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Abstract

As more patients with large body surface area burns are surviving and requiring reconstructive
surgery, there is a necessity for advances in the provision of bioengineered alternatives to
autologous skin cover. The aims of this Thesis are to identify feasible source tissues of
Endothelial Colony Forming Cells and Mesenchymal Stem/Stromal Cells for microvascular
network formation in vitro with three-dimensional dermal substitute scaffolds. The working
hypothesis is that pre-vascularised dermal scaffolds will result in better quality scarring when
used with split thickness skin grafts.

Human umbilical cord blood, peripheral blood and adipose tissue were collected and
processed with ethical approval and informed consent. Samples were cultured to form
endothelial outgrowth colonies and confluent Mesenchymal Stem/Stromal Cells, which were
characterised using flow cytometry and expanded in vitro. Mesenchymal Stem/Stromal Cell
multipotency was confirmed with tri-lineage mesenchymal differentiation. Primary cells were
tested in a two-dimensional tubule formation co-culture assay and differences assessed using
a proangiogenic antibody array. Tubule formation was tested in four different acellular dermal
substitute scaffolds; Integra® Dermal Regeneration Template, Matriderm®, Neuskin-F® and De-
cellularised Human Cadaveric Dermis.

Umbilical cord blood was the most reliable source of Endothelial Colony Forming Cells, the
yield of which could be predicted from placental weight. Microvasculature dissected free from
adipose tissue was a reliable source of Mesenchymal Stem/Stromal Cells which supported
significantly more tubule formation than Mesenchymal Stem/Stromal Cells from whole
adipose tissue. Microvasculature Mesenchymal Stem/Stromal Cells secreted significantly
higher levels of the proangiogenic hormone leptin, and addition of exogenous leptin to the
tubule formation assay resulted in significantly increased tubule formation. Microvasculature
was cultured in all four of the scaffolds tested, but depth of penetration was limited to 100um.
The artificial oxygen carrier perfluorocarbon was shown to increase two-dimensional tubule
formation and may be useful in further three-dimensional scaffolds studies to improve
microvascular penetration.
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Chapter 1 Introduction

One of the greatest challenges for plastic and reconstructive surgeons is the provision of
autologous skin cover in large body surface area burns. A large systematic review of burns
aetiology and mortality in Europe by Brusselaers et al. showed a clear reduction in burns
mortality over the past two decades (1), which means more large body surface area burns
patients are surviving and requiring reconstructive surgery. Burn wound excision and
replacement skin cover must be achieved as soon as possible in order to restore the
physiological functions of the skin which include fluid balance, electrolyte homeostasis,
thermal regulation and bacterial defence (2). The current gold standard treatment of full
thickness burns is early tangential excision of the burn wound and reconstruction with split
thickness skin grafting (3-5), and it is obvious that the larger the burn wound, the more scarce
the remaining undamaged area of skin from which to harvest autologous skin grafts. Thus

there is a necessity for advances in the provision of alternative skin cover (5-7).

A second group of patients which may benefit from advanced skin cover alternatives are those
with large chronic wounds, refractory to conservative management (7). In a similar fashion to
burns patient survival, the incidence of chronic wounds is also increasing in the UK, mainly due
to improvements in the management of medical co-morbidities and an ageing population (8,
9). Faster healing of chronic wounds is not only beneficial for patients due to reduced
morbidity, but also for the National Health Service as continued wound care provision is costly

in both consumables and staff hours (8-10).



1.1 Wound healing and scarring

Cutaneous wounds can vary from a superficial scratch in the epidermis to large, deep defects
with loss of various tissue layers (11). Burn wounds can be classified as superficial, superficial
dermal, deep dermal or full thickness depending on the depth of the burn injury through the
dermis (12). Regardless of wound severity, the purpose of the healing process in cutaneous
wounds is to maintain homeostasis by restoring the structure and function of the skin (2).
Ideally, healthy tissue architecture would be restored by regeneration of the constituent cells,
but this is rarely possible in full thickness human wounds (13, 14). Where repair by
regeneration is not possible, such as in full thickness burns or deep chronic wounds involving
all layers of the skin, the wound healing process allows for repair by replacement with scar

tissue (15).

1.1.1 Full thickness cutaneous wounds

Full thickness cutaneous wound healing is a complex process with many interacting and
overlapping stages of cellular activity (16), the main phases of which have been widely
accepted as haemostasis, inflammation, proliferation and remodelling (11). In the proliferative
phase there is production of granulation tissue, extracellular matrix, new microvascular
networks and finally an outer layer of keratinocytes to form the new epidermis (17). As the
healing wound remodels, there is a decrease in cellularity and vascularity and an increase in

tensile strength, eventually resulting in a stable scar (13).

The main stages of normal wound healing are outlined in Figure 1.1.
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Figure 1.1: Phases of normal wound healing. The inflammatory phase begins at the time of injury and
bleeding and continues until around day 10. Proliferation begins at around 24 hours and will continue
for around 30 days. During the proliferative phase fibroblasts migrate to the wound, the extracellular
matrix is formed and angiogenesis takes place. The remodelling phase begins around day 20 and will
continue for almost a year, eventually forming a mature, stable scar with gradually increased strength
and improved appearance.

1.1.2 Cutaneous scarring

Scarring is the permanent and unavoidable end-point of full thickness wound healing (18, 19).
The quality of scarring can be influenced by many aspects such as underlying pathology,
patient co-morbidities, type of wound healing, and, in the case of surgical wounds, operative
technique and tissue handling (20, 21). As well as psychological distress due to aesthetic
considerations, poor scarring can cause functional problems and physical symptoms (18, 22,
23). Scar contractures can limit the functional range of movement in the affected area and are
common in burns scars where wounds have healed by secondary intention (24-26). They are
also more common in split thickness skin grafting than full thickness skin grafts or healing by
primary intention (27). Hypertrophic or keloid scars result from excess fibroproliferation and
form thick, raised scars (28) which have been shown to have excess microvasculature that is

disorganised and often occluded (29).



1.2  Burn wound pathophysiology

The acute burn wound results in both cutaneous thermal injury and a systemic inflammatory
response (30). The cutaneous wound may extend within the first few days from the central
coagulation zone with definite ischaemia and devitalised tissue, through a zone of stasis which
may be re-perfused with optimal medical management. A final peripheral zone of hyperaemia
displays an inflammatory response without any structural damage to the tissue (31). The zone

of stasis can only be saved if revascularisation is achieved in the first few days (30).

Significant burn injury results in systemic effects on multiple organ systems, in part due to
release of inflammatory mediators and cytokines (30). Intravascular hypovolaemia can result in
poor organ perfusion, therefore adequate fluid resuscitation and avoidance of anaemia are key

to acute management (32).

1.3  Skin grafting and skin substitutes

The gold standard treatment of full thickness burn wounds is early tangential excision of the
burn tissue and cover of the resulting deficit with autologous split thickness skin grafting (4).
However, in patients where the wound is so large that there is not enough undamaged skin
from which to harvest autologous split thickness skin grafts, alternative cover must be

provided in order to maintain normal skin physiology (33).

1.3.1 Split thickness and full thickness skin grafting

Split thickness skin grafts (SSG) are harvested from areas of undamaged skin (5). Variable
depths of SSG can be harvested, with different clinical properties depending on the amount of
dermis taken in the graft and left in situ at the donor site (27). The thicker the graft the better

the cosmetic result and the lower the risk of scar contracture at the recipient wound bed, but



the slower the donor site healing and greater risk of donor site scar formation (34). Donor sites
heal by re-epithelialisation from epidermal remnants within hair follicles and from the wound
edges. Grafts can be harvested from most anatomical sites, and once healed can be re-used to

harvest further SSG (27, 34).

Full thickness skin grafts (FTSG) are excised with the full structure of epidermis and dermis
intact (34). Full thickness donor sites are closed directly and heal by primary intention.
Although FTSG have better cosmetic properties, their availability is limited since they must be
harvested from an area of skin laxity where a linear scar is unobtrusive, and once harvested

the area can usually not be re-used (5, 27, 34-36).

1.3.2 Skin graft vascularisation

Skin grafts heal by a process of fibrin adhesion to the wound bed, plasmatic imbibition of
nutrients from the wound bed, inosculation of vessels in the wound bed and the graft, and
neovascularisation across the wound bed into the graft (34). During vessel inosculation,
remnants of vasculature within the graft align with vasculature in the wound bed (37), allowing
perfusion of graft vasculature within 48 hours (38). As the graft matures the vessels re-
organise into a functional network, but areas of unfavourable hypertrophic or keloid scarring
have been shown to contain a disorganised vascular network entangled around dense bundles
of fibroblasts (19, 28). In addition to the re-organisation of the existing vessels, new vessels
sprout from the wound bed and become the primary vascular supply of the graft tissue,

replacing original graft pericytes (39).

Full thickness skin grafts contain the full extent of the dermis, including the existing dermal
vasculature, and have consistently better quality scarring than split thickness skin grafting (34,

35). Whereas split thickness grafts scar throughout the entire surface of the graft, full



thickness grafts tend to have a linear scar around the periphery of the graft, whilst the central

graft remains soft and pliable as it was at the donor site (35).

Where dermal substitutes are used, there is no inherent graft microvasculature and the wound
bed granulation tissue must proliferate through the scaffold to provide a neo-vascularised
surface for later split skin graft take (40, 41). We theorise that, by pre-vascularising the dermal
scaffold, we could provide a more organised dermal microvascular network, with less need for

remodelling and better quality resultant scarring.

1.3.3 Alternative skin cover

A variety of alternatives to autologous split thickness skin grafting already exist, but as yet
none offer permanent, functional replacement skin with acceptable levels of scarring (42). In
cases of large burn wounds, the properties of even temporary replacement skin or dressings
are highly important (43). A fully physiological man made skin alternative does not yet exist,
though modern dressings or cadaveric donor skin allografting can offer temporary
management of the wound, and dermal substitutes can be combined with autologous skin
grafts either at initial surgery or in a two-step procedure when donor sites have healed and

can be re-used (33, 43-45).

Cultured Epithelial Autografts (CEA) were developed in the 1970s and first reported in 1981 as
an alternative skin cover option in the absence of sufficient area donor skin (46). A small skin
biopsy is harvested and either processed to obtain a cellular solution of single keratinocytes
which can be sprayed over the wound bed, or which can be cultured for up to four weeks in
the laboratory to form confluent sheets of cultured epithelium (47). Although CEA are a useful
life-saving measure to achieve wound coverage (47), the lack of dermal structure means that
cosmesis and functional stability are poor and infection rates are high (48). A review of the

outcomes of patients managed with CEA for large burns over an 18 year period in Indiana



found that 66% of these patients developed wound contractures, almost half of whom
required further reconstruction (49). Revision surgery is commonly required to replace the

delicate and friable resulting grafts or release scar contractures (46-49).

Dermal substitutes based on collagen networks such as Integra® and Matriderm® have been
shown to improve scar quality in two staged procedures which allow initial vascularisation of
the dermal substitute prior to application of split thickness skin grafts (50-52). By providing a
pre-vascularised dermal scaffold to the wound bed we predict an improvement in scar quality
similar to full thickness skin graft results which can be achieved in a single operative procedure

without the donor site limitations experienced with full thickness skin grafting (35, 53).

The working hypothesis underlying this research is that clinical application of a skin substitute
with a pre-formed vascular network plus split thickness skin grafting may result in improved
scarring compared with split thickness skin grafting alone or on top of non-vascularised dermal

substitute.

1.4 Cells involved in vessel formation

1.4.1 Endothelial cells

Endothelial cells form the internal luminal layer of every blood and lymphatic vessel in the
human circulatory system (54). During embryonic development the vasculature forms from the
mesoderm and this primitive organ system provides oxygen and nutrients to the developing
foetus. The vasculature later remodels and specialises into arteries, veins and capillaries, with
different subsets of endothelial cells differentiating from endothelial stem and progenitor cells
(54). In the post-natal circulatory system, numbers of freely circulating mature endothelial cells
increase with age and are considered a marker of vascular injury (55). However, endothelial

progenitor cells capable of repairing and expanding the existing vasculature are released from



bone marrow or other peripheral vascular niches in response to trauma or ischaemia, and may

also be found in circulation (56-58). This concept is illustrated in Figure 1.2.
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Figure 1.2: Schematic representation of the source of mature endothelial cells and endothelial
progenitor cells in peripheral vasculature. Mature endothelial cells line the entirety of the post-
natal vascular system. These cells may be disrupted due to minor injury and are released into
circulating peripheral blood. Endothelial progenitor cells are released from bone marrow and
peripheral vascular niches in response to vascular injury. These cells home to the site of injury in
order to repair damage by the process of vasculogenesis.

The post-natal vascular system is in frequent need of repair from minor internal injury and
expansion to accommodate growth, and this is achieved by three main physiological processes
of neovascularisation (59). Vasculogenesis is the process whereby vascular networks are
created by progenitor cell migration, differentiation and coalescence, in contrast to
angiogenesis in which existing vasculature sprouts and remodels new vascular buds, or
arteriogenesis in which existing blood vessels remodel to change flow rates (59-61). Excess
neovascularisation may occur in disease states such as neoplasia, arthritis and diabetic
retinopathy (62, 63) whereas insufficient neovascularisation or vascular repair may result in

cardiovascular disease or impaired wound healing (58, 59, 64).



Much controversy exists over the classification of endothelial cells and their precursors or
progenitors (65-69), but it is necessary to identify cells with the potential for vasculogenesis in
order to harvest and expand them for clinical use (59). The term ‘endothelial progenitor cell’
(EPC) is now considered to describe a group of different cells from the haematopoietic lineage,
and the term has been discontinued due to lack of clarity (67). As such, cell surface markers
found on endothelial cell subsets are not unique to EPCs (65-70). Estes et al. used
polychromatic flow cytometry to define the population of cells with the greatest vasculogenic
potential as CD45%™ CD31*, CD34" and with variable expression of AC133 (70), but these
markers may also be found on various leucocytes, platelets and haematopoietic stem cells (71-
75). Mund et al. further defined the phenotype of the EPCs most likely to form vasculature
with the addition of CD146" cell surface marker (76). CD146 alone is not specific for endothelial
cells as it is an endothelial cell to cell adhesion molecule which is also present on activated T
cells (77, 78), but it may be considered in combination with the rest of the phenotype to
improve characterisation (76). The simplest measure of the vasculogenic potential of
endothelial cells is the ability to form endothelial colonies in culture, and thus cells with
vasculogenic potential cultured in this manner are referred to as endothelial colony forming

cell (ECFC) derived cells (59, 76).

1.4.2 Mesenchymal cells

Endothelial cells require a mesenchymal stem or stromal cell (MSC) source to support the
formation of vasculature (79). In addition to formation of the vascular system, embryonic
mesoderm is the source of other mesenchymal tissues which differentiate and mature into the
connective tissue and internal architecture of the human body (80). As such, several sources of
human MSC harvest have been described including bone marrow (81-86), skin (87, 88), skeletal

muscle (89-92) and adipose tissue (93-98). The basic requirements for characterising MSC are



adherence to plastic, consistent minimum phenotyping (CD73*, CD90*, CD105°, CD14, CD34
and CD45’) and the ability to differentiate into three different mesenchymal lineages; adipose,

cartilage and bone (82, 95, 98-102).

In human skin the dominant differentiated mesenchymal cells are dermal fibroblasts, which
are mature, spindle-shaped stromal cells (95, 103). In considering a suitable MSC source to
harvest and expand for clinical use in patients with large burn injuries, it is clear that

autologous dermal fibroblasts may be in short supply and other sources should be considered.

1.4.3 Autologous cell sources

Endothelial and mesenchymal cells can be harvested from a number of potential autologous
tissues (81-98, 104-108). The proposed recipient patients of pre-vascularised dermal
substitutes may be those suffering from acute, severe burn injuries, and this limits the
autologous tissues which may be available for harvest and in vitro culture. For example, many
patients with large body surface area burns require blood transfusions due to blood loss and
fluid compartment shift, making venesection of large volumes of peripheral blood impractical
(109, 110). However, previous work in our research laboratory suggested that there was a
peak concentration of proangiogenic cells in peripheral blood at 24 hours post burn injury, as
these cells are mobilised from bone marrow (56), and it remains unclear if appropriate timing
of venesection may allow culture of endothelial cells from a relatively small volume of

peripheral blood.

As these severe burn patients mount a systemic response to their injuries by mobilising cells
from bone marrow (32), this too may be an unacceptable source tissue to harvest.
Additionally, undamaged skin may be in short supply, thus obtaining skin biopsies to culture
dermal fibroblasts as an autologous stromal cell source is also unlikely to be feasible, although

in mixed thickness burns there may be areas of healthy dermis which could be harvested.

10



Adipose tissue is a well-established source of mesenchymal stromal cells, and some recent

work has also shown that endothelial cells may be cultured from the same source (111).

Even in patients with acute, large body surface area burns there should be an availability of
adipose tissue which could be harvested without difficulty from directly underneath the burn
eschar or by minimally invasive liposuction at an undamaged anatomical site. This could be
harvested under general anaesthesia at the first burn wound debridement in the operating

theatre, which should be performed within 24 to 48 hours of injury(3).

Adipose tissue is a mesenchymal derivative and is again a clinical feasible potential source of
autologous supportive stromal cells for microvasculature formation. Recently, Natesan et al.
demonstrated that subcutaneous tissue debrided along with burned skin was capable of
yielding up to 2.5x10° cells per millilitre of tissue in culture, including a population of viable
stem cells (112). Adipose tissue derived stem cells have been described by several authors and
many potential clinical uses are currently being investigated, including enhancing tendon and
nerve repair and improving perfusion in ischaemic limbs and traumatic brain injury (97, 113-

118).

Within current plastic surgery practice, fat transfer is an established technique whereby
adipose tissue aspirated from a suitable donor site using liposuction is then re-injected at
other anatomical sites (119-122). The technique was standardised by Coleman who showed
optimal yield of viable adipocytes by manual liposuction with a large bore cannula and syringe,
followed by a short period of centrifugation (120). Pu et al. demonstrated a statistically
significant difference in viable adipocyte yield when using the Coleman technique compared
with traditional mechanically assisted liposuction to harvest lipoaspirate (123). Recently the fat
transfer procedure has been improved by introducing a closed system of adipose digestion and
separation for use intra-operatively in order to boost the ratio of adipose derived MSCs within

the re-injected solution. Results have shown better survival of free fat transfers which are

11



boosted with additional cells from the stromal vascular fraction, and so there is already a

clinical precedence for autologous use of these cells in vivo (118, 124-129).

1.4.4 Allogeneic cell sources

Where it is not feasible to use autologous cell sources, allogeneic cells may be utilised.
Allogeneic cells must be typed and matched to the patient to minimise the risks of rejection
(130-132), and despite thorough screening there is still a risk of transmission of infection from
donor to patient (133, 134). These risks are mostly eliminated with the use of autologous cells,

although there is such a risk of infection if cells are cultured prior to transplant.

1.5 Invitro vasculogenesis

Co-culture of endothelial and stromal cells at an appropriate ratio results in microvascular
tubule formation in vitro (135). This is most representative of in vivo vasculogenesis, which
recruits new endothelial and stromal cells from the vascular or bone marrow niche for
neovascularisation (61, 136). New microvasculature cultured in this manner has been shown to
have a functional lumen (137) which is important for future clinical applications of this

research.

Whilst supportive stromal cells are relatively abundant and easily obtained from many human
tissue sources such as skin, blood, bone marrow and adipose tissue (138), human adult ECFC
derived cells are less readily available (139). In order to produce a pre-vascularised skin
substitute which is feasible for clinical use, the endothelial and stromal cells used in co-culture
should be human and preferably autologous to avoid immune reactions (131). Feasible sources

of autologous ECFC derived cells require sufficient proliferative potential for in vitro expansion
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and stromal cell sources must be capable of supporting microvascular network formation

(140).

1.5.1 Proangiogenic factors

In vitro vasculogenesis requires cells to be cultured in an appropriate combination of pro-
angiogenic factors. Proangiogenic factors are not only supplied to the co-cultures via growth
media, but are also expressed by the endothelial and stromal cells (59, 141, 142). Different
sources of endothelial and stromal cells may therefore provide different proangiogenic factors
for vasculogenesis, and it may be possible to directly provide further exogenous proangiogenic
factors to optimise in vitro vasculogenesis. The sequence of angiogenic factor signalling is best
understood in angiogenesis where Vascular Endothelial Growth Factor (VEGF), Fibroblast
Growth Factor (FGF) and angiopoietin-2 are the main triggers for the sprouting of new blood
vessels (143). VEGF also leads migration and proliferation of endothelial cells, then maturation
of the vessels and their lumens is led by Transforming Growth Factor beta (TGF-B), Platelet
Derived Growth Factor B (PDGF-B), Ephrin-B2 and NOTCH signalling (143). Recent trials of
topical proangiogenic growth factors have showed potential to improve angiogenesis and
chronic wound healing in vivo (144-149), and this may support our proposed application of

pre-vascularised dermal substitutes.

1.6 Three dimensional vascularisation

In order to produce a pre-vascularised dermal substitute with properties similar to a full
thickness skin graft, it would be necessary for the vasculature to grow in three dimensions to
populate the depth of the dermal scaffold (34). Vessels should cross from one side of the
scaffold to the other in order to provide vessel ends for inosculation (37) with both the wound

bed inferiorly and the split thickness skin graft superiorly.
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1.6.1 Scaffolds

Dermal substitute scaffolds have different mechanical and biological properties and can
broadly be classified as natural biological scaffolds, biological constructs or synthetic
constructs (7). For the purpose of in vitro vascularisation prior to proposed clinical use in burn
wound cover, scaffolds considered for use in this Thesis had to be non-immunogenic, capable
of in vivo absorption or integration, and mechanically able to withstand culture and transfer
from plates to the wound bed. Four different scaffolds were chosen for use in this Thesis;
Integra® Dermal Regeneration Template (Integra LifeSciences Corporation, Plainsboro, NJ,
U.S.A.) and Matriderm® (Eurosurgical Ltd., Guildford, UK) which are currently used in
reconstructive procedures in the UK (150), and Neuskin-F® (Medira Ltd., Sandy, UK) and De-
cellularised Human Cadaveric Dermis (DHCD, NHS Blood and Transplant, Liverpool, UK) which

are two scaffolds not yet in established clinical use but which meet the criteria outlined above.

1.6.1.1 Integra® Dermal Regeneration Template

Integra® is a biological construct of bovine cross-linked collagen and shark glycosaminoglycans
(GAG) with pores of 70-200um designed to allow migration of cells from the wound bed (151).
Cross-links and GAGs provide mechanical structure to the scaffold without antigens (42), but
the structure is not comparable with human dermis (42, 152). When used clinically, there is an
outer silicone layer which acts as a barrier to organisms, fluid and electrolytes whilst the
collagen scaffold fills with granulation tissue from the wound bed (152), which may take up to
three weeks (153). This silicone layer is removed prior to split skin graft (SSG) application as a
secondary procedure (152). Integra® is the most commonly used dermal substitute in the UK
(150) and many small clinical trials have shown an improvement in scar quality with two stage

use of Integra® and SSG compared with SSG alone (50-52, 154, 155).
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1.6.1.2 Matriderm®

Matriderm® is a biological construct of bovine collagen types |, lll and V, and bovine elastin
fibres (156). Early investigation of the effect of bovine collagen and elastin matrices with SSG in
a porcine wound model by Lamme et al. showed improved angiogenesis and faster wound
healing than with SSG alone (157). It may be the faster vascularisation of the collagen and
elastin scaffold which has allowed clinicians to use Matriderm® and SSG in single stage
reconstructive procedures with reliable, if delayed, graft take (158-162). However, Matriderm®
is available in different thickness sheets and direct comparison of 2mm Matriderm® with
similar depth Integra® in an animal in vivo wound model with immune-incompetent neonatal
rats showed no difference in neovascularisation or subsequent take of SSG (163). A more
recent study by Bottcher-Haberzeth et al. using a rat wounding model to compare 1mm
Matriderm® and a new thinner 1.3mm product called Integra® Single Layer found no
difference between the matrices when used in a single stage procedure with SSG (158). Case
series of single stage Matriderm® and SSG reconstructive procedures have shown good results
with regard to scar stability, pliability and function (159-162), but no control trials exist to

compare results with SSG alone.

1.6.1.3 Neuskin-F®

Neuskin-F® (Medira Ltd., Sandy, UK) is a biological construct of intact type | piscine collagen
(164). It was selected for use in this Thesis because it is thinner than the Integra® and
Matriderm® scaffolds, but still maintains stability in culture. No peer-reviewed literature exists
on this scaffold as it is not yet in clinical use; however, Lin et al. have reported successful in
vitro corneal regeneration on a similar, thin fish scale collagen scaffold (165) and Neuskin-F®
has been shown to be fully biodegradeable and biocompatible (164). Shiratsuchi et al. have

shown that piscine elastin peptides enhance human fibroblast migration and proliferation
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(166), but such effects with piscine collagen have not been documented. Type | collagen can be
extracted from fish skin, scales, bone and fins, which are abundant as discarded waste in the
food industry, and may prove to be both safer than other mammalian sources due to the
absence of prion disease and also more acceptable to a wider range of patient cultures (167,

168).

1.6.14 De-cellularised Human Cadaveric Dermis

De-cellularised Human Cadaveric Dermis (DHCD) is a natural biological scaffold which has been
treated with a series of lysis, detergent and nuclease steps to remove any cellular content
(169). Donor human cadaveric skin is collected by NHS Blood and Transplant in the UK as part
of the organ donation scheme with informed consent under the Human Tissue Act of 1961
(170). Cadaveric skin can be used to provide temporary skin cover in large body surface areas
burns without de-cellularisation, but once the patient is well enough to mount an immune
response the donor skin is rejected (171-174). The purpose of the de-cellularisation process is
to remove any cellular material from the tissue which may trigger an immune response, whist
maintaining the existing architecture and stability of the original structure (175-177). The de-
cellularisation protocol used by NHS Blood and Transplant (Liverpool, UK), who provided the
DHCD for use in this Thesis, was adapted from a technique used to de-cellularise heart valves
(169). The existing literature on de-cellularised allogeneic and xenogeneic matrices for tissue
engineering for heart valve replacement is well established, and in that context the scaffolds
have been shown to be capable of re-cellularisation, integration and long-term growth (178-

181).

DHCD retains the negative impression of the original donor vasculature (182) and it was
hypothesised that engineered vasculature may follow these impressions through the depth of

the dermis. Barnes et al. used a rat model to investigate de-cellularised scaffold extra-cellular
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matrix components and found residual molecular surface markers which they hypothesise may
help guide seeded or repopulating cells throughout the tissue (183). It is hypothesised that in
vitro microvascular networks may therefore receive molecular cues as to where the
endothelial and mesenchymal cells should migrate and attach, as well as being able to follow

pre-existing donor vasculature channels within the scaffold.

1.6.2 Oxygen

Three-dimensional vessel growth is a limiting factor in many tissue engineering applications
and is thought to be restricted due to poor oxygen diffusion into the tissue construct (63, 184-
190). Various methods to improve oxygenation of three dimensional in vitro cultures have
been attempted by other researchers, including fabrication of culture scaffolds with channels
or pores to improve oxygen transport (191-193), incorporating proangiogenic growth factors
into scaffold material to increase neovascularisation (186, 194), use of bioreactors to improve
flow of fresh media (188, 189, 195, 196), and use of perfluorocarbon additives to increase to
oxygen carrying capacity of the culture media (197, 198). In this Thesis, there was no scope to
develop a bespoke scaffold or perfusion bioreactor and so it was decided to try addition of an
artificial oxygen carrier perfluorocarbon compound to the culture media in order to increase
the oxygen content of the media in which the available scaffolds were suspended.
Perfluorocarbon has been shown to significantly increase the oxygen uptake rate of
hepatocytes in three dimensional in vitro culture (197) and to improve epithelial metabolism

and partial tissue oxygen tension in a tissue engineered tracheal construct (198).
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1.7 Aims of this Thesis

The aims of this Thesis are:

To identify feasible source tissues of Endothelial Colony Forming Cells (ECFCs) for use
in clinical applications

To identify feasible source tissues for stromal cell isolation and culture, for use in
clinical applications

To establish the best conditions for forming microvascular networks in vitro using

primary human endothelial and mesenchymal stromal cells

To apply microvasculature formation techniques with our chosen primary cells to
three dimensional dermal substitute scaffolds which are currently used as acellular

matrices for wound repair
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Chapter 2 Methods and Materials

2.1 Materials

Table 2.1 lists the reagents used in this Thesis, with company details, and Table 2.2 lists
equipment and software used. The test and control antibodies used for cell surface marker
analysis and their suppliers are listed in Table 2.4 alongside the individual volumes and

concentrations used in the method.

Table 2.1: List of reagents used in this Thesis.

Reagents Company

Accutase® cell detatchment solution PAA Laboratories Ltd., Yeovil, UK

Agarose Lonza Biologics, Slough, UK

Amersham™ ECL™ Prime Western blotting GE Healthcare Life Sciences,

detection reagent Buckinghamshire, UK

Amersham™ Hyperfilm™ GE Healthcare Life Sciences,
Buckinghamshire, UK

Ammonium Chloride Solution (0.8%) Stem Cell Technologies, Grenoble, France

BM-MSC (Human Bone Marrow Lonza Biologics, Slough, UK

Mesenchymal Stromal Cells)

BSA (Bovine Serum Albumin) Sigma Aldrich Ltd., Gillingham, UK

Chloramphenicol Sigma Aldrich Ltd., Gillingham, UK

Collagenase A Roche Diagnostics, Basel, Switzerland

CAIM (Complete Adipogenic Induction Cambrex Bio Science, Walkersville, Inc.,

Medium) Maryland, U.S.A.

CAMM (Complete Adipogenic Maintenance Cambrex Bio Science, Walkersville, Inc.,

Medium) Maryland, U.S.A.

CCIM (Complete Chondrogenic Induction Cambrex Bio Science, Walkersville, Inc.,

Medium) Maryland, U.S.A.

COIM (Complete Osteogenic Induction Cambrex Bio Science, Walkersville, Inc.,

Medium) Maryland, U.S.A.

DAB substrate kit (3,3’-diaminobenzidine) Vector Labs, Burlingame, CA U.S.A.

DAPI (4',6-diamidino-2-phenylindole) Invitrogen Ltd., Paisley, UK

DHCD (Decellularised Human Cadaveric NHS Blood and Transplant, Liverpool, UK
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Dermis)

Dimethyformamide

Sigma Aldrich Ltd., Gillingham, UK

DMEM (Dulbecco’s Modified Eagle Medium)

Lonza Biologics, Slough, UK

DMSO (dimethyl sulfoxide)

Sigma Aldrich Ltd., Gillingham, UK

DPBS (Dulbecco’s Phosphate Buffered Saline)

PAA Laboratories Ltd., Yeovil, UK

E. coli J]M109 competent bacteria

Stratagene, Agilent Technologies UK Ltd.,
Wokingham, UK

EcoR1 endonuclease enzyme

New England BioLabs, Hertfordshire, UK

EGM-2 (Endothelial Growth Medium 2)

Lonza Biologics, Slough, UK

Ethanol VWR International Ltd., Leicestershire, UK
Fast Red Sigma Aldrich Ltd., Gillingham, UK

FcR blocking reagent Miltenyi Biotec, Gladbach, Germany
Geneticin Invitrogen Ltd., Paisley, UK

Goat anti-collagen II test antibody

ABcam, Cambridge, UK

Goat IgG isotype control

R&D Systems, Abingdon, UK

Haematoxylin

VWR International Ltd., Leicestershire, UK

HBSS (Hank’s Balanced Salt Solution)

Lonza Biologics, Slough, UK

HDF (Human Dermal Fibroblasts)

Lonza Biologics, Slough, UK

HEK293FT (Human Embryonic Kidney cells
from the 293FT cell line)

Invitrogen Ltd., Paisley, UK

HEK293FT culture media

Invitrogen Ltd., Paisley, UK

HMSC Differentiation Basal Medium -
Chondrogenic

Cambrex Bio Science, Walkersville, Inc.,
Maryland, U.S.A.

HMSC Differentiation Basal Medium -
Osteogenic

Cambrex Bio Science, Walkersville, Inc.,
Maryland, U.S.A.

Hyclone FCS (Fetal Calf Serum)

Thermo Scientific, Loughborough, UK

Hydrochloric acid (0.1M)

VWR International Ltd., Leicestershire, UK

Hydrogen Chloride (HCI)

Sigma Aldrich Ltd., Gillingham, UK

HyperLadder™ 1kb

Bioline Reagents Limited, London, UK

ICIM (Incomplete Chondrogenic Induction
Medium)

Cambrex Bio Science, Walkersville, Inc.,
Maryland, U.S.A.

Integra® Dermal Regeneration Template

Integra LifeSciences Corporation,
Plainsboro, NJ, U.S.A.

Isopropanol

Sigma Aldrich Ltd., Gillingham, UK

LB (Luria Broth)

Sigma Aldrich Ltd., Gillingham, UK

Lipofectamine™ 2000

Invitrogen Ltd., Paisley, UK

Loading buffer

New England BioLabs, Hertfordshire, UK
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Lyophilised TGF-f33

Cambrex Bio Science, Walkersville, Inc.,
Maryland, U.S.A.

Matriderm®

Eurosurgical Ltd., Guildford, UK

Matrigel™ solution

BD Biosciences, Franklin Lakes, NJ, U.S.A.

MSCGM (Mesenchymal Stem Cell Growth
Medium)

Lonza Biologics, Slough, UK

Methanol

Sigma Aldrich Ltd., Gillingham, UK

MTT (3-(4.,5-Dimethylthiazol-2-yl)-2,5-
diphenyltetrazolium bromide)

Sigma Aldrich Ltd., Gillingham, UK

Naphthol AS-mx

Sigma Aldrich Ltd., Gillingham, UK

Neuskin-F®

Medira Ltd., Sandy, UK

Nuclease free water

Invitrogen Ltd., Paisley, UK

0Oil Red

Sigma Aldrich Ltd., Gillingham, UK

OptiMEM medium

Invitrogen Ltd., Paisley, UK

PFA (paraformaldehyde)

Sigma Aldrich Ltd., Gillingham, UK

Penicillin/Streptomycin

PAA Laboratories Ltd., Yeovil, UK

Pluronic® F-68 (Polyoxyethylene-
polyoxypropylene block copolymer)

Sigma Aldrich Ltd., Gillingham, UK

Polybrene® (1,5-dimethyl-1,5-
diazaundecamethylene)

Sigma Aldrich Ltd., Gillingham, UK

Primary mouse anti-human CD31 (Clone
WM59)

AbD Serotec, Kidlington, UK

Proteome Profiler™ Antibody Array - Human
Angiogenesis Array Kit

R&D Systems, Abingdon, UK

pUC18 control plasmid

Stratagene, Agilent Technologies UK Ltd.,
Wokingham, UK

PureLink™ HiPure Plasmid Filter Purification
Kit for Maxi Preparation of Plasmid DNA

Invitrogen Ltd., Paisley, UK

PureLink™ HiPure Plasmid DNA Purification
Kit for Mini Preparation of Plasmid DNA

Invitrogen Ltd., Paisley, UK

Rabbit anti-goat AlexaFluor® 488-conjugated
antibody

Invitrogen Ltd., Paisley, UK

Recombinant Human Leptin

R&D Systems, Abingdon, UK

RNase H Reaction Buffer

New England BioLabs, Hertfordshire, UK

Secondary goat anti-mouse IgG (H+L)
biotinylated

Vector Labs, Burlingame, CA U.S.A.

Silver nitrate

Sigma Aldrich Ltd., Gillingham, UK

S.0.C. (Super Optimal Broth with Catabolite
repression) media

Invitrogen Ltd., Paisley, UK

Sodium thiosulphate

Sigma Aldrich Ltd., Gillingham, UK
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SYPRO® Red Protein Gel Stain

Lonza Biologics, Slough, UK

TAE Buffer (Tris Acetate-EDTA)

Lonza Biologics, Slough, UK

Tissue-Tek® O0.C.T™ (Optimal Cutting
Temperature) Compound

Sakura, Alphen aan den Rijn, The
Netherlands

Tris-HCI
(tris(hydroxymethyl)aminomethane-
hydrochloride)

Sigma Aldrich Ltd., Gillingham, UK

Trisodium citrate

VWR International Ltd., Lutterworth, UK

Triton

Sigma Aldrich Ltd., Gillingham, UK

Trypan Blue stain 0.4% (w/v)

Invitrogen Ltd., Paisley, UK

Trypsin EDTA

PAA Laboratories Ltd., Yeovil, UK

Vectashield mounting media with DAPI

Vector Labs, Burlingame, CA U.S.A.

Vectastain® Universal Elite® ABC Kit
(Avidin and Biotinylated horseradish
peroxidase macromolecular Complex)

Vector Labs, Burlingame, CA U.S.A.

Table 2.2: List of equipment and software used.

Equipment and Software

Company

Accuspin tubes

Sigma Aldrich Ltd., Gillingham, UK

Adobe® Photoshop® CS Version 8.0 imaging
software

Adobe Systems Incorporated, San Jose, CA,
U.S.A.

AngioSys Image Analysis Software

Cellworks, Buckingham, UK

Biopsy punch (6mm)

Stiefel Laboratories, Durham, NC, U.S.A.

Blood bag containing 21ml citrate
anticoagulant

MacoPharma Ltd., Twickenham, UK

Cloning rings

Sigma Aldrich Ltd., Gillingham, UK

Cryogenic vials (2ml)

Corning B.V. Life Sciences, Schiphol-Rijk,
The Netherlands

Eppendorf tubes (1.5ml)

Eppendorf UK Limited, Stevenage, UK

Exposure cassette

Bio-Rad Laboratories Ltd., Hertfordshire,
UK

Falcon tubes (15ml, 50ml)

BD Biosciences, Franklin Lakes, NJ, U.S.A.

Gel running dock with electrode assembly
and power supply

Bio-Rad Laboratories Ltd., Hertfordshire,
UK

Glass microscope slides

Thermo Scientific, Loughborough, UK

Heraeus Megafuge 1.0S centrifuge

DJB Labcare, Newport Pagnell, UK

Hettich Rotina 46R centrifuge

DJB Labcare, Newport Pagnell, UK

Imaris Version 6.4

Bitplane AG, Zurich, Switzerland
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ImmEdge™ hydrophobic barrier pen

Vector Labs, Burlingame, CA U.S.A.

Innova 4200 incubator (5% CO3)

New Brunswick Scientific, Enfield, CT,
U.S.A.

Leica CM3050S cryostat

Leica Biosystems Ltd., Newcastle Upon
Tyne, UK

Leica RM2135 rotary microtome

Leica Biosystems Ltd., Newcastle Upon
Tyne, UK

LSM 5 Image Browser Version 3.2 SP2

Carl Zeiss Ltd., Cambridge, UK

Microsoft Excel 2010

Microsoft Corporation, Redmond, WA,
U.S.A.

Model 680 microplate reader

Bio-Rad Laboratories Ltd., Hertfordshire,

UK

NanoDrop Microvolume UV-Vis
Spectrophotometer

Thermo Fisher Scientific Inc., Wilmington,

DE, US.A.

NEBcutter Version 2 online software

New England BioLabs, Hertfordshire, UK

Nikon DS-L2 control unit

Nikon Corporation, Tokyo, Japan

Nikon TS100 inverted microscope

Nikon Corporation, Tokyo, Japan

Nuaire DH autoflow incubator (5% CO>)

Nuaire, Plymouth, MN, U.S.A.

Polypropylene conical bottom centrifuge
tubes (15ml, 250ml)

Corning B.V. Life Sciences, Schiphol-Rijk,

The Netherlands

Quantity One® 1-D Analysis Software

Bio-Rad Laboratories Ltd., Hertfordshire,

UK

Rat tail collagen I coated 6-well, 12-well, 24-
well, 48-well and 96-well plates

BD Biosciences, Franklin Lakes, NJ, U.S.A.

Round plastic culture dishes (10cm)

Corning B.V. Life Sciences, Schiphol-Rijk,

The Netherlands

SUB Aqua Pro 5 water bath

Grant Instruments Ltd., Cambridgeshire,

UK

Sysmex XE-2100 (haematology blood
analyser)

Sysmex UK Ltd., Milton Keynes, UK

Tissue culture flasks (T25, T75 and T150)

Corning B.V. Life Sciences, Schiphol-Rijk,

The Netherlands

Whatman® filter (0.22pm)

Sigma Aldrich Ltd., Gillingham, UK

Zeiss LSM-510 inverted confocal microscope

Carl Zeiss Ltd., Cambridge, UK
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2.2 Ethics

Human umbilical cord blood (UCB) units were collected with written informed maternal
consent and ethical approval from the Oxford Radcliffe Research Ethics Committee (REC
Reference Number 07/H0606/68). The donor subjects were expectant mothers over the age of
18 with uncomplicated pregnancies delivering at term (>36 weeks gestation) at the John
Radcliffe Hospital, Oxford. Exclusion criteria were the presence of blood borne infection,
known genetic disease in the foetus and the use of illicit drugs. This ethical approval was
already in place at the outset of the current research project and the Stem Cell Research
Laboratory (SCRL) holds a licence for handling and storage of human cells for research
purposes under the Human Tissue Act 2004 (UK) (License number 11042). UCB units were
collected from fresh placentae by SCRL research nurses and delivered directly to the SCRL in
citrate anticoagulant blood bags (MacoPharma Ltd., Twickenham, UK) for processing and/or

storage.

Human adult peripheral blood (PB) and adipose tissue (AT) were collected with written patient
informed consent and ethical approval from the Southampton and South West Hampshire
Research Ethics Committee (A) (REC Reference Number 09/H0502/120). This was a new ethical
application obtained by the primary researcher specifically for this project. The target subjects
were plastic surgery patients at Stoke Mandeville Hospital undergoing operative procedures
under general anaesthesia, during which they would have removal of adipose tissue which
would normally be discarded such as deep inferior epigastric artery perforator (DIEP) flap
breast reconstruction. The only additional inclusion criteria were age 2 16 years, and exclusion
criteria presence of blood borne infection. Patient information sheets are shown in Appendix 1

and consent forms in Appendix 2.
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2.3 Cells and cell culture

Human Dermal Fibroblasts (HDF) and Human Bone Marrow Mesenchymal Stromal Cells (BM-
MSC) were purchased from Lonza Biologics (Slough, UK) and cultured in Dulbecco’s Modified
Eagle Medium (DMEM) (Lonza Biologics, Slough, UK) with 10% (v/v) Hyclone Fetal Calf Serum

(FCS) (Thermo Scientific, Loughborough, UK).

Human Umbilical Vein Endothelial Cells (HUVEC) were obtained from Emma Pepperell in the
Stem Cell Research Laboratory (SCRL), Oxford, and cultured in complete Endothelial Growth
Medium-2 (EGM-2) (Lonza Biologics, Slough, UK), which included the SingleQuot Bullet kit of
ascorbic acid, 2% (v/v) FCS, gentamicin, heparin, human epidermal growth factor (EGF), human
basic fibroblast growth factor (FGF), hydrocortisone, insulin-like growth factor-1 (ILGF-1) and
vascular endothelial growth factor (VEGF), with additional 10% (v/v) Hyclone FCS (Thermo
Scientific, Loughborough, UK) and 1% (v/v) Penicillin/Streptomycin (PAA Laboratories Ltd.,

Yeovil, UK), as described by Zhang et al. (135).

