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Abstract

Mesenchymal Stem Cells (MSCs), as an adult stem cell type, are used to treat various disorders in clinics. However, deriva-
tion of homogenous and adequate amount of MSCs limits the regenerative treatment potential. Although mesoderm is the
main source of mesenchymal progenitors during embryonic development, neuromesodermal progenitors (NMPs), reside in
the primitive streak during development, is known to differentiate into paraxial mesoderm. In the current study, we generated
NMPs from human embryonic stem cells (hESC), subsequently derived MSCs and characterized this cell population in vitro
and in vivo. Using a bFGF and CHIR induced NMP formation protocol followed by serum containing culture conditions;
here we show that MSCs can be generated from NMPs identified by not only the expression of T/Bra and Sox 2 but also
FLK-1/PDGFRa in our study. NMP-derived MSCs were plastic adherent fibroblast like cells with colony forming capacity
and trilineage (osteo-, chondro- and adipo-genic) differentiation potential. In the present study, we demonstrate that NMP-
derived MSCs have an endothelial tendency which might be related to their FLK-14+/PDGFRa + NMP origin. NMP-derived
MSC:s displayed a protein expression profile of characterized MSCs. Growth factor and angiogenesis related pathway proteins
were similarly expressed in NMP-derived MSCs and characterized MSCs. NMP-derived MSCs keep characteristics after
short-term and long-term freeze-thaw cycles and localized into bone marrow followed by tail vein injection into NOD/SCID
mice. Together, these data showed that hESC-derived NMPs might be used as a precursor cell population for MSC derivation
and could be used for in vitro and in vivo research.
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Introduction (MSC) based therapies comprised 44 % of all registered tri-

als [43]. Cellular therapy has great importance due to the

Cell therapy research and clinical approaches have been
accelerated over the past 10 years [43]. Over 3000 cell trans-
plantation clinical trials have been listed in the clinicaltrials.
gov (https://clinicaltrials.gov/), and Mesencymal Stem Cell
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potential promising utilization in critical diseases such as
cardiovascular diseases [4], neural diseases [50], and cancer
[57]. Embryonic stem cells (ESCs), induced pluripotent stem
cells (iPSCs), and mesenchymal stem cells (MSCs) main cell
sources for cell therapy research and applications, thanks
to their differentiation capacity and self-renewal ability [1].
Choice of the appropriate cell source depends on many fac-
tors including ethical considerations, potency, optimized
protocols and homogeneity [26].

MSCs among various cell types have been the aim of
interest as a multipotent stromal cell source capable of
differentiating into a variety mesoderm derived cell types
including chondrocytes, osteoblasts, and adipocytes [54].
Because of immunomodulatory function, differentiation
capacity, controlled cellular differentiation and long-term
in vitro culturing capability [1], MSCs are used in the clinics
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for various disorders such as degenerative joint disease [38]
and osteoarthiritis [18], cardiovascular diseases [4], aes-
thetic medicine [27], nervous and endocrine system diseases
[20], and repair of damaged musculoskeletal tissues [29].
Although MSCs are important candidates in cellular thera-
pies; functional heterogeneity because of different source
of the donor, lack of adequate cell numbers, and harmful
cryopreservation procedures limits the clinical treatments
[35]. Inconsistent data from various trials of MSC-based
cellular therapies might be explained unstandardized pro-
cedures and cultured cells [23] which could be controlled
by establishment of culture conditions including derivation,
expansion and characterization of the homogeneous MSC
populations [36].

Human pluripotent stem cells (hPSC), including hESC
and hiPSC, are candidates for cell therapy applications
considering their typical features including pluripotency
and self-renewal capacity [7]. More importantly, tissues
derived from iPSCs have identical Human Leukocyte Anti-
gen (HLA) profile with the donor cells, so that they are
not rejected by the immune system [44]. Similar to iPSCs,
human ESCs offer unprecedented regenerative potential to
damaged tissues of the human body, as ESCs have unlimited
proliferation potential and transform into various cell types
[51]. ESC approaches support main investigation on the
function and differentiation of human tissues and enhance
the safety and effectiveness of human drugs [6, 39]. How-
ever, ES cell based therapy is restricted by various factors
including tumorigenic properties, immunogenicity and lack
of mature cell differentiation protocols [14].

Pluripotent stem cells can be used as unlimited sources to
derive desired cell lineage for further research and therapy.
Although PSC-derived MSC (PSC-MSC) developmental
pathways are still unclear, identification of some of the dif-
ferentiation protocols of PSCs in the cell culture enables
homogeneous and high-quality MSC derivation from PSCs
[1]. PSC-MSCs have significantly higher proliferation
capacity and stronger immunomodulatory function com-
pared to adult MSCs [34]. Remarkably, after the derivation
of PSC-MSCs, cells still have osteogenic, chondrogenic,
and adipogenic differentiation abilities, like the most dis-
tinguishing feature of adult MSCs [2]. However, in order to
generate PSC-MSC, intermediate progenitors that belong
to their differentiation pathways have to be clarified. For
example, MSCs have multiple developmental origins which
are containing neural crest and mesoderm [5, 42], and also,
these pathways can be identified for determining intermedi-
ate progenitors [53].

Lineage-specific studies have identified that caudal epi-
blast (CE) contains a bipolar progenitor population, neural
mesodermal progenitors (NMPs), located at the node streak
border (NSB), spreading along with site into the caudal
lateral epiblast (CLE), leading to neural and mesodermal

precursors [45]. Recent grafting experiments in embryonic
day 8.5 (E8.5) embryos have shown that the fate of NMP
descendants is related to the relative levels of Sox2 or T
protein expression [25] which caused by the potential to give
rise to the spinal cord and paraxial mesoderm tissues such as
cartilage and muscle cells [3, 47]. This advocates that NMP-
derived MSC can exist during fetal development and also
stay in our bodies during life [53]. Identification of NMPs
as a potential intermediate cell source for homogenous MSC
derivation might be useful in research and therapy. Wang
and colleagues have shown the derivation of MSCs from
NMPs [53] and we brought a new perspective to bank this
cell population as a potential cell source.

Here, we generated and characterized MSCs from hESC-
derived NMPs. We demonstrated the in vitro potential of
these NMP-derived MSCs as a potential source for cell
therapy and banking applications for regenerative medi-
cine. Moreover, we elucidate fully characterization of NMP-
derived MSCs population by in vivo homing capabilities to
explore the clinical potential of this new alternative, safe,
and promising cell population.

