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Abstract

BACKGROUND

The development of fully functional small diameter vascular grafts requires both
a properly defined vessel conduit and tissue-specific cellular populations.
Mesenchymal stromal cells (MSCs) derived from the Wharton’s Jelly (W]) tissue
can be used as a source for obtaining vascular smooth muscle cells (VSMCs),
while the human umbilical arteries (hUAs) can serve as a scaffold for blood
vessel engineering.

AIM
To develop VSMCs from WJ-MSCs utilizing umbilical cord blood platelet lysate.

METHODS

W]J-MSCs were isolated and expanded until passage (P) 4. WJ-MSCs were
properly defined according to the criteria of the International Society for Cell and
Gene Therapy. Then, these cells were differentiated into VSMCs with the use of
platelet lysate from umbilical cord blood in combination with ascorbic acid,
followed by evaluation at the gene and protein levels. Specifically, gene
expression profile analysis of VSMCs for ACTA2, MYH11, TGLN, MYOCD, SOXO9,
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NANOG homeobox, OCT4 and GAPDH, was performed. In addition,
immunofluorescence against ACTA2 and MYH11 in combination with DAPI
staining was also performed in VSMCs. HUAs were decellularized and served as
scaffolds for possible repopulation by VSMCs. Histological and biochemical
analyses were performed in repopulated hUAs.

RESULTS

W]J-MSCs exhibited fibroblastic morphology, successfully differentiating into
“osteocytes”, “adipocytes” and “chondrocytes”, and were characterized by
positive expression (> 90%) of CD90, CD73 and CD105. In addition, W]-MSCs
were successfully differentiated into VSMCs with the proposed differentiation
protocol. VSMCs successfully expressed ACTA2, MYH11, MYOCD, TGLN and
SOX9. Immunofluorescence results indicated the expression of ACTA2 and
MYHI11 in VSMCs. In order to determine the functionality of VSMCs, hUAs were
isolated and decellularized. Based on histological analysis, decellularized hUAs
were free of any cellular or nuclear materials, while their extracellular matrix
retained intact. Then, repopulation of decellularized hUAs with VSMCs was
performed for 3 wk. Decellularized hUAs were repopulated efficiently by the
VSMCs. Biochemical analysis revealed the increase of total hydroyproline and
sGAG contents in repopulated hUAs with VSMCs. Specifically, total
hydroxyproline and sGAG content after the 1¢, 2" and 3« wk was 71 + 10,74 £ 9
and 86 + 8 pg hydroxyproline/mg of dry tissue weightand2+1,3+1and 31
pg sGAG/mg of dry tissue weight, respectively. Statistically significant
differences were observed between all study groups (P < 0.05).

CONCLUSION

VSMCs were successfully obtained from WJ-MSCs with the proposed
differentiation protocol. Furthermore, hUAs were efficiently repopulated by
VSMCs. Differentiated VSMCs from WJ]-MSCs could provide an alternative
source of cells for vascular tissue engineering.

Key words: Vascular smooth muscle cells; Decellularized umbilical arteries;
Mesenchymal stromal cells; MYOCD; Cardiovascular disease; Blood vessels

©The Author(s) 2020. Published by Baishideng Publishing Group Inc. All rights reserved.

Core tip: In this study, mesenchymal stromal cells derived from the Wharton’s Jelly
tissue were differentiated into vascular smooth muscle cells (VSMCs). For this purpose,
unlike the current literature, cord blood platelet lysate was used as the key element for
the differentiation of mesenchymal stromal cells into VSMCs. Furthermore, the
functional evaluation of VSMCs was tested. To do this, human umbilical arteries were
decellularized and repopulated with the generated VSMCs.

Citation: Mallis P, Papapanagiotou A, Katsimpoulas M, Kostakis A, Siasos G, Kassi E,
Stavropoulos-Giokas C, Michalopoulos E. Efficient differentiation of vascular smooth muscle
cells from Wharton’s Jelly mesenchymal stromal cells using human platelet lysate: A
potential cell source for small blood vessel engineering. World J Stem Cells 2020; 12(3): 203-
221

URL: https://www.wjgnet.com/1948-0210/full/v12/i3/203.htm
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INTRODUCTION

Small diameter vascular grafts with inner diameter less than 6 mm are currently
applied in various surgical operations, globally!?. Among them, cardiovascular
disease (CAD) is estimated to affect more than 18 million peoplel. Indeed, more than
500000 bypass surgeries are performed each year, worldwidel**.. Primary therapeutic
treatment is the replacement of damaged or obstructed coronary arteries with
autologous or synthetic vascular grafts. Both approaches are characterized by several
limitations*l. Autologous grafts, such as saphenous vein, are only available in less
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than 40% of patients with CAD, and are characterized by significantly altered
biocompatibility propertiest™.

On the other hand, synthetic vascular grafts, derived from expanded polytetra-
fluorethylene and Dacron, are well applied for large diameter vascular applications,
although small diameter graft replacement still requires further clarification®. Most of
the time, new surgical operations are required for these patients. When more than one
vascular conduit is needed, the above therapeutic strategies cannot be applied(®’l.
Moreover, small diameter vascular grafts are required for solid organ transplantation,
such as kidney and liver, in order to achieve proper revascularization and nutrient
supplementationl.

Due to the broad use of small diameter blood vessels, alternative sources must be
established, thus overcoming the above limitations. Vascular graft engineering, which
has attracted great interest from scientific societies, could contribute to this
direction!. Decellularization of vessels and their repopulation with specific cellular
populations could produce properly defined tissue engineered grafts!'*'?l. For this
purpose, human umbilical arteries (hUAs) with inner diameters of 1-4 mm could
ideally be decellularized and possibly serve as a vascular scaffold for possible seeding
by cellular populationst*. HUAs are contained in human umbilical cord (hUC), a
tissue that is discarded after gestation*l. Normally, hUC contains two arteries and
one vein that playsignificant roles in fetal blood circulation!"'“l. HUAs are vessels
without any branches throughout their entire length, and can be non-invasively
isolated from hUCs!"l,

To date, several groups have successfully decellularized hUAs, and characterized
them as small diameter vascular graftst''"l. However, the repopulation of these
conduits requires further evaluation. Of particular note, these decellularized vascular
grafts must be repopulated with vascular cell populations, such as endothelial cells
(ECs) and vascular smooth muscle cells (VSMCs), in order to be fully functional*!l.

In this context, VSMCs are responsible for vasoconstriction and vasodilation, and
can switch from a contractile to synthetic phenotypel””. Contractile VSMCs maintain
their functional properties, such as regulation of blood pressure and blood
redistribution, in response to biochemical stimuli, and are mostly found in healthy
blood vessels’. On the other hand, synthetic VSMCs exhibit enhanced proliferation,

