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A B S T R A C T

The technology of induced pluripotent stem cells (iPSCs) has enabled the conversion of somatic cells into
primitive undifferentiated cells via reprogramming. This approach provides possibilities for cell replacement
therapies and drug screening, but the potential risk of tumorigenesis hampers its further development and in vivo
application. How to generate differentiated cells such as valvular endothelial cells (VECs) has remained a major
challenge.

Utilizing a combinatorial strategy of selective soluble chemicals, cytokines and substrate stiffness modulation,
mouse embryonic fibroblasts are directly and efficiently transdifferentiated into induced aortic endothelial cell-
like cells (iAECs), or human primary adult fibroblasts are transdifferentiated into induced valvular endothelial
cell-like cells (hiVECs), without expressing pluripotency stem cell markers. These iAECs and hiVECs express VEC-
associated genes and proteins and VEC-specific marker NFATC1 and are functional in culture and on decellu-
larized porcine aortic valves, like mouse aortic endothelial cells or human primary aortic valvular endothelial
cells. The iAECs and hiVECs seeded on decellularized porcine aortic valves stay intact and express VEC-
associated proteins for 60 days after grafting into abdominal aorta of immune-compromised rats. In contrast,
induced pluripotent stem cells (iPSCs) are less efficient in differentiating into VEC-like cells and pluripotency
marker Nanog is expressed in a small subpopulation of iPSC-derived VEC-like cells that generate teratomas in
SCID mice whereas hiVECs derived from transdifferentiation do not generate teratomas in vivo. Our findings
highlight an approach to efficiently convert fibroblasts into iAECs and hiVECs and seed them onto decellularized
aortic valves for safely generating autologous tissue-engineered aortic valves without using viruses or first
reprogramming the cells into pluripotent stem cells.
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1. Introduction

Valvular heart disease (VHD) is one of the main causes of death
worldwide with the number of affected people constantly growing.
Valve replacement is the most used form of treatment for patients with
end-stage VHD and hundreds of thousands of heart valve replacement
surgeries are performed annually worldwide [1,2]. Various methods and
strategies have been developed to generate prosthetic heart valves. For
example, a jet spinning process is shown to allow for rapid
manufacturing of biohybrid scaffolds for biomimetic heart valve
replacement [3]. However, bio-prosthetic and mechanical valves do not
have any capacity for growth or regeneration, representing serious
challenges for pediatric patients [4]. Therefore, creating tissue engi-
neered heart valves to serve as an alternative to bio-prosthetic or me-
chanical valves has become an urgent necessity [5].

The native heart aortic valves contain two primary cell populations:
valvular endothelial cells (VECs) and valvular interstitial cells (VICs).
Both types of cells play critical roles in the development, maintenance,
and repair of heart valves [6]. Recently it is shown that post TAVR
(transcatheter aortic valve replacement) serum reduces activation of
VICs in patients [7]. TNF (tumor necrosis factor)-α and IL (inter-
leukin)-1β from M1 macrophages suppress activated VIC-mediated
fibrosis and eventual calcification of valve tissues [8]. Swine VECs and
aortic endothelial cells (AECs) exhibit different transcriptional and
proliferative profiles on various extracellular matrices [9] and VECs
orient circumferentially on leaflet surfaces [10]. VECs also exhibit
location-specific differences between fibrosa and ventricularis [11,12].
Several strategies have been attempted in recellularization of decellu-
larized heart valves [13,14], but it remains challenging to identify
optimal culture protocols using various chemical and mechanical
modulators. Creating VEC-like cells and integrating them into functional
valve scaffolds are critical for manufacturing autologous valves that can
grow and regenerate in pediatric patients.

Induced pluripotent stem cells (iPSCs) can be derived from various
cell lineages [15–18]. These cells are able to differentiate into many cell
lineages, including hepatocytes, cardiomyocytes, neural precursors, and
endothelial cells [19–22]. However, the problems of tumorigenic pro-
pensity and inefficient cell production have limited clinical application
of iPSCs [23–25]. Direct lineage reprograming, i.e., transdifferentiation,
is an alternative for the source of VECs. A report has shown successful in
vivo reprogramming of adult pancreatic exocrine cells to beta-cells by
combination of three transcription factors [26]. Approaches that utilize
adenovirus or lentivirus have also been developed for generating target
cells through reprogramming with cell-type-specific transcription fac-
tors [27–30], with the caveat of potential risks of introducing viruses
into the recipients. Therefore, seeking an alternative safe and efficient
method becomes urgent and necessary. In this study we report a strategy
to directly convert differentiated fibroblasts into iAECs and hiVECs
without virus utilization and genetic manipulation.

2. Materials and methods

2.1. Isolation of primary human VECs and fibroblasts

Human primary adult aortic valvular endothelial cells were collected
from the explanted hearts of patients who underwent heart trans-
plantation for dilated cardiomyopathy, following a previously estab-
lished protocol [31]. Exclusion criteria included bicuspid aortic valves,
valves with moderate-to-severe aortic valve regurgitation, infective
endocarditis, congenital valve disease, and rheumatic aortic valvulop-
athy. After the heart valve was digested with type I collagenase (MERCK,
Cat No.SCR103, Germany) of 2 mg per mL at 37 ◦C for 20 min, the VECs
on the surface of the valve were gently scraped with a throat swab,
purified by magnetic beads, then cultured in human endothelial growth
medium-2 (EGM-2, Lonza, CC-3162) added with 5 μM SB431542 (Sell-
eck, S1067) (5 % CO2, 37 ◦C) in vitro [32]. Human primary adult dermal

fibroblasts were isolated from foreskin after posthectomy. Samples were
obtained from 5 human biopsy donors. Each donor donated a piece of
foreskin after surgical operation and the human primary dermal fibro-
blasts from one foreskin were used for one batch of transdifferentiation.
The isolation and purification method was used according to a published
paper [33].

The protocol for this study complied with the Declaration of Helsinki
and was approved by the Tongji Medical College Institutional Review
Board and the Ethics Committee of Tongji Medical College (Ethics re-
view number: S999-2016), Huazhong University of Science and Tech-
nology. Written informed consents were obtained from all patients.

2.2. Cell culture

Mouse embryonic fibroblast cells, NIH/3T3, mouse aortic endothe-
lial cells (MAECs), human umbilical vein endothelial cells (HUVECs),
human embryonic fibroblast cells M − 20, human adult primary dermal
fibroblasts (HDF), human primary aortic valve endothelial cells
(HAVECs), human induced pluripotent stem cell line PGP1, and mouse
embryonic stem cell (ESC) line (OGTR1) were cultured and maintained
in each specific type of medium. The OGTR1 ESC line was cultured as
described previously [34]. The details are shown in Appendix A. Sup-
plementary data. Culture medium was changed daily. All cells were
randomly assigned to experimental groups. The potential contamination
of mycoplasma was constantly monitored by examining DNA DAPI
staining and no contamination was found in any of the cell lines.

2.3. Mouse iAECs generation

To generate mouse induced AEC-like cells (iAECs), 3T3 fibroblasts
were seeded on fibronectin-coated plates or PDMS and 5-Azacytidine
were added for 24 h (day 1). Then the medium was changed to induc-
tion medium containing basal medium (E6medium), BMP4, CHIR99021
for 4 additional days. On day 5, medium was changed to induction
medium including basal medium with VEGF, DAPT, PIGF, HGF and 8-
Br-cAMP for 6 additional days. On day 11, iAECs were resuspended
and seeded on PGG-crosslinked decellularized porcine heart valves for
10 days, medium changed to complete mouse endothelial cell medium
containing VEGF, SB431542, 8-Br-cAMP. The cells were cultured in
mouse endothelial cell medium added with VEGF and SB431542 for
cellular expansion. The details are shown in Appendix A. Supplementary
data. After establishing this protocol, iAECs were successfully generated
in all succeeding experiments except for a few cases, which may be due
to the quality of the PGG-crosslinked decellularized porcine heart
valves.

2.4. Human hiVECs generation

To generate induced human VEC-like cells (hiVECs), human M − 20
fibroblast cell lines were seeded on Matrigel-coated plates and 5-Azacy-
tidine were added for 24 h (day 1). Then the medium was changed to
induction medium containing basal medium (E6 medium) or N2/B27
medium human BMP4, WNT3A for one day. On day 2, medium was
changed to induction medium including basal medium or N2/B27 me-
dium with human BMP4, bFGF for one day. On day 3 medium was
changed to induction medium including basal medium (E6 medium) or
StemPro-34 serum-free medium with VEGF, bFGF for 6 additional days.
On day 9, FACS analysis and MACS sorting were performed, purified
cells were cultured in EGM-2 added with VEGF, SB431542 and 8-Br-
cAMP for cellular expansion for about 4 days. On day 13, purified
hiVECs were seeded on PGG-crosslinked decellularized porcine heart
valves for 7 additional days in the EGM2 culture medium containing
VEGF, SB431542 and 8-Br-cAMP. After establishing this protocol,
hiVECs were successfully generated in all succeeding experiments.

Furthermore, human primary adult fibroblasts were used to generate
human induced VEC-like cells (hiVECs). Human adult primary dermal
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fibroblasts (HDF) were seeded on fibronectin-coated plates or PDMS and
5-Azacytidine were added for 24 h (day 1). Then the medium was
changed to induction medium containing basal medium (E6 medium) or
N2/B27 medium, BMP4, CHIR99021 for 4 additional days. On day 5,
medium was changed to induction medium including basal medium (E6
medium) or StemPro-34 serum-free medium with VEGF, DAPT, PIGF,
HGF and 8-Br-cAMP for 8 additional days. On day 13, purified hiVECs
were seeded on PGG-crosslinked decellularized porcine heart valves for
7 additional days in the EGM-2 medium containing VEGF, SB431542
and 8-Br-cAMP. Human M-20 cells were reprogrammed into iPSCs ac-
cording to the published method [35]. iPSC-derived human induced
VEC-like cells (iPSC-hiVECs) were produced using M-20 derived human
iPSCs or PGP1 human iPSCs according to the published protocol [36].
The details are shown in Appendix A. Supplementary data. The success
rate of this protocol was ~72 % for all experiments and the unsuccessful
ones appeared to be due to poorly crosslinked decellularized porcine
heart valves.

2.5. Animals

Six-week-old nude male rats were obtained from Charles River
(Beijing, China). The rats were randomly assigned to the negative con-
trol group or the treated groups; each group had six rats; the rats in each
group were growing and gaining weight during the 30-day and the 60-
day experiments. Four-week-old female NOD-SCID mice were obtained
from Charles River (Beijing, China). The mice were randomly assigned
to three treated groups and each group had five mice. The experimen-
talists were blinded by the expected outcome of the treatment. All ani-
mals received humane care in compliance with the Principles of
Laboratory Animal Care Formulated by the National Society of Medical
Research and the Guide for the Care and Use of Laboratory Animals by
National Research Council (US). The protocol was approved by the
Animal Care and Use Committee of Huazhong University of Science and
Technology.

2.6. Teratoma formation assay

Two million viable purified hiVEC, M-20-iPSC-hiVEC and iPSC-
hiVEC in 0.1 ml PBS were injected into NOD-SCID mice subcutane-
ously. Mice conditions and tumor formation were monitored regularly
throughout the experiments. They were humanely sacrificed after 4–6
weeks and teratomas were isolated. These teratomas were fixed with 4%
paraformaldehyde in PBS at 4 ◦C overnight and further processed for
Hematoxylin and Eosin (H&E) and immunofluorescence staining, anti-
Nestin (1:200, chicken monoclonal, Novus, NB100-1604) and anti-
Brachyury (1:1000, rabbit monoclonal, Abcam, ab209665) and anti-
Gata6 (1:200, rabbit monoclonal, Abcam, ab22600) antibodies were
used to test teratogenesis.

