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aSMA: Alpha Smooth Muscle Actin

yc: Common gamma chain / Interleukin
2 receptor subunit gamma

AP / ALP: Alkaline Phosphatase
ASC: Adult Stem Cells
BM: Bone Marrow

BM-MSC: Bone Marrow Mesenchymal
Stromal Cells

BMP-4: Bone Morphogenic Protein 4

CD31/PECAM-1: Cluster of
differentiation 31 / Platelet endothelial

cell adhesion molecule 1
DFPC: Dental Follicle Precursor Cells
DMD: Duchenne Muscular Dystrophy

DMEM: Dulbecco's Modified Eagle's
Medium

DNMT3B: DNA methyltransferase 3
beta

DPMSC: Dental Pulp Mesenchymal
Stem Cells

DPSC: Dental Pulp Stem Cells

DPPSC: Dental Pulp Pluripotent-like
Stem Cells

DGC: Dystrophin

Complex

Glycoprotein

DYS: Dystrophin

ABBREVIATIONS

EC: Endothelial Cells

EGF: Epidermal Growth Factor
EGM-2: Endothelial Growth Medium 2
ESC: Embryonic Stem Cells

FBS: Foetal Bovine Serum

FGF: Fibroblast Growth Factor

GAPDH: Glyceraldehyde 3-phosphate
dehydrogenase

GMP: Good manufacturing practices
hESC: Human Embryonic Stem Cells

HLA-DR: Human Leukocyte Antigen -
antigen D Related

HS: Human Serum

HUVEC: Human Umbilical Endothelial
Cells

iPS/iPSC: Induced Pluripotent Stem
(Cells)

KLF4: Kruppel-like factor 4

LA-BSA: Linoleic Acid Bovine Serum
Albumin

LMNA: Lamin A/C

LEFTY2/EBAF: Left-right determination
factor 2

LIF: Leukemia Inhibitory Factor
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ABBREVIATIONS

MAPC: Multipotent Adult Progenitor
Cells

MD: Muscular Dystrophy
MyHC: Myosin Heavy Chain

MIAMI: Marrow Isolated Adult
Multilineage Inducible

MPC: Mesenchymal Progenitor Cells
MSC: Mesenchymal Stromal Cells

OCT4/POUSF1:

Transcription Factor 4

Octamer-binding

PBS: Phosphate Buffer Saline
PCR: Polymerase Chain Reaction

PDGF: Human Platelet-derived growth
factor

PDLSC: Periodontal Ligament Stem
Cells

Rag2: Recombination activating gene 2
REX1: ZFP42 Zinc Finger Protein
RT-PCR: Retrotranscriptase PCR

SC: Stem Cells

SCAP: Stem Cells from Apical Papilla

sCGH: short-Comparative Genomic
Hybridization

Scid: Severe Combined

Immunodeficiency
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Sgcb: Beta-Sarcoglycan

SHED: Stem Cells from Human
Exfoliated Deciduous Teeth

SMC: Smooth muscle cells
SOX2: Sex determining region Y-box2

SSEA: Stage Specific Embryonic
Antigen

TDGF1:Teratocarcinoma-derived

growth factor 1

tGFP: Turbo Green Fluorescent

Protein

TGF-B: Transforming growth factor
beta

TRA-1-60: Tumor-rejection Antigen-1-
60

TRA-1-81: Tumor-rejection Antigen-1-
81

VE-CAD: Vascular Endothelial
Cadherin
VEGFR2/FLK1/KDR/: Vascular

Endothelial Growth Factor Receptor 2
VSEL: Very Small Embryonic like
VSMC: Vascular Smooth Muscle Cells

VWF: von Willebrand Factor
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STEM CELLS

Stem cells (SC) are undifferentiated cells that have the ability to self-renew and to
generate mature, differentiated cells with specialized functions (1). In humans, stem
cells have been identified in the inner cell mass of the early embryo, some fetal
tissues, the umbilical cord, the placenta and in several adult organs. For the last
decades, research on stem cells has provided important information on developmental,
morphological, and physiological processes that govern tissue and organ formation,
maintenance, regeneration and repair after injuries (2). More recently, significant
advancements in our understanding of stem cell biology have provoked great interest
and hold high therapeutic promise based on the possibility of stimulating their ex vivo
and in vivo expansion and differentiation into functional progeny that could regenerate

injured tissues/organs in humans (3).

So far, different types of stem cells have been used in regenerative medicine studies:
(i) embryonic stem cells (ESC), which are pluripotent stem cells that can differentiate
into any adult tissue, but they however present donor-recipient immunocompatibility
problems and ethical controversy (4); (ii) adult stem cells (ASC), which are multipotent
and can only repair and regenerate the tissue in which they reside, limiting their
therapeutic use, and (iii) induced pluripotent stem cells (iPSC), somatic cells
reprogrammed to a pluripotent state (5), which however present safety issues that

impair their use in clinical applications.

Embryonic Stem Cells

ESC are derived from the blastocyst, an early-stage embryo. Fertilization of an oocyte
by a sperm cell results in a single totipotent cell called zygote, the earliest embryonic
stage. This zygote, during the first hours after fertilization, divides into identical
totipotent cells, which can develop into any of the three germ layers of a human
organism (ectoderm, mesoderm or endoderm), into cells of the syncytiotrophoblast

layer of the placenta and into the cytotrophoblast layer. When they reach a 16-cell

21



| ]
Characterization of DPPSC and their mesodermal differentiation potential LI L C

INTRODUCTION barcelona

stage, called morula, the totipotent cells can undergo differentiation. They can turn into
cells that will eventually become either the blastocyst's inner cell mass or the outer
trophoblasts. Approximately five days after fertilization, and after several more cycles
of cell division, the morula cells begin to commit, forming a hollow sphere of cells,
called a blastocyst. The outer layer of the blastocyst is called the trophoblast, and the
cluster of cells inside the sphere is called the inner cell mass. At this stage, there are
about 70 trophoblast cells and about 30 cells in the inner cell mass. The cells of the
inner cell mass, the source of ESC, have become pluripotent stem cells that give rise
to all cell types of the major tissue layers (ectoderm, mesoderm, and endoderm) of the
embryo (6). The use of ESC in research is controversial, since the isolation of the inner
cell mass results in the destruction of the fertilized human embryo, which raises ethical

issues (7).

Human embryonic stem cell (hESC) lines express many markers that are common to
pluripotent and undifferentiated cells, such as octamer-binding transcription factor 4
(OCT4), NANOG, Sex determining region Y-box2 (SOX2), alkaline phosphatase (ALP),
LIN28, ZFP42 Zinc Finger Protein (REX1), teratocarcinoma-derived growth factor 1
(TDGF1/Cripto), DNA methyltransferase 3 beta (DNMT3B), CD9, CD24, left-right
determination factor 2 (LEFTY2/EBAF), and Thy-1, as well as stage-specific embryonic
antigen-3 and 4 (SSEA-3 and SSEA-4) and tumor-rejection antigen-1-60 and 1-81
(TRA-1-60 and TRA-1-81) (8).

Induced Pluripotent Stem Cells

In 2006, Takahashi et al. (5) showed that the introduction of four specific genes
encoding transcription factors (OCT4, SOX2, c-MYC and KLF4) could convert mouse
adult cells (fibroblasts) into pluripotent stem cells known as iPSC. These cells have the
ability to propagate indefinitely, to give rise to every cell in the adult body and they are
similar to ESC in morphology, proliferation and teratoma capacity formation. In 2007,
iPSC were obtained from human adult stem cells by two different groups and gene
introduction: Takahashi et al. (5) using the same 4 genes (OCT4, SOX2, c-MYC and
KLF4) and Yu et al. using OCT4, NANOG, SOX2 and LIN28 (9).
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Adult Stem Cells

ASC are undifferentiated cells that reside in most of adult tissues/organs, including
bone marrow, heart, brain, lungs, liver, skin and eyes (10-15). They can renew
themselves in the body, making identical copies of themselves, or become specialized
to yield the cell types of the tissue of origin (16). The use of ASC in research and
therapy is not controversial, unlike ESC, as they are extracted from adult tissue

samples rather than destroyed human embryos.

One type of ASC, mesenchymal stromal cells (MSC), has generated great interest in
the fields of regenerative medicine and immunotherapy due to their unique biologic
properties. MSC were first discovered in 1968 by Friedenstein and colleagues (17) as
adherent fibroblast-like cells in the bone marrow (BM) capable of differentiating into
bone. It was subsequently shown that MSC could be isolated from various tissues such
as BM, adipose tissue (18), and umbilical cord blood (19). These cells can be
expanded in vitro, which allows them to rapidly reach the desired cell counts for use in
vivo. Using different strategies, several laboratories have identified, isolated, and

cultured MSC with specific properties (20).

Dental Pulp Stem Cells

SC can be classified based on their capacity for differentiation, but also on their tissue
of origin, such as bone marrow mesenchymal/stromal cells (BM-MSC), hematopoietic
SC, umbilical cord blood SC, epithelial SC, and SC from the dental pulp. The dental
pulp is a soft connective tissue within the dental crown thought to be derived from
migratory neural crest cells during development. It has been shown to harbor various
populations of multipotent stem/progenitor cells. Since their very first isolation in 2000
by Gronthos et al. (21), several types of adult stem cells have been isolated from teeth,
including dental pulp stem cells (DPSC), stem cells from human exfoliated deciduous
teeth (SHED), periodontal ligament stem cells (PDLSC), dental follicle precursor cells
(DFPC), and stem cells from apical papilla (SCAP)(21-25).

These populations have MSC-like qualities, namely the capacity for self-renewal, the

potential to differentiate into multiple lineages including osteoblasts and chondroblasts,
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and a potential for in vitro differentiation into cell types from various embryonic layers,
including adipose, bone, endothelial and neural-like tissue. They are often compared to
BM-MSC and share many similarities with them, but they differ in that dental stem cells
seem to be committed to an odontogenic fate, more so than to an osteogenic one.
Since they have a neural crest origin, they have stronger neurogenesis capabilities but

weaker adipogenesis and chondrogenesis (26).

DPSC are isolated by enzymatic digestion of pulp tissue after separating the crown
from the roots. These cells are morphologically similar to fibroblasts, very proliferative
and clonogenic. DPSC are multipotent cells that proliferate extensively, can be safely
cryopreserved, possess immunosuppressive properties and express markers such as
CD13, CD29, CD44, CD59, CD73, CD90, CD105, CD146, and STRO-1, but do not
express CD14, CD24, CD34, CD45, CD19 and HLA-DR (Human Leukocyte Antigen -
antigen D Related). They have the ability to differentiate into odontoblast-like cells,
osteoblasts, adipocytes, neural cells, cardiomyocytes, myocytes, and chondrocytes in

vitro. DPSC represent less than 1% of the total cell population present in the dental
pulp (27).

Dental Pulp Pluripotent-like Stem Cells

In previous studies, our group has described a new population of adult stem cells
called Dental Pulp Pluripotent-like Stem Cells (DPPSC) (28-30). These cells are
isolated from the dental pulp of the third molars, express pluripotency markers such as
OCT4, NANOG and SOX2, and show embryonic-like behaviour differentiating into

tissues of the three embryonic layers.

These cells are not the first SC population isolated from adult tissues with pluripotency-
like capacities. Indeed, several populations have been identified in recent years: very
small embryonic-like (VSEL) (31), multipotent adult progenitor cells (MAPC) (32),
mesodermal progenitor cells (MPC) (33) and marrow-isolated adult multilineage
inducible (MIAMI) cells (34).

Compared to other populations, DPPSC have as the main advantage the fact that the

third molars are a very accessible source of cells, because wisdom tooth extraction is
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widely performed and the teeth are usually considered to be medical waste. Since the
third molar is the last tooth to develop in humans, it is normally in an early stage of
development and is capable of yielding an optimum quantity of dental pulp tissue for
the isolation of stem cells. Although the percentage of DPPSC decreases with age, a

population of these cells is always present (28).

DPPSC and DPSC share the same isolation protocol, as well as some characteristics.
However, they differ in the expression levels of embryonic markers as well as some
membrane proteins such as CD73. The culture conditions between them are also
different; DPPSC need low density and a specific medium that contains growth factors
such as epidermal growth factor (EGF), platelet-derived growth factor (PDGF) and
leukemia inhibitory factor (LIF) to allow maintenance of the pluripotent state of DPPSC.
The characteristics unique to these cells are still under investigation, but the current
evidence gain insights for future comparative studies of the regenerative potency of
DPPSC and SC from other sources. It has been demonstrated, for instance, that
DPPSC have a greater capacity for generating bone-like cells in comparison with
DPSC (30).

In addition, DPPSC have pluripotent-like properties that have not been found in cells of
any other adult source: the ability to form EB-like and teratoma-like structures (28),
which had been thought to be exclusive to ESC and iPSC (35, 36).

Stem Cells in Regenerative Medicine

Regenerative medicine is an emerging interdisciplinary field of research and clinical
applications focused on the repair, replacement or regeneration of cells, tissues or
organs to restore impaired function resulting from any cause, including congenital
defects, disease, trauma and aging (37). Organ regeneration is distinct from organ
repair as an endpoint of a healing process following injury. Repair is an adaptation to
loss of normal organ mass and leads to restoration of the interrupted continuity by
synthesis of scar tissue without restoration of the normal tissue. By contrast,

regeneration restores the interrupted continuity by synthesis of the missing organ mass
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at the original anatomical site, yielding a regenerate (38). Therefore, the ultimate aim of

regenerative medicine is to regenerate cells, tissues or organs.

This field holds the promise of providing therapeutic treatment for conditions where
current therapies are inadequate by stimulating the body's own repair mechanisms to
functionally heal previously irreparable tissues or organs or by growing tissues and
organs in the laboratory and implanting them when the body cannot heal itself (39). It
uses a combination of several technological approaches that moves it beyond
traditional transplantation and replacement therapies. These approaches may include,
but are not limited to, the use of soluble molecules administered alone or as a
secretion by infused cells (immunomodulation therapy), gene therapy, cell
transplantation (cell therapy), transplantation of in vitro grown organs and tissues

(tissue engineering) and the reprogramming of cell and tissue types (40, 41).

Some of the biomedical approaches within the field of regenerative medicine may
involve the use of stem cells (42), named stem-cell therapy. Human body has an
endogenous system of regeneration through stem cells, where adult stem cells are
found almost in every type of tissue. Their main post-natal function is to repair and
regenerate the tissues in which they reside. That is why, the idea is that restoration of

function is best accomplished by these cells (39).

Stem cells can overcome one of the most limiting aspects of cell therapy and tissue
regeneration, which is obtaining enough quantity of cells (43), since they have a high
self-renewal potential. Moreover, they can help in the regeneration process via a
paracrine effect. If regeneration is achieved using autologous cells, i. e. adult stem
cells, it would potentially solve the problem of the shortage of organs available for
donation, the problem of organ transplant rejection due to immune complications and
the problem of possible transfer of inherent infections from another donor. Taking into
account all these aspects, the use of autologous adult stem cells is highly explored in

regenerative medicine.

As said before, other types of stem cells, such as ESC, have a great potential due to

their characteristics but their use is limited by ethical considerations and donor-
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recipient immunocompatibility (39). Another type of stem cells, iPSC, presents

disadvantages regarding safety issues that impair their use in clinical applications.

A limiting aspect that cell therapy using adult stem cells can present is the difficulty to
harvest the cells, since it can require an invasive procedure to the patient that can
cause large donor site morbidity (43). However, dental pulp tissue represents an easily
accessible source of adult stem cells with low morbidity. As said before, since the third
molar is the last tooth to develop in humans, it is normally in an early stage of
development and is capable of yielding an optimum quantity of dental pulp tissue for

the isolation of stem cells.

In Rotter et al. (43) it was stated that high numbers of stem cells with an effective and
reliable potential for differentiation are needed for clinical applications. Thus, the
identification of new stem cell sources and the establishment of optimized cell culture
conditions that allow for the amplification of stem cells are of utmost relevance. In
addition, the isolation procedure should ideally be minimally invasive and possibly be
performed under local anesthesia (43). As said before, DPPSC, adult stem cells from
the dental pulp, present a minimally invasive isolation protocol, and their effective and
reliable potential for differentiation is currently under investigation, with promising
results already obtained (28, 30). Nevertheless, more studies to test the differentiation

capacity of DPPSC to multiple cell types are still needed.
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MESODERM-DERIVED CELLS AND TISSUES

Mesoderm-derived cell types are osteogenic cells, chondrogenic cells, adipogenic
cells, skeletal muscle cells, smooth muscle cells, cardiac muscle cells and endothelial
cells. Although the osteogenic differentiation potential of DPPSC is quite established,
little is known about their endothelial and smooth and skeletal muscle cell

differentiation capability.

A key tissue regenerative process related to any stem cell-based application is the
angiogenesis, the generation of new blood vessels. Indeed, blood vessels deliver
oxygen and nutrients to all of the tissues and organs in the body. The two major
cellular components of blood vessels are endothelial cells (EC) and vascular smooth
muscle cells (VSMC). Both EC and VSMC are required for vascular function, including
blood pressure control, interactions with immune cells, and the uptake of nutrients (44).
As pointed out before, these two cellular types derive from the mesodermal germ layer
of the very early embryo, although some smooth muscle cells (SMC) originate from the

neural crest (45).

Blood vessels can be divided in three major types: arteries (and arterioles), veins (and
venules) and capillaries. Arteries carry the blood away from the heart, veins carry it to
the heart and capillaries are the ones in which gas, nutrients and wastes exchange
with the tissues actually takes place. Regarding their structure, arteries and veins have
the same three layers of tissue in their walls, while capillaries, which are much thinner,
only present the most internal one of them. These layers are: (i) the tunica interna or
intima, which is the thinnest of the three and is formed by EC; (ii) the tunica media,
which is rich in VSMC; and (iii) the tunica externa or adventitia, made of connective

tissue (Fig. 11).
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Figure 11: Structure of the three major types of blood vessels. Extracted from
Tortora et al. (46).

Both EC and VSMC play various major physiological and pathological roles in the
blood vessels. EC are responsible for subendothelial matrix proteins synthesis,
homeostasis, thrombolysis, vasomotor properties, antigen presentation and synthesis
of growth factors such as PDGF, insulin-like growth factor 1 (IGF-1) and FGF, which
promote cell growth of VSMC (47, 48). VSMC also play physiological and pathological
major roles, since they must continually repair arterial injuries and maintain functional
mass in response to changing demands upon the vessel wall. Vascular smooth muscle
is composed of multifunctional cells that exhibit spontaneous and agonist-induced
contractile properties, secrete and assemble a wide variety of extracellular matrix
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proteins, display migratory and proliferative responses to tissue injury, and both

produce and respond to a variety of paracrine-acting growth factors (49).

