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There is a significant clinical need for new approaches to treatment of mitral valve disease. The aim of this
study was to develop a tissue-engineered mitral valve scaffold possessing appropriate composition and structure
to ensure ideal characteristics of mitral valves, such as large orifice, rapid opening and closure, maintenance of
mitral annulus—papillary muscle continuity, in vivo biocompatibility and extended durability. An extracellular
matrix-based scaffold was generated, based on the native porcine mitral valve as starting material and a
technique for porcine cell removal without causing damage to the matrix components. To stabilize these
structures and slow down their degradation, acellular scaffolds were treated with penta-galloyl glucose (PGG), a
well-characterized polyphenol with high affinity for collagen and elastin. Biaxial mechanical testing presented
similar characteristics for the PGG-treated scaffolds compared to fresh tissues. The extracellular matrix com-
ponents, crucial for maintaining the valve shape and function, were well preserved in leaflets, and in chordae, as
shown by their resistance to collagenase and elastin. When extracted with strong detergents, the PGG-treated
scaffolds released a reduced amount of soluble matrix peptides, compared to untreated scaffolds; this correlated
with diminished activation of fibroblasts seeded on scaffolds treated with PGG. Cell-seeded scaffolds condi-
tioned for 5 weeks in a valve bioreactor showed good cell viability. Finally, rat subdermal implantation studies
showed that PGG-treated mitral valve scaffolds were biocompatible, nonimmunogenic, noninflammatory, and
noncalcifying. In conclusion, a biocompatible mitral valve scaffold was developed, which preserved the bio-
chemical composition and structural integrity of the valve, essential for its highly dynamic mechanical de-
mands, and its biologic durability.
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Introduction flexible chordae tendinae, which continue with the papillary
muscles.' The annulus-papillary muscle continuity is essen-
tial for valve mechanics.

The biochemical composition is fundamental for the

MV mechanical demands, and its durability.2 There are

THE MITRAL VALVE (MYV) is a complex structure that
opens during diastole and closes in systole, allowing the
passage of blood from the left atrium to the left ventricle,

and blocking the blood backflow under the high-pressure
environment in the left ventricle. The components of MV
apparatus that coordinate their movement to ensure the nor-
mal functioning of the valve are two leaflets with different
shapes, the saddle-shaped annulus, the chordae tendinae, and
the papillary muscles. The anterior leaflet is positioned in a
fibrous continuity (fibrous annulus) with the noncoronary
leaflets of the aortic valve, while the posterior leaflet is at-
tached through the muscular part of the annulus to the left
ventricle. The leading edges of both leaflets are reinforced by

three layers in the structure of MV leaflets: the fibrosa, a
stiff layer on the ventricular surface, composed of a thick,
organized collagen fibers; atrialis, a more compliant thin
layer on the atrial surface, composed mainly of elastic fi-
bers; and spongiosa, rich in glycosaminoglycans (GAG) and
proteoglycans.3 There is also a thin layer of linearly ar-
ranged elastic fibers on the ventricular side, continuous with
the elastic layer of the chordae tendinae. The chordae are
composed of highly crimped collagen fibers, and elastin.
The valve homeostasis is maintained by valvular interstitial
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cells (VICs), able to adapt to pressure and to respond to
environmental changes, remodeling the valve and main-
taining its strengths and durability.>~ The mechanical stress
is transmitted to VICs through their interactions with the
extracellular matrix (ECM) (mechanotransduction).6’10 The
MYV surface is covered with endothelial cells, which interact
with VICs to maintain the integrity of valves and also reg-
ulate the leaflets’ mechanical properties.'’

MYV insufficiency leading to regurgitation affects >2% of
the population and, most frequently, is caused by mitral
valve prolapse (MVP).'*!* MVP is mainly due to myxo-
matous degeneration, leading to altered mechanical stress
and turbulent flow in the proximity to the MV leaflets.*!*!
MVP is characterized by enlarged and thickened ‘‘floppy”’
leaflets, associated with chordal elongation, thinning, and/or
rupture,'® and severe annular dilatation, with varying de-
grees of calcification.!” Myxomatous changes consisting of
proteoglycan and GAG accumulation are observed mainly
in the spongiosa, and extend diffusely to the other layers,
resulting in severe disruption of collagen organization in
the fibrosa, the structural core of the MV leaflets, contrib-
uting to weakening of the floppy MV. The elastic fibers are
fragmented in the atrialis, with occasional calcification.'®
GAG accumulation in myxomatous chordae is associated with
elastic fiber deficiency."”° VICs, as a result of exposure to
TGF-B1 and oxidative stress are activated to myofibroblasts,
with increased expression of matrix metalloproteinases
(MMPs) and cathepsin K that contribute to degeneration.”'
Active MMPs degrade ECM components, releasing bioactive
fragments (matrikines) and TGF-B1, leading to further VIC
activation, fibrosis, and calcification.%2%%’

