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Abstract

Pro-inflammatory cytokines play critical roles in regulating valvular interstitial cell (VIC)
phenotypic changes that can cause heart valve fibrosis and calcification. Tumor necrosis factor
alpha (TNF-a) is a cytokine known to influence VIC behavior and has been reported at high levels
in calcified valves ex vivo. We sought to understand the specific effects of TNF-a on VIC
phenotypes (e.g., fibroblast, pro-fibrotic activated myofibroblasts) and its link with heart valve
disorders. We characterize human aortic valve tissue from patients with valve disorders and
identify a high variability of fibrotic and calcific markers between tissues. These results motivated
in vitro studies to explore the effects of TNF-a on defined VIC fibroblasts and pro-fibrotic
activated myofibroblasts, induced via FGF-2 and TGF-p1 treatment. Using 3D hydrogels to
culture VICs, we measure the effect of TNF-a (0.1-10 ng/mL) on key markers of fibrosis (e.g.,
aSMA, COL1ALl) and calcification (e.g., RUNX2, BMP2, calcium deposits). We observe
calcification in TNF-a-treated VIC activated myofibroblasts and identify the MAPK/ERK
signaling cascade as a potential pathway for TNF-a mediated calcification. Conversely, VIC
fibroblasts respond to TNF-a with decreased calcification. Treatment of VIC pro-fibrotic activated
myofibroblast populations with TNF-a leads to increased calcification. Our /n vitro findings
correlate with findings in diseased human valves and highlight the importance of understanding
the effect of cytokines and signaling pathways on specific VIC phenotypes. Finally, we reveal
MAPK/ERK as a potential pathway involved in VIC-mediated matrix calcification with TNF-a
treatment, suggesting this pathway as a potential pharmaceutical target for aortic valve disease.
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Introduction

Aortic valve stenosis (AVS) is a progressive disease characterized by fibrotic and calcific
remodeling and thickening of valve leaflets}=3. AVS remains one of the most prevalent heart
disorders in developed countries, affecting ~3% of the population over 65 years of age*~5.
With its high mortality rate”:8 and lack of effective medical therapies, aortic valve
replacement remains the primary clinical treatment; however, many patients are ineligible
for surgery. For this reason, a more thorough understanding of the mechanisms that lead to
AVS are sought, especially towards the goal of identifying potential targets for therapeutic
intervention.

Valvular interstitial cells (VICs) are the main cell population residing in heart valves and are
responsible for maintaining valve function and homeostasis. VICs exist primarily as
quiescent fibroblasts, but may transition to an activated, pro-fibrotic, myofibroblast
phenotype to remodel the extracellular matrix (ECM) in response to injury. This transition is
mediated by many factors, including changes in the stiffness of the local
microenvironment®-11 and secreted biochemical cues (e.g., pro-inflammatory cytokines and
growth factors) that are known to play critical roles in regulating disease progression3-12-16,
Among these biochemical cues, transforming growth factor beta 1 (TGF-1), a cytokine
secreted by VICs and immune cells is the most widely studied. TGF-B1 is a potent inducer
of the activated myofibroblast phenotypel’. However, the role that other cytokines secreted
by resident fibroblasts and immune cells play in modulating VIC phenotype during AVS
progression remains elusive.

Macrophages and neutrophils, as well as resident fibroblasts, secrete pro-inflammatory
cytokines that help mediate the inflammatory response during AVS8-20, Tumor necrosis
factor alpha (TNF-a) is secreted by pro-inflammatory macrophages recruited to injured
valve tissue?1-25, Prior studies have reported influence in both fibrosis and calcification. For
example, dermal and pulmonary fibroblasts cultured on tissue culture polystyrene (TCPS)
showed an antifibrotic response to treatment with TNF-a (1-100 ng/mL), as measured by a
decrease in type | collagen synthesis?6-31, However, in patients with chronic heart failure,
increased levels of circulating TNF-a (0.1-10 ng/mL) have been associated with worsened
outcomes when an anti-TNF-a. therapy was used in clinical trials2-37. These results have
led to a growing interest to better understand the regulatory role of TNF-a in AVS. Recent
studies suggest that TNF-a induces VIC calcification through both apoptotic and osteogenic
mechanisms38-41, For example, VIC mineralization in human valves depends on apoptotic
signaling through death receptor 4 caused by increasing expression of the TNF ligand
superfamily member 10 (TNF10 or TRAIL)#2. Additionally, TNF-a promotes VIC
osteogenic differentiation and mineralization though NF-kB signaling?. Furthermore, high
levels of calcification in human valves have been linked to an increased density of
macrophages,*344 suggesting that this increased population of immune cells may be
responsible for the high levels of TNF-a present in calcified valves?®.

Based on these reports, we were motivated to interrogate the role of TNF-a. on VIC
phenotype and its involvement in calcification as related to AVS. As a complexity, AVS
patients tend to present with phenotypic and pathological markers (e.g., calcification,
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fibrosis)*6-48_ It remains unclear if this patient variability is linked to heterogeneity within
the valve cell populations and/or variations in cytokines present in the valve
microenvironment. If so, this microenvironmental heterogeneity could further exacerbate
AVS progression. Despite the positive correlations between TNF-a and AVS progression,
how this cytokine influences VIC phenotypes has yet to be explored systematically. Herein,
we exploited a valve-mimetic 3D hydrogel culture system to test hypotheses related to how
TNF-a may have differential effects on VIC phenotypes. Specifically, we used a 3D PEG
hydrogel system capable of degradation via matrix metalloproteinases (MMPs) to culture
VICs within an environment that better recapitulates aspects of their native tissue4°. We first
quantify differences in key markers of fibrosis and calcification in human aortic valve leaflet
tissues from patients diagnosed with AVS. Next, using our 3D hydrogel system, we assess
the effect of TNF-a treatment on fibroblast, activated myofibroblast, and heterogeneous VIC
populations. Changes in key fibrotic markers are characterized through immunostaining, as
well as protein and gene expression, to assess the anti-fibrotic effects of TNF-a on VIC
phenotypes. We investigate potential pro-calcific effects of TNF-a treatment on VICs by
evaluating calcium deposition via histological staining, gene expression, and protein
expression for key calcific markers. Finally, we identify potential molecular pathways
involved in calcification with TNF-a-treated activated myofibroblasts and identify the
MAPK/ERK pathway as a potential target for future therapies.

