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Abstract

BACKGROUND

Mesenchymal stromal/stem cells (MSCs) constitute a promising tool in
regenerative medicine and can be isolated from different human tissues.
However, their biological properties are still not fully characterized. Whereas
MSCs from different tissue exhibit many common characteristics, their biological
activity and some markers are different and depend on their tissue of origin.
Understanding the factors that underlie MSC biology should constitute important
points for consideration for researchers interested in clinical MSC application.

AIM

To characterize the biological activity of MSCs during longterm culture isolated
from: bone marrow (BM-MSCs), adipose tissue (AT-MSCs), skeletal muscles (SM-
MSCs), and skin (SK-MSCs).

METHODS

MSCs were isolated from the tissues, cultured for 10 passages, and assessed for:
phenotype with immunofluorescence and flow cytometry, multipotency with
differentiation capacity for osteo-, chondro-, and adipogenesis, stemness markers
with qPCR for mRNA for Sox2 and Oct4, and genetic stability for p53 and c-Myc;
27 bioactive factors were screened using the multiplex ELISA array, and
spontaneous fusion involving a co-culture of SM-MSCs with BM-MSCs or AT-
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MSCs stained with PKH26 (red) or PKH67 (green) was performed.

RESULTS

All MSCs showed the basic MSC phenotype; however, their expression decreased
during the follow-up period, as confirmed by fluorescence intensity. The
examined MSCs express CD146 marker associated with proangiogenic
properties; however their expression decreased in AT-MSCs and SM-MSCs, but
was maintained in BM-MSCs. In contrast, in SK-MSCs CD146 expression
increased in late passages. All MSCs, except BM-MSCs, expressed PW1, a marker
associated with differentiation capacity and apoptosis. BM-MSCs and AT-MSCs
expressed stemness markers Sox2 and Oct4 in long-term culture. All MSCs
showed a stable p53 and c-Myc expression. BM-MSCs and AT-MSCs maintained
their differentiation capacity during the follow-up period. In contrast, SK-MSCs
and SM-MSCs had a limited ability to differentiate into adipocytes. BM-MSCs
and AT-MSCs revealed similarities in phenotype maintenance, capacity for
multilineage differentiation, and secretion of bioactive factors. Because AT-MSCs
fused with SM-MSC:s as effectively as BM-MSCs, AT-MSCs may constitute an
alternative source for BM-MSCs.

CONCLUSION

Long-term culture affects the biological activity of MSCs obtained from various
tissues. The source of MSCs and number of passages are important
considerations in regenerative medicine.

Key words: Mesenchymal stem/progenitor cells; Bone marrow MSCs; Adipose tissue
MSCs; Muscle-derived MSCs; Skin-derived MSCs; Cytokines and trophic factors of
MSCs; Spontaneous fusion of MSCs
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Core tip: A comprehensive characterization of mesenchymal stromal/stem cells (MSCs)
with different tissue origin during long-term culture was demonstrated in terms of: basic
phenotype strength, stemness and genetic stability, and ability to secrete bioactive factors
and affect one another in co-culture. MSCs were phenotypically heterogeneous and
showed diverse differentiation potentials and secretion of bioactive factors associated
with tissue origin. Bone marrow (BM)-MSCs and adipose tissue (AT)-MSCs expressed
stemness markers Sox2 and Oct4 in long-term culture, whereas skeletal muscles (SM)-
MSC:s and skin (SK)-MSCs did not. All MSCs were stable for p53 and c-Myc
expression. AT-MSCs fused with SM-MSCs as effectively as BM-MSCs. Long-term
culture affected the biological properties of the MSCs.
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INTRODUCTION

Mesenchymal stromal/stem cells (MSCs) have attracted close attention in the
scientific world since their first isolation from bone marrow by Friedenstein in the
1960s, and have been described as plastic adherent cells with a fibroblast-like
morphology. Isolated cells showed a high proliferative capacity and clonal expansion,
and after heterotopic transplantation under the renal capsule, were able to form
ectopic bone. This observation suggested that the bone marrow environment
contained osteogenic precursors, which could potentially provide therapeutic
benefits!"”l. However, the term "mesenchymal stem cells" was proposed by Caplan
and introduced to denote a type of cells that originated from adult bone marrow with
a natural capacity for multipotential differentiation into diverse types of cells of
mesenchymal origin”..
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Although bone marrow is the bestdescribed source of MSCs, over the last decade,
many studies have documented the possibility to obtain stem/progenitor cells with
the biological MSC characterization of other adult tissues, such as skin!*, placental”,
cord blood!*”, cord tissuel”, adipose tissuel”), dental pulp and deciduous teeth!*'?, or
even testicles and brain!’'“l. There is evidence that MSCs obtained from different
tissues constitute a heterogeneous population of cells, and it became necessary to
create standards for MSC characterization. Such standards were proposed in 2006 by
the International Society for Cellular Therapy as the minimal criteria for defining
mesenchymal stromal cells!””). However, despite their attractiveness thanks to their
ability to differentiate and form different tissues of mesodermal (adipogenic,
chondrogenic, osteogenic, or tendon), ectodermal (epithelial, glial, or neural), and
endodermal (hepatocytes or islet cells) origin!'!, the immunomodulatory capacity
exerted by the ability to secrete different factors with pro- and anti-inflammatory
properties and/or direct cell-to-cell interactions!'” play an important role in tissue
homeostasis and tissue regeneration.

Research on the MSCs of different tissue origin provides insight into their role in
tissues and organ homeostasis and the regenerative potential of stem cells and helps
in searching for alternative, more accessible sources of such cells!'’l. Several studies
have documented that adherent cells isolated from different tissues meet the minimal
criteria corresponding to the basic MSC phenotypel’™, such as the expression of CD73,
CD90, and CD105. These three markers were documented to be strongly expressed in
human bone marrow-derived MSCs (hBMMSCs)!"”), adipose tissue-derived MSCs
(hADMSCs)™), adult dermal-derived skin stromal cells (hADSSCs)*!, and muscle-
derived progenitor cells (hMDPCs) . These cells also showed a lack of CD34 and
CD45 hematopoietic markers. CD146 is considered to be another MSC marker,
because it was observed on the surface of MSCs obtained from different sources!*.
Higher CD146 expression increases the potential of cells to migrate in vitro and in vivo,
and a decrease in its expression may be related to a higher osteogenic capacity*l.
Moreover, CD146, along with PDGFRa, is an important receptor required in the
regulation of angiogenesis®*l. A very interesting finding that emphasized the role of
the PDGFRa receptor in muscle regeneration was the discovery of PICs (PW1+
Interstitial Cells), which are myogenic and adipogenic progenitor cells, characterized
by the co-expression of PW1/Peg3 and PDGFRal”l. PW1/Peg3 is a stem cell marker,
as well as a factor related to cell apoptosis®l. Moreover, research suggested that PW1
played an important role in the formation of blood vessels, as confirmed in a mouse
model™.

Assessment of the paracrine potential of MSCs from different sources is very
important, because it defines their ability to interact with neighboring cells and their
potential to suppress or trigger immunocompetent cells to action. Previous studies
have documented that bone marrow-derived MSCs are a source of cytokines and
trophic factors and secrete IL-6, IL-8, MCP-1, VEGF, OPG, and TIMP-2; however, the
type and level of cytokine secretion varied between BMMSCs and MSCs from the
umbilical cord, as established by Park et all"], which is another piece of evidence that
the MSC niche affects the paracrine abilities of stem/progenitor cells. In 2013, Ribeiro
et al"! described the different suppressive capacities of MSCs isolated from adipose
tissue, bone marrow, and umbilical cord blood, showing that adipose tissue-derived
MSCs had the strongest immunosuppressive impact on NK and B-cells. Skin-derived
progenitor cells were also reported to be able to secrete certain levels of trophic
factors, such as VEGF, G-CSF, HGF, IGF-1, or bFGF, which may affect tissue
regeneration™”. There are a limited number of studies on the paracrine abilities of
skeletal muscle-derived progenitor cells.

Another important issue discussed in this paper is the assessment of the
pluripotent abilities of cells via an evaluation of Sox2 and Oct4 mRNA expression
associated with cell stemness™. Both of these factors are highly expressed in
embryonic stem cells (ESCs) and are known from their crosstalk in cell fate regulation.
Aberration in Sox2 and Oct4 expression may affect cell proliferation and proper
differentiation, which leads to morphological abnormalities. c-Myc is a factor
related to cell proliferation and metabolismI’l. Overexpression of the gene coding
cMyec leads to uncontrolled cell proliferation and tumorigenesis®™!. As a protein with a
suppressive function, p53 regulates Sox2, Oct4, and c-Myc expression and helps to
maintain stem cells in an undifferentiated state”’*l. Long-term in vitro culture along
with the influence of tissue-specific environment may affect the expression of these
genes. Observations on the dynamics of these changes may help to determine the best
strategy in MSC manufacture for potential use in cell therapy.

