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ABSTRACT
During the two last decades, mesenchymal stromal cells (MSCs) have been
topics of intensive investigation due to their intriguing characteristics, which
make them exciting prospects for cell-based therapies. MSCs possess
immunomodulatory functions and a broad differentiation capability, meaning
that they have several potential therapeutic applications, such as a systemic
treatment for immunological disorders or locally administered to correct tissue
defects.
The most widely studied and utilized characteristic of MSCs has been their
immunomodulatory property. Graft-versus-Host disease (GvHD), a severe and
highly lethal complication following allogeneic stem cell transplantation, has
been one of the first indications where the use of MSCs has been widely
explored. MSCs have also been evaluated for the treatment of Crohn’s disease,
multiple sclerosis, and chronic inflammation. The repair of bone and cartilage
defects is also another application of significant interest.
The cell therapy field has taken tremendous steps from research laboratories
towards the clinic, hand in hand with the development of a whole new branch of
the biotechnology industry. Regulations for GMP manufacturing of advanced
therapy medicinal products (ATMPs) have been framed in conjunction with the
development of MSC therapies and the evaluation of the risks associated with
the manufacturing process have been complemented with accumulated
knowledge. According to the regulatory authorities, a risk- and evidence-based
approach should be used to evaluate safety risks and sources of alterations or
impairments in product functionality.
Culturing MSCs ex vivo is relatively simple; however, culturing conditions
and handling of the cells can modify their characteristics and functionality. This
fact sets limitations on the manufacturing and demands a deep understanding
of the mechanisms affecting cell products. The selection of suitable cell sources,
culture medium supplements, and optimization of culturing conditions are the
key parameters to be considered if one wishes to achieve high yields of
functional MSCs. During the last fifteen years, the safety of MSC products has
been improved by replacing fetal bovine serum (FBS) as a medium supplement
with human origin platelet lysates (PLs); in this way one can obtain MSCs which
do not express bovine xenoantigens and do not pose a risk of transferring animal
pathogens.
As is the case with all somatic cells, also MSCs age during the expansion
process. Natural aging, called replicative senescence, is known to limit the
lifespan of MSCs and to reduce their functional properties. However,
10

senescence may also be triggered by external sources such as DNA damaging
agents, oxidative stress, or sub-optimal culturing conditions. Because the
progression of aging impairs the cellular functions and alters the secretory
profile of the cells, the presence of senescent cells in MSC cultures is
undesirable. Therefore, careful monitoring of cellular aging during MSC
expansion is essential for product quality.
If one wishes to ensure efficient distribution and appropriate-timed dosing of
MSC products, manufacturing of MSCs as “off-the-shelf” products will be
necessary but requires cryopreservation of the cells. Cryopreservation of the
intermediate or the final product allows a predictable manufacturing scheme
and improves the availability of the released products. However, the effect of
cryopreservation on the functionality and aging of the MSCs is a topic of
intensive debate and requires more investigation.
This study has focused on determining optimal expansion conditions for
clinical-grade bone marrow (BM) MSCs by using platelet-derived culture
medium supplements. We also explored the potential of PL to promote
osteogenic differentiation of MSCs as compared to FBS supplemented culture.
We also aimed to improve product quality by introducing an imaging-based
screening method to detect aging-related morphological changes from the MSC
cultures. Finally, we investigated how any additional freezing steps during the
manufacturing process of BM-MSCs would affect the basic manufacturing
parameters and alter the cellular aging process.
We found that PL prepared of pooled fresh platelets and plasma with two
freeze-thaw cycles effectively supported MSC expansion and maintained their
functionality in an ambient oxygen concentration. We also observed that PL
could promote osteogenic differentiation at least equally with FBS in 2D cultures
and slightly better in a 3D culture system. We were able to detect and quantify
aging-related morphological changes from MSCs cultures and demonstrated
that the rapid increase in cell size evident after passage 5 was indicative of the
expression of primary senescence markers. When the effect of interim freezing
steps was investigated, we found that interim freezing at passages 0 and 1 did
not alter the basic manufacturing parameters and did not accelerate the
initiation of senescence. Our results suggest that the manufacturing process for
clinical-grade MSCs may be scaled up by using additional freezing steps in the
early passages.
This study was a part of the manufacturing development process during the
establishment of The Advanced Cell Therapy Centre in the Finnish Red Cross
Blood Service and has yielded insights into the establishment and scaling up of
PL supplemented culture system for clinical-grade MSCs. In addition, our
screening method for senescent cells could be implemented into clinical-grade
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manufacturing of MSCs and be a useful tool as an in-process monitoring method
for cell quality.
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1 REVIEW OF THE LITERATURE
1.1 MESENCHYMAL STROMAL CELLS
Mesenchymal stromal cells (MSCs) are multipotent cells, which reside in the
bone marrow and the stroma of multiple organs and tissues. They are a
heterogeneous population of cells, which comprise a small proportion of selfrenewing stem cells and stromal cells in various differentiation stages. Upon
plating on standard tissue culture plastic, the MSCs adhere to the plastic surface
and form colonies of cells with a fibroblast-like morphology. MSCs possess a
differentiation potential to at least mesodermal lineage cells as well as a
capability to modulate immune functions by producing a large variety of
secreted and membrane-bound factors (Dominici et al. 2006; Uccelli et al.
2008; Viswanathan et al. 2019).
The first indication of MSCs was presented in the 18th century by the German
pathologist Julius Fredrich Cohneim, who characterized a non-hematopoietic,
adherent, and spindle-shaped cell population within hematopoietic cells
(Cohneim 1867). Soon after Cohneim’s observations, in 1869, Emile Goujon
showed that these BM-derived cells had an intrinsic osteogenic potential
(Goujon 1869). The first clear evidence of MSCs was provided by Alexander
Friedenstein in 1976 when he analyzed precursor cells from BM and showed that
these fibroblast-like cells formed clonal colonies and could be cultured for
several passages. Friedenstein called these cells osteogenic precursor cells since
they could differentiate into osteoblasts. Furthermore, these cells could also
differentiate into adipocytes and chondrocytes. (Friedenstein 1976).
Despite the relatively long history of MSCs, many of their in vivo functions
are still unclear, and also the definition of MSCs has been questioned (Sacchetti
et al. 2016; da Silva Meirelles et al. 2008; Elahi et al. 2016; Reinisch et al. 2015).
MSCs reside in all postnatal tissues, but whether all of these cells are MSCs
remains unclear (da Silva Meirelles et al. 2006; Sacchetti et al. 2007; Bernal and
Arranz 2018; Kozlowska et al. 2019). The term MSC was initially restricted to
BM-derived cells, but nowadays the abbreviation has been widened to describe
cells also from many other sources such as from adipose tissue (AT), umbilical
cord blood (UCB) and umbilical cord (UC), placenta, skin or dental pulp
(Viswanathan et al. 2019).
MSCs are not restricted to humans and have been well characterized also in
mice (Baddoo et al. 2003), rats (Santa María et al. 2004), baboons (Devine et al.
2001), pigs (Moscoso et al. 2005), cows (Bosnakovski et al. 2005) and horses
(Ringe et al. 2003). The therapeutic potential of MSCs has been tested,
especially in large mammals (Dazzi et al. 2006).
13

1.1.1

ORIGIN OF MSCS

Currently, there are two distinct descriptions of the origin and properties of
MSCs. The first model describes MSCs as progenitor cells that are found in the
BM. These progenitors can form in a hematopoietic microenvironment and
differentiate into skeletal tissues (Friedenstein 1976; Bianco et al. 2013;
Sacchetti et al. 2007). The second model was suggested by Arnold Caplan and
described MSCs as progenitors for multiple tissues, also tissues other than
skeletal types (Caplan 1991). Caplan also introduced the name “mesenchymal
stem cell” to underline the self-renewal property of MSCs. However, only a
minor population of MSCs are capable of self-renewal, and therefore, the name
mesenchymal stromal cell or multipotent mesenchymal stromal cell has been
chosen as being more appropriate (Dominici et al. 2006; Horwitz et al. 2005).
According to the conventional description of MSCs, they are multipotent
progenitor cells originating from the mesoderm of the embryonal inner cell
mass and have a restricted potential to differentiate into lineage-committed cells
(Figure 1.). Recent reports suggest that instead of one universal MSC, cells from
different tissue sources have a distinct transcriptome and functionality,
although they share the essential criteria of MSCs (Sacchetti et al. 2016; Reinisch
et al. 2015; Grégoire et al. 2019; Jin et al. 2013; De Almeida et al. 2016; Elahi et
al. 2016). MSCs from different tissue origins have also been reported to vary
according to their phenotype, proliferation potential, expression of cell surface
markers, differentiation capacities, and secretome (Ribeiro et al. 2013;
Kozlowska et al. 2019; Elahi et al. 2016; Moll et al. 2019; Banfi et al. 2000;
Pittenger et al. 1999b).
Non-BM-MSCs have been suggested to originate from pericytes and to
express similar surface antigens to MSCs isolated from skeletal muscles,
placenta, AT, and pancreas (Crisan et al. 2008; Caplan 2008). These pericytes
could also differentiate into osteoblasts, adipocytes, chondrocytes, and muscle
cells (Crisan et al. 2008). A subpopulation of MSCs express CD146, which is a
marker for pericytes (Mo et al. 2016).
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Figure 1. Hierarchy of stem cells. Multipotent mesenchymal progenitor cells (MMPC) originate from
the inner cell mass of a blastocyst. Both germ cells and somatic stem cells, such as hematopoietic
stem cells (HSCs), originate from the mesodermal layer of the inner cell mass. MMPCs and HSCs,
are multipotent stem cells indicating that they can self-renew, and can differentiate into various
lineage-specific cell types. The differentiation potential of multipotent stem cells is restricted to one
or more specialized cell types. The figure is modified from (Hayes et al. 2012; Tyndall and Uccelli
2009).

1.1.2

MSC SOURCES

MSCs are usually isolated from BM, but there they comprise only 0.001-0.01%
of the BM mononuclear cells. Cells with MSC-like characteristics have been later
isolated from the stroma of multiple tissues and organs, such as from AT (Zuk
et al. 2002), UC (Sarugaser et al. 2005) or UCB (Erices et al. 2000), placenta (In
’t Anker et al. 2004), skin (Shih et al. 2005), the dental pulp (Gronthos et al.
2000), synovial membrane (De Bari et al. 2001), breast milk (Patki et al. 2010),
and amniotic fluid (In ’t Anker et al. 2003).
The best-characterized MSCs are the BM-derived MSCs. However, the
method for collecting BM aspirate is invasive, and therefore also other sources
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for MSCs used in clinical applications have been considered. The most widely
studied alternative sources are AT and other birth-related tissues such as UC,
UCB, and placenta (Kern et al. 2006; Troyer and Weiss 2008; Parolini et al.
2008). MSCs are rare in UCB, but for example, placenta, either decidua or other
placental compartments, or UC, provide a rich and ethically sustainable source
of stromal cells and have therefore been a source of great interest (Bieback and
Brinkmann 2010; Parolini et al. 2008; Mattar and Bieback 2015).
Several studies comparing the isolation and properties of BM-, AT-, UCB- and
UC-MSCs have been published (Bieback et al. 2008; Wagner et al. 2005; Jin et
al. 2013; Elahi et al. 2016; Kern et al. 2006; Heo et al. 2016; Reinisch et al. 2015;
Sacchetti et al. 2016; Grégoire et al. 2019). These studies reported differences in
in vivo frequencies, proliferative potentials, and functional properties. UCBMSCs display a tremendous expansion capacity over BM- and AT-MSCs, but the
isolation of these cells and the establishment of the cultures is challenging
(Bieback et al. 2008; Jin et al. 2013). The MSC frequency in the UCB is the
lowest; the success rate in the establishment of the cultures has varied between
20-60%, whereas BM- and AT-MSCs cultures have been mostly established with
a 100% success rate (Bieback et al. 2008). UCB-MSCs can be cultured for more
extended periods than BM- or AT-MSCs. AT-MSCs show, however, shorter
doubling times at each passage, when compared to BM- and UCB-MSCs (Jin et
al. 2013). MSCs from all the three sources express senescence markers, but
UCB-MSCs with much lower levels than BM- or AT-MSCs (Jin et al. 2013).
Although MSCs from different sources may express similar morphologies
and surface antigen composition, they vary according to their differentiation
capacity, as well as gene expression and epigenetic profiles (Bieback and Netsch
2016; Reinisch et al. 2015; Sacchetti et al. 2016). The study of Reinisch et al.
showed the BM-derived MSCs have distinct expression and methylation
patterns from those of AT-, UC- or skin-derived MSCs. BM-MSCs were also the
only MSCs, which could form an ectopic HSC microenvironment when
compared to MSC from AT, UC, or other sources such as from skin or dental
pulp (Reinisch et al. 2015). According to that analysis, BM-MSCs are more
closely related to AT-MSCs than to UC- or skin MSCs (Reinisch et al. 2015). In
addition, a study by Sacchetti et al. revealed distinct gene expression profiles of
UCB-, periosteum-, muscle- and BM-derived MSCs (Sacchetti et al. 2016).
A comparison of the immunomodulatory properties of BM, AT, UCB, and WJ
originating MSCs is difficult because of the different experimental settings used
in the experiments. Many studies have reported the more robust
immunomodulatory properties AT-MSC than BM-MSCs. MSCs derived from
fetal origins (UC, UCB, and placenta) have been shown to modulate
immunological functions more efficiently than AT-MSCs (Bieback and
Brinkmann 2010; Jin et al. 2013; Mattar and Bieback 2015). BM-MSCs seem to
have a lower immunomodulatory capacity than that of UCB-MSCs or AT-MSCs.
16

However, they can produce enough immunosuppression for clinical use as
shown in early-stage clinical trials (Le Blanc et al. 2004; Ringdén et al. 2006; Le
Blanc et al. 2008).
The most suitable tissue origin of MSCs should be selected when MSCs are
considered for therapeutic applications because tissue-specific characteristics
may have a marked impact on the efficacy or safety of MSCs (Moll et al. 2019,
2020b). For example, the expression of tissue factor TF/CD142 varies
depending on the cell source. TF/CD142 is the main reason for the
incompatibility of MSCs with blood and it triggers blood clotting and can also
induce an Instant blood-mediated inflammatory reaction (IBMIR). The
expression of TF/CD146 is low in BM-MSCs, and much higher in AT-, UC- and
in placenta-derived MSCs (Moll et al. 2020b, 2019; Grégoire et al. 2019), and
therefore BM-MSC may be the most suitable choice for systemic infusions.

The hematopoietic stem cell niche
Stem cells usually reside in a “nest” called the niche, which forms a protective
environment for them. The niche maintains stemness by keeping the cells in a
non-differentiated state and supports their physiological functions. The nicheforming cells regulate the survival, self-renewal, migration, and differentiation
of the stem cells via various mechanisms such as through growth factors,
chemokines, and extracellular matrix molecules and cell contacts (Uccelli et al.
2008). The main components of the HSC niche are pericytes, myofibroblasts,
BM stromal cells, osteocytes, osteoblasts, and endothelial cells (Muguruma et
al. 2006).
Different subtypes of stromal cells can be found in the BM. Sachetti et al.
identified CD146+ cells in the sinusoidal wall area with a colony-forming unit
(CFU-F) activity and an ability to transfer the BM microenvironment when
transplanted into mice (Sacchetti et al. 2007). Cells expressing CD271 can be
found in the trabecular regions of the BM. These cells can also form colonies,
transfer the BM microenvironment, and can differentiate into mature
mesodermal cell types (Sacchetti et al. 2007; Tormin et al. 2011).
HSC niche has been demonstrated to consist of two types of compartments
with different functions located at distinct areas in the BM. The endosteal niche
is lined by osteoblasts in low oxygen areas of BM, near the bone’s surface. The
endosteal niche contains CD271+ and CD271+/CD147low/- stromal cell subsets,
and HSCs, which are maintained long-term in a quiescence state (Tormin et al.
2011). The vascular niche is located around the sinusoidal area and is enriched
with CD146+ and CD271+/CD146+ stromal cells together with activated and fast
proliferating hematopoietic stem progenitor cells (HSPCs)(Tormin et al. 2011).
The proportion of different stromal cell subtypes changes upon aging;
17

CD271+/CD146low/- subset is found in adults, subtype CD271+/CD146+ is
expressed in cells from children and fetuses, and the third subtype, CD271/CD146+, can be detected only from fetal BM (Maijenburg et al. 2012).
The HSC niche controls the differentiation and proliferation of stem cells
(Crippa and Bernardo 2018). MSCs produce high levels of HSC maintaining
cytokines such as stromal cell-derived factor 1 (CXCL12; C-X-C motif
chemokine-12), stem cell factor (SCF or Kit ligand), angiopoietin-1, IL-7, and
vascular cell adhesion molecule-1 (VCAM-1) and osteopontin (Arai et al. 2004;).
When new blood cells are needed, HSCs will mature into progenitor cells in the
vascular niche and be released into the circulation through the sinusoids (Uccelli
et al. 2008) (Figure 2.).

Figure 2. A simplified description of the subtypes of stromal cells in the HSC niche. BM comprises
two distinct areas with different functions. CD271+ and CD271+/CD146low/- MSCs maintain HSCs in
the non-proliferative G0 state in hypoxic conditions (light blue areas) until hematopoietic progenitor
cells are needed. CD146+ and CD271+/CD146+ MSCs are enriched in vascularized regions of BM
and regulate the mobilization of hematopoietic progenitors to the circulation through the sinusoids.
The figure is modified from (Sacchetti et al. 2007; Tormin et al. 2011).

1.1.3

CRITERIA FOR MSCS

MSCs have been found in almost all tissues, and due to the lack of specific
markers for MSCs, isolation, and identification of these cells may be difficult.
MSCs are known to express a large variety of surface markers, which however
are not unique for MSCs, but are shared by other cell types (Mo et al. 2016). Due
to the heterogeneity of MSC populations, the International Society for Cell and
Gene Therapies (ISCT) has defined the minimum criteria for MSCs. The first
18

definition was published in 2006, but upon the improvement of the
methodology and thus increasing knowledge, the guidelines for defining MSCs
have been updated (Dominici et al. 2006; Viswanathan et al. 2019). The minimal
criteria have been set for in vitro cultured MSCs to facilitate uniform
characterization of MSCs and most likely do not reflect the in vivo properties of
MSCs (Mo et al. 2016).
According to the current definition, MSCs are plastic adherent fibroblastoid
cells with a spindle-shaped morphology. In vitro cultured MSCs should express
surface antigens CD105, CD73, and CD90 and lack the expression markers such
as CD34, CD45, CD14 or CD11b, CD79α or CD19 to exclude the presence of
contaminating cell subsets, such as epithelial cells, as well as cells from
lymphoid, myeloid and endothelial lineages (Dominici et al. 2006; Viswanathan
et al. 2019) (Figure 3.). According to the ISCT criteria, MSCs should differentiate
into osteoblasts, adipocytes, and chondrocytes in vitro (Pittenger et al. 1999a;
Dominici et al. 2006).
In addition to the in vitro markers, CD271 has also been used as a marker for
primitive MSCs. However, CD271 can be applied for freshly isolated MSCs
before in vitro culturing, because its expression is lost upon culturing and when
MSCs are exposed to atmospheric oxygen (Álvarez-Viejo et al. 2015; Elahi et al.
2016). BM-MSCs that reside in the vascular niche of the BM express CD146
(Sacchetti et al. 2007). CD146 is also shared by pericytes, which share many
characteristics with MSCs. It has been debated whether MSCs are pericytes or if
pericytes are the in vivo progenitors of MSCs (Crisan et al. 2008; Caplan 2017,
2008).
According to the ISCT criteria, MSCs should not express HLA-DR; however,
HLA-DR expression can be detected if MSCs are cultured with human plateletderived supplements (Grau-Vorster et al. 2019; Laitinen et al. 2016a) (Figure
3.). Cell surface HLA-DR expression is a plastic condition, and it is also elicited
if MSCs are exposed to IFN-γ, which is found in the inflammatory environment
(Polchert et al. 2008; Stagg et al. 2006). Furthermore, the lack of expression of
CD34 is not imperative, since it can be detected depending on donors and
culture passages, but can also be detected from an early culture of AT-derived
MSCs (Viswanathan et al. 2019) (Figure 3.).
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Figure 3. Minimal criteria for defining MSCs. MSCs can be isolated from various sources, and in in
vitro culture, they are plastic adherent fibroblastoid cells lacking expression of lymphoid, myeloid,
endothelial, and epithelial markers. MSCs possess differentiation potential to adipocytes,
osteoblasts, and chondrocytes (Dominici et al. 2006). However, depending on the culture system and
used cell source, MSCs may express HLA-DR antigen (*1) and CD34 (*2) deviating from the ISCT
criteria published in 2006 (Grau-Vorster et al. 2019; Laitinen et al. 2016b; Viswanathan et al. 2019).
Whether MSCs have wider differentiation potentials remains unclear (Sacchetti et al. 2016).

According to recent reports, cells that share surface antigen composition
characteristic for MSCs may vary according to their epigenetic profiles and
differentiation properties (Sacchetti et al. 2016; Reinisch et al. 2015). The
definition and nomenclature of MSCs have been updated and clarified, along
with accumulated knowledge since the term mesenchymal stem cells was
introduced in 1991 (Caplan 1991) (Figure 4.). To acknowledge this more accurate
characterization, ISCT has continuously revised the MSC criteria and
recommends denoting the tissue origin together with the abbreviation “MSC”
and to clarify whether the abbreviation is used for stem or stromal cells. Due to
the variability of MSC populations, it is evident that one specific marker for
MSCs cannot be found, and therefore the identity of MSCs is confirmed by a set
of identity tests (Dominici et al. 2006; Viswanathan et al. 2019). The identity
of MSCs should be verified using a comprehensive assay matrix, which includes
a quantitative RNA analysis of selected genes, flow cytometric surface antigen
analysis, as well as proteome analysis and epigenetic profiling ((Viswanathan et
al. 2019).
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Figure 4. Timeline for defining MSCs. The figure is partly adopted from (Sipp et al. 2018).
References for timeline steps; 1(Caplan 1991), 2 (Woodbury et al. 2000), 3(Dominici et al. 2006),
4
(Yang 2011), 5(Mendicino et al. 2014), 6(Sacchetti et al. 2016), 7(Viswanathan et al. 2019).

