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CHAPTER 1

Introduction

Content
1.1 Establishing the concept of stem cells 3
Further reading 4

1.1 Establishing the concept of stem cells

The concept of “stem cell” was introduced to explain the phenomenon
of continuous replenishment of mature cell compartments by short-lived
cells for example, skin cells, blood cells, and intestinal epithelium. This
term was first used by the German biologist Ermest Haeckel in 1868 to
describe two concepts: the evolution of multicellular organisms from a
unicellular organism and the differentiation of various body tissues from
one cell (fertilized ovum).

Until the 1980s, most of the research involving stem cells used the
hemopoietic system as the prototype. The hemopoietic system is indeed
an excellent example of the diverse, versatile, and hierarchal cell prolifera-
tion and differentiation system. In 1908, the Russian histologist Alexander
Maksimov used the term stem cell in his model of hematopoiesis.

The term “stem cells” gradually gained grounds; in 1930 Sabin and
coworkers published an article identifying stem cells in the bone marrow
and provied that the radiation damages the chromatin of stem cells, which
in turn causes radiation-induced anemia.

In 1957, Thomas and his team proved through their experiments on
dogs that the bone marrow contains a cell type that can reconstitute
hematopoiesis after irradiation. Although they did not use the term “stem
cell,” they proved its functional property.

“Stem cells” was earlier a concept with an abstract meaning. In 1963,
Till and McCulloch’s pioneering work established stem cells as a reality —
something that can be seen, counted, and studied. In their experiment,
they rescued lethally irradiated mice by escalating doses of bone marrow
cells. Mice showed macroscopic splenic colonies, linearly correlating with

Stem Cell Therapy © 2023 Elsevier Inc.
DOIT: https://doi.org/10.1016/B978-0-12-821569-2.00002-8 All rights reserved. 3
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the number of cells infused. These colonies (called colony-forming unit-
spleen CFU-S) comprised all lineages of hemopoietic cells.

Characterization of these cells through further experiments confirmed
clonality, that is, all cells in the colony come from one cell. Serial trans-
plantation of these cells proved their self-renewal.

A. Beginnings of bone marrow transplantation:

In 1968, Robert Good started bone marrow transplantation (BMT) as
an application of all the accumulating research regarding hemopoietic stem
cells (HSCs). This technique, first applied on congenital immune deficiency
disorders, was met with much skepticism. Translation of the idea from ani-
mal models to human subjects faced many difficulties and occasional obsta-
cles and failures. After five decades of thorough research, BMT has now
become the standard treatment for many benign and malignant hemato-
logic disorders, offered to up to 50,000 patients per year.

B. Nonhemopoietic effects of BMT

Bone marrow transplantation opened a number of new horizons
in research through followup of transplanted patients, moving HSCs
from hematologic repair cells to universal repair machine.

Followup of patients after BMT:

Followup of patients after BMT revealed the regeneration of damaged
tissues outside the bone marrow. Patients with renal failure or liver cirrho-
sis showed improvement in their condition after HSC infusion. This find-
ing suggested the extra-hematologic repair capacity of HSCs.

Autopsy of patients undergoing gender-mismatched BMT:

Patients who received gender-mismatched HSC infusion and became
engrafted but died for other reasons were studied for cell tracking using
FISH X/Y studies. Donor-derived mature cells were found in all body
organs, implying that injected HSCs homed, engrafted, and matured in
these organs. The percentage of donor-derived cells varied according to
the physiologic state of the organ, being more in damaged organs.

These findings suggested that the infused HSCs functioned as a universal
repair cell, and their concentration or homing to the bone marrow was because
the damage in the bone marrow was more profound than that in other organs.

Further reading

de la Morena MT, Gatti RA. A history of bone marrow transplantation. Immunol Allergy
Clin North Am 2010;30(1):1—15. Available from: https://doi.org/10.1016/].
iac.2009.11.005 PMID: 20113883.
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Stem cells are the physiological reservoir for normal cell turnover as well
as tissue regeneration after injurious incidents. They represent the natural
proliferative compartment for mature functioning cells. Stem cells are
present in all body organs and tissues and are located in a special anatomi-
cal setup called the niche.

Hemopoietic stem cells (HSCs), the precursors of all blood lineages,
namely, white cells, red cells, and platelets, are the most widely studied
human stem cells. Due to their easy availability, they have been an easy
target to study the biological properties of stem cells. Throughout the his-
tory of stem cell scientific research, studying HSCs has always been a step
forward.

The concept of stem cells was first introduced to account for the con-
tinuous replenishment of rapidly proliferating cells such a blood cells.

In this chapter, while discussing biological properties of stem cells, we
will discuss HSCs and mention differences in other lineages when they

apply.

Stem Cell Therapy © 2023 Elsevier Inc.
DOT: https://doi.org/10.1016/B978-0-12-821569-2.00005-3 All rights reserved. 7
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Bone marrow is composed of islands of hematopoietic tissue and adi-
pose cells surrounded by blood sinusoids — all contained in a meshwork
of trabecular bone.

Endosteal lining, in the form of flat bone-lining cells, covers both the
inner surface of bone cavities as well as the outer surface of cancellous
bone spicules. This endosteal lining is composed of osteoblasts and osteo-
clasts as well as a layer of reticular connective tissue (Figs. 2—1 and 2—2).

2.1 Blood supply

Blood supply of the hemopoietic organs (bone marrow, liver, and spleen)
is unique in vascular anatomy and the pattern of blood flow.
Anatomically, the vessels are sinusoidal—not capillary—resulting from
anastomosis between capillaries and venous sinuses near the cortical bone.
The nutrient artery enters the flat bone through the nutrient canals, splits
into ascending and descending branches, and runs parallel to the long axis
of the marrow cavity, giving rise to numerous thin-walled arterioles and
capillaries. Approaching the cortical bone, arterioles open up and anasto-
mose with venous sinuses. This results in a circular pattern of blood flow in
the marrow cavity.

Bone marrow sinusoids are approximately 50-ju wide, with thin walls
composed of a single layer of endothelial cells (ECs) without basement

Figure 2—1 Bone marrow aspirate showmg a collection of myeloid, erythroid, and
megakaryocyte cells (Leishman—Giemsa stain, 100X).
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(D)

Figure 2—2 Bone marrow biopsy showing (A) compartments of cell collections (B)
reticulin fibers (C) fat spaces (D) touch print smear.

membrane and arterioles open on most of their abluminal surface. Sinusoid
walls allow trafficking of hematopoietic cells in both directions between
blood and marrow. Sinusoids are formed by subdivision of blood-filled spaces
of the marrow. Their size is larger than capillaries (20 pm) (Table 2.1).

There is no lymphatic drainage in bone marrow.

Bone marrow innervation: nerves enter the marrow space with arteries in
the nutrient canal. Nerves follow arterioles, innervating smooth muscle of
the vessels and terminating in the stroma forming part of the niche. The
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Table 2.1 Bone marrow vasculature: A comparison between sinusoids and
capillaries.

Sinusoids Capillaries

Size 50 pm =20 pm

Formation Subdivision of blood-filled Ramification of arterioles
spaces

Wall ECs with open pores and ECs and basement
absent basement membrane
membrane

Cell trafficking Allow passage of red cells, Allow only smaller
white cells, and plasma molecules
proteins

significance of bone marrow innervation in stem cell anatomy lies in the
link between overall body physiology and the stem cell “state,” which
can be quiescence, proliferation, trafficking, or differentiation.

Hematopoietic stroma, or microenvironment, is a network of cells, extra-
cellular matrix (ECM) proteins, and fibers. Cells encompass stromal cells,
such as adipocytes and reticular cells, bone lining cells, and macrophages.

Hematopoiesis is an anatomically regional process, both in relation to
lineage as well as maturation. Each blood lineage has its unique anatomi-
cal location and anatomical subregion in the microenvironment.

2.2 Niche

Adult stem cells reside in a physiologically limited specialized anatomical
microenvironment, or niche, which supports stem cells. Although the
nature and location of the niche varies according to the tissue type, there
are some common features of stem cell niche.

Common features of the niche:

1. Stem cell niche is a combination of cells, adhesion molecules, and
ECM whose prime function is maintenance of the “stemness’ state of
the stem cell.

2. Stem cell niche is located in a special anatomical site in each organ,
which is the optimum one for the biochemical needs of stem cells.
This varies according to the function of each niche; in quiescent stem
cell states, relative hypoxia is needed, and thus, the niche is located as
far as possible from the blood supply. While in proliferating or com-
mitted stem cell states, niches are located adjacent to the blood supply.
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In adult hematopoiesis, HSC “reservoir” in bone marrow is located
in the osteoblastic niche on the bone surface. Upon mobilization,
committed HSCs and their progenitor cells reside in the vascular niche
adjacent to the sinusoid ECs. Thus, a gradient of the osteoblastic niche
to the vascular niche exists in bone marrow, in which the osteoblastic
niche provides a quiescent microenvironment, while the vascular niche
favors commitment, proliferation, and differentiation (Table 2.2).

The niche functions as a “physical anchor” of stem cells through inter-
action between stem cells, niche cells, adhesion molecules, and ECM.
The niche controls stem cell fate determination, self-renewal, prolifera-
tion, and differentiation through secretion of extrinsic factors and signal
molecules. This is done through an asymmetric distribution of extrinsic
factors, signaling molecules, and their receptors. Therefore, stem cell pro-
liferation depends on dynamic niche signaling. Maintaining a balance
between the proliferation signal and antiproliferation signal is the key to
homeostatic regulation of stem cells, allowing stem cells to undergo self-
renewal while supporting ongoing tissue regeneration.

Thus, the niche is an anatomical entity, while the niche function is a

physiological entity.

2.

3 Hemopoietic stem cell niches

In mouse bone marrow, three anatomical regions (endosteal surfaces, sinu-

soidal walls, and hematopoietic tissue proper) and four cell lineages

Table 2.2 Comparison between osteoblastic and vascular BM-hemopoietic stem cell

niche.
Vascular niche Endosteal niche
Site Adjacent to Blood Vessels Adjacent to the bone
Cellular Sinusoidal ECs Osteoblasts
components
Adhesion E-selectin Cadherins
molecules
Function Self-renewal, proliferation, Maintenance of
diftferentiation quiescence
Migration and release
Microenvironment | Richer in oxygen Less oxygen
Richer in growth factors concentration
Less growth factors
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(osteoblasts, sinusoidal ECs, adipocytes, and stromal cells) are involved.
Bone marrow has a homogenous architecture with no structural and func-
tional partitions. However, the bone marrow cavity is arranged in com-
partments having distinct properties. The three anatomical regions of
bone marrow are the osteoblastic stem cell niche, the vascular stem cell
niche, and the progenitor compartment.

HSCs are mainly maintained by the endosteal osteoblast niche, which
provides a quiescent HSC microenvironment, while the vascular niche,
can regulate the proliferation, differentiation, and mobilization of HSCs

The main task of osteoblastic niche is to maintain the long-term HSCs
(LT-HSC:s), which are capable of supporting hematopoiesis for months or
even a lifetime as quiescent or low-cycling cells

2.4 Differences between osteoblastic and vascular niches

Researchers have proposed that a gradient of the osteoblastic niche to the
vascular niche exists in bone marrow, with the osteoblastic niche provid-
ing a quiescent microenvironment, and the vascular niche favoring prolif-
eration and further differentiation.

Characteristics of the endosteal region:

1. Comprises both bone-forming (osteoblasts) and bone-resorbing (osteo-
clasts) cells.

2. Enriched in microvessels, being the sites of distal ramification of blood
vessels.

3. Site of anastomotic network between bone and marrow circulation,
giving a specific ionic environment at the endosteum.

4. Enriched in stromal cells, which are also osteoprogenitors [most proba-
bly mesenchymal stem cells (MSCs)].

Characteristics of the vascular niche:

Vascular niche is the key player in hematopoiesis. It controls the inter-
action between ECs and HSCs, which regulates the balance between self-
renewal and proliferation/differentiation. Committed HSCs and their
progeny of differentiating progenitor cells leave the osteoblastic niche
complete their differentiation in the vascular niche.

2.5 Components of the hemopoietic stem cell niche

HSC niche does not have a fixed anatomy; thus, it is continuously chang-
ing in adaptation with microenvironment. Interchange between the
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anatomical regions and the stromal as well as adhesions molecules (selec-
tins, integrins, and laminin) forms the dynamic composition of the niche.
The niche physiology is dependent on HSCs, stromal cells, ECM pro-
teins, especially adhesion molecules, blood vessels, nerve supply, and ECs.
Components:
I. Cellular components:
1. Osteoblasts (osteoprogenitors):

Osteoblasts are bone-forming cells found in nests called osteons
and derived from osteochondral progenitors, which are derived
from the MSCs. Osteoblasts form an essential component of the
stem cell niche.

2. ECs:

Bone marrow ECs are essential components of the stem cell
niche. These cells express Notch ligands, which promote prolifera-
tion of early HSCs and prevent their exhaustion.

3. Adipocytes:

Despite the classical teaching that claims inhibitory role of adi-
pocytes on hematopoiesis, recent research indicates that adipocytes
promote hematopoietic recovery after bone marrow injury.

4. Pericytes (CD146 + MSC):

Pericytes are also known as adventitial reticular cells. They are
multipotent cells with multipotent capacity of forming CFU-F,
probably the mature counterpart of MSCs. Thus, they can differ-
entiate into adipocytes, osteocytes, and skeletal muscle cells.

Pericytes are contractile cells that wrap microcirculation and
venules controlling blood flow. They encompass a number of sub-
types with variable expression of a-smooth muscle actin.

II. Adhesion molecules

Adhesion molecules are specialized proteins that maintain tissue
integrity through cell—cell and cell—matrix adhesion. There are four
major superfamilies of adhesion molecules: immunoglobulin super-
family, cadherins, integrins, and C-type lectin like domain proteins.
Adhesion molecules play a crucial role in niche homeostasis. This is
done through the following functions:
1. Stem cell retention:

Stem cell retention in the niche is mediated by cadherins,
which are responsible for anchorage of stem cells to the niche.
The cadherin expression level determines the availability of space
in the niche.
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2. Regulation of cell division:

Self-renewal, a fundamental property of stem cells, enables the
generation of differentiated cells without disturbance of the stem
cell reserve. It is possible through asymmetric cell division.
Cadherins and integrins regulate the plane of cell division in stem
cells through interaction with the astral microtubules enabling cen-
trosome positioning.

3. Regulation of stem cell trafficking:

Stem cell trafficking occurs in two ways: (1) between niches,
that is, moving from the quiescent endosteal niche to the dividing
vascular niche; and (2) homing of stem cells to the niche. Both
processes are regulated by adhesion molecules.

2.6 Mesenchymal stem cell niche

MSC:s play an increasingly important role in stem cell therapy and regen-
erative medicine. Even though they are present in all body tissues, their
source as a regenerative material remains confined to bone marrow,
umbilical cord Wharton jelly, and adipose tissue.

2.6.1 Bone marrow mesenchymal stem cell niche

As with HSCs, there are two anatomical sites for MSC niches: periosteal
and vascular (Table 2.3).

Table 2.3 Comparison between osteoblastic and vascular BM-mesenchymal stem
cell niches.

Osteoblastic Vascular
Cells Macrophages ECs
Neural cells
ECM Elastin, collagen, periostin Connexin
Signaling PDGF PDFG-B, PDGF-D, BMP
molecules BMP Notch pathway
FGF
Function Promotes quiescence Promotes physiologic
Proliferation in response to function of MSCs
injury and stress
(mechanosensing)
Special Mechanosensing
mechanism




Anatomy and Histology 15

A. Periosteal MSC niche:

The first documentation of this cell lineage was by Arnold Caplan
in 1991 as a type of stem cell present in the periosteum with the abil-
ity to differentiate into osteogenic, chondrogenic, and adipogenic
lineages. As in HSC niches, niche anatomy is comprised of cells,
ECM fibers, and molecules. In addition to the biological and chemical
composition, physical orientation of the structural collagen fibers of
the periosteal niche play an important role in stem cell proliferation,
especially after injury. Collagen fibers act as mechanosensors promot-
ing proliferation during injury and stress, whereas the normal “steady-
state” promotes stem cell quiescence. The physiology of the stem cell
niche consists of the following:

a. Cells: macrophages, endothelial cells, fibroblasts
b. Fibers: elastin, collagen, periostin
c. Special mechanisms: mechanosensing
d. Signaling molecules; sclerostin (Sost), sclerostin domain-containing
protein 1 (Sostdcl), platelet-derived growth factor (PDGF), bone
morphogenic protein (BMP), fibroblast growth factor (FGF)
B. Vascular MSC niche:

MSC:s associated with sinusoids and vessels are equivalent to “peri-
cytes.” Pericytes are multifunctional cells embedded in the basement
membrane of the capillaries and venules in the body. They have been
identified as in-vivo precursors of MSCs in many organs, with great
debate regarding their functions during injury and homeostasis.

2.7 Mesenchymal stem niche in adipose tissue

Stem cell niche in the adipose tissue is composed of the same anatomical
and cellular structure as in bone marrow. In addition, it is characterized
by the presence of glycosaminoglycans (GAGs) in the ECM. GAGs’ func-
tion is to protect stem cells from depletion and overproliferation. ECM in
adipose stem cell (ASC) niche also contains type I, III, V, and VI collagen,
adiponectin, fibronectin 1, and laminin. Growth factors influencing adi-
pose stem cell niche function include vascular endothelial growth factor
(VEGF) and PDGEF.

MSC niches in other tissues are not as extensively studied, but they
most likely share the same main characteristics as previously described
niches.
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2.7.1 Epidermal stem cell niche

Epidermal stem cell lineage is the precursor of skin appendages constitut-
ing the pilosebaceous unit: hair follicle (HF), sebaceous gland, and erector
pili muscle. Each of these appendages have their own stem cell popula-
tion. Thus, the pilosebaceous unit is comprised of heterogenous cell types
and multiple stem cell pools, with probably multi- and unipotent
progenitors.

HF as well as melanocyte stem cells are located in the bulge region of
the HF, which is responsible for regeneration of the whole pilosebaceous
unit. In addition to the primary function of niche cells, which is secretion
of factors that either maintain quiescence or induce proliferation of stem
cells, niche cells also sense environmental changes and adjust their activity
to correlate with the body’s variable physiological needs.

The bulge niche cellular component comprises adipocytes, MSCs,
melanocyte stem cells, as well as blood vessels and nerves. Adipocytes are
an important player in metabolic and nonmetabolic functions of the
niche. Adipocytes produce antibacterial peptides during bacterial infection.
An important function of adipocytes is sensing systemic environmental
nutritional state and injuries. Adipocytes also induce HF stem cell prolifer-
ation and differentiation through secretion of PDGF.

MSCs are present as specialized groups in the HF bulge, known as
dermal papilla (DP). DP MSCs release signaling molecules that control
HF SC activity such as BMPs, FGFs, PDGFs, and Wants.

2.7.2 Intestinal epithelial niche

Epithelial stem cells in the small intestine show unique compartments:
stem cells and transient amplifying cells arranged in the crypts, while post-
mitotic and mature cells are arranged along the intestinal villi.

Cellular components of the intestinal stem cell (ISC) niche are divided
into two groups: pivotal cells or adjacent cells. Adjacent cells are Paneth
cells, smooth muscles, and neural and stromal cells. Pivotal niche cells are
pericryptal myofibroblasts, fibroblasts, ECs, neural cells, pericytes, and
smooth muscle cells. Paneth cells are the unique cells of the ISC niche.
Paneth cells are multifunctional cells that secrete antibacterial peptides to
sterilize the niche and express signaling molecules such as EGF, Notch
ligand, and TGF-a.
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The main components of the ISC niche are laminin, type IV collagen,
and fibronectin, while the important signaling molecules are TGEFB,
BMP, Wnt, MMPs, bFGF.

2.8 Niche functions

Stem cell niche is a dynamic microenvironment with a specialized func-
tion. The main function of stem cell niche is to regulate the balance
between the quiescent and proliferative states of stem cells by controlling
self-renewal, proliferation, and differentiation. The stem cell niche also
controls the choice of the “fate” of stem cell progeny. This is accom-
plished through an intricate interaction between stem cells, niche cells,
ECM, and regulatory molecules in the microenvironment. Also, physical
factors, such as temperature, oxygen tension, and mechanical factors are
also involved. The communication between the niche and the overall
body metabolic state is done through sensors in the niche.

2.9 Regulation of niche function

Niche function is regulated through niche cells, ECM, growth factors,
cytokines, and biochemical conditions such as oxygen tension. Molecular
pathways orchestrate the function of all these players. The main mechan-
isms involved in niche regulation are molecular pathways, growth factors,
hormones, circadian rhythm, and oxygen level.
I. Molecular pathways:
1. CXCL12—CXCR4 signaling axis:

CXCL12, or stromal derived growth factor SDF-1, is a che-
mokine essential for HSC maintenance and retention in bone
marrow. It is primarily expressed by perivascular mesenchymal
stromal cells (CAR cells, nestin-green fluorescent protein (GFP)
positive) and to a less extent by ECs and osteoblasts. Thus, the
main activity of this axis is in the vascular niche. SDF-1 enhances
transendothelial migration.

The function of SDF-1 varies according to the cells expressing
it: its expression on the ECM induces transendothelial migration,
and its expression on osteoblasts helps HSC homing to osteoblas-
tic niche and quiescence, whereas its expression on ECs induces
mobilization. Therefore, the role of SDF-1 in stem cell physiol-
ogy is to retain stem cells in the bone marrow and maintain its
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quiescence and repopulating activity. SDF-1 is expressed on peri-

vascular stromal cells, namely, SDF-1 abundant reticular cells,

nestin-positive stromal cells, and leptin receptor—positive stromal
cells.
2. Notch signaling:

Notch ligands are expressed both on ECs in the vascular stem
cell niche and on HSCs. The upregulation of notch expression
on ECs favors expansion of HSCs without differentiation.

Growth factors:

Growth factors secreted by ECs:
1. Stem cell factor:

Stem cell factor is secreted by ECs as well as bone marrow
fibroblasts, osteoblasts, CXCL12-expressing perivascular stromal
cells, and nestin-expressing MSCs.

2. Endothelial selectin:

E-selectin is expressed exclusively by bone marrow ECs in the
vascular niche.

3. Glycoprotein 130:

Glycoprotein 130 (gp130), a signaling subunit shared by
interleukin-6 (IL-6) family of cytokines receptors, has also been
showed to make significant contribution to hematopoiesis.

