Madjid Tagzirt 
email: madjid.tagzirt@univ-lille.fr
  
Mickael Rosa 
  
Delphine Corseaux 
  
Flavien Vincent 
  
André Vincentelli 
  
Mehdi Daoudi 
  
Ramadan Jashari 
  
Bart Staels 
  
Eric Van Belle 
  
Sophie Susen 
  
Annabelle Dupont 
  
Affiliation 
  
  
Modulation of M1-macrophages phenotype by valvular interstitial cells

Glossary

Central message

Profibrotic VIC downregulate MMP-9 and stimulate IL1-β and COL6A1 production on M1macrophages, suggesting a key role of M1-macrophages/VIC crosstalk at early stages of AVS development.

Perspective statement

The interaction between profibrotic VIC and inflammatory macrophages is bidirectional rather than monodirectional. Understanding related to homeostatic control systems between these cells will provide important clues to develop new therapeutic approaches for the treatment of AVS. Methods. We first assessed macrophage phenotype in human AVS and control aortic valves from donors. Then, we examined profibrotic and inflammatory related gene expression in valves and VIC. Finally, we investigated whether VIC can modify the phenotype of inflammatory M1-macrophages.

Graphical abstract

Results. Circulating monocytes and plasma transforming growth factor beta-1 (TGF-β1) levels of AVS patients were significantly higher compared to non-AVS patients. Surprisingly, histological analysis of thickened spongiosa of AV from AVS patients show a high macrophage infiltration but a low MMP-9 expression compared to control aortic valves. On the other hand, VIC culture of AVS exhibit profibrotic phenotype with high expression of TGF-β1 and TGF-β1/TGF-β3 ratio but decrease expression of the peroxisome proliferatoractivated receptor gamma nuclear receptor (PPAR-γ). Interestingly, VIC-conditioned media of AVS lead to decrease enzymatic activity of MMP-9 and increase production of collagen in inflammatory M1-macrophages compared to VIC-conditioned media from control AV donors.

Conclusion.

These findings indicate that profibrotic VIC promote the imbalance of ECM remodeling by reducing MMP-9 production on inflammatory M1-macrophages that lead to excessive collagen deposition observed in AVS. Further investigation is needed to clarify the role of TGF-1/PPAR-γ/MMP-9 in AVS.
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Introduction

Aortic valve stenosis (AVS) is a slow and progressive heart disorder that affects 2 to 6% of people aged above 65 years [START_REF] Otto | Prospective study of asymptomatic valvular aortic stenosis. Clinical, echocardiographic, and exercise predictors of outcome[END_REF][START_REF] Lindman | Calcific aortic stenosis[END_REF]. Despite its high prevalence, little is known about its pathogenic mechanism and no pharmacological treatment has been approved yet. Effective treatments are represented by aortic valve replacement either by transcatheter aortic valve implantation or by surgical aortic valve replacement to overcome the very poor prognosis once AVS symptom occurs.

Understanding of AVS builds on the concept of uncontrolled initial inflammation, fibrotic process, and diffuse calcification [START_REF] Markwald | Developmental basis of adult cardiovascular diseases: valvular heart diseases[END_REF][START_REF] Hinton | Heart valve structure and function in development and disease[END_REF]. AVS is associated with high level of various cytokines, such as interleukin-1β (IL-1β) and transforming growth factor-beta 1 (TGF-β1) implicated in tissue-level inflammation and fibrotic response. If the presence of inflammatory macrophages (M1-macrophages) and reparative macrophages (M2-macrophages) in valves was already described, the role and the potential mechanism by which these inflammatory cells influence the fibrosis process remains unclear in AVS [START_REF] Calin | Effect of depletion of monocytes/macrophages on early aortic valve lesion in experimental hyperlipidemia[END_REF]. Few studies have analyzed the relationship between macrophages and valvular interstitial cells (VIC), the most abundant cells type in aortic valve.

In this context, inflammatory M1-macrophages were found to promote osteoblastic transdifferentiation and calcification of human VIC (Li andal, 2016, Grim et al, 2020). Here, we hypothesized that pathological VIC could modulate the phenotype of infiltrating inflammatory M1-macrophages and thus participate in the imbalance of extracellular matrix (ECM) remodeling and fibrosis propagation observed in AVS.

To address this issue, we first assessed macrophages phenotype in human AVS and control valves. Then, we examined AVS-associated fibroblast related gene expression in VIC and valves. To better understand the underlying molecular mechanisms at the macrophage-VIC interface, we investigated whether VIC can modify the phenotype of inflammatory M1macrophages.

