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Abstract

Haemopoietic stem cells (HSC) maintain lifelongrhagoiesis through the monitoring
and production of cells from multiple haemopoiettl lineages. A key property of HSC is
their ability to maintain quiescence. Quiescenderseto a state of inactivity in which the
cell is not dividing and remains dormant. It issthproperty of the HSC that is thought to
maintain genomic integrity and to allow the HSGustain haemopoiesis over the period
of a lifetime. However, the regulation of quiescemt this context is not well understood.
Numerous studies have aimed to understand the matanechanisms underlying HSC
quiescence using high-throughput approaches. Aigus\microarray study by our group
aimed to understand the transcriptional differerosgtg/een quiescent and proliferating
human HSC. Data from this microarray showed thamntiost up regulated group of genes
in quiescent compared to proliferating human HS@vebemokine ligands, specifically
within the CXC family. Although this was a novehdiing at the time, the biological
function of these chemokine genes was not studwitithe current work presented here.
In this thesis, we aimed to extend foregoing regeand importantly, investigate the role

of CXC chemokines in HSC properties, using both &nrand mouse systems.

First, we validated the results from the microastydy using gene expression analyses to
show that chemokine ligan@®XCL1andCXCL2were significantly up regulated in
quiescent HSC (CD3€D38) in comparison to more proliferative progenitors
(CD34'CD38"). Focusing on CXCL1, we showed positive expressiahie ligand protein
in human stem/progenitor cells using immunofluoee®e and western blotting on human
primary CD34 cells. In addition, we identified positive expriessof receptor CXCR2 by
gene and protein analyses on CD8&dlls, indicating the presence of an autocrine
chemokine signalling loop. To determine the biotadjfunction of CXCL1/CXCR2
signalling in human HSC, we used shRNA to reduc&€CXexpression and a
commercially available inhibitor (SB-225002) to thkoCXCR2 receptor signalling.
Experiments on cell lines expressing CXCL1 and CZERT 1080) showed that
reduction of CXCL1 and over-expression reducedoreased cell viability and
proliferation respectively. Experiments on humaimpary CD34 cells revealed that
reduction of CXCL1 induced apoptosis and reducdédngoformation. Similarly, inhibition
of CXCR2 signalling in CD34cells using SB-225002 induced apoptosis and retuce
colony formation in a dose dependent manner. Howyekee to human sample availability

and technical challenges, experiments need repeateder for a valid conclusion to be



made and statistical analysis could not be cawmigdor some primary experiments. In
addition, further experimental work is requirecctmclusively prove that human
stem/progenitors express CXCL1 and CXCR2 as difteiechniques showed varying
results. In summary, we provide some evidenceG@aIL1 and CXCR2 is expressed by
human HSC and may be an important survival pathwaprmal human HSC which

requires further experimental data to provide vabfdclusions.

In order to gain a deeper understanding of theogio&l function of chemokine signalling
in HSC biology, we used an vivomurine system. First, we examined mRNA transcripts
of CXC chemokines in mouse HSC populations. Weeswd a small selected group of
CXC chemokines using primitive mouse HSC and sioglequantitative PCR using the
Fluidigm™ platform. Gene expression analyses idiedtthatCxcr2andCxcl4 mRNA
transcripts were detected including in the mos#,rarimitive HSC fraction. To elucidate
the mechanism of action, we used a transgenic teapand knock out mouse models for
both genes of interest. Analysis o€acr2 null mice model Cxcr2") validated previous
research in which animals lacki@xcr2show disrupted haemopoiesis with an expansion
of myeloid cells in the haemopoietic organs. Ins&@ngly, within the current work,

analysis of steady state haemopoiesis revealeg@mmsion of the most primitive HSC in
the BM of animals lackin@xcr2 and enhanced mobilisation demonstrated by anasere
in the stem/progenitor activity in the spleen ald RSC functional analyses using BM
reconstitution assays with wildtype (WT) ©kcrZ' HSC showed that there was a trend
towards a reduction in engraftment in animals toéarged with HSC lackin@xcr2.
However, this result was not statistically sigrafi¢ due to high sample variability and due
to time constraints and the length of this asdag,was not repeated. The data suggests
thatCxcr2expressing HSC may be important for stem cell neaiance via a cell
autonomous mechanism however experiments are egiarbe repeated to draw valid

conclusions.

Cxcl4-Cretransgenic mice containing a RFP construct urtteecontrol of the Rosa26
promoter Cxcl4-Creg showed RFP expression in HSC and progeny. RFRessipn in

HSC populations was in accordance witkcl4 mRNA transcripts therefore suggesting
RFP expression was correlated with endoge@a4 expression. Interestingly, flow
cytometry analysis identified that not all (~50%$& showed positive expression for RFP.
Flow cytometry sorting of positive and negative plagions revealed that cells with
enhanced colony formation potential reside withie RFP Cxcl4)positive fraction. To
extend this data, we aimed to knock out and re@xa expression and examine the
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phenotype. Targeted deletion@%cl4 in vitrousing aCxcl4shRNA vector demonstrated
thatCxcl4reductionin vitro diminished colony formation in primary and secowydar
replating assays. Since data for hur@CL4mRNA were not conclusive from the

original microarray, we reassessed the relevan€X@iL4in the human system. Gene
expression analyses showed GXCL4transcripts were indeed detected and furthermore,
up regulated in primitive HSC (CD38D38CD90") compared with proliferative
progenitors (CD34CD38"). Collectively, the data indicates tH@XCL4may play an
important role in mouse and human HSC biology, hawéurther experimental work is
required to address this.

In summary, the data presented in this thesis dstraige that several chemokines
including CXCL1, CXCL4 and receptor CXCR2 may h&es roles in HSC survival and
maintenance, both in the mouse and human systeonge\r, increased biological
replicates and further experiments are requiredtaos valid conclusions. Enhanced
understanding of the regulation of stem cell prapsiis critical for improving our ability

to manipulate normal stem ceifsvitro andin vivo. Furthermore, understanding normal
stem cell regulation is fundamental for the redeafadiseases such as leukaemia in which
leukaemic stem cells are less sensitive to driagrrent.



Table of Contents

Y 01 1 =T PSR 2
Table Of CONIENTS ... e e e e e e e e 5
I o =1 o] [ U 8
LISt OF FIQUIES ... e e e e e e e e e e e e e e e e e e e e eeeeae et nnn s 9
Related PUDIICALIONS.........ccoiiiiieieeeeeeeeeee et e e e e e e e e e e e e e eaeeeeeeaeeeeeeeessannnnns 13
Publications iN Preparation .............oo oo e e e e e e e eeeeeeeeees 14
Yo [0V =T [o =T 0 o= o £ PSP 15
AULNOI'S AECIAratION......coi it e e e e e e e e e e eeeeee e 16
S 0 Y o] o] £ =V = U1 o 1 17
A [ 1 70T 1o 1T o P 22
1.1  The history Of Stem CellS .....coovvviiiiiieeeeee e 22
1.2 Regenerative MEAICINE .........oiiiiiiiie et e e eeeee e 23
R T o F= 1= 0 4o 0T 1 =] USRS 24
131 Self renewal and differentiation ............cocceeiiiieiiiin 4.2
1.3.2  The haemopoietiC NIErarChy .................oumeeeeeeeeemmniniiiiinnneneeeeeeeeene 0.3
1.3.3 HSC identification and iSOIAtiON .............eeiiiiiiiiiiiiiiii e 33
1.34 HSC cellular fates .........coeiiiie i e e e e e aaaeeees 38
1.35 [ T O (] =] (oS T 41
1.3.6 Intrinsic regulation of HSC behaviour ... .coevivieeeeiiiiiiiiieeeee e 43
1.3.7 BM NICNE ... e eeeeneaes 44
1.3.8 Methods for understanding HSC cellular fate deaisia................ccccc...... 51
1.39 StUdY ratioNale .......uveeeiii 52
O O 1= 0 4T ] (1= 53
141 ClasSIfICALION ......uiecieeec e e —— 53
1.4.2  SIgNAIIING .cceeeeeeeeee e e ————— 56
143 FUNCLION ..ot errm e e e e e e et e e e e e e eeneeae 60
1.4.4  ChemokKines in NaEMOPOIESIS .........cevveerieemmmmmieseeeeeeeeeeeeeeeeeeeeennnnnns 68
1.5 TRESIS @IMS..coiiiiiiiiiceie e e et e e e e e et e e aaae 73
2 Materials and MEthOUS ..........uuuuuieeiii i e e e e e e e e e e e e e eeeeesreeenneeseeernnnn 75
N R \V = 1 (=T 1 = 1RSI 75
2.1.1 Cell INES ..o e e e e e e e e e e e e e e eeeae e ennnnrrnnes 75
2.1.2 PIaSMIAS ... e e 75
2.1.3  Small molecule iNhIibItOrs ...........ooviiiiieeeee e 16.
2.1.4  TiSSUE CUltUIe SUPPIIES ...coeveviieiieei s s e e e e eeeeeeevaba s 76
2.1.5 Molecular biology SUPPIIES .......cccviiiiiiiieeeemcece e 78.
2.1.6 FIOW Cytometry SUPPIIES ...t 79.
2.1.7 g 10 1= £ 81
2.1.8 Immunofluorescence SUPPLIES ..o 82
2.2 Medium and SOIULIONS ........cooviiiieiiiicceeee e e e e e e eeeeeee s 82
221 TISSUE CUITUIE ...eei et 82
P A VAV =11 (=T N o] [ i 1] o S 84
2.2.3 FIOW CYLOMELIY oot e e e e e e e e e e e e e e e eenaeeees 85
224 IMMUNOFIUOIESCENCE ... 86
2.2.5 PCR ettt ettt a e e e e e 86
2.2.6 ClONING .. e e e e e e e e e e e et e aree 87
FZ 2 A I - 11 (= o 1o o 1 88
2.2.8 \Y I Telgo] o][o] (oo | NSRS 89
2.3 MEINOAS......eiiiieecce e ————————— 90

2.3.1 GENETAl tISSUER CUITUIE ... e e e e e e e e e e aaenn 90



2.3.2  TranSTECHON. ....cuiiiiiiiiiiiiee e e e e e e e e e e 94
2.3.3 Stem cell SEIECHION.........cooiiiee e 96
Flow cytometry and Cell SOMiNgG..........cci e e eeee e eeeeee e 100
2.34 Immunofluorescence and immunohistochemistry w........ccceeeee.... 107
P2 T T VAV =T (=T o N o] [ i 1] o U 108
2.3.6 Molecular DIOIOgY .......couuuiuiiiiiiie e 110
2.3.7  ANIMAIWOTK ..ot e e e e e e e e e e e e e nnne 116
2.3.8 SHALISTICS ...ttt e e e e e e e e e e e e e e e e e et ab e 122
3 Results I: The role of CXCL1/CXCR2 signalling inthan HSC survival............... 123
G 200 R [ 01 o o [¥ o [0 o IR UURPTRRRTRPP 123
3.2 AIMS aNd ODJECHIVES ....uvveeiiiiei et eeee e e 125
3.3 RESUIS ettt e—————— 126
3.3.1 CXCL1, CXCL2 and CXCL6 are up regulated in primégj\BM derived
HSC 126
3.3.2 CXCL1is expressed in both CD32D38 and CD34CD38" cells at the
PrOtEIN TEVEL ... e e e e e e e e e e e e e e eeeaeeeees 130
3.3.3 CXCR2 is expressed by human CD3®H38 and CD34CD38' cells.....135
3.34 Modulation of CXCL1 in HT 1080 cell lines altersllcaability and
(o100 11 1=1 > 1o o 1P 139
3.3.5 Reduction of CXCL1 in CD34cells leads to a reduction in cell viability
and colony formation capability .............ceemririeeiiiii e 147
3.3.6 CXCL1 over expression in CD34ells does not alter colony formation .152
3.3.7 Recombinant CXCL1 treatment of CD3éells does not alter cell viability
OF CEIl CYCIE STALUS ... oottt s 154
3.3.8  CXCR2 inhibition on human CD34ells using SB-225002 alters cell
viability, cell cycle status and colony formatian...............cccceeeeiiiiiniiiiiiiiiiiiiinens 156
3.4 DISCUSSION ...uuiitiiiiiiiiieeeitteee e e e e e e e e mmmmm bbbttt et e e e e e e e e e e e e e e e s s e s s nnnnnneeeeeaeeas 162
4  Results II: Analysis of haemopoieisis and stem aefiivity in CxcrZ" mice........... 165
St R 1 11 £ To [§ o 1o [ PP 165
4.2  AIMS and ODJECHIVES ......uuiiiiiiie e 166
4.3 RESUIS .o a e 167
4.3.1 CXCR2 is expressed on mouse HSC .........uueeeemmiiiiiiiiiieeee e 167
43.2  CxcrZ" animals display differential numbers of maturerhapoietic cells
170
4.3.3  Cxcr2" animals show differences in the frequencies ahstad progenitor
cells in the BM and SPIEEN ........uuueeiiiieee et e e eeeeeees 178
4.3.4  CxcrZ" animals show an increase in colony numbers defied the
SPIEEN AN PB ... e ———————————————— 187
435  Analysis of viability in Cxcr2 HSC populations ............ccoeeeeevennnn. 192
4.3.6 Analysis of engraftment in a BM reconstitution gsséh WT or Cxcr?”
HSC 195
4.3.7 Survival curve of WT and Cxcf2animals over a year period ................. 202
.4 DISCUSSION ..ttt et e mmmm e e e e s s s s bbbttt b e e e e et e e et e e e e e e eneeessbbaneees 223
5 Results lll: Human and mouse HSC express CXCL4 lwhagulates HSC self
=T T=T T | PP PPPPPPPPP 226
S0 R [ 01 (o o [¥ o [0 o I PRSPPI 226
5.2  AIMS and ODJECHIVES ......cvvviiiiiiiiii e eeeeemcise st 227
5.3 RESUIS ettt —————— 228
5.3.1 CXCL4 is expressed on mouse HSC ... 228
5.3.2 Lineage tracing of Cxcl4 marks a proportion of HBith enhanced colony
fOrMALION ACHIVILY .....ciiii e e e e e e e e e e e as 230

5.3.3 Cxcl4 reduction in vitro reduces colony formatiantiaty in mouse
StEM/Progenitor CEIIS ......ui e s 237



6

7

7

5.3.4  Analysis of haemopoiesis in CXBNIMAIS ..........veveeeeeeeerereeeeresem 241
5.35 CXCL4 is highly expressed on human HSC and up et¢gdlon the most
primitive, qUIESCEeNt fraCtioN..............ooiiieeee e 263
5.4 DISCUSSION .eutttttiiiiiaa e e e e e e e e e e et e ettt aeeeeeeeeaabas s e e e s e e e e eaaaaeeeeeeeeessssssnnnnnssssnnnnns 267
(@] o[ 1157 o] o TP TPUUPPPPPPP 271
6.1  Concluding remarks and future WOrK..........cccccceeeeeeeeeiiiiiiieeiiiii e 112
6.1.1 High-throughput screening as a tool to identify elasandidates in
DIOIOQICAl PrOCESSES ....uniieiii ittt e e e e e e e e e e e et eeeetbeennneeeseeennnnas 272
6.1.2  The role of CXCR2 signalling in HSC propertieS.........ccccceeveeeeeeeeneee. 273
6.1.3  The role of CXCL4 signalling in HSC properti€S.........cccceevvvveeeernennns 276
6.1.4  Understanding normal HSC regulation can be apptiesiudying disease
models 279
ST U] o] 0= g U= o) =Y 283

7.1  Western bl

OLtING IMAJES ...eeteeeiiiie e 283



List of Tables

Table 1-1 Chemokine classification SYSteM............ciiiiiiiii i 55
Table 2-1 LiSt Of CeII INES. ...eeeeiiiiiiiii e 75
Table 2-2 Tissue culture SUPPHES. ... 78
Table 2-3 Molecular biology SUPPHES. ......iceeeeeeeeeeeeeee e 79
Table 2-4 FIoOW Cytometry SUPPIES. ...uuueiiieeee e 80
Table 2-5 PCR PriMEr SEQUENCES. ........uvvuuaaeeeeeeeeeeeeeeesnsreinnnaaaaeesaaeeasanaaasaeseeseeeeees 81
Table 2-6 Tagman® Probes. ... 81
Table 2-7 ImmunofluoresScence SUPPIIES. ....oceeeeeeriiiiiiiie e 82
Table 2-8 Patient sample iINformation. ...... oo 97

Table 2-9 List of genes contained on the BAC closed in the construction @fxcl4-Cre
= L1 0 F= 1TSS 117



List of Figures

Figure 1-1 Symmetric versus asymmetric cell diiSIO.............vveiiiieiiiieeeeeiiieeeeeeeee, 26
Figure 1-2 Commonly used methods for assaying HSRity. ............eeiiiiiniininiininn, Q3
Figure 1-3 The haemopoietic hierarChy. ......ccceeveeiiiiiiii s 32
Figure 1-4 Mouse haemopoietiC Nierarchy. ... 35
Figure 1-5 Human haemopoietic hierarchy.........ccccccciieiiiiiiiie e 38
Figure 1-6 HSC cell fate deCISIONS...........oummmmeerrnnniiiiaaaeee e et 41
Figure 1-7 Schematic diagram of components of thlenEhe. .............ccoovvviiiieieennn. 1.5
Figure 1-8 Protein structure of chemokine families.............ccccoooiiiiiiceeeee, 56
Figure 1-9 Chemokine activation using the G propathway. ..........ccccevvvvvviiciinnnnn 59.
Figure 1-10 Chemokine regulation Of HSC. ... eeeiiiiiiiiiiiie e 71
Figure 2-1 Chemical structure for SB-225002....cceuvvvviieiiiiiieieeeeeeeeeeeeeeeeeeivveennnneenns 76
Figure 2-2 Representative images of colonies obthin a CFC assay. .........cccoeeeeeeeeeeeeee. 92
Figure 2-3 Representative plot of c-Kit stainingimmanipulated mouse BM and BM after
C-Kit Dead SEIECHON. .....ccoiieiiiiiiee ettt a e e e e e e e e eeeeaeeees 99
Figure 2-4 Representative plot of Annexin-V/dapiging in viable and apoptotic cells.
.................................................................................................................................. 101
Figure 2-5 Representative plot of cell cycle stagniising Ki-67 and dapi. ..................... 103
Figure 2-6 Representative plots of CD34, CD38 & OBRAINING.......ccceoveeeiiiiiiiiiiiiiiiins 104
Figure 2-7 Representative plots for identificatadnmouse stem and progenitor cells. ...105
Figure 2-8 Representative plots for identificatairmouse mature cell types. ................ 106
Figure 2-9 Representative plots demonstratingrapefficiency. .........ccccceeeeeeeeeennn. 107
Figure 2-10R0sa26-RFP;Cxcl4-Cre mouse Model.........ccooovvviiiiiiiiiiiiiiiiiiiiees 118
Figure 2-11 Schematic digram demonstrating BM faarmgation assay. ..........cccccevvveeees 121
Figure 3-1CXCL1andCXCL2are up regulated in CD38D38 compared to

CD34'CD38' cells derived from normal BM SAMPIES. ......coceeererieeirieiieieieeieeeeeannes 128
Figure 3-2CDC6andCD38show up regulation in CD3€D38 compared to

CD34'CD38 cells derived from one normal, representative Bivhgle. ........................ 129
Figure 3-3 CXCL1 is expressed on HT 1080 cell liaed CD34 cells using
IMMUNOTlUOIrESCENCE STAINING. ......ceeeeeee s oo e e e e et s s s e e e e e e e e e aaaeaaeeeeeeaeeenees 133
Figure 3-4 CXCLL1 is expressed on HT 1080 and CO®BS8 and CD34CD38' cells

using western bIottiNg analySisS. ..........iceeeeeiiiiiii e ————— 134
Figure 3-5 CXCR?2 is expressed in human HSC CDB®88 and progenitor

CD34'CD38' cells in BM samples at the MRNA IEVEL. .......ccceecvrveeiiecieeiieceeceenes 137
Figure 3-6 CXCR2 is expressed in human HSC CO®88 and CD34CD38' cells at the
protein level using immunofluorescence StaiNINGu.........cceeveeeeeeeeeeeeiieeeeeeieeeneanens 138
Figure 3-7 CXCL1 reduction using shRNA mediatedileral reduction reduces CXCL1
protein and MRNA levels in HT 1080 Cell IN@S.u.uvvvueeriiiiiiieiieeiiieeeieeeeeaaes 141
Figure 3-8 CXCL1 reduction decreases proliferatioRl T 1080 cell lines. .................... 142
Figure 3-9 CXCL1 reduction reduces the percentd@aF® cells in HT 1080 cell lines.
.................................................................................................................................. 143
Figure 3-10 CXCL1 over expression vector CXCL1-PRRireases CXCL1 expression

by protein and MRNA @NAIYSIS. .....uuuuiiiiicerccerirere e s 144
Figure 3-11 CXCL1 over expression increases pralifen in HT 1080 cell lines.......... 145
Figure 3-12 CXCL1 over expression increases cability in HT 1080 cell lines. ........ 146
Figure 3-13 Reduction of CXCL1 reduces colony faiorain human HSC CD3€D38'

AN0 CD34CD38 CEIIS. ...vecueeieeciecteceeeeeeee ettt emeemeae et ete ettt e te ettt e eennans 149

Figure 3-14 Cell viability of CD34-D38" cells in response to CXCL1 reduction. ......| 0.15
Figure 3-15 Cell viability and colony formationiesponse to reduction of CXCL1 in
CDB4 CRIIS. ..ttt e et e ettt e et e te e eneete e te e reeaaeens 151



10

Figure 3-16 Over expression of CXCL1 does not affetony numbers in CD34ells.

.................................................................................................................................. 153
Figure 3-17 Treatment of CD34ells with rCXCL1 does not alter cell viability oell

cycle status after 24 NOUIS. ... e 155
Figure 3-18 CXCR2 inhibition using SB-225002 dese=acell viability in c-Kit enriched
cells derived from WT an@XCrZ” animals. .........coccouevoueeeueureeeeeese e seereseeeeeeeeeeea, 158
Figure 3-19 CXCR2 inhibition using SB-225002 rediicell viability in CD34 cellsin

1YL {0 PR UUR PP PPUPPPPPPRRN 159
Figure 3-20 CXCR?2 inhibition using SB-225002 on @Daells alters cell cycle status.
.................................................................................................................................. 160
Figure 3-21 CXCR2 inhibition using SB-225002 dese=acolony formation in primary
and secondary colony assays in CD8IISIN VItro. ..........c..ccceeeeeieeeeceececie e 161
Figure 4-1 Mouse HSC populations expr€ssr2at the mRNA level................coooe 169
Figure 4-2 Cellularity and absolute numbers of maatells in the BM between WT and
CXCIZ ANIMAIS. ..v.voveeeee ettt emmm ettt n s e et enanen e seeees 173
Figure 4-3 Cellularity and absolute numbers of meatells in the spleen between WT and
CXCIZ ANIMAIS. ..ottt emmm ettt n et senen s seeees 174
Figure 4-4 Flow cytometry plots of mature cellghie spleen between WT afiker2”
=111 0 = LU P TP 175
Figure 4-5 Cellularity and absolute numbers of meatells in the PB between WT and
CXCIZ ANIMAIS. ...ttt emmm ettt n s e s s enan s seeees 176
Figure 4-6 Cellularity and absolute numbers of maatells in the thymi between WT and
CXCIZ ANIMAIS. ..ottt emmm ettt st senenene s seeees 177
Figure 4-7 Absolute numbers of stem cell populatibatween WT an€xcr2” animals in
TNE BIM. Lttt ———————— et e e e e e e e e e e e 182
Figure 4-8 Representative flow cytometry plotsioéage negative, LSK and HSC
populations between WT a@Ker2™ animals. ........cooooveveeeeeeeeeeeeeeees e seeeeeeeneneene 183
Figure 4-9 Absolute numbers of progenitor poputaibetween WT an@xcr2”” animals

N TNE BM. L.ttt e e e e e e e e e e e e e e 184
Figure 4-10 Absolute numbers of stem cell poputetibetween WT an@xcr2”” animals

1 TSR] o] [T o SRR 185
Figure 4-11 Absolute numbers of progenitor popateibetween WT an@xcrZ” animals

1 TSR] o] 1= o PP 186
Figure 4-12 WT an€@xcrZ” CFC analysis in BM derived cells showed no diffeen
between strains in primary or secondary plates..........ccccvvvvvvviiiiiiiiiiii e 189
Figure 4-13 WT an@xcrZ” CFC analysis in spleen derived cells. ... 190
Figure 4-14 WT an€@xcrZ” CFC analysis in PB derived cells. ..........commeeeierenenn. 191
Figure 4-15Cxcr2" HSC viability and proliferation. .............cceceevoveveeeeeeeseeeeeneneens 194
Figure 4-16 WT an€xcrZ" HSC show no significant differential engraftmentin

primary BM transplantation @SSAY. ...........eccuuueeereiaareeeeeeeearieeieeeiinnnnsnnsen 199
Figure 4-17 WT an€xcrZ" HSC show no differential engraftment in BM but shaw
decrease in myeloid cells in the SPIEEN. ... eiiieiiiee e 200
Figure 4-18 WT an€xcrZ" HSC show no differential engraftment in BM and sple
derived stem and progenitor CeIIS. ......... oo 201
Figure 4-19 Survival curve for aged WT aBECrZ” animals. ..........cccooveveveereeenn. 203
Figure 4-20 Cellularity and absolute numbers ofureatell types in BM of WT and
CXCIZ™ AQEA ANMIMAIS. ...t e e e ee e e et et e e et e er s ereaenes s e e eeees 206
Figure 4-21 Cellularity and absolute numbers ofureatell types in spleen of WT and
CXCIZ™ AGEA ANMIMAIS. ....vveeeeeeeeeeeeee e et e e ee et et et e e e e e e s erenenes s e e enees 207
Figure 4-22 Cellularity and absolute numbers ofureatell types in PB of WT arfdxcr2
FAQEU ANIMAIS. ... ceamemee et e ettt e et e e e et eeeeee s e et eee e eeeneean 208

Figure 4-23 Cellularity and absolute numbers ofuratell types in thymi of WT and
CXCIZ™ AGEA ANMIMAIS. ...t e ee e er et et eee et e e e s ereaenessenenenens 209



11

Figure 4-24 Absolute numbers of stem cell poputetim the BM between WT ar@ixcrZ

F QB ANIMAS. ... n ettt e e et e s et e en s et e e enen s enenes 213
Figure 4-25 Representative flow cytometry plotéimdage negative, LSK and HSC
populations between WT ai@kcr2™ animals in aged animals. .........coevevemeeecesnnen. 214
Figure 4-26 Absolute numbers of progenitor popafsibetween WT an@xcr2”

= L1 0 F= 1 PRSPPI 215
Figure 4-27 Absolute numbers of stem cell poputetibetween WT an@xcr2” aged
ANIMAUS IN SPIEEN. ..o e e e e e e e e e e e e e e e e e e e e eeeeseeeenannas 216
Figure 4-28 Absolute numbers of progenitor popatsibetween WT an@xcrZ” animals

N TNE SPIEEN....eee et e e e e e e e e e e e aeaaae 217
Figure 4-29 WT an€xcrZ” CFC analysis in BM derived cells shows no diffeeenc
between strains in primary or secondary plateg@danimals. ..........ccccccoeeeieeenennnn. 219
Figure 4-30 WT an@xcrZ™ CFC analysis in spleen derived cells shows no rdiffee
between strains in aged animalS. ..o 220
Figure 4-31Cxcr2" HSC show an increase in viability in aged HSC.......c.cvcvcvveeeen.n. 222
Figure 5-1Cxcl4is expressed on mouse HSC at the mRNA level...............ccc..... 229
Figure 5-2 Mature haemopoietic organs and HSC @ojonis express RFP which is under
the control of thECXCIAPIrOMOLET. ......ooeeiiiiiiiiiieie e e 232
Figure 5-3 Representative plots of RFP expressiamgans irPf4-Cre -Rosa26-RFP
01 =SSR PUTUPUPPPRR 233
Figure 5-4 Positive control cells megakaryocytes platelets express RFP which is under
the control of thECXCIAPIrOMOLET. ......ooeeiiiiiiiiieie e e 234
Figure 5-5Cxcl4” BM cells show enhanced colony capability in a priynalating assay
OVEIr CXCl4 COUNTEIPAITS. ... 236
Figure 5-6 Reduction d@xcl4using shRNA results in a reduction@xcl4 expression in
MOUSE CEII INES. ... e e e e e s 239
Figure 5-7Cxcl4reduction in c-Kit mouse BM cells reduces colony formation in primary
and secondary PlatiNng @SSAYS. .....uuuuuuiiiraaeieeaeeeeeeeeeeeeeitri e aaaa e e e e aaaaaaes 240
Figure 5-8 Genotyping analysis of WT aBHCl4"animals. ............coceeevevereeeeeeseseoe 242
Figure 5-9 Cellularity and absolute numbers of maatells in the BM between WT and
CXCIETANIMAS. ...ttt n s ees e 244
Figure 5-10 Cellularity and absolute numbers ofureatells in the spleen between WT
ANACXCIE™ @NIMAIS. ..ottt ee e e e st eeenane e 245
Figure 5-11 Cellularity and absolute numbers ofureatells in the PB between WT and
CXCIETANIMALS. ...ttt n s ees e en e 246
Figure 5-12 Cellularity and absolute numbers ofuratells in the thymi between WT and
CXCIETANIMALS. ...ttt n e ees e en e 247
Figure 5-13 The numbers of HSC in the BM of WT &hal4"animals. ...........c.c.......... 250
Figure 5-14 The numbers of progenitor cells inBi of WT andCxcl4 animals......... 251
Figure 5-15 The numbers of HSC in the spleen ofAN@Cxcl4 animals. .................... 252
Figure 5-16 The numbers of progenitors in the spEfeN T andCxcl4 animals........... 253
Figure 5-17 Viability and cell cycle status in H8Erived from WT andxcl4” animals.
.................................................................................................................................. 255
Figure 5-18Cxcl4” BM cells show no difference in colony numbers imary or
secondary replating assays in comparison to WB.Cell..........oovrriiiiiiiiiii e 257
Figure 5-19Cxcl4” spleen cells show no difference in colony numbermsoimparison to

WT CRIIS. ittt e e e e e e s e e e e s bbb bbb e e e e e 258
Figure 5-20 WT an€xcl4’ HSCshow no difference in the engraftment or multiligea
differentiation capacity after BM transplantatiQn..............ccccceeeieiiieeeeeiieeeeieeieeeeeee, 261
Figure 5-21 WT an€xcl4” show no differences in the contribution to matstem and
progenitors in @ BM reCONSHIULION @SSAY. .. aummmmneeeiiriieiiiiiiiiiiiiiieaaeeeeeeeeeaeaeeeeaaeaaens 262

Figure 5-22CXCLA4is highly expressed in human HSC with an up reguian the more
oL LT 1T AYZ= N = od 1 o o PP 265



12

Figure 5-23CXCL4flow cytometry monoclonal antibody is not appropgito detect

CXCLA IN humMan HSC. ...ttt s 266
Figure 6-1 Potential mechanisms of CXCR2 signalinignin mouse BM. ..................... 276
Figure 6-2 Potential signalling mechanisms for CHCL.............ccceviiiiiiiiiiiiiiineeee 278
Figure 6-3 CXC chemokines are deregulated in CMiLraay provide a novel therapy. 280
Figure 7-1 Raw western blot image of human rCXCLL..............coooviiiiiiiiiiiiciineenn. 283
Figure 7-2 Raw western blot image for primary huroalts sorted for CD3€D38 and
CD34'CD38 POPUIALIONS. ....c.veeeeiieieceeeeee ettt te et ete e e eneeaens 284
Figure 7-3 Raw western blot image for HT1080 celssduced with plasmids to reduce
CXCLL OF CONIOL. ittt ettt e e e e e e e e et e e e e eeeeeeeeeeeeerennnnns 285

Figure 7-4 Raw western blot image for HT1080 cefissduced with empty vector or
CXCL1 OVEr XPreSSION VECIOL. ....ccciviiiiiieeeeeee e e e e eeeeeeeeeeetttatiiiaa s e e e e e e e e e e naaaaeaeaaaeeees 286



13
Related Publications

S. D. J. Calaminus*, A. V. GuitartA. Sinclair*, H. Schnachnter, S.P. Watson, T.L.
Holyoake, K. Kranc* and L. Machesky*. ‘Lineage tirag of Pf4-Cre marks hematopoietic
stem cells and their progenyPLoS ONE7(12): €51361. doi:
10.1371/journal.poe.0051361.

A. Sinclair, A. L. Latif and T. L.Holyoake. ‘Targeting survivahthways in chronic
myeloid leukaemia stem cell®ritish Journal of Pharmacology013.1698): 1693-707.

F. Pellicano*, P. Simara®. Sinclair, G.V. Helgason, M. Copland, S. Grant and T. L.
Holyoake. ‘The MEK inhibitor PD184352 enhances BRIB}662-induced apoptosis in
CD34+ CML stem/progenitor celld.eukemia2011.257): 1159-167.

F. PellicanoA. Sinclair and T. L. Holyoake. ‘In search of CML stem celigadly
weakness’'Current Haematologic Malignancy ReporgQ11.6(2): 82-7.

*Joint authorship.



14
Publications in Preparation

Under review

S. D. J. Calaminug. Sinclair, A. V. Guitart, K. Flegg, K. Anderson, G. Inman, S.
Watson, O. Sansom, K. Kranc, T. L. Holyoake antMhchesky. ‘Alterations in
hematopoietic wnt signalling in mice drive myelobbis and bone marrow failure’.

C. Hamilton, A. Fraser, C. Michels, M. Kurowska-ftiska,A. Sinclair, T. L Holyoake,
M. Copland, P. Adu, R J. B. Nibbs and G. J. GrahdilrtR stimulation induces CXCR4
down regulation which is associated with stem wlbilisation’.

In preparation

A. Sinclair, S. D. J. Calaminus, F. Pellicano, S. M. GrahanKiRstrie, O. Sansom, G. J.
Graham, K. Kranc, L. Machesky and T. L. HolyoakeéXC chemokines play a role in
haemopoietic stem cell properties’.

F. Pellicano, L. Park, L. Hopcrof. Sinclair, M. Girolami, G. Leone, A. Whetton, K.
Kranc and T. L. Holyoake. ‘E2F1 is critical for sival of chronic myeloid leukaemia
stem cells’.



15
Acknowledgements

There are a number of people that | would likentimk for making this thesis possible.
Firstly | am indebted to my primary supervisor ssor Tessa Holyoake for directing this
project and supporting me throughout the duratiomypPhD. | am grateful for her endless
encouragement and for giving me the confidencestiee in myself. | am also grateful

for her support in my personal life and for making a better (and fitter) person. | would
also like to acknowledge my secondary supervisofe8sor Gerard Graham for his
invaluable chemokine expertise and helpful disarssthroughout the PhD. | am
extremely grateful for being given the opporturigywork under the supervision of two

incredibly talented individuals.

I would like to acknowledge several people who bdlwith aspects of the research
presented in this thesis, namely, Dr Simon CalasjiMiss Jennifer Cassels, Mrs Karen
Dunn, Dr Paolo Gallipoli, Dr Amelie Guitart, Dr AlaHair and Dr Francesca Pellicano. |
would like to acknowledge my advisor of studies,Hater Adams and also Dr Mhairi
Copland and Dr Kamil Kranc for useful discussiagm®tighout the duration of my PhD. |
would like to thank my examiners and convenor Dnlduque Bonnet, Dr Robert Nibbs
and Dr Helen Wheadon for taking the time to exammyehesis.

I would like to thank my colleagues at the Paul @@an Leukaemia Research Centre for
their continual support during the course of my Ph&m lucky to have worked with such
a wonderful group of people and in a fantastic fabtmy environment. Particular mention
goes to my colleagues Dr Milica Vukovic and Dr MaKarvela who have become lifelong

friends.

A special thank you goes to my fiancé Greg, sisterra and parents. | would not have
been able to get to this stage without your undamthl love and support and | am so

grateful for you all.

I would like to thank the University of Glasgow atim Biotechnology and Biological
Sciences Research Council for funding this reseaiam also grateful to the Elimination
of Leukaemia Fund and the European Hematology Aasoe for their donations that
allowed me to travel to conferences to presentesgarch. Finally, | am extremely
grateful to the patients who donated blood and lmagow samples for experimentation

in this thesis.



16

Author’s declaration

| declare that, except where explicit referencmasle to the contribution of others, that
this dissertation is the result of my own work #rag not been submitted for any other

degree at the University of Glasgow or any othstitiation.



List of Abbreviations

17

Full Name Abbreviation
2-mercaptoethanol 2-ME
3-dimensional 3-D
4-(2-hydroxethyl)-1- HEPES
piperazinethanesulfonic acid
4-(2-hydroxethyl)-1- HBS
piperazinethanesulfonic acid
buffered saline
4’'6-diamidino-2-phenylindole DAPI
dihydrochloride
5-azacytidine 5-AZA
5-fluorouracil 5-FU
Acute myeloid leukaemia AML
Adult stem cell ASC
Allophycocyanin APC
Ammonium chloride NH4CI
Ammonium persulfate APS
Aorta-gonad-mesonephros AGM
Bacterial artificial chromosome BAC
Base pair BP
Bicinchoninic acid BCA
Bone marrow BM
Bone morphogenetic protein BMP
Bovine serum BIT
albumin/insulin/transferrin
Bromodeoxyuridine Brd-U
Calcium chloride CaCb
Cell division cycle 6 CDC6
Chronic lymphocytic leukaemia CLL
Chronic myeloid leukaemia CML
Cluster of differentiation CD
Cobblestone area forming cell CAFC
Colony forming cell CFC
Colony forming units-erythroid CFU-E
Colony forming units-fibroblast CFU-F
Colony forming units- CFU-GEMM
granulocyte erythroid
macrophage megakaryocyte
Colony forming units- CFU-GM

granulocyte macrophage




18

Colony forming units-spleen
Common lymphoid progenitor
Common myeloid progenitor
Complimentary DNA
Cord blood

CXCL12-abundant reticular
cells
Deoxyribonuclease

Diacylglycerol
Dimethyl sulfoxide

Duffy antigen receptor for
chemokine
Dulbecco’s modified eagle
medium
Embryonic day

Embryonic stem cell
Endothelial cells

Enzyme-linked immunosorbent
assays
Epidermal growth factor

Erythropoietin
Ethylenediaminetetraacetic acid
Fluorescein isothiocyanate
Fluorescence minus one

Fluorescent activated cell
sorting
Foetal calf serum

Forward angle light scatter
G protein coupled receptor

Germ stem cell

Glyceraldhehyde 3-phophate
dehydrogenase
Glycosaminoglycan

Granulocyte macrophage-
colony stimulating factor
Granulocyte/macrophage
progenitor
Granulocyte-colony stimulating
factor
Gray

Green fluorescent protein
Growth factor
Guanosine diphosphate

CFU-S
CLP
CMP

cDNA

CB
CAR

DNAse
DAG
DMSO
DARC

DMEM

ESC
EC
ELISA

EGF
EPO
EDTA
FITC
FMO
FACS

FCS
FSC
GPCR

GSC
GAPDH

GAG
GM-CSF

GMP
G-CSF

Gy
GFP
GF
GDP




Guanosine nucleotide binding
proteins
Guanosine triphosphate

Haemopoietic stem cell
Hank’s buffered salt solution
Homeobox
Horseradish peroxidise
Human immunodeficiency virus
Human serum albumin
Hydrochloric acid
Hypoxia-inducible factors
Individually ventilated cages
Induced pluripotent stem cells
Interleukin
lositol triphosphate

Isocove’'s modified dulbecco’s
medium
Leukaemic stem cell

Long-term culture initiating cell
Long-term repopulating HSC
Low density lipoprotein
Luria’s broth

Lymphoid primed multipotent
progenitor population
Magnesium chloride

Megakaryocyte/erythroid
progenitor
Mesenchymal stem cells

Metalloproteinases
MicroRNA
Minutes

Mitogen activated protein
kinase
Mononuclear cells

Multidrug resistance

Multipotent progenitor
population
Osteoblast

Osteoclast
Peridinin chlorophyll
Peripheral blood

G proteins

GTP
HSC
HBSS
HOX
HRP
HIV-1
ALBA
HCI
HIF
IVC
IPS
IL
IP3
IMDM

LSC
LT-CIC
LT-HSC
LDL
LB
LPMPP

MgC|2
MEP

MSC
MMP
MiRNA
Min
MAPK
MNC
MDR
MPP

OB
oC
PerCP
PB

19



20

Phosphate buffered saline
Phosphatidylinositide 3 kinase

Phosphatidylinositol (4,5)-
biphosphate
Phospholipase C

Phycoerithrin
Polycomb
Polymerase chain reaction
Polyvinylidene fluoride
Potassium chloride
Puromycin

Quantitative-polymerase chain
reaction
Red blood cell

Restriction enzyme
Reverse transcription
Rho associated kinase

Ribonucleases

Room temperature

Seconds

Severe combined
immunodeficiency
Serum free medium

Short-term repopulating HSC
Shrimp alkaline phosphatase
Side angle light scatter
Side population
Sodium chloride
Sodium dodecyl sulphate

Sodium dodecyl sulphate -
polyacrylamide gel
electrophoresis
Stem cell factor

Super optimal broth with
catabolite repression
RFP

Tetramethylethylenediamine
Thrombopoietin

Tris ethylenediaminetetraacetic
acid buffer
Tyrosine kinase

Vascular cell adhesion

PBS
PI3K
PIP2

PLC
PE
PCG
PCR
PVDF
KCl,
Puro
Q-PCR

RBC
RE
RT

ROCK
RNAses
RT
Sec
SCID

SFM
ST-HSC
SAP
SSC
SP
NacCl
SDS
SDS-PAGE

SCF
SOC

RFP
TEMED
TPO
TE

TK
VCAM-1




Vascular endothelial growth VEGF
factor

White blood cell WBC

B-2-Microglobulin B2M

21



22

1 Introduction

1.1 The history of stem cells

Homeostasis refers to the ability of a system totaa a stable condition, even in
response to perturbation. An excellent examplédigfis the human body, which is capable
of continuously monitoring and regulating its cdradis in order to maintain a constant of
all variables. This is elegantly demonstrated wiverconsider the regulation of individual
organs within an organism. For example, the haemtipsystem is responsible for
producing cell types of all the blood lineages aver period of a lifetime. There is a
constant turnover of large numbers of cell typesdenasal conditions, which is regulated
in response to haemopoietic stress and injury. ttapdy, it is now understood that stem
cells are heavily involved in the production angulation of all cell types in the biological

system, including in haemopoiesis.

The identification of stem cells marked an impori@iscovery in the field of biology and
medicine. The haemopoietic system represents aortang component in the stem cell
time line, beginning with a variety of observationsluding the acceptance of donor bone
marrow (BM) into irradiated hosts in the mid 1900/8eissman and Shizuru, 2008).
Subsequently, experiments by Till and McCulloch dastrated that cells, when
transplanted into irradiated mice, produced co®imehe spleen derived from a single cell
(Wu et al., 1967, Becker et al., 1963, McCullock aidl, 1960, Till and Mc, 1961,
Siminovitch et al., 1963, Magli et al., 1982). Teexperiments implicated that there was
an existence of cells with clonogenic activity vintthe BM which are now referred to as
colony formation units-spleen (CFU-S) (Magli et 4982). These experiments led to
translational research from 1968 onward in whiahfttst human BM transplants were
carried out. Collectively, these were the firststg that demonstrated that a specific type
of cell had clonogenic activity and was capablesgbnstituting a whole system. Stem
cells from the haemopoietic system were subsequetghtified and isolated, which
provided a foundation for the understanding of stethbiology (Weissman and Shizuru,
2008). Over the following years, stem cells havenbéiscovered in a variety of other
organs and these discoveries have revolutionisedralerstanding of how biological

systems function.