2.7. PDMS fabrication

PDMS were fabricated according to the specification of SYL-
GARD184 Silicone Elastomer Kit (Dow Corning Corporation, Midland,
MI). The base: curing agent ratios (w/w) of 5:1, 10:1, 20:1, and 40:1 was
used for sake of different stiffness. The Young’s moduli of 5:1 PDMS,
10:1 PDMS, 20:1 PDMS, and 40:1 PDMS were 2.6 MPa, 2.1 MPa, 1.0
MPa, and 0.1 MPa, respectively [37]. For each stiffness, base and curing
agents were thoroughly mixed and degassed under vacuum for 30 min.
Then, the mixture was poured into a 24-well plate, stored at 60 ◦C for 24
h for curing, and polymerized at room temperature for 24 h. PDMS
plates were sterilized by 75 % ethanol for 30 min and exposed to ul-
traviolet light for 30min. All the sterilized PDMS plates were sealed and
stored at room temperature until use.

2.8. Quantification of circularity index

To quantify the shape of different cells in our experiments, circularity
index was calculated by tracing the perimeter of the cell and deter-
mining the projected area of the cell. The circularity of colonies was
calculated using the formula of 4π (area) divided by perimeter squared.
A perfect circle has a value of 1.0.

2.9. RNA extraction and quantitative polymerase chain reaction

Total mRNA was isolated from the cells using the Trizol reagent
according to the supplier’s instruction (Invitrogen), and quantitative
polymerase chain reaction (PCR) was performed with the use of HiScript
II One Step qRT-PCR SYBR Green Kit (Vazyme). Genes associated with
the fibroblast phenotype, Vimentin, S100a4, α-SMA and EC phenotype,
Flk1, CD144, CD31, Sox18, Sox17, Fli1, Elk3, Erg and iPSC phenotype,
TRA-1-81, SSEA1, Nanog, OCT4 and SOX2 were analyzed with the data
normalized to GAPDH housekeeping gene and expressed as relative fold
changes with the ΔCt method of analysis. Primer information of all
genes was listed in Tables S1 and S2.

2.10. Flow cytometry

For transdifferentiation efficiency quantification, the iAEC or hiVECs
were dissociated into single cells with TrypLE (Life Technologies) for 3
min at 37 ◦C, washed with 1× phosphate-buffered saline (PBS, Hyclone)
containing 5 % bovine serum albumin, and passed through a 70-μm cell
strainer. Murine cells were incubated with primary antibodies anti-
CD144 (VE-cadherin) (1:100, mouse monoclonal, BioLegend, catalog
# 138006) and anti-CD31 (1:100, mouse monoclonal, BioLegend, cat-
alog # 102524) for 30 min, Homo sapiens cells were incubated with
primary antibodies anti-CD144 (VE-cadherin) (1:20, mousemonoclonal,
BioLegend, catalog # 348514) and anti-CD31 (1:20, mouse monoclonal,
BioLegend, catalog # 303106) for 30 min, then washed with EDTA
buffer once. Isotype-matched antibody served as negative control. Cells
were analyzed by using Beckman™ CytoFLEX flow cytometry. For his-
tone methylation analysis, cells were fixed with 4 % paraformaldehyde
at 4 ◦C for 30min, then permeabilized by 0.5 % Triton X-100 at room
temperature for 15min; after that the cells were incubated with anti-
H3K9me3 primary antibody (1:50, Cell signaling, rabbit monoclonal,
#13969), anti-H3K27me3 primary antibody (1:200, Cell signaling,
rabbit monoclonal, #9733), anti-H3K4me3 primary antibody (1:1000,
Cell signaling, rabbit monoclonal, #9751) at 4 ◦C for 1.5 h, anti-Rabbit
secondary antibody(Invitrogen, donkey polyclonal, 1:200, A-21207) at
4 ◦C for 1 h. For TRA-1-81 and SSEA1 analysis of iPSCs, cells were fixed
with 4 % paraformaldehyde at 4 ◦C for 30 min and then incubated with
anti-TRA-1-81 primary antibody (1:1600, Cell signaling, mouse mono-
clonal, #4745) and anti-SSEA1 primary antibody (1:1600, Cell
signaling, mouse monoclonal, #4744) at 4 ◦C for 1.5 h, anti-mouse
secondary antibody (Invitrogen, goat polyclonal, 1:200, A-11001) at
4 ◦C for 1 h. Isotype-matched antibody served as negative control.
Beckman CytExpert was used for sample analysis.

2.11. Immunofluorescence

Adherent cells were fixed with 4 % paraformaldehyde and subjected
to immunofluorescence using standard protocols and the following
primary antibodies: anti-CD31 (1:100, rat monoclonal, Abcam, ab7388)
and anti-CD144 (VE-Cadherin) (1:100, rabbit polyclonal, Abcam,
ab205336) for murine cells; anti-CD31 (1:200, mouse monoclonal,
Abcam, ab9498), anti-CD144 (VE-Cadherin) (1:200, rabbit-monoclonal,
Abcam, ab33168) for homo sapiens cells. Anti-TRA-1-81 (mouse
monoclonal, Cell signaling, #4745, 1:500), Anti-SSEA1 (mouse mono-
clonal, Cell signaling, #4744, 1:500), Anti-Oct4 (mouse monoclonal,
Abcam, ab181557, 1:200) and anti-Nanog antibody (rabbit polyclonal,
Abcam, ab106465, 1:200). Anti-Phospho-VEGF Receptor 2 (Rabbit
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monoclonal, Cell signaling, #2478, 1:200), anti-CD62E (Rabbit mono-
clonal, Abcam, ab18981, 1:200), anti-CD62P (mouse monoclonal,
Abcam, ab6632, 1:200), anti-Vimentin (Rabbit monoclonal, Abcam,
ab92547, 1:500), anti-brachyury (Rabbit monoclonal, Abcam,
ab209665, 1:500), anti-sox17 (Rabbit monoclonal, Abcam, ab224637,
1:500), anti-Fli1 (Rabbit monoclonal, Abcam, ab133485, 1:700),
NFATC1 (Rabbit monoclonal, Thermo, #PA5-79730, 1:500), anti-NRP1
(phospho-Thr916) (Rabbit monoclonal, Biorbyt, orb101815, 1:200),
anti- HGFR/c-MET [p Tyr1234, p Tyr1235] Antibody (Rabbit mono-
clonal, NOVUS, AF2480, 1:40), Goat anti-Rabbit IgG (H + L) Highly
Cross-Adsorbed Secondary Antibody, Alexa Fluor Plus 594 (goat poly-
clonal, Thermo, A32740, 1:1000) and Goat anti-Mouse IgG (H + L)
Highly Cross-Adsorbed Secondary Antibody, Alexa Fluor Plus 488(goat
polyclonal, Thermo, A32723, 1:1000). AlexaFluor 488- or 594-conju-
gated secondary antibodies (Life Technologies, 1:1000) specific to the
appropriate species were used to detect bound primary antibodies.
Nuclei were counterstained with DAPI (Biosharp, 1:1000). Images were
captured using a Leica DMI6000B microscopic imaging system. Images
were analyzed with Image J software.

2.12. Western blotting

Total cellular protein was extracted from cultured cells after ho-
mogenization in a RIPA lysis buffer containing protease inhibitor and
phosphatase inhibitor cocktails (both from Beyotime). Total lysates
were separated by SDS-PAGE and transferred onto nitrocellulose mem-
branes (Millipore). Membranes were incubated with primary antibodies
to GAPDH (1:1000, Abclonal, #103386), CD144 (1:1000, Abcam,
ab33168), CD31 (1:1000, Abcam, ab9498 for homo sapiens cells), CD31
(1:1000, Abcam, ab24590) and H3K9me3 (1:1000, Cell Signaling,
#13969) followed by incubation with Anti-rabbit IgG (H + L) (DyLight
(TM))800 4xPEG Conjugate (Cell Signaling, #5151P) and Anti-mouse
IgG (H + L) (DyLight (TM))800 4xPEG Conjugate (Cell Signaling,
#5257P) specific to the appropriate species. Enhanced chemilumines-
cent (ECL) substrate (SuperSignal West Femto Substrate; Thermo Sci-
entific) was used to detect bound antibody. Bands were visualized into
UVP ChemiDoc-It 510 Imager System, scanned, and quantified with
Image J. The signal intensity was normalized to GAPDH expression.

2.13. MACS sorting

hiVECs, M-20-iPSC-hiVECs, PGP1-hiVECs and HDF-hiVECs were
purified with magnetic-activated cell sorting (MACS) and anti-CD144
(Miltenyi Biotec, #130-097-857) magnetic beads according to the
manufacturer’s recommended protocol. Briefly, 107 cells were resus-
pended in 70 μl of separation buffer (phosphate-buffered saline (PBS),
(Hyclone) containing 0.5 % bovine serum albumin (BSA) and 2 mM
EDTA (both from Sigma-Aldrich)), incubated for 15 min at 4 ◦C with 20
μl of anti-CD144 Microbeads per 80 μl of cell suspension, washed by
adding 1 ml of separation buffer and centrifuged at 300×g for 10 min.
Cells were resuspended in 500 μl of separation buffer and passed
through 30-μm nylon mesh (Miltenyi Biotec, # 130-041-407) to remove
cell clumps which might clog the column. LS columns (Miltenyi Biotec,
# 130-042-401) were rinsed with buffer (Diluting MACS BSA Stock
Solution (Miltenyi Biotec, # 130-091-376) 1:20 with autoMACS®
Rinsing Solution (Miltenyi Biotec, # 130-091-222)) before usage. Then
the cell suspension was applied onto the LS Column placed in the
magnetic field of a MACS Separator (Miltenyi Biotec). The flow-through
was collected as the unlabelled negative fraction. The column was
washed three times with 500 μl of buffer and the retained magnetically
labelled cells were flushed out with 1 ml of buffer as the positive
fraction.

2.14. In vitro vascular tube formation assay

100 μL Matrigel (8.7 mg per mL; ~1 kPa in modulus [38].) per well

was placed into each well of a 24-well plate and incubated at 37 ◦C for 1
h to solidification. 5.0 × 104 cells were suspended in 500 μL of mouse
endothelial cell medium for murine cells or endothelial growth
medium-2 (EGM-2) for homo sapiens cells, and then seeded onto the
Matrigel. Images were quantified for tube numbers and branch lengths
by Ibidi Systems Software. The tubes were labelled by Calcein-AM
(DojinDo, C542) and then whole blood labelled by DiD was added to
the culture medium (Beyotime, C1039) and perfused into the tube
structures, following the published procedures [39]. The samples were
visualized using DMI6000B Leica microscopic imaging system. Lumen
formation was observed under Hitachi HT7700 scanning transmission
electron microscope.

2.15. DiI-Ac-LDL uptake assay

Uptakes of acetylated low-density lipoprotein (Ac-LDL) were evalu-
ated by incubating cells with DiI-Ac-LDL (Yeasen) at 1:100 dilution for 4
h. The cells were washed with phosphate-buffered saline (PBS) and then
nuclei were counterstained with Hoechst 33258 (Meilun Biotechnology
Co.) for 10 min. The mean fluorescence intensity of the whole cells was
quantified using imaging analysis software (Image J).

2.16. In vitro VEGF stimulation assay

Mouse and human fibroblasts, iAECs, hiVECs, MAEC, HUVEC and
HAVECwere exposed to 50 ng per mL VEGF of the corresponding species
for 15 min. Then the cells were fixed with 4 % paraformaldehyde and
subjected to immunofluorescence using standard protocols and the
following primary antibodies: Anti-Phospho-VEGF Receptor 2 (Rabbit
monoclonal, Cell signaling, #2478, 1:200); Goat anti-Rabbit IgG (H+ L)
Highly Cross-Adsorbed Secondary Antibody, Alexa Fluor Plus 594 (goat
polyclonal, Thermo, A32740, 1:1000). Nuclei were counterstained with
DAPI (Biosharp, 1:1000). Images were captured using a Leica DMI6000B
microscopic imaging system. Images were analyzed with Image J
software.

