CELLS FOR TISSUE ENGINEERING

Learning Objectives:
After completing this chapter, students should be able to:

Explain why cells are important for tissue engineering.

Describe the structure and function of organelles in eukaryotic cells.
Describe the structure and function of the mammalian extracellular matrix.
Discuss different mechanisms for cell signaling.

Describe the structure and function of cellular junctions.

Discuss cell-cell and cell-matrix interactions in terms of tissue engineering.
Discuss potential cell sources for tissue engineering and tissue fabrication.
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. Explain the principles of cell transplantation, and discuss how this field
relates to tissue engineering and the tissue fabrication process.

9. Provide examples of cells that have been used for cell transplantation.
10. Compare the fields of cell transplantation and tissue engineering.

11. Describe the process of 2D monolayer cell culture, and explain how it relates
to tissue engineering and the tissue fabrication process.

12. Provide examples of applications of monolayer cell culture.
13. Compare the fields of 2D cell culture and 3D tissue engineering.
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14. Describe characteristics of stem cells, and explain the concepts of cell dif-
ferentiation and cell potency.

15. Discuss the use of human embryonic stem cells, induced pluripotent stem
cells, and adult stem cells for fabrication of 3D artificial tissue.

CHAPTER OVERVIEW

We begin this chapter by explaining the importance of cells during the tissue fabri-
cation process. We proceed with a discussion of cell structure and function and then
discuss the dynamic extracellular matrix. We then discuss cell signaling and cel-
lular junctions. We next discuss the role of cell biology in tissue engineering and
follow this up with discussion on cell sourcing for tissue fabrication. The last three
sections of this chapter are focused on mammalian cell culture, cell transplantation,
and stem cell engineering. We describe the process of cell transplantation, including
steps that are involved in the development of cell transplantation therapies. During
our discussion on mammalian cell culture, we describe the process of cell culture
and the relative importance of cell culture during tissue fabrication. We also provide
a discussion comparing the relative advantages and disadvantages of cell transplan-
tation and tissue engineering. We next move on to describe mammalian cell culture.
We describe several steps in the cell culture process, including isolation, culture,
and expansion of primary cells. We discuss applications of cell culture and provide
a comparison of cell culture versus tissue engineering. We then move on to discuss
stem cells and the role of stem cell engineering in tissue engineering. We describe
the properties of stem cells, along with several stem cell sources that have been used
in tissue engineering, including human embryonic stem cells, induced pluripotent
stem cells, and mesenchymal stem cells.

2.1 CELLS AND TISSUE ENGINEERING

An understanding of cells is central to the field of tissue engineering and regenera-
tive medicine. As we have seen in Chapter 1, cells are the functional components of
3D artificial tissue and are one of the building blocks of the field. Isolation, culture,
and expansion of cells are routinely conducted as a part of the tissue fabrication
process. In addition, stem cell engineering has evolved to play a critical role in
tissue engineering (1—4). Genetic programming of stem cells can drive the differ-
entiation fate of these cells toward a given lineage, and these cells can be used to
support fabrication of artificial tissue (5—7). An understanding of cell biology, cell
culture, and stem cell engineering is critical for success in tissue engineering and
will be the focus of this chapter.

Cells are the fundamental units of life and are one of the building blocks for
tissue engineering. There are several aspects of cell biology that are important for
the tissue fabrication process, and, as illustrated in Figure 2.1, cell biology, cell
culture, cell transplantation, and stem cell engineering are important during the
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Figure 2.1 Cells and Tissue Engineering—Cells are important for tissue engineering,
and four important areas are (a) Cell Biology, (b) Cell Culture, (c) Cell Transplantation, and
(d) Stem Cell Engineering.

tissue fabrication process. These four topics are the subject of this chapter and are
briefly introduced in this section.

Let us begin this discussion with cell biology as it relates to tissue engineering.
Some of the concepts are illustrated in Figure 2.1a and will be discussed throughout
this chapter, including cell-cell interactions, cell-matrix interactions, intercellular
connectivity, and cellular signaling. Individual cells form the basic unit of mam-
malian tissue and are a critical function component of 3D artificial tissue. Mam-
malian tissue is composed of different cell types, each of which has a unique role
to support functional performance of tissue. In addition to cells, mammalian tissue
is composed of an extracellular matrix (ECM), which provides structural support
during tissue function. There are functional interactions between adjacent cells and
between cells and mammalian ECM; these are referred to as cell-cell interactions
and cell-matrix interactions respectively, both of which are critical determinants of
tissue function. Cells do not function in isolation; they are part of a large biologi-
cal system. As such, cells have a sophisticated mechanism to sense and respond to
changes in the local environment through a process known as cell signaling.

In addition to understanding cell behavior as it relates to the tissue fabrica-
tion process, another important area related to tissue engineering is cell culture
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(8—11) (Figure 2.1b). In order to undertake any tissue engineering experiment, it is
important to isolate, maintain, and expand cells in culture. In order to achieve this
objective, a technique known as cell culture is used. Cell culture techniques are
important for the isolation of primary cells, along with the culture and expansion
of these cells prior to utilization for fabrication of 3D artificial tissue. There are sev-
eral fundamental principles related to mammalian cell culture, which are discussed
later in this chapter.

Cell transplantation was introduced in Chapter 1 and involves the delivery of
isolated cells in vivo in order to improve functional performance of damaged or
diseased tissue (12— 14) (Figure 2.1c¢). Prior to in vivo transplantation, isolated cells
are cultured using cell culture techniques to increase the number of cells, as large
cell numbers are required for cell transplantation studies.

The most important question relating to cells during the tissue fabrication pro-
cess is: where exactly will the cells come from? There are many options available
for cell sourcing. Stem cell engineering has received a lot of attention in recent lit-
erature (Figure 2.1d), with human embryonic stem (hES) cells being one example
(15-17). The primary advantage of hES cells is the totipotent potential of these
cells, which means that they can be differentiated to form any cell type in the human
body. Therefore, starting with a single cell type (hES cells), researchers have the
ability to obtain many different cell types, which can then be used to fabricate
artificial tissue. During the course of this chapter, we will study many scientific
challenges associated with achieving this objective and will also study different
sources for stem cells.

2.2 CELL STRUCTURE AND FUNCTION

Cells are the fundamental units of life and building blocks of all mammalian tissue,
which is made up of multiple cell types interconnected with extracellular matrix
components. Mammalian cells are extremely complex and can undertake hundreds
of functions at any given time. Cells consist of many different structures known
as organelles, each of which has a specialized function. Cells are categorized as
prokaryotes if they do not contain a nucleus; they are categorized as eukaryotes if
the cells contain a nucleus. Both prokaryotic and eukaryotic cells have DNA. In
the case of prokaryotic cells, DNA is not separated in membrane bound structures
from the cytoplasm; rather, it is concentrated within a region of the cell known as
the nucleoid. One the other hand, the nucleus of eukaryotic cells is contained in a
specialized membrane-bound nucleus which separates it from the cytoplasm.

Nucleus—The nucleus serves as a storage site for genetic material in eukary-
otic cells and consists of several components: nuclear envelope (NE), nuclear pore
complex (NPC), chromosomes, chromatin, and nucleolus (18-26).

The NE consists of two lipid bilayer membranes which surround the nucleus
and separate it from the cytoplasm (27-30). The membrane that is closer to the
cytoplasm is known as the outer nuclear membrane (ONM) and the membrane that
is on the nuclear side is known as the inner nuclear membrane (INM). The NE
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also consists of nuclear lamina and the nuclear pore complex (NPC). As many as
80 proteins that make up the ONM and INM have been identified, many of which
participate in specific interactions with cytoplasmic proteins and proteins in the
nuclear lamina and are important in maintaining the proper assembly and structure
of the NE. Proteins in the nuclear lamina, including the lamin proteins LA, LC,
LB1, and LB2, are known to interact with proteins in the INM, including emerin,
SUN1/2, LAP2p, and LBR (31-35). There are also several proteins in the ONM
that interact with proteins in the cytoplasm. Nesprin 1, 2, 3 and 4 are known to bind
to microtubules and actin molecules as well as participating in plectin-mediated
binding to intermediate filaments. These proteins serve to anchor and stabilize the
nucleus relative to the cytoplasm by specific protein-protein interactions.

NPCs are porous channels that connect the nucleus and the cytoplasm and
serve to regulate flow of molecules in both directions. NPCs consist of proteins
known as nucleoporins (NUPs), and have a central pore that is connected to the
nuclear envelope, cytoplasmic rings with eight associated filaments, and a nuclear
ring, which also has eight associated filaments. Small molecules with a diameter
of 4-5nm or less can passively diffuse through the NPCs, to and from the
cytoplasm and nucleus, without any selective membrane transport mechanisms in
place. Large molecules are transported through the NPCs by selective membrane
transport via specialized transport proteins known as importins and exportins (21).
The transport of molecules from the cytoplasm through the NPC to the nucleus is
known as nuclear import and makes use of transport proteins known as importins
(21). Similarly, the transport of molecules from the nucleus through the NPC to the
cytoplasm is known as nuclear export and makes use of transport proteins known
as exportins. In the case of nuclear import, the molecule of interest binds to the
importin on the cytoplasmic side and is transported through NPCs to the nucleus;
once inside the nucleus, the importin undergoes a conformational change after
binding Ras-related nuclear protein (RAN) guanosine triphosphatase GTPase,
(RAN.GTP) which allows release of the molecule of interest inside the nucleus
(21). The reverse is true for nuclear export, where the molecule of interest binds
to exportin proteins and RAN.GTP complex in the nucleus; this allows transport
of the molecule to the cytoplasm, where conformation changes in the exportin
proteins cause release of the transported molecule (21).

