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Abstract

Purpose—Calcific aortic valve disease (CAVD) is the most prevalent valve disease in the 

Western world. Recent difficulty in translating experimental results on statins to beneficial clinical 

effects warrants the need for understanding the role of valvular interstitial cells (VICs) in CAVD. 

In two-dimensional culture conditions, VICs undergo spontaneous activation similar to 

pathological differentiation, which intrinsically limits the use of in vitro models to study CAVD. 

Here, we hypothesized that a three-dimensional (3D) culture system based on naturally derived 

extracellular matrix polymers, mimicking the microenvironment of native valve tissue, could serve 

as a physiologically relevant platform to study the osteogenic differentiation of VICs.

Principal results—Aortic VICs loaded into 3D hydrogel constructs maintained a quiescent 

phenotype, similar to healthy human valves. In contrast, osteogenic environment induced an initial 

myofibroblast differentiation (hallmarked by increased alpha smooth muscle actin [α-SMA] 

expression), followed by an osteoblastic differentiation, characterized by elevated Runx2 

expression, and subsequent calcific nodule formation recapitulating CAVD conditions. Silencing 

of α-SMA under osteogenic conditions diminished VIC osteoblast-like differentiation and 
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calcification, indicating that a VIC myofibroblast-like phenotype may precede osteogenic 

differentiation in CAVD.

Major conclusions—Using a 3D hydrogel model, we simulated events that occur during early 

CAVD in vivo and provided a platform to investigate mechanisms of CAVD. This novel approach 

can provide important insight into valve pathobiology and serve as a promising tool for drug 

screening.
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1. Introduction

Aortic valve stenosis due to calcific aortic valve disease (CAVD) is the most common heart 

valve disease in developed countries.1 CAVD is a progressive disease characterized by a 

cascade of cellular events in the valve leaflets that results in fibrotic leaflet thickening and 

calcification, impairing functional leaflet movement and causing left ventricular outflow 

obstruction.2 Although CAVD traditionally was viewed as a passive degenerative 

phenomenon resulting from years of mechanical stress, we now recognize it as an actively 

regulated disease, with evidence suggesting a process akin to bone formation.3, 4 The disease 

progression is primarily regulated by valve interstitial cells (VICs), the most abundant cell 

type in the aortic valve. End-point analyses of calcified leaflets have identified various VIC 

phenotypes, including quiescent fibroblast-like VICs, which can differentiate into activated 

myofibroblast-like VICs during various pathological conditions, but also have revealed the 

presence of osteoblast-like cells which may be responsible for the deposition of calcium 

mineral in CAVD.3, 5–8 VIC differentiation accelerates in response to pathophysiological 

cues caused by injury or disease,9 which include inflammation10, 11, oxidized low-density 

lipoprotein (LDL) deposits12, 13, oxidative stress14, and extracellular matrix (ECM) 

disruption.15, 16 Understanding pathological changes in VICs is hindered by a lack of in 
vitro model systems that maintain physiological VIC phenotypes without spontaneous VIC 

myofibroblast-like differentiation, as is observed when cultured on unnaturally stiff tissue 

culture plates. No in vitro study, however, has identified all of the relevant VIC phenotypes 

and their respective contributions to CAVD.15, 17 Myofibroblast-like VICs form dystrophic 

calcific nodules in vitro; however, these nodules do not display osteogenic attributes15, 18 

and osteoblast-like differentiation of VICs in vitro has proven difficult.19 Given that both 

dystrophic and osteogenic calcification processes are observed in excised human CAVD 

leaflets,3, 20 in vitro platforms that enable the study of both myofibroblast-like and 

osteoblast-like VICs are needed.