Methods

Subjects / Study Population

Human fibrocalcific aortic valves (according to AHA guidelines: [START_REF] Nishimura | ACC/AHA Task Force Members. 2014 AHA/ACC Guideline for the Management of Patients With Valvular Heart Disease: executive summary: a report of the American College of Cardiology/American Heart Association Task Force on Practice Guidelines[END_REF] The control human aortic valves were obtained from multi-organ donors (Clinique Saint-Jean, Brussels, Belgium, n=10) according to the European Homograft Bank donor selection criteria for cardiovascular allograft preparation [START_REF] Leeming | Residual antibiotics in allograft heart valve tissue sample following antibiotic disinfection[END_REF]. All control aortic valve leaflets were thin, pliable, and grossly normal without any calcification.

Plasma from patients with severe coronary artery disease (CAD) who underwent elective coronary artery bypass grafting and without AVS were included (n=42) between June 2001 and December 2006. All patients had documented CAD defined by a stenosis of 75% in one of the main coronary arteries on angiography. The study was carried out in agreement with the Declaration of Helsinki and approved by the local ethics committee (CORONA study, CPP n°01/96-04/12/2001). The preoperative data of all enrolled patients were prospectively collected. Written informed consent was obtained from each included patient.

All patients underwent a blood test on admission (morning procedure) prior to surgery.

Collection and processing of human fibrocalcific and control aortic valves

Immediately after valve explantation, leaflets were rinsed in saline solution. On two leaflets, the non-calcified region area was carefully separated from the macroscopic calcifications for fibrocalcific valves, and dedicated to VIC isolation and RNA and protein analysis. The third leaflet was dedicated to histological and immunohistological analysis.

Immediately after valve explantation, leaflets were rinsed in saline solution. On two leaflets, the macroscopic calcification was carefully separated from non-calcified region area for pathological valves, and dedicated to VIC isolation and RNA and protein analysis. The third full leaflet (with calcified and non-calcified region) was dedicated to histological and immunohistological analysis.

VIC culture and conditioned media preparation

VIC were isolated by type-I collagenase digestion (45 min, 37°C followed by centrifugation for 10 min at 400g) and were cultured in Smooth Muscle Cell Basal Medium 2 (Promocell, Heidelberg, Germany) containing 0.5 ng/ml human epidermal growth factor (hEGF), 2 ng/ml human recombinant basic fibroblast growth factor (hbFGF), 5µg/ml insulin, 2% penicillin, 1% fungizone and 5% fetal bovine serum (FBS). Cells were incubated at 37°C in 5% CO 2 .

The culture media were replaced every 2-3 days and cells were passed when reaching 80-90% confluence. All experiments were performed on cells from passages 3-4. Confluent cultures of VIC were washed three times with Dulbecco's phosphate-buffered saline (DPBS, Thermo Fisher Scientific, Waltham, MA, USA) and given 6 ml of serum-free culture media. After 24hours incubation, the conditioned medium (CM) was collected under sterile conditions and centrifuged to remove cell debris before being used to further treatment as described below.

VIC were suspended in 1 ml TRIzol Trizol extraction buffer, shock frozen and stored at -80°C until analysis.

Preparation of valve homogenates

For protein analysis of calcified and non-calcified region zones of valves, 100 mg of tissue were homogenized in 500 μl extraction buffer (20 mM Tris-HCl, 0.5% Nonidet NP40) at 4°C with a high-speed homogenizer (Ultra-Turrax T25, Ika-Labortechnik, Staufen, Germany).

After centrifugation (15 min, 3300 × g, 4°C), the supernatants were aliquoted and frozen at -80°C. Total protein concentration was determined using the Pierce BCA protein assay kit (Thermo Fisher Scientifics). The same amount of tissue was homogenized in 1 ml of TRIzol for mRNA extraction (Life Technologies, Carlsbad, CA) and stored at -80°C until analysis.

Histological and immunohistochemical staining

The dedicated leaflet was snap frozen in liquid nitrogen, embedded in OCT compound (CellPath, Newtown, Wales, UK) and then stored at -80°C. Serial cryosections (10 μm) of the leaflet portion were made with a CM3050S microtome (Leica Microsystems, Wetzlar, Germany) onto superfrost slides and air-dried at room temperature for 30 minutes. Adjacent sections of aortic valves were stained with mouse monoclonal anti-human CD68 (clone EMB11, Dako, Carpinteria, CA), MRC1/CD206 (clone D-1, Santa Cruz Biotechnology, CA, USA) and MMP-9 (clone 4H3, RetD). For histological analysis, we stained with Movat's pentachrome kit (Diapath, Martinengo, Italy) and Alizarin red (Sigma-Aldrich, Saint Louis, MO). Nuclei were counterstained with hematoxylin QS (Vector). Images were analysed analyzed using NIS Elements software (Nikon).