Human Embryonic Kidney cells from the 293FT cell line (HEK293FT) were purchased from
Invitrogen Ltd. (Paisley, UK) and cultured in complete HEK293FT culture media (DMEM with
10% (v/v) Fetal Bovine Serum (FBS), 0.1mM MEM Non-Essential Amino Acids (NEAA), 6mM L-

glutamine and 1mM MEM Sodium Pyruvate) (Invitrogen Ltd., Paisley, UK).

2.4 Isolation of endothelial outgrowth colonies

2.4.1 Umbilical cord blood (UCB)

Mononuclear cells (MNC) were isolated from UCB units via serial centrifugation on Accuspin
tubes (Sigma Aldrich Ltd., Gillingham, UK) containing 1.077g/ml Ficoll-Hypaque as a density
separation medium. Each UCB unit was initially diluted in wash buffer prepared as 500ml

Hank’s Balanced Salt Solution (HBSS) without calcium and magnesium (Lonza Biologics, Slough,
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UK) with 12ml 125g/| trisodium citrate (VWR International Ltd., Lutterworth, UK) and 2.5ml
Hyclone FCS (Thermo Scientific, Loughborough, UK). The dilution ratio was 1:1 for units with a
white blood cell (WBC) count <7x10° cells/m| measured on a haematology total blood analyser
(Sysmex XE-2100, Sysmex UK Ltd., Milton Keynes, UK) and the ratio was 1:2 for units with

>7x10° WBC/ml.

The diluted UCB was layered into Accuspin tubes (Sigma Aldrich Ltd., Gillingham, UK) pre-spun
at 1000g for 2 minutes, and the filled tubes were centrifuged at 1000g for 10 minutes at 22°C
in a Hettich Rotina 46R centrifuge (DJB Labcare, Newport Pagnell, UK). The upper clear plasma
layer was aspirated from the tubes and discarded. White MNC layers were then aspirated
gently with a pastette and transferred into 50ml Falcon tubes (BD Biosciences, Franklin Lakes,
NJ, U.S.A)), two layers per tube. Tubes were topped up to 50ml with wash buffer, then
centrifuged at 400g for 10 minutes at 22°C. The supernatants were removed and discarded,
then cell pellets were resuspended in 10ml wash buffer, transferred into one tube and topped
up to 50ml. This final tube was centrifuged at 200g for 5 minutes at 22°C, and then the
supernatant was removed and discarded. The final cell pellet was resuspended in 10ml
complete EGM-2 (Lonza Biologics, Slough, UK), and 0.3ml was transferred to a 1.5ml Eppendorf
tube (Eppendorf UK Limited, Stevenage, UK) for analysis using the Sysmex haematology blood
analyser (Sysmex XE-2100, Sysmex UK Ltd., Milton Keynes, UK). Centrifugation steps are

summarised in Table 2.3.

Using the haematology analyser results, the isolated MNCs were plated at a concentration of
2x10° per well on rat tail collagen | coated 6-well plates (BD Biosciences, Franklin Lakes, NJ,
U.S.A.) and cultured in 4ml/well complete EGM-2 (Lonza Biologics, Slough, UK) in a 5% CO,
Nuaire DH autoflow incubator (Nuaire, Plymouth, MN, U.S.A.) at 37°C. On day one, wells were

washed twice with HBSS (Lonza Biologics, Slough, UK) to remove non-adherent cells, the media
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was replaced and the plates put back into the incubator. Complete media change was

performed every 2-3 days for 2 weeks.

Table 2.3: Centrifuge settings for staged processing of Umbilical Cord Blood (UCB) units.

Centrifugation step Speed | Time Acceleration | Deceleration | Temp.
(g) (mins) | grade (0-9) grade (0-9) (°C)

Pre-spinning of Accuspin | 1000 | 2 9 0 22

tubes

Whole blood in wash | 1000 | 10 9 1 22

buffer layered on Accuspin

tubes

Paired MNC layers in wash | 400 10 9 9 22

buffer in 50ml Falcon tubes

Collated cell pellets in | 200 5 9 9 22

wash buffer in 50ml Falcon

tube

Mononuclear cells (MNC) were isolated from umbilical cord blood units via serial washing and
centrifugation, firstly on Accuspin tubes, then in 50ml Falcon tubes.

After 2 weeks, endothelial colonies were identified, marked by outlining the colonies on the
inferior surface of the culture plate with a marker pen, and counted under a Nikon TS100
inverted microscope (Nikon Corporation, Tokyo, Japan). The colonies were then isolated using
plastic cloning rings (Sigma Aldrich Ltd., Gillingham, UK) to enable targeted cell passage as
follows. Colonies were washed twice with HBSS (Lonza Biologics, Slough, UK), then 0.1-0.5ml
0.5mg/ml Trypsin EDTA (PAA Laboratories Ltd., Yeovil, UK) was added inside the cloning ring to
coat the cell layer. Plates were placed in the 5% CO, Nuaire DH autoflow incubator (Nuaire,
Plymouth, MN, U.S.A.) for 5 minutes at 37°C then removed, and the trypsin cell solution was
aspirated from each cloning ring and added to 7ml complete EGM-2 (Lonza Biologics, Slough,
UK) in T25 tissue culture flasks (Corning B.V. Life Sciences, Schiphol-Rijk, The Netherlands).
Multiple colonies from the same well were combined in one T25 tissue culture flask (Corning

B.V. Life Sciences, Schiphol-Rijk, The Netherlands). The cells in the T25 flasks were cultured in
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the 5% CO, Nuaire DH autoflow incubator (Nuaire, Plymouth, MN, U.S.A.) at 37°C, with
complete media change every 2-3 days until 280% confluence. This was termed passage 0 or
PO. Expansion then continued until experimental use or storage of cells. Cells were used at

passage 2-4.

2.4.2 Adult peripheral blood

Fifty millilitres per sample of human adult peripheral blood (PB) was collected by the primary
researcher. Each blood sample was injected into a 500ml blood bag containing 21ml citrate
anticoagulant (MacoPharma Ltd., Twickenham, UK) for transport to the laboratory. A 0.3ml
sample was taken from the blood bag and analysed using the Sysmex haematology total blood
analyser (Sysmex XE-2100, Sysmex UK Ltd., Milton Keynes, UK). MNCs were isolated and
cultured as per UCB processing described in section 2.4.1, but culture continued for 4 weeks
prior to marking, counting and expanding the colonies as cell proliferation was slower than

UCB-derived cells, and as detailed above.

2.4.3 Adipose tissue

Human adult adipose tissue (AT) samples were collected by the primary researcher directly
from the operating theatre. AT was excised from the patient in continuity with overlying skin,
and the tissue block was transported to the laboratory in a 500ml container with 200m| HBSS
without calcium and magnesium (Lonza Biologics, Slough, UK) at room temperature. Following
excision of skin, AT was finely cut with a scalpel into approximately 2x2x2mm cubes, then 25ml
of mechanically processed AT was added to a 50ml Falcon tube (BD Biosciences, Franklin
Lakes, NJ, U.S.A.) and chemically dissociated in either 5ml 0.5mg/ml Trypsin EDTA (PAA
Laboratories Ltd., Yeovil, UK) or 1.0mg/ml Collagenase A (Roche Diagnostics, Basel,

Switzerland) in a 5% CO2 Nuaire DH autoflow incubator (Nuaire, Plymouth, MN, U.S.A.) at 37°C
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for 40 minutes. Following incubation, the tube was topped up to 40ml with complete EGM-2
(Lonza Biologics, Slough, UK), then centrifuged at 1000g for 10 minutes in a Hettich Rotina 46R
centrifuge (DJB Labcare, Newport Pagnell, UK) at 22°C. Centrifugation resulted in four distinct

layers, as seen in Figure 2.1.

Upper lipid layer

Adipocytes

Acellular fluid layer

Stromal vascular fraction cell pellet

Figure 2.1: Processing of adipose tissue to isolate the stromal vascular fraction. A- Mechanically and
chemically dissociated tissue prior to centrifugation B- Dissociated tissue post centrifugation showing
distinct layers of free lipid, adipocytes, acellular fluid and the stromal vascular fraction cell pellet.

The cell pellet containing the stromal vascular fraction (SVF) was aspirated from the bottom of
the tube by passing a 5ml pipette down the side of the tube and was resuspended in 50ml
complete EGM-2 (Lonza Biologics, Slough, UK). A 25ul sample of the cell solution was added to
25pl Trypan Blue stain 0.4% (w/v) (Invitrogen Ltd., Paisley, UK) and viable cells were counted
using a haemocytometer under light microscopy (Nikon TS100 inverted microscope (Nikon

Corporation, Tokyo, Japan)). Viable cells without uptake of Trypan Blue stain were counted
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manually in four large squares of the haemocytometer grid and the number of cells in each

original cell solution was calculated using the formula:

Total cell count = ((N1+N2+N3+N4)/4)HDV
Where N=number of cells per counted square, H=haemocytometer value (10000), D= dilution

factor (2) and V=volume of original cell solution.

The SVF cell suspension was added to rat tail collagen | coated 6 well plates (BD Biosciences,
Franklin Lakes, NJ, U.S.A.) at a concentration of 2x10° cells per well and each well was topped
up to a total of 4ml per well complete EGM-2 (Lonza Biologics, Slough, UK). Plates were placed
in the 5% CO, Nuaire DH autoflow incubator (Nuaire, Plymouth, MN, U.S.A.) at 37°C with

complete media change on day 1 and every 2-3 days until cell layer confluence.

After initial growth of only stromal cells using the above protocol, the process was adapted to
separate out microvasculature from whole adipose tissue in an attempt to improve endothelial
cell yield. AT was divided and either had microvasculature (MV) dissected from the tissue using
sterile scissors under 3.5x loupe magpnification, or remained as whole AT (Figure 2.2). These
samples were then processed separately with the same stages as before. In addition, larger
sections of AT veins and arteries were collected directly from the patient in theatre and
cultured as tissue explants in complete EGM-2 (Lonza Biologics, Slough, UK) on rat tail collagen

| coated 6-well plates (BD Biosciences, Franklin Lakes, NJ, U.S.A.) without further processing.
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Figure 2.2: Macroscopic processing of adipose tissue. A- Whole AT with attached skin as collected from
the operating theatre. B- Dissection of microvasculature from within the tissue was performed using
3.5x operating loupe magnification.

Two distinct cell types were isolated from the above culture process; endothelial-like cells and
MSC-like cells. Endothelial-like cells, described as Endothelial Colony Forming Cell (ECFC)
derived cells, were marked, counted and expanded using cloning rings (Sigma Aldrich Ltd.,
Gillingham, UK) as described for UCB in section 2.4.1, and MSC-like cells achieved confluence in
the 6-well plates and were harvested using 0.5mg/ml Trypsin EDTA (PAA Laboratories Ltd.,
Yeovil, UK) and directly seeded into T150 tissue culture flasks (Corning B.V. Life Sciences,
Schiphol-Rijk, The Netherlands) with 30ml complete EGM-2 (Lonza Biologics, Slough, UK) for
continued culture and expansion in the 5% CO, Nuaire DH autoflow incubator (Nuaire,
Plymouth, MN, U.S.A.) at 37°C. Complete media change was performed every 2-3 days until
>80% confluence, termed PO. Expansion continued until experimental use or storage of cells at

P2-4.

A summary of the adult tissue samples collected and processed from each subject is shown in

Figure 2.3.
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Figure 2.3: Processing of adult donor samples. Each patient enrolled in the study consented to
donation of Adipose Tissue (AT) and Peripheral Blood (PB) samples. AT was divided into two halves;
one half of the sample was processed as whole AT and the other had microvasculature dissected free
from the AT for separate processing. Mechanically and chemically dissociated and centrifuged AT and
microvasculature (MV) samples were cultured in EGM-2 (Lonza Biologics, Slough, UK) on rat tail
collagen I coated 6-well plates (BD Biosciences, Franklin Lakes, NJ, U.S.A.). Adipose blood vessels
identified intra-operatively at time of tissue excision were plated as explants in EGM-2 (Lonza
Biologics, Slough, UK) on rat tail collagen I coated 6-well plates (BD Biosciences, Franklin Lakes, N]J,
U.S.A.). PB underwent serial washing and centrifugation to isolate mononuclear cells which were
cultured in EGM-2 (Lonza Biologics, Slough, UK) on rat tail collagen I coated 6-well plates (BD
Biosciences, Franklin Lakes, NJ, U.S.A.). All plates were cultured in a 5% COz Nuaire DH autoflow
incubator (Nuaire, Plymouth, MN, U.S.A.) at 37°C with media change every 2-3 days until cell colonies
were identified for isolation and expansion.
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2.5 Cell surface marker analyses

Cell surface marker analysis was performed on Endothelial Colony Forming Cell (ECFC) derived
cells from UCB (as per section 2.4.1), HUVEC (from Emma Pepperell at the SCRL, Oxford), PB
(as per section 2.4.2) and AT (as per section 2.4.3), dissociated cells from fresh AT (as per
section 2.4.3), dermal fibroblasts (from Lonza Biologics, Slough, UK), and MSC from AT and

microvasculature (MV) (as per section 2.4.3) by flow cytometry.
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2.5.1 Single colour surface marker analysis

Cultured cells were washed twice with HBSS (Lonza Biologics, Slough, UK) then harvested with
Accutase’ cell detatchment solution (Accutase’ enzymes in PBS with 0.5mM EDTA) (PAA
Laboratories Ltd., Yeovil, UK), just covering the cell layer. Following five minutes of incubation
at 37°C in the 5% CO, Nuaire DH autoflow incubator (Nuaire, Plymouth, MN, U.S.A.), the cells
were washed in Fluorescence Activated Cell Sorting (FACS) Buffer (Dulbecco’s Phosphate
Buffered Saline (DPBS) without Calcium and Magnesium (PAA Laboratories Ltd., Yeovil, UK)
containing 1% (w/v) Bovine Serum Albumin (BSA) (Sigma Aldrich Ltd., Gillingham, UK)), then

resuspended in 2ml of this buffer, kept on ice.

Uncultured cells dissociated from fresh AT were chemically and mechanically processed as
described in section 2.4.3, and the aspirated SVF cell pellet was resuspended in 10ml 0.8%
(v/v) Ammonium Chloride Solution (Stem Cell Technologies, Grenoble, France) for ten minutes
at room temperature to lyse any remaining red blood cells. This solution was centrifuged at
1200rpm for 5 minutes at 22°C in a Hettich Rotina 46R centrifuge (DJB Labcare, Newport
Pagnell, UK), the supernatant discarded, and the cells resuspended in 10ml FACS buffer. This
cell suspension was centrifuged again at 1200rpm for 5 minutes at 22°C, the resulting

supernatant was discarded and the cells were resuspended in 2ml FACS buffer and kept on ice.

From this step, cultured and uncultured cells were treated identically. A 25ul sample of the cell
suspension was added to 25ul Trypan Blue stain 0.4% (w/v) (Invitrogen Ltd., Paisley, UK) and
viable cells were counted using a haemocytometer under light microscopy (Nikon TS100
inverted microscope (Nikon Corporation, Tokyo, Japan)) as described in section 2.4.3. For each
test or isotype control antibody used, 5-15 x10” cells from each sample in 100ul FACS buffer
were placed in a FACS tube and blocked with 10% (v/v) FcR blocking reagent (Miltenyi Biotec,
Gladbach, Germany) whilst incubated on ice for 10 minutes. The cell suspension was then

mixed with the relevant antibody or isotype control using light vortexing, and then incubated
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for 30 minutes on ice and protected from the light. The test and control antibodies used and
their individual volumes and concentrations are shown in Table 2.4. An additional tube of FcR
blocked cells was prepared without test antibody or isotype control staining for setting the

flow cytometer parameters.

Following incubation with the relevant antibodies, cells were then washed by adding 500ul
FACS buffer/tube, spinning the tubes at 1200rpm for 5 minutes at 4°C in a Heraeus Megafuge
1.0S centrifuge (DJB Labcare, Newport Pagnell, UK) and discarding the supernatant. Cell pellets
were then resuspended in 400ul FACS buffer and kept on ice protected from the light until

processing on the flow cytometer.

Samples were analysed on a BD LSR Il flow cytometer (BD Biosciences, Franklin Lakes, NJ,
U.S.A.) using BD FACSDiva 6 software. Unstained cells were analysed first to set values for
forward and side scatter. Cell viability was assessed using either 1nM To-Pro-3 (Invitrogen Ltd.,
Carlsbad, CA, U.S.A.) or 1Img/ml Propidium lodide (Sigma Aldrich Ltd., Gillingham, UK) for APC
labelled samples, added at 1ul per tube prior to analysis. Relevant isotype control staining was
used to set the median fluorescence intensity (MFI) at approximately 10” by adjusting voltage
values in the flow cytometer. Resulting histograms from each sample had MFI of the peak
recorded, as well as comparing the number of cells on the antibody stained samples which fell

within an arbitrary gate set on the isotype controls.
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Table 2.4: Summary of test antibodies and isotype controls used for flow cytometry*.

Antibody / Clone Volume per tube | Company

Isotype name in microlitres

control [concentration]

CD14 PECy7 | M5E2 5 [0.625ug/ml] | BD Biosciences, Franklin Lakes, NJ, U.S.A.

CD31 PE WM59 10 [6.25ng/ml] BD Biosciences, Franklin Lakes, NJ, U.S.A.

CD 34 APC AC136 11 [1.1pg/ml] Miltenyi Biotec, Gladbach, Germany

CD45 PerCP 2D1 5 [1.25pg/ml] BD Biosciences, Franklin Lakes, NJ, U.S.A.

CD49d PE 7.2R 10 [10pg/ml] R&D Systems, Abingdon, UK

CD 73 PE AD2 10 [1.25ug/ml] BD Biosciences, Franklin Lakes, NJ, U.S.A.

CD 90 FITC 5E10 2 [50pg/ml] BD Biosciences, Franklin Lakes, NJ, U.S.A.

CD 105 FITC | 166707 10 [5ug/ml] R&D Systems, Abingdon, UK

CD133 APC 293C3 11 [0.825pug/ml] | Miltenyi Biotec, Gladbach, Germany

CD146 FITC P1H12 5 [5pg/ml] Merck Millipore, Billerica, MA, U.S.A.

(1stdiluted 1:20)

VEGFR2 PE 89106 40 [50pg/ml] R&D Systems, Abingdon, UK

TIE2 PE 33.1 20 [50ug/ml] BioLegend, San Diego, CA, U.S.A.

IgG1 PE MOPC-21 | 10 [5pug/ml] BD Biosciences, Franklin Lakes, NJ, U.S.A.

IgG1 PE 11711 40 [5ug/ml] R&D Systems, Abingdon, UK

[gG2a APC S$43.10 11 [11pg/ml] Miltenyi Biotec, Gladbach, Germany

IgG1 FITC MOPC-21 | 10 [20pg/ml] BD Biosciences, Franklin Lakes, NJ, U.S.A.

IgG1 PerCP MOPC-21 |1 [5pg/ml] BD Biosciences, Franklin Lakes, NJ, U.S.A.

IgG2a PECy7 | MOPC- 1.25 [200pg/ml] BD Biosciences, Franklin Lakes, NJ, U.S.A.
173

IgG2b APC IS6- 11 [22pg/ml] Miltenyi Biotec, Gladbach, Germany
11E5.11

*Test antibodies and isotype controls with corresponding fluorophores were used at pre-titrated
volumes. Fluorophore abbreviations: PE-Cy7 = PhycoErythrin-Cyanine 7, PE = PhycoErythrin, APC =
AlloPhycoCyanin, PerCP = Peridinin Chlorophyll Protein, FITC = Fluorescein IsoThioCyanate.
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2.5.2 Multiple colour surface marker analysis

Small numbers of adult PB and AT derived endothelial-like cells were analysed using a multi-
colour flow cytometry assay. This assay is normally used in our laboratory as part of a clinical
research trial involving small blood samples from patients with cancer to assess to effect
of an anti-angiogenic drug. Cells were initially prepared and blocked as per section 2.5.1,
then two tubes of 200ul cell solution at a concentration of 10x10¢ cells/ml FACS buffer
were prepared with the cocktail of test antibodies and isotype controls shown in Table 2.5.
Unstained tubes were prepared to set the analysis voltages and samples were analysed on a
BD LSR Il flow cytometer (BD Biosciences, Franklin Lakes, NJ, U.S.A.) using BD FACSDiva 6

software as per section 2.5.1.

Table 2.5: Antibody cocktails for multiple colour cell surface marker analysis.

Test antibodies (volume) Control antibodies (volume)
CD144 PE (5ul) IgG1 PE (20ul)

CD90 FITC (4ul) IgG1 FITC (20pl)

CD45 PerCP (5ul) IgG1 PerCP (5ul)

CD34 APC (5ul) IgG1 APC (5ul)

UV activated Live Dead dye (1ul) UV activated Live Dead dye (1ul)

Fluorophore abbreviations: PE = PhycoErythrin, FITC = Fluorescein IsoThioCyanate, PerCP = Peridinin
Chlorophyll Protein, APC = AlloPhycoCyanin.

2.6 Adipose tissue histology

One centimetre cube sections of human adult AT were fixed in 4% (w/v) Paraformaldehyde
(PFA) (Sigma Aldrich Ltd., Gillingham, UK) and then embedded in paraffin by staff at the John
Radcliffe Hospital, Department of Pathology. The received paraffin embedded samples were
cut into multiple 5-10um sections using a Leica RM2135 rotary microtome (Leica Biosystems
Ltd., Newcastle Upon Tyne, UK), collected on glass slides (Thermo Scientific, Loughborough,

UK) and air dried overnight. Slides were then deparaffinised, rehydrated and stained using
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serial immersions in Citroclear (TCS Biosciences, Buckingham, UK), various concentrations of
ethanol (VWR International Ltd., Leicestershire, UK), haematoxylin (VWR International Ltd.,
Leicestershire, UK), 0.1M hydrochloric acid (VWR International Ltd., Leicestershire, UK) and
eosin Y-solution (VWR International Ltd., Leicestershire, UK). The concentrations of reagents

and timing of the serial immersions are shown in Table 2.6.

On completion of the serial immersions, the haematoxylin and eosin stained sections were
sealed on the glass slides (Thermo Scientific, Loughborough, UK) with glass coverslips and

examined using a Nikon TS100 inverted microscope (Nikon Corporation, Tokyo, Japan).
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Table 2.6: Process of haematoxylin and eosin staining of paraffin embedded Adipose Tissue (AT)

samples.

Stage Chemical Duration of immersion

Deparaffinise Citroclear 1 5 minutes
Citroclear 2 5 minutes

Rehydrate 100% ethanol (1) 3 minutes
100% ethanol (2) 3 minutes
95% ethanol (1) 3 minutes
95% ethanol (2) 3 minutes
75% ethanol 3 minutes
Distilled water 3 minutes

Stain nucleus Haematoxylin 3 minutes
0.1% Hydrogen Chloride 2 seconds

Tap water

3 minutes (running water)

Stain cytoplasm

0.5% Eosin Y solution

3 minutes

Tap water 3 minutes (running water)
Fixation 95% ethanol (1) 3 minutes

95% ethanol (2) 3 minutes

100% ethanol (1) 3 minutes

100% ethanol (2) 3 minutes

Citroclear 1 5 minutes

Citroclear 2 5 minutes

One centimetre cube sections of human adult AT were fixed in 4% (w/v) PFA, embedded in paraffin,
and cut into multiple 5-10pm sections using a rotary microtome. Air dried sections on glass slides were
deparaffinised, rehydrated and stained using serial immersions in Citroclear, ethanol, haematoxylin,
0.1M hydrochloric acid and eosin Y-solution for histological examination.

2.7 Differentiation of adipose derived Mesenchymal Stem/Stromal

Cells

In order to determine the differentiation potential of AT and MV MSCs cultured in this study,
cells were induced to give rise to three mesenchymal lineages: adipogenic, osteogenic and
chondrogenic. The assays were performed with paired AT and MV MSC, and BM-MSC, known

to be capable of differentiation into the three lineages, were used as a positive control.
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2.7.1 Adipogenesis

Complete adipogenic induction medium (CAIM) (Cambrex Bio Science, Walkersville, Inc.,
Maryland, U.S.A.) was prepared by defrosting the Singlequots® (recombinant h-Insulin, L-
Glutamine, Mesenchymal Cell Growth Supplement (MCGS), Dexamethasone, Indomethacin, 3-
isobutyl-methyl-xanthine (IBMX) and Pen/Strep) and adding them to basic hMSC Adipogenic
Induction medium. Complete adipogenic maintenance medium (CAMM) (Cambrex Bio Science,
Walkersville, Inc., Maryland, U.S.A.) was prepared by defrosting the Singlequots® (recombinant
h-Insulin, L-Glutamine, MCGS and Pen/Strep) and adding them to basic hMSC Adipogenic

Maintenance medium.

MSC were cultured to passage 4, washed with DPBS (PAA Laboratories Ltd., Yeovil, UK),
harvested with 0.5mg/ml Trypsin EDTA (PAA Laboratories Ltd., Yeovil, UK) and counted using
Trypan Blue stain 0.4% (w/v) (Invitrogen Ltd., Paisley, UK) and a haemocytometer, as discussed
in section 2.4.3. Six wells of each cell type were plated as follows: 2x10°> MSC in 2ml
Mesenchymal Stem Cell Growth Medium (MSCGM) (Lonza Biologics, Slough, UK) per well of a
6 well plate. Plates were incubated at 37°C in the 5% CO, Nuaire DH autoflow incubator
(Nuaire, Plymouth, MN, U.S.A.) and had complete media change every 2-3 days until 100%
confluent. Once confluent, the adipogenic induced cells underwent three cycles of three days
of culture in CAIM (Cambrex Bio Science, Walkersville, Inc., Maryland, U.S.A.) followed by one
to three days of culture in CAMM (Cambrex Bio Science, Walkersville, Inc., Maryland, U.S.A.).
Non-induced control wells were fed only with CAMM (Cambrex Bio Science, Walkersville, Inc.,
Maryland, U.S.A.) on the same schedule. After the three cycles of feeding both induced and
non-induced control wells were kept in culture for a further seven days in CAMM (Cambrex Bio

Science, Walkersville, Inc., Maryland, U.S.A.), replaced every 2-3 days.

At the end of the culture period, wells were fixed and stained to identify the presence or

absence of adipocytes. Wells were washed twice with DPBS (PAA Laboratories Ltd., Yeovil, UK)

39



and 1ml methanol (Sigma Aldrich Ltd., Gillingham, UK) pre-cooled to -20°C was added per well
and incubated at -20°C for five minutes. The methanol was removed and wells were washed
twice with double distilled water (ddH,0). Oil Red stock solution was prepared by adding
150mg Oil Red (Sigma Aldrich Ltd., Gillingham, UK) to 50ml isopropanol (Sigma Aldrich Ltd.,
Gillingham, UK). Oil Red working solution was prepared by diluting Oil Red stock solution 3:2
with ddH,0. The working solution was then filtered through a 0.22um Whatman® filter (Sigma
Aldrich Ltd., Gillingham, UK) and left to stand for five minutes before applying 0.5ml Qil Red
stain per well. Plates were then incubated for 20 minutes on a shaker platform at room
temperature. The staining solution was removed and wells washed twice with ddH,0. Each
well had 200ul ddH,0 added prior to viewing and photographing under a Nikon TS100 inverted
microscope (Nikon Corporation, Tokyo, Japan). The Oil Red stain colours lipid droplets within

adipocytes and allowed identification of the differentiated cells.

2.7.2 Osteogenesis

Complete osteogenic induction medium (COIM) (Cambrex Bio Science, Walkersville, Inc.,
Maryland, U.S.A.) was prepared by defrosting the Singlequots® (L-Glutamine, MCGS,
Dexamethasone, Ascorbate, B-Glycerophosphate and Pen/Strep) and adding them to hMSC
Differentiation Basal Medium — Osteogenic (Cambrex Bio Science, Walkersville, Inc., Maryland,

U.S.A.).

MSC were cultured to passage 4, washed with DPBS (PAA Laboratories Ltd., Yeovil, UK),
harvested with 0.5mg/ml Trypsin EDTA (PAA Laboratories Ltd., Yeovil, UK) and counted using
Trypan Blue stain 0.4% (w/v) (Invitrogen Ltd., Paisley, UK) and a haemocytometer, as described
in section 2.4.3. Six wells of each cell type were plated as follows: 3x10* MSC in 2ml MSCGM
(Lonza Biologics, Slough, UK) per well of a 6 well plate. Plates were incubated at 37°C in the 5%

CO, Nuaire DH autoflow incubator (Nuaire, Plymouth, MN, U.S.A.) for 24 hours until adherent.
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Induced cells then had media changed to COIM (Cambrex Bio Science, Walkersville, Inc.,
Maryland, U.S.A.), and incubated, with complete media change every 3-4 days, for up to three
weeks. Non-induced control wells were fed with MSCGM (Lonza Biologics, Slough, UK) on the
same schedule. Once osteogenic induced cells showed changes in morphology by becoming
cuboidal and forming gaps in the mineralised post-confluent cell layer, cultures were fixed and

stained.

Osteogenic stain, which stains for alkaline phosphatase, was prepared by combining 1ml
dimethyformamide (Sigma Aldrich Ltd., Gillingham, UK), 4mg naphthol AS-mx (Sigma Aldrich
Ltd., Gillingham, UK), 20mg Fast Red (Sigma Aldrich Ltd., Gillingham, UK) and 19ml 0.1M Tris-
HCI (Sigma Aldrich Ltd., Gillingham, UK) at pH 9.2. The plates were washed once with 1ml DPBS
(PAA Laboratories Ltd., Yeovil, UK) per well then 1ml osteogenic staining solution per well was
applied and incubated at room temperature for 30 minutes. The staining solution was then
removed and wells were washed once with 1ml DPBS (PAA Laboratories Ltd., Yeovil, UK) per
well before fixation with 1ml per well 4% (w/v) paraformaldehyde (PFA) (Sigma Aldrich Ltd.,
Gillingham, UK) in DPBS (PAA Laboratories Ltd., Yeovil, UK) and incubation at room

temperature for ten minutes.

During this incubation, von Kossa staining solution was prepared by adding 200mg silver
nitrate (Sigma Aldrich Ltd., Gillingham, UK) to 20ml ddH,0. Plates were washed once with 1ml
ddH,0 per well then had 1ml von Kossa stain added per well and were incubated in strong
light, at room temperature for one hour. Following the von Kossa stain, plates were washed
three times with 1ml ddH,0 per well then had 1ml 5% (w/v) sodium thiosulphate (Sigma
Aldrich Ltd., Gillingham, UK) per well added for 5 minutes. Plates were washed two further
times with 1ml ddH,0 per well then viewed and photographed under the Nikon TS100 inverted
microscope (Nikon Corporation, Tokyo, Japan). Osteocytes had a background fast red stain

(alkaline phosphatase positive staining) and brown von Kossa staining of calcium deposits.
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2.7.3 Chondrogenesis

Incomplete chondrogenic induction medium (ICIM) (Cambrex Bio Science, Walkersville, Inc.,
Maryland, U.S.A.) was prepared by defrosting the Singlequots® (L-Glutamine, Dexamethasone,
Ascorbate, ITS+ supplement, Sodium Pyruvate, Proline and Pen/Strep) and adding them to
hMSC Differentiation Basal Medium — Chondrogenic (Cambrex Bio Science, Walkersville, Inc.,
Maryland, U.S.A.). Lyophilised TGF-B3 (Cambrex Bio Science, Walkersville, Inc., Maryland,
U.S.A.) was resuspended in 4mM Hydrogen Chloride (HCI) (Sigma Aldrich Ltd., Gillingham, UK)
with 1mg/ml BSA (Sigma Aldrich Ltd., Gillingham, UK) at a concentration of 20ug/ml then
divided into 5ul aliquots and frozen at -80°C. Complete chondrogenic induction medium
(CCIM) (Cambrex Bio Science, Walkersville, Inc., Maryland, U.S.A.) was prepared immediately
before each use by adding defrosted TGF-B3 (Cambrex Bio Science, Walkersville, Inc.,
Maryland, U.S.A.) to ICIM (Cambrex Bio Science, Walkersville, Inc., Maryland, U.S.A.) at a

concentration of 10ng/ml (i.e. one 5ul TGF-B3 aliquot per 10ml ICIM).

MSC were cultured to passage 4, washed with DPBS (PAA Laboratories Ltd., Yeovil, UK),
harvested with 0.5mg/ml Trypsin EDTA (PAA Laboratories Ltd., Yeovil, UK) and counted using
Trypan Blue stain 0.4% (w/v) (Invitrogen Ltd., Paisley, UK) and a haemocytometer, as described
in section 2.4.3. A tube containing 1x10° MSC in 1.5ml ICIM (Cambrex Bio Science, Walkersville,
Inc., Maryland, U.S.A.) was prepared for each cell type. The cells were centrifuged in a Hettich
Rotina 46R centrifuge (DJB Labcare, Newport Pagnell, UK) at 150g for five minutes at 22°C, the
supernatant discarded and the cell pellet resuspended in 1.5ml ICIM (Cambrex Bio Science,
Walkersville, Inc., Maryland, U.S.A.). The centrifugation was repeated and the cell pellet then
resuspended in 2ml CCIM (Cambrex Bio Science, Walkersville, Inc., Maryland, U.S.A.). For each
cell type, 0.5ml cell solution (2.5x10° cells) was added to each of four separate 15ml
polypropylene conical bottom centrifuge tubes (Corning B.V. Life Sciences, Schiphol-Rijk, The
Netherlands). These tubes were centrifuged in a Hettich Rotina 46R centrifuge (DJB Labcare,

Newport Pagnell, UK) at 150g for five minutes at 22°C to form cell pellets, the caps were
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loosened to allow gas exchange and the tubes were placed upright in the 5% CO, Nuaire DH
autoflow incubator (Nuaire, Plymouth, MN, U.S.A.) at 37°C for 24 hours. The cell pellets had a
complete media change every 2-3 days, ensuring that the pellet remained free floating after
every change by flicking the bottoms of the tubes (0.5ml CCIM (Cambrex Bio Science,
Walkersville, Inc., Maryland, U.S.A.) for induced pellets and 0.5ml ICIM (Cambrex Bio Science,
Walkersville, Inc., Maryland, U.S.A.) for non-induced controls). Culture continued for 28 days

until preparation for frozen sectioning.

The cultured pellets were washed in DPBS (PAA Laboratories Ltd., Yeovil, UK) and duplicate
condition pellets were placed in the centre of tin foil boats. The paired pellets were covered
with a 2mm layer of Tissue-Tek’ O.C.T™ Compound (Sakura, Alphen aan den Rijn, The
Netherlands) (10.24% (w/w) polyvinyl alcohol, 4.26% (w/w) polyethylene glycol, 85.5% (w/w)
non-reactive ingredients) then snap frozen by immersion in liquid nitrogen. The frozen

specimens were stored at -20°C until cryosectioning and staining.

A Leica CM3050S cryostat (Leica Biosystems Ltd., Newcastle Upon Tyne, UK) was used to cut
10um sections through the specimens and these were mounted on glass microscope slides
(Thermo Scientific, Loughborough, UK). A well was created surrounding the samples with an
ImmEdge™ hydrophobic barrier pen (Vector Laboratories Inc., Burlingame, CA, USA) and the
samples were treated with a drop of permeablisation buffer (DPBS (PAA Laboratories Ltd.,
Yeovil, UK) with 5% (w/v) BSA (Sigma Aldrich Ltd., Gillingham, UK) and 0.2% Triton (Sigma-
Aldrich Ltd., Gillingham, UK)) for one hour at room temperature to remove the residual
mounting medium. The buffer was removed and samples had either 100ul of 0.1mg/ml goat
anti-collagen Il test antibody (ABcam, Cambridge, UK) or 100ul of 0.1mg/ml goat IgG isotype
control (R&D Systems, Abingdon, UK) applied and incubated for one hour at room
temperature. The antibody and isotype control were removed and the samples washed three

times with DPBS (PAA Laboratories Ltd., Yeovil, UK). Next, 100ul rabbit anti-goat AlexaFluor’
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488-conjugated antibody (Invitrogen Ltd., Paisley, UK) diluted 1 in 1000 in DPBS (PAA
Laboratories Ltd., Yeovil, UK) was applied to each sample and the samples were incubated
protected from the light at room temperature for 30 minutes. This antibody was removed, the
samples washed three times with DPBS (PAA Laboratories Ltd., Yeovil, UK) and a drop of
Vectashield mounting media with DAPI (Vector Laboratories Inc., Burlingame, CA, USA) was
added to each sample to stain the nuclei. Samples were covered with glass cover slips and
sealed with clear nail varnish for examination with a Nikon Eclipse TS100 light microscope
(Nikon Corporation, Tokyo, Japan), under UV light. Chondrogenic differentiated pellets

demonstrated collagen stained green and nuclei stained blue.

2.8 Tubule assays

Three different types of tubule assay were performed. The Matrigel™ assay was used to
determine if monocultured cells were capable of lining up into linear tubules. The two-
dimensional sandwich co-culture assay was used to measure the amount of tubule formation
achieved under different culture conditions. Various permutations of the three-dimensional
co-culture assay in scaffolds were trialled to optimise microvascular growth for potential

clinical applications.

2.8.1 Matrigel™ assay

Cultured cells were washed twice with HBSS (Lonza Biologics, Slough, UK) then lifted with
trypsin as decribed in section 2.4.3 and neutralised with complete EGM-2 (Lonza Biologics,
Slough, UK). The solution was centrifuged at 1200rpm for 5 minutes in a Hettich Rotina 46R
centrifuge (DJB Labcare, Newport Pagnell, UK) at 22°C, the supernatant was discarded and the
cells were resuspended in 10ml complete EGM-2 (Lonza Biologics, Slough, UK). Cells were

counted using Trypan Blue stain 0.4% (w/v) (Invitrogen Ltd., Paisley, UK) and a
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haemocytometer, as discussed in section 2.4.3, and diluted to a concentration of 6x10* cells in

400l complete EGM-2 (Lonza Biologics, Slough, UK).

Matrigel™ solution (BD Biosciences, Franklin Lakes, NJ, U.S.A.) was kept on ice overnight then
loaded into rat tail collagen | coated 96-well plates (BD Biosciences, Franklin Lakes, NJ, U.S.A.)
at 50l per well, avoiding air bubbles with careful use of the pipette. The Matrigel™ solution
(BD Biosciences, Franklin Lakes, NJ, U.S.A.) was polymerised by incubating the plate at 37°C in

the 5% CO, Nuaire DH autoflow incubator (Nuaire, Plymouth, MN, U.S.A.) for 30 minutes.

Cells were added on top of the polymerised Matrigel™ (BD Biosciences, Franklin Lakes, NJ,
U.S.A.) in a circular motion at 1.5 x10* cells per well in 100pl complete EGM-2 (Lonza Biologics,
Slough, UK). Plates were incubated at 37°C in the 5% CO, Nuaire DH autoflow incubator
(Nuaire, Plymouth, MN, U.S.A.) for 20 hours then wells were photographed under the Nikon

TS100 inverted microscope (Nikon Corporation, Tokyo, Japan) before fixing and staining.

Media were aspirated from each well and the Matrigel™ (BD Biosciences, Franklin Lakes, NJ,
U.S.A.) was washed with 100ul DPBS (PAA Laboratories Ltd., Yeovil, UK) per well and fixed with
100ul -20°C methanol (Sigma Aldrich Ltd., Gillingham, UK) per well for 30 seconds at room
temperature. The methanol (Sigma Aldrich Ltd., Gillingham, UK) was aspirated from each well
and the Matrigel™ (BD Biosciences, Franklin Lakes, NJ, U.S.A.) was washed with 100ul double
distilled water (ddH,0). The Matrigel™ (BD Biosciences, Franklin Lakes, NJ, U.S.A.) was then
stained with 100ul per well 50% (v/v) haematoxylin (VWR International Ltd., Leicestershire,
UK) diluted in DPBS (PAA Laboratories Ltd., Yeovil, UK), incubated for 10 seconds at room
temperature. The Matrigel™ (BD Biosciences, Franklin Lakes, NJ, U.S.A.) wells were again
washed with 100ul ddH,0 then covered with 200ul DPBS without Calcium and Magnesium
(PAA Laboratories Ltd., Yeovil, UK) before they were examined under the Nikon TS100 inverted
microscope (Nikon Corporation, Tokyo, Japan) and photographed for analysis using the Nikon

DS-L2 control unit (Nikon Corporation, Tokyo, Japan).
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Images were processed using Adobe’ Photoshop® CS Version 8.0 imaging software (Adobe
Systems Incorporated, San Jose, CA, U.S.A.) to prepare them for use with the AngioSys Image
Analysis Software (Cellworks, Buckingham, UK). Using Photoshop®, the brightfield microscopy
images were transformed to grayscale and inverted to ensure that the tubules appeared
darker than the background, and then set to optimal brightness. The optimised images were
loaded into the AngioSys Image Analysis Software (Cellworks, Buckingham, UK) and set to
skeletonise and measure the number of tubules, tubule lengths and number of tubule
junctions. The output data was transferred to Microsoft Excel 2010 (Microsoft Corporation,
Redmond, WA, U.S.A.) for statistical analysis and values were compared using the two tailed

Student’s T Test for independent samples.

2.8.2 Two-dimensional sandwich co-culture tubule assay

Multiple variations of the two-dimensional sandwich co-culture tubule assay were set in order
to test different cell types and concentrations, ratios of cell concentrations and additives to the
media. The basic assay is outlined here and variations are specified in the appropriate results

sections.

Stromal cells (AT MSC, MV MSC, BM MSC and HDF) cultured in a T75 tissue culture flask
(Corning B.V. Life Sciences, Schiphol-Rijk, The Netherlands) were washed twice with HBSS
(Lonza Biologics, Slough, UK) and harvested with 0.5mg/ml Trypsin EDTA (PAA Laboratories
Ltd., Yeovil, UK) as described in section 2.4.3. Cells were resuspended in 10ml complete EGM-2
(Lonza Biologics, Slough, UK). A 25ul sample of the cell solution was added to 25ul Trypan Blue
stain 0.4% (w/v) (Invitrogen Ltd., Paisley, UK) and viable cells were counted using a
haemocytometer under light microscopy (Nikon TS100 inverted microscope (Nikon
Corporation, Tokyo, Japan)) as described in section 2.4.3. Stromal cells were then diluted to a

concentration of 5x10%/ml in complete EGM-2 (Lonza Biologics, Slough, UK) and seeded at

46



three different volumes into rat tail collagen | coated 48-well plates (BD Biosciences, Franklin
Lakes, NJ, U.S.A.); 12 wells of 100ul (5x10° cells), 12 wells of 200pl (1x10* cells), and 12 wells of
400p! (2x10” cells). The plate was then incubated at 37°C in the 5% CO, Nuaire DH autoflow

incubator (Nuaire, Plymouth, MN, U.S.A.) for 2 hours.

