplot of
VICs clusters specific markers. c-d: UMAP of D7 samples showing WT (¢) and KI (d) clusters.
e: Venn diagram representing the number of upregulated DEGs between KI and WT cells of
each cluster. The Dotplot below shows the top GO-term associated to each cluster. f-g: UMAP
of D21 samples showing WT (f) and KI (g) clusters. h: Venn diagram representing the number
of upregulated DEGs between KI and WT cells of each cluster. The Dotplot below shows the
top GO-term associated to each cluster.
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As the initial clusterisation grouped all macrophages in a single cluster, we decided to
subcluster the macrophages to have a better look at their diversity. Sub-clusterisation identified
3 different sub-population of macrophages (Figure 29a). Macrophage sub-cluster Mac6-1 had
very high expression of Mrcl, Csf1r (Colony stimulating factor 1 receptor), and 7Tnfrsf11a (TNF
receptor superfamily member 1la/Receptor Activator of NF-KB), suggestive of resident
macrophages (Figure 29b). The sub-population Mac6-2 strongly expressed Timd4 (T cell
immunoglobulin and mucin domain containing 4), Cx3crl (C-X3-C motif chemokine receptor
1), and Ccr2 which indicate that they are monocyte-derived. They were also positive for Vean,
and Tgfbl suggesting a pro-remodeling phenotype (Figure 29b). Finally, the last population:
Mac6-3, was classified as pro-inflammatory as they highly expressed S100a8, S100a9, 111b
(Interleukine-1 beta), Fcgrla (Fc gamma receptor Ia). They also expressed Ccr2 indicating that
they are monocyte-derived (Figure 29b). Although cell proportion is not quantitative in single
nuclei experiment, it is interesting to note that the monocyte-derived Mac6-2 subcluster
proportion was increased in KI condition at both D7 and D21 timepoint, which would be
consistent with our hypothesis of peripheral macrophage recruitment in the KI MV (Figure

29¢).
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Figure 29. Macrophage subclusterisation. a: UMAP of macrophage subclusters. b: Dotplot
of macrophage subclusters markers. ¢: Proportion of macrophage subcluster across the samples.
d: Barplot of the top GO-term identified by ranked-gene enrichment analysis on each
macrophage subclusters.

Differential expression analysis revealed only 1 DEG at D7 in Mac 6-1 (Wwpl), and 8 DEGs
at D21 in Mac 6-1 (Mrcl, Fkbp5, Sicl10a6, Ahnak, Xdh, Fcho2, Atf6, Vim), indicating that KI
macrophages are overall similar to WT despite the FLNA mutation. To determine the phenotype
of the macrophage sub-population, we performed an over-representation analysis based on
ranked gene expression for each sub-cluster (Figure 29d). Consistently with the classification
as tissue-resident macrophages, we identified that Mac 6-1 was involved in cell adhesion
mediated by integrin, macrophage migration, regulation of tissue remodeling, macrophage
chemotaxis. Mac 6-2 was involved in pathways regulating cell growth, TOR and Rac signaling,
supramolecular fiber assembly and ganglioside biosynthetic pathway, consistent with a pro-
remodeling phenotype. Finally, the pro-inflammatory Mac 6-3 was enriched for pathways like
phagocytosis, leukocyte adhesion, myeloid cell differentiation, inflammatory response, 111

production and 116 pathway, as well as macrophage activation (Figure 29d).
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In a last effort to understand how VICs, VECs, and macrophages can interact to promote disease
development and progression, we conducted an interaction analysis using CellChat (Figure 30).
This algorithm predicts interaction between clusters based on expression level of ligand-

receptor pairs. The analysis was performed separately for D7 and D21 datasets.
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Figure 30. CellChat analysis of D21 WT and KI-MV. a: Number of interactions inferred by
CellChat in WT and KI samples at D21. b: Interaction strength inferred by CellChat in WT and
KI samples at D21. ¢: Heatmap of KI vs WT number of interactions between the clusters. Red
square indicates increase number of interactions between source and target in KI, and blue
indicates reduced number of interactions in KI. d: RankNet plot showing the relative
contribution of signaling pathways to the global communication network in KI (red) and WT
(blue). Pathways with name in red or blue means significantly enriched in KI or WT
respectively. e: Bubbleplot of the MIF signaling pathway in KI. f: Violin plot of MIF expression
in WT and KI VECs clusters. g: Violin plot of CD44 expression in WT and KI macrophage
subclusters
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For D21, the algorithm computed more interactions for KI compared to WT (4501 for KI vs
4091 for WT), however the interaction strength was slightly lower for KI (0.037 vs 0.041)
(Figure 30a, b). Going into detail about the outgoing and incoming interactions, the main
sources of interaction are clusters of activated VEC-2, and clusters VIC-0 and VIC-1 (Figure
30c). The main targets of these interactions are clusters VIC-0 and monocyte-derived
macrophage cluster Mac 6-2. Interaction pathways were then ranked using RankNet function
of CellChat to identify which pathways are significantly enriched in KI MV (Figure 30d). We
kept only pathways that were significantly enriched in terms of interaction number and strength.
We found 12 pathways enriched in KI sample: EDA (Ectodysplasin A), Testosterone, MIF
(Macrophage migration inhibitory factor), CSPG4 (Chondroitin sulfate proteoglycan 4), DHT
(Dihydrotestosterone), NT (Neurotrophin), SELPLG (Selectin P ligand), GRN (Granulin),
PTPRM (Protein tyrosine phosphatase receptor type M), FLRT (Fibronectin leucine rich

transmembrane protein), BMP (Bone morphogenetic protein), FN1 (Fibronectin 1).