Currently, there is a growing list of diseases with high incidences with an etiology that
is related to blood vessels (50). More than 500 million people worldwide may benefit
from pro- or anti-angiogenesis treatments (51). Tissue regeneration and stimulation of
angiogenesis are important therapeutic considerations in the treatment of myocardial
infarction, peripheral vascular disease, and stroke (52). In addition, angiogenesis is a
key process in tissue engineering. If blood supply cannot be established rapidly, there
is insufficient oxygen and nutrient transport and necrosis of the implanted tissue will
occur (53). For all these reasons, EC and VSMC differentiation are studied in

regenerative medicine approaches.

Another important mesoderm-derived tissue for regenerative medicine is skeletal
muscle, which is the largest mesoderm-derived organ and is responsible for the
voluntary movement of the body. The smallest unit of skeletal muscle is the muscle
fiore or myofibre, which is a long cylindrical cell that contains many nuclei,
mitochondria, and sarcomeres. The latter, made of actin and myosin filaments

represent the functional unit of the muscle and are responsible for muscle contraction.

Each muscle fibre is surrounded by a thin layer of connective tissue called the
endomysium (Fig. 12). Approximately 20-80 of these muscle fibres are grouped
together in a parallel arrangement called a muscle fascicle or fibre bundle that is
encapsulated by a perimysium, which is thicker than the epimysium, enclosing each of
the bundled muscle fibres. A distinct muscle is formed by enveloping a large number of
muscle fascicles in a thick collagenous external sheath extending from the tendons

called the epimysium (Fig. 12).
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Figure 12: Structure of a skeletal muscle. Copyright © 2006 Pearson Education,
Inc., publishing as Benjamin Cummings.

As said before, the smallest units of skeletal muscle are cylindrical, multinucleated
muscle fibres. These structures are established during embryogenesis, when
mononuclear cells known as myoblasts fuse into immature myofibres (myotubes). The
myofibre nuclei (myonuclei) are postmitotic and under normal conditions cannot re-
enter a proliferative state to contribute additional nuclei. Thus, during postnatal life,
myofibres growth, homeostasis, and repair only rely on satellite cells, myogenic stem

cells residing between the basal lamina and the muscle fibore membrane (54-57).

Many diseases that affect the musculature belong to the group of muscular dystrophies
(MD). MD refers to a group of more than 30 genetic diseases that cause progressive
weakness and degeneration of skeletal muscles used during voluntary movement.
These disorders vary in age of onset, severity, and pattern of affected muscles. All

forms of MD grow worse as muscles progressively degenerate and weaken. At the

31



]
Characterization of DPPSC and their mesodermal differentiation potential LI L C

INTRODUCTION barcelona
end, many individuals eventually can lose the ability to walk. For all this, skeletal

muscle differentiation is also studied in regenerative medicine approaches.

The proteins that result affected in these diseases reside inside the so called
Dystrophin Glycoprotein Complex (DGC) (Fig. 13). The most important, dystrophin
(DYS), which results mutated in Duchenne Muscular Dystrophy (DMD), connects the
sarcolemmal cytoskeleton to the extra-cellular matrix. This is accomplished through a
series of interactions with a large group of membranous proteins, that belong for
instance to the DGC. Other dystrophies show mutations in genes encoding for
sarcoglycans, proteins that are thought to stabilize the DGC and indeed are thought to
be part of it (Fig. 13).

Agrin . . Perlecan
Laminin

M\

Collagen and other
fibrous proteins

- Basal lamina

Extracellular space

Carbohydrate
. _—— chains attached to
proteins

Sarcoglycan complex

Plasma membrane

Cytosol
The protein defective
in Duchenne muscular
dystrophy

Actin

Figure 13: The dystrophin glycoprotein complex (DGC) in skeletal muscle cells.
Extracted from Lodish et al. (58).
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Endothelial differentiation from Stem Cells

Currently available vascular grafts cannot reproduce the complex functions of native
vessels (59). In this regard, it has been proved that presence of functional endothelial
cells (EC) in the grafts can improve these functions (60). Cells assigned to cover the
tissue engineered vessels have been already isolated from several human sources
such as blood vessels, bone marrow and adipose tissue. However, these grafts are
difficult to prepare due to insufficient autologous sources of EC (61) or the difficulty to

obtain them.

To increment the number of obtained cells, stem cell differentiation has been explored,
since EC derived from hESC may be used to generate a large supply of transplantable,
healthy, functional cells for the repair of ischemic tissues (52). To date, there exist two
commonly used methods to induce vascular cell differentiation from human pluripotent
stem cells: i) embryoid body (EB) formation (62, 63) and ii) monolayer-directed
differentiation (52, 64). EB formation results in differentiation of human pluripotent stem
cells into various cell types, including vascular cells, albeit inefficiently (1%-5%) (62,
65, 66). Current monolayer differentiation methods offer increased efficiencies (5—20%)
but depend on undefined supplements, co-culture (64, 67), heterogeneous cell
aggregates (68), conditioned medium (52, 69), or lack consistent yields of vascular
cells (70).

There have also been studies concerning the differentiation of adult stem cells into EC,
mostly using MSC (71, 72). MSC derived from bone marrow are able to differentiate
into various cell lineages of bone, cartilage, adipose, myocardial, and to some extent
also into EC (73-75). The disadvantages of BM—MSC are the invasive harvesting
procedure and the long lasting differentiation process. Therefore, other possible
sources with less traumatizing intervention are necessary. MSC from adipose tissue
represent an abundant and accessible source of such cells, which can as well
differentiate into a number of mesodermal lineages, including EC (18, 76, 77). The
capacity of these cells to differentiate into the endothelial cell lineage is however
limited (71). Furthermore, in several studies, endothelial progenitor cells, have also

been used for autologous transplantation therapy and have been shown to promote the
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regeneration of ischemic tissues (78-81). However, difficulties in obtaining sufficient
numbers of adult endothelial progenitor cells, still limit autologous stem cell therapies
(82, 83). This stresses an urgent need for an easily accessible stem cell source with a
high proliferation rate that can also provide sufficient cell numbers for transplantation
(53).

In a preliminary study from this group (28), DPPSC showed potential to differentiate to
the endothelial lineage. In the project here presented, therefore, we wanted to further
investigate DPPSC capacity to undergo endothelial differentiation in vitro, optimizing
their differentiation protocol, as well as testing their angiogenic potential in vivo. For
the latest, we used a nude mice model to study the wound healing assay process in

terms of wound closure, wound matrix organization and wound revascularization.

Smooth Muscle differentiation from Stem Cells

The alterations in the differentiated state in smooth muscle cells (SMC) contribute to a
variety of major cardiovascular diseases such as atherosclerosis, hypertension,
restenosis and vascular aneurysm (45, 84). A better understanding of the cellular and
molecular mechanisms that control VSMC differentiation is essential to help develop
new approaches to both prevent and treat these diseases. Therefore, development of
reliable and reproducible in vitro cellular models to study SMC differentiation is
needed, yet it has been problematic due to intrinsic peculiarities of SMC (85, 86). In
addition, smooth muscle differentiation is exploited by tissue engineering techniques to
design new organ structures consisting of smooth muscle, e.g. vascular constructs or

bladder reconstruction substrates (87).

SMC differentiation is a complex and poorly defined process, although much progress
has been made in identifying molecular mechanisms controlling the expression of SMC
specific genes (85). Accumulating evidence has shown that a precisely coordinated
molecular network orchestrates the SMC differentiation program involved in a range of

signaling pathways, including transforming growth factor beta (TGF-@).
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VSMC originate from at least five different sources of progenitors during embryonic
development, including neural crest, proepicardium, serosal mesothelium, secondary
heart field and somites (45, 88); and SMC responses to environmental signals, such as
growth factors, have been observed to vary depending on the developmental origins of
SMC (45). In addition, SMC can undergo phenotypic changes, in vitro and in vivo,
switching between secretory and contractile phenotypes, thus obscuring our
conceptual reference to terminal differentiation in these cells (86).

Several in  vitro model systems have been developed to mimic the SMC
differentiation in vivo including using embryonic stem cells, embryoid bodies, neural
crest cells, pluripotent C3H10T1/2 cells and multipotent A404 cells. Although these
models have significantly contributed to the understanding of SMC differentiation, each
of these models has its limitations (85). Human embryonic stem cell can differentiate to
both EC and SMC populations in the same differentiation conditions. Though the cells
are excellent for in vivo neoangiogenesis and regeneration of blood vessels, they may
not be ideal for precisely dissecting the molecular mechanism governing SMC
differentiation because SMC differentiated from embryonic stems cells are heterogenic
and thus contain a mixed population. In Shi et al. 2015 (85), human embryonic stem
cell-derived mesenchymal cells derived from H9 human embryonic were studied.
These stem cells are natural SMC progenitors for mesoderm-derived SMC that
account for most of the vascular SMC (45) and could be robustly differentiated to SMC
phenotype upon TGF-B stimulation and exhibit a morphology resembling functional
SMC.

In this project, we studied the DPPSC ability to undergo smooth muscle differentiation
in vitro and in vivo in a mouse model of wound healing and in two mice model of
dystrophy. Regarding the different developmental origins of SMC, it would be
interesting to evaluate their differentiation from DPPSC, which have an

ectomesodermal origin.
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Skeletal Muscle differentiation from Stem Cells

Muscular dystrophies are particularly challenging from a therapeutic point of view and
stem cell based therapy is considered to be one of the most promising methods for
treating muscular dystrophies. Because of the properties of satellite cells, they
represented the first candidate and there have been several clinical trials since the
early 1980s involving the transplant by intramuscular injections of these cells into
several locations of a single muscle or at most a few muscles (89, 90). Although results
in treating DMD patients have been encouraging, this method has been limited by: (i)
the necessity of a huge number of injections; (ii) immune responses toward injected
satellite cells; and (iii) the rapid death of most of the satellite cells in the first 72 hours
following injection (91, 92). In order to overcome these issues, many studies were
addressed to find a population of ideal stem cells that could fulfill several criteria
needed for the transplantation. Many studies focused on stem cells usually derived
from adult bone marrow, hematopoietic SC and MSC. The latter can be obtained from
fat, skin, periosteum, synovial membrane and muscle as well. MSC are multipotent and
capable of differentiating into several connective tissue types including osteocytes,
chondrocytes, adipocytes, tenocytes and myoblasts (93). They can also impose an
additional anti-inflammatory and paracrine effect on differentiation and tissue
regeneration via cytokine pathways, have anti-apoptotic features (94-96) and can
produce extracellular matrix molecules (97). Compared with pluripotent ESC or iPSC,
MSC have a greater biosafety profile and lower risk of tumorigenicity, and perhaps that
is why numerous MSC-based therapies have made it to the clinical trial stage (98, 99).
Regarding DPSC, it has been shown that upon infusion into cardiotoxin-induced
muscle defects, cloned DPSC engraft and colonize host muscle, as well as express
dystrophin and myosin heavy chain more efficaciously than their parent heterogeneous
cells. Another study also showed the ability of pre-differentiated DPSC to regenerate
dystrophin-expressing myofibres within the injected host muscles, although the number
of fibres was very limited (100). These cells also showed enhancement of

angiogenesis in the tissue.
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All these data suggested that DPPSC could have therapeutic potential in MD. In this
study, we investigated the myogenic potential of DPPSC in vitro and in vivo in an mdx
mouse model and in a B-sarcoglycan-null mouse model, which represent two reliable

mice models of dystrophies.
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OBJECTIVES

Main objectives

To characterize DPPSC and to evaluate their pluripotency capacity.

To evaluate the mesodermal differentiation potential of DPPSC.

Secondary objectives

To study whether the pluripotency capacity of DPPSC changes through cell
passages.

To study whether modifications in the culture conditions such as the cellular
seeding density and splitting confluence affect the pluripotency capacity of
DPPSC.

To find a GMP-approved growth medium for DPPSC that maintains the
pluripotency capacity of the cells and therefore facilitates their future application

in regenerative medicine.

To evaluate the endothelial differentiation potential of DPPSC in vitro (optimizing
the differentiation protocol) and in vivo.

To evaluate the smooth muscle differentiation potential of DPPSC in vitro and in
Vivo.

To evaluate the skeletal muscle differentiation potential of DPPSC in vitro and in

Vivo.
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- Hy 1
- Hp 1:

HYPOTHESES

DPPSC have pluripotency potential.
DPPSC do not have pluripotency potential.

H; 1.1: The pluripotency capacity of DPPSC changes through cell
passages.
Ho 1.1: The pluripotency capacity of DPPSC does not change through cell

passages.

H; 1.2: DPPSC pluripotency capacity is influenced by culture conditions
such as the cellular seeding density and splitting confluence.
Hy 1.2: DPPSC pluripotency capacity is not influenced by culture conditions

such as the cellular seeding density and splitting confluence.

H; 1.3: DPPSC can be cultured in a GMP-approved growth medium that
maintains the pluripotency capacity of the cells and facilitates their future
application in regenerative medicine.

Hy 1.3: DPPSC cannot be cultured in a GMP-approved growth medium that
maintains the pluripotency capacity of the cells and facilitates their future

application in regenerative medicine.

- Hy 2. DPPSC have the ability to differentiate into different cells from the

mesodermal lineage in vitro and in vivo.

- Hy 2: DPPSC do not have the ability to differentiate into different cells from the

mesodermal lineage in vitro and in vivo.

H, 2.1: DPPSC can differentiate into endothelial cells in vitro.
Hy 2.1: DPPSC cannot differentiate into endothelial cells in vitro.
H, 2.2: DPPSC can differentiate into endothelial cells in vivo.

Hqy 2.2: DPPSC cannot differentiate into endothelial cells in vivo.

H; 2.3: DPPSC can differentiate into smooth muscle cells in vitro.
Hy 2.3: DPPSC cannot differentiate into smooth muscle cells in vitro.
H; 2.4: DPPSC can differentiate into smooth muscle cells in vivo.

Ho 2.4: DPPSC cannot differentiate into smooth muscle cells in vivo.
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- H; 2.5: DPPSC can differentiate into skeletal muscle cells in vitro.
- Hp 2.5: DPPSC cannot differentiate into skeletal muscle cells in vitro.
- H; 2.6: DPPSC can differentiate into skeletal muscle cells in vivo.

- Hp 2.6: DPPSC cannot differentiate into skeletal muscle cells in vivo.
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Patient selection

DPPSC and DPMSC (Dental Pulp Mesenchymal Stem Cells) were isolated from
healthy human third molars extracted for orthodontic and prophylactic reasons from 15
patients with ages comprised between 14 and 21 year old. All patients provided
informed consent before obtaining the samples. For patients under 18 years old, a
legal guardian authorised the procedure. Experiments were performed following the
guidelines on human stem cell research issued by the Committee on Bioethics of the
UIC Barcelona. The approved protocol code of this study is BIO-ELB-2013-04 (see
appendix — supplementary data). Clinical information about the patients and the third
molars can be found in the supplementary data (Supplementary Table 1).

Isolation and culture of DPPSC

After extraction, teeth were washed using gauze soaked in 70% ethanol. A second
wash was performed with distilled water. The dental pulp was then extracted from the
teeth using a sterile nerve-puller file 15 and forceps if the apexes were still open or,
otherwise, fracturing the teeth and taking the dental pulp using forceps. The dental
pulp was placed in falcon tubes containing sterile 1X phosphate-buffered saline (PBS)
with 5% of 0.25% trypsin-EDTA (Life Technologies) and 1% Penicillin-Streptomycin
(PAA). The samples were then transferred to the laboratory. The tissues from the
dental pulp were disaggregated by digesting the dental pulp tissue with collagenase
type | (3 mg/ml; Sigma) for 60 minutes at 37°C. After that, the cells were cultivated in
DPPSC medium, which consisted of 60% Dulbecco’s modified Eagle’s medium
(DMEM)-low glucose (Life Technologies) and 40% MCDB-201 (Sigma) supplemented
with 1X insulin-transferrin-selenium (ITS; Sigma), 1X linoleic acid-bovine serum
albumin (LA-BSA; Sigma), 10° M dexamethasone (Sigma), 10* M ascorbic acid 2-
phosphate (Sigma), 100 units of penicillin/1000 units of streptomycin (PAA), 2% foetal
bovine serum (FBS; Sigma), 10 ng/ml human PDGF-BB (R&D Systems), 10 ng/ml
EGF (R&D Systems), 1000 units/ml human LIF (Millipore), Chemically Defined Lipid
Concentrate (Gibco), 0.8 mg/ml BSA (Sigma) and 55 mM B-mercaptoethanol (Sigma)
in 650 ml flasks precoated overnight with 100 ng/ml fibronectin at 37°C in a 5% CO,
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incubator. During the 2 weeks of primary culture, the medium was changed every 4
days. To propagate DPPSC, the cells were detached at 30% confluence (after 3-4
days of culture) by adding PBS containing 0.25% trypsin-EDTA (Life Technologies)
and replated at a density of 100 cells/cm®. Seeding DPPSC at the appropriate cell
density with uniform distribution and correct timing of passage entails the most crucial
part of DPPSC culture. Too low cell density results in cell death whereas too high cell

density could result in differentiation into MSC lineage.

Isolation and culture of DPMSC

Adult human DPMSC were isolated from the dental pulp of third molar teeth as
described above and then suspended in DMEM with 4.5 g/l glucose (Life
Technologies) supplemented with 10% FBS (Hyclone) and 1X Penicillin/Streptomycin
(PAA). Cells were grown in 650 ml flasks at 37°C in a 5% CO, incubator. The medium
was changed after 3 days and every 2 days thereafter. To propagate the DPMSC, the
cells were detached at 90% confluence by the addition of PBS containing 0.25%
trypsin-EDTA (Life Technologies) and replated at a density of 5-10x10° cells/cm®.
DPMSC were used as controls to compare against DPPSC growth rate and genetic
stability, as well as differentiation potential to endothelial lineage. DPMSC and DPPSC

from the same donors were always used for direct comparison.

Culture of HUVEC

Human Umbilical Vein Endothelial Cells were maintained with EGM-2 (Lonza), the
medium was changed every 2 days and the cells were expanded when they reached
70-85% confluence using PBS containing 0.25% trypsin-EDTA (Life Technologies) and
replated at a density of 2.5x10° cells/cm®. HUVEC were used as a positive control for
endothelial differentiation of DPPSC, as well as for co-cultures differentiation systems

or obtaining conditioned medium.

