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A B S T R A C T

Engineered heart tissues (EHTs) are regarded as being the most promising alternative to synthetic materials, and
autologous mesenchymal stem cells (MSCs) are widely used as seeding cells. However, few studies have eval-
uated the feasibility of using MSCs from patients with cyanotic congenital heart disease (C-CHD) as seeding cells
for EHTs, in comparison with cells from patients of acyanotic congenital heart disease (A-CHD). In the present
study, we cultured MSCs from A-CHD and C-CHD patients in normoxia or hypoxia conditions, and compared
their pro-angiogenic, anti-apoptotic and inflammation-modulatory potentials. In vivo, we seeded the cells into
collagen patches conjugated with, or without, proangiogenic cytokines, which were used to repair the right
ventricular outflow tract (RVOT) of rats. The in vitro results showed that C-CHD MSCs expressed higher levels of
VEGFA and VEGFR2, and secreted more pro-angiogenic and anti-inflammatory cytokines under hypoxic con-
ditions. On the other hand, apoptosis-related genes from C-CHD MSCs were modulated adaptably, converting
these cells into an anti-apoptotic phenotype. In vivo studies demonstrated that in 4 weeks after RVOT re-
construction, cytokine-immobilized patches seeded with C-CHD MSCs exhibited preserved morphology, pro-
longed cell survival and enhanced angiogenesis compared to A-CHD MSCs. C-CHD MSCs that undergo “naturally
hypoxic precondition” present a better cell source for EHTs, which would provide a promising individualized
biomaterial for C-CHD patients.

1. Introduction

Cyanotic congenital heart disease (C-CHD) refers to a group of
cardiac structural defects that cause a mixture of oxygenated and un-
oxygenated blood to occur in systemic circulation. Patients with C-CHD
manifest a distinctive bluish-grey appearance and suffer from hypoxia
since birth [1]. Currently, most C-CHDs can be surgically corrected
during infancy or neonatal periods, owing to advanced surgical tech-
niques [2,3]. Although early surgical interventions have saved

numerous children that were previously incurable, some survivors are
still at risk for re-operation due to the lack of growth of implanted
surgical material. Furthermore, the synthetic material is treated by the
patient's immune system as a foreign body, leading to it possibly be-
coming thrombogenic and infected [4]. Therefore, a new type of ma-
terial with growth potential is in great demand, in order to overcome
the aforementioned current difficulties.

The emergence of engineered heart tissues (EHTs) provides a pro-
mising solution because of their potentials to repair and regenerate.
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Although a variety of EHTs have been developed, it still remains far
away from clinical application, owing to a series of bottle neck-like
challenges [5–7]. For example, despite decades of efforts on pro-an-
giogenetic strategies [8,9], researchers still struggle with the lacking, as
well as the lateness of revascularization within the biomaterials. Ad-
ditionally, the “optimal” cell source or scaffold for EHTs application has
yet to be identified, even though a variety of cells [10,11] and materials
[12,13] have been evaluated for this purpose.

Mesenchymal stromal cells (MSCs), as seeding cells, have received
great attention for their unique properties of being easy to be isolated
and amplified in vitro [14], making them feasible for clinical applica-
tions. In addition, both the multi-lineage differentiation potential [15]
and autologous supply of these cells helps to avoid any immunological
and ethical concerns. Furthermore, a large body of experimental and
preclinical work have demonstrated the proangiogenic effect of MSCs
via paracrine [16], transdifferentation [17,18], or engraftment as
pericytes mechanisms [19]. Despite wide recognition of the advantages
of MSCs, it remains unclear whether autologous MSCs from patients
with C-CHD, who reside in a more hypoxic microenvironment than
those from non-C-CHD populations, have a similar therapeutic efficacy
as the latter.

As mentioned above, patients with C-CHD suffer from hypoxia since
birth, and the biological profiles of MSCs from this special population
have not been deeply explored and characterized. The current study is
the first report, to our knowledge, that focuses on the therapeutic ef-
ficacy of MSCs from C-CHD donors in the tissue engineering field.
Clinically, we found that the oxygen tension in the bone marrow of C-
CHD patients is lower than that of acyanotic (A)-CHD patients or
normal people, which constitutes the “naturally hypoxic sounding” for
this kind of hMSCs. Besides, aortopulmonary collateral circulation is
generally more abundant in C-CHD patients than those with A-CHD,
accompanied by elevated serum vascular endothelial growth factor
(VEGF) [20]. This phenomenon has been identified as a protective re-
sponse of the body to hypoxia, through the HIF/VEGF pathway [21]. It
is also known that hypoxic preconditioning improves cell survival after
implantation by modulating pro-angiogenic [22], anti-apoptotic and
anti-inflammatory [23] gene expression [24]. Of course, it's always a
concern that the autologous hMSCs from donors with CHD can't be
comparable to cells from normal people due to the inherent genetic
defects. While, no solid evidences by far have been proved that the
genetic variations causing to CHDs have adverse effects on therapeutic
efficacy of cell therapy. Previously, we developed a novel platform
through covalently conjugating two pro-angiogenic cytokines
(VEGF + bFGF) into a collagen scaffold with 1-ethyl-3-[3-dimethyla-
minopropyl] carbodiimide hydrochloridechemistry (EDC) [25]. The
cytokines conjugated in the patch was released gradually, stimulating
cell proliferation in vitro and improving cell survival and patch re-
vascularization in vivo [26,27]. Thus, we hypothesized that MSCs from
C-CHD donors are more pro-angiogenic, anti-apoptotic and -in-
flammatory after seeding on the patch, due to them having been
“preconditioned” in naturally hypoxic surroundings. Furthermore, the
immobilized cytokines might interact with the seeded cells, thereby
accelerating patch revascularization.

2. Materials and methods

2.1. Bone marrow collection

Bone marrow aspirates were obtained from the sternum of patients
undergoing cardiac surgery at the Second Affiliated Hospital of Harbin
Medical University. Collection of human bone marrow samples was
approved by the Research Ethics Committee of the Second Affiliated
Hospital of Harbin Medical University (Ethic Number: 2014-R-010), in
conformity with World Medical Association Guidelines. All MSCs were
isolated from patients aged 0–5 years old with C-CHD (1.50 ± 1.42
years, N=30) or A-CHD (1.97 ± 1.18 years, N= 32). The general

characteristics of the two groups were listed in Table S1.

2.2. MSCs isolation, culture and passage

Bone marrow mononuclear cells were isolated by centrifugation at
1500 RPM for 20min with a Ficoll-Paque gradient (1.073 g/mL density;
GE Healthcare, Little Chalfont, Buckinghamshire, UK) and seeded into
25 cm2 culture flasks (Corning, New York, USA) in Iscove's Modified
Dulbecco Medium (IMDM, Gibco, Life Technologies, Grand Island, New
York, USA) supplemented with 10% fetal bovine serum (FBS, Biological
Industries, Kibbutz Beit Haemek, Israel). The cells were incubated at
37 °C under hypoxic (1% O2, 94% N2 and 5% CO2) or normoxic (5%
CO2 and 95% air) atmosphere. Nonadherent cells were removed by
refreshing the medium every 3–4 days. The cells were harvested by
trypsinization (0.25% trypsin with 0.02% EDTA) and passaged until
they reached 80–90% confluence.

