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Abstract

Purpose—Calcific aortic valve disease (CAVD), has been
characterized as a cascade of cellular changes leading to
leaflet thickening and valvular calcification. In diseased
aortic valves, glycosaminoglycans (GAGs) normally found
in the valve spongiosa migrate to the collagen I-rich fibrosa
layer near calcified nodules. Current treatments for CAVD
are limited to valve replacement or drugs tailored to other
cardiovascular diseases.

Methods—Porcine aortic valve interstitial cells and porcine
aortic valve endothelial cells were seeded into collagen I
hydrogels of varying initial stiffness or initial stiffness-
matched collagen I hydrogels containing the glycosamino-
glycans chondroitin sulfate (CS), hyaluronic acid (HA), or
dermatan sulfate (DS). Assays were performed after 2 weeks
in culture to determine cell gene expression, protein expres-
sion, protein secretion, and calcification. Multiple regression
analyses were performed to determine the importance of
initial hydrogel stiffness, GAGs, and the presence of
endothelial cells on calcification, both with and without
osteogenic medium.

Results—High initial stiffness hydrogels and osteogenic
medium promoted calcification, while for DS or HA the
presence of endothelial cells prevented calcification. CS was
found to increase the expression of pro-calcific genes,
increase activated myofibroblast protein expression, induce
the secretion of collagen I by activated interstitial cells, and
increase calcified nodule formation.

Conclusion—This study demonstrates a more complete
model of aortic valve disease, including endothelial cells,
interstitial cells, and a stiff and disease-like ECM. In vitro
models of both healthy and diseased valves can be useful for
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understanding the mechanisms of CAVD pathogenesis and
provide a model for testing novel therapeutics.

Keywords—Calcific aortic valve disease, Alpha smooth
muscle actin, Glycosaminoglycan, Endothelial, Hyaluronic
acid.

INTRODUCTION

Calcific aortic valve disease (CAVD), which results
in aortic valve stenosis, is the most common heart
valve disease in the elderly, and the number of elderly
patients with aortic valve stenosis is projected to more
than double by 2050 in both the United States and
Europe.' Surgical valve replacement is currently the
primary treatment for CAVD, as there is no effective
pharmacological approach for slowing or preventing
the progression of this disease.'®

The aortic valve is composed of three semilunar
leaflets, which are further divided into three layers, the
fibrosa, ventricularis, and spongiosa.’ The fibrosa is
located on the aortic side of the leaflet and is composed
largely of collagen I arranged in the circumferential
direction, the spongiosa is the center layer composed
primarily of glycosaminoglycans (GAGs), and the
elastin-rich ventricularis forms the ventricular surface
of the leaflet.*' Valve endothelial cells line all blood-
contacting surfaces and are responsible for regulating
permeability, inflammatory cell adhesion, and trans-
mitting nutrient and biochemical signals to the inter-
stitial cells.'® Valve interstitial cells are the primary cell
type found in the three valve layers. Interstitial cells
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organize, remodel, and produce extracellular matrix
(ECM) proteins to maintain the valve matrix in
response to dynamic tissue strains.>>>3°

Valve interstitial cells can become activated and
differentiate into myofibroblast-like cells in response to
the microenvironment, and can be identified by con-
tractility markers such as a-smooth muscle actin (o-
SMA).** Prolonged activation of the interstitial cells
can result in valve ECM disruption, pathological
interstitial cell differentiation towards osteoblast-like
cells, which is associated with expression of the tran-
scription factor RUNX2 and in later stages osteocal-
cin, and valve matrix calcification.®® One additional
source of myofibroblasts is endothelial to mesenchy-
mal transformation or EndMT. EndMT is the change
in phenotype of endothelial cells to mesenchymal-like
cells, resulting in activated myofibroblasts that can
secrete cytokines and remodel the ECM. EndMT was
first observed in embryonic heart valve develop-
ment*>** and although the primary role of EndMT in
adult physiology is unknown previous studies have
demonstrated that EndMT is present in CAVD,%%!
and EndMT is becoming recognized as a potential
target in the treatment of cardiac pathology.'®

CAVD progresses from mild valve thickening
(aortic sclerosis) to severe valve calcification (aortic
stenosis). Early valve disease is characterized by
deposition of the chondroitin sulfate (CS) and der-
matan sulfate (DS)-rich proteoglycans biglycan and
decorin into the sub-endothelial fibrosa layer, which is
normally composed of collagen I,>7*%® while the late-
stage valve disease fibrosa displays the proteoglycans
decorin, biglycan, versican, and the GAG hyaluronic
acid (HA) near calcified aortic valve nodules.”!'*1%%
In our previous work, an in vitro assay that mimics the
detrimental ECM changes present in early and late
calcific aortic valve disease was developed with 3D,
collagen I and GAG (CS, HA, or DS) hybrid hydro-
gels and porcine aortic valve endothelial cells
(PAVEC).® Collagen-only stiffness controls made it
possible to determine the individual contributions of
stiffness and/or GAGs toward inducing EndMT. It
was found that CS induced the highest rate of EndMT,
as quantified by ACTA2 gene expression, o SMA
protein expression, and matrix invasion; and led to the
most collagen I and GAG production by mesenchy-
mally transformed cells, indicating a cell phenotype
most likely to promote fibrotic disease. Mesenchymal
transformation induced by altered ECM was found to
depend on cell-ECM bond strength and ERK1/2 sig-
naling.® Histological analysis of calcified human aortic
heart valves demonstrated that GAGs were locally
present near cells undergoing EndMT.° In the current
study, valve interstitial cells and osteogenic medium
were incorporated into the previously described in vitro
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model of early and later-stage valve disease. Standard
assays in the field were performed after 2 weeks in
culture to determine valve cell gene expression, protein
expression, protein secretion, and calcification. Statis-
tical analyses were carried out to first assess our pri-
mary hypothesis that GAGs increase calcification
markers, as measured by a-SMA protein expression
and Alizarin Red S (ARS) staining, in the model. La-
ter, regression methods were used to evaluate our
secondary hypothesis that increased initial hydrogel
stiffness also induces calcifications; and that the pres-
ence of endothelial cells decreases calcification mark-
ers.