Materials and Methods
Cell Culture

Human ESC line H9 Cre-LoxP (Wicell, USA) which was
labelled by GFP at the endogenous locus via Cre mediated
recombination [19] was cultured in mTESR medium on
Matrigel (Corning, USA) coated plates according to feeder
free protocol [31]. Cells were incubated in a humidified
incubator at 37 °C and 5 % CO, atmosphere. The medium
was replenished each day.

Human umbilical vein endothelial cells (HUVEC,
ATCC-CRL 1730), mouse fibroblast cell line (L-929,
ATCC-CCL-1) and SH-SYS5Y neuroblastoma cells (ATCC-
CRL-2266) were cultured in Dulbecco’s modified Eagle’s
medium (DMEM) (Gibco, USA) containing 10 % fetal
bovine serum (FBS) (Invitrogen, UK), and 1 % of penicillin,
streptomycin, and amphotericin B (PSA) (Invitrogen, UK).

ACS Telo cells (ASC52telo, ATCC-SCRC-4000) as
hTERT immortalized adipose derived mesenchymal stem
cells and dental pulp stem cells (DPSCs) which were previ-
ously isolated, characterized and cultured by our laboratory
[12] were cultured in DMEM (low glucose, 1 g/L glucose)
containing 10 % FBS, and 1 % PSA.

Differentiation of hESC into Neuromesodermal
Progenitors (NMPs)

Human ES cells (H9 Cre-LoxP) were detached from coated
wells with Versene (Gibco, USA) solution and plated at
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approximately 2 x 10° cells/well onto low attachment
24-well-tissue culture plates (Corning, USA) in N2B27
medium supplemented with 3 uM CHIR99021 (StemCell
Technologies, USA), 12 ng/ml bFGF (Peprotech, UK) and
10 uM ROCK inhibitor Y-27,632 (StemCell Technologies,
USA) as suspension culture for 72 h (Fig. 1a). N2B27
medium was used as a serum free culture medium for
embryoid body generation which includes a mixture of
1:1 Neurobasal medium and DMEM-F12 medium (Gibco,
USA), 0.5% N2 supplement (Gibco, USA), 1% B-27
supplement (Gibco, USA), 0.5 % of 10 % Bovine serum
albumin (BSA) (Sigma-Aldrich, UK) in Phosphate Buffer
Saline (PBS) (Gibco, USA), 1% L-glutamine (Gibco,
USA) and 1 % antibiotics including PSA.

NMP-derived MSC Generation in Cell Culture

NMPs (at day 3) were plated at approximately 10° cells
on Matrigel (Gibco, USA)-0.1 % Gelatin (Sigma-Aldrich,
UK) (1:200) solution coated 10 cm petri dishes (TPP,
Switzerland) in N2B27 medium supplemented with 3 pM
CHIR99021 and 10 uM ROCK inhibitor Y-27,632 for 48 h
to induce mesoderm stage differentiation. ROCK inhibitor
was removed from culture medium 24 h after plating. N2B27
culture medium was replenished with DMEM (1 g/L glu-
cose) supplemented with 10 % FBS, 1% PSA, 5 ng/ml bFGF
for 72 h to induce MSC-like stage. MSC-like cells were re-
plated at approximately 10° cells onto Matrigel-0.1 % Gela-
tin (1:200) coated 10 cm petri dishes in DMEM (1 g/L glu-
cose) supplemented with 10 % FBS and 1 % PSA as shown
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Fig. 1 Differentiation of hESCs into NMPs. (a) NMP derivation pro-
tocol. (b) NMP-derived MSC generation protocol. (¢) T/Bra and Sox2
staining of cells at different time points (day 3, day 5 and day 24). (d)
Number of T+/Sox2+ and T+/Sox2- colonies at D3 NMPs (e) Heat
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map representation of T/Bra and Sox2 immunostaining during MSC
derivation. (f) T/Bra, Sox2, Wnt3, Nkx1-2 gene expression of day 3
NMPs. #P<0.05
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«Fig. 2 Characterization of NMP-derived MSC cells. (a) Cellular
morphology during differentiation. Cells acquired MSC phenotype.
(b) Colony formation capacity of MSC II cells. (c-i) Experimental
design of sequential CFU assay for self-renewal analyses. (c-ii) Crys-
tal violet stained colonies. (c-iii) Morphology of crystal violet stained
MSC colonies. (d) Colony number and (e) colony diameter of MSC
(MSC-II) colonies after 4 sequential CFU assays. (f) CD73 and CD45
immunostaining of MSC-II. (g) Cell doubling time and (h) cellular
proliferation of NMP-derived MSC cells. (i) Differentiation of MSC-
II cells into osteo-, chondro- and adipo-genic cells. Osteogenic differ-
entiation was shown by vonKossa staining and Col I immunostaining.
Chondrogenic differentiation was performed by Alcian Blue and Col
II immunostaining. Adipogenic differentiation was shown by visuali-
zation of lipid droplets under microscope. *P<0.05

in (Fig. 1b) and cultured until 24 days for further MSC stage
differentiation. Two different stages were analyzed for MSC
phenotype at day 10 (MSC I) and day 24 (MSC II). Cellular
morphology was analyzed, and images were taken by a light
microscope (Axio Vert.Al; Zeiss, Heidelberg, Germany).

Characterization of NMP-derived MSCs by Three
Lineage Differentiation

NMP-derived MSCs were differentiated into chondrogenic,
osteogenic, and adipogenic cells according to the literature
[48] to confirm MSC characteristics. Differentiation medium
contents used in the differentiation experiments were shown
in Supplementary Table 1.

Cells were counted and plated onto 12-well-plates (TPP,
Switzerland) at a cell density of 10* cells/ well in growth
medium. After 24 h incubation, growth medium was
replenished with osteogenic, chondrogenic and adipogenic
medium. Cells were incubated in a humidified incubator at
37 °C and 5% CO, for 14 days and differentiation media
were changed every other day. Differentiation of cells was
confirmed by immunocytochemistry analysis, staining, and
quantitative real time PCR Analysis (qPCR).