Circadian rhythms:

Niche physiology shows strong relation with hormones affected
by the circadian rhythm. Thus, HSC number, cell cycle status, as
well as mobilization of bone marrow are affected by the circadian
rhythm.

Sympathetic nervous system signals

Sympathetic nervous system signals regulate bone formation
through adrenergic signals.

Hormones and paracrine factors that regulate HSCs and the HSC
niche:

Various body hormones contribute to the regulation of HSC
physiology such as parathyroid hormones, estrogen, and prostaglan-
din E2.

Oxygen gradient:

Oxygen concentrations play an important role in the bone mar-
row physiology. Normally, bone marrow microenvironment is a
hypoxic microenvironment due to the low blood perfusion, allowing
maintenance of higher concentrations of cytokines and growth
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factors to ensure their action on bone marrow matrix cells. Low oxy-
gen concentrations favor quiescent cells with low metabolic require-
ments and limit reactive oxygen species production, which have a
possible mutagenic effect on stem cells.
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3.1 Definition

Stem cells are defined as special human cells with the unique ability to
differentiate into specialized cells while maintaining the original stem cell
pool as a regenerative reserve.

3.2 Classification
Stem cells can be classified according to various approaches: the source of

stem cell acquisition, stem cell’s level in hierarchical steps or ontogeny,
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types and biological properties, such as potency. The different types are
listed below:
I. According to the source of stem cell acquisition:

A. Cord blood and tissues
B. Bone marrow
C. Peripheral blood
D. Adipose tissue
E. Body fluids
F. Tissue stem cells
II. According to ontogeny:
A. Embryonic
B. Fetal
C. Adult

D. Induced pluripotent
III. According to biological properties:
Hemopoietic stem cells (HSCs)
Mesenchymal stem cells (MSCs)
Endothelial stem cells
Tissue-specific stem cells

Sowp

3.3 Properties
3.3.1 Potency

Cell potency is defined as the ability of a living cell to differentiate into
various cell types. Stem cells can express variable degrees of potency,
according to which they can be classified as totipotent, pluripotent, multi-
potent, oligopotent, and unipotent cells. Cell potency is determined by
the differential gene expression or activation of the cells. Totipotent stem
cells are the cells with the highest differentiation potential, whereas plu-
ripotent, multipotent, oligopotent, and unipotent express decreasing dif-
ferentiation potential up to only one cell type in unipotent stem cells.

3.3.1.1 Totipotent stem cells

Totipotency is the ability of a single cell to differentiate into all adult
somatic cell types as well as tissues of the placental and fetal membranes.
The best example of totipotent stem cells is the zygote until the 16-cell
stage, which is created after fertilization of the ovum. It then differentiates
into any of the three germ layers: endoderm, ectoderm, and mesoderm in
addition to placental cytotrophoblast and syncytiotrophoblast. After the
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16-cell stage, approximately four days after fertilization, cells begin to lose
their totipotency, becoming pluripotent embryonic stem cells.

Factors controlling totipotency: Mechanisms regulating totipotency are not
clearly defined. However, possible mechanisms of gene activation are
RNA regulation, interplay between miRINA and RNA binding proteins,
or downregulation of chromatin assembly activity of CAF-1.

3.3.1.2 Pluripotent stem cells

Pluripotent stem cells are the ones that are capable of differentiation into
all adult somatic cells, that is, all three germ layers: endoderm, mesoderm,
or ectoderm. Pluripotent stem cells have two main determining features:
the ability to form teratomas when injected in immune-deficient mouse
and the ability to form chimera or contribution to the germline of mouse
if injected into the blastocyst. Other features of pluripotency are charac-
teristic colony morphology in culture, expression of pluripotency-
associated transcription factors and reactivation of X chromosome.

Types of pluripotent stem cells:

1. Embryonic stem cells: A typical example of pluripotent stem cells is the
embryonic stem cell arising from the inner cell mass of a fertilized ovum.

2. Artificially derived pluripotent stem cells: the first experiments repro-
gramming somatic cells into the pluripotent state used somatic cell
nuclear transfer, introducing the nucleus of a differentiated cell into
enucleated oocyte. Later, embryonic stem cells were used instead of
oocytes. Subsequently, Yamanaka and Takahashi were able to repro-
gram adult cells by the introduction of four genes: Oct4, Saox2, Klf4,
and cMyc, producing the induced pluripotent stem cell iPS.

3. Nonembryonic adult pluripotent stem cells: Certain studies support
the presence of a rare subpopulation of pluripotent stem cells expres-
sing SSEA-3 in bone marrow.

3.3.1.3 Molecular determinants of pluripotency
a. Genes
Master genes involved in the regulation and maintenance of pluripo-
tency are Oct4, Sox2, and NANOG. Other genes such as KLF4, REX1,
SSEA3, SSEA4, TRA-1—-60, and TRA-1—81 coregulate pluripotency.
b. Epigenetic factors:
Pluripotency is induced and maintained by epigenetic factors
inducing chromatin reorganization in an euchromatin state ensuring a
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more accessible state of the genes. This euchromatin state is found in
the embryonic stem cells and induces pluripotent stem cells.

3.3.1.4 Cell cycle profile of pluripotency

Pluripotent stem cells show shortened G1 phase and a lack of G1 check-
point regulation. Cyclins Ds are expressed at low levels in the pluripotent
state. Normally, cyclins D1—3 expressed in G1 phase control the activity
of CDK 4/6, which inhibits pRB and free E2F to initiate the G1-S

transition.

3.3.1.5 Multipotent stem cells

Multipotency describes the ability of stem cells to differentiate into multi-
ple but limited cell types. There are a number of examples of multipotent
stem cells, such as HSCs, which can differentiate into lymphoid, myeloid,
erythroid, and megakaryocyte precursors. MSCs are one of the most
famous multipotent stem cells, and they are capable of differentiation into
osteogenic, chondrogenic, and adipogenic cells. Thus, the most relevant
cells for regenerative applications are multipotent stem cells.

3.3.1.6 Oligopotent stem cells

Oligopotent stem cells are able to differentiate into few cell types.
Examples of oligopotent stem cells are the myeloid stem cells giving rise
to neutrophils, eosinophils, and basophils, lymphoid stem cells giving rise
to B and T cells, and vascular stem cells giving rise to endothelial and
smooth muscle cells.

3.3.1.7 Bipotent stem cells

Further limitation of oligopotency is the bipotent stem cells giving rise to
two types of cells. Hepatoblasts are the classic example of bipotent stem
cells that give rise to hepatocytes and cholangiocytes.

3.3.1.8 Unipotent stem cells

Unipotent stem cells have the capacity to differentiate into only one cell
type. Unipotent stem cells are rare and probably transient. Unipotent
stem cells still retain the self-renewal capacity, which differentiates them
from progenitor cells.
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3.3.2 Self-renewal

Self-renewal, or the ability to maintain the reservoir of stem cells by

undergoing specialized cell division giving rise to two different progenies

(one identical stem cell and another destined to differentiation and prolif-

eration), is the basic defining property of stem cells.

Two theories have been proposed to explain the mechanism of self-
renewal:

1. Asymmetric cell division, in which differential segregation of fate
determinants during cell cycle results in two different biological activi-
ties of the cells.

2. Stochastic differentiation, in which the stem cell divides into two iden-
tical stem cells; one undergoes differentiation, while the other remains
quiescent, preserving the stem cell pool.

3.3.2.1 Regulation of self-renewal

“Stemness” refers to the two unique properties of stem cells: pluripotency
and self-renewal. Regulation of stemness is a crucial process with implica-
tions on homeostasis, tissue regeneration, and carcinogenesis.

1. Intracellular regulation:

Intracellular regulation occurs through the balance between three
types of oncogenes: proto-oncogenes promoting self-renewal, gate-
keeping tumor suppressors suppressing self-renewal, and care-taking
tumor suppressors maintaining genomic integrity. The main intracellu-
lar regulator genes are NANOG, SOX2, Oct4, and KLF.

2. Extracellular regulation (niche regulation):

Extracellular regulation of stem cell self-renewal is mediated
through regulation of niche function. This is mainly undertaken by
the cellular components of the niche: endothelial cells, pericytes,
MSCs, as well as the extracellular matrix. Niche components control
self-renewal by secretion of growth factors, especially leukemia inhibi-
tory factor, cell—cell contact, cell—matrix adhesion, and miRNA.

3.3.3 Stem cell plasticity

Stem cell plasticity refers to the ability of stem cells to cross lineage
boundaries to adopt the morphologic, antigenic, and functional char-
acteristics of a different lineage outside their destined repertoire of
differentiation (Fig. 3—1).
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Figure 3—1 Examples of stem cell plasticity.

The difference between potency and plasticity:

Stem cell potency refers to the ability of stem cells to differentiate into
a number of cell types according to its progeny, while plasticity refers to
its ability to differentiate into cell types outside this normal progeny.

The difference between plasticity and transdifferentiation:

While plasticity is an inherent property of stem cells and plays an
important role during embryogenesis, transdifferentiation refers to a com-
parable property during adult life. Transdifferentiation involves the con-
version of cells from a specific tissue lineage into those from an entirely
distinct lineage, with complete loss of the tissue-specific markers and func-
tions of the original cell type and subsequent acquisition of markers and
function of the new cell type. In other words, plasticity is the “embry-
onic” counterpart of transdifferentiation.

Early evidence of transdifferentiation came from followup of patients
undergoing bone marrow transplantation. Regeneration of damaged
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organs outside the bone marrow was observed consistently. Autopsy stud-
ies from these patients revealed the presence of donor-derived mature cells
in such organs. The uneven distribution of donor-derived cells between
healthy and damaged organs led to the assumption that infused stem cells
“homed” to these damaged tissues, not that their presence was the result
of trafficking and entrapment. This was the first challenge to the concept
of “lineage restriction” and the concept that HSC function is to replenish
bone marrow and that their homing to bone marrow on the setting of
bone marrow transplantation is due to the fact that it is the most injured
organ in the body in this context.

These findings conformed with the general hypothesis of stem cell
plasticity observed during embryogenesis.

3.3.4 Evidence of stem cell transdifferentiation

The term “transdifferentiation” was introduced after a series of observa-
tions following bone marrow transplantation. A large number of patients
receiving bone marrow transplantation for a hematological disorder
reported improvement in concomitant nonhematological diseases, such as
renal impairment, liver failure, or cardiomyopathy. These observations
triggered research on the mechanisms of homing and trafficking of HSCs.

Several studies have reported the presence of donor-derived mature
cells in nonhematopoietic tissues such as skin, lung, liver, skeletal muscles,
myocardium, kidney epithelium, and the central nervous system. HSC
transdifferentiation into nonhematopoietic tissue was not restricted to sys-
temic administration of HSC, after proof of such processes even after
direct administration of HSCs into skeletal muscle.

3.3.5 Theories of transdifferentiation

The mechanisms of transdifferentiation may be one of the following:

1. True transdifferentiation:

This means that genetic reprogramming of the cell occurred due to
change in the microenvironment-based epigenetic factors resulting in
differentiation into a completely different cell type expressing full mor-
phologic, immunologic, and functional characteristics.

2. The presence of a “higher” stem cell with two possible fates: HSC and
tissue-specific regenerative stem cell. This proposed cell should have
the function of repair of any damaged cell type. It coexpressed HSC
markers, and thus, it is isolated within the HSC in all experiments.
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3. Cell fusion: Upon residence in a “nonhome” tissue, stem cells fuse
with mature cells of the tissue resulting in a biological “cloning,” with
a progeny sharing the characteristics of stemness as well as tissue-
specific markers.

4. Dedifterentiation: When stem cells are transplanted in a nonhome
environment, they lose their genetic specificity and start differentiation
along a new lineage.

3.3.5.1 Requirements for proof of transdifferentiation
As transdifferentiation has been considered an extraordinary event, extremely
strict conditions are required to accept its occurrence. According to Wagers
and Weissman (2004), the following criteria are mandatory to claim
transdifferentiation:
1. Requirements in the cell of origin
a. Definitive identification, quantification, and purification with exten-
sive cell marker and genetic analysis.
b. Minimal manipulation of the cells: using the cells directly after
analysis without intervening culture.
2. Requirements in the final cell:
a. Demonstration of concomitant expression of donor- and tissue-
specific markers.
b. Demonstration of integration into the target tissue.
c. Demonstration of functional and immunological characteristics of
the target tissue
d. Demonstration of genetic reprogramming
3. Exclusion of cell fusion
4. Replication of the experiment by more than one laboratory using
more than one experimental model.

3.3.5.2 Factors affecting frequency of transdifferentiation

There is a wide variation of the percentage of transdifferentiation in vari-
ous reports, from less than 1% to about 20%. The most important deter-
minants of the rate of transdifferentiation are the degree of tissue injury
and host immunity.

3.3.5.3 Induction of transdifferentiation

In-vitro induction of transdifferentiation is an important cornerstone in
the science of regenerative medicine and cellular therapy. Numerous
approaches have been wused in experimental induction of
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transdifferentiation, mimicking the physiologic maturation of specific cell
lines. This can be done through stimulation of specific genes, using tran-
scription factors, relevant cytokines, chemicals, simulation of specific
microenvironment, or coculture with relevant cell lines.

3.3.5.4 Evaluation of transdifferentiation
To prove that transdifferentiation has occurred in an experimental proce-
dure, the following must be proved:
1. Purification of the initial cell population to verify that the new cell
lineage was not a component of the initial cell population.
2. Full characterization of the initial cell population: morphologic,
immunologic, and genetic.
3. The resultant cells should show the following:
a. Morphological features of the required tissue
b. Immunological and surface markers of the required tissue
c. Genetic profile (nNRINA) of the required tissue
d. Functional features of the required tissue

3.4 Differentiation

Stem cells can differentiate into functioning end cells. This is the normal
“steady-state” physiologic function of stem cells throughout adult life.
Stem cells replenish the cell population through replacement of damaged
or dead cells. Stem cells proliferate and differentiate producing mature
functioning cell population. This “maturation” is controlled by the
homeostatic mechanisms of the body.

3.5 Homing and engraftment
3.5.1 Definition

Stem cell homing is the property by which circulating stem cells (endoge-
nous or exogenous) can enter their corresponding environmental niche.
During embryonic development, stem cell migration and homing is
described in detail in organogenesis. In adult life, homing was described
initially in HSCs and was applied in bone marrow transplantation
procedure.

Homing is a crucial mechanism in normal hematopoiesis, bone mar-
row transplantation, as well as stem cell—based regenerative therapy
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Stem cell homing is controlled by the SDF-1 and CXCR4. The SDF-1
and CXCR4 pathway regulation is crucial in the control of stem cell hom-
ing. Several factors have been involved in the regulation of these pathways,
most of which are components of innate immunity and antimicrobial activ-
ity, which implicates a physiologic function of homing comparable to the
neutrophil attractant systems. Examples of these factors are cleavage frag-
ments of complement C3, prostaglandin E2, and antimicrobial peptides,
such as B2-defensin, hyaluronic acid, thrombin and cathelicidin. These pep-
tides enhance stem cell response to SDF-1.

3.5.2 Mechanism of homing

Homing is a multistep process starting by the interaction of stem cells
with sinusoidal endothelium of the bone marrow. Endothelial cells slow
cell movement in the sinusoids to allow cells to enter the marrow space
through rolling via selectin and integrin receptors interaction with ligands
on vascular endothelium such as vascular cell adhesion molecule (VCAM-
1), intracellular adhesion molecule-1 (ICAM-1), fibronectin, and laminin.
This initial interaction is weak and must be followed by CXCL12 and
c-kit signaling inducing conformational changes in these integrins and
upregulating the expression of VCAM-1 and ICAM-1. VLA-4/VCAM-1
interaction is the most important contributor to homing.

The next step is cell penetration of the sinusoidal wall either through the
fenestrations between endothelial cells or through the endothelial cytoplasm.
Stem cells can form podosomes to help transcellular migration. Stem cells
then enter the bone marrow space and migrate between the adventitial cells
to reach their final place “niche” (either osteoblastic or vascular).

CXCL12/CXCR4 axis 1s the principal pathway involved in homing
of HSC:.

3.5.3 Enhanced and directed homing

As homing is the main determinant of eftectiveness of stem cell therapy,
enhancing and directing homing is needed. In case of HSC transplanta-
tion, homing is enhanced by increasing CXCR4 expression by coculture
with stromal cells under hypoxia or modulation of CXCR4/CXCL12
axis. In MSC homing, which is also regulated by selectins and CXCL12,
genetic overexpression of CXCR4 or VLA4 has been attempted. Also,
direct administration of MSCs to target organs is possible. Other attempts
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to improve MSC homing include overexpression of chemokines in the
target tissue.

3.5.4 Stem cell trafficking

Stem cell trafficking is an important process during embryogenesis with
functions in organogenesis. This trafficking decreases as growth occurs,
and it usually ends by the completion of embryogenesis.

In adult life, under normal physiologic states, stem cells reside in their
niche and do not circulate in the bloodstream. HSCs do not exit bone
marrow, and so do all other stem cells. However, a small percentage of
HSCs are continuously entering the bloodstream, circulating through sys-
temic circulation, and re-entering bone marrow. The role of this “physio-
logic mobilization and rehoming” is still unclear but is most probably
linked to the regenerative and immunologic function of stem cells. This
circulation has a circadian rhythm, which backs the idea that they func-
tion in homeostasis, patrolling the whole body for markers of tissue injury
or inflammation.

A number of bioactive molecules govern this mobilization and traf-
ficking, including chemokines such as SDF-1, growth factors, and bioac-
tive lipids. There is accumulating evidence that these factors govern
trafficking of non-HSCs such as MSCs, EPCs (Endothelial progenitor
cells), and very small embryonic like cells (VSELSs).

Complement proteins are an important regulator of stem cell traffick-
ing, and complement cascade is an important sensor of homeostasis.

3.5.5 Mechanism of stem cell trafficking

Stem cell trafficking occurs in the following steps:

1. Detachment of stem cells from the niche: Stem cells are anchored in
the niche through an interaction between SDF-1 and VCAM-1 in the
niche matrix with CXCR4 and a431lintegrin (VLA-4) in stem cells.
Detachment is initiated by proteolysis of this interaction through com-
plement cascade protein (C5a), which activates the release of proteo-
lytic enzymes from neutrophils and monocytes.

2. Stem cells released from the niche are attracted through chemoattrac-
tants in the bloodstream. Thus, SDF-1gradients initiate stem cell egress
into the blood, crossing the marrow—blood barrier.
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Negative regulation of trafficking: Physiological retention of stem cells in
bone marrow is mediated through heme oxygenase-1, which is an antiin-
flammatory enzyme.

3.5.6 Role of stem cell trafficking in regeneration

Circulating stem cells play an important role in tissue regeneration, a pro-
cess that is utilized and enforced in stem cell therapeutics. In a splendid
study of prognostic factors in myocardial infarction, Patel and his collea-
gues noted a variable increase in the number of circulating stem cells in
patients with myocardial infarction as compared with normal controls.
Followup of these patients proved a positive correlation between the
number of circulating stem cells (increased physiologic endogenous stem
cell mobilization) and favorable outcome in these patients (healing or
regeneration).

Further reading

Baron MH. Embryonic origins of mammalian hematopoiesis. Exp Hematol 2003;31
(12):1160—9.

Biehl JK, Russell B. Introduction to stem cell therapy. J Cardiovasc Nurs 2009;24
(2):98—105. Available from: https://doi.org/10.1097/JCN0.0b013e¢318197a6a5.

Chute JP. Stem cell homing. Curr Opin Hematol 2006;13(6):399—406. Available from:
https://doi.org/10.1097/01.moh.0000245698.62511.3d PMID: 17053451.

He S, Nakada D, Morrison SJ. Mechanisms of stem cell self-renewal. Annu Rev Cell Dev Biol
2009;25:377—406. Available from: https://doi.org/10.1146/annurev.cellbio.042308.113248.

Hima Bindu A, Srilatha B. Potency of various types of stem cells and their transplantation.
J Stem Cell Res Ther 2011;1:115. Available from: https://doi.org/10.4172/2157-
7633.1000115.

Ishiuchi T, Enriquez-Gasca R, Mizutani E, Boskovic A, Ziegler-Birling C, Rodriguez-
Terrones D, et al. Early embryonic-like cells are induced by downregulating replica-
tion dependent chromatin assembly. Nat Struct Mol Biol 2015;22(9):662—71.
Available from: https://doi.org/10.1038/nsmb.3066 PMID 26237512.

Komarova NL. Principles of regulation of self-renewing cell lineages. PLoS One 2013;8
(9):¢72847.

Kristocheck M, Dias LD, Ghem C, et al. The homing of bone marrow stem cells is differ-
entially activated in ischemic and valvular heart diseases and influenced by beta-
blockers. J Transl Med 2018;16:133. Available from: https://doi.org/10.1186/s12967-
018-1520-9.

Liesveld J, Sharma N, Aljitawi O. Stem cell homing: from physiology to therapeutics.
Stem Cell 2020;38:1241—53.

Mitalipov S, Wolf D. Totipotency, pluripotency and nuclear reprogramming. Adv
Biochem Eng/Biotechnol 2009;114:185—99. Available from: https://doi.org/
10.1007/10_2008_45. Available from: doi: Bibcode:2009esc.book.185M. ISBN 978-
3-540-88805-5. PMC 2752493. PMID 19343304.

Morgani SM, Canham MA, Nichols J, Sharov AA, Migueles RP, Ko MS, et al
Totipotent embryonic stem cells arise in ground-state culture conditions. Cell Rep


http://refhub.elsevier.com/B978-0-12-821569-2.00003-X/sbref16
http://refhub.elsevier.com/B978-0-12-821569-2.00003-X/sbref16
http://refhub.elsevier.com/B978-0-12-821569-2.00003-X/sbref16
https://doi.org/10.1097/JCN0.0b013e318197a6a5
https://doi.org/10.1097/01.moh.0000245698.62511.3d
https://doi.org/10.1146/annurev.cellbio.042308.113248
https://doi.org/10.4172/2157-7633.1000115
https://doi.org/10.4172/2157-7633.1000115
https://doi.org/10.1038/nsmb.3066
http://refhub.elsevier.com/B978-0-12-821569-2.00003-X/sbref14
http://refhub.elsevier.com/B978-0-12-821569-2.00003-X/sbref14
https://doi.org/10.1186/s12967-018-1520-9
https://doi.org/10.1186/s12967-018-1520-9
http://refhub.elsevier.com/B978-0-12-821569-2.00003-X/sbref25
http://refhub.elsevier.com/B978-0-12-821569-2.00003-X/sbref25
http://refhub.elsevier.com/B978-0-12-821569-2.00003-X/sbref25
https://doi.org/10.1007/10_2008_45
https://doi.org/10.1007/10_2008_45
http://doi:

Stem cells: definition, biological types, classifications, and properties 33

2013;3(6):1945—57. Available from: https://doi.org/10.1016/j.celrep.2013.04.034
PMC 3701323. PMID 23746443.

