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What You Will Learn from This Chapter
This chapter focuses on mesenchymal stem cells (MSCs), a multipotent stem cell type that
has been found in a variety of tissues and organs of the human body since their discovery
in 1970. Their main function is to maintain and repair the respective tissue in vivo.
Mesenchymal stem cells can be easily isolated from different tissues and can undergo
extensive self-proliferation prior to differentiation into various mesodermal cell types such
as osteoblasts, chondrocytes, adipocytes, tenocytes, myocytes, and fibroblasts. Because of
this vast differentiation potential, mesenchymal stem cells are a promising tool for regen-
erative medicine approaches. They could play an important role in cellular therapy, tissue
replacement and regeneration in the future. Mesenchymal stem cells will be compared for
their application and differentiation potential to embryonic stem cells and induced pluripo-
tent stem cells and the limitations and challenges using scaffolds for tissue repair will be
presented. In addition, legal and ethical aspects of the use of mesenchymal stem cells will
be discussed.

Moreover, isolation protocols for mesenchymal stem cells from the most common
sources namely bone marrow, adipose tissue and umbilical cord are included.

2.1 Localization, Characterization and Storage
of Mesenchymal Stem Cells

A stem cell is an unspecialized cell that has the ability for self-renewal for a long time
period with or without senescence and for differentiation into cells of various lineages
(Till and McCulloch 1961; Gordon 1972), generally. Stem cells can have diverse plasticity.
Totipotent stem cells from the fertilized egg can give rise to a complete organism and in
addition to the extra embryonal tissues, while pluripotent stem cells like embryonic stem
cells (ESCs) and induced pluripotent stem cells (iPSCs) can differentiate into any cell type
from all three germ layers but can not form an organism without transferring them into a
blastocyst (Hanna et al. 2010). By contrast, the most commonly known adult stem cells,
the mesenchymal stem cells (MSCs) and hematopoietic stem cells (HSCs), have a more
limited differentiation potential and are thus called multipotent. As the name suggests,
MSCs can give rise to several cell types of the mesenchyme which is derived from the
mesoderm during development. They form then cell types from bone, muscle, and carti-
lage but also to cells from tissue of other origin (8 Fig. 2.1) (Pittenger et al. 1999; Pansky
et al. 2007).

Mesenchymal stem cells were first discovered by Friedenstein in 1970 (1970). He and
his research team were interested in isolating hematopoietic stem cells (HSCs) from bone
marrow as a treatment for leukemia and thereby found an unknown cell type. This
unknown cell type seemed to be responsible for the microenvironment typical for hema-
topoietic tissue (Friedenstein et al. 1974), and today it’s known that it is a major part of the
HSC niche. Due to the capacity of these cells to form stromal tissue, they named them
“stromal precursors” (Friedenstein et al. 1970). Later the term “mesenchymal stromal
cells” was established (Prockop 1997; Baksh et al. 2004).

In the last years, it was discussed whether mesenchymal stem cells are actually stem
cells or just stromal precursors. That MSCs were first found exclusively in the connective
tissue and that they influence the surrounding cells are among the strongest arguments
towards conserving the name “mesenchymal stromal cells” The most prominent argu-
ment to name them mesenchymal stem cells is their capacity to differentiate into several
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B Fig. 2.1 Major sources and differentiation linages of MSCs. The main isolation sources are bone
marrow of the iliac crest, subcutaneous adipose tissue and Wharton’s jelly from umbilical cord (shown
with arrows). Mesenchymal stem cells from diverse tissues can have a different plasticity and might be
pre-committed already towards different lineages (depicted with different colors of the MSCs). The
acknowledged differentiation potential of MSCs is shown in the lower part of the figure

lineages. The reason that they can be found in so many tissues are that they are needed for
maintenance and repair. The idea to use the same mechanism artificially to replace tissues
or even organs came up. It had been expected that this will work similar to the treatment
of certain cancers such as leukemia and other diseases using hematopoietic stem cell
transplantation.

As mentioned, MSCs were first found in the bone marrow a semi-solid tissue
(Friedenstein et al. 1970), which has high cell turnover and regeneration rate. Later, it was
discovered that other tissues with high cell turnover and regeneration rate like the epider-
mis (Rheinwald and Green 1975; Huang et al. 2013; Salerno et al. 2017) and the intestinal
tissue (Lanzoni et al. 2009) also possess MSCs. So, scientist thought that those are the
prerequisites for tissues to have the cells. Much later, scientists found that MSCs could also
be isolated from fat tissue where cells have a low cell turnover and a high regeneration rate
(Zuk et al. 2002). Finally, MSCs were also found in tissues of organs with a low cell turn-
over and a low regeneration rate like the kidney (Bruno et al. 2009). Besides the men-
tioned tissues, there are further sources where MSCs can be isolated from, such as dental
pulp (Alkhalil et al. 2015) or follicle (Haddouti et al. 2009), peripheral blood (Cao et al.
2005), hair follicle (Liu et al. 2010) and several neonatal tissues (da Silva Meirelles et al.
2006) such as umbilical cord (Lee et al. 2004), Wharton’s jelly (Wang et al. 2004), amniotic
fluid (Steigmann and Fauza 2007; Moraghebi et al. 2017), and placenta (In’t Anker et al.
2004). The vast differentiation potential makes them a promising stem cell type for use in
regenerative medicine.

