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ABSTRACT

Multipotent mesenchymal stromal cells (MMSCs) are used for cell therapy of lesions of various genesis. The most widely used MMSCs are
from two tissue sources: bone marrow and adipose tissue.

The PURPOSE of the work was to conduct a comparative assessment of the biological properties of murine bone marrow-derived and adipose
tissue-derived MMSCs.

METHODS. The culture of MMSCs was obtained from the bone marrow and adipose tissue of 6 months-old male FVB/N mice according to
standard protocols. We performed phenotyping, directed osteogenic and adipogenic differentiation, analysis of immunomodulatory properties
in vitro of obtained cell cultures.

RESULTS. The cultured MMSCs from bone marrow and adipose tissue express the typical stromal markers (CD44, CD73, CD90 and Sca-1).
A distinctive feature of bone marrow cells cultures of the 2 passage was the high level of the hematopoietic markers CD45 and CD117
expression. MMSCs from both tissue sources are capable of differentiation in the osteogenic and adipogenic directions. At the same time, there
were differences in the differentiation in the osteogenic direction — adipose tissue-derived MMSCs had a lower osteogenic potential. MMSCs
exhibit inhibitory effect on mitogen-induced proliferation of splenocytes in vitro, expression of which does not depend on tissue origin of the
MMSCs with significant inhibition of mitogen-induced proliferation of splenocytes at addition of high doses of MMSCs.

CONCLUSIONS. MMSCs of bone marrow and adipose tissue express a similar level of surface markers that are characteristic of cells with
multipotent properties. They are capable to differentiating in osteo- and adipogenic direction with differences in the degree of mineralization of

N\

the extracellular matrix and exhibit immunomodulatory effects in vitro, regardless of tissue origin.
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Multipotent mesenchymal stromal cells (MMSCs) are primitive
precursors that give rise to various types of connective tissue.
Their common feature is their generation from mesenchyme during
embryogenesis. To date, they have been found in many organs and
tissues of the body, such as bone marrow [1], adipose tissue [2], hair
follicle [3], placenta [4], umbilical cord blood [5, 6], synovial membrane
[7], periosteum [8], skeletal muscle [9], skin [10], peripheral blood [11].

Due to its availability, ease of cultivation, high proliferative potential,
the ability to differentiate into tissue of mesenchymal and non-
mesenchymal origin, trophic effects on damaged organs and tissues,
MMSCs are a promising biomaterial in regenerative medicine. Thus, their
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effectiveness in the treatment of many diseases is shown in the experiment
and the clinic: chronic non-healing wounds, myocardial infarction, bone
fractures, diabetes, critical limb ischemia, etc. [12, 13]. The possibility of
using MMSCs for the treatment of autoimmune diseases, reducing the
risk of graft versus host disease (GVHD) and increasing the survival of
transplanted material due to their immunomodulatory properties is being
explored [5, 14-17].

Nowadays, the most widely used are MMSCs from two sources:
bone marrow and adipose tissue. Since the identification of bone marrow
stem cells [18], they have become standard in tissue engineering and
regenerative medicine. As for adipose tissue, Rodbell [19] described the



isolation of rat mature adipocytes and progenitor cells for the first time.
Subsequently, the procedure for the obtaining of adipose tissue cells was
modified [20, 21].

Currently, both common and distinctive features of these types of cells
have been identified. Thus, bone marrow-derived MMSCs (BM-MMSCs)
and adipose tissue-derived MMSCs (AT-MMSCs) express a similar
combination of surface antigens, growing as an adhesive cell population
in the minimal nutrient media and capable of multilineage differentiation
[22, 23]. At the same time, these cells have certain differences in the
potential for proliferation and differentiation. There is evidence that,
unlike MMSCs from bone marrow, the MMSCs from adipose tissue have
a higher proliferative potential. The doubling time in the logarithmic phase
of growth is from 40 to 120 hours (depending on the age of the donor,
type and localization of adipose tissue, culture conditions) [24, 25].
Adipose tissue-derived MMSCs maintain the telomere length for long-
term culture, while it is not clear whether telomerase activity remains
at a constant level or decreases with passages [26]. However, there is
evidence that there is no telomerase expression of adipose tissue-derived
MMSCs [27].

