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Abstract—Introduction—Heart valve tissue engineering may
provide improved treatment for valvular heart disease, yet
development of a tissue engineered heart valve (TEHV) has
been limited by incomplete recellularization of the valve
leaflets. In this study, we compare the leaflet recellularization
potential of candidate cell populations.

Methods—Four cell populations were tested: bone marrow
mononuclear cells (MNC), 5 million bone marrow mes-
enchymal stem cells (MSC), 10 million bone marrow mes-
enchymal stem cells (MSC2), and 5 million valve interstitial
cells (VIC). Candidate cell populations were seeded onto
decellularized heart valves and underwent similar condition-
ing in a low-flow bioreactor for 2 weeks.

Results—MSC2 valves demonstrated the best recellulariza-
tion of the interstitial leaflet tissue as well as an appropriate
cell phenotype, mechanical properties, and biochemical
composition. MSC valves exhibited similar leaflet repopula-
tion, yet had decreased mechanical and biochemical proper-
ties. MNC seeding resulted in minimal recellularization of the
leaflet, though an additional time point group found cells
present after 3 days, which seemed to disappear at 2 weeks.
VIC seeding resulted in cell clumping on the leaflet surface
and poor recellularization.

Conclusions—The results of this study suggest mesenchymal
stem cells are a preferred cell population for TEHV recellu-
larization. Additionally, MSCs demonstrate the ability for
repopulation of the distal valve leaflet, which will lead to
more complete recellularization of future TEHVs.

Keywords—Mesenchymal stem cells, Mononuclear cells,
Valve interstitial cells.
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INTRODUCTION

Valvular heart disease remains a significant cause of
morbidity and mortality worldwide, particularly for
pediatric patients with congenital valve defects.'> The
current options for valve replacement, including
mechanical valves, bioprosthetic valves, and cryopre-
served allografts, all have associated limitations and
cannot provide the necessary remodeling or growth
after implantation.'> Therefore, pediatric patients
requiring valve replacement often undergo multiple
revision surgeries throughout their lifetime.'* The tis-
sue engineered heart valve (TEHV) may be the ideal
solution for heart valve replacement acting as a one-
time intervention to create living, functional tissue
capable of growth and remodeling.'”

However, a number challenges remain before real-
izing the TEHV. Primarily is the difficulty in estab-
lishing a phenotypically appropriate cell population
within the valve leaflet tissue. Native heart valves are
populated by two cell phenotypes, valve endothelial
cells on the luminal surfaces and valve interstitial cells
(VICs) within the tissue matrix. Decellularized heart
valves implanted as bioprosthetic replacements in
human and animal models have shown complete re-
endothelialization of the luminal surfaces and partial
recellularization of the valve interstitial tissue including
the conduit and leaflet base.”'” However, despite
endothelial cells, the distal free-edge of the valve leaf-
lets exhibit an absence of VIC repopulation.”"
Therefore, the challenge is establishing a VIC-like
population within the distal leaflet interior.

Over the years, various methodologies for cell
seeding using multiple cell sources have been
explored.'*?* The use of endothelial cells from arterial
or venous tissue, myofibroblasts, or VICs from leaflet
tissue avoids cell phenotype mismatch with the native
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valve; however, obtaining homologous cells for clinical
use is problematic.'®!'>** Bone marrow derived mes-
enchymal stem cells (MSCs) and mononuclear cells
(MNCs) have received interest as a potentially patient-
specific cell source. MSCs are an attractive option
because of their differentiation potential toward a VIC
lineage and their immunomodulatory capabilities.®!
However, the preparation MSC populations prior to
seeding can be a time consuming procedure.'” MNCs
are of interest due to their potential for rapid migra-
tion and inflammation-mediated native cell recruit-
ment through paracrine signaling.?*?’

Despite the variety of cell sources for heart valve
seeding, there have been very few direct comparisons
between cell populations to evaluate the potential for
valve recellularization. One of the only comparisons
(Vincentelli et al.) utilized a direct injection technique
to transplant ovine MNCs or MSCs into the annulus
and arterial wall of decellularized porcine pulmonary
heart valves before implantation into sheep.”® After
4 months in vivo, the MNC injected group displayed
thickened leaflets, increased pressure gradients, calci-
fication, and the presence of inflammatory cells.”® The
presence of the inflammatory cells may be in line with
the inflammation-mediated recellularization described
previously by MNCs, although the other reported re-
sults are not encouraging and suggest a classical
inflammatory response. The injection of expanded
MSCs did not elicit this negative response and a lim-
ited number of w-actin positive cells were observed in
the leaflet.”® However, cells cannot be clinically
localized directly within the leaflet using this method
due to the potential of damage to the delicate tissue.