Isolation and differentiation of human peripheral blood monocytes to macrophages

Peripheral blood mononuclear cells (PBMC) from healthy human donors were isolated by density centrifugation of heparinized blood on Ficoll-Paque (Pharmacia-Biotech, Uppsala, Sweden). Cells were suspended in culture medium RPMI 1640 supplemented with 40 μg/ml gentamicin and 2 mM glutamine (Sigma-Aldrich, Saint Louis, MO). The PBMC viability was >95%, as determined by trypan blue exclusion. Cells were seeded in 24-well Primaria plates (Thermo Fisher Scientific), and incubated for 2 hours at 37°C with 5% CO 2 . Monocytes were enriched by adherence and by eliminating non-adherent lymphocytes. Cells were then cultured with fresh complete medium (RPMI 1640 with antibiotics supplemented with 10% human serum (Eurobio, Courtaboeuf, France) containing recombinant human IL-1β (15 ng/ml, Peprotech, Rocky Hill, NJ) to obtain inflammatory M1-macrophages, supplemented with unconditioned or VIC-conditioned media (v/v). After 7 days, culture medium was collected, centrifuged and stored at -80°C until analysis. Cells were suspended in 1 ml Trizol extraction buffer, shock frozen and stored at -80°C until analysis.

Extraction of RNA and analysis of gene expression

Valves, VIC and macrophages were homogenized in TRIzol reagent (Life Technologies) "as previously described (PMID: 28314924, PMID: 25966737)". Total RNA was extracted using the chloroform/isopropanol/ethanol method. One microgram of total RNA was reverse transcribed with the High Capacity cDNA Reverse Transcription kit (Life Technologies) according to manufacturer's protocol. The obtained cDNA were analyzed by real-time PCR performed using an Applied Biosystems 7900HT Fast Real-time PCR system (Life Technologies). For ABL transcripts, the reaction solution, containing 5 μl of cDNA, the forward and reverse primers, the probe and 12.5 μl of TaqMan Universal PCR Master Mix (Life Technologies) was prepared in a total volume of 25 μl. For other transcripts, ready-touse mix containing both primers and the probe (TaqMan Gene Expression Assay, Life total volume of 20 μl. The expression of different genes was normalized to expression of ABL, used as housekeeping gene. The relative quantification of the transcripts was calculated by the cycle threshold (CT Ct) comparative method using the formula 2 -ΔΔCT . For each sample, detection of PCR products was performed separately and in triplicate.

MMPs Activity Assays

Total gelatinase activity was quantified in cultured media of macrophages by fluorometry using an EnzChek gelatinase assay kit (Invitrogen Corporation, Carlsbad, CA). MMP were activated by incubation with 1 mM 4-aminophenylmercuric acetate (APMA) in accordance to manufacturer's protocols. Briefly, to initiate activation, proenzyme solution was mixed with APMA solution (APMA in 0.1M NaOH) at 10:1 volume ratio (MMPs:APMA) and incubated at 37°C for 3 hours and the fluorescent intensity was measured in triplicates with a spectrofluorometer. Data were expressed as MMP activity, which were expressed as mU collagenase per mg total protein.

Sircol collagen assay

Cell culture supernatants were assayed for levels of soluble collagen using the Sircol Collagen Assay Kit (Biocolor, County Antrim, UK) according to the manufacturer's instructions. Each sample was incubated for 24 h at 4ºC with stirring. After centrifugation, 100 ml of each supernatant was assayed. One mL of Sircol dye reagent that binds to collagen was added to each sample and the solutions were mixed for 30 min. After centrifugation, the pellet was suspended in 1 ml of the alkali reagent included in the kit and read at 540 nm with a spectrophotometer. Collagen standard solution was utilized to construct a standard curve.

TGF-β assay

Plasma and VIC-CM were assayed for TGF-β1, 2 and 3 by using commercially available kit Magnetic Luminex High Performance Assay (R&D systems, Minneapolis, MN). The assays were performed by following the manufacture's guidelines and were measured on a Luminex 100 Instrument system. Each sample was measured in duplicate. A standard curve was traced for each test substance with the standard provided kit, according to the manufacturer's instructions.