MATERIALS AND METHODS

Cell Extraction and Culture

Porcine aortic valve endothelial cells (PAVEC) and
porcine aortic valve interstitial cells (PAVIC) were
used in the experiments. These cells were extracted
from pig heart valves obtained from a local abattoir.
Collagenase digestion protocols described by Butcher
et al.™* were used to extract cells. PAVEC were grown
in flasks coated with 50 ug/mL rat tail collagen I (BD®
Biosciences, San Jose, CA). PAVEC and PAVIC were
cultured at 37 °C and 5% CO, in DMEM supple-
mented with 10% FBS (Gemini Bio-Products Gem-
Cell™, West Sacramento, CA), and 1% penicillin-
streptomycin (Invitrogen, Carlsbad, CA). PAVEC
medium was also supplemented with 50 U/mL heparin
(Sigma-Aldrich, St. Louis, MO). Culture medium was
changed every 48 h. PAVEC were passaged with
0.05% Trypsin-EDTA (ThermoFisher Scientific) 1:3 at
confluence. PAVIC were passaged with 0.25% Tryp-
sin-EDTA (Invitrogen) after reaching confluence.
PAVIC and PAVEC were used between passages 3 and
5. Endothelial culture purity was confirmed via real-
time PCR for a-smooth muscle actin (not expressed in
PAVEC but expressed in PAVIC and in cells
undergoing EndMT). Cultures with undetectable ex-
pression (cycle threshold > 37 cycles) were used in
subsequent experiments.

3D Gel Preparation

3D hydrogel preparation was previously described
by Dahal et al.® Briefly, collagen I gel solution was
prepared by mixing ice-cold 3X, 5X or 10X Dulbecco’s
Modified Eagle’s Medium (DMEM, Invitrogen), 10%
FBS , sterile 18 MQ water, 0.1 M NaOH, rat tail col-
lagen type I, and PAVIC at a concentration of 1 x 10°
cells/mL. The concentration of collagen was varied to
obtain 1.5, 2 or 2.2 mg/mL collagen in the gel. Gels
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containing GAGs at a concentration of 1, 10, or 20
mg/mL were made with 1.5 mg/mL collagen. In our
previous work we determined that collagen gels with a
collagen concentration of 1.5 mg/mL collagen serve as
a stiffness control for 1.5 mg/mL collagens + 1 mg/mL
GAG gels (referred to as low hydrogel stiffness), 2.0
mg/mL collagen gels serve as a stiffness control for 1.5
mg/mL collagen + 10 mg/mL GAG gels (referred to
as intermediate hydrogel stiffness), and 2.2 mg/mL
collagen gels serve as stiffness controls for 1.5 mg/mL
collagen + 20 mg/mL collagen gels (referred to as high
hydrogel stiffness). The culture of PAVIC in the
hydrogels for 14 days leads to compaction and
remodeling of the ECM, which significantly alters the
initial hydrogel stiffness. As demonstrated by Steven-
son et al, the modulus is likely higher in the low
starting collagen concentration hydrogels when com-
pared with higher starting collagen concentration
hydrogels due to greater compaction of low-concen-
tration collagen gels.’” Due to this change in hydrogel
stiffness over time, the experimental conditions are
referred to as low, medium, or high initial hydrogel
stiffness.

GAGs used in the experiments were chondroitin
sulfate (chondroitin sulfate A sodium salt from bovine
trachea, Sigma-Aldrich), hyaluronic acid (hyaluronic
acid sodium salt from Streptococcus equi, Sigma-Al-
drich) and dermatan sulfate (chondroitin sulfate B
sodium salt from porcine intestinal mucosa). Over
75% of GAGs are retained in the 3D collagen gel using
this method.® A volume of 300 uL of the hydrogel
solution containing 300,000 PAVIC was plated into
24-well tissue culture plates (1.9 cm?® growth area;
Corning, Corning, NY). After 1 h of incubation at
37 °C and 5% CO,, the solution cross-linked and
formed 3D hydrogel structures. Half of the hydrogels
were used in PAVIC only experiments, while in half of
the hydrogels PAVEC were then seeded on top of the
hydrogels at a density of 5 x 10° cells/cm? (95,000
cells/well) in a volume of 0.3 mL culture medium. Cells
were cultured for 14 days before further experiments
were performed. Cells were cultured for 14 days to
mimic previous relevant studies, which demonstrated
significant calcific nodule formation while also main-
taining cell viability in 14 day valve cell co-cul-
tures.'>** Hydrogels were cultured in DMEM
(control) or osteogenic medium (DMEM supple-
mented with 10 mmol/L f-glycerophosphate, 50 ug/
mL ascorbic acid, and 10 nmol/L dexamethasone) with
media changed every 48 h.

