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Abstract

Objective: Normal adult heart valves consist largely of quiescent
valvular interstitial cells (qQVICs) resembling fibroblasts. In diseased
valves, a myofibroblastic phenotype, activated VICs (aVICs), is
highly proliferative, synthesize extracellular matrix and repair/remodel
the valve. Adult valves also have an understudied small population
of progenitor cells (pVIC), which can differentiate into other VIC
phenotypes. A better understanding is needed for the role of pVIC
in valvular pathophysiology. We hypothesize that pVICs mediate
deactivation of VICs, to control or prevent pathological development.

Methods: In this study, we isolated two subpopulations of pVICs,
Mesenchymal Stem Cells (MSC) and Hematopoietic Stem Cells
(HSC), and evaluated their role in myofibroblastic deactivation of
VICs. Porcine pVIC subpopulations were magnetically isolated with
CD90 and CD34 respectively serving as markers of MSC and HSC.
MSC and HSC subpopulations were validated using secondary MSC
and HSC markers CD105 and CD117 respectively. Three culture types
were designed.

Results: A pVIC-supplemented culture was created by increasing
pVIC concentration in VIC population by 50% (positive response)
Native culture maintained pVIC concentration identical to native
valves postharvest (physiologic response). Negative culture had
pVICs removed (negative response). Supplemented culture with MSC
subpopulation did not have any effect on VIC activation. Supplemented
culture with HSC subpopulation induced deactivation in VICs.

Conclusion: To our knowledge, this is one of the first observations of
pVIC subpopulations mediating myofibroblastic deactivation in VICs
and further studies are needed for a more detailed understanding of
pVIC function in valvular biology.
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Introduction

About 5 million people in the USA are burdened with heart
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valve diseases [1] and from them about 50,000 people die every year
[2]. Degenerative diseases are the major valvular disease in modern
industrial world and affect mitral and aortic valves mostly [3,4].
Non-surgical treatment for valvular diseases is lacking and current
knowledge of valvular pathophysiology is not sufficient. Heart valves
are populated by two cell types. Valvular endothelial cells (VECs)
line the outer surface of the valves and are in contact with blood
[5]. Valvular interstitial cells (VIC) reside throughout the valve and
maintain valvular pathophysiology [6,7]. VICs are a heterogeneous
population and five distinct phenotypes have been identified [7]. They
are embryonic endothelial/mesenchymal, quiescent (qVIC), activated
(aVIC), osteoblastic (obVIC) and progenitor (pVIC). Embryonic
endothelial/mesenchymal VIC undergo endothelial to mesenchymal
transition (EndoMT) during valvulogenesis and form heart valves
through proliferation and extracellular matrix (ECM) synthesis [8].
All other phenotypes are present only in adult valves. qVICs have
fibroblast-like characteristics and reside in adult healthy valves
[9], qVICs remain quiescent until injury triggers myofibroblastic
activation to aVIC [9,10]. aVICs play a leading role in valvular
degenerative pathogenesis. aVICs are contractile and proliferative
[7]. They repair and remodel the valve leaflet by synthesizing
ECM [7]. aVICs are commonly characterized by high expression
of cytoskeletal protein a smooth muscle actin (a-SMA) [10,11].
Approximately 90% of VIC population from adult healthy valves are
qVIC and approximately 2.5% are aVIC [9]. In myxomatous valves,
approximately 60% of VIC population are aVIC [9]. obVICs are only
seen in calcific valves and have osteoblastic properties [12].