In response to the recent unraveled series of MSC sources and isolation procedures
from various tissue types, combined with an interest in MSCs for research and application
in regenerative medicine, the Mesenchymal and Tissue Stem Cell Committee of the
International Society for Cellular Therapy proposed a set of minimal criteria to define
MSCs. The first criterion is that MSCs must adhere to plastic, which also simplifies the
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isolation procedure. As they unfortunately resemble fibroblasts, the expression (higher
than 95%) of at least three specific markers on the cell surface, i.e. cluster of differentiation
(CD)73, CD90, CD105 and CD133 and the lack expression (lower than 5%) of surface
markers like CD14, CD34, CD45 or CD11b, CD19 or CD79a and human leucocyte anti-
gen-DR (HLA-DR) defines the second criterion. The third criterion demands that MSCs
possess the ability for differentiation into osteoblasts, adipocytes, and chondrocytes in
vitro confirmed by specific staining usually Alizarin Red S, Oil Red O, and Alcian Blue
(Horwitz et al. 2005; Dominici et al. 2006). These features should be valid for all MSCs,
however there are some differences existing between MSCs isolated from diverse tissues.

In line with the promising prospect that MSCs might be used for tissue and organ
repair or replacement in the future also a new business model came up. Parents can use
the offer of companies to cryopreserve mesenchymal stem cells isolated from Wharton’s
jelly of the umbilical cord, cord blood, and placenta of their newborn child to store
them. Solely for the potential use by the child or the donor family members. These
MSCs are advantageous due to their early age due to e.g. long telomeres. On the other
hand, those cells can also be donated to be collected in stem cell banks for future
research and use.

To ensure the safety and efficacy of the cells during banking and cryopreservation,
optimal conditions for cryopreservation must be selected, for further detail see Ullah and
co-workers (2015).

For efficient storage there must be an optimal cryopreservation medium as well as a
defined (1 °C/min) constant and strict drop in temperature as for other cells as well
(Thirumala et al. 2005) using a controlled rate freezer or other appropriate storage devices
(Ullah et al. 2015). Due to the possible impact with new approaches for various treatments
in regenerative medicine, the Food and Drug Administration (FDA) in the U.S.A. and the
European Medicines Agency (EMA) in Europe take responsibility by monitoring the
large-scale banking next to supervising MSC based cell therapy products (Hourd et al.
2008).

2.2 Mesenchymal Stem Cells in Regenerative Medicine

2.2.1 The Application of Mesenchymal Stem Cells

MSCs are promising tools in the field of regenerative medicine (Tobiasch 2008), so
approaches for the clinical use of mesenchymal stem cells are in progress. The number of
clinical trials using mesenchymal stem cells has risen over the last years. Currently there
are 711 registered clinical trials in different clinical phases (phase I, II, III, IV) worldwide,
exhibiting the huge potential of MSC-based cell therapy (» www.clinicaltrials.gov).

Most of these clinical trials are still in the early stages phase I or II. Only few clinical
trials are in phase III (36 studies) or phase IV (2 studies), the stages preceding the poten-
tial use in regenerative medicine such as tissue engineering to the replacement or recon-
struction of damaged human tissues. Clinical trials using mesenchymal stem cells
encompass many different diseases. The most common diseases registered for cell therapy
with mesenchymal stem cells are shown in @ Fig. 2.2.

One example, for a clinical phase III study in Germany is lead by research team of
Professor Steinhoff in Rostock. In cooperation with several leading university heart cen-
ters, they applied autologous CD133* bone marrow stem cells intramyocardially during
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B Fig. 2.2 Percentage distribution of clinical trials with mesenchymal stem cells. There are 711 clinical
trials for different diseases in phase | - IV ongoing in the world (» www.clinicaltrials.gov). 104 of these
clinical trials address cardiovascular disorders, 77 autoimmune diseases, 67 osteoarthritis, 55 liver
disorders, 47 respiratory disorders, 43 skin diseases, 36 graft versus host diseases (GvHD), 27 spinal cord
injuries, 20 kidney failures and 9 Alzheimer disease. The other diseases include i.e. muscular dystrophies,
aplastic anemia, osteogenesis imperfecta, Parkinson’s disease and ulcerative colitis

bypass surgery to patients that had a myocardial infarction (heart attack). Following the
application of the stem cells, the patients had an improved cardiac function. That led to a
positive completion of the clinical trial and the establishment of a reference standard for
future cell therapies of this illness (White et al. 2016; Steinhoff et al. 2017).