Staining of Differentiated MSC

Calcium deposition after osteogenic differentiation was visu-
alized using Von Kossa staining (Abcam, UK). Cells were
fixed with 4 % Paraformaldehyde (ThermoScientific, USA)
at 4 °C for 30 min. After fixation step, cells were stained
with von Kossa kit according to the manufacturer’s instruc-
tions. Calcium depositions were visualized by using light
microscope (Axio Vert.Al; Zeiss, Heidelberg, Germany).

Alcian blue staining (Sigma-Aldrich, UK) was performed
to confirm chondrogenic differentiation. Cells were fixed
with 4 % Paraformaldehyde and stained with Alcian blue
solution according to the manufacturer’s instructions. Differ-
entiated chondrocytes were observed under light microscope
(Axio Vert.Al; Zeiss, Heidelberg, Germany).

@ Springer

Oil red staining (Sigma-Aldrich, UK) was performed to
demonstrate lipid vesicles at the end of adipogenic differen-
tiation. After 14 days of incubation, fixed cells were stained
with Oil red according to the manufacturer’s instructions.
Lipid particles were observed under light microscope (Axio
Vert.Al; Zeiss, Heidelberg, Germany).

Quantitative Real Time PCR Analysis

Primers (Supplementary Table 2) were designed using
Primer-BLAST software from the National Center for Bio-
technology (Bethesda, MD, USA) and synthesized by Sen-
tegen (Ankara, Turkey). f-Actin was used as a housekeeping
gene. Total RNAs were isolated using Trizol reagent (Invit-
rogen, USA) according to the manufacturer’s instructions.
Reverse transcription (RT) was performed using cDNA
synthesis kit (Bio-Rad, USA). SYBR Green (Applied Bio-
systems, USA) method was used as described previously
for qPCR analysis [15]. CFX96 RT-PCR system (Bio-Rad,
USA) was used in all RT-PCR experiments.

Immunocytochemistry Analysis

Cells at different time points of the differentiation were
stained with antibodies for NMP characterization, MSC
characterization and confirmation of differentiation. Cells
were fixed with 4 % PFA and permeabilized with 0.1 %
Triton-X 100 solution (Sigma-Aldrich, UK). Afterwards,
cells were washed with PBS and treated with 1% BSA for
blocking. Cells were incubated with the following primary
antibodies including Sox2, T/Bra, CD45, CD73, CollA,
Col2A, PECAMI1, VEGF, VE-cadherin and VCAMI1 (San-
taCruz Biotechnology, USA) and incubated overnight at
4 °C. Cells were rinsed and incubated with secondary anti-
bodies including anti-mouse AlexaFluor 594 and anti-rabbit
AlexaFluor 647 (Invitrogen, USA) for 30 min at room tem-
perature. DAPI (1:1000) (ThermoScientific, USA) was used
for nuclei staining. The images were taken using a confocal
microscope (LSM 700; Zeiss, Heidelberg, Germany). Image
J software was used for intensity measurements.

Self-Renewal Analysis of NMP-derived MSCs
and Colony Forming Unit (CFU) Assay

Cells were subjected to self-renewal analysis by repeated
colony formation assay according to the literature [41].
Cells were sub-cultured by four repeated colony forming
unit assay (CFU) cycle for selected 10 different colonies
as experimental replicates (Fig. 2c). Selected 10 colonies
were dispersed and cultured at a cell density of 300 cells/
well of 6-well plate (Corning, USA) in DMEM (1 g/L glu-
cose) supplemented with 10 % FBS and 1 % PSA for 14 days
(Fig. 2b) at each self-renewal cycle. Generated colonies were
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fixed at the end of 10 days for crystal violet staining (Sigma-
Aldrich, UK). Images were taken by inverted microscope
with equipped AxioCam ERc5s camera (ZEISS) and colo-
nies were counted and analyzed by using Image J Software.

CFU assay was performed for confirm MSC character-
istics after isolation, short-term and long-term freeze thaw
cycles and self-renewal analysis as described above. Cells
were seeded at a cell density of 300 cells/well of 6-well
plate in DMEM (1 g/L glucose) supplemented with 10 %
FBS and 1% PSA. Cells were incubated for 14 days in a
humidified cell culture incubator and medium was changed 3
times/week. Cells were fixed and stained with crystal violet.
Images were taken by an inverted microscope with equipped
AxioCam ERc5s camera (ZEISS) and colonies were counted
and analyzed by using Image J Software.

Cell Proliferation Analysis

Cell counting analyses were done to check cell prolifera-
tion of NMP-derived MSCs at the end of 24 days. DPSCs
and ASC Telo cells were used as characterized MSCs for
comparison analysis. Cells were seeded onto 12-well plates
at a cell density of 10* cells/well and cell proliferation was
determined by cell counting.

Cell Doubling Analysis

Cell doubling of NMP-derived MSCs was calculated accord-
ing to the protocol as described previously [9]. NMP-derived
MSCs, DPSCs and ASC Telo cells were seeded onto 12-well
plates at a cell density of 1x 10* cells/well per well and
counted every day to determine cell doubling time. Cell
doubling time was calculated according to the formula [8]:

N(t) = N(0)es"™!

Where;

N(t) refers to the cell number at time t, N(0) is the cell
number at time 0, gr is growth rate and t is time in hours.
Thus, doubling time is calculated by fallowing formula:

In(2)

doublingtime = —————
& growthrate

Cell Cryopreservation Analysis of NMP-derived
MSCs

Cell cryopreservation analyses were performed to explore
banking capacity of NMP-derived MSCs. The effects of
cryopreservation on NMP-derived MSCs were analyzed
by repeated (short-term) and long-term freeze-thaw cycles
according to previously described protocol by our group

(Supplementary Fig. 5a) [11]. Different ten (C1- C10) colo-
nies and 5 colonies of NMP-derived MSCs were subjected
to long-term and short-term cryopreservation analysis.

Cells were seeded onto 150 mm tissue culture dishes
(TPP, Switzerland) and incubated in humidified incubator
until 80 % confluency. Cells were cryopreserved in 1.0 mL
serum free freezing medium in 2 mL cryo-vials (CAPP, Ger-
many) by using a controlled cell freezing container. Cells
were kept at -80 °C freezer for 24 h and transferred to the
-196 °C liquid nitrogen tank. This procedure was applied
as four repeated freeze thaw cycles for short-term analysis
and cells were kept at liquid nitrogen tank for 6 months for
long-term storage. Trypan blue staining (Gibco, USA) was
utilized to check cell viability after each cell thaw before
plating [35]. The effect of cryopreservation on cell viabil-
ity and MSC characteristics was investigated by morphol-
ogy analysis and CFU assay. During each freezing process,
cell images were taken with an invert microscope equipped
with AxioCam camera (Axio Vert.Al; Zeiss, Heidelberg,
Germany).