The least understood among VIC phenotypes is pVIC [7]. pVICs
have progenitor or stem cell properties and can differentiate into
other VIC phenotypes [7]. pVICs have been shown to consist of
several subpopulations. Using mouse models, a hematopoietic stem
cell (HSC) subpopulation has been shown to reside in heart valves
[13,14]. Heterogeneity in pVIC population is visible when tested
with different stem cell markers [15-17]. A subpopulation of pVIC,
resembling mesenchymal stem cells (MSC), was identified using
stage-specific embryonic antigen 4 [15], CD68 [18], CD117 [16] and
colony forming unit assays [19]. These two stem cell populations
are well-known bone marrow residents [13,14,18-20], potentially
traveling to the valves via the bloodstream. Besides finding an
MSC subpopulation, Wang et al. [15] identified two other pVIC
subpopulations resembling pericytes and side population progenitors.
For pericytes, they employed chondroitin sulfate proteoglycan 4
as marker. For side population progenitors, they employed ATP-
binding cassette sub-family G member 2 as marker. Side population
progenitors are an adult tissue derived population of multipotent
progenitor cells [21]. The marker used for side population progenitor
has also been shown to be an HSC marker [22,23] suggesting
identification of an HSC progenitor subpopulation in VICs. VICs,
positive for this marker, also deposited more calcified matrix in
vitro [15]. An osteoprogenitor subpopulation of pVIC contributing
to osteogenic calcification has also been identified [19]. pVICs also
contain subpopulations of circulating endothelial progenitor cells
[17,24-26] and dendritic cells [17,27].

HSC and MSC are two major adult stem cells in bone marrow.
HSCs are responsible for production of all blood cell lineages to
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maintain hematopoiesis [28,29]. HSCs have several positive and
negative markers. HSCs are generally marked as CD34* [29-34] but
contradictory viewpoints also exist in the current literature [35].
MSCs, also referred to as stromal cells, are found in many tissues
[36] and can differentiate into osteoblasts, chondroblasts, adipocytes
etc [31,37]. MSCs are generally characterized by in vitro plastic
adherence, specific marker expression (STRO-1*, CD90*, CD105* and
CD34) and specific differentiation abilities [31,37,38]. Contradiction
for CD34 as negative marker for MSC also exists [35,39].

Deactivation of aVIC to qVIC is essential in maintaining normal
valve physiology and preventing degenerative pathology. aVICs have
been deactivated in vitro using substrate stiffness [40] and cocultures
with VEC [41]. Although both HSC and MSC subpopulations of
pVIC have been identified in VIC population before [13-16,18,19],
their function in valvular pathophysiology is unknown.

Here, we tested the function of MSC and HSC subpopulations
of pVIC in VIC deactivation. pVICs were isolated from porcine
VIC populations from aortic valves using MSC marker CD90 [30]
and HSC marker CD34 [30,31]. MSC and HSC subpopulations
were validated using secondary MSC and HSC markers CD105 and
CD117 respectively. Three culture types were prepared to study
pVIC subpopulation functions, particularly in regards to their role
mediating VIC deactivation. The experimental groups are as follows:

Native: This group represents the native population of VICs as
extracted from aortic valve leaflets. It serves as the environmental
control maintaining the concentration of pVICs in VIC population
identical to that in native valves postharvest.

Supplemented: The supplemented group is a 1:1 mixture
of native and positive pVICs. Positive pVICs are MSC or HSC
subpopulations of pVICs magnetically isolated from native VIC
populations using CD90 or CD34 respectively. The supplemented
culture is hypothesized to amplify the role of pVICs by increasing
their relative ratio in a VIC population.

Negative: The negative group includes VICs that are negative for
MSC or HSC subpopulation markers CD90 or CD34 respectively.
This group corresponds to a VIC population completely devoid of
pVIC of MSC or HSC origin. Negative cultures were used to explore
how VICs would behave in the absence of pVIC.

Methods

Collection of cells for magnetic separation: Aortic valve
leaflets were excised from porcine hearts within 4 h of slaughter.
Leaflets were washed with phosphate buffer saline (137 mM sodium
chloride, 2.7 mM potassium chloride, 4.3 mM sodium phosphate
dibasic and 1.46 mM potassium phosphate monobasic (all Fisher
Scientific, Waltham, MA)). VECs were scrubbed from leaflets after
10 min digestion in 600 U/mL collagenase (Sigma-Aldrich, St. Louis,
MO) in cell culture medium at 37°C. Leaflets were then incubated
in used collagenase medium overnight at 37°C. All 37°C incubations
were performed in a humidified chamber with 5% carbon dioxide.
Cell culture medium contains Dulbecco’s modified eagle medium
(Mediatech, Corning, Manassas, VA) supplemented with 10% bovine
growth serum (Atlanta Biologicals Inc., Flowery Branch, GA) and
1% antibiotics/antimycotics (10,000 U/mL penicillin G, 10 mg/
mL streptomycin sulfate and 25 pg/mL amphotericin B (Quality
Biologicals, Gaithersburg, MD)). Digested VIC from leaflets were
seeded on plastic culture plates at 10° cells/cm? and cultured for 3 days.
VICs were collected using 0.125% (w/v) trypsin (Sigma-Aldrich) in
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phosphate buffer saline at 37°C for 15 min. Collected VICs were used
for magnetic separation.