2.3. Cell culture condition

MSCs from donors of A-CHD and C-CHD were divided into 4 groups:
NA (MSCs from A-CHD donors incubated in normoxic conditions); HA
(MSCs from A-CHD donors incubated in hypoxic conditions); NC (MSCs
from C-CHD donors incubated in normoxic conditions); HC (MSCs from
C-CHD donors incubated in hypoxic conditions). The hypoxic condition
was generated using a hypoxic chamber according to the manufac-
turer's instructions. Briefly, the incubator was flushed with a mixture of
gasses (95% N2 and 5% CO2) for 3min, and the chamber was then
closed to prevent free flow of exogenous air into the chamber. The final
level of oxygen was around 1% (PO2:12mmHg, Memmert incubator,
Germany). Normoxia refers to conventional conditions, consisting of
5% CO2 and 95% atmosphere (PO2:160mmHg, Heal Force incubator,
ShangHai, China). Experiments of anaerobic stress, apoptotic induction
and inflammatory cytokines release were performed in an anaerobic
incubator (100% N2, PO2: 4mmHg, Plas-Labs, 855-AC, USA). The
oxygen pressure in each culture medium is determined by a blood-gas
analyzer（GEM Premier 3000, Instrumentation Laboratory, USA）; at
1 h at least after being placed into respective incubator to permit the
full hypoxic levels.

2.4. Proliferation and clonogenic potential of MSCs

Cell Counting Kit-8 (CCK8; Dojindo, Kumamoto, Japan) was used to
determine cell proliferation in vitro according to the manufacturer's
instructions. Cells were seeded into 96-well plates (Corning
Incorporated, Corning, NY, USA) at a primary density of 5000 cells per
well. One hundred microlitres of CCK8 reagent was added to each well
at 1, 3, 5, 7, and 9 days of culture. Cells were subsequently incubated
for 2 h at 37 °C. The absorbance of each well was measured at 450 nm
using a microplate reader (TECAN-Infinite200PRO, Switzerland).
Growth curves were plotted and compared.

Colony-forming units (CFUs) assay was used to count the number of
colonies under normoxic or hypoxic environment, as previously de-
scribed [28]. Briefly, cells were plated into six-well plates (1× 105

cells/well) with MesenCult medium (Stem Cell Technologies, 05420,
USA). Two weeks later, cells were stained with Wright-Giemsa staining
(Sigma-Aldrich, WG16, USA) in methanol for 5min at room tempera-
ture. Colonies containing ≥50 cells were counted.

2.5. In vitro angiogenic assessment of MSCs

ELISA was used to quantify the amount of VEGF, bFGF and PDGF
secreted from the cells of each group in the medium supernatant after
oxygen/serum deprivation [29]. Briefly, each group of cells were plated
in 25 cm2 culture flasks. When they reached 80% confluence, cells were
rinsed twice with PBS, supplemented with serum-free IMDM, and cul-
tured under anaerobic incubator (100% N2) for 72 h. Medium
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supernatant fractions were collected and measured with ELISA kits
(VEGF: ab100663; bFGF: ab99979; PDGF: ab184860; all from Abcam,
Cambridge, UK) according to the manufacturer's instructions. Total
protein of cells in each group was also measured using bicinchoninic
acid protein assay kit (BCA, Beyotime, P0010, China). The amount of
angiogenic cytokines was expressed as a ratio of the amount of each
growth factor and the corresponding total protein (pg/μg).

Protein levels of pro-angiogenic factor-VEGFA and its receptor-
VEGFR2 were determined by Western Blotting as previously described
[30]. Briefly, cells were lysed with lysis buffer, and protein con-
centration was measured with a BCA kit according to the manufac-
turer's protocol. 50 μg of cellular protein from each sample was resolved
by SDS-PAGE and transferred to PVDF membranes. Membranes were
blocked for 1 h with 5% skim milk and incubated with primary anti-
bodies for VEGFA (Abcam, ab1316) and VEGFR2 (Abcam, ab39256)
overnight at 4 °C. Afterwards, membranes were then incubated for 1 h
with appropriate secondary antibodies conjugated with horseradish
peroxidase and then developed with exposure to chemiluminescence
substrates. The developed membranes were photographed with Bio-Rad
ChemiDoc XRS equipment (Hercules, CA, USA), then quantified and
analyzed using Quantity One software (Hercules).

Tube-formation assay was performed to evaluate the pro-angioge-
netic potential of MSCs, as previously described [31]. Briefly, a com-
mercial cell line of human umbilical vein endothelial cells (HUVECs,
Cyagen, China) was trypsinized and resuspended in 400 μL IMDM
(1.5×105/well). Cells were placed in the lower compartment of a 24-
well plate (Corning, New York, USA), pre-coated with Matrigel (BD
Biosciences, San Jose, CA, USA) for 24 h. Four groups of MSCs
(1.5× 105/well in 400 μL IMDM) were added to the upper chamber
inserts with a pore size of 1-μm diameter. HUVECs seeded in the Ma-
trigel-coated plate, without MSC co-culture, was used as the control.
After 8 h of incubation at 37 °C, capillary tube structures were observed
under phase contrast microscopy (Olympus, Japan), and quantified by
counting the number of junction points of the tubes.

2.6. Evaluation of cell apoptosis

To mimic in vivo condition, cell apoptosis was induced by oxygen-
serum-glucose deprivation, as previously described [29]. In brief, all
four groups of MSCs were washed and re-plated with medium without
serum and glucose (Life Technologies, 11966025, USA), then incubated
in an anaerobic chamber filled with 100% N2 at 37 °C for 2 h.

Cell apoptosis was determined by Annexin V-FITC/PI Apoptosis
Detection Kit (BD Pharmingen, USA), and quantified by flow cytometry.
Briefly, after inducing apoptosis, 1× 105 MSCs of each group were
harvested and resuspended in 300 μL binding buffer containing 5 μL
Annexin V-FITC for 30min at 4 °C in the dark, followed by a further
incubation with 5 μLPI for 5min. Samples were then analyzed with a
FACSCanto II equipped with FACSDiva Software (BD Bioscience). Live
cells were identified as Annexin V-FITC−/PI− (lower left quadrant),
early apoptotic cells as Annexin V-FITC+/PI− (lower right quadrant),
late-stage apoptotic cells as Annexin V-FITC+/PI+ (upper right quad-
rant), and necrotic cells as Annexin V-FITC−/PI+ (upper left quadrant).

TUNEL assay (Roche, Switzerland) was performed to further con-
firm MSC apoptosis. In brief, cells were plated into a 24-well plate at a
primary density of 20,000/well. After apoptosis induction, cells were
fixed in 4% paraformaldehyde (PFA) for 30min, permeabilized with
0.1% Triton X-100 in sodium citrate (1:1000) for 10min, and then in-
cubated with a mixture of label and enzyme solution (1:10). Nuclei
were counter-stained with DAPI (Solarbio, C0060, China). Two single,
blinded examiners randomly selected six high-power fields (200× ) per
sample. The percentage of TUNEL positive vs. total cells were counted
and calculated.

Cellular protein levels of apoptosis-related factors such as Bcl-2, Bax
and Cleaved Caspase-3 in each group were measured with Western
Blotting. Western Blotting was performed as described above, and the

primary antibodies (Bcl-2: ab32124, Bax: ab182733; Cleaved Caspase-
3: ab13585) were all purchased from Abcam Corporation.