Materials and methods

Valvular interstitial cell (VIC) isolation and expansion

Male porcine hearts were obtained from Hormel Foods Corporation (Austin, MN, USA)
within 24 hours of slaughter. All three layers of aortic valve leaflets (half most distal from
the root) were excised from porcine hearts. Leaflets were then washed with Earle’s Balanced
Salt Solution (Sigma-Aldrich), and digested in 2 mg/mL of Collagenase Type Il solution
(Worthington Biochemical Corporation) for 30 min to remove endothelial cells, vortexed
and digested for an additional 70 min. Samples were then vortexed and filtered with a 100
um cell strainer to remove any remaining tissue. Freshly isolated VICs were resuspended
and plated for expansion in media M199 (Thermo Fisher Scientific) supplemented with 15%
fetal bovine serum (FBS, Thermo Fisher Scientific), 1.2 % Penicillin-Streptomycin (Thermo
Fisher Scientific) and 0.4% Amphothericin B (Thermo Fisher Scientific).

Material Synthesis

Eight-armed 40 kDa poly(ethylene glycol) (PEG) was functionalized with norbornene as
previously described®C. In brief, amine terminated 40 kDa PEG (JenKem) was reacted with
48 molar equivalents of 5-norbornene-2-carboxylic acid (Sigma-Aldrich) using 40 molar
equivalents of O-(7-Azabenzotriazol-1-yl)-N,N,N’,N’-tetramethyluronium
hexafluorophosphate (HATU, Chem- Impex Intl. Inc.) and 80 molar equivalents of N,N-
Diisopropylethylamine (DIEA, Sigma-Aldrich) in N,N-Dimethylformamide (DMF, Fisher
Scientific) overnight at room temperature. Product was then precipitated dropwise into cold
ethyl ether (VWR), centrifuged to decant off the supernatant, before being washed a second
time in ether. Product was dried under vacuum, resuspended in deionized (DI) water, and
dialyzed in DI H,O prior to lyophilization. The extent of end-group functionalization was
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confirmed by proton nuclear magnetic resonance imaging to be ~88%; 1H NMR (400MHz,
CDCI3, 6): 6.25-5.95 (m, 2H), 3.85-3.25 (m, PEG, 260H).

Cell encapsulation

VICs were encapsulated within 3D MMP-degradable PEG hydrogels via photo-initiated
thiol-ene polymerization at a density of 10 million cells/mL. The polymer precursor solution
was prepared with 8-arm 40kDa PEG norbornene ([enes]= 6 mM), lithium phenyl-2,4,6-
trimethylbenzoylphosphinate ([LAP]= 1.7 mM), CRGDS adhesive peptide ([thiols]= 1 mM,
Bachem), and peptide crosslinker KCGPQG{IWGQCK ([thiols]= 3.34 mM, Bachem, arrow
denotes cleavage site) for a thiol:ene ratio of 0.8. The polymer precursor solution was
adjusted to a final pH of ~7 with sterile NaOH (1M, Fisher Scientific), mixed with the cell
solution and polymerized for 3 min under 365 nm 2.5 mW/cm? light to form hydrogel discs
1 mm in height and 6 mm in diameter. Upon reaction, the final swollen storage modulus was
511 + 140 Pa for all encapsulation studies. After polymerization hydrogels were soaked in
10% FBS M199 and immediately placed in appropriate cell culture medium condition.

3D VIC culture

After encapsulation, VICs were immediately placed in 700 uL of 10% FBS M100, alone or
supplemented with 100 ng/mL of FGF-2 (Sigma-Aldrich), 5 ng/mL of TGF-1 (R&D
Systems), or 0.1, 1, or 10 ng/mL of TNF-a (R&D Systems). Media was refreshed every 48
hours with appropriate treatment. For fibroblast-inducing conditions, VICs were cultured for
5 days with FGF-2 (100 ng/mL), while activated myofibroblasts were induced via culture
with TGF-B1 (5 ng/mL) for 5 days. For TNF-a-treated fibroblast and activated
myofibroblast conditions, fibroblast and activated myofibroblast inducing media were
supplemented with TNF-a (10 ng/mL) at day 5.

Material characterization

Swollen hydrogel mechanical properties were characterized with the use of a DHR3
rheometer (TA instruments). Frequency and strain sweeps were performed on equilibrium
swollen hydrogels (diameter ~8mm) at 37 °C using an 8 mm Peltier Plate tool covered with
adhesive 600/P1200 sandpaper to prevent hydrogel slippage.

Immunostaining for aSMA, actin filaments and nuclei

VIC-laden hydrogels were fixed at room temperature in 10% formalin (Sigma-Aldrich) for
30 min at room temperature and washed with phosphate-buffered saline (PBS, Thermo
Fisher Scientific). Cells were then permeabilized for 1 hour using 0.1% Tritonx100 (Fisher
Scientific) in PBS and blocked with 5% bovine serum albumin (BSA, Sigma-Aldrich) in
PBS for 1 hour at room temperature. Primary mouse monoclonal anti-alpha smooth muscle
actin (aSMA, Abcam) was added at 1:1000 in 5% BSA in PBS overnight at 4 °C. Samples
were then washed with 0.05% Tween 20 (Sigma-Aldrich) in PBS, and secondary antibody
goat-anti-mouse Alexa Fluor 488 (Abcam, 1:300), cytoplasm stain HCS CellMask Orange
(Thermo Fisher Scientific, 1:5000) and nucleus label 4’,6-Diamidino-2-Phenylindole (DAPI,
Thermo Fisher Scientific, 1:1000) in 5% BSA in PBS were added overnight at 4 °C.
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Histological staining for fibrotic and calcific markers

Human valve tissue samples were obtained from OriGene Technologies Inc. Flash frozen
tissue section slides were brought to room temperature and fixed with 4% Paraformaldehyde
for 12 minutes prior to staining as described below. More details on patient specific
information in Sl Table 1.