Magnetic separation: 3 x 107 VICs were used for magnetic
separation. Cells were centrifuged at 100xg and resuspended in 500
pL serum replacement medium (Dulbecco’s modified eagle medium
supplemented with 10% serum replacement (Sigma-Aldrich)). 10 pg/
mL of anti CD34 antibody (Abcam, Cambridge, MA) or 20 pg/mL
of anti CD90 antibody (Fisher Scientific) were added to serum re-
placement supplemented medium. Serum replacement was used to
avoid the interaction of antibodies with bovine growth serum. VICs
were incubated with antibodies at 37°C for 3 h with gentle rocking. In
parallel, another batch of VICs was incubated in serum replacement
medium for 3 h without antibodies to be used as native VICs. After
incubation with primary antibodies, cells were centrifuged at 100xg
and resuspended in serum replacement medium (80 pL/107 cells) and
secondary IgG conjugated with magnetically capturable microbeads
(Miltenyi Biotech, Auburn, CA) 20 pL/107 cells at 37°C for 30 min
with gentle rocking. Cells were centrifuged again and resuspended in
phosphate buffer saline with 2 mM ethylene diamine tetraacetic acid
and 0.5% bovine serum albumin for maintaining cell viability (both
Fisher Scientific). Cell suspension was then flown through magnetic
columns (Miltenyi Biotech) along with OctoMACS magnet (Miltenyi
Biotech). Magnetically labelled cells were retained by magnet and
remained in the column. Unlabeled cells, not captured by magnet,
were collected as negative cells. Magnetically labeled cells were then
eluted from the column and collected as positive cells. Negative,
positive and native cells were centrifuged at 100xg and resuspended
in culture medium.

To validate the magnetic separation process, a 1:1 mixture
of adipose derived stem cells (ADSCs) and VICs were separated
following same protocol using 10 pug/mL CD34 antibody as ADSC
marker. Approximately 56% positive cells after separation from this
ADSC-VIC mixture was expected as ADSCs are positive for CD34
[35,42,43] and 6% of VICs have been found positive for CD34
[17]. Cell counting was performed using a hemocytometer (Fisher
Scientific) after diluting cell solution with 0.4% trypan blue (Fisher
Scientific). Concentration of pVIC in VIC population was counted as
ratio of number of positive VICs to the sum of numbers of positive
and negative VICs.

A parallel batch of VIC incubated without antibodies were used for
native VIC culture. Positive VICs collected using magnet and native
VICs were mixed in a 1:1 ratio for supplemented culture. Negative
VICs, not caught by magnet, were used for negative culture. Native,
supplemented and negative cultures were started on cover glass or
plastic culture plates at 10° cells/cm? seeding density, continued for 2
days and then used for immunofluorescence and immunoblot.

Immunofluorescence: Cultures on cover glass were fixed with
2% formaldehyde (Fisher Scientific) for 10 min and permeabilized
with 0.1% IGEPAL CA630 (Sigma-Aldrich) for 5 min. Nonspecific
binding was blocked with 1% goat serum (MP Biomedicals, Solon,
OH). Incubation with primary and secondary antibodies were
performed for 2 h in 0.1% bovine growth serum in MES buffer (10 mM
2-(N-morpholino) ethane sulfonic acid, 10 mM sodium chloride, 1.5
mM magnesium chloride, 10% glycerol and 100 KIU aprotinin at pH
6.2 (all Fisher Scientific)). Primary antibodies were anti-CD105 (0.5
pg/mL) as MSC marker and anti-a-SMA (0.5 pg/mL) as aVIC marker
(all Fisher Scientific). Secondary antibodies used are goat anti-mouse
and anti-rabbit IgG DyLight 488 0.2 pg/mL and DyLight 550 0.5 pg/
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mL (all Fisher Scientific). 1 pg/mL DAPI stain (Fisher Scientific) was
performed for 1 min. 3 x 1 min MES buffer washes were performed
after every step. Fluorescent microscopy was performed using Leica
DMI6000 B system (Leica Microsystems, Buffalo Grove, IL).