vascular pathologies such as inflammation, atherosclerosis and CAD*]. Between these
two states, different genes are expressed in VSMCs. Specifically, under normal
conditions, contractile phenotypes of VSMCs is regulated by the expression of
MYOCD, ACTA2, MYH11 and TGLN. On the other hand, under pathological
conditions, a switch from a contractile to synthetic phenotype occurs, followed by
SOX9 upregulation!. It is known that SOX9 expression can lead to extracellular
matrix (ECM) protein synthesist’. Due to their significant role in vessel homeostasis, a
strategy to obtain VSMCs that can be used in small diameter vascular graft
engineering must be established. Unfortunately, autologous VSMCs are difficult to
obtain at desired numbers from mature vessels, and their in vitro expansion potential
is limited™!. A large number of research groups has tried to produce VSMCs derived
either from mesenchymal stromal cells (MSCs) or from induced pluripotent stem cells
(iPSCs) using defined factorst*-*l. Traditional methods rely on the exogenous
supplementation of biochemical induction factors?*”. However, these approaches are
expensive and could cause endotoxin contamination, while iPSC technology has not
been approved by the Food and Drug Administration for broad human use”. Taking
into consideration the above data, and in order to develop functional small diameter
vascular grafts, we introduced an alternative protocol for producing VSMCs from
MSCs derived from Wharton's Jelly tissue (WJ-MSCs), which relied on the use of
human platelet lysate (PL) from umbilical cord blood (UCB). Previous work in our
laboratory conducted in UCB-PL showed significant amounts of several growth
factors such as TGF-p1, PDGFA, FGF2, IFN-y and TNF-al*!. These growth factors
have previously been used extensively in the differentiation process of MSCs to
VSMCs by several groups-*l. In addition, UCB-PL is free of any animal-derived
substances such as prions, peptides and proteins, which can cause zoonotic infections
or allergic reactions. In this way, the produced VSMCs might be better tolerated by
patients. Also, UCB-PL has exhibited beneficial properties as s supplement for MSC
isolation and expansion®!. The aim of this study was to produce VSMCs from WJ-
MSCs using the UCB-PL, in order to serve as a potential source of cells for vascular
tissue engineering. Initially WJ-MSCs were isolated, characterized according to the
International Society for Cell and Gene Therapy (ISCT) standardsl*”, and
differentiated into VSMCs. In parallel, hUAs were isolated from hUCs, decellularized,
and then histologically and biochemically evaluated. Differentiated VSMCs were
initially evaluated at the gene and protein levels, and then used for the repopulation
of decellularized hUAs. The efficacy of repopulation was defined with both
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histological and biochemical assays.

MATERIALS AND METHODS

Isolation of hUAs and WJ tissue

The hUCs (n = 10) used in this study for the isolation of hUAs and W] tissues were
derived from normal and caesarian deliveries with gestational ages 38-40 wk. Each
hUC was accompanied by informed consent. The informed consent was signed by the
mothers a few days before delivery, was in accordance with the Helsinki declaration,
and conformed with the ethical standards of the Greek National Ethical Committee.
The overall study has been approved by our Institution’s ethical board (Reference No.
1440. November 20th, 2018). The hUCs were delivered to the Hellenic Cord Blood
Bank in less than 48 h, and proceeded immediately to the isolation of hUAs and W]
tissues. Briefly, the hUCs were rinsed in phosphate buffer saline 1x (PBS 1%, Sigma-
Aldrich, Darmstadt, Germany) for removal of excessive blood and blood clots. Sterile
instruments were used for the isolation of hUAs and W] tissues. Then, hUAs and W]
tissue were kept separately in 15 mL polypropylene falcon tubes (BD Biosciences,
California, United States) at 4 °C until further use.

WJ-MSCs isolation and expansion

W] tissues (n = 10) were trimmed, and small round segments were plated in 6-well
plates (Costar, Corning Life, Canton, MA, United States) with 1 mL of standard
culture medium in each well. The standard culture medium consisted of a-Minimum
Essentials Medium (a-MEM, Gibco. Life Technologies, Grand Island, NY, United
States) supplemented with 15% v/v Fetal Bovine Serum (Gibco. Life Technologies,
Grand Island, NY, United States), 1% v/v Penicillin-Streptomycin (Gibco. Life
Technologies, Grand Island, NY, United States) and 1% L-glutamine (Gibco. Life
Technologies, Grand Island, NY, United States). Then, the plates were transferred in a
humidified atmosphere with 5% CO, at 37°C, and left for 18 d. The standard culture
medium was changed once per week. After 18 d, trypsinization of cells was
performed using 0.025% Trypsin-EDTA (Gibco, Life Technologies, Grand Island, NY,
United States) solution for 10 min at 37°C. The cells were replated in 75 cm? cell
culture flasks (Costar, Corning Life, Canton, MA, United States). When confluency
was observed (mostly after 10 d), the cells were trypsinized again and plated into 175
cm? cell culture flasks (Costar, Corning Life, Canton, MA, United States). The same
procedure was repeated until cells reached P4.

Growth kinetics and cell viability of WJ-MSCs

The WJ-MSCs (n = 10) used in this study were evaluated for their total cell number,
cell doubling time (CDT), cumulative population doubling (PD) and cell viability until
reaching P4. W]-MSCs were plated at a density of 2 x 10° cells in 75 cm? cell culture
flasks (Costar, Corning Life, Canton, MA, United States), expanded and measured in
each passage.

The CDT was calculated based on the following equation:

CDT = log;,(N/NO0) +log,,(2) x T

The PD of each passage was determined with the following equation and added to
the PD of the previous passages to obtain the cumulative PD.

The PD was estimated based on the equation:

PD = log,,(N/NO) = log,(2)

Where N was the number of cells at each passage, No was the number of initially
plated WJ-MSCs and T was the culture duration in hours.

Total cell counting and viability estimations were performed using an automated
system (Countess II FL Automated Cell Counter, Thermo Fischer Scientific, MA,
United States) with Trypan blue stain (Invitrogen, ThermoFischer Scientific, MA,
United States).

Additionally, cell viability was determined with Crystal Violet assays (ab232855,
Abcam, Cambridge, United Kingdom) according to the manufacturer’s instructions.
Briefly, 2 x 10° MSCs from passages 1 to 4 were added to each well of a 96-well plate
(Costar, Corning Life, Canton, MA, United States). DMSO vehicle was used as a
background control, and doxorubicin was added in a well containing MSCs as a
proliferation inhibitor. All MSC samples were cultured for 72 h at 5% CO, in a
humidified atmosphere. Then, the culture medium was removed, cultures were
washed and 50 pL of Crystal Violet was added to each well for 20 min at room
temperature. Then, washing was performed and repeated four times, the 96-well plate
was air dried, followed by the addition of 100 pL solubilization solution to each well.
Finally, absorbance at 595 nm was measured, and the % cytotoxicity was calculated
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based on the determination of the optical density (OD) using the following equation:
% Cytotoxicity = [OD (DMSO) - OD (Sample)] + OD (DMSO) x 100%
Where OD (DMSO) was the DMSO control after background correction and OD
(Sample) was the OD of the sample after background correction.

WJ-MSCs trilineage differentiation assay
WJ-MSCs P4 (n = 5) were promoted to differentiate towards “osteocytes”,
“adipocytes” and “chondrocytes”. For “osteogenic” and “adipogenic” differentiation,
WJ-MSCs were plated at a density of 1 x 10° cells into 6-well plates (Costar, Corning
Life, Canton, MA, United States). When the cells reached 80% confluency,
differentiation was performed. WJ-MSCs were differentiated into “osteocytes” or
“adipocytes” using the STEMPRO® Osteogenesis (ThermoFischer Scientific,
Massachusetts, United States) or STEMPRO® Adipogenesis (ThermoFischer Scientific,
Massachusetts, United States) Differentiation kits, according to the manufacturer’s
instructions. Evaluation of “osteogenic” or “adipogenic” differentiation was
conducted with the Alizarin Red S (Sigma-Aldrich, Darmstadt, Germany) and Oil
Red-O (Sigma-Aldrich, Darmstadt, Germany) histological stains, respectively.
Alizarin Red S specifically stains calcium depositions, while Oil-Red-O stains
produced lipid droplets. In addition, Alizarin Red S quantification assays (ECM815,
Millipore, Darmstadt, Germany) were used to determine Ca*" deposits, according to
the manufacturer’s instructions. “Chondrogenic” differentiation was performed in 3D
cultures generated from seeded WJ-MSCs at a density of 5 x 10° cells in 15 mL
polypropylene falcon tubes (BD Biosciences, CA, United States). Then, 2 mL of
chondrogenic differentiation medium was added to each 3D culture. Then, 3D
cultures were placed in a humidified atmosphere with 5% CO, at 37°C for 4 wk. The
chondrogenic differentiation medium consisted of high glucose D-MEM (Sigma-
Aldrich, Darmstadt, Germany) supplemented with 0.01 mmol dexamethasone
(StemCell technologies, Vancouver, BC, Canada), 40 g/ mL ascorbic acid-2 phosphate
(StemCell Technologies, Vancouver, BC, Canada), 10 ng/mL transforming growth
factor-p1 (TGF-f1, Sigma-Aldrich, Darmstadt, Germany), and 100 pL of insulin-
transferin selenium liquid medium 100% (ITS 100x, StemCell technologies, Vancouver,
BC, Canada). After 4 wk of differentiation, 3D cultures were fixed with 10% v/v
neutral formalin buffer (Sigma-Aldrich, Darmstadt, Germany), dehydrated, paraffin-
embedded and sectioned into 5 pm slices. “Chondrogenic” induction of WJ-MSCs was
evaluated with Alcian blue (Sigma-Aldrich, Darmstadt, Germany) staining, which is
specific for cartilage proteoglycans.