1.1.4

DIFFERENTIATION POTENTIAL

Arnold Caplan suggested in 1991 that MSCs could theoretically differentiate into
a large variety of tissues; bone, cartilage, tendon, ligament, adipocytes, dermis,
muscle, BM stroma, and connective tissue (Caplan 1991). The differentiation of
adult MSCs into mesodermal lineage cells, such as osteoblasts, chondrocytes,
and adipocytes, has been repeatedly confirmed by in vitro assays (Jaiswal et al.
1997; Purpura 2004; Johnstone et al. 1998; Pittenger et al. 1999). However,
differences in the efficacy of differentiation due to tissue origin have been
reported. BM-MSCs have been shown to differentiate robustly into all three
lineages in various studies (Bieback et al. 2008; Wagner et al. 2005; Jin et al.
2013; Heo et al. 2016), whereas UC- and UCB-MSC have been reported to
differentiate only to osteogenic and chondrogenic directions, but not into
adipocytes (Bieback et al. 2008; Kern et al. 2006). AT-MSC differentiate
preferably to adipocytes and, to a lesser extent, to osteoblasts and chondrocytes
(Zajdel et al. 2017).
Many studies have reported a broad differentiation potential, especially for
BM- and AT-MSCs, and demonstrated that under certain conditions, MSCs
could also differentiate into tissues other than those of mesodermal origin.
MSCs were reported to differentiate into skeletal muscle (Dezawa et al. 2005),
tendon (Kuo and Tuan 2008), myocardium (Shim et al. 2004), smooth muscle
(Jeon et al. 2006), and endothelial cells (Oswald et al. 2004). Some studies have
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also shown that MSCs can, in certain conditions, differentiate into neurons
(Krampera et al. 2007) or epithelial cells (Timper et al. 2006). However, many
of the studies showing differentiation potentials to cells other than mesodermal
lineages have been performed in in vitro cultures with selected inducing agents,
which favor specific differentiation directions, and many of these studies have
not been confirmed by in vivo results (Strioga et al. 2012; Quinn and Flake
2008). In addition, even though MSCs might have expressed tissue-specific
markers, the differentiated cells have not been able to express the characteristics
and functionality of mature cells (Phinney and Prockop 2007; Volz et al. 2016;
Fitzsimmons et al. 2018; Krampera et al. 2007). Therefore, the differentiation
shown in in vitro experimental settings does not necessarily reflect the true
differentiation potential of MSCs.
The conception of MSCs as a uniform source of progenitors of multiple tissues
has been, however, challenged by recent studies (Reinisch et al. 2015; Sacchetti
et al. 2016). Newer studies have used in vivo transplantation experiments, and
transcriptome analyses to show the impact of tissue origin on the MSC
functionality, despite fulfilling the minimal criteria listed by ISCT. Studies by
Sacchetti et al. and Reinisch et al. characterized an inherent property of BMMSCs to generate bone and BM stroma (Sacchetti et al. 2016; Reinisch et al.
2015). BM-MSCs were also shown to differentiate into adipocytes, which may
support the HSC microenvironment in vivo (Reinisch et al. 2015). According to
Sacchetti et al., BM-MSCs do not form myocytes and are not spontaneously
chondrogenic (Sacchetti et al. 2016). Reinisch et al., however, reported that
when BM-MSCs were compared AT-, UC-MSC, only BM-MSCs exhibited a
chondrogenic differentiation transcriptional program (Reinisch et al. 2015).
Sacchetti et al. also reported that UC-MSCs could form cartilage and bone
inherently and that MSCs isolated from muscles were inherently myogenic but
were not skeletogenic (Sacchetti et al. 2016).
Despite the large variety of studies demonstrating the differentiation
potentials of MSCs, the true in vivo nature of MSCs is unclear. MSCs’ homing
efficacy is low, but some of the intravenously injected MSCs have been found
from the injury site (Karp and Leng Teo 2009; Strioga et al. 2012). Animal
studies have also shown that MSCs mediate tissue reconstitution without
differentiation or fusion to the target organ (reviewed in Strioga et al. 2012).
Therefore, it is likely that when MSCs are transplanted to the injury site, they
can promote tissue regeneration by paracrine activity rather than through
differentiation.
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Markers for osteogenic differentiation of MSCs
Ex vivo expanded MSCs have been evaluated for treating bone defects.
Osteogenic differentiation can be induced by exposing culture-expanded MSCs
to β-glycerophosphate, dexamethasone, and ascorbic acid 2-phosphate (Jaiswal
et al. 1997). A variety of transcription factors regulate osteogenic differentiation,
such as Runx2, which is the primary controller of differentiation, but also osterix
and β-catenin (Almalki and Agrawal 2016). The osteogenic differentiation of
MSCs can be divided into three phases. The characteristic for the first phase is
the increase in cell numbers. In the second phase, an increase in the expression
of alkaline phosphatase (ALP) is observed. ALP is required for the formation of
the collagen matrix. The final phase of the differentiation results in a high
expression of osteocalcin (OCN) and osteopontin and is followed by calcium and
phosphate deposition into the collagen matrix (Birmingham et al. 2012).

1.1.5

CELLULAR CROSSTALK BETWEEN MSCS AND THE IMMUNE
SYSTEM

MSCs secrete a large variety of soluble and membrane-bound factors, some of
which exert immunomodulatory functions. MSCs can affect and modulate both
innate immunity and adaptive immunity, and in general, MSCs have an
immunosuppressive effect (Uccelli et al. 2008; Le Blanc and Mougiakakos 2012;
Singer and Caplan 2011). However, after certain stimuli, they may also act as
proinflammatory cells (Stagg et al. 2006). The multifaceted interactions of
MSCs with immune cells are summarized in Figure 5.
T cells interact with DCs and other antigen presenting cells to activate the Tcell receptor and co-stimulatory receptor signaling, which leads to a rapid
proliferation of T cells and the production of effector cell-activating cytokines
(Chiesa et al. 2011). CD8+ mediated cytotoxicity is activated because of
costimulation. Effector CD4+ cells produce the Th1 and Th17 cell subsets, which
enhance the inflammatory signal (Ghannam et al. 2010).
Innate immunity acts as a first-line barrier against pathogens and factors
jeopardizing tissue integrity. Natural killer cells (NK cells) are innate immunity
cells, which produce proinflammatory cytokines and are cytotoxic to infected
and cancer cells (Glenn 2014). The properties of NK cells are intricately
regulated by a balance between activating and inhibitory receptors, e.g. they are
activated by exposure to IL-2 and IL-15 originating from the action of
inflammatory cytokines IFN-γ and TNF-α on T cells (Spaggiari et al. 2006).
MSCs can directly block IL-2 and IL-15 induced proliferation of NK cells through
indoleamine 2,3-deoxygenase (IDO) and prostaglandin E2 (PGE2), MSCs can
also block cytokine production and the expression of activating receptors in NK
cells, but cannot, however, inhibit the cytotoxicity of freshly isolated NK cells
(Moretta et al. 2001; Sotiropoulou et al. 2006; Spaggiari et al. 2006).
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BM-derived MSCs promote the movement of monocytes and macrophages
from BM to the sites of injury (Chen et al. 2008). Monocytes entering an
inflammatory site will respond to inductive signals by polarizing to either the
M1 (pro-inflammatory) or the M2 macrophage subsets (anti-inflammatory). M1
macrophages secrete IFN-γ and TNF-α; these are agents that support and
enhance the inflammation signals, whereas M2 macrophages promote the
switch to the anti-inflammatory and regenerative state by secreting IL-10 and
TGF-β1 (Le Blanc and Davies 2015). MSCs can promote polarization either
through inducing a shift from the M1 to the M2 subset or directly from
monocytes (Gao et al. 2014). MSC-induced direct maturation is initiated by cellcell contacts but also by secreted factors such as PGE2, IL-6, and IDO, (Karp
and Leng Teo 2009; Maggini et al. 2010; Németh et al. 2009). MSCs can induce
the downregulation of the costimulatory molecules CD86 and MHC II and
increase the secretion of IL-10 and IL-6 in the polarized M2 macrophages
(François et al. 2012b; Kim and Hematti 2009; Maggini et al. 2010). IL-10
secretion prevents neutrophil migration to the inflammatory site and thus
reduces oxidative stress. M2 polarization also induces the production of
regulatory T cells (Treg) (Melief et al. 2013). Recent studies have indicated that
MSCs can influence the Treg proliferation through cell-cell contacts with T cells
and APCs, as well as through the secretion of soluble factors and exosomes (Negi
and Griffin 2020).
Dendritic cells (DC) connect the innate and adaptive immunity by secreting
cytokines and serving as APCs, of which DCs are the primary type. After
phagocytosing pathogens, DCs mature, become activated, and upregulate the
expression of MHC and costimulatory molecules. Activated DCs present the
antigens to T cells, but also directly activate NK cells and B cells (Dubois et al.
1999; Gerosa et al. 2002). MSCs can affect DCs, both directly and indirectly.
MSCs prevent the maturation of monocytes and CD34+ precursor cells to DCs
and reduce the receptors needed for DC maturation, such as MHC II and CD80
and CD86 (Chiesa et al. 2011; Du Rocher et al. 2012). As a result of exposure to
MSCs, DCs are unable to activate T-cells due to the reduced ability to present
antigens, to stimulate T-cell proliferation, and to induce maturation of naїve Tcells (Beyth et al. 2005; Du Rocher et al. 2012). MSCs can also return mature
DCs to an immature form, where antigen presenting and co-stimulatory
molecules are downregulated, IL-12 is secreted, and DCs are unable to stimulate
the proliferation of lymphocytes (Zhang et al. 2009).
MSCs can inhibit the T cell proliferation independently of the MHC molecules
by arresting them at the G0/G1 cell cycle phase (Benvenuto et al. 2007; Glennie
et al. 2005). MSCs do not induce apoptosis in T cells but can promote the
survival of overstimulated T cells, which are led to activation-induced cell death
(Benvenuto et al. 2007). Inhibition of T cells has been shown to reduce the
secretion of IFN-γ both in vivo and in vitro (Aggarwal and Pittenger 2005) and
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to increase the production of anti-inflammatory IL-4 by TH2 cells (Aggarwal and
Pittenger 2005; Zappia et al. 2005). Therefore, MSC shift the balance from proinflammatory T cell activities and cytotoxicity towards anti-inflammatory
functions. Anti-inflammatory T cells functions are also driven by stimulating the
production of regulatory CD4+CD25+ T cells (Tregs). MSCs can induce the
generation of Tregs either indirectly, by inducing IL-10 production by
plasmacytoid DCs, which then stimulate the generation of Tregs (Aggarwal and
Pittenger 2005; Fadeel et al. 1998), or directly by the secretion of HLA-G5
antigen (Selmani et al. 2008).
Controversial results have been published from experiments exploring the
interactions between B cells and MSCs. The reason for the variable results has
been hypothesized to be due to variable experimental settings in the in vitro
studies (Augello et al. 2005; Corcione et al. 2006; Glennie et al. 2005;
Rasmusson et al. 2007). However, most studies indicate that MSCs can inhibit
B cell proliferation as well as their differentiation to antibody-producing plasma
cells and expression of cytokine receptors (Augello et al. 2005; Corcione et al.
2006; Glennie et al. 2005). The inhibitory effects seem to be due to the release
of soluble factors and cell-cell contacts between MSCs and B cells (Corcione et
al. 2006). Other investigators have reported that MSCs could support survival,
proliferation, and differentiation of B cells in healthy individuals and in children
with systemic lupus erythematosus (Rasmusson et al. 2007; Traggiai et al.
2008).
In addition to secreted factors and cell-cell contacts, MSCs can exert their
immunomodulatory function through exosomes and a wide range of
extracellular vesicles (EVs), which can transport a large variety of mRNA and
non-coding RNA (Weiss et al. 2019). The functionality of the exosomes is
dependent on their cargo. Exosomes can activate or suppress the immune
system by affecting cytokine secretion, differentiation, and polarization of
immune cells or activation of T cells (Weiss et al. 2019; Moll et al. 2020b).
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Figure 5. Overview of the immunomodulatory effects of MSCs on innate and adaptive immunity.
The figure summarizes the publications referred to in paragraph 1.1.6.

1.1.6

MOLECULAR MECHANISMS UNDERLYING MSC-INDUCED
IMMUNOSUPPRESSION

MSCs secrete various soluble factors, either constitutively or when stimulated
by target cells. IFN-γ, TNF-α, and IL-1β secreted by the T cells have been
identified as significant initiators of the immunomodulatory activities of MSCs
(Krampera et al. 2006; Németh et al. 2009; Singer and Caplan 2011; RedondoCastro et al. 2017). MSCs constitutively secrete Transforming growth factor β
(TGF-β), hepatocyte growth factor (HGF), IL-10, PGE2, IL-6, IL-8, and HLAG5, which affect both directly and indirectly to proliferation, differentiation, and
function of innate and adaptive immunity cells (Figure 5.) (Di Nicola et al. 2002;
English et al. 2007; Selmani et al. 2008; Aggarwal and Pittenger 2005; Németh
et al. 2009).
Resting MSCs express low levels of MHC I molecules and lack the expression
of MHC II molecules and costimulatory molecules CD40, CD80, and CD86
entirely (Krampera et al. 2003; Prasanna et al. 2010). Exposure of MSCs to low
concentrations of IFN-γ upregulates the expression of MHC II and may convert
MSCs into antigen-presenting cells (Stagg et al. 2006). However, although the
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expression of MHC II molecules MSCs does not express CD80 or CD86, which
are essential costimulatory molecules (Stagg et al. 2006; Galipeau 2017).
MSCs exert most of their immunosuppressive effects by producing IDO, but
some of the activity may be mediated by IL-6 (Meisel et al. 2004; Moll et al.
2014a). IDO catalyzes the cleavage of tryptophan to kynurenine. Because
tryptophan is essential for cell survival, proliferation, and protein synthesis,
especially for lymphocytes, cleavage of tryptophan impairs the proliferation of
T cell subsets, NK cells, and dendritic cells (Meisel et al. 2004). In vitro, MSCs
immunosuppressive activities can be activated (primed/licensed) by IFN-γ
treatment (François et al. 2012a).
Moll et al. described in 2012 that when MSCs are administered intravenously,
they become recognized by the complement system and destroyed due to IBMIR
(Moll et al. 2012). In 2014 Moll et al. also hypothesized that dying MSCs may be
useful in triggering phagocytosis due to their ability to recognize apoptotic and
complement opsonized cells and turn them into the polarized M2 type
regulatory cells (Moll et al. 2014a). Galleu et al. showed later that those GvHD
patients, who had the highest T cell-mediated cytotoxic reactions towards MSCs,
had the best responses to the MSC therapy and suggested that GvHD patients
could be treated with apoptotic MSCs (Galleu et al. 2017). However, the effect of
apoptotic MSCs can only be seen if the cells had been infused intravenously and
but not by intraperitoneal delivery, as in the study by Galleu et al. (Galipeau and
Sensebé 2018). The model of the immunosuppression mediated by fit and
apoptotic MSCs is illustrated in Figure 6.
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Figure 6. Suggested model for MSC immunosuppression mediated by fit and apoptotic cells.
According to the conventional immunosuppression model, culture adapted and fit MSCs exert antiinflammatory functions through secreted factors, which result in an increase in the numbers of Tregs
and M2 macrophages as well as a reduction in immune cell proliferation and cytotoxic activities.
Together with these functions, MSCs participate in tissue regeneration by expressing morphogens
and exosomes. According to the model suggested by Galleu et al. intraperitoneally administered
apoptotic MSCs present “eat-me” signals produced by phosphatidylserine (PtS) to the phagocytosing
macrophages, which in turn secrete anti-inflammatory factors. Figure modified from (Galipeau and
Sensebé 2018) and harmonized with Figure 5.

1.1.7

UTILIZATION OF MESENCHYMAL STROMAL CELLS IN
CLINICAL APPLICATIONS

MSCs for GvHD
One of the prime indications on which the clinical translation of MSCs has first
focused because of their immunomodulatory properties is acute and chronic
GvHD. Lazarus and coworkers were the first to test MSCs as medicines to treat
GvHD in 1995 when culture expanded autologous MSCs were administered to a
patient. However, this study was an early clinical phase I study and therefore,
did not aim to study clinical efficacy but rather to investigate the safety and
feasibility of the MSC therapy (Lazarus et al. 2005). Le Blanc et al. took
significant steps in clinical utilization of MSCs in 2004 when a 9-year old boy
with severe grade IV aGvHD was treated with allogeneic MSCs obtained from a
third-party donor. Treatment with MSCs showed striking results with excellent
immunosuppressive effect and rapid healing of gut symptoms (Le Blanc et al.
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2004). Subsequently, Le Blanc et al. reported good outcomes in a phase II trial
where 55 patients with steroid-resistant acute or chronic GvHD were treated
with allogeneic BM-MSCs received from a sibling or third-party donor (Le Blanc
et al. 2008).
Subsequent studies have, however, shown heterogeneous results, and
evidence for the clinical benefit of MSCs has not been totally convincing (Fisher
et al. 2019; Chen et al. 2015; Tolar et al. 2010). Nonetheless, the comparison of
pre-clinical and early clinical studies with late clinical studies is challenging due
to different manufacturing scales and handling procedures (Galipeau and
Sensebé 2018). Meta-analyses evaluating the safety aspects of treatment with
MSCs have indicated, however, that they are well-tolerated, and severe adverse
effects have not been reported (Lalu et al. 2012; Chen et al. 2015; Fisher et al.
2019).
The long journey of MSCs from bench to the bedside through three industrysponsored clinical trials has been recently reviewed by Galipeau (Galipeau
2020). The first major industry-sponsored phase III clinical trial was performed
between 2006 and 2009. In the study, cryopreserved allogeneic BM-derived
MSCs (remestemcel-L, Prochymal®) were provided by Orisis Therapeutics Ltd.
(Columbia, MD, USA) for treating adults and children with steroid-refractory
GvHD (NCT00366145). The results of the study were initially presented in a
conference abstract (Martin et al. 2010) and finally reported much later
(Kebriaei et al. 2019). The study did not, however, meet the primary endpoint of
a durable complete response lasting at least 28 days, and the difference between
responders (30%) and placebo group (35%) was statistically non-significant
(p=0.42) (Kebriaei et al. 2019). However, a subset study from the data by
Kurtzberg et al. revealed that children were responsive to MSCs (Kurtzberg et
al. 2010).
The results of the second major study were reported by Kurtzberg et al. The
study was initiated in 2007 and enrolled until 2015. The study was distinct from
the first Prochymal® study. Children and adults with any grade B and D GvHD
were treated if they showed symptoms of steroid resistance for at least three
days (NCT00759018). The treatment resulted in an overall response of 65.1%
(complete responders 14.1%, partial responders 51.3%) on day 28, and day 100
survival could be predicted from the day 28 results (Kurtzberg et al. 2014).
In 2013 Osiris Therapeutics sold the assets of Prochymal® to Mesoblast Ltd.
(Melbourne, Australia). A new open-label, single-arm phase III study
(NCT02336230) was initiated with MSCs (remestemcel-L) with a new product
name Ryoncil®. The study involved pediatric patients with acute steroid
refractory GvHD and was completed in 2017. The study successfully met the
primary endpoint of an improved day 28 overall response rate of 69% with
patients with severe disease. A significant improvement (p=0.0003) was found
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compared to the control group, and the effect was sustained at day 180. The
results of the study have been reported recently (Kurtzberg et al. 2020).
In 2012, based on results reported by Kurzberg et al. (Kurtzberg et al. 2010),
the MSC product received conditional market approval in Canada for children
with GvHD, and later in New Zealand and Japan (Galipeau and Sensebé 2018).
After obtaining the results from the latest phase III study (Kurtzberg et al. 2020)
Mesoblast Ltd. has filed a Biologics License Application for Ryoncil® to the FDA
for marketing authorization in USA, Europe, and Asia excluding Japan, to treat
children with steroid-refractory acute GvHD (Galipeau 2020). The latest
encouraging results show that MSC products may finally meet the FDA
requirements for marketing authorization.