Culture of C2C12 cells

The mouse immortalised line C2C12 of skeletal myoblasts was maintained using
DMEM 4.5 g/l glucose supplemented with 10% FBS (Hyclone), 1% Glutamine (Sigma),
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1% Sodium Pyruvate (Life Technologies) and 1% Penicillin/Streptomycin (Life
Technologies). They were used as a positive control for skeletal muscle differentiation
of DPPSC, as well as for as for co-cultures differentiation systems or obtaining
conditioned medium. This technique was performed during a stay in the Laboratory of
Translational Cardiomyology of the Stem Cell Biology and Embryology Unit,

Department of Development and Regeneration of the KU Leuven.

Lentiviral transduction

DPPSC at a density of 500, 1000 or 2000 cells/cm? were seeded and transduced at
50-70% confluence with the lentiviral vector shcO03 (Sigma) containing turbo Green
Fluorescent Protein (tGFP) from Pontellina Plumata for 24 hours. The transduced cells
were analysed in terms of tGFP expression, proliferation and mRNA pluripotency
expression, and cells from donor 8 seeded at 500 cellslcm? and transduced at 60%
confluence were used for subsequent experiments. This technique was performed
during a stay in the Laboratory of Translational Cardiomyology of the Stem Cell Biology
and Embryology Unit, Department of Development and Regeneration of the KU

Leuven.

Images of optical microscopy

Images of optical microscopy were taken from the OX.3040 Euromex binocular
microscope for phase contrast using the camera DC.10000c CMEX-10 digital 10 Mpix
USB-2 CMOS.

Short-Comparative Genomic Hybridization

The short-Comparative Genomic Hybridization (sCGH) technique was performed as
described in Rius M. et al. (101) catching single cells from a homogeneous DPPSC or
DPMSC culture. All samples were analysed in triplicate. The DNA control used for the
hybridization was XXY. This technique was performed by an external service in the

Unitat de Biologia Cel-lular i Genética Médica Eugin-UAB.
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RT-PCR analyses

Samples of total RNA were extracted from undifferentiated or differentiated cells using
Trizol (Invitrogen). RNA was isolated following manufacturer’s instructions. Two (2) ug
of total RNA with a ratio 260/280 between 1.8 and 2 were treated with DNase |
(Invitrogen) and reverse-transcribed using Transcriptor First Strand cDNA Synthesis
Kit (Roche). PCR was performed using the primers on Table M1 for the amplification of
the desired cDNA using TopTaq MasterMix kit (Qiagen) for regular PCR or FastStart
Universal SYBR Green Master (Roche) for Real-Time PCR using a CFX96 Real-Time
PCR Detection System (Bio-Rad).

Gene Forward Reverse Size {bp)
OCT4A CTTCGCAAGCCCTCATTTCACT CCAGGTCCGAGGATCAACT 158
NANOG AACAGGTGAAGACCTGGETTCE CTGAGGCCTTCTGCETCACA 102
GAPDH CTGGTAAAGTGGATATTGTTGCCAT TEGAATCATATT GGAACATGTAAACC 81
CcD73 GCAACATGGGCAACCTGATT TGGATTCCATTGTTGCGTTCA 145
SOX2 TGG CGA ACC ATC TCT GTG GT CCA ACG GTG TCA ACC TGC AT 111
LINZ8 GGAGGT CAA GAA AGG GAA TAT GA | AACAAT CTT GTG GCC ACT TTG ACA G0
VEGFR2 | TGG CAT CGU GAA AGT GTA TC AL GGG AGG CGA GCATCT © 151
CD31 ALT GCA CAG CCT TCA ACA GA TIT CTT CCA TGG GGC AAG 92
viWF GTC GAG CTG CAC AGT GAC AT CCA CGT AAG GAA CAG AGA CCA 64

Table M1: List of primers used for cDNA amplification in PCR.

Immunofluorescence analyses

For in vitro analyses, wells containing cells were fixed with 4% paraformaldehyde for
15 minutes at room temperature and then, after 3 PBS washes, permeabilized with
1%BSA + 0.2% or 0.5% triton for 30-45 minutes at room temperature to increase
permeability. Cells were then incubated for 30 minutes with 10% donkey serum at

room temperature and after that overnight at 4°C with the primary antibody (Table M2).
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The day after, after 3 PBS washes, they were incubated for 1-2 hours at room
temperature with the secondary antibody and washed again 3 times. DAPI 1:3000 was
used, the cells were washed 3 times again and the immunofluorescence was closed
using FluorSave (Millipore). The cells were examined by fluorescence microscopy

using Nikon Eclipse Ti. Images were merge using ImageJ.

For in vivo analyses from cryosections, slides were fixed with 4% paraformaldehyde for
15 minutes or Ethanol-Acetone 1:1 for 4 minutes at room temperature and
permeabilized with 1%BSA + 0.5% triton for 30 minutes at room temperature. Cells
were incubated sequentially 60 minutes with 10% donkey serum, 2h at room
temperature or 4°C overnight with the primary antibody (Table M2) and 1-2 hours at
room temperature with the secondary antibody. DAPI 1:3000 was used and the
immunofluorescence was closed using FluorSave (Millipore). Washes were performed
as in the in vitro analyses. These techniques were performed during a stay in the
Laboratory of Translational Cardiomyology of the Stem Cell Biology and Embryology

Unit, Department of Development and Regeneration of the KU Leuven.

For in vivo analyses from paraffin-embedded sections, deparaffinization and
rehydration of the sections were needed, followed by an antigen recovery step (putting
the slides in citrate buffer pH=6 for 20 min in the microwave or in trypsin 1:80 in 0.01%
CaCl at 37°C for 7 minutes). Samples were washed with Tris-buffered saline (TBS),
incubated 20 minutes with MeOH-H,O, and washed again. They were then
permeabilized using 0.5% triton, washed with TBS, blocked in 20% donkey serum or
Tris-NaCl-blocking buffer and incubated with the primary antibody (Table M2)
overnight. Samples were washed with Tris-NaCl-Tween buffer, incubated with the
secondary antibody and washed again. mCD31 (mouse cluster of differentiation 31)
was amplified using TSA Fluorescein System (Perkin Elmer). Samples were mounted
using Prolong Gold with DAPI (Life Technologies). This technique was performed
during a stay in the Laboratory of Translational Cardiomyology of the Stem Cell Biology
and Embryology Unit, Department of Development and Regeneration of the KU
Leuven in collaboration with the Centre for Molecular and Vascular Biology of the KU

Leuven.
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Antibody against Company Cat. Number | Dilution

0oCT4 Abcam ah27985 1:200
NANOG Abcam ahB0892 1:100
S0X2 Santa Cruz Biotechnology | sc-17320 1:50
VE-CAD Santa Cruz Biotechnology | Sc-2989 1:50
VWF Afcam 369584 1:400
CD31 (in vitro) Millipore 04-1074 1:100
Calponin Abcam ahd 6794 1:200
LS Sy AR | S
Lamin A/C (in vitro) Epitomics 2966-1 1:600
MyHC Hybridorma Bank = 1:5

tGFP Evrogen ABS13 1:500
mCD31 (in vive) BD Biosciences BDE57355 1:500
Lamin A/C (in vivo) MNovacastra MNCL-LAM-A/C 1:100
Laminin Sigma L9393 1:300
Dystrophin 1 Mowvocastra NCL-DvS1 1:100
Dystrophin 2 Mowvacastra NCL-DvS2 1:300
Dystrophin 3 Mowvocastra NCL-DvS3 1:100
SGCB Movocastra NCL-p-SARC 1:78
aSMA (cryosections) Sigma AZ25AT 1:300

Table M2: List of antibodies used for protein detection in immunofluorescence
analyses.

Alkaline Phosphatase staining

SIGMAFAST™ BCIP®/NBT (Sigma) for the detection of alkaline phosphatase (AP)
activity was used following manufacturer’s instructions. Briefly, one tablet was
dissolved in 10ml of water, and 1 ml was added in a 24-well containing undifferentiated

DPPSC. The solution was kept for 2 hours at 37°C. Fibroblasts were used as a
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negative control. This technique was performed during a stay in the Laboratory of
Translational Cardiomyology of the Stem Cell Biology and Embryology Unit,

Department of Development and Regeneration of the KU Leuven.

Endothelial differentiation in vitro

For the DPPSC and DPMSC endothelial differentiation potential experiment, cells from
donor 5 at passage 6 were seeded in 24-well plates at 4x10* cells/cm?® using EGM-2
medium for 25 days. The medium was changed every 2-3 days. Matrigel assay was
performed at day 7, 14 and 25 of differentiation and RNA extraction at day 25.

For the DPPSC endothelial differentiation optimization, DPPSC were seeded in 24-well
plates at 3 different densities: (1) 4x10* cells/cm?, (2) 2x10* cells/cm?® or (3) 5x10°
cells/cm?. They were cultured using 3 different media or differentiation protocols: (1)
EGM-2 (Lonza), (2) EGM-2 conditioned for 24h with HUVEC (and then filtrated with
0.22 um diameter pores to eliminate any HUVEC) or (3) using a transwell system in
which DPPSC and HUVEC were co-cultured without direct cell contact, using
ThinCert™ Cell Culture Inserts (Greiner Bio-One). The medium was changed every 2-
3 for 28 days. RNA extraction and matrigel assay was performed at day 7, 14, 21 and

28 of differentiation. Immunofluorescence analysis was performed at day 28.

Matrigel assay

DPPSC or DPMSC were detached using PBS containing 0.25% trypsin-EDTA (Life
Technologies) and 50.000 cells were replated in EGM-2 medium in a 24-well coated
with  Matrigel™ Basement Membrane Matrix Growth Factor Reduced (BD
Biosciences). Matrigel coating was performed following manufacturer’s instructions for
the Thin Gel Method assay, adding 250 pl of matrigel in a 24-well and keeping it 30

minutes at 37°C. After 24 hours, tube-like structures were analysed.

Smooth muscle differentiation in vitro

DPPSC from 2 different donors (donor 5 and donor 8) and 2 passages (passage 5 and

passage 10) were differentiated to smooth muscle using differentiation media
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consisting of High Glucose DMEM (Life Technologies) supplemented with 2% Horse
serum (Life Technologies), 1% Sodium Pyruvate (Life technologies), 1% Glutamine
(Sigma), 1% Pen-Strep (Life technologies) and 50ng/ml transforming growth factor 31
(TGF-B1, Peprotech). Cells were plated in 24-well plates at 500 cells/cm® and
differentiation was started when they reach 60% confluence. If cells proliferated too
much during differentiation, they were split 1:3. Medium was changed every 2-3 days
for 10 days. This technique was performed during a stay in the Laboratory of
Translational Cardiomyology of the Stem Cell Biology and Embryology Unit,

Department of Development and Regeneration of the KU Leuven.

Skeletal muscle differentiation in vitro

DPPSC from 3 different donors (donor 5, 6 and 8) and 2 passages (passage 5 and
passage 10) were differentiated to skeletal muscle using differentiation media
consisting of High Glucose DMEM (Life Technologies) supplemented with 2% Horse
serum (Life Technologies), 1% Glutamine (Sigma), 1% Sodium Pyruvate (Life
technologies) and 1% Pen-Strep (Life technologies). Cells were differentiated alone,
using conditioned media from C2C12 cells for 24 hours (followed by subsequent
filtering) and in direct co-culture with C2C12 cells at 1:1 and 1:3 ratio (1 DPPSC cell
every 3 C2C12 cells). The cells were plated in 24-well plates at a density of 1x10*
cells/cm? and induction was started when cells reached 70% confluence. Medium was
changed every 2-3 days for 5-7 days. This technique was performed during a stay in
the Laboratory of Translational Cardiomyology of the Stem Cell Biology and

Embryology Unit, Department of Development and Regeneration of the KU Leuven.

Wound healing assay in vivo

8-week-old male athymic nude mice (Foxnl, Charles River) were treated with DPPSC
or sham operated as controls (n=5 for each group). The mice were injected with anti-
NK to eliminate natural killer cell activity 24 hours before starting the surgery. Full
thickness wounds (0.5-cm diameter) were made on the back of the mice, splinted with
a silicone ring and treated with tGFP* DPPSC from donor 8 at P10 (1><106 cells per

mice) or PBS. A dressing with moisture was added to protect the wound area. All
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wounded mice were housed individually to avoid fighting and to prevent removal of the
occlusive wound dressing. Every other day, digital pictures of the wounds were taken
(using a NikonD1 camera and Camera-Control-Pro software) under isoflurane
anaesthesia and the dressings were renewed. Presence of DPPSC was monitored at
day 5 and 10 using fluorescence microscopy. Wound contraction was evaluated by
comparing relative wound area (RWA) over time. RWA was calculated using ImageJ
software (NIH, Baltimore, Maryland) by dividing the healing wound area by the fixed
reference area inside the silicone ring and expressing it as a %. To account for small
inter-animal variations, for each time point, relative wound area of each individual
animal was expressed as percentage compared to the relative wound area at day 0.
Wound contraction (%) was calculated as the complement of relative wound area (100-
RWA). At day 11 after wounding, mice were sacrificed and skin fragments including the
wound area and a rim of normal skin were dissected out, fixed, separated in two pieces
at the midline and processed for paraffin embedding. For all stainings and analyses,
7um microtome sections were used. To analyse the tissue, Haematoxylin/Eosin and
Sirius Red stainings were performed, as well as immunofluorescence analyses. These
experiments were performed during a stay in the Laboratory of Translational
Cardiomyology of the Stem Cell Biology and Embryology Unit, Department of
Development and Regeneration of the KU Leuven in collaboration with the Centre for
Molecular and Vascular Biology of the KU Leuven. Mouse procedures were performed
according to the guidelines of the Institutional Animal Care and Use of KU Leuven,
under the approved project with protocol code ECD N°P018/2015 issued by the
Ethische Commissie Dierproeven of the KU Leuven (see appendix — supplementary
data).

Haematoxylin and Eosin staining

Sections in paraffin were heated in the oven at 60°C for 1 hour, deparaffinised and
rehydrated. The samples were then soaked in distilled water for 5 minutes, Harris
haematoxylin for 4 minutes and washed afterwards in running tap water for 2 minutes.
After that, the sections were subsequently soaked for 1 minute each in acid alcohol,

running water, bluing reagent, running water, eosin, 95% ethanol, 100% ethanol and
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histoclear. The slides were then mounted with DPX and left in a slide heater overnight.
The staining was then observed and photographed using Nikon Eclipse Ti microscope.
These experiments were performed during a stay in the Laboratory of Translational
Cardiomyology of the Stem Cell Biology and Embryology Unit, Department of
Development and Regeneration of the KU Leuven in collaboration with the Centre for

Molecular and Vascular Biology of the KU Leuven.

Sirius Red staining

Sirius Red solution was prepared mixing 0.2g of Direct Red 80 (Sigma) with saturated
aqueous solution of picric acid (prepared mixing 8g of picric acid in 200ml of distilled
water). Sections in paraffin were deparaffinised and rehydrated, put in tap water for 10
minutes, distilled water for 5 minutes and Sirius Red solution for 90 minutes. After that,
the slides were washed with HCL 0.01N for 2 minutes and dehydrated with ethanol
70% for 45 seconds and ethanol 100% for 5 minutes (twice). Lastly, samples were
cleared in xylol for 5 minutes (twice) and mounted with DPX. These experiments were
performed during a stay in the Laboratory of Translational Cardiomyology of the Stem
Cell Biology and Embryology Unit, Department of Development and Regeneration of
the KU Leuven in collaboration with the Centre for Molecular and Vascular Biology of
the KU Leuven.

DPPSC injection in two models of dystrophic mice

Ten (10) 3-months-old Scid/mdx mice (an immunodeficient mouse model for Duchenne
Muscular Dystrophy, available at KUL SPF animal care facility, Belgium), 5 males and
5 females, and 4 3-months-old Sgcb-null Rag2-null yc-null mice (an immunodeficient
mouse model for Limb-Girdle Muscular Dystrophy type 2E, available at KU Leuven
SPF animal care facility, Belgium), 3 males and 1 female, were injected in the left
Tibialis Anterior with 2.5x10° cells per mice. DPPSC from 3 different donors (donor 5, 6
and 8) at P5-P10 were used. Right limbs were used as controls. After 20-30 days, mice
were sacrificed and muscles were frozen and kept at -80°C. The samples were then
cut in 7um sections using a cryostat machine (Leica). Immunofluorescence analyses

were performed to study the tissue. These experiments were performed during a stay
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in the Laboratory of Translational Cardiomyology of the Stem Cell Biology and
Embryology Unit, Department of Development and Regeneration of the KU Leuven.
Mouse procedures were performed according to the guidelines of the Institutional
Animal Care and Use of KU Leuven, under the approved project with protocol code
ECD N°P095/2012 issued by the Ethische Commissie Dierproeven of the KU Leuven

(see appendix — supplementary data).

Statistical analyses

Data from the different experiments were analysed using the statistical program
Statgraphics Centurion XVI. Two-tailed Student’s test or one-way ANOVA were used
to compare interrelated samples, while two-way ANOVA was used to analyse multiple
factors. Confidence intervals were fixed at 95% (p<0.05), 99% (p<0.01) and 99.9%
(p<0.001). GraphPad Prism was used to graph the results as the average + standard
error of the mean (see figure legends for specific information regarding the number of
independent experiments or biological replicates).
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DPPSC CHARACTERIZATION

DPPSC morphology, growth rate, genetic stability and gene and

protein expression

DPPSC and DPMSC from different donors were isolated and cultivated as described.
DPPSC were cultivated at very low density (100 ceIIs/cmZ) using DPPSC growth
medium and expanded when the culture reached a confluence of 30% (3-4 days). As
described before, DPPSC presented a small size with large nuclei and low cytoplasm
content, resembling MAPC, and without the typical flat and elongated MSC
appearance (Fig. 1A). This morphology was maintained for more than 15 passages
(Fig. 1A1-A5). DPMSC presented a larger cell size compared to DPPSC with the
typical spindle-shaped morphology of MSC (Fig. 1B), a feature that increased through
passages (Fig. 1B1-B5).

To further characterize the cells, the growth rate of DPPSC and DPMSC was studied in
cells from 15 different donors during 15 passages. The population doubling time of
DPPSC was found significantly lower than DPMSC (Fig. 2A). The number of divisions
per passage was also studied and DPMSC presented a significant higher number of
divisions (Fig. 2B), due to the fact that DPMSC are split at much more confluence than
DPPSC.