MYV disease is presently treated successfully by surgical
replacement or repair. However, prosthetic valve replace-
ments have a limited lifespan and surgical repairs are
technically demanding and inherently associated with high
rate of MVP reoccurrence. Therefore, there is a significant
clinical need for new approaches to treatment of MV dis-
ease. One such solution might be provided by tissue engi-
neering and regenerative medicine approaches utilizing
scaffolds, cells, and bioreactors.”® Our goal is to develop a
tissue-engineered MV possessing appropriate composi-
tion, structure, and function with the ‘““ideal’’ characteristics
of MV: large orifice, rapid opening and closure, no rigid
support, maintenance of mitral annulus—papillary muscle
continuity, extended durability, biocompatibility, normal
function at any change in the left ventricle (LV) size in time,
and also, easy to produce and construct.?® As the integrity of
ECM components is critical for the complex functioning of
the MV, we aim to develop a collagen and elastin-based
scaffold based on the native porcine MV, as starting mate-
rial, and a technique to remove the porcine cells without
damaging the matrix components.

Notably, since ECM proteins are largely conserved
among species, properly decellularized xenogeneic tissues
are not considered immunogenic and could serve as excel-
lent scaffolds for regenerative medicine efforts. FDA has
already approved several acellular ECM-derived tissues
from bovine and porcine sources for human surgical use such
asinjectable collagen, acellular dermis, intestinal submucosa,
pericardium, and fascia lata. To date it is estimated that at
least 5 million patients have received such implants without
signs of rejection.
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To stabilize the matrix components and slow down their
degradation, we will treat the scaffolds with penta-galloyl
glucose (PGG), a well-characterized polyphenol with
high affinity for collagen and elastin.**~? PGG has been
reported to have many beneficial effects, such as antioxi-
dant, anti-inflammatory, and anticalcification properties.®>=>>
We hypothesize that PGG, by virtue of its collagen and
elastin-stabilizing abilities will preserve the composition
and structure of the valve ECM, and protect the scaffold
from matrix peptide liberation and cell activation.

Materials and Methods
MV decellularization

Porcine MVs were collected from a local abattoir and
transported to the laboratory on ice. After cleaning and
trimming extraneous heart muscle, the valves were im-
mersed in ddH,O overnight at 4°C to induce hypotonic
shock and cell lysis. The next day, the valves were treated
with NaOH 0.05M for 2 h, then incubated for 5 days under
agitation, in a solution containing 0.2% SDS, 1% Triton X-
100, 1% deoxycholic acid, and 0.4% EDTA, prepared in
20mM Tris pH 7.4. To remove the detergents, the valves
were rinsed 10 times for 15 min with ddH,O, then treated
with 70% ethanol for 20 min to reduce the bio-burden, and
rinsed again 4 times for 15min with ddH,O. Nucleic acid
removal was completed by incubation in a 720 mU/mL de-
oxyribonuclease, 720 mU/mL ribonuclease mixture in PBS
for 2 days at 37°C. Finally, scaffolds were rinsed in ddH,O
(three times for 15min), and incubated in 70% ethanol
overnight at room temperature. The MV scaffolds were stored
in sterile PBS with 1% protease inhibitors and 1% antibiotic/
antimycotic (Pen-Strep) at 4°C.

DNA extraction

DNA was isolated from tissues (n=10) following the
instructions provided in the DNeasy® Blood & Tissue Kit
from Qiagen. DNA was then analyzed by ethidium bromide
agarose gel electrophoresis, using the Sub-Cell® GT elec-
trophoresis instruments and instructions (170-4402) provided
by BioRad. DNA bands were measured by densitometry in a
BioRad Gel Imager.