MSCs for other indications
Because MSCs are one of the crucial contributors to the HSC niche, they have
been utilized in supporting HSC engraftment after transplantation. MSCs can
enhance engraftment by reconstituting the damaged microenvironment. They
can also prevent graft rejection by suppressing T cell activity (Ball et al. 2007).
The first clinical studies for MSCs as a supporter of HSC engraftment and graft
survival revealed a rapid hematopoietic recovery (Koç et al. 2000; Lazarus et al.
2005). Similar results have also been reported in other phase I/II clinical studies
(Ball et al. 2007; MacMillan et al. 2009). The study of Bernardo et al. did not,
however, detect improved recovery in patients who had received allogeneic BMMSCs or UCB-MSCs after HSC transplantation compared to the control group
(Bernardo et al. 2011). Furthermore, later studies reported heterogeneous and
controversial results regarding the ability of MSCs to support engraftment,
although the use of MSCs was found to be both feasible and safe. A meta-analysis
by Kallekleiv et al. concluded that no statistically significant benefit of MSCs in
co-transplantation with hematopoietic stem cells was evident (Kallekleiv et al.
2016).
The secreted anti-inflammatory cytokines, as well as the ability of MSCs to
home to injured tissue and to stimulate the recovery of the tissues are the
properties which make MSCs promising for cell-based therapy for IBD. The
generally accepted cause for IBD is the immune response to environmental
factors in genetically susceptible individuals. The therapeutic effects of MSCs in
IBD have been studied first in animal models, where they have shown promising
results (Algeri et al. 2015). Although controversial results for the efficacy of
MSCs have been reported in early clinical trials, an industrial-sponsored phase
III clinical trial, where Crohn’s disease-related fistulas were treated with MSCs,
showed significant efficacy as compared to placebo (Panés et al. 2016; Algeri et
al. 2015). The effect was still evident after one year (Panés et al. 2018). A metaanalysis of studies investigating MSCs for treating Crohn’s disease-related
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fistulas have shown improved healing rates compared to patients who did not
receive MSCs and also indicated the safety of MSC therapy (Cao et al. 2017;
Panés et al. 2016).
The osteogenic differentiation potential has been utilized in tissue
regeneration, especially in treating large bone defects as well as oral and
maxillofacial defects (Gimbel et al. 2007; Kaigler et al. 2013; Mesimäki et al.
2009). MSCs have the potential to increase osteoinduction and osteogenesis and
have also been used together with PRP to provide healing promoting factors to
the injury site in the bone (Yamada et al. 2004). MSCs have been administered
systemically, and by injecting locally, but the most promising approach has been
the combinatorial therapy with MSCs and a biodegradable scaffold (Oryan et al.
2017). Currently, due to the lack of published clinical trials, controversies in the
results, and variability in the methods, protocols, and treatment strategies,
MSCs are not yet a viable option in bone regeneration (Oryan et al. 2017).
The use of MSC therapy has also been explored in liver diseases, especially
for liver fibrosis (Alfaifi et al. 2018), to improve heart function after myocardial
infarction (Lalu et al. 2018) or after ischemic heart failure (Michler 2018;
Kastrup et al. 2017). The utilization of immunomodulatory properties has been
studied in the treatment of multiple sclerosis (Scolding et al. 2017), as well as in
neurodegenerative diseases, where also the regenerative potential of MSC is
being evaluated (Volkman and Offen 2017). Most recently, MSCs have shown
potential for treating symptoms of a severe acute respiratory syndrome caused
by Coronavirus-2 (SARS-CoV-2), such as acute respiratory distress syndrome,
pneumonia and sepsis (Moll et al. 2020a).

Translational challenges
A variety of factors such as different culturing conditions, medium supplements,
tissue origin of MSCs, handling and cryopreservation of cells as well as the route
of administration may have an impact on the clinical outcomes (Moll et al.
2020b). The source of the tissue is known to have a significant impact on the
expression of TF/CD146 on the cell surface. Highly procoagulant Tissue factor
is known to be the primary cause of blood incompatibility of MSCs, causing the
IBMIR (Moll et al. 2019). Suboptimal culturing conditions and extensive
expansion of MSCs may accelerate cellular aging and thus reduce MSCs
functionality. The reasons for the modest results of the main study have been
widely hypothesized, and one of the major causes has been suggested to be the
extensive expansion of MSCs and the use of cryopreserved instead of fresh cells
(Galipeau and Sensebé 2018; Galipeau 2013).
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MSCs for the first Prochymal® study were expanded extensively to obtain
10 000 doses from one donor, whereas early-stage studies have been based on
approximately ten doses per donor (Galipeau and Sensebé 2018). Therefore the
final product used in the Prochymal® study may have contained a larger
proportion of senescent cells than in the small scale studies (Galipeau and
Sensebé 2018). Prochymal® was also a cryobanked product, which was thawed
and administered at the point of care. Cryopreservation of MSCs is known to
impair the immunomodulatory properties of MSCs (François et al. 2012a). It
could be argued that MSC therapies could be improved not only by careful
optimization of manufacturing protocols and monitoring of cell products during
processing, but also by developing accurate measures for potency, clinical
outcomes. Examples of clinical studies utilizing MSCs have been listed in Table
1.
The study presented in this thesis has been linked to the development of the
manufacturing process for clinical-grade MSCs, which are to be used for treating
children and adults with acute or chronic GvHD in Finnish university hospitals.
This study has also concentrated on gathering more knowledge about crucial
quality attributes such as cellular aging and the effects of freezing during the
production process of MSCs. The treatment provided by the products
manufactured in FRCBS Advanced Cell Therapy Centre has been approved by
the competent national authority, Fimea, under the hospital exemption license.
The results from the follow-up for treating GvHD with allogeneic BM-MSCs
have been reported in Salmenniemi et al. (Salmenniemi et al. 2017). The
following chapters describe important parameters and quality attributes in the
manufacturing of clinical-grade MSC products and finally report the results of
our study.
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Table 1. Examples of clinical studies performed using MSCs.

Indication

MSCs
Allogeneic BM-MSCs form HLA
identical or haploidentical sibling
or third-party HLA mismatched
donors.

Reference
Le Blanc et al. 2004
Ringdén et al. 2006
Le Blanc et al. 2008
von Bonin et al. 2009
Martin et al. 2010*1
Kurtzberg et al. 2010*1
Lucchini et al. 2010
Kurtzberg et al. 2014*2
Dotoli et al. 2017
Salmenniemi et al. 2017
Kurtzberg et al. 2020*3

Crohn’s disease

Autologous and allogeneic ATand BM-MSCs

Multiple sclerosis

Autologous BM-MSCs

Systemic lupus
erythematosus (SLE)

Allogeneic BM-MSCs
Allogeneic UCB-MSCs

Garcia-Olmo et al. 2009
Duijvestein et al. 2010
Forbes et al. 2014
Dhere et al. 2016
Panés et al. 2016*4
Panés et al. 2018*5
Karussis et al. 2010
Yamout et al. 2010
Bonab et al. 2012
Connick 2012
Liang et al. 2010
Wang et al. 2014

Type I diabetes

Autologous BM-MSCs
Allogeneic UCB-MSCs
Autologous BM-MSCs

GvHD

Osteoarthritis

Carlsson et al. 2015
Cai et al. 2016

Orozco et al. 2013
Soler et al. 2016
Al-Najar et al. 2017
Myocardial
Allogeneic AT-MSCs
Hare et al. 2012
infarction/Ischemic
Autologous and
Bartunek et al. 2013
heart failure
allogeneic BM-MSCs
Chullikana et al. 2015
Kastrup et al. 2017
Liver diseases
Kharaziha et al. 2009
Allogeneic BM-MSCs
Detry et al. 2017
Kidney transplantation Allogeneic AT-MSCs
Perico et al. 2011
Autologous and allogeneic
Vanikar et al. 2014
BM-MSCs
Reinders et al. 2015
Engraftment support
Koç et al. 2000
Allogeneic BM-MSCs
after HSCT
Ball et al. 2007
MacMillan et al. 2009
Bernardo et al. 2011
Batorov et al. 2015
Castello et al. 2018
*1 An industry-sponsored clinical trial with Prochymal® for adult and pediatric patients.
*2An industry-sponsored clinical trial with Prochymal® for pediatric patients.

*3Latest industry-sponsored clinical trial with Ryoncil® for pediatric patients.
*4An industry-sponsored clinical trial with Alofisel® for adult patients
*5 Long-term efficacy and safety study of Alofisel® for perianal fistulas in patients with Crohn’s
disease.
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1.2 CLINICAL-GRADE MANUFACTURING OF MSCS
1.2.1

MSC CULTURE PARAMETERS

Clinical-grade MSC cultures utilized for immunomodulatory applications are
most often isolated from BM. The MSC culture originates from only a few cells,
and therefore the cells must be expanded extensively ex vivo in order to obtain
satisfactory cell numbers for clinical use (Ringdén et al. 2006; Bartmann et al.
2007). First, the primary culture is established by isolating the mononuclear cell
fraction from the BM aspirate or other sources. MNCs are allowed to adhere for
72 hours, after which nonadherent cells are removed by washing and culturing
is continued. The optimal culture medium supports the division of MSCs, but
not the expansion of other residual cells, for example, macrophages.
The original number of MSCs, which gives rise to the culture, can be
quantified with the CFU-F assay (Castro-Malaspina et al. 1980). The number of
colony-forming units is predictive for the replicative capacity of the culture
(Digirolamo et al. 1999). The age of the BM donor is crucial for the success of
the culture since the number of colony-forming units has been shown to
decrease with aging (Lohmann et al. 2012).
In continuous MSCs cultures, the plating density has an impact on cell yields
and cell characteristics (Samuelsson et al. 2009; Sekiya et al. 2002; Bartmann
et al. 2007). There are conflicting opinions about the suitable plating density for
MSCs in clinical-grade cultures. However, lower seeding densities have resulted
in more immature progenitor cell subsets (Sekiya et al. 2002). Prockop et al.
proposed that 10 cells/cm2 would be the optimal plating density for MSCs to
maintain high numbers of the rapidly dividing cells (Prockop et al. 2001).
Bartmann et al. also claimed that a low seeding density helped to maintain a
high proliferative potential in MSC cultures (Bartmann et al. 2007). In the study
of Doucet et al. 2005, a seeding density of 1000 cells/cm2 produced the highest
cell yields and the shortest culturing time (Doucet et al. 2005). In clinical-grade
cultures, a density of 1000 cells/cm2 was thought to be a good compromise to
produce high numbers of cells (Doucet et al. 2005; Sensebé 2008; Sekiya et al.
2002).
The culture medium should be replaced partially at the beginning of culture
passage to maintain the concentration of Dickkopf-1 (Dkk-1) at an adequate
level. Dkk-1 is secreted by MSCs during the lag phase to facilitate entry to the
cell cycle. Dkk-1 also maintains the cells in an undifferentiated state during their
expansion (Gregory et al. 2003; Horwitz 2004).
Confluency in the MSC cultures should be kept under 100% during the
expansion steps, and splitting of the culture at an 80-90% confluency can be
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considered as optimal (Abo-Aziza and Zaki 2017). Entirely confluent cultures
should be avoided since cell contact may induce senescence through a p53 and
telomere-independent mechanism (Ho 2011). Contact inhibition also hinders
cell proliferation by affecting transmembrane signaling and cytoskeletal
reorganization, which results in senescence-associated enlarged cell
morphology (Nelson 2002, Murphy 2009).
Population doubling (PD) numbers are used as a measure of aging of the cells
in clinical-grade cultures. The maximum number of doublings for MSCs is 4050 PDs in culture (Lepperdinger et al. 2008; Bieback et al. 2011). However, the
methods used for counting PD numbers have not been standardized between
laboratories and depend on how the start of the culture has been defined
(Lepperdinger 2008, Sensebe, Prockop 2010).

1.2.2

CULTURE SUPPLEMENTS

Fetal calf serum
Fetal bovine serum (FBS) has been used as a universal cell culture supplement
in research and the cell cultivating industry since the 1950s (Puck et al. 1958).
The FBS contains essential components for cell proliferation and growth, such
as hormones, vitamins, growth factors, transport proteins, and trace elements.
However, the specific critical components in FBS are not known (van der Valk
et al. 2010). The use of FBS involves significant lot-to-lot variation originating
from seasonal and geographical variation, which leads to unexpected outcomes
in laboratories (Baker 2016).
FBS is a controversial supplement in cell cultures utilized for clinical
applications; the most severe concerns involve the risks to patient safety. FBS
possesses a risk of animal-origin transmissible pathogens such as prions,
viruses, and mycoplasma (Dormont 1999; Wessman and Levings 1999). The risk
of zoonogenic infection must be considered in MSCs cultures since prions
inducing transmissible spongiform encephalopathy (TSE) were demonstrated
to infect murine MSCs (Cervenakova et al. 2011). FBS may also influence the
patient’s immune system as a xenoantigen (Selvaggi et al. 1997; Spees et al.
2004). Heiskanen et al. reported that human embryonic stem cells and MSCs
cultured in an FBS supplemented medium was contaminated by Nglycolylneuraminic acid (Neu5Gc) originating from FBS (Heiskanen et al.
2007). Anaphylactic or arthus-like immune reactions have been reported with
patients who have received cells cultured in FCS supplemented medium
(Selvaggi et al. 1997). MSCs cultured with FBS also express a less stable
transcriptional profile than MSCs cultured with other supplements and
upregulate genes involved in cell cycle inhibitory control, especially with later
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passage cells, which may lead to an extended lifespan (Shahdadfar et al. 2005).
Regulatory authorities have strongly recommended replacing FBS with human
origin culture supplements in the manufacturing of ATMPs (Bieback et al.
2019).
The developing biotechnology and pharma industry as well as increased
needs for research have exacerbated the worldwide shortage of FBS, increased
prices, and made the supply chain of FBS prone to fraud (Gstraunthaler et al.
2013; Van der Valk et al. 2018). In 1994, when the global amount of New Zealand
serum sold for GMP manufacturing as compared to the figures of collected
serum, it was observed that of the sold 30 000 L of New Zealand serum, only
half had been produced in New Zealand. New Zealand serum is used in clinicalgrade manufacturing since no prion-mediated BSE infection has been found in
New Zealand. Another instance of fraud was uncovered in 2003 when a global
supplier of FBS was caught for blending New Zealand serum with lower grade
bovine serum albumin, water, and growth-promoting supplements
(Gstraunthaler et al. 2013; Van der Valk et al. 2018). An investigation by the US
Federal Food and Drug Administration found that during the years 2008-2013,
143 FBS batches with a total volume of 280 000 L were affected by crime (Van
der Valk et al. 2018).
The use of FBS is also accompanied by ethical issues and environmental
concerns since FBS is a side product of the meat and dairy industry. Animal
welfare issues have also been introduced into the debate since the 800 000 L of
FBS produced annually corresponds to 2 000 000 bovine fetuses (Brindley
2012).

Platelet lysates
Platelet-derived growth factors were shown to support the proliferation of MSCs
in the study of Lucarelli et al., where the platelet-rich plasma was shown to
promote the proliferation of BM stromal stem cells in a dose-dependent manner
(Lucarelli et al. 2003). The first replacement of FBS was postulated in a study
where human autologous plasma and allogeneic serum were used to replace FBS
in MSC cultures (Shahdadfar et al. 2005). In that study, MSCs proliferated
markedly better with autologous human serum than in FBS but human serum
was not able to support differentiation. Allogeneic human serum supplement
was reported to result in growth arrest, and cell death (Shahdadfar et al. 2005)
since certain essential growth factors for MSCs are not present in human sera
(Kuznetsov et al. 2000; Müller et al. 2006).
Doucet et al. suggested the use of PL supplements for ex vivo expansion of
clinical-grade MSCs in 2005 (Doucet et al. 2005). PL prepared from platelets
and plasma from various donors was shown to be a safe and efficient culture
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supplement for MSCs, also supporting their differentiation potential (Doucet et
al. 2005; Becherucci et al. 2018). It was claimed that PL resulted in better
support for cell proliferation than FBS (Capelli et al. 2007; Doucet et al. 2005).
However, one study reported that MSCs cultured with PL had a lower
immunosuppressive capacity than cells cultured with FBS (Bernardo et al.
2007a). The study of Doucet and others found that the best cell yield with
reduced culturing time resulted in culturing cells with 5% PL and with a density
of 1000 cells/cm2 (Doucet et al. 2005). PL was found to support the
characteristics and functionality of MSCs and to be a suitable replacement for
FBS in large-scale cultures (Doucet et al. 2005; Bernardo et al. 2006; Müller et
al. 2006; Schallmoser et al. 2007).
Platelets are a source of growth factors and can be obtained as side-products
of blood donations. Platelet products are also an ethical choice since platelet
products are suitable for patient use for only up to 4-5 days but are still ideal for
cell cultures (Bieback et al. 2009). Granules containing the growth-supporting
factors can be released from platelets by activating the platelets with thrombin
(tPRP) or through freeze-thaw cycles. However, there is no standardized
practice for an optimal number of freeze-thaw cycles, and the cycles used have
varied between 1-5 (Doucet et al. 2005; Laitinen et al. 2016a; Strandberg et al.
2017). However, when Strandberg et al. explored the optimal number of freezethaw cycles to release the maximum concentrations of growth-supporting
factors, 3-5 cycles were reported as the optimum (Strandberg et al. 2017).
Platelet-derived growth factor (PDGF), transforming growth factor β1 (TGFβ1), epidermal growth factor (EGF) and basic fibroblast growth factor (bFGF)
are essential mitogenic growth factors found in PL supporting MSC,
chondrocyte and osteocyte proliferation (Doucet et al. 2005; Fekete et al. 2014).
PDGF and bFGF are critical components of MSC survival, and blocking of
PDGF-BB and bFGF resulted in a loss of proliferation (Fekete et al. 2012). The
presence of the platelet-derived growth factor isoform PDGF-BB has been
reported to protect MSCs from senescence initiated through the p53/p21
pathway (Zhang et al. 2016).
When platelets are lysed, they also release factors, which initiate and
maintain blood clotting (Burnouf et al. 2013). Therefore, heparin or some other
anti-clotting additive is used in the medium. Heparin products of non-human
origin are approved medicinal products for clinical use and thus have not
confronted FBS related issues.
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Table 2. Examples of animal serum-free culture systems for MSCs.

Reference

Shahdadfar
al. 2005

Supplement

et

Autologous
serum from
whole blood

Platelet

Platelets/ml in

Freeze-thaw

Donor

count/ml

medium

cycles

pool

N/A

N/A

N/A

4

Doucet et al.
2005

5% Platelet
lysate (PL)
apheresis
collection

1×109

0.05×109

2

10

Müller et al.
2006

2.5% Fresh
frozen plasma
(FFP)

1×109

25×106

N/A

N/A

Bernardo et al.
2007b

5% Platelet
lysate (PL)
apheresis
collection

2.5×109

0.13×109

1

10

Lange et al.
2007

5% Platelet
lysate (PL)
pooled clinical
products

1.5×109

0.08×109

1

7-13

Capelli et al.
2007

5% platelet
lysate (PL)

1.2×109

0.06×109

2

N/A

Schallmoser et
al. 2007

10% HPL;
buffy coats and
AB plasma

0.1×109

1

40 buffy
coats 10
AB
plasma
units

N/A

N/A

1

10

2×109-3×109

0.2×109-0.3×109

2

Several

(Kocaömer et
al. 2007)

10% Pooled
human AB
serum
10% Thrombin
activated
platelet-rich
plasma (tPRP).

0.95×109
0.15×109

Avanzini et al.
2009

5% platelet
lysate (PL)
apheresis
collection

500×109

0.5×109

1

10

Castrén et al.
2015

0.5% platelet
lysate with 2.5%
AB plasma

300×109

0.8×109

5

4-16

10% PRP
platelet rich
plasma (AB
plasma)

300×109

0.1×109

2

8-52

0.5% platelet
lysate with 2.5%
AB plasma

300×109

0.8×109

5

60

Laitinen et al.
2016a
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1.2.3

OXYGEN CONCENTRATION

The physiological oxygen concentration in the BM varies between 1-7%
depending on the vascularization and distance from a sinus (Chow et al. 2001;
Ito et al. 2015). Most clinical-grade MSCs are, however, cultured under
atmospheric oxygen (20-21%), which exposes cells to high oxygen
concentrations as compared to their physiological environment. Various studies
have shown that excess oxygen, such as that to which cells are exposed during
in vitro culturing, has been reported to cause oxidative damage and drive the
cells into senescence (Burova et al. 2013; Estrada et al. 2013; Ito et al. 2015; Tsai
et al. 2011).
BM-derived MSCs are especially sensitive to oxygen (Bigot et al. 2015), and
many studies have reported beneficial effects of in vitro hypoxia on MSCs (Nold
et al. 2015; Tsai et al. 2011; Jin et al. 2010). When oxygen levels during cell
culturing have been set to 1-3%, a marked improvement was observed in the
extension of the MSCs’ lifespan and delay of senescence (Fehrer et al. 2007; Jin
et al. 2010; Tsai et al. 2011), with an increase in the cell numbers being produced
(Grayson et al. 2007; Nold et al. 2015; Martin-Rendon et al. 2007). In vitro,
hypoxia has been shown to promote the proliferation of MSCs without impairing
their characteristics or immunosuppressive capacity (Nold et al. 2015).
Hypoxia seems to maintain MSCs in a primary undifferentiated state and
result in a higher number of CFU-F colonies throughout the lifespan of the cell
culture as compared to culturing at an ambient oxygen level (Fehrer et al. 2007;
Grayson et al. 2006), where the number of CFUs becomes markedly reduced
over time (Schellenberg et al. 2013). Long-term exposure to in vitro hypoxia
may, however, reduce the adipogenic differentiation markedly and inhibit
entirely osteogenic differentiation (Fehrer et al. 2007). However, it seemed that
both capacities could be restored by transferring the cells to ambient oxygen
conditions (Fehrer et al. 2007). Short-term in vitro hypoxia has been shown to
improve chondrogenic differentiation (Martin-Rendon et al. 2007). AT-derived
MSCs also display diverse responses to lower oxygen concentrations and have
different manifestations of DNA Damage-induced H2AX foci than BM-derived
MSCs (Bigot et al. 2015).
Reactive oxygen species (ROS) originating from exogenous or intracellular
sources induce DNA damage and thus drive cells into senescence (von Zglinicki
2002; Saretzki and von Zglinicki 1999; von Zglinicki et al. 2000). Mitochondria
are essential in reducing reactive oxygen radicals, which may damage both
mitochondrial (mtDNA) and cellular DNA and initiate DNA damage response
(Bigot et al. 2015). In vitro hypoxia has been shown to favor stability and
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maintenance of mtDNA after genotoxic stress, especially in BM-MSCs, and to
reduce the occurrence of exogenous double strand breaks and chromosomal
abnormalities (Bigot et al. 2015). According to one study, exogenous ROS were
reported to promote aneuploidy in MSCs, and aneuploidy was shown to be
closely associated with replicative senescence (Estrada et al. 2013).

