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Abstract

The therapeutic potential of mesenchymal stem cells (MSE€sgcognisedin
treating a wide range of debilitating diseases. For clingzgle manufacturing,
serumfree and x@ogenicfree media formulations have been proposed as
alternatives to the use ofoetal bovine serum (FBS), an undefined product with
significant safety concerns. Previoyshe orthobiologics laboratory had developed

a novel xeneand serurafree media femulation for the isolation of bone marrow
derived MSCs. The overall goal of this project wasdentify the optimal cell
culture conditions forboth the isolation and expansion of bone marrow derived
mesenchymal stem cells for orthopaedic use. Tintduded assessing the effect of
varying the oxygen tension during culture and the use of the novel xand
serumfree (SF) medium. Specificalliyis was determined by assessing the efficacy
of SF mediunisolated and cultured bone marroerived MSCs fatheir ability to
contribute to bone repair in prelinical orthotopic models of bone regeneration
namely a mouse ectopic model of bone formation and a rat femoral critical size
bone defect model. These cells were compared to conventibB&solated cdk to
determine if the novel SF medium was a suitable alternative for the manufacture of

MSCs. Subsequdnt evaluationof the SF medium in comparison to commercially

w»
0«

available serurf NES YSRALF g1 a4 LISNF2NXYSR YR GKS

macrocarrer bioreactor system for the manufacture of MSCs was p&tormed.

The specific aims of thiBhD were as follows;

In vitrocharacterisation of xeno and seruftee MSCs (MSEF) and seruraultured
MSCs (MSSC) in hypoxia (2%)&and normoxia (21%Awere assessed in chapter

3. SF MSCs isolated and cultured in hypoxia underwent increased proliferation in
comparison to their SC counterpartsvhiles maintaining their tri-lineage
differentiation potential. In addition, hypoxieultured SF MSCs demonstrdtan
increased chondrogenic potential in comparison to normeaxitiured SF MSCs
which had an increased osteogenic phenotype. These data indicated differences in

the phenotype of the cells that may alter tledficacy of these cells teepair bone.



In chaper 4, SF and SC MSCs cultured in either hypoxia or normoxia were
implanted subcutaneously on an osteoconductive biomaterial in-QRie mice for

8 weeks and bone formation was assessed. No difference was observed between
the various treatment groups. In ddion, no difference in level of bone tissue was
observed between treatment groups and vehicle control which received dreell
material. This data indicated that bone formed was due to recruitment of

endogenous cells to the implants.

To assess the ahly of SF MSCs to repair bone in a clinically relevant model of bone
repair, MSCs were implanted into a rat femoral critical size bone defect model for 8
weeks and their bone repair ability was assessed in vivo and ex vivo (Chapter 5).
Micro-computed tomogaphy (LCT) analysis of boregenerationwas assessed at 4

and 8 weeks. Subsequently, histological analysis of bone repair was also assessed.
These data indicated superior bone repair in groups which received SC MSCs

cultured in normoxia with minimal refain groups which received SF MSCs.

Consequentlyto this, in vitro comparison of the SF media with commercially
available media was performed (Chapter 6). éjexquivalent growth kinetics were
observed in all media formulations. Increased differentiatipotential was
observed in commercial media groups, specifically Xuri produced by GE Healthcare
and Mesencult produced by Stemcdherapeutics. Superior produci of pro
angiogenic factors werebserved in SF medium groups. SF and Xuri media met the
international society for cell therapy (ISCT) guidelines fotasermarker profile of

MSCs whiléMesencultMSCsnaintainedexpressiorof HLADR.

The ultimate success of the SF media will depend on its ability to function in
scalable processes for large scal®duction of cell therapies. In chapter 7, the
function of the SF medium in a 3D spinflask bioreactor system was assessed
and demonstrated thatSF MSCs maintained their growth kinetiasaddition to
maintaining their tri-lineage differentiation potatial when cultured in the

bioreactor system.

Together these data suggedhat the SF mediunis a suitable alternativedo the

large scale production of bone marreserived MSCs for cell based therapies.

Xi
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Chapter One

1.1 Regenerative Medicine

Regenerative medicine (RM) is a rapidly developing field tasked with the repair,
replacement and regeneration of cells, organs and tisqiBzgada et al., 2008)
Although the term has beearound for a long time, RM #ill very mwch in its
infancy in terms of how far research has progressed into mainstream clinical use.
Although some of this may be due to issues in terms of our understanding of the
biology of stem cells, the interactions with biomaterials and their mechanism of
action, another major hurdle for the transition of regenerative medicine from the
bench to the bedside is a poorly defined translational route consisting of a number
of practical hurdles that must be overcome. These incladick of largescale
economicallyviable cell therapy manufacturing process Currently, the majority

of cell culture is done in 2D monolayer and is extremely labour intensive. In
addition, the current dependence doetal bovine serum (FBS) is a major hurdle to
the translaton of cell therapies with fluctuating costs and issues with availability
(Brindley et al., 2012)To address this need, a major effort has been made by those
in the industry to progress past 2D culture into lar@D, ultimatelyscalable,
bioreactor systems for the production of cefiortherapies.Additionally, increasing

our understanding of cell biology to replace conventionally ugaetal bovine
serum for the production of stem cell products towards more chemically defined,
large scale systems of manufacturing is also essential to realise the gqlivtieatial

of stem cell therapy Finally, standardisation of the cells used needs to be achieved.

Ideally this would be by the identification of novel cell specific markers.

1.2 Stem cells

Towards the end of the fcentury the concept of stems cells as a mechanism by
which organs and tissues of the bodyutd repair itself was first propose@ianco

et al., 2008)Unlike other cells in the body, stem cells possess the unique ability to
differentiate into specialised cells when stimulated to do so by their environment
such as injury to a tissu@Vvan etal., 2012, Rennert et al., 2012ptherwise these
cells remain in a quiescent stem cell state. Stem cells can alsschetedto other

tissues to contribute to the repair of that tissySasaki et al., 2008, Chen et al.,
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2010, Kitaori et al., 2009aJheycan also produce factors wdhi direct other cells

for the repair of tissues. Based on this ability, the therapeutic application of stem
cells is enormous and has been explored in great déaik et al., 2007, Picinich et

al., 2007) Of all the stem cell typewithin the body, there are three types which
have been given particular attention. These are embryonic stem cells (ES), adult
mesenchymal steror stromalcells (MS€) and induced pluripotent stem cells (iPS).

All of these cellshave a numbe of advantagesand limitationsbut have been
considered as either a direct therapeutic tpak is the case with many adult stem
cells such as MSQx as a means of disease modellingich is more typically the
case with IPS cellsThese stem cellsre also being investigated with clinical

applications in mind.

1.2.1Embryonic Stem Cells

ES cells were first identified in murine models over 30 years ago after they were
isolated from developing blastocysts and successfully grown in culEwans and
Kaufman, 1981)Although these cellare short livedin vivg they can be propagated

in an undifferentiated state indefinitely when cultured in the presence of leukaemia
inhibitory factor (LIF) on a feeder layer of murine embryonic fibroblasts (MIEF)
example(Williams et al., 1988, Smith et al., 19885 cells have the potential to
differentiate into the three embryonic ger layers; endoderm, mesoderm and
ectoderm and thus can ultimately give isto every tissue of the embryo.
Therapeutically, ES cells have been given much attention due to their pluripotency
(Martin, 1981) However,ethical issus with obtaining these cells & greatly
hampered their use with many countganaking the use of these celts research
illegal (Robertson, 2001)Even in countries where the use of these cells is legal,
generation of ES cells purely for research is often restricted #hus supply
becomes an issyeoften relying solely on discarded material from vitro

fertilisation (IVF)treatment.

1.2.2Induced Pluripotent Stem cells
Despite the issues limiting ES cell research, understanding the basic biology of these
cells and advancements in technologies resulted in the generatiomdhiced

pluripotent stem (P3 cells. These are embryonic like cells derived from adult
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and would result in him being awarded the Nobel prize for this wddkahashi and
Yamanaka, 2006)PS cells are generated by introducing four transcription factors;
octamerbinding transcription factor 4 CT4, sex determining regioiY-Box2
(SOX2 Kruppellike factor 4 (KLF4# and ¢cMYC. Oveexpression of these four
factors in mouse embryonic fibroblasts resulted in generation of colonies of cells,
morphologically similar to that of EE®lIs(Takahashi and Yamanaka, 2006jtially,

24 factors were tested and by a process of eliminationséi@ur factors were
shown to besufficientfor the processThese cells share simileinaracteristics to ES
cellsin their selfrenewal capacity, morphology, surface marker phenotype and
gene expression. AdditionallyiPS cells have been shown to bapable to
differentiate into tissues of all three germ layers; the mesoderm, endoderm and
ectoderm in bothin vitroassays as well as the vivoformation of teratomagqAbad

et al., 2013) These cells are now being used largely for research purposes,
specifically the developmerof in vitro models of disease and drug discoverigh
particular focus given to diseases where isolation of the primary cells is not possible

due to the anatomicaldcation e.g. neural cell€ai et al., 2014)

1.2.3Mesenchymal stem cells

Bone marrow was first reported to contain two distinct populations of stem cells
(Ford et al., 1956)The first populationwashaematopoietic stem cellgHSCsyvhich

give rise to the various blood cell types of both lymphoid and myeloid lineages
(Muller-Sieburg et al., 2002)The second popul@n were MSCswhich were
originally investigated for their role in the maintenance of the haematopoietic stem
cell niche. More recently, they were suggested to act as a source of cells that could
contribute to tissue repair of a number of secondary tiss(@iésockop, 1998)Since
then, vast arrays of studies have, and continue to, investigate thagic biology,
therapeutic potential and possible mechanism of action a variety of disease
types. MSCsvere first described by Friedenstiegt al as plastic adherent cells
capable of differentiation towards the osteogenic linedgeedenstein et al., 1976,
Friedens.Aj et al., 1966pubsequently, the ability of MSCs to differentiate towards

the chondrogenic lineage was shown, identifying a role of the cells in cartilage as
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well as endochondral bone formatidJohnstone et al., 1998, Mackay et al., 1998)
Similarly, the osteogenic differentiation of MSCs facilitates direct bone formation
via intramembranous ossification. This ability to form bone via multiple lineages has
led to extensive research into these cells forthopaedic tissue engineering
applicationsas well as many other areabheoretically these cells can differentiate
down each of the mesenchymal lineages as proposed by Arnold Caplan (Figure
1)(da Silva Meirelles et al., @8). Since their discovery in bone marrow, MSCs have
been identified in virtually every tissue within the body including adipose tifiSae
Ugarte et al., 2003)synovium(De Bari et al., 2001b, Djouad et al., 2Q0Keletal
muscle (Bujan et al., 2006)umbilical cord(Bieback et al.2004) and placenta
(Prather et al., 2009)

Interestingly, the location of MSCs within each tissue seems to affect their
physiological function and differentiation capabilities. Nowhere is this more evident
than within bone and bone marrow where MSCs occupy two distinct stem cell

niches.

THE MESENGENIC PROCESS
@ Mesenchymal Stem Cell (MSC)
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stem cels to terminally differentiated tissue(Reprinted with permission from
(Caplan, 199Q)see appendix Il)

The perivascular niche where MSC precursors known as pericytes exist in
association with blood vessg|Shi and Gronthos, 200@nd the endosteal or bone
lining niche where MSCs are found on the surfacéafe (Mitsiadis et al., 2007,
Sacchetti et al., 2007b, da Silva Meirelles et al., 2008C progeny such as
osteoblasts and fibroblasts are found at the endosteal ni¢da Silva Meirelles et

al., 2008) Additionally, lining the surface of bone is a thin layer of connective tissue
known as the periosteum which hadso beenidentified as a source of MSCs
(Nakahara et al., 1991, Yoshimura et al., 2007, Chang and Knothe Tate, |1R@12)
unclear which endogenous cell population contributes towards tissue repair post
fracture with no literature to date definitively identifying the fraction of MSCs
responsible for bone repair. A comprehensive review on {pasal fracture healing

by Gerstenfelcet al. highlighted this issug(Gerstenfeld and Einhorn, 2003Puring
fracture healing, bone repair is initiated in distinct cresdeshaped cartilaginous
centres. Two centres develop symmetrically to the fracture line with
intramembranous bone formation occurring concurrently at separate centres
proximally and distally. These two distinct bone healing responses initiated upon
injury may be induced by different cells located in the surrounding tissue. The bone
marrow itself, and the surrounding periosteum and soft tissue may all be sources of
these reparative cell§Gerstenfeld and Einhorn, 2003)jhe periostem is believed

to be the primary source of stem cells required to form the ca{Msrao et al.,
2013) with removal of the periosteum resulting in incomplete fracture callus
formation (Gerstenfeld and Einhorn, 2003Jhe periosteum has also been proposed
as a novel sowe of progenitor cells capable of contributing to bone regeneration
(Chang and Knothe Tate, 201R) a direcitcomparison periostealderived rat MSCs
produced 106fold more colonies than bone marrederived MSCs and had higher
proliferative and trilineage differentiation potential[20]. Periosteal cells also
maintainedin vitro chondrogenic differentiation potential aftgorolonged culture

(De Bari et al., 2001laHuman studies on the periosteum as a source of stem cells
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have also identified this tissue as being supertorother sites based ofn vitro
differentiation and proliferation potentialSakaguchi et al., 2005 keletal muscle is
also being exploredsaa potential source of osteoprogenitors that contribute to
bone formation. Ectopic bone formation can occur within mug@esch et al.,
2000)and a subpopulation of muscle progenitor cells, identified by expression of
alkaline phosphatase (ALP) after exposure to BMM®as olserved in lacunae of
newly formed bone matrix when injected into thend limb of severe combined
immunodeficiency (SCID mice. These cells docalised with osteocalcin (OC)
producing cells indicating potential differentiation to osteoblasts and osteocytes
(Bosch et al., 2000)

However, identification of a definitive cell source for endochondral ossification in
fracture callus has not been degsmed. Notwithstanding, a number of MSC
populations within the bone marrow which may contribute to bone repaivéha
been identified based on expression of surface markers. Sacetedtidentified a
population of osteoprogenitors based on CD146, melanaeihadhesion molecule
(MCAMW) expression(Sacchetti et al., 2007bYhese cells were deemed to bena

fide stem cells after subcutaneous transplantation into nude mice resulted in
formation of bone and induced the haematopoietic stem cell ni¢Bacchetti et al.,
2007b). Prior to this, CD271, also known as low affinity nerve growth factor
receptor (LNGFR) was shown to seltmt the entire fibroblastic colonjorming

unit (CFW) population or MSC fractionwithin bone marrow(Jones et al., 2002)
CD271positive cells were subsequently shown to reside in the intramedullary
cavity of long boneg(Cox et al., 2012)Combining both CD146 and CD271
expression resulted in the identification of the two distinct MSC niches described
above, the endosteal niche and the perivascular niche with CD271+ CD146+ cells
residing in the perivasculariche and CD271+ CDZ4@siding in the endosteal
niche(Tormin et al., 2011ajThe presence of MSCs at a bone lining niche and their
osteogenic potential suggests a role for these cells in maintaining bone

homeostasis.
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1.2.3.1Therapeutic Potential of MSCs

MSG have been deeed to have a high therapeutic potential since they were first
discoveredTo date, both autologous and allogeneic MSCs from a variety of sources
have been delivered to a multitude of tissues or also systemically due to their
ability to home to sites of jary (Barry and Murphy, 2013, Pers et al., 2016, Zhao et
al., 2010, Wagner et al., 2005, Dai et al., 2005, Bang et al., 2005, Tang et al., 2004)
Original studies werdased on their reported potential to be able to differentiate
into cell types along the mesenchymal lineage i.e. the ability to differentiate into
chondrocytes, adipocytes and osteocytes. Since then, a far wider therapeutic
potential of these cells has ba identified since the discovery of paracrine factors
produced by these cellsavingeffects on immune cell§Singer and Caplan, 2011,
Beggs et al., 2006, Devine et al., 2001, Aggarwal and Pittenger, 2006inber of

key mechanisms of action of MSCs can learty identified. They includeiréct
differentiation or support of differentiation of local stem/progenitor cells,
chemoattraction, immunomodulation, angiogenesis, &ajoptosis and arti
scarring (Figure 2) (Singerand Caplan, 2011)indeed, the ability of MSCs to
modulate the immune system has been given particular focus with several studies
reporting the ability of MSCs to modulatecé&ll activation and proliferatioiBeyth

et al., 2005, Duffy et al., 2011, Griffin et al., 2010, Keyser et al., 2007, Le Blanc and
Ringden, 2005, Le Blanc et al., 2003, Uccelli et al., 28@8ed on this ability of
MSCs to suppresscElls, the use of MSCs in inflammatory diseases such as graft

versushost disease and organ transplantation &eing exploredEly et al., 2008)
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Figure2: Known paracrine factors produced by cultured M§Rsprinted with
permission fron{Singer and Caplan, 201kgee appendix II)

1.2.3.2ldentifying the MSC

A large variation between MSC preparations remang of the largest issues with

the translation of these cells into the clinic. Factors that contribute to this include
alterations in isolation and expansion methods which include the use of various
media, alturing cells at various oxygen tensions and huge variation in criteria used
by different groups to define an MSC. Overcoming the problems associated with
each of these issues is incredibly challenging. However, as MSCs progress ever
closer to clinical us increased efforts have been taken to unify what MSCs are and
how we use them. In ZIb, the International Society for Cell Therapy (ISCT)
publisheda definition of MSCs which they described as the minimal criteria a cell
must past to be deemed a M§Dominici et al., 2006a)rhe firstcriterion was the

ability to the cells to adhere to uncoated tissue culture plastic under standard
culture condition i.e. medium containing 10% FBS. Secondly the cells must express
CD105, CD73 and CD90 while also not expressing CD45, CD34, CD14 (or CD11b),
CD19 (or CDT9 and HLADR. Finally MSCs must be capable oflineage

differentiation, namely being able to differentiate into osteoblasts, chondrocytes
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and adipocytes. Tése criteria were based on characteristics of the cells during
vitro culturing and thus may not be a truepresentative of the cell phenotyp@
vivo. However, many studies have reported high levels of heterogeneity in cells that
have met this ISCT standar(Phinney, 2012, Tormin et al., 2009Yhis
heterogeneity appears to be indicative of MSCs with even sitgjlederived
colonies resulting in three morphologically distinct populations of ¢€ltdter et al.,
2001,Prockop et al., 2001) he first cell type visible is a small rapidly dividing cell,
an elongated spindiike fibroblastic cells and a larger, slower replicating flattened
cell. The smaller sized cell displays greatefirtaage potential and proliferation.
This populéion also had increased migratory and engraftment potential. Prolonged
culturing of the cells resulted in a loss of this populat{bee et al., 2006, Prockop
et al.,, 2001, Colter et al., 2001Another factor which may contribute to the
heterogeneity of MSCsould be due to variations in isolation processvhich have
been shown to affect the differentiation potential of these cdllane et al., 2014,
Jiang et al., 2002, Kuroda et al., 2QIN)is heterogeneity within batches of MSCs
may lead to discrepancies between diegs and thus result in false reporting of
efficacy or lack thereof of the cells themsel@hinney, 2012)Two key ways to
overcome this heterogeneityhich is impeding the progression of MSC therapies
would be the identification of a cell specific marker universally accepted for the
selection of MSCs. The second would be the standardisation ahtlgro culture
conditions of these cells which incluslestandardisation of the isolation process,
culture medium used and physical and chemical factors such as oxygen tearsion,
type of culture vessel usedAlthough this would not entirely remove the donor

variation typically observed currently.

1.2.3.3Markers for the Identification of MSCs

As outlined previously, wk to the lack of markers specific to MSCs, the
identification and selection of these cells is difficult and leads to inconsistencies. A
number of antigens have been found on the surface ofdgl8nfortunately, none

of them are specific to MS@bv et al., 2014, Rostskaya and Anastassiadis, 2012)
CD271 was originally reported by Jonetsal (Jones et al., 2002ds a marker
capable of selecting the entire Cflffaction of bone marrowderived MSCsCD271
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is present on other bone marrow cells such as HSC but since these cells are non
plastic adherent, the result in only minimal contamination of isolated MSC
populations (Iso et al., 2012, Cuthbert et al., 2012)D271+ MSCs also have an
increased osteogenic and chondrogenidaténtiation capacity compared to plastic
adherent MSC§Cuthbert et al., 2015, Churchman et al., 2012, Mifune ¢t2&l13)
Theyhave also shown improved therapeutic efficacy in a rat chondral repair model
(Mifune et al., 2013anda mouse cardiac infarct modéNoort et al., 2012)CD146

has also previously been identified as a marker for the selection of NMS8Csnd
Granthos, 2003) CD146+ MSCs are considered to be pericytes due to being located
around capillaries and sinusoids in many tissues such as bone marrow, adipose
tissue, muscle and placen{&risan et al., 2008CD146+ cells are capable of tri
lineage differentiation and also eexpressneuronal glial antigen 2NG2 and
platelet derived growth factor betéPDGFR) further supporting their perivascular
origin (Crian et al., 2008, Sacchetti et al., 2007Bherapeutically in a model of
inflammatory arthritis, CD146+ MSCs offered greater cartilage protection and
increased immunosuppression compared to CDB#lisindicating a potential role

of these cells in the treatment of immurrediated disease (Wu et al., 2016)
Stro-1 was one of the first markers to idefy MSCs in bone marro@Ning et al.,
2011, Simmons and Torékorb, 1991) Sto-1 identifies a population of MSCs with

a high CFU4 efficiency and is expressed on 11.2% of unfractionated mononuclear
cells and 6% of cultured MS(saltis et al., 2010, Bensidhoumagt, 2004) These

cells are deemed therapeutically appealing due to their enhanced trafficking and
engraftment ability. Strel+ cells showed greater trafficking ability to the bone
marrow, kidneys, liver, muscles and egsh compared to Strd- cells with a
reduction in the number of cells trapped in the lun@ensidhoum et al., 2004)
Other markers being tested for the enrichant of a MSC population are CD106
(Vascular cell adhesion protein YCAM1) which is expressed highly in bone
marrow and placenta andt lower levelan umbilicalcord and adipose tissugrang

et al., 2013b, Arufe et al.,, 2010, Alon et al., 1995, Schaffler and Buchler, 2007)
CD106 has been reported to enrich for cells with increased multipotent potential
(Mo et al., 2016) CD106 in combination with CD271 select a bone marrow MSC

with faster proliferation, trilineage differentiation and migratory potential
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compared tothe CD271+CD166opulation (Mabuchi et al., 2013)In addition
CD106+ MSCs have arcreased immunoregulatory phenotype which has been
associated with the higher expression of G®DXuggesting a role for immune
diseaseqYang et al., 2013b)lhere are many other MSC markers which have also
been identified which all select for MSCs with a specific phenotype above that set
out by the ISCTMo et al., 2016) Although, the pursuit of a definitive marker for
the identification is key to the standdisation of batches of MSCs, some of the
inherent heterogeneity in MSCs may be due to the heterogeneity in the
components used to culturéhe cells for examplefoetal bovine serum. For this
reason, to truly define MSCs the combination of both a definedytation with a

defined culture system is essential.

1.3 FoetalBovine Serum

1.3.1The Beginning of the Story

In 1955, Henry Eagle first showed that the substitution of medium with animal sera
could be used to improve cell proliferatiqiagle, 1955)Over 60 years later, the
use ofanimal serum, namelfoetal bovine serum (FBS} still considered the gold
standard for cell culture of most mammalian lselHowever, there isncreasing
pressure on those involved in the translation of cell therapy into the clinic to move
away from the use of animal products for a number of reasdrsese include
ethical concerns related to the process of FBS productiomltineand safety
concerns for recipients who receive products manufactured using FBS and an ever
increasing global shortage which threatens to bring the cell therapy industry (CTI)
to a grinding hal{Table ). There are also practical limitations with tluise of FBS
including the requirement to perform a serum screen to determine the most
suitable serum for use with specific cell types due to the b&tebatch variation

between serum lotgvan der Valk et al., 2004, Jayme and Smith, 2000)
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Disadvantages/Limitations Reference

1 High and increasing cost of FBS due tc  (van der Valk et al., 2004,
global shortage of suppbnd increased Brindley et al., 2012)
demand
2 Undefined composition with leto-lot (Jayme and Smith, 2000)
variation
3 High contamination risk i.e. bacteria, (Levings and Wessman, 199

viruses and mycoplasma

4 Need for serum screeningsome bts (van der Valk et al., 2004)
incapable of MSC isolatipproliferation

and differentiation

5 FBS internalisation by MSCs and risk ¢ (Dimaakis and Levicar, 2006

disease transmission

6 Ability of norMSC cells to attach and (Tekkatte et al., 201,
proliferate due to presence of FBS at Shahdadfar et al., 2005)

isolation stage

7 FBS cultured cells undergo senescence v (Bieback et al., 2012)

progressive loss of differentiation capacit

8 Bovine protein attachment to cells trigger (Heiskanen et al., 2007)
xenogenic immune response affecting th
viability efficacy and safety of transplante
MSCs

9 Requirement for adventitious agent testin (Erickson et al., 1991)

of raw material and final product

Table 1 Potential limitations associated with the use of FBS in cell product
preparation.
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1.3.2Peak Serung A looming global shortage

The driving force for FBS production is not deméd=BS but rather is dependent

on the state of the cattle industrgBrindley et al., 2012)The majority of FBS used

for research purposes is nptimarilyderived from dedicated manufacture of FBS

but rather as aby-product of the beef industry ando inherent instability irthe
supply of FBS is an issue which ultimately leads to fluctuations in the cost of FBS, a
major barrier to the ultimate translation of cell therapies manufactured using
componentinto the clinic FBSnay be considered a renewable resource in that it
can be constantly produceddowever despite this, a constatdw level of serum

has been produced for the last number of years. It is estimated that 600,000L of
aSNHzY INB LINBRdzOSR lyydzZ ttes I ydzyo SN gKAOK
maximal level ofserum produced based per ye@Festen, 2007, Brindley et al.,
2012 based on Iiting factors such as cattle being used for other purposes such as
beef manufacturing. An estimatealere one third of that volume is produced at

grade suitable for GMP manufacture and thus for use in cell thera@asently all
GMRgrade FBS igroduced in either Australia or New Zealand as these countries
have not been exposed tbovine spongiform encephalopati8SE like most of
Europe and AmericaThere are currently 3@najor countries in the worldTable 2

that produce FBS and there is #lgal misconception that Australia and New
Zealand produce FBS with a reduced viral load and thus are safer for clinical use
than these countrieswhich will be discussed lat§Hawkes, 2015)In fact, sera
originating in Australia haven average oe of the higher viral loads compared to
some European countries which have been excluded from distributing sera since
the BSE outbreakTable2). These safety concerns will be discussed in greater

detail later.