Histology and immunohistochemistry

Rehydrated paraffin sections (5pum) were stained with
hematoxylin and eosin (H&E), Movat’s pentachrome, and
Verhoeff-Van Gieson, according to the instructions in the
kits purchased from Poly Scientific R&D Corp. 4°,6-
Diamidino-2-phenylindole (DAPI) was purchased from
Sigma-Alridch Corporation. Immunohistochemistry (IHC)
was performed on formalin-fixed and paraffin-embedded
sections using heat-mediated antigen retrieval (10 mM citric
acid at pH of 6, for 10 min at 90°C), followed by exposure to
0.025% Triton X-100 for 5 min. After incubation in normal
blocking serum for 45 min, the primary antibodies diluted
to 2 ug/mL were applied overnight at 4°C in a humidified
chamber. The following antibodies were used: rabbit anti-
Collagen IV (Ab6586; Abcam), rabbit anti-Laminin (Ab11575;
Abcam), rabbit anti-Vimentin (Ab92547; Abcam), rabbit anti-
ao-Smooth Muscle Actin (Ab5694; Abcam), and rabbit anti-
Integrin B1 (Ab52971; Abcam). Negative controls were
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obtained by omitting the primary antibodies. The Vectastain
Elite kit and the ABC diaminobenzidine tetrahydrochloride
peroxidase substrate kit were purchased from Vector Labora-
tories. Sections were counterstained with a diluted hematoxylin
before mounting. Images were obtained at various magnifica-
tions on a Zeiss Axiovert 40CFL microscope using AxioVision
Release 4.6.3 digital imaging software (Carl Zeiss Microlma-
ging, Inc.).

PGG treatment

High-purity 1,2,3,4,6-Penta-O-galloyl-beta-D-glucose (PGG)
was a generous gift from N.V. Ajinomoto OmniChem S.A.,
Wetteren, Belgium (www.omnichem.be). The acellular scaf-
folds were treated with sterile 0.3% PGG in 50 mM Na,HPO,,
0.9% NaCl, pH 5.5 containing 20% isopropanol overnight at
room temperature under agitation and protected from light.
Scaffolds were then rinsed with sterile PBS three times, and
then stored in sterile PBS with 1% protease inhibitors and 1%
antibiotic/antimitotic (Pen-Strep).

Resistance to collagenase and elastase

Tissue degradation by collagenase and elastase was de-
scribed previously.’® Briefly, ~15mg scaffold fragments
were lyophilized and the dried samples weighed. The sam-
ples were then incubated with 1 mL of 6.25U/mL type 1
collagenase in 100 mM Tris, 1 mM CaCl,, and 0.02% NaN3,
pH 7.8 at 37°C, for 24 and 48h with agitation (n=6 per
group). Similarly, 10 U/mL elastase was used to test elastin
stabilization. After removing the enzymes by centrifugation
and rinsing in ddH,O, the samples were lyophilized and
weighed. Resistance to enzymes was calculated as percent
weight loss.

Detection of soluble matrix peptides

Scaffold samples were pulverized in liquid nitrogen and
extracted in 50mM Tris-HCl, 150mM sodium chloride
(NaCl), 1 mM EDTA, 1% Triton X-100, 1% sodium deox-
ycholate, 0.1% sodium dodecyl sulfate, pH 7.4, and 10 pL/
mL protease inhibitor cocktail, for 16 h, followed by 15 min
centrifugation at 12,000rpm at 4°C. Protein content was
determined using the bicinchoninic assay (BCA) and 15 pg
from each sample were loaded on 4-15% SDS polyacryl-
amide gels. After electrophoresis, the gels were stained us-
ing the silver staining method.* BCA protein assay kit and
the silver stain kit (Silver Snap) were purchased from Pierce
Biotech (Thermo Scientific).

Mechanical testing

The evaluation of biaxial mechanical properties of valve
tissues was described previously.’” Briefly, square tissue
samples (~12x12mm) were trimmed from the anterior
leaflet with one edge of the sample aligned along leaflet
circumferential direction and the other edge aligned along
leaflet radial direction. Thickness of each sample was
measured three times using a digital caliper. Four markers
were placed in the center of the sample and were tracked
with a CCD camera to obtain biaxial tissue deformation.
Samples were attached to eight loops of 000 polyester suture
of equal length via stainless steel hooks (two loops each
edge) and mounted on the biaxial testing system. Membrane
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tension (force/unit length) was applied along each orthog-
onal axis (aligned with circumferential direction or radial
direction of tissue sample), and was ramped slowly from a
0.5 N/m preload to a peak tension of 60 N/m. For testing,
tissue sample was preconditioned for 10 continuous cycles
and followed by a 60N/m equibiaxial tension protocol.
Maximum stretch ratios along the circumferential direction
(Aeire) and radial direction (4,,,) were used to assess the
tissue extensibility. The biaxial testing was performed with
samples immersed in a PBS bath (pH 7.4). For tensile
testing, 50 mm long samples were cut and thickness was
measured using digital calipers. Samples were analyzed at a
constant uniaxial velocity of 0.1 mm/s until failure using a
10 Newton load cell on a Synergie 100 testing apparatus
(MTS System Corporation).

