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Cellular B y

Human Pulmonary Valve Progenitor Cells Exhibit
Endothelial/Mesenchymal Plasticity in Response to
Vascular Endothelial Growth Factor-A and Transforming
Growth Factor-f3,

Sailaja Paruchuri, Jeong-Hee Yang, Elena Aikawa, Juan M. Melero-Martin, Zia A. Khan,
Stavros Loukogeorgakis, Frederick J. Schoen, Joyce Bischoff

Abstract—In situ analysis of fetal semilunar valve leaflets has revealed cells coexpressing endothelial and mesenchymal
markers along the endothelium, with diminished frequency seen in adult valves. To determine whether such cells are
progenitor cells, we isolated clonal populations from human pulmonary valves. The clones expressed endothelial
markers but showed potential to further differentiate into endothelium in response to vascular endothelial growth factor
(VEGF)-A. When exposed to transforming growth factor (TGF)-f3,, individual clones adopted a mesenchymal
phenotype to varying degrees and expressed markers of endothelial to mesenchymal transformation (EMT). Both
VEGF- and TGFB,—induced phenotypic changes were partially reversible, indicating the plasticity of these cells. When
challenged with VEGF or TGFf3,, a hierarchy of endothelial/mesenchymal potential could be seen among the clonal
populations: cells initially closer to an endothelial phenotype showed a strong response to TGFf3, that could be inhibited
by VEGF, whereas cells closer to a mesenchymal phenotype responded to TGFS, but were resistant to endothelial-
inducing effects of VEGF. These findings suggest the presence of bipotential valve progenitor cells with ability to
differentiate into either endothelial or interstitial cells of the valve leaflet. Understanding the differentiation potential and
function of these cells may be important for understanding heart valve disease and may also be applied to current
paradigms for creating tissue-engineered heart valves. (Circ Res. 2006;99:861-869.)

Key Words: cell culture m endothelial cell differentiation m endothelial cells m heart valves m progenitor cells
m transdifferentiation m vascular endothelial growth factor m vascular endothelium

V alvular heart disease is a major cause of morbidity, often
resulting in the need to replace the valve with a
mechanical or bioprosthetic valve. There is a pressing need
for improved approaches, especially for children because
calcification and destruction of the replacement valve occurs
more rapidly in children and young adults.! Possible strate-
gies include stimulating endogenous repair pathways or using
autologous progenitor cells to create tissue-engineered heart
valves that will grow with the child. For both approaches, an
increased understanding of mechanisms underlying the nor-
mal cellular turnover and repair throughout adult life will be
essential.

During embryonic valve development, a subset of endo-
cardial endothelial cells, driven by signals from the underly-
ing myocardium, change their phenotype to mesenchymal
cells and migrate into the cardiac jelly to form endocardial

cushions, the primordial of valves and cardiac septa of the
adult heart.? This transdifferentiation of endocardial cells to
mesenchymal cells and migration away from the endothelial
layer is termed endothelial-mesenchymal transformation
(EMT). Studies from Markwald and coworkers show that
during EMT, the activated endothelial cells lose cell-cell
contacts, gain mesenchymal markers such as a-smooth mus-
cle actin («-SMA), reduce expression of endothelial markers,
and migrate into the cardiac jelly.3#

TGFB superfamily members are well-studied signaling
intermediates in endocardial cushion formation, with
TGER, , ; isoforms expressed at or near the onset of EMT
during chick and mouse cardiogenesis.*~¢ Vascular endothe-
lial growth factor (VEGF) is also expressed, by embryonic
day 9.5, in the endothelial cells in the outflow tract and
atrioventricular canal that undergo EMT.” Alterations in
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VEGF levels appear to have pronounced effects on the
endocardial cushions depending on the timing, level, and
location during heart development.3-'" Following these em-
bryonic events, Aikawa and colleagues demonstrated that
human fetal valves possess a dynamic structure composed of
proliferating cells, a nascent extracellular matrix (ECM) and
a-SMA-—positive cells.’> Hence, dynamic changes in cell
phenotype, cell proliferation and apoptosis, and ECM remod-
eling occur after the endocardial cushions have remodeled
into leaflets and continue throughout human fetal and post-
natal development.

Vascular progenitor cells derived from murine embryonic
stem cells can differentiate into either endothelial or smooth
muscle cells when treated with VEGF or platelet-derived
growth factor (PDGF)-BB, respectively.!> More recently,
vascular progenitors have been isolated from arteries of adult
mice.'* That valve progenitors exist and contribute to cell
regeneration or repair in adult valves has been speculated
on'3; however, only recently has experimental evidence for
valve progenitors been reported.'®!7 Indeed, bone marrow
transplantation experiments in mice have shown that clonal
hematopoietic stem cells engrafted into the aortic, pulmonary,
and atrioventricular valves can differentiate into fibroblast-
like cells.!8 In the course of our studies on the endothelium of
postnatal valves, we identified clonal populations from hu-
man pulmonary valve leaflets with progenitor-like properties,
demonstrated by their ability to differentiate into endothelial
cells in response to VEGF or into myofibroblasts/smooth
muscle cells (SMCs), reminiscent of valve interstitial cells, in
response to TGFf3,.