Cell fusion plays important role in tissue regeneration in normal and pathological
conditions. In normal biological processes, cell fusion is involved in tissue formation
and immune response. The biological potential of cell fusion is a promising tool in
regenerative medicine, as MSCs plasticity plays an important role in regeneration!™.
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In normal conditions, the regeneration of skeletal muscles involves the fusion of
newly emerging myogenic cells with damaged muscle fibres, and cell fusion was also
confirmed in skeletal muscle restoration following mechanical injury!’l. In
pathological conditions, in patients with Duchenne muscular dystrophy (DMD),
delivered bone marrow cells were able to fuse with the patients’ skeletal muscles!*!l.
The best documented regeneration process by cell fusion is liver regeneration by
transplantation of bone marrow-derived cellst*?l. The ability of MSCs of different
tissue origin to fuse in vitro may help to select biologically active cells for use in target
tissue regeneration.

MSC-based treatment is still provided as experimental procedures. The reason lies
in the great diversity of MSCs, depending on their original tissue location, age of
donor, methodology of isolation, and culture conditions. All these factors affect the
behavior of MSC culture, making the in vivo activity of MSCs difficult to predict.
Unifying the methodology and understanding the factors that underlie MSC biology
should constitute important points for consideration for researchers interested in
clinical MSC application.

This paper presents research involving longterm observations of the biology of
human MSCs derived from bone marrow (BM-MSCs), adipose tissue (AT-MSCs),
skeletal muscle (SM-MSCs) and skin (SK-MSCs), collected post-autopsy (bone
marrow) and as post-surgery medical waste (skin, muscle, and adipose tissue) in
consideration of alternative stem cell sources. We assessed the maintenance of the
basic phenotype of MSCs, their differentiation potential, secretion of cytokines and
trophic factors, as well as the mRNA expression profile associated with the
pluripotent (Sox2, Oct4), suppressor (p53), and protooncogenic (c-Myc) function of
the examined MSCs. Lastly, we studied the ability of MSCs of different tissue origin to
fuse in vitro. We hope that this paper will enrich knowledge on the biological
properties of MSCs in long-term cultures and that it will deliver useful information
for researchers working in this area during future studies.

MATERIALS AND METHODS

Tissue collection

Bone marrow, 10-12 mL, was collected into heparinized syringes from deceased
donors (1 = 6), average age 36.3 years (range 23-49 years), during autopsy, 24-48 h
after death, with approval from a local Bioethics Committee (KB746/2012). Skeletal
muscle (n = 9) and skin (n = 7) tissue was collected from limbs amputated due to
critical limb ischemia following surgical procedures, average patient age 65.0 years
(range 60-69 years). The research procedure was approved by a local Bioethics
Committee (KB201/2016). Adipose tissue was separated from the dermis collected
from postoperative tissue (n = 7). Tissue samples were transported in phosphate-
buffered saline (PBS) supplemented with a 1% antibiotic-antimycotic solution.

Mesenchymal stem/progenitor cell isolation

Bone marrow cells were diluted in PBS in a 1:4 ratio. Next, mononuclear cells were
isolated on the Lymphoprep gradient during a 30 min centrifugation at 1410 rpm.
Mononuclear fraction was collected and washed two times in PBS. Skeletal muscle
and adipose tissue was cut into small pieces. In the skin samples, dermis was
dissected from epidermis and adipose tissue and cut into small pieces. All tissues
were digested in 0.01% collagenase from C. histolyticum (Sigma, Saint Louis, United
States) at 37°C. For skeletal muscle tissue, digestion time was 1 h, and adipose and
skin tissues were digested for between 20 and 30 min of incubation. Enzymatic
activity was neutralized by adding a 1:1 volume of culture media with FBS (BioWest,
Riverside, Montana, United States). Next, the digested tissues were passed through a
70 pm cell strainer. Cell suspensions were centrifuged at 1200 rpm for 10 min,
afterwards, 0.1% saponin (Sigma, Saint Luis, United States) was added in a pellet in
order to remove the remaining erythrocytes during 5 min of incubation at room
temperature (RT). Cell suspensions were purified by washing twice in PBS and
centrifuged at 1200 rpm for 10 min at RT. Cell cultures were performed in T25 culture
flasks. BM-MSCs and AT-MSCs were cultured in a aMEM medium (IITE, Wroclaw,
Poland). SK-MSCs and SM-MSCs were cultured in a DMEM F12 (Gibco, Carlsbad,
United States) medium. Both culture media were supplemented with 10% FBS
(BioWest Riverside, Montana, United States), 1% of antibiotic-antimycotic (Biowest
Riverside, Montana, United States), L-glutamine (Biowest Riverside, Montana, United
States) and 20 ng/mL bFGF (Sigma, Saint Louis, United States). Undigested remains
of skin tissue were placed in separate culture flasks in order to allow the cells to
migrate from the tissue and adhere to the plastic surface. Isolated cells were incubated
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at 37°C with a 5% CO, atmosphere, and culture media were changed every three days.
Adherent cells were cultured up to 10 passages (P10), and each passage was
performed when the culture reached 80% confluence.

Immunofluorescence staining

Adherent cells isolated from the examined tissues were prepared in 5 x 10°
concentrations in 1 mL of culture media, and 100 pL of cell suspension were added
onto each well of a 96-well plate and incubated overnight in 37 °C, 5% CO, in order to
allow the cells to reassume their native morphology. Next, the culture media were
removed, and the cells in the wells were washed with PBS. Subsequently, 50 puL of
10% buffered formalin solution (Sigma) was added onto the cell layer and incubated
for 20 min at RT. After this time, formalin was discarded, and the wells were washed
with PBS. Nonspecific binding was blocked by using 100 uL of 10% goat serum,
adding a 1% BSA solution to each well, and incubating for 1 h at RT. Primary
antibody solutions were added directly after the aspiration of the blocking solution.
After 30 min or 1 h of incubation (Table 1), the primary antibody was removed, the
wells were washed three times with PBS, and secondary goat anti-mouse (Alexa Fluor
488 nm or 594 nm) or goat anti-rabbit (Alexa Fluor 488 nm or 594 nm) antibody was
added and incubated for 40 min. In order to obtain double staining, the secondary
antibody was removed, the wells were washed three times with PBS, and the cells
were incubated again with another antibody. To visualize the binding of the second
antibody, the secondary antibody conjugated with a different fluorochrome from that
used for the first visualization. Incubation time and dilution of each antibody is
presented in Table 1. For nuclei visualization, DAPI diluted 1:5 (Vector Labs,
Burlingame, United States) was added and incubated for 20 min. The cells were
washed three times with PBS. Immunofluorescence staining was analyzed using a
Leica fluorescence microscope (Wetzlar, Germany), and images were obtained using a
microscope camera.

Flow cytometry

Surface marker expression was analyzed in each passage. Adherent cells were
detached with TrypLE (Gibco, Carlsbard, United States) and washed three times in
PBS. 50 uL of a 2 x 10° cell suspension in PBS were prepared, and 2 uL of a cytometry
dedicated antibody (BD Biosciences) were added (Table 1). The cells were incubated
for 30 min on ice in the dark. After incubation, the cells were washed in 1 mL of PBS
and centrifuged for 5 min at 200 g. Next, cell pellets were resuspended in 50 uL of PBS
and analyzed using an Amnis Cytometer (Merck) with an appropriate compensation
template.

Co-cultures of MSC of different tissue origin

Cells isolated from SM-MSCs and AT-MSCs were stained with PKH67 (green), and
cells isolated from BM-MSCs were stained with PKH26 (red), according to the
protocol suggested by the manufacturer (Sigma, Saint Louis, United States). On day 0,
5 x 10° of PKH67-stained cells and 5 x 10° of PKH26-stained cells were mixed in each
combination, and co-cultures were performed on 24-well plates in DMEM F12 media
supplemented with 20 ng/mL bFGF and maintained up to seven days. All co-cultures
were performed in duplicate. The fusion was monitored using a Leica AS-438
fluorescence microscope (Wetzlar, Germany), and images were taken every day using
a microscope camera. On day 7, the cells were detached from the plate, fixed and
permeabilized in the BD Cytoperm/Cytofix agent (BD Biosciences), stained for 20 min
with DAPI (Vecta Shield) and analyzed using an Amnis Cytometer (Merck).

Multilineage differentiation potential of MSCs

Cells (5 x 10°) were resuspended in culture media, and 400 pL of cells were added to
each well of a 24-well plate and incubated overnight to allow them to reassume their
native shape. Next, the culture media were removed, washed with PBS, and 400 pL of
osteogenic, adipogenic, and chondrogenic media (Promocell, Heidelberg Germany)
were added. The media were changed every four days. Adipogenic differentiation
was achieved within 14 d and osteogenic and chondrogenic differentiation was
achieved within 21 d. After the differentiation, the media were removed, and the cell
layer was fixed for 20 min at RT in a 10% buffered formalin solution (Sigma). Staining
was performed to prove MSC differentiation using Alizarin Red S for osteogenesis,
Oil Red O for adipogenesis, and Alcian Blue for chondrogenesis (Sigma, Saint Louis,
United States).

