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Abstract

The organisation of a multitude of cellulaiche componentstheir communication
via manysignalling pattvays andtheir response tophysical factorsprotects and
regulates haematopoietic stem cgHS( fate in adult bone marrowWhilst the
contribution of osteoblasts, endothelial cells and perivascular cells have been
examined, the role of a second stem Ic@opulation in the bone marrow;
mesenchymal stem cells, ot well understood due to the lack of disttive
markers to identify themin viva There is therefore a requirement to determine a
characteristic that allowgheir prospective isolation.Under @rtain conditions,
stromal cells and osteoblasts in the bone marrexpress 7. The use of a novel
IL7Cre BAC transgenic mouse limesallowed more accuraté-7 protein detection
in situand demonstrated IL7 reporter expression in mesenchymal lineaggdls in
endosteal and vasculdiSChiche locationsThese cells were further characterised
in this study in order to determine if 4L or nestin, an intermediate filament
associated with a wide range of stem cell populations, is expressethdgould

identify bone marrow derived MSCs.

YFP positive cells were analysed in sections efChHe Rosa28YFP mice.
Interestingly, it was only a proportion of mesenchymal cells that expressed YFP,
supporting the theory that subsets of MSCs exist and therefoia, ttrey may have
different roles in numerous bone marrow nichdis7 was not observed to have any
effect on the proliferation or differentiation of human MSCs. Generation of MSC
clones supported the suggestion thatvitro cultures of MSCs are a heteraogus
population and they displayed wide range of H/ and nestinmRNA expression

levels
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Chapter 1. Introduction

1. Introduction

1.1 Mesenchymal stem cells

The recapitulation of bone and bone marrow formation was demonstrated in the
late 1960s by transplanting bone marrow fragments to heterotopic anatomical sites
in mice(Reviewed by Tavassoli & Gby, 1968 However, it is Friedenstein who is
acknowledged with the discovery of bone marrow mesenchymal stem cells (MSCs)
as his group demonstrated over a series of refined experiments that the osteogenic
potential was confined to a small subset of lomarrow cells distinct from
haematopoietic cellgFriedenstein et al, 1990These cells were observed to adhere

to tissue culture plastic with a fibroblastic morphology and could give rise to
discrete colonies of cells when plated at clonogenic conegioins, subsequently
termed colonyforming unitfibroblasts (CFWFs). Additionally, single cells could be
transplantedin vivo and demonstrated self renewal and skeletal differentiation
capacity. Fulfilling the criteria for stem cells, the €#FUnere corequently named
osteogenic stem cells and later stromal stem cells. Some years later the term
mesenchymal stem cell was popularised for these stem erlidvoand remains, if

a little controversially, in use today.

1.1.1 Nomenclature

Discrepancies exist aroBn 1 KS G SN¥Y WwWYSaSyOKeyYlf &GSy
conceived in 1991 by Caplan and given to multipotent bone marrow precursors
(Caplan, 1990 ¢ KS Ay Ofdzaiz2zy 2F (GKS GSNXY adaaidsSy
multipotent ability to generate cells of bone, fat and cartilag&g(rel.1), a single

MSC may be transplanted and self renew appropriately to give rise to bone
structure with accompanied hostaematopoiesis. As many authors had used the

term MSC to describe plastadherent cells thatvere multipotentin vitro but had

not necessarily demonstratednh vivo self renewal capacity, the International

Society for Cellular Therapy (ISCT) released a statement in 2005 to encourage the
dzaS 2F GKS GSN¥Y wydz (A LR GS sdcelly,3eseBingd K & Y I §

0KS WYSaSyoOoKeyYlf aidSy OSft t mvidosehdriewalF 2 NJ { K
15



Chapter 1. Introduction

(Horwitz et al, 200p They recognised that the acronym MSC was widely accepted

and sought to keep this for either population, as will be adopted in taport.

However, this particular point has been disputed as causing more confusion in the

field and therefore some designate different acronyms to try to acknowledge the
YaisSyySaaQ 2F GKS OStfa GKSe& | NB NBLIZNIA
of MSCs in all their guisesrtinues, this nomenclature ikkely to shift further in

the future and the most important points i concern the standardisatioaf their

isolation and the accurate descriptions of their functionality and various

subpopulatons bothin vivoandin vitro.
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~
Self renewal MSC
& 4 mesenchymal stem cell

1
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Figurel.l Lineage potential of resenchymal stem cedl

Mesenchymal stemails are able to proliferatesef-renew anddifferentiate to give ise to
cells of the bane, fat and cartilage.vidence hasilsobeen reported to suggest theability

to differentiate into other lineages sudis neural cells or liver cells although this remains

controversial.
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1.2 Developmental origin of MSCs

To date, aimited amount is known about the developmental origins of MSCs. MSCs
have been isolated from numerous connective tissues in adult mammalian systems
with a variation in their functional properties. The definition of their progenitor
population may explain@ne of the current inconsistencies and allow directed
differentiation of pluripotent stem cells and analysis for expanding MSC populations
for therapeutic use.

Currently, bone marrow MSCs are predicted to arise from specific progenitors as
skeletal tissueis derived from distinct embryonic regions. Neuroectodermal
progenitors generate the craniofacial bones and cartilage, the limb skeleton
originates from lateral plate mesodermal cells and axial skeleton develops from

paraxial mesoderm (somite@plsen et al, 2000

1.2.1 Mesoderm

Colony forming assays directing the differentiation of mouse embryonic stem cells
(mESC) resulted ine¢hidentification of the haemangioblast, a bipotent precursor of
haematopoietic and endothelial progen§Choi, 1998 The haemangioblast was
subsequently demonstrated in mouse embryos as a subpopulation of mesoderm
prominently detected in the posterior primitive stre@iduber et al, 200%

Previous derivation of MSCs from human ESCs (hESCs) with comparable potential to
those isolated from adult bone marrow has been report@divedi & Henmatti,

2008 but the precursor population that gives rise to the MSCs remains poorly
defined. Recent progress has been made in the designation of a
mesenchymoangioblast as a direct MSC precursor with endothelial and
mesenchymal potential. hESCs were sutocad with OR9 (bone marrowderived
mouse stromal cell line) cells and directed towards a mesodermal specification.
These hESCs were then plated in sealid media in the presence of fibroblast
growth factor 2 (FGF2) and absence of serum. After a Ardiagl co-culture, this
generated colonies that could be identified as mesenchymal (MS) by the surface

marker pattern of CD14068D90CD56CD166CD3¥CD43CD45 (D146". When

18



Chapter 1. Introduction

cells were initially caecultured for 3 days, they formed more dispersed cell colonies
(blast) that expressed haematopoietic commitment transcripts, as measured by
RTFPCR. Both of these colony types were transient and could notdmuped from
hESCs coultured for more than 3 days before the colony assay or in the presence
of serum (Vodyanik et al, 2010 The precursorfor each colony was further
specified as expressing apelin receptor (APLNR). APLNR was upregulated during
co-culture mesodermal differentiation. Undetectable levels of APLNRere
associated with undiérentiated hESCs that then increastdapproximately20%

and 70%APLNR positive cellsn days 2 and 3 of eculture with OP9 cells,
respectively. Transcript analysis of APLN&Isreported the absence of neural
crest associated genes, in contrast to the preseoiclbut no particular enrichment

for, mesodemal genes. The treatment of emlture cels with the Wnt agonist
Dkk1 orinhibitors of TGF & A 3y | t f A y Inkerruptpairivay$ nfedligtifg o 2
mesodermal differentiation, individually obliterated APLNBxpression. The
authors therefore suggest thaAPLNR cells represent a subpopulation of the
mesoderm and further investigation will hopefully identify a unique marker for
these cell{Vodyanik et al, 201p

1.2.2 Neural crest

The neural crest is a mass of cells that arises at the neural fold during vertebrate
development. Neural cresderived stem cells (NCSCs) are able to differentiate to
provide cells thatonstitute most of the peripheratervous systenfPNS)ncluding
neurons, glial cells and myofibroblasts. NCSCs also differentiate to chondrocytes,
adipocytes and osteocytes that generate the bone structure and connective tissues
in the head and neck. These tissues in the main bodywately attributed to cells

of mesodermal origin and the differentiation of MSThke generation of transgenic
mice have provided useful tools to investigate specific neural crestrived cells.
Protein zero (P0O) or Wntl promoter or enhanakiven Cre recomibiase activity
indelibly marks neural crest cells with a reporter transgene such ag&fielian

et al, 1998 Yamauchi et al, 1999 PO is a cell adhesion molecule primarily

associated with myelin sheaths in the PNS and at a transcript level has been
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reported in neural crest cells after delamination from the neuroepitheliiitbin et

al, 1990 whilst Wntl expression is restricted to the neural plate and dorsal neural
tube (Echelard et al, 1994These transient expression windows make PO and Wntl
ideal candidates to demarcate cells of the neural crasiditionally, Sox10 has been
used in a similar way, as its expression is identified in the neurat orethe
developing embryo in humans amddents (Bondurand et al, 1998uhlbrodt et al,
1998. BEvidence suggests that these cells migrate to the developing thymus and
differentiate into the cells associated with vasculature, indicating the contribution
of neural crest derived mesenchymal cells to organs outside of the nervous system
(Foster et al, 2008

Emergingevidence suggestthat NCSCs migrate to the adult bone marrow and
contribute to the functional MSC populationGFP cells were isolated from th
bone marrow ofadult Wntl-Cre and P&re/GFP transgenioice and were able to

self renew in sphere culture and differentiate into neural lineaf¢agoshi etal,
2008. Additionally, GFPNCSCs were detected in the acganadmesonephros
(AGM) region, circulating blood and foetal liver as well as adult bone marrow
suggesting the NCSCs migrate to the bone marrow from the neural crest through
the blood (Nagoshi et al, 2008 They also appeared in each tissue location to
coincide with the concurrent arrival of haematopoietic stem cells (HSCs). As the
stromal network of the niche is a supportive collaboration that is resident before
the entrance of HSCs in order to guide and maintain the HSCs, this suggests that the
NCSCs have intrinsic spatial and temporal roles on HSCs develofmemlCSCs
seem to retain the neronal potential presumably gained at the site of generation

in the neural crestalthough it remans to be seen whether this iequired for
maintenance of sympathetic nerves in the bone marrow or whether it is a

redundant pathway that can be reinstatenl isolated cellsn vitro.

Identification of NCSCs in bone marrow is hampered by the intrinsic problem of a
unique characterisation marker for MSCs. P75 has been used to isolate rodent

NCSCs from the sciatic ner{Morrison et al, 1999and although this marker had
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been determined in multipotent cells obtained from tissue explairisyivo BrdU
incorporation experiments demonstrated the self renewal @aipties of these cells
(Morrison et al, 1999 More recent advancesitilise the Wntl-Cre transgenic
mouse model allowing neural crederived cells to beletermined andexamined in
tissues outside theentral nervous systenCN$. NCSCs have been located in the
adult murine cornea(Yoshida et al, 2006 heart (Tomita et al, 200pand gut
(Kruger et al, 200R indicating their migration and retention throughout adult life.
Compaison between the adult and foetal NCSCs reported a reduced efficiency and
more restricted multipotency in adult stem cells from the corn@ashida et al,
2006 and gut (Bixby et al, 2002(Kruger et al, 2002prompting the requirement

for classification and further undei@tding of this cell population.

Neuroepithelium cells have also been proposed as a common progenitor for bone
marrow MSCs. Soxheuroepithelial cells differentiate into MSCs as detected in
embryonic stem cell culture and Soe&le/GFP transgenic embryo aysis
(Takashima et al, 20Q.7Further investigation reported that somitic PDGFBells
present in E9.5 embryos could not give rise to MiaG4gtro but could differentiate

into adipocytes, suggesting that the first MSC progenitors in this murine model are
from a neuroepithelium source and not from the mesoderm. Further analysis
conduded that Sox1 progeny could not account for all of the MSCs present in
neonates and suggests that they only represent an initial wave of MSC supply which

is supplemented from as yet undescribed sour@eskashima et al, 200.7

Another study using transgenic mice with neural crest specific GFP expression
(POCre/FloxeeeGFP) found that GFP positive and negative MSCs isolated from
adult bone marrow were amparable in their ability to differentiate down
tri-lineage mesenchymal pathways and into neuronal cell types under appropriate
instruction (Morikawa et al,2009h. MSCs were sorted as populations with the
LIK Sy 2 (i & LIScal ' 6D25TER119 as alterations to this pattern led to lack

of a fully differentiating or CFB forming potentialMorikawa et al, 2009p Bone

marrow-derived NCSC and MSC clones could be differentiated into osteocytes and
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chondrocytes but NCSCs required fmeatment with Wntl before successful
adipogenic differentiationwhich was not necessafgr MSCgWisletGendebien et

al, 2013. MSCs were only seen to differentiate into -Itgxpressingcells when
cultured in contact with cerebellagranule neurons whereas NCSCs spontaneously
differentiated into neural lineage cells in normal or induction me@sislet
Gendebien et al, 2032 Taken together, these studies support the theory that bone
marrow MSCs are comprised of cells from at least two origins: neural crest and
mesodermal. However, the confinement of neural differentiation potential to MSCs

derived from the neural crest is stillsputed.

HSCs have also controversially been proposed as the origin of bone marrow
fibroblasts and their precursor&bihara et al, 2006 Further investigtions will be
important to determine the full potential of each of these cells to generate MSCs
and any physiological differences in MSCs that arise from different developmental

origins.

1.2.3 Surface markers of MSCs

Identifying tissue resident MSCs will nedlly facilitate the isolation of their
precursors. MSCs represent a rare population inhabiting a complex bone marrow
environment. Their characterisation is further hampered by the lack of a unique
identifying cell surface marker. Currently, isolated andlitwwed MSCs are
commonly distinguishedin vitro by a panel of cell surface markerns 2006 the
International ®ciety for Cellular Therapy (IBQoroduced a specification of markers

that should determine plastiadherent MSCén vitro (Dominici et al, 2006 This
included expression of CD105, CD90, and CD73. MSCs should also be negative for a
vast array of markers; haematopoietic markers €@ad CD34, monocytic markers
CD14 and CD11b, B cell markers CD79a and CD19 and HLA class Il. They must also
be able to differentiatein vitro into osteoblasts, adipcytes and chondrocyteas

part of the minimum suggested criteria. Despite these attempts to standardise the
cell populations used to study MSC biology, issues reswanounding alterations in

expression that may occur dum® in vitro culture before analysiskor example,
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CD44, routinely used to characterise M@@arrera et al, 2007Sun et al, 2008has
been reported to be acquired in culture in murine and human populations as
prospectively isolated MSCs were found to be C[@ihnet al, 2012.

Isolation from multiple tissue sources and the determination of multipotentiality
invitro contributes to the reported differences in MSC characterisation and the
difficulty in confidently isolating a single cell type. It has been sugdet$tat the
heterogeneous properties o vitro MSCs are not consistent with those in the
in vivoenvironment. Cultures of MSCs can appear homogeneous for the expression
of a range of cellular markers but have functional heterogeneitgdeaaonstrated

by donal line production of Strd” VCAM1* MSCqGronthos et al, 2003 Isolation

of the monoclonal antibodystro-1 led to recognition of a cell surface antigen on
bone marrow cells that wereapable of CFE generation and classic-timeage
differentiation in vitro (Simmons & Torostorb, 191). Although Strel enriched

the MSC population, the antibody also creesacts with glycophorith-positive
nucleated red cells and-Bmphocyteswhich meant contaminating cells prevet

a homogeneous culture. This was partly overcobyeusing the corbination of
Stro-1 with vascular cell adhesion molectdld VCAML/CD106)which generated a
purer population but still showed varying clonogenic poten{@ronthos et al,
2003.

CD146 exmession was detected in human bone marroerived subendothelial
cells that were able to transfer ectopic bone and bone marrow when transplanted
into irradiated mice hosts suggesting its use for prospectively isolating stromal
progenitorsin vivo(Sacchetti et al, 2007 In human bone marrow sections, CD146
labelling was restricted to adventitial reticular cells (ARCs) that were observed lining
sinusoidal vesds with extended cellular processes. This localisation was supported
by evidence that CD146 is upregulated in normoxic conditions but down regulated
in hypoxia(Tormin et al, 2011l CD271 has been used to prospectively isolate bone
marrow MSCgJones et al, 2002 CD271is also known ap75' " (a low affinity
neurotrophin receptor) which is expressed on NCSCs that are capahtewfonal

and mesenchymal differentiatiofLee et al, 2007Stemple & Anderson, 1992As is
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common with other prospective markers, there is some cross reaction with other

cell types. In this case, CD271 has been reported at low levels on erythroid cells that

can be removed from the MSC culturg electing CD45 negative cdlBithbert et

al, 2012. CD271 had been used in conjunction with CD146 to identify
subpopulatons of MSCs.if@ilar CFLF ability and morphological appearaneas
observed when cultured in vitro between CD271CD43/CD146*" 24nd
CD271/CD48/CD146 cells(Tormin et al, 2011 Additional markers CD105, CD90,
and Strol, as well as PDGFR ¢ SNB S E LINB & & $oR Interéstingly, O K
immunodetection in  human bone marrow sections determined the
CD271/CD4%/CD146 “* 2 %population  as bone lining cells  whilst
CD271/CD45/CD146 cells were associated with the sinusoids as previously
reported for CD14b6cells(Tormin et al, 201} Isolated CD14&ells have also been
reported to supportin vitro haematopoiesis in long term cultures through the

expression of adhesion molecsland cytokine¢Sorrentino et al, 2008

Murine MSCs areomparativelymore difficult to culturein vitro due to a high level
of haematopoietic cells containating the culture and the strict growth conditions

that are required. Some surface markers detected on human MSCs cannot be

conferred to mouse MSCs and additionally, the markers on mouse MSCs can vary

between different mouse strainadding an extra les of complexity when using
these models to study MSCs. For example, -$franentioned above as an
important human MSC marker, has no comparable antigen in mice. Another human
marker, CD90 is also inconsistently reported with negati{&njosAfonso et al,
2004 heterogeneous(Morikawa et al, 2009aand positve (Chan et al, 2009
expression associated with MSCs despite using the same mouse (SEBL/§.

This may be due to the inability to aceately define MSCs generally and tatore

the identification of true MSCs or progenitors using CD90 as a manmkeitro.
Therefore, slightly different candidates are considered in mice alongside those
markers determined on human MSCs and whilst not cetefy compatible, the

use of murine models can provide a useful understanding of the physiology of
MSCs.
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In murine studies, mspectively isolated PDGFR'Scal’CD45TER119 were
identified in a perivascular region in adult mouse bone marrow with mesenchymal
differentiation potential when transplanted into immunodeficient recipients
(Morikawa et al, 2009a The highest expression levels of HSC maintenance genes
angiopoietinl (Angl) were detected int 5 D CSeal® cells, with abundant
CXCLISELINB & & A2Y RSBQDEB®Oorikayva dt &, RADYN
NestinCD45CD31 cells investigated in the bone marrow of N&&P transgenic
mice, in which cells express GFP undgulatory elements of the nestin prorter
(Mignone et al, 2004 have also been shown to contain the MSC capacity of the
bone marrow. NesGFP cells were able to self renew vivoand differentated
down mesenchymal lineages thakre incorporated into bone and cartilage tissue,

as analysed by lineage tracing studigendezFerrer et al, 2010

Despite progress to characterise the MSCs, the use of a multiple set of markers is
problematic as other cell types express individual markers, each marker may not
have continuous roles throughout the life of MSCs and there are clear differences
betweenexpression of the markers used in mouse and human studies that requires
a cautionary approachTherefore,identifying a unique marker would be a very
powerful tool to isolate specific MSC populatiomsorder to provide consistent

results and potential aarces for therapeutic use.

1.3 Thestem cellnicheconcept

Whilst MSCs can be isolateg their ability to adhere to plastic and studieal vitro,

the restrictions of studying representative behaviour and not just culture artefact,
requires that MSCs be idefied in viva Confidently identifying MSCs begins with
considering where they reside in the bone marrow.

The concept of the stem cell niche was proposed in 1978 to describe an
environment that would accommodate and regulate the action of stem cells by
maintaining the properties of self renewal and multipotent differentiation
(Schofield, 1978 This idea was corroboratda the existence of stem cell niches in

Drosophila which demonstrated regulation of germ line stem cells by the stromal
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cells in the ovary and asymmetric divisiPfie & Spradling, 2000This explained

the apparent immortality of the HSCdespite the replenishment of mature bone
marrow cells that had intrigued Schofield and colleagues. Further work has
continued to examine the regulation of stem cell fate by its immediate environment

as the cellular compants and their interactions are still unclear.

1.3.1 Bone marrow microenvironment

Bone is a complex, specialised tissue that provides the body with mechanical
support, protection of internal organs and a resource for ions such as calcium and
phosphate. Skeletabones have an outer layer of compact bone surrounding an
inner trabecular bone. Bone matrix is continually replaced and remodelled
controlled by osteoblastic and osteoclastic action asdhereforea dynamic and
organised structure. The bone marrowdentained within the bone cavities and
encompasses a vast network of blood vessels supplying access and nutrients to

undifferentiated and mature haematopoietic astromalcells.

In mammalian bone marrow, two stem cell populations, HSCs and MSCs are
evident. Their respective niches are intertwined and much niche investigation has
been modelled using HSCs as it is a well characterised stem cell population with
defined transplantation end point assays. In this way, most of the proposed niche
components ag presumed to be in close contact with the HSCs. Multipotent,
longterm HSCs (LHISCs) are able to expand the stem cell pool for the life time of
an organism to maintain and replace the haematopoietic system. By the process of
asymmetric division these delalso give rise to dérentiated shortterm HSCs
(STHSCs) or lineage restricted cells known as multipotent progenitors (MPPs) that
proliferate and differentiate to produce the mature cells of the blo¢t5Cs have
been identified in perivascular, endestl and stromal compartments in the bone
marrow (Kiel et al, 200p In the continually remodelled bone marrow environment,

it remains to be seen how much these nisheverlap and the extent to which they

might themselves be remodelled in the process of regulating HSC and MSC fate.
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Figurel.2 The bne marrow microenvironment

The bone marrovenvironment comprises multiple cellular components and a complicated-tatisto regulate HSC fate

Stromal cells are an important element of the HSC niche in vascular and endosteal loeaiibimseract with osteoblasts and osteoclasts #ie
endosteun. Osteoblasts are implicated in retaining HSCs in the bone maEgpression of nestin, leptin receptor, CD146 and CXCL12 have all been
described as potentially distinct markers of MSCs in the bone marrow HSC AlititeviationsHSC; Haematopoietic stecell, C&’; calcium, @ oxygen

CAR cell; CXCL12 abundant reticular B&HC; mesenchymal stromal cell.
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1.3.2 Perivascular niche

HSCs are closely associated with vascular tissue throughout their development.
Haematopoietic cells are first detected in thetrxembryonic tissue of the yolk sac
and then migrate to the foetal liver and bone marrow, a highly vascularised tissue
(Moore & Metcalf, 197D HSCs are also present at extramedullary sites such as the
liver in adult tissues. Lineatfgcal’c-kit" (LSKmarkers used to define HSC lineage)
cells isolated from adult mouse liver could competently reconstitute irradiated mice
(Taniguchi et al, 1996Additionally, HSCs are detected in the adult peripheral blood
during homeostasigGoodman & Hodgson, 19%2nd in response to chemokines
that can mobilise HSCs within minutes of administrafiosterveer et al, 19951t is

a logical explanation that HSCs residing in contact to bone marrow sinusoids would
be able to monitor exogenous signals in the blood and respond effectively to
haematopoietic requirement. Taken together, these findings support the location of

HSCs in a perivascular locati@gRigurel.2).