Materials and Methods

Immunohistochemistry of Fetal and Adult Human
Semilunar Valves

Fetal seminlunar valves at 14 to 19 weeks gestation, 20 to 39 weeks
gestation, and from adults with a mean age 50.1*=2.5 years were
obtained at autopsy according to a protocol approved by the Human
Research Committee at Brigham and Women’s Hospital. No patient
had documented cardiac disease or conditions known to predispose
to heart valve disease. Valves were fixed in 10% buffered formalin,
cut radially in the central cusp region through the adjacent arterial
wall, and embedded in paraffin. Sections cut at 6-pm thickness were
stained by the avidin/biotin/peroxidase method.!>!> Images were
analyzed using imaging software (IPLab version 3.9.3; Scanalytics
Inc, Fairfax, Va).

Isolation and Culture of Clonal Population of
Human Pulmonary Valve Endothelial Cells
Human pulmonary valve endothelial cells (HPVECs) were isolated
from a pulmonary valve of a 9-month-old infant as described!® and
cultured on 1% gelatin-coated plates in EBM-2 supplemented with
EGM-2 SingleQuots (Cambrex Bio Science, Walkersville, Md [ex-
cept the hydrocortisone aliquot was omitted]), and 20% heat-inacti-
vated FBS. This culture media will be referred to as EBM-2. Clonal
populations were isolated from HPVECs at passage 2 by suspending
in growth medium at 3.3 cells/mL and plating 100 uL/well of a
96-well plate. When the colonies covered two-thirds of the well, cells
were passaged into 24-well dishes. Human dermal microvascular
ECs (HDMECs) were isolated as reported? but cultured in the same
medium, EBM-2, as the HPVECs and HPVEC-derived clones.

An expanded Materials and Methods section, available at http://
circres.ahajournals.org, describes materials and methods for indirect
immunofluorescence, RT-PCR, Western blot analysis, flow cytom-
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Figure 1. Cells coexpressing CD31 and «-SMA in fetal and
adult semilunar valves. A, Sections were double-labeled with
anti-CD31 (green) and anti-a-SMA (red). Arrows indicate
double-positive cells along the arterial side of the leaflet. The
inset in the lower right panel shows rare double-positive cells
detected in adult valves. B, Cells coexpressing both markers
were quantitated: fetal valves from 14 to 19 weeks of gestation,
10.8%+3.3% (n=11); 20 to 39 weeks of gestation, 5.6+2.0%,
(n=10); and adult valves, 1.0+0.5%, (n=10). Data are presented
as mean=SEM. Probability values: 14 to 19 weeks vs 20 to 39
weeks, P=NS; 14 to 19 weeks vs adult, P<0.05; 20 to 39
weeks vs adult, P<0.05.

etry, cellular migration and invasion assays, and the HL-60 cell
adhesion assay.

Results

EMT in Developing Fetal Heart Valves

We showed previously that endothelial cells coexpressing
a-SMA exist in aortic valve leaflets in juvenile sheep.'s To
gain insights on the nature of these cells, we quantitated
CD31/a-SMA-—positive cells in paraffin-embedded sections
from human fetal and adult semilunar valve leaflets. Three
subsets of cells were observed along the leaflet endothelium:
cells expressing only CD31 (green), only a-SMA (red), and
those coexpressing both CD31 and a-SMA (yellow) (Figure
1A). In fetal valves, some CD31-positive cells were seen in
the interstitium of the leaflet. The CD31 expression might
correspond to residual endothelial characteristics of the inter-
stitial cells, similar to endothelial-specific green fluorescence
protein (GFP) expression seen in embryonic valve leaflets.?!
a-SMA-positive cells were observed predominantly along
the subendothelial lining. In fetal valves, 5% to 10% of the
CD31-positive cells were also a-SMA positive, whereas only
1% double-positive cells were detected in adult valves (Fig-
ure 1B). The presence of dual CD31/a-SMA—positive cells
suggests that a subset of valve endothelial cells have the
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potential to differentiate toward a mesenchymal phenotype
and perhaps migrate into the interstitial regions of the leaflet.

Isolation and Characterization of HPVEC Clones
To gain insight into the EMT potential of the CD31-positive
and CD31/a-SMA—positive cells in human cardiac valves, we
used a limiting dilution technique to isolate clonal popula-
tions. We isolated 5 clones, of which 4 exhibited features of
a mesenchymal phenotype and yet expressed endothelial
markers. These clones showed slower growth kinetics and
exhibited spindle-shaped morphology instead of the cobble-
stone morphology seen in parental HPVECs or HDMECs
(Figure 2A). Of the clones obtained, clone 5 and clone § were
chosen for further characterization of markers specific to
endothelial and mesenchymal lineages by 3 different tech-
niques: RT-PCR (Figure 2B), indirect immunofluorescence
(Figure 2C), and flow cytometry (Figure 2D). Both clones
expressed the endothelial markers tested: CD31, VE-
cadherin, von Willebrand factor (VWF), VEGF-R2, endothe-
lial NO synthase (eNOS), CD34, CD146, and CDI105 as
determined by PCR and by flow cytometry (Figure 2D).
HDMECs served as a positive control, whereas parental
HPVECs and human saphenous vein smooth muscle cells
(HSVSMCs) were analyzed for comparison. Clones 5 and 8
also expressed TGFf receptors I, II, and III (Figure 2B).
Immunofluorescence staining of clone 8 and clone 5 showed
cell/cell border staining for CD31 and VE-cadherin, a punc-
tate cytoplasmic staining for vWF, consistent with its local-
ization in Weibel-Palade bodies, but little a-SMA (Figure
2C). The flow cytometry analysis showed a similar pattern
among HPVEC:s, clone 8, clone 5, and HDMECs and a clear
distinction from HSVSMCs. The clones were negative for
mesenchymal marker CD90 (Figure 2D). Based on the expres-
sion patterns, clone 8 and clone 5 appeared to be endothelial
cells despite lacking a typical cobblestone appearance.