Cells were analyzed for cell surface markers and MSC
characteristics after cryopreservation. Two colonies of cryo-
preserved NMP-derived MSCs were selected for further dif-
ferentiation analysis to confirm MSC characteristics after
short-term and long-term cryopreservation experiments.
Cells were differentiated into osteogenic, chondrogenic and
adipogenic lineages to confirm 3-lineage differentiation
capacity of NMP-derived MSCs.

Tube Formation Assay

Tube formation analyses were performed to confirm
endothelial differentiation capacity of NMP-derived MSCs.
In vitro tube formation assay was performed on Matrigel-
coated 24-well tissue culture plates as previously described
by our group [10]. Briefly, pre-chilled plates were coated
with Matrigel thawed at 4 °C overnight and incubated at
37 °C for 1 h to provide polymerization. 5x 10* cells were
re-suspended in serum-containing medium and 100 pl of cell
suspension was put into the Matrigel-coated wells. Plate was
incubated at 37 °C and 5 % CO, in the incubator. The tube-
like structures were observed after 24 h, and branches were
counted in five randomly chosen areas for quantification.

Co-Culture Assay

Co-culture assay was conducted as previously described
by our group [15]. HUVEC cells were stained by PKH
26 (red) cell labelling kit according to the manufacturer’s
instructions. After staining, HUVEC and NMP-derived
MSCs were co-cultured at 1:1, 1:3 and 3:1 ratio as 2 x 10°
cells/well onto each well of 6-well plate. Cells were incu-
bated in a humidified chamber at 37 °C and 5% CO, for
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24 h. Pictures were taken using an inverted fluorescent
microscope (Axio Vert.Al; Zeiss, Germany). Then, cells
were trypsinized (Gibco, USA) and collected for flow
cytometry analysis. Flow cytometry analyses were com-
pleted by Becton Dickinson FACS Calibur flow cytometry
system (Becton Dickinson, CA).

Collection of Conditioned Medium

NMP-derived MSCs [(MSC I (D10)- MSC II (D24)], ASC
Telo and DPSC were seeded onto T25 cell culture flasks
(CAPP, Germany) and conditioned medium was collected
when cells reached to 80 % confluency. Condition medium
was filtered through the 0.22 uM syringe filter (GVS,
Italy), aliquoted and stored at -20 °C until use.

Scratch Assay

Condition medium of NMP-derived MSCs were used for
in vitro scratch analysis of fibroblast cells. Scratch assay
was conducted according to the protocol as described pre-
viously [10]. L929 mouse fibroblast cells were seeded at
8 x 10* cells/well density onto the 12-well plates and incu-
bated overnight in humidified incubator.

Next day, adherent cells were scratched with a sterile
200 ul pipette tip (CAPP, Germany), and the medium was
immediately replaced with fresh media containing 20 %
condition media. Wound healing experiments were per-
formed using 20 % condition media collected from NMP-
derived MSCs (D10 and D24), ASC Telo and DPSCs.
Cells were observed under an inverted microscope (Zeiss
PrimoVert) equipped with AxioCam ERc5s camera and
Zen 2011 software (Carl Zeiss Microscopy, NY, USA) and
images were taken at 0, 6 and 24 h.

Neuroprotective Activity

H,0,- induced toxicity model was established on SH-
SYS5Y neuroblastoma cell line to check neuroprotective
activity. SH-SY5Y cells were plated onto 12-well plates
with a cell density of 8x 10* cells/well and incubated
overnight in a humidified incubator. Next day, 300 uM
H,0, (Sigma-Aldrich, UK) and 20 % of condition media
collected from NMP-derived MSCs (D10 and D24), ASC
Telo and DPSCs were applied to the cells for 24 h. At the
end of 24 h incubation, cell morphology was controlled,
and images were taken by light microscope (Axio Vert.
Al; Zeiss, Germany). Cell proliferation was determined
by trypan blue staining and cells were counted using a
hemocytometer.
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Human Cytokine, Angiogenesis and Growth
Factor Array

Cytokine, Angiogenesis and Growth Factor profile of
NMP-derived MSCs were determined by protein mem-
brane array analysis. Human Cytokine Array C1 (#AAH-
CYT-1-8, RayBiotech, USA), Human Angiogenesis
Antibody Array (#AAH-ANG-1-8, RayBiotech, USA),
and Human Growth Factor Antibody Array C1 (#AAH-
GF-1-8, RayBiotech, USA) were used to determine pro-
tein expression profile of cell at different time points
(DO, D3, D5, DS, D10, D24). Protein panel of Cytokine,
Growth Factor and Angiogenesis arrays were shown in
Supplementary Table 3. Protein isolation was conducted
for all experimental samples collected during differen-
tiation of embryonic stem cells (DO, D3, D5, DS, D10,
D24) and DPSCs as characterized MSCs. Experiments
were conducted according to the manufacturer’s instruc-
tions. Briefly, proteins were isolated by Lysis Buffer of
the array kit and protein concentrations were measured
by BCA (ThermoScientific, USA) assay. Membranes were
incubated in blocking buffer for 30 min and then treated
with protein samples overnight at 4 °C on a rocking plat-
form. Protein samples were removed, and membranes were
washed 3 times with wash buffer. Biotinylated antibody
cocktail diluted in blocking buffer were administered to
the cells for 2 h at room temperature. Membranes were
washed and treated with HRP for 2 h. Membranes were
washed, protein expression was detected and visualized by
a chemiluminescent system (Bio-Rad Biotechnology Inc.,
USA) [17]. Protein spot intensity measurements were con-
ducted by Image Lab software Bio-Rad Laboratories Inc.,
Hercules, CA, USA) and results were analyzed by Graph-
Pad Prism 8 (GraphPad Software, La Jolla, CA, USA).