1.3.3Insufficient Regulation of FBBdustry

For the vast majority of its existence, the FBS industry has been largely unregulated
and this has led to a number of abuses by companies which have pokential
devastating consequences for tleell therapy industry@T). In 1994, an estimated
30,000Lof FBS from New Zealand were sold glob@Higdgson, 199). This was
despite the fact that only 15,000L of FBS were produbede in this same time
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period. To this day, the identity of the components used to supplement the FBS
supply has never been disclosedrlhis is an inexcusable breach of industry ethi

which has been mirrored moneecently in 2011 when GE healthcare acquired PAA
laboratories. After an internal audit, GiSsued an Urgent Field Safety Notice
(GEHC Ref #90200) indicating that batches of FBS sold between 2003 and 2011 may
have been spplementedwith bovine serum albumin (BSAyater or cell growth
promoting additives. This diing or modifying of the FBS product which wasrae

soldas clinical grade FBS exposed coustlesople around the world to aariety of
unknown effects andilghlights the utter lack of effeate regulation of this industry
considering two majotbreaches of industry standards occurradtwo separate

companies within the same decade.

1.3.4Concerns over safety

Currently, only FBS supplied from either Australi?New Zealand is allowed for use

in clinical productionfor cell therapies. This is due to misconceptions over the
safety status of these countries and those deemed to produce FBS of a lower
guality (Siegel W, 2013Not every country is permitted to export FBS due to the
presence of certain diseases in thmttle population and as a consequence
restrictions are imposed on these countries due to the viral contgfiable 2
(Hawkes, 2015)Viruses of concern are those which are known to be capable of
passing the placental barrier and infecting the c@lfrrent exporting rules are in

L  OS RdzS (2 GKS LINBaSyOS 2F @JFNRA2dza OAN
and a perceived concern oie potential effect ofthese viruses by the receiving
countries. Considering that the two largest markets f&SFare Europe and the
United States of America (USA), the standards set out by both the US department
of Agriculture (USDA) and the European commission (EC) have become the
standards for the global FBS indus{yawkes, 2015)The EU (EMEEPMPBWR
1793-02) and the USDA (USDA 9 CFR 11534®8egulations require that FBS from

all sources/countries be tested for eight viruses of adventitious confldawkes,
2015) All samples must be either hetseated or gammairradiated to insure
absence of hese viruses in imported FBS batches. The eight viruses are; rabies,

bovine viraldiarrhoea(BVD), parainfluenza 3 (P13), infectious bovine rhinotracheitis
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(IBR), reovirus (REO3), bovine paravirus (BPV), bovine adenovirus (BAV) and bovine
respiratory syncial virus (BRSV).Although these viruses are assumed to be
present in essentially every region, Scandinavian countries have made progress in
recent years eliminating their presence (Figd)éHawkes, 2015) Also of concern

are viruses of importatin concern. These are viruses not globaistributed. There

have been sisuchinfectious agentddentified by the USDA (Veterinary Services
Notice 1998) and EU (Regulation EC No-Z®B) the human form of BSE, Foot

and Mouth disease (FMD), Vesicular Stomatitis, Blue To(BU} Akabane, Aino

and SchmallenberHawkes, 2015)These are all insect vectored diseases except
for BSEIn all 30 countries are currently listed as beingdref FMD, with some
eradicatingthe virus more recentlyTable2). Of theremaining viruseson this list
Scandanavian countries are deediree of all except Schmallenberg virus but are

still not granted permission to produce GMP grade FBS. Conversshalisy one of

the two only global suppliers of GMiade FBS is positive for BT, Akabane and Aino
virus raising concerns over its eligibility as a supplier of GMP grade FBS. This could
put major pressure on New Zealand to meet global demand and mayefurth
increase the cost of FBS for clinical use. Even if permission were to be granted to
Scandinaviarcountries to produce GMP grade FBS, it is unclear whether their
production rates could replace that lost exclusion ofAustraliaas a producerThis

of caurse, makes the state of the GMP supply for clinical use even more

unpredictable and could be crippling for translation of cell therapies into the clinic.
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Adventitious Viruses of Concern Imported Viruses of Concern

. . Bovine  Bovine Infectllous Foot and . Total Total
Para ; Bovine  Bovine . ; bovine Total Vesicular .
influenza Reovirus adenoviru parvoviru resp|rat9r _wral rhinotrac Rabies adventitio ”.“’”th stomatitis Bluetongu Akabane Aino virus Schme_mller Imported viruses of
3 3 s s y syncytla diarrhea heitis US Viruses disease vS) e (BT) berg virus viruses of  FBS
virus (BVD) (BR) (FMD) Concern Concern
Finland + + + + + 2010 1994 2007 5 1959 + 1 6
Norway + + + + + 2005 1992 2011 5 1952 2010 + 1 6
Sweden + + + + + 2011 1995 1886 5 1966 2009 + 1 6
Denmark + + + + + + 2005 2002 6 1983 2009 + 1 7
New Zealand + + + + + + + 7 0 7
Belgium + + + + + + + 2008 7 1976 2008 + 1 8
Chile + + + + + + + + 8 1987 0 8
Germany + + + + + + + 2005 7 1988 2009 + 1 8
Ireland + + + + + + + 1903 7 2001 + 1 8
Uruguay + + + + + + + + 8 2001 0 8
Argentina + + + + + + + + 8 2006 1986 + 1 9
Canada + + + + + + + + 8 1952 1949 + 1 9
Colombia + + + + + + + + 8 2009 + 2007 1 9
Dominician Republic ~ + + + + + + + + 8 + 1 9
El Savador + + + + + + + + 8 + 1997 1 9
Guatemala + + + + + + + + 8 + 1998 1 9
Honduras + + + + + + + + 8 + 2004 1 9
Holland + + + + + + + + 8 2001 2009 + 1 9
Mexico + + + + + + + + 8 1954 + 2010 1 9
Nicaragua + + + + + + + + 8 + 2009 1 9
Panama + + + + + + + + 7 + + 2 9
Paraguay + + + + + 2007 + + 8 2012 1 9
Peru + + + + + + + + 8 2004 + 2004 1 9
Poland + + + + + + + + 8 1971 + 1 9
Australia + + + + + + + 1867 7 1871 + + + 3 10
Brazil + + + + + + + + 8 2006 + + 2 10
Costa Rica + + + + + + + + 8 + + 2 10
France + + + + + + + + 8 2001 + + 2 10
Spain + + + + + + + + 8 1986 + + 2 10
United States + + + + + + + + 8 1929 + + 2 10 Table2:

Presence /Absence of viruses @incean to Recipients oFBSbased products from the 3@lobal FBS supplying countriegt) indicates the
continued detection of virus in FBS preparatiof)snflicates the absence of detection of virus in the designatadtry. (Year) indicates the
last year the virus was detected within each cowyriiviodified fromopen access sour¢elawkes, 2019)
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1.3.5FBS Replacement

For many years, there has been much effort focused on replacing the use of FBS
gAOK FTEOSNYFGAGSa GKFG ¢g2dZ RyQd L12asS adzOK |
would bemore suitable for large scale production and thus ultimately far cheaper
than relyingon the expensive, unstable and volatdeipdy of FBS. These included
replacing FBS withlternatives such aBuman platelet lysatehuman autologous
serumand the development of chemically defined serfiree and xenefree media
capable of supporting thesolation and long term propagation of stem cells,
specifically MSC®&espite this, making the transition away from FBS appears to be
very slow withover 80% of MSC clinical tsasubmitted to the FDA describing the

use of FBS in their manufacturing progéslendicino et al., 2014 )Although there

is a global perception that efforts are being made to move away from the use of
FBS, such a change not beingobserved at a clinical level or in fact even at a
research level where the majority of papers describing MSC work still utBiSed¥

their cultures. Thislow progression towards FBS alternatives may be due to some
pressing practical reasons including excessive costs of alternatives such as platelet

lysate in addition to concerns specific to the alternatives.

1.4 Alternativesto FBS

1.4.1Human Platelet_ysate

Human plateletderived products have emerged as the most heavily investigated
alternative to the use of FBS. Human platelysate (HPL) haBeen previously
shown to promote growth of MSCs as well as other cells ty3esber et al., 2004)

This is due to the presence of a whole odlof growth factors (Figur8) contained
within platelets which contain essential growth factors suchF&: attachment
factors such as fibronectin and many more factors including chemokines. Platelet
releasate is one such platelet derived product that contains all the factors released
by platelets upon activatioby calcium and thrombir{Kilian et al., 2004, Gruber et
al., 2004)HPL, however, contains #lle factors contaied within platelets than can

be obtained upon mechanical destruction of the cell itself. Where platelet releasate

requires chemical activation of cells, HPL is easier to produce as it only gequire
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mechanical lysis of the celiBieback, 2013) There are a number of advantages to
the use of platelet lysate compared to FBS. These include a lack of ethical concerns
associated with the harvesting of HPL as it can be donated by willing volunteers
negating any animal rights issues. As a result oéimdp a human product, there is

no possibility of xenogenic transmission of viruses or priddalenda et al., 2012)

HPL has also been used in clinical trials without adverse effects being reported
(Kuznetsowet al., 2000) HPL was first reported in 2005 for the expansion of MSCs
(Doucet et al., 2005)Since then a number of papers have reported data indicating
HPL is equivalenbr even superior to the use of FBi& terms of proliferation,
differentiation and genetic stality (Chen et al., 2012a, Doucet et al., 2005,
Abdelrazik et al., 2011, Cresfaz et al., 2011)The key limitation of HPL is the
batchto batch variability associated with batches as they come from different
pools of donorgBurnoufet al., 2016)This pooling of HPL donors also increases the
risk of transmission of unknown viruse¥/ith each additional donor used to
generate a pool, the risk of transmission of untested viruses incred$eslack of
definition of the constituents of HPL is simita that observed in FBS. AlthoubtPL

is a welcome step forward from FBS, this variation in batches may continue to
contribute to the heterogeneity observed in MSCs. With that in mind, progress

should be made to work towards a chemically defined cetucgilmedium.

Page19



Chapter One
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Figure 3. Platelet granule cargo. Platelet lysate contains a variety of factors
released from platelets including chemokines, adhesion molecules, growth factor
and immunological factorgPublished with copyright permission frqBurnouf et

al., 2016) see appendix II)

1.4.2Development ofSerum-free Media

A number of commercially available serdree media are now available and will be
discussed and evaluated in chapterT@ develop a chemically defined serdirae
medium, it is essential to understand the components within FBS which make it, to
this day, the gold standard in cell culture. This involves the identification of the
hormones, lipids, growth factors and proteinsvithin FBS and their involvement
with the cell type of interest.This is well described by Van der Vetlkal (van der
Valk et al., 2010and d@tempts to develop a seruAree medum by understanding

the key components of FBS essential for cell culture are not recent. Howenter

the last decade, there has been limited progressionthe developmentof

functional serumfree media for the expansion of mammalian cells in cultue.
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modular process for the development of a serirae medium was proposef/an

der Valk et al., 201utlining astepwise systenwherebyone begirs with a non
cellspecific basal medium (Figudg attachment factors, vitamins and lipids. As the
medium becomes me refinedthe focusmoved tocellspecific components such

as growth factors and hormondsan der Valk et al., 20105election of the correct
basal medium is a vital component for insuring cell health. This requires an
understanding of the development of tee basal medium. For example Roswell
Park Memorial Institute (RPMI) 1640 medium was originally developed for use with
lymphoid cells(Moore et al., 1967)and is distinctly different from most other
mammalian cell culturbasalmedia in that it has a high pH of 8. Dulbeccodified
9F3fSQa YAYAYLFE SaaSyidialt YSRAdzY 65a9abd
and amino acidcontent anda higher glucose content. This makes DMEM more
robust and suitable for use with multiple cell types from multiple speddisbasal
media for FBSfree culture must be supplemented with ITS (Insulin, transferrin,
selenium) supplemengMoore et al., 1967)Insulin has been known to be essential
for all cell culture for its function in theptake of glucose by cells since the 1920s
(Gey and Talhimer, 1924) Thefunction of ransferrin is the transfer of iron into

the cells(Bjare, 1992)whereas selenium protects against oxidative strgésimy et

al., 2000) The next consideration for the development of a sernee medium is

the use of hormones. Hormones are found in serum in varying amounts and thus
have to be considered for use in a serfiee formulation(Barnes and Sato, 1980)
Apart from insulin, other hormones such as glucocorticoids are also important
components for serunfree meda. Common examples of these include
hydrocortisone or dexamethasonwhich inhibit apoposis of cell{BaillyMaitre et

al., 2001) All of these components are not cslpecific and can act as a basal
medium for many cell types. Where particular consideration neiedse given to

the cell type igvident inthe growth factors being added to the mediurRGF2 is a
commonly used growth factor as it has been shown to-mitbogenicfor a number

of cell types(Shihabuddin et al., 1997%imilarly TGF is involved in a number of
cellular pathways and so is also often conside{Stewart et al., 2010)The most
commonly reported growth factor to be used in serdrae media isepidermal

growth factor EGlrdue to itsability to induce cell proliferatiofHerbst, 2004)The
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requirementfor these growth factors is entirely dependent oretkell type and the
addition of other growth factors may also be required depending on the cells. For
example,nerve growth factor (NGF) is a growth factor typically added to neuron
cultures (Honegger and Lenoir, 1982)For this reason, a comprehensive
understanding of the biology of the cell type of interest is essential in attempting to

develop a chemically defined, sertinee medium.

chemically defined,
serum-free media:

vitamins acting
as anti-oxidants:
a-tocopherol

ascorbic acid, pids:
i increased
B-ME fatty acids, ASE
cholesterol, _ specificity
hormones: ethanolamine in serum-free

culture media
composition

glucocorticoids,

thyroid hormones, cell- )
growth factors:
specific agonists that gg":‘hpfé:‘%fél:

signal via cAMP (ADH,
IGF-1, PDGF,
PTH, PGE2, glucagon) VEGF, TGF- B

pre-coating of culture vessels with:
collagen type I, type IV, laminin, fibronectin,
Basement Membrane Matrigel™

basal medium: DMEM / Ham F-12 (50:50, v/v) + ITS

Figure 4: Hierarchical importance of serusffiree medium components for the
developnment of a celispecific chemically defined medium(Published with
copyright permission frorfvan der Valk et al., 201,08ee appendix II)

1.5PurSTEM; A Novel Medium for the Culture of MSCs

Prior to the undertaking of this PhD, a European wide consortiindzNJ 4 SY Q
established and coordinated through the Regenerative Medicine Institute (REMEDI)
in the National University of Ireland, Galway (NUIG) with one of its goals being the
development of a novel seruinee, xenefree medium for the isolation and
proliferation of bone marrowderived MSCs that would ultimately be able to
provide an alternative to the crippling dependence of the cell therapy industry on
the highly variable FBSipply To achieve this, bone marrow aspirates were taken

at UniversityHospital Galway (HG)with ethical approvaand split into three equal
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parts. The bone marrow samples were then shipped to partnexSenoaltaly and

Leeds in the UKMSCs were thensolated within NUIG and these two partner
institutes in accordance witkheir isolation methods at the time. These varied in
percentage FBS used and seeding density. Ultimately three isolation conditions

were tested; isolation in 10% FBS at a seeding density of*Sxbdonuclear

cells/cnt, isolation in 10% FBS at a seedingsiy of 1x18 cells/cnf and isolation

in 2% FBSupplemented with FGE at a seeding density of 5xi@ells/cnf.
Subsequent to this, MSCs were cryopreserved and shipped back to NUIG in Galway

where all the cells underwent surface marker characterisatiegnAuy’ 3 . 5 C! [/ {
CAPS proteomics arranalysiswhich assesskexpression of 230 surface marker

and their relative expression compared to the appropriate isotype control. Of the

230 markers assessed, 74 markers were positive in at least one of the thraeecult

condtions (Figure5). Of the 74 markers, 57 markers were maintained on MSCs
RAZNAY 3 @I NR2dza Odz G dzZNE O2yRAGAZ2Y A YR (K
Experimental Methodology

230 markers profiled using BD FACS Cap Array
74 Positive Markers (>50%)

PurStem
10%serum
50,000 c/cm

1

CD42K(platelet adhesion)

CD10§inflammatory cell
binding to endothelial cells)
CD335NK cell activation)

CUNI Low density

2% serum 10% serum
50,000 c/cm :

CD118Leukemia Inhibitory factoreceptor)
CD119interferon receptor)

Figure5: Distribution of markers expressedn MSCs under previously described
culture conditions. Biological and technical replicates (n=3)rank Barry,
unpublished data)
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The 57 markers identified to be unchanged on MSCs cultured in the various
conditions were assumed to hitrue€¢ MSC markers and not merely expressed as a
response to tlir culture environment. With that in mind, these markers were
further investigated to assstheir known biological role These experiments were
focused on determining growth factors and adhesion molecules that could be
recognised by MSCs with the ultineagoal of then testing thestactors for their
ability to not only sustain MSC proliferation in a serfree medium but also to
facilitate the isolation of MSCs. @$e data were combined with the current
literature at the time detailing the essential components of media to faight
variations of seruriree meda (Barry et al., 2015)The eight formulations of
medium were tested for their ability to isolate MSCs from bone marrow and
maintain thecells in proliferation rates equivalent to conventionally used 10% FBS
containing medium. The various formulations all consisted of a basal medium
supplemented withascorbic acid, dexamethasone, human serum albumin, ITS and
low-density lipoprotein. The atition of various growth factor combinations based

on the proteomics data resulted in the various formulations being tested.

Of the eight serunriree media formulations6 resulted in earlysenescenc®f the

cells as observed by a decrease in cumulative population doublings over time
(results not shown)In contrast2 formulations maintained proliferation capacity of
the cells at levelsuperior to that observed in FB&ultured cells Based on these
data, two media were developed at the end of PurStem with the potential to
compete against seruroontaining medium. The only difference between both
media formulation was the addition of EGF to medium 8 which offered no
additional increase in proliferation of the cells and was excluded from future work.
This work resulted in the generation of a serfide medium with the potential to
replace the dependence on FBS for MSC culturbs lead to the hypothesis and

aims outlined bedw.
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1.6 Aims and Objectives

Hypothesis

Bone marrowderived MSCs isolated and cultured in serree medium have a
similar phenotype to the same cells isolated and cultured in standard 10% serum
containing medium and that this phenotype can be altered by the use of varying
oxygen tension to prime cells prido use inin vivo models of bone repair and

regeneration.

Aims

This thesiplansto address the following specific aims:

1. To assess theeffects of oxygen tension on growth kinetics and
differentiation of bone-marrow derived MSCsisolated and expanded

usingthe novel serum/xencfree medium(Chapter 3)

The specific aim of this chaptarasto determine te optimal culture
conditions for the cultee of bone marrowderived MSCs to be usedim
vivo models of bone regenerationin vitro characterisation ofbone
marrow derived MSCtat were isolated and cultured in either serum
containing or seruniree mediumwas performed Both groups were

also culturedn either normoxia (21% 4por hypoxia (2%

2. To assess the vivo osteogenic potential othe four cell groups listed

above in an ectopienousemodel of bone formation(Chapter 4)

The aim of this chapter was to determine the capacity of the four cell
groups listed above to form bone vivo after being loaded onto
hydroxyapatite/tricalcium phophate (HA/TCP)ased scaffolds. Based
on data from aim 1, the hypothesis was the fmtoondrogenic hypoxia

cultured cells may produce superior bone to the jfmsteogenic
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normoxia cultured cells by forming bone via endochondral ossification

as opposed to faning bone via intramembranous ossification.

To assess the ability of four cell groups listed in aim 1 to repairi@n

vivorat critical size defect modg|Chapter 5).

The aim of this chapter was to determinéet bone regeneration
potential of the four cell groups. This was determined inyvivo uCT
analysis of bone formation,in vivo photoacoustic imaging of
neovascularisation and histological evaluation of bd#nilar tothe
previous chapter, cells were loaded onto a hydroxyapatiteztcium
phosphate (HA/TCRased scaffold and bone formation was assessed

after 8 weeks.

To compare the serumfree medium directly with commercially
available media ér the isolation of bone marrowderived MSCs
(Chapter 6)

Potentially competitive seruAree media were identified for their use
in the isolation andin vitro maintenance of MSCsIn vitro
characterisation of cells isolated and cultured in the media in either
hypoxia or normoxia was carried out. This included-liteage
differentiation, surf@e marker characterisation, proliferation, pro

angiogenic potential, immunosuppression and immunogenicity.

To determine the feasibility of the seruAree medium in a three
dimensional (3D) culture system for the scalable production of MSCs
(Chapter 7)

The aim of this chapter was to determine if MSCs could be cultured and
grown in a 3D bioreactor system on macrocarriers as a prototype,

ultimately to be scaled up for large scale production of MSCs. This was
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determined by comparing MSCs grown in standabdc2lture and in the
3D bioreactor system in both seruoontaining and serundfree
medium. In vitro characterisation was carried out on these cells
including trtlineage differentiation, surface marker characterisation and
proliferation. The ability to pedrm tri-lineage differentiation assays

directly on the macrocarriers was also evaluated.
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Chapter 2
Materials & Methods
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2.0 Materials & Methods

All reagents were purchased from Sig#larich unles®therwise stated.

2.1 Isolation of Seruntree (SF)/ Serurtontaining (SC) MSCs from

Human Bone Marrow

Bone marrow aspirates (30mLs) were obtained from healthy volunteers between
the ages of 18 and 30 years old after informed consent and under ethical\adpro
from Galway University Hospital and the National University of Ireland Galway
Research Ethics Committees. Additionally bone marrow aspirates were purchased
from Lonza (Walkersville, Maryland) when not available through Galway University
Hospital. Bonenarrow aspirates were transferred into a 50mL tube and the volume
was recorded. A bone marrow sample was taken aseptically and diluted 1:10 in
5dz 6 SO002 Q& LIJK 2 & LIR-PBRSThiSdilrfed SamiBeRvasadiluted 1£1S

in 4% (v/v) acetic acid to lysed blood cells (RBCs) for 1min before performing cell
counts using a haemocytometer. Cells were plated at a seeding density of between
23-29x10 mononuclear cells (MNCs@#? in 25mLs of serudree (SF) medium
plated on fibronectin precoated flasks or 0% serurrcontaining medium (SC)
plated directly onto tissue culture plastic. SC medium consists of alpha Minimum
Essential Medium Eaglé NIEM) (Gibco) supplemented with 10féetal bovine
serum (FBS) (Hyclone, SV30160.03 (Lot RWA25887)) and 1% Peniggtmi8icin

(P/S). SF medium is proprietary to REME2rry et al.,, 2015)Cells were then
incubated at 37°C, 5% ¢®0% humidity in either hypoxia (5%)®@r normoxia
(21% Q). Cultures were washed on day 4 to remove Jamimered cells. Medium

was removed and discardedOrhLs of PBS was added to each flask and pipetted
over the growth surface. PBS was discarded and the process was repeated. 20mLs
of fresh SF or SC medium was added to each flask before returning to the relevant
incubator. Media changes were performed eve3 days until cells reached 80

90% confluency.
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Chapter Donor Gender Donor Age Supplier
3&4 Male 24 Lonza
3&4 Female 22 Lonza
3&4 Female 24 UHG
3&6 Male 23 Lonza

5 Male 25 UHG
5 Female 23 UHG
5 Female 20 UHG
6 Female 23 UHG
6 Female 24 UHG
6 Male 22 UHG
7 Female 25 UHG
7 Male 24 UHG
7 Male 24 UHG

Table 2.1: Bone marrow details of specific donors used in each stuwyG:
University Hospital, Galway.