2.7. Metabolic activity and inflammatory cytokines expression

Cell metabolic activity was evaluated by measuring the glucose
consumption and lactate production using the ELISA kits. Briefly, four
groups of hMSCs were seeded into 24-well plates (50000/well, 1 mL
medium/well) and cultured in the respective incubators. The super-
natants of each group of cells were collected at day3 and day7, and
stored at−20 °C. A glucose assay kit (BioAssay Systems, DIGL-200) was
used to measure the glucose concentrations with the principle that the
absorbance of the newly-formed colored complex with glucose at
630 nm is directly proportional to glucose concentration in the sample.
Similarly, the lactate concentrations in the culture medium samples
were measured using a lactate assay kit (BioAssay Systems, EFDLC-100)
according to manufacturer's instructions and basing on the principle
that the tetrazolium salt INT is reduced in a NADH-coupled enzymatic
reaction to form a water-soluble formazan color product. The initial
glucose concentration was 4.5 g/L and the measures were repeated at
the same time on day3, 4,7,8. Thus the amount of glucose consumed or
lactate produced in day3 and day7 can be calculated.

The anti- and pro-inflammatory cytokines levels in supernatant of
cultured hMSCs were analyzed by ELISA kits (Abcam, Cambridge, UK)
for TNF-α (ab181421), IL-1β(ab100562), IL-10(ab46034) or IL-
6(ab46027), respectively. In this case, the cell culture condition and the
evaluation of released cytokines were identical to that in the afore-
mentionedly anaerobic stress experiment.

2.8. Patch preparation and cell growth kinetics

MSCengineered scaffold was prepared as previously described [25].
Briefly, Ultrafoam collagen sponge (QISHENG, Shanghai, China) sheet
was trimmed into uniform scaffolds (diameter: 5 mm, thickness: 2 mm),
and immersed in sterile PBS containing 1-Ethyl-3-(3-dimethylamino-
propyl) carbodlimide HCl (EDC; Sigma, E7750, 24mg/mL) and N-hy-
droxysulfosuccinimide (Sulfo-NHS; Pierce Chemicals, 24510, 60 mg/
mL) for activation (60 min, room temperature). Some scaffolds were
then immersed in a mixed solution of VEGF (Peprotech, 100-20, 1 μg/
mL in PBS) and bFGF (Peprotech, 100-18B, 1 μg/mL in PBS) for 2 h for
cytokine conjugation, while other scaffolds without cytokines were just
immersed in PBS. Thereafter, the two groups of MSCs on those two
scaffold groups were cultured in hypoxic incubator, trypsinized, and
resuspened in medium volume corresponding to 10 μl per scaffold. Four
groups of patches were generated: control patches seeded with HA
MSCs (HA), growth factor-conjugated patches seeded with HA MSCs
(HA + GF); control patches seeded with HC MSCs (HC), and growth
factor-conjugated patches seeded with HC MSCs (HC + GF). Cell sus-
pensions (0.5 × 106/scaffold for CCK8 assay and bromodeoxyuridine
[BrdU] staining; 1.0 × 106/scaffold for in vivo testing) were evenly
seeded into the surface of the scaffolds and incubated for another
40min (37 °C, 5% CO2), to allow for the cells to attach, followed by
addition of 1mL fresh medium.

Cell growth in scaffolds was measured using CCK8 assay (Dojindo,
Kumamoto, Japan) after 2 and 4 days of hypoxic culture, as described
previously [24]. Briefly, scaffolds were put into a 24-well plate and
incubated with freshly-prepared CCK8 labelling solution (10mg/mL,
500 μL/scaffold) at 37 °C for 4 h. Calibration curve consisted of a blank
scaffold (no cells), as well as scaffolds with known number of cells
seeded into them (0.2, 0.4, 0.8, and 1.6,× 106). Supernatant of both
constructs and the standards was removed and transferred into a 96-
well; their absorbance in each well was measured at 450 nm using a
plate reader (TECAN-Infinite200PRO, Switzerland). The amount of
formazan dye formed, as indicated by their absorbance, corresponded
to the number of viable, metabolizing cells.

Proliferating cells on scaffolds were identified by BrdU staining
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according to the manufacturer's instruction. Briefly, after 24 h of hy-
poxic cultivation, 10 μM BrdU solution (B8010, Solarbio, China) was
added to fresh medium and incubated for another 48 h. Scaffolds were
then rinsed with PBS, fixed with 4% PFA, dehydrated, and embedded in
optimal cutting temperature compound (OCT, SAKURA, Tissue-Tek,
4583, USA). Frozen sections (5 μm) were sliced and stained with an
anti-BrdU antibody (Abcam, ab1893) at 4 °C overnight, followed by
secondary antibody (Santa Cruz, sc-2781, USA) incubation for 1 h at
room temperature. Nuclei were counter-stained with DAPI. The per-
centage of proliferating cells was counted by two blinded independent
examiners, and results were expressed as the ratio of BrdU+ vs. total
cells.

2.9. Experimental animal study

Adult male Sprague-Dawley rats (200–225 g) were obtained from
the Experimental Animal Center of the Second Affiliated Hospital of
Harbin Medical University. All animal procedures were conducted in
accordance with the Guide for the Care and Use of Laboratory Animals
(National Institutes of Health Guide, revised 1996) and approved by the
Animal Care Committee of the Second Affiliated Hospital of Harbin
Medical University. To avoid immune rejection, all rats were given
5mg/kg cyclosporine A (Novartis, Switzerland) intraperitoneally each
day from 3 days before to 28 days after patch implantation.

Surgical procedures were performed as previously described [25].
Briefly, rats were anesthetized by 10% chloral hydrate intraperitoneally
(0.3 mL/100 g) and ventilated at 60 cycles/min with a tidal volume of
3 mL. The heart was exposed by a median sternotomy. A purse string
suture was performed in the middle of the right ventricular outflow
tract (RVOT) free wall, and resected to create a defect about 5 mm in
diameter. The right ventricle was repaired with one of the four cell-
seeded patches (HA, HA + GF, HC, HC + GF), or with the cell-free but
cytokine-conjugated patch (Control). A collagen scaffold was then su-
tured along the margin of the purse string suture with 7-0 polyprolene
to cover the defect. The chest incision was closed in layers with running
sutures.

2.10. Morphometric assessment

At 28 days after patch implantation, all animals were sacrificed by
injection of 10% KCl into the left ventricle through the cardiac apex.
Hearts were removed, and an intraventricular balloon was inserted into
the right ventricle. The balloon was filled to 30mmHg of pressure for
photography at fixed distance (50 cm). Patch area was measured using
computerized planimetry (Image Pro Plus software, USA) as previously
described [4]. Hearts were then fixed in 4% PFA for 48 h, and dehy-
drated in 10%, 20% and 30% sucrose solution for 1 h, 1 h and 24 h,
respectively. Hearts were cut into two parts along the long axis of right
ventricular outflow tract, and embedded into OCT compound. After
embedding, hearts were sliced into 5 μm thick sections and stained with
Masson's trichrome (Sigma-Aldrich, HT15, USA). Patch thickness was
measured using computerized planimetry.