Differential scanning calorimetry

Thermal denaturation temperature (7,;), was determined
by differential scanning calorimetry (DSC, model 131; Se-
taram Instrumentation) at a heating rate of 10°C/min from
20°C to 110°C in a N, gas environment. 7,; was defined as
the temperature at the endothermic peak.*®

Cell seeding and cytocompatibility

PGG-treated scaffolds were equilibrated overnight in
DMEM with 50% FBS, 1% antibiotics and seeded with
human adipose tissue-derived stem cells (ASCs) internally
and externally. For internal seeding, the base and free edges
of the leaflets were inflated with sterile compressed air using
a 33GA X 1¥2-inch needle, and then injected with 0.5 mL of
a 1x10° cells/mL cell suspension. For external seeding, a
0.5mL of 1x10° cells/mL cell suspension was added drop-
wise to scaffolds and cells allowed to adhere for 1h; then
each scaffold was submerged in media (DMEM with 50%
FBS, 1% antibiotics, sterile filtered) and statically incubated
for 3 days. The viability of the cells after incubation was
tested using the Live/Dead Viability/Cytotoxicity Assay Kit
(Invitrogen) was used.

In a separate experiment, circular punches of PGG-treated
and untreated scaffolds (n=4) were seeded with human
cardiac fibroblasts (200,000 per sample) and incubated in
DMEM, 10% FBS, 1% antibiotics for 1 week. Scaffolds
were then evaluated for the expression of a-smooth muscle
cell actin (¢-SMA) by IHC, TGF-f by ELISA, and MMPs
by gelatin zymography.

Bioreactor conditioning

PGG-treated scaffolds (n=3) were seeded with 4x10°
cells per leaflet and mounted in bioreactors, originally de-
veloped in house™ and now commercially available from
Aptus, LLC. The number of cells seeded was determined
based on a study using concentrations of cells ranging from
5%10° cells to 1x 10° cells injected per leaflet (not shown).
The bioreactors were filled with DMEM, 10% FBS, 1%
antibiotics and placed within a standard cell culture incu-
bator maintained at 37°C, 90% humidity, and 5% CO,. Cell
culture media was replaced every 3—4 days. Pressures were
slowly increased from 1/5mmHg (diastolic/systolic) to
about 10/170 mmHg (diastolic/systolic) over 1 week to al-
low cells to adapt to the new dynamic environment.
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TGF-f1 assay

Tissue samples (0.5 cm circular punches) were pulverized
in liquid nitrogen and extracted in RIPA buffer (0.1% SDS,
1% sodium deoxycholate, 1% Triton X-100, 1 mM EDTA in
150 mM Tris-HCI, 150 mM NaCl, pH 7.4, and 1% protease
inhibitor cocktail) for 16 h at 4°C. Total protein content was
evaluated by BCA and extracts were analyzed for TGF-1
content using an ELISA kit from Abcam (Ab100647).

Gelatin zymography

MMP activity was determined by gelatin zymography:
6 ug proteins/lane were loaded in triplicates on ready to use
BioRad gels, alongside prestained molecular weight stan-
dards. After development and staining with Coommassie
Blue, the MMP clear bands on a dark blue background were
evaluated by densitometry and expressed as relative density
units. Electrophoresis apparatus and imager, chemicals, and
molecular weight standards were all purchased from Bio-Rad.

In vivo biocompatibility

Acellular leaflet and chordae scaffold samples, treated with
PGG and nonPGG-treated were prepared as described above. A
10mm diameter sterile biopsy punch was then used to cut
equally sized leaflet samples for implantation. Before implan-
tation, the samples were sterilized in 0.1% (w/v) peracetic acid in
PBS for 1 h, followed by rinsing in four changes of sterile PBS.

In accordance with an IACUC-approved animal use proto-
col, 24 juvenile Sprague-Dawley rats (cca. 50 g weight) were
used for this study. Rats were shaved and prepped for surgery,
anesthetized, and a 1 cm incision was made in the dorsal area of
each rat. Using blunt dissection, two subdermal pockets were
created and one sample was then inserted into each pocket
(total n=2 implants per rat) and the incisions were closed using
surgical staples. Thus, each group of implants (n =12 samples
for leaflet, chordae, with and without PGG treatment) were
implanted into randomly selected n = 6 rats. Rats were allowed
to recover and maintained in standard housing conditions with
food and water ad libitum. Rats were euthanized at 4 weeks via
CO, gas in an Euthanex system followed by bilateral pneu-
mothorax. Scaffold samples were explanted, fixed in 10%
neutral buffered formalin, and processed for histological ex-
amination of cell infiltration using Masson’s trichrome stain
and for T-lymphocytes using IHC for CD8 as described above.
Micrographs (10 images/group) were digitized and cell nuclei
within Trichrome-stained sections and CD8-positive cells were
counted using Image J software.