Immunocytochemistry

The hydrogels were washed with 1X phosphate
buffered saline (PBS, Omnipur®, Baltimore, MD) and

fixed with 4% paraformaldehyde (Sigma-Aldrich, St.
Louis, MO) overnight at 4 °C. Cells were then washed
three times with PBS (15 min each on rotator) and
permeabilized with 0.2% Triton X-100 (Sigma-Al-
drich, 10 min on rotator). Next, cells were blocked with
1% BSA (Rockland™, Limerick, PA) in PBS and
incubated overnight at 4 °C. A 1:100 solution of pri-
mary antibody (rabbit anti-human «-SMA, Spring
Bioscience™, Pleasanton, CA) was added and incu-
bated overnight at 4 °C. Next a 1:100 solution of sec-
ondary antibody (488 goat anti-rabbit, ThermoFisher
Scientific) was added and incubated at room temper-
ature for 2 h covered by aluminum foil. The samples
were then washed three times with PBS (15 min each
on rotator). A 1:1000 solution of DRAQS5 (Ther-
moFisher Scientific, Rockford, IL) far red DNA stain
was then added and incubated for 30 min at room
temperature. Finally, the gels were rinsed once with 18
MQ water and stored in 18 MQ water. The samples
were then imaged using confocal microscope (Leica
TCS SP5 Laser Scanning Confocal Microscope). The
expression of a-SMA protein was quantified for each
image using ImageJ and plotted as a percentage of 1.5
mg/mL collagen-only controls.?’

Gene Expression

RNA extraction and purification was performed
using RNeasy® Mini Kit (Qiagen, Valencia, CA).
DNA synthesis was carried out using iScriptTM
cDNA Synthesis Kit (BioRad, Hercules, CA). Custom
primers were obtained from ThermoFisher Scientific
and were previously reported by Mahler et al. and
Richards et al.?’* Sequences are the following: 18S

forward: 5"-AATGGGGTTCAACGGGTTAC-3,
reverse: 5-TAGAGGGACAAGTGGCGTTC-3";
ACTA2 (2-SMA) forward: 5’-CAGCCAG-

GATGTGTGAAGAA-3’, reverse: 5-TCACCCCCT-
GATGTCTAGGA-3’; Osteocalcin (BGLAP) forward:
5-CTCCAGCCACAACATCCTTT-3", reverse: 5'-
TGGCCTCCAGCACTGTTTAT-3"; RUNX2 for-
ward: 5’-GCACTACCCAGCCACCTTTA-3’, reverse:
S-TATGGAGTGCTGCTGGTCTG-3'. RT-PCR was
performed on all samples using SYBR Green PCR
master mix (Applied Biosystems, Foster City, CA) and
a MiniOpticon Real-Time PCR Detection System
(Bio-Rad Laboratories, Hercules, CA). Gene expres-
sion was normalized to the expression of 18S and
compared with 1.5 mg/mL collagen-only controls in
regular medium using the 274" method.*°

Alizarin Red S Assay

Alizarin Red S (ARS) assays were carried out to
quantify the calcium content of hydrogels. ARS is a

BIOMEDICAL
ENGINEERING
SOCIETY



DAHAL et al.

red stain that binds to calcium in cells or matrix
fibers.”” The hydrogels were washed with 1X PBS and
fixed with 4% paraformaldehyde overnight at 4 °C.
Hydrogels were then washed three times with 1X PBS
(5 min each on rotator) and then 500 uL. of 40 nmol/L
ARS stain (Sigma-Aldrich) was added to each gel.
Hydrogels were washed four times with 1X PBS (15
min each on rotator), and then rocked overnight in
PBS to remove unbound stain. Bound ARS dye was
then released from the hydrogels with 10% acetic acid,
followed by neutralization with 10% ammonium
hydroxide. The concentration of dye in solution was
quantified with a plate reader (BioTek Synergy 2,
Winooski, VT) at 405 nm.

Total DNA Quantification and Collagen and GAG
Secretion Assays

Prior to the quantification of collagen, GAG and
DNA in hydrogels, a papain digestion of the hydrogels
containing cells was performed. First PBE buffer was
prepared by adding 7.1 g of sodium phosphate dibasic
(Na,HPO,, SigmaAldrich) and 1.6 g of ethylenedi-
aminetetraacetic acid disodium salt (EDTA-Na,, Sig-
maAldrich) to 500 mL of 18 MQ water. The pH was
then adjusted to 6.5 and the solution was passed
through a 0.22 um filter. Next, 0.035 grams of L-cys-
teine was added to 20 mL of PBE buffer to make a 10
mM solution. The solution was filtered and 100 uL. of
sterile papain enzyme solution (Sigma Aldrich) was
added. Finally, papain enzyme solution was added to
each 3D gel and incubated at 37 °C for 16 h. Following
the completion of incubation, collagen, GAG and
DNA quantification assays were performed on each
gel.