2.1.1 Isolation of Serurrree MSCs from Bone Marrow with Commercially
AvailableSerumfree Media

Four commercially available serdimee media were tested for their ability to

isolate MSCs from bone marrow. Media tested were DXF (Promoe28019),

Therapeak, MSCGM (Lonza, 190632), Mesencult (Stem Cell Technologies, 05429)
and Xuri GE Healthcare, 29064332). All media were prepared according to the
YIydzZFI OGdzZNENDR&a LINRPG202fad {2YS LINRG202f 2
addition to their SF medium for the initial isolation of MSCs from bone marrow.

Other manufacturers made no clainabout the ability to isolate MSCs from bone

marrow and were typically used purely for propagation of the cells. To standardise

methods, all media were tested for their ability to isolate MSCs from bone marrow
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with and without the addition of 2% FBS. TBkelation method as described in

section 2.1 was carried out.

2.2 Coating of Tissue Culture Plastic with Fibronectin

Cell culture plastics were coated with fibeetin at a concentration of 240pgm?.

To coat a 1.75 flask, 42uL of fibronectin was added to 7mL é?HS in a sterile
15mL tube. The working solution was mixed by pipetting and added to the flask,
which was rocked back and forth to ensure the surface was covered in fibronectin
solution. Tle flask was then incubated at 37°C for between 90mins to overnight.

The solution was aspirated from thel¥5 and discarded prior to use.

2.2.1 Coating of Tissue Culture Plastic for Use with Commercial Sémaa Media

All commercially available SF medsed recommended the use of an attachment
factor for plating of cells in tissue culture plastic. Both Therapeak and DXF required
fibronectin and methods used are described in section 2.2. Xuri and Mesencult
attachment factors have not been publically dised but were used according to
0KS Yl ydzZFl OGdzNBEND& LINRPG202ftad . NASTFfex
provided as a liquid and stored at 4°C until use. The solution was diluted 1:100 in D
PBS and plated at a volume of 5mLfciRlates were indeated for 2hrs at 37°C in a

cell culture incubator. The attachment factor was removed and the plate rinsed
with D-PBS prior to use. For the Mesencult attachment substrate (Stem Cell
Technologies 05424), powder was dissolved in tissue culture grade veatefirial
concentration of ImgnL and incubated for 30mins at 37°C to fully dissolve the
lyophilizate. The solution was then stored-20°C until use. For use, the solution
was thawed and diluted 1:20 in PBS prior to the addition to tissue culturé@kts

a concentration 0680pgcm?. Plates were incubated overnight at 4°C, the solution
was removed and plates were rinsed APBS. Plates were allowed to dry for

15mins prior to use.

2.3 Colony Forming Unitbroblast (CFL) Assay

CFUf assays were grformed at time of isolation of MSCs from bone marrow to

assess initial MSC seeding numbers/mononuclear cells of bone marrow plated.
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CFUfs were defined of colonies of 50 cells or more in a discreet cluAtear a cell

count was performed as above, 3X1RINCs were taken for determination of SC
and SF CFifd. Cells were diluted in 9mLs of complete SF or SC medium and 3mLs
were plated in triplicate in 6vell plates. This was done for cells going into hypoxia
and normoxia. Media changes were performed as\ah The plates were removed
from incubators between days 10 to 14 depending on colony growth rates. Plates
were washed twice with #?BS and fixed in 95% ice cold methanol for 10mins.
Samples were washed twice wittPBS and then stained with crystal vio{2.3%
crystal violet, 0.1% ammonium oxalate and 20% ethyl alcohol) for 15mins. After
staining samples were washed twice inPBS and plates were left inverted
overnightto airdry. CF# y dzYo SNBA 6SNB RSGSNXYAYSR o6& O

cells.

2.3.1CFUf assays for Commercial media

For all commercial media, except Mesencult, €Rldsays were performed using
the same methods as described in section 2.3. For Mesenculf @Bshys, the
concentration of attachment factor defined in section 2.2.1 hade increased to

66pgmL and methods described in section 2.3 were used.

2.4 Subculturing of MSCs
At 8090% confluency, MSCs were subcultured. Thecsuturing process varied

between SF and SC MSCs. For SC MSCs, medium was removed and cells were
washed with BPBS (without Mg and C&). The cells were then incubated with
0.25% trypsinEthylenediaminetetraacetic acicEDTA at 37°C for 5mins. Flasks

were gently tapped at the side to mechanically dislodge any remaining cells. Equal
volume of SC mediuno trypsin was added to the flask to neutralise the enzyme.

The cell suspension was then transferred to a sterile tube and centrifuged at 400g
for 5mins at room temperature. For SF MSCs, medium was removed and washed as
above in M and C&'-free DPBS. fie cells were then incubated in Tiyd u
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Express1X (Gibco 12604€21) disassociation solution for -50mins at room
temperature. Cells were mechanically dislodged by tapping the flask and the cell
suspension was transferred to a sterile tube. Neutralising ypLEsolution with
medium was not necessary. Flasks were then washed with an equal volume of D
PBS as fofrypLEO remove any remaining cells and transferred to the sterile tube.
Cells were centrifuged at 400g for 5mins at RT. For both cell typesugenatant

was aspirated without disturbing the cell pellet. Cells were resuspended.imi_s

of SC or Skedia and cell counts were performed. MSCs were then either sub
cultured at 35x10/cm? or cryopreserved at Px1@ celldmL in freezing medium
(50dgL HSA containing 10% dimethyl sulfoxide (DMSOQ)).

2.4.1 Subculture of Mesencultultured MSCs.

The subcultureof MSCs cultured in Mesencult was performed using MesenaQF
enzymatic dissociation solution (MEDS) and MesencteCF Enzyme inhibition
soluion (MGEIS) from Stemcell technologies (05426). Both solutions were pre
warmed at RT. Medium was removed from the cultures and washed once with D
PBS. 6mL of MEDS was added to eachlT5 and incubated at 37°C for 2
5minutes. Cells were observed to betdched via microscopy and 6mL of MCS
was added to neutralise MEDS. Cells were collected in a 50mL tube. 10mL of
basah a9a oI & NtheylasiStiRcolRd & Ndemaining cells and transferred
to 50mL tube containing cells. Cells were centrifuged at 300g for 5mins.
Supernatant was aspirated and cells were resuspended in 10mLs of mesencult

medium.

2.5 Cumulative Population Doublings

To calcudte growth kinetics of MSCs from bone marrow, @Ruimbers/MNC
count from marrow were calculated at the point of isolation as described above.
Subsequently, MSCs were seeded at a known cell number at initial plating and cell
yields were calculated at timef subculture. Population doublings were then
graphed versus culture time (days). To calculate population doubling (PD), the

following equation was used;
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.., T C#HAIEAT AT C) 1 E©OKIADI AAO
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Where;
Cell yield = Cell numbers obtainedtiate of subculture.

Initial cell number = calculated based on gRuimbers seeded for PO and

cells seeded for subsequent passages.

Cumulative population doublings were calculated by obtaining the sum of

the current passage with all the subsequent passage

2.6 Seeding, Maintaining & Subculturing MSCs in-GEEZNJA # | RKSNB Yy

Cell Expansion System Macrocarriers

MSCs which have previously been isolated in either SF or SC media were seeded
Ayid2 GKS - dzZNAu o5 OdzZ G§dzNBE  aeé a dSaffectéd2 | 4 a S
their phenotype. The 3D culture system consists of a 125mL spinner flask and a
pnY[ GdzoS O2ydFrAyAy3a YIONRBOFNNASN agl FF
waffles for seeding of cells, 30mLs ofPBS was added to th8OmL tube The

waffle tube was mixed several times by inversion to remove air bubbles. Air
bubbles were deemed to be removed when the waffles sunk to the bottom of the

tube at rest. Both the waffles and-BBS were transferred to the spinner unit by

gently pouring then down the side bthe spinner flask. Th&-PBS was aspirated

50mL of either SC or SF media was added to the flask. To thi§, S0 SC MSCs

were added to the spinner flask and the final volume of medium was adjusted to
100mLs. The spinner unit was sealed and cellewi&persed amongst the waffles

by gently swirling the entire flask. The spinner flask was then placed on a magnetic
spinner (Scientific Industries-3006) with a continuous spin/rest cycle. Spinner

flasks were agitated at 60rpm for 1min and then rested45mins. Media changes

were carried out every other day by aspirating the medium from the unit and

refilling with fresh media. To observe cell growth, a disk was selected at random,
transferred to a sterile dish and observed under a microscope. Disks nemrned

to the unit if not at confluency. For subculturing of cells, a modified version of that
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used for tissue culturdasks was used. Media was removed and discarded. Waffles
were washed twice in 25mlcf D-PBSand cells were disassociated by addéghi.s

of TrypLEto the bioreactor and swirling the waffles. Disks were incubated with
TrypLEor 10mins and disassociation was confirmed by removing a disk from the
spinner flaskand observing under a microscope. The cell suspensiormpipasted

out of spimer flask andransferred to a 50mL tube. A-BBS wash of waffles was
carried out to collect any remaining cells and transferred to the 50mL tube with
cells. Cells were centrifuged as described above and a cell count performed as

previously described.

2.7 Osteogenic Differentiation

Osteogenic assays were carried out at the end of passage (P) 3well2flat-

bottom plates for between 1414 days. Cells were seeded at a density of 2x10

cells/cnt or 4x1d cells/well. Four test wells and four control welvere set up.

Both SF and SC cells were seeded in 1ImL of SC culture medium in each well and

GSNBE AyOdzol 4GSR G otc/ 2 > [/ nid !'FGSN nyK
adherence and confluency. Medium in test wells was replaced with osteogenic

medium and medim in control wells was replaced with complete SC culture

medium. Standard osteogenic medium consisted of low glucose D{DBMEMLG)

ddzLILX SYSY G SR 6AGK wmnyac3E SEOSWRLKIZEAIKS X S& n Wan .
Ascorbate2-phosphate, 100UJnits/mL Penicillin, 106 AnL Streptomycin and 10%

foetal bovine serum. Media in all wells was changed twice weekly.

Cells were harvested between days-14 and assessed for calcium deposition. Of
the four test and control wells, 1 of each was stained with Alizarin Red and the
remaining 3 were used for quaffigation of calcium level®ata for control samples

is not presented in this thesis as no spontaneous osteogemesasy cell groups

was observed for Alizarin red staining or calcium quantification.

2.7.1 Alizarin Red S Stang
2% Alizarin Red S solution was prepared by dissolving 2g Alizarin Red S in 100mL of
distilled B0 (dH0). The pH of solution was then adjusted to between4.3 with
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1% ammonium hydroxide. Wells were washed 2x with PBS. 95% Ice cold methanol
was prepared in water and stored aR0°C. Cells were fixed in ice cold methanol for
10mins. Well were washed in g 2% Alizarin Red S solution was added to wells
for 5mins in the dark. Alizarin Red S solution was removed and discarded. Wells
were washed with B0 until water ran clear. dj® was then added and wells were

visualised using an inverted light microscope.

2.7.2 Quantitative Calcium Assay

Calcium deposition was quantified using the Stanbio Calcium Liquicolor Kit
(Stanbio). The remaining 3 test andntml| wells were washed twice in PBS. After

washing, 0.2mL of 0.5M H@lasadded to each well. Cells were then scraped and
transferred in the 0.5M HCL to 1.5mL eppendorf tubes. Samples were then shaken
overnight at 4°C. Samples were then centrifuged atgifa® 5mins to pellet and cell

debris. Standards were prepared in triplicate with 0.5M HCL accordintheto
YIydzZFl OGdzZNENR&a LINRG202f NIy3IAYy3d FNRY nor
was prepared as 1:1 of binding reagent and working dye and addedetls.
Absorbance was measured on a Perkin Elmer Victor 1420 plate reader at 550nm

and calcium levels were quantified by comparing to the standard curve.

2.7.3In situosteogenesis on Xuri bioreactor waffles

To perform osteogenic differentiation of MSCredtly on GE waffles, 5 waffles
were harvested fromhe bioreactor at random and transferred by their attachment

to serological pipette to a-@vell plate containing BPBS. Cells were rinsed ifPBS

for 5mins before being transferredising a sterile forges to a 9éwell plate
containing 250uL of osteogenic medium. One disk was added per well. Similarly
control wells were also set up but placed in standard SC MSC medium. Assays were
performed forthe same duration as standard osteogenic assays and subseque

analysis was also performed as outlined in section 227.1

2.8 Adipogenic Differentiation

Cells were plated at 40,000 cells/iveas described above, in a -#2&ll, flat-

bottomed plate. There were four test wells and four control wells set up. @ells
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seeded in 1mL of SC culture madiin each well. Cells were incubated at 37°C, 5%
/I'ni FYR FTFTGSNI nyKNER OSf fadd appeamddScontierss. 6 S R
Media in the test wells was replaced with adipogenic induction nw@dand the
medium in the control wells was replaced with standard culture madi Standard
adipogenic medim consisted of high glucose DMEM slppr Sy 1 SR g A (G K
Dexamethasone, p n n > a3-isobutytl-Methyl-xanthine  (BMXZ HNnNn>a
Ly R2 Y S{ K I/mLAngWin, MoUmMEPenicillin, 108 AnL Streptomycin and
10%FBS Media in all wells was changed twice weekly. Cells were harvested on day
15. Data for control samples is not presented in this thesis as no spontaneous

adipogenesis in any cell groups was observed for Oil red O stainingfopadion.

2.8.1 Oil Red O staining

To examine their adipogenic differentiation, cells were washed twice with 1ni of D
PBS and then fixed with 1ml of 10% neutral buffered formalin for 15mins. After
fixation, wells were rinsed with distilled water and@®8 [of working solution of Oil

Red O was added. To prepare working solution of Oil Red O, 0.3mg of Oil Red O was
dissolved in 99% isopropanol. This Oil Red O stock was mixed 3:2 with distilled
water and filtered through Whatman No.1 filter paper. Oil R&dvorking solution

was added to wells and incubated in the dark for 5mins. Stain was discarded and 2
ml of 60 % Isopropanol was added per well in order to remove excess staining. Then
wells were washed twice with gBl. A further 406 [of dH.0 was added pewell

and stored at 4°C until imaging was performed. Extraction of the stained lipid was

performed after imaging.

2.8.2 Extraction/Quantification of Oil Red O staining

Oil red O was extracted by adding 35fivell of 99% Isopropanol, left to stand for
5min and solution was transferred into tubes. Tubes were centrifuged 2min at
500g. 100> [ of extracted stain were placed in triplicate in a-@&ll plate.

Absorbance was measured at 520 nm on a Perkin Elmer Victor 1420 plate reader.

2.8.3In situadipogenesis on Xuri bioreactor waffle
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To perform adipogenic differentiation of MSCs directly on GE waffles, 4 waffles
were harvested fronthe bioreactor at random and transferred by their attachment

to a serological pipette to a-@vell plate containing>-PBS. Cells were rinsed in D
PBS for 5mins before being transferrading a sterile forceps to a 9@ell plate
containing 250uL of adipogenic induction medium. One disk was added per well.
Similarly control wells were also set up but placed in standa@l 8SC medium.
Assays were performed fahe same duration as standard adipogenic assays and

subsequent analysis was also performed as outlined in section2.8.1

2.9 Chondrogenic Differentiation

MSC pellets were set up to assess chondrogenic differémmiatf MSCs. Cells were
seeded in culture medium into 1.5mL screap eppendorf tubes, four test tubes

and four control tubes. Approximately 250,000 cells were pelleted at 100xg for
5min and resuspended in incomplete chondrogenic medi{(ICM). TGF o ¢ | a
added into all test tubes to give a final concentration of 1ong Standard ICM
medium consisted of high glucose DMEM supmeated with ITS + premix

O0c PHNLORKIA Y S L Y drdif (ANATY & &F & ININELFSElenowisd acjol;> 3
pdo/mbEAY 2t SA O /InlQAZRAA YD H{ pSNRZY /mLiL-Profidel y O >
p n Anl Ascorbate2-phosphate, 1mM Sodium Pyruvate, 1061 Penicillin,
100mgmL Streptomycin and 100nM Dexamethasone. The MSCs were centrifuged
again at 100g for 5mins and incubated at 37°C, 5% €f@tive humidity with their

caps loosened to allow for gas exchange. Medium was changed 3 times weekly. Cell
pellets were maintained for 21 days before harvesting. For histology, 1 control and
1 test pellet were used. The remaining 3 of each were usedifoethylmehylene

blue OMMB) and Picogreen assayBata for control samples is not presented in
this thesis as no spontaneous chondrogenesis in any cell groups was observed for

Safranin O staining or sGAG measurement.

2.9.1 Dimethylmethylene Blue (DMMB) Analysis
DMMB assay was carried out to quantify levels of sulphated GAG content per
chondrogenic pellet. Pellets were washed twice HPBS before being digested in

papain slution. To digest pelletsl mg of papain powder was weigth and
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dissolved in 10mbf DMMBdilution buffer (50nM sodium phosphate, 2mM EDTA,
2mM-acetyl cysteine, pH 6.5). 25(of papain solution was added to 9.75 ml of
dilution buffer; 200> [of the diluted papain was added to the each tube and then
left to digest overnight at 60°C. Samples were vortexed and chondi®gulfate
(G6-S) stock solution was prepared ranging from 6@gg to be used as standards.
To 10nk solution buffer 4 mg ofG6-S was added and vortexed. Later, #0[@f
stock was added to 1.6 ml of dilution buffer in order to getgtnL G6-S working
stock to prepare standards. To the flat bottomed\®@6ll plate 25> [of appropriate
standard or sample was added in triplicatken 75> [of dilution buffer along with
200> [of DMMB stock solution (16mg of DMMB dissolved in 5mL of 100% ethanol
supplemented with 2.73g NaCl, 3.04g glycine and 0.69mL of concentrated HCL
(11.6M) in astilled water adjusted to pH 3he final solutionwas brought to 1L)
was added to each welbhbsorbance wasead on a Perkin Elmer Victor 1420 plate

reader at 595nm within 5mins.

2.9.2 PicoGreen Assay

DNA content was assessed using the Qd@rRicogreen dsDNA assay kit (Molecular
Probes) to measure DN#ontent per chondrogenipellet to control for variations
Ay OSff ydzyoSNX» wSIk3ISyida 6SNB LINBLI NBR
From 20x stock solution provided in the QuantKit, 1XTE solution was prepared
(for each sample 1.2 ml of 1XTE dndall standards 6 ml of 1XTE needed). Solution
was vortexed and further dilution of PicoGreen solution was performed-{@@0
dilution of dimethyl sulfoxide stock in 1xTHEhe dluted solution was mixed again
and DNA stock was diluted; 2Jof it was alded to 980 [1xTE to get a DNA
working stock witha concentration of 800ngnL. Samples werethen diluted 1:20
(20> [of sample and 388 [of 1xXTE). To the flat bottomed 9&ell black plate
100> [of the appropriate standards and samples were added to bewess in
triplicate. 100> [of PicoGreen solution was added per well and incubated at room
temperature for 3nin in the dark. Reading absorbance was set at 538nm on a

Perkin Elmer Victor 1420 fluorescent plate reader.

2.9.3 Safranin O Staining
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After 21 days bchondrogenic differentiation, pellets were washed twice in PBS
before being fixed in 10% neutral buffered formalin for 30mins. The pellets were
stained with a drop of eosin to allow easier visualisation later. Pellets were then
wrapped in Whatman filtepaper and soaked in 10% formalin. Pellets in Whatman
paper were then carefully placed in a histology cassette and transferred to the Leica
ASP300S automatic tissue processor. During processing withinableime, pellets

were dehydratedand soaked in paréih wax in preparation of sectioning (cycles of
70%, 95%, 100% IMS, xylene and paraffin wax). Next, pellets were removed from
cassettes and carefully transferred to plastic moulds and submerged in paraffin wax
using the Leica EG1150H heated paraffin emieedEmbedded pellets were then
cooled to allow wax to set using the Leica EG1150C cold plate. Using a Leica
RM2235 microtome, pellets were cut to a thickness of 5um and mounted on
SuperFrost Plus microscopic slides. Slides were then incubated for 1hrr@t 60

Mounted sections were stored at room temperature prior to being stained.

Slides were then deparaffinised and rehydrated as follows; 100% xylene for 5mins
X2, 100% IMS for 2mins x2, 95% IMS for 1min, 70% IMS for 1min. Slides were then
rinsed in distilled water for 1min. Samples were then stained in 0.02% Fast Green
FCF for 4mingo stain cell cytoplasm and then in 1% acetic acid for 3sec. Slides
were then incubated in 0.1% Safrartih for 6mins. The sections were then
dehydrated using increasing alcohol concentrations (95% for 1min, 100% for 2mins
x2) followed by clearing in xylertwice for 2mins. Slides were mounted in DPX and

a coverslip applied. Slides were then left to dry overnight before imaging using

Olympus CKX41 microscope.

2.9.41n situchondrogenesis on Xuri waffle and Safranin O staining

To perform chondrogenidifferentiation of MSCs directly on GE waffles, 4 waffles
were harvested fronthe bioreactor at random and transferred by their attachment

to a serological pipette to a-@vell plate containing BPBS. Cells were rinsed in D
PBS for 5mins before being traesied using a sterile forceps to a -9&ll plate
containing 250uL of complete chondrogenic medium. One disk was added per well.

Similarly control wells were also set up but placed in standard SC MSC medium.

Page41



Chapter Two

Assays were performed fahe same duration as andard adipogenic assays and

subsequent analysis was also performed as outlined in section-2.9.1

HOmAn {FFNFYAY h adGFAYyAy3a 2F - dzZNAu W2 | 7
For Safranin O staining, waffles were fixed in 10% neutral buffered formalin for 1hr

and rinsed twice in IPBS. These waffles were not histologically processed as

described above as samples could not be cut usiregmicrotome. Waffles were

directly stained using Safranin O protocol (2.9.3) with the removal of xylene steps.

2.11 Surface Marker Expression Analysis

Flow cytometry analysis of MSCs was carried out to assess their expression of
various MSC markers while being negative for expression of markers of other cell
types found in bone marrow, namely haematopoietic cell markers. To prepare cells
for flow cytomety analysis, MSCs were disassociated from tissue culture plastic as
described previously. Cells were centrifuged at 400g for 5mins before being
resuspended in FACS buffer (2% FBSRBS). Cells were resuspended and blocked
at 1x16 celldmL in 2% mouseerum for 1h in FACS buffer at 4°C to prevent-non
specific binding during antibody staining. Cells were then centrifuged and
resuspended at 1xfOcelldmL in FACS buffer and 100uL of cell suspension was
transferred into 14 wells of a 9&ell +bottom plate. Various antibodies were

added according to figure 2.1;
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Expressed| Expression Catalogue | Volume/100puL
Antibody Supplier

by Required No. FACS Buffer
CD105 MSCs X g pi’z| Invitrogen | MHCD10504 2uL
CD73 MSCs X b pi2 BD 550257 4uL
CD90 MSCs Xt pi3 BD 555596 2uL
CD14 | Monocytes Kp:iz AbD MCA1568 2uL
CD19 B cells Kpss BD 555413 4uL
CD3 T cells s BD 552127 4uL
CD34 HSCs Kpss BD 555822 4uL
CD45 Leukocytes Kpss BD 555483 4uL
IgG1l,2a | Controls Xps BD 554680 4uL
HLADR B cells Xpao Invitrogen| MHCDRO04 2uL
1gG2b Controls Kpas Invitrogen| MG2B04 4uL
CDh271 MSCs Undefined| Miltenyi | 120-002-227 2uL
CD146 MSCs | Undefined BD 550315 2uL

Table2.11: Antibody details for MSC surface marker expression

2.12 Immunogenicity/Immunosuppression Assays

To assess the immunosuppressive and immunogenic potential of MSCs, MSCs were
harvested and caultured with human peripheral blood mononuclear cells (PBMCs)

in lymphocyte proliferation medium. Lymphocyte proliferation medium consists of

RPMI (Gibco) suppteented with 10% FBS, 1% Pen/strep, 2mMlutamine,

0.1mM nonessential

amino acids,

1mM sodium pyruvate and 55uM

mercaptoethanol. For assays, 100,000 PBME=® co-cultured with various ratios

of MSC PBMGrom 1:5¢ 1:100.
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2.12.1 Preparation of MSCs

MSCs were trypsinised as described above and resuspended in MSC medium. Cells
were then washed in PBS and resuspended with the required number of cells in a
final volume of 50uL medium. MSCs were then seeded in triplicate iriwed6U-

bottom plates.