2.11. Cell survival and patch revascularization

Immunofluorescence staining was performed to assess cell survival
(excluding control patch) and patch revascularization. Briefly, frozen
sections (5 μm) from each group of animals were washed 3 times for
15min with PBS, then permeabilized with 0.1% Triton X-100 in TBS for
1 h and blocked with 5% BSA for 30min at room temperature in a
humidified chamber. Thereafter, each slide was incubated in 100 μL
primary antibody against human mitochondria (1:50, Millipore,
MAB1273B, USA) or α-smooth muscle actin (α-SMA) (1:100, Abcam,
ab7817) at 4 °C overnight, followed by the application of 100 μL of goat
anti-mouse IgG-TR antibody (1:200, Santa Cruz, sc-2781) for 1 h at
room temperature. Nuclei were counter-stained with DAPI. Slices were

then mounted with anti-fading mounting medium (Solarbio, S2110).
Under a fluorescence microscope (Nikon Eclipse TE200, Japan), two
examiners randomly selected five high-power fields (400× ) per slide.
The number of positive cells or vessels with lumen>100 μm2 were
calculated and averaged. Moreover, the cross-sectional area of all these
vessels per slide was added and normalized by the total tissue area.

2.12. Statistical analysis

All the images were quantified by Image-Pro Plus (Version 6.0,
Media Cybernetics, Silver Spring, MD, USA). Result analysis was per-
formed using GraphPad Prism 6 software (GraphPad Software Inc, San
Diego, CA, USA). All data were expressed as mean ± SD. Comparison
of parameters among 3 or more groups was made with one-way analysis
of variance (ANOVA) or two-way ANOVA with repeated measures over
time. If the F test was significant (p < 0.05), pairwise tests of in-
dividual group means were carried out using either the Newman-Keuls
or Bonferroni post-hoc tests. A p value < 0.05 was considered statisti-
cally significant.

3. Results

3.1. Characteristics of cultured MSCs from cyanotic and acyanotic donors

Morphologically, MSCs from cyanotic and acyanotic donors were
similar under both hypoxic and normoxic conditions. All cells displayed
a homogeneous spindle-shaped population throughout all passages
(Fig. 1A). However, cell proliferation differed significantly depending
on the cell origin or culture conditions (Fig. 1B). Both “cyanotic” and
“acyanotic” MSCs increased more rapidly in hypoxia than that in nor-
moxia. Interestingly, cells from cyanotic donors grew faster than those
from acyanotic ones under hypoxic condition. As a result, cell numbers
in the HC-group was the highest among the four groups, with a sig-
nificant difference since day 3 after plating to the end of the observa-
tion. The CFU-F assay, which evaluates the numbers of stromal cells in
each cell population, showed the similar tendency (Fig. 1C–D). CFU-F
numbers were greater in NC than NA, as well as in HC compared to HA
groups, In fact, MSCs from the HC-group formed the most CFU-F co-
lonies compared to the other three groups.

3.2. Pro-angiogenetic effect of different MSCs and possible mechanisms

To further explore the possible functional differences between MSCs
from C-CHD and A-CHD, we measured the amount of VEGFA protein
and its receptor VEGFR2 (FLK-1) in the four cell groups. Western
Blotting analysis showed that VEGFA protein level increased sig-
nificantly when MSCs were cultured under hypoxic conditions com-
pared to their respective normoxic conditions. However, a markedly
higher expression of VEGFA were observed in NC than NA, or HC
compared to HA. groups (Fig. 2A–B). VEGFR2 expression presented a
similar, but less significant profile, among the four groups, with only
HC being significantly higher than the HA group (Fig. 2C–D). To ex-
amine the possible interaction between VEGFA/VEGFR2 and cell pro-
liferation, we re-plotted the growth curve and measured VEGFA ex-
pression when abrogating VEGFR2 with its antagonist (Bevacizumab
500 ng/mL). As showed in Fig. S1 A-C, the proliferation of all four
groups of MSCs apparently decreased, with no significant difference
among the four groups at any time point, while the VEGFA amount in
each cell group followed a similar trend to that of Fig. 2A–B. This data
provided direct evidence of a VEGFA/VEGFR2 dependent basis for
MSCs proliferation. To further confirm secretion of VEGFA and other
possible cytokines, ELISA assay was performed to measure the level of
cytokines in the cell culture supernatant from the four groups of MSCs.
The results showed that not only VEGFA levels, but also bFGF and
PDGF, were markedly higher in HC than in the HA group (Fig. 2E–G).
Next, tube formation assay was performed to confirm that increased
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secretion of cytokines would result in angiogenesis promotion. The tube
formation assay showed that MSCs from all four groups promoted en-
dothelial cells to form capillary-like structures, compared with non-
MSC co-cultured controls. Furthermore, as expected, HC-group cells
exhibited the highest pro-angiogenetic capability versus the other three
groups (Fig. 2H–I).

3.3. Anti-apoptotic ability of different MSCs

To identify whether the “naturally hypoxic preconditioning” im-
proved the anti-apoptotic capacity of MSCs from C-CHD donors, we
performed flow cytometry with Annexin V-FITC/PI staining to detect
apoptosis extent in each group. Both MSCs cultured under hypoxic
condition were more resistant to oxygen-serum-glucose deprivation
induced apoptosis than their respective normoxic groups (Fig. 3A–C).
However, both early and total apoptosis rate was relatively lower in HC
compared to HA groups, with the HC group had the lowest apoptosis
rate, indicating that group was the most apoptotic-resistant. A similar
outcome was observed in the TUNEL assay (Fig. 3D–E).

To elucidate the mechanism resulting in the apoptotic rate differ-
ences, we further examined upstream protein levels of several apop-
tosis-related genes in the four MSCs groups. As demonstrated in Fig. 3F,
hypoxic stimulation significantly upregulated Bcl-2 expression in both
HA and HC groups compared to their respective normoxic groups.
However, Bcl-2 expression were markedly higher in NC than NA, as

well as in HC compared to HA groups. The expression of positive
apoptosis regulators Bax and Cleaved Caspase-3 exhibited an opposite
response, with hypoxic stimulation having significantly downregulated
these molecules in both HA and HC compared to their respective nor-
moxic groups. Furthermore, their expression was markedly lower in NC
compared to NA, as well as in HC versus HA groups (Fig. 3G–H). In
addition, Bcl-2/Bax ratio, another anti-apoptotic indicator, was found
to be the highest in the HC-group, in contrast to the other three groups
(Fig. 3I).

