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Abstract

Endothelial cells (ECs), the primary component of the vasculature, play a crucial role in neovascularization. However, the
number of endogenous ECs is inadequate for both experimental purposes and clinical applications. Porcine ovarian putative
stem cells (poPSCs), although not pluripotent, are characterized by great plasticity. Therefore, this study aimed to investi-
gate whether poPSCs have the potential to differentiate into cells of endothelial lineage. poPSCs were immunomagnetically
isolated from postnatal pig ovaries based on the presence of SSEA-4 protein. Expression of mesenchymal stem cells (MSCs)
markers after pre-culture, both at the level of mRNA: ITGB1, THY, and ENG and corresponding protein: CD29, CD90, and
CD105 were significantly higher compared to the control ovarian cortex cells. To differentiate poPSCs into ECs, inducing
medium containing vascular endothelial growth factor (VEGF), basic fibroblast growth factor (bFGF), insulin-like growth
factor (IGF), epidermal growth factor (EGF), ascorbic acid, and heparin was applied. After 14 days, poPSC differentiation
into ECs was confirmed by immunofluorescence staining for vascular endothelial cadherin (VECad) and vascular endothe-
lial growth factor receptor-2 (VEGFR-2). Semi-quantitative WB analysis of these proteins confirmed their high abundance.
Additionally, qRT-PCR showed that mRNA expression of corresponding marker genes: CDH5, KDR was significantly higher
compared with undifferentiated poPSCs. Finally, EC functional status was confirmed by the migration test that revealed
that they were capable of positive chemotaxis, while tube formation assay demonstrated their ability to develop capillary
networks. In conclusion, our results provided evidence that poPSCs may constitute the MSC population in the ovary and
confirmed that they might be a potential source of ECs for tissue engineering.
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Introduction

Regenerative medicine offers several promising solutions
in the development of cures of some untreatable diseases
ranging from diabetes mellitus and heart infarct to Parkin-
son’s disease and premature ovarian failure. In this aspect,
stem cell application, including adult stem cells (ASCs),

< Matgorzata Duda
maja.duda@uj.edu.pl

Kamil Wartalski
kamil.wartalski @uj.edu.pl

Gabriela Gorczyca
gabriela.gorczyca@doctoral.uj.edu.pl

Jerzy Wiater
jerzy.wiater@uj.edu.pl

Zbigniew Tabarowski
zbigniew.tabarowski@uj.edu.pl

seems to be one of the most promising therapeutic strate-
gies. ASCs are rare tissue-specific cells of the postnatal
organism into which they are committed to differentiate
(Grompe 2002; Raff 2003). ASCs have been identified in
many mammalian organs and tissues, including bone mar-
row, peripheral blood, skeletal muscle, skin, gut, brain, or
testis (National Institutes of Health—NIH, USA 2016), in
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specific areas of each tissue, known as a stem cell niche
(Morrison and Spradling 2008).

The role of ASCs lies in maintaining, generating, and
replacing terminally differentiated cells within their spe-
cific tissue lost due to physiological cell turnover or tissue
damage caused by injury (Weissman 2000). Recent data
suggest that ASCs have the potential to generate differen-
tiated cells even beyond their tissue boundaries, which is
referred to as developmental plasticity (Galliot and Ghila
2010; Catacchio et al. 2013). Some reports also prove
that in the same tissue, e.g. in the skin, both multipotent
and unipotent populations of ASCs can exist (Wagers and
Weissman 2004). Moreover, based on the expression of
some marker genes, such as Oct-4 or Nanog, and the abil-
ity of a population of ASCs to differentiate into various
cell types, ASC pluripotency is also postulated (Jiang et al.
2002; D’Ippolito et al. 2004).

Until recently, the mammalian ovary was considered a
completely differentiated organ. Several studies conducted
in recent years, also by our team, have provided evidence
for the presence of ASCs in mammalian ovaries, due to their
high diversity also referred to as putative stem cells (PSCs)
(Wartalski et al. 2016; Yazdekhasti et al. 2017; Patel et al.
2018). Our latest results (Wartalski et al. 2020) demonstrated
that porcine ovarian putative stem cells (poPSCs) isolated
from the ovarian cortex, despite expression of pluripotency
markers, are not pluripotent. As poPSCs can differentiate
into functional neural-like cells, they may be multipotent,
and poPSC:s likely represent mesenchymal stem cell (MSC)
populations within the ovary. In physiological conditions,
PSCs can regulate ovarian functions and, in particular,
regenerate them to some extent. This is important because
at ovulation, oocyte release from the ruptured ovarian fol-
licle causes damage to the ovarian surface. Therefore, PSCs
can participate in the process of its regeneration (Stimpfel
et al. 2014). However, full phenotypic characterization and
understanding of all possible differentiation pathways of
PSCs is still needed.

The promising therapeutic nature of MSCs is widely
indicated, and they are being used to reconstruct damaged
tissues in various pathological states (Baksh et al. 2004;
Bianco et al. 2013). MSCs can be isolated, for example,
from bone marrow, umbilical cord, adipose tissue, muscle
or endometrium (Kern et al. 2006; Ceusters et al. 2017,
Wiater et al. 2018). The diagnostic potential of MSCs lies
in their ability for in vitro growth as a homogeneous popu-
lation, adherence to plastic dishes, expression of a set of
surface antigens that can be used for positive selection (e.g.
CD105, CD90, CD29), lack of hematopoietic markers and
the ability to differentiate in vitro into multiple cell lineages,
including osteocytes, chondrocytes, adipocytes or skeletal
muscle cells (Pittenger et al. 1999; Dominici et al. 2006).
Moreover, multiple studies have shown that MSCs are ideal
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for in vitro generation of endothelial cells (ECs) for cell
therapy (Ikhapoh et al. 2015; Quan et al. 2017; Tancharoen
et al. 2017).