Another example is a clinical trial with ten patients using MSCs as therapy against
spinal cord injuries. In this approach, autologous MSCs were harvested, culturally
expanded and injected directly into the spinal cord. After a second injection a few weeks
later, the motor power of the upper extremities was improved. Moreover, after a six-month
follow-up, none of the patients experienced any permanent complication associated with
MSCs transplantation (Park et al. 2012).

Normally new treatments have to enter the marketing-authorization process starting
with clinical trials to create a safety profile and dosage guidelines. However, there is also
individual medical treatment, where patients after getting sufficient clarification have the
chance to receive a treatment which is not authorized yet. In accordance with Declaration
of Helsinki from 1964, this is only possible for patients with life-threatening, long-lasting
or seriously debilitating illnesses that can not be medicated with any of the currently
authorized treatments. In 2011 Prasad and coworkers described the first individual cura-
tive trial for the treatment of pediatric patients with acute graft versus host disease
(aGVHD) of refractory grades III-IV. Twelve patients that were resistant against steroids
and other immunosuppressive therapies received a therapy with allogenic human MSCs.
Seven of the patients showed a positive response to the treatment while five did not. The
seven responders stayed alive almost 700 days after the treatment and eventually passed
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away due to other causes such as an irreversible organ failure. From this study the research-
ers concluded that therapy with human MSCs appears to be a safe and potentially effective
treatment for patients with aGvHD (Prasad et al. 2011).

Taken together various researchers try to use mesenchymal stem cells in cell replace-
ment therapies hoping to get similar results as with hematopoietic stem cells for treating
e.g. leukemia. However, most therapy approaches do not replace the damaged tissue cells.
Some time after the injection of MSCs, there is no trace left of them. They seem to be lost
in the liver and lung, and in addition it is postulated that they undergo apoptosis in the
tissues, where they should replace the damaged cells. Next to this some MSCs seem to be
pre-committed towards specific cell types, resulting in a mixture of various pre-committed
stem cells at a specific localization site. Where the mixture composition depends on the
tissue it was isolated from. For example, mesenchymal stem cells isolated from dental fol-
licle are pre-committed towards hard tissues (Haddouti et al. 2009; Zippel et al. 2012) such
as bone cells, while MSCs isolated from adipose tissue of lower body parts are pre-
committed towards soft tissues (Sakaguchi et al. 2005). The purinergic receptor pattern
can be a useful tool to uncover whether the MSCs are pre-committed and towards which
direction (Zhang et al. 2014; Kaebisch et al. 2015). This pre-commitment might as well be
the reason why MSCs in vitro never differentiate to 100% into the required cell type as
could be expected. Atleast a small number of cells stays in the stem cell state. Nevertheless,
they seem to be beneficial in clinical trials. So, the question arises — why?

The reason might be that MSCs have a paracrine effect on the surrounding tissue
(Cotter et al. 2018; Linero and Chaparro 2014). It was shown in different, previously
described studies, that the administration of MSCs prevented injuries and led, in some
cases, to tissue recovery (Bartholomew et al. 2002; Herrera et al. 2007; Yao et al. 2016).
Next to this MSCs are hardly causing an immunogenic response. MSCs are therefore more
often (53.91%) used in autologous (from the patient itself) but also (46.09%) allogenic
(from a donor) approaches are promising (» www.clinicaltrials.gov; Haubner et al. 2015).
Taken the beneficial effect of MSCs into consideration various studies nowadays take a
new approach by using more than cell type for replacements. They either use MSCs dif-
ferentiated towards the desired tissue type, such as cardiomyocytes and combine these
cells with e.g. fibroblasts or undifferentiated MSCs.

However not only MSCs are used in regenerative medicine. Other stem cell types like
embryonic stem cells (ESCs) and induced pluripotent stem cells (iPSCs) can be used
as well.

2.2.2 Pros and Cons of Mesenchymal Stem Cells Compared
to Embryonic Stem Cells and Induced Pluripotent Stem Cell

Next to multipotent mesenchymal stem cells, there are two pluripotent stem cell types
often used in regenerative medicine: embryonic stem cells (ESCs) and induced pluripo-
tent stem cells (iPSCs). ESCs are generated by isolating the cells of the inner cell mass of a
blastocyst from an early embryo (around day five to seven). However, the generation of
ESCs arises ethical issues (Evans and Kaufman 1981; Thomson et al. 1998). Since 2006
there is an artificial method creating very similar cells by reprogramming adult somatic
cell using the four Yamanaka transcription factors Oct3/4, Sox2, Klf4 and c-Myc or the
Thomson factors Oct3/4, Sox2, Nanog, Lin28 (Takahashi and Yamanaka 2006; Takahashi
et al. 2007; Yu et al. 2007; Nakagawa et al. 2008).
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Embryonic stem cells are the original and therefore the gold standard to understand
early development, and also diseases where they play a role. Due to their higher plasticity
compared to MSCs, some scientists claim that they are needed for the replacement of cells
and tissues which can not be differentiated from less plastic cells such as MSCs. A com-
monly mature cell type where this is claimed are nervous. However, as ESCs also do not
all differentiate in vitro, they also pertain to the increased risk for cancer development,
particularly teratomas.