Since the potential application of stem cells in regenerative medicine depends on their
ability to undergo a large scale in vitro amplification without genetic instability, and it
has been reported that in other cell types as MSC this instability appears, it was crucial
to analyse DPPSC genetic stability. DPPSC from 10 different donors at passage 15
were analysed by sCGH and all of them showed no chromosomal abnormalities (Fig.
2C and Fig. S1 and S2). DPMSC were also analysed by sCGH at passage 15 and

showed chromosomal instability (Fig. 2D).
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Figure 1: Cell morphology of DPPSC and DPMSC. A) Phase contrast image of
DPPSC morphology in the primary culture (A1), passage 5 (A2), passage 10 (A3)
and passage 15 (A4, A5). B) Phase contrast image of DPMSC morphology from
the same donor in the primary culture (B1), passage 5 (B2), passage 10 (B3) and
passage 15 (B4, B5). Scale bars: 200 pm.
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Figure 2: Population doubling and genetic stability of DPPSC and DPMSC.
A) Population doubling time in hours of DPPSC and DPMSC for 15 passages,
showing faster division in DPPSC. *p<0.05, n=15 different donors. B) Number of
divisions per passage of DPPSC and DPMSC for 15 passages, showing DPMSC
divide more times per passage. **p<0.01, n=15 different donors. C) Example of a
short-Comparative Genomic Hybridization in DPPSC from one donor at passage
15 showing no chromosomal abnormalities. sSCGH from several other donors can
be found in the supplementary data (Fig. S1 and Fig. S2). D) Short-Comparative
Genomic Hybridization in DPMSC from the same donor and passage showing
chromosomal abnormalities (chromosome 2). The DNA control used for the
hybridization was XXY, therefore the observed loss of chromosome X indicates
these cells are from a male donor.
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In order to confirm the phenotype of DPPSC, mRNA expression of the pluripotency
markers OCT4A and NANOG was analysed by RT-PCR in cells from 8 different donors

at different passages. As described before, the cells showed expression of both

markers in all passages (Fig. 3A and Fig. S3).

A
Donor 1 Donor 2 Donor 3

iPS P5 P10 P15 P5 P10 P15 P5 P10 P15

@ AP,-eﬁzymaﬁc staining ___ s : G AT

Figure 3: RT-PCR, immunofluorescence and immunohistochemistry
analyses of undifferentiated DPPSC. A) Analysis of mRNA expression of the
pluripotency markers OCT4A and NANOG by RT-PCR in DPPSC from 3 different
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donors at passage 5, 10 and 15. GAPDH was used as a housekeeping control.
iPS cells were used as positive control. RT-PCR analysis for 5 other donors at the
same passages can be found in the supplementary data (Fig. S3). B)
Immunofluorescence analysis for the pluripotency markers OCT4 (green),
NANOG (red) and SOX2 (red) in undifferentiated DPPSC at passage 10. Nuclei
are counterstained with DAPI (blue). Scale bars: 100um. C) Alkaline Phosphatase
staining of DPPSC at passage 10. Scale bars: 100um.

Aiming to further characterize DPPSC, the presence of the pluripotency proteins
OCT4, NANOG and SOX2, was also detected by immunofluorescence analysis (Fig.
3B). Although there is no specific commercial antibody that detects the nuclear
pluripotency-related isoform of OCT4 (OCT4A) without cross-reacting with the
functional non related cytoplasmic isoform (OCT4B), DPPSC were positive for OCT4
(Fig. 3B1). The nuclei of several cells were also positive for NANOG and SOX2 (Fig.
3B2-B3). In addition, DPPSC were also positive for AP enzymatic staining, a widely

used assay to detect this pluripotent stem cell marker (Fig. 3C).

DPPSC pluripotency through passages

As described before, DPPSC were able to maintain their characteristic small size with
large nuclei and low cytoplasm for 15 passages (Fig. 1A). However, DPMSC became
more elongated and spindle-shaped through cell passages (Fig. 1B). When studying
their growth rate at earlier passages (passage 1 to 5), intermediate passages (passage
6 to 10) and later passages (passage 11 to 15), DPPSC showed significantly faster
division at P6-10 and P11-15 compared to DPMSC, although a tendency was already
observed from the beginning of the culture at P1-5 (Fig.4A). In addition, DPPSC were
able to maintain the same population doubling time through all 15 passages, while
DPMSC divide slower at later passages (Fig. 4B). Furthermore, DPMSC performed
more divisions per passage than DPPSC at earlier passages, although at later
passages this difference was reduced and no longer significant (Fig. 4C). DPPSC also
maintained the number of divisions per passage stable during all the culture, while
DPMSC decreased the number of divisions (Fig. 4D).

67



Characterization of DPPSC and their mesodermal differentiation potential

uLc

barcelona
RESULTS
A Population doubling time B Population doubling time
100+ mm DPPSC DPMSC 120+ mm DPPSC DPMSC
0. i1 100
I *
= 604 LI *% = 80 I
w - w
w I = 60 -
2 40 I 3 I
T T 40- I
20- I I ?u-l_l_._l—'_'_'_‘7
o 1B . . 0-
A o ) o N B N N v o bR W
PAal N X e sl &N o N PA\al N W
L A < <@ T T
¢ Divisions D ivisi
per passage Divisions per passage
@ @
277 mm DPPSC DPMSC 27 mm DPPSC DPMSC
a5 % 6 *
-3 . g w
& 54 * - g 5 =
[=] o
:q B I £ 4 -
> >
T 3 - s > -
S 2 S 2
2 1 a1
Sl : . 5 : :
N bl 2 Wb » B WD B v b WD 0
Aa Qr\ of W sl q\ & N s Q" PN
9 < & S I8 FE X

Figure 4: Population doubling and cell divisions of DPPSC and DPMSC. A-B)
DPPSC and DPMSC population doubling time through different passages,
comparing between the two populations (A) or among different passages (B). C-D)
Number of DPPSC and DPMSC divisions per passage through different passages,
comparing between the two populations (C) or among different passages (D).

*p<0.05, **p<0.01, **p<0.001, n=12 different donors.

Focusing on the gene expression of DPPSC through passages, pluripotency markers

OCT4A and NANOG expression was analysed by gRT-PCR analysis. These genes

were found to be significantly higher expressed at passage 10 compared to passage 5
and 15 (Fig. 5A-B). In addition, the expression of OCT4A and NANOG was significantly
lower at passage 15 than passage 5 or 10 (Fig. 5A-B).

Next, we hypothesised whether the decreased expression of the pluripotency markers

at passage 15 compared to passage 10 was due to the lack of a constricting selection

when performing the DPPSC primary culture. Indeed, other populations (such as
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DPMSC) could be present in the culture at a small percentage from the beginning and
finally be able to highly proliferate or somehow affect the DPPSC population.
Therefore, we performed a qRT-PCR analysis for CD73, normally absent in OCT4"
and SOX2" cells (putative DPPSC) and present in OCT4 and SOX2 cells (putative
DPMSC). The results of the qRT-PCR analysis showed that, as we hypothesised, the

expression of CD73 was significantly increased at late passages, and inversely

RESULTS

proportional to the OCT4A and NANOG gene expression pattern (Fig. 5C).
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Figure 5: qRT-PCR analysis of pluripotent and mesenchymal markers in
DPPSC at different passages. A) Relative mRNA fold change expression of the
pluripotency marker OCT4A at passage 5, 10 and 15 compared to P5 in DPPSC
from 8 different donors. B) Relative mRNA fold change expression of the
pluripotency marker NANOG at passage 5, 10 and 15 compared to P5 in DPPSC
from 8 different donors. C) Relative mRNA fold change expression of the
mesenchymal stem cell marker CD73 at passage 5, 10 and 15 compared to P5 in

DPPSC from 8 different donors. ***p<0.001, n=8 different donors.
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DPPSC pluripotency using different seeding and splitting

densities

Since a large number of cells are needed in regenerative medicine approaches, we
wanted to assess whether DPPSC can be cultured at higher densities than the
established one without losing their properties, thus allowing the obtainment of more
cells using the same resources. Therefore, a density study was performed in which
cells at passage 6 were seeded and split at higher densities for 4 passages.
Specifically, DPPSC populations from 3 different donors were seeded at a density 1.5
to 10 times higher (150 cells/cm? to 1000 ceIIs/cmZ), and split at a confluence between
1.5-2 times higher (50%).

DPPSC cultured in these conditions presented a more elongated morphology (Fig.
6A3-A6) than the control cells (Fig. 6A1-A2), although their morphology was not as
spindle-shaped as the one observed in DPMSC (Fig. 1B3).

Regarding growth rate, the population doubling time of the cells did not vary
significantly in any of the conditions (Fig. 6B). The number of divisions per passage
increased significantly in the two lower seeding densities (Fig. 6C) due to the fact that

they need to reach the same confluence starting from a lower number of cells.
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Figure 6: Cell morphology and growth of DPPSC cultured at different
seeding and splitting densities. A) Phase contrast image of DPPSC
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morphology at the regular seeding and splitting density (100 cells/cm? and 30%)
(A1, A2) and at 50% splitting density with a seeding density of 150 cells/cm® (A3),
250 cells/cm? (A4), 500 cells/cm? (A5), and 1000 cells/cm? (A6). Scale bars: 200
pm. B) DPPSC population doubling time for the different seeding and splitting
conditions, showing no significant differences (p>0.05; n=3 independent
experiments). C) Number of DPPSC divisions per passage for the different
seeding and splitting conditions. #p<0.05, ##p<0.01 (0150 and p250 cells/cm” are
not statistically significant between them but statistically significant to all the other
conditions), n=3 independent experiments using populations from different
donors.

In order to analyse the gene expression of the cells in the different conditions, we
performed gRT-PCR analyses for the pluripotency markers OCT4A, NANOG, SOX2
and LIN28. We noticed that, as similarly observed before (Fig. 5A-B), the control cells
at the end of the experiment (passage 10) expressed higher OCT4A and NANOG
expression than at day O (passage 6) (Fig. 7A-B). Moreover, SOX2 expression at
passage 10 was also increased compared to passage 6 (Fig. 7C). In the case of the
seeding density 500 cells/cm? and splitting density of 50%, the cells maintained the
same levels of expression of OCT4A, NANOG and LIN28 as the control cells cultured
with the conventional conditions (Fig. 7A, B, D), although SOX2 gene expression
significantly decreased (Fig. 7C). The level of SOX2 was only maintained in the cells
seeded at 150 cells/cm?, but this condition also showed a significantly diminished

expression of OCT4A and NANOG expression.

72



uLc

Characterization of DPPSC and their mesodermal differentiation potential

barcelona
RESULTS

A OCT4 A expression B NANOG expression
8o 2.0- & 257
£ £ e
52 H 5 2 204
=3 2 S 1.5

wn n

= 1.0 >
g £ g £ 1.0
£ 'E n = _% .
% g 0.5 T E g 05 I
fe Es
x ® 0.0 x ® 0.0

Control p150 p250 o500 1000 Control p150 p250  p500 pd000
c SOX2 expression D LIN28 expression
@ 3, ] 1.5+
:n% =
c it =3 #4
s | ¥ I £s L
v = v o=
E g 24 E § 1.04 1
= =
€ S £ £
E-2 14 E-2 054
s Y
3% 8
x ® ol e ® oo
Control p180  p250  pS00 1000 Cantrol p150  p250  pS00 1000

Figure 7: Pluripotency of DPPSC cultured at different seeding and splitting
densities. A) gRT-PCR analysis of OCT4A expression of DPPSC at different
seeding and splitting densities. **p<0.01 (p150 expression is different from all the
others), ###p<0.001 (expression of the control and p500 is not statistically
significant between them but statistically significant to all the other conditions). B)
gRT-PCR of NANOG expression of DPPSC at different seeding and splitting
densities. ###p<0.001 (expression of the control and p500 is not statistically
significant between them but statistically significant to all the other conditions). C)
gRT-PCR analysis of SOX2 expression of DPPSC at different seeding and splitting
densities. ***p<0.001 (0250 is different from all the other conditions), ###p<0.001
(expression of the control and p150 is not statistically significant between them but
statistically significant to all the other conditions). D) gRT-PCR analysis of LIN28
expression of DPPSC at different seeding and splitting densities. #p<0.05,
##p<0.01 (expression of the control, p150 and p500 are not statistically significant
among them but statistically significant to all the other conditions). For A-D, n=3
independent experiments using populations from different donors.
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DPPSC pluripotency using different growth media

By introducing variations in the growth medium, we aimed to establish a new culture
medium with good manufacturing practices (GMP) conditions in order to facilitate the
future application of the cells in clinical practice. After several modifications in the
medium and foetal bovine serum replacement with serum from human origin, we
established a new growth medium for DPPSC qualified for GMP conditions (GMP-
approved).

We used this GMP-approved growth medium supplemented with 10% of human serum
(HS) in the primary culture and to later expand DPPSC from different donors. The cells
presented a morphology very similar to the ones cultured with the conventional growth

medium, even at later passages (Fig. 8).

Studying the growth rate of the DPPSC cultured using the two growth media for 10
passages, we observed that the population doubling time and the number of divisions

per passage were not affected by the change of the growth medium (Fig. 9A-B).

Genetic stability of the cells cultured with GMP medium was also tested, and no

chromosomal abnormalities were observed (Fig. 9D and 9F).
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Figure 8: Cell morphology of DPPSC cultured in different growth media
(DPPSC growth medium and GMP growth medium). A) Phase contrast image
of DPPSC morphology cultured with DPPSC growth medium in the primary culture
(A1), at passage 5 (A2) and at passage 10 (A3). B) Phase contrast image of
DPPSC morphology from the same donor cultured in GMP growth medium in the
primary culture (B1), at passage 5 (B2) and at passage 10 (B3). Scale bars: 200
pm.
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Figure 9: Growth and genetic stability of DPPSC cultured in different growth
media (DPPSC growth medium and GMP growth medium). A) Comparison
studies of the population doubling time of DPPSC at different passages cultured in
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different media show no significant differences (p>0.05; n=5). B) Comparison
studies of the number of divisions per passage of DPPSC at different passages
cultured in different media show no significant differences (p>0.05; n=5). C-F)
Examples of short-Comparative Genomic Hybridization in DPPSC from two
different donors (C, D and E, F) cultured in DPPSC growth medium (C, E) and
GMP growth medium (D, F) showing no chromosomal abnormalities in both
conditions. The DNA control used for the hybridization was XXY, therefore the
observed loss of chromosome Y indicates these cells are from female donors.
Differences detected in the centromeric or peri-centromeric regions (chromosome
6, 11 and 18 in F) are typical artefacts.

The gene expression of the cells cultured with the two different growth media for 5 and
10 passages was assessed by qRT-PCR analyses. We observed that cells cultured
with GMP medium showed higher levels of OCT4A and NANOG both at passage 5
and 10, compared to the cells cultured in DPPSC medium (Fig. 10A-B). However,
SOX2 expression was dramatically reduced in GMP medium cultured cells (Fig. 10C).
The levels of the pluripotency marker LIN28 did not vary significantly when using the
different media (Fig. 10D).
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Figure 10: Pluripotency of DPPSC cultured in different growth media
(DPPSC growth medium and GMP growth medium). A) gRT-PCR analysis of
OCT4A expression in DPPSC cultured with the two different media for 5 and 10
passages. B) qRT-PCR analysis of NANOG expression of DPPSC cultured with
the two different media for 5 and 10 passages. C) gRT-PCR analysis of SOX2
expression in DPPSC cultured with the two different media for 5 and 10 passages.
For A-C, ***p<0.001, n=5 independent experiments using populations from
different donors. D) gRT-PCR analysis of LIN28 expression in DPPSC cultured
with the two different media for 5 and 10 passages, showing no significant
differences (p>0.05; n=5 independent experiments using populations from
different donors).
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After observing these interesting results in terms of morphology, division rate and
pluripotency gene expression (at least regarding OCT4A, NANOG and LIN28), we
hypothesized whether reducing the percentage of serum in the GMP medium, and thus
diminishing the quantity of undefined components in the medium, could maintain (or
even improve) the properties of DPPSC observed in the GMP medium. We decided to

reduce the serum amount in the medium to a final dilution of 2%, 1% and 0.5%.

The morphology of the cells cultured in the GMP growth media for 5 passages was
very similar to the control cells cultured in the DPPSC growth medium (Fig. 11A1-A4),
except for the cells cultured with the lower serum concentration (0.5% HS), which
displayed more elongated shape (Fig. 11A5). After 10 passages, the same pattern was
observed, although cells cultured in the GMP medium supplemented with 2% HS and
1% HS were slightly more elongated than the control cells (Fig. 11B1-B4). Cells
cultured for 10 passages in GMP medium supplemented with 0.5% HS displayed and
even more elongated shape (Fig. 11B5).

We also observed that cells cultured in the GMP medium supplemented with 0.5% HS
divided slower at passages 6-10 than the control cells (Fig. 12A). In addition, cells
cultured with GMP supplemented with 0.5% HS and 1% HS at passages 6-10 divided

less per passage than the control cells (Fig. 12B).
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Figure 11: Cell morphology of DPPSC cultured in different growth media
(DPPSC growth medium and GMP growth medium supplemented with
different human serum concentration). A) Phase contrast image of DPPSC
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morphology at passage 5 using DPPSC growth medium (Al), GMP medium
supplemented with 10% serum (A2), with 2% serum (A3), with 1% serum (A4)
and with 0.5% serum (A5). B) Phase contrast image of DPPSC morphology at
passage 10 using DPPSC growth medium (B1), GMP medium supplemented with
10% serum (B2), with 2% serum (B3), with 1% serum (B4) and with 0.5% serum
(B5). Scale bars: 200 pm.
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Figure 12: Population doubling and cell divisions of DPPSC cultured in
different growth media (DPPSC growth medium and GMP growth medium
supplemented with different human serum concentration). A) Comparison
studies of the population doubling time of DPPSC at different passages cultured in
different media. B) Comparison studies of the number of divisions per passage of
DPPSC at different passages cultured in different media. *p<0.05, **p<0.01, n=5.

When analysing the pluripotency gene expression of the cells, we observed that at
passage 5 the OCT4A and NANOG levels of the GMP supplemented with 10% HS
were again significantly increased comparing to control cells cultured with the regular
DPPSC medium (Fig. 13A-B). Cells cultured with GMP supplemented with 1% HS
presented similar OCT4A and NANOG gene expression levels as GMP supplemented
with 10% HS cells. DPPSC cultured in GMP supplemented with 2% HS expressed
OCT4 and NANOG similarly to the control cells, while in cells cultured in GMP
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supplemented with 0.5% HS the gene expression levels significantly decreased.
Regarding SOX2 expression at passage 5, while cells in GMP supplemented with 10%
HS again dramatically decreased its expression (and so did the cells cultured in GMP
supplemented with 2% and 0.5% HS), cells cultured in GMP supplemented with 1%
HS maintained the same levels of SOX2 as the control cells (Fig. 13C). LIN28
expression at P5 was significantly increased in GMP supplemented with 1% HS
cultured cells (Fig. 13D), while in cells in GMP supplemented with 2% and 0.5% HS

LIN28 expression was comparable to the controls.