Morrison S, Shah N, Anderson D. Regulatory mechanisms in stem cell biology. Cell
1997;8(3):287—98.

Nagasawa T, Hirota S, Tachibana K, et al. Defects of B-cell lymphopoiesis and bone-
marrow myelopoiesis in mice lacking the CXC chemokine PBSF/SDF-1. Nature
1996;382(6592):635—8.

Ng TK, Pelaez D, Fortino VR, Greenberg ], Cheung HS. Pluripotent adult stem cells: a
potential revolution in regenerative medicine and tissue engineering. In: Bhartiya D,
Lenka N, editors. Pluripotent stem cells [Internet]. London: IntechOpen; 2013 [cited
2022 Sep 16]. Available from: https://www.intechopen.com/chapters/45129. https://
doi.org/10.5772/54366.

Niwa Hitoshi. Mechanisms of stem cell self-renewal. Chapter 7. In: Lanza Robert, Atala
Antony, editors. Essentials of stem cell biology. Academic Press; 2014. p. 81—94.

Park C, Lewis A, Chen T, Lacorazza D. Regulation of self-renewal in normal and malig-
nant hematopoeitic stem cells by Kruppel-like factor 4. Stem Cell Transl Med 2019;8
(6) 568—574.

Patel R, Li Q, Ghasemzadeh N, Eapen D, Moss L, Janjua A, et al. Circulating CcD34*
progenitor cells and risk of mortality in a population with coronary artery disease.
Circul Res 2015;116:289—97.

Pauklin S, Vallier L. The cell-cycle state of stem cells determines cell fate propensity. Cell
2013;155(1):135—47. Available from: https://doi.org/10.1016/j.cell.2013.08.031 PMCID:
PMC3898746 PMID: 24074866.

Polejaeva I, Mitalipov S. Stem cell potency and the ability to contribute to chimeric
organisms. Reproduction 2013;145(3):R81—8. Available from: https://doi.org/
10.1530/REP-12-0396 PMCID: PMC3678546 NIHMSID: NIHMS475822 PMID:
23221011.

Ratajczak M. A novel view of the adult bone marrow stem cell hierarchy and stem cell
trafficking. Leukemia 2015;29:776—82. Available from: https://doi.org/10.1038/
leu.2014.346.

Ratajczak MZ, Abdelbaset-Ismail A. Stem cell homing. In situ tissue regeneration.
Academic Press; 2016. p. 21-34.

Ratajczak MZ. Stem cells and mechanisms regulating their trafficking — a new and chal-
lenging area of investigation in modern psychiatry. Prog Neuro-Psychopharmacol
Biol Psychiatr 2018;80(Pt A):1—2. Available from: https://doi.org/10.1016/j.pnpbp.
2017.08.018.

Romito A, Cobellis G. Pluripotent stem cells: current understanding and future directions.
Stem Cell Int 2016;2016:20 Article ID 9451492.

Seydoux G, Braun RE. Pathway to totipotency: lessons from germ cells. Cell 2006;127
(5):891—=904. Available from: https://doi.org/10.1016/j.cell.2006.11.016 PMID
17129777.

Seymour T, Twigger A-J, Kakulas F. Pluripotency genes and their functins in the normal
and aberrant breast and brain. Int ] Mol Sci 2015;16(11):27288—301 PMCID:
PMC4661882 PMID: 26580604.

Sohni A, Vertfaillie C. Mesenchymal stem cells migration, homing and tracking. Stem Cell
Int 2013; Article ID 130763.

Takahashi K, Yamanaka S. Induction of pluripotent stem cells from mouse embryonic and
adult fibroblast cultures by defined factors. Cell 2006;126(4):663—76.

Wagers AJ, Weissman IL. Plasticity of adult stem cells. Cell 2004;116(5):639—48.
Available from: https://doi.org/10.1016/50092-8674(04)00208-9 PMID: 15006347.


https://doi.org/10.1016/j.celrep.2013.04.034
http://refhub.elsevier.com/B978-0-12-821569-2.00003-X/sbref20
http://refhub.elsevier.com/B978-0-12-821569-2.00003-X/sbref20
http://refhub.elsevier.com/B978-0-12-821569-2.00003-X/sbref20
http://refhub.elsevier.com/B978-0-12-821569-2.00003-X/sbref17
http://refhub.elsevier.com/B978-0-12-821569-2.00003-X/sbref17
http://refhub.elsevier.com/B978-0-12-821569-2.00003-X/sbref17
http://refhub.elsevier.com/B978-0-12-821569-2.00003-X/sbref17
https://www.intechopen.com/chapters/45129
https://doi.org/10.5772/54366
https://doi.org/10.5772/54366
http://refhub.elsevier.com/B978-0-12-821569-2.00003-X/sbref19
http://refhub.elsevier.com/B978-0-12-821569-2.00003-X/sbref19
http://refhub.elsevier.com/B978-0-12-821569-2.00003-X/sbref19
http://refhub.elsevier.com/B978-0-12-821569-2.00003-X/sbref13
http://refhub.elsevier.com/B978-0-12-821569-2.00003-X/sbref13
http://refhub.elsevier.com/B978-0-12-821569-2.00003-X/sbref13
http://refhub.elsevier.com/B978-0-12-821569-2.00003-X/sbref13
http://refhub.elsevier.com/B978-0-12-821569-2.00003-X/sbref28
http://refhub.elsevier.com/B978-0-12-821569-2.00003-X/sbref28
http://refhub.elsevier.com/B978-0-12-821569-2.00003-X/sbref28
http://refhub.elsevier.com/B978-0-12-821569-2.00003-X/sbref28
http://refhub.elsevier.com/B978-0-12-821569-2.00003-X/sbref28
http://refhub.elsevier.com/B978-0-12-821569-2.00003-X/sbref28
http://refhub.elsevier.com/B978-0-12-821569-2.00003-X/sbref28
https://doi.org/10.1016/j.cell.2013.08.031
https://doi.org/10.1530/REP-12-0396
https://doi.org/10.1530/REP-12-0396
https://doi.org/10.1038/leu.2014.346
https://doi.org/10.1038/leu.2014.346
http://refhub.elsevier.com/B978-0-12-821569-2.00003-X/sbref15
http://refhub.elsevier.com/B978-0-12-821569-2.00003-X/sbref15
http://refhub.elsevier.com/B978-0-12-821569-2.00003-X/sbref15
https://doi.org/10.1016/j.pnpbp.2017.08.018
https://doi.org/10.1016/j.pnpbp.2017.08.018
http://refhub.elsevier.com/B978-0-12-821569-2.00003-X/sbref7
http://refhub.elsevier.com/B978-0-12-821569-2.00003-X/sbref7
https://doi.org/10.1016/j.cell.2006.11.016
http://refhub.elsevier.com/B978-0-12-821569-2.00003-X/sbref6
http://refhub.elsevier.com/B978-0-12-821569-2.00003-X/sbref6
http://refhub.elsevier.com/B978-0-12-821569-2.00003-X/sbref6
http://refhub.elsevier.com/B978-0-12-821569-2.00003-X/sbref6
http://refhub.elsevier.com/B978-0-12-821569-2.00003-X/sbref23
http://refhub.elsevier.com/B978-0-12-821569-2.00003-X/sbref23
http://refhub.elsevier.com/B978-0-12-821569-2.00003-X/sbref10
http://refhub.elsevier.com/B978-0-12-821569-2.00003-X/sbref10
http://refhub.elsevier.com/B978-0-12-821569-2.00003-X/sbref10
https://doi.org/10.1016/s0092-8674(04)00208-9

This page intentionally left blank



PART Il

Stem cell induced
regeneration: principles
and applications

35



This page intentionally left blank



CHAPTER 4

Mechanisms of stem cell—related
regeneration

Content

4.1
4.2

4.3

44
45

46

4.7

4.8
49

Regulation of tissue regeneration

Overview of the mechanism of regeneration

4.2.1 Transdifferentiation

4.2.2 Contribution to tissue regeneration

4.2.3 Variation in transdifferentiation potential

4.2.4 Molecular mechanisms of transdifferentiation
Signaling pathways involved in stem cell transdifferentiation
Mogrify algorithm

Activation of endogenous repair system

Induction of angiogenesis

4.5.1 Variability in angiogenic potential of mesenchymal stem cells
Secretory function

4.6.1 Microvesicles and exosomes

4.6.2 Paracrine action

Mitochondrial transfer

4.7.1 Inducers of transfer

4.7.2 Mechanisms

4.7.3 Effects

4.7.4 Variability in mitochondrial transfer according to mesenchymal stem cell

source
Microenvironment modulation
Conclusion

Further reading

38
38
39
40
40
41
42
43
43
44
46
47
47
48
49
50
50
50

50
51
53
53

Regeneration refers to the renewal of a particular tissue or organ. The

human body has natural reparative and homeostatic mechanisms, which

deal with tissue injury signals. The philosophy of regenerative medicine is

to augment and harness these natural repair mechanisms.
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4.1 Regulation of tissue regeneration

Regenerative capacity varies according to various physiological and envi-
ronmental factors, including age, growth pattern, body size, and life stage.
Regenerative capacity decreases by aging due to cellular senescence,
impaired cell proliferation, and cycling, as well as telomere shortening.
Environmental factors include the degree of innervation, blood supply, as
well as the type of tissue matrix.

4.2 Overview of the mechanism of regeneration

According to their regenerative capacity, human tissues vary from almost
no regeneration (central nervous system and heart) to a slow cell turnover
(liver and pancreas) to a rapid cell turnover (intestinal epithelium and
skin) (Fig. 4—1).

Research involving stem cell—induced tissue regeneration works in many
directions, questioning the varying regenerative potential of different stem cell
lineages and sources as well as investigating the mechanisms of this regenera-
tion in an attempt to control and augment this function (Fig. 4—2).

Since the beginning of the regenerative medicine era, and throughout
most of the 1990s and the first decade of the 21st century, experts have
strived to prove the transdifferentiation potential of stem cells, in both
in vitro and animal experiments. Exciting positive results were found with
almost all tackled organs. With advancements in preclinical and clinical

Tissue Regenerative Capacity

([ Low )

A\ 4
Rapid Cell Turnover Slow Cell Turnover Almost no Cell Turnover
' ﬁ b .
Skin Intestinal Liver  Pancreas Heart  Brain
Epithelium

Figure 4—1 Classification of tissues according to their regenerative capacity.
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Figure 4—2 Steps of the stem cell Regenerative process.

models, the discordance between the rate of transdifferentiation and the
degree of clinical improvement pointed to the wider mechanisms of tissue
regeneration.

Early studies involving stem cell therapy in animal models of various degen-
erative disorders documented the positive clinical improvement following stem
cell injection. Because these studies were based on in vitro experiments verify-
ing the multipotent potential of stem cells, direct transdifferentiation of the
injected stem cells into the defective cell lineage was suggested. However, later
studies observed the lack of correlation between the extent of functional
improvement and the actual cellular engraftment or transdifferentiation.

Cellular mechanisms contributing to stem cell—induced regeneration
include transdifferentiation, induction of angiogenesis, activation of tissue-
resident stem cells, paracrine functions, cell fusion, immunomodulation,
regulation of inflammation, transfer of mitochondria, inhibition of fibrosis,
and microenvironment modulation. The relative importance of each of
these mechanisms depends on the tissue type, the extent and type of
injury, as well as the type and dose of stem cells (Fig. 4—3).

4.2.1 Transdifferentiation

The phenomenon of transdifferentiation, the ability of stem cell to adopt anti-
genic, morphologic, and functional characteristics of a new lineage, is
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Figure 4—3 Mechanisms of stem cell—induced regeneration.

fascinating. The ability of the cells to cross lineage boundaries and break all the
rules of traditional biology ignited the imagination of biologists. Early research
used embryonic stem cells, while later research documented this property in
almost all adult stem cells and even dedifferentiated adult mature cells.

Several reports have documented the in vitro transdifferentiation of
both embryonic and mesenchymal stem cells (MSCs) into neural cells,
cardiac cells, hepatic cells, pancreatic islet cells, retinal epithelial cells, and
almost all body tissues.

4.2.2 Contribution to tissue regeneration

Despite the definitive occurrence of transdifferentiation, its contribution
to stem cell—related regeneration is disputed. This is due to two main rea-
sons: the minute percentage of documented transdifferentiation and the
lack of correlation between clinical improvement and the number of
transdifferentiated cells.

4.2.3 Variation in transdifferentiation potential

Although plasticity is one of the inherent biological properties of all stem
cells, lineage and source varability infer different transdifferentiation
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patterns. Regarding lineage variability, hemopoietic stem cells (HSCs)
show more potent hepatic differentiation, while MSCs have more neural
transdifferentiation potential (Fig. 4—4).

4.2.4 Molecular mechanisms of transdifferentiation

Transdifferentiation, like metaplasia, is associated with defined changes in
cellular morphology accompanied by changes in pattern of gene expres-
sion. The molecular mechanisms of transdifferentiation comprise two
main factors, namely, genetic switching of the master regulatory gene to
conform with that of the new cell type and epigenetic modification in
favor of the pattern of the new lineage.

1 Master switch genes:

A master switch gene is the gene whose activation is both necessary
and sufficient to activate a combination of genes in a coordinated man-
ner leading to the development of a certain cell lineage. A classic exam-
ple of master switch gene is MyoD, the master switch gene for
myogenesis. For transdifferentiation within the same germ layer, master
gene switching is a one-step process, while for different germ layers, it
Is a two-step process.

2 Epigenetic modification:
Epigenetic modifications through chromatin remodeling, his-

tone modification, DNA methylation, and noncoding RNA

According to
Source

e Cord Blood and Tissues
* Bone marrow

e Peripheral blood

¢ Adipose Tissue

 Body fluids

e Tissue SCs

According to
Ontogeny

e Embryonic

o Fetal

e Adult

e Induced Pluripotent

Figure 4—4 Approaches to classification of stem cells.
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regulation are key players in determining stem cell fate.
Transdifferentiation is implemented through reprogramming of the
cells epigenetic print to establish new lineage-specific modifica-
tions. The following forms of chromatin remodeling play impor-
tant roles in lineage re-determination:

a. Histone modification: Postranslational histone modifications include

acetylation, methylation, phosphorylation, and ubiquitylation, the
most common of which is acetylation. Histone acetylation is related
to gene activation, whereas hypoacetylated genes are inactive.
Histone acetylation weakens the interaction between histone tails
and DNA, creating a space for factors to bind to the promotor initi-
ating gene transcription. Thus, global histone acetylation is essential
for transdifferentiation.

Histone methylation is another modification responsible for
shaping the map of active and silent genes.

. DNA methylation: DNA methylation is an important epigenetic

mechanism essential for normal cell development. It is fundamental
for gene imprinting, X chromosome inactivation, and lineage-
specific gene expression. DNA methylation occurs by adding a
methyl group to cytosine within a CpG dinucleotide through DNA
methyltransferases. The status of CpG methylation in the cell
genome reflects their transdifferentiation potential, exposing the
lineage. Thus, hyperacetylated and hypomethylated genes respond
easily to lineage-specific inducers in the microenvironment.

. Noncoding RNA regulation: During normal cell differentiation,

multiple genes are expressed sequentially at each stage. Feedback
and feedforward pathways regulate these stages tightly. MicroRINAs
(miRNAs) are the mediators of this regulation. Specific miRNAs
were reported in adipose-derived MSC transdifferentiation into the
neural lineage, such as miR-22, miR-145, and miR-224.

Collectively, hyperacetylation and hypomethylation of the DNA pre-

pare the genes for change in microenvironment stimuli, whereas miRINAs

guide the lineage commitment steps.

4.3 Signaling pathways involved in stem cell
transdifferentiation

Similar to natural development, signaling pathways active in transdifferen-

tiation differ from one lineage to the other. Despite this lineage variation,
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a set of signaling pathways are implicated in stem cell fate determination.
These are Wnt and B—Catenin pathway, Notch pathway, transforming
growth factor beta (TGFB) pathway, bone morphogenetic protein (BMP)
pathway, and sonic hedgehog pathway. While Notch signaling maintains
stem cell self~-renewal and inhibits differentiation and must be downregu-
lated during transdiftferentiation, Wnt and B—Catenin pathway, TGFB
pathway, BMP pathway, and sonic hedgehog pathway are upregulated
during transdifferentiation.

As a practical example of signaling pathways active during transdiffer-
entiation, Ye et al. (2015) showed that MSC transdifferentiation into
hepatic lineage passes through the following steps:

1. Change from mesoderm to endoderm: nodal signaling and canonical
Want pathways.

2. Specification of hepatoblast: Activin/nodal signaling enhance endo-
derm determination followed by activation of Wnt/B—catenin
signaling.

3. Determination of hepatocytes: TGFB and WNT signaling.

Mogrify algorithm

Cellular reprogramming experiments need consecutive combinations
of growth factors to guide the cells through these lineage conversion
steps. Mogrify algorithm is a network-based designed to find the set of
transcription factors needed for conversion of one cell lineage to the
other.

4.4 Activation of endogenous repair system

Injected stem cells can augment the resident stem cell—related repair
mechanisms. These include a number of features favoring augmentation
of the resident stem cell pool (Fig. 4—5).

A. Endogenous stem cell activation:

Using genetic lineage mapping, Loffredo et al. (2011) documented
that injected stem cells increased the pool of endogenous cardiac
progenitors.

B. Increasing the rate of proliferation of differentiated cells:

Hatzistgeros et al. (2010) proved the effect of stem cells on increas-
ing the cycling rate of both undifferentiated and differentiated cardiac
cells, leading to increased mature myocytes
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Figure 4—5 Effect of stem cells on endogenous cell populations.

C. Induction of dedifferentiation:

Dedifferentiation maybe an initial step in stimulation of endogenous
repair by increasing the number of stem cells by recruitment of differenti-
ated cells to enter the stem cell pool. This increases the rate of prolifera-
tion of the required cell lineage.

4.5 Induction of angiogenesis

MSC:s are localized in the vascular niche in bone marrow, as well as around
adult vessels, where they are called pericytes. MSCs play a pivotal role in
regulating new blood vessel formation through a number of mechanisms.
Angilogenesis, or neovascularization, is a key mechanism of tissue
regeneration. As a reaction to tissue damage or inflammation, inflamma-
tory cytokines induce the evolution of new vascular networks to enhance
the incoming “defense” cells and hasten the removal of toxic byproducts.
Thus, harnessing this property is one of the stem cell mechanisms of
endorsing endogenous repair mechanisms. This is mediated through one
of the following:
A. Neovascularization through direct transdifferentiation into vascular
lineage;
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B. Secretion of “pro-angiogenic factors”: IL-8, insulin-like growth factor
I (IGF-1) and vascular endothelial growth factor (VEGF);

C. Cell—cell contact with endothelial lineage;

D. Paracrine-mediated activation of the angiogenic function of endothe-
lial cells (ECs) through induction of VEGF-A signaling pathway
(Table 4.1)

E. Exosome-mediated angiogenesis through miRINA.

Table 4.1 Paracrine angiogenic factors secreted by mesenchymal stem cells and
proposed mechanism.

Factor Mechanism

bFGF organization of various angiogenic pathways and
coordination of cell—cell interactions in this
process

VEGF Endothelialization of injured tissue by:

1 Inducing endothelial cell proliferation
2 Regulating ECs migrations
3 Promoting EC differentiation

TGF-3 Endothelial differentiation of MSCs
PDGF Induces endothelial differentiation of MSCs:
Angiopoietinl 1 vascular protective effects

2 suppressing plasma leakage

3 inhibiting vascular inflammation

4 preventing endothelial death

Placental growth factor Synergistic function with VEGF

IL-6 1 Potent antiapoptotic activity

2 Induction of VEGF expression on EC
chemoattractant for angiogenesis

Monocyte chemotactic
protein-1 (MCP-1)

Stromal-derived factor Stimulates EC proliferation and capillary tube
(SDF-1) formation

Hepatocyte growth factor Induces activation of angiogenesis through
(HGF) tyrosine phosphorylation c-Met receptor

found in ECs and SMCs

Artemin Promotes angiogenesis

CXCL16 Promotes angiogenesis

Endothelin-1 Pro-angiogenic and pro-lymphangiogenic

IL-1B Pro-angiogenic and porlymphangiogenic

IL-8 Pro-angiogenic

bFGEF, basic fibroblast growth factor; ECs, endothelial cells; MSCs, mesenchymal stem cells; PDGF,
platelet-derived growth factor; SMCs, smooth muscle cells; TGF-(3, transforming growth factor beta;
VEGEF, vascular endothelial growth factor.
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Cell-free MSC-derived exosomes induce enhancement of endothelial
functions: proliferation, migration, and tube formation. This is mediated
through pro-angiogenic micro RNAs: miRNA-125a, miRNA-30b,
miRINA-30c, miRNA-424, miRNA-150, and let-7f.

On the other hand, MSC-derived secretome contains some antiangio-
genic factors such as thrombospondin-1 and 2, serpin B5, E1 and F1,
platelet factor 4, and vasohibin. Factors affecting the relative abundance of
pro- and antiangiogenic factor are still under research.

4.5.1 Variability in angiogenic potential of mesenchymal

stem cells

While some studies have reported antiangiogenic properties of MSCs,

others have reported variable angiogenic/antiangiogenic properties across

different MSC sources, for example, bone marrow and cord blood. This
variability can be explained by a number of causes:

1. Source of MSCs:

Angiogenic potential of MSCs is dependent upon their tissue of
origin. MSC:s from adipose show significantly more efficient angiogen-
esis potential than cord blood—derived MSCs. Amniotic fluid—derived
MSCs are more potent angiogenic inducers than bone marrow—
derived MSCs. This variability is due to increased amount of angio-
genic factors in their secretome caused by microenvironment
differences.

2. Culture conditions of MSCs: Exposure of MSCs to variable environ-
mental conditions during culture induces modulation of key signaling
pathways in MSCs. An excellent example of the effect of environmen-
tal factors on the regenerative and angiogenic properties of MSCs is
the case of intrauterine growth restriction, where abnormal placental
development induces placental MSCs to lose angiogenic potential
while enhancing their adipogenic potential due to the metabolic shift
from aerobic to anaerobic state. Also, Rezaie and coworkers reported
reduction of the angiogenic potential of MSCs after exposure to dia-
betic sera.