We focused on the pathways involved in macrophages function and MV remodeling. Thus, we
decided to decipher the interactions regarding MIF signaling pathway (Figure 30e). MIF
interaction was inferred in KI-D21 sample but not in WT. Two pairs of ligand-receptor are
present in this pathway: MIF-atypical chemokine receptor 3 (ACKR3) between VEC-2/VEC-3
as source of interaction and VEC-2/VEC-3/VIC-5 as targets. More interestingly, there was an
interaction from VEC-2 and VEC-3 towards Mac 6-1 and Mac 6-2 involving ligand MIF and
(CD74+CD44) receptor (Figure 30e). We then went back to the expression data to see if the
ligand or receptor are overexpressed in KI clusters. We found that MIF ligand was not
differentially expressed across VECs clusters, but CD44, a hyaluronan receptor was

overexpressed in KI monocyte-derived macrophages (Figure 30f, g).
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1.4 Conclusion

The single nuclei RNA-seq experiment allow us to better understand the cellular landscape of
the diseased MV, and the dynamic of interactions occurring between the different cell types
present in the MV. We first highlighted that both WT and FLNA-KI MV had the same
clusterisation at both timepoint, indicating that the genotype does not affect the cellular identity
of the MV. However, there was some differences between the timepoints, consistent with
previous reports showing the dynamic cellular modification happening after birth during the
maturation of the MV .3%*! Although we did not find different cluster between genotypes,
differential expression analysis revealed differences between the FLNA-KI and WT cells. For
every cluster, KI-cells had generally a more “active” phenotype compared to WT. As such we
identified that immune activation starts at D7 in VECs, and persist over time in VECs. This
immune activation is also detected in VICs clusters at D21 only. Those results consolidate our
previous findings in which we had describe a chemotactic environment at D7 persistent at D21
but associated to an increase in macrophage proportion. We can now postulate that the
chemotactic environment detected at D7 is related to VECs activation, and as pathology
progress the VICs also starts to upregulate immune pathways contributing to MVD

maintenance.

Unlike VICs and VECs, macrophages from FLNA-KI MV were not different from WT,
suggesting that the FLNA mutation does not modify macrophages phenotype. For the first time,
we were able to decipher the different subpopulation of macrophages based on markers
expression. Those results would benefit to be validated in vivo, by evaluating the origin of
macrophages using lineage tracing, and quantify precisely the proportion of each subpopulation
by flow cytometry. Unfortunately, such experiments are difficult to perform on rat model due

to the limited number of lineage tracing tools and antibody availability. Finally, the interaction
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analysis revealed some pathways in KI samples that are not inferred in WT. Among them, the
MIF pathway is of particular interest. MIF interaction was inferred in KI samples at D21
between VECs and macrophages. Specifically, the interaction inferred is between MIF send by
VECs, towards the (CD74+CD44) receptors on macrophages. The CD74 is a receptor involved
in the antigen presentation, and the CD44 is a hyaluronan receptor. CD74 was not differentially
expressed between KI and WT macrophage at D21 (Data not shown), but CD44 overexpression
in KI was confirmed in the subcluster of monocyte-derived macrophage Mac 6-2. This is of
particular interest, as we have previously showed an upregulation of Has! in the FLNA-KI MV
that indicate an increase of hyaluronic acid in the diseased MV. The composition of the ECM
could modify the expression pattern of macrophages surface receptors and thus induce different

interaction with the other cell types of the valve.
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2 Depletion of macrophage with CCR2 inhibitors

2.1 Introduction

Based on our observation that the FLNA-KI rat presented accumulation of macrophages in the
MYV occurring between D7 and D21, we sought to prevent the recruitment of macrophages in
the MV to modulate the evolution of MVD. To this aim, we used the selective CCR2 inhibitor
RS504393, previously used in the Marfan-syndrome related MVD to reverse development of
the disease.?’> We treated FLNA-KI rats from D7 to D21 with a daily dose of CCR2 inhibitors

and analyzed the development of MVD and macrophage population in the tissue.

2.2 Materials and methods

2.2.1 Animals

A total of 64 animals from 4 WT and 4 KI litters were used for the experiment. For each litter,
4 rats were randomly assigned to the vehicle group and 4 to the treatment group. WT and FLNA-
KI rats were daily treated with either DMSO or 2mg/kg RS504393 (Tocris) via intraperitoneal
injection from D7 to D21. Animal’s weight was measured every day to follow weight gain and
to determine the dose of treatment. Blood samples were performed every five days. An
echocardiography was performed at D13 and D21. At the final timepoint (D21), rats were
anesthetized using 5% isoflurane, and euthanized by cervical dislocation. The chest was rapidly
open to harvest the heart and place it in ice-cold PBS. Hearts were then either placed in formalin
for histology, or dissected to collect the MV leaflets that were snap-frozen for molecular

analysis.
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2.2.2 Blood counts

To collect blood, 1.5mL tubes were coated with heparin. The tip of rat tails was cut and
massaged to collect a blood drop. Tubes were briefly centrifuged for homogenization. 15uL of
blood was necessary for blood count using the hematocytometer Element HT5 analyzer

(ScilVet).