Encapsulated VICs were fixed as previously described, and hydrogels were then soaked in
Tissue-Tek® optimum cutting temperature (OCT, VWR) compound for 48 hours at 4 °C.
Samples were then embedded in OCT, and 30 pm cryosections were cut using a Cryostat
(CM1850, Leica).

Cryosectioned slides were equilibrated to room temperature and soaked in PBS for 10 min
to remove OCT. A hydrophobic pen (PAP pen, Fisher Scientific) was used to delineate area
of interest and left to dry for 10 min. Alizarin Red was used to stain calcium deposits by
adding the Alizarin-Red staining solution (Millipore Sigma) to samples for 5 min. Excess
dye was blotted and samples were rinsed in 3 washes of Acetone (Fisher Scientific),
followed by 3 washes of a 1:1 ratio of Acetone to Safeclear Xylene Substitute (Fisher
Scientific). Finally, samples were rinsed three times in Safeclear for 3 min, excess Safeclear
was wiped, and samples were mounted using Permount™ mounting medium (Fisher
Scientific).

Von Kossa was used to stain for calcium phosphate; 5% Silver nitrate from the Von Kossa
Stain Kit (Abcam) was added to samples and incubated under UV light for 60 min. Samples
were then rinsed with running DI water for 1 min. Sodium thiosulfate was subsequently
added for 2 min and then rinsed with DI water for 1 min. Nuclear red stain was added for 5
min and rinsed, and samples were then dehydrated by soaking in 95% ethanol solution for 1
min twice, a 100% ethanol solution for 1 min twice, and soaked in Safeclear Xylene
substitute solution for 3 min twice before mounting with Permount™ mounting medium.

For the fibrotic markers, aSMA and COL1A1, a procedure was followed that was
previously described for immunostaining sectioned hydrogels on slides. Primary mouse
monoclonal anti-alpha smooth muscle actin (aSMA, Abcam) was added at 1:1000 in 5%
BSA in PBS, and primary mouse monoclonal anti-Collagen | antibody (COL1A1, Abcam)
was added at 1:2000 in 5% BSA in PBS. For calcific marker RUNX2, primary rabbit
polyclonal anti-runt related transcription factor 2 (RUNX2, Abcam) was added at 1:1000 in
5% BSA in PBS.

RNA isolation and quantitative real-time polymerase chain reaction (RT-gPCR) assessment
of gene expression

Hydrogels were digested for 30 min using a 2 mg/mL Collagenase Type Il solution. After
digestion, the cell solution was centrifuged for 5 min at 1,000 rpm and filtered using a 100
um cell strainer to remove any remaining hydrogel. Samples were centrifuged again, and the
cell pellet was lysed using RLT Buffer (Qiagen) supplemented with 10 pL/mL of 2-
mercaptoethanol (Sigma-Aldrich). Total RNA was then isolated using RNeasy Micro Kit
(Qiagen), and RNA concentration and quality were assessed with a ND-1000 Nanodrop
Spectrophotometer. cDNA was then synthesized using iScript Reverse Transcription
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Supermix kit (Bio-Rad) and an Eppendorf Mastercycler. Relative mMRNA expression levels
were measured with SYBR Green reagents (Bio-Rad) and an iCycler machine (Bio-Rad).
Ribosomal protein L30 was used as housekeeping gene to normalize gene expression.
Custom primers are presented in Table 1 below:

Calcium deposition assay

Hydrogels were rinsed with PBS, flash frozen in liquid nitrogen, and then lyophilized.
Samples were resuspended in a 1 M solution of hydrogen chloride (Sigma-Aldrich) for 48
hours at 4 °C. A QuantiChrom™ Calcium Assay Kit (BioAssay Systems) was then used to
quantitatively determine the calcium ion CaZ* deposited by VICs, following manufacturer
instructions and measuring absorbance at 612 nm.

Caspase 3/7 fluorescence assay

Encapsulated VICs were treated with an 8 uM solution of CellEvent™ Caspase-3/7 Green
Detection Reagent (Thermo Fisher Scientific) in PBS with 5% FBS for 1 hour at 37 °C.
Fluorescence levels were then measured using a Plate Reader Tecan Infinite M200 at
excitation/emission spectrums of 502/530 nm.

Western blots

Protein lysate was collected from hydrogels by digesting samples as described for RNA
samples, and the cell pellet was resuspended in RIPA buffer (ThermoFisher Scientific)
supplemented with Protease/Phosphatase inhibitor and EDTA (ThermoFisher Scientific,
1:100). Chemiluminescence western blot techniques were then used to assess aSMA protein
expression relative to total protein levels (Ponceau stain, LI-COR Biosciences). Protein
electrophoresis was run in 4-20% Mini-PROTEAN® TGX™ precast gels (Bio-Rad) and
transferred to poly (vinylidene difluoride) (PDVF) membranes (Bio-Rad). Samples were
probed using primary a SMA antibody (Abcam, 1:2000) diluted in 5% milk in TBST
overnight at 4 °C. Membranes were then incubated with secondary goat-anti-mouse HRP
conjugated antibody (Jackson ImmunoResearch, 1:10000) diluted in 5% milk in TBST for 1
hour at room temperature. Chemiluminescence signal was detected using Pierce ECL Plus
solution (ThermoFisher Scientific) and ImageQuant LAS 4000 detector.

Microscopy and analysis

Images were acquired via a Nikon Ti-E Spinning Disc Confocal, a confocal Zeiss Laser
Scanning Microscope 710 or a Nikon Eclipse TE300 microscope. Image analysis was
performed with Microscopy Imaging Analysis Software (Bitplane) or FI1JI51.

Statistical analysis

Data are presented as mean + standard deviation (SD) with a minimum of three biological
and technical replicates for all studies. For human tissues, statistical analysis was performed
on fields of view for each biological replicate (n=10 images per biological replicate). Data
were analyzed by t-test or analysis of variance (ANOVA) using Graph pad™ (Prism).
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Ethics

No special approvals were required for the VICs or human tissue samples used in these
studies.