The SLAM (signalling lymphocytic activation molecule) family contanid !l
surface receptors that are involved in lymphocyte activat{&mgel et al, 2003
SLAMfamily members CD150, CD244 and CD48 were used to identify HSCs by
immunohistochemistryon tissue sections ana vascular niche was identified in the
bone marrow(Kiel et al, 200b There is some debate whether thendosteal and
perivasculamiches that have been recognised are true niches that maintain the
sef-renewal properties of H&CPerhapgshe perivascular niahis just a holding pen

for the HSCshat are primed to differentiate and provide a multitude ahature

cells for systemic dispersal anlkde endosteal niche is where the most immature
HSCs residdurther detailed analysiss therefore required to understal the role

of the niche on HSC behaviour.

1.3.3 Endosteal niche
The endosteum is the margin between bone and bone marrow and as such is the
site of bone turnover. It is populated by a range of osteoblastic cells at different

stages of differentiation that cdnibute to bone formation. The coperation
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between the processes of bone remodelling and haematopoiesis and the
relationships between the cells that are involved are gradually being uncovered
(Figure 1.2). Since lhe HSOniche proposalthere has been an accumulation of
evidence todemonstratethat HSCs arcatedin close proximity to the endosteum
(Lord et al, 197pband that HSCs in this region possess the highest proliferative and
haematopoietic potetial (Haylock et al, 2007 This has been facilitated by the
development of techniques such as intravital microscopy andltipmoton
microscopy to analyse HS{Bssitu Transplanted LSK CD1%ED48cells could be
viewed by twephoton microscopy in live, irradiated mouse calvarial bones. The
cells homed to within 20 um of the endosteum while more committed progenitors
and HPC$LSK FIf3CD34) were observedo home to a position furthefrom the
endosteum. Thidhioming to a greater distance from the endostewmas also the
case for HSCs in namadiated mice, suggesting that the endosteal niche is a
preferred site for HSCs btitat they must be depleted before lodgement of HSCs
can occurand that different niches exist for cells that are more mat(re Celso et

al, 2009.

1.3.4 HSC mobilisation to and from the niche

The processes of homing andohilisation are key to understanding what first
attracts HSCs to their niche in the bone marrow and what subsequently stimulates
their mobilisation out againJust before birthHSCs migrate from foetal liver to the
bone marrow and are able to renter the peripheralcirculationduring homeostasis

or in response to demands for blood celBhristensen et al, 200Massberg et al,
2007 Wright et al, 200 CXC12, (also known as stromal cglerived factorl,
SDF1) is an essential chemoattractant of H3l&s expressts receptor CXCRZhe
CXCL12/CXCR4 axis &n important signalling mechanism in the process of HSC
homing tothe nicheand their sibsequent retention Deletion of either gene leads

to depletion of HSCs in the bone marrg@ugiyama et al, 2008 zeng et al, 2001
Therefore, a thorough understanding of the process and the identification of niche
cells that express CXCL12 will pdevimproved strategies to aithe mobilisation of

HSCs into peripheral blood for harvest and subsequent therapeutic use

29



Chapter 1. Intnduction

Whilst the mechanism of HSC direction into the peripheral blood in homeostasis is
largely unknown, it has been proposed that it isiat&#d by circadian oscillations of
CXCL12 in the bone marrow that result in the rhythmic release of HSCs into the
bloodstream in mice at leas{MendezFerrer et al, 2008 Mice deficient for CXCL12

die perinatally due to extreme defects in haematopoietic and central nervous
systems(Baune et al, 2011 This is due to the disruption of the homing and
engraftment of HSCs to the he marrow from the liverFurthermore, éevated
levels of plasma CXCL12 mobilised HB@s circulation in severe combined
immunodeficient (SCI mice, an activity that can be exploited to improve the
harvesting of HSCs for therafiyattori et al, 2001 In clinical trials, an antagonist of
CXCR4 Plerixafor (AMD3100) mobilised HSCs and their progenitors the
peripheral blood(Fruehauf et al, 2009

Granulocytecolonystimulating factor (GCSF) has been traditionally used to
mobilise HSCs but not all patients respond satisfactord€SE functions to induce
the degradation of SDE in the bone maww and indirectly causes the
upregulation of CXCR#etit et al, 2002 A synergistic response is seen when the
two chemokine are used in combination tetimulateHSCgo enter thecirculation

and AMD3100 can be used as an alternative stimulant whe@S6 failgUy et al,
2008 Watt & Forde, 2008 an attractive benefit resulting from increased
understanding of the roles of niche components. Entering and exiting the stem cell
niche is a tightly controlleghrocess which isdaptive to chages detected in the

microenvironment.

1.3.5 Cellular candidates of th&iSQiche

Whilst the cellular components of the niche may depend on the physical location in
the bone marrow, a common theme tise skeletal progenitorshat arereported at
each site. Cdlimplicated in the HSC niches include osteoblasts, CXbubdant
reticular (CAR) cells and MSEg(rel.2).

30



Chapter 1. Intnduction

1.3.5.1 HSCs regulate their own niche

Mature cells derived from HSCs such as osteoclasts and macrophagesilied
below) have been implicated in regulating the stem cell niche and therefore
indirectly influencing the fate of HSCs. Evidence also exists to support the theory
that HSCs are able to regulate the niche directly. Usinig &itro co-culture system

with HSCs and mesenchymal cells, steady state HSCs were observed to direct
osteoblastic differentiation of bone marrow stromal cells and thsteogenesisvas
increased in conditions wherthe HSCs were derived from acutely stressed mice.
The HSCs mediatatie response through secretion one morphogenic protein
(BMP}2 andBMRS6, as detected by cDNA screening andARIRJung et al, 2008

1.3.5.2 Osteoclasts

Bone brming osteoblasts and bone resorbing osteoclast numbers and function are
tightly regulated in order to maintain the structural integrity of bone. Osteoblasts
are responsible for initiating the maturation of osteoclasts with the production of
receptor actvator of NF° . f A 3| y RThe dhadndtopgieticd origin  of
osteoclasts is indicated by the ability of RANKL teatei their generation from the
differentiation of macrophage progenitors (GIM) (Miyamoto et al, 200%L
Following RANKL activation in mice, osteoclasts promote the release of
haematopoietic progenitors into circulationKollet et al, 2006 However,
osteoclasts have been shown to be ressential for this role as their targeted
depletion in mouse models had no effect orGSF induced HSC mobilisation
(Miyamoto et al, 201} In fact, another action of steoclastssuggests the reverse

of this role as during bone resorptionalciumis releasedrom the bone into the

endosteal regionwhich has a reportedole in HSC retentio(Adams et al, 2006

1.3.5.3 Macrophages

Macrophages and monocytes are implicated in the remtof HSCs within their

niche. Endosteal macrophagesr W2 4G S2 Yl 04 Q K| giéblast NB LJ2
supportive role and heir depletion results in the mobilisation of HSCs and was

concomitantly associated with a reduction in endosteal osteoblast numbers and a
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significant reduction of CXCL12, stem cell factor (SCF also known as kit ligand), and
Angl mRNA levels at the endosteufwinkler et al, 201p This is similar to the
effects observed by GSF administration. F4/8@nacrophages in mice and C¥6
macrophages in human bone sections ah observed at the endosteal surface
(Chang et al, 2008 Addition of bone marrow macrophageso osteoblast
differentiation culturesin vitro increases mineralisation, indicating their role in
regulating osteoblast function and the consequential niche adaptai@irang et al,

2008). In order to more specifically identify the macrophage cells responsible for
HSC retention, CD16®acrophages have been investigated. Specifislat®on of

CD169 macrophages resulted in HSC mobilisation to the peripheral bjGbdw et
al,2012. { AYAT I NJ 2 GKS STFS Oinler &l 2P &hé S2 YI O
depletion of CD169macrophages waalso associated with almost a 50% reduction

in CXCL12 mRNA detected in total bone marf@tow et al, 201} In tis instance,

the reduction wasattributed to the nestiri stromal cellsas CD169macrophages
themselves do not produc€XCL12CXCL12 associates with its receptor CXCR4
which is expressed on HSCs and functions to attract and retain HSCs in the niche
(Lapidot & Petit, 200R The subsequent loss of CXCL12 therefore explains the exit
of HSCs into the circulation and reinforces the control of CXCL12 in the stem ¢

niche.

1.3.5.4 MSCs

MSCs have been reported to be an essential component in initiating the formation
of the niche.CD45Tie2h *CD105Thy1.1 cells isolated from foetal mouse bones
producedbone with bone marrowwhen transplanted under the kidney capsule,
through a transitional stage of cartilage formation known as endochondral
ossification(Chan et al, 2009 Only bone was derived from cells with a similar
phenotype isolated from foetal calvarial tissue and CDIB$I progenitors from
foetal bone, indicating thiathe mechanism of endochondral ossification is essential
for HSC niche formation and that it is orchestrated by specific MSC populations.
Stromal cells expressing GFP under the control of nestin regulatory elements were

observed in the murine bone marrofendezFerrer et al, 2010 Differentiation
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studies attributed trilineage potential only to nestirstromal cells that could also
contribute to osteobondral lineages when transplanteih viva Thus, nestih
stromal cells were proposed to be MSCs. These neBtBCs were located in the
central marrow and at the endosteum near to HSCs and in contact with adrenergic
nerve fibres of the sympathetic nervoggstem (SNS) which are known to regulate
the mobilisation of HSQ&Katayama et al, 2006Depletion of nestihMSCs led to a
reduction in HSC number and deased their ability to home to the bone marrow
when transplanted into irradiated mice. These studies indicate that MSCs
contribute to the homing of HSCs to the niche and their retention and maintenance

once in the bone marrow.

1.3.5.5 Osteoblasts

The differentiaed progeny of MSCs are also widely regarded as niche components.
The location of the endosteal niche suggests the involvement of osteoblastic cells in
the regulation of HSC fate. Osteoblasts line the bone margin and secrete
unmineralised matrix in the pr@ss of bone formation and control osteoclast
activation (Mackie, 2003 in vitro, osteoblasts have been shown to maintain the
immature phenotype of HSCs and support limited expansion of progenitors
(Taichman et al, 1996 This supports the notion that osteoblasts are capable of
promotingin vivostem cell survival and self renewal. Osteoblasts secrete a number
of haematopoietic cytokines including-GSF, MCSF, HL, Il-:6 (Taichman &
Emerson, 1994 I-7 (Weitzmann et al, 2000and CXCL1@onomaryov et al, 2000

that have a significant role in the retention and maintenance of HSCs.

Two reports reinforcedheseinitial in vitro findings by identifying osteoblasts as a
key component in HSC regulation in mouse models. In the first of the
simultaneously releasedrticles, an increasa osteoblastnumbersin response to
stimulation by parathyroid hormone (PTH) wassociated with an increase in the
number of HSCsvhichdo notthemselvesexpress the receptor for PT(@alvi et al,
2003. In the second study, epletion of BMP receptor 1A in haematopoietic cells

and stromal cells resulted in the expansion of the HSC population and an increase in
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osteoblast numbergZhang et al, 2003Mice deficient in BMPR1A habnormal
bone formation and a -2old increase in functional EFISCswhilst the number of
progenitor cells remains the same asntrols indicating the increase in stem cells
was not caused by an obstruction to differentiatiofizhang et al, 2003
Furthermore,N-cadherin expressingpinde shaped osteoblastaere increased in
number in the deficient mice andere closelyassociated with HSCAIso tsing a
mechanisminvolving N-cadherin, osteoblasts expressingiél attach to tyrosine
kinase recepto(Tie2 positive HSCsegulating the quescent state of the stem cells
(Arai et al, 2001 However, other work disputes the importance of the expression
of N-cadherin in the niche as its deletion in mousedels does not altethe size of

the HSCpopulation or haematopoiesis and bers are unable to detect any
N-cadherin’ HSCYqKiel et al, 2008 MéndezFerrer et al report that N-cadherin
positive osteoblasticcells are distinct from nestihnMSCs(MendezFerrer et al,
2010. However, others have shown low nestin staining in some osteoblasts lining
the trabeculae and these were proposed to be an immature osteoblastic cell type
(Calvi et al, 2012 Osteoblast deficiency also leads to a reduced number of HSCs
and their progenitors in the bone marrow and increased haematopoiesis at
extramedullary sitesThis could be reversed with the reappearance of osteoblasts,

accompanied with local sites of haematopoigsisnijic et al, 2004

The roles of osteoblasts in HSC survival and proliferation has also been
demonstrated in huran studies in which CD34ells derived from cord blood were
co-cultured with osteoblasts from trabecular bone. -Qaltures were able to
promote survival and expansion of an increased number of haematopoietic
precursors compared to controls. After 14 dayfsco-culture with osteoblasts, the
CD34CD38 cells were examined by flow cytometry. It was noted that
haematopoietic cell expression of markers for monocyte/macrophage
differentiation (CD14 and CD163) were increased and the number of cells positive
for erythroid commitment was reduced, indicating a role for osteoblasts in the

differentiation decision of haematopoietic ce(Salati et al, 2013
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Although significant nignfunction has been attributed to osteoblasts, they are not
thought to be essential for all HSC niches as functional HSCs can be found in
extramedullary sites such as spleen and liver that do not contain osteoblasts
(O'Malley, 2007. Clearly there are some inconsistencies and questions remaining

about the identity and role of osteoblasits the HSC niche

1.3.5.6 Adipocytes

Adipocytes have been shown to maintain HSCs in a quiescent state and have an
overall negative impact on haematopoiesis with reduced HSCs and progenitors
isolated from the more fattymarrow of tail vertebrae(Naveiras et al, 2009
ALt kCm WFIGfSaaQ YAOS Olyyzi LINR RdzO S
dominantnegative form of the C/EBP uret the adipocyticfatty-acidbinding
protein 4 (Fabp4) promotefMoitra et al, 1998. Using these mice confirmed that
adipocytes were the negative regulatocd haematopoiesisas the process was
restored in tail vertebrae in these mice. There was no difference in the number of
HSCs isolated from the tail vertebrae compared to the thoracic vertebrae and
furthermore, when irradiated, marrow engraftment was enltad in these fatless

mice compared to wildypes(Naveiras et al, 2009

1.3.5.7 Endothelial cells

Endothelial cells line the blood vessels in the bone marrow amedwell placed to
interact with HSCs when they enter the bone marrow during development and
when they enter peripheral blood during homeostasis and in response to stress.
vitro, endothelial cells effectively support HSCiset al, 2004 Selective deletion of
sinusoidal endothelial cells was achieved by administration of neutralising
antibodies of vascular endothelial cadherin {84€lherin) into myelosuppreed
mice. The subsequent disruption to the vascular niche inhibited thrombopoiesis
(Avecilla et al, 2004 indicating the important role for endothelial cells

haematopoiesis.
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Haematopoiesis has been promotadvitro by bone marrow endothelial cells that
express GCSF, granulocytmacrophageCSF (GMCSF), SCF and interleukin 66{IL
(Rafii et al, 199) in vivo studies utilised the expression of SLAM markers to
distinguish HSCs in hisbgiical sections of spleen and bone marrow. These
observed HSCs were in contact with sinusoidal endothel{rel et al, 200b
Human subendothelial cells derived fnohaematopoietic marrow were able to
generate bone and marrow when subcutaneously transplanted into
immunocompromised mice, unlike cells from trabecular bone or periosteal cells
which only formed bone and skin fibroblasts which failed to generate bone or
marrow. CD146 expressiomas not detected in any of the cell types apart from the
subendothelial celland was therefore used to characterise these o@lkscchdi et

al, 2009. CD146 was expressed at a higher level in human umbilical cord
perivascular cells which have a higher proliferative potential and similar
differentiation ability than bone marrow MS@aksh et al, 20Q7thus confirming

the ablity of CD146 to be used as a putative stem cell marker.

SCF is a recognised mediator of HSC maintenanbe&eh is proposed to be
expressed by a variety of cells including endothelial cells and osteoblasts. However,
in a series of depletion experimentdSC number and function was not perturbed
when SCF was specifically depleted from osteoblasts or Aestits. In contrast,
using Cremediated deletion of SCF in perivascular cells under the control of the
Leptin receptor and by Tie2 in endothelial ceHSC activity was affectd®ing et

al, 2019. Despite nestihcells reportedly having high mRNA levels of @Gfdez
Ferrer et al, 201)) its deletion in these cells did not alter HSC numbers in the bone
marrow, although the spleen population was reduced; néstills were also found

in distinct vascular locains to those expressing GFP under the control of SCF. This
could perhaps be explained by the subsequent analysis of nestin expression in
different mouse models using different transgenes that showed some variation. In
particular NestiRGFP expression waeported around larger blood vessels whilst
nestin Cre expression was associated with perisinusoidal stromal cells that

resembled the SCEFP expression patte(bBing et al, 2012
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Another important mechanism of endothelial control in the niche is through the IL
6 family recgtor subunit gp130. Ti€ Cre; 130" mice showed defects in the
bone marrow including hypocellularity and expanded sinusoidal spacebe
vascular niche. These abnormalities could not be rescuealHi$C transplant from
wild type mice. In fact, HSC number and function was normal i& Tee; gp13t'
mice and could themselves reconstitute irradiated hosts, indicating that the
intrinsic factor within the HSC niche was endothelial ¢¥lé® et al, 2006

1.3.5.8 CXCL12 abundant reticular cells (CARS)

Cells expressing GFP under the control of th€I2 promoter were identified as

the main source of CXCL12 in the bone marrow and were thus termed CXCL12
abundant reticular (CAR) celkSugiyama et al, 2006 They are distributed
throughout the bone marrow and were in contact with CDX5D48CD4t cells in
endosteal and vascular niches as well as in the central marrow. CAR cell depletion
leads to a reduction in HSC number and cell cycling, suggesting rdieirn
controlling population size and proliferatiofsugiyama et al, 2006 These niche
functions were also attributed to CAR cells in another studyrdfteir short term
ablation in a mouse model. As well as being more quiescent, HSCs in CAR cell
depleted mice had an increase in genes involved in myeloid differentiation.
CXCLXBFP cells were analysed by flow cytometry and the population was
relatively lomogeneous for expression 0fCAM1, CD44, CD51U( integrin),
PDGFRand PDGRR® ¢KSasS OSftfa O2dzZ R | fa2 RATTS

adipocytic cell$n vivo(Omatsu et al, 2010

Nestin MSCs share many features with CAR cells such as their perivascular location,
morphology and expression of CXCL12, SCF and XYCHRM extent to which these

two populations overlap has yet to be defined. It has beengssted that nestih

MSCs may represent a more primitive niche cell as increasee-Gietivity and a

greater differentiation potential is attributed to therfEhninger & Trumpp, 20)1
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The intercalation of the physical environmeanid the processes of haematopoiesis

and bone remodellingsia complicated system that centres around two stem cell
populations. HSCs and MSCs share the same anatomical space and are intrinsically
linked to support and regulate each (i K $uNdiai as well as that of the niche.
MSCs and their progeny are commyinplicated in maintaining HSC sedhewal

and proliferation and have close interactions with committed HSC progenibors
provide an effective niche in the dynamic tissue of bone marrow. Therefore, further
study is required to fully dissect the contrittan of each cell to the niche and their

relationship to each other.

1.3.6 Non-cellular components of theHSCiche.

1.3.6.1 Osteopontin

Osteopontin is secreted by a number of different cells in the bone marrow but most
prominently by osteoblasts and at the endosteairface. HSCs express CD44 and
AYGSANRY hn 020K Y26y (Schaits atyljilS9=cddét ¢ A (G K
al, 2003. Osteopontindeficient mice have increased numbers of HSCs indicating

that it is a negative regulator of the stem cell pool size. This response is attenuated

in wild type mice by osteoblast activation by P{Nisson et al, 20Q5Stier et al,

2005. Furthermore, altered expression of Jagde@nd Angl in the absence of

osteopontin suggests tha may regulate other niche components.

1.3.6.2 Calcium

Calcium (CH) ion levels at sites of bone resorption have been shown to reach
40mM, a concentration much higher than the physiological level in s€filver et

al, 1988. HSCs were found to express thg®tein coupled calcium receptd¢CaR

and mice deficient in the receptor were unable to engraft to the endosteum
suggesting an important role for the calcium ion and its detecthy HSCs to home
to the niche(Adams et al, 2006
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1.3.6.3 Oxygen gradient

The lack of oxygen in some areas of bone marrow has been implicated in the
regulation of haematopoiesis. Evidence suggests that HSCs are hypoxic and exist in
sites of low oxygen concentratigifakubo et al, 2020 Mice injected with Hoechst

dye 33342 (Ho) before cells were collected from the bone marrow provided cells
with varying amounts of dye which wersorted using FACS analysis and
transpganted into lethally irradiated mice. Those cells with the lowest Ho
fluorescence (more likely to be furthest away from blood supply therefore least
perfused) were able to repopulate the mice with fewer cells than those from high
dye staining and containe®0-200 fold more HSCmdicating that HSCs were more
highly concentrated at the least perfused sites in bone marrow. These cells were
also shown to have the highest staining of pimonidazole, a chemical marker of
hypoxia(Parmar et al, 2007 These results agree with those of Ceraéial who
found areas of pimonidazole stained bone marrow werelamalised with the

CXCL12 expressi@@eradini, Kulkarni et al. 20p4

1.4 The role of restinin the HSC niche

As described above (sectidn3.5.9, nestin has been recently described in the field
of niche biology after amunexpectedfinding that it is expressed by a subset of
murine mesenchymal stem cellSlendezFerrer et al, 201D This section wiflocus

on the current understanding of nestin expressiamd its potential as a marker of

progenitor cells

1.4.1 Nestin dructure and transcriptional regulation

Intermediate filaments contribute to the ytoskeleton in combination with
microtubules and microfilamentSixsubtypes of intermediate filament have been
classified as determined byheir structural prgerties. Nestin is a type V1
intermediate filament originally identified in rat neuroepithelial stem cells and
previously known as Rat.4@Cataneo & McKay, 1990 Nestin is a 240 kDa protein
O 2 Y LINA & Shrlica dentrll yod With a short4dérminus and an unusually long

C terminus which contains actin and microtubule binding domains to allow
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interaction with other intermediate filaments. Nestin, unlike othertdrmediate
filaments, is unable to self polymerise and consequently integrates into the
cytoskeleton network via polymerisation with type Il filaments such as desmin and

vimentin.

The cellular distribution of nestin appears to be dgfie and cell cyle-stage
specific. As well as a distinct cytoplasmic network of filaments, nestin expression in
the cell nucleus has been reported in two cell lines derived from glioblastomas.
Immunofluorescence and TEM confirmed its nuclear presence and as nestin
depolyrrerised in mitotic cells, the protein was detected as a diffuse cytoplasmic
staining (Veselska et al, 2006Nuclear localisation of nestirs ialso reported in
human neuroblastoma cells where it was reported to interact with fN#fomas et

al, 2004.