Cultured endothelial cells cultured in at least T25 tissue culture flasks (Corning B.V. Life
Sciences, Schiphol-Rijk, The Netherlands) were washed twice with HBSS (Lonza Biologics,
Slough, UK) and harvested with 0.5mg/ml Trypsin EDTA (PAA Laboratories Ltd., Yeovil, UK) as
described in section 2.4.3. Cells were resuspended in 10ml complete EGM-2 (Lonza Biologics,
Slough, UK). A 25ul sample of the cell solution was added to 25ul Trypan Blue stain 0.4% (w/v)
(Invitrogen Ltd., Paisley, UK) and viable cells were counted using a haemocytometer under
light microscopy (Nikon TS100 inverted microscope (Nikon Corporation, Tokyo, Japan)) as
described in section 2.4.3. Endothelial cells were then diluted to a concentration of 1x10*/ml in
complete EGM-2 (Lonza Biologics, Slough, UK) and seeded at four different volumes into the
wells containing the stromal cells in culture to give 12 different cell concentration
combinations in triplicate. These were 9 wells of 100pl (1x10° cells), 9 wells of 150ul (1.5x10°
cells), 9 wells of 200ul (2x10° cells), and 9 wells of 300ul (3x10° cells). The plating arrangement

is demonstrated in Figure 2.4.

The plate was then placed back in the 5% CO, Nuaire DH autoflow incubator (Nuaire,
Plymouth, MN, U.S.A.) at 37°C for 2 weeks, with complete change of media every 2-3 days.
After 2 weeks, cells were fixed by removing the media, washing the wells with 1ml/well DPBS
(PAA Laboratories Ltd., Yeovil, UK) then incubating each well with 300ul 70% (v/v) ethanol
(VWR International Ltd., Leicestershire, UK) in ddH,0 for 30 minutes at room temperature. The
wells were then washed three times with 1ml/well DPBS (PAA Laboratories Ltd., Yeovil, UK)

and stored with 500ul/well DPBS (PAA Laboratories Ltd., Yeovil, UK) until ready to stain.
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1x103 1.5x103 2x103 3x103 1x103 1.5x103 2x103 3x103
Endothelial Endothelial Endothelial = Endothelial Endothelial Endothelial Endothelial Endothelial
5x103 5x103 5x103 5x103 1x104 1x104 1x104 1x104
Stromal | Stromal | Stromal | Stromal | Stromal | Stromal | Stromal | Stromal
5x103 5x103 5x103 5x103 1x104 1x104 1x104 1x104
Stromal | Stromal | Stromal | Stromal | Stromal | Stromal | Stromal | Stromal
5x103 5x103 5x103 5x103 1x104 1x104 1x104 1x104
Stromal | Stromal | Stromal | Stromal | Stromal | Stromal | Stromal | Stromal
2x104 2x104 2x104 2x104 X X X X
Stromal | Stromal | Stromal | Stromal

2x104 2x104 2x104 2x104 X X X X
Stromal | Stromal | Stromal | Stromal

2x104 2x104 2x104 2x104 X X X X
Stromal | Stromal | Stromal | Stromal

Figure 2.4: Representation of stromal cell and endothelial cell co-culture combinations. Three different
stromal cell concentrations and four different endothelial cell concentrations were combined to

provide 12 different cell concentration combinations. Each combination was repeated in triplicate.

Tubule staining was achieved with primary mouse anti-human CD31 (Clone WM59) (AbD

Serotec, Kidlington, UK) and secondary goat anti-mouse IgG (H+L) biotinylated (Vector

Laboratories Inc., Burlingame, CA, U.S.A.) antibodies, Vectastain® Universal Elite® ABC Kit

(Avidin and Biotinylated horseradish peroxidase macromolecular Complex) (Vector Labs,

Burlingame, CA U.S.A.) and 3,3’-diaminobenzidine (DAB) substrate kit (Vector Laboratories Inc.,

Burlingame, CA, U.S.A.). The sequence of staining is detailed in Table 2.7.
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Table 2.7: Protocol for two-dimensional sandwich co-culture tubule assay staining.

Staining stage Volume Incubation
2% (w/v) BSA in DPBS (Block) 500ul/well | 30 minutes, room
temperature

Primary mouse anti-human CD31 (Clone WM59) | 250ul/well | Overnight, 4°C
1:4000 (w/v) in DPBS with 2% (w/v) BSA (Primary

antibody)

Secondary goat anti-mouse IgG (H+L) biotinylated | 250ul/well | 60 minutes, room
1:200 (w/v) in DPBS with 2% (w/v) BSA (Secondary temperature
antibody)

Peroxidase Vectastain® Universal Elite® ABC solution | 250ul/well | 60 minutes, room
(10ml DPBS + 4 drops buffer A + 4 drops buffer B) temperature

DAB substrate solution (10ml ddH20 + 4 drops buffer | 250ul/well | 5 minutes, room
+ 8 drops DAB + 4 drops hydrogen peroxide + 4 drops temperature
nickel solution)

Tubule staining was achieved with primary mouse anti-human CD31 (Clone WM59) (AbD Serotec,
Kidlington, UK) and secondary goat anti-mouse IgG (H+L) biotinylated (Vector Laboratories Inc.,
Burlingame, CA, U.S.A.) antibodies, Vectastain® Universal Elite® ABC Kit (Avidin and Biotinylated
horseradish peroxidase macromolecular Complex) (Vector Labs, Burlingame, CA U.S.A.) and 3,3’-
diaminobenzidine (DAB) substrate kit (Vector Laboratories Inc., Burlingame, CA, U.S.A.).

Between each stage the wells were washed three times with 500ul DPBS (PAA Laboratories
Ltd., Yeovil, UK) for ten minutes per wash. After the final DAB stage the wells were washed
three times with 500ul ddH,0 for ten minutes per wash then left exposed to air dry. Stained
tubules were examined under the Nikon TS100 inverted microscope (Nikon Corporation,
Tokyo, Japan) and photographed with the Nikon DS-L2 control unit (Nikon Corporation, Tokyo,
Japan) for analysis using Adobe’ Photoshop® CS Version 8.0 imaging software (Adobe Systems
Incorporated, San Jose, CA, US.A.) and AngioSys Image Analysis Software (Cellworks,

Buckingham, UK) as described in section 2.8.1.

Where Green Fluorescent Protein (GFP) labelled endothelial cells were used

(immunofluorescent transductions described in section 2.11), the staining procedure was
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omitted and tubules were examined under fluorescent microscopy using a Nikon Eclipse TS100

light microscope (Nikon Corporation, Tokyo, Japan).

The different test conditions compared using two-dimensional sandwich co-culture tubule

assays are outlined in Table 2.8.

Table 2.8: Two-dimensional sandwich co-culture tubule assay test conditions.

Stromal Endothelial | Media Purpose
cells cells
AT MSC UCB ECFC Complete EGM-2 Variable concentration ratios
derived cells
AT MSC UCB ECFC Complete EGM-2 Variable concentration ratios
MV MSC derived cells and stromal cell source
HDF
AT MSC UCB ECFC Complete EGM-2 Variable concentration ratios
derived cells Complete EGM-2 with andd:.;\ddltlon of leptin to
25ng/ml leptin per well media
Complete EGM-2 with
100ng/ml leptin per well
AT MSC UCB ECFC Complete EGM-2 Variable concentration ratios,
MV MSC derived cells Complete EGM-2 with stro.rrllal cell source and .
. addition of leptin to media
25ng/ml leptin per well
AT MSC UCB ECFC Complete EGM-2 Variable concentration ratios,
MV MSC derived cells Complete EGM-2 0.05% stromal cell source and

(w/v) perfluorocarbon

Complete EGM-2 0.5% (w/V)
perfluorocarbon

addition of Pluronic® F-68
perfluorocarbon to media

Multiple variations of the two-dimensional sandwich co-culture tubule assay were set in order to test
different cell types and concentrations, ratios of cell concentrations and additives to the media;
Recombinant Human Leptin (R&D Systems, Abingdon, UK) and Pluronic® F-68 (Sigma Aldrich Ltd.,
Gillingham, UK) perfluorocarbon.
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2.8.3 Three-dimensional scaffold based co-culture assay

Multiple variations of the three-dimensional scaffold based co-culture tubule assay were set
up in order to test different scaffolds, cell concentrations, ratios of cell concentrations and
additives to the media. The different scaffolds used and their preparation methods are

outlined in Table 2.9.

Table 2.9: Scaffolds used in the three-dimensional scaffold based tubule assay.

Scaffold Company Preparation
Integra® Dermal Integra LifeSciences Silicone ‘epidermal’ layer removed
Regeneration Template | Corporation, Plainsboro, . L
Punch biopsy sectioning
NJ, US.A.
Matriderm® Eurosurgical Ltd., Punch biopsy sectioning
Guildford, UK
Neuskin-F® Medira Ltd., Sandy, UK 6mm diameter sections cut with
sterile scissors
Decellularised Human NHS Blood and Frozen DHCD thawed and washed
Cadaveric Dermis Transplant, Liverpool, by intermittent agitation in HBSS for
(DHCD) UK 20 minutes

6mm diameter sections cut with
sterile scissors

Four different scaffolds were used the three-dimensional scaffold based co-culture tubule assay:
Integra® Dermal Regeneration Template, Matriderm®, Neuskin-F® and Decellularised Human
Cadaveric Dermis (DHCD). Integra® and Matriderm® were sectioned using a 6mm biopsy punch but
Neuskin-F® and DHCD sections were hand cut using sterile scissors as sections cut with the punch were
too easily damaged on removal.

For each basic assay, 6mm diameter circles of scaffold were cut using a 6mm biopsy punch
(Stiefel Laboratories, Durham, NC, U.S.A.) or sterile scissors depending on the scaffold
properties, then placed on the bases of 36 wells of a rat tail collagen | coated 48-well plate (BD
Biosciences, Franklin Lakes, NJ, U.S.A.). Stromal cells were harvested, counted and seeded onto
the scaffolds in complete EGM-2 (Lonza Biologics, Slough, UK) as described for the two-
dimensional sandwich assay in section 2.8.2. The plate was incubated for two hours at 37°C in

the 5% CO, Nuaire DH autoflow incubator (Nuaire, Plymouth, MN, U.S.A.).
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Endothelial cells labelled with a lentiviral vector expressing GFP (immunofluorescent
transductions described in section 2.11) were then added on top of the stromal layers as
described in section 2.8.2. Plates were incubated at 37°C in the 5% CO, Nuaire DH autoflow
incubator (Nuaire, Plymouth, MN, U.S.A.) for 2 weeks, with complete change of media every 2-
3 days. After 2 weeks, wells were fixed by removing the media, washing the wells with
1ml/well DPBS (PAA Laboratories Ltd., Yeovil, UK) then incubating each well with 500ul 4%
(w/v) PFA (Sigma Aldrich Ltd., Gillingham, UK) for 30 minutes at room temperature. The wells
were then washed three times with 1ml/well DPBS (PAA Laboratories Ltd., Yeovil, UK) and
stored with 500ul/well DPBS (PAA Laboratories Ltd., Yeovil, UK) until microscopy, imaging and

analysis.

Variation from the basic assay for Integra’, Matriderm” and Neuskin-F  scaffolds are discussed
in the relevant results chapters and a summary of the DHCD culture variations is presented in

Table 2.10.

Integra’ and Matriderm” scaffolds were examined using the Zeiss LSM-510 inverted confocal
microscope (Carl Zeiss Ltd., Cambridge, UK) with the LSM 5 Image Browser Version 3.2 SP2
(Carl Zeiss Ltd., Cambridge, UK). High resolution 3D images were reconstructed using Imaris
Version 6.4 software (Bitplane AG, Zurich, Switzerland) and analysed using AngioSys Image

Analysis Software (Cellworks, Buckingham, UK) as described in section 2.8.1.
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Table 2.10: DHCD three-dimensional scaffold based co-culture tubule assay culture variations.

Variation | Stromal cells per GFP UCB ECFC | Media Additives per well
well derived cells
per well
Stromal 5x103 GFP AT MSC | None None
cellsonly | 1,10+ GFP AT MSC_ | None None
5x103 GFP MV MSC | None None
1x104 GFP MV MSC | None None
5x103 GFP HDF None None
1x104 GFP HDF None None
Control 5x103 AT MSC 1x103 None
€0 1x10* AT MSC 1x10° None
cultures
5x103 MV MSC 1x103 None
1x104 MV MSC 1x103 None
Leptin co- | 5x103 AT MSC 1x103 25ng Leptin
cultures 1 1 1104 AT MSC 1x103 25ng Leptin
5x103 MV MSC 1x103 25ng Leptin
1x104 MV MSC 1x103 25ng Leptin
Pluronic® | 5x103 AT MSC 1x103 0.05% (w/v) Perfluorocarbon
F-68 co- 1x10* AT MSC 1x103 0.05% (w/v) Perfluorocarbon
cultures
5x103 MV MSC 1x103 0.05% (w/v) Perfluorocarbon
1x10* MV MSC 1x103 0.05% (w/v) Perfluorocarbon

Four groups of culture conditions were set using the DHCD scaffold; stromal cells only, control co-
cultures of AT or MV MSC with UCB ECFC derived cells, co-cultures with 25ng leptin (Invitrogen Ltd.,
Paisley, UK) per well and co-cultures with 0.05% (w/v) Pluronic® F-68 (Sigma Aldrich Ltd., Gillingham,
UK) perfluorocarbon additive. Within each group of conditions there were different subgroups of
stromal cell concentrations, and each individual condition was repeated in triplicate.

Neuskin-F~ scaffolds were examined using a Nikon TS100 inverted microscope (Nikon
Corporation, Tokyo, Japan) under UV light and photographed with the Nikon DS-L2 control unit
(Nikon Corporation, Tokyo, Japan). Quantification using the AngioSys Image Analysis Software
(Cellworks, Buckingham, UK) was not possible due to areas of endothelial cell clumping, a
tendency for the vessels to wrap around the periphery of the scaffold, and detection of the
scaffold background by the software. As such, a four point qualitative grading scale was

developed in order to analyse the results of this assay. Grade 0 was awarded for images with
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sparse or absent tubule formation, Grade 1 for images where the predominant feature was
clumps of endothelial cells with or without minimal tubule formation, Grade 2 for images with
mainly short individual tubules or limited patchy networks, and Grade 3 for images with longer

tubules forming identifiable networks.

DHCD scaffolds were examined using the Zeiss LSM-510 inverted confocal microscope (Carl
Zeiss Ltd., Cambridge, UK) with the LSM 5 Image Browser Version 3.2 SP2 (Carl Zeiss Ltd.,
Cambridge, UK), but image quality was limited by DHCD autofluorescence. Due to difficulties
regarding quantification of three-dimensional confocal imaging, DHCD were fixed with 4% (v/v)
PFA (Sigma Aldrich Ltd., Gillingham, UK) and snap frozen by immersion in liquid nitrogen. A
Leica CM3050S cryostat (Leica Biosystems Ltd., Newcastle Upon Tyne, UK) was used to cut
10um sections through the specimens and up to ten sections per scaffold were mounted on
glass microscope slides (Thermo Scientific, Loughborough, UK) then examined using the Nikon

TS100 inverted microscope (Nikon Corporation, Tokyo, Japan) under UV light.

2.9 Antibody array of tubule assay supernatant

A commercially available angiogenesis antibody array (Proteome Profiler™ Antibody Array —
Human Angiogenesis Array Kit, R&D Systems, Abingdon, UK) designed to capture 55 different
angiogenesis related proteins (Table 2.11) was used to compare expression of angiogenic
factors in tubule assay co-cultures with AT versus MV MSC as the supportive stromal cell

source.

Two-dimensional sandwich co-culture tubule assays with either AT or MV MSCs at 1x10* per
well and UCB ECFC derived cells at 1x10° per well were set as per the standard assay protocol
described in section 2.8.2, with three paired MSC samples and each condition repeated in
duplicate. The supernatant was collected at every media change and was stored at -80°C for
later analysis. Control media collected from wells without any cells was also stored at each
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stage. Day 7 samples were selected for analysis since at this stage of the assay there is active

tubule formation and maturation.

The nitrocellulose membranes with the capture antibodies were prepared by incubating each
membrane in a well of the 4-well multi-dish with 2ml Array Buffer 7 (R&D Systems, Abingdon,
UK) for one hour on a rocking platform. Each co-culture supernatant or control media sample
was defrosted and 1ml of each sample was added to 0.5ml Array Buffer 4 and incubated with
15ul reconstituted Detection Antibody Cocktail (R&D Systems, Abingdon, UK) at room
temperature for one hour. Array Buffer 7 (R&D Systems, Abingdon, UK) was then aspirated
from each well of the 4-well multi-dish and the prepared sample/antibody mixtures were
applied to the individual membranes. Lids were placed on the 4-well multi-dishes and these

were incubated overnight at 4°C on a rocking platform.
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Table 2.11: Proteins detected using the Proteome Profiler™ Antibody Array - Human Angiogenesis

Array Kit (R&D Systems, Abingdon, UK).

Proteome Profiler™ Antibody Array - Human Angiogenesis Array Proteins

(Membrane co-ordinates)

Activin A EGF HB-EGF MMP-8 Serpin B5
(A5, A6) (B7,B8) (C5,C6) (D3,D4) (E1,E2)
ADAMTS-1 EG-VEGF HGF MMP-9 Serpin E1
(A7,A8) (B9, B10) (C7,C8) (D5,D6) (E3,E4)
Angiogenin Endoglin IGF BP-1 NRG1-$1 Serpin F1
(A9, A10) (B11,B12) (C9, C10) (D7,D8) (E5,E6)
Angiopoietin-1 Endostatin IGF BP-2 Pentraxin3 TIMP-1
(A11,A12) (B13,B14) (C11,C12) (D9,D10) (E7,E8)
Angiopoietin-2 Endothelin-1 IGF BP-3 PD-ECGF TIMP-4
(A13,A14) (B15,B16) (C13,C14) (D11,D12) (E9,E10)
Angiostatin FGF acidic IL-18 PDGF-AA Trombospondin-
(A15,A16) (B17,B18) (C15,C16) (D13,D14) 1
(E11,E12)
Amphiregulin FGF basic IL-8 PDGF-AB/PDGF- | Trombospondin-
(A17,A18) (B19, B20) (C17,C18) BB 2
(D15,D16) (E13,E14)
Artemin FGF-4 LAP(TGF-B1) Persephin uPA
(A19,A20) (B21,B22) (€19, C20) (D17,D18) (E15,E16)
Coagulation FGF-7 Leptin Platelet Factor 4 | Vasohibin
Factor Il (B23, B24) (C21,C22) (D19, D20) (E17, E18)
(B1,B2)
CXCL16 GDNF MCP-1 PIGF VEGF
(B3, B4) (C1,C2) (C23,C24) (D21,D22) (E19,E20)
DPP IV GM-CSF MIP-1a Prolactin VEGF-C
(B5,B6) (C3,C4) (D1,D2) (D23, D24) (E21, E22)

Detectable angiogenic proteins are listed with the co-ordinates of the corresponding membrane
location in brackets. Membranes also contain six positive control (A1, A2, A23, A24, F1, F2) and two
negative control (F23, F24) spots on the membrane to facilitate normalisation of expression.

Following overnight incubation, each membrane was removed from the multi-dish wells and
placed in an individual plastic dish with 20ml wash buffer (R&D Systems, Abingdon, UK) for ten
minutes on a rocking platform. Wash buffer was replaced and the ten minute rocking repeated

for a total of three washes. Streptavidin-Horse Radish Protein (HRP) was diluted in Array Buffer
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5 (R&D Systems, Abingdon, UK) at a variable concentration determined on the Streptavidin-
HRP vial label (Approximately 1:1000), and 1.5ml of this solution was added to each well of the
cleaned and dried 4-well multi-dishes. Each membrane was removed from its wash dish,
blotted and placed in a well with the diluted Streptavidin-HRP (R&D Systems, Abingdon, UK)
for 30 minutes at room temperature on a rocking platform. The three times wash in 20ml wash
buffer (R&D Systems, Abingdon, UK) for ten minutes was repeated, and the membranes were

then blotted dry and placed on a sheet of cling film.

Chemiluminescent detection reagents (Amersham™ ECL™ Prime Western blotting detection
reagent, GE Healthcare Life Sciences, Buckinghamshire, UK), which react with the Streptavidin-
HRP bound to the capture antibodies, were applied to just cover the membranes, as a working
solution of 50% (v/v) solution A (luminol) and 50% (v/v) solution B (peroxide) mixed
immediately prior to use. The membranes were incubated at room temperature for five
minutes, then the excess solution was tipped off and the edge of the membrane blotted
against a tissue. Treated membranes were then sealed with another layer of cling film, the
sealed package of membranes was placed in an exposure cassette (Bio-Rad Laboratories Ltd.,
Hertfordshire, UK) against an Amersham™ Hyperfiim™ (GE Healthcare Life Sciences,
Buckinghamshire, UK) and the film was developed in the laboratory dark room. An example of

the developed film is shown in Figure 2.5.

Developed films were scanned to obtain a digital image, and the intensity of the developed
membrane spots was then compared using the Quantity One’ 1-D Analysis Software (Bio-Rad
Laboratories Ltd., Hertfordshire, UK). Relative pixel density was first corrected by subtracting
the value for the negative control from each other value on the membrane. Secondary
normalisation was performed against the highest value mean positive control in the series of
membranes by finding the multiplication factor for each membrane mean positive control to

reach the highest positive control value, and then using this multiplication factor against all
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other spots on each membrane. This removed the effect of differences in developing the

membranes and allowed more thorough comparisons to be made.
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Figure 2.5: Example of developed films showing three membranes from the Proteome Profiler™
Antibody Array - Human Angiogenesis Array Kit. The variable intensity spots were developed
following five minutes of exposure in the dark room, and the digital images were analysed using
Quantity One® 1-D Analysis Software (Bio-Rad Laboratories Ltd., Hertfordshire, UK).

2.10 MTT cell proliferation assay

MTT (3-(4,5-Dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide), a compound
metabolised by viable cells in growth phase, was used in a colorimetric assay which
determined the comparative proliferation of different cell types under different culture

conditions. A summary of the different test conditions is shown in Table 2.12.
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Table 2.12: Test conditions used with the MTT assay.

MTT test conditions Cell seeding densities/well
AT versus MV MSC 500, 1000 and 2000

UCB ECFC derived cells with and without | 250,500 and 1000
100ng/ml leptin

HUVEC with and without 100ng/ml leptin 250,500 and 1000

AT MSC with and without 100ng/ml leptin 500 and 1000

MV MSC with and without 100ng/ml leptin 500 and 1000

The MTT assay determined the comparative proliferation of different endothelial and stromal cell
types with and without the addition of 100ng/ml leptin. Different cell seeding densities were chosen to
optimise the range of final MTT colorimetric output.

Cells cultured to passage 5 in a T25 tissue culture flask (Corning B.V. Life Sciences, Schiphol-
Rijk, The Netherlands) were washed twice with HBSS (Lonza Biologics, Slough, UK) and
harvested with 0.5mg/ml Trypsin EDTA (PAA Laboratories Ltd., Yeovil, UK) as described in
section 2.4.3. Cells were resuspended in 10ml complete EGM-2 (Lonza Biologics, Slough, UK). A
25ul sample of the cell solution was added to 25ul Trypan Blue stain 0.4% (w/v) (Invitrogen
Ltd., Paisley, UK) and viable cells were counted using a haemocytometer under light
microscopy (Nikon TS100 inverted microscope (Nikon Corporation, Tokyo, Japan)) as described
in section 2.4.3. Cells were seeded at the densities recorded in Table 2.11 in triplicate wells of
a rat tail collagen | coated 96-well plates (BD Biosciences, Franklin Lakes, NJ, U.S.A.) in 200ul
complete EGM-2 (Lonza Biologics, Slough, UK). Triplicate media only wells were included as
controls for later colorimetric analysis. Plates were incubated overnight at 37°C in the 5% CO,
Nuaire DH autoflow incubator (Nuaire, Plymouth, MN, U.S.A.). On day one, wells set to test the
effect of the pro-angiogenic protein leptin had 10pul of 1mg/ml Recombinant Human Leptin
(R&D Systems, Abingdon, UK) added to the media, and the plate was returned to the 5% CO,

Nuaire DH autoflow incubator (Nuaire, Plymouth, MN, U.S.A.) at 37°C.

On day four, 50ul 2mg/ml MTT (Sigma Aldrich Ltd., St Louis, MO, U.S.A.) in HBSS (Lonza

Biologics, Slough, UK) was added to each well and the plate placed back in the 5% CO, Nuaire

59




DH autoflow incubator (Nuaire, Plymouth, MN, U.S.A.) at 37°C for 4 hours. Media was then
aspirated and 100ul 10% dimethyl sulfoxide (DMSO) (Sigma Aldrich Ltd., Gillingham, UK) was
added to each well with gentle shaking to dissolve the formazan crystals. The light absorbance
through the dye in each well was then measured on a Model 680 microplate reader (Bio-Rad
Laboratories Ltd., Hertfordshire, UK), using a wavelength of As;, to provide comparative data

for quantification.

2.11 GFP and DSRed labelling of endothelial and mesenchymal cells

Lentiviral vector particles expressing either green fluorescent protein (GFP) or DSRed
fluorescent protein (DSRed) were prepared to label endothelial and mesenchymal cells in
order to monitor tubule formation in the three dimensional (3D) co-cultures. The plasmid
containing the DSRed expressing lentiviral vector genome was kindly provided by Antoine A.F.
de Vries (Department of Molecular Cell Biology, Leiden University Medical Center,
Wassenaarseweg 72, 2333 AL Leiden, the Netherlands). The plasmid containing the GFP-
expressing lentiviral vector genome, together with the lentiviral vector packaging and
envelope constructs were kindly provided by Professor Adrian Thrasher (University College
London, UK) and had been prepared as described by Demaison et al. (199). The procedures for

the production of these lentiviral constructs are described below.

2.11.1 Transformation of JM109 E. coli competent cells with plasmid DNA

Luria Broth (LB) agar plates were prepared by filling 10cm round plastic culture dishes (Corning
B.V. Life Sciences, Schiphol-Rijk, The Netherlands) with approximately 25ml tepid liquid sterile
LB agar (1l distilled water, 10g Tryptone, 15g Agar, 5g Yeast extract, 10g NaCl) (Sigma Aldrich

Ltd., Gillingham, UK) in the vicinity of a blue Bunsen burner flame. Chloramphenicol (Sigma
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Aldrich Ltd., Gillingham, UK) was added to each dish at a concentration of 1ug/ml and the

plates were stored upside down at room temperature for one hour to set.

E. coli JM109 competent bacteria (Stratagene, Agilent Technologies UK Ltd., Wokingham, UK)
and pUC18 control plasmid (0.1ng/ul in TE buffer) (Stratagene, Agilent Technologies UK Ltd.,
Wokingham, UK) were retrieved from -80°C storage and kept on ice to thaw along with the
DSRed plasmid DNA from -20°C storage. Three pre-chilled 1.5ml Eppendorf tubes (Eppendorf

UK Limited, Stevenage, UK) were prepared as per Table 2.13.

Table 2.13: Preparation of bacteria for plasmid DNA amplification.

Tube number | Contents Role

1 100pl JM109 + 1ul PUC18 at 0.1ng/ul Positive control

2 100l JM109 + 0.5pul DSRed at 1.85pg/ml | Plasmid DNA amplification
3 50ul JM109 Negative control

Pre-chilled Eppendorf tubes were prepared with E. coli JM109 competent bacteria with either pUC18
positive control plasmid or DSRed lentivirus, or with no additional additives as a negative control.

The prepared tubes were kept on ice for 20 minutes, immersed in the SUB Aqua Pro 5 water
bath (Grant Instruments Ltd., Cambridgeshire, UK) at 42°C for 1 minute, and then immediately
placed back in ice for 10 minutes to induce heat shock. S.0.C. media (2% (w/v) tryptone, 0.5%
(w/v) yeast extract, 10mM/I sodium chloride, 2.5mM/| potassium chloride, 10mM/I
magnesium chloride, 10mM/| magnesium sulphate, 20mM/| glucose) (Invitrogen Ltd., Paisley,
UK), pre-heated to 37°C in a 5% CO, Innova 4200 incubator (New Brunswick Scientific, Enfield,
CT, U.S.A.), was added at 900ul per tube. The bacterial cell suspensions were transferred to
50ml Falcon tubes (BD Biosciences, Franklin Lakes, NJ, U.S.A.) and incubated for one hour at
37°C in a 5% CO, Innova 4200 incubator (New Brunswick Scientific, Enfield, CT, U.S.A.) with
agitation at 215rpm. Eight chloramphenicol agar plates were then plated with the transformed

bacteria — four for each of the JM109 with DSRed and the JM109 cells with PUC18 bacteria
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using volumes of 150pul, 100ul, 50ul and 25ul. A ninth agar plate had the JM109 cells alone
applied as the negative control. Bacteria were pipetted onto the centre of the plate then
spread with a sterile metal spreader in three directions, sterilising the spreader with ethanol
(VWR International Ltd., Leicestershire, UK) and the Bunsen flame three times between plates.
The bacterial plates were incubated overnight in the 37°C 5% CO, Innova 4200 incubator (New

Brunswick Scientific, Enfield, CT, U.S.A.).

The next day, the agar plate seeded with bacteria transformed with 25ul of DSRed plasmid
DNA had the best distribution of Chloramphenicol-resistant bacterial colonies and ten of these
were lifted with a pipette tip and suspended in 3ml LB (500ml distilled water, 5g Tryptone, 2.5g
Yeast extract, 5g NaCl) (Sigma Aldrich Ltd., Gillingham, UK) in individual 15ml Falcon tubes (BD
Biosciences, Franklin Lakes, NJ, U.S.A.). The tubes were then incubated overnight in the 37°C
5% CO, Innova 4200 incubator (New Brunswick Scientific, Enfield, CT, U.S.A.) with agitation at
215rpm. The bacterial plate was wrapped and stored in the 4°C cold room and all other plates

were discarded.

Following overnight incubation, all ten of the bacterial cultures had become cloudy, signalling
bacterial growth. Three tubes were randomly selected for plasmid DNA isolation and

preparation.

2.11.2 Mini preparation of DSRed plasmid DNA
The Invitrogen PureLink™ HiPure Plasmid DNA Purification Kit for Mini Preparation of Plasmid
DNA (Invitrogen Ltd., Paisley, UK) was used as per manufacturers’ instructions to elute and

precipitate the plasmid DNA for DNA gel electrophoresis analysis.
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k™ HiPure Mini column was placed on the PureLink™ Nucleic Acid

Firstly, the Purelin
Purification Rack. The column was equilibrated by adding 2ml Equilibration Buffer (EQ1) to the

column and allowing it to drain by gravity.

The cell lysate was prepared by centrifuging the 15ml Falcon tube containing E. coli JM109
transformed with DSRed plasmid at 4000g for 10 minutes at room temperature in a Heraeus
Megafuge 1.0S centrifuge (DJB Labcare, Newport Pagnell, UK). The supernatant was discarded
and the cell pellet resuspended in 0.4ml Resuspension Buffer (R3) with RNase A until
homogenous. This solution was transferred to a microcentrifuge tube and 0.4ml Lysis Buffer
(L7) was added before mixing by gentle inversion of the capped tube. The mixed solution was
incubated at room temperature for 5 minutes. After 5 minutes, 0.4ml Precipitation Buffer (N3)
was added and mixed by gentle inversion until homogenous. The lysate was then centrifuged
at 12000g for 10 minutes at room temperature in the Heraeus Megafuge 1.0S centrifuge (DJB

Labcare, Newport Pagnell, UK).

The final cell lysate supernatant was loaded onto the equilibrated HiPure Mini column and
allowed to drain under gravity. The column was then washed twice by loading 2.5ml wash
buffer (W8) onto the column and allowing it to drain under gravity. The flow-through from the
supernatant and both washes were discarded. Next a microcentrifuge tube was placed under
the column and 0.9ml Elution Buffer (E4) was loaded on top. The solution was allowed to drain
under gravity and the column was discarded. The tube containing the eluted, purified plasmid
DNA had 0.63ml isopropanol (Sigma Aldrich Ltd., Gillingham, UK) added, was mixed by
inversion, then centrifuged at 12000g for 30 minutes at 4°C in the Heraeus Megafuge 1.0S
centrifuge (DJB Labcare, Newport Pagnell, UK). The resultant supernatant was discarded and
the DNA pellet was resuspended in 1ml 70% ethanol (VWR International Ltd., Leicestershire,
UK) and centrifuged under the same conditions. Again the resultant supernatant was

discarded, the pellet was allowed to air dry for 10 minutes, and then the DNA pellet was
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washed in 50ul TE Buffer (10mM Tris-Cl, pH 7.5 with 1mM EDTA) ready for analysis by gel

electrophoresis.

2.11.3 DNA gel electrophoresis of DSRed vector
DNA gel electrophoresis was performed on digested and non-digested plasmid DNA samples to
confirm the identity of the plasmid DNA isolated from E. coli transformed cells (Stratagene,

Agilent Technologies UK Ltd., Wokingham, UK).

A 1% (w/v) agarose DNA running gel was prepared using 1g agarose (Lonza Biologics, Slough,
UK), 100ml Tris Acetate-EDTA (TAE) Buffer (Lonza Biologics, Slough, UK) and 100yl SYPRO® Red
Protein Gel Stain (Lonza Biologics, Slough, UK), heated in a microwave until homogenous then
set in a gel dock (Bio-Rad Laboratories Ltd., Hertfordshire, UK) with a comb to create a row of

wells.

Plasmid DNA digestion was performed to confirm its identity by selecting restriction
endonucleases known to have cleavage sites (sequences) in the plasmid DNA. The full plasmid
DNA sequence was entered into the NEBcutter Version 2 online software (New England

BioLabs, Hertfordshire, UK [available at http://tools.neb.com/NEBcutter]) as described by

Vince et al. (200), and this provided a restriction enzyme map and theoretical digest using the
endonuclease enzyme EcoR1 (New England Biolabs, Hertfordshire, UK). The map and digest
are shown in Figure 2.6, which would digest the 9186db sequence into two fragments of

6562db and 2624db.
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Figure 2.6: Restriction enzyme map of the DSRed plasmid and theoretical digest using the
endonuclease enzyme EcoR1. Images are screenshots from the NEBcutter Version 2 online software.
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Non-digested DNA was prepared to run in the agarose gel by adding 1l DNA (1pl/ml) to 19ul
nuclease free water (Invitrogen Ltd., Paisley, UK) in a 1.5ml Eppendorf tube (Eppendorf UK
Limited, Stevenage, UK). Restriction endonuclease digestion was prepared by adding 1ul DNA
(1ul/ml), 2.5ul RNase H Reaction Buffer (50mM Tris-HCI, 75mM KCI, 3mM MgCl,, 10mM DTT,
pH 8.3) (New England Biolabs, Hertfordshire, UK) and 1ul EcoR1l enzyme (New England
BioLabs, Hertfordshire, UK) to 19ul nuclease free water (Invitrogen Ltd., Paisley, UK) in a 1.5ml
Eppendorf tube (Eppendorf UK Limited, Stevenage, UK). Both tubes were incubated for one

hour at 37°Cin the SUB Aqua Pro 5 water bath (Grant Instruments Ltd., Cambridgeshire, UK).

Loading buffer (New England BiolLabs, Hertfordshire, UK) was added to each sample at 5ul per
tube and each sample was added to a well in the pre-prepared 1% agarose gel. An additional
well was loaded with HyperLadder™ 1kb (Bioline Reagents Limited, London, UK), a molecular
weight marker which produces 14 regularly spaced bands ranging from 200bp to 10037bp. The
gel dock (Bio-Rad Laboratories Ltd., Hertfordshire, UK) was connected to a power supply (Bio-
Rad Laboratories Ltd., Hertfordshire, UK) and run at 115 volts for 45 minutes. The gel was then
disconnected from the electricity and placed in a UV box to develop the DNA gel
electrophoresis image. An example is shown in Figure 2.7. Comparison with the HyperLadder™
1kB molecular weight marker (Bioline Reagents Limited, London, UK) allowed identification of
the 9186bp DNA band in all three undigested samples and two fragments of 6562bp and
2624bp in the three corresponding digested samples. Sample number 6 was selected for

further amplification of the DSRed plasmid DNA for mammalian cell transfection.
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Figure 2.7: Developed gel electrophoresis image for plasmid DNA eluted from three different bacterial
cultures. The HyperLadder™ 1kB molecular weight marker is on the left hand side of the image and
allowed identification of the 9186bp DNA band in the undigested samples and two bands of 6562bp
and 2624bp in the digested samples.

2.11.4 Maxi preparation of DSRed plasmid DNA

The process of transforming E. coli IM109 competent cells with the DSRed plasmid DNA was
repeated as described in section 2.11.1 on a fresh chloramphenicol agar plate (10cm round
plastic culture dish (Corning B.V. Life Sciences, Schiphol-Rijk, The Netherlands) with
approximately 25ml tepid liquid Luria agar (1% (w/v) Tryptone, 1.5% (w/v) Agar, 0.5% (w/v)
Yeast extract, 1% (w/v) NaCl in distilled water) (Sigma Aldrich Ltd., Gillingham, UK) with 1pg/ml
Chloramphenicol (Sigma Aldrich Ltd., Gillingham, UK)). One colony was expanded in 3ml LB (1%
(w/v) Tryptone, 0.5% (w/v) Yeast extract, 1%NaCl (w/v) in distilled water) (Sigma Aldrich Ltd.,
Gillingham, UK) in a 15ml Falcon tube (BD Biosciences, Franklin Lakes, NJ, U.S.A.) incubated at

37°C in the 5% CO, Innova 4200 incubator (New Brunswick Scientific, Enfield, CT, U.S.A.) with
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agitation at 215rpm for 6 hours. The resulting bacterial culture was then divided between two
large conical flasks filled with 200ml Luria broth (1% (w/v) Tryptone, 0.5% (w/v) Yeast extract,
1%NaCl (w/v) in distilled water) (Sigma Aldrich Ltd., Gillingham, UK) and incubated with
agitation at 215rpm overnight in the 5% CO, Innova 4200 incubator (New Brunswick Scientific,
Enfield, CT, U.S.A.) at 37°C. The next day the flask contents were each transferred to a 250ml
polypropylene conical bottom centrifuge tube (Corning B.V. Life Sciences, Schiphol-Rijk, The
Netherlands), centrifuged at 4000g for ten minutes in the Heraeus Megafuge 1.0S centrifuge

(DJB Labcare, Newport Pagnell, UK) at room temperature, and the supernatants discarded.

The Invitrogen PureLink™ HiPure Plasmid Filter Purification Kit for Maxi Preparation of Plasmid
DNA (Invitrogen Ltd., Paisley, UK) was used as per manufacturers’ instructions to elute and

precipitate the DSRed plasmid DNA for lentiviral particle production.

k™ HiPure Filter Maxi column was placed on the PureLink™ Nucleic Acid

Firstly, the Purelin
Purification Rack. The column was equilibrated by adding 30ml Equilibration Buffer (EQ1)

directly into the filtration cartridge within the column and allowing it to drain by gravity.

The cell pellets from both of the centrifuged 250ml polypropylene conical bottom centrifuge
tubes (Corning B.V. Life Sciences, Schiphol-Rijk, The Netherlands) were resuspended together
in 10ml Resuspension Buffer (R3) with RNase A until homogenous, then 10ml Lysis Buffer (L7)
was added before mixing by gentle inversion of the capped tube. The mixed solution was
incubated at room temperature for 5 minutes. After 5 minutes, 10ml Precipitation Buffer (N3)

was added and mixed by gentle inversion until homogenous.

The precipitated lysate was loaded onto the equilibrated HiPure Filter Maxi column and
allowed to drain under gravity. The column was then washed by loading 10ml wash buffer
(W8) onto the column and allowing it to drain under gravity. The flow-through from the
precipitated lysate and wash were discarded. Next a 50ml centrifuge tube was placed under

the column and 15ml Elution Buffer (E4) was loaded on top. The solution was allowed to drain
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under gravity and the column was discarded. The tube containing the eluted, purified DNA had
10.5ml isopropanol (Sigma Aldrich Ltd., Gillingham, UK) added, was mixed by hand, then
centrifuged at 12000g for 30 minutes at 4°C in the Heraeus Megafuge 1.0S centrifuge (DJB
Labcare, Newport Pagnell, UK). The resultant supernatant was discarded and the DNA pellet
was resuspended in 5ml 70% ethanol (VWR International Ltd., Leicestershire, UK). Again the
resultant supernatant was discarded, the pellet was allowed to air dry for 10 minutes, and
then the DNA pellet of the DSRed plasmid was resuspended in 200ul TE Buffer (10mM Tris-Cl,

pH 7.5 with 1ImM EDTA).

2.11.5 Lentiviral vector particle production

Eight T150 tissue culture flasks (Corning B.V. Life Sciences, Schiphol-Rijk, The Netherlands)
were seeded with 1x10’ HEK293FT cells (Invitrogen Ltd., Paisley, UK) in 30ml complete
HEK293FT culture media (DMEM with 10% (v/v) FBS, 0.1mM MEM NEAA, 6mM L-glutamine
and 1mM MEM Sodium Pyruvate) (Invitrogen Ltd., Paisley, UK) and cultured overnight at 37°C
in the 5% CO, Nuaire DH autoflow incubator (Nuaire, Plymouth, MN, U.S.A.). The next day the
media was replaced with 30ml complete HEK293FT culture media (DMEM with 10% (v/v) FBS,
0.1ImM MEM NEAA, 6mM L-glutamine and 1mM MEM Sodium Pyruvate) (Invitrogen Ltd.,

Paisley, UK) containing 500ug/ml Geneticin (Invitrogen Ltd., Paisley, UK).

The DSRed plasmid eluted and purified in section 2.11.4 was analysed using a NanoDrop
Microvolume UV-Vis Spectrophotometer (Thermo Fisher Scientific Inc., Wilmington, DE, U.S.A.)
in order to measure the concentration and purity. The spectrophotometer was calibrated using
1ul nuclease free water (Invitrogen Ltd., Paisley, UK) then 1ul DNA was applied to the sensor.
The initial concentration of the sample was 4977.4ng/ul and further dilution in TE Buffer
(10mM Tris-Cl, pH 7.5 with 1mM EDTA) (Invitrogen Ltd., Paisley, UK) and re-testing achieved a

concentration of 1167.6ng/ul (target 1ug/ul). Absorbance of the sample at 230nm, 260nm and
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280nm was measured and used to determine DNA purity. The absorbance ratios were 1.87 for

260/280 and 2.29 for 260/230.

Lentiviral vector particle production was achieved by three plasmid co-transfection in

HEK293TF. The three plasmids are the lentiviral vector genome expression plasmid (DSRed

plasmid), the packaging plasmid and the envelope plasmid. Eight pairs of two separate 15ml

Falcon tubes (BD Biosciences, Franklin Lakes, NJ, U.S.A.) were prepared with reagents as per

Table 2.14.

Table 2.14: Preparation of reagents for transfection of HEK293FT cells.