In vivo Localization and Tissue Distribution analysis
of NMP-derived MSCs

In vivo tissue and organ distribution analysis were per-
formed for NMP-derived MSCs to perform in vivo charac-
terization. The following procedure has been approved by
the Yeditepe University Animal Experiments Ethics Com-
mittee (Approval number/date: 2019/12-4, 24.12.2019).
Animals were housed at a constant temperature (23 +
1 °C) and humidity (60 + 10 %), maintained at a 12 h light/
dark cycle and fed with food and water ad libitum. Experi-
ments were conducted as described previously [46].
Experimental strategy was shown in Fig. 5a. 6 ani-
mals/experimental group were used to characterize NMP-
derived MSCs in vivo. DPSCs and cells at different time
points (days: DO, D3, D5, D8, D10, D24) were collected
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and 1x 10° cells were transplanted into the NOD/SCID
mice via tail vein injection. After 24 h, animals were sac-
rificed and samples including blood, spleen, liver, lung,
heart, bone marrow and spinal cord were collected. Blood,
spleen, liver, lung, heart, bone marrow and spinal cord
samples were subjected to flow cytometry analysis.

Erythrocytes were removed from whole blood by lysis
buffer including 2.075 % ammonium chloride (NH,Cl) and
0.25 % sodium bicarbonate (NaHCO;) and washed twice
with Flow cytometer (FCM) buffer prepared with PBS
containing 1 % BSA and 0.5 % sodium azide (NaNj3). Other
tissues were divided into small pieces in FCM buffer and
homogenized. The homogenates were filtered through a
40 pm nylon cell strainer (Greiner Bio-One, Germany) to
discard debris. Then tissues were washed twice with FCM
buffer and subjected to flow cytometry analysis to detect
GFP-positive cells [22]. The flow cytometry analysis was
conducted using Becton Dickinson FACS Calibur (Becton
Dickinson, San Jose, CA, USA, model no: 342,975) flow
cytometry system.

Statistical Analyses

One-way analysis of variance (ANOVA) with Tukey’s post-
hoc test was utilized for statistical analysis. All statistical
analysis was performed by GraphPad Prism version 8.0.0
for Windows (GraphPad Software, SanDiego, California
USA, www.graphpad.com). The p values less than 0.05 were
accepted as statistically significant. Correleation matrix and
principal component analysis (PCA) were generated by
using the same program GraphPad Prism version 8.0.0 for
Windows. Scatter plots were generated by an online tool
ClustVis (https://biit.cs.ut.ee/clustvis/) [33].

Results

H9 Cre-LoxP Cells Successfully Differentiate
into Neuromesodermal Progenitors (NMPs)

HO9 Cre-LoxP hES cells were subjected to a 24 days differ-
entiation protocol (Fig. 1b) which starts with the generation
of NMPs (Fig. 1a) at the initial stage by activation of FGF
and WNT pathways using bFGF and CHIR. H9 Cre-LoxP
cells successfully differentiate into NMPs which was dem-
onstrated by simultaneous T/Bra and Sox2 staining (Fig. 1c).
An approximately 57 % of the NMP colonies were T/Bra
and Sox2 double positive at day 3 (Fig. 1d) and double
positive staining of NMP colonies reduced during differ-
entiation (Fig. 1¢). Cells loose T/Bra and Sox2 expression
in a time dependent manner during 24 days differentiation
(Fig. le, Supplementary Fig. 1a). Although there is still a
robust expression of T/Bra and Sox2 at day 5 mesoderm

cells (Fig. 1c, Supplementary Fig. 1a), staining intensity
gradually reduced during differentiation into MSCs (Fig-
ure le). NMP marker genes such as T/Bra, Sox2, Wnt3,
Nkx1-2 were significantly upregulated at NMPs (Fig. 1f).
T/Bra and Sox2 gene expression was quite detected until day
8 and then sharply reduced during differentiation. Although
Nkx1-2 specifically enhanced at day 3 and almost disap-
pear at the remaining tie period, Wnt3 expression gradually
increased until day 8, generate a peak and reduced at day 10
and day 24 by keeping its expression at a detectable level
compared to DO undifferentiated ES cells ((Figure 1f, Sup-
plementary Fig. 1b). In addition, cells loose pluripotency
gene expression during differentiation (Supplementary
Fig. 1c). Oct3/4, Nanog and c-MYC gene expression was
significantly reduced at the end of 24 days. MSC II popula-
tion which is the MSC cells derived from NMPs after 24
days protocol did not show c-MYC gene expression and very
small amount of Oct3/4 and Nanog expression was observed
(Supplementary Fig. 1c).

NMPs Give Rise to Mesenchymal Stem Cells (MSCs)
In Vitro

MSCs were derived from H9 Cre-LoxP hES cells through
an initial 3 days NMP differentiation (Fig. 1a) followed by
a 24-day MSC differentiation (Fig. 1b). Two different MSC
population at day 10 (MSC I) and day 24 (MSC II) were
analyzed for MSC phenotype. MSC-II resembles the char-
acterized MSC phenotype and used for the further experi-
ments. Cells lost ESC phenotype and acquired a spindle
shape-fibroblast cell like morphology during differentiation
as characterized MSCs such as DPSCs and ASC Telo cells.
NMP-derived MSCs became plastic adherent starting from
day 10 which were able to attach to the plastic tissue cul-
ture surfaces without extracellular matrix coating (Fig. 2a).
MSCII cells represented MSC phenotype and generated
colonies after single cell seeding onto plastic tissue culture
surfaces (Fig. 2b). Colony formation assay was performed
as 4 consecutive cycles (Fig. 2c-i). MSC II cells generated
colonies at each cycle (Fig. 2c-ii) and cellular morphology
was not changed (Fig. 2c-iii) indicating the self-renewal
capacity of generated MSC II population. Colony number
increased (Fig. 2d) but colony diameter decrease (Fig. 2e)
after each cycle. This might be explained by MSC pheno-
type of cells after differentiation which enhanced surface
attachment of single cells but decreased cellular proliferation
as a result of aging in cell culture. NMP-derived MSC 11
cell population express high CD73 and low CD45 indicat-
ing the MSC characteristics of surface marker expression
(Fig. 2f). Cells gradually increase CD73 protein expression
and reduced CD45 during differentiation (Supplementary
Fig. 2a). CD73 expression was detectable from the initial
stages of MSC derivation protocol and enhanced in a time
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dependent manner (Supplementary Fig. 2a-2b). CD73,
CD90 and CD10S gene expression were upregulated in
NMP-derived MSC cells. MSC II at the end of the 24 days
of differentiation protocol expressed high levels of marker
genes including CD73 and CD90 but not CD105 (Supple-
mentary Fig. 2¢). Cell doubling and cellular proliferation
were similar to characterized MSC populations such as
DPSCs and ASC Telo cells. There was a minor increase in
doubling time of NMP-derived MSC cells (Fig. 2g-h). MSC
II cells were differentiated into mesoderm derived osteo-
genic, adipogenic and chondrogenic cell lineages. Osteo-
genic and chondrogenic differentiation were successfully
performed, however cells were poorly differentiated into
adipogenic cells (Fig. 2i). Differentiation capacity of MSC
II cells was compared to MSC I cells, DPSCs and ASC Telo
cells and successful differentiation was confirmed in vitro
(Supplementary Fig. 3). MSC II cells successfully differenti-
ated into 3 lineages which was similar to DPSCs and ASC
Telo cells (Supplementary Fig. 3a-3b-3c-3d). MSC I cells
showed a mild differentiation according to staining analysis
(Supplementary Fig. 3b). However, differentiation related
gene expression data demonstrated that MSC I and MSC 11
cell populations upregulated osteocalcin, adiponectin and
Aggrecan genes as DPSCs and ASC Telo cells (Supplemen-
tary Fig. 4).