Furthermore, chondrogenic differentiation was further assessed with the Bern
Score. Specifically, three independent observers evaluated chondrogenic
differentiation based on a previously published protocol™l.

Immunophenotypic analysis

Immunophenotypic analysis was performed in WJ-MSCs (n = 3) P4 as has been
proposed by ISCT. Specifically, WJ-MSCs were analyzed for the expression of CD90
(Thy-1), CD105 (endoglin), CD73 (ecto-5" nucleotidase), CD29 (integrin subunit),
CD19 (pan-B-cell marker), CD31 (pan-EC marker), CD45 (pan-hematopoietic cell
marker), CD34 (hematopoietic stem cell marker), CD14 (TLR-4 co-receptor), CD3 (T-
cell co-receptor), HLA-DR (HLA class II antigen) and HLA-ABC (HLA class I
antigen). Monoclonal antibodies against CD90, HLA-ABC, CD29, CD19, CD31 and
CD45 were conjugated with fluorescein isothiocyanate (FITC), while CD105, CD73,
CD44, CD3, CD34 and HLA-DR were conjugated with phycoerythrin. All monoclonal
antibodies were purchased from Immunotech (Immunotech, Beckman Coulter,
Marseille, France). Immunophenotypic analysis was performed with a Cytomics FC
500 flow cytometer (Beckman Coulter, Marseille, France), coupled with CXP Analysis
software (Beckman Coulter, Marseille, France).

VSMCs differentiation protocol

WJ-MSCs P3 (n = 5) were used for differentiation into VSMCs. Specifically, 75 x 10°
cells were seeded into 75 cm? cell culture flasks (Costar, Corning Life, Canton, MA,
United States) until they reached 80% confluency. Then, brief washes with PBS 1x
(Sigma-Aldrich, Darmstadt, Germany) were performed. After the total removal of the
remaining buffer, WJ-MSCs were cultivated in DMEM high glucose (Gibco. Life
Technologies, Grand Island, NY, United States) with 20% v/v UCB-PL and 30 pmol
ascorbic acid (Sigma-Aldrich, Darmstadt, Germany) for a time period of 3 wk. The
above medium will be referred to as VSMC differentiation medium, and was changed
biweekly. The PL was produced from UCB units that did not meet the criteria for
hematopoietic stem cell isolation of the Hellenic Cord Blood Bank, and the whole
procedure was performed as has been previously reported™. WJ-MSCs P3 (n = 3)
cultured with the standard culture medium served as negative controls in this study.
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Gene expression profiling

Gene expression profiling of differentiated VSMCs was performed with reverse
transcription polymerase chain reaction (PCR), followed by PCR and gel
electrophoresis. Total mMRNA was isolated from VSMCs (n = 5) using the TRI-reagent
(Sigma-Aldrich, Darmstadt, Germany) according to the manufacturer’s instructions.
Quantity and quality of the isolated mRNA were determined photometrically. Then,
800 ng of total mRNA was transcribed into DNA using the Omniscript reverse
transcription kit (Qiagen, Hilden, Germany). PCR was performed with Taq PCR
Master Mix (Cat No 201443, Qiagen, Hilden, Germany) on a Biometra T Gradient
Thermoblock PCR Thermocycler (Biometra, Gottingen, Germany). The final volume
of each PCR reaction was 20 pL.

The amplification program used in the current study involved the following steps:
initial denaturation at 95°C for 15 min, denaturation at 94°C for 30 s, annealing at 60-
62°C for 90 s and final extension at 72°C for 3 min. A total of 35 cycles was used for
the amplification of genomic DNA. The specific primers used for the current assay are
listed in Table 1. All PCR products were analyzed by electrophoresis on a 1% w/v
agarose gel (Sigma-Aldrich, Darmstadt, Germany). Finally, comparison of gene
expression of differentiated VSMCs with undifferentiated WJ-MSCs (n = 5, negative
control group) was performed. For gene expression profiling, the following genes
were evaluated: ACTA2, MYH11, TGLN, MYOCD, SOX9, NANOG, OCT4, and
GAPDH.

Immunofiuorescence of VSMCs

Indirect immunofluorescence against ACTA2 and MYH11 was performed on WJ-
MSCs (n = 5) and VSMCs (n = 5). Specifically, WJ-MSCs and VSMCs were seeded at a
density of 1 x 10* cells on culture slides (Sigma-Aldrich, Darmstadt, Germany) for 48
h. Then, the cells were washed for 1-2 min with PBS 1x (Gibco. Life Technologies,
Grand Island, NY, United States) and fixed for 5 min with 10% v/v neutral formalin
buffer (Sigma-Aldrich, Darmstadt, Germany). The next step of the assay involved
antigen retrieval and blocking of all samples, followed by the addition of monoclonal
antibody against human ACTA2 (1:500, Catalog MA1-744, ThermoFischer Scientific,
Massachusetts, United States) and MYH11 (1:1000, Catalog MA5-11971,
ThermoFischer Scientific, MA, United States). Secondary FITC-conjugated rabbit IgG
antibody (1:100, Sigma-Aldrich, Darmstadt, Germany) was added. Finally, DAPI
(Sigma-Aldrich, Darmstadt, Germany) stain was added in order for the cell nuclei to
become evident, and slides were glycerol mounted. Images were acquired using a
LEICA SP5 II fluorescent microscope equipped with LAS Suite v2 software (Leica,
Microsystems, Wetzlar, Germany). Furthermore, mean fluorescence intensity of WJ-
MSCs and VSMCs was determined using Image] 1.46r (Wane Rasband, National
Institutes of Health, United States).

Estimation of cell proliferation using ATP assay

Cell proliferation was determined with an ATP assay (MAK190, Sigma-Aldrich,
Darmstadt, Germany) according to the manufacturer’s instructions. Briefly, 1 x 10°
WJ-MSCs or VSMCs were plated in 24-well plates (Costar, Corning Life, Canton, MA,
United States). The next day, cells were lysed with 100 pL ATP assay buffer. Then, 20
pL of cell lysates were transferred to 96-well plates, followed by the addition of
reaction buffer. All samples were incubated for 30 min at room temperature. Finally,
the absorbance was measured by a photometer at 570 nm. Determination of ATP
concentration was achieved by interpolation to a standard curve. The standard curve
consisted of 0 (blank), 5, 10, 20, 50, 100, 150, and 200 nmol standards.

Decellularization of hUAs

The hUAs (n =10, | = 2 cm) were immediately decellularized after their isolation from
hUC:s. Briefly, the hUAs were placed in CHAPS buffer (8 mmol CHAPS, 1 mol NaCl
and 25 mmol EDTA in PBS 1%, Sigma-Aldrich, Darmstadt, Germany) for 22 h under
rotational agitation. Furthermore, hUAs were transferred into SDS buffer (1.2 mmol
SDS, 1 mol NaCl and 25 mmol EDTA in PBS 1%, Sigma-Aldrich, Darmstadt, Germany)
for another 22 h under rotational agitation. Finally, the vessels were incubated in a-
MEM with 40% v/v Fetal Bovine Serum (Sigma-Aldrich, Darmstadt, Germany) at
37°C for 48 h.

