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ABSTRACT
It was shown as long as half a century ago that bone marrow is a source of not only hematopoietic stem cells, but also stem cells of mesenchymal tissues. Then the term of “mesenchymal
stem cells” (MSCs) has been coined in early 1990s and over a decade later, the criteria for defining MSCs have been released by International Society for Cellular Therapy. The easy derivation
from a variety of fetal and adult tissues and not demanding cell culture conditions made MSCs
an attractive research object. It was followed by the avalanche of reports from preclinical studies
on potentially therapeutic properties of MSCs, such as immunomodulation, trophic support and
capability for a spontaneous differentiation into connective tissue cells, and differentiation into
majority of cell types upon specific inductive conditions. Although ontogenesis, niche, and heterogeneity of MSCs are still under investigation, there is a rapid boost of attempts in clinical
applications of MSCs, especially for a flood of civilization-driven conditions in so quickly aging
societies in not only developed countries, but also very populous developing world. The fields of
regenerative medicine and oncology are particularly extensively addressed by MSC applications,
in part due to paucity of traditional therapeutic options for these highly demanding and costly
conditions. There are currently almost 1,000 clinical trials from entire world registered at
clinicalTrials.gov and it seems that we are starting to witness the snowball effect with MSCs
becoming a powerful global industry; however, spectacular effects of MSCs in clinic still need to
be shown. STEM CELLS 2019;00:1–10

SIGNIFICANCE STATEMENT
The research on bone marrow-derived stem cells of connective tissue is evolving and continuously expanding with a recent boost of interest in clinical applications reflected by an avalanche
of nearly 1,000 registered clinical trials. Although, the current name “mesenchymal stem cells”
has been coined as late as early 1990s, it is important to commemorate of the 50th anniversary
of research on them and provide a big picture from roots of first paper in 1968 through identification of their various potential therapeutic activities such as immunomodulation, trophic support and capability for differentiation, and taking role in cell replacement strategies.

INTRODUCTION: MSC ROOTS
Friedenstein was one of the pioneers of the theory that bone marrow is a reservoir of stem cells
of mesenchymal tissues in adult organisms. It was
based on his observation at the turn of the 1960s
and 1970s that ectopic transplantation of bone
marrow into the kidney capsule results not only
in the proliferation of bone marrow cells, but also
in the formation of bone [1] (Fig. 1). This indicated the existence in the bone marrow of a second, in addition to hematopoietic cells, stem cell
population giving rise to bone precursors. Due to
the ability of these cells to create osteoblasts,
Friedenstein gave them the name of osteogenic
stem cells. Friedenstein was also the first to isolate from bone marrow adherent fibroblast-like
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cells with the ability to grow rapidly in vitro in
the form of clonogenic colonies (colony forming
unit-fibroblast [CFU-F]). These cells derived from
CFU-F colonies were characterized by the ability
to differentiate in vitro not only to osteocytes,
but also to chondrocytes and adipocytes. After
transplantation of CFU-F colonies into the recipient, they were capable of coformation of the
bone marrow microenvironment [2, 3]. The term
“mesenchymal stem cells” has been proposed by
Caplan in 1991 because of their ability to differentiate into more than one type of cells that
form connective tissue in many organs [4]. This
name has become very popular and is currently
the most commonly used, even though it raised
doubts about the degree of their stemness [5].
Today, there are many substitutes in the literature
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Figure 1.
cells.”

The roots of research on bone marrow-derived stem cells of connective tissue, which has been then named “mesenchymal stem

for the abbreviation of MSCs, including multipotent stromal cells,
marrow stromal cells, mesodermal stem cells, mesenchymal stromal cells, and many more. Caplan, in his latest work, recommends renaming these cells to “Medicinal Signaling Cells” due to
the emphasis on the mechanism of their therapeutic effects after
transplantation, which is believed to be based mainly on the
secretion of factors facilitating regenerative processes [6].