Immunoblot: Cells on plastic culture plates were washed with
phosphate buffer saline three times. Complete extraction buffer
(2mM dithiothreitol, 25 pug/mL digitonin, 150 mM sodium chloride,
50 mM HEPES (all Fisher Scientific) and 1% IGEPAL CA630) was
added at 50 uL/cm? of plate area and incubated at 4°C for 1 h with
gentle rocking. Samples were centrifuged at 1100xg for the removal
of insoluble debris. 1% Halt protease inhibitor cocktail (Active
Motif, Carlsbad, CA) was added to samples. Bicinchoninic acid assay
(Fisher Scientific) was used following manufacturer’s protocol to
determine protein concentration in samples. 40 pg protein samples
were precipitated with 9X volume ethanol (Fisher Scientific) at -80°C
for 4 h to overnight. Gel electrophoresis was performed at 300 V for
15 min followed by membrane transfer. Membranes were incubated
overnight with primary antibodies diluted in 3% nonfat milk in tris
buffer saline (10 mM tris base (Fisher Scientific), 150 mM sodium
chloride at pH 8.0). Primary antibodies were anti-a-SMA (1:2000),
anti-CD105 (1:750), anti-CD117 (1:500) (Novus Biologicals, Little-
ton, CO) and anti-glyceraldehyde 3-phosphate dehydrogenase
(GAPDH) (1:750) (EMD Millipore, Temecula, CA). Membranes
were incubated with goat anti-mouse and anti-rabbit IgG (H+L)
conjugated with horseradish peroxidase (AnaSpec, Fremont, CA) for
1 h. Protein bands were developed using luminol chemiluminescence
(Bio-Rad Laboratories, Hercules, and CA) and were imaged in
Chemidoc XRS imager (Bio-Rad Laboratories). Band intensities
were quantified using Image] (Image processing and analysis in Java
by NIH Image, National Institute of Health, Bethesda, MD) and
normalized according to GAPDH intensities.

Results

Concentration of pVIC in VIC population: VICs have distinct
phenotypes. Of them pVIC is the least studied and understood
phenotype. Although subpopulations of pVIC have been identified
before, their function in VIC pathophysiology remains largely
unknown. Here, we focused on isolating two pVIC subpopulations
resembling MSCand HSC and testing their role in VIC myofibroblastic
activation. We isolated pVIC subpopulations from porcine aortic
valve VICs through magnetic separation technique using molecular
markers for MSC and HSC. We used CD90 as MSC marker and CD34
as HSC marker. Magnetic separation of VICs yielded on average 4%
of VICs positive for both CD34 and CD90 individually. This suggests
that concentrations of either MSC or HSC subpopulation in native
VIC population are roughly 4%.

To validate the magnetic separation protocol used in this
experiment, we separated a 1:1 mixture of ADSC and VIC using
CD34 as marker. For this validation experiment, we considered
ADSC as CD34" and VIC as partially CD34*. Although ADSCs have
been generally considered CD34 [44,45], recent evidence suggests
that ADSC are CD34" [35,42,43]. 6% of VIC population have also
been found to be CD34* before [17]. From this ADSC-VIC mixture,
61% of cells were separated using magnetic separation as CD34". A
positive separation of close to 56% (50% for ADSC + 6% for VIC)
indicates that the protocol used here includes considerable technical
and biological variability with an error of 9%.

MSC subpopulation is positive for another MSC marker: To
test the validity of our MSC subpopulation separation process, we
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tested them with another MSC marker CD105 [31,46]. We tested
CD105 expression in native, supplemented and negative cultures
prepared using VICs separated using CD90. Supplemented culture
showed higher expression of CD105 compared to both native and
negative cultures (p=1.81 x 10° vs native and p=0.0043 vs negative, n=6)
(Figure 1). Immunofluorescence images also showed higher expression
of CD105 (green) in supplemented culture compared to both native and
negative cultures (Figure 1). These results validate the effectiveness in
isolating a pVIC subpopulation with true MSC characteristics.