Histological analysis of hUAs

The efficacy of the decellularization protocol was evaluated by performing the
following histological stains. Non-decellularized (n = 10, I = 2 cm) and decellularized
(n =10, 1= 2 cm) hUAs were initially fixed with 10% v/v neutral formalin buffer
(Sigma-Aldrich, Darmstadt, Germany), dehydrated, paraffin-embedded and sectioned
into 5 pm slices. Hematoxylin and Eosin (H & E, Sigma-Aldrich, Darmstadst,
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Table 1 Primer sets for polymerase chain reaction

Gene Accession number Forward primer Reverse primer Amplicon size
ACTA2  NM_001613 CAGCCAAGCACTGTCAGGAAT CACCATCACCCCCTGATGTC 182

MYOCD  NM_001146312 CCACCTATGGACTCAGCCTAC CTCAGTGGCGTTGAAGAAGAG 188

MYHI1  NM_022844 CGCCAAGAGACTCGTCTGG TCTTTCCCAACCGTGACCTTC 129

TGLN NM_003564 ATGGCACGGTGCTATGTGAG CCCACCCAGATTCATCAGCG 71

50X9 NM_000346 AGCGAACGCACATCAAGAC CTGTAGGCGATCTGTTGGGG 85

NANOG  NM_024865 TTTGTGGGCCTGAAGAAAACT AGGGCTGTCCTGAATAAGCAG 116

OCT4 NM_001159542 GTGTTCAGCCAAAAGACCATCT GGCCTGCATGAGGGTTTCT 156

GAPDH  NM_001256799 GGAGCGAGATCCCTCCAAAAT GGCTGTTGTCATACTTCTCATGG 197

Germany), Sirius Red (SR, Sigma-Aldrich, Darmstadt, Germany) and Toluidine blue
(TB, Fluka, Sigma-Aldrich, Darmstadt, Germany) were applied for the evaluation of
cell and nuclear remnants, collagen and proteoglycan preservation in hUAs,
respectively. Images were acquired using a Leica DM L2 light microscope (Leica
Microsystems, Weltzar, Germany) and processed with Image] 1.46r (Wane Rasband,
National Institutes of Health, United States).

In addition, indirect immunofluorescence against ACTA2 and MYHI11 in
combination with DAPI staining was applied. Non-decellularized and decellularized
hUAs were fixed with 10% v/v formalin buffer (Sigma-Aldrich, Darmstadt,
Germany), dehydrated, blocked and sectioned into 5 pm slices. Then, the slides were
deparaffinized, rehydrated and blocked, followed by the addition of the monoclonal
antibody ACTA2 (1:500, Catalog MA1-744, ThermoFischer Scientific, MA, United
States) or MYH11 (1:1000, Catalog MA5-11971, ThermoFischer Scientific,
Massachusetts, United States). Secondary FITC conjugated antibody (1:100, Sigma-
Aldrich, Darmstadt, Germany) was added. Finally, DAPI (Sigma-Aldrich, Darmstadt,
Germany) stain was added, the slides were glycerol mounted and processed for
examination under the fluorescent microscope (LEICA SP5 II fluorescent microscope,
Leica, Microsystems, Wetzlar, Germany).

Biochemical analysis
Evaluation of the decellularization procedure involved the quantification of collagen,
sulphated glycosaminoglycans and DNA of non-decellularized (n = 10,1 =2 cm) and
decellularized dry tissue samples (n = 10, I = 2 cm). Quantification of collagen was
performed based on the measurement of hydroxyproline content, and relied on the
use of the Hydroxyproline Assay Kit (MAKO008, Sigma-Aldrich, Darmstadt, Germany)
according to the manufacturer’s instructions. Quantification of sGAGs initially
involved the digestion of samples in 125 pg/mL papain buffer at 60°C for 12 h,
followed by the addition of dimethylene blue dye (Sigma-Aldrich, Darmstadt,
Germany). The concentration of sGAGs in each sample was estimated through
interpolation to a standard curve. Chondroitin sulphate standards of 12 pg/mL, 25
pg/mL, 50 pg/mL, 100 pg/mL and 150 pg/mL were used for the standard curve.
DNA content was estimated in non-decellularized (n = 10, 1 = 2 cm) and
decellularized (n = 10, 1 = 2 cm) hUAs after their digestion in lysis buffer. Lysis buffer
contained 0.1 mol Tris pH 8, 0.2 mol NaCl, 5 mmol EDTA in PBS 1x supplemented
with 20 mg/mL Proteinase K (Sigma-Aldrich, Darmstadt, Germany). Total DNA of
each sample was isolated, eluted in 100 pL DNAse-free water (Sigma-Aldrich,
Darmstadt, Germany) and photometrically quantified at 260 nm to 280 nm.

Repopulation of hUAs with VSMCs

Decellularized hUAs (n = 30, 1 = 1 cm) were repopulated with VSMCs under static
seeding conditions. For this purpose, decellularized hUAs were placed into 24-well
plates (Costar, Corning Life, Canton, MA, United States) with VSMCs at an average
number of 3 x 10° cells. Then, 1 mL of VSMC differentiation medium was carefully
added in each well. The plates were transferred to a humidified atmosphere with 5%
CO, at 37°C for 3 wk. After the proposed time period, evaluation of the repopulation
results was performed with H & E, in the same way as referred to in the previous
sections (Histological analysis). In addition, indirect immunofluorescence against
MYH11 in combination with DAPI staining was applied. Repopulated hUAs with
VSMCs were fixed with 10% v/v formalin buffer (Sigma-Aldrich, Darmstadt,
Germany), dehydrated, blocked and sectioned into 5 pm slices. Then, the slides were
deparaffinized, rehydrated and blocked, followed by the addition of monoclonal
antibody against MYH11 (1:1000, Catalog MA5-11971, ThermoFischer Scientific,
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Massachusetts, United States). Secondary FITC conjugated antibody (1:100, Sigma-
Aldrich, Darmstadt, Germany) was added. Finally, DAPI (Sigma-Aldrich, Darmstadt,
Germany) stain was added, the slides were glycerol mounted and processed for
examination under a fluorescent microscope (LEICA SP5 II fluorescent microscope,
Leica, Microsystems, Wetzlar, Germany).

In addition, immunohistochemistry against Ki67 and proliferating cell nuclear
antigen (PCNA) was performed on the repopulated hUAs. Briefly, the slides were
deparafinized, rehydrated and the whole procedure was performed using the
Envision Flex Mini Kit, high pH (Cat # K802421-2], Agilent Technologies, CA, United
States) according to the manufacturer’s instructions. Ki67 (1:50, Cat # 305504,
Biolegend, San Diego, United States) and PCNA (1:100, ab 18197, Abcam, Cambridge,
United Kingdom) were used for the detection of cell proliferation in the repopulated
hUAs. Decellularized hUAs served as a negative control both in the indirect
immunofluorescence and immunohistochemistry assays. Furthermore,
hydroxyproline and sGAG contents were quantified in the repopulated hUAs (1 = 20)
in the same way as referred to in the previous section (Biochemical Analysis).
Decellularized hUAs (n = 20) served as the negative control group. Finally, VSMC
proliferation in the repopulated hUAs was further confirmed and assessed by DNA
quantification. HUAs were digested with lysis buffer as referred to previously
(Biochemical Analysis), and the DNA amount was quantified photometrically at 260
nm to 280 nm.

Determination of ATP-ADP Ratio in repopulated hUAs
The evaluation of VSMC viability in repopulated hUAs was performed with an
ADP/ATP assay kit (MAK189, Sigma -Aldrich, Darmstadt, Germany) according to
the manufacturer’s instructions. Briefly, the light intensity, which is specific to
intracellular ATP concentration, is produced with the following reaction:

ATP + D-Luciferin + O, — oxyluciferin + AMP + PP, + CO, + light

In the next step, the ADP is converted to ATP, which further reacts with D luciferin.
The second light intensity determines the total ADP and ATP concentration. The light
intensity was measured using a luminometer (Lucy 1, Anthos, Luminoskan,
Labsystems) and expressed as the number of relative light units (RLUs). The
determination of ADP/ATP ratio is performed using the following formula:

ADP/ATP ratio = (RLU C - RLU B) + RLC A

Where RLU A is the initial luminescence measurement after the addition of the
ATP reagent. RLU B is the luminescence measurement after 10 min of incubation, and
RLU C is the measurement of light intensity after the addition of ADP reagent.