Therefore, the purpose of this investigation is to
provide a direct comparison between seeding cell
populations for their TEHV recellularization potential.
The recellularization criteria for determining the best
cell type are repopulation of the interstitial leaflet tis-
sue, differentiation down an appropriate VIC lineage,
remodeling and production of extracellular matrix,
and restoration of native leaflet biomechanics. Addi-
tionally, recruitment of host cells may also influence
recellularization and therefore the production of
homing cytokines should also be considered. MNCs,
MSCs, and VICs, were tested for their ability to
repopulate the interstitial leaflet tissue of decellularized
heart valves following in vitro bioreactor conditioning.
To better evaluate the MSC seeded groups, two seed-
ing concentrations were tested, leading to a total of
four tested cell populations. Although not clinically
practical, VICs were included as a candidate cell
population to evaluate the results of seeding an
autologous cell source following the same in vitro
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seeding and conditioning protocol of the other candi-
date cell populations. It was hypothesized that valves
seeded with MSCs at the higher concentration would
lead to significantly higher recellularization of the
leaflet tissue compared to other groups.

METHODS

Tissue and Tissue Processing

Ovine aortic valves were harvested from juvenile
sheep under approved IACUC protocols and in
accordance with Guide for Care and Use of Labora-
tory Animals (National Institutes of Health Publica-
tion No. 85-23). Harvested valves were cryopreserved
using a procedure modeled after clinical tissue han-
dling protocols. Valve were frozen at 1 °C min~' using
a controlled rate freezer (2100 Series, Custom
BioGenics Systems) then stored at — 180 °C. Valve
decellularization was performed as described previ-
ously.'® Briefly, the valves were thawed and subjected
to reciprocating osmotic shock, followed by detergent
(Triton X-100, sodium-lauroyl sarcosine) and enzy-
matic (Benzonase®) washes to remove cellular mate-
rial. Extraction of organic material was performed
using recirculating water and ion exchange resins.
After decellularization, the valves were again cryop-
reserved as described and stored at — 180 °C until
seeding.

Seeding Cell Populations

Cells populations to be used for seeding were
obtained from commercial sources (Lonza) or isolated
from human tissue that was obtained from a com-
mercial tissue banking facility (LifeNet). The decellu-
larized ovine aortic valves were randomly divided into
four groups for seeding: human MNCs (MNC group),
a low dose of human MSCs (M SC group), a high dose
of human MSCs (MSC2 group), or human VICs (VIC
group). Cell populations for MNC and MSC seeded
valves were isolated from 25 mL human bone marrow
aliquots obtained from a commercial source (Lonza)
using a bone marrow filter system (Kaneka)."* Cell
concentrations were measured using a Z-series Coulter
Counter prior to valve seeding (Beckman Coulter). For
MNC seeding, the entire mononuclear cell population
isolated from bone marrow was used for valve seeding,
which resulted in approximately 300 million cells see-
ded per valve. For seeding with MSC populations,
mononuclear cells were filtered from bone marrow and
the mesenchymal stem cell fraction was isolated
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through cell culture until sufficient cells were available.
Valves in the low dose M SC group were seeded with 5
million cells per valve while valves in the high dose
MSC2 group were seeded with 10 million cells per
valve. VICs for the VIC group were isolated from
human aortic valve leaflets and seeded at a 5 million
cells per valve. Briefly, aortic valve leaflets were dis-
sected, stripped of VECs through a saline wash, and
then minced before being placed in a cell culture flask
to allow the outgrowth of VIC cells. After sufficient
proliferation, VICs were cryopreserved and stored at
— 180 °C until valve seeding.

Valve Seeding and Conditioning

For each cell seeding group, the tissue engineered
heart valves were seeded following established proto-
cols.” Decellularized valves were thawed from cryop-
reservation and sutured onto tissue grips. The seeding
cell population for each group was then suspended in
10 mL of media and seeded into the lumen of the valve
which was mounted in a static bioreactor chamber
containing 200 mL valve media [DMEM F12 (Life
Technologies) and 10% human serum (Sigma-Al-
drich)]. After cell seeding, all groups underwent the
same bioreactor conditioning protocol starting with
24 h of static culture (37 °C, 5% CO,) to allow cell
adhesion. Valves were then transferred to a dynamic
bioreactor chamber containing 500 mL valve media
and were conditioned for 24 h under cyclic negative
pressure (— 20 to 5 mmHg), followed by 24 h of cyclic
low positive pressure (— 5 to 20 mmHg), and finally
2 weeks of cyclic high positive pressure (— 5 to
120 mmHg).> A media change was performed on all
valves after 1 week of high positive pressure, wherein
half of the bioreactor media (250 mL) was removed
and replaced with 250 mL of fresh valve media. Fol-
lowing bioreactor conditioning, the valves were
removed and dissected for analysis, including histol-
ogy, immunohistochemistry (IHC), real time PCR (rt-
PCR), biomechanical testing, and biochemical analy-
sis.