HSC subpopulation is positive for another HSC marker: To
test the validity of our CD34* HSC subpopulation separation process,
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Figure 1: A: VICs were separated using CD90 marker to isolate an MSC
subpopulation of pVIC. This subpopulation was supplemented with native
VICs at a 1:1 ratio. CD90*-supplemented culture was compared with
native and negative (CD90) cultures. A: Immunoblot bands are shown. B:
Quantification of Immunoblot normalized by GAPDH bands are shown in
bar graphs for both CD105 and a-SMA. Supplemented culture showed
a significantly higher expression (p=1.81 x 10 vs native and p=0.0043 vs
negative, n=6) of MSC marker CD105 compared to both native and negative
cultures. However, there was no significantly different expression of a-SMA
among native, supplemented and native cultures separated using CD90.
C: The corresponding immunofluorescence images are shown with green
representing CD105 at the top and red and blue representing a-SMA and
nucleus respectively at the bottom. Immunofluorescence figures show higher
expression of CD105 in supplemented culture but no differential expression

of a-SMA.
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we tested them with another HSC marker CD117 [32,34]. CD34*
VICs showed higher expression of CD117 compared to both native
and negative VICs (p=0.0093 vs native and p=0.0176 vs negative,
n=4) (Figure 2). This validates the effectiveness in isolating a pVIC
subpopulation with true HSC characteristics.

MSC subpopulation does not affect VIC activation: pVICs
resembling MSC subpopulations have been identified in previous
work [15,16,18,19]. But not many experiments have been performed
to research their role in valvular pathophysiology. There are
some studies showing a role of MSC subpopulation in inducing
calcification in VICs [19,47]. But none has explored the role of MSC
subpopulation in a key phenomenon in valvular pathophysiology,
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Figure 2: VICs were separated using CD34 marker to isolate an HSC
subpopulation of pVIC. This subpopulation was supplemented with native
VICs at 1:1 ratio. CD34* supplemented culture was compared with native and
negative (CD34") cultures. A: Immunoblot bands comparing the expression
of another HSC marker CD117 among native, CD34* and negative VICs. B:
Quantification of Immunoblot in A normalized by GAPDH bands. It shows
positive (CD34") VICs have a significantly higher expression of CD117
compared to both native and negative VICs (p=0.0093 vs native and
p=0.0176 vs negative, n=4). C: Immunoblot bands comparing the expression
of myofibroblastic activation marker a-SMA among native, supplemented
and negative cultures. D: Quantification of Immunoblot in C normalized by
GAPDH bands are shown in bar graphs for a-SMA. Supplemented culture
shows significantly lower expression of a-SMA compared to both native and
negative cultures (p=0.0054 vs native and p=4.51 x 10* vs negative, n=5). E:
The corresponding immunofluorescence figures are shown with red and blue
representing a-SMA and nucleus respectively. Immunofluorescence figures
also show lower expression of a-SMA in supplemented culture compared to
both native and negative cultures.
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VIC myofibroblastic activation. Here we explore the role of MSC
subpopulation in VIC activation by amplifying their function
using a supplemented culture. MSC subpopulation was separated
from a VIC population using CD90 marker. This subpopulation
was supplemented with native VICs at 1:1 ratio. This increased the
concentration of MSC in a VIC population from 4% to >50%. CD90*
supplemented culture was compared with native and negative (CD90")
cultures. There was no significantly different expression of a-SMA
among native, supplemented and native cultures (Figure 1). The
immunofluorescence images also do not show differential expression
of a-SMA (red) among these native, supplemented and native
cultures. These results suggest, MSC subpopulation does not play a
direct role in VIC activation even if their concentration is amplified
in a VIC culture. To further investigate pVIC function, we assessed
the HSC subpopulation.