2.17. In vitro TNF-α stimulation assay

Mouse fibroblasts derived iAECs, human fibroblasts derived hiVECs,
MAEC, HUVEC and HAVEC were exposed to 10 ng/mL TNF-α of the
corresponding species for 4 h. Then the cells were fixed with 4 %
paraformaldehyde and subjected to immunofluorescence using standard
protocols and the following primary antibodies: anti-CD62E (E-selectin)
(Rabbit monoclonal, Abcam, ab18981, 1:200), anti-CD62P (P-selectin)
(mouse monoclonal, Abcam, ab6632, 1:200). Goat anti-Rabbit IgG (H +

L) Highly Cross-Adsorbed Secondary Antibody, Alexa Fluor Plus 594
(goat polyclonal, Thermo, A32740, 1:1000) and Goat anti-Mouse IgG (H
+ L) Highly Cross-Adsorbed Secondary Antibody, Alexa Fluor Plus 488
(goat polyclonal, Thermo, A32723, 1:1000) specific to the appropriate
species was used to detect bound primary antibodies. Nuclei were
counterstained with DAPI (Biosharp, 1:1000). Images were captured
using a Leica DMI6000B microscopic imaging system. Images were
managed and analyzed by Image J software.

2.18. Alkaline phosphatase

Using Alkaline Phosphatase Stain Kit (Kaplow’s/Azo Coupling
Method) (Solarbio, G1480), alkaline phosphatase activity of the iPSCs
was determined following manufacturer’s protocol, images were visu-
alized by DMI6000B Leica microscopic imaging system and analyzed
using imaging analysis software (Image J).

2.19. Chromatin IP

ChIP assays were conducted using a commercial kit from Cell
Signaling (#56383). Cells were seeded onto fibronectin coated PDMS of
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different stiffnesses (each condition of ~2 × 107 cells). After treatments
washing twice with ice cold PBS, cells were scraped into cold PBS with
protease inhibitor cocktail (PIC), pelleted with centrifuge, and treated
with 1 mL of ice-cold ChIP sonication cell lysis buffer plus PIC twice, 10
min each. Cells were further treated with 1 mL of ice-cold ChIP soni-
cation nuclear lysis buffer for 20 min and sonicated with SONIC Vibra-
Cell for 10 s (peak power, 130W, 20K Hz), and three cycles. For each IP,
100 μl of chromatin (~7 μg, DNA concentration determined by Nano-
drop) was diluted into 400 μl of 1 × ChIP buffer with PIC. Ten micro-
liters of sample of the diluted chromatin were chosen as the 2 % input
sample. 2 μg H3K9me3 antibody (Cell Signaling, #13969), H3K27me3
antibody (Cell signaling, #9733), H3K4me3 antibody (Cell signaling,
#9751) or RNA Pol II S2p antibody (Abcam, ab193468) were added to
each diluted chromatin solution. Normal rabbit IgG antibody (2 μg, Cell
Signaling, #56383) was used as the negative control. The IP samples
were incubated at 4 ◦C overnight with rotation. Protein G magnetic
beads (30 μl) were added to each IP reaction and incubated for 2 h at
4 ◦C with rotation. Protein G magnetic beads in each IP were pelleted by
placing the tubes in a magnetic separation rack and washed with low-
salt solution three times and high-salt solution once (5 min each at
4 ◦C with rotation). Chromatin was eluted from the antibody/protein G
magnetic beads for 30 min at 65 ◦C with gentle vortexing (1200 rpm) by
using a thermomixer from Eppendorf. Reverse cross-links were achieved
by adding 6 μl of 5 M NaCl and 2 μl of proteinase K with incubation for 2
h at 65 ◦C. DNA was purified by using spin columns.

For ChIP-qPCR experiments, qPCR was conducted using SYBR Green
Real time PCR Master Mix (TOYOBO, QPK-201) on CFX Connect Real-
Time PCR Detection System (Bio-Rad). qPCR primers were designed
and manufactured by TsingKe. The primer sequences are listed below as
follows: mouse CD144 promoter primer set, CCACTAAGCCTC
TGCTTTCTGA (forward) and CTGCCTGGGGTATTCAACTCAT (reverse);
mouse CD31 promoter primer set, TCCTTTGGTGACTAAGCCGGT (for-
ward) and AGACCTGTTTGCCTTTCCTGTG (reverse); mouse Flk1 pro-
moter primer set, TTTGGTCCCTTGGGACTTTCAG (forward) and
ATGTAGCCAGTAATGGGCTCTG (reverse); human CD144 promoter
primer set, AGCCAGCCCAGCCCTCAC (forward) and CCTGTCAGCC-
GACCGTCTTTG (reverse); Human CD31 promoter primer set, CGAGA-
CAGAGGGAGGGTCAA (forward) and GGCCTGATATCTCCTCAGGAA
(reverse); Human Flk1 promoter primer set, AGTAACAGGTTACATTA-
TATTTCAG (forward) and GTACTCGGTAACGGGCGCTGAGCAAC
(reverse).

2.20. Bulk RNA-sequencing

RNA-sequence data collection was performed following the pub-
lished method [40]. M-20, human adult primary dermal fibroblast HDF,
hiVECs (M-20-derived) on day 20, HDF-hiVECs (HDF-derived) on day
20, HUVECs, human primary aortic valve endothelial cells (HAVEC)
were seeded in duplicates into 10 cm dishes and cultured until 80 %
confluence was reached. After that, total RNA was harvested and iso-
lated using the RNeasy Micro Kit (Qiagen, 74004). DNA digestion was
performed using the RNase-Free DNase set (Qiagen, 79254). RNA
quality was checked using Qubit and LabChip Touch (the same function
as tapestation) (Table S3). RNA-seq reads from samples were aligned
with STAR (v.2.5.2) using the default parameters to the Homo sapiens
reference genome. SAM files were converted to BAM and sorted using
Samtools (v.1.9). Count matrices were generated using the HTseq-count.
Gene-wise differential expression in the sample dataset between distinct
groups was performed using the R package DESeq2 (v.1.30.1).
Normalized values for plots were obtained using the log function of the
same package. Signature scores were defined as the scaled mean of all
genes in the signature after scaling the expression matrix. Principal
Component Analysis (PCA) values were generated with the Python’s
sklearn library using all genes expression value and visualized with R
package ggplot2. The quality control of sample sequencing data was
shown in Tables S3 and S4.

2.21. Construction of tissue engineered aortic valves

Hearts of adult pigs (weights ranging from 130 to 150 kg per pig)
were obtained from a local abattoir. The hearts were then transferred to
the laboratory in cold isotonic saline and immediately processed. Within
1 h of death, aortic valve leaflets were precisely dissected from the aortic
root and rinsed with cold isotonic saline under aseptic conditions.
Decellularized porcine aortic valves were prepared according to a pre-
viously reported method [41]. Then the decellularized valves were
crosslinked by PGG to enhance mechanical properties [42]. At this time,
the valves were called PGG-crosslinked decellularized aortic valves
(PGG-DAV or simply DAV). iAECs or hiVECs were seeded onto PGG-DAV
to co-culture for several days. On day 1, 4, 7, or 10, DiI-Ac-LDL, Cal-
cein-AM and Hoechst 33258 were added to the cells on the heart valve
for 4 h; NIH/3T3, M − 20, HDF cells were used as negative control;
MAECs, HUVECs and HAVECs were used as positive control. Images
were captured by three-dimensional reconstruction model using a Leica
SP8 confocal microscopic imaging system. Images processing was via
the Leica X software and images were analyzed by Image J. The success
rate of this protocol was ~88 % for all experiments on decellularized
porcine valves and the unsuccessful ones were due to poorly crosslinked
porcine valves.

2.22. Bioreactor

5.0 x 105 iAEC PDMS 10 cells, MAECs, purified hiVECs, purified M-
20-iPSC-hiVECs, purified PGP1-hiVECs and HUVECs were seeded on 5
mm × 7 mm PGG-DAV and cultured for 48 h. Then valves were cultured
under flow for 5 days using a modified ibidi flow pump system of the
bioreactor (Ibidi-10902, Germany). Flow parameters settings: Pressure,
67.7 mbar (1 mbar = 100 Pa); Shear stress, 10 dyn/cm2; Flow rate, 4.29
ml min− 1; Shear rate, 149 s− 1. The medium in this system was replaced
every other day. Under these conditions, the unidirectional laminar flow
was provided to the cells. After the cells were sheared for defined
duration under the fluid flow conditioning, cells were then fixed by 4 %
paraformaldehyde. H&E staining and Masson’s trichrome staining were
performed and paraffin sections were labelled by CD31 and CD144 an-
tibodies. This protocol was repeated at a rate of 75 % for all experiments
in the bioreactor and the rest was due to poor adhesion of the cells on
PGG-DHVs.

2.23. Abdominal aortic transplantation model

Immune deficient rats (nude rats) were purchased from Charles
River. They were 6-weeks old male rats. Rats were grouped into PGG-
DAV (No cells), murine iAEC PDMS 10-PGG-DAV (seeded with murine
iAEC PDMS 10 cells), purified hiVEC-PGG-DAV (seeded with purified
hiVECs), purified M-20-iPSC-hiVEC-PGG-DAV (seeded with purified M-
20-iPSC-hiVECs), purified PGP1-hiVEC-PGG-DAV (seeded with purified
PGP1-hiVECs), MAEC-PGG-DAV (seeded with MAECs), HUVEC-PGG-
DAV (seeded with HUVECs). The cells seeded on the PGG-DHVs were
frizzled into a tubular shape after they were washed with sterilized PBS 5
times to remove the detached and loosely adhered cells and xeno-
molecules before transplantation. Then the remaining cells on the
PGG-DHVs were transplanted to the abdominal aorta of a nude rat. One
or two months later, the valves were fixed by 4 % paraformaldehyde,
H&E staining and Masson’s trichrome staining were performed and
paraffin sections were labelled by CD31, CD144, P-selectin (CD62P), E-
selectin (CD62E), Collagen I (Abcam, ab88147, 1:200), Collagen III
(Abcam, ab7778, 1:200), MMP13 (Abcam, ab39012, 1:200), MMP9
(Abcam, ab283575, 1:200), VEGFR2 (Cell signaling, #2479, 1:200),
α-SMA (Abcam, ab119952, 1:500), NFATC1 (Thermo, #PA5-79730,
1:500), RUNX2 (Abcam, ab236639, 1:500), CD3 (Abcam, ab16669,
1:150) and CD68 (Abcam, ab283654, 1:100) antibodies. Analyzing all
transplanted nude rats revealed that this protocol had a success rate of
~60 % because some nude rats died during surgical operation (these
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were extremely difficult surgical procedures due to the small size of the
rat abdominal aortic arteries).

2.24. Doppler ultrasonography

One month later, six nude rats in each group were selected to
perform Doppler ultrasonography before they were sacrificed. Ultra-
sonic probe was put on the surface of abdomen at the site of operation;
the probe was moved slowly and gently until a sharp image was ob-
tained. The images would determine if the blood flow was unobstructed
or not at the implant site of the valve. The red parts indicated that blood
flow direction was toward the ultrasonic probe and the blue parts away
from ultrasonic probe. Gradations of colors represented different blood
flow rates according to the scale bar at the top left corner of each image.
The oscillograms show the values of blood flow near the implant sites:
waveform heights indicated the expected blood flow rates and the in-
terval between the waveforms represented the heart rates of nude rats.

2.25. Evans blue staining

One month after iAECs or hiVECs graft transplantation, the nude rats
were anesthetized by respiratory anesthesia machine and 3 % Evans
blue (MCE, HY-B1102) solution (1 mL per kg body weight) was injected
through the tail vein. After 30 min, the blood was drained. The muscle
and adipose tissue around the transplanted site of abdominal aortic were
collected up to 100 mg. 3 mL dimethylformamide (Aladdin, D171445)
was added and placed at 50 ◦C for 24 h. The extract was centrifuged at
4000 rpm per min for 5 min and the supernatant was collected to
measure the OD value at 620 nm. The concentration of Evans blue was
calculated according to the protocol of specification.

2.26. Coagulation and anticoagulation function tests

One month after iAECs or hiVECs graft transplantation, the nude rats
were anesthetized by respiratory anesthesia machine. The abdominal
cavity was opened and the abdominal aorta was isolated. Blood was
extracted with a syringe for coagulation function evaluated by auto-
matic coagulation analyzer (Jiangsu Horner Medical Instrument Co.,
Ltd, H1204), including prothrombin time, thrombin time, activated
partial thromboplastin time and fibrinogen concentration. Anti-
coagulation function tests, like antithrombin III concentration, were
performed, according to the standard operating procedure of ELISA kit
(Abcam, ab108801) to calculate the content of relevant indexes.