2.12.2 Isolation and Preparation of Peripheral Blood Mononuclear Cells

20-25mLs of blood was collected from healthy donors into EBda&ed tubes and
stored at room temperature until ready for processing. Blood from all tubes was
pooled into a 50mL tube andilume was recorded. Blood was then diluted 1:1 in
D-PBS. To 15mL tubes, 2.5mL of Featjue was added carefully without creating
bubbles. To each of these tubes, approximately 8mL of blood was gently added by
allowing the blood to run down the side of @éhtube slowly to not disturb the
underlying ficollpaque. Samples were then centrifuged at 700g for 25mins without
the brakes on. The lymphocyte/mononuclear cell layer was gently removed from
the tubes and pooled in a 50mL tube. Sample was washed twibe2@mL of PBS

and centrifuged at 300g for 5mins. Cells were then resuspended in 0.1% BSA
solution. Cell count was performed and the required number of cells was
transferred to a 15mL tube for carboxyfluorescein succinimidyl ester (CFSE)
staining. A sampl of cells was also taken to be used as a control without CFSE
staining for establishing flow cytometry gating. Cells for CFSE staining were
centrifuged and resuspended in 0.186vine serum albuminBSA solution in D-

PBS. 10puM of CFSE was added to cepesusions. Cells are then incubated in the
dark at 37°C for 6mins. The staining process was stopped by adding 5mL of ice cold
T-cell medium(RPMI 1640, 10% FBS, 1% Pen/Strep, 2rgMtamine, 0.1mM Non
essential amino acids, 1ImM sodium pyruvate, 55jMnercaptoethanol) and
centrifuged at 300g for 5mins. A wash step was carried out 3 timescahsl
resuspended at 4xfaelldmL in T-cell medium. 50pL of stainedcElls were then

added to each well of the bottomed plate containing MSCs.
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2.12.3 Preparatio of T-cell stimulant

Immunosuppression and immunogenicity assays were set up in a similar manner
except for the inclusion of -Gell proliferation stimulant. Immunogenicity assays
were not exposed to a-Gell proliferation stimulant whereas in immunosuppgston
assays the cultures were exposed to CB® 555336)and CD8(BD 555725)
antibodies at 0.05ug and 10frglL, respectively. The d&red volume of antibodies
was prepared irbOuL with Fcell medium per welto be tested bringinghe final
volume of well to 150ulwith the addition of 50uL of lymphocytes and 50uL of
MSCs Similarly for immunogenicity assays, 50uL -6l medium was added to
each well without antibodies to a final volume of 150uL. As a positive proliferation
control, CFSistained lymphocytes alone with antibody stimulation were used. As a
negative control, CF&fained lymphocytes alone without antibody stimulation
were used. CFS8ihstained lymphocytes with and without antibody stimulation
were also used as gating doois. The plate was incubated for 4 days for the
immunosuppression assay or 5 days for the immunogenicity assay at53%°CQ

relative humidity in a cell culture incubator.

2.12.4 CD4 Staining and Flow Cytometry Preparation

At 4 or 5 days, depending dhe assay, the plate was removed from the incubator

and centrifuged at 300g for 5Smins. The supernatant was removed and collected in a
fresh 96well bottom plate to be stored at80°C for ELISA analysis if desired. Cells
were resuspended in 200uL of FAG&dr and transferred to a 98vell \tbottom

plate. Cells were centrifuged as above and resuspended in 200uL FACS buffer. This
wash step was repeated twice more. Cells were subsequently incubated with CD4
PECy7 at 4°C for 385mins in the dark. Samples veewashed as described above

and resuspended in 200uL of FACS buffer. Samples were transferred to FACS tubes
and analysed oaBD FACS Canto.

2.131In vitro Assessment of Angiogenesis by Matrigel assay
To assess the ability of MSCs to induce neovascularsatvitro, MSC conditioned
media was cecultured with human umbilical vein epithelial cord (HUVEC) cells on

Matrigel. The formation of tubules was observed and tubule number was counted.
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As MSCs were cultured in various media, controlling the effethebasal media

itself was accounted for. To achieve this, MSCs were seeded in a T175 flask in
25mLs of medium and fed every other day as described above. When cells reached
50% confluency, a full medium change was performed and replaced with 20mLs of
fresh medium. Cells were left for 3 days and medium was collected and centrifuged
at 400g for 5mins to pellet any cell debris. Collected medium was stored in 1mL
aliquots and stored at80°C until use. At the same time, basal medium was also
placed in a flaskor 3 days and collected as a medium control. This was done for all
the various media used throughout the study. To perform the assay, 120uL of
Matrigel was coated onto wells of a 4@&ll plate, being careful to prevent bubble
formation. To these, 2.5xfMHUVEC cells in 250pL of HUVEC medium and 250pL of
test medium was added to the wells. Cells were incubated at 37°C, 5%08%
relative humidity for 18hrs. Plates were imagedngsthe GE Cytell system which
imaged 5 random fields/well. Wells were seeded technical triplicate with 3
biological replicates. Tubule numbers were counted and normalised to the basal

medium of the respective cells and expressed as a fold change.

2.14 Preparation of Cell Implants for Ectopic Analysis of Bone Forming

Ability of MSCs in Mice

To assess the borerming ability of MSCs, cells were loaded ohyaroxyapatite:
tricalcium phosphate (HA:TCP constructs in fibrin gel and implanted
subcutaneously into the backs of immunodeficier8 6veek old female CD1 nude
mice (CDFxn1", Charles River Laboratories). Clinically approved W&P
granules; macro and microporous biphasic calcium phosphate (MBCP+) were
sourced from Biomatlante (Nantes, Fran¢®iramond et al., 2014)The ratio of
HA:TCP was 20:80 and particle sizes ranged from 0.5mmmnio. Particles were
aliquoted as 50mg fractions in 1.8mL cryovials (Nunc). Following enumeration,
2x10 cells were resuspended in 400pL culture medium and added to the cryovials
containing MBCP+ granules. Cells were incubated with the granules for 90mins at
37°C, with gentle rotation at 15min intervals to mix cells and granules together. The

supernatant was aspirated and cell counts were performed to assess loading
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efficiency. To encapsulate the cells with the granules, a two component fibrin
&SIt yi[ ee® a8 SHEGSNE nnnnnpmy 61 & dzaSRO®
thawed in a 37°C water bath for 5mins before being transferred aseptically to a cell
culture hood. The Tyseel components were transferred from the dual syringe as
supplied to 2 cryovials. To theellBMCP+ granule mix, 25uL of component A
(Fibrinogen: 7200mgmL, Aprotinin: 3000KIWNL) were pipetted and mixed with
granules and cells gently. Following this, 25uL of component B (Thrombin: 5001U,
Calcium chloride: 40pumhL) were slowly added to thegranules while slowly
rotating the pipette tip in constantly expanding circles to form a 3D sphere of
granules and cells as the components begin to crosslink. The samples were left for
1hr prior to surgery to allow crosslinking to comple@ell construct were allowed

to set foran additionallhr prior to implantation at RT.

2.14.1 Assessment of Viability and Loading Efficiency of MSCs in MBCP/Tyseel
Constructs

To determine the viability of MSCs loaded onto Tyseel/MBCP+ constructs, cell
loaded constructsvere prepared and allowed to set fdhr as outlined in section
2.14.Subsequently, these constructs were placed in 1mL of either SF or SC medium
for 48hrs. Medium was removed and cells were placed in 1mL of fresh medium
containing 10% celltitre blue (C)JTBPromega G8080) for 4hrs. CTB solution was
removed and centrifuged at 400xg for 5mins to remove any debris. 100uL of
solution was added to 9@ell plate in triplicate and absorbance was read at 560nm
and 600nm, subtracting the 600nm reading from 560nmadiag ona Perkin Ener

plate reader. Metabolic activity was compared to dedle constructs andn equal
number of MSCs not loaded into constructs but allowed to form a 3D pellet in equal

volumes of medium.

2.14.2 Preparation of Cell Implants for Orthapic Analysis of Bone Forming

Ability of MSCs in Rats

For preparation of cell implants for the orthotopic rat study, the process as
described above was used. Howevargylindrical shape was formed fit into the
bone defect as described below. Afterditibn of both components of Tyseel Lyo,

constructs were shaped with a pipette as described above. The internal tubing from
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a BD FACS Canto cell somgth internal diameter of approximately 3nmas cut

into 5mm long sections and a longitudinal cut wasd@an one side (Figure 2.2).
The tubing was held open with a forceps at a fixed position. Constructs were
transferred to the tubing and forceps removed to allow the tubing to close around
the construct to create the cylindrical shape. Implants were lefséb in tubing

until ready for implantation into the animé#br 1-3hr at RT

5mm FACS HA: TCRibrin loading Crosslinked implant

tubing with slit through slit and implant ready for implantation
shaping

Figure 214.2 Preparation of MS@IBCP constructs forin vivoimplantation into
rat femur

2.14.3 Subcutaneous implantation of constructs

Subcutaneous assays were performed on immunodeficieBtvdeek old female

CD1 nudamice (CD#Foxnl", Charles River Laboratories). Mice were anesthetized
by intraperitoneal injection of xylazine (0.005mL/g) per 20g mouse and ketamine
(0.01 mL/g). A 1cm incision was created on the dorsal surface of each mouse at
each location for implaration, 5 in total. A subcutaneous cavity was created using
blunt dissection and a construct was placed in each cavity and cavity was sutured
closed. Animals were recovered and monitored for 8 weeks at which point
euthanasia via COnhalation was carried @ and cervical dislocation to confirm.

Implants were retrieved and fixed as described below.
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2.15 Fixation and Decalcification of Cell Implants from Mouse Ectopic

Bone Formation Assay

In vivobone samples underwent fixation in 10% formalin avete decactified prior

G2 aSOUA2yAy3a IyR adlAyAy3d 6A0GK al ff2NBC
were placed in 15mL tubes containing 5mL of 10% neutral buffered formalin for 2
days before being gently washed with PBS. Samples were decalcified in Surgipath
Decalcifier Il solution for approximately two weeks. Samples were submerged in 5
times their own volume in decalcifier solution as per supplier protocols and gently
rocked at 4°C, changing decalcifier solution every other day. Samples were deemed
to be dealcified after 2 consecutive days of negative results for calcium analysis. To
carry out this, 5% stock solutions of ammonium oxalate and ammonium hydroxide
were prepared in distilled water. To determine if decalcification was completed,
500uL of decalcitation solution from the samples was taken and transferred to a
fresh 15mL tube. 1mL of a 1:1 working solution of 5% ammonium hydroxide and 5%
ammonium oxalate was added to the solution. Samples were left overnight at room
temperature and residual calciurwas identified as a white precipitate in the

solution.

2.16 Fixation and Decalcification and Histological Preparation of Cell

Implants from Rat Femur CSD Model

At the 8week endpoint of the study, animals were culled by, @®alation and
cervical dislocton. The entire right femur was excised, being careful not to
damage defect region during necropsy. Excised samples were fixed in 100% ethanol
prior to decalcification. To decalcify samples, 10% EDTA (pH7.0) w/v was used for
14 days. The defect region wascut away fromthe implant and screws using

scalpel blade and prepared fissue processing as described in section 2.16.

2.17 Histological Preparation of Transplants
Transplants were wax embedded and subsequently sectioned at a thickness of 5um
usingthe Leica RM2235 microtome, mounted on SuperFrost Plus slides (Gerhard

Menzel) and then incubated in a 60°C for at leasthis. During sectioning of
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implants, regions of calcified tissue persisted whictmibited sectioning. To
overcome this, mounted seicins were placed in decalcifier Il solution feB&ins
and placed on ice block for 1mimefore fctioning resumed. Mounted sections

were then stored at room temperature prior to staining.

HoMy alff2NEQa ¢NRAOKNRYS {UFAYy 3 {O2NJ
The sections were depdifaised in xylene (2 x 2mins) and rehydrated in ethanol

(100%, 100%, 95%, 70%, 2mins sequentially) followed by rinsing the samples in

water for 2mins. Slides were then placed in#&S | § SR . 2dzZAy Qa a2ft dziA 2y
Aldrich) at 60°C for 1hr and washed in tapter until the majority of the yellow

colour was gone. Slides were then dried in the microwave for 2mins on high.

Subsequently, slides were placed in Acid Fuchsin solution (0.125% w/v acid fuchsin,

0.5% acetic acid v/v in water) for 1.5mins before bepigced in Aniline Blue

Orange G stain solution (1% phototungstic acid w/v, 2% Orange G w/v, Aniline blue

0.5% w/v in water) for 30mins. Samples were rinsed in tap water and dehydrated

through graded ethanol for 2mins each (95%, 95%, 100%, 100%). Slidethemr

placed in two fresh xylene steps for 2mins before being mounted wdistgrene

plasticizer/xylene DPX. Slides were scored for presence of bone, cartilage and

bone marrow from &4 with O indicating respective tissue ir20% of implant up to

4 indcating tissue in 8100% of tissue. Scoring was performed blinded by 3

persons scoring 3 slides from each implant 100um apart. Three biological MSC

donors were implanted into 3 animals (technical replicates). All were scored

indicating 81 slides were saad per group.

2.19 Preparation of Immunosuppression cocktail of FK506 and
SEW2871

An immunosuppression cocktail of FK506 (tacrolimus) and SEW2871 was prepared
sterilely to be administered to animals. 100mg of FK506 (Cayman Chemical
10007965) was reconstited by adding 1.5mL of molecular grade ethanol to
transfer the powder to a 50mL tube. 300uL of Tween 80 was added to the solution

and mixed well by vortexing. 13.2mL ofPBS was added to the solution making
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15mLs of a 6.67mmL solution. 50mg of SEW2871 (Cayman chemical 10006440)
was prepared sterilely by transferring the powder to a sterile 50mL tube in 1.5mL of
molecular grade ethanol. 300uL of Tween 80 was added and mixed well by
vortexing. The solution was diluted in 10.7iMPBS, bringing the final volume to
15mL of a 3.33n1gL solution. Both drugs were combined and mixed thoroughly
giving a final solution of FK506 of 3.33mg and 1.67m¢mL of SEW2871. Working
aliquots were prepared and stored &80°C until use. Drugs weeglministered to
animals to give a final concentration of 1mg/kg/day of FK506 and 0.5mg/kg/day of
SEW2871 daily.

2.20 Generation of Rat Critical Size Defect (CSD) Model

A rat femoral bone defect model was used to assess the ability of MSCs to form
bonein vivo. Male Fischer rats (F344/NCRHSD) (Harlan Laboratories) between 12
16 weeks old were used for the study. To generate the defect, animals were
anaesthetized using 5% isoflurane and oxygen and then maintained at 2.5%
isoflurane during the surgery (Figu2.3). Animals received Caprofen (10mg/kg)
and Baytril (5mg/kg) from day of surgetty 3-dayspostsurgeryas analgesic and
antibiotic. Animals were singly housed in individually ventilated cages for 1 week
post-surgeryprior to being rehoused 23 rats/cage.Prior to the surgery, animals
were shaved from their right leg up to the base of the rib cage and back to the
spine. An incision was made with a scalpel along the length of the femur. The right
femur was exposed by blunt dissection and the periostemas carefully scraped
away to expose the underlying bone. A weight bearing polyetheretherketone
(PEEK) plate was held in place on the femur using two bone clamps. Mote K
screws (0.9mm diameter) were then drilled through the PEEK plate and femur
approxmately 3mm either side of the defect regioBone clamps were removed
and exposed screws were cut to be flush with the PEEK plate using bone cutters to
prevent irritation to the animal. A Gigli saw was used to cut bone to crae&®m
defect. The study adained 6 groups; empty defect (ED), a vehicle control which
was implanted with the empty MBCP+ scaffold without cells (ES), and four cell

groups; serurrcultured cells cultured in normoxia (SC), cultured in hypoxia (SCH),

Page51



Chapter Two

serumifree cultured cells culturedh normoxia (SF) and hypoxia (SFH). For the E
group, the defect was left empty as described below. For all other groups, the
scaffold was carefully fitted into the defect region and positioned using a curved
forceps placed behind the scaffold for suppa@hd a forceps to position the
scaffold. The scaffold was then held in place by sutuiexs dt either side of the
defect region in between the two screws as to avoid any movement of the sutures
which could interfere with the scaffold. The surrounding mMesweas then closed
using interrupted stitches and subcutaneous tissue was sutured to reduce strain on
skin sutures as recovered animals return to walking immediately. The skin was then
sutured using continuous internal sutures to prevent the animal opettiagvound

site during grooming. Animals were allowed to recover by removal of isoflurane and
were left on oxygen until full recovery was observed. The entire surgery was
LISNF2NYSR 2y KSFOAy3 LI Ra (2 0O2dzy i SNJ
ability to regulate body temperature. Pain relief and antibiotics were given to the
animal prior to surgery and for 3 days post operatively. As this was a xenogenic
model of bone repair transplanting human MSCs to rats, animals required
immunosuppression  daily fo first 3 weks postoperatively. An
immunosuppression cocktail was prepared as described previously and was

administered daily to the animals subcutaneously.
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- k " — . o 4 - £ //
Figure 2.3: Surgical procedure for generation of rat femoral critical size defect
model
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2.21 MicreComputed Tomography (LCT) Imaging of Bone Formation

2.21.1 pCT of Mouse Constrtsc
Bone formation in subcutaneous implants was assessed at etinek 8week study.

Samples were harvested and fixed asctébed above. uCT analysis vpasformed

using a Scanco medical-eixo CT 100 (Scancon Medical, Bassersdorf, Switzerland).
Nine constructs were analysed for the experimental groups loaded with MSCs. Four
constructs were analysed for the control group®r calculating bone volume per
tissue volume (BV/TV) to be possible, it was necessary to gate out the HA/TCP
particles (MBCP+) used in this model which have a density similar to bone. To
achieve this, only tissue in a density region of8@0 native file units which
corresponds to a rargyof-86.0¢ 32.6 mg hydroxyapatite/cfassessed. This region
identifies new bone but excludes denser objects including the MBCP+ particles and
the metallic screws. 3D scans were generated to visualise mineral deposition

within the defect region.

2.21.2 |CT Rat Femur CSD
Bone formation was assessed at 4 and 8 weeks by uCT using a Scanco Medical

40uCT system (Scanco Medical, Bassersdorf, Switzerland), evaluating with a 70kVp
x-ray source at 110pA. Six constructs were analysed per experimental group. Scans
were performed at medium resolution with a voxel size of 19um. Typically 211
slices were taken over 6.5mins. The defect region was selected as the region
between the inner screws, excluding the screws themselves, to reduce variation in

samples.

2.22 Phot@coustic Imaging of Blood Vessel Infiltration of Rat Femur
CSD

Photoacoustic (PA) and ultrasound (US) images were acquired after 4 and 8 weeks
of surgery (Figure 2.4). The rat was anesthetized using 5% isoflurane gas and the
anaesthesia was maintained with 2% isoflurane thereafter. Before every imaging
session, the s was shaved and positioned on a flat support. The skin was
acoustically coupled to the transducer probe head through ultrasound gel and

successivén vivoPA and US images were acquired. 3D data sets were collected by
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linearly translating the transducgmwith integrated optical fibres) with a stepper

motor over a region of interest, while capturing each 2D image of the 3D stack.
Multi-wavelength PA images were acquired at 690 to 970 nm wavelengths. An
experimental set up used for PA/US imaging in thislgtis shown in Figure 2.4. An
integrated PA/US imaging system (Vevo LAZR, Fujiflm VisualSonics) was operated
with a 21 MHz ¢entre frequency) lineafarray transducer probe. The transducer

probe consisted of 256 elements, divided in 4 quadrants each @dtlelements.

¢KS WM all GNIyYyaRdzOSNI LINBG6S LINRPDARSR |y
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Figure2.22 Experimental setup for PA imaging of rat defe¢A) Schematic of the
combined PA and US imaging system using@l MHz frguency lineaaarray
transducer probe (B) Experimental set up used for the assessment of reparative
ability of MSCs in &at critical sizebone repairdefect model.

2.23 Blood Vessel Staining using Ulex Europaeus AgglutininL)EA
UEAL was used to staibblood vessels as it binds to the sugaiutose found on
endothelial cells. Lectin binding buffer (10x solution) was prepared by dissolving
23.83g of4-(2-hydroxyethyl)1-piperazineethanesulfonic aci(HEPES 87.66g of
sodium chloride (NaCl), 12.5mg afjnesium chloride (Mg§land 11.1mg of
calcium chloride (Cagylto 800mL ofdistilled deionised watefddH.0). The pH of
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the solution was then adjusted to 7.5 with sodium hydroxide (NaOH). The final
volume was brought to 1L and stored at RT until use. dt@ning, slides were
deparaffinised in 2 changes of xylene (15mins each) and rehydrated through graded
alcohols for 2mins each (100%, 100%, 95%, 70%, 50%). Slides were then incubated
in lectin buffer for 2mins prior to being incubated in lectin buffentaning FBS for
30mins. Slides were then washed in two changes of lectin buffer for 2mins each and
incubated for 1hr in lectin stain in the dark. Lectin stain was prepared by diluting
UEAL 1:500 in lectin buffer containing 5% FBS. Slides were then waisieadjh 3
changes of lectin buffer for 5mins each. Samples were mountedrwi{deamidino
2-phenylindole (DAP) and coverslip added. Slides were viewed using TiRITC
filter on a Leica upright brightfieldmicroscope. As a negative staining control,
100mM of L-fucose was incubated with the lectin solution for 1hr in the dark at RT

prior to being added to control slide.

HOPHN az2@l0Qa tSyildlFOKNRYS &adlrAyAay3
The sections were deparaffinised in xylene (2 x 5mins) and rehydrated in ethanol
(100%, 100%, 95%, 70%min sequentially) followed by rinsing the samples in
deionised water for Imin{ dzo a SljdzSy it & GKS aft ARS& ¢SNB
elastic stain for 15 minutes and rinsed with deionised water for 2 minutes directly
after. The slides were then placed 2% ferric chloride for 1 minute, rinsed with
distilled water for 2 minutes and placed in 5% sodium thiosulfate solution for 1
minute. Immediately after, the slides were rinsed with running distilled water for 2
minutes before being placed in 3% acetiaddor 3 minutes. Following this step the
slides were inserted into the 1% Alcian blue solution for 15 minutes, removed and
rinsed under warm, running water for 2 minutes and then placed in crocein scarlet
acid fuchsin for 2 minutes. The slides were dipped % acetic acid 5 times and
placed in 5% phosphotungstic acid for 2 minutes. The sections were then checked
under the microscope to check there is differentiation in the connective tissues.
When satisfied with the appearance the slides were dipped inat&gic acid a
further 5 times followed by 2 x 1mins in fresh 100 % EtOH. The slides were added to

alcoholic saffron solution for 15 mins and washed again for 2 x 1min in 100% EtOH.
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In the fume hood the slides were placed in 100% xylene solution for @ixidtes

before mounting with DPX.

2.25 statistical analysis

5Fa1 glra FaasSaaSR F2N y 2 NMWedrson RPm@EblisNA 6 dzii A 2 Y
normality test. Due to low number of biological replicates (n=3) typically, normality

could not be determined. Specific statistics is listed in figure legend for each data

set. Typtally data was analysed as parametric using eitherwag or twoway

ANOVA with Bonferromiost-test.

Statistical significance was considered a005. Statistical analysis was carried out
using GraphPdtPrism Version 5 (GraphPad Software, CA, USA) and
Microsoft®Excel 2010 (Microsoft Corporation, Washington, USA).
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Chapter Three

3.1 Introduction

The najority of early work on developinm vitro culture conditions of cells has
focused primarily on nutrients, pH and growth factors. This has resulted in a wide
variety of media formulations and supplements with varying degrees of success for
culture of sten cells. More recently, oxygen tension has also been recognized as an
essential component of culture conditions for céfehrer et al., 2007, Meyer et al.,
2010, Sheehy et al., 2012Historically, with oxygen tension for cell culture
receiving little attention, atmospheric or ambient oxygen leweése primarily used
(Shooter and Gey, 19%2To a large extent this continues to be the standard oxygen
tension for the expansion of the majority of mammalian cells including MSCs. In
contrast, the majority of stem cella vivoexist in far lower oxygen tensions. Lower
oxygen tension in tissige such as bone marrow-826), known to harbour stem
cells raised the question as to whether or not these lower oxygen tensions were
essential for the maintenance of stem cells. Stem cells exist in a specific niche which
conventionally refers to an anatowral location. This definition has been expanded
to incorporate physical, chemical and hormonal cues which regulate stem cell
biology (Mohyeldin et al., 2010)Oxygen tension measured in atmospheric air is
21% or 160mm Hg. As this air is inhaled, the partial pressure oxygen (pO2)
decreases and by the time it reaches organs and tissues has reduce@Ptop®?2

or 1465 nm Hg. This oxygen level is a dramatic reduction on the oxygen tension
which classically has been identified as normoxic (21%). Ironiced8f BO2, the
OSttaQ y2NY2EAIY KIFIa 0SSy NBLER2NISR | &
in mind a number bstudies have been carried out which report that altering of
oxygen tension during culture of MSCs does alter the phenotype of these cells.
Numerous studies have reported an effect of oxygen tension on growtlinéage
differentiation potential and prduction of cytokines. However, these studies have
generated conflicting data regarding the effect of hypoxia on #8&hough some

of this can be attributed to experimental conditions, there are still discrepancies.
This also has implications for the tlageutic potential of MSCs. For example, bone
fracture sites and cartilage are hypoxic by nature and also have limited

vascularisationLu et al., 2008)MSCs, grown at 21% pO2, transplanted into this
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environment may undergo a stress response which could alter their survival and

therapeutic efficacy.