CRITERIA FOR MSCS
Due to the growing controversy regarding the nomenclature,
the degree of stemness, and the characteristics of the cells discovered by Friedenstein, the International Society for Cellular
Therapy (ISCT) in 2006 published its position specifying the
criteria defining the population of MSCs, which was accepted by
the global scientific community. These guidelines recommend
the use of the name multipotent mesenchymal stromal cells;
however, the name “mesenchymal stem cells” still remains the
most used. The condition for the identification of MSCs is the
growth of cells in vitro as a population adhering to the substrate, as well as in the case of cells of human origin, a phenotype characterized by the presence of cluster of differentiation
(CD)73, CD90, CD105 surface antigens, and the lack of expression of proteins such as CD45, CD34, CD14, CD11b, CD79a or
CD19, or class II histocompatibility complex antigens (human
leukocyte antigens class II). Moreover, these cells must have
the ability to differentiate toward osteoblasts, adipocytes, and
chondroblasts [7, 8]. In addition to the markers mentioned in
the ISCT guidelines, the following antigens turned out to be
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useful in isolating the human MSCs from the bone marrow:
STRO-1 (antigen of the bone marrow stromal-1 antigen, cell surface antigen expressed by stromal elements in human bone
marrow-1), vascular cell adhesion molecule 1/CD106, and melanoma cell adhesion molecule/CD146, which characterizes
cells growing in vitro in an adherent form with a high degree of
clonogenicity and multidirectional differentiation ability [9–11].

ONTOGENESIS OF MSCS
The common “mesenchymal” core in both versions of MSC
abbreviation comes from the term “mesenchyme,” which is synonymous with mesenchymal tissue or embryonic connective tissue. It is used to refer to a group of cells present only in the
developing embryo derived mainly from the third germ layer—
mesoderm. During the development, these cells migrate and diffuse throughout the body of the embryo. They give rise to cells
that build connective tissue in adult organisms, such as bones,
cartilage, tendons, ligaments, muscles, and bone marrow. The
view about the differentiation of MSCs during embryonic development from mesenchymal cells is widely spread [4]. This is due,
inter alia, to the observed convergence in the expression of
markers such as vimentin, laminin β1, fibronectin, and osteopontin,
which are typical for mesoderm cells during embryonic development as well as characteristic for in vitro adherent bone marrow
stroma cells [12]. However, the true origin of MSCs is unknown.
In the literature, we can also find reports indicating that they are
ontogenetically associated with a group of cells derived from
ectoderm, which originate from Sox1+ cells (sex determining
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region Y) that appear during the development of embryonic neuroectoderm and neural crest. These cells inhabit newborn bone
marrow and meet the criteria corresponding to their designation
as MSCs. However, with the development of animals, the population of these cells disappears and is replaced by cells with a different, unidentified origin [13]. It has also been shown that in
the bone marrow of the developing mouse embryo, at least two
MSC populations with distinct expression of the nestin protein
and the intensity of cell divisions can be distinguished. The former one originates from mesoderm that does not express nestin
and is characterized by intense proliferation and is involved in
the process of creating the embryo skeleton. The latter one is
derived from the cells of the neural crest, which expresses nestin
and is nondividing and remains passive during bone formation
while in the adult organism contributes to a niche of hematopoietic cells [14]. It seems, therefore, that the ontogenesis of MSCs
is associated with cells belonging to different germ layers and
their original source determines the role and functions that they
play in the adult body.