2.27. ELISA

The NIH/3T3, iAEC-PGG-DHV,MAEC, M-20, HDF, hiVEC-PGG-DHV,
HDF-hiVEC-PGG-DHV, HUVEC and HAVEC cells were prepared, the
purified Weibel-Palade body enriched fraction was obtained according
to published paper [43]. Weibel-Palade body associated vWF and
P-selectin were tested following the procedures in Human Von Wille-
brand Factor ELISA Kit (Abcam, ab108918), Human P-Selectin (CD62P)
ELISA Kit (Abcam, ab272202), Mouse P-Selectin ELISA Kit (CD62P)
(Abcam, ab200014); Mouse Von Willebrand Factor ELISA Kit (Abcam,
ab314372). The absorbance at 450 nm was read in a microplate reader.
All assays were done with triplicate samples.

2.28. Statistical analysis

Data was analyzed using GraphPad Prism Software. Differences be-
tween groups were calculated by independent Student’s t-test plus
Bonferroni correction (only two data groups compared) and multiple
comparison of parametric analysis of variance (ANOVA) (more than two
data groups) with recommended post-hoc corrections and Fisher’s exact
test when appropriate was used for statistics.

3. Results

3.1. Substrate stiffness regulates transdifferentiation efficiency

We explored a transdifferentiation strategy to induce the mouse
embryonic fibroblasts (NIH/3T3 cell line) into aortic endothelial cell
(AEC)-like cells or induced AECs (iAECs) in vitro (Fig. S1A). To achieve
this goal, we established a protocol of adding various soluble chemicals
and growth factors after different days (day 0 through day 11) of cell
seeding on the rigid plastic dishes. This protocol was established after
numerous trying and testing various regimens and modified from pro-
tocols from previously published reports [23–30,44–48]. The mecha-
nisms of each factor used in our study to induce reprogramming of
fibroblasts into endothelial cells have been published extensively in
previous studies: azacytidine is a methyltransferase inhibitor which in-
duces DNA demethylation to decondense chromatin [44,45]. Azacyti-
dine addition was adopted as the first step in our protocol to induce
fibroblasts into a transient precursor state. The following procedures are
modified from the published protocol [46]: CHIR99021 and BMP4
promote Wnt and BMP signaling pathway activation; VEGF and DAPT
promote formation and expansion of endothelial cells; HGF and PIGF
increase the formation efficiency. 8-Br-cAMP is an agonist of cyclic
AMP-dependent protein kinase and it is used to increase the efficiency of
endothelial transdifferentiation; SB413542 promotes the maturation of
endothelial cells [47].

Compared with the untreated 3T3 cells and mouse aortic endothelial
cells (MAECs; positive controls), these cells exhibited different shapes
from the 3T3 fibroblast cells but showed similar shapes as MAECs
(Figs. S1B and S1C). Next, we examined two proteins that were uniquely
expressed in endothelial cells. About twenty percent of the treated cells
were positive for both vascular endothelial-cadherin (CD144) and
platelet endothelial cell adhesion molecule 1 (CD31) using either the
qRT-PCR assay (Fig. S1D), the FACS assay (Figs. S1E and S1F), the
immunofluorescence assay (Figs. S1G and S1H), and the Western blot
assay (Figs. S1I and S1J), suggesting that these cells entered an endo-
thelial cell-like stage. We call these cells “induced aortic endothelial
cells” (iAECs). Because the transdifferentiation efficiency was only ~20
% using this protocol, we explored the strategy of varying substrate
stiffness which is known to impact cell fate [49], by plating the 3T3 cells
on flexible substrates of PDMS (polydimethylsiloxane) (Fig. 1A) while
keeping the chemical protocols the same as in Fig. S1A. The substrates of
PDMSmodulated the transdifferentiation efficiency and it appeared that
PDMS 10 (Young’s modulus of ~2.1 MPa, similar to the modulus of
native aortic valves [50], but ~3 orders of magnitude lower than that of
the ~2 GPa plastic dishes) was optimal, generating ~70 %
CD144+CD31+ cells, either using the FACS assay (Fig. 1B and C) or the
immunofluorescence assay (Fig. 1D and E). These iAECs on the PDMS 10
substrate also exhibited similar cell shapes as the MAECs (Fig. S1B)
whereas 3T3 cells plated on the PDMS 10 substrate without the soluble
chemicals maintained fibroblast-like cell shapes (Fig. S1B). To further
improve the cell purity and to have complete transdifferentiation, the
iAECs on day 11 were re-seeded without prior sorting/enrichment on
PGG-crosslinked decellularized porcine heart valves for 10 additional
days and incubated in specific induction medium. The re-seeding and
subsequent culture appeared to have enriched for ECs and depleted
non-ECs: on day 21, about 97 % of these cells were CD144+CD31+ cells,
assayed either using the FACS (Fig. 1F and G) or immunofluorescence
(Fig. 1H and I). Compared with those genes in 3T3 cells, iAECs on
PGG-DHV on day 21 expressed Flk1, CD31, and CD144, almost reaching
the levels of the positive controls-MAECs (Fig. S2A). In addition,
fibroblast-associated genes Vimentin, a-SMA (alpha-smooth muscle actin),
and S100a4 were not expressed in these iAEC-PGG-DHV cells and
MAECs (Fig. S2B). Other endothelial cell markers, Sox18, Sox17, Fli1,
Elk3 and Ergwere expressed in iAEC-PGG-DHV cells but they were lower
than the levels of the positive control-MAECs, except for Sox17, which
was at a similar level as MAECs (Fig. S2C). Together these results show
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that combining inducing chemicals/growth factors with substrate stiff-
ness manipulation provides an efficient way to transdifferentiate mouse
fibroblasts into iAECs.

3.2. Mouse iAECs show similar functions as MAECs

To further examine if these iAECs were functional, we measured DiI-
Ac-LDL uptake [51], tube formation capability, phosphorylation levels
of VEGFR2 (vascular endothelial growth factor receptor 2), and levels of
E-selectin and P-selectin in these cells. Cells with AEC-like functions
express the scavenger receptors and DiI-labelled acetylate low-density
lipoprotein (DiI-Ac-LDL) bind to scavenger receptors [52]. Like
MAECs, mouse iAECs on pentagalloylglucose (PGG)-crosslinked decel-
lularized porcine aortic valves (PGG-DAV or simply DAV) took up
DiI-Ac-LDL, but 3T3 cells did not have any uptakes (Fig. 2A–D). The tube
formation assay on Matrigel is a useful assay to assess if the cells behave
like endothelial cells [48], and iAECs form capillary-like tubes in
collagen gels [53]. iAECs formed numerous tube-like structures and
lumens that could be perfused through by red blood cells, like those by
MAECs, but 3T3 cells did not form any tubes and lumens (Fig. 2E and F
and S3). Furthermore, the CD31− CD144- cells isolated from the pool of
iAECs did not take up DiI-Ac-LDL or form any tubes, the cell shape of
CD31− CD144- cells was similar with negative control 3T3 cells, which
was consistent with published papers (Fig. S3) [54,55]. The VEGF
(vascular endothelial growth factor) stimulation assay and TNF-α stim-
ulation assay were two important methods to detect the activation po-
tential of endothelial cells. Mouse iAECs seeded on PGG-DHV increased
the phosphorylation level of VEGFR2, like MAEC, when treated with
VEGF (Fig. 2G and H). Mouse iAECs seeded on PGG-DHV also increased
the expression of E-selectin and P-selectin like MAEC when treated with
TNF-α (Fig. 2I and J). Mouse iAECs seeded on PGG-DHV also increased
the expression of Sox17 and Fli1 at the cell-cell junctions, the cytoplasm,
and the nucleus, like MAEC (Fig. S4), and demonstrated the presence of
P-selectin and vWF (Von Willebrand factor) within the Weibel Palade
bodies of iAECs (Fig. S4). Importantly, seeding the cells on PGG-DAVs,
iAEC PDMS 10 cells formed a confluent and intact endothelial cell
layer on the surface of DAV on day 10 (Fig. 2A). During the trans-
differentiation process, the cells did not express any pluripotency
markers (Fig. S5), suggesting that the potential of tumor formation may
not be an issue for these transdifferentiated cells.

3.3. Substrate stiffness regulates transdifferentiation via modulating
H3K9me3

It is known that histone 3 at lysine 9 trimethylation (H3K9me3) is an
important mark for gene suppression and demethylation of H3K9me3 is
necessary for force-induced gene upregulation [56,57]. The expression
tendency of H3K4me3 was opposite of H3K9me3, consistent with the
notion that H3K9me3 and H3K27me3 are involved in chromatin
condensation but H3K4me4 is associated with chromatin decondensa-
tion [58]. To examine whether substrate stiffness regulates trans-
differentiation via altering H3K9me3, we assayed H3K9me3 in cells

under various substrate stiffness. Using western blotting assay, immu-
nofluorescence assay, and FACS assay, we found that the level of
H3K9me3 was lowest in iAEC PDMS 10 cells (Figs. S6A–D). In addition,
the chromatin immunoprecipitation (ChIP) assay revealed that
H3K9me3 levels were lowest at the promoter sites of Flk1, CD31, and
CD144 in iAEC PDMS 10 and PDMS 5 cells (Fig. S6E). These results were
supported by the data that RNA Pol II S2p levels were highest at the
promoter sites of Flk1, CD31, and CD144 in iAEC PDMS 10 cells
(Fig. S6F). To examine the effect of individual soluble molecules in
transdifferentiation, we removed them one by one at various stages.
Removing any of those 7 soluble molecules decreased the percentage of
CD31+CD144+ cells but removing VEGF resulted in the most down-
regulation effect as it decreased the CD31+CD144+ cells from ~60 % to
a few percent (Figs. S6G and S6H). Furthermore, during stage 2 (day 6
through day 11 of the whole protocol), mouse CD31+CD144+ cells only
started to show up at day 2 of stage 2 (day 7 of the protocol) and they
reached a maximum percentage on day 6 of stage 2 (day 11 of the
protocol) (Figs. S6I and J). The percentage of H3K27me3 positive cells
was also the lowest on PDMS 10 substrates, like that of H3K9me3
(compare Figs. S7A and B with S7C & D); in contrast, the percentage of
H3K4me3 positive cells was the highest on PDMS 10 substrates
(Figs. S7F and S7G), opposite those trends of H3K9me3 and H3K27me3.
However, there was no significant difference in H3K27me3 and
H3K4me3 levels at the promoter sites of Flk1, CD31, and CD144 among
various substrate stiffnesses (Figs. S7E and S7H). These results suggest
that when the substrate stiffness matches that of the aortic valve in vivo,
gene suppression by H3K9me3 is abrogated such that the trans-
differentiation process becomes efficient and this process is not depen-
dent on H3K27me3 or H3K4me3. These results suggest that all 7 select
soluble molecules in the assay are necessary in the transdifferentiation
protocol. Together these findings suggest that our protocol of using a
solid substrate whose modulus is like the native aortic valve and 7 select
soluble molecules can induce an efficient transdifferentiation of mouse
embryonic fibroblasts into iAECs.