After analysis of the MNC group revealed minimal
cell infiltration, an additional sub-group was added
which was seeded similarly and then conditioned in the
bioreactor for only 3 days (MNC short) (24 h static,
24 h negative pressure cycles, and 24 h high pressure
cycles). The purpose was to elucidate temporal changes
in the cell population, since previous experience has
seen moderate leaflet recellularization with seeded
MNCs.* After conditioning, the MNC short term
valves were analyzed by histology, IHC, and PCR.
MNC short valves were not included in the mechanical
or biochemical analyses since significant changes were
not expected so quickly.

Histology, IHC, and PCR

Samples for histology were sectioned along the ra-
dial plane of each leaflet from the valves of each group.
Hematoxylin and eosin (H&E) staining was used to
evaluate repopulation of the decellularized valve leaf-
lets, specifically by the presence of cells within the
leaflet tissue and on the leaflet surface. Recellulariza-
tion of the tissue engineered valves in each group
(n = 9) was determined by counting the cells in a
calculated area using Axiovision software. Cells were
counted if they were located within the interstitial
leaflet tissue, but not on the leaflet surface.

Protein expression of the seeded cells was evaluated
by IHC. Unstained slides were blocked in 10% normal
goat serum for 1 h before overnight incubation at 4 °C
with 1:100 diluted primary antibodies. The primary
antibodies (Abcam) targeted alpha smooth muscle
actin (aSMA), heat shock protein 47 (HSP47), vi-
mentin (VIM), CD90, CD68, CD271, CD34, and
CD45. Fluorescent secondary antibodies (Alexa Fluor
488 or Alexa Fluor 594; Life Technologies) were then
incubated for 1 h followed by nuclear counterstaining
(DAPI; Life Technologies).

Gene expression in the cell populations prior to
seeding and after 2 weeks of conditioning was ana-
lyzed by rt-PCR. Pre-seeding cell samples were taken
immediately before seeding. Post-seeding tissue sam-
ples were isolated from each leaflet during valve dis-
section and immediately frozen in liquid nitrogen
before being pulverized. Tissue samples from each
leaflet of the valve were combined to form one sample
to measure overall gene expression across the valve.
RNA was isolated using the RNeasy Micro Kit (Qia-
gen) and then reverse transcribed to cDNA using the
High Capacity cDNA Reverse Transcription Kit (In-
vitrogen). rt-PCR (7300 RT-PCR system, Applied
Biosystems) was performed using a custom phenotyp-
ing array (TaqMan, Life Technologies). PCR data is
conveyed as the relative fold change in gene expression
of the cells from tissue samples compared against the
matched pre-seeding cell population. Data is presented
as the mean relative fold change of all valves within a
group (n = 3) with standard deviation error bars.

Mechanical Testing

The mechanical behavior of the leaflet tissue from
the MNC, MSC, MSC2, and VIC groups was mea-
sured by biaxial loading. MNC short seeded valves
were not tested. Biaxial mechanical testing was per-
formed in phosphate buffered saline at 37 °C using
methods described previously.> Rectangular specimens
(9 x 6 mm, n = 9) were cut from the middle belly
region of each leaflet and mounted onto a four motor
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equibiaxial loading system (LM1 TestBench, Bose
ElectroForce) with the radial and circumferential
directions of the sample aligned to the loading axes.
Samples were then loaded to an equibiaxial tension of
30 N/m with a rise time of 10 s and the peak stretch
ratios were calculated from strain data in the circum-
ferential (J2°%) and radial () directions. Areal
strain was used as a measure of net extensibility and
was calculated from stretch data as (AR x AR —
1) x 100%. Results were compared against biaxial
mechanical data previously reported from cryopre-
served and decellularized valves.*

Biochemical Analysis

The sulfated glycosaminoglycan (GAG), collagen,
and total protein concentrations of the extracellular
matrix of seeded valves was measured using colori-
metric assays. GAG concentration was measured using
the Blyscan Sulfated Glycosaminoglycan Assay (Bio-
color). Tissue samples (approx. 15 mg; n = 9) were
processed according to manufacturer protocols and the
results were measured using a spectrophotometer at
656 nm. Collagen concentration was measured using
the QuickZyme Total Collagen Assay (QuickZyme
Biosciences). Samples (approx. 15 mg, n = 9) were
prepared by overnight hydrolysis in 6 M HCl at 90 °C
and the hydroxyproline concentration was measured
using a UV—Vis spectrophotometer at 570 nm. Total
protein concentration was measured using the Quick-
Zyme Total Protein Assay (QuickZyme, Biosciences)
and used the same hydrolysates that were prepared for
collagen quantification. The GAG, collagen, and total
protein concentrations are reported as ug mg~' of wet
tissue and are compared to previously reported values
from cryopreserved and decellularized valves.**

The production of signaling molecules such as
cytokines and chemokines from the cells of the seeded
tissue engineered valves was quantified using a multi-
plex (Luminex) assay in accordance with manufacturer
protocols. Media samples (n = 3—-6) were taken at the
end of bioreactor conditioning (2 weeks of high posi-
tive pressure) and frozen at — 80 °C until use. The
multiplex assay identified the media concentration of
FGF-2, IL-10, IL-6, MCP-1, MIP-1a, MIP-1§, TNF«
and VEGF.

