





modifications to the chemically defined medium were demonstrated to
differentiate bone marrow derived stem cells down ‘tri-lineage’ fates of
chondrogenic, osteogenic and adipogenic pathways and additionally
further media were synthesised which were capable of differentiating
dental pulp derived stem cells into the previous lineages and also neural
and hepatic cells.

A suitable means of delivery for cells of a clinical grade was derived by
means of exploitation of an autologous hydrogel generated from platelet
poor plasma extracted from a patient’s own whole blood. This system
resulted in a hydrogel which was capable of supporting cellular expansion
and phenotype of a number of primary human cells when used as an in
vitro culture matrix and interestingly also supported the microvascular
endothelial differentiation of dental pulp derived stem cells. In vivo using
immunosupressed animal models the hydrogel supported the formation of
sub-cutaneous neo-tissue from human dermal fibroblast cells which was
extensively characterised. The human cells maintained their phenotype
within the hydrogel and integrated intimately and reliably with the
surrounding host tissues whilst instigating a minimal host immune
response. The hydrogel also demonstrated itself as a suitable candidate
material to support the expansion of primary human osteoblast cells when
delivered intramuscularly.

Therefore presented in this study is a complete solution for the progression
of primary human cells of a clinical grade from bench to bedside designed
for use in clinical engineering and regenerative medical strategies. Media
of potentially pharmacopeia grade was synthesised completely devoid of
whole serum which supported the expansion and differentiation of primary
human cells. These cells could then be transplanted in an autologous
manner using the patient specific platelet poor plasma hydrogel system,
presenting a complete cell culture and delivery system, directly
translatable as a solution to a number of clinical scenarios.
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DEFINITION OF AIMS

DERIVATION OF DEFINED MEDIA FOR THE PHENOTYPE
MAINTENANCE AND DIRECTED DIFFERENTIATION OF
PRIMARY HUMAN PLURIPOTENT CELLS

- Derivation of a defined basal media formulation which in
conjunction with fetal calf serum at identical concentrations to
those employed using commercially available basal media is
capable of maintaining the expansion of primary human cells.

- Replacement of serum using minimal additions of exogenous
components in conjunction with the defined basal media
formulation such that a completely chemically defined media can
be presented, entirely devoid of serum which is capable of
maintaining the expansion of a range of primary human cells.

- Assessment of the extent to which the chemically defined serum
free basal media formulation maintains the phenotype of several
primary human cells of tissue engineering relevance.

- Elucidation of the capability of the defined basal media
formulation to maintain undifferentiated plastic phenotype of
primary human bone marrow derived stem cells.

- Validation of controlled exogenous additions to the basal media
formulation to stimulate ‘tri-lineage’ differentiation of bone
marrow derived mesenchymal stem cells and subsequent
characterisation of differentiated cells.

- Elucidation of the capability of the defined basal media
formulation to maintain the early undifferentiated plastic
phenotype of stem cells derived from a more accessible source than
bone marrow, those obtained from dental pulp.

- Validation of controlled exogenous additions to the basal media

formulation to explore the potential of a hypothesised transgermal




differentiation potential of primary human dental pulp derived stem
cells into classical tri-lineage fates and additional neural and never

previously described hepatic lineages.

DEVELOPMENT AND VALIDATION OF A DEFINED

STRATEGY FOR THE SITE DIRECTED DELIVERY OF

CLINICAL GRADE PRIMARY HUMAN CELLS

Development of a potentially autologous means for the delivery of

primary human cells of clinical grade to a defect site by a
minimally invasive manner.

Characterisation of the capacity of human platelet poor plasma to
form a stable hydrogel; an ideal matrix for soft tissue
augmentation, when citrated at the point of extraction and
subsequently re-calcified using basal cell culture media as a
calcium source to initiate the residing blood coagulation cascade.
Elucidation of the potential of this platelet poor plasma derived
hydrogel as a substrate for culture of cells in vitro using several
areas of the gel, with particular interest in the culture of human
chondrocyte cells a critically relevant cell in regenerative medical
applications which favour culture in hypoxic environment and the
potential for this to be conferred using a hydrogel substrate.
Investigation of the potential of the platelet poor plasma derived
hydrogel as a medium for minimally invasive cell delivery and
subsequent neo-tissue generation by injection using primary human
cells in conjunction with an immunosupressed animal model.
Characterisation of the resultant tissues using several methods to
identify the origins of the cells contained within the ectopic tissues.
Additionally characterisation of the extent of host acceptance of the
implant by means of observation of the interaction of host

anatomical structures with the neo-tissue masses.



Characterisation of the extent to which the initial cell seeding
number is responsible for the final size of the neo-tissues and
additional extensive characterisation of the extent of the immune

response raised by the host animal as a result of the implanted

hydrogel derived tissue.

Validation of the hydrogel to form hard tissue using an
intramuscular delivery strategy in conjunction with primary human

osteoblast cells and characterisation of the resultant tissues.




DERIVATION OF DEFINED MEDIA FOR THE PHENOTYPE

MAINTENANCE AND DIRECTED DIFFERENTIATION OF

PRIMARY HUMAN PLURIPOTENT CELLS

Chapter 1.Introduction

1.1 Tissue Engineering — an Introduction

Tissue engineering can be defined as ‘an interdisciplinary field that applies
the principles of engineering and life sciences toward the development of
biological substitutes that restore, maintain, or improve the function of a
tissue or a whole organ’ [1]. As a discipline, tissue engineering is regarded
with much anticipation, having a vast potential to revolutionize the outlook
for injury and degenerative diseases. The focus of tissue engineering lies in
the repair, replacement or regeneration of a damaged tissue utilising a
patients own cells in conjunction with a choice from a palette of candidate
biocompatible materials of suitable physiomechanical properties as a
cellular substrate to provide an autologous means to restore the function of
a defined damaged or defective tissue [77]. This artificially assisted ‘self
repair’ approach has lead to the emergence of the field of regenerative
medicine, a cumulation of current therapeutic understanding in
combination with biomechanics. This approach does not seek to reproduce
all the complexities involved in development, but rather seeks to promote
an environment which permits the native capacity of cells to integrate,
differentiate, and develop new tissues [273]. Tissue engineering also has
massive commercial implications; in 2001, it was reported that first-
generation organ replacement therapies could prolong or improve the lives
of over 20 million patients worldwide. In the United States, an estimated
one person in five reaching 65 years of age will receive temporary or
permanent organ replacement therapy during their remaining life span.
Worldwide, organ replacement therapies consume 8% of medical spending
or approximately $350 billion per year, an extremely valuable market,

open for exploitation by suitable devices [272].




1.ii A Candidate Cell for Tissue Engineering — Lineage Committed or

Pluripotent?

A large number of cell phenotypes have the capability to be involved in
biotherapeutic treatments, dependent on the specific cell type native to the
tissue destined for repair. Whilst lineage committed cells such as
osteoblasts [2], smooth muscle cells [3], chondrocytes [75] and urothelial
cells [4] have proven roles in tissue engineering for tissue specific
applications, the cell with the greatest expectation in the development and
advancement of tissue engineering is undoubtedly the stem cell [5, 76, 78].
Stem cells are a class of ‘pluripotent’ cells, meaning in vivo their terminal
lineage commitment is undecided; they have the ability to differentiate into
multiple terminal lineages within an organism, assisting in the repair of the
tissue in which they reside, while additionally, having the capacity to self
renew in an undifferentiated state in an apparently immortalized manner
due to transcription of the enzyme telomerase. This is a crucial protein in
the prevention of DNA damage during genomic replication, whos
absensce, in a lineage committed cell, plays a role in cell aging and

controlled cell death [79-80].

Stem cell ‘niches’ are located in various adult tissues in eukaryotic
organisms. During embryogenesis the stem cells within the inner cell mass
of the embryonic blastocyst are ultimately the precursor to every other cell
type in a developed infant, highlighting their unparalleled potential for
controlled differentiation and tissue generation de novo in the laboratory
[6, 81, 82]. Currently, whilst intense ethical constraints forbid the
harvesting of human embryos for stem cell isolation for use in regenerative
medicine, alternative sources of pluripotent cells have needed to be sought.
Although investigations into the refinement of protocols which allow the
harvest of embryonic stem cells without blastocyst sacrifice are being
persued, this area of pluripotent cell research is still very much in its
infancy and any potential rapid progression in understanding hindered by
legislation and red tape [7,83]. The tight moral boundaries surrounding the

clinical use of embryo-derived stem cells in biomedical research has




encouraged considerably more concentrated research on adult stem cells,
now regarded as a less conflicting alternative as a source of plastic cells in
future regenerative therapies (8, 84]. Adult stem cells are located within a
diverse host of adult tissues, and are responsible for the regeneration of
cells that are lost or damaged beyond self repair within a tissue or organ by
terminal differentiation into a lineage matching that of the damaged cell. A
direct role for adult stem cells has been identified in the repair of tissues as

diverse as brain and myocardium [85-89].