The induced pluripotent stem cell type has the advantage that it can be obtained from
the patient himself and thus cause only little unwanted immunogenic reactions and hardly
any ethical issues. They do have, similar to ESCs, the high potential being able to differen-
tiate into all tissues of an organism, but related to this, also the high risk for teratoma
formation. In addition, if retroviruses are used to express the mentioned transcription
factors their use increase the risk for cancerogenesis due to random integration into the
genome. Another risk is that this cell type is barely understood today. It was only recently
unraveled that their epigenetic pattern is different to ESCs, specifically a mixture of the
initial cell type and ESC.

Nevertheless, today 121 clinical studies are on the way with ESCs (in the USA) and 21
studies have been tested using iPSCs. Two of them used in 2018 iPSCs for spinal cord injury
and for macular degeneration (> www.clinicaltrials.gov; Tsuji et al. 2018; Takagi et al. 2018).

2.3 Scaffolds for Tissue Repair in Combination with MSCs

2.3.1 Scaffold Requirement for MSC-Based Tissue Repair

Mesenchymal stem cells are affected by extracellular matrix (ECM) that defines the micro-
environment that surrounds them. ECM defines geometry, topography and morphology
that the cells are facing. But other molecules with similar properties such as extracellular
nucleotides, growth factors and cytokines, for instance transforming growth factor-f
(TGF-p), tension induced proteins (TIPs), integrins and transient receptor potential
(TRP), can also regulate cytoskeleton tension successively activate a series of mechanical
transduction events and thus influence stem cell fate. Mechanical forces such as shear
stress and blood pressure influence stem cell proliferation and differentiation as well as
chemical and physical factors such as pH or oxygen levels. @ Figure 2.3 gives a detailed
overview on stem cells and their micro-environment (Schulze and Tobiasch 2012).

A scaffold for tissue repair should resemble or mimic original tissue as closely as pos-
sible. This means that not only the chemical structure, but also other aspects such as mor-
phology, mechanical properties, technical functionality, stability against physiological
conditions and biocompatibility have to be tuned to match the implant site. “Gold stan-
dard” for implants are usually autografts: implants taken from another site of the patient
itself since they have the lowest adverse effects. However, these grafts are rarely available.
Allografts, implants coming from a different donor, are also widely being used, with a
limited risk of rejection. But as they also rely on limited donor material, research focuses
on synthetic substitute material that should also lower risks of infections or implant rejec-
tions (Henkel et al. 2013).

Depending on the tissue that is going to be repaired, a scaffold has to fulfil quite differ-
ent requirements. A bone scaffold, for instance, has to provide much more mechanical
stability than a scaffold for vascular tissue and an implant for tendon repair has to provide
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O Fig. 2.3 Stem cells and their natural micro-environment. There are roughly three groups into which
cell-influencing factors can be categorized: physical factors such as shear forces, elasticity and topogra-
phy, cellular interactions such as immune and nerve cells, nearby blood vessels and neighboring stem
cells and biochemical factors such as oxygen, glucose, hormones and growth factors (Schulze and
Tobiasch 2012). (Copyright 2012 Springer Verlag)

both tensile strength and flexibility. Cell attachment and proliferation is crucial for vascu-
larization of the scaffold and a successful implantation.

This may be ensured by choosing cell-friendly, non-cytotoxic materials such as (bio-)
ceramics and or (bio-)polymers that have proven to be cytocompatible. Depending on the
application, scaffolds can be made of either ceramic or polymer, a composite of both or
even certain metals. There have been studies where synthetic polymers (e.g. polycaprolac-
tone, poly lactic acid), polymers from renewable sources (such as polysaccharides or col-
lagen) or copolymers of different types of polymers were used for bone, tendon, vascular
tissue and cartilage repair. Many polymers tend to be biocompatible and their flexibility
makes them useful candidates with regard to a tunable morphology. However, using only
a polymer as scaffold material can also have certain disadvantages. Some polymer materi-
als have rather low cell attachment properties or are not suitable for load bearing applica-
tions due to a low stiffness and mechanical resistance. Similarly to polymers, there are
different ceramic substances that are being used especially for bone scaffolds, however,
most studies use some variation of calcium phosphates. This makes sense, since 70% of
original bone is comprised of calcium phosphate. It has great cell attachment properties
and high mechanical stiffness although being brittle. Generating scaffolds with a defined
hierarchical porosity on the other hand is often challenging. Plus, pure ceramic scaffolds
lack the flexibility of polymer scaffolds. This leads to a composite approach, where the
advantages of both polymers and ceramics are combined, overcoming most of the indi-
vidual disadvantages. Here, a polymer is used to create a flexible, porous network, while
the ceramic (often calcium phosphates) are added to enhance stability and cell attachment
(Schulze and Tobiasch 2012; Henkel et al. 2013; Hielscher et al. 2018).
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Additionally, certain drugs or growth factors can be incorporated into the scaffold to
accelerate cell differentiation or prevent infections and inflammation. However, drug
delivery, especially a sustained release over several days remains a great challenge. Current
research focuses on different methods of encapsulation and release of drugs. Basic release
mechanisms include: matrix tortuosity-controlled diffusion, membrane-controlled diffu-
sion for small molecules, hydrogel network swelling (B Fig. 2.4) and scaffold or capsule
degradation (Wong and Choi 2015; Fenton et al. 2018; Witzler et al. 2018).