The genetic material within the nucleus is organized into chromosomes (36—39).
Chromosomes are organized into primary, secondary, and tertiary structures using
proteins to form these complex structures; this results in the formation of chro-
matin. The organization of chromosomes to form chromatin requires the use of an
equal mass of proteins. Nucleosomes are repeating units of chromatin and consist
of 145—147 base pairs of DNA around a histone octamer core. Histones are proteins
that are used to compact and package DNA to form nucleosomes. Histones serve in
compaction of DNA and serve to stabilize nucleosome structure by protein-protein
interactions, which stabilize the histone core. In addition, electrostatic interactions
and hydrogen bonds between DNA and the histone protein help stabilize the entire
nucleosome structure. Individual nucleosomes are held together by linker DNA and
this leads to the formation of the primary chromatin structure, resembling beads on
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a string. Compaction and organization of primary chromatin structures leads to the
formation of secondary and tertiary chromatin structures.

The nucleolus is the largest compartment within the nucleus of eukaryotic cells;
the core function of the nucleolus is synthesis and assembly of ribosomal RNA
(rRNA) (40—45). The nucleolus has three major compartments known as the fibril-
lar center, dense fibrillar region, and granular component, each with a specialized
function. The nucleolus also contains genes for pre-rRNA, which are transcribed
into ribosomal proteins. The inner fibrillar center of the nucleolus is where tran-
scription of pre-rRNA takes place while rRNA processing occurs in the dense
fibrillar region, and early steps of ribosome assembly occur in the granular region
of the nucleolus.

Ribosomes—Ribosomes are the sites of protein synthesis in eukaryotic cells
and are made in the nucleolus of cell nucleus, as we have seen before (46—52).
Ribosomes can either be suspended in the cytosol or bound to the endoplasmic
reticulum. Free ribosomes translate proteins that are used in the cytoplasm, where
membrane-bound ribosomes translate proteins that are used in the membrane or
exported from the cell. The number of ribosomes present in a cell relates to the
protein synthesis activity of the cell, and certain cells can have up to 10 million
ribosomes. Ribosomes are characterized based on their rate of sedimentation,
and are designated as 80S for eukaryotic cells. Eukaryotic ribosomes consist of
two subunits, the larger of which is known as the 60S subunit and contains about
45 proteins; the smaller one is known as the 40S subunit and contains about 30
proteins. Consistent with their role in protein synthesis, eukaryotic ribosomes have
a binding site for messenger RNA (mRNA) and three binding sites for transfer
RNA (tRNA), known as the E site, P site and the A site.

Mitochondria—Mitochondria are the primary organelles for energy generation
within eukaryotic cells (53—57). Mitochondria are responsible for the production of
ATP, which is the primary currency of energy in cells, from breakdown of carbohy-
drates and fatty acids via oxidative phosphorylation. The number of mitochondria
present in eukaryotic cells is related to the metabolic activity of the specific cell
type; cells like cardiac myocytes, which have a high metabolic demand, are known
to have a high concentration of mitochondria. The mitochondria of eukaryotic cells
consist of two membranes, referred to as the outer membrane and the inner mem-
brane; the space between the outer and inner membranes is known as the inter-
membrane space. The inner region of mitochondria is known as the matrix, and
the inner membrane folds into matrix-forming indentations known as cristae. The
inner region of the mitochondria contains enzymes responsible for the citric acid
cycle, which is the primary mechanism for production of ATP in eukaryotic cells.
The citric acid cycle in the mitochondria interfaces with glycolysis, which takes
place in the cytoplasm. Glycolysis is responsible for the breakdown of glucose to
pyruvate, which then feeds into the citric acid cycle for ATP production. Through
this process, mitochondria are able to meet the metabolic demands of the cells.

Lysosomes—Lysosomes are membrane-bound structures, consisting of a single
membrane which contains digestive enzymes (58—61). Lysosomes can be viewed
as membrane-bound sacs of digestive enzymes with a primary catabolic function
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in eukaryotic cells. The primary function of eukaryotic lysosomes is digestion and
breakdown of biological molecules, including proteins, nucleic acids, carbohy-
drates, and lipids. Lysosomes contain about 50 different digestive enzymes and
are involved in phagocytosis and autophagy (62,63). Phagocytosis is the process
by which external agents like bacteria are internalized within the cell and then
destroyed by digestive enzymes of the lysosome. The external agent is first engulfed
by the cell membrane of a host cell and then internalized to form a membrane-
bound vesicle known as a phagosome. The phagosome fuses with a host lysosome
to form phagolysosomes. The digestive enzymes of the lysosome destroy this exter-
nal agent within the phagolysosome. Lysosomes are also responsible for a process
known as autophagy, which involves digestion of internal organelles. The organelle
to be digested is first enclosed within a membrane that is derived from the endo-
plasmic reticulum. The newly formed vesicle is known as an autophagosome. As in
the case for phagocytosis, the autophagosome fuses with lysosomes, and digestive
enzymes in the lysosome degrade this organelle.

Endoplasmic Reticulum (ER) and Golgi Apparatus—The ER is an extensive
network of membranes found in the cytoplasm of eukaryotic cells that functions
in protein synthesis and distribution (64,65). The membrane network of the ER
accounts for more than half of the total membrane structures in eukaryotic cells,
and the luminal space of the ER can account for up to ten percent of total cell vol-
ume. There are two types of ER, referred to as rough ER and smooth ER, each with
distinct functions. The rough ER is covered with ribosomes on the outer surface
and is involved in protein synthesis. The smooth ER does not have ribosomes on
the surface and is involved in synthesis of lipids and in carbohydrate metabolism.
While the ER is involved in protein synthesis, the Golgi apparatus is involved in
storage and modification of these proteins and then further distribution of the modi-
fied proteins to other organelles in eukaryotic cells. The ER and the Golgi apparatus
define the secretory pathway of proteins within the cells. Proteins are synthesized
in the rough ER and then transferred to the Golgi apparatus for protein modifica-
tion, and from the Golgi apparatus, the proteins are transported in vesicles to other
organelles within the cell and can also be transported outside of the cell.

Cytoskeleton—The cytoskeleton is a network of fibers that provides structural
and mechanical support for eukaryotic cells (66). The composition, distribution,
and alignment of the cytoskeleton’s fibers varies based on cell type and physio-
logical state of cells, but the cytoskeleton consists of three types of fibers: micro-
tubules, microfilaments, which are intertwined strands of actin, and intermediate
filaments. Microtubules have a diameter of about 25 nm, intermediate filaments
have a diameter of about 10 nm, and actin filaments have a diameter of about 7
nm. Microtubules are involved in cell motility and movement of chromosomes and
movement of cell organelles and function to maintain cell shape. Some examples of
microtubules include a-tubulin and B-tubulin. Actin filaments are one of the most
abundant cytoskeletal proteins and, together with the contractile protein myosin,
are involved in muscle contraction. Intermediate filaments play a structural role
by providing mechanical support to eukaryotic cells and play an important role
in maintenance of cell shape. Some examples of intermediate filaments include
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desmin in muscle cells, nuclear lamins in the nuclear lamina of all cell types, and
nestin found in stem cells of the central nervous system.

Plasma Membrane—The plasma membrane provides a barrier around
eukaryotic cells and provides a selective barrier to regulate the flow of molecules
in and out of the cell. The plasma membrane consists of several phospholipids that
are organized asymmetrically into two regions, with the inner leaflet toward the
cytosol of the cell and the outer leaflet toward the outside of the cell (67—70). The
plasma membrane contains several phospholipids, glycolipids, cholesterol, and
protein molecules. Most eukaryotic plasma membranes contain an equal amount
of lipid and protein molecules on a weight basis. The four most abundant phos-
pholipids in the plasma membrane are phosphatidylcholine and sphingomyelin in
the outer leaflet and phosphatidylethanolamine and phosphatidylserine in the inner
leaflet. The lipid molecules provide structural support to the plasma membrane
while the protein molecules play a functional role. The proteins in the plasma
membrane are categorized as either peripheral proteins or integral membrane
proteins. Peripheral proteins are not embedded in the phospholipid bilayer, but
are associated with the membrane through protein-protein interactions. Integral
membrane proteins, on the other hand, are embedded within the phospholipid
layer of the plasma membrane. Integral membrane proteins, which span the
lipid bilayer, are known as transmembrane proteins. Many transmembrane
proteins serve as transport channels that selectively allow specific molecules to
enter and leave the cell. This transport function of these proteins and selective
permeability of plasma membranes to specific molecules is a critical function for
eukaryotic cells.

2.3 THE DYNAMIC EXTRACELLULAR MATRIX

The ECM provides structural support for cells during normal tissue formation and
function (71-74). The ECM in mammalian tissue is a complex mixture of pro-
teins and other molecules and has specific binding sites for cells. During 3D tissue
formation, cells form intercellular connections with neighboring cells and attach
in a specific way to the ECM. These cell-cell interactions and cell-matrix interac-
tions modulate tissue function, thereby allowing changes in the physiological state
of the tissue. Cell-matrix interactions refer to the binding of cell surface receptors
known as integrins to specific domains on ECM molecules. Binding of cell surface
integrins to specific regions on ECM molecules triggers a cascade of intracellu-
lar signaling events, leading to changes in cell behavior and/or tissue organization.
There are specialized cell types within any given tissue responsible for ECM pro-
duction. Some examples of ECM-producing cells are fibroblasts, chondrocytes, and
osteoblasts.

Structure and Function of ECM—The ECM can be viewed as the structural
component of mammalian tissue and functions to stabilize 3D tissue by provid-
ing mechanical support. The ECM also functions to modulate tissue properties
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through specific cell-matrix interactions. The ECM consists of two major compo-
nents, which are protein molecules and glysoaminoglycans (GAGs) (71-74). Some
examples of ECM proteins include collagen, elastin, fibronectin, and laminin, while
some examples of GAGs include hyaluronan, chondroitin sulfate, and heparin. The
specific composition, distribution, and alignment of ECM proteins and GAGs varies
from one tissue to another and changes in response to the physiological state of the
tissue, including changes in stress environment or tissue remodeling in response to
specific pathological conditions. While the ECM has many different functions, two
primary functions of the ECM are to provide mechanical support/stability and to
regulate cellular properties through specific cell-matrix interactions, which eluci-
date intracellular signaling events leading to changes in cell behavior/phenotype.