A stem cell population sourced routinely from adult tissues is referred to
collectively as mesenchymal stem cells due to the observation that the
tissues in which they reside are derived from the mesodermal germ layer
during embryogenesis. The adjective ‘mesenchymal’ is fraught with
ambiguity since ‘mesenchyme’ describes tissue of mesodermal origin, the
middle embryological germ layer, giving rise to the musculoskeletal,
blood, vascular and urinogenital systems, and to connective tissue
(including dermis). Thus, developmentally speaking, the term
‘mesenchymal’ should include both blood and connective tissue cells.
Generally, however, solely solid tissue-forming stem cells are referred to
as mesenchymal. The subset of stem cells which are responsible for the
development, maintenance, and regeneration of blood-forming tissues are
referred to as haematopoietic stem cells [94]. Early investigations into the
plasticity of mesenchymal stem cells hypothesized that these cells only
possessed the capacity to differentiate into cells native to the tissue from
which they were derived. However, this theory has now been disregarded,
with many groups regularly demonstrating extensive plasticity,
irrespective of the tissue from which they were isolated. The number of
tissues from which these cells can be harvested is rapidly increasing as
mesenchymal stem cell research gains greater momentum. Thus far, the
list of candidate tissues is diverse and includes post natal tissues as varied
as adipose tissue [10], peripheral blood [11, 99], dental pulp [90], ocular
conjunctiva [93], tonsils [98], pancreas [117] and renal tissue [113] in
addition to the widely publicized bone marrow [9]. Stem cell sources have

also been established from both pre and neonatal tissues in an attempt to




attain a population of cells as developmentally ‘early’ as possible;
hypothesized to have increased plasticity compared to adult stem cells.
These tissues also have the benefit over postnatal tissues that they are a by-
product of childbirth and thus can be obtained simply from both a physical
and ethical perspective. These tissues include placenta [95], umbilical cord
blood [96] and amniotic fluid [97]. As mentioned previously,
mesenchymal stem cells have the demonstrated the potential to provide a
renewable, autologous source of cells for use in regenerative medical
therapies. However, although histocompatably identical to cells which
remain in the donor, immunosuppression is often still required, despite the
cell type. Considering this, allogeneic or stem cells with a matched donor
HLA type have shown similar potential in transplantation, with similar
immunosuppression and prognosis to autologous stem cells in a range of
diseases [100-101, 103-104]. Furthermore, recent studies have highlighted
cord blood stem cells as a candidate cell for transplantation, based on the
hypothesis that early fetal cells will not be cleared by the recipients’
immune system, in a similar manner that they are not cleared from the
mothers peripheral circulation during gestation [102]. Interestingly,
investigations have also noted the capacity of mesenchymal stem cells to
inhibit T-cell proliferation, through a largely unknown pathway possibly
involving IFNy, perhaps emphasizing a role in self protection from
autoimmunity in conjunction with implantation [141]. Therefore, in
addition to overcoming the ethical boundaries associated with the harvest
of embryonic stem cells in research, mesenchymal stem cells provide a
potential source of plastic cells for direct exploitation in biomedical
applications, having similar immunogenic implications in autologous and

even allogeneic forms.

As knowledge of mesenchymal stem cells increases at a molecular level,
discussions have arisen concerning adult stem cell plasticity compared to
those of embryonic origin. That is, are mesenchymal stem cells capable of
differentiation into the same number of tissue types as stem cells derived
from the blastocyst, or is their lineage more comitted, limiting their

differentiation to a restricted number of specific predefined cellular




subsets? This line of reasoning has lead to MSCs being termed
‘multipotent’ meaning that differentiation down their final lineage is
slightly more committed, being restricted to a smaller, defined range of
tissues than their pluripotent embryonic counterparts [12- 13]. Initial
hypotheses surrounding the plasticity of adult stem cells suggested that
their terminal lineage would be restricted to a cell type specifically located
in the tissue from which they were initially isolated. The increasing
momentum of mesenchymal stem cell research has since caused this
theory to be disregarded. To date, mesenchymal stem cells have been
differentiated down an impressive and regularly increasing list of terminal
defined lineages. Adipocyte [14], chondrocyte [15] and osteoblasts [16]
are the classical ‘tri-lineage’ mesenchymal stem cell terminal phenotypes,
now widely accepted as a confirmatory test of the ‘stem’ potential of a
cell, typifying three simple mesodermal terminal lineages down which all
mesenchymal stem cells can be driven in vitro . Bone marrow-derived
stem cells demonstrate one the greatest promises for regenerative medical
applications having been artificially driven down the greatest number of
lineages of any stem cell of non-hematopoietic origin ex vivo, including
complex ‘trans-germal’ functional cell types such as neuronal [17, 108-
109, 115] cardiomyocte [18, 118], hepatocyte [91, 105-107], urothelial
[114], smooth muscle [122] and pancreatic islet cells [92]. Now that the
potential for exploitation of mesenchymal stem cells as a tool for tissue
engineering applications is well established, the question of how to
optimize in vitro conditions to maintain and expand them following

isolation and purification is open for investigation.

In order for mesenchymal stem cells to live up to their expectations in
regenerative medicine, culture parameters need to be established to clearly
define the following: 1.How can these cells be maintained in their
undifferentiated ‘wild type’ state in culture? And 2, how can the culture
environment in which they are maintained ex vivo be altered such that their
fate is guided down a defined terminal lineage? If both of these points are
combined it raises the question, by what means can we identify a

mesenchymal stem cell in its undifferentiated state? And what methods




can we use to acknowledge that the cell has reached its final linecage

determined fate?

1.iii Mesenchymal stem cells; Analysis and examination of phenotype

If mesenchymal stem cells are to be exploited in surgery, it is imperative
that their exact phenotype and state of differentiation is known at the point
of isolation and ultimately, implantation. Mesenchymal stem cells have
the unfortunate property of differentiating spontaneously in culture [19,
116, 117]. In light of this fact, close attention needs to be paid to the
monitoring of their phenotype throughout expansion. Stem cell phenotype
is classically defined at the proteomic level using a subset of cellular
antigen molecules shown to associate with cells of a ‘stem’ phenotype.
One can define an undifferentiated mesenchymal stem cell using a subset
of proteins from the following group extracellular antigens: +CD29,
+CD44, +CD90, +CD271 (NGFR), +CD105, +CD54, +CD13, +CD106,
+CD73, +CD166, +SSEA-4 and +frizzled-9 [20-24, 119-121, 123-124,
136, 138]. In addition to surface antigens, intracellular proteins specific to
mesenchymal stem cells can be examined in a similar manner to extra-
cellular proteins, with candidate molecules including STRO-1[125-127],
nucleostemin [128-130], Oct-4 (which although proven to be a crucial
mediator of pluripotency in embryonic stem cells, its comparative role in
mesenchymal stem cells is debated [25, 133-134]), the small conserved
protein domains SH2 and SH3 [131-132], nanog (135, 137], REX-1 and
GATA-4 [139-140]. One can also examine the phenotype and state of
differentiation of the cell by examining the aforementioned proteins at the
level of gene expression patterns within the cell. Expression of specific
genes that allow the cell to maintain its ‘stemness’ will decrease during
differentiation, and just as stem cell specific proteins can be visualized
using immunoflourescent techniques, the expression of pluripotency-
associated specific genes can be visualized using micro array, southern

blot or ploymerase chain reaction based assays and their modulation can




be characterized as the stem cell loses plasticity during differentiation [26,
140, 142-143].

1.iv The origins of the Mesenchymal stem cell
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Fig 1.1 Schematic illustrating the origins and differentiation states of mesenchymal
stem cells in vivo. [33]

From the perspective of development and evolution, the destiny of any
complex, multicellular organism is to pass on its genes, ideally intact to
subsequent generations. This process is orchestrated by the appropriate
exploitation of somatic cells by their precursor germ cells [148]. The germ
line is a vector for the genome from one generation to the next and is the
only cell lineage that retains its true, complete developmental totipotency:
The capacity to form any cell in an organism. In this context, it can be
realised that all somatic cells are descendants from the germ line and

facilitate germ cells in their role of gene multiplication [151].

The earliest of all cells, the zygote derives directly from the fusion of two

compatible germ cells (female oocyte and male sperm) as the most




primitive totipotent stem cell, having the capability to form both
embryonic and extraembryonal tissues (placenta). In the zygote, haploid
DNA derived from an oocyte is combined with haploid DNA from sperm.
Thus, the zygote could be envisioned as a mother cell to both the germ and
somatic lineages which ultimately will give rise to (A) more differentiated
cells from the germ line and (B) other somatic lineages that will provide
the soma (meso-, ecto-, and endoderm) of the terminal organism, which

ensure transfer of DNA to the next generation [149-150].