Statistical Analysis

Statistical analysis was performed by ANOVA, and
post hoc comparisons were made using the Tukey test
or the Kruskal-Wallis test for parametric and non-
parametric data, respectively. Differences were con-
sidered statistically significant at p < 0.05.
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RESULTS

Tissue Processing

As demonstrated previously, the decellularization
process resulted in complete removal of cells from the
valve tissue while preserving the overall architecture of
the extracellular matrix (Fig. 1j).>** Following cell
seeding and bioreactor conditioning, the valves in all
groups had a normal appearance with leaflets capable
of complete coaptation.

Histology and Cell Density

H&E staining of the seeded valve groups revealed
differing levels of recellularization after 2 weeks of
bioreactor culture (Fig. 1). MNC seeded valves had
minimal recellularization with isolated cells present
only on the surface of the leaflet while the interstitial
matrix remained acellular (Figs. la and If). MSC
seeded valves exhibited increased recellularization of
the leaflet matrix compared to the other seeded groups,
with a relatively high density of cells within the leaflet
matrix; though it should be noted the cellular density is
still low compared to native tissue (Figs. 1b and 1g). In
addition to increased cells within the leaflet, multilay-
ered clumps of cells were present on the leaflet surface.
It is also noteworthy that recellularization was limited
to the distal region of the leaflet, while the mid and
base of the leaflet had very little cells present within the
leaflet or on the surface. MSC2 seeded valves showed
similar recellularization to the MSC group and inter-
estingly appeared to have less cell clumping present on
the valve surface (Figs. 1c and 1h). Again, the recel-
lularization of the MSC2 group was primarily within
the distal leaflet region. Valves seeded with VICs
showed high cellularity and clumping of cells on the
valve surface but very little to no cellular infiltration
into the leaflet interstitium (Figs. 1d and 1i). However,
it is worth noting that cellular repopulation of the
leaflet interstitium following valve seeding and condi-
tioning, regardless of cell type, remained dramatically
below the cellular density observed in a cryopreserved
leaflet (Fig. le).

The amount of recellularization within each group
was quantified by measuring the cell density within the
leaflet tissue (Table 1). As observed by histology, the
MSC and MSC?2 groups lead to significantly increased
recellularization compared to the MNC and VIC
groups. Additionally, all groups had dramatically
lower cellular density than cryopreserved native
human leaflet tissue. MNC and VIC groups had sig-
nificantly lower cellular density, while the M.SC and
MSC2 groups were actually statistically similar to the
human cryopreserved cellular density. However, that
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Control

FIGURE 1. Representative H&E stained sections showing various degrees of recellularization from the four groups of the tissue
engineered valve leaflets, 2 weeks post seeding. MNC valves (a, f) showed no signs of interstitial recellularization and minimal cells
on the leaflet surface. MSC valves (b, g) and MSC2 (c, h) valves displayed increased interstitial recellularization of the distal leaflet
compared to the other tested groups. Slight cell clumping was also observed on the leaflet surface. VIC valves (d, i) showed no cell
infiltration and a high degree of cell clumping along the leaflet surface. Positive and negative controls (e, j, respectively) are
presented as cryopreserved (cryo) and decellularized (decell) samples. Images within the same processing group (e.g., a, f) are
taken from separate valves under the same processing conditions to show reproducibility. All images are taken from the distal

third region of the leaflet.

TABLE 1. Cell density measuring the recellularization of
MNC, MSC, MSC2, and VIC seeded valves.

Group Average cell density (cells/mm?)
MNC 1.623 + 1.9420°

MSC 112.31 4 32.04%¢
MSC2 117.03 + 80.23%°

VIC 2.25 + 0.82¢¢f
Human cryo 1149.55 + 401.812"

Previously reported data for cryopreserved (cryo) human aortic
valve leaflets is included as a positive control.>* Data is reported as
mean =+ standard deviation. Superscript letters of the same type
indicate a significant difference between groups (p < 0.05).

last point is simply an artifact of the statistical test due
to the non-parametric nature of the data. It is apparent
that the cellular density of all seeded groups was sig-
nificantly lower than the cryopreserved control sample.

Cell Phenotypes

The protein expression of the seeded cells on the
tissue engineered valve leaflets was evaluated by IHC
(Fig. 2). The phenotype of the seeded cells was com-
pared to native valve leaflet cells, which has been
thoroughly described in the literature.>*'®* There-
fore, antibodies stained for the expression of markers
associated with native valve cells (xSMA and VIM)
and mesenchymal stem cells (CD90 and CD271), as

well for matrix production (HSP47), and
macrophages/mononuclear cells (CD68). Cells from
the MNC group were notably negative for «xSMA and
CD90, but showed slight positive expression of HSP47,
VIM, and CD68 (Figs. 2a, 2e, and 2i). The MSC and
MSC2 groups had similar protein expression and
stained positive for «SSMA, HSP47, VIM, and CDY90,
though the MSC2 group appears to have greater
protein expression (Figs. 2b, 2f, 2j, 2¢, 2g, and 2k). The
cells of the VIC group were positive for HSP47, CD90,
and VIM while interestingly remained negative for
aSMA, the classical marker pattern for activated VICs
(Figs. 2d, 2h, and 2I).