ECs line the interior surface of arteries, capillaries,
veins, and lymphatic vessels with a thin, single layer of
squamous cells. ECs regulate many critical physiological
processes, including vasoconstriction and vasodilation,
thereby controlling pressure and blood flow. Additionally,
the endothelium balances the homeostasis between clotting
and fibrinolysis. Disturbances in the proper functioning of
the endothelium are common and dangerous. ECs may con-
tribute to the development of diseases such as hypertension
or coronary artery disease (Vanhoutte et al. 2017). Moreo-
ver, it is now increasingly recognized that dysfunctional
ECs contribute to the development of nonvascular diseases
such as neurodegenerative disorders (Koizumi et al. 2016)
and chronic inflammatory disorders (Bordy et al. 2018) and,
consequently, tumorigenesis (Dudley 2012). The endothe-
lium is generally considered a dispersed, dynamic, and het-
erogeneous complex organ that forms, among others, the
blood-brain barrier (Abbott et al. 2006).

For endothelial differentiation of poPSCs in our experi-
ments we used growth factors which are usually applied to
differentiate MSCs into ECs (Soleimani and Nadri 2009;
Arafia et al. 2013). These were vascular endothelial growth
factor (VEGF), primary fibroblast growth factor (bFGF),
epidermal growth factor (EGF), and insulin-like growth fac-
tor 1 (IGF-1). VEGEF is especially active during embryonic
development and angiogenesis. It occurs in several isoforms
but all VEGF family proteins act through cell surface tyros-
ine kinase receptors, e.g. VEGFR-2 (Holmes et al. 2007). In
turn, EGF is a factor commonly found in various tissues and
organs (Hollenberg and Gregory 1980; Venturi and Venturi
2009). EGF, acting through its receptor, EGFR, influences
the proliferation, differentiation, and survival of many types
of cells (Herbst 2004). IGF-1 is one of the most potent natu-
ral activators of the protein kinase B (PKB) kinase signaling
pathway. IGF-1 stimulates the growth and proliferation of
cells and is also a potent inhibitor of apoptosis (Peruzzi et al
1999; Juin et al. 1999).

This study investigated two protein markers associated
with differentiation into ECs: vascular endothelial cadherin
(VECad) and VEGFR-2. VECad is a highly specific endothe-
lium adhesion molecule, located at the junctions between
ECs. VE-cadherin is responsible for the maintenance and
control of EC contacts and plays an essential role during the
morphogenesis of the vascular system. Mechanisms that reg-
ulate VE-cadherin-mediated adhesion are important for the
control of vascular permeability and leukocyte extravasation
(Corada et al. 2001). In addition to its adhesive functions,
VE-cadherin regulates various cellular processes such as cell
proliferation and apoptosis and modulates vascular endothe-
lial growth factor receptor functions (Vestweber 2008). Of
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the three known VEGEF receptors, VEGFR-2 is the primary
regulator of EC proliferation and migration (Takahashi et al.
2005). VEGFR-2 is expressed in all human vascular ECs
and is often overexpressed in highly malignant solid tumors
(Smith et al. 2010).

Among various animal experimental models, pigs share
many similarities to humans in the form of organ size,
physiology, and functioning (Whyte and Prather 2011). The
limited ethical dilemmas, successful ASCs isolation from
different tissues (Wiater et al. 2018; Burian et al. 2017), and
most importantly the rapid development of genetic engineer-
ing techniques enabling genome modifications in pigs that
reduce the cross-species immune barrier (Hryhorowicz et al.
2017), make pigs the valuable experimental model for pre-
clinical assessment of ASCs for stem cell therapy.

In light of the above, our research hypothesis assumed
that the ovaries of sexually immature pigs contain multipo-
tent PSCs of a mesenchymal nature that can also differenti-
ate into ECs. If we could show that poPSCs, under very
specific culture conditions, acquire particular features of
the endothelium, poPSCs might be an alternative source for
ECs for clinical therapies like tissue replacement or artificial
organ vascularization. To meet this goal we examined (1)
ITGB1, THY, ENG, CDHS5, and KDR mRNA expression, and
(2) CD29, CD90, CD105, VECad, and VEGFR-2 proteins
abundance and immunolocalization in poPSCs and obtained
by their differentiation endothelial-like cells. We also exam-
ined the functional status of such cells using the migration
and tube formation assays.

Materials and methods
Sample collection and poPSC isolation

Porcine ovaries were excised from sexually immature Pol-
ish Landrace gilts (approximately 5—6 months of age and
weighing 60-70 kg) at a local abattoir under veterinarian
control within 10 min after slaughter. Next, they were placed
in sterile ice-cold Dulbecco’s phosphate-buffered saline
(DPBS; pH 7.4, PAA, Cell Culture Company, Piscataway,
NIJ, USA) supplemented with antibiotics (Antibiotic/Anti-
mycotic solution; AAS; 1% (v/v), PAA, Cell Culture Com-
pany) and transported to the laboratory within 1 h. After
washing the experimental material twice using sterile DPBS,
the ovarian cortex was separated from the ovarian cord with
a scalpel and cut into uniform-size pieces of ~1 mm?® with
a tissue slicer. The obtained fragments of ovarian cortex
were subjected to a 2-h enzymatic digestion procedure in
a Liberase™ TH Research Grade solution (0.26 U/mL in
PBS; Sigma-Aldrich, St. Louis, MO, USA) in an incubator
at 37 °C, with 150 rotations/min. Next, enzymatic digestion
was terminated by adding an equal volume of cold DPBS

(+4 °C) containing 10% fetal bovine serum (FBS). After
that, the resulting suspension was filtered through 100-,
70- and 40-micron nylon strainers. In the further step, cells
were washed several times in sterile DPBS and recovered by
centrifugation (90xg for 10 min). poPSCs were isolated by
an immunomagnetic method, modified and described by us
previously (Wartalski et al. 2016), using a monoclonal anti-
body—anti-human SSEA-4, conjugated to magnetic beads
(EasySep™ hESC/hiPSC SSEA-4 Positive Selection Kit,
StemCell™ Technologies, Vancouver, Canada). Next, the
poPSCs were cultured in the maintenance medium (MM):
DMEM/F12 medium (Sigma-Aldrich) supplemented with
2% B-27 (Thermo Fisher Scientific, Waltham, MA, USA)
and 2 pL/mL SCF (Thermo Fisher Scientific). The pre-
pared suspension of 3x 10° cells/mL was seeded into the
culture dishes. Cells for total protein or total RNA extraction
after the experiment were cultured in six-well polystyrene
plates (Nunc™, Thermo Fisher Scientific) coated with poly-
L-lysine (Sigma-Aldrich). Cells for immunofluorescence
studies were cultured on eight-cell Lab-Tek™ II—CC2
(Nunc™, Thermo Fisher Scientific) slides also coated with
poly-L-lysine.