2.3.2 Current Approaches in Scaffold Development

As already mentioned, current approaches in scaffold development focus mainly on com-
posite scaffolds that serve different functions. Most of these are produced using so-called
“additive fabrication techniques” This can range from simple cross-linking and sometimes
mineralizing of hydrogels to foams, to electrospinning of fibers and mats and ultimately to
freeform fabrication of complete scaffolds (8 Fig. 2.5). Depending on the fabrication tech-
nique, additives (such as drugs or growth factors) can be added directly in the forming
process or have to be added in a second step (Grotheer et al. 2014; Velasco et al. 2015;
Simon 2018).

Hydrogel formation is a simple way of creating a porous polymer network. There are
natural polysaccharides such as gelatin and agarose that form hydrogels by simple heating
and cooling and there are natural polymers like chitosan and collagen or synthetic polymers
such as poly(acrylamide), poly(ethylene glycol) or poly(lactic acid) that have to be somehow
crosslinked. By varying concentration and degree of crosslinking, the stiffness of the hydro-
gel can be tuned. Mineralization of these scaffolds for bone applications then takes place in
a second step, either by coating the polymer with ceramic or simply by mixing-in the
ceramic particles into the solution prior to gelling. Incorporation of other active ingredients
can be achieved by simple adding to the solution (Paris et al. 2015; Hu et al. 2016).

Foaming or leaching processes are also used for generating porous structures. Here,
porogens (such as ice crystals, liquid CO, or salts) are added to the polymer or ceramic
paste and removed after hardening of the scaffold by varying temperature, pressure or
simple washing steps (Chen et al. 2018).

Electrospinning is often used for fibers and mats or fleeces that can be used for tendon,
cartilage and bone applications and are often mineralized in a second step. Polymers, both
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natural and synthetic, are spun into fibers from a solution by acceleration in an electric
field. Depending on the collector of the fiber, single strands or up to large mats of varying
thickness can be created. It is also possible to incorporate growth factors or other active
ingredients into the scaffold. The resulting porous fleeces can be seeded with cells and
have been reported to show improved cell adhesion and proliferation (Rajzer et al. 2017).

Freeform fabrication or “3D printing” is on the rise for creating structures with a well-
defined structure and porosity for cell in-growth. There are several possibilities to alter
shape, functionality or mechanical properties by choosing different materials for separate
sections of the scaffold. Ceramic parts can be added both directly to the printing mass or
in a separate mineralization step. Active ingredients may be added directly to the printing
feed or have to be added in a later step if the substance is heatsensitive (Grémare et al.
2018). Novel manufacturing techniques have comprehensively been reviewed focusing
scaffold development for stem cell-based therapies (Schipper et al. 2017; El Khaldi-Hansen
etal. 2017; Ottensmeyer et al. 2018).

2.3.3 Limitations and Challenges of Scaffolds

Current tissue repair research focuses on mimicking original tissue and its properties.
While many aspects are already being considered, there are still a lot of limitations and
challenges: the “perfect” biocompatible scaffold with ideal porosity, morphology, technical
and mechanical properties has still not been created yet. There are also the questions of
which cell types and which growth factors will ensure proper vascularization and host
integration. Aside from these fundamental challenges there are other things still unknown:
what are possible side effects of scaffolds, donor cells and growth factors? What is the most
appropriate animal model? Which quality and functionality will the regenerated tissue
have and what are its long-terms properties? And then there are of course clinical and
regulatory questions: how can a patient-specific scaffold be generated? How to get FDA
(and other) approval for these systems? How will the costs be covered?
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2.4 Ethical and Legal Aspects of Mesenchymal Stem Cells

Interestingly, there are no specific regulations concerning research with human embry-
onic stem cells on the level of the United Nations (UNESCO/UN) or Europe (Council of
Europe/European Union). On both levels, however, there are suggestions and regulatory
efforts concerning the use of cloning methods in humans.