Results

Human stenotic valves display variable and heterogeneous fibrotic and calcific markers

We first examined aortic valve tissue from male patients diagnosed with heart valve disorder
to better understand the level of heterogeneity that can arise in valve cell populations (SI
Table 1). We observed both fibrotic and calcific markers via immunofluorescence staining.
Alpha smooth muscle actin (aSMA) and Collagen Type | alpha 1 (COL1A1) were used as
nominal markers associated with fibrosis (Figure 1a—b). Histological analysis for aSMA
demonstrated significant differences between tissues, suggesting heterogeneity in the
myofibroblast populations (Figure 1f). When COL1AL1 intensity was quantified, we also
observed differences amongst tissues, albeit non-significant (Figure 1g). Besides key
differences between tissues, all were positive for aSMA and COL1AL, suggesting the
presence of pro-fibrotic myofibroblasts in stenotic patients.

Next, tissue sections were stained for the calcific markers: runt-related transcription factor 2
(RUNX2) via immunofluorescence and Von Kossa and Alizarin Red for mineralization
(Figure 1c—e). RUNX2 intensity was statistically different between the tissue samples
(Figure 1h); RUNX2 is an early osteogenic marker. Alizarin red staining is a direct measure
of calcium deposition, while Von Kossa stains for calcium phosphates (e.g., hydroxyapatite)
and correlates with the levels of valve tissue calcification. Both stains provide insight into
the severity of calcification in the tissue and together they provide complementary evidence
of mineralization deposition within the matrix. With Von Kossa and Alizarin Red staining,
we clearly observe different amounts of black (calcium phosphate) and red (calcium
deposits) staining between tissues, which indicates different levels of calcification amongst
patients with the same diagnosis. We further quantified the area of the valve that was
calcified (i.e., percentage of positive Von Kossa staining in the image, (Figure 1i)), and these
results further highlight the variability observed in calcification severity, as well as regional
areas of calcification within valve tissue from the same patient. Collectively, these results
suggest significant variability exists in fibrotic and calcific markers in human patients with
the same diagnosis; thus, supporting our hypothesis that there are likely variable and
heterogenous VIC phenotypes present in diseased valve tissue.

TNF-a treatment decreases expression of fibrotic markers in VIC cultures

We next investigated whether TNF-a would have pro- or anti-fibrotic effects on VICs
cultured within a 3D environment that recapitulates key aspects of the valve matrix.
Specifically, VICs were encapsulated within a matrix metalloprotease (MMP)-degradable
poly(ethylene glycol)(PEG) hydrogel with a fibronectin mimic adhesive ligand, RGD
(Figure 2a). Prior results demonstrate that this hydrogel platform can modulate the fibroblast
phenotype of VICs®2, thus enabling us to explore systematically how TNF-a influences VIC
phenotype. First, VICs were encapsulated in these peptide functionalized PEG gels and
cultured in the presence of various concentrations of TNF-a (0.001, 0.01, 0.1, 1, 10 and 100
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ng/mL) for 10 days. a SMA protein expression was assessed and compared to controls
(Figure 2d). Treatment of encapsulated VICs with TNF-a. concentrations = 10 ng/mL
resulted in a significant decrease in aSMA protein expression. Human serum has TNF-a
levels between 0.1 — 10 ng/mL33-58, suggesting our findings are consistent with
physiologically-relevant concentrations of TNF-a.

We next studied whether TNF-a would also decrease aSMA stress fiber formation, which
we measured via immunostaining (Figure 2b). We found that increasing TNF-a
concentration led to decreases in aSMA stress fiber formation, indicating a decrease in VIC
transition from quiescence to myofibroblast activation. This observation was further
quantified via a SMA mean intensity analysis, normalized to cell number, and results
confirm that high doses of TNF-a concentration (i.e., 1 and 10 ng/mL) significantly
decrease VIC activated myofibroblast population. We also assessed the effect of TNF-a on
other VIC fibrotic markers, namely mRNA expression levels of aSMA, COL1A1, and
CTGF (Figure 2e—f). At all TNF-a treatment concentrations, RT-gPCR showed a significant
decrease in aSMA mRNA levels; however, COL1A1 and CTGF were not significantly
affected (Figure 29). In total, our /n vitro VIC studies document that TNF-a induces an anti-
fibrotic VIC phenotype, as measured by a SMA stress fiber formation, gene, and protein
expression.

VICs increase expression of calcific markers when treated with TNF-a

Given the high levels of TNF-a observed in calcified aortic valve leaflets relative to healthy
valve leaflets from previously published literature3245, we were curious as to whether TNF-
a induces a pro-calcific VIC phenotype. Encapsulated VICs were treated with 0, 0.1, 1, or
10 ng/mL TNF-a, and samples were evaluated histologically for mineralization via Von
Kossa and Alizarin Red staining (Figure 3a). Results show an increase in both calcific
marker stains with increasing TNF-a concentration. To further characterize VIC phenotypic
changes, mRNA levels of runt-related transcription factor 2 (RUNX2) and bone
morphogenic protein 2 (BMP2) were assessed, as common markers for the osteoblast-like
phenotype. Significant upregulation in both markers was observed at the highest dose of
TNF-a (10 ng/mL) (Figure 3b—c).