poPSC SSEA-4* culture and endothelial
differentiation

The expansion of poPSCs was run according to a previously
reported protocol, with certain modifications (Wartalski
et al. 2020). In detail, the MM medium was changed every
2 days for freshness. Morphological properties of poPSCs
were regularly checked by microscopic observation (inverted
Nikon Ti-U microscope equipped with a Nikon DS-Filc-U3
camera, Tokyo, Japan) and analysis of proliferation (TC20
automated cell counter, Bio-Rad). After the third passage,
when an appropriate number of poPSCs was obtained, they
were divided into an uninduced group (the control cultures
in the MM medium) and an induced group (the experimen-
tal cultures), where the MM medium was used to replace
the commercial one: EGM™-2 (endothelial cell growth
medium-2 BulletKit; Lonza, Basel, Switzerland). EGM™-2
is specifically designed for the culture of vascular ECs, as
the kit includes, in addition to the medium, endothelial dif-
ferentiation factors such as vascular endothelial growth fac-
tor (VEGF), basic fibroblast growth factor (bFGF), insulin-
like growth factor (IGF), epidermal growth factor (EGF),
ascorbic acid, and heparin. Cultures were carried out for
14 days at 37 °C in an atmosphere of 5% CO, and 95%
relative humidity. During this time, the medium (EGM™-
2) was changed every 2 days, and cells were passaged when
they reached 80% confluence. After completion of culture
on day 14, total protein and total RNA were extracted from
cells growing in six-well plates. Cells growing on eight-
chamber slides were fixed for immunofluorescence. Some
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of the cells were left in culture for further migration and
tube formation tests.

Immunofluorescence

Immunofluorescence was conducted as described previously
(Wartalski et al. 2020; Gorczyca et al. 2019). Briefly, after
completion of the culture, cells were washed with DPBS
and fixed with cold 4% paraformaldehyde in DPBS for
10 min. After several washes with DPBS, permeabiliza-
tion of cell membranes was performed by using 0.1% Tri-
ton X-100 (Sigma—Aldrich) in Tris-buffered saline (TBS;
pH 7.4). In the next step, non-specific binding sites were
blocked by incubation with 5% normal goat serum (NGS,
Sigma—Aldrich) in a humidity chamber for 40 min at room
temperature (RT). After that, NGS was removed and cells
were incubated with the primary antibodies raised against
EC markers VECad (polyclonal rabbit anti-VECad, dilution:
1:100, Abcam, cat. #ab33168) and VEGFR-2 (monoclonal
mouse anti-VEGFR-2, dilution: 1:50, Santa Cruz, cat. #sc-
393163) overnight at 4° C in a humidity chamber. Antibod-
ies used to confirm the presence of MSC markers in poPSC
cells were as follows: (monoclonal rabbit anti-CD29, dilu-
tion: 1:100, Abcam, cat. #ab134179), (monoclonal mouse
anti-CD90, dilution: 1:100, Abcam, cat. #ab134179), and
(monoclonal mouse anti-CD105, dilution: 1:100, Abcam,
cat. #ab134179). Antibodies used to confirm lack of CD45
as a negative marker of MSCs (polyclonal rabbit anti CD45,
dilution: 1:100, Abcam, cat. # ab10559).

Next, cells were washed several times in TBST
(TBS +0.1% Tween 20, Sigma-Aldrich) and incubated
with the appropriate secondary antibodies: goat anti-
rabbit (Thermo Fisher Scientific, cat. #A11070) or goat
anti-mouse (Thermo Fisher Scientific, cat. #A28175) IgG
labeled with Alexa Fluor 488 diluted 1:500 for 1 h at RT
in the dark, humidity chamber. Negative controls were per-
formed by replacing the primary antibodies with appropri-
ate, non-immune mouse (NI03, Sigma-Aldrich) or rabbit
(NIO1; Sigma-Aldrich) IgG. Rhodamine phalloidin (Inv-
itrogen™ Thermo Fisher Scientific) was used to visualize
the vascular-like structures formed during the tube forma-
tion test. Immunofluorescence-labeled cells were mounted
in VectaShield® HardSet™ Mounting Medium with DAPI
(Vector Laboratories, Burlingame, CA, USA) and were
analyzed with an Olympus FLUOVIEW FV1200 scanning
confocal laser microscope using laser wavelengths and pow-
ers set for respective fluorochromes as indicated by their
manufacturers.

Western blot analysis

Total protein extraction and Western blot analysis were
conducted as previously described (Wartalski et al. 2020).
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Protein content was examined using the Bradford method
(Bradford 1976). Samples were separated by 12% SDS-
PAGE under reducing conditions (Laemmli 1970) and elec-
troblotted into a PVDF membrane employing a semi-dry
blotter in Genie transfer buffer (pH 8.4). The blotted mem-
branes were blocked for 1 h. at RT in TBST containing 5%
non-fat dry milk followed by overnight incubation at +4 °C
with primary antibodies (polyclonal rabbit antibody anti-VE-
cadherin, dilution: 1: 1000, Abcam, cat.#ab33168; mono-
clonal mouse anti-VEGFR-2, dilution: 1:100, Santa Cruz,
cat. #sc-393163; monoclonal rabbit antibody anti-CD29,
dilution: 1:1000, Abcam, cat. #ab134179; monoclonal
mouse antibody anti-CD90, dilution: 1:1000, Abcam, cat.
#ab23894; monoclonal mouse antibody anti-CD105, dilu-
tion: 1:500, Abcam, cat. #ab44967)) and then with horse-
radish peroxidase-conjugated goat anti-rabbit IgG (dilution:
1:2000, Thermo Fisher Scientific cat. #31460) or goat anti-
mouse IgG (dilution: 1:2000, Bio-Rad Laboratories cat.
#1706516) secondary antibodies for 1.5 h at RT. Chemilu-
minescent signal was developed with WesternBright™ ECL
Blotting Substrate (Advansta, Menlo Park, CA, USA) and
visualized with the ChemiDoc™ XRS+ System (Bio-Rad
Laboratories Inc., GmbH, Munchen, Germany).