One issue is whether the duration of transdifferentiation in our
protocol is optimal. After the first 24-h treatment with 5-azacytidine, the
gene suppression mark H3K9me3 already started to decrease on various
substrate stiffness of fibronectin-coated PDMS and the cells on PDMS 10
(2.1 MPa stiffness, similar to native aortic valve stiffness) had the lowest
H3K9me3 levels (Fig. S8) and Vimentin expression was also decreased
(Figs. S9A and S9B) suggesting that the 24-h treatment with 5-azacyti-
dine at the start of the protocol is important in facilitating gene
expression and fibroblast reprogramming during transdifferentiation.
Without 24-h treatment with 5-azacytidine, there would be no initiation
of reprogramming; in contrast, keeping 5-azacytidine in the medium
much longer than 24 h (e.g., for several days) would not continue the
process of reprogramming. Vimentin expression decreased but Bra-
chyury expression increased slightly on day 5 (Figs. S9A–D). Vimentin
expression decreased further but Brachyury expression returned to pre-
treatment levels on day 11 (Fig. S9). These results suggest the trans-
differentiation protocol of 11 plus 10 (total 21) days of trans-
differentiation is optimal under our culture conditions and longer

Fig. 1. Substrate stiffness regulates transdifferentiation efficiency of mouse fibroblasts to iAECs. (A) Mouse fibroblasts NIH/3T3 were seeded on Fibronectin-coated
flat PDMS. Firstly, cells were treated with 5-azacytidine for 24h. Then, medium was changed to E6 medium containing BMP4 and CHIR99021. On day 5, medium was
changed to E6 medium containing VEGF, DAPT, PIGF, HGF, 8-Br-cAMP. On day 11, iAECs were resuspended and seeded on PGG-crosslinked decellularized porcine
heart valves for 10 days, medium changed to complete mouse endothelial cell medium containing VEGF, SB431542, 8-Br-cAMP. (B) Representative images of FACS
quantification of CD31 and CD144 expression of iAEC- Plastic, iAEC- PDMS 5, iAEC- PDMS 10, iAEC- PDMS 20, iAEC- PDMS 40 on day 11. Each ratio of PDMS
indicates the ratio of the base to curing agent, the stiffness of 5:1, 10:1, 20:1, 40:1 is 2.6, 2.1, 1.0, 0.1 MPa. (C) Histogram shows the quantification of FACS data from
(B), mean ± s.e.m.; n = 3 separate experiments. (D) Representative images of immunofluorescence of CD31 and CD144 expression of iAEC- Plastic, iAEC- PDMS 5,
iAEC- PDMS 10, iAEC- PDMS 20, iAEC- PDMS 40. Scale bar, 100 μm. (E) Quantification of CD31+ CD144+ positive cells from immunofluorescence data in (D), mean
± s.e.m.; n = 15 random viewfields in 3 dishes. (F) FACS analysis of CD31 and CD144 expression of iAEC seeded on PGG-DHV on day 21. (G) Quantification of FACS
data in (F); Mean ± s.e.m.; n = 3 separate experiments. (H) Representative images of FACS quantification of CD31 and CD144 expression of iAEC seeded on PGG-
DHV on day 21. Top panel, 20x; Bottom panel; 63x. Scale bar, 50 μm. (I) Quantification of immunofluorescence data in (H). Student’s t-test plus Bonferroni correction
(only two data groups compared) and multiple comparisons of parametric analysis of variance (ANOVA) (more than two data groups) with recommended post-hoc
corrections when appropriate were used for statistics. *P < 0.05, **P < 0.01, ***P < 0.001, ns = not significantly different.
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durations are not necessary. Taken together, all these results suggest
that mouse iAECs on day 21 exhibit AEC-like functions, have excellent
biocompatibility on decellularized porcine heart valves, can proliferate,
and maintain functions similarly as MAECs.

3.4. Transdifferentiation of human fibroblasts to hiVECs

Next, we transdifferentiated human embryonic fibroblasts M-20 cells
into VEC-like cells using a modified protocol of adding growth factors
after different days (day 0 through day 9) of cell seeding on the rigid
plastic dishes coated with a thin layer (<1 μm) of Matrigels (Fig. S10A).
This protocol was established after trying and testing various regimens

Fig. 2. iAECs show similar functions as MAECs. (A) Representative confocal fluorescence images of different cell types adhering on PGG-crosslinked decellularized
porcine aortic valves (PGG-DAV) uptaking DiI-Ac-LDL (red color), Calcein-AM (green color) and Hoechst (blue color) on day 1, 4, 7 and 10. (B) Quantification of
relative fluorescence intensity per μm2 in each viewfield on day 1, 4, 7 and 10. Mean ± s.e.m.; n = 15 viewfields. (C) The level of DiI-Ac-LDL uptake in NIH/3T3,
iAEC seeded on PGG-DHV on day 21 and positive control MAEC. (D) Quantification of DiI-Ac-LDL uptake in (C); Mean ± s.e.m.; n = 20 random viewfields in 3 dishes.
Scale bar, 50 μm. (E) The representative images of tube formation of NIH/3T3, iAEC seeded on PGG-DHV on day 21 and positive control MAEC (All cells were seeded
on Matrigel for 24h); Scale bar, 200 μm. (F) Quantification of tube numbers and branch lengths in (E); Mean ± s.e.m.; n = 15 random viewfields in 3 dishes from 3
separate experiments. (G) Immunofluorescence of phosphorylation of VEGFR2 expression of NIH/3T3, iAEC seeded on PGG-DHV on day 21 and MAEC when treated
with VEGF. Top panel, 20 × ; Bottom panel; 63 × .Scale bar, 50 μm. (H) Quantification of immunofluorescence data in (G). Mean ± s.e.m.; n = 30 random viewfields
in 3 dishes. (I) Immunofluorescence of the expression of E-selectin and P-selectin in NIH/3T3, iAEC seeded on PGG-DHV on day 21 and MAEC when treated with
TNF-α. Top panel, 20 × ; Bottom panel; 63 × .Scale bar, 50 μm. (J) Quantification of immunofluorescence data in (I). Mean ± s.e.m.; n = 30 random viewfields in 3
dishes. Student’s t-test plus Bonferroni correction (only two data groups compared) and multiple comparisons of parametric analysis of variance (ANOVA) (more
than two data groups) with recommended post-hoc corrections when appropriate was used for statistics. *P < 0.05, **P < 0.01, ***P < 0.001, ns = not signifi-
cantly different.
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and modifying protocols from previous published reports [59,60].
Human embryonic fibroblast M-20 cells were seeded on Matrigel-coated
plates. First, cells were treated with 5-azacytidine for 24h. Then, me-
dium was changed to E6 or N2B27 medium containing BMP4 and
Wnt3a. On day 2, medium was changed to E6 or N2B27 medium con-
taining BMP4 and bFGF. On day 3, medium was changed to E6 or
StemPro-34 medium containing VEGF and bFGF. On day 9, induced
hiVECs were resuspended and sorted by MACS and were then seeded on
rigid plastic coated with Matrigel to continue expanding. The medium
was changed to human endothelial growth medium EGM-2 containing
VEGF, SB431542, 8-Br-cAMP. On day 13, these cells were reseeded on
PGG-crosslinked decellularized porcine heart valves for 7 days. After
transdifferentiation via this protocol, these human embryonic fibroblast
M-20 cells exhibited the classical cobblestone morphology when
compared to the HUVECs (Figs. S10B and S10C). Because the M-20 cells
were embryonic fibroblasts, they might be multipotent and were not an
optimal source for transdifferentiation. As such, we transdifferentiated
human adult primary dermal fibroblasts (HDFs) into hiVECs using a
different protocol from the M-20 protocol by plating the HDFs on 2.1
MPa PDMS substrate for 13 days and then switching them to PGG-DAV
(Fig. 3A). On day 13 before seeding the cells on the decellularized
porcine aortic valve, ~10 % of the cells expressed are CD144+CD31+ on
PDMS 10 (2.1 MPa) whereas for those on the rigid glass ~5% of the cells
are CD144+CD31+ (Fig. 3B and C). After MACS (magnetic-activated cell
sorting) on day 13, the CD144+CD31+ cells increased to ~80 %, still
lower than HUVECs (Fig. 3D and E). However, after plating the cells on
the decellularized porcine aortic valve (PGG-DAV) for 7 additional days,

on day 20 these human adult fibroblast cells exhibited the classical
cobblestone morphology when compared to the HUVECs and the human
primary aortic valvular endothelial cells (HAVECs), which was used as
the “gold” standard cells for comparison (Fig. S10). The trans-
differentiation protocols forced these human fibroblasts (M-20 and HDF)
to express elevated levels of endothelial markers Flk1, CD31, CD144,
Sox18, Sox17, Fli1, Elk3, and Erg but no fibroblast markers Vimentin,
a-SMA and S100a4, just like HUVECs and HAVECs (Fig. 4A–C). About
95 % of the cells were CD144+CD31+ after they were sorted by MACS,
quantified by FACS (Fig. 4D and E) or immunofluorescence (Fig. 4F and
G), suggesting that they are highly pure VEC-like cells. The DEGs anal-
ysis of RNA-seq (Fig. 4H), specialized heatmap (Fig. 4I) and PCA analysis
(Fig. 4J) show hiVECs were more like HAVECs than HUVECs. RNA-seq
data show that no endothelial cells were contaminated in human fi-
broblasts(Fig. 4I and J). hiVECs, either from M-20 or from HDF, highly
expressed 25 VEC-specific pan markers such as NFATC1, C7, OIT3,
IL1RL1, NNAT, GIMAP6, GJA4, MYCT1, CLEC1B, GIMAP4 and other
markers, like HAVECs but drastically different from HUVECs (Fig. 4I).
PCA analysis of RNA-seq results shows that HDF and M-20 cells
belonged to the same population inside the red box; HDF and
M-20-derived hiVECs belonged to the same population as the gold
standard HAVECs inside the blue box, but not with HUVECs inside the
green box (Fig. 4J). Together these results suggest that the hiVECs are
transdifferentiated more similarly to the HAVECs than the HUVECs.

Fig. 3. Substrate stiffness regulates transdifferentiation efficiency of human adult primary dermal fibroblasts to hiVECs. (A) Human primary dermal fibroblasts
(HDF) were seeded on Matrigel-coated flat PDMS. Firstly, cells were treated with 5-azacytidine for 24h. Then medium was changed to E6 medium or N2B27medium
containing BMP4 and CHIR99021. On day 5, medium was changed to E6 medium or StemPro-34 medium containing VEGF, DAPT, PIGF, HGF, 8-Br-cAMP. On day 13,
hiVECs were resuspended and enriched by MACS; they were seeded on PGG-crosslinked decellularized porcine heart valves for 7 days and medium changed to human
endothelial growth medium EGM-2 containing VEGF, SB431542, 8-Br-cAMP. (B) Representative images of FACS quantification of CD31 and CD144 expression of
hiVEC- Plastic, hiVEC- PDMS 10. Ratio of PDMS indicates the ratio of the base to curing agent, the stiffness of 10:1 is 2.1 MPa. (C) Histogram shows the quantification
of FACS of (B), mean ± s.e.m.; n = 3 separate experiments. (D) FACS analysis of CD31 and CD144 expression of MACS sorted HDF-hiVEC. (E) Quantification of FACS
data in (D); Mean ± s.e.m.; n = 3 separate experiments. Student’s t-test plus Bonferroni correction or ANOVA was used; ***P < 0.001; ns = not significantly different.
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3.5. Human hiVECs show similar functions as HAVECs