TNF-a signaling has been linked to apoptosis-mediated calcification through the activation
of Caspase-3, an early marker of apoptosis?2:5%, Hence, we next examined Caspase 3
fluorescence levels in response to TNF-a. treatment (10 ng/mL) and observed a significant
increase in Caspase-3 signal normalized to dsSDNA content (Figure 3d). We also assessed
calcium content via a colorimetric assay hormalized to dsSDNA content and expressed as
percent of untreated control but observed no significant differences when treated with either
the 1 or 10 ng/mL of TNF-a concentrations (Figure 3e). Interestingly, the lowest TNF-a
treatment concentration led to a significant decrease in calcium content within our 3D VIC
culture. However, no other concentrations produced a decrease in calcification markers with
low concentration of TNF-a.. Taken together, we posit that TNF-a promotes calcification by
inducing a VIC osteoblast-like phenotype and by increasing VIC apoptosis at high
concentrations.
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Treatment of VIC activated myofibroblast populations with TNF-a decreases expression of
fibrotic markers

Differences observed in the fibroblast-myofibroblast heterogeneity between tissues (Figure
1) suggested to us that TNF-a. may be inducing heterogeneous responses, depending on
resident VIC phenotype (fibroblast vs. myofibroblast). We hypothesized that fibroblasts vs.
pro-fibrotic activated myofibroblasts would respond differentially to TNF-a.. To test that
hypothesis, we used previously identified conditions®? to create well-defined fibroblast and
activated myofibroblast populations via treatment with either FGF-2 (100 ng/mL) or TGF-
B1 (5 ng/mL) for 5 days in our 3D hydrogel cultures (SI Figure 1).

Upon generating relatively uniform VIC fibroblast or VIC activated myofibroblasts
populations, we then added TNF-a (10 ng/mL) to the cultures (Figure 4a). After 5 days of
exposure to TNF- a (Day 10), we then quantified differences in aSMA protein levels via
western blots. While non-significant, a decreasing trend in total protein expression was
observed with TNF-a treatment for both the fibroblast and activated myofibroblast
populations (Figure 4b). We next examined aSMA stress fiber organization (Figure 4c) with
TNF-a treatment. The TNF-a treated fibroblast populations had low levels of diffuse aSMA
staining, similar to those in the untreated controls. In contrast, TNF-a treated activated
myofibroblasts had diffuse a SMA staining, with a significant reduction in stress fibers
compared to the untreated controls (which demonstrated high levels of aSMA stress fibers).
This decrease in aSMA stress fiber formation suggested to us a potential anti-fibrotic role of
TNF-a in mediating VIC phenotype. This was further characterized by quantification of the
aSMA mean intensity normalized to cell number (Figure 4d), which confirmed a significant
decrease in aSMA expression in TNF-a-treated activated myofibroblasts. VIC fibroblasts
populations had no significant differences between the TNF-a treated samples and controls.
With respect to mMRNA expression levels (Figure 4e—f), aSMA and COL1A1 were similar in
both TNF-a treated and untreated VIC fibroblasts, but significantly decreased in VIC
activated myofibroblast phenotype treated with TNF-a.. Together, these results suggest an
antifibrotic effect of TNF-a on VIC activated myofibroblast populations, with little effect on
the quiescent VIC fibroblast phenotype. Thus, revealing a mechanistically dichotomous
impact of TNF-a on VICs depending on their phenotype.

VIC activated myofibroblast populations respond to TNF-a treatment with increased
expression of calcific markers

We next explored the effect of TNF-a treatment on the expression of calcific markers, using
the same experimental design on well-defined VIC fibroblast vs. activated myofibroblast
populations (Figure 5a). First, the amount of calcium deposition in response to TNF-a
treatment was quantified, normalized to dsSDNA and expressed as percent of the untreated
fibroblast condition (Figure 5b). Interestingly, VIC fibroblasts exhibited a 30% decrease in
calcium deposition with TNF-a treatment, while the VIC activated myofibroblast phenotype
significantly increased calcium deposition by 60%. Next, we stained for calcium (Alizarin
Red) and calcium phosphate (Mon Kossa) depositions in histological sections of VIC-laden
hydrogels (Figure 5¢) for both conditions. Visually, no differences were observed in the
fibroblasts with and without TNF-a. treatment, but on the contrary, activated myofibroblast
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had increased positive staining of both calcium and calcium phosphate in the presence of
TNF-a.

To further investigate these different cellular responses, we analyzed mRNA levels of
calcific gene markers, RUNX2 and BMP2 (Figure 5d—e) in response to the TNF-a
treatment. RUNX2 and BMP2 gene expression decreased in the quiescent fibroblast
phenotype with TNF-a treatment. Conversely, RUNX2 significantly increased 5-fold and
BMP2 increased 3.6-fold in the activated myofibroblast populations with TNF-a treatment.
Again, we investigated the effect of TNF-a on Caspase 3 levels (Figure 5f) normalized to
dsDNA content for each condition. Consistent with our finding, TNF-a. treatment led to a
significant decrease in Caspase 3 activity in the quiescent fibroblast phenotype, while
activated myofibroblasts had a 1.4-fold increase in Caspase 3 activity. Combined, these
results highlight that the VIC phenotype (i.e., fibroblast or myofibroblast) influences its
response to the same pro-inflammatory cytokine, TNF-a.

TNF-a induced calcific response in VIC activated myofibroblasts involves MAPK/ERK

signaling

Finally, we investigated potential molecular mechanisms involved in the VIC activated
myofibroblast calcific response to TNF-a treatment. Since the MAPK/ERK pathway is
known to mediate TNF-a signaling®®, we first tested if perturbation of ERK signaling
through MEK1/2 inhibition would abrogate TNF-a.’s effect on VIC activated myofibroblast.
VICs were encapsulated in MMP-degradable hydrogels under conditions that induced their
myofibroblast activation for 5 days, and then treated with TNF-a in the presence or absence
of Selumetinib (MEK1/2 inhibitor®?) (Figure 6). The concentrations of Selumetinib were
chosen based on efficacy after 3 days (SI Figure 2). Changes in fibrotic and calcific gene
expression markers were measured via RT-gPCR (Figure 6a—c). Selumetinib resulted in
significant upregulation of a SMA and downregulation of RUNX2 gene expression at 10
UM, while no statistically significant differences were observed in BMP2 gene expression.
When comparing the effects of Selumetinib at 10 uM on activated myofibroblast cultured
with TNF-a (Figure 6¢), we observed an ~18.5-fold increase for a SMA, ~60% decrease for
RUNX2 and ~30% decrease for BMP2 gene expression. Other molecular pathways that have
been implicated in TNF-a signaling, including AMPK and PKA activation 6263 were
investigated but no significant effects were observed with respect to expression of either
fibrotic and calcific genes (SI Figure 3). These results suggest that inhibition of the
MAPK/ERK signaling pathway may be able to prevent calcification caused by TNF-a in
VIC activated myofibroblast populations, while also reverting their anti-fibrotic potential.