Mesenchymal stem cells are no different from any other cell in an
organism in that they derive from pluripotent embryonic stem cells in the
early blastocyst (epiblast) after several precursor differentiation events
during the course of development, tightly controlled by DNA methylation
[147]. The first of these developmental steps is the formation of the cells
of the three embryonic layers, the mesoderm, ectoderm and endoderm that
further differentiate into tissues. Within each tissue, particularly those that
undergo regular turnover of cells such as skin or intestinal epithelium,
stem cell compartments are formed that are maintained in the adult
organism. These will give rise to transient amplifying cells that undergo
differentiation to give rise to the mature tissue and serve as a reservoir for
tissue homeostasis and repair. At each developmental step, the
differentiation potential of the stem cell is depleted. Recent experiments
have demonstrated, however, that adult tissue stem cells, or even some
undifferentiated cells, when exposed to a permissive or instructive
environment, can reverse their phenotype to become cells with a less

restricted differentiation potential (Fig. 1.1 [34]).

The origins and direction of mesenchymal stem cells to a particular niche
in the adult organism is very vague. However one plausible hypothesis
suggested for the rich harvest of adult pluripotent cells in the bone marrow
can be hypothesised from the fact that bone marrow (BM), in addition to
hematopoietic stem cells also contains a heterogeneous population of non-
hematopoietic stem cells. It is therefore suggested that the presence of

these various populations of stem cells in the marrow is a result of the
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mesonephros). Hematopoietic stem cells are also found in the umbilical
and vitelline arteries during ontogenesis. Later in embryogenesis,
hematopoietic stem cells appear in the placental vasculature. All these
tissues may de novo generate hematopoietic stem cells. The fetal liver is
thought to become colonized by hematopoietic stem cells at a later point in
fetal development and serve as a reservoir until the time of birth, when

they migrate and colonize the bone marrow [156].

HSCs are responsible for differentiation into non-adherent cells such as
erythrocytes and cells of the immune system [155]. Because mature blood
cells are predominantly short lived, stem cells are required throughout life
to replenish multilineage progenitors and the precursors committed to
individual hematopoietic lineages. Hematopoietic stem cells reside as rare
cells in the bone marrow in adult mammals and give rise to a number of
less plastic multipotent progenitor cell types [152-153]. These pluripotent
progenitor cells derive multipotent progenitors including the common
lymphoid progenitor, which divide into mature B lymphocytes, T
lymphocytes, and natural killer cells. The common myeloid progenitor
gives rise to granulocyte-macrophage progenitors, which differentiate into
monocytes/macrophages and granulocytes, and megakaryocyte/erythrocyte
progenitors, which differentiate into megakaryocytes/platelets and
erythrocytes. Both Common myeloid and common lymphoid progenitor
cells have been proposed to give rise to dendritic cells in vivo (Fig.1.2 [35
-38]). Critically, hematopoietic stem cells are defined operationally by
their capacity to reconstitute the entire blood system. Importantly these
cells can also undergo self renewal in addition to differentiation. Evidence
is also available to suggest that in addition to their role in the repopulation
of the hematopoietic system, hematopoietic stem cells may also play a role

in differentiation into adherent cells such as fibroblasts (154, 157).
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1.v Dental Pulp Derived Stem Cells

Stem cells derived from dental pulp are potentially superior to other types
of adult stem cell as teeth are easy to access, either shed as part of
development or extracted routinely throughout life, and the cells are
located in both adult and deciduous teeth of even more importance is the
ability to secure DPSCs at a young age and store it for the future usage.
Potentially, a personalized stem cell can then be created from DPSCs
without using procedures that may cause ethical concerns [158]. Stem cells
derived from dental pulp share similar gene expression profiles and

differentiation capability to that of more familiar bone marrow derived

stem cells [159-160] and are derived from migrating neural crest cells
during development, therefore considered an ‘early’ cell with an
particularly uncommitted phenotype, as a result dental pulp is made of
both ectodermic and mesenchymal components, containing neural crest
cells that display plasticity and multipotent capability [161-162, 167]. It
has been demonstrated that, like all adult stem cell compartments, dental
pulp is heterogeneous, although interestingly despite the heterogeneity of
the cell population, all of the cells within the pulp cavity share a common
+Thy-1 (CD90) phenotype, a marker of undifferentiated stem cells, in
addition to more heterogeneously expressed stem cell markers such as
CD29, CD44, CD105, STRO-1 and stem cell factor (SCF) [164-165, 171].
In vitro, dental pulp-derived stem cells have shown extensive plastic
potential, and using suitable stimuli and substrates have been differentiated
into osteoblasts, to the point of bone chip formation, functional neurons,
adipocytes, myocytes, and chondrocytes [163, 168, 170, 172]. From a
tissue engineering perspective, these cells have demonstrated themselves
as ideal candidates for implantation and subsequent host integration and
differentiation with osteogenic, myogenic and adipogenic tissues
demonstrated to form in vivo from dental pulp derived stem cells using
immunosupressed animal models implanted in conjunction with a suitable

supportive matrix [166, 169].
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1.vi Cell Culture — A Brief History

The maintenance of cells ex vivo began over a century ago in 1880 when
English physiologist Sydney Ringer developed salt solutions containing
the chlorides of sodium, potassium, calcium and magnesium suitable for
maintaining the beating of an isolated animal heart outside of the body [46,
174-175]. In 1885 this research was furthered when Wilhelm Roux, a
German anatomist and embryologist first cultivated cells derived from
chick embryos in simple balanced salt solutions in vitro for periods of a
few days [176]. Cell culture advanced rapidly and in 1898 the discovery
was made that that skin fragments could be kept alive for extended periods
of time and in some cases be re-transplanted back to the donor, arguably

the dawn of tissue engineering.

Over the subsequent decades major leaps were made in the culture of cells
by several individuals that are widely referred to today, including Alexis
Carrel who in 1913 furthered Roux’s work by demonstrating that cells can
grow for long periods in culture provided they are fed regularly under
aseptic conditions. Later in 1948 Earle and colleagues isolated single cells
of the L cell line and showed that they had the capacity of form clones in
tissue culture. Earle is considered by many to be one of the forefathers of
cell culture with his salt solution ‘Earles salts’ forming the basis of many
contemporary culture media. In 1955 Eagle published several papers
which set about defining exact concentrations of nutrients including
sugars, vitamins and amino acids necessary to sustain growth of
mammalian cells in culture for extended periods of time. This work
became a milestone in cell culture and for many, defined classical cell
culture medium with many of his defined nutrient formula still existing in
cell culture media today [47-49]. Up to this point cell growth in culture
always required the presence in the medium of whole or dialysed serum,
serum proteins or unknown factors dialysed into the media from serum.
The first work in defining serum-free cell culture parameters was carried

out by R.G. Ham in 1965, whose chemically defined medium, totally
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devoid of serum derived adducts was demonstrated to be capable of

sustaining the growth of mammalian cells through several passages [50].

1.vii Adult Stem Cell Growth ex vivo

Adult stem cells are anchorage dependent cells and expand in adherent
monolayer populations on tissue culture polystyrene, typically exhibiting
fibroblastic morphologies [39]. Conversely, hematopoietic stem cells
prefer to grow in suspension [61]. When grown in optimal conditions
mesenchymal stem cells demonstrate a population doubling time of
roughly 7 to 48 hours depending on optimization of culture parameters,
harvesting procedures, source tissue, and the species from which they were
collected. Their growth in culture does not diverge greatly away from
classical cell culture protocols involving a mixture of serum, generally of
fetal calf origin at concentrations of between 5%-20% and a bespoke
culture media defined specifically for their expansion and phenotype
maintenance in vitro [40-43]. Mesenchymal stem cell specific culture
medium is now responsible for making large revenues for its producers
with several multinational biotechnology companies including Cambrex®,
Gibco® and Invitrogen® launching mesenchymal stem cell specific media
over the last five years. Stem cell growth media is typically supplemented
with basic fibroblast growth factor (bFGF / FGF2) as this protein has been
shown to increase mesenchymal stem cell proliferation and play a role in
the maintenance of an undifferentiated plastic stem cell phenotype and

suppress differentiation in vitro [44-45].

1.viii Serum Exploitation in Cell Culture — the Need for an Alternative

Although serum has proved to be an invaluable tool in the development of
cell culture technologies, it has long been recognized (hence the work of
Ham as early as 1965) that serum 1is far from adequate to facilitate the

culture of cells intended to be moved from the laboratory to the clinic due
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viral, prion or mycoplasmal nature. The cross contamination risks between

flask and implant are too great to take into the operating theatre [204-206].