TGF 2 Induces Expression Smooth Muscle
Markers in HPVEC Clones

TGFp isoforms are well documented in the differentiation of
endothelial to mesenchymal cells in mouse and chick endocar-
dial cushion formation.*¢-15-19-2223 However, whether TGFf
isoforms induce EMT in human valve endothelial cells is
unknown. We tested whether the clonal populations from
HPVECs can be induced to undergo EMT in response to TGFf3,,
-[3,, or -3;. Clonal cells are essential for this experiment to ensure
that effects are not attributable to preferential growth of mesen-
chymal cells that could contaminate a nonclonal endothelial cell
culture. We treated the cells with TGEf,, ,, ; for 10 days and
examined the changes in the expression of smooth muscle
cell/mesenchymal markers a-SMA and calponin (Figure 3A).
TGFR,, but not TGFB, or TGFf; isoforms, induced robust
expression of a-SMA and calponin in clone 8. Induction was
also evident in clone 5 and in the parental HPVECs, but to a
lesser extent because the cells expressed a-SMA in the absence
of TGFp,. Increased expression of a-SMA and calponin was
confirmed by RT-PCR (data not shown). HDMECs did not
express a-SMA or calponin in either the absence or presence of
TGEFp,. Consistently, TGFf3, treatment attenuated CD31 expres-
sion in clone 8 and clone 5. In Figure 3B, clone 8 and clone 5
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Figure 2. Clonal cell populations from human pulmonary valve
express endothelial-specific markers. A, Phase-contrast micro-
graphs of clone 8 and clone 5 (top panels) parental HPVECs
and HDMECs (bottom panels) grown in EBM-2. B, RT-PCR
analysis of clones 8 (lane 1), 5 (lane 2), and HDMECs (lane 3) for
endothelial-specific transcripts and TGFp receptor transcripts.
Ribosomal S9 served as a control. C, Immunostaining of clone 8
(left panels) and clone 5 (right panels) with anti-VE-cadherin,
anti-vWF, anti-CD31, and anti-a-SMA antibodies. D, Flow cyto-
metric analysis of parental HPVECs, clone 8, clone 5, HDMECs,
and HSVSMCs stained with fluorescein isothiocyanate (FITC)-
conjugated CD31, CD146, VEFG-R2, CD90, and CD105 Abs.

treated without or with TGFp, for 10 days were analyzed for
coexpression of CD31 and a-SMA by double-label immuno-
fluorescence. The presence of both CD31 and a-SMA in
individual cells supports the finding that the cells are undergoing
EMT. The increase in a-SMA expressing (red) CD31-positive
cells in response to TGF[3,, quantitated by counting fluorescent
cells, was significant.
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Figure 3. TGFB,-induced expression of
a-SMA and calponin. A, Clones 8 and 5,
the parental HPVECs and HDMECs,
were grown for 10 days in absence (con-
trol, lane 1) or presence of 2 ng/mL of
TGFpB; (lane 2), TGFB; (lane 3), or TGFpB;
(lane 4). Cell lysates were analyzed by
western blot for the expression of CD31,
a-SMA, and calponin. B, Clone 8 (left
panels) and clone 5 (right panels) were
grown for 10 days in absence (control,
top panels) or presence of 2 ng/mL of
TGFp, (bottom panels). Cells were
double-labeled with goat anti-human
CD31/FITC-conjugated secondary anti-
body and mouse anti-a-SMA/Texas
Red-conjugated secondary antibody.
a-SMA-positive cells, which also
expressed CD31, were counted to deter-
mine number of positive cells in each
clone. *P<0.05.
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TGF, Treatment Results in Upregulation of
EMT-Related Transcripts

Slug and its homolog Snail are zinc finger transcription
factors that mediate both epithelial and endothelial transdif-
ferentiation.?* Slug expression in developing valves is TGFf,
dependent,> and downregulating Slug with antisense oligo-
nucleotides inhibited EMT in chick endocardial cushion
explants.?® Therefore, we investigated if these markers were
upregulated when clone 5 and clone 8 cells were induced to
undergo EMT (Figure 4A). TGFB, induced expression of
Slug and caused a modest enhancement of Snail. The expres-
sion of other known EMT-related proteins, hHex, bone

A

w

M

Clone 5

morphogenetic protein (BMP)-2, or Jagged-1, was unaltered
by TGFp, (data not shown). Enhanced migration is another
hallmark of EMT and crucial players involved in this process
belong to the family of matrix metalloproteases (MMPs).¢
TGEFp, significantly enhanced the expression of MMP-1 and
MMP-2 in HPVEC clones as assessed by RT-PCR (Figure
4A). To measure cellular migration directly, different factors
were tested for ability to stimulate migration of clone 8
(Figure 4B). Increased migration in response to serum,
PDGF, and basic fibroblast growth factor (bFGF) was ob-
served in cells treated with TGFB, compared with untreated
control cells. We also measured the ability of clone 8 to