Due to this it is not astonishing that nearly each EU country has a different regulation.
For example, the German signed the Embryo Protection Act from first January 1991 into law
which prohibits the import, production and use of human ESCs for any purpose. In addi-
tion, each totipotent stem cell having the capacity to develop into an organism given circum-
stances is considered to be an embryo in Germany. After a long and controversial discussion,
the German Bundestag agreed to a due date and some years later the due day was moved to
first May 2007. Furthermore, an alteration of the specific stem cell law allows the use of
imported ESCs which were generated before the due date and were produced from surplus
embryos through in-vitro-fertilization. The Robert Koch Institute is the corresponding ordi-
nance giving permission for projects with ESCs and the authority for all ethical questions
related to human embryonic stem cells. In contrast in Great Britain embryos generated by
using somatic cell nuclear transfer (keyword therapeutical cloning), and thereby even pro-
ducing a chimera (e.g. cow egg with human nucleus) can be used for research.

Many Asian countries and Israel have the least restrictive laws. Singapore, for exam-
ple, is widely considered as Asia’s stem cell center because it is allowed to use embryos up
to 2 weeks of age for therapeutical purposes (Dhar and Hsi-En 2009; Poulos 2018). In
Israel it is legal to use an embryo up to 40 days after fertilization. The differences in the
restriction and use of ESCs are enormous between different countries. Depending on the
country, an ethical committee has to agree upon the project and the approval of the
donor must be obtained. In China, a scientist stated in November 2018 that two twin
girls were born where the genome was altered using CRISPR-Cas9 to generate a partical
resistance against HIV infection by altering the CCR5 receptor. This led to a heated
debate in most societies because it alters the human genome also for following genera-
tions (keyword human cloning).

MSCs on the other hand can be isolated and used worldwide with very few ethical
controversies. Two different regulations have to be considered with the Regularity of the
EU if stem cells are combined with a scaffold. Whereas the rule of the so called “medical
devices” are easy to meet, the rule for a “medicinal product” were tight regulated leading
to only few stem cell products on the market. In addition, the EU legislation created a
regulatory gap between medical devices and medicinal products which hinders the
approval of advanced-therapy products. However, there are only a few mesenchymal stem
cell products approved so far. The EMA (Europe) authorized the first stem cell product
called Holoclar which is used in the eye to replace damaged cells of the epithelium of the
cornea (Pellegrini et al. 2018). Also, mesenchymal stem cells have secured conditional
approval since 2012 for treating children with graft versus host diseases (GvHD). Health
Canada and also MedSafe in New Zealand and the regulatory agency in Japan (Najima
and Ohashi 2017) authorized the application. Osiris Therapeutics (U.S.A) completed the
first major clinical phase III trial, sponsored by industry, of allogeneic, marrow-derived
MSC:s for treatment of steroid-refractory GvHD (NCT00366145) (Galipeau and Sensébé
2018). The Therapeutic Goods Administration in Australia admitted one mesenchymal
stem cell product called Prochymal which is also used in acute GvHD in pediatric patients
(Patel and Genovese 2011). The Korean Food and Drug Administration approved in total
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three medical treatments based on MSCs. NeuroNata-R which is only available in South
Korea and Hearticellgram®-AMI (Yang 2011) are bone marrow mesenchymal stem cell
therapies. NeuroNata-R has a neuroprotective effect and is indicated for amyotrophic lat-
eral sclerosis while Hearticellgram®-AMI is used to treat acute myocardial infarction
through intracoronary injection (Yang 2011). Further Cartistem, is the first allogenic
stem cell drug. The mesenchymal stem cells drug is derived from allogenic umbilical cord
blood and is used for treatment of knee cartilage defects in patients with osteoarthritis
(Park et al. 2017).

In line with this, surgeon prefer to use stem cells with and without scaffolds using a
technique which allow a “one step” procedure. During surgery, the operating physician
may isolate mesenchymal stem cells from patient’s bone marrow or rarer fat tissue and
apply the cells back to the patient during surgery. The physician is allowed to treat the cells
using an apheresis device or aspirator. The cells can also be separated by different on-site
separation methods (magnetic antibodies, by filtration, or by gradient centrifugation)
(Ruiz-Navarro and Kobinia 2017; Heinrichsohn 2017). Besides that, cells can be pro-
cessed by activation through ultrasound or lasers. Also, mixing the mesenchymal stem
cells with scaffolds or washing them before administration and using clinical syringes or
other delivering tools e.g. for collection, separation, processing, delivery is allowed. This
procedure is called Point-of-Care, and it allows the physician to apply a new cellular
therapy to a patient. However, if the mesenchymal stem cell preparation is taken out of the
operating room and the cells are expanded or treated in other ways, the application back
to the patient has to follow another rule, which hampers the procedure as it is an elaborate
process (B Fig 2.6).