Briefly, decellularized hUAs (n = 10) were digested with collagenase IV (Sigma-
Aldrich, Darmstadt, Germany), and the lysates were supplemented with a-MEM. In
addition, VSMCs at a density of 2 x 10° cells were seeded in 24-well plates with 1 mL
of decellularized hUA lysates. Finally, cell cultures were incubated for a total of 7 d in
a humidified atmosphere and 5% CO,. VSMCs with 10% v/v DMSO were used as a
positive control group, while VSMCs with non-decellularized hUAs served as a
negative control group for this study. The determination of ADP/ATP ratio was
performed at the end of each day.

Statistical analysis

GraphPad prism v 6.01 (GraphPad Software, San Diego, CA, United States) was used
for statistical analysis. Comparison of collagen, sGAG and DNA content between
samples was performed using Kruskal Wallis and Mann Whitney tests. Statistically
significant difference was considered when the P value was less than 0.05. Indicated
values were presented as mean + SD.

RESULTS

Characteristics of isolated WJ-MSCs
W]J-MSCs were successfully isolated and expanded from hUCs. Specifically, spindle-
shaped cells were isolated from all samples. Furthermore, W]-MSCs retained their
morphological features until P4 (Figure 1A). To better determine the WJ-MSCs
characteristics, total cell number, CDT, cumulative PD and cell viability were
measured. Total cell number of WJ-MSCs at P4 surpassed 12 x 10° cells (Figure 1B).
CDT and cumulative PD at P4 were 36 £ 3 h and 6 + 1, respectively (Figure 1C and D).
Cell viability of W]-MSCs, determined either with Trypan blue or Crystal Violet in
passages 1 to 4, was above 90% (Figure 1E and Supplementary Figure 1).

WJ-MSCs of P4 successfully differentiated towards “osteogenic”, “adipogenic” and
“chondrogenic” lineages, as indicated by the histological stains (Figure 1F).
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Figure 1 Evaluation of mesenchymal stromal cells derived from the Wharton’s Jelly. A: Morphological features of mesenchymal stromal cells derived from the
Wharton's Jelly tissue (WJ-MSCs) from PO to P4 (A-a to A-d); B-F: Determination of total cell number (B), cell doubling time (C), cumulative PD (D) and cell viability
(E) of WJ-MSCs from PO to P4. Evaluation of tri-lineage differentiation capability of WJ-MSCs into “osteocytes” (F-a), “adipocytes” (F-b) and “chondrocytes” (F-c) as
indicated by Alizarin Red-S, Oil-Red-O and Alcian blue, respectively. G, H: Positive (G) and negative (H) expression of CD markers in WJ-MSCs based on flow
cytometric analysis. Images A-a to A-d and F-a to F-c were obtained with original magnification 10x and 100 pm scale bars. WJ-MSCs: Mesenchymal stromal cells
derived from the Wharton's Jelly tissue.
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Specifically, after 4 wk of “osteogenic” differentiation conditions, cells were
characterized by calcium deposits, which stained red with Alizarin Red S (Figure 1F).
Moreover, “osteocytes” produced Ca?" deposits more than 0.9 mmol
(Supplementary Figure 2). Under “adipogenic”-inducing conditions, WJ-MSCs
successfully produced lipid vacuoles, which were visible with Oil Red O staining
(Figure 1F). In regards to “chondrogenic” differentiation, 3D cultures of W]-MSCs
were characterized by the production of proteoglycan aggregations, as was indicated
by Alcian blue and Bern Scores (Figure 1F and Supplementary Table 1). Flow
cytometry analysis showed that W]-MSCs were characterized by their positive
expression of up to 92% for CD73, CD90, CD105, CD29, HLA-ABC and CD44, and by
their negative expression below 2% for CD3, CD19, CD31, HLA-DR, CD34 and CD45
(Figure 1G and 1H).

Evaluation of VSMC differentiation

WJ-MSCs were successfully differentiated into VSMCs with the proposed
differentiation protocol. Treatment of WJ-MSCs with UCB-PL in combination with
ascorbic acid resulted in cells with more elongated spindle-shaped morphologies
compared with undifferentiated cells (Figure 2A). VSMC markers such as ACTA2,
MYOCD, MYH11 and TGLN were expressed at the mRNA level in differentiated cells
(Figure 2B). In addition, differentiated VSMCs also expressed SOX9 (Figure 2B).
Pluripotency-related genes, such as NANOG and OCT4, were not expressed in
differentiated VSMCs (Figure 2B). On the other hand, untreated WJ-MSCs did not
express the above markers, with the only exception being ACTA2 (Figure 2B). WJ-
MSCs successfully expressed pluripotency-related genes such as NANOG and OCT4
(Figure 2B).

The estimation of WJ-MSC and VSMC proliferation was performed using the ATP
assay. Both cellular populations were characterized by equal amounts (17 £ 3 nmol
and 18 + 3 nmol) of ATP (Figure 2C).

Further determination of successful VSMC differentiation involved the
performance of indirect immunofluorescence against ACTA2 and MYHI11 in
combination with DAPI stain (Figure 2D and Supplementary Figure 3). Early and late
VSMC-specific genes such as ACTA2 and MYH11 were successfully expressed after 3
wk (Figure 2D and Supplementary Figure 3). Untreated WJ-MSCs were characterized
by low expression of ACTA2, while totally lacked MYH11 expression (Figure 2D and
S3).

In addition, mean fluorescence intensity of ACTA2 and MYH11 was determined in
both WJ-MSCs and VSMCs (Supplementary Figure 4). Statistically significant
differences were observed in the ACTA2 (P < 0.01) and MYH11 (P < 0.01) expression
levels of WJ-MSCs and VSMCs (Supplementary Figure 4), indicating the successful
differentiation of VSMCs. The above results were in accordance with gene expression
analysis, demonstrating the differentiation efficiency.

Decellularization of hUAs

HUAs were successfully decellularized as showed by histological analysis.
Decellularized hUAs were characterized by intact ECM, without any cellular or
nuclear remnants (Figure 3A). In addition, key specific ECM components, such as
collagen and sGAGs, seemed to be preserved according to SR and TB stains,
respectively (Figure 3A). SR stains showed that the collagen structure and orientation
was preserved (Figure 3A). In addition, TB stains appeared to be less dense in
decellularized hUAs compared to non-decellularized vessels. Signal detection of
ACTA2, MYH11 and DAPI was evident only in non-decellularized hUAs, confirming
the successful decellularization procedure (Figure 3A).

Further evaluation of the decellularization procedure in hUAs involved
biochemical analysis, which included the determination of collagen (hydroxyproline),
sGAG and DNA contents. Specifically, hydroxyproline content in native hUAs was 93
* 12 pg hydroxyproline/ mg of dry tissue weight, while in decellularized hUAs was
72 + 10 pg hydroxyproline/mg of dry tissue weight (Figure 3B). Statistically
significant differences in hydroxyproline content was observed between non-
decellularized and decellularized hUAs (P < 0.001). SGAG content was significantly
(P < 0.001) lower in decellularized hUAs compared to non-decellularized hUAs
(Figure 3C). SGAG content in non-decellularized and decellularized hUAs was 5 + 1
and 2 + 1 pg sGAG/mg of dry tissue weight (Figure 3C). DNA content was totally
eliminated in decellularized hUAs, further confirming the histological results. DNA
content in non-decellularized hUAs was 1503 + 120 ng DNA/ mg of dry tissue
weight, and in decellularized hUAs was 41 + 6 ng DNA/mg of dry tissue weight
(Figure 3D). Statistically significant differences were observed in DNA content
between non-decellularized and decellularized hUAs (P < 0.001).
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Figure 2 Differentiation of mesenchymal stromal cells derived from the Wharton’s Jelly tissue into vascular smooth muscle cells. A: Morphological features
of untreated mesenchymal stromal cells derived from the Wharton’s Jelly tissue (WJ-MSCs) and differentiated vascular smooth muscle cells (VSMCs); B: Polymerase
chain reaction results regarding the expression of VSMC-specific genes, such as ACTA2, MYOCD, MYH11 and TGLN, and pluripotency-related genes, including
NANOG and OCT4 in untreated WJ-MSCs and differentiated VSMCs. GAPDH was the desired house-keeping gene for current analysis; C: Determination of WJ-MSC
and VSMC proliferation by performing the ATP assay; Indirect immunofluorescence against the early VSMC marker ACTA2 and late VSMC marker MYH11 in
untreated WJ-MSCs (D-a, D-e, D-i and D-b, D-f, D-j) and differentiated VSMCs (D-c, D-g, D-k and D-d, D-h, D-l) in combination with DAPI, respectively. Images A-a
and A-b were presented with 10x original magnification and 100 um scale bars. Images D-a to D-l were presented with 20x original magnification and 50 ym scale
bars. WJ-MSCs: Mesenchymal stromal cells derived from the Wharton's Jelly tissue; VSMCs: Vascular smooth muscle cells.