Stem cells have been categorised into two maingg,oembryonic stem cells (ESC) and
adult stem cells (ASC) (Sylvester and Longaker4200he main distinctions between
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cells from these groups are in terms of residemclypotency. An ESC is present at the
beginning of development in the embryo and hagpttential to produce cell types from
all lineages of the embryo, which is describedh®yterm ‘pluripotent’. In contrast, ASC
are tissue specific and reside in particular agiigains. These cells are limited in their
potential to produce cell types solely from a mgaar organ, which is described by the
term ‘multipotent’. Although it is generally acceptthat ASC have limited potential to
particular lineages, recent studies have suggdisézd is an added ‘developmental
plasticity’ of these cells (Korbling and Estrov,(8) Wagers and Weissman, 2004).
Indeed, there is evidence that purified HSC arelskgof producing non-haemopoietic
cell types, however this is thought to occur thitoéigsion of haemopoietic and non-
haemopoietic cells and is suggested to only ocuting stress/injury and is a relatively

rare event (Nygren et al., 2008).

The fusion of gametes results in the creation ofgote which undergoes several rounds
of cell division to generate a structure namedatlstocyst, where the ESC reside
(Donovan and Gearhart, 2001). ESC were identifretlisolated from the inner cell mass
of the blastocyst in mouse embryos in 1981 (Maft#81, Evans and Kaufman, 1981).
This discovery was the beginning of a new are@séarch which would later prove to
revolutionise the field of biology. ESC have belownin vitro andin vivoto possess the
ability to produce cell types of every lineage (B&s and Hutchins, 2007). Over
subsequent years, ESC have been used for sevphabéipns. To date (more than 30
years after their initial discovery), ESC have based in the generation of chimeric
mouse models and as a model to understand the msweisaof lineage differentiation
(Smith, 2001). Understanding the development dédbht lineages provides the potential
for the production of large numbers of particulell types for pharmacological screening
and to create cells to be used in the treatmedisefise. This has been termed regenerative
medicine and research within this field has expdredgonentially over the past decade.
Although proven to be a useful tool, there weraessassociated with the use of ESC in
research. An ethical debate surrounded the us&Gfé&perimentally as this involved the
destruction of embryos. Furthermore, the transplson of cells from one origin to
patients of a different origin raised concernsiggue rejection.

1.2 Regenerative medicine

The concept of generating patient specific cellsab®e a reality with groundbreaking

research by Yamanaka and his team. The researclvéuavthe integration of several
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transcription factors associated with pluripotemty mature somatic cells to
reprogramme them into a pluripotent state (indydadpotent stem cells, IPS) (Takahashi
and Yamanaka, 2006). This technique facilitateddea of generating patient specific
cells for therapy and overcame the ethical issfiesiog ESC and the issue of tissue
rejection. However, the methodology in the origistaldy was controversial as viruses
were used to integrate transcription factors in&dure cells. More recently, groups have
developed methods to overcome this (Okita et @D82. Alternative strategies have been
developed to reprogramme cell types, including earctransfer of somatic nuclei into
oocytes, or the fusion of somatic cells with ES@if¥anaka, 2007). In addition, the
generation of IPS cells from diseased individuals bpened a new avenue of research as
these studies provided insight into the mechanisindlisease. To date, researchers have
successfully generated IPS cells from diseasediohghls (Dimos et al., 2008, Soldner et
al., 2009). If we focus on the haemopoietic systé#tB, cells have been generated from
haemopoietic cells derived from normal and maligmeatient samples (Kumano et al.,
2013). However, a key concern that still existtheslack of understanding about the
mechanisms of differentiation. ASC are studiedridarstand the pathways involved in
differentiation. ASC, also referred to as tissueesfic stem cells are responsible for

maintaining tissue homeostasis and producing théypes required in particular organs.

Haemopoiesis has been well studied and to datesesra model for a well characterised
adult stem cell system (Weissman and Shizuru, 2@83mopoiesis is a well understood
hierarchical model which is controlled and mainggifirom a stem cell population, the

haemopoietic stem cell (HSC).

1.3 Haemopoiesis

Haemopoiesis is a hierarchical organisation in Wwhine HSC are responsible for tissue
homeostasis. Simply, the HSC reside at the topehterarchy and produce a cascade of
more committed progenitor cells, which in turn proe terminally differentiated mature
cells of all the blood lineages. Before we conslumv haemopoiesis is regulated by the
HSC population, the true characteristics of a stelhmust first be discussed.

1.3.1 Self renewal and differentiation

The definition of a true stem cell is the abilitydlicit three main functions; self renewal,
differentiation and the capacity to reconstitutesauein vivo (Roobrouck et al., 2008). To

understand self renewal and differentiation, cidistbn must be discussed.
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Mitosis is the process of cell division in whichawdaughter cells are generated. HSC can
undergo symmetric and asymmetric cell divisionsicWwhultimately decides the daughter’s
cell fate (Morrison and Kimble, 2006, Domen and $gaian, 1999). Symmetric cell
division involves the production of two identicaudyhter cells after mitosis. These
identical cells can either be two HSC or two maféectentiated daughter cells (Weissman
and Shizuru, 2008). In this way, HSC can be prodwdaich will either maintain the stem
cell pool or more differentiated progeny can bedpied which will ultimately provide
mature cell types to replenish lost blood cellsadidition to symmetric cell division, HSC
can also undergo asymmetric cell divisions in wipobgeny are produced that are not
identical. Asymmetric division produces one stethared one differentiated cell. The
combination of symmetric and asymmetric cell dmsis ultimately responsible for the
maintenance of the haemopoietic system with thduymrtoon of mature cell types when
required while maintaining a functional stem celbp(Figure 1-1) (Weissman and
Shizuru, 2008).
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Figure 1-1 Symmetric versus asymmetric cell divisio n.

HSC can undergo symmetric and asymmetric cell idirig1 which identical progeny or

two different progeny are generated respectiveyyni8etric cell division can produce two
identical HSC or more differentiated progenitorsyfmetric cell division results in the
production of one HSC and one progenitor. The coatibn of symmetric and asymmetric
cell divisions ultimately controls haemopoiesisotigh the maintenance of a stem cell pool

and the production of a cascade of more matureepit's.

The majority of research on asymmetric cell divisi@as been carried out using
developmental model organisms including Elresophila melanogast€Morrison and
Kimble, 2006, Gomez-Lopez et al., 2013). Studiesehghown that both intrinsic and
extrinsic mechanisms govern cell division. As aaraple, cell polarity and the distribution
of cell components/proteins occurs prior to cellasis and governs subsequent cell fate.
This has been shown in stem cells including in H8@hich several proteins were found
to segregate differentially after cell division (@&zy, 2008, Beckmann et al., 2007). In
addition, external mechanisms also control celisiim with evidence that cell location
alters the ultimate cell fate (Morrison and Kimi2@06). The decision of symmetric
versus asymmetric division is important not onlydell fate in normal development, but
also in disease as previous studies have hightight asymmetric divisions are

deregulated in cancer (Morrison and Kimble, 2006m@z-Lopez et al., 2013).

Self renewal is a fundamental property of HSC amslthought that self renewal capacity
is reduced as cell division occurs. Therefore nmagure cells, including progenitor cells,
show a reduced capacity to self renew. Differeiutiats described as the production of a
more mature, specialised cell down a particuladge. HSC balance the processes of self
renewal and multilineage differentiation to maintaipluripotent HSC population poised

to give rise to appropriate cell types when reglireluding in response to blood loss,
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infection or exposure to cytotoxic agents and axesstress (Seita and Weissman, 2010,
Wilson et al., 2008).

Self renewal and differentiation are key to HSCchion and can be measured
experimentally. For simplicity, mouse and humanesipents will be discussed

separately.

1.3.1.1 Mouse

Bothin vitro andin vivoassays can be used to experimentally to examiheeselwal and
differentiation.In vitro colony formation assays (colony formation cell, Ck&3ay) are
widely used. This assay involves the culture off gepulations with the addition of
particular cytokines designed to drive proliferatend differentiation. Cells are cultured
for a period of time and the resulting coloniesried can be scored based on enumeration
and classification of colonies. This gives an iadien of proliferation and differentiation
capacity. This assay is considered an assay foe mature progenitor cells, however, the
colonies derived from a primary plating assay camdplated into a secondary plating
assay in which the growth of colonies can act amdicator for self renewal capacity.
However, a CFC assay is relatively short term artierefore more indicative of
progenitor cell activityThe long-term culture initiating cell (LT-CIC) agsallows the
detection and enumeration of the HSC populationglver et al., 2013). In this assay,
cells are plated on a layer of stromal cells (desigto mimiadn vivo conditions) which
support the survival, self renewal and differemtiatof HSC. These cultures are
maintained long term to identify true HSC populaion comparison to shorter
experiments which identify progenitor populatiomsyo In addition, limiting dilution of

cell populations are used to give an indicatiotheffrequency of LT-CIC per population.
The cobblestone area forming cell (CAFC) assayliuesthe culture of a test population
on a stromal layer and particular areas of HSC trdermed ‘cobblestones’ are scored
based on stem/progenitor growth over a periodnoé tiBreems et al., 1994, de Haan and
Ploemacher, 2002).

However,in vivo experiments have provided unique insights into stelhbehaviour and
are arguably more accurate in terms of quantif{i{C thann vitro assays (Domen and
Weissman, 1999, Perry and Li, 2010). The CFU-Syas&es described previously) can

provide ann vivoindication of stem/progenitor cell activity. Theoguction of distinct

colonies grown on the spleen of irradiated animelfisrs to the clonogenicity activity of
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transplanted cells. Spleens are typically analysedays 8 and 12 with the latter referring
to a more primitive clonogenic cell than the forrfMfeissman and Shizuru, 2008).
However, this assay is thought to involve more meafuogenitor cells as opposed to stem
cells due to the short time frame of the assay.gidie standard technique for assaying
HSC function is the reconstitution of an ablatemdished haemopoietic system
(Harrison, 1980). A cell population can be transpd into mouse models in which
endogenous haemopoiesis has been ablated usidigiiwa or chemotherapy drug
treatment. A true HSC will be capable of reconstijithe BM and providing progenitor
and subsequent mature cells therefore rescuingd@esis. Competitive repopulation
involves the transplantation of donor test celtsglwith support BM cells which ensures
host survival and markers can be used to elegaatti donor transplanted populations
over time. Examples for host versus donor distomcire sex, expression of reporter genes
or arguably the most commonly used, expressiohuster of differentiation (CD) cell
surface markers including isoforms of CD45 (vane®Dal., 2001, Domen and Weissman,
1999). CD45 was originally known as the leukocyaenmon antigen as is expressed on all
leukocytes (Trowbridge and Thomas, 1994). Two edlelf CD45 are available and mouse
strains have been developed with each allele 0874BL6 background (van Os et al.,
2001). The generation of monoclonal antibodiesresjdhese alleles allowed for the
distinction between donor versus host in competitransplantation assays (Weissman and
Shizuru, 2008)Limiting dilution experiments using a titration thfe number of
transplanted HSC are used and are more relialdnms of quantifying the number of true
stem cells in a population (Perry and Li, 20H$C transplantation assays not only give
an indication of mutlilineage reconstitution, howegelf renewal can be experimentally
examined through the ability of test populationsgscue haemopoiesis in secondary and
tertiary recipient mice and these are the mostgnt assays to report stem cell self

renewal and therefore activity.

1.3.1.2 Human

Similar toin vitro assays described for mouse studies, the CFC, LTaGBtOCAFC assays
can be used to assay human stem/progenitor bemgidomen and Weissman, 1999, Liu
et al., 2013, Sarma et al., 2010, de Haan and Rideen, 2002). More recently, literature
is emerging in which 3-dimensional structures aeduo model the BM niche (Sharma et
al., 2012). As discussed with the mouseitro assays, these assays are arguably not

measuring true HSC activity.
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The ability to transplant HSC into irradiated haastsl compare their differentiation and
self renewal capacity has become a standard tashnitpwever, studying human HSC is
more complex. The use of immunocompromised mous#eta@s hosts for human HSC
was a groundbreaking discovery in HSC reseévidyerrose et al., 2003). Original
research showed that human haemopoietic tissud eoglraft in immunocompromised
(severe combined immunodeficient, SCID) mice whiakie a mutation resulting in
defects in B and T cell development (Lapidot et 92, Mosier et al., 1988). However,
these mice still have natural killer cells whichnadtack foreign cells and therefore hinder
the experiment. In order to study immune resportbese are other models available
however further immune compromised mouse models bance been generated which
work well as HSC xenograft models. Since this redean variety of models have been
described including non obese diabetic (NOD) SGibnals. These animals have
additional defects in natural killer cell, macroghaand complement. Additional strains
including, but not limited to, NOD/SCIB/2-Microglobulin $2M), NOD/SCID/IL-2R+™
mice or RAGZ / IL-2R-y" models are used which show more immunodeficienag the
NOD/SCID animals (Park et al., 2008, van der Loalgt1998, Wermann et al., 1996).
Such models are commonly used in the literatureatiod for the tracking of human HSC
activity without the complications arising fromjeetion of the foreign transplanted cells
by the host immune system (Domen and Weissman,)1B@Wever, disadvantages of
using these mice include a shortened lifespan lagid éxtreme sensistivity due to their
compromised immune systems (Meyerrose et al., 2@08j)agram is displayed in Figure

1-2 for examples of the different assays available.



30

Invitro Invivo

Mouse

Human and mouse Human and mouse Mouse
—— Host versus donor

» % CD45 alleles

Gender

Fluorescent dyes

* e
——

—
—w=

HSC transplant

Reporter genes
Cru-S

Human

Human and mouse -
Immunocompromised
models

NOD/SCID
NOD/SCID/fp2M
S NOD/SCID/IL-2R-y"
ssay RAG2--/IL-2R-y"

&

LT-CIC/CAFC a

Figure 1-2 Commonly used methods for assaying HSC a  ctivity.

Schematic is adapted from published literaturelzased on the literature described above
(Domen and Weissman, 1999). Various techniques begr developed to assay HSC
activity. In vitro techniques include the culture of cell populationparticular growth
conditions in which resulting colonies can be idféead to give an indication of

proliferation and differentiation status (CFC). ICIE€ and CAFC assays monitor cell
growth over a longer time period in a co-culturéwdtromal cells to assess more primitive
HSC activity.In vivotechniques involve the transplantation of cells intadiated

recipients where colonies grown on the spleen (&y0r the capacity for multilineage
reconstitution is evaluated. Donor cell activitywdze tracked using various methods to
distinguish host versus donor cells. Self renewaViy can be examined using the serial
transplantation of cells into secondary and tertiaadiated recipients. Mouse models for
the transplantation of human HSC involve variousiitmocompromised mouse models of
which the most common are stated. (Dr Francesdad&e and Dr Arunima

Mukhopadhyay should be acknowledged for the CFWELA -CIC images respectively).

1.3.2 The haemopoietic hierarchy

Irving Weissman’s haemopoietic hierarchy hypothasise from work conducted in his
laboratory beginning in 1998. This research wasltgionary and is now a generally
accepted dogma (Weissman and Shizuru, 2008). Tihatmgsis was formed based on the
stem cell activity of different mouse populatiosslated using immunophenotypic cell
surface markers. More specifically, cell sortingswised to isolate different cell types and
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their activity was measured using BM reconstitugssays. These experiments identified
that different populations of cells vary in ternfdfweir ability to reconstitute the
haemopoietic system. Furthermore, these experingensified that certain cell types
were capable of long term reconstitution (overrgglperiod) while other cell types lost
their potential for reconstitution over time. It svaentified that a true HSC has a high
capacity for multilineage differentiation and sedhewal which allowed these cells to

maintain haemopoiesis over a lifetime.

Based on these assays, the hypothesis statekehdSC population resides at the top of a
haemopoietic hierarchy with a distinct populatiorown as the LT-HSC (long term
repopulating HSC). Experiments using transplantadibdifferent populations into
irradiated hosts identified that different popudas showed differences in 1. the ability to
reconstitute haemopoiesis and 2. the ability taltesn multilineage reconstitution long-
term (Weissman and Shizuru, 2008). The LT-HSC mssee ability to give multilineage
reconstitution long term (at least 6 months) iroatlwith an ablated haemopoietic system
(Weissman and Shizuru, 2008). Furthermore, thdteeaa be transferred to secondary
hosts and will successfully maintain haemopoidsisHSC can give rise to a less
primitive HSC population known as the ST-HSC (shenn repopulating HSC) which has
a reduced capacity for self renewal and repopulate cannot sustain haemopoiesis up to
6 months post transplantation and will not rescaentopoiesis in a secondary host. HSC
populations give rise to cells termed multipotergenitor (MPP) populations which have
limited self renewal and reconstitution potent&imilarly, experiments identified that
populations can only give rise to particular celehges, providing evidence that more
mature lineage restricted progenitor populatiornisté¥Veissman and Shizuru, 2008).
These are now referred to as a common myeloid praigg CMP) and common lymphoid
progenitor which are capable of producing cell sypéthe myeloid and lymphoid lineages
respectively (CLP) (Akashi et al., 2000, Kondo let }997). Similarly, the CMP
population gives rise to more mature progenitorannntermediate stage named the
granulocyte/macrophage progenitor (GMP) and megakagte/erythroid progenitor

(MEP) populations, which give rise to cell typestod myeloid lineage and which do not
self renew. A simplified schematic of the haemopoikierarchy can be visualised in
Figure 1-3.
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Figure 1-3 The haemopoietic hierarchy.

Schematic diagram adapted from published literadigpelaying the haemopoietic
hierarchy as it is currently understood (Weissmah @hizuru, 2008). The haemopoietic
system is a hierarchical system which is regulatetimaintained by the HSC which reside
at the top of a cell hierarchy. The LT-HSC areri@st primitive cells which have the
ability to reconstitute haemopoiesis in an ablaystem and have a high capacity for self
renewal. LT-HSC give rise to a more mature ST-H®@utation which gives rise to a
more mature progenitor population known as the MiPEC populations balance self
renewal and differentiation to produce a cascadaat mature progenitor cells which are
ultimately responsible for generating all of theetse cell types of the myeloid and
lymphoid lineages. The transition of HSC to mattels results in a reduction in self
renewal and long term repopulating capacity, wischassociated with an increase

differentiation.

It is generally understood that the sequence &érdihtiation stemming from the LT-HSC
through to terminally differentiated cell typesnversible with the generation of more
lineage committed cells at each stage (Bryder.e2@06). For example, it is proposed that
cells after the MPP stage are either lineage otstfiCMP or CLP which are subsequently
destined for myeloid or lymphoid status respectii@kashi et al., 2000, Kondo et al.,
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1997). Some controversy over the potential of STCH&d MPP populations has arisen
with the suggestion that priming for myeloid or Iyhoid potential occurs at an earlier
stage than previously proposed (Buza-Vidas eR@0y7). An alternative hypothesis has
been put forward in which there is the existencaro&dditional lymphoid primed MPP
(LPMPP) population. It is likely that the origindleissman hypothesis represents a
simplified version of the haemopoietic system dreté is additional complexity and

plasticity involved. However, future research iguied to address this in more detail.

The identification and isolation of cell populatsohas facilitated our understanding of
HSC biology. Since the original experiments weneied out by Weissmaet alon the
identification and isolation of mouse HSC populasipan abundance of literature has
extended this research. New markers have sinceitestified which have selected for a

more enriched, primitive HSC populations.

1.3.3 HSC identification and isolation

The study of stem cells requires the ability taniifg and isolate these cells for
experimental research. HSC are generally identdigel to their lack of expression of
lineage positive cell markers and low stainingidégopulation using DNA and RNA

stains which will be discussed in detail in thistgm.

The discovery of HSC populations expressing pdsdrotell surface markers has allowed
for the identification and isolation of these paidns (Wognum et al., 2003). There is
some overlap between human and mouse HSC popwdatidgarms of identification. For
example, in both species HSC are identified thraheglr lack of expression of lineage
markers and low staining of DNA and RNA stains. H&fn both mouse and human are
identified as existing in a population that areateg for staining of CD markers
commonly expressed on mature lineage cells, inotudrythroid, granulocyte, B and T
cells (defined from onwards as lineage negativleg addition of nucleotide stains,
including RNA and DNA stains, has enhanced thisupetipn. As an example, Hoechst
33342 was identified as marking HSC populations986 and was subsequently referred
to as the side population (SP). Experiments shdaha&ithe most primitive HSC effluxed
the dye which identified Hoechst 33342 negativésaet stem cells (Goodell et al., 1996,
Goodell et al., 1997). ABC/G2 transporters arectelely expressed on stem cell
populations are thought to result in the effluHafechst 33342 solely in stem cell
populations (Zhou et al., 2001, Kim et al., 2002).
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However, the species will be discussed in moreildetparately due to differences in

expression of cell surface markers between species.

1.3.3.1 Mouse

Animal studies have provided vast advances indbatification and isolation of HSC and
progenitor populations. In 1986, cells which weegative for a cocktail of lineage
markers were identified as a population enrichett wiouse cells that had reconstitution
potential (Muller-Sieburg et al., 1986). In 1988|ls which were additionally negative for
CD90 and positive for Sca-1(ly-6 A/E) were showmeaoonstitute haemopoiesis in a
proportion of recipients with ablated BM with orthe cells positive for Sca-1 having the
capacity forin vivo reconstitution (Spangrude et al., 1988). Thisasdewas extended to
include c-Kit (CD117) as a positive marker for H&5o known as the cell surface
receptor which binds to stem cell factor (SCF) (Wgat al., 1991, Ikuta and Weissman,
1992). The combination of lineage negative with-$@and c-Kit positive markers (lineage
negative, Sca”] c-Kit"; LSK) was identified as the population containailgthe HSC
activity (Uchida et al., 1994). However, this pagitidn is now known to be heterogeneous
and contains a mix of stem cell populations withganitor cells (Bryder et al., 2006).
Subsequently after these initial investigationseegch by the Weissman, Jacobsen,
Nakauchi and Morrison laboratories collectivelyntd®ed markers which allowed for the
isolation of purer HSC populations. Interestingigie of these markers, CD34, was found
to be a negative marker of LT-HSC in contrast tidewce from the human studies. The
addition of LSK with the negative selection of calirface markers CD34 and FIk-3 was
reported to give rise to long term haemopoiesis Wit acquisition of these markers
selecting for ST-HSC and MPP populations (Osavad. 1996, Christensen and
Weissman, 2001). More recently and arguably masingonly used in the literature are
the cell surface markers CD150 (more commonly reteto as SLAM), CD244 and CD48
(Kiel et al., 2005). CurrentlySKCD150CD48 and LSKCD3&Ik-3 are the most
commonly used sets of markers for LT-HSC identifarain the mouse system. The
former is arguably the most commonly used methoddintification, due to the positive
selection of marker CD150. Using this marker shoeygproximately 50% of the LT-HSC
gave rise to BM reconstitution (Kiel et al., 200bhese studies bring us closer to
identifying a HSC population capable of 100% BMamstitution. This is the purest
population currently available for mouse HSC tcedét figure with the most up to date

mouse HSC hierarchy is displayed (Figure 1-4). Cdtachprogenitor cell types are well
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defined in the mouse system with a combinationetifsurface markers including CD127,
CD34 and CD16/32 (Doulatov et al., 2012).
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Figure 1-4 Mouse haemopoietic hierarchy.

Schematic demonstrates the most recent mouse haatnoierarchy. The boxes denote
the cells used to identify human stem/progenitorthis study. The box marked in red
identifies the LT-HSC (lineageKit*Sca-TCD150 CD48) used throughout in chapters 4
and 5 and used widely in the literature to sepadaetify LT-HSC. The ST-HSC and
progenitor populations used in this study are dieedrmore detail in the materials and
methods chapter 2 and were used widely in theatilee at the time of doing the
experiments in this thesis. Information in thisestiatic is based on the literature discussed

in section 1.3.3.1.

1.3.3.2 Human

Focusing on human studies, early experiments itiethtihat positive expression of CD34
marked a rare population of BM cells which werei@red for colony formation and
capable ofn vivoreconstitution of immunocompromised mice (Berensbal., 1988,
Sutherland and Keating, 1992, Civin et al., 198ddews et al., 1989). Collectively, these
studies suggested that CD34 marked a populaticellsf with stem/progenitor activity. In
addition, the CD34 protein has also been showretexpressed on endothelial cells (EC)
and embryonic fibroblasts (Krause et al., 1996)date, human HSC are now commonly

identified in the literature as expressing CD34s & well known marker of a
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heterogeneous stem/progenitor cell population lgsé&tlal., 1995). Experiments have
detected stem cell activity in the CD3raction of human cells which indicated that CD34
is not a marker of all stem and progenitor popatai(Bhatia et al., 1998, Goodell et al.,
1997, Sonoda, 2008). Recently, a study has shoatritits population in combination with
additional marker CD93 does function as a HSC patpui and is more primitive than
CD34 cells suggesting CD34ells are at the pinnacle of the haemopoieticanatry
(Anjos-Afonso et al., 2013, Danet et al., 2002)wdwger, this research is novel and to date,
CD34 is widely used in experimental haematology @imdcal haematology in which
CD34 cells are isolated and used for stem cell tramsalmn (Wognum et al., 2003).
Interestingly, although CD34 is widely used as man stem/progenitor marker, the
function of the CD34 protein is not well understotids thought that this is due to a lack
of data on functional assays on the protein asidsad in a detailed review (Nielsen and
McNagny, 2008). As CD3%ells are known to represent a heterogeneous papula
containing stem and progenitor cells, additionalasie markers have been sought after in
order to further enrich the human stem cell popaatAdditional marker CD133 has been
reported (Yin et al., 1997). However, more recemience suggest CD133 does not mark
only stem cells but also more mature cell typesr@dgalli et al., 2013). CD38 is a cell
surface marker known to play roles in immunity] eelhesion and calcium signalling
(Mehta et al., 1996). Experiments have shown ttsahall proportion of CD34cells
express the CD38 protein (<10%) therefore repréasgatrare population of CD3@D38
cells (Bhatia et al., 1997). The combination of @dth CD38 showed that the
CD34'CD38 and CD34CD38' fractions differed in terms of cell cycle statumlastem

cell activity, including reconstitution into immuoampromised mice (Bhatia et al., 1997,
Civin et al., 1996). These cell surface combinatiare now widely used in studies with
the CD34CD38 fraction representing a more primitive subsetedlsc However, further
purification of this population can enrich the steefl population, for example by using
the combination of CD34 and CD38 with CD45RA and90Thy-1). In addition,
rhodaminel23 has been used as a dye to mark stisnwbe&h are negative for the dye.
Briefly, rnodaminel23 is a dye that labels mitoadiirae with increasing intensity
proportional to cellular activatiofikKim and Broxmeyer, 1998). CD45RA is a member of
the CD45 family that is highly expressed on naivgriphocytes; whereas CD90 is
commonly used to identify thymocytes, but has &ksen implicated in a variety of
different processes (Streuli et al., 1987, McKemtial., 2007, Mayani et al., 1993, Baum
et al., 1992). Recently the combination of markeas used to identify a population with
stem cell activity (CD34CD38CD45RACD90") however the population containing

CD90 cells also showed engraftment in serial transptanmassays (Notta et al., 2011,
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Majeti et al., 2007). More recently, the additidriG49f was conclusively shown to be a
specific HSC marker and it was shown that the MBpufation lost expression (Notta et
al., 2011). CD49f is a member of the integrin famvhich associates with either integrin
B1 orp4 to form receptors for laminin and Kalinin. Itagpressed on a monocytes, T cells,
platelets, endothelial and epithelial cells, anishi®Ived in adhesion or co-stimulation for
T cell activation/proliferation (Hughes, 2001). thdugh some controversy still exists,
collectively CD34CD38CD45RACD90'CD49f cells represent the highest reported
purity of human HSC to date and a figure is dispthin Figure 1-5SHumans have well
defined cell surface marker expression committegy@nitor cell types using CD135,
CD10 and CD7 (Doulatov et al., 2012). Although hariesC identification has
progressed, human markers of the stem and progg@aipulations in haemopoiesis are not

as well identified as in the mouse system.
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Figure 1-5 Human haemopoietic hierarchy.

Schematic demonstrates the most recent human haetiognierarchy. The boxes denote
the cells used to identify human stem/progenitorthis study. The boxes marked in red
identify HSC (CD34CD38) with MPP (CD34CD38') used throughout in chapter 3 and
used widely in the literature to separate HSC witire mature progenitor populations.
The green boxes denote HSC (CDBB38CD90") with MPP (CD34CD38CD90) and
more committed progenitors (CD32D38") used in chapter 5 which is used widely in the

literature. Information in this diagram is basedtioa literature discussed in section 1.3.3.2.

Due to the identification of cell surface markexpressed by human and mouse HSC
populations, flow cytometry cell sorting has emergs the best technique for the isolation
of HSC populations. Cell sorting using flow cytonyetllows for the isolation of

individual cells which is ideal for stem cell bigipin which these cells are so rare. This
also allows for the study of the stem cell behawata single cell level. The ability to
identify and isolate HSC from their environmenbals for their study and this approach
has enabled us to understand their behaviour.

1.3.4 HSC cellular fates

In addition to self renewal versus differentiatief§C can undergo alternative cellular
decisions (Domen and Weissman, 1999). It is undedsthat the numbers of HSC are

fairly constant over the period of a lifetime ahdithought that this is a tightly regulated
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process. One of the mechanisms to ensure that H8Mers are regulated over the period

of a lifetime is programmed cell death.

Apoptosis is understood to be a molecular mechanikioh regulates numbers of cells
within the haemopoietic system. Known regulatdrapmptosis in the HSC population,
include members of the BCL family (Domen and Weigsn1999, Domen et al., 2000).
The over expression of BCL-2 in the HSC compartmeag shown to result in altered
HSC numbers and activity in competitive transplaotaassays (Domen et al., 2000). In
addition to members of the BCL family, other carades are involved including the anti-
apoptotic protein MCL-1 (Opferman et al., 2005).

When we discuss cell death it is also important weconsider not only programmed cell
death, but other mechanisms. Autophagy is a keynalprocess in which cellular
components are degraded to maintain cell survivaésal levels and in response to stress
(Murrow and Debnath, 2013). Recent research hadifbel that autophagy plays an
essential role in HSC maintenance (Mortensen g2@l.1a, Mortensen et al., 2011b).
Further research identified autophagy as a mecmawtsich protected HSC from
metabolic stress with forkhead family transcriptfantor member FOXO3a proven to be a
key mediator of this process (Warr et al., 2013).

The majority of HSC reside in the BM, however theslis can traffic into and out of
circulation and home to sites of extramedullaryrhagoiesis, which is termed as HSC
mobilisation. Mobilisation plays important rolesalighout development, with the
migration of HSC to different sites of haemopoiesis in the adult at basal levels. In the
adult, the egress of HSC into the periphery is natdd in response to inflammation,
stress or injury (Ratajczak and Kim, 2012). Funthere, the administration of
pharmacological agents has been found to incre&€ Hobilisation. This process can be
exploited with exogenous addition of particularadyhes which are shown to enhance
mobilisation above basal levels. Mobilisation thgh cytokine treatment is also routinely
used in clinical therapy to mobilise the donor statts from BM to the PB so they can be
more easily harvested prior to transplantation. ftagority of understanding of HSC
mobilisation is with the use of cytokine stimulatigranulocyte-cell stimulating factor (G-
CSF) and chemokine receptor CXCR4 and ligand CXQMBetton and Graham, 1999).
Although the mechanism of action is not clear, psgad mechanisms include the
involvement of granulocytes, metalloproteinases (R)Mnd proteolytic enzymes
(Ratajczak and Kim, 2012).
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The combination of the diverse cellular fates falbbgdhe HSC allows the HSC population
to be tightly regulated. As an example, when th&€HSpulation becomes too large,
apoptosis is induced and vice versa. Similarlyesponse to haemopoietic injury or stress,
differentiation is induced, ultimately leading tonstant numbers of HSC and the stable
production of a cascade of mature cell types. thtewh to the cellular fates outlined

above, HSC are known to exist in different stagab®cell cycle (Figure 1-6). As HSC
face cellular decisions of self renewal versusedéhtiation it seems likely that the HSC is
a dynamic, active population. However, surprisinglg known that the majority of HSC

exist in a quiescent state.



41

Quiescence Active Q

Autopha

.)

) 0
. Apoptomb

. Self renewal .

Active Niche Circulation

Differentiation

Figure 1-6 HSC cell fate decisions.

Schematic diagram is adapted from published liteeafDomen and Weissman, 1999).
HSC face several fate decisions that are thoughé toontrolled by both intrinsic and
extrinsic mechanisms. The majority of steady StH€ are quiescent, however they can
also reversibly move into an active stage of tHeogele (A) in which they can either self
renew through symmetric cell division or differexté through asymmetric or symmetric
cell division (C). HSC can reside within the BM Inécor they can migrate into the
circulation, which occurs at low levels during steatate haemopoiesis, but may be higher
in response to stress or haematological injury KEBC respond to external signals and
balance survival with cell death by programmed delith (apoptosis) or autophagy in

order to maintain a constant size of the HSC pbal (

1.3.5 HSC kinetics

When HSC are in an active state of the cell cyloby thave the option to follow paths of
self renewal or differentiation via asymmetric aythmetric cell division. However,
studies examining the cell cycle status of HSC petmns have identified that the majority
of HSC are inactive and only a small percentagd®€ are actively proliferating.
Quiescence is now known to be a common propersyeim cells. It is this function that is
thought to be crucial for the ability of stem cetianaintain homeostasis and the capacity
to respond to stress or injury with regeneratioerdiie period of a lifetime. In particular,
it's believed that the quiescent phenotype is &serve genomic integrity and to ‘escape’
stress from external stimuli (Pietras et al., 20iBnd Bhatia, 2011). it is generally
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accepted that the majority of HSC are quiescentaaadnly induced to proliferate at low
levels during basal haemopoiesis and at higheideltee to haematological stress (Li and
Clevers, 2010).

Quiescence refers to a cell in a state of dormanayactivity in which the cell is not
dividing, therefore is in gphase of the cell cycle. Quiescence should notibmtarpreted
with other processes in which cells are movedgar@luding senescence. Quiescence is
viewed as a temporary state of inactivity in whiells are held in g@but can re-enter the
cell cycle in response to particular stimuli. Iregtesenescence has been defined as a form
of replicative cell death in which proliferationirseversibly arrested (Campisi, 2013).
Senescence is known to be induced in responsartolisincluding DNA damage,
epigenetic changes or activation of tumour suppregsnes. Although there is some
literature to suggest senescence may not be caghplaeversible, there is a distinction
between quiescent and senescent cells and it e@gnaccepted that senescent cells do

not re-enter the cell cycle.

Experiments using the stem cell hair follicle systesed dyes which were diluted upon
cell division and identified that a proportion @lis were ‘label retaining’ (Cotsarelis et
al., 1990). Similar observations were made in oflystems containing stem cells,
including the gut epithelium and epidermis (Cheand Rando, 2013). Experiments in the
haemopoietic system identified that adult HSC aostig quiescent, with around 1-3% in
cycle and 90% in g(Harrison and Lerner, 1991, Goodell et al., 1¥&dford et al.,

1997, Cheshier et al., 1999). These cells weresdlsan to exhibit low RNA content and
absence of markers involved in cell proliferati@néung and Rando, 2013).
Haematological stress using chemotherapeutic ré&gémorouracil (5-FU), results in the
killing of mature, cycling cells and essentiallyptktes the BM system. Experiments found
that the HSC population moved into an active cgtle state in response to 5-FU
treatment and replaced the haemopoietic systemthatiproduction of progenitors and
subsequently mature cell types (Harrison and Led#91, Van Zant, 1984, Goodell et al.,
1996, Dixon and Rosendaal, 1981). A global geneesgon analysis demonstrated that 5-
FU induced a proliferative signal in the HSC, whiekulted in a preparative state in the
HSC population. This was followed by active praigton, before being re-introduced into
quiescence depicted by distinct gene expressidarpatat each stage (Venezia et al.,
2004). Collectively, these studies suggest thahthprity of HSC are in a state of
guiescence, allowing cells to be ‘poised’ for emgthe cell cycle to give rise to mature
blood cells when required, while maintaining a dantnstem cell pool. The balance of



43

guiescence and proliferation is controlled for lewity and also for protection from genetic

damage and stem cell exhaustion (Pietras et dl1)20

What are the molecular mechanisms which underlldate decisions? Evidence has
shown that a combination of both intrinsic and iesic mechanisms are involved which
will be discussed below.

1.3.6 Intrinsic regulation of HSC behaviour

Intrinsic factors which regulate HSC behaviour el autonomous which are already
embedded within the cell. Factors include genemaiiRNA expression, epigenetics,
metabolism and protein expression including p@stdiational modifications. A brief over
view of the mechanisms involved in the intrinsigukation of HSC behaviour are

discussed.

The ability to identify and isolate rare HSC popiglias has allowed gene expression
analyses. The identification of highly expressedegen primitive HSC populations and
studies using knock down or over expression habtéded our understanding on their role
in HSC maintenance. Genes previously identifietuithe members of the Homeobox
family (HOX) of genes, Polycomb (PCG) and Wnt faeslof genes (Eckfeldt et al.,
2005). As quiescence is fundamental to HSC behavwgamnes involved in cell cycle
regulation have been identified to be essentiaH8€ maintenance, including the Cyclin
family members (Pietras et al., 2011, Zon, 2008)tHermore, studies have shown that
signalling pathways fundamental to developmeniise essential for HSC maintenance.
These include the bone morphogenetic protein (Bfdm)ly members, Notch and
Hedgehog signalling (Eckfeldt et al., 2005). In iéidd, genetic mutations involved in
malignancies of the haemopoietic system have beggorted to regulate normal HSC
including Scl and Lmo2. Finally, chemical treatmbas identified particular
genes/pathways fundamental for HSC maintenancanpbes include retinoic acid and
prostaglandin Ewhich were found to alter signalling pathways ineal in HSC
maintenance including HOX and BMP pathwéxsn, 2008).

It is not solely gene expression which is fundarakfor controlling HSC behaviour. In
addition, there is the added complexity of proeipression and post translational
modifications which can occur. Furthermore, traipgon factors, epigenetics and

microRNA (miRNA).are involved. Transcription facsoincluding p53, Runxl1, Cbp and
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Gata2 have been identified to be essential for IHB@tenance (Pietras et al., 2011, Zon,
2008). MIRNA are a class of small noncoding RNAt thi@e involved in the regulation of
gene expression. More recently, miRNA were idegdifio be fundamental for intrinsic
HSC regulation (Zhao et al., 2013, Alemdehy anceakd, 2012). Finally, modifications
of chromatin are involved and it has been showhepaenetic regulators including E2H2

and MLL are necessary for HSC self renewal (Zo080

Experiments have identified that HSC reside incation which is of low oxygen levels
(Zzhang and Sadek, 2013). Over the past severad ygadies have shown that HSC have
lower rates of oxygen consumption and master régud@f metabolism including
hypoxia-inducible factors (HIF) have been showbeassential for HSC maintenance. It
has now been identified that various aspects odbwdism including mitochondrial

respiration and oxidative stress are fundamentadHf®C activity.

It is clear that a complex network of gene, protemd other regulatory mechanisms are
involved in the functioning of the HSC through ingic mechanisms. However, to add to
this complexity, cell fate is not solely controllbg mechanisms intrinsic to the HSC. HSC
behaviour is regulated by extrinsic factors whiatiude growth factors (GF) and
signalling pathways from within the BM niche wheihe adult HSC reside.

1.3.7 BM niche

There are distinct phases and locations of haerasgoivhich occur over the period of a
lifetime. These can be divided into haemopoiesindgudevelopment in the early embryo

and in the adult.

Studies have aimed to identify and understand whedewhen the first haemopoietic cells
appear in the early embryo. Studies on haemopadresiarly development have been
facilitated using the embryos of model organismeluding the zebrafish, chick and
mouse. In the developing embryo, the first haemetpocells have been identified to
appear in the yolk sac and blood islands of thekcémbryo (Dzierzak and Speck, 2008).
In terms of the first HSC, elegant transplantastudies collectively identified that the first
HSC appear at embryonic day 10.5 (E10.5) in theaagwnad-mesonephros (AGM) region
of the developing embryo (lvanovs et al., 2011 )p&xments using explants of particular
regions identified that these cells at this staggragion were capable of long term,

multilineage reconstitution of irradiated hosts zak and Speck, 2008). Some
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controversy exists about whether the first HSCleafound in the AGM region or exist at
an earlier timepoint of development in the yolk §aamokhvalov et al., 2007). During
mid to late gestation, HSC migrate to the fetatdjwvhich is an important site of
haemopoiesis in early development and they subsd#gueigrate to the predominant site
of adult haemopoiesis, the BM.

Bone cavities are formed during early embryogendsesHSC migrate to the endosteum
after birth and this remains the predominant sitea@mopoiesis throughout adult life
(Dzierzak and Speck, 2008). At the adult stageethhee secondary sites of haemopoiesis,
including the spleen, thymus and lymph nodes. bhtamh, HSC are capable of migrating
to and from the BM into the periphery at low levalsl is modulated in response to
inflammation, stress or injury (Ratajczak and K&0;12). In this thesis, factors involved in
adult haemopoiesis are investigated, therefor&WMend haemopoiesis in the adult
system will be discussed onwards.

The BM has been termed the adult haemopoietic &idbe to the complex signalling and
interactions that occur between HSC and other wgttgn the structureThe term niche
was first introduced in 1978 by Schofield and isvrexcepted and commonly used
(Schofield, 1978). The concept of a stem cell nish@ot unique to the haemopoietic
system. An excellent example of this is demongtrateexperiments on germ stem cells
(GSC) in the model organisBrosophila MelanogasteilGSC were found in close contact
with accessory cells and their interaction was tbtmbe fundamental for stem cell
properties, including proliferation and differeniien (Eckfeldt et al., 2005A dynamic
niche has been well described for other stem gstess, including the intestinal
epithelium and epidermal structures such as thefdiicle (Moore and Lemischka, 2006).
Collectively, these studies have identified a tigierplay between stem/progenitor cells
with other cell types, which cooperate to ultimatelaintain tissue homeostasis and
function. Since the original proposal of a BM nicha abundance of literature has
emerged to show how diverse cell types within tishenaffect HSC behaviour and
maintain a functioning haemopoietic system (Moareé Bemischka, 2006, Weissman,
2000).

The BM niche is composed of several cell typesudiclg osteoblasts (OB), osteoclasts
(OC), stromal cells, EC, macrophages, sympatheticaus system neurons, glial cells as
described in a recent review (Smith and Calvi, 20TBe evidence of how these cells

regulate HSC behaviour and haemopoiesis is disdusdew. The majority of research on
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the BM niche has been carried out on mouse mokeigever more recently some human
research has emerged. Mouse and human researdiewiibcussed separately to avoid

confusion.

1.3.7.1 Extrinsic regulation of HSC behaviour

1.3.7.1.1 Mouse

MSC have been shown to play fundamental roles é@mlogoiesis and have gained interest
in the literature recently. Original experiment$atbthat individual cells derived from the
BM could formed colonies of a fibroblast nature iethwere colonies derived from single
clonogenic cells (Friedenstein et al., 1968). Treeenow referred to as colony forming
units fibroblast (CFU-F). In addition, these cellsre known to exhibit self renewal and
differentiation, indicating that these cells wefestem cell origin (Friedenstein et al.,
1982). These cells were termed MSC and were subsdigudentified and isolated.
Although there is controversy regarding the exaglecular signature of these cell types, a
recent review describes the most up to date phpaatyhuman and mouse systems
(Frenette et al., 2013). MSC reside in the BM nialinere they can produce stromal cells,
adipocytes, chondrocytes and OB which have beehadated to play a role in HSC
behaviour. The interactions occur through a vardtyell surface receptors, secreted
ligands and GF (Krause et al., 2013). Experimeat hdentified that these cells and their
progeny express proteins, including CXCL12, SCHjiApoietin-1, various adhesion
molecules (for example, VCAM-1), VEGF, Wnt and Notgands (Ding and Morrison,
2013). The receptors for these proteins are expadsp the HSC population and these
interactions have been identified in the literatiar@lay important roles in HSC properties,
including quiescence, adhesion, maintenance ahdeselwal (Eckfeldt et al., 2005, Li et
al., 2009, Yamashita et al., 2012, Reya et al. 328@ito et al., 2005).

In addition, various experiments using gene dembedind over expression noted that other
cell types within the niche, macrophages, adipa;yggmpathetic nerve neurons
adipocytes, extracellular matrix and glial celleedd HSC numbers or mobilisation
(Krause et al., 2013, Smith and Calvi, 2013). TRH#VES composed of collagens,
glycoproteins which can influence a variety of Hfts@ctions including adhesion,

proliferation, survival and differentiation (Muth &., 2013).