Statistical analysis

Results are expressed as mean * standard deviation. Statis-
tical analysis was performed using one-way analysis of variance
(ANOVA). Differences between means were determined using
the least significant difference with an alpha value of 0.05.

Results

Scaffold preparation

Porcine MVs were treated with alkali, detergents, and
nucleases to remove the cells, but to maintain the fibrous
matrix composition of leaflets and chordae; the resulting
scaffold preserved all the valve components (Fig. 1A). To
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visualize the elimination of cells, sections of scaffolds and
fresh MVs (leaflets and chordae) were stained with H&E and
DAPI, which confirmed the complete removal of cellular
components (Fig. 1C). To further validate the completeness
of decellularization, DNA was extracted from scaffolds and
compared to the DNA content of fresh MV tissues (Fig. 1B).
Ethidium bromide-agarose gel electrophoresis followed by
quantitative densitometry showed 98% elimination of DNA
from leaflets and 99% from chordae.

Evaluation of scaffold structure and matrix integrity

Collagen and elastin fibers, both crucial for maintaining
valve shape and function, maintained their integrity in both
leaflets and chordae after decellularization, as observed in
sections stained with Movat’s Pentachrome (Fig. 2A, F).
Voerhoff van Gieson (VVG), a specific stain for elastin,
showed intact elastin fibers in the atrial and ventricular side,
and in the structure of chordae (Fig. 2B, E). GAG were re-
moved together with the cells, forming typical ““pores’ in the
tissue, necessary for cell repopulation. Basal lamina compo-
nents, collagen IV and laminin, essential for cell adhesion,
were detected using specific antibodies (Fig. 2C, D).

Scaffold stabilization and cross-linking evaluation

The acellular scaffolds were treated with 0.05% PGG to
stabilize the tissues and increase their strengths and resistance
to degradation. Biaxial testing showed that decellularization
significantly decreased the tissue stiffness in both the radial
and circumferential directions, compared to fresh tissues
(Fig. 3A, B). Treatment with PGG, a polyphenolic compound
that binds to proline-rich regions and induces the formation of
cross-links within the collagen and elastin molecules, con-
tributed to the increase of tissue stiffness, showing a doubling
in elastic modulus (from 23.4%4 to 49.7+7 MPa). DSC
showed a slightly lower but statistically significant denatur-
ation temperature (7,) for decellularized scaffolds when
compared to the fresh tissue (66.4°C  6°C vs. 70.7°C £ 8°C)
due to tissue destabilization after removal of cells. PGG-treated
scaffolds exhibited significantly higher T, (84.5°C+9°C)
possibly due to the increase in number of cross-links (Fig. 3D).

The efficiency of acellular MV and chordae scaffold
stabilization with PGG was evaluated by analyzing their
resistance to collagenase and elastase. Untreated scaffolds
and fresh MV tissues were used as controls. Results showed
that acellular scaffolds were more readily degradable by
both enzymes as compared to fresh tissues (Fig. 4). Also,
treatment with PGG significantly reduced their susceptibil-
ity to enzymes: by fivefold to collagenase (Fig. 4A) and
more than twofold to elastase (Fig. 4B).

To evaluate the degradability of matrix components,
PGG-treated scaffolds and controls were extracted in a
detergent-rich RIPA buffer and the soluble peptides
released were detected by SDS-PAGE electrophoresis
(Fig. 7D). Compared to nontreated scaffolds, the PGG-
treated scaffolds released significantly lower amounts of
soluble protein fragments.

Cell seeding and cytocompatibility

The acellular MV scaffolds exhibited excellent compati-
bility toward ASCs as demonstrated by the presence of viable
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cells after 3 days of incubation under static conditions

(Fig. 5B). Cells spread between the fibers of leaflets, as seen in
the DAPI, H&E, and Movat’s Pentachrome-stained sections.

Images show the presence of vimentin, a protein known to be
secreted by mesenchymal cells (Fig. 5D). Cells seeded on the
surface maintained their viability and attachment to the valve.