Tube 1

Tube 2

Reagent

Role

Reagent

Role

3.75ml OptiMEM® |
medium

(Invitrogen Ltd., Paisley,
UK)

Reduced serum
medium

3.75ml OptiMEM® |
medium

(Invitrogen Ltd.,
Paisley, UK)

Reduced serum
medium

50pg DSRed plasmid

Lentiviral vector

200ul Lipofectamine™

Lipid-based

; . genome 2000 (Invitrogen Ltd., | transfection
gz?c‘;g;lnSrﬁVZr(siﬁc; r1es, expressing DSRed | Paisley, UK) reagent
Medical Centre, the ﬂuog‘gscent
Netherlands) protein
17.5ug pVSV-G Plasmid
(Adrian Thrasher, expressing the

; ; envelope
University College _
London, UK) glycoprotein
32.5pug pA8.91 (gag/pol) | Plasmid
(Adrian Thrasher, ﬁil\)]l:essmg tlhe
University College g.ag/ po
London, UK) protein for vector

packaging

OptiMEM® I medium with DSRed plasmid, pVSV-G envelope construct and pA8.91 (gag/pol) packaging
construct in tube 1 was combined with OptiMEM® I medium with Lipofectamine™ 2000 in tube 2 and
incubated for 20 minutes at room temperature immediately prior to addition to 70% confluent
HEK293FT cells in complete HEK293FT culture media with Geneticin.
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Each paired tube 1 solution was added to tube 2 and the solutions were mixed gently by
inverting the tubes 5 times. The solutions were then incubated at room temperature for 20
minutes to allow the lipid-DNA complexes to form, and one each added to the T150 tissue
culture flasks (Corning B.V. Life Sciences, Schiphol-Rijk, The Netherlands) of 70% confluent
HEK293FT cells (Invitrogen Ltd., Paisley, UK) in 30ml complete HEK293FT culture media (DMEM
with 10% (v/v) FBS, 0.1mM MEM NEAA, 6mM L-glutamine and 1mM MEM Sodium Pyruvate)
(Invitrogen Ltd., Paisley, UK) containing 500ug/ml Geneticin (Invitrogen Ltd., Paisley, UK). The
flasks were labelled as biohazardous and incubated overnight at 37°C in a 5% CO, Nuaire DH
autoflow incubator (Nuaire, Plymouth, MN, U.S.A.) dedicated for use with genetically modified
cells. The next morning the media was changed for 15ml fresh complete HEK293FT culture
media (DMEM with 10% (v/v) FBS, 0.1mM MEM NEAA, 6mM L-glutamine and 1mM MEM
Sodium Pyruvate) (Invitrogen Ltd., Paisley, UK) containing 500pg/ml Geneticin (Invitrogen Ltd.,
Paisley, UK) and placed back in the 5% CO, Nuaire DH autoflow incubator (Nuaire, Plymouth,

MN, U.S.A.) dedicated for use with viral samples at 37°C for 48 hours.

2.11.6 Harvest and titration of DSRed lentiviral particles

After 48 hours of incubation post transfection, media were aspirated from the T150 tissue
culture flasks (Corning B.V. Life Sciences, Schiphol-Rijk, The Netherlands), transferred to 50ml
Falcon tubes (BD Biosciences, Franklin Lakes, NJ, U.S.A.) and centrifuged at 1200rpm for five
minutes at room temperature in a Hettich Rotina 46R centrifuge (DJB Labcare, Newport
Pagnell, UK) to remove any cell debris. The supernatant was then decanted into fresh 50ml
Falcon tubes (BD Biosciences, Franklin Lakes, NJ, U.S.A.) and aliquots of 1ml lentiviral particles
containing media were transferred to 2ml cryogenic vials (Corning B.V. Life Sciences, Schiphol-

Rijk, The Netherlands) and frozen at -80°C.
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HEK293FT cells (Invitrogen Ltd., Paisley, UK) were transduced with the DSRed lentiviral
particles in order to determine their viral titre. Twelve wells of 4x10* and 12 wells of 8x10*
HEK293FT cells (Invitrogen Ltd., Paisley, UK) were plated in 12-well plates (BD Biosciences,
Franklin Lakes, NJ, U.S.A.) in 1ml complete HEK293FT culture media (DMEM with 10% (v/v)
FBS, 0.1mM MEM NEAA, 6mM L-glutamine and 1mM MEM Sodium Pyruvate) (Invitrogen Ltd.,
Paisley, UK) containing 500ug/ml Geneticin (Invitrogen Ltd., Paisley, UK) per well. The plates
were incubated overnight at 37°C in a 5% CO, Nuaire DH autoflow incubator (Nuaire,
Plymouth, MN, U.S.A.). One vial of DSRed lentiviral particle containing media was defrosted at
37°Cin the 5% CO, Nuaire DH autoflow incubator (Nuaire, Plymouth, MN, U.S.A.) dedicated for
use with viral samples. The lentiviral media underwent serial dilution with complete HEK293FT
culture media (DMEM with 10% (v/v) FBS, 0.1mM MEM NEAA, 6mM L-glutamine and 1mM
MEM Sodium Pyruvate) (Invitrogen Ltd., Paisley, UK) containing 500ug/ml Geneticin
(Invitrogen Ltd., Paisley, UK) to obtain different dilution factors for transduction. Lentiviral
particles at dilutions of 1x107, 1x10™, 1x10®° and 1x10® were applied to triplicate wells of each
12-well plate (BD Biosciences, Franklin Lakes, NJ, U.S.A.) with cultured HEK293FT cells
(Invitrogen Ltd., Paisley, UK). The plates were then incubated at 37°C in the 5% CO, Nuaire DH
autoflow incubator (Nuaire, Plymouth, MN, U.S.A.) dedicated for use with genetically modified
cells for a further 24 hours. After 24 hours, the number of transduced cells or colonies in each

well was counted using the Nikon TS100 inverted microscope (Nikon Corporation, Tokyo,

Japan) under UV light.

The viral titre was based on the most consistent triplicate wells and calculated using the

equation:

Titre = Number of transduced cell or colonies per well / Dilution factor
= Transducing Units (TU)/ml

The viral titre for DSRed lentivirus was approximately 7x10* TU/ml.
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2.11.7 GFP lentiviral vector particle production

GFP-expressing lentiviral genome construct as well as the packaging and envelope constructs
were provided by Professor Adrian Thrasher of University College London and had been
prepared as described by Demaison et al. (199). Tranfection of eight T150 tissue culture flasks
(Corning B.V. Life Sciences, Schiphol-Rijk, The Netherlands) seeded with 1x10’ HEK293FT cells
(Invitrogen Ltd., Paisley, UK) was performed as per section 2.11.5, substituting 50ug GFP
lentiviral vector plasmid for the DSRed plasmid when the reagents were prepared as per Table
2.13. GFP lentiviral particles were harvested, stored and titrated to calculate their viral titre as
per section 2.11.6. The viral titre of GFP lentiviral vector particles was estimated as 3x10°

TU/ml.

2.11.8 Transduction of stromal and endothelial cells with GFP and DSRed lentiviral
particles

AT MSC were plated in 12 wells of a 24 well plate at 1.2x10" cells per well of a rat tail collagen |
coated 24-well plate (BD Biosciences, Franklin Lakes, NJ, U.S.A.) in 2ml per well complete EGM-
2 (Lonza Biologics, Slough, UK). Plates were placed in the 5% CO, Nuaire DH autoflow incubator
(Nuaire, Plymouth, MN, U.S.A.) at 37°C and incubated overnight. The next morning, GFP
lentiviral particles were applied to the wells at various multiplicity of infection (MOI). The MOI
is the number of viral particles applied per cell, and the values selected were two wells each of
MOI 0, 1, 2, 3, 4 and 5. Plates were returned to the 5% CO, Nuaire DH autoflow incubator
(Nuaire, Plymouth, MN, U.S.A.) dedicated for use with genetically modified cells for a further
24 hours at 37°C. After 24 hours the media was replaced with 2ml per well complete EGM-2
(Lonza Biologics, Slough, UK), and following 48 hours further incubation in the 5% CO, Nuaire

DH autoflow incubator (Nuaire, Plymouth, MN, U.S.A.) at 37°C, the number of transduced cells
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or colonies in each well was counted using the Nikon TS100 inverted microscope (Nikon

Corporation, Tokyo, Japan) under UV light.

Transduction of AT MSC, MV MSC, ECFC derived cells and HUVEC was then performed at an
MOI 3, as these wells showed approximately or >75% of the cells were transduced at 72 hours
without significant loss of viability. GFP expressing cells were transduced as required by
adding 1ml GFP lentivirus per 10° cells (viral titre=3x10° TU/ml) cultured overnight in a T150
tissue culture flask (Corning B.V. Life Sciences, Schiphol-Rijk, The Netherlands) with 30ml
complete EGM-2 (Lonza Biologics, Slough, UK) in the 5% CO, Nuaire DH autoflow incubator
(Nuaire, Plymouth, MN, U.S.A.) at 37°C. After 24 hours the lentiviral media was discarded and
replaced with 30ml fresh complete EGM-2 (Lonza Biologics, Slough, UK) and culture was
continued in the 5% CO, Nuaire DH autoflow incubator (Nuaire, Plymouth, MN, U.S.A.) at 37°C

until cells were confluent for storage, further passage or experimental use.

MOI was determined for DSRed lentiviral particles using AT MSC plated in 16 wells of a 24 well
plate at 1.2x10* cells per well of a rat tail collagen | coated 24-well plate (BD Biosciences,
Franklin Lakes, NJ, U.S.A.) in 2ml per well complete EGM-2 (Lonza Biologics, Slough, UK). Plates
were placed in the 5% CO, Nuaire DH autoflow incubator (Nuaire, Plymouth, MN, U.S.A.) at
37°C and incubated overnight. The next morning, DSRed lentiviral particles were applied to the
wells in duplicate at MOI of 0, 5, 10 and 15, and then again in duplicate at the same MOIs with
the addition of 1pl/well 100mg/ml Polybrene’ (1,5-dimethyl-1,5-diazaundecamethylene)
(Sigma Aldrich Ltd., Gillingham, UK), a cationic polymer which decreases electrostatic repulsion
of the viral particles from the cell surface as described by Lin et al. (201). Plates were returned
to the 5% CO, Nuaire DH autoflow incubator (Nuaire, Plymouth, MN, U.S.A.) dedicated for use
with genetically modified cells for a further 24 hours at 37°C. After 24 hours the media were
replaced with 2ml per well complete EGM-2 (Lonza Biologics, Slough, UK), and following 48

hours further incubation in the 5% CO, Nuaire DH autoflow incubator (Nuaire, Plymouth, MN,
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U.S.A.) at 37°C, the number of transduced cells or colonies in each well was counted using a

Nikon TS100 inverted microscope (Nikon Corporation, Tokyo, Japan) under UV light.

Transduction of AT MSC and MV MSC was then performed at MOI 5 with 1ul 100mg/ml
Polybrene® (Sigma Aldrich Ltd., Gillingham, UK), as this was the lowest MOI to achieve
approximately 70% transduction efficiency. Without the addition of Ponbrene® (Sigma Aldrich
Ltd., Gillingham, UK), no transduction was achieved for AT MSC and MV MSC. DSRed
expressing cells were transduced as required by adding 7ml DSRed lentiviral vector particles
and 1pl 100mg/ml Polybrene’ (Sigma Aldrich Ltd., Gillingham, UK) per 10° cells (viral
titre=7x10"* TU/ml) cultured overnight in a T25 tissue culture flask (Corning B.V. Life Sciences,
Schiphol-Rijk, The Netherlands) with 5ml complete EGM-2 (Lonza Biologics, Slough, UK) in the
5% CO, Nuaire DH autoflow incubator (Nuaire, Plymouth, MN, U.S.A.) at 37°C. After 24 hours
the lentiviral particle containing media was discarded and replaced with 7ml fresh complete
EGM-2 (Lonza Biologics, Slough, UK) and culture was continued in the 5% CO, Nuaire DH
autoflow incubator (Nuaire, Plymouth, MN, U.S.A.) at 37°C until cells were confluent for

storage, further passage or experimental use.

2.12 Statistical analysis

Data were described as mean + standard error of the mean for continuous values in order to
show the standard deviation of the sample distribution. Each condition in each assay was
repeated in triplicate unless otherwise stated in order to provide mean values for each data

set.

Correlation between number of MNC plated from UCB and PB and yield of ECFC colonies was
analysed using the Spearman rank correlation coefficient, which is a nonparametric test of
dependence between two variables which allows for strong outliers. The correlation between
placental weight and yield of ECFC colonies from UCB units was analysed using a linear model
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regression, which is a test of dependence between a single scalar variable (colony yield) and an
explanatory variable (placental weight). Units with zero colony yield were excluded, then the
remaining data were transformed by Box-Cox transformation in order to achieve a normal
distribution whilst maintaining data rank. This stabilised the variance and allowed the linear

model regression to be applied.

The two-tailed Student’s T Test was used to determine the significance of differences between
normally distributed data against a t distribution. Data from cultures under different
conditions such as total tubule length or number of tubule junctions in the two-dimensional
sandwich co-culture tubule assay were compared as independent samples, whereas analysis of
differences between AT MSC and MV MSC were compared as paired samples since the

cultured cells originated from the same donor tissue.
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Chapter 3 Endothelial Colony Forming Cell Sources for Clinical

Applications

3.1 Background
Both endothelial and mesenchymal stromal cell sources are required for the creation of
microvascular networks in vitro (135). The ideal cell sources for clinical applications are

autologous, easily obtainable and reliably reproducible in culture.

Allogeneic cells must be typed and matched to the patient to minimise the risks of rejection
(130-132, 202), and despite thorough screening there is still a risk of transmission of infection
from donor to patient (133, 134, 203). These risks are mostly eliminated with the use of
autologous cells, although there is still a risk of infection if cells are cultured prior to
transplant. The proposed recipient patients of pre-vascularised dermal substitutes may be
those suffering from acute, severe burn injuries, and this limits the autologous tissues which
may be available for harvest and in vitro culture. For example, many patients with large body
surface area burns require blood transfusions due to blood loss and fluid compartment shift,
making venesection of large volumes of peripheral blood impractical (109, 110). However,
previous work in our research laboratory suggested that there was a peak concentration of
proangiogenic cells in peripheral blood at 24 hours post burn injury, as these cells are
mobilised from bone marrow (56), and it remains unclear if appropriate timing of venesection

may allow culture of endothelial cells from a relatively small volume of peripheral blood.

As these severe burn patients mount a systemic response to their injuries by mobilising cells
from bone marrow (32), this too may be an unacceptable source tissue to harvest, as it is

needed in vivo for patient survival.
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Adipose tissue is a well-established source of mesenchymal stromal cells, and some recent
work has also shown that endothelial cells may be cultured from the same source (111). Even
in patients with acute, large body surface area burns there should be an availability of adipose
tissue which could be harvested without difficulty from directly underneath the burn eschar or
by minimally invasive liposuction at an undamaged anatomical site. This could be harvested
under general anaesthesia at the first burn wound debridement in the operating theatre,

which should be performed within 24 to 48 hours of injury (3).

3.2 Aim and objectives

The aim in this chapter was to identify feasible source tissues of Endothelial Colony Forming

Cells (ECFCs) for use in clinical applications.
Objectives:

- Toisolate and culture ECFC derived colonies from Umbilical Cord Blood (UCB), defining
colony numbers per UCB unit

- To establish methods for phenotyping ECFC derived cells generated in this research by
analysing cell surface markers on Human Umbilical Vein Endothelial Cells (HUVEC) and
UCB ECFC derived cells previously used within this research laboratory and known to
form in vitro microvascular tubule networks

- To investigate potential autologous sources of ECFC containing tissues collected from
plastic surgery and burns patients

e Peripheral Blood (PB) from breast reconstruction patient donors

e Adipose Tissue (AT) from breast reconstruction patient donors
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3.3 Results

3.3.1 Umbilical cord blood Endothelial Colony Forming Cell derived cells
3.3.1.1 Culturing ECFC from UCB

Units of UCB were collected by NHS Blood and Transplant research nurses, with ethical
approval and fully informed written consent. A unit refers to the total volume of blood
collected from a single placenta and umbilical cord, and as such had variable volume. The
mononuclear cell fraction of the UCB was isolated on Accuspin tubes (Sigma Aldrich Ltd.,
Gillingham, UK) and cultured in complete EGM-2 medium (Lonza Biologics, Slough, UK) for 2

weeks. Cultured UCB generated cobblestone colonies with a typical morphology (Figure 3.1)

characteristic of endothelial cells.

Figure 3.1: Passage 0 Umbilical Cord Blood Endothelial Colony Forming Cell (UCB ECFC) derived cells.
These cells were cultured in complete Endothelial Growth Medium 2 (EGM-2) for 2 weeks from
mononuclear cells separated from a single whole umbilical cord blood unit. (Phase contrast image,
100pm scale bar)
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ECFCs formed characteristic round colonies (Figure 3.2) and these were selected with cloning
rings to separate them from mesenchymal or mixed morphology colonies within the wells. As
the colonies grew, the initial round shape was lost and colonies expanded to fill the culture
surface available. A schematic to represent the colonies grown from each unit was developed
(Figure 3.3), and was used to record the number and morphology of cultures at day 14. The
colonies were individually drawn within the wells and labelled with dimensions to the nearest
millimetre. Each colony was colour coded according to cell morphology; blue for endothelial
colonies, pink for mesenchymal colonies and green for mixed morphology colonies. Where
there was no cell growth, the well was marked with a cross and empty wells within the plates
were labelled as ‘not plated’. This figure demonstrates that populations of cultured cells vary
greatly between the UCB units, but the use of cloning rings allowed the ECFC derived cells of
interest to be isolated and expanded. The data are summarised in Table 3.1, with further

details in Table 3.5, Table 3.6 and section 3.3.4.

80



TO0um

e e

100pm

5 TS 4 i

Figure 3.2: Colony formation of passage 0 Umbilical Cord Blood Endothelial Colony Forming Cell (UCB
ECFC) derived cells. Image A shows early growth of a colony (day 7). Image B shows a more established
colony (day 14) which has been marked with a marker pen on the underlying plastic to target with a
cloning ring. (Phase contrast images, 100pm scale bars)
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Figure 3.3: Six well plate diagrams of colony formation from the UCB mononuclear cells cultured in
EGM-2 media for 2 weeks. A= Key to figure. B= Plates 1 - 15 are diagrammatic representations of
colonies formed from individual UCB units after two weeks of culture. Despite cells being plated at a
consistent concentration of 1.6x107 mononuclear cells per well, there was great variability in the
number, size and morphology of colonies. As indicated in the key (A), cells with morphology
reminiscent of mesenchymal stromal cells (MSC, pink), ECFC derived cells (blue) or mixed colonies of
MSC and ECFC derived cells (green) were identified by phase contrast microscopy. Using this schematic
mapping, ECFC colonies were selected with cloning rings to separate them from cells of differing
morphology for further expansion. Colony diameters are indicated in millimetres.

Table 3.1: Summary of ECFC derived colonies formed from 15 UCB units.

UCB number | No. MNCs plated x108 | No. ECFC colonies | No. of ECFC colonies/
formed 108 MNCs plated
1 0.9528 0 0
2 2.0880 5 2.39
3 0.8795 0 0
4 3.6792 33 8.97
5 0.6593 1 1.52
6 4.2696 28 6.56
7 3.2844 10 3.04
8 2.2660 8 3.53
9 1.8864 0 0
10 1.9976 18 9.01
11 2.5950 15 5.78
12 1.8432 0 0
13 0.2456 0 0
14 3.1168 14 4.49
15 1.2236 1 0.82
Mean * SEM 2.0658 £ 0.3016 89+28 3.07 £ 0.84
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3.3.1.2 Cell surface marker analyses of ECFC derived cells from UCB and HUVEC
In order to characterise ECFC derived cells generated for this thesis research, expression of cell
surface markers were first validated using flow cytometry on Human Umbilical Vein
Endothelial Cells (HUVECs) which were used routinely within our research group. Three
batches of HUVECs at passage 3 were used to analyse cell surface markers. The method is
described in Chapter 2, section 2.5. Representative histograms of flow cytometric analyses for

cell surface markers described in Table 3.2 are shown in Figure 3.4.

After selection of the ECFC colonies derived from UCB, large individual colonies or pooled small
colonies from individual cord blood units were cultured and expanded to passage 3 in
complete EGM-2 media (Lonza Biologics, Slough, UK). They were analysed for cell surface
markers using flow cytometry as above. Figure 3.5 shows representative flow cytometry
histograms of UCB ECFC derived cells at passage 3. The histograms are representative figures
from my own phenotyping and median fluorescence intensity and standard error of the mean
are the mean figures from combined data with other researchers within our group, for the
collaborative paper “Effects of obstetric factors and storage temperatures on the vyield of

endothelial colony forming cells from umbilical cord blood” (204).

Table 3.2 summarises the main antigen expression profiles of UCB ECFC derived cells and
HUVECs, confirming the endothelial phenotype of the cells cultured. The positive CD31, CD34,
CD73, CD105, CD146, VEGFR2, TIE2 profile and the lack of CD45 and CD14 staining are
consistent with that of endothelial cells examined by other researchers (71-73, 77, 78, 205-

215).

CD31, also known as PECAM-1 (Platelet/Endothelial Cell Adhesion Molecule 1), mediates
endothelial cell to cell adhesion, although it is not specific for these cells and is also expressed
by various leucocytes, platelets and haematopoietic stem cells (71, 72). CD34 is another

transmembrane protein involved in cell adhesion. It is found on most endothelial cells, but also
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haematopoietic stem cells in the early progenitor stages (73). It has been found to have
variable expression at different passages (73). Another endothelial cell adhesion molecule,
CD146, is found at the endothelial junction and has a role in control of cell to cell cohesion
(77). It may also contribute to vascular permeability (77) and is present on activated T cells,
allowing them to cross endothelium (78). Permeability of endothelium is also mediated by

CD73, but this is also found in lymphatic vessels (206), and so again is non-specific.

CD105, also known as Endoglin, is a transmembrane glycoprotein which binds members of the
Transforming Growth Factor Beta (TGFB) family of peptides (208, 209). These peptides have
multiple roles which include vasculogenesis and angiogenesis, hence their presence on
endothelial cells. Other roles of the TGFB peptides include manipulation of bone and cartilage
development, haematopoiesis and immune function and so the CD105 protein is also found on

various stromal and mesenchymal cells (209) as well as leukaemic and sarcoma cell lines (208).

Vascular Endothelial Growth Factor Receptor 2 (VEGFR2) is a mediator of angiogenesis found
on endothelial cells (210, 211) and proangiogenic stem cell subsets such as haematopoietic
stem cells (212). The main effects of VEGF on endothelial cells are promotion of migration and
differentiation during angiogenesis. The tyrosine kinase receptor TIE2 is also present on both
endothelial cells and haematopoietic stem cells (213, 214). This receptor mediates endothelial

barrier function (213).

Since none of these endothelial cell surface markers are specific for endothelial cells, it was
also necessary to exclude certain cell types by the lack of expression of a series of leucocyte or
stromal markers. Both HUVECS and UCB ECFC derived cells were negative for CD14, CD45,
CD90 and CD131. CD14 is the primary endotoxin binding molecule found on human monocytes
(216). It is a specific marker for this cell type, and its absence confirms the absence of

monocytes.
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The CD45 antigen used was pan-specific and therefore capable of identifying all isoforms of
the CD45 cell surface marker, Protein Tyrosine Phosphatase Receptor type C (PTPRC). This

marker is present in different isoforms on all subtypes of leucocytes (74, 75).

CD90 (Thy-1) , was originally identified in thymocytes (T cell precursors) but is a key cell
surface marker on fibroblasts, mesenchymal stem cells and haematopoietic stem cells (217). It
may play a role in cell contraction, and has variable expression on different subtypes of
fibroblastic cells with different contractile properties (217). Differentiated endothelial cells are

consistently CD90 negative, as were the HUVECS and UCB ECFCs used in this research.

CD133 is present on a variety of stem and progenitor cells such as haematopoietic, retinal and
neural stem cells (218-221). It is also known as Prominin-1 and is found on cell plasma
membrane protrusions (219). Its role is mediation of epithelial cell differentiation and it
presence may help cells maintain plasticity (218). It is therefore not seen in differentiated

endothelial cells.
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Figure 3.4: Flow cytometry phenotyping of Human Umbilical Vein Endothelial Cells (HUVECS).
Representative FACS histograms of HUVEC stained with the antibodies indicated on each histogram.
Values on histograms are Median Fluorescence Intensity (MFI) of the peak for the batch of cells shown.
Isotype controls had a gate set at 1% positive cells (vertical black line) and the corresponding markers
show the mean percentage of cells falling in that gate from three different samples + SEM. HUVECs
were CD31+ and CD 105+ with variable expression of CD34.
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Figure 3.5: Flow cytometry phenotyping of Human Umbilical Cord Blood Endothelial Colony Forming
Cell (UCB ECFC) derived cells. Representative FACS histograms of UCB ECFC derived cells stained with
antibodies shown on each histogram. Values on histograms are Median Fluorescence Intensity (MFI)
for the batch of cells tested. Isotype controls had a gate set at 1% positive cells (vertical black line) and
the corresponding markers show the mean percentage of cells falling in that gate from three different
samples where data was available + SEM. UCB ECFCs are CD31+, CD 73+, CD105+* and CD 146* with low
expression of TIE2 and VEGFR2 and variable expression of CD34.
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Table 3.2: Cell surface antigen expression of Umbilical Cord Blood Endothelial Colony Forming Cell
(UCB ECFC) derived cells and Human Umbilical Vein Endothelial Cells (HUVEC), and the usual antigen

associations.
Marker Main Antigen Expression UCB ECFC HUVEC
% positive * | % positive *
SEM SEM
CD14 Monocytes. 0.3+£0.1% 1.6 +1.0%
() (-)
CD31 Endothelial cells, Platelets, Monocytes, | 99.2 + 0.8% 95.5+4.3%
Granulocytes, B cells, Haematopoietic stem cells,
(+++) (++4)
Proangiogenic haematopoietic cells
CD34 Haematopoietic stem and progenitor cells, | 29.0 + 14.5% | 183 +11.4%
Endothelial cells, Subsets of Mesenchymal Stem
(+) (+)
Cells
CD45 (Pan | Leucocytes 39+1.3% 1.0+0.2%
specific
pecific) 0 0
CD49d Lymphocytes, Monocytes, Eosinophils, | 52.9% Not tested
Haematopoietic stem and progenitor cells, (+4)
Mesenchymal Stem Cells
CD73 B & T Cell Subsets, Endothelial cells, Mesenchymal | 99.2 + 0.6% Not tested
Stem Cells
(+++)
CD90 Stromal cells, Mesenchymal Stem Cells , | 2.1+1.6% 2.9 +0.8%
Haematopoietic stem cells
P ) ()
CD105 Endothelial cells, Stromal cells, Mesenchymal Stem | 98.1 + 1.2% 99,5+ 0.2%
Cells (+++) (++4+)
CD133 Haematopoietic stem and progenitor cells, Other | 2.3+ 1.1% 1.0 0.4%
stem cells eg. Neural, Retinal cells ) ®
CD146 Endothelial cells, Activated T cells, Subsets of | 99.2 + 0.6% Not tested
Mesenchymal Stem Cells Proangiogenic (++4)
haematopoietic cells
VEGFR2 Endothelial cells, Stem cell subsets, Proangiogenic | 4.6% 18.0+11.1%
haematopoietic cells
P @) ()
TIE2 Endothelial cells, Stem cells, Some monocytes, | 23.3% 53.3+26.9%
Proangiogenic haematopoietic cells (+4) (+4)

The percentages of positive cells are those falling within a 1% gate set on isotype control histograms.

Where SEM is given this is from sets of three different batches of cells.
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3.3.1.3 Obstetric factors affecting UCB ECFC recovery

Multiple obstetric, maternal and perinatal factors may have an effect on the yield of ECFC
recovery from UCB (204). As part of a larger study, data regarding UCB units which yielded
ECFC from my work were pooled with data from others within the National Health Service
Blood and Transplant (NHSBT) Stem Cell Research Laboratory (SCRL) group (15 of 52 units).
This collaboration allowed us to analyse a number of obstetric and perinatal factors and
helped to increase the statistical significance of calculated correlations. Table 3.3 shows the
range of various maternal, obstetric and neonatal factors which may potentially affect the
number of ECFC colonies formed from each unit. The most significant correlation from our
data was with the placental weight — the greater the placental weight the lower the yield of
ECFCs (p<0.05). The linear model regression is shown in Figure 3.6, and this produced the

following formula to predict ECFC yield (E,.q) from placental weight:

Eprea = ( 1.2421 +3.226 x10° )*°
P2/3

This may help predict the best UCB units to select for processing in order to maximise ECFC
yield, and to my knowledge is the first time that this has been demonstrated to be a significant

correlation.
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Table 3.3: Demographics of perinatal maternal, obstetric and neonatal variables.

Factor (n) Mean * SD Range
Gestational age (weeks) (49) 39+1 37 -41
Neonatal weight (grams) (49) 3427 £ 472 2620 - 4442
Placental weight (grams) (49) 704 £ 144 450-1100
Duration stage 1 labour (hours) (13) | 4.4 £0.7 1.3-9.2
Duration stage 2 labour (hours) (13) | 0.8+0.3 0.1-31
Duration stage 3 labour (hours) (13) | 0.2+0.1 0.0-1.0
Factor (n) Range Number | Per cent
Maternal age (years) (52) 18- 25 8 15.4

26 - 35 30 57.7

>35 14 26.9
Parity (49) 0 13 26.5

1 18 36.7

2 15 30.6

>3 3 6.1
Gravidity (49) 0 30 61.2

1 11 22.4

2 6 12.2

>3 2 4.1
Mode of delivery (48) Vaginal 13 27.1

Caesarean | 35 72.9

Selected data redrawn from Coldwell et al. 2011 (204).
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Figure 3.6: Correlation between placental weight and ECFC yield. Model fit of the correlation is shown
by the solid line (p<0.05) and 95% confidence intervals are shown by the dashed lines. To analyse the
correlation all units with a zero yield of ECFCs were excluded. The remaining ECFC colonies per unit
were transformed by Box-Cox transformation to achieve a normal distribution and to stabilise the
variance before applying a linear model regression. Reproduced from Coldwell et al. 2011 (204),
published under the CC-BY-NC license.
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3.3.2 Adult peripheral blood (PB) endothelial cells

3.3.2.1 Culturing ECFC from PB

Adult PB was also assessed as a source of ECFC derived cells. Fifty millilitres of peripheral
blood were obtained with informed consent from adult plastic surgery patients under
general anaesthesia prior to breast reconstruction surgery. The mononuclear cell fraction
was isolated on Accuspin tubes (Sigma Aldrich Ltd. Gillingham, UK), plated at a
concentration of 1.6x107 mononuclear cells per well of a six well plate and cultured in
complete EGM-2 medium (Lonza Biologics, Slough, UK) for 4 weeks. In total, only 2 of the
15 processed PB units grew endothelial colonies. Figure 3.7 shows the typical endothelial

morphology of ECFCs cultured from adult PB. These were initially frozen at passage 2 in

the hope that future samples would yield similar cells for comparison and analysis.

Figure 3.7: Peripheral Blood Endothelial Colony Forming Cell (PB ECFC) derived cells, typical
morphology of cells at passage 2 (Phase contrast microscopy, 100pm scale bar).
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When these cells were brought back into culture after storage at passage 2 in liquid
nitrogen, only one of the samples retained an endothelial morphology. The other sample
appeared to be overgrown with fibroblast or mesenchymal-like stromal cells. The
mesenchymal-like cells grew quickly and were fully confluent by day 7, at which point
they were discarded. The endothelial cells were much slower to grow and did not reach
full confluence until day 48 in culture. These samples are shown in Figure 3.8. The cells
with endothelial morphology at day 48 were harvested for FACS analysis, using a
multicolour assay designed for low cell number samples. This assay is normally used
within our laboratory for a clinical research trial involving small blood samples from

patients with cancer to assess to effect of an anti-angiogenic drug.

B

Peripheral blood sample 12, passage 2 day 35 Peripheral blood sample 12, passage 2 day 48

Figure 3.8: Frozen 'endothelial cell' samples from peripheral blood brought back into culture at
passage 2. A= Sample 2 at day 7 showing a fibroblast-like morphology. These cells were discarded. B=
Sample 12 at day 7 showing poor growth of sparse endothelial-like cells. C= Sample 12 at day 35 in
culture showing 90% confluent cells with mainly endothelial-like morphology. D= Sample 12 at day 48,
now showing 100% confluence and a clear endothelial-like morphology. (Phase contrast microscopy,
100pum scale bars)
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3.3.2.2 Cell surface marker analyses of ECFC derived cells from peripheral blood

Only one PB ECFC culture survived sufficiently for flow cytometric analysis. Multicolour
FACS analysis of the adult PB endothelial cells shows that they were all CD90 negative
(Figure 3.9) and mostly CD34, CD144 and TIE2 positive (Figure 3.10). The expression of
CD34 can decrease over endothelial passages (222), but CD144 and TIE2 are more
consistent endothelial markers. This combination of markers suggests that the cells are

endothelial in nature, and not fibroblastic or mesenchymal.
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Figure 3.9: Histogram representation of CD90 expression in passage 3 adult peripheral blood
endothelial colony forming cell derived cells. The median fluorescent intensity was similar for the
isotype and test and there were 1% test cells in the 1% gate set on the isotype control (vertical black
line).
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Figure 3.10: Multi-colour FACS analysis of adult peripheral blood 'endothelial cells' at passage 3. Dot
plots for each double stained condition show the percentage of live cells in each quadrant with isotype
controls in the left hand column and test markers in the right hand column. The population are mostly
CD34+, CD144+, TIE2+.
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3.3.3 Adipose tissue endothelial cells

We hypothesised that human adipose tissue (AT) might provide the best source of both
endothelial and mesenchymal stromal cells for autologous treatments. AT had never
previously been analysed within our research group and hence studies were carried out to
determine if ECFCs could be recovered from this tissue. Histological staining of adult AT
demonstrated microvasculature within the tissue (Figure 3.11), which is a potential niche

for ECFCs.

/.

I

Figure 3.11: Adipose tissue histology. Histological sections of fresh adult AT were paraffin embedded,
sectioned and stained with haematoxylin and eosin. There is a clearly delineated vessel seen within
the adipocytes (arrow). (Phase contrast microscopy, 10pm scale bar)

AT was processed to isolate viable cells, as described in Chapter 2, section 2.4.3. A basic
protocol was established in this thesis to mechanically and chemically dissociate the tissue

to a single cell suspension. Optimisation of this protocol is discussed in Chapter 4. Flow
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cytometric analysis of freshly processed adult AT showed that it contained heterogeneous
cell populations, as might be expected of a primary tissue source. Cell surface marker
analysis revealed that the AT suspension contained CD45+ leucocytes (19.7% + 11.4%)
and few CD133+ haematopoietic progenitor cells (4.8% * 2.0%) (Figure 3.12). However a
significant proportion of cells were CD34+ (14.3% +* 3.6%) (Figure 3.12). The data suggest
that the cell suspensions contained a significant number of endothelial cells which could

be identified as CD34+, CD45- and CD133-.

In order to enrich the adipose cell isolate for ECFCs, fresh adult AT and dissected
microvasculature were cultured under endothelial culture conditions as described in
Chapter 2, section 2.4.3. However, after 14 to 21 days in culture, most of the samples
produced adherent Mesenchymal Stem/Stromal Cells (MSC), which were CD 90+, CD 105+
(Figure 3.13). This figure shows one set of selected representative histograms of flow

cytometry analysis at P1. Full phenotyping of AT MSC is presented in Chapter 4.
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Figure 3.12: Flow cytometry phenotyping of fresh human Adipose Tissue. MFI= Median Fluorescence
Intensity of the peak for the representative histogram shown. Isotype controls were used to set an
arbitrary gate and the corresponding markers show the mean percentage of cells in that gate from
three different samples + SEM. Adipose tissue shows populations of CD34+, CD 45+ and CD 133+ cells.
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Figure 3.13: Example of morphology of Passage 0 MSC-like cells from human adipose tissue cultured in
EGM-2 media for 14 days together with representative flow cytometry analysis of these cells harvested
at passage 1. Left: The image demonstrates MSC-like cells with a fibroblastoid morphology (Phase
contrast microscopy, 100pm scale bar). RIGHT: Flow cytometry histograms demonstrated that the cells
were CD90+, CD105*. These are representative of P1 AT MSC-like cells. MFI= Median Fluorescent
Intensity of all cells. An arbitrary 1% positive gate (vertical black line) was set on the isotype control
and the percentage of cells falling within this gate for the CD90 and CD105 markers is shown in

brackets.

Three of the thirteen samples produced cells which were morphologically ECFC derived

cells (Figure 3.14). Due to the scarce nature of these ECFCs, they were initially frozen at

passage 5 and later brought back into culture for FACS analysis. Taken together, our data

suggest that MSC-like cells are abundant in adult AT in contrast to ECFCs.
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Figure 3.14: Adipose Tissue derived endothelial-like cells. Morphology of: A=Passage 0 ECFC derived
cells from processed whole adipose tissue cultured in EGM-2 medium for 14 days. B=Passage 0 ECFC
derived cells from processed dissected adipose microvasculature cultured in EGM-2 medium for 14
days. (Phase contrast microscopy, 100pm scale bars).

Of the 3 adipose tissue and adipose microvasculature derived endothelial-like cell samples
brought back into culture after cryostorage at passage 5 in liquid nitrogen, only one

retained an endothelial morphology. The other samples became overgrown with

105



mesenchymal stromal cells and were discarded. As with the peripheral blood cells brought
back into culture from liquid nitrogen, the mesenchymal-like cells grew quickly and the
endothelial cells were much slower to grow. The endothelial-like cells looked senescent
and friable from an early stage, however persistent culture and regular media changes
allowed continued, gradual expansion until confluence and harvest at day 48 for FACS

analysis, using the multi-colour assay for low cell number samples. These samples are

shown in Figure 3.15.

B

Adipose tissue sample 8, day 26 Adipose tissue sample 8, day 48

Figure 3.15: Frozen 'endothelial cell' samples from adipose tissue and adipose microvasculature
brought back into culture at passage 5. Cells were cultured in EGM-2 medium and examined using
phase contrast microscopy. A= Sample 6 at day 6 showing a fibroblast-like morphology. These cells
were discarded. B= Sample 8 at day 6 showing poor growth of sparse endothelial-like cells. C= Sample
8 at day 26 in culture showing 70% confluent cells with mainly endothelial-like morphology. The cells
looked friable and appeared to be senescencing. D= Sample 8 at day 48, now showing 95% confluence
and mostly clear endothelial-like morphology with some friable cells. (Phase contrast microscopy,
100pum scale bars)
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FACS analysis confirmed that the population of endothelial-like cells from adipose tissue
was CD90 negative (Figure 3.16), and therefore neither fibroblastic nor mesenchymal,

unlike cultured cells shown in Figure 3.13.

10 15 20 25 30 35 4

Cell Count

Cell Count
0 20 4

10

10°

CD90 FITC

Cell Count

Log of Fluorescence Intensity

Figure 3.16: Histogram representation of CD90 expression on passage 6 adult adipose tissue ECFC
derived cells. The median fluorescent intensity (MFI) of the whole population was similar for the
isotype and CD90 antibody stained cells. There were 1.6% CD90 antibody stained cells in the 1%
positive gate (vertical black line) set on the isotype control. This indicates that the population is
negative for CD90.

Multi-colour FACS analysis demonstrated that the endothelial-like cells from adipose
tissue were mostly CD34+, TIE2+ and weakly CD144+ (Figure 3.17). CD144 positivity
appeared to correlate with TIE2 positivity. This combination of markers supports the

likely endothelial nature of this cell population.
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Figure 3.17: Multi-colour FACS analysis of adipose tissue 'endothelial cells' at passage 6. Dot plots for
each double stained condition show the percentage of live cells in each quadrant with isotype controls
in the left hand column and test markers in the right hand column. The population are mostly CD34+,
TIE2+, with cells expressing CD144 weakly.
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3.3.4 Comparison of sources of endothelial colony forming cells

Umbilical cord blood, adult peripheral blood and adult adipose tissue are all capable of
producing endothelial colony forming cells. In this chapter, umbilical cord blood (UCB)
was found to be the most reliable source of ECFCs, although ECFCs were also obtained
from donor adult peripheral blood (PB) and adult AT (Table 3.4). Table 3.5 and Table 3.6
show the number of mononuclear cells (MNCs) plated from UCB and donor adult PB.
There was a significant correlation between the number of MNCs plated from umbilical
cord blood and the resulting number of ECFCs in UCB (Figure 3.18) but there is no
correlation in adult PB (Figure 3.19). On average there were 3.04 + 0.84 ECFC per 108
MNCs in UCB as compared to 0.59 + 0.37 ECFC per 108 MNCs in PB. These results suggest
that neonatal tissue might contain more, or may be a better source of ECFCs than adult

tissues.

Table 3.4: Comparative yield of endothelial cells from different sources.

Sample Type Sample Number of Number of Number of ECFC
volume (ml) | samples samples to colonies in
processed yield ECFC (%) | positive cultures
Mean and cultured
[range] Mean [range]
Adult  Adipose | 25 13 3(23%) 19.7 [2-41]

Tissue (AT)

Umbilical Cord | 86 15 10 (67%) 13.3 [1-33]
Blood (UCB

ood (UCB) [58-118]
Adult Peripheral | 50 13 2 (15%) 1.7 [1-3]

Blood (PB)

UCB was the most reliable source of ECFC, although it was also possible to culture ECFC from AT and PB.
When ECFC were cultured successfully from AT there was a greater yield of colonies than from UCB
cultures, but the number of ECFC positive AT cultures was too small for statistical analysis.
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Table 3.5: ECFCs from Umbilical Cord Blood.

Cord Blood | Total number of | Number of ECFCs Number of ECFCs /
Number MNCs x108 108 MNCs plated
1 0.95 0 0
3 0.88 0 0
9 1.89 0 0

12 1.84 0 0

13 0.25 0 0

5 0.66 1 1.52

15 1.22 1 0.82
2 2.09 5 2.39
8 2.27 8 3.53

7 3.28 10 3.04

14 3.12 14 4.49

11 2.60 15 5.78

10 2.00 18 9.01
6 4.27 28 6.56
4 3.68 33 8.97
Mean + SEM 2.07 £0.30 8.87 £2.79 3.07 £ 0.84
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Figure 3.18: Linear correlation between the number of UCB MNCs plated and the number of resulting
ECFCs identified. Spearman rank correlation coefficient =0.8318, 95% confidence interval=0.5451 to
0.9443, two-tailed p value=0.0001.
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Table 3.6: ECFCs from donor adult Peripheral Blood.