3.4. Metabolic profile of different MSCs

Generally, the glucose consumption rate and lactate production rate
both increased for all four experimental groups gradually, while the
growth speed in each group differed greatly. Specially, the glucose
consumption rate was consistently highest in HC group, with a statis-
tically significant difference illustrated in comparison to NA group at
day3, and to the other three groups at day7. The production of lactate
in each group presented in the similar but less significant pattern
(Fig. 4A–B). Furtherly, on a per-cell basis, there were no statistical
significance amongst groups for both lactate production and glucose
consumption in day3 and day7(Fig. S2 A-B). Thus, any increase in
metabolic activities of each group may be attributed to an increase in
cell number. The positive linear correlation between cell number and
glucose consumption or lactate production rate identified the

Fig. 1. The proliferation of cultured MSCs from cyanotic or acyanotic donors under normoxic or hypoxic conditions. (A) Representative micrographs
(200× ) of cultured MSCs (Mesenchymal Stromal Cells) at passage 3 at day 3, 5 and 9 after plating. (B) Growth of MSCs was evaluated with Cell Counting Kit-8
(CCK8) assay at 1, 3, 5, 7 and 9 days after culture. n = 6/group. Day 3: HC vs.NA,*p < 0.05, Day 5: HC vs. NC, #p < 0.01; HC vs. NA, ***p < 0.001; Day 7: HC vs.
NC, NA, HA, ***p < 0.001; HA vs. NA, *p < 0.05; Day 9: HC vs. NC, NA, HA, ***p < 0.001; HA vs. NA, ***p<0.001. (C) Representative photos of CFUs formed
by MSCs cultured in colony formation medium (Wright–Giemsa stained). Yellow rectangle indicates amplified CFUs. (D) Quantification of colonies formed from
MSCs of cyanotic (C-) or acyanotic (A-) congenital heart disease (CHD) donors cultured under normoxic or hypoxic conditions. n= 5/group. *p < 0.05, ***p <
0.001. NA: MSCs from A-CHD incubated in normoxic condition; HA: MSCs from A-CHD incubated in hypoxic condition; NC: MSCs from C-CHD incubated in normoxic
condition; HC: MSCs from C-CHD incubated in hypoxic condition. CFUs=Colony Forming Units.
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Fig. 2. The proangiogenic capacity of C-CHD MSCs cultured in hypoxia. (A–D) Expression of VEGFA and VEGFR2 in MSCs (Mesenchymal Stromal Cells) from
cyanotic (C-) or acyanotic (A-) congenital heart disease (CHD) donors cultured under normoxic or hypoxic conditions was assessed by Western Blotting. GAPDH was
used as a loading control. n = 5/group. (E–G) The secretion of VEGF, bFGF and PDGF from C- and A-CHD MSCs cultured in normoxic or hypoxic conditions after
serum-oxygen deprivation induction. n = 8/group. (H) Representative photomicrographs showing tube formation of HUVECs co-cultured with different MSCs. (I)
Quantitation of the number of endothelial tube junctions demonstrated co-culturing with MSCs promoted HUVECs to form capillary-like structure as compared to
HUVECs alone. n = 5/group. *p < 0.05, **p < 0.01, ***p<0.001. VEGFA: vascular endothelial growth factor; VEGFR2: vascular endothelial growth factor
receptor 2; bFGF: basic fibroblast growth factor; PDGF: platelet derived growth factor; GAPDH: glyceraldehyde 3-phosphate dehydrogenase; HUVECs: human
umbilical vein endothelial cells. NA: MSCs from A-CHD incubated in normoxic condition; HA: MSCs from A-CHD incubated in hypoxic condition; NC: MSCs from C-
CHD incubated in normoxic condition; HC: MSCs from C-CHD incubated in hypoxic condition.
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conclusion furtherly (Fig. S2 C-D).

3.5. Anti- and pro-inflammatory cytokines expression of different MSCs

To simulate the inflammatory environment causing by ischemia and
hypoxia posterior to transplantation, we cultured all hMSCs in an
oxygen-serum deprivation condition and examined the level of in-
flammation-related cytokines released by cells. As is shown (Fig. 4A–B),
in response to such a hypoxia-ischemia-like insult in vitro, the produc-
tion of pro-inflammatory cytokine TNF-α was decreased in both HA and
HC groups compared to their respective normoxic groups, and sig-
nificantly less in HC group compared to the other three groups. IL-1β,
another classic pro-inflammatory cytokine, exhibited a less but similar
secretory pattern. Whereas, the anti-inflammatory cytokines were se-
creted in a similar but converse manner, with a significant increase in
HC group compared to NA- and NC-group for IL-10 or to the other three
groups for IL-6 (Fig. 4C–D). Taken together, hMSCs in HC group pro-
duce most anti- and least pro-inflammatory cytokines under the in vitro
ischemic and hypoxic condition.

3.6. In vitro growth profile of “hypoxic-preconditioned” MSCs in scaffolds
with or without cytokine-immobilization

Owing to the beneficial effects of “hypoxic precondition” having
been well-documented and verified by our above-mentioned study, we

cultured MSCs in scaffolds, with or without cytokine conjugation, under
hypoxic conditions. As showed in Fig. 5A, cell numbers increased sig-
nificantly in both HA + GF and HC + GF groups compared to their
respective non-cytokine groups at day 2 and 4 after seeding. Obviously,
cytokine addition in scaffolds enhanced cell proliferation. However, cell
numbers were markedly higher in HC+ GF than HA+ GF group at day
4 after seeding, suggesting that MSCs from C-CDH donors seemed to be
more sensitive to exogenous cytokine stimulation.

BrdU staining demonstrated a similar tendency, in which BrdU+

cells increased significantly in both HA + GF and HC + GF groups
compared to their respective non-cytokine groups (Fig. 5B–C). How-
ever, MSCs in the HC + GF scaffold contained the highest BrdU+

number out of the 4 groups, indicating that it had the greatest cell
proliferation.

3.7. Preservative effect of seeding cells and tethering cytokines on implanted
patch

Next, in vivo study was conducted using patches, with or without
cytokine-enhancement, that were seeded with MSCs (HA, HC,
HA+ GF, HC+ GF patches), in order to assess their ability to repair rat
RVOTs. And the cytokine-immobilized and cell-free patch was used as
control. As a thin and dilated patch was closely associated with re-di-
lation and thus impaired ventricle dysfunction, we focused on the patch
morphology after RVOT repair. As demonstrated, patch area increased

Fig. 3. MSC Apoptosis under oxygen/serum/glucose deprivation in vitro. After oxygen-serum-glucose deprivation induction, (A–C) flow cytometry analysis of
apoptotic rate in MSCs (Mesenchymal Stromal Cells) from cyanotic (C-) or acyanotic (A-) congenital heart disease (CHD) donors cultured under normoxic or hypoxic
conditions. n = 6/group. (D–E) Tunel staining to confirm the apoptotic rate in MSCs from C-CHD and A-CHD donors cultured under normoxic or hypoxic conditions
(200 × ). n = 6/group. Western blotting analysis of Bcl-2 (F), Bax (G), Cleaved Caspase-3 (H) protein expression and the ratio of Bcl-2/Bax (I) in MSCs from C-CHD
and A-CHD donors cultured under normoxic or hypoxic conditions. GAPDH used as a loading control. n = 6/group. *p < 0.05, **p < 0.01; ***p < 0.001; GAPDH:
glyceraldehyde 3-phosphate dehydrogenase; Bcl-2: B-cell lymphoma-2. NA: MSCs from A-CHD incubated in normoxic condition; HA: MSCs from A-CHD incubated in
hypoxic condition; NC: MSCs from C-CHD incubated in normoxic condition; HC: MSCs from C-CHD incubated in hypoxic condition.
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in all five groups on day 28 compared with that at the time of im-
plantation (Fig. 6A–B). The patch area was comparable among Control,
HA, HA + GF and HC groups. However, patch area was smallest in the
HC + GF group, at a significantly lower level than for the other four
groups. This result indicated that HC-MSCs and cytokines acted sy-
nergistically to prevent patch dilation. On the other hand, patch
thickness, an indicator of effective RVOT repair, illustrated an opposite
trend. At 28 days after implantation, patch thickness in the HC + GF
group, as determined by Trichrome staining, was significantly greater
than that of the Control or HA group. Although there was no statistical
difference, there was still a trend indicating that HC- or HA + GF-patch

thickness was greater than that of Control- or HA-patches (Fig. 6C–D).
Taken together, these results indicated that HC-MSCs and cytokines
acted synergistically to prevent patch dilation.