; Point-of-Care /“

Mesenchymal Mesenchymal
stem cells l stem cells

IE

O Fig. 2.6 Point-of-Care cell therapy with mesenchymal stem cells. During surgery, physicians are
allowed to isolate the patients’ cells and apply them back. Only a few modifications and processing steps
are allowed in this process (shown on the left side) namely collecting cells from the patient, separate
them via density gradient centrifugation or magnetic beads, and apply the cells back to the patient
using syringes or other delivering tools. If the cells have to be further processed such as being cultured
or modified otherwise, they may not be given back to the patient without an official permission, where
multiple obstacles have to be overcome (shown on the right side)
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2.5 Perspectives for Future Use of Mesenchymal Stem Cells

MSCs are a promising tool for future use in regenerative medicine approaches. However,
there are several obstacles which still have to be overcome.

Against expectations which have arisen from the success of hematopoietic stem cell
treatments for cancers such as leukemia in the last 50 years, combined with the more
recent findings that most tissues have adult stem cells, that MSCs will replace the loss of
tissue cells in the respective organs or tissues, this is not the case (Eggenhofer et al. 2014).
The cells are rapidly lost over time after transplantation into the recipient. Nevertheless,
there seem to be a benefit for the patient which presumably is due to paracrine effect of the
MSCs (Linero and Chaparro 2014; Baraniak and McDevitt 2010).

Another hurdle is that MSCs as other stem cells never differentiate completely in vitro
which results in a potential risk for the recipient since they seem to be pre-committed to
several lineages already in the tissue they are derived from. This might lead to unwanted
differentiations within the tissue they are transplanted in.

Further, in opposite to pluripotent stem cells, they cannot differentiate unlimited in
culture, so they must be replaced with newly isolates cells after some time. However, legal
aspects in the EU are a major hindrance if the cells have to be cultured, expanded, or
treated otherwise more than what is necessary for the isolation procedure leading to a
quite difficult procedure necessary to be allowed to transplant them afterwards into a
patient.

Last not least thinking about tissue or organ replacement the necessary procedure gets
even more complex and thus complicated. Cells are not proliferating in vitro in three
dimensions (and if this is unwanted as it is a sign for tumorigenicity). The extracellular
matrix of the tissue or organ is needed for the cells to do so. If it cannot be obtained, it
must be constructed artificially by either using natural or artificial substrates or a combi-
nation thereof to produce a biomaterial/scaffold for the cells. The scaffold must have inter-
connected pores to direct vascularization for nutrient and oxygen supply and disposal of
metabolic waste and a lot of other features to eventually mimic the highly complex archi-
tecture of a “simple” tissue — not to forget that biomolecules and other cells than the spe-
cific tissue cell type are needed as well, such nerve cells, fibroblasts and the cells of the
blood vessels namely endothelial cells and smooth muscle cells.

Nevertheless, ongoing clinical trials are encouraging to proceed using MSCs for
future treatment of a variety of different diseases. Their great potential to differentiate
in several lineages, their low immunogenicity, the easy accessibility, and their higher
safety compared to pluripotent stem cells gives great hope that the obstacles can be
overcome. More time is needed for basic research and thus a better understanding of
the underlying signaling pathways within the cells and with their environment com-
posed of other cell types, the matrix and biomolecules to make the huge step from
bench to bedside safe.

2.6 Isolation Protocol of Mesenchymal Stem Cells

To get you started, step by step isolation protocols of MSCs from the most commonly used
tissues are listed below. Be aware that you first need an ethical committee to give you
permission if you want to use human tissue and that you need a permission for animal
experiments as well if the cell source is not human.
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© Protocol
Isolation of MSCs from bone marrow (BM) (Susa et al. 2004; Secunda et al. 2015)

1.

Collect 20 mL of BM and fill into a Falcon tube containing anti-coagulant citrate
dextrose (ACD) in a ration 1:5.

Isolate the mononuclear cells by using the Ficoll-Paque gradient method: Pipet

15 mL of the Ficoll solution into a Falcon tube and overlay with 30 mL of the
collected BM mixed with ACD.

Don't mix the layers. Centrifuge at 400 x g for 30 minutes at room temperature
without breaks. Five layers will be resulting after the centrifugation, namely from
top to bottom: plasma phase, peripheral blood mononuclear cells (PBMCs), Ficoll,
granulocytes, erythrocytes.

Collect the PBMC in the interphase, put them in a new Falcon tube and wash them
twice with phosphate buffered saline.

The cell pellet can be resuspended in DMEM, supplemented with 10% fetal bovine
serum and 1% antibiotics (100 U/mL streptomycin and 100 pg/mL penicillin) and
the cells can be seeded on plates with a density of 15 x 10*/cm? at 37 °Cin a
humidified atmosphere with 5% CO,.

© Protocol
Isolation of MSCs from umbilical cord (UC) (Secunda et al. 2015):

1.