Figure 4. TGFB,-induced expression of EMT
markers, migration, and invasion. A, Clone 5
(lanes 1 and 2) and clone 8 (lanes 3 and 4)
were grown for 10 days in absence (lanes 1
and 3) or presence of 2 ng/mL TGFp3; (lanes
2 and 4). RNA was extracted and RT-PCR
was performed with Slug, Snail, MMP-1, and
MMP-2 primers. Ribosomal S9 served as a
control. B, Clone 8 cells cultured in absence
(black bars) or presence (gray bars) of TGFS,

H Control
TGFf;
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for 10 days were tested for ability to migrate
toward EBM (control), EBM with 5% FBS,
10 ng/mL PDGF-BB, and 10 ng/mL bFGF.
C, HDMECs and clone 5 and clone 8 cells
were cultured in EBM-2 medium, and basal
migration toward control medium was
tested. D, HDMECs and clone 8 cells were
cultured in absence (black bars) or presence
(gray bars) of TGFf3, in EBM-2 medium for
10 days and were tested for invasion into
collagen gels for 72 hours. Data from the
migration and invasion assays are
mean=+SD of 2 independent experiments
performed in triplicates. In B through D,
*P<0.05 compared control.

Clone 8
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invade a collagen gel. TGF@,-treated or untreated clone 8
cells were compared with HDMECs treated with or without
TGER,. In this assay, TGF,-treated cells were more invasive
compared with the control cells, with TGFp,-treated clone 8
cells showing the most robust invasion (Figure 4D). In
addition, clone 5 and clone 8 exhibited 4- to 5-fold higher
levels of basal migration compared with the HDMECs
(Figure 4C). As enhanced basal migration is a hallmark of
endothelial progenitor cells,?” the increased migratory activ-
ity of clone 5 and clone 8 is consistent with a progenitor
phenotype.

HPVEC Clones Exhibit

Endothelial/Mesenchymal Plasticity

We also examined the effects of adding additional VEGF-A
(10 ng/mL) on differentiation of these clones. (EBM-2
supplemented with EGM-2 SingleQuots contains 2 to 5
ng/mL. VEGF-A.) The additional VEGF caused the cell
clusters to form a confluent cobblestone-like monolayer
(Figure 5A), with CD31 localized at cell/cell borders (Figure
5B). To determined if this effect was specific to VEGF or a
general response to growth factors, cells were treated with
EBM-2 media without the added growth factors from Single-
Quots (-GF), with -GF media to which bFGF, EGF, PDGF, or
VEGF had been added, and with full EBM-2 growth medium
with SingleQuots. In media without growth factors, both
CD31 and a-SMA were expressed; the levels were not
significantly altered by addition of bFGF or EGF. PDGF
treatment led to reduction in CD31 and a-SMA expression. In
contrast, cells treated with 10 ng/mL VEGF or with complete

Endothelial Plasticity in Heart Valves 865

Figure 5. Phenotypic modulation of
HPVEC clones. Clone 8 cells were cul-
tured in absence (control) or presence of
2 ng/mL TGFp, or 10 ng/mL VEGF in
EBM-2 medium for 10 days. A, Phase-
contrast micrographs show cell morphol-
ogy. B, Double-label immunostaining of
same cells with anti-CD31 (FITC) and
anti-a-SMA (Texas Red). C, Clone 8 cells
were cultured in growth factor-depleted
medium (-GFl) or supplemented with
bFGF (10 ng/mL), EGF (10 ng/mL), PDGF
(10 ng/mL), VEGF (10 ng/mL), and
EBM-2 medium for 10 days. Cell lysates
were analyzed for the expression of
CD31 and a-SMA, and tubulin to confirm
equal loading. D, Tube formation on
Matrigel. Clone 8 cells were cultured in
absence (control) or presence of TGFp,
in EBM-2 medium for 10 days and then
plated on Matrigel. Tube formation was
assessed after 24 hours in comparison
with HDMECs and HSVSMCs that had
not been treated with TGFf3,.

HSVSMC

EBM-2 medium showed enhanced CD31 expression and
reduced a-SMA expression (Figure 5C), suggesting that
VEGEF drives these cells to stronger endothelial phenotype.
Taken together, the results demonstrate that these cells have
a dual potential to differentiate to an endothelial phenotype
with VEGF or a mesenchymal phenotype with TGFf3, (Fig-
ures 4 and 5A). The fact that the clones were expanded from
a single cell, coupled with the above findings, suggests that
these clones are bipotential progenitors that reside in the
pulmonary valve leaflets.

TGF 3, Abrogates the Functional Endothelial
Properties of the HPVEC Clones

We then asked whether these clones have the potential to
function as normal endothelial, and, if so, what effect does
TGFp, have. Tube formation in Matrigel is a characteristic
feature of endothelial cells. Therefore, we investigated the
tube-forming ability of these cells in presence or absence of
TGF, (Figure 5D). Untreated clone 8 cells formed tube-like
structures with translucent slits along the length of the cords,
indicating lumen formation. However, prior treatment with
TGFp, inhibited tube formation of clone 8 and, instead,
caused the cells to contract into a large clump that appeared
similar to untreated HSVSMCs. HDMECs treated with
TGF, were able to form tubes (data not shown), as were the
nontreated HDMECs (Figure 5D).