THE NICHE OF MSCS IN THE ADULT BODY
In 1978, the concept of a niche was defined as a place in the
body that is settled by stem cells and whose environment
allows them to be maintained in an undifferentiated state [15].
MSCs were first obtained from the bone marrow stroma where
they constitute an element of stromal cells, participating in the
production of signals modulating the maturation of hematopoietic cells. However, the precise location of the niche for MSCs
has not been known so far. In the context of research results
indicating that MSCs can be isolated from many mesodermderived tissues during embryonic development, a common element was sought for all sources from which MSCs can be isolated
and a theory was proposed about the existence of their niche
within the blood vessels that are present in all structures from
which these cells were isolated.
Crisan et al. have shown that cells inhabiting the perivascular
space of blood vessels, isolated from human tissues such as
skeletal muscle, pancreas, adipose tissue, and placenta, with the
phenotype CD146+, NG2+ (neuroglycan-2), PDGF-Rβ+ (β-type
platelet-derived growth factor receptor), alkaline phosphatase
(ALP)+ expressing endothelial, hematopoietic, and muscle cell
markers described as pericytes were precursors for cells that
after in vitro expansion meet the criteria for determining them
as MSCs [16]. Analogously to the described by Friedenstein
MSCs, CD146+ cells colonizing the perivascular space of sinusoidal blood vessels, are responsible for the production of signals
allowing the reconstruction of the bone marrow microenvironment after transplantation to heterotopic location [11]. Moreover, tracing the fate of pericytes in the process of rebuilding a
damaged tooth in rodents has shown that they are transforming
into odontoblasts, which arise from MSCs found in the pulp.
However, the same studies showed that in the process of reconstruction of incisors in mice, a different population of odontoblasts, which is not formed from pericytes but from MSCs of
different origin migrating to the area of damage, prevailed
quantitatively [17]. The second cell population associated with
blood vessels, proposed as a counterpart of MSCs in the body is
advent-building cells with the CD34+ CD31− CD146− phenotype, which after isolation and in vitro culture meet the criteria
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defining the population as MSCs. However, these cells also have
the ability to differentiate into pericytes [18, 19]. Although pericytes and MSCs have a very similar gene expression profile as
well as an analogical capacity for differentiation, it has been
shown that the functionality of these cells varies. in vitro studies
of endothelial cell interactions in coculture with MSCs or pericytes have shown that only pericytes are able to form highly
branched, dense, cylindrical structures with large diameter, typical for well-organized blood vessels, whereas isolated from the
bone marrow MSCs do not have such abilities. Currently, it is
believed that there is a link between pericytes and MSCs, but
their mutual relations are not well defined. There are speculations that MSCs are an intermediate form of pericytes or their
subpopulation, but there is still no conclusive evidence confirming this hypothesis [20, 21].

HETEROGENEITY OF MSC POPULATIONS
Although the cells fulfilling criteria for MSCs can be harvested
from various tissues at all developmental stages (fetal, young,
adult, and aged) using their plastic adherence property, there are
profound differences between obtained MSC populations [22, 23].
Bone marrow was historically the first source from which MSCs
were obtained; however, over time, there have been reports
of the possibility of isolation from other sources of cells with
similar properties. Mesenchymal cells are obtained from both
tissues and secretions of the adult body, such as adipose tissue, peripheral blood, dental pulp, yellow ligament, menstrual
blood, endometrium, milk from mothers, as well as fetal tissues
such as amniotic fluid, membranes, chorionic villi, placenta,
umbilical cord, Wharton jelly, and umbilical cord blood [24–37].
MSCs of fetal origin as compared with cells isolated from tissues
of adult organisms are characterized by a faster rate of proliferation as well as a greater number of in vitro passages until
senescence [38]. However, MSCs derived from bone marrow
and adipose tissue are able to create a larger number of CFU-F
colonies, which indirectly indicates a higher degree of their
stemness. The comparison of gene expression typical for pluripotent cells shows that only in cells isolated from the bone
marrow, we can observe the expression of the Sox2 gene, the
activation of which is associated with the self-renewal process of stem cells as well as with neurogenesis during embryonic development [39]. Discrepancies in the ability of MSCs
obtained from various sources to differentiate have also been
described. The lack of differentiation of MSCs derived from
umbilical cord blood toward adipocytes as well as the greater
tendency of MSCs from bone marrow and adipose tissue to
differentiate toward osteoblasts were observed [39, 40].
In addition to the diverseness observed among MSCs from
different sources, there are also differences associated with
obtaining them from individual donors. Among the cells isolated
from the bone marrow from donors of different ages and sexes,
up to 12-fold differences in the rate of their proliferation and
osteogenesis were found combined with a 40-fold difference in
the level of bone remodeling marker activity—ALP. At the same
time, no correlations were found resulting from differences in
the sex or age of donors [41]. However, the results of studies by
other authors indicate that the properties of MSCs isolated from
the bone marrow are strongly associated with the age of the
donor. Cells collected from older donors are characterized by an
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Figure 2.