In addition to these factors, there will always be the obvious ethical issues
surrounding the collection procedures from unborn calves which involves
cardiac puncture of the unanaesthetised calf either in situ in the mother
when the pregnancy is recognized prior to evisceration, or the mothers
uterus containing the calf foetus being removed during the evisceration
process. In both cases, the blood is vacuumed into a sterile collection bag,
after which serum is isolated by refrigerated centrifugation. A bovine
foetus of 3 months yields about 150 ml of raw serum, at 6 months 350 ml
and at 9 months (near-term) S50 ml. The in situ method for collection is
preferred due to a reduction in possible contamination of the collected
serum as the calf never comes into contact with the outside environment.
During these collection protocols it is still not clear whether the calf
experiences pain. In the instance of bleeding after uterus evisceration, it is
hypothesised that the resultant hypoxia of the calf incurred as a result of no
longer having an umbilical connection to the mother will cause a loss of
consciousness. However, when blood is extracted in situ, the calf is

thought to be conscious throughout. [52, 207-208, 222].

1.ix Alternatives to Serum

Since the work of Ham in 1965, serum alternatives have advanced
significantly, with different grade serum replacement products available
tailored to suit many complex cell culture scenarios. The various grades of

serum free media and media replacements are summarized in table 1.
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‘ Abbrevation Definition

Animal Derived Product free of animal derived components
Component Free
(ADCF)
Chemically Defined (CD) Chemically defined, no animal derived
components, no unknown substances included
Complete Serum Free Serum free medium needing no further
Medium (CSFM) supplementation
Protein Free (PF) Formulation lacking proteins, may include
animal derived components
Serum Free (SF) Product without serum (components)
Serum Free Medium Serum free product, may need
(SFM) supplementation
Serum Replacement Serum replacement product of varying
(SR) origin/composition

Table.1. The various grades of serum free media/media supplements available

commercially at time of writing

All of these formulations can be broadly divided into two classes,
chemically defined and protein free. Animal derived component free and
chemically defined medium may still contain protein. The animal derived
component free formulations may contain autologous animal proteins
made recombinantly in bacteria, eukaryotic cells, or purified from whole
serum itself [209-211, 213, 220]. Classically, three proteins are used in
protein containing serum replacements at various concentrations, these are;
insulin [212, 214, 216-217, 154], transferrin [212, 215-217, 228] and
serum albumin [218-220]. In serum substitutes, these may be purified from
bovine blood or organs (pancreas in the case of insulin), however as
mentioned previously, in an animal component free media supplement
these will be synthesized recombinantly and subsequently purified [53].
These defined media formulations are extensively exploited, and can be
optimized to maintain proliferation rates higher than their serum
containing counterparts [54-57, 221]. Recombinant proteins come at a
price however; extensive purification and characterization are required
before the bacterial derived proteins can enter mammalian cell culture

systems. Bacteria may not fold a given protein in the same way as a

16




mammalian cell thus resulting in decreased affinity for the mammalian
receptor [223-225]. In addition to this, bacterial production of protein for
cell culture adds another possible route of infection which removal of calf
serum sought to eliminate. This brings the necessity for development of
protein free chemically defined media. This may involve the addition of
extra essential ions such as selenium, molybdenum, and nickel to replace
those found in serum [226-228]. Protein by can be replaced by chemical
counterparts such as aurintricarboxylic acid, tropolone and pyridoxal
isonicotinoyl hydrazone (Figs 1.3-1.5) a group of synthetic iron chelating
molecules which can potentially alleviate the need for Transferrin as an

iron delivery system in certain cell culture applications. [58, 229-230].
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Fig.1.3. The molecular structure of the synthetic iron carrier pyridoxal isonicotinoy! hydrazone
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Fig.1.4. The molecular structure of the synthetic iron carrier Tropolone
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Fig.1.5. The molecular structure of the synthetic iron carrier Aurintricarboxylic acid
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These iron chelating molecules have the difficult task of equilibrating the
ferric and ferrous iron in tissue culture scenarios, a fine balance between
necessity and toxicity. Ferric iron is the stable oxidative state of iron in
aerobic conditions, and the normal oxidative state utilised by mammalian
cells for its role in oxygen provision, electron transport and cofactorial

catalysis.

In a solution at physiologic pH, ferric iron that is not bound by a chelator
(ferritin in vivo) or carrier (transferrin in vivo), will form ferric hydroxide
complexes that are virtually insoluble, rendering it useless. In vitro, ferric
iron can be reduced to ferrous iron by reducing agents in the medium,
namely ascorbate in routine use culture media. Both the loss of ferric iron
due to precipitation and its reduction to ferrous iron are undesirable events
in the extracellular milieu. Iron in the ferrous oxidative state that is free to
participate in Fenton chemistry is a major source of oxidative stress in
media. This involves the ferrous iron-catalyzed conversion of hydrogen
peroxide into a hydroxide ion and a hydroxyl free radical with the
concurrent oxidation of ferrous iron to ferric iron. This reaction is
profoundly important in cell culture, because when it occurs, it creates the
most damaging agent found in the cell culture system: the hydroxyl free
radical. This radical will react with virtually any molecule in the medium
or cell. It is so reactive that it typically reacts very close to its site of
formation. A major action of hydroxyl free radicals in cell culture involves

the initiation of lipid and DNA peroxidation.

Pluronic 68 a non-ionic surfactant which has a role similar to that of
albumin in culture: protecting cells from shear forces induced during
maintenance, can be used to replace this protein in cell culture. However,
it has been shown to be internalized into cells and only eliminated from
certain cell types. One phenotype demonstrated to accumulate Pluronic 68
is human chondrocytes, questioning the suitability of this molecule for

certain tissue engineering applications [231].
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Additionally, an excess of 1onic zinc can alleviate the requirement for
insulin in cell culture, a further reduction in the protein component of
culture media for certain cell culture applications [232-233]. Several other
cellular molecules can be replaced by chemical substitutes such as -
mercaptoethanol, which present an —SH group and therefore act as a
reducing agent, breaking down several toxic intracellular metabolites,
replacing the need for glutathione, which is usually purified from serum
[59, 234-235]. A second molecule capable of protecting cells from
oxidative stress is ethanolamine which additionally can form part of the
building blocks for phospholipids, precursors for numerous enzymes and
cofactors [236-237]. Defined glycerides such as lipoic, oleic, linoleic and

palmitic acids can replace the undefined fatty acids component of sera

when necessary. In the case of cholesterol-dependant cell culture, several
commercial synthetic cholesterol substitutes are available such as 1
Synthecol™ from Sigma-Aldrich® [60]. All of these factors combined

leave the chemist with a diverse palette from which to draw components

for designing and optimising bespoke cell culture media.

1.x Stem Cell Differentiation in Vitro

Stem cell differentiation ex vivo is classically carried out by altering the
cocktail of exogenous factors in the media in which they are cultured.
Modulating the composition of the growth medium has been extensively
characterized to influence the lineage determination of the stem cell,
during differentiation culture. The phenotype of the stem cells is subjected
to a range of analysis to observe the presence of molecules or structures
associated with the defined lineage which the differentiation culture is
designed to promote, characterizing the differentiation state of the cell. A
simple example is that of cardiomyogenic differentiation of mesenchymal
stem cells, which occurs after 12 days when the dimethylating agent 5-
azacitidine is used exogenously in the conventional cell culture medium
(Iscoves modified Dubeccos media, IMDM), characterised by the

morphological presence of myotube structures and beating cells.
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Additionally, the presence of the cardiomyocte specific genes: ANP, BNP,
GATAA4, and Nkx2.5/Csx were characterised throughout the differentiated
cardiomyocyte cell population. It is also worthy of note that in this
particular study only 30% of the total mesenchymal stem cell population
were found to differentiate into cardiomyocytes. This is suggestive of the
heterogeneity of mesenchymal stem cell subsets, often harboring sub-
populations of cells more predisposed to a particular differentiation event.
This particular study also highlights another critical feature in the
characterisation of differentiated cells: the observance of markers
associated with functionality, particularly when considering a regenerative
outcome for the cultured cells. It is difficult to base an assumption that the
cells will behave as those of the same phenotype do natively when
implanted as part of a tissue engineering therapy purely on the basis of
morphology and protein expression of phenotype associated markers. For
this reason it is important to analyse proteins or genes intimately
associated with in vivo function of the cell. This particular group were able
to observe adrenergic and muscarinic receptors in their differentiated
populations of cardiomyocyte cells, proteins which play crucial roles in
mediating heart rate, conduction velocity, contractility, and cardiac

hypertrophy natively [69, 238-240].