Three-dimensional (3D) culture platforms are emerging to provide a more tissue-like 

environment for studying valvular cell behavior.17, 21 Such 3D cell culture systems could 

simulate the natural ECM of the valve and model an in situ-like environment of the fibrosa 
layer, where calcification is mainly observed.22 Photocrosslinkable hydrogels used to 

engineer 3D culture platforms for VICs showed limited damage of encapsulated cells during 

fabrication17, 21, 23 and preservation of cell–matrix interaction and matrix signaling.24 
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Hyaluronic acid, an important glycosaminoglycan of the adult heart valve ECM, is a vital 

component of the cardiac jelly during heart embryogenesis. Gelatin — a denatured form of 

collagen —is abundantly present in the heart valve ECM. By adding methacrylate groups to 

hyaluronic acid (HAMA) and gelatin (GelMA), these biopolymers can crosslink to each 

other in the presence of a photo-initiator and form 3D hydrogel platforms.25, 26, 27 We have 

recently shown that combining HAMA and GelMA into a 3D hybrid hydrogel platform can 

maintain a quiescent VIC phenotype, while allowing VICs to undergo myofibroblast-like 

differentiation upon exogenous pathological stimulation.30 This study provided us with an in 
vitro 3D platform that can be used to model VIC phenotype changes as thought to occur in 

early CAVD. In this study, we use a controllable in vitro 3D model system to elucidate the 

relationship between myofibroblast-like and osteoblast-like VIC phenotypes in CAVD.

2. Methods

For detailed methods see supplemental material.

2.1 Valvular interstitial cell (VIC) isolation and culture

Porcine VICs were isolated from aortic heart valves as described previously28 and cultured 

in normal growth medium containing high glucose (4.5g/l) Dulbecco’s modified Eagle’s 

medium (DMEM with 10% fetal bovine serum and 1% penicillin/streptomycin (Invitrogen)) 

at 37°C, 5% CO2. Cells between passage 3 and 6 were used for all experiments.

2.2 Human tissue

Human calcified aortic valves were obtained from CAVD patients who underwent surgical 

valve replacement according to Brigham and Women’s Hospital Institutional Review Board 

Protocol (2010P002567/BWH). Samples were embedded in optimal cutting temperature 

compound (OCT) and stored at −80°C until use.

2.3 Hydrogel fabrication

Hybrid hydrogels were fabricated from hyaluronic acid (HAMA) and gelatin (GelMA), 

which were synthesized as reported previously29, 25, 30 using photocrosslinking (Figure 

1).26, 28 Briefly, VICs were resuspended in the prepolymer solution consisting of 1wt% 

HAMA and 5wt% GelMA.25 50 µL of the cell-laden polymer solution was added between 

two spacers each with a height of 450 µm and subjected to light (wavelength 360 nm) with a 

light intensity of 2.5 mW/cm2. VIC-laden hydrogels were cultured in either control medium 

(CM) or osteogenic medium (OM) (CM supplemented with 10 mM β-glycerophosphate, 10 

ng/mL ascorbic acid, and 10 nM dexamethasone) or OM with tumor necrosis factor alpha 

(TNFα).

2.4 Silencing of alpha smooth muscle actin in VIC-laden hydrogels

To inhibit the expression of α-SMA, ON-TARGET plus SMART-pool (L-003605-00-00100) 

and a negative control (scramble) from Thermo Scientific was used. Transfection of 50 

nmol/l siRNAs was performed using DharmaFECT 1 transfection reagent twice per week 

over the entire culture period.
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2.5 Histological analysis and immunofluorescence staining of human valve and VIC-laden 
hydrogel constructs

VIC-laden hydrogels were frozen in optimal cutting temperature (OCT) compound, and 10-

µm cross-sections were obtained. To detect calcium deposition, sections were stained with 

0.02 mg/mL Alizarin Red S solution (Sigma). Von Kossa staining (American MasterTech) 

was used to visualize calcium-phosphate deposition.

Immunofluorescence staining for α-SMA and runt-related transcription factor 2 (Runx2) 

was performed using anti-human α-SMA antibody (Clone 1A4, Dako) or an anti-human 

Runx2 antibody (Abcam), followed by biotin-labeled secondary antibody (Vector Labs) and 

streptavidin-labeled AlexaFluor 488 for α-SMA and AlexaFluor 594 for Runx2. Sections 

were counterstained with 4',6-diamidino-2-phenylindole (DAPI). Images were taken with an 

Eclipse 80i microscope (Nikon) and processed with Elements 3.20 software (Nikon). A 

custom MATLAB-based script was used to detect DAPI-stained cellular nuclei in 

representative images of calcified valves from four different human donors. Quantification 

of immunofluorescent signal surrounding and within each nucleus provided information on 

α-SMA expression and Runx2 expression and nuclear translocation on a cell-by-cell basis.