The cord can be gained after pregnancy must be devoid of blood. Cut it into pieces
(thickness: 0.5 mm) and placed into PBS, supplemented with 1% antibiotics (100U/
mL streptomycin and P100 pg/mL penicillin). proceed within 2 hours.

Transfer the pieces of the UC to 50 mL Falcon tubes with serum-free DMEM (Sigma)
and centrifuge at 400 x g for 10 minutes at RT.

Discard the supernatant and add 0.1% collagenase (0.15 U/mL) solved in
serum-free DMEM and incubate overnight.

Add the double volume of PBS and centrifuge at 400 x g for 10 minutes at RT.
Discard the supernatant and treat the pellet with 2.5% trypsin in PBS at 37 °C for
30 minutes.

Add at least threefold FBS to neutralize the trypsin and wash with serum-free
DMEM culture medium.

Resuspend the cell pellet in 10 mL DMEM, supplemented with 10% FBS and

1% antibiotics (100 U/mL streptomycin and 100 pg/mL penicillin) and seeded on
plates with a density of 15 x 10%/cm? at 37 °C in a humidified atmosphere with

5% CO,.

This method uses an enzymatic digest. An explant method can be used as well, were
the UC pieces were culture in DMEM-low glucose with 20% FBS at 37 °C in a humidified
atmosphere with 5% CO, and left undisturbed for 7 days to allow the migration of the
cells from the explant.

© Protocol
Isolation of MSCs from adipose tissue from liposuction material (Pittenger et al. 1999;
Secunda et al. 2015):

1.
2.

Determine the amount of received fat solution.
Add PBS to the fat tissue (ratio 1:1), shake well and incubate for 30 minutes at RT to
separate the phases.
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3. Discard the bottom layer and add PBS (ratio 1:1) and add 0.1% collagenase (0.15 U/mL)
in PBS to the upper phase and incubate for 60 minutes at 37 °C while shaking in
the water bath.

. Centrifuge the incubated suspension at 200 x g at RT for 10 minutes.

5. Discard the supernatant and resuspend the pellet in 10 mL erolysis buffer (0.5 M
EDTA, pH 8.0, 0.154 M ammonium chloride, 1 x 1072 M potassium hydrogen
carbonate) and incubate for 10 minutes at RT.

6. Centrifuge again at 200 x g, RT for 10 minutes and discard the supernatant
afterwards.

7. Resuspend the cell pellet in 10 mL DMEM, supplemented with 10% FBS and 1%
antibiotics (300 U/mL streptomycin and 300 pg/mL penicillin) and seed them at in
a density of 15 x 10*/cm? on plates at 37 °C in a humidified atmosphere with
5% CO,,.

8. Change medium after 24 hours to remove non-adherent cells and debris.

If necessary, the bottom layer (from 3.) can be used as well following the same
procedure to increase the MSC yield.

= Additional Comment

The mesenchymal stem cells isolated from different tissues were all cultured in DMEM,
supplemented with 10% FBS and 1% antibiotics (300 U/mL streptomycin and 300 pg/
mL penicillin) at 37 °C in a humidified atmosphere with 5% CO,. Reaching > 75%
confluence, the cells were trypsinised with 0.05% trypsin in 0.2% EDTA and subse-
quently frozen or passaged by splitting them in two or more new flasks (Freshney et al.
2007). Adapted and slightly altered methods can also be used for the isolation of MSCs
from other tissues.

— Take Home Message

= Mesenchymal stem cells can be found in various tissues and have a vast
differentiation potential which is interesting for approaches in regenerative
medicine.

= Mesenchymal stem cells are defined by a set of three minimal criteria
proposed by the Mesenchymal and Tissue Stem Cell Committee of the
International Society for Cellular Therapy

= Mesenchymal stem cells can be used in autologous therapy approaches, have
a low immunogenicity, are easily accessible, quickly expandable and they
cause no major ethical problems.

= Mesenchymal stem cells can be used in cell therapy approaches during a
surgery at the Point-of-Care. If they must be expanded or treated otherwise,
the application in humans causes additional obstacles which have to be
overcome.

== Many clinical trials for the treatment of various diseases are ongoing. At the
moment, almost all of them are in clinical trials phase | or Il.

== The beneficial effect of mesenchymal stem cells in regenerative medicine
seem to be due to paracrine effects since over time the cells get lost, thus not
replacing the tissue cells.
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= New approaches in regenerative medicine for tissue repair often use two cell

types e.g. tissue cell and mesenchymal stem cells.

Scaffold composition and properties should closely resemble original tissue.

Scaffolds must be biocompatible and have suitable morphology, mechanical

properties, technical functionality, stability against physiological conditions.

= Today, scaffolds are often produced via additive manufacturing including 3D
printing and electrospinning.

= Major difficulties remain in proper vascularization, bio resorption and in
transferring the scaffold into clinical trials.
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