The purified hiVECs from M-20 cells and the purified HDF-hiVECs
from HDF cells cultured on the porcine decellurized valves prolifer-
ated, became confluent, and covered the whole valve surface 7 days
after culture (Fig. 5A and B). On separate experimental assays of the tube
formation on Matrigel, hiVECs and HDF-hiVECs formed numerous tube-
like structures and lumens which could be perfused through by red
blood cells, similar to HUVECs and HAVECs; however, the non-
transdifferentiated fibroblasts of M-20 and HDF cells could not form
any tubes (Fig. 5C and D and S3). Like HUVECs and HAVECs, hiVECs and
HDF-hiVECs took up DiI-Ac-LDL, but M-20 and HDF cells did not have
any uptakes (Fig. 5E and F). Furthermore, the CD31− CD144- cells iso-
lated from the pool of VEC-like cells did not take up DiI-Ac-LDL and did
not form any tubes (Fig. S11). hiVECs seeded on PGG-DHV increased
phosphorylation levels of VEGFR2, like HUVECs and HAVECs when
treated with VEGF (Fig. 5G and H). hiVECs and HDF-hiVECs seeded on
PGG-DHV increased expressions of E-selectin and P-selectin, like
HUVECs and HAVECs when treated with TNF-α (Fig. 5I and J). hiVECs
seeded on PGG-DHV also increased the expression of Sox17 and Fli1 at
both gene and protein levels; the proteins were distributed at the cell-
cell junctions, the cytoplasm, and the nucleus, like HUVEC and
HAVEC (Fig. 4C and S4C and S4D). Furthermore, P-selectin and vWF
within the Weibel Palade bodies were present in hiVECs and HDF-
hiVECs (Fig. S4). During the entire process of transdifferentiation,
there was no expression of pluripotency markers OCT4 and Nanog
(Fig. S12). To examine the effect of individual soluble molecules in
transdifferentiation, we removed them one by one at various stages
(stage 1 to stage 3). Removing any of those 4 soluble molecules
decreased the percentage of CD31+CD144+ cells but removing VEGF
had the most downregulation effect (Fig. S13). We also assessed how the
duration of stage 3 impacted the transdifferentiation efficiency and
found that the percentage of CD31+CD144+ cells reached the peak value
on day 6 (Fig. S13). In addition, the chromatin immunoprecipitation
(ChIP) assay revealed that H3K9me3 levels were lowest at the promoter
sites of Flk1, CD31, and CD144 in hiVEC PDMS 10 cells (Fig. S14A), RNA
Pol II S2p levels were highest at the promoter sites of Flk1, CD31, and
CD144 in hiVEC PDMS 10 cells (Fig. S14D), but there was no significant
difference in H3K4me3 and H3K27me3 levels at these promoter sites
among various substrate stiffnesses (Figs. S14B and S14C). From the first
24 h treatment to stage 2 and then to stage 3, Vimentin expression
continued to decrease while Brachyury increased slightly at stage 2 but
returned to baseline levels on day 9 (Figs. S15A–D). These results sug-
gest the protocol of human fibroblast transdifferentiation is optimal
under our culture conditions and longer durations are not necessary.
Together these results demonstrate that human fibroblasts-(such as M-
20 or HDF) derived hiVECs are remarkably like human primary aortic
valvular endothelial cells (HAVECs), as such, they may be called VEC-
like cells.

3.6. iAECs and hiVECs stay functional on decellularized valves after fluid
shear stress application

Cell seeding and attachment are the first two crucial steps that can
lead to in vitro formation of tissue engineered aortic valves. To further
determine how iAECs and hiVECs behave in an in-vivo like condition,
bioreactors were used to mimic the real fluid shear stress environment in
the vasculature. Mouse AEC-like cells (iAECs PDMS 10) or human VEC-
like cells (purified hiVECs) were seeded on PGG-DAVs for 7–10 days and
then were placed into the bioreactor to incubate for 5 days (Fig. 6A and
S16A), hematoxylin and eosin (H&E) staining showed the engineered
aortic valves exhibited a monolayer of cells adhered on the valve surface
and Masson’s trichrome stain showed collagen and elastic fibers and a
distinct cell monolayer (Fig. 6B). Immunofluorescence assays showed
prominent expressions of CD31 and CD144 in iAECs PDMS 10 or puri-
fied hiVECs (Fig. 6C–E). These results suggest that after 5-day fluid shear
stress iAECs PDMS 10 and purified hiVECs attach firmly to the decel-
lularized porcine aortic valves and exhibit VEC-like characteristics on
the engineered aortic valves.

3.7. In vivo assessment of iAECs and hiVECs-based engineered aortic
valves

To further examine how iAECs PDMS 10 or purified hiVECs seeded
on the decellularized aortic valves would behave in vivo, we transplanted
them to immune-compromised rats (nude rats). Because the rat aortic
valves were too small to be operated on and to be replaced by the
engineered aortic valves, we had to roll up the engineered aortic valve
into a tube and grafted it at the abdominal aorta to simulate the dynamic
in-vivo flow condition (Fig. 7A and S16B). Doppler ultrasonography was
performed before rats were sacrificed 30 days after transplantation. The
blood flowwas not obstructed at the implant site of the engineered valve
in all six rats of each set 30 days after valve graft transplantation
(Fig. 7B; data from 5 additional sets of rats are shown in Fig. S16). Evans
blue staining shows that none of the rats had vascular leakage after in-
vivo transplantation (Fig. S17A); Coagulation and anticoagulation
function tests show that all rats had normal coagulation and anti-
coagulation functions and no thrombosis after in-vivo transplantation
(Figs. S17B–F), consistent with Doppler ultrasonography data. H&E
staining and Masson’s trichrome staining show that 30 days after in-vivo
transplantation all rats had intact engineered aortic valves with collagen
or elastic fibers and the interior surface of the valvular tube exhibited a
cell monolayer of iAECs or hiVECs in all rats except the no-cell control
rats (Fig. 7C and D). In addition, compared with the positive control
cells-MAECs and HUVECs, iAECs or hiVECs expressed similar levels of
CD31 and CD144 whereas the no-cell control DAVs did not express any
(Fig. 7E–G).

Fig. 4. Transdifferentiation of human fibroblasts to hiVECs. (A) Quantification of the expression of VEC-associated genes (Flk1, CD144 and CD31) of M-20, HDF
(primary human dermal fibroblast), purified M-20-derived hiVEC seeded on PGG-DHV, purified HDF-derived hiVEC seeded on PGG-DHV for 7 days, HUVEC and
HAVEC (primary human aortic valve endothelial cell). (B) Quantification of the expression of fibroblast-associated genes (Vimentin, α-SMA, S100a4) of M-20, HDF,
purified M-20-derived hiVEC seeded on PGG-DHV, purified HDF-derived hiVEC seeded on PGG-DHV for 7 days, HUVEC and HAVEC. (C) Quantification of the
expression of EC-associated genes (Sox18, Sox17, Fli1, Elk3 and Erg) of M-20, HDF, purified M-20-derived hiVEC seeded on PGG-DHV, purified HDF-derived hiVEC
seeded on PGG-DHV for 7 days, HUVEC and HAVEC. Mean ± s.e.m.; n = 3 separate experiments. (D) FACS analysis of CD31 and CD144 expression of M-20, HDF, M-
20 and HDF derived and MACS-enriched hiVEC seeded on PGG-DHV for 7 days, HUVEC and HAVEC. (E) Quantification of FACS data in (D); Mean ± s.e.m.; n = 3
separate experiments. (F) Representative images of immunofluorescence of CD31 and CD144 expression of M-20, HDF, M-20 and HDF derived MACS-sorted hiVEC
seeded on PGG-DHV for 7 days, HUVEC and HAVEC. Top panel, 20 × ; Bottom panel; 63 × .Scale bar, 50 μm. (G) Quantification of CD31+ CD144+ positive cells in
(F), mean ± s.e.m.; n = 15 random viewfields in 3 dishes. (H) Transcriptome comparison and unsupervised clustering between human fibroblasts, hiVECs, HUVEC
and the HAVEC. All DEGs (60,000+ genes) analysis of the shared genes between human fibroblasts M20 and HDF, hiVECs, HDF-hiVECs, HUVEC and HAVEC. The
numbers 1, 2, and 3 denote 3 independent experiments for each cell type. (I) Heatmap analysis showing the endothelial markers, fibroblasts markers, potential VEC
markers, or endocardial markers expressed in human fibroblasts, hiVECs, HDF-hiVECs, HUVEC, or HAVEC. (J) PCA (Principal Component Analysis) of the shared
genes between human fibroblasts, hiVECs, HDF-hiVECs, HUVECs, and HAVECs. Student’s t-test plus Bonferroni correction (only two data groups compared) and
multiple comparisons of parametric analysis of variance (ANOVA) (more than two data groups) with recommended post-hoc corrections when appropriate was used
for statistics. *P < 0.05, **P < 0.01, ***P < 0.001, ns = not significantly different.
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Fig. 5. Human induced VECs show similar functions as HUVECs and HAVECs. (A) Representative confocal fluorescence images of different cell types adhering on
PGG-crosslinked decellularized porcine aortic valves (PGG-DAV) uptaking DiI-Ac-LDL (red color), Calcein-AM (green color) and Hoechst (blue color) on day 1, 4 and
7. (B) Quantification of relative fluorescence intensity per μm2 in each viewfield on day 1, 4 and 7. Mean ± s.e.m.; n = 15 viewfields. (C) Representative images of
tube formation of M-20, HDF, hiVEC and HDF-hiVEC seeded on PGG-DHV on day 20 and positive control HUVEC and HAVEC (All cells were seeded on Matrigel for
24h). Scale bar, 200 μm. (D) Quantification of tube numbers and branch lengths in (C); Mean ± s.e.m.; n = 15 random viewfields in 3 dishes. (E) The level of DiI-Ac-
LDL uptake in M-20, HDF, hiVEC and HDF-hiVEC seeded on PGG-DHV on day 20 and positive control HUVEC and HAVEC. (F) Quantification of DiI-Ac-LDL uptake in
(E); Mean ± s.e.m.; n = 20 random viewfields in 3 dishes. Scale bar, 50 μm. (G) Immunofluorescence of phosphorylation of VEGFR2 expression of M-20, HDF, hiVEC
and HDF-hiVEC seeded on PGG-DHV on day 20 and positive control HUVEC and HAVEC when treated with VEGF. Top panel, 20 × ; Bottom panel; 63 × . Scale bar,
50 μm. (H) Quantification of immunofluorescence data in (G). Mean ± s.e.m.; n = 15 random viewfields in 3 dishes. (I) Immunofluorescence of the expression of E-
selectin and P-selectin in M-20, HDF, hiVEC and HDF-hiVEC seeded on PGG-DHV on day 20 and positive control HUVEC and HAVEC when treated with TNF-α. Top
panel, 20 × ; Bottom panel; 63 × . Scale bar, 50 μm. (J) Quantification of immunofluorescence data in (I). Mean ± s.e.m.; n = 15 random viewfields in 3 dishes.
Student’s t-test plus Bonferroni correction (only two data groups compared) and multiple comparisons of parametric analysis of variance (ANOVA) (more than two
data groups) with recommended post-hoc corrections when appropriate were used for statistics. *P < 0.05, **P < 0.01, ***P < 0.001, ns = not significantly different.
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Fig. 6. iAECs and hiVECs stay functional on decellularized valves after fluid shear stress application. (A) Representative images of bioreactor experiments; Bioreactor
experiment: iAEC PDMS 10, MAEC, Purified hiVEC, HUVEC cells were seeded on 7 mm × 5 mm PGG-crosslinked decellularized aortic valve pieces (PGG-DAV), cells
were cultured in incubator for 48h. After that, heart valve pieces were installed in reaction cavities, culture medium was added. Priming the system, shearing force
was set at 10 dyn/cm2. Five days later, the heart valves were taken out and fixed in 4 % paraformaldehyde; Hematoxylin and eosin (H&E) staining, Masson’s
trichrome staining, and immunocytochemistry were performed. (B) Representative images of HE staining and Masson’s trichrome staining. Scale bars, 50 μm. (C–E)
Representative images and quantification of immunofluorescence of CD144, CD31; Scale bar, 50 μm; Mean ± s.e.m.; n = 21 random viewfields in 3 heart valve
pieces. Student’s t-test plus Bonferroni correction or ANOVA was used for statistics. *P < 0.05, **P < 0.01, ***P < 0.001; ns = not significantly different.

Fig. 7. iAECs and hiVECs on tissue-engineered aortic valves function for 1 month in vivo. (A) Schematic diagram of nude rats experiment; Rats experiment: PGG-DAV
with no cells, PGG-DAV with iAEC PDMS 10, PGG-DAV with MAEC, PGG-DAV with Purified hiVEC, PGG-DAV with Purified M-20-iPSC-hiVEC, PGG-DAV with
Purified PGP1-hiVEC, PGG-DAV with HUVEC cells were frizzled into tubular shape, and then transplanted to abdominal aorta of nude rats. One month later, ul-
trasonography was performed; subsequently the heart valves were removed out and fixed in 4 % paraformaldehyde, HE staining, and Masson’s trichrome stain and
immunocytochemistry were performed. (B) Representative images of ultrasonography. (C) Representative images of HE staining; Scale bar, 50 μm. (D) Represen-
tative images of Masson’s trichrome stain; Scale bar, 50 μm. (E–G) Representative images and quantification of immunofluorescence of CD31, CD144; Scale bar, 50
μm; Mean ± s.e.m.; n = 18 random viewfields in 6 nude rats. Student’s t-test plus Bonferroni correction or ANOVA was used for statistics. *P < 0.05, **P < 0.01,
***P < 0.001; ns = not significantly different.