After washing, each membrane was stripped and reprobed
with monoclonal mouse anti—p-actin antibody (dilution:
1:2000, Sigma-Aldrich, cat. #A5441) which was used as a
reference protein, followed by horseradish peroxidase-linked
goat anti-mouse IgG (dilution 1:2000; Bio-Rad Laboratories
cat. # 1706516). The bands were densitometrically quanti-
fied and normalized to their corresponding p-actin bands
using the ImageLab 2.0 Software (Bio-Rad Laboratories
Inc., Hercules, CA, USA). Western blot analysis was per-
formed for three separately repeated experiments.

RNA isolation, reverse transcription,
and quantitative real-time polymerase chain
reaction analysis

Total cellular RNA was extracted from poPSCs, ECs, ovar-
ian cortex, porcine skin, and aorta (frozen in liquid nitro-
gen as a positive control) using EZ-10 Spin Column Total
RNA Mini Preps Super Kit (Bio Basics, Canada Inc.) fol-
lowing the manufacturer’s protocol. The RNA quality and
quantity were determined by the A260/A280 ratio using a
NanoDrop™ Lite Spectrophotometer (Thermo Scientific,
Wilmington, DE, USA) and the RNA integrity was evaluated
through the observation of 18S and 28S ribosomal bands
after electrophoresis on 1% formaldehyde-agarose gel.

An equivalent amount of total RNA (1 pg) for each sam-
ple was reverse-transcribed with the High-Capacity cDNA
Reverse Transcription Kit (Applied Biosystems, Foster City,
CA, USA) as previously described (Gorczyca et al. 2019).
The resulting cDNA was used for quantitative PCR using
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the TagMan Gene Expression Master Mix (Applied Bio-
systems) and porcine-specific TagMan Gene Expression
Assays (Applied Biosystems) for ITGBI (Ss03391118_m1),
THY1 (Ss03376963_ul), ENG (Ss03391353_m1), CDH5
(Ss03378336_ul), and KDR (Ss03376639_ul) following
manufacturers’ instructions. Glyceraldehyde-3-phosphate
dehydrogenase (GAPDH, Ss03373286_ul) was employed
as endogenous control. Real-time PCR reactions were per-
formed in duplicate with StepOne™ Plus Real-Time PCR
System (Applied Biosystems) according to the recom-
mended cycling program (2 min at 50 °C, 10 min at 95 °C,
40 cycles of 15 s at 95 °C, and 1 min at 60 °C). Ampli-
fication of contaminating genomic DNA was checked by
control experiments in which reverse transcriptase were
omitted during the RT step. Threshold cycles (Ct values)
for the expression of the investigated gene were calculated
using StepOne software. All samples were normalized to
GAPDH (2% value). The relative mRNA transcript abun-
dance of genes of interest was expressed as 2724€t (Livak
and Schmittgen 2001) and was used to calculate statistical
differences.

Functional analysis of poPSCs differentiated
into endothelial cells by migration and tube
formation tests

The transwell migration assay through a porous membrane
was adapted based on the work by Justus et al. (2014).
Briefly, after 14 days of poPSC differentiation into ECs, they
were washed with DPBS without Ca?* and Mg?* ions and
digested with 0.25% trypsin with EDTA (Sigma—Aldrich)
as for passage procedure. Next, they were suspended in
a serum-free medium and 1x 10° cells were seeded into
transwell ThinCert™ inserts (Greiner Bio-One) with a
bottom from a porous membrane made of PET (polyeth-
ylene terephthalate; a pore diameter of 3 um and a density
of 0.6 X 106/cm2), which were placed in the culture wells
of a 24-well plate. The lower chambers were filled with
600 pL of DMEM/F12 supplemented with 20% FBS as a
chemoattractant or with the same volume of serum-free
medium (a negative control). Cells were cultured in stand-
ard conditions (37 °C, in an atmosphere of 5% CO, and 95%
relative humidity) for 48 h. The non-migrating cells on the
upper side of the inserts were removed with a cotton swab
and those attached to the lower side were fixed with 70%
ethanol and stained with 0.5% crystal violet. Polycarbonate
membranes with stained cells were removed from transwell
inserts and photographed in a Nikon Eclipse Ni-U micro-
scope (Nikon).

The tube formation test was adapted for research based
on the work of Nakatsu and Hughes (2008). In brief, after
14 days of poPSC differentiation into ECs, they were washed
with DPBS without Ca?* and Mg?* ions and digested with

0.25% trypsin with EDTA as for passage procedure. Cytodex
Microcarrier beads (C3275, Sigma-Aldrich) were hydrated
in DPBS for at least 3 h at RT. After beads settlement, the
supernatant was discarded and fresh Ca** and Mg>* free
DPBS was added to a stock concentration of 50 mL/g. The
beads in DPBS were sterilized by autoclaving at 120 °C
for 20 min and stored at +4 °C. To use, the bead suspen-
sion was mixed thoroughly, 1 mL was pipetted to a 15-mL
conical centrifuge tube, and the mixture was centrifuged at
400 g for 5 min. The supernatant was carefully aspirated and
microcarrier beads were re-suspended in a volume of 10 mL
DMEM/F12 culture medium supplemented with 10% FBS
to make the final suspension.

The EC pellet was suspended in the culture medium at a
density of ~2-5 x 10° cells/mL. 1 mL cell suspension was
mixed with 1 mL bead suspension into a round bottom tube
with a snap cap (Corning). The tube was placed in a 37 °C
incubator with 5% CO, for 6 h and gently shaken manually
every 2 h to allow cells to evenly distribute on the beads.
Manual shaking cannot be replaced by a shaker, as most
cells will not adhere under continuous shaking. After 6 h of
incubation, the mixture (2 mL) was transferred to a 35-mm
Petri dish and incubated for 48 h until most beads were fully
covered with cells. Next, the spheroid suspension was trans-
ferred to a Falcon tube and left for 5 min allowing spheroids
to settle. The culture medium was aspirated carefully and
the same amount (2 mL) of DMEM/F12 was added to re-
suspend spheroids.