Transcriptional control of nestin is cslpedfic with enhancer elements in the
second intron of the nestin gene regulating its expression in the CNS but less
strongly associated with control on the PNS and the first intron controls the
expression in muscle cell@immerman et al, 1994 The first intron is also reported

to control nestin expression in tumour epitheliugaihara et al, 2004

1.4.2 Nestinin the central nervous system

Nestin is now accepted as a marker of neural stem cells in embryonic development
and in the adult brainNestin expression can be first detected in the mouse embryo
at E7 in neuroectoderm and is highly expressed during early neuoesg
(Kawaguchi et al, 2001In the adultbrain, nestin expression is restricted to distinct
regions of neurogenesis such as the subventricular Z8aeaguchi et al, 2001

Nestin knockout strategies result murine embryo lethality. This is in contrast to
knockout models of other intermediate filamentsahshow little or no change to
their phenotype (ColucciGuyon et al, 1994Milner et al, 1998 Knockout mice
were generated using homologous recombination to remove exon 1 of the nestin

gene and the resulting embryos were examined to establish the critical point of
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nestin expressior{Park et al, 2010 The lack of nestinxpression was confirmed
with RTPCR, western blotting and immunofluorescence of forebrain sections of
E11.5 embryos that showed no positive cells in the’nasimals. Embryonic stages

of the mice were examined to determine the point of lethality for the knockout
mice. By stageE8.5and beyond the ne§” embryos were smaller than littermates
and after E8.5 some of the embryos removed did not have a heartbeat suggesting
they may have alrady died by this point. Despite a 50% wetion in nestin mMRNA

in nestin” embryos, these mice survived and were comparable to wild type
littermates throughout their development. A severely defective reduiube was
associated with nes embryos althoughother than this and their small size, no
other major organ defect was detected. NSCs within the neurad wbre reduced

in number in ne& embryos and although they had a similar proliferation status to
those in E11.5 littermates, there was increaseoatpsis of cells in the neural tube

as early as E9 specifically in the NSC fraction. Miapanalysis carried out on
nes’” NSCs from E11.5 embryos found minimal changes in the gene expression.
Only 16 genes had more than ddd change in expressipmdicating that nestin is
unlikely to have a role in the regulation of gene expressioiNSCs. Nestin was
found to ceclocalise with vimentin in wild type NSCs and the polymerisation of
vimentin was normal in nestin knockout mice but nestin wasatwé topolymerise

in vimentin’~ embryos(Park et al, 2010 No defect in NSCs from vimentin knockout
mice was observed as might be expected from studies of normatldement in
these mice (ColucciGuyon et al, 1994 Therefore,the role of nestin in the
selfrenewal and survival of NSCs does not depend on its pocation into the

intermediate filament network.

1.4.3 Nestin as a marker of stem cells

Nestin expression measured in embryoid bodies (EBs) culturedtro showed
abundant protein expression that localised to the periphery of the ectodermal rim
of cells at dg 2 of culture. After 5 days, nestin expression in spindle shaped cells at
the edges of the colonies indicated nestin in migratory, proliferating cells. Upon

differentiation, EB showed an initial, transient eexpression of nestin with lineage
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specific imermediate filamentssuch asglial fibrillary acidic protein (GFAR)
neurons and desm in mesodermal cell€ontinued differentiation resulted in the
loss of nestin altogethe(Wiese et al, 2004 These observains are consistent with

the theory that nestin is a marker for stem cells and progenitors asdnot
expressed omerminally differentiated cells.

As well as the recognised population of nestireurd stem cells discussed above,
an increasing number of reports are identifying regions outside the CNS that
contain nestin positive cells includindeveloping cardiomyocyte@achinsky et al,
1995, dental follicles, pancreas, eyes, s@iiang et al, 2006and skeletal muscle

Its expression is frequently attributed to stem and progenitor cells with functional

roles in stem cell fate rather than solely a characteristic stem cell marker.

1.4.4 Nestin expression itMSCs

Controversy remains about the extent of differentiation potential of bone marrow
derived MSCs. Mesenchymal lineages of osteogenic, adipogenic and chondrogenic
cells are accepted pathways for MSCsfadow, with more limited studies to
support the probability of bone marrowMSCs to generate progeny of muscle

(Ferrari et al, 1998 neuronal(Tropel et al, 200B6and hepatocytic classification.

Evidence has e presented to suggest neuronal capabilities of MSCs and that this
differentiation strategy was confined to nestircells isolated from rat bone
marrow. Initial attempts at characterising nespositive and negativé1SCs using
microarray data found appiximately 400 genes to be significantly different
between the two populations with nestin positive cells expressing higher levels of
stem cell and neural cell related genes and lower levels of epithelial,
haematopoietic and mesenchymal fate gen@&/isletGendebien et al, 2012
However, hey failed to satisfactorily determine if nestin expression identified
separate stem cell populations from the bongarrow or simply reflected cells of
the same population at various stages of differentiatidvisletGendebien et al,
2012. Using a Wtl-Cre/R26Rtransgenic mouse modeNCSCsand MSCs were

isolated from the adult bone marrow and clonal populations of each were
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compared. An increase in nestin expression from 20% to 90% of cells within each
clone was observed in MSCs that were serum starved but ifferehce was
detected in NCSCs which all expressed ndstlisletGendebien et al, 2032 This
indicates that nestin is distinctively regulated different cell types.Additionally,

50% ofin vitro cultured mMMSCs expressed nestimhich increased to 90% after
bFGF treatmentindicating the neural potential of a large proportion of MSCs.
Neurofilament NFLO | Y R 0 S { I'3-tub) wére afsolzipazjulatgd indtreated
mMSCs although GFAP and other mature neural markers were not, indicating an
inability to progress beyond an immature neural cell fate. However, these
differentiated neural cells were functiah as established by calcium signalling in

response to glutamate treatmer{fiVisletGendebien et al, 2012

Nestin expressionwas heterogeneous irexamined murine clones generated

invitro. Clonally generated murine mMSCs were all positive for nestiich was
maintained or mcreased after bFGF treatment. Threat of the 17 clones tested

had tri-lineage potential and showed high expression of meitat was maintained

upon bFGF treatmedt | 2 6 SOSNE S E LINB a -4ub \Bagonlglifitegd S dzNJ- f
after treatment and reported as low expression in one clor@®ther MSCs with
restricted diferentiation potential wereable to upregulate neural speafmarkers

with greater ease, suggesting thatesenchymal cells that are perhaps already
committedare more susceptible to the treatmeaind neuronal differentiatiothan

stem cell{Tropel et al, 2006

Nestin expressiom bone marrow MSCs has been reported by some to depend on
in vitro factors. Serum removal and extended cell passaging is required for nestin
expression in cultureNestin is inhibited whenhe cells are plated at high densities
(Wautier et al, 200y, Thrombin has been suggested as the factor present in serum
that inhibits nestin expressiqrasindividually it has been reported to decrease the
level of nestin expressed in MSCs in a dose dependent maiWautier et al,
2007). Thrombin has wide rangg roles in inflammation and tissue remodelling and

is implicated in brain development with an increase of thrombin resulting in the
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contraction of processes on neural cells and thereby altering their actin

cytoskeleton(Reviewed by Grand et al, 1996

1.4.5 Nestin in the HSC niche

Studies using transgenic mouse models have identified nestiomal cells to be
MSCs with a key role in the HSC ni(flendezFerrer et al, 2010

Analysis of bone marrow sections of nesBifP transgenic mice located GE®@lIs
closely associated with HSCs. 80% of HSCs were within 5 cedtetimof a GFP

cell. Real time PCR identified a high level of expression of genes important for HSC
maintenance: 17, SCFAngl and VCAN.

In vivodepletion of nesin® cellsusing inducible tamoxifen/diphtheria toxin mice led

to areduction in the numier of HSCs in the bone marrogiving a clear indication

that nestin positive cells are important for the maintenance of HSCs in the bone
marrow (MendezFarer et al, 2010. Further analysis of the nesfiMSC population
found them to be involved in attracting and retaining H8Csiva When purified
HSCs were transplanted into irradiated hosts, they localised to nestin positive cells.
Conversely, when ratin positive MSCs were fieted, the ability of HSCs to home

to the bone marrow was almost completely ablated.

Depletion of SCF in nestpositive cells specifically using a Ne® mediated
removal of SCF resulted in a decreased number of HSCs in |den splthough
bone marrow HSCs were unaffectéiding et al, 2012 This indicates that HSCs in
the bone marrow do not require SCF from neStiells or that itcan be sourced
elsewhere in its absence and that nestizells may have an intrinsic role in HSC

niche function in the spleen through the action of SCF.

1.4.6 The role of nestiRpositive cellsin tissue repair

Nestin™ cells havebeen reported at sites of injurand remodelling highlighting
their stem cell attributes in the ability to proliferate and contribute mature cells in
response to stressOne such tissue that has received a lot of attention is the
infarcted heart.In normal rat heart tissue, nestipositive stem cells have been

isolated and could be induced to a neuronal or glial phenotypetaridrm cellular
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spheres in culture in a similar fashion to N§B4Helou et al, 2008 They are a
resident cardiac cell population and express cardiac progenitor transcription
factors. Nestin has also been detected in human and murine heart t{8maguin et

al, 2013 (Tomita et al, 200p Initially, cardiac nestih cells were proposed to
originate from the bone marrow, howevgwhen irradiated rats were transplanted
with GFRlabelled bone marrow cells and subsequently subjected to an induced
myocardial infarction only 20% of the nestin positive cells in the region also
co-expressed GFEHHelou et al, 200p Therefore, the numbers could not account
for all of the nestirexpressing cells detected in the heart. It remains to be seen
whether the cells were nestipositivein the bane marrow and were attracted to

the site of destruction or whether the expression of nestin was induced in the
damage environment once in situ. The bone marrow population may represent a
subset of cells required to regenerate the damaged tissue and thdemiscells be

a reservoir of stem cells. In the infarcted heart, resident nestin positive cells have
been observed to migrate to the sites of damage and contribute to the repair of
cardiac tissue by sympathetic innervation and angiogen@sidelou et al, 2008
Nestin mRNA is increased following myocardial infarc{®cobioala et al, 2008
Nestin protein is reported in endothelial cells of the new blood veseélthe
recovering hearand may represent a marker of the neovascularisa{ideguin et

al, 2009 (EFHelou et al, 2008(Reviewed by Calderone, 2012

Reactive astrocytes are a key modulator of lesion repair in the brain and proliferate
and upregulée GFAP in response to damage. Quiescent astrocytes in healthy tissue
do not express nestin, however, these cells were found texgress nestin after
lesions were performed. Using a transgenic mouse with lacZ expression under the
control of the same redatory elements reported to promote nestin expression in
the developing CNS, a close relationship between the adult astrocytes and
neuro-progenitor is implied. Immunohistochemical staining confirmed that lacZ
cells expressed nestin and GFAP, suggestimgstrocytic phenotype but not all of

the GFAPastrocytes expressed nesthin et al, 1995 So, rather than astrocytes

reverting to a more immature phenotype, the reactive astrocytes were proposed to
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originate from a pool of stem cell precursors, as lawls were found near to the
lesionsite and also in a subependymal region known to contain a stem cell pool in

the adult brain(Morshead et al1994).

1.4.7 Nestin expression in tumours

The initiation of tumours is thought to arise from cancer stem cells that function
similarly to stem cells in their ability to self renew and produce large numbers of
differentiated progeny. Their existence was derstrated in acute myeloid
leukaemia(Bonnet & Dick, 1997and has sincebeen recognised in a range of solid
tumours. Concomitant with its expression amongsstis stem cells, nestin is being
recognised as a characteristic marker of tumour stem cells. Indeed, nestin
expression is seen in many tumours, especially those derived from the CNS such as
astrocytomas and gliomas, reflecting the original identificationnestin in the
neural tissues. Tumours from other origins known to express nestin include cervical
carcinomagAihara et al, 200dand malignant melanoma$lorenes et al, 1994An
examination of prostate cancers and matched bone marrow metastases found
nestin’ cells confined to the epithelial cefEaton et al, 201)0suggesting a potential

role in tumour vascularisatignwhich is consistent with the nestin expression
detected in epithelial cells in the infarcted rat hedElHelou et al, 2008 Each
prostate cancer sample was from established metastatic disease, therefore early
onset upregulation of nestin for initiation of the primary tumour may not have been
possible to detect inhese samples. Appearance of cancer stem cells may be due to
the misregulation and mutation of normal stem cells or the acquisition of the self
renewal property in progenitor cells. Aberrant nestin expression may contribute to
the transformation of these alls or be a subsequent consequence of the
transformation which has yet to be addresse@ertainly, nestin expression is
strongly correlated to the malignant grade of tumours as seen in angiosarcomas
and gastrointestinal stromal tumourévang et al, 2008where stronger nestin

expression was detected by immunohistochemistry in human tumour samples.
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Nestin expression within tumours has been specifically asstiatth proliferative
endothelial cell{Sugawara et al, 2002AImost 80% of 82 tumours from a range of
sources examined by another group were found to tedm nestinpositive
intra-tumour epithelium(Aihara et al, 2004 Tumour epithelium is characterised by
neovascularisationtherefore nestin may play a role in tumour progression by
enabling angiogenesis fdumour growth. Normal uterine epithelium contained
nestin positive cells confirming its association with cells involved in angiogenesis
(Aihara et al, 2004 Although the function of increased nestin expressis still to

be fully determined, it is clearly implicated in the roles of tumour initiation,
metastatic progression and migration of cells in some tumours. Therefore, further
research into the regulation of nestin expression on stem cells should helfy cla
and identify targets for disease interventiand conversely, the study of ectopic

nestin expression in tumours may help identify roles in normal stem cell function

1.5 IL-7

Interleukin7 (1-7) was originally identified in the late 1980s as a factoprtiomote
murine B cell precursors in a long term culture syst@amen et al, 1988 Now

IL-7 is recognised as a member of the ¢éyp cytokine family that is expressed by
non-haematopoietic stromal cells in a range of organs including: lymph nodes,
thymus, skin, liver and bone marrow-1Lplays critical roles in lymphopoiesis and T
cell development. MurinelT and B cell numbers arerainatically increased on
injection of 1L7 (Morrissey et al, 1991 In contrast, injection of a neutralising-TL
antibody results in the inhibition of Belt development in the bone marrow
(Grabstein et al, 1993 These cell types are resident in the bonerrow, therefore

alteration by and consumption of-ILimpacts the niches they inhabit.

1.5.1 IL-7 signalling

1511 IL7R

The IE7 receptor is composed of two subunits; the7lR alpha chain ¢t wh 2 NJ

/I 5MHTUO YR GKS 02YY2y OKIAY 0Osuggestsis¢ KA A& C
shared by several other cytokines including2 T akeshita et al, 19921L-4, 11-9
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(Russell et al, 19941L-15 (Giri et al, 199%and IL-:21 (Habib et al, 2002 IL.L.T wh A & |
member of the type | cytokine receptor familywhich are characterised by a
structural composition containing two fibronectiikke domains, four conserved
cysteine residues and a WS motif in their extracellular domain. Both receptor
componens are expressed on the cell surface independently and become
dimerised upon ligand bindingThymic stromal lymphopoietin (TSLBhares
structuralhomology with murine H7 andis capable of similar pre B cell supportive
functions (Sims et al, 2000 TSLP signals throughTllw,"Which dimerises with a

TSLP receptor that shows some resemblance ta tf&ibunit(Park et al, 2000

ILtT wh A& SELINBaaSR o6& Iicalsm8udingingtdabkiler ¥ KIS
cells, dendritic cells, lymphoid precursors, developing B cells and mature T cells as

well as bone marrow macrophages:tTiiwh Kl & | fa2 o06SSy RSGSOIL

cells, bone marrow stromal cells as well as numerous caceletypes.

In lymphoid stromal cells, thexpression of Z mRNA is notféected by fluctuating

levels of IE7 or lymphocyte cell numbe(Fry & Mackall, 2005 However, the

surface expression ofLwh A a | f GSNBER RSLISYRAYy3 2y {f
the cells(Mazzucchelli & Durum, 20Q7ILT wh A& Vy2i SELINS3aSR
acquired during lymphopoiesis and is congquently expressed by common

lymphoid progenitors(Reviewed by Bhandoola & Sanmoam, 2006. IL-T w" A a
initially required to promote cell survival and proliferation but then is
downregulated on B cellstathe small preB2 cell stagein order to allow

differentiation to continue. Expression oftfLwh A & O2YLI Nl of S o0Sit g

human systemgMazzucchelli & Durum, 2007

In respect of T cell development, small variations occur between mouse and human
systems with an earlier downregulation ¢E-1 wh Ay KdzYl y -TO&HE £ & |
stage which in mice still express the recept@nce T cells mature, they express

either CD4 or CD8 and are known as single positive T Melisie immature single

positive T cells do not express the7 recepta although it is unclear if their
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immediate precursor doewhilst in both human and mousmature single positive

T cells, it wh -@xpresdedh The expression offilwh 2y Y I G dzZNB ¢

(@]
w»

regulated depending on environmental factors and cytekiavailability. The
regulation of IL7 is speculated to be via its rate of consumption? llevels are
thought to be at a level sufficient to maintain the resident T cell population with
cells using only the 4L they require for homeostasithereby allaving each cell to
harness the available -Il.  In response to {€ exposure, mature T cells
downregulate Ikt wh @ ¢ KA & ¢ 2 dzf Rhatiatterdel®iMiy adeduSte OA S &
IL-7 signal for survival, the receptor is downregulatbeéreby preventing its own
consumption of IL7 and subsequently L is made available to other,
non-stimulated T cell{Mazzucchelli & Durum, 20Q07This theory has yet to be
confirmed and will require some technical advancement of the detectibhl-7
protein which is currently too low to be detected accurately in mouse tissue.

IL-7R signalling isssential in T cell survival which is mediated by upregulation of
the expression of prsurvival proteins Bcl2 (B cell lymphottpand MCL1 (Myeloid
cell leukaemiasequence 1). Withdrawal of-I.consequently leads to T cell death
(Khaled & Durum, 2002

49



Chapter 1. Intoduction

IL-7Ra Cell membrane

Figurel.3IL-7 signalling
IL-7 binding to its receptor HZRJ and common chain egeceptor initiates a signalling

cascade through JAK and ST#dteins that results in the uggulation of presurvival
genes Bcl2 and Mcil.

50



Chapter 1. Intnduction

1.5.1.2 JAKSTAT pathways

Lt A& 1y26y G2 aradaylrf GKNRBddzZZK (GKS KS{SNEP
receptor resulting in a cascade of phosphorylation events orchestrated by janus
kinases @K3 and signal transducers and activators of transcript®mnA$). Upon

IL-7 binding, A0 X GKAOK Aa | fNBIRe& Faaz20Al GdSR
LIK 2 & LIK 2 NB f | (réseptoratdKIAKiWKICH subgequently phosphorylates

0 KS h (Figuket.3) (ithaled & Durum, 2002

W' Yo A& Fy SaaSydalf GNryaRdzOSNI 2F Oed21
similar defects in lymphoid development and mutationsthie human JAK3 gene

also resultin a disease almost identical to XSCIBDinked recessive severe
combined immune deficiency(Nosaka et al, 1995 lack of different JAX-STAT

signalling components leads to similar phenotypes between mice and humans

suggesting their functions are highly consergiedonard, 2001

STABa and b are two isoforms ofT85 that becomephosphorylated and may
form homo or heterodimers which then translocatettee nucleus to bind DNA and
induce gae activation. 117 induces STATphosphorylation which is then altered
during T cell development and correlates with thymocyte survi8dlA%a and b

deficiencies in micdisplay different phenotypeéleglund et al, 1998 Acombined

deficiency inSTAT5a and b doe®t result in the inhibition of T cell development
suggestingpther downstream components may be able tongoensatefor the STAT

deficiency although the exact signalling mechanism is yet unknown.

Cytokine signalling is negatively regulated by the protein family of suppressors of
cytokine signalling (SOCShese proteins can bind to JAKS, competitively bin&ITS
proteins or target proteins for degradation to inhibit the cytokine signalling
pathway(Starr & Hilton, 1998 EightSOCS proteins have been reported and SOCS1
is responsible for the inhibition of-IL. IL-7 induces SOCS1 expressioB cellsin a
negative feeeback regulation ofts own signalling(Corfe et al, 201)l SOCS1

deficient mice die perinatally due to extreme inflammati@sarine et al, 1999

51



Chapter 1. Intnduction

IL-7 hasalso been reportedto initiate signalling mechanisms in cells that do not
express H7R as it can associate with FIt3 ankito(Cosenza et al, 20p2although

this remains controversial

1.5.2 Mouse models of 7

Recently a number ofbacterial artificial chromosomeBAQJ transgenic mice have

been generated in order to study the vivoexpression of It7 (Reviewed by Kim et

al, 201). Detection of IL7 protein is difficult using traditional immunodetection
methods and relatively little is kmwn about its promoter. The BAC reporter
strategy provides an advantageous solution to locaté Heporter expressing cells
in vivothat can be further characterised to understand the role 67 ltegulation in

these cells and tissues.

1.5.2.1 BAC transgenesis

Transgenesis introduces exogenous DNA sequences or transgenes into the genome
of an organism. BAC transgenes are employed to report spatial and temporal
expression of endogenous genes at the physiological level. BACs are derived from
singlecopy functionalfertility plasmid (F factor) of Escherichia o@hizuya et al,
1992). Replication of the F factor is tightly controlled and is only present in the cell
as one or two copies, restricting recombination of DNA fragments and the DNA
appears stable. Large genomic fragments can be cloned into these vestoch

made them auseful tool in the construction of DNA libraries allowing their
subsequent sequencing. The ability to modify the BAC construct further improved
its usefulness and cedpecific expression of reporters was possible by manipulation

of the reporter gene by hmologous recombination within bacteri@rang et al,
1997). As demonstrated in Drosophila studies, enhancers and promoters may lie
some distance away from the ge of interest(Dillon & Grosveld, 199¥Kennison,

1993 therefore, the faithful expression of transges tothe endogenous gene

expression is likely to be dependent on the incorporation of these areas in the
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relatively large (30(kb) segments of DNA that are used to avoid integration site

induced varied expression.

1.5.2.2 IL-7 reporter BAC mice

The IE7 BAC tnsgenic mice insert a reporter gene into the7llocus immediately

after the ATG start codon of exdn(Figurel.4).

The first IL7 reporter mouse used yellow fluorescent protein (YFP) cDNA in the BAC
constructand demonstrateddentification of YFPthymic epithelial cells TECs in the
foetal thymus that persisted into adult tissuéslves et al, 2009 They were either
cortical or medullary and negative for epithelial or fibroblast markers. Cortical and
medullary TECs are believed to have a common progenitioich was postulated

to be the distinct subsets of cells expressing YFP for each cell type. The TECs were
also bcated in a specialised region of the adult thymus and were noted to have
high expression of factors important for T cell development such as CXCL12 and
CCL25Alwes et al, 2009 This first report of an £ BAC transgenic mouse only
detected reporter expression in the thymus despite indications tha¥ Ils
expressed in other orgardemonstrating a limitation in the detection of-H.using

this method To invesigate this disparity, mMRNA levels between cells known to
express W7 and YFPcells were comparedWhen compared against the levels of
IL-7 transcript in fibroblastic reticular cells from the lymph node which did not
express the reporter but are a knowowce of IE7, the level of 7 in YFP positive
TECs was found to be much higher. Thus they suggest a critical threshold limit for
the expression of the YFP reporter that is only reached in cells with the highest
expression of HZ transcript(Alves et al, 2008and explains the lack of detection of
YFP in peripheral tissues. A low level eT litanscript was found in YFP negative

TECs indicating heterogeneitytiamn the cell type.
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—»atg
IL-7 gene 5 —{ I | | | I I | I | | |_3'
Promoter S5'UTR E1 E2 E3 E4 ES5 3'UTR
BAC constructs
> atg
BACIL-7 YFP 5 — | [ [ ] 0
(Alves et al., 2009) Promoter 5'UTR YFP [E1 E2 E3 E4 ES 3'UTR
Stop
96 kb atg 17 kb
IL-7 hCD25 5 —— [ [ | I r s
(Repass et al., 2009) Promoter 5'UTR hCD25 E2 E3 E4 ES5 3'UTR
Stop
96 kb atg 17kb
IL-7 Cre 5 — [ O
Promoter 5'UTR Cre E2 E3 E4 E5 3'UTR
Stop
92 kb > atg 95 kb
IL-7 prom ECFP 5" ——— [ | [ ] 0
(Mazzucchelli et al., 2009) Promoter ~ S5'UTR ECFP E2 E3 E4 E53'UTR
SV40 polyA
atg
LreeoL 5 ——] | 1] [T =
(Shalapour et al., 2010) Promoter  5'UTR GCDL|E1 £2 E3 E4 E5 3'UTR
Stop

Figurel.4 BAC constructs used to generate transgenic mice

Four independengroups have generated different IL-7 BAC transgenic mice by inserting
a transgae into the IL7 locus.