Repopulation of hUAs with VSMCs

Decellularized hUAs were successfully repopulated by VSMCs under static seeding
conditions. Indeed, VSMCs appeared in the outer layer of the vessels from the 1 wk
of seeding (Figure 4A and Supplementary Figure 5). These cells were successfully
expanded on vessel walls after 3 wk of repopulation (Figure 4A and
Supplementary Figure 5). Indirect immunofluorescence results showed the presence
of differentiated VSMCs in the outer surface of decellularized vessels, further
confirming the H & E results. In addition, immunohistochemistry results indicated the
expression of key proliferation markers such as Ki67 and PCNA in the VSMCs of
repopulated hUAs (Figure 4A).

Further evaluation of the repopulated arteries involved the quantification of
hydroxyproline and sGAG content. Specifically, total hydroxyproline content after the
1, 2" and 3 wk was 71 + 10, 74 + 9 and 86 + 8 pg hydroxyproline/ mg of dry tissue
weight, respectively (Figure 4B). Overall, total hydroxyproline content appeared to be
increased within the first week of repopulation. Statistically significant differences in
total hydroxyproline content were observed between the study groups (P < 0.05).
SGAG content of the 1%, 2™ and 3 wk was 2+ 1,3 +1 and 3 + 1 pg sGAG/mg of dry
tissue weight, respectively (Figure 4C). Statistically significant differences were
observed between the study groups (P < 0.05). VSMCs exhibited robust proliferation
in the hUAs, as was indicated by the DNA quantification results. Specifically, the
DNA amount of repopulated hUAs after the 1%, 2™ and 3™ wk was 110 + 21, 360 + 61
and 554 + 49 ng DNA/mg of dry tissue weight, while decellularized hUAs were
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Figure 3 Histological and biochemical analysis of decellularized human umbilical arteries. A: Histological analysis with H & E (A-a, A-b), SR (A-c, A-d) and TB
(A-e, A-f) in non-decellularized and decellularized human umbilical arteries (hUAs). Indirect immunofluorescence against ACTA2 (A-g, A-h) and MYH11 (A9,10) in
combination with DAPI was performed in non-decellularized and decellularized hUAs; B-D: Biochemical analysis involved the determination of total hydroxyproline (B),
SGAG (C) and DNA content (D) in non-decellularized and decellularized hUAs. Statistically significant differences were observed in total hydroxyproline (P < 0.05),
SGAG (P < 0.001) and DNA (P < 0.001) content between non decellularized and decellularized hUAs. Images A-a to A-f were presented with original magpnification
10x and 100 um scale bars. Images A-g to A-j were presented with original magnification 20x and 50 um scale bars. Non Decel hUA: Non decellularized human
umbilical artery; Decell hUA: Decellularized human umbilical artery.

characterized by only 38 + 7 ng DNA/mg of dry tissue weight (Figure 4D).
Statistically significant differences were observed between the study groups (P <
0.001). No sign of any cytotoxic effects during VSMC proliferation in hUAs was
observed, according to the determination of the ADP/ATP ratio (Figure 4E).

DISCUSSION
The development of well-defined VSMCs, which can be applied to the development
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Figure 4 Repopulation of decellularized human umbilical arteries with vascular smooth muscle cells. A: Histological analysis with H & E of decellularized
human umbilical arteries (hUAs) (A-a, A-e), repopulated hUAs after 15t wk (A-b, A-f), 2°¢ wk (A-c, A-g) and 3™ wk (A-d, A-h). Indirect immunofluorescence against
MYH11 in combination with DAPI of decellularized hUAs (A-i), repopulated hUAs after 1t wk (Aj), 2" wk (A-k) and 34 wk (A-l). Immunohistochemistry against Ki67
and PCNA of decellularized hUAs (A-m, A-g), and repopulated hUAs after 15t wk (A-n, A-r), 24 wk (A-0, A-s) and 3™ wk (A-p, A-t). Images A-a to d were presented
with original magnification 10x, 100 um scale bars. Images A-f to | were presented with original magnification 20x and 50 ym scale bars. Images A-i to t were
presented with original magnification 40x and 20 um scale bars; B, C: Total hydroxyproline (B) and sGAG (C) quantification of hUAs before and after repopulation with
VSMCs; D, E: Determination of DNA content (D) and ADP/ATP ratio (E). Statistically significant differences in total hydroxyproline, sSGAG, DNA content and ADP/ATP
ratio were observed between the study groups (P < 0.05). Decel hUA: decellularized human umbilical artery, repop hUA: repopulated human umbilical artery.
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of vascular grafts, is one of the major goals of blood vessel engineering. In order to
obtain VSMCs, several sources of stem cells can be used. Unlike other stem cells,
MSCs can be easily isolated from various human tissues such as bone marrow,
adipose tissue and W] tissue, and can be characterized by low immune responses,
high proliferation rates and low risk of genome instability”. The aim of this study
was the development of VSMCs through a differentiation process utilizing WJ-MSCs,
for future use in small diameter vascular graft engineering.

Within this scope, W]-MSCs were successfully isolated and expanded from W]
tissue until they reached P4. WJ-MSCs retained their spindle-shaped morphology
through passages, and were characterized by high proliferation rates and cell
viability. In addition, these cells were successfully differentiated into “osteocytes”,
“adipocytes” and “chondrocytes”, as was confirmed by the presence of calcium
deposits, lipid vacuoles and proteoglycan production. Immunophenotypic analysis
provided evidence that WJ-MSCs positively expressed (> 90%) CD73, CD90, CD105,
CD44 and CD29, while CD34, CD45, HLA-DR, CD3 and CD19 were negatively
expressed (< 3%). These results indicated that the W]J-MSCs used in this study were a
properly defined stem cell population, and fulfilled the minimum criteria defined by
ISCTF,