Matrigel® Basement Membrane Matrix (Corning®)
should be kept on ice. Also, pipette tips and microcentri-
fuge tubes used for matrix preparation should be pre-chilled.
For culture preparation in a 24-well format, 440 pL DMEM
and 100 pL of spheroid suspension were mixed in a sterile
microcentrifuge tube. To obtain the final concentration of
Matrigel® (5 mg/mL), to the previously obtained spheroid
suspension in DMEM/F12, 460 pL of the matrix was added
(10.9 mg/mL). They were altogether carefully pipetted up
and down to mix well. Four hundred microliters of the mix-
ture was dispensed in each well of the culture plate and the
plate was incubated at 37 °C for at least 30 min until a solid
gel formed. After that time, 500 pL of warm (37 °C) DMEM/
F12 medium with 1% FBS was added carefully along the
sidewall onto the gel. Additional bFGF was added to the
medium in the experimental wells in the amount of 10 ng/
mL (Oswald et al 2004). Thus, the prepared culture plate
was cultivated for 14 days, changing the medium to fresh
every 2 days. After completion of the culture, the fixation
and permeabilization procedure was performed as described
in “Immunofluorescence.” Then, rhodamine-labeled phalloi-
din (Invitrogen™ Thermo Fisher Scientific, Waltham, MA,
USA) diluted 1:10 in TBS was applied. Cells were incubated
for 30 min at RT and in the dark. After incubation and wash-
ing in TBS, the plate was sealed with a DAPI-Fluoroshield
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mounting gel (Sigma-Aldrich) and imaged using the Olym-
pus FLUOVIEW FV1200 laser scanning confocal micro-
scope (Olympus, Tokyo, Japan), using laser wavelengths
and powers set for respective fluorochromes as indicated
by their manufacturers. Then, 3D modeling was performed
on a selected series of photos of optical sections, includ-
ing (i) scanning of 21 sections with a thickness of 4.45 pm
each in the "z" axis in Imaris 7.2 software (Bitplane Oxford
Instruments Company); (ii) simple 3D modeling using the
"shadow projection" technique, also using Imaris software.

Statistical analysis

Statistical analysis was performed using Statistica v.13.1
software (StatSoft, Inc., Tulsa, OK, USA). For cell culture
experiments, n=35 (experiments were performed in quadru-
plicate). The Levene’s test for homogeneity of variance, the
Shapiro—Wilk test for normality, and the one-way ANOVA
followed by Tukey’s honestly significant difference (HSD)
post hoc test were used to assess differences between con-
trol and experimental cultures. Western blot and real-time
PCR were repeated three times (in duplicate). The data
were expressed as the mean + standard deviation. Statisti-
cal significance was established accordingly: *P <0.05,
*#P<0.01, and ***P <0.001.

Results

Morphology of poPSCs, protein, and gene
expression of selected MSC markers

poPSCs after the third passage (70-80% confluence) formed
a monolayer of flat fibroblast-like cells, with spindle-
shaped morphology with large aggregates present among
them. poPSCs showed high expression of specific MSC
markers: CD29, CD90, and CD105. Importantly, poPSCs
were negative for a typical lymphocytic marker: CD45
(Fig. 1). Immunofluorescence analysis for antigens typi-
cally expressed by MSCs and cell morphology confirmed
that poPSCs, obtained by immunomagnetic isolation from
the porcine ovarian cortex represent a true, but nonhomo-
geneous, MSC population. Western blot analyses confirmed
data obtained from immunofluorescence. The statistically
significant (¥**P < 0.05) higher expression of CD29, CD90,
and CD105 was found in poPSC cells compared to control
ovarian cortex homogenates (Fig. 1). Protein expression was
also examined at the level of corresponding genes: ITGBI,
THY, and ENG, respectively, employing quantitative real-
time PCR. The ITBGI and ENG mRNA expression level in
poPSCs was higher compared to the ovarian cortex (control)
(*P <0.05) with that of THY being almost three times higher
than in the control (**P <0.01) (Fig. 1).

@ Springer

Differentiation of poPSCs into endothelial-like cells

After 14 days of PSC differentiation into ECs, immunofluores-
cence analysis was performed for the presence of VECad and
VEGEFR-2 for the basal confirmation of EC phenotype. Undif-
ferentiated poPSCs showed no staining for these markers, but
after 14 days of differentiation culture, the overall fluorescence
intensity of VECad and VEGFR-2 was markedly enhanced
(Fig. 2). The results of the immunofluorescence analysis are
consistent with those of the WB and quantitative real-time
PCR analyses.

The protein abundance of VE-cadherin and VEGFR-2 was
examined by Western blot in poPSCs differentiated into vas-
cular cells. Immunodetectable VECad protein was observed
as a single band near the 150 kDa, while VEGFR-2 protein
was seen as a band near the 146 kDa position of the SDS gel.
Homogenates of porcine aorta fragments served as a positive
control (Fig. 2). Importantly, in lysates obtained from non-
differentiated poPSCs (negative control) these proteins were
not found (Fig. 2). Stripped immunoblots were also used for
[-actin that served as a control for equal protein loading. The
bands were analyzed densitometrically, and the data obtained
for each protein were normalized against its corresponding
B-actin (Fig. 2).

The expression of CDH and KDR mRNA was confirmed
employing quantitative real-time PCR (Fig. 2). The level of
CDHS5 mRNA expression in poPSCs after 14 days of dif-
ferentiation into vascular endothelium was more than three
times higher than in the control sample, i.e. undifferentiated
poPSCs (***P <0.001). In the pig aorta (positive control), the
level of CDH5 mRNA expression was four times higher than
in the control, and it was a statistically significant difference
(***P<0.001). There were no statistically significant differ-
ences in the level of CDH5 mRNA expression in the aorta
compared to the level of expression in obtained ECs. The level
of KDR mRNA expression in poPSCs after 14-day differentia-
tion into vascular endothelium was nearly three times higher
than in the control of poPSCs (*P <0.05). In the pig aorta
(positive control), the level of KDR mRNA expression was
four times higher than in the control and it was a statistically
significant difference (*P <0.05). There were no differences
in the level of KDR mRNA expression in the aorta from that
in ECs obtained. The above analysis showed that the poPSCs
under the influence of the respective compounds were differen-
tiated into the vascular endothelium, as evidenced by the com-
parable expression level in endothelially differentiated poPSCs
to the expression level in the aorta being a positive control.