A DNA assay kit (Chondrex, Redmond, WA) was
used to quantify DNA to determine the proliferation
of cells in PAVIC-only and PAVEC-PAVIC co-culture
samples digested by papain. First, serial dilutions of
the standard (calf thymus DNA standard) were pre-
pared using the reaction solution from the kit. Next, 50
uL of diluted standards or digested samples were ad-
ded to respective wells of a 96-well plate. Then, 50 uL
of 1X detection solution was added to all the wells and
the plate was incubated at room temperature for 5 min.
Finally, the plate was read using a plate reader at
excitation 360 nm/emission 460 nm. The standard
curve for DNA quantification was used to quantify the
DNA content in each sample.

A hydroxyproline assay kit (Chondrex, Redmond,
WA) was used to quantify collagen secretion in PA-
VIC-only or PAVEC-PAVIC co-culture samples di-
gested by papain. First, standard dilutions were
prepared by the serial dilutions of the standard with
water. Next, chloramine T solution was prepared by
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mixing 10 uL of 10X chloramine T solution and 90 uL
of solution A (chloramine T dilution buffer) for each
well. Then, 10 uL of standards, distilled water (blanks)
and digested samples were added into the appropriate
wells of a 96-well plate. After that 100 uL of the 1X
chloramine T solution was added to all the wells and
the plate was incubated at room temperature for 20
min. Next, 1X dimethylaminobenzaldehyde (DMAB)
solution was prepared by mixing 50 uL of 2X DMAB
solution and 50 uL of solution B (DMAB dilution
buffer) for each well. Then, 100 pL of this 1X DMAB
solution was added to all the wells followed by shaking
of the well plate and incubation at 60 °C for 30 min.
Finally, the absorbance was read at 550 nm using a
plate reader. The standard curve for collagen quan-
tification was used to quantify the hydroxyproline level
(13.5% of the total collagen) followed by the quan-
tification of collagen content in each sample. The
content of collagen was normalized to controls and to
the DNA content of the sample.

A glycosaminoglycan assay kit (Chondrex, Red-
mond, WA) was used to quantify sulfated GAG
secretion in our PAVIC-only culture and PAVEC-
PAVIC co-culture samples digested by papain. For the
GAG quantification assay, serial dilutions of the
standard (chondroitin-6-sulfate) were prepared by
diluting with PBS. Next, 100 uL of standards, PBS
(blanks) and digested samples were added into the
appropriate wells of a 96-well plate. After that 100 uL
of 1,9 dimethylmethylene blue (DMB) dye solution
was added to each well and 100 uL of PBS was added
to the control wells. Finally, the absorbances were read
at 530 nm using a plate reader. The standard curve for
GAG quantification was used to quantify GAG con-
tent in each sample. The content of GAG was nor-
malized to controls and to the DNA content of the
sample.

Data Processing and Statistical Analysis

For gene expression data, separate Box-Cox trans-
formations were carried out for each gene before linear
regressions models were fitted using combinations of
conditions. Conditions identified by the regression
analysis as significant predictors were double-checked
using Kruskal-Wallis tests, and/or Mann-Whitney
tests. Log-transformed gene expression data from all
replicates for each gene were further analyzed using
hierarchical clustering with heatmap displays for all
conditions to identify the relationship among the three
genes under all possible combinations of conditions.

For the expression of «-SMA protein, univariable
and multivariable regression models were fitted for
combinations of important conditions. Experimental
conditions of interest were cell type (PAVIC-PAVEC
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co-culture or PAVIC), medium use (regular control
medium or osteogenic medium), GAG (CS, DS, HA,
or none) at three (low, intermediate and high) levels of
initial hydrogel stiffness. The model with the largest
variations explained was selected as the final model.
Variables or interactions are considered statistically
significant when P values are < 0.05.

Natural logarithm transformed DNA weight data in
ug/mL were fitted using linear regression models. The
most parsimonious model with highest adjusted R*> was
selected as the final model. Similarly, positive collagen
weight data (normalized to DNA weight) were ana-
lyzed using linear regression analysis, and natural
logarithm transformed GAG weights (normalized to
DNA weights) were also fitted using linear regression
analyses. In addition, correlation between DNA
weight and GAG weight were explored using Spear-
man’s correlation.

For ARS stain (absorbance) data, the number of
replicates available were very imbalanced depending
on whether experiments were carried out for PAVIC
only or PAVIC-PAVEC co-culture. Hence, separate
analyses were first carried out for experiments with
PAVIC only and co-cultures respectively to investigate
predictive factors separately. The data were then
combined to explore the common factors and their
interactions with cell type on ARS stain. Data were
analyzed using R: A language and environment for
statistical computing, version 4.0.2, with packages
Ime4, MASS, gplots and RColorBrewer.