Discussion

The role of TNF-a in AVS progression remains elusive, with discussion over its anti-
fibrotic26-30 and pro-calcific38-40 effects. The inconclusive results are likely due to the
heterogeneity in cell population within diseased valves. The present study demonstrates that
there is high variability in markers for fibrosis and calcification across diseased human valve
samples. This heterogeneity might also be partly responsible for the failed clinical trials
regarding anti-TNF-a therapeutics for fibrosis in other disease states32-37. Therefore, we
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strove to systematically test the fibrotic and calcific role of TNF-a in 3D tissue-mimicking
hydrogel culture scaffolds*®. Our findings indicate disparate effects of TNF-a treatment on
quiescent fibroblast vs. activated myofibroblast VIC populations, playing anti-fibrotic and
pro-calcific roles, respectively. Moreover, we show that the ERK/MAPK pathway plays a
role in TNF-a induced calcification of VIC activated myofibroblasts. Ultimately, these
findings imply that AVS treatments may need to be tailored to the individual patient, taking
into consideration the composition of VIC phenotype.

AVS is an active and cell-mediated disease process in which resident VICs can transition
between their fibroblast and activated myofibroblasts phenotypes to modulate disease
progressiont. The ratio of activated myofibroblasts to quiescent fibroblasts likely plays an
important role in disease progression and is one indicator of AVS severity. Our observations
of diseased human valve tissue point towards a correlation between high levels of fibrotic
markers and increased calcification severity (Figure 1). However, we identified significantly
different levels of fibrosis and calcification between tissues despite their same diagnosis,
indicating a vast range of disease phenotypes categorized under “aortic valve disease”.
Future studies assessing valve tissue at the gene and protein level across a wide range of
patients and disease severity would help researchers understand the heterogeneity of AVS
progression, identify basal levels of fibrotic and calcific markers, and develop more patient-
specific treatments.

The opposing fibrotic and calcific response between activated myofibroblasts and fibroblasts
to TNF-a treatment could be a key to understanding the widely debated effects of TNF-a.
Perhaps anti-TNF-a. therapies were unsuccessful because they failed to take into
consideration heterogeneous cell phenotype populations. We speculate that other cytokines
may act in similar heterogeneous manners, affecting fibroblasts and activated myofibroblasts
differently. While some work has focused on identifying differential responses to soluble
biochemical cues on VICs cultured on soft and stiff 2D hydrogels®4, which resemble the
mechanics of healthy and diseased valves, respectively, more extensive work needs to be
done on examining the effects of cytokines on discrete VIC fibroblast and activated
myofibroblasts populations. As the ratio of fibroblast to activated myofibroblasts populations
shifts with disease progression, a better understanding as to how cytokines and drugs affect
individual VIC populations could improve knowledge about AVS progression and help
elucidate more specific therapeutic targets. Therefore, the results presented herein
identifying the dichotomous effects of TNF-a on quiescent fibroblasts vs activated
myofibroblasts may have major translational impacts. Another factor to take into
consideration is the existing parallels between the differences observed amongst VICs
residing in different leaflet layers (i.e., fibrosa, spongiosa and ventricularis) and those
between different VIC phenotypes. Previous studies have reported that VICs within the
fibrosa layer can be exposed to local factors that promote fibrotic and calcific pathological
development55:66, more representative of that of our activated myofibroblasts in response to
TNF-a treatment. However, VICs from the ventricularis layer are more susceptible to pro-
fibrotic biochemical stimuli that those from the fibrosa layer8’. These parallels might
suggest the fibrosa layer may be more sensitive to TNF-a mediated calcification than the
venticularis layer. Overall, the results presented herein indicate impactful implications
between our results and how different layers of the valve respond to TNF-a.
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The disparity in results as to the role of TNF-a in AVS could be related to its influence on
VIC phenotype. While the presence of TNF-a in calcified valves may be indicative of its
pro-calcific effects, others have identified TNF-a as a key mediator of VIC myofibroblast
deactivation. Recent work reported increased levels of TNF-a. in serum from patients after
receiving transcatheter valve replacement (TAVR)®. When analyzing the effects of post-
TAVR serum on VICs cultured on soft and stiff hydrogels, TNF-a was one of the main
drivers for decreases in VIC aSMA stress fiber formation, a hallmark of VIC activated
myofibroblasts. Similarly, decreases in a SMA stress fiber formation, mMRNA expression, and
collagen synthesis have been observed in quiescent fibroblasts upon treatment with TNF-
a26:64_Our observations are consistent with these results and point towards an anti-fibrotic
role of TNF-a on primarily quiescent VIC fibroblasts (Figure 2). Moreover, previously
published work has reported increased expression of pro-calcific markers in response to
TNF-a on VICs obtained from patients with AVS. Specifically, reports have linked human
valve calcification with TNF-a signaling through the activation of Caspase 3, an early
apoptotic marker2:59, Qur findings with histological staining of mineral deposits, gene
expression of pro-calcific markers, and Caspase 3 activity (Figure 3) align with these studies
and suggest apoptosis-mediated calcification occurs within our 3D VIC samples with TNF-
a treatment. However, total calcium deposition levels within our 3D substrates was not
significantly altered between treatment conditions of TNF-a alone. We acknowledge that
while increased expression of early pro-calcific markers was observed, no changes in overall
macroscopic calcification levels occurred. The inherently bioinert properties of our PEG-
based hydrogels could explain the lack of calcium nucleation over the time course of this
study, therefore future work should investigate the long-term effects of TNF-a. on
calcification within a system tailored for mineral nucleation. Interestingly, others have
reported parallel effects of TNF-a with increasing fibrotic and calcific markers on murine
VICs, but used supraphysiological levels of TNF-a58. Here, we were able to identify
dichotomous effects of TNF-a on fibrotic and calcific markers within a physiologically
relevant TNF-a dose regime, using culture matrices which closely resemble the mechanical
properties of valve tissue /in vivo. Our findings revealed different mechanisms of
calcification, specifically changes in osteogenic vs. apoptosis-related calcific markers, while
previous findings focused on contraction and the presence of nodules.