1.2.4

REGULATORY ASPECTS

MSCs intended for clinical use are manufactured in highly regulated and
controlled conditions, according to current good manufacturing practices
(cGMP). MSCs are classified as ATMPs in the European Union (EU), together
with products used in gene therapy and regenerative medicine (Schneider et al.
2010).
In the EU GMP guideline (Eudralex Volume 4, directive 2003/94/EC), the
principles and responsibilities for ATMP manufacturing are described
(Eudralex GMP guidelines Vol 4 2017). Manufacturing is supervised in EU
countries by the European Medicines Agency (EMA) and in Finland by the
corresponding competent authority, The Finnish Medicines Agency, Fimea. The
corresponding authority in the USA is the FDA, which supervises
pharmaceutical manufacturing. FDA regulations for manufacturing food and
drugs have been collected on part 21 (FDA CFR part 21 2013).
The GMP and other regulatory activities aim at the safety of the patient.
Regulations and recommendations have arisen from serious incidents that have
occurred in the past, where careless action and non-standardized procedures
have led to severe sequelae. The manufacturer must carefully characterize the
factors affecting the quality and safety of the final product. These factors include
the raw materials (donors/cells), process parameters and processing conditions,
potency and characteristics of the product, as well as the stability during storage
and delivery (Eudralex GMP guidelines Part IV 2017; FDA CFR part 21 2013).
The objective of GMP regulation is to ensure that the product is pure, safe,
and efficacious. Both Eudralex and FDA guidelines recommend a risk-based
approach when evaluating the safety issues and to utilize research to assess the
risks; the manufacturer should expose the product to the conditions, which
could reveal any unexpected quality and safety issues since several parameters
may affect the characteristics and functionality of the final product (Eudralex
GMP guidelines Volume 4 2017; FDA CFR part 21 2013).
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1.2.5

MANUFACTURING SCALES

Cell therapy products can be manufactured on a non-industrial scale, which
produces a few to multiple patient doses in one batch, depending on the culture
system or on an industrial scale, where hundreds to thousands of patient doses
are produced in one batch (Galipeau and Sensebé 2018). For treating a patient
with GvHD, a dose of 1-2x106 cells per 1 kg patient body weight is often
administered (Bartmann et al. 2007; Chinnadurai et al. 2017; Galipeau and
Sensebé 2018). A large industry-sponsored phase III clinical trial infused 2x106
cells/1 kg patient body weight twice per week for four weeks (Galipeau and
Sensebé 2018).
Currently, most clinical-grade MSCs are manufactured on a non-industrial
scale (Naji et al. 2019). High cell yields can be obtained by upscaling the culture
to bioreactors (Haack-Sørensen et al. 2018; Russell et al. 2018; Mizukami and
Swiech 2018). The advantage of bioreactors is that culture conditions are highly
controlled and adjustable, whereas for example, the oxygen level in planar
systems such as in culture flasks or cell stacks cannot be continuously monitored
and controlled (Mizukami and Swiech 2018). In a bioreactor, the culturing
temperature, the proportion of dissolved oxygen, and pH in the culture can be
set to an optimal level (Sensebé et al. 2013; Mizukami and Swiech 2018). In the
culturing of MSCs, the bioreactor types mostly used are mono- and multilayer
bioreactors, hollow fiber bioreactors, stirred tanks, or wave bioreactors, with
microcarrier and perfusion systems (Mizukami and Swiech 2018). However, the
challenge in the manufacturing of MSCs in bioreactors is the difficulty in
detecting confluency as well as observing cell morphology, and therefore
monitoring the proportion of senescent cells becomes important (Chinnadurai
et al. 2017).

1.2.6

QUALITY PARAMETERS

Manufacturing of ATMPs requires aseptic processing throughout the
manufacturing to ensure product sterility since the product cannot be sterilized
by autoclaving or filtering. Therefore, high requirements have been set for the
facilities, equipment, human resources, and controlling the manufacturing
process. In-process controls and quality control analyses must be designed to
measure the proper parameters to ensure the safety and potency of the product.
Testing of donors for possible viral infections is crucial for obtaining a sterile
cell culture. Although regulations for manufacturing do not include
consideration of the donor’s age, an appropriate limit should be considered
since increasing donor age exhibits a strong correlation with decreasing
proliferative potential (Stolzing et al. 2008).
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There are differences in opinions about the benefits of immunosuppression
assays as a release criterion for product potency. A potency assay should
demonstrate the biological activity of the product and be based on the intended
use in the clinical application. However, there is no specific criterion for the
immunosuppressive potency assay due to the complexity of MSCs’
immunomodulatory mechanisms. Therefore, ISCT recommends an assay
matrix including quantitative RNA and proteome analyses to complement the
immunosuppression assay (Galipeau et al. 2015; Viswanathan et al. 2019).
MSCs have a limited lifespan, and because senescence is accompanied by
typical changes, which may impair both the characteristics and functionality of
the cells, the aging of the cells during processing should be monitored. BMderived MSC cultures originate from a relatively small volume of BM, which
contains a minor population of MSCs. The MSC culture must be expanded
extensively to obtain high yields of early passage cells. During the expansion,
MSCs exhaust a large proportion of their division potential, especially during
the formation of the primary culture (DiGirolamo et al. 1999).
Monitoring the PD number during culturing is the primary control for
cellular aging (Cristofalo et al. 1998; Wagner et al. 2010), but the
implementation of a screening method for senescence would be necessary for
the production process. Bertolo et al. suggested a senescence score based on
evaluation of PD number, morphological, physiological and genetic markers as
well as testing of senescence specific markers such as counting the proportion
of senescence-associated beta-galactosidase (SA-β-gal) positive cells, and
expression levels of cyclin-dependent kinase inhibitors p16 and p21 (Bertolo et
al. 2016). Epigenetic changes can be analyzed for monitoring aging in clinicalgrade cell cultures since aging-related methylation patterns accumulate in MSCs
(Bork et al. 2010; Peffers et al. 2016).
MSCs do not seem to be prone to spontaneous transformation during culture,
but chromosomal aneuploidy may occur without transformation (Tarte et al.
2010). According to one study, aneuploidy often occurs in senescent cells
(Estrada et al. 2013). Genetic stability is routinely monitored from the MSC
products by performing a karyotype analysis. However, the method is very
inaccurate and cannot detect premalignant clonal changes (Barkholt et al.
2013).
Cryopreservation of the cells is essential to produce off-the-shelf MSC
products. Cryopreservation holds a variety of benefits such as timely delivery
and dosing of the product on the clinic side and better planning and control of
the manufacturing. However, the risks and benefits associated with
cryopreservation of MSCs have been a matter of debate since MSCs have
exhibited a marked reduction of functionality after freezing and thawing. MSCs
have also been reported to be cleared by the Instant Blood-mediated Immune
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Reaction (IBMIR) or the complement system after thawing (François et al.
2012a; Moll et al. 2014a).

1.3 CELLULAR AGING AND SENESCENCE
Aging is a complex and continuous process starting from the embryonal
development stage and continuing throughout the lifespan of the organism,
resulting eventually in declining functional capabilities. At the organismal level,
aging encompasses the accumulation of senescence to such an extent, where it
can be observed as changes in an organism's phenotype and functionality. In
addition, the likelihood of aging-related severe diseases, such as degenerative
diseases or cancer, increases during the lifetime (Childs et al. 2015). At the
cellular level, senescence is seen as the permanent arrest of cell division as a
result of accumulating cellular damage (Hayflick 1965). The finite lifespan of
mammalian cells was first described by Leonard Hayflick and co-workers in
1961 when they cultured normal diploid human fibroblasts (Hayflick and
Moorhead 1961). In the senescence state, the cells lose their ability to divide but
remain alive and metabolically active (Itahana et al. 2001). Hayflick and coworkers discovered the replicative senescence, which is considered as “natural
aging” and described an upper limit of 50 doublings for fibroblasts (Hayflick and
Moorhead 1961). Senescent cells express morphological, metabolic, and
functional changes deviating from young or pre-senescent cells (Sethe et al.
2006; Kuilman et al. 2010; Mets and Verdonk 1981).
In the Hayflick model, growth arrest has been named as the M1 phase during
cell culturing (Wei and Sedivy 1999). The typical characteristics of M1 are the
flattened morphology and enlarged cell size as well as accumulated lysosomal
content, which can be observed as increased β-galactosidase activity (Stein et al.
1999). In the M1 phase, the length of telomeres has eroded to critical lengths
(Wei and Sedivy 1999). In experiments, where cell cycle regulators pRb and p53
have been inactivated, the erosion of telomeres continued together with cell
division and concurrently with extensive cell death until cells enter the crisis
phase M2 (Wei and Sedivy 1999). If senescence mechanisms are inactivated, and
telomerase is activated, cells can bypass the crisis phase. In the crisis phase,
disrupted telomere structures reveal the chromosome ends, which are repaired
by the end-joining of the chromosome ends, which is followed by a continuous
cycle of chromosome breakage and joining (de Lange T. 2009). A bypassed crisis
phase may lead to immortalization of the cells and a malignant transformation
(Wei and Sedivy 1999).
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Figure 7. Hayflick model of a cell culture leading to a senescence state M1 and the crisis phase M2.
After initiating the cell culture and logarithmic growth phase, when diploid somatic cells have reached
the ”Hayflick limit” of 50 doublings, the cells will either enter the senescence phase M1 or die if the
proportion of accumulated DNA damage is high. During the M1, the telomeres have reached their
critical length, and genetic instability has become increased. If mechanisms leading to senescence
state (cell cycle arrest) are not functional due to inhibition or mutations, and if telomerase is reactivated, the cell may bypass the crisis phase M2 and become immortal (Wei and Sedivy 1999).

Senescence is not homogenous in a cell culture and may begin earlier in a subset
of cells. However, eventually, cell cycle arrest and other senescence
characteristics are synchronized as a result of a multistep process (Alcorta et al.
1996). Cells will finally die at the end of the senescence phase. Gosselin et al.
showed that cells do not express apoptotic markers during senescent death, but
die of high macroautophagic activity, causing the damage of cellular
components (Gosselin et al. 2009).
Antagonistic pleiotropy
Senescence is essentially a mechanism to protect the organism from damage
originating from replicative exhaustion, various stressors, or cancer. Damaged
or aberrant cells are led to senescence before malignancy develops. However,
senescence is an example of a phenomenon called antagonistic pleiotropy,
where initially beneficial features can turn into mechanisms which may lead to
aggravated damage in cells and tissues and finally to aging-related degenerative
diseases or the development and progression of cancer (Kirkwood and Austad
2000). The main reason for the controversial nature of senescence may be
caused by a senescence-associated secretory profile (SASP), where senescent
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cells secrete a wide range of cytokines, chemokines, and proteolytic enzymes,
which have been connected to various aging-related changes and molecules that
support tumor growth (Coppé et al. 2010). Senescence can be either beneficial
or detrimental, depending on the context.

1.3.1

SENESCENCE PROGRAMS

Replicative senescence is considered as natural aging, which is due to the loss of
proliferative potential or replicative exhaustion of the cell and is dependent on
telomere length (Hayflick and Moorhead 1961; Harley et al. 1990). The gradual
shortening of telomeres and the accumulation of DNA damage lead to
replicative senescence (Allsopp et al. 1992; von Zglinicki 2002; di Fagagna et al.
2003; Harley et al. 1990).
Stress-induced senescence can be triggered by various extrinsic factors such
as irradiation (UV, gamma), chemotherapeutic drugs, low or high temperatures,
oxidative stress, and lack of nutrients in the cell culture (Davalos et al. 2010;
Toussaint et al. 2000). When cells are isolated and cultured in vitro, they are
exposed to conditions differing from their natural environment such as high
oxygen levels, lower temperatures, an artificial culture medium containing
variable concentrations of nutrients, and a different surrounding cell
environment (Sherr and DePinho 2000). One or more of these stress factors can
induce a “culture shock” and trigger stress-induced senescence (Sherr and
DePinho 2000).
Oncogene-induced senescence (OIS) is induced due to the activation of an
oncogene (Serrano et al. 1997). Stress-induced senescence, as well as oncogeneinduced senescence, are independent of telomere length (Davalos et al. 2010).
Telomere length independency of stress-induced senescence has been described
in mice, whose cells express telomerase continuously, in contrast to human cells
(Prowse and Greider 1995).

1.3.2

MANIFESTATION OF PROGRESSED AGING AND SENESCENCE

Cell cycle arrest
The cell cycle is a stringently controlled process that produces two daughter cells
from one cell. Cyclins are the primary regulators of the cell cycle, which in a
complex with cyclin-dependent kinases (CDKs), phosphorylate the
Retinoblastoma protein (pRb). CDKs are needed for the transition of the cell
cycle from G1 phase to the synthesis phase, and Cyclin-CDK complexes are
controlled by Cyclin-dependent kinase inhibitors (CDKIs), which consist of two
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families; the INK family (p15INK4b, p16INK4a, p18INK4c, and p19INK4d) and the
Cip/Kip/Waf family including p21Cip1, p27Kip1, and p57Kip2 (Sherr and Roberts
1999).
p16INK4a (later p16), and p21Cip1 (later p21) are the major players in the
initiation of cellular senescence (Alcorta et al. 1996; Stein et al. 1999). These
inhibitors act both independently and in parallel to inhibit phosphorylation of
pRb (Stein et al. 1999; Ben-Porath and Weinberg 2005). Both inhibitors are
used as markers for progressed aging and senescence since their expression
increases markedly upon advanced aging (Krishnamurthy et al. 2004; Alcorta
et al. 1996). P16 is a particularly robust biomarker and is expressed in almost all
presenescent and senescent tissues (Krishnamurthy et al. 2004), except in skin
cells, which do not express detectable levels of p16 (Dimri et al. 2000).
Generally, p16 mRNA levels correlate strongly with protein synthesis, and
protein p16 displays a strong correlation with the accumulation of βgalactosidase activity and increasing cell size (Dimri et al. 1995; Stein et al.
1999). Other p16 family proteins are not markedly expressed in aged tissues
(Krishnamurthy et al. 2004).
Although p16 and p21 are both activators of senescence, the expression of p21
is regulated by a different pathway i.e. through phosphorylation of p53
(Lundberg and Weinberg 1999). The P21 level becomes rapidly elevated if cells
are treated with DNA damaging agents (Stein et al. 1999) and it is also
upregulated in response to many stress signals, DNA damage and oncogene
activation, mediated through the tumor suppressor p53 (Stein et al. 1999; BenPorath and Weinberg 2005).
p16 is essential to complete the senescence state and to keep the cell cycle
arrested (Stein et al. 1999). When cells are entering senescence, the levels of p21
increase faster than that of p16, and the highest expression is reached earlier.
The expression of p16 is not observable in early passage cells but is elevated
rapidly after the logarithmic growth phase (Alcorta et al. 1996; Stein et al. 1999;
Hara et al. 1996). P21 expression declines rapidly after the initiation of
senescence, while p16 remains high for at least two months to maintain cell cycle
arrest (Stein et al. 1999).

Morphological changes
Continuously cultured cells experience dramatic changes in their morphology
and size. Mets and Verdonk have described the morphological changes
occurring during long term culturing in BM-derived stromal cell culture (Mets
and Verdonk 1981). They identified two distinct cell morphologies from the
cultures, type I representing the typical small and spindle-shaped fibroblast-like
cells whereas type II were epithelial-like large cells. Early passage cells consisted
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mainly of type I cells, while with passaging, the proportion of type II cells
increased, and that of type I cells declined. When the culture senesced, it
consisted mainly of type II cells. Prockop et al. have also identified different
morphologies and proliferative properties in MSC colonies. MSCs could be
grouped according to their division potential, cell size, and morphology
(Prockop et al. 2001).
Many investigators have reported that senescent cells are enlarged when
compared to early passage cells (Baxter et al. 2004; Stenderup et al. 2003;
Mauney et al. 2004). Senescent cells show a spread morphology with filopodia
and stress fibers (Mauney et al. 2004; Stenderup et al. 2003). The increase in
cell size is due to the overproduction of vimentin, which causes the
reorganization of intracellular intermediate filaments (Nishio and Inoue 2005).
The caveolin-1 status also contributes to cell enlargement by regulating focal
adhesion kinase activation, and by inducing the formation of stress fibers,
lamellipodia, and filopodia (Cho et al. 2004).

Accumulation of beta-galactosidase and lipofuscin
The first marker used to detect senescence from cell cultures was βgalactosidase, a lysosomal enzyme capable of cleaving β-D-galactose, which is
expressed at pH 6 upon cell aging (Dimri et al. 1995). Due to the strong
correlation with aging, this form of β-galactosidase was termed Senescence
associated β-galactosidase (SA-β-Gal), to distinguish it from another form of βgalactosidase active at pH 4-4.5 (Krishna et al. 1999). SA-β-gal is expressed by
senescent fibroblasts and skin keratinocytes, but not in young or presenescent
cells. It is also absent from quiescent fibroblasts, terminally differentiated
keratinocytes and immortalized cells (Dimri et al. 1995). However, although SAβ-gal has been used as a general marker for senescence, it is not specific for
senescence, and therefore it is insufficient to be applied as the only marker for
senescence. The expression of SA-β-gal increases in immortalized cells after
serum starvation, after treatment with hydrogen peroxide (Yang and Hu 2005;
Dumont et al. 2000) or in confluent fibroblast culture irrespective of the cell
passage (Severino et al. 2000; Yang and Hu 2005). It has been proposed that an
aging-related increase in β-galactosidase activity is more likely due to the
increasing of lysosomal content upon aging than the accumulation of a
senescence-specific form of β-gal (Kurz et al. 2000). However, the use of βgalactosidase as a marker for senescence is a golden standard method which can
be used together with other markers, nonetheless the limitations of the assay
should be considered when interpreting the results. The β-galactosidase activity
also reflects the in vitro aging but does not provide information on the in vivo
aging of the cells.
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Lipofuscin, which is a dense yellow-brown inclusion, is present in SA-β-gal
positive cells (Georgakopoulou et al. 2013). Lipofuscin is formed from damaged
cell components such as aggregates of oxidized proteins, lipids, and metals and
is also called “the aging pigment” since it accumulates in the cytoplasm with
cellular aging (Brunk and Terman 2002). Lipofuscin can be detected by
fluorescence microscopy or flow cytometry due to its autofluorescent property,
but it has not yet been applied widely to MSCs (Georgakopoulou et al. 2013).
Lipofuscin accumulation correlates with increasing cell size, SA-β-galactosidase
activity, and p16 expression, but not with p21 expression or telomere length.
Therefore, it has been suggested that lipofuscin could be utilized in the detection
of stress-induced senescence (Bertolo et al. 2019).

Telomere attrition
Telomeres are protective nucleoprotein structures located at the ends of
chromosomes and are composed of TTAGGG tandem repeats and a guanine rich
3’ overhang. Telomeric DNA is bound to a complex multiprotein structure,
shelterin (or telosome), which consists of a T-loop DNA structure with several
bound protein complexes (Figure 8.). Shelterin forms a protective structure and
also regulates telomere length (Liu et al. 2004; de Lange 2005; Moyzis et al.
1988). Human telomere lengths vary between 4-15 kb depending on the cell
type. Since telomeres shorten at every cell division, they have been considered
as indicative of the cells’ division history and thus of its replicative potential
(Harley et al. 1990; Allsopp et al. 1992). Telomere length is controlled by
telomerase activity during embryonal development and in immortal or cancer
cells (Wright et al. 1996; Vaziri and Benchimol 1998).
Oxidative stress is another factor affecting telomere shortening (von
Zglinicki 2002). Oxidative damage is not induced by extrinsic oxygen by itself
but is caused by the reactive oxygen species produced in mitochondria (Passos
et al. 2007). Telomere repeats, and especially the 3’ overhang, rich in guanine
bases, are highly sensitive to oxidative damage and, therefore, are susceptible to
ROS-induced DNA strand breaks (Oikawa and Kawanishi 1999). The repair of
oxidative damage in telomere sequences is less efficient than in the rest of the
genome (Petersen et al. 1998). The study of Passos et al. showed that senescent
fibroblasts had shorter telomeres, dysfunctional mitochondria, higher ROS
levels, and more DNA double strand breaks than early passage fibroblasts
(Passos et al. 2007).
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Figure 8. Structure of human telomeres and shelterin complex. The figure is modified from
(Calado and Young 2009, O'Sullivan and Karlseder 2010).

Epigenetic modifications
Modifications in DNA methylation, chromatin organization, posttranslational
modifications of histones, and non-coding RNAs are essential contributors to
cellular aging and senescence (Franzen et al. 2016). These epigenetic changes
occur at various levels and include reduced levels of the core histones, altered
patterns of histone posttranslational modifications and DNA methylation,
replacement of canonical histones with histone variants, and altered non-coding
RNA expression (Franzen et al. 2016). Gene expression patterns may change as
a response to culture conditions, but genetic changes are relatively stable
(Wagner et al. 2016). Currently, the best understood and measurable agingrelated epigenetic modification is the DNA methylation at specific cytosine
guanine dinucleotide sites (CpG), which become either hypomethylated or
hypermethylated with aging (Bork et al. 2010).

Senescence-associated secretory profile
One characteristic of senescent cells is that they do not proliferate but remain
metabolically active. Senescent cells have undergone various metabolic changes
in protein expression and secretion and express a senescence messaging
secretome (Kuilman and Peeper 2009), also called the Senescence-associated
Secretory Profile (SASP) (Coppé et al. 2008). The secretion of SASP factors
occurs when severe DNA damage triggers senescence. Cells with SASP produce
a large variety of soluble signaling factors such as cytokines, chemokines and
growth factors, proteolytic enzymes, and secreted insoluble proteins and ECM

49

components. SASP factors enable senescent cells to modify their
microenvironment, and many of them also stimulate tumor growth and
progression (Coppé et al. 2010; Davalos et al. 2010).