RESULTS

Gene Expression

For the genes ACTA2, RUNX2, and Osteocalcin
there were a total of 48 unique experimental conditions
with 2 to 5 replicates available for each condition.
There were 180, 183, and 182 experimental data points
from ACTA2, RUNX2, and Osteocalcin, respectively,
available for analysis. Figure 1 displays the heatmap of
natural logarithm transformed gene expression data
from all available replicates of each condition. As
shown in Figure 1, the RUNX2 was similar to
Osteocalcin with PAVIC alone (left and right upper
blocks) regardless of medium, GAG or initial hydrogel
stiffness. However, RUNX2 was more similar to
Osteocalcin for PAVIC-PAVEC co-culture in regular
control medium (left lower block) for CS only
regardless of initial hydrogel stiffness. For other
GAGs, RUNX2 was more similar to ACTA2 (left
lower block). For co-culture in osteogenic medium
(right lower block), the RUNX2 exhibited patterns
between ACTA2 and Osteocalcin.

Regression analysis and nonparametric tests
(Kruskal-Wallis and Mann-Whitney tests) confirmed
what we observed in Figure 1. Specifically, for ACTA2,
compared to PAVIC alone (the first 5 columns in the
top blocks), co-culture (the first 5 columns in the lower
blocks) significantly suppressed expressions as the level
of initial hydrogel stiffness increased and level of
suppression depended on the type of GAG used, with
DS and HA having similar patterns.

For RUNX2, compared to regular control medium
(middle 5 columns in the left blocks), osteogenic
medium (middle 5 columns in the right blocks) signif-
icantly increased expressions. The impacts of co-
culture versus PAVIC alone on RUNX?2 expressions
depended on the initial hydrogel stiffness and GAGs.

For Osteocalcin, similar to RUNX2, compared to
regular control medium (last 5 columns in the left
blocks), osteogenic medium (last 5 columns in the right
blocks) significantly increased expressions. The impact
of co-culture versus PAVIC alone on Osteocalcin
expressions also depended on the initial hydrogel
stiffness and GAGs, but the impact was strongest at
the high initial hydrogel stiffness.

a-SMA Protein Expression

For expressions of a-SMA protein, 12 replicates
were carried out for each of the unique experimental
conditions for a total of 576 data points. The boxplots
of a-SMA stained area (% of control) for every con-
dition separately are displayed in Figure 2 and the
Analysis of Variance table examining the significance
of variables and their interactions are displayed in
Table 1. For PAVIC alone (upper plots), a-SMA
stained area increased as the initial hydrogel stiffness
increased and the effects were significant (P < 0.001,
Table 1). For PAVIC-PAVEC co-culture (lower plots),
the effects of initial hydrogel stiffness on o-SMA
stained area were not consistent. Use of osteogenic
medium (right plots) increased the a-SMA expression
when compared to the regular control medium (left
plots). While PAVIC-PAVEC co-culture (lower plots)
decreased the a-SMA stained area when compared to
PAVIC alone (upper plots) at low initial hydrogel
stiffness with no GAGs. However, the magnitudes
depended on the initial hydrogel stiffness levels and
which GAG was used (Table 1). Overall, the added
GAG increased a-SMA stained area at similar pro-
portions regardless of the initial hydrogel stiffness, but
there were significant interaction effects between GAG
and cell type (P < 0.001, Table 1).
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Heatmap for the log(gene expression) data for all three genes for each condition. Each column refers to the expression

from one replicate under different experimental conditions. The left half refers to expressions with regular control medium, the
right half refers to expressions with osteogenic medium. Row names: CO co-culture, VI PAVIC only, NO no GAGs. LOW low initial
hydrogel stiffness, INT intermediate initial hydrogel stiffness, HIGH high initial hydrogel stiffness.

DNA

A total of 144 experimental data points were gen-
erated (3 replicates each for 48 experimental condi-
tions). The results of DNA weights analysis are
displayed in Table 2 and Figure 3. Univariable analysis
indicated that PAVIC-PAVEC co-culture (lower plots)
increased the log(DNA weights) when compared to
PAVIC alone. Use of osteogenic medium decreased
DNA weights when compared to control medium.
Increase in initial hydrogel stiffness increased the DNA
weights without GAG, and the effects of initial
hydrogel stiffness might depend on the GAG and cell
types. The addition of different GAG has different
effects on DNA weights when compared to conditions
where no GAG was added, and the effects were
dependent on the initial hydrogel stiffness. Hence, a
multivariable regression model was selected with GAG
type (CS, DS, and HA in reference to none), initial
hydrogel stiffness (low, intermediate and high with low
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stiffness as reference), indicators for co-culture (with
PAVIC only as reference), and osteogenic medium
(control medium as reference) as main effects, along
with their interaction effects. Consistent with our
univariable analysis, osteogenic medium (P = 0.01)
significantly decreased the DNA weights in compar-
ison to control medium, while the PAVIC-PAVEC co-
culture significantly increased the DNA weights when
compared to PAVIC alone (P < 0.001), and there were
significant interaction effects of cell type and initial
hydrogel stiffness. Furthermore, the initial hydrogel
stiffness also exhibited different effects for different
GAG:s.