Adult Peripheral Total number of Number of ECFC Number of ECFCs /
Blood Number MNCs x108 colonies 108 MNCs plated
2 0.50 0 0
3 0.36 0 0
4 0.46 0 0
5 0.40 0 0
6 0.66 0 0
7 0.96 0 0
8 0.65 0 0
9 0.60 0 0
10 0.40 0 0
13 0.74 0 0
11 0.58 1 1.74
12 0.72 1 1.39
1 0.65 3 4.6
Mean + SEM 0.59 + 0.05 0.38 +0.24 0.59 + 0.37
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Figure 3.19: Lack of a significant linear correlation between the number of adult PB MNCs plated and
the number of resulting ECFCs identified. Spearman rank correlation coefficient = 0.2182, 95%
confidence interval=-0.3940 to 0.6963, two-tailed p value= 0.4739.
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3.4 Discussion

In this chapter, the isolation, culture, yield and characterisation of endothelial cells from
human umbilical cord blood (UCB), adult peripheral blood (PB) and adipose tissue (AT)
have been described. The most reliable of these sources is UCB, and in collaboration with
other researchers within the group, we have shown that ECFC yield from UCB units can be
predicted from placental weight. This inverse correlation is a novel finding, and this work
has been published in a peer reviewed journal (204). Ballen et al. have previously shown
a 28% increase in yield of CD34+ cells for every 500g increase in neonatal birth weight
(223), which tend to be haematopoietic progenitor cells rather than ECFC. A similar direct
correlation was more recently reported by Chandra et al. (224). Placental weight and birth
weight have been shown to have a positive correlation by several authors (225-228), and
other work has shown that final placental weight can be predicted from first trimester
placental volume on three-dimensional ultrasound (226), or second trimester placental
thickness on two-dimensional ultrasound (225). This means it may be possible to identify

potentially high ECFC yield UCB donors from early pre-natal screening tests.

The findings in this Thesis regarding comparative yield of UCB and PB ECFCs are
consistent with those of Ingram et al, who found that UCB produced 15 times more
colonies than PB (229). In this Thesis, samples which produced ECFC had a mean yield of
13.3 colonies from a mean volume of 86ml UCB and a mean yield of 1.7 colonies from a
mean volume of 50ml adult PB. This can be compared with Ingram et al. who reported a
mean of approximately 8 colonies per 20ml UCB and less than 1 colony per 20ml adult PB
(229). From the same work, Ingram et al. also postulated a hierarchy of Endothelial
Progenitor Cells (EPC) with differences in telomerase activity which may account for the
greater yield of ECFCs with younger blood samples (229). Estes et al. later developed a
Polychromatic Flow Cytometry protocol which confirmed the presence of different subsets

of circulating proangiogenic cells in adult PB (70), and very low numbers of ECFC. This
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may be a possible explanation for the unreliable ECFC yield from the adult PB samples in

this Thesis.

There is potential for further work to improve the yield of ECFC from adult sources, and a
recent paper published after completion of this work reports a protocol for reliable
culture of ECFCs from adipose tissue (111). Szoke et al. used lipoaspirate from liposuction
rather than whole excised adipose tissue as per our protocol, and then utilised a similar
process of collagenase digestion and centrifugation to obtain the stromal vascular fraction.
Prior to plating cells from the stromal vascular fraction in a supplemented endothelial
growth medium (MCDB 131, Gibco), Szoke et al. used Dynabeads (Invitrogen Dynal AS,
Oslo, Norway) to isolate CD44+ cells from the heterogenous cell population (111). There
was consistent yield of endothelial cells from the lipoaspirate using this technique and cell
selection may be the step required to prevent the frequent MSC proliferation found in our
protocol. This work will be further explored within the research group, although a recent
paper by Nuzzolo et al. suggests that there are differences in the gene expression profile of
adult PB and UCB endothelial progenitor cells which result in the adult EPC being more
pro-inflammatory and pro-thrombotic than UCB cells, thus making adult tissues a less

attractive source of endothelial cells for vascular applications (230).

Adipose tissue remains the most clinically feasible autologous source from which to
harvest cells in our target patient group as they may have large body surface area burns
which precludes harvest of undamaged skin, and they may be too systemically unwell to
spare peripheral blood or bone marrow (1). As a result of attempts to yield endothelial
cells from the adipose tissue samples collected in this Thesis there was consistent culture
of autologous MSCs from both adipose tissue and adipose microvasculature. Both of these

cell types were selected for use in future experiments. This will be explored in Chapter 4.

It was decided to continue experimental work using endothelial cells from UCB due to the

reliable yield from donor UCB units. Although autologous cells would be preferred for
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clinical applications in order to eliminate the risk of rejection (130-132, 202) and to
reduce the risk of infection (133, 134, 203), therapeutic use of donor UCB is well
established for haematological disorders (231-235). Within Europe in 2011 there were
781 unrelated UCB transplants for indications such as haematological malignancies, solid
tumours and primary immune deficiencies (234), and other clinical indications such as
treatment of myocardial ischaemia (236) are becoming more common. There is already
infrastructure in place in Europe for the collection, processing, storage, matching and
allocation of UCB units, both in the public and private sectors (234, 235, 237-240), and this
makes UCB a financially and technically feasible source of ECFC for our proposed clinical
applications. Whereas existing clinical applications of UCB utilise whole units, in vitro
vasculogenesis requires ex vivo expansion of ECFC derived from UCB units, so further
Good Manufacturing Practice (GMP) grade techniques may still require development (222,
241). Further work should include development of a serum free media for ECFC culture
such as those developed for culture of MSC using platelet lysate (81, 242, 243), and use of
a closed bioreactor system to reduce the risk of contamination during ex vivo culture and

expansion of cells (83, 244-246).

114



Chapter 4 Stromal Cell Sources for Clinical Applications

4.1 Background

Within our research laboratory, human dermal fibroblasts have been used as the main
supporting stromal cells for in vitro microvascular tubule formation (135). Some work has also
been undertaken using human bone marrow derived mesenchymal stromal cells (MSC).
Patients with severe burns mount a systemic response to their injuries by mobilising cells from
bone marrow (32), and as discussed, peripheral blood may not be a feasible source of and may
not be available in sufficient volume to generate autologous stromal cells and endothelial cells
for treating significant burns. Additionally, undamaged skin may be in short supply, thus
obtaining skin biopsies to culture dermal fibroblasts as an autologous stromal cell source is
also unlikely to be feasible, although in mixed thickness burns there may be areas of healthy

dermis which could be harvested.

Adipose tissue is a mesenchymal derivative and is a potential clinical source of autologous
supportive stromal cells for microvasculature formation. Recently, Natesan et al
demonstrated that subcutaneous tissue debrided along with burned skin was capable of
yielding up to 2.5x10° cells per millilitre of tissue in culture, including a population of viable
stem cells (112). Adipose tissue (AT) derived stem cells have been described by several authors
and many potential clinical uses are currently being investigated, including enhancing tendon
and nerve repair and improving perfusion in ischaemic limbs and traumatic brain injury (97,
113-118). Within current plastic and reconstructive surgical practice, fat transfer is an
established technique whereby adipose tissue aspirated from a suitable donor site using
liposuction is then re-injected at other anatomical sites (119-122). The technique was
standardised by Coleman who showed optimal yield of viable adipocytes by manual

liposuction with a large bore cannula and syringe, followed by a short period of centrifugation
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(120). Pu et al. demonstrated a statistically significant difference in viable adipocyte yield when
using the Coleman technique compared with traditional mechanically assisted liposuction to
harvest lipoaspirate (123). Recently the fat transfer procedure has been improved by
introducing a closed system of adipose digestion and separation for use intra-operatively in
order to boost the ratio of adipose derived MSCs within the re-injected solution (125). Results
have shown better survival of free fat transfers which are boosted with additional cells from
the stromal vascular fraction, and so there is already a clinical precedence for autologous use

of these cells in vivo (118, 124-129).

This chapter compares the morphology, phenotype and differentiation potential of MSCs from
whole AT and MSCs from adipose microvasculature dissected free from whole AT. To my
knowledge the comparison of such paired samples has not been previously reported. Recently
authors have suggested that adipose tissue MSCs are components of a perivascular niche (113)
and so we hypothesised that cells cultured from dissected microvasculature may have

different characteristics to those from whole AT.
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4.2 Aim and objectives of this chapter

The aim of this chapter is to identify feasible source tissues for stromal cell isolation and

culture, for use in clinical applications.

Objectives:

To establish the phenotype of human dermal fibroblasts commonly used within this
research laboratory to form in vitro microvascular tubule networks as a control for AT
derived stromal cell isolation
- To investigate adipose tissue as a potential autologous source of stromal cells
collected from plastic surgery patients
e Whole adipose tissue from breast reconstruction patient donors
e Microvasculature dissected free from the whole adipose tissue
- To characterise and compare the phenotype of paired stromal cells from adipose
tissue and adipose microvasculature
- To determine and compare the ability of paired stromal cells from adipose tissue and

adipose microvasculature to differentiate into three mesenchymal cell lineages

4.3 Results

4.3.1 Human Dermal Fibroblasts

Human Dermal Fibroblasts (HDFs) have been used consistently within our research laboratory
as a supportive cell type in co-culture with endothelial cells to form microvascular tubules. HDF
were obtained from stock stores of cells within our research group, initially purchased from
Lonza Biologics (Slough, UK) and derived from human neonatal foreskin. Typical spindle shaped
cell morphology of HDFs is shown in Figure 4.1. In this Thesis, these stromal cells were used as
a control for the basic vascular tubule co-culture technique, and later as control cells when

comparing new stromal cell types. Hence flow cytometry cell surface marker analysis was
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carried out on three separate batches of HDFs at passage 5. The method is described in

Chapter 2 Section 2.5, representative histograms of flow cytometric analyses for cell surface

markers are shown in Figure 4.2 and a summary of the markers tested is shown in Table 4.1.

Figure 4.1: Morphology of Human Dermal Fibroblasts (HDF). These cells were cultured in Endothelial Growth
Medium 2 (EGM-2). HDF were obtained from stock stores of cells within our research group, initially purchased
from Lonza Biologics (Slough, UK) and derived from human neonatal foreskin. (Phase contrast microscopy, 100um
scale bar).

118



10

4
i

IgG2b APC"

O
o
<<
[}
e}
-
[m]
O

TIE2 PE (R&D)

10

35% +2.3%

o
1=
=
[
=

10.4% + 8.8%

MFI1 89

HOF
w

HOF

HDF
w

IgG1 PE (R&D)

i0?

VEGFR2 PE (R&D)

3

10

0
W

i
wnos

0"

HOF

CD90 FITC

'
T
"

IlgG1 FITC

CD105FITC

0
1

ofe ok obe olz ohi obi o8
wnog

w’
0*

MFI 123
0.8% + 0.6%|
10*

[
0’

b

HOF

HDF
HDF

o
Q

(5]
Q)
2
o
o

IgG2a PE-Cy7
'’

IgG1 PerCP

i

CD14 PE-Cy7

[

I3
w

[

N v
wnoo unoo

io*
10*

HDF

10

CD34 APC

)

(&)
o
<C
©
o~
U]
=

0

Cell Count
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The HDFs were consistently CD90", CD105" and negative for all haematopoietic and endothelial

markers tested. CD90 (Thy-1) is a key cell surface marker on fibroblasts, mesenchymal

stem/stromal cells and haematopoietic stem cells (217), and has variable expression on

different subtypes of fibroblastic cells with different contractile properties

(217). cb10o5

(Endoglin) is found on various stromal and mesenchymal cells (209) and is a transmembrane

glycoprotein which binds members of the Transforming Growth Factor Beta (TGFB) family of

peptides (208, 209). These peptides are involved in vasculogenesis and angiogenesis, and are

also produced by endothelial cells. These two cell surface markers are considered as standard

markers of mesenchymal stromal cells.

Table 4.1: Cell surface marker expression on cultured human dermal fibroblasts.

Marker Main Antigen Expression HDF
% positive
SEM

CD14 Monocytes. 0.8% * 0.6%
()

CD31 Endothelial cells, Platelets, Monocytes, Granulocytes, B 1.1% £ 0.9%
cells, Haematopoietic stem cells, Proangiogenic (-)
haematopoietic cells

CD34 Haematopoietic stem and progenitor cells, Endothelial 1.5% + 0.6%
cells, Subsets of Mesenchymal Stem Cells (-)

CD45 (Pan | Leucocytes 0.4% £ 0.4%

specific) (-)

CD90 Stromal cells, Mesenchymal Stem Cells , Haematopoietic | 96.8% + 2.8%
stem cells (+++)

CD105 Endothelial cells, Stromal cells, Mesenchymal Stem Cells | 60.6% *+ 25.8%

(+++)

CD133 Haematopoietic stem and progenitor cells, Other stem 0.1% +0.1%
cells eg. Neural, Retinal cells (-)

VEGFR2 Endothelial cells, Stem cell subsets, Proangiogenic 10.4% + 8.8%
haematopoietic cells (+)

TIE2 Endothelial cells, Stem cells, Some monocytes, 3.5% +2.3%

Proangiogenic haematopoietic cells

(-)

% positive values are the mean results from three different batches of HDF + Standard Error of the Mean
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4.3.2 Adipose tissue and adipose microvasculature derived MSCs

Human adipose tissue was collected with written patient consent and ethical approval from
the Southampton and South West Hampshire Research Ethics Committee (A) (REC Reference
Number 09/H0502/120). The adipose tissue source was zone 4 of the Deep Inferior Epigastric
Perforator (DIEP) flap raised for breast reconstruction surgeries; a procedure described by
Blondeel in 1994 (247). This zone of the flap is often discarded in unilateral breast
reconstruction where the abdominal tissue is raised on a single vascular pedicle, because flap
perfusion at the recipient site is impaired by crossing additional sets of choke vessels across

the flap (247-249). This is demonstrated schematically in Figure 4.3.

Zone 3 Zone 1 Zone 2 Zone 4

—= .

-
— 7

Site of choke vessels

Figure 4.3: Schematic representation of the vascular anatomy of a Deep Inferior Epigastric artery Perforator
(DIEP) flap. The vascular pedicle resides in zone 1 and the quality of perfusion diminishes across the zones as
blood must cross more 'choke vessels', limiting lateral blood flow. The whole flap is raised to allow for symmetry
and ease of closure of the donor site, but zone 4 tissue is often discarded before the flap is inset due to poor
reliability of perfusion post anastomosis of the pedicle with recipient vessels. This was the source of human
adipose tissue used in the protocol in this Thesis.

Human adult adipose tissue (AT) samples were divided and either had microvasculature (MV)

dissected from the tissue or remained as whole AT (Figure 4.4). These samples were finely cut
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and dissociated in either 0.5mg/ml Trypsin EDTA (PAA Laboratories Ltd., Yeovil, UK) or
1.0mg/ml Collagenase A (Roche Diagnostics, Basel, Switzerland) as described in Chapter 2
Section 2.4.3. Following centrifugation, the stromal vascular fraction cell pellets were
collected, plated on rat tail collagen | coated 6 well plates (BD Biosciences, Franklin Lakes, NJ,
U.S.A.) and cultured in complete EGM-2 (Lonza Biologics, Slough, UK) for up to 3 weeks, with
media changes every 2-3 days. MSCs were cultured from 100% of AT samples. In samples
where MV was dissected free from the AT for separate culture there was also 100% yield of

MSCs.

Figure 4.4: Preparation of donor tissue for adipose and microvasculature processing. A- Whole AT from zone 4 of
a DIEP flap, with attached skin as collected from the operating theatre. B- Skin was excised and discarded. C-
Dissection of microvasculature from within the tissue was performed using 3.5x operating loupe magnification.
D- Whole adipose tissue was manually diced into approximately 2x2x2mm cubes prior to collagenase digestion.
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The protocol for AT processing within our research group was developed by adapting methods
from papers by Xue et al. (250) and Mosna et al. (138). At the time of developing the method,
Xue et al. were the most prominent researchers describing isolation of endothelial cells from
AT, which was the initial aim of this Thesis. Endothelial cells were separated using plastic
cloning rings (Sigma Aldrich Ltd., Gillingham, UK) to isolate colonies, and culture of remaining

MSCs continued to build working stock.

Representative morphology of MSCs isolated from adipose tissue and adipose
microvasculature is shown in Figure 4.5. Both cell types have a spindle shaped morphology and

proliferated very quickly in culture, forming dense monolayers on plastic culture plates.

it

Adipose MSC at passage 2 Microvasculature MSC at passage 2

Figure 4.5: Morphology of MSCs cultured from adipose tissue (AT) and adipose microvasculature (MV). These
cells were cultured in complete Endothelial Growth Medium 2 (EGM-2). AT MSCs (A) were cultured to passage 2
in complete EGM-2 from the vascular stromal fraction of processed whole human adipose tissue. MV MSCs (B)
were cultured to passage 2 in EGM-2 from the vascular stromal fraction of processed microvasculature dissected
free from whole human adipose tissue. (Phase contrast microscopy, 100um scale bars)

Table 4.2 summarises the main stages of the protocol developed in this Thesis to culture AT
MSC and MV MSC, compared with the methods by Xue et al. (250) and Mosna et al. (138).
Table 4.3 shows a summary of the cells cultured from all adipose tissue and microvasculature

samples.
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Table 4.2: Development of a protocol for adipose tissue processing.

Adipose MSC Protocol
developed in this Thesis

Xue et al. (250)

Mosna et al. (138)

Source Human abdominal Lumbar subcutaneous Human subcutaneous
adipose tissue from DIEP | adipose tissue from adult | fat.
flap harvest. male Wistar rats.

Transport | Tissue block in 200ml - -

HBSS without Ca?+ & Mg2+.

Gross Dissection of Minced with sterile -

processing | microvasculature free scissors.
from adipose tissue.

Separate MV and whole
AT finely cut.

Digestion | 5ml 1.0mg/ml 0.15% (w/v) collagenase Type Il collagenase,
Collagenase A per 25ml type L. 30 min at 37°C,
processed tissue. 5% CO2 incubator 37°C, 60 | shaken at 150 rpm.
5% CO; incubator 37°C, mins. OR Type I collagenase,
40 mins. 60 min at 37°C, in

continuous agitation.

Post Topped up to 40ml with Neutralised with Centrifuge 200g, 10

digestion | complete EGM-2 with DMEM/F12 with 10% mins, room temp.
10% (v/v) Hyclone FCS. (v/v) Hyclone FCS.

Centrifuged 1000g, 10 Centrifuged 1500rpm, 10
mins at 22°C. mins.

Cell Stromal vascular fraction | Stromal cell pellet Cell pellet washed 3-

collection | cell pellet aspirated with | collected. 4x in PBS.
pipette passed beyond Erythrocytes lysed
lipid layers. with NH4CL

100um filter.

Cell Cells resuspended in Cells resuspended in Final pellet

solution complete EGM-2 with DMEM/F12 with 10% resuspended in GM
10% (v/v) Hyclone FCS. (v/v) Hyclone FCS. growth media.

Cell Rat tail collagen I coated 6 | 5% CO; incubator 37°C. Plated at 1x106/cm2.

culture well plates at 2x106 Plates washed with
cells/well. PBS at 72 hours & GM
5% CO; incubator, 37°C. changed.

Media change day 1, then 40-50% media change
every 2-3 days for 3 2x/week.
weeks.

Cell Confluent MSCs harvested | Passage with 0.25% Detached and replated

passage with 0.5mg/ml Trypsin trypsin/EDTA at 80% at lower density (1.8-

and EDTA. confluence. 3.1x 103 cells/cm?).

further . Cultures expanded in Endothelial cells induced after 6 days in culture
processing

complete EGM-2 with
10% (v/v) Hyclone FCS to
storage or use at passage
2.

by culture in
differentiation medium
(DMEM low glucose with
dexamethasone, 5% (v/v)
FCS, VEGF, FGF basic and
ILGF).

Homogenous MSC cell
population after 3-5
weeks.
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Table 4.3: Yield of MSC from adipose tissue and adipose microvasculature.

AT AT MSC AT ECFC MV MSC MV ECFC

number

1 6 confluent wells 0 (none plated) 0
2 6 confluent wells 0 (none plated) 0
3 6 confluent wells 0 (none plated) 0
4 6 confluent wells 0 (none plated) 0
5 6 confluent wells 0 6 confluent wells 0
6 2 confluent wells 31 colonies 5 confluent wells 10 colonies
7 1 confluent well 16 colonies 6 confluent wells 0
8 1 confluent well 1 colony 1 confluent well 1 colony
9 6 confluent wells 0 6 confluent wells 0
10 6 confluent wells 0 6 confluent wells 0
11 6 confluent wells 0 6 confluent wells 0
12 6 confluent wells 0 6 confluent wells 0
13 6 confluent wells 0 6 confluent wells 0

The stromal vascular fractions from 13 processed adipose tissue and 9 paired microvasculature samples were
suspended in EGM-2 and plated in 6 wells of a rat tail collagen | coated 6 well plate. All samples were a source of
MSC and 3 of the samples also yielded ECFC. MSC were expanded until storage or experimental use at passage 2.
Both AT and MV MSC wells were fully confluent after 1 week in culture.

Flow cytometry cell surface marker analysis was performed on four paired batches of AT and
MV MSCs at passage 3. The method is described in Chapter 2 Section 2.5 and representative
histograms of flow cytometric analyses for cell surface markers are shown in Figure 4.6 (AT
MSCs) and Figure 4.7 (MV MSCs). Both AT and MV MSCs were consistently CD73%, CD90",
CD105%, CD140b* and CD14", CD34", CD45 and HLA-DR'. The stromal markers CD90 and CD105
have previously been described in this chapter. CD105 was low on most cells. CD73 mediates
permeability of endothelium and lymphatic vessels (206), and is non-specific for a particular
cell type. CD140b (Platelet Derived Growth Factor Receptor B) is a pericytic marker previously
noted on adipose derived stem cells and thought to indicate that adipose stem cells arise from

a perivascular niche (205).

CD14 is the primary endotoxin binding molecule found on human monocytes (216) and its lack
of positivity indicates that the cell lines are not derived from monocytes. CD34 is another
transmembrane protein involved in cell adhesion. It is found on most endothelial cells, but also

haematopoietic stem cells in the early progenitor stages and on some MSCs (73). The absence
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of CD34 makes it unlikely that the cell lines are endothelial or haematopoietic in origin. The
CD45 antigen used was pan-specific and therefore capable of identifying all isoforms of the
CD45 cell surface marker, Protein Tyrosine Phosphatase Receptor type C (PTPRC). This marker
is present in different isoforms on all subtypes of leucocytes (74, 75), so we can conclude that
the cells are not cultured from leucocytes. HLA-DR is a cell surface receptor which interacts
with antigens to present them to the immune system via T helper cells (251). As such HLA-DR
is found on cell types involved in antigen presentation such as B cells, macrophages and

dendritic cells and is negative in adipose MSCs.

The combination of positive and negative cell surface markers identified on the adipose and
microvasculature MSCs are consistent with the adipose derived stem cell phenotype described
by other authors (97, 98, 113). Notably, the cell surface markers did not discriminate between

the two subsets of MSCs.
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Figure 4.6: Flow cytometry phenotyping of Human Adipose Tissue derived Mesenchymal Stromal Cells (AT MSC)
harvested at passage 3. Representative FACS histograms of AT MSCs stained with the antibodies indicated on
each histogram. Values on histograms are Median Fluorescence Intensity (MFI) from four different samples *
Standard Error of the Mean (SEM). Isotype controls had a gate set at 1% positive cells (vertical black line) and the
corresponding markers show the mean percentage of cells falling in that gate from four different samples + SEM.
Human AT MSCs are CD73", CD 90", CD105", CD 140b" and CD14', CD34, CD45 and HLA-DR".
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Figure 4.7: Flow cytometry phenotyping of Human Adipose Microvasculature derived Mesenchymal Stromal Cells
(MV MSC) harvested at passage 3. Representative FACS histograms of MV MSCs stained with the antibodies
indicated on each histogram. Values on histograms are Median Fluorescence Intensity (MFI) from four different
samples * Standard Error of the Mean (SEM). Isotype controls had a gate set at 1% positive cells (vertical black
line) and the corresponding markers show the mean percentage of cells falling in that gate from four different
samples + SEM. Human MV MSCs are CD73", CD 90", CD105", CD 140b" and CD14', CD34, CD45 and HLA-DR".
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4.3.3 Mesenchymal differentiation of adipose and microvasculature MSCs

In order to describe a cell type as being an MSC it is necessary to demonstrate the potential
for the cells to differentiate into three different mesenchymal lineages; adipose, cartilage and
bone (95, 98, 101). Mesenchymal differentiation assays were completed on three batches of
paired adipose and microvasculature MSCs, with bone marrow MSC controls. There were three
repeats of each condition for each cell type. Both AT and MV MSCs within the isolated
fractions were capable of differentiation into three mesenchymal stem/stromal lineages, as

detailed below.

4.3.3.1 Adipogenesis

Representative images of adipogenic differentiation (n=3) are shown in Figure 4.8. Following a
period of culture in adipogenic induction media, as described in Chapter 2 Section 2.7.1,
induced cells and non-induced control cells cultured in regular mesenchymal media were
stained with Oil Red. The red stain was taken up by adipocytes and coloured the lipid droplets
within the cells, whilst control cells did not pick up any stain. All 3 AT MSC and MV MSC paired
samples were capable of adipogenic differentiation, as were BM MSC controls. Figure 4.9
shows a higher magnification image of adipogenic differentiated AT MSCs, allowing clear

visualisation of the adipocytes with Oil Red stained lipid droplets within the cells.

129



C Adipogenesis differentiated MV MSCs D Non-inducing control MV MSCs ‘

Figure 4.8: Adipogenic differentiation of AT and MV MSCs. MSCs were cultured in adipogenic induction media or
non-inducing control media for 3 weeks. Plates were then stained with Oil Red, which coloured the lipid droplets
within adipocytes. Control cells did not pick up any staining. A- Adipogenesis differentiated AT MSCs B- Non-
inducing control AT MSCs C- Adipogenesis differentiated MV MSCs D- Non-inducing control MV MSCs. (Phase
contrast microscopy, 100um scale bars)
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Figure 4.9: Higher magnification microscopy (x10) of adipogenesis differentiated AT MSCs showing Oil Red
staining of the lipid droplets within the adipocytes. (Phase contrast microscopy, 10um scale bar)

4.3.3.2 Osteogenesis

Representative images of osteogenic differentiation are shown in Figure 4.10. Following a
period of culture in osteogenic induction media, as described in Chapter 2 Section 2.7.2,
induced cells and non-induced control cells cultured in regular mesenchymal media were
stained using the von Kossa method to identify calcium deposits, which appeared as dark
brown cuboids. The induced cells formed over-confluent monolayers and began to delaminate
from the edges of the plastic culture plates. The fast red stain used in combination with the
von Kossa method aids visualisation of the calcium deposits associated with osteogenic
differentiation. All 3 AT MSC and MV MSC paired samples were capable of osteogenic

differentiation, as were BM MSC controls.
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A Osteogenesis differentiated AT MSCs B Non-inducing control AT MSCs

C Osteogenesis differentiated MV MSCs D Non-inducing control MV MSCs

Figure 4.10: Osteogenesis differentiation of AT and MV MSCs. MSCs were cultured in osteogenic induction media
or non-inducing control media for 3 weeks. Plates were then stained with von Kossa stain and fast red, which
coloured the calcium deposits of the osteocytes. Control cells did not pick up any staining. A- Osteogenesis
differentiated AT MSCs B- Non-inducing control AT MSCs C- Osteogenesis differentiated MV MSCs D- Non-
inducing control MV MSCs. (Phase contrast microscopy, 100um scale bars)

4.3.3.3 Chondrogenesis

Representative images of chondrogenic differentiation are shown in Figure 4.11 (AT MSCs) and
Figure 4.13 (MV MSCs). Following a period of culture in chondrogenic induction media,
induced cell pellets and non-induced control cell pellets cultured in regular mesenchymal
media were snap frozen in liquid nitrogen, sectioned and immunostained for the presence of
type 2 collagen. Representative images of non-induced control cell pellets are shown in Figure

4.12 (AT MSCs) and Figure 4.14 (MV MSCs). All 3 AT MSC and MV MSC paired samples were

capable of chondrogenic differentiation, as were BM MSC controls.
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Chondrogenesis differentiated AT MSCs

A DAPI stained nuclei B Alexofluor 488 labelled collagen Il staining
10x magnification 10x magnification

N " -

: \ ~

C DAPI stained nuclei D Alexofluor 488 labelled collagen Il staining
40x magnification 40x magpnification

Figure 4.11: Chondrogenesis differentiated AT MSCs. MSCs were cultured in chondrogenic induction media for 4
weeks. Cell pellets were then snap frozen in liquid nitrogen, cryosectioned and immunostained for the presence
of type 2 collagen. DAPI stain was used to show the nuclei of viable cells within the pellets and Alexofluor 488
labelled immunostain showed the presence of type 2 collagen. A- Chrondrogenesis differentiated AT MSCs DAPI
nucleic stain at 10x magnification B- Chrondrogenesis differentiated AT MSCs Alexofluor 488 labelled collagen 2
stain at 10x magnification C- Chrondrogenesis differentiated AT MSCs DAPI nucleic stain at 40x magnification D-
Chrondrogenesis differentiated AT MSCs Alexofluor 488 labelled collagen 2 stain at 40x magnification.
(Fluorescence microscopy)

133



Non inducing control AT MSCs

A DAPI stained nuclei B Alexofluor 488 labelled collagen Il staining
10x magnification 10x magnification

C DAPI stained nuclei D Alexofluor 488 labelled collagen Il staining
40x magnification 40x magnification

Unstained non inducing control AT MSCs

E DAPI stained nuclei of unstained control F Unstained control
10x magnification 10x magnification

Figure 4.12: Chondrogenesis non-induced control AT MSCs. MSCs were cultured in non-inducing control media for
4 weeks. Cell pellets were then snap frozen in liquid nitrogen, cryosectioned and immunostained for the presence
of type 2 collagen. DAPI stain was used to show the nuclei of viable cells within the control pellets and Alexofluor
488 labelled immunostain showed the absence of type 2 collagen. A- Chrondrogenesis non-induced control AT
MSCs DAPI nucleic stain at 10x magnification B- Chrondrogenesis non-induced control AT MSCs Alexofluor 488
labelled collagen 2 stain at 10x magnification C- Chrondrogenesis non-induced control AT MSCs DAPI nucleic stain
at 40x magnification D- Chrondrogenesis non-induced control AT MSCs Alexofluor 488 labelled collagen 2 stain at
40x magnification E- Chrondrogenesis non-induced control AT MSCs DAPI nucleic stain of pellets not co-stained
with Alexofluor 488 labelled collagen 2 stain at 10x magnification F- Background fluorescence of Chrondrogenesis
non-induced control AT MSCs without Alexofluor 488 labelled collagen 2 stain at 10x magnification. (Fluorescence
microscopy)
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Chondrogenesis differentiated MV MSCs

A DAPI stained nuclei B Alexofluor 488 labelled collagen Il staining
10x magnification 10x magnification

L

C DAPI stained nuclei D Alexofluor 488 labelled collagen Il staining
40x magnification 40x magnification

Figure 4.13: Chondrogenesis differentiated MV MSCs. MSCs were cultured in chondrogenic induction media for 4
weeks. Cell pellets were then snap frozen in liquid nitrogen, cryosectioned and immunostained for the presence
of type 2 collagen. DAPI stain was used to show the nuclei of viable cells within the pellets and Alexofluor 488
labelled immunostain showed the presence of type 2 collagen. A- Chrondrogenesis differentiated MV MSCs DAPI
nucleic stain at 10x magnification B- Chrondrogenesis differentiated MV MSCs Alexofluor 488 labelled collagen 2
stain at 10x magnification C- Chrondrogenesis differentiated MV MSCs DAPI nucleic stain at 40x magnification D-
Chrondrogenesis differentiated MV MSCs Alexofluor 488 labelled collagen 2 stain at 40x magnification.
(Fluorescence microscopy)
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Non inducing control MV MSCs

A DAPI stained nuclei B Alexofluor 488 labelled collagen Il staining
10x magnification 10x magnification

C DAPI stained nuclei D Alexofluor 488 labelled collagen Il staining
40x magnification 40x magnification

Unstained non inducing control MV MSCs

E DAPI stained nuclei F Unstained control
10x magnification 10x magnification

Figure 4.14: Chondrogenesis non-induced control AT MSCs. MSCs were cultured in non-inducing control media for
4 weeks. Cell pellets were then snap frozen in liquid nitrogen, cryosectioned and immunostained for the presence
of type 2 collagen. DAPI stain was used to show the nuclei of viable cells within the control pellets and Alexofluor
488 labelled immunostain showed the absence of type 2 collagen. A- Chrondrogenesis non-induced control MV
MSCs DAPI nucleic stain at 10x magnification B- Chrondrogenesis non-induced control MV MSCs Alexofluor 488
labelled collagen 2 stain at 10x magnification C- Chrondrogenesis non-induced control MV MSCs DAPI nucleic
stain at 40x magnification D- Chrondrogenesis non-induced control MV MSCs Alexofluor 488 labelled collagen 2
stain at 40x magnification E- Chrondrogenesis non-induced control MV MSCs DAPI nucleic stain of pellets not co-
stained with Alexofluor 488 labelled collagen 2 stain at 10x magnification F- Background fluorescence of
Chrondrogenesis non-induced control MV MSCs without Alexofluor 488 labelled collagen 2 stain at 10x
magnification. (Fluorescence microscopy)
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4.4 Discussion

In this chapter, characterisation of human dermal fibroblasts, adipose Mesenchymal Stromal
Cells (AT MSC) and microvasculature MSCs (MV MSC) has been described. A protocol for
processing of fresh adipose tissue was developed and this enabled the consistent culture of
paired stocks of MSCs from whole adipose tissue and from microvasculature dissected free
from the whole adipose tissue. These AT MSC and MV MSC have been shown to display similar
morphology when cultured on plastic culture plates and both have a CD73%, CD90", CD105",
CD140b" and CD14, CD34’, CD45 and HLA-DR™ phenotype, consistent with adipose stem cells
characterised by other authors (97, 98, 113). Both AT MSC and MV MSC have the potential to
differentiate into three mesenchymal cell lineages, confirming their multipotency. Adherence
to plastic, consistent phenotyping and ability to differentiate into adipocytes, osteoblasts and
chondrocytes are the basic requirements for characterising MSC as determined by the
International Society for Cellular Therapy (ISCT) (99, 102). A recent perspective review by
Keating suggests that in the absence of a single, uniqgue MSC defining characteristic or cell
surface marker, future characterisation methods for commercial and clinical cell lines may
require more complex molecular assessments such as proteomic analysis (252). Keating also
suggests that adipogenesis, osteogenesis and chondrogenesis may not all be necessary
requirements for clinically useful MSCs from different source tissues (252) since not all sources
of MSCs need be used for all potential applications. So although the AT and MV MSC in this
Thesis meet the basic requirements of ISCT standards for defining MSCs (99, 102), it is more
important that they are able to support microvasculature formation for our proposed clinical
application. The functional characteristics of AT MSC and MV MSC in this Thesis, with regard to

their ability to support in vitro microvascular network formation, are explored in Chapter 5.

Blasi et al. carried out a comparative study between adipose MSC and HDF (95). Both cell types
in their study displayed a comparative phenotype and had the ability to differentiate into

adipocytes, osteoblasts and cardiomyocytes, but only the adipose MSC were found to have
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strong angiogenic activity (95). This supports Keating’s proposal that function may be more
important than phenotype and multipotency in determining the usefulness of MSC for clinical

applications (252).

Other authors have supported the greater proangiogenic potential of adipose derived MSC
(115, 205, 253-257) and several have proposed a similarity to the vascular pericyte phenotype
(123, 205, 253, 258, 259). In recent years, collaborative researchers at the University of
Edinburgh and the University of California led by Professor Péault have investigated a
perivascular origin of MSC (258, 260-270). They built on an initial foundation of identifying
pericytes with a CD44"*, CD73", CD90", CD105" phenotype in the capillary walls of multiple
organs (265) by then prospectively purifying pericytes from adipose tissue and comparing
them to cells from the stromal vascular fraction of whole adipose tissue (267). They found that
purified pericytes had a greater ability to differentiate into osteoblasts, which was their
primary aim for bone tissue engineering (267). Purified pericytes were selected as being CD34,
although the group have shown that populations of both CD34" and CD34 cells are
multipotent MSC (263, 264, 271). In this Thesis, both cultured AT and MV MSC were CD34"
(1.5% + 0.3% and 1.9% * 0.5% CD34" respectively) although fresh adipose tissue had a
heterogenous population of both CD34" and CD34 cells (14.3% * 3.6% CD34%). CD34
expression in haematopoietic cells from UCB is known to decrease in culture with passage
(222), and this may also be the case with AT MSC. CD34 pericytes have the ability to support
haematopoietic stem cells (263) and to differentiate into multiple mesenchymal lineages (260,

261, 269, 270).

Cai et al. used the pericyte marker alpha Smooth Muscle Actin (a-SMA) to support their
hypothesis that all adipose MSC originate from perivascular cells (113). They used a-SMA-GFP
transgenic mice, harvested adipose tissue, and sorted cells into GFP positive and negative

groups. Only the GFP positive group displayed multipotency, and the GFP negative cells which
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were not from a perivascular location could only differentiate into adipocytes (113). This

murine model may be comparable with human adipose MSC origins.

AT and MV MSCs are a potentially feasible source of autologous stromal cells for use in clinical
applications. Fresh lipoaspirate for fat transfer boosted with cells derived from the stromal
vascular fraction of digested and centrifuged adipose tissue is already in clinical use (118, 124-
129), and initial results from a trial of this technique in breast reconstruction has not yet
reported any adverse outcomes (125). In this fat transfer application cells are not expanded ex
vivo, and so phenotyping and GMP grade manufacture have not been established. As discussed
for ECFC derived cells in Chapter 3, further Good Manufacturing Practice (GMP) grade
techniques may still require development (222, 241). Serum free media for MSC culture has
been developed using platelet lysate (81, 242, 243), and further work is required to ensure
that the AT and MV MSC developed in this Thesis can be cultured and expanded in similar GMP

grade media.
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Chapter 5 Microvascular Tubule Formation using Adipose Tissue
Derived Mesenchymal Stromal Cells and Umbilical Cord Blood

Endothelial Cells

5.1 Background

In vitro angiogenesis has been studied using several different assays to look at separate
components of the complex process, such as endothelial cell proliferation or cell migration
(272). Although this may be useful in the initial assessment of primary endothelial cells, this
research required an in vitro model more representative of the in vivo environment. The ability
of endothelial cells to form tubules in culture can be tested using a Matrigel™ basement
membrane substitute as a culture surface (273-275). Matrigel ™ is derived from a murine
sarcoma cell line but contains all of the components of human basement membrane (275).
This is a useful assay to detect changes in tubule forming ability of endothelial cells under
different conditions (274), but does not account for the influence of stromal cells nor the

microenvironmental niche.

Co-culture of endothelial and stromal cells at an appropriate ratio results in microvascular
tubule formation in vitro (135). This is more representative of in vitro vasculogenesis, which
recruits new endothelial and stromal cells from the vascular or bone marrow niche for
neovascularisation (61, 136). New microvasculature cultured in this manner has been shown to
have a functional lumen (137) which is important for future clinical applications of this

research.

Proangiogenic factors are not only supplied to the co-cultures via growth media, but are also
expressed by the endothelial and stromal cells (59, 141, 142). In this chapter, a proangiogenic

array was used to examine differences in factors produced by different cell lines in co-culture.
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Initial findings from the array prompted further experimental work using human recombinant

leptin.

5.2 Aim and objectives
The aim in this chapter was to establish the best conditions for forming microvascular
networks in vitro using primary human endothelial and adipose tissue derived mesenchymal

stromal cells.
The specific objectives were:

e To test the ability of paired samples of adipose and adipose microvasculature derived
MSCs to support microvascular tubule formation in vitro.
e To investigate the differences in tubule formation observed comparing paired adipose
and microvasculature derived MSCs by studying
o proliferation
o angiogenic factors in co-culture supernatant

o the effect of adding exogenous pro-angiogenic factors to co-culture

5.3 Results

5.3.1 Initial assessment of tubule forming potential in Matrigel™

Initially AT MSCs were compared with UCB ECFC derived cells for their ability to form tubules
on Matrigel™ basement membrane. The Matrigel™ assay has been used extensively as a
measure of in vitro angiogenesis and it is well established that endothelial cells will line up to
form tubules on the surface of the reconstituted basement membrane (273). This feature has

previously been found to be unique to endothelial cells (273) but it was decided to use this
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assay to examine the angiogenic potential of the AT MSCs which had been initially cultured in

endothelial media.

The full method is described in Chapter 2 Section 2.8.1, from a protocol which was
standardised in our laboratory (274). In brief, Matrigel™ solution (BD Biosciences, Franklin
Lakes, NJ, U.S.A.) was placed into rat tail collagen | coated 96-well plates (BD Biosciences,
Franklin Lakes, NJ, U.S.A.) and kept cool on ice until cells were added on top at 1.5 x10* cells
per well in 100ul complete EGM-2 (Lonza Biologics, Slough, UK). Plates were incubated at 37°C
for 24 hours, then wells were fixed with methanol (Sigma Aldrich Ltd., Gillingham, UK) and
stained with 50% (v/v) haematoxylin (VWR International Ltd., Leicestershire, UK).
Approximately 200ul DPBS without Calcium and Magnesium (PAA Laboratories Ltd., Yeovil, UK)

was added to each well prior to examining the cells by bright field microscopy.

Figure 5.1 demonstrates that, unlike the UCB ECFC derived control cells, AT MSCs do not form
a distinct network of vascular structures on Matrigel™ solution at 24 hours. Figure 5.1 shows
representative microscopy from an experiment with one passage 5 UCB ECFC derived control
sample and from one of three different passage 3 AT MSC samples. Each condition was
repeated in triplicate. Analysis using the AngioSys Image Analysis Software (Cellworks,
Buckingham, UK) confirmed that ECFC formed longer tubules with less junctions than AT MSC.
AT MSC formed shorter tubules and clumps with undeveloped sprouts which could not be

accurately measured using the automated software (Figure 5.2).
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UCB ECFC derived cells AT MSC

Figure 5.1: MatrigelwI assay comparing tubule forming potential of UCB ECFC derived cells and AT MSCs. A= UCB
ECFC derived cells morphology; B= AT MSC morphology; C= Representative image of UCB ECFC derived cell tubule
formation on MatrigelTM from batch of passage 5 cells repeated in triplicate; D= Representative image of lack of
tubule formation on MatrigelwI with AT MSCs from one of three batches of cells, each repeated in triplicate.
(Phase contrast image, 100pm scale bars).
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Figure 5.2: Tubule formation of ECFC on Matrigel™. ECFC (n=3) formed longer tubules in an identifiable network
than AT MSC (n=9) which therefore could not be analysed accurately using Angiosys Image Analysis Software
(Cellworks, Buckingham, UK). Error bars show SEM.

5.3.2 Two-dimensional sandwich co-culture tubule formation
The ability of AT MSCs to support vascular tubule formation in co-culture with UCB ECFC
derived cells was determined in an in vitro two-dimensional sandwich co-culture tubule assay

established within our laboratory and initially standardised using HDF and BM MSC (135).