The exploitation of single exogenous molecules as in the example of
cardiomyocyte differentiation leads to an extremely simple differentiation
medium; however, more often, media formulations for the directed
differentiation of adult stem cells are considerably more complex. The
combination of biotin, pantothenate, insulin, dexamethasone and 1-methyl-
3-isobutylxanthine induces cells along an adipogenic lineage [241, 243].
Often the combinations of these molecules are applied with no regard for
the function of the individual component. Recently, it has been
demonstrated that in an adipogenic media, 1-methyl-3-isobutylxanthine
(IBMX), a phosphodiesterase inhibitor, is the crucial mediator of this
differentiation cocktail, mediating expression of the early adipocyte
transcription factor KLF4, in time periods as short as 30 minutes post

induction [240]. This perhaps provides a more sensible explanation for its
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role over earlier hypotheses which suggested that its capacity to initiate
differentiation down an adipocyte lineage was due to an inhibition of the
expression of tumor necrosis factor (TNF), an event not directly linked
with an adipocytes [242]. Adipocyte functionality is characterized by the
morphological observation of lipid encapsulation within the cytoplasm of
the cells. Additionally, the functional protein leptin can be identified; a
critical molecule responsible for mediating the signaling role of adipocytes

in dietary regulation in vivo.

The augmentation of basal cell culture media with B-glycerophosphate,
ascorbate-2-phosphate, and dexamethasone is regarded as the gold
standard for the initiation of osteogenic differentiation and maintenance of
osteogenic phenotype [70]. In a manner similar to that of adipogenic
differentiation mentioned previously, this media is often used with no
regard for the roles of the particular exogenous components.
Dexamethasone, a glucocortocoid, is hypothesised to hold the critical role
in maintenance of osteogenic progression. It may heighten the activation
and differentiation of osteoblastic cells through an interaction with the
early response gene cFos. Change in expression of cFos mRNA has been
observed in cultures of osteoblasts containing dexamethasone. Interaction
between glucocorticoid receptor and cFos mRNA has been demonstrated.
cFos, 1s expressed as unspliced and spliced mRNAs. Treatment of
osteoblastic cells with dexamethasone resulted in elevated levels of the
spliced form of cFos mRNA: promoters of many developmentally
regulated genes, including osteocalcin, a marker of osteoblast
differentiation, contain AP-1 sites that bind cFos/Jun dimers. [245, 248].
Furthermore, it has been observed that cells transfected to hyper-express
the osteogenic transcription factor osterix, do not undergo functional
osteogenesis in the absence of dexamethasone [246]. Additional studies
have demonstrated a role for dexamethasone in both early and late
osteogenesis, acting at multiple points during differentiation to control the
progression from pre-osteoblast to terminal osteoblastic phenotypes [247].
The terminal, functional differentiation of an osteoblast is characterised by

the presence of a calcified extracellular matrix, typically using traditional
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Extracellular signal related kinase 1/2 (ERK1/2) and ¢-Jun N terminal
kinase (JNK) have been reported to be activated by TGF- signalling in
certain chondrogenic cell lines [251]. More recent studies using knockout
models have also demonstrated a role for ERK1/2 in chondrogenisis,
demonstrating its necessity for type II collagen synthesis [252]. One
particular review indeed suggested a role of Smad signalling in the up
scaling of type I collagen synthesis [253], a phenomenon which occurs
inversely during chondrogenisis, therefore further suggesting that although
Smad is the classical intracellular signalling pathway induced by the TGF-
B superfamily, further crosstalk between pathways, most likely ERK1/2
mediated signalling occurs intracellularly to induce terminal
chondrogenisis. In addition to exogenous factors, chondrogenisis permits
demonstration of a differentiation event in which the three dimensional
environment around the cells can potentially have large implications upon
their phenotype. Many groups undertake chondrogenic differentiation
using pellet culture conditions. This technique relies on spinning the cells
to a pellet aggregate and maintaining them in this manner throughout
culture. During culture the ‘core’ of the pellet becomes hypoxic,
mimicking the native cartilage niche in which these cells reside in vivo,
therefore facilitating differentiation or maintenance of a chondrogenic
phenotype. This technique still requires the addition of exogenous TGF-3
superfamily molecules, however many groups report a higher yield of
chondrocytes after differentiation using this culture strategy. Additionally,
hydrogel systems have been exploited to mimic the three dimensional
matrix in which these cells reside in vivo [254-256]. It has been noted too
that during chondrogenic culture cells derived from the bone marrow often
show a predisposition to an ossification, possibly an artefact of the
proximity to bone and potential predisposition towards an osteoblastic cell
in vivo. Chondrocyte functionality can be assayed by observation of the
presence of extracellular matrix glycosaminoglycans. These large
branching carbohydrate structures associate with large numbers of water
molecules thus allowing the chondrocytes to ‘lubricate’ the joint which
their cartilage tissue lines in vivo. However, difficulties arise during

chondrogenic differentiation studies, terminating the differentiation at a
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the point of an articular chondrocyte phenotype before the cells begin to
resemble more closely a hypertrophic or osteochondral chondrocyte cell,
characterised by the expression of hypertrophic collagen, collagen type X,
in addition to proteins associated with extracellular matrix calcification
such as osteocalcin. It is interesting to note therefore, that RUNX2, the
osteogenic master gene, a transcription factor responsible for initiating
osteogenesis is a DNA binding cofactor capable of binding a Smad
complex generated by TGF-3 superfamily initiated signalling, natively by

one of the bone morphogenic proteins (BMP) members of the family.

Neural differentiation of mesenchymal stem cells is possibly one of the
most targeted differentiation events from the point of view of direction
towards a particular cell signalling event. Focus in neural differentiation
lies in subjecting the cells to exogenous conditions which will elevate the
concentration of intracellular cAMP, which has been demonstrated to be
crucial in the differentiation from a stem to a neural cell phenotype. The
cAMP pathway, via the cAMP-dependent protein kinase A (PKA),
activates the transcription factor CREB (cAMP response element-binding
protein) by phosphorylation. It has been demonstrated that CREB is
capable of dephosphorylating and subsequently activating the proneural
homeodomain transcription factor Phox2a which is a key regulator in the
differentiation of neural cells generating noradrenergic neurons of the both
the central and peripheral nervous systems [257-258] The cAMP pathway

is detailed in Fig.1.7 shown innervated by its native ligand, Wnt
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as a stimulus. Retinoic acid can play a role in an extensive number of
intracellular processes. It interacts with retinoic acid and retinoid X
receptors in the cell nucleus and can control apoptosis, cell cycle
regulation and differentiation, including modulation of the tumour
suppressor p53. Although these roles are diverse and critical in cellular
fate, the mechanism by which they are coordinated is largely unknown. In
neurogensis it has been identified that the two isoforms of the retinoic acid
receptor can dimerise which results in the transcription of several early
neural lineage commitment genes such as mash-1, ngn-1, prox-1, and
neuro-D, however the precise mechanisms of this transcription are
undefined [260-262]. Characterisation of functional neurogensis can be
carried out by observation of molecules which permit neural cells to fulfil
their role in vivo such as the neurotransmitter molecules noradrenalin, 5-
hydroxytryptamine dopamine, and by electrophysiological assays to

elucidate the potential of the neurons to electrically excite [263].

Differentiation of mesenchymal stem cells towards a hepatic fate is heavily
dependent on one of a number of growth factors and cytokines, which
have been shown to include hepatocyte growth factor (HGF), epidermal
growth factor (EGF), transforming growth factor- 8 (TGF-B), acidic
FGF/FGF1, insulin and insulin-like growth factor (IGF). Additionally, an
extensive group of non-proteinaceous chemical compounds have been
demonstrated to promote hepatic differentiation and/or phenotype
maintenance in vitro and include dexamethasone, retinoic acid, sodium
butyrate, nicotinamide, norepinephrine, and dimetylsulfoxide [266].
Furthermore hepatic differentiation allows demonstration of a further event
which favours a suitable three dimensional matrix over monolayer culture.
It has been demonstrated that extensive cell—cell contact between
hepatocytes grown in aggregates promotes the formation of gap junctions,
tight junctions, and bile canaliculi that are important for stabilizing the
hepatocyte phenotype, therefore suggesting the requirement for three
dimensional culture matrices for the differentiation and lineage
commitance to a hepatocyte phenotype [267-268]. As a result of this 3D

spheroidal cultures have proven ideal culture systems for the
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Fig.3.20. Comparison of a subset of cellular antigens of bone marrow derived mesenchymal
stem cells cultured in serum free and serum containing (Cambrex MSCBM) media
Sformulations at confluence, at passage 5, observed using flow cytometry. Error bars
represent 1 standard deviation from the mean, n=3, *P<0.05, **P<0.01, ***P<(0.001
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Fig.3.21. Comparison of a subset of cellular antigens of bone marrow derived
mesenchymal stem cells cultured in serum free and serum containing (Cambrex MSCBM)
media formulations at confluence, at passage 6, observed using flow cytometry. Error
bars represent 1 standard deviation from the mean, n=3, *P<0.05, **P<0.01,
*EXP<0.001
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Fig.3.22. Comparison of a subset of cellular antigens of bone marrow derived mesenchymal
stem cells cultured in serum free and serum containing (Cambrex MSCBM) media formulations
at confluence, at passage 7, observed using flow cytometry. Error bars represent 1 standard
deviation from the mean, n=3, *P<0.05, **P<0.01, ***P<0.001
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After successful demonstration that basal defined serum free media

maintained the undifferentiated phenotype of primary human bone marrow
mesenchymal stem cells, it was necessary to define and subject the cells to
controlled differentiation parameters in order to confirm their capacity to
lineage commit in the absence of serum. Bone marrow derived stem cells
were selected from passage 4 and seeded at a standard density for
differentiation of 5.0x10* cells/cm®. The mesenchymal stem cells were
subjected to tri lineage differentiation using the defined serum free
formulations for osteogenic, chondrogenic and adipogenic differentiation
media given in table 3.5. In these cases, the additions quoted in the table
were added to complete iron containing serum free media, the pH of the
media was adjusted to 7.4 followed by filter sterilization. Cells were
seeded under basal conditions for 24 hours after which basal media was
aspirated and replaced with differentiation media. Stem cells were cultured
under differentiation conditions for 21 days with media refreshment
occurring every 7™ day, a standard culture period for differentiation assays

and analysed throughout.