Collagen Secretion

Collagen weights remained positive when CS was
added at high initial hydrogel stiffness after normaliz-
ing by DNA weights. Four boxplots of Collagen
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FIGURE 2. Boxplots of «-SMA protein stained area (% of control) values for combinations of GAG and initial hydrogel stiffness,
separately for PAVIC and co-culture of PAVIC-PAVEC with either regular control or osteogenic medium. In each of the subplot:
Grey: no GAGSs, Red: CS, Green: DS, Blue: HA. In each boxplot, the middle box marks the first quartile to the 3rd quartile, with a line
marking the median. The whiskers extend to the lowest and highest values, with the exceptions of outliers which are marked by
circles. Right: representative images for co-cultures in control medium with high initial hydrogel stiffness and high GAG content.

TABLE 1. Analysis of variance (ANOVA) table of expression of «-SMA protein stained area (% of control) and the important
predictors.

Parameter Df Sum of squared errors Mean Squared errors F value P value
Medium (regular or osteogenic) 1 24.71 24.71 220.73 < 0.001
Cell type (PAVIC or co-culture) 1 184.98 184.98 1652.16 < 0.001
GAG (CS, DS, HA or none) 3 52.17 17.39 155.33 < 0.001
Initial hydrogel stiffness (low, intermediate, high) 2 26.77 13.39 119.57 < 0.001
Cell type and GAG interactions 3 418 1.39 12.43 < 0.001
Cell type and IHS interactions 2 26.6 13.3 118.8 < 0.001
Residuals 563 63.03 0.11

A Pvalue < 0.05 indicates the effect for that variable or interaction is statistically significant. /HS initial hydrogel stiffness.

weight/DNA weight were presented in Figure 4 for
combinations of cell type (PAVIC alone or co-culture)
and medium used (regular control or osteogenic med-
ium). For PAVIC alone (left side), the use of osteo-
genic medium (green boxplot) increased the
normalized collagen weight compared to regular con-

trol medium (red boxplot). On the other hand, for co-
culture (right side), the use of osteogenic medium
(green boxplot) decreased the normalized collagen
weight compared to regular control medium (red
boxplot).
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TABLE 2. ANOVA table for log(DNA weights) and the important predictors.

Parameter Df Sum of squared errors Mean Squared errors F value P value
Medium (regular or osteogenic) 1 1.37 1.37 6.35 0.01
Cell type (PAVIC or co-culture) 1 1.95 1.95 9 < 0.001
GAG (CS, DS, HA or none) 3 8.9 2.97 13.72 < 0.001
Initial hydrogel stiffness (low, intermediate, or high) 2 9.19 4.59 21.24 < 0.001
Cell type and IHS interactions 2 2.43 1.21 5.61 < 0.001
GAG and IHS interactions 6 14.53 2.42 11.2 < 0.001
Residuals 128 27.69 0.22

A Pvalue < 0.05 indicates the effect for that variable or interaction is statistically significant. /HS initial hydrogel stiffness.
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FIGURE 3. Boxplots log(DNA weight) (in ug) for combinations of GAG and initial hydrogel stiffness, separately for PAVIC and co-
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Blue: HA. In each boxplot, the middle box marks the first quartile to the 3rd quartile, with a line marking the median. The whiskers
extend to the lowest and highest values, with the exceptions of outliers which are marked by circles.

GAG Secretion

After adjusting for DNA weights and being log-
transformed, there is an outlier among the GAG
secretion data. As a result, the data were analyzed with
and without the outlier and there was no significant
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effect on the final model due to the outlier. Hence, the
results were presented excluding the outlier. Univariate
analyses show that there was no consistent effect of
different initial hydrogel stiffness levels on the log
(GAG/DNA). PAVIC-PAVEC co-culture tended to
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increase the 1og(GAG/DNA) when compared to PA-
VIC alone. The only effect from different GAG types
was from DS and there was no consistent initial
hydrogel stiffness effect. Hence, multivariate regression
models were fitted and a final model with indicators for
co-culture and osteogenic medium along with their
interactions were included. In addition, indicators for
different GAG were added to measure their effects on
log(GAG/DNA) controlling for media and cell type.
Table 3 and Figure 5 show the results for the ANOVA
table of the final model excluding the one outlier.
There was no significant difference among different
initial hydrogel stiffness levels on log(GAG/DNA).
The added DS GAG significantly decreased the
log(GAG/DNA) compared to no GAGs, but the results
were not consistent for other GAGs. For both media,
the PAVIC-PAVEC co-culture (lower plots) increased

CS GAG at High Initial Hydrogel Stiffness
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FIGURE 4. Normalized collagen weights (after being
standardized against DNA) for conditions with the GAG CS
and high initial hydrogel stiffness. The red color is for regular
control medium, while green color is for osteogenic medium.
In each boxplot, the middle box marks the first quartile to the
3rd quartile, with a line marking the median. The whiskers
extend to the lowest and highest values, with the exceptions
of outliers which are marked by circles.

the log(GAG/DNA) when compared to PAVIC alone
(upper plots), and the magnitude was larger for regular
control medium (left plots). For PAVIC alone, the os-
teogenic medium (right upper plot) increased the
log(GAG/DNA) when compared to regular control
medium (left upper plot). However, for PAVIC-PAVEC
co-culture, the osteogenic medium (right lower plot)
decreased log (GAG/DNA) when compared to regular
medium (left lower plot). However, there is still a great
deal of variation that cannot be explained by the model.
There was a mild negative correlation between
log(DNA weight) and log(GAG weight), with larger
log(DNA weight) generally corresponding to smaller
value of log(GAG weight). The Spearman correlation is
estimated to be — 0.36 with 95% confidence interval
estimated to be (— 0.50, — 0.20).