The method is described in Chapter 2 Section 2.8.2. In brief, HDF, AT MSC and MV MSC were
seeded at various concentrations into rat tail collagen | coated 48-well plates (BD Biosciences,
Franklin Lakes, NJ, U.S.A.) and incubated in complete EGM-2 (Lonza Biologics, Slough, UK) for
two hours at 37°C. UCB ECFC derived cells were then added at different concentrations in the
same media. Each condition was repeated in triplicate. Plates were incubated at 37°C for 2

weeks with complete change of media every 2-3 days. After 2 weeks, wells were fixed with
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70% (v/v) ethanol (VWR International Ltd., Leicestershire, UK) then stained with primary
mouse anti-human CD31 (Clone WM59) (AbD Serotec, Kidlington, UK), secondary goat anti-
mouse 1gG (H+L) biotinylated (Vector Laboratories Inc., Burlingame, CA, U.S.A.) antibodies,
Vectastain® Universal Elite® ABC Kit (Vector Labs, Burlingame, CA U.S.A.) and DAB substrate kit
(Vector Laboratories Inc., Burlingame, CA, U.S.A.). Tubules were examined by bright field

microscopy.

Figure 5.3 shows representative images of the 2D-tubule formation achieved with 1x10° or
2x10° UCB ECFC derived cells co-cultured with 5x10° HDF, AT MSC and MV MSC following 2
weeks in culture. Each condition was repeated in triplicate. The figure includes representative
microscopy from an experiment with one batch of passage 5 UCB ECFC derived cells, one batch
of passage 3 HDF and four different paired samples of passage 3 AT MSC and MV MSC. Both
ratios of UCB ECFC derived cells with HDF, AT MSC and MV MSC resulted in tubule formation.
Later assays therefore selected ratios with lower concentrations of UCB ECFC derived cells,
since clinical availability of endothelial cells may be a limiting factor in translational work.

Microvascular tubules are quantified in section 5.3.3.
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Figure 5.3: 2D tubule formation using UCB ECFC derived cells and HDF, AT MSC and MV MSC in co-culture.
Representative figures from an experiment with one batch of P5 UCB ECFC derived cells, one batch of P3 HDF and
four different paired samples of P3 AT MSC and MV MSC. Each co-culture ratio was repeated in triplicate. Tubular
structures formed by UCB ECFC derived cells were detected by immunostaining. Co-cultures were fixed with 70%
(v/v) ethanol and stained with primary mouse anti-human CD31 and secondary goat anti-mouse 1gG (H+L)
biotinylated antibodies. Tubules were visualised using the Vectastain® Universal Elite® ABC Kit and DAB substrate
kit. (Phase contrast microscopy, 100um scale bars). Mean total tubule length (microns) £ SEM A= 87185 + 2149 B=
84228 + 1911 C= 62666 + 3232 D= 60045 + 2936 E=85002 + 3842 F= 69709 + 3830.
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5.3.3 Microvasculature MSCs support more tubule formation than adipose MSCs

Relative microvasculature formation was compared using three different stromal cell sources,
to determine if the supportive cell type had any influence on tubule formation in vitro. From
visual comparison of the representative images in Figure 5.3 it appeared that there was more
tubule formation in the MV MSC co-culture wells. Tubule formation was therefore quantitated
using the AngioSys Image Analysis Software (Cellworks, Buckingham, UK). Figure 5.4
shows the comparative number of tubule junctions, number of tubules, total tubule length
and mean tubule length for tubule formation with 1x10° or 2x10* UCB ECFC derived cells co-
cultured with 5x10% control HDF (n=3) and paired samples of AT MSC (n=12) and MV MSC

(n=12). The graphs show mean values with standard error of the mean (SEM) error bars.

There was consistently more tubule formation in co-cultures with MV MSC compared with AT
MSC, with greater number of tubules, number of junctions and total tubule length at both
concentrations of UCB ECFC. In the co-cultures with 1x10°> UCB ECFC the differences were
statistically significant using a paired Student’s T test analysis. There was a 57.5% increase in
the number of junctions (p<0.001), a 35.5% increase in the number of tubules (p=0.001)
and a 35.6% increase in total tubule length (p<0.001). Data from the analysis are

summarised in Table 5.1.
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Figure 5.4: Comparison of 2D tubule formation with co-culture of either 1x10° or 2x10% UCB ECFC derived cells
and 5x10° HDF (n=3), AT MSC (n=12) or MV MSC (n=12). Data are shown with Standard Error of the Mean (SEM)
error bars.
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Table 5.1: Statistical analysis of 2D tubule formation with co-culture of either 1x10° or 2x10® UCB ECFC derived

cells and 5x10° HDF (n=3), AT MSC (n=12) or MV MSC (n=12).

HDF and AT MSC | HDF and MV MSC | AT MSC and MV MSC
(Unpaired (Unpaired (Paired
Student’s T Test) | Student’s T Test) | Student’s T Test)
Number of 1x10° UCB 17.2% decrease 30.4% increase 57.5% increase
Junctions ECFC p=0.328 0p=0.177 p<0.001
2x10° UCB 10.1% decrease 12.9% increase 25.6% increase
ECF
Cre p=0.456 p=0.597 p=0.259
Number of 1x10° UCB 6.1% decrease 27.3% increase 35.5% increase
Tubules ECFC p=0.694 0p=0.125 p=0.001
2x10° UCB 0.9% decrease 18.1% increase 19.2% increase
ECFC p=0.929 p=0.284 p=0.101
Total Tubule 1x10° UCB 28.1% decrease 2.5% decrease 35.6% increase
Length ECFC 0<0.001 p=0.781 0<0.001
2x10° UCB 28.7% decrease 17.2% decrease 16.1% increase
ECFC 0<0.001 0=0.061 p=0.130
Mean Tubule 1x10° UCB 15.8% decrease 18.3% decrease 2.9% decrease
Length ECFC 0=0.016 0<0.001 p=0.742
2x10° UCB 27.7% decrease 27.3% decrease 0.6% increase
ECFC 0<0.001 0<0.001 p=0.811

Values presented are the relative increase or decrease in tubule junctions, number, total length and mean length
of the tubule formation on the second named stromal cell source compared with the first. Significance was
calculated using the Student’s T Test for unpaired samples when the comparison was against control HDF and the
Student’s T Test for paired samples when the comparison was between paired AT and MV MSC. Statistically
significant results are displayed in red.

5.3.4 Comparison of adipose and microvasculature MSC Proliferation

Having discovered a difference in tubule formation with different MSC sources, it was decided
to examine the proliferation of the AT and MV MSCs as a difference in proliferation may be
responsible for the difference in tubule formation. The MTT absorbance assay is
representative of the metabolic rate of the cells at day 4 in culture, as only viable cells will take

up the dye and form formazan crystals which are then dissolved and measured by light

absorbance (276). The metabolic rate of the cells is normally correlated with proliferation.
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Four paired samples of AT and MV MSCs were seeded at densities of 500, 1000, and 2000 cells
per well of a 96 well plate. At day 4, viable cell numbers were determined using the MTT assay

described in Chapter 2 Section 2.10. Each sample was repeated in triplicate.

Figure 5.5 shows the relative absorbance of MTT comparing paired AT and MV MSC samples
at three different seeding densities. Each bar on the graph represents the mean value for each
sample group, with error bars showing standard error of the mean. The results showed no
significant differences in cell numbers (p>0.05) between adipose and microvasculature MSCs

when compared using the Student’s T test for paired samples.
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Figure 5.5: MTT absorbance analysis of AT and MV MSCs at three different seeding densities. There was no
significant difference between paired samples at any of the seeding densities using the Student’s T Test for paired
samples. Data are shown with Standard Error of the Mean (SEM) error bars.

5.3.5 Angiogenic factor profiling

Co-culture tubule assays with either AT or MV MSCs at 1x10* per well and UCB ECFC derived
cells at 1x10° per well were set as per the standard assay protocol, with three paired MSC
samples and each condition repeated in duplicate. The lowest concentration of endothelial
cells previously used in the tubule assay was chosen as these cells are likely to be limited in

clinical applications. The supernatant was collected at each media change, performed every 2-
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3 days, and was stored at -80°C for later analysis. Control media (complete EGM-2 (Lonza
Biologics, Slough, UK)) collected from wells without any cells was also stored at each stage.
Day 7 supernatants and media controls were then selected for angiogenic factor analysis, since
at this stage of the assay there is active tubule formation and maturation. The proangiogenic
array (Proteome Profiler™ Antibody Array — Human Angiogenesis Array Kit, R&D Systems,
Abingdon, UK) contained capture antibodies for 55 different angiogenesis related proteins on a
nitrocellulose membrane. The full method is described in Chapter 2 Section 2.9. In brief, each
supernatant or control media sample was incubated with a separate membrane, and binding
of sample proteins to the capture antibodies was identified with the use of Streptavidin-HRP
(R&D Systems, Abingdon, UK) and chemiluminescent detection reagents (Amersham™ ECL™
Prime Western blotting detection reagent, GE Healthcare Life Sciences, Buckinghamshire, UK)
developed in the dark room. Intensity of the developed membrane spots was then compared

using the Quantity One’ 1-D Analysis Software (Bio-Rad Laboratories Ltd., Hertfordshire, UK).

Pixel density data from the angiogenesis array are shown in Table 5.2, where relative values
for each sample have been corrected by subtracting the negative control values for each
sample from every other data spot on the same sample. From this data, there was only one of
the fifty-five proteins which showed a consistent trend on comparing values between paired
AT and MV MSC supernatants. Leptin expression was consistently greater in the MV MSC co-
culture supernatant compared with AT MSC co-culture supernatant and was not present in the
media control sample, suggesting greater expression of leptin by MV MSC. Mean values for
leptin expression from AT and MV MSC co-culture supernatants are shown in Figure 5.6 with
standard error of the mean. There was a 112% greater value for mean leptin expression with
MV MSC samples compared with AT MSC samples. This was found to be statistically significant

using the Student’s T test for paired samples (p=0.025).
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Table 5.2: Angiogenic array data for four paired AT and MV MSC co-culture tubule assay supernatant samples and

media control.

Factor Media AT1 MV 1 AT 2 MV 2 AT3 MV 3 AT 4 MV 4

Positive Control 6425 1124 1574 467 1509 4395 5460 704 1283
Activin A 159 62 34 12 0| 577 435 0| 79
ADAMTS-1 147 121 45 0| 0| 451 252 60| 74
Angiogenin 407 2388 2759 2776 2579 12608 13720 2667 3026
Angiopoietin-1 94 233 108 166 204 822 874 140 143
Angiopoietin-2 118 360 290 203 253 621 375 126 88
Angiostatin/Plasminogen 0 47 21 0 8 344 252 60 56
Amphiregulin 92 1593 1277 1108 1068 5654 5663 1394 1565
Artemin 0| 52 29 0| 0| 214 219 40 32
Positive Control 5171 1459 1235 1241 1381 5056 5246 1252 1306
Coagulation Factor Il1 398 211 179 29 76| 600 579 131 257
CXCL16 385 456 703 500| 905 896 959 140 434
DPPIV 814 196 253 199 270 808 638 110 135
EGF 10463 2448 3018 2535 2769 12163 12312 2374 2550
EG-VEGF 199 94 36 2 35 449 225 49 122
Endoglin 6| 137 55 9 168 468 339 56| 76|
Endostatin/Collagen XVIIl 328 525 351 62 117 1111 926 643 431
Endothelin-1 1572 920 767 1007 721 2135 2280 513 344
FGF acidic 109 89 138 0| 20 398 160 168 136
FGF basic 1258 221 133 69 132 303 376 168 277
FGF-4 0| 21 57 0| 44 16 0| 45 24
FGF-7 0| 750 479 608 1114 2958 4026 280 663
GDNF 531 80 29 0| 49 552 471 50| 56|
GM-CSF 404 77 34 0| 0| 366 411 18 79
HB-EGF 274 100 67 56 70| 740 390 51 122
HGF 457 2055 2630| 2454 2786 11043 11168 2101 2394
IGFBP-1 65 225 141 95 139 679 438 86| 107
IGFBP-2 330 2386 1926 1916| 1750 7964 8605 1672 1375
IGFBP-3 185 1856 1475 1178 1559 6988 5953 843 786
IL-1b 132 73 55 0| 33 412 257 91 38
IL-8 2489 3231 3106 2877 2925 14211 12770 2913 2517
LAP (TGF-b1) 0| 273 245 223 300 328 563 188 126
Leptin 0| 231 305 16 91 33 173 152 347
MCP-1 0| 1524 237 480 2543 1247 2091 54 202
MIP-1a 497 62 79 0| 25 642 533 50| 81
MMP-8 326 91 3 0| 3 365 274 0| 98
MMP-9 436 628 911 835 1682 3274 3749 273 475
NRG1-bl 208 149 56 112 213 689 470 123 241
Pentraxin 3 (PTX3) 4143 1573 1177 1503 1347 6289 6564 1615 1454
PD-ECGF 0| 115 73 0| 50| 422 506 31 127
PDGF-AA 0| 87 57 0| 91 497 186 71 105
PDGF-AB/PDGF-BB 210 13 15 0| 15 285 157 24 33
Persephin 237 147 170 110| 178 488 444 157 276
Platelet Factor 4 (PF4) 0| 700 558 211 547 1021 21388 845 760
PIGF 0| 745 790 824 1172 852 1329 390 238
Prolactin 0| 54 49 5 90| 0 0| 59 18
Serpin B5 383 65 61 0| 0| 466 470 59 89
Serpin E1 10262 583 1302 418 893 2204 2165 541 904
Serpin F1 648 135 220 25?| 218 832 786 236 304
TIMP-1 13199 1907 2219 1938| 1903 8674 8878 2099 1885
TIMP-4 269 1950 1393 1747| 1671 9636 9766 1465 1390
Thrombospondin-1 0| 433 157 258 204 965 618 161 106
Thrombospondin-2 0| 36 41 0| 0| 303 204 37 77
uPA 0| 7l 42 0| 0| 196 113 31 36|
Vasohibin 156 0 43 21 52 284 199 118 183
VEGF 9800 2733 2894 2835 2699 12811 13744 3260 3078
VEGF-C 0| 33 0| 0| 30 81 87 114 0|
Positive Control 5406 1501 1648 515 1368 3094 4117 1304 1734
Negative Control 0 0 0| 0 0 0 0 0 0

Leptin was the only protein to show a consistent difference between paired AT and MV samples.
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Figure 5.6: Leptin expression. Supernatant from AT MSC and MV MSC co-cultures with UCB ECFC derived cells
were analysed using angiogenic arrays. There was consistently greater expression of leptin in MV MSC co-culture
supernatant samples (n=4) compared with AT MSC samples (n=4) (112% increase, p=0.025 using Student’s T test
for paired samples). The image on the left shows magnified views of the leptin protein capture spots on the
developed array membranes. The graph shows mean leptin expression values for four samples in each condition
with error bars showing standard error of the mean.

In order to further explore the angiogenesis array data directly comparing AT and MV samples,
supernatant pixel density values were normalised against the highest value mean positive
control in the series of membranes. This was done by finding the multiplication factor required
for each membrane mean positive control to equal the highest positive control value in the
series, and then using this multiplication factor against all other spots on each membrane. This
removed the effect of differences in developing the membranes and allowed more thorough

comparisons to be made.

Following this normalisation against positive controls, fourteen of the fifty-five proteins then
showed a consistent trend on comparing values between paired AT and MV MSC supernatants
(Table 5.3). Leptin remained the only protein to have a higher expression in MV samples
compared with AT samples. Normalised values for angiopoietin-1, angiopoietin-2,

amphiregulin, endostatin, endothelin-1, Insulin-like Growth Factor Binding Protein (IGFBP) -1,
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2 and 3, interleukin-8 (IL-8), pentraxin 3, Tissue Inhibitor of Metalloproteinase-4 (TIMP-4),
thrombospondin-1 and Vascular Endothelial Growth Factor (VEGF) were all consistently higher

in the AT MSC samples compared with the paired MV MSC samples.

The mean values for AT MSC and MV MSC samples normalised against positive controls were
compared using the Student’s T Test for paired samples (Table 5.4), with statistically significant
results for angiopoietin-2, IGFBP-3 and thrombospondin-1 displayed in red text, highlighted in
yellow. Several of the other proteins with consistent trends are approaching statistical

significance, such as leptin, IL-8 and angiopoietin-1.

The relative normalised values of expression for all of the proteins tested are shown
graphically in Figure 5.7, and there is a more detailed graph of the protein expression from

samples with consistent trends and significant values in Figure 5.8.
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Table 5.3: Angiogenic array data for four paired AT and MV MSC co-culture tubule assay supernatant samples

normalised against the highest positive control value in the series.

Factor AT1 AT 2 AT 3 AT4 MV 1 MV 2 MV 3 MV 4

Activin A 223 80 681 0 113 0 435 271
ADAMTS-1 439 0 532 272 150 0 252 254
Angiogenin 8665 18510 14897 12126 9175 8977 13720 10375
Angiopoietin-1 847 1107 971 636 359 709 874 490
Angiopoietin-2 1305 1354 734 572 964 882 375 302
Angiostatin/Plasminogen 169 0 407 272 70 26 252 192
Amphiregulin 5782 7388 6681 6337 4247 3718 5663 5366
Artemin 190 0 253 180 96 0 219 110
Coagulation Factor Ill 765 193 709 597 595 263 579 881
CXCL16 1657 3334 1059 638 2338 3151 959 1488
DPPIV 712 1327 955 502 841 939 638 463
EGF 8886 16903 14372 10795 10037 9638 12312 8743
EG-VEGF 341 13 531 221 120 123 225 418
Endoglin 498 60 553 253 183 585 339 261
Endostatin/Collagen XVIII 1904 413 1313 2923 1167 408 926 1478
Endothelin-1 3339 6714 2522 2334 2551 2509 2280 1179
FGF acidic 323 0 470 764 459 69 160 466
FGF basic 803 460 357 764 442 459 376 950
FGF-4 76 0 19 205 190 154 0 82
FGF-7 2721 4054 3495 1271 1593 3877 4026 2290
GDNF 291 0 652 230 96 172 471 192
GM-C5SF 280 0 433 84 113 0 411 271
HB-EGF 361 373 875 231 223 245 390 418
HGF 7456 16363 13054 9553 8913 9698 11168 8208
IGFBP-1 816 633 803 390 469 484 438 367
IGFBP-2 8660 12775 9410 7600 6405 6092 8605 4715
IGFBP-3 6737 7855 8257 3832 4905 5427 5953 2695
IL-1b 263 0 487 413 183 114 257 130
IL-8 11727 19183 16792 13244 10329 10183 12770 8630
LAP (TGF-b1) 992 1487 387 857 815 1043 563 432
Le ptin 837 107 39 690 1014 316 173 1190
MCP-1 5530 3201 1473 244 788 8852 2091 693
MIP-1a 225 0 758 228 263 88 533 278
MMP-8 331 0 432 0 10 12 274 336
MMP-9 2280 5901 3869 1241 3030 5855 3749 1629
NRG1-bl 540 747 814 560 186 741 470 826
Pentraxin 3 (PTX3) 5708 10022 7432 7341 3914 4689 6564 4985
PD-ECGF 416 0 499 139 243 173 506 435
PDGF-AA 317 0 587 323 190 316 186 360
PDGF-AB/PDGF-BB 47 0 337 107 50 51 157 113
Persephin 533 733 577 716 565 621 444 946
Platelet Factor 4 (PF4) 2541 1407 1207 3840 1856 1904 2188 2606
PIGF 2704 5494 1007 1772 2627 4079 1329 816
Prolactin 197 33 0 266 163 314 0 62
Serpin B5 234 0 550 268 203 0 470 305
Serpin E1 2115 2787 2605 2460 4330 3108 2165 3100
Serpin F1 673 1714 983 1299 732 760 786 1042
TIMP-1 6922 12922 10249 0541 7380 6626 8878 6463
TIMP-4 7076 11649 11386 6661 6295 5816 9766 4766
Thrombospondin-1 1572 1720 1140 734 522 709 618 363
Thrombospondin-2 130 0 358 168 136 0 204 264
uPA 6 0 232 140 140 0 113 123
Vasohibin 0 140 336 535 143 182 199 627
VEGF 9918 18903 15137 14823 9624 9396 13744 10554
VEGF-C 119 0 96 518 0 106 87 0

When values for paired AT and MV samples were normalised against the highest positive control value
in the series there were consistent differences in 14 different proteins. Leptin remained the only
protein to have a higher expression in MV samples compared with AT samples (highlighted in yellow)
but there were 13 other proteins which had a higher expression in AT samples compared with MV

samples (highlighted in pink).
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Table 5.4: Mean normalised values for AT and MV sample protein expression and significance.

Factor AT (mean) [SEM MV (Mean) |SEM TTest

Activin A 246 152 205 == 0.732
ADAMTS-1 311 117 164 60 0.162
Angiogenin 13550 2088 10562 1097 0.273
|Angiopoietin-1 890 100 608 114 0.059
Angiopoietin-2 991 198 631 170 0.003
Angiostatin/Plasminogen 212 86 135 52 0.135
Amphiregulin 6547 336 4748 459 0.066
Artemin 156 54 106 45 0.095
Coagulation Factor Il 566 129 580 126 0.902
CXCL16 1672 592 1984 482 0.323
DPPIV 874 177 720 106 0.293
EGF 12739 1794 10183 760 0.239
EG-VEGF 276 108 221 70 0.685
Endoglin 341 114 342 87 0.996
Endostatin/Collagen XVIII 1638 527 995 226 0.126
Endothelin-1 3728 1019 2130 322 0.170
FGF acidic 389 159 289 102 0.456
FGF basic 596 111 557 132 0.755
FGF-4 75 46 107 42 0.653
FGF-7 2885 603 2947 598 0.903
GDNF 293 135 233 82 0.531
GM-CSF 199 98 199 S0 0.994
HB-EGF 460 142 319 50 0.379
HGF 11607 1961 9497 635 0.299
IGFBP-1 661 99 439 26 0.074
IGFBP-2 9611 1118 6454 806 0.086
IGFBP-3 6670 999 4745 716 0.007
IL-1b 291 108 171 32 0.271
IL-8 15236 1690 10478 855 0.057
LAP (TGF-b1) 931 226 713 136 0.229
Leptin 418 202 673 252 0.055
MCP-1 2612 1146 3106 1942 0.831
MIP-1a 303 161 290 92 0.873
MMP-8 alspal 112 158 86 0.831
MMP-9 3323 1015 3566 881 0.316
NRG1-b1l 665 68 556 145 0.516
Pentraxin 3 (PTX3) 7625 892 5038 556 0.075
PD-ECGF 263 117 339 79 0.511
PDGF-AA 307 120 263 44 0.789
PDGF-AB/PDGF-BB 123 75 93 26 0.601
Persephin 640 50 644 107 0.960
Platelet Factor 4 (PF4) 2249 606 2139 172 0.844
PIGF 2744 980 2213 730 0.273
Prolactin 124 64 135 68 0.924
Serpin B5 263 113 244 98 0.505
Serpin E1 2492 142 3176 444 0.308
Serpin F1 1167 222 830 72 0.217
TIMP-1 9908 1233 7337 551 0.171
TIMP-4 9193 1346 6661 1083 0.110
Thrombospondin-1 1291 223 553 74 0.023
Thrombospondin-2 164 74 151 57 0.814
uPA 95 56 94 32 0.990
Vasohibin 253 117 288 114 0.603
VEGF 14695 1843 10829 1003 0.157
VEGF-C 183 115 48 28 0.394

Mean values for four paired samples were compared using the Student’s T test for paired samples.
Significant results are shown in red, highlighted in yellow. SEM= Standard Error of the Mean.
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Figure 5.7: Relative values of proangiogenic factors in supernatant from AT and MV MSC co-cultures with UCB
ECFC derived cells, corrected to negative controls and normalised against mean positive control values.
Normalised values for AT and MV MSC co-cultures were mostly comparable, apart from statistically significant
differences in angiopoietin-2, IGFBP-3 and thrombospondin-1 (Student’s T test for paired samples). Other
proteins such as leptin, IL-8 and angiopoietin-1 are approaching significance in differential expression. Error bars
show SEM (n=4 for all samples).
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Figure 5.8: Significant variation in values of proangiogenic factors in supernatant from AT and MV MSC co-
cultures with UCB ECFC derived cells, corrected to negative controls and normalised against mean positive control
values. The largest difference was a 61% lower mean leptin expression in AT samples compared with MV
samples. Significantly higher expression of angiopoietin-2 (p=0.003), IGFBP-3 (p=0.007) and thrombospondin-1
(p=0.023) were found in AT samples compared with MV samples using the Student’s T test for paired samples.
Error bars show SEM (n=4 for all samples).

5.3.6 Effect of exogenous leptin on vascular tubule formation

In order to determine if the difference in leptin expression was related to the previously
discovered differences in the numbers of tubules formed in the presence of AT and MV MSCs,
the co-culture tubule assay was modified to assess the effect of the addition of exogenous
human recombinant leptin (R&D Systems, Abingdon, UK) at 0, 25, 100 and 400ng/ml.
Exogenous leptin was added to tubule assays with co-culture of 5x10° AT MSC and 1x10° UCB

ECFC derived cells. Initial plates set with different concentrations of leptin were difficult to
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analyse due to excess proliferation, early lifting of the cell layers from the plate and clumping
of tubules. Where tubules did form, there was a trend towards increased tubule formation
with increasing doses of leptin on subjective microscopic examination of viable wells.
Representative images of the few viable wells from 25 and 100ng/ml leptin doses are shown in
Figure 5.9 with the Ong/ml control for comparison. The protocol was then optimised as

described in Section 5.3.6.1.

TSN i

10ng/m| leptin control

Figure 5.9: Effect of exogenous leptin on vascular tubule formation. Initial trial of leptin doses showed subjective
increase in tubule formation with increasing concentrations of leptin, but too few viable wells were available for
quantification. (Phase contrast microscopy, 100um scale bar)
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5.3.6.1 Leptin and AT MSC co-culture vascular tubule formation

The protocol was optimised by reducing the time in culture to 10 days instead of the usual 14
day culture and by limiting the dose of leptin to 25ng/ml. Under these conditions, four batches
of AT MSC at a concentration of either 5x10° or 1x10* per well were co-cultured with 1x10°
UCB ECFC derived cells per well, with or without 25ng/ml leptin. Again the lowest
concentration of endothelial cells previously used in the tubule assay was chosen as these cells
are likely to be limited in clinical applications. Two different concentrations of MSC were used
as these may be a source of autologous leptin. Each condition was repeated in triplicate using
four different batches of AT MSCs and mean values of total tubule length per well were
calculated with standard error of the mean. Data were compared for leptin and control wells in
each batch (n=3) and for the mean of all four batches (n=4) using the two tailed Student’s T
test for paired samples. Table 5.5 shows a consistently significant increase in tubule formation
with the lower concentration of AT MSCs, with a mean increase of 52.8% in total tubule length
across all four batches (p=0.019). Figure 5.10 shows a graphical representation of the mean

total tubule lengths with leptin versus control wells and shows clear intra-sample consistency.

When the concentration of AT MSCs in co-culture was increased to 1x10* per well the mean
increase in total tubule length was greater, as was the statistical significance (p=0.006,
Student’s T test for paired samples). Table 5.6 shows a consistently significant increase in
tubule formation with each batch of AT MSCs, and the mean increase of 59.4% in total tubule
length across all four batches. Figure 5.11 highlights the clear intra-sample consistency of the

mean total tubule lengths with leptin versus control wells.
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Table 5.5: Effect of 25ng/ml leptin on tubule formation with 5x10° AT MSC and 1x10° UCB ECFC derived cells in co-

culture.

5x10° AT MSC with 1x10° UCB ECFC co-culture

AT1 AT 2 AT3 AT4 For all
(n=9) (n=9) (n=9) (n=9) samples
(n=4)
Mean total tubule length of | 16866 + 27507 12079 £ 17132+ | 18396 + 3251
control £ SEM 1653 1850 3070 2005
Mean total tubule length 22434 + 36112 28324 + 29526+ | 29099 + 2804
with leptin £ SEM 1497 12172 2039 1359
Difference in means (value, 5568 8605 16245 12394 10703
percent) 33.0% 31.3% 134.5% 72.3% 52.8%
increase increase increase increase | increase
Significance (p) 0.0412 0.0027 0.0026 0.0003 0.0191

Values are in microns and significant p values from the two tailed Student’s T test for paired samples are shown

inred.

45000

40000 -
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Mean total tubule length
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Figure 5.10: Mean total tubule length in 5x10° AT MSC with 1x10° UCB ECFC derived cell co-cultures. There is a
consistent significant increase in tubule formation across the samples with addition of 25ng/ml leptin to the co-
culture wells. Error bars show Standard Error of the Mean (SEM). Within each individual AT sample n=9, with
triplicate imaging of triplicate samples to ensure inter-sample consistency. The final paired columns show the
mean values across the four individual samples with n=4 to ensure intra-sample consistency.
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Table 5.6: Effect of 25ng/ml leptin on tubule formation with 1x10* AT MSC and 1x10° UCB ECFC derived cells in co-

culture.
1x10* AT MSC with 1x10*> UCB ECFC co-culture
AT1 AT 2 AT3 AT 4 For all
(n=9) (n=9) (n=9) (n=9) samples
(n=4)

Mean total tubule length of | 11086 + 25178 + 16081 + 14255+ | 16650 + 3024
control £ SEM 1440 1210 1009 1314
Mean total tubule length 18121 + 35623 29768 22637 + | 26537 £ 3863
with leptin £ SEM 1597 2236 1763 1330
Difference in means (value, 7035 10445 13687 8382 9887
percent) 63.5% 41.5% 85.1% 58.8% 59.4%

increase increase increase increase | increase
Significance (p) 0.0048 0.0054 <0.0001 0.0045 0.0064

Values are in microns and significant p values from the two tailed Student’s T test for paired samples are shown

inred.
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Figure 5.11: Mean total tubule length in 1x10* AT MSC with 1x10> UCB ECFC derived cell co-cultures. There is a
consistent significant increase in tubule formation across the individual AT samples with addition of 25ng/ml
leptin to the co-culture wells. Error bars show Standard Error of the Mean (SEM). Within each individual AT
sample n=9, with triplicate imaging of triplicate samples to ensure inter-sample consistency. The final paired
columns show the mean values across the four individual samples with n=4 to ensure intra-sample consistency.
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5.3.6.2 Leptin and MV MSC co-culture tubule formation

The effect of leptin on MV MSC co-cultures was also tested. There were no significant
increases in total tubule length in these samples with the addition of leptin at either cell
concentration ratio (Table 5.7 and Table 5.8). It may be that expressing a greater quantity of
endogenous leptin negates the possibility of an additional effect from exogenous leptin. With
increased MV MSC cell concentration the difference in total tubule length with the addition of
leptin was even smaller and less significant. Graphical representation of the data is shown in

Figure 5.12 and Figure 5.13.
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Table 5.7: Effect of 25ng/ml leptin on tubule formation with 5x10> MV MSC and 1x10° UCB ECFC derived cells in
co-culture.

5x10° MV MSC with 1x10° UCB ECFC co-culture

MV 1 MV 2 mMv 3 MV 4 For all
(n=9) (n=9) (n=9) (n=9) samples
(n=4)
Mean total tubule length of 27322+ | 20595+ | 21465+ | 28749+ | 24533 +2051
control + SEM 1489 1945 983 1705
Mean total tubule length with 28700 + 19725+ | 14884 + | 26147 + | 22364 +3127
leptin £ SEM 1678 1136 1403 1672
Difference in means (value, 1378 870 6581 2602 2169
percent) 5.0% 4.2% 30.7% 9.1% 8.8%
increase | decrease | decrease | decrease | decrease
Significance (p) 0.4359 0.0156 <0.0001 | 0.0523 0.2875

Values are in microns and significant p values from the two tailed Student’s T test for paired samples are shown

in red.
= Control
= Leptin

MV4 Mean (n=4)

35000

30000 -

25000

MV2

MV1

Mean total tubule length (microns)

Figure 5.12: Mean total tubule length in 5x10° MV MSC with 1x10> UCB ECFC derived cell co-cultures. There was
no significant difference in mean total tubule length with the addition of leptin. Error bars show Standard Error of
the Mean (SEM). N=9 for triplicate imaging of triplicate samples for each batch of MV MSCs. N=4 for the final
paired columns which show the mean values for the four batches.
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Table 5.8: Effect of 25ng/ml leptin on tubule formation with 1x10* MV MSC and 1x10® UCB ECFC derived cells in

co-culture.

1x10* MV MSC with 1x10® UCB ECFC co-culture

Mv 1 MV 2 mv 3 MV 4 For all
(n=9) (n=9) (n=9) (n=9) samples
(n=4)
Mean total tubule length of 19559 + 25096 + | 12843 + 17951+ | 18862 + 2523
control £ SEM 1373 1742 1130 2586
Mean total tubule length with | 21308 + 24094 + | 9460 + 20604 + | 18866 + 3225
leptin + SEM 1986 2288 715 1011
Difference in means (value, 1749 1002 3383 2653 4
percent) 8.9% 4.0% 26.3% 14.8% 0.02%
increase decrease | decrease | increase | increase
Significance (p) 0.5147 0.5443 0.0274 0.3667 0.9978

Values are in microns and significant p values from the two tailed Student’s T test for paired samples are shown

inred.
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Figure 5.13: Mean total tubule length in 1x10* MV MSC with 1x10% UCB ECFC derived cell co-cultures. There was
no significant difference in mean total tubule length with the addition of leptin. Error bars show Standard Error of
the Mean (SEM). N=9 for triplicate imaging of triplicate samples for each batch of MV MSCs. N=4 for the final

paired columns which show the mean values for the four batches.
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5.3.7 Cell proliferation was unaffected by the addition of leptin

It was hypothesised that the effect of increased tubule formation with addition of leptin might
be due an increase in the proliferation of either ECFC derived cells or MSCs. It was therefore
decided to quantify cell proliferation with and without the addition of leptin using the same
MTT assay previously used to examine MSC proliferation. It was decided to run this assay on
two different sources of endothelial cells in order to further clarify an effect on this cell type.
Figure 5.14 shows no significant difference in proliferation of UCB ECFC derived cells (250 cells
p=0.4, 500 cells p=0.7, 1000 cells p=0.8 using the Student’s T test for paired samples) or
HUVECs (250 cells p=0.2, 500 cells p=0.8, 1000 cells p=0.2 using the Student’s T test for paired
samples) with the addition of leptin compared with controls at three different cell seeding
concentrations, cultured for 4 days in complete EGM-2 (Lonza Biologics, Slough, UK) as

described in Chapter 2, Section 2.10.

Proliferation of four different batches of AT and MV MSCs was tested with and without
addition of leptin at two different cell seeding concentrations, with each condition repeated in
triplicate. AT MSC results are presented in Figure 5.15, which shows no difference in cell
proliferation between control cells and cells treated with leptin at either cell seeding density
(500 cells p=0.5, 1000 cells p=0.1 using the Student’s T test for paired samples). This is clearly
seen in each individual batch and in the mean values across the four batches of cells. Similarly,
there was no effect on MV MSC cell proliferation with the addition of leptin (500 cells p=0.1,
1000 cells p=0.1 using the Student’s T test for paired samples). Figure 5.16 clearly
demonstrates no difference in cell proliferation between control cells and cells treated with

leptin at either cell seeding density in any batch.

From these MTT assays we can conclude that leptin does not increase tubule formation in vitro

by up regulation of either ECFC or MSC proliferation.
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Figure 5.14: Effect of exogenous leptin on endothelial cell proliferation. Umbilical Cord Blood Endothelial Colony
Forming Cell derived cells (UCB ECFC) and Human Umbilical Vein Endothelial Cells (HUVEC) were tested for
proliferation using an MTT absorbance test to determine relative viable cell counts with and without leptin.
Errors bars show Standard Error of the Mean (SEM), samples were repeated in triplicate. There was no significant
difference in proliferation following addition of leptin with 250, 500 or 1000 cell per well concentrations (UCB
ECFC 250 cells p=0.4, 500 cells p=0.7, 1000 cells p=0.8, HUVEC 250 cells p=0.2, 500 cells p=0.8, 1000 cells p=0.2
using the Student’s T test for paired samples).
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Figure 5.15: Effect of exogenous leptin on AT MSC proliferation. Adipose Tissue Mesenchymal Stromal/Stem Cells
(AT MSC) were tested for proliferation using an MTT absorbance test to determine relative viable cell counts with
and without leptin. Errors bars show Standard Error of the Mean (SEM), four batches of AT MSCs were repeated
in triplicate. The final paired column is the mean of the values for all four batches. There was no significant
difference in proliferation following addition of leptin with 500 or 1000 initial cell numbers (500 cells p=0.5, 1000
cells p=0.1 using the Student’s T test for paired samples).
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Figure 5.16: Effect of exogenous leptin on MV MSC proliferation. Microvascular Mesenchymal Stromal/Stem Cells
(MV MSC) were tested for proliferation using an MTT absorbance test to determine relative viable cell counts
with and without leptin. Errors bars show Standard Error of the Mean (SEM), four batches of MV MSCs were
repeated in triplicate. The final paired column is the mean of the values for all four batches. There was no
significant difference in proliferation following addition of leptin with 500 or 1000 initial cell numbers (500 cells
p=0.1, 1000 cells p=0.1 using the Student’s T test for paired samples).
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5.4 Discussion

In this chapter, MV MSCs were found to support a more robust blood vessel network in vitro
than AT MSCs. This was demonstrated in four different paired batches of cells. We believe this
to be a novel finding, and hence possible underlying mechanisms for this difference in function

were investigated.

MV MSCs secreted a significantly higher amount of leptin in co-culture with UCB ECFC derived
cells than AT MSCs, as assessed by the antibody array. The differential expression and
production of leptin by AT MSC and MV MSC could be assessed using more sensitive methods,
such as Enzyme-Linked ImmunoSorbent Assays (ELISA), and this has been proposed for future

work.

Leptin is a metabolic hormone expressed by the obese gene which has well-established roles in
control of metabolism and satiety (277, 278). In addition to influencing insulin regulation and
other mechanisms of fat storage, leptin has also been shown to be involved in the promotion
of angiogenesis (146, 279-282) either by its effect on endothelial cells (279, 280, 282) or on in
vivo angiogenesis in rat models (146, 281), and this is consistent with the increased tubule
formation observed in the in vitro angiogenesis co-culture assay when MV MSCs were used as

the supporting cell source rather than AT MSCs.

Liapakis et al. used a murine model of incisional wound angiogenesis to show increased
density of neovascularisation with the addition of leptin to the wound bed compared with
placebo controls (148). Following this, the group also showed that exogenous leptin increased
early wound bed angiogenesis in a rat burn wound model (147) and in a full thickness flap
model (149). The flap study found that addition of high dose leptin resulted in a greater
increase in neovascularisation than that seen with addition of vascular endothelial growth

factor (VEGF) (149), which is a key component of endothelial growth media used in in vitro
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angiogenesis assays (135) and is one of only a few proangiogenic growth factors to have been

tested in human clinical trials for the ability to improve wound healing (283).

Tubule formation in AT MSC co-cultures could be significantly increased with the addition of
exogenous leptin, but the effect was not seen with the addition of exogenous leptin to MV
MSC co-cultures. It may be that there is an upper limit to the effect of leptin on tubule
formation and this was already reached with endogenous leptin from the MV MSCs, thus
negating the effect of the exogenous leptin. Higher concentrations of exogenous leptin in the
co-culture assay resulted in poor tubule survival due to cell clumping and lifting, so it may be
that endogenous leptin expression has a positive feedback mechanism in place to limit tubule
formation to a level that can be maintained by the supporting cell source. There is a need to

quantitate by ELISA the levels of leptin secreted by each cell type.

In the studies presented in this Thesis, leptin did not modulate UCB ECFC, AT MSC or MV MSC
proliferation. Proliferation of AT and MV MSCs was however comparable and there was no
difference in UCB ECFC derived cell or MSC proliferation with the addition of leptin to cells in
mono-culture. This is in keeping with findings of Wolk et al. (2005) and we have therefore
excluded up regulation of proliferation as the mechanism of increased tubule formation in
leptin treated co-cultures. Wolk et al. identified the leptin receptor on the surface of
endothelial progenitor cells, but found no change in endothelial progenitor cell proliferation in
the presence of leptin (282). Goetze et al. (2002) showed that HUVECs migrate towards leptin
in in vitro culture and postulated that the role of leptin in angiogenesis is to promote cell
migration (280). This might result in increased length of individual tubules, as well as an

increase in total number of tubules formed.

Differential expression of the thirteen proteins found to be expressed more in the AT samples
compared with the MV samples may also benefit from further quantification by ELISA array.

This data may not be as useful as data for leptin since expression of these proangiogenic
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factors was lower in the MV samples, despite their increased tubule formation compared with

AT co-cultures, making a useful clinical application less likely.

There are some concerns over the addition of exogenous proangiogenic factors to in vitro
microvasculature intended for later clinical use due to the strong association of some factors
with aggressive malignancies. For example, the receptor for CXCL16 has been linked to
increased cancer invasion and metastases (284, 285) and there is concern regarding potential
formation of angiosarcoma or other connective tissue tumours. The specific receptor for HGF,
called cMet, is a proto-oncogene and the HGF/cMet pathway has been implicated in formation
of several cancers including breast cancer (286), oesophageal carcinoma (287), hepatocellular
carcinoma (288), cholangiocarcinoma (289) and multiple intestinal tumours (290). MMP-9 has
also been implicated in formation of several cancers including oral squamous cell carcinoma

(291), oesophageal carcinoma (292), thyroid carcinoma (293) and prostate carcinoma (294).

MV MSC should be used preferentially as the stromal cell source for in vitro microvascular
formation for future clinical applications since they support significantly more tubule
formation than AT MSC. However, dissection of the microvasculature from adipose tissue
samples is both technically challenging and time consuming, so it is useful to know that AT
MSC, which are easier and faster to prepare for culture, show significantly increased tubule
formation with the addition of exogenous leptin. This may allow optimal tubule formation
without the disadvantage of more difficult culture protocols, but appropriate testing in an

animal model would be required in order to ensure no problems with tumour formation.

Professor Péault’s work with pericytes discussed in Chapter 4, used adipose lipoaspirate
purified using fluorescence-activated cell sorting (FACS) to isolate CD146%, CD34", CD45, CD56
cells which they identified as MSC progenitors (264, 267). Since the AT and MV MSC in this
Thesis displayed no significant differences in their phenotype for the markers tested, it may be

that the ‘mechanical purification’” of the MV MSC was responsible for the greater
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proangiogenic activity. If so, FACS purification of the whole adipose tissue to isolate the MSC
progenitors prior to culture and expansion may result in a population of cultured MSC with
greater proangiogenic activity. Overall, a larger proteomic experiment looking at all of the
protein in the AT and MV cells or a whole genome analysis approach may be beneficial in

understanding what factors are differentially expressed when comparing these cell types.