Bone marrow biopsy is a painful procedure, in addition, the
yield of MMSCs is low — they represent a very small fraction (0.001-
0.01 %) [28]. For comparison, an average of 0.5-2.0+106 cells of stromal
vascular fraction can be isolated from 1 g of adipose tissue, which yields
1-10 % of stem cells [29-30]. The high content of MMSCs in adipose
tissue eliminates the need for long-term cultivation in vitro, which reduces
the risk of chromosomal abnormalities. These properties make adipose
tissue MMSCs an attractive tool for clinical application. [31-33].

Therefore, a special interest is the comparison of the biological
properties of MMSCs from various sources. The purpose of this work was
to conduct a comparative analysis of surface markers expression, the ability
to osteogenic and adipogenic differentiation, immunomodulatory properties
of murine bone marrow-derived and adipose tissue-derived MMSCs.

MATERIALS AND METHODS

The cells were obtained from the bone marrow and adipose tissue
of 6 months-old male FVB/N (genotype H-2q) mice. The animals were
obtained from the vivarium of State Institute of Genetic and Regenerative
Medicine NAMS Ukraine. For euthanasia of mice, an overdose of diethyl
ether was used. All procedures with experimental animals were carried out
in compliance with the national and international laws as well as principles
of bioethics [34]. Isolation, cultivation and directed differentiation of
MMSCs were performed according to standard protocols [35]. We
used cells of the 2" passage, the MMSCs-like properties of which were
confirmed by the appropriate phenotype, osteogenic and adipogenic
differentiation ability [36].

Single cell suspension of bone marrow was obtained by flushing the
femurs of the mice with the RPMI-1640 medium, followed by transferring
the suspension to culture flask with a surface area of 25 cm?. Cultivations
were carried out in a nutrient medium RPMI-1640 containing 10 % FBS,
2 mM L-glutamine, 100 IU/ml penicillin, 100 pg/ml streptomycin (all -
Sigma, USA).

Adipose tissue-derived MMSCs were obtained by enzyme digestion
of minced murine adipose tissue in 0.1 % solution of collagenase 1A for
2 hours at 37 °C. After inactivation of collagenase with DMEM medium
with 10 % fetal bovine serum (FBS), cell suspension was centrifuged at
300xg for 10 min.

The supernatant was removed and cell pellets were plated onto a tissue
culture plate in DMEM/F12 medium supplemented with 10 % FBS, 2 mM
L-glutamine, 100 [U/ml penicillin, 100 pg/ml streptomycin (all — Sigma,
USA) and incubated at 37 °C. Cells were grown in 5 % CO, at 37 °C and
passaged by trypsinization when they reached > 80 % confluence.

The phenotyping of cells was performed using the monoclonal
antibodies specific for membrane antigens such as CD44, CD45, CD73,
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CD90, CD117 and Sca-1 conjugated with fluorochromes (BD Biosciences,
USA) in a working concentration of 0.5 pg/ml. Cell samples without
antibodies were used as an unstained control. The fluorescence level in the
sample with monoclonal antibodies was evaluated with each antibody alone
(single staining sample). Measurements were performed with BD FACSAria
cell sorter (Becton Dickinson, USA) using the BD FACSDiva 6.1 software.
Histogram merging was performed using Cyflogic v.1.2.1 software.

For directed osteogenic differentiation the cells were cultured in
osteoinductive medium containing DMEM-LG (1 g/l glucose) supplemented
with 10 % of FBS, 0.05 mM L-ascorbic acid 2-phosphate, 100 nM
dexamethasone, and 10 mM [-glycerophosphate (all — Sigma, USA).
Osteogenic medium was replaced every 3 days. After 21 days, the cell
monolayer was fixed with 10 % cold paraformaldehyde and stained with
2 % solution of Alizarin Red S (Sigma, USA) to detect mineralization of
extracellular matrix [37]. The semi-quantitative analysis of the extent
of mineralization of Alizarin Red S stained cultures was performed by
colorimetric assay [38]. Dye that bind calcified matrix was extracted with
acetic acid, the pH was adjusted to 4.1 by ammonium hydroxide. An optical
density was measured using a microplate spectrophotometer LabSystems
Multiskan EX (Thermo Scientific, USA) at a wavelength of 405 nm.