The gene expression of the cells from the seeded
heart valves was measured by rt-PCR and evaluated as
the relative fold change compared to the respectively
matched, pre-seeded cell population (Fig. 3). Similar to
the protein expression analysis, the gene expression of
the seeded heart valves was compared to the phenotype
of native valve cells.>?'*** Gene markers were in-
cluded to identify native valve cells, mesenchymal stem
cells, hematopoietic stem cells, extracellular matrix
production, mononuclear cells (leukocytes and mac-
rophages), M1 and M2 immune responses, endothelial
cells, and pathways of adverse stem cell differentiation.
Valves from the MNC seeded group showed an up-
regulation of the myofibroblast marker aSMA
(ACTA2), stem cell type markers (ITGB1, SER-
PINHI1, THY1), and markers of extracellular matrix
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FIGURE 2. Immunohistochemical sections of seeded valve leaflets dual stained for the expression of: cell nuclei (blue) (all), xSMA
(red) & HSP47 (green) (a—d), VIM (red) & CD90 (green) (e-h), and CD68 (red) & CD271 (green) (i-l). MNC leaflets (a, e, i) showed
positive expression for HSP47, VIM, and CD68. MSC leaflets (b, f, j) and MSC2 leaflets (c, g, k) both showed positive expression for
HSP47, «SMA, VIM, and CD90, although the MSC2 leaflets appear to have increased expression. VIC leaflets (d, h, 1) showed
positive expression for HSP47, VIM, and CD90.
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FIGURE 3. Relative fold change in the gene expression of cells from MNC, MSC, MSC2 and VIC seeded heart valves in relation to
their respective pre-seeded cell populations. Changes in gene expression are displayed as the Log, of the average relative fold
change within a group. Error bars represent the standard deviation.
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TABLE 2. Biaxial mechanical properties of MNC, MSC, MSC2, and VIC seeded ovine aortic valves.

Cell type Areal strain (%) Circ. stretch ratio Radial stretch ratio
MNC 124.01 + 19.06%P° 1.27 + 0.11 1.77 +£ 0.13
MSC 153.83 + 28.12°¢ 1.37 £ 0.11° 1.85 + 0.12
MSC2 134.48 + 8.43 1.30 + 0.07 1.81 + 0.06
VIC 151.99 + 18.24° 1.39 + 0.05% 1.82 +0.13
Cryo 124.53 + 19.73%¢ 1.21 + 0.06*P° 1.84 + 0.14
Decell 158.09 + 15.40%° 1.36 + 0.07° 1.90 + 0.11

Previously reported data for cryopreserved (cryo) and decellularized (decell) ovine aortic valves are included for comparison.?* Data is
reported as mean + standard deviation. Superscript letters of the same type indicate a significant difference between groups (p < 0.05).

TABLE 3. Biochemical concentrations of MNC, MSC, MSC2, and VIC seeded ovine aortic valves.

Cell type GAG Collagen Tot. protein
MNC 0.93 + 0.31 73.50 + 8.29%° 203.2 + 28.5
MSC 0.99 + 0.32 68.00 + 18.80%¢ 216.2 + 88.4
VIC 1.04 + 0.25 64.49 + 10.18°%" 197.2 + 50.5
2x MSC 0.917 + 0.26 70.40 + 12.649" 248.6 + 45.1%P
Cryo 1.62 + 1.20° 39.49 + 7.112¢e9 153.5 + 46.6%
Decell 0.39 + 0.472 40.25 + 3.79>4H0 133.4 + 64.3°

Previously reported data for cryopreserved (cryo) and decellularized (decell) ovine aortic valves are included for comparison.?* Data is
reported as mean + standard deviation. Superscript letters of the same type indicate a significant difference between groups (p < 0.05).

remodeling (COL1A1, MMPI1). MNC seeded valves
also showed a general down-regulation of immune cell
markers (CD14, CD163, CD4, IFNG, PTPRC) with
the exception of CD206, a marker for M2 macro-
phages. The cells from the MSC group showed rela-
tively small changes in gene expression with a general
down-regulation in immune cell gene markers (CD14,
CD163, CD4, PTPRC). The relative gene expression of
MSC?2 valves was generally similar to the MSC valves,
though a greater up-regulation of MMPI was
observed. The VIC group displayed an interesting gene
expression profile with slight up-regulation of MMP1
but down-regulation of ACTA2 and COLI1AL.