2.2.3 Histology

Hearts were rinsed in ice-cold PBS and fixed in 10% formalin for 24 hours. Hearts were then
dehydrated, cleared in xylene and embedded in paraffin. 3um sections were cut with a
microtome and serial slides were stained with hematoxylin phloxin saffron (HPS) and Alcian
blue. Stained sections were observed by a pathologist blinded for the treatment group. The
proteoglycan content was analyzed using QuPath software to quantify the proportion of Alcian
blue in the MV anterior and posterior leaflets. Briefly, the leaflets were segmented and color
deconvolution was applied to quantify the Alcian blue positive area. For immunofluorescence
staining, paraffin-embedded sections were deparaffinized before antigen retrieval in citrate
buffer (pH6) and saturation with 5% BSA (bovine serum albumin, Sigma-Aldrich, A7030).
Primary antibody against CD45 (Abcam ab10558, 1/1000) and CD206 (Ptglab 60143, 1/10000)
were incubated overnight at 4°C followed by appropriate secondary antibody for 2 hours at
room temperature. Nuclei were stained using 1pg/mL Hoechst and images were captured using

Nikon ECLIPSE Ti2 microscope.
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2.3 Results

Blood samples were taken at D21 and analyzed on a hematocytometer (Figure 31).
Although there was a trend in slightly higher number of circulating leukocytes in KI rats, no
significant differences were observed, and the treatment with CCR2 inhibitor had no effect on
the total number of circulating leukocytes (Figure 31a). In the DMSO treated groups, the
number of circulating monocytes was significantly higher in KI rats compared to WT (Figure
31b). However, the treatment with CCR2 inhibitors had no effect on the level of circulating
monocytes both in WT and KI animals (Figure 31b). Finally, genotype and treatment with

RS504393 had no effect on lymphocytes and neutrophils counts (Figure 31c, d).
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Figure 31. Blood cell counts of D21 WT and KI rats. Leukocytes (a), monocytes (b),
lymphocytes (¢) and neutrophils (d) counts measured by hemocytometer. * p<0.05, ** p<0.01
using the non-parametric Kruskal-Wallis test.

We then sought to determine if the treatment prevented the development of MVD or reduced
the number of macrophages in the MV leaflets. We first focused our analysis on KI rats as we

didn’t expect that CRR2 inhibition will have an effect on WT MV morphology. We stained
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serial slides of KI MV using HPS for global morphology assessment and Alcian Blue to assess
proteoglycan content (Figure 32). HPS staining evaluation showed no difference between
DMSO-treated and RS504393-treated KI rats (Figure 32a). This was confirmed by the
quantification of Alcian blue content that revealed no differences in both leaflets (Figure 32b,
¢). Macrophages were stained by immunofluorescence with CD45 and CD206 antibody (Figure
32d). The number of macrophages in the MV was then evaluated using Fiji software.
Unexpectedly, no difference was observed regarding the number of CD45 or CD206

macrophages in the MV of treated KI rats (Figure 32e, f).
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Figure 32. Histological analysis of KI rat's MV. a: HPS (left panel) and Alcian blue (right
panel) of KIMYV treated with DMSO (top panel) or RS504393 (bottom panel). b: Quantification
of Alcian blue staining in the anterior leaflet of the MV (n = 17 to 24 sections representing 7
DMSO and 5 RS504393 treated rats). ¢: Quantification of Alcian blue staining in the posterior
leaflet. d: Immunofluorescence images of CD45 and CD206 staining in KI MV treated with
DMSO or RS504393. Dotted squares are zoomed in the right panel. Scale bar = 500 or 100pm.
e-f: Number of CD45 (e) and CD206 (f) positive cells per MV (n = 6 MV for each group).
Indicated p-values were obtained by non-parametric Mann-Whitney test.

2.4 Conclusion

Overall, the results indicate that CCR2 inhibition between D7 and D21 did not reduced
macrophage number in the MV, nor reduced the extent of MV remodeling in the FLNA-KI rat.

Despite a trend towards a reduction of CD45" cells in the MV of K1 rats treated with RS504393,
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no significant differences were observed. This result is contradictory with previous study
conducted on Marfan-mice and using the same molecule at the same dosage (2mg/kg/day).
However, in the Marfan-mice model, macrophage recruitment in the MV occurs between 1 and
2 months of age, which was the window of treatment chosen in their study. Thereby, the
Marfan-mice were treated at an older age and for a longer period than in our experiment, which
could explain, at least in part, the differences observed with our FLNA-KI rat model). New
strategies to prevent the recruitment of macrophages in the MV could be considered. The best
option for efficiently target macrophage recruitment would be to use genetically engineered
models, but genetic models available for cross-breeding our rat model is limited. Indeed, there
is no CCR2-KO rat model. There is a CSF'/R-KO rat model, but the genetic background of this
model is Dark Agouti rat, whereas our FLNA-KI rat is Sprague-Dawley. Thereby it would
require a long backcross to allow for cross-breeding in order to generate a FLNA-KI CCR2-KO

rat model.

To overcome this limitation, our group is currently generating a new mouse model carrying
the FLNA-P637Q mutation. This new model will need phenotyping to confirm the presence of
MVD, and will then be of particular interest to study macrophages population, using genetic

depletion of macrophages, or macrophage lineage tracing.
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3 In vitro macrophage and VIC functional evaluation

3.1 Introduction

Macrophages plays an important role in MV development and homeostasis, but also in
MVD pathophysiology as previously demonstrated. As professional phagocyte, they assure the
clearance of apoptotic cells and ECM debris. Phagocytosis is a complex and dynamic process
involving the actin cytoskeleton to form filopodia, and phagosomes. It is possible that the
P637Q mutation in FLNA gene could alter the ability of macrophages to perform phagocytosis
or other functions. Thereby, we attached to measure the phagocytic ability of FLNA-KI

macrophages.