For directed adipogenic differentiation, the cells were cultured in
adipogenic medium containing DMEM-HG (4.5 g/l glucose) supplemented
with 10 % FBS, 1 pM dexamethasone, 200 pM indomethacin, 500
UM isobutylmethylxanthine, and 5 pg/ml insulin (all = Sigma, USA).
Adipogenic medium was replaced every 3 days. After 14 days in culture,
the cells were fixed in cold 10 % paraformaldehyde and stained with Qil
Red O solution (Sigma, USA) to detect lipid inclusions [39]. The number
of cells with lipid vacuoles was counted in 10 randomly visual fields.

In order to determine the immunomodulatory properties of bone
marrow and adipose tissue-derived MMSCs in vitro, a co-culture of
MMSCs with syngeneic splenocytes stimulated by phytohaemagglutinin
(PHA) was performed. MMSCs at concentrations of 1.5+10%, 3.0+10%, and
6.0-10* cells were added into wells of a 96-well plate in a complete nutrient
medium and incubated for two hours for cell adhesion. Two hours later, 10
splenocytes per well and 0.01 mg/ml PHA were added. The proliferative
activity of splenocytes was evaluated after 72 h of cultivation [40]. Two
hours before the end of the incubation, 0.01 ml of 0.5 % solution of
3-(4,5-dimethylthiazole)-2,5-diphenyltetrazole bromide (Sigma, USA) was
added to each well. After two hours of incubation at 37 °C, the formed
formazan crystals were dissolved in 0.15 ml of a 0.04 M solution of HCI
in isopropyl alcohol and the optical supernatant density was measured
on a microplate spectrophotometer LabSystems Multiskan EX (Thermo
Scientific, USA) at a wavelength 492 nm. The results were presented as
optical density and proliferation index (PI) in arbitrary units (a. u.):

Pl = optical density of supernatant of mitogen-activated cultures of
splenocytes + MMSCs / optical density of supernatant from cultures of
splenocytes without MMSCs.

Control Pl = optical density of supernatant of mitogen-activated
cultures of splenocytes / optical density of supernatant of cultures of
splenocytes without mitogen.

Statistical analysis was performed using the parametric statistics
(Student’s t-test) [41]. A difference between rates or values was
considered statistically significant at the 95 % confidence level (p < 0.05).

RESULTS AND DISCUSSION

PHENOTYPIC CHARACTERISTICS OF BONE MARROW-DERIVED

AND ADIPOSE TISSUE-DERIVED MMSCs.

The International Society for Cellular Therapy has proposed minimal
criteria for defining multipotent mesenchymal stromal cells that involves
expression of cell surface markers such as CD73 (ecto-5’-nucleotidase,
SH3 or SH4), CD90 (Thy-1), CD105 (SH2 or endoglin). It should be noted
that none of these molecules is strictly specific to MMSCs. Therefore,
for the identification of MMSCs, it is necessary to show the absence
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Table. Phenotypic analysis of surface markers of bone marrow-derived and adipose tissue-derived MMSCs of FVB/N mice, M + m

SOURCE OF MMSCs CD44, % Sca-1, % CD73, % CD30, % CD45, % CD117, %
BM-MMSCs 97.8+0.7 87.7+75 10904 93.6+1.4 60.9£18.4 95.5+0.8
AT-MMSCs 93.9+0.7 88.2+£10.5 15.0+7.9 98.9+0.2 1.7£1.2 46+0.1

BM-MMSCs

CD44 - PE-A

AT-MMSCs

CD44 - PE-A -1 - PE- C

)]

CD90 - PE-A

CDA45 - PE-Cy7-A

CDS0 - PE-A D45 "PECYTA ™

Fig. 1. FACS histograms of expression of surface markers CD44, Sca-1, CD73, CD90, CD45, CD117 in cultures of murine bone marrow-derived and adipose

tissue-derived MMSCs, clear histogram — control samples without antibodies, dark — fluorescence level in the samples with monoclonal antibodies.

of hematopoietic cells: markers of monocytes and macrophages (CD11b
or CD14), markers of the early hematopoietic cells and endothelial
progenitors (CD34), pan-leukocyte marker (CD45), B-cell marker (CD19
or CD79a), and HLA-DR [36]. However, each research group uses its own
set of antigens, which it considers most specific, or more appropriate and
convenient for the intended purpose.