One area where there appears to be consenisube effect of low oxygen levels or
hypoxia on MSC proliferatiofKakudo et al., 2015, lida et al., 2010, Grayson et al.,
2007h, Fotia et al., 2015 one study that assessed the long term effednofitro
culture of MS& in hypoxia,the cellswere cultured for seven passages in either
hypoxia or normoxia and a d0Id increase in cell yield was observed in the former.
This increase in pliferation of cells in hypoxiappeared to be due to cells in
normoxia, or 21% oxygen, undergoing oxidative strekas limiting their
proliferation (Estrada et al., 2012)n this same study, cells cultured at normoxia
underwent increased telomere shortening and thus a reduced lifespan. This effect
was mirrored in a similar stydcomparing hypoxia (5%) witlormoxiacultured
MSCs, which showed that hyposaaltured cells were genetically more stable in an
undifferentiated state and again underwent a significant increase in proliferation.
In a contrasting study, culture of ceils 1% Q underwent reduced proliferation
compared to cells in 21%,(Holzwarth et al., 2010aBased on literature regarding
oxygen tension in bone marrow and culture, the range of hypoxia which seems to
demonstrate a preproliferative effect is between-Z% with oxygen tension below
this having an inhibitory effect. Moreover, no studies have besported looking at

O, levels between 221% to assess whethe switch from hypoxia to normoxia
occurs or rather whether increasing oxygen tension has a gradient effemtSiDs
(Liu et al., 2015, Tsai et.,a2012, Holzwarth et al., 2010a, Kakudo et al., 2015, lida
et al., 2010, Grayson et al., 2007b, Fotia et al., 2015)

In addition to the effect of hypoxia on proliferation of MSCs, a number of studies
have reported an effect of hypoxian tri-lineage differentiation potential of the
cells(Sheehy et al., 201R) With respect to osteogenic differentiation, the majority

of data seemdo indicate an inhibitory effecof hypoxiaon osteogenesis of bone
marrow-derived MSC¢Fehrer et al., 2007, Holzwarth et al., 2010a, Lee and Kemp,
2006) A similar effect has also been reportetth adiposederived MSCé¢Malladi

et al., 2006) In these studies, when compared to the samedscel normoxia, a

reduction in a number of markers of osteogenesis was reported, including reduced
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alkaline phosphataseroduction and mineralisation ability in combination with a
reduction in osteogenic genes such Rsntrelated transcription factor 2Runx2

and OsteocalcirfFehrer et al., 2007, Holzwarth et al., 2010a, Lee and Kemp, 2006)
(Malladi et al., 2006)A mechanism for the down regulation of Runx2 has been
associated with theHIFTWIST(Hypoxia inducible factefwist related protein)
pathway (Yang et al., 2011)n contrast to these studies, osteogenesis has been
shown to be enhanced in hypoxia (2%) Quith increased Runx2 expression
(Valorani et al., 2012)This éta was also replicated in a second study using a
hypoxia mimicking agent desferrioxamine, an iron chelator that enhance4HIF
accumulation(Wagegg et al., 20125ome of this conflicting data can be explained
by timing of the use of hypoxia. Some studies maintain the cells in hypoxia entirely
for both proliferation and differentiation whereas other studies culture the cells in
either hypoxia or normoxia for proliferation and then switch the oxygen tension for
differentiation. This effect has been observed in adipdseved MSCs when pre
cultured in hypaia and differentiated in normoxi@/alorani et al., 2012)n these
studies hypoxia is reported to increase osteogenesis. However, it is likely that
hypoxia priming of cells during proliferation before diffet@tion may have been

the inducer of the increased osteogenesis in this st(Mglorani et al., 2012)This

may highlight an anomaly in reporting on the effect of hypoxia in the literature.

Hypoxia also appearto have an effect on MSC adipogenic differentiation.
However, the same issues remain in reporting on how hypoxia was used during
these experiments. In studies directly comparing MSCs cultured and differentiated
in either hypoxia (H%) or normoxia (121%), the overall data reports an
inhibition in adipogenesis of cells cultured in hypofdaou et al., 2005Kimilar to
osteogenesis, the mechanism through which this effect is mediated appears to be
through the HIFLh pathway, but throgh the interplay of HHEh and DEC1/Stral3,

a member of the drosophila hairy/Enhancer of split transcription repressor family,
which inhibits peroxisome proliferato@activated receptor gammat t ! W‘aH
transcriptional enhancer of adipogenegigun et al., 2002)In mouse embryonic
fibroblasts deficient in HHE" , hypoxiamediated inhibition of adipogenesis was not

observed (Yun et al., 2002) Hypoxiainduced inhibition of MSC adipogenic
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differentiation may not be surprising, particularly in adipaterived MSCs; these
cellsin their natural physiological niche, adipose tissue, are exposed to an oxygen
level of less than 3% and in this niche, MSCs reside in an undifferentiated state
(Valorani et al., 2012, Chung et al., 2009)milar to studies of osteogenesis,
defining hypoxia is necessary for consistency in the literature. Hypoxia of between
2-5%(Yun et al., 20023ppears to inhibit adipogenesis. Conversely, wherée@els
below 2% are used, an increase in adipogenesis of hypoxia cultured cells may be
seen(Fink et al., 2004)This &ect was also observed in extreme hypoxia (0.2% O
where bone marrow MSCs underwent increased adipogenesis and expression of
adipocytespecific genes such as lipoprotein lipase (LPL), complement factor D
(CFED), and hypoxiaducible gene2 (HIG2). A l&c of standardisation in
experimental design between studies hagain resulted in conflicting data

regarding the effect of hypoxia on adipogenesis.

In addition to the general consensus that hypoxia increases MSC proliferation,
there is also general agreemt in the literature that hypoxia increases
chondrogenesis(Khan et al., 2007b)In a study comparing cells cultured in
normoxia (21% &) and hypoxia (3% Aand then differentiated in both conditions,

the oxygen levels during culture appeared to have a greater effect on
chondrogenesis than the oxygen levels during chondrogenic differentiation
(Adesida et al., 2012)n this instance, hypoxeultured cells underwent increased
chordrogenesis compared to normoxaultured cells after 21 day pellet culture as
assessed by sGAG levels and Safranin O staining. This was independent of oxygen
levels during chondrogenesigurthermore these data were complimented by
increased MRNA levels of chondrogenesisociated genegggrecan Gollagen I

and Sx9 (Adesda et al., 2012) This increased chondrogenic potential of MSCs
isolated in hypoxia may be due to the early selection of a chondroprogenitor
subpopulation of MSCs. Adipederived MSCs isolated in hypoxia had reduced
matrix metalloproteinase synthesiand reduced osteogenic potentigKu et al.,
2007) In this study, reoxygenation of MSCs by culturing them in 21%R*& Ry Q
recover the osteogenic phenotype indiaagi that isolation and culture of cells in

hypoxia may select a different subpopulation of MSCs, in this case a
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chondroprogenitomwith increased chondrogenic potentiel maintained This study

is contradicted in a second study where the transcriptional firoof MSCs
preconditioned in either hypoxia or normoxia prior to chondrogenesis was analysed
using a microarray. Here hypoxic prenditioning had no effect on subsequent
chondrogenesisassaysperformed in normoxia. Similar to previous studies the
trangtion to normoxia resulted in increased proliferation and also a reduction in
apoptosis which may be due to a reduction in oxidative stress experienced by the
cells(Pilgaard et al., 2009, Estrada et al., 2012)

With these data in mind, it is reasonable to assume isolation of MSCs in varying
oxygen levels may select for different subpopulations of MSCs with altered
phenotypes. This may have far reaching implications for the field of cell therapies as
identifying the optimal culture conditions for the therapeutic target may be key to

the therapeutic efficacy of MSCs. Unanswered questions in the field include the
optimal oxy@n tension level as numerous studies vary the oxygen levels defined as

hypoxia.
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3.2 Methods

To determine the effect of hypoxia on MSCs isolated in either hypoxia (2% O
normoxia (21% ¢), human bone marrow was obtained from healthy donors as
outlined in section 2.1 and MSCs were isolated in either serantaining or
serumfree media. These cells were incubated in hypoxia (2@normoxia (21%

O,) for three passages (section 2.4) at which time the celineiage differentiation
potential (sections 2.72.9), preangiogenic (section 2.13) and immunosuppressive
effect (section 2.12) was assessed. Cells were also assessed for their surface marker
phenotype (section 2.11) using the ISCT panel with the addition of CD271 and
CD1l46(Sacchetti et al., 2007b, Jones et al., 2002)e immunogenicity of the cells
was also determined (section 2.12). GFdapability (section 2.3) and growth
throughout culture was also determined (Secti@rb). A schematic outline of the
experimental design is given in figure 3.2.1. No deviations from these protocols

were carried out in this chapter unless otherwise stated.
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Figure 3.2.1: Schematic representation of the approach taken foritheitro characterisation of bone marrowderived mesenchymal stem
cells isolated in serureontaining (SC) or seruifinee (SF) culture mediungpecific methods (as described in chapter@)adicated by
associated number in red.
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3.3 Results

3.3.1 Serurdree medium isolates CHt$ with distinct size and shape similar to
serum-containing isolated CHts

The serurdree (SF) medium was assess$edits ability to isolate CFt from bone
marrow in both hypoxia and normoxia. Bone marrow aspirates were obtained from
healthy donors and whole marrow was plated directly onto tissue culture plastic.
Both SF and SC media were assessed for their abilisplate CFWs from human
bone marrow in hypoxia and normoxia (Figure 3.3.1a).-fSRkkre stained with
crystal violet and imaged (Figure 3.3.1b). Quantification of crystal violet stained
colonies indicated no statistical difference in GHuwumbers ineither hypoxia or
normoxia in SF and SC groupas observed due to variation between donors.
(Figure 3.3.1c).
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Figure 3.3.1: CH{$ isolated using serunfree medium are equivalent to serum
containing medium.(A) Representative images of GiSUn 6well plates stained 10
days postisolation from bone marrow. (B) Representative images of typical colonies
observed at 4x magnification (Scale bar: 500um). Quantitative analysis ef CFU
number normalised to 1x?MNCs seeded. No statistical difference was observed in
CFUf number. Data is presented as the mean + 8B3 biological replicates
Statistical analysis performed using taway ANOVA with Bonferroni petstst.

3.3.2 Growth kinetics of SF and SC celldagel and cultured in hypoxia and
normoxia

Growth kinetics of each cultureere assessed by calculating population doublings

of cells versus days in culture based on cell yields at the end of each passage.
Growth curves indicate similar growth profiles dSCs in all condition®redicted

cell yields for four MSC donors are presented in figure2B.3These are based on
growth kinetics of MSCs in the appropriate group, assuming the entire mavasv
isolated and cultured in that conditiorData indicates SMSCs in hypoxia may
proliferate faster in hypoxia but this difference was not statistically significant due

to inter-group and interdonor variation.
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Donor 1 2 3 4

Serum 1.3E+10(9.1E+09 [2.4E+08 |3.5E+08

Serum-free |1.5E+10[1.5E+10 [6.2E+09 |[1.1E+09

Serum 7.9E+09|7.5E+09 [1.5E+09 |1.4E+09

eixodAH eIXxowloN

Serum-free |5.6E+10 (3.9E+11 [2.2E+09 [9.8E+08

Predicted Yields (30mL marrow) @ P3

Figure 3.3.2: Growth kinetics of serufree (SF) and serusoontaining (SC) isolated
cellsin normoxia (21% &) compared to hypoxia (2% (A) Representative growth
kinetics of4 biological replicates of SF and SC MSCs cultured in noremtia
hypoxia SF; serurfree normoxia, SC; seruoontaining normoxia, SFH; serdrae
hypoxia, SCHserumcontaining hypoxia(B) Predicted cell yields of 4 MSC donors
based on calculated growth curves for those donors assuming the entire marrow
was cultured in the relevant group. No statistical difference observed in predicted

cell yields using oneray ANOVA with Bonferromosttest. Inter-donor variability.

3.3.3 Serurdree isolated cells have morphology distinct from seruoontaining
isolated cells

MSC morphology was observed using microscopy. SF MSCs appear to be smaller in
size in both hypoxiaral normoxia compared to SC MSCS. The morphology of each
cell group was unaffected by culture in either hypoxia or normoxia. MSC images
were taken at passage 3. Both cells maintained the typical fibroblastic cell
morphology but were distinct from each otheCell size was assessed using the
Sceptor haneheld automated cell counter 2.0 (Millipore). Increase in cell size is
observed in SC cultured MSCs. Data presented on cell size was carried out on

normoxiacultured MSCs. Data not available for hypecudturedMSCs.
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Figure 3.3.3 Morphologyand sizeof MSCs was altered by culture of MSCs in SF
and SC medium(A) Images presented are 4x magnification images and are
representative of 4 MSC donors. Scale bar: 500i@nCell diameter of SF and SC
MSCgultured in normoxia. Increase observed in di@lineterof SC MSCs compared
to Skcultured MSCs. Statistical analysis was performed using an unpatest T
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3.3.4 Normoxia cultured cells have increased osteogepatential compared to
hypoxia cultured cells

To determinethe optimal culture conditions for MSCs to undergo osteogenic
differentiation, SF and SC isolated and cultured cells in either hypoxia or normoxia
were differentiated in osteogenic medium to asséiss optimal culture conditions

for osteogenesis. Cells were cultured in osteogenic medium for betweey Hays

and calcium deposition was assessed visually by alizarin red staining and
jdzZ yGAGI GAGSE @ dzaAy3a (GKS W{ Gdnyalizarigdred I £ OA dzy [ .
staining indicate increased calcium deposition in SC and SF cells cultured and
differentiated in normoxia in comparison to hypoxia cultured/differentiated cells
(Figure 3.3.4a). These findings were further verified by quantitative measmem

of calcium levels. Quantification of calcium levels indicated tirmatmoxiacultured

MSCs had increased calcium production which was reduced by culture of these cells
in hypoxia (Figure 3.3.4b). No statistical difference was observed between SF and

SCcells within either hypoxia or normoxia groupgegative control MSCs i.e. MSCs
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cultured in standard SC MSCs for the duration of the differentiation assay

demonstrated no spontaneous osteogenesis (data not shown).
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Figure 3.3.4: Osteogenic potential of cells was enhanced in normoxia cultured
cells and was maintained in all conditionéA) Representative alizarin red staining

of SF and SC cells in normoxia or hypoxia cultured MSCs indicate osteogenic
potential of MSCs is maintained in various culture conditions and is increased in
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normoxia compared to hypoxia. (B) Osteogenic differéintigpotential was further

assessed by quantification of calcium deposition displayed as calcium levels

represented as pg/ct These results further validated the results observed by the

alizarin red staining. Results are presented as the mean * standaration (SD) of

o0 0A2f23A0Ft NBLIX AOIFGSas FFfLYKwayANOVAF FF LK ®nrs
FYR .2y FSNNRPYAQa Yugkt AL S O2YLI NR&AZ2Yya LkRai

3.3.5 Adipogenic potential of MSCs is reduced by hypoxia and is unaffected by use
of SF or SC media

To detemine the optimal culture conditions for MSCs to undergo adipogenic
differentiation, SF and SC isolated and cultured cells in either hypoxia or normoxia
were differentiated in adipogenic medium to assess the optimal culture conditions
for adipogenesis. dslwere induced with adipogenic induction medium and fed for
approximately 15 days in altering cycles of adipogenic induction medium and
adipogenic maintenance medium. Oil red O staining of lipid vacuoles demonstrated
a significant depletion of the adipoge potential of MSCs in hypoxia in comparison
to normoxia (Figure 3.3.5a). Quantification of Oil red O staining was performed by
extraction of Oil red O staining in 99% isopropanol and measurement of the
extracted stain (Figure 3.3.5b). SF and SC ceh®rimoxia displayed equivalent
lipid accumulation indicated by Oil red O staining and quantification. This lipid
accumulation was reduced in both cell groups when cultured in hypoxia (Figure
3.3.5a &b).Negative control MSCs i.e. MSCs cultured in stan&&2dVISCs for the
duration of the differentiation assay demonstrated no spontaneous adipogenesis

(data not shown).
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Figure 3.3.5: Adipogenic potential of cells was enhanced in normoxia cultured
cells and was maintained in all condition§A) Representative Oil red O staining of

SF and SC cells in normoxia or hypoxia cultured MSCs indicates adipogenic potential
of MSCs is maintained in various culture conditions and is increased in normoxia
compared to hypoxia. (B) Adipogenic differentatpotential was further assessed

by quantification of Oil red O. These results further validated the results observed by
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the Oil red O staining. Results are presented as the mean * standard deviation (SD)
2T o0 O0A2f23A0Ff NBLIX A OdetériBitiedl usind- D¥avayn p =  F F F LIK
lbh+x! YR . 2YFSNNRYAQdestYdzf GALIX S O2YLI NRAazya

3.3.6 Chondrogenic potential of SF cultured cells is increased in hypoxia

To determine the optimal culture conditions for MSCs to undergo chondrogenic
differentiation, SFand SC isolated and cultured cells in either hypoxia or normoxia
were differentiated in chondrogenic medium supplemented with TGFRo assess

the optimal culture conditions for chondrogenesis. Cells were cultured in
chondrogenic medium for 21 days. Choogenesis was assessed histologically by
Safranin O staining (Figure 3.3.6a) and by measurement of sulfated
glycosaminoglycan (sGAG) using the DMMB assay (Figure 3.3.6b). Soh#&ied
levels were normalised to DNA content using the picogreen assay (Figusb)3 SF
cultured cells displayed increased chondrogenesis assessed hyDBXEevels in
hypoxia compared to SF cells in normoxia. No differences were observed between
SF and SC cells cultured in normoxia or hypoxia. Safranin O staining of GAG
indicatedan increase in chondrogenesis of SF and SC cells in hypoxia compared to
normoxia. This prehondrogenic effect of hypoxia was observed by the slight but
not significant increase in chondrogenesis of SC cells cultured in hypoxia compared
to normoxia and tle significant increase in GAG levels of SF cells in hypoxia
compared to normoxiaDifferences in Safranin O staining of SGAG and quantitative
SGAG levels can be accounted for due to the random selection of histological slides
for Safranin O staining anddéhnonuniform presence of sGAG in chondro pellets.
Quantitative sGAG levels measure the total SGAG levels normalised to DNA content.
Negative control MSCs i.e. MSCs cultured in ICM for the duration of the
differentiation assay demonstrated no spontaneoukordrogenesis (data not

shown).
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Figure 3.3.6Chondrogenic potential of SF cells was enhanced in hypoxia cultured
cells and was maintained in all condition§A) Representative Safranin O staining

of SF and SC cells in normoxia or hypoxia cultured MSCs indicates chondrogenic
potential of MSCs is maintained in various culture conditions and is increased in
hypoxia compared to normoxia. (B) Chondrogenic difteaBon potential was

further assessed by quantification of SGAG levels normalised to DNA content. These
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results further validated the results observed by the Safranin O staining. Results are

presented as the mean + standard deviation (SD) of 3 bioldgi®alLJ A OF 1 S& > § LIKn & s
as determined usingtwg @ ! bh+! |yR . 2YFTSNNRBYAQA Ydz GAL
test.

3.3.7 Flow cytometry evaluation of bone marroderived MSCs

As part of the criteria for defining a bone marralerived MSC according to the
ISCT(Dominici et al., 2006a)surface marker expression of MSC neaskCD105,

/' 5T0 FYR /5¢n YdzadG 0SS 20a4SNBSR |4 fS@Sta xdo
outlined in table 2.1 must be expressed on less than 2% of the cells. To robustly
assess marker expression on cells by flow cytometry, an appropriate gating strategy
mug be used. Issues that can generate false positive/negative data include high
levels of cell debris, cell clumping and insufficient antigen blocking steps. To
overcome these issues, the gating strategy outline below was used for all flow
cytometry experimats assessing surface marker expression. All antibodies used
were phycoerythrin (PE) conjugated IgG1 antibodies with the exception cDIRLA
which was a PEonjugated 1gG2b as defined in table 2.1. Cell staining protocols
used are outlined in 2.1The @ting strateqgy first separates MSCs from cell debris
and proteins which may be in staining buffer by plotting cell size (forward scatter
area. FS@\) versus cell granularity (side scatter area,-85Eollowing separation

of MSCs from debris, cell doublaisclumps need to be excluded. Cell doublets are
an issue where two or more cells are stuck together and those cells have different
expression profiles. Depending on which cell is read by the flow cytometer, this
may report both a false positive or negaiexpression of both cells for a specific
marker as it is not possible to distinguish the two cells from each other. Doublets
are excluded by plotting the cell size or area (Ry@ersus the cell diameter
(Forward scatter height, FS$@Q. Where, clumpingccurs cells will fall outside the
RSTAYSR NB3IA2Y AY FAIdz2NBE ododr W{Ay3IEtS / St i
analysis as false binding of antibodies can bind to the compromised cell membrane.
Finally expression of all antibodies was assesse@lation to expression of the

isotype control at a matched concentration to the antibody to distinguish-non
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specific binding from true antigen recognition. In all experiments, 1%t6, single

cells were assessed sample.

Scatter Gate Single Cell Gate Live Cell Gate
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Figure 3.3.7: Gating strategyfor flow cytometry analysis of surface marker
expression of bone marrowderived MSCaMSCs were first identified based on cell
size and granularity by plotting forward scatter area (A3@ersus side scatter area
(SSEn) to exclude debris. Subsequentlguldle cells and cell clumps were excluded
by plotting forward scatter height (F&Q versus forward scatter area (FAC Sytox

red viability stain was used to exclude ngable cells. MSCs were then assessed for
specific marker expression in comparisenthe appropriate isotype control. All
antibodies tested were IgG1 antibodies with the exception ofPRAvhich isn

IgG2 antibody and was plotted versus its appropriate control. Staining protocols are
outlined in section 2.11.

3.3.8 Increase@xpression of CD271 and CD146 on setiuee MSCs

To assess whether the MSCs isolated and cultured in SF medium satisfied the ISCT
criteria for definition as MSCs, SF and SC MSCs isolated and cultured in normoxia
and hypoxia were assessed for expressidnttee markers reported in figures

obdodylsod {C af{/ & YILAYyGFrAYSR xdop: SELINBA
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CD90 in both hypoxia and normoxia. Equivalent expression profiles were observed
for the SC MSCs in both conditions. In addition to the ISCT paxpkssion of
CD271 and CD146 was also assessed. CD271 was a marker previously reported to
select the entire CRpopulation of stromal cells from bone marroidones et al.,
2002) This marker is typically lost during culture of MSCthénpresence of FBS

and is not observed in cells beyond the end of (BOxall and Jones, 2012%F
isolated and expanded MSCs maintdrexpression of CD271 in both normoxia
(figure 3.3.8a) and hypoxia (3.3.8b). Expression of CD271 is highly variable between
MSC donors in normoxia and more stably expressed in hypoxia. Expression of
CD271wasnot observed in SC MSCs in either hypoxia or waim Furthermore,
CD146 ha also previously been reported enrich for a population of MSCs from
bone marrow(Sacchetti et al., 2007bExpression of CD14@as maintained in SC
isolated andexpanded cells in both hypoxia and normoxia. This expressas
mirrored in the SF cells but with a higher number of cells maintaining this

expression.
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Figure 3.3.8: Surface marker characterisation of bone marrderived MSCs(A)
Quantitative marker expression of Sérange and SChlue) MSCs cultured in
normoxia. (B) Quantitative marker expression of @&nge and SCbjue) MSCs
cultured inhypoxia Results are presented as the mean * standard deviation (SD) of
3 biologicareplicatesof MSCs at the end of P3.

3.3.9 Serurrfree MSCs display increased pamgiogenic potential

MSCs have previously been reported to secrete-gmgiogenic factorgSinger and
Caplan, 2011dhat can contribute to their therapeutic efficacy. Theogangiogenic

effect of MSCs was assessed bycatturing of human umbilical cord vein epithelial

cells (HUVECS) with conditioned medium from MSCs in SF and SC medium in either

hypoxia or normoxia. Details of the experimental setup are outlined in se2titii
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Briefly, to standardise collection of medium, equivalent numbers of MSCs were
seeded in 9175 flasks and allowed to reach 50% confluency at which point a full
medium change was carried out. Subsequently, after 3 days of conditioning of the
medium wih the cells, the medium was harvested. Conditioned media was
harvested and centrifuged at 400xg for 5mins to remove any cells present.
Conditioned media was then stored #&0°C until use. To discriminate between the
effect of the medium itself and the ds| unconditioned medium (not exposed to
cells) was prepared in-I75 flasks in conjunction with conditioned medium. Media
samples were ceultured with HUVEC cells for 18hrs and tubule numbers per well
were determined. Tubules were defined as any fullynfed tube joining two or
more bridging points. All groups resulted in the formation of tubules. Oxygen level
had no intragroup effect in either SC or SF media groups. SF media groups
demonstrated a greater fold increase in tubule formation compared ® rtiedia
control compared to SC media groups. This effect was independent of oxygen

levels.