Gene targeting studies have identified that a serie@evelopmental signalling pathways

are involved in HSC maintenance. Studies identified{3, Wnt, Notch and Hedgehog
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were essential for the extrinsic regulation of H&baviour (Pietras et al., 2011). A more

in depth discussion is provided in the followingagraphs.

Cells which have gained a lot of interest in the Bighe are OB and OC (Mansour et al.,
2012). OB and OC are involved in bone modelling sevkeral studies have provided
conclusive evidence that OB regulate HSC behavibhas been shown in mouse models
that altering OB numbers alters the number of H&Gn(ic et al., 2004, Calvi et al.,

2003). In the study by Caleit al, transgenic mice with activated parathoid horm@ieH)
were used which increase OB number and consequé8tynumbers. In another study,
complimentary findings were reported. Visngital,used transgenic mice expressing
herpes thymidine kinase under the collagen typerpter (Visnjic et al., 2004). In these
mice a bone loss was reported which resulted iecaedse in BM cellularity including
mature cell types and the HSC population. A resaurdy also implicated the role of BM
macrophages. Winklat al,used transgenic mice (Mafia) to deplete macrophagéds
found a reduction in OB numbers which resultednnrnerease in HSC mobilisation
(Winkler et al., 2010). Furthermore, experimentshiting or activating OC has shown
alterations in HSC mobilisation although there some discrepancies between studies
(Miyamoto et al., 2011, Kollet et al., 2006). Itshaeen shown that increasing OC number
alters HSC mobilisation. The study by Miyametioalused three different transgenic
mouse models which reduced osteoclast numbershages no effect on mobilisation.
However, pharmacological inhibition of OC was shawmncrease HSC mobilisation
(Miyamoto et al., 2011). Recently, a mouse mo@&/Qg resulting in loss of osteoclast
activity resulted in HSC effects but also dramatffects on the BM niche (Mansour et al.,
2012). Results showed increased MSC productionreshuced osteoblast differentiation.
Ultimately these niche changes resulted in a deeraaHSC homing. Further experiments
identified a Notch signalling as a key signallirgglpivay in this process (Calvi et al.,
2003). Collectively, there is conclusive evidenaerf mouse studies that both OB and OC
play a fundamental role in the regulation of HSG@parties. As these cells are located in a
particular region of the niche in close proximitythe bone tissue, it was hypothesised that
there may be distinct regions within the niche imgat for HSC behaviour.

Experiments have shown that cell types are locat@drticular areas of the BM niche
which are essential for their development and naditum (Nilsson et al., 2001). To get an
indication of the BM architecture and cell to datieractionin vivo, studies on the BM
niche have used histological analyses. These awmhave provided great insight into the
location of particular cell types in the BM nichedaindicated possible function. However,
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histology provides only a two dimensional view loé thiche, therefore more recently,
intelligent imaging techniques, using intravitalonascopy, have been employed to
examine the niche with the intact three dimensianetitecturen vivo. Studies have
identified distinct areas within the BM niche iniath HSC populations reside. More
specifically, HSC have been identified to locali$ase to the endosteal surface of
trabecular bone, endosteal niche which has beemteghin HSC after transplantation
(Nilsson et al., 2001, Lo Celso et al., 2009). $hely by Nilssoret alused labelling of

cells and transplantation into non ablated recigieftem cells were found to locate to the
endosteal niche and more mature ‘lineage restrictdts were mostly located in the
central marrow (Nilsson et al., 2001). Another studed an alternative technique of live
imaging of transplanted, labelled cells in the adlym and they noted that cells with
varying maturity/differentiation located to differieareas within the BM niche (Lo Celso et
al., 2009). In addition, it was observed that H8Eate to the endosteal niche when
required for expansion suggesting this area cangt@m cell behaviour. In terms of a
mechanism, a variety of studies have identifiedipaar proteins involved, with calcium
signalling as an example. HSC lacking a calciunssgnreceptor were shown to have a
defect in their localisation to the endosteal njekleich was shown to be disruptive to their
function (Adams et al., 2006). Research has beedwated primarily on the calvarium
which has been shown to be an ideal model fordeteimaging. However, differences in
mouse models used, labelling of cells, exact agbybations studied and niche area studied
will likely contribute to differences between stesl Indeed, a recent study has argued that
different BM compartments are diverse and showhkist data in which heterogeneity in

their structure and function is shown (Lassaillyalet2013).

Although there is a great body of evidence to sagtiat the endosteal niche is
fundamental to HSC function, a vascular niche exigtich is also important. The vascular
niche is located in the centre of the BM closemltlood vessels. It contains sinusoids
which contain a layer of EC (Kopp et al., 2009)islproposed that different anatomical
areas of the niche control different HSC behavieitin the general consensus that more
mature progenitors reside in the vascular niche @gfial., 2009, Lo Celso et al., 2009).
However, this is contradictory evidence in theratare and HSC have been reported to
reside in the vascular niche with more mature pmdges located in the endosteal niche
(Ding and Morrison, 2013). However, it has beengasted that experiments reporting that
HSC reside close to the endosteum perhaps undeatstihe vascular niche. There are
also issues due to the close proximity of both escand there are technical issues involved

with the size of animal tissues (Doan and Chut&220However, in spite of the
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controversy in the literature regarding this isgbere is evidence that shows the vascular
niche plays an important role in HSC behaviour (Elck et al., 2005). Studies have shown
this involves blood vessels and the sympathetieaer system. A study by Yamazati

al, used TGR3 type Il receptor null mice to confirm the roleH$C maintenance
(Yamazaki et al., 2011). They found that non-myaglimy Schwann cells were responsible
for TGF expression through nerve cells. Furthermore, néevervation reduced
Schwann cells and consequently decreased HSCuaber. Another study reported the
function of EC in HSC function. Research by Winldeal, used transgenic mice null for
E-selectin and reported HSC proliferation and cheameitivity was altered. In addition,
pharmacological inhibition of E-selectin reducedG&oliferation. E-selectin was found
to be expressed in BM EC exclusively in the vascuoiehe (Winkler et al., 2012). This
research supports the concept that HSC proliferasi@anportant in the vascular niche and
quiescence HSC reside in the endosteal niche (l€bpp, 2005). CXCL12-abundant
reticular cells (CAR) which express CXCL12 haverbsbown to play a role in
maintaining the HSC quiescence pool through CXCRvese cells have been reported in
both the endosteal and the vascular areas witkiB niche in particular around the
sinusoids in the vascular niche (Sugiyama et aDg2.

However, collectively these studies must be intetgat with caution as mostly these
experiments usi vivoanalysis of the BM niche typically after transpkian.
Transplantation stresses the haemopoietic systdmay indeed alter cell interaction
dynamics, in comparison to behaviour that occuis mormal, physiological setting.

Studies examining oxygen sensing have identifiatl titre BM niche is ‘hypoxic’, which
refers to a state of low oxygen. Original experitsemhich used targeted deletion of
essential hypoxic genes in the haemopoietic syftemd a reduction in HSC function and
maintenance in response to deletion of these péatigenes (Takubo et al., 2010).
Furthermore, it has been proposed that particu&C ldopulations require distinct
metabolic programs and require different oxygerlewaccording to their function (Warr
et al., 2013). These signalling pathways are atded to DNA damage and oxidative
stress and there is compelling evidence to shotthieae pathways are relevant to HSC
and their niche (Moore and Lemischka, 2006).

The studies outlined above clearly demonstratettieaBM niche is a complex interplay of
several diverse cell types that work cooperatitelgrchestrate haemopoiesis over a

lifetime. Various studies have implicated the rolgarticular proteins in the regulation of
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the haemopoietic niche, including BMP, Wnt and Madgnalling (Moore and Lemischka,
2006). These signalling pathways are also knowsetmvolved in several other stem cell
niche systems and therefore a conserved stemigeditare common among several tissues
has been proposed (Eckfeldt et al., 2005). Undwalgig niche interactions is fundamental
to understanding HSC behaviour. In addition, haetogical diseases are known to

exhibit BM abnormalities. Recent evidence showexd the niche becomes modified in
response to disease, which ultimately resultetienprotection of malignant HSC from

apoptosis (Krause et al., 2013).

1.3.7.1.2 Human

Perhaps not surprisingly human studies on the Bi¥enare rare. Recently, a study by
Guezguezt al.examined HSC location in xenograft mouse modelsuesimy histology of
BM trephines (Guezguez et al., 2013). In this stullg authors characterise the location of
HSC within human BM biopsy specimens and use humanse xenografts. In accordance
with the majority of literature on mouse studiegitan HSC were located in the trabecular
bone area in an endosteal niche. Furthermore, @BNaich signalling were found to play

a role in HSC function.

A collection of studies from both mouse and humarnets has shown that the BM niche
is indeed complex and contains a variety of difiéiell types and signalling molecules
which each play a fundamental role in regulatingrhapoiesis. A summary of the main

cell types with key molecules involved is presenteBigure 1-7.
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Figure 1-7 Schematic diagram of components of the B M niche.

The majority of research on the BM niche has beguiged from mouse studies. The BM
niche is important for stem cell function and tes$wmeostasis. The niche is a tight
interplay of various components, cell types, GIssets, nerve fibres and matrices. Studies
have highlighted that there are two distinct regidhe endosteal and vascular region
which are both important for stem cell functionti®ugh the majority of research has
hypothesised that the endosteal region is wheresqgant HSC are maintained and the
vascular niche supports more mature, committedgmiogr cells. HSC interact with the
niche through adhesion molecules and gap junctiyiekines/chemokines and GF and
extracellular matrix. Schematic adapted from pigdsliterature (Ehninger and Trumpp,
2011, Geiger et al., 2013, Eckfeldt et al., 2005).

1.3.8 Methods for understanding HSC cellular fate decisions

Several methods can be used to identify novel ciateligenes/pathways involved in
regulating a particular biological process inclugirypothesis and data driven approaches.
Data driven approaches apply a non biased apptoadkntify candidates. As an

example, data driven approaches including geneesgmn analyses on a high-throughput
scale can be used as a tool to identify candidatedved in biological processes (Bryder

et al., 2006, Eckfeldt et al., 2005). High-throughpcreening analyses are not limited to
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gene expression and studies have shown that epigegmretein and phospho-protein

screens can be carried out.

The experiments designed in this PhD thesis wesedan a previous microarray study
which aimed to identify transcriptional differendestween quiescent and proliferative
HSC populations. Although various previous stutti@ge identified a variety of different
factors which play a role in HSC quiescence, #tik not well understood (Li, 2011, Park
et al., 2010, Liu et al., 2009). Several studiegeh@imed to identify novel transcriptional
targets in quiescent HSC, however the literatuddiminated by studies on mouse HSC
(Cheung and Rando, 2013, Forsberg et al., 2010exiaret al., 2004, Passegue et al.,
2005). Understanding the molecular mechanisms iyidgmuiescence in normal HSC
can provide a foundation for when this becomesgigated, for example in response to
ageing and disease (Geiger et al., 2013, Li, 2Gtaham et al., 2002).

1.3.9 Study rationale

A previously published microarray study from ouowgp aimed to use a high-throughput
gene expression platform to identify candidatefedehtially regulated between quiescent
and proliferative human HSC. This screen was achwig using human haemopoietic
stem/progenitor populations sorted based on tledlicgcle status with DNA and RNA
flow cytometry markers (CD3% (Graham et al., 2007). Hoechst 33342 and Pyrgrane
widely used flow cytometry stains for the identimn of populations with differential cell
cycle status (Shapiro, 1981). In the previous stuhple CD34 cells were sorted for G
and dividing cells (@G,/S/M) using Hoechst and Pyronin Y. The subfractimese sorted
using flow cytometry with Gdefined as (CD34 Hoechst", Pyronin Y°") and dividing
defined as (CD3%4 Hoechst""9" Pyronin Y'9". Global gene expression analysis was
conducted and the published results from this scigkentified that the most up regulated
group of genes in g&compared to dividing HSC were chemokine ligandsuiing

CXCL1, CXCL2, CXCL3, CXCL5, CXCL6, CXCL10, CXCL11Inad CXCL13.The genes
reported with the greatest differentiation expr@sdietween populations were CXCL1,
CXCL2, CXCL6 and CXCL13. The majority of these ligis bind to a communal receptor
CXCR2 (CXCL1, CXCL2 and CXCL6), suggesting this coon signalling pathway may
play a role in stem cell properties, in particuidarescence/Ne therefore focused on these
ligands in the human system and the rationaleisfRhD thesis was to investigate their

biological function.
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Although global expression studies are useful anghncreased our understanding of
particular biological processes, candidates musahdated and their individual role
should be deciphered. The main aim of this study tvavalidate expression data from the
original array and extend this research by exeguminvestigation into the biological
function of chemokines in terms of HSC behaviour.

1.4 Chemokines

Chemokines are a family of small molecular weigtibkines which are secreted and bind
specific chemokine receptors to elicit their efse@lurphy et al., 2000). Chemokines are
named due to their ability to induce directed chiamxig in nearby responsive cells and due
to their presence within the cytokine family. Thajarity of the literature is based on the
ability of chemokines to attract and activate lexjkes (Baggiolini, 1998). An abundance
of literature is now available showing that chenmelsi play roles in a diverse range of
biological functions. It would be impossible to epall aspects of chemokine function in
detail in this thesis, therefore a brief overvieizclbemokine function is described. The
primary topic of this thesis is HSC biology themef@a detailed description of chemokines

in haemopoiesis is provided.

1.4.1 Classification

Chemokines were first discovered with the iderdifiicn of proteins that could induce
directed cell migration. After the discovery of tlirst chemokines, the identification and
isolation of others quickly followed (Murphy et ,a2000). The accumulation of literature
with the identification of novel chemokines resdlia a random nomenclature, although
some proteins had similar structures and functibnaddition, several groups often
identified the same protein simultaneously, buhwiifferent nomenclature, making the
literature confusing. To overcome this issue, asifacation system was devised and
proposed in a keystone chemokine symposium witlstitaeegy for the classification of
chemokines according to their structure and functio 2000, a nomenclature system for
chemokine receptors was devised (Murphy et al.QR0lhis was extended to include
ligands and receptors (Zlotnik and Yoshie, 200@jshovel classification system created
a standardised nomenclature for the naming of ckemas and grouping according to their
structure. The classification system is logicahegally accepted and widely used.

Although a few studies still quote chemokines ushegr alias, for simplicity, the naming
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of chemokines in this thesis will be accordinghe standardised classification which can
be observed in Table 1-1 (Zlotnik and Yoshie, 2000)

Chemokines were named according to the presencpaaitibning of a cysteine residue in
the N-terminus of the protein structure (Zlotnildaroshie, 2000) (Figure 1-8).
Chemokines were classified into CXC, CC, XC anaCXroups according to the location
of the cysteine peptide with other peptides. The&CGXmily members contain two cysteine
peptides with an amino acid separating them, they@Gp contain two cysteine peptides
in juxtaposition, the XC family members containirgge cysteine peptide which follows
an amino acid and finally the G& group contain two cysteine peptides with the gmes

of three amino acids separating them. An identgymamber was given for each individual
chemokine. The standard nomenclature is used téladdition of L for ligand and R for

receptor with numbering from 1 upwards for bothk€al-1).

It can be observed from the list of chemokines thate are many different known
chemokines which have different functions. To aalthts complexity, the existence of
chemokines varies between human and mouse spgtésik and Yoshie, 2012). For
simplicity, the table shows a list of human receptnd ligands from a recent review
which is based on human chemokines. Mouse homalegknown to exist and there are
mouse chemokines that have high homology to theanurthemokines. However, as
described by Zlotnilet alin their recent review of the classification systirare is not
always a homolog between species (Zlotnik and ¥st000). There are chemokines
found in mouse which have no clear human homolaimicontrast there are human
chemokines which have no clear mouse homolog. ditiad, for several chemokines,
there are mouse chemokines available which havidasityto sequences of human
chemokines, however the exact homolog is not clearsimplicity, mouse homologs
available are discussed in more detail for spectiemokines throughout the text.
Furthermore, variants of particular chemokines Haaen found (Zlotnik and Yoshie,
2012). These vary in terms of the protein structuseally through the removal or addition

of amino acids. These will be described in moraitiédr particular examples in the text.
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Family Receptor Ligand
CXC CXCR1 CXCL6, CXCL8
CXCR2 CXCL1, CXCL2, CXCL3, CXCLS5,
CXCL6, CXCL7, CXCL8
CXCR3A CXCL9, CXCL10, CXCL11,
CXCL13
CXCR3B CXCL4, CXCL4L1
CXCR4 CXCL12
CXCR5 CXCL13
CXCR6 CXCL16
Unknown CXCL14, CXCL17
cC CCR1 CCL3, CCL3L1, CCL5, CCL7,

CCLS8, CCL13, CCL14, CCL15,
CCL16, CCL23, CCL26

CCR2A/B CCL2, CCL7, CCLS, CCL13,
CCL16, CCL26
CCR3 CCL3L1, CCL5, CCL7, CCL11,

CCL13, CCL14, CCL15, CCL24,
CCL26, CCL28
CCR4 CCL17, CCL22,
CCR5 CCL3, CCL3L1, CCL4, CCLAL1,
CCL5, CCLS8, CCL11, CCL14,
CCL16, CCL26

CCR6 CCL20
CCR7 CCL1, CCL19, CCL21
CCR8 CCL1, CCL16
CCR9 CCL25, CCL27, CCL28
CCR10 CCL3L3, CCL4L2, CCL27, CCL28
XC XCR1 XCL1, XCL2
CXsC CXsCR1 CXCL1

Table 1-1 Chemokine classification system.

Chemokines are classified into subgroups basetiepresence and positioning of a
cysteine residue in the N-terminus of the protéiacture. Chemokine ligands are given
the letter L and a particular number with recepgven the letter R. The table shows all
chemokines in each subfamily with the known binddagtners. The chemokine data is in
reference to the most recent review of the chenso&uperfamily by Zlotnik and Yoshie
(Zlotnik and Yoshie, 2012).
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Figure 1-8 Protein structure of chemokine families.

Schematic is modified from published literature l{lRe, 1997). Schematic diagram
demonstrates the protein structure of chemokinealisnThe chemokine protein structure
contains an N-terminal loop connected with bonds/éen cysteine residues depicted by
C. The tertiary protein structure of chemokines\ag similar. Families are distinguished
using the presence and positioning of amino ac{jlsnpetween cysteine residues near to
the N-terminus of the protein. Chemokines shareuetsired core consisting of thrge
sheetsf{1, B2 andp3) with ana-helix at the C-terminal of the protein structunghw
disulphide bonds which stabilise the structure.

1.4.2 Signalling

Chemokine ligands are expressed by the cell anth#jerity are secreted as soluble
factors which interact with their cognate chemokieeeptors. Chemokine receptors are
expressed selectively on particular cell types Wwinmediate the chemokine signalling
response. An interesting aspect of chemokine byolbgt is highlighted by Table 1-1 is
the observation that several ligands can bind @ingesreceptor and similarly that several
receptors can bind the same ligand. This adds plexity to chemokine signalling as it is
known that a high level of redundancy and compemngahechanisms between
chemokines exist. An example is the CXC family, athplays a predominant role in the
induction of leukocyte migration. It is thought tis@veral chemokines share roles in this

function to ensure robustness in cell recruitmeming) inflammation (Mantovani, 1999,
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Remick et al., 2001). Another example is the abdlity of viable knock-out mouse

models of particular chemokines. This suggestsshated chemokine function has
developed in order that fundamental biological peses are not affected by the absence of
individual chemokine genes (Mantovani, 1999). Hogrethe concept of redundancy has
been questioned and there is evidence againgh#uosy (Schall and Proudfoot, 2011).
Studies have shown that different binding partbetfie same receptor can result in
different receptor behaviour or kinetics. An exaenigl CXCL8 which binds both CXCR1
and CXCR2, however ligand binding shows differenekics for each receptor (Holmes et
al., 1991, Murphy and Tiffany, 1991). Furthermatidies have shown that different
ligands binding to the same receptor show diffebépibgical responses and there are key
roles for specific chemokine interactions thatraveshared between ligands. In addition,
there are also specific ligand and receptor pastwhiich are unique and have only one
binding partner including C;CL1 and CXCR1.

The majority of chemokine ligands function by bimgliand signalling through chemokine
receptors which are 7 transmembrane domain spaguagosine nucleotide binding
protein (G protein) coupled receptors (GPCR). Byjedn extracellular domain at the N-
terminus of the protein structure binds the takgeind and the intracellular domain at the
C-terminus is responsible for signal transducti®aokaert and Pin, 1999, Murdoch and
Finn, 2000). The structure contains seudrelical transmembrane domains with three
intracellular and extracellular loops. Receptodioig of the ligand results in receptor
homodimerisation, internalisation, signal transaucand activation of downstream
signalling pathways (Raman et al., 2011). The atabsethod of chemokine receptor
signalling transduction is similar to that of a#teve GPCR and involves signalling of
heterotrimeric G-protein complexes as illustrateérigure 1-9 (Bockaert and Pin, 1999,
O'Hayre et al., 2008). Consequently to ligand/remejpinding, receptors are
homodimerised and the G protein pathway is actid/étéellado et al., 2001). The G
protein pathway includes activation oft@ andy subunits which control the binding and
hydrolysis of guanosine diphosphate (GDP) to guiaedasiphosphate (GTP). In the
Inactive state, the & p andy subunits are bound with GDP. Ligand binding resintthe
activation of the receptor and the G protein sulsu@DP then dissociates from the G
subunit which is replaced by GTP. The-GTP complex dissociates from the receptor and
from the @ andy subunits. The process is demonstrated in Fig@eThese separate
complexes then activate downstream effectors, whlimately leads to a cellular
response. The éand @/y sub units activate distinct signalling pathwayswbich some

overlap.Following prolonged exposure to a ligand, the rémepan become desensitised
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(Murdoch and Finn, 2000). Consequently, the intésad receptor can be ‘recycled’ to the
cell surface or be targeted for degradation whsdmought to be important for monitoring
the signalling response (O'Hayre et al., 2008, dadind Claing, 2009).

To add to the signalling complexity, certain cheimekreceptors have been shown to
homodimerise or heterodimerise, a process whithoigght to result in the activation of
distinct signalling pathways and biological respméSalanga et al., 2009, Mellado et al.,
2001). This has been observed for several chemgidrtaers including CCL3/CCL4,
CXCL4/CXCL8, and CCL2/CCL8. It has been proposeat teceptor dimerization
involves the JAK/STAT signalling pathways and dotueam transcriptional targets which

are important for chemokine regulationvivo.

A series of downstream signalling pathways arevatgd in response to ligand binding
which mainly involves the activation of protein &Bes. The activation of signalling
pathways is dependent upon the chemokine, théypalwhich elicits the response and
indeed the required biological response which mrearised in the comprehensive review
by O’Hayreet al (O'Hayre et al., 2008). Briefly, signal transdunti@sults in the
activation of phospholipase C (PLC) which cleaviesgphatidylinositol (4,5)-biphosphate
(PIP2) into iositol triphosphate (IP3) and diacytgrol (DAG). This results in the
activation of downstream signalling mediated byt@irokinases. Migration and cell
adhesion are mediated with phosphatidylinosititkenase (PI13K) and tyrosine kinase
(TK) activation as well as activation of Akt, R&xdc42, Rho and Rho associated kinase
(ROCK). Collectively, actomyosin is contracted &ndctin is polymerised which
ultimately leads to cell motility. In addition, action of Akt, PKC, TK, mitogen activated
protein kinase (MAPK) and PI3K are thought to meslihe effects on survival and
proliferation (O'Hayre et al., 2008).
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Figure 1-9 Chemokine activation using the G protein pathway.

In the inactive state, the receptor is free fragamid and the G subunits are bound. In
response to ligand binding, G subunits are actiatzruited to the GPCR and facilitate
the transfer of GDP to GTP. Thex& TP complex and theffzandy subunit both
dissociate and activate downstream signalling pagisvio elicit the required response.
Prolonged exposure to ligand binding to the GPCGRIte in phosphorylation of the C-
terminus tail. As a consequence arrestins incluftagestin are recruited to the GPCR
which blocks further interaction of the GPCR witrs@units. Schematic adapted from
published literature (O'Hayre et al., 2008).

An interesting aspect of chemokine biology is thespnce of receptors which do not elicit
a cellular response. These receptors are uniqugerns of their function, are known as
‘atypical’ receptors, and are thought to bind chkme ligands without resulting in signal
transduction (Balkwill, 2012). It has been propo#eit the lack of signal transduction is
due to the lack of a particular amino acid sequeviteh is found in all other chemokine
receptors (Graham, 2009, Ulvmar et al., 2011, Natka., 2003). Atypical receptors are
well studied and include duffy antigen receptordbemokine (DARC), CCXCKR,
CXCR7, CCRL2 and D6 (Graham and Locati, 2013). idmelom nomenclature reflects
the fact that these receptors do not transduagnalsand were not considered as classical
chemokine receptors. It is suggested that thesptexs are involved in regulating
chemokine activity, which is commonly referred &'scavenging’. Arguably the most
well studied and understood of the atypical reaep®D6. Studies showed that binding of
CC ligands to the receptor does not activationalgmg pathways commonly activated in
response to GPCR activation (Hansell et al., 2Grdham, 2009)indeed, experiments
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using CCXCKR and D6 have showed these receptorbiodnigands which are
subsequently internalised and degraded (Grahan®)2B@cent evidence has shown that
binding of ligands to atypical receptor D6 doesmsult in the activation of a classical G
protein signalling pathway, but involvegarrestin dependent signalling pathway
(Borroni et al., 2013). This pathway ultimatelyieases D6 protein at the cell surface and
is essential for the scavenging activity. As exaapbr the physiological role of this
process, D6 plays a central role in the modulatioinflammatory responses and CXCR7
scavenging has been shown to regulate tumourweival (Lee et al., 2013, Graham and
Locati, 2013, Hernandez et al., 2011).

The method of ligand and receptor binding is refémo as the classical method of
signalling, however this is not the only methoctbémokine signalling. In addition,
chemokines can interact with adhesion moleculeggayabsaminoglycans (GAG) (Allen

et al., 2007). Chemokine ligands CXCL16 andsCK1 are not secreted as soluble factors
but are attached to the extracellular surface (Adleal., 2007). However, there are cases in
which these chemokines are cleaved and can alstidaras a soluble chemoattractants
(Charo and Ransohoff, 2006, Laurence, 2006). Mecently, extracellular ubiquitin has
been implicated to bind chemokine receptors inclgdt XCR4 (Saini et al., 2010)

1.4.3 Function

Although the classification system has grouped aieénes according to their structure
and binding partner(s), these groups are not naghsdiscrete in terms of function
(Zlotnik and Yoshie, 2000). As an example, the CFA@ily contains members which
contain a tri peptide motif with amino acids glutte leucine and arginine (ELR)
between the N-terminus of the protein and the aysteesidue. The presence of this motif
allows a distinction between members of the fawilyr properties in leukocyte
chemotaxis (Laurence, 2006). Members which corttasnmotif are produced in response
to inflammatory factors and the presence of thisinatiows the chemokines to attract
neutrophils to inflammatory sites resulting in grknexocytosis and respiratory burst. As
an example, CXCL4 does not contain the ELR motif does not induce leukocyte
migration. Experiments which have manipulated thecsure of CXCL4 to include the
ELR motif showed that this mutated protein struetwas capable of leukocyte migration
(Clark-Lewis et al., 1993). This ELR motif is alsorrelated with angiogenesis which is
the process of blood vessel formation. ELR-CXC obldmes are proangiogenic and can

stimulate EC chemotaxis. In contrast, those lackimegELR motif are angiostatic (Strieter
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et al., 2005). The pro and anti angiogenic chenexkgeparates the CXC family into
discrete groups which signal through alternativeeptors (Rossi and Zlotnik, 2000).

Chemokines are known to play a variety of divees throughout the biological system
(Rossi and Zlotnik, 2000). The most recogniseddgal function in chemokine biology
Is in the direction of inflammatory cell types atmhsequently their role in the immune
response. However, it is now clear that chemokamesalso involved in development,
organogenesis and homeostasis (Mantovani, 199%j Riod Zlotnik, 2000, Zlotnik et al.,
2011). For simplicity, chemokines are generallytspto function according to their
expression patterns and expression is thought &tlher inflammatory or homeostatic.
Inflammatory chemokines are induced in responseflammatory conditions and are
generally involved in leukocyte migration to sitdgnflammation or injury. Homeostatic
chemokines are constitutively active and diredftitiang of cell types under physiological
conditions. Although this categorisation is useflen discussing function, chemokines
are more complex and it is known that these funstioverlap for some chemokines
including CCL17, CCL20, CCL22, XCL1, XCL2 and CXCBC(Zlotnik and Yoshie,
2012). As the topic in the thesis is of chemokimgsaemopoiesis and chemokine biology
iIs complex, only a brief overview of the role oflammatory and homeostatic chemokines

is discussed below with particular examples.

1.4.3.1 Inflammatory chemokines

Inflammation occurs in response to tissue damagefection and a step by step process
occurs involving the immune system to deal withitigilt (Ortega-Gomez et al., 2013).
These processes are mediated by inflammatory chaeswhich act as ‘molecular cues’.

Inflammation is complex therefore a brief overviswprovided with a few examples.

Chemokines have a central role in leukocyte rewrenit and leukocyte activation
(Mackay, 2008). Early studies identified chemokias proteins in cellular supernatants
that were capable of mediating directed chemoditraof leukocytes using modified
Boyden chamber assays (Ransohoff, 2005). Inflammahemokines are up regulated in
not only activated endothelial cells and smoothateusells, but also leukocytes,
macrophages and monocytes (Balkwill, 2012). Itleen shown that the inflammatory
chemokine response varies on the type/cause ahimflation. The majority of
inflammatory chemokines respond by an upregulaiahe transcription level whereas

other chemokines are stored in granules for imnede&ease when necessary. The
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production of chemokines at the site of injury/otfen is followed by the establishment of
a chemoattractant gradient. Chemokines presemistilges on the endothelium of post-
capillary venules, resulting in the instantaneaetss/ation of rolling leukocytes resulting in

firm adhesion and diapedesis (Ransohoff, 2005).

Acute inflammation is characterised by a predomtiyareutrophil influx resulting in
adema, redness and further recruitment of a langgber of neutrophils, whereas chronic
inflammation involves the sustained recruitment aativation of T cells and monocyte/
macrophages. Generally speaking, the CXC chemd&may are primarily implicated in
the recruitment of polymorphonuclear leukocytesiraphils) to sites of acute
inflammation, whereas the CC family of chemokinesgimarily involved in the
recruitment of MNC to sites of chronic inflammati@Ransohoff, 2005). However, there
Is some overlap in the CC and CXC family and comxiptanvolved. An example is helper
T cells (Th1 versus Th2) which have been showms$pand to distinct chemokine
signatures (Siveke and Hamann, 1998). The CXC menday a key role in wound repair
as elegantly documented by studies using CXCR2migk (Charo and Ransohoff, 2006).
As mentioned previously, the CXC family also plagieotal role in the control of
angiogenesis.

The CC sub family are referred to as monocyte clagtraxtant proteins as they are
generally involved with the recruitment of monosyte sites of injury including (but not
limited to) to trauma and infection (Charo and Rdmdf, 2006). Key chemokines
involved in monocyte recruitment include CCL2, CCCCL8 and CCL13. Studies on a
CCR2 knock out mouse model have identified that teceptor and its binding partners is
essential for this process in inflammation (Dalg &wvllins, 2003). CCR7 and ligands
including CCL19 and CCL21 are involved in T celiglalendritic cell recruitment. A
knock out mouse model lacking CCR7 has demonstthtedble of this signalling as these
mice are deficient in T cell dependent immunity ahdw disorganised lymph node T
zones (Charo and Ransohoff, 2006).

Atypical receptors as described previously inclgdD®6 are thought to play key roles in
inflammation, immune activation and anti-microliesistance (Di Liberto et al., 2008).
As an example, knocking out the D6 decoy chemoiereptor resulted in a higher
susceptibility to tuberculosis infection comparedtteir wildtype counterparts regardless

of bacterial load. These D6 deficient mice harlkedulevated levels of systemic
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chemokines and other inflammatory cytokines, ctifety implying that D6 belongs to a

network of chemokines that limit excessive inflantonga responsem Vvivo.

As an example of the role of chemokines in inflartiomg chemokines have been
demonstrated to be important in atherosclerosibyanic inflammatory disease process
occurring in the arterial wall over a long periddime that results in angina, myocardial
infarction and ischemic stroke (Weber et al., 2008)rmation of atherosclerotic plaques
is a process of on-going inflammation that is chmased by endothelial damage, MNC
recruitment and vascular smooth muscle cell pn@tfen processes that can be driven by
adhesion molecules, chemokines and their recefdeber et al., 2008, Zernecke and
Weber, 2014).

Chemokines have been implicated in some of thesaepses, such as development of
atherosclerotic lesions (Weber et al., 2008). Brisubsequent to endothelial cell damage
and activation, chemokines are expressed and peesen damaged endothelium by
binding to GAG. A chemokine gradient is createdchhattracts monocytes to enter the
sub-endothelial space of the vessel and to differteninto macrophages. In particular
CCL2 and CX3CL1 have important roles in recruitmaintnonocytes into the plaques.

The role of these two chemokines, alongside tesipective receptors CCR2 and CX3CR1
were investigated by Saederefpal, who demonstrated that these two
chemokine/chemokine receptor pairs have both iddadiand additive roles in the
recruitment of macrophages to atherosclerotic @aq&aederup et al., 2008). In addition
to macrophage recruitment, the retention of maagph within the plaque aids in plague
progression. Indeed, Trogahal, demonstrated that CCR7 expression and functen a
essential for emigration of macrophages from theraisclerotic plaque (Trogan et al.,
2006). Chemokines also play a role in retentiomohocytes in established atherosclerotic
plagues. As an example, a study by Batial, showed that when monocytes are exposed
to oxidized lipids, pro-migratory chemokine receapg@CR2 levels decrease whilst pro-
adhesive chemokine receptor CX3CRL1 levels are ase, aiding in plague formation.
Atherosclerosis is just one example of how chemekiiunction in an inflammatory
disease, chemokines are also known to be involvedn inflammatory settings.

1.4.3.2 Homeostatic chemokines

Homeostatic chemokines are named due to their sgiorein normal organs in the

absence of inflammatory stimuli or alternativelg @xpressed by cells not involved in



64

inflammation response (Baggiolini and Loetsche@®@Rossi and Zlotnik, 2000).
Homeostatic chemokines are important for lymphot#icking, B and T cell production
and during development including in organogeneasisraore specifically secondary
lymph node organogenesis (Zlotnik et al., 2011)dfets on knock out mice of particular
chemokines has formed the basis of the researtiding CXCR4, CXCL12 and CXCR5
null mice (Locati and Murphy, 1999).

These chemokines are expressed at particularagitebind to receptors that are expressed
by lymphocytes (Baggiolini and Loetscher, 2000)miphoid cells including B and T cells
are developed in secondary lymphoid organs, a psogfich is controlled by chemokines
with main players CXCR4, CXCR5 and CCR7 involveagBiolini and Loetscher, 2000,
Zlotnik and Yoshie, 2000). Most strikingly, CXCL1&ill mice do not develop to
adulthood and has been shown to have a defecteill Bymphopoiesis (Nagasawa et al.,
1996). The CXCR4 and CXCL12 signalling axis is nalgo known to be involved in stem
cell migration in early development and adult hcaat] in the development of the central
nervous system (Balkwill, 2012). Chemokines are aisolved in the development of
other organs including the thymus in which chemekinoordinate T cell trafficking
(Rossi and Zlotnik, 2000).

1.4.3.3 Chemokines in disease

Due to the fundamental roles of chemokines in warioiological processes, it is perhaps
not surprising that chemokines are connected wihage. Chemokines have been shown
to be associated with autoimmune disorders, vasdigaase and viral disease (Allen et
al., 2007). Briefly, chemokines are involved inlamhmatory diseases included arthritis,
asthma, psoriasis and atherosclerosis as usedee@aple in section 1.4.3.1 (Charo and
Ransohoff, 2006). In terms of viral disease, amadbuce of evidence is on human
immunodeficiency virus (HIV-1) with the involvemeaot CXCR4 and CCR5 (Charo and
Ransohoff, 2006, Mellado et al., 2001). Experimératge shown that CXCR4 and CCR5
are required for mediating viral entry into hosig;ewith evidence that a polymorphism in
CCR5 allows individuals to be resistant to virdeition, but more susceptible to West
Nile virus (Glass et al., 2006, Mellado et al., 2D@urthermore, HIV-1 replication is
abrogated when CXCR4 and CCRS5 are blocked (Mooaé,e2004).

Chemokines were first implicated in cancer with dhservation that high levels of
CXCL1 were secreted by melanoma cells (RichmondTdrainas, 1986). Chemokine
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signalling is now known to be directly involvedaancer development through different
mechanisms. An interesting observation was thatrebiinflammation predisposes
individuals to cancer (Hanahan and Weinberg, 20hladdition, a heightened
inflammatory state was found in response to can@atkwill, 2012). The main players
involved include receptors CXCR1, CXCR2, CXCR2, G(X; CCR2 and CCR5 and their
ligands. Currently, it is understood that chemoldigmalling is important in various
aspects of cancer development. The up regulatichenokines, particular inflammatory
chemokines results in the recruitment and actimatidmmune cells to the site. The
chemokines act to promote angiogenesis, metastasisur cell proliferation/survival and
provide a protective microenvironment (Borsig et 2013, Zlotnik et al., 2011). As an
example, deregulation of CXCRA4 is well recognigedeaveral cancers including breast,
ovarian and prostate cancer (Teicher and FrickEQ2Furusato et al., 2010). This up
regulation can have diverse effects including tunprogression, trafficking, angiogenesis
and the prevention of apoptosis. Chemokines hacelsen shown to be down regulated
in response to disease. In this way, malignans @ploit chemokine signalling for

disease development.

Due to the abundance of literature on the roleheheokines in autoimmune disorders,
viral disease and cancer development, chemokinesthecome popular as potential
pharmacological targets. The best understood aleRzXand CCR5 in HIV-1, CXCR4 in
cancers, CCR2 in atherosclerosis and CXCR1/CXCRilimonary disease (Charo and
Ransohoff, 2006).

The data discussed above highlights the complexichemokine signalling and the
diverse range of roles they play throughout théogical system. In this thesis,
chemokines CXCR2/CXCR2 binding ligands and CXClLe& facused on. Therefore, the
main function of these chemokines is discussedarerdetail below.

1.4.3.4 CXCR2 signalling

As can be seen in Table 1-1, human CXCR2 bindadig&CXCL1, CXCL2, CXCL3,
CXCL5, CXCL6, CXCL7 and CXCL8. These chemokinesexpressed on a variety of
cell types including neutrophils, basophils, mortesymacrophages, dendritic cells,
natural killer cells and mast cells (Koelink et @012). CXCR1 and CXCR2 were
originally shown to be expressed on granulocytesnv®XCL8 was shown to bind to two
receptors with different affinity (Murphy and Tifig, 1991, Holmes et al., 1991). CXCR2
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shares structural similarity to CXCR1 with a 77%rfabogy which can also bind CXCL6
and CXCLS8. There are differences between humamange CXCR2 signalling which is
discussed for the later contents of this thesisuddchomologs have been identified against
human CXCR1 and CXCR2 (Fan et al., 2007, Fu e2@05). CXCL1, CXCL2, CXCL3,
CXCL5/6 and CXCL7 mouse homologs have been idewtifzlotnik and Yoshie, 2012).
However, human CXCL1, CXCL2, and CXCL3 are strualiyrvery similar and there is
some controversy on the exact homolog for thesadlg which can be confusing in the
literature. Finally, to date a mouse homolog of Bar@XCL8 has not been identified.
However, mouse cells can respond to human CXCL&fthee it is suggested a chemokine

with a similar sequence exists (Fan et al., 2007).

CXCR2 signalling is involved in a variety of proses including leukocyte migration,
wound healing, survival, proliferation, senesceaice disease. CXCR2 signalling is
predominantly involved in leukocyte trafficking asgjnalling through CXCR?2 is essential
for the migration of neutrophils to sites of inflaration (Devalaraja et al., 2000,
Romagnani et al., 2004, Eash et al., 2010). RecegdHCR2 signalling has been found to
be important in cell senescence. Research has statvohemokine signalling via
CXCR2 reinforces senescence (Acosta et al., 200f) results showed that senescent
cells activate CXCR2 and its ligands including CXICAnd CXCLS8 reinforcing growth
arrest. CXCR2 signalling has also been implicateskiveral models of cancer. It has been
proposed that senescence prevents progressiomdoeamalignant state that is bypassed
with the acquisition of additional mutations whsippress these effects (Acosta and Gill,
2009). In addition, studies have shown that CXC4.8p regulated by tumour cells
(Waugh and Wilson, 2008). More recently, CXCR2higa CXCL1 and CXCL2 were
shown to induce inflammatory cell types to the tummicronenvironment ultimately
controlling cancer cell survival (Acharyya et &012). CXCR2 is also involved in
inflammatory disease and blocking agents are bieistgd (Busch-Petersen, 2006). In
addition, CXCR2 is also known to be involved inl gebliferation and survival with

ligand CXCL1 and CXCLS8 in a variety of cell typékséi et al., 2002, Filipovic and
Zecevic, 2008, Mockenhaupt et al., 2003).
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1.4.3.5 CXCL4 signalling

CXCL4 is one of the oldest members of the chemofangly and was discovered in 1977
(Deuel et al., 1977). Dissimilar to other ligandghm the CXC family, CXCL4 does not
exhibit chemotactic activity for neutrophils and meoytes (Kasper and Petersen, 2011).
Human and mouse CXCL4 share 64% identity (Wataetbé, 1999). CXCL4 is
predominantly produced in megakaryocytes and lmetdeo-granules of platelets where it
released upon activation (Deutsch et al., 1955irieeand Wohl, 1976). As seen in Table
1-1, CXCL4 functions through binding to a spliceatiant of CXCR3 (CXCR3B) which
has been shown in EC (Lasagni et al., 2003, Muetlat., 2008). However, the binding of
CXCL4 to CXCRS3B is not simply how CXCL4 functiorStudies have reported that cells
respond to the ligand which lack the receptor tloeesother mechanisms of action are
involved (Kasper and Petersen, 2011). CXCL4 haes lsbown to bind to GAG with a
high affinity and there is evidence that proteoghg serve as a functional receptor for
CXCL4 (Kasper and Petersen, 2011). Additionally,GIX has been shown to interact
directly and bind integrins on EC surface (Aidoatlal., 2008). CXCL4 is also able to
interact with GF including VEGF and inhibit themteraction with receptors
(Gengrinovitch et al., 1995, Bikfalvi, 2004). CXClcén also form complexes with other
chemokines as a co-factor in other chemokine resgo(Kasper and Petersen, 2011). A
variant of human CXCL4 (CXCL4L1) has been discodeaad isolated from platelets and
differs in terms of localization, secretion and &abur (Struyf et al., 2004, Dubrac et al.,
2010, Lasagni et al., 2007).

CXCL4 was initially reported to have anti heparatiaty and the main physiological role
of the chemokine is in coagulation regulation (Ei&én et al., 1994). Currently it is known
to play a role in wound healing, chemotaxis, inftaatory cell activation, proliferation,
survival, angiogenesis, differentiation inhibitiaancer development and atherosclerosis
(Kasper and Petersen, 2011, Vandercappellen &0dll). It has a well documented role
as a physiological inhibitor of megakaryocytopaemnd and angiogenesis (Lambert et al.,
2007, Maurer et al., 2006). This thesis focusetherrole of chemokines in haemopoiesis,

therefore previous published literature in thisdfis discussed in more detail below.
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1.4.4 Chemokines in haemopoiesis

Chemokines play vital roles in haemopoiesis witgirtmain roles including cell migration,
proliferation, differentiation and survival. A sunany of the role of chemokines in
haemopoiesis is provided below with a focus onliteeature involving the chemokines in
this study.