In our studies, we performed a comparative analysis of the expression
of such surface markers: CD44 (Pgp1 — glycoprotein-1, that is persistently
expressed by undifferentiated MMSCs), CD45 (leukocyte common antigen),
CD73 (ecto-5"-nucleotidase), CDI0 (thymocyte differentiation antigen 1, the
expression decreases at the beginning of osteogenic differentiation), CD117
(c-kit, stem cell growth factor receptor), and Sca-1 (stem cell antigen) in the
culture of stromal cells from bone marrow and adipose tissue.

Phenotypic analysis revealed a similar expression profile of surface
markers that are typical for stromal cells with multipotent properties.
Thus, the expression of CD44, CD73, Sca-1 and CD90 antigens was
detected on the cells of the 2" passage (see Table 1 and Fig.1). It should
be noted that standard methods do not allow to obtain a pure culture of
murine bone marrow MMSCs. The culture of bone marrow cells in mice is
heterogeneous as a result of the long-term survival of hematopoietic cells.
Thus, cells with fibroblast-like morphology, large spread cells and small
rounded cells were observed. Unlike the adipose tissue-derived MMSCs,
the expression of hematopoietic markers CD45 and CD117 remained on
bone marrow-derived MMSCs. Cultures of AT-MMSCs, in comparison
with BM-MMSCs, are characterized by a morphologically homogeneous
of cells and a higher rate of proliferation. AT-MMSCs were easily passaged
inthe ratio of 1:3 and 1:5. The time of reaching the confluence was 5-7 and
7-10 days, respectively. The cultures of bone marrow-derived cells were
passaged in a ratio of 1:2 or 1:3, and the time of growth to confluence was
7-10 or 12-14 days, respectively. Consequently, our studies confirmed
the literature data regarding such expression of surface antigens and the
differences in potency to proliferation [22-25].

FEATURES OF DIRECTED DIFFERENTIATION OF MURINE BONE

MARROW-DERIVED AND ADIPOSE TISSUE-DERIVED MMSCs.

One of the main characteristics of MMSCs is the ability to differentiate
into different types of connective tissue cells. To find out the differences in
the biological properties of MMSCs, we determined the potential of these
cells for directed differentiation in two orthodox directions: osteogenic
and adipogenic.
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Fig. 2. Microphotographs of murine BM-MMSCs (A) and AT-MMSCs (B)
cultures, differentiated in osteogenic direction, phase contrast, x400.
C — semi-quantitative analysis of the mineralization degree of BM-MMSCs
and AT-MMSCs cultures (colorimetric method).
Note: * — p < 0.05 compared to BM-MMSCs.

The first signs of the influence of an osteoinductive medium on
MMSCs cultures appeared on the 7™ day of cultivation regardless of tissue
origin. In analysis of the differentiation of cells in osteogenic direction,
the MMSCs acquired a phenotype of bone tissue: they formed cellular
aggregates and synthesized a dense extracellular matrix with subsequent
calcification. It should be noted, that the mineralization of the extracellular
matrix was more pronounced in the nodes of calcification, as well as
spread throughout the area of culture. It was found, that the intensity of
mineralization of bone marrow-derived MMSCs cultures was higher than
that of adipose tissue-derived MMSCs: 5.1 + 0.2 a. u. and 2.8 + 0.5 a. u.
optical density, respectively (Fig. 2). Perhaps this is due to the number
of cells expressing osteoblast-specific transcription factors Runx2 (runt-
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BM-MMSCs AT-MMSCs

Fig. 3. Microphotographs of murine BM-MMSCs (A) and AT-MMSCs (B)
cultures, differentiated in adipogenic direction, phase contrast, x200.

C - relative number of BM-MMSCs and AT-MMSCs containing lipid
vacuoles.

* *#
HE
| _HE

BM-MMSCs AT-MMSCs

Fig. 4. Immunomodulatory effect of BM-MMSCs and AT-MMSCs on
mitogen-induced proliferation index (Pl) of mouse splenocytes.

Notes: * — p < 0.05 compared to control group, # — p < 0.05 compared
o0 splenocytes co-cultured with 1.5:10° MMSCs; & — p <0.05 compared
to splenocytes co-cultured with 3-10° MMSCs.
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related transcription factor 2) and DIx5 (distal-less homeobox 5) [42]. It
should be noted that we conducted research on mature male mice. There
are studies showing that 17-B-estradiol stimulates the expression of
osteogenesis-related gene Cbfal and osteocalcin, increases the activity
of alkaline phosphatase, the synthesis of extracellular matrix and its
mineralization [43]. We can assume that significant changes in the degree
of mineralization of the extracellular matrix, depending on the gender
characteristics, are observed in adipose tissue-derived MMSCs.