A Serum-free

Normoxia

Hypoxia
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Figure 3.3.9: Angiogenic potential of human umbilical vein epithelial cells (HUVEC)
cells cultured in the presence of MSC conditioned medifA). Representative
images of HUVE@erived tubules 18hrs post culture in the presence of MSC
conditioned media orMatrigel. Scale bar. 200um(B) Quantitative analysis of
tubule number formed after ecoulture of SF and SC MSC conditioned medium from
either hypoxia or normoxia. Three biological replicates were assessed with three
technical replicates. Five random diel were selected in each well and tubules
identified as a complete connection of tubule between at least two bridging points.
Tubule number is represented as a fold change of unconditioned basal media
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appropriate to each cell group. (C) Quantitative analys total tubule number
generated by HUVEC cells exposed to either SF or SC medium unconditioned by cells.
Results are presented as the mean * standard deviation (SD) of 3 biological
NBLI AOIF 1S4z fabkhidohbm+:tdzaRyH {7 ZFmparNon® y A QA&
posttest.

3.3.10 Flow cytometry gating strategies to assess the immunosuppressive &
immunogenic potential of MSCS

To determine the effect of MSCs onlymphocyte proliferation, PBMCs were
isolated from healthy volunteers as described in 2.1&erAstimulation of F
lymphocytes, cells were stained with CD4 and assessed for proliferation by flow
cytometry. The gating strategy outlined below outlines the process for determining
T-lymphocyte proliferation. Initiallylymphocytes are distinguished oim other
mononuclear cells based on cell size and granularity. Following this, doublets and
cell clumps are excluded. Subsequently, a CD4+ and &ip#phocyte population

is identified. These populations are then assessed for proliferation assessedby CFS

expression.
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Figure 3.3.10:Gating strategy for flow cytometry analysis of -lymphocyte
expression.Lymphocytes were first identified based on cell size and granularity by
plotting forward scatter area (FS&) versus side scatter area (89Co exclude
debris. Subsequently, double cells and cell clumps were excluded by plotting forward
scatter height FSEH) versus forward scatter area (FAC CD4 expression was then
used to distinguish CD4+ and CQZD8+) Tlymphocytes.
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3.3.11 Immunosuppressive effect of MSCs is unaffected by use of sdrae

medium

To demonstrate the immunosuppressive nature MSCs cultured in SF and SC
medium in hypoxia and normoxia, peripheral blood mononuclear cells (PBMCs)
were isolatedrom healthy volunteers as outlined in sections 2.12.1°PBMCs were
labelled with CFSE and -caltured with various ratios of MSCs to PBM&s
reported in figure 3.3.11 for 4 days:lyymphocytes were distinguished from other
PBMCs including monocytes basedtbe scatter plot as described in figure 3.3.10.
Additionally, cells were stained with CD4 to identify the CD4+ and fd2dion of
T-lymphocytes. cells were activated to proliferate by the addition of CD3 and
CD28antibodies Proliferation of cells was measured by flow cytometric analysis of
CFSE expression. CFSE expression is sequentially halved in daughter cells following
cell divison. For this reason, it can be used to measure the number of divisions
undertaken by a cell. Imnmunosuppression of stimulatecklls by MSCs resulted in

a reduction of proliferation (Figure 3.3.11). Figures 3.3l laeport the
immunosuppressive effect oED4+ and CDB4I-lymphocytes respectively at 1:5,

1:20 and 1:50 ratios of MS@-lymphocyte with MSCs cultured in normoxia. Both

cell types suppressed the stimulated lymphocyte group (black) with no difference
observed between SF and SC groups at any r&igures 3.3.11d report the
immunosuppressive effect of CD4+ and €D4ymphocytes respectively at 1:5,

1:20 and 1:50 ratios of MSQ-lymphocyte with MSCs cultured in hypoxia.
Functionality of the assay is defined by stimulatedymphocytes undergoing
proliferation in xp /&> 2F GKS LR LIz FdA2y O2YLI NBR (2
lymphocytes. Assessment of the immunosuppressive effect of hypoxia cultared T
lymphocyteswasnot possible in low oxygen levels due to insufficient proliferation

of Tlymphocytes. Rests are presented as the mean + standard deviation (SD) of 3
biological replicates. No statistical difference was observed in normoxia using two
gre& ! bhx! YR . 2y 7TSNNERY Addti Stavstizhl Wiferdhc O2 Y LI N :
was observed in CB4-lymphocytes at 1:20 and 1:50 ratio of MSElymphocyte in
KELRZEAIFI® FF LIXKINOAMOD
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Figure 3.3.11: Immunosuppressive effect of MSCs on CD28/@nthody
stimulated peripheral blood Iymphocytes. Percentage proliferation of CD3/CD28
stimulated Hymphocytes compared to unstimulatedlymphocytes. (Black) Nen
immunosuppressed -[fmphocytes, (Red) @ulture of Steultured MSCs with
stimulated Hymphocytes, Blug Coculture of S€ultured MSCs with stimulated T
lymphocytes. (A) Effeadf normoxia cultured MSCs on CD44yriphocytes at
various ratios oMSCs: Aymphocytes(B) Effect of normoxia cultured MSCs on-CD4
T-lymphocytes at various ratios dfISCs: -Tymphocytes (C) Effect of hypoxia
cultured MSCs on CBRlymphocytes at vaous ratios oMSCs: Tymphocytes (D)
Effect of hypoxia cultured MSCs on €D¥mphocytes at various ratios MSCs: T
lymphocytes Results are presented as the mean + standard deviation (SD) of 3
OA2ft23A0FEt NBLX AOI (Sa 0dA askletamineduSingyiao O |-
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3.3.12 Immunogenicity of MSCs cultured in SF and SC media

To demonstrate the immunogenic nature of MSCs cultured in SF and SC medium in
hypoxia and normoxid?BMCswere isolated fom healthy volunteers as outlined in
sections 2.12.4 in an identical experimental setup as described above in section

3.3.11. PBMCs were labelled with CFSE armltaored with various ratios of MSCs
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to PBMCs as reported in figure 3.3.12 5 days. Iymphocytes were distinguished
from other PBMCs including monocytes based on scatter plot as described in figure
3.3.10. Additionally, cells were stained with CD4 to identify the CD4+ and CD4
fraction of Flymphocytes. Stimulated -lymphocytes (black) were activated to
proliferate by the addition of CD3 and CD28ymphocytes in MSC group®range

and blue) were not stimulated to proliferate by CD3 and CD28. MSCs were co
cultured with Flymphocytes to assess ability to activate proliferatemd thus an
immune response. Proliferation of cells was measured by flow cytometric analysis
of CFSE expression (Figure 3.3.12). Figures 3:B.6&4#ort the immunogenic effect

of CD4+ and CBZ4-lymphocytes respectively at 1:5, 1:20 and 1:50 ratioM&G:
T-lymphocyteswith MSCs cultured in normoxia. No difference was observed in the
CD4 group (Figure 3.3.12b) at any ratio. At the 1:5 ratio in the CD4+ group (Figure
3.3.12a) a statistically significant increase ilymphocyte activation was reported

with no difference at other ratios. Figures 3.3.4®ceport the immunogenic effect

of CD4+ and CDZ-lymphocytes respectively at 1:5, 1:20 and 1:50 ratioM&ICs:
T-lymphocyteswith MSCs cultured in hypoxia. Mirroring the immunosuppressive
assay (Figure.3.11), the assessment of immunogenic effect of hypoxia cultured T
lymphocytes is not possible in low oxygen levels due to insufficient proliferation of
T-lymphocytes. Results are presented as the mean * standard deviation (SD) of 3
biological replicatesStatistical analysis was performed using tway ANOVA and

. 2YTFSNNRYAQa Ydz dtest Btaisticd Miffdrdhdd Jvas dhserved 2 &

CD4+T @ YLIK2028iGSa G mMYp Ay Y2NY2EAlI® FLXKADPAMD
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Figure 3.3.12: Immunogenic potential aISCs on unstimulated peripheral blood
T-lymphocytes. Percentage proliferation of CD3/CD28 stimulatetyrifphocytes

compared to unstimulated-lymphocytes. (Black) Stimulatedymphocytes alone,

(Red) Caulture of Sfeultured MSCs with unstimulatedlyimphocytes, Blue Co

culture of S@ultured MSCs with unstimulated-lymphocytes. (A) Effect of
normoxia cultured MSCs on CD4-ymphocytes at various ratios of MS T-
lymphocytes. (B) Effect of normoxia cultured MSCs on Thdnphocytes at

various ratiosof MSCs: Aymphocytes (C) Effect of hypoxia cultured MSCs on+CD4
T-lymphocytes at various ratios d¥SCs: -Tymphocytes (D) Effect of hypoxia

cultured MSCs on CBZ#lymphocytes at various ratios ®fiISCs: dymphocytes

Results are presented as the ame+ standard deviation (SD) of 3 biological
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3.4 Discussion

The aim of this chapter was to assess the effect of isolating MSCs in either hypoxia
or normoxia in standard serwmontaining or serunfree medium and to determine

how this affected the MSC phenotype. This was done by isolating MSCs from the
bone marrow othealthy volunteers directly into the serufree medium defined in
section 2.1 or standard 10% sertsuntaining medium. These cells were culture
expanded until the end of passage 3 at which point they were assessed for their tri
lineage  differentiation  cagcity, surface  marker  phenotype and
immunosuppressive/immunogenicity characteristics. Additionally conditioned
medium was collected from these cells during culture to assess thamgmgenic

potential of these cells.

After isolation of cells from bone anrow, MSCs were assessed for their ability to
form CFUf as this was how the MSCs were originally identified by Freidenstein et al
(Friedenstein et al., 1976)CFs were stained with crystal violet and colony
numbers counted. No statistical difference in colony number was observed
between SF or SC groups or due to culture of cells in either hypoxia or normoxia.
This was in contrast to literature which typically indicata increase in colony
number for MSCs isolated 2% hypoxia (Grayson et al., 2006, Grayson et al.,
2007b, Rocheforet al., 2006) The reasons for th inconsistency with current data

are unclear especially since subsequently the behaviour of cells in hypoxia broadly
falls in line with the literaturelt is worth noting, these cells were maintained in a
hypoxic incubator and feed and passaged in atnm@sg normoxia. The use of a
hypoxic chamber was not used to maintain these cells entirely in hypéxia.
addition, due to the nature of the harvest process, it is reasonable to assume MSCs
isolated from bone marrow were those cells primarily in the pestedar niche with
limited MSCs likely to be derived from endosteal niche. This would also increase the
oxygen tension these cells are exposedrtasiva In terms of differences between

the SF and SC cells, there was a trend for higher numbers of color8€&medium

but not to a significant degree. Additionally, cells in SF colonies appear to be
smaller in size and more diffuse compared to SC colonies. This may be due to the

presence of fibronectin used for the culture of SF MSCs although this is ualkely
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SF cells cultured in the absence of fibronectin have similar cell morphology (data
not shown). Instead this may merely be a consequence of using a dezam
medium for the culture of cells as MSCs isolated in commercially available serum
free medium aopt a similar reduced cell size compared to seontaining cells
(Chapter 6).

In line with current literature, hypoxia improved the growth kinetics of MSCs
compared to the same cells isolated and cultured in norm@@aayson et al.,
2007a, Hung et al., 2012b)his was particularly evident in SF cultured cells which
demonstrated an early increase in proliferation rates compared to their normoxia
counterparts. Hypoxia has been repeatedly shown to increase MSC proliferation in
culture exposed to serurdos Santos et al., 2010, Holzwarth et al., 2010b, Hung et
al., 2012a, Nekanti et al., 201@) result mirrored here in MSeiltured in this novel

SF medium. This increased proliferation of MSCs in hypoxia is vitally important for
translation of MSC therapies as the use of hypoxia can result in faster production of
cell products and ultimately delivery of cellular therapieghe clinic.In addition to
increases in proliferation, hypoxia has been reported to maintain the
undifferentiated state of the MSC via the Notch pathway although the exact
mechanism for this process is not knoW@ustafsson et al., 2005t has been
reported in theliterature that Notch in an associated with H1E blocks neuronal

and myogenic differentiation. During this process-HIFis recruited to a Notch
promoter resulting in elevated expression of Not(Bustafsson et al., 2005)n
addition to this, ncreased expression of the stemness associated gene! @Qod
associated protein were observed when umbilical ededived MSCs were
maintained in hypoxia. Although no change in other stemness genes SOX2 and
NANOG were observed which may suggest maintemarfcstemness of MSCs in
hypoxia (Tsang et al., 2013)This maintenance of stemness genes was also
obseved in a second study which demonstrated increased expression of NANOG

and SOX2 in adiposterived MSCs in hypoxjkotia et al., 2015)

Trilineage differentiation is a hallmark of MSCs and is required by the ISCT as part
of the classification of a cell as an M8Campera et al., 2013, Dominici et al.,

2006a) To determine the effect of the use of the SF medium on MSC
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differentiation, tri-lineage assays were carried out at the oxygen level that the cells
were maintained in during culture. Osteogenesis was determined by Alizarin red
staining of mineralisation and by quantification of calcium levels after 14 days of
induction of the cellsn osteogenic medium as outlined in section 2.7. No difference
was observed between the SF and SC cells within either the hypoxia or normoxia
groups indicating the SF medium maintains a similar osteogenic potential to
conventional S€ultured MSCs. A statical increase in osteogenesis was observed

in cells cultured in normoxia compared to those in hypoxia. A proposed mechanism
for this was highlighted above; the down regulation of the master regulator of
osteogenesis Runx2 by the HIWIST pathwayYang et al., 2011)TWIST is a
downstream target of the Hifh  LJF G Kgl & | yR | OGa Fa I GNIyaoN
runx2 resulting in the inhibition of osteogenesis. Herds tresulted in both a drop

in calcium levels and alizarin red stainiftypoxia has also been proposed reduce
osteogenesis of MSCs by Notch signalling. Here Notchl binds to Runx2 preventing
its transcriptional activity and thus inhibiting osteogene¢)du et al., 2013)
Conversely, the hypoxia mimicking drug desferrioxamine has been reported to
increase osteogenesis via the Wnt canonicab-catenin pathwayQu et al., 2008)

an effect not observed in this study.

A simila effect was observed in adipogenic assays. Adipogenesis was measured by

Oil red O visualisation of fat formation and also quantified. No difference was

observed between SF and SC groups in either hypoxia or normoxia. However, like
osteogenesis, adipogensswas observed to be reduced in hypoxia. This effect of

hypoxia on adipogenesis is widely reported in the literat{)an et al., 2002, Kim et

al., 2005, Lin et al., 200@nd similarly to osteogenesis appears to be via HIF
AYKAOAGAZ2Y 2F RAFFSNBYIGAIFIGAZ2Y OfrynleNPt ISy Sas
al., 2002) The inhibitory effect observed in this study was reflected by a reduction

in Oil red O stainingndicating reduced fat deposition

Unlike, osteogenesis and adipogenesis, hypoxia has been reported to increase the
chondrogenic potentl of MSCs, an effect mirrored in this stu@anichai et al.,
2008, Khan et al., 2007b, Schipani, 20@) MSCs underwent a statistical increase

in chondrogenesis as measured by sGAG levels compared to the same cells in
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normoxia. Although there was a trend, no statistical increase in chondioge

potential of SC MSCs was observed in hypoxia. A direct link between hypoxia and
chondrogenesis is less defined than reported in osteogenesis and adipogenesis.
However, it seems as though the HIF pathway is involved with an increasenn"HIF
correlating with an increase in levels of chondrogenic transcription factors Sox5,

Sox6 and Sox9 as well as increases in aggrecan and Colll and ColX. Similarly an
upregulation of HIH h NB &adzf 6 & Ay AYyONBlFaSR adyikKSaa
chondrogenesigKhan et al., 2007b)

In addition to assessing the 4ineage differentiation potential of MSCs, the ISCT
require assessment of a panel of markers that identify the cells and exclude
potential contaminating cells fra cultures, typically cells of haematopoietic origin
found in bone marrowDominici et al., 2006aMSCs were assessed for the full ISCT
panel and no differences were observed between SF and SC cells in either hypoxia
or normoxia indicating that the MSC phenotype was not affected by the use of the
SF medium or the use of hypoxia during culture. In @altito the ISCT panel, MSCs
were assessed for expression of CD271 and CD146. As discussed in chapter 1, the
use of CD271 during isolation of MSCs from culture identifies the entiref CFU
forming cells(Jones et al., 2002)t is however lost during culture of MSCs in the
presence of serum. In this study, we reported the maintenance of a subpopulation
of cells that maintain CD271 expression. In normoxia, this expression was highly
variable and was observed between -20% depending on the donor. Its
maintenance was morstablein hypoxia, being maintained at approximately 30%.
The presence of CD271 mialicate that the cells cultured in SF medium are more
closely related to theirin vivo progenitors. Similarly, it may be that CD271
expression is downregulated by a component of FBS or conversely upregulated by a
component of the serunfree medium. One eeriment, which may indicate the

role of FBS on CD271 expression would be the switching of cells from SF and SC
medium to the alternative and assessing the effect of this on CD271 expression.
There has been one report which links CD271 expression withnemreased
immunosuppressive effect of MSQ@&uci et al., 2010)Understanding this effect of

FBS on CD271 may contribute to timevivofunction of CD271 for MSCs which is
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currently predominantly used to identify the anatomical location of MSCs in bone
marrow when assessed in conjunction with CD146 as described in chapter 1
(Tormin et al., 2011bJCombining both CD146 and CD271 expression resulted in the
identification of the two distinct MSC niches, the endosteal niche and the
perivascular niche with CD271+ CD146+ cells residing in the perivascular niche and
CD271+ CD14éesiding in the endosteal nich@ormin et al., 2011a)lhe presence

of MSCs at a bone lining niche and their osteogenic potential suggests a role for
these cells in maintaining bone hows&asis. Like CD271, CD¥sitive MSCs
have been reported to be more immunosuppressive than CBietfative MSCs

(Wu et al., 2016)This was also assessed in a collagenced model of arthritis in

mice where CD146+ MSCs displayed greater cartilage protection via suppression of
Th17 cell activation compared to CD146SCs. In this study, CD146 expression was
maintained at higher leals in SF cells compared to SC cells in both hypoxia and
normoxia. However, further experiments would be required to correlate this higher

expression in SF MSCs with an increase in a therapeutic function of the cells.

The production of paracrine factorsybMSCs has widely been reported to
contribute to their therapeutic potential as discussed previoSliyger and Caplan,

2011) To assess the production of pamgiogenic factors by MSCs, medium
conditioned MSCs in culture was collected. HUVEC cellsosengtured with the
conditioned medium fronMSCsand the induction of tubule formation by HUVECs

was assessed. Although no statistical difference was observed, SF MSCs appeared
to be more preangiogenic in both hypoxia and normoxia compared to SC MSCs. To
distinguish the effect of the MSC versus the medium used, unconditioned medium
was also assessed. Interestingly, unconditioned SC medium was far mere pro
angiogenic than SF unconditioned medium. Data presented in fig 3.3.9b is
represented as a fold changd the appropriate unconditioned medium versus the
celli NBI 4GSR 3ANRdzLJAd . lFaSR 2y GKAa RIFEGFXEZ {/ af
additional preangiogenic factor above those present in the FBS. Conversely, SF
MSCs appear to produce pemgiogenic factorabove those observed in the SF
medium itself. This is the first functional set of data that would indicate a difference

in phenotype between SF and SC MSCs. Further analysis would be required to
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identify specific factors produced by the SF MSCs that itané to this increased

pro-angiogenic phenotype.

MSCs have been reported to be immunosuppressive via the production of soluble
factors outlined in detail in chapter 1. To determine the immunosuppressive effect
of MSCs on -lymphocytes, peripheral blood emonuclear cells from healthy
donors were cecultured with MSCs after exposure to CD3 and CD28 to stimulate
proliferation. MSCs were then assessed at various ratios to suppressive T
lymphocytes. Assays were performed in hypoxia and normoxia, however dbe to
inability of Flymphocytes to proliferate in hypoxia, only normoxia cultured cells
could be assessed. Both SC and SF cells in normoxia demonstrated an
immunosuppressive effect on CD4+ and CDdymphocytes with no difference
between groups. CD4 iddfies Fhelper cells whereas CBbZ%-cells would typically

be considered CD8+ cytotoxiccélls. These data indicate that the use of SF
medium for the culture of MSCs maintained the immunosuppressive effect of MSCs
at comparable levels to that seen with -8@tured MSCs. Further assays would
need to be performed to assess the extent of this immunosuppressive effect. Is it
specific to Tlymphocytes or are these MSCs also capable of suppressing
macrophage activation for example. In a similar assay, the imgemio potential

of SF MSCs was assessed. This involved thelwome of MSCs with unstimulated T
lymphocytes to determine if the presence of MSCs results in the activation ofthe T
lymphocytes to proliferate. No difference was observed in -ClB¢mphocyes but

an increase in proliferation of CD4+Hymphocytes was observed at the highest
ratio of SF MSCs telfmphocytes which may indicate an immunogenic response.
Something to consider however is the lack of physiological relevance of the ratio of
MSCs: dymphocytes used. Further analysis of surface expression and secreted

factors of MSCs may be required to elucidate the mechanism of this response.

In this chapter, a detaileth vitro comparison of SF and SC MSCs was performed in
cells isolated and culted in both hypoxia and normoxia. The data outlined above
broadly suggests the suitability of the SF medium as an alternative to the use of
FBS. This is a patrticularly attractive prospect considering the issues associated with

FBS including high costs, laakdefinition of the product and limited supply. The
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use of a chemically defined medium would result in a more seamless upscaling for
the production of MSC for therapies. From a regulatory point of view, a degree of
uncertainty from the manufacturing press would be removed. This would also
lead to more predictable and ultimately reduced costing of MSC therapies for
clinical use. From a research point of view, MSC heterogeneity reported widely in
the literature may be reduced by the use of a standardisetiium formulation. In
summary, the serunfree medium described here offers real potential to be used

as an alternative to the cumbersome and costly use of FBS.
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Chapter Four

4.1 Introduction

A reported six million bone fractures or other conditions are reported each year in
the United StateqScolaro et al., 201410% of these will require some form of
bone graft procedure due to the presence of Rb@aling defects, tumour resection

or agerelated bone disease(Lane et al., 1999, Bucholz, 2002Although
orthopaedic conditions are rarely fatal, thegpresent a leading cause of morbidity

in the developed world combined with the associated socioeconomic burden. This
trend will continue to rise in aging populations that continue to gain we{gvans

et al., 2008) To date a number of strategies for bone repair have been explored
with some commercially available treatments showing varying levelsuotess
(Wang et al., 2001, Govender et al., 2Q09pne of these treatment options fully
recapitulate normal bone repair and can have significant limitations such as implant
loosening where biologically inert biomaterials areedsthat are incapable of

interacting with the surrounding tissu@ranemark et al., 2001)

Bone plays an important role in both providing mechanical support and acting as a
reservoir for haematopoietic and stromal stem céBacchetti et al., 2007bBone

is in a constant state of remodelling and is unique to other tissues in that it is
capable of undergoing scarless repair of fractui®@shmidiBleek et al., 2014) This
constant remodelling is controlled by two cell types; osteoblasts derived M3Gs
which lay down new bone and osteoclasts which are derived from haematopoietic
stem cells and resorb bone by release aftpases. Bone is comprised of two tissue
types; compact cortical bone and spongy trabecular bomormal bone
development occurs via two processes; intramembranous ossification and
endochondral ossificationCohen, 2000) Intramembranous ossification is the
process where mesenchymal stem cells differentiate into an osteoblastic
phenotype. This mainly occurs during embryonic development of flat bones.
Endochondral ossification occurs during egdmenesis, limb growth and fracture
healingwhere a cartilage template is formed prior to being calcified and ultimately

remodelled into mature bone.

Intramembranous ossification can also occur during fracture healing in the

presence of mechanical stabylialthough with most fractures there is always some
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degree of mechanical instability. Although the process of bone repair is greatly
understood, there are still a number of clinically significant conditions which either
R2y Qi KI @S | NBidhihy Qiyeit trédfmeny optomis rorvidbled

in thelong term.