1.3.3

AGING-RELATED ALTERATIONS IN THE CHARACTERISTICS
AND FUNCTIONALITY OF MSCS

Since they are diploid somatic cells, MSCs have a restricted lifespan, where
progressed aging is evident as the reduced proliferative capacity and reduced
functional properties (Stenderup et al. 2003; Bieback et al. 2012; Turinetto et
al. 2016). Donor’s age and clinical history, as well as individual genetic variation,
have been identified as major sources for the variability of MSCs in clinical use
(Wu et al. 2014; Ho et al. 2008). The donor’s age negatively affects the count of
original CFUs and MSCs proliferative potential in culture as well as the cells’
differentiation and immunosuppressive capacities (Wu et al. 2014; Banfi et al.
2000; Stenderup et al. 2003; Stolzing et al. 2008; Ross et al. 2000).
MSCs undergo approximately 30-40 PDs in cell culture (Wagner et al. 2010).
Advanced aging manifests as reduced proliferation and thus lengthened
doubling times (De Witte et al. 2017; Stenderup et al. 2003). MSCs undergo
dramatic morphological changes upon aging as they are converted from small
and spindle-shaped cells into enlarged cells with a flattened appearance with
irregular shapes and granularity (Mets and Verdonk 1981; Stenderup et al.
2003). The aging-related loss of differentiation capacity has been shown in
several studies; however, controversial results have been presented depending
on whether all three differentiation directions are reduced or if the osteogenic
or adipogenic potential is retained in some conditions (Banfi et al. 2000; Ross
et al. 2000; Digirolamo et al. 1999; Bruder et al. 1997). An impaired
differentiation potential upon aging seems to be, however, independent of the
culture supplement used (Bieback et al. 2012).
In several reports, the immunomodulatory effects of MSCs have been
reported to be markedly reduced upon aging, where a significant defect in
inhibiting T-cell proliferation and cytokine secretion was seen in vitro
(Chinnadurai et al. 2017; De Witte et al. 2017; Sepúlveda et al. 2014). The
immunosuppressive properties are attenuated partly because of defective
kynurenine production, thus indicating deficient IDO activity (Chinnadurai et
al. 2017). Sepulveda et al. observed that MSCs, which failed to produce a
therapeutic effect against GvHD in a clinical trial, had similarly regulated genes
as senescent MSCs (Sepúlveda et al. 2014)
MSCs have a low risk of transformation to malignant cells during culture, and
no tumors have been reported in clinical trials (Lalu et al. 2012). However,
aneuploidy without transformation has been observed in cultured MSCs (Tarte
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et al. 2010), and aneuploidy has been correlated with senescence (Estrada et al.
2012). Telomere attrition at a constant rate has been observed in most studies
but has been found not to be dependent on which culture supplements were
used (Bieback et al. 2009; De Witte et al. 2017). However, whether telomerase
is expressed in MSC cultures remains a topic of debate. Most studies have not
found telomerase expression in MSCs, but some investigators have reported
telomerase activity in rat MSCs, human fetal MSCs and in one highly
proliferative human BM-MSC subset (Lee et al. 2003; Fu et al. 2001; Schieker
et al. 2004).
MSCs exhibit aging-related changes in their transcriptional profile (Wagner
et al. 2008). One study reported 583 differently expressed genes between young
and senescent cells, and another study detected over 5000 genes and 31 miRNAs
that were differentially expressed in young and senescent cells (Noh et al. 2010;
Wagner et al. 2008). However, there are many reports that genes regulating cell
death, chromatin assembly, and vacuolization are upregulated in senescent
cells, while genes involved in the cell cycle, cell growth, DNA repair, and
metabolism are upregulated in young cells (Noh et al. 2010; Wagner et al. 2008).
Although MSCs are not tumorigenic per se, they contribute actively to the
tumor microenvironment (Skolekova et al. 2016; Zhu et al. 2006). Senescent
MSCs express SASP factors, which promote tumor formation and progression
and particularly robust expression of SASP-related genes encoding IL-6, IL-8,
MCP-2, CCL5 (Rantes), GM-CSF, MMP3 and ICAM-1 have been observed
(Minieri et al. 2015; Skolekova et al. 2016; Davalos et al. 2010). With respect to
the SASP factors, IL-6 is expressed at the highest levels and is known to promote
tumor cell proliferation and migration (Di et al. 2014). Replicative senescent
MSCs have been reported to undergo a 40-fold increase in IL-6 secretion in
comparison to early passage cells (Di et al. 2014). IL-6 secreting MSCs produced
large and highly vascularized tumors in a mouse xenograft model, and other
studies have indicated that senescent MSCs display increased tumor cell
resistance to cisplatin treatment in vivo (Skolekova et al. 2016; Di et al. 2014).
Karnoub et al. reported that MSCs promoted metastasis in breast cancer cells
and that the contributing factor between MSCs and breast cancer cells was
identified as CCL5 (Karnoub et al. 2007; Davalos et al. 2010). Elsawa et al.
revealed a functional correlation between the secretion of CCL5 and IL-6
(Elsawa et al. 2011)
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Figure 9. Functional alterations of senescent MSCs. The figure has been modified from (Turinetto
et al. 2016).

1.4 CRYOPRESERVATION OF MSCS
1.4.1

CRITICAL PARAMETERS IN CRYOPRESERVATION

If one wishes to manufacture MSCs as off-the-shelf products, then the cells need
to be cryopreserved. Cryopreservation of cells aims to halt cell metabolism
during the storage period at extremely low (-196 - -150°C) temperatures while
being able to restore cell viability and functionality after thawing. Success in
cryopreservation is dependent on several critical parameters such as cooling
rate, selection of a cryoprotective agent, and rate of thawing (Marquez-Curtis et
al. 2015). Different cell types tolerate freezing differently; for example,
embryonic stem cells are highly vulnerable to freezing, whereas adult stem cells
endure cryopreservation relatively well (Hunt 2011). However, the conditions
for freezing should be optimized for every cell type because cryopreservation has
been associated with various forms of cellular damage (McGann et al. 1988). An
optimal cooling rate is crucial for cell survival since too slow cooling results in
extracellular ice formation, mitochondrial damage, high salt concentration
outside the cell, and thus cell shrinkage due to osmotic stress. Too fast cooling
rate results in plasma membrane damage and the formation of intracellular ice,
which causes physical damage to the cell (McGann et al. 1988; Mazur 1970)
(Figure 10.).
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Figure 10. Physical events in cells during freezing. When a cell is cooled approximately to -5 °C,
both intracellular and extracellular spaces are supercooled but not yet frozen. Between -5°C and -10
°C the supercooled water will flow out from the cell due to the increase in its chemical potential. If the
temperature is further lowered, extracellular ice formation begins, but the intracellular space remains
supercooled and unfrozen because the plasma membrane restrains the intracellular ice formation.
Whether cooling injuries occur depends on the cooling rate below -10 °C. According to Mazur’s twofactor hypothesis, if an optimal cooling rate is not applied, the cells will be damaged because of
water’s transport rates (Mazur 1970).

Freezing damages in cells are minimized by using cryoprotective agents
(CPAs), which reduce formation of intracellular ice crystals by different
mechanisms. The CPAs can be divided into penetrating and non-penetrating
agents. Examples of penetrating CPAs are dimethyl sulfoxide (DMSO), glycerol,
ethylene glycol, and propylene glycol (1,2-propanediol) (Lovelock and Bishop
1959), and examples of non-penetrating CPAs are for example sucrose, glucose,
and trehalose (McGann 1978).

1.4.2

EFFECT OF CRYOPRESERVATION ON THE CHARACTERISTICS
AND FUNCTIONALITY OF MSCS

Despite the use of cryoprotective agents, cells experience significant physical
and biological stress during freezing. Generally, cryopreservation may result in
reduced cell viability, damage to mitochondria and the plasma membrane
(McGann et al. 1988). MSCs have been traditionally frozen in a 10% DMSO
concentration and at a freezing rate of 1°C-5°C/min. This practice has been
adopted from the freezing protocol used for hematopoietic stem cells but might
not necessarily be optimal for BM-MSCs as such (Marquez-Curtis et al. 2015;
Morris et al. 2016). The MSC source also influences cell survival after freezing.
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For example, AT-derived MSCs tolerate freezing better than BM-MSCs
(Marquez-Curtis et al. 2015).
Freezing of MSCs alters the functionality of the cells both in vitro and in vivo.
The poor immunomodulatory performance of MSCs in the first major phase III
clinical trial conducted by Osiris Therapeutics (Martin et al. 2010; Allison 2009;
Kebriaei et al. 2019) has been hypothesized to be due to use of cryopreserved
instead of fresh cells (Galipeau 2013). In MSCs, freezing and thawing result in a
disruption of the actin cytoskeleton, which affects their engraftment and homing
ability (Chinnadurai et al. 2014b). Reduced engraftment and homing after the
systemic injection may also be due to the use of DMSO as a CPA, which may also
cause the enhanced clearance of the cells by IBMIR (Moll et al. 2014a;
Hoogduijn et al. 2016; Moll et al. 2016).
Thawed MSCs contain a larger proportion of apoptotic cells than a product
composed of fresh cells. Cryopreserved MSCs are susceptible to T-cell mediated
apoptosis compared to fresh cells (Chinnadurai et al. 2016). Exposure to T-cell
mediated killing might be due to alterations in the structure of the plasma
membrane, intracellular pH, or mitochondrial function (Chinnadurai et al.
2016). Frozen and thawed MSCs have a reduced ability to suppress T cell
proliferation in vitro correlating with a deficient activity of IDO enzyme after
thawing (François et al. 2012a; Chinnadurai et al. 2014a; Moll et al. 2014a). The
deficient IDO activity is caused by the heat shock response induced by freezing
and thawing (François et al. 2012a).
Freezing has been suggested to damage membrane proteins, which are
glycosylated after translation, and this modification facilitates the recognition of
MSCs by the complement system after systemic injection (Yong et al. 2017; Moll
et al. 2014a). Mitochondrial injury results in accumulated oxidative stress,
which in turn damages DNA and especially telomeres and thus accelerates aging
(Pollock et al. 2015; Honda et al. 2001).
High donor age and increased in vitro age of MSCs before freezing affected
the post-thaw viability and functionality negatively in the study conducted by
Pollock et al. (Pollock et al. 2015). However, Andrzejewska et al. found that
donor age did not affect the morphology, growth kinetics, gene expression
profiles, pro-angiogenic, or immunosuppressive potential or the trilineage
differentiation capacity of biobanked MSCs (Andrzejewska et al. 2019).
It has been suggested the optimal way to restore the functionality of MSCs
after thawing, could be either pre-licensing the cells with IFN-γ before freezing
or by recovering the cells in 24-hour culture after thawing (François et al. 2012a;
Chinnadurai et al. 2016). Pre-licensing has been shown to improve the
immunosuppressive properties of MSCs but not to rescue the homing ability of
the cells to the lungs (Chinnadurai et al. 2014a). François et al. showed that
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recovery of MSCs with a short culture period with or without IFN-γ priming
after thawing restored the immunosuppressive capacity of MSCs after the heat
shock response (François et al. 2012a).
A reduction in the DMSO concentration used for MSC cryopreservation did
not, however, affect the T-cell driven apoptosis (Chinnadurai et al. 2016).
Another study, which explored the effects of DMSO-free osmolyte-based
freezing medium formulation consisting of sucrose, glycerol or isoleucine,
prevented the disruption of the actin cytoskeleton, promoted cryoprotective
gene expression, and modulated the CpG epigenome (Pollock et al. 2017).
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2 AIMS OF THE STUDY

This study aimed:

1.

To establish an optimal animal serum-free culture system for clinicalgrade MSC production (I, II)

2.

To compare the osteogenic differentiation capacity of MSCs in animal
serum-free and fetal bovine serum supplemented 2D- and 3D-culture
systems (I).

3.

To examine the aging of MSCs in the established animal serum-free
clinical-grade culture system (II, III, IV).

4.

To develop an imaging-based method to screen cellular aging from
clinical-grade MSC cultures, and to study the correlation of
morphological changes to senescence-associated markers (III).

5.

To study the utilization of additional freezing steps in the clinical-grade
manufacturing of MSCs and to evaluate the potential effects on the
quality attributes and functionality of the product (IV).
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3 MATERIALS AND METHODS
3.1 ETHICS
This study and all donor protocols were approved by the Ethical Committee of
the Hospital District of Helsinki and Uusimaa, Finland. Human BM-MSCs were
collected from healthy volunteer donors after written informed consent.

3.2 METHODS
3.2.1 ESTABLISHMENT OF THE PRIMARY CULTURES AND CULTURE
EXPANSION OF THE MSCS
All MSC primary cultures were established from BM-derived mononuclear cell
(BM-MNC) fractions, which were isolated from 20-40 ml bone aspirates
collected from healthy volunteer donors. Mononuclear cell fractions were
isolated by Ficoll-Paque density gradient centrifugation after which the cells
were seeded at a density 400 000 cells/cm2 on 55 cm2 plates (I) or 75 cm2 (IIIV) flasks and were incubated for 72 hours at +37°C/5% CO2 in an ambient
oxygen concentration, except in publication II, were MSCs were cultured in 3%
and ambient oxygen.
After a 72-hour incubation period, non-adherent cells were removed by
careful washing, and the culture medium was changed. Culturing of the primary
passage was continued until the cultures reached 80% confluence. In the
subsequent passages, MSCs were seeded at a density of 1000 cells/cm2. At every
passaging, MSC cultures were washed with DPBS and detached with either
Trypsin-EDTA (I) or TrypLE CTS (II-IV). Upon culturing, the culture medium
was changed twice every week, and passages were detached when confluence
reached 80-90%. The cells were characterized according to the ISCT criteria
(Dominici et al. 2006).
For the colony-forming unit assay (CFU-F), MNCs were seeded onto 6-well
plates (9.6 cm2). Cells for the CFU-F assay were cultured similarly to the primary
culture. Culturing was continued up to 14 days before staining with 0.1% crystal
violet in ethanol. Colonies larger than 2 mm were counted to obtain the original
CFU-F count in the BM aspirate. The original CFU-F count was used to calculate
the population doubling number spent during the primary passage (passage 0).
The population doubling number was calculated using the equation PD=log2
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(NH/N1), where NH is the number of harvested cells/cm2, and N1 is the number
of seeded cells/cm2. At the primary passage (p0), the CFU-F count from the
CFU-F assay was used as the seeded cell density. Population doubling time was
calculated as the length of each culture passage (days) divided by PDs attained
during each passage.

3.2.1

CULTURE SYSTEMS FOR MSCS

PL1 supplemented basal medium (II, III, IV)
Platelet lysate 1 (PL1) was prepared according to the protocol devised by
Schallmoser et al. (Schallmoser et al. 2007). For the preparation of PL1, 2-13
pooled PRP units were frozen and thawed twice, and the resulting lysate was
used at 10% concentration in the culture medium (Table 2.). Each used PRP unit
was produced by pooling buffy coats from four individual blood donations with
one unit of AB plasma (both from Finnish Red Cross Blood Service). Residual
leukocytes were removed by filtration before freezing at -20 °C and subsequent
thawing in a +37 °C water bath. The basal culture medium was prepared from
DMEM low glucose with GlutaMax (Life Technologies), 100 U/ml penicillin and
100 µg/ml streptomycin and with 40 IU/ml porcine heparin (Heparin LEO®
5000 IE/KY/ml, Leo Pharma, Sweden) (Table 3.). Prepared PL1 was
functionally tested in MSC culture before use. When the culture system was
translated into a clinical-grade process in the cleanroom, antibiotics were
omitted from the culture medium. MSCs were plated at a density of 1000
cells/cm2.

PL2 supplemented basal medium (I, II)
Platelet lysate 2 (PL2) was prepared from four platelet units not valid for patient
use due to exceeding their expiry date (Finnish Red Cross Blood Service,
Helsinki, Finland). The protocol for preparation of PL2 was modified from the
protocol proposed by Doucet et al. (Doucet et al. 2005). Platelet concentrates,
stored in platelet additive solution (30% SSP (MacoPharma, Langen, Germany),
were collected by centrifugation and suspended in Octaplas® AB plasma
(Octapharma AG, Switzerland) to a density of 300×109 platelets/ml. Platelets
were lysed by five freeze-thaw cycles using an ultra-low freezer at -80 °C and a
+37°C water bath. The lysate was then centrifuged at 3200g for 20 minutes, and
the supernatant was collected. The supernatant was named as the PL2
supplement and was used at a 0.5% concentration as a culture medium
supplement together with 2.5% AB plasma (Octaplas), 100 U/ml penicillin and
100 µg/ml streptomycin, and with 40 IU/ml porcine heparin (Heparin LEO®
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5000 IE/KY/ml, Leo Pharma, Sweden) (Table 3.). The growth promotion
efficiency of the PL2 was tested in MSC reference culture before use. Lysates
promoting cell expansion, with at least with the cell numbers observed in FBS
supplemented reference culture, were selected for use. The MSCs were plated at
a density of 1000 cells/cm2.
Table 3. Composition of platelet lysates used as basal medium supplements.

Supplement

Platelet

Freeze-

Concentration

count in the

thaw

of supplement

lysate/ml

cycles

in the culture

Basal medium

Medium additives

0.1×109/ml

DMEM

10% AB plasma

AB plasma

lysed platelets

low glucose with

(FRCBS)

from 4

used as 10%

GlutaMax

40 IU/ml heparin

donors buffy

concentration in

coat

the culture

100 µg/ml

(Schallmoser

medium

streptomycin*

+additives
PL1

300×109/ml+

medium
2

100 U/ml penicillin*

et al. 2007)
PL2

300×109/ml
+

5

15×109 /ml lysed

DMEM

2.5% Octaplas®

platelets

low glucose with L-

40 IU/ml heparin
100 U/ml penicillin

Octaplas®;

used as 0.5%

glutamine or

pooled virus-

concentration in

GlutaMax

inactivated

the culture

fresh frozen

medium

100 µg/ml
streptomycin

plasma.
Protocol
modified
from
(Doucet et al.
2005)

*Penicillin and streptomycin were not used in clinical-grade MSC cultures processed in the
cleanroom.

Correspondence of the PL supplement abbreviations used in
publications
PL1 was prepared according to the protocol described in section 3.2.1.1 and in
Table 3. and corresponds to the abbreviation PRP (platelet-rich plasma) used in
publications III and IV. PL2 supplement was prepared as described in 3.2.1.2
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and in Table 3. and corresponds to the abbreviation PLP (platelet lysate and
plasma) used in publication I.

2D and 3D cultures for osteogenic differentiation assays (I)
For both 2D and 3D culture systems, MSCs were cultured in FBS supplemented
culture medium and in PL2 supplemented medium. The basal medium used
consisted of low-glucose DMEM supplemented with 100 U/ml penicillin, 100
ug/ml streptomycin (EuroClone, S.p.A. P.IVA, Italy) and 2 mM L-glutamine
(EuroClone). For medium supplemented with FBS, heat inactivated FBS
optimized for MSC culturing was used at a 10% concentration (StemCell
Technologies, Vancouver, Canada). For animal serum-free cultures, the basal
medium was supplemented with 0.5% PL2 and 2.5% AB plasma (Octaplas®,
Octapharma).
For 2D cultures, the cells from p2 were seeded at a density of 5 000 cells/cm²
onto 9.5 cm diameter (55 cm2) cell culture plates. Osteogenic differentiation was
initiated when the culture confluence reached 70%. Differentiation was
continued for 28 days. For 3D cultures, 25×10³ cells from p2 were inoculated in
75 µl of culture medium into the scaffold matrix composed of 7×7×10 mm
Spongostan® collagen scaffold (Ferrosan, Søeborg Denmark) and were
cultured on 24-well plates. After an adhesion period of 6 hours, 1 mL of
expansion medium was added to each well. On the following day, the culture
medium was replaced with the osteogenic differentiation medium, and
differentiation was continued for up to 28 days.
The increase in cell number during differentiation was assessed by harvesting
the 2D cultured cells with trypsin-EDTA and counted by using the Coulter Cell
Counter (Beckmann Coulter Life Sciences, IN, USA). Cells cultured in the 3D
system were harvested by dissolving the collagen scaffolds with collagenase B (1
mg/ml) (Roche, Mannheim, Germany) and then counting the cell numbers.

Culturing of MSCs for image analysis (III)
MSCs from donors 1-3 were cultured in small-scale culture format (75 cm2 and
175 cm2 cell culture flasks). Continuous culturing was performed in 75 cm2
flasks, and 175 cm2 flasks were used in passages p1, p3, p5, pSEN (senescent
passages) to obtain sufficient cell numbers for the assays. Cells from donors 4-6
were cultured in a large-scale format, using 2-layer Cell Stacks (Corning) with
1272 cm2 culturing area. Basal medium supplemented with PL1 was used as a
culture medium in both culture formats (Table 3.). The cells were seeded at
density 1000 cells/cm2 in both small-scale and large-scale cultures. For the
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image analysis, cells were seeded at 3000 cells/cm2 in 6-well culture plates for
further fixation and staining.

Cell cultures for studying the interim freezing steps (IV)
Cell culturing for publication IV mimicked the cell culturing procedures
according to the clinical protocol as precisely as possible. Cell culturing was
performed using 2-layer cell stacks (Corning). The basal medium corresponds
to the clinical protocol (PL1 supplemented medium, Table 3.), with the
exception that it was supplemented with 100 U/ml penicillin and 100 µg/ml
streptomycin. Cells were plated at density 1000 cells/cm2 and harvested when
confluence in the culture was precisely 80%.
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3.2.2

SUMMARY OF METHODS USED IN PUBLICATIONS I-IV

Detailed methods used in Publications I-IV are listed in Table 4.
Table 4. Methods used in Publications I-IV.