Chemokines have been shown to positively and negjgatiegulate haemopoietic cell
proliferationin vitro (Broxmeyer, 2001). In 1989, CCL3 and CCL4 were shtavincrease
myeloid colony formation, however under particigaowth conditions they inhibited
proliferation of early progenitors, both in cultiaedin vivo (Broxmeyer et al., 1989). A
variety of studies have been carried out to shaw@CL3 suppresses myelopoiesis, CFU-
S, cell cycling and HSC/progenitor cells numberso@@neyer, 2001). After the original
pioneering research, several other chemokines te@sted for myelosuppressive activity
and it was identified that several chemokines digpdl inhibitory activity against
immature haemopoietic celiis vitro andin vivoincluding CC and CXC family members
(Broxmeyer and Kim, 1999). Due to the high numdecheemokines which were found to
effect haemopoietic cell growth, targeted deletbparticular receptors was examined.
Investigation of &xcrZ’- mouse model identified that signal transductionthia
chemokine receptor is involved in negatively regotamyeloid growth (Broxmeyer et al.,
1996). CCR2 has also been implicated in this psyoeih studies using @r2’” mouse
model and there is evidence that signalling medibieCCR2 is regulates apoptosis in
these populations (Reid et al., 1999, Boring et1&197).

Chemokines have also been found to support HSG#pitmy survival. Specifically in the
CXC group, CXCL4, CXCL8 and CXCL10 were shown tpaort the viability of myeloid
progenitor cells in culture and to protect themmfroytotoxic induced cell death (Han et
al., 1997). Experiments have shown that HSC resp@@XCL8 and, in turn, CXCL8 can
be detected in human HSC populations (Behringat.£1997).

Focusing on CXCL4 as this is a key player in thissis, an abundance of research is
available on the role of this chemokine on haemetocells including
megakaryocytopoiesis inhibition and cytoprotectisumyival and adhesion of primitive
stem/progenitor cells. CXCL4 has been shown tor @ffprotective effect on haemopoietic
cells (CD34) treated with cytotoxic compound 5-FU in culturelé@n vivo (Aidoudi et al.,
1996, Xi et al., 1996). It was reported that CXQiotild increase the recovery of cells
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following 5-FU treatment including the most prinagi haemopoietic cells, the stem cells.
In addition to viability, studies have shown tha¢@_4 also promoted proliferation in
addition to viability in stem/progenitor cells iagponse to 5-FU treatment. A similar
protective effect on haemopoietic cells was fourith wther chemotherapeutic compounds
also (Han et al., 1997). In addition, experimerstgehshown that culture of CD3dells
derived from human BM or CB with CXCL4 resultedain increase in cell viability and
numbers of the primitive sub population (CDG®38 cells) (Huang et al., 2000, Han et
al., 1997). In addition to the effects of CXCL4 mmitive haemopoietic cell survival, it
has been shown to alter other propert@sCL4 has also been shown to alter cell adhesion
with an enhancement of adhesion of stem/progeodls to EC (Zhang et al., 2004,

Dudek et al., 2003). It was also noted that CXCRgression was increased following
culture with CXCL4, suggesting a possible mecharo$increased adhesion. Another
report found that CXCL4 increased CD3zll adhesion to EC and also stromal cells. The
enhancement of adhesion by CXCL4 is thought to ediated via CXCL8 and a link
between CXCL4 and CXCL8 has been previously progp¢Belus et al., 2002, Dudek et
al., 2003).

Chemokines in haemopoiesis cannot be discussedwritiescribing a well defined
chemokine interaction, that of CXCL12 and CXCR4eiflnteraction is responsible for a
variety of diverse roles, including fundamentaksoin haemopoiesis controlling the
survival and migration of HSC. The first identifi@n of a role for these genes in
haemopoiesis came from studies@xcr4” andCxcl12” embryos, which were shown to
be embryonic lethal (Zou et al., 1998, Ma et 898, Nagasawa et al., 1996). CXCL12
was shown to exert survival enhancing effects arichprove engraftment on human and
mouse HSC and progenitor cells (Broxmeyer et 8032. CXCL12 was identified as a
chemoattractant for CD34ositive cells and present in BM derived stronedisc(Aiuti et
al., 1997) (Ponomaryov et al., 2000, Peled etl8PR9, Imai et al., 1999) and CXCR4 was
shown to be expressed by CD34SC and progenitor cells (Viardot et al., 1998nkind
Broxmeyer, 1998, Mohle et al., 1998). Although oradly the CXCR4/CXCL12 axis was
considered to be monogamous, CXCL12 has been stwhbind CXCR7. CXCR7 is
expressed on HSC and possibly functions as a sgangreceptor (Pelus and Fukuda,
2008, Sun et al., 2010). In the adult BM, CXCR4/QA4€ controls HSC
homing/mobilisation and an inhibitor against CXCRMD3100) induces the release of
HSC and progenitor cells from the BM into the pkapy which synergises with G-CSF
(Zlotnik and Yoshie, 2012, Broxmeyer et al., 2005 ktudy by Sugiyamat al,used

targeted deletion of CXCR4 which severely reduc&CHhumbers without altering
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progenitor frequency suggesting that CXCR4-CXCLighalling also maintains the
quiescent HSC pool (Sugiyama et al., 2006).

In addition to the CXCL12/CXCR4 axis, a role fohet chemokines have been
documented in haemopoietic cell mobilisation (Petual., 2002). CXCL2 is a member of
the CXC family ofchemokines which functions throughding to receptor CXCR2. A
study published by reported that exogenous treatofeDXCL2 to mice resulted in the
mobilisation of HSC from the BM into the circulatigKing et al., 2001). An N-terminal
truncated form of the protein (SB-251353) was &s&md to show the same effect on HSC
mobilisation. This phenomenon was noted in micedn-human primates (rhesus
monkeys) (King et al., 2001). In addition, in compan to mobilisation agent G-CSF,
HSC mobilised into the periphery with CXCL2 and 3B5353 were reported to show
increased homing and engraftment after transplantaf the cells in addition to a higher
proportion of mobilised primitive cells (Pelus aRdkuda, 2006). Studies have aimed to
examine the molecular mechanism, however thistisvetl understood. Research
indicated the involvement of MMP including MMP-9i(lg et al., 2001). An increase in
MMP-9 in the plasma was noted prior to HSC mohiisaand MMP-9 blocking
antibodies showed this was an essential compori¢hé anobilisation. It is thought that
MMP are involved in other mechanisms of mobilisatiocluding G-CSF as a defect in
HSC migration has been reported in MMP-9 null nfideissig et al., 2002). Furthermore,
a study showed that mobilisation mediated by CXCG3R;251353 and G-CSF is
dependent on proteases secreted from neutropleilsget al., 2004). Mobilisation by
CXCL2 has been shown to require neutrophils framdists using antibodies against GR-1
(Pelus et al., 2004). Results for CXCL2 mediatedbiisation have also indicated the
involvement of receptor CXCR2, however, the chamasation of cell types that are
involved and the function of CXCR2 in HSC mobilisat signalling remains poorly
understood (Pelus, 2008). It has been noted teanhthbilising agent G-CSF up regulates
expression of CXCL2 in BM neutrophils and it is posed that granulocytes and
monocytes are required to mediate mobilisatiorGX&R2 and G-CSF (Nguyen-Jackson
et al., 2010, Ratajczak and Kim, 2012, Semeradl,2@02, Levesque et al., 2003, Pelus,
2008, Liu et al., 1997). In addition to CXCL2, anet CXCR2 binding ligand, CXCL8 has
been shown cause mobilisation of mouse HSC inteiticalation (Laterveer et al., 1996).
A study aimed to examine the molecular mechanis@X€L8 mediated mobilisation and
implicated neutrophils in the process by showindiisation did not occur in neutropenic
mice (Pruijt et al., 1999). In addition, CXCL8 mb$ation was reported to be dependent
on MMP as reported with CXCL2 mediated mobilisati&rsummary of role of CXC
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chemokines in stem cell properties is providedigufe 1-10. Due to the complexity of
chemokine signalling, the schematic focuses on CX@XCL4, CXCL8, CXCL12 and
CXCRA4.
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Figure 1-10 Chemokine regulation of HSC.

Schematic diagram shows a summary of the knownofo®XC chemokines CXCL2,
CXCL4, CXCL8, CXCL12 and their receptors in HSC pedies. CXCR4 is expressed on
HSC and responds to CXCL12 secreted by BM stromléd and various other cells within
the BM niche. This interaction regulates HSC migrato and from the niche and also
guiescence. CXCRY7 is also expressed on HSC ahduglhit to act as a scavenger receptor
for CXCL12. CXCR2 ligands CXCL2 and CXCLS8 can indute mobilisation of HSC

into the circulation which is thought to involve CR2 expressing neutrophils and MMP
molecules. CXCL4 and CXCL8 have been shown to 8I€ survival, proliferation and

adhesion however the molecular mechanism is ndtumdlerstood.

Similarly to the evidence outlined above with ché&mes in cancer, chemokines are
known to be deregulated or to have roles in mahgres of the haematological system.
CXCL8 and CCL25 have been identified as pro-suihvivaroliferative factors in various
subtypes of chronic lymphocytic leukaemia (CLL) gk@nce, 2006). Due to their roles in
normal haemopoiesis, it is perhaps not surpridiag €©XCL12 and CXCR4 are involved
in haematological malignancies. CXCR4 is decreaselsignalling impaired in response
to oncogene BCR-ABL in chronic myeloid leukaemiaMIQ and current therapy has been

shown to alter CXCR4 signalling, leading to accuatioh of CML cells in the niche and
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potential protection through stromal cell interant{Dillmann et al., 2009, Geay et al.,
2005, Jin et al., 2008). Based on this researtiibition of CXCR4 using small molecule
inhibitor AMD3100 has shown promise in a leukaemindelin vivo (Weisberg et al.,
2012). Multiple myeloma cells have been documetdeskpress various chemokine
ligands and receptors which play roles in cell hamgrowth of tumours and disease
progression (Aggarwal et al., 2006). Chemokinesanto be expressed by acute myeloid
leukaemia (AML) cells include CXCL1, CXCL6 and CXC& however the biological

function is not clear (Bruserud et al., 2007).

Collectively, chemokines control fundamental praceshaemopoiesis. Chemokines are
continuing to be found to confer important propeEstin haemopoiesis. A recent study
showed that CCL28 enhanced cell survival, cyclind Eng term repopulation in human
HSC (Karlsson et al., 2013). Although there is@agjbody of work on the role of
chemokines in haemopoiesis, the work in this thasis to build on results from a
previously published microarray in which CXC chenmas were implicated in HSC
biological properties with a particular focus on C4 and CXCR2 signalling (Graham et
al., 2007). Although there is some literature aldg on these chemokines, the data are not

conclusive, in particular the data on their expmesand functional roles.
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1.5 Thesis aims

The following thesis is an investigation into tloderof CXC chemokines in HSC
properties, including survival, self renewal, diffatiation and cell cycle status. The aims

can be broken down as follows:

1. Examine CXC ligand and receptor expression aesgent and proliferating human

HSC populations.

It is fundamental that the results from the preslgyublished microarray are validated.
The expression of key CXC chemokine ligands froendhginal array (CXCL1, CXCL2
and CXCL6) were examined at the gene expressiai lmtween quiescent and
proliferating human HSC populations. To ensurepifteein was translated, protein
expression analysis using multiple techniques sasssed. Furthermore, it was not clear
from the previous research whether CXCR2 was egpteen HSC populations. The

expression at the gene and protein level of CXCR& @amined.

2. Investigate the effect of modulating expressib@XC ligands and receptor and the
resulting biological effect on human HSC properties

To elucidate the biological function, experimentrgvdesigned to modulate chemokine
expression and examine the effect on human HSGepiep. In this section of the thesis,
chemokine ligand and receptor CXCL1 and CXCR2 Viecased on due to the high
expression in preliminary data and evidence inlitesture. Experimental techniques
included the use of over expression and knock dexators against CXCL1. To

compliment this, an inhibitor against CXCR2 sigimagjlwas used.
3. Examine the effect of CXCR2 signalling on haeniegis using £xcr2” mouse model.

Due to the presence of compliexvivo signalling involved in the haemopoietic system, it
Is possible that niche interactions of CXCR2 siingilmay play a role in stem cell
properties. Key experiments understanding chemdkinetion have used targeted deletion
of the proteins, in particular the receptor. A m®usodel in whiclCxcr2has been deleted
is viable and it was decided to use this modektomene ifCxcr2signalling is

fundamental to stem cell properties. Haemopoiesis éxamined in @xcr2” background.

Experimental techniques involved the examinatiosteady state haemopoiesisyitro
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stem cell functional assays and the effect of grntopoietic system in response to stress,

including ageing and BM reconstitution assays.

4. Examine which CXC ligands and receptors areesgad in mouse HSC populations

and investigate their biological function.

There is limited literature of the role of chemadsnn mouse haemopoiesis. Furthermore,
the previous microarray study was carried out amdmuHSC which may not translate to
the mouse system. A range of CXC chemokine ligamdisreceptors were examined for
expression by single cell gene expression anatysimouse HSC populations. Based on
the expression, the biological function was invggd using a combination of transgenic
mice, including a reporter model, examination ab&k out mouse models and knock-

down using shRNAnN vitro.
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2 Materials and Methods

2.1 Materials
2.1.1 Cell lines
Cell line Origin
HEK293 Human embryonic kidney
HT 1080 Human fibrosarcoma
PC-3 Human prostate cancer

Table 2-1 List of cell lines.

Details of the cell lines used in this study areirtiorigin are listed in Table 2-1. HT 1080
and HEK?293 cell lines were available ‘in-house’.-BCell lines were a kind gift from Dr
Hing Leung. HT 1080 and PC-3 cells express higklkeaf CXCL1 and CXCR2 therefore
were an ideal model for optimisation of technigpgser to the use of precious primary

samples. HEK293 cells were used for lentiviral igtproduction.

2.1.2 Plasmids

Plasmids were used in this study to over expredskaack down the expression of
proteins of interest. Lentiviral transduction wasignated as the appropriate technique as
primary samples (human and mouse) are difficultansduce due to their non-
proliferative status. For knock down experimentasmids encoding a shRNA hairpin for
human CXCL1 (Cat No. RHS4533-NM_001511) and mouX€IC (Cat No. RMM4534-
NM_019932) were purchased in a pLKO.1 vector coirgi a puromycin (puro)
resistance cassette (pLKO.1-puro) (Thermo Fishem8fic Inc., Hertfordshire, UK).
Each shRNA construct was designed to contain @inanf 21 base paired (BP) stem
separated by a 6 BP loop designed to target the gieinterest. ShRNA hairpins of
interest were subcloned into the pLKO.1 plasmidt@ming a green fluorescent protein
(GFP) tag (pLKO.1-GFP) as described in section6231. A plasmid encoding a shRNA
hairpin with a sequence designed as non-targetagyused as a control (pLKO.1-Scr).
CXCL1cDNA for over expression studies was cloned inptegamid with a GFP tag
(CXCL-PRRL) as described in section 2.3.6.9.2. Rgukg plasmids were required to
provide the accessory proteins required for thestaption and packaging of an RNA
copy of the expression construct into recombinaeugoviral particles. PLKO.1-GFP,
pLKO.1-Scr and PRRL plasmids were kindly donatedb¥amil Kranc. Packaging
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plasmids pCML-VSV-G and HIV-1 were kindly donateg Professor John Rossi and

Professor Paolo Salomoni respectively.

2.1.3 Small molecule inhibitors

SB-225002 is a potent and selective antagonistX@ZiR2 for the inhibition of ligands
binding to the CXCR2 receptor (Figure 2-1) (Catustsal., 2003, White et al., 1998). SB-
225002 was purchased commercially (Cat No. 559%afecular Weight 352.1) (Merck
Chemicals Ltd, Watford, UK). SB-225002 was solwdati in dimethyl sulfoxide (DMSO)
at a stock solution of 1Img/mL, aliquoted and statee?0°C for long-term storage. A
working concentration of SB-225002 was made freghdiluted to the appropriate
concentration as documented in the text, with a DM®ated control as a vehicle control.

Br OH
H H
N\H/N\CL

[ j 0

N4

Figure 2-1 Chemical structure for SB-225002.

Image shows chemical structure for SB-225002 (cbahmame N-(2-Bromophenyl)-N-(2-
hydroxy-4-ni-trophenyl)urea).

2.1.4 Tissue culture supplies

Company Product
Baxter Healthcare, Nottingham, UK Sterile Water
Biolegend, London, UK Mouse recombinant IL-3

Mouse recombinant IL-6
Mouse recombinant Stem Cell Factor (SCF)

Chugai Pharma, London, UK Human recombinant G-CSF
Gilson, Bedfordshire, UK Yellow and blue tips
Greiner, Bio-One, Gloucestershire, UK Cryotubes

Pipettes (5mL, 10mL and 25mL)
Tissue culture flasks (25&x75cnt and
175cnf)
Tissue culture plates (6-well, 12-well, 24-
well and 96-well)
Invitrogen, Paisley, UK 2-mercaptoethanol (2-ME)
Dulbecco’s modified eagle medium
(DMEM)
Dulbecco’s phosphate buffered saline
(PBS)
Foetal calf serum (FCS)
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Miltenyi Biotec, Bisley, UK

Nalgene Labware, Roskilde, Denmark

Peprotech, London, UK

Sartorius, Hannover, Germany
Scottish National Blood Transfusion,

Glasgow, UK
Sigma-Aldrich, Dorset, UK

StemCell™ Technologies, Grenoble,
France

Sterilin Ltd, Hounslow, UK

Isocove’s modified Dulbecco’s medium
(IMDM)
L-glutamine (200mM)

c-Kit microBead™ kit mouse

CD34 microBead™ kit human
CliniMACS CD34 reagent
CliniMACS microBead™ kit

CliniMACS PBS/
ethylenediaminetetraacetic acid (EDTA)
buffer
25cnt and 75cmnon-adherent tissue
culture flasks
Cryo freezing container ‘Mr Frosty’
Vacubottles
Human recombinant FLT-3L
Human recombinant granulocyte
macrophage-colony stimulating factor
(GM-CSF)

Human recombinant CXCL1
Human recombinant IL-3
Human recombinant IL-6
Human recombinant SCF
Human recombinant TPO

Minisart 0.2uM sterile filters

Minisart 0.45uM sterile filters

20% Human serum albumin (ALBA)

4.5% Human albumin solution

5-azacytidine (5-AZA)

Bovine serum albumin (BSA)
Carbonate-bicarbonate buffer

DMSO
Gelatin
Hank’s buffered salt solution (HBSS)
Histopaque®-1077
Histopaque®-1119
Hydrochloric acid (HCI)
Magnesium chloride (MgG)
Polybrene®
Potassium chloride (K@)
Puro
Sodium azide
Trisodium citrate
Trypan blue
Trypsin-EDTA
Ammonium chloride solution (NkCI)
Bovine pancreatic deoxyribonuclease
(DNase) 1mg/mL

BSA/insulin/transferrin (BIT)

Low density lipoprotein (LDL)
Methocult (human) H4434
Methocult (murine) M3434

Serum substitute
Disposable pipettes (5mL, 10mL and
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25mL)
Pastettes

Sterile plastic falcon tubes (15mL and
50mL)

"Human Methocult contains SCF, GM-CSF, IL-3 & eryipwietin (EPO)
“Mouse Methocult contains SCF, IL-3, IL-6 & EPO

Table 2-2 Tissue culture supplies.

2.1.5 Molecular biology supplies

Company Product
Applied Biosystems, Foster City, CA, 96 and 384 well plates
USA High capacity complimentary DNA

Bioline, London, UK

Bio-Rad Laboratories Ltd, Sussex, UK

Cambridge Bioscience, London, UK
Cell Signaling Technology®, New
England Biolabs, Hitchin, UK

Chemical Store, University of Glasgow,
UK

Clontech, Saint-Germain-en-Laye,
France

(cDNA) reverse transcription (RT) kit
SUPERase-In™
TagMan® probes
TagMan® universal polymerase chain
reaction (PCR) master mix
Crystal 5X DNA loading buffer blue
HyperPAGE prestained protein marker
ISOLATE Il Genomic DNA kit
MangoMix™
a-select competent cells (gold and silver
efficiency)
Combs
Gel casting trays
Immuno-Blot™ polyvinylidene fluoride
(PVDF) membrane
Immuno-Star™ WesternC™ Kit
Transdux™
100 BP DNA ladder
1kiloBP DNA ladder
Anti-goat IgG horseradish peroxidise
(HRP) linked secondary antibody
Anti-rabbit IgG HRP linked secondary
antibody
BamHlI restriction enzyme (RE)
Ecorl RE
Hindlll RE
Ndel RE
Rabbit anti-humag-Tubulin antibody
Shrimp alkaline phosphatase (SAP)
Snabl RE
Spel RE
T4 DNA ligase
Ethanol
Isopropanol
Methanol
Retronectin™
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Eurofins MWG Operon,
Wolverhampton, UK
Invitrogen

Qiagen, West Sussex, UK

SG Wasseraufbereitung und
Regenerierstation GmbH, Barsbuttel,
Germany
Sigma-Aldrich

Thermo Fisher Scientific Inc.

PCR primers

CellsDirect™ One-Step PCR kit
Miller's Luria Broth (LB) base®
Super optimal broth with catabolite
repression (SOC) medium
SYBR®Safe
Tris EDTA (TE) buffer
HiSpeed® plasmid maxi kit
QIAamp DNA blood mini kit
QIAquick gel extraction kit
QIlAshredder kit
RNeasy micro kit
RNeasy mini kit
Ultra pure water system

4-(2-hydroxyethyl)-1-
piperazinethanesulfonic acid (HEPES)
Agarose
Ammonium persulfate (APS)
Boric acid
Calcium chloride (CaG@)
EDTA
Formaldehyde solution (36.5%)
Microagar
Sodium chloride (NaCl)
Sodium docedyl sulphate (SDS)
Tetramethylethylenediamine (TEMED)
Tris base
TWEEN 20 for electrophoresis
Bicinchoninic acid (BCA)™ protein assay

kit
Table 2-3 Molecular biology supplies.
2.1.6 Flow cytometry supplies
Company Product

BD Biosciences, Oxford, UK

Annexin-V Allophycocyanin
(APC)/Fluorescein isothiocyanate (FITC)
Anti-human CD34 APC monoclonal

antibody
Anti-human CD38 Peridinin chlorophyll
(PerCP) monoclonal antibody
Anti-human CD90 Phycoerithrin (PE)-Cy5
monoclonal antibody
Anti-human Ki-67 FITC
Ant-mouse CD4, CD5, CD8a, CD11b,
GR1, TER119 & B220 biotinylated
antibodies
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Biolegend

R&D Systems, Abington, UK

Invitrogen
Sigma-Aldrich

Fluorescent activated cell sorting (FACS)
flow/ FACS clean
lgG APC
IgG FITC
IgG PE-Cy5
IgG PerCP
Anti-mouse B220 PE-Cy5
Anti-mouse CD11b PE
Anti-mouse CD11b PE-Cy7
Anti-mouse CD150 APC
Anti-mouse CD16/CD32 APC-Cy7
Anti-mouse CD19 APC-Cy7
Anti-mouse CD34 FITC
Anti-mouse CD34 PE
Anti-mouse CD45.1 FITC
Anti-mouse CD45.2 Pacific Blue™
Anti-mouse CD48 PE
Anti-mouse CD4 PE
Anti-mouse CD8a APC
Anti-mouse CD8a PE
Anti-mouse c-Kit APC
Anti-mouse c-Kit APC-Cy7
Anti-mouse Gr-1 APC
Anti-mouse Gr-1 APC-Cy7
Anti-mouse Sca-1 PE-Cy7
Anti-mouse TER119 FITC
Streptavidin PerCP
Anti-human CXCL4 PE monoclonal
antibody
Anti-human CXCR2 FITC monoclonal
antibody
Streptavidin Pacific Blue™
4’6-Diamidino-2-phenylindole
dihydrochloride (dapi)

Table 2-4 Flow cytometry supplies.
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2.1.7.1 PCR primer sequences

Primer

Seguence

Human CXCL1 Forward
Human CXCL1 Reverse
Mouse Cxcl4 Forward
Mouse Cxcl4 Reverse
Neomycin Forward
Neomycin Reverse
pLKO.1 Backbone Forward
pLKO.1 Backbone Reverse

ATGGCCCGCGCTGCTCTCTCCGC
GCAGGGCCTCCTTCAGGAACAGCC
GGTACCACACCGGCAGATGATAG
CACTATGTTGAGCCCCCTTCCTG
TTTTGTCAAGACCGACCTGT
TGCGCTGCGAATCGGGAGCG
GACTATCATATGCTTACCGT
AAACCCAGGGCTGCCTTGGAAAAG

Table 2-5 PCR primer sequences.

2.1.7.2 TagMan® probes *

Probe Catalog number Spans exons
Human Cell Division Cycle 6 Hs00153374_m1 Yes
(CDC®6)

Human CD34 Hs00990732_m1l Yes
Human CD38 Hs01120071_m1 Yes

Human CXCL1 Hs00236937_m1 Yes
Human CXCL2 Hs00601975 _m1 Yes

Human CXCL4 Hs00427220 gl Yes
Human CXCL6 Hs00605742 g1 Yes

Human CXCR2 Hs00174304_m1 Yes
Human Glyceraldehyde 3- Hs02758991 g1 Yes

Phosphate Dehydrogenase
(GAPDH)

Mouse CCL19 MmO00839967_g1 Yes
Mouse CCR7 MmO01301785 m1l Yes

Mouse CXCL1 MmO00433859 m1l Yes
Mouse CXCL13 MmO00444533_m1l Yes

Mouse CXCL2 Mm00436450_m1 Yes
Mouse CXCL3 MmO01701838_m1l Yes

Mouse CXCL4 MmO00451315 g1 Yes
Mouse CXCL5/6 MmO00436451 g1 Yes

Mouse CXCR2 Mm00438258 m1 Yes
Mouse CXCR5 MmO00432086_m1 Yes

B2M MmO00437762_m1 Yes

*All Tagman® probes were purchased from Applied Bsbsms.

Table 2-6 Tagman® probes.
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2.1.8 Immunofluorescence supplies

Company Product
Abcam, Cambridge, UK Mouse IgG isotype control
BD Biosciences Golgistop™
Carl Zeiss, Jena, Germany AxioVision software
Fisher Scientific, Leicestershire, UK Multi-spot microscope slides
Invitrogen Alexa Fluor® 488 goat anti-mouse IgG
Alexa Fluor® 594 donkey anti-goat I1gG
R&D Systems Goat 1gG isotype control
Mouse anti-human CXCR2 monoclonal
antibody
Santa-Cruz Biotechnology, Inc, CA, USA Goat anti-human CXCL1 polyclonal
antibody
Sigma-Aldrich Poly-L-lysine 0.1% (w/v)
Triton-X-100
Vector Laboratories Ltd, Peterborough, VECTASHIELD® hardest mounting
UK medium with dapi

Table 2-7 Immunofluorescence supplies.

2.2 Medium and Solutions

2.2.1 Tissue culture

2.2.1.1 DMEM
DMEM 440mL
FCS 50mL
L-glutamine (200mM) 5mL
Penicillin/streptomycin solution SmL

(10,000UmL*/10,000gmL")

2.2.1.2 DMEM+

+DMEM as prepared in section 2.2.1.1 with the addibf 20% FCS for viral production.

DMEM 390mL
FCS 100mL
L-glutamine (200mM) SmL
Penicillin/streptomycin solution 5mL

(10,000UmL"/10,000gm(Y)

2.2.1.3 IMDM
IMDM 440mL
FCS 50mL

L-glutamine (200mM) SmL



Penicillin/streptomycin solution 5mL

(10,000UmL"/10,000gm(")

2.2.1.4 IMDM+
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+IMDM prepared as in section 2.2.1.3 with the addibf cytokines for mouse culture.

IMDM

Mouse SCF (109g/mL)
Mouse IL-3 (1@wg/mL)
Mouse IL-6 (1@wg/mL)

50mL

20Qu (40ng/mL)
10Qul (20ng/mL)
10Qul (20ng/mL)

2.2.1.5 PBS 2%FCS

PBS 490mL
FCS 10mL
2.2.1.6 DAMP solution
DNase | 2mL
MgCl, 1.25mL
Trisodium citrate (0.155M) 53mL
ALBA 25mL
Dulbecco’s PBS 418.75mL

2.2.1.7 Serum free medium (SFM)

BIT 25mL
L-glutamine (200mM) 1.25mL
Penicillin/streptomycin solution 5mL
(10,000UmL*/10,000gmc?)

2-ME (50mM) 25Ql
LDL (10mg/mL) 50Qu
IMDM 97.25mL

2.2.1.8 SFM supplemented with a 5 GF cocktail

50mL

2Qul (20ng/mL)
2Qul (20ng/mL)
5Qul (20ng/mL)
10Qu (100ng/mL)
10Qul (100ng/mL)

SFM

Human IL-3 (5@g/mL)
Human IL-6 (5@g/mL)
Human G-CSF (20g/mL)
Human FLT-3L (5@g/mL)
Human SCF (50g/mL)

+

"The solution was filtered through a 0.2uM filtersterilise the solution before use.



2.2.1.9 20% DMSO/4.5% ALBA

DMSO 20mL
4.5% ALBA 80mL

2.2.1.10 Freezing media 10% DMSO FCS

DMSO SmL
FCS 45mL

2.2.1.11 PBS/0.1% BSA

PBS 50mL
BSA 0.5g

2.2.2 Western blotting

2.2.2.1 2X SDS sample buffer (Laemmli)

1.5M Tris-HCI, pH6.8 10mL
Glycerol 30mL

20% (w/v) SDS 6mL
Bromophenol blue 15mL
dsH,0 up to 100mL

2.2.2.2 10X TBS buffer *

NaCl 876.69
Tris 121.1g
dH,0 10L
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*A 1X solution was made using 100mL of the 10X soluwith the addition of 900mL of

dH,0 supplemented with 10mL of Tween-20.

2.2.2.3 Homemade gels
2.2.2.3.1 15% Resolving gel

dsH.0 2.3mL
30% Acrylamide 5.0mL
1.5M Tris (pH8.8) 2.5mL
10% SDS 0.1mL
10% APS 0.1mL

TEMED 0.01mL
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2.2.2.3.2 Stacking gel

dsH:0 1.4mL

30% Acrylamide 0.33mL
1.0M Tris (pH6.8) 0.25mL
10% SDS 0.02mL
10% APS 0.02mL
TEMED 0.01mL

2.2.2.410X Running buffer *

Glycine 144.1g
Tris 30.3¢g
SDS 10g
dH.0 up to 2L
pH 8.3

A 1X solution was made using 100mL of the 10X soluwith the addition of 900mL of
dH.0.

2.2.2.510X Transfer buffer *

Glycine 144.19g
Tris 30.3¢g
dH20 to 2L
pH 8.3

A 1X solution was made using 100mL of the 10X soluwith the addition of 700mL of
dH20 and 200mL of methanol.

2.2.2.65% BSA/TBST blocking solution

1X TBST 100mL
BSA o9

2.2.3 Flow cytometry

2.2.3.1Dapi”
Dapi 50mg
dsH,0 imL

"The stock solution was diluted 1 in 50 in PBS tdkena 1000X solution. Aliquots were
stored at -20°C and immediately prior to use a d¥teon was made using PBS result in a
final concentration of 1ug/mL.

2.2.3.2 Annexin-V

Annexin-V APC/FITC 5ul
HBSS supplemented with dapi 95ul
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2.2.4 Immunofluorescence

2.2.4.1 3.65% Formaldehyde

36.5% Formaldehyde solution 5mL
PBS 45mL

2.2.4.2 0.25% Triton-X-100

Triton-X-100 125ul
PBS 49.875mL

2.2.4.3 5% BSA blocking solution

BSA 59
PBS 100mL
2.25 PCR

2.2.5.1 10X TBE"

Tris base 108g
Boric acid 55¢g
EDTA 9.39

dsH,0 up to 1L

*A 1X solution was made using 100mL of the 10X soluwith the addition of 900mL of
dH-0.
2.2.5.2 2% Agarose TBE *

1X TBE 125mL
Agarose 2.5¢9

"The solution was boiled using a microwave until digarose powder was completely
dissolved. After cooling, 12.5ul of SYBR®Safe DNAIgtain was added to the solution
and gel was poured into casting trays and alloweskt before use.

2.2.5.3TagMan® PCR reaction

10pl reaction

Universal gene expression master mix 5ul
cDNA 1pl
TagMan® assay 0.5ul

Nuclease free §0 3.5ul
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2.2.5.4 cDNA synthesis reaction

20ul reaction

10X reverse transcriptase buffer 2l
25X dNTP mix 0.8ul
10X RT random primers 2l
Reverse transcriptase 1l
RNAse inhibitor 1pl
RNA (1upg) and nuclease free 13.2ul

2.2.5.5 PCR mix

50ul reaction

MangoMix™ 25ul
Template 2ul
Primers (10uM) 2ul
Nuclease free §0 up to 50ul

2.2.5.6 RT and preamplification mix

5ul reaction

0.2X TagMan® probes mix 1.4ul
Cells direct 2X reaction 2.8ul
SUPERase-In 0.056ul
Superscriptlll RT 0.112ul
TE buffer 0.672ul
2.2.6 Cloning

2.2.6.1 30% glycerol *

Glycerol 30mL
dsH:0 70mL

"The solution was autoclaved prior to use for sgaiion.

+

2.2.6.2 Bacterial glycerol stocks

Bacteria in LB broth 500ul
30% glycerol 500l

"The solution was prepared with a Bunsen burneiirantediately stored on ice and
transferred to -80°C for storage.



2.2.6.3 RE digestion

DNA

RE

10X Buffer

10X BSA
Nuclease free p

2.2.6.4 Ligation

DNA insert and backbone
T4 DNA ligase

DNA ligase buffer
Nuclease free pd
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1-3ug

1ul

1ul

Lul

up to 10ul

appropriate voliime
1pl
1ul
up to 10ul

*A molar ratio of insert to vector as shown in Edpratl was used to determine volume of
DNA to use per reaction. Insert to vector ratidk, 8:1 and 9:1 were used and a reaction
minus DNA insert was used as a negative contrdi enery reaction.

((ng vector) x (kb size of insert))/(kb size of t@g) x (molar ratio of (insert/vector)) = (ng

Equation 1 Molar ratio of insert to backbone.

insert)

The equation was used to calculate the quantiilyseirt to use in a ligation to achieve a particataar ratio

of insert to vector.

2.2.7 Transfection

2.2.7.1 2X HEPES-buffered saline (HBS)

NaCl

KCI
NaHPQ,2H,0
Dextrose
HEPES

dsH0
pH7.05t0 7.1

89
0.37g
106.5mg
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2.2.7.2 2M CacCl2

CaCb 1479
dsH0 to 500mL

2.2.7.3 Transfection solution/T125cm 2 flask

dsH,0 440ul
2 X HBS 500ul
2M CaCl, 60ul
pCML HIV-1 plasmid 6ug
pCML VSV-g plasmid 3.3ug
Plasmid for transfection 10ug

2.2.8 Microbiology

2.2.8.1Ampicillin (100mg/mL) *

Ampicillin sodium salt 59
dsH0 50mL

"The solution was filter sterilised through a 0.2filkér, aliquoted and stored at -20°C.

2.2.8.2 LB broth

Miller's LB base® 209
dsH,0 up to 1L
Ampicillin (100mg/mL) 1mL

"The solution was autoclaved immediately after pregaallowed to cool and
supplemented with ampicillin prior to use.

2.2.8.3 LB agar plates

Miller's LB base® 209
Microagar 79
Ampicillin (100mg/mL) 1mL

"The solution was autoclaved and allowed to coal waterbath at 50°C. Ampicillin was
supplemented and 10mL of solution was added twiddal sterile petri dishes. Dishes
were allowed to solidify and stored at 4°C for fetuse.
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2.3 Methods

2.3.1 General tissue culture

A list of the materials used for tissue culture barseen in Table 2-2.

2.3.1.1 Technique

Tissue culture was conducted using a laminar aew fiood. An aseptic technique was

maintained with all materials sprayed in 70% aldgdvmr to use.

2.3.1.2 Cryopreservation of cells

Primary cells and cell lines were stored in ligoitogen long term. For cryopreservation,
a cell suspension was made in medium which wasdatdan equal volume of ALBA +
20% DMSO to give a final concentration of 10% DM&X2.1.9). Cell lines were
resuspended in a solution containing neat FCS soppited with 10% DMSO (2.2.1.10).
Cells were resuspended in the appropriate freesthgion at a concentration of L0
cells/mL and dispensed into cryotubes at a finddwve of 2mL. The cryotubes were
placed in a freezing container (‘Mr Frosty’) thaintained neat isopropyl alcohol and were
incubated in a -80°C freezer overnight. This tegheiallowed a controlled reduction in
temperature over time. Subsequently, cells wemedtim -80°C for short term or liquid
nitrogen for long term storage.

2.3.1.3 Recovery of frozen samples

To recover the maximum number of cells from cryspreation, it was necessary to exert
extreme care with primary samples. On removal fligoid nitrogen, cells were
immediately thawed in a waterbath at 37°C. Thesmlition was transferred to a 50mL
falcon tube and thawing solution DAMP (2.2.1.6) vedsled dropwise to cells over
approximately 20 minutes (min). Cells were cengéd for 10 min at 200 g and the step
was repeated. After centrifugation, cells were edsin PBS/2% FCS (2.2.1.5) and
resuspended in SFM supplemented with GF (2.2. ¥@&)naght for recovery. Cell lines
were thawed as described for primary cells andsfguded in appropriate culture medium
for each cell line (2.2.1), washed in PBS and nesnded in medium overnight with a

medium change the next day to remove dead cellsgdaiber thaw.
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2.3.1.4 Assessment of viability

Cell viability and cell counting was carried ouingsthe trypan blue exclusion method and
performed using a counting chamber. Trypan bleedsloured chemical that cannot pass
the cell membrane barrier in live, viable cellshwain intact membrane. Dead cells allow
the absorption of the compound, therefore the cdedislay a blue colour under the
microscope and can be discriminated from viablks c&lypan blue stock solution (Cat
No. T8154-100ML) was diluted in 1 in 10 in PBS take a working solution. The cell
suspension was diluted 1 in 2 in the trypan bldetgm. 10ul of the solution was
transferred to two sides of a haemocytometer cogrdihamber. Four squares within each
counting chamber side were counted, averaged geated with the second side of the
haemocytometer. To ensure accuracy, a minimum @icélds was counted across four
squares. The cell count was multiplied by the @ilufactor and 1bto get the cell

count/mL.

2.3.1.5 CFC assay

The CFC/methycellulose is widely used to detect@unehtify haemopoietic progenitor
cells based on their ability to proliferate andetiéntiate to produce colonies in response
to culture in a particular growth medium. Resultaodonies are scored based on number
and type of colony which gives an indication ofl ggbwth and differentiation. This assay
can be of particular use for monitoring the acyiwat cells in response to treatment in
culture or genetic manipulation. In addition, célésvested from a primary CFC assay can
be reseeded into replating assays which can betaggt an indication of the self renewal
activity of cells. The particular cytokines usedhins study were optimised to support
growth of erythroid progenitors (blast forming waérythroid and colony forming units-
erythroid (CFU-E)), granulocyte-macrophage progesi{colony forming units-
granulocyte macrophage (CFU-GM)) and multi-potémranulocyte, erythroid,
macrophage and megakaryocyte progenitors (colomyifigy units-granulocyte erythroid
macrophage megakaryocyte (CFU-GEMM)).

Primary human (Cat No. 04444) or mouse (Cat No3@B4ells were plated in
Methocult™, vortexed to ensure homogenous mixingetis/cytokines and plated in
duplicate in 6 well plates using a sterile needilé syringe. DskD was added to the
surrounding wells in each plate to ensure humidiitying the incubation period. Cells were
incubated for a period between 10-14 days (basegtamth) at 37°C, 5% G@Gnd

resulting colonies were counted and scored basewlony type Figure 2-2) and images



92

taken using a standard light microscope. After timgn colonies were harvested
resuspended in IMDM (2.2.1.3), counted and an equidber of cells was added to fresh
aliquots of Methocult™ and plated as described abtiwas noted that the resulting
colonies formed in a secondary assay were all CMUsG colony numbers were counted
and not scored based on type. Primary human CDi3¢hed samples were seeded at
1,000 cells/mL/dish and replated af t@lls/mL/dish. Primary mouse BM, spleen and PB
were seeded at 1010 and 10 cells/mL/dish respectively and replated at theesam
density. Mouse c-Kit enriched cells after lentiViransduction were seeded af 10
cells/mL/dish. A red blood cell (RBC) lysis stepsa@arried out on mouse PB samples
before plating as described in section 2.3.7.4teave RBC which would interfere with

the analysis.

Figure 2-2 Representative images of colonies obtain  ed in a CFC assay.

Images display representative examples of differyggs of colonies observed in this
study. CFU-GM progenitor colonies consisted of oa#s of varying sizes with a compact
centre consisting of small white cells (A), CFU-genitor colonies were small,
condensed and solely red in colour (B) and CFU-GEMbbenitor colonies were large in
size and contained a mixture of white and red eeilisin the colony (C). This scoring
system was used consistently to identify colonesyfhroughout this study using both

human and mouse samples.
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2.3.1.6 Culture of cell lines and primary cells

HEK293, HT 1080 and PC-3 cell lines were maintaimeDMEM (2.2.1.1) and HEK293
cell lines were maintained in a higher concentratibserum for viral production (2.2.1.2).
Cell lines were maintained at a density of-10° cells/mL in tissue culture flasks
(T25cnf, T75cnf or T175cm). Cells were counted every two days and passaghd w

warm, fresh medium.

Primary human CD34or mononuclear cells (MNC) were cultured in SFNbslemented
with a high GF cocktail containing IL-3, IL-6, SC6;CSF and FLT3-L for cell survival
(2.2.1.8). Cells were maintained at a density 6£1I@ cells/mL in non-adherent tissue
culture flasks (T25cf T75cnf or T175cm). Primary mouse MNC or c-Kit enriched cells
were cultured in IMDM supplemented with a GF codktantaining IL-3, IL-6 and SCF

for cell survival and to aid the integration of ieiral particles (2.2.1.4).

2.3.1.7 Drug treatment

CXCRZ2 inhibitor SB-225002 was purchased commerci{@hat No. 559405-1mg). SB-
225005 was solubilised in DMSO at a stock soluabftmg/mL, aliquoted and stored at -
20°C. SB-225002 was made fresh and diluted toppeoariate concentration in medium

prior to use with a DMSO treated control.