Osetogenic Conc Chondrogenic Conc
Ascorbate 50um Pyruvate TmM
Dexamethasone 100nm Ascorbate S50um
Dexamethasone 100um
TGFB1 10ng/ml
Adipogenic Conc Glucose 3.5gL

Dexamethasone fum
i Hepatic Conc
HGF 20ng/ml
Neural Conc bFGF 20ng/ml
Retinoic Acid 300ng/ml aFGF 10ng/ml

Table.3.5. Composition of defined serum free differentiation media used
throughout differentiation assays |

Stem cells subjected to osteogenic differentiation criteria expressed the
osteogenic master gene core binding factor-o-1 (CBFA1/RUNX2) [404]; \

observed using immunohistochemistry, after a culture period of 5 days,
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Fig.3.34. Comparison of a subset of cellular antigens of dental pulp derived stem cells cultured
in serum free and serum containing (Cambrex MSCBM) media formulations at confluence, at
passage 4, observed using flow cytometry. Error bars represent 1 standard deviation from the
mean, n=3, *P<0.05, **P<0.01, ***P<0.001
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Terminal articular chondrogenesis was characterised by observation of
type II coll:i;zen, which in a terminally differen iated chondrocyte forms
50% of total extracellular matrix protein, and 70-80% of total collagen
[407]. Fig.3.39. shows real time-PCR analysis of collagen II expression
showing increases in expression above basal level at day 5. Furthermore,
immunohistochemical observation demonstrated the presence of collagen
IT and the absence of collagen I after 21 days of defined chondrogenic
culture (Fig.3.40.).

Further conformation of the transformation of the dental pulp derived stem
cells into a chondrogenic phenotype was identification of the presence of
chondroadherin (3.41.). This protein associates with collagen II in the
chondrocyte extracellular matrix at defined loci of the collagen II
molecule. It is hypothesised that this association has a role in matrix
stabilisation but also in chondrocyte growth and proliferation. Large scale
increases in expression of this protein relative to basal were observed at

days 5, 7 and 14 with expression still evident although reduced at day 21.

100

10 I

Q1

Fold Change Relative to Expression in Control Media
——1

0.01

1 3 5 7 4 2
Fig.3.39. Real time-PCR observation of the change in expression of Collagen II
relative to basal conditions at any specified time point as a result of subjection to
chondrogenic stimuli. Error bars represent 1 standard deviation from the mean,
n=6
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in Control Media

Fold Change Relative to Expression
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0.1 1

0.01 -
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3.ix Defined Osteogenic Differentiation of Dental Pulp Derived Stem Cells

Osteogenic differentiation of dental pulp derived stem cells was carried out
using an identical strategy to that used to stimulate chondrogenic
differentiation in conjunction with the defined osteogenic parameters
detailed in table.3.5. Cells were seeded in a monolayer at a defined density
of 5.0x10* cells/cmz, allowed to adhere under defined basal conditions for
24 hours before media was replaced with defined serum free
differentiation media. Cells were cultured for 21 days with media changes

refreshment occurring at day 7.

Initiation of osteogenesis by means of the transcription factor
CBFA1/RUNX2, widely accepted as the osteogenic master gene was
observed in dental pulp derived stem cells under defined osteogenic
culture parameters at day 5 using real time-PCR analysis [404]. This gene
was then found to be present at levels higher than those observed in basal

media for a further 11 davs of culture (Fig.3.46.).

Al

1

Fig.3.46. Real time-PCR observation of the change in expression of CBFA1/RUNX?2 relative
to basal conditions at any specified time point as a result of subjection to osteogenic stimuli.

3 5 7 14 21
Tirre Point (Days)

Error bars represent 1 standard deviation from the mean, n=6
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An increase in osteonectin expression was observed at day 5 post
induction (Fig.3.50.), demonstrating the cumulation of the dental pulp
derived stem cells to terminal functional osteogenesis given the critical
role of this protein in matrix mineralization [409]. This was further
confirmed by the observation of osteocalcin, a second extracellular matrix
protein with functions involving calcium ion binding and subsequent
matrix mineralisation using immunohistochemistry [405]. Fig.3.51.
illustrates the presence of osteocalcin in dental pulp derived stem cells

after 21 days of defined osteogenic culture.

100 4

10

Percentage Fold Change Relative to Basal

1 3 5 7 14 21
Time Point (Days)

Fig.3.50. Real time-PCR observation of the change in expression of Osteonectin relative to
basal conditions as a result of subjection to osteogenic stimuli. Error bars represent |
standard deviation from the mean, n=6

Conventional histology using Von Kossa staining as detailed in section
2.viii further confirmed the presence of calcification of these cells, shown
in Fig.3.52, after 21 days. Positive staining is indicated by brown nodules

throughout the monolayer of cells.
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Foid Change Relative to Expression in Control Media

10 7

0.1

defines a gene set subject to plasticity in mature neurons, whilst also

potentially permitting fine tuning in response to specific stimuli [421].

3 5 7 14 21
Time Point (Days)

Fig.3.70. Real time-PCR observation of the change in expression of REST relative to basal
conditions at any specified time point as a result of subjection to neural stimuli. Evror bars
represent 1 standard deviation from the mean, n=6

Fig.3.70. illustrates real time-PCR characterisation of REST throughout
culture under defined serum free neural conditions. It is possible to
observe the hypothesised decrease in REST expression from day 1 — 7. An
increase in expression is apparent at day 14, possibly reflective of
CoREST/MeCP2 fine tuning of the fate of the neural cells developed
under this stimulus. However the clear reduction in rest levels during the
first week of neural culture is indicative of the transition from a stem cell

to a neural progenitor phenotype.

To confirm the functionality of the neural cells, it was decided to use the
neurotransmitter substance P as a candidate molecule to elucidate the
formation of a functional neuron capable of neurotransmitter mediated
signalling. Substance P is a tachykinin neuropepetide which is released

from the terminals of specific sensory neurons. The main endogenous role
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of substance P in vivo is in pain perception and it is released from
peripheral terminals of sensory neurons in various areas of the body as a
result to pain stimuli. It has receptors (neurokinin 1, NK1-receptor) widely
distributed throughout the brain [422].
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Fig.3.71. Real time-PCR observation of the change in expression of Substance P relative to
basal conditions at any specified time point as a result of subjection to neural stimuli. Error
bars represent 1 standard deviation from the mean, n=6

Fig.3.71. illustrates real time-PCR analysis of the presence of substance P
in defined neural dental pulp stem cell cultures. It is clear to observe a
significant increase in the expression of this functional neuropeptide at day
7. This was further validated using immunohistochemistry, shown in
fig.3.72. The presence of substance P presence observed in dental pulp

derived stem cells after 21 days of defined neural culture.

In addition to the confirmed presence of synaptophysin and synaptic
vesicle protein this data confirmed the presence of potentially functional
synapse formation by these neo-neuronal cells derived under serum free

defined neural parameters. Fig.3.72. also demonstrates the neurite-like
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Fig.3.73. Light Microscopic observation of neurite
morphology of dental pulp derived stem cells after 14 days of
culture under defined neural conditions, illustrating neurite
processes (arrow)

From these data, therefore, it was possible to conclude that defined serum
free neural differentiation media was capable of differentiating dental
pulp-derived stem cells into a neuronal lineage in a culture period of 14
days. These neo-neuronal cells demonstrated an extensive number of
proteins associated with specific neuronal progenitor and lineage
commitment, in addition to molecules associated with in vive functionality
and synaptic transmission. The cells also modulated their morphology into

a typical neuronal dendritic structure.