-

S | F D1 D2 D3

Cell-seeded,
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FIG. 1. Mitral valve decellularization. (A)
Macroscopic aspect of a decellularized mi-
tral valve leaflet. (B) Ethidium bromide
agarose gel electrophoresis analysis of DNA
extracted from fresh tissue (F) and decel-
lularized valve tissue (D1-3); S, DNA ladder
standard. (C) Representative histology
analysis of fresh and decellularized (Decell)
mitral valve stained with H&E and DAPI.
Bars in (C) are 100 pm. H&E, hematoxylin
and eosin. Color images available online at
www.liebertpub.com/tea

Bioreactor studies

PGG-treated MV scaffolds were dynamically

conditioned in heart valve bioreactors. After 3 weeks of
bioreactor testing, the cells were viable (Fig. 6C) and showed
the presence of VIC markers, such as vimentin and integrin
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FIG. 2. Histology of mitral valve scaffolds. Representative histology analysis of fresh and decellularized (Decell) mitral valve
leaflets and chordae stained with Movats’ Pentachrome (A, F), VVG in (B and E), and immunohistochemistry for type IV collagen
and laminin (C, D). Bars are 100 um. VVG, Voerhoff van Gieson. Color images available online at www.liebertpub.com/tea
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FIG. 3. Matrix stabilization in acellular mitral valves. (A, B) Biaxial stress-strain analysis of samples of fresh, acellular
(Decelled) and PGG-treated (PGG) acellular valve leaflets tested in radial (X) and circumferential (Y) directions. Avg.,
average values for n=5. (C) Elastic moduli of fresh, Decelled and PGG leaflets. (D) Differential scanning calorimetry
evaluation of fresh, Decelled and PGG-treated acellular valve leaflets. T, thermal denaturation temperature. *p <0.05
compared to fresh. PGG, penta-galloyl glucose. Color images available online at www.liebertpub.com/tea

FIG. 4. Resistance to proteases. (A) Re-
sistance to collagenase and (B) Resistance to
elastase degradation of fresh, acellular (De-
cell) and PGG-treated (PGG) acellular mitral
valve leaflets. Values are expressed as % dry
weight loss after exposure to enzyme for 24
or 48h (hr). *p<0.05 compared to fresh.
Color images available online at www
Jiebertpub.com/tea
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B1, and o-SMA, a marker of smooth muscle cells, cells
commonly found in the annular region of the valve (Fig. 6D).

PGG-treated scaffolds and fibroblast activation

To test the effect of scaffolds on fibroblast activation,
PGG-treated and untreated scaffolds were seeded with hu-
man cardiac fibroblasts and incubated in cell culture me-
dium for 1 week. Fibroblasts seeded on untreated scaffolds
became positive for o-SMA and secreted significant
amounts of TGF-f (5.5 1.7 pg/ug protein) and high levels
of active MMPs (Fig. 7A, B) suggesting their activation
into myofibroblasts. By comparison, fibroblasts seeded on
PGG-treated scaffolds secreted almost 10 times less TGF-f3
(0.620.1 pg/pg protein) and 2 times less MMPs and were
negative for o-SMA (Fig. 7C), suggesting that PGG-
mediated stabilization of acellular scaffolds could reduce
fibroblast activation. These results were correlated with the
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FIG. 5. Cytocompatibility
of acellular mitral scaffolds.
Representative images of
PGG-treated scaffolds seeded
with cells and analyzed

3 days after seeding. (A)
DAPI nuclear staining, (B)
Live/Dead staining, (C) H&E
stain, (D) vimentin immuno-
histochemistry and (E)
Movat’s Pentachrome. Bars
are 100 pm. Color images
available online at www
Jiebertpub.com/tea

reduced level of soluble peptides released by the stabilized
scaffold (Fig. 7D), which can act as matrikines and induce
fibroblast transformation.

To gain insight into the biocompatibility of acellular MV
scaffolds, we implanted samples subdermally in juvenile
rats and explanted them after 4 weeks (Fig. 8). All implants
showed excellent preservation of the ECM components and
mild to moderate host cell infiltration penetrating the out-
ermost 100-200 um layer. Quantitatively, the extent of cell
infiltration was similar in all implants (25751760 cells per
section, not statistically different by ANOVA). Most of the
cells appeared fibroblastic in morphology and inflammation
was very limited; no foreign body giant cells were observed
and no calcification could be detected (not shown). Few
CD8-positive cells were found within the population of in-
filtrating cells (about 10%); notably, the number of CD8-
positive cells was significantly reduced in PGG-treated
scaffolds compared to nontreated scaffolds (Fig. 8).