Method

Publication

Cell isolation methods
Isolation of MSCs from the BM by density gradient centrifugation

I-IV

Cell culturing
FBS supplemented culture for BM-MSCs

I, II

PL1 supplemented culture

II-IV

PL2 supplemented culture

I-II

Colony-forming unit-fibroblast assay (CFU-F)

I-IV

Characterization assays
Osteogenic differentiation
Alizarin Red
von Kossa

I
II-IV

Adipogenic differentiation
Oil Red O staining
Sudan III staining

I
II-IV

Chondrogenic differentiation
Alcian Blue staining

II

Flow cytometric analysis of surface antigens
CD14, CD19, CD45, CD73, CD34, CD90, CD105
CD13, CD29, CD44, CD49e
HLA-DR
HLA-ABC

I-IV
II
I-IV
II

Immunosuppression assay
MSCs co-cultured with CFSE stained responder cells
Flow cytometric analysis using CFSE staining

II, IV
II, IV

Assessment of osteogenic differentiation in 2D and 3D matrices
Alkaline phosphatase activity assay (Colorimetric pNPP Alkaline
Phosphatase assay)
Formation of collagen matrix (Sirius Red staining)
Formation of a mineralized matrix (Alizarin Red staining)
Analysis of calcium deposition (spectrophotometric measurement
using Cresolphthalein Complexone assay)
Quantitative PCR analysis of osteogenic markers

I
I
I
I
I

Determination of cell surface area
Image analysis using HCS CellOmics platform

III-IV

Aging biomarkers
Quantitative analysis of SA-β-galactosidase activity
Western blot analysis of the expression of p16INK4a and p21Cip1/Waf
Telomeric terminal restriction fragment analysis

III
III
III
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3.2.3

IMAGING-BASED METHOD TO DETERMINE AGING-RELATED
CHANGES IN CELL MORPHOLOGY

An imaging-based method to detect and quantify aging-related morphological
changes of MSCs was devised and optimized in publication III; it was also
utilized in publication IV. The development and optimization of the method,
sample preparation, imaging, and data analysis are described in detail below.
Results from the imaging analysis are presented in the Results section.

Sample preparation for the imaging analysis
BM-MSCs for the study were derived from six clinical-grade cultures and were
cultured in the research laboratory starting from passage one until senescence
(pSEN). Samples for the imaging analysis were taken from every other passage
until cells reached the senescence state defined as maintaining a less than 30%
confluence for two consecutive weeks and expressing the typical morphological
characteristics of senescent cells. The MSCs were seeded at a density of 3000
cells/cm2 on 6-well plates suitable for imaging purposes and were allowed to
attach and spread for 48 hours. The cells were fixed with 4% paraformaldehyde
and were stored at +4°C under 0.02% sodium azide/PBS until staining and
imaging. Before imaging, the cells were permeabilized first with 1% Tx-100/PBS
for subsequent staining of the nuclei with 0.125 µg/ml DAPI (Sigma, MO, USA)
and the cytoplasm with 1 µg/ml Cell Mask Deep Red stain (Life Technologies,
USA).

Image calibration and settings for image acquisition
The images were acquired using a high content screening microscope (Cell
Insight, Thermo Scientific, IL, USA) using a 10× objective (Olympus, Japan). A
630 nm filter for the signal acquisition was used for Cell Mask and 386 nm for
DAPI. For defining settings for image calibration and image acquisition, several
test MSCs were cultured, fixed, stained, and imaged according to the protocol.
Calibration data was analyzed several times, and parameters for image gating
were set manually after each iteration. The gating parameters were the
minimum object size, the threshold signal intensity was when two objects are
considered separate, and the threshold for finding an object’s edge. An object
was considered as a cell when it contained only one nucleus and was included
entirely within the imaging field. The lowest size limit of 765 µm2 was set to
include only objects larger than the limit. Smaller objects were considered as
debris after optimization. Careful optimization resulted in the final imaging
protocol yielding only a few false positives and a moderate level of false
negatives. The exposure time was adjusted separately for every acquisition run
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because of dye bleaching, and the first imaging field was used for the
adjustment. The imaging protocol was run automatically, and the image was
focused after every tenth image to maintain uniform and comparable focus
throughout the imaging.

Image acquisition and data analysis
Three to six wells of 6-well plates were imaged for the analysis resulting in 9991998 images per channel at each run. Imaging was started from the center of the
well and proceeded in a spiral-like fashion to minimize the optical distortion
caused by the convexity of the well.
Collected images were analysed using Cell Omics Morphology Explorer
software (v4, Thermo Scientific), and nine morphological parameters were
selected for further analysis; length, width, area, and perimeter (size
parameters) and perimeter to area ratio, length to width ratio, boxed frame
ratio, convex hull area ratio, and convex hull perimeter ratio (shape
parameters).
The imaging data was first cleaned by removing outliers by excluding the
proportion of the smallest and largest measurements for every parameter.
However, even after data cleaning, the distributions of the data were remarkably
non-normal. To normalize the distributions for subsequent analysis, the BoxCox transformation was applied for each parameter. Differences between the
data groups (morphological parameters) were analysed by applying either oneor two-way analysis of variance (ANOVA). If the paired differences were
statistically significant with more than 95% confidence, Bonferroni-corrected
Student’s t-test was used as a post-test. The hypothesis of two distributions of
two samples being the same was tested using the Kolmogorov-Smirnov
distribution test.
To determine the correlation coefficients between the cell surface area
measurements (after outlier removal) and the senescence-associated markers,
the Pearson correlation analysis was performed. Results of the correlation
analysis were visualized by a heat map and a principal component analysis by
using the R language.

3.2.4

TERMINAL RESTRICTION FRAGMENT ANALYSIS TO ASSESS
TELOMERE LENGTH

Mean telomere lengths were measured by Southern blot analysis of terminal
restriction fragments (TRF) (Kimura et al. 2010). Genomic DNA from the snap-
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frozen cell pellets was purified using the Qiagen DNAeasy Blood and Tissue Kit
(Qiagen, MD, USA) and was further precipitated with sodium acetate and
ethanol. The integrity of the purified DNA was evaluated by electrophoresis on
a 1% agarose gel. Telomere length analysis was performed from triplicate
samples using a TeloTAGGG Telomere Length Assay Kit (Roche, Switzerland).
For each sample, 2 µg of extracted genomic DNA was digested using the RsaI
and HinfI enzymes and electrophoresed in a 0.8% agarose gel 125 V (4 V/cm)
for 4.5 hours. The separated DNA was transferred to a positively charged nylon
membrane (Roche, Switzerland) by Southern blotting using 20x saline-sodium
citrate buffer (SSC), after which the transferred DNA was crosslinked at 120
µJ/cm2 using UV light (UVP CL-100, UK). The blot was hybridized overnight
with a Digoxigenin (DIG)-labeled telomere-specific probe (TTAGGG), which
was subsequently detected using an alkaline phosphatase-labeled anti-DIG
antibody and CDP-Star chemiluminescent substrate. The signal from the
detection reaction was exposed to autoradiography film (GE Healthcare, WI,
USA). The average length (kilobase pairs, kbp) of the telomeric terminal
restriction fragments was calculated using ImageJ analysis software (National
Institute of Health (NIH)) and Excel software (Microsoft, WA, USA) according
to mean TRF= Σ (ODi × Li) / Σ (ODi) where ODi is optical density and Li is the
length of the TRF at position i. TRF signals between 3 and 20 kbp were used in
the telomere length measurement (Kimura et al. 2010).
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3.2.5

FLOW CHART OF THE FREEZING STEPS AND SAMPLE
COLLECTION USED IN PUBLICATION IV

To study the impact of interim freezing steps on the basic manufacturing
parameters and MSC functionality, samples were collected according to the
following plan:

Figure 11. Sampling of the MSC cultures in the interim freezing study. According to the validated
process for clinical-grade manufacturing, the cell product is frozen once and thawed just before use
in the clinic. MSCs frozen either in passage 0 (primary passage) or in passage 1 and in passage 2
were compared to the culture passages of the clinical product. MSCs culture frozen at every passage
were used to monitor the effects of serial freezing on proliferative potential.

Cell yield and viability were monitored at every passage as well as the PD
number. Cell viability and recovery were determined after thawing at p2.

Functionality assays
Functionality assays such as differentiation to osteogenic and adipogenic
lineages and T-cell proliferation assay were performed on the clinical product
and the sample cells before and after freezing at passage 2.
In the osteogenic differentiation assay, MSCs were seeded at a density of 1000
cells/cm2 on six-well cell culture plates and cultured with PL1 supplemented
basal medium containing 100 IU/ml penicillin and 100 µg/ml streptomycin
until 70% confluence. Osteogenic differentiation was induced with 0.1 µM
dexamethasone (Dexamethasone, BioXtra, Sigma), 50 µM ascorbic acid
(Ascorbic acid 2-phosphate, Sigma) and with 10 mM β-glycerophosphate
disodium salt pentahydrate (AppliChem, Germany). MSCs were maintained in
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the differentiation medium until the formation of visible calcium phosphate
precipitate was observed. MSCs were fixed with 4% paraformaldehyde (PFA),
and the calcium phosphate precipitate was stained using von Kossa staining.
For the adipogenic differentiation assay, MSCs were seeded at a density of
1000 cells/cm2 on six-well culture plates and were cultured with PL1
supplemented basal medium with 100 IU/ml penicillin and 100 µg/ml
streptomycin until 70–100% conﬂuence. Adipogenic differentiation was
induced for 3-4 days period with an induction medium consisting of αMEM
GlutaMax, 10% inactivated FBS, 20 mM Hepes, 100 U/ml penicillin and
streptomycin (all compounds from Gibco, Life Technologies). The medium was
supplemented with the induction cocktail containing 0.1 mM indomethacin
(Sigma), 44 µg/ml 3-isobutyl methyl-xanthine (IBMX-22∗), 0.5 µg/ml insulin
(Insulin-0.25∗) and 0.4 µg/ml dexamethasone (DM-200∗) (∗Preadipocyte
Diﬀerentiation Medium Supplement Pack, PromoCell, Italy). Control cells were
only maintained in the induction medium without the induction cocktail.
Adipogenic differentiation was finalized by culturing the MSCs in the terminal
differentiation medium consisting of the induction medium supplemented with
0.1 mM indomethacin (Sigma), 0.5µg/ml insulin (Insulin-0.25∗) and 3.0 µg/ml
ciglitazone (Ciglitazone-1.5∗) (∗Preadipocyte Diﬀerentiation Medium
Supplement Pack) for 2–4 weeks until visible lipid droplets could be observed.
The cells were ﬁxed with 4% PFA and stained using Sudan III.
T-cell proliferation assay was performed using thawed PBMCs from two
donors and with thawed MSCs either with a 2-4 hours recovery period in a
culture or with a 24h culture recovery. Co-cultures with the CFSE labeled
PBMCs and MSCs were activated using an activation cocktail containing CD3
and CD28 antibodies. An IDO inhibitor, 1-Methyl-L-Tryptophan, was used in
every assay to verify IDO inhibition.

3.2.6

STATISTICAL ANALYSES

The results in publication I are presented as mean ± standard deviation.
Statistical significance was evaluated with two-tailed Student’s t-test, and
p<0.05 was considered as significant. In publication II, all data was presented
as mean ± standard deviation. Two-way ANOVA and Tukey’s post hoc tests were
used to evaluate statistical significance, p <0.05 was considered significant. In
publication III, the statistical analyses used to analyze acquired imaging data
have been described in detail in 3.2.3. due to the complexity of the analyses. The
results reporting the activity of the SA-β-gal marker are presented as mean ±
standard deviation. Bonferroni-corrected Student’s t-test has been used to
evaluate statistical significance in differences in measured β-gal activities.
P<0.05 was considered statistically significant. In publication IV, a two-tailed
paired t-test with the Mann-Whitney test was used for the comparison of two
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groups. One-way ANOVA with either Bonferroni’s multiple comparisons test or
Brown-Forsythe test was applied when comparing multiple groups after
measurement of cell surface areas. Diﬀerences were considered statistically
signiﬁcant when p <0.05.
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4 RESULTS
The results presented here are a summary of the most important findings of this
study. The results are presented in a more detailed manner in the original
publications.

4.1.1

PL SUPPORT OSTEOGENIC DIFFERENTIATION EQUALLY WITH
FBS IN 2D AND 3D SYSTEMS (I)

In the first publication, we explored the differences in the osteogenic
differentiation of MSCs between two supplements, FBS or PL2. We also
investigated whether the extent of osteogenic differentiation varied between a
2D plate culture compared to differentiation performed in the 3D system,
represented by a gelatin scaffold sponge. PL2 cultures in this study were not
completely animal component-free, since heparin was used as a culture medium
additive, and the gelatin scaffold was porcine in origin. However, both products
have been approved for human medical use and are routinely used in the clinic.
When MSCs were cultured in 2D plate culture, cell numbers in PL2
supplemented culture were observed to increase 3.5-fold by day 7 after initiation
of differentiation but remained constant until the end of the twenty-eight-day
experiment. In FBS supplemented 2D cultures, the cells proliferated throughout
the differentiation period (Figure 12A.) resulting in markedly higher total cell
numbers than in PL2 supplemented cultures (FBS: 140 460 ± 17 793 cells/well
and PL2: 39 000 ± 4258 cells/well, p<0.01). In 3D cultures, where the cells were
seeded to Spongostan® matrix, equal cell numbers were counted at the end of
the differentiation for both supplements (FBS; 73 993 ±17 862 cells, PL2; 78 047
± 19 794 cells, differences statistically non-significant) (Figure 12B.).
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Figure 12. Cell proliferation in 2D and 3D differentiation systems. A) FBS supplemented cultures
proliferated throughout the culturing, whereas PL2 supplemented 2D culture ceased to proliferate
after day 7 (c. p<0.01). B) 3D differentiation system resulted in equal cell numbers for MSCs cultured
with both supplements (a. difference statistically non-significant). (Castrén et al. 2015). Permission
for reprint from BioMed Central, Nature Publishing.

The mRNA level of Runx2 was assessed by RT-PCR analysis of the mRNA
copies. FCS supplemented the 2D plate culture showed a marked increase in the
mRNA level on day 9, whereas the level of Runx2 in PL2 culture increased later,
on day 14. However, 2D culture systems with both supplements resulted in
almost equal levels of Runx2 on day 21 (Figure 13 A.). In 3D culture, peaks on
day 9 and on day 14 were also observed for FBS and PL2 supplemented cultures,
respectively, although the peaks resulted in a higher number of mRNA copies
than in 2D system (Figure 13D.).
Osteocalcin (OCN), a marker for late osteogenic differentiation, was shown to
increase steeply in the 2D system after day 5 for FBS and after day 14 for PL2
but resulted in a slightly higher level in PL2 supplemented cells than in cells
cultured with FBS (Figure 13C.). In the 3D system, OCN levels peaked with both
supplements on day 10 but were markedly higher in the FBS supplemented
MSCs (Figure 13D.).
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Figure 13. mRNA copies of Runx2 and OCN were determined by quantitative RT-PCR for A) Runx2
in 2D differentiation system B) Runx2 in 3D system C) OCN in 2D culture D) OCN in the 3D system.
(Castrén et al. 2015). Permission for reprint from BioMed Central, Nature Publishing.

In summary, MSCs cultured with the FBS supplement showed slightly higher
cell numbers during differentiation in the 2D culture system than MSCs from
PL2 supplemented culture. The 3D system where cell cultures were maintained
in a gelatin scaffold favored cell proliferation, and differences in cell numbers
between differently supplemented cultures did not exist any longer. The
determination of expression levels of osteogenic markers that are required to
initiate and maintain osteogenic differentiation resulted in similar expression
levels in both differentiation systems with both supplements. However, MSCs
grown in FBS supplemented cultures showed earlier expression of these
markers.

4.1.2

3D DIFFERENTIATION SYSTEM SUPPORTS FORMATION OF
MINERALIZED MATRIX AND CALCIUM DEPOSITION WITH PL
AND FBS (I)

Alkaline phosphatase (ALP), known to be an essential factor required for the
initiation of osteogenic differentiation and the formation of the mineralized
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matrix, was assessed by two different methods; by measuring the ALP activity
using a colorimetric assay, but also by determining the number of mRNA copies
by quantitative RT-PCR. MSCs in PL2 supplemented 2D cultures showed
increasing ALP activity measured by the assay kit on day 4 (0.27±0.01 ng/well)
compared to FBS supplemented culture (0.13±0.02 ng/well) (p<0.01) (Figure
14A.). Although ALP showed a high concentration for early differentiation in the
PL2 cultures, the activity declined after that and subsequently remained low. In
the FBS supplemented cultures, ALP activity displayed a peak on day 7 and
remained high throughout the experiment (Figure 14A.). In 3D cultures, slightly
higher ALP activity was observed in the PL2 cultures on day 7 than in the FBS
supplemented cultures (PL2 0.012±0.003 ng/well; FBS 0.007±0.002 ng/well,
difference not significant). On day 14, the ALP activity had further increased in
the PL2 cultures (PL2 0.027±0.006 ng/well; FBS 0.009± 0.002 ng/well,
p<0.05) (Figure 14B.). Quantitative RT-PCR analysis revealed a steady increase
of ALP mRNA in 2D cultures with both supplements, a steeper increase was seen
after day 15 (Figure 14C.). In 3D cultures, mRNA analysis showed an earlier but
a modest peak of ALP mRNA in FBS supplemented culture. However, a marked
increase in the expression of ALP in PL2 supplemented culture was observed on
day 15, with the highest number of mRNA copies being detected on d21 (Figure
14D.).

Figure 14. The activity of ALP in A) 2D system, B) 3D system for PL2, and FBS supplemented
differentiation system. The number of ALP mRNA copies determined by quantitative RT-PCR
analysis for C) 2D system and D) 3D differentiation systems with PL2 and FBS. (Castrén et al.
2015). Permission for reprint from BioMed Central, Nature Publishing.
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The ability of differentiated MSCs to form collagen matrix and mineralized
matrix was assessed by staining cells from 2D and 3D differentiation systems
with Sirius Red stain for a collagen matrix and with Alizarin Red stain for a
mineralized matrix. Staining was quantified by determining the optic density
(OD) from the stained samples. Sirius red staining for the collagen matrix
showed more intense staining for FBS in the 2D system on both analyzed days;
day 14 and day 21, than for PL2 supplemented samples (Figure 15A.). When the
formation of the mineralized matrix was detected in a 2D system using Alizarin
Red staining, PL2 supplemented cells displayed intensive staining on days 14
and 21, and MSCs from FBS culture showed equal staining with PL2 culture on
day 21 (Figure 15B.). The result was confirmed by determining the calcium
deposition of the matrix by measuring the dissolved calcium concentration from
the medium. The PL2 supplemented culture showed high levels of dissolved
calcium in comparison to FBS culture indicating efficient calcium deposition of
the mineralized matrix. Cryosection from the 3D matrix showed equal staining
for PL2 and FBS supplemented cells, and the result was also confirmed by
quantitation of deposited calcium level (Figure 15C. and D.).

Figure 15. Detection of formation of collagen matrix and mineralized matrix from the differentiation
systems. A) Sirius Red staining of MSCs from the 2D system shows more intensive staining for FBS
supplemented MSCs. B) Alizarin Red staining indicates the formation of a mineralized matrix. PL2
supplemented culture shows intensive staining on both day 14 and day 21, whereas OD for FBS
supplemented cells is equal to PL2 on day 21. C) Calcium deposition in the 2D system shows slightly
higher deposition for PL2 culture and D) in the 3D system; both supplements show uniform deposition
of calcium. The deposition level in the 3D system is higher than in the 2D system (Castrén et al.
2015). Permission for reprint from BioMed Central, Nature Publishing.
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In summary, MSCs differentiated in the 3D system with PL2 resulted in a
larger number of ALP mRNA copies and a higher ALP activity than FBS
supplemented cells. MSCs from the PL2 supplemented 3D system also produced
a mineralized matrix earlier than FBS supplemented cells and deposited calcium
equally with FBS supplemented cells in the 3D differentiation system.

4.1.3

PL PROVIDES EFFICIENT SUPPORT FOR MSC PROLIFERATION
UNDER AN AMBIENT OXYGEN CONCENTRATION (II)

To find the optimal culture medium supplement, which would provide good
support for cell proliferation, we compared two human platelet lysate-based
supplements, PL1 and PL2, to FBS. We also tested whether a lowered oxygen
level (3%) would have a beneficial impact on cell proliferation and
immunosuppressive properties as compared to the ambient oxygen level. PLs
were prepared using two different protocols, the most noticeable difference
being that platelet granules were released using two freeze-thaw cycles in PL1
while PL2 was prepared using five cycles. Culture medium compositions also
varied (see Methods 3.2.1 and Table 3.).
When cells from PL1, PL2, and FBS supplemented cultures were compared,
a statistically significant difference in total cell yield count could not be observed
between the differently enriched cultures (p=0.42). However, PL1
supplemented culture produced the highest extrapolated cell yield from 20 ml
BM aspirate when compared to the other supplements (Figure 16A.). Produced
cell yield with PL1 under ambient oxygen was 6.31×109±9.82×109 cells, and
under 3% oxygen, the yield was 4.81×109 ± 6.78×109 cells. The numbers of
cumulative PDs in PL1 supplemented MSC cultures were also higher with both
oxygen concentrations when compared to the other two cultures. Cumulative
PDs in PL1 cultures with 3% oxygen resulted in slightly higher PD numbers,
23.4±2.5 PD, while in ambient oxygen concentration, the PD count was
22.4±2.9 PDs. Culturing with PL1 supplement resulted in the shortest PD time,
especially under 3% oxygen, where the doubling time was 1.7±0.3 days. The
doubling time with PL1 in ambient oxygen was 2.1±0.5 days. The PD time was
significantly shorter in cultures with PL1 than in MSCs supplemented with PL2
regardless of oxygen concentration (p=0.015). Still, a statistically significant
difference between PL1 and FBS in PD time was not observed (Figure 17A.). To
conclude, supplement PL1 resulted in a significantly shorter doubling time than
PL2 supplemented MSCs. However, PL1 supplemented culture did not produce
significantly higher cell numbers than the other cultures. Slightly shorter
doubling times were observed with PL1 supplemented cells exposed to 3%
oxygen than those exposed to ambient oxygen.
PL2 and FBS cultures originated from the same 16 BM donors and were
cultured in parallel. PL1 cultures could be robustly passaged until p11 when the
74

culture ceased to proliferate after 46 PDs (Figure 16C.); in comparison, the PL2
supplemented culture resulted in the earliest cessation of cell proliferation at p6
after 27 PD. In these cultures, aging-related morphological changes could be
observed already after passages 3 or 4, when evaluated by routine microscopy
(S. Oja unpublished observations). MSCs from culture supplemented with FBS
continued proliferating until p9 and 38 PDs (Figure 16D.).