3.8. In vivo cell survival and angiogenesis in scaffolds

Our in vitro study had demonstrated the combined beneficial effects
of HC-MSCs and cytokine-enhanced scaffolds. Hence, we attempted to
confirm that the beneficial effects could be translated into in vivo set-
tings. Immunofluorescent staining of heart slices for anti-human spe-
cific mitochondria antibody was used to evaluate the survival of seeded

Fig. 4. MSC metabolic ability and the secretion of pro- or anti-inflammatory cytokines under oxygen-serum deprivation. (A–B) Glucose consumption rate
and lactate production rate in MSCs (Mesenchymal Stromal Cells) from cyanotic (C-) or acyanotic (A-) congenital heart disease (CHD) donors cultured under
normoxic or hypoxic conditions were analyzed by enzyme-linked immunosorbnent assay (ELISA) at day3 and day7 after plating. n = 6/group. (C–F) After serum-
oxygen deprivation induction, the secretion of pro-inflammatory cytokines TNF-α, IL-1β and anti-inflammatory cytokines IL-10, IL-6 from C- and A-CHD MSCs
cultured in normoxic or hypoxic conditions. n = 8/group. *p < 0.05, **p < 0.01; ***p < 0.001. ELISA: enzyme-linked immunosorbnent assay; TNF-α: tumor
necrosis factor α; IL-1β: interleukin-6; IL-10: interleukin-10; IL-6: interleukin-6; NA: MSCs from A-CHD incubated in normoxic condition; HA: MSCs from A-CHD
incubated in hypoxic condition; NC: MSCs from C-CHD incubated in normoxic condition; HC: MSCs from C-CHD incubated in hypoxic condition.
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cells on the patches at 28 days after patch implantation. The result
showed that cell survival was significantly higher in HA + GF and
HC + GF compared to their respective non-GF patches. However, HC
group cell survival was significantly higher than in the HA group, and
was comparable to that of the HA + GF group (Fig. 7A–B). Moreover,
cell survival in that HC + GF-patches was the greatest among all four
groups.

To evaluate angiogenesis in the patch and around the surrounding
tissue, we stained the heart slices for α-SMA to identify newly formed
vessels. The vascular density was significantly higher (Fig. 7C–D) in
both cytokine-enhanced patches than their corresponding cytokine-free
patches, regardless of the seeding cell types. Besides, the vascular
density in Control patch was significantly less than that in HA + GF-
and HC + GF- patch, but comparable to that in HA- and HC-patch,
which illustrating the synergistic effect on patch revascularization of
cytokine-enhancement and cell seeding. However, arteriolar density in
the HC + GF-patches was the greatest among all five groups. In

addition, when angiogenesis was assessed with vessel cross-sectional
area, arteriolar cross-sectional area was found to be significantly higher
in the HA + GF and HC + GF compared to their respective non-GF
groups (Fig. 7E). It is worth noting, though, that arteriolar cross-sec-
tional area in the HC group was significantly higher than the HA group,
and was comparable to HA + GF levels. Indeed, arteriolar cross-sec-
tional area in that HC + GF-patches was the biggest among the five
groups. All of these results implied that HC MSCs was the ideal seeding
cell type, owing to the synergistic actions of MSCs and cytokines, that
ultimately maximized the beneficial effects of EHTs.

4. Discussion

The present study evaluated the effects of MSCs from donors of C-
CHD vs. A-CHD as seeding cell sources for EHTs. The key finding of this
study is that MSCs from patients of C-CHD have the advantages of pro-
angiogenesis, anti-apoptosis and anti-inflammation due to their

Fig. 5. In vitro proliferation of MSCs in scaffold.
Collagen scaffolds were conjugated with VEGF and
bFGF and seeded with MSCs (Mesenchymal Stromal
Cells) from cyanotic (C) or acyanotic (A) congenital
heart disease donors under hypoxic (H) condition.
Four groups of patches were generated: the control
patches seeded with HA MSCs (HA), the growth
factor-conjugated patches seeded with HA MSCs
(HA + GF); the control patches seeded with HC
MSCs (HC), the growth factor-conjugated patches
seeded with HC MSCs (HC + GF). (A) Cell numbers
were determined by CCK8 assay in the 4 groups of
patches at day 2 and 4 after seeding. n=6/group.
(B) Representative micrographs (200× and 400× )
of bromodeoxyuridine (BrdU) staining for pro-
liferating cells. (C) The percentage of BrdU+ cells
was quantified in the 4 groups of the patches. Nuclei
stained blue with DAPI. n = 8/group. *p< 0.05,
**p< 0.01, ***p < 0.001.

K. Kang, et al. Biomaterials 230 (2020) 119574

9

Downloaded for Anonymous User (n/a) at University Health Network from ClinicalKey.com by Elsevier on February 11, 2020.
For personal use only. No other uses without permission. Copyright ©2020. Elsevier Inc. All rights reserved.



Fig. 6. The area and thickness of patches at 28 days after implantation. Collagen scaffolds were conjugated with VEGF and bFGF and seeded with MSCs
(Mesenchymal Stromal Cells) from cyanotic (C) or acyanotic (A) congenital heart disease donors under hypoxic (H) condition or not. Five groups of patches were
generated: the growth factor-conjugated patches without cells (Control), the control patches seeded with HA MSCs (HA), the growth factor-conjugated patches
seeded with HA MSCs (HA + GF); the control patches seeded with HC MSCs (HC), the growth factor-conjugated patches seeded with HC MSCs (HC + GF). The
patches were used to repair the right ventricular outflow tract (RVOT). (A) Representative images of rat hearts showed the outer border of the scaffolds (circled with
yellow dotted lines) at 28 days after patch implantation. (B) Patches area was quantified using computerized planimetry. The original patch surface area was around
19.6 mm2, indicated with the black dotted line. n = 8/group. (C) Representative images of heart slice stained with Masson's trichrome. (D) Patch thickness was
quantified using computerized planimetry. All patches had a thickness of 2 mm at the time of implantation and became thinner 28 days later. n = 8/group.
*p < 0.05, **p < 0.01, ***p < 0.001. GF: growth factor.
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Fig. 7. In vivo cell survival and vascular formation in the scaffolds at 28 days after implantation. Collagen scaffolds were conjugated with VEGF and bFGF and
seeded with MSCs (Mesenchymal Stromal Cells) from cyanotic (C) or acyanotic (A) congenital heart disease donors under hypoxic (H) condition or not. Five groups of
patches were generated: the growth factor-conjugated patches without cells (Control), the control patches seeded with HA MSCs (HA), the growth factor-conjugated
patches seeded with HA MSCs (HA + GF); the control patches seeded with HC MSCs (HC), the growth factor-conjugated patches seeded with HC MSCs (HC + GF).
The patches were used to repair the right ventricular outflow tract (RVOT). (A) Representative images of heart slices stained for human specific mitochondria
(200 × and 400 × ). (B) Quantification of the number of surviving cells in the patches. n = 8/group. (C) Representative micrographs (200 × ) of immunostaining
for α-SMA and DAPI identified arterioles and nuclei, respectively. Quantification of the numbers of arterioles (D) and the total cross-sectional area of vessels (E) in the
patches. n = 8/group. *p < 0.05, **p < 0.01, ***p < 0.001. α-SMA: alpha smooth muscle actin. GF: growth factor.
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“naturally hypoxic precondition”, and these cells are therefore a sui-
table candidate for preparation of individualized autologous EHTs.