A second functional property of endothelial cells is expres-
sion of adhesion molecules E-selectin, intercellular adhesion
molecule (ICAM)-1, and vascular cell adhesion molecule
(VCAM)-1 in response to tumor necrosis factor (TNF)-a.
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Therefore, HPVEC clones cultured in either VEGF or TGFp,
were exposed to TNF-« for 5 hours. Both clones as well as
HDMECs showed TNF-a—induced expression of E-selectin,
VCAM-1, and ICAM-1. Prior treatment with TGFf3, greatly
attenuated the TNF-a—induced expression of the adhesion
molecules in clone 8 and clone 5 but had no effect on the
induction level in HDMECs (Figure 6A). Complementing
these findings, a leukocyte adhesion assay revealed strong
adhesion of HL-60 cells, a human promyelocytic leukemia
line, to both clone 8 and clone 5 when stimulated with TNF-«
for 5 hours. However, prior treatment with TGF[3, inhibited
binding of HL-60 cells to clone 8 but not to HDMECs (Figure
6B). Treatment with VEGF before TNF-« induction led to
modest increase in this adhesion response consistent with
results in Figure 6A. These data demonstrate that TGFf3,
treatment abrogates endothelial functional properties specif-
ically in HPVEC-derived clones but not in HDMECs.

Reversibility of Endothelial and

Mesenchymal Phenotypes

The above results prompted us to investigate if the changes
we observed with TGFf, and VEGF are transient or whether
differentiation status is maintained after removal of the
factors. We treated clonal cells with TGFf3, or VEGF for 10
days, trypsinized and reseeded the cells in presence of TGFf3,
and VEGF according to the scheme in Figure 7A. Lanes 1 to
3 show that the cells differentiated as expected based on our
previous results. When cells were first induced to a mesen-
chymal phenotype with TGFf,, we found that removing

Figure 6. Cytokine-induced expression
of leukocyte adhesion molecules and
adherence of leukocytes. Clone 8 cells
were cultured in absence or presence of
2 ng/mL TGF, or 10 ng/mL VEGF in
EBM-2 medium for 10 days. Cells were
further treated without (-TNFa) or with
TNF-a (TNF-a +) for 5 hour and ana-
lyzed for the expression of leukocyte
adhesion molecules by flow cytometry.
B, HL-60 cell adhesion to clone 8 and
HDMECs with similar treatments as in A
was determined by light microscope.

TGF, reversed the phenotype (compare lanes 4 and 5). The
presence of additional VEGF did not result in any further
decrease in @-SMA (compare lane 4 and lane 6). After TGFS3,
treatment, a 10 day treatment with VEGF did not fully restore
the endothelial phenotype (compare lanes 3 and 6). When
cells were first cultured in VEGF for 10 days, subsequent
exposure to TGFf3, resulted in a full reversal (compare lane 8
to lanes 2 or 5). These results suggest that (1) VEGF is
required for the cells to maintain an endothelial phenotype;
(2) TGFB,-induced a-SMA can be partially reversed; and (3)
prior treatment with TGFS, or VEGF does not diminish the
plasticity of the cells (Figure 7B). Similar results were
obtained with both clone 5 and clone 8. The reversibility may
be influenced by the ECM such that removal of the cells from
the ECM produced in response to TGFS, might exert control
over the cellular phenotype. To address the role of ECM, we
examined the effect of plating the cells on different ECM to
determine whether exogenous ECM might alter EMT. As
seen in Figure 7C, cells plated on fibronectin showed mark-
edly enhanced TGFf, induction of a-SMA, consistent with
the potential role for fibronectin in EMT in endocardial
cushions.®

A Hierarchy of Endothelial/Mesenchymal
Plasticity Among HPVEC Clonal Populations

To further understand the role of VEGF in the endothelial to
mesenchymal differentiation, we analyzed 3 different clones,
clones 1, 8, and 5, that varied in their potential to undergo
EMT (Figure 8A). Clone 1 cells did not express a-SMA or
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Figure 7. Changes induced by TGF, and VEGF were reversible
and effects of ECM on TGFB,-induced EMT. A, Schematic of
culture conditions: clone 8 cells were cultured in EBM-2
medium (C), EBM-2 medium with 2 ng/mL TGFp, (T), or EMB-2
medium with 10 ng/mL VEGF (V) for 10 days. Cells were then
replated and cultured for 10 days in (C), (T), or (V). B, Cell
lysates were analyzed for the expression of CD31 and a-SMA. It
is important to note that the EBM-2 medium (C) is supple-
mented with the commercially available SingleQuots, which con-
tains 2 to 5 ng/mL VEGF-A. (V) medium is (C) supplemented
with an additional 10 ng/mL VEGF-A. C, Clone 8 cells were
plated on different ECM substratum in the absence or presence
of TGFB, to assess the effects on induction of a-SMA.