P. Tang et al. Bioactive Materials 45 (2025) 181–200 

194 



3.8. iAECs and hiVECs on engineered aortic valves acquire signature of
AECs or native VECs

To further investigate if the seeded iAECs or hiVECs on the aortic
valve exhibit the homeostatic and coagulation inhibitory potential of the
native endothelial cells, we stained P-selectin (Endothelial activation
marker), E-selectin (Endothelial activation marker)), Collagen I (ECM
marker), Collagen III (ECM marker), Matrix metalloproteinase13
(MMP13) (ECM degradation marker), MMP9 (ECM degradation
marker), VEGFR2 (targeting the transplanted iAECs or hiVECs), α-SMA
(a fibroblast marker), and NFATC1 (a VEC-specific marker) [36]. Results
show that when compared with no cell seeded vascular graft, the iAECs
or hiVECs exhibited cell activation with high expressions of P-selectin
and E-selectin, which were like positive control HUVECs. iAECs or
hiVECs seeded vascular graft had a stable ECM with high expression of
Collagen I and Collagen III and low expression of MMP13 and MMP9.
The transplanted iAECs or hiVECs appeared as a monolayer at the inside
surface of heart valve with high expression of VEGFR2 and NFATC1 and
extreme low expression of α-SMA, suggesting the transplanted iAEC or
hiVECs exhibited little signs of de-differentiation (Fig. 8). The results
show that there were very few lymphocytes and macrophages and a few
fibroblasts were recruited from nude rats to the internal sites of the heart
valve (Fig. 8 and S17G–I). The in vivo assessment of iAECs or
hiVECs-based engineered aortic valves was prolonged to 2 months. The
data show that the valves acquired the signature and the homeostatic
potential of native heart valve with intact structure and appropriate
functions (Fig. S18). Because there was no evidence of detachment of the
implanted cells, our data suggested that it may not be likely that host
cells replaced implanted cells and grew into the engineered constructs.
Taken together, these results suggest that the mouse iAECs or hiVECs
seeded on the decellularized aortic valves may function at least for 2
months in vivo.

3.9. hiVECs from transdifferentiation are safer than from iPSCs

Induced pluripotent stem cells (iPSCs) have been used as a strategy to
regenerate tissue cells, which might be used as a cell source for VEC-like
cells. As such, we compared cells from transdifferentiation with the cells
differentiated from iPSCs. We first reprogrammed humanM-20 cells into
iPSCs using lentivirus and reprogramming factors according to a pub-
lished method. After reprogramming, colonies of M-20-iPSCs with pos-
itive alkaline phosphatase (ALP) staining and with pluripotent stem cell
markers of TRA-1-81, SSEA1, Nanog, Oct4, and Sox2 and without
fibroblast markers Vimentin and S100a4 were selected and expanded
(Fig. S19). In addition, we used another iPSC cell line named PGP1
(PGP1-iPSC). The two different sources of iPSCs were differentiated into
hiVECs following the protocol from a recently published report [36].
Compared with the 5 % efficiency of CD31+CD144+ cells from direct
transdifferentiation (hiVECs), the efficiency was 20 % for M-20-iPS-
C-induced VECs (iPSC-hiVECs) and 50 % for PGP1-hiVECs (Fig. S20).
After MACS, the efficiency of these two methods (i.e., direct trans-
differentiation and iPSC-differentiated) are similar (Fig. S21). However,
since the efficiency of human fibroblast M-20 reprogramming into
human iPSCs was only ~1 % (Fig. S19B) (human fibroblasts reprog-
ramming into PGP1-iPSCs was estimated to be ~1 %), the actual effi-
ciency of iPSC-hiVEC formation or PGP1-hiVECs (20 % of 1 %, i.e., 0.2
%, or 50 % of 1 %, i.e., 0.5 %) was 10-25-fold lower than that of the cells
from direct transdifferentiation. M-20-iPSC-hiVEC and PGP1-hiVECs
exhibited similar expressions of CD31 and CD144 like purified hiVECs
after bioreactor assays (Fig. 6B–E) and abdominal aortic transplantation
experiments (Figs. 8 and 7E-G). However, approximately 15 % of the
M-20-iPSC-hiVECs and 25 % of the PGP1-hiVECs expressed a pluripo-
tency marker Nanog (Fig. S12D), suggesting that some of these
iPSC-derived hiVECs maintained undifferentiated features of stem cells.
Importantly, when these cells were injected subcutaneously into
NOD-SCID (Non-obese diabetic-severe combined immunodeficiency)

mice, 40 % of the mice from the M-20-iPSC-hiVEC group and 80 % of the
mice from the PGP1-iPSC-hiVEC group formed teratomas; in contrast, no
teratoma formation was observed in the mice from the direct trans-
differentiation (hiVEC) group (Fig. S22). Because it takes only a few
pluripotent or multipotent undifferentiated stem cells to become
tumorigenic to generate tumors, these results suggest that tumorigenesis
could be a major concern for implanting iPSC-derived hiVECs, making
them unsuitable for autologous tissue-engineered aortic valves.

4. Discussion

In the present study, using carefully selected soluble chemicals and
growth factors and substrate stiffness that matches the native stiffness of
aortic valves, we present approaches of efficiently transdifferentiating
mouse fibroblasts into iAECs and human fibroblasts into hiVECs without
first reprogramming them into induced pluripotent stem cells. We find
that these cells express similar genes and proteins as VECs and func-
tionally behave like VECs in culture and on decellularized porcine aortic
valves. Importantly, these iAECs or hiVECs stay intact on decellularized
aortic valves in bioreactors and in immune-compromised rats and could
potentially serve as a cell-source for construction of autologous tissue-
engineered aortic valves.

Advances from the current study over the prior art. Published re-
ports have shown that pluripotent or multipotent stem cells can be
differentiated into ECs [46,48] or heart tissues [61,62]. However,
because of the potential of these stem cells in generating teratomas or
tumors in the recipients, alternative strategies should be considered to
bypass this critical limitation of differentiation. In our study, we have
used the strategy of transdifferentiating fibroblasts into iAECs or hiVECs
without first reprogramming the cells into pluripotent or multipotent
stem cells. When the cells during various stages of the trans-
differentiation process are assayed, no pluripotency markers of Oct4 and
Nanog are expressed in those mouse or human cells, suggesting that
these cells are not reprogrammed into pluripotent stem cells. In sharp
contrast, when human iPSCs are differentiated into hiVECs, they express
pluripotency marker Nanog and generate teratomas in NOD-SCID mice.
These findings suggest that transdifferentiated cells are a better cell
source for autologous tissue-engineered aortic valves than iPSCs. A
study reports that heart-specific transient expression of Oct4, Sox2, Klf4,
and c-Myc induces adult cardiomyocytes to dedifferentiate, which can
confer regenerative capacity to adult hearts through proliferation of
preexisting cardiomyocytes. However, the authors acknowledge that the
possibility of tumor formation cannot be ruled out [63]. Together with
our current study, these findings highlight the importance of using
alternative safe approaches of direct transdifferentiation to generate
autologous tissue cells. In our study, we have assessed the effect of
substrate stiffness on transdifferentiation. Although published reports
have shown that fibroblasts can direct transdifferentiate into endothelial
cells [28–30], the strategies in those studies are to overexpress tran-
scription factors via lentivirus. However, viral integration into the host
genome increases the risk of tumorigenicity [24]. Published reports
show that using lentivirus to transdifferentiate mouse fibroblasts to
neural cells, an efficiency of 3 %–8 % can be achieved [64,65]. Applying
a >50 % one-dimensional squeezing or compressing to the cell nucleus
in a microfluidics channel [64], the efficiency is increased to ~17 %.
However, it is known that applying exceptionally large mechanical
deformation to the nucleus can cause DNA damage and breakage [66],
leading to the potential for tumor generation, especially when virus is
used in the transdifferentiation protocol. Reducing cytoskeletal tension
is shown to enhance reprogramming efficiency of mouse fibroblasts into
neural-like cells from ~1 % to ~6 % but lentivirus infection is used in
the protocol [67]. In contrast, our protocol is free of virus and does not
cause DNA damage or breakage. A published work achieves fibroblasts
direct transdifferentiation into endothelial cells via chemical com-
pounds without lentiviruses [47], but the transdifferentiation efficiency
is <4 %, lower than that from our protocol. The mechanisms of each
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Fig. 8. iAECs and hiVECs acquire signature of AECs or native VECs for 1 month in vivo. Rats experiment: PGG-DAV with no cells, PGG-DAV with iAEC PDMS 10, PGG-
DAV with MAEC, PGG-DAV with Purified hiVEC, PGG-DAV with Purified M-20-iPSC-hiVEC, PGG-DAV with Purified PGP1-hiVEC, PGG-DAV with HUVEC cells were
frizzled into tubular shape, and then transplanted to abdominal aorta of nude rats. One month later, subsequently the heart valves were removed and fixed in 4 %
paraformaldehyde, immunocytochemistry was performed. (A–E) Representative images of immunofluorescence of (A), P-selectin & E-selectin; (B) Collagen I &
Collagen III; (C) MMP13 & MMP9; (D) VEGFR2 & α-SMA and (E) NFATC1. Scale bars, 50 μm. (F, G) Quantification of immunofluorescence of P-selectin and E-
selectin. (H, I) Quantification of immunofluorescence of Collagen I and Collagen III. (J, K) Quantification of immunofluorescence of MMP13 and MMP9. (L, M)
Quantification of immunofluorescence of VEGFR2 and the percentage of α-SMA+ cells in VEGFR2+ cells. (N) Quantification of immunofluorescence of NFATC1. Mean
± s.e.m.; n = 18 random viewfields in 6 nude rats. Student’s t-test plus Bonferroni correction or ANOVA was used for statistics. *P < 0.05, **P < 0.01, ***P < 0.001;
ns = not significantly different.
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factor used in our study to induce reprogramming of fibroblasts into
endothelial cells have been published extensively before. Azacytidine is
a methyltransferase inhibitor which induces DNA demethylation to
decondense chromatin; CHIR99021 and BMP4 promote Wnt and BMP
signaling pathway activation; VEGF, DAPT, HGF, PIGF and 8-Br-cAMP
promote formation and expansion of endothelial cells; SB413542 pro-
motes maturation of endothelial cells [38,68].

PIGF and HGF promote transdifferentiation efficiency and iAEC
and hiVEC maturation. Published reports have shown that PIGF
(placental growth factor) can promote angiogenesis and vascular
maturity of endothelial cells through Neuropilin 1 (NRP1) [69–71]. To
determine whether PIGF induces VEC maturity via NRP1, we removed
PIGF from the culture medium and found that there was no NRP1
phosphorylation, even when a high dose of VEGF was added (Fig. S23).
However, adding PIGF back into the culture medium induced robust
NRP1 phosphorylation. In addition, inhibiting VEGFR1 or VEGFR2
resulted in only a slight reduction of PIGF-induced NRP1 phosphoryla-
tion while inhibiting NRP1 completely blocked PIGF-induced NRP1
phosphorylation and NFATC1 expression (a specific VEC marker)
(Fig. S23). Together, these results suggest that PIGF induces iAEC and
hiVEC maturity partly through the NRP1 pathway that is independent of
VEGFR1 and VEGFR2. Published reports show that HGF induces
angiogenesis and endothelial cell migration [72,73].In the basic culture
medium in Stage 2, cytokines such as VEGF, DAPT, PIGF and 8-Br-cAMP
were included except HGF. After the cells were treated by the basic
medium, the expression of p-c-Met and NFATC1 were low. After adding
HGF into the basic culture medium, the expression of phosphorylated
c-Met and NFATC1 increased, suggesting the important effect of HGF on
the cells during transdifferentiation (Fig. S24). In addition, inhibiting
c-Met decreased protein expression levels of NFATC1 and thus iAEC and
hiVEC maturation (Fig. S24). Increasing the concentration of VEGF did
not alter c-Met phosphorylation, suggesting that the HGF-c-Met pathway
of inducing VEC maturity is independent of the VEGF pathway
(Fig. S24). These results suggest that higher transdifferentiation effi-
ciency with our protocol is due to the addition of placental growth factor
(PIGF) and hepatocyte growth factor (HGF). To obtain dynamic changes
of cell stage-specific transcriptional signatures, one needs to do RNA-seq
and analyses at each time point and each stage, which is beyond the
scope of the current study and could be explored in the future.