Cell-Matrix Interactions and Integrins— We have seen that cells and the ECM
are major components of mammalian tissue. We have also seen that ECM compo-
nents are large macromolecules like collagen and fibronectin and consist of hun-
dreds of amino acids. Cells and ECM talk to each other in a very specific manner
known as cell-matrix interaction. It is very intriguing to think about the way in
which cells and the ECM communicate and/or interact. ECM proteins and other
components are very large macromolecules with hundreds of amino acids. How
exactly does the cell “see” this large ECM protein and how exactly does the cell
interact or communicate with the ECM protein? Cells have cell surface recep-
tors known as integrins, which recognize specific amino acid sequences on ECM
proteins (75—-80). Integrins consists of two subunits known as a and § subunits.
Eighteen a and eight  subunits that form 24 distinct integrins have been iden-
tified, each with a specific ECM binding site. When a cell sees any given ECM
protein, the cell scans the protein molecule to identify specific binding sites for
which it has integrins; for example, the integrin a581 binds to the RGD site of the
fibronectin molecule (81,82). Although the fibronectin molecule is large, there is
only a sequence of three amino acids that are recognized by cells having the a5p1
integrin (81,82); the binding of the a5f1 integrin to the RGD site on the fibronectin
molecule is referred to as a specific cell-matrix interaction.

Why is cell-matrix interaction important? Cell-matrix interaction is the only
way for cells to functionally interact with ECM proteins. In the absence of specific
cell-matrix interactions, cells will passively interface with ECM proteins without
any functional benefit to cells. When cell surface integrins interact with specific
ECM protein binding sites, this interaction triggers a series of intracellular signal-
ing events that impact cell survival and proliferation, regulation of transcription and
protein synthesis, and cytoskeletal organization and remodeling. Cell-matrix inter-
action is therefore important for cell function, behavior, and phenotype, and the
absence of cell-matrix interaction leads to abnormal cell behavior and phenotype.

2.4 CELL SIGNALING

In the previous section, we studied the ECM and ways in which cells communicate
with components of the ECM via cell-matrix interactions. Cells also communicate
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with other cells via cell-cell interactions, and these are critical in maintaining cell
phenotype and tissue function (83). There are four types of cell signaling, known as
endocrine, paracrine, autocrine, and contact-dependent signaling (83). The general
principle of cell signaling in all four cases is the same—the signaling molecule is
secreted by a specific cell and acts on a second cell (or the same cell in the case of
autocrine signaling) by binding to a cell surface receptor specific to the signaling
molecule. The binding of the signaling molecule to the cell surface receptor leads
to a cascade of signaling events that regulate cell behavior and phenotype.

Endocrine Signaling—In the case of endocrine signaling, hormones are
secreted by specialized cells in endocrine glands, and secreted hormones are
distributed throughout the body by the circulatory system (84,85). Some examples
of molecules that participate in endocrine signaling are thyroid hormone and
adrenaline. Thyroid hormone is secreted by thyroid glands and released into the
circulatory system; it acts on several cell types to regulate the rate of metabolism.
Adrenaline is secreted by the adrenal gland and is responsible for the well-known
fight and flight response, which causes an increase in blood pressure and heart rate
during time of stress and anxiety.

Paracrine Signaling—In the case of paracrine signaling, the molecule is
secreted into the local environment and rather than being transported through the
circulatory system, the molecule acts on cells that are in close proximity (86—89).
Neurotransmitters like acetylcholine use paracrine signaling; these molecules are
released by nerve endings and travel across a synapse to act on the target cell.

Autocrine Signaling—In the case of autocrine signaling, the molecule is
released by a cell and binds to cell surface receptors on the same cell from which
it is released. Using this mechanism, cells can modulate their own behavior
and phenotype in response to any given external cues (90-92). An example
of autocrine signaling is in the case of T lymphocytes in response to antigenic
stimulation. When T lymphocytes are exposed to specific antigens, they release
a growth factor into the local environment; this growth factor then binds to cell
surface receptors on T lymphocytes. Binding of the growth factor to cell surface
receptors triggers an intracellular signaling cascade; this in turn results in T
lymphocyte proliferation (93-95). This process leads to an increase in the number
of T lymphocytes and therefore provides a mechanism to increase the intensity of
the immune response by host cells.

Direct Cell-to-Cell Signaling—In this case, the signaling molecule is not
released into the local environment or into the circulatory system; rather, the
signaling molecule remains attached to the secretory cell. An adjacent cell that has
a cell surface receptor for this molecule binds to the molecule while remaining
attached to the secretory cell. Direct cell-to-cell signaling plays an important role
in human embryology and development. During human development, cells start off
as unspecialized stem cells and eventually give rise to specialized cells. Initially,
there is a large pool of unspecialized stem cells, and only a certain proportion of
these cells differentiate toward a specific lineage, while additional cells remain
undifferentiated or differentiate to a different lineage. Direct cell-to-cell signaling
plays an important role in regulating the differentiation fate of stem cells toward a
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specific lineage. In the case of neural differentiation, direct contact of developing
nerve cells with neighboring cells inhibits differentiation of the neighboring cells
to a neural lineage (96,97).

Intracellular Signaling—In the previous section, we looked at cell-matrix inter-
action and subsequent intracellular signaling events that modulate cell behavior
and phenotype. The same thing occurs with cell-cell interactions—when signal-
ing molecules bind to specific cell surface receptors, this binding triggers a series
of intracellular signaling events that can lead to changes in cell function, includ-
ing regulation of metabolic activity, regulation of gene expression, and changes in
cytoskeletal organization and distribution.

2.5 CELLULAR JUNCTIONS

Introduction—In the previous section, we looked at several mechanisms used by
cells for signaling, which depend on binding of a specific molecule to a cell surface
receptor. We examined autocrine, paracrine, endocrine, and direct cell signaling. In
this section, we continue our discussion on cellular signaling and look at cellular
junctions, which provide various functions at the cell-cell or cell-matrix interface.
There are five categories of cellular junctions: tight junctions, adherens junctions,
desmosome junctions, gap junctions, and hemidesmosome junctions. Cellular junc-
tions can be classified based on function: occluding junctions, anchoring junctions,
or communication junctions. Tight junctions are an example of occluding junc-
tions, which prevent the movement of molecules between adjacent cells. Anchor-
ing junctions connect one cell to another cell or to components of the ECM and
include adherens junctions, desmosome junctions, and hemidesmosome junctions.
Communicating junctions allow the flow of molecules between adjacent cells and
include gap junctions.

Tight Junctions—Tight junctions are found between adjacent cells, are
prevalent in epithelial tissue, and serve to provide adhesion and barrier functions,
hold cells together, and provide a semipermeable barrier (98—101). Tight junctions
provide cells with a semipermeable size-specific and ion-specific barrier and
restrict the diffusion of apical and basolateral membrane components. Tight junc-
tions also function as landmarks by spatially confining signaling molecules and
polarity cues and serving as docking site for vesicles. The structural organization
of proteins has been identified, and at least three major components come together
to at the site of tight junctions: claudins, occludins, and the family of junctional
adhesion proteins (JAMs). The claudin family of proteins spans the intracellular
space between epithelial cells and consists of at least 24 members, which vary
significantly between tissue systems and organs. These variations in the claudin
family of proteins between different tissue systems serve to induce selectivity
of tight junctions. Occludin also spans the extracellular space, and although a
specific function for this protein has not been elucidated, occludins have been
implicated in the organization of tight junctions and as a regulatory protein. JAMs
are a group of transmembrane structural proteins that anchor the adjacent cells
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together at the tight junction. In addition to claudin, occulin, and the JAM family
of proteins, tight junctions also contain scaffolding proteins known as the zonula
occludens (ZO) group of proteins. The ZO group of proteins directly interacts
with claudins, occulins, and JAMs and provides a link with intracellular actin; ZO
proteins provide a scaffolding function by stabilizing tight junction proteins and
anchoring these proteins to intracellular components.

Adherens Junctions— The primary function of adherens junctions is to connect
adjacent cells together (102). In addition to bridging adjacent cells, adherens junc-
tions connect the intracellular actin bundles of adjacent cells, thereby providing
increased structural stability and a mechanism to translate changes in the extracellu-
lar environment to intracellular remodeling of cytoskeletal proteins. There are two
major protein complexes at adherens junctions: cadherin-catenin complexes and
nectin-afadin complexes. In the case of cadherin-catenin complexes, the cadherin
molecule is a transmembrane protein with five repeating subunits in the extracellu-
lar space that are stabilized by calcium ions. The intracellular portion of cadherin
interacts with p120-catenin, B-catenin, or plakpglabin, which in turn interacts with
intracellular cytoskeletal proteins. The nectin-afadin complex acts similarly to the
cadherin-catenin complex, with nectin providing the primary scaffolding function
and associating cytoskeletal proteins by the intracellular protein afadin.

Desmosome Junctions—Desmosome junctions anchor adjacent cells together
and perform a function similar to tight junctions and adherens junctions (103,104).
Desmosome junctions contain components of three protein families: cadherins,
armadillo proteins, and desmoplakin. The cadherins span the extracellular space
between two adjacent cells and provide physical anchoring of cells. The cadherin
proteins are connected to plakins on the intracellular side and the plakin proteins
are connected to keratin filaments; this mechanism provides continuity in protein
interactions, stabilizes participating cells, and provides a direct link between
extracellular and intracellular components. The armadillo family of proteins facil-
itates tethering of desmoplakin and keratin filaments to desmosomes; this serves
to regulate clustering of desmosomal components and mediate signal transduction
pathways.

Gap Junctions—The first three cellular junctions (tight junctions, adherens
junctions, and desmosome junctions) are examples of anchoring junctions, which
couple adjacent cells and provide structural and mechanical stability. On the other
hand, gap junctions are functional coupling points between adjacent cells and
regulate the flow of molecules between coupled cells (105-108). Gap junctions
are composed of repeating units of a protein family known as the connexin family
of proteins. Gap junctions consist of porous channels formed between adjacent
cells and are made of six protein connexin subunits; the actual channel is referred
to as a connexon. Gap junctions act as physical channels that connect adjacent
cells and allow the flow of ions or other molecules through these cells. This is
particularly important in excitable tissues like heart muscle, where the flow of ions
through gap junctions is critical for depolarization of the heart.