Furthermore, it was also possible to differentiate umbilical cord derived
stem cells into a neuronal phenotype using an identical media formulation.
Interestingly these cells expressed glial fibrillary acidic protein (GFAP), a
peptide expressed in glial cells but not terminal neurones, suggesting a
more heterogeneous differentiation into a population of both glial and
neuronal cells. Dental pulp derived stem cells did not express GFAP at any
point throughout their culture, neither did they express S100, a second
marker associated with glial cells confirming a homogeneous preference of
neuronal over glial phenotypes by dental pulp-derived stem cells under

these serum free neural stimuli.
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3.xii Defined Hepatic Differentiation of Dental Pulp Derived Stem Cells

A second transgermal differentiation event was characterised using the
defined serum free hepatic media shown in table 3.5. After extensive
demonstration that the stem cells derived from dental pulp possessed the
capacity to differentiate into neural cells, hepatocytes were chosen as a
target phenotype in order to demonstrate if the cells were indeed
considerably more plastic than bone marrow derived stem cells or was the
ease of neural differentiation an artefact of the proximity of these cells to
the neural crest during development, predisposing them to a neural

phenotype in conjunction with suitable stimulation.

As with previously discussed differentiation studies, cells were seeded in a
monolayer at a defined density of 5.0x10* cells/cm?, and allowed to adhere
under defined basal conditions for 24 hours before media was replaced
with defined serum free differentiation media. Cells were cultured for 21

days with media refreshment occurring at day 7.

One of the major secretory products of hepatocyte cells in vivo is serum
albumin. This is the most abundant protein in blood plasma, comprising
approximately 50% of total serum protein. The major function of this
protein is its role in maintenance of the osmotic balance of blood,
additionally though it also has functions in hormone binding and transport,
fatty acid movement around the body and also a role in maintenance of the

pH buffering system in blood plasma [432,424].

Fig.3.75. demonstrates quantification of human serum albumin in cell
culture media aspirates taken from dental pulp cells cultured under basal
and hepatic conditions calculated using the ELISA method stated in
section 2.xii. The data demonstrates significant increases in secreted
albumin from cells under hepatic stimuli over those in basal culture
throughout culture period until after 21 days post stimulation. Basal cells
no longer produced any detectable albumin, whilst cells under hepatic

stimulation remained secreting this vital plasma protein. It was also
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3.xiii Metabolic Activity of Dental Pulp Derived Stem Cells in Conjunction

with Serum Free Differentiation Media Formulations

The metabolic activities of dental pulp derived stem cells under serum free
basal and differentiation media formulations were compared using the

Alamar blue method (Fig.3.79 & Fig.3.32.).

Consistent with previous studies, using these cells in conjunction with the
defined media formulations, cells were seeded in a monolayer at a defined
density of 5.0x10* cells/cm?, allowed to adhere under defined basal
conditions for 24 hours before media was replaced with defined serum free

differentiation media. Cells were cultured for 21 days with media

refreshment occurring at day 7.
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3.xiv Summary

Serum free defined basal cell culture media was designed and synthesised

de novo from individual components incorporating salts, vitamins, amino

acids and energy sources. Initially, the media formulation was trialled

using primary human dermal fibroblast cells which was demonstrated to

maintain of morphology, metabolic activity at similar rates to serum

containing media formulations. Crucially, phenotype was confirmed by

identification of the fibroblast specific D7-Fib antigen after extended

culture in conjunction with the serum free basal media formulation. The

media also proved itself as a suitable candidate for the expansion of

primary human osteoblasts.

An increase in the concentration of glucose in the defined serum free

media identified it as a suitable candidate media for the expansion of

primary human arterial smooth muscle cells, with metabolic activity again

almost identical to serum containing media formulations. Overall smooth

muscle phenotype maintenance was confirmed by the presence of smooth

muscle actin using various methods. Interestingly, the serum free basal

formulation identified iron as a potential candidate moiety responsible for

the switch between a synthetic and contractile phenotype, hypothesised on

the basis of the cells lack of expression of smoothelin in the media

formulation devoid of iron.

Bone marrow derived mesenchymal stem cells were introduced into the
media and furthermore showed metabolic activities comparable to serum
containing media formulations. Under defined serum free basal conditions,
it was demonstrated extensively that these cells maintained their
fibroblastic morphology and also their undifferentiated phenotype. In a
subset of specific examples it was also demonstrated that the serum free
basal media halted the spontaneous differentiation of bone marrow derived
stem cells during basal culture by the observation of increases over serum
containing media of markers associated with plasticity as the cells were

aged in culture.






DEVELOPMENT AND VALIDATION OF A DEFINED STRATEGY
FOR THE SITE DIRECTED DELIVERY OF CLINICAL GRADE
PRIMARY HUMAN CELLS

4.i. Introduction

Treatment of conditions that compromise homeostasis and normal
physiological function often requires tissue implantation or transplantation.
The ideal paradigm is to introduce cells or tissues that are normally native to
the damaged organ. Early indications are that treatment in this way using cell
therapy or tissue engineering is feasible only when the correct environmental
conditions are determined and well defined. To take this regenerative
approach to the clinical end point, the development of injectable scaffolds for
the minimally invasive delivery of appropriate cells to a defect site is highly
desirable. Potentially, a single versatile material would provide a
biotherapeutic approach to the regeneration of general and focal defects of a
multitude of hard and soft tissues in situ with minimal surgical intervention. In
order to achieve this, a suitable candidate material should be biodegradable,
histocompatible and have mechanical properties closely resembling living
tissue, providing a transient dynamic matrix for the delivery of pluripotent or
lineage-committed cells. The scaffold material should interact with the host to
achieve a fully integrated autogenous tissue, free of any foreign body [429-
431].

A large variety of materials, both organic and inorganic are already being
exploited for biomedical devices, and are being investigated further as

interactive open porous scaffolds. Generally, these are designed to be

application-specific for a tissue defect or disorder but do not anticipate the

host’s innate and specific defence mechanisms. These can be predicted and

should be utilised in the functional delivery of the treatment regime. Therapies




for bone regeneration are predominantly based on injectable osteogenic tri-
calcium phosphate cements [274]. These form micro-porous structures and are
favoured for bone repair because they are more efficiently absorbed than
hydroxyapatite and are more similar to host bone in their mechanical
properties [275]. Several other materials have been used for scaffold
fabrication including poly-L-lactic acid (PLLA) for injectable soft tissue
augmentation [276]. As nanofibre structures, these mimic the extra cellular
matrix (ECM), providing a familiar fibrous meshwork in which cells can
attach and proliferate [277]. The fibres can then be ‘decorated’ through
progressive synthetic chemistry to include functional groups that may direct
the host response or increase clinical suitability through modulation of the

polymer’s physicochemical properties [278-280].

Polymers provide the possibility of designing matrices with high water
content approaching that of natural tissues. Hydrogels are a class of
covalently-linked polymers that exhibit excellent potential as candidate media
for cellular delivery due to their hydrophilicity, high water content and
compliant physical properties [281]. A further property of hydrogels that
make them exciting candidates for implantation is their isotropic swelling,
meaning that their dry shape is maintained post water absorption. Hydrogels
can be utilised to elute drugs or present cell-signalling molecules to influence
the cells that they contain or the tissue into which they are delivered [282-
283]. Polymer gels can be chemically modified to modulate cell phenotype
and proliferative status [284].

The aim of this research was to investigate a unique approach to producing
hydrogels for use in cell therapies and tissue engineering processes, to drive
specific tissue formation via autologous mechanisms. Gels were derived from
autologous host plasma, thus providing a totally natural material for cell
expansion and implantation, overcoming potential complex histocompatability

issues associated with organic implantable biomaterials.
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ECM hydrogels have been utilised as vectors for cellular delivery in tissue

regeneration for several years. These materials may consist of a mixture of
purified undefined ECM components or defined, well characterised molecules
associated with cell adhesion and recognition such as collagen, keratin, elastin
and fibrin which have been used for tissue engineering applications such as
nerve conduits [285-287]. These components provide an ideal substrate for
cellular delivery and in vivo culture. The hydrogel developed in this study
exploits this practice in conjunction with the well defined coagulation cascade
mediated via molecules present in host plasma to generate a mechanically
stable, self forming hydrogel matrix composed of fibrin. Citration of blood
immediately following exsanguination prevents immediate clotting and
preserves the components of the clotting cascade in place. Injecting culture
media containing a high concentration of free calcium concurrently with the
host plasma and cells during implantation results in clot formation and
therefore in situ delivery of a cell-loaded protein scaffold at the defect site.
Hydrogels formed in this way are superior to conventional hydrogels due to
the lack of a significant foreign body response and the absence of factors
which could be antigenic. In addition, specifically chosen variations in culture
media composition can be exploited during hydrogel formation to influence
cell lineage, particularly when used in conjunction with stem cells or
uncommitted progenitor cells. This system therefore would be directly
translatable to a range of clinical therapies due to the pharmacopeia grade

standards in which the media component can be synthesised in combination

with the autologous nature of the plasma and cellular elements.