calponin in response to TGFf,, suggesting that this clone is
unable to undergo EMT. However, addition of VEGF re-
sulted in increased CD31 and VE-cadherin protein levels
(Figure 8A); coincubation with TGFf, had no effect on
VEGF-enhanced expression of these endothelial markers.
Clone 8 responded to both TGFf, and VEGF; TGFf3, induced
expression of a-SMA and calponin and a decrease in CD31,
whereas VEGF increased CD31 and VE-cadherin. Strikingly,
VEGEF reduced the TGFf3, induction of a-SMA and calponin
in clone 8. Clone 5, on the other hand, showed spontaneous
transdifferentiation as seen by the coexpression of CD31 and
a-SMA under control conditions (Figure 8A, and 3B). TGFf3,
caused increased a-SMA and calponin and decreased CD31
as expected. However, VEGF was unable to block the effects
of TGFf, on a-SMA and calponin. This suggests that clone
5 is further differentiated toward a mesenchymal phenotype
than clone 8. The band intensities for CD31 and a-SMA for
each clone in each condition from 2 separate experiments
were quantitated by densitometry to substantiate the results
(Figure 8B). In summary, these results support the concept
that a hierarchy exists among these clonal cell populations in
their propensity to transition from an endothelial to mesen-
chymal phenotype in response to VEGF or TGFp, (Figure
80).

Discussion
In the present study, we report for the first time that clonal
endothelial-like cells isolated from human pulmonary valves
transition to a mesenchymal phenotype, analogous to EMT,

Endothelial Plasticity in Heart Valves 867

specifically in response to TGFf,. TGFf3, induced expression
of EMT markers and increased cellular migration and inva-
sion capacity. Endothelial functions such as ability to form
tube-like structures and to adhere leukocytes in response to
inflammatory signals were lost in TGFf,-treated cells. The
cells were not responsive to TGFf,, consistent with the
functional role for TGFB, in EMT in avian and murine
endocardial cushions.?® In contrast, VEGF promoted forma-
tion of cell/cell contacts, a cobblestone morphology, and
increased levels of CD31 and VE-cadherin. Our finding that
VEGEF can inhibit TGFf3,-induced EMT provides a potential
mechanism to explain the negative role reported for VEGF in
endocardial cushion formation.%'! We postulate that the
clonal populations are bipotential valve progenitor cells based
on their plasticity and their ability to grow in culture from a
single cell. We further propose that these cells represent the
CD31/a-SMA-—positive cells seen by in situ immunostaining
of human pulmonary valve leaflets. Whether the reversibility
of the endothelial and mesenchymal phenotypes seen in vitro
occurs in vivo will require further investigation. Finally, the
differentiation potential seems to be restricted as clones failed
to differentiate into adipocytes, chondrocytes osteocytes, or
hematopoietic progenitors in in vitro assays (data not shown).

We isolated valvular progenitor cells from discarded,
surgically resected pulmonary valve tissue from 3 different
patients. Two were infants, ages 5 months and 9 months, and
the third was a 15-year old. The number of single cells that
grew into clonal populations was approximately 30%, but the
number of bipotential clones ranged from 1% from the
15-year old to 3% to 4% from the infant specimens. This
corresponds well to our in vivo data showing that cells
expressing both CD31 and a-SMA are found in higher
numbers in fetal specimens compared with the adult valves
(Figure 1). Although the valve progenitor cells are different
from normal human microvascular ECs, such as HDMECs,
they express endothelial markers and behave as functional
endothelial cells in 2 in vitro assays. The endothelial proper-
ties we detected in the clones could be explained by that fact
that they were expanded in a medium designed for growth of
human endothelial cells, EBM-2, which contains 2 to 5
ng/mL VEGEF. This level of VEGF was not sufficient to block
the action of TGFf, in clones 5 and 8 but may have been in
clone 1.

HDMECs were not responsive to TGFb,, , ;, suggesting
that postnatal EMT is specific to valve endothelium and
perhaps to a subset of valve EC with progenitor properties.
However, TGFB-induced differentiation of large vessel-
derived EC into SMC-like cells has been reported, suggesting
that EMT may not be unique to the valve endothelium and
that vascular progenitors may reside in the vessel wall. In
1992, bovine aortic ECs were shown to express a-SMA, with
a concomitant decrease in EC markers, in response to TGFf3,.°
DeRuiter et al traced EC in the embryonic dorsal aorta that
migrated into the subendothelial space and expressed
a-SMA, indicating EMT in embryonic endothelium.3¢ A
small percentage of cells in EC preparations from bovine
arteries were also shown to undergo EMT.3! More recently,
clonal populations of human umbilical vein ECs were shown
to differentiate into SMC-like cells when FGF-1 was re-
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Figure 8. Endothelial/mesenchymal hierarchy in HPVEC clones.
Clone 1 (left), clone 8 (middle), and clone 5 (right) were grown
for 10 days in absence (control), 2 ng/mL of TGFB,, 10 ng/mL
VEGF, or TGFB, and VEGF (TGFB,+VEGF). Cell lysates were
analyzed by western blot for the expression of CD31,
VE-cadherin, a-SMA, and calponin. B, Quantitation of bands
seen in A by densitometry. C, Schematic representation of hier-
archy in plasticity of pulmonary valve progenitor cells.

moved.3? Hence, although the valve endothelium appears to
harbor endothelial cells that can be easily prompted to
undergo EMT, endothelial cells with capacity to undergo
EMT may reside throughout the vasculature and perhaps
through embryonic, fetal, childhood, and adult life.