Hemidemosome Junctions—Hemidemosomes junctions anchor cells to the
underlying basement membrane by connecting intermediate filaments within the
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cells to specific components of the ECM via integrin mediated binding (109).
Hemidemosome junctions contain many different proteins on the intracellular
side, including the plectin and plakin family of proteins. The primary function of
the hemidesmosome junction is to anchor cells to the underlying ECM.

2.6 MAMMALIAN TISSUE AND ARTIFICIAL TISSUE

During the course of this chapter, we have looked at cell architecture and organelle
function, ECM structure and function, and cell-cell and cell-matrix interactions. In
this section, we provide a brief description of how many of the concepts introduced
in this chapter are relevant in the formation and function of mammalian tissue; we
can also apply these concepts to the fabrication of artificial tissue.

Let us begin our discussion with a review of some of the concepts as they relate
to mammalian tissue. As we have seen, mammalian tissue is composed of different
cell types and ECM components, which provide functional and structural support,
respectively. Individual cells connect with other cells using cellular junctions that
include tight junctions, adherens junctions, desmosome junctions, and gap junc-
tions. In addition, cells communicate with other cells using a variety of cellular
signaling methods including autocrine, paracrine, endocrine, and direct cell-cell
signaling. The functional coupling of cells with other cells is known as cell-cell
interaction. In addition to cells, mammalian tissue consists of the ECM, which
serves to provide mechanical support; components of the ECM functionally couple
with cells by binding to cell surface receptors known as integrins. The functional
coupling of cells with the ECM is known as cell-matrix interaction. Cell-cell and
cell-matrix interactions trigger a cascade of intracellular signaling events, which
modulate cell behavior and phenotypes and, as a result, have a direct impact on 3D
tissue architecture and function.

Now that we have seen how many of the concepts presented in this chapter relate
to mammalian tissue, the next critical question is—how do these concepts apply
to tissue engineering and fabrication of 3D artificial tissue? As we have seen in
chapter one, tissue engineering is focused on the development of technologies to
support the fabrication of artificial tissue. As we have seen during our discussion of
the tissue fabrication process, isolated cells are cultured within 3D scaffolds to sup-
port the formation of 3D artificial tissue. During the tissue fabrication process, it is
critical to support the formation of functional cell-cell and cell-matrix interactions
between isolated cells and biomaterials. Successful implementation of strategies to
support cell-cell and cell-matrix interactions is critical to the development of 3D
artificial tissue.

2.7 CELL SOURCING

Requirements of an Ideal Cell Source—During the tissue fabrication process,
isolated cells are coupled with biomaterials to fabricate 3D artificial tissue.
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During this process, one critical decision needs to be made regarding the source of
cells—where exactly will the cells come from? In order to help researchers deter-
mine the most suitable cell source for any given tissue engineering application, the
following criteria have been established for an ideal cell source (110): 1) cells need
to be safe and not trigger tumor creation, 2) improve functional performance of
host tissue, 3) functionally integrate with host tissue and host vasculature, 4) cells
need to be tolerant of noninvasive delivery methods, which are increasingly
common in the operating room, 5) not trigger the host immune response, 6) in
the case of stem cells, be sensitive to social and ethical issues, 7) when working
with stem cells, the cells should have a clearly demonstrated potential to be
differentiated with high efficiency to the cell type of interest, 8) any cell type
should tolerate the processing conditioning required to develop off-the-shelf
therapies. While there are several choices for cells in tissue engineering, none
satisfy all of the stated design requirements. There are four cell sources which
have been used extensively in tissue engineering: cell lines, animal derived cells,
stem cells (adult-derived mesenchymal stem cells, embryonic stem cells, or
induced pluripotent stem cells), and, finally, human derived cells. We will discuss
these in detail in subsequent sections and start here by presenting some general
considerations for cell sourcing, as shown in Figure 2.2.

Autologous versus Allogeneic—Cells can either be autologous or allogeneic.
Autologous cells are cells that have been isolated from a tissue biopsy of the per-
son who will also be recipient of these cells; the donor and recipient for autologous
cells is the same. This strategy has clear advantages, as it circumvents issues related
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Figure 2.2 Cell Sourcing for Tissue Engineering—There are four sources of cells
that are commonly used during the fabrication of 3D artificial tissue: (a) Cell lines,
(b) Animal Derived Cells, (¢c) Human Embryonic Stem Cells, and (d) Human Donor
Cells.
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to host immune rejection and eliminates any issues related to identifying potential
donors. Autologous cells are aggressively being evaluated in stem cell therapies
involving the use of bone marrow-derived mesenchymal stem cells (MSCs). MSCs
can be purified from a patient’s bone marrow aspirate and processed in vitro and
expanded in culture, followed by differentiation to a given cell lineage. The dif-
ferentiated cells can later be implanted into the same patients at the site of injury.
Allogeneic cells are isolated from a donor and then transplanted into a recipient
patient, with the donor and recipient being different people. Blood transfusions are
the most popular examples of allogeneic cell transplantation. The main limitations
of allogeneic-based cells are the challenges in identifying potential donors and the
potential for immune rejection by the host.

Animal-Derived or Human-Derived Cells—Cells can either be animal-derived
or isolated from human tissue specimens. Clearly, if the cells are being used
for clinical applications, cells isolated from humans would be the only choice.
Animal-derived cells are used extensively during early stages of research, partic-
ularly in proof-of-concept studies, model development and optimization studies,
and safety/efficacy studies. The primary advantage of using animal-derived cells
is availability, as tissue specimens can be obtained based on need.

Cell Lines—Cell lines are used extensively for tissue engineering studies and
can easily be purchased form commercial vendors. Primary cells are maintained in
culture for extended periods of time and at regular intervals, can be sub-passaged
to increase the cell yield (discussed in a subsequent section of this chapter). After
several sub-passages, the cells in most cases tend to decrease in proliferative capac-
ity; however, in some cases, these cells undergo genetic alterations that allow the
cells to proliferative for extended periods of time. When this occurs, the cells are
known as a cell line (111) . This property of cell lines, the ability to proliferate over
extended periods of time, proves to be advantageous for tissue engineering studies.
During the tissue fabrication process, a large number of cells are required to sup-
port 3D tissue formation. The proliferative capacity of cell lines allows researchers
to obtain these cell numbers during routine cell culture.

Stem Cell Engineering—We will discuss stem cell engineering in detail
in subsequent sections, but will use this opportunity to introduce the general
concept. Cell sourcing for tissue engineering requires cells to have tissue specific
functionality—fabrication of artificial heart muscle requires cardiac myocytes,
fabrication of artificial cartilage tissue requires chondrocytes, and so forth. It
is well-known that during early stages of human embryogenesis, all cells are
the same, and during the course of development, they differentiate to become
different cell types (112,113). These early stem cells are known as embryonic
stem cells. The interest in stem cells, particularly embryonic cells, arises from
the differentiate potential of these cells. For example, if a researcher wants to
bioengineer vascularized heart muscle, several different cell types would be
required, including cardiac myocytes, fibroblasts, endothelial cells, and smooth
muscle cells. Since embryonic cells have the potential to differentiate into any cell
type, a single cell source can be used to obtain multiple cell types, which in turn
can be used to bioengineer multicellular tissue, like vascularized heart muscle.
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Cell lines >> Primary cells>> Primary cells

Figure 2.3 Cell Sourcing During the Progression of Tissue Engineering
Studies— Different cell sources are suited for different parts of the technology development
process for fabrication of 3D artificial tissue.

Cell Sourcing Strategy in Tissue Engineering Research—In tissue engineering,
there is a common trajectory used for cell sourcing: progressing from proof-of-
concept studies to clinical trials (Figure 2.3).

During the initial stages of project development, cell lines are used to conduct
proof of concept studies. Cell lines are considerably easier to work with, reasonably
inexpensive, and have reproducible phenotypes during cell culture. Once proof-of-
concept studies have been successful, the work is translated to small animal studies,
which are designed to validate the results obtained with cell lines. At this stage of
the study, primary cells that are isolated from animal tissue are more suitable. The
next step in the technology progression is from small animals to large animals; in
this case, animal-derived cells would be more suitable. The final stage of the tissue
engineering study is clinical trials, which require testing of the artificial tissue in
human patients. The cells used in clinical trials have to be autologous, with stem
cells being commonly used, particularly bone marrow-derived MSCs.

2.8 THE CELL TRANSPLANTATION PROCESS

Introduction to Cell Transplantation—In the first chapter of this book, we intro-
duced the concept of cell transplantation or cell therapy, both of which refer to
the same thing. The concept of cell transplantation is based on delivery of isolated
cells to the site of injury; these therapies are based on the hypothesis that trans-
planted cells will support functional recovery of damaged or diseased tissue (110).
From a conceptual standpoint, this is a very intriguing premise and is based on
the hypothesis that isolated cells have the capacity to perform tissue-level func-
tions. This is in sharp contrast to the field of tissue engineering, which is based
on the premise that lost tissue function can be replaced by transplanted 3D tis-
sue. The primary difference between the field of cell transplantation and tissue
engineering is the therapeutic agent, with isolated cells being used in the former
and 3D artificial tissue in the latter. Prior to describing the details of the process,
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we introduce a few fundamental concepts related to the field and provide some
definitions.

e Cell transplantation has been defined as the process by which cells are deliv-
ered to the site of injury in order to improve the functional performance of
injured tissue (114,115). Whole blood transfusions, packed red cell transfu-
sions, platelet transfusions, and bone marrow transplants are examples of cell
therapy.

e Stem cell transplantation is a specialized case of cell transplantation, in which
the cells being delivered are stem cells (116). Use of embryonic stem cells,
induced pluripotent stem cells, and adult stem cells fall under the classification
of stem cell transplantation. Cell transplantation and cell therapy are broad
terms and apply when any cell type is used; stem cell engineering is a spe-
cialized case of cell transplantation that utilizes stem cells as the therapeutic
agent.

Steps in the Process of Cell Transplantation— The process of cell transplanta-
tion is shown in Figure 2.4.