Focusing on cells maintained in these GMP conditions for 10 passages, GMP
supplemented with 10% HS cells again expressed significantly higher levels of OCT4A
and NANOG comparing to the control (Fig. 113A-B). GMP supplemented with 1% HS
cultured cells also displayed significantly higher levels of NANOG compared to the
control (although not as high as GMP supplemented with 10% HS). However, the
expression level of OCT4A in GMP supplemented with 1% HS at P10 was decreased
compared to the control cells, although not as much as the one from GMP
supplemented with 2% or 0.5% HS cultured cells. NANOG expression in GMP
supplemented with 2% and 0.5% HS did not vary significantly compared to the control
cells. In the case of SOX2 expression at P10, all conditions except GMP supplemented
with 1% HS decreased even more their expression (Fig. 13C). GMP supplemented
with 1% HS not only did not diminish the expression of SOX2, but it increased it 4
times compared to the control cells in the regular DPPSC medium. Regarding LIN28,
GMP supplemented with 10% and 1% HS cultured cells maintained the same
expression levels, while GMP supplemented with 2% and 0.5% HS showed lower

expression.
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Figure 13: Pluripotency of DPPSC cultured in different growth media
(DPPSC growth medium and GMP growth medium supplemented with
different human serum concentration). A) gRT-PCR analysis of OCT4A
expression of DPPSC cultured in different growth media at 5 and 10 passages.
*p<0.05, **p<0.01, ***p<0.001, ###p<0.001 (expression of cells cultured in GMP
supplemented with 10% and 1% of serum at passage 5 is not statistically
significant between them but statistically significant to all the other conditions),
n=3. B) gRT-PCR analysis of NANOG expression of DPPSC cultured in different
growth media at 5 and 10 passages. *p<0.05, **p<0.01, ***p<0.001, ###p<0.001
(expression of cells cultured in GMP supplemented with 10% and 1% of serum at
passage 5 is not statistically significant between them but statistically significant to
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all the other conditions), n=3. C) gRT-PCR analysis of SOX2 expression of
DPPSC cultured in different growth media at 5 and 10 passages. ***p<0.001,
###p<0.001 (expression of cells cultured in DPPSC growth medium and GMP
supplemented with 1% of serum at passage 5 is not statistically significant
between them but statistically significant to all the other conditions), n=3. D) gRT-
PCR analysis of LIN28 expression of DPPSC cultured in different growth media at
5 and 10 passages. *p<0.05, **p<0.01, ##p<0.01, ###p<0.001 (expression of cells
cultured in DPPSC growth medium and GMP supplemented with 10% and 1% of
serum at passage 10 is not statistically significant among them but statistically
significant to all the other conditions), n=3.
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DPPSC MESODERMAL DIFFERENTIATION POTENTIAL

DPPSC endothelial differentiation in vitro

The first approach to evaluate if DPPSC had endothelial differentiation potential was to
culture them with a widely used commercial medium for endothelial cells and
endothelial differentiation called EGM-2. DPPSC were cultured for 25 days in EGM-2
and their endothelial differentiation potential was evaluated at different time points by
the functional matrigel assay for endothelial cells and at the end of the differentiation
by RT-PCR of the early endothelial marker VEGFR2 (Vascular Endothelial Growth
Factor Receptor 2, also known as FLK-1 or KDR). DPMSC were also differentiated in
parallel in order to compare their endothelial potential with DPPSC. HUVEC were
cultured in EGM-2 as a positive control for endothelial cells. At day 7 of the
differentiation, it was already possible to observe some tube-like structures in the
matrigel assay in DPPSC and DPMSC, confirming their endothelial potential (Fig.
14A). At day 14 of differentiation, DPPSC showed even more tube-like structures,
while in DPMSC we observed the same as in day 7 (Fig. 14B). This pattern was even

more noticeable at day 25 of differentiation (Fig. 14C).

The RT-PCR analysis showed that differentiated DPPSC at day 25 expressed the early
endothelial marker VEGFR2 while DPMSC in the same condition did not (Fig. 14D).

The next step for DPPSC endothelial differentiation was to optimize the differentiation
protocol in terms of seeding density and differentiation protocol. We decided to reduce
cell density to 1:2 (2x10* cells/cm?) in respect to previous conditions (4x10* cells/cm?)
and to 1:8 (5x103 ceIIs/cmz), as previously used for osteogenic differentiation. We also
adopted 3 different differentiation protocols: (1) commercial available EGM-2
endothelial cell medium, (2) HUVEC conditioned EGM-2 endothelial cell medium and

(3) transwell system for the indirect co-cultures of DPPSC with HUVEC cells.
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Figure 14: In vitro endothelial differentiation potential of DPPSC and DPMSC
cultured in EGM-2 for 25 days. A-C) Functional 2D Matrigel assay at 24 hours
showing tube-like structures (white arrows) formed by DPPSC (A2, B2 and C2)
and DPMSC (A3, B3 and C3) differentiated for 7 days (A), 14 days (B) and 25
days (C) towards the endothelial lineage using EGM-2. HUVEC (A1, B1 and C1)
were used as a control. Scale bars: 500 um. D) RT-PCR of the early endothelial
marker VEGFR2 in DPPSC and DPMSC undifferentiated and differentiated for 25
days. HUVEC were used as a positive control and GAPDH as housekeeping
gene.
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After DPPSC differentiation for 25 days in all these conditions, we observed by the
functional matrigel assay that the middle seeding density seemed to present more
tube-like structures than the highest seeding density in any of the 3 different
differentiation strategies (Fig. 15A-B). Regarding the lowest density, no tube-like

structures were obtained in any of the different strategies (Fig. 15C).

Cond. medium Co-culture
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5x10° cells/cm? = | 5x10° cells/cm? 5x10° cells/cm?

Figure 15: In vitro endothelial differentiation of DPPSC using different
seeding densities and differentiation protocols for 25 days. Functional 2D
Matrigel assay showing tube-like structures (white arrows) formed by DPPSC
differentiated for 25 days using a seeding density of 4x10* cells/cm? (A), 2x10*
cells/cm? (B) and 5x10° cells/cm® (C). DPPSC were differentiated in EGM-2
medium (A1, B1 and C1), HUVEC conditioned EGM-2 medium for 24 hours (A2,
B2 and C2) and in EGM-2 with an indirect co-culture system with HUVEC (A3, B3
and C3). Scale bars: 500 pum.

87



|
Characterization of DPPSC and their mesodermal differentiation potential LI L C
barcelona

RESULTS

According to these results, we decided to use the 2x10* cells/cm? seeding density to
proceed with the differentiation optimization, focusing on the 3 different differentiation
strategies. We performed more DPPSC endothelial differentiations using these
conditions and analysed their gene expression and tube-like structure formation after 4

weeks of differentiation.

Gene expression analysis by gRT-PCR revealed that DPPSC cultured in the
conditioned medium and the co-cultures at day 28 significantly expressed higher levels
of VEGFR2 compared to day O of differentiation (Fig. 16A). The expression levels of
the endothelial marker von Willebrand factor (VWF) followed the same pattern,
although the values did not reach statistical significance. In addition, the expression of
the endothelial marker CD31 (or PECAM-1, platelet endothelial cell adhesion molecule
1) significantly increased in all conditions, being the co-cultures the ones with the

highest expression.

The matrigel assay for functional endothelial cells showed again that the 3 protocols
were able to generate functional endothelial cells (Fig. 16B). After quantification of the
tubular structures formed, we observed that the conditioned medium protocol produced
as many functional cells as the positive control (HUVEC), while the other 2 strategies

produced significant less functional cells (Fig. 16C).

Seeing these results, we decided to adopt the conditioned medium differentiation
protocol (2x10* cellslcm® in HUVEC conditioned-EGM-2 medium) for further
experiments. In addition, this protocol is technically much easier and economically

cheaper to perform compared to the co-cultures.
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Figure 16: In vitro endothelial differentiation of DPPSC cultured in three
EGM-2-based differentiation protocols for 28 days. A) gRT-PCR of the early
endothelial marker VEGFR2, and the later markers CD31 and vWF. HUVEC were
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used as controls and GAPDH as housekeeping gene. **p<0.01, n=3. B)
Functional 2D Matrigel assay at 24 hours showing tube-like structures formed by
DPPSC after 28 days of endothelial differentiation. Scale bars: 500 um. C)
Quantitative analysis of the tubular-like structures formed in the matrigel assay.
##p<0.01 (data obtained by DPPSC cultivated in conditioned medium (CM) are
statistically significant comparing to those obtained in the other differentiation
protocols), n=3.

Next, gene expression of endothelial markers VEGFR2, CD31 and vWF were analysed
by gRT-PCR every week (day 7, 14, 21 and 28) in DPPSC subjected to endothelial
differentiation in the adopted protocol (Fig. 17A). The expression level of the
endothelial genes did not vary significantly at day 7, but at day 14 a significant up-
regulation of the endothelial marker VWF compared to day 0 was observed and
maintained at day 28. At day 21, the expression of CD31 increased significantly until it
reached the highest value at day 28. A significant up-regulation of VEGFR2 was also
observed at day 28 of the differentiation (Fig. 17A).

Regarding the functional matrigel assay, the cells show a tendency to form more
tubular-like structures every week, until the 4™ week (day 28) when the surface of
tubular-like structures formed was significantly higher than before and as high as in the
HUVEC controls (Fig. 17B-C).

Finally, the protein expression of cells seeded at 2x10* cells/cm? and differentiated in
conditioned media for 28 days was detected by immunofluorescence analyses. We
were able to detect differentiated cells expressing the endothelial markers CD31, vVWF
and VE-CAD (Vascular Endothelial Cadherin) forming elongated structures all over the

differentiation well (Fig. 18).

90



uLc

Characterization of DPPSC and their mesodermal differentiation potential

barcelona

A . .
Endothelial markers expression
o 341 - VEGFR2 = CD31 - VWF
w
oz dokk
<5
- # Fkk
z & 888 o
£ 2 24
o & #
=)
B o 14
2 9
[ &
L
c 0 T T T T T
Undiff. Diff. Diff. Diff. Diff.
DPPSC DPPSC DPPSC DPPSC DPPSC
day 0 day 7 day 14 day 21 day 28

‘Diff. DPPSC day 14 _

Clay 28 .-

(o}

Percentatge of
coverage per field (%)

Tubular-like structures on matrigel assay

Hi

==

Diff. Diff. Diff. Diff.

DPPSC

DPPSC DPPSC DPPSC
day 7 day 14 day 21

day 28

RESULTS

Figure 17: In vitro endothelial differentiation of DPPSC cultured in HUVEC
conditioned EGM-2 medium for 28 days. A) gqRT-PCR for the endothelial
markers VEGFR2, CD31 and vWF at different differentiation time points. HUVEC
were used as controls and GAPDH as housekeeping gene. *p<0.05, **p<0.01,
***pn<0.001, #p<0.05 (VWF gene expression dO vs d14 and dO vs d28), &p<0.05
(CD31 gene expression d7 vs d14), &&&p<0.001 (VWF gene expression d7 vs
d14), n=3. B) Functional 2D Matrigel assay at 24 hours showing tube-like
structures formed by HUVEC and DPPSC after 28 days of endothelial
differentiation. Scale bars: 500 ym. C) Quantitative analysis of the tubular-like
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structures formed in the matrigel assay. ##p<0.01 (data obtained by DPPSC
cultivated on conditioned medium for 28 days are statistically significant
comparing to those obtained in the other time points), n=3.
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Figure 18: In vitro endothelial differentiation of DPPSC for 28 days using
HUVEC conditioned EGM-2 medium. A-C) Immunofluorescence analysis for the
endothelial markers VE-cadherin (green) and von Willebrand Factor (red) in
HUVEC (A) and differentiated DPPSC (B-C). vVWF and VE-cad do not colocalize
and double positive cells are shown in the merge with green and red signals. D-F)
Immunofluorescence analysis for the endothelial markers VE-cadherin (green)
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and CD31 (red) in HUVEC (D) and differentiated DPPSC (E-F). VE-cadherin and
CD31 colocalize and double positive cells are shown in the merge with yellow
signal. Nuclei are counterstained with DAPI (blue). Scale bars: 100pm.

DPPSC smooth muscle differentiation in vitro

To further assess the mesodermal differentiation capacity of DPPSC, the differentiation
potential of DPPSC to undergo smooth muscle differentiation was evaluated using a

protocol already established to differentiate other types of adult stem cells.

This experiment was performed using cells from 2 different donors at 2 different
passages (passage 5 and passage 10). In addition, a population of one of these two
donors that was infected with a virus containing tGFP (and thus became tGFP") was
included. These tGFP* DPPSC were later used for the in vivo experiments, so we

wanted to first evaluate whether they could undergo smooth muscle differentiation.

To evaluate the differentiation, we focused on the morphology of the cells and
observed that from day 4 they became bigger, flatter and with more apparent
cytoplasm content. At day 10, immunofluorescence analysis for the smooth muscle
markers aSMA (alpha smooth muscle actin) and calponin was performed and all
differentiated populations (but not the undifferentiated ones) contained cells positive for
both markers (Fig. 19A).

As the populations coming from the different donors seemed to present different
percentage of differentiated cells, we proceed to quantify the percentage of cells
positive for each smooth muscle marker. We observed that cells coming from the same
donor at different passages presented very similar percentages of positive cells for
each marker, and bigger differences appeared between the different donors (Fig. 19B).
Specifically, the percentage of double positive cells for one donor was 78.2% + 15.9%
at P5 and 76.2% * 19.6% at P10, while in the other donor the percentage was 47.9% +
13.8% at P5 and 44.9% + 15.9% at P10. Nevertheless, the differences in the
percentage of double positive cells were not statistically significant and the percentage
of cells calponin positive (including double positive and calponin positive alone cells)

remained very similar. Regarding the percentage of double positive cells in the tGFP”
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DPPSC, which came from the second donor, we observed that the percentage
decreased to 25.22% + 15.8% (Fig. 19B).
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Figure 19: In vitro smooth muscle differentiation of DPPSC. A)
Immunofluorescence for the smooth muscle markers aSMA (red) and Calponin
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(green) in DPPSC cultured in differentiation medium for 10 days from 2 different
donors at passages 5 (A1, A3) and 10 (A2, A4). tGFP" DPPSC at passage 10
were also analysed (A5). Double positive cells are shown in the merge (yellow-
orange); nuclei are counterstained with DAPI (blue). Scale bars: 100um. B)
Quantitative analysis of the percentage of cells expressing both smooth muscle
markers (orange), calponin alone (green), aSMA alone (red) or none of them
(blue). *p<0.05, **p<0.01, n=3.

DPPSC skeletal muscle differentiation in vitro

The differentiation potential of DPPSC to generate skeletal muscle cells was also

evaluated and myogenic mouse C2C12 cells were used as controls.

The skeletal muscle differentiation of DPPSC from 3 different donors at passage 5 and
10 was performed using different protocols: (1) DPPSC cultured in differentiating
medium, (2) DPPSC cultured in C2C12 cells conditioned differentiation medium for 24
hours and (3) DPPSC co-cultured with C2C12 at 1:1 or 1:3 ratio.

To evaluate the myogenic potential, immunofluorescence analysis for myosin heavy
chain (MyHC) and human specific lamin A/C (LMNA) was performed in order to detect

formed myotubes with human nuclei generated from DPPSC.

DPPSC cultured alone in differentiation medium for 7 days did not show clear
multinucleated myotube formation as observed in the control C2C12 cells, although

rare multinucleated cells positive for MyHC were detected (Fig. S4).

DPPSC cultured using conditioned medium exhibit a more elongated morphology more
similar to myotubes, although multinucleated myotubes were not clearly observed
since the high proliferation rate hindered the visualization of nuclei inside the same

cells (data not shown).

DPPSC in co-culture with C2C12 cells showed evident multinucleated myotubes in
which human nuclei could be easily detected, confirming DPPSC capacity for
integration in the myotubes (Fig. 20A-B). DPPSC from all the three donors and at the

two different passages analysed showed comparable results (Fig. 20A-B, Fig. S5), and
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the different cell-cell ratio did not influence the DPPSC fusion ability (Fig. S5). tGFP*
DPPSC were also tested and tGFP positive myotubes could be detected (Fig. 20C).

When comparing DPPSC-C2C12 co-cultures with C2C12 cells differentiation, we
noticed that DPPSC seemed to enhance the formation of myotubes from an early time
point (Fig. 20D-E). The fusion index of the co-cultures and the C2C12 cells alone at
day 7 from myogenic differentiation induction was analysed and found statistically
significant higher in the co-cultures (Fig. 20F). The same occurred with the number of
MyHC"® myotubes, much higher in the co-cultures (Fig. 20G). The area of MyHC"
myotubes was also determined and found higher in the co-cultures compared to the
C2C12 MyHC" myotubes, although the difference did not reach statistical significance
(Fig. 20H).
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Figure 20: In vitro myogenic differentiation contribution of DPPSC co-
cultured with C2C12 cells. A-B) DPPSC from passage 5 (A) and 10 (B) co-
cultured with C2C12 cells at ratio 1:1 for 5 days. Arrows indicate the presence of
human nuclei (stained for human-specific Lamin A/C in green) inside the formed
myotubes expressing Myosin Heavy Chain (red). Nuclei are counterstained with
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DAPI (blue). Scale bars: 100 pm. Pictures of DPPSC-C2C12 co-cultures from
different donors at ratio 1:1 and 1:3 can be found in the supplementary data (Fig.
S5). C) tGFP* DPPSC from passage 10 co-cultured with C2C12 1:1 for 5 days.
Arrows indicate the presence of myotubes expressing both Myosin Heavy Chain
(red) and turboGFP (green). DAPI was used as a nucleus control. Scale bar: 100
pm. D-E) Co-cultures of DPPSC-C2C12 cells (D) and culture of C2C12 cells alone
(E) at days 2, 3 and 4 of the myogenic differentiation. The last right panels
correspond to immunofluorescence analyses at day 7 for Myosin Heavy Chain
(red) and Lamin A/C (green); nuclei are counterstained with DAPI (blue). Scale
bars: 100 um. F) Fusion Index of the DPPSC-C2C12 cells co-cultures is higher
compared to the fusion index of C2C12 cells cultured alone, ***p<0.001, n=6. G)
Quantitative analysis of the number of MyHC" myotubes per field in the co-
cultures compared to C2C12 cells alone, showing an increased number of
positive myotubes in the co-cultures. *p<0.05, n=6. H) Average area (um?) of
MyHC" myotubes in the co-cultures are not statistically significant compared to the
value obtained with myotubes formed from C2C12 cells cultured alone (p>0.05,
n=6).