Recombinant human CXCL1 (Cat No. 300-11) was redgoiesd in dsHO and further
diluted in PBS/0.1% BSA (2.2.1.11). Recombinant@irowas added to CD34ells in

culture in various concentrations with an apprdpriaehicle treated control.
2.3.1.8 Granulocyte isolation

Histopaque® is a Ficoll gradient solution desigfmdcell separation techniques. Whole
blood can be layered over the solution and afterdrifugation step allows cells of
different densities to be isolated. Histopaque®71&/of a particular density that allows
the isolation of MNC while removing erythrocytesagma and granulocytes. To allow
isolation of granulocytes, Histopaque®-1077 carcdmmbined with Histopaque®-1119.
Human PB was collected from normal, healthy dometis informed consent. Blood was
diluted in PBS and layered onto a double layer istdthaque®-1077 and Histopaque®-
1119. Solution was spun at 40@%or 30 min and the layer containing the granulesyt

was isolated, washed in PBS/2% FCS and used imbagdifar downstream applications.
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2.3.2 Transfection

2.3.2.1 Lentiviral infection

Lentiviral transduction is a technique which wasealeped as an effective method for the
introduction of stable expression of protein in aell type, including primary
haemopoietic cells which are largely non-dividihgrefore do not integrate plasmid DNA.
The method involves transiently transfecting HEK2@8 lines with vectors encoding the
desired lentiviral vector and packaging plasmidsese cells then package the lentiviral
expression construct into pseudoviral particlesclare released into the cell supernatant
which can be added to cells of interest to alloghhy efficient transduction. HEK293 cells
were plated at 80% confluence 24 hours prior tosfiection in T125ctissue culture
flasks. Immediately prior to transfection (Ca@lethod), fresh medium was added. A
solution containing plasmids was prepared as de=ttin 2.2.7.3, mixed and incubated at
37°C for 30 min. The mix was then added drop wistaeé medium and cells were
incubated overnight. The following day, the medmwas removed and fresh medium
supplemented with 20% FCS (2.2.1.2) was addedIt®toeremove the Cagmix

precipitate and to allow viral production for sutpgent collection. 48 hours after the
addition of fresh medium, the medium containingparticles was removed and filtered
through a 0.44um sterile filter. The cells of ilgrto be transduced were resuspended in
the viral medium and the appropriate transducteagent was added to the medium and
the following protocols were carried out dependangthe cell type. Viral particles were
prepared fresh for every transduction and not @reed frozen due to a decrease in viral

transduction efficiency with frozen viral supermdta
2.3.2.1.1 Celllines

HT 1080 cells were resuspended in the viral medidtin the addition of Polybrene® (Cat
No. H9268) at a final concentration of 4pg/mL. Gellere cultured for 24 hours in the

viral supernatant.
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2.3.2.1.2 Primary human samples

Primary human samples are not actively dividingjailt to transduce and required a
different transduction reagent and a protocol @ gpoculation. Primary human cells were
thawed and cultured over night as mentioned in@ex2.3.1.3 and 2.3.1.6. After
overnight recovery, an appropriate number of ceéise resuspended in viral medium with
the addition of Transdux™ (Cat No. LV850A-1) at m200 dilution, spun at 400gfor
1.5 hours at 32°C and subsequently cultured fagragthours in the viral supernatant at
37°C. Cells were infected with 2 rounds of infectith fresh supernatant containing viral

particles at each round of infection.
2.3.2.1.3 Primary mouse samples

Primary mouse samples were enriched for stem/prmgenarker c-Kit as mentioned in
section 2.3.3.4 to assess a more primitive celufan. For transduction of primary
mouse samples, Retronectin™ (Cat No. T100A) (50Lyias coated onto tissue culture
6 well plates and incubated overnight at 4°C podransduction. Retronectin™ was
removed, viral medium was added and centrifugeiatxg for 1.5 hours at 32°C. Viral
supernatant was removed, cells were seeded af ¢éali©cells/well, centrifuged at 400gx
for 1.5 hours at 32°C and subsequently cultureddgeral hours in the viral supernatant at
37°C. Cells were infected with 3 rounds of infestgith fresh supernatant containing viral

particles.

After 24 hours in final viral medium, cells were sied several times in PBS and
resuspended in appropriate medium for 24 hourgeelownstream applications.
Depending on the lentiviral vector of interest @ning a puro resistance cassette or a
sequence encoding GFP protein, cells were eitHeured in puro (Cat No. P8833-10mg)
(2ug/ml) for 7 days or sorted for GFP positive £€¢GFP) using FACS as mentioned in
section 2.3.3.13.
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2.3.3 Stem cell selection

2.3.3.1 Collection of human primary cell samples

All samples were collected with the approval frdra tocal research and ethics committee
and with written informed patient consent from pats. Samples were obtained from
patients undergoing autologous stem cell collectiRatients had been treated with G-CSF
following chemotherapy and had excess CD&alls remaining after those required for
clinical use had been processed. The Clx®htent is deemed ‘normal’ and used for these
studies A table listing the samples used in this studyloaiseen in (Table 2-8)\
combination of male and female donors were used sBMples used in this study were
from normal healthy volunteers or purchased frommm@rcial companies (AllCells and
Lonza). Further information including age and gemndas not available for the BM

samples.
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Sample ID Age Gender Disease

121121 N/A Male Lymphoma

121113 N/A N/A Germ Cell Tumour

Non CML 017 33 Male Lymphoma

Non CML 021 31 Male Myeloma

Non CML 023 61 Female Hodgkin’s
Lymphoma

Table 2-8 Patient sample information.

Table shows sample identification number, age, geadd disease status of the samples
used in this study. N/A: Non applicable states thatinformation was not available for the
particular sample.
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2.3.3.2 Removal of RBC

To remove RBC from primary human material, a separdased on density gradients
was used. Whole blood was diluted in PBS and lalyereo Histopaque®-1077. The
suspension was centrifuged at 409 for 30 min and the layer containing the MNC
fraction was isolated and washed in PBBis technique allows the isolation of MNC,

leaving the plasma, granulocytes and RBC separated.

2.3.3.3 Stem cell enrichment

For enrichment of the human stem/progenitor pomuiathe mononuclear fraction of PB
and BM was enriched for cell surface marker CD3dgimagnetic beads and a magnet
separation method. The mononuclear layer of cedls eounted and the appropriate
number of cells was mixed with magnetic beads ag&aman CD34 IgG (Cat No. 130-
046-702). The cells were then loaded onto a colanthwashed to remove negative cells.
The cell suspension was removed from the magnehicya and the positively selected
cells were collected and washed. To ensure thetenant worked correctly and to assess
the efficiency, resulting cells were stained withaatibody against CD34 (Cat No.
555824) and FACS was performed. The samples usisistudy were kindly processed
by Dr Alan Hair.

2.3.3.4 c-Kit enrichment of mouse BM cells

For enrichment of the mouse stem/progenitor pofmriatinmanipulated BM was enriched
for cell surface marker c-Kit using magnetic be@cat No. 130-091-224) and a magnet
separation method. BM was prepared as mentionseldtion 2.3.7.4. The BM cell
suspension was counted and the appropriate nurhbell®was mixed with magnetic
beads against mouse c-Kit IgG. The cells were bated onto a column and washed to
remove negative cells. The cell suspension wasvethfsom the magnetic column and
the positively selected cells were collected andhed. To ensure the enrichment worked
correctly and to assess the efficiency, resulteltsavere stained with an antibody against
c-Kit (Cat No. 105825) and FACS was performed. Feg2+3 demonstrates the enrichment

of c-Kit positive cells after magnetic bead seleati
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Figure 2-3 Representative plot of c-Kit staining in unmanipulated mouse BM and BM after c-

Kit bead selection.

C-Kit staining can be visualised on the X axis.Bléacells were selected using forward
angle light scatter (FSC) and side angle lighttecdSSC) and an unstained control was
used to set the positive cell gate. A small peagmbf positive cells for c-Kit staining can
be seen in an unmanipulated BM sample (A) in cehtacells stained after enrichment
using c-Kit magnetic beads (B).
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Flow cytometry and cell sorting

2.3.3.5 Flow cytometry

All reagents used for flow cytometry can be seehahle 2-4. Flow cytometry permits the
visualisation and sorting of cells according to pinesence of antigens which are detected
through fluorescently labelled antibodies, whichewlbound and excited with a laser can
be detectedrlhis allows a quantitative technique to compardgincexpression between
samples. A FACSCanto Il flow cytometer (BD Biosaegs) was used for flow cytometry
analysis and a FACSAria (BD Biosciences) was ueeddrting. With the exception of
apoptosis assays, viable cells were gated on FE$@and SSC. Unstained cells, single
colour controls and fluorescence minus one (FMM}rods were used for compensation
analysis and to set appropriate gates for analpsita was acquired using BD FACSDiva
(BD Biosciences) and analysis was performed uslog/Jo (Tree Star Inc., Ashland,
USA) software.

2.3.3.6 Antibody staining

All antibodies were titrated for optimal concenimatbefore use. Antibodies used in this
study are described in Table 2-4. Controls congisten appropriate isotype matched
antibody at the same concentration. Isotype cantkelre used for all human antibodies
used. Mouse primary cells were incubated in Fclb{@D16/CD32) (Cat No. 553141) and
incubated on ice prior to antibody staining witke #xception of mouse progenitor staining
which uses a CD16/CD32 antibody.

2.3.3.7 Cell surface antibody staining

An appropriate number of cells were centrifuge8@Q xg for 5 min and washed several
times. Cells were resuspended in PBS/2% FCS wiibaties at an appropriate
concentration and incubated for the period and &atipre as per the manufacturer’s
protocol. After staining, cells were washed, resumsjed in 200l PBS/2% FCS and

analysed. Cells required for sorting were filtevsthg a 0.2uM filter prior to use.
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2.3.3.8 Apoptosis assays

To examine apoptosis of cells in response to dreagfrnent or gene manipulation,
Annexin-V (Cat No. 550475) and dapi (Cat No. D9542ye used. Briefly, protein
phosphatidylserine is bound to the inner cell memby however during apoptosis this
protein translocates to the outer cell membranelvban be detected using flow
cytometry using stain Annexin-V. Annexin-V positigells contain both early and late
apoptotic cells which can be further discriminatéth the addition of dapi. Dapi is used as
a dead cell discriminator and is present only ia &poptotic cells due to the ability of the
dye to penetrate the cell membrane when it becalisespted in late apoptosis.
Approximately 10 cells were incubated with Annexin-V and a solutimmtaining HBSS
and dapi as mentioned in section 2.2.3.2 for 15ahiwom temperature (RT) in the dark.
Subsequently, cells were diluted in HBSS and aedly€ells Annexin-Vdapi were
deemed as viable, with Annexin-dapi early apoptotic and Annexin-Ydapi late
apoptotic (Figure 2-4).

A B

Dapi

Annexin-V

Figure 2-4 Representative plot of Annexin-V/dapi st  aining in viable and apoptotic cells.

Annexin-V and dapi are visualised on the X and ¥sasespectively. Viable cells can be
seen in quadrant I, early apoptotic Il and latepapiic Ill. The low percentage of cells
positive for Annexin-V and dapi can be seen in unimaated cells (A) which increases in

response to stimuli (B).
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2.3.3.9 Cell cycle analysis

Ki-67 and dapi were used to examine the proponiocells in different stages of the cell
cycle. Ki-67 is a nuclear protein which is exprekdaring cellular proliferation (Gerdes et
al., 1984). The protein is therefore only presartells in active states of the cell cycle and
is excluded from cells in §5Using this staining pattern, cells can be disorated between
Go and other phases using Ki-67 staining. AnalysiKiegs7 protein staining in

combination with DNA dye dapi can be used to idgntells in all stages of the cell cycle
(Jordan et al., 1996). Dapi stains intercalatingADad distinguishes between cells in
Go/G; and S/G/M.

Cells were washed in PBS/2%FCS and resuspendedlirol PBS/3.65% formaldehyde
(2.2.4.1) and incubated for 30 min on ice for fizat 1mL of PBS/0.25% Triton-X-100
(2.2.4.2) was added without washing to permeahtlisecells which were incubated at 4°C
overnight. Cells were washed in PBS/2%FCS and pesuted in 1mL of PBS/2%FCS and
the cell suspension was divided equally betweenflove cytometry tubes for incubation
with Ki-67-FITC (Cat no. 556026) or the approprigtetype control. After incubation at
RT for 40 min, the remaining unbound antibody washked in PBS/2%FCS and the cells
were resuspended in 100ul PBS/2% FCS with dapi.célesolution was incubated for
several hours at 4°C, washed and analysed. In vds@e all available channels of the
flow cytometer were in use with other fluorochromi€s67 staining was used in the
absence of dapi. Figure 2-5 demonstrates a repedsenstaining profile of cells stained
with Ki-67 and dapi.
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Figure 2-5 Representative plot of cell cycle staini  ng using Ki-67 and dapi.

Dapi (linear) and Ki-67 (log) are visualised on ¥and Y axes respectively. Viable cells
were identified using FSC and SSC and gates wengosaccording to cells unstained with
dapi and an isotype control for the Ki-67 antibo@glls in G, G; and G/S/M phases can
be identified in gates |, 1l and Il respectively.

2.3.3.10 Selection of human stem cell fractions

The CD34 antigen represents a marker of stem/prmgerells which can be further sub
fractionated using additional cell surface markBranmary CD34 enriched samples were
centrifuged and washed in PBS/2% FCS. Cells wangbated with CD34, CD38 and
CD90 (2.1.6)at optimal concentrations for 15 min at RT in tlaekd Cells were washed in
PBS/2% FCS to remove unbound antibody and resuspendapproximately 1xf0
cells/100ul PBS/2% FCS, filtered through a 0.7 pesimand analysed on the FACSAria.
Appropriate gates were set up using single coloutrols with appropriate isotypes and
single cell sorting was carried out. Figure 2-6 dastrates the gating strategy used for the
identification of CD34CD38', CD34CD38, CD34CD38CD90" and CD34CD38

CD90 populations.
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Figure 2-6 Representative plots of CD34, CD38 & CD9 0 staining.

Viable cells were gated using FSC and SSC andpsatgntrols were used to select
positive populations. Within the viable cell gatells were analysed for CD32D38" and
CD34'CD38 gates (A). For further purification within the CO®D38 gate, cells were
selected for CD90r CD90 gates (B).

2.3.3.11 Selection of mouse stem and progenitor fr  actions

Mouse BM, spleen or PB cells were prepared as thestm section 2.3.7.4. Cells were
spun at 400 x for 5 min and resuspended in PBS/2%FCS. Cells staraed with
appropriate antibodies (2.1.8) optimal concentrations for 30 min at 4°C indlaek. Cells
were washed in PBS/2% FCS to remove unbound antiéiod resuspended in streptavidin
and stained for a further 30 min at 4°C. Cells weashed, filtered through a 0.7um mesh
and analysed or sorted. Appropriate gates wenapsasing single colour controls and
FMO. Figure 2-7 demonstrates the gating strategd ts identify and isolate stem and

progenitor populations from mouse cells.
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Figure 2-7 Representative plots for identification of mouse stem and progenitor cells.

Viable cells were identified using FSC and SSCeGatere set up using single colour and
FMO controls. Within the viable cells, lineage niagacells were selected (A) and lineage
negative, c-Kit (LK) or lineage negative, c-Kit Sca-1 (LSK) gates were selected (B).
Within LK population, progenitors were assayed g€2b34 and CD62 staining (D).
Within LSK cells, stem cell populations were exaetrnusing CD150 and CD48 staining.
The stem/progenitor populations are marked accgridiriterature available at the time of

doing the experiments for this thesis.

2.3.3.12 Selection of mouse mature cell types

Mouse BM, spleen or PB cells were prepared as itbestin section 2.3.7.4. Cells were
spun at 400 x for 5 min and resuspended in PBS/2%FCS. Cells staraed with
appropriate antibodies (2.1.&) optimal concentrations for 30 min at 4°C indlaek. Cells
were washed in PBS/2% FCS to remove unbound antilioells were washed, filtered
through a 0.7um mesh and analysed. Appropriates getee set up using single colour
controls and FMO. Figure 2-8 demonstrates the gatirategy used to identify and isolate
various mature cell populations from mouse orghhgloid, B, erythroid and T cells were
selected as GRCD11b (A), CD19B220" (B), TER119 (C) and CD4CDS8", CD4CDS,
CD4'CD8 and CDACDS8' (D) respectively (Figure 2-8).
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Figure 2-8 Representative plots for identification of mouse mature cell types.

Viable cells were identified using FSC and SSC eGatere set up using single colour
controls. Within the viable cells, particular cglpes were selected using different
antibodies. Panels A-C display representative imagenyeloid (GRICD11B"), B
(B220'CD19") and erythroid (TER1I9Y staining in a WT BM. Panel D displays different
T cell populations identified in stained WT thyméey.

2.3.3.13 Flow cytometry cell sorting

Cells were prepared in PBS/2% FCS at an appropraateentration, approximately 15610
cells/300ul. Cells were filtered through a nyloerse filter before use. Sorted cells were
analysed for purity post-sort (Figure 2-9). A pyaf >90% was achieved for all samples

in this study.
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Figure 2-9 Representative plots demonstrating sorti ng efficiency.

Viable cells were gated using FSC and SSC and apgebive gate was identified using
negative cells. Image shows small percentage of @fSRive cells prior to sort (A) and

post sort (B).
2.3.4 Immunofluorescence and immunohistochemistry

2.3.4.1 Immunofluorescence

All reagents used for immunofluorescence can badan Table 2-3. Cells at
approximately 2x1bcells/spot were added to a pre-coated microscage with Poly-L-
lysine. Cells were allowed to attach to the slioleseveral hours during incubation at 37°C.
Cells were fixed with 3.75% formaldehyde soluti@®(4.1) for 15 min at RT and washed
several times in PBS. Cells were permeabilisedldovantracellular staining with 0.25%
Triton-X-100 (2.2.4.2) for 15 min at RT and waslsederal times in PBS. Antigen sites
were blocked using 5% BSA solution (2.2.4.3) fom3id at RT before subsequent
addition of appropriate primary antibody. After avight incubation at 4°C, the primary
antibody was washed in PBS and the appropriataigatgd secondary antibody was
added to the cells for 1 hour at RT. After washihg, cells were mounted with a coverslip
using Vectashield with dapi (Cat No. H-1200). Feswence was analysed using a Zeiss
Imager M1 microscope with equal exposure times betwsamples to ensure reliability
and appropriate isotype controls. Data was acquisaty AxioVision software and 3-

dimensional (3-D) images were generated using Indegstware.
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2.3.5 Western blotting

Briefly, proteins were isolated, fractionated ogeh and transferred to a membrane for

subsequent blotting against specific antibodieaniayse expression of protein of interest.

2.3.5.1 Preparation of protein lysates

RIPA lysis buffer (Cat No. PI1-89901) was prepanmadniediately prior to use with the
addition of protease and phosphatase inhibitoraaEtell numbers were washed twice in
ice cold PBS and transferred to an eppendorf. Amapiate volume of RIPA lysis buffer
was added to cells and incubated for 15 min onGedls were centrifuged for 10 min at
4°C to remove the nucleic acid and debris leaviegsupernatant containing protein which
was used immediately or stored at -20°C. In caksmall cell numbers, equal cell
numbers were immediately resuspended in 2X SDS Isaouffer (2.2.2.1) and stored at -

20°C for future use.

2.3.5.2 Protein quantification

In cases of small cell numbers, equal cell numbere immediately resuspended in 2X
SDS sample buffer and loaded neat onto a gel. Ssnflyged using RIPA buffer were
quantified using the BCA™ protein assay kit (Cat R8227) as per the manufacturer’'s
instructions. The BCA assay is a biochemical ass&yl for determining the concentration
of protein in a solution. Reagents are added tg#ssrof proteins which results in colour
change which is correlated to protein concentrattbich can be measured using
colorimetric techniques such as absorbance (Smdh,e1985). Briefly, BSA standards
were prepared with varying concentrations of addach protein in PBS. Standards were
used to create an equation using a known concemtrat protein standard against
absorbance. Unknown lysates were then examinegatébein concentration using the
equation. The absorbance was read at 562nm ugitegeareader. Based on the protein

concentration of samples, equal amounts of proteire then added in each assay.

2.3.5.3 Gel electrophoresis

SDS-polyacrylamide gel electrophoresis (SDS-PAGE)denaturing separation method
commonly used to analyse protein samples. Promeigsate through a matrix at varying
speeds according to their molecular weight in asgkition containing SDS which is a

negatively charged detergent. These can be appltbdan electric current in which



109

negatively charged proteins migrate towards a pes@lectrode therefore allowing
separation. Protein samples were diluted in 2X $Dffer according to concentrations
desired and boiled at 95°C for 5 min. Samples \aerded onto a gel alongside a
prestained protein ladder (Cat No. BIO-33065) teas the molecular weight of proteins
migrating through the gel. Samples were run in ngbuffer (2.2.2.4) for 80 volts (V) for

30 min and at 120V for the remaining 1 hour.

2.3.5.4 Membrane transfer

After protein separation, proteins were requiretiédransferred to a membrane which
could be subsequently blotted with antibodies agjdhre protein of interest. Briefly, an
electrical current can be used to transfer protieoms a gel to a membrane. Proteins were
transferred from the acrylamide gel to an ImmuntBl9DF membrane. The PVDF
membrane was activated in a solution of neat melhansolution of transfer buffer
(2.2.2.5) was used to soak sponges, papers and B\édibrane. The sponges and papers
were layered onto a transfer system with the isdlgel layered below the PVDF
membrane with the addition of sponges and gelibipftaper (1.0mm) paper on top. The
transfer was run for 30V at 1 hour and successdmisfer was noted due to the addition of
the protein ladder from the gel to the membrane Miembrane was kept moist at all times
to prevent drying out and damage to the proteins.

2.3.5.5 Immunolabelling

Immediately, post transfer, the PVDF membrane vaasfually transferred to a solution to
block antigen sites and prevent non specific bigdth2.2.6). After 1 hour blocking at RT,
the membrane was transferred to a fresh blockihgiso with the addition of the
appropriate primary antibody (2.1.5) with a gemtigation at 4°C overnight. After
overnight incubation, the blot was washed sevarad with gentle shaking in a wash
solution (2.2.2.2). The blot was then incubatethmappropriate secondary antibody
conjugated to enzyme HRP for 1 hour at RT with lgerdtation. After incubation, the blot
was washed several times and an ECL detection mheths used to visualise the protein
bands (ImmunoStar™Western C kit (Cat No. 170-5@8&0per manufacturer’s
instructions. Protein bands were visualised udiegMolecular Imager® ChemiDoc™
XRS machine (Bio-Rad Laboratories Ltd). After vigs@ion of bands showing protein of
interest, the blot was blocked and probed withajyeropriate primary antibody for
housekeeping protein to ensure equal protein |galotween samples. The blot was then

probed with the appropriate secondary antibodyhedsnd visualised as detailed above.
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Densitometry was used to quantify protein expresbgtween samples using Quantity

One® software.

2.3.6 Molecular biology

All reagents used can be found in Table 2-3.

2.3.6.1 Primer design

Primers were designed using NCBI software and ¢lgeiesnces can be seen in Table 2-5.
Primers were synthesised commercially (Eurofins M@@ron). Primers were
reconstituted with the appropriate volume of nustefiee HO to achieve a stock
concentration of 100uM. Dilutions were made to achithe appropriate working
concentration of 10uM and aliquots were preparesh8ure sterility and stored at -20°C.
PCR reagent concentrations and thermal cyclingitond were optimised for each primer

set.

2.3.6.2 Generation of DNA

Approximately 5x18 cells were centrifuged and washed in PBS. DNA axdgcted using
the Bioline DNA extraction kit (Cat No. BIO-5206@) QlAamp DNA blood mini kit (Cat
No. 51104) as per the manufacturer’s instructiémsmal ear/tail samples or MNC were
incubated for several hours up to overnight in DIM#is buffer plus Proteinase-k with

intermittent vortexing to ensure complete digestion

2.3.6.3 Generation of RNA

To ensure work was free from ribonucleases (RNA$RNA extraction and downstream
applications was carried out with the addition &i&Zap™ (Cat No. AM9780) on all
surfaces and pipettes before use. Reagents wergedsed with UV light before use. An
appropriate number of cells were spun and wash&Bm® before use. Depending on cells
numbers, the RNA mini (5x£8) (Cat No. 74106) or micro kit (5x2€) (Cat No. 74004)
was used as per manufacturer’s instructions. Tadtreg RNA was quantified and
examined for purity using a NanoDrop spectrophotemidD-1000. RNA was kept on ice

at all times and stored at -80°C.
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2.3.6.4 First strand synthesis

RNA was synthesised to cDNA using the High Capac@NA Archive kit according to
the manufacturer’s instructions. 1ug of RNA waswasted to cDNA in a 20ul reaction
(2.2.5.4). When low RNA yields were obtained, thexaimum volume of RNA was added
to a 20ul reaction. A non-template control withgeats minus RNA was included with
every synthesis to ensure no contamination of rgageas present and cDNA was stored
at 4°C.

2.3.6.5 Standard PCR

PCR is a technique widely used in molecular biolaidye technique is based on the
principle of amplifying DNA using thermal cycling ©NA can be detected. The use of
DNA primers which are sequences complementarydadtNA region of interest are used
to selectively amplify particular regions of DNAh@& process of DNA synthesis requires
enzyme Taq polymerase. Positive control samplesad@R reaction minus DNA was
used to assess reagent contamination with evecyioag2.2.5.5). PCR reactions were run
with appropriate PCR conditions according to presngsed (2.1.7.1). PCR products were
analysed using agarose gels with the addition bfSgfe™ to visualise DNA with UV
illumination. Molecular ladders at an appropriatedor analysis were run with samples to
know exact size of PCR products. Agarose gels werde solubilising agarose powder in
a solution of 1X TBE (2.2.5.2). The solution wasteel in a microwave to dissolve the
powder, the solution was cooled, SybrSafe™ wasaeddd poured into a gel setting with
combs. Once solidified, the gel was put in an ebgttoresis tank in 1X TBE solution,
samples were loaded into the wells and an eleatinient was used to allow the migration
of DNA samples through the gel according to sizidADwvas visualised using UV
illumination using a molecular imager® ChemiDoc @ldoc™ XRS visualisation

system.

2.3.6.6 Quantitative-PCR

Real-time quantitative PCR (or Q-PCR) is basedherprinciples of standard PCR,
however this technique allows gene expressionreifiees to be analysed between
different samples. In this thesis, Q-PCR was cdamuging the TagMan® system and
reagents. This technique is widely used and haghadensitivity and specificity. Briefly,
amplification is quantified using fluorescently &led probes which are cleaved during
amplification resulting in a fluorescent signal ainiallows detection and quantification
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during the PCR reaction. To achieve this, each TagMprobe has been designed to
contain a fluorophore and quencher. The quencbesdtuorescence emitted by the
fluorophore when excited by the cyclers light seunsing fluorescence resonance energy
transfer. The juxtaposition of the fluorophore @ugncher inhibits fluorescence and
therefore its detection. Amplification of the targequence using Taq polymerase results
in probe displacement which results in fluorescesroéssion. The fluorescence emitted
correlates with the DNA template and is therefarargified. RNA was converted into
cDNA as mentioned in section 2.3.6.4 and was coetbmith TagMan™ inventoried
probes (Table 2-6), 48 and 2X universal PCR mastermix in a 10ul reactvn.5.3).
Samples were prepared in triplicate with an appadghousekeeping control for every
sample. A non-template control was included in gveaction to exclude the possibility of
contamination of reagents. Samples were loadedi3®4 well plate, centrifuged and
loaded onto a 7900HT real-time PCR system (Apdiesystems). The standard thermal
cycling conditions were used as per the manufactuirestructions: 50°C for 2 min, 95°C
for 10 min and finally 40 cycles of 95°C for 15 grds (sec) and 60°C for 1 min. Data was
acquired using SDS software and analysed using BGager (Applied Biosystems). CT
values were examined and compared between sangiesfald change relative to
calibrator using thaACT standard method for analysis (Schmittgen andK,i2008). To
show the variation between biological replicatesalibrant samples, relative expression is

shown using the 2*"®“T as detailed in the text.

2.3.6.7 Single cell RT and preamplification

Due to small cell numbers of primary material, QRP@as carried out using small
numbers of cells and the Fluidigm™ platform andNlaq reagents®. A small number of
cells (200) were sorted using a FACS into a 5ul comtaining a lysis buffer, Tagman®
probe mix and 2X reaction mix (Cat No. 11753-1@32(5.6). The cell suspension was
vortexed and spun before added to a PCR machiriRTf@and preamplification of
particular genes using Tagman® probes. The staridarchal cycling conditions were
used as per the manufacturer’s instructions: 562G % min, 95°C for 2 min and finally
18-22 cycles of 95°C for 15 sec and 60°C for 4 i8ibsequently, the cDNA sample was
diluted with the addition of 20ul TE buffer (Cat NI2090-015) and stored at -20°C. The
cDNA was used as described in sections 2.3.6.2&h6.8.



113

2.3.6.8 Fluidigm

A high-throughput Q-PCR was carried out using thedigm™ platform. Fluidigm™ has
developed an approach to analyse large sets ofeggmession analysis using very small
cell numbers based on microfluidic technology. QRAE carried out as described in
section 2.3.6.6 with the addition of a system inckhmultiple samples and genes can be
analysed simulateously. A 48 x 48 or 96 x 96 (sawpjene) chip format is available
which dramatically increases the number of PCRti@as that can be achieved in one
assay. After the preamplification of samples, #sulting cDNA was used with the
Tagman™ probes of interest to examine gene expres$i48 genes across 48 samples.
Briefly, cDNA and probes were mixed with appropeigample or assay buffer and added
to inlets of gene chips. The chip is primed beigse and the loaded chip is run on the
Fluidigm™ BioMark HD system. Data was acquired gdime BioMark acquisition
software and analysed using Fluidigm real-time R@Rysis software. Fold changes in
gene expression were calculated according to msttiescribed in the Q-PCR section
(2.3.6.6).

2.3.6.9 Cloning of DNA fragments

2.3.6.9.1 CXCL1 and CXCL4 shRNA

Human CXCL1 and mouse CXCL4 shRNA hairpins werepased in a pLKO.1 plasmid
with an ampicillin resistance cassette and a pes@stance cassette as described in section
2.1.2. The plasmids purchased came with multidsmids each with a unique shRNA
sequence, designed to ensure adequate coverduetafget gene. The sets purchased
contained six and five plasmids for CXCL1 and CXQk4pectively. It is predicted that
some of the shRNA sequences will give at least KA@&ek down of the gene of interest,
however it is necessary to test which sequence fhenset is best at gene reduction for
future experiments. Each plasmid was transducedpositive control cells as mentioned

in section 2.3.2.1 and selected in puro for se\ays dvhen an untransfected control had
undergone apoptosis therefore all cells growingdtadle integration of the expression
vector. Resulting cells were tested for reductiogene and protein levels using Q-PCR as
mentioned in section 2.3.6.6 and western blottsxghantioned in section 2.3.5. The
shRNA sequences found to result in the highestidenfegene reduction were subcloned
into a plasmid with a reporter tag (GFP) for userimary cell transduction. Two plasmids

from human CXCL1 and one plasmid (due to time gairsis) from mouse CXCL4 were
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subcloned into a pLKO.1 plasmid containing a GFSerh Briefly, 10ug of DNA from
pLKO.1-CXCL1 or pLKO.1-CXCL4 and pLKO.1-Scr (GFPeve digested with Ndel and
Spel RE (New England Biolabs) (2.2.6.3). After 3itsoat 37°C, digestion products were
incubated with SAP at 37°C for 45 min to dephosplabve the ends of the cut fragments,
reducing the probability of the cut fragments jomtogether. The products were then run
on a 2% agarose gel and analysed using UV illununaf he inserts containing the
shRNA sequences from pLKO.1-CXCL1 and pLKO.1-CXCGint the plasmid backbone
from pLKO.1-Scr were cut using a sterile scalpeal #re DNA was extracted from the gel
(2.3.6.10). DNA was quantified and insert was kegkto the backbone using T4 DNA
ligase and incubated overnight at 14°C (2.2.6.4kt&ia was transformed and grown as
mentioned in 2.3.6.11 and individual clones weranexied for the correct plasmid using
RE digestion and sequencing analysis using prisyaning the shRNA sequence
(2.1.7.) (GATC Biotech, Konstanz, Germany). Bacterial s®wakth the correct plasmid
were made in glycerol as mentioned in 2.3.6.1%estat -80°C and cultured when

required.
2.3.6.9.2 CXCL1 over expression

DNA was extracted from cell line PC-3 and PCR getaith primers spanning the human
CXCL1 coding sequence (2.1.7.1). The correct baasl wisualised using UV and
extracted as mentioned in section 2.3.6.10. Theringas ligated into vector PCR® 2.1
TOPO® using the TOPO® TA cloning® kit accordingth@ manufacturer’s instructions.
The ligation mix was incubated overnight at 14°@ aansformed into competent bacteria
as mentioned in 2.3.6.11. Colonies were screendthéopresence of a single insert in the
correct orientation using RE digests with Hindlidathe plasmid was sent for sequencing
analysis. The CXCL1 insert was extracted from PCR®TOPO® using BamHI and
Ecor V RE digests and ligated into lentiviral pladfRRL backbone cut with BamHI and
Snabl overnight at 14°C and transformed into bact@orrect clones were sent for
sequencing analysis and PRRL without the CXCL1rinsas used as an empty vector

control.

2.3.6.10 Extraction of gel bands

DNA was extracted from agarose gel fragments uiadiaquick gel extraction kit
(Qiagen) as per manufacturer’s instructions. Tiselteng DNA was quantified and
examined for purity using a nanodrop spectrophotenigd-1000.
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2.3.6.11  Growth of plasmids

All microbiology work was completed on a sterilenbk with a bunsen burner. Competent
bacteria were transformed with DNA plasmid accogdimthe manufacturer’s instructions.
Briefly, bacteria were allowed to thaw on ice f@& @in and 1ul of plasmid DNA or 5ul of
ligation product was incubated for 30 min. Bacteviexe then incubated at 42°C for 90
seconds (sec) resulting in the disruption of tHereembrane allowing the introduction of
the DNA into the bacterial cells. Subsequently eaatwere incubated on ice for 2 min,
SOC medium was added and incubated on a shakitigrptafor 1 hour at 37°C to allow
the production of the appropriate antibiotic resise gene. Subsequently, approximately
50ul of bacterial suspension was added to agaegptbwn in ampicillin and streaked or
spread according to transformation reaction. Singlenies were selected and cultured for
approximately 8-12 hours in LB medium plus ampigcillThe bacterial culture was then
incubated approximately 8-12 hours in a large calaf LB medium plus ampicillin.
Bacterial stocks containing correct the plasmidenaade with the addition of 30%
glycerol stocks and stored at -80°C for future (&2.6.1; 2.2.6.2).

2.3.6.12 Isolation of plasmid DNA

Plasmid DNA was isolated from bacteria using mamigli or maxi kits according to
volume of bacteria and manufacturer’s instructiamese followed. DNA was eluted in

nuclease free # and stored at -20°C.

2.3.6.13 Verification of DNA sequence

The correct plasmid sequence was verified usingligést and sequencing analysis.
pLKO.1 plasmids were digested using Ndel and Spabtk digestion. PRRL-CXCL1 was
digested using EcoRI single digestion. 1ug of DN&swncubated with enzymes with
appropriate buffer and BSA solution for 3 hour82tC as mentioned in section 2.2.6.3.
Resulting DNA was visualised using UV for correats To ensure correct plasmid, DNA
was sent for sequencing analysis using primersrspaithe shRNA sequence with primers
mentioned 2.1.7.1.
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2.3.7 Animal work

2.3.7.1 Ethical issues

All animal work was carried out in accordance welgulations set by the Animals
Scientific Procedures Act 1986 and UK Home Offiegulations. Animals were housed at
the Beatson Institute for Cancer Research or avéterinary Research Facility at the
University of Glasgow. All experiments were carrmat under my personal licence
(60/12683) and Dr Kamil Kranc’s project licence /8076).Stem cell analysis was carried
out on animals between 6 and 12 weeks and aninmeks mvatched for sex where possible.
Specifics of numbers of animals used and gendexdoh experiment is provided in detail
in each figure legend.

2.3.7.2 Mouse models

2.3.7.2.1 Rosa26-RFP;Cxcl4-Cre

Rosa26-RFP;Cxcl4-Crenice were a kind gift from Professor Laura Maclyesikd
experiments were done in collaboration with Dr Sin@alaminus (Beatson Institute for
Cancer Research, Glasgow, UK). BriefBxcl4-Cretransgenic mice (C57/BL6
background) were crossed with mice containing aitmmal tandem dimer red
fluorescent protein (RFP) construct under the adatf the Rosa26 promoter (C57/BL6
background)Cxcl4-Creanimals were constructed throug&iee recombinase cDNA
insertion in bacteria into a bacterial artificilromosome (BAC) clone containit@xcl4
(Tiedt et al., 2007). It should be noted thatB#eC used to create th@xcl4-Cre
transgene contained the ent@grcl4 gene in addition to several others as described in
Table 2-9. These genes have a variety of diffeiiandtions including mouse neutrophil
chemotaxis, megakaryocyte/platelet biology and H&htenance (Tiedt et al., 2007).
The Rosa26-RFRnimals were generated by targeting RFP into liguitously expressed
ROSAZ26 locus of C57/BL6 ES cells (Luche et al., 0@ schematic of thRosa26-
RFP;Cxcl4-Cremouse model is displayed in Figure 2-R0sa26-RFP,Cxcl4-Cre” mice
were used witlRosa26-RFP,Cxcl4-Cre mice as a control. Ear or tail samples were used

to genotype the mice using Transnetyx at the Bedtsstitute for Cancer Research.
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Gene Name Gene ID

Cxcl7 57349
Gm1960 330122

Table 2-9 List of genes contained on the BAC clone used in the construction of Cxcl4-Cre

animals.

The BAC that was used for the transgenic animatéatoedCxcl4, Cxcl5, Cxcl7, Cxcl15
andGm196Q(Tiedt et al., 2007).
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Figure 2-10 Rosa26-RFP;Cxcl4-Cre mouse model

Panel A shows the transgene construct. Each boxteletheCxcl4exons and the Cre
denotes a codon-improved cDNA for Cre recombinaskpmlyA is the polyadenylation
signal. Panel B displays the Rosa26-tdRFP consffinet tdRFP cassette is inserted in an
anti-sense orientation. Two oppositely oriented MKP sites (loxP 1) flank the whole
element. Two additional mutant loxP sites (loxB@yound the reversed tdRFP cassette
with one of the loxP 1 sites. Cre mediates thersioa at the loxP sites and results in the
removal of the NEO STOP cassette (1 and 2). TheRdiR under full transcriptional
control of the ROSA26 locus. Panel C demonstrdtescttivity of the RFP reporter. In
cells in whichCxcl4is active, cells are all resulting progeny are Riffespective of the
subsequent activity d@xcl4.lmages A and B are from the published literaturehan

constructs used (Luche et al., 2007, Tiedt eR@0;7). Image C is an original diagram.



119

2.3.7.2.2 Cxcl4 null animals

Cxcl4” mice were kindly donated by Professor Mortimer Rogihiladelphia children’s
hospital, Philadelphia, USA). Briefl{;xcl4” mice were generated by replacing the entire
coding region folCxcl4with a neomycin resistance gene (C57/BL6 backgrpu®xtl4”
mice were imported from Philadelphia children’s it into the Veterinary research
facility (University of Glasgow)Cxcl4" animals were crossed with WT C57/BL6 mice
purchased in house (Harlan Laboratories, UK) teegae heterozygous animals. Unrelated
heterozygous animals were then crossed to ger@xatd”* (WT) andCxcl4” (KO)

animals which were used for the analysis detaiechapter 5. Ear or tail samples were
used to genotype animals as described in sect®f.2by using primers against
endogenou€xcl4or theneomycircassette to ensure the sole use of W4’

animals in the analysis. The sequences of the psimere provided by Professor

Mortimer Poncz.

2.3.7.2.3 CXCR2 null animals

CxcrZ" mice were kindly donated by Professor Owen San®watéon Institute for
Cancer Research, Glasgow, UK). Briefixcr2” mice were generated by replacing the
entire coding region fo€xcr2with a neomycin resistance gene (C57/BL6 backgitpun
Heterozygous with homozygous animals were crossd@acr2” (WT) andCxcr2”
animals (KO) were used for analysis. Ear or taihgkes were used to genotype animals
using Transnetyx at the Beatson Institute for CaResearch by using primers against
endogenou€xcr2or theneomycircassette to ensure the sole use of WTar2”

animals in the analysis.
2.3.7.2.4 CDA45.1"animals

Animals containing the congenic marker CD4511y5.1) were kindly donated by Dr
Kamil Kranc. This strain carriers the allele of &L mousétprc gene locus. C57/BL6
animals are CD45:Ly5.2) therefore this strain can be used to disiciate between the

animals used in this study as described in moraldetsection 2.3.7.6.
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2.3.7.3 Dissection

Animals were sacrificed using appropriate scheduigethods. Femur, tibia, hip bones,
spleen and thymi were dissected and stored in PBISCS on ice. PB was taken by tail
vein bleed prior to sacrifice or through collectioom femoral vein post sacrifice and
collected into tubes containing EDTA to ensure an#igulation, stored at RT and analysed

within several hours.

2.3.7.4 Cells

Bones from femur, tibia and hips were crushed i5R2B6 FCS using a mortar and pestle
and made into a single cells suspension throutgrifig through a sterile 0.2um filter.
Spleen and thymi were mashed in PBS/2% FCS usstgrie plunger and filtered.
Peripheral blood (PB) was analysed neat for celtylanalyses and RBC were lysed
before downstream applications in NaCl solutioroading to manufacturer’s instructions
(Cat no. 07850).

2.3.7.5 Analysis

Single cell suspensions of organs were analysed) @gshaematology automated analyser
(Hemovet). This was used to perform full blood dsuBones, spleen and thymi were
resuspended in a volume of 30mL, 12mL and 12mLeesgely in PBS/2% FCS. Cells
were spun and resuspended in appropriate antibadgeanalysed by flow cytometry.
White blood cell (WBC) counts were multiplied torpentage of cells to get cell

count/mouse.
2.3.7.6 Transplantation assays

A BM reconstitution assay allows the detection gfianitive class of HSC that allow the
survival of lethally irradiated mice transplantedhwfew numbers of cells due to their
ability to repopulate haemopoeisis. This assaybsansed to compare stem potential of

different cell types or to compare stem cell atgivm transgenic mice.

Lineagenegative, Sca”l c-Kit", CD150, CD48 (LT-HSC) cells fromCxcr2” or Pf4”
with wildtype (WT) animals were sorted using flowt@metry into a cell suspension of
CD45.T BM MNC at a concentration of 0 T-HSC donor cells plus 2x2®M CD45.1

cells per mouse. 200ul of the cell suspension wjasted by intravenous transfer into
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lethally irradiated mice at a maximum of 24 housstgrradiation. CD45.1animals were
irradiated using a dosage of 7 gray (Gy) radiatisimg an x-ray irradiator at the Beatson
Institute for Cancer Research and subsequentlydabinsindividually ventilated cages
(IVC) and treatment with Baytril. Every 4 weeks ptvansplant up to 16 weeks, PB was
taken and prepared as described in section 2.Lélls were stained for antibodies against
CD45.1, CD45.2 and antibodies against mature gedls including mature B (CDIP T
(CD4", CD8") and myeloid (GR-1, CD11B) cells (2.1.6). After 16 weeks, the BM, spleen
and PB were taken from sacrificed mice and examioe@D45.1 and CD45.2 positive

cells in mature cell types and within stem/progantell populations (Figure 2-11).

Donor Recipient
100 LT-HSC CD45.2*
e o  200,000BM CD45.1* .o

= =
e e
CD45.2* CD45.17

/ N\

Analyse CD45 .27 cells in Analyse CD45.2% cells in the

the mature cells in the PB stem, progenitor and mature

every 4 weeks post cells in the BM and spleen at
transplant 16 weeks post transplant

Figure 2-11 Schematic digram demonstrating BM trans  plantation assay.

CD45.Z donor derived HSC were transplanted with CD48drived support BM in
irradiated CD45.1recipients. PB was analysed every 4 weeks pasdjitant to examine
CD45.7 cells in the whole blood and mature cell typesl®wweeks post transplant, BM
and spleen was analysed for the CD484lls in the organs, stem, progenitor and mature

cell types.
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2.3.8 Statistics

The results are shown as the mean with standaidta®vvalues unless otherwise stated.
All statistical analyses were performed using tlaph Pad prism software package. To
test if values came from a Gaussian distributiammality was analysed using the
Kolmogorov-Smirnov test. Depending on the resultthe test, the appropriate parametric
or non parametric tests were used. In cases of&mple numbers (i.a.< 3), the

normality test could not be used and thereforeasimere assumed to come from a
Gaussian distribution. Specific details of theistaial test carried out for each data set are
provided in the figure legends. A levelP&0.05 was deemed significant and level® of
<0.01 andP <0.001 were deemed very significant. Value® 0#0.05 were deemed not

significant.
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3 Results I: The role of CXCL1/CXCR2 signalling
iIn human HSC survival

3.1 Introduction

A key property of HSC is their ability to maintagmiescence, which is thought to
important for their ability to sustain haemopoiesier a long period of time (Pietras et al.,
2011). A variety of methods have been used to iyembvel genes in quiescence,
including gene-targeted deletion/knock-in mouse @sdn addition, high-throughput
approaches including global gene expression stindies been used (Passegue et al., 2005,
Venezia et al., 2004, Forsberg et al., 2010). Saobens have identified genes involved in
quiescence including in metabolism and cell cyebputation. Despite the identification of
a variety of genes involved in quiescence, itiisradt well understood. In addition,
limitations in previous studies have been duelaxk of data on human HSC populations.
A previously published microarray study by our graaported that the most up regulated
group of genes in quiescent compared to prolifegatiuman HSC were chemokine
ligands, specifically within the CXC group (Grahaitral., 2007). This was a novel

finding, however their biological function in thi®ntext was unclear.