Once we established the properties of WJ-MSCs, they were then differentiated
towards VSMCs. To promote the development of VSMCs from WJ-MSCs, a
differentiation protocol that utilized the UCB-PL in combination with ascorbic acid
was applied. UCB-PL contains significant amounts of growth factors such as TGF-f31,
PDGF-A, FGF2, IFN-y and TNF-a*”l. Among them, TGF-p1 and PDGF-A via their
receptor are related to the activation of downstream SMADs and the MEK/ERK
signaling pathway, contributing in this way to the differentiation process of VSMCsl.
After 3 wk of differentiation, WJ-MSCs presented a more elongated spindle-shaped
morphology. Moreover, these cells expressed ACTA2, MYH11, MYOCD, TGLN and
SOX9. ACTA2 is an early myogenic differentiation marker that is also expressed in
WJ-MSCs. On the other hand, MYH11, MYOCD and TGLN are late myogenic
differentiation markers that are especially expressed in VSMCs. Indeed, MYH11 is
required for the production of smooth-muscle myosin heavy chain, while TGLN is
related to actin re-organization and shape change interactions*. MYOCD has a great
role in the VSMC differentiation process, and its expression is restricted in smooth
and cardiac muscle lineages®!. MYOCD interacts with Serum Response Factor, thus
forming a complex that binds to the CArG [CC(A/T),GG] box. CArG boxes are
located in the promoters of SMC genes, regulating their transcription. In our case,
the myogenic differentiation conditions that were applied to WJ-MSCs induced the
expression of MYOCD, which further regulates the transcription of contractile smooth
muscle genes including ACTA2, MYH11 and TGLN, thus promoting cell shape
alterations? 1. Further clarification of the proper differentiation of VSMCs was
provided by the indirect immunofluorescence assay against the early and late
myogenic markers ACTA2 and MYH11. VSMCs were characterized by high
expression of ACTA2 and MYH11, while untreated WJ-MSCs were characterized only
by their low expression of ACTA2. These results further confirmed our initial data
at the mRNA level, indicating the successful differentiation of VSMCs. The low
expression of ACTA2 in WJ-MSCs has been previously reported by other groups!™.
For this purpose, the MYH11 was used in order in our experimental approach to
distinguish and characterize the differentiation state of WJ-MSCs. In addition,
differentiated VSMCs expressed SOX9, a gene that is related to collagen production
and the adaption of VSMC synthetic phenotypesl. SOX9 expression may be relevant
to the differentiation conditions that were applied in the current study. It is known
that specific stress-strain conditions are required for the maintenance of contractile
VSMC phenotypes!™.. In our study, no stress-strain conditions were applied, which
may explain the SOX9 expression in the differentiated VSMCs.

On the other hand, undifferentiated WJ-MSCs expressed only OCT4 and NANOG.
It is known that NANOG, in combination with other transcription factors such as
OCT4, SOX2 and KLF4, establish the pluripotent state of stem cells’. These
transcription factors block the Serum Response Factor association with CarG boxes,
thus promoting SMC gene repression. VSMCs were not characterized by the
expression of OCT4 and NANOG. The repression of these genes might also contribute
to the initiation of the differentiation process. Both WJ-MSCs and VSMCs were
characterized by the equal production of ATP, suggesting the retention of VSMC
proliferation properties.

Further work must be performed in order to obtain safer conclusions regarding the
gene interplay during the VSMC differentiation process. The proposed differentiation
protocol could induce the myogenic differentiation of WJ-MSCs utilizing only the
exogenous supplementation of ascorbic acid. Our results seemed to be comparable
with other previously published studiest’-’], where early, intermediate and late
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VSMC markers such as ACTA2 and MYH11 are expressed. However, most of these
studies apply more complicated and sophisticated approaches, including the use of
iPSC technology, or the prolonged exogenous supplementation of growth factors-1.
Moreover, the use of iPSC technology in humans is under strict control. Modern
research is focused on the production of safe viral-free iPSC clones for use in clinical
trials. On the other hand, vascular tissue engineering demands a great number of
cells, which are difficult to obtain from patients. Most of the time, vessel tissue
biopsies are needed for the isolation of VSMCs. However, patient condition and age
are important factors that may hamper VSMC isolation. In our study, the production
of VSMCs from MSCs is proposed. MSCs can be efficiently isolated from several
human patient tissues, including bone marrow and adipose tissue. Additionally,
MSC:s are pluripotent stem cells that can be expanded in great numbers, and can then
be differentiated into the desired cell populations, such as VSMCs. Taken together, all
these data propose an alternative way to obtain functional VSMCs, even from
seriously diseased patients, for possible use in vascular tissue engineering.

The next step of this study was the use of VSMCs in small diameter vascular graft
engineering. To date, several sources for the production of small diameter vascular
grafts have been proposed, such as the use of Dacron and expanded
polytetrafluorethylene conduits, and autologous vessels. Unlike these vessels, hUAs
may possess an alternative source for the production of small diameter vascular
grafts. In this way, hUAs were successfully decellularized as indicated by histological
analysis. H & E staining revealed the preservation of ECM, without any cellular or
nuclear remnants, while SR and TB showed the preservation of key ECM components
such as collagen and sGAGs. Indirect immunofluorescence results indicated no
presence of ACTA2 or MYHI11 in decellularized hUAs, further confirming cell
elimination. Biochemical analysis confirmed the presence of collagen and sGAGs,
although both components were significantly reduced after the decellularization
procedure. In addition, the DNA content of decellularized vascular grafts was
significantly reduced, and was below 50 ng/mg of dry tissue as proposed by Crapo et
all*), thus further confirming the successful decellularization of hUAs. These results
were in accordance with previously published studies conducted in vessels or other
tissues, and the reduction of the above macromolecules were mostly attributed to
SDS, a key reagent in the decellularization processt*'”*’l. However, hUA ECM was
characterized as having the proper orientation of collagen and sGAGs, thus serving as
an ideal vascular scaffold for cell repopulation.

Within this scope, the VSMCs were seeded on decellularized hUAs under static
conditions. After the 1 wk of seeding, VSMCs were observed in the outer layer of the
vessel. After 3 wk, the VSMCs appeared to expand onto the decellularized hUA, as
was confirmed by H & E staining.

VSMCs were successfully characterized by MYH11 positivity, as indicated by
immunofluorescence results after 3 wk of repopulation. Repopulated hUAs were also
positive for Ki67 and PCNA, as was indicated by immunohistochemistry, confirming
the successful proliferation of VSMCs. Also, an increase in DNA content was
observed in repopulated hUAs, indicating the successful seeding and proliferation of
VSMCs. Indeed, hUAs did not exhibit any cytotoxic effects, thus supporting the
repopulation of VSMCs. For further evaluation of VSMC functionality,
hydroxyproline and sGAG quantifications were performed. Total hydroxyproline
content was increased even after the 1% wk of seeding. After 3 wk, the hydroxyproline
content of the repopulated vessels was higher compared to the decellularized hUAs.
In a similar way, sGAG content was higher in repopulated vessels after 3 wk
compared to the decellularized hUAs. However, total hydroxyproline and sGAG
content in repopulated hUAs was similar to the amount of native vessels. However,
the further maturation of vessels is required through the use of other approaches,
such as vessel bioreactors. Indeed, vessel bioreactors could contribute to a more
uniform distribution of cells in vessel layers, thus inducing the proper maturation of
vascular grafts, and likely the increase of total hydroxyproline and sGAG content!*’l.

Moreover, the above results confirmed that VSMCs retained their myogenic
properties in the vascular scaffolds. Taking into consideration the expression of SOX9
at the mRNA level in combination with the hydroxyproline production, it can be
assumed that VSMCs retain their myogenic properties and contribute to the
remodeling of vessel ECM. It is known that SOX9 in combination with RUNX2 and
MSX2 could contribute to the synthetic conversion of VSMCs, resulting in collagen
and sGAG synthesis. Although, in our study where only static seeding conditions
were applied, the proper maturation of VSMCs and the adaption of contractile
phenotypes onto decellularized vessels may require other approaches, such as the use
of dynamic seeding conditions. Indeed, a pulsatile vessel bioreactor could mimic the
blood flow of the human body with specific stress-strain conditions, and could
contribute to the adaption of contractile phenotypes by VSMCs.
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Future experiments will involve the use of a pulsatile vessel bioreactors for the
repopulation approach in order to better define the VSMCs, and promote the
maturation of vascular grafts. Moreover, a combination of VSMCs with EC is desired
in order to produce fully functional small diameter vascular grafts.

In conclusion, in this study, VSMCs were successfully generated from WJ-MSCs
and efficiently repopulated decellularized hUAs. Moreover, the differentiation of
VSMC s relied on a protocol that utilized UCB-PL, excluding the exogenous
supplementation of growth factors or ectopic expression of transcription factors!l.
Furthermore, the interaction of VSMCs via integrin connections such as a3, with
ECM proteins could maintain even more their a differentiation state. Until now,
several complicated and expensive approaches are used for the production of vascular
populations and small diameter vessel conduits**#1. Unlike these approaches, our
proposal relied on the use of hUCs and their derivatives as an alternative approach
for blood vessel engineering. From a material that is discarded after gestation, WJ-
MSCs and hUAs can be efficiently isolated, while UCB-PL can be used for the
production of myogenic differentiation medium.