The schematic representation of immunomodulatory capabilities of mesenchymal stem cells.

increased percentage of apoptotic cells and slower rate of proliferation, which is associated with an increased population doubling time. There is also a weakened ability of MSCs from older
donors to differentiate toward osteoblasts [42]. Heo, in his
work, shows the different ability of MSCs to osteogenesis combining it with different levels of DLX5 gene expression (transcription factor with the homeodomain 5 motif) in individual
donors, however independent of the type of tissue from which
the cells were isolated [39].
The next stage in which we can observe diversity among
the MSCs population is in vitro culture. The morphology of cultured cells that originate from the same isolation allows for
differentiation into three subpopulations. There are observed
spindle-shaped proliferating cells resembling fibroblasts (type I);
large, flat cells with a clearly marked cytoskeleton structure
containing a number of granules (type II) and small, round cells
with high self-renewal capacity [43, 44]. The original hypothesis
assumed that all cells that make up the MSCs population are
multipotent and each colony of CFU is capable of differentiating
into adipocytes, chondrocytes, and osteoblasts, as confirmed by
appropriate studies [45]. However, in the literature, we can find
reports that cell lines derived from a common colony of CFU-F
differ in their properties, characterized by unipotence, dipotence, or multipotence [46]. Some of the authors showed the
division of clonogenic MSC colonies into as much as eight
groups distinct in their potential for differentiation. At the same
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time, it is suggested that there is a hierarchy within which cells
subordinate to each other are increasingly directed toward
osteocytes, chondrocytes, or adipocytes and gradually lose their
multipotential properties to dipotential and unipotential ones.
This transformation may also be associated with a decrease in
the rate of cell proliferation and the level of CD146 protein
expression—proposed as a marker of multipotency [47].

IMMUNOMODULATORY PROPERTIES OF MSCS
One of the main advantages of MSCs is their immunomodulatory properties. MSCs grown in vitro have the ability to interact and regulate the function of the majority of effector cells
involved in the processes of primary and acquired immune
response (Fig. 2) [48]. They exert their immunomodulatory effects
by inhibiting the complement-mediated effects of peripheral
blood mononuclear cell proliferation [49, 50], blocking apoptosis
of native and activated neutrophils, as well as reducing the number of neutrophils binding to vascular endothelial cells, limiting
the mobilization of these cells to the area of damage [51, 52].
In addition, cytokines synthesized by activated MSCs stimulate neutrophil chemotaxis and secretion of pro-inflammatory
chemokines involved in recruitment and stimulation of phagocytic macrophage properties [53]. Moreover, MSCs limit mast cell
degranulation, secretion of pro-inflammatory cytokines by these
cells, as well as their migration toward the chemotactic factors [54].
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The mechanisms mediating mesenchymal stem cell-dependent trophic support.

Native MSCs have the ability to block the proliferation of
de novo-induced NK cells, but they are only able to partially
inhibit the proliferation of already activated cells [55]. They also
contribute to the reduction of cytotoxic activity of NK cells [56].
Moreover, MSCs can block the differentiation of CD34+ cells isolated from the bone marrow or blood monocytes into mature
dendritic cells both by direct contact as well as by secreted paracrine factors [57, 58]. They inhibit the transformation of immature dendritic cells into mature forms and limit the mobilization
of dendritic cells to the tissues [59]. Under their influence, M1
(pro-inflammatory) macrophages are transformed into M2 type
cells with an anti-inflammatory phenotype, and the interleukin
(IL)-10 secreted by them inhibits T-cell proliferation [60, 61].
in vitro studies have demonstrated a direct immunomodulatory
effect of MSCs on lymphocytes. During the coculture of MSCs
with lymphocytes, suppression of activated CD4+ and CD8+
T cells and B-lymphocytes was observed [62]. In addition, MSCs
reduce the level of pro-inflammatory cytokines synthesized by
T-lymphocytes, such as tumor necrosis factor (TNF)-α and interferon (IFN)-γ [63], and increase synthesis of anti-inflammatory
cytokines, for example, IL-4. In the presence of MSCs, the inhibition
of the differentiation of naive CD4+ T lymphocytes to T helper
cells (Th)17+ lymphocytes was observed, while the percentage of
T cells differentiating toward CD4+ CD25+ regulatory T cells was
found to increase [64, 65]. Glennie et al. described this condition
as anergy of activated T cells in the presence of MSCs [62]. MSCs
also have the ability to limit the synthesis of immunoglobulins
like immunoglobulin (Ig)M, IgG, and IgA classes secreted by
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activated B cells, thereby blocking the differentiation of these cells
to plasma cells. They also reduce the expression of chemokines and
their receptors on the surface of B lymphocytes, which probably
have a negative effect on their ability to migrate [66].