Multiplex ELISA for cytokines, chemokines, and growth factors secreted by MSCs

Culture media were collected from the MSC monolayer at each passage up to P10.
The media were centrifuged at 1200 rpm for 10 min to remove existing cells and
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Table 1 Antibodies used for immunofluorescence and for flow cytometry analysis

Antigen Company Dilution Incu.bati
on time

Immunofluorescence staining

CD73 Thermo Fisher Weston, Florida, USA 1:100 1h

CD90 Abcam Cambridge, UK 1:100 1h

CD105 Dako Palo Alto, California, USA 1:10 1h

CD34 1:100 30 min

CD45 1:100 30 min

CD56 1:80 30 min

CD146 Santa Cruz Dallas, Tx, USA 1:25 1h

PDGFRa 1:25 1h

PW1 Atlas Antibodies Bromma, Sweden 1:100 1h

Alexa Fluor 1:700 40 min

488 nm

Donkey anti-mouse

Alexa Fluor Thermo Fisher Weston, Florida, USA 1:700 40 min

488 nm

Donkey anti-rabbit

Alexa Fluor 1:700 40 min

594 nm

Donkey anti-mouse

Alexa Fluor 1:700 40 min

594 nm

Donkey anti-rabbit

Flow Cytometry

CD73 (IgG) APC BD Pharmingen San Jose, California, USA 1:25 30 min

CD90 (IgG) FITC 1:25 30 min

CD105 (IgG) PE 1:25 30 min

CD34 (IgG) FITC 1:25 30 min

CD45 (IgG) APC 1:25 30 min

CD56 (IgG) PE 1:25 30 min

CD146 (IgG) PE 1:25 30 min

Isotype controls: 1:25 30 min

1gG APC

1gGPE

IgG FITC

cellular debris. Supernatant was collected and stored at -80°C until cytokine panel
analysis. Multiplex ELISA was performed using a Bio-Plex Pro™ Human Cytokine
Grp I panel 27-Plex dedicated kit (Bio-Rad, Hercules, United States), according to the
protocol recommended by the manufacturer (Bio-Rad, Hercules, United States).
Supernatant samples from P1, P5, and P10 (P9 for the SK-MSCs) were analyzed. The
DMEM F12 (Gibco, Carlsbad, United States) medium with 10% FBS (BioWest
Riverside, Montana, United States), 1% of antibiotic-antimycotic (Biowest Riverside,
Montana, United States), L-glutamine (Biowest Riverside, Montana, United States),
and 20 ng/mL bFGF (Sigma, Saint Louis, United States) was used as control in
standards and blanks. The analysis was performed using the Bio-Plex 200 system (Bio-
Rad, Hercules, United States) with the Bioplex Manage Software 6.1.

qPCR
The cells from the MSC pellet from the T75 flask were harvested upon reaching 80%
confluence and lysed using 350 pL of Buffer RLT Plus (Qiagen) + 0.1% of p-
mercaptoethanol (Sigma, Saint Louis, United States), and RNA was isolated and
purified with an RNeasy Plus Mini kit (Qiagen Hilden, Germany). Purity of RNA was
assessed using 1.5% agarose gel electrophoresis with 0.0025% ethidium bromide
(Sigma, Saint Louis, United States). Next, 1 mg of RNA was aspired, and reverse
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transcription was performed using iScript IV (Bio Rad, Hercules, United States).
Quality of DNA was examined via PCR for -actin presence followed by gel
electrophoresis using 3% of agarose with 0.0025% ethidium bromide. qPCR for the
expression of mRNA for Sox2, Oct4, p53, and c-Myc was performed using the
following TagMan probes: Sox2 (Hs01053049), Oct4 (Hs00999632), p53(HS00153349),
c-myc (Hs00153408), and GAPDH (Hs03929097) (Thermo Fisher, Weston, United
States), with GAPDH as the housekeeping gene. Analysis was performed in a ViiA 7
apparatus. The results were calculated using the 24T method and presented as the
RQ (relative quantification) value.

As a reference for the pluripotent stem cells, iPSCs were used, which were a kind
gift from Professor Kurpisz from the Institute of Human Genetics, Polish Academy of
Sciences, Poznan, Poland. The protocol for creating the iPSCs is described by
Lewandowski et all*’l.

Statistical analysis

All graphs and statistical analyses were made using GraphPad Prism 7. The double-
tailed f-test for unpaired samples, with Welch’s correction for unequal variances, 95%
confidence, was used for the assessment of the Multiplex ELISA P-value. The double
tailed t-test for paired samples was used to evaluate the p-value of the qPCR results.

RESULTS

Phenotype of bone marrow-, adipose tissue-, skeletal muscle-, and skin-derived
MSCs
Mesenchymal stem cells from all examined sources expressed the naive MSC markers
CD73 and CD90 in passage P0, with values ranging between 94% and 99% of the
population. Between 50% and 65% of the population of BM-, SM- and SK-MSCs and
97% of AT-MSCs expressed CD105 in passage 0. The expression of the proangiogenic
markers CD146 and PDGFRa was also observed in passage PO in the majority of
MSCs from all sources; however, their expression was different. The heterogeneity of
MSCs was also confirmed by the expression of PW1, the factor associated with one of
the atypical stem cell markers, but also with cell apoptosis. The majority of MSCs
were isolated from solid tissues, SM-, AT-, and SK-MSCs showed a high expression of
PWT1; however, the presence of PW1 was not observed on the surface of MSCs isolated
from bone marrow in passage 0. A subpopulation of cells that co-expressed the
proangiogenic markers CD146 and CD73 characteristic for the MSCs phenotype was
detected on each population of MSCs, as confirmed by double immunofluorescence
staining (Figure 1).

Figure 2 summarizes the changes in the percentage of MSCs during long-term
culture in P1, P5, and P10.

Assessment of antigen expression with fluorescence intensity
Changes in the dynamics of the fluorescence intensity of the examined antigens were
strictly dependent on the source of the cells (Figure 3). MSCs isolated from bone
marrow showed the most stable CD73 and CD90 expression during the subsequent
passages. CD73 dynamics slightly increased in AT-MSCs in P6 (1.99 x 10°), whereas
CD90 expression increased in P2 (2.52 x 10°), after which it gradually decreased in P10
(6.23 x 10%). The highest visible fluorescence of CD90 in SM-MSCs was observed in P5
(4.49 x 10°), whereas the expression of CD73 varied (4.66 x 10° - 7.57 x 10%).
Interestingly, in SM-MSCs, the expression of all MSC antigens, CD73, CD90, and
CD105, increased in P10. SK-MSCs showed the strongest fluorescence intensity of
both CD73 and CD90 in P1 (5.32 x 10° and 3.99 x 10°, respectively) among all of the
tested tissues; however, their expression was downregulated with the age of culture.
Fluorescence intensity of CD105 and CD146 showed the highest diversity. For BM-,
AT-, and SK-MSCs, the highest fluorescence intensity peak of CD105 was observed
between P1 and P2. In AT-MSCs and SK-MSCs, fluorescence intensity of CD105
gradually decreased in the subsequent passages up to P10. A different pattern of the
fluorescence intensity of CD105 was observed in BM-MSCs and SM-MSCs, which
displayed three peaks of elevated fluorescence signal during the follow-up period.
BM-MSCs showed the longest time of CD146 expression; at P10, about 33% of the
original signal could still be captured. In AT-MSCs and SM-MSCs, fluorescence
intensity of CD146 was measurable at the early passages P1 and P2, after which the
signal gradually decreased, reaching a critical point of signal loss at around P6. This
observation was in contrast to CD146 expression in SK-MSCs, which was the weakest
among all MSC sources and undetectable from PO (3.50 x 10% to P5 (0.00), after which
it increased up in P6, reaching its highest value of 5.50 x 10°.
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Figure 1 Immunofluorescence and flow cytometry analysis of mesenchymal stem cells in P0, isolated from bone marrow, adipose tissue, skeletal muscle
and dermis. Isolated adherent cells express naive MSC markers CD73, CD90, and CD105, proangiogenic markers CD146 and PDGFRa, and PW1 stem cell marker
specific for MSCs derived from solid tissues. The subpopulation of MSCs co-expresses CD73/CD146 antigens. BM-MSC: Bone marrow - mesenchymal stem cell; AT-
MSC: Adipose tissue - mesenchymal stem cell; SK-MSC: Skin - mesenchymal stem cell; SM-MSC: Skeletal muscle - mesenchymal stem cell.