When cells were cultured in the adipogenic medium, we have
observed the appearance of lipid inclusions stained with Qil Red 0. The
first lipid vacuoles in MMSCs cultures, regardless of the source, appeared
in a day after the induction medium was added. In our studies, there was
no difference in the number of cells containing lipid inclusion. Thus,
in the bone marrow-derived MMSCs, the proportion of such cells was
92.0 £ 1.0 %, in MMSCs from adipose tissue — 97.0 + 2.0 % (Fig. 3).

The obtained data testify that differences were observed only for
directed osteogenic differentiation of bone marrow-derived or adipose-
tissue-derived MMSCs.

FEATURES OF /N VITRO IMMUNOSUPPRESSIVE EFFECT OF BONE

MARROW-DERIVED AND ADIPOSE TISSUE-DERIVED MMSCs.

One of the characteristic of MMSCs of various origin is
immunomodulatory effect, which can be evaluated by inhibition of mitogen-
stimulated proliferation of lymphocytes in MTT assay. The analysis of
literature data showed that mechanisms of both contact and non-contact
interactions are involved in intercellular signaling between MMSCs and
various subpopulations of immune cells. In case of co-culture with MMSCs
a decrease of the proliferative activity of T-, B- and NK-cells, induction
of anergy and apoptosis of T-cells, inhibition of mature dendritic cells,
modulation of cytokine production by immune cells were detected [44-
46]. In our studies, it has been found that when activating splenocytes of
adult intact mice with mitogen at the presence of bone marrow MMSCs,
their proliferative potential decreases sharply (Fig. 4). In this case, the
degree of proliferation inhibition of splenocytes by bone marrow-derived
MMSCs depended on their number. With the increase in MMSCs dose of
from 1.5+10¢ to 6.0-10¢, with prolonged cultivation with mitogen-stimulated
splenocytes, the proliferative index decreased by 73 % and 92 % (p < 0.05),
respectively. The inhibition degree of splenocytes proliferation increased
with an increase in the number of MMSCs, regardless of tissue origin.
Thus, with the addition of 6.0+10* BM-MMSCs, there was a tendency for a
decrease in proliferation index of splenocytes in 2.6 times compared with
a dose of 3.0¢10* MMSCs (p > 0.05). Such a pattern was revealed by the
addition of AT-MMSCs but with a more pronounced inhibitory effect on the
splenocytes proliferation: 7 times at a dose of 6.0+10* as compared with a
dose of 3.0410* (p < 0.05). Consequently, the immunomodulatory effect of
MMSCs on mitogen-induced proliferation of mouse splenocytes does not
depend on the origin of the tissue.

MMSCs, regardless of tissue origin, can exhibit dose-dependent
inhibitory effects on the proliferation of syngeneic splenocytes in mice
with significant inhibition when co-cultured with a high dose of MMSCs.
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CONCLUSION

1.

N

2.

~

The murine bone marrow-derived and adipose tissue-derived stromal cell cultures express the typical markers for MMSCs on passage
two. A distinctive feature of bone marrow-derived cells was the high level of expression of the hematopoietic markers CD45 and CD117.

MMSCs from both tissue sources are capable to differentiation into osteogenic and adipogenic directions. During osteogenic differentiation
there was a change in the morphology of cells, they actively synthesized and mineralized the extracellular matrix, forming cellular
aggregates. The semi-quantitative analysis of the mineralization degree of the extracellular matrix revealed that BM-MMSCs have
a higher osteogenic potential compared with AT-MMSCs. MMSCs from both sources showed the characteristic features of adipogenic
differentiation: the formation of lipid inclusions, which over time in the culture increased and fused.

MMSCs have an inhibitory effect on mitogen-induced proliferation of splenocytes in vitro. The intensity of such inhibition does not depend
on the MMSCs origin. The dependence of the inhibition degree of splenacytes proliferation according to the ratio of MMSCs to splenocytes
was revealed.
Bone marrow-derived and adipose tissue-derived MMSCs are candidates for application in regenerative medicine. Animal studies
of biological properties of MMSCs from various tissues and mechanisms underlying their immunomodulatory effects expand the
perceptions of the characteristics of MMSCs in order to optimize clinical application and development of new therapeutic approaches.
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