FIG. 6. Bioreactor study.
(A) Assembled mitral valve
bioreactor composed of 1,
ventricular chamber, 2, atrial
chamber, 3, ventricular reser-
voir, 4, atrial reservoir, 5,
pressure transducer, 6, flow
meter, 7, sterile air filter. (B)
Ventricular aspect of a repre-
sentative cell-seeded, PGG-
treated mitral valve scaffold
during testing in culture media
(red). (C) Representative image
of Live/Dead (live, green, dead,
red) stained cells after 3 weeks
in the mitral valve bioreactor.

(D) Representative immuno-
SR AR histochemistry images of PGG-
R 2 g ¢ ' treated mitral valve scaffolds

o i : seeded with cells and analyzed
3 weeks after bioreactor testing.
SMA, a-smooth muscle cell
actin, VIM, vimentin, INT,
'Y integrin B1. Bars are 100 pm.
S Color images available online

at www liebertpub.com/tea
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A 7. TGF-b content B 1200 4 Gelatin Zymography
FIG. 7. Effects of PGG 6 -
stabilization on fibroblast - 1000
activation. Fibroblasts were T 5
seeded onto PGG-treated § 800 -
mitral valve scaffolds (PGG) E‘, 4 - o
and their activation com- 3 3 = 600
pared to cells seeded onto )
non-PGG-treated scaffolds. = 2 400 -
(A) TGF secretion assessed =
by ELISA. (B) MMP secre- 1- 200 -
tion evaluated by zymo-
graphy (insert shows actual 0 °
gel). (C) Representative im- PGG No PGG PGG
munohistochemistry images
of PGG-treated mitral valve No PGG PGG

scaffolds seeded with cells
and stained for SMA. Bars
are 100 um. (D) Soluble
peptide release assessed by
gradient SDS-PAGE fol-
lowed by silver staining. Std,
molecular weight standards.
MMP, matrix metalloprotei-
nase. Color images available
online at www.liebertpub
.com/tea

Discussion

The MV composition and structure, and its pathology,
needs to be taken into consideration to develop a robust and
functional tissue-engineered MV, resistant to degenerative
factors.**® The MV accomplishes a com?lex and stressful
mechanical effort during the cardiac cycle'**' that demands
the integrity of all the components of the MV apparatus:
the anterior leaflet, positioned in a fibrous continuity (fibrous

— — — —

1E

annulus) with the noncoronary leaflets of the aortic valve,
and a posterior leaflet, attached through the muscular part of
the annulus to the left ventricle; the flexible chordae tendi-
nae, which reinforce the leading edges of both leaflets, and
continue with papillary muscles; the papillary muscles that
function as shock absorbers and compensate for the geo-
metric changes of the left ventricular wall. This mechanism
maintains constant the papillary-annulus distance during the
cardiac cycle, while the distance between the papillary

A Trichrome
FIG. 8. Effects of PGG on
host infiltration into acellular
mitral valve scaffolds at 4
weeks postimplantation. (A)
Representative histology im-
ages of leaflet (L) and chor-
dae (C) scaffolds stained with
Trichrome (collagen, blue;
cells, red) and anti-CD8 an-
tibody (positive, brown). (B)
Quantitative analysis of total
infiltrating cells (fop) and
CDS8+ infiltrating cells (bot-
tom), both normalized to
scaffold cross-sectional area.
Scale bars are 100 pm in
Trichrome images and 20 pm
in CDS8 images. *p <0.05 by
ANOVA. ANOVA, analysis
of variance. Color images
available online at www
Jiebertpub.com/tea
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muscles and the apex varies significantly, due to the presence
of chordae, the principal force transmission during left ven-
tricular ejection.' The annulus-papillary muscle continuity is
essential for the valve mechanics, while the excessive area of
the leaflets supports the MV orifice closing; the systolic
constriction of the posterior ventricular wall around the an-
nulus also contributes to closing, by narrowing the annulus
opening, thus reducing the stress of the leaflets under the LV
pressure and flow.*? This complex mechanical performance
of the MV structures requires the integrity and durability of
strong collagen” and resilient elastin fibers.'®

It is our working hypothesis that a tissue-engineered MV
scaffold, based on stabilized matrix proteins, will demon-
strate biochemical and mechanical properties similar to
those of the MV leaflets and chordae. Therefore, we de-
veloped a durable scaffold by removing all the cellular
components of a porcine MV and stabilizing the collagen
and elastin fibers with PGG, a polyphenol that binds to the
hydrophobic sequences of the polypeptide chains of colla-
gen and elastin. Scaffolds for tissue engineering were suc-
cessfully developed before, by removal of cells from
porcine heart valves.*>** Similar to previous work on the
aortic and pulmonary valves performed in our lab, we
managed to maintain the three-layer structure of the MV
leaflets (Figs. 1 and 2), and also of the specific composition
of the chordae. The structure of collagen and elastin fibers
were preserved in the PGG-treated tissue, together with
basement membrane proteins, known for their role in cell
repopulation of the scaffold (Fig. 2).