Additionally, CD56 was evaluated in SM-MSCs in order to assess the spontaneous
maturation of muscle progenitor cells. Expression of CD56, characteristic for muscle
progenitor cells, increased between passages P3 (2.90 x 10%) and P5 (2.17 x 10%), after
which it rapidly decreased in P6 (6.00 x 10%) (Figure 3). Interestingly, at the same time,
the fluorescence intensity of basic MSC markers increased, showing a prospective role
of naive MSC markers (CD73, CD90, and CD105) in myogenesis.

Differentiation potential of MSCs of different tissue-origin

A high capacity for osteogenesis was observed in MSCs from all sources (Figure 4).
The most efficient osteogenic differentiation, however, was observed for passages P5
and above. In BMMSCs and AT-MSCs, adipogenesis was characterized to be the most
powerful. However, its efficiency decreased with the age of culture at P10, contrary to
osteo- and chondrogenesis, which became more advanced with the subsequent
passages. A similar effect of differentiation potential was observed in the culture of
SK-MSCs. Adipogenesis in SK-MSCs was limited and less efficient than in BM-MSCs
and AT-MSCs. Cells isolated from skeletal muscles showed a lack of the ability to
perform adipogenic differentiation under the study conditions, which suggests that
skeletal muscles are a source of stem/progenitor cells with a limited differentiation
capacity. Chondrogenesis in all of the examined MSCs improved with the subsequent
passages, and AT-MSCs were able to differentiate the most efficiently among all MSC
sources. A positive Alcian blue staining in SK-MSCs was observed after 21 d of
differentiation; however, the morphology of the formed cartilage was different from
the solid structures observed in P1 and P5.

mRNA expression for proteins involved in the biological activity of MSCs origi-
nating from different tissues

The multipotential character of MSCs was confirmed through Oct4 and Sox2
expression; however, compared to the iPSCs control, the expression of Sox2 and Oct4
was significantly lower (P < 0.0001) in MSCs isolated from all examined sources
(Figure 5). Nevertheless, mRNA for Oct4 and Sox2 was detectable in all examined
tissue-resident MSCs at different levels. The highest expression of Sox2, compared to
iPSCs, was observed in SK-MSCs at P1 (RQ = 1.77 x 10?®) compared to BMMSCs at P1
(RQ =2.79 x10°), AT-MSCs at P1 (5.74 x 10°), and SM-MSCs at P1 (RQ = 2.22 x 10*).
However, the expression of Sox2 in SK-MSCs decreased significantly during the
subsequent passages, as observed in P5 (RQ = 0.07) and P10 (RQ = 0.058) (P < 0.0001).
In AT-MSCs and SM-MSCs, Sox2 expression between passages P1 and P10 remained
at a similar level. The increase of Sox2 expression was observed in one examined
sample of BM-MSCs. BM-MSCs from other samples expressed Sox2 at P1, but this
expression was insufficient for assessment in passages P5 and P10.

Oct4 expression in the examined MSCs was also lower than in iPSCs (Figure 5).
Their relative quantity at P1 was as follows: RQ = 7.16 x 10° for BM-MSCs, RQ = 6.89
x 10° for AT-MSCs, RQ = 1.33 x 10* for SM-MSCs, and RQ = 1.48 x 10° for SK-MSCs.
Tissue-dependent variation was observed in Oct4 expression. In BM-MSCs,
expression between passages P1 and P10 gradually increased, reaching RQ = 2.12 in
P5 and RQ = 7.46 in P10. Case-dependent variation in Oct4 expression was also
observed here (SD = 4.8). A less rapid upregulation was observed in ATMSCs, for
which RQ in P5 and in P10 was similar: 1.16 and 1.56, respectively. There were no
significant differences in the expression of Oct4 in SK-MSCs. However, in SM-MSCs, a
significant ten-fold decrease (P < 0.005) in Oct4 expression was observed between P1
(RQ =1) and P5 (RQ = 0.11). Subsequently, in P10, Oct4 expression in SM-MSCs
increased slightly (RQ = 0.62).

The expression of mRNA for p53 expression in MSCs was lower than the
expression observed in iPSCs and at P1, RQ = 0.21 for BM-MSCs, RQ = 0.32 for AT-
MSCs, and RQ = 0.19 for SM-MSCs and SK-MSCs (Figure 5). The dynamics of p53
expression between the passages in BM-MSCs and AT-MSCs was very similar. No
differences were observed between P1 and P10; however, at P10, considerable case
dependent variation in p53 expression was observed (SD = 0.96-1.23). P53 expression
decreased significantly (P < 0.05) between P1 (RQ = 1) and P5 (RQ = 0.34) in SM-
MSCs, after which it increased again in P10 (RQ = 0.81). A decrease in p53 expression
was observed in SK-MSCs at P10 (RQ = 0.65).

c-Myc expression, as compared to iPSCs, was the lowest in BM-MSCs (in P1, RQ =
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Figure 2 Percentage of mesenchymal stem cells population positive for CD73, CD90, CD105, and CD146 in
bone marrow - mesenchymal stem cells, adipose tissue - mesenchymal stem cells, and skin - mesenchymal
stem cells, and CD56 only in skeletal muscle - mesenchymal stem cells. Mesenchymal stem cells (MSCs)
isolated from all examined tissues maintained the naive MSC phenotype CD73, CD90, and CD105 during the follow-
up period. A higher level of CD146 was observed in P1 in BM-MSCs, AT-MSCs, and SM-MSCs, but declined in the
subsequent passages. In contrast, SK-MSC P1 was characterized with a low number of CD146+ cells; their level
increased in P9. CD56 positive cells were present only in SM-MSCs, and the highest level was observed in P5. BM-
MSC: Bone marrow - mesenchymal stem cell; AT-MSC: Adipose tissue - mesenchymal stem cell; SK-MSC: Skin -
mesenchymal stem cell; SM-MSC: Skeletal muscle - mesenchymal stem cell.

0.47) and SM-MSCs (in P1, RQ = 0.35), and the highest in SK-MSCs (at P1, RQ = 0.82),
and almost two times higher in AT-MSCs than in the iPSC control (at P1, RQ = 1.98).
However, the expression of c-Myc in BM-MSCs was significantly upregulated (P <
0.05) in P5 (RQ = 1.87). The upregulated c-Myc expression in BM-MSCs continued
until P10 (RQ = 1.44). In AT-MSCs, a significant downregulation (P < 0.05) of c-Myc
was observed in P5 (RQ = 0.71). The expression was upregulated again in P10 (RQ =
0.91). SM-MSCs showed the most stable c-Myc expression between the passages. In
SK-MSCs, a slight increase in c-Myc expression was observed in P5 (RQ =1.27).

ELISA multiplex for cytokines and trophic factors secreted by MSCs

Among the 27 cytokines and trophic factors covered by screening, it was observed
that MSCs from all sources secreted a certain amount of MCP-1, IL-8, VEGF, IL-6, IL-
5, IFNy, and MIP-1p. MCP-1 secretion was characteristic for MSCs isolated from all
examined tissues, and the age of culture may have affected the cytokine concentration
in post-culture media (Figure 6). MCP-1 concentration increased significantly between
P1 (291.5 pg/mL) and P10 (697.1 pg/mL) (P < 0.05) in BM-MSCs. Similar results were
observed in SM-MSCs, for which MCP-1 concentration also increased significantly
between P1 (522.9 pg/mL) and P5 (1247.3 pg/mL) (P < 0.05).

The cytokines and growth factors involved in angiogenesis, IL-8 and VEGF,
showed the highest concentration in the supernatant collected from the BM-MSC
culture. The level of IL-8 in the supernatant from BM-MSCs at P5 increased compared
to P1 (4234.6 pg/mL vs 1143.0 pg/mL, respectively) and was the highest compared to
MSCs from other examined sources. In P10, the high level of IL-8 was maintained in
the supernatant from BM-MSCs and significantly increased in the supernatant from
SM-MSCs compared to P1 (P < 0.05). In contrast to IL-8 concentration, VEGF
concentration was the highest in the supernatant from BM-MSCs at P1 (4234.6
pg/mL); however, it gradually decreased during the subsequent passages, and at P10,
it was assessed at 776.8 pg/mL (Figure 6).

AT-MSCs showed the strongest ability to secrete IL-6 among the MSCs derived
from all tested sources, assessed at 360.4 pg/mL in P1. A lower concentration of IL-6
was observed in the supernatant from the BM-MSC culture (99.7 pg/mL in P5). In
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Figure 3 Fluorescence intensity positive for MSC markers CD73 (APC), CD90 (FITC), CD105 (PE), and CD146 (PE) in bone marrow - mesenchymal stem
cells, adipose tissue - mesenchymal stem cells, and skin - mesenchymal stem cells, and CD56 (PE) only in skeletal muscle - mesenchymal stem cells.
Heterogeneous population isolated from skeletal muscles showed the strongest instability of naive MSC markers. Expression of CD73 and CD90 was preserved
among the MSCs isolated from other tissues (BM, AT, and SK); however, fluorescence intensity decreased in AT-MSCs and SK-MSCs in the later passages.
Expression of the CD105 marker was the most varied during the follow-up period. Fluorescence intensity of the proangiogenic marker CD146 was the strongest in BM-
MSCs and AT-MSCs in the early passages. BM-MSC: Bone marrow - mesenchymal stem cell; AT-MSC: Adipose tissue - mesenchymal stem cell; SK-MSC: Skin -
mesenchymal stem cell; SM-MSC: Skeletal muscle - mesenchymal stem cell.