Mechanical Analysis

Biaxial testing of the tissue engineered leaflets re-
vealed significant differences in the areal strain and
directional stretch ratios between the cell seeding
groups (Table 2). The collected data were compared to
previously reported data for cryopreserved and decel-
lularized ovine aortic valve leaflets, which act as a
positive and negative control respectively.’* Interest-
ingly, the areal strains of MNC leaflets were most
similar to cryopreserved leaflets (i.e., with native cells)
when compared to the other tested groups, and sig-
nificantly different than decellularized (p = 0.006),
MSC (p = 0.021) and VIC (p = 0.045) groups; no
significant differences were found in circumferential or
radial stretch ratios between MNC valves and other
groups. On the other hand, MSC seeded leaflets

appeared to be most mechanically similar to decellu-
larized leaflets when compared to other groups and
were found to have significantly greater areal strain
(p = 0.024) and circumferential stretch (p = 0.004)
than cryopreserved leaflets. Leaflets from the VIC
seeded group revealed no significant differences
between the cryopreserved and decellularized groups,
though the average properties of the VIC leaflets was
much closer to those of the decellularized leaflets.
Similarly, no significant differences in mechanical
properties were found between the MSC2 group and
the cryopreserved or decellularized groups, however
the areal strain and circumferential stretch ratio of the
MSC?2 group was medial to the control groups.

Biochemical Analysis

The concentrations of GAG, collagen, and total
protein in the seeded valve leaflets were measured and
compared to previously reported data for cryopre-
served and decellularized ovine aortic leaflets
(Table 3).* The previously reported data indicated a
significant loss of GAG between cryopreserved and
decellularized samples. However, no other significant
differences were found in GAG concentration between
other groups in this study. The average GAG con-
centration of all tissue engineered leaflets was within
the bounds of the reported cryopreserved and decel-
lularized concentrations. Conversely, the concentra-
tion of collagen was similar between cryopreserved and
decellularized groups, yet all tissue engineered groups
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FIGURE 4. Box and whisker plots of cytokine concentrations from the bioreactor media of the tissue engineered valve groups,
2 weeks post seeding. The box boundaries represent the first and third quartiles, the horizontal line indicates the median, and the
whiskers indicate the maximum and minimum values. *Denotes a significant difference between groups (p < 0.05).

(MNC, MSC, MSC2, and VIC) had a significantly
increased collagen concentration than either control
group (p < 0.05). The total protein concentration in
all cell seeded groups was greater than either cryop-
reserved or decellularized groups, although only the
MSC2 group was significantly different (p < 0.05).
The production of cytokines by the seeded valves
was measured by analyzing the culture media after the
2 week culture period using multiplex assays (Fig. 4).
Cytokines were measured to estimate the potential for
inflammation and/or cell recruitment. The selected
cytokines represent a mix of classic inflammation sig-
naling proteins representing an M1 macrophage
response (IL-6, MIP-1a, MIP-18, TNFa) and an
assortment of tissue repair signaling proteins associ-
ated with an M2 macrophage response (FGF-2, IL-10,
MCP-1, VEGF). Of the cytokines measured, IL-6,
MCP-1 and VEGF were produced to the greatest
concentration by all cell seeded groups. VIC seeded
valves produced an exceptionally high amount of I1L-6
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compared to other valves, and a significantly greater
amount than MNC or MSC seeded valves (p < 0.05).
Similarly, VIC seeded valves produced more MCP-1
than the other seeded groups, and a significantly
greater amount than MSC or MSC2 seeded valves
(» < 0.05). The highest VEGF concentration was
produced by M SC2 seeded valves, though there was no
significant difference between any groups and there
was a large variance within the MSC2 samples. FGF2
production was relatively similar across all groups. Of
the classic inflammatory signaling proteins, MNC
valves produced higher concentrations compared to
other groups. IL-10 production was greatest in MNC
valves and was significantly greater than the MSC
group (p < 0.05). MIP-la and MIP-1§ was also
greatest in the MNC valves and significantly greater
than the MSC2 group (p < 0.05). TNF« is not in-
cluded in Fig. 4 because it was below the detection
limit (2.15 pg/mL) in all but one MNC sample, which
had a TNFa concentration of 5.81 pg/mL.
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FIGURE 5. H&E (a—d) and IHC (e-h) stained sections of MNC short heart valve leaflets, 3 days post seeding. IHC sections were
stained for cell nuclei (blue) (e—h), «SMA (red) & HSP47 (green) (e), VIM (red) & CD90 (green) (f), CD68 (red) & CD271 (green) (g), and
CD34 (red) & CD45 (green) (h). H&E staining revealed clusters of cell infiltration into the fibrosa along the length of the leaflet (a—d).

IHC revealed positive expression of CD68, CD34, and CD45 (g, h).

Short Bioreactor Conditioning of MNC Valves

Following initial analysis of the MNC group, an
additional sub-group was added which seeded three
additional decellularized ovine aortic valves with
human MNCs and cultured them in the bioreactor for
3 days (MNC short). Histology of the MNC short
group revealed a cell population present within the
leaflet matrix (Figs. 5a—5d). The cells were located only
within the fibrosa layer of the leaflet and were not
continuous, but appeared in small clusters along the
length of the leaflet. IHC staining revealed the cells
stained positive for CD68, CD34, or CD45 (Figs. Se—
Sh). rt-PCR of the M NC short valves was similar to the
MNC 2 week conditioned valves, except for a general
up-regulation of classic inflammatory genes compared
to the pre-seeding population, specifically CD163,
CD14, and TNFao.