NMP-derived MSCs Keep Characteristics After
Long-term Cryopreservation But Not Short-term
Freeze-thaw Cycles

MSC II cell population was subjected to short-term freeze-
thaw cycles and a long-term cryopreservation period (Sup-
plementary Fig. 5a). Cellular morphology was not changed
after repeated freeze-thaw cycles but cells were smaller after
repeated freeze-thaw compared to regular MSC II popula-
tion at day 24 (Supplementary Fig. 5b). CD45 expression
was completely lost and CD73 expression was reduced at
the end of fourth freeze-thaw cycle (Supplementary Fig. 5¢)
which might be explained by harmful effects of cryopreser-
vation. Cellular proliferation was not significantly affected
after each freeze-thaw cycle and cells adapted to cryopreser-
vation process at the end of four short-term freeze-thaw
cycles (Supplementary Fig. 5d). Cells were differentiated
into osteogenic and chondrogenic lineages but lipid droplet
generation as a marker of adipogenic differentiation was not
observed (Supplementary Fig. 5e). Although adipogenic dif-
ferentiation potential of NMP-derived MSCs were not supe-
rior before cryopreservation (Fig. 2i) compared to osteo-
genic and chondrogenic transformation, freeze-thaw cycles
dramatically reduced adipogenic differentiation capacity
(Supplementary Fig. Se). In addition, osteogenic and chon-
drogenic differentiation was poor after four short-term
freeze-thaw cycles. However, differentiation marker genes
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were expressed after three lineage differentiation of cells at
the end of fourth freeze-thaw cycle (Supplementary Fig. 6).

Colony formation capacity of cells still existed after long-
term cryopreservation (Supplementary Fig. 7a). Although
colony diameter (Supplementary Fig. 7b) and number (Sup-
plementary Fig. 7c) were variable between colonies, viable
cell number showed the same trend for 10 different MSC II
colonies (Supplementary Fig. 7d). CD73 expression reduced
significantly after long-term cryopreservation (Supplementary
Fig. 7e) indicating the reduction of MSC characteristics after
long-term cryopreservation. Cells were able to differentiate
into three mesoderm derived cell lineages which was con-
firmed by staining analysis (Supplementary Fig. 7f) and dif-
ferentiation marker gene expressions (Supplementary Fig. 6).

NMP-derived MSCs Tend to Differentiate
into Endothelial Cells

NMP-derived MSC II cell population exerted an endothelial
phenotype in culture. MSC II cells generated tube-like structure
on Matrigel coated wells which is an indicator of endothelial
differentiation (Fig. 3a). MSC-I cells at D10 gathered together
and generated limited number of branch like structures which
was not a real tube formation morphology (Fig. 3a).

Branch number of MSC II cells was significantly
increased on Matrigel coated wells compared to character-
ized MSCs and MSC-I (Fig. 3b). Moreover, CD73 express-
ing MSC-II cells were able to generate tube-like structures
on Matrigel:gelatin (1:200) coated tissue culture plates in
regular culture conditions which is an indicator of endothe-
lial fate decision of NMP-derived MSC cells (Fig. 3c). This
was shown by Flk-1 (Supplementary Fig. 8a) and PDGFRa
(Supplementary Fig. 8b) immunocytochemistry analyses
during differentiation of H9 Cre-LoxP hES cells. Cells
demonstrated high Flk-1 and PDGFRa expression at the
D3 NMP population and D24 MSC 1II during differentiation
protocol (Supplementary Fig. 9a).

MSC II cells expressed endothelial markers such as
PECAMI1, VE-Cadherin, VCAM-1 and VEGF (Fig. 3d).
PECAMI1 and VE-Cadherin expression increased in a time
dependent manner during differentiation. All endothelial
markers except VCAMI1 exerted an oscillatory phenotype
during differentiation (Fig. 3e). VCAM-1 and VEGF expres-
sion is low compared to PECAM1 and VE-Cadherin and
showed a mild increase in a time dependent manner (Sup-
plementary Fig. 9b, Supplementary Figs. 10 and 11).

NMP-derived MSC II cell population was co-cultured
with HUVEC cells to mimic endothelial behavior at culture
conditions. MSC II cells generated tube-like structures and
branches to surround the HUVEC cells at culture conditions
(Fig. 3f). Increasing the MSC II cell ratio did not suppress
HUVEC cell proliferation and vice versa at culture conditions
after 24 h (Fig. 3g-h). However, increasing the MSC-II cell



Stem Cell Reviews and Reports (2022) 18:278-293

287

a

DPSCs

ASC-Telo

D10 MSC-

D24 MSC-ll

X

(o

50+ % %

Branch number

PECAM1 (CD31) e

VE-Cadherin
PECAM1
VE-Cadherin (CDH5) VCAM1
~ VCAM1
VEGF
D3 D5 D8 D10 D24
00
MSC || mm

HUVECEm

MSC-HUVEC (1:1)
2

Cell Number (%) :

MSC-HUVEC (1:3)