HSC subpopulation induces deactivation in VICs: Similarly to
the MSC subpopulation, HSC subpopulation has also been identified
in valves [13-15]. Knowledge of HSC subpopulation function in
valvular pathophysiology is also lacking. To test the function of HSC
subpopulation in VIC myofibroblastic activation, supplemented
cultures with amplified HSC concentration were created. The
supplemented culture has HSC concentration increased from 4% to
>50%. VICs were separated using CD34 marker to isolate the HSC
subpopulation. Supplemented culture was created by mixing CD34*
VICs with native VICs at 1:1 ratio. CD34" supplemented culture was
compared with native and negative (CD34") cultures. Supplemented
cultures showed significantly lower expression of aVIC marker
a-SMA compared to native and negative cultures (p=0.0054 vs native
and p=4.51 x 10" vs negative, n=5) (Figure 2). The corresponding
immunofluorescence images also show a lower expression of a-SMA
(red) in supplemented culture compared to both native and negative
cultures (Figure 2). These results suggest that pVIC subpopulation
with HSC characteristics play a role in deactivation of VIC when their
concentration is amplified.

Discussion

Distinct subpopulations of pVIC have been identified and isolated
before. Among the identified pVIC subpopulations are HSC [13-15],
MSC [15,16,18,19], pericytes [15], endothelial progenitor cell [17,24-
26], dendritic cell [17,27] etc. There is minimal knowledge about their
function in valvular pathophysiology, specially related to function in
VIC activation. Here, we identified and separated MSC and HSC
subpopulations of pVIC and explored their role in VIC activation.
We found that HSC subpopulation induces deactivation in VICs and
MSC subpopulation showed no such effect.

The concentrations of either MSC and or HSC subpopulation in
native VIC population resulted to be 4%. Previous studies of pVIC
subpopulation resulted in 7% [15] and 10% [46] of VICs positive as
MSC and 5% [15] and 6% [17] of VICs positive as HSC using other
markers. These numbers suggest that pVICs reside in VIC population
in small concentrations.

MSCs are adult stem cell found in different tissues [36] and show
several positive and negative markers (STRO-1*, CD90*, CD105* and
CD34°) [31,37,38]. CD90 was used as a marker for isolation of MSC
subpopulation in this experiment. Lack of CD34 expression has been
generally used to distinguish MSC from hematopoietic cells [1,37,38].
But several studies have questioned CD34 as negative marker for
MSC [35,39]. Because of this uncertainty, we used a second MSC
marker, CD105, to verify that the isolated MSC subpopulation shows
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MSC characteristics. Significantly higher expression of CDI105 in
supplemented MSC subpopulation culture verifies our effectiveness
in MSC subpopulation isolation (Figure 1). There is also evidence
that MSCs become CD34 with increasing subcultures [35]. So, the
MSC subpopulation in this experiment should also be CD34" due to
subculturing of VICs.

In this study, MSC subpopulation did not show any function in
VIC activation, even when their concentration in VIC population
is amplified (Figure 1). Two studies regarding MSC subpopulation
function have shown their ability to induce osteogenic calcification in
valvular cell and tissue models [19,47]. MSCs from bone marrow also
have the ability to differentiate into osteoblasts [37]. This suggests
MSC subpopulation may be involved in osteoblastic transformation
of VIC, which was not the focus of our study. A combined study
looking at both myofibroblastic and osteoblastic VIC transformation
may provide us with better insight into MSC subpopulation function.

Although, in our study, MSC subpopulation did not show
any effect on VIC activation, MSCs have been shown to affect
myofibroblastic activation on other cell types. In liver fibrosis, hepatic
stellate cells become myofibroblastic similarly to a VIC. Adult stem
cells from bone marrow [48,49], specifically MSCs [50], have been
shown to be the source of these fibroblastic and myofibroblastic cell types.
MSCs also modulate stellate cell activation via paracrine signaling [50].
MSC:s play both positive and negative roles in pathophysiology of liver
fibrosis [50-53]. Activated carcinoma associated fibroblasts contribute to
tumor growth and cancer progression. Bone marrow derived MSCs have
also been shown to be a source of this cell type [54,55]. MSCs also activate
this cell type in vitro via paracrine signaling [56]. MSCs contribute
to cutaneous wound repair [57,58] and regeneration of ischemic
myocardium [59,60] using paracrine signaling.