We found that the MAPK/ERK pathway was involved in TNF-a-mediated increase in
calcification, supporting previous studies that demonstrated that this pathway mediates TNF-
a signaling in other settings®® (Figure 6). The small molecule inhibitor Selumetinib can
disrupt ERK signaling through MEK1/2 inhibition and lead to a reversal of TNF-a mediated
anti-fibrotic and pro-calcific effects on activated myofibroblast populations as assessed by
gene expression analysis. Interestingly, Selumetinib is a therapeutic currently used for the
treatment of a myriad of different cancers89-71, with clinical trials assessing its use for other
pathologies, such as neurofibromatosis type 172, cardiomyopathy, and kidney fibrosis’3.74.
Future studies warrant a deeper exploration of the effects of Selumetinib on VIC phenotype,
since we observe dramatic changes in aSMA expression levels and insignificant effects on
BMP2 expression. The expression of BMP2 has been shown to be mediated through NF-xB
signaling in order to induce valve calcification’>76, Since Selumetinib causes complete
reversal of calcification, further investigation of the role of ERK signaling within the NF-xB
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pathway to promote VIC calcification is warranted®2.77.78, However, reduced RUNX2 gene
expression suggests the potential involvement of the MAPK/ERK pathway in TNF-a
induced exacerbated calcification. Our findings reveal MAPK/ERK as a target for valve
calcification, and also highlight Selumetinib as a potential therapy for AVS.

The 3D hydrogel scaffolds provided a culture environment that more closely represents
VICs in native valve tissue. Supraphysiologically stiff culture platforms (~1 GPa), such as
traditional culture polystyrene plates®2, can lead to confounding results due to the nearly
100% activation of VICs into the pro-fibrotic myofibroblast phenotype’®:80. 2D hydrogel
cultures are an improvement in which they match the mechanical properties of the native
VIC tissue. However, 3D culture platforms further allow for the study of cell migration, cell-
matrix interaction with degradation and contraction of the matrix, and long-term culture.
While the use of 3D hydrogels is reagent and cell intensive, these matrices provide specific
benefits when studying the VIC phenotype and the response to cytokines in the context of
mechanosensing and matrix interactions. Future experiments aimed at validating appropriate
in vitro models to predict /n vivo disease progression are on-going and would be an
important advancement for the field.

In summary, we used 3D MMP-degradable hydrogels to culture VVICs in a manner that better
recapitulates their native environment to explore the role of TNF-a signaling on defined
fibroblast and pro-fibrotic activated myofibroblast valve populations. Our data uncovered the
dichotomous impact of TNF-a upon VICs, as shown by increases in calcification in
activated myofibroblasts treated with TNF-a. and decreases in overall calcification in
fibroblast populations. These findings further highlight the potential importance of valve cell
heterogeneity in a patient’s response to drug therapeutics for AVS treatment.
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AVS Aortic valve stenosis

VIC Valvular interstitial cell

TNF-a Tumor necrosis factor alpha
TGF-B1 Transforming growth factor beta 1
FGF-2 Fibroblast growth factor 2
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Figure 1. Human valve tissue from male patients with valve disorder present a high degree of
variability and heterogeneity in the fibroblast and myofibroblast cell population.

a-e) Histological sections of aortic valve tissue from male patients diagnosed with heart
valve disorder. Immunostaining for fibrotic markers, a) aSMA and b) COL1A1 (green,
nucleus in blue), show high variability between tissues and heterogeneity in the fibroblast
and myofibroblast population, indicated by a SMA staining. Calcific markers, ¢) RUNX2
(red, nucleus in blue), d) Von Kossa (calcium phosphate in black) and e) Alizarin Red
(calcium in red) demonstrate high variability in tissue mineralization. Scale bars=100um.
Quantification of f) aSMA g) COL1A1 and h) RUNX2 intensity analysis for tissue sections,
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significant differences are observed between tissues for aSMA and RUNX2. i)
Quantification of area percentage of Von Kossa positive stain (black) indicates variability of
calcification between tissues. Statistical analysis was performed on fields of view for each
biological replicate (n=10 images per biological replicate), ***=p<0.001 and **=p<0.01
based on one-way ANOVA.
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Figure 2. Encapsulated VICs respond to TNF-a treatment with a decrease in expression of
fibrotic markers.

a) Schematic of 3D hydrogel culture platform. 8-arm 40kDa PEG-norbornene is reacted with
an MMP-degradable dithiol crosslinker and RGD adhesive peptide is added to allow for
VIC-matrix interactions. b) Representative immunostaining images of VICs treated with
growth media (untreated) and 0.1, 1, or 10 ng/mL of TNF-a treatment. a SMA stress fibers
(green) formation decreases with increasing TNF-a treatment concentration. Nucleus (blue)
and aSMA (green). Scale bars=20um. ¢) aSMA mean intensity analysis with respect to cell
number for VICs in untreated and 0.1, 1, or 10 ng/mL TNF-a treatment conditions. TNF-a
treatment resulted in a significant decrease in a SMA mean intensity at higher doses. d) VIC
aSMA protein expression normalized to untreated controls (dotted line) and measured via
western blot. A representative western blot used for analysis (top) where all lanes are from
the same blot. a SMA protein expression significantly decreases with increasing TNF-a
concentration. e-g) MRNA gene expression levels relative to L30 for the fibrotic markers e)
aSMA f) COL1A1 and the fibroblast marker g) CTGF. Increasing treatment with TNF-a
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results in significant downregulation in aSMA gene expression, while COL1A1 gene
expression shows a decreasing trend, albeit not statistically significant. CTGF gene
expression was slightly increased with TNF-a. treatment, but no significant differences were
observed. ***=p<0.001 and **=p<0.01, based on one-way ANOVA.
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Figure 3. TNF-a treatment promotes the VIC osteoblast-like phenotype and matrix calcification.
a) Representative images from 3D cryosectioned samples stained with Alizarin Red (top)