Having established that AT and MV MSCs support microvascular tubule formation in co-culture
with UCB ECFC derived cells in two dimensional culture, these techniques were applied to
three dimensional assays which may enable clinical application of tubule networks in the

future. These are discussed in Chapter 6.
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Chapter 6 Dermal Scaffolds and Three-Dimensional

Vascularisation

6.1 Background

The working hypothesis underlying this research is that clinical application of a skin substitute
with a pre-formed vascular network plus split thickness skin grafting may result in improved
scarring compared with split thickness skin grafting alone or on top of non-vascularised dermal
substitute. Skin grafts heal by a process of fibrin adhesion to the wound bed, plasmatic
imbibition of nutrients from the wound bed, inosculation of vessels in the wound bed and the
graft, and neovascularisation across the wound bed into the graft (34). As the graft matures,
the vessels re-organise into a functional network, but areas of unfavourable hypertrophic or
keloid scarring have been shown to contain a disorganised vascular network entangled around
dense bundles of fibroblasts (19, 28). Full thickness skin grafts contain the full extent of the
dermis, including the existing dermal vasculature, and have consistently better quality scarring
than split thickness skin grafting (34, 35). Whereas split thickness grafts scar throughout the
entire surface of the graft, full thickness grafts tend to have a linear scar around the periphery
of the graft, whilst the central graft remains soft and pliable as it was at the donor site (35).
Dermal substitutes have been shown to improve scar quality in two staged procedures which
allow initial vascularisation of the dermal substitute prior to application of split thickness skin
grafts (50-52). By providing a pre-vascularised dermal scaffold to the wound bed, an
improvement in scar quality similar to full thickness skin graft results which can be achieved in
a single operative procedure would be predicted, without the donor site limitations

experienced with full thickness skin grafting (35, 53).

In order to produce a pre-vascularised dermal substitute with properties similar to a full

thickness skin graft, it would be necessary for the vasculature to grow in three dimensions to
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populate the depth of the scaffold. Vessels should cross from one side of the scaffold to the
other in order to provide vessel ends for inosculation with both the wound bed inferiorly and

the split thickness skin graft superiorly.

Attempts to improve three-dimensional in vitro cultures have involved scaffolds with different
physical properties (295, 296). Scaffolds include acellular Good Manufacturing Practice (GMP)
grade constructs already in clinical use, decellularised human dermis, and imprinted gels
composed of various molecules including fibrin, collagen, hyaluronic acid, elastin or PolyLactic

co-Glycolic Acid (PLGA) (297-299).

As it was found that vasculature networks did not penetrate completely through GMP grade
scaffolds in clinical use such as Integra® Dermal Regeneration Template (Integra LifeSciences
Corporation, Plainsboro, NJ, U.S.A.) and Matriderm® (Eurosurgical Ltd., Guildford, UK), but
were restricted to a depth of 100um, in this Chapter two new scaffolds were tested for their
ability to support the formation of a developing vascular network. These were a thin (200um)
collagen scaffold called Neuskin-F~ (Medira Ltd., Sandy, UK), and Decellularised Human
Cadaveric Dermis (DHCD) (NHS Blood and Transplant, Liverpool, UK) which retains human
matrix components and has spaces where vasculature might reform upon seeding
vasculogenic cells (169). Additionally, following the successful increase in two-dimensional
microvascular formation with the addition of exogenous leptin to co-cultures described in
Chapter 5, leptin was added to the three-dimensional model to determine if this could

improve vessel growth.

Three-dimensional vessel growth is a limiting factor in many tissue engineering applications
and is thought to be restricted due to poor oxygen diffusion into the tissue (63, 184-186). Since
this was found with the scaffolds used here, it was decided to add an artificial oxygen carrier

perfluorocarbon compound to the culture media in order to increase the oxygen content of
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the media in which the scaffolds were suspended (197, 198), prior to supplying this to the 3D

scaffold.

6.2

Aim and objectives

The aim of this chapter was to apply microvasculature formation techniques with our chosen

primary cells to three dimensional dermal substitute scaffolds which are currently used as

acellular matrices for wound repair.

The specific objectives were:

To assess pre-vascularisation of the dermal substitute scaffolds Integra® Dermal
Regeneration Template (Integra LifeSciences Corporation, Plainsboro, NJ, U.S.A.) and
Matriderm® (Eurosurgical Ltd., Guildford, UK) in current clinical use, using GFP labelled
UCB ECFC derived cells.
To investigate methods of improving three dimensional penetration of
microvasculature into dermal substitute scaffolds using

o scaffolds with different physical properties viz. Neuskin-F (Medira Ltd., Sandy,

UK) and DHCD (NHS Blood and Transplant, Liverpool, UK)
o the pro-angiogenic factor leptin to increase tubule numbers

o perfluorocarbon additives to improve oxygenation
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6.3 Results

6.3.1 3D tubule growth in Integra® and Matriderm®

In order to prepare cells for better visualisation in three-dimensional cultures, Green
Fluorescent Protein (GFP) lentiviral particles were created for transduction of UCB ECFC
derived cells. The sourcing of these cells is described in Chapter 3 and the method of lentiviral

particle preparation and transduction is described in Chapter 2 section 2.11.

For UCB ECFCs, GFP transduction at different MOls and the effect on viability is shown in
Figure 6.1. MOls of 3 were subsequently used in this Thesis to generate GFP expressing UCB

ECFC derived cells.
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Figure 6.1: Transduction efficiency and viability after GFP lentiviral transduction of UCB ECFC derived cells at
different Multiplicities of Infection (MOI). A- GFP expression of non-transduced UCB ECFC derived cells. B- GFP
expression of UCB ECFC derived cells transduced at MOI 15.5. C- GFP expression of UCB ECFC derived cells
transduced at MOI 7.75. D- Comparative viability, normalised against non-transduced control cells, percent GFP
positive cells and MFI are presented as mean + SEM for three batches of UCB ECFC derived cells at various MOI.
This figure was prepared using collaborative work as supplemental data for the paper Athanassopoulos A,
Tsaknakis G, Newey SE, Harris AL, Kean J, Tyler MP, Watt SM. Microvessel networks [corrected] pre-formed in
artificial clinical grade dermal substitutes in vitro using cells from haematopoietic tissues. Burns. 2012;38(5):691-
701. Reproduced with permission from Elsevier via Rightslink®, License number 3365570624952.
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Initial assays using GFP-labelled UCB ECFC derived cells examined if three-dimensional
microvascular networks could be cultured within Integra® and Matriderm®, which are dermal
substitutes in current clinical use (158, 163). These assays were performed prior to establishing
a bank of our autologous MSCs and instead used unlabelled HDF and Bone Marrow derived
MSCs (BM MSC) both purchased from Lonza Biologics (Lonza Biologics, Basel, Switzerland) in
order to establish the technique. The HDF phenotyping is shown in Chapter 4, section 4.4 and
the BM MSC phenotyping was performed by other scientists within our laboratory and found

to be consistent with published data on MSCs (300).

Co-culture of 2x10" GFP labelled UCB ECFCs and 1x10° unlabelled HDF or BM MSC in complete
EGM-2 (Lonza Biologics, Slough, UK) formed tubule networks in both 0.8mm Integra® and in
2mm Matriderm® scaffolds. Figure 6.2 shows representative high resolution confocal image
stacks of GFP-labelled UCB ECFCs with differing unlabelled supportive cell types and scaffolds,
reconstituted using Imaris software (Bitplane AG, version 6.4.0). Quantification of 3D
microvasculature using AngioSys Image Analysis Software (Cellworks, Buckingham, UK) is
shown in Figure 6.3, with mean values from three independent batches in triplicate presented
with standard error of the mean. Analysis demonstrated no significant difference (p>0.05,
Student’s T test for unpaired samples) in the depth of penetration of the networks into the
scaffold, the number of tubules, tubule junctions or total tubule length with the differing

supportive cell types and scaffolds.
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Figure 6.2: Pre-vascularisation of Integra® and Matriderm® dermal scaffolds. 3D-Microvascular network
formation using GFP-labelled UCB ECFCs and unlabelled: A- Human Dermal Fibroblasts (HDFs) in Integra®, B- HDFs
in Matriderm®, C- Bone Marrow derived human Mesenchymal Stem Cells (BM MSCs) in Integra®, D- BM MSCs in
Matriderm®. Scaffolds were examined at day 14 following fixation of scaffolds in 4% PFA and mounting on glass
slides, using the Zeiss LSM-510 inverted confocal microscope (Carl Zeiss Ltd., Cambridge, UK). High resolution 3D
images were reconstructed using Imaris Version 6.4 software (Bitplane AG, Zurich, Switzerland). This figure was
prepared using collaborative work with Mr A. Athanassopoulos and Dr. G. Tsaknakis for the paper
Athanassopoulos A, Tsaknakis G, Newey SE, Harris AL, Kean J, Tyler MP, Watt SM. Microvessel networks
[corrected] pre-formed in artificial clinical grade dermal substitutes in vitro using cells from haematopoietic
tissues. Burns. 2012;38(5):691-701. Reproduced with permission from Elsevier via Rightslink®, License number
3365570624952.
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Figure 6.3: Comparative characteristics of 3D-microvascular tubule formation on Integra® and Matriderm® using
co-cultures of 2x10" GFP labelled UCB ECFCs and 1x10° unlabelled HDF or BM MSC. Quantification of tubule
formation was performed using AngioSys Image Analysis Software (Cellworks, Buckingham, UK). Mean values
from three independent batches in triplicate are presented with SEM error bars. Analysis demonstrated no
significant difference (p>0.05, Student’s T test for unpaired samples) in the depth of penetration of the networks
into the scaffold, the number of tubules, tubule junctions or total tubule length with the differing supportive cell
types and scaffolds. This figure was prepared using collaborative work with Mr A. Athanassopoulos and Dr. G.
Tsaknakis for the paper Athanassopoulos A, Tsaknakis G, Newey SE, Harris AL, Kean J, Tyler MP, Watt SM.
Microvessel networks [corrected] pre-formed in artificial clinical grade dermal substitutes in vitro using cells from
haematopoietic tissues. Burns. 2012;38(5):691-701. Reproduced with permission from Elsevier via Rightslink®,
License number 3365570624952.

Cell penetration of 100um from the surface of the scaffold equates to approximately 12.5% of
the total depth of the Integra® scaffold (0.8mm) or 5% of the Matriderm® scaffold (2mm).
Since 100um was the depth of detected vascular penetration into both of the collagen based
scaffolds, there may be a common limiting factor either in the structure of the scaffold, the
ability of oxygen or nutrients to penetrate the scaffold, or in the ability of the confocal
microscope to detect tubules. In other studies, sectioning of these scaffolds by other

researchers in this laboratory did not demonstrate tubules beyond 100um.

Based on these observations, and to take these studies forward with AT MSCs and novel
scaffolds, two alternative scaffolds were tested. One of these was a thinner 200um collagen
scaffold (Neuskin-F®), the other was Decellularised Human Cadaveric Dermis (DHCD). Pre-

formed channels exist in the DHCD that might allow vascular network penetration (169, 301).
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These scaffolds are described in subsequent sections using AT and MV MSCs to support GFP

labelled UCB ECFC derived cell network formation.

DSRed transduction of MSCs was performed to try and improve three-dimensional
visualisation of co-cultures, but this required the addition of polybrene, and had an adverse
effect on MSC proliferation. DSRed transduction data is presented in Appendix 3, and further

work continued with unlabelled AT and MV MSC.

6.3.2 Neuskin-F® Scaffold

Neuskin-F® is a brittle scaffold of type | piscine collagen, approximately 0.2mm thick, and
which currently has limited clinical use. The main reported uses of this scaffold so far are
superficial traumatic or surgical wounds such as split thickness skin graft donor sites, but no
peer-reviewed literature exists on the clinical use of this scaffold. It was selected for trial of
three-dimensional vascularisation as it was hoped that the thin depth of the scaffold might
allow improved penetration of the vasculature across the scaffold. Fluorescent microscopy of
the microvascular network formation on Neuskin-F® is shown in Figure 6.4. This is a
representative image from co-culture of 1x10*® GFP labelled UCB ECFC derived cells and 1x10*
unlabelled AT MSC in complete EGM-2 for two weeks. The pink arrows to the left of the image
in Figure 6.4 are pointing to the peripheral edge of the scaffold which demonstrates the extent

of the microvascular tubules.
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Figure 6.4: Fluorescent microscopy showing representative image of microvascular formation on Neuskin-F®. GFP
labelled UCB ECFC derived cells were co-cultured with AT MSC in EGM-2 for two weeks. The pink arrows to the
left of the image are pointing to the peripheral edge of the scaffold which demonstrates the extent of the
microvascular tubules. (100um scale bar)

Although there was consistent vessel formation across the Neuskin-F® scaffolds, quantification
using the AngioSys Image Analysis Software (Cellworks, Buckingham, UK) was not possible due
to areas of endothelial cell clumping (Figure 6.5, image A), a tendency for the vessels to wrap
around the periphery of the scaffold (Figure 6.5, image B), and detection of the scaffold

background by the software (Figure 6.5, image C).

und tagging
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Cluster of vasculature at Scaffold backgro
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Figure 6.5: Difficulties in tubule quantification with the angiogenesis co-culture sandwich assay on Neuskin-F®
scaffold. Image A shows an example of endothelial clumping, Image B is an example of microvasculature
formation clustered at the periphery of the scaffold and growing around the edge and Image C shows how the
quantification software erroneously tagged areas of the scaffold background as tubules.
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Due to these difficulties, a qualitative grading scale was developed in order to aid evaluation of
the effect of different cell concentrations or the addition of exogenous leptin on the formation
of tubules on Neuskin-F®. The qualitative scale is shown in Figure 6.6. Grade 0 was awarded for
images with sparse or absent tubule formation, Grade 1 for images where the predominant
feature was clumps of endothelial cells with or without minimal tubule formation, Grade 2 for
images with mainly short individual tubules or limited patchy networks, and Grade 3 for
images with longer tubules forming identifiable networks. Each Neuskin-F® angiogenesis co-
culture assay was repeated with two different paired batches of AT and MV MSCs. Two
different MSC concentrations, 5x10° or 1x10*, were cultured with 1x10° UCB ECFC derived
cells, with or without 25ng leptin. Each condition was repeated in triplicate. Three images per
well were graded for quality of tubule formation and the modal grade (n=9) presented. Each
condition supported tubule formation on the scaffold, with an apparent improvement in
tubule quality in the presence of leptin (5/8 grade 3 conditions in the leptin groups compared

with 2/8 grade 3 conditions in controls). These results are summarised in Table 6.1.

183



Grade O - Sparse or absent tubules.

Grade 1 - Endothelial clumping.

|j

Figure 6.6: Qualitative grading system for tubule formation on Neuskin-F® scaffold. Grade 0 was awarded for
images with sparse or absent tubule formation, Grade 1 for images where the predominant feature was clumps
of endothelial cells with or without minimal tubule formation, Grade 2 for images with mainly short individual
tubules or limited patchy networks, and Grade 3 for images with longer tubules forming identifiable networks.
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Table 6.1: Qualitative grading of tubule formation on the Neuskin-F® scaffold using UCB ECFC derived cells and
either AT or MV MSC, with and without the addition of leptin.

Batch 1 Batch 2
ECFC MSC Leptin Modal ECFC MSC Leptin Modal
Grade Grade
(n=9) (n=9)
1x10° AT 5x10° |0 3 1x10° AT 5x10° | O 2
1x10° MV 5x10° | 0 2 1x10° MV 5x10° | 0
1x10° AT 1x10* |0 2 1x10° AT 1x10* |0 2
1x10° MV 1x10* | 0 2 1x10° MV 1x10* | 0 2
1x10° AT 5x10° | 25ng 3 1x10° AT 5x10° | 25ng 3
1x10° MV 5x10° | 25ng 2 1x10° MV 5x10° | 25ng 3
1x10° AT 1x10* | 25ng 2 1x10° AT 1x10* | 25ng 2
1x10° MV 1x10* | 25ng 3 1x10° MV 1x10* | 25ng 3

The assay was repeated with two different paired batches of AT and MV MSCs and each condition was repeated
in triplicate. Three images per well were graded for quality of tubule formation and the modal grade (n=9)
presented. Each condition supported tubule formation on the scaffold, with an apparent improvement in tubule
quality in the presence of leptin (5/8 grade 3 conditions in the leptin groups compared with 2/8 grade 3
conditions in controls).

Six Neuskin-F® scaffolds with Grade 3 vasculature formation were selected for further confocal
imaging in order to determine the presence or absence of three-dimensional tubule
penetration. Figure 6.7 shows representative two-dimensional and three-dimensional stacked
confocal images of the tubule networks formed on the surface of the Neuskin-F® scaffolds
using 1x10* unlabelled AT MSC and 1x10° GFP labelled UCB ECFC derived cells, taken at day 14.
Figure 6.8 shows similar images for co-cultures of 1x10* unlabelled MV MSC and 1x10° GFP
labelled UCB ECFC derived cells formed on the surface of the Neuskin-F® scaffolds. The three-
dimensional views show the depth of the vessels in both sets of co-cultures sitting on top of
the Neuskin-F® rather than penetrating through. Manual manipulation of the three-
dimensional stacked images made it possible to visualise the lack of penetration into the
scaffolds. The Neuskin-F® was non-porous and it seems that vasculature was unable to break

through the structure of the scaffold and instead treated it as a two-dimensional surface. Due
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to this observation, high resolution three-dimensional reconstitution of the networks was not

performed.

The Neuskin-F® retained its rigidity throughout the two week culture period and it was
possible to physically transport the scaffold out of culture plate wells for analysis without
interrupting the vascular networks on the surface. This scaffold may therefore prove suitable
for transfer of in vitro vasculature into in vivo models as it is initially rigid and then resorbs in

the wound bed.

Given the failure of Neuskin-F® to allow penetration of the vasculature into the scaffolds, a
further approch was to use decellularised human cadaveric dermis. Its advantages are that it is
a human scaffold, there are channels within the scaffold which previously contained
vasculature which may allow neovasculature penetration, it is a pre-existing full thickness
dermis, and it is currently being used in clinical trials of chronic wound repair (169, 301, 302).

Recellularisation of this dermis would be expected to improve wound healing.
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Figure 6.7: Three dimensional confocal imaging of microvascular network formation on Neuskin-F® (AT). Three
batches of AT MSC were all capable of supporting microvascular formation in co-culture with GFP labelled UCB
ECFCs on this scaffold. These representative images show 1x10" unlabelled AT MSC and 1x10° GFP labelled UCB
ECFC derived cells co-cultured for 14 days on Neuskin-F® in EGM-2. The top image is a two-dimensional view and
the bottom image shows a three-dimensional view of the confocal stack. Manual manipulation of the three-
dimensional stacked images made it possible to visualise the lack of penetration into the scaffold.
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2D view of MV MSC and UCB ECFC co-culture tubule formation on Neuskin-F®

3D view of MV MSC and UCB ECFC co-culture tubule formation on Neuskin-F®

Figure 6.8: Three dimensional confocal imaging of microvascular network formation on Neuskin-F® (MV). Three
batches of MV MSC were all capable of supporting microvascular formation in co-culture with GFP labelled UCB
ECFCs on this scaffold. These representative images show 1x10" unlabelled MV MSC and 1x10° GFP labelled UCB
ECFC derived cells co-cultured for 14 days on Neuskin-F® in EGM-2. The top image is a two-dimensional view and
the bottom image shows a three-dimensional view of the confocal stack. Manual manipulation of the three-
dimensional stacked images made it possible to visualise the lack of penetration into the scaffold.
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6.3.3 De-cellularised Human Cadaveric Dermis (DHCD)

Three groups of culture conditions were set up using the DHCD scaffold; stromal cells only,
control co-cultures of AT or MV MSC with UCB ECFC derived cells and co-cultures with 25ng
leptin per well. Within each group of conditions there were different subgroups of MSC
concentrations, and each individual condition was repeated in triplicate. The range of culture

conditions are outlined in Table 6.2.

Multiple conditions were set simultaneously in order to fully utilise the donor DHCD samples,
which were prepared by an external laboratory as relatively large strips of dermis that required
defrosting and washing prior to plating. Once defrosted and washed, it was not possible to
store the DHCD for later use. Additionally, time constraints towards the end of the laboratory
phase of the project resulted in all conditions being cultured and fixed before confocal
microscope examination of any of the samples had been performed. Poor visualisation of cells
due to DHCD autofluorescence was not anticipated, and this unexpected difficulty made

guantitative interpretation of microvasculature network formation impossible.

Fluorescent microscopy allowed visualisation of the superficial surface of the formed
microvascular networks and confocal microscopy allowed limited assessment of three-

dimensional network growth in only a few select samples.
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Table 6.2: DHCD culture conditions.

DHCD culture MSC/HDF UCB ECFC Media Additives
condition
Stromal cells only 5x10° GFP AT MSC None None
1x10* GEP AT MSC None None
5x10° GFP MV MSC None None
1x10* GEP MV MSC None None
5x10° GFP HDF None None
1x10* GFP HDF None None
Control co-cultures | 5x10° AT MSC 1x10° GFP UCB ECFC None
1x10* AT MSC 1x10° GFP UCB ECFC None
5x10° MV MSC 1x10° GFP UCB ECFC None
1x10* MV MSC 1x10° GFP UCB ECFC None
Leptin co-cultures | 5x10° AT MSC 1x10° GFP UCB ECFC 25ng Leptin
1x10* AT MSC 1x10° GFP UCB ECFC 25ng Leptin
5x10° MV MSC 1x10° GFP UCB ECFC 25ng Leptin
1x10* MV MSC 1x10° GFP UCB ECFC 25ng Leptin

Three groups of culture conditions were set using the DHCD scaffold; stromal cells only, control co-cultures of AT
or MV MSC with UCB ECFC derived cells, and co-cultures with 25ng leptin per well. Within each group of
conditions there were different subgroups of stromal cell concentrations, and each individual condition was
repeated in triplicate.

Figure 6.9 and Figure 6.10 show the two best confocal images obtained from the DHCD co-
culture assay with AT or MV MSCs and UCB ECFC derived cells. The three-dimensional
reconstitution of the image stack in the confocal microscope software identifies the most
superficial and deep images with evidence of GFP labelled endothelial cells. Due to
interference from DHCD auto-fluorescence the reconstituted images were not suitable for
quantification, but general depth of penetration could be determined. Maximal depth of
penetration of microvasculature into the DHCD was 120um, similar to that achieved in

Integra® and Matriderm®.

It is possible that these selected samples were not as significantly affected by background
autofluorescence as the others because the DHCD in these wells was much thinner than most.
The DHCD is initially harvested manually from the skin on the back of cadaveric donors using
an electric dermatome, and the thickness of the dermis is therefore not uniform throughout
the sample. Towards the edge of the sample in particular, the dermis is oblique in sagittal

cross-section.
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Figure 6.9: Imaging of 3D microvascular networks grown on De-cellularised Human Cadaveric Dermis (DHCD) (AT).
A- Fluorescent microscopy of DHCD with AT MSC and GFP UCB ECFC derived cells co-culture B- Two-dimensional
confocal microscopy image of the same sample C- Three-dimensional stack of confocal images showing maximum
vessel penetration of 60um.
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Figure 6.10: Imaging of 3D microvascular networks grown on De-cellularised Human Cadaveric Dermis (DHCD)
(MV). A- Fluorescent microscopy of DHCD with MV MSC and GFP UCB ECFC derived cells co-culture B- Two-
dimensional confocal microscopy image of the same sample C- Three-dimensional stack of confocal images
showing maximum vessel penetration of 120um.
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Due to difficulties regarding quantification of three-dimensional confocal imaging, fluorescent
microscopy of cryosectioned DHCD was performed. Up to ten 10um sections were taken of
each DHCD three-dimensional co-culture fixed with 4% (w/v) paraformaldehyde and snap
frozen in liquid nitrogen (Figure 6.11). Images A and B are representative of most slices in
which it is difficult to visualise the GFP ECFCs due to the DHCD auto-fluorescence. Images C
and D are unique, but appear to show clearly delineated microvasculature running though the
DHCD. No similar images were found in sections from the DHCD scaffold samples from any of
the culture conditions outlined in Table 6.2. Unfortunately, time constraints did not allow

these and other sections to be stained histochemically with anti-GFP antibodies. This may have

overcome the difficulties with autofluorescence observed here.

A Representative image (x4 magnification) B Representative image (x10 magnification)

C Unique image (x4 magnification) D Unique image (x10 magnification)

Figure 6.11: Microscopy of 10um sections through De-cellularised Human Cadaveric Dermis (DHCD) co-cultured
with AT MSC and GFP labelled UCB ECFC derived cells. Vascularised scaffolds were fixed with 4% (w/v)
paraformaldehyde and snap frozen in liquid nitrogen. Images A and B are representative of slices in which it is
difficult to visualise the GFP UCB ECFC derived cells due to DHCD auto-fluorescence. Images C and D are unique,
but appear to show clearly delineated microvasculature running though the DHCD. (100pm scale bars)
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6.3.4 Perfluorocarbon artificial oxygen carrier

The most promising 3D vessel formation results were obtained with 0.8mm Integra® and 2mm
Matriderm® scaffolds. However the vessels did not penetrate across the scaffolds. Since the
critical limiting depth of vessel penetration into the scaffolds appears to be around 100um, it
was hypothesised that this may be the limit of oxygen diffusion as proposed by previous
authors (63, 184-186). It was decided to try addition of an artificial oxygen carrier
perfluorocarbon compound to the culture media in order to increase the oxygen content of
the media in which the scaffolds were suspended (197, 198). Before trying this in the three-
dimensional cultures, two-dimensional tubule assays were set to examine the effect of

different perfluorocarbon concentrations on the established vessel formation assay.

Four batches of AT MSC at a concentration of either 5x10® or 1x10* per well were co-cultured
with 1x10° UCB ECFC derived cells per well, with either low concentration perfluorocarbon
supplemented EGM-2 (0.05%, 0.5mg/l (w/v)), high concentration perfluorocarbon
supplemented EGM-2 (0.5%, 5mg/l (w/v)) or EGM-2 alone. Each condition was repeated in
triplicate and mean values of total tubule length per well were calculated with standard error
of the mean. Data were compared for perfluorocarbon and control wells in each batch (n=3)
and for the mean of all four batches (n=4) using the two tailed Student’s T test for paired
samples. Table 6.3 shows a consistently significant increase in tubule formation with the lower
concentration of AT MSCs, with a mean increase of 70.9% in total tubule length with low
concentration perfluorocarbon compared with control across all four batches (p=0.0364).
There was also a mean increase of 49.8% in total tubule length with high concentration
perfluorocarbon compared with control across all four batches but this did not reach statistical
significance (p=0.1831). Figure 6.12 shows a graphical representation of the mean total tubule
lengths with low and high concentration perfluorocarbon versus control wells for all four

batches.
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Since data from the AT1 batch showed a lesser effect than batches 2-4, additional analysis was

performed with batch AT1 excluded. This resulted in an overall increase in total tubule length

of 80.9% with the addition of low concentration PFC (p<0.0001), and an increase of 70.4% with

high concentration PFC (p<0.0001), both of which were statistically significant.

Table 6.3: Effect of perfluorocarbon on mean total tubule length in 5x10% AT MSC with 1x10° UCB ECFC co-culture.

5x10° AT MSC with 1x10° UCB ECFC co-culture

AT1 AT 2 AT 3 AT 4 For all
(n=9) (n=9) (n=9) (n=9) samples
(n=4)
Mean total tubule length of 16866 + | 27507 +| 12079 +|17132 +| 18396 +
control + SEM 1653 1850 3070 2005 3251
Mean total tubule length with 23120 +| 37599 +| 35186 +|29824 +|31433
low concentration (0.05%) 4039 1688 1827 2488 3212
perfluorocarbon + SEM
Difference in means of control 6254 10092 23107 12692 13037
vs. low concentration (0.05%) 37.1% 36.7% 191.3% 42.6% 70.9%
perfluorocarbon (Value, per increase increase increase increase increase
cent)
Significance 0.3083 0.0012 0.0001 0.0061 0.0364
(Two tailed Student’s T Test for
paired samples)
Mean total tubule length with 13534 + | 35394 34671 + | 26606 + | 27551 +
high concentration (0.5%) 2724 11845 1722 1983 5079
perfluorocarbon + SEM
Difference in means of control 3332 7887 22592 9474 9155
vs. high concentration (0.5%) 19.8% 28.7% 187.0% 55.3% 49.8%
perfluorocarbon (Value, per decrease | increase increase increase increase
cent)
Significance 0.3332 0.0068 0.0001 0.0026 0.1831

(Two tailed Student’s T Test for
paired samples)

Effect of low (0.05%) and high (0.5%) concentration perfluorocarbon added to two-dimensional tubule assay
media with co-culture of 5x10° AT MSC and 1x10> UCB ECFC . Values are mean total tubule length in microns +/-

SEM and significant p values from the two tailed Student’s T test for paired samples are shown in red.
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Figure 6.12: Effect of low and high concentration perfluorocarbon added to two-dimensional tubule assay media
with co-culture of 5x10° AT MSC and 1x10° UCB ECFC derived cells. Values are mean total tubule length in
microns. Error bars show Standard Error of the Mean (SEM). Within each individual AT sample n=9, with triplicate
imaging of triplicate samples to ensure inter-sample consistency. The final paired columns show the mean values
across the four individual samples with n=4 to ensure intra-sample consistency.

When the concentration of AT MSCs in co-culture was increased to 1x10* per well, there was a
lesser mean increase in total tubule length which again only reached statistical significance
with the lower concentration perfluorocarbon (Table 6.4). There was a mean increase of 52.0%
in total tubule length across all four batches with low concentration perfluorocarbon
(p=0.0405), and a 25.5% mean increase across all four batches with high concentration
perfluorocarbon (p=0.0638). Figure 6.13 highlights the clear influence of the AT1 batch wells
on the mean total tubule length significance. Additional analysis was again performed with
batch AT1 excluded. This resulted in an overall increase in total tubule length of 58.0% with the
addition of low concentration PFC (p<0.0001), and an increase of 30.1% with high

concentration PFC (p=0.0004), both of which were statistically significant.
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Table 6.4: Effect of perfluorocarbon on mean total tubule length in 1x10* AT MSC with 1x10° UCB ECFC co-culture.

1x10° AT MSC with 1x10° UCB ECFC co-culture

AT1 AT 2 AT3 AT4 For all
(n=9) (n=9) (n=9) (n=9) samples
(n=4)
Mean total tubule length of 11086 + | 25178 + | 16081 + | 14255 + | 16650 +
control £ SEM 1440 1210 1009 1314 3024
Mean total tubule length with 13534 + 31976 +| 29138 +|26606 =+ |25313 +
low concentration (0.05%) 1573 1898 2348 1983 4077
perfluorocarbon + SEM
Difference in means of control 2448 6798 13057 12351 8663
vs. low concentration (0.05%) 22.1% 27.0% 81.2% 86.6% 52.0%
perfluorocarbon (Value, per increase increase increase increase increase
cent)
Significance 0.1863 0.0082 0.0006 0.0005 0.0405

(Two tailed Student’s T Test for
paired samples)

Mean total tubule length with 13429 + | 27637 +| 24669 +|17825 +|20890 +

high concentration (0.5%) 2156 1631 1803 1449 3226
perfluorocarbon + SEM

Difference in means of control 3332 7887 22592 9474 4240
vs. high concentration (0.5%) 19.8% 28.7% 187.0% 55.3% 25.5%
perfluorocarbon (Value, per decrease | increase increase increase increase
cent)

Significance 0.5948 0.3391 0.0024 0.0191 0.0638

(Two tailed Student’s T Test for
paired samples)

Effect of low (0.05%) and high (0.5%) concentration perfluorocarbon added to two-dimensional tubule assay
media with co-culture of 1x10* AT MSC and 1x10® UCB ECFC . Values are mean total tubule length in microns +/-
SEM and significant p values from the two tailed Student’s T test for paired samples are shown in red.
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Figure 6.13: Effect of low and high concentration perfluorocarbon added to two-dimensional tubule assay media
with co-culture of 1x10* AT MSC and 1x10% UCB ECFC. Values are mean total tubule length in microns. Error bars
show Standard Error of the Mean (SEM). Within each individual AT sample n=9, with triplicate imaging of
triplicate samples to ensure inter-sample consistency. The final paired columns show the mean values across the
four individual samples with n=4 to ensure intra-sample consistency.

The effect of perfluorocarbon on MV MSC two-dimensional co-cultures was also tested. Four
batches of MV MSC at a concentration of either 5x10° or 1x10” per well were co-cultured with
1x10° UCB ECFC derived cells per well, with either low concentration perfluorocarbon
supplemented EGM-2, high concentration perfluorocarbon supplemented EGM-2 or EGM-2
alone. Each condition was repeated in triplicate and mean values of total tubule length per
well were calculated with standard error of the mean. Data were compared for
perfluorocarbon and control wells in each batch (n=3) and for the mean of all four batches
(n=4) using the two tailed Student’s T test for paired samples. Perfluorocarbon addition
increased mean total tubule length in all conditions, but less markedly than AT MSC co-

cultures. Table 6.5 shows an overall increase in tubule formation with the lower concentration
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of MV MSCs, with statistically significant mean increases of 35.0% in total tubule length with
low concentration perfluorocarbon compared with control across all four batches (p<0.0001)
and 12.3% in total tubule length with high concentration perfluorocarbon compared with
control across all four batches (p=0.0060). Figure 6.14 shows a graphical representation of the
mean total tubule lengths with low and high concentration perfluorocarbon versus control
wells and shows the intra-sample inconsistency responsible for the lack of statistical

significance.

Table 6.5: Effect of perfluorocarbon on mean total tubule length in 5x10° MV MSC with 1x10® UCB ECFC co-
culture.

5x10° MV MSC with 1x10° UCB ECFC co-culture

MV 1 MV 2 MV 3 MV 4 For all
(n=9) (n=9) (n=9) (n=9) samples
(n=4)
Mean total tubule length of 27322 £+ | 20595 +| 21465 +|28749 +|24533
control + SEM 1489 1945 983 1705 2051
Mean total tubule length with 35255 + | 36684 +|20672 +|39888 + |33125 +
low concentration (0.05%) 2593 1879 976 1824 4262
perfluorocarbon + SEM
Difference in means of control 7933 16089 793 11139 8592
vs. low concentration (0.05%) 29.0% 78.1% 3.7% 38.7% 35.0%
perfluorocarbon (Value, per increase increase decrease | increase increase
cent)
Significance 0.0480 0.0036 0.5678 0.0002 <0.0001

(Two tailed Student’s T Test for
paired samples)

Mean total tubule length with 24546 £+ | 31398 + | 14236 + | 40012 +| 27548 +

high concentration (0.5%) 1566 3421 1149 1634 5450
perfluorocarbon + SEM

Difference in means of control 2776 10803 7229 11263 3015

vs. high concentration (0.5%) 10.2% 52.5% 33.7% 39.2% 12.3%
perfluorocarbon (Value, per decrease | increase decrease | increase increase
cent)

Significance 0.0010 0.0765 0.0010 0.0039 0.0060

(Two tailed Student’s T Test for
paired samples)

Effect of low (0.05%) and high (0.5%) concentration perfluorocarbon added to two-dimensional tubule assay
media with co-culture of 5x10° MV MSC and 1x10®> UCB ECFC. Values are mean total tubule length in microns +/-
SEM and significant p values from the two tailed Student’s T test for paired samples are shown in red.
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Figure 6.14: Effect of low and high concentration perfluorocarbon added to two-dimensional tubule assay media
with co-culture of 5x10° MV MSC and 1x10° UCB ECFC. Values are mean total tubule length in microns. Error bars
show Standard Error of the Mean (SEM). Within each individual MV sample n=9, with triplicate imaging of
triplicate samples to ensure inter-sample consistency. The final paired columns show the mean values across the
four individual samples with n=4 to ensure intra-sample consistency.

When the concentration of MV MSCs in co-culture was increased to 1x10* per well there was a
lesser mean increase in total tubule length, as seen with the AT MSC samples (Table 6.6). A
mean increase of 32.2% in total tubule length across all four batches with low concentration
perfluorocarbon reached statistical significance (p=0.0015), but the 15.1% mean increase
across all four batches with high concentration perfluorocarbon (p=0.0556) did not. Figure

6.15 highlights the variability between batches.
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Table 6.6: Effect of perfluorocarbon on mean total tubule length in 1x10* MV MSC with 1x10® UCB ECFC co-

culture.

1x10* MV MSC with 1x10® UCB ECFC co-culture

MV 10 MV 11 MV 12 MV 13 For all
(n=9) (n=9) (n=9) (n=9) samples
(n=4)
Mean total tubule length of 19559 + | 25096 +| 12843 +|17951 + | 18862 +
control £ SEM 1373 1742 1130 2586 2523
Mean total tubule length with 24546 + | 31976 + | 13442 + | 29744 | 24927 t
low concentration (0.05%) 1918 1898 590 1866 4133
perfluorocarbon + SEM
Difference in means of control 7933 6880 599 12093 6065
vs. low concentration (0.05%) 29.0% 27.4% 4.7% 67.4% 32.2%
perfluorocarbon (Value, per increase increase increase increase increase
cent)
Significance 0.0890 0.5724 0.5133 0.0107 0.0015
(Two tailed T Test for unpaired
samples)
Mean total tubule length with 22996 +| 31725 +| 12265 +| 19888 +| 21719 +
high concentration (0.5%) 1413 1540 1635 2322 4026
perfluorocarbon + SEM
Difference in means of control 3437 6629 578 1937 2857
vs. high concentration (0.5%) 17.6% 26.4% 4.5% 10.8% 15.1%
perfluorocarbon (Value, per increase increase decrease | increase increase
cent)
Significance 0.1235 0.1305 0.6983 0.3065 0.0556

(Two tailed T Test for unpaired
samples)

Effect of low (0.05%) and high (0.5%) concentration perfluorocarbon added to two-dimensional tubule assay
media with co-culture of 1x10* MV MSC and 1x10*> UCB ECFC. Values are mean total tubule length in microns +/-
SEM and significant p values from the two tailed T test for unpaired samples are shown in red.
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Figure 6.15: Effect of low and high concentration perfluorocarbon added to two-dimensional tubule assay media
with co-culture of 1x10* MV MSC and 1x10® UCB ECFC. Values are mean total tubule length in microns. Error bars
show Standard Error of the Mean (SEM). Within each individual MV sample n=9, with triplicate imaging of
triplicate samples to ensure inter-sample consistency. The final paired columns show the mean values across the
four individual samples with n=4 to ensure intra-sample consistency.

When the mean total tubule length for all four batches of AT and MV MSC in the
perfluorocarbon assay was normalised against the values for the relative control cultures
transformed to equal zero, there was a clear trend in the effect of the perfluorocarbon
concentration on the extent of increased tubule formation (Figure 6.16). In both AT and MV
assays, there was a significantly greater increase in tubule formation in the 1x10* MSC cultures
with 0.05% perfluorocarbon compared with 0.5% perfluorocarbon (Two-tailed Student’s T Test
for paired samples, AT p=0.003, MV p=0.029). This comparison was not significant at the 5x10°
MSC concentrations with either AT or MV MSCs, but the graph supports the trend and so
0.05% would be the preferred concentration of perfluorocarbon utilised in future co-culture

applications. It also seems that perfluorocarbon has a greater effect with lower cell densities.
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Figure 6.16: Normalised data for total tubule length in AT and MV MSC and UCB ECFC derived cell
perfluorocarbon assays. Mean total tubule length is consistently increased with the addition of perfluorocarbon
to co-cultures compared with equivalent controls. Charts A and B show the difference in mean total tubule length
in co-cultures with UCB ECFC derived cells and either AT or MV MSCs, with 5x10° and 1x10* MSC concentrations
and either 0.05% or 0.5% perfluorocarbon, normalised against control values for corresponding cell
concentrations without the addition of perfluorocarbon. The data show that there is a variable increase in tubule
length with the addition of perfluorocarbon at low or high concentration with both MSC concentrations, and that
this is consistent with both AT and MV derived MSCs. In both AT and MV assays there was a significantly greater
increase in tubule formation in the 1x10* MSC cultures with 0.05% perfluorocarbon compared with 0.5%
perfluorocarbon (Two-tailed Student’s T Test for paired samples, AT p=0.003, MV p=0.029). This comparison was
not significant at the 5x10° MSC concentrations, but the graph supports the trend. Error bars show SEM.
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Statistical analysis was also performed on the number of tubule junctions in the assay under
the same conditions. Tubule junction data were again compared for perfluorocarbon and
control wells in each batch (n=3) and for the mean of all four batches (n=4) using the two
tailed Student’s T test for paired samples. Table 6.7 shows a consistently significant increase in
the number of tubule junctions with the lower concentration of AT MSCs, with a mean
increase of 196.9% in the number of junctions with low concentration perfluorocarbon
compared with control across all four batches (p<0.0001) and a mean increase of 183.6% in
the number of junctions with high concentration perfluorocarbon compared with control
across all four batches (p<0.0001). Figure 6.17 shows a graphical representation of the mean
number of tubule junctions with low and high concentration perfluorocarbon versus control

wells and shows clear intra-sample consistency.
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Table 6.7: Effect of perfluorocarbon on mean number of tubule junctions in 5x10° AT MSC with 1x10° UCB ECFC
co-culture.

5x10° AT MSC with 1x10° UCB ECFC co-culture

AT1 AT 2 AT3 AT 4 For all
(n=9) (n=9) (n=9) (n=9) samples
(n=4)

Mean number of tubule 118.2 248.3 85.3 115.3 141.8
junctions of control £ SEM t t * + +

22.2 26.1 28.5 28.3 16.5
Mean number of tubule 269.7 578.2 412.4 322.7 421.0
junctions with low * * t + +
concentration (0.05%) 63.1 51.6 38.2 48.4 31.6
perfluorocarbon + SEM
Difference in means of control 151.5 329.9 327.1 207.4 279.2
vs. low concentration (0.05%) 128.2% 132.9% 383.5% 179.9% 196.9%
perfluorocarbon (Value, per increase increase increase increase increase
cent)
Significance 0.1269 0.0003 <0.0001 0.0071 <0.0001
(Two tailed Student’s T Test for
paired samples)
Mean number of tubule 295 527.2 421.7 293.3 402.2
junctions with high + + + + +
concentration (0.5%) 68.5 56.5 441 32.9 29.6
perfluorocarbon + SEM
Difference in means of control 176.8 278.9 336.4 178 260.4
vs. high concentration (0.5%) 149.6% 112.3% 394.4% 154.4% 183.6%
perfluorocarbon (Value, per increase increase increase increase increase
cent)
Significance 0.1101 0.0008 0.0004 0.0008 <0.0001
(Two tailed Student’s T Test for
paired samples)

Effect of low (0.05%) and high (0.5%) concentration perfluorocarbon added to two-dimensional tubule assay
media with co-culture of 5x10° AT MSC and 1x10® UCB ECFC . Values are mean number of tubule junctions +/-
SEM and significant p values from the two tailed Student’s T test for paired samples are shown in red.
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Figure 6.17: Effect of low and high concentration perfluorocarbon added to two-dimensional tubule assay media
with co-culture of 5x10® AT MSC and 1x10° UCB ECFC derived cells. Values are mean number of tubule junctions.
Error bars show Standard Error of the Mean (SEM). Within each individual AT sample n=9, with triplicate imaging
of triplicate samples to ensure inter-sample consistency. The final paired columns show the mean values across
the four individual samples with n=4 to ensure intra-sample consistency.