To date, a number of experimental and preclinical work have de-
monstrated the positive effects of MSCs-based therapy, and the en-
hanced therapeutic efficacy of various MSCs by hypoxic pre-
conditioning [32–35]. Furthermore, a series of clinical trials also
evidenced the efficacy and safety of autologous human mesenchymal
stem cell [36,37]. However, despite that, for patients with C-CHD, it
keeps uncertain whether their hMSCs can be used as seeding cells for
cardiac tissue engineering in context of donor-specific personalized cell-
therapy. It has been well-documented that C-CHD patients have more
abundant collateral vessel formation and higher serum VEGF level than
those of A-CHD patients, which can be attributed to the occurrence of
hypoxia-induced compensatory angiogenesis [20,38]. This phenom-
enon led us to postulate that MSCs from C-CHD donors might be more
adaptable to hypoxia after cell transplantation due to their “naturally
hypoxic preconditioning”. Furthermore, these cells might also be able
to secrete more cytokines to promote angiogenesis. Indeed, our in vitro
data on cell growth and colony-formation showed that MSCs from C-
CHD cultured under hypoxic conditions exhibited better cell growth
and colony formation potentials. Subsequent examinations identified
that MSCs cultured under hypoxic conditions have higher VEGFA level
than those in normoxic ones. This is consistent with previous findings
showing that hypoxia plays an important role in regulating induced
VEGF synthesis [21]. More interestingly, MSCs from C-CHD donors
were more resistant to apoptosis under hypoxic conditions with serum
depravation, as well as having more VEGFA and other cytokine
synthesis and secretion, than those from A-CHD donors. What's more, in
response to the increased cytokine secretion, co-culture with C-CHD
MSCs under hypoxia accelerated endothelial tube formation, with only
8 h of co-culturing needed for HAECs to form well-connected tubular
structures. This was in contrast to previous studies showing the need for
durations longer than 8 h for HAEC tube formation [39,40]. It is thus
plausible that shorter time requirements for endothelial tube formation
leads to greater angiogenic effect.

In this study, we identified VEGFA and VEGFR2 as the main med-
iators of C-CHD MSCs. The VEGF family refers to a group of seven
structurally and functionally related cytokines: VEGFA, VEGFB, VEGFC,
VEGFD, VEGFE, VEGFF and PIGF. Presently, there is strong evidence
that VEGFA plays a major role in angiogenesis. In hypoxic conditions,
hypoxia-inducible factor α (HIFα) stimulates VEGFA protein tran-
scription by binding to hypoxia-response element on the VEGFA gene
[41]. The resulting VEGFA in circulation can then promote endothelial
cell survival, proliferation, migration and differentiation by binding to
VEGFR1/FLT1 and VEGFR2/KDR [42]. Regarding VEGFR, there is
agreement that VEGFR2 is the key mediator of mitogenic, angiogenic
and permeability-enhancing effects of VEGF [43], via undergoing di-
merization and strong ligand-dependent tyrosine phosphorylation.
Given the above evidence, we believe that the VEGFA-VEGFR2 sig-
naling represents two targeted molecules involved in C-CHD MSC-
mediated angiogenesis.

In considering that angiogenesis is a complex and coordinated
process involving numerous molecules, we designed the “hypoxic
stress” experiment to identify other possible pro-angiogenic factors that
may be involved in C-CHD MSC-mediated angiogenesis. As our data
demonstrated, other pro-angiogenic cytokines in addition to VEGF,
such as bFGF and PDGF, were also secreted by hypoxic MSCs, and
greater cytokine-secreting potential was found in C-CHD MSCs.

Along with pro-angiogenesis, anti-apoptosis capability is also used
as a criterion for choosing cells to be seeded. To date, cell apoptosis,
especially early apoptosis, is a major factor for limiting the beneficial
effects of cell therapy, and often happens as the result of ischemia and
hypoxia after cell transplantation [44,45]. Several strategies have been
performed to counteract hypoxia-related apoptosis [45,46], and there-
fore subsequently improve cell therapy efficacy. Increasing evidence
strengthen the importance of hypoxic preconditioning in enhancing

cellular resistance to hypoxia-induced apoptosis. As Li et al. indicated,
anoxic pre-conditioned MSCs achieved improved potency in resisting
apoptosis, thereby preserving diabetic cardiomyopathic rat cardiac
functioning [47]. A similar result was found by Zhang et al. in mice
with myocardial infarction [48]. This decrease of hypoxia-induced
apoptosis was identified by Gui et al. to be associated with MSC Bcl-2
up-regulation, as well as Bax and Caspase-3 down-regulation [24]. In
agreement with these findings, as is shown in our Annexin V/PI flow
cytometry and Tunel staining, MSC apoptotic rate under hypoxic en-
vironment is much less than that of corresponding cells cultured in
normoxic conditions. More interestingly, MSCs from C-CHD are more
resistant to apoptosis than MSCs from A-CHD donors, which we believe
is the result of hypoxic preconditioning. These results strengthen our
hypothesis that autologous MSCs from C-CHD patients are a better
candidate to serve as seeding cells for EHTs.

To further elucidate the molecular mechanism, we revealed that the
anti-apoptotic improvement is associated with Bcl-2 up-regulation, as
well as Bax and Cleaved Caspase-3 down-regulation. It is well estab-
lished that Bcl-2 serves as a critical regulator of the pathway involved in
apoptosis, acting to inhibit cell death via a distal step in an evolutio-
narily conserved pathway crucial to apoptosis and programmed cell
death. Studies have shown, both in genetically manipulated mouse
model and in preclinical and clinical trials, that the accumulation of
extra (undead) cells was accompanied with Bcl-2 inhibition [49–51]. By
contrast, Bax, the other member of the Bcl-2 family, is a pro-apoptotic
gene, inducing apoptosis via forming Bax homodimer or forming a
heterodimer with Bcl-2, to antagonizing the latter's anti-apoptotic ef-
fect. Therefore, Bcl-2/Bax ratios can be used to assess anti-apoptotic
ability in cells [24].

The other major protease enzyme family playing an essential role in
apoptosis is caspases. They exist as inactive proenzymes that are se-
quentially activated during cell apoptosis [52]. It is well-documented
that, Caspase-3, especially Cleaved Caspase-3, plays an “executioner”
role in both intrinsic and extrinsic apoptotic pathways [53,54]. Ac-
cordingly, we can draw the conclusion from our results that MSCs from
C-CHD are more resistant to hypoxia-induced apoptosis, probably
through Bcl-2 up-regulation, along with Bax and Cleaved Caspase-3
down-regulation.