Statistical analysis.

All conditions were measured in duplicate. Data are expressed as mean (standard deviation) or median (interquartile ranges) for continuous variables or as absolute number (percentage) for categorical variables. The χ 2 test was applied to analyze differences in categorical variables. Regarding continuous variables, Wilcoxon's test was performed to compare two paired-groups, Mann-Whitney U test for unpaired comparisons between two groups. All statistical analyses were performed using GraphPad Prism version 5.02 (GraphPad Software, San Diego, CA). All p values <0.05 were considered to be statistically significant.

Results

AVS patients exhibit higher circulating monocytes and TGF-β1 plasma levels than non-AVS

Patient with CAD without significant AVS were included as non-AVS. Clinical features of AVS and non-AVS patients are summarized in Table I. They are similar in the 2 populations.

Compared to non-AVS patients, AVS patients have higher circulating monocytes and more interestingly, higher TGF-β1 plasma levels (Table I).

Gene expression of inflammatory factors associated with macrophage phenotype and components of extracellular matrix

We then investigated the gene expression levels in tissue extracts from control valves and both non-calcified and calcified region zones of pathological valves (Figure 1). Compared to control valves, calcified region areas showed strong up-regulation of typical pro-inflammatory cytokines for inflammatory M1-macrophages as TNFα (1±0.1 vs 0.08±0.01, p<0.0001), IL-6

(2.88±0.5 vs 0.25±0.15, p<0.0001) and IL-1β (1.96±0.02 vs 0.13±0.09, p<0.0001), as well as the IL1-RA anti-inflammatory gene (0.36±0.1 vs 0.02±0.007, p<0.0001) but not CD206 and IL-10. At the same time, analysis of matrix-remodeling markers revealed higher expression of MMP-9 (177.4±63 vs 1.28±1.1, p<0.0001), TGF-β1 (3.08±0.6 vs 0.09±0.03, p<0.0001) and ALPL (13.04±2.1 vs 1.45±0.3, p<0.0001) in calcified region areas compared to control valves.

Interestingly, compared to control valves, whereas TNFvs 0.08±0.01, p<0.0001), IL-6 (1±0.2 vs 0.25±0.15, p=0.0002), IL-1β (2.05±0.01 vs 0.13±0.09, p<0.0001), were significantly elevated in the non-calcified region zone of pathological valves, neither MMP-9 gene nor all M2-macrophages genes (CD206, IL-10, IL1-RA) showed changes (Figure 1).

Matrix remodeling and macrophage infiltration in control and stenotic aortic valves

Movat's pentachrome staining of human aortic valve leaflets showed that the ECM structure of the spongiosa was clearly disrupted in AVS (Figure 2B) compared to control valve (Figure 1B). Indeed, spongiosa was densely populated with collagen fibers (yellow) throughout the leaflet thickness. The immunohistochemical analysis of CD68, used as pan-macrophage marker, revealed their presence in control valve (Figure 2C) and their abundance in noncalcified zone region of AVS (Figure 12D). In addition, colocalization of MMP-9 in CD68positive macrophages, use as inflammatory M1-macrophages marker, was observed in control valve (Figure 12E), while in non-calcified zone region of AVS it was weakly expressed in the thickened spongiosa layer (Figure 12F). Expression of CD206 used as reparative M2macrophages (M2) marker, colocalize with a part of CD68 in control valves (Figure 12G) but not in non-calcified zone region of AVS (Figure 12H).

Characteristic of human VIC extract from control valves and non-calcified region zones of pathological valves

Since VIC have a mesenchymal stem cells origin and have a differentiation potential reminiscent of fibroblastic cells, we studied gene expression commonly associated with fibrosis in VIC isolated from non-calcified region zone of pathological valve and from control valve.

In support of the reported profibrotic properties of TGF-1 and antifibrotic properties of TGF-3, we found significant changes in these gene expressions (Figure 3A, TGF-1: 2.35 ±0.1 vs 1.88±0.1 p=0.03; figure 3B, TGF-3: 0.18±0.05 vs 0.55±0.0.4, p=0.0002). Therefore, a significant increase in the TGF-1/TGF-3 ratio in pathological VIC compared to control VIC (Figure 3C, 17.2±2.5 vs 4.06±0.4, p<0.0001). Consistent with these results, COL1A1, COL6A1 expressions were significantly increased in pathological VIC compared to control VIC (Figure 3D, 59.05±3.1 vs 40.63±2,7.4, p<0.001; figure 3F, 9.803±0.9 vs 7.670±0.8, p<0.05). In the other hand, PPAR-γ was significantly decreased in pathological VIC compared to control VIC (Figure 3I, 0.39±0.08 vs 1.1±0,2, p<0.05).