PARACRINE PROPERTIES OF MSCS
MSCs secrete a wide range of paracrine factors, collectively
referred to as the secretome, which support regenerative processes in damaged tissues. They comprise the components of
the extracellular matrix, proteins involved in the adhesion process, enzymes as well as their activators and inhibitors, growth
factors and binding proteins, cytokines and chemokines, and
probably many more [67]. These factors can have distinct
impact on the processes they regulate (Fig. 3). MSCs secrete
factors promoting angiogenesis, such as vascular endothelial
growth factor (VEGF) but they may also inhibit this process
through expression of monokine induced by IFN-γ and tissue
inhibitors of metalloproteinases 1 and 2 [68, 69]. An important
role is also played by chemokines secreted by MSCs in the process of blocking or stimulating cell chemotaxis such as CCL5
(regulated by activation, expression and secretion by normal T
lymphocytes), CXCL12 (stromal cell-derived factor 1 [SDF-1]),
or CCL8 (monocyte chemoattractant protein 2 [MCP-2]). A
group of factors essential from the viewpoint of regeneration
processes are growth factors with an antiapoptotic effect,
including hepatocyte growth factor (HGF), insulin-like growth factor 1 (IGF-1), VEGF, cytokine-induced neutrophil chemoattractant
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3 (CINC-3), tissue inhibitor of metalloproteinases 1 (TIMP-1), tissue inhibitor of metalloproteinases 2 (TIMP-2), osteopontin,
growth hormone, basic fibroblast growth factor binding protein)
bFGF-BP, brain-derived neurotrophic factor (BDNF) and stimulating proliferation as TGF-α (transforming growth factor α), HGF,
epidermal growth factor (EGF), nerve growth factor (NGF),
bFGF, insulin-like growth factor 1 binding protein (IGFBP)-1,
IGFBP-2 (IGF-protein-1) and macrophage colony-stimulating factor (M-CSF; stimulant factor T molar macrophage colony)
[68, 70, 71]. Growth factors secreted by MSCs also have
ability to reduce fibrosis of tissues during regeneration.
These include keratinocyte growth factor, HGF, VEGF, and
angiopoietin-1, SDF-1, IGF-1, EGF, HGF, NGF, and TGF-α
[71, 72]. There are reports about the antibacterial properties and
interaction of the MSC secretome with cancer cells. Data on the
impact of MSCs on neoplasia are not conclusive; however, it is
assumed that both the tumor type and the origin of MSCs are of
great importance for the final effect [73]. It was shown that factors enclosed within the MSCs secretome are able to reduce the
proliferation, viability, and migration of certain types of cancer
cells (such as nonsmall-cell lung carcinoma) [74]. Others have
shown that factors released by MSCs may increase motility, invasiveness, and the ability to form metastases (including, for
example, breast cancer cells) [75]. In response to bacteria,
levels of cytokines such as IL-6, IL-8, CCL5, PGE2, TNF-α, IL-1β,
IL-10, VEGF, and SDF-1 secreted by MSCs are subject to change
[76]. MSCs also contain substances with antibacterial, antiparasitic, and antiviral activity [77].
Another broad and dynamically developing field in recent
years that is related to paracrine MSCs activity is their ability
to secrete extracellular vesicles (EVs), which include exosomes,
microvesicles, and apoptotic bodies. Their composition largely
coincides with the components contained in the cells from
which they originate. Physiologically, they play an important
role in the regulation of biological functions, homeostasis, and
the immune response of the body. It is also postulated that
the biological activity of microvesicles is comparable to that of
MSCs [78]. Experiments conducted using supernatant derived
from in vitro culture of MSCs showed that the factors contained in their secretome are responsible for a large part of
the effects exerted by MSCs during the regeneration of the
damaged area including the protection of other cells against
apoptosis, induction of their proliferation, prevention of excessive fibrosis of tissues, stimulation of the angiogenesis process
and immunomodulatory effects, as well as the induction of
endogenous stem cells differentiation [65, 68, 69, 79–82].