4.ii. Dynamic Contact Angle

Surface energy can be defined as the disruption of intermolecular bonds that
occurs as the result of a surface being created; the excess energy at the surface
of the material in comparison to the bulk. Fundamentally, the surface has to be
intrinsically less energetically favourable than the bulk of the material,
otherwise there would be a driving force for surfaces to be created, resulting

in a material with no bulk, solely surface [432].

In biomaterial surface characterisation this is quantified by exploitation of the
relationship that the force balance between a liquid-vapour surface tension
(vw) and the interfacial tension between a material and the liquid (ys) is
manifested through the contact angle (cos0) of the material with the liquid
(Fig.4.1). This relationship can be used to characterise the surface energy (ysv)

of a material using a modified version of Young’s equation:

Ysv = Ys1t Yiv cOSO

The surface energy, and therefore contact angle has a strong correlation with
biological interaction. The amount of free energy at a surface can greatly alter
the way a cell adheres and possibly differentiates so for this reason it was
critical to calculate contact angles associated with the platelet poor plasma

derived hydrogel surface.
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Across the range of fetal calf serum concentrations used, the contact angle of
the hydrogel with the liquid interface remained almost unchanged. The angle
was only slightly less that glass (although statistically this was regarded as
being highly statistically significant), widely regarded as being an ideal
material to facilitate the adhesion and proliferation or primary human cells,
when subjected to an identical set of conditions (Fig.4.3). This data illustrates
the similarity of the hydrogel surface to glass in this crucial first stage

parameter for cell acceptance and compliance with a surface, contact angle.
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Fig.4.14. Flow-cytometric comparison of the antigenicity of sorted and unsorted dental pulp derived stem cells post differentiation
culture in conjunction with platelet poor plasma and tissue culture plastic substrate. Error bars represent 1 standard deviation from
the mean, n=3, *P<0.05, **P<0.01, ***P<0.001 Hoechst dull TCP relative to gel; *P<0.05, *P<0.01, **P<0.001 Hoechst bright
TCP relative to gel




Flow cytometry further supported immunohistochemical data by

demonstration that Hoechst™"

cells express markers associated with
endothelial cell phenotype cultured on both TCP and platelet poor plasma-
derived hydrogel, CD62E (E-Selectin), a cell adhesion molecule expressed
exclusively on endothelial cells which is completely absent in heterogeneous
dental pulp derived stem cells cultured on TCP [445]. This marker is
expressed to a greater extent in cells cultured on TCP which suggests that
endothelial cells exist in both populations of cells however the hydrogel
substrate is required to facilitate their subsequent formation to microvascular
structures. In contrast CD31, a second marker of endothelial cell phenotype,
was increased in both populations in contact with the hydrogel substrate
suggesting this protein to be a more representative marker of endothelial
functionality [442]. Interestingly, expression of CD117, a receptor tyrosine
kinase, the cell recognition molecule for stem cell factor, which was thought
to be expressed on the surface of haematopoietic stem cells, is maintained pre
and post sort suggesting a lack exclusivity of this marker to multipotent cells
associated solely with haematopoiesis [446]. In contrast to this,
haematopoietic antigens associated with adult stem cells of a mesenchymal
lineage decrease as cells take on an endothelial phenotype. CD29, an integrin
receptor subunit, which although associated with late integrins is widely
regarded as a marker of plasticity, and greatly reduced during culture on
hydrogel substrate [447]. Additionally CD90 (Thy-1), a heavily glycoslyated
surface protein, considered to be a marker of a stem cell phenotype, also
decreased during differentiation culture on the hydrogel but not plastic

substrates in both cell populations [448]. Although Hoechst™"

cells
maintained on both TCP and hydrogel substrates both exhibited antigens
indicative of differentiation to an endothelial lineage, microvascular
endothelial tubular superstructure is only apparent when cultured with a
suitable three dimensional matrix, in this instance platelet poor plasma derived

hydrogel.
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4.v Cell growth and migration in vitro, embedded within gel

Human articular chondrocytes were again selected as a candidate cell for
assessment of the degree of cellular migration through the hydrogel matrix. As
a potential biomaterial, the hydrogel not only needed to sustain adequate
cellular expansion as a two dimensional substrata for primary human cells but
equally as critical, had to demonstrate the capacity to facilitate free cell
movement through the material, as it is this property which permits integration
with host tissues when implanted i»n vivo. Chondrocytes were an ideal cell to
demonstrate migration due to their proven preference of a hypoxic
environment, allowing the hypothesis to be made that their preferred areas
would occur towards the base of the gel block [449]. Articular chondrocytes
were harvested at passage 6 and embedded in the gel, as discussed in section
2.xvil, in two layers each 20mm in thickness. A cell laden gel was cast,
allowed to set thus trapping the cells inside and immediately after setting, a
second gel was cast directly onto of the first, in an identical manner. Each
block contained 2.5x10° cells and the cells contained within each layer were
identifiable using fluorescent microscopy in conjunction with contrasting

cytoplasmic cell tracking dyes.

Fig.4.16. illustrates the data obtained using this method after 5 days of culture.
Viewing the figure from left to right progressively down the figure,
demonstrates a series of images taken from the z plane (viewing from the
surface to the base) of the overall gel block, in proximity to the interface
between the two gel layers. It is clear that the chondrocytes have migrated
freely through the gel blocks resulting in an even dispersion of cells and no
aggregation. The interface between the two layers is also evident and
interestingly, sections are present which contain both of the two differently
stained cell populations demonstrating the high mobility between the

interfaces separating the two independent gel masses. Furthermore, as
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hypothesised, the deepest sections taken from the gel contain the greatest

number of cells, demonstrating that as the gel becomes thicker, the lower

regions become more hypoxic and thus favoured for expansion of primary

chondrocytes.
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4.vi Optimisation of suitable cell phenotype for ectopic soft tissue formation

model

In vitro, the platelet poor plasma derived hydrogel demonstrated a versatile
capacity for the maintenance of primary human cells, using a variety of
different methods (Sections: 4.iii-4.v). Ultimately, further exploitation of this
system would rely on the gel not only being a suitable media for the
facilitation of cell growth ex vivo, but also demonstration of its suitability for
cell delivery as a component of a tissue augmentation or repair strategy

suitable for use in regenerative medical therapies.

Potentially, the platelet poor plasma derived hydrogel was an ideal candidate
for the site-directed localisation of primary cells in biomedical technologies.
The fluidic nature of the two components of the gellation system meant that
this scaffold could be implanted as a liquid by injection, forming a gel matrix
under physiological conditions in situ in the host. Therefore no incision is
required to deliver the material; the entire cell loaded gel construct can be

deployed using solely local puncturation.

The system chosen to test the feasibility of the hydrogel as a candidate
scaffold for cell delivery in vivo employed two syringes connected via means
of a 3 way stopcock tap system as outlined in section 2.xix. Media loaded with
cells of a defined phenotype were maintained in one syringe, the other
contained platelet poor plasma at such volumes that plasma would be at a
concentration of 10% (v/v) when combined, an identical method as used to
construct the gel in vitro. Immediately prior to implantation, the two solutions
were infused into one syringe using the tap, then with a further rotation of the

tap were directed to the needle and thus injected into the subject.
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4.vii Tissue Formation Model

After initial data demonstrated the capability of human dermal fibroblasts in
conjunction with blood plasma derived hydrogel scaffold to reliably produce
cellular, ectopic tissue in animal models, an additional series of experiments
was designed to further validate the hydrogel system as a tool for site-directed
cellular delivery. Importantly, it was necessary to elucidate if hydrogel
derived tissue would increase in bulk further if incubated in vivo for periods
longer than was permitted for the initial group of experimental animals (3
weeks), or alternatively, would the tissue eventually become immunogenic or
necrotic and ultimately disappear possibly resulting in the premature death of
the animal? Furthermore, after demonstrating that acellular gels did not form
tissue, it was required to discover the threshold number of cells that was
required to facilitate the synergy of neo-tissue formation in conjunction with
the hydrogel matrix. In conjunction, it would also be possible to elucidate if
the initial cell number at the point of implant was ultimately reflected in the
mass of the tissue at the point of explantation. Further characterisation of the
tissue would also be required using techniques to determine the contribution
of various cell types in forming the bulk of the tissue. Crucially, did the
human dermal fibroblasts implanted in the initial injection fraction remain in
the tissue throughout in vivo culture? Finally, characterisation of the matrix
within the tissue would be required to qualify its biodegradability during in

vivo cell culture.

Animals received defined numbers of dermal fibroblasts, taken from passage

6 of between the upper and lower limits of 1.0x10° and 2.0x10° cells in an

injection volume of 300uL using the previously validated model of 4

subcutaneous implantation sites per male 6 week old, NOD/SCID mouse.

In order to indentify the ability of the platelet poor plasma derived scaffold

system to maintain the integrity of the ectopic tissues, experimental animals
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