and Von Kossa (bottom) for untreated conditions and 0.1, 1, and 10 ng/mL TNF-a.
Increasing TNF-a treatment leads to an increase in Alizarin Red (red) and Von Kossa
(black) staining. Scale bars=100um. b,c) mMRNA gene expression levels relative to L30 for
calcific markers b) RUNX2 and ¢) BMP2. Both RUNX2 and BMP2 gene expression were
significantly upregulated relative to untreated with 10 ng/mL of TNF-a.. d) Quantification of
Caspase 3 fluorescence signal normalized with dsDNA content. Caspase 3 fluorescence
shows a significantly increased in VICs treated with TNF-a. compared to untreated samples.
e) Deposited calcium signal normalized to dSDNA content and expressed as percent of
untreated control (0 ng/mL of TNF-a). No trends were observed with TNF-a treatment,
although significantly reduced calcium content was observed with 0.1 ng/mL of TNF-a..
***=p<0.001, **=p<0.01 and **=p<0.05 based on one-way ANOVA and t-test.
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Figure 4. VIC myofibroblast populations respond to TNF-a treatment by decreasing their
fibrotic markers.

a) Experimental design to investigate the effects of TNF-a (10 ng/mL) treatment on defined
VIC fibroblast or activated myofibroblast populations. b) a SMA protein expression ratio for
fibroblast (red) and activated myofibroblast (green) phenotypes in the presence or absence of
TNF-a. aSMA protein expression decreases with the addition of TNF-a (patterned) on both
fibroblasts and activated myofibroblast. c) Representative immunostaining images for
aSMA stress fibers of fibroblasts and activated myofibroblast in the presence or absence of
TNF-a. Nucleus (blue) and aSMA (green). Scale bars=100um. d) Intensity analysis of
aSMA normalized to cell number results in a significant decrease in aSMA mean intensity
for activated myofibroblast treated with 10 ng/mL of TNF-a.. No change in intensity was
observed in VIC fibroblasts treated with 10 ng/mL of TNF-a.. €) aSMA and f) COL1A1
MRNA gene expression levels relative to L30. Fibroblast populations treated with 10 ng/mL
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TNF-a had no significant changes in gene expression of a SMA and COL1AL1 relative to
untreated fibroblasts. Activated myofibroblast populations treated with TNF-a resulted in a
significant downregulation of a SMA and COL1A1 gene expression. **=p<0.01 based on t-
test.
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Figure 5. Myofibroblasts treated with TNF-a have a calcific response whereas fibroblasts
decrease expression of calcific markers.
a) Experimental set up to investigate the effects of TNF-a (10 ng/mL) on defined fibroblast

and activated myofibroblast populations to assess calcific markers. b) Quantification of
deposited calcium signal normalized to dSDNA content and expressed as percent of
untreated fibroblast control (0 ng/mL of TNF-a.). A significant decrease of deposited
calcium was observed with fibroblasts (red) treated with TNF-a (patterned), while the
opposite trend was observed with activated myofibroblast (green) resulting in a significant
increase of calcium with TNF-a treatment. ¢) Representative images from cryosectioned
samples stained with Alizarin Red (top) and Von Kossa (bottom) for activated myofibroblast
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and fibroblast populations in the presence or absence of TNF-a.. Fibroblasts had no positive
stain for either calcific marker and treatment with TNF-a had no effect on either stain. The
activated myofibroblast phenotype presented minimal positive Von Kossa and Alizarin Red
stain but addition of TNF-a treatment resulted in exacerbated increase of positive staining
for both stains. Scale bars=100um. d) RUNX2 and €) BMP2 mRNA gene expression levels
relative to L30. Both calcific markers, RUNX2 and BMP2, gene expression was
downregulated on fibroblasts treated with TNF-a.. Activated myofibroblast treated with
TNF-a resulted in significant upregulation of both RUNX2 and BMP2 gene expression. f)
Caspase 3 fluorescence signal normalized to dsDNA content. Activated myofibroblast
treated with TNF-a had a significant increase in Caspase 3 fluorescence, while fibroblasts
resulted in a significant decrease of Caspase 3 in the presence of TNF-a.. ****=p<0.0001,
***=p<0.001, **=p<0.01 and **=p<0.05 based on t-test.
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Figure 6. The MAPK/ERK pathway is involved in the VIC activated myofibroblast calcific
response to TNF-a.

a) aSMA b) RUNX2 and ¢) BMP2 mRNA gene expression relative to L30. Activated
myofibroblast populations were treated with TNF-a or left untreated. TNF-a-treated
activated myofibroblast were cultured in the presence or absence of Selumetinib.
Selumetinib resulted in significant upregulation of aSMA gene expression at both
concentrations. RUNX2 gene expression was significantly reduced with low dose of
Selumetinib (10 uM) but no statistically different changes on BMP2 gene expression were
observed with either dose. d) Comparative results of mMRNA gene expression for aSMA,
RUNX2, and BMP2 of TNF-a-treated activated myofibroblast with and without low dose of
Selumetinib (10 mM). Comparative results showcase a SMA gene expression was 18.5-fold
higher with Selumetinib (10 mM), RUNX2 gene expression was reduced by half and BMP2
was not significantly altered. ****=p<0.0001, ***=p<0.001 and **=p<0.05 based on one-
way ANOVA and t-test.
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Custom primer sequences.

Table 1.

Gene Forward primer (5’-3") Reverse primer (5’-3")

L30 AGATTTCCTCAAGGCTGGGC GCTGGGGTACAAGCAGACTC
a-SMA GCAAACAGGAATACGATGAAGCC AACACATAGGTAACGAGTCAGAGC
CTGF CTGGTCCAGACCACAGAGTGG GCAGAAAGCGTTGTCATTGG
COL1Al | GGGCAAGACAGTGATTGAATACA GGATGGAGGGAGTTTACAGGAA
RUNX2 AACAACCACAGAACCACAAG TGACCTGCGGAGATTAACC

BMP2 TCTACGAAAAGAAGTTGGGAAAACA | TACTTCATGTGCTGGGGTTGA
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