The previous microarray study reported that chemokgandsCXCL1, CXCL2 CXCL6
andCXCL13were the most up regulated genes in normgaleéesus dividing HSC. As
described in the introduction section, chemoki@L1, CXCLZandCXCL6share a
common receptolCXCR2and for simplicity we decided to focus on this siing

pathway. The literature available on these cheneskin terms of stem cell properties is
scarce. Regarding CXCL1, a previous study repaitatdCXCL1 supported growth and
regulated self renewal or adoption of a particakdtular fate in ESC (Krtolica et al.,
2011). CXCL2 shares sequence similarity with CX@inH they share some functional
activity, however CXCL2 has not been identifiecptay a role in ESC properties. CXCL2
has been shown to cause mobilisation of HSC fraBiM into the periphery in animal
studies (Pelus et al., 2002). The molecular meshais poorly understood with no data on
expression of the chemokine on HSC, and it is redt eefined which cell types are
involved. CXCL6 was reported to be expressed imjpiie (CD34CD38) BM derived
HSC in another study, however there was no dasaggest its biological function in these
cells (Lu et al., 2004). There is literature whatfowed CXCL6 was expressed on MSC,
however in this context it was shown to play a roleangiogenesis (Kim et al., 2012).
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Data obtained from a microarray study providesobal analysis of mRNA expression and
alterations in different cell populations/treatnmeeiiowever, it is important that the targets
identified are validated before further study. Ex@eriments in this chapter were designed
to validate the microarray data and to extend ésearch through examining protein
expression, in particular focusing on key chemokigend CXCL1. To examine the
biological functionin vitro, several approaches including an over expressidrkaock

down approach of the protein were used. These igabs were first tested and optimised

on cell lines before use on primary samples.

Chemokine ligands signal to their receptor andehis occur in an autocrine or paracrine
fashion. To date, CXCR2 expression has not beerctbet on HSC. In terms of other stem
cell systems, the receptor has been shown to ressqd on MSC and plays a role in cell
migration (Ringe et al., 2007). A variety of celpes express CXCR2 including
granulocytes and other inflammatory cell types Whegist within the BM. Indeed an
interaction between HSC and other cell types irBReniche is already well known.
Based on this, an aim of this chapter was to exai@XCR2 expression at the mRNA and
protein level in HSC populations. Based on thieaesh we would be able to identify
whether chemokine ligands are potentially signgltimough an autocrine loop or in a

paracrine manner.
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3.2 Aims and objectives

The specific aims of this chapter were:

I To validate gene expression data from a previousicroarray study and
investigate whether CXC ligands are up regulated imuiescent, primitive human
HSC

It is fundamental that candidates identified frommiaroarray study are validated. In this
objective we wanted to ensure we could validate@aicay data which would merit

further study of these genes.
I To examine protein expression of CXC ligands otHSC

It is well known that gene expression is not alwiagicative of protein expression or
indeed function. In this objective we wanted toraxee protein expression of CXC ligands

to ensure protein was translated.
1] To investigate whether HSC express receptor CXR2

To date, the expression of receptor CXCR2 is redrdhn the literature. We wanted to
confirm whether human HSC express CXCR2 at the gadeprotein level. This would

give an indication of the mechanism of how chemeligands are eliciting their effects.
\Y To determine the biological function of CXC sigralling on HSC behaviour

We designed experiments to determine whether C¥Qafling plays a biological role in
terms of stem cell properties. To complete the ahje the plan was to construct an over
expression and knock down vector against chemdigaads and use an inhibitor against
receptor CXCR2. The resulting effect would be exsadiin terms of HSC properties

including viability, self renewal/differentiatiomd cell cycle status.
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3.3 Results

3.3.1 CXCL1, CXCL2 and CXCL6 are up regulated in primitive, BM
derived HSC

Data from a published microarray reported diffeia@réxpression of genes in human HSC
populations that were sorted and isolated accordirnigeir cell cycle status (Graham et al.,
2007). More specifically, CD34cells were isolated using flow cytometry and a
combination of DNA and RNA stains (Hoechst 33344d Byronin Y). Due to
technicalities, including the lack of a UV laserdetect Hoechst staining, this approach
could not be replicated. An alternative approackaning cells according to cell cycle
status was required. Initially, alternative DNAistawere tested which can be used in
viable cells and do not require a UV laser, howdkese were shown to be unreliable
(data not shown). As an alternative approach,pmgdulations were sorted using cell
surface markers CD34 and CD38. CD34 is a cell sarfaarker known to be expressed on
a heterogeneous population of cells including giiraistem cells and progenitor cells and
including CD38 allows a generally accepted disaniation between more primitive, and

therefore more quiescent cells (Civin et al., 1% atia et al., 1997, Paz et al., 2007).

Cells used in the original microarray study wergwia from normal controls in which the
stem cells had been mobilised (Graham et al., 200i8) possible that this treatment could
alter the gene expression signature, in partidolachemokine expression. Indeed,
CXCR2 binding ligands are modulated in respong8-t0SF treatment (Richards et al.,
2003, Eash et al., 2010). Therefore CB3@38 and CD34CD38" cells were isolated

from normal BM samples derived from the BM to exaewhether high levels of
chemokine expression is inherent to a primitivenstell population regardless of cellular

location and cytokine treatment.

Normal BM samples were enriched for cell surfacekeiaCD34, stained with antibodies
against CD34 and CD38 and sorted using flow cytopiato different cell populations
according to their cell surface expression of C28d CD38. RNA was extracted, RT and
examined for mRNA levels of CXC chemokines ideatifin the microarrayCXCL1,
CXCL2andCXCL6using Q-PCR analysis. It can be seen in Figurdlttiall CXC

ligands were down regulated in the CDBB38" fraction in comparison to the
CD34'CD38 fraction at the mRNA level howev&XCL6was not statistically significant.
It is likely this has arisen from a smaller samgilee and variation between individuals.
From this result it can be inferred that CXC chemekCXCLl1landCXCL2are up
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regulated in quiescent HSC derived from BM and rinsdad PB samples as carried out in
the original microarray study. It can also be irderthat sorting of CD34cells into
CD34'CD38 and CD34CD38' fractions separates cells which are in differéagas of
the cell cycle as the results corroborate the figslifrom the original microarray.
However, it should be noted that a huge variatievben samples was noted in both
populations as seen by relative expression. lbssible chemokine levels vary greatly
between individuals and information regarding gerashel age would have been useful,

however this information was not available.

As a control to validate that the CD®D38 fraction represents a more quiescent fraction
than the CD34CD38" population, normal BM samples were examined foregexpression
of genes associated with cell cycle sta@i3C6is only transcribed during the;@hase of
the cell cycle therefore it is predicated this Wil at higher levels in CD38D38" cells
(Pelizon, 2003). In addition, gene expression aialgf cell surface marker CD38 was
carried out to demonstrate the sorting efficienoyone representative BM sampl&DC6
andCD38 mRNA levels were examined in CD®D38 and CD34CD38" sorted
populations. It can be seen from Figure 3-2 th#t RibC6andCD38 showed an increase
in expression in the CD3€@D38' fraction in comparison to the CD33D38 fraction. The
higher expression of CD38 in the CD84€38' fraction confirms that the sorting was
efficient. Differential expression @DC6confirms that CD34CD38" are more
proliferative than CD34CD38 cells, which justifies the use of these populationthis
study. However due to one sample used, no signifididferences are noted.
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Figure 3-1 CXCL1 and CXCL?2 are up regulated in CD34 "CD38 compared to CD34 *CD38"
cells derived from normal BM samples.

Normal BM samples were freshly isolated or recosdrem cryogenic storage. Cells were
enriched for CD34 and recovered overnight in medsupplemented with GF for cell
survival. Cells were stained for antibodies aga@@id84 and CD38 and sorted for
CD34'CD38 and CD34CD38 populations. RNA was extracted, RT and Q-PCR was
carried out folCXCL1, CXCL2andCXCL6 mRNA expression (A). Fold change was
calculated relative to housekeeping con@&PDHaccording to the DeltaDeltaCT
method. Data are presented as the mean fold chdmygression in the CD3€D38
fraction using the CD3€D38 fraction as a calibrator which is set to the vailfi¢. The
chemokine<CXCL1,CXCL2andCXCL6showed a mean 5@ 0.05), 81 P <0.05) and 84
(n.s) percent reduction in expression levels inGB84 CD38§' fraction in comparison to
the CD34CD38 fraction. The panels in B demonstrate relativeresgion (2<% in

both populations for each gene tested (B). Eacliidptays an average of technical
triplicates from independent samples. Statistid&iiinces were analysed using the
Wilcoxon matched paired test € 4-7) (* P <0.05). Details of age and gender from
samples were not available.
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Figure 3-2 CDC6 and CD38 show up regulation in CD34 *CD38" compared to CD34 "'CD38
cells derived from one normal, representative BM sa  mple.

Normal BM samples were freshly isolated or recogddrem cryogenic storage. Cells were
enriched for CD34 and recovered overnight in medsupplemented with GF for cell
survival. Cells were stained for antibodies aga@i3B84 and CD38 and sorted for
CD34'CD38 and CD34CD38" populations. RNA was extracted, RT and Q-PCR was
carried out folCDC6(A) andCD38(B) mRNA expression. Fold change was calculated
relative to housekeeping cont®@APDHaccording to the DeltaDeltaCT method. Data are
presented as the mean fold change of expressitie iGD34CD38" fraction using the
CD34'CD38 fraction as a calibrator which is set to the vaifié. BothCDC6andCD38
showed an increase in expression in the COB8S' fraction with a 25.1 and 31.0 fold
increase in expression levels in comparison tah84'CD38 fraction. No statistical
analysis was used due to the sample size of lilDetasample age and gender were not

available.
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3.3.2 CXCL1 is expressed in both CD34"CD38 and CD34'CD38"
cells at the protein level

CXCLL1is up regulated in CD3€D38 cells in comparison to CD3@D38' cells at the
MRNA level, however it is important to ensure gerpression is translated into protein
expression. Examining protein expression for sé\igi@nds was thought to be potentially
wasteful of primary material, time consuming anchtacally challenging due to the
known quality issues associated with chemokinenligantibodies. The experiments in the
remaining study focus on chemokine ligand CXCL1deveral reasons. 1. CXCL1 was
consistently found to be highly expressed in quaas&iSC in several microarrays from
our group ((Graham et al., 2007); (Irviaeal, data unpublished)). 2. Previous research
has shown that CXCL1 controls fundamental cellpfacesses including survival and
proliferation (reviewed in the introduction secfiomherefore this ligand seemed like an

ideal candidate for further study.

CXCL1 was examined for protein expression on CIo3A38 and CD34CD38' cells. As
previous results in this study found ti@XCL1was up regulated in CD3@D38 cells
regardless of cellular location, samples were @erivom BM or mobilised PB samples
depending on availability. As CXCL1 is a proteinigthis expressed intracellularly and
secreted, intracellular flow cytometry analysis andyme-linked immunosorbent assays
(ELISA) were thought to be ideal for examining CXChrotein expression. However,
both techniques resulted in technical problemséibady staining was found to be non
specific and no signal was generated from the EL(&#a not shown). It was thought that
this was due to a poor quality antibody against CK@nd due to the small cell numbers
of primary cells available and used in the ELISA. #iternative approaches,
immunofluorescence and western blotting were ugelbtect CXCL1 expression.
Immunofluorescence allows the detection of intratal protein expression and although
not particularly quantitative, would show the pmes®or absence of signal. Western
blotting allows validation of the immunofluorescerstaining and provides a quantitative
technique for examining different expression levesveen populations. Antibodies
against CXCL1 were optimised for both immunofluaessce and western blotting using

positive control HT 1080 cell lines before use watlecious primary samples.

It can be observed in Figure 3-3 and Figure 3-#@xCL1 was detected in HT 1080 cells
by immunofluorescence staining and western blotinglysis. After optimisation of these
techniques, human CD34 enriched samples were sort€D34'CD38 and
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CD34°CD38 populations using CD34 and CD38 expression anthi for protein
expression of CXCL1. Experiments showed that passtaining for CXCL1 was found in
all populations tested. A representative figurstafning is seen for CD34ells (Figure
3-3). As immunofluorescence is not quantitativestem blotting analysis showed that
CXCL1 was detected in both CD32D38 and CD34CD38' fractions in HSC derived
from sources of mobilised PB and BM (Figure 3-4¢nBitometry was used as a tool for
quantification as the housekeeping protein expoasshowed unequal loading between
samples. Densitometry analysis showed a 0.66 ddfdld change for the CD3@D38"
population in comparison to the CO®D38 fraction for BM and PB respectiveln € 1).
The small differences in expression likely représenchange and no conclusions can be

drawn due to the sample sizerot 1.

Recombinant protein of human CXCL1 was tested agéire antibody used for
immunofluorescence and western blotting. Analybmaged multiple bands at ~8Kd,
~12Kd and ~16Kd (Figure 7-1). Primary samples stibmeltiple bands with strongest at
16Kd (Figure 7-2). Without sequencing methods difécult to confirm that the band
found in cell extracts is CXCL1. It seems as thoGHCL1 is expressed by human
primary cells but perhaps a better antibody wolddfy this. Using the recombinant
antibody, the 8kD band is most likely the corremmtdh for CXCL1 as it is the correct
molecular weight for the CXCL1 protein. The higlhand at 12kD is likely to be the
unprocessed precursor protein which is larger and at a higher molecular weight. The
band at 16kD could represent a dimer as chemokiegsently dimerise in SDS or the
band could represent a non specific antibody bahdrefore the band visualised in cell
extracts in this study could be CXCL1 protein whings dimerised or it could be a non

specific band. Further experimental work is reqiiice address this.

If the CXCLL1 staining is correct, these resultseahe question, why is an up regulation of
CXCL1 observed in mRNA levels and not protein le@eThe culture of HSC and
progenitor cells with particular GR vitro may play a role in modulating cell cycle status
and therefore chemokine expression. If the addifo@F results in the activation of the
guiescent fraction after a certain time period tisild alter CXCL1 expression in the
cells. A difference in expression would therefoot Ine observed in CD3@D38 cells in
comparison to CD3€D38" cells. Alternatively, it is possible that CXCL1égpressed on
stem and progenitor cells and may play a biologickd in both cell types. At this stage,

this could not be concluded. However, collectivBly combination of techniques provides
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support that CXCL1 is expressed in HSC and progepipulations and merited

justification for further investigation into theleoof CXCL1 in stem cell function.
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Figure 3-3 CXCL1 is e xpressed on HT 1080 cell lines and CD34 " cells using

immunofluorescence staining

HT 1080 cell lines were cultured in medium, adhdredhicroscope slides and examir
for CXCL1 expression using a fluorescently labebetibody against CXCL1 ar
immunofluorescence analysis. Human CI' cells were thawed, recovered overnigh
medium supplemented with GF, sorted for C'CD38 and CD3:"CD38" populations
and subsequently cultured for 48 hours. Cells vieza allowed to attach to slides ¢
examined for CXC1 expression. CXCL1 expression was visualiseadusing ai
Alexa-Fluor594 labelled antibody and the nuclei were visudliseblue using DNA stai
dapi. Images display CXCL1 pression in HT1080 (A) an@dD34" cells (B). Images were
acquired using a Z&s fluorescent microscope. Images shown are reptatsve image
from three independent experiments with approprstg/pe control(C & D) used at the
same concentration and exposure time as the priamdityody of interesPatient samples

used weref mixed age, gender and health st:
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Figure 3-4 CXCL1 is expressed on HT 1080 and CD34 *CD38 and CD34*CD38" cells using

western blotting analysis.

HT 1080 cell lines were cultured in standard medamd protein lysates were prepared.
Human CD34 cells were thawed, recovered overnight in mediaoh@F, sorted for
CD34'CD38 and CD34CD38" populations, cultured for 48 hours and proteiralgs
were prepared. Protein lysates were examined faCZlCI{protein expression by western
blotting. A band was observed in HT 1080 cells @m#aken from from Figure 3-7Ax (
= 3) CD34CD38 and CD34CD3§ cells (A, B). Lanes 1-4 represent the following: 1
BM CD34'CD38"; 2. BM CD34CD38; 3. PB CD34CD38', 4. PB CD34CD38 (n=1)
(B). Housekeeping protefirtubulin (~50kDa) was used as a loading controlcivhvas
observed at the predicted molecular weight. Denstoy analysis was used to examine
differential expression of CXCL1 between populasiovith each CD34-D38 population
set to the value of 1 for comparison (C). A fullage of the blot with molecular ladder can
be seen in the supplementary Figure 7-2.
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3.3.3 CXCR2 is expressed by human CD34"CD38 and CD34'CD38"
cells

CXCL1 functions through binding to its receptor CRZ(reviewed in the introduction
section). A lack of CXCR2 expression on HSC wouldgest that CXCL1 is signalling in
a paracrine fashion to other cell types, possibithe BM niche where diverse cell types
exist and can regulate HSC behaviour (reviewetenrtroduction section). However, if
the receptor is expressed by HSC, this would sudggasCXCL1 and potentially other
ligands are signalling to the receptor in an autecloop. The expression of the CXCR2
receptor at the gene and protein level was thexefwamined on human HSC and
progenitor populations using analysis on CBB3@38 and CD34CD38" sorted

populations.

Gene expression analysis showed @HCR2is detected on human HSC and progenitor
populations, however a marked variation in expostvel was noted between samples.
This was likely due to sample variability and aoreased sample size was not possible in
this study. Collectively the results showed a treawdards an up regulation in the
CD34'CD38' fraction in comparison to the CD33D38 fraction with a 2.01 fold increase
(n.s.) 6 = 3) (Figure 3-6). This was not statistically sfgrant and showed a high standard
deviation therefore likely reflects no change ipmssion between populations. To
examine protein expression of CXCR2, several tephes were used. Flow cytometry was
initially tested with cell surface staining of thexeptor which showed negative staining
(data not shown). However, a previous study exargi@iXCR2 expression documented
that flow cytometry with cell surface staining istndeal for chemokine receptor
expression. The receptor can become internalisg@@goressed in intracellular vesicles,
therefore negative staining using flow cytometrlf serface analysis does not reflect a
lack of expression (Acosta et al., 2008). Baseth@research, immunofluorescence was
used to examine CXCR2 staining on human HSC. Imrlwm@scence staining using a
CXCR2 antibody was optimised using human neutrspdsla positive control. It can be
seen in Figure 3-6 that positive staining of CXGia2 be clearly seen in human

neutrophils with membranous and cytoplasmic stgi@is predicted.

Analysis using human HSC showed that Ciida38 and CD34CD38" cells expressed
the CXCR2 receptor at the protein level (Figure) 3The technique was not considered to
be quantitative, but a more cell membranous stgipattern was observed in the
CD34'CD38 fraction and more intracellular staining was obedrin the CD342CD38"



136

fraction. 3-D images were generated to demonsB8X€R?2 staining patterns in the

different cell populations. Studies using CXCR2 iomofluorescence expression have
indicated that intracellular staining representsaae active protein (Acosta et al., 2008).
However, this could reflect the difference in agltle status between the quiescent and the
progenitor fraction. To validate this result, westblotting technique was used to examine
CXCR2 expression in protein lysates, however prielmy experiments showed the
antibody produced multiple strong bands and tinrestraints did not permit further study

(data not shown).
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Figure 3-5 CXCR2 is expressed in human HSC CD34 “CD38 and progenitor CD34 "CD38"

cells in BM samples at the mRNA level.

Normal BM samples were isolated fresh or thawethfooyogenically frozen. Cells were
recovered overnight in medium supplemented with Gdfls were sorted for CD3@D38
and CD34CD38' populations, RNA was extracted, RT and Q-PCR veasex! out. Fold
change in gene expression was calculated relaiiieusekeeping contrd APDHusing

the DeltaDeltaCT method. Data are presented asidam fold change of expression in the
CD34'CD38' fraction using the CD3€D38 fraction as a calibrator which is set to the
value of 1 (A). Panel B demonstrates the relatiygression with each dot displaying the
average from technical triplicates from three irelegent samples (B). Statistical analysis
was performed using an unpaired studentést with Welch'’s correction for unequal

variance (n.sn = 3).Details of sample age and gender were not available
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Figure 3-6 CXCR2 is expressed in human HSC CD34 *CD38 and CD34'CD38" cells at the

protein level using immunofluorescence staining.

Human PB neutrophils were isolated from a normalod@nd used immediately after
isolation. Human CD34cells were thawed, recovered overnight in mediupptemented
with GF, sorted for CD3€ D38 and CD34CD38 populations and cultured for 48 hours.
Cells were then adhered to slides and examine@X@R2 expression. CXCR2
expression was visualised in green using an AlduarF88 labelled antibody and the
nuclei were visualised in blue using DNA stain dépiages display CXCR2 expression in
CD34°CD38 (A), CD34'CD38 (B) and neutrophils (C). Images shown are reptasien
images from three independent experiments with@pjate isotype controls used at the
same concentration and exposure time as the priamdityody of interest. Patient samples

used were of mixed age, gender and health status.
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3.3.4 Modulation of CXCL1 in HT 1080 cell lines alters cell viability
and proliferation

Experiments in sections 3.3.2 and 3.3.3 show bgémtl CXCL1 and receptor CXCR2 are
expressed on human CD®D38 and CD34CD38' cells. The next objective was to
elucidate the biological significance of this siljing pathway. First, we aimed to
modulate CXCL1 expression in cell lines to optintise techniques and to examine the
resulting phenotype. We designed experiments talkdown and over express CXCL1.
Appropriate vectors were constructed and relewastirtiques were optimised in HT 1080

cells.

To knock down expression of CXCL1, a lentiviralnsduction approach with a shRNA
vector was taken. A set of several vectors witfed#t unique sequences against the
CXCL1 protein was purchased and each vector wasck@s HT 1080 cells. Several
ShRNA vectors against CXCL1 were shown to resudtifferent levels of protein
reduction using western blotting analysis which barvisualised in Figure 3-7.
Densitometry showed the following fold changes @f D.99, 0.75. 1.1, 0.84 and 0.86 for
untransduced, shl, sh2, sh3, sh4 and sh5 resggdativeomparison to the Scr controlled
which was set to the value of 1 (Figure 3-7). TWe vectors corresponding to the greatest
knock down of the CXCL1 protein were cloned inte #ame vector (pLKO.1), but with
the presence of a GFP coding sequence. Both vegtwesconfirmed to significantly
reduce gene expression level<{CL1in comparison to the control at the mRNA level
(40% and 50% reduction in sh2 and sh5 in compatis@ctr control set to the value of 1,
P <0.01,n = 3) (Figure 3-7).

The effect of CXCLL1 reduction in HT 1080 cells wveasamined by assessing proliferation
and viability using cell counts. CXCL1 reductiom?sand sh5) in HT 1080 cells resulted
in a decrease in cell counts in comparison to timérol (Scr) after 48 hours in culture (
<0.05,n = 3) (Figure 3-8). The cell counts obtained ushg and sh2 were below the
density of the input cells (10x3)0indicating a loss of cells in culture after CXCL1
reduction. This would infer cells were undergoipgptosis in response to CXCL1
reduction. Apoptosis analysis using Annexin-V aagidstaining showed no differences in
apoptosisif = 3) (Figure 3-9). However a decrease in the peacenof GFP positive cells
was observed with both hairpins in comparison &dbntrol P <0.01 and® <0.001 sh2
and shb5 respectivelyh & 3) (Figure 3-9).
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Collectively, the data shows that CXCL1 reductieduces cell proliferation in HT 1080
cells. As the reduction in cell counts was beloat tf the input, it was implicated that
CXCL1 reduction also reduced cell survival. Howevke apoptosis data suggested there
was no/very little change in apoptosis in respdogeéXCL1 reduction. The apoptosis
assay was carried out at a later time point tharcéil counts and it is therefore possible
that CXCL1 reduction did reduce cell viability aatthe time of the apoptosis assay, these
cells had disappeared from the culture. Indeedysiseof the cell populations showed that
there was a reduction in the percentage of GFB tetesponse to CXCL1 reduction.
Assuming that 100% of cells at the beginning ofdksay are positive for GFP and a loss
is found in response to CXCL1 reduction, this sstgpositively transduced cells are
being lost from the culture. It is predicted tHastis due to apoptosis. To conclude this,

apoptosis should be analysed at an earlier timet pdier transduction.

The data highlight that CXCL1 plays an importariernia proliferation and survival in cell
lines. To complement these experiments, an ovarsgon vector (CXCL1-PRRL) was
constructed to increase levels of CXCL1 and exarttieeresulting effect on HT 1080 cell
properties. CXCL1-PRRL showed an increase in CX@lidtein levels through mRNA
(68.4 fold change? <0.05) f = 3) and protein levels (1.4 fold change increése) 1)
(Figure 3-10)CXCL1-PRRL was found to increase cell counts aftéture for 48 hours

in comparison to the contrdP(0.05,n = 3) (Figure 3-11). Finally, apoptosis staining
using Annexin-V and dapi staining showed an ina@eashe percentage of viable cells in
the CXCL1-PRRL cells in comparison to the cont®kQ.05,n = 3) (Figure 3-12).

Taken together, the results show that over exmesdi CXCL1 in cell lines increases cell
proliferation and cell viability. The results inrabination with the knock down studies

suggest that CXCL1 is a key factor involved in gesation and survival in HT 1080 cells.
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Figure 3-7 CXCL1 reduction using shRNA mediated len tiviral reduction reduces CXCL1
protein and mRNA levels in HT 1080 cell lines.

HT 1080 cells were lentivirally transduced withlagmids (pLKO.1-CXCL1 or a
pLKO.1-Scr). After selection in puro, protein lysatwere examined for expression of
CXCL1 or housekeepingrtubulin (A). Blot represents representative imdgensitometry
analysis shows the fold reduction of density iniig"sm? in response to CXCL1
reduction (B). A larger image of the blot with laddcan be seen in the supplementary
Figure 7-3. The 2 vectors which corresponded tdotst reduction in CXCL1 protein were
cloned into a GFP plasmid and lentivirally transeilanto HT 1080. GFP positive cells
were sorted using flow cytometry, RNA was extracte@ and analysed f&XCL1
MRNA levels. Fold change in gene expression wasitakd relative to housekeeping
control GAPDHaccording to the DeltaDeltaCT method. Data aregortesl as the mean
fold change of expression in the knock down cedisgi the control (Scr) as a calibrator
which is set to the value of 1 (C). Data is alsesented as relative expressioP{%<"
(D). A repeated measures one-way ANOVA was used thi¢ Dunnetts’s multiple

comparison test to compare the control (Scr) watthehairpin (**P <0.01)
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Figure 3-8 CXCL1 reduction decreases proliferation in HT 1080 cell lines.

HT 1080 cells were lentivirally transduced witheparate plasmids pLKO.1-CXCL1 (sh2
or shb) or a pLKO.1-Scr (Scr). After lentiviral ieduction, GFP positive cells were
isolated and cultured for 48 hours and cells werented using trypan blue exclusion
method and total cell count per sample was caledlddata are presented as the mean cell
count obtained. The input represents the startimgler of cells seeded for all conditions.
Statistical analysis was performed using a repeaiasures one-way ANOVA with
Dunnett’'s multiple comparison test to measure tkffiees between the control (Scr) and
each hairpinrf = 3) (* P <0.05).
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Scr shl sh2

f GFP" cells in HT 1080 cell lines.

HT 1080 were lentivirally transduced with shl, sina Scr control. After lentiviral

transduction, GFPcells were isolated and cultured for 96 hours @il were examined

for apoptosis using Annexin-V and dapi stainingtdDare presented as the mean

percentage of cells that were viable or dead (&)ISGvere examined for percentage of

GFF cells using flow cytometry. Data are presentethasnean percentage of cells that

were GFP (B) after 96 hours in culture. Statistical anadysias performed using a

repeated measures one-way ANOVA with Dunnett’s ipleltcomparison test to assess

differences between the control column with sh2 sinfsl (B). A statistically significant
difference was found between the Scr group and &lt2rand shin(= 3) (**P <0.01; ***
P <0.001).A representative histogram of GFéells between conditions is shown (C).
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Figure 3-10 CXCL1 over expression vector CXCL1-PRRL increases CXCL1 expression by

protein and mRNA analysis.

HT 1080 cells were lentivirally transduced with CKCPRRL or a PRRL empty vector
control. After transduction, cells were sorted &FP cells and protein lysates were made
and RNA was extracted, RT and both were examinedxpression of CXCL1 using
western blotting or Q-PCR. Blot shows CXCL1 expi@ssn empty vector (-) and
CXCL1-PRRL transduced (+) cells using housekeepnageinp-tubulin as a loading
control (A). Blot represents representative proteiage and larger image of blot with
molecular ladder is available in the supplemenkagyre 7-4. Densitometry analysis
demonstrates the fold change intensity/mCXCL1-PRRL relative to the empty vector
control (B).CXCL1gene expression was calculated relative to houpatkgeontrol
GAPDHusing the DeltaDeltaCT method. Data are presergedesan fold change of
expression in the CXCL1-PRRL cells using the envatstor cells as a calibrator which is
set to the value of 1 (C). Relative expressiof*{%") is shown with each dot displaying
an average of technical triplicates in three indeleat experiments (Djtatistical analysis

was performed using a two-tailed paitadst assuming equal variance<3) (*P <0.05).
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Figure 3-11 CXCL1 over expression increases prolife  ration in HT 1080 cell lines.

HT 1080 cells were lentivirally transduced with CKEPRRL or a PRRL empty vector
control. After transduction, cells were sorted &FP cells and cells were cultured for 48
hours in medium. Cells were counted using trypae leixclusion method and total cell
count per sample was calculated. Data are presastdte mean cell count. The input
represents the starting number of cells seededdibr conditions. Statistical analysis was
performed using a pairddest assuming equal variance comparing the engutow
control with the CXCL1-PRRL groumE 3) (*P <0.05).
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Figure 3-12 CXCL1 over expression increases cell vi  ability in HT 1080 cell lines.

HT 1080 cells were lentivirally transduced with CKEPRRL or a PRRL empty vector
control. After transduction, cells were sorted &P positive cells and cells were cultured
for 96 hours in medium. Cells were analysed foelswf apoptosis using Annexin-V and
dapi staining. Data are presented as the meanriageeof viable cells. Statistical analysis
was performed using a pairetest assuming equal variance comparing the enegutiow
control with the CXCL1-PRRL groumE 3) (*P <0.05).
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3.3.5 Reduction of CXCL1 in CD34" cells leads to a reduction in
cell viability and colony formation capability

To determine if CXCL1 also affects survival andlpeoation in human HSC and
progenitor populations, a lentiviral transductigapeoach using shRNA was used.
CD34'CD38 and CD34CD38' cells were transduced with a vector encoding a CXC
shRNA (sh1l) or a control (Scr).

To get an indication of differentiation and profd&on activity transduced cells were
plated in a CFC assay. In this assay, CXCL1 redogeduced colony numbers in both
CD34'CD38 and CD34CD38' cells (Figure 3-13). The colonies grown in the GAC
knock down arm (~5% of the number obtained in th&trol arm) were smaller and less
dense than those in the control arm (Figure 3128 to limiting cell numbers after the
lentiviral transduction, cells were available flaw cytometry analysis from the
CD34'CD38' fraction only. 72 hours post infection, CO8D38" cells showed a
reduction in viability in response to CXCL1 redactias measured by Annexin-V and dapi
staining 0 = 1) (Figure 3-14). Due to the observed effect€@84 CD38 and
CD34°CD38 cells, the assay was repeated using unsorted Ciz#4. This was to
increase the material available for assays asattemg process loses a large amount of
cells. The assays were repeated with the addifiassecond shRNA vector with an
alternative sequence against CXCLL1 (sh5) to exdidgossibility of non-targeting
effects of one single shRNA sequence. CXCL1 reduatising 2 vectors reduced the
percentage of viable cells in comparison to thetrobin CD34 cells (Figure 3-15). In
addition, CXCL1 reduction resulted in a reductiorihe number of colonies obtained in

comparison to the control (Figure 3-15).

Collectively, the data shows that CXCL1 reductieduces colony formation and induces
apoptosis in human stem/progenitor cells. Althotigé experiment has not been
reproduced several times, it provides a good indincahat CXCL1 plays a role in survival
in human HSC. It is interesting that only a smaligentage of cells underwent apoptosis in
response to CXCL1 reduction, however a large rediiet colony numbers was observed
in comparison to the control. The viability staigiwas carried out after 72 hours after
transduction, whereas colony growth was examin@doxjpmately 10-14 days post
transduction. A possible explanation is that apsipts induced over time and 72 hours is
too early to detect dramatic changes in viabilitgother possible explanation is that
CXCL1 reduces cell viability and inhibits proliféi@an therefore a dramatic reduction in
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colony formation is found. This is supported by tasults in Figure 3-8 and Figure 3-11 in
which proliferation is reduced and increased inHIBO cells in response to CXCL1
reduction and over expression respectively. It éinecessary to confirm that CXCL1
expression is reduced in CD3éells in response to both sShRNA vectors, howeuertd a
lack of cells this was not possible in this studgan be inferred from the experiments on
HT 1080 cells that the vectors work to reduce CX@kfpression. However, it will be

important to confirm this in primary material.
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Figure 3-13 Reduction of CXCL1 reduces colony forma  tion in human HSC CD34 "CD38" and
CD34°CD38 cells.

Human CD34 cells were recovered from frozen and cultured oiggt in medium
supplemented with GF. Cells were stained, sorte@€@34 CD38 and CD34CD38"
fractions and lentivirally transduced with viralpgurnatant for CXCL1 knock down (sh6)
or with a control (Scr). 24 hours after the additad fresh medium, cells were sorted for
GFP cells and 1®cells per mL of Methocult™ was plated in duplicated cultured for
10-14 days and colonies were counted. Data aremmexs as the mean total number of
colonies for Scr and sh6 arms in CD3H38" (A) and CD34CD38 (B) fractions ( = 2).

No statistical test was carried out due to the sarsige of 2. Images are representative of
colonies obtained in control or with CXCL1 knockwdo(C).
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Annexin-V
Figure 3-14 Cell viability of CD34 *CD38" cells in response to CXCL1 reduction.

Human CD34 cells were recovered from frozen and cultured oigét in medium
supplemented with GF. Cells were stained and sdote@D34 CD38 and CD34CD38"
fractions and lentivirally transduced with viralpgurnatant for CXCL1 knock down (sh5)
or with a control (Scr). 24 hours after the addhitad fresh medium, cells were sorted for
GFP cells and cultured for 72 hours and analysed fanekin-V and dapi staining. Data
are presented as the percentage of cells thatwiadyke or dead (with early and late
apoptosis combined) for Scr and sh5 arms (A&} (). Image shows Annexin-V and dapi
staining in Scr and sh5 arms (B). No statisticsi veas carried out due to the sample size
of 1.
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Fi?lure 3-15 Cell viability and colony formation in response to reduction of CXCL1 in CD34
cells.

Human CD34 cells were recovered from frozen and cultured wigdt in medium
supplemented with GF. Cells were lentivirally trdnsed with viral supernatant for
CXCL1 knock down using 2 separate vectors (sh2si)l or with a control (Scr). 24
hours after the addition of fresh medium, cellsexsorted for GFPcells and 1dcells
plated in duplicate in 1mL of Methocult™ and inctézhfor 10-14 days or cultured for 72
hours and analysed using Annexin-V and dapi fop&gsis staining. Data are presented as
the total number of colonies obtained in Scr, a@ €h5 treatment arms (A) and as the
percentage of cells that were viable or dead (thiéhcombination of early and late
apoptosis) for Scr, sh2 and sh5 arms (B). No $itzidest was carried out due to the
sample size of 1. Images are representative ohmdmbtained in control or with CXCL1
knock down (C).
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3.3.6 CXCL1 over expression in CD34" cells does not alter colony
formation

To examine if over expression of CXCL1 enhancebkwviability and colony formation in
primary HSC and progenitor cells, cells were |laraily transduced with a vector
encoding the CXCL1 coding sequence (CXCL1-PRRL)e Rulimitations in cell

numbers, cells were lentivirally transduced anduret in a colony formation assay only.

The results showed that there was no differenogemet CD34 cells transduced with an
empty vector or with CXCL1-PRRL (n.s1,= 3) (Figure 3-16). There was no difference in
the types of colonies between treatments therefata are presented as the total number of
colonies. To ensure that the vector was functiocmgectly, gene expression analysis was
examined and showed an increas€XCL1levels in CD34 cells transduced with
CXCL1-PRRL in comparison to the contré! €0.01,n = 3).

It was hypothesised that an increase in coloniagddviee found in response to CXCL1
over expression. However the result found in Fig#6 does not support his hypothesis.
Possible explanations include a saturation of CX@v&ls in human primary cells or that
a more in depth analysis including cell counts apdptosis would show differences

between conditions.
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Figure 3-16 Over expression of CXCL1 does not affec  t colony numbers in CD34 “ cells.

Human CD34 cells were thawed and cultured overnight in mediumd GF. Cells were
lentivirally transduced with viral supernatant f©XCL1-PRRL or an empty vector
control. 24 hours after the addition of fresh medi@FP positive cells were cultured and
plated 1,000 cells per mL in Methocult™ and incebldor 10-14 days. Colonies were
then counted. Data are presented as the total muhbelonies with empty vector or
CXCL1-PRRL arms (A). Images are representativeotdries obtained in control or with
CXCL1 over expressionknock down (E)XCL1gene expression was calculated relative
to housekeeping contrdd APDHusing the DeltaDeltaCT method. Data are preserged a
mean fold change of expression in the CXCL1-PRRIs esing the empty vector cells as
a calibrator which is set to the value of 1 in thnredependent samples in triplicate (C).

Relative expression is displayed®%?<"

with each dot displaying an average of technical
triplicates from three independent experiments @atistical analysis was performed
using a pairedtest o = 3) (** P <0.01). Patient samples used were of mixed agalagen

and health status.
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3.3.7 Recombinant CXCL1 treatment of CD34" cells does not alter
cell viability or cell cycle status

To examine if human stem/progenitor cells can redgo CXCL1 signalling, CD34cells
were treated with recombinant CXCL1 (CXCL1) protatra concentration typically used
in the literature (100ng/mL). After 24 hours treant with CXCL1 or an appropriate
vehicle control, cells were examined for viabilagd cell cycle status. No difference was

found in the viability (n.s.n = 3) or cell cycle status (n.s1~= 3) (Figure 3-17).

It is proposed that the exogenous treatment of CX®buld increase viability and
proliferation of CD34 cells. A possible explanation is that the timenpaind
concentration used are not optimal for this expentnA more in depth analysis with
longer time points and higher concentrations watlllo\v a more definitive conclusion on
whether human HSC or progenitor cells respond t€CX
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Figure 3-17 Treatment of CD34 * cells with rCXCL1 does not alter cell viability or cell cycle
status after 24 hours.

Human CD34 cells were thawed and cultured overnight in mediun GF. Cells were
treated with 100ng/mL CXCL1 or with a vehicle catior 24 hours. Cells were then
washed and analysed for viability using Annexinad alapi staining or fixed,
permeabilised and stained for Ki-67 and dapi. Ra¢apresented as percentage of viable
cells (A) or percentage of cells in each phaséefcell cycle (B) for both conditions. A
pairedt test (A) and two-way repeated measures ANOVA Bittak’s multiple
comparisonsvas used to examine significance between treatnferstsn = 3). Patient

samples used were of mixed age, gender and heaitis s
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3.3.8 CXCR2 inhibition on human CD34" cells using SB-225002
alters cell viability, cell cycle status and colony formation

Results in section 3.3.3 show CXCR?2 is expressed@d4 CD38 and CD34CD38

cells by mRNA and protein analysis. We wanted ® ars antagonist of CXCR2 signalling
to complement the experiments using CXCL1 reduct@ympound SB-225002 was
selected as it is an antagonist of CXCR2 signakind has been shown to inhibit the
binding of CXCL1 to CXCR2 (White et al., 1998). Digethe limiting availability of
material and the observation that CXCR2 was exprees both CD34D38 and
CD34'CD38' fractions, the cells used in this study were utlesb€D34. Cells were
treated for 72 hours with the compound at variargcentrations ranging from 0.1uM up

to 10uM and apoptosis, cell cycle and CFC assays wvagried out.

With the use of inhibitors there is always condiat any effects observed may be due to
off target non specific effects or general toxicBB-225002 is known to inhibit murine
CXCR2 signalling (Bento et al., 2008). To examine $pecificity of SB-225002 on
CXCR?2 inhibition, a stem/progenitor population (&“Kwas isolated from WT dExcr2”
mice and treated with various concentrations of22B002in vitro. A decrease in the
percentage of viable cells was found afilflin comparison to the untreated control in
both WT andCxcr2” cells (P <0.01) 1 = 3) (Figure 3-18). It can be inferred from this
result that 10uM is non specific as cells lack@ygr2respond to the compound
Alternatively, a possible explanation is that tbenpound does not function to inhibit
Cxcr2in mouse cells and effects on viability are noncfgewhich is not mediated
through inhibition of CXCR3ignalling. Unfortunately the compound at lower
concentrations does not affect the WT cells. Thgeement cannot conclude whether
Cxcr2inhibition using SB-225002 alters cell viability.

A reduction in the percentage of viable cells imparison to a vehicle treated control was
observed with 1uMR <0.05) but not with 0.1uM (n.s.h & 3) (Figure 3-19). Cell cycle
analysis was examined in concentrations from Oliutil. An increase in the percentage
of cells in G phase of cell cycléA<0.05) and a decrease in percentage of cellsin G
phase of cell cycle was founi €0.05) 6 = 3) (Figure 3-20) in the 1uM treatment arm.
There were no significant differences found witd thluM treatment arm however a trend
towards a decrease inp@nd an increase inyS and M phases was reported. However,
the increase in gxells with 1uM could also be due to the effectviaility and this

should be further investigated.
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Colony formation assays showed a trend towardseedse in colony numbers in a
primary plating assay with treatment with 1puM=2) (Figure 3-21). However a sample
size of 2 does not allow statistical analysis. £elére harvested from the assay, counted
and replated at equal numbers in Methocult™. THeréintiation and proliferation
potential in a secondary replating assay is thotmbe indicative of self renewal activity.
In a secondary colony formation assay, a trend tdsva reduction in the number of
colonies was found with both 0.1 and 1uM treatm@rigure 3-21) 1§ = 2). Again, sample
size did not permit statistical analysis. Unfortiehg conclusions cannot be drawn,
however some evidence is provided to suggest tR&IR2 signalling regulates survival in
human HSC.
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Figure 3-18 CXCR2 inhibition using SB-225002 decrea ses cell viability in c-Kit enriched cells

derived from WT and Cxcr2” animals.

To examine the specificity of SB-225002 on CXCRAailition, c-Kit" cells were enriched
from WT orCxcr2” animals. Cells were cultured with GF for 72 hourshie presence of
various concentrations of SB-225002 or a vehiclgrod. Cells were then analysed for
apoptosis using Annexin-V and dapi staining. Dagpaiesented as the mean percentage of
viable cells in response to treatment. Animals vibetsveen 8 and 12 weeks and male.
Statistical analysis was performed using a repeategsure’s two-way ANOVA with the
Sidak’s multiple comparison test to compare thattnents within each group and for each

treatment between groups (*<0.001,n = 3).
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Figure 3-19 CXCR?2 inhibition using SB-225002 reduce s cell viability in CD34 * cells in vitro.

CD34 cells derived from mobilised PB were thawed ammbvered overnight in medium
supplemented with GF. Cells were cultured for 7@rBavith medium and GF in the
presence of the desired concentration of inhimtahe appropriate vehicle control. Cells
were washed and stained for Annexin-V and dapiaaradysed. Data are presented as the
mean percentage of viable cells relative to theckelreated control (set to 100%) (B)
with representative dot plots for Annexin-V and idstgining with vehicle treated and

1uM treatment arms (A). Statistical analysis was qrnied using a one-way repeated
measure ANOVA with Tukey’'s multiple comparisonstiesscompare differences between
untreated and each treatmemt(3) (n.s., *P <0.05). Patient samples used were of mixed

age, gender and health status.
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Figure 3-20 CXCR2 inhibition using SB-225002 on CD3 4" cells alters cell cycle status.