3. Since the exosome-mediated pro-angiogenic secretome of the MSCs
increases with hypoxia, maybe the mode rather than the actual effect
of MSCs changes with the microenvironment. That is to say that in a
hypoxic microenvironment, there is a shift of the pro-angiogenic fac-
tors of MSCs from paracrine to exosome mediated, which is a more
intimate cell-to-cell contact and is protected from hostile milieu.
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4.6 Secretory function

Most of the regenerative effects of stem cells are mediated through their
library of growth factors, cytokines, chemokines, bioactive lipids, messen-
ger RNA (mRNA), and regulatory miRINA. This secretory function is
crucial for autocrine and paracrine regulation of cellular functions. Stem
cells activated by mobilization from their physiological niches secrete these
regulatory molecules. These bioactive molecules are either secreted
directly into the microenvironment or “shuttled to the cells through
microvesicles and exosomes” (Table 4.2).

4.6.1 Microvesicles and exosomes

Microvesicles are shed from the cell surface as a physiological phenome-
non accompanying cell activation or exposure to injuries such as hypoxia,
irradiation, complement components, and oxidative injury. The size of
microvesicles ranges from 0.1 to 1 pm.

In contrast, exosomes are formed in the endosomal membrane and
released as exocytosis. The size of exosomes is much smaller than MV,
ranging from 30 to 100 nm.

Table 4.2 Comparison between main characteristics of microvesicles and exosomes.

Mv Exosomes
1. Origin Plasma membrane Intracytoplasmic vesicles
2. Mechanism of Blebbing of Fusion of the endoplasmic
formation cytoplasmic membrane of intracellular vesicles
membrane with the cytoplasmic membrane
3. Size 0—1—1um 20—100 nm
4. Variance Heterogenous Homogeneous
5. Surface CD40 Tetraspanins
markers
6. Membrane Enriched in lipids Enriched in lipids
components
7. Contents Proteins, mRINA, Proteins, mRINA, miRNA, lipids
miRNA, lipids
8. Mechanism of 1. Ca**- 1. ESCRT-dependent
release dependent 2. Tetraspanin-dependent
2. Stimuli- 3. Ceramide-dependent
dependent 4. Stimuli-dependent

bFGF basic fibroblast growth factor; SMCs smooth muscle cells; ESCRT endosomal sorting
complexes required for transport.



48 Stem Cell Therapy

Exosomes, first described by Pan and Johnstone in 1983, are a member
of the family of extracellular vesicles with a diameter of 40—120 nm.
When first described, exosomes were thought to carry cellular waste.
Recently, it was proven that they carry genetic materials, for example,
mRNA and miRNA, which play an important role in the cell—cell cross
talk and in cellular function.

Exosome synthesis, trafficking, and biofunction are controlled by a com-
plex network of transport machinery (ESCRT-0, I, II, and III). More than
900 different molecules were isolated from exosomes, as reported by
ExoCarta. In MSCs, exosomes carry cytokines and growth factors, such as
interleukin-6, interleukin 10, TGFB, HGF, and VEGF. They also carry
pro-angiogenic factors, such as miRINA-125a, miRINA-30b, miRNA-30c,
miRNA-424, miRNA-150, and ket-7f. Tissue repair proteins such as
MMP-9 and extracellular matrix metalloproteinase inducer.

Exosomes are extremely heterogenous both in membrane composi-
tion and in the content of bioactive molecules. This heterogeneity is
governed both by the cell of origin and the stimulus of release.
Preconditioning of MSCs can modify the exosome content according to
the microenvironment.

Factors affecting exosome content:

Exosome cargo content varies according to a number of factors:

1. Cell lineage

2. Cell source

3. Microenvironment: changing the milieu of the cells greatly influences
their exosomal content. Thus, directed microenvironment and culture
conditions can enhance exosomal content of certain angiogenic, anti-
angiogenic, neural, or other regenerative bioactive molecules.

4.6.2 Paracrine action

Haynesworth et al. were the first to report that MSCs secrete a number of
growth factors, chemokines, and regulatory proteins that can participate in
tissue regeneration. MSCs secretome includes a variety of cytokines, growth
factors, chemokines metalloproteinases, and bioactive molecules. These
molecules can be secreted directly into the microenvironment (Table 4.3).
Together with transdifferentiation, cell fusion is another phenomenon
of stem cell plasticity. Cell fusion is a natural process implicated in normal
development, immune response, tissue formation, and physiological
regeneration, where merging of two cells takes places to form a
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Table 4.3 Mesenchymal stem cell secretome.

Type Molecule Function
Growth factors TGFB 1. Treg activation
2. Suppression of DC maturation
3. Suppression of T17 generation
HGF
VEGF 1 Angiogenesis
2 Neurogenesis
Interleukins 1. IL-1Ra 1. M2-like macrophage activation
2. Inhibition of B cell activation
2. LIF 1. Inhibition of T17 differentiation
2. Induction of Treg proliferation
Chemokines mpCCL2 Prevents T17 chemotaxis and activation
Prostaglandins PGE2 1. Induces macrophage production of
IL-10
2. Promotes Macrophage differentiation
Metabolic Gall 1. Inhibits proliferation of CD4 and CD8
molecules T cells
Gal9 Induces apoptosis of Th17 and Th1 cells

syncytium, a new hybrid cell expressing a new phenotype. Several reports
have noted the contribution of fusion to natural repair with examples
such as one-marrow stem cells fusing with several cell types, especially
hepatocytes. Cell fusion is a major source of bone marrow—derived hepa-
tocytes under hepatic degenerative conditions. Studies of patients under-
going gender-mismatched bone marrow transplantation have previously
documented the presence of donor-derived mature cells in almost all
body organs. This was explained by transdifferentiation of bone marrow—
derived stem cells into mature body cells. However, one study documen-
ted the presence of rare tetraploid neurons and hepatocytes showing
(XXXY), a finding that introduces the process of fusion as another possi-
bility of stem cell contribution to regeneration.

Cell fusion can be a mode of induction of regeneration and correction
of autosomal recessive disorders.

4.7 Mitochondrial transfer

Mitochondrion, a membrane-bound cell organelle, is considered the
power generator of the cell. It is responsible for converting oxygen and
nutrients into ATP, which is the energy “currency” inside the cells.
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Mitochondria play an important role in oxidative phosphorylation, pre-
vention of apoptosis, and ATP generation. Mitochondrial transfer is
known in many somatic cells and fibroblasts.

Since MSCs were reported to reduce the amount of reactive oxygen
species (ROS) in tissues, it was suggested that mitochondral transfer is
one of the regenerative mechanisms implicated in MSC-based therapy.
Mitochondrial transfer from stem cells to degenerative or stressed cells is a
mode of cellular repair, which was documented in MSCs in many studies.
Coculture of MSCs with mitochondrial-deprived cells was found to
induce restoration of mitochondria to these cells.

4.7.1 Inducers of transfer

Mitochondrial transfer is triggered by the presence of ROS in the micro-
environment as well as the presence of mitochondrial damage. Damaged
mitochondria release mitochondrial DNA and products called damage-
associated molecular patterns, which induce mitochondrial transfer. CD38
upregulation also stimulates mitochondrial transfer.

4.7.2 Mechanisms

Mitochondria are transferred between cells through one of the following

mechanisms:

1. Tunneling nanotubes

2. Microvesicle formation

3. Gap junctions

4. Cell fusion

5. Direct uptake of mitochondria from the medium

4.7.3 Effects

MSCs present in areas of stress secrete depolarized mitochondria for their
protection through transcellular mitophagy. Damaged cells release mito-
chondrna in the environment, which are engulfed and degraded by MSCs,
causing induction of cytoprotective enzyme HO-1 and mitochondrial
biogenesis.

4.7.4 Variability in mitochondrial transfer according to
mesenchymal stem cell source

Paliwal et al. (2018) demonstrated the differential mitochondrial transfer
potential across MSC sources. They found that dental pulp and Wharton
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jelly—derived MSCs exert more potent mitochondrial transfer potential

than bone marrow and adipose tissue—derived MSCs. This was proven

through a quantitative comparison between the ROS in tissues.

4.8 Microenvironment modulation

Through their antiinflammatory, antimicrobial, and immunomodulatory func-

tions, MSCs are able to change the microenvironment from a degenerative to

a regenerative setting. Changing the microenvironment milieu from pro- to

antiinflammatory promotes angiogenesis, cell proliferation, and reduces cell

apoptosis. This effect is mediated by altering the function of immune cells

either through cell—cell contact, paracrine, or exosome mediated.

A.

B.

Antiinflammatory effects:

The antiinflammatory effects involved in regenerative function of
stem cells are:

1. Reduction of neutrophil migration and infiltration

2. Reduction of pro-inflaimmatory cytokine levels: IL-1, INF-
gamma, IL-6, macrophage inflammatory protein-1. This is mostly
mediated through IL-10 secretion, which inhibits the pro-
inflammatory cytokines by reduction of hemoglobin-induced oxi-
dative tissue damage through positive feedback of CD163.

3. Increased granulocyte colony stimulating factor level leading to
enhanced granulocyte production and function.

4. Inhibition of pyroptosis, caspase-dependent cell death, which is
accompanied by the release of inflaimmasomes inducing marked
inflammatory response. This is mediated through IL-10 secretion.

Antimicrobial functions:

MSCs exert their antimicrobial functions through a number of
mechanisms. They have direct bactericidal activity, which is present
spontaneously in vitro. Moreover, MSC-related soluble factors inhibit
the growth of a number of bacteria in addition to drug-resistant bac-
teria. Lastly, MSCs augment the innate immune response, inducing
neutrophil extracellular trap formation and bacterial phagocytosis. The
antimicrobial activity of MSCs can also be mediated through mito-
chondrial transfer.

. Immunomodulatory functions:

Immunomodulatory function of MSCs targets almost all arms of
the immune system: T-lymphocytes, B-lymphocytes, NK lympho-
cytes, macrophages, and dendritic cells.
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1. T cells:

MSCs inhibit the proliferation and activation of T cells (both
CD4 and CDS8 T cells) and cause shift of T cell phenotype from
pro-inflammatory Th1 to antiinflammatory Th2 with all associated
cytokine profile shift. MSCs also induce the formation and expan-
sion of CD4 + CD25-FoxP3- Tregs. Lastly, MSCs can suppress T
cell activation and induce T cell apoptosis through PD-L1 secretion.

. B cells:

MSCs eftects on B-cells are largely mediated through direct cell-
to-cell contact, reducing plasmablast formation and inducing the
production of Bregs. Bregs exert their immunotolerant and antiin-
flammatory effects through the production of IL-10. In addition to
the direct mechanism, MSCs inhibit B cell proliferation through
cytokine routes, namely, the production of IL-lalpha as well as
inducing T cell interferon gamma production. IL-1alpha inhibits B
cell differentiation, while INF-gamma inhibits B cell proliferation.

. NK cells:

MSC:s are strong inhibitors of NK cells: both proliferation and
cytotoxic activity. This effect is probably mediated through the
production of prostaglandin E2, IL-6, TGF-B, and nitric oxide.

. Macrophages:

MSCs were found to drive macrophages to polarize into antiin-
flammatory M2 instead of into pro-inflammatory M1, probably
through secretion of IL-1 receptor agonist (IL-1 RA). Another path-
way implicated in this shift is through monocyte phagocytosis of
MSCs, which causes monocytes to turn to type 2 immunosuppressive
phenotype. Phagocytosis of MSC caused CD14 + CD16- mature
monocytes to polarize toward a CD14+ +CD16 + CD206 +
immune regulatory phenotype with strong antiinflammatory properties
secreting IL-10 and PDL-1 and enhanced ability to induce
CD4 + CD25 + T-reg formation.

. Dendritic cells:

DCs cultured with MSCs in vitro show reduced ability to
induce antigen-specific T cell proliferation and MHC class 1I
expression. Type 1 DCs secrete less TNF-alpha and type 2 DCs
secrete more IL-10 in the presence of MSCs.

Also, MSCs were found to induce differentiation of CD34 + HSCs

to regulatory DCs. MSCs also suppress the migration and maturation of

DCs.
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4.9 Conclusion

Stem cells induce tissue regeneration through a number of mechanisms.
In most cases, all these mechanisms function in harmony. However, in
some cases, one of these arms takes the upper hand. Understanding these
mechanisms can lead to enhancement of stem cell—based regeneration.
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Sources of stem cells for
regenerative purposes
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Despite the extensive research in regenerative medicine using a variable
array of stem cell types extracted from various sources, the most promising
stem cell lineage for regenerative purposes is the mesenchymal stem cell
(MSC). Hemopoietic stem cells (HSCs), endothelial stem cells, and
induced pluripotent stem cells are also efficient candidates for stem cell
therapy. Thus, the choice of the stem cell source must be proceeded by
choosing the stem cell type.

5.1 Characteristics of the ideal source of stem cells

A source for stem cell harvest must fulfill certain criteria in order to be
considered a potential reliable source for stem cells. This source should
provide adequate supply of stem cells sufficient for the stem cell therapy
procedure. The process of stem cell harvest should be safe with no hazards
neither to the donor nor to the cell viability or function. Moreover, the
stem cells isolated should be renewable so as to allow frequent sampling if
needed.

Stem Cell Therapy © 2023 Elsevier Inc.
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5.2 Sources of mesenchymal stem cells

MSCs are present in all body organs and can be isolated from almost all
body tissues. However, practically, clinically usable sources for MSCs are
bone marrow, adipose tissue, and cord tissue. Less abundant sources
are dental pulp, fetal tissue (placenta and amniotic fluid), synovial fluid
and tissue, endometrium, and skin (Table 5.1).

According to the “minimal criteria of mesenchymal stem cell identifi-
cation” indicated by the International Society for Cellular Therapy, MSCs
from various sources share the baseline characteristics of MSCs. However,
the stem cell source also dictates additional characteristics that distinguishes
MSCs isolated from it. Bone marrow mesenchymal stem cells (BM-
MSCs) are regarded as the “golden standard” of MSCs.

Bone marrow is the “reference” source of MSCs. Isolation of MSCs
from bone marrow is technically easy with convenient expansion and
transdifterentiation protocols. MSCs represent 0.01%—0.001% of bone
marrow population. Bone marrow—derived MSCs are genetically stable
for numerous passages and are well tolerated when injected both systemi-
cally and locally. The main disadvantage of bone marrow as a source
for MSCs is that its acquisition is somewhat invasive, requiring sedation or
anesthesia (Fig. 5—1).

Peripheral blood is another source of MSCs, the source of which is
disputed. The fact that peripheral blood mesenchymal stem cells (PB-
MSCs) show minor biological differences from BM-MSCs can be
explained as either postmobilization adaptive changes or the result of
a different origin. PB-MSCs are much more abundant in children, and
their incidence declines with age. Circulating MSCs, with or without
mobilization, can be collected from PB through leukapheresis procedure.
PB-MSCs are biologically identical to BM-MSCs except for the cycling
status. Mobilized MSCs are more cycling than those isolated from bone
marrow. Thus, PB-MSCs show lower proliferative rate than BM-MSCs.
PB-MSCs show the immunophenotypic pattern typical of MSCs and
express CD146 and CD140b, which are exclusively expressed by PB-
MSCs. PB-MSCs show higher adipogenic differentiation potential than
BM-MSCs.

Cord tissue (Wharton jelly) is a rich source of MSCs. UC-MSCs are
collected noninvasively as they are obtained from medical waste. The isola-
tion process is easy with large numbers of MSCs. UC-MSCs have shorter
doubling time than BM-MSCs and show higher viability at high passage



Table 5.1 Comparison between mesenchymal stem cells from different sources.

Bone
marrow

Peripheral
blood

Adipose
tissue

Cord blood

Skin

Periodontal
ligament

Procedure

Painful procedure
Processing

Expense

MSC %

Expansion potential
Proliferation potential
Doubling time

Immunophenotyping:
CD90
CD73
CD105
CD44
CD271
CD34
CD45
CD14
CD31
CD146
CD140b
CD 166

Invasive

+ +
None
+ 4+
+ +

+4++

++ + + +

Minimally

invasive
None
++++
+

++

+ 4+ + +

Invasive

+

Difficult
++
o+

++++

++ 4+t

Discarded
tissue

Difficult
+
++

++++
Shorter than
BM

+ 4+ + +

Invasive

+
Difficult
+

++

Discarded tissue

Difficult
+
++

(Continued)



Table 5.1 (Continued)

Bone Peripheral Adipose Cord blood Skin Periodontal
marrow blood tissue ligament

Plasticity:

1. Osteogenic ++ + ++ ++ ++ ++ ++
Differentiation

2. Chondrogenic ++ + ++ ++ ++ ++ ++
Differentiation

3. Adipogenic + + + + + + + ++ ++
Differentiation

4. Other lineages:

Neural + * =+ * + =+

Stability in passages + + + ++ + +

Paracrine activity

IFN 44

TGF 4+

IGF 4q

SCF ++

HGF ++

Immunomodulatory + + ++ + + + +
activity

— no, + mild, ++ moderate, +++ marked.
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Skin
PB Pan-MSC AT
CD146 CD90 CD34
CD140b
cD73
CD105
cD271
PDL
CB
CD 166

Figure 5—1 Immunophenotyping differences between mesenchymal stem cells
from different sources. AT, adipose tissue; PDL, periodontal ligament; PB, peripheral
blood; CB, cord blood.

numbers. Paracrine function of UC-MSCs is potent, secreting high concen-
trations of immunomodulatory cytokines: IL-10, IL-8, TGF- 32, and HGF.

MSCs can also be isolated from Wharton jelly and placental tissue,
with similar biological characteristics. Wharton jelly MSCs show higher
percentage of cells in the GO/G1 phase. Placental MSCs show more pow-
erful immunosuppressive function than MSCs from other sources.

Adipose tissue MSCs are emerging as a good alternative to bone mar-
row MSCs. MSCs in adipose tissue are localized in the stromal vascular
fraction (SVF). They are a heterogenous population which express all the
defining characteristics of MSCs including potential for osteogenic, chon-
drogenic and adipogenic differentiation; and they also show variable plas-
ticity towards other lineages.

Adipose tissue contains a mixed stem cell population: MSC, endothe-
lial cells, and HSCs, in addition to adipose stem cells (ASCs). All these
populations exhibit variable regenerative and transdifferentiation poten-
tials. On the whole, adipose tissue—derived stem cells show more potent
neural differentiation potential as compared to the higher osteogenic and
chondrogenic potential of bone marrow—derived MSCs.

Adipose tissue harbors a higher incidence of stem cells per gram tissue
than bone marrow. It is estimated that the stromal vascular fraction con-
tains 3% stem cells, as compared to 0.001% to 0.01% in bone marrow.
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Thus, about 0.5 X 10* to 2 X 10> stem cells can be isolated from a
gram of adipose tissue, a yield 100—500 fold higher than that of the bone
marrow. Adipose-derived stem cells show higher proliferative potential
than those derived from bone marrow or Wharton jelly.

ASCs also express peculiar paracrine activity with higher basic fibro-
blast growth factor (BFGF), interferon (IFN)-gamma, and insulin-like
growth factor 1 secretion and more potent immunomodulatory function.

Interestingly, immunophenotyping of ASCs shows positive CD34,
with negative CD45 and CD 31 and the expression of MSC markers
according to the minimal criteria of ISCT (CD90, CD73, CD105, and
CD44).

5.3 Skin mesenchymal stem cells

MSC:s isolated from different regions of the skin (SMCs) show similar bio-
logical characteristics to the BM-MSCs, with minor differences. SMCs
require a longer time to grow in primary culture, but in subsequent pas-
sages, their growth rate is higher than BM-MSCs. They also show difter-
ent paracrine function with higher secretion of proliferative cytokines
than BM-MSCs.

5.4 Periodontal ligament stem cells

Periodontal ligament stem cells are isolated from discarded tissue following
dental procedure.

Their isolation is relatively easy, with a high proliferative potential and
lineage differentiation ability.

5.4.1 Sources of hemopoietic stem cells

Although HSCs represent the benchmark for all subsequently character-
ized stem cells, they may not be the best candidate for regenerative medi-
cine. In the setting of hemopoeitic stem cell transplantation (HSCT)
for hematological reconstitution, peripheral blood hemopoietic cells (PB-
HSCs) are easier to isolate in large numbers with less expenses and
invasiveness. However, in a regenerative setting, few studies compared
the regenerative function of PB and bone marrow hemopoietic cells
(BM-HSCs). PB-HSCs show the same plasticity, with faster engraftment
than BM-HSCs.
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Table 5.2 Conditions associated with increased circulating hemopoietic stem cell.

Noninduced Induced

Tissue injury: coronary heart Cytokines: G-CSF, GM-
diseaseAutoimmune diseases:Celiac CSFChemotherapy: Endoxan
Disease

Bone marrow is the classic source of HSCs. Bone marrow harvest is
the classic method of obtaining BM-HSCs. Bone marrow harvest is an
invasive technique done under general anesthesia.

Peripheral blood: HSC circulation between bone marrow, peripheral
blood, and other extramedullary hemopoietic organs, such as the liver
and spleen, is a central part of hematopoiesis during embryonic life. In
postnatal life, HSCs continue to traffic; the explanation of this circulation
is not clear. However, it may be a part of the regenerative rather than
the hemopoietic function of HSCs. HSCs injected intravenously home
to the bone marrow, whereas BM-HSCs are mobilized to the blood in
response to a number of physiological stimuli. This is exaggerated by the
administration of cytokines or chemotherapy, a phenomenon referred to
as “mobilization” (Table 5.2).

5.5 Cord blood

Cord blood was introduced as the third source of HSCs after the
nuclear accident of Chernobyl in the 1980s. Research proved the abil-
ity of umbilical cord blood hemopoeitic stem cells (UCB-HSCs) to
reconstitute hemopoiesis. This was followed by the introduction of
UCB unit banking, with more than 600,000 stored units in banks
worldwide.

With the advent of the regenerative medicine era, UCB stem cells
were introduced as regenerative units (Table 5.3).

5.5.1 Sources of endothelial cells

Endothelial progenitors, also known as lectin-positive progenitors, are
sometimes used for regenerative purposes, mainly in revascularization.
Endothelial stem cells and progenitors can be isolated from bone marrow,
peripheral blood, cord blood, Wharton jelly, and adipose tissue. Endothelial
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Table 5.3 Comparison between sources of hemopoietic stem cell.