The HSC subpopulation of pVIC was isolated using CD34 as
marker. CD34 is universally considered an HSC marker in current
literature and has been widely used for HSC detection and isolation
[29-34]. However, new studies are emerging arguing against CD34
as an HSC marker [35]. That is why, to make sure the CD34* VICs
isolated in this experiment represent a true HSC population, we
tested it with another HSC marker CD117. CD117, also known as
c-Kit, is a receptor for hematopoietic growth factors responsible for
HSC survival and proliferation [32-34]. Results show that CD34*
VICs have a significantly higher expression of CD117 compared to
both native and CD34 VICs (Figure 2). This suggests that the CD34*
subpopulation of VIC represent a true HSC population as it is positive
for a second HSC marker.

In this experiment we tested the role of HSC subpopulation
in myofibroblastic activation of VICs. The HSC subpopulation
of pVIC did show a role in VIC deactivation. When the effect of
HSC subpopulation on VIC population was amplified using a
supplemented culture, activation in VICs decreased significantly
(Figure 2). Previous studies show that an HSC subpopulation of
pVIC travel from bone marrow to heart valves and become valvular
residents [13,14]. The same study showed that healthy valves
have a higher concentration of this bone marrow derived HSC
subpopulation compared to transplanted valves [14]. This suggests
HSCs play a role in valvular homeostasis. Our results also suggest that
HSC subpopulation maintains valvular physiology by keeping VIC
activation and subsequently degeneration in check.

HSC paracrine signaling has not been fully elucidated but
several developmentally conserved signaling pathways have been
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shown to be involved in HSC renewal and differentiation [29]. These
pathways include Notch, Wnt and TGF-B/Smad. Notch and Wnt
signaling have been shown to induce HSC proliferation and self-
renewal in vitro [29,61,62]. TGF-p works as an inhibitor of HSC
growth [29]. These three pathways are heavily involved in valvular
development and pathophysiology as well [63]. In adult valves,
Notchl plays an inhibitory role to calcification [64]. Both Wnt and
TGE-P are involved in myofibroblastic activation in VICs and in
degenerative diseased valves [65-67]. Functions of these pathways in
both HSC and valvular biology suggest that, they may be involved
in HSC subpopulation mediated deactivation of VICs seen in this
study. A low concentration (4%) of HSC subpopulation in a VIC
population also suggests that HSC subpopulation interacts with
VICs using paracrine signaling mechanism to induce deactivation.
This myofibroblastic deactivating function of pVIC could be used in
valvular tissue engineering approaches. Valvular tissue engineering
aims to maintain physiologically quiescent phenotype of VICs
[68,69]. This HSC subpopulation could be used as a cellular approach
to induce deactivation in tissue engineered valves.

Despite the significant finding of pVIC function in VIC
deactivation, there exist some limitations to this study. Although
subpopulations resembling MSC and HSC were separated using
molecular markers, we did not test their differentiation abilities.
Differentiation abilities are often necessary to more accurately
validate isolation of particular stem cell populations. The magnetic
cell separation technique used in this experiment has some technical
limitations due to non-specific binding of antibodies to negative cells
producing false positives. Also, not all the cells containing antigens
are always captured by antibodies resulting in false negatives. Despite
these possible limitations, the concentrations of positive cells found
after the separation process is correct as detected by our validation study.

Conclusions

Here we isolated two subpopulations of VICs, MSC and HSC,
and tested their role in mediating myofibroblastic activation in VICs.
Magnetic separation was used to separate pVIC subpopulations
form porcine VICs. CD90 and CD34 were used for MSC and HSC
markers respectively in the magnetic separation process. MSC and
HSC subpopulations were validated using secondary MSC and HSC
markers CD105 and CD117 respectively. Supplemented cultures
were created by amplifying pVIC concentration in VIC population
to >50%. They were compared with native cultures containing
native pVIC concentration and negative cultures containing no
pVIC. Cultures were tested with stem cell markers for validation
of pVIC separation process and with a-SMA for VIC phenotype
determination. Supplemented culture with MSC subpopulation did
not have any effect on VIC activation. Supplemented culture with
HSC subpopulation induced deactivation in VICs. This is a very
important finding, which could lead to important changes in how
valvular diseases are treated in the future. If progenitor valvular
cells are indeed capable of reversing disease, this will tremendously
impact clinical practice and how we design and engineer devices.
This is the first study showing function of pVIC subpopulation in
VIC activation. pVIC research is in its infancy and this study could
open the door to new pVIC function based studies and valvular tissue
engineering techniques using pVICs.
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