Appropriate substrate stiffness for high transdifferentiation effi-
ciency. Furthermore, the use of an intermediate level of stiffness of
PDMS (2.1 MPa) to maintain H3K9me3 demethylation may have facil-
itated activation of valvular endothelial related genes to improve
transdifferentiation efficiency from mouse fibroblasts to iAECs, consis-
tent with the published report that an intermediate substrate stiffness
promotes mouse fibroblasts to neural cell differentiation [65], which
shows, however, the optimal stiffness is ~20 kPa, suggesting that the
optimal substrate stiffness is different for neural cells and VECs. In
contrast, transdifferentiation efficiency of human embryonic fibroblasts
M-20 is insensitive to substrate stiffness modulation in the presence of
the soluble factors. It appears that coating of a thin layer of Matrigel on
the rigid plastic yields ~5 % transdifferentiation efficiency for human
embryonic fibroblasts and modulating substrate stiffness does not
improve efficiency. However, human adult primary dermal fibroblasts
do transdifferentiate better on 2.1 MPa PDMS substrates. The reason for
the difference between human adult primary dermal fibroblasts and
human embryonic fibroblasts in sensing substrate rigidity is unclear
currently and deserves further investigation. A report has shown that
nuclear distortion because of substrate topology by using microgrooves
can facilitate reprogramming [74]. We, however, did not find
improvement of transdifferentiation efficiency using similar dimensions
of microgrooves, possibly because our approach is transdifferentiation
that is distinct from the process of reprogramming to the pluripotent
stem cells. Currently we have not tried to create valvular interstitial cells
(VICs) from fibroblasts, which requires additional studies. Future studies
are also needed to determine if other mechanical cues can impact and

improve transdifferentiation efficiency. Nevertheless, recellularizations
of decellularized aortic valves using transdifferentiated VECs and VICs
are critical steps in generating next-generation tissue-engineered
autologous aortic valves that can grow and regenerate to replace
defective valves in patients. We acknowledge that the underlying
mechanisms of the effects of substrate stiffness on transdifferentiation
remain unclear. It is known that matrix stiffness regulates actin assembly
and nuclear transport, modulates HAT activity and histone acetylation
to open the chromatin structure that facilitates neuronal gene expression
and thus enhances cell transdifferentiation [65]. Our results show that
RNA Pol II S2p levels were highest at the promoter sites of Flk1, CD31,
and CD144 in iAEC PDMS10 cells (Fig. S6F), suggesting that optimal
substrate stiffness levels are needed for optimal transdifferentiation ef-
ficiency. More systematic studies are needed to determine the details of
mechanisms of these fibroblasts transdifferentiation into iAECs and
hiVECs in the future.

Limitation of the study: In the present study, we have not established
a chemically defined, xeno-free system to conduct our experiments,
which could limit the translational value of this study. We have used B27
and StemPro-34 media. However, induced cells that are cultured with
these xeno-molecules have been used clinically and published before: B-
27 containing medium with other specific cytokines has been used for
culturing patients’ iPSC-derived ECs [38], for culturing neural stem cells
for Phase I Clinical Trial in Parkinson’s Disease [75], and for expanding
iPSC-derived neural stem cells and progenitor cells for being trans-
planted in subacute complete spinal cord injury in a first-in-human
clinical trial [76,77]. StemPro-34 medium containing other cytokines
has also been used for culturing human embryonic stem cell-derived
cardiovascular progenitors integrated into human fetal heart tissues
[78]. To limit the potential adverse effect of these xeno-molecules, we
washed the cells on the decellularized porcine valve 5 times with PBS to
washout the detached and loosely adhered cells before we transplanted
remaining transdifferentiated iAECs or hiVECs on the porcine valve into
the rat. Nevertheless, future studies are needed to establish a chemically
defined, xeno-free culture system.

Another potential limitation of the study is that the NIH/3T3 mouse
and M-20 human fibroblast cell lines are derived from embryos and
retain multipotency. Therefore, these cells lines are not an optimal cell
source for tissue engineering. We have chosen these cells lines only for
the purpose of demonstrating the proof of principle and for validating
our protocol. Importantly, the human primary dermal fibroblasts from
adult donors that are used in this study have been shown to be able to be
transdifferentiated into hiVECs, suggesting that primary adult fibro-
blasts from human patients are likely a good source for trans-
differentiation and for seeding on decellularized porcine aortic valves
for autologous transplantation into the same patients for aortic valve
replacement.

No evidence of de-differentiation of mouse iAECs back to fibro-
blasts. After PGG-DHV incubation, on day 21, the percentage of
CD31+CD144+ mouse cells are ~98 % (Fig. 1F 3rd panel and 1G), up
from the 70 % at day 11. Since the total number of cells increased
dramatically from day 11 to day 21, this increase in percentage of
CD31+CD144+ could be due to the growth and expansion of the
CD31+CD144+ cells. It is also likely that some CD31+CD144- cells, some
CD144+CD31− cells, and/or some CD31− CD144- turned into
CD31+CD144+ cells. The percentage of CD31− CD144- cells is only ~0.4
% (lower left corner of Fig. 1F 3rd panel shows that it is 0.34 %) after the
10 days of PGG-DHV culture. It is possible that CD31− CD144- cells did
not grow or expand at all (one could estimate that the percentage of
these cells would then become ~2 % of the total cells). However,
because these cells were only ~0.4 % of the total cells after 10 days of
PGG-DHV culture, suggesting that some of them may turn positive for
CD31, or positive for CD144, or positive for both markers, consistent
with the results in Fig. 1F 3rd panel and the results that iAECs and
hiVECs seeded on decellularized porcine valves are >90 % CD144+ and
CD31+ (Fig. 6D and E) and they exhibit markers of VECs when they are
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transplanted into the rat abdominal aorta (Fig. 8D and E and S18) with
no signs of de-differentiation back to fibroblasts.

Transdifferentiation efficiency: The yield of human CD31+CD144+

hiVECs (~10%) is much lower than that of mouse iAECs (~70%) before
using additional steps to increase the yield. This discrepancy may be due
to the different fibroblast sources: mouse 3T3 cells are embryonic
fibroblast cell lines and it is possible that they are not terminally
differentiated and easier to transdifferentiate. Adult human HDF cells
are primary skin fibroblasts, likely to be terminally differentiated and
much more difficult to transdifferentiate. In fact, human M-20-iPSC-
hiVEC and PGP1-hiVEC, both are from iPSCs, have the efficiency of ~20
% and ~50 % respectively (Figs. S20D and S20F), between the 10 %
efficiency for human primary adult fibroblasts and 70 % for the mouse
fibroblast cell line, supporting the notion that human primary adult
terminally-differentiated fibroblasts are more difficult to trans-
differentiate because of the higher landscape barrier to overcome (the
Conrad Waddington landscape model). Comparisons between our
transdifferentiation protocol and published papers are illustrated in
Table 1. However, both M-20-iPSC-hiVEC and PGP1-hiVEC are differ-
entiated from iPSCs, which have the risk of generating teratomas or
tumors in vivo.

In our transdifferentiation experiments, one batch of human adult
primary dermal fibroblasts (a total of seeded cells of 1.06x106 at day 0)
grew to 95x106 cells at day 13. After MACS, there were 9x106 cells
remaining, enough to seed 100 porcine valves (each porcine valve was
seeded with 0.9x105 cells) (a porcine valve had a surface area of 4 cm2,
like a 3-cm2 human adult aortic valve [79]. By day 20, a total of 70x106

hiVECs were recovered, resulting in a transdifferentiation yield of
~66-fold (70 divided by 1.06) (Table S5). However, not all 100-hiVEC--
seeded porcine valves are needed for transplantation. For autologous

transplantation, one patient only needs one hiVEC-seeded porcine valve
to be sutured that matches the size of the patient’s valve, although
several porcine valves may be needed for the proper seeding and size
matching. Therefore, our protocol is sufficient to generate enough
engineered valves to meet the need of the patient. The autologous fi-
broblasts from this patient from one biopsy (~1 million cells), even with
the low yield of ~10 %, can be expanded to 70 million hiVECs (after
sorting and PGG-DHV culture), which are enough to seed many porcine
valves for transplantation. It is anticipated that the majority of hiVECs
will be thrown away after the valve replacement because these extra
cells on PGG-DHV are not suitable for other aortic valve patients due to
immune rejection. Thus, the low yield of hiVECs is not a limiting factor
in aortic valve replacement. In addition, our protocol is not
labor-intensive nor costly because using our protocol one graduate
student can transdifferentiate human primary adult fibroblasts into
hiVECs on decellularized porcine valves in 20 days.

Future directions. At the present time, we are not able to implant the
engineered aortic valves at the site of the aortic valve of an animal model
because we are not able to find an immune-compromised animal that is
large enough in size to be operated on to replace the native valve.
Nevertheless, it will be interesting to examine if it is possible to use
immune-competent large animals as animal models and treat them with
immuno-suppressing drugs and then implant these engineered aortic
valves seeding with mouse or human cells into the heart of these animals
as prosthetic aortic valves. With the recent advance of technology in 3D-
printing heart tissues [32], it will be interesting to determine in the
future if it is possible to use our protocol to produce and to seed autol-
ogous hiVECs onto a 3D-printed aortic valve to generate a functional
tissue-engineered human aortic valve.

5. Conclusion

In summary, we report here a strategy to directly convert differen-
tiated fibroblasts into iAECs or hiVECs without virus utilization and
genetic manipulation. Utilizing a combinatorial strategy of selective
soluble chemicals, cytokines and substrate stiffness modulation, mouse
embryonic fibroblasts are directly and efficiently transdifferentiated
into induced aortic endothelial cell-like cells (iAECs) and human pri-
mary adult fibroblasts are transdifferentiated into induced valvular
endothelial cell-like cells. These cells show VEC-associated markers and
functions. The iAECs or hiVECs seeded on decellularized porcine aortic
valves stay intact and express VEC-associated proteins for 60 days in
vivo. In contrast, induced pluripotent stem cells (iPSCs) are less efficient
in differentiating into hiVECs, iPSC-derived hiVECs generate teratomas
in vivo. Our findings highlight an approach to efficiently convert fibro-
blasts into iAEC or hiVECs and seed them onto decellularized aortic
valves for safely generating autologous tissue-engineered aortic valves.
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Table 1
Comparisons among various protocols.

Reference Category Cell
resource

Protocol Efficiency

[28] Transdifferentiation
to induced
endothelial cells
(ECs)

Human
neonatal
fibroblasts

Virus vectors +
Transcription
factors +
Cytokines +
Small
molecules

3.9 %

[29] Transdifferentiation
to ECs

Human
postnatal
dermal
fibroblasts

Virus vectors +
Transcription
factors +
Cytokines

12 %–15
%

[47] Transdifferentiation
to ECs

Human
foreskin
fibroblasts

Cytokines +
Small
molecules

3.9 %

[64] Transdifferentiation
to neuronal cells

Mouse
fibroblast

Virus vectors +
Transcription
factors +
Mechanical
force

15 %

[65] Transdifferentiation
to neuronal cells

Mouse
fibroblast

Virus vectors +
Transcription
factors +
Substrate
stiffness

8 %

[67] Transdifferentiation
to induced neural
cells

Mouse
fibroblast

Virus vectors +
Transcription
factors +
Cytokines +
Mechanical
manipulation

4 %

Current
study

Transdifferentiation
to iAECs and hiVECs

Mouse
fibroblast
and
primary
human
dermal
fibroblast

Cytokines +
Small
molecules +
Substrate
stiffness

iAECs:
~70 %
hiVECs:
~10 %
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