MSCs from both of these tissues, significant changes in IL-6 expression were observed
between the passages. In BM-MSCs, IL-6 concentration increased from 45.9 pg/mL in
P1 to 79.01 pg/mL in P10 (P < 0.05), and for AT-MSCs, the concentration between the
same passages decreased from 360.4 pg/mL in P1 to 111 pg/mL in P10 (P < 0.05).
Cells from BM-MSCs, SM-MSCs, and SK-MSCs were able to secrete IL-6, IFN-y, and
MIP-1 at a very low level (< 110 pg/mL). Interestingly, SK-MSCs showed the lowest
cytokine secretion ability compared to the evaluated MSCs originating from other
sources (Figure 6).

Another screened cytokine, IL-1RA, was observed to be secreted in a very small
amount only by BM-MSCs and SM-MSCs. The highest levels of IL-1RA measured in
the supernatant after in vitro MSC culture were detected in P1 (41.3 pg/mL) for BM-
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Figure 4 Osteogenic, adipogenic, and chondrogenic potential of bone marrow - mesenchymal stem cells,
adipose tissue - mesenchymal stem cells, skeletal muscle - mesenchymal stem cells and skin - mesenchymal
stem cells, examined from P1 to P9-10. Improvement of the osteogenic potential and downregulation of adipogenic
abilities with the number of passages was observed in BM-, AT- and SK-MSCs. Only SM-MSCs were unable to
differentiate into adipocytes. BM-MSC: Bone marrow - mesenchymal stem cell; AT-MSC: Adipose tissue -
mesenchymal stem cell; SK-MSC: Skin - mesenchymal stem cell; SM-MSC: Skeletal muscle - mesenchymal stem
cell.

MSCs and in P10 (6 pg/mL) for SM-MSCs. BM-MSCs, AT-MSCs, SK-MSCs, and SM-
MSCs also secreted G-CSF. For BM-MSCs and AT-MSCs, the highest level of G-CSF
detected in the supernatant was 19.4 pg/mL for BM-MSCs at P5 and 31.3 pg/mL for
AT-MSCs at P10. The highest concentration of G-CSF from the SM-MSC culture
amounted to 209.9 pg/mL at P10, whereas in the supernatant from the SK-MSC
culture, the highest concentration amounted to 52.1 pg/mL in P5. BM- (P5), AT- (P10),
and SM- (P10), but not SK-MSCs, secreted IP-10 at a concentration of 30 pg/mL, 43.5
pg/mL, and 39.9 pg/mL, respectively. BM-MSCs in P1 and AT-MSCs in P10 secreted
low amounts of RANTES (15.6 pg/mL and 5.3 pg/mL, respectively). SM-MSCs
secreted RANTES only in passage P10 at a concentration of 23.2 pg/mL. Other pro-
inflammatory cytokines that were detected only in a late passage (P10) after SM-MSC
culture were TNF-a (14.7 pg/mL), MIP-1a (0.3 pg/mL), IL-9 (1.6 pg/mL), IL-2 (2.4
pg/mL), and IL-17 (5.6 pg/mL), suggesting that the level of differentiation of
myogenic precursor cells or changes occurring due to long-term culture affected the
secretion of pro-inflammatory cytokines. Low amounts of TNF-a were also detected
in P1, P5, and P10 in BM- and AT-MSC cultures. The highest level of TNF-a for BM-
MSCs was observed in P5 (13.9 pg/mL), and for AT-MSCs, in P10 (13.4 pg/mL). A
very low concentration of IL-4 was detected in the BM-MSC culture (with the highest
concentration in P5, 1.3 pg/mL), AT-MSC culture (P10, 1.5 pg/mL) and SM-MSC
culture (P10, 1.4 pg/mL). Only AT-MSCs and SK-MSCs were able to secrete Eotaxin
into the supernatant. The highest concentration of Eotaxin in the supernatant was
observed in the AT-MSC culture in P10 (8.9 pg/mL) and SK-MSC culture in P1 (0.9
pg/mL). BM-MSC was the only culture able to secrete low amounts of IL-7 (6.3
pg/mL in P5). The presence of cytokines, such as IL-1p, IL-12, IL-13, IL-15, GM-CSF,
PDGF-bb, or IL-10, was not observed in the supernatant after the culture of any of the
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Figure 5 gPCR analysis for pluripotency and the genetic stability of mesenchymal stem cell. mRNA for Sox2 and Oct4 characterizes the pluripotency of MSCs,
tumor suppressor gene p53, and proto-oncogenes c-Myc expression for the genetic stability of BM-MSCs, AT-MSCs, SM-derived stem/progenitor cells (SM-MSCs)
and SK-MSCs as compared to iPSC control and to an early passage, P1. (‘P < 0.05, “P < 0.005, P < 0.0001). BM-MSC: Bone marrow - mesenchymal stem cell;
AT-MSC: Adipose tissue - mesenchymal stem cell; SK-MSC: Skin - mesenchymal stem cell; SM-MSC: Skeletal muscle - mesenchymal stem cell.

cell types included in this study.
Similarities and differences between biological activities of examined MSCs are
summarized in the Table 2.

Co-cultures of MSCs isolated from different tissues

Co-cultures of MSCs of different tissue origin were created in two arrangements of
isolated MSCs and were observed for seven days. BM-MSCs and SM-MSCs dyed with
PKH26 (red) and PKH67 (green), respectively, were able to form the first spontaneous
fusions after 24 h of co-culture (Figure 7). The first observation was that BM-MSCs
(red) surrounded SM-MSCs (green), and some of the cells gained a yellow color,
which suggested green and red dye immersion (fusion) (Figure 7A, white arrows).
Fused cells were present during the follow-up period, and after 120 h of coculture,
showed the formation of a yellow structure that resembled myotube and consisted of
both BM-MSCs and SMMSCs. A very similar state was observed after 24 h of AT-MSC
(PKH 67, green) and SM-MSC (PKH 26, red) co-culture. After one day of mixed
culture, spontaneous fusion between AT-MSCs and SM-MSCs was observed. After
120 h of coculture, fused cells resembled a mostly fusiform, but not myotube-like,
shape (Figure 7B).

To confirm the spontaneous fusion between the co-cultured MSCs of different
tissue origin, mixed cultures were detached from the culture plate after the images
were taken, and single cells were analyzed using flow cytometry to assess the
presence of cells that displayed merged fluorescence signals. In Figure 7,
measurements performed with a cytometer documented the presence of a population
of cells with fluorescence emission within the 480-560 nm range of the spectrum
(Channel 2), characteristic for PKH67, the 595-642 nm range (Channel 4), characteristic
for PKH26, and the 560-695 nm range (Channel 3), which confirmed the immersion of
two dyes with each other. Furthermore, 15.4% of the BM- and SM- population and
11% of the AT-MSC population revealed fluorescence emission in Channel 3. Images
of cells showing a specific morphology and the strongest fluorescence in the three
channels indicated that double or enlarged single-cell nuclei were a characteristic
feature of some of these cells (Figure 7).

BM-MSCs also revealed the ability to perform spontaneous fusion with SK-MSCs
(6%) and AT-MSCs (7%), and the first cells sharing the red and green dye appeared
after 24 h and 48 h, respectively. Fusion between the AT-MSCs and SK-MSCs reached
only 2%, and the first fusions were observed after 48 h. SK-MSC and SM-MSC fusion
was also ineffective: about 3.5% of the cells emitted a signal in Channel 3. The first
fusions were observed after 96 h of incubation (data not shown).
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Cytokines and trophic factors secreted by MSC originated from bone marrow,

adipose tissue, skeletal muscle and skin
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Figure 6 Cytokine and trophic factor expression through Multiplex ELISA analysis in supernatants after cell culture of bone marrow - mesenchymal stem
cells, adipose tissue - mesenchymal stem cells, skeletal muscle - mesenchymal stem cells and skin - mesenchymal stem cells. MCP-1 was detected in all
supernatants; however, statistical significance was only proven in BM-MSCs and SM-MSCs. The highest concentration of IL-6 was observed in supernatants after AT-
MSC culture. In the supernatants of all examined MSCs, a low concentration of IL-5 and IFN-y was observed. The highest concentrations of VEGF and IL-8 were
observed in supernatants from the BM-MSC culture; however, smaller amounts of VEGF and IL-8 were also detected in the later passages in AT-MSCs and SM-
MSCs. ("P < 0.05, “P < 0.001). BM-MSC: Bone marrow - mesenchymal stem cell; AT-MSC: Adipose tissue - mesenchymal stem cell; SK-MSC: Skin - mesenchymal
stem cell; SM-MSC: Skeletal muscle - mesenchymal stem cell.