Bone marrow

Peripheral blood

Umblical cord

Availability Renewable Renewable Nonrenewable
Technique Invasive Less invasive Noninvasive
Collection/risk Surgery-related Apheresis related Post delivery
severe adverse severe adverse None
events 1/100 events1/1000
Number of HSC 50 X 10 X 1X
(Relative
number of
CD34 + cells)
Cycling state Noncycling Cycling (G1-2) Noncycling
(GO—-1) (GO-1)
Cost ++ + +

progenitors show variable expressions of CD 146, CD 34, CD 31, CD 90,
and VEGR2.

Endothelial stem cells can be isolated from bone marrow, adipose
tissue, umbilical cord Wharton jelly. They are also found in peripheral
blood and various human tissues, such as cardiac tissue. However, isolation
of ECs for regenerative purposes is usually done from bone marrow, adi-
pose tissue, or Wharton jelly.

Endothelial stem cells probably share common ancestor with other bone
marrow stem cells such as HSCs or MSCs. Thus, they can be obtained
from transdifferentiation of these stem cells.

5.6 Tissue-specific stem cells

All body tissues contain tissue-resident stem cells responsible for the
physiological turnover and wear and tear of the tissues. Tissue-specific
stem cells can be obtained by tissue biopsy; thus, this is rarely a feasible
source for regenerative purposes. An important exception for this con-
cept is the highly complex cells, which are difficult to be obtained by
follicle

transdifferentiation in-vitro such as hair stem cells or

melanocytes.
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HSC hemopoeitic stem cell

BM  bone marrow

CB cord blood

MSC mesenchymal stem cell

ASC adipose stem cell

wJ Wharton jelly

ECs  endothelial cells

ESCs endothelial stem cells

IPS  induced pluripotent stem cell
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6.1 Introduction

Application of stem cell therapeutic strategies in regeneration is a relatively
new branch of medicine. Formulation of the basic concepts and protocols
is currently a hot topic in regenerative medicine. Similar to other branches
of medicine, a few questions have to be answered, and according to the
answers, precise stem cell therapy protocols can be formulated.

In this chapter, we will discuss these questions and describe how

the answers can be reflected on the regenerative strategy of each case
(Fig. 6—1).
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6.2 What is the basic defect?

Organ damage or functional defects requiring stem cell therapy can be
either due to loss of a particular cell type or derangement of macro- or
microanatomical structure.

6.2.1 Cellular defects

Numerous functional defects are caused by the loss of a particular cell
type. A typical example of the acquired type is the loss of pancreatic beta
islet cells leading to diabetes mellitus, where the anatomical and physio-
logical structure of the pancreas is normal, but beta islet cells mass and
function are diminished. Another example is Parkinson’s disease, where
the loss of dopaminergic neurons leads to the characteristic features of the
disease.

What is the basic
defect?

What is the optimum
cell lineage for
therapy?

What is the optimum
source for this
lineage?

What is the optimum
laboratory protocol

What is the optimum
route of injection?

What is the optimum
timing of treatment?

What is the optimum
dose of cells?

What is the optimum
method of

evaluation of
therapy?

Figure 6—1 Algorithm for regenerative therapy approach.
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Congenital defect in protein synthesis can be classified among these
defects. These include congenital collagen VII defect in epidermolysis bul-
losa, enzyme defects in liver metabolic disorders, and amino acidurias.

6.2.2 Structural defects

The second type of damage involves the structural makeup of the organ
leading to malfunction. The best example is renal failure, where normal
renal anatomy is crucial for function, and cellular replacement cannot
induce improvement in function.

A few cases are a mixture of both types, for example, liver cirrhosis,
where the pathology involves both cells and the matrix structure (Table 6.1).

6.3 Which cell lineage is the best for repair? Choosing
optimum cell lineage

Choosing the cells for repair is dependent on identifying the missing cells.
The optimum choice is the same cell lineage, for example, using hepatic
stem cells for continuous replacement of hepatocytes in liver cell failure
or pancreatic islet cells for diabetes. Using same lineage cells will necessi-
tate the use of allogenic cellular therapy (Fig. 6—2).

Allogenic
Generlc SC
Cellular MSC/HSC
Replacement

Cellular
Replacement

Tissue-Specific
Stem Cells

Regenerative
Stem Cells

[ I
l Allogenic l Autologous l MSCs l HSC EC

Figure 6—2 Sources for cellular replacement in stem cell therapy.




Table 6.1 Types of defects in degenerative diseases.

Cellular defect

Structural defect

Combined

Disease Type of cells lost Disease Type of structural Disease Type of structural
loss loss
1. Diabetes Beta islet cells Renal Nephron Liver Hepatic lobule
failure cirrhosis

2. Parkinson’s disease

3. Spinal cord injury

4. Retinitis pigmentosa

5. Osteoarthritis

6. Avascular Necrosis

7. Chronic wounds

8. Azoospermia

9. Cardiomyopathy

10. Idiopathic lung
fibrosis

11. Optic nerve atrophy

12. Myopathy

13. Ovarian failure

14. Vitiligo

15. Alopecia

Dopaminergic neurons
Spinal neurons

Retinal pigment cells
Cartilage cells
Osteocytes

Skin epithelium
Spermatogenic cells
cardiomyocytes
Alveolar epithelium

Neurons

Muscle fibers

Oocytes

Melanocytes

Hair follicular stem
cells
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The use of tissue-specific stem cells faces two major challenges:
Difficult isolation: the method of obtaining the stem cell population must
be noninvasive and should secure the harvest of a suitable number of
the cells sufficient to induce and maintain the regeneration. Tissue-
specific stem cells are present in low numbers and in remote anatomical
locations in their respective organs. Moreover, these cells are present in
vital parts of the body where donation is possible only in cadaveric situ-
ation as in the case of cerebral or cerebellar neurons.

Difficult ex vivo expansion of the cell type: some cell types are almost
nonexpandable in vivo, for example, hepatocytes. As these cells must
be obtained in large numbers for regenerative purposes, their use in
transplantation is limited.

Ex vivo expansion of the stem cell population is accompanied by
reduction in telomere length. This means that expanded stem cells
have a reduced lifespan as compared with nonexpanded stem cells.
The second option for regenerative cell therapy is using the conve-

nient stem cell populations, which are hemopoietic stem cells (HSCs) and
mesenchymal stem cells (MSCs) (Table 6.2).

Table 6.2 Comparison between hemopoietic stem cells and mesenchymal stem cells
in terms of regenerative potential.

Hemopoietic stem cell Mesenchymal stem cell
Sources * Bone marrow * Bone marrow
+ Cord blood e Wharton jelly
* Leukapheresis * Adipose tissue
e Other sources: amniotic
fluid,
Advantages * Renewable ¢ Cheap isolation
* “Closed-system” * Easy expansion
isolation available ¢ Renewable
Well-defined ¢ Nonimmunogenic (no
immunological and human leukocyte antigen
functional characteristics [HLA]-matching needed)
Disadvantages * Expensive isolation e No available “closed
 Difficult Expansion system” isolation
*  HLA-matching needed
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6.4 What is the best source for a cell type? Choosing the
optimum cell source

The commonly used stem cells for therapeutic applications, HSCs and
MSC:s, can be isolated from a number of sources.

6.4.1 Hemopoietic stem cells

HSCs are classically isolated from bone marrow. They can also be mobi-
lized from bone marrow and collected using leukapheresis. Cord blood is
another source of HSCs (Table 6.3).

6.4.2 Mesenchymal stem cells

MSCs hold a great potential as a regenerative tool. Even though they
more favorably repair the tissue they originated from, they can be used
for repair or all tissue lineages. The heterogeneity of origin of MSCs is
reflected in the heterogeneity of their transdifferentiation and paracrine
activity crucial for regenerative function (Table 6.4).

6.5 What is the optimum laboratory protocol?

a. Purification:

The best stem cell therapy option is to inject pure cells. However,
purification is an additional step that carries the potential of contami-
nation as well as increasing the cost of stem cell therapy. Moreover,
the experience in bone marrow transplantation (BMT), which is the

Table 6.3 Sources of hemopoietic stem cells.

Bone Cord blood Leukapheresis
marrow
Technique Invasive Noninvasive Minimally
invasive
Cost Inexpensive Expensive Expensive
Renewable Renewable Nonrenewable | Renewable
Number of cells High Limited High
*  Quality of cells: ++ + + ++++
* Function ++ + ++++ ++
* Self-renewal ++ + + ++++
* Immune
competence




Basic concepts in stem cell therapy: stem cell therapy strategy development 75

Table 6.4 Functional differences between mesenchymal stem cell sources.

Bone Adipose Cord blood Other sources
marrow tissue and tissues (e.g., dental
pulp)
Frequency ++ + ++++ + + + +
Proliferation ++ +
Doubling time 40—60h | 45h 24 h
Differentiation
Plasticity: ++ + ++ + ++ + ++ +
* Adipogenic
* Chondrogenic
*  Osteogenic
* Neural
e Other
Angiogenic function
Paracrine function
Immunomodulatory
function
Senescence + + - +

practical example of tissue regeneration, does not follow the purifica-

tion protocols except in specific situations.

Therefore, purification should be restricted to the following
conditions:

1. The target organ is very tight-spaced, allowing only a small num-
ber of cells; thus, only functional cells have to be injected, for
example, ocular space.

2. The target organ is immune-privileged, that is, it normally does
not contain immune-competent cells such as the testis. In this case,
injecting mononuclear cells, even if autologous, can initiate an
immune reaction.

3. The need to eliminate certain cell types, such as lymphocytes in
autoimmune diseases.

Expansion:

Ex vivo expansion to augment the number of stem cells in the case
of a limited source. Expansion here must be before differentiation.

Expansion can reduce the lifespan of stem cells as it is associated with
reduced telomere length. Thus, the expansion of the stem cell popula-
tion can result in faster engraftment and function but may compromise
the duration of functioning stem cells, resulting in late graft failure.
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c. Differentiation:
Ex vivo differentiation into the target cell lineage can be needed in
the following conditions:

1. Transdifferentiation is a two-step process, that is, the cell needed is
of different germ layer. In this case, the stem cell should undergo
the first step of lineage modification before transplantation.

2. Disrupted microenvironment as in the case of massive hepatic
fibrosis, where the normal tissue cells that should secrete inductive
cytokines are replaced by fibrous tissues.

Otherwise, stem cells can be injected and left to inductive microenvi-

ronmental signals (Tables 6.5 and 6.6).

6.6 Choosing the optimum route of injection

Opverall, stem cell therapy for “rejuvenation” is systemic, while degenera-
tive and traumatic indications require local administration.

Injection can be either systemic or local. Systemic injection depends
on the homing property of stem cells both in its biologic concept (stem
cells will home to their tissue of origin) or in its regenerative concept

Table 6.5 Advantages and disadvantages of pure stem cell population.

Advantages Disadvantages
1. Small cell volume 1. Excessive manipulation increasing
2. Reduction of immune activation contamination risk
3. Adjuvant cells may help cell 2. Excessive manipulation
engraftment through paracrine compromising cell viability
function (monocytes) 3. Removal of adjuvant cells, which
may help cell engraftment through
paracrine function (monocytes)

Table 6.6 Advantages and disadvantages of ex vivo differentiation of stem cells.

Undifferentiated Differentiated
In vitro manipulation Minimal Excessive
Viability Optimum Reduced
Engraftment Slow Quick
Paracrine function More Reduced
Activation of tissue stem cells More Less
Lifespan in vivo More Reduced




Table 6.7 Routes of injection in stem cell therapy.

Basic concepts in stem cell therapy: stem cell therapy strategy development 77

Systemic administration

Local administration

Intra-arterial Parenchymal
Procedure Easy Invasive Invasive
Engraftment | Homing and engraftment Immediate Immediate
are delayed action action
Location of Less than 1% engraft in 100% of cells 100% of cells
injected the target organ; most are are
cells of the injected cells are delivered to delivered to
entrapped in the lungs the target the target
and spleen organ organ
Cell Less than 1% 10%—30% 10%—40%
retention

(stem cells home to areas of degeneration and injury). Systemic injection

of stem cells can use targeting of the cells to concentrate the cells in the

target organ (Table 6.7).

6.

1.

2.

7 Factors affecting homing of stem cells

Route of administration: The route of stem cell administration deter-
mines homing.

Timing in tissue injury: Acute tissue injury is associated with cytokine
secretion, which induces stem cell homing to the injured sites. This
milieu gradually diminishes until the chronic phase begins, where hom-
ing is decreased.

Administration of exogenous cytokines:

Exogenous administration of cytokines concomitant with stem cell
injection can keep stem cells viable after transplantation until they are
completely engrafted. They can also induce vascularization of the pro-
spective homing site to facilitate and promote stem cell engraftment.
Cytokines can be administered directly or through genetic modifica-
tion of the stem cells.

A. Direct injection of cytokines: to promote engraftment of stem
cells. However, cytokines have a short half-life.

B. Genetic modification of stem cells to overexpress growth factors,
such as vascular endothelial growth factor to induce endothelial cell
migration and proliferation to promote homing and engraftment of
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injected stem cells. Transfection of stem cells with IL-10 can

induce immune suppression and neural repair. However, the safety

of such approaches is still under investigation.
C. Preconditioning of stem cells:

The aim of preconditioning strategies of stem cells is to
improve stem cell survival and enhance their regenerative func-
tions: differentiation, proliferation, angiogenesis, antiinflammatory,
immune modulatory, and paracrine functions. Generally speaking,
tissue environments in need for regeneration are hostile environments
with fibrosis, chronic inflammation, and ischemia. Preconditioning is
essential to improve survival of stem cells in these damaged tissues.
The commonly employed strategies use conditioning medium from
functioning mature cells, induction of hypoxia, and using growth
factors.

1. Conditioning medium: supernatant of liquid culture of mature
cells, which contains extracellular vesicles containing tissue-
specific miRNAs and bioactive molecules.

2. Hypoxia: preincubation of stem cells in hypoxia (2%—5% oxy-
gen) activates cellular defense, enhances stem cell viability, and
proliferation.

3. Incubation with vascular endothelial growth factor induces cell
proliferation and improves survival and reduced cell senescence.

6.7.1 Methods to improve stem cell homing

As the efficiency of stem cell therapy is dependent on homing of sufficient
stem cell number to the damaged sites, improvement of stem cell homing
is crucial in augmenting the response to stem cell therapy. A number of
methods have been explored to enhance HSC homing in the setting of
BMT: enhancement of CXCR4 expression, erythropoietin receptor mod-
ulation, fucosylation of selectin ligand, and modulation of reactive oxygen
species. In addition, coculture of HSCs with MSCs under hypoxic condi-
tions has been found to induce the overexpression of CXCR4.

6.7.2 Mesenchymal stem cell homing

Though MSC homing largely follows the same mechanism as HSC hom-
ing, its efficiency is extremely poor. This can be explained by the fact that
MSC:s are present in all body tissues, so they are diluted over the organs.
Another problem is that MSCs administered intravenously can get trapped
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in the lungs. Thus, concentrating injected MSCs to home to the damaged
tissue is a great challenge. A number of approaches are under research:
direct administration into target tissue, genetic modification to induce
overexpression of CXCR4, cell surface modification of CD44, and
in vitro priming using hypoxia to induce TNF and IL-1B expression.
Another approach is to modulate target sites to enhance their ability to
recruit injected MSCs. This can be done by inducing an inflammatory
environment, using electric stimulation using physiological voltage.

6.8 Optimal timing for cell therapy

The optimal timing for stem cell injection is still unclear. As tissue injury
passes through three phases: injury phase (hours), repair phase (days), and
remodeling phase (weeks), the microenvironment milieu of cytokines and
bioactive molecules changes dramatically along these three phases. During
the first two phases, the inflaimmatory milieu takes the upper hand and
will probably compromise the viability of injected stem cells. Going fur-
ther, some researchers believe that injecting stem cells in this phase will
be like adding fuel to the fire. Thus, late repair phase or remodeling phase
may be optimum. The duration of each phase as well as its laboratory
markers vary according to the tissue.

6.9 Optimum number of cells for injection

Stem cell dose is the most important factor in the efficacy of stem cell

therapy. Optimum cell concentration varies according to the organ and its

degree of damage and route of administration. The only documented

evidence-based information about stem cell dose is the dose used in

BMT. Using this information in stem cell regenerative therapy has several

drawbacks:

1. HSC is used in BMT, while MSC is used for regenerative medicine;

2. Injection in BMT is systemic, while in MSC, it can be local or
systemic;

3. MSCs are a heterogenous population unlike HSCs;

4. Injection in BMT is done once, while in regenerative medicine, it is
usually repeated,;

5. BMT is accompanied by immune suppression facilitating cell engraftment;

6. In the setting of BMT, bone marrow is the most damaged organ of
the body, and the pretransplant conditioning induced a superadded
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Table 6.8 Doses in regenerative medicine.

Disease Organ Dose
Graft versus host Bone marrow = 2and = 8 X 10° /kg
disease (GVHD)
Spinal cord injury Spinal cord 0.5—5 X 10° /kg
Cardiac ischemia Heart 1 X 10°-2.4 X 10°/kg mononuclear

acute damage to bone marrow, thus inducing chemoattractants in

bone marrow.

On the other hand, administration of a large cell dose intravenously
will cause blockage of lung capillaries. Direct administration of a large
number of cells in the blood supply of the organ cause cell breakdown in
the capillaries (Table 6.8).

Stem cell dose required for efficient regeneration is still unclear, taking
into considerations that great variations exist according to the targeted
organs. Moreover, accumulating evidence suggests that in the regenerative
setting, stem cell injection should be done on multiple doses. The number
of doses, cell number in each dose, and schedule of the injections are all
points yet under investigation. Repeated injections are either using the
same cell type and thus induce cumulative regenerative effect or use a cell
type as a “receptive” therapy, improving the microenvironment and allow-
ing better engraftment of future cells.

6.10 Choosing the method of evaluation

Determining the method of evaluation of the regenerative effect of admin-
istered stem cells is crucial for an objective analysis of the regenerative
effect of stem cell therapy and hence improvement of final results.

The method of evaluation should account for two main parameters:
A. Improvement of the initial symptoms (clinical effect)
B. Evaluation of the administered cell homing, engraftment, and function.
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7.1 Introduction

Stem cell therapy is a relatively new branch of medicine, which is now in
the process of foundation of its guidelines of implementation. This process
includes establishing detailed steps and standard operating procedures
(SOPs) for all phases of stem cell therapy. In the previous chapter, we
reviewed the steps for stem cell therapy strategy development. In the pres-
ent chapter, we will consider in detail the practical steps of stem cell ther-
apy. Despite the great promises stem cell therapy offer, major research and
legislation are needed before safe and wide-scale implementation. Stem
cell therapy falls in a “gray” zone between research, clinical translation,
and innovation.

Although regulatory measures slow the pace of clinical applications
and translations, patient safety comes first. Thus, the meticulous genera-
tion and application of regulatory measures will ensure patient safety while
stem cell therapy is developing and reaching maturity.

Likewise assisted fertilization (in vitro fertilization), stem cell therapy is
gaining grounds within the patient populations much faster than within
regulatory bodies. Therefore, adopting “balanced” regulatory measures
that ensure patient safety while allowing evidence-based research transla-
tion is of utmost importance.

Stem Cell Therapy © 2023 Elsevier Inc.
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Regulatory measures include all the requirements and prerequisites of
the cellular therapy facility as well as the SOPs of the therapeutic regimen
(Fig. 7—1).

7.1.1 Regulatory bodies

Regulatory bodies are arranged in a three-tier model: (1) scientific com-
munities, such as nonprofit organizations of stem cell scientists (the
International Society for Stem Cell Research [ISSCR], and International
Society for Cell Therapy, [ISCT]), (2) international advisory bodies (the
World Health Organization [WHOJ), and (3) local governmental regula-
tory bodies.

Based on their acceptance of stem cell interventions as part of standard
medicinal practices, all three pillars of the regulatory system post their
put.

ISSCR has issued “Guidelines for stem cell research and clinical transla-
tion,” delineating the evidence-based facts, state of the art in stem cell
research, forecasted advances as well as the probable complications. ISCT has
published a number of guidelines for characterization of mesenchymal stem
cells (MSC, “Minimal criteria for mesenchymal stem cell identification”).

The WHO, an international advisory body, has suggested an action
plan according to its constitution. In accordance with this plan, the local
governments have issued detailed regulatory laws and acts.

Local regulatory legislations are present in the US, EU, as well as other
states. In this chapter, we will describe the basic considerations in regula-
tions as expressed by most regulatory bodies. Otherwise, minimal differ-
ences in application of the guidelines should be considered individually.

Skilled
Personnel
e Proper
Laboratory equipment
design

Figure 7—1 Important pillars in stem cell laboratory [four intermingling circles (good
laboratory design, proper equipment, skilled personnel, SOPs), with stem cell therapy
in the middle].
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7.1.1.1 Stem cell therapy types in regard to manipulation

Broadly speaking, stem cell therapeutics are divided into minimally
manipulated and effectively manipulated stem cells. Minimal manipulation
of stem cells refers to the form of processing that does not alter the bio-
logical characteristics of the cells. Examples of minimal manipulation of
the cells include centrifugation, washing, freezing, sorting, and the addi-
tion of antibiotics or cryopreservatives. On the other hand, effectively
manipulated cells are the ones that have undergone cell culture, expan-
sion, in vitro differentiation, or genetic manipulation. The importance of
this designation is that each manipulation requires specific qualifications in
the facility, equipment, and personnel (Table 7.1).

7.2 Laboratory guidelines

Stem cell therapy is a multidisciplinary approach in which the laboratory
is the core facility. Theoretically, stem cell therapy includes embryonic,
fetal, as well as adult stem cells. However, practically, only adult stem cell

Table 7.1 Comparison between good tissue practice and good manufacturing
practice facilities.

GTP facility GMP facility
Purpose To prevent the introduction, To ensure consistent
transmission, or spread of quality and safety of
communicable diseases by the products
cellular- and tissue-based
products
Type of Minimally manipulated cells Effectively manipulated
cellular
Therapy
Facility Good tissue practice (GTP) Good manufacturing
practice (GMP)
Environment | No clean room classification Clean room classification
Quality Quality control is required to Quality control is
control ensure the sterile handling of required to
products 1. Ensure sterility of the
product
2. Validate the
characterization and
safety of the final
product
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therapy is referred to in most regulatory guidelines in clinical scale thera-
pies. Exceptions are the clinical application of induced pluripotent stem
cells in Japan.

The consortium of the laboratory facility includes structural facilities,
technical facilities, personnel qualifications, stem cell handling SOPs, as
well as quality control systems.