The TGF-β family, consisting of three isoforms (TGF-β1, 2 and 3) were determined by Luminex-based magnetic bead assays in 24h-conditioned media from VIC. Likewise, pathological VIC produce more levels of TGF-β1 protein than control VIC (Figure 4, 35.08±2.4 vs 22.87±1.3, p<0.0001. However, no significant differences were observed between the two groups for TGF-β2 and β3 protein levels.

Taken together, our data indicates that pathological human VIC display a profibrotic phenotype compared to control human VIC.

Effect of VIC-CM on inflammatory phenotype of M1-macrophage

To verify whether VIC would have any biological effect on M1-macrophage phenotype, we treated macrophages with VIC-CM of AVS or control patients Compared to VIC-CM from non-AVS, we observed a decreased expression of MMP-9 (143.3±12.19 vs 269.7±22.10, p=0.0039) and of its ratio to TIMP-1 (13.91±1.73 vs 26.15±4.2, p=0.0039) in M1-macrophages co-incubated with CM of pathological VIC (Figure 45A-C).

CM of pathological VIC increases the expression of IL-1β (1.5±0.3 vs 0.8±0.3, p=0.0039) but not IL-6 in M1-macrophages compared to VIC-CM of control group (figure 4D-E). We found that only COL6A1 expression was significantly increased in M1-macrophages cultured in VIC-CM of pathological VIC (Figure 4F, 0.11±0.01 vs 0.05±0.02, p=0.03). No significant change was found for COL1A1 and COL3A1 (Figure 4 G-H).

These results were confirmed by the decreased MMP-9 activity (Figure 5A, 3.54±1.0 vs 6.6±1.3, p=0.0078) and the increased secretion of total collagen (Figure 5B, 70.21±9.9 vs 39.44±8.7, p=0.017) in the supernatant of M1-macrophages cultured with CM of pathological VIC.

DISCUSSION

In this study, interestingly, we observed higher circulating TGF-1 levels in severe AVS patients compared to non-AVS patients. We reveal for the first time that CM from VIC of pathological valves decreases MMP-9 expression and activity and increases IL1-β and collagen type VI expression in inflammatory M1-macrophages during monocytes to M1macrophages their in-vitro differentiation (Figure 6 and graphical abstract). These results suggest a possible role of macrophages-VIC crosstalk in AVS development.

Crosstalk between M1-inflammatory macrophages and VIC

Valve tissue-resident macrophages are established during embryonic development and persist into adulthood independent of the supply of blood monocytes (PMID: 32170926, PMID: 29348122, PMID: 24048120). Previous studies reported that inflammation may be an inducer for AVS initiation and progression [START_REF] Aikawa | Look more closely at the valve: imaging calcific aortic valve disease[END_REF][START_REF] Pawade | Calcification in Aortic Stenosis: The Skeleton Key[END_REF]. The accumulation of macrophages in aortic valvular lesions provided the first histopathological evidence of the inflammation contribution to cardiovascular calcification [START_REF] Otto | Characterization of the early lesion of 'degenerative' valvular aortic stenosis. Histological and immunohistochemical studies[END_REF].

Depending of the microenvironment and their phenotype, macrophages phenotypes have distinct features in terms of chemokine production profile (PMID 27458196, [START_REF] Mantovani | The interaction of anticancer therapies with tumorassociated macrophages[END_REF][START_REF] Adhyatmika | The Elusive Antifibrotic Macrophage[END_REF][START_REF] Braga | Macrophages During the Fibrotic Process: M2 as Friend and Foe[END_REF].

Crosstalk between VIC and macrophages was suggested in some studies [START_REF] Lee | Involvement of Immune Cell Network in Aortic Valve Stenosis: Communication between Valvular Interstitial Cells and Immune Cells[END_REF]. M1-macrophages have recently been found to play an important role in the initiation and progression of both AVS (Li et al.;[START_REF] Li | The shift of macrophages toward M1 phenotype promotes aortic valvular calcification[END_REF][START_REF] Li | M1 macrophages promote aortic valve calcification mediated by microRNA-214/TWIST1 pathway in valvular interstitial cells[END_REF] and bicuspid aortic valve stenosis [START_REF] Wang | M1/M2 macrophages and associated mechanisms in congenital bicuspid aortic valve stenosis[END_REF]. The demonstration contribution of M1-macrophages to promote VIC calcification of VIC was the first evidence for of communication between these cells [START_REF] Li | The shift of macrophages toward M1 phenotype promotes aortic valvular calcification[END_REF]. A recent study showed that M1-macrophages promote osteogenic phenotype of VIC via paracrine signaling [START_REF] Grim | Secreted Factors From Proinflammatory Macrophages Promote an Osteoblast-Like Phenotype in Valvular Interstitial Cells[END_REF].