DISCUSSION

Mesenchymal stem/stromal cells are present in many human tissues and organs,
which mean that their biological properties may differ depending on their
environment. In this study, we demonstrated that MSCs obtained from adult bone
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Table 2 Summary of biological properties of MSCs isolated from different tissues

Summary
Phenotype Marker BM-MSC AT-MSC SM-MSC SK-MSC
P1 P5 P10 Pr1 P5 P10 Pr1 P5 P10 Pr1 P5 P10
CD73 +++ +++ +++ +++ +++ +++ +++ +++ +++ +++ +++ +++
CD90 +++ +++ +++ +++ +++ ++ +++ +++ ++ +++ +++ +++
CD105 +++ ++ ++ +++ ++ + ++ ++ ++ +++ +++ ++
CD146 +++ ++ ++ +++ + +/- + + +/- + + ++
PDGFRa ++ ++ +/- +++ + +/- ++ + + + + +
PW1 - +/- +/- ++ +/- +/- +++ +/- +/- ++ +/- +/-
Differentiation Tissue BM-MSC AT-MSC SM-MSC SK-MSC
P1 P5 P10 P1 P5 P10 P1 P5 P10 P1 P5 P10
Osteo- ++ ++ +++ + ++ +++ ++ ++ ++ + ++ +++
Adipo- +++ ++ + +++ ++ ++ - - - + ++ +/-
Chondro- ++ ++ +++ ++ ++ +++ + ++ ++ + ++ ++
mRNA ecpression Gene BM-MSC AT-MSC SM-MSC SK-MSC
P1 P5 P10 P1 P5 P10 P1 P5 P10 Pr1 P5 P10
Sox2 + ++ +++ + + + + + + +++ + +
Oct4 + ++ +++ + + + ++ +/- + + + +
P53 + ++ ++ ++ ++ ++ ++ + ++ ++ ++ +
c-myc + +++ ++ +++ ++ +++ ++ ++ ++ ++ ++ ++
Cytokines and chemokines Cytokine BM-MSC AT-MSC SM-MSC SK-MSC
P1 P5 P10 P1 P5 P10 Pr1 P5 P10 Pr1 P5 P10
MCP-1 + ++ ++ +/- + + + ++ + + + +
1L-8 + +++ +++ +/- + ++ - - ++ + + +
VEGF +++ +++ + - + +/- + + +/- - +/- -
IL-5 S S o A S S S - =
IFN-y L R ATy S S S SR VARV AE VA
IL-6 +/- + + +++ +++ ++ +/- + + = +/- =
MIP-1p + + + + + + - +/- + +/- +/- +/-

The gradation reflects the changes in the value of the examined parameters compared to passage 1: (-) negative, (+/-) weak, (+) moderate positive, (++)
positive, (+++) strong positive.

marrow, adipose tissue, skeletal muscles, and dermis showed certain differences,
despite meeting the minimal criteria of MSC characterization!”.. Based on the results
obtained in this study, we also considered alternative, more accessible sources of
MSCs for potential clinical application. However, clinical application requires
biologically active MSCs, which are difficult to obtain in a sufficient amount during
the first step of isolation at P0. To obtain a sufficient number of MSCs for therapeutic
use, subsequent passages are usually needed, which may change the biological
properties of the MSCs. One of the criteria of MSCs is their surface phenotype, and in
this study, we compared the stability of basic MSC phenotypes during the follow-up
period up to P10. The dynamics of CD73, CD90, CD105, and CD146 marker ex-
pression, presented here as fluorescence intensity, confirmed that MSCs from all
sources showed an expression of basal MSC markers (CD73, CD90, and CD105). The
purity of the population of cells that expressed CD73 and CD90 in MSC cultures from
all four studied sources was above 95%. Heterogeneity of MSCs isolated from
different tissues was confirmed through a diverse expression of CD105 in PO, which
varied between the tissues of origin and was equal to 78% for SM-derived
stem/progenitor cells, 92% for SK-MSCs, and up to 98% for AT-MSCs and BM-MSCs.
Expression of CD105 marker increased in the in vitro culture in passage P1 for BM-
MSCs and SM-MSCs and in passage P2 for SK-MSCs and AT-MSCs. The fluorescence
intensity of other MSC markers, CD73 and CD90, varied the most in cells isolated
from skeletal muscles, and decreased slightly with age in the culture isolated from the
dermis. In BM-MSCs and AT-MSCs, CD73 and CD90 expression was mostly stable, as
confirmed by fluorescence intensity. Despite some variance in fluorescence intensity,
the overall population of CD73+ and CD90+ cells in MSCs from all examined tissues
reached 95%-99% during the follow-up period. This observation confirmed that long-
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Spontaneous fusion of AT-MSC and SM-MSC
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Figure 7 Co-culture and spontaneous fusion of skeletal muscle - mesenchymal stems with bone marrow - mesenchymal stems or adipose tissue -
mesenchymal stems. Panel A. Co-culture of BM-MSCs (PKH26 red) and SM-MSCs (PKH67 green) revealed spontaneous fusion (white arrows) as early as 24 h
after the mixed culture was started. During the follow-up period, fused cells created structures resembling myotubes; 120 h after the observation, MSCs were
detached and single cells were analyzed using flow cytometry for fluorescence in the 560-695 nm range, which confirmed the immersion of red (PKH26) and green
(PKH67) dyes. Panel B Fusion between SM-MSCs (PKH26 red) and AT-MSCs (PKH67 green). Flow cytometry analysis confirmed the presence of fused cells in the
culture; however, after 120 h of co-culture, the fused cells assumed a mostly fusiform, but not myotube-like, shape. Flow cytometry for fluorescence in the 560-695 nm
range confirmed the presence of fused cells. BM-MSC: Bone marrow - mesenchymal stem cell; AT-MSC: Adipose tissue - mesenchymal stem cell; SK-MSC: Skin -
mesenchymal stem cell; SM-MSC: Skeletal muscle - mesenchymal stem cell.
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term culture preserves the basic phenotype of MSCs, regardless of the tissue from
which they were obtained.

The proangiogenic properties of MSCs were analyzed through CD146 expression.
A fraction of CD146-positive MSCs was detected in MSCs isolated from all examined
tissues at different levels. AT-MSCs showed the highest expression of CD146-positive
cells, whereas SK-MSCs produced the lowest signal, as confirmed through
fluorescence intensity. This is an important observation in terms of selecting a tissue
for MSC isolation in order to stimulate angiogenesis for therapeutic use. However,
long-term culture of MSCs is unfavorable for maintaining the proangiogenic function
of MSCs. Expression of the CD146 marker decreased in the AT-MSC and SM-MSC
populations and disappeared nearly entirely in P6. Interestingly, cells isolated from
the dermis showed a weak CD146 expression in passage P6, despite the lack of
CD146-positive cells in P1. In BM-MSCs, fluorescence intensity of the CD146 marker
also decreased; however, it maintained a level of about 50% of the original signal,
indicating that this source of MSCs was the most stable for CD146 expression. This
observation confirmed that the tissue-origin niche of MSCs is important for a specific
MSC phenotype and the resulting biological function. Therefore, for the purposes of
clinical application, it is important to consider the source of MSCs with the preferred
biological activity in order to achieve the desired effect. For instance, if MSCs are
needed to treat a systemic disease (e.g., graft-versus-host disease), the proangiogenic
activity of MSCs is less important than their anti-inflammatory ability, whereas in
order to regenerate injured tissue (e.g., in muscular dystrophy or myocardial
infarction), MSCs with an anti-inflammatory activity and proangiogenic potential
should be considered.

The proangiogenic properties of MSCs were also confirmed through PDGFRa
expression in PO in the population of cells obtained from all sources. However,
around passage P5, expression of PDGFRa decreased in MSCs from all examined
sources, as confirmed by immunofluorescence staining. This observation suggests that
the biological properties of the studied MSCs may play a role in the angiogenesis and
regeneration of impaired blood vessels, and considering the proangiogenic activity of
MSCs in therapeutic application, cells from early passages should be used**].
However, subject literature also states that the PDGFRa receptor plays a role in
connective tissue remodeling through cross-talk with the extracellular matrix*l.
Another surface marker examined in this study was the PW1. A recent study based on
the mouse model demonstrated that a population of PW1-positive endothelial cells
showed an increased ability to proliferate and regenerate and arrange blood vessels?”;
moreover, PW1 expression was also associated with the differentiation of hair follicle
cells in vivo’). PW1 with the co-expression of PDGFRa was characteristic for
myogenic precursor cells induced for adipogenic differentiation””). However,
according to the results presented in this study, a large population of MSCs
originating from skeletal muscles expressed PW1, but in the study conditions, the
cells were unable to differentiate into adipocytes. The presence of PW1 in AT-, SK-
and SM-derived myogenic stem/progenitor cells, but not BM-MSCs, suggests that
PW1 expression may be associated with tissue specificity. Research on the effect of
PW1 on MSC differentiation potential confirmed that cardiac PW1* cells may affect
mesenchymal differentiation and were able to give rise to multiple cardiovascular and
mesenchymal lineages!*’l. We assume that PW1 plays a supportive role in tissue
homeostasis and regeneration. However, their role in tissue regeneration is variable
and depends on the activity of stem/progenitor cells residing in a given tissue.