Macrophage recruitment in the tissue is a process called extravasation. It implies expression of
adhesion molecules at the surface of endothelial cells to induce binding of circulation
monocytes to the endothelium. Then monocytes extravasate through the endothelium and
differentiate into macrophages in the tissue, where they also create intercellular adhesion with
the interstitial cells. As our previous findings demonstrate a chemotactic signaling by VECs at
D7 and by VECs and VICs at D21, we tried to determine how this translated in terms of cells
interactions. To this aim we developed a monocyte adhesion assay using a non-adherent

monocyte cell line, and rats’ primary culture of VICs.
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3.2 Materials and methods

3.2.1 Primary culture of Valvular Interstitial Cells

WT and KI rats were anesthetized with 5% isoflurane before being euthanized by cervical
dislocation. Chest was open and the heart was harvested and placed in ice-cold PBS. The mitral
valve leaflets were carefully dissected and placed in cold 1X Hank’s Balanced Salt Solution
(HBSS) culture media. To recover sufficient number of cells, 7 littermates MV were pooled.
Tissue was rapidly processed for cell isolation. HBSS media was replaced by digestion buffer
containing 2mg/mL Collagenase type 4 (Worthington Biochemical) and 1.2U/mL Dispase 11
(Sigma-Aldrich) and incubated at 37°C for 10 min with gentle agitation. The digestion media
was carefully transferred in 15mL tube and kept on ice to block enzymatic activity. Fresh
digestion buffer was then added for a new cycle of digestion. A total of four cycle was necessary
to completely digest the MV leaflets. Once digestion completed, the tubes containing the cell
suspension was centrifuged at 400g for 5 minutes at room temperature. Supernatant was
discarded and fresh culture media (DMEM 1g/L glucose, containing 2% FCS, 1%
penicillin/streptomycin, 5.5pug/mL insulin and 10ng/mL FGF-2) was added to the cell pellet.
Cells were resuspended, counted and seeded at the appropriate density on collagen coated

plates. VICs were used at passage 1.

3.2.2 Primary culture of peritoneal macrophages

Three weeks old WT and KI rats were injected intraperitoneally with 100mL/kg of fluid
thioglycolate medium (Millipore, STBMFTM12). After 3 days, rats were anesthetized with

isoflurane and euthanized by cervical dislocation. The abdominal skin was immediately cut to
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expose the peritoneal cavity. 20mL of sterile PBS was injected into the peritoneum with a 23G
needle. The peritoneal lavage was then collected using a 18G needle and transferred in a 50mL
tube. Peritoneal lavage was centrifuged at 400g for 5 minutes. Cells were resuspended in RPMI

10% FCS, 1% penicillin/streptomycin, counted and seeded at the appropriate density.

3.2.3 Phagocytosis assay

For phagocytosis assay, peritoneal macrophages were grown in RPMI 10% FCS media. The
pHrodo BioParticles phagocytosis kit (ThermoFisher, P35360) was used for the experiment per
manufacturer’s protocol. Briefly, E. Coli particles were mixed with RPMI media and added on
top of the peritoneal macrophages. The pHrodo particles have the advantage to become
fluorescent only at acid pH, once it is internalized in the phagolysosome. Hence, the amount of
fluorescence is directly linked to the quantity of particles that have been phagocyted. The plate
was immediately placed on a Leica DMI 6000B microscope with a temperature and CO»
controller, for time-lapse imaging of the phagocytosis. Images were taken every 2 minutes for

2 hours. Fluorescence analysis was performed with Fiji software.

3.2.4 Monocyte adhesion assay

A total of 40 000 VICs per well were seeded on a 24 well plates. Once the VICs monolayer
reached confluency, VICs were treated with 10ng/mL recombinant-TNFa for 3 hours. Human
monocytic THP1 cells were resuspended in RPMI media without FCS and with 10nM
Chloromethyl fluorodiacetate (CMFDA) green cell tracker (ThermoFisher, C2925) and
incubated at 37°C for 30 minutes. THP1 cells were then centrifuged and resuspended in RPMI

10% FCS at 400 000 cells/mL. VICs media was discarded and VICs were washed before adding
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500uL of the THP1 suspension was added on top of the VICs monolayer (200 000 THP1 for
40 000 VICs). The plate was incubated for 2 hours at 37°C. After 2 hours, media was discarded
and the wells were rinsed three times with PBS to remove non-adherent THP1 cells. Cells were
the fixed using 4% paraformaldehyde (PFA) for 10 minutes, and nuclei were stained using
Iug/mL Hoechst for 1 minutes. Images were acquired with a Nikon ECLIPSE Ti2 microscope
and the number of THP1 cells attached to the VICs was determined using Fiji software by
calculating the ratio of THP1 cells on VICs. The number of VICs was determined using the

nuclear Hoechst staining, and THP1 monocytes using CMFDA cell tracker staining.

3.3Results

As it was shown that KO of Filamin A was detrimental on macrophage function (see section
4.5), we sought to determine if the Filamin A P637Q mutation could also affect macrophages
core function. To test this hypothesis, we assessed the phagocytic capacity of FLNA-KI
macrophages (Figure 33). We performed a 2 hours time-lapse imaging of phagocytic
macrophages and measured the fluorescent area (Figure 33a). Our analysis revealed no
differences of phagocytic capacity between WT and FLNA-KI peritoneal macrophages (Figure

33b).
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Figure 33. Phagocytosis assay of perltoneal macrophages. a: Representative images of
phagocytic macrophages after 0-, 60- and 120-min of coculture with pHrodo-labeled E. Coli
particles. b: Quantification of the fluorescent area normalized by the number of macrophages.