Functional status of endothelial cells: migration
and tube formation assays

The migration test performed after 14 days of poPSC dif-
ferentiation into ECs showed that the vast majority of them
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Fig. 1 Expression of multipotent/mesenchymal stem cell markers
after the third passage, as analyzed by immunofluorescence, Western
blotting, and qRT-PCR. Immunofluorescence: The green signal from
the fluorescent dye Alexa Fluor 488 (white arrows) indicated a spe-
cific, surface location of CD29 (a), CD90 (b), and CD105 (c) pro-
teins. Analysis showed a lack of CD45 (d) protein (negative marker
of MSCs). The nuclei were counterstained with DAPI (blue). The
negative control (ctrN) for goat anti-rabbit (Ga-Rb) and goat anti-
mouse (Ga-Ms) antibodies showed the lack of nonspecific staining
(e), scale bar=100 um. Western blot: Expression of selected multi-
potent/mesenchymal stem cell markers at the total protein level in
poPSC SSEA-4* after the third passage compared with porcine ovar-
ian cortex homogenate (starting material, SM, for the isolation of
poPSC SSEA-4%). The relative expression of CD29 (f), CD90 (g),

migrated through the 3-um filter towards the chemoattract-
ant, FBS, whereas in the control experiments, only single
cells were observed on the lower surface of the filter (Fig. 3).
The migration analysis proved that the ECs, obtained by
differentiation from poPSCs, are capable of positive chemo-
taxis. Moreover, the ability of these cells to pass through
pores as small as 3 um in diameter suggests that we are
indeed dealing with ECs.

During the 14 days of EC culture using the microcarrier-
based spheroids in the culture medium supplemented with
bFGF, cells started to branch off already after 7 days, and
formed tubes were visible on day 14. Interestingly, ECs
growing without the addition of bFGF, were incapable of
forming the tubes. ECs were grown on the surface of the
beads and did not create communication links with each
other (Fig. 4). The 3D modeling technique used to show
spatial networks of communicating vascular ECs confirmed
that poPSCs differentiating into the vascular endothelium

and CD105 (h) protein based on optical density measurements of
the bands constituting a specific signal and calculated relative to the
reference protein B-actin (ACTB). The results represent the mean of
n=5x+standard deviation (SD). qRT-PCR: Analysis of the expres-
sion of marker genes for multipotent/mesenchymal stem cells such as
ITGBI1 (i), THY1 (j), and ENG (k) after the third passage compared
with porcine ovarian cortex homogenate (starting material, SM, for
the isolation of poPSC SSEA-4") at the transcript level as shown by
gRT-PCR. The results (2724 are presented as the mean values with
n=3x+standard deviation (SD). Statistical analysis: homogeneity of
variance—Levene’s test, normality of distribution—Shapiro—Wilk
test, one-way ANOVA and Tukey’s HSD post hoc test, *P <0.05;
**P<0.01; ¥**¥*P <0.001

can organize themselves into spatial systems under the influ-
ence of growth factors. This is important because the ability
of ECs to create such structures is necessary for the initiation
of angiogenesis.

Discussion

According to a significant number of recent studies, ASCs
are self-renewing, multipotent progenitor cells, present
virtually in all tissues during most stages of development.
Since they possess trans-differentiation potential, their main
role is in the renewal and repair of aged or damaged tissue.
Consequently, ASCs attract much attention from biotech-
nologists and clinicians (Mimeault et al. 2007; Mahla 2016).
Successful isolation and in vitro maintenance of ASCs is
of increasing importance in the field of applied biology.
Our team’s previous results (Wartalski et al. 2016, 2020)
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Fig.2 Expression of endothelial cell markers after 14 days of the
differential culture and poPSCs after the third passage (negative
control), as analyzed by immunofluorescence, Western blotting, and
qRT-PCR: Immunofluorescence: The green signal from the fluores-
cent dye Alexa Fluor 488 (white arrows) indicated a specific, cyto-
plasmic and membrane location of VE-cadherin (a) and VEGFR-2
(c) proteins in poPSCs, differentiated into vascular endothelial cells.
The lack of green signal from the fluorescent dye Alexa Fluor 488
indicated a lack of specific cytoplasmic and membrane location of
VE-cadherin (b) protein and lack of specific membrane location of
VEGFR-2 in poPSCs after the third passage. The nuclei were coun-
terstained with DAPI (blue), scale bar (a, b)=200 um, (¢, d)=50 pm.
Western blot: Expression of vascular endothelial cell markers (VE-
cadherin and VEGFR-2) at the total protein level in poPSC SSEA-
4% after differentiation into vascular endothelial cell homogenate

combined with data from other laboratories (Li and Clevers
2010; Bhartiya 2015; Parte et al. 2015; Esmaeilian et al.
2017) indicate that much progress has been made in the field
of ovarian stem cells in mammals. Interestingly, the great-
est controversy concerns the plasticity of stem cells isolated
from the human ovarian cortex. Although earlier research
results suggested that human ovarian stem cells have the
potential to differentiate in vitro into oocytes (Virant-Klun
et al. 2009), the latest ones indicate that there are no ger-
mline stem cells in the adult human ovarian cortex (Wagner
et al. 2020). In turn, poPSCs isolated from the porcine ovar-
ian cortex express pluripotency markers and can differentiate
into various cell types, as demonstrated by our successful
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compared with poPSC SSEA-4* homogenate after the third passage
(negative control) and porcine aorta homogenate (positive control).
The presence of the proteins sought is shown in the form of specific
bands. p-actin (ACTB) was used as a loading control for each ana-
lyzed protein. qRT-PCR: Analysis of the expression of marker genes
for vascular endothelial cells such as CDH5 and KDR (d) after 14-day
differentiation into vascular endothelium compared with poPSC
SSEA-47 after the third passage (negative control) and porcine aorta
(positive control) at the transcript level as shown by qRT-PCR. The
results (2722 are presented as the mean values with n=3 =+ stand-
ard deviation (SD). Statistical analysis: homogeneity of variance—
Levene’s test, normality of distribution—Shapiro-Wilk test, one-
way ANOVA and Tukey’s HSD post hoc test, *P <0.05; **P <0.01;
%P <0.001

attempts to differentiate them into cells of the nervous sys-
tem such as neurons and glial cells (Wartalski et al. 2020).
Moreover, many compounds can promote their differentia-
tion. The plasticity of that population of ovarian cells offers
great opportunity; however, their full phenotypic characteri-
zation is necessary, along with a complete understanding of
all possible differentiation pathways and the mechanisms
controlling the course of these phenomena. This work is,
therefore, another attempt to better describe their distinc-
tive nature.