Sox2, in cooperation with Oct4 and Nanog, is one of three key transcription
regulators of pluripotent stem cells. Sox2 and Oct4 play an important role in
mesodermal and ectodermal differentiation during embryonic development!*]. Their
role is not limited to embryogenesis; it is also required for the proper proliferation and
differentiation of adult stem cells, such as MSCs. In the context of MSCs, Sox2 is often
referred to as a cell fate factor because it constitutes an up- or downregulation trigger
into the adipogenic or osteogenic differentiation stage for cells®”!l. In this study on
the MSCs of different tissue origin, Sox2 expression was significantly lower in the
examined MSCs than in iPSCs. However, when compared between the subsequent
passages, the expression of Sox2 in BM-MSCs and AT-MSCs increased with culture
age. Unfortunately, in case of BM-MSCs, the expression of Sox2 was difficult to
determine in some patients in the later passages. Interestingly, BM-MSCs and AT-
MSCs differentiated the most efficiently into osteoblasts and chondrocytes in P10,
when Sox2 expression was the highest. The adipogenic ability of AT-MSCs and BM-
MSCs in the later passages decreased, being the most effective in P1, when Sox2
expression was lower than in P10. These results are in contrast to the observations
made by Park et al®! on the MSCs of umbilical cord-origin with inhibited Sox2
expression, in which the authors revealed abnormalities in adipogenic differentiation
in favor of osteogenesis. However, the authors explained that human umbilical cord
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MSCs exhibited a stronger expression of Sox2 compared to human BM-MSCs and AT-
MSCs, which may explain the differences in our results. In our study, the level of Sox2
in the examined MSCs was associated with their ability to differentiate into
osteoblasts and increased with the age of cell culture, as observed in BM- and AT-
MSCs. Long-term culture of BM-MSCs and AT-MSCs also resulted in an increased
expression of Oct4. The greatest difference was again seen in BM-MSCs, for which
Oct4 expression in P10 was over seven times higher than in P1. Oct4 is one of the key
regulators of pluripotency and has the ability to bind and form a complex with Sox2
and regulate the transcription of many target genesl™. Piccinato et al*! observed that a
high expression of Oct4 in human BM-MSCs was related to a longer lifespan of BM-
MSCs cultured in vitro.

In the case of the SM-MSC and SK-MSC populations, the number of passages was
unfavorable for Sox2 expression, and a significant downregulation was observed. SK-
MSCs revealed the highest expression of Sox2 in P1, but during the subsequent
passages, the expression decreased fourteen times in P5 and P10. However, the
decreased level of Sox2 impaired the quality of chondrogenesis; this observation
suggests that the differentiation potential of MSCs is related to their niche of origin.
MSCs isolated from adult dermis also revealed a limited ability to differentiate into
adipocytes in the study conditions. The dermis is a reservoir of Sox2-positive cells that
are mesenchymal progenitors involved in hair follicle formation". The observation of
a relatively higher expression of Sox2 in P1 for SKMSCs matches the positive PW1+
results after isolation. In previous studies on skin, the expression of PW1/Peg3 in
adult dermis was associated with hair follicle formationt’l. This finding suggests that
the dermis-derived stem/progenitor cells, which meet the minimal criteria for MSC
characterization, may possibly display a higher potential to form hair follicles in vitro.
This observation may be important for tissue engineering and should be further
studied.

For SM-derived stem/progenitor cells, not only did the expression of specific
markers, such as CD56, show variability, but there were also changes in the relative
quantity of Oct4 and p53. Compared to P1, the expression of these two markers
decreased in P5 by over a half, to increase again in P10. Changes in the expression of
Oct4 and p53 do not affect the capacity for chondrogenesis and osteogenesis, and may
be associated with the upregulation of CD56 expression, which in turn is related to
the myogenic differentiation of satellite cells®**l. p53 is known as a tumor suppressor
protein, and it also plays a role in the regulation of the proliferation and differen-
tiation of stem cells”l. Research also suggests that p53 regulates the balance between
differentiation and the return to the quiescence of the satellite cell pool in the skeletal
muscle nichel”l. Under specific conditions, p53 was observed to inhibit myogenin
expression™. PW1/Peg3 is a p53 binding proteins. Research has documented that
PW1-deficient mice revealed a decreased number of myogenic progenitors in the
quiescent stagel”l. The decrease in the expression of PW1 in P5 could be related to the
spontaneous differentiation of SM-derived stem/progenitor cells in vitro observed
during the cell culture period, which was also confirmed by a decrease in CD56
expression. Moreover, the loss of expression of PW1 in P5 in the SM-MSC population
was permanent and did not appear again in P10 (data not shown). The decrease in
P53 expression in P5 could be related to the lack of one of its binding factors.

c-Myc, a transcriptional factor implicated in a wide range of cellular functions,
including cell growth, proliferation, differentiation, metabolism, and apoptosis, is also
an important regulator of adipogenesis, as shown in a study by Deisenroth et al®"l. The
lack of the adipogenic differentiation of SM-MSCs in our study was likely associated
with a decreased activity of Sox2, Oct 4, and c-Myc in the later passages. The greatest
differences between an early (P1) and a late passage (P10) in the expression of the c-
Myc protooncogenic factor were observed in BM-MSCs. This observation may be
related to the upregulation of Sox2 and Oct4 in the older passages. The expression of
c-Myc did not change in the case of MSCs derived from other sources; however,
compared to iPSCs, AT-MSCs revealed a surprisingly high expression of c-Myc
beginning with P1. A high level of c-Myc expression is associated with increased
proliferation and differentiation capacity, and is controlled by Sox2F!. For AT-MSCs,
the high level of c-Myc expression cannot be ignored, and the risk of oncogenesis
should be studied further.

It is worth mentioning here that some MSCs in passage P10 showed a noticeably
high SD (standard deviation). This observation suggests that gene expression in the
late passages varies between patients, which lead to the conclusion that a
comprehensive assessment of the gene expression background is required before cells
from late passages can be transplanted, even if the graft is autologous. There are many
factors that can influence the biological behavior of cells in patients, including
individual genetic differences.

Immunoregulation is a crucial capability of MSCs, making them very special cells
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that affect not only immune cells, but also the cell niche during regeneration. A
screening of 27 human cytokines, chemokines, and growth factors showed that the
MSCs, derived from all of the examined sources, had the ability to release a relatively
high level of the MCP-1 protein into the culture supernatant. MCP-1 is a
chemoattractant for monocytes and macrophages, and it also affects the stimulation of
T lymphocytes into the secretion of IL-4. The migration of immune cells to the
regeneration site has two aspects: it may be helpful during an invasion of pathogens
into the damaged tissue and whenever it is necessary to remove the necrotic tissue
from the niche. Another reason why monocytes and macrophages are attracted to the
site of damage is the fact that, when appropriately stimulated, they take a
proregenerative form (M2) and support regeneration by creating a favorable
microenvironment!®>*’l. MSCs secreted MCP-1 in a similar concentration, regardless of
their origin; however, the highest concentration of MCP-1 in the culture supernatant
was observed in SM-MSCs in P5. The P5 passage was unique in relation to the SM-
MSC cells for several other reasons: it showed the highest (compared to the other
MSCs) fluorescence intensity of CD73 markers, CD90 (characteristic peak of
expression), and CD105, and a strong decrease in Oct4 and p53 gene expression. The
maintenance of the MSC phenotype suggests that SM-MSCs represent muscle-
resident non-satellite cells, which can act as immunoregulatory cells by releasing
promyogenic cytokines that stimulate muscle progenitors to regenerate muscle fibers.
Moreover, a very interesting observation related to SM-MSCs was their ability to
secrete relatively high levels of IL-8 in P10, which may be related to the fact that the
cells started to display the characteristics of differentiated cells, as evidenced by the
expression of desmin and dystrophin (not shown).