The future goal will be the production and the proper maintenance of patient-
specific small diameter vascular grafts under good manufacturing practice conditions,
in order to be readily accessible upon demand.

ARTICLE HIGHLIGHTS

Research background

Small diameter vascular grafts can be applied in a wide variety of diseases, but mostly in
cardiovascular disease (CAD). Globally, CAD affects more than 18 million people, and it is
estimated that more than 500000 bypass surgeries are performed. Until now, autologous
saphenous vein transplants, or conduits made of Dacron or ePTFE, represent the gold standard
strategy. However, severe side effects, including impaired patency, immune reaction and intima
hyperplasia, may be accompanied by their use. For this purpose, the decellularization of human
umbilical arteries and the repopulation with vascular smooth muscle cells (VSMCs) in order to
obtain fully functional vascular grafts, could represent an alternative approach. VSMCs are a
cellular population responsible for vasoconstriction and vasodilation. Recently, the development
of VSMCs has been proposed using induced pluripotent stem cell (iPSCs) technology. However,
iPSCs have not been approved for broad human use. In this way, an alternative approach using
platelet lysate from umbilical cord blood (UCB-PL) may be applied in the differentiation process
of VSMCs from mesenchymal stromal cells (MSCs). It is known that UCB-PL contains significant
amounts of growth factors such as TGF-p1, PDGFA, FGF2, IFN-y and TNF-a, which have
previously been used in several differentiation protocols. The aim of this study was to establish
the differentiation process of VSMCs from MSCs derived from the Wharton's Jelly tissue (W]-
MSCs) using the UCB-PL. Then, the differentiated VSMCs were used for repopulation
experiments of decellularized human umbilical arteries (hUAs) to produce fully functional small
diameter vascular grafts.

Research motivation

Until now, the development of VSMCs is accomplished using exogenous supplementation of
several growth factors or through iPSC technology. However, both approaches may cause
allergic reactions or could even be tumorigenic. Indeed, a great number of growth factors are
derived from animals. Additionally, iPSC technology has not received full approval from the
Food and Drug Administration for human use, due to the use of c-Myc, which may lead to
tumor development. In order to overcome these issues, the differentiation of VSMCs from MSCs
using UCB-PL and ascorbic acid has been proposed. It has been shown in the past that specific
growth factors, especially TGF-f1, could promote the differentiation of VSMCs. UCB-PL
contains several growth factors, including TGF-$1, PDGF-A, FGF2, IFN-y and TNF-a, and in
combination with ascorbic acid may lead to the successful development of VSMCs.

Research objectives

The main objective of this study was the successful differentiation of VSMCs obtained from WJ-
MSCs using UCB-PL. Secondary objectives were the production of small diameter vascular grafts
in hUAs using the decellularization method. In addition, the repopulation of decellularized
vessels with the produced VSMCs, which may result in functional vessels, was also evaluated in
this study.

Research methods

Initially, W]-MSCs were isolated from hUCs and expanded until they reached P4.
Characterization of WJ-MSCs was performed according to the criteria of the International Society
for Cell and Gene Therapy, including morphological evaluation, trilineage differentiation and
flow cytometry analysis. Then, the differentiation of VSMCs was performed. To do this, W]J-
MSCs were cultured in a medium containing UCB-PL and ascorbic acid for 3 wk. Gene
expression profiles of VSMCs for ACTA2, MYH11, TGLN, MYOCD, SOX9, NANOG, OCT4, and
GAPDH by RT-PCR, PCR and gel electrophoresis were evaluated. Further analysis included the
indirect immunofluorescence of VSMCs using antibodies against ACTA2 and MYH11. The
production of vascular grafts was performed using the decellularization of hUAs. Then
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histological (H & E, SR and TB stains) and biochemical analyses (hydroxyproline, sGAG, DNA
content) in decellurized hUAs were applied. Finally, the repopulation of decellularized hUAs
with VSMCs through static seeding was performed. Repopulated vessels were analyzed
histologically (H & E, MYH11/DAPI) and biochemically (hydroxyproline, DNA content and
ADP/ATP ratio). In addition, the proliferation of VSMCs in repopulated vessels was
immunohistochemically evaluated using Ki67 and proliferating cell nuclear antigen.

Research results

WJ-MSCs were successfully isolated and expanded from hUCs. Their spindle-shaped
morphology was retained until they reached P4. Total cell number, CDT and PD of W]-MSCs at
P4 was > 12 x 10° cells, 36 + 3 h and 6 + 1, respectively. W]-MSCs fulfilled the criteria of the
International Society for Cell and Gene Therapy, indicating successful differentiation towards
“osteogenic”, “adipogenic” and “chondrogenic” lineages, positive expression (> 95%) for CD73,
CD90 and CD105, and negative expression (< 3%) for CD34, CD45 and HLA-DR. WJ-MSCs were
successfully differentiated into VSMCs using UCB-PL and ascorbic acid. Differentiated VSMCs
expressed ACTA2, MYOCD, MYH11 and TGLN. In addition, early and late VSMCs markers such
as ACTA2 and MYH11 were evaluated according to indirect immunofluorescence analyses.
HUAs were effectively decellularized and characterized by the preservation of ECM proteins,
while no cell and nuclei materials were evident. Statistically significant differences were
observed between non-decellularized and decellularized hUAs regarding the hydroxyproline (P
<0.001), sGAG (P < 0.001) and DNA (P < 0.001) content. Decellularized hUAs were successfully
repopulated by the produced VSMCs, as it was indicated by histological analysis (H and E,
MYH11/DAPI). Repopulated vessels were characterized by elevated levels of hydroxyproline
(86 + 8 pg hydroxyproline/mg of dry tissue weight), sGAG (3 + 1 pg sGAG / mg of dry tissue
weight), and DNA (554 + 49 ng DNA/mg of dry tissue weight) content after 3 wk of cultivation.
In addition, the key proliferation markers Ki67 and proliferating cell nuclear antigen were
positively expressed by VSMCs in repopulated vessels, according to immunohistochemistry
results.

Research conclusions

VSMCs can be successfully produced from WJ-MSCs using UCB-PL in combination with
ascorbic acid. Unlike current approaches, including the exogenous supplementation of growth
factors or the use of iPSC technology, no such approaches were applied to this study. UCB-PL
contains significant amounts of key growth factors required for VSMC differentiation. In
addition, ascorbic acid supplementation to the differentiation medium appears to enhance the
underlying mechanism. Besides, the successful production of VSMCs and the development of
functional small diameter vascular grafts were assessed. HUAs were efficiently decellularized,
and could serve as potential scaffolds for blood vessel engineering. To obtain functional small
diameter vascular grafts, the decellularized hUAs were repopulated with the produced VSMCs.
Finally, the repopulated vessels were characterized for their similar properties to the hUAs
before the decellularization process. Taking into consideration the above data, hUCs could be a
rich source both for cellular populations and vessel conduits. Additionally, this study brings into
light a safer differentiation process that can possibly be used for the production of patient-
specific VSMCs. It is known that the circulatory system of CAD patients is primarily affected.
The isolation of VSMCs from patient vessel biopsies, which can be used for vascular graft
engineering, is not efficient. On the contrary, MSCs (in adults) that are presented both in bone
marrow and adipose tissue, can be isolated and differentiated into VSMCs with the current
protocol, and can thus potentially be used in blood vessel engineering. In this way, and unlike
the complicated and expensive approaches of the past, the production of fully functional blood
vessels is one step closer to its clinical application.

Research perspectives

The next step of this study will be focused on the use of the repopulated (with VSMCs) vascular
grafts in an animal model, in order to better evaluate their functionality. Small blood vessel
engineering is one of the milestones of personalized regenerative medicine. To this direction, the
production of patient-specific small diameter vascular grafts under good manufacturing practice
conditions, that can be readily accessible, will be of great importance.
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