MMP-9, a key factor of fibrosis and calcification

Dues to their opposing effects on inflammation and fibrosis, it is difficult to predict the exact role of MMP-9 in AVS. As previously shown, MMP-9 secretion by monocyte/macrophages is closely associated with IL1-β-induced inflammatoryM1-phenotype compared to M2macrophages [START_REF] Roma-Lavisse | M1 and M2 macrophage proteolytic and angiogenic profile analysis in atherosclerotic patients reveals a distinctive profile in type 2 diabetes[END_REF][START_REF] Thomas | Foam Cell Formation In Vivo Converts Macrophages to a Pro-Fibrotic Phenotype[END_REF].

In general, MMP-9 plays an important role on inflammation through its action in activating or inactivating chemokines, cytokines and their receptors. Pulmonary and liver fibrosis models have shown that when macrophages are depleted during the early inflammatory phase of fibrosis, ECM deposition was reduced but when they are depleted during the remodeling phase, ECM deposition was aggravated [START_REF] Gibbons | Ly6Chi monocytes direct alternatively activated profibrotic macrophage regulation of lung fibrosis[END_REF][START_REF] Duffield | Selective depletion of macrophages reveals distinct, opposing roles during liver injury and repair[END_REF]. In other study, early MMP-9 inhibition delayed inflammation resolution and exacerbated cardiac dysfunction [START_REF] Iyer | Early matrix metalloproteinase-9 inhibition post-myocardial infarction worsens cardiac dysfunction by delaying inflammation resolution[END_REF]. By contrast, supporting an antifibrotic role of MMP-9, transgenic overexpression of human MMP-9 in macrophages attenuates lung fibrosis [START_REF] Cabrera | Overexpression of MMP9 in macrophages attenuates pulmonary fibrosis induced by bleomycin[END_REF]. Therefore, the role of MMP-9 in fibrosis seems to be compartment, time and cell type-specific [START_REF] Lech | Macrophages and fibrosis: How resident and infiltrating mononuclear phagocytes orchestrate all phases of tissue injury and repair[END_REF].

In AVS, if MMP-9 was received much attention, its role is not yet fully elucidated and still controversial. The balance between MMP-9, its natural inhibitor TIMP-1, and its modulation by several growth factors and inflammatory cytokines such as TGF-1, IL-1, and TNF are critical for the ECM remodeling in AVS progression [START_REF] Fondard | Extracellular matrix remodelling in human aortic valve disease: the role of matrix metalloproteinases and their tissue inhibitors[END_REF].

Few studies were evaluated MMP-9 in both calcified and non-calcified region zone of pathological valve. MMP-9 has been found to be highly expressed in non-calcified region zones versus calcified region zones of native valves, but there is no comparison with nonpathological valves (Yeghiazaryan et al., 2007). A second study found that MMP-9 was almost exclusively localized near or around the mineralized nodules, whereas was quite weak in region areas of dense fibrosis, rich in collagen and devoid of any calcification [START_REF] Perrotta | Matrix Metalloproteinase-9 Expression in Calcified Human Aortic Valves: A Histopathologic, Immunohistochemical, and Ultrastructural Study[END_REF]. In this present study, we found that MMP-9 was not expressed by CD68-positive macrophages in non-calcified region zone densely populated with collagen fibers. Our observations were consistent with a previously reported decreased of MMP-9 production in vitro by human monocyte-derived macrophages on polymerized type I collagen [START_REF] Lepidi | MMP9 production by human monocyte-derived macrophages is decreased on polymerized type I collagen[END_REF]. Taken together, these results suggest that lack expression of MMP-9 by M1inflammatory macrophages contribute to fibrosis.