While there are several choices for stem cells, the general scheme that we present
is based on hES cells (117). In this case, hES cells are isolated from the inner cell
mass of a blastocyst at the 64 to 200 cell mass stage. The cells are isolated and

Human embryonic stem cells
are isolated from the inner
cell mass of a blastocyst at

the 64 to 200 cell mass stage

During the transplantation
process the differentiated
cells are delivered to the site
of injury through a delivery
vehicle

The cells are cultured in
controlled in vitro conditions

The cells are differentiated to
a specific cell lineage
depending on the application

Figure 2.4 The Cell Transplantation Process—Human embryonic stem cells are dif-
ferentiated to form different cell types that are delivered to the site of injury to support
functional recovery.
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cultured under controlled in vitro conditions. These cells are then differentiated to
the specific cell lineage, which varies depending on application; for example, hES
cells will need to be differentiated to cardiac myocytes for the treatment of myocar-
dial infarction. The next step in the stem cell transplantation process is delivery of
differentiated cells to the site of injury. Differentiated cells are maintained in 2D
monolayer culture and will first need to be detached from the culture surface and
suspended in a suitable buffer or cell culture media. Once suspended, the cells are
placed within the delivery vehicle, with catheter-based delivery systems being com-
monly used. The differentiated cells are then delivered to the site of injury using
these catheter-based delivery systems.

The cell transplantation process may appear to be a simple and straightfor-
ward process; however, this is not the case, and cell transplantation therapies
are extremely complicated and are faced with many critical scientific and
technological challenges.

Critical Challenges in Cell Transplantation— The isolation and culture of hES
cells or any other stem cell requires trained technicians with a high degree of exper-
tise. The researcher needs to identify the right culture conditions that will support
the differentiation of hES to the required cell lineage. This is often done using a
cocktail of chemical compounds and growth factors; the exact composition and
concentration requires rigorous optimization, testing, and validation. In addition
to using chemical compounds to drive the differentiation of hES to a specific lin-
eage, other strategies have been used. These strategies include genetic engineering
to manipulate the gene profile of cells, co-culturing with specific cell types, and
electromechanical stimulation.

Another critical issue is the ability to maximize differentiation efficiency, which
refers to the percentage of cells that differentiate to the desired cell lineage. The
differentiation efficiency will never be 100%, and only a certain percentage of cells
will be differentiated to any given lineage. One of the challenges in the field is the
rigorous optimization of protocols to maximize differentiation efficiency. Another
important challenge is the development of strategies to purify and separate differ-
entiated cells from undifferentiated cells. At the end of any differentiation strategy,
there will be a mixed cell population that contains differentiated and undifferenti-
ated cells. The differentiated cells need to be separated from the undifferentiated
cells prior to transplantation. Again, experimental strategies need to be developed
for the separation of differentiated and undifferentiated cells, and this is no triv-
ial task.

There is one more critical challenge associated with the differentiation of hES
cells to specific lineages. After differentiating hES cell to any given cell lineage, how
effective is the differentiation strategy in producing functional cells? For example,
if the objective is to obtain cardiac myocytes, then we will develop and optimize dif-
ferentiation strategies that drive the differentiation of hES cells to a cardiac myocyte
lineage. Any given differentiation strategy will have finite differentiation efficiency,
and a certain percentage of hES cells will form cardiac myocytes. Then the critical
question becomes—how close are the differentiated cardiac myocytes in form and
Sfunction to mammalian cardiac myocytes? In the case of cardiac myocytes, this



58 CELLS FOR TISSUE ENGINEERING

question can be answered by obtaining functional and biological data and compar-
ing the results to mammalian heart muscle. Functional tests will be designed to mea-
sure the contractile and electrical properties and the changes in calcium transients.
In order to assess the biological properties of cardiac myocytes, researchers can
undertake studies to measure changes in gene and protein expression using rt-PCR
and Western blotting, respectively. In addition, information about the localization
of specific proteins can be obtained by immunohistochemistry strategies, and 3D
volumetric rendering can be accomplished using confocal imaging. Collectively,
this data will provide a comprehensive assessment of cardiac myocytes’ function.
Similar studies can be conducted for any cell type. This data can be compared to
published and experimental values for mammalian tissue to judge the effective-
ness of hES differentiation. While the results vary significantly based on the tissue
system, differentiation strategy, and between research laboratories, the functional
performance of differentiated cells will not approach that of mammalian cells, and,
in most cases, the functional performance will be significantly lower. Therefore,
before these cells can be considered a true therapeutic option for patients, strate-
gies will need to be developed to bridge the gap between the functional performance
of differentiated and mammalian cells.

One of the most significant limitations of the cell transplantation strategy is low
cell retention upon transplantation. What percentage of total transplanted cells is
actually retained at the site of injury? This may come as somewhat of a surprise, but
cell retention is extremely low and has been reported in the range of 1-2%. This
means that for every one hundred cells that are transplanted to the site of injury,
only 1-2 cells actually are retained at the site of delivery. This is a major limitation
of cell transplantation as a potential therapeutic strategy, as a small population of
cells cannot support tissue-level function and support recovery of injured tissue.

2.9 CELLS FOR CELL TRANSPLANTATION

A large number of cells have been evaluated as therapeutic agents for cell trans-
plantation. Human embryonic stem cells, induced pluripotent stem cells, and bone
marrow-derived mesenchymal stem cells have been used extensively for cell trans-
plantation. Hematopoietic stem cells have been used as a source of blood cells and
can be used to treat patients with blood disorders. MSCs derived from adipose tis-
sue are also an attractive option, as adipose tissue is widely available, can easily be
obtained from a tissue biopsy, and does not require any invasive procedures. Umbil-
ical cord tissue and blood have received a lot of attention recently, as specimens can
be preserved at birth for future use; cord tissue is a source for MSCs, while cord
blood is a source for hematopoietic stem cells. Resident stem cells refer to stem
cells that are present in tissue in a dormant state under normal physiological con-
ditions; however, in times of injury, become activated and participate in the tissue
repair process. Most mammalian tissues have resident stem cells, and as one com-
mon example, satellite cells are known to be resident stem cells, which are present
in skeletal muscle tissue.
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2.10 MODE OF ACTION OF CELLS DURING CELL
TRANSPLANTATION

The purpose of cell transplantation is to elicit functional recovery of host tissue.
Let us recall the process of cell transplantation—isolated cells are delivered to the
site of injury to support functional recovery of host tissue. What are some possible
mechanisms by which this can occur? There have been several hypotheses pos-
tulated, but not yet conclusively proven. There are four primary mechanisms by
which transplanted cells can support functional recovery: trans-differentiation to
host cells, secretion of paracrine factors, recruitment of circulating stem cells, and
increase in vascularization of host tissue (Figure 2.5).

Trans-differentiation of Transplanted Cells—This hypothesis states that trans-
planted cells differentiate to form functional cells that support functional recovery
of damaged or diseased tissue (118—122). The transplanted cells functionally inter-
act with cells of host tissue, and cell-cell interactions lead to differentiation of
transplanted cells. Stated another way, the transplanted cells senses the local envi-
ronment and identifies the need to differentiate to form functional host cells. Stem
cells are plastic and have the potential to become many different cell types. By
sensing the local environment and interfacing with cells of the host tissue, the trans-
planted cells differentiate to the lineage of the host tissue.
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Figure 2.5 Mode of Action for Cell Transplantation—There have been four mecha-
nisms postulated for the mode of action for cell transplantation. (a) Trans-differentiation
of Transplantation Cells, (b) Secretion of Paracrine Factors, (c) Recruitment of Resident or
Circulating Stem Cells, and (d) Increase in Vascularization.
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Secretion of Paracrine Factors—The second potential mechanism is by secre-
tion of paracrine factors—factors which are released into the local environment
and act on neighboring cells (123—126). This hypothesis states that transplanted
cells either secrete paracrine factors into the local environment or stimulate cells of
the host tissue to secrete these factors. These paracrine factors then act by reducing
cell apoptosis, increasing cell proliferation, and increasing angiogenesis and neo-
vascularization of injured tissue. These actions lead to an increase in the functional
performance of injured tissue.

Recruitment of Circulating Stem Cells—The third mechanism by which trans-
planted cells can improve functional performance of host tissue is by recruitment of
resident or circulating stem cells (127—129). Resident stem cells are present within
the tissue, while circulating stem cells refers to those present in the circulation,
like hematopoietic stem cells. This hypothesis states that transplanted cells serve
to recruit resident or circulating stem cells to the site of injury. Resident stem cells
migrate from neighboring regions to the site of injury, while circulating stem cells
can be recruited via capillaries. This process results in an increase in the number of
stem cells present at the site of injury, which in turn leads to functional recovery of
host tissue.

Increase in Vascularization of Host Tissue—The fourth mechanism by which
transplanted stem cells can improve function is by promoting angiogenesis and
neovascularization (130). Any increase in vascularization of host tissue will have a
direct impact on tissue survival and will lead to an increase in cell viability, which
in turn will lead to an increase in functional performance. Transplanted stem cells
are postulated to support vascularization in one out of two possible ways; either by
direct incorporation with host vasculature or by the release of angiogenic factors
into the local environment. These two mechanisms will lead to a direct increase
in host vascularization, which in turn will support functional recovery of the host
tissue.

2.11 CELL TRANSPLANTATION AND TISSUE ENGINEERING

We will conclude our discussion of cell transplantation by presenting a comparison
between cell transplantation and tissue engineering.

Which one is better, cell transplantation or tissue engineering? Let us begin by
a brief discussion of the two fields. Cell transplantation is focused on delivery of
isolated cells to the site of injury, while tissue engineering is focused on the fabrica-
tion of artificial tissue or entire organs that can be transplanted to the site of injury
to support or replace lost tissue functionality. One of the most attractive features of
cell transplantation is the simplicity of the approach, which utilizes isolated cells as
a therapeutic option. From a methodological standpoint, isolated cells can easily be
expanded and manipulated in culture and then delivered to the site of injury. There
are, however, many limitations to the approach, the most significant of which is low
cell retention, reported in the range of 1-2%.