Wound healing assay in vivo

In order to evaluate the angiogenesis or vasculogenesis potential of DPPSC through
endothelial and smooth muscle differentiation in vivo, we performed a wound healing
assay in a nude mouse model. Full thickness wounds were made on the back of nude
Foxnl mice, splinted with a silicone ring (Fig. 21A) and treated with PBS or tGFP"
DPPSC. tGFP" DPPSC cells were obtained using a commercial vector containing
tGFP. DPPSC were transduced at different confluence and concentration of the vector.
The selection of the population used on the in vivo assay was based on morphology,
proliferation, tGFP" expression and mRNA expression of pluripotency markers (data

not shown).

During the experiment, the presence of the cells in the wound area was confirmed at
day 5 and 11 using fluorescence microscopy (Fig. 21A-D and Fig. S6A). Digital
pictures of the wounds were also taken every two days in order to assess wound
contraction, although no differences were detected between mice treated with PBS or
DPPSC (Fig. S6B).
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At day 11 after wounding, mice were sacrificed and skin fragments including the wound
area and a rim of normal skin were processed for subsequent analyses. tGFP* DPPSC

were detected in the tissue sections by immunofluorescence analysis (Fig. 21E).

!
= DPRSCd§ tGEP

PBS d11 tGFP DPPSC d11 — DPPSC d11 tGFP{

PBS d11

Figure 21: Cell engraftment in the wound healing assay in vivo using
DPPSC. A) Bright field image of wounds (with silicone rings) in mice treated with
PBS or DPPSC at day 5. Scale bars: 2mm. B) Turbo GFP expression (in green) of
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DPPSC in wounds at day 5. Unspecific fluorescence in the PBS and DPPSC
treated mice can be observed in the TRITC channel (upper right picture). Scale
bars: 2mm. B’) Enlarged image of tGFP expression in DPPSC at day 5. Scale
bars: 200um. C) Bright field image of wounds in mice treated with PBS or DPPSC
at day 11 after sacrifice. D) tGFP expression of DPPSC in wounds at day 11.
Unspecific fluorescence in the PBS and DPPSC treated mice can be observed in
the TRITC channel (upper right picture). Scale bars: 2mm. D’) Enlarged image of
tGFP expression in DPPSC at day 11. Scale bars: 200um. E)
Immunofluorescence analysis for tGFP (green) in paraffin embedded sections of
the wound area of mice treated with PBS or DPPSC. Nuclei are counterstained
with DAPI (blue). Scale bars: 100um.

Subsequently, the wound closure in the two groups was analysed and we observed
that only two of the five PBS-treated mice showed complete epithelium coverage of the
wound, while all 5 DPPSC-treated mice presented complete coverage (Fig. 22A-C). In
addition, the epithelium thickness in the two groups was found statistically significant,
since DPPSC-treated wounds presented less thick epithelium resembling normal
tissue (Fig. 22D-E).
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Figure 22: Wound closure in the wound healing assay in vivo. A) Bright field
image of wounds (with silicone rings) in mice treated with PBS or DPPSC at day 0
and at day 10, showing wound closure through time in both conditions. Scale bar:
5mm. B) Haematoxylin and eosin staining of paraffin sections of the wound tissue
at day 11. Wound area is delimited with black arrows. Some of the PBS treated
wounds showed no complete epithelium coverage of the wound, as pointed by
white arrows, while all DPPSC treated wounds were completely covered. Some
leakage can be observed in the PBS treated condition (). Scale bar: 500 um. C)
Quantification of wound closure (in percentage) with PBS or DPPSC treatment.
n=5 for each group. D) Haematoxylin and eosin staining of paraffin sections of the
wound tissue at day 11, showing the epithelium thickness in the wound area
(black arrows) in PBS and DPPSC treated mice. Scale bar: 500 um. E)
Quantification of the epithelium thickness in pm. *p<0.05, **p<0.01, n=5 for each
group.
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Next, wound revascularization was analysed. We performed a double
immunofluorescence analysis for tGFP and aSMA to detect DPPSC and smooth
muscle cells in the regenerated area (Fig. 23A). We observed that the majority of
DPPSC (tGFP") were distributed all over the tissue although some DPPSC (tGFP and
aSMA double positive cells) were integrated in vessel-like structures (Fig. 23B). In
addition, aSMA signal with no tubular/vessel-like structure permitted to detect
myofibroblasts (indicated with * in Fig. 23A) in the tissue. Autofluorescence of blood
cells also allowed the detection of leakage when no vessel was surrounding the cells
(indicated with * in Fig. 22B and # Fig. 23A). We observed that sections from PBS-

treated mice seemed to present more myofibroblast and leakage presence (Fig. 23A).

Subsequently, we performed an immunofluorescence analysis for the detection of
CD31 and aSMA (Fig. 23C) in order to elucidate if DPPSC were able to promote
angiogenesis. Quantification of CD31" vessels, aSMA" vessels and the number of
functional vessels (with blood cells inside), as well as their area was determined.
Regarding the number and area of CD31" vessels, no significant differences were
found between PBS and DPPSC-treated wounds, although the area of CD31" vessels
seemed higher in the DPPSC-treated ones (Fig. S6C, S6G). The area and percentage
of aSMA coated vessels was significantly higher in DPPSC-treated wounds (Fig. 23D-
E). Number, area and percentage of functional vessels were also found higher in
DPPSC-treated wounds, although the values did not reach statistical significance (Fig.
S6E, S6F, S6H).
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Figure 23: Wound revascularization in the wound healing assay in vivo at
day 11. A) tGFP (green) and aSMA (red) immunofluorescence analyses in PBS
or DPPSC treated mice. Nuclei are counterstained with DAPI (blue). Note that
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aSMA staining with no tubular structures detected myofibroblasts presence ().
Autofluorescence of blood cells allowed the detection of leakage when no vessel
was surrounding the cells (#). Scale bar: 100um. B, B’) tGFP (green) and aSMA
(red) double positive cells (yellow) in treated wound identified DPPSC integrated
in a vessel-like structure. Nuclei are counterstained with DAPI (blue). Scale bars:
100um (B), 20um (B). C) Mouse CD31 (green) and aSMA (red)
immunofluorescence analysis in PBS or DPPSC treated wounds, showing the
presence of CD31" vessels with aSMA coverage. Nuclei are counterstained with
DAPI (blue). Scale bars: 100 um. D) Quantification of aSMA-coated vessels in
PBS and DPPSC treated wounds, showing higher percentage of coverage in
DPPSC treated wounds. *p<0.05, n=5 for each group. E) Quantification of the
area of aSMA-coated vessels in PBS and DPPSC treated wounds, showing
bigger area of coverage in DPPSC treated wounds. *p<0.05, n=5 for each group.

Finally, the wound matrix organization was analysed. Sirius red staining for the dermal
collagen matrix showed that total collagen guantification was significantly higher in the
centre of the DPPSC-treated wounds than the ones with PBS (Fig. 24A, 24C). The
side part of the wounds, closer to the normal tissue, showed no significant difference
between the two groups (Fig. S61-J). Organized collagen, observed in red in the Sirius
Red staining using polarized light, followed the same pattern, being significantly higher
in the centre of the DPPSC-treated wounds compared to the controls (Fig. 24B and
24D) and no statistically significant in the side part of the wounds (Fig. S6K-L). Indeed,
the values of total and organized collagen in the centre of the DPPSC-treated wounds
were very similar to the uninjured tissue (present in the border of the wound of both
PBS and DPPSC-treated mice, Fig. 24E-F).
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Figure 24: Wound matrix organization in the wound healing assay in vivo
day 11. A) Sirius Red staining of the central part of wounds treated with PBS or

at
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DPPSC for the analysis of total collagen in the wound matrix. Scale bars: 200 um.
B) Sirius Red staining of the same sections as in A using polarized light for the
analysis of organized collagen (observed in red) in the wound matrix. Scale bars:
200 um. C) Quantification of the total collagen present in the central part of the
wounds treated with PBS or DPPSC, showing higher percentage of collagen in
DPPSC treated wounds. **p<0.01, n=5 for each group. D) Quantification of the
organized collagen present in the central part of the wounds treated with PBS or
DPPSC, showing higher percentage of organized collagen in DPPSC treated
wounds. **p<0.01, n=5 for each group. E) Quantification of the total collagen
present in the central and side part of the wounds treated with PBS or DPPSC.
**p<0.01, n=5 for each group. F) Quantification of the organized collagen present
in the central and side part of the wounds treated with PBS or DPPSC. **p<0.01,
n=5 for each group.

All numerical data obtained in the wound healing assay have been included in Table 1.
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PBS DPPSC
Wound closure from day 2 until day 10
Day 2 183 177
Day 4 2613 28+ 4
Contraction (%) Day 6 63+9 88 +2
Day 8 9214 925
Day 10 97 £ 1 98 1
Wound closure, revascularization and matrix organization at day 11
Complete epithelial coverage 2out of 5 5out of 5
Wound closure  Epidermal closure Epithelial coverage (%) 82+ 10 1000
Epithelium thickness 56 % 4 33+3%*
Number of CD31* vessels/mm? tissue 461 + 49 409 + 42
mm? CD31* vessels/mm? tissue 0,069 £ 0,006 0,075 £ 0,015
Number of aSMA-coated vessels/mm? tissue 252 + 47 262 + 31
% aSMA-coated vessels vs CD31* vessels 515 66+4%*
Wound mm? aSMA coated vessels/mm? tissue 0,038 £ 0,005 0,057 +0,007 *
i Number of functional vessels/mm? tissue 155 £ 4 168 £ 19
% functional vessels vs CD31* vessels 364 43+5
mm? functional vessels/imm? tissue 0,038 £0,004 0,051 + 0,007
Leakage presence High Low
Myofibroblasts presence High Low
% Total collagen in the centre of the wound 47+ 4 61+1**
Wound matrix in the side of the wound 60+ 4 61+2
organization % Organized collagen inthe centre of the wound 233 38 + 3%
in the side of the wound 3511 372

Table 1: Effects of DPPSC treatment in the wound healing assay. *p<0.05,
**p<0.01, n=5 for each group.
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DPPSC injection in two different models of dystrophic mice

In order to evaluate the myogenic potential of DPPSC in vivo to undergo skeletal
muscle differentiation, as well as their angiogenic potential in vivo, we injected DPPSC
in two different mouse models of muscular dystrophies. Specifically, Scid/mdx,
immunodeficient mice that lack functional dystrophin, and Sgcb-null Rag2-null yc-null,
immunodeficient mice beta-sarcoglycan null, were used. Mice were injected with

undifferentiated DPPSC in the tibialis anterior muscles.

At day 20-30 after injection, mice were sacrificed and muscles were processed for
subsequent molecular and histological analyses. DPPSC engraftment in the muscle
tissue was detected by immunofluorescence analysis for human specific lamin A/C.
DPPSC were found present in the muscle of both mouse models (Fig. 25A-B).
Focusing on DPPSC localization in the muscle, DPPSC were observed in the
interstitial space between groups of fibres (Fig. 25A-B) and in the basal lamina of the
fibres (Fig. 25C1 and 25D1). Human nuclei were also detected in regenerating fibres in
Scid/mdx (Fig. 25C2-C5) and Sgcb-null Rag2-null yc-null (Fig. 25D2-D5). Finally,
DPPSC were also detected in both mice models integrated in vessel-like structures
(Fig. 25C6 and 25D6).

Focusing on the DPPSC myogenic differentiation in vivo, we wanted to assess whether
we could find fibres expressing either dystrophin (in mdx) or beta-sarcoglycan (in
Sgcb-null). More dystrophin positive fibres were observed in the DPPSC injected
Scid/mdx muscles than in the controls (Fig. 26A-B). We could also detect, in serial
sections, dystrophin expression in the same zones where we detected lamin A/C
positive DPPSC (Fig. 26C), suggesting a DPPSC direct myogenic contribution.
Regarding Sgcb-null Rag2-null jc-null mice, beta-sarcoglycan positive fibres were
detected only in DPPSC injected muscles, while no beta-sarcoglycan positive fibres

were detected in the controls (Fig. 26D-G).
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Figure 25: DPPSC localization after injection in dystrophic mice. A-B)
Immunofluorescence analysis for human specific Lamin A/C (green) and Laminin
(red), showing DPPSC engraftment (white arrows) in Scid/mdx (A) and Sgcb-null

Rag2-null »c-null (B) mice. C-D) Immunofluorescence analysis for h(LMNA (green)
and laminin (red) in Scid/mdx (C) and Sgcb-null Rag2-null yc-null (D), showing
localization of DPPSC (white arrows) outside the muscular fibres in the basal
lamina (C1, D1), inside the newly formed regenerative fibres (C2-C5, D2-D5), and
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in vessel-like structures (C6, D6). Nuclei are counterstained with DAPI (blue).
Scale bars: 50 um.
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Figure 26: Effects of DPPSC injection in dystrophic mice. A-B)
Immunofluorescence analyses for dystrophin (green) in control Scid/mdx mice (A)
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and DPPSC injected Scid/mdx (B). C) Immunofluorescence analyses in two serial
slides for human laminin A/C (green) and dystrophin (red) in injected Scid/mdx
mice. Bright field allows the identification of the same fibres in the two slides. D-E)
Immunofluorescence analyses for beta-sarcoglycan (red in D-F, green in G) in
control Sgcb-null Rag2-null yc-null mice (D) and DPPSC injected Sgcb-null Rag2-
null yc-null (E-G). Nuclei are counterstained with DAPI (blue). Scale bars: 50 um.

Focusing on DPPSC localization in vessel-like structures, we wanted to further
evaluate their endothelial and smooth muscle differentiation in skeletal muscles. As
said before, in both of the mice models used, DPPSC were detected in the interstitial
space between groups of fibres in tubular-like structures. Specifically, in Scid/mdx
mice, human nuclei were detected in the inner part of the tubular-like structures, in
contact with the lumen (Fig. 27A), while others were localized in the middle/outside
part of the structure (Fig. 27C). In order to elucidate if these structures were vessels,
immunofluorescence analyses for VWF were performed in serial slides and the

structures revealed positive for this endothelial marker (Fig. 27B and 27D).
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Figure 27: DPPSC localization in vessel-like structures after injection in
Scid/mdx dystrophic mice. A) Immunofluorescence analysis for human specific
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LMNA (green) and laminin (red) in Scid/mdx, showing DPPSC localization
(arrows) in vessel-like structures (arrow heads). B) Immunofluorescence analysis
for VWF (red) in a serial slide from A, showing the same muscle zone. The same
vessel structure is indicated with an arrow head. Bright field can also be observed
in B1. C) Immunofluorescence analysis for human specific LMNA (red) in
Scid/mdx. Bright field image allows the detection of LMNA in the external part of
the vessel-like structure (arrow heads). D) Immunofluorescence analysis for vVWF
(green) in a serial slide from C, showing the same muscle zone. The same vessel
structure is indicated with an arrow head. Nuclei are counterstained with DAPI
(blue). Scale bars: 50 um.

In Sgcb-null Rag2-null yc-null mice, DPPSC were also observed in the inner part of the
tubular-like structures (Fig. 28A) and in the middle/outside part of them (Fig. 28B).

LMNA A : LMNA Lo

Figure 28: DPPSC localization in vessel-like structures after injection in
Sgcb-null Rag2-null yc-null dystrophic mice. A-B) Immunofluorescence
analyses for human specific LMNA (green) and laminin (red) in Sgcb-null Rag2-
null yc-null mice, showing DPPSC localization (white arrows) in vessel-like
structures. Bright field can also be observed in A2. B) Immunofluorescence
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analyses for human specific LMNA (red) in Sgcb-null Rag2-null yc-null mice.
Bright field image allows the detection of LMNA (black arrows) in the external part
of the vessel-like structures. Nuclei are counterstained with DAPI (blue). Scale
bars: 50 pm.

In order to verify the presence of DPPSC in the vessels, immunofluorescence analyses
for the endothelial marker VWF or the smooth muscle marker aSMA were carried out
together with human specific lamin A/C. It was possible to localize rare DPPSC
integrated in the inner layer of vessels positive for VWF in Scid/mdx mice (Fig. 29A),
while human nuclei were often localized close to vessels (or in their external part) in
Sgcb-null Rag2-null yc-null mice (Fig. 29B). Finally, rare DPPSC were positive for
aSMA in both mice models used, suggesting their contribution to smooth muscle cells
(Fig. 29C and 29D).
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Figure 29: DPPSC localization in blood vessels after injection in dystrophic
mice. A) Immunofluorescence analysis for h(LMNA (green) and endothelial marker
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VWEF (red) in Scid/mdx mice, showing localization of DPPSC (arrows) in the inner
layer of a vessel. B) Immunofluorescence analyses for hLMNA (red) and VWF
(green) in Sgcb-null Rag2-null jc-null mice, showing localization of DPPSC
(arrows) in the external part of vessels or close to them. C-D)
Immunofluorescence analyses for h(LMNA (red) and smooth muscle marker aSMA
(green) in Scid/mdx mice (C) and Sgcb-null Rag2-null yc-null mice (D), showing
colocalization (arrows). Nuclei are counterstained with DAPI (blue). Scale bars: 50
pm.
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DPPSC CHARACTERIZATION

In this study, we present results showing that DPPSC are a source of adult stem cells
with unique characteristics. Several stem cells populations have been isolated from
human teeth, all of them showing generic MSC-like properties (102, 103). However,
DPPSC are the only adult stem cells expressing pluripotent genes providing them a
peculiar proliferation capability.

DPPSC are obtained from dental pulp using the same isolation protocol used for
DPMSC,; therefore, the distinction of these different cell populations must depend on
the culture medium and the density at which the cells are seeded. Thus, culture
medium and cell density are key elements for maintaining the properties of DPPSC
and avoiding DPMSC overgrowth.

In the present study, DPMSC were used as a control population. Since DPPSC and
DPMSC are obtained from the same tissue, and DPMSC have been long studied while
DPPSC represent a quite new described population, it felt important to establish the
differences between them in terms of growth rate or genetic stability, a more
controversial concern. Other characteristics, such as differential pluripotency markers
expression or osteogenic differentiation capacity have already been addressed in
published papers or doctoral thesis (28, 30, 104). However, this study was not focused
on the differences between these two populations, but in the characterization itself of
DPPSC.