DIFFERENTIATION POTENTIAL OF MSCS
As mentioned above, the ability to differentiate into three types
of cells such as osteocytes, chondrocytes, and adipocytes is one
of the criteria for MSCs [8]. This phenomenon can be traced
in vitro by placing MSCs in a medium containing specific supplements, for the adipogenesis process they are mainly dexamethasone, indomethacin, insulin, and isobutylmethylxanthin [83], for
chondrogenesis cell culture in Dulbecco’s modified Eagle’s
medium supplemented with insulin, transferrin, selenium, linoleic
acid, selenium acid, pyruvate, ascorbic phosphate, dexamethasone, and TGF-β III [84], which may additionally be aided by the
addition of IGF-1 and bone morphogenetic proteins (BMP)-2 [85].
In turn, the osteogenesis is induced by the presence of ascorbic
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acid, β-glycerophosphate, and dexamethasone [86]. Differentiation
of MSCs in the appropriate cell type is assessed by identifying
the production of, respectively, fat droplets (adipogenesis), proteoglycans and type II collagen synthesis (chondrogenesis), or
mineralization of calcium deposits and the increase of alkaline
phosphatase expression (osteogenesis). However, many literature reports indicate that by the treatment with appropriate factors, MSCs might also be a source of other cell types. Caplan and
Dennis, in their work from 2006, present a process that they call
mesengenesis, in which MSCs give also rise to myoblasts, bone
marrow stromal cells, fibroblasts, cells cocreating connective tissue of the body, as well as ligaments and tendons [87]. Addition
of 5-azacytidine to MSCs allows to obtain muscle cells, including
cardiomyocytes and myoblasts having the ability to create
multinucleated miotubes and expressing markers such as β-myosin
heavy chain, α-actin cardiac form, and desmin [88]. In addition,
in vitro studies have made it possible to obtain from MSCs at
least two types of cells derived from the endoderm through their
transdifferentiation into hepatocytes and β-cells of pancreatic
islets. The liver cells are obtained from MSCs in two stages by
culturing them in modified Dulbecco’s medium supplemented
with EGF, bFGF, and nicotinamide, and in the next stage with the
addition of oncostatin M, dexamethasone, insulin, transferrin,
and selenium. The resulting cells show the presence of markers
typical for hepatocytes such as albumin, α-fetoprotein, and hepatocyte nuclear factor 4α [89]. By the treatment with a mixture of
growth factors secreted by regenerating cells of the pancreas as
well as by the use of acitin A, sodium butyrate, taurine, and nicotinamide, the pancreatic islets of β-cells capable of producing
insulin, were obtained from MSCs [90, 91]. It has also been
shown that stimulation with appropriate factors may result in the
differentiation of MSCs into cells derived ontogenetically from
ectoderm, such as neurons. The use of β-mercaptoethanol (BME)
stimulation in vitro followed by NGF leads to the differentiation
of MSCs into cholinergic nerve cells expressing their typical proteins such as NF-68 neurofilaments (68 kDa neurofilament protein with 68 kDa molecular mass), NF-200 (neurofilament protein
with a molecular weight 200 kDa, 200 kDa neurofilament protein), NF-160 (neurofilament protein molecular weight 160 kDa,
160 kDa neurofilament protein), choline acetyltransferase, and
synapsin I [92]. Other factors mentioned as compounds inducing
the transformation of MSCs into nerve cells are insulin, retinoic
acid, bFGF, EGF, valproic acid, BME, and hydrocortisol [93]. In
addition, glial cell-derived neurotrophic factor, BDNF, retinoic
acid, 5-azacytidine, isobutylmethylxanthine, and indomethacin
stimulate the transformation of MSCs into mature neurons that
express markers of nervous systems cells such as nestin, β-III tubulin, microtubule associated protein 2, and neuron-specific enolase
(enolase 2 [ENO2]) [94]. These studies show that under strictly
controlled conditions prevailing during in vitro culture, in the presence of chemicals and growth factors, MSCs are able to turn into
cells derived from all three embryonic germ layers (Fig. 4).