(n = 3 biological replicates).
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As Filamin A is an actin-binding protein, a mutation could particularly affect cytoskeleton
dynamic, which in the case of phagocytosis, could alter filopodia formation and slow the
internalization of the particles. To test the rate of particle internalization, we added the pHrodo
bioparticles on top of the peritoneal macrophages and immediately place the cells on ice to let
particles bind to their phagocytic receptors without being internalized. We then washed away
all non-attached particles, and placed the plate at 37°C. We captured the fluorescence with
Nikon ECLIPSE Ti2 microscope every 5 minutes for 30 minutes (Figure 34a). This experiment
revealed that the internalization of phagocyted particles is not altered in FLNA P637Q

macrophages (Figure 34b).
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Figure 34. Particle internalization assay. a: Representative images of E. Coli particles
internalization by WT and KI peritoneal macrophages after 5-, 15- and 30-min. To assess for
internalization only, particles were left to bind to their receptors for 15 minutes at 4°C. b:
Quantification of the fluorescent area in the field. (n=3 technical replicates)

Our preliminary results seem to indicate that the increase of macrophage proportion in FLNA-
KI MV is related to a recruitment of circulating monocytes, we sought to determine if
monocytes were more prone to attach to KI VICs rather than WT VICs in normal or pro-
inflammatory condition (Figure 35). We found that after two hours of coculture, there was an
increased number of attached monocytes to the layer of KI VICs compared to WT VICs (Figure
35a, b). As expected, the pre-stimulation of VICs with the pro-inflammatory cytokine TNF-a
increased the number of monocytes attached to VICs, with a trend for exacerbated effect on KI

VICs (Figure 35c, d).
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Figure 35. Adhesion assay of monocytes on WT and KI VICs. a: Adhesion assay of
monocytes on WT and KI VICs in control conditions. Images were taken after 2 hours of
adhesion. Attached monocytes were counted and normalized to number of VICs on the field.
b: Adhesion assay of monocytes on WT and KI VICs primed with TNF-a for x hours before
assay. Images were taken after 2 hours of adhesion and attached monocytes were counted and
normalized to number of VICs on the field. Image analysis was performed using ImageJ.
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3.4 Conclusion

Although some literature indicate that a Filamin A KO impairs macrophages functions!’6277-284,

our preliminary results indicate that the P637Q Filamin A mutation did not affect macrophage
phagocytosis. It is important to assess macrophage function upon Filamin A mutation, as one
could hypothesized that the recruitment of macrophages in the context of MV remodeling could
be linked to an inability of macrophages to resolve the remodeling due to Filamin A mutation.
Additionally, as an actin-binding protein, Filamin A plays a key role in the cytoskeleton
dynamic and interaction with the extracellular space, which are also key aspects of the

phagocytosis process.

However, our results indicate that the FLNA mutation increases the ability of VICs to bind
monocytes in vitro. Adhesion of monocytes naturally occurs with endothelial cells, to allow the
extravasation of circulating monocytes into the tissue where they differentiate into mature
macrophages. Our experiment could not have been performed with endothelial cells because

dissociation of rat’s MV provides too few endothelial cells to generate primary culture of VECs.
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Nonetheless, it shows that FLNA-KI VICs increases the attachment of monocytes, which is
consistent with our findings of chemotactic signaling in the MV of FLNA-KI rats. A more

detailed in vitro study of those mechanisms is ongoing, by evaluating the role of adhesion

molecules to this process.
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V. Discussion

Myxomatous mitral valve dystrophy (MVD) is the main etiology of mitral valve prolapse,
and its prevalence is increasing with the aging of the population in western countries.* MVD is
associated with cardiovascular morbidity and mortality as it can lead to mitral insufficiency,
arrythmias, heart failure, and cardiac death. Despite years of research, no pharmacological
treatment is yet available and the only therapies are surgical repair or replacement of the
diseased valve for the most severe cases. Within those years of research, many pathways have
been highlighted as key player a part in the development or progression of MVD. But the
pathophysiology of MVD is more complex and is largely due to a dysregulation of several, if
not all the pathways. Indeed, TGF-B, serotonin, primary cilia, endothelial-mesenchymal
transition, and mechanotransduction signaling pathways are strongly interconnected and may

be regulated each other’s.

Inflammation and immune cells were for a long time left aside as MVD was thought to be non-
inflammatory and mostly related to aging and to the mechanical constraints applied to the valve
leaflets. But our comprehension of the disease mechanisms evolved when CD45" hematopoietic
cells were identified in the valves of Human, sheep, and mice.**136-204285-287 The interest in the
immune processes leading or contributing to MVD has since been growing. The more recent
findings reveals that the immune cells present in the MV are predominantly macrophages, and
that their number increases over the disease progression.*! They were successfully targeted in
a model of Marfan syndrome-related MVD, and blocking the recruitment of macrophages in
the tissue prevented the myxomatous remodeling of the MV 24295 A limit of those studies is
that they were conducted on the Marfan syndrome mice model, which develop a myxomatous

remodeling of MV but the mechanisms behind cannot resume the non-syndromic forms. Marfan
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syndrome is a connective tissue disorders caused by mutations in the Fibrillin-1 gene that
induces a strong increase of TGF-f levels and signaling in the MV, but also large disruption of
elastin fibers that could act as potent chemoattractant. The combination of increase TGF-3
signaling, and elastin fragmentation could thus induce the activation of resident macrophages
and/or recruitment of circulating monocytes. Indeed, numerous studies have investigated the
immune functions of TGF-B.28%2° Notably, endothelial cell-derived TGF-B1 participates to
lungs interstitial macrophages (IM) development by promoting the core IM transcriptional

program in monocytes.?*°

Our group recently generated and phenotyped the first rat model of MVD that recapitulates the
Human pathology, and better represents the non-syndromic form of MVD.272% Qur
enrichment analysis of bulk transcriptomic data highlighted a major role of immune cells in
MVD as 30% of GO-terms were related to chemotaxis and immune cells. These results and the
previous work from other groups on different forms of MVD lead to the genesis of this project
with the aim of understanding how macrophages contribute to the development or the

maintenance of non-syndromic MVD.