This study demonstrated for the first time the specific
cellular distribution of mesenchymal stem cell multipotency
markers in poPSCs isolated immunomagnetically from the
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Fig.3 The migration test. PSCs SSEA-4" differentiated into endothe-
lial cells, migrated through 3-pum pores under the influence of serum
(b) compared with cells in serum-free medium (a) crystal violet
staining after 48 h of the experiment. The microphotographs showed
a representative staining result from one of the repetitions, scale bar
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(400 times magnification)
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(upper a, b)=100 um, (lower a, b) =20 pm. The results represent the
mean of n=>35+standard deviation (SD). Statistical analysis: homo-
geneity of variance—Levene’s test, normality of distribution—Shap-
iro-Wilk test, one-way ANOVA and Tukey’s post hoc test, *P <0.05;
*##P<0.01; **#P <0.001 (c)

a b c

Fig.4 Tube formation assays. PSCs SSEA-4* differentiated into the
endothelium in the tube (pre-vessel) formation assay under the influ-
ence of bFGF 14 days after test initiation (b) compared to poPSCs
after the third passage (negative control, a). Red signal, F-actin vis-
ualized with Rhodamine B-conjugated phalloidin. The blue signal
indicates DAPI, which stains the DNA of cell nuclei. In the photos

ovarian cortex of postnatal pigs. Immunofluorescence analy-
sis clearly showed the specific surface localization of the
markers CD29, CD90, and CD105. The lack of CD45 anti-
gen was also confirmed by immunofluorescence. Western
blot analysis not only confirmed the presence of all three
tested markers in poPSCs, but also showed their increased
expression compared to ovarian cortex tissue. Similarly, high
expression of all three MSC markers (ITGBI, THY1, ENG)
was observed at the transcript level. The obtained results
allow us to postulate that poPSCs constitute a subpopulation

at the bottom of figure, transmitted light (TD) was turned on to show
the dextran microcarrier beads. In the image ¢ 3D modeling using the
"shadow projection” technique. Scanning in the "z" axis, 21 cross-
sections with a thickness of 4.45 pm each; assembly Imaris 7.2 soft-
ware (Bitplane Oxford Instruments Company), scale bar=100 pm

of MSCs in the ovary and as such are characterized by high
differentiation potential.

Bearing in mind the accumulating evidence indicating
both morphological and functional heterogeneity in MSC
populations during in vitro expansion, even within single
colonies (Tremain et al. 2001; Rennerfeldt and Vliet 2016;
Rennerfeldt et al. 2019), it seems possible that the popula-
tion of ovarian MSCs we isolated was not homogeneous.
Instead it might have contained multiple subpopulations, and
this will require further characterization in future research.
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The finding that stem cells isolated from the ovarian
cortex are MSCs is relatively new. This study is the first
to characterize porcine ovarian stem cells as MSCs. Hill
et al. (2018) established MSC lines derived from canine
ovarian tissue based on their ability to rapidly (the first
3 h after plating) adhere to plastic culture dishes. They
characterized them in terms of molecular markers pres-
ence (CD90 and CD44) and differentiation capacity. They
concluded that both morphological and molecular proper-
ties of MSCs isolated from the canine ovary were simi-
lar to adipose-derived MSCs. Our results are consistent
with those reported by them. Similar to canine ovarian-
derived MSCs, those isolated from the porcine ovary are
morphologically similar to fibroblasts, form colonies, and
show rapid proliferation. To validate novel MSC popula-
tions of cells, they should adhere to plastic and show the
presence/absence of specific surface markers and differ-
entiation properties (Dominici et al. 2006). Both porcine
and canine ovarian-derived MSCs showed the presence
of several markers identified in adipose tissues, such as
CD105, CD90, and CD44 (our team unpublished data).
This suggests similarities between MSCs originating from
the ovary and those from the adipose tissue. In addition,
neither ovarian- nor adipose-derived MSCs possess hemat-
opoietic markers such as CD45. The expression of mes-
enchymal markers in the ovary may be associated with
the involvement of these cells in tissue repair after ovula-
tion (Ahmed et al. 2007). This process of wounding and
resulting repair throughout the female reproductive life
confers plasticity to the ovary and promotes the expression
of both epithelial- and mesenchymal-specific genes needed
for tissue remodeling. CD90 plays also a role in intercel-
lular adhesion (Saalbach et al. 2000). Interestingly it is
also expressed by porcine theca stem cells, which showed
the ability to differentiate into osteocytes and adipocytes
(Lee et al. 2013). In the mouse, CD90 was dominantly
expressed in somatic compartments of ovarian follicles,
suggesting that it might play different functions (Tepekoy
et al. 2015).

Many clinical studies confirmed that MSCs can differ-
entiate into a variety of cell types (Sacchetti et al. 2016;
Galipeau and Sensébé 2018), including ECs. Based on the
above, stem cell-based therapies have been proposed to sup-
port endothelial regeneration (De Luca al. 2019). Because
the vascular endothelium consists of small, flat cells with a
mesenchymal shape, it is therefore not surprising that MSCs
can easily differentiate into ECs. Indeed, the efficiency of
poPSC differentiation into vascular endothelium was much
higher than previously carried out neural differentiation of
the same cells (Wartalski et al. 2020). poPSCs under the
influence of the endothelial differentiation promoting fac-
tors formed a nonhomogeneous monolayer of ECs within
14 days. For comparison, a 14-day culture differentiating of
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poPSCs into cells of the nervous system resulted in obtain-
ing a less numerous, heterogeneous population of neurons
and glial cells.

The relative ease of MSC differentiation into the vascular
endothelium might also be explained by one of the theories
about the perivascular origin of MSCs (Crisan et al. 2008,
2012). Perivascular cells, mainly pericytes, appear to be pre-
sent in many organs and tissues, including adipose tissue,
skeletal muscle, pancreas, and placenta. Moreover, perivas-
cular cells maintained in long-term in vitro culture showed
the expression of MSC markers and the ability for chemo-
taxis. Based on these multipotent capabilities, perivascular
cells/pericytes are considered very similar to MSCs (MSC-
like) (Bara et al. 2014).