We could observe here, from the primary cultures of several donors until 15 passages,
the noticeable differences in morphology between DPPSC and DPMSC. DPPSC are
smaller and possess a larger nucleus relative to the volume of the cytoplasm, a
characteristic shared with hESC (105), while DPMSC exhibit the typical spindle-shaped
morphology of MSC, as previously reported (106). In addition, DPPSC divide faster
than DPMSC, resembling the division rate of hESC (107). When we studied the
population doubling time of the two populations through passages, we observed that
DPMSC decreased their division rate in later passages. Tight dependence

of population doublings on passage number and slow decrease of proliferation
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potential has already been described in DPMSC (108). In contrast, DPPSC maintained
their population doubling time through passages, a characteristic also shared with
hESC, which are well known to maintain their pluripotent characteristics stably in spite

of an extended period of in vitro cultivation (107).

In previous publications of our laboratory, it was demonstrated that DPPSC have the
protein profile SSEA4", OCT3/4", NANOG", Nestin®, SOX2", LIN28", CD13", CD105",
CD34, CD45, CD90°", CD29+, CD73°", STRO1™™ and CD146 (28). To our
knowledge, there has not been a published reference to the presence of a population
of cells with this protein profile in the dental pulp. In the same work, it was also
demonstrated that DPPSC have unigue characteristics when compared to other adult
stem cells such as DPMSC regarding their higher expression of typical embryonic
genes such as OCT3/4, NANOG and SOX2, which are known to be key in maintaining
pluripotency (109).

In the present work, we characterized the new DPPSC populations obtained from
several donors by gene and protein expression and AP activity. The detection of OCT4
expression by PCR has recently been controversial, due to the presence of
transcriptional variants of the OCT4 gene and pseudogenes that encode proteins that
do not participate in the pluripotency maintenance (110-116). Therefore, for our
analyses, we used the primers from Guangzu et al. (110) that only amplify the mRNA
variant 1 or OCT4A, which synthesizes the key transcription factor for maintaining self-
renewal and pluripotency, and do not amplify the other variants or pseudogenes. We
demonstrated for the first time that all DPPSC populations used in this study expressed
OCT4A and NANOG at mRNA level for at least 15 passages. The presence of OCT4,
NANOG and SOX2 proteins was also confirmed by immunofluorescence analysis.
However, so far there is no OCT4A-specific antibody commercially available (110),
which causes the detection of other OCT4 isoforms located in the cytoplasm. DPPSC
were also characterized by the presence of Alkaline Phosphatase (AP) activity, which

is known to be present in pluripotent stem cells such as ESC and iPSC (5, 117).

In this study, we focused on studying whether the pluripotency state of DPPSC was

maintained invariable for at least the 15 passages studied or whether the cells
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expressed different levels of pluripotency markers through passages. The results
demonstrated that DPPSC expression of OCT4A and NANOG varies through the
different passages, both increasing from passage 5 to 10 and decreasing from
passage 10 to 15.

In previous studies from our group, DPPSC and DPMSC have been demonstrated to
coexist in culture (28). Probably, due to the lack of a constricting selection when
performing the DPPSC primary culture, other populations such as DPMSC could be
present in the culture at a small percentage from the beginning. In those studies, it was
also demonstrated that OCT4", SOX" cells (DPPSC) were CD73’, while OCT4", SOX2’
cells were CD73". In this regard, in the present study, we hypothesized that the
decreasing in OCT4A and NANOG observed at later passages, could be a
consequence of the proliferation of the DPMSC present in the culture. Using CD73 as
a differential marker for DPMSC, we found that CD73 expression pattern was inversely
proportional to OCT4 and NANOG expression, decreasing from passage 5 to 10 and
increasing from 10 to 15. With these results, we hypothesize that the DPMSC
population present in the culture, although experiencing a slight decrease until
passage 10, is able to increase proliferation from passage 10 to 15. This can directly
cause that the total population expresses lower levels of OCT4 and NANOG, although
it could also be possible that DPMSC negatively influence the DPPSC pluripotency
state. For this reason, we propose, as a future protocol, to perform a negative selection
for CD73 at passage 10 of the DPPSC cultures. The selection should not be done
before since at early passages CD73 cells are more likely to give rise to ectodermal-
derived tissues (unpublished results) and, therefore, the absence of CD73" cells at
early passages could hinder the potential of DPPSC cultures to later differentiate into

tissues from the mesodermal or endodermal lineages.

For potential clinical applications and development of therapeutic strategies based on
DPPSC administrations, the safety and reliability of these cells need to be studied,
especially their genetic stability. This important aspect is also supported by MSC
literature inconsistencies, where substantial ambiguities and uncertainties concerning
their genetic stability exist (118, 119). Similarly, DPMSC have been reported to exhibit

karyotypic abnormalities including polyploidy, aneuploidy and ring chromosomes (120).
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In the results here presented, we have demonstrated that DPPSC from several donors
show no chromosomal abnormalities when cultured in vitro for at least 15 passages
and we also confirmed that DPMSC from same donors presented aneuploidy. We
hypothesize that these chromosomal instabilities in DPMSC could have some relation
with the variability observed in their growth rate. In addition, we propose that the
technique here used, sCGH, can be used in stem cell research to determine genetic
stability of in vitro cultured cells, since sCGH allows the detection of genetic
abnormalities that could remain hidden with the current protocols, such as karyotype or
FISH techniques (101).

Another concern for clinical application is the high number of cells necessary for stem
cell therapies or tissue engineering. Since DPPSC current culturing protocol consists
on low seeding density and early splitting at 30% of cell confluence, we wanted to test
whether DPPSC could be seeded and split at higher densities, allowing the obtainment
of more cells using the same resources. However, in previous studies, we have found
that the pluripotency state in DPPSC is not definitive as culture conditions have an
impact on it (28). In a similar way, Roobrouck et al. (121) showed that MSC, MAPC
and mesangioblasts (Mab) change their behaviour when cultured in other conditions,
altering not only their gene expression pattern but also their subsequent ability to
differentiate into different tissues. Cell density is known to affect cell behaviour,
especially regarding expression of embryonic genes. BM-MSC have been shown to
express higher levels of OCT4 and NANOG when cultured at low densities (200
cells/cmz) in comparison with cultures at higher densities (1000 and 5000 ceIIs/cmZ)
(122). In the present work, we observed that DPPSC seeded and split at higher
densities than the established ones, 500 cells/cm? and 50% confluence, were able to
maintain their growth rate and their OCT4A, NANOG and LIN28 level expression.
However, the level of expression of SOX2 was reduced to half. Thomson et al. (123)
found that OCT4 and SOX2, proteins that maintain ESC identity, also orchestrate germ
layer fate commitment: OCT4 suppresses neural ectodermal differentiation and
promotes mesendodermal differentiation and SOX2 inhibits mesendodermal
differentiation and promotes neural ectodermal differentiation. Wang et al. (124) also

demonstrated that, instead of being panrepressors of differentiation, each factor
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controls specific cell fates: high levels of OCT4 specify mesendoderm, while low levels
of OCT4 induce embryonic ectoderm differentiation; NANOG represses embryonic
ectoderm differentiation; and SOX2 represses mesendoderm differentiation. With all
this, we propose a new DPPSC culturing protocol in which the cells are cultured at
higher seeding and splitting densities (500 cells/cm? and 50% confluence) when they
are planned to be later differentiated into cells from the mesodermal or endodermal
lineages, whereas the cells are continued to be cultured following the current protocol
(100 cells/cm? and 30% confluence) when they are planned to be differentiated into
cells from the ectodermal lineage. In the latter regard, when cells are planned to be
differentiated to the ectodermal lineage, DPPSC could also be cultured with a seeding
density of 150 cells/cm? and split at 50% confluence, since cells in these conditions
showed maintenance of SOX2 and LIN28 expression levels and decreased expression
of OCT4A and NANOG. Nevertheless, analyses for the differential expression of
mesendodermal or ectodermal markers should be performed in the cells cultured in the
different conditions. In addition, since Roobrouck et al. (121) described that changes in
culture conditions not only affect expression pattern of the cells but also their
differentiation potential, more studies regarding differentiation capacity need to be
performed.

Another indispensable factor for DPPSC clinical application is to establish a GMP
protocol that allows the isolation and expansion of the cells with defined culture
conditions. This has been already done with hESC (125) and other populations of ASC
(126). Current techniques for the expansion of stem cells from the dental pulp require
the use of foetal bovine serum and animal-derived components. However, animal-
derived reagents stage safety issues in clinical therapy (127). In this study, we have
established a DPPSC culture media GMP-approved that replaces foetal bovine serum
with human serum (at 10%) and that only contains animal-free components. We have
demonstrated that this medium allows the isolation of DPPSC and the subsequent
culturing of the cells maintaining their morphology, growth rate and genetic stability for
10 passages. We also observed that DPPSC in this conditions increased expression of
OCT4A and NANOG, maintained LIN28 levels and decreased SOX2 expression. We

proposed that GMP medium supplemented with 10% human serum can be used to
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isolate and cultivate DPPSC when the cells are planned to be later differentiated into
endodermal and mesodermal lineages. We then hypothesized whether reducing the
percentage of serum in the GMP medium, and thus diminishing the quantity of
undefined components in the medium, could maintain (or even improve) the properties
of DPPSC observed in the GMP medium. We observed that by reducing the serum
quantity from 10% to 1%, we could maintain the morphology and growth rate of the
cells for 10 passages. After 5 passages of culture, we observed the same pattern of
expression of OCT4A and NANOG as when using serum at 10%, but we observed that
SOX2 expression was maintained in the same levels as in DPPSC growth media. After
10 passages, the expression of OCT4A and NANOG was down-regulated compared to
cells maintained in GMP medium at 10% HS (and OCT4 expression was also lower
than cells in the DPPSC medium), whereas SOX2 was up-regulated 4 times compared
to cells cultured in DPPSC medium. As described before by Thomson et al. (123) and
Wang et al. (124) about the ectodermal and mesendodermal differentiation promotion
and suppression dynamics of SOX2, OCT4 and NANOG, we propose that GMP
medium supplemented with 1% human serum can be used to cultivate DPPSC when
the cells are planned to be differentiated into the ectodermal lineage. However, more
studies regarding DPPSC expression of mesendodermal and ectodermal markers, as
well as DPPSC differentiation capacity using GMP growth media need to be
performed, eventually evaluating it in combination with the use of higher seeding and
splitting densities. In the case of cells cultured in GMP medium at 0.5% HS for 10
passages, our results showed that this serum concentration is too low to maintain
DPPSC characteristics, since cells showed more elongated morphology, an increased
population doubling time compared to all the other conditions and a decreased level of
all pluripotency-related genes tested compared to the cells cultured in the DPPSC

medium after 10 passages.
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DPPSC MESODERMAL DIFFERENTIATION POTENTIAL

Endothelial differentiation

In this work, we evaluated the DPPSC and DPMSC endothelial differentiation potential

and found that DPPSC show greater potential towards the endothelial lineage.

We have compared different in vitro protocols of endothelial differentiation from
DPPSC and we have established the optimal differentiation protocol to obtain cells that
express typical endothelial markers at mRNA and protein levels, such as VEGFR2,
CD31, VE-CAD and VWF, and that exhibit the typical endothelial functionality forming
tubular-like structures in the matrigel assay. We observed that these features were
higher in differentiation protocols that used indirect co-cultures or conditioned medium
from an endothelial cell line, HUVEC, probably due to the fact that HUVEC release
growth factors and cytokines that promote DPPSC differentiation.

Further experiments to optimise DPPSC endothelial differentiation would be culturing
the undifferentiated cells at 500 cells/cm?® to verify whether the potential induction of
mesendodermal lineages better promotes endothelial differentiation. In the same
direction, the undifferentiated cells could also be cultured in the GMP growth medium
at 10% serum, since it also showed promising results regarding mesendodermal
differentiation (123, 124). When cells are changed to the differentiation medium, FBS
should also be replaced with human serum. Derivation of vascular endothelial cells
from human embryonic stem cells under GMP conditions has already been reported

(128) and could be adopted in our cell system.

Another possibility that can be explored in the future to increase endothelial
differentiation from DPPSC is the addition of bone morphogenic protein 4 (BMP-4), an
inducer of mesoderm, in the first days of the differentiation. It has been reported that in
the presence of BMP-4, OCT4 specifies mesendoderm lineage (124). It has also been
published that when human ESC are cultured in the presence of BMP-4, this augments

their differentiation towards the endothelial lineage (129).

One possible application of the optimised in vitro differentiation protocol is the
possibility of co-differentiating DPPSC to more than one cell type at the same time,
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such as osteogenic and endothelial co-differentiation. One challenge of particular
importance in the research of tissue engineering is to enhance vascularization of
tissue-engineered bone (130). It has been reported that culture of BM-MSC together
with dermal microvascular endothelial cells improved osteogenesis and vascularization
of BM-MSC (131). It has also been published that co-culture of DPSC with EC
enhances osteo-/odontogenic and angiogenic potential in vitro. (132). The co-
differentiation of DPPSC into endothelial and osteogenic lineages, therefore, could

improve both differentiations.

After this promising in vitro differentiation results, we wanted to analyse the in vivo
differentiation of DPPSC. For that purpose, we used the full thickness wound healing
assay described in Hendrickx et al. (133) in which we created a wound in the back of
nude mice, treated it with undifferentiated tGFP" DPPSC and studied the wound
closure, revascularization and matrix organization after 11 days. Regarding wound
revascularization, unluckily we could not directly check for the co-expression of tGFP
and hCD31 positive cells because we could not find a specific enough antibody that
worked in our tissue samples. We then checked for the expression of tGFP and aSMA,
which should stain for the coating of the blood vessels (smooth muscle cells).
However, we could not detect any tube-like structures positive for aSMA surrounding
tGFP" cells. Nevertheless, DPPSC positive effect on angiogenesis and wound healing
can be observed in this study. The area of mouse CD31" vessels was slightly non-
significantly higher in DPPSC-treated wounds and, more interestingly, the area and
percentage of mature vessels which were aSMA-coated were significantly increased,
suggesting that the revascularization process was more advanced in DPPSC-treated
wounds. The area and percentage of functional vessels were also found to be

increased, although values did not reach statistical significance.

In other studies, stem cells such as BM-MSC have been shown to promote
angiogenesis in cellular transplants in two distinct fashions: by the so-called paracrine
effect stimulating the formation of blood vessels from the host tissue through secretion
of angiogenic factors or by differentiating themselves into endothelial cells and thereby
actively participating in the newly formed vascular structures (134). Several studies

indicate that DPSC also have angiogenic potential in vivo. Intramyocardial injection of
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GFP-transduced hDPSC in a rat model of myocardial infarction, resulted in an
improvement in cardiac function, reduction of the infarct size and a higher
neovascularization in cell-treated animals compared to controls (135). In some other
preclinical studies, MSC from the umbilical cord demonstrated an enhancement in a
regenerative wound microenvironment. The administration of MSC in an animal model
of full thickness excisional wound improved wound healing, in terms of an increased
accelerated wound closure and collagen synthesis, due to paracrine effects (136).
Consistently, we have also demonstrated that DPPSC promote wound closure and
matrix organization in the regenerating wound zone. In this regard, all DPPSC-treated
wounds showed complete closure in contrast to only 40% of PBS-treated wounds; and
epithelium thickness was significantly thinner in DPPSC-treated wounds, more
resembling normal tissue. Regarding wound matrix organization, the central part of
DPPSC-treated wounds presented higher percentage of total and organized collagen
than the central part of PBS-treated wounds; indeed, the centre of DPPSC-treated
wounds presented comparable values to the ones observed in the side part of the
wounds of the two different groups, more resembling normal tissue. For all this,
DPPSC positive effect on angiogenesis and wound healing can be observed in this

study.

We hypothesise that DPPSC could not be observed inside the new vessels formed in
the wound regenerating area due to the fact that they may need a longer period to
differentiate in vivo to the endothelial lineage. In vitro, their differentiation takes already
28 days, while other differentiations normally take a shorter period. Nevertheless, the
wound healing assay has the limitation of having to be stopped at day 10-11, since the
wound is already closed at that point and if it continued to regenerate we could not be
able to detect the wound area in the subsequent analyses. One alternative could be
the utilization of already differentiated DPPSC to the endothelial lineage for the
experiment. This approach, however, may not permit to study other beneficial effects
that DPPSC have shown to produce in the wound healing (such as wound closure or
matrix organization) and, most of all, it would not permit to observe other in vivo

differentiation potentials of the cells such as the SMC differentiation. To solve this last

127



| |
Characterization of DPPSC and their mesodermal differentiation potential LI L C

barcelona
DISCUSSION
concern, the utilization of two different differentiated or pre-differentiated DPPSC

populations (one to EC and the other one to SMC) could be explored.

In the other in vivo experiment, after injection of DPPSC in the muscle (tibialis anterior)
of two models of dystrophic mice for 20-30 days, we observed direct contribution of
DPPSC into endothelial cell types. Indeed, DPPSC were detected in the inner part of
vessels in dystrophic Scid/mdx mice. In dystrophic Sgcb-null Rag2-null yc-null mice,
DPPSC were detected in the inner part of vessel-like structures but, unfortunately,
specific techniques for the detection of blood vessels didn't detect the cells in the inner
part of the same vessel-like structures. However, cells were often detected in the
outside part of vessels or very close to them, suggesting a possible involvement in the
angiogenesis of regenerative muscles in Sgcb-null Rag2-null yc-null mice. More tissue
samples should be tested to be able to detect DPPSC in the inner part of the vessel-
like structures and confirm that they are vessels positive for endothelial markers.
Similarly to our results, in a previous study by Pisciotta et al. (100), it was observed
that pre-differentiated human DPSCs to the myogenic lineage were localized in the
endothelium of newly generated vasa after their transplantation in Scid/mdx mice,
supporting the fact that they participated in the neoangiogenesis of the transplanted

muscle.

Smooth muscle differentiation

Functional blood vessels consist of mainly two distinct cell types, i.e., endothelial cells
(lining the inside) and vascular smooth muscle cells (surrounding the EC) (50). In this
regard, the potential of DPPSC to differentiate to SMC is extremely important for the in
vivo application of the cells and their potential capacity to form new functional blood

vessels.