1. Dynamic of MVD progression and macrophage recruitment in the FLNA-

KI rat model

The first step of our analysis was to determine if the ‘Immune cells’ signature found in the

208 was induced by an increased number of macrophages in

transcriptomic data at three weeks
the MV or a local activation of the tissue-resident macrophages of the MV. Flow cytometry

experiments revealed that the proportion of macrophages was increased in FLNA-KI MV at the

age of three weeks, clearly indicating either recruitment of circulating monocytes or local
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proliferation of resident macrophages. However, we weren’t able to discriminate more precisely
the different macrophages population or phenotype due to a limited antibody panel for flow
cytometry of rat samples. To determine the timeframe of macrophages expansion in the tissue
and if they could actively contribute to the remodeling of the tissue, we performed a time-course
phenotyping of the FLNA-KI rats MV. It is well described that the MV leaflets undergo a post-
natal maturation process that includes remodeling of the ECM to switch from a proteoglycan-
rich cardiac jelly to a collagen and elastin layered structure.*>%¢2! Therefore, differentiating a
pathological or a physiological remodeling of the leaflets was not possible in newborn and 2-
days old rats MV. Nonetheless, we did find the molecular signature of ECM remodeling at birth
with overexpression of Hasl, and overexpression of the endothelial dysfunction marker Esm
at 2 days post-natal but not at birth. This suggest that filamin A mutation induces ECM defect
as early as birth, marked by increased hyaluronan production, rapidly followed by endothelial
dysfunction, probably related to the drastic circulatory modification after birth with closure of
the oval foramen and increased pressure in the heart chambers.?°? It remains uncertain if those
two mechanisms are interdependent or act as a “double-hit” to initiate the vicious cercle of MV

remodeling.

At 7-days post-natal, the leaflets of WT animals are thinner and more structured, whereas those
of KI rats appeared enlarged with high proteoglycan content, consistent with the remodeling
observed in more advanced stages. The transcriptomic signature of ECM remodeling and
cellular activation was also present at this stage, with dysregulation of the typical markers of
MVD that we had previously identified in our RNA-seq analysis at three weeks (overexpression

of Hasl and Esml, downregulation of Hyall).>®

More interestingly, we also found an
enrichment for immune cells process and chemotaxis in the MV of FLNA-KI rats, but

macrophages proportion were similar in both genotypes as assessed by flow cytometry. The

single nuclei RNA-seq experiment allowed us to refine these finding, as the immune signature
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was only found in VECs at seven days. Interestingly, the immune signature later extended to

the VICs population in three weeks old rats.

Overall, our results indicate that ECM remodeling is the first process of FLNA-MVD
development, followed by endothelial dysfunction. By 7-days old, VECs secrete
chemoattractant factors leading to the increase of macrophage proportion that we can observe
in three weeks-old animals. How Filamin A mutation causes early ECM defects is still unclear,
but we also found an upregulation of Has/ in E19.5 embryos MV (data not shown) that indicate
a developmental origin of FLNA-MVD, consistent with the previous studies conducted with
Filamin A knock-out mice model.'?*-2% It is likely that the chemotactic signaling observed at 7
days is a normal response to the accumulation of ECM. However, the fact that this immune
microenvironment persists over time and even extend to the VICs population at Three weeks
suggest an inability of macrophages to resolve the remodeling. Whether the macrophages then
participate to the remodeling is still unknown, and a better characterization of the macrophage’s

subpopulations is needed.

2. Contribution of macrophages to Human sporadic forms of MVD

In the general population, FLNA mutation are extremely rare and represents a very minor
number of MVD cases, the vast majority being sporadic forms of MVD. It is thus legitimate to
question if the findings from the FLNA-KI rats are translatable to Human sporadic form of
MVD. To this aim, we collected a unique cohort of 78 samples of MV obtained from patients
with severe myxomatous MVD undergoing surgery, and performed bulk RNA sequencing. As
we could have expected, the 2000 most expressed genes of the tissue were enriched in pathways

related to extracellular matrix and cytoskeleton, adhesion, and TGF-B signaling. But
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interestingly, there were also two immune pathways over-represented: ‘Humoral immune
response’, and ‘Leukocyte transendothelial migration’. This first indication of leukocytes

recruitment was supported by a deconvolution analysis using xCell algorithm?*?

, which inferred
macrophage molecular signature as the most predominant in the expression data. Furthermore,
we validated by immunohistochemistry against CD68, that there were more macrophages
invading MVD samples compared to the control sample. Additionally, macrophages exhibited
the same localization as we observed in the FLNA-KI rat model. In control MV, macrophages
were located beneath the endothelium at the atrial side, but were also found in the spongiosa of
MVD patients, specifically in areas of intense remodeling and proteoglycan content. Numerous
studies have highlighted that macrophage have different functions depending on their
surrounding niches.??$2%32%42% We can hypothesize that sub-endothelial macrophages are
resident macrophages and serve as sentinel to maintain tissue homeostasis. Their physical
proximity with endothelial cells would allow them to quickly respond to a stress or physical
insult. The additional macrophages observed in FLNA-KI or in Human MVD samples are found
in highly remodeled area of the spongiosa, and in some area of the fibrosa. It is likely that those

macrophages are monocyte-derived, and recruited in the tissue with the purpose of tissue repair,

but additional experiments are required to consolidate those hypotheses.