Alizarin Red Stain Extraction and Quantification

Boxplots of ARS stain area are shown in Figure 6
and the ANOVA table of the analysis is in Table 4. For
both cell type (PAVIC only or co-culture), osteogenic
medium (right plots) increased the ARS stain area
when compared to regular control medium (left plots)
overall, but the magnitudes depended on the initial
hydrogel stiffness level. Furthermore, the levels of
ARS stain area depended on the interactions of GAG,
Cell type, medium used and initial hydrogel stiffness.

DISCUSSION

This study investigated the individual contributions
of initial 3D ECM (hydrogel) stiffness, GAGs,
endothelial cells/EndMT, and osteogenic medium to-
ward calcification in an in vitro model of the aortic
valve. This study was motivated by previous findings
indicating that chondroitin sulfate increases EndMT in
a valve and tumor model,>> and a lack of
understanding of the potential role of EndMT in
valvular pathogenesis. Although surgical treatments
for aortic stenosis exist, there are still no effective
pharmacological therapies that can slow or halt aortic
valve disease progression.'® A physiologically realistic
model of valve disease would help to reveal the

TABLE 3. ANOVA table for log(GAG/DNA) and the important predictors.

Parameter Df Sum of squared errors Mean Squared errors F value P value
Medium (regular or osteogenic 1 0.02 0.02 0.02 0.88
Cell type (PAVIC or co-culture) 1 13.02 13.02 15.41 < 0.001
GAG (CS, DS, HA or none) 3 5.75 1.92 2.27 0.08
Medium and cell type interactions 1 3.66 3.66 4.33 0.04
Residuals 136 114.94 0.85

A Pvalue < 0.05 indicates the effect for that variable or interaction is statistically significant.
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mechanisms underlying valve calcification, and could
possibly lead to new biomarkers or drug targets.
Addition of osteogenic culture medium to in vitro
valve models is expected to increase pro-osteogenic
differentiation and calcification. In the current study,
osteogenic medium increased the expression of pro-
osteogenic genes, a-SMA protein expression, GAG
secretion, and calcification, and decreased cell prolif-
eration as measured via total culture DNA content.
These results agree with previous 3D models of the
aortic valve with both porcine and human cells.”*
Osteogenic medium was used in this study as a positive
control to initiate calcific nodule formation in the
model. The addition of GAGs to the ECM and
increased initial hydrogel stiffness in the absence of
osteogenic medium, however, were able to significantly
increase «--SMA expression, cell proliferation, collagen
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secretion, and calcific nodule formation. Primary
fibroblasts isolated from cardiac tissue are difficult to
maintain in culture in a quiescent phenotype due to
their phenotype plasticity and mechanical sensitivity.'”
Previous work by Landry et al. has shown that rat and
mouse primary cardiac fibroblasts can be isolated and
maintained for a longer period (3 days) in a quiescent
state by decreasing the stiffness of the culture hydrogel
and limiting the nutrient content of the cell culture
medium to 2% serum.'” The control medium used in
the current study contained 10% serum, and this alone
may have contributed to valve cell differentiation to-
ward myofibroblasts.

Activated interstitial (ACTA2) and osteoblast-like
differentiation (Osteocalcin) gene expression were sig-
nificantly decreased in cultures containing both inter-
stitial and endothelial cells as initial hydrogel stiffness
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FIGURE 6. Boxplots of ARS dye values for combinations of GAG and initial hydrogel stiffness, separately for PAVIC and co-

culture of PAVIC-PAVEC with either Control or Osteogenic medium.

Blue: HA. In each boxplot, the middle box marks the first quartile to

In each of the subplots: Grey: no GAGs, Red: CS, Green: DS,
the 3rd quartile, with a line marking the median. The whiskers
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TABLE 4. ANOVA table for ARS Stain data with dye extractions and quantifications.

Parameter Df Sum of squared errors Mean Squared errors F value P value
GAG (CS, DS, HA or none) 3 19603.68 6534.56 6.79 < 0.001
Initial hydrogel stiffness (low, intermediate, high) 2 17523.73 8761.86 9.1 < 0.001
Cell type (PAVIC or co-culture) 1 10187.76 10187.76 10.58 < 0.001
Medium (regular or osteogenic) 1 1198.56 1198.56 1.24 0.27
GAG and cell type interactions 3 28678.64 9559.55 9.93 < 0.001
IHS and cell type interactions 2 24251.72 12125.86 12.59 < 0.001
IHS and medium interactions 2 22605.26 11302.63 11.74 < 0.001
GAG and IHS interactions 6 31460 5243.33 5.45 < 0.001
Residuals 267 257107 962.95

A Pvalue < 0.05 indicates the variable or interaction term is statistically significant. /HS initial hydrogel stiffness.