2.6 Quantification of alkaline phosphatase activity and calcium content in hydrogel 
constructs

Activity of alkaline phosphatase (ALP) and calcium content were measured using 

colorimetric assays (Biovision Lifesciences) and normalized to DNA content.

2.7 Real-Time Polymerase Chain Reaction for expression of cell markers

After mechanical disruption of the cell-laden hydrogels (TissueLyzer, Qiagen), total RNA 

was isolated using RNAspin mini RNA Isolation kit (GE Healthcare). Total RNA was 

reverse transcribed with oligo-(dT)12–18 primers and Superscript II reverse transcriptase 

(Life Technologies) followed by RT- PCR using SYBR Green (BioRad). Primer sequences 

were as follows: α-SMA: F:5’-AGTGCGACATTGACATCAGG-‘3 and R:5’-

CTGGAAGGTGGACAGAGAGG-‘3, Runx2 F:5’-ACCCAGAAGACTGTGGATGG-‘3 and 

R:5’-ACCTGGTCCTCAGTGTAGCC-‘3, GAPDH: F:5’-CCCAGAAGACTGTGGATGG-

‘3, R:5’-ACCTGGTCCTCAGTGTAGCC-‘3. Expression was quantified using comparative 

2 −ΔΔCT method.

2.8 Cell viability and apoptosis

Cell viability was determined by LIVE/DEAD Viability kit (Life Technologies). Apoptosis 

was determined by TUNEL staining (Millipore). Cell-laden hydrogels were imaged using an 

A1/C1 confocal microscope (Nikon).

2.9 Statistical analysis

Results are presented as mean +/− standard deviation unless indicated otherwise. Unpaired 

student’s t-test was used for comparisons between two groups. Two-way ANOVA was used 

to evaluate statistical significant differences in multiple groups over time. P < 0.05 was 

considered statistically significant.
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3. Results

3.1 An osteogenic environment activates quiescent VICs and induces calcific nodule 
formation in 3D culture constructs

We previously showed that VICs cultured in 3D hydrogels maintained a quiescent phenotype 

similar to that observed in normal aortic valve leaflets, whereas 2D culture either on 

hydrogels or tissue culture plastic led to spontaneous activation to a pathological 

myofibroblast-like phenotype28. Therefore, we proposed that the 3D hydrogel system is 

more suited to study calcific nodule formation by VICs in response to pathologic stimuli. To 

evaluate the role of inflammation as pathophysiology related to early CAVD11, we also used 

the pro-inflammatory cytokine TNFα.31, 32

VICs cultured in an osteogenic 3D environment stimulated calcific nodule formation 

visualized by Alizarin Red S staining. Calcific nodules localized throughout the VIC-laden 

hydrogel and particularly increased at day 21 (Figure 2A). VIC stimulation with osteogenic 

media (OM) and TNFα promoted calcific nodule formation visualized by Alizarin Red S 

(Figure 2B) and von Kossa staining (Figure 2C, Supplemental Figure I), while TNFα 

supplemented to control media (CM) had no effect. Quantification of nodule formation 

revealed a 1.65-fold increase in VIC-laden hydrogels cultured in OM supplemented with 

TNFα compared to untreated cells in 3D (p <0.05, Figure 2D). Quantitative calcium analysis 

showed a time-dependent OM-mediated induction of calcium deposition that was further 

increased by TNFα stimulation (Figure 2E). ALP activity, a marker of early calcification, 

peaked at day 10 (Supplemental Figure II). Addition of TNFα to OM significantly increased 

ALP activity (OM: 1.2±0.1 vs. OM+TNFα: 2.3±0.9, p< 0.05). 3D cultures in CM showed no 

ALP activity (data not shown).

Cell viability in the hydrogels was 95±2% and 91±2% at day 1 and 90%±2 and 87±1% at 

day 21 in CM and OM culture, respectively (Supplemental Figure III). TUNEL staining and 

quantification showed no apoptosis at 7, 14, and 21 days of culture in constructs cultured in 

OM and OM+TNFα (Supplemental Figure IV). These results suggest that apoptosis does not 

play a major role in mineralization within VIC-laden hydrogels, and that TNFα exacerbates 

mineralization in the 3D constructs.