Figure 16. The effect of platelet lysates PL1, PL2, and FBS A) on cell yields and B) cumulative PD
numbers in cells exposed to 3% and 20% oxygen concentrations. C) Growth kinetics of PL1
supplemented MSCs under ambient oxygen conditions D) Growth kinetics of PL2 and FBS
supplemented MSCs under ambient oxygen conditions. Cell culture in Figure 16C. originate from a
different donor than cells in Figure 16D., which are from the same donor and have been cultured in
parallel (Laitinen et al. 2016a). Permission for reprint from Springer Nature Publishing.

To compare the functionality of the differently supplemented cells, we tested
their immunosuppressive capacity in the T-cell proliferation assay. We found
that PL1 supplemented MSC suppressed T-cell proliferation equally with PL2
and FBS supplemented cells (Figure 17B.). When immunosuppression of PL1
supplemented cells in different oxygen concentrations were compared, the
suppressive property was slightly better in 20% oxygen than at a lower oxygen
level. However, FBS supplemented cells suppressed proliferation better if
cultured under in vitro hypoxia. Cells grown in the PL2 supplemented medium
did not perform as well as PL1 or FBS in the proliferation assay, but when
cultured under reduced oxygen conditions, the immunosuppressive potential of
the cells cultured with PL2 was slightly improved.
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Figure 17. Impact of oxygen concentrations on MSCs A) doubling time and B) immunosuppressive
properties. The oxygen concentration does not affect doubling time at the primary passage (p0), but
at p1, doubling times with PL2 are markedly longer than in cultures supplemented with PL1,
regardless of the oxygen concentration. PL1 and FBS does not show a statistically significant
difference in doubling times. Differences in the immunosuppressive capacity between cells cultured
with different supplements and in different oxygen concentrations are not statistically significant
(Laitinen et al. 2016a). Permission for reprint from Springer Nature Publishing.

Thus, in summary, PL1 performs well as a supporter of cell proliferation
regardless of the used oxygen levels. PL1 can produce slightly higher cell
numbers within two culture passages than PL2 or FBS and within a shorter time.
Hypoxia does not offer any significant benefit to MSCs cultured with PL1 in the
T-cell suppression assay. PL1 cultured cells suppress T cell proliferation, as
efficiently as cells that have been grown in FBS supplemented culture.

4.1.4

AGING-RELATED CHANGES IN CELL SIZE CAN BE DETECTED
AND QUANTIFIED BY USING IMAGING-BASED MORPHOLOGY
ANALYSIS (III)

To study aging-related changes in cell morphology, cells from six healthy donors
were cultured in PL1 supplemented cultures mimicking clinical-grade MSC
cultures. MSCs were cultured starting from the primary passage until the
cessation of the culture. Cessated cultures showed less than 30% confluence
after two weeks of culturing and displayed the typical phenotypic characteristics
of senescent cells, such as flattened morphology and irregular cell shapes, and
granularity. The samples for the imaging analysis and experiments detecting the
expression of senescence markers p16INK4a, p21Cip1/Waf1, and β-galactosidase were
collected from every other passage (p1, p3, p5, pSEN) until the cells reached
senescence.
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From the stained imaging samples, the total number of collected imaging
fields was 999–1998 (examples of imaging fields are shown in Figure 18A.).
Collected imaging data was processed using Cell Omics Morphology Explorer
software. From the collected data, we selected nine morphology-related
parameters, which would describe the aging-related changes for further
analysis. The chosen parameters included both size and shape parameters.
Imaging data of cell morphology was collected from 313,141 cells in total.
However, before the subsequent analyses, we first cleaned the data by removing
5% of the smallest and largest values. These removed outliers were due to
interpretation errors of the imaging software; in some imaging fields, debris had
been interpreted as cells and overlapping cells as one large cell. After the outlier
removal, the analysis was continued with 281,827 cells.
To select the morphological parameter, which could be best associated with
the PD number, we performed linear fitting for each morphological parameter
as an explanatory variable for the PD to a first-degree model. We also tested the
donor and passage subgroup mean values and standard deviations by using
them as explanatory variables. The resulting R2 coefficients for the models were
highest for the size parameters such as cell area, perimeter, length, and width.
When testing the standard deviations of the groups, R2 values (correlations)
were even higher than the mean values, resulting in R2 values of 48% for cell
area, 47% for length, 43% for perimeter, and 38% for width. Of these
parameters, based on the correlations and the fact that cell area is the
parameter, which is visually monitored by many operators during routine cell
culturing, we selected cell surface area as the primary parameter to describe
aging-related changes in cell morphology.
From the measured cell surface area values, we observed that MSCs at
passages 1 and 3 were surprisingly uniform in terms of their size; the cell surface
area for MSCs at p1 was 1827±329 µm2 and the area at p3 was 2353±386 µm2.
A rapid enlargement of cell size was seen at p5 when the cell surface area had
doubled as compared to p1 and reached 4198±1628 µm2. Cell area at senescent
passages (pSEN) had increased on average by 4.8-fold when compared to p1,
resulting in a cell surface area of 8744±2494 µm2 (Figure 18B.-D.). At p5, MSCs
had undergone approximately 28-35 population doublings. Earlier enlargement
of cell size was seen with one donor only after 25 PDs at p5 (Figure 18D.). Linear
and logarithmic distributions of cell sizes show the uniform cell size at p1 and
p3 but a shift towards larger cell size starting at p5. The population of smaller
cells could, however, be observed also at late passages (Figure 18B.).
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Figure 18. A.) Examples of the imaged cell cultures from passages p1, p3, p7, and p8 and recognition
by the imaging software according to preset rules. Recognized and accepted cells are marked as
green lines and recognized, and excluded cells are magenta lines. The correctness of the recognition
was visually checked during the run, and during analysis, interpretation errors were reduced by data
cleaning. B) Histograms of the distributions of cell sizes in different passages revealed a clear shift
of the cell size towards enlarged phenotype at passage 5. C) When the mean cell area was plotted
against culture passages (p1, p3, p5, pSEN) and D) PD number, a rapid increase in cell size could
be observed, and the PD range for the increase could be determined (Oja et al. 2018). Permission
for reprint from Stem Cell Research and Therapy/Nature Publishing.

4.1.5 RAPID INCREASE IN CELL SURFACE AREA CORRELATES WITH
THE EXPRESSION OF SENESCENCE-ASSOCIATED MARKERS (III)
An increase in the expression of the classical senescence markers p16, p21, and
β-galactosidase occurred concurrently with the increase in cell area (Figure 19.).
The expression of p21 showed a pattern typical of replicative senescence; the
peak in the p21 level was seen before the p16 peak, but its level rapidly decreased
after p16 had reached its highest level. The highest level of expression of p16 was
seen at p7, having approximately a 30-fold increase as compared to p1 (Figure
19A.). The activity of β-galactosidase increased significantly at passage 5 and
continued to increase at passage 7 (for both, p<0.001). Constant i.e. not
accelerated, telomere shortening was observed in the cell cultures during
culturing (data not shown).
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Figure 19. Correlation of senescence-associated markers with cell surface area. A) An example of a
western blot analysis of the expression of cell cycle regulating cyclin-dependent kinase inhibitors,
p16, and p21 from one donor. B) The activity of Senescence-associated β-galactosidase in different
culture passages. The difference between p1-p3 and p5 and p7 is statistically significant p<0.001 C)
Correlation of mean cell area with the senescence-related markers is visualized by a heat map, and
D) by principal component analysis (Oja et al. 2018). Permission for reprint from Stem Cell Research
and Therapy/Nature Publishing.

Visualization of Pearson correlation coefficients by the heat map and the
principal component analysis reveals that the expression of p16 and βgalactosidase increase together with the cell surface area, indicating that cell
proliferation had ceased and that β-galactosidase was accumulating in the cells
upon culturing. These three parameters correlated negatively with the
population doubling rate (PD/Day) and the mean telomere length, indicating
that with progressive aging, mean telomere length had shortened, and more
time was consumed in cell doubling. The expression of p21 did not seem to
correlate with the other parameters in the PC analysis, however the typical
expression pattern of p21 is shown in Figure 19A; a phenomenon that has also
been reported by others (Alcorta et al. 1996; Stein et al. 1999), which explains
the observation in the PC analysis.
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4.1.6

ONE TO TWO FREEZING STEPS DO NOT ALTER THE BASIC
MANUFACTURING PARAMETERS IN PASSAGE 2 MSCS (IV)

To produce the clinical product according to the manufacturing protocol at
FRCBS, MSCs need to be culture-expanded until passage 2, when they are
harvested and frozen. In this study, surplus cells produced during processing, at
passages 0 and 1, were frozen and thawed (interim frozen cells) and further
cultured until passage 2, when they were harvested and frozen again. Cell
aliquots were thawed after the second freezing, and after that, viabilities and cell
recovery were determined (Figure 20.).

Figure 20. The effect of interim freezing steps on A) the cell yield at passage 2 before freezing, B)
cumulative PD count at passage 2, C) viability after thawing at p2 and D) proportion of living cells at
p2 after thawing, compared to the clinical product (cells frozen once) (Oja et al. 2019). Permission
for reprint from Frontiers of Immunology/Frontiers Media.

Both cell aliquots with interim freezing steps (p0 or p1) produced slightly
higher cell numbers at passage 2, as did the unfrozen cells (Figure 20A.),
however, the difference in the cell yields between unfrozen cells and the interim
frozen cell aliquots were not statistically significant. During the expansion, all
cell aliquots underwent approximately 25 PDs until passage 2, when cells were
harvested for the second freezing step (Figure 20B.). The cell viability after
thawing at p2 was high, over 90% in all cell aliquots (Figure 20C.). Cell recovery
after thawing at p2 can also be considered as high for all aliquots since the

80

recovery was over 80%, and differences between recoveries were statistically
nonsignificant (Figure 20D.).

4.1.7

AGING-RELATED REDUCTION IN PROLIFERATION AND
CHANGES IN MORPHOLOGY ARE NOT ACCELERATED AFTER
ADDITIONAL FREEZING STEPS (IV)

MSCs, which have undergone 2 freezing steps, did not cease to proliferate earlier
than the clinical product (frozen once at p2) at passages that are relevant for
clinical-grade production. The control cultures that were frozen at every passage
displayed a markedly diminished expansion potential, ceasing to proliferate
after 35 PD. Exhaustion of the control culture was attained at passage 5, while
other cell aliquots proliferated at least until passage 6. Differences in
proliferation kinetics between unfrozen cells, cell aliquots frozen once (clinical
product), and cells frozen twice, were not evident until p5 (Figure 21A. and
21D.). Cell aliquots, which were either unfrozen, frozen once or frozen twice, did
not show any statistically significant differences in the number of cumulative
PDs at passages 4 or 5. However, cells frozen at every passage had undergone
significantly more PDs at these passages as compared to cell aliquots which were
unfrozen, frozen once or twice (p < 0.01) (Figure 21B.).

Figure 21. A) Growth kinetics from unfrozen MSC culture and cultures, which have been frozen once
(clinical product), twice or at every passage. B) The difference in cumulative PD numbers between
unfrozen, frozen once and frozen twice cell aliquots in passages 4 and 5 is not statistically significant.
C) Cell surface areas of unfrozen MSCs and cells frozen once or twice are uniform at p1 and p3. D)
An example of growth kinetics from one BM-MSC batch when unfrozen cells were compared to cell
aliquots frozen once or twice (Oja et al. 2019). Permission for reprint from Frontiers of
Immunology/Frontiers Media.
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In these experiments, we utilized the imaging-based screening method, which
was established and described in publication III, to screen for cellular aging. Due
to the robust analysis and a strong correlation of changes in cell size with the
expression of aging-related markers, other assays to study aging were not
applied. Data from the imaging analysis indicated that cell surface areas in
samples from p1-p3 remained small (2000-3000 µm2) and uniform despite the
number of freezing steps. The small size of the cells at p1 and p3 and the rapid
increase in cell size at p5 indicated that MSCs at early passages did not express
senescence-associated markers at significant levels yet. Evidence of variability
in cell sizes began to show at p5 after 30 PDs, with cells frozen twice, showing
larger cell sizes as unfrozen cells. The differences in cell surface areas between
unfrozen cells and cells frozen twice were not, however, statistically significant.

4.1.8

MOST OF THE FUNCTIONALITY OF THE MSCS IS PRESERVED
AFTER ONE TO TWO FREEZING STEPS (IV)

The functionality of the MSCs before freezing and after thawing at passage 2 was
assessed in osteogenic and adipogenic differentiation assays (Figure 22.) and in
a T-cell suppression assay (Figure 23.). We observed that osteogenic and
adipogenic potentials were retained in the frozen cell aliquots and the clinical
product, irrespective of the timing of the freezing steps. However, differentiation
in this study was not quantified but only observed by visual examination (Figure
22.).

Figure 22. Osteogenic and adipogenic differentiation before and after freezing at p2. All samples
show differentiation to both lineages. Differentiation analyses are quantitative and show only the
occurrence of differentiation. The intensity of von Kossa and Sudan III staining is not quantified.
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The ability of unfrozen and interim frozen MSCs to suppress T-cell
proliferation was studied using the T-cell proliferation assay. When MSCs with
one (clinical product) or two freezing steps were compared, they could both
suppress T-cell proliferation (one freezing p<0.001, and two freezing steps p0
and p1 <0.05) (Figure 23A.). However, when the immunosuppressive properties
of fresh MSCs and frozen cells were compared, an approximately 50% reduction
was seen in the suppression of T -cell proliferation (p<0.001) (Figure 23B.).

Figure 23. A) The ability of MSCs with one or two freezing steps to suppress T-cell proliferation
before and after freezing at p2. B) Approximately 50% reduction in immunosuppressive capacity was
seen in MSCs after freezing and thawing when compared to fresh cells (Oja et al. 2019). *p<0.005,
***p<0.001. Permission for reprint from Frontiers of Immunology/Frontiers Media.

To summarize, additional freezing steps at early passages, p0 and p1, did not
alter the basic manufacturing parameters such as cell viability, cell yield, or total
cumulative PD count, but showed excellent recovery and viability after thawing.
Cell surface areas in unfrozen and interim frozen cells displayed uniform cell
sizes, and an aging-related increase in cell sizes was seen at p5, which was not,
however, the relevant passage count in our culture protocol. The small cell sizes
in early passages are indicative of the absence or minor expression of agingrelated markers. Osteogenic- and adipogenic differentiation assays showed
comparable differentiation potential of interim frozen cells to their unfrozen
counterparts. T-cell proliferation assay revealed a reduced suppression capacity
of frozen and thawed cells compared to fresh cells, but the equal capacity of cells
frozen once or twice to suppress T-cell proliferation.
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5 DISCUSSION
This study was initiated in 2007 at a time when there was worldwide interest in
MSC research and the development of clinical-grade products. Laboratories had
moved on from basic research to the establishment and optimization of culture
conditions for clinical-grade manufacturing. MSCs held great promise in
therapeutic use, and they were thought to be the long-awaited answer to treating
many immunological disorders and tissue injuries. MSC research was supported
by the promising results emerging from pre-clinical experiments and the early
clinical trials conducted by Lazarus and Le Blanc (Lazarus et al. 2005; Le Blanc
et al. 2004). However, a major setback occurred in 2009 when an advanced
phase III clinical trial (NCT00366145) for steroid refractory GvHD was
performed using MSCs (Prochymal®). The results from the trial found almost
no difference between the study groups (overall response, OR 82%) and placebo
(OR73%) (Martin et al. 2010; Kebriaei et al. 2019).
Our study was initiated at the time when optimal culturing conditions for
clinical manufacturing were being sought. Furthermore, we aimed to establish
and optimize an animal serum-free culture system for the production of clinicalgrade MSCs. Before the process development for clinical-grade manufacturing,
we evaluated the growth and functionality supporting properties of two
differently prepared PLs and compared them to FBS, which at that time was the
standard supplement for cell cultures. In parallel with the testing of PLs, we
determined the efficiency of osteogenic differentiation in PL supplemented and
in FBS supplemented cultures, both in 2D and 3D culture systems. After
establishing our facility for manufacturing, we concentrated on establishing and
optimizing an imaging-based method to screen the cell products for alterations
in their cell morphology, e.g. for the progressive signs of aging typical for MSCs.
Monitoring of aging in the MSC cultures is a critical quality attribute since MSCs
are known to lose their functionality with aging and to exhibit unwanted
alterations in their characteristics and secretory profile. Finally, we sought to
upscale our manufacturing process by using interim freezing steps to exploit
surplus cells from previous process steps to utilize as far as possible the valuable
starting material from BM aspirates received from voluntary donors.

5.1.1 PL PROVIDES AN EFFICIENT SUPPORT FOR CLINICAL-GRADE
MSC CULTURES
Culture supplements PL1 and PL2 were prepared using two different protocols,
which contained different numbers of freeze-thaw cycles: two cycles for PL1
(according to Schallmoser et al. 2007), and five for PL2 (modified from Doucet
et al. 2005). Cultures supplemented with 10% FBS were used as controls,
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because FBS supplementation had been the former standard. We found that
MSCs cultured in PL1 supplemented medium could produce equal cell numbers
with shorter doubling times compared to cultures with PL2 supplement or FBS,
regardless of the oxygen level. PL2 supplement showed a reduced ability to
support cell proliferation than PL1 or FBS. Cells produced with PL1 also showed
an equal ability for suppression of T-cell proliferation as FBS supplemented cells
whereas PL2 supplemented cells had a weaker ability to suppress T-cell
proliferation. No marked difference was observed between ambient or low
oxygen level to immunosuppression with PL1 supplemented cells, but MSCs
from PL2 supplemented culture showed a slight improvement in their
suppression capacity with the 3% oxygen level.
An increased proliferation rate, a decreased doubling time, delayed
senescence and equally maintained functional properties of PL supplemented
MSCs compared to FBS supplemented cultures have been shown in multiple
studies (Doucet et al. 2005; Müller et al. 2006; Schallmoser et al. 2007; Avanzini
et al. 2009; Griffiths et al. 2013). However, the composition of PL and the role
of growth-promoting factors in the supplement is not entirely understood.
Although most of the studies report at least similar functionality of PL to FBS,
one study claimed that culturing MSCs with PL may alter the expression of some
essential MSC surface molecules and impair their ability to suppress T-cell and
NK-cell proliferation and cytotoxicity. That report also detected a reduced
production of PGE2 but increased secretion of IL-6, IL-8, and Rantes
(Abdelrazik et al. 2011). These cytokines have also been associated with the
detrimental effects of the SASP profile related to progressed aging (Davalos et
al. 2010; Lunyak et al. 2017).
The properties of PL may modulate the culture of MSCs in many ways; for
example, the age of the blood donors has been shown to have an impact on the
functionality of PL, and platelets from young donors have been reported to
possess better growth-promoting properties than platelets from older donors
(Lohmann et al. 2012).
An adequate number of freeze-thaw cycles to release platelet α-granules has
been a topic of debate, varying from 1 to at least 4, with most of the published
studies favoring 1-3 freeze-thaw cycles (Doucet et al. 2005; Kocaömer et al.
2007; Schallmoser et al. 2007; Capelli et al. 2007; Strandberg et al. 2017). We
chose to test five freeze-thaw cycles in parallel with two cycles to explore the
possibility of releasing a maximal concentration of growth-promoting factors.
Strandberg et al. tested the release of growth factors after 1, 3, 5, 10, and 30
freeze-thaw cycles and found that the optimal number of freeze-thaw cycles
seemed to be 3-5 to release selected growth factors such as isoforms of PDGF,
EGF, FGF, and TGF-β1 (Strandberg et al. 2017). Our study did not, however,
find support for five freeze-thaw cycles with our preparation method. We
hypothesize that during PL2 preparation, some of the essential growth85

promoting factors may have been degraded, resulting in lower proliferationpromoting properties. In addition, Fekete et al. showed that inhibition of PDFGBB, bFGF, and TGF-β1 in the culture medium resulted in a loss of cell
proliferation (Fekete et al. 2012, 2014).
We observed an earlier cessation of PL2 supplemented cultures than the
other cultures, and during routine microscopy, aging-related morphological
changes in PL2 cultures could be seen already after p4 in some cultures. Zhang
and coworkers reported that PDGF-BB protected MSCs from senescence and
apoptosis and this improved their immunosuppressive properties. In their
study, MSCs were isolated from patients with immune thrombocytopenia (ITP)
(Zhang et al. 2015). The senescence of the ITP-MSCs was shown to be mediated
through the p53/p21 pathway (Zhang et al. 2016), which can also be activated in
stress-induced senescence such as that induced by suboptimal culturing
conditions in a nutrient-poor culture medium (Toussaint et al. 2000).
Degradation of PDGF-BB due to five freeze-thaw cycles may explain the earlier
signs of senescence in PL2 supplemented MSCs. We observed a slight
improvement in the proliferation of PL2 supplemented cell culture under a 3%
oxygen concentration. This may indicate that the load of stress factors caused by
the degradation of PDGF-BB may have been reduced in 3% oxygen and thus
enabled faster proliferation.
Another deviating factor than the number of freeze-thaw cycles between the
lysates was the origin of the platelets being used. PL1 was derived from blood
product production where fresh platelets were suspended in fresh AB plasma,
whereas PL2 was prepared from expired platelet products, which were no longer
valid for patient use. The study of Jonsdottir-Buch et al. did not, however, find
any difference in growth-promoting properties between lysates produced of
fresh platelets and lysates where expired platelets were utilized (JonsdottirBuch et al. 2013). Because fresh platelet products are valuable in clinical use,
expired products should be considered to be favored in the preparation of PL
supplements, as proposed by Astori et al. and Jonsdottir-Buch et al. (Astori et
al. 2016; Jonsdottir-Buch et al. 2013).
A large variety of methods to produce PL supplements for clinical-grade
culture have been published differing in terms of the origin of the platelets,
components of the supplements and techniques to release platelet α-granules
(Doucet et al. 2005; Schallmoser et al. 2007; Kocaömer et al. 2007; Lange et al.
2007). Currently, there are no standardized protocols or requirements to
prepare PL supplements for MSC manufacturing, and neither is there any
requirement for the assay of the contents of cytokines, chemokines, or growth
factors etc. We used our in-house standardized quality criteria for the used PLs
with clear release criteria involving donor test results, the number of platelets,
and residual leucocytes. Standardized preparation methods and defined release
criteria for PL supplements should be included in practices for manufacturing
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MSC products. Uniform procedures would provide better comparability
between products manufactured by different facilities and would decrease the
lot-to-lot variation of lysates and MSC products.