Eventually, we compared the similarities between human MVD and the FLNA-KI rats. Among
the 2000 most expressed genes of Human sporadic MVD and FLNA-KI rats MVD, we found
47% common genes. More interestingly, the over-representation analysis of these common
genes highlighted ‘Leukocyte migration’ as the most enriched pathways, followed by actin
cytoskeleton, collagen, adhesion, integrin and TGF-B. This important result strongly
consolidates our previous findings. We had already demonstrated that the FLNA-KI rat model

recapitulates the Human phenotype at the morphological level, we now have a clear common
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transcriptional signature, and the confirmation that macrophages are not specific to FLNA- or

Marfan syndrome-related MVD.

Overall, our analysis provides the first evidence for a contribution of macrophages in the
pathophysiology of MVD in a large cohort. We also described the similarities between FLNA-
KI and Human sporadic MVD with a common phenotypic and molecular signature. Those
results highlight the pertinence of the FLNA-KI rat as a model for sporadic MVD, and its

relevance to decipher the role of macrophages in the disease.

3. Macrophages in the mitral valve niche

The role of macrophages in the disease progression is still unclear. Our first hypothesis was
that macrophages acquire a pro-inflammatory phenotype, consistent with the increased
expression of pro-inflammatory cytokines Cc/7 and S100a8 that we previously described in the
FLNA-KI rat.>® Our current analysis also revealed upregulation of several pro-inflammatory
cytokines, as we found increased expression of Cc/7, Tnfsf18, or 111b in the bulk RNA-seq of 7
days old rats. This hypothesis was also supported by the fact that ECM components can act as
damage-associated molecular patterns (DAMP), and induce the pro-inflammatory nuclear
factor-kappa B (NF-kB) pathway through their recognition by toll-like receptors (TLR2 and
TLR4) from immune cells, including macrophages.?**3% For example, hyaluronan, a major
component of the MV ECM and increased in FLNA-KIMVD, serve as a platform for leukocytes
and modulates inflammation.>*!3% Notably, it was shown that /4S3-null mice had decreased
inflammation and tissue damage in a model of colitis, disease in which hyaluronan deposition
is altered.>***% However, the single nuclei RNAseq analysis performed on FLNA-KI rats failed
to identify an abundant population of pro-inflammatory macrophages. Instead, macrophages

seem to adopt a pro-healing phenotype without significant differences between KI and WT
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genotype. Consistently, the xCell deconvolution algorithm revealed that the “M2 macrophage”
molecular signature was the most enriched in the Human cohort of MVD. Although the M1/M2
macrophage paradigm has been refuted in vivo and should not be used, the M2 signature refers
to a pro-resolving/pro-healing phenotype, as opposed to the pro-inflammatory M1 phenotype.
Despite being contradictory to our hypothesis, those results were consistent with another report
from 2024 in which authors used MVD microarray data and performed a digital cell
quantification with the already validated LM22 dataset (22 human immune cell type signature)
as reference.?’®% They found the same ‘M2 macrophage’ as the predominant immune
signature in their dataset. The choice of LM22 reference dataset to compute for a digital cell
quantification is questionable, as the reference used for the M1 and M2 macrophages signature
is an in vitro polarization of bone-marrow derived macrophages using a cocktail of LPS, IFN-
vy or IL-4. Such experiment cannot resume the diversity and complexity of endogenous
macrophages.>’” Therefore, we selected the xCell algorithm that rely on 6 dataset compiling a
total of 1725 samples and 64 cell types, to compute immune cell type enrichment in our

samples, and found the same results.?*

The FLNA P637Q mutation is located in the actin-binding domain of Filamin A. Therefore, it
is possible that the mutation affects macrophage core functions, phagocytosis. In an attempt to
answer this question, we assessed phagocytosis using primary culture of peritoneal
macrophages and revealed no differences between non-mutated and FLNA-mutated
macrophages. It will be important in the near future to also assess efferocytosis of the valvular
macrophages instead of phagocytosis.??%% Indeed, efferocytosis refers to the specific process
of apoptotic cell clearance, an essential mechanism of development and tissue homeostasis, and

is therefore more relevant in the context of myxomatous remodeling of the MV.
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A few limitations arise from these experiments. Peritoneal macrophages are thioglycolate-
activated monocyte-derived macrophages, and therefore doesn’t represent the ontogenic and
phenotypic diversity of endogenous valvular macrophages.’” One of the objectives of this
project was to develop inducible Pluripotent Stem Cells (iPSC)-derived macrophages. The
protocol is well-established, and implies the formation of embryoid bodies (EBs) for
mesodermal differentiation. The EBs are then differentiated into hemogenic endothelium that
will produce non-adherent macrophage precursors (preMac) that can be easily harvested from
the media. The advantages offered by this approach are numerous: first, iPSC-derived
macrophages are a better model for yolk-sac derived macrophages. Second, the macrophages
precursor obtained are “naive” and can further be differentiated into specific macrophage
population. Finally, as we already have FLNA patients-derived iPSC, we could have assessed
the effect of the mutation on resident macrophages. However, despite numerous attempts, we
were not able to achieve the EBs formation from FLNA-iPSC. One of the hypotheses is that
FLNA-1PSC are unable to form EBs due to adhesion defect in the absence of extracellular matrix
Indeed, although the FLNA-iPSC grew normally on Matrigel coating, they didn't survive during
the generation of EBs. It is possible that the FLNA mutation impairs their ability to form

intercellular adhesion in this context.'®’

Overall, it seems that macrophages in the diseased MV does not have a pro-inflammatory
phenotype as it was initially thought but rather acquire a pro-healing phenotype. This raises
new questions regarding their role in the disease. Consistently with the specific distribution of
macrophages (i.e. in areas of intense remodeling) that we described, it is probable that the
monocyte-derived macrophages are recruited to resolve the accumulation of ECM. However,
the interactions between valvular macrophages and VICs remains largely unknown. The field
of macrophage-fibroblast interactions is raising interest, notably in tumor research, and it is

now established that they are capable of regulating each other’s functions.*'%!2 The influence
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of ECM on macrophages phenotype should also be studied more closely as it is more and more
clear that the ECM can directly influence macrophage response and phenotype.’!*=313

Deciphering more precisely those interactions would benefit to the comprehension of MVD

pathogenesis, and potentially provide new therapeutic targets.