Diagram modified from Kim et éim et al, 20111
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Repas®t al devised two models that used either human CD2%@& recombinase

as a reporter of H7 (Repass et al, 2009 Both transgenes were inserted into
position one of the 17 exon 1 and wereomposed of the whole 43kb-ILlocus as
Sttt +ta gclo 2F GKS pQ FyR mT] oluddds GKS
many regulatory elements as possible. The.RCD25 transgene could then be
detected by anti human CD25 antibodies. hCD25 staining was detected in E13.5
foetal thymus but not in those from netransgenic miceln foetal thymus cell
suspensionshCD25 was not detected on haematopoietiells but wasletected in
almost a third of the stromal population. Of the nbb)aematopoietic cells that were
isolated, only the hCD2positive cells expressed hCD25 mRM Aditionally,IL-7
MRNA was detected only these cells and not ihCD25 negative cell$o confirm
transgene expressiowas faithful to that of endogenous £ expression hCD25
expression was measurdaly flow cytometry Lymph nodes, liver, small intestine,
thymus and brains of adult miogere anaysed for hCD25 and-IL expressiorby
gPCR. In adult tissues that were analysed, hRNA was a similar level in hCD25
positive cells to that of endogenous-TLdetected in nortransgenic mice and with

the exception of liver tissue, displayed a uniformdkeof expression of transgene

and endogenous L. Expression was highest the thymus and lymph nodes and

IL-7 in bone marrow was not reported.

Expression of Cre from the transgenic mice was detected by crossing the mice with
either Rosa26R or R26YFparter mice(Repass et al, 2009This generated mice

in which he stop cassette is removed byeCrecombinag and subsequent
expression ofdcZ or eYFP. These were then detected by whole mount staining wi
X-gal or anttYFP antibodies in thymus, lymph nodes, liver and small intestine but
not in the kidney.Bone marrow and skin tissue weedso mentioned to contain
reporter expression. Lymph node, thymus and spleen tissue from YFP mice were
further characerised by flow cytometry and demonstrated that=P positive cells
were confined to CD45 negative cells in the lymph node and thymugriirely

absent from the spleen. Each mouse therefore presented iéporter expression
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that was in line with previouseports of endogenous {Z, which used irsitu
hybridisation to detect H7 in E13.5 thymugZamisch et al, 20Q5and reported L-7

expression in the stromal fraction of lymphoid c€Repass et al, 2009

The Durum group generated a fluorescent reporter strain of mice which replaced
exon 1 in this instance with an enhanced cylorescence protein (eCFP) in the
BAC clong(Mazzucchelli et al, 2009 The weak level of eCFP expression was
overcome by staining with anéCFP and an appropriate fluorescent secondary
antibody. Multiphoton microscopy also enabled visualisation of7 llteporter
expression without the need for additional antibody staining. eCFP positive cells
were not detected in the gut, lungs, skin, brain or blood plateletsich reiterates

the limitation of the direct YFP reporter mice that they may also only be ugeful
detecting cells with the highest levels of-ALmRNA.ECFpositive cells were
detected in the thymus and were negative for markers of fibroblastic and
endothelial cells and further to the characterisation reported by Ale¢sal,

dendritic cells and nsjoid cells were eCFP negative.

Bone marrow stromal cellthat were eCFPpositive displayedan epithelial cell
morphology. CFSHabelled memory T cellsvere intravenously injected into the
reporter miceand homing could be monitored using intravital noiscopy of the

skull Numerous T cells were detected close td lteporter cellsand preferentially
interacted with eCFP positive cella order to further examine the potential of-TL

in this relationship the group generated a mouse that expressed dperter but
lacked IE7 and repeated the T cell experiment. In this case, the number of T cells
that was detected 24 hours later in the skull bone marrow was not reduced but in
fact slightly higher than in control mice, so the role o7 las a chemoattrdant was

ruled out. As memory T cells express CXCR4, they may be recruited to the bone
marrow by cells expressing CXCL12. Therefore, the CXCR4 agonist AMD3100 was
injected into the IL7 reporter mice but this did not prevent the T cells entering the
bone marrow and so CXCL12 was also eliminated as the potential attractant to the

IL-7 producing cellgMazzucchelli et al, 2009
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An alternative BAC transgenic mouse uses four genes under the control ofZhe IL
promoter to simultaneously express enhanced greeroriéscent protein (G)Cre
recombinase(C), the humardiphtheria toxin receptor (D) and click beetle green
luciferase 99 (L(Shalapour et al, 2000The nce were therefore termed HZGCDL.
Luciferin was injected into the mice and whole organs were examined for
bioluminescence. This was most highly detected in the thymus, skin and intestine
whereas low levels were detected in the lung, heart, kidney aner land no
increase from background levels could be detected in the spleehmMRNA levels
corresponded well with the amount of bioluminescence detected apart from in the
lymph nodes where relatively high levels of7ImRNA compared to low detected
levels of bioluminescence attributed to their small size. Although the highest levels
of bioluminescence detected were in the colon of the transgenic mice, eGFP
reporter could not be detected and so a further mouse was generated by crossing
the strain with an R/EG nouse that expressed eGFP aftere Gecombinase
activity. In this way, eGFP could be detected in the intestinal epithelial cells in the

gut (Shalapour eal, 2010.

There are some inconsistencies between the studies generally accepted to be due
to the differences inhe generation of each mouse model. Together, the data builds
an extensive picture of the cells that express ithat were previously isccessible.
Three out of the five mice generated reported7llexpression in the bone marrow

where it has established roles in B cell lymphopoiesis

1.5.3 IL-7 in bonemarrow

A negative impact on bone has been attributed to the actions-@f IL-7 is known

to be expressed by stromal cells in the bone marrow but the precise identification
of these cells and their functional role are still to be described adequately
(Mazzucchelli et al, 20091t has been reported that /L KO mice have increased
bone mass due to kck of IL7 stimulated T cell activatiofWweitzmann et al, 2000
This activation would ordinarily lead b cell secretiorof RANKland M-CSFand

subsequat activation of osteoclasts to initiate bone resorptigfrigure 1.5).
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Therefore, the absence of-ILin the bone marrow disrupts the regulation of bone
remodelling resulting in higher bone masbklowever, it was ated that the RANKL
pathway was not the only one responsible for increased osteoclastogenesis as
osteoprotegerin  (OPG), which inhibits RANKL, did not reduce all osteoclast
formation (Weitzmann et al, 2000 RANKL dé&fient mice have no osteoclasts or
lymph nodes anddisplay defective B lymphocyte developmentndicating the

critical role it plays in osteoclast differentiatigpougall et al, 1999
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Bone Bone marrow
Osteoblast
= O Stromal cell
Q IL-7 IL-7
Q «— -~ _ Q0
Q
—Q — ‘
V.
OPG ( | T cell
\
o ~RANKL
Osteoclast e

OC precursor

Figurel.5IL-7 interactions in bone

IL-7 is epressed by stromal cells and osteoblaistthe bone marrow and consequently
initiates TFcell expression of RANKL and-G&F that activate osteoclast maturation and
activity. Stromal cells also express QR¢hich is a soluble decoy receptor for RANKL and
acts to antagonise OC activation-7llnegatiely regulates OPG in order to increase OC
maturation. IL-7 also suppresses bone formation by osteoblasts and therefore has a
negative impact on bone.

Abbreviations:OPG; osteoprotegerin, RANKkgeptor activator of NFf . t ,AVEASY; R
macrophagecolony simulating factor OC; osteoclast
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Gene inactivation of both i€ and IE7R in mouse knockout models results in
reduced size of both the thymus and spleen. When the bone marrow of these
animals is examined, IBmphopoiesiss found to be perturbed. Theverall number

of B lymphocytes igreatlyreduced compared to wild type mice amsla blok to
differentiation at the preB cell stage. Prpro B cells are naffected but the number

of pro-B cells reduced by a third and almast cells transitioning from no-B to

pre-B cells were detected.

In mice that overexpress -l under the control of a major histocompatibility
complex (MHC) class Il promoteB cell development is greatly affected with no
effect reported on T cell developmeffry & Mackall, 2002 The numbers of pro,

pre and immature B cells are increased and myeloid cell numbers are extremely
low. At 46 weeks, femur diameter is increased in the&eenaccompanied by a larger

bone marrow cavity and focal osteolysis.

Direct administration of HZ into healthy mice results in IBmphopoiesignduction
accompanied by bone logMiyaura et al, 199¥% The mice examineuh this gudy
were females and an increased number taftrate resistant acid phosphasa
(TRAPpositive osteoclasts were observed that contributed to the loss of
mineralised cancellous bone to the extent seen in mice wéhktrogen deficiency
(induced by ovarieamy). Bone loss was not observed in organ cultures of murine
foetal long boneqOnoe et al, 1996and so the resulting reduction in bone loss
determined by radilogical and histological analysis vivo suggests that the
alterations in B lymphopoiesis modify the microenvironment to stimulate bone
resorption. Additionally, bone marrow derived B228 cell precursors have been
stimulated in vitro to generate ostedasts themselves and may serve as a
progenitor population(Manabe et al, 2001 However, despite an increase in B220
cells upon administration of {Z, no ircrease in RANKL or bone loss was detected in
T cell deficient nude mic@ oraldo et al, 2008 This suggests that the bone loss is T
cell mediated and desdres a clear relationship between -il, T cells and

osteoclasts in the balance of bone remodelling.
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IL-7 has been shown to be wpegulated in ovaectomised mice which have an
oestrogen deficiency. This oestrogen deficiency leads to bone loss that can be
prevented with IL7 neutralisation. 7 was shown to promote osteoclastogesse

I'yYR &adzLlJLINBaa 2adGdS20flatdAad | OGA@AGE &dzOK
two processes as the balance is tipplgding to the loss of bone.-Lblocked new

bone fomation ofin vitro calvarial cultures that were stimulated with BMPand

in vivo intraperitoneal L7 administration(Weitzmann et al, 2002 Altogether, L7

hasan overall negative impact on bone and clearly interacts with and is expressed

by mesenchymal lineage cells.

1.5.4 IL-7 in arthritis

Rheumatoid arthritis(RA) is a chronic autoimmune disease characterised by
inflammation and degradation of the bone jogtvhich causes pain and stiffness in
patients that can be debilitating. There is an increasing body of evidence to suggest
the involvement of 7 in the activity and progression of this disegReviewed by
Churchman & Ponchel, 20p8n human studies oRA, serum levels of-Il. have
been detected and measured that vamyidely depending on the method of
detection employed. In fouseparatestudies, serum HZ concentrations have been
reported at ranges between 1.6 3.8 pg/ml in one study and at the ath end of

the scale at 300 pg/miSerum levels were also measured in healthy controls and
these were als found to differ between the reports. In a review of the studies,
ELISAs from 5 different origins showed comparable levelsirilhealthy controls

of 13 £ 5 pg/ml with the exception of one which showed the lowest range-of IL
mentioned above. The repted levels were found to be below the lower detection
limit (3 pg/ml) of the ELISA.-TLdetection from sources other than serum is also
inconsistent. Whilst some report elevated levels of7lin synovial fluid, others
observea reduction although in @neral studies agree that i€ levels are higher in
rheumatoid arthritis compared to osteoarthritihhe increases in synovial fluid7L
measured in 44 RA patients was not correlated with age or sex and was not
significantly differentbetween groups thathad rheumatoid factor presendisease

or not (van Roon et al, 2005However, i has been shown thal-7 is upregulated
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in human osteoarthritis chondrocytes as well as in normal chondrocytes with age
(Long et al, 2008

A small sample of human articular chondrocytes samples fourd mRNA
expression by RIPCR in 2/6 osteoarthritis patients and in R3patients. They also
found that 1/5 normal infant chondroyte samples expressed-TLwhereas all
balb/c mouse chondrocyte samples produced cytokine profiles including IL
(Tanabe et al, 1996 Another report publishedwo years later found HZ mRNA to

be exclusively detected iRApatients and absent from osteoarthritis and normal

cartilage(Leistad et al, 1998

As an autammune disease, antibodies such as rheumatoid factor and anti
citrullinated peptides antibodies (ACPA) have mesed to diagnose RA but show
lack of specificity in the earliest stages of the disease. When examined as a
potential biomarker for early onset RA, the median expression of sertifmwas
found to be similar in 250 patient samples compared to 80 healtbytrols.
However, the lowest lesis were detected in theamplesfrom patientswho were
considered to have very early inflammatory arthritis symptord®8 patients
progressed to RA and again the range of Herum levels measuredasdistributed

at the lover end of the scale. Low-ILserum level (<10 pg/ml) predicted structural
damage at followup in patients after two years but overall the sensitivity 67 Iln
predicting disease progression was lower than that of the currently used antibodies
(Goeb et al, 201 Low serum levels of-IlLin RA patients were associated with
lower IL7 expression from bone marrow stromal cells cultuneditro compared to
healthy controls (Ponchel et al, 2005suggesting a systemic defect in-7IL
regulation. However, peripheral blood mononuclear cells had the same proliferative
response to H7 in RA and healthy patient samplelicating that the signalling

pathway is still intact in these ce(Bonchel et al, 2005

Lymphocytes extracted from the synovial fluid in RA patientdifprated at a

greater rate at higher doses of-TLthan those extracted from peripheral blood.
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Culturing CD4T cells from these sourcés vitro with the addition of IE7 led to

their activation as MHC class Il andZ50Qvere upregulatedvan Roon et al, 2005

In contrast to the dw circulating levels of 1L, it is reported to be high in arthritic
joints. Immunodetection of HZ has been reported in human RA synovial tissue.
This was reported to be eocalised with CD68 whidk a glycoprotein expressed by
macrophages, monocytes, activated T cells and fibroblasts. CD68 may be used as a
measure of arthritis disease status and therefore thelamlisation of 7 may
suggest a similar role. CD&®acrophage numbers are increabat the synovium

of RA patients compared to controls and are reduced upon disease remission
following successful treatment with a variety of disease modifying-rgtimatic
drugs (DMARDgHaringman et al, 2005 Macrophages and epithelial cells were
also confirmed to be associated with extracellulaiZ land collagen IYTimmer et

al, 20079. Samples from patients in clinical remission showed single sporadic IL
positive cells detected by immunohistology compared to an extensive area7of IL
expression in a sample from active disease. These results correlatbdtive
detection of high 7 mRNA levels from synovial fibroblasts cultured from patients
with the highest inflammation scores measured at arthroscg@hurchman &
Ponchel, 2008 Low IE7 serum levels return to normal levels in disease remission
and the high levels of {L observed at tissue sites also reverses in clinical remission.
This may be due to the sequestering of7llat the sites ofinflammation and

consequentlyareduced amount of free HZ in the circulation.

Approximatelyone quarter of patients with RA have an organised structure in the
affected joint synovium which resembles that in the lymph node and are
consequently referrd to as ectopic lymphoid structurg§akemura et al, 2001
Infiltrated B and T cells are arranged in distinct areas and the presence of a network
of follicular dendritic cells within the B cell areas leads to the formation of germinal
centres (Takemura et al, 20Q1 Other patients have more diffuse infiltratis of

cells or singular B or T cell type accumulations. These structures are common to a
number of other chronic inflammatory conditions including chronic hepatitis

(Mosnier et al, 1998 multiple sclerosigSerafini et al, 2004- YR / NP Ky Qa RA
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(Kaiserling, 2001 Analysis of HZ within these lyrphoid structures showed that

IL-7 was secreted and positioned around the structure, possibly to promote the
survival of T cells and subsequent B cell activation. In diffuse or aggregated cell
infiltrations into synovial tissued]-7 detection was exclusively cellulain RA
synovial tissues with lymphoid areagene expression analysis of microarray data
showed an upregulation in the JAK/STgelhway and in particular each component

of the I-7R,compared to tissue that did natontain lymphoid structuregTimmer

et al, 2007. Collectively this suggests a role for7IlLn the organisation and
maintenance of the lymphoid structures presented in RA in a similar manner to the
IL-7 signalling mechanism in lymphoid tissue inducer cells that initiate lymph node

development.

Evidence to suggest that-I. may be responsible for cartilage destruction in
osteoathritis disease has been presented. S100A4 is a calcium binding protein and
has been found at elevated levels in both rheumatoid and osteoarthritis. On
addition to chondrocytes cultures it promotes the chondrocyte hypertrophy and
the expression of matrixmetalloproteinase 13 (MMR3). Ankle articular
chondrocytes stimulated with 10 ng/ml-IL showed an increased expression in
S100A4. This secretion appeared to be moderated by JAK/STAPathway as
inhibition of JAK3, which was measured by immunoblottengd seen to be

phosphorylated upon addition of L, blocked the secretion of S100A4.

Arthritis is a progressive, debilitating disease characterised by damagedhgarti
and bone around the joints. L involvement in human arthrgi is contradictory
which indicates a requirement for standardised protocols to identify? land
further study to identify the roles of i€ in the bone marrow cells involved in the

arthritic process.
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1.6 Thesisaims

MSCs are a rare population in the bone naavrthat hold huge ptential due to
their ability to differentiate into skeletal lineages and therefore generate and
maintain bone, fat and cartilageAs their developmental origin and functional
contributions to the HSC niche are explored, it is becoming apparent that subfet
MSCs exist alongside each other in the bone marrow. Being able to accurately
distinguishthese subsets will be critical to understand not only MSC expansion and
behaviour but also the factors thaégulateHSOate. However, to datethere is no
agreement or demonstration of a marker tsuccessfullyisolate bone marrow
MSCsA number of potential candidates afnique markers have been proposed
among which, astin is increasingly associated with stem cells and progenitor cells
in a wide range of tisswand work continues to decipher ifsinctional significance

in the context of stem cell behaviour and potential.

IL-7 has essential roles in T and B cell development and has a negative impact on
bone. The dentity of I-7 expressing stromal cells in b®mmarrow is currently
unclear although significant advances have been made with the generation of
transgenic mouse lines that allow the visualisation ef kxpressing dks. Detailed
analysis and characterisation of the cells that expressriiay provié new insights

into the processes of haematopoiesis and bone remodelling.

The aim of this study i address the potential of nestin and-TLexpression as
markers of bone marrow derived MSCs and furtlexamine the role of IL-7
expressingstromal cellsin the bone marrowin the context of the stem cell niche,

with the following objectives:

1. To examine thefate of murine IL-7 expressing cell& the bone marrow of
IL-7CreRosa2éeYFRransgeniamice.

2. To cevelop a 3D0n vitromodel to assess4L and nesn in the HSC niche

3. To nvestigate theexpressiorof IL-7 and nestinin primaryhumanMSG.

4. To nvestigate the role of Hz in MS(roliferation and differentiation

65



Chapter 2. Methods

2 Methods

2.1 Cell Culture

All cells were incubated at 37°C with 5%, @Can atmosphere witt95% humidity
unless otherwise statedAll plasticware was purchased from Corning and all
reagents were purchased from Sigildrich (St. Louis, MO, UBAnless stated

otherwise.

2.1.1 Isolation of primary mesenchymal stromal cells (MSCs)

Primary humanmesenchynal stromal cellsMISC}¥ were extracted from femoral
heads and keesobtained from Harrogate District Hospital and Clifton Treatment
Centre,York,following informed consenand ethics approval from the University of
York and NHS. Donors were anonymous santiples were identified with the prefix

FH or K to denotdonor siteorigin, followed by a unique number.

2.1.2 Isolation of cells from femoral heads

Bone marrow was removed from the femoral head using sterile instruments and
O2fft SOGSR Ayil2 R5dA10F0O2HE a SRRAZFU& 5a9a >
Technologies, Paiseley, JJKontaining 100 ug/mlpenicillin and 100 U/ml
streptomycin (% P/S). The fragments were minced with scissors and the
supernatant removed once the large bone fragments had settled. The mincing
process was repeated 3 times followed by vortexing the bone fragments for 1
minute and collecting the supernatant. The supernatant was centrifuged at 450 g
for 5 minutes. The cell pellet was-seispended in 16 ml DMEM and filtered through

a 70 um strainernto a fresh tube. This was then gently layered onto 12 ml
FicollPaque Plus (AmershanGE Healthcajein a falcon tube and centrifuged at
350 g for 30 minutes. The mononuclear fraction of cells could then be removed

from above the Ficoll layer and washed buffer A (phosphate buffered solution

[PBS] containing 1% bovine serum albumin [BSA] and 5 mM
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ethylenediaminetetracetic acid [EDTA, GIBCOQ]). Cells were seeded in DMEM
containing 15% foetal bovine serum (FBS, batch tested for MSC growth) and 1% P/S

into a 75cnf flask and cells allowed to adhere for 5 days.

2.1.3 Isolation of cells from knee bones

Knee bones were broken into pieces using sterile instruments, placed into a 10 cm
petri dish and covered with DMEM containing 15% FBS and 1% P/S. Bone fragments
were removed 57 days after seeding and the media changed to remove
non-adherent cells and debris.

Adherent cells were termed passage 0 (P0) and once established, MSCs from both
sources were maintained in DMEM containing 10% FBS and 1% P/S with media
changes eery 34 days. At 70% confluency the medium was removed, cells washed
with PBS and harvested with 0.05% trypsin/0.02% EDTA. Cells were first seeded at a
density of 1000 cells/cA{P1) and thereafter at a 1:3 ratio.

2.1.4 lIsolation and culture of primary murinestromal cells

IL-7cre Rosa2@YFP mice were bred under specific pathogen free conditions in the
Biological Services Facility at the University of York. All work was in accordance
with ethical approvals from the University of York and Home Office Lic7dd69

to Mark Coles. Hcre Rosa2@YFP mice were scheddlekilled and different long

and flat bones were harvestday Priyanka Narangdmy Sawteland Anne Thuery.

The rear femora and tibiae leg bones were scraped clean, the proximal and distal
endsremoved and PBS containing 2% FBS was flushed through using a 25 gauge (25
G) needle and syringe to collect the bone marrd&eparately, the bones were
minced with scissors and washed in PBS containing 2% FBS to collect the cells.
Settled bone fragments we incubated for 40 minutes at 37%@th gentle agitation

in serumfree medium containing a collagenase cocktail to release the cells from
the bone (Liberase TL, 1:40; Roclseissex, UKDMEM containing 10% FBS was
then added and the bones vortexed. Theernatant was removed to a fresh tube

and centrifuged at 4509 for 5 minutes to pellet the cells. All cells were washed and
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filtered through a 70 um cell strainer and maintained in DMEM with 10% FBS. After

4 days, noradherent cells were removed and the diam changed every 3 days.