Osteoporosis is recognised as a global epidemic, with management and treatment
related costs estimated at tens of billions globgBurge et al., 2007, Kanis and
Johnell, 2005) Currently over 200 million sufferers are reported globally, with
prevalence of the disease set to increase furtfieanis, 2007)While treatment of
osteoporosis normally involves pharmacological intervention, sobering data
suggests the cost associated with drug treatment modalities reportedly accounts
for as Ittle as 5% of the overall disease related costs in some instgiasssler et

al., 2007) While this figure still accounts for investments of several billion annually,
what is perhaps more surprising is that the majority of the economic burden
related to osteoporosis refers to management and treatmaerit osteoporotic
related fractures(Desai et al., 2003)Current clinical treatments, demonstrating
different levels of efficacy on both treatment of the diseases and fracture fixation,
less than satisfactory clinical prethbility of pharmacological intervention and a
still excessively high morbidity pesacture have led to sustained research into
alternative treatments(Vestergaard etl., 2007) There is also the issue of large
bone defects, nofunion fractures and tumour resections where it is not possible
for unaided endogenous bone regeneration to occur. Various different methods of
addressing these issues have been attemptediusiog the introduction of
biomaterials to assist in restoring the mechanical properties of bone while repair is
underway. These materials can also induce bone regenergiBarradas et al.,
2011) To further enhance bone repair and regeneration using materials, research
has explored delivering cells capable of undergoing or inducing bone repair and/or

the growth factors used in rtaral bone development and regeneration.

Growth factors play a vital role in bone repair whether it is via direct interaction
with osteoblasts as local regulators of cell function and growth, the induction of
angiogenesis or by inducing cell migration and differentiation of endothelial and

osteoprogenitor cells(Hing, 2004) As a consequence of this, growth factors have
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been of significant interest in the development of new therapeutic applications for

bone repair. A number of growth fagt have been investigated based on their
involvement in normal bone development and repair; including bone morphogenic
proteins (BMPs), platelederived growth factor (PDGF), fibroblast growth factors

(FGF), insulitike growth factor (IGF) and transforngigrowth factos (TGH ) (Ar

Aqgl et al., 2008)The TGF & dzLJS NJF I Yetl indleci#es, incugityNBMPs

have also been identified as key factors in the induction of bone formd#téum et

al, 2007) TGP k. at aA3dyrttAy3da A& Ay@2f @SR Ay |
both during prenatal development and postnatally during bone formation.-TGF

i k.ata O0G @Al Gg2 LI GKgle&a ROWRY R 062YS
gene directingMSCgowards differentiation(Wu et al., 2007)The irst pathway is

the canonical SMARSLISY RSY (i LI Kgl & oKSNBoe Aaz2T:
NEOSLIi2NAY ¢DCiwL &6!'[Yp0O I|YyR ¢DCi wlLL
intramembranous and endochondral ossificatig@hen et al., 2012b)The nonr
OFy2yAOlIf ¢DCIi LI GKgleé gKAOK Aa y2i RSL
osteoblast differentiation(Chen et al., 2012b)The norcanonical pathways are

activated by direct ligandbound receptor activation to wdulate downstream

cellular processegZhang, 2009)In vitro analysis of murine osteoprogenitors
RSTFAOASYU Ay ¢DCi wL AYRAOFGSR ¢DCi Aa Ay
osteoblast lineage commitment via selective MAPKs and SMAO®2t3unobu et

al., 2009) The phenotype of animals with this defect displayed skeletal
abnormalities including the presence of short and wide long bones and reduced
02yS O2fftFNAR | yR (NI} oS GleficienNinice dgsssed a 2 NB 2
growth plates with unusually thin perichdral cell layers which the authors suggest

may be caused by the short bones and ectopic cartilaginous protrusions observed
(Matsunobu et al., 2008 ¢ KA & AYRAOIFIGS&a (GKS SaaSyudaal
perichondrium formation/differentiation and growth plate integrity during

development(Matsunobu et al., 2009)

BMPs have shown significant promise in the treatment of bone defects. They are
vital in the modulation oimesenchymal differentiation essential for endochondral

ossification to occurOverexpression of BM& and BMP2 results in increased
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osteogenic differentiationn vitroandin vivg with BMR6 having the greatest effect
(Mizrahi et al., 2013)BMR2 is involved in initiating osteoblast differentiation and
regulating bone mineral densifBragdon et al., 2012Knockout studies inditax a
role of BMP-2 and-4 in normal bone development and maintenandeockouts
result in reduced osteogenesis aridcreasedbone fracture(Chen et al., 2012b)
BMR7 or osteogenic proteil (OR1) have been used clinically for the treatment of
long bone and scaphoid fractures and mamons. Similarly, there is supportive
evidence for the use of BP-7 as a therapy for spinal fusion and as a replacement
of autograftwhere patients receive bone grafts from ndmading bearing areas of
their own body(White et al., 2007)However, BMF knockdown does not result in
an observable negative effect in bone development or maintenafiseiji et al.,
2010) Conversely, BMB can negatively regulate bone marrow stromal cells
(Kokabu et al.,, 2012)ith targeted deletion of BMB resulting in increased
trabecular bone loss and transgenic overexpression of BMRading to
spontaneous fractur¢Kokabu et al., 2012Df all the BMPs, BMP and BMF7 are

the most commonly investigated. Recombinant BMRnd BMPF2 have been
tested in the Osigraft and InductOs clinical trialsspectively(Calori et al., 2008,
Meisel et al., 2008)When compared to autologous bone grafts, these cytokines
have been shownto induce equivalent bone repair for tibial namions
(Zimmermann and Moghaddam, 201Xjowever there are issues with costs and
toxicity as much higher doses are required than would typically be seen in the body
as these proteins degrade rapidly. Furthermore, BB/F4, and 8 have also been
shown to be expressed during fracture healii@ho et al., 2002and BMP6 and 9
have been shown to be potent inducers of MSC osteoblastic differentiéGbteng

et al., 2003) From this it is clear that BMPs are key playinvolved in bone repair.
Again,the dose of these recombinant growth factaexjuiredto accelerate healing

is much higher than the levels seen during normal bone repair. This is most likely
due to unsuitable delivery methods combined with rapidvivo degradation of
these growth factors. This makes the use of direct delivery of growttorfa too
cost prohibitive for large scale clinical udeor this reason, MSCs have been
explored for their therapeutic potential in bone repair. This is despite the lack of

identification of a mechanism of action i.e., whether MSCs contribute to bone
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regeneration via osteochondral differentiation or the production of paracrine
factors that result in activation of endogenous cells to regenerate bone. However,
autologous bone grafting is still the gold standard for bone repair. This is due to the
apparent lak of efficacy of MSCs in clinical trigds et al., 2011)This may be due to
detrimental effects ofin vitro expansion of MSCssaeported in numerous studies
with the loss of differentiation potential over time. Similarly this may also require
further optimisation of culture conditions depending on the targeted therapeutic
effect of the MSCs.

The effect of oxygen tension of bomearrow MSCs isolated and cultured in either
hypoxia or normoxia was determined in chapter 3. Results from this study indicate
equivalert growth kinetics of SC and SF cells in normoxia and superior growth
kinetics of SF in hypoxia when compared to SC. d&dth cells types maintained
equivalent surface marker phenotype in relation to the ISCT panel. Differences
were observed in expression of CD271 and CD146. Increased expression of CD271
was observed in SF cells compared to SC cells which did not ma@i2&nl in
culture. This expression was highly variable in normoxia and more stable in hypoxia.
Similarly with CD146, higher, more stable expression of this marker was observed in
SF cells independent of oxygen levels. Differences were observed in the
differentiation potential of cells cultured in hypoxia versus normoxia. In osteogenic,
adipogenic and chondrogenic assays, no differences were observed between SC
and SF groups within hypoxia and normoxia groups. Where differences were
observed was between hyp@x and normoxia. In osteogenic assays, normoxia
cultured cells displayed increased osteogenesis in both SF and SC groups compared
to their hypoxia counterparts. Similarly with adipogenesis, normoxia increased the
adipogenic potential of both SF and SCscellonversely for chondrogenic assays,
hypoxia displayed a trend towards increasing chondrogenesis in SC cells compared
to normoxia and a significant increase in chondrogenesis of SF cells in hypoxia
compared to normoxia. These results showed that the 8HKs care primed
differently towards osteogenic and chondrogenic lineages when cultured in
normoxia and hypoxia respectively. This raised the question of which cell type is

optimal forin vivobone repair, the normoxic prosteogenic cell which may repair
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bone by direct bone formation via intramembranous ossification or the hypoxic
pro-chondrogenic cell which may repair bone indirectly via endochondral
ossification?In addition, theincreasedpro-angiogenic potential of the SF cells

further reinforced the hpothesis that they may possess increased bone healing

ability.

A commonly used method for then vivo assessment of chondrogenic and

osteogenic potential of MSCs is the loading of MSCs onto an osteoconductive

scaffold and loading of the construct into immedeficient mice(Krebsbach et al.,

1997) The system is attractive due to its ease of use and the ability to retrieve

implants. However, with this model there aee number of considerations to be

taken into account as outlined by Krebsbach e{kxebsbach et al., 1997Jhese

include thein vitro expansion conditions of the cells used, cell seeding density and

the transplantation vehicle. In this study, reproducible bone formation was

observed when using hydroxyapatiteAralcium phosphate vehicles regardless of

form. Bore was formed with HA/TCP scaffolds in the form of powder, 3D blocks or
HA/TCReollagen strips(Krebsbach et al., 1997F5ince these initial studies, the

system has used routinely to assess thevivo osteochondral potential of MSCs

from various sourceg¢Mirabella et al., 2011, Muraglia et al., 1998, Martin et al.,

1997, Tortelli et al., 2010, Jaquiéry et al., 2005, Braccini et al., 2005, Elabd et al.,

20070 { AYdz Gl yS2dzaftesr (GKS dzasS 2F GUKS Ot AyAOl ¢
YR YAONRLIR2NRdzZz O0ALKIFAAO OF f OAdzy LIK2aLKIFGS
been reported fo facilitatingin vivode novobone formation in numerous animal

models including mouse, rabbit and she@ge Guehennec et al., 2005, Malard et

al., 2005, Le Nihouannen et al., 2005, Gauthier et al., 2001, Arinzeh et al., 2005)

This chapter focuses on determining the osteogenic potential of bone marrow
derived MSCs isolated and expanded in hypoxia @@P®r normoxia (21% £ as
described in chapter 3. In this study, 22MSCs were loaded onto HACRK?20:80)
granules encapsulated in a fibrin sealant and assessed for their viability on the
scaffolds and their ability to form bone vivoafter 8 weeks as detailed in section
4.2 below.
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4.2 Methods
To assess than vivobone forming ability of SF and SC derived MSCs isolated and

cultured in hypoxia and normoxi@ection 2.1) 2x16 MSCs were loaded onto HA
TCPgranulesand encapsulatedn fibrin as described in section 2.1@onstructs
were implanted subcutaneously into the backs of CD1 nude mice for 8 wesks
described in section 2.14.onstructs were also prepared to assess viability of
MSCs using CTB assay as described in sectiéri Following retrieval, MSCs were
assessed for their osteochondral potential by uCT anaasidescribed in section
2.21 and decalcified andhistology for presence of bone and cartilage tissue as
outlined in sections 2.21 and 2.15 respectively. Expental methodology is
schematically represented in figure 4.24s a positive control, equivalent numbers
of Sarcomaosteogenic (Sae8) cells were implanted. These cells were tested in

vitro prior to implantation for their osteogenic potential (data rgitown)
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Figure 4.2.1Schematic representation of experimental design to assess the effect of hypoxic/normoxic priming on bone mderoved

MSCs isolated in serwrontaining and serurfree media
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4.3 Results

4.3.1 Cells were retained in MBCPllowing encapsulation and remiaed

metabolically active

To evaluate the loading efficiency of MSCs post encapsulation® 2¢lle were
loaded into scaffolds as described in section 2.14 and cells retained in media after
loading assessed by cell counting using a haemocytometer. Fdgida shows the

total number of cells loaded onto scaffolds per cell group. Total cell numbers
loaded varied from 1.2.0x16 cells per scaffold. Figure 4.3.1b reports the loading
efficiency of cells per group as determined as a percentage by calculaértgtal
number of cells added and the number of cells retained on scaffolds after loading.

Loading efficiency for all groups is >95%.
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Figure 4.3.1 Efficient loading of MSCs onto MBCP+/Tyseel scaffolds prior to
implantation. Cell counts were used to assess the loading efficiency of cells onto
constructs. (A) Total cell number loaded onto constructs per group + standard
deviation demonstrating equivaht numbers of cells loaded per construct per cell
groups. (B) Loading efficiency of cells per construct indicating no difference in
retention of different cells groups by constructs. These data collectively indicate
effective and reproducible loading ofS€s onto constructs. Data (mean + SD) is
representative of 3 biological replicates with 3 technical replicates.

4.3.2 MSCs retained metabolic activity following encapsulation

To evaluate MSC metabolic activity 24hrs post esaégiion, constructs composed

of MBCP+ alone, MBCP+ with Tyseel were compared to cells alone for metabolic
activity by CellTitre blue. Figure 4.3.2 shows % viability of MSCs loaded on

constructs as determined by their metabolic activity compared to cdisea
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Reduction in metabolism was determined based on absorbance levels based on

550nm and 600nm readings normalised to medium alone. Cells loaded on either

MBCP+ alone or on MBCP+ encapsulated in Tyseel showed equivalent metabolism

levels compared to callalone indicating MSCs on constructs remain metabolically

active 24hrs post encapsulation.
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. -1
80+
2
E 60+
>
L
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0 . . .
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Cells Cells + MBCP Cells + Tyseel
Only + MBCP

Figure 4.3.2 Cells remain metabolically viable following encapsulatioGellTitre

Blue dye was used to indicate the metabolic activity of cells following eme#ips.
Results demonstrate a limited reduction in metabolism of cells following
encapsulation. No difference was observed betweear@FSC groups or between
cells loaded on MBCP+ alone or loaded on MBCP+ followed by encapsuldtion wi
Tyseel. This datandicated maintained metabolic viability of MSCs following
encapsulation. Data (mean = SD) is representative of 3 biological replicates with 3

technical replicates.F f F LPKN ®nnm
Ydzf de#.LJX S O2YLI NAazya LkRai
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4.3.3 Implanted constructs were successfully retrieved at 8

weeks

Eightweeks posimplantation, mice were sacrificed and assessed for the presence
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of implanted constructs. All five implants were clearly visible and of similar size in
all recipients as reported in figure 4.3.3. Position 1 indicates the position where
either the positive control (Saed cells) or vehicle control (cdtee scaffold) were
positioned in the animalSaos2 cells are a human osteosarcoma cell line derived
from a 11yr old female with a reported high osteogenic poteni@tekanska et al.,
2012) Positions &5 indicate the locations dhe test groups (SF and SC from either
hypoxia or normoxia). Cells in these groups were randomly assigned a position prior

to surgery.

Position 1:

Alternating

Wt 2840,
W+ SKAC
control
groups

Positions
2-5:
Randomly
positioned
cell groups

Figure 4.3.3 Implanted constructs were clearly visible 8 weeks following
implantation. Results reveal the clear presence of all five implanted constructs
following 8 week transplantation as visualised by photography. Constructs were
comparable in size and shape. Representative image of 9 recipient animals at 8
weeks postransplantation.
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4.3.4 Microecomputed (UCT) tomography of retrieved constructs 8

weeks post implantation

To determine the bone mineral density of the implants ptansplantation,
constructs were assessed for presence of bone mineral by usex ofivouCT
analysis usinghe Scanco PCT 100 evaluating with a 70k¥ayxsource at 110pA.
Analysis was performed on 3 biological replicates with 3 technical replicates for
each group. Bone volume was calculated as a percentage of total tissue volume
excluding the presence of the BCP+ granules which have a similar density to
bone. 3D images of implants were generated (figure 4.3.4a) and-sex$®ns of
implants indicating new bone (white) and MBCP+ granules (refigure 4.3.4b.
Bone formation was observed in all 6 groups (Fég.3.4b). All implants were of
comparible size. Bone volume/ tissue volume was also quantified (Figure 4.3.4c).
Positive and vehicle controls demonstrated equival@éatnovobone formation. No
difference was observed between cell groups with no statsltsignificance being
observed between cell groups and contrdlfie presence of bone in the vehicle
control indicates tis material is unsuitable to be used as a negative control due to
its osteoinductive effect on endogenous cells. Bone was determitgd
measurement of the density of the individual materials and range of densities were
excluded which contain the MBCP+ granules. This process may also exclude mature

bone which has a density similar to that of MBCP+.
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Figure 4.3.4Micro-computed tomography (UCT) analysis of bone formation in
implants 8 weeks following transplantation.(A) Representative3D images of
scaffolds 8 weeks post implantation indicating similar implant size between groups.
(B) Crossectional image of imptas distinguishing new bone formation (white)

and MBCP+ granules (red). Bone is present in all groups. (C) Quantitative analysis of
bone volume calculated as a percentage of tissue volume indicating comparable
levels of bone formation occurring in all agibups. Bone is also present in vehicle
control groups. Data (mean SD representative of 3 biological replicated with 3
technical replicates.
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defining various observed tissues.

Histological analysis of the implanted constructs was carried out after uCT analysis
to determine the presence of various tissues histologically as described in sections
2.15 and 2.172.18. Briefly, sections were fixed in 100% ethanol and decalcified
using Surgipathdecalcifer Il. Samples were subsequently paraffin embedded and
histological samples were taken from 3 locations within the implant at 100um
intervals. Figure 4.3.5a&b show representative images identifying the various
tissues observed in the cetructs. MBCP+ scaffolds (Sc) appear as empty white or
pink areas due to the decalcification process. Fibrous tissue (f) is present as poorly
stained low density tissue. Bone is present as dark red tissue often surrounding the
MBCP+ granules. Cartilageoisserved as blue stained tissue often also present
near MBCP+ granules. Bone marrow is present in figure 4.3.5b as areas of fat with
or without the presence of blood vessels (red). Fibrous encapsulation of the
implants is observed in figure 4.3.5b as r¢dirged striated tissue surrounding the

implant.
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implantation of MSCs ectopicallf{A) Representative tissue indicating the presence

of bone (red), cartilage (blue) and fibrousdiie (poorly stained tissue). MBCP

scaffolds (Sc) observed as white or poorly stained solid shapes throughout the

tissue. (B) Presence of bone marrow formation and implant encapsulation. Bone

marrow is observed throughout the tissue as presence of fati¢issith or without

the presence of blood vessels depending on the stage of bone marrow
development. Encapsulation of implant by fibrous tissue is also observed as a

striated tissue surroundingnplant. Scale bar: 700pum.
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4.3.6 Bone andtartilage tissue observed in all implanted groups.

To determine if SF and SC cells cultured in either hypoxia or normoxia contribute to
the formation of osteochondral tissue in subcutaneous implantation, MBCP+
constructs loaded with cells were explantetgcalcified and histologically assessed
08 Y2RAFASR YI{fft2NEQA OGNAROKNRYS aidlAyo
cells groups and the vehicle control group, which was notlpaged with cells.
MBCP+ particle remnants were visible as clear or gp@ces in all samples. Fibrous
tissue was also observed in all samples. No difference in the level of bone or
cartilage in cell groups was observed in comparison to the vehicle control group.
The positive control group which received S@osells appearso have formed a
denser tissue overall which resulted in less decalcification of MBCP granules as
observed by the pink colour. Additionally, the positive control group tissue seems
more disordered compared to other cell groups which formed bone and agetila
predominantly at the interface between the cells and the MBCP granules. Overall,
all cells groups contributed to the formation of bone and cartilage. Similarly bone
marrow was identified in all groups as evidence by the presence of fat tissue with
or without blood vessels. (B) Sequiantitative analysis of bone cartilage and bone
marrow present in implanted groups. Positive and vehicle control groups
demonstrated no difference in levels of bone, cartilage or bone marrow. No
difference was observed withigell groups or between cell groups and control

groups.
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Figure 4.3.6 Histological analysis of bone, cartilage and bone marrow present in
implanted constructs6 ! 0 wSLINBaSy il dA@dS AYIlI3ISa 27
stain of implanted groups. Bone, cartilage and bone marrow were evident in all
groups. Scale bar: 700um. (B) Histological scoring of tissue presence in implants.
Slides scored frof-4 with each inerval indicating a 20% increase frdh{0-20%)
1(20-40%), 2(4660%), 3(6680%) and4 (80-100%)indicating the presence of the
relevant tissue in the sample. Data is representative of the me&EMof 3
biological replicates with 3 technical replicatesessed at 3 locations within the
construct.
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4.4 Discussion

From chapter 3, then vitro osteogenic and chondrogenic potential of serdime

and serumcontaining cells was demonstrated. It was also observed that depending
on whether these cells were culted in either hypoxia or normoxia, the level of
differentiation observed by the cells was affected. Particularly, hypoxia resulted in a
more prochondrogenic phenotype whereas normoxaltured cells were pro
osteogenic. In this chapter, thie vivoosteochondral potential of SF and SC cells
cultured in hypoxia and normoxia was assessed. Specifically, this was assessed by
loading 2x18MSCs onto 80:20 HA/TCP granules and encapsulating them in a fibrin
sealant. Initially loading efficiency and vidlilof cells loaded onto the scaffolds
was determined. Finally the ability of the cells to differentiate and contribute to the
formation of an osteochondral tissue was determined. The hypothesis being
investigated in this chapter was whether cells with a-psteogenic phenotype
contribute to bone formation directly vimtramembranousossification or indirectly

via formation of a cartilage template as seen in endochondral ossificai@aveat

of this hypothesis is that the osteogenic medium used doegeftect a biologically
relevant process and thus may not be indicative of ith@ivoosteogenic potential

of MSCsThein vivoassay described in this chapter is a sgomantitative assay for

the assessment of bone formation. This combined with uCT asdigs resulted in

the addition of quantitative data to reinforce any observed effect seen from
histological scoring. In this assay, MSCs are loaded onto an osteoconductive
scaffold and subcutaneous implantation of this scaffold into the backs of
immunoddicient mice is performed. This model has been used routinely by a
number of groups to evaluate the osteochondral potential of MSCs from various
sources on a variety of scaffold typ@&ebsbach et al., 1997, Mirabella et al., 2011,
Muraglia et al., 1998, Martin atl., 1997, Tortelli et al., 2010, Jaquiéry et al., 2005,
Braccini et al., 2005, Elabd et al., 2007, Le Guehennec et al., 2005, Malard et al.,
2005, Le Nihouannen et al., 2005, Gauthier et al., 2001, Arinzeh et al., 2005)

In this study, MSCs were loaded onto MBCP+ granules and encapsulated by use o
Tyseel fibrin sealant. Following this, cell loading efficiency and metabolic activity

24hrs postencapsulation were determined. Results indicated that cell loading onto
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the scaffold was highly effective with over 95% of cells being successfully loaded
resulting in limited variability between cell numbers for constructs generated for
the study. This result was typical of similar studies published in the literature which
also demonstrated highly efficient loading of cells onto HA/TCP scaffolds
(Kuznetsowet al., 1997, Kuznetsov et al., 2000, Janicki et al., 2011)

Following encapsulation of MSCs into constructs, metabolic activity was assessed
by use of CellTitre blue (CTB). CTB uses resazurin to measure the metabolic activity
of cells as an indicator of cell viability. Viable cells reduce resazurin into resorufin
which results in a blue shift to pink in the light absorbance properties of CTB
(Squatrito et al., 1995, Voytidarbin et al., 1998)Results here demonstrated that
MSCs encapsulated with MB€ maintained metabolic activity equivalent to that of
cells alone indicating that MSCs remain metabolically active on MBCP+ scaffold

prior to implantation.

Implanted scaffolds remained visible in the animal throughout the study with no
adverse effect tothe mice being identified. Following implant retrieval, samples
were fixed using ethanol and pCT analysis of mineralisation was carried out. This
analysis excluded the HA/TCP granules which have a similar density to that of bone.
HCT analysis indicated tlpgesence of mineralised tissue in all groups including the
vehicle control which was not loaded with cells. This would indicate that
recruitment of endogenous cells to the implants occurred. Similarly, there was no
statistical increase in the level of nairalisation that occurred in the MSC groups or
Saos2 group above the vehicle control indicating that the transplanted cells had
little to no effect on the formation of endochondral tissue in the de#ided

constructs.

Following pCT analysis, the samplesre decalcified and histological analysis of

02YyS 41 & LISNF2NN¥SR dzAAy3a Y2RAFASR YIff2N
tissues. Microscopic analysis reported the presence of bone, cartilage and bone
marrow in all treatment groups with an abundancgfibrous tissue also observed.

The presence of new bone and cartilage was predominantly observed at the

interface between the MBCP+ granules and surrounding tissue. Areas composed
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entirely of cartilage obone were observed. There were also regions ofrbined
bone and cartilage tissue indicating that bone formation in implants could be
occurring via both endochondral and intramembranous formation. Similar to uCT
data, little improvement in the levels or quality of osteochondral tissue formed in
celtreated groups was observed above that seen in the vehicle control indicating
that the dominant source of cells contributing to new bone formation was in fact
the endogenous cells which had been recruited to the implants by some
undetermined means. Further alysis including the use of situ hybridisation
looking at the Alu sequence may be beneficial to determine definitively whether
the new tissue formed was in fact due to the transplanted human cells or via the
recruitment of endogenous cells to the imptanor in fact via the synergistic
cooperation of both cell types. The latter seems unlikely as if this were the case an
increase in endochondral tissue formation above the vehicle control would have

been observed.