In addition to ischemia and hypoxia, the inflammatory environment
causing by heart damage is another lethal threat to transplanted cells.
There is increasing evidence that MSC transplantation may decrease the
levels of pro-inflammatory cytokines TNF-α, IL-1β, and/or produce
elevated anti-inflammatory cytokines IL-10, IL-6 in response to cardiac
injury [55,56], possibly by secreting these cytokines directly, as well as
changing the profile of cytokines released by immune cells. Furtherly,
the inflammation-modulatory property of MSCs may be enhanced by
hypoxia-preconditioning [57,58]. Our data are consistent with these
findings. The secretion of pro-inflammatory cytokines TNF-α and IL-1β
declined in both MSCs under hypoxic condition, accompanying by the
rise of anti-inflammatory cytokines IL-10 and IL-6. Comparatively,
hMSCs in HC group proposed higher potential to resist inflammation in
response to this ischemia-hypoxia insult. Of note, the improved cell
survival of HC-MSCs did not exactly parallel to their anti-inflammatory
potential when compared to HA-MSCs, which might be explained as the
result of multifactorial improvement of pro-angiogensis and anti-
apoptosis, in addition to the anti-inflammatory potential.

Another issue of the present study is the identification of appro-
priate hypoxic culture conditions. In past decades, various studies were
carried out regarding to the optimization of MSCs culture conditions.
One point of continuing contention is the ideal oxygen tension is still
under debate. Physiological oxygen tension has considerable variation,
from as much as 12% in the blood to as low as 1% in the deep zone of
cartilage regions [59]. In bone marrow, the oxygen tension of the MSC
physiological niche is 2%–7% [60], much lower than in ambient cell
culture (21%). Ma et al. have studied the influence of hypoxia on bone
marrow–derived MSC behaviors, such as survival, proliferation, and
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differentiation, in relation to tissue engineering. Their studies indicated
that cellular injury and/or necrosis level under hypoxia was less than
that in normoxic condition, owing to normoxic cells being at risk of
hyperoxic stress [61]. Their findings were consistent with our results on
cell proliferation, metabolism and apoptosis. Additional previous stu-
dies have also identified myocardial tissue oxygen tension being around
4% [62]. When myocardial infarction occurs, the oxygen tension of the
damaged tissue declines dramatically, ranging from 0.4 to 2.3% [63].
Hypoxia-induced apoptosis can be circumvented by preconditioning the
cells in less severe hypoxic conditions (1–3% O2) for a period of time
before exposing them to the more severe hypoxic environment [64]. We
speculated that the oxygen concentration in our EHTs may be lower
than 4% owing to them lacking vasculature in the early period after
transplantation, where the level would be close to that in infarcted
tissue. Therefore, we set the oxygen concentration for our in vitro cul-
ture at 1% to decrease possible hyperoxic injury, and to mimic the in
vivo oxygen condition after cell transplantation.

To date, a major limitation of cell-seeded cardiac patches is in-
sufficient vasculature within the biomaterial. Therefore, it is widely
accepted as an effective measure to modify the cell carrier, in order to
accelerate the process of revascularization [65,66]. As the development
of a functionally mature vasculature is a dynamic process, requiring
multiple cytokines acting sequentially, investigators have exploited a
variety of strategies to facilitate the orchestration of cytokines and
seeding cells [67]. For example, Dvir T et al. placed their alginate
scaffold conjugating prosurvival and proangiogenic cytokines onto the
omentum 1 week before implantation. The omental explants showed
improved structural and electrical integration with the myocardium
and scar tissue after in vivo implantation [68]. However, the dis-
advantages to this “prevascularization strategy” include two additional
surgical involvements (implantation and removal) and the temporary
cessation of blood flow to the explant prior to implantation. The
“scaffold-free approach” refers to produce cardiac tissues by stacking
engineered cell sheets, which was developed by Shimizu and others
[69,70], wherein the cultured cardiomyocytes (CMs) or endotheliocytes
(ECs) monolayers are released as intact cell sheets from a temperature-
sensitive culture surface. By manipulating the ratio and assembly of ECs
present in the CMs sheets, an increased capillary formation was
achieved and donor ECs connected to the host vasculature after im-
plantation. While, as Shimizu et al. showed, the single-step implanta-
tion of sheets made from>3 layers resulted in necrosis for limited
diffusion, and repeated implantations of 3-layer cell sheets was neces-
sary to build thick cardiac tissue [71]. Obviously, this approach is im-
practicable for clinical translation. Additionally, the advancement in
microfabrication and microfluidic technologies provide the possibility
to generate a physiologically organized microvascular network in
scaffolds [72]. For instance, Zheng et al. [73] used photolithographic
patterning to create microfluidic channels in high-density collagen gels.
After seeding with ECs, these engineered microvessels displayed an-
giogenic sprouting and perivascular cell recruitment from the bulk
collagen to the vessels. Similarly, Choi et al. [74] developed the calcium
alginate microfluidic hydrogels with built-in microchannels and sys-
tematically studied the diffusion profiles of molecules in the scaffold
under pulsed flow at varying flow rates. This microfabrication-based
strategy holds the most promising approach to revascularization of
cardiac tissues, while the final decision on optimal scaffolds, cells
sources and the construction conditions are still in the way. In our
previous study, we immobilized VEGF and bFGF into collagen scaffolds
using EDC chemistry. The synergistical effect of the controlled release
of cytokines rejuvenated old MSCs and accelerated angiogenesis of the
cardiac patch induced by seeded MSCs [26]. In the present study, we
observed a similar proangiogenic effect for this platform. Moreover, we
found that MSCs from the HC-group had greater potential to vascularize
the EHTs than MSCs from the HA-group. This was further proved by the
result showing that the highest vascular density was present in the
HC + GF patch. We believe that the improvement in EHTs angiogenesis

as our research identified, should attribute to better modification of the
platform, as well as the usage of optimal seeding cells. On the one hand,
VEGF and bFGF constant release from the cytokine-enhanced platform
might recruit more host endothelial progenitor cells [75], endothelial
cells [43] and smooth muscle cells [76] to form the vessel network
within or around the bioengineered construct. On the other hand, MSCs
from the HC-group were more resistant to post-transplantational hy-
poxia and inflammation, and had higher capacity to secrete proangio-
genic cytokines. This increased angiogenesis enhanced survival of both
implanted and recruited cells. Better cell engraftment was associated
with the preservation of patch area along with avoidance of ventricular
thinning and dilation, which might convert to right ventricular func-
tional improvement.

4.1. Study limitations

The current study was a short-term study that used small animals.
Besides, the right ventricular functional assessment was not addressed
for technical limitation. So additional long-term studies consisting of
more accurate detection means should be performed in pre-setting
“cyanotic” large animals caused by right-to-left shunt in cardiac to si-
mulate clinical conditions.

5. Conclusions

In summary, the present study showed the advantages of using
MSCs from C-CHD donors as seeding cells for EHTs. These cells were
more pro-angiogenic, anti-apoptotic and anti-inflammatory under hy-
poxic condition due to their naturally hypoxic preconditioning. In vivo
EHT implantation, established with these cells and cytokine-enhanced
(VEGF and bFGF) collagen patches, achieved better revascularization,
morphological preservation and cell survival after repairing rat RVOT
defects. These novel EHTs provided a promising and individualized
biomaterial for C-CHD patients.
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