PGG, used before for the stabilization of aortic valve scaf-
folds, was used here for the first time for the stabilization of the
complex and heterogeneous structure of the MV. PGG-treated
acellular MV scaffolds showed mechanical properties and cross-
linking degrees similar to the fresh MV tissue (Fig. 3). This
might be significant for MV durability, as the in vivo fragmen-
tation of collagen organization in fibrosa and elastic fibers in the
atrialis leads to MV prolapse and insufficiency.*> The weak and
enlarged “floppy” leaflets are associated with chordal elonga-
tion, thinning, and/or rupture. Indeed, PGG prevents the frag-
mentation of collagen and elastin fibers and, consequently, the
alterations of the mechanical properties (Fig. 3). The increased
resistance of PGG-treated scaffolds to the activity of proteases
confirms the integrity of these macromolecules (Fig. 4). These
results might be truly significant, as it was demonstrated before
that fragmented elastin is prone to induce calcification in dif-
ferent cardiovascular tissues, such as the aortic wall and possibly
valves.*® Indeed, varying degrees of calcification are detected in
the dilated annulus of the degenerative MVs. In this study, none
of the acellular scaffolds accumulated any significant amounts of
calcium upon subdermal implantation.

Besides optimal physical properties and three-dimensional
(3D) structure, the collagen and elastin-based scaffolds
proved to be cytocompatible. As our approach follows the TE
paradigm of scaffolds seeded with stem cells and conditioned
in a bioreactor, the first step was to test the viability of human
ASC:s, cultured under static conditions. We noticed that, after
3 months of incubation, not only cells were viable, but they
also synthesized a layer of GAGs, which we interpreted as a
constructive remodeling of the leaflets (Fig. 5). As cell-matrix
interactions continuously determine the ECM remodeling
during normal processes, the well-preserved biochemical
composition of the scaffold, and its architecture, appeared to
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have induced a positive remodeling, an encouraging result for
MYV tissue engineering.

In agreement with studies that showed the expression of
integrin 1 in stem cells submitted to mechanical forces,*”*®
we showed that the combined effect of scaffold’s 3D
structure and mechanical stimuli provided by the bioreactor
induced changes in ASC properties, similar to VICs (Fig. 6).
These results suggest that bioreactor conditions are appro-
priate for the development of a tissue-engineered MV.

In addition, we studied the activation of human fibroblasts
seeded on PGG-treated and untreated MV scaffolds by
evaluating the synthesis of MMPs and TGF-B1, and by
staining for a-SMA. As collagen and elastin peptides are
known to be involved in myofibroblast generation, we cor-
related the MMP, TGF-$1, and o-SMA with the amount of
peptides released by the scaffold ECM (Fig. 7). Our results
showed that PGG-treated scaffolds released only a reduced
amount of peptides compared to nontreated scaffolds, sug-
gesting that PGG-treated scaffolds mitigate the activation of
fibroblasts to myofibroblasts. Furthermore, as shown in our
in vivo studies, PGG treatment of acellular scaffolds reduced
the extent of T-lymphocyte infiltration suggesting that PGG
might exert anti-inflammatory properties.

Therefore, by maintaining the ECM structural integrity,
PGG might prevent the activation of valvular cells, and
consequently the weakening of tissue-engineered MV, dys-
function, and disease. The study of tissue-engineered MV
under bioreactor conditions could serve as a reliable in vitro
model for studying MV biology and pathology. Definitely,
bioreactor studies could provide an insightful understanding
of how the valve microstructural alterations represent an early
effort to compensate for altered physiologic loading to reduce
stress and maintain leaflet coaptation.

Conclusions

Stabilized acellular MV scaffolds serve as suitable
foundations for tissue regeneration. PGG, by virtue of its
collagen and elastin-stabilizing abilities preserves the ECM
composition and structure, required by the valve’s complex
mechanical efforts. This could prevent weakening of the
leaflets and chordae under mechanical stress and also protect
the scaffolds from degeneration, inflammation, foreign body
reactions, and calcification. Acellular MV scaffolds are highly
biocompatible in vitro and in vivo; furthermore, PGG treat-
ment of these mitigates fibroblast activation, inflammation,
and calcification. In future in vivo studies, we anticipate to
show that PGG-treated scaffolds will not only provide the
proper mechanical support for cells, but also the appropriate
biochemical environment to prevent their activation and
calcification.
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