TGF-1 signaling, a potential regulator of AVS

In this current study, we observed that plasma TGF-1 were higher in AVS compared to non-AVS patients (CAD patients without AVS). The raison reason to for include including this kind of CAD patients was that this these disease shares many clinical risk factors and features with atherosclerosis [START_REF] Stewart | Clinical factors associated with calcific aortic valve disease. Cardiovascular Health Study[END_REF]. In addition, we found that VIC from AVS patients increased expression of TGF-1 and collagen but also decreased expression of PPAR-γ compared to control. TGF-1 and collagen are well documented in fibrosis and AVS. TGF-1 is increased in myocardial remodeling in patients with AVS as evidenced by left ventricular transcriptional changes of genes linked to myocardial hypertrophy and fibrosis, and by heart morphology and function [START_REF] Villar | Plasma levels of transforming growth factor-beta1 reflect left ventricular remodeling in aortic stenosis[END_REF]. Elevated TGF-β1 levels have been reported in patients with AVS and correlated with higher transvalvular gradients and worse hypertrophy [START_REF] Kapelouzou | Serum and tissue biomarkers in aortic stenosis[END_REF]. TGF-β1 is known to induce tissue differentiation, proliferation, chemotaxis, migration and stimulation of monocytes/macrophages that in turn, produce a variety of cytokines. Finally, it has been shown that this cytokine plays a crucial role in the development of mitral valve prolapse (PMID: 22965982) and is associated with increased risk of the mitral valve prolapse progression as recently presented by Eduard Malev et al (https://doi.org/10.1016/j.ppedcard.2021.101347). According to previous report [START_REF] Shimoni | Circulating CD14(+) monocytes in patients with aortic stenosis[END_REF], we found that AVS patients have higher circulating monocytes than non-AVS patients. The regulation of MMPs expression by TGF- is even more complex because TGF- can both stimulate and inhibit MMP gene transcription. In contrast, TGF-β1 induces on mature macrophages suppressive effect, leading to markedly reduced cytokines and MMPs synthesis [START_REF] Ogawa | Suppression of matrix metalloproteinase-9 transcription by transforming growth factor-beta is mediated by a nuclear factor-kappaB site[END_REF]. TGF-β downregulates the antifibrotic PPARγ expression in diverse systems [START_REF] Fu | Early stimulation and late inhibition of peroxisome proliferator-activated receptor gamma (PPAR gamma) gene expression by transforming growth factor beta in human aortic smooth muscle cells: role of early growth-response factor-1 (Egr-1), activator protein 1 (AP1) and Smads[END_REF][START_REF] Reddy | Nitrated fatty acids reverse pulmonary fibrosis by dedifferentiating myofibroblasts and promoting collagen uptake by alveolar macrophages[END_REF]. Interestingly, pioglitazone treatment, a PPAR-γ agonist, prevents inflammation and degenerative calcification of aortic valve in a standardized rat model of heterotopic implantation [START_REF] Assmann | A Role for Peroxisome Proliferator-Activated Receptor Gamma Agonists in Counteracting the Degeneration of Cardiovascular Grafts[END_REF].

Limitations

Some potential limitations of our study need to be discussed.

First, macrophages were obtained after differentiation from healthy human buffy coat monocytes. For differentiation of M1-macrophages, IL1- was used. Further research is needed to identify the exact phenotype and function of circulating monocytes and infiltrated macrophages in patients with CAVD. Future studies were mandatory to examine the exact phenotype of valve infiltrated macrophages. Second, although AVS is commonly generated from a protracted chronic process, effect of VIC on macrophages were induced in a rather short period (7 days) in uncoated dishes under static condition. The use of fluid shear stress should Future tests will need to more closely mimic the in vivo complex microenvironment to provide new insights into the progression of disease.

Conclusion

In conclusion, we show that profibrotic VIC downregulate MMP-9 production and stimulate IL1-β and collagen production of M1-macrophages suggesting they may play a key role in the inflammation and fibrotic early stages of AVS (Graphical abstract and figure 6). Further work will be needed to determine exactly how macrophages interact with VIC, and at which stage of the disease their role might be critical. Understanding of the PPAR-γ related mechanisms will provide important clues to develop novel therapeutic approaches for treatment of AVS. The experimental and clinical studies suggest that PPARγ agonists, as pioglitazone, could become a valuable treatment for AVS (PMID: 31822895, PMC8538504, PMC3573264).
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  t ic v a lv e s t e n o s is g r o u p Effect of conditioned media from VIC on inflammatory macrophages VIC-CM of AVS patients decreases MMP-9 activity on M1-macrophages compared to VIC-CM of control group (3.54±1.0 vs 6.6±1.3 mU/mg of protein, ***p=0.0078), during monocyte to macrophage in-vitro differentiation. This result suggests a possible role of M1macrophages/VIC crosstalk in AVS development. AVS: aortic valve stenosis; VIC-CM: conditioned-media from valvular interstitial cells