7.2.1 Structural facilities

FDA guidelines for architectural specifications of cell therapy labs are con-
sistent with either good tissue practice (GTP) for minimally manipulated
cells or good manufacturing practice (GMP) for effectively manipulated
cells.

7.2.1.1 Good tissue practice

GTP requirements are designed to prevent the introduction, transmission,
or spread of communicable diseases by cellular- and tissue-based products.
They also ensure that these products do not become contaminated during
processing. Thus, these requirements are applied for all steps in the process
of cellular preparation and begin by donor screening, testing, cell recov-
ery, processing, storage, packaging, and delivery.

GTP facilities should be of suitable size and construction and should
be divided into separate areas of adequate size for each step of the opera-
tions. Unlike GMP facilities, assigning separate rooms for each task is not
mandatory for GTP. However, the workflow along the different subdivi-
sions of the facility should be clear to prevent contamination or cross-
contamination.

Suitable lighting, ventilation, and plumbing are essential. Careful lay-
out should take into consideration the practical easy access to sinks and
toilets.

7.2.1.1.1 Good tissue practice environmental control
Environmental control of GTP facilities includes proper control of the
operation conditions, which are temperature and humidity, ventilation
and air filtration, cleaning and disinfection of rooms and equipment, as
well as regular maintenance of the equipment.

Contrary to GMP facilities, no clean room classifications are required
in GTP. Environmental control levels are left to the protocol
specifications.



Stem Cell Therapy: Laboratory guidelines 89

7.2.1.2 Good manufacturing practice

GMP refers to the combined specifications that ensure consistent quality
and safety of the end-products. GMP’s implementation involves what is
known as “5P”: premises, processes, procedures, people, and products.

7.2.1.2.1 Facilities

GMP facilities are tightly controlled premises known as clean room
facilities.

Clean room facilities have the following characteristics:

Epoxy (vinyl) floors

Smooth floor—wall transition

Cleanable walls and doors

Nonshedding and nonporous walls

Washable paint and coatings

Impermeable bench tops

Nk ebe=

Interlock doors

Each clean room has a total area of approximately 500 m”. This area
includes the lab rooms and service corridors. It is divided into classes
according to the allowed particle count. The controlled environment of
the clean room is of utmost importance. Environmental control includes
air circulation and quality, pressure, temperature, and humidity.

Air: Clean room premises are divided into two parts: outer part (half
of the area), with particle count of less than 100,000 per cubic foot or air,
and the inner part with no more than 100 particles per cubic foot of air.
Air change in the clean room area should be designed as 20—30 times per
hour with unidirectional air flow from ceiling to floor. All air entering
the clean room should pass by HEPA (high-efficiency particulate air)
filters.

Pressure: Clean rooms should have a positive pressure to reduce the
entry of any contaminants.

Temperature: Temperature should be stable (no more than 1°C change)
with constant humidity at 40% with a range of no more than 2%
variability.

Classification:

According to allowed particle count, clean rooms are classified into:
Class D “unclassified”

Class C

Class B

Class A
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These areas are arranged in descending order of allowed particle count,
with Class D being the highest allowed particle count and class A with
lowest allowed particle count. The flow of work in the clean room goes
as follows: Class D area is the first part of the stem cell center where
administrative and clerical functions are implemented, with the offices and
computers needed for recording data and patients and/or sample data.
This area should have the bar coding instruments for sample receipt.

Class C laboratory contains the nonsterile laboratory equipment for
routine testing, such as cell count, viability, or molecular identification of
samples not to be injected or further cultured. Class B is the sterile labora-
tory area where cell separation and identification equipment and proce-
dures are performed. Class A is the laminar airflow sterile workstation
inside Class B laboratory.

Gowning areas are located between C and D, so that entering the lab-
oratory workplace is preceded by gowning, and between C and B, so that
entering the sterile laboratory requires further gowning (Table 7.2).

Handling of cellular products is performed in class A laboratory
(Fig. 7—2).

7.2.1.2.2 Equipment

Equipment requirements are (Table 7.3):

1. Equipment must be of suitable design.

2. Appropriate location and installation that ensures the easy cleaning and
disinfection as well as prevention of the introduction or transmission
of contamination.

3. Equipment must be periodically calibrated to ensure valid results.

4. Equipment should be sanitized before and after dealing with tissues.

7.2.1.2.3 Basic equipment for stem cell laboratory are
1. Tissue culture laboratory equipment:

Class II biosafety cabinet

CO, incubator

Clinical grade low speed centrifuge

Water bath

e. Pipettors

RO T

2. Stem cell separation equipment:
a. Immunomagnetic separation, clinical grade
b. Sepax
c. Adipose:



Table 7.2 Classification of clean room areas.

Class D Class C Class B Class A
Purpose Administrative | Quality control testing of sample 1. Cell wash Separation, culture, and
2. Microscopic expansion of stem cells
Identification of
cells
3. Cell count
Equipment Data, bar 1. Flow cytometer 1. Laminar airflow Laminar airflow cabinet
coding 2. Molecular Biology (Polymerase chain cabinet
reaction [PCR] and sequencing unit 2. CO; incubator
3. Ordinary microscopes 3. Centrifuge
4. Phase-contrast microscope 4. Inverted
microscope
Personnel Administrative | Routine laboratory Cell culture Cell culture
Gowning None First gowning Second gowning Second Gowning
Particle 100,000 100,000 100 100
count
Type of First receipt of | Samples for testing (not re-injectable) Sterile Sterile injectable samples
samples samples injectable samples
handled (closed system)
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Administrative Separation,
tasks  Quality control - Cell wash ef(:::;iec;:r;cf‘
testing of -Microscopic stem cells
sample P
Identification
of cells
-Cell count

Figure 7—2 Workflow in a clean room.

d. Hemopoietic
e. MSC
3. Microscopy:
a. Inverted microscope
b. Phase-contrast microscope
c. Ordinary microscope
4. Storage equipment:
a. Refrigerator (4°C)
b. Freezer —20°C
c. Low temperature freezer (—70°C to —85°C)
d. Cryogenic freezer (—180°C)
5. Quality control equipment:
a. Molecular biology: RT-PCR
b. Flowcytometry
c. Fluorescent microscope
d. Confocal microscope
6. Core facility:
a. Microarray gene expression
b. Genomics
c. Proteomics
7. Other facilities:
a. Back up electricity generators
b. CO; and liquid nitrogen tank or cylinders delivery areas
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Table 7.3 Equipment requirement for stem cell laboratory.

Name Function Site Classification
1. Laminar airflow Sterile site for stem cell Tissue Class A
cabinet handling: separation, culture
culture, and passage laboratory
2. Cooling Physical stem cell Tissue Class B
centrifuge separation and culture
washing steps during laboratory
stem cell handling
3. Inverted Morphological Tissue Class B
microscope evaluation of stem culture
cell cultures laboratory
4. Water bath Temperature Tissue Class B
adjustment of culture
reagents before use, laboratory
incubation steps
during stem cell
processing
5. Stem cell Closed system stem cell Tissue Class B
separation separation culture
instruments laboratory
(Clinimax,
Sepax, etc.)
6. Ordinary Evaluation of stem cell Routine Class B
microscope viability, cell count laboratory
7. Flow cytometer Stem cell identification, Routine lab Class C
characterization,
evaluation of
apoptosis
8. PCR system Evaluation of gene Routine lab Class C
expression in
effectively
manipulated stem
cells
9. Refrigerators: Stem cell and media Routine lab Class C
—4°C, —20°C, storage
—80°C, and
cryogenic
freezers
10. Microarray Evaluation of gene Core lab Unclassified

expression in
effectively
manipulated stem
cells
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c. Storage area for laboratory disposables
d. IT areas

7.2.1.2.4 Supplies and reagents

All reagents used for processing of stem cells must be clinical grade. Sterile
supplies, such as tubes, pipettes, and flasks, must meet the specifications
designed to reduce the risk of contamination.

7.2.1.2.5 Processing and process control
Stem cell handling system:

SOPs must be established for all major and minor procedures in a stem
cell therapy facility. This includes all steps of the process, starting from
sampling or sample receipt, coding, stem cell processing, stem cell valida-
tion and identification, sterility check, and preparation for injection to
final delivery of the sample. This applies for the laboratory part of the
procedure.

Regarding the clinical part of the procedure, SOPs for clinical assess-
ment of the patient, informed consent, stem cell injection procedure, and
evaluation must be prepared.

Detailed SOPs for all steps of the stem cell therapy procedure are
included in the APPENDIX.

7.2.2 Personnel qualifications and job description
7.2.2.1 Administrative team
The role of the administrative team is to adjust the workflow of stem cell
processing and characterization. Steps start from sample receipt, recording,
and coding. Setting the timetable of stem cell separation, culture, passage,
and harvest, as well as coordination between subunits of the facility is one
of the important duties of the administration.
The next step is scheduling and recording of viability, sterility checks,
as well as genetic stability testing. Lastly, the cells are carefully stored.
Therefore, the main duties of the administrative team are preparing
worklists for the different departments according to the SOPs and work
teams according to the scheduled tasks and acting as a liaison between dif-
ferent departments.

7.2.2.2 Ethics team
The responsibilities of the ethics team start from reviewing the compliance
of the procedures and SOPs with the regional governing ethical standards.



Stem Cell Therapy: Laboratory guidelines 95

This 1s followed by composing the consent in a way that reflects the pro-
cedures. This job requires thorough knowledge of medical ethics and a
close follow up of guidelines and regulations.

7.2.2.3 Clinical evaluation team

The clinical evaluation team is responsible for diagnosis of problem, type
of cellular defect, and lineage of the cells to be used. In addition, the clin-
ical team is responsible for choosing the route of administration as per
their knowledge of the physiology of the target organ. Choice of the
evaluation method for stem cell therapy is also allocated to the clinical
team as related to the presenting symptom of organ failure. To undertake
this job properly, the clinician should have extensive knowledge of the
medical discipline involved (neurology, cardiology, orthopedics, dermatol-
ogy, etc.). In addition, the clinician should be familiar with the basics of
regenerative medicine.

7.2.2.4 Stem cell collection team

Stem cell collection varies according to the type and source of stem cells.
Clinically applicable stem cell types are adult hemopoietic stem cells
(HSC:s), cord blood HSCs, adult MSCs, cord blood and tissue MSCs, and
adipose-derived stem cells. Detailed SOPs of these procedures can be
referred to in the APPENDIX. These different procedures require various
skills and experience in the relevant procedure. The most important quali-
fications or skills required in these teams include thorough experience
with sterile procedures and sterile tissue handling.

7.2.2.5 Stem cell handling team (laboratory)

Stem cell handling team is the team dealing with the stem cell isolation,
culture, expansion, and characterization. This is the core process in the
whole facility. Members of this team should have extensive knowledge of
sterile tissue culture techniques, stem cell isolation, culture, and characteri-
zation procedures, as well as meticulous recording of the whole
experiment.

7.2.2.6 Clinical followup team

The clinical followup team is responsible for the periodic evaluation of
the patients after injection using the predetermined clinical grading or
scoring system (APPENDIX). This team makes use of the laboratory stem
cell tracking data.
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7.3 Quality control team

The quality control team is responsible for the following:

1. Evaluating the matching of the actual procedures to the acknowledged
SOPs.

Analyzing the stem cell characterization and sterility check data.

w N

Keeping record of the personnel job descriptions, continuous educa-
tion, and training schedule.
. Facility process organization, reporting structures, and hierarchy

Material supply management and supplier qualifications
Equipment calibration and maintenance

N oV

. Managing nonconforming events

The quality control personnel should have, in addition to the quality
control qualification, basic knowledge of the procedures and the overall
process in stem cell therapy.
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8.1 Introduction

As outlined earlier, thorough clinical examination and investigations are
mandatory for an accurate diagnosis. Clinical details of the treatment regi-
men, starting from timing of treatment, route of injection, number of
injections until choosing the method for evaluation, are dependent on the
diagnosis. In this chapter, we will outline the most important clinical deci-
sions regarding stem cell therapy.

8.1.1 Timing of intervention

Stem cell injection can be done in the acute, subacute, or chronic phase
of the disease. The advantages and disadvantages of each intervention is
outlined in Table 8.1.

8.1.2 Stem cell injection

8.1.2.1 Route of injection

The optimum route of stem cell injection is subject to intensive research.
Numerous studies have compared the effect of the route of the injection
of stem cells on their therapeutic effects. In some disciplines, studies
favored a certain route, while in others, results are still controversial. The

Stem Cell Therapy © 2023 Elsevier Inc.
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Table 8.1 Comparison between the timing of stem cell injection.

Stem Cell Therapy

Acute lesion

Subacute lesion

Chronic lesion

Advantages 1. Efficient homing | 1. Fair homing | 1. Good engraftment
of stem cells due of stem cells of the cells due to
to inflammatory due to the the absence of
cytokines residual inflammatory

2. No fibrosis inflammatory cytokines
3. Optimal blood cytokines 2. Transdifferentiation
supply 2. No fibrosis into lineage cells
3. Fair blood due to the
supply dominant tissue
microenvironment

Disadvantages | 1. Possible apoptosis | 1. Less 1. Fibrosis provides
in injected stem engraftment poor
cells due to the due to the microenvironment
hostile remaining and blood supply to
microenvironment inflammatory injected cells

2. Injected stem cells cytokines 2. Poor homing due
can differentiate to the absence of
into macrophages inflammatory
instead of lineage cytokines
cells

choice of the injection modality depends on a number of variables, for

example:

1. Variables related to the organ:

This is perhaps the most important variable influencing the route of
injection. Each organ has special physiological and metabolic characters
that favor one or the other routes of injection. The type of blood sup-
ply, the physiological functioning unit of the organ, and the location
of the stem niche are all determinants of the route of injection.
Variables related to the type of injury:

a. Type of cellular injury

b. Vascular condition of the organ

c. Presence or absence of fibrosis.

Variables related to the type of stem cell used:

Using undifferentiated stem cells aiming to achieve transdifferentiation
induced by microenvironmental factors, the injection should be
local, while differentiated cells can be injected in the blood supply.
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According to the proposed mechanism of action of the stem cells, cells

are injected in the following sites (Table 8.2):

a. Arterial: organs with double blood supply, for example, the liver,
the lungs, the testes, and the ovaries

b. Venous

c. Parenchymal

d. Subcapsular.

8.1.3 Frequency of injection

Injected stem cells need healthy microenvironment, adequate blood sup-
ply, and supportive niche to engraft and propagate. These tissue resources
can only accommodate a finite number of cells. Engrafted cells will fur-
ther contribute to these tissue resources, enabling the tissue to accommo-
date another number of stem cells. Thus, dividing the therapeutic stem
cell dose over a number of injections will lead to a higher number of
engrafted stem cells than if injected all as a single injection.

This applies to healthy organs and is further augmented in organs with
a limited blood supply or unhealthy microenvironment due to fibrosis or
infarction.

As paracrine effects of mesenchymal stem cells (MSCs) are the most
important mode of regeneration, the period of survival of MSCs will
greatly affect their therapeutic potential. Ref. [1] demonstrated longer
survival of MSCs following double low dose of MSCs than a single
high dose. Thus, the injection frequency is a crucial factor in MSC
therapy.

8.1.3.1 Methods of evaluation

Evaluation of stem cell therapy regarding efficacy and the incidence of
any complications is performed on two levels: clinical evaluation of the
patient and following the cell trafficking and physiology inside the body.

8.1.3.1.1 Patient

1. Clinical assessment of the patient is performed after a careful history
taking. Listening to the patient’s story of any change in the quality of
life or disease state or progression is crucial. Afterward, clinical exami-
nation is performed to verify such findings.

2. Assessment scales: they are semiquantitative method of evaluation of
the change in the clinical state of the patient. They are essential to



Table 8.2 Comparison between the routes of stem cell injection.

Vascular

Arterial

Venous

Parenchymal

Subcapsular

Systemic

Advantages

Disadvantages

Direct Homogenous cell
engraftment

Cells do not reach
unperfused or fibrotic
areas

Longer cell retention

Individual variability
in venous anatomy

Direct Accurate

Invasive

Simple Noninvasive

Low cell delivery Used only in
acute conditions (homing)
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eliminate evaluator bias and to provide an objective evaluation of the

case. Two types of assessment scales are used in this setting:

a. Clinical evaluation scales: such as American spinal injury associaton
scale in spinal cord injury.

b. Quality of life scale: Disease-oriented quality of life scales are used
to verify the overall effect of the therapy on a patient’s life.

8.1.3.1.2 Cells

Cell tracking in the clinical setting is extremely difficult. Iron oxide
tagging is the only clinically approved method of cellular tracking. Iron
oxide lablelled cells can be detected either by tissue biopsy or MRI
imaging.
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9.1 Introduction

Stem cell therapy is a multidisciplinary field of medicine that comes at the
intersection of basic science, clinical practices, and translational research.
In the previous chapter, we outlined the regulatory framework for the
facilities offering stem cell manipulation and therapy. In this chapter, we
will discuss the regulations governing the laboratory procedures involved
in stem cell preparation.

Laboratory procedures involved in stem cell preparation can be divided
into stem cell isolation, stem cell culture or expansion, induction of trans-
differentiation, stem cell tagging, verification of sterility and genetic integ-
rity, and finally, preparation for injection (Fig. 9—1).

A number of questions must be answered to finalize the laboratory
protocol for preparation of stem cells for regenerative solutions. Choosing
the optimum lineage, source, cell purification, cell differentiation, dose,
and cell tracking are the important questions that need to be answered. In
the previous chapter, we discussed the differences between different stem
cell lineages and sources in transdifferentiation potential. In this chapter,
we will discuss important laboratory decisions such as purification, expan-
sion, differentiation, dose, and tracking.

Stem Cell Therapy © 2023 Elsevier Inc.
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Choosing Purification Level
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Choosing Purification Strategy
Positive Selection ~ Negative Selection

Choosing Stem Cell Differentiation Status
Differentiation ~  Naive Stem Cell

|¢

Figure 9—1 Process of strategy development for stem cell therapy.

9.2 Choosing the cell purification level

Stem cell isolation is usually a multistep procedure, which starts with the

isolation of a mixed population and proceeds to purification of the target

cell population. The decision to purify stem cells before injection is sub-
ject to the following parameters:

1. Site of injection: the capacity of the tissue to accommodate the num-
ber of cells and the volume of the fluid in which the cells are sus-
pended varies among body tissues. Tight sites, such as the joints, eye,
and testis, do not accommodate a large volume; therefore, the cells
have to be suspended in minimal amount of fluid. On the other hand,
loose tissues, such as the liver, can accommodate a larger fluid volume.
The smaller the amount of fluid, the lower the total number of cells
injected. Thus, this mandates purification of the cell population to
obtain the target number of stem cells.

2. Immunological “privileged” sites: some tissues in the human body are
protected from the immune competent cells, for example, testis and
eye. The antigens of these tissues are not detected as “self-antigens” by
the body’s immune cells. Delivering mixed cell population to these
tissues in cell therapy carries the risk of initiation of immune reaction
against these tissues. Thus, purification of the cellular therapy product
is required to avoid initiation of such process.

9.3 Choice of purification strategy

Planning of stem cell purification strategy depends on the type of the cell
needed. Stem cell selection can either follow positive selection or negative
selection. Positive selection is a procedure where the stem cell is targeted
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directly, leaving the unwanted cells in the mixture, while in negative
selection, other cell populations are targeted and eliminated, leaving the
stem cells in the mixture (Table 9.1).

9.4 Choice of stem cell differentiation status

Stem cell therapy can use undifferentiated stem cells or differentiated stem
cells. As discussed previously, the modes of regenerative function of stem
cells include transdifferentiation as well as modulation of microenviron-
ment in the form of induction of angiogenesis, antiinflammatory, immu-
nomodulation, or stimulation of endogenous stem cells. Thus, the role of
transdifferentiation in the induction of regeneration is not as important as
previously thought. Transdifferentiation can occur spontaneously after
stem cell injection mediated by the microenvironmental factors, such as
growth factors and proteins. Ex vivo induction of transdifferentiation can
also be used before stem cell injection.

The choice of injection of noninduced or induced stem cells is impor-
tant in planning stem cell therapy (Table 9.2).

Thus, using noninduced stem cell population provides a more viable
cell population with a longer lifespan and better incorporation and
engraftment within the target tissue. However, the functional replacement

Table 9.1 Comparison between positive and negative stem cell selection
approaches.

Positive selection Negative selection

1. Targeted
population

Stem cell population Nonstem cell populations

2. Indications

3. Disadvantages

. Well-defined stem cell

population with specific
surface markers

High purity levels
required

. The surface receptors

used are not required in
downstream experiments

Stem cell manipulation may

affect viability

. The stem cell

population is not well

defined

. A “nonstem

population” must be
eliminated, for example,
T-lymphocytes

In immune disturbances
High cost due to the large

number of antibodies
used
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Table 9.2 Comparison between injection of induced and noninduced stem cells.

Induced Noninduced
1. Engraftment Low High
2. Function Immediate Delayed
3. Viability Reduced due to manipulation Better (less manipulation)
4. Lifespan Limited Unlimited (self-renewal)
5. Mode of Replacement of cell 1. Induction of
regenerative population angiogenesis
function 2. Modulation of
microenvironment
3. Stimulation of
endogenous stem cells
4. Replacement of cell
population
(transdifferentiation)
Disadvantages 1. High cost Delayed effect of
Cell manipulation carries regeneration
the risk of compromised
viability or sterility
3. Nonincorporation within
the tissue

may be delayed until the transdifferentiation or maturation of endogenous
stem cells occurs.

A notable disadvantage of using induced or transdifferentiated stem
cells is that cells start functioning before complete harmonization with the
receptive tissues. This can lead to arrhythmia in cardiac tissue or aberrant
neural impulses and connections in the nervous tissue.

Therefore, the standard practice is to use undifferentiated stem cells
unless immediate replacement of function is required.

9.5 Choice of cell dose

Determining the appropriate cell dose follows many parameters as discussed
in the previous chapter. In this chapter, we will outline the choice of
ex vivo expansion of stem cells before injection. Achieving the target cell
dose 1s of great importance to the success of stem cell therapy. Sometimes,
however, the required dose cannot be isolated from the chosen source. Ex
vivo expansion can be used to achieve it. However, ex-vivo expansion of
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the stem cell population can induce premature senescence of the injected
cells as each passage of the cells reduces stem cell self~renewal. Passaging of
stem cells can also reduce the ability of the cells to differentiate.

Another important disadvantage of ex vivo expansion is reduced genetic
stability. The incidence of DNA damage in the cultured cells increases
with passaging.

Balancing the optimum cell dose with the best viability is a delicate
decision.