5.1.2 CULTURING OF MSCS WITH REDUCED OXYGEN DOES NOT
CONFER ANY MARKED BENEFIT TO CELL EXPANSION OR
FUNCTIONALITY AT LOW PASSAGE NUMBERS
The use of in vitro hypoxic conditions is known to improve cell proliferation and
to decelerate aging of MSCs in several culture settings, since a 3% oxygen
concentration is physiological for BM-MSCs (Grayson et al. 2006; Fehrer et al.
2007; von Zglinicki et al. 1995). A lower oxygen concentration during in vitro
expansion has also been shown to improve the differentiation capacity of MSCs
(Fehrer et al. 2007). In our study, it did not affect the growth-promoting
performance of the PL1 whether cells were cultured under ambient oxygen or
under 3% oxygen conditions. We could also not observe any statistically
significant difference in the immunosuppressive capacities between the MSCs
at lower the oxygen level. A lower oxygen concentration seemed, however, to
slightly improve the performance of PL2, because the doubling time was
markedly shorter for PL2 under 3%, than under ambient oxygen. A slight
improvement in the immunosuppression was also observed with the 3% oxygen
concentration; however, the difference was not statistically significant.
Grayson et al. and Estrada et al. have reported markedly improved cell
expansion at lower oxygen levels as compared to culturing in a 20% oxygen
concentration (Grayson et al. 2007; Estrada et al. 2012). Estarada et al.
suggested that the ambient oxygen level, which is non-physiological for MSCs,
causes a metabolic shift from glycolysis to oxidative phosphorylation and thus
results in increased amounts of ROS in the MSC cultures. An elevated ROS level
is known to affect genetic stability and telomere length in long-term culture
(Estrada et al. 2012, 2013). Our study compared cell yields, doubling times, and
PD numbers in the early passages, p0-02, and did not evaluate the differences
in long-term cultures. Our results indicate that with the early passage numbers
which are relevant to our manufacturing protocol, MSCs cultured under
ambient oxygen performed equally well as cells cultured under lower oxygen
concentrations. In addition, the experiments performed by Grayson et al. and
Estrada et al. only detected differences between different oxygen conditions
after p2 culture (Grayson et al. 2007; Estrada et al. 2012). In a plate culture
system, such as ours, oxygen levels are controlled by inserting nitrogen to the
incubator. However, cells are exposed to ambient oxygen during medium
replacement, passaging, and harvest. Maintaining a lower oxygen concentration
in a plate culture system is also a financial issue, and therefore we chose to
continue our process development with MSCs cultures with an ambient oxygen
level.
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Controlling the oxygen level would, however, be beneficial if cell expansion
were to be continued significantly further than p2. MSCs for the industrysponsored phase II/III clinical trial with Prochymal®, were expanded until p5
(Martin et al. 2010; Prasad et al. 2011; Galipeau 2013). With these passage
numbers, the utilization of closed bioreactors, with oxygen control and
continuous monitoring of the metabolism, could help to improve the quality and
functionality of the cell products.
Due to the ability to produce equal cell numbers with FBS culture in a shorter
time, PL1 was selected for process development to establish a clinical-grade
culturing process for the MSCs. Since lowering of oxygen level did not confer
any significant benefit for PL1 supplemented culture, cell cultures were
continued to be expanded under an ambient oxygen level using a 5-stack plate
culture system.

5.1.3

PL IS AN EQUALLY GOOD SUPPORTER OF OSTEOGENIC
DIFFERENTIATION AS FBS

The ability to induce differentiation of clinical-grade MSCs in an animal serumfree culture system would improve the safety of the therapy due to minimizing
the risk of animal-derived pathogens and xenoimmunization reactions
(Heiskanen et al. 2007; Cervenakova et al. 2011; Van der Valk et al. 2018) as well
as enhancing the proliferation and differentiation of MSCs (Xia et al. 2011; Zaky
et al. 2008). MSCs used for bone regeneration should retain their osteogenic
properties after transplantation, or maintain their paracrine activity to secrete
factors supporting bone healing (Birmingham et al. 2012). The four essential
parameters for MSCs to be used for bone regeneration are 1) sufficient cell
proliferation after transplantation to the target tissue, 2) the expression, and
activity of alkaline phosphatase (ALP), as well as 3) the expression of other
osteogenic markers and 4) the ability to produce collagen matrix able to deposit
calcium (Birmingham et al. 2012). A 3D matrix together with cultured MSCs has
been shown to support osteogenic differentiation and bone regeneration when
compared to a matrix with fresh BM (Petite et al. 2000; Sogo et al. 2007; Kasten
et al. 2008).
In our study, MSCs proliferated better in a FBS supplemented 2D plate
culture than with PL2, but in the 3D gelatin matrix, both supplements supported
cell proliferation equally throughout the experiment. FBS and PL2 were also
found to promote equally well the osteogenic differentiation of MSCs. However,
there were temporal differences in the expression of differentiation-related gene
expression. In the 2D culture system, mRNA levels increased earlier in FBS
supplemented cultures than in PL2. Nonetheless, both supplements eventually
induced the same levels of Runx2, ALP, and OCN mRNA during 25 days of
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culture. The 3D differentiation system was found to induce an earlier expression
of osteogenic markers than the 2D system, during days 10-15; however, the
highest ALP expression was seen on day 21 for PL2 supplemented culture. The
expression levels of ALP and OCN were more robust in the 3D system than in
2D culture.
The findings of other workers confirm that PL is an effective supporter of
osteogenic differentiation in MSC cultures and is comparable to FBS (Chevallier
et al. 2010; Xia et al. 2011; Kasten et al. 2008; Vogel et al. 2006; Warnke et al.
2013). Chevallier et al. reported better proliferation of MSCs with PL as
compared to FBS. ALP expression was found to be higher in MSCs cultured with
PL. However, differences in the expression of other osteogenic markers such as
Runx2 or OCN were not statistically significant between PL and FBS (Chevallier
et al. 2010). The study of Kasten et al. showed that when MSCs were introduced
to the 3D scaffold and were fed with freshly prepared PL, cell proliferation was
significantly improved. However, no improvement in differentiation was found
(Kasten et al. 2008). One of the root causes which introduced variability into the
results of cell proliferation was identified as the use of different PL lots. The
results reported by Warnke et al. are in agreement with our findings that PL
provides an equal support for osteogenic differentiation as FBS and also that
differentiation in the 3D matrix was more effective than in 2D plate culture
(Warnke et al. 2013).
Bone fractures may be the type of tissue injury that is amenable to treatment
with MSCs. Bone is a tissue which is able to regenerate without scarring unless
the lesion is too large or bone formation has been interrupted by surgical
operations (Petite et al. 2000). Autologous bone engraftment has been the
primary choice for regeneration, but invasive methods to obtain the bone grafts
and the risk of complications have limited the availability of this kind of therapy
(Petite et al. 2000). Different methods to treat bone injuries have been
exploited; autologous BM aspirate injected into the injury site, sometimes mixed
with a supporting matrix before injection or mononuclear cells that have been
isolated from the BM aspirate, culture-expanded and introduced into the matrix
and are then engrafted to the injury site (Stanovici et al. 2016). The latter two
approaches, i.e. where cells and matrix are used, have achieved the best results
in experimental bone regeneration. However, the problem in cell-based grafts is
the lack of vascularization. The newest applications have aimed at the
vascularization of the cell-based grafts, for example, by 3D printing (Stanovici
et al. 2016). However, a more important issue in tissue regeneration than the
ability of MSCs to form bone may be the ability of the explants to exert paracrine
effects which support bone healing in concert with osteoblast activity (Strioga
et al. 2012; Almalki and Agrawal 2016).
Our study revealed that osteogenic differentiation is efficient in a 3D matrix
with PL. However, we used the PL2 supplement, which was later shown to
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perform poorly when compared to PL1 (Laitinen et al. 2016a). We hypothesize
that the difference between FBS and PL would have been greater if PL1 should
have been used as a supplement. To conclude, it is possible to achieve our aim
to replace FBS as a culture supplement for MSCs intended for bone regeneration
with culture expanded MSCs supplemented with PL. The osteogenic
differentiation of these cells, especially when introduced to the 3D matrix, is
comparable to cells grown in FBS supplemented cultures.

5.1.4

MONITORING OF CELLULAR AGING IN MSC CULTURES

Monitoring of advanced aging and senescence in MSC cultures is essential to
evaluate the proliferative potential and functionality of the cells since aging is
known to alter the characteristics and reduce the potency of the MSCs. In the
third publication of this study, we established and optimized an imaging-based
screening method to detect and quantify cell morphology and revealed that cell
surface area was the best morphological parameter that described the agingrelated changes. We also demonstrated that a rapid increase in cell surface area
clearly correlated with the expression of classical senescence-associated
markers. We succeeded in establishing a screening method that could reliably
be used to detect cells expressing the primary markers for senescence, and thus
we utilized this method also in our subsequent experiments.
Monitoring of MSCs in vitro aging and its impact on their functional
properties is considered one of the cornerstones of quality control of the MSC
products (Bieback et al. 2019; Menard et al. 2013; Barkholt et al. 2013). The
basic measure for MSCs’ aging is the determination of the cumulative PD count.
We found that when the PD count was measured with our culture standards, an
enlarged cell size could be detected in one sample already after 25 PDs. This
sample originated from a 40-year-old donor, while the other MSCs in the study
originated from donors in their early 20s. It is reasonable to hypothesize that
donor age may have had an impact on the early cessation of the culture.
However, the careful analysis of Andrzejewska et al. suggests that donor age
does not impact on the in vitro aging of cultured cells (Andrzejewska et al. 2019).
Our finding is, however, an important reminder that senescent cells can be
found even in the MSC cultures with relatively low PD numbers. Therefore,
routine monitoring of cell size should be implemented in the manufacturing
process. All MSCs where cell area was quantified (publications III and IV) were
derived from clinical-grade production and did not show any significant
expression of senescence-related markers during the passages 1-3 (PDs 35 or
lower).
In addition to counting cumulative PD numbers, changes in cell size have
been known to be an indicative phenotypic characteristic of progressed aging in
primary cell cultures. Elementary studies of the relationship between cell size
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and morphology and the occurrence of cellular senescence were conducted by
Hayflick (Hayflick and Moorhead 1961) and Mets and Verdonk (Mets and
Verdonk 1981). Later, Prockop et al. and Katsube et al. separated MSCs
according to their size and studied the correlation of cell size to culture
characteristics and functionality (Colter et al. 2010; Katsube et al. 2008). There
are also other experiments reporting that the size and morphology of the MSCs
are predictive for their osteogenic and adipogenic differentiation potential,
proliferative activity as well as their immunosuppressive capacity (Marklein et
al. 2016; Klinker et al. 2017; Lo Surdo et al. 2013; Sasaki et al. 2014).
Our finding that a rapid increase in cell surface area displayed a strong
correlation with the senescence markers is novel and opens the possibility to
develop an in-process monitoring method for altered cell size further and thus
to establish a first-step online screening method for senesced cells. Although
there are different methods that are commonly used to study cellular aging, such
as measurement of telomere length, β-galactosidase activity, or expression of
cell cycle inhibitory proteins, these are not optimal for being implemented as
quality control assays into clinical-grade manufacturing processes instead they
are rather research tools. The senescence-associated DNA methylation
signature based on six specific CpG sites (SA-DNAm), is an accurate method for
detecting senescent cells from the cultures (Bork et al. 2010; Koch et al. 2012;
Schellenberg et al. 2014). However, that method is laborious and may not be
suitable for monitoring the culture during processing.
Imaging-based screening methods have been successfully applied to the
monitoring of MSC cultures (Marklein et al. 2016; Klinker et al. 2017; Sasaki et
al. 2014). These studies, where a morphology analysis has been combined with
sophisticated computational methods, report that differentiation and
immunosuppressive potential could be reliably predicted. Sasaki et al. described
a label-free imaging method, which could be implemented into clinical-grade
cell culturing without invasive handling (Sasaki et al. 2014). In addition, our
approach could be further developed into a label-free method that could detect
cells from images taken with a phase-contrast microscope. The detection of
enlarged cells when combined with a classification analysis could be performed
using deep learning-based prediction models (Sasaki et al. 2014; Chen et al.
2016; Mencattini et al. 2020). A bioreactor with a multilayer planar culture
system combined with integrated cameras is already available for clinical-grade
manufacturing. By utilizing these systems, screening method for senescent cells
could be implemented in the large-scale manufacturing of MSCs.
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5.1.5

FREEZE OR NOT TO FREEZE – HOW TO RESOLVE THE
FUNCTIONALITY QUESTION?

Cryopreservation is a necessary step in producing MSCs as off-the-shelf
products. The freezing step allows the storage of products and means that
released products will have a well-timed distribution to the clinic. Protocols to
freeze MSCs have been adopted from those techniques applied in the freezing of
HSCs but these might not be optimal for MSCs (Marquez-Curtis et al. 2015).
Recent reports have shown that the immunomodulatory abilities of MSCs are
either abolished or markedly reduced after freezing and thawing (François et al.
2012a; Pollock et al. 2015; Moll et al. 2014a). The reason for the reduced
functionality has been identified to be impaired IDO activity due to the heat
shock response, although this could be rescued either by 24-48 hours culturing
or by IFN-γ treatment (François et al. 2012a). Freezing may also alter the surface
topology of the MSCs and thus make the cells susceptible to rejection by IBMIR
and clearance by the complement system (Moll et al. 2014b, 2011). The
disruption of the actin cytoskeleton structure caused by freezing and thawing
has been shown to impair the ability of MSCs for engraftment and homing
(Chinnadurai et al. 2014b). These freezing-related injuries may also be avoided
by recovering MSCs in cell culture after thawing.
We investigated if additional freezing steps would affect the basic
manufacturing parameters such as cell yield and viability, and the functional
properties of MSCs. The ability to utilize additional freezing steps would provide
flexibility to the manufacturing process and enable more effective production of
“off-the-shelf” MSC products. Additional freezing steps would also provide a
crucial possibility to create a master cell bank system and thus to produce more
patient doses from the same starting material. Our results showed that two
interim freezing steps did not alter the basic manufacturing parameters when
compared to a clinical product which had been frozen only once in passage 2.
We observed an approximately halving of the immunosuppressive capacity
regardless of the number or point of the freezing steps.
In contrast to the report of Francois et al., in our experiments, MSCs’
suppressive ability in T cell proliferation assay could not be improved by culture
rescue (François et al. 2012a). However, when different experimental settings
were used to confirm the observation, we found that minor changes in the assay
protocol did change the readouts of the T-cell proliferation. This observation
questions the value of this commonly used method as a measure of functionality
for the clinical product.
The post-thaw functionality and practices to cryopreserve MSCs have been a
topic of intensive debate, and alternatives have been sought to maintain the
functionality of MSCs during cryostorage. The critical parameters in
cryopreservation are the freezing rate, the cryoprotectant used, and the thawing
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rate (McGann et al. 1988). Furthermore, the contact time with DMSO before
freezing and after thawing is important to consider and should be maintained
under one hour. Overexposure to DMSO results in the degradation of membrane
integrity, impaired attachment, and altered immunophenotype (Morris et al.
2016).
Cell fitness before cryostorage should be ensured by careful monitoring of
cumulative PDs and searching for signs of progressed aging since immune
functionality is known to be reduced by aging due to the impairment of IDO
production in MSCs (Chinnadurai et al. 2017). In addition, choice of tissue
source may improve the potency of MSC products, for example, MSCs from
birth-related tissues such as placenta or UC have been claimed to have a better
proliferative potential and immunomodulatory properties than BM-MSCs (Jin
et al. 2013; Heo et al. 2016). If MSCs are to be cultured on an industrial-scale,
it is more than likely that cell products will contain some proportion of senescent
MSCs, especially after five culture passages, as was the case with the MSCs
cultured for the Prochymal® study (Kebriaei et al. 2009). Chinnadurai and
colleagues have shown that IFN-γ treatment could revive the impaired immune
functionality of MSCs due to their senescence (Chinnadurai et al. 2017). Our
results demonstrate that early passage cells from young donors can be frozen
during the manufacturing process, and expansion can be continued without any
reduction in their viability or proliferative capacity. The findings by Moll and
others also emphasized that passage 1-2 MSCs resulted in better clinical
outcomes after thawing than MSCs from subsequent passages (Moll et al.
2014a).
We did not observe aging-related changes in interim frozen cells with two
freezing steps. Only serial freezing with more than four freezing steps impaired
cell proliferation. In addition to the mechanical stress caused by freezing, DMSO
penetrates through cell membranes and leaves transient pores in the membrane
(McGann et al. 1988). DMSO also alters mitochondrial integrity, which may
increase the production of reactive oxygen species and thus damage encoding
DNA and telomeres (Morris et al. 2016; von Zglinicki 2002; Passos et al. 2007).
Most studies that have explored the effects of freezing on MSCs have used
DMSO as a cryoprotective agent. Pollock et al. found that DMSO-free freezing
solution formulations improved MSCs post-thaw viability and functionality.
DMSO-free formulations were also able to prevent the disruption of the actin
cytoskeleton and thus improve engraftment and homing of MSCs (Pollock et al.
2017). However, Chinnadurai et al. did not observe any post-thaw improvement
with a DMSO-free cryosolution (Chinnadurai et al. 2016). Pre-licensing of MSCs
with IFN-γ before freezing resulted in improved inhibition of T-cell proliferation
and reduced the susceptibility to lysis by activated PBMCs. Nonetheless, prelicensed MSCs did not completely rescue the lung-homing defect caused by
thawing, (Chinnadurai et al. 2016).
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Several investigators have suggested that treatment with fresh MSCs seems
to be the most effective approach (Chinnadurai et al. 2016; François et al. 2012a;
Moll et al. 2014b; Burand et al. 2017). However, in order to be able to ensure
systematic manufacturing and well-timed distribution and, most importantly,
to mitigate the risks of post-thaw handling if MSCs are cultured at the clinic-side
after product release, it is evident that off-the-shelf MSCs would provide the
safest option for the patient. Testing of new cryosolution formulations and
optimizing other crucial freezing parameters may provide new ways to improve
the post-thaw functionality of MSCs.
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CONCLUSIONS
In this study, we established and tested an animal serum-free culture system for
obtaining clinical-grade MSCs. We evaluated the ability of two differently
prepared PLs to support the proliferation and functionality of MSCs at a lowered
oxygen concentration (3%) and an ambient oxygen concentration. We observed
that PL1 prepared from fresh plasma and platelets using two freeze-thaw cycles
could produce an equal number of MSCs as a culture supplemented with FBS,
but at a shorter time. Furthermore, the ability to suppress T-cell proliferation in
ambient oxygen level was comparable to FBS supplemented cells. Based on the
results of that experiment, the process development for clinical-grade
manufacturing of BM-MSCs was continued with PL1. Culturing of MSCs with
lowered oxygen level did not confer any major benefit in the expansion or
functionality of early passage MSCs, and therefore, cell culturing under an
ambient oxygen concentration was also continued.
We aimed to compare the ability of MSCs to support osteogenic
differentiation in 2D and 3D matrices supplemented with either FBS or PL2. We
demonstrated that PL2 supplemented MSCs could support osteogenic
differentiation equally well as in a FBS culture, especially in the 3D
differentiation system. We observed temporal differences in the expression of
osteogenic markers. However, both supplementation systems resulted in an
equal expression level of osteogenic markers and similar functionality during
the research period.
After the establishment of clinical-grade manufacturing for MSCs, we
developed an imaging-based screening method to recognize and quantify agingrelated changes in cell size. We found that MSCs in passages 1-3 were small and
had a uniform at size, but a rapid increase was evident at passage 5; this occurred
concurrently with a highly increased level of expression of senescence-related
markers. The studied cell cultures were derived from clinical-grade cultures.
Our study did not find enlarged cell sizes before p5 (35 PDs) in most of the
cultures.
Finally, we explored the possibility of upscaling MSC manufacturing by using
interim freezing steps during the manufacturing process, at passages p0 and p1,
to obtain more products from the same starting material. We evaluated the
effects of the additional freezing steps on the primary manufacturing
parameters and found that when early passage cells were being processed,
additional freezing steps did not alter the characteristics of the MSCs or greatly
influence their functionality. However, we also found that the ability to suppress
T-cell proliferation was markedly but equally reduced in the clinical product and
the cell aliquots with additional freezing steps after thawing at passage 2.
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In conclusion, this thesis has provided knowledge which can be utilized in
developing solutions for regenerative therapy as well as for quality control,
banking, and upscaling of the manufacturing process for clinical-grade MSCs.
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