2.1.5 Primary cultures

Human adipose derived stem cells (ADSCs) were purchased from Invitrogen
(Carlsbad, Ca, US&)d cultured in MesenPRO medium (Invitrogen) supplemented
with 10% FBS.

Human T cells were isolated from periphefadbod cones (Blood Transfusion
Service) by Dr Bridget Gléwgs using the T cell purification kit RosetteSep
(STEMCELTechnologiesGrenoble, Frangewhich separates T cells using antibody
mediate red cell resetting and a density gradient centrifugation.

Embryonic day 12.8iver in murine foetal developmentis considered highly
enriched for stem and progenitor cells arilerefore the isolated cells have
consequently been termed mouse haematopoietic progenitor cells $HPC
Additionally, very few, if angnature myeloid or lymphocyte lineage cells are found
at this stage in developmenMouse HPCs were isolated by Dr Mark Coles from day
12.5 embryos by removal of the foetal liveBriefly, day 12.5 embryos were
isolated from timed pregnancies and the faétliver isolated by micrdissection
and placed in 10% DMENThe foetal livers were teased apart through passage in a
19.5 gauge needle and finally filtered through a 70 uM mesh cell strairtez.cells
were centrifuged and either frozen in 10% DMBO®r used fresh in the spheroid

and culture systems.

2.1.6 Culture of cell lines

The multipotent, murine mesenchymal cell line C3H10T1/2 (ATCC) and the human
embryonal carcinoma stem cell line NTERA2/D1 were cultured in DMEM with 10%
FBS. AFTO024, a temperatwensitive mouse stromal cell line was maintained in
DMEM with 10% FBS, 50 pMnfercaptoethanoland 1% P/S at 33°C. Mouse
stromal cell line OR® was cultured inMinimum Essential Medium Eagle Alpha
Modification (" -MEM, GIBCOgontaining 20% FBS, 1% P/S,i§utamine and 1%

non-essential amino acids (NEAA). Media was changed for each cell line every 3
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days and cells passaged by trypsinisation at a ratio of 1:6 upon reaching 90%

confluency.

2.1.7 Mycoplasma testing

All cellswere subject to regular testing for mycoplasma. Cells were seeded into 24
well plates and allowed to adhere. Cells were washed with PBS and fixed for 5
minutes in methanol. Cells were washed with PBS and then incubated with 200 pl
DAPI (1 pg/mljor 5 minutes at room temperature. The DAPI was removed and the
cells washed and viewed under UV light. Clear, defined nuclear staining was

indicative of a negative result.

2.2 Colony faming unitassag

2.2.1 Colony forming unitg fibroblast (CFLF)assay

To obtan clonal lines of MSCs from single cells, 10 celfsfoene seeded out into 6

cm petri dishes and allowed to grow for-14 days with media changes every 3
days.MSCs of passages7Owere initiated, with passage 3 and 4 yielding enough
clones to furtheranalyse for donors FH408 and K6, respectiveMEM with 20%
HyQone FBSGE Healthcareand 1% P/S was used. Discrete colonies typically
containing 206300 cells were isolated using cloning cylindsesled around each
colony with sterile vacuum greasand harvested by trypsinisation. Cells were
seeded into 48 well plates and transferred to larger vessels as the cell numbers

increased.

2.2.2 Colony forming cell (CFC) assay

In order to quantify the potential of HPCs, cells were seeded into a semisolid
medium (complete MethoCult; StemCell Technologies) containing cytokines and
growth factors (rmSCF, rm8, rhil-6, rhEpo) to facilitate the proliferation and
differentiation of progenitor cells into colonies of cells of the haematopoietic
lineage such as granugtes, erythroid cells and monocytes. HPCs were washed in
Iscove's Modified Dulbecco's Media (IMDM) with 2% FBS, counted and adjusted to

10x the final concentration required (5 x “€ells). 0.3 ml of cell suspension was
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added to 3 ml of MethoCult media dnvortexed to allow thorough mixing before
seeding 1.1 ml into 35 mm dishes. Triplicate dishes were incubated in a humidified
chamber at 37°C for 9 days and resulting colonies were identified according to

descriptions and images provided with the MethoCult

2.3 Spheroid culture

2.3.1 Spheroid media

A semisolid media was prepared for the culture of cells in 3D spheroids as follows;
6 g methytcellulosewas autoclaved and then stirred for 20 minutes testilve in

150 mIDMEMwhich had beerpre-heatedto 60°C. A futher 100 mimedia was
added and stirred for-3 hours at 4°C. The mixture was finally centrifuged at 3600 g
for 2 hours at room temperature to provide a stock solution of mettgllulose.

The stock was diluted 1:7 in DMEM containing 10% FBS and 1% Prfixaad

thoroughlyto provide a working solution of spheroid media

2.3.2 Spheroid formation
Cell suspensions were seeded into remtherent, Ubottomed 96 well plates in
200ul spheroid media. Cells aggregated spontaneously over 24 hours to form a

spheroid struture. Half media changes were carried out ever§ @ays.

2.3.3 Enzyme digestion of spheroids

To produce a single cell suspensioom the 3Dmesenchymak haematopoietic
cellspheroids they werenzymaticallydigested. Spheiids were collected into a 1.5

ml eppendorf and allowed to settle. Media was removed and the spheroids washed
twice with PBS. Spheroids were-suspended in 100 pl PBS and 5 pl Liberase TL
(Roche, Sussex, UK) (2.5 mg/ml stock) added. Tubes were incubidedentle
agitation & 37°C for 20minutes to disaggregate the spheroids. 1 mIMEM
containing 10% FBS was added and the samhgle passed several times through a

25G needldo remove any clumps
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2.3.4 Fluorescent labelling of cells

In order to visualise the arrangement of cells within sphespicells were labelled

with fluorescent probes; CellTracker green or red (Molecular probes, Invitrogen).
Media was aspirated from monolayer cultures and replaced with 5 pl oD

stock CellTracker probe diluted in &f) of serumfree media. Cells were ¢abated

for 45 minutes at 37°C followed by a further 30 minutes in normal medium
containing serum. Cells were then washed with PBS to remove any excess probe

and replenished with normal media until further use.

2.3.5 UVE/DEALxell viability assay

To allow theanalysis ofviability of cells within spheroids, &lVE/DEADassay
OLYGPAGNRISYO ¢l & dzaSR FyR GKS Yl ydzFl Ol dzN
removed from around the spheroid and replaced with 100 pl PBS containing 8 pM

each of calcewAM and ethidium homodimerl (EthD1l) as supplied. After
incubating for 40 minutes in the dark at 37°C the spheroids were washed with PBS

and fixed in 4% paraformaldehyd@FA for 15 minutes before imaging on a

LSM510 confocal microscope (Carl Zeidspble cells are db to convert

calceirAM to calcein by intracellular esterase activity and appeared fluorescently

green whereas EthiD passes into cells with damaged plasma membranes and

binds nucleic acids, resulting in an increase of a red fluorescence.

2.4 Cell proliferaton

Cell proliferation of MSCs was determined using the waboetric assay Cell
Counting KH8 (CCH8, Dojindo, Kumamoto, JaparCelllar dehydrogenase activity
reduces the tetrazolium salt WSTto give a soluble yellow coloured formazan
product The anount of formazan produced directly proportional to the number

of living cells. MSCs were seeded at 2 %cHlis/cnf into 96 well plates. At days: 0,
3, 5 and 7, 10@u of fresh medium was added to each well and inoculated with 10
pul CCK8 reagent. Theplate was incubated at 37°C for 100 mmies and the

absorbance read at 450m on a plate reader (Dynex Technologies MRX II).
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2.5 Cell differentiation

All differentiation reagents were obtained fronsigmaAldrich unless stated

otherwise

2.5.1 Osteogenic differetiation

For monolayers, alls were seeded at 2 x i@ells/cnf and allowed to adhere
overnight. These adheredcells were designated day 0. Medium was replaced on
RFe n gA0K 5a9a 02y il Ay Agycroghdsph&tel@dvw A O
dexamethasone ah 50 pg/mlL-ascorbic acie?-phosphate. Cells were cultured up

to 21 days and the medium was replaced every 3 daymighout

2.5.1.1 Alkaline phosphatase and von Kossa staining

To visually determine alkaline phosphatase enzyme activity as a marker of
osteogenidifferentiation, the cells were washed twice in PBS and then stained for
2 minutesin a solution containing 1 mg/ml Fast red TR and 0.2 mgyapthol
ASMX phosphate dissolved in 1% NjMnethylformamide diluted in 0.1M Tris
buffer at pH 9.2. von Kossa agting was subsequently used to visualise
mineralisation.Cells were washed twice and fixed for 5 minutes in 4% PFA and then
washed once in PBS and again in@HL% silver nitrate solution was added to the
cells and incubated for 60 minutes under stroigint. After 3 washes in 3@, 2.5%
sodium thiosulphatewas added for 5 minutes before twiinal washes in dyO.

Staining was visualised using a DM IRB light microg@gm Zeiss)

2.5.1.2 Alizarin Red staining

Cells were washed 3 times in PBS and fixed in 486f&%20 minutes at room
temperature. The cells were then washed 3 times in PBS and stained witiv40
alizarin redat pH 4.2 for 20 minutes at room temperature. Thorough washing with
PBS and then tap water whilst the plates wgentlyshakenremoved regiual stain
and the cells were air dried before imaging on a stereo micros¢Spereo lumar,
Carl Zeiss)Red staining indicatedhe presence of calcium after osteogenic

differentiation. Differentiation was quantified by eluting alizarin red stain with
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100pl 10% wiv cetylpyridium chloride in sodium phosphate buffer (pH 7).
Monolayers were incubated for 25 minutes with gentle agitation to release the

stain. 96 well plates were then read at 5@t (Dynex Technologies MRX II).

2.5.2 Adipogenic differentiation

Cels were seeded at 2 x i@ells/cnf and allowed to adhere overnighfhese
adheredcells were designated day 0. Medium was replaced on day 0 with DMEM
containing adipogenic factors: 500 pMsdbutyl1-methylxanthine (IBMX), fig/mi
insulin, 1 uM dexamethase, and 100 uM indomethacin. Cells were cultured up to

21 days and the medium was replaced every 3 days.

2.5.2.1 Oil Red O stain

A working solution of DRed O stain was prepared by first making a 0.5% stock
solution of Gil Red O in 99% isopropanol. The stagks dilutedwith dH,O to a 0.3%
working dilution, left overnight and filtered before use to remove any solid residue.
Cells were washed once in PBS and fixed for 5 minutes in 4% PFA and then washed
in dHO. Cells were then left in 60% isopropanol for 5 utes followed bya 10
minute incubationin 0.3%0il Red O working solution. Cells were then washed once
in 60% isopropanol to remove excess stain and 3 times yOdbéfore counter
staining for 2 minutes in haematoxylin. Staining was visualised using i&BNght
microscope(Carl Zeiss)n order to quantify the amount ol Red O staining on
monolayers in 96 well plates, the haematoxylin stain was omitted and after cells
were washed in d§D, the stain was released fromeltells by the addition of 50 pl
100% isopropanol and incubation for 15 minutes at room temperature. The
absorbance ofil Red O in solution was then measured at 450 nm on a microplate

reader (Dynex Technologies MRX l1).

2.5.3 Chondrogenic differentiation
Cells were seeded at 2 x1€ells iro a universain 500 plof media. These cells
formed pellets overnight and 24 hours after seeding the media was changed to

serumfree DMEM containing chondrogenic factors: 100 nM dexamethasone,
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50 ug/ml L-ascorbic acie-phosphate, 40 ug/ml-proline, 19%4TS1 supplement and
20ng/mI TGH Peprotech) Control pellets were cultured in identical media with

the omission of TGF o @

2.5.3.1 Alcian blue staining

The presence of sulphated glycosaminoglycans (GAGs) was detected by alcian blue
staining to indicate chongenic differentiation. Slides were fixed in ice cold
acetone for 10 minutes; monolayers in 96 well plates were fixed for 5 minutes with
4% PFA. The fixative was removed and the sample washed twice withlztfiore
incubation with 1% alcian blue (ph<1)rf80 minutes. Excess stain was removed
with a 10 second wash in 1% acetic acid followed by rinsing i@.dFhe sample

was then covered with 10% glycerol and imaged on a DM IRB light microscope or

stereo microscopé¢Carl Zeiss)

2.5.3.2 Collagen II staining

Usingg KS +SOGFadGrAy 1./ (1AG 6+£SO02NI [ 062N
followed. Briefly, the sections were incubated in freshly prepared 10 mM sodium
phosphate buffer for 2 minutes followed by 20 minutes in normal serum (provided
in kit) in buffer The serum was then removed and the slides were incubated
overnight at 4°C in primary antibody (rabbit polyclonal amilagen II, Abcam,
ab53047) diluted 1:200. The following day, the sections were washed 3 x 5 minutes
in buffer and incubated with biatiylated secondary antibody (supplied) for 30
minutes at room temperature. Meanwhile, the Vectastain ABC reagent was
prepared by adding equal drops of reagents A and B into buffer and mixing. Once
the secondary antibody was removed, the slides were washid hwffer for a
further 3 x 5 minute washes and incubated for 30 minutes with ABC reagent. This
was removed and the slides washed before a final incubation in peroxidase
substrate, NovaRED for 10 minutes until the colour developed. The sections were
rinsed with tap water. The sample were then covered with 10% glycerol and

imaged on a DM IRB light microscd@ar| Zeiss).
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2.5.4 Spheroid differentiation

Spheroids were seeded atxd10' cellsper well in 96 well plates and then treated

the same as the monolayeulkures but with spheroid media. 10 um sections of
cryo-preserved spheroids were taken before von Kossa and Oil Red O staining were

carried out on slides.

2.6 Histology and immunofluorescence

2.6.1 Monolayers

13 mm glass coverslipgere sterilised in 100% IMS, @lled to dry and placed
individually into each well cd 24 well plate Cells wereseeded at 1x 10° per well

and allowed to adhere overnight. Staining was carried out in the plate and then the
coverslips were removed and mounted with Vectashield (Veabotatories) onto

glass slides and sealed with nail polish.

2.6.2 Vibratome sections
IL-7cre Rosa2éeYFPembryos were mounted in 8% agarose and set at 4°C. The
embryo was cut into 250 um thick longitudinal sections collected into PBS using a

Vibratome (Leica Mrosystems).

2.6.3 Tissue sample freezing and cryosectioning

Mouse bones from Hicre Rosa2@YFP mice for immunohistochemistry were fixed

in 4% PFA overnight. After fixation, bones were placed in 30% sucrose solution for
15 minutes at room temperature followely 15% sucrose overnight at 4°C. Bones
were then coated with 10% PVA and frozen in cooled isopropanol on dry ice. They

were then fully mounted in 10% PVA and stored8&t°C.

Spheroids were embedded in OCT (Tisak, Sakura Finetek) and frozen by
immersion in liquid nitrogen and stored aB0O°C before sectioning. All samples
were acclimatised to the chamber temperature3@Q°C) of the cryostat (Bright
Instrument Co.) before 10 um sections were taken. Sections were collected onto

Superfrost glass slidéMenzelGlaser) and stored aR0°C until use.
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2.6.4 Cytospin preparations

200 plof cell suspension at a concentration of1L0° cells/mlwas added to the
cytospin chamber (Cytospin Shandon Scientific) and centrifuged for 5 minutes at
850 rpm with LO accetation onto Superfrost slides. Slides were kept-20°C until

use.

2.6.5 Haematoxylin and Eosin (H&E) staining

Sections were fixed in 4% PFA for 5 minutes followed by 2 washes@n 8Ections

GSNBE AyOdzol SR Ay al @SNDRa KI Swordughlye t Ay 3
with tap water. Unspecific staining was removed by addition of acid alcohol (0.25%
hydrochloric acid in 50% ethanol) for 10 seconds followed by washing 40.dH
{SOGA2ya oSNB (GKSy AyOdzml GSR Ay {02G6GdQa
with tap water.One percenteosin was added for 5 minutes followed by thorough

washing in tap water and then dehydration in 70% IMS for 2 minutes and then

100% IMS fom further 2 minutes. Sections were then cleared in xylene for 2

minutes and mounted in DPXountant. Morphology was observed using a DM LA

light microscopdCarl Zeiss)

2.6.6 Immuofluorescent staining

Samples werdénitially fixed in 4% PFA for 5 minutes at room temperattokowed

by 2 washes in PBS. To detewstin, anintracellular protein, samples were
permeabilised at this point with a 10 minute incubation0.25% Triton 400 in
PBS (PB¥). Samples were themwashed in PBS for 5 minutagveral timesAll
samples were then blockefdr 30 minutesin PBS containing 10% animal serum of
the samespecies that the secondary antibody was raised in. Primary antibodies
(Table 2.1) were added at the appropriate dilution in PBS and incubated in a
humidified chamber overnight at 4°C. The primary antibody was adgiif the

next day with 3 5 minute PBS washes. If required, samples were incubated for 45
minutes at room temperature with a conjugated secondary antibddye washing

steps were repeated Samples were countatained with DAPI for 5 minutes.
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Negative controls were carried out by replacing the primary antibody with the
appropriate immunoglobulin G (lgGpamples were mounted with Vectashield
(Vector Laborairies) and imaged using a LBM invert confocal microscop€arl
Zeiss) In order to quantify YFRxpressing cells, 3 random areas of interest per
region (central bone marrow, endosteum etc) were counted. Cells were counted
manually and expressed as a percentage of total nucleated cell number which were

counted using DAPI stain. n = 5 mice.

Target Cbne Conjugate Dilution Supplier

Rat anti mousg polyclonal | purified 1:800 abcam
Nestin

GFP polyclonal | Alexa Fluor 488 1:500 Invitrogen
Rabbit antif MOMA-1 purified 1:50 AbDserotec
mouseCD169

VCAM1 429 APC 1:200 Invitrogen
Rat polyclonal | Alexa Fluor 64 | 1:500 Invitrogen
Rabbit polyclonal | Cy3 1:800 SigmaAldrich

Table2.1 Antibodies for immunofluorescent staining

Primary antibodiesised on mouse tissuaere either directly conjugated or detected with

an appropriate secondary antibody that detected the species that the primary was raised
in.

2.6.7 Ki67 staining

Proliferation was analysed by Ki67 immunofluorescent staining. Prirkagy
antibody was used diluted at 1:250 (H#580,Abcan) whilst the secondary; Aka
Huor 488 goat antrabbit was used at 1:5000 (A11Q08igmaAldrich). Cells were

counter stain@ for 5 minutes in DARL pg/ml).
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2.6.8 F4/80 staining

The presence of mature macrophages was determined using marker F4/80 using
immunofluorescence described isection 2.6.6 with some nwodification. The
antibody was Alexal&or 647 conjugatedcfone BM8,ebioscience) and used at a
concentration of 1:200 for 45 minutes at room temperature rather than overnight.
Slideswvere mounted in Prolong goldnvitrogen)and imaged using BSM510 invert

confocal microscopéCarl Zeiss)

2.6.9 Whole mount staining

For embryo sections taken on the Vibratome (secti.2, immunostaining was
extended. Sections were blocked in 10% rabbit serum for 1 hour at room
temperature followed by antibody staining with Alexa Fluor 647 conjugated
anti-GFP and Cy3 labelled a®iMA (each 1:1000; Invitrogen) in 400 pl volume in a
24 well plate. The sectionsane incubated for 72 hours at 4°C followed by 24 hours

of washing in PBS, replacing the PBS 3 times throughout the day. Sections were
then fixed for 20 minutes at room temperature in 4% PFA followed by several PBS
washes. Whole mounts were transferred tags pots and covered in progressively
stronger methanol solutions (25, 50, 75, and 100%) for 15 minutes each at room
temperature. A final 100% methanol incubation for 1 hour completed their
dehydration. A 50:50 solution of methanol: BABB (benzyl alctieolzyl benzoate;
SigmaAldrich) was added for 15 minutes and then replaced with BABB for a further
2 hours to clear the sections. Sections were mounted in BABB in thick metal slides
sealed between glass coverslips and viewed with a LSM510 confocal mperosco

(Carl Zeiss).

2.7 Flow cytometry

2.7.1 Flow cytometric analysis ofiimanMSC surface antigen expression.

Isolated MSCs from human donors were analysed to confirm the expression of a
panel of stromal cell surface markers commonly used to describe MSCs. Antibodies

were previousltitrated for optimaldilution for use by flow cytometryMedia was
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removed from cultured MSCs which were then washed twice with PBS and
harvested usingFACS buffer (buffer A, see secti@ril2) at 37°C. Cells were
collected by centrifugation at 450 rpm for 5 minutes and the supeanatemoved.
Approximately 5 x 1Dcells for each marker were sespended in separate
eppendorf tubes in 100 YFACS buffecontaining the appropriate tition of
primary antibody(Table2.2) and incubated on ice for 30 minutes. Cellsre then
washed twice with 1 ml FACS buffer and centrifuged50 rpm for 5 minutes. Cells
incubated with purified primary antibodies were irzated further for 20 minutes

on ice in the dark with the appropriate dilution of secondary antibody followed by 2
FACS buffewashes. All samples were thensaspended in 400 [HACS buffeand
kept on ice before pcessing on ay&n flow cytometer and aysed using Summit

software (v4.3 Beckman Coultgr1 x 10 events per sample were collected.

Target Clone Conjugate Dilution Supplier

CD45 HI30 FITC 1:100 Caltag labs
CD166 3A6 PE 1:50 BD Pharmingen
CD44 G4426 FITC 1:10 BD Pharmingen
CD90 ebio5E10 | PECyY5 1:100 eBioscience
CD105 SN7 APC 1:100 eBioscience
CD29 MAR4 Purified 1:100 BD Pharmingen
CD73 AD2 Purified 1:100 BD Pharmingen
CD34 AC136 FITC 1:50 Miltenyi Biotec
Goat antt | polyclonal | Alexa Fluor 488 1:200 Invitrogen
mouse

Table2.2 Antibodies for umanMSC flow cytometry
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2.7.2 Flow cytometric analysis of murine stromal cell surface antigen expression.
Following the protocol in sectio.7.1, stromal cellssolated from murinebones

were analysed for cell surface markersTiable2.3. Cells were analysed fresh or

from cultured cells.

Target Clone Conjugate Dilution Supplier
F4/80 BM8 647 1:200 ebioscience
Ter119 TER119 PE 1:100 ebioscience
CD73 eBioTY/11.8 PE 1:100 ebioscience
CD90.2 30-H12 APC 1:100 ebioscience
CD45 30-F11 Biotin 1:200 ebioscience
CD127 (ILAB | A7R34 PE 1:50 ebioscience
CD54 (ICAM) | YN1/1.7.4 PE 1:1000 ebioscience
CD106 (VCANM) | 429 647 1:1000 ebioscience
CD105 MJ7/18 PE 1:100 ebioscience
Hamster anti eBio8.1.1 purified 1:800 ebioscience
mouse Gp38
Streptavidin Not Pacific blue 1:400 Invitrogen
applicable
Goat anti| Polyclonal 647 1:500 Invitrogen
hamster

Table2.3 Antibodies for nouseMSC flow cytometry
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2.7.3 MACs depletion of cells

Freshly harvested murine bone marrow cells were first depleted for CD45 cells by
Magnetic affinity cell sortingAC$ flow cytometry Briefly, red cells were lydan

ACK buffef0.15M, ammonium chloride [BDH lab supplies], 1 mM sodium hydrogen
carbonate [Fisher], 0.1 mM EDTA [GIBCO] p@ytemaining cells were blocked for

10 minutes with Eblock (1:1000)and incubated with primary biotin cgugated
CD45 antibdy (1:200). After 2°BS washes, cells were incubated with -hitin
MACS microbead@0 pl per 10 cells)before magnetic separation through a MACS

column. The depleted cell fraction was then labelled for analysis.