Branch number

= 10
<
o o
u B > _\\
3 & & o8
x & & &
5 N N N
8 S & &
= o o o
& & &
~ ~ ~

Fig.3 Analysis of endothelial cells generated from NMP-derived MSCs.
(a) Tube formation capacity of cells at different time points of differ-
entiation protocol (Magnification: 4x). (b) Branch number of DPSCs,
ASC-Telo, MSC I and MSC II cultured on Matrigel coated surfaces. (c)
Tube-like structure formation of MSC II cells cultured on Matrigel:gelatin
(1:200) coated surfaces. Cells generated branches between cells and tube-
like structures between cell extensions. (d) PECAMI1, VE-Cadherin,

VCAM-1 and VEGF immunostaining and (e) expression profile of D24
MSC II cells. (f) Co-culture of MSC II and HUVEC cells at various ratios
(g) Flow cytometry analysis of co-cultured MSC II and HUVEC cells and
(h) percentage of cell number after one day culture. (i) Branch number of
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number significantly increased branch number at co-culture
conditions (Fig. 3i) indicating the endothelial differentiation
potential of NMP-derived MSC II cells.

NMP-derived MSCs demonstrated a MSC like protein
expression profile

Protein membrane analyses were conducted to compare
protein expression profile of proteins related to Cytokine,
Growth Factor and Angiogenesis pathways (Fig. 4 and
Supplementary Fig. 12). Hierarchical clustering and heat

a Cytokine

Growth Factor

map representation of Growth Factor (Fig. 4aii) and Angi-
ogenesis arrays (Fig. 4aiii) grouped MSC-II (day 24) and
DPSCs together which was shown by correlation (Fig. 4b)
and principal component analysis (Fig. 4c). D10 and MSC
II (day 24) were clustered together for cytokine expres-
sion profile (Fig. 4a.i) more closely than DPSCs with a
0.43 correlation coefficient (Fig. 4bi) and 20.82 % PCA
(Fig. 4ci). Correlation between the cells at different time
points of differentiation protocol showed that there is a
strong overall correlation between MSC II (day 24) and
DPSCs for Growth Factor (Fig. 4bii) and Angiogenesis
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@ Springer

. |
107 108 107

yses (PCA) of cells during differentiation protocol for (ci) Cytokine
(cii) Growth Factor and (ciii) Angiogenesis arrays. (d) Scatter plot
representation of (bi) Cytokine (bii) Growth Factor and (biii) Angio-
genesis arrays



Stem Cell Reviews and Reports (2022) 18:278-293

289

B

Cell preparation

hESCs

Lung

Liver

Tail vein injection

Blood

Heart

Spben

Y

.":o.

Flow cytometry

Bone
Marrow

analysis

Spinal
Cord

§‘ 99.89% 199%
D3 &
v

3 8 H pon % % 18 IZH
X . .92% | 3 1o
g 004%| ¥ 0.59% 2 0.29% ¥ B 2040° 3
o8 3 o8 2 2 2 r_/
H i i § g
8 — & & — L . \ L
s % s o . " L
L B N oo oo ' ° i3
" 8
2
o
u

(

2 99.99% 0.90% i 0.88% 2 1.02% g
o8 2% o8 «8
D24 i B B i
: s s ®
Lung

Fig.5 In vivo characterization of NMP-derived MSCs. (a) Experimental design for in vivo tissue tissue distribution. (b) Flow cytometry analy-
ses of GFP+ differentiated cells in various tissues and percentage of tissue distribution

pathways (Fig. 4biii) which was supported by a 45.05 %
(Fig. 4cii) and 44.17 PCA (Fig. 4ciii) scores respectively.
The scatter-plot analysis of the protein expression profile
of DPSCs versus MSC-II (day 24) demonstrated an even
distribution for both Growth Factor (Fig. 4dii) and Angi-
ogenesis arrays (Fig. 4diii) but not for Cytokine array
(Fig. 4di) in the upper left and lower right areas.
Differentially expressed proteins including GM-CSF,
GRO (a, B, y), IL-6, IL-8, IL-10, PDGFR-B, EGFR,
bFGF, IGF-1, MCP-1, TIMP1 and TIMP1 were detected
in MSC II (D24) and DPSC groups compared to other
differentiated cells (Supplementary Fig. 12).

NMP-derived MSCs are Localized into Bone Marrow

In vivo characterization of NMP-derived MSCs was per-
formed by tissue distribution of differentiated cells by
intravenous administration followed by Flow cytometry
analysis (Fig. 5a). We compared the NMPs and NMP-
derived MSCs at different time points for bone marrow
localization as a marker of MSC phenotype. Both cell pop-
ulations localized in spleen and bone marrow. Although
35 % of the MSC II population was localized into bone
marrow, almost 20 % of the NMPs were migrated to the
bone marrow region. Interestingly approximately 26 %
NMPs were detected in spinal cord which is an NMP origi-
nated region during development (Fig. 5b).

We detected limited number of cells in lung,
liver and heart for some of the cellular populations

(Supplementary Fig. 13). Approximately 20 %, 6 % and
21 % cellular attachment were observed for day 3, day
10 and day 24 cells but not DPSCs in the spleen. In
addition, an approximately 14 % day 10 and 20 % day
3 cells were detected in bone marrow, while only 5%
DPSCs migrate to the bone marrow region (Supple-
mentary Fig. 13).

NMP-derived MSCs exert protective role

NMP-derived MSC cells (MSC I and MSC II) exerted
wound healing properties and neuroprotective role in
an oxidative stress induced toxicity model. Applica-
tion of 20 % conditioned medium increased the scratch
closure of fibroblast cells significantly compared to
control group (Fig. 6a). We used conditioned medium
of characterized ASC Telo and DPSCs cell to compare
the wound healing activity of NMP-derived MSC I and
MSC II cells. All experimental groups increased scratch
closure of fibroblast cells compared to control group
and no significant change was observed between char-
acterized MSCs and NMP-derived MSC populations
(Fig. 6b).

In addition, application of 20 % conditioned medium
increased cell viability and cell proliferation of SH-
SY5Y after H,O, induced oxidative stress (Fig. 6¢ and
d). Although all MSC cells increased cell viability and
proliferation, MSC I (day 10) increased the cell viability
of neuroblastoma cell significantly.
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Discussion

Success of cell therapy is depended on various factors
including cell type and heterogeneity of cell source [32],
cellular traits, in vitro/in vivo differentiation protocols and
patient situation. Investigation of new cell sources is of
interest among clinical therapies which were precisely
understood in terms of progeny, fate decision, differentia-
tion and safety.