4. The FLNA-KI rat model

Our study was conducted using the Filamin A P637Q Knock-in rat model. The phenotype has
been previously published by our group and shows that it recapitulates the Human phenotype.
The results obtained in the current study support and extend those findings, as we have provided
the first evidences of macrophage expansion in a Human cohort of MV samples, as well as a
shared molecular signature between Human sporadic MVD and FLNA-KI pointing out
leukocyte migration as the most enriched pathway. Rat model are much larger than mice,
making it convenient for the characterization of the heart and for the MV morphology and
function with imaging techniques such as echocardiography and micro-computed tomography.
In addition, rats MV can be used to generate primary culture of VICs, which can subsequently
be used for in vitro assays. Nonetheless the rat model has limitations that leaves some of our
questions unanswered. Firstly, designing a flow cytometry panel is very limited for rat markers.
Despite many trials, we haven’t been able to design one that would have allowed the
identification of the different macrophage populations. It would have been interesting to
investigate if the valvular macrophage populations are similar to the resident cardiac
macrophages already described, with CCR2" and CCR2" populations, and to decipher which
population is expanded upon MVD development. The single nuclei RNA-seq seems to indicate
that the monocyte-derived CCR2" macrophage population is expanded in K1 rats but this result

should be taken cautiously because of the non-quantitative nature of snRNA-seq data.
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The use of a rat model was also a limit for the depletion of macrophages. Indeed, despite two
different methods: clodronate (data not shown) and CCR2 inhibitor, the depletion of
macrophages in the FLNA-KI rats was incomplete, and it remains uncertain why it couldn’t be
achieved. The possibility of genetic depletion of macrophages was explored, but the only rat
strain available is the Csf7r ”~ Dark Agouti rat. The FLNA-KI rat was created from the Sprague-
Dawley strain, meaning it would have required a long genetic backcross to generate Csflr 7

FLNA-KI rats.

Instead, our group chose to generate a mice model carrying the FLNA P637Q mutation. Having
a mice model instead of rat will allow us to overcome several of the limitations described above.
Indeed, mice models offer much more tools that will be of particular interest to investigate the
role of macrophages in MVD .3!1¢32% First of all, once MVD phenotype will be confirmed in the
new mice model, new flow cytometry experiment will allow us identify the relevant markers
for valvular macrophages to discriminate the different sub-population, and identify how these
populations behave upon MVD. Fate mapping experiment would allow to precisely identify the
origin of each sub-population, and follow their fate during the development and progression of
the disease. Finally, several genetic depletion models are available in order to selectively
deplete a specific population of macrophages. For example, it would be possible to deplete
monocyte-derived macrophages by using a CCR2”" mice, or deplete resident yolk-sac derived
macrophages with a Cx3crl” mice. Those genetic models also exist as Tamoxifen-inducible
model by combining the Cre recombinase to the estrogen receptor ER. Therefore, it is possible
to selectively and temporally deplete a population of macrophages to decipher their contribution

to MVD development, but also to valvulogenesis.
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5. Conclusions and perspectives

This thesis has attached to decipher the dynamic of MVD and more precisely to understand
the role of macrophages in the development or the maintenance of the disease. It has
successfully showed the dynamic of MVD development in the Filamin A P637Q rat model,
highlighting the early extracellular matrix disturbance. This was rapidly followed by
endothelial activation and resulted in a myxomatous remodeling of the MV as detected in 7-
days old rats. We also demonstrated that it is from this timepoint that the valvular endothelial
cells upregulate chemotactic signaling. This led to a recruitment of monocyte-derived
macrophages in the tissue in advanced stage of MVD. The precise mechanisms behind
macrophage activation and recruitment are still unclear, but experiments are ongoing to
understand the mechanisms of macrophage recruitment and the role of adhesion molecules.
Although we made significant progress in the definition of the macrophage population with the
single nuclei experiment, it does not allow us to precisely conclude on their ontogeny. Future
experiments are needed to answers those important questions. Notably, the development of a
mice model of MVD carrying the FLNA mutation will allow fate mapping and selective

depletion of macrophages, to bring valuable insight in our understanding of MVD.

We successfully demonstrated that macrophages did not participate or played an active role in
the early process of MVD but rather contribute to its progression. We have established that the
early mechanisms leading to MVD are related to the ECM homeostasis, and endothelial
activation most likely induce by mechanical stress. However, how those mechanisms are
initiated and how they temporally and spatially regulate MV remodeling remains unknown. Our
group is committed to elucidate those questions, and an ongoing project aims to decipher the

role of mechanical stress using in vitro models of stress and 3D cultures of VICs.
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Eventually, this thesis paves the way to change the current views of the MV physiology and
pathophysiology. By recognizing the role of macrophages in MV development as well as their
unique contribution to MVD, we have a unique opportunity to discover new therapeutic targets

in order to better detect and potentially treat patients suffering from MVD.
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