increases without GAG. Co-culture of PAVIC and
PAVEC also decreased the protein expression of o-
SMA, a myofibroblast differentiation marker, as initial
hydrogel stiffness increases without GAG. The rela-

tionship between co-culture of PAVIC and PAVEC
and calcification as measured with ARS depends on
combinations of multiple factors. When GAGs were
added, PAVEC generally decreased calcification,
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except in high initial hydrogel stiffness and +CS
conditions. These results are supported by previous
results from Richards et al., demonstrating that valve
endothelial nitric oxide signaling inhibited interstitial
cell osteogenic differentiation.”® These results also
suggest that conditions leading to enhanced EndMT
may accelerate calcification.® Co-culture of PAVIC
and PAVEC led to an increase in GAG secretion from
the valve model, indicating that the presence of mes-
enchymally transformed endothelial cells could lead to
changes in matrix secretion by the interstitial cells and/
or transformed endothelial cells. The culture system
used in the current study prevented the use of methods
described by Dahal et al. for quantifying EndMT, and
therefore PAVIC-only cultures were used as an
EndMT-null control. Gee et al. have recently devel-
oped a model using a constrained collagen gel coupled
with a Boyden chamber to better isolate the role of
EndMT on calcific lesion formation.'' In this system
both direct and indirect culture of PAVIC and PAVEC
in osteogenic medium resulted in calcific deposition
and pro-endochondral programming, PAVEC EndMT
underwent and populated the center of calcified le-
sions, and calcification was exacerbated by the pres-
ence of endothelial cells, similar to results in the
current study with co-culture in high initial stiffness
and +CS conditions."'

PAVIC only cells cultured within high initial
hydrogel stiffness gels (2.2 mg/mL collagen) showed a
significant upregulation in RUNX2 and Osteocalcin
gene expression, indicating a differentiation toward
osteoblast-like cells. Initially stiffer hydrogels also
showed significant increases in o-SMA expression,
increased cell proliferation as measured by DNA
content in the gels, and an increase in calcification over
low initial stiffness collagen controls for PAVIC-only.
Previous work has shown that stiffened substrates
initiate a myofibroblastic phenotype in valve intersti-
tial cells.'”! 3D hydrogels with tunable matrix stiff-
ness developed by Duan et al. showed greater
osteoblast differentiation in hydrogels with lower ini-
tial stiffness than valve leaflet layers, and suggested
that ECM disruption, such as infiltration of proteo-
glycans into the valve fibrosa resulting in local tissue
stiffness decreases, can promote CAVD progression.’
Duan et al. also used human cells, and did not include
endothelial cells in their model, however.

ECM composition has previously been shown to
influence valve interstitial cell differentiation and the
production of native extracellular matrix ECM within
in vitro models.'>**3* In the current study, the addition
of chondroitin sulfate showed the most dramatic and
clear results. The addition of CS to hydrogels upreg-
ulated ACTA2, RUNX2, and Osteocalcin expression,
increased a-SMA expression, increased proliferation,

BIOMEDICAL
ENGINEERING
SOCIETY

induced the secretion of collagen, and increased calci-
fication for both PAVIC only cultures and co-cultures.
In previous work CS contributed to ECM secretion
and endothelial transformation and migration in a
tumor model.”® Tumor-associated changes in the
stroma of human malignant lesions often include a
significant increase in CS content, which can modify
tumor metastasis due to the increased binding poten-
tial of these disaccharides.”® Previous work with col-
lagen-CS hydrogels and PAVIC showed that CS-rich
hydrogels significantly increased EndMT, mesenchy-
mally transformed cell invasion into the matrix, and
collagen I and GAG production by the mesenchymally
transformed cells. Results from the current study
demonstrate that CS-rich hydrogels can induce calci-
fication even in the absence of osteogenic medium.
Collagen secretion (indicating a pro-fibrotic disease
environment) is measurable only in the highest con-
centration CS hydrogels, with PAVIC-only cultures in
osteogenic medium showing the highest levels of col-
lagen secretion and co-cultures in control medium
showing increased collagen secretion compared with
co-cultures in osteogenic medium. These results show
that, in an in vitro model, endothelial cells mediate
valve disease progression, but cannot overcome the
pathogenic signaling initiated by CS.

CONCLUSIONS

In conclusion, this study describes an in vitro model
of the healthy and diseased aortic valve. PAVIC and
PAVEC were seeded into 3D, collagen type 1 hydro-
gels of varying initial stiffness or initial stiffness-mat-
ched collagen I gels containing GAGs. Cellular
progression toward myofibroblasts and/or osteoblast-
like cells, ECM secretion, and calcification were mea-
sured after 2 weeks in culture. Statistical modeling of
the data showed that high collagen I concentration
hydrogels and osteogenic medium promoted osteo-
blast-like differentiation and calcification, while the
presence of endothelial cells slowed disease progression
in the tissue model. Chondroitin sulfate was found to
increase pro-myofibroblast and pro-osteoblast differ-
entiation gene expression, enhance myofibroblast
protein expression, increase the secretion of collagen I
by activated interstitial cells, and increase the forma-
tion of calcified nodules even in the absence of osteo-
genic medium. This study shows that a more complete
model of aortic valve disease, including endothelial
cells, interstitial cells, and a stiffened and disease-like
ECM can provide a better environment for
understanding valve disease pathogenesis and poten-
tially finding new disease targets.
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