9.6 Choice of tracking method

Tracking of injected stem cell population is essential for safety and delin-
eating the mechanism of action of stem cells.

9.6.1 Methods of in vivo cell tracking

9.6.1.1 Experimental

In experimental animals, cells can be tracked through gene tracking. The
marker gene may be:

1. X/Y chromosomes in gender-mismatched transplantations

2. Transgenic animals

3. Green fluorescent protein (GFP)-marked cells

Figure 9—2 Iron oxide labeling of hair follicle stem cell in a case of stem cell therapy
for alopecia. The figure shows iron oxide positivity all through the hair follicle in lon-
gitudinal section (A) and transverse section (B).



110  Stem Cell Therapy

9.6.1.2 Methods of in vivo tracking in humans

1. Gender-mismatched transplantations: gender-mismatched cells are
tracked using XY probes in tissue biopsies.

2. Iron oxide cell labeling (Fig. 9—-2).
Characteristics of an ideal imaging technology for stem cell tracking during clini-

cal trials:

Biocompatible, safe, and nontoxic

No genetic modification or perturbation to the stem cell

Cell detection at any anatomic location

Quantification of cell number

Minimal or no dilution with cell division

Minimal or no transfer of contrast agent to the cells

Noninvasive imaging of the living subject over months to years

S A

No contrast agent required for injection
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10.1 Introduction

In order to move the stem cell therapy idea from concept to benchtop to
bedside, three important steps are required. First, laboratory experiments
are required to validate the type of cells required and the optimum source,
as well as for standardization of laboratory procedures. The second step
involves the application of this cellular therapy procedure in an animal
model of the target disorder. The importance of this experimental animal
procedure is to optimize the cell dose, route, and clinical efficacy.

The last step is a clinical trial in humans. This is divided into the
known phases: a pilot clinical trial and phases I, II, III, and IV.

10.2 Laboratory experiments

Laboratory experiments are the starting point of application of a “regener-
ative stem cell therapy” idea. As mentioned previously, laboratory experi-
ments are designed to answer fundamental questions, such as the choice
of cell lineage, the source, and differentiation. Comparative laboratory
experiments should be conducted to finalize protocols for effective
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isolation, purification, and transdifferentiation. Finally, laboratory testing
for sterility and genetic stability are required after the last steps of labora-
tory protocol to release the cells for use.

10.3 Preclinical, experimental

After completing in vitro experiments, evaluating the selected cells “in
action” is mandatory. The integration of the cells in living tissues and
their engraftment and function is subject to numerous variables that can
affect the overall regenerative value of the cells. The interaction between
the injected cells, resident cells, and extracellular matrix is complex and
can never be precisely mimicked in the laboratory. Possible regenerative
mechanisms and adverse cell—cell and cell—matrix interactions can only
be examined in live animal experiments.

10.3.1 Value of animal experiments

1. Cell dose: determination of the optimum effective cell dose can be
done in dose escalation studies in animal experiments. Information of
animal studies is not exactly mimicked in human trials; however, it
can serve as a guide for pilot clinical trials. Dose calibration studies
include the number of cells, the volume of the cell suspension, and
the number and schedule of injections.

2. Route of administration: comparing different routes of administration
of stem cell therapy is one of the important targets of preclinical ani-
mal studies. Evaluation of any difference in clinical efficacy, complica-
tions, or cell fate is noted.

3. Cell tracking and function: the life cycle of cells after injection, their
incorporation into the target tissue, and any atypical cellular reaction
surrounding the cells are studied in histological sections. Cell tracking
to follow circulation and recirculation in the body should be done.
Evaluation of cell function after injection is done according to the cell
lineage involved.

4. Therapeutic efficacy: therapeutic efficacy of the injected stem cells is
done through clinical examinations and laboratory tests. Clinical
examination should be as objective as possible, applying quantitative
parameters and scales. Laboratory tests are used to evaluate functional
parameters of the organs as well as markers of inflammation.

5. Mode of regenerative function: animal studies are important in study-
ing the mode of regenerative function using techniques that cannot be
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used in the human trials. Tissue biopsy, tracking using fluorescent tags,
and autopsy are used to study the effect of cells on surrounding tissues
as well as the whole body.

10.3.1.1 Animal models
Animal modeling and treatment are pivotal steps in translational research
and act as an informative bridge between laboratory experiments and
human application. This kind of modeling serves in planning optimum
protocols for human trials and reducing complications to human beings.
Animal models for human diseases are either spontaneous or induced.
Induction of animal models varies according to the pathogenesis of the
disease. In unifactorial diseases, for example, vascular or traumatic diseases,
modeling is straightforward and easy. However, in multifactorial diseases,
it is more complex. When the disease is caused by infectious agents, we
have to be extremely careful as infectious agents cause variable pathologies
in different species. Thus, choosing the most influential pathology in case
of multifactorial or infectious diseases is an important choice in creating
the animal model. For example, in viral liver cirrhosis, the important
pathology is periportal fibrosis. Thus, although human hepatitis virus does
not cause cirrhosis in mice, inducing periportal fibrosis using chemical
agents will produce an animal model close to the pathology of human
liver affected by hepatitis virus.

10.3.1.2 Species selection

Another important parameter to be kept in mind when working with ani-
mal models is the difference in anatomical structure of the target organ,
for example, the different ratio between white and gray matter in human
versus rodent brain. This must be kept in mind when interpreting results
of experiments.

In translational stem cell research, the choice of the animal species for the
model is also governed by the availability of imaging and molecular techniques
employed for this species. Thus, despite the large number of animals available,
only a few can be conveniently used for modeling human disorders.

10.3.1.3 Strain selection

Definite biological differences are observed between different strains of
animals. This can lead to variations in experimental results according to
the species used. The idea of “inbred” strains was introduced to minimize
these differences.
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10.3.1.4 Methods of inducing animal models

1.

Surgical: Induction of animal models of traumatic and vascular diseases
can be done through surgical procedures, such as ligation of vessels for
induction of infarction or stroke, cutting of nerve or spinal cord to
induce paralysis, or excision of organs or parts of organs, such as partial
hepatectomy or nephrectomy.

Chemical: Chemicals can be used to induce tissue damage mimicking
the pathological features of certain human diseases. Numerous exam-
ples are present in literature: using carbon tetrachloride for inducing
liver fibrosis, using ethidium bromide to induce encephalomyelitis,
and induction of inflaimmatory bowel disease using trinitrobenzene
sulfonic acid, dextran sodium sulfate, or oxazolone. A large number of
chemicals have been successfully used to induce diseases such as diabe-
tes, liver fibrosis, pulmonary fibrosis, pulmonary hypertension, and
parkinsonism, and among others (Table 10.1).

Biological: Induction of animal models using biological mechanisms
involve using either pathogens (bacterial, viral, or parasitic) or cellular
injection, for example, injection of allogenic bone marrow to induce
graft versus host disease (Table 10.2).

Gene manipulation: Gene manipulation to produce animal models of
disease has been extensively used in clinical research. This can use
“transgenic” technology in which foreign DNA is introduced into the

Table 10.1 Chemicals used for induction of animal models of human diseases.

Chemical Disease
Dermatological | 5% imiquimod Psoriasis
disorders
Autoimmune Collagen in complete Freund’s Rheumatoid
disorders adjuvantMyelin oligodendrocyte arthritisMultiple
glycoprotein in complete Freund’s sclerosis
adjuvant
Neurological Heavy metalsEthanol Alzheimer’s
disorders diseaseParkinson’s
disease
Streptozotocin Diabetes
Pulmonary Bleomycin Pulmonary
diseases fibrosisPulmonary
hypertension
Cancer Benzene Leukemia




Table 10.2 Methods of induction of animal models.

Chemical Surgical Genetic Immune Infectious

1. Induction of oncogenesis: (e.g., 1. Induction of 1. Single gene Immunization with auto-antigens 1. Injection of
N-nitroso compounds) stroke by knock-out to induce auto immune disease pathogens

2. Induction of liver fibrosis: using occlusion of and knock-in (e.g., experimental autoimmune to induce
carbon tetracholride middle cerebral 2. Conditional encephalomyelitis) infections

3. Induction of diabetes using artery in rats. gene 2. Injection of
streptozotocin 2. Induction of modification pathogens

4. Induction of neural acute renal 3. Transgenesis or toxins to
degeneration using ethedium failure by induce
bromide occlusion of sepsis

Induction of Parkinsonism using
1-methyl-4-phenyl-1,2,3,

6-tetrahydropyridine (MPTP) or
6-hydroxydopamine (6-OHDA)

renal artery
Induction of
osteoporosis by
bilateral
ovariectomy
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embryo or after birth, or it can use postnatal approach. DNA manipu-

lation can introduce a specific mutation “knock-in” or cause the loss

of a certain gene function “knock-out.”

10.3.2 Small versus large animals

Small animals such as mice, rodents, and rabbits are easy to breed and are

cheaper in maintenance. They can be adequate for most functional

experiments. However, large animals such as canine and chimpanzees are

preferred in musculoskeletal and cognitive experiments (Table 10.3).

Table 10.3 Comparison between small and large animals in disease models.

Small Animals (Rodents)

Large animals
(Non-rodent mammalian species)

Advantages

Disadvantages

1. Rodents can be easily
modified genetically to

reproduce human disease.

2. Low cost
Rapid reproductive cycle
4. Easier ethical standards

bl

1. No anatomical similarity
with human body

2. Difficult surgical
manipulation

3. Difference in body mass
and drug metabolism

1.

AR

Some diseases can occur
spontaneously simulating
human conditions.

Longer life span of the
animal allows more accurate
modeling especially in
degenerative diseases.

Body size and weight more
comparable to human
Skeletal system more
comparable to human

. Easy management of surgical

manipulation

. More probable clinical

translation due to more
accurate dosage and drug
distribution

Ability to use available
technology as MRI, CT and
physiological monitoring
High cost

Higher ethical considerations
Longer reproductive cycle
Higher cost of maintenance
Larger facility requirement
Limited ability of genetic
manipulation and production
of transgenic strains
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10.3.3 Challenges in animal experiments

Animal experiments in translational medicine face several notable challenges,
namely, animal choice, animal modeling standardization, and interpretation
of experimental results. By far, the most difficult challenge is the interpreta-
tion of results for application in human trials. Interpretation must incorporate
the differences in anatomy, physiology, or metabolism between the examined
species and human beings.

10.3.4 Ethical considerations

All animal procedures must follow the ethical guidelines for animal
manipulation. These guidelines are summarized in the following main
principles:

1. Animal experiments should be conducted only if it the information
needed cannot be obtained from other methods such as in vitro bio-
logical systems or mathematical modeling.

2. The number of animals used should be reduced to the minimum
needed to obtain reliable data.

3. The study procedure must be designed to minimize unfavorable
impact on animals. The possible harm to the animals should be care-
fully balanced with the expected scientific benefit. This rule should be
followed in all steps of the experiment: anesthesia, caging, breeding,
and transportation in addition to the core steps of the experiment.

4. Animal housing and facilities must provide the best possible animal
care.

5. Personnel working with animals should be trained on both the experi-
mental procedure and appropriate and ethical animal handling.

10.4 Clinical trials

After careful consideration of the results of animal studies, clinical trial set-
ting should follow the standard stepwise phases: pilot and phases I, II, III,
and IV. Detailed protocol and patient consent are mandatory.

A pilot study is a small-scale study that tests the feasibility of the experi-
mental procedure to be used in a larger-scale study. Results of the pilot study
are not representative of the efficacy or safety of the procedure. Pilot studies
assess the feasibility of all steps of the procedure: recruitment, labeling, ran-
domization, intervention procedure, and assessment methodology.
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Phase I clinical study, previously known as first-in-human study, is a
small-scale study conducted on a small number of healthy volunteers to
assess the safety of the procedure. Phase I trials are further divided into
phase Ia (single dosing) and phase Ib (multiple dosing).

Phase II clinical trials are efficacy studies involving larger number of
subjects up to 300 who receive the treatment. It is further divided into
phase Ila “proof-of-concept study” and phase IIb “dose-determination
study.” Study design of phase II trials can be case series or randomized
clinical studies.

Phase I1I studies are designed to test the effectiveness of the procedure
in clinical practice. Thus, it compares the new treatment with a standard
treatment and involves a large number of centers—“multicenter.” It
recruits a large number of patients and is typically done over a longer
time scale.

Phase IV 1s a postmarketing study or a confirmatory study involving
long-term followup of patients.
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11.1 Introduction

Research on stem cell and related translational regenerative medicine has
provoked controversial reactions from regulatory and scientific bodies.
Stem cell research serves two crucial roles in scientific research: laboratory
research in disease modeling and drug development and a therapeutic role
in regenerative medicine. In the first role, only stem cell acquisition is sub-
ject to ethical regulation, while in the second, stem cell manipulation is
also monitored.

As stem cell therapy provides potential hope for desperate and hopeless
patients, it has expanded at a pace that does not match with its scientific
research and legislation. The asynchronous growth of the scientific and
regulatory parts of stem cell research has resulted in continuous dispute
over stem cell applications.

Thus, until now, and more than two decades after the advent of this
new field, various governmental and nongovernmental bodies have been
striving to align various ethical codes to come up with a universal code
for this subject.

Ethical regulation of stem cell research governs both basic research and
the translational process. This comprises personnel, venue, process, and tis-
sue. In Chapter 10, we discussed personnel, venue, and process. In this
chapter, we will discuss the tissue and the overall translational issues.

Stem Cell Therapy © 2023 Elsevier Inc.
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11.1.1 Ethical guidelines for the use of embryonic cells

Embryonic stem cells represent the core of ethical dilemma in stem cell

research. The fact that they are derived from fertilized ova, with potential

formation of human beings, exaggerates concerns about misconduct
and misuse. The principal guidelines for use of embryonic stem cells in
research are:

1. Only surplus embryos from in vitro fertilization procedures are
used, with prohibition of fertilization of embryos for the sake of
research.

2. Embryos, oocytes, sperms, or other human tissues should not be sub-
jects of commercialization.

3. Embryos donated for research should not be implanted afterward in
uterus of humans or animals.

4. Detailed informed consent should be taken from parents without any
pressure regarding any fertility services provided.

5. Elimination of any conflict of interest between stem cell researchers
and fertility therapists.

11.1.2 Ethical concerns

1. Source: embryonic, fetal.
Authorized stem cells sources are:

a. Autologous adult stem cells from any tissue: bone marrow, periph-
eral blood, adipose tissue, or tissue biopsy.

b. Allogenic adult stem cells from any tissue after proper consent.

c. Cord blood and tissue after proper consent.

d. Embryonic stem cells: aborted embryos or surplus embryos from
IVF centers. Regulation for using embryonic stem cells from IVF:
stem cells are not allowed to be taken from embryos more than
fourteen days, embryos should be initially created for fertility not
research, embryos are in excess of clinical need or not suitable for
implantation and would otherwise be discarded, and lastly, consent
of the parents is mandatory.

2. Gene manipulation:
Regulations for gene manipulation involves both induced pluripo-
tent stem cells IPs and somatic cell nuclear transfer (SCNT).
IPs should not be combined with or added to human or non-human
embryos. IPs regulations is variable between countries, with most liberal
legislations in Japan.
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SCNT stem cells involve transfer of a somatic cell nucleus into
enucleated oocyte producing embryonic-like stem cells. Ethical guide-
lines of SCNT are:

a. Using SCNT stem cells for therapeutic cloning should only be
allowed to survive for 14 days.

b. Using SCNT for human productive cloning is prohibited.

c. Formation of SCNT into animal egg is allowed for research pur-
poses, but not longer than 14 days.

d. Formation of SCNT from animal nucleus into human egg is

prohibited.

. Consent:

The consent process is an important part of ethical regulations of
stem cell research. The consent process should be completely free and
informed. Freedom to give consent implies that the participant’s deci-
sion does not influence his/her right for future therapy. All informa-
tion that can influence decision-making must be given and explained
thoroughly to participants. Confidentiality of all genetic and infectious
information of the material should be guaranteed, avoiding obtaining,
saving, and using unnecessary information.

Ownership of stem cells / trade prohibition of human tissues:

Commercialization of human cells, tissues, or products is prohib-
ited. This means that participants should not receive any benefit from
donating tissues or cells, whether this benefit is direct financial support
or providing therapy at a low cost or similar incentives (Table 11—1).

.1.3 Ethical guidelines for preclinical studies

Use of experimental animals:

Experimental animal models should be used in order: small animals
models followed by large animal models and then primates. Small ani-
mal models are used to explore the stem cell type, clinical efficacy, the
mechanism of regeneration, and the route of stem cell injection.

Large animal models should be used in diseases where small animals
are not representative of human disease, such as skeletal disorders.
Using primates should only be done where other animals are not suffi-
cient and should be supervised by expert zoologists.

Criteria for “proof-of-concept” studies:

Preclinical research involving animals should be used to answer all

questions necessary for clinical translation and to provide adequate
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Table 11—1 Ethical issues at different phases of stem cell research.

Laboratory phase Preclinical phase Clinical translational
phase
1. Source of stem cells 1. Follow regulations 1. Using ethically
a. Embryonic stem cells for ethical use of approved stem
- Generated during animals in scientific cell source
in vitro fertilization research 2. Follow rules of
procedure not for clinical trials
research 3. Careful
- Early stages monitoring and
- Surplus embryos followup
- Consent

2.

3.

b. Fetal cells

c. Induced pluripotent
stem cells

d. Cord blood stem cells

e. Adult stem cells

Avoid cloning of human

cells

Avoid experiments on

germ cells

safety results to start clinical trials. Thus, the “proof-of-concept” ani-
mal experiments should document stem cell type, dose, route, efficacy,
mechanism, and safety.

11.1.4 Principles of ethical guidelines of clinical translation

1.

Independent review and oversight

A close review of all steps of clinical translation is essential. The
review should be undertaken by experts in the field and should
involve all scientific and technical points in the research. Interpretation
of preclinical data to implement in trial design is crucial. There are
conditions where the review committee should call a termination or
temporary halt of the trial if one of the safety criteria is under concern.

“Clinical hold” is done to protect human participants from unrea-
sonable or significant risk or if the study protocol is deficient in design
and fails to meet is objectives.
Voluntary informed consent

Criteria for free and informed consent were previously outlined for
tissue and cell donation. In the clinical trial setting, further explanation
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of the possible mechanism of action and complications should be
emphasized.
3. Medical monitoring and adverse event reporting
Transparent patient monitoring should be done by a third party
independent, preferably blinded clinical observer. The occurrence of
major adverse events is a cause for trial halt or termination.
4. Medical innovation
In exceptional medical situations, clinicians are allowed to use
experimental procedures in a very small number of patients with rigor-
ous oversight. This must be accompanied by a close patient followup,
transparency, and an independent peer review. Progression to formal
clinical trials should be done as soon as possible.
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In this chapter, we will review the regenerative trials in a number of

diseases spanning the different defects described in previous chapters: cel-

lular loss, deficient protein, and combined defects. In each example, we

will explain the milestones of the research on regenerative therapy from

“be
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nchtop to bedside.”
Cellular loss

As an example for cellular loss, neuroregeneration following spinal

cord injury will be discussed.
Replacement of deficient protein

Epidermolysis bullosa (EB) will be discussed as an example of

replacement of deficient protein.

Combined defect

Stem cell therapy for vitiligo will explain the role of stem cells in

combined defects.
Multifactorial (Vitiligo)
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12.1 Neuroregeneration

Stem cell therapy for restoration of neural function ofters hope for previ-
ously incurable diseases. The idea defies an important “dogma” in classical
medical teaching that the neural system “does not regenerate.” In addi-
tion, the experimental evidence of the presence of more than one path-
way in the nervous system inhibiting neural regeneration after injury gave
more credibility to this dogma.

Stem cell—induced neural regeneration can present an important thera-
peutic modality in traumatic neural injury, for example, spinal cord injury
and stroke, degenerative neural injury, for example, Alzheimer’s disease
and Parkinson’s disease, as well as genetic neural disorders, for example,
spinal muscular atrophy.

In this chapter, we will discuss the steps of implementation of stem
cell therapy in the management of traumatic spinal cord injury.

In an attempt to design a stem cell therapy for traumatic spinal cord
injury, the study was conducted in three steps: laboratory experiments, pre-
clinical (animal) experiments, and finally, clinical translational experiments.

12.1.1 In vitro experiments

The aims of the in-vitro phase were: Figs. 12—1 and 122

1. To verify the ability of mesenchymal stem cells (MSCs) to transdiffer-
entiate into neural cells.

2. To compare the different sources of MSCs for neural transdifferentiation.

3. To establish a detailed laboratory protocol for MSC neural transdifferen-
tiation.

1. Verification of the ability of MSCs to transdifterentiate into neural cells:

a. Methods:

1. Isolation of MSCs from bone marrow, cord blood, Wharton jelly,
and adipose tissue was done according to standard protocols (see
Appendix). Isolation of hematopoietic stem cells (HSCs) was done
from bone marrow, leukapheresis product, and cord blood accord-
ing to standard protocols (see Appendix).

2. Isolated stem cell populations were verified as follows: for MSCs,
according to the ISCT minimal criteria for MSC identification, and
tor HSC, using flowcytometric detection of CD34 expression.

3. Isolated stem cells were subjected to induced neural differentiation
using three different laboratory methods:

a. Coculture with isolated neurospheres from murine brain
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Figure 12—

b.

(©) (D)
1 (A) Neural differentiation of mesenchymal stem cell showing neural syn-
apse; (B) Neural differentiation of mesenchymal stem cell showing oligodendrocyte;
(O) Neural differentiation of mesenchymal stem cell showing morphology of multipolar
neuron; (D) Neural differentiation of mesenchymal stem cells showing astrocytes with
intercellular connections.

Addition of culture supernatant of neurospheres

Addition of cytokine cocktail (basic fibroblast growth factor,
ascorbic acid, and nerve growth factor).

Evaluation of the efficiency of neural differentiation in different
conditions. This was done using: morphology and immuncyto-
chemistry as shown in e and f.

Morphology: MSC morphology changes gradually to neural
morphology: astrocytes, oligodendrocytes, and neuroglial cells.
Immunocytochemistry: expression of neural lineage—specific
markers, for example, nestin expression, 3-tubulin III expres-
sion, glial fibrillary protein GFAP, and neurofibrillary protein.
In this experiment, we used nestin and GFAP expression.

2. Comparison between different lineages (HSC/MSC) and different
sources (BM/CB, AD) of stem cells.
3. Comparison between different laboratory conditions and establishment

of the best laboratory protocol for induction of neural differentiation.