The present research reported that after 14-days of poPSC
differentiation into ECs, they showed the expression of key
endothelial markers: VE-cadherin and VEGFR-2 both at the
protein level (immunofluorescence and WB analysis) and
corresponding genes (QRT-PCR; CDHS5, KDR). Expression
levels of both these genes were comparable to those found
in the aorta samples and much higher than in undifferen-
tiated poPSCs, which confirms successful differentiation
of poPSCs into ECs. Differentiation of various MSCs into
the endothelium has been successfully carried out for over
10 years. Oswald et al. (2004) isolated MSCs from human
bone marrow. The obtained cells expressed typical MSC
markers such as CD44, CD73, CD90, and CD105 and at
the same time showed no hematopoietic and EC markers.
Such MSCs were differentiated in the presence of 50 ng/mL
VEGF and 2% serum concentration in the culture medium.
Already such a relatively low stimulation with one growth
factor only and a low amount of serum was enough to dif-
ferentiate the bone marrow-derived MSCs into the vascular
endothelium. The analyzes carried out by the flow cytometry
showed that the above-mentioned cells strongly express such
endothelial markers as FLT-1 (VEGF type 1 receptor) and
VEGFR-3. In turn, the immunofluorescence analysis con-
firmed the presence and localization of the von Willebrand
factor, an essential blood component that determines normal
platelet adhesion and aggregation and is produced by ECs.
Additionally, in an in vitro angiogenesis test, MSCs plated on
an artificial basement membrane matrix (Matrigel®) in the
presence of VEGF began to form elongated, tubular struc-
tures resembling primitive capillaries (Oswald et al. 2004).
In this study, a very similar tube formation assay has been
performed. However, endothelial differentiated poPSC cells
have already been used for seeding on microcarrier-based
spheroids. When the cells adhered to the beads and started to
grow on their surface, the beads were placed in an artificial
basement membrane matrix (Matrigel®). Fourteen days of
culture in the presence of bFGF resulted in the formation of
elongated, tubular structures resembling primitive capillar-
ies. Pankajakshan et al. (2013) were the first to demonstrate
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using functional assays and mRNA and protein expression
analysis of ECs markers (VE-cadherin, PECAM-1, VEGF-
R1, and VEGF-R2) that porcine bone marrow-derived MSCs
have the potential to differentiate into ECs in the presence
of endothelial growth supplements and VEGF in vitro. The
cultured bone marrow-derived cells were CD34~, CD44,
CD90* and showed mesodermal lineage differentiation.
Additionally, these cells showed profuse sprouting of capil-
lary tubes and closed polygon formation in the angiogenesis
assay. Similar results were obtained in the current study. In
other studies (Silva et al. 2005), the ability of canine MSCs
to differentiate in vivo has been demonstrated. Moreover,
not only can bone marrow MSCs be efficiently differentiated
into vascular endothelium, but an important group of MSCs
are cells derived from the amniotic fluid. Human MSCs can
be obtained from the amniotic fluid by amniocentesis during
the second trimester of pregnancy. Such cells show MSC
markers such as CD44, CD73, CD90, and human leukocyte
antigen—ABC (HLA-ABC), which was confirmed by flow
cytometry. At the same time, MSCs isolated from the amni-
otic fluid are negative for markers such as CD31, CD34,
CD45,CD117, and HLA-DR. MSCs from the amniotic fluid
were differentiated into ECs using VEGF culture medium
supplementation and then analyzed for the expression of
endothelial-specific markers and functions (RT-qPCR and
immunofluorescence methods). These analyzes showed that
MSCs differentiated into the vascular endothelium exhibit
von Willebrand factor, VEGFR-2, CD31, and endothelial
nitric oxide synthase (eNOS).

To finally confirm the differentiation of poPSCs into
the vascular endothelium, their ability to migrate through
the porous membrane under the influence of a chemoat-
tractant was checked. This is a fairly common procedure
known for many years as the Boyden chamber test. Pre-
viously it was used to test the ability of vascular ECs
to migrate through an 8-pm pore size membrane under
the influence of VEGF as a chemoattractant (Yoshida
et al. 1996; Kramer et al. 2013). In the present study, the
Boyden test was modified using a 3-um membrane and
medium with 20% FBS as a chemoattractant. After 48 h,
sevenfold greater migration was observed in the chem-
oattractant trials as compared to the FBS-free control.
The rate of migration through such small pores, with the
presence of endothelial markers such as VE-cadherin and
VEGFR-2 indicate that cells obtained by differentiation
from poPSCs are indeed vascular ECs. Since EC hetero-
geneity has been described at the level of cell morphol-
ogy, function, gene expression, and antigen composition
(Aird 2007a, b, 2012), future studies will be needed to
more precisely characterize the poPSC-derived endothe-
lial-like cells.

Conclusions

In summary, poPSCs isolated from the postnatal ovarian
cortex of sexually immature pigs, are multipotent. They
display numerous surface markers of mesenchymal stem
cells (including CD29, CD90, CD105) and therefore can
be considered as a heterogeneous population of MSCs in
the ovary. poPSCs escape the rigid classification frame-
work because we successfully differentiated them into
cells originated from the two germ layers: various cells
of the nervous system and now the vascular ECs. The
plasticity of the isolated population of cells offers a great
opportunity. On the other hand, of concern is the ease with
which poPSCs differentiate into vascular endothelium,
since it may be related to their possible role in initiating
angiogenesis in ovarian tumors. Porcine ovarian tissue is
accessible and has high plasticity, holding promise for
applications in regenerative medicine. However, xenoge-
neic transplantation from pigs to humans is compromised
by high immune incompatibility and a complex rejec-
tion process. However, the rapid development of genetic
engineering techniques enables genome modifications in
pigs that reduce the cross-species immune barrier (Ryc-
zek et al. 2021). Xenotransplantation is a multidiscipli-
nary undertaking, requiring the development of a range
of research methods. In recent years, advances have been
made in areas of developing and introducing the appropri-
ate gene constructs, determining the characteristics of the
transgenic animals produced, or ensuring donor and recipi-
ent histocompatibility. All this in terms of both knowledge
and technology, may bring the successful application of
xenotransplantation closer to reality. Given the fact that
genetically modified pigs can become cell or tissue donors,
following the phenotypic characterization of poPSCs, the
next challenge would be to investigate the different dif-
ferentiation pathways of poPSCs and the mechanisms that
control these phenomena.
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