THE CELL CULTURE PROCESS 61

Tissue engineering is focused on the design and fabrication of artificial tissue
under controlled in vitro conditions, followed by transplantation of artificial tis-
sue in vivo to support and/or replace lost tissue functionality. Tissue engineering
addresses two significant drawbacks of cell transplantation. The first is the basic
premise of the field, which is based on the hypothesis that lost tissue function can
be recovered by transplantation of isolated cells. The field of tissue engineering
takes this premise one step further and suggests that bioengineered tissue and/or
organs would be better suited than isolated cells to repair, augment and/or replace
lost tissue function. The second major drawback of cell transplantation is low cell
retention; tissue engineering addresses the limitation of low cell retention by fab-
rication of artificial tissue/organs, which does not lead to significant loss of cells
at the site of implantation. The reason for this is that the cells are tightly bound to
other cells and to biomaterial and have come together to form complex 3D tissue
under controlled in vitro conditions. The 3D architecture of bioengineered tissue
and organs is maintained upon implantation in vitro.

The fields of cell transplantation and tissue engineering have made rapid
progress during the last decade and both provide novel and innovative therapies
to support lost tissue functionality. While the reader of this book is encouraged
to formulate his/her opinion about the two fields, it is the view of the author that
tissue engineering offers advantages over cell transplantation that make it a better
therapeutic option to support lost tissue function.

2.12 THE CELL CULTURE PROCESS

Introduction—Isolated cells can be maintained in monolayer 2D cultures using a
technique known as cell culture (131-143). The process of monolayer 2D cell cul-
ture has become very common and routine with very well-established protocols and
standardized equipment. This can be appreciated by recognizing the abundance of
cell culture laboratories in major research universities and medical centers, exceed-
ing one hundred per institution. Cell culture is extremely critical to the development
of cell transplantation and tissue engineering technologies. The application of cell
culture during cell transplantation studies can easily be appreciated, as isolated cells
need to be maintained, manipulated, and expanded in culture prior to implantation;
at least fifty percent of cell transplantation studies are based on cell culture exper-
iments. The same is true for tissue engineering studies; cells form the functional
components of artificial tissue and, coupled with biomaterials and bioreactors, form
one of the building blocks of 3D artificial tissue. The ability to isolate, maintain,
manipulate, and expand cells is central to the tissue fabrication process. Develop-
ment of tissue engineering technologies relies heavily on cell culture; at least fifty
percent of tissue engineering research is based on cell culture experiments. Due
to the essential role of cell culture techniques in tissue engineering, we will study
some of the general principles of cell culture in this section.

The Cell Culture Process—The steps involved in the isolation, culture and
expansion of cells are shown in Figure 2.6.
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Figure 2.6 The Cell Culture Process—(a) Cell Isolation—A tissue specimen from a
biopsy is cut into small pieces and subjected to an enzymatic digestion process to yield iso-
lated cells. (b) Cell Attachment and Culture—The primary cells are cultured on the surface
of tissue culture plates where they attach, spread, and proliferate. (c) Cell Expansion—Upon
confluency, cells are subjected to treatment with trypsin and then replated to promote cell
expansion.

Our discussion here is focused on primary cell culture, cells which are isolated
from a tissue biopsy. There are several steps in the cell culture process: cell isola-
tion, cell attachment, cell proliferation, and sub-passaging of cells. The first step in
the process is the isolation of primary cells from a tissue biopsy. The tissue speci-
men is harvested either from animal or human tissue and is maintained in a buffered
solution. The tissue specimen is cut into small pieces and suspended in digestion
solution, which consists of digestive enzymes, with collagenase and trypsin being
commonly used examples. The exact digestion time varies between tissue systems
and is a variable that needs to be optimized and validated experimentally; digestion
times of 30 to 60 minutes are common. The purpose of the digestive enzymes is to
dissociate cells from the ECM, and over time, the cells are completely separated
from the tissue. The isolated cells are transferred from the digestive solution to cell
culture media. The tissue digestion process separates cells from the ECM, and the
isolated cells are then maintained in culture and used for a variety of applications.

The next step in the cell culture process is cell attachment and culture on the
surface of monolayer tissue culture plates. Most mammalian cells are anchorage-
dependent, which means they need to be anchored to a substrate in order to support
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cell viability, growth and proliferation. Anchorage-dependent cells cannot maintain
viability and function during suspension culture and will die over time. In order to
support cell viability and growth, isolated cells are plated on the surface of tissue
culture plates that have been specifically designed to support the attachment and
growth of anchorage-dependent mammalian cells. The process of transferring iso-
lated cells from suspension culture to the surface of a tissue culture plate is known
as cell plating. The cells are plated at a specific density, which refers to the number
of cells per milliliter of culture media or cells per unit area; in order to calculate
the plating density, the number of cells will need to be determined using a hemo-
cytometer or an automated cell counter.

Once the cells are plated, they attach to the culture surface. Often, the culture
surface is coated with adhesion proteins like collagen, fibronectin, or laminin to
promote specific integrin-mediated cell-matrix interactions. The choice of ECM
protein and specific concentration depends on the cell type and cell plating density;
the protein choice and its concentration needs to be experimentally tested and vali-
dated. Cells undergo morphological changes after attachment to the culture surface
and start to spread out and occupy a large footprint on the culture surface. This pro-
cess, referred to as cell spreading, is due to changes in cytoskeletal proteins. Cell
spreading is common with mammalian cells and is indicative of a positive cell phe-
notype in response to cell attachment. If cell spreading occurs, it is considered to
be a normal cellular response, while the lack of cell spreading indicates a problem
with cell culture process.

So far, we have looked at cell attachment and cell spreading; the next step in the
cell culture process is cell proliferation, which refers to the process by which cells
divide and increase in number. Cells will only proliferate if they are cultured in the
correct environment, including temperature, pH, nutrient composition, and adhe-
sion matrix. Cell proliferation is an important part of the cell culture process and is
essential in tissue engineering and cell transplantation studies, as a very large cell
number is required for these studies. In the case of cell transplantation technolo-
gies, a large number of cells are required for in vivo implantation, whereas in the
fabrication of 3D artificial tissue, a large number of cells are required to populate
synthetic scaffolds.

The next step in the cell culture process is subpassaging. During the course of
monolayer culture, attached cells continue to proliferate and increase in number.
This process of cell proliferation continues as a function of time. However, there
are certain limitations, and the cells cannot continue to proliferate indefinitely. The
primary limitation is space—the culture surface has a finite area to support cell
attachment; as the cells continue to proliferate, the culture surface gets covered
with cells leaving no room for additional cells. The term confluency refers to the
percentage of total culture surface that is covered by cells. An increase in cell con-
fluency leads to contact inhibition, which refers to the process by which attached
cells no longer proliferate due to constraints imposed by space limitations. As the
cells no longer have space to grow and proliferate, they enter a decay or decline
phase that leads to a reduction in cell number. This is not a desirable outcome, and
prior to contact inhibition, the cells need to be subpassaged. Subpassaging refers
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to the process by which attached cells are detached from the culture surface, resus-
pended in cell culture media and re-plated at a lower cell density. Re-plating cells
at a lower density reduces or eliminates confluency-induced contact inhibition and
allows cells to proliferate and expand in number. Digestive enzymes like trypsin
are used to detach cells from the culture surface, and once cells have detached,
they are collected and diluted to the required cell concentration and then replated
onto additional culture plates, commonly with a one to four dilution.

2.13 APPLICATIONS OF MONOLAYER 2D CELL CULTURE

Monolayer cell culture techniques have been used extensively in research for many
different applications, some of which are summarized in Figure 2.7.

A significant amount of information regarding cell-cell interactions and cell-
matrix interactions has been obtained from monolayer 2D cell cultures. Different
cell types can be cultured under controlled in vitro conditions, and specific interac-
tions between cells or with ECM components can be studied in isolation without the
confounding effect of mammalian physiology. Therefore, specific cell-cell and cell-
matrix interactions, along with subsequent signaling pathways, can be identified
using isolated 2D monolayer cell culture systems. Intracellular signaling pathways,

(€)) ()

_ CeII-c_eII Cell-matrix
interactions interactions

(f) ©

: Applications
Genetic of Intracellular

cell culture signaling

engineering

©) (d)

Metabolic Drug
pathways screening

Figure 2.7 Applications of Cell Culture—Cell culture studies have been used for many
different applications, some of which include: (a) Cell-Cell Interactions, (b) Cell-Matrix
Interactions, (c) Intracellular Signaling, (d) Drug Screening, (e) Metabolic Pathways, and
(f) Genetic Engineering.
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either in response to cell-cell or cell-matrix interactions, or other modes of stimu-
lation like growth factor conditioning, have been elucidated based on cell culture
studies. Another area of research that has benefitted from cell culture studies is drug
development. During the early stages of drug development, there are thousands
of potential candidates that need to be narrowed down to a manageable number.
Cell culture models provide a quick and cost-effective away of screening potential
pharmacological compounds. Candidate compounds can be added to cell culture
media and exposed to cells during monolayer culture; after a finite expose time,
cellular response can be evaluated. Along the same line of thought, cell culture
models have proven to be effective in toxicology studies and in the screening of
environment toxins, agents that have a negative impact on cell and tissue function.
Dose—response studies using cells in monolayer culture can be conducted to deter-
mine human exposure limits. Much of the information we know about metabolic
pathways have been obtained from isolated cell culture studies. Advances in stem
cell engineering, genetic engineering, and strategies to drive the differentiation fate
of stem cells toward a cell specific lineage have been a result of cell culture studies.

2.14 CELL CULTURE VERSUS TISSUE ENGINEERING

A Typical Tissue Engineering Experiment— The first step of the process involves
the isolation, culture, and expansion of primary cells. In most cases, a large number
of cells are required to bioengineer artificial tissue, and several rounds of subpas-
saging are required. Once a sufficient number of cells have been obtained, cells
are detached from the culture surface using digestive enzymes like trypsin, and the
suspended cells are collected in a conical flask. These cells are then plated onto
the surface of a biomaterial and maintained in culture. The cells attach to the bio-
material, proliferate to increase in cell number, and over time populate the entire
scaffold. This process leads to the formation of bioengineered 3D artificial tissue.
This example serves to illustrate the interplay between cell culture and tissue engi-
neering and the relationship between the two fields.