2.7.4 I|dentification of HSCs
An antibody heage cocktail (lin),-kit and scal (Table2.4) were used to identify
HSCs within the population of HPCs by flow cytometry (see se&ipn

Target Clone Conjugate Dilution Supplier

c-kit 2B8 PE 1:100 ebioscience
Scal D7 APC 1:100 ebioscience
lineage markers Biotin 1:200 ebioscience

(CD3, CD4sf 14>2C11

CD11b, Tet19,| RA6B2,
M1/70, TER

Grl)
119, RB&8BC5

Streptavidin Not Pacific blue 1:400 Invitrogen
applicable

Table2.4 Antibodies to detect HSCs by flow cytometry

2.7.5 Cell sorting by flow cytometry

To purify the YFP expressing stromal cells from murine liferRosa2eeYFP,

cells were sorted andatiectedon a MoFlo sorte(Beckman Coulter)solated cells

from bone marrow and bone digestgere incubated in 1 mMACK buffer to lyse any
red blood cells. Cells were then washed in buffgisée sectior2.1.2) and filtered

through a 70 um cell straineCells wee incubated with APC conjugated CD45 at

81



Chapter 2. Methods

1:1000 dilution for 20 minutes on ice. Cells were washed twice in buffer A and
re-suspended at a concentration of 1 x ‘d€ells/ml Only cells that were CD45
negative were cllected to remove haematopoietic cellsom the sort and YFP
positive and negative cellsvere then collected gparately into tubes of
DMEM+20% FBS. Tubes of collected cells were centrifuged for 20 minutes at 450

rpm.

2.7.6 IL-7 binding assay

Binding of bidinylated recombinant H7 to human MSCs was detected using a
Ctd2NR1AYS (Al 6ws5 aeadaSvyao F2tftz2eAy3
removed from adherent culture with buffer A, centrifuged at 500g for 5utes
followed by 2x PBS washes drre-suspension in PBS at a final concentration of 4 x
10° cells/ml Cells werdncubated with10 plbiotinylated I7, a negative control
protein (soybeartrypsin inhibitor) both provided in the kitpr no protein for 45
minutes at 4°Cln a separate tub, 10 pl biotinylated HZ was incubated with 20 pl

of an antilL7 blocking antibodyto confirm specificity of the testCells were then
stained with avidifFITC for 30 mirtes at 4°C in the dark, washed in the RDF1
buffer (a buffered saline and protein kdion) provided and analysed by flow

cytometry.

2.8 Gene expression analysis

All reagents were from Invitrogen unless stated otherwise.

2.8.1 RNA extraction

Y |

wb! 61 &8 SEGNIOGSR FTNRBY OStt&a dzaAay3da c¢wlLl

protocol. For adherent cetiultures, 500 uTRIzol reagent was added directly to a
25cnf cell culture flask to lyse the cells. For cells cultured in 3D, the spheroids were
first digested as described in secti@r8.3and centrifuged at 80 g for 5 mintes to
pellet the cells. 500 prRIzol reagent was added to lyse the cells and then passed
through a pipette several times. All samples were then incubated at room

temperature for 5 minutes antteated in the same way. 200 phloroform (Signa-
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Aldrich) per 1ml of TRIzol was added, vortexed for 15 seconds and incubated at
room temperature for 5 minutes. Samples were then centrifuged at 12000 g for 20
minutes at 4°C. The RNA contained in the upper aqueous phase was removed to a
fresh tube andprecipitated using 500 lpof 100% isopropanol per tnl of TRIzol
initially used. Samples were incubated at 4°C for 30 minutes and then centrifuged
at 12000 g for 15 minutes at 4°C to pellet the RNA. The isopropanol was removed
and the RNA washed with 11ii5% ethanol and centrifuged at 12000 g for 5
minutes. The supernatant was removed and the pellet allowed to air dry before
being resuspended in 12 lpof nuclease free . RNA concentration was

measured on a NanoDrop spectrophotometer (Thermo Scientific)

2.8.2 cDNA synthesis

First strand cDNA was synthesised from isolated mMRNA using Superscript Il reverse
transcriptase. Briefly, reactions were carried out in duplicate for each sample with 1
pl oligo dt, 1 pg RNA and 1 pl & dNTPs(ATP, TTP, GTP, Ciafleup to 12 pl

total reaction volume with nuclease free water. Samples were incubated at 65°C for
5 minutes followed by 2 minutes chilled on icBeven microlitre of a reaction mix
containing £ strand buffer, 0.1M DTT and nuclease free water was addezhth
sample and incubatefbr 2 minutes at 42°C. One microlited Superscript Il was
then added to hdlthe samples and 1 ul nucleafee water was added to the
duplicates to act as a no reverse transcriptase control (no RT control). Primer
extension @curred during a 1 hour incubation at 42°C followed by 15 minutes at
72°C to inactivate the reverse transcriptase. cDNA was dilut2dafter synthesis

with nucleasefree water and stored a20°C untisubsequent PCR amplification.

2.8.3 Reverse transcriptaspolymerase chain reaction (RFCR)

PCR amplification of specific genes of interest was carried out using 2.5 ul cDNA

template in a 25 pl total volume reaction containing the following components:
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Component Amount (pl)
Template cDNA 2.5

10 x PCR buffe 2.5

50mM MgC} 0.75

10 MMdNTPs 0.5
Forward primer (10 pM) 0.5
Reverse primer (10 pM) 0.5

Taqg DNA polymerase 0.25
Nucleasefree water 17.5

Table2.5 Standard PCR reaction components

PCR amplificaon for GAPDH was carried out for each sample of cDNA produced to
confirm successful synthesis. A water control was run for each gene within a PCR.
Primers Table2.6) were designed using the NCBI Primer BLASJraomg produced

by SigmaAldrich and optimised using human T cell RNA.

Gene Forward Primer Reverse Primer Product
size

m/h GGTGAAGGTCGGWGTCAEA GGTCATGAGYCCTTCCAC| 514

GAPDH

K L [ H CCTGCTGGGAGTGGGGCT| CCCGTGGGTCCTGGAGCT 359

h JAK1 ATGGCGTCTGTGEBECGAC | ACTGGCCTGCACCGGCTT 478

h STAT5R TCAGTGGATCCCGCACGC/ TGGCCAACTTCCAGGCTT{( 379

h JAK3 TCCGGGAGGCGCAGACAC ATAGCGGCACAGCTCCAQ 437

Table2.6 PCR primes
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Samples were run on@BNA thermocycle(G-Storm)with the following conditions:

Step Process Temperature °C Time

I Initial denaturation | 94 3 minutes

I Denaturation 94 10 seconds
Annealing 58 (GAPDH) or 62 | 20 seconds
Extension 72 1 minute

1] Repeat step Il 30 times

\Y Final elongdon 72 5 minutes

\% Hold 12 -

Table2.7 PCR conditions

2.8.4 Agarose gel electrophoresis

Agarose gel electrophoresis was used to verify the expected size of the PCR
products. 1.5% agarose gels were made with DAfer (Tris, EDTA, acetic acid)
with the addition of 5 uSYBRafe toallow visualisation othe gel under UV light.
Thesamples were run at 120v for approximately 45 minutes alongside a molecular
weight marker (Hyperladder 1V;Bioline). Images were aagred using an

Alphalmager2000gel documentation system (Protein Simple)

2.8.5 Quantitative real time polymerase chain reaction (QFPICR)

Quantitative real time polymerase chain reaction (ROIR) was used to measure
the relative expression of genes of intsteand was carried out in triplicate in a 96

well plate for each sample using reactions containingabmponents inTable2.8.
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Component Amount (pl)
Template cDNA 5

Sybr green PCR master mix (Applied Biesys} 12.5
Forward primer (10 puM) 1

Reverse primer (10 uM) 1

Nuclease free water 55

Table2.8 Standard gRIPCR components

Pates were covered with an adhesive lid and centrifuged at 3600 rpm for 1 minute
50 seconds before processing on an ABI7300 Prism System Detection System

(Applied Biosystems) with the following cycle conditions:

Step Temperature (°C) | Time

I 50 2 minutes

Il 95 10 minutes

1] 95 15 seconds
60 1 minute

v Repeat step I 40 times

Table2.9 qRTFPCR conditions

Results were analysed with the ABI7000 prism software based omhaege in
cycle thresholdj{ n JOnkethod. Target genes were normalised to the housekeeping
gene and reportedas relative expression as compared to the appropriate day 0
control. Controls were conducted for each primer set using nuclease free water and

no reverse transcriptase template controls were run for the housekeeping gene.

86



Chapter 2. Methods

Gene Forward Primer Reverse Pmer

h RPS27A TGGATGAGAATGGCAAAATTA CACCCCAGCACCACATTCA
m HPRT CATCTTCTCAAAATTCGAGTG TGGGAGTAGACAAGGTACAA(C
hIL-7 AGCCACGCCGTAGTGTGTGQ TCCGCGGAGTTGCCGAGTCT
m IL-7 CCTGTGACAGCCTTTCTGAA( AGGATAGGGAGCCTCAGACA
h Nestin CCTGTGACAGCCTTTCTGAA( AGGAAGGGAGCCTCAGACAT
hIL-7RJ CCTGCTTAGCCTTGGGACTA( GGGTTCAATGTCAGGATTCCA
mIL-7RJ CCCACAGAGAAAACTACGAC| ACTCGCTCCAGAAGCCTTTG
h FABP4 TGTGCAGAAATGGGATGGAA| CGCATTCCACCACCAGTTT

h PPARg GGCTTCATGACAAGGGAGTT| AACTCAAACTTGGGCTCCATA
h Runx2 AGTGATTIBGGCGCATTCCT | GGAGGGCCGTGGGTTCT

h ALP GGGAACGAGGTCACCTCCAT TGGTCACAATGCCCACAGAT
h Sox 9 TTCCGCGACGTGGACAT TCAAACTCGTTGACATCGAAG
h Collagen I TTGCCTATCTGGACGAAGCA| CGTCATTGGAGCCCTGGAT
h1L-6 CCGGGAACGAAAGAGAAGCT GCGCTTGTGGAGAAGGAGTT

Table2.10gRFPCR primers
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2.8.6 Primer optimisation

Primers were designedsing ABI Primer Express software (Applied Biosystems) and
are shown inTable2.10. Newly designed primers werested for equal gRPPCR
efficiency compared to the housekeeping gene by analysing 10 fold serial dilutions
of cDNA by absolute quantificatioin this examplecDNA from primarjhuman T

cells wasused as the control sample to measure the efficiency afR& primers.
Reactiors were carried out in triplicate and processed with the same conditions as
for relative quantification Table2.9) with the addition of a dissociation step after
step IV of 15 seconds at 95°@®, seconds at 60°C and a further 15 seconds at 95°C.
Plots were generated using the ABI software of the threshold cycle (Ct) value
against the log of the cDNA concentratioRigure 2.1 A). For primers to be
acceptalte for use and indicate equal efficiency the slope of the standard curve
should be similarKigure2.1 C) and there must also only be a single peak in the
dissociation curveRigure2.1 B). IL7Ra was compared to the housekeeping gene
ribosomal protein S27a (RPS27a).

2.9 Statistics

Data are expressed as mean = SD. After testing for normal distribution
(KolmogorovSmirnov normality test), control and treated or differentiatecbgps

were compared using an independent sampldsst (for data with equal variance
YSIad2NBR o0& | [S@SySQa GdSadooe {dFdAradaol
have a p value < 0.0&8nd were annotated on graphs according to the following

rule; LJ 0285 not significant (nsp < 0.05 *, p < 0.01 **, p < 0.001 ***,

88



Chapter 2. Methods

A
B
., =— .
c . et v
: - !
—
) \\\ - L |' T W h
* |
: S7A e !
" RPS27A
\\T

"
-370 ETT] 240 ] ETT) EET) T 040

Figure2.1 Optimisation of gRTPCRorimers

IL-7RJprimers were optimised using T cell RNA. Plots were geneftéd values of serial
dilutions of cDNA (A)No product was observed when RT was replaced with (fo RT
control). A single dissociation curve indicates a specific PCR product from all samples (B)
and a standard curve produced from ct values and tlgedf DNA dilutions shows the same
slope between the target of interest and the housekeeping gene (C).
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3 Fate tracing of -7 expressing cells in the mouse

bone marrow microenvironment

3.1 Introduction

IL-7 is a cytokine originally identified for itbility to stimulate B lymphopoiesis
(Namen et al, 1988 Additionally, I1t7 is known to have an essential role in T cell
survival and poliferation (Morrissey et al, 1991 These twoundamentalroles of
IL-7 are the best understoqdilthough the detailed mechanisms of their regulation

arestill being investigated.

Investigations into the involvement of-ILin the murine systenare hampered by

the low levelsof protein and transcriptexpressionof endogenous HZ and the
consequentiallack of success of its detection by traditional metbaglich as
immunohistochemistry(Mazzucchelli et al, 2009 To overcome this problem,
severalbacterial artificial chromosome (BAtZansgenic micdiave been developed

in which reporter genes were inserted into the-ALlocus. Depending otthe
construct used IL-7 reporter expression carthen be assessed directly by
fluorescent microscopy, using antibody staining or further crossing with reporter

mice of Cre recombinase activifireviewed by Kim et al, 20111

The Cre/lox system has been widely employed to manipulate gene expression in a
tissue or temporal specific manner. Originally identified irctbaophage, the
recombination mediates circularisation an®NA replication during bacterial
division Cre recombinase is an enzyme that catalyses recombination between two
loxP sites (locus of-0ver of P1). These are specific-l3dse pair (bp) sequences
consisting of an ®p core sequence, where recombination takekce, and is
flanked by two 12p inverted repeats.The recombination excises the DNA
sequence between the loxP sites and can be used to produce gene deletions, or in

combination with fluorescent proteins, to track Cre activity, as in the case®ik
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rosa26eYFP mice. Lox$ttes and the cre gene are not found in mice and are
therefore introduced to produce the transgenic straif@auer, 1998 Detection of
Cre mediatedL-7 reporteris locatedin the thymus, lymph nodes, bone marrow,

liver and small intestines dif-7Cre rosa2&YFRnice (Repass eal, 2009.

IL-7 is known to be expressed by stromal cells in the bone marrow but the precise
identification of these cells and their functional role are still to be described
adequately.Overall, IL7 has a negative impact on bone as knockout stushasice
report anincreased bone mass due to a lack o7 I&timulated T cell activation and
subsequent increased osteoclast numb@oland et al, 20)1 Oegrogen is a
critical regulator of bone mass and is involved in promoting survival of osteoblasts
(Gohel et al, 1999 and suppressing osteoclast activifManolagas, 2000
Oestrogendeficiency leads to accelerated bone loss or osteoporosis. In order to
provide effective treatmentstrategies for osteoporosis the mechanisms of this
osteoclastogenesis must be understood. Ovariectomy indoessrogen deficiency
which isaccompanied by bone lostterestingly,IL-7 productionis increased in
these miceand enhances th@roduction of steoclast precursors vitro (Sato et

al, 2007. Neutralisationof IL-7 in vivoprevented the ovariectomy induced bone
loss by inhibiting osteoclastogenesiadastimulating bone formationsuggesting
that IL-7 plays a role in the balance between bone formation and resorption in
these conditiongWeitzmann et al, 208). Together, these data suggest that7IL
production is interlinked with the bone remodelling process &ydextensionwith

haematopoietic stem cells (HSCs) and mesenchymal stem cells (MSCs).

3.2 Aims

In this chapter Hi7Qe Rosa26eYFPBAC transgenic e were used to determine
the localisationof YFRpositivecells in bone and bone marrowriefly, the activity
of Qe recombinaseunder the control of W7 regulatory elementsin IL-7Ce
Rosa2eeYFRBAC transgenic mice leads to the genetic markiygY FRexpression
of cells that are either currently expressing7iLhave previously expressedilor

have been derived from a precursor that at one point expressetl lThese cells
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were isolated and further characterised in order to gain a better understanadf

the stromal cells that express-T.

3.3 Results

3.3.1 Localisation of YFP expressing cells

In order to define the location o¥FP expressing cells from7ite Rosa2éeYFP
mice, frozen sections of bones were immunostained with an-@#iP antibody in
order to amplify the YFP signal and counter stained with DAPI (see s&cfioi

Serial image sections were acquired using confocal microscopy and are presented

as a stacked projection of roughly-80 um tissue.

YFP expressing cells were found throughout the central bone mafFaure3.1)
and represented approximatelfs of the total bone marrow cell populatigmable
3.1). Insome cases the YFé&ells werearrangedin distinct patternsand associated

with vessels within the bone marrowigure3.2, B).

Additionally, YFP expressing cells were located in areas of cartilage suctcudarart
chondrocytes at joint surfaces and hypertrophic chondrocytes in the growth plate
of the bonesthat were identified by their characteristic appearance and location
(Figure3.1 A and B). YFReells were also qgsent at the joint interface in the
cartilaginous triangular meniscus extending into the synovibigure3.1 B).

YFP expressing cells were also found closely associated with the YeReells
were found linig the bone at the junction with the bone marrow or endosteum,
and particularly around trabeculaé proportion of the steocytes within the bone
were YFP(Figure3.1 D). YFP expressing cells were also detectetth@tperiosteum

and in skeletal muscle attached to the bones (Fig@réand3.2D).
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Figure3.1 Detection of YFP expressing cells in the adult mouse femur
Representative images of 10 um sections of snap frozen femur show YFP expressing cells
(green) at the growth plate (A), joint (B), bone marrow (C) and endosteum (D). Slides were

counter stained with DAPI (blug)m, bone marrow.
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Figure3.2 Detection of YFP expressing cells in the adult mouse tibia

Representative images of 10 um sections of snap fraidsa show YFP expressing cells
(green) are located around trabeculae (A) and vesselB)( are osteocytesontained
within bone (C) are at the endosteum (D) are acular chondrocytes (E) arg/pertrophic
chondrocytes (Farrows. YFP is not expressad all cells in which it is present. CirclasC
and Findicate YFP negatiwesteocytes and chondrocytes, respectively.
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Figure3.3 Detection of YFP expressing cells in thauidnouse sternum

Representative images of 10 um sections of snap frozen sternum show YFP expressing cells
(green) in regions of bone marrow and cartilageDA Slides were counter stained with

DAPI (blue)om, bone marrow.
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DAPI and YFP YFP only

Fgure 3.4 Detection of YFP expressing cells in the adult mouse calvaria
Representative images of 10 um sections of snap frozen calvaria show YFP expressing cells
(green) in the bone marrow and periosteum (that lines, AC). Slides were counter stained

with DAPI (blue)om, bone marrow.
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HSCshave beenreported to be located at the endosteum. If YFP expression
demarcates cells involved in the HSC niche we might expect their occurrence to
increase within thisarea. The proportion of approximatelyt% of YFPcells
increased slightly to between%and 6% in the long bonas the 20 pmendosteal
region next to thebone, compared to the total eea of the bone marrow.
Additionally,the cells in this area appearedomphologically different as they were
much more elongated than those found in the central marrow éimefefore, the
endosteum appeared a defined location for the presence of these @Eeatisire3.2,

D).

Each 6 the cell types found to express YFP; stroroells chondrocyts and
osteocytes arise from the differentiation of MSCés YFP expression is inherited,
reporter expression allows a level iimeage analysis and indiestthe possibilityof

an Il-7 expresing MSC progenitor that gave rise to these mature célis. location

of some of theremainingYFP expressing cells suggdbktst they may be also be
differentiated cells of mesenchymal lineage, such as those lining the endosteum
which could potentially & osteoprogenitorand osteoblastsinterestingly, YFP was
not universally expressedithin each cell type identifieéind therefore if anll-7
expressing MSC existetlis likely to only represent a subset of the MSC population
that differentiate and contbute to the skeletal lineagesChondrocytes and
osteocytes were identifiedby their location and histological appearanand
approximately 60% of articular chondrocytes and 10% of osteocytes wefeiry FP
femoral sectiongTable3.1). Other cell types such as stromal cells contained in the
central marrowcould not be identifiedwithout further staining but it is probable

that there were also YFPEells in this fraction.

As Ilones may develop by the processes of teer endochondral or
intramembranous ossificatigrihe long bones and the sternum were harvested to
represent these processes respectively to assess any difference in YFP appearance.
The features of YFP expression and localisation within each bone weraaroio

all adult femurs, tibiagFigure3.2) and sterna Figure 3.3) analysedas YFP was
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detected in chondrocytes, osteocytes and in marrow c8lgght differences in
proportion of each cell type that were YFRRas exhibited in bones from different
sources. fpertrophic chondrocytes the sternum were more frequentlyFPthan

in long bones. 30% of hypertrophic chondrocytes in the sternum were YFP
compared to only 4% in the femur and 4% in the tibia were Y.FFalvarial bones

of the skull were also analysed as an example of bones that form by
intramembranous ossificationCalvarial bones displayed a similar proportion of
YFP cells in the bone marrow but the distitien of the endosteal region was

difficult as the thin width of the tissue meant this also overlapped with the central

marrow (Hgure 3.4).

Cell/Tissue Femur | Tibia Sternum | Calvaria
Central marrow 3.9 3.9 5.2 3.4
Endosteal region 5.4 6.0 8.5 2.2
Articular chondrocyte 60.0 54.0 111 nd
Hypertrophic chondrocyte 13.8 3.6 31.0 6.9
Osteocyte 9.5 22.9 nd 7.6

Table3.1 Distribution of YFP positive cells in bone

Slideswere manuallyscored for the number of YFRells persectionas a percentage of

total nucleated cells as stained by DARI, not determined4-7 sections were scored, n=3
mice. Sections were demarcated into appropriate regions of interest including marro
chondrocytes or bone and therefore, in excess of 1000 cells may be counted, in the case of
bone marrow, or as few as 50 osteophytes in regions of bone.

In order to determine the presence of YFlls in embryonic tissue, three E17.5
embryos were examed. YFP expression was not as widespread as in the adult
tissues. Whole mount staining of 250 um vibratome sections detected a small
number of YFPcells in the foot tissueFigure3.5). These cells were clustete
together and showed an elongated, stromal like morphology. NopodsRive cells

were detected in the sterna of the embrydsigure3.5, B).
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Figure3.5 YFP expressing cells in embryonic tissue

Representative images of whole mount staining of 250 um vibratome sections of E17.5 legs
(A-Q and sternald). YFP expressing cells (turquoise, arrows) were detected in the toes and
feet. Slides wer staif S R #SMIA Kred) for visualisation. Dotted lines show tissue edge.
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3.3.2 Localisation of YFReells with other niche cells
Femoral sections were further analysed for the presence of CD169 and CD146 in
order to assess the relationship of YFflls with otrer cells that have been

proposed as key niche components.

Bone marrow macrophages identified by CD169 expression are reported to have a
key role in retaining HSCs in their niche by acting specifically on hetSi@gChow

et al, 2011 Tormin et al, 201l Lymph nodes were used as a staining control and
CD169 cells could be clearly detected in the periphefythe nodes Figure3.6 A).
CD169cells were found throughout the bone marrow ofilmice Figure3.6 B and

C) in a distribution consistent with & reported in the lierature. CD169cells were

not detected at the growth plate or joint areas of the long bonEgg@re3.6 D). In
sternal sections, CD16@ells were also distributed throughout the bone marrow
and not at the cartdginous regionsFjgure3.7). CD169cells were often in close
proximity to YFP cells due to this frequency and localisatioAdowever, no

co-localisation with YFP was observed.