In this work, we demonstrate that DPPSC are able to differentiate in vitro to SMC. The
percentages of differentiated cells that express SMC markers are high and seem to
vary between cells from different donors but not from different passages. Therefore,

DPPSC are able to maintain their smooth muscle differentiation potential through
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passages. Differentiation capacity from other DPPSC populations from different donors
will be tested in the near future in order to address inter-individual variability.
Nevertheless, in the different populations here studied, no statistical differences were
observed regarding the co-expression of the two differentiation markers studied, and a
very similar percentage of cells expressed at least one differentiation marker in the
same proportion; this, as well as the observed morphological change typical of
differentiated cells, demonstrates DPPSC capacity to undergo smooth muscle
differentiation. In the case of the tGFP® population, we hypothesised that the
decreased percentage of differentiated cells can be due to alterations in this population
as a consequence of the transduction of the tGFP lentiviral vector, due to the stress
caused by the procedure itself or due to the integration of the tGFP lentiviral vector in
the genome of the cells causing disruptions of genes that are necessary or promote
this differentiation.

Many years ago, studies from Bockman et al. (137) and Kirby et al. (138) suggested
that, during embryonic development, ectomesenchymal cells in the cranial neural folds
are competent to form SMC. Giving the neuroectodermal origin of DPPSC, this may

explain their high capacity to undergo SMC differentiation.

As further experiments, it would also be interesting to cultivate the undifferentiated
cells using GMP growth medium supplemented with 10% serum and then change to
differentiation medium containing human serum instead of horse serum. Another
possibility could be culturing the undifferentiated cells at higher densities (500 cellsicm?
seeding density and 50% splitting confluence) to see whether it can promote even
more SMC differentiation.

In the in vivo experiments here presented, DPPSC have shown to differentiate into
SMC that surround blood vessels in all the murine models used. In addition, in the
wound healing assay, a significant increase in the percentage and area of mature
vessels with aSMA coating was found in the regenerating wound area. DPPSC can be
responsible for this either by direct differentiation (as DPPSC were localized in the
outer part of vessels expressing aSMA SMC marker) or by paracrine effect (134).

Observing the inter-individual variability in smooth muscle differentiation capacity in
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vitro, we can hypothesise that using another transduced DPPSC population from
another donor (with higher smooth muscle differentiation potential in vitro) could have
led to better in vivo results, but cells from other donors were not so successfully
transduced with the lentivirus vector containing tGFP, and that is why they were not
used for the in vivo experiments. For future experiments, more lentiviral transductions

and new in vivo experiments can be performed in this regard.

Skeletal muscle differentiation

In the present study, we also evaluated the myogenic potential of DPPSC in vitro and

in vivo.

In the in vitro differentiation, we aimed to determine the optimal conditions for
achieving the myogenic commitment testing different protocols. The results from co-
culture experiments demonstrate that DPPSC are capable of fusing with mouse C2C12
cells generating hybrid myotubes after 5 days in differentiation conditions. The
myogenic potential of DPPSC at passage 5 and 10 was tested, showing comparable
results. DPPSC populations from 3 different donors were used to test DPPSC
myogenic potential and all of them showed similar capacity. We also observed that the
presence of DPPSC contributes to a better differentiation potential of C2C12 cells,

revealed by the increased fusion index and the number of MyHC" myotubes.

DPPSC cultures subjected for 7 days to different myogenic differentiation protocols did
not clearly show the ability to fuse, although some multinucleated MyHC" DPPSC were
detected upon serum starvation. In the case of conditioned media, DPPSC showed
changes in cell morphology and became more elongated resembling myotubes,
although the high density of cells prevented a clear localization of human nuclei. In this
regard, the co-cultures system seems to clearly promote the ability of DPPSC to
differentiate to skeletal muscle in vitro, probably due to released paracrine factors by
C2C12 cells.

In a previous study using DPMSC, cells were also able to fuse with C2C12 cells
forming hybrid myotubes after 14 days of myogenic induction (139). Similarly to our

results, DPMSC were also unable to form multinucleated myotubes when differentiated
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alone or in conditioned medium for 14 days. However, at day 28 of differentiation,
DPMSC with or without conditioned media generated multinucleated myotubes under
the treatment of 5-Azacytidine, a potent demethylating agent. For further experiments,
strategies to optimise DPPSC myogenic differentiation in vitro could be the extension
of the differentiation time from 7 days up to 28 days and the use of demethylating
agents. As in the other mesodermal lineage differentiations, it would also be interesting
to cultivate the undifferentiated cells using GMP growth medium supplemented with
10% serum and using higher densities (500 cells/cm? seeding density and 50%

splitting confluence) to induce mesendodermal lineages.

Two different murine models of muscular dystrophies were used in this study to test
the in vivo myogenic potential of DPPSC: Scid/mdx mice, a model for DMD (the most
severe and common muscular dystrophy), and Sgcb-null Rag2-null yc-null mice, a
model for limb-girdle muscular dystrophy type 2E. Our results showed that DPPSC can
contribute to regenerate muscle fibres in vivo in intramuscularly injected dystrophic
mice. In fact, human nuclei were detected inside the centre-nucleated muscle fibres.
We also detected the presence of beta-sarcoglycan positive fibres in injected Sgcb-null
Rag2-null yc-null mice and an increased proportion of dystrophin positive myofibers in
injected Scid/mdx compared to the controls (dystrophic mdx muscles present rare
dystrophin positive fibres (140)). Serial sections showed the presence of DPPSC nuclei
in the area of dystrophin positive fibers, suggesting a direct contribution of DPPSC to

restore the missing protein in the injected dystrophic mice.

In addition, DPPSC were also found, among other locations, in the basal lamina close
to the fibres, where satellite cells (the adult myogenic progenitor cells) reside (100,
141-143). In this regard, we hypothesized that DPPSC situated in the basal lamina
could potentially act as satellite cells and help keeping up with the muscle fibre
regeneration for longer periods of time. However, this aspect needs further

investigation.

Other studies showed that MSC possessed the capacity to differentiate, at least in part,
into muscle lineages (144-146) and in Pisciotta et al. (100), pre-differentiated DPMSC

regenerated dystrophin-positive fibres in treated Scid/mdx mice with limited capacity.
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However, in the present study, for the first time we provided evidence that DPPSC also
contribute to myogenic regeneration when transplanted in two different murine models,
the widely studied mdx mice and in a more severe dystrophic animal model, Sgcb-null

Rag2-null yc-null mice (147).

In future experiments, we propose to study the DPPSC effects in dystrophic mice when
the cells are injected after a short-term myogenic induction. This approach, however,
would not permit to take advantage of the angiogenic effect of DPPSC. In this regard,
simultaneous injections of undifferentiated and pre-differentiated DPPSC could also be

explored.

Taken together, our results showed that DPPSC own mesodermal differentiation
potential in vitro and in vivo, similar to DPMSC; however, they are superior compared
to DPMSC in terms of population doubling time, genetic stability and expansion ability,

tested also in GMP conditions.
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1. DPPSC have better population doubling time than DPMSC: they divide faster and
the average division rate is stable at least up to 15 passages.

2. DPPSC show no chromosomal abnormalities when cultured in vitro for at least 15
passages confirmed in several DPPSC populations isolated from 10 different
donors.

3. DPPSC have pluripotency potential. They express the pluripotency marker
OCT4A, confirmed by gRT-PCR analysis using specific primers that do not detect
OCT4 isoforms or pseudogenes not involved in pluripotency.

4. The pluripotency capacity of DPPSC changes through cell passages.
Pluripotency markers OCT4A and NANOG are expressed at least up to 15
passages, with the highest expression at passage 10.

5. Expression of CD73 through passages in the DPPSC population is inversely
proportional to the expression of the pluripotency markers OCT4A and NANOG.

6. DPPSC pluripotency capacity is influenced by culture conditions such as the
cellular seeding density and splitting confluence. OCT4A and NANOG are up-
regulated when cultured at higher densities (500 cells/cm? and 50% confluence),
while SOX2 is down-regulated.

7. DPPSC can be cultured in a GMP-approved growth medium that maintains the
pluripotency capacity of the cells and facilitates their future application in
regenerative medicine. Using GMP growth medium supplemented with 10%
serum, OCT4A and NANOG are up-regulated, whereas SOX2 is down-regulated.
Using GMP growth medium supplemented with 1% serum, SOX2 and NANOG
are up-regulated, whereas OCT4A is down-regulated at later passages.

8. DPPSC can differentiate into endothelial cells in vitro that express typical
endothelial markers and functionality.

9. DPPSC can differentiate into endothelial cells in vivo present in the inner layer of
vessels in the skeletal muscle of dystrophic mice Scid/mdx. DPPSC seem to also
be able to differentiate to endothelial cells present in the inner layer of vessel-like

structures in the skeletal muscle of dystrophic mice Sgcb-null Rag2-null yc-null.
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10.

11.

12.

13.

14.
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DPPSC can differentiate into smooth muscle cells in vitro that present typical
morphology and smooth muscle markers expression. Their differentiation
potential is maintained through passages until at least passage 10.

DPPSC can differentiate into smooth muscle cells in vivo in the regenerating
wound area of Foxnl mice and in dystrophic skeletal muscles of Scid/mdx and
Sgcb-null Rag2-null yc-null mice.

DPPSC positively contribute to wound closure, revascularization and matrix
organization in Foxnl mice subjected to a wound healing assay.

DPPSC can differentiate into skeletal muscle cells in vitro when co-cultured with
C2C12 cells. DPPSC are able to fuse with C2C12 cells and the hybrid
multinucleated cells express typical skeletal muscle markers. DPPSC myogenic
potential is maintained until at least passage 10.

DPPSC can differentiate into skeletal muscle cells in vivo. DPPSC can fuse and
contribute to muscle fibre regeneration in a mouse model of Duchenne Muscular
Dystrophy (Scid/mdx) and they seem to partially restore the dystrophin protein.
DPPSC can also fuse and contribute to muscle fibre regeneration in a mouse
model of Limb-Girdle Muscular Dystrophy Type 2E (Sgcb-null Rag2-null yc-null)

and they seem to partially restore the beta-sarcoglycan protein.
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Figure S1:

Genetic stability of

DPPSC. Short-Comparative Genomic
Hybridization in DPPSC at passage 15 from 6 different donors showing no
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chromosomal abnormalities. Some chromosome regions, including centromeric,
peri-centromeric, heterochromatic and telomeric regions are excluded from sCGH
analysis since they are artefactual, as well as chromosome 1p, 16, 17, 19 and 22
and p-arms of acrocentric chromosomes (most of these regions are shown in
grey). The DNA control used for the hybridization was XXY, therefore male donors
present a loss in chromosome X (highlighted in green) and female donors in
chromosome Y (not highlighted since chromosome Y can be artefactual).
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Figure S2: Genetic stability of DPPSC. Short-Comparative Genomic
Hybridization in DPPSC at passage 15 from 2 different donors showing no
chromosomal abnormalities. Some chromosome regions, including centromeric,
peri-centromeric, heterochromatic and telomeric regions are excluded from sCGH
analysis since they are artefactual, as well as chromosome 1p, 16, 17, 19 and 22
and p-arms of acrocentric chromosomes (most of these regions are shown in
grey). The DNA control used for the hybridization was XXY, therefore male donors
present a loss in chromosome X (highlighted in green) and female donors in
chromosome Y (not highlighted since chromosome Y can be artefactual).
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Figure S3: RT-PCR analyses of pluripotent markers in undifferentiated
DPPSC. Analyses of mRNA expression of the pluripotency markers OCT4A and
NANOG by RT-PCR in DPPSC from 8 different donors at passage 5, 10 and 15.
GAPDH was used as housekeeping gene and human iPS cells were used as a
positive control.

Figure S4: In vitro myogenic differentiation of DPPSC to skeletal muscle. A)
Immunofluorescence analysis of DPPSC differentiated for 7 days to skeletal
muscle. Myosin Heavy Chain is shown in red and human specific marker for
Lamin A/C in green. Yellow lines show the presence of myotubes with more than
one nucleus inside. The nuclei are indicated with white arrows. B)
Immunofluorescence analysis of the mouse myoblast cell line C2C12
differentiated for 7 days to skeletal muscle. Myosin Heavy Chain is shown in red.
An example of a myotube is also indicated with yellow lines. Nuclei are
counterstained with DAPI in blue. Scale bars: 100um.
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Figure S5: In vitro myogenic differentiation of DPPSC to skeletal muscle co-
cultured with C2C12 cells. A-B) DPPSC from passage 5 (A) and 10 (B) from the
same donor as Fig. 20 co-cultured with C2C12 cells 1:3 for 5 days. White arrows
indicate the presence of human nuclei (stained for human-specific Lamin A/C in
green), inside the hybrid myotubes expressing Myosin Heavy Chain (red). C-F)
DPPSC from another donor at passage 5 (C, E) and 10 (D, F) co-cultured with
C2C12 cells 1:1 (C, D) and 1:3 (E, F) for 5 days. White arrows indicate the
presence of human nuclei (stained for human-specific Lamin A/C in green), inside
the formed myotubes expressing Myosin Heavy Chain (red). Nuclei are
counterstained with DAPI in blue. Scale bars: 100um.
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Figure S6: Cell engraftment and effects of DPPSC treatment in the wound
healing assay. A) Turbo GFP expression of DPPSC in the wounds at day 11.
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Unspecific fluorescence in the PBS or DPPSC treated mice can be observed in
the TRITC channel (upper right picture). Scale bars: 2mm. B) Wound contraction
from day 0 until day 10 in PBS or DPPSC treated wounds, showing no significant
differences (p>0.05, n=5 for each group). C-E) Number of vessels CD31" (C),
aSMA-coated (D) and functionally active (E) per mm? of tissue, showing no
significant differences (p>0.05, n=5 for each group). F) Quantification of functional
vessels in PBS and DPPSC treated wounds, showing no significant differences
(p>0.05, n=5 for each group). G-H) Quantification of CD31" area (G) and
functional vessels area (H) in PBS or DPPSC treated wounds, showing no
significant differences (p>0.05, n=5 for each group). 1) Sirius Red staining of the
side part of wounds treated with PBS or DPPSC for the analysis of total collagen
in the wound matrix. Scale bars: 200 um. J) Quantification of the total collagen
present in the side part of the wounds treated with PBS or DPPSC, showing no
significant differences (p>0.05, n=5 for each group). K) Sirius Red staining of the
same sections as in H using polarized light for the analysis of organized collagen
(observed in red) in the wound matrix. Scale bars: 200 um. L) Quantification of the
organized collagen present in the side part of the wounds treated with PBS or
DPPSC, showing no significant differences (p>0.05, n=5 for each group).
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Supplementary Table 1: Clinical information on

used for this study.

the patients and third molars
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Comité Universitat
CER | d'Etica Internacional
de Recerca { de Catalunya

CARTA APROVACIO PROJECTE PEL CER

Codi de I'estudl: BIO-ELB-2013-04

Versid del protocol: 1.1

Data de la versid: 09/01/14

Titol: *Caracterizacion celular de las Dental Pulp Pluripotent Stem Cells (DPPSC) y su potencial
de diferenciacion mesodérmica”

Sant Cugat del Vallés, 14 de gener de 2014

Investigadora: Ester Martinez Sarra

Titol de I'estudi: “Caracterizacion celular de las Dental Pulp Pluripotent Stem Cells (DPPSC)
y su potencial de diferenciacion mesodérmica”

Benvolgut{da),

Valorat el projecte presentat, el CER de la Universilat Internacional de Catalunya, considera que,
des del punt de vista &tic, reuneix els criteris exigits per aquesta institucio i, per tant, ha

RESOLT FAVORABLEMENT

emetre aquest CERTIFICAT D'APROVACIO per part del Comité d'Etica de Ia Recerca, per que
pugui ser presentat a les instancies que aixi ho requereixin.

Em permeto recordar-li que si en el procés d'execucio es produis algun canvi significatiu en els
seus plantejaments, hauria de ser sotmés novament a la revisié i aprovacia del CER.

Atentament,

Dr. Josep Argemi
President CER-UIC
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bus 501, 3000 Leuven. ecdi@pld.kuleuven.be
Document geldig van/valid from: 15/03/2014
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Naam/Name

LUTTUN

Yoornaam/first name Diploma /degree

PharmD/PhD

Certificaat proefdierkunde/certificate lab animal science
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Uitvoerende onderzoeker(s) (AAP/BAP) (researchers and technicians):

Naam/Name Voornaam/First name i gree Certil proefdierkunde/certificate lab animal science
Luttun Aernout PharmD/PhD X
Caluwé Ellen Laborant
Van Houtven Ellen Laborant X
Lox Marleen Laborant X
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Lox Marleen Laborant X
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(X Nieuw project (new project) [] Verbonden aan een project (Nr. ..

Titel van het onderzoeksproject (title of the research project):

Studie van het wondhelend effect van MultiStem® cellen gederiveerd en gekweekt in serum-vrij medium.

Evaluation of the healing effect of MultiStem® cells derived and cultured under serum-free conditions on wounds.
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Universitat
u Internacienal
de Catalunya

Barcelona, 21 de octubre de 2013

Sra. Ester Martinez Sarra
Anselm Clave 207 Casa B
08186 Lliga d"Amunt

Eslimada Sra

Por la presente, le comunico que la Comision Académica del Doctorade en Ciencias de la
Salud, en la su sesion del 8 de octubre de 2013, y una vez estudiada su solicitud ha
acordado

Se acuerda admilir a la Sra. Ester Mart/nez Sarra al Periodo de Investigacion del Doctorado
de Qdontolegia

Se acuerda aprobar el Proyecto de Tesis titulado “Caracterizacion celular de los Dental Pulp
Pluripotent Stem Cells (DPPSC) y su potencial de diferenciacion mesodérmica”, y nombrar al
Dr. Maher Al Atan coma Director de la Tesis.

Adicionalmente, se le informa que la normativa de fa UIC establece que debe obtener una
evaluacion favorable del Comilé de Etica en la Investigacion, anles de la puesta en marcha
de la investigacion. Debera aportar este informe cuando o obtenga.

Aprovecho la oportunidad para saludaria cordialmente,
'
i Universitat
[ &7 Internacional
&- g Catalenya

4 b 1
Jaime Olwver Serrano - i
Secretario Comisidon Académica i
Doctorado en Ciencias de la Salud VICERECTORAT DE RECERCA H

7ot Universitat
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ESTER MARTINEZ SARRA
ANSELM CLAVE, 207 B
08186 - LLICA D'AMUNT

Benvolguda Ester,

amb la present et comunico que la Comissié Académica de Doctorat en Salut, en la
passada edicid del 5 de maig de 2015, va aprovar la teva peticié de canvi d’expedient al
Programa de Recerca en Salut. T’adjuntem la matricula d'aquest curs académic del que
caldria fer el pagament de l'asseguranga escolar.

Atentament,

I \)

i e

Esther Belvis
Secretaria Tecnica de 'Escola de Doctorat
Escola de Doctorat

Barcelona, 18 de maig de 2015
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