How closely the EMT we observe in valve EC progenitors
in vitro reflects the EMT that occurs in vivo, either during
valve development or during postnatal life, is a critical
question. Many of the hallmarks of EMT are seen in our in
vitro system: loss of cell/cell contacts in the EC monolayer;
increased expression of a-SMA, MMP-1, MMP-2, and Slug;
increased cellular migration and invasion; and induction of
Sox9 (J.H.Y. and J.B., 2006 unpublished results). The spec-
ificity of TGFp, for inducing these events is also consistent
with in vivo studies of EMT in mouse endocardial cushions.?3
a-SMA is expressed transiently during EMT in developing
valves and during steps of endothelial delamination and
migration* but is found only in focal regions along the
endothelium in healthy postnatal valves.!>!5 Therefore, we
postulate that the a-SMA-—positive valve progenitors are
recapitulating early events in EMT. Identification of specific
markers of the interstitial cells of heart valves would provide
important tools for studying the entire differentiation process.

HPVEC clones also exhibit a hierarchy in which some
clones are more endothelial like, whereas others are more

mesenchymal-like in terms of response to exogenous factors.
We hypothesize that these cells are valve progenitors that
participate in cellular renewal of the valve endothelium and
the interstitial cells of the leaflet. Differentiation toward one
cell type or the other would depend on exposure to biochem-
ical and mechanical signals and possibly even to pathological
signals arising from disease or structural malformations.
Alterations in valve progenitor cell proliferation or differen-
tiation may occur in any number of deleterious conditions
leading to calcification, leaflet thickening, or even loss of
integrity. Understanding the functional characteristics of
these cells may lead to greater understanding of heart valve
disease and eventually to strategies to manipulate these cells
for therapeutic benefit.
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Supplemental Materials and Methods.

Materials
Materials used were Endothelial Basal Medium (EBM)-2 and EGM-2 Single Quots (CC-

3156 and CC-4176 respectively, Cambrex Bio Science, Walkersville, MD), fetal bovine
serum (FBS) (Hyclone, Logan, UT), GPS, PSF (Invitrogen, Carlsbad, California),
Immobilon-P membrane (Millipore, Bedford, MA), Hyperfilm ECL, FITC-streptavidin,
and Texas Red-streptavidin (Amersham Life Sciences, Arlington Heights, IL), Lumiglo
(KPL, Gaithersburg, MD), TGFB,_3, PDGF-BB, VEGF, bFGF, FITC-conjugated anti-
human KDR (R&D Systems, Minneapolis, MN), FITC-anti-goat IgG, Texas Red anti-
mouse IgG, peroxidase conjugated anti-mouse IgG, anti-goat IgG (Vector Laboratories,
Burlingame, CA), FITC-conjugated anti-human CD31 (Ancell, Bayport, MN), FITC-
conjugated mouse anti-human CD146, human fibronectin (Chemicon Int., Temecula,
CA), mouse anti-human a-SMA (Sigma Aldrich Co., St. Louis, MO), goat anti-human
CD31, goat anti-human VE-Cadherin (Santa Cruz Biotechnology, Santa Cruz, CA),
rabbit anti-human von Willebrand Factor (vWF) and anti-human calponin (DAKO,
Carpinteria, CA), RNeasy kit and RNase-free DNase (Qiagen, Valencia, CA),
Collagenase A (Roche Diagnostics, Indianapolis, IN), 6.5mm Transwells with 8.0 pm
pore polycarbonate membrane inserts (Corning Life Sciences, Acton, MA), FITC-mouse
anti-human CD90-PE (BD Pharmingen, San Diego, CA) CD105 (Serotec, Raleigh, NC),
TNF-q (R&D Systems, Minneapolis, MN), Type I collagen (Cohesion Technologies Inc.,
Palto Alto, CA and BD Biosciences, Bedford MA), phenol red-free Matrigel (BD
Biosciences, Bedford, MA).

Indirect immunofluorescence. Immunofluorescence was performed as described’.
Briefly, cells plated onto gelatin-coated glass coverslips were fixed with ice-cold
methanol, rinsed and incubated with respective primary Abs followed by species-specific
FITC- and Texas Red-conjugated secondary Abs, and then analyzed using a fluorescence

microscope.
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RNA extraction and PCR. Total RNA was isolated from using the RNeasy kit and
RNase-free DNase. cDNA was synthesized from RNA with Superscript II RNase H RT
(Invitrogen , Carlsbad, CA). DNAse I digestion of RNA samples (0.5ug) was performed
prior to reverse transcription. PCR reactions were run for 25 cycles. Primer sequences
are shown in Table 1, On-line Supplemental Data. Primers for human TGFf-receptors I,

IT and IIT were purchased from Superarray Bioscience (Frederick, MD).