It is reported that CD146 is expeesl onhumanMSCs capable of reconstituting the
murine HSC niche and are located perivascularly in the bone mgB8auchetti et

al, 2007. CD146 cells has rot been reported on murine MSCs but is widely
expressed on endothelial cells which are considered a component of the HSC niche
(Schrage et al, 2008Therefae, CD146 was examined in7Cre tissue sections.
CD146 cells were detected sporadically in the central bone marrdwiggre 3.8
A-C).Consistent with reportsn human bone marrowthat CD146 is infrequently
deteded in cells lining the bonéTormin et al, 201 immunostainingpresented
here alsodemonstrateCD146 to be localised away from the endosteal regiod

not detected at the joint interfaceRigure3.8 C).No YFPcells were stained with
CD146 and lthough CD146 was initially detected in femoral sections, subsequent
staining of additional sections failed to identifyyafurther staining.Further work

would be required to confirm the presence of CD146 in bone marrow.
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Vascular cell adhesion moleculeMOAM1) may be found on bone marrow stromal
and endothelial cells as well as B cells and macrophages. MQ#sgl been sbwn

to be expressed omurine nestin' MSCs and is important in HSC maintenance
(MendezFerrer et al, 2010 Staining of H7 bone sections detected VCAM cells
throughout the bone marrowpredominantly in the central marrow with fewer cells
towardsthe diaphysisVCAML1" was not expressed in chondrocytesn average of

56% of the central marrowWFP cellsalso expressed VCAM(Figure3.9, n=4.
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Figure3.6 YFP expressing cells are in close proximity to CDt68s

Lymph node (A) sections show expected CD169 distribution as a posdtivieg control.

Inset image is antibody control.

Representative images of 10 um sections of snap frozen femur show CExIB9(red)
close to YFP expressing cells (green) in the bone marr&yy fBit not at the growth plate

(D).
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CD169 CD169 and YFP merge

growth plate

cartilage

Ny

Figure3.7 YFP expressing cells are close to CD188s in the adult sternum

CD169 cells (red) were detected close to YFP expressing cells (green) in the bone marrow
(A, C) but not at the growth e or cartilage (A, B) in adult stenmusectionsbm, bone
marrow.
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CD146 CD146 and YFP merge

bone marrow

bone marrow

bone marrow

Figure3.8 CD146cells do not celocalise with YFP expressing cells
CD146 cells (red) were detected within éhbone marrow of adult mouse femurs-@ but
not at the joints (D). No etocalisationof CD146with YFP expressing cells was detected.

104



Chapter 3. Fate tracing of-TLexpressing cells
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Figure3.9 VCAML1 detection on YFP g@xessing cells
YFP expressing cells (green) within the borarow also express VCAM(blue, arrows)

VCAM1 was detected in the bone marrow-{8 but not in areas of cartilage (A) or bone
(B).bm, bone marrow.
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3.3.3 Localisation of nestin

The distribution ofYFP cells observed in this study is strikingly similar to that of
differentiated cells derived from nestirSCs described by Mend&erreret al.
(2010. They identified nestihMSCs to be essentinaematopoietic stem cetliche
constituents in the bone marrow. NestiMSCs were located near to HIGwivo

and their depletionled to a reduction in number and activity of HSCs in the bone
marrow. Due tothe Gre recombinase YFP mechanism in th& Hice, it is possible
that the cells expressing YFP in our mouse model are doing so because they are
descended from a common progenitor that expressed &nd that these original
IL-7" cells are MSCdf so, hey may represent the same population of MSCs
identified by nestin expressioor a discrete MSC sytopulation Therefore, nestin
staining was performed on-lIQe Rosa2éYFRsections todetermine if a subset of
YFP cells would also express nestin. Nestas in fact only found in one set of
sections from one mouse and stainirdjd not colocalise with YFP. Nestin
expression was found in femoral and calvarial sectiéigufe3.10 D and B). Nestin
was not detectedin regions of cartilage or those densely populated with
chondrocytes. No other mice (n=4) showed nestin expression in the bone marrow.
Mouse brain was used as a positive control and nestin staining was deté&atrote

3.10 A). Whilst nestin may be a marker for MSCs and could be detected7in IL
mouse tissue it was not detected at a similar frequency to that reported in the
literature or in a distribution pattern that may be expected of bone marrow MSCs
This may bedue to the sensitivity of methods of detection in comparing
immunostaining to a reporter mouse line where GFP expression was under the

regulatory elements of the nestin promoter.
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Nestin only Nestin, DAPI, YFP merge

Figure3.10 Nestin expression in adult mouse tissue

Nestin (red) expression was detected in adult mouse brain sections (A) and sporadically in
bone marrow of calvaria (B) femurs (D).-IGcalisation with YFP expressing cells (green)
and detection in artilaginous areas (C) was not detected.
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3.3.4 Isolation of YFP expressing cells

There is still a lack of clarity about the location of the HSC niCbetroversy
surrounds the distinction of endosteal and vascular sites as separate niches but
immunohistologyhas located HSCs in both regiqisel et al, 200p In accordance

with this, the supportive cellular components of the niche are presumed to be in
close physical egact with the HSCs. Analyses of serial bone marrow flushes and
enyzymatically digested bone have supported the suggestion of an endostea) niche
as HSCs with higher differentiation potential have been identified nearest the bone
(Haylock et al, 2007Human studies have also reported an improved extraction of
MSCs using collagenase digestion of femoral hédaises et al, 20)0In order to
assess the distributiomnd potentialof YFP positive cells in the long bones, cells
flushed from the bone marrow were compared to cells isolaftesn crushed and
digested bones that have already been flushed of their bone marrow. In order to
compare the populations, cells were sorted on the basis of YFP expression by MACS
flow cytometry. Cells were also sorted for YFP expression either immedzdtefy

extraction or after a period ah vitroculture.

FACS data for CD45 and YFP expression was gated bafmuvar scatter and

side scatter properties tselect forlive cells. There were clear populations that
were CD45 positive, and those that eeCD45 negative could be segregated into
YFP positive and negative samples that were subsequently collected. There were a
small proportion of cells that appeared CD4A-P but these were not collected as

the focus was on identifying stromal cells, knownbe negative for CD45-igure

3.12, A).

In this way, cell sorting identifiedFP cellsthat represented approximately 1% of
the CD45 negative population of bone marraand a slightly higher (1.25%)
proportion was found inbone digestcells harvested from theamemice. YFPcells
were not detected in control miceéF{gure3.11). The actual number of YFRRsident
cells may be higher, as some could be lost throtigdh process of extraction

especially of the bone digest which requires numerous steps and effective enzyme
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digestion Histological analysis had identified approximately 4% of total bone
marrow cells to be YFP positive but did not take into account CD45 expressio
(Table 3.1). Of the cells that had been cultured, for an average 13 dag$ore
sorting an average of 0.4% + 0.44% Yé&eMsthat were CD45were recovered from

the bone marrow (n=3orts). Thisindicates that the YFPcells persist in culture for
over 4 weeksHowever, thesmaller proportion ofYFP cells may indicate a loss of
some of the YFRells in culture over time and/or a preferential outgrowth of those
that are YFP There was noemarkable decline n over time between 7 different
sorts and therefore alternative factors such as cell density, cell proliferation and
paracrine and autocrine signalling mechanisms may play a part in regulating YFP
expression and YFBell survivain vitro. In comparisonbone digest cells that had
been cultured yieldedan average ofl.15% + 1.49% YFe&ells (n=5 sorts)when
sorted which was similar to those from the fresh tiss(fegure 3.12, B) This
suggests that the YFPBellsfrom bone regions are more stable in culture than those
from the bone marrow. Similaio the cultured cells from bone marrow, there was
no trend in YFP expression and time spent in culture in bone digest(Ergjige

3.12, B)

The number of CD4%¥ FPcellsthat were recoveredrom cells immediately sorted
after extractionwas approximately one third of the number GD45YFPcells from
both fresh bone and bone marrovin cultured cells, this population incress and
was generally at leastice the number of YFRells in either bone or bone marrow
samples.YFPcells from the bone marrovihad an average(n=5 sorts)of 1.6% =+
2.1% andn the bone the YFIeells were7.5% + 10.%o0f the total cell numbegfter

amaximum of 30 days in culture
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Figure3.11 Detection of YFPcells by flow cytometry

Cells were harvested from the bone marrow1bf7Ge Rosa26eYFP mice and the CD45
population depleted by MACs. The remaining cells were then stained with biotin labelled
CD45 and then with pacific blue conjugated streptavaBoondary antibodynd analysed

by flow cytometryfor YFP expression

YFP cells could be detected in thi#-7Qre Rosa26eYFP samples but were not found in
control mice.
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Figure3.12 MoFlo sorting of YFP positiveells

Cells were harvested from mouse bones and incubated with AdtQugated CD45
antibody. They were then isolated using a MoFlo cell sorter and those cells that were CD45
negative and either YFP positifgate R6)r negative(gate R5were collected separately.
Gating is shown in AR2 determines the events that wereoltected based on size
properties that excluded debri€ells were sorted fresh or alternatively after being cultured

for up to 30 daysThe graph indicates the percentage of CD45 negative cells that were YFP
in each extractionEach point represents andependent sort from an average of 7 mice

per sort. The bone digest sorts correspond to the bone marrow at each time point (B).
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3.3.5 Characterisation of YFP expressing cells

Cells harvested from thi-70e Rosa2eeYFFone marrowwere analysed by flow
cytometry to determinethe expression bcommon stromal cell markers affidrther
characterise the cells that expressed YE®&Is were initially sorted to be CD4f®
exclude haematopoietic ce)lsnd YFPexpressing cells were collected. These cells
were found to widely express VCAMand gp38. CD90 and ICAMwere barely
detectable and a mixakpopulation of CD105 expressing cells were obse(keglire

3.13).

RNAwasextracted frommouse bone marrow CD4éells thathad been sortedor

YFP expression and real time PCR performed to assess the expression of nestin and
IL-7. YFP expressing ceflbowed50% greatr expression of HZ mRNA and a 30%
greater expression of nestimRNAas compared to samples extracted fronose

cells that were YFRFigure3.14). If I.-7 were purely a marker of a progenitor cell
that gave rise to the mature cells in the bone marrow then it would be expected
that the IL-7 levels would be the same betee cells, regardless of their YFP
expression. As an increased expression af i& observed, it is likely thaat the

time of isolation, somef the YFPcellsexpressedlL-7. As theisolatedcellswere a
heterogeneous population, it is also possibletthgorogenior population and even
MSG were enrched in the YFP expressing cell set. This is supported by the
observed increase in nestexpressionwhich is reportetyy expressewn a range of

stem cellsjn the YFPcells compared to the YFells
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Figure3.13 Cell surface markers expressed by YE&lIs

Murine bone marrow cells were isolated using MACS flow cytometry and the cells were
sorted depending on their expressioof CD45 and YFP. CD¥%&P cells were further
stained with stromal cell markers and analysed by floometry. R3 and R4 determine

the regions of positive marker expression compared to an unstained cell control.
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Figure3.14gRTFPCR analysis of nestin andlin bone marrow cells

IL-7Qe Rosa2eeYFPbone marrow cells were sorted with flow cytometry (MoFlo) into
populations that were CD4%and either YFRor YFP. Extracted RAfrom each population
was subsequentlyanalysed for nestin (top) and -I (bottom) gene expression and
presented relativao murine cell line C3H10T1/2. * indicates p < Gd@%ermined by #test.
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3.4 Summary

While knockout studies have shown thHt7 hasa functional role in the regulation
of T and B cell development in the bone marroittlel is known about the identity
of stromal cells in the bone marrow that express/IlUL-7 is also involved in the
mechanism of bone remodelling andegatively regulas bone formation
particularly in the context of oestrogen deficiencinderstanding the cells
responsible for the contribution of {€ and their origin willtherefore allow a
greaterunderstanding of the bone remodelling procesmsd its interactions withl
and B celldevelopment Using a transgenic mouse liffi-7Cre Rosa28YFP)n
which cells that havepreviously,or are currently expressing - are indelibly
marked with YFP, the fate ofTLexpressing cellsasexamined in the bone marrow
to explorethe hypothesis that HZ could identify MSC#s IL7 expression may be
transient within stromal populations, this method of cell tracking allows the capture
of a wider population of cells that contribute to the TLexpression in bone marrow.
YFP expregsn was demonstrated in osteocytesithin the bone cells atthe
endosteum ad cells associated with blood vesseldVhilst osteoblasts and
perivascular cells havdividually been proposed as H/ expressing cells in the
literature, this study is able taonsider thelineage relationship of thesecells

collectively.

The resultsin this chapterindicate thatmesenchymal cell types express YFP and
that potentially, an IL-7-expressing common progenitoras responsible for the
differentiation of the YFP posie cells As MSCs are a multipotent stem cell capable
of giving rise to each of these cell types, they are strongly implicated as this
precursor Importantly, not all of the cells in a given populatisere YFP positive,
suggesting that if HZ is indeedexpressed on MSCs that have subsequently
differentiated in the bone marrow, it is only expressed on a subset of thidrase

results will be discussed in more detail in chapter 6.
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4 Anin vitro murine model of theHSC niche

4.1 Introduction

Haematopoietic sten cell fate isbelieved to be regulated byhe specialised
microenvironment2 NJ W yhAwdighStiedy reside. The niche comprises cellular
components, secreted signalling molecules and chemical gradients that promote
the retention of the stem cells, maintas them in an undifferentiated state and
enables their transient differentiation when required in order to preserve long term

stem cell function(Scadden, 2006

HSCs are found in adult bone marrow and have been well characterised but the
cells constituting their niche and tiveregulation of HSC fate are still not fully
understood. The cellular fraction of the niche includes HSCs, MSCs, progenitor cells,
osteoblasts, endothelial cells, adipocytes and CxX@bliadant reticular (CAR) cells
(For reviews seé¢o Celso & Scadden, 2QMercier et al, 2012 MSCsndirectly
control HSCs bgupplying a range of mature cells that are constituents of the HSC
niche. Nestin® murine MSCshave been reported to have a direct effect on HSC
functionin viva Sromal cells expressing GFP under the control of nestin regulatory
elements were identified in murine bone marrowFurther characterisation
identified them as MSCs and depletistudies confirmed their requirement for

homing and survival of HS@4endezFerrer et al, 201D

Complex communication between each of the cell compon&hisrchestrated via
multiple signalling pathwaythat are important in the regulation of the HSC niche
Ay Of dzRAY 3 y 20 OReviewey By Choyirankalt & Celeanansaksiri,
2012. The involvement of {£ in this signalling network is less well understood but
it is certainly implicated in the diffentiation process of HSCs:IyBnphopoiesis
occursin the adult bone marrowin distinct niches depending dhe differentiation
stage of the B celland is dependenbn IL-7 (Parrish et al, 2009 IL-7 expressing
cells arereportedly present in niches of the more pliterating stage of B cell
development (Tokoyoda et al, 2004 Another study showed that mature

osteoblaststhat were stimulated with PTHsecreted k7 which led to B cell
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differentiation of HSCs when @wltured in vitro (Zhu et al, 200 They also
determined that cell contact between the osteoblasts and HS&srequired for
initiation of lymphopoiesis and that VCAMwas implicated in the procesas its
inhibition reduced the numbers of B lymphocytes produced in culidha et al,
2007). Reports using BAC transgenic mice have describ@debpressing cells
concentrated around vascular networks in the bone marr@azzucchelli et al,
2009 which was alsmbserved in bone sections fromh-7CreRs&26-eYFP mice
(examined inChapter 3. Additionally, &7 reporter cells were located at the
endosteum.IL-7 has an overall negative effect on bone andy therefore have a

role in the physical modulation of the HSC niche

Studies of 7 and its role in B cell development in the lgomarrow nichesn vitro
predominantly use 2D cultures of cells, howewaljular morphologyproliferation

and gene expressiors markedly changed inells cultured in &D environment
compared to 2Dwhich maybe explained by the altered mechanical fescand
greater cell contacthat are imposed ira 3D structure (Birgersdotter et al, 2005
Bone marrow is a complex structure and as such the niche is described as a 3D
environment, therefore, the culture of MSCs in 3D may be more representative of
their in vivocounterparts. Numerousethods to enable8D interactions have been
developed to study the nichim vitro. Cellular spheroids are widegmployedand

can be formed in a numbesf ways:by culturing cells in rotating vessels to form
aggregategFrith et al, 2019 by a hanging drop method originally employed to
study embryoid bodiegBanerjee & Bhonel, 200§ and by centrifugal force in
plates as well as various techniques to prevent adherence to tissue culture plastic.
An alternativetechnique is to provide a biologically relevanafold, which allows

the inclusion of ECM components or balile tissue.
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4.2 Aims

IL-7 has reported functions in lymphopoiesis and bone remodelling that occur in
anatomically distinct regions of the proposed HSC niche. The experiments in this
chapter are designed to build a simple cellular model of MSCs in the HSGhaithe
imitates the in vivo cellular interactions more faithfully than plastic adherent

culture to allow the study of £ and nestin in the bone marrow microenvironment.

4.3 Results
4.3.1 A simple model of the MSC niche

C3H10T1/2 cells are a murine multipotentastral cell line and were used as a
model of MSCs due to their functional similarity and ready availability to generate a
model of the nicheUsingC3H10T1/2 cellallowed a single species modak the
primary HPCs aralso isolated frommice This provided a format to study the
proposed murine MSC marker nestin and investigaté Whose expressiomwas

alludedto by reporter expression in4LCre transgenic mice.

In order to study cellular interactions, cells were cultured in a 3D spheroid structure
that formed spontaneously when cells were seeded in a viscous spheroid media.
This method of spheroid production had been previously successful in producing
consistent spheroids that were easy to manipulai®aleh et al, 2012 Each
spheroid was cultured individually in 96 well fgla to make each one identifiable
and accessible with the ability to control the cell number and growth conditions of

each spheroid.

C3H10T1/2 cells were initially seeded at four different densities to examine a range
of spheroid sizes and cultured for tHys. 2, 4, 6 and 1230 cells were seeded
and formed spheroids over 24 hours in culture. In all cases spheroid diameter
decreased by approximately 50% by day 7 which then stabilised and was
maintained until day 10 (Figured4.1 and 4.2). The largest of the spheroids

maintained a daghnut like appearance throughout the 10 days of cultuas the
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cells were predominantly located around the periphery of theusture leaving a
less cell dense area in the centre. In contrast, this cellular distribution was altered
after 3 days with the smaller spheroigéich appeared uniformly arranged after
this time. 2 x 10cell spheroids formed aggregates with orbiting ceilst remained

close to but did not join the main spheroid over the 10 days.
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Figure4.1 Determination of the optimal cell number for a spheroid model

C3H10T1/2 cells we seeded into methytellulose media at  10* and 4x 10* cells per

well in 96 well plates. Spheroids formed spontaneously after 24 hours and were cultured
for 10 days. Scale bar 200 um.
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60000 cells 120000 cells

Day 10

Figure4.2 Determination of the optimal cell number for a spheroid model
C3H10T1/2 cells were seeded into metbgllulose media at & 10* and 12x 10 cells per
well in 96 well plates. Spheroids formed spontaneously after 24 hoursaane cultured

for 10 days. Scale bar 200 um.
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Spheroids were snap frozen in liquid nitrogen and sectioned for further analysis.
H&E staining showed densely packed cells within the sphemidsed by aouter

layer of cells with a more elongated appearancelFigure 4.3, left).
Immunofluorescent staining with proliferation marker Ki67 showed an average of
23% positive cells that were distributed throughout the spheroids at day 1. For all
time points beyond one day, Kigositive cells were restricted to the outer layers
of the spheroids and the percentage of positive cells decreasei@wer than 1%
(n=3)on day 2 Figure4.3, centre, indicating that proliferation was drama#lly

reduced after only a short period of time in spheroid culture

As the spheroids decreased in size over time, a LIVE/DEAD assay was performed to
determine if cells were simply dying within the spheroids leading to a reduced cell
number and decreasedpheroid size. Reconstructions of confocal image stacks
allowed identification of the cells throughout a deeper proportion of tipderoid

than an individual imageSpheroids harvested at days 3, 6 and 8 confirmed the
presence of only a small number of atké cells within each size of spherpid
indicating that cell death could not account for the reduction in spheroid size and
that cell survival was maintained in this method of cultuféne highest proportion

of dead cells appearechithe smallest of the sp#roids: each of the 2x 10°
spheroidsover8 days and the 4« 10" spheroids at day &{gure4.4).

To confirm the ability of C3H10T1/2 spheroids to differentiate, spheroids were
cultured in osteogenic, adipogaenior chondrogenic spheroid media for 14 days.
Sections of snafrozen spheroids were stained with von Kossa, Oil Red O and type
Il collagen that indicated successful osteogenic, adipogenic and chondrogenic
differentiation respectivelyKigure4.5). Mineralisation, as determined by von Kossa
staining, appeared localised to the central region of the spheroid and was most
prominent at day 14. Oil Red-@sitive lipid vesicles were distributed throughout
the spheroid ad showed a large proportion of cells within the spheroid staining
positive at day 7 with larger, merged lipid vesicles consistent with more mature

adipocytes at day 14. Immunohistochemical stairdetectedtype Il collagerat the
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periphery of the spheroisl at day 7 but expression was more uniformly detected
throughout the spheroid at day 14. Little or no staining was detected in spheroids
cultured in control medium for each condition indicating a lack of any spontaneous

differentiation of MSCs when cultudan 3D.
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Ki67 DAPI and Ki67 merge

Day 10

Figure4.3 Cell proliferation within spheroids

C3H10T1/2 spheroids were snap frozen, sectioned and stained with haematoxylin and
eosin (H&E) to visualise morphologeffl. Sections were stained with proliferation marker
Ki67 (green, middle) and counter stained with DAPI (blue, ri§td)e bas200 pum.
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Figure4.4 Viability of cells within pheroids

C3H10T1/2 spheroids were stained on days 3, 6 and 8 edltein AM and ethidium
homodimerl to identify live (green) and dead (red) cells, respectividiydrogen peroxide

was used to kill cells within the spheroid and confispecificity of the daining. Whole
spheroids were imaged on an LSM 510 confocal microscope (Carl Zeiss). Projections of
z-stack images are shown. Scale @0 pm.
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Osteogenic media Adipogenic media Chondrogenic media

Figure4.5 Differentiation of C3H10T1/2 spheroids

Spheroids were cultured in methgkllulose media containg osteogenic, adipogeniar
chondrogenic factors. At days 7 and 14, spheroids were sectioned and stained with von
Kossa for mineralisation (brown/black) of osteagespheroids, Oil Red O to detect lipid
vesicles (red) or type Il collagen (dark brown) to confirm chondrogenic differentiation. Scale
bars 50 pm.
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IL-7 gene expression was determined by real time PCR in spheroids that were
differentiated for 7 and 14 ays and compared to the respective day O control
(Figure 4.6). In both osteogenic and adipogenic spheroids;7Ilwas significantly
decreased upon differentiation. The reduction was evident at day 7 and was
maintaired at day 14. 2D monolayers of C3H10T1/2 cells were also induced for
adipogenic differentiation and these followed the same pattern of decreased gene
and therefore no statistical difference could be detected Y kxpression in 2D or

3D adipogenic diffeamtiation. When compared to monolayer cultures at day 0, the
spheroid sample had an approximately 30% decrease-Thelkpression (p= 0.04),

indicating differences in gene expression between the two methods of culture.