DISCUSSION

MNC Valve Seeding

Valves in the MNC group exhibited surprisingly
minimal leaflet recellularization. The lack of recellu-
larization is particularly unexpected due to the seem-
ingly positive effect that MNC seeding had on the
mechanical and biochemical properties. MNC valves
exhibited mechanical properties most similar to cry-

opreserved valves (i.e., native control) compared to the
other groups and the increased collagen in M NC valves
compared to decellularized valves indicated an active
cell presence during bioreactor culture. Furthermore,
previous experience within our group has seen the
establishment of pilot cell populations within the
leaflet matrix after only 3 days when seeding with
MNCs.* Interestingly, histology of the MNC short
group revealed a cell population present within the fi-
brosa layer of the leaflet. Protein and gene expression
analysis of the MNC short cells found an up-regulation
of markers associated with immunomodulatory cells,
as would be expected from a mononuclear cell popu-
lation.

Taken together, the MNC short and MNC valves
show an evolving cell phenotype and population
throughout the bioreactor culture period. Following
MNC seeding, recellularization readily occurs within
the fibrosa layer by macrophages, leukocytes, and
hematopoietic cells. As bioreactor culture continues,
those cells likely migrate or undergo cell death leading
to isolated cells on the leaflet surface by 2 weeks. The
cells remaining at 2 weeks were positive for CD68,
HSP47, and VIM, indicating a mix of macrophage and
fibroblastic phenotypes. The fibroblastic cells likely
originate from the proliferation of the small popula-
tion of stem cells found within bone marrow." The
evolving cell phenotype is supported by the rt-PCR
data that shows an up-regulation of the ACTA2,
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SERPINHI1, and THY1 genes in the MNC valves
compared to the pre-seeding cells, although it is worth
nothing there was no positive staining for CD90 or
CD271 during THC. Despite the proliferation of the
stem cell population, after 2 weeks of bioreactor
culture the leaflet interstitial tissue remained acellular
indicating cell proliferation was not occurring quickly
enough to repopulate the leaflet. Additionally, it was
found that recellularization is not a function of
seeding density as the MNC group had the highest
initial cell inoculant, but exhibited the least amount
of recellularization compared to the other tested
groups. Therefore, MNC seeding and 2 weeks of
bioreactor culture is an impractical approach for
in vitro TEHV recellularization as a stand-alone
method.

An alternative approach may be seeding MNCs to
establish a pilot cell population that can stimulate
autologous recellularization in situ. Weber et al.
demonstrated seeded MNCs are capable of inducing
an inflammation-mediated recellularization response in
polymeric heart valve scaffolds.”” Roh et al. further
identified that the mononuclear cells produce the sig-
naling cytokine MCP-1, which induces the recellular-
ization response.?’ In this study, we found the MNC
valves produced moderate amounts of MCP-1. Al-
though cytokine production was not measured for
MNC short valves, it was demonstrated that MNCs
can rapidly establish within the leaflet tissue and may
be producing signaling cytokines much earlier than
measured here. Future investigations should investi-
gate the temporal cytokine production of MNC seeded
valves and the potential for autologous cell recruitment
in situ.

MSC and MSC2 Valve Seeding

Seeding with MSCs led to the most successful
recellularization of the interstitial matrix of the decel-
lularized leaflets. Surprisingly, the difference in the
seeding cell concentrations, 5 million cells for the MSC
group vs. 10 million cells for the MSC2 group, did not
lead to greatly differing degrees of recellularization
(Fig. 1). In fact, no significant differences were directly
measured between the MSC or MSC2 groups by any
metric in this study. However, a number of dissimi-
larities can be inferred based on the significant differ-
ences measured between other groups. For example,
the areal strain and circumferential stretch ratio of
MSC valves was similar to decellularized valves and
significantly different than cryopreserved valves, indi-
cating that cell seeding in the MSC group had little to
no effect on the mechanical properties. Alternatively,

E BIOMEDICAL ENGINEERING SOCIETY™

www.bmes.org

the MSC2 group showed statistically similar mechan-
ical properties to both decellularized and cryopre-
served valves, indicating MSC2 seeding had a small
effect on mechanical properties. The concentrations of
GAGs, collagen, and total protein was also similar
between MSC and MSC2 group, yet MSC2 had sig-
nificantly more total protein than either decellularized
or cryopreserved valves, signifying increased protein
production. THC revealed similar protein expression
between the MSC and MSC2 groups, yet the staining
intensity appears greater in the MSC2 group. Com-
paring the MSC and MSC2 groups indicate it is
advantageous to seed with the higher concentration of
MSCs.