CONCLUSION: MSC BOOST AND THEIR INTRODUCTION ON
WORLD MEDICAL MARKET
It has been more than half a century since the curiosity has been
revealed that not only hematopoietic cells, but also those capable
of forming connective tissue reside in the bone marrow. Subsequent studies have begun to reveal the increasingly fascinating
properties of these cells, which go far beyond forming connective
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The differentiation potential of mesenchymal stem cells.

tissue. This, combined with their easy derivation from various
tissues, made them an attractive research object. Immunomodulatory properties, aiding repair of various tissues as well as differentiation potential to practically any types of cells stunned a
whole host of scientists and established MSCs as a driving force
of regenerative medicine and also began to play an increasingly
important role in oncology [95]. We are currently observing a
flood of clinical trials with the use of MSCs, and their number
doubles every few years and currently reaches almost 1,000 registered items on the clinicalTrials.gov website.
MSCs compose a negligible fraction of cells derived from
in vivo tissues and there is no effective method to capture
them directly. Therefore, MSCs need to be subjected to the process of in vitro expansion, which in clinical context is called
biomanufacturing and biobanking and both terms are frequently
used interchangeably to describe the process from procurement
of cell source to deliver cells to the patients’ bed. The processing
of MSCs must be performed according to current Good Manufacturing Practice as any other therapeutic agent and is subjected
to extensive regulatory effort. Food and Drug Administration
(FDA) is the main authority responsible for acceptance of medical
products including those containing living cells such as MSCs in
the U.S. FDA has issued a perspective on MSC-based product characterization [96] and updated it in FDA Grand Round delivered by
Steven Bauer, Ph.D., Chief of Cell and Tissue Therapies Branch at
FDA, on March 8, 2018. Both sources are an excellent overview of
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regulatory challenges related to the biobanking of MSCs. In general, any new product must obtain investigational new drug status
(INDs) to be used in clinical trial before filing application for marketing, and there were 66 INDs submitted to FDA between 2006
and 2012. Based on that, FDA engaged into regulatory research
project called MSC Consortium to characterize MSC-based products with an output of 16 research papers. The main organ
responsible for the regulation of medical market in all Member
States is European Medicines Agency consisting of seven smaller
committees. The MSCs-containing products should be classified as
Advanced Therapy Medical Product (ATMP) and in detail considered as Somatic Cell Therapy Medicinal Product [97]. Its release
on medical market has to be first accredited by Committee for
Advanced Therapies (CAT), which creates the general opinion and
evaluates the quality, safety, and efficiency of the product. After
CAT assessment, the final acceptance should be then approved by
Committee for the Medicinal Products for Human Use. This type
of legalization is called Centralized Marketing Authorization and it
allows using ATMP products in all European Union countries. Currently, there is a variety of protocols used for biomanufacturing
and biobanking of MSCs, and once the successful stories become
strong, the landscape of MSC production will probably solidify
with predicted reduction of MSC production approaches due to
economic and regulatory pressures.
Summing up, it seems that the MSCs are becoming a powerful global industry, ready to respond to the unmet needs of
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modern medicine struggling with the proper care and quality of
life of rapidly aging societies, which is already affecting not only
developed countries, but also very populous developing countries. In conclusion, we are beginning to observe the effect of
the snowball in which ever new discoveries related to MSC are
increasingly stimulating clinical applications of the MSC, which is
beginning to contribute to the transformation of medical care.
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