Western blotting. Cells were lysed with 4 mol/L urea, 0.5% SDS, 0.5% NP-40, 100
mmol/L Tris, and 5 mmol/LL EDTA, pH 7.4, containing 100 pmol/L leupeptin, 10
mmol/L benzamidine, 1 mmol/L PMSF, and 12.5 ng/ml aprotinin. Lysates were subjected
to 10% SDS-PAGE (10 pg of protein per lane) and transferred to Immobilon-P
membrane. Membranes were incubated with respective primary Abs, goat anti-human
CD31, goat anti-human VE-cadherin, mouse anti-human a-SMA, and mouse anti-human
calponin diluted in 1x PBS, 5% dry milk, 0.1% Tween-20, and then with secondary Ab
(peroxidase-conjugated anti-mouse or anti-goat). Antigen-Ab complexes were visualized

using Lumiglo and chemiluminescent sensitive film.

Flow cytometry. HPVECs clones were cultured in EBM-2 with or without the indicated
treatment for the specified time periods. At the end of the treatment, cells were
trypsinized, washed and incubated either with primary Ab (20 min) followed by
secondary Ab (20 min) or PE/ FITC-conjugated Abs on ice for 20 min. Cells were then
washed twice and resuspended in 1% paraformaldehyde in PBS. Flow cytometric

analyses were performed using a Becton Dickinson FACScan flow cytometer.

Migration Assay. Cellular migration was assayed as described *. One hundred pg/mL rat
tail collagen type I (0.02N acetic acid) was used to coat 6.5mm Transwells with 8.0 pm
pore polycarbonate membrane inserts for 24 hours at 37°C followed by one wash with
PBS. Cells, not treated or treated as specified, were trypsinized and seeded in the upper
chamber of the transwell plate at a density of 10,000 cells/well (100 uL volume). Six
hundred pL of control media (EBM-2/serum- and growth factor-free) or control media

with PDGF-BB or bFGF (10 ng/mL) was added to the lower chamber. Cells were then
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allowed to migrate for 4 hours at 37°C. The cells in the upper chamber were gently
removed using a cotton swab and the lower surface was fixed with ice-cold methanol.
Cells were visualized by DAPI fluorescence (Vector Laboratories) and counted using a

fluorescent microscope.

Invasion in collagen gels. 3-Dimensional collagen gels were made by mixing 400uL rat
tail collagen type I (3mg/mL), 500uL water, 100 pL 10X medium, 50 uL 0.8M NaHCO3
on a vortex mixture and the resulting mixture was immediately poured into 24 well plate.
Cells treated with or without TGFf, (2ng/mL) for 10 days were plated on the top of the
collagen gel and cultured for an additional 72 hours in EBM-2 medium in the presence or
absence of TGFf,. Migration of the cells to the bottom of the gel was counted using

inverted light microscope.

HL-60 adhesion assay and analysis of expression of cell surface markers. HPVECs and
HDMEC plated on 35-mm dishes were assayed at 80% confluency as described °. Briefly,
cells were treated with or without TNF-a (10 ng/mL) for 5 h, after which the medium
was removed, cells were washed once with RPMI and were incubated with 2 x 10° HL-60
cells in a volume of 0.6 mL at 4°C on a rocking platform for 45 min. Plates were washed
five times, fixed with 2.5% glutaraldehyde in PBS and photographed. To analyze cell
surface expression of leukocyte adhesion molecules, cells were removed from the cell
culture plate following TNF-a treatment by brief trypsinization and stained with mAbs
directed against human E-selectin, human VCAM-1, or human ICAM-1, and then
analyzed by flow cytometry as described ® using a Becton-Dickinson FACScan flow

cytometer.

Tube formation in Matrigel. Matrigel (200uL) was added to 48-well plates and allowed
to polymerize for 30 minutes at 37°C. Cells treated with or without TGFf3, were
suspended in EBM-2 medium and added to the Matrigel plates at a concentration of
10,000 cells/ well and incubated at 37°C for 12 hours after which tube formation was

monitored.
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Online Table 1: Primer Sequences used for RT-PCR

CD31 F- TCCCACGCCAAAATGTTAAGTGAG
R- GATCAAGAGAGCAATGATCACTCC

VE-Cadherin F- CCTTGGGTCCTGAAGTGACCT
R- CAGGGCCTTCCTTCTGCAA

VWF F- CACCGTTTGCCCACCCTTCG
R- GCCCACTGGGAGCCGACACT

VEGF-R2 F- TCAAAGGAGAAGCAGAGCCATGTG
R- GCACTCTTCCTCCAAC TGCCAATA

eNOS F- AGGACATTTTCGGGCTCACGCTGCGACCCC
R- TGG GGTAGGCACTTTAGTAGTTCTCCTACC

CD34 F- GCGCTTTGCTTGCTGAGTTTGC
R- GCCTCATTGCCATGTTGAGACAC

RS9 F- GATGAGAAGGACCCACG GCGTCTGTTCG
R- GAGACAATCCAGCAGCCCAG GAGGGACA

Slug F- CGCCTCCA AAAAGCCAAAC
R- CGGTAGTCCACACAGTGATG

Snail F-ACCCCACATCCT TCTCACTG
R- GAGGACACAGAACCAGAAAATG)

MMP-1 F- ATTCTACTG ATATCGGGGCTTTGA
R- ATGTCCTTGGGGTATCCGTGTAG

MMP-2 F- AATGCCATCCCCGATAACC
R- AACTTCACGCTCTTCAGAC

F = forward; R = reverse