Cell Culture versus Tissue Engineering—In the previous example, we looked
at the relationship between cell culture and tissue engineering; techniques in cell
culture are essential to obtain the large cell numbers required for tissue engineer-
ing and tissue fabrication. Cell culture, in a sense, feeds into tissue engineering.
However, the two fields can be compared side by side as two separate areas of
research. Cell culture techniques have been used extensively in basic research and
have provided an understanding of cell behavior and function. In an earlier section,
we identified a list of research areas in which cell culture has proven to be a valu-
able tool, like cell-cell interactions, cell-matrix interactions, intracellular signaling,
and others. During cell culture, isolated cells are maintained in 2D culture and do
not have the 3D geometry of mammalian tissue; therefore, information obtained
from cell culture models is limited.

However, this information can be extended by using tissue engineering models,
which provide complex 3D architecture, absent in 2D monolayer culture systems.
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Researchers can extract considerably more information using tissue engineering
models when studying cell-cell interactions and cell-matrix interactions, as the cells
are now cultured in a complex 3D geometry.

Tissue engineering models have a tremendous role to play in basic research and
in understanding cell and tissue organization, structure, and function.

2.15 INTRODUCTION TO STEM CELL ENGINEERING

Introduction—Stem cells have proven to be an attractive cell source for tissue
engineering and tissue fabrication. Embryonic stem cells, induced pluripotent stem
cells, and adult-derived mesenchymal stem cells have received significant attention
in recent literature. Advances in stem cell engineering are based on manipulation
of the genetic material of stem cells, and in order to understand this process, an
understanding of the central dogma of molecular biology is important. We begin
our discussion on stem cell engineering with a brief overview of the central dogma
of molecular biology.

Central Dogma of Molecular Biology—The central dogma of molecular
biology, states that DNA is transcribed to RNA, which is then translated to proteins
(144-146). All cells of any given species have the same genetic material, which is
stored in the nucleus of cells. The genetic material is stored in the form of DNA
molecules, which have a double helical structure with repeating units of four
nucleotides: adenine, thymine, guanine, and cytosine. Human DNA contains all
the genetic information required to synthesize all proteins that are required for
normal function. As such, DNA molecules do not leave the nucleus and are kept
within the nucleus for safekeeping. The genetic information necessary for protein
synthesis is transferred from the nucleus by messenger RNA (mRNA) molecules.
The process by which information stored within segments of DNA molecules is
converted to mRNA is known as transcription. Messenger RNA is single-stranded,
compared to double-stranded DNA and is also composed of the same four
nucleotides found in DNA. The process by which proteins are synthesized using
the information within the mRNA molecules is known as translation. Ribosomes
are the site of protein synthesis, and mRNA leaves the nucleus and binds to
ribosomes, which leads to the formation of a specific peptide by the process known
as translation. The central dogma states that DNA is converted to RNA and then to
protein.

What exactly does the central dogma of molecular biology tell us regarding stem
cell engineering? All mammalian cells have the necessary genetic information to
produce all proteins required for normal function; the production of specific pro-
teins distinguishes the function of one cell type from another cell type. For example,
cardiac myocytes require the expression of contractile proteins in order to support
function of heart muscle. Protein expression in turn is governed by the expression
of mRNA, which is regulated by the process known as transcription. Therefore,
transcriptional regulation is at the heart of cell specialization and is also a defining
concept in the field of stem cell engineering.
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Stem Cell Differentiation During Embryogenesis—During human develop-
ment, fertilization of an ovulated oocyte by spermatozoa leads to the formation
of a zygote. The zygote is a single cell, and early on during human development,
it undergoes a series of rapid cell divisions to give rise to the 2-cell stage, 4-cell
stage, 8-cell stage, and so forth (147-149). This process continues until the
formation of a blastocyst, which contains an inner cell mass of embryonic stem
cells. This blastocyst develops from an early stage of development known as an
early blastocyst to a later stage of development known as a late blastocyst. The
late blastocyst is implanted within the walls of the uterus and gives rise to an
embryo. All cells within the embryo at this stage are the same and are known as
human embryonic stem cells (hES). During the course of human development,
hES cells give rise to all cells within the human body. This means that hES cells
have the necessary genetic information to form all cells in the human body. What
causes a hES to become a cardiac myocyte versus a hepatocyte? Different cell
types have different functions that are performed by expression of cell specific
proteins—cardiac myocytes exhibit contractile functions due to the presence of
myosin heavy chain and other contractile proteins. The expression of different
proteins is regulated by transcription of DNA to RNA; therefore, the regulation of
gene expression is responsible for the expression of specific proteins (Figure 2.8).
This means that hES can become any cell type in the human body by regulation
of gene expression. This is the basic premise of stem cell engineering, which is
also referred to as genetic engineering. The excitement in the field of stem cell
engineering has been derived from the fact that a single cell type can, in theory,
give rise to all cell types in the human body.

Human Embryonic Stem Cell and Tissue Engineering—In the previous section,
we looked at the differentiation of human embryonic stem cells to any type in the
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Figure 2.8 Differentiation of Human Embryonic Stem Cells—hES cells have the
potential to become any cell type that is present in the human body. This is achieved by reg-
ulation of the genetic code, which in turn affects the expression of specific proteins, which
in turn dictates cell function.
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human body, at least in theory, by gene regulation. What exactly does this mean for
tissue engineering and why is this important? In order to bioengineer 3D vascu-
larized heart muscle, multiple cell types are required. Some of these required cell
types which include cardiac myocytes for contractile function, cardiac fibroblasts
for ECM production, and vascular cells, including endothelial cells and smooth
muscle cells. Let us begin by using a scheme that relies on primary cells isolated
from tissue biopsies. This scheme requires heart muscle specimens to isolate car-
diac myocytes and cardiac fibroblasts. Similarly, vascular segments are required
to isolate endothelial cells and smooth muscle cells. The isolated cells are then
expanded in culture and combined with suitable scaffolds to fabricate 3D vascular-
ized heart muscle.

Now let us look at the same scenario using hES cells. Once we have established
isolation and culture conditions for hES, we can drive the differentiation of these
cells toward all cell types required to fabricate vascularized heart muscle. This
means that a single cell type can give rise to cardiac myocytes, cardiac fibroblasts,
endothelial cells, and smooth muscle cells. These cells can then be combined with
scaffolding material to fabricate 3D vascularized heart muscle. While controlling
the differentiation fate of hES to multiple lineages is challenging and much more
difficult than stated here, this example serves to illustrate the potential of hES cells
during the tissue fabrication process.

Characteristics of Stem Cells— Stem cells have three important characteristics
that distinguish them from other cell types: self-renewal, unspecialized function,
and differentiation potential (150—153).

1. Self-renewal—This refers to the property of stem cells by which they are
able to proliferate in order to maintain a constant supply of stem cells within
any given tissue. We can illustrate this by looking at the case of satellite cells
within skeletal muscle. Satellite cells are dormant under normal physiologi-
cal conditions and become activated in response to muscle injury. The satellite
cells proliferate and expand in number and then fuse to form myotubes. How-
ever, during this process, satellite cells are, in effect, used up. This means that
the total number of satellite cells is reduced, limiting the ability to respond
to the next muscle injury. Stem cells overcome this problem by the process
of self-renewal. This means that every time a stem cell divides, one of the
daughter cells is an identical copy of the parent and is maintained as a stem
cell. The second copy may also be an identical copy, and if this occurs, the
process is known as symmetrical division. Alternatively, the second daughter
cell can differentiate to a specialized cell lineage, and in this case, the cell
division process is known as asymmetrical division.

2. Unspecialized Function—Stem cells are unspecialized cells and do not per-
form any physiological function. Most cells in the human body are specialized
and are programmed to undertake a specific function. For example, cardiac
myocytes are specialized cells, and their primary function is to generate con-
tractile force, which leads to the pumping action of the heart. In order to per-
form this specialized function, cardiac myocytes express specific contractile
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proteins like actin, myosin heavy chain, tropomyosin, and troponin. However,
stem cells do not perform any such specialized functions, and during growth
and development, they are maintained in an unspecialized form. When the
need arises, either due to disease or injury, stem cells have the potential to be
differentiated to form specialized cells.

3. Differentiation Potential —Under controlled physiological conditions,
stem cells have the potential to become specialized cells. This is the most
talked-about property of stem cells and the most extensively studied as
well. The ability of stem cells to become one or more specialized cells has
broad-reaching applications in tissue engineering. Therefore, any cells that
possess these three characteristics—self-renewal, unspecialized function,
and differentiation potential—are referred to as stem cells.

Differentiation of Stem Cells—ZEarly in the process of embryogenesis, embry-
onic stem cells are present and have the potential to give rise to any cell type.
Embryonic stem cells give rise to cells of different lineages via a process known
as cell differentiation, which refers to an increase in the degree of specialization of
stem cells. As previously described, stem cells are unspecialized and do not perform
any specialized function; however, stem cells gradually differentiate to form spe-
cialized cells. The process of cell differentiation transforms an unspecialized stem
cell to a more specialized cell type. Cell differentiation is a result of regulation of
gene expression, which in turn alters expression of specific proteins; these proteins
undertake specialized functions in any given cell type. Therefore, the process of
cell differentiation can be viewed as an increase in the degree of specialization of
the cell brought about by expression of specific proteins that are specific to the cell
and tissue.

Cell Potency—There are several terms that are used frequently in stem cell lit-
erature: cell potency, totipotent stem cells, multipotent stem cells, and unipotent
stem cells (154—156) (Figure 2.9).