The lack of bone formation by the tranapted cells is somewhat surprising as
numerous studies listed previously have clearly documented the ability of MSCs to
form bonein vivoin very similar models. Data assessing cell retention and viability
of cells at the time of implant indicated suffiaitloading and cell metabolic activity

to indicate good health at the time of transplantation. This was observed with cell
loading above 95% and cell metabolism at comparable levels to MSCs plated on
tissue culture plastic. However, there have been numerprevious studies which
have altered pramplantation protocols with various effects on tlre vivopotential

of MSCs which may offer some understanding into the issue of limited osteogenic
differentiation observed here. Prior to implantation MSCs wereinta@ned in
either the serurdfree medium or standard 10% seruoontaining medium, an
approach which has been reported to work previouglennis et al., 1998)
However, other studies have reported success by priming the MSCs to differentiate
by the addition of factors d the medium. A number studies have reported
successfuin vitro osteogenesis of MSCs following vitro priming of the cells in
medium containing dexamethasone, ascorbic &:jphosphate andi -glycerol

(Hicok et al., 2004, Agata et al., 201fctors typically found in osteogenic media.
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Similarly, other groups have also seen success with just the addition of
dexamethasoneand ascorbic aci@-phosphate(Kuznetsov et al., 2000, Mankani et
al., 2001, Mankani et al., 2008Also being explored in the literature is the pre
chondrogenic priming of MSC for bone rep@an der Stolet al., 2014a, Farrell et

al., 2009) In these studies, the prehondrogenic priming of cells prior o vivo
implantation resulted in bone via endochondral ossification with improvedityua
compared to osteogenicallyprimed MSCs. In addition, the bone formed had
improved vascularisation resulting in formation of better bone ovedFadirrell et al.,
2009)

A second reason which may account for the lack of osteogenesis is the extent of
culture the cells underwent prior to implantation. The cells used in this study were
implanted at passage 3. Numerous studies have regba loss of multipotency

and specifically triineage differentiation potential of MSCs during vitro
expansion(Bonab et al., 2006, Baxter et al., 200f)e majority of studies use cells

at passages-B as was performed in this study but typically these studies have also
included anin vitro priming step, although not alway®ennis et al., 1998, Hicok et

al., 2004 Kuznetsov et al., 2000, Mankani et al., 2008, Janicki et al.,.2@Ttpre
definitive answer came from a study where MSCs at each passag@assage-5

were implanted following priming of cells in osteogenic medium. This study
reported a loss of osteogenic potential with passage numPeyata et al., 2010)
indicating that the age of cells may be pivotal for these assays. A similar effect was
observed comparing MSCs implanted at passages 1, 3 @rahieki et al., 2011)n

this study, none of the implants delivered at P5 resulted in bone formation versus
75% of implants at P3 and 100% of implants at P1. Based on theserdatap
expansion is clearly important for thiea vivo osteogenic potential of MSCs but

priming of cells prior to implantation may overcome these issues.

The purpose of this study was assess thén vivopotential of MSCs to form bone

in a subcutaneous model of bone formation. In this study, metabolically active cells
were successfully loaded onto osteoconductive scaffolds and implanted into CD1
nude mice for 8 weeks. Implants werecsessfully retrieved and assessed for bone

repair. However, limited bone formation was observed in the-telited groups
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above that observed in the vehicle control indicating that the tissue formed was
presumably predominantly formed by endogenous cedisruited to the implants.
Further development of this assay is required to optimise its use for assessing MSC
for in vivobone formation ability. This optimisation may include using MSCs at an

earlier passage or by the vitro priming of MSCs prior tanplantation.

Whilst this assay did not perform effectively as a mechanism of bone repair, what
was apparent was the recruitment of endogenous cells to the implant site. This
raises the question of what mechanism is involved in the recruitment of MSCs to

sites of injury or new tissue repair.

MSCs exist within a number of anatomical locations and have been shown to be
capable of homing to injured tissues. This has been seen in a number of injury
models including migration of MSCs to bone fractui@®sanereMolto et al., 2009,

Lee et al., 2009, Kumagai et al., 2Q08hg injury(Ortiz et al., 2003)brain injury(Ji

et al., 2004)and to sites of wound healin@ru et al., 2009)Mobilization of MSCs to
other injury sites has also been report€éBong et &, 2011) During the normal
fracture process, circulating progenitor cells are recruited to the site of injury as
part of their therapeutic mechanism of actio(Kumagai et al., 2008) The
mechanism of this homing process of MSCs is the subject of a huge research effort
in the hopes of identifying a means to improvestie repair by endogenous cells.
The current consensus suggests injured tissue prosltaeors and ligands which

can be used by MSCs to migrate, adhere and infiltrate damaged tjsdmott et

al., 2004, Wang et al2008, Schenk et al., 2007 process similar to that seen by
leukocytes migrating to sites of inflammation. This idea was validated in a recent
paper which described the migration of MSCs inranitro model (Teo et al, 2012)

MSC migration is dependent on their ability to adhere to and migrate through TNF
h T OGAGFGSR SYR2UKSf AdzyZ | -ptoi? co8pled RSLISYRS)
receptor andVCAML pathways. The process occurs in 5 steps (Figute Firstly,
rounded MSCs adhere to epithelium in an integtgpendent manner. Next, a
transmigratory cup is formed where VCAMenriched microvilli projections extend
around the MSC and form a cup shape. Step three involves formation of a gap or

pore by aprocess described as blebbing where MSCs apply a force on the

Page126



Chapter Four

epithelium which is associated with the formation of gaps or pores. This stage is not
observed in leukocyte migration which migrates through intact gap junction, a
process known as diapedeskollowing this, MSCs penetrate and spread through

the subendothelium layer and transmigration is compléfeo et al., 2012)

Proposed Mesenchymal Stem Cell Adhesion Cascade

. Cup formation, Multiple leading fronts

%3¢ ©¢ 9.0 8

| P i A
" . " .:'
Paracellular----*
Rolling Activation ? Firm No Lateral Diapedesis
Adhesion Migration

60-120min

Figure4.4: Proposed Mechanism of MSC migration to injured tissue in comparison
to leukocyte migation to inflammation. (Published with permission fro(iieo ¢
al., 2012) see appendix II)

Initiation of this migration is induced by chemokines and cytokines at the injury
site. A number of studies have been published looking at the chemotactic effect of
particular cytokines on migration of MSCs. CXCRA4, the maciptstromatderived
factor-1 (SDFL) which is encoded by theXcC motif chemokine 12 (CXCL12) gene,
has been associated with migration of murine and human MSCs from various
sources including bone marrow, adipose tissue and umbilical (atk et al., 2011,

Yu et al., 2012, Liu et al., 2011, Jones et al., 2012, Bdmowicz et al., 2011)
Within the studies, overexpression of CXCR4 enhanced the migratory ability of
MSCs(Cheng et al., 2008)The migration of MSCs to sites of fracture healing is
exclusively CXCRipendent with migrated MSCs contributing to fracture repair
via productiom of BMPR2 upon engraftment (GranereMolto et al.,, 2009)
Additionally, during healing of live bone grafts, increased expression ofl SDF
messenger RNA is observed in the periosteum with the addition ofSdpiFL
antibody (TF14016) inhibiting bone formatifiitaori et al., 2009b)This study also
reported the ability of CXCR¥kpressing MSCs which have homed to the site of
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bone injury to contribute to bone repair via endochondral ossificafiitaori et al.,
2009b) In additionto CXCR4, a number of additional factors have been identified
which can both enhance or reduce MSC migration. In a study carried out byeDzaki
al (Ozaki et al., 2007a number of growth factors which can also contribute to MSC
migration were also identified. In this study, 26 growth factors were assessed for
migration of human and rabbit MSCs. The growth factors that consistently
enhanced MSC migration weleDGFBB & -AB, EGF TGF ¥GF2, IGF1) and
hepatocyte growth factor(HGF), with PDGEBB having the greatest effect on
migration. Interestingly, combinations of these growth factors which shared the
same receptor did not result in an enhanced effect on migration of MSCs while
other combinations of these migratory factorscéuas FGEB and PDGBB actually
inhibited migration. This indicates a highly complex, regulated process of MSC
migration.

As this migration occurred in the vehicle control in this study, presumably the
mechanism of MSC recruitment was due to the infiltration of another cell type
initially which produced the factors outlined above which resulted in the activation
and mobilisaion of the endogenous MSCs to the site implants and resulted in the
bone and cartilage tissue formation observed. The presence of blood vessels in the

newly formed tissue wouldupportthis theory.
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In vivoimaging and assessment of
bone repair in a rat femoral

critical size defect (CSD) model



5.1 Introduction

Bone regeneration is typically a highly efficient process facilitating the scarless
regeneration of most bone defect&¥oung et al., 2009 Larger defects or defects
where the natural regeneration response is impaired such as in osteoporosis or
non-union fractures require intervention(Harwood and Ferguson, 2015\Non
union or delayed union fractures represent a serious problem for orthopaedic
healthcare with incidence rates been reported at between 5 and gBfannoudis

et al., 2007. This provides an ever growing problem as the proportion of older
people who typically e diagnosed witmon-union fractures(Parker et al., 2007s
increasing. Furthenore, as the survival rate of older people after these falls has
increased, these patients are exposed to the risk of falling again, leading to what
can only be described as an orthopaedic epidemic in older people. Furthermore,
the burden onhealthcare isesnormous with an annual cost in the US of nearly $10
billion for nonunion fractures of the femoral neck aloif@aaymakers, 2006vhich
comprise only 510% of all fracture@Markey, 1987. A number of therapeutics have
emerged which have greatly improved bone regeneration capability. These include
autologous bone grafting of the patients own bone, allograft transplantation,
osteoconductive scaffolds which can be used on their own opbmhbination with

cell and gene therapies or growth factd@imitriou et al., 2011 However, despite

the advancement of these treatment modalities, there have been reported
drawbacks including issues with cost and efficpeyticularly in cases of large bone
defects in which regeneration can be difficult to achieifamini et al., 201p
Similarly, there are cmorbidities associated with the use of autologous bone
graftingsuch as pain and morbidity at donor site as well as a lack of availability of
tissue (Harwood and Ferguson, 2015 This has driven the field of tissue

engineering to explore alternatives such as-balted therapies.

Cellbased therapies offer huge potential for treatment of bone defects as large
numbers of osteoprogdtors such as MSCs can be delivered to the defect site.
Normal bone healing occurs inweell-orchestratedseries of events where cells,

cytokines, osteoconductive matrix and adequate blood supply performing together
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in a mechanically stable environment tkag to bone repair. This concept is known
Fda G0KS GRAIFY2YR O2yOSLIié YR AYRAOIGSA
can disrupt tissue repaifGiannoudis et al., 2007 Significant work has been
focussed on determining the efficacy of growth factors such as BMPs and
parathyroid hormone (see chapter 4) or osteoconductive scaffolds such as HA:TCP
based materials separately and in combination with these growth fa¢®ekopper

et al., 2008. The use of growth factors, although ped to be efficacious can be
cost prohibitive(Dahabreh et al., 2007 MSCs have previously been reported to
produce a number of growth factors and cytokines involved in angiogenesis, anti
apoptosis and immunomodulatiofSinger and Caplan, 201IThis makes MSCs
particularly attractive as the cells may produce multiple factors that stimulate bone
repair by recruitment of endogenous osteoprogenitors as well as directly
differentiate to osteochondral cells themselves which may directly contribute to
bone healing. Although the exact mechanism by which MSCs contribute to bone
repair is unclear, the potential of MSCs to heal bone is apparent. Optimising the
culture conditions of these MSCs prior to implantation may improve the efficacy
rates of these cdd in clinical studies of bone repair which as of yet has not been
convincing(Steinert et al.,, 2012 Some studies have assessed the potential of
chondrogenicallprimed MSCs in ectopicnd orthotopic models of bone repair
indicating a potential role fom vitro priming of MSCs towards an osteochondral
fate prior to implantation(Farrell et al., 2011, van der Stok et al., 2014Bbhe aim

of this chapter was to determine if $$6lated and cultured MSCs could contribute

to the healing of a critical size bone defect model at comparable levels to
conventionally cliured MSCs. Additionally, the aim was to determine if the use of
hypoxic or normoxic culture for isolation and expansion of MSCs resulted in
selection of a population of MSCs that would repair bone via alternate means e.g.,
intramembranous versus endochdral bone formation as a reported effect on the

in vitro differentiation potential of MSCs was shown in chapter 3 amdvivo
potential in chapter 4 using a ectopic model of bone repair. However, ectopic
implantation of MSCs does not accurately represent the complex physical and

biochemical cues MSCs would be subject to in an orthotopic clinical setting, thus
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the MSCs were asss=d in a rat femoral defect model representative of an atrophic

nonunion (van der Stok et al., 2014b)

5.2 Methods
To assess th@ vivobone forming ability of SF and SC MSCs, AM$SCs were

loaded onto MBCP+ and implanted into a rat unilateral critical size femoral defect
for 8 weeks (Section 2.14.1). A critical size defect, 5mm in length, was created
the right femur with a Gigli saw (Section 2.20). Internal fixation with a
polyetheretherketone(PEEK plate and titanium screws was performeth vivo
imaging of bone formation using UCT (Section 2.21) and neovascularisation with
photoacoustic imaging(2.22) was assessed at 4 and 8 weeks. Rats were
immunosuppressed for the first 3 weeks of the study with FK506 and SEW2871
(Section 2.19) to prevent rejection of human MSCs. Animals were individually
housed inindividually ventilated cageflVQ for the first week possurgery to
prevent interference at the surgical site and together in IVCs for the remainder of
the study to reduce the risk of infaon as animals are immunocomprosed. At 8
weeks postsurgery, animals were euthanized using.G@halation and cervical
dislocation. Rat femurs were harvested and fixed in 100% ethanol. Samples were
decalcified using EDTA for 14 days and sectioned using a microtome. Staining of
02yS o6& LISNF2NX¥YSR dzaAy3d az2@l 0Qa tSyidl OKNE
staining for lectin UEA (Section 2.23) A total of 6 rats were assessed per group

for uCT and photoacoustic imaging.
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Figure 5.2.1 Schematic representation of the experimental design used to asse#s W ability of SF and SC MSCs to repair bone in a rat
femoral critical size bone defect model.



ChapterSx

5.3 Results

5.3.1In vivo quantification of bone formation using uCT

In vivo assessment of bone formation was assessed at 4 and 8 weeks post
implantation using the in vivo pCT analysis using Scanco pCT 40. Analysis was
performed on 3 biological replicatgs1SC donorsyvith 2 technical replicate¢rat
femurs)for each group.Bonevolume was calculated as a percentage of total tissue
volume excluding the presence of the MBCP+ granules which have a similar density
to bone. 3D images of implants were generated (figurela)Bof implant regions at

4 and 8 weeks indicating the abserafebone repair in ED group. Lack of integration

of implant is observed in Stormoxia and ES group as evident by clear distinction
between implant and surrounding bone tissue. Integration of implam&vident in

SC groups (both hypoxia and normoxia) @l 8 weeks. Partial integration of-SF
hypoxia group implant was evident at 8 weeks. Quantification of new bone
formation was carried out and is represented in figure 5.3.1b. To accurately assess
new bone formation, the density range which detects MBCRrges was gated

out and remaining tissue was assessed for bone formafiblese may result in the
underestimation of total bone formation as mature bone may also be excluded by
this type of analysis. All cdleated groups, except for the Si#ypoxia graop,
improved bone formation in comparison to the ES group at 4 weeks. All cell groups
improved bone formation compared to ES group at 8 weeks. This data indicates
that all cell groups improved bone formation in model compared to the vehicle
group. The SCrgup consistently produced higher levels of bone in comparison to
the SF group in both hypoxia and normoxia at both time points. No differences
were observed between Strmoxia or hypoxia groups at 4 weeks. However, at 8
weeks significantly increased ldseof bone formation were observed in -SC
normoxia group. Overall these data indicate that MSCs cultured in normoxia in SC
medium contribute to greater levels of bone repair in this model. However it is
G2NIK AYRAOFGAY3I GKIF G réeptegestédin this Hataldythell dZNB Q 06 2y
density of this tissue would be too similar to MBCP+ granules to distinguish the

two.
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4 weeks 8 weeks

Normoxia

Hypoxia
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Figure 5.3.1 Serumontaining MSCs cultured in normoxia are superior at in vivo

bone formation. Empty defect, ED; empty scaffold, ES; seine® SF; serum

containing, SC(A) Representative 3D images of defect region at 4 and 8 weeks post

implantation. Scale bar: 1mm. (B) Quantification of bone volume calculated as a

percentage of tissue volume.ll Acelttreated groups results in increased bone

formation compared to ES group by 8 weeks. Increased levels of bone formation

observed in S@ormoxia group over time. Results are presented as the mean +

standard deviation (SD) of 3 biological replicateshw2 technical replicates,

FLYKNdnpX FFLKn®AmME FfF LKA dvayn ANOVAAandR S G SN A y S
. 2YFSNNRYAQa Ydzf destl)t S O2YLI NAazya LkRai
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5311 A3G2t23A0Ff adFAyAy3 O2yiNBf dAaAy3 a2

Prior to beginning this study, the decision was determined to switch from the use of
alfft2NEQAd Y2RATASR GNROKNRYS aidlAy (2 a
distinction between bone, cartilage and bone marrow is evident by yellow, green

and purple colours, respectively. As a staining control for this tissue, a healthy goat

knee which had previously been decalcified using EDTA, in a similar method to the
decalcification of samples described below, was used. Here the cartilage surface
canclearly been seen by rich by green colour with a clear switch from green to
yellow colour as tissue changes from cartilage to subchondral bone. Bone marrow is
observed throughout bone as the purple colour.

Bone marrow

Figure 5.3.2 Representative staining contrea NJ a2 @1 6 Q& t Sy G+ OKN.
healthy goat knee. Bone is indicated by yellow, cartilage by green and bone
marrow by purple.
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5.3.3 Histological analysis of bone repair superior regeneration of defect by SC
MSCs

az2z@l 0Qa tSyidl OKNRYS barelrepayf of the GSDdRUSIRthdl 2 | 44 S 4
large size of the defect region 9 images at 4x magnification were taken and merged
together (Figure 5.3.3a). Enlarged versions of the images, highlighting specific
regions of interest, are represented in Figures 5.333INo repair of bone in the
empty defect region was observed as seen by the lack of tissue present indicating
that this CSD model is incapable of regeneration and represents a esitiedl
defect. The formation of a cartilaginous tissue on one side of lbbere defect
(figure 5.3.3b, red box) indicated an attempt to repair the tissue via formation of
endochondral bone formationThis attempted repair was only apparent on one
side of defect regiorffigure 5.3.3b, green box). Similarly low levels of regenenat
were observed in the empty scaffold group, the vehicle control. However, there
was an increase in osteogenic repair in this region as evident by the surrounding of
MBCP+ granules across the upper side of defect by bone indicated by yellow
staining (figire 5.3.3c, red box). Additionally formation of bone is also evident
surrounding some MBCP+ granules within the defect region indicating the addition
of MBCP+ granules improves the ability of the defect region torspéir (figure
5.3.3c, green box). Haver, levels of self repair are insufficient to fully repair the
defect region. The SF MSCs cultured in normoxia did not improve bone repair. Low
levels of new bone formation were observed in a small region of defect (figure
5.3.3d, red box). Overall, th8F implant failed to integrate into the surrounding
tissue (figure 5.3.3d, green box). An increase in osteogenic potential was observed
in the group treated with SF MSCs cultured in hypoxia as indicated by the formation
of bone surrounding the outside ohé implant region and traversing the length of
the defect region (figure 5.3.3e, red box). Additionally this tissue integrated into the
surrounding tissue indicating a superior bone repair than SF MSCs cultured in
normoxia. High levels of bone regeneratiarere observed in the group treated
with SC MSCs cultured in normoxia (figure 5.3.3f). The presende nbvabone

and cartilage indicates repair of the defect via endochondral bone formation (figure
5.3.3f, red box). The presence of bone, and more comynarartiage, was

observed throughout the tissue with full integration of the cell implant with
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surrounding tissue (Figure 5.3.3f, green box). A reduction in the bone healing ability
of SC MSCs cultured in hypoxia is observed compared to their normoxic
counterparts (figure 5.3.3g). Almost complete bridging of defect region is observed
on one side of the defect region (figure5.3.3g, red box) and full integration of cell
implant is observed at both sides of the defect. The presence of cartilage tissue is
alo observed within the defect region (figure 5.3.3g, green box) with bone present
throughout the defect region around MBCP+ granules. This data indicates that the
SC MSCs seem to be superior to SF MSCs at repairing bone and the culture of SC
MSCs in normoai improves their bone forming ability. No cartilage tissue was
observed in the SF groups indicating that bone repair by these cells is primarily via
direct osteogenic differentiation ointramembranousbone formation. Conversely,

the presence of bone andadilage tissue in SC groups indicates that these cells
repair bone via endochondral bone formation or a combinatidrendochondral

and intramembraous bone formation.
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Figure 5.3.2a: Representative histological analysis of bone, cartilage and bone

marrow present in implanted constructswSLINS&ASy iF 6 A @S AYlF3Sa 27
Pentachrome stained images of implanted groups. Bone (Yellow), cartilage (Green)

and bone marrow (purple). Implanted MPCP+ (Dark blue or absent of colour). Scale

bar 700pmWidth of defect region indicated by red arrows
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CAIdzZNE pPoPd®odoY wWSLINBASY (I (MkegsSndicadtydi e RST.
the yellow and green rectangles are magnified in the middle and bottom images,
respectively.
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the yellow and green rectangles are magnified in the middle and bottom images,
respectively.
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CAIdzNB pdoPoRY wHESNBHSKFLF § A AN dAdENHIY A Y A
indicated by the yellow and green rectangles are magnified in the middle and
bottom images, respectively.

Page143



Chapter Five

CA3IdzNB pdodoSY wHINKSE SKELIERDISE ARENMAI A0 Ay
indicated by the yadw and green rectangles are magnified in the middle and
bottom images, respectively.
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CA3dzNBE pdodoFY wSALINBIASWANIV T A YIBNMX BEIHZEY I NP
indicated by the yellow and green rectangle® anagnified in the middle and
bottom mages, respectively.
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CA3dzNB podododY wl2NBEBEBSY LY HA @8 LI& EARRSHzZY I NP dzLJ) &
indicated by the yellow and green rectangles are magnified in the middle and
bottom images, respectively.

Page 146



Chapter Five

5.3.4 Optimisation ofin vivovisualisation of angiogenesis by photoacoustic

imaging (PA)

An integrated photoacoustic and ultrasound (US) imaging system was used to
visualise neovascularisation of defect regions using a hagay transducer probe.

The probe was operated at 21MHz providing an axial and lateral resolution of 75um
and 158um respectively. Optimisation of the system was first established to
determine the suitability of PA imaging of the rat femur. Figure 5.3s4a 2D
ultrasound image of the defect region with screws visible as two sets of two vertical
lines indicating the position of the titanium screws. The PEEK plate is undetectable
by PA or US imaging. Figure 5.3.4b represents PA imaging of the same regjion at
different wavelengths to determine the optimal wavelength for identification of
neovascularisation. No major difference was observed between wavelength
frequencies and 800nm was chosen for future scans. To determine if the titanium
screws or PEEK plabeterfered with the reading of defect zone, PA readings of
each region was measured individually and readings were compared (figure 5.3.4c).
The various regions were clearly distinguishable from each other indicating the
suitability of PA analysis for assenent of neovascularisation in this model. To
standardise the region being measured, the region between the two sets of two
screws was selected and a 3D rendering of this region (figure 5.3.4d) was generated

and used for assessment of oxygen and haemaglsaturation (figure 5.3.4e).
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Figure 5.3.4: Optimisation of PA imaging of neovascularisatioh) Representative

2D ultrasound image of the CSD region of rat femur containing 4 titanium screws.
(B) PA readings of the region identified in (A) attiple wavelengths to determine

the optimal wavelength for visualisation of the region. (C) Measurement of specific
materials within the defect region to determine basal PA reading. PEEK plate
(green), Titanium screws (blue) and defect region (yellow)S{Bndardisation of

CSD region between titanium screws to be analysed. Representative image of the
CSD region indicating s@vels as a colour change from blue to white to red
indicating an increase in s@vels.
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5.3.5 Oxygen saturatiofevels of CSD does not change over time

The oxygen saturation (sO2) levels of the defect region were measured at 4 and 8
weekspost-surgeryto determine if sO2 levels change over time during bone repair.
Six animals were measured per group. Representdtineges of sO2 levels of a
single slice of defect region are presented in figure 5.3.5a. No changes leve(3

in the CSD region were observed between time points for any of the groups.
Quantification of sO2 levels of a 10rharea within the defect regivare presented

in figure 5.3.5b. This data correlates with figure 5.3.5a indicating no difference
between the groups at each time point and indicates no changesteséls over

time. These data indicates that eithersDS @St a 2F [/ { 5 tirRe2oy Qi

that changes are not detectable by PA imaging.
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A 4 weeks 8 weeks

(A) 4 weeks . (B) 8 weeks
Defect region
A=10 mm? . Defect region

100% sO, average = 57+0.1% A =10 mm?

sO, average =51+0.1%
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