  Aortic valve stenosis (AVS) involves inflammation, excess deposition of a collagen-rich extracellular matrix (ECM) and calcification. Recent studies have shown that M1 or inflammatory M1-macrophages derived from infiltrating monocytes promote calcification of valvular interstitial cells (VIC), the most prevalent cell type of the aortic valve (AV). Here, we hypothesized that VIC could modulate inflammatory M1-macrophages phenotype.

  were obtained from patients (>18 old years) undergoing surgical aortic valve replacement (n=54) for severe AVS and without concomitant severe coronary artery disease (CAD) in the cardiovascular surgery department of the CHU in Lille, France, between March 2009 and January 2013. Patients with endocarditis or aortic insufficiency were excluded from the study. Diagnosis was made by echocardiographic findings according to current guidelines of the European Society of Cardiology and European Association of Echocardiography. The study was carried out in agreement with the Declaration of Helsinki and approved by the institutional review board and ethics committee of Lille University Hospital, France (ATHERAO study, CPP n° 2008_13/0839). Written informed consent was obtained from each included patient (n=54)

  Technologies) were used: Collagen type I a1 (COL1A1): Hs00164004_m1, collagen type III a1 (COL3A1): Hs00943809_m1, collagen type VI a1 (COL6A1): Hs01095585_, alkaline phosphatase (ALPL): Hs01029144_m1, interleukin-1β (IL-1β): Hs01555410_m1, interleukin-1 receptor antagonist (IL-1Ra): Hs00893625_m1, interleukin-6 (IL-6): Hs00985639_m1, interleukin-10 (IL-10): Hs00961622_m1, mannose receptor C-type-1 (MRC1/CD206): Hs00267207_m1, matrix metallopeptidase-9 (MMP-9): Hs00234579_m1, peroxisome Proliferator-Activated Receptor alpha (PPAR-α): Hs00947536_m1, peroxisome Proliferator-Activated Receptor beta (PPAR-β): Hs00602622_m1, peroxisome Proliferator-Activated Receptor gamma (PPAR-γ): Hs00234592_m1, transforming growth factor beta 1 (TGF-1): Hs00998133_m1, transforming growth factor-beta 3 (TGF-3): Hs01086000_m1, tissue inhibitor of metalloproteinase-1 (TIMP-1): Hs00171558_m1, Tumor necrosis factor-α (TNFα): Hs00174128_m1. According to the manufacturer's instructions (life technology), tThe reaction solution contained 5 μl cDNA, 1 μl of expression assay mix and 10 μl of TaqMan Universal PCR Master Mix (AmpliTaq Gold ® DNA Polymerase Ultra Pure, Uracil-N glycosylase, dNTPs with dUTP, ROX ™ Passive Reference, optimized buffer component Life Technology) in a
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 1 Figure 1: Gene expression of inflammatory factors measured by RT-PCR, associated
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 23 Figure 2. Evidence of macrophage phenotypic heterogeneity in control and pathological
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 4 Figure 4: TGF-β content profile measured by Luminex in conditioned media of VIC

  

  

  

  

  

  

Table I . Clinico-biological parameters of the study population with aortic valve stenosis (AVS) undergoing surgical aortic valve replacement or without AVS (with severe coronary artery disease, CAD).

 I 

		AVS group	Non-AVS group
		(n=7154)	(n=424)
	Age, years	75 (65-80)	74 (62-80)
	Men, n (%)	38 (53.5%)	14 (58.38%)
	Smoking, n (%)	5 (7)	7(2941,2)
	Body mass index, kg/m2	27.8 (23.5-32.4)	25.76 (24.3-28.3)
	Hypertension, n (%)	51 (71.8)	11 (45,869)
	Diabetes mellitus, n (%)	22 (30.9)	7 (3031.25)
	Statins, n (%)	46 (64.8)	150 (62.56)
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Human peripheral blood monocytes were differentiated to M1-macrophages in presence of conditioned medium from cultured VIC (VIC-CM). Compared to VIC-CM of CTRL group, we observed a decreased expression of MMP-9 and an increased expression of IL-1β and COL6A1 in M1-macrophages co-incubated with VIC-CM of AVS.

These results suggest a possible role of M1-macrophages/VIC crosstalk in AVS development.