Overall, these results suggest seeding with MSCs
leads to better recellularization of TEHV compared to
MNCs after 2 weeks of bioreactor culture. MSCs have
shown great potential as a cell source for heart valve
tissue engineering, due in part to their pluripotent
differentiation and naturally myofibroblastic pheno-
type similar to native VICs.® Additionally, MSCs
possess immunomodulatory capabilities that may help
reduce inflammation.®*' However, the use of MSCs
may raise some concerns since their multi-lineage
potential can lead to the differentiation of adverse
phenotypes, including osteoblasts, chondrocytes, and/
or adipocytes.® Before the clinical application of MSC
seeded devices can be realized, the underlying factors
leading to cell differentiation in valve tissues must be
understood and controlled so as to avoid adverse dif-
ferentiation.

VIC Valve Seeding

Due to the difficulty in obtaining a patient matched
VIC population, seeding TEHVs with autologous
VICs is not a clinically viable solution. Despite this, the
VIC group was included in this study to evaluate the
results of seeding an autologous cell source following
the same in vitro seeding and conditioning protocol of
the other candidate cell populations. However, the
VIC group of valves showed surprisingly minimal
recellularization of the leaflet interstitial tissue and cells
remained clumped on the leaflet surface. Also sur-
prising was the lack of xSMA expression by the cells in
the VIC group.'®

Valve interstitial cells in a healthy, native valve re-
main quiescent (qVIC) until damage or injury to the
valve requires repair, at which point they become
activated (aVICs) and are identified by their expression
of aSMA.'® aVICs are responsible for remodeling the
extracellular matrix and «SMA is often used as a
marker for the VIC phenotype in tissue engineering
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applications since matrix remodeling is a basic
requirement for a functioning TEHV. After repairing
valve damage, aVICs should return to a quiescent
state, but it is worth noting that prolonged VIC acti-
vation is linked to valve disease including fibrosis,
inflammation, and ultimately calcification.'®

In this study, we found VIC seeded valves did not
express aSMA. We expected the seeded VICs to ex-
press an activated phenotype and begin remodeling the
decellularized matrix, yet it appears the VICs remained
quiescent. The apparent qVIC phenotype may explain
the lack of cell infiltration in the VIC group since the
cells may not have produced matrix remodeling pro-
teins, such as MMPs, which would break down sur-
rounding tissue matrix. The extracellular matrix of the
valve leaflets appears compact and cells may be unable
to infiltrate the leaflet without the expression of matrix
remodeling proteins. Hof er al. similarly reported an
absence of cellular infiltration after seeding VICs onto
decellularized leaflet tissue due to the presence of a
compact basement membrane.'' To increase the pen-
etrability of the leaflets, Hof et al. performed laser
perforation or enzymatic digestion by trypsin and
found laser perforation treatment led to marginal cell
infiltration while trypsin treatment led to increased
infiltration."" However, trypsin digestion led to struc-
tural alterations in the leaflet matrix, and is therefore
not a clinically viable treatment option for decellular-
ized valves.'" In addition to the clinical impracticality
of seeding valves with autologous VICs, the results of
this study, and others, suggest that VIC seeding leads
to poor recellularization of the leaflet tissue and is
likely not applicable for the TEHV.

Limitations

While this study provides fundamental information
regarding candidate cell populations for heart valve
seeding, it is not without limitations. For example, the
in vitro nature of this study eliminates the tissue
healing milieu that is expected in vivo. As such, a
number of factors could not be included in this study
which may change the recellularization potential of
the cell populations, including paracrine and endo-
crine signaling, the presence of local tissue repair cells,
and possible inflammatory responses. Therefore, the
results of this study are simply guidelines, and set the
stage for future in vivo experiments to further eluci-
date TEHV recellularization. Additionally, this study
only investigated most groups at an arbitrary time
point of 2 weeks. As evidenced by the MNC short
group, recellularization likely changes throughout the
culture period and future studies should investigate

the time response curve of cell populations to further
enhance recellularization.

CONCLUSION

This investigation was designed to provide a direct
comparison of candidate cell populations for heart valve
tissue engineering. We compared four different cell pop-
ulations for their ability to repopulate the distal leaflet of
decellularized heart valves after 2 weeks of in vitro
bioreactor culture. We found that seeding with MSCs at a
higher concentration delivered the best results as
demonstrated by recellularization of the interstitial leaflet
tissue, cell phenotype, mechanical properties, and bio-
chemical analysis. Seeding with MSCs at a lower con-
centration exhibited similar leaflet repopulation, yet the
mechanical and biochemical analysis were not as
encouraging. MNC seeding led to minimal recellulariza-
tion though an additional time point group demonstrated
a cellular presence at only 3 days. VIC seeding resulted in
cell clumping on the leaflet surface but poor recellular-
ization of the interstitial tissue. These results confirm the
hypothesis that of the tested groups, MSCs are best suited
for bioreactor ex vivo TEHV recellularization.
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