Data verified from laboratory experiment and used to proceed to preclinical stage:

The results of comparative experiments proved superior neural trans-
differentiation of MSCs than HSCs. Evaluation of the effect of the source
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(A)

¢ Comparison between MSCs and HSCs in Neural Differentiation
. ® RESULT: MSC show more efficient neural differentiation than
Choosing HSCs
Lineage
- . )
* Comparison between different sources of MSCs
e * RESULT: AT and BM-MSCs show more efficient neural
SUIBELE  gifferentiation than UC and WI-MSCs
source J
® Laboratory procedure
o~ ® RESULT: cytokine induced and culture supernatant are equal
CP 00sing in efficiency
rocess J

Figure 12—2 (A) Nestin-positive neurospheres; B. GFAP-positive neural-differentiated
mesenchymal stem cells; C. Procedure of stem cell therapy.

of MSCs on neural transdifferentiation showed that MSCs isolated from
different sources show variable neural differentiation capacity, with adi-
pose- and bone marrow—derived MSCs showing higher transdifferentia-
tion percentage as well as more functional neurons than umbilical cord or
Wharton jelly—derived MSCs.

Experiments testing the effect of various of induction of transdifferen-
tiation showed comparable results with cytokines and culture supernatant.

12.2 Experimental animal study
12.2.1 Induction of animal model

Large animal (canine) model was chosen as it is preferred in simulation of
locomotor and skeletal defects. Induction of the spinal cord injury was done
using surgical crushing of the cord at the level of L4, leading to paraplegia.

Clinical evaluation of the effect of the procedure was done. Animals
experienced loss of sensation and motor power below the level with
incontinence to urine and stools.
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A sample of the animal groups was sacrificed to evaluate the histologi-
cal changes following the injury.

12.2.2 Stem cell therapy

The canine model group was subdivided into subgroups in order to study
the effect of the timing of stem cell injection, dose, and the route of injec-
tion on the regenerative effect of stem cells. A group was added that
received cell-free exosomes instead of stem cells. Injected cells were labeled
with green fluorescent protein in order to track the cells in histological
sections.

12.2.3 Followup

1. Clinical scales: all study groups were followed up by clinical examination
and Olby score determination for six months following the injection.

2. Histological study: at the end of the followup period, animals were
sacrificed to compare the histological changes occurring in different sub-
groups with those of sham-injected controls, as well as normal animals.

3. Cell tracking: cells were tracked to study their distribution as well as
in vivo differentiation.

12.3 Results

Data wverified from animal study and used to proceed to clinical translation:

Fig. 12—3

1. Injected stem cells were safe with no immediate or short-term
complications.

2. Injected undifferentiated stem cells were homed and were incorporated
into neural tissue as evidenced by green fluorescent protein staining.

3. Stem cells induced clinically detectable improvement in animal
models.

4. Undifferentiated stem cells showed the same clinical improvement as
the differentiated stem cells.

5. Injected stem cells induced clinically and histologically evident
neuroregeneration.

6. Dose of stem cells used was sufficient; however, dose escalation studies
may be done.

7. Cell-free exosomes induced neural regeneration clinically comparable
to stem cell injection.
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Figure 12—3 Histological evaluation of spinal cord sections showing maceration and

vacuolation in the control group and histological regeneration in the stem cell injec-
tion group.

12.3.1 Clinical translational study

Clinical translation was started after completing animal study. Clinical trial
was registered:

Clinical Trials.gov Identifier: NCT00816803

Clinical trial proceeded in the following order:

1. Pilot trial for safety: recruited 30 patients randomly and followed up
for immediate and short-term complications.

2. Phase I/1I: recruited 100 patients with cervical and thoracic spinal cord
injuries.

Patients were selected according to the following criteria: inclusion
criteria are chronic traumatic spinal cord injury of 10—36 months duration
with no neurological recovery for the last six months and the absence of
concomitant systemic disease.

Patients with nontraumatic or acute spinal cord injury or with major
impairment of respiratory or cardiac functions were excluded.

Baseline assessment was performed using the American Spinal Cord
Association (ASIA) Impairment Scales A and B. Patients received intra-
thecal injection of autologous MSCs as well as physiotherapy and were
followed for 12 months. Followup was done using clinical examination,
somatosensory evoked potential, and MRI imaging Figs. 12—4 to 12—6.

12.4 Results of clinical translational study

Phase I: Phase I study, following patients for six months, proved the safety
and tolerability of the procedure.
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Figure 12—4 American Spinal Cord Association score.

ASIA
Impairment
Scale Description
A Complete. No sensory or motor function
is preserved in the sacral segments S4-55.
B Incomplete. Sensory but not motor function

is preserved below the neurological level
and includes the sacral segments 54-55.

C Incomplete. Motor function is preserved below
the neurological level, and more than half
of key muscles below the neurological level
have a muscle grade less than 3 (grades 0-2).

D Incomplete. Motor function is preserved below
the neurological level, and at least half
of key muscles below the neurological
level have a muscle grade greater than
or equal to 3.

E Normal. Sensory and motor function
are normal.

Figure 12—5 American Spinal Cord Association scale.

Phase II/III: Cumulative data from multicenter study showed collective
improvement in 43.2% of cases, 40.2% improvement in sensory improve-
ment, 16% improvement in motor scores, and 8% improvement in sphinc-
teric control. The improvement was more prominent in thoracic injuries.
The resultant change in quality of life was evidenced by the change in
ASIA grade and functional ambulatory categories. Sensory improvement
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Score Category Interpretation

Q Nonfunctional ambulator

1 Ambulator, dependent on Indicates a patient who requires continuous manual contact to support body weight as
physical assistance - level | well as to maintain balance or to assist coordination

2 Ambulator, dependent on Indicates a patient who requires intermittent or continuous light touch to assist
physical assistance - level [I balance or coordination.

3 Ambulator, dependent on Indicates a patient who can ambulate on level surface without manual contact of
supervision another person but requires standby guarding of one person either for safety or verbal

cueing.

4 Ambulator, independent level Indicates a patient who can ambulate independently on level surface but requires
surface only supervision to negotiate (e.g. stairs, inclines, nonlevel surfaces).

5 Ambulator, independent Indicates a patient who can walk everywhere independently, including stairs.

Figure 12—6 Functional ambulatory categories.

was evidenced by improvement in 1—6 dermatomes with a mean of 2.85
dermatomes. Sensory improvement was in both pin prick and light touch.

Sphincteric improvement was in the form of change from urinary
incontinence to reflex voiding with or without sensation. None of the
treated groups reached complete continence. Regarding bowel conti-
nence, most of the improved cases developed partial control with or with-
out sensation.

12.5 Replacement of defective protein
12.5.1 Epidermolysis bullosa

EB, or butterfly disease, is a rare genetic disorder that aftects over half a
million patients worldwide. The disease is characterized by easy blistering
of the skin and mucous membranes due to mutations leading to defective
synthesis in anchoring proteins between the layers of the skin. Clinical
spectrum of EB wvaries from mild cases, which usually symptomatize as
the patient starts to crawl or walk, to severe complicated cases, which may
suffer from esophageal narrowing, severe hand and foot deformities, and
squamous cell skin carcinoma.

There is no cure for EB, and management is usually symptomatic
wound care and treatment of complications.

Research strategy for stem cell treatment of EB was as follows:

Twelve EB patients, diagnosed clinically and by skin biopsy, were enrolled.
1. Initial evaluation of patients: evaluation was done to provide a quantita-

tive data of the number of blisters and duration in addition to the gen-

eral condition of the patient (weight, height, and growth percentile)
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2. Initial evaluation of donors: potential donors were evaluated using history
and skin biopsy. All patients received stem cells from one of their parents.

3. Stem cell preparation: Bone marrow was aspirated, and MSCs were
isolated from the sample.

4. Stem cell infusion: MSCs were infused intravenously in a dose of
2 million/kg.

5. Followup: it was done by comparing the frequency and number of
blisters, rate of healing of new blisters, as well as electron microscopic
examination of skin biopsy.

12.6 Results

Haploidentical MSC infusion was well tolerated with no reported side
effects or complications. Clinical evaluation of the patients showed a sig-
nificant decrease in the rate of appearance of new blisters with faster heal-
ing of erupted ones. Electron microscopic examination of skin biopsies
revealed increased number of anchoring fibrils after treatment. Fig. 12—7

12.7 Multifactorial defects

Vitiligo is a multifactorial disease involving defective melanin pigmenta-
tion with autoimmune features. The principle of regenerative therapy for
vitiligo involves:
1. Replacement of defective melanocytes:
Replacement of defective melanocytes can either be done through
isolation of melanocyte stem cells from skin biopsy and further propaga-

tion of this population; or transdifferentiation of bone marrow—derived
HSCs.

Figure 12—7 Improvement in skin eruptions after stem cell therapy.
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This approach requires local intralesional injection of melanocytes.
2. Immune regulation:
Systemic injection of autologous MSC:s.

12.7.1 Results

12.7.1.1 In vitro experiments

Isolation of melanocyte stem cells from skin biopsy was possible.
However, further in vitro expansion was very slow and difficult. Thus,
reaching acceptable number of melanocytes from skin biopsy was
impractical.

Transdifferentiation of bone marrow—derived HSCs to melanocytes
was possible. Expansion of melanocytes was difficult; however, reaching
acceptable number of melanocytes was possible using a large initial bone
marrow sample.

Figure 12—8 Repigmentation following local injection of transdifferentiated
melanocytes.

Figure 12—9 Partial regimentation following systemic mesenchymal stem cell.
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12.7.1.2 Clinical results

Repigmentation of vitiliginous patches occurred in locally injected lesions
and partially in noninjected lesions due to improvement in the autoim-
mune dysfunction. Figs. 12—8 and 12—9

12.8 Conclusion

Stem cell therapy is a promising solution for correcting degenerative, trau-
matic, genetic, and autoimmune disorders. A systematic approach is necessary
to design a therapeutic strategy. Preliminary positive results are encouraging,
and further clinical applications will shape the future of medicine.
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Appendix A

A.1 Standard operating procedures for stem cell therapy
procedures

A. Collection:
1. Peripheral blood hemopoietic stem cells (HSCs)
2. Bone marrow HSCs
3. Cord blood HSCs
4. Adipose tissue
B. Isolation:
1. HSCs
2. Mesenchymal stem cells (MSCs)
C. Characterization
D. Expansion

A.1.1 Collection

A.1.1.1 Collection of peripheral blood hemopoietic stem cells

HSCs are collected from peripheral blood using mobilization followed by
leukapheresis.

Leukapheresis, a specific type of apheresis, is a laboratory procedure
for separating a specific population of white cells from the whole blood of
a patient. In the stem cell setting, mononuclear cell population is separated
as it is the morphological entity of stem cells. HSCs are mobilized from
the bone marrow to harvest an appropriate dose of stem cells.

1. Stem cell mobilization:

During steady state, circulating HSCs are less than 0.001% of the white

cell population. Therefore, induction of stem cell mobilization is man-

datory before leukapheresis. Standard mobilization is one using G-CSF
in a dose of 5mcg/kg/day in subcutaneous dose daily for 5 days.

There is great variation in the response to G-CSF. The main deter-

mining factor is white cell count of at least 30 X 10”°/L. Failure to

reach this count will necessitate either the addition of chemotherapy
or CXCR4/CXCL12 pathway blocker, plerixafor, or stem cell factor.
2. Intravenous lines: either two lines, one for removal of blood and the
other returning other components, or a central venous line is inserted.
3. Leukapheresis takes 2—3 hours in average to collect a stem cell dose of
2-3 X 10%/kg.
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4. Possible complications: Leukapheresis is a well-tolerated procedure.
However, some people experience cold sensation, numbness, and
painful muscle spasms. This is usually due to hypocalcemia and treated
by calcium administration.

A.1.1.2 Collection of bone marrow hemopoietic stem cells
Even though peripheral blood stem cell collection is taking more ground
than bone marrow, some cases require bone marrow-stem cell therapy.

Under general anesthesia, in an operating room, bone marrow is harvested
from the posterior iliac spine. Harvesting is performed from multiple sites,
5 mL from each puncture site. The syringes used should be heparinized.

The volume required to achieve optimum CD34 + dose is about
10—15 mL/kg body weight, that is, 800—1000 mL.

The marrow collected is injected into special bone marrow collection bag
of volume 1500 mL, with acid citrate dextrose anticoagulant. The collection
bag contains prefilter to prevent particles from flowing to the patient.

A.1.1.3 Cord blood stem cell collection
Collection of stem cells from cord blood can be done either in utero or ex
utero. In utero collection is done after delivery of the baby and before delivery
of the placenta. Ex utero collection is done after delivery of the placenta.
Collection is either done into a special cord blood collection bag or
using heparinized large syringes.
In both cases, the umbilical artery is cannulated to start collection.
Average blood collected ranges from 50 to 70 mL.

A.1.1.4 Collection of stem cells from adipose tissue

Adipose-derived stem cells can be collected from fat tissue through direct exci-
sion or lipoaspirate. Lipoaspiration is a procedure that removes fat tissue surgically
through suction of subcutaneous fat. Adipose-derived stem cells are a constituent
of the stromal vascular fraction. The lipoaspirate is incubated for 30—60 minutes
at 37°C with collagenase, centrifuged for 20 minutes at 1800 rpm, and the stro-
mal vascular fraction is pelleted at the bottom of the tube.

A.1.2 Isolation
A.1.2.1 Mononuclear cell separation by density gradient centrifugation
Background:

Density gradient separation techniques are the first step of most cell separa-
tion procedures. The standard (1077 g/L) is used for lymphocyte separation
since stem cells are morphologically similar to lymphocytes. Other cell
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populations, for example, monocytes, eosinophils, and neutrophils, require dif-

ferent density gradients. Density gradient separation may not yield as many cells

as the simple lysis methods. Simple lysis yields collective white cell population.

A. Equipment:

1. Centrifuge with swing-out rotor and brake switched off
2. Sterile pipettes
3. Sterile falcon tubes

B. Reagents:

1. Ficoll density gradient solution
2. Phosphate buffered saline

C. Preparation of sample:
1.

Collect blood sample under aseptic conditions on preservative-free
heparin.

Add phosphate buffered saline (PBS) in a ratio of 1:1 and mix by
inverting the tube several times.

Bring Ficoll-Paque solution to room temperature; mix by invert-
ing the bottle several times.

Add 3 mL Ficoll-Paque solution to a sterile falcon tube.

Carefully layer the diluted blood sample (4 mL) on the solution
without mixing.

Centrifuge at 400 g for 20—30 minutes at 18°C—20°C with brake
turned off.

The blood sample will be separated into four layers. Remove the
uppermost layer (plasma).

To collect the mononuclear cell layer, enter the pipette closed,
near the side of the tube and open carefully and collect the layer
in a circular manner.

The mononuclear cells collected are washed and counted.

A.1.2.2 Mesenchymal Stem Cell Isolation from Wharton Jelly
Methodology:
A. Explant Culture:

1.

2.

Human umbilical cord is collected immediately after birth, after
informed consent, and transported to the laboratory in a sterile
container in sterile saline.

Under laminar airflow cabinet, the cord is rinsed many times in
sterile saline supplemented with 10% antibiotics and 10% antifun-
gal (100 U/mL of penicillin, 100 pg/mL of streptomycin, and
250 ng/mL of amphotericin B).
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10.

11.

12.

13.

14.
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The cord is cut to 2—3 cm pieces and incubated in sterile saline
supplemented with antibiotics and antifungal for one hour at 4°C.
After 1 hour, the cord in rinsed with PBS, and disinfected by
rinsing with 70% ethanol, followed by a final wash with PBS.
The cord pieces are placed in sterile petri dish and cut longitudi-
nally to open the cord and expose the Wharton jelly.

The three vessels in the cord are dissected and removed using
forceps.

Scraping of the Wharton jelly is done carefully after removing
the three vessels in the cord.

The scraped Wharton jelly is rinsed thoroughly by PBS.

Two to three pieces of scraped Wharton jelly are placed in T25 tissue
culture flasks and left to adhere for 1—2 hours at room temperature.
Add warm complete medium (DMEM +20% fetal calf
serum + 20% L-glutamine + 10% antibiotics/antifungal) dropwise
carefully to avoid disturbing the adherent tissue.

The tissue culture flasks are incubated at 37°C, 5% CO, for 48 hours.
After 48 hours, the medium is replaced completely, with further
half change every 48 hours.

The cultured flasks are evaluated for cell expansion from explant,
and after 7—10 days, the tissue pieces are removed.

When the cells reach 85% confluence, the cells are harvested and
passaged.

B. Tissue digestion

1.
2.

A13

The steps from 1 to 8 are done as above.

The scraped Wharton jelly in incubated in trypsin—EDTA for
30 minutes at 37°C.

After incubation, 1 mL fetal bovine serum is added to stop the
action of trypsin.

. The sample is filtered using sterile 70 pm filters to remove undi-

gested tissue.

. The cells are cultured in 5 mL complete medium in T25 flasks.

Mesenchymal stem cell culture

1. Adjust the cell count to 5 X 10°/mL

2. Using T25 tissue culture flask, the culture suspension is done as follows:
a. Cell suspension (5 X 10°/mL)
b. Penicillin/Streptomycin (50 pL, 1%)
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c. Antimycotic (50 pL, 1%)
d. FCS (500 pL, 10%)
e. DMEM medium to total volume of 5 mL

. Tissue culture flasks are incubated at 37°C in a humidified CO, incu-

bator (5% CO,).

After 48 hours, the nonadherent cells are discarded, and the medium 1s
changed.

Afterward, 2 mL of the medium is changed every three days.
Morphological evaluation of the cells is done until cells reach 80%—
85% confluence.

Harvest:

a. Adherent cells are gently washed twice with prewarmed PBS.

b. 1-2mL of 0.25% trypsin-EDTA (prewarmed) is layered over the
cell layer in the flask

The flasks are left at 37°C for 5 minutes.

2—3 mL of the complete medium is added to stop the action of trypsin.
The cells are washed with PBS and collected in sterile centrifuge tubes.
Cells are centrifuged at 1500 rpm for 10 minutes.

” o &0

The cell pellet is resuspended in the complete medium. Cell count
and viability are performed, and the cells are set in a new culture
for passage 1.

A.1.3.1 Identification of mesenchymal stem cells
According to the ISCT guidelines, MSCs are identified by:

1.
2.
3.

Plastic adherence

Fibroblast morphology

Variable expression (=20%) of at least two of the MSC markers:
CD105, CD90, CD73, CD271, and CD44, with negative expression
of the myeloid markers CD34 and CD45.

Ability for trilineage differentiation: osteogenic, chondrogenic, and
adipogenic lineages.

A.1.4 Differentiation
A.1.4.1 Plating cells for differentiation

1.

Cells harvested from passages 2—3 are plated with 24-well plates in a

concentration of 30—50,000/well in the complete medium.

After 24 hours, differentiation medium is added as follows:

a. Osteogenic medium: 10 mM glycerol phosphate, 100 pg/mL
ascorbic acid, and 100 nM dexamethasone.
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b. Chondrogenic medium: high glucose DMEM, 100pM of

ascorbate-2-phosphate, and 1 pg.mL of TGF31.

c. Adipogenic medium: 10 pg/mL insulin, 100 nM dexamethasone,
and 200 pM indomethacin.

The differentiation medium is changed every 48 hours.

.4.2 Evaluation of differentiation

Cells are evaluated after 10 days as follows:

a.

b.

Biochemical estimation of alkaline phosphatase in osteoblast
differentiation.

Special stains: the medium is aspirated, the cells are washed using PBS,
and fixed for 1 minute. The cells are stained using Alizarin red for
osteogenic differentiation, oil red O for adipogenic differentiation, and
toluidine blue for chondrogenic differentiation.

A.1.5 Coating of flasks

Coating of flasks is used to either improve cell attachment or selectively
enhance a specific cell population. The most common coatings used for

improvement of attachment are collagen and gelatin coating. Other spe-

cific coating solutions are laminin, fibronectin, and poly-lysine.

Collagen Coating:

1. Collagen is diluted to 50 pg/mL using 0.01 M HCL

2. Collagen is added to the plate or flask in a concentration of 5—10 pg/cm
surface.

3. The plates are incubated for 1 hour at room temperature.

4. The plates are rinsed well with PBS to remove excess collagen and
acid.
This can be also used for coverslips to be used inside the tissue culture

plates.
Gelatin coating:

1. Gelatin working solution is prepared as 2% w/v solution in tissue cul-
ture grade water.

2. The solution is sterilized by autoclaving at 120°C for 30 minutes.

3. The culture surface is covered with 5010 pL gelatin solution/cm?.

4. The plates are left to dry for 2 hours.
Laminin coating steps:

1. Laminin is thawed at 2°C—8°C

2. Thawed laminin is diluted in balanced salt solution to a concentration

of 0.01%.
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The culture surface is covered completely with laminin.
The excess solution is removed immediately.
The plates are left to dry for 45 minutes at room temperature before use.

A.1.6 Labeling
Iron Oxide Nanoparticle Labeling:

1.
2.

Cells are plated in 24-well plates for 24 hours.
Cells are cultured in high glucose DMEM, complete medium as
described before.

. Working solution of ferumoxide is prepared as 11.2 mg Fe/mL solu-

tion (particle size 80—150 nm).
The solution is added in a concentration of 10 pL/mL and left for
5 minutes.

. Cells are washed, harvested, and stained for iron using Prussian blue stain.
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List of Basic Supplies Needed in Stem Cell Lab:
I. Plasticware:
1. Sterile disposable Pasteur pipette
2. Sterile disposable pipettes (1, 2, 5 mL)
3. Sterile centrifuge tube (15, 50 mL)
4. Sterile tissue culture flasks (T25, T75)
5. Sterile tissue culture plates (single, 6-, 12-, 24-, 96 well)
II. Instruments:
1. Sterile disposable blades
2. Scissors
3. Scrapers
III. Media:
Basic media: RPMI, DMEM
High glucose media
L-Glutamine
Trypsin—EDTA
Collagenase
Ficoll separating solution
Antibiotics (penicillin, streptomycin)
Antifungal

PRI AP

. Coating solutions: collagen, gelatin, fibronectin, laminin
IV. Growth factors:

Fibroblast growth factor

Transforming growth factor beta

Hepatocyte growth factor

Epidermal growth factor

Insulin-derived growth factor

AU A RN

. Activin

V. Chemicals and bioactive peptides:
1. Ascorbic acid
2. Dexamethasone

VI. Histochemical Stains:

Trypan blue

Giemsa stain

Alizarin red

Oil red

Prussian blue stain

(S LB N S
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