Next, we studied the relationship of myofibroblast-like and osteoblast-like differentiation of 

quiescent VICs in calcific conditions. We compared α-SMA expression of VICs in human 

valves and VICs cultured in the 3D hydrogels in CM or OM.

Non-calcified areas of non-diseased regions of human aortic valves expressed low α-SMA 

levels (Figure 3A, B), while calcified areas acquire increased α-SMA levels (Figure 3C, D). 

VICs laden in 3D hydrogels cultured in OM showed similar increase in α-SMA levels 

compared to CM (Figure 3E, F). Quantitative analysis revealed a 2-fold increase in α-SMA-

positive cells within the VIC-laden hydrogels (Figure 3G) and a significant increase in α-

SMA mRNA expression (Figure 3H) after culturing VICs for 21 days in OM compared to 

CM, indicating an activated myofibroblast-like VIC phenotype.
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A time course study of gene expression in the hydrogels revealed that α-SMA mRNA 

expression peaked at day 7 and exhibited a time-dependent decrease at days 14 and 21 for 

both OM and OM+TNFα (Figure 3I, two-way ANOVA from day 7 to 21, p=0.001). 

Immunofluorescence for α-SMA also revealed a peak in the percentage of myofibroblast-

like VICs in the hydrogels at day 7 for both Om and OM+TNFα treatments (Supplemental 

Figure V). Runx2, a transcription factor for osteoblast-like differentiation, significantly 

increased on mRNA level in both OM and OM+TNFα after day 7 (Figure 3J, two-way 

ANOVA from day 7 to 21, p=0.05). These results suggest that myofibroblast-like 

differentiation may precede osteoblastic differentiation of quiescent VICs when cultured in 

an osteogenic environment. Within the 3D hydrogels cultured in OM for 21 days, we 

observed three distinct VIC phenotypes immuno-positive for Runx2: 1) VICs that exhibit 

both α-SMA and cytosolic Runx2 expression (Figure 3K); 2) VICs that exhibit cytosolic 

Runx2 expression but no α-SMA expression (Figure 3L); and 3) VICs that exhibit nuclear 

translocation of Runx2 expression and no α-SMA expression (Figure 3M).

3.3 Reduction of α-SMA expression diminishes VIC mineralization in 3D constructs

Since we observed an initial increase in α-SMA expression followed by Runx2 expression 

(Figure 3I-J), we next investigated a causal relationship between VIC myofibroblast-like 

differentiation, VIC osteoblast-like differentiation, and calcification. VIC-laden hydrogels 

were cultured in CM, OM, and OM+TNFα under the silencing of α-SMA by siRNA or 

scrambled non-targeted siRNA (SCR) as control. Immunofluorescence staining for α-SMA 

(Supplemental Figure VI) and analysis of mRNA expression levels (Figure 4A) 

demonstrated 80 % silencing efficiency. α-SMA silencing reduced Runx2 (Figure 4B) 

expression and ALP activity (Supplemental Figure VII A, B) in OM and OM+TNFα 

cultures compared to control. Concomitantly, α-SMA silencing caused a significant 

reduction in calcification, as detected by quantitative calcium analysis (Figure 4C), Alizarin 

Red S staining (Figure 4D), and von Kossa staining (Supplemental Figure VIII), suggesting 

that myofibroblast-like activation is required for VIC osteogenic transformation and 

calcification within the 3D hydrogels.