CD34 cells derived from mobilised PB were thawed ammbvered overnight in medium
supplemented with GF. Cells were cultured for 7@reon medium and GF in the presence
of the desired concentration of inhibitor or appraie vehicle control. Cells were washed,
fixed, permeabilised and stained for Ki-67 and dam analysed. Data are presented as the
mean percentage of cells in each phase of theydt; G, G, or G, S and M (B) with
representative dot plots for Ki-67 and dapi stagnif). Statistical analysis was performed
using a repeated measures two-way ANOVA with Tukewyultiple comparison test to
assess differences between treatments3) (**P <0.01). Patient samples used were of

mixed age, gender and health status.
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Figure 3-21 CXCR2 inhibition using SB-225002 decrea ses colony formation in primary and

secondary colony assays in CD34 "~ cells in vitro.

CD34 cells derived from mobilised PB were thawed ambvered overnight in medium
supplemented with GF. 1,000 CD34+ cells were plagrdnL of methylcellulose™ with

the addition of the desired concentration of infeibor appropriate vehicle control. The

mix was vortexed and plated in duplicate and intedbéor 10-14 days. After this time
period, colonies were counted, cells were resusgggrabunted and replated at 10,000 cells
per mL of methycellulose™ with the addition of fnd@shibitor. All cells were replated and
no differences were noted in colony type betwearditions therefore data is presented as
the mean total number of colonies after culturprimary (A) and secondary colony
formation assay (B). No statistical significancgt$ewvere carried out due to the sample

size of 2. Patient samples used were of mixedgaygjer and health status.
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3.4 Discussion

Published microarray data from our laboratory regobthanCXCL1, CXCL2andCXCL6
were up regulated in quiescent, human HSC populatdthoughCXCL6did not reach
significance (Graham et al., 2007). Significantiffetentially expressed candidates from
microarray studies offer important discoveries. ldwer, it is understood that these
candidates should be experimentally validated gaiticular, microarray expression data
can contain a high level of noise. In additionhailtgh gene expression differences can be
validated, there are cases where the protein isaalated or indeed not functional.
Considering these points, the first objectiveshis study was to validate this gene
expression data from the previous microarray sardyextend the research to investigate

the biological function.

In this study, CD34 and CD38 cell surface markegsenused to isolate populations taking
the assumption that cells in these populationsradéferent states of the cell cycle with
the CD34CD38 population existing as more quiescent than the40B38" population.
The results obtained in this chapter showed thatndkinesvere up regulated in the
guiescent fraction using CD34 and CD38 cell surfaegkers. In addition, the differential
expression o€D38andCDC6in sorted samples provided conclusive evidencetheat
sorted populations showed differential expressioG@38therefore the sort was efficient
andCDC6therefore the cells were in differential statushaf cell cycle. It can be argued
that the CD34CD38' fraction is more of a progenitor population, therefexperiments
should compare chemokine gene expression of chere®kn different populations within
the stem CD34CD38 fraction to get a more in depth analysis of a stethpopulation.
Ideally, a more enriched HSC population should Haeen used in this study, however this
would have reduced the material obtained and tber¢he ability to perform techniques

accurately.

The microarray study did not implicate the rece@¥CR2 as being differentially
expressed between quiescent and proliferating hith&h populations and it remains
unclear from the available literature whether fhasticular receptor is expressed on any
subsets of HSC. One study stated that CXCR2 wasxpressed by human stem or
progenitor populations (CD3€D38 and CD34CD38), including cells isolated from
adult BM or mobilised PB (Rosu-Myles et al., 2008dwever, the technique used in this

study to analyse protein expression was flow cytoyrfer cell surface staining only. In
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the results in this chapter, it can be clearly sbahCXCR?2 is expressed on human HSC
and progenitor populations, both at the mRNA aradgin level by immunofluorescence.
One previous study showed positive staining of CZ@R CD34 cells isolated from PB
from normal controls, however this was variablenNsstn samples (Emadi et al., 2005).
The results here are completely novel with the ahigmokine receptor known to be
expressed by HSC or progenitor cells is CXCR4 wisdhvolved in cell survival and
mobilisation (reviewed in the introduction sectioHpwever, to fortify the results in this

chapter another method can be used to examine CXER2ssion.

Experiments in this chapter show that CXCR2 infebitusing SB-225002 on CD34ells
resulted in a decrease in cell viability, cell @status and colony formation. This
implicates that CXCR2 may be controlling these stethproperties. In the literature, the
compound has been tesiad/itro andin vivoto show it can be used to prevent CXCR2
ligand CXCL1 and CXCLS8 induced neutrophil chemosaai similar concentrations
(Catusse et al., 2003, Lane et al., 2001, Whitd.£1998). However, due to the nature of
compounds it could not be conclusively concluded 8B-225002 mediated CXCR2
inhibition is responsible for the cellular effecthe literature also suggests that higher
concentrations of the compound can inhibit CXCRyhailling. It would therefore be
useful to examine whether human HSC express CXGRHhisiis unclear in the literature.
One study showed that human CD84lls derived from the cord blood (CB) of normal
donors expressed high levels of CXCR1, howeverdhaild be validated (Rosu-Myles et
al., 2000). However, as both CXCR2 inhibition an¥iGL 1 reduction showed a reduction
in cell viability and colony formation, collectiwethis provided evidence that CXCL1-
CXCR2 signallin may play a role in HSC survival andintenance but these experiments

should be repeated to allow significance to bessesk

There is little literature available on the role@XCR1 or CXCR2 on stem cell properties.
A study on CB cells showed that inhibition agai@XCR1 and CXCR2 decreased the
percentage of stem cells, defined by CD133 posgiaaing, suggesting these receptors
are fundamental to cell survival (Khalaf et al.1@R A study on myeloid metaplasia with
myelofibrosis showed that inhibition of CXCR1 an¥CR2 on CD34 cells resulted in an
increase in proliferation and skewed differentiatibowever this was in a disease setting
and not in normal haemopoiesis (Emadi et al., 2008¢ predominant role of CXCR2
signalling is in directed cell movement. CXCR2 eeg®ing cells including granulocytes

are directed towards different sites due to ligaxpression. The studies in this chapter did
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not examine cell migration, however it will be irgsting to examine whether CXCR2

expressing human HSC migrate in response to ligtntulation.

The results show th&XCL1is expressed on CD32D38 cells at the mRNA level.
Protein analysis through several techniques provaggposite results. Flow cytometry and
ELISA showed negative expression, while immunofésaence and western blotting
showed positive expression. It is possible thdinamal reasons are responsible for a lack
of signal with flow cytometry and ELISA. Howevehjs can not be concluded. Further

experiments are required to firmly conclude theregpion of CXCL1 on human HSC.

Results showed CXCL1 reduction in both cell ling3 (L080) and primary CD34ells
reduced cell survival and proliferation. Previotigdges have shown that CXCL1 knock
down decreases cell viability in melanoma cellditBotton et al., 2011). Furthermore,
CXCL1 knock down and over expression have been sliowlecrease and increase cell
proliferation in epithelial ovarian cancer celldsm(Bolitho et al., 2010). CXCL1 reduction
has also been shown to reduce cell proliferatiostier cell types, including
oligodendrocyte progenitors (Zhou et al., 2005)ll€atively, the role of CXCL1-CXCR2
signalling in survival and proliferation is not relyhowever this has not been shown on
primary HSC. To conclude this chapter, the requitvide some evidence that CXCL1-
CXCR2 is a novel signalling pathway that may plagle in stem cell survival and

proliferation however repetition of experiments sgquired to conclude this hypothesis.
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4 Results II: Analysis of haemopoieisis and stem
cell activity in  Cxcr2” mice

4.1 Introduction

Results from chapter 3 provide evidence thalGK€R2signalling pathway may support
human HSC and progenitor survivalvitro. However, the haemopoietic structure is
incredibly complex with HSC interacting with var®other cell types in the BM niche.
Consequently, HSC are influenced by external caasedl as internal cues (reviewed in
the introduction section). With a particular foarsCxcr2signalling, there is evidence in
the literature tha€xcr2 binding ligands play a role in HSC mobilisatiorelis et al.,
2002). However the role @xcr2signalling in HSC behaviour is largely unstudied aot
well understood. Gene-targeting studies have bsed to identify key roles of signalling
pathways in biological processes and a mouse mioaéiich mouseCxcr2is excised, is
available for study. In addition, the mouse syspeovides the advantages of more

material for in depth experiments including the akm vivoassays.

In this chapter, we wanted to extend the researthe first part of this study and examine
how Cxcr2signalling controls stem cell propertigsvivo using a mouse model which
lacksCxcr2 (Cxcr2"). This model has been generated and animals aiéevand live to
adulthood. The mice have previously been charasg@mand animals lackir@xcr2display
an increase in the numbers of mature myeloid egitkprogenitors in the haemopoietic
organs including the BM, spleen and PB. This phgm®has been shown to be
environment dependent (Cacalano et al., 1994, Begyemet al., 1996). It is proposed from
previous literature thaxcr2 negatively regulates myeloid cell production amd t
regulation is mediated throu@xcr2binding ligands. However, whether mouse HSC
expres<Cxcr2 and whether this signalling plays a role in thection of the stem cells has

not been assessed to date.

The results in this chapter were designed to inyatst whether HSC and progenitor
populations derived froExcr2’” animals differ in terms of their frequency and fiioic in
comparison to WT controls. Data from the human arpents suggests th&XCR2 is
controlling cell survival. Therefore the predictimnthat in &Cxcr2” mouse model, the

HSC will show loss of function in terms of stemlaadtivity.
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4.2 Aims and Objectives

The specific aims of this chapter were:
I To examine Cxcr2 expression on mouse HSC

The results in chapter 3 show that human HSC shasitipe expression of CXCR2.

However whether mouse HSC expr&€r2is not known to date.

Il To investigate how a lack ofCxcr2 alters the frequency of mature cells in the
haemopoietic organs

This objective was to examine hdwxcr2 signalling affects the haemopoietic system.
Previously published data shows differences ifribguency of mature haemopoietic cells
in Cxcr2” animals. However this has been shown to be depéndethe environment the
animals are housed in. We wanted to examine theqgtixge of the mice used in this study.

11 To investigate whether a lack of Cxcr2 alters HSC and progenitor populations

in terms of their frequency, properties and functio

This objective was to understand whether a ladkxafr2 signalling affects the number and
function of HSC/progenitor populations.
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4.3 Results

4.3.1 CXCR2 is expressed on mouse HSC

Data from chapter 3 showed human HSC populatiopsess CXCR2 and an autocrine
signalling loop with ligand CXCL1 is involved inesth cell viability and proliferation. It is
unclear in the literature whether mouse HSC pojuiatexpress the receptor. One study
identified positive expression in lineagegative, CD45cells derived from mouse BM
(Yoon et al., 2012). However, this population reyergs a mix of stem and progenitor

cells. A similar study examined a more primitivepptation (LSK) forCxcr2expression.
Variation was found between samples with both pasend negative expression reported
(Wright et al., 2002). It is therefore unclear e titerature whetheZxcr2is expressed on
mouse HSC. Furthermore, recent research has igehtéll surface markers expressed by
mouse HSC and more primitive populations can blated and studied. The first objective
in this chapter was to exami@xcr2 expression on mouse HSC. Due to the small numbers
of stem cells available from mouse HSC populati@mduding the most primitive subset),
single cell Q-PCR was used to assess expressiOran® on sorted populations. Mouse

BM was harvested, stained for a cocktail of antiescgainst stem cell markers and sorted
for LSK in addition to CD150CD48 (LT-HSC), CD150CD48 (ST-HSC), CD150CD48
and CD150CD48 (MPP) populations and examined f@xcr2expression. The

terminology used in this thesis follows previousaach (Khandanpour et al., 2010, Kiel

et al., 2005). The experiments in section 4.3.1levearried out in collaboration with Dr

Amelie Guitart.

Results showe@xcr2was expressed at the mRNA level on all HSC poparatexamined
with no trend towards differences in expressiomien populations (Figure 4-1). Relative
expression was used to compare expression wigtnactll geng21(Cheng et al., 2000).
This is the first study to show th@ikcr2is expressed on mouse HSC populations
including the most primitive LT-HSC. The lack offérence in expression between stem
and progenitor populations suggests that signaiingportant for stem and progenitor
function. Alternatively, it is possible that CXCRdifferentially expressed at the protein
level in these populations. However, protein exgimsof CXCR2was not examined due
to time constraints in this study and the low ocelinbers that are available from mouse
HSC and progenitor populations. Protein expresaialyses will be useful to confirm the

protein is translated.
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To determine whether an autocrine loofCatr2 signalling exists on mouse HSC, mouse
homologs of humag@xcr2binding ligand<Cxcl1, Cxcl2zandCxcl5/6(as highlighted from
the original microarray) were examined for genereggion using the methodology
described above. Results showed that the ligastisckwere not detected on any of the
populations using single cell Q-PCR (data not shoWrman be interpreted from these
results that either @xcr2autocrine signalling loop is not present on mouS&€Hor
alternatively, other CXC ligands are expressed twvinere not assessed in this particular
experiment. Alternatively, it is possible th@xcr2expressing HSC signal to other cell
types in the BM niche in a paracrine manner. T@supthis, previous studies have shown
that CXCR2 expression is detected on BM derivegldge negative cells which respond to
Cxcl5expressed by EC (Yoon et al., 2012). Therefoexgtis literature to support the
result that CXCR2 is expressed on stem/progendpulations and they can respond to
ligand expression from other cell types presenh&BM niche.
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Figure 4-1 Mouse HSC populations express  Cxcr2 at the mRNA level.

Normal BM was freshly isolated and stained for lamdiies against LSK, CD150 and
CD48. 500 cells were sorted, RT and Q-PCR wasezhout forCxcr2mRNA expression.
Fold change was calculated relative to housekeegngol2M (A). Data is also

displayed as the relative expressiot{2<" (B). Results show the mean of technical
triplicates from two independent experiments uswg separate WT animals, both male at
age 6-12 weeks(= 2) (A). Panel B shows relative expression in cangon to a stem cell

genep2l No statistical analysis was carried out due slimple size of 2.
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4.3.2 Cxcr2” animals display differential numbers of mature
haemopoietic cells

Preliminary experiments were carried out@xcr2” animals on a Balb/c background.
However, analysis of the stem cell populationegst animals showed little/no staining of
stem cell marker Sca-1 which was confirmed in ttegdture (data not shown) (Spangrude
and Brooks, 1993). A lack of Sca-1 staining madestiem cell analysis difficult to
interpret without the ability to examine populationhich were Sca®1In addition,

animals on a Balb/c background are not commonlg us&M reconstitution assays with
no clear way to discriminate between donor and belgt. Consequently, experiments
were carried out on animals on a C57/BL6 backgraomnwdhich normal Sca-1 staining was
observed (Figure 4-7). C57/BL6 animals are commaosBd for BM reconstitution assays
due to the existence of two strains with differegit surface markers (Weissman, 2000).

This allows the discrimination of donor versus hadts in transplantation assays.

Previous literature has documented that the obdeslienotype it€xcr2”” animals is
dependent upon the environment in which the anier@soused in (Broxmeyer et al.,
1996). In this section, immunophenotypic analysid eell counts were used to assess the
cellularity and frequency of mature haemopoietitsdgnyeloid (GR1, CD11B), lymphoid
(CD19 and B220) and erythroid cells (TER119)) ia ltaemopoietic organs (BM, spleen,
PB and thymus)Cxcr2”™ animals were examined with age and sex matcheditféimhates

as controls.

4.3.2.1 BM

Analysis of the BM showed a trend towards an ingeda the cellularity in the absence of
Cxcr2 which was not statistically significant (n.s.+ 12) (Figure 4-2).

Immunophenotypic analysis showed a significant elese in erythroid cells in the absence
of Cxcr2 (P <0.05,n = 12) (Figure 4-2). A significant increase was fdum the

granulocyte cells in th€xcr2™ mice @ <0.001,n = 12) (Figure 4-2). Finally a trend
towards a decrease was found in the B cells ifCte2 mice which was not significant
(n.s.,n=12) (Figure 4-2).

4.3.2.2 Spleen

Analysis of the spleen showed a trend towards amése in the cellularity in théxcr2”

animals, which was not statistically significanis(mn = 6) (Figure 4-3). This was most
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likely due sample variation as an increase in spiee in theCxcr2”™ animals was clearly
noted after dissection. There was an increasesimtimbers of erythroid cells in tkixcr2

" mice P <0.01.n = 6) and in the granulocyte celB €0.05,n = 6) (Figure 4-3) (Figure
4-4). There was no statistically significant di#faces in the B and T cell numbers between
strains (n.s.n = 6) (Figure 4-3).

4.3.2.3 PB

PB analysis showed an increase in cellularity &@dkcr2” animals P <0.05,n = 12)
(Figure 4-5). There was no difference in the nursloérerythroid cells in thExcr2”
animals Q.s, n = 6) (Figure 4-5). A trend towards an increase feasd in the
granulocytes (n.sn = 6) (Figure 4-5) which was not significant duestoall sample size
and inter sample variability. Finally no differenioethe numbers of B cells was found
between strains (n.91,= 6) (Figure 4-5). T cells information is not awdile due to

technical problems during the staining.

4.3.2.4 Thymi

Analysis of the thymi showed no difference in chtity (n.s.,n = 6) with no difference in

the number of T cells between strains (ms=,6) (Figure 4-6).

Collectively, the data in this section is in ac@rde with results from previous reports
(Broxmeyer et al., 1996, Cacalano et al., 1994viBusly it has been shown that the
number of myeloid cells are increasedixcr2”” animals which is only displayed in
animals housed in a normal environment and not ugelen-free conditions (Broxmeyer
et al., 1996). Although the use of animals in ttiapter were housed in a ‘clean’ facility,
it is likely this was not germ-free and therefdne teason why a difference in myeloid
cells was observed. As reported previously, arease in myeloid cells was observed in
the BM, spleen and PB with an overall increase BGAtellularity. It has been proposed
thatCxcr2is a negative regulator of myeloid cells therefalack ofCxcr2in the
organism results in an expansion of the myeloidgammentln addition to differences in
the number of myeloid cells between strains, déffices were found in numbers of
erythroid cells in the BM and spleen between ssdinis possible that a reduction in the
BM is due to the increase of myeloid cells whictiuees the overall number of erythroid
cells. However, an increase of erythroid cells feamd in the spleen @xcr2” animals. It
Is possible tha€xcr2plays a role in both myeloid and erythroid regwatiThe lack of
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difference in the cellularity of thymus and numbefd cells suggests that this is not

altered byCxcr2signalling.
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Figure 4-2 Cellularity and absolute numbers of matu  re cells in the BM between WT and
Cxcr2” animals.

Whole BM was assessed for cellularity and the altsaiumber of mature cells was
assessed using flow cytometry and WT @xdr2” (KO). Data are presented as the mean
total number of cells (WBC) between strains (Apbsolute numbers of mature cells;
erythroid (TER119), granulocyte (GRICD11B") or B cells (CD19B220") (B). Statistical
analysis was carried out using a two-tailed unplastedent’s test with Welch'’s

correction for unequal variance P*<0.05; *** P <0.001,n = 12). Plots display a
representative image of staining observed with @RI11B" dotplots (C) or TER119
histogram (D). Animals were between 6 to 12 weekbsraixed gender (WT 7 male, 5

female;Cxcr2” 6 male, 6 female).
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Figure 4-3 Cellularity and absolute numbers of matu  re cells in the spleen between WT and
Cxcr2” animals.

Spleen was assessed for cellularity and the alesolunhber of mature cells was assessed
using flow cytometry. Data are presented as thennteal number of cells (WBC)
between strains (A) or absolute numbers of matells;@rythroid (TER119, granulocyte
(GR1'CD11B"), B cells (CD19B220") (B) or T cell subsets (CD&DS8" , CD4CDS,
CD4'CD8 and CD4CDS8") (C). Statistical analysis was carried out usirig@-tailed
unpaired student'stest with Welch’s correction for unequal variantd(<0.05; ** P
<0.01,n = 6). Animals were between 6 to 12 weeks and mgestler (WT 3 male, 3

female;Cxcr2” 4 male, 2 female).
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Figure 4-4 Flow cytometry plots of mature cells in the spleen between WT and Cxcr2”

animals.

Plots display a representative image of staininggoled in GRICD11B' dotplots (A) or
TER119 histogram (B) irCxcr2” or WT spleens.
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Figure 4-5 Cellularity and absolute numbers of matu  re cells in the PB between WT and

Cxcr2” animals.

PB was assessed for cellularity and the percemtagature cells was assessed using flow
cytometry. Data are presented as the mean totabewai cells (WBC) between strains

(A) or absolute numbers of mature cells; eryth(@HBR119), granulocyte

(GR1'CD11B") or B cells (CD19B220") (B). Statistical analysis was carried out using a
two-tailed unpaired studentigest with Welch'’s correction for unequal variantd(

<0.05,n = 6). Plots display a representative image of stgiobserved in GRCD11B"
dotplots (C). Animals were between 6 to 12 weeldraixed gender (WT 3 male, 3

female;Cxcr2” 4 male, 2 female).
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Figure 4-6 Cellularity and absolute numbers of matu  re cells in the thymi between WT and
Cxcr2” animals.

Thymi were assessed for cellularity and the peeggnof mature cells was assessed using
flow cytometry. Data are presented as the meahrataber of cells (WBC) between
strains (A) or absolute numbers of T cell subsé34' CD8", CD4CD8, CD4'CD8 and
CD4CD8") (B). Statistical analysis was carried out usirigze-tailed unpaired students
test with Welch’s correction for unequal variannes(,n = 6). Animals were between 6 to
12 weeks and mixed gender (WT 3 male, 3 fem@ier2” 4 male, 2 female).
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4.3.3 Cxcr2” animals show differences in the frequencies of
stem and progenitor cells in the BM and spleen

Analysis of the stem and progenitor compartmenérms of frequency and functionality

has not been assessedixcrZ”” animals to date.

A method for assessing whether a gene plays adteyrr stem or progenitor function is to
examine the frequencies of stem and progenitos aethnimals lacking the gene. As an
example, a reduction or expansion of the stemcoalipartment can give an indication of
genes involved in stem cell maintenance or cellecysnalysis of stem and progenitor
populations can be examined using flow cytometiyaivariety of cell surface markers to
distinguish different cell types (as described etimods section). Stem cell populations can
be identified as described in section (4.3.1). Bnitgr populations can be analysed using
the lineage negative fraction, with Sca-1 negadive c-Kit positive cells (LK) which can

be further sorted into lineage restricted progemtgpulations using CD16/CD32 and
CD34 staining for the identification of GMP, CMPMNIEP populations.
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4.3.3.1 BM

4.3.3.1.1 Stem cell frequency

There was a decrease in the number of lineageinegatls in theCxcr2”™ animals P
<0.05,n=12) (Figure 4-7). Within the lineage negativectran, the LSK and further
enriched stem cell populations were examined. Tivaga trend towards an increase in
the number of LSK cells which was not significardsnlikely due to high variability
betweerCxcrZ” samples (n.sn = 12) (Figure 4-7). The CD150D48 fraction (LT-HSC)
showed an increase in thxcr2” animals P <0.05,n = 12) (Figure 4-7). Finally, there
were no differences between CD1GD48 (ST-HSC), CD150CD48" (MPP) or CD150
CD48" (MPP) fractions but a trend towards an increasalipopulations was noted (n.s.,

= 12) (Figure 4-7). Representative flow cytometigtp are shown (Figure 4-8).

As these animals show an expansion of myeloid eetlsn the BM, the reduction in the
percentage of lineage negative cells and subsdguetitnumber is possibly due to this
disruption of mature cells within the organ. Theedeollectively suggests th@xcr2”
animals have an expansion of the stem cell poulstiincluding the most primitive (LT-
HSC) fraction in the BM. This suggests tlaicr2is important for steady state
haemopoiesis. This could suggest that CXCR2 siggals negatively regulating stem cell
production. Stem cell frequency gives no conclugiekcation of stem cell function.
However, often ‘loss of function’ in HSC is initiglassociated with transient expansion in
stem cells numbers due to increased proliferatigresentual exhaustion and depletion of
repopulating stem cells. As an example, HSC witleelbcycle inhibitors show a transient
expansion which results in exhaustion and reduc®@ Hctivity in BM reconstitution
assays (Cheng et al., 2000). To conclude thigivo cell cycle analysis and BM

reconstitution assays are required.

4.3.3.1.2 Progenitor frequency

In terms of the progenitor populations, the LK fraa contains progenitor cells and shows
a trend towards a decrease in @er2” condition (n.s.n = 6) (Figure 4-9). There were no
statistically significant differences between GNP and MEP populations in terms of
absolute numbers however there was a trend toveaxrdscrease in the GMP population
and decrease in the CMP and MEP populations (n=s6) (Figure 4-9). It is likely that
differences might be found with an increase in darsjze as a high volume of variation

was noted between animals and a sample sime=d@ was used in this assay. Observation
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of representative flow cytometry plots of GMP, Cldird MEP staining demonstrates that
the distribution of cell types between strainsifedent with an increase in GMP and CMP

populations and a decrease in MEP populatio@xir2” animals (Figure 4-9).

It is not surprising that the flow cytometry platisow a differential distribution of GMP,
CMP and MEP populations due to the differencesatune cell types (granulocytes and
erythroid) that we see in the mature cells in tiv iB section 4.3.2. This does however
suggest that the deregulation of myeloid cells tltgurs in theCxcr2’” mice occurs at the
primitive, progenitor level. However, this cannet doncluded due to a lack of significance

in absolute progenitor numbers between strains.
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4.3.3.2 Spleen

4.3.3.2.1  Stem cell frequency

There was a trend towards an increase in the nuailieeage negative cells in ti@xcrZ
" animals in the spleen (n.s.= 6) (Figure 4-10). There was a significant inceeiasthe
number of LSK cells in th€xcr2”™ animals P <0.05,n = 6) (Figure 4-10). Finally, All
HSC fractions showed a trend towards an increatfeei@xcr2’” animals which was not
statistically significant, most likely due to theehd sample size for this result (n.s 5 3)
(Figure 4-10).

The data suggests thaxcr2” animals have an expansion of the stem cell popuistboth
in the BM and spleen and show extramedullary (spleaemopoiesis. This suggests that
the HSC are both expanded and there is enhanceitisatibn in theCxcr2” animals. This
Is in accordance with previous literature whichwb@n increase in the numbers of CFU
in BM and spleen derived cells @xcr2” conditions in comparison to WT controls
(Broxmeyer et al., 1996, Cacalano et al., 1994)weéicer, this study extends this previous

research and shows detailed analysis of the stémagailations.

4.3.3.2.2  Progenitor frequency

In terms of progenitor cells in the spleen, theft#ction showed an increase in the
CxcrZ” animals P <0.05,n= 6) (Figure 4-11). There were trends towards iases in all
progenitor populations including the GMP, CMP anBmpopulations (n.s. for GMP and
CMP respectively with®? <0.001 for MEPn = 3) (Figure 4-11). It can be seen from
representative flow cytometry plots that the dsttion of progenitor populations differ
between strains with a greater population of GM& @MP populations in th€xcr2”
animals (Figure 4-11). The increase in progenitpypations is in accordance with results
in the previous sections which showed an increaseature myeloid and erythroid cells in

the spleen derived froixcr2” animals.
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Figure 4-7 Absolute numbers of stem cell population s between WT and Cxcr2” animals in
the BM.

Whole BM was made into a single cell suspensionstaithed for antibodies to examine
the stem cell populations and analysed using figiernetry. Data are presented as the
mean absolute cell numbers for lineage negativel(8K (B) or HSC (C) populations
between WT an€xcr2”animals. Statistical analysis was carried out usitgo-tailed
unpaired student’stest with Welch’s correction for unequal variantd>(<0.05,n = 12).

Animals were between 6 to 12 weeks and mixed gefWi&r7 male, 5 femaleCxcr2” 6
male, 6 female).
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Figure 4-8 Representative flow cytometry plots of | ineage negative, LSK and HSC

populations between WT and Cxcr2” animals.

Plots display a representative image of lineagatneg) (A), LSK (B) and HSC

populations (C) between WT amkcr2” animals.
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Figure 4-9 Absolute numbers of progenitor populatio ns between WT and Cxcr2” animals in
the BM.

The BM was made into a single cell suspension taidesd with antibodies to examine the
progenitor populations and analysed using flow mgtry. Data are presented as the mean
absolute cell numbers for LK (A) or progenitor ptgtions (B) between WT an@xcr2”
animals. Statistical analysis was carried out uSitagistical analysis was carried out using
a two-tailed unpaired student'sest with Welch’s correction for unequal variannes(,n

= 6). Images demonstrate representative flow cytonpots for LSK (C) and progenitor
(D) staining between WT ar@ixcr2” animals. Animals were between 6 to 12 weeks and

mixed gender (WT 3 male, 3 fema@xcr2” 1 male, 5 female).
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Figure 4-10 Absolute numbers of stem cell populatio

the spleen.

ns between WT and Cxcr2” animals in

Spleen was made into a single cell suspensiontaimed for antibodies to examine the

stem cell populations and analysed using flow cyioyn Data is presented as the mean

absolute cell numbers for lineage negative (A), UBKor HSC (C) populations between

WT andCxcr2” animals. Statistical analysis was carried out usimgo-tailed unpaired

student’st test with Welch'’s correction for unequal variantd>(<0.05,n = 6). Dotplot

shows representative flow cytometry staining peofdr LSK staining between WT and

Cxcr2” animals (D). Animals were between 6 to 12 weeksraed gender (WT 3 male,

3 femaleCxcrZ" 1 male, 5 female).
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Figure 4-11 Absolute numbers of progenitor populati

the spleen.

ons between WT and Cxcr2” animals in

The spleen was made into a single cell suspensidrstained with antibodies to examine

the progenitor populations and analysed using figtemetry. Data are presented as the

mean absolute cell numbers for LK (A) and progen(iB) populations between WT and

CxcrZ" animals. Statistical analysis was carried out usibgo-tailed unpaired student’s
test with Welch’s correction for unequal variantd>(<0.05; *** P <0.001,n = 3).

Dotplots display representative flow cytometry stag observed for LK (C) and

progenitor populations (D) between WT aBxcr2” animals. Animals were between 6 to
12 weeks and same gender (WT 3 fem@ber2” 3 female).
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4.3.4 Cxcr2” animals show an increase in colony numbers
derived from the spleen and PB

HSC and progenitor cells are contained within tivi, Bpleen and PB and have the
capacity to differentiate into cells of myeloid dgchphoid lineages. The CFC assay
measures the differentiation and proliferation c#yausing their ability to form colonies

in culture as described in the previous chapteis @absay was used to examine the
differences in proliferation and differentiationpeity of cells derived from the BM,

spleen and PB from WT ar@kcr2” animals. To examine the self renewal capacity of BM
derived cells, colonies grown in a primary plataggay were harvested and replated into a
secondary assay. Using this assay, the self rermpakity of BM stem/progenitor cells

was compared between strains.

4.3.4.1 BM

BM derived fromCxcr2"-and WT animals showed both strains generated asadni
methylcellulose and had comparable lineage diffemgon potential. No difference in
CFU was found in primary plating assays derivedfi®M cells between strains (n.s.5
8) (Figure 4-12). No difference in colony types evebserved between strains therefore
colonies were counted as total number of colordasa(not shown). After colony counts,
colonies were harvested from plates, pooled arekrs] into a secondary colony
formation assay to get an indication of the seiereal activity of the stem/progenitor
cells. No difference in colonies in a secondarynoglformation assay was found in cells
derived from the BM however huge variation was ddietween samples in tlxcr2”

condition (n.s.n = 3) (Figure 4-12).

4.3.4.2 Spleen

An increase in CFU-GM colonies was found in cebsived from theCxcr2” spleen P
<0.001,n = 3) (Figure 4-13). This was not statisticallyrsfgcant which likely reflects a
small sample size and sample variability. Similaglyrend towards an increase in CFU-E
colonies was found (n.91,= 3). Finally, no CFU-GEMM colonies were found ither
condition. The increase in CFU-GM and CFU-E colenesulted in an overall trend
towards increase in the total number of colonieh@Cxcr2’” animals in comparison to
the WT controls (n.sn = 3).
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4.3.4.3 PB

An increase in CFU-GM colonies was found in thed®Bxcr2” animals P <0.01.,n = 6)
(Figure 4-14). No difference in CFU-E or CFU-GEMMI@nies was found between
strains (n.s.n = 6). However the increase in CFU-GM colonies atilely resulted in a
trend towards an increase in the total number lfndes in theCxcr2”™ animals which

failed to reach significance (n.s.= 6)

Data from previous literature which showed an iaseein CFU in the spleen and PB in
cells derived fronCxcr2Z”” animals in comparison to controls (Broxmeyer etk96).
This indicates that stem/progenitor activity existghe circulation and extramedullary
sites of haemopoiesis including the spleen andTPB.results in section 4.3.3.2 with
immunophenotypic analyses support this. The lackgsfificance with colony assays in
the spleen and PB likely represents inter sampiati@n. However, in the study by
Broxmeyeret al.,an increase in CFU in BM derived cells was regbmeBM cells which
lack Cxcr2 The lack of difference in CFU found in the BM WweenCxcr2” and WT cells
in this chapter could, and most likely reflectshigical issues. Observation of the CFU
numbers obtained from BM samples in the Broxmeye.,study showed a much higher
number of CFU obtained in the WT condition thamhia results in this thesis (>80 CFU
per sample in comparison to ~20 per sample). Toeref is likely that technical issues
resulted in small CFU numbers and may not be asratee To support this idea, an
increase in myeloid, stem and progenitor populatismoted irCxcr2”” animals using
flow cytometry analysis as described in sectioBs241 and 4.3.3.1. Therefore it was
predicted that BM derive@xcr2” cells would produce an increase in CFU in compariso

to WT controls.

The results from the replating assay suggestdtibat is no difference in self renewal
activity between strains however low numbers of GfJe noted, small sample sizes
were used and high variation was noted betweenlsamfherefore this result is not
conclusive to whether cells lacki@xcr2in the BM show altered

proliferation/differentiation or self renewal adtix
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Figure 4-12 WT and Cxcr2” CFC analysis in BM derived cells showed no differen  ce between
strains in primary or secondary plates.
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Whole BM from eitheiCxcr2” or WT animals was made into a cell suspension, WBC
counted and Ttxells plated per mL in Methocult™ and incubatedf6¢14 days.

Colonies were subsequently scored, counted andtegpinto a secondary assay. Data are
presented as the mean total number of coloniepmaary (A) ({ = 8) and secondary
replating assay (Bn(= 3). Statistical analysis was carried out using@tailed unpaired
student’s test with Welch'’s correction for unequal varianoes(). Animals were between
6 to 12 weeks and mixed gender (CFC1 WT 5 malengafe,Cxcr2” 5 male, 3 female;
CFC2 WT 1 male, 2 femal€xcr2” 2 male, 1 female).
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Figure 4-13 WT and Cxcr2” CFC analysis in spleen derived cells.

Spleen was isolated fro@xcr2” or WT animals, WBC counted and°télls plated per

mL in Methocult™ and incubated for 10-14 days. @a&s were subsequently scored and
counted. Data are presented as the mean total mambeype of colonies (A) and total
number of colonies (B)n(= 3). Statistical analysis was carried out using@way

ANOVA with Sidak’s multiple comparisons to asseffedences between groups (A) (***
P <0.001) and a two-tailed unpaired studentesst with Welch’s correction for unequal
variance (B) (n.sP = 0.058). Animals were between 6 to 12 weeks antesgender (WT

3 femaleCxcr2” 3 female).
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Figure 4-14 WT and Cxcr2” CFC analysis in PB derived cells.

PB was isolated from WT ar@ixcr2” animals, WBC counted, RBC lysed and 100,000
cells plated per mL in Methocult™ and incubated10¢14 days. Colonies were
subsequently scored and counted. Data are presantbd mean total number and type of
colonies (A) and total number of colonies (B)H3). Statistical analysis was carried out
using a two-way ANOVA with Sidak’s multiple compsoh test to assess differences
between groups (A) (** P <0.0Bnd a two-tailed unpaired studenttest with Welch’s
correction for unequal variance (B). Animals weetwieen 6 to 12 weeks and same gender
(WT 3 femaleCxcr2”" 3 female).
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4.3.5 Analysis of viability in Cxcr2” HSC populations

The results from section 4.3.3.1.1 showed an expams LT-HSC in the BM ofcxcr2’”
animals indicating expansion of stem cells with@klofCxcr2.To test whether HSC
derived fromCxcr2” or WT animals differed in terms of their stem qetbperties, it was
aimed to examine viability and cell cycle statu$di&C derived from botbtrains. BM was
harvested and stained for antibodies to identiffCH®pulations with the addition of
Annexin-V and Ki-67 to measure cell death and feddition respectively. The results are
representative of one sample therefore no stalstitalysis has been carried out and only

trends are discussed.

Results showed a trend towards a decrease in therage of Annexin-Vcells in cell
populations in th€xcr2” animals in the whole BM, lineage negative, LSK,
CD150CD48, CD150CD48, CD150CD48 and CD150CD48 HSC populations
(Figure 4-15). A sample size nf= 1 was used therefore no standard deviation tsstal
significance is recorded.

Although it cannot be concluded, the results sugipes the stem/progenitor populations
are more viable (less Annexin“Mn theCxcr2’” animals in comparison to the WT
littermates § = 1). Analysis of viability of the WT cells, showedpercentage of Annexin-
V™ cells in whole BM which is likely basal levels apoptosis (16.4%). This is not
surprising as the BM contains a mixture of diversk types including terminally
differentiated mature cell types which have a shigrtspan and are regulated by apoptosis.
In addition, the cells were examiner vivowhich means they are taken from their niche
environment where their survival and maintenanee@gulated by extrinsic signals. The
percentage of apoptotic cells was decreased asaprimitive cell population was
analysed from lineage negative (9.77%) to LSK ameHSC population (5.0% and 5.5%
respectively). This indicates that the Annexin-#ising is correct as the expression
pattern of staining correlates to the pattern etquednterestingly, an increase in the
percentage of Annexin-\tells was found in the CD150D48" population which
suggests this particular MPP population exhibitsgher level of basal apoptosis than the
other HSC populations. It is unclear why cells lagkCxcr2show increased viability in
comparison to controls. It is possible tRadcr2inhibition results in a compensation of
other chemokines includingxcrlwhich results in enhanced cell viability. Howewis
cannot be concluded without analysigGxicrland other chemokines in the absence of
Cxcr2.
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Ki-67 staining was used to examine proliferatiotHiBC populations. Although this stain
used alone cannot discriminate between cellsyineBsus G, the percentage of Ki-67
cells shows cells in £S and M phases and therefore can indicate ¢eltsare actively
proliferating. Data showed a decrease in the péagerof Ki-67 cell populations
suggesting a decrease in cell proliferation inGer2” animals in the whole BM, lineage
negative and LK populations (Figure 4-15). No diéfece was found between WT and
Cxcr2” animals in the LSK or other HSC populations inchgrthe CD150CD48 and
CD150CD48 populations. A trend towards an increase was fonnide CD150CD48"
and CD150CD48" populationsif = 1) (Figure 4-15). No statistical tests were eatout

due to the sample size of 1.

In the WT cells, it can be seen that the BM andftd€tions show the highest levels of
proliferation which is decreased in the HSC popoiet, with the lowest levels noted in the
most primitive CD150CD48 fraction. This staining pattern is as would bedjpted as the
most primitive HSC are known to be less prolifaratiNo difference in Ki-67cells is

found between HSC populations between strains thétexception of the MPP population
(CD150CD48") and this trend is found in the less primitive AKd lineage negative
fraction also. Although with a sample size of Indasions cannot be drawn, it can be
inferred that the MPP population becomes more figraliive in the absence Gicr2 In
contrast, the whole BM, lineage negative and LKticm seem to be less proliferative in
the absence d@xcr2.Higher proliferation in the MPP population couldué in cell
exhaustion an@xcr2controls cell cycle differently in MPP in companisth more mature
cell types. A more in depth analysis of cell cyatalysis with the addition of DNA stains
to distinguish between cells ih@nd G can be used. Alternatively, the cycling status of
cells can be examined vivowith the use of label retaining dyes including
bromodeoxyuridine (Brd-U).
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Figure 4-15 Cxcr2"HSC viability and proliferation.

WT or Cxcr2” stem and progenitor populations were stained farekin-V and analysed
for viability or fixed, permeabilised and stained Ki-67. Data is presented as the mean
percentage of Annexin-\tells (A) or Ki-67 cells (B) in various cell populations in BM
derived cells in the WT an@xcr2” conditions. The sample size is one, therefore no
standard deviation or statistical analysis is sh¢wn 1). Dotplots of representative
samples show flow cytometry staining of Annexifi-3&lls in the CD15@C D48’ fraction
(C) or Ki-67 staining in LK fraction (D). Animals eve between 6 to 12 weeks and same

gender (WT 1 femaleCxcr2” 1 female).
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4.3.6 Analysis of engraftment in a BM reconstitution assay with
WT or Cxcr2” HSC

The gold standard technique for assaying HSC fanatiactivity is the BM reconstitution
assay. More specifically, this technique involvas isolation of HSC and transplantation
into a host in which the BM has been ablated vathdl irradiation. After transplantation,
the HSC will home and engratft into the BM niche gnéhthey will balance self renewal
and multilineage differentiation to produce progémtuding the mature cell types of
haemopoiesis. A decrease in engraftment and nmeléiie differentiation infers that the
HSC population is not functional. The use of docelts (CD45.2) from a different
genetic background than the host (CD4pallows the contribution of donor cells to be

tracked using flow cytometry.

WT or Cxcr2'"HSC were isolated from animals on a CD4%ackground and were
transplanted into several host CD4%ahimals which had been previously irradiated. The
HSC were transplanted with unmanipulated BM fro@45.1 animal to act as a
‘support’ for the survival of the hosts with abldteaemopoietic systems. Monoclonal
antibodies against CD45.1 and CD45.2 were usedflgithcytometry analysis to examine
donor engraftment in different cell populations iotrme. It was hypothesised thakcr2

null HSC would show a decrease in engraftment pieien comparison to the control WT
HSC.
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4.3.6.1 Primary BM reconstitution assays

To examine whether HSC derived from WTGxcr2” animals contained differences in
engraftment potential, PB from recipient animalswaamined for the percentages of
CD45.T versus CD45.2cells every 4 weeks up to 16 weeks post transplams time
frame allows the donor HSC to engraft into the Bighe and result in multilineage BM
reconstitution. The engraftment of donor cells wasked in the PB over 16 weeks using
CD45.1 and CD45.2 staining. Furthermore, within@45.2 fraction, the percentage of
myeloid (GR1 and CD11B), B (CD19) and T (CD4 and CD8) cells were examined.
This was to examine whether HSC fr@rcr2”” animals had the potential for multilineage
differentiation. Mice were sacrificed at 16 weeksftransplant and haemopoietic organs

were examined for the presence of donor derived.cel

From 4 weeks up to 16 weeks post transplant, a t@mards a decrease in the percentage
of CD45.Z cells was found in the PB of animals transplamtétl Cxcr2” donor HSC in
comparison to the control (n.e.=7, 6) (Figure 4-16). In the WT control, a trendvéwds
increase in CD45!cells was found over the 16 week period indicatihat the transplant
was successful. No significant differences weredditetween conditions, and it was
observed that a great deal of variation was fouithlinvboth conditions. It can be seen
from Figure 4-16 that several samples showed tie/éhgraftment up until the 16 week
timepoint in the recipients transplanted with WT@&S his is likely due to a technical
problem during the injection as WT HSC should h@né engraft in irradiated recipients.
Similarly, some samples in ti@xcr2” condition showed nol/little engraftment and the
majority of samples showed a small percentage gfadftment. However these were not
excluded from the analysis as this would introdoies. It can be seen from the WT donor
cells that percentage of engraftment increasestowerwhich is as expected in a BM
reconstitution assay. Similarly, in tkixcrZ’” condition, some HSC do engraft and the
percentage engraftment increases over time. THisates that the HSC that do engraft are
capable of self renewal, however the overall pdeggengraftment is lower than in
comparison to the control. A possible explanat®a defect in cell homing in HSC

lackingCxcr2.