Chondrogenic differentiation in sginoids resulted in an increase inflat day 7 but
was not determined at day 14 due to low quality of sample RNWs would require
repeating to determine the expression at day IZhondrogenic differentiation is
carried out in seruriree medium which may be responsible for some of the
differences.Large cell pellets rather than monolayer cultures are routinely used for
chondrogenicdifferentiation andwere formedhere with 5 times the number of
cells in each spheroidSubtle differences between pelletnd spheroid culture
include formation as pellets are generated by centrifugal force and maintained in
culture medium rather than the viscous spheroid medium that allows spontaneous
cell aggregation into spheroid3he increase in 1L expressionat day 7in pellets
was statistically significantompared to day &pheroid and to the day O control
pellet. At day 14, the HZ expression level in the pelletgas drasticallyreduced

from the level observed at dayt@ below thatevenof the day 0 pellet.

4.3.2 Addition of HPCs to the niche model

Selecting a spheroid size of 4 x* t@lls for further studydue to their consistent
aggregation stromal cells were cultured with the addition of-100% HPCHPCs
were combined at the initial seeding staged contributel to the total cell number
which remained at 4 x f0to include both stromal cells and HPEsr example, a
spheroid with 50% HPCs would contain 2 X@BH10T1/2 cells were used with 2 x
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10* HPCsHPCs alone were unable to form spheroids HSCs andggenitors are
a rare population in the bone marrow they wouldt necessarily come into contact

with each otherin vivoand may therefore lack the adhesion moleculesmegrins

required to interactand so to form spheroids.
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Figure4.6 Expression of H during differentiation in 3D

Spheroids and monolayers were induced with osteogenic, adipogenic or chondrogenic
media for 14 days. Spheroids were enzymatically digested anceRi&ted to analyse by

real time PCR. Expression of7llis shown relative to the appropriate day O control.
Independent ttest determined statistical significances * p= <0.05. ** p=<0:1d, not
determined.

129



Chapter 4. An in vitro murine model of the HSC niche

Figure4.7 Addition of HPCs to the model

Spheroidswith a total cell number of 4 x f@vere formed with between 100%of the

total number composed dflPCs (as indicated) mixed with the C3H10T1/2 cells at seeding.
Brighfiield images are shown from days 1, 3 and 4.

Scale bar 50 um.
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Figure4.8 Addition of HPCs to the model

Spheroidswith a total cell number of 4 x f@ellswere formed with betveen 16100%

HPCs (as indicated) mixed with the C3H10T1/2 cells at seeding. Brightfield images from
days 7, 8 and 10 show an increasing outgrowth of cells from those spheroids containing
HPCs. HPCs do not form spheroids on their (dttom images) Scale br 50 pm.
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Owingto the smaller size of the HPCs, theadture spheroids were smaller than
their stromatonly counterparts which potentially could alter the
microenvironment due to alterations in physical forces and diffusion of factors into
the spherads (Figurest.7 and 4.8). After spheroid caulture for 35 days, cells
began to appear as an outgrowth encircling the main compact spheroid. Although
the spheroids did not decrease in size after 7 days of culture, the cells surrounding
the spheroids increaseoh number indicating the proliferation of this population of
cells Figure4.8). These outgrowth cells wererther examined by immunostaining
and flow cytometry. After the spheroid was removed from the well, the cells
remained adhered to the plasti€igure4.9 A) and could be harvested separately by
trypsinisation. The a@ls were cytospun onto slides and stained with H&E which
showed a cellular appearance typical of macrophages with bulky vacuolated
cytoplasm, attributed to their phagocytic cell typEigure4.9 B). The majority ©
cells also stained positive for the tramseembrane protein F4/80, a marker of
mature macrophages~gure4.9 C) and for common cell surface markers CD45 and
CD11b when assessed by flow cytometRyg@re 4.9 D). Macrophages did not
appear around the spheroids containing only stromal cells but were particular to
those containing HPCs. Macrophages could have been introduced as a contaminant
from the HPC population or, altertieely, differentiated from the HPCs once in
spheroid culture. Subsequently, they migrated out of the spheroids and readily
proliferated and preferentially adhered to the plate despite the untreated surface

and the presence of spheroid media.

The use oCellTracker labelling also suggested that some HPCs exit the spheroids by
day 6 after originally being contained within the spheroid&g(gre 4.10). HPCs
labelled by CellTracker Green were found throughout the X03H/2 spheroid at

day 3. A proportion of CellTracker labelled green cells were detected outside of the
spheroid at day 6 and were located even further from the main spheroid body by
day 8 whilst some still remained in the spheroid. As the C3H10T1/2 realls
originally been labelled with CellTracker Restme red cells were also found

external to the spheroid and were in the periphery of the well and associated with
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the HPCs. Both cell types were observed to combine and remain as an intact
spheroid after 2 hours which suggests that the stromal cells and the HPCs exited
the spheroid. Exit of the HPCs occurred concurrently with the stromal component
of the spheroid. CellTracker Greeés inherited in daughter cellsjowever, the
extent of green cellgletected in these spheroids does not account for the number
of outgrowth macrophages observesurrounding the spheroidThisindicates that

the label may bdost over time inhighly proliferative macrophage#.also remains

to be seen the extent to which the HP@ere able to reenter the spheroid or
whether the movement was unidirection&b determine how mobile these HPCs
were in spheroid culture. HPCs are detectedadult peripheral blood and it is
therefore plausible that entering and exiting a stromal niclweuld be achievable

for these cellsn vitro.
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Figure4.9 Characterisation of outgrowth cells

Coculturing of C3H10T1/2 cells with BB leads to an outgrowth of cells thatmain in the

well once the spheroid is removed at day 8 (Brightfield images, A). These cells were
collected and cytospun and stained with H&E (B) #rel common macrophage marker
F480 (pink, C) counterstained with DAPI (blueset image represents antidg control.
Expession of macrophage markers CD45 and XtDwas determined bflow cytometric
analysis (D). &l linerepresentsantibody stained, blue lines theisotype control.
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Figure4.10 HPC detection within ceculture spheroids

HPCs and C3H10T1/2 cells were labelled with CellTracker red and green respectively and
combined into spheroids. Confocal imaging detect&®C#lwithin the spheroids at days 3, 6

and 8. Scale bar 2Q0on.
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Figure4.11 Formation of spheroids with primary stromal cells

Bone marrow cells were sorted by flow cytometry to be CD45 negative and either YFP
positive or negative from {ZCreRsa&26eYFP transgenic mice. Both Y&l YFPstromal

cells were able to form spheroids that were maintained in culture for 6 days. to the

small number of cells sorted, only 2.6 ¥ t@lls were used for each spheroftale bar 250

pm.

day 3
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As demastrated in Chapter 3, H/Cre Rosa26eYFP transgenic mice are a novel
reporter of 1l-7 and YFPcells were found to be a variety of mesenchymal cells
located in the bone and bone marrowFlow cytometric sorting of
non-haematopoietic (CD4pcells isolateé small percentageapproximatelyl%) of

cells that were YFPBoth YFP positive and negative populations were successfully
able to form spheroids that were maintained in culture for a weEkgre4.11).
Monolayerculture of these cells was not successful as after some initial adherence,
the cells detached and were nenable. These primary celiserefore appeared to
prefer the 3D culture method, possibly due to the crtas& that would be

facilitated by the clos interaction of cells.

in vivg murine nestii MSCs have been shown tapport the HSC niche. Whilst
co-culture of the C3H10T1/2 cells and HPCs has been determined to provide a
physical model of such a nichthe next aim was to assetige ability of the stromal

cells to maintain the HPCs functionality in couA sample of HPCs used in
co-culture studies wascultured for 9 days in Methadlt, a semisolid media
containing cytokines (rm SCF, rma3|Lrhll-6, rh Epo) to induce progenitor cells to
proliferate and differentiate to produce colonies of cellsgure4.12). An expected
number and range of myeloid and erythroid lineage colonies were produced by the

foetal liver HPCd~{gure4.12).

HPCs were analysed for cell surface markers after spheresdltare for 8 days.
AFT024 cells are also widely used to support HSC cultungro and were used
alongside the C3H10T1/2 cells as alternative stromal cell lime sfheroids were
disaggregated bgnzymedigestion and examineldy flow cytometryfor expression

of HSC markers: lineage margke(as a cocktail containing CDBD45R (B220),
CD11b, Gf (Ly6G/C), 74, and Terl19), ckit and £a1l. The results showed that
HRC cells predicted as having the profile lscal® c-kit” could be detected as a
small population within the disaggregated spheroids, suggesting their maintenance
by each of the stromal cell linesrigure4.13, D and F) Expression of seh was
found in both the AFT024 and C3H10T1/2 stromal l{fRégure4.13, C and E)From
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the AFT024 caulture spheroids there was a 1% population of livé dedls that
were also scd’ ckit”. 2.6% of the lircells were positive for-kit but did not express
scal. A similar pattern of expression was observed with C3H10Tl/Qultare

spheroids, with a slightly larger proportion (2.7%) of cells expressing both scd
c-kit.

HPCs coultve detected by flow cytometry after spheroid -calture but when put
into MethoQult colony assays, did not form haematopoietic colonies (data not
shown). This was possibly due to the overgrowth of stromal cells and their
consumption of growth factors aso sorting was done to separatdPCdrom the
stromal cellsbefore colony assay.So, whilst HPCs could be detected in the

spheroids after 8 days, their ability to form colonies wasdemnonstrated
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Figure4.12 Colony forming cell assay

HPCs were cultured in Methaidt and resulting colonies were identified microscopically
(top images) and counted (presented in graph) on day 9. Scale bar 25CHRanColony
Forming Unit, -GEMM; granlocyte erythrocyte monocyte megakaryocyteGM;

granulocyte, monocyte;G; granulocyte-E;erythroid, -M;monocyte. Error bars indicate
standard deviation of the mean, n=3 technical replicates.
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Figure4.13 Expression of LSK markers in HPCs after spheroid culture

HPCs and stromal cells were cultured in spheroids for 8 days before disaggregation and
flow cytometric analysis of cell surface markers of line&gfey, CD45RZB0), CD11b, Gk
(Ly6G/C), 74, and Terl19), ckit and scal. Cells were gated to be lineage negative and
numbers shown are percentage of population that areckit'scal”. HPCs alonevere
assessed prspheroid culturg(A) and after 8 days (B)¢3H10T/2 (Q and C3H10T1/2 with
HPCs (DAFT024 cells Yand AF024 with HPCE)Y were assesseafter spheroid culture

140



Chapter 4. An in vitro murine model of the HSC niche

4.4 Summary

The bone marrow microenvironment is a complicated tissue, therefore it is
important to generate a 30n vitro model in order to nore accurately stug stem

cell proliferation, selrenewal and differentiationThe results of this chapter will be
discussed in chapter 6. Briefl¢3H10T/2 cells wereable to spontaneouslyform
spheroids m methylcellulose media and couldlifferentiate efficiently when
induced down osteogenic, adipogenic and chondrogenic lineages. Owing to the
consistent spheroid shape, 4 x*i€ells was the number selected from a range of
spheroid sizes to be further characteris€t3H10T1/2 cells organised into a dens
network of cells in the spheroid which was surrounded by an outer layer of cells
that arranged in spindlshaped appearance to encase the spherddhly small
numbers of cells in the peripheral layer of the spheroids were positive for
proliferative marke Ki67, demonstratinghat the cells adopt a quiescent state in
the spheroids. Primary YFmurine stromal cells are able to form spheroids and can
be maintained in culture more successfully than in 2D, demonstrating the
importanceof a 3D environmento cells culturedin vitro. However, detection of
LSK cells after 8 days of-calture with C3H10T1/2 cells was not successful;
indicating that C3H10T1/2 cellsvere ineffective at maintaining HPCs this
spheroid culture system and thereforthat further dewelopment of the model is

required.
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5 Characterisation of H7 and nestin in human MSCs

5.1 Introduction

HumanMSCs are commonly distinguishiedvitro by a panel of cell surface markers
includingCD90, CD105, CD73 and CD106 as well ad §&mmons & Toroistorb,
1991), although these may differ between investigating groups. As MSCs are
routinely isolatel and examinedin vitro, culture dependent changes and the
probability of examining a heterogeneous cell population contributes to the
difficulty in isolating and characterising a single cell type. Currently, a number of
markers such as CD271 and CD146m@n) and nestin (mouse) have been
proposed to prospectively isolate MSCs with a high degree of purificGtares et

al, 2002 MendezFerrer et al, 2010Sacchetti et al, 20Q7However, thesgroteins

are also expressed on a population of differentiated cells and cannot account for
the entire MSC ability of the bone marrow. This suggests subsets of Mg§&isvith
distinct profilesthat are yet to be identified.

Nestin is recognised as a marker of stem and progenitor cells in an increasing
number of human tissues and studies in mouse model®mepestin® MSCs to be
critical in HSC survival in the bone marrendezFerrer et al, 2010 These MSCs
expressed higher levels of TLMRNA than neBst cells in the bone marrow. 4L is
known to be expressed in human bone marrow cells but their relationship in the
regulation of the HSC niche has not been determined.

Much of the work that has defined stem cell niche biology has been carried out in
invertebrates and mouse studies and the systems involved are highly conserved.
Therefore, results from the previous chapters togetherthwihese published
reports suggest that H7 and nestin could be applicable to identifying human MSCs
and as such the expemnents in this chapter aim to determine-Land nestin

expression in human MSCs and examine their potential functional role.

5.2 Aims

1 To determine expression of-lLand nestin in human MSCs
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1 To identify IE7 and nestin expression patterns during humanSC
differentiation

1 To identifywhether 1-:7 has dunctionalrole inMSCs

5.3 Results

5.3.1 Characterisation of human MSCs

MSCs obtained from patient femoral head samplesre purified using a density
gradient and centrifugation protocoAdditionally, MSCs were isolatdrom knee
bone by simply placing the bone chip into a tissue culture dish with méxifs
which were adherent on tissue culture plastic could then be selected for further
analysis.Cells were examined by flow cytometry for the expression of markers
commonly used to identify MSs Figure 5.1). Cells were examined between
passages -2 to allow sufficient proliferation from their original isolation and the
loss of any contaminating haematopoietic celdl donors(refers to K6, FH441,
FH450 and FH181yere found to be negative for haematopoietic markers CD45
and CD34 and macrophage marker CD11b. Cells were positive for CD105, CD166,
CD29, CD90, CD73 and CD42271 was not detecteddonors from knee and hip
sourcesshowed an identical profile for these markers and were consistent with the

expected expression on MSCs.

To confirm their differentiation capacitgach MSC donor was induced &it days.
Adipogenic dferentiation was detected by IDRed O staining. Byay 7, a large
proportion of cellshad visible lipid vesicles within the cytoplasithe number of
cells containing lipid vesicles increased over time and the individual velsedame
larger and merged together in mature adipocytesday 21 Figure5.2). At day 21,
one or two cells stained positive in the control samples indicating infrequent
spontaneous differentiation events.Early osteogenic differentiation was
determined at day 7 by staining for alkaline phoafdse (ALP)activity, which
appeared as diffuse pink stainingLP activity remained widespread and could also
be detected at days 14 and 21.iMdralisationwas detected by vond§sa staining

and showed brown stainingvhich was most prominent at day 2&Eigure5.3).
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Figure5.1 Expression of MSC cell surface markers

Overlay histograms of flow cytometrgsultsshow the expression ofegative (CD34, CD45,
CD11b) and positive (CD105, C®16D29, CD90, CD73, Cpddrface markers used to
identify MSCs.CD271 was not detected on the MSQd3onor FH441 shown as
representative of those analysed: K6, FH181, FH450lifmexdindicate isotypeantrol.

144



Chapter 5. Characterisation ofTLand nestin in humaMSCs

Control Adipogenic

Figure5.2 Adipogenic differentiation of MSCs

MSCs were cultured in normbhsal media or media containiraglipogenic factors for 21
days. At days 714 and 21 samps were staied with OilRed O (red) to determine the
presence of lipid vesicles. Scale bar 50 um. Donor K6 is shown.
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Control Osteogenic

Figure5.3 Osteogenic differentiation of MSCs

MSCs wez cultured in basal or osteogenic media for 21 days. Samples were stained at
weekly intervals for alkaline phosphatase activity (pink) and \wossa staining
(brown/black) to show mineralisation. Scale bar 50 um. Donor FH450 is shown.
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Similar to the adipgenic controlsthe osteogeniccontrol samples showed little or

no staining. Bch donor wasfound capable of multipotent differentiation.
Quantitative real time PCR (qPCR) was used to examine gene expression in MSCs
during differentiation. Genes indicaBwf osteogenic, adipogenic and chondrogenic
lineage commitment were analysed as well as the two genes of interegtatid

nestin. All genes were normalisedttoee housekeeping gene RPS27a and expression

was compared to the appropriate day O control.

Adipogenic differentiation of MSCs led to the progressive incréasxpression of
fatty acid binding protein 4 HABP4 Figure 54) and peroxisome
proliferator-activated receptor gammdt t ! ,wigure5.5) in all donors. Donor
FH441 varied slightly in that the expression of each marker was similar on day 7 and
14 before increasing to a maximum on day 21. Control samples at each time point

had low or no expression in companso

Gene expression was more varied between donors during osteogenic
differentiation. ALP was increased at day 7 and then further increased at day 21 in
K6 and FH441 cells but the increase at day 7 in donor FH181 cells was followed by a
reduction at latertime points fFigure5.6). Runx2 expression in FH181 cells was
upregulated at day 7 which was maintained at day 14 before decreasing at day 21.
The other three donors, particularly K6 cells, had similar expresdidRuox2 in

both the control and osteogenic cellgigure5.7). FH441 and FH450 only showed

an increase in Runx2 expression compared to the control at day 21. Despite these
variations in gene expression, all donarsre similarly differentiated as determined

by histology staining.

All donors examined for chondrogenesis had the greatest increase in collagen Il
expression at day 14, which was seen to decrease at day 21 in FH#86e5.8).

Whilst So®2 expression was increased compared to day O in donors FH441 and
FH450, it was not distinctly different to the control at each time point apart from
day 14 in FH450 cellBigure5.9). So® expression even appeared reduced in FH181

cells.
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examined for collagen éxpression. Error bars indicate sd.
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5.3.2 Expression of HZ and nestin during MSC differentiation

Nestin expression is reportedly downregulated in differentiated cells. Therefore,
MRNA levels were analysed to detdttthis expression profile of nestin was
apparent in bone marrow MSCs as they differentiated dowslineage pathways.

IL-7 expression was also analysed in these samples and would be expected to follow
a similar pattern to that of nestin if {L. were a stm cell marker of MSCs. In chapter

3, bone marrow cells in transgenic mice expressed néporter YFP and therefore,
differentiated MSCs may potentially express/1lgPCR of samples collected at days
7, 14 and 2Muring differentiation inductiorwas usedo determine IL7 and nestin
expression. H7 expression was primarily increased under both control and
differentiation conditions in monolayer cultures over 21 days. With only a couple of
exceptions in donor FH441,-TLexpression was highest in the corit samples
compared to those that were differentiated at each time pofRtgure5.11). Nestin
expression was also predominantly highest in control cells followed by osteogenic
and adipogenic cells and was alsaaity lower in day 7, 14 and 21 when compared
to day O Figure5.13).

Osteogenically differentiated cells generally showed a progressive increas in IL
expression although in FH181 celisis decreased a litl after day 14. Donor FH181
showed the least variation in expression from the day O control and control and
osteogenic samples were quite similar throughastnoted by less than half of the
osteogenic samples being statistically significant from theipe&esve controls
(Figure5.11). Nestin expression increased in FH441 eldays 7 (p=0.006) and 14
(p=0.002) compared to the control sampl&he other 3 donors showed more
variability but nestin was essentialjxpressed at day 7 slightly above the control
level and then in day 14 and 21 osteogenic samphestinhad decreased below

the individual and day O controlBigure5.13).

IL-7 expression during adipogenic @iféntiation generally remained at a consistent
level at all time points in each donor. In FH181 cells it was noticeably lower on days

7, 14 and 21 in comparison to the day O control and whilst in the other donors the
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expression level was higher in each diion compared to day O, L in the
differentiated samples remained lower than the control at each time pdingyre
5.11). This was also the case with nestin expression; at each time point the level
was statidically lower in adipogenic samples than the contapart from donors
FH441 and FH181 at day.14 an opposite effect to i€, rather than an increase
compared to the day O control, nestin expression decreased and remained lower

than this control in eacbf the adipogenic sample&igure5.13).

Cells were formed into pellets rather than monolayer culture for chondrogenic
differentiation studies. H7 expression increased in control and chondrogenic
samples overime with negligible difference between them at day IZz7 was
generally increased in chondrogenic samples compared to the control at the same
timepoint although FH441 cells at day 14 showed a decrease in expression
(p=0.004) (Figure 5.10). Conversely, nestin expression in cell pellets decreased
compared to day O levels in both control and differentiated samples in FH181 cells
and did not increase more thanfald in other donors Compared to the respective
day contol sample, statistical significance was not detected between control and

chondrogenic samplg&igure5.13).

Cells cultured in 3D rather than 2D have been shown to have differences in their
behaviour and gene exession IL-7 was expressed at a higher level in the pellet
samples compared to monolayer cultures in all 3 doradtiough, the difference
between control and chondrogenic samples in donor FH441 was not considered
statistically significan{Figure5.10). However, nestin expression was significantly
lower in day 0 monolayer cultures compared to day O cell pellets in donors FH181
and FH441, with no significance detected in donor FH450, indicating a general

differencebetween the two culture method@-igure5.12).

5.3.3 Nestin is detected in human MSCS
After confirming the presence of nestin mRNA by qPCR and alterations in its

expression during differentiation, MSCs were seeded @aierslips and stained to
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detect the presence of nestin protein (see secti@r6.6). NTERA2/D1 cells are
derived from a human embryonal carcinoma and were used as a positive control as
they are known to expressiestin and showed strong cytoplasmic staining.
Unexpectedly, K6 cells showed weak nuclear staining with some diffuse cytoplasmic
staining. This was similar after 24 hours and 7 d&ygufe5.14). Conversely, two
other donors showed initial nuclear staining which was replaced by more distinct
cytoplasmic staining at day Figure5.15). When differentiated for 7 days, K6 cells
retained the nestin staining, perhaps a litieaker, which agreed with the mRNA
expression detected. Ki67 staining showed similar low level proliferation euents

osteogenic and adipogenic sampl(&sgure5.16).
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Figure5.10 qRFPCRanalysisof IL-7 expression during chondrogenesis

RNA samples were extractém cell pellets undergoing chondgenic differentiaion and
examined for I£7 expression. Error bars indicate sd.

L) X nonp y20 aAIYAFAOLIYG o6yaovz LI f ndnp
significance determined bytest.
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Figure5.11qRFPCR analysis ¢f-7 expressiorduring differentiation

RNA samples were extractedrom cells undergoing adigenic or osteogenic
differentiation and examined for {€ expression. Error bars indicate sd.

L) X nonp y20 aAIYAFAOLIYG o6yaovsz LI rtistisabn p
significance determined bytest.
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Figure5.12gRTFPCR analysis ofastin expression during chondrogenesis

RNA samples were extractém cell pellets undergoing chdrogenicdifferentiation and

examined for nestiexpression. Error bars indicate sd.

L) X nonp y20 aAIYAFAOLYG oyaov: LI f nodnp FfX
significance determined bytest.
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