3.4 Association and quantification of VIC phenotypes in human CAVD

We next assessed the association between myofibroblast-like VICs and osteoblast-like VICs 

in human CAVD tissues. At least three representative high power images were collected and 

analyzed from histological sections of leaflets from four different human donors 

(Supplemental Figure IX). Immunofluorescence staining for Runx2 and α-SMA (Figure 5A) 

showed regions positive for both phenotypic markers. A custom MATLAB-based script 

quantified α-SMA immunofluorescence and Runx2 immunofluorescence on a cell-by-cell 

basis (Figure 5B), and allowed analysis of over 24,000 cells from the four human donor 

tissues. VICs with high α-SMA expression exhibited low Runx2 expression and VICs with 

high Runx2 expression exhibited low α-SMA expression. VICs with moderate expression of 

both markers were also observed. Quantification of the fraction of Runx2 within the nucleus 

of each cell revealed that VICs with Runx2 nuclear translocation almost exclusively 

exhibited low α-SMA expression (Figure 5C). From this plot, we observed four pathologic 

VIC phenotypes in human CAVD tissues similar to the phenotypes observed in the hydrogel 

model (Section 3.2): 1) VICs with high α-SMA expression but low Runx2 expression 
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(Figure 5D); 2) VICs with moderate α-SMA expression and Runx2 expression (Figure 5E); 

3) VICs with high cytosolic Runx2 expression and low α-SMA expression (Figure 5F); 4) 

VICs with Runx2 nuclear translocation and no observable α-SMA expression (Figure 5G).

4. Discussion

This study establishes an in vitro 3D culture model to study VIC differentiation phenotypic 

patterns in CAVD (Figure 6). We previously showed that the 3D hybrid hydrogel platform 

composed of hyaluronic acid and gelatin maintains a quiescent VIC phenotype identified in 

healthy heart valves, thus providing a platform to study phenotypic changes associated with 

CAVD.28 Quiescent VICs in the hydrogel were activated by osteogenic stimuli to undergo 

myofibroblast-like differentiation and eventually differentiate into osteoblast-like cells, 

providing a platform that allows observation of both myofibroblast-like and osteoblast-like 

VICs—the two pathologic phenotypes observed in CAVD. Furthermore, we established that 

myofibroblast-like differentiation, hallmarked by α-SMA expression, is necessary for 

osteoblast-like differentiation, and the observed phenotypes in the hydrogel model (Figure 4) 

seem to mirror those observed in human CAVD tissues (Figure 5). We showed that this in 
vitro 3D model could be used to controllably study specific pathological mechanisms 

associated with CAVD, including inflammation and calcification.

Recent evidence suggests that early CAVD may be characterized as an active disease 

process, in which quiescent VICs become activated to undergo myofibroblast-like 

differentiation upon exposure to mechanical stress or inflammation, hallmarked by the 

presence of α-SMA stress-fibers within the cytoskeleton.4 Activated VICs maintain valvular 

tissue integrity by pertinent remodeling of the valve ECM, by secreting cytokines,8, 33 

matrix metalloproteinases,6, 34 and depositing ECM proteins.33, 35 In addition, osteoblastic 

cells have been detected in the surgically excised heart valves and animal models,3, 5 

characterized by Runx2 expression.11 Causal relationships between VIC phenotypes, 

however, have not been established. The present study is the first, to our knowledge, 

reporting that quiescent VICs differentiate into osteoblast-like VICs by first undergoing 

myofibroblast differentiation. This may explain the observation of both dystrophic and 

osteogenic calcific deposits in vivo. Dystrophic nodules may form directly by apoptotic 

myofibroblast-like VICs,33, 36 but certain VIC subpopulation may proceed to osteogenic 

nodules through myofibroblast activation preceding an osteoblast-like phenotype.

Growing evidence, supported by our data, suggests that studying VIC pathophysiology in 
vitro is highly dependent on the culture microenvironment.15, 37 28 More specifically, matrix 

elasticity and cell-matrix protein interactions play important roles in directing the 

pathological response of VICs.15 VICs cultured on standard tissue culture polystyrene, an 

unnaturally stiff environment, undergo a complete phenotypic change into myofibroblast-

like cells38 - commonly considered a “diseased” state. Hence, numerous studies have 

focused on modulating 2D culture substrates, albeit by changing stiffness or by using 

various ECM proteins, to analyze their relationship to VIC biology.37–39 Stiffer substrates 

elicit increased myofibroblast-like differentiation and even calcific nodule formation;15, 38 

however, osteoblastic markers were not identified in these studies. Indeed, when cultured on 

stiff gels (>25kPa), VICs seemed to form larger calcific nodules with apoptotic cells,15 
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similar to observations in dystrophic calcification.9 As opposed to 2D culture,15, 39 the 