However, the screening of cytokines showed that BM-MSCs had the highest ability
to secrete proangiogenic factors, such as IL-8 or VEGF. IL-8 is a cytokine that is a
chemoattractant for neutrophils and monocytes, but is also known as a cytokine with
proangiogenic properties®’. An increased production of IL-8 and VEGF by AT-MSCs
has been reported in recent studies on the angiogenic activity of MSCs!*’l. The
secretion of proangiogenic factors may be a very desirable feature, especially in the
context of tissue engineering and attempting to artificially create a living tissue, such
as skin, bone, or a skeletal muscle. The engineered tissue must be supplied with blood
vessels for proper tissue nutrition. However, the lack of an increase in the secretion of
the proangiogenic factor VEGF in the later passages is intriguing; this is likely
compensated by an increased IL-8 secretion in all examined MSCs, except those
isolated from the dermis.

A characteristic feature of AT-MSCs is the ability to secrete the highest levels of the
pleiotropic cytokine IL-6. During infection, IL-6 is able to engage cells involved in
both the innate and adaptive immune responsel®l. However, from the perspective of
MSCs, the ability to secrete IL-6 is associated with the undifferentiating stage of
MSCs, which has a positive effect on their immune privilegel’’l. Research on ischemic
brain damage in a rat model suggests a protective, antiapoptotic effect of IL-6 secreted
by MSCs on astrocytes under hypoxic conditionsl®). In our study, the highest
concentration of IL-6 was observed in the supernatant from AT-MSCs and BM-MSCs,
and the lowest was observed in SK-MSCs and SM-MSCs. These observations are in
line with a study performed by Priciola et all! and by Li et all*’], which suggests that
IL-6 is more efficiently produced by undifferentiated cells.

MSCs are known for their ability to modulate the local environment. In this study,
cells from different sources were seeded together in order to assess their influence on
each other. Although all combinations of co-culture were examined (data not shown),
the most interesting results were obtained when co-culturing BM- or AT-MSCs with
SM-derived stem/ progenitor cells. When cultured together, BM-MSCs and SM-MSCs
as well as AT-MSCs and SM-MSCs were able to fuse. The myogenic abilities of BM-
MSCs were introduced in the experimental model of Duchenne muscular dystrophy
(DMD)"’l. Moreover, both BM-MSCs and SM-MSCs have a proangiogenic potential
and may support the dystrophic niche for vascular regeneration, which is crucial for
proper muscle function”l. Co-culture of BM-MSCs with myoblasts in the presence of
trophic factors resulted in myogenic differentiation in a 3D matrix".

This observation opens new possibilities to treat muscular dystrophies, including
DMD, a genetic disease associated with a mutation in the dystrophin gene leading to
a progressive deficiency of dystrophin. Cellular therapies have been the focus of
clinical application for DMD patients for over 25 years. However, MSCs of bone
marrow origin or stem/progenitor cells of skeletal muscle origin transplanted
individually resulted in a limited therapeutic effect due to the complexity of DMD
and the biological properties of the transplanted cells””l. BM-MSCs are able to
participate in myogenesis and have a proangiogenic potential that supports vascular
regeneration, which is critical for muscle function. SM-MSCs are able to differentiate
into myoblasts, as confirmed by CD56 expression, and are characterized by the
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strongest PW1 expression among all examined MSCs, specific for muscle-resident
stem cell population involved in adult muscle regeneration. We suggest that a
combined therapy involving BM-MSCs and skeletal muscle stem/progenitor cells can
improve muscle function in DMD patients through fusion with the damaged muscles
and the immunomodulatory properties of the transplanted cells”™\. The proposal to
use skeletal muscle progenitors from healthy donors under the immunomodulatory
cover of BM-MSCs, which is an original proposal of the senior author of this paper, is
currently being verified in an experimental clinical procedure. Moreover, similar
observations of the fusion of the SM-MSC fraction with the BM-MSC or AT-MSC
fraction provide hope for an alternative source of MSCs for this purpose. This
observation is supported by a previous in vitro study on the participation of AT-MSCs
in myotube formation when cocultured with differentiating myoblasts from DMD
patientsll.

The lack of fusion between SK-MSCs and SM-MSCs may be related to the fact that
the cells were fused in P2, during which the SK-MSCs cells showed a low expression
of the CD146 antigen. This observation also confirmed the role of cells with the
proangiogenic function for the regenerative potential of MSC.

CONCLUSION

All examined MSCs maintained the basic phenotype of naive MSCs up to P10. The
differentiation capacity of MSCs isolated from bone marrow and adipose tissue was
maintained during the follow-up period up to P10 and increased in terms of
osteogenesis and chondrogenesis. In contrast, MSCs from the skin had a limited
capacity to differentiate into adipocytes, and MSCs from skeletal muscles were unable
to form adipocytes, and were instead considered to constitute progenitor cells with a
bipotential capacity. The most stable biological activity for BM-MSCs and AT-MSCs
was observed for up to 5 passages. However, proangiogenic markers, such as CD146
or PDGFRa, decreased in AT-MSCs, but were compensated by an increased activity of
IL-8 and VEGF.

Our study showed that MSCs from bone marrow and adipose tissue expressed
stemness markers Sox2 and Oct4 in long-term culture up to P10, whereas MSCs from
skeletal muscles and from the skin revealed a decreased ability to express Sox2 and
Oct4. The expression of stemness markers varied among MSCs derived from different
tissues.

The phenotypic similarity between BM-MSCs and AT-MSCs, their ability to
differentiate, secretion of bioactive factors, and the fact that AT-MSCs fused with SM-
MSCs as effectively as BM-MSCs indicate a high biological similarity between these
two MSC sources, and AT-MSCs may serve as an alternative source for BM-MSCs.

In sum, the obtained results document differences in the biological activity of MSCs
obtained from various tissues during long-term culture, which may be significant
from the point of view of application in regenerative medicine. The choice of MSCs
with specific biological properties creates the possibility for using targeted therapies,
in which the source of MSCs and the duration of the culture will be an important
consideration for their selection for their regenerative potential and genetic stability.

ARTICLE HIGHLIGHTS

Research background

Mesenchymal stromal/stem cells (MSCs) are applied in experimental clinical procedures as a
promising tool in regenerative medicine. Cells with basic MSCs characteristics can be isolated
from different human tissues. However, their biological properties are still not fully cha-
racterized. Although MSCs from different tissues exhibit many common characteristics, some
markers and biological properties are different and depend on their tissue of origin.

Research motivation

The biological diversity of MSCs, depending on their original tissue location, methodology of
isolation, and culture conditions encouraged us to explore the biological properties of MSCs of
different tissue-origin in long-term in vitro culture. Recognizing the activity of factors that
underlie MSC biology should constitute important points for consideration before clinical MSC
application.

Research objectives

In this study, we characterize the biological properties of MSCs during longterm culture isolated
from: bone marrow (BM-MSCs), adipose tissue (AT-MSCs), skeletal muscles (SM-MSCs), and
skin (SK-MSCs).
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Research methods

MSCs were isolated from the examined tissues and cultured up to 10 passages. MSCs were
assessed for: phenotype with immunofluorescence and flow cytometry, multipotency with
differentiation capacity for osteo-, chondro-, and adipogenesis, stemness markers with qPCR for
mRNA for Sox2 and Oct4, and genetic stability for p53 and c-Myc. Furthermore, 27 bioactive
factors were screened with the multiplex ELISA array, and spontaneous fusion involving a co-
culture of SM-MSCs with BM-MSCs or AT-MSCs stained with PKH26 (red) or PKH67 (green)
was carried out.

Research results

All examined MSCs showed the basic MSC phenotype CD73, CD90, CD105 stable up to P10.
However, their expression decreased with the age of culture, as confirmed by fluorescence
intensity. The proangiogenic properties of MSCs were confirmed by CD146 expression, however,
long-term culture is unfavorable for maintaining the proangiogenic function of examined MSCs,
but not for BM-MSCs. All examined MSCs, except BM-MSCs, expressed PW1, a marker
associated with differentiation capacity and apoptosis. BMMSCs and ATMSCs expressed the
stemness markers Sox2 and Oct4 in long-term culture. All examined MSCs were stable in terms
of p53 and c-Myc expression. The differentiation capacity of BM-MSCs and AT-MSCs was
maintained during the follow-up period. In contrast, SK-MSCs and SM-MSCs had a limited
ability to differentiate into adipocytes. BM-MSCs and AT-MSCs revealed similarities in
phenotype maintenance, the ability to undergo multilineage differentiation, and secretion of
bioactive factors. The fact that AT-MSCs fused with SM-MSCs as effectively as BM-MSCs
indicates that AT-MSCs may serve as an alternative source for BM-MSCs.

Research conclusions

Long-term culture affects the biological activity of MSCs obtained from various tissues. The
source of MSCs with specific biological properties and the duration of the culture will be an
important consideration for their selection for regenerative medicine.

Research perspectives
Knowledge of MSC biology is developing, but remains incomplete, and there is still much room
for exploration in basic in vitro and in vivo research before MSCs can be used in therapy.
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