NMP cells, as a progenitor cell population, give rise
to the spinal cord neurons and paraxial mesoderm [24],
which then generates somites prior to terminal differen-
tiation into skeletal muscle, bone and dermis of late ver-
tebrate development [37]. Identification of differentiation
potential of NMPs will not only be an important step for
understanding the developmental stages but also required
for generation of clinically relevant cell populations.
MSCs are preferred in clinical applications for treatment
of various disorders including cardiovascular diseases,
neurodegenerative diseases and orthopedic diseases [32]
indicating their versatile applicability.

Here we show that human MSCs can also be isolated
from embryonic stem cells via an intermediate NMP
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population. Our data support the derivation of MSCs from
NMPs in vitro which was previously shown by Wang et al.
[53]. We stablished an alternative differentiation protocol for
derivation of MSCs from T/Bra and Sox2 double positive
NMP population. Unlike Wang et al., we used a total 24 days
differentiation protocol which was preceded by 3 days NMP
generation followed by serum containing medium adminis-
tration. This protocol allowed pluripotent stem cells to loose
pluripotency gene expression profile and acquire an NMP
phenotype at the initial stages which is very important for
clinical applications to control tumorigenicty of pluripotent
stem cells [14]. Although previous studies demonstrated an
over 80 % T/Bra and Sox2 double positive NMP population
[24, 53], we observed an approximately 57 % of double posi-
tive cells which might be related to the our differentiation
protocol and concentration of bFGF and CHIR. Serum sup-
plemented DMEM which was used by our group to derive
adult stem cells previously [16] managed to transform NMP
cell population into MSCs successfully. Two different time
points were used to refer MSC population as MSC I and
MSC II for 10 days and 24 days of in vitro differentiation
protocol. NMP-derived MSCs were plastic adherent, had
self-renewal capacity, and express MSC surface phenotype
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which were recorded as properties of pluripotent stem cell
derived MSCs [55].

When compared to characterized MSC cell lines, we
observe that there is a discrepancy in the three lineage dif-
ferentiation potential. NMP-derived cells tend to differ-
entiate into osteogenic cells which indicates the paraxial
mesoderm fate of NMPs during vertebrate development.
Notably, adipogenic differentiation was not successful in our
experiments, suggesting that NMP-derived MSCs obtained
from H9 Cre-LoxP cells were not capable of efficient fat
cell differentiation. Although propensity of adipogenic dif-
ferentiation for NMP-derived MSCs was observed in gene
expression analysis of Adiponectin, cells failed to accumu-
late distinct and fine lipid droplets. This needs to be analyzed
by application of different medium conditions on various
pluripotent stem cell derived NMPs in further studies.

We observed FLK-1 expression at all stages during dif-
ferentiation process but PDGFRa expression was detected
notably at D3 NMP and D24 MSC 1I cell population. FLK-
14+ and PDGFRa + cells represent lateral and paraxial mes-
oderm respectively during early mesoderm formation [13,
21, 56] and are associated with endothelial/hematopoietic
cell fate decision [13]. We observed FLK-1 and PDGFR«
expression in NMP cells which is not only related to their
paraxial mesoderm fate but also might regulate the MSC
differentiation of NMP cell population via an endothelial
pathway. Vodyanik et al., demonstrated the derivation of
MSCs from mesenchymoangioblast, a mesodermal pro-
genitor with MSC and endothelial differentiation capacity,
and suggested the progenitors with endothelial properties
give rise to MSCs in their study [52]. Therefore, successful
generation of NMP-derived MSCs with trilineage differen-
tiation potential and endothelial characteristics observed in
NMP-derived MSC cell population might be associated with
FLK-1+ and PDGFRa + NMP cells at the initial stage of
differentiation.

Moreover FLK-1+/PDGFRa + cells during early embryo-
genesis and ES cell differentiation is the part of primitive
mesoderm which differentiate into MSCs [13, 21, 55]. These
previous reports might explain the MSC differentiation
potential of NMPs. High PDGFRa expression, as a marker
of MSC [21], indicated the successful MSC generation at
the end of 24 days protocol in our study.

With the identification of NMP-derived MSCs in the bone
marrow and localization of NMPs in spinal cord, we enable
to characterize in vivo cell behavior of MSCs and in vivo
delineation of NMPs based on their progeny. Instead, we
also confirmed the MSC phenotype after cryopreservation
to characterize NMP-derived MSCs as potential candidates
for clinical applications. Although cryopreservation did not
affect the cellular proliferation, viability and growth, MSC
characteristics reduced indicating the need for protocol opti-
mization for cryopreservation. Differentiation of MSC II

cells after long-term cryopreservation was better compared
to cellular differentiation after four short-term freeze-thaw
cycles.

The protein expression profile that segregate different
cell populations during NMP-derived MSC differentiate
demonstrated a high correlation for DPSCs and MSC cells
at the end of 24 days. Although there is not a reported pro-
tein expression data, Wang et al. showed the similar gene
expression patterns of NMP-derived MSCs and Bone Mar-
row Stem Cells (BMSCs) [53]. We preferred to use DPSCs
because of their neural crest origin [58] during embryonic
development which might resemble to NMP derived MSC
population compared to other sources. Although cytokine
array revealed a differential protein expression profile, some
of the proteins such as GM-CSF, GROa and IL-10 which
are secreted by or act on MSCs [28, 30, 40]; [49], were both
upregulated in DPSCs and NMP-derived MSCs.

In the current study, we demonstrated the derivation of
MSCs from a human ES cell line and characterized in vitro
and in vivo. This NMP-derived MSC population has an
endothelial background which regulates its MSC differen-
tiation potential and behavior in culture after differentiation.
Protein expression profile of NMP-derived MSCs indicates
that these cells might pave the way for therapeutic purposes
by regulating immune function, inflammation and cellular
responses. In vivo therapeutic potential and molecular path-
ways underlying the cell fate decision during MSC differ-
entiation of NMPs should be investigated by further studies.
Identification of NMP-derived MSCs as a potential source
for adult stem cells might be a promising candidate for future
cell-based therapies.
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