myofibroblast-like response of VICs encapsulated into 3D hydrogels only occurs when 

exposed to exogenous environmental cues. The elastic modulus of 3D hydrogels used in our 

study (~20kPA 28) corresponds to the perceived modulus of the fibrosa as measured by 

micropipette aspiration up to 21 kPA.40 Notably, mineralization of the aortic valve by VICs 

predominantly occurs in the fibrosa of the heart valve ECM,9 which recently was shown to 

have a relatively soft modulus.40

In the present study, we did not observe apoptotic driven calcification in 3D VIC-laden 

hydrogels, but rather an “active” osteogenesis via the Runx2 pathway, in which calcific 

nodules, composed of calcium and phosphates, are formed throughout the construct. On a 

cellular level, we observed the ability of healthy quiescent VICs to differentiate into 

osteoblast-like VICs — a process that, in the 3D environment, requires initial myofibroblast-

like activation and reorganization of the cytoskeleton demonstrated by expression of α-

SMA. Our observations offer insight into a lingering question in VIC biology: do osteoblast-

like VICs solely derive from resident quiescent VICs or does a heterogeneous VIC 

population contain specific mesenchymal or osteogenic progenitor cell subpopulation?37 

Considering that myofibroblast-like differentiation may be required for VIC transition this 

could pose more specific pathways for possible therapeutic intervention. Our study is limited 

by the static nature of 3D hydrogel platform and the absence of an endothelial monolayer, 

both important components when modeling valvular biology. Blood flow–induced shear 

stress and hemodynamic forces are key in valve tissue development, structural integrity, and 

disease.9 As is apparent from valve development and tissue engineering,41, 42 biomechanical 

signals that are transduced to interaction between valvular endothelial cells, VICs, and the 

ECM are vital to understanding valve biology and pathology.43–45 Further, we attempted to 

model aspects of inflammation in this study by adding TNFα to the hydrogels. While our 

data show that this cytokine exacerbates VIC calcification, inflammatory cells play a larger 

role in CAVD than solely the release of TNFα (e.g., elaboration of proteases and other 

cytokines). Future studies could use this platform as a means to test co-culture of VICs with 

inflammatory cells to more fully address the scope of inflammation-driven CAVD.

In conclusion, our study simulates events that occur in early CAVD using a 3D hydrogel 

culture platform, in which quiescent VICs differentiate to osteoblast-like cells through initial 

myofibroblast-like differentiation. The 3D approach presented in this work can maintain 

healthy quiescent VIC population and thus can model the entire cellular process. This 

platform may provide a tool for drug screening and for the validation of cellular and 

molecular mechanisms in CAVD.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Highlights

- We have established an in vitro 3D culture model to study early CAVD.

- Healthy VICs maintain quiescence in our 3D model and can controllably be 

activated by osteogenic stimuli to undergo phenotypic myofibroblast-like 

changes and eventually differentiate into osteoblast-like cells.

- Our 3D model allows for the observation of both myofibroblast-like and 

osteoblast-like VICs, two pathological phenotypes observed in CAVD.

- This work demonstrates that our 3D model could serve as a powerful tool to 

understand valve (patho)biology in CAVD.
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Figure 1. Fabrication of VIC-laden hydrogels
A, Methacrylation of gelatin (GelMA) and hyaluronic acid (HAMA), respectively, occurs by 

the addition of methacrylic anhydride groups to dissolved gelatin and hyaluronic acid. B, 

Schematic depiction of photocrosslinking GelMA and HAMA. By dissolving HAMA and 

GelMA into a solution containing a photoinitiator, when exposed to UV light, the polymers 

form crosslinks between the methacrylate groups, creating an ECM-like mesh. C, Schematic 

depiction of fabricating VIC-laden hydrogels. (1) VICs are isolated from culture and 

resuspended into a photoinitiator solution containing dissolved 1%(w/v) HAMA and 5% 

(w/v) GelMA; (2) Cell-polymer suspension is pipetted on to a plate between two spacers 