When the concentration of AT MSCs in co-culture was increased to 1x10* per well there was a
lesser mean increase in number of tubule junctions, but this was still statistically significant
(Table 6.8). There was a mean increase of 101.8% in the number of tubule junctions across all
four batches with low concentration perfluorocarbon (p<0.0001), and a mean increase of
76.6% across all four batches with high concentration perfluorocarbon (p<0.0001). Figure 6.18
highlights the greater variability between batches; however, statistical significance has been
maintained. The effect of inter-sample variability on mean number of tubule junctions is less

marked than the effect on mean total tubule length (Table 6.4).
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Table 6.8: Effect of perfluorocarbon on mean number of tubule junctions in 1x10" AT MSC with 1x10° UCB ECFC
co-culture.

1x10* AT MSC with 1x10° UCB ECFC co-culture

AT1 AT 2 AT3 AT 4 For all
(n=9) (n=9) (n=9) (n=9) samples
(n=4)
Mean number of tubule 59.4 235.9 103.6 95.6 123.6
junctions of control £+ SEM +14.2 +19.8 +73 +14.1 +13.3
Mean number of tubule 121.8 379.9 290.8 205.3 249.4
junctions with low +19.2 +40.1 +36.5 +32.3 +22.6
concentration (0.05%)
perfluorocarbon + SEM
Difference in means of control 62.4 144 187.2 109.7 125.8
vs. low concentration (0.05%) 105.1% 61.0% 180.7% 114.7% 101.8%
perfluorocarbon (Value, per increase increase increase increase increase
cent)
Significance 0.0257 0.0111 0.0007 0.0091 <0.0001
(Two tailed Student’s T Test for
paired samples)
Mean number of tubule 106 338.4 224.7 140.8 218.3
junctions with high +21.9 +27.3 +34.7 +19.3 +21.6
concentration (0.5%)
perfluorocarbon + SEM
Difference in means of control 46.6 102.5 121.1 45.2 94.7
vs. high concentration (0.5%) 78.5% 43.5% 116.9% 47.3% 76.6%
perfluorocarbon (Value, per increase increase increase increase increase
cent)
Significance 0.3271 0.0231 0.0058 0.0152 <0.0001
(Two tailed Student’s T Test for
paired samples)

Effect of low (0.05%) and high (0.5%) concentration perfluorocarbon added to two-dimensional tubule assay
media with co-culture of 1x10* AT MSC and 1x10® UCB ECFC . Values are mean number of tubule junctions +/-
SEM and significant p values from the two tailed Student’s T test for paired samples are shown in red.
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Figure 6.18: Effect of low and high concentration perfluorocarbon added to two-dimensional tubule assay media
with co-culture of 1x10® AT MSC and 1x10° UCB ECFC. Values are mean number of tubule junctions. Error bars
show Standard Error of the Mean (SEM). Within each individual AT sample n=9, with triplicate imaging of
triplicate samples to ensure inter-sample consistency. The final paired columns show the mean values across the
four individual samples with n=4 to ensure intra-sample consistency.

The effect of perfluorocarbon on number of tubule junctions in the MV MSC two-dimensional
co-cultures was also analysed from the previously described assay. Data were compared for
perfluorocarbon and control wells in each batch (n=3) and for the mean of all four batches
(n=4) using the two tailed Student’s T test for paired samples. Perfluorocarbon addition
increased mean number of tubule junctions in all conditions, but less markedly than AT MSC
co-cultures. Table 6.9 shows an overall increase in tubule junctions with the lower
concentration of MV MSCs, with a mean increase of 105.0% in number of tubule junctions with
low concentration perfluorocarbon compared with control across all four batches (p<0.0001)
and a mean increase of 85.4% in total tubule length with high concentration perfluorocarbon

compared with control across all four batches (p<0.0001). These results are statistically
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significant, unlike the results for increased mean total tubule length for these conditions.

Figure 6.19 shows a graphical representation of the mean number of tubule junctions with low

and high concentration perfluorocarbon versus control wells and highlights the single batch

which did not achieve a significant increase in number of tubule junctions. This had little effect

on the overall data as the other samples had large, consistent increases in tubule junctions.

Table 6.9: Effect of perfluorocarbon on mean number of tubule junctions in 5x10° MV MSC with 1x10® UCB ECFC

co-culture.

5x10° MV MSC with 1x10° UCB ECFC co-culture

MV 1 MV 2 MV 3 MV 4 For all
(n=9) (n=9) (n=9) (n=9) samples
(n=4)
Mean number of tubule 300.8 385.6 187.4 293.0 291.7
junctions of control + SEM +26.9 +63.5 +18.6 +24.4 +21.6
Mean number of tubule 522.6 1053.2 317.1 651.2 598.1
junctions with low +72.1 + 68.5 +47.9 +38.5 +51.7
concentration (0.05%)
perfluorocarbon + SEM
Difference in means of control 221.8 667.6 129.7 358.2 306.4
vs. low concentration (0.05%) 73.7% 173.1% 69.2% 122.3% 105.0%
perfluorocarbon (Value, per increase increase increase increase increase
cent)
Significance 0.0320 0.0022 0.0282 <0.0001 <0.0001
(Two tailed Student’s T Test for
paired samples)
Mean number of tubule 600.8 870.5 180.3 621.9 540.9
junctions with high +45.2 +145.3 +17.6 +45.2 +52.1
concentration (0.5%)
perfluorocarbon + SEM
Difference in means of control 300 484.9 7.1 328.9 249.2
vs. high concentration (0.5%) 99.7% 125.8% 3.8% 112.3% 85.4%
perfluorocarbon (Value, per increase increase decrease | increase increase
cent)
Significance 0.0003 0.0678 0.7573 0.0006 <0.0001

(Two tailed Student’s T Test for
paired samples)

Effect of low (0.05%) and high (0.5%) concentration perfluorocarbon added to two-dimensional tubule assay
media with co-culture of 5x10° MV MSC and 1x10> UCB ECFC. Values are mean number of tubule junctions +/-

SEM and significant p values from the two tailed Student’s T test for paired samples are shown in red.

209




5x103 MV MSC with 1x103 UCB ECFC co-culture
1200

1000 T
e

= Control
O
2 800
Q
5 . 0.05%
o 600 PFC
3 . 0.5%
2 400 | PFC
—
(@]
@ 200
£
=)
Z 0

MV1 MV?2 MV3 MV4  Mean (n=4)

Figure 6.19: Effect of low and high concentration perfluorocarbon added to two-dimensional tubule assay media
with co-culture of 5x10° MV MSC and 1x10° UCB ECFC. Values are mean number of tubule junctions. Error bars
show Standard Error of the Mean (SEM). Within each individual MV sample n=9, with triplicate imaging of
triplicate samples to ensure inter-sample consistency. The final paired columns show the mean values across the
four individual samples with n=4 to ensure intra-sample consistency.

When the concentration of MV MSCs in co-culture was increased to 1x10* per well there was a
greater mean increase in number of tubule junctions with the addition of perfluorocarbon,
which was statistically significant (Table 6.10). There was a mean increase of 110.8% in number
of tubule junctions across all four batches with low concentration perfluorocarbon (p=0.0010),
and a mean increase of 124.6% across all four batches with high concentration
perfluorocarbon (p=0.0001). Figure 6.20 highlights the variability of the effect of

perfluorocarbon between batches which still led to significant overall increased mean number

of tubule junctions due to size of the effect.

210



Table 6.10: Effect of perfluorocarbon on mean number of tubule junctions in 1x10* MV MSC with 1x10° UCB ECFC
co-culture.

1x10* MV MSC with 1x10°® UCB ECFC co-culture

MV 1 MV 2 Mv 3 MV 4 For all
(n=9) (n=9) (n=9) (n=9) samples
(n=4)
Mean number of tubule 178.6 356.7 71.0 140.0 152.5
junctions of control £+ SEM +25.3 +38.5 +9.6 +335 +19.6
Mean number of tubule 281.8 386.7 149.8 397.1 3215
junctions with low +31.3 +45.7 +21.0 +46.2 +26.8
concentration (0.05%)
perfluorocarbon + SEM
Difference in means of control 103.2 30.0 78.8 257.1 169
vs. low concentration (0.05%) 57.8% 8.4% 111.0% 183.6% 110.8%
perfluorocarbon (Value, per increase increase increase increase increase
cent)
Significance 0.0432 0.2747 0.0102 0.0034 0.0010
(Two tailed Student’s T Test for
paired samples)
Mean number of tubule 295.3 663.6 156.7 210.7 342.5
junctions with high +36.4 +51.5 +49.8 +31.6 +41.9
concentration (0.5%)
perfluorocarbon + SEM
Difference in means of control 116.7 306.9 85.7 70.7 190
vs. high concentration (0.5%) 65.3% 86.0% 120.7% 50.5% 124.6%
perfluorocarbon (Value, per increase increase increase increase increase
cent)
Significance 0.0259 0.0340 0.1119 0.1306 0.0001
(Two tailed Student’s T Test for
paired samples)

Effect of low (0.05%) and high (0.5%) concentration perfluorocarbon added to two-dimensional tubule assay
media with co-culture of 1x10* MV MSC and 1x10® UCB ECFC. Values are mean number of tubule junctions +/-
SEM and significant p values from the two tailed Student’s T test for paired samples are shown in red.
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Figure 6.20: Effect of low and high concentration perfluorocarbon added to two-dimensional tubule assay media
with co-culture of 1x10* MV MSC and 1x10° UCB ECFC. Values are mean number of tubule junctions. Error bars
show Standard Error of the Mean (SEM). Within each individual MV sample n=9, with triplicate imaging of
triplicate samples to ensure inter-sample consistency. The final paired columns show the mean values across the
four individual samples with n=4 to ensure intra-sample consistency.

When the mean number of tubule junctions for all four batches of AT and MV MSC in the
perfluorocarbon assay was normalised against the values for the relative control cultures
transformed to equal zero, there was a clear trend in the effect of the perfluorocarbon
concentration on the extent of increased tubule formation in the 5x10° MSC concentrations
with either AT or MV MSCs (Figure 6.21). This comparison was not significant with either AT or
MV MSCs, but the graph supports the trend previously seen with the relative increase in total
tubule length (Figure 6.16) and so 0.05% remains the preferred concentration of

perfluorocarbon for utilisation in future co-culture applications.
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Figure 6.21: Normalised data for number of tubule junctions in AT and MV MSC and UCB ECFC derived cell
perfluorocarbon assays. Mean number of tubule junctions is consistently increased with the addition of
perfluorocarbon to co-cultures compared with equivalent controls. Charts A and B show the difference in mean
number of tubule junctions in co-cultures with UCB ECFC derived cells and either AT or MV MSCs, with 5x10° and
1x10" MSC concentrations and either 0.05% or 0.5% perfluorocarbon, normalised against control values for
corresponding cell concentrations without the addition of perfluorocarbon. The data show that there is a variable
increase in tubule length with the addition of perfluorocarbon at low or high concentration with both MSC
concentrations. In both AT and MV assays there was a greater increase in tubule formation in the 5x10° MSC
cultures with 0.05% perfluorocarbon compared with 0.5% perfluorocarbon but this was not statistically
significant. This trend was not seen with the 1x10" MSC concentrations. Error bars show SEM.

Difference in mean number of tubule junctions
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6.4 Discussion

In this chapter, GFP lentiviral transduction of endothelial cells for immunofluorescent imaging
in three dimensions was described. DSRed transduction of MSCs required the addition of
polybrene, but this had an adverse effect on MSC proliferation as previously described by Lin

et al. (201) and so experiments were continued with GFP labelled UCB ECFC derived cells only.

The widely used clinical scaffolds Integra® and Matriderm® were pre-vascularised with co-
cultured endothelial and mesenchymal cells, but depth of penetration was limited to 100
microns (300). Integra® is a biological construct of bovine cross-linked collagen and shark
glycosaminoglycans (GAG) (151) and Matriderm® is a biological construct of bovine collagen
types |, lll and V, and bovine elastin fibres (156). Neither of these constructs have a structure
comparable with the complexity of human dermis (42, 152), but cross-links and GAGs provide
mechanical structure to the scaffolds without antigens (42), and pores of 70-200um have been

designed to allow migration of cells from the wound bed in vivo.

Several small clinical trials have shown an improvement in scar quality with two stage use of
Integra® and split thickness skin grafts (55G) compared with SSG alone (50-52, 154, 155). Case
series of single stage Matriderm® and SSG reconstructive procedures have also shown good
results with regard to scar stability, pliability and function, despite prolonged graft take (159-
162), but no control trials exist to compare results with SSG alone. SSG take is clinical evidence
that these scaffolds fully vascularise in vivo, but the clinical application proposed in this Thesis

requires full thickness vascularisation in vitro.

Neuskin-F®, a biological construct of intact type | piscine collagen (164), was investigated as a
potential alternative scaffold for pre-vascularisation because it is thinner than the Integra® and
Matriderm® scaffolds, but still maintains stability in culture. No peer-reviewed literature exists
on this scaffold as it is not yet in clinical use; however, Lin et al. have reported successful in

vitro corneal regeneration on a similar, thin fish scale collagen scaffold (165) and Neuskin-F®
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has been shown to be fully biodegradeable and biocompatible (164). Shiratsuchi et al. have
shown that piscine elastin peptides enhance human fibroblast migration and proliferation

(166), but such effects with piscine collagen have not been documented.

Neuskin-F® was capable of supporting two-dimensional vessel formation in vitro and may be a
useful transport medium for pre-formed vasculature due to retained rigidity in culture and
ease of handling. It did not allow three-dimensional penetration of vasculature in vitro, but the
manufacturer’s data sheet claims that the collagen scaffold is absorbable in vivo, so it may
allow for both inferior and superior inosculation in a clinical model. This is most likely to be
useful in chronic wound applications where there may be a lack of neovascularisation in the
wound bed (64, 303). Pre-vascularised Neuskin-F® could be used as a sandwich layer between
the wound bed and a split thickness skin graft to provide stimulus for improved graft take

which relies upon an adequate vascular supply for inosculation and neovascularisation (37).

DHCD was chosen as a possible alternative scaffold for pre-vascularisation as it is a natural
biological scaffold, devoid of cellular content (169), which retains the negative impression of
the original donor vasculature (182). This may allow engineered vasculature to follow these
impressions through the depth of the dermis. As well as being able to follow pre-existing donor
vasculature channels within the scaffold, it was hypothesised that in vitro microvascular
networks may also receive molecular cues as to where the endothelial and mesenchymal cells
should migrate and attach (183). This hypothesis is based on work by Barnes et al. who used a
rat model to investigate de-cellularised scaffold extra-cellular matrix components and found
residual molecular surface markers with the potential to guide seeded or repopulating cells
throughout the tissue (183). The de-cellularisation protocol used by NHS Blood and Transplant
(Liverpool, UK), who provided the DHCD for use in this Thesis, was adapted from a technique
used to de-cellularise heart valves (169). The existing literature on de-cellularised allogeneic

and xenogeneic matrices for tissue engineering for heart valve replacement is well established,
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and in that context the scaffolds have been shown to be capable of re-cellularisation,

integration and long-term growth in vivo (178-181).

Despite the potential biological and structural advantages of DHCD, the observation of in vitro
DHCD vascularisation in this Thesis suggested similar limitation to the depth of vessel
penetration found with Integra® and Matriderm®. This is consistent with findings from other
tissue engineering applications, which support the hypothesis of limited oxygen diffusion
beyond this depth (63, 184-190). Various methods to improve oxygenation of three
dimensional in vitro cultures have been attempted by other researchers, including fabrication
of culture scaffolds with channels or pores to improve oxygen transport (191-193),
incorporating proangiogenic growth factors into scaffold material to increase
neovascularisation (186, 194), use of bioreactors to improve flow of fresh media (188, 189,
195, 196), and use of perfluorocarbon additives to increase the oxygen carrying capacity of the
culture media (197, 198). In this Thesis, there was no scope to develop a bespoke scaffold or
perfusion bioreactor and so it was decided to try addition of an artificial oxygen carrier
perfluorocarbon compound to the culture media in order to increase the oxygen content of
the media in which the available scaffolds were suspended. Perfluorocarbon has been shown
to significantly increase the oxygen uptake rate of hepatocytes in three dimensional in vitro
culture (197) and to improve epithelial metabolism and partial tissue oxygen tension in a

tissue engineered tracheal construct (198).

In this Thesis, two-dimensional co-culture assays showed an increase in microvascular tubule
formation with the addition of perfluorocarbon, but analysis of three-dimensional network
growth in the presence of perfluorocarbon was not taken forward in Integra®, Matriderm® or
DHCD because of time constraints. The effect of the pro-angiogenic factors leptin was also

unquantified due to three-dimensional imaging difficulties. The addition of perfluorocarbon
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and leptin remain promising techniques for potential improvement in three-dimensional

vascularisation of dermal scaffolds.
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Chapter 7 General Discussion

The main aims of this Thesis were to identify feasible source tissues for endothelial and
stromal cell isolation and culture, for use in clinical applications; to establish the best
conditions for forming microvascular networks in vitro using these cells; and to apply
these microvasculature formation techniques to three-dimensional dermal substitute
scaffolds. The working hypothesis is that the pre-vascularisation of dermal substitutes may
result in improved scar quality and a reduction in the number of surgical procedures
required in order to provide good functional and aesthetic outcomes for patients with
large burn injuries. Most of the key objectives of this Thesis have been achieved, and there is

scope for future work to expand upon the findings presented here.

7.1 Endothelial cells

Human UCB is a reliable source of ECFC derived cells, and has the highest and most
reproducible yield of the different source tissues tested in this Thesis. ECFC yield was
consistent with that of Ingram et al. (229), and from extensive collaborative work within
our research laboratory, factors affecting the yield of ECFCs from UCB were identified. The
inverse correlation of placental weight and ECFC yield is a novel finding, and this work has
been published in a peer reviewed journal (204). Since final placental weight can be
predicted from first trimester placental volume on three-dimensional ultrasound (226), or
second trimester placental thickness on two-dimensional ultrasound (225) it may be
possible to identify potentially high ECFC yield UCB donors from early pre-natal screening
tests.

Both adult PB and AT are possible sources of autologous ECFCs, supported by

characteristic morphology and limited multicolour FACS analysis for low volume samples
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in this Thesis. Isolation and culture was more difficult and less reliable than from UCB, but
a possible modification to the protocol as reported by Szdke et al. may improve ECFC yield
from AT in future work (111). AT remains the most clinically feasible autologous source
from which to harvest cells in our target patient group, but therapeutic use of donor UCB
is well established for haematological disorders within Europe (231-235) and services in
place for collection, processing, storage, matching and allocation of UCB units (234, 235,

237-240) could be utilised for cultured ECFCs from the same source.

7.2  Stromal cells

A protocol for harvest, transport, dissection and processing of fresh human adipose tissue and
adipose microvasculature was established, and this protocol resulted in a reliable yield of
paired stocks of adipose and microvasculature derived MSC. These spindle-shaped cells,
cultured on plastic, were reliably CD73*, CD90*, CD105", CD140b* and CD14", CD34’, CD45 and
HLA-DR’, which is consistent with adipose stem cells characterised by other authors (97, 98,
113). Adipose and microvasculature MSCs have comparable morphology and phenotype and

are both able to differentiate into three different mesenchymal cell lineages.

Adult adipose tissue was therefore found to be a reliable and clinically feasible autologous
source of MSCs and met the basic requirements for characterising mesenchymal stromal cells
as determined by the ISCT (99, 102). A single, unique MSC defining characteristic or cell surface
marker is yet to be discovered, and MSC from different tissues have different functional
characteristics (252), yet phenotyping is useful to ensure specific efficacy and safety when MSC

are used for clinical applications (304).
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7.3 Microvascular Tubule Formation

UCB ECFC derived cells and either AT or MV MSC, were the primary cells selected as feasible
sources for proposed clinical use, and were subsequently used in two-dimensional in vitro
tubule formation assays. Both AT and MV MSCs support microvascular tubule formation in co-
culture with UCB ECFC derived cells, although MV MSCs support significantly more tubule

formation than paired AT MSCs (35.6% increase in total tubule length, p<0.001).

Possible reasons for this difference in tubule formation were investigated. AT and MV MSCs
had comparable rates of proliferation, but MV MSC were found to express a significantly
higher level of leptin in co-culture with UCB ECFC derived cells than AT MSCs (112% greater
expression [p=0.025] with original data, 61% greater expression [p=0.55] with normalised
data). Addition of exogenous leptin to AT MSC, but not MV MSC, and UCB ECFC derived cell co-
cultures significantly increases microvascular tubule formation in vitro, suggesting an upper
limit to the effect of leptin on tubule formation, which was already achieved with endogenous

leptin from the MV MSCs.

Leptin did not increase proliferation of UCB ECFC derived cells, AT MSCs or MV MSCs in this
Thesis, and these findings were consistent with Wolk et al. (282). Increased length of individual
tubules, as well as an increase in total number of tubules formed, might result from promotion

of cell migration as proposed by Goetze et al. from their work with leptin and HUVECs (280).

7.4 Three-dimensional vascular formation

Microvasculature formation techniques with our chosen primary cells were applied to three-
dimensional dermal substitute scaffolds which are currently used as acellular matrices for

wound repair.
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UCB ECFC derived cells were transduced to express Green Fluorescent Protein for
immunofluorescent imaging in three dimensions, but attempted DSRed transduction of AT and

MV MSC had an adverse effect on MSC proliferation and this was not subsequently used.

Initial attempts at three-dimensional vascularisation of existing dermal substitutes Integra®
and Matriderm® showed the ability to form robust three-dimensional vascular networks, but
the depth of pre-vascularisation was limited to 100 microns (300). As such, two scaffolds in
early clinical use were selected for further study. Neuskin-F® is a thin brittle layer of piscine
collagen and was selected because it is thinner than Integra® and Matriderm® whilst still
maintaining stability in culture. Neuskin-F® was capable of supporting two-dimensional vessel
formation in vitro and may be a useful transport medium for pre-formed vasculature, but did
not allow three-dimensional penetration of vasculature. De-cellularised Human Cadaveric
Dermis (DHCD) retains the negative impression of the original donor vasculature (182) and it
was hypothesised that engineered vasculature may follow these impressions through the
depth of the dermis. DHCD also supported two-dimensional network formation, but analysis of
three-dimensional network growth via GFP fluorescence detection was limited due to dermal

auto-fluorescence.

Initial two-dimensional co-culture sandwich assays showed significant increases in
microvascular tubule formation with the addition of perfluorocarbon (up to 80.9% increase in
total tubule length with 0.05% perfluorocarbon, p<0.0001), similar to previous results achieved
with addition of leptin to such cultures. Perfluorocarbon has been shown to significantly
increase the oxygen uptake rate of hepatocytes in three dimensional in vitro culture (197) and
to improve epithelial metabolism and partial tissue oxygen tension in a tissue engineered
tracheal construct (198), and is promising in the potential to improve three-dimensional

vascular formation.
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7.5 Evaluation of the study design

From the outset, this study utilised human source tissues which are potentially feasible for
clinical use. UCB units used in this Thesis were specifically collected for research purposes,
however NHS Blood and Transplant has the infrastructure in place to collect, store and issue
UCB units for transplantation. A new ethical application obtained by the primary researcher
specifically for this project facilitated use of further relevant human adult tissue. Adult tissues
were harvested from plastic surgery patients undergoing procedures under general
anaesthesia, and this would be a similar method of tissue procurement and laboratory transfer

in our proposed future patients requiring autologous therapy.

Ideally, the study would have utilised adipose tissue harvested from burns patients, but
samples would have been infrequent and lab work less easy to plan. It was deemed more
ethical to carry out initial research on tissue which would normally be discarded from other

plastic surgery procedures in order to establish a feasible technique.

7.5.1 Strengths of the study

By collaborating with other researchers in the laboratory, it was possible to determine
statistically significant correlations regarding UCB units and ECFC yield. These findings could
facilitate potentially useful predictions for targeting of high yield UCB donors for clinical use
and provide good evidence of the reliability of UCB as a source of ECFC derived cells for
therapeutic use. Development of protocols for culture of ECFC from adult PB and AT within the
laboratory also allowed comparisons to be made between different source tissues directly

prepared by the same researcher.

The final protocol for adipose tissue processing resulted in multiple paired samples of AT and

MV MSC which allowed direct comparisons to be made between these two varieties of
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primary cells. To my knowledge, this is a novel approach and potentially adds to the field of

research in the perivascular origin of MSCs (258, 260-270).

The two-dimensional tubule formation assays used in this Thesis are not only well established
as a method for testing angiogenic effects (135), but have also been shown to form tubules
with a functional lumen, important for future clinical applications (137). Investigation of the
differences in proangiogenic factors expressed by tubule assay co-cultures with AT and MV
MSC facilitated the identification of leptin as a useful exogenous additive to increase tubule
formation. Investigation of the perfluorocarbon artificial oxygen carrier also led to

identification of this as a potentially useful additive to increase in vitro tubule formation.

All of the scaffolds tested are suitable for use in humans in vivo (150) and are potentially useful

for our proposed clinical usage.

All statistical results presented in this Thesis are derived from rigorous repeat experiments

with at least three biological repeats and comparable controls.

7.5.2 Limitations of the study

The main limitations of the study resulted from difficulties in three-dimensional imaging of
DHCD. DSRed transduction of MSCs required the addition of polybrene, but this had an
adverse effect on MSC proliferation as previously described by Lin et al. (201) and so
experiments were continued with GFP labelled UCB ECFC derived cells only. The extent of
DHCD autofluorescence found was not predicted, and made it difficult to detect GFP labelled
ECFC derived cells using either confocal microscopy or cryosectioning and fluorescent

microscopy.

Time constraints did not allow further techniques for DHCD imaging to be explored, such as

immunohistochemistry of samples after fixing, paraffin embedding and sectioning.
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7.5.3 Potential improvements for experimental work

It may be possible to improve the yield of ECFC from adipose tissue by incorporating a cell
sorting stage to the existing culture protocol used in this Thesis. Szoke et al. used Dynabeads
(Invitrogen Dynal AS, Oslo, Norway) to isolate CD44+ cells from the heterogenous cell
population prior to plating cells from the stromal vascular fraction of lipoaspirate (111).
This cell selection may be the step required to prevent the frequent MSC proliferation
found in our protocol and may also be useful in PB samples to concentrate cells with
potential to form endothelial colonies.

A different approach to imaging DHCD samples may achieve better visualisation of GFP
labelled ECFC derived cells in situ. At the end of the culture period samples could be fixed,
embedded in paraffin, sectioned, de-paraffinised and then stained histochemically with anti-
GFP or CD31 antibodies. This may overcome the difficulties with autofluorescence observed
with confocal imaging and fluorescent microscopy, and staining of sequential sections may

allow a three-dimensional image to be reconstituted.

7.6 Contribution of this work to the field of wound healing research

and clinical implications of the results
This study has contributed to the existing body of research in wound healing by identification
of feasible source tissues of endothelial and stromal cells which could be used for in vitro
vascularisation techniques. These cells may also be suitable for other wound healing
applications such as direct application to chronic wound beds in order to stimulate
neovascularisation in vivo. ECFC yield comparisons compared with UCB donor demographics
has provided potentially useful predictions for targeting of high ECFC yield UCB donors for

clinical use (204).
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The direct comparison of paired AT and MV MSC samples is novel and adds to hypotheses
regarding the perivascular origin of MSC. These cells, isolated and cultured using a new
laboratory protocol, allowed consistent yield of cells which met the ISCT criteria for MSC (99,
102) and which were capable of supporting in vitro microvasculature formation. These are
therefore a potentially feasible source of MSC for formation of patient specific autologous

vascular networks.

Identification of the pro-angiogenic effects of exogenous leptin and perfluorocarbon may be
useful in further wound healing research, either as topical treatments to improve
neovascularisation in chronic wounds or to improve in vitro vascular networks for dermal

tissue engineering.

Neuskin-F® has potential to be used as a resorbable carrier for microvasculature formed in
vitro. Testing in an animal model is required, but it may be useful to transport new vasculature
into chronic wounds or to prepare wound beds for revision surgery in burns patients. The
partial pre-vascularisation of Integra®, Matriderm® and DHCD may also be useful in chronic
wounds or single stage resurfacing of the burn wound bed with SSG, and there is scope for
further investigation. Layered vascular network provision along with dermal substitute
application may still have a beneficial effect on resulting scar quality of SSG without immediate

inosculation of vessels at both surfaces of the scaffold.

7.7 Suggestions for further work

In addition to the specific experimental improvements described in section 7.5.3, there are

several other areas which would benefit from further work.

Cell culture protocols for both UCB ECFC and AT and MV MSC require further development to

achieve GMP standards (222, 241). Further work should include development of a serum free
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media for ECFC and MSC culture such as those developed by other researchers for culture of
MSC using platelet lysate (81, 242, 243). Use of a closed bioreactor system to reduce the risk of
contamination during ex vivo culture and expansion of cells may also be worth investigation

(83, 244-246).

Detailed proteomics and ELISA detection and quantification of proteins expressed by AT and
MV MSC may be beneficial in more fully characterising and comparing these cell types, and
thus accounting for the functional differences seen in support of microvascular formation.
Comparison in vivo in a relevant animal model should also follow such as the skin humanised
mouse model described by Carretero et al. (305), especially to ensure no adverse effects such

as tumour formation.

The Neuskin-F® scaffold with surface vascular network is also ready for trial in such an animal
model. The scaffold retains rigidity in vitro and should degrade in the wound bed in vivo, thus
providing a layer of vasculature to the wound bed. It would be beneficial to determine if this
vascular layer has any effect on either wound healing by secondary intention or on the quality
of scarring with and without an overlying SSG. If an improvement in scar quality is seen with
the presence of additional vasculature then further work to improve three-dimensional

vascularisation of the other scaffolds in this Thesis would be worthwhile.

It may also be useful to examine the effect of partially pre-vascularised Integra®, Matriderm®
and DHCD scaffolds on either wound healing by secondary intention or on the quality of
scarring with and without an overlying SSG in a skin humanised mouse model, as full
penetration of in vitro vasculature may not actually be required in order to improve healing or

scarring.

Due to difficulties in achieving full penetration of vasculature across the four different
scaffolds tested in this Thesis, it may be useful to try further scaffolds with further different

physical properties. Chen et al. have recently shown a macroporous hydrogel scaffold to be
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capable of carrying viable cells throughout the structure, on which HUVEC also form a
preliminary network on the surface (192). The surface vasculature appears similar to that
presented in this Thesis, but the presence of viable cells throughout the construct may be
functionally better in vivo. Whilst decreasing the density of scaffolds may improve cellular
penetration and survival, this is at the expense of rigidity and ease of handling which are
important in order to place scaffolds in vivo. An ideal compromise would be a gel that could
remain fluidity during in vitro vascularisation and then attain suitable rigidity for surgical

application in vivo.

Another scaffold modification may be the use of 3D stereolithography to pattern dermal
architecture into a gelatin methacrylate scaffold (306, 307), thus laying down the pathways for
seeded cells to revascularise. This technique has been utilised by Grogan et al. to design
meniscal scaffolds and the authors found improved cellular alignment and tissue formation in

vitro (307).

Finally, it may be possible to coat specific proangiogenic factors on the internal surface of
scaffold pores in order to encourage penetrative cell homing and migration despite less
favourable media and oxygen perfusion towards the centre of the scaffold. Sheridan et al.
have recently shown it is possible for a hydrogel to maintain prolonged release of HGF in vitro,

and it may be possible to apply this technique to other scaffolds and growth factors (308).
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Patient Information Sheet B

Research Study — Stem and Progenitor Cells in Wound
Healing

We would like to invite you to take part in our research
study. Before you decide we would like you to understand
why the research is being done and what it would involve
for you.

At your next hospital visit, one of our team will go through
the information sheet with you in person and answer any
questions you have. We'd suggest this should take about
10 minutes.

Talk to others about the study if you wish.

Part 1 tells you the purpose of this study and what will
happen to you if you take part.

Part 2 gives you more detailed information about the
conduct of the study.

Ask us if there is anything that is not clear.

Part 1
What is the purpose of the study?

The purpose of the study is to find out if cells capable of
building new blood vessels (stem and progenitor cells) can
be grown from fat. We would like to compare these to
similar cells grown from blood. In the future these cells
could be used in treatments to improve wound healing and
scarring.
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Why have | been invited?

You have been selected as a potential participant because
you are having a breast reconstruction operation, during
which some of your body fat will be removed and discarded.

Do | have to take part?

No. It is up to you to decide to join the study. We will
describe the study and go through this information sheet. If
you agree to take part, we will then ask you to sign a
consent form. You are free to withdraw at any time, without
giving a reason. This would not affect the standard of care
you receive.

What will happen to me if | take part?

When your tummy tissue is harvested to make your new
breast a corner of fat is normally discarded. This is because
we know it does not have as good a blood flow as the rest
of the tissue. If you agree to take part in the study, your
operation will proceed as normal, but instead of disposing of
the discarded corner of fat removed during your operation
as waste, it will be collected in a sample container and
taken to the stem cell research laboratory in Oxford.

Whilst you are under anaesthetic, a 50ml blood sample
would be taken from a vein. This is approximately one tenth
of the amount of blood given in a routine blood bank
donation and should not cause you any potential harm,
although you may notice a small bruise as with any blood
test. This blood sample would also be taken to the stem cell
research laboratory in Oxford.

You do not need to do anything else, and there is no
change to your recovery or post operative follow up.

The clinical researcher is a plastic surgery doctor who will
have access to your medical records at the time of sample
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collection for the purpose of obtaining general information
about your health and operation.

What are the possible disadvantages and risks of
taking part?

The blood test may cause a small bruise as with any blood
sample taken.

What are the possible benefits of taking part?

There are no direct benefits to you by taking part in the
study, but information from the study may be used to
develop treatments to improve wound healing and scarring
in the future.

What happens when the research study stops?

At the end of the study, processed samples will be stored in
the stem cell research laboratory in case there is any need
to recheck results in the future.

What if there is a problem?

Any complaint about the way you have been dealt with
during the study will be addressed. The detailed information
on this is given in Part 2.

Will my taking part in the study be kept confidential?

Yes. We will follow ethical and legal practice and all
information about you will be handled in confidence. The
details are included in Part 2.

248

Patient Information Sheet B — Stem and Progenitor Cells in Wound Healing v2:17/12/09



If the information in Part 1 has interested you and you are
considering participation, please read the additional
information in Part 2 before making any decision.

Part 2

What will happen if | don’t want to carry on with the
study?

If you change your mind about taking part in the study once
the fat and blood samples have been collected, you can
choose to withdraw your consent within two weeks of your
operation and the samples will be disposed of as waste in
the manner usually undertaken at operation. After this time
the samples will have completed the first stage of
processing and results will have already been generated. If
you wish to withdraw consent please call 01865387916 to
speak to Miss Jennifer Kean.

What if there is a problem?

If you have a concern about any aspect of this study, you
should ask to speak to the researchers who will do their
best to answer your questions [Tel: 01865387916, Miss
Jennifer Kean]. If you remain unhappy and wish to make a
complaint, you can do this via the Patient Advice and
Liaison Service (PALS). Details can be obtained from
www.pals.nhs.uk or you can telephone the Stoke
Mandeville Hospital PALS on 01494 425882.

Will my taking part in this study be kept confidential?

When the fat and blood samples are collected they will be
labelled with an identification number as there is no need
for anyone outside the hospital team to identify you. The
clinical researcher will keep a list of sample numbers and
the corresponding participant details in a separate
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http://www.pals.nhs.uk/

password protected file on an NHS computer. All
information which is collected about you during the course
of the research will be kept strictly confidential, and any
information about you which leaves the hospital will have
your name and address removed so that you cannot be
recognised.

What will happen to any samples | give?

In the lab, the fat and blood samples will be processed by
mechanical and chemical breakdown to obtain cellular
samples. There will then be a selective growth of progenitor
cells from the cellular samples in a specific growth medium.
The resulting cells will then be examined and characterised
by appearance and behaviour to confirm they have
potential to grow blood vessels. A comparison of these cells
from fat and blood will be made with those sourced from
umbilical cord blood, which is known to grow a large
number of potentially useful cells.

The progenitor cells from these sources will be grown with
other support cells from bone marrow, blood, skin or fat in a
scaffold, and these will be examined to look for the best
source of cells for blood vessel formation. If successful, the
next stage will be to add specialised skin cells to the
structure, to examine whether or not a functional skin
barrier can be created in the lab.

Will any genetic tests be done?
No.

What will happen to the results of the research study?

The study will be reported in a thesis submitted for a DPhil
in Clinical Laboratory Sciences at Oxford University by the
clinical researcher. The results may be published in
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scientific journals and presented at scientific meetings and
conferences. You will not be identified in any future results
or presentation of the research findings.

Who is organising and funding the research?

The research is funded by the charity Restore — Burn and
Wound Research (Registered Charity Number 1003899,
http://www.restore-research.org.uk).

Who has reviewed the study?

All research in the NHS is looked at by an independent
group of people, called a Research Ethics Committee, to
protect your interests. This study has been reviewed by
Southampton and South West Hampshire Research Ethics
Committee A and given a favourable opinion.

Further information and contact details

1. For general information about research:
www.nres.npsa.nhs.uk

2. For specific information about this research project: Miss
Jennifer Kean (01865 387916)

3. For advice as to whether you should participate: Family,
friends, anyone in the plastic surgery team at Stoke
Mandeville Hospital or Miss Jennifer Kean (01865 387916)

4. Who you should approach if you are unhappy with the
study: The Stoke Mandeville Hospital PALS (01494 425882
or www.pals.nhs.uk)
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Buckinghamshire Hospitals NHS

Appendix 2 NHS Trust
CONSENT FORM Stoke Mandeville Hospital
Mandeville Road
. . Aylesbury
Title of Project: Stem and Buckinghamstire
Progenitor Cells in Wound Tel: 01296 315 000
Healing www.buckinghamshirehospitals.nhs.uk

Name of Researcher:
Miss Jennifer Kean

Please initial the boxes.

1. | confirm that | have read and understand Patient
Information Sheet B (version 2, dated 17/12/09) for the
above study. | have had the opportunity to consider the

information, ask questions and have had these answered
satisfactorily.

2. | understand that my participation is voluntary and that |
am free to withdraw at any time without giving any reason,
without my medical care or legal rights being affected.

3. I understand that relevant sections of my medical notes

and data collected during the study, may be looked at by
the clinical researcher, by individuals from regulatory
authorities or from the NHS Trust, where it is relevant to

my taking part in this research. | give permission for these
individuals to have access to my records.

4. | agree to take part in the above study.

Name of Person taking consent Date Signature
Consent Form B- Stem and Progenitor Cells in Wound Healing v1: 17/09/09
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Appendix 3

DSRed Immunofluorescent transductions

In order to prepare cells for better visualisation in three-dimensional cultures, Green
Fluorescent Protein (GFP) and DS Red lentiviral particles were created for transduction of
MSCs and UCB ECFC derived cells. The sourcing of these cells is described in Chapters 3 and 4
and the method of particle preparation and transduction is described in Chapter 2 section

2.11. The results of GFP transductions are shown in Chapter 6 section 6.3.1.

DS Red lentiviral transductions required a much higher MOI and also addition of Polybrene’, a
cationic polymer which decreases electrostatic repulsion of the viral particles from the cell
surface (200), in order to achieve adequate fluorescence. DS Red transductions achieved in
HEK293T cells initially at 6.2x104 TU/ml, again calculated following titration of viral particles at
102, 10, 10® and 10°® particles/ml applied in triplicate to wells containing 4x10* and 8x10*
cells/well, are shown in Figure A3.1 (Image A). Image B shows a representative image of AT
MSCs at day 1 post transduction with DS Red lentiviral particles at MOI 5 with 1ul Polybrene”
(1pl/ml). This was the lowest MOI which achieved approximately 70% transduction of cells
(Table A3.1). Representative images of the DS Red transduced MSCs at passage 5 are shown in

Figure A3.1 (Images C and D).

Table A3.1: DS Red lentiviral transductions to determine optimal multiplicity of infection.

Multiplicity of Infection | Percent transduction Percent viabilit

(MO1) No 1ul No 1ul Polybrene®
Polybrene® Polybrene® Polybrene®

5 0% 70% 95% 75%

10 0% 80% 95% 80%
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A DS Red transduced HEK293T B DS Red transduced AT MSC at day 1

C DS Red transduced AT MSC at p5 D DS Red transduced MV MSC at p5

Figure A3.1: DS Red lentiviral transductions. A- Transduction of HEK293T cells at 6.2 x10+ transducing
units per ml. Titration of DS Red determined the MOI for subsequent transductions. B- Appearance of
AT MSCs transduced with DS Red lentiviral particles at an MOI of 5 with 1ul Polybrene® at day 1 post
transduction. C- AT MSC and D- MV MSC at passage 5. These cells were brought out of liquid nitrogen
storage into culture having been frozen in aliquots at 14 days post transduction. (Fluorescent
microscopy, 100um scale bars)

Fluorescent labelled UCB ECFC derived cells and MSCs were initially used in the three-
dimensional sandwich assay to assess tubule formation. Figure 6.2 (Image A) is representative
of the results of a two-dimensional sandwich assay with co-culture of 10° DS Red labelled MV
MSC and 10° GFP labelled UCB ECFC derived cells. Apart from one well which showed
evidence of scanty tubule formation among clusters of GFP labelled UCB ECFC derived cells
(Image B), there was no evidence of any microvasculature formation in three sets of assays
repeated in triplicate. Expansion of DS Red transduced MSCs was slow compared with GFP
MSCs and this was thought to be due to the high MOI of the DS Red transduction and the need
for Polybrene® addition. This is in keeping with findings of Lin et al. (200), who showed a
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decrease in human MSC proliferation following lentiviral transductions in the presence of
PonbreneQ, and so due to project time constraints this poor proliferation was not investigated
further. Subsequent assays used GFP labelled MSCs for monocultures or unlabelled MSCs
when in co-culture with GFP labelled UCB ECFC derived cells or HUVECs. A representative
image of the tubule formation achieved when 10*® GFP labelled UCB ECFC derived cells are

cultured with 10* unlabelled MV MSC in the two-dimensional sandwich assay is shown in

Figure A3.3.

A Representative image of co-culture of 103 B Unique image of co-culture of 103 GFP
GFP labelled UCB ECFC derived cells and labelled UCB ECFC derived cells and 104
10% DsRed labelled MV MSC DsRed labelled MV MSC

Figure A3.2: Co-culture of GFP labelled UCB ECFC derived cells and DsRed labelled MV MSC in the two-
dimensional sandwich assay. A- Representative image of co-culture wells showing clusters of GFP labelled UCB
ECFC derived cells on the DsRed labelled MV MSC layer. B- Unique image with some scanty tubule formation
visible among the clumps of GFP labelled UCB ECFC derived cells. Images were taken at day 14 in culture.
(Fluorescent microscopy, 100um scale bars)

Figure A3.3: Representative image of co-culture of 103 GFP labelled UCB ECFC derived cells and 104
unlabelled MV MSC in the two-dimensional sandwich assay. Images were taken at day 14 in culture.
(Fluorescent microscopy, 100um scale bar)
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