Cell potency refers to the differentiation potential of stem cells. Certain stem
cells, like human embryonic stem cells, have the potential to differentiate to form
all cell types, at least in theory, and are known as totipotent stem cells. In order to be
truly considered totipotent stem cells, the differentiation potential of hES to all cell
types will need to be experimentally validated. While this has not been done, hES
are still considered to be totipotent, as it is known that these cells do give rise to all
cell types in the human body during embryogenesis. Certain stem cells give rise to
many different cell types, but not all, and are referred to as multipotent stem cells;
hematopoietic stem cells are a classic example of multipotent stem cells, as they
have the potential to become blood cells, but they cannot be differentiated into other
cell types. Unipotent stem cells refer to stem cells that can only be differentiated into
a single cell type. Most adult tissue has a population of resident stem cells, which
are dormant under normal physiological conditions, but can be activated when the
tissue is diseased, damaged, or injured. When resident stem cells are activated, they
differentiate to form host tissue cells that aide the process of repair and recovery of
lost tissue functionality. These resident stem cells are known as unipotent, as they
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Totipotent
Can become any cell type

Can become many cell type

Can become single cell type

Specialized
cells Cannot become any cell type

Figure 2.9 Differentiation Potential of Stem Cells—Totipotent stem cells have the
potential to be differentiated to any cell type. Multipotent stem cells have the potential to
be differentiated to form many cell types. Unipotent stem cells have the potential to be dif-
ferentiated to form a single cell type. Specialized cells cannot be differentiated to form any
cell types.

can only differentiate to a single cell type and cannot be differentiated to form any
other cell type.

There have been three sources of stem cells that have been used extensively for
tissue engineering studies: human embryonic stem cells (hES), which have been
introduced before, induced pluripotent stem cells (iPS), and adult stem cells. We
will discuss these three stem cell choices in the next three sections and also present
a general scheme in Figure 2.10 outlining the potency of these cell types.

Human embryonic stem cells are totipotent and have the potential to become
any cell type. Induced pluripotent stem cells are pluripotent, which means they
have the capacity to become almost all types, but cannot be differentiated to form
all cell types. Adult stem cells are either multipotent or unipotent, as they have the
potential to differentiate only to a few cell types and often can only differentiate to
form cells of the tissue in which they reside.

2.16 HUMAN EMBRYONIC STEM CELLS

Human embryonic stem cells hES are found very early during development and
give rise to all cells in the body. Human embryonic stem cells are isolated from the
inner mass of the human blastocyst and are cultured on tissue culture plates that
have been coated with a feeder layer of mouse embryonic fibroblast cells (112,113).
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Figure2.10 Stem Cell Sources for Tissue Engineering— There are three sources of stem
cells that have been used extensively for tissue engineering studies: human embryonic stem
cells, induced pluripotent stem cells, and adult stem cells.

After several days in culture, the inner cell mass divides and forms clusters of cells.
Human embryonic stem cells are separated from the periphery of these clusters and
mechanically or chemically dissociated, and then replated onto additional culture
plates coated with feeder layers of fibroblast cells. As the cells continue to prolifer-
ate in culture, colonies of homogenous cells form and are mechanically/chemically
selected and replated on a culture surface coated with feeder fibroblast cells. As this
process continues, it leads to the formation of a continuous cell line. Human embry-
onic stem cells are desirable due to the ability of the cells to differentiate into all
cell types, which can be used to support tissue fabrication technologies. However,
the use of hES for tissue engineering or any other application has been surrounded
by controversy, as the isolation of the cells requires destruction of human embryos.

2.17 INDUCED PLURIPOTENT STEM CELLS

Induced pluripotent stem cells have received a lot of attention in the recent litera-
ture and these cells have been extensively used for tissue engineering studies. The
most attractive feature of iPS cells is their ability to differentiate into many dif-
ferent cell types without the need to destroy human embryos. Induced pluripotent
stem cells are generated from differentiated adult cells, with skin fibroblasts being
one common example. The specialized cells are reprogrammed to an embryonic
state, and the reprogrammed cells, known as iPS cells, can be differentiated to form
may cell types (157-160). The formation of induced pluripotent stem cells was
first described in 2006, when it was demonstrated that retroviral overexpression of
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four transcription factors (octamer 3/4(Oct 4), SRY box-containing gene 2 (Sox2),
Kruppel-like factor 4 (KIf4) and c-Myc) was sufficient to transform murine fibrob-
lasts to an embryonic state (161). The main advantage of iPS cells is that terminally
differentiated cells can be transformed to an embryonic state that can then be differ-
entiated to multiple cell types. The use of iPS cells provides the same or comparable
advantages as hES in terms of differentiation potential while eliminating the contro-
versial issues associated with hES stem cells. In addition, iPS cells can be generated
from terminally differentiated cells like fibroblasts, which can be isolated from a
patient-derived biopsy, therefore providing a pathway for the development of autol-
ogous treatment strategies. The primary limitation of iPS cells has been the use of
retroviral transduction of terminally differentiated cells, which can lead to random
insertions and mutations in host genome. However, technology has been developed
to address this limitation, and several methods have been developed to reprogram
differentiated cells to form iPS cells using fewer transcription factors, viral integra-
tion followed by transgene removal, and chemical compounds.

2.18 ADULT STEM CELLS

The concept of adult stem cells or resident stem cells has been introduced earlier
in this chapter; these cells refer to stem cells that are present within most tissues in
a dormant state and become activated upon disease or injury. Adult stem cells are
multipotent, as they can only be differentiated to a few cell types, and at times, they
are unipotent and can only be differentiated to a single cell type (162). Adult stem
cells isolated from the bone marrow, known as bone marrow-derived mesenchy-
mal stem cells, have been studied extensively for tissue engineering applications
(163,164). Bone marrow contains mesenchymal stem cells (MSCs) and hematopoi-
etic stem cells (HSCs). Bone marrow-derived mesenchymal stem cells give rise to
a variety of cell types, some of which include bone cells (osteocytes), cartilage
cells (chondrocytes), fat cells (adipocytes), and other kinds of connective tissue
cells, such as those in tendons. Hematopoietic stem cells give rise to all the types
of blood cells: red blood cells, B lymphocytes, T lymphocytes, natural killer cells,
neutrophils, basophils, eosinophils, monocytes, macrophages, and platelets.

SUMMARY

Current State of the Art—Cells are one of the building blocks of tissue engineer-
ing. In this chapter, we have provided an overview of cell biology and looked at
the function of many cell organelles. We also looked at cell culture and examined
how cell culture techniques are used to maintain and expand isolated cells. We also
provided a comparison between monolayer cell culture and tissue engineering, and
we looked at the relative advantages and disadvantages of each technique. In this
chapter, we also studied cell transplantation and the use of isolated cells, including
stem cells, to provide functional support for the repair of damaged and diseased
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tissue. In the concluding part of this chapter, we studied stem cell engineering and
looked at several sources for stem cells to support the tissue fabrication process.

Thoughts for the Future—Significant research has been dedicated toward
understanding the drivers of stem cells toward specific lineages. Many different
strategies are currently under investigation to drive the differentiation fate of
hES cells, iPS cells, and adult stem cells toward cell specific lineages. However,
differentiation efficiency is generally low and differentiated cells do not fully
replicate all functions of the cells that are necessary for therapeutic purposes. The
ability to regulate the differentiation of stem cells toward a specific cell lineage,
with high differentiation efficiencies to form highly functional cells, is a high
priority research area.

PRACTICE QUESTIONS
1. Why are cells important for tissue engineering? How are cells used during the
tissue fabrication process?

2. There are four aspects of cells that are important in tissue engineering: cell
biology, cell culture, cell transplantation, and stem cell engineering. Explain
how each of these four aspects relates to the fabrication of 3D artificial tissue.

Describe the process of nuclear import and nuclear export.
What is the role of the mitochondria in cell function?

Explain the process of phagocytosis and autophagy.

AN

During the course of this chapter, we provided a description of several
organelles and their role in maintaining the function of eukaryotic cells.
How does this relate to tissue engineering, and why is it important during
the tissue fabrication process?

7. Explain the following terms as they relate to cellular signaling: endocrine sig-
naling, paracrine signaling, autocrine signaling, and direct cell-cell signaling.

8. Why is cellular signaling important for the fabrication of 3D artificial tissue?

9. Explain the following terms as they relate to cellular junctions: tight junction,
adherens junction, desmosome junction, gap junction, and hemidesmosome
junction.

10. What is the difference between structural and functional cellular junctions?
Give examples of each.

11. Why are cellular junctions important during the tissue fabrication process?
12. Describe the steps involved in cell transplantation.
13. What does stem cell transplantation refer to?

14. What are some of the critical challenges in the field of cell transplantation?
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15.

16.

17.

18.

19.

20.

21.

22.

23.

24,

25.
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Describe three mechanisms by which transplanted cells can improve the func-
tional performance of damaged and/or diseased tissue.

Explain how cell therapy can be used as a treatment modality for acute
myocardial infarction.

Compare stem cell therapy and tissue engineering as therapeutic modalities.
Discuss the relative advantages and disadvantages of stem cell therapy and
tissue engineering. Which one is better and why?

Describe the process of maintaining and expanding cells during monolayer
2D culture on the surface of a tissue culture plate. Explain the following
steps in the process: cell isolation, cell attachment, cell proliferation, and sub-
passaging of cells.

What does cell confluency refer to? How is it relevant to the cell culture pro-
cess?

Cell culture and tissue engineering are related. Discuss the relationship
between cell culture and tissue engineering. What are the relative advantages
and disadvantages of each of these two processes?

What do the terms cell-cell and cell-matrix interactions mean? Why are cell-
cell and cell-matrix interactions important for tissue engineering?

We discussed the following cell sources for tissue engineering: cell lines, ani-
mal derived cells, human embryonic stem cells, and adult stem cells. Pick any
tissue fabrication application of your interest— which cell source will you use
and why?

What are the relative advantages and disadvantages of human embryonic stem
cells and induced pluripotent stem cells to support tissue fabrication?

We discussed cell culture, stem cell therapy, and tissue engineering. In order
to support the fabrication of artificial heart muscle, discuss how each of these
three strategies comes into play.

In your opinion, what is the most significant scientific challenge associated
with cells as they relate to the tissue fabrication process? What can be done
to overcome this scientific challenge?
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