(450 µm) and (3) exposed to light at an intensity of 2.5 mW/cm2 for 30 seconds (λ=365 nm), 

which yields a (4) crosslinked VIC-laden hydrogel disc. VIC-laden hydrogels are then 

cultured for up to 21 days.
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Figure 2. Calcification potential of 3D in vitro valve model
A, Representative Alizarin red S staining of VIC-laden hydrogels cultured in control media 

(CM), osteogenic media (OM), or osteogenic media with TNFα (OM+TNFα) for 1, 7, 14, 

and 21 days. B, Representative Alizarin red S staining and C, Von Kossa staining of VIC-

laden hydrogels cultured in CM or OM with TNFα (0, 1 ,5 or 10 ng/mL) for 21 days. 

Arrows indicate calcific noduli. Bar: 100 µm. D, Number of calcific noduli per hydrogel 

section. N=3. E, Calcium mineral measured every 3 days in hydrogel constructs cultured in 

OM or OM + TNFα. N=3 per time point. **: p < 0.05. Data depicted as mean ± SD.
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Figure 3. Osteogenic environment activates quiescent VICs in 3D hydrogels
A-D, Representative immunofluorescence α-SMA staining (green), nuclei (blue) of a non-

calcified and calcified regions of aortic heart valve of a patient with aortic stenosis. N=4. V: 

Zona Ventricularis, S: Zona Spongiosa; F: Zona Fibrosa. Bar: 50 µm. B-D, Higher 

magnification of A/C; Bar: 50µm. E-F, Immunofluorescence α-SMA staining in cell-laden 

hydrogels cultured for 21 days in control (CM) or osteogenic media (OM). Bar; 50µm. G, 

Quantification of α-SMA-positive cells per high-power field (HPF), N=3. H, α-SMA mRNA 

expression. t-Test, **: p < 0.01. I, J mRNA expression of α-SMA and Runx2 for OM or OM
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+TNFα treatments quantified at day 7, 14, and 21 and normalized to day 1 values. N=3. 

Two-way ANOVA, ***: p = 0.001, *: p = 0.03. Data depicted as mean ± SD. K-M, After 21 

days in OM culture, VICs immuno-positive for K, both α-SMA and Runx2, L, only 

cytosolic Runx2, and M, nuclear Runx2 were observed. Bars: 10µm.
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Figure 4. Silencing α-SMA reduces osteogenesis
VIC-laden hydrogels were cultured up to 21 days in control media (CM), osteogenic media 

(OM), or osteogenic media with TNFα (OM + TNFa). Silencing of α-SMA (Si-αSMA) was 

performed twice per week. Scramble (SCR) SiRNA served as control. A, α-SMA mRNA 

expression. B, Runx2 mRNA expression. C, Calcium content normalized for DNA content 

at day 21. D, Alizarin red S staining of VIC-laden hydrogels. Data depicted as mean ± SD, 

*: p < 0.05.
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Figure 5. Analysis of VIC phenotypes in human CAVD
A, Representative immunofluorescent image for Runx2 and α-SMA with DAPI stained 

nuclei of calcified aortic heart valve. Bar: 100 µm. B, Quantification of α-SMA and Runx2 

immunofluorescence (shown as arbitrary units (AU)) for every (n=….) DAPI-positive cell in 

21 different images collected from histological sections of CAVD tissues from n=4 human 

donors. C, Fraction of Runx2 nuclear translocation for each cell analyzed in B. Within the 

tissue sections VICs immuno-positive for D, α-SMA only, E, both α-SMA and Runx2, F, 

only cytosolic Runx2, and G, mostly nuclear Runx 2 were observed. Bars: 5 µm.
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Figure 6. Schematic illustration of simulating progression of VIC phenotypes in CAVD
Pathophysiological cellular concept of “active” mineralization in CAVD. Quiescent VICs 

(qVICs) become activated myofibroblast-like VICs (aVICs) hallmarked by increased α-

SMA expression. In healthy valves, cells may return to a quiescent state, but in CAVD, 

aVICs can differentiate into osteoblast-like VICs (oVICs) characterized by decreased α-

SMA expression and increased Runx2 expression. Using a 3D culture platform, the entire 

cellular driven disease process of CAVD can be modeled.
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