In addition to examining engraftment of donor cet® cells that did engraft (CD45)2
were examined for their potential to produce ogiet of different lineages. Within the
CD45.7 cells, the percentage of cells positive for matgks of all the myeloid,

lymphoid and T cell lineages was examined. Datavellono difference in the ability of
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any of the recipient animals to produce all theuraatell types over a period of 16 weeks
post transplant (n.s,= 7, 6) for WT andCxcr2’” conditions respectively at 16 weeks post
transplant (Figure 4-16)These results indicate that although the HSC derfinam Cxcr2

" show a trend towards decreased engraftment, thethi8@ngraft are capable of
multilineage differentiation. This would supporethypothesis that HSC lacki@xcr2
show a defect in homing, as it is clear from theuhein Figure 4-16 that some HSC can
engraft and produce multilineage differentiatidnterestingly, there was no difference in
the percentage of myeloid cells in the PB in angti@nsplanted with WT a@xcr2 HSC.
As theCxcr2”™ animals show increased number of myeloid cellbiénttaemopoietic
organs at steady state, this suggests that itia @rcr2’” cell autonomous HSC that is
responsible for this expansion. As the host animasNT withCxcr2not deleted, it is
possible that a lack of this receptor is requiredll tissues to result in the observed
phenotype. However, this is speculation.

At 16 weeks post transplant, the animals were fsa@ili and haemopoietic organs were
analysed for donor derived cells in mature celeypnd stem/progenitor cells. To achieve
this, CD45.1 and CD45.2 staining was examined ieloigt (GR1 and CD11B), lymphoid
(CD19), progenitors (LK, GMP, CMP and MEP) and staits (LT-HSC, ST-HSC, MPP)

in the BM and spleen.

The results showed a similar pattern obtainedeRB analysis (Figure 4-16). A trend
towards a decrease in engraftment was found iBhend spleen (n.sn=7, 6). A trend
towards a reduction in engraftment was noted imta&ure cells in both in the BM (n.s.)
and spleenR<0.05 for myeloid and n.s. for T cells respectively 7, 6) (Figure 4-17). In
terms of progenitors, there was a trend towardslaation in the LK, GMP, CMP and
MEP populations in the WT ar@ixcr2” conditions respectively (n.s1,= 7, 6) (Figure
4-18). Similarly, the LK population in spleen dexd/cells showed trend towards a

decrease in engraftment which was not statisticijgificant (n.s.n =7, 6) (Figure 4-18).

Analysis of the stem cell populations within the BRowed a decrease in the engraftment
of lineage negative®<0.05), LSK (n.s.), CD15€D48 (n.s.), CD15@CD48 (n.s.),
CD150'CD48" (n.s.) and CD15€D48" (n.s.) populations in the WT ai@kcr2”

conditions respectively (Figure 4-18). Similarlgetlineage negative and LSK populations
in the spleen showed a trend towards decreasenior @ell engraftment in recipients
transplanted witlCxcrZ”- HSC (n.s.) (Figure 4-18).
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Collectively, the data shows th@kcr2 cell autonomous signalling is important for stem
cell functional activity. The lack of significaneeross the analysis represents
heterogeneity in engraftment observed in both W&rGxcr2”™ donor derived cells and is
likely technical. The evidence th@kcr2” HSCcan still contribute to mature cell types,
stem and progenitor cells in the BM and spleerrinhathch" HSC can still function,
however this is to a lesser extent than the WihdfCxcr2”™ HSC can produce

multilineage reconstitution over time then they stith functional and it is possible that
their defect is not in stem cell function but il é®@ming after transplantation. It is unclear
from these experiments whether the reduction imaftrgent found withCxcr2” donor

cells is due to a decrease in stem cell functioa decrease in cell homing.Gkcr2”

could not engraft in the BM but engrafted in altdive sites of haemopoeisis, an increase
of engraftment would be found in the spleen or RBifCxcr2’” transplanted animals.
However, this was not the case. It may be pos#ilaethe cells cannot home and undergo
apoptosis and therefore show a reduction in enggaft, however this cannot be

concluded at this stage.
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Figure 4-16 WT and Cxcr2” HSC show no significant differential engraftment in a primary

BM transplantation assay.

Data are presented as the mean percentage of CI#HLin recipient mice transplanted
with either WT orCxcr2” HSC(LT-HSC, 16 cells per mouse) along with CD45.1 support
marrow (2x18cells per mouse) over a 16 week period (A) (ms.7, 6). Each recipient
animal is displayed as a single symbol on the geddl6 weeks post transplant (B) (nrs.,
=7, 6). Representative flow cytometry plots of Gand CD45.2 staining in recipients
with WT or Cxcr2” HSC are shown (C). The percentage of myeloid (GRD11B), B
(CD19") and T (CD4, CD8") cells found in the PB within CD45.2lonor cells are shown
(D). Antibodies against CD4 and CD8 were used endéime fluorophore therefore T cells
are labelled as double positive cells (CP@D8") only. Statistical analysis was carried out
using two-way repeated measures ANOVA with Sidakigtiple comparison test to
compare conditions at each timepoint (A) and aesitid unpaired testwith Welch’s
correction for unequal variance (D) (n.$1H7, 6). Animals were between 6 to 12 weeks
and mixed gender (donor WT 2 femabxcr2” 2 female; recipients WT 4 male, 3 female;

Cxcr2” 4 male, 2 female).
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Figure 4-17 WT and Cxcr2” HSC show no differential engraftment in BM but show a

decrease in myeloid cells in the spleen.

Data are presented as the mean percentage of Cfi2within whole BM (A) or
spleen (B) myeloid and B cells in recipient micansplanted with either WT @xcr2”
HSC after 16 weeks post transplant. Statisticalyarsawas carried out using a student’s
unpaired testwith Welch’s correction for unequal varianceR*0.05,n = 7, 6). Spleen B
cell data was not available (B). Animals were betw6 to 12 weeks and mixed gender
(donor WT 2 femaleCxcr2” 2 female; recipients WT 4 male, 3 femabxcr2” 4 male, 2

female).



201

A B _
BMHSC BM progenitor
150 1001
T W

% 3 KO % 804 3 ko
[&] [&]

100
kY 601
Z Z
a o
O ol o 401
] k]
= = My

= K GMP  CMP  MEP
I N S T
ecf’“\ R oou Q{Jov F F
a(\ & P & @Q
a°cb o ® & &

&
C Spleen HSC D Spleen progenitor

50+ 80-

T  WT
404 0O ko 0 Ko

o
s

0

i T
LK

Figure 4-18 WT and Cxcr2” HSC show no differential engraftment in BM and sple  en derived
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Data are presented as the mean percentage of Cl2é8s2within BM and spleen HSC
and progenitor cell types. The percentage of CDO4&efs within BM HSC (A), BM
progenitor (B), spleen HSC (C) and spleen progeli) was assessed in recipient mice
transplanted with either WT @xcr2” HSC after a 16 week period (A). Statistical analysi
was carried out using a student’s unpatregstwith Welch’s correction for unequal
variance (n.sn=7, 6). Animals were between 6 to 12 weeks andcgender (donor

WT 2 femaleCxcr2” 2 female; recipients WT 4 male, 3 femalxcrZ” 4 male, 2

female).
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4.3.7 Survival curve of WT and Cxcr2” animals over a year
period

A BM reconstitution assays stresses the haemopagsiem so HSC will be forced to
reconstitute the BM and functional activity canassessed. As an alternative approach to
stress the haemopoietic systédxcr2” and WT animals were aged for 52 weeks and the

haemopoietic system was examined.

4.3.7.1 Survival curve

Firstly, it was observed that ti@xcr2” animals showed a decrease in survival in aged
animals with 2 animals sacrificed out of 5 (67%vsual) in comparison to WT animals
with no deaths up to 52 weeks old (100% survivailyre 4-19) Limited assays were
carried out orCxcr2”” animals post-mortem and it therefore cannot beloded the
reason for death of the animals. However, BM wadyaed in one of the sacrificed mice
and compared with a WT control at a similar agee fidsults showed that phenotype of the
young mice is exaggerated with such an increasigeiigranulocyte population that the
erythroid cells within the BM are at a very low é&\Figure 4-19). Flow cytometry
analysis of these populations on a WT aged miceusad as a comparison and it can be
observed that an increase in myeloid cells andedeserin erythrocytes is strikingly
observed in age@xcr2” animals. Based on this analysis, it is hypothesisatithe BM
became depleted of erythrocytes and this is likelye the cause of premature death.
However, this is purely speculative as more in degsisays were not carried out at this
stage. Based on the survival animals, the expetsyaascribed in the following section

used 5 WT and 8xcr2” animals for analysis.
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Figure 4-19 Survival curve for aged WT and Cxcr2” animals.

The data are presented as a survival curve fqpeheentage survival of WT @xcr2”
animals up to a 52 week period where the surviamignals for sacrificed for analysis £
5) (A). Flow cytometry plots show granulocyte (Bideerythroid staining in the BM of a
CxcrZ” animal that was sacrificed before the year pedathlysis of a WT control at a
similar age was used as comparison (B, C). Aniwal® all F due to availability and
between 48 and 52 weeks of age. A log-rank (Ma@te{) test was used to compare
survival curves using percentage of survival oiraetand showed no statistically
significant difference between the two survivahas q = 5).
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4.3.7.2 Cellularity and frequency of mature cellt  ypes

BM, spleen, PB and thymus were analysed for celtyland absolute numbers of mature
cell types including granulocytes, erythroid, Bdancells in aged WT an@xcr2”
animals as described in section 4.3.2.

43.7.2.1 BM

The BM showed no difference in cellularity betwa®ft andCxcr2” conditions (n.s.n =

5, 3) (Figure 4-20). There was a significant deseda erythroid cells in théxcr2”
condition P <0.01,n =5, 3) (Figure 4-20). A trend towards an increass found in the
granulocytes in th€xcr2” conditions (n.s.n =5, 3) (Figure 4-20). Finally a trend towards
a decrease was found in the B cells in@xer2” condition which was not significant (n.s.,
n=>5, 3) (Figure 4-20).

4.3.7.2.2 Spleen

The spleen showed no difference in cellularity st/ WT andCxcr2” conditions (n.s.)
which likely reflects sample variation as an ineeaas noted in spleen sizedrcr2”
animals upon dissection (Figure 4-21). There wadiffierence in erythroid cells between
strains (n.s.) (Figure 4-21). There was a trendatd& an increase in the granulocytic
population in thexcr2” condition (n.s.) (Figure 4-21). There was a treowlards a
decrease in the B and T cell populations inGxer2” condition (n.s.n =5, 3) (Figure
4-21).

43.72.3 PB

The PB showed a trend towards increase in ceﬂyl'mritherch" conditions (n.sn=>5,

3) (Figure 4-22). There was a trend towards are@se in erythroid cells in ti@xcr2”
condition (n.s.) (Figure 4-22). A trend towardsiacrease was found in the granulocytes
in theCxcr2"” condition (n.s.) (Figure 4-22). Finally a trend s a decrease was found
in the B cells in th€xcr2” condition (n.s.n = 2, 3) (Figure 4-22). The lack of samples in
these assays was due to technical problems withirglaT cells subsets were not analysed

in the PB due to technical problems.
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43.7.2.4  Thymi

The thymi showed no difference in cellularity beénéVT andCxcr2’” conditions (n.s.n
=5, 3) (Figure 4-23). There was no difference icells in the thyme however only double
positive cells (CDACD8") were analysed (n.s1,= 5, 3) (Figure 4-23).

Collectively, the data shows the same trend iffriguency of mature cell types between
the conditions as in the young mice. The lack ghiicance for particular cell types
including granulocytes in the BM, spleen and PBe$ a small sample size and variation

between samples.
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Whole BM was assessed for cellularity and the altsaiumber of mature cells was

assessed using flow cytometry. Data are presestdteamean total number of cells
(WBC) between strains (A) or absolute numbers aiumeacells; erythroid (TER119
granulocyte (GRICD11B') or B cells (CD19B220") (B). Statistical analysis was carried
out using a student’s unpairetestwith Welch’s correction for unequal varianceR*

<0.05;n =5, 3). Plots display a representative imageaihstg observed with
GR1'CD11B’ dotplots (C) or TER1I%histogram (D). Animals were between 6 to 12
weeks and the same gender (WT 5 fem@her2” 3 female).
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Figure 4-21 Cellularity and absolute numbers of mat  ure cell types in spleen of WT and

Cxcr2” aged animals.

Spleen was assessed for cellularity and the alesolunber of mature cells was assessed
using flow cytometry. Data are presented as thenn@al number of cells (WBC)
between strains (A) or absolute numbers of matells;@rythroid (TER119, granulocyte
(GR1'CD11B"), B cells (CD19B220") or T cells (CD4CDS8") (B). Statistical analysis
was carried out using a student’s unpatregbtwith Welch’s correction for unequal
variance K = 5, 3). Plots display a representative imageaihsig observed with
GR1'CD11B’ dotplots (C). Animals were between 6 to 12 weeldsthe same gender
(WT 5 femaleCxcr2” 3 female).
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Figure 4-22 Cellularity and absolute numbers of mat  ure cell types in PB of WT and Cxcr2”
aged animals.

PB was assessed for cellularity and the absolutgoru of mature cells was assessed using
flow cytometry. Data are presented as the meahnataber of cells (WBC) between
strains (A) 6 =5, 3) or absolute numbers of mature cells; eojth(TER119),

granulocyte (GRICD11B’) or B cells (CD198220") (B) (n = 2, 1). Statistical analysis

was carried out using a student’s unpatrebtwith Welch’s correction for unequal
variance (A) and no statistical test was carrietiopanel B. Plots display a representative
image of staining observed with GRID11B" dotplots (C). Animals were between 6 to 12
weeks and the same gender (WT 5 fem@her2” 3 female).
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Figure 4-23 Cellularity and absolute numbers of mat  ure cell types in thymi of WT and  Cxcr2
" aged animals.

Thymi was assessed for cellularity and the abseluteber of mature cells was assessed
using flow cytometry. Data are presented as thennteal number of cells (WBC)
between strains (A) or absolute numbers of T ¢€IB4'CD8") (B). For this particular
experiment, CD4 and CD8 antibodies were used Wwigtrsime fluorochrome therefore
only double positive population data is availal@®@ CD8"). Statistical analysis was
carried out using a student’s unpaitedstwith Welch'’s correction for unequal variance
(n=15, 3). Animals were between 6 to 12 weeks ancg#imee gender (WT 5 female;

Cxcr2” 3 female).
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4.3.7.3 Frequency of stem and progenitor cells in aged WT
and Cxcr2” mice

The frequency of stem and progenitor populations e@mined in aged WT a@kcr2”

animals as described in section 4.3.3.

43.7.3.1 BM

4.3.7.3.1.1 Stem cell frequency

There was a trend towards a decrease in the nusfiireage negative cells in ti@xcr2”
animals which can be seen with representative dgiwmetry plots (n.sn =5, 3) (Figure
4-24; Figure 4-25). There was a trend towards arease in the number of LSK cells in
theCxcr2” animals (n.s.n = 5, 3) (Figure 4-24; Figure 4-25). Finally therer& no
significant differences between the various HSCutatpons (n.s.n = 3, 5) (Figure 4-24;
Figure 4-25).

4.3.7.3.2 Progenitor populations

In terms of progenitors, the LK fraction showeddikberence between strains (n1s5 5,
3) (Figure 4-26). There were no statistically siigaint differences between GMP, CMP
and MEP populations between strains however reptasee flow cytometry plots show
the differential distribution of populations betwestrains (n.sn = 3, 5) (Figure 4-26).
However the trends showed the same as found iyailneg animals. The lack of

significance likely reflects the small sample size.

The lineage negative and LSK frequency in the BleMsh similar trend to those obtained
in young animals (Figure 4-7). However, no differenvas noted between strains for the
HSC populations. This could be due to smaller sarages in the ageing analysis or it is
possible that there are no differences in the aqy of HSC populations in aged animals.
Interestingly, an increase (9.7 fold) is notedhe absolute number of LT-HSC in WT BM
derived from young and aged animals. This is iroetance with previous literature to
show that LT-HSC are increased in frequency inaasp to ageing, but display decreased
functionality (Snoeck, 2013). Although an increasstill noted between young and aged
LT-HSC in theCxcrZ" animals, the fold increase is lower than that oesmwith the WT
(2.8 fold). It is possible that an expansion of HBC occurs at an earlier stage in the

Cxcr2” animals therefore no differences are seen in ageel as an expansion is also
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noted in the WT. This would infer that the HSC has@uced self renewal potential,

however this cannot be concluded at this stage.
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4.3.7.3.3 Spleen

4.3.7.3.3.1Stem cell populations

There was a trend towards an increase in the nuaili@eage negative cells in ti@xcrZ
" animals in the spleen (n.s.7 5, 3) (Figure 4-27). There was no differencethin
number of LSK cells between strains (nss, 5, 3) (Figure 4-27). Finally there were no

significant differences between the various HSCuteiions (n.s.n = 3, 5) (Figure 4-27).

4.3.7.3.3.2Progenitor populations

In terms of progenitors, the LK fraction showedent! towards an increase in rcr2”
condition (n.s.n =5, 3) (Figure 4-28). There were no statisticallynificant differences
between GMP, CMP and MEP populations between st aiis.n = 3, 5) (Figure 4-28).
However the lack of significance likely reflectetbmall sample size, the differential

distribution of cell types can be seen with repnésteve flow cytometry plots between

strains and the data showed the same trends las yoting mice.
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Figure 4-24 Absolute numbers of stem cell populatio ns in the BM between WT and Cxcr2”
aged animals.

Whole BM was made into a single cell suspensionstaithed for antibodies to examine
the stem cell populations and analysed using figiwroetry. Data are presented as the
meanzstandard deviation absolute cell numberdrieaye negative, LSK or HSC
populations between WT ai@kcr2” animals. Statistical analysis was carried out using
student’s unpairetitestwith Welch’s correction for unequal variance (nms5, 5, 3).

Animals were between 6 to 12 weeks and the samieg¢WT 5 femaleCxcr2’” 3
female).
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Figure 4-25 Representative flow cytometry plots of lineage negative, LSK and HSC

populations between WT and Cxcr2” animals in aged animals.

Images show representative flow cytometry plotsnelage negative (A), LSK (B) and
HSC staining (C) in WT an@xcr2” animals. Animals were all F due to availability and

between 48 and 52 weeks of age.
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Figure 4-26 Absolute numbers of progenitor populati ons between WT and Cxcr2” animals.

Whole BM was made into a single cell suspensionstaithed for antibodies to examine
the progenitor populations and analysed using flgiemetry. Percentages of cells within
whole BM was multiplied by the WBC cellularity di¢ BM and absolute numbers
compared. Data are presented as the mean absellutembers for LK, CMP, GMP and
MEP populations between WT afikcr2”” animals. Statistical analysis was carried out
using a student’s unpaireédestwith Welch’s correction for unequal variance (nss 5,

3). Animals were between 6 to 12 weeks and the sgmder (WT 5 femaleSxcr2” 3
female).
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Figure 4-27 Absolute numbers of stem cell populatio ns between WT and Cxcr2” aged

animals in spleen.

Spleen was made into a single cell suspensiontanted with antibodies to examine the
stem cell populations and analysed using flow cgiwyn Percentages of cells within
whole spleen was multiplied by the WBC cellulaafythe spleen and absolute numbers
compared. Data is presented as the mean absoluteic#ers for lineage negative, LSK
or HSC populations between WT a@scr2” animals. Statistical analysis was carried out
using a student’s unpaireédestwith Welch’s correction for unequal variance (nss, 5,

3). Animals were between 6 to 12 weeks and the ggnder (WT 5 femal€xcrZ” 3
female).



217

>
o}

LK

4.0x10°°+
2.5x10°°+

2.0x10°¢ O Ko 3.0x10°%

06 ]
1.2x10 2.0:10°¢]

1000000

WE

10000004

Total no. of cells per harvest
Total no. of cells per harvest

0_
T GMP CMP MEP

o

WT Cxcr2-

C-Kit

CD16/CD32

Figure 4-28 Absolute numbers of progenitor populati ons between WT and Cxcr2” animals in
the spleen.

Spleen was made into a single cell suspensiontanted with antibodies to examine the
progenitor populations and analysed using flow mgtry. Percentages of cells within
whole spleen was multiplied by the WBC cellulaafythe spleen and absolute numbers
compared. Data is presented as the mean absolutelcwers for LK, CMP, GMP and
MEP populations between WT afikcr2”~ animals. Statistical analysis was carried out
using a student’s unpaireédestwith Welch’s correction for unequal varianges.,n =5,
3). Animals were between 6 to 12 weeks and the ggmder (WT 5 femal€xcr2” 3
female).
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4.3.7.4 CFC assays

As anin vitro measure of the stem/progenitor activity in a popoia cells from aged
animals were plated in Methocult™ and examined@ony growth as described in

section 4.3.4.

4.3.7.5 BM

No difference in colonies was found in the BM betwetrains. Colonies were pooled and
counted as total number of colonies as no diffesendifferent types were found (n.s.5

3, 1) (Figure 4-29). No statistical analysis wasied out due to the sample size of 1 in the
Cxcr2” population. This was due to contamination in sevemples. Colonies were
reseeded into a secondary colony formation assggttan indication of the self renewal
activity of the stem/progenitor cells. A trend todsan increase was noted in @wecr2”
condition, however small sample size does not aftovetatistical analysis (n.s1= 3, 1)
(Figure 4-29).

4.3.7.6 Spleen

There is a trend towards an increase in CFU-GMrgetowas found in the spleen. No
difference in CFU-E or CFU-GEMM colonies were fouiithe increase in CFU-GM
colonies causes an overall trend towards increadeitotal number of colonies in the
Cxcr2” animals (n.s.n =5, 3) (Figure 4-30). The lack of significancdilely due to

variation between samples in this assay and a saaple size in one of the conditions.

Not enough material from PB in aged animals wadata for colony formation assays. It
is predicted an increase would be found inG@ker2” condition as reported in the young

animals.

Taken collectively, the data shows the same trend goung animals. The lack of
difference in CFU in the BM oExcr2”animals is likely technical due to small numbers of
CFU obtained.
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Figure 4-29 WT and Cxcr2” CFC analysis in BM derived cells shows no differenc e between
strains in primary or secondary plates in aged anim als.

Whole BM was made into a cell suspension, WBC cediand 10cells plated per mL in
Methocult™ and incubated for 10-14 days. Data aesgnted as the mean total number of
colonies in a primary (A) and secondary replate((B} 3, 1). No statistical test was
carried out due to the sample size of 1 in ondéefconditionsAnimals were between 6 to
12 weeks and the same gender (WT 3 fen@ker2” 1 female).
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Figure 4-30 WT and Cxcr2” CFC analysis in spleen derived cells shows no diffe  rence
between strains in aged animals.

The spleen was made into a cell suspension, WB@tedwand 1dcells plated per mL in
Methocult™ and incubated for 10-14 days. Data aesgnted as the mean total number of
colonies in a primary plating assay € 5, 3). Statistical analysis was carried out g@sin
student’s unpairetitest with Welch'’s correction for unequal varianoes(). Animals were
between 6 to 12 weeks and the same gender (WT &de@xcr2” 3 female).
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4.3.7.7 Stem cell viability and cell cycle status

The stem and progenitor populations were examiaedidbility and cell cycle status in

aged mice as described in section 4.3.5.

Data shows a trend towards a decrease in the gageeaf Annexin-Vcells in cell
populations in th€xcrZ” animals in the LSK, CD15€CD48, CD150CD48 (P <0.05),
CD150CD48" (P <0.01) and CD15€D48" populations P <0.05). A total of 5 and 3
animals for WT an€xcr2” conditions were analysed respectivel (Figure 4-8%yend
towards an increase in Annexir-¥ells was found in thExcr2” animals in the whole
BM, lineage negative and LK fractions but this @ statistically significant and likely
represents no differences between populations (n=s5, 3) (Figure 4-31).

The data suggests that the stem/progenitor popuokatire more viable in ti@xcr2”

animals in comparison to the WT littermates. Thigiaccordance with data obtained on
HSC populations in young mice. Furthermore, thegase in sample sized in aged animals
allowed statistical analysis. It can seen from detdhe WT cells that there is a basal level
of apoptosis in BM cells which decreases in the l#Bid more primitive HSC populations
which suggests the staining is correct. Interestjng the WT mice in both young and

aged mice show a high percentage of Annexireddls in the CD150CD48" (MPP)
population in comparison to the other HSC fractisaggesting this is a more apoptotic
population. In addition, the CD150D48" population in theCxcr2” mice shows a lower

percentage of Annexin-\tells in comparison to the WT.

Ki-67 staining was used to examine proliferatidth@ugh this stain used alone cannot
discriminate between cells inn@ersus G, percentage of positive cells can indicate
proliferation. Data shows a trend towards decr@asiee percentage of Ki-6ell
populationsCxcr2”” animals in the whole BM, lineage negative and Lipylations
(Figure 4-31) (n.sn=4, 2).
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Figure 4-31 Cxcr2” HSC show an increase in viability in aged HSC.

WT or Cxcr2”” stem and progenitor populations were stained farekin-V and analysed
for viability or fixed, permeabilised and stained Ki-67. Data are presented as the mean
percentage of Annexin-\tells fi=5, 3) (A) or Ki-67 cells (B) f = 4, 2). Statistical
analysis was carried out using a student’s unpairestwith Welch’s correction for
unequal variance. Sample size is too low for@xer2”” conditions in the Ki-67
experiment, therefore no statistical analysis @sh Representative plots of Annexin-V
staining in the CD15@D48" fraction (C) or Ki-67 staining in the LK fractiqid) are
displayed Animals were between 6 to 12 weeks and the san#degéA WT 5 female;
Cxcr2” 3 female; B WT 4 female€Cxcr2” 2 female).
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4.4 Discussion

The results in this chapter focus on the analylsssraouse model which lackxcr2.The
results are found to be in accordance with pubtisiierature which shows an increase in
the myeloid cells in the haemopoietic organs, antherease in CFU in the spleen and PB
in theCxcr2"” animals (Broxmeyer et al., 1996, Cacalano et 894) However, it has not

been examined to date whether this signalling payimvay play a role in HSC function.

Previous literature which first documented the tgpe of theCxcr2” mice showed data
to suggest thatxcr2signalling controlled myeloid regulation (Broxmeyetral., 1996).
Therefore it was proposed this signalling pathvagantrolling negative regulation of
myeloid cells. However, i€xcr2signalling was solely controlling myeloid regulatjo
there would be no additional phenotypeCixcr2’™ animals particularly involving the HSC
population. More specifically, this does not explthe expansion of the LT-HSC in the
BM and enhanced mobilised with extramedullary hgeoresis in the spleen and PB. In

addition, this does not explain wiixcr2"- HSC show a defect in BM engraftment.

The expansion of the myeloid cells is due to a lafd&xcr2 signalling. However it was
interesting to observe that the progenitor popoiretiGMP, CMP and MEP) show a trend
towards differences in t@xcr2”” animals in comparison to the WT controls. If thigsio

be repeated and gain statistical significance,dbigd suggest th&xcr2regulates

myeloid cell production at a more primitive levielh at the mature cells. In addition to an
increase in myeloid cells, tt@xcr2” animals show an increase in the HSC in comparison
to the controls in the BM. It is possible tl@tcr2 signalling contributes to establishing
numbers of HSC in addition to mature cells. A poes study has noted th@kcr2

signalling is involved in the regulation of oligattrocyte numbers @@xcr2” animals

show differences in comparison to the controls @wadi-Claudio et al., 2006).

In addition to the expansion of LT-HSC in the BM@#cr2"” animals, the HSC were
shown to be more viable than the WT counterparihiofigh a sample size of 1 in the
young animals does not allow a valid conclusiobdalrawn. However, from the human
data in the previous chapter it is predicted thack of Cxcr2would decrease cell

viability. It is possible that mechanisms of sidimg differ between species and this should
be further examined. It could be inferred t8atr2 signalling negative controls stem cell
viability, or alternatively the lack of the recepts causing a compensatory effect resulting

in an increase in viability. As an example, it kcblbe thatCxcr2reduction results in an
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increase irCxcrlexpression. In support of thiSxcrlandCxcr2have been shown to
show compensatory effects with each other. FurtbegsrmRNA transcripts of CXCR1
have been shown to be expressed in the BM andrsptea previous study;xcr2”

animals showed an over expressioi€atrlin endothelium in comparison to levels in WT
mice (Sanchez et al., 2007). Studies inhibithgrlhave shown a decrease in cell
viability, it is therefore likely that an increaseexpression could support viability

however this has not been tested in this studyg§ier et al., 2010).

The true functional assay of a stem cell is thétglo reconstitute a host with a lethally
ablated BM. In this experiment, it was found thedre was a trend towards a reduction in
the ability of the HSC derived from ti@xcr2” donor to engraft to the same level as the
WT donor HSC. This suggests tl&tcr2 signalling may have an effect on stem cell
function in a cell autonomous manner. However riatg@erimental variation resulted in
the difference between conditions to be not sigaiit. Therefore, it cannot be concluded
thatCxcr2null HSC show a defect in functional activity withe results in this thesis.
However, the data indicates there may be differéeteeen samples. If this is the case, it
is unclear from this experiment whether the HSGveerfrom theCxcrZ” donor show a
trend towards a decrease in engraftment due téeatda homing or due to a problem
within the BM niche. Indeed, CD45.2ells derived from th€xcr2"” donors were found to
produce multilineage reconstitution and a percentfgCD45.2 cells from theCxcr2”
recipients were found in all mature cells, stem pradjenitor cells. Furthermore, the
percentage engraftment from do@xcr2” HSC increased over time which suggests the
HSC were capable of self renewal. It is known atr2 signalling plays a role in
neutrophil mobilisation and it is possible thastheceptor may play a role in HSC
mobilisation (Eash et al., 2010). Indeed, a vargdtgtudies have shown that
administration ofCxcr2ligands results in the immediate mobilisation ofGHfom the BM
into the periphery which i€xcr2dependent (Pelus and Fukuda, 2006). Furthermore,
previous research reported tiatcr2signalling in combination witicxcr4 (a key HSC
mobilisation gene) regulated neutrophil mobilisat{&ash et al., 2010). Whether these
genes may play a role together in HSC mobilisatias not been assessed. To support this
idea, the evidence that CFU are found in extrantequsites of haemopoiesis Gxcr2”
animals does indicate that there may be a defédSiG mobilisation. The results show
thatCxcr2” HSC do not locate to the PB or spleen insteadeBiM as a reduction in
engraftment was found in all haemopoietic siteeréfore if the HSC cannot home to the
BM it is likely that they undergo apoptosis.
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Data from this chapter showed that mouse HSC ptpuok including the most primitive
LSKCD150 CD48 fraction express the recept@xcr2.However due to limited cell
numbers and time constraints in this study, althamgRNA data is available on the
receptor. To strengthen this result, protein expoesshould be assayed. To date, very few
chemokine receptors have been reported on HSCmBarity of research has been on
CXCR4 which responds to CXCL12 resulting in HSC raigpn to and from the BM. Gene
expression analysis for CXCR2 binding ligands orCHBowed no positive expression for
the ligands tested. This could be technical, o tiey are expressed on a less primitive
stem cell population. It cannot be concluded froméxperiments conducted in this study
what is the mechanism of action of CXCR2 signalliflgis presents a future avenue of

research.
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5 Results IlI: Human and mouse HSC express
CXCL4 which regulates HSC self renewal

5.1 Introduction

The results shown in chapters 4 and 5 provide eciléo support that CXCR2 signalling
plays a role in stem cell properties including stalvand proliferation in both human and
mouse systems. However, a discrepancy betweerutharhand mouse experiments
exists. In chapter 4, it was shown that CXCR2 higdigands Cxcl1, Cxcl2andCxcl5/6)
MRNA transcripts were found in human HSC. Howeirechapter 5 it was shown that the
mouse homologs of these specific genes were noessed by the mouse HSC
populations tested. Explanations for this resultengeviously discussed. In addition to
Cxcr2binding ligands, another member within the CXC ifgraf chemokines Cxcl4) was
examined for expression on mouse HSC populatioresiriestigatedxcl4 expression on
mouse HSC for several reasonsCkcl4is within the CXC family of chemokine ligands
and is structurally similar t€xcr2binding ligands; 2. Examination of previously
unpublished microarray data from our lab identif@dl4as being highly expressed in
mouse HSC populations at levels comparable to se&#hgeneCxcr4 (data not shown,
unpublished data); 3. Literature searching idezdithatCxcl4 supports human HSC
survival and adhesion (reviewed in the introducsention). This chemokine therefore
seemed to be an ideal candidate to further purBli@.experiments in this chapter were
designed to elucidate the biological roledcl4in mouse HSC behaviour. Furthermore,
we wanted to examinéXCL4expression in human HSC to examine whether thas is

novel stem cell factor highly expressed in both sgoand human HSC populations.

Cxcl4is a chemokine belonging to the CXC group, whgchredominantly expressed by
activated platelets and promotes blood coaguldtmrnewed in the introduction section).
There is some literature available on the rol€x¢l4 signalling in human stem/progenitor
cells (reviewed in introduction section) with eunde thatCxcl4inhibits haemopoeisis and
promotes stem/progenitor survival, however thisaswell understood. Furthermore, as
far as we have understood, there are no data osefwel4in terms of HSC behaviour.

In this chapter, expression of the chemokine wasnéxed in both mouse and human HSC
systems. In addition, the functional role was itigeged in the mouse system using
transgenicxcl4-Credriven reporter miceCxcl4null mice €xcl4”) and reduction of

Cxcl4 expressionn vitro using sShRNA mediated lentiviral transduction.
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5.2 Aims and Objectives

The specific aims of this chapter were:
I To examineCxcl4 expression on mouse HSC populations

It was hypothesised that this chemokine may plegteain HSC properties therefore

MRNA expression was analysed in mouse HSC popukatising Q-PCR.

Il To examine whether aCxcl4-Cre driven reporter mouse model activity
correlates with gene expression in HSC populations

A reporter mouse model in whi€xcl4drives RFPexpression is available. We wanted to
use this mouse model to validate the gene expressita. Furthermore, it was aimed to

use this mouse model to elucidate the biologicattion ofCxcl4.
1] To investigate how a lack of Cxcl4 alters stem/progenitor cell behaviour

We wanted to use different approaches to mod@at4 expression in an aim to
understand the role of this chemokine in HSC behaviWe used animals lacki@xcl4
(Cxcl4") and examined whether these animals displayedreliftes in stem/progenitor
cell frequency, properties and function. As anraléve approach we aimed to reduce

Cxcl4expressionn vitro using shRNA and to examine the resulting phenotype.
Vv To examine the expression o€XCL4 on human HSC

The microarray study used for this thesis was patlusive forlCXCL4expression on
human HSC, therefore this objective was to asséssher this gene is also expressed in
human HSC and may play a role in human HSC praserti
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5.3 Results

5.3.1 CXCL4 is expressed on mouse HSC

Data in chapter 3 showed thaxcr2is expressed on mouse HSC populations, however
Cxcr2binding ligands were not detected by Q-PCR amalyther chemokines in the
same functional group were examined for expressmoparticularCxcl4 (also known as
platelet factor 4). This chemokine is not a knowgarmd forCxcr2,but is part of the CXC
functional group and is structurally related toest&XC chemokine ligand&urthermore
there is evidence th&xcl4 can bind Cxcl8n vitro (Dudek et al., 2003). In additioGxcl4
was reported to be highly expressed in mouse H&@ & search in unpublished
microarrays from our group (data not shown). Theeedxnent in this section was carried

out with Dr Amelie Guitart.

Q-PCR using the Fluidigm™ platform was used to drar@xcl4 expression in mouse
HSC populations. Gene expression was examinecib 3K fraction sorted using CD150
and CDA48 using the terminology described in chapt&ata showed detectable
expression o€xcl4in the LT-HSC (CD150CD48), ST-HSC (CD15®D48) and MPP
(CD150CD48 and CD15@CD48") populations. Examination of differences between
populations revealed a trend towards decreaseei€150CD48 fraction (n.s.), an
increase in the CD15@D48 population P <0.01) and a decrease in the CDTIDAS'
fraction P <0.01) with the fold change calculated using thel&MCD48 fraction as the
calibrator and set to the value ofril< 3) (Figure 5-1). Gene expressionRiflis

compared to a gene highly expressed in HSC popuka{21) to demonstrate expression

at relatively high levels (Cheng et al., 2000).

In summary, results show th@kcl4is highly expressed on mouse HSC populations with
the highest expression found in the MPP populafitve. observation th&xcl4is highly
expressed in mouse HSC populations including thédSTC population merited further
investigation into the role of this chemokine iaratcell activity. ACxcl4is well known

to be expressed in cell types of megakaryocytedidblineage, it is possible thakcl4is
actively transcribed in the MPP population and readlls destined for a particular lineage
at an early stage in lineage differentiation. Hogrethis is speculation as was not

investigated further.
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Figure 5-1 Cxcl4 is expressed on mouse HSC at the mRNA level.

Normal BM was freshly isolated and stained for laodiies against LSK, CD150 and
CD48. 500 cells were sorted, RT, preamplified arREBCR was carried out to ass€><l4
MRNA expression. Results are shown relative to élkersping contrgb2M fold change
using the CD150CD48 population as a calibrator set to 1 (A) and digpthas relative
expression levels ("N (B). Results displays the mean expression level froethr
independent experiments performed in triplicate gnel B shows relative expression
levels (2P°"<T with a stem cell gene to compare expression $eEdch dot represents
average expression from thréex¢l4) and two p21) independent experiments (B).
Animals were 6-12 weeks of age and males. Statldest carried out was a repeated
measures one-way ANOVA using Dunnett’s multiple panison test to compare
differences between the LT-HS3fction and each population for panel A onlyP&4

expression was examined in two samples amly 8, ** P <0.01).
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5.3.2 Lineage tracing of Cxcl4 marks a proportion of HSC with
enhanced colony formation activity

The gene expression data identifies tBatl4is highly expressed in HSC populations
including the LT-HSC fractionCxcl4-Cre €commonly referred to a3f4-Cre)is a widely
used transgenic model which has been studied exédngpreviously (Tiedt et al., 2007).

In this study, we used this reporter model to destrate thaCxcl4-Crerecombines in a
proportion of BM derived HSC. This transgenic mousmel expresses Cre-recombinase
in cells in which endogenowdxcl4is expressedrhe cross oCxcl4-Crewith a reporter
strain allows cells in which Cre-recombinase atfiig active, to be identified and
isolated. Briefly,Cxcl4-Cremice were crossed with a tandem reg®aP under the
Rosa2@romoter which should show RFP expression in edfgessingCxcl4and their
progeny. Thé&Rosa26-RFP,Cxcl4-Cre" transgenic mouse model was used \Ritisa26
RFP";Cxcl4-Cre andRosa26-RFPCxcl4-Cre models used as controls which showed no
difference in phenotype and were used interchanigefbe experiments in this section

were carried out in collaboration with Dr Simon &alnus.

5.3.2.1 Cxcl4-Cre is expressed in HSC and subsequent
progeny

The transgenic model has been used previouslyaw &P expression in cells positive
for Cxcl4 expression including megakaryocytes and plateleesi( et al., 2007). However,
an in depth analysis of the reporter model in H8@utations has not been examined to
date. Results from section 5.3.1 demonstrate tidagenousxcl4is expressed in mouse
HSC. We wanted to use the reporter mouse modelRodide validation endogenous
Cxcl4dis expressed in HSC and 2. Elucidate the biolodigaition ofCxcl4. Mice were
analysed for expression Gikcl4using RFP as a marker with flow cytometry analysis
combination with antibodies to identify HSC popidast.

Firstly, it was noted that positive RFP expressi@s found within the haemopoietic
organs tested (BM, spleen and thymi) with the hsgjlegpression in the BM followed by
the spleen and thymin & 3, Figure 5-2). The controls were negative foPR¥pression as

expected (data not shown). Representative plotbeassualised in (Figure 5-3).

Examination of the stem cell compartment showetlRfi cells were found in HSC
populations. Results showed a proportion of Rég!s in the BM, LSK and HSC
compartments including the most primitive CD16048 fraction (= 9) (Figure 5-2).



231

As a positive control, BM derived megakaryocyted BB derived platelets were isolated
and examined for RFP expression within CDdélls. Megakaryocyte and platelets are
CD41" and are known to expre€scl4therefore should show positive expression for RFP.
Results showed RFRells in platelets (94.3%) and the majority of mieayyocytes
(50.2%) 6 = 3) (Figure 5-4). This result is as expected aasllbeen shown previously
suggesting that the transgenic model functionsectiyr. Although all of the platelets are
positive for RFP expression, only 50% of megakayyes were found to be positive for
RFP. However, previous results have shown that iimreanegakaryocytes may have
incomplete recombination and therefore RFP expsasshich reflects the cell type and
not the model (Tiedt et al., 2007). As a technazaitrol, RFP and RFPcells were sorted
from Rosa26-RFP,Cxcl4-Cre” mice and examined for the presence of gend@néc
Results showed the presenceCoéin both RFP and RFPfractions using standard PCR
(Figure 5-2).

The Cxcl4-Cremodel has been used previously for megakaryocydeptatelet biology but
Cxcl4expression in the HSC population has not beenifteht This is likely due to
differences in the techniques with previous redeasing histology which is not as
sensitive as flow cytometry for RFP expression. ¢tibination of detection of
endogenou€xcl4mRNA in HSC (Figure 5-1) and the positive RFP egpien in HSC
(Figure 5-2) suggests th@kcl4-Crereflects transcriptional activity @@xcl4 promoter in

these populations.

As described in section 2.3.7.2.1, the BAC usedré¢ate the transgenic mice in this study
also contained other genes, one of which is knanpidy a role in stem cell maintenance.

Therefore, the results should be concluded withicau

Gender was not noted for the animals used in #asan. Without knowing whether the
gender was similar or different between groups am¢sllow a valid conclusion to be

drawn. Experiments should be repeated with the gyevatiable controlled.



232

40+ -
] Il BM 0 N BV
Q j—
o [ Spleen @
g 3 O Thymus g 604 | DIk
= | = 3 co1s0*cpas
[7] e
S 20 @
G | S 401
£ 5
104
5 % 20-
= =
0 T T 0- T T

Figure 5-2 Mature haemopoietic organs and HSC popul  ations express RFP which is under

the control of the Cxcl4 promoter.

BM, spleen and thymi were isolated, stained for H®@ulations and examined for RFP
expression using flow cytometry. Data are preseasethe mean percentage of REBIls
in mature haemopoietic organs BM, spleen and tl{xnin BM and HSC populations
LSK and LSK,CD150CD48 from three independent experimenis=(3) (B). Image
represents the presenceQe in DNA isolated from LSK sorted cells which are RRP)
and RFP(-). Animals were 6-12 weeks of age. Animals wgiken by Dr Simon

Calaminus (Beatson Institute for Cancer Reseanuthggnder was not noted.
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Figure 5-3 Representative plots of RFP expression in organs in Pf4-Cre’-Rosa26-RFP" mice.

BM, spleen and thymi were isolated, stained for H®@ulations and examined for RFP
expression using flow cytometry. Data shows repriedive image of plot for RFP
expression of cells in mature haemopoietic orgavs gpleen and thymi in BM and HSC
populations LSK and LSK,CD15@D48 from three independent experiments (B). Panel
A demonstrates staining profile for all controledsn this study (A). Animals were given

by Dr Simon Calaminus (Beatson Institute for CariResearch) and gender was not noted.
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Figure 5-4 Positive control cells megakaryocytes an  d platelets express RFP which is under

the control of the Cxcl4 promoter.

BM derived megakaryocytes and PB derived platelet® isolated, stained for CD41 and
analysed for RFP expression using flow cytometigtalare presented as the mean
percentage of RFReells within the CD41fraction from three independent experiments (
= 3) (B). Representative flow cytometry plots shéid41 and RFP expression in cell
populations between strains (A). Animals were gikgrDr Simon Calaminus (Beatson

Institute for Cancer Research) and gender wasaotetn
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5.3.2.2 Lineage tracing of Cxcl4 marks a stem/progenitor
population with increased colony formation activity

Interestingly, experiments in section 5.3.2.1 shobtat only a proportion of HSC
expressed RFP. Technical controls were carriedoostiggest that this was a true
biological result (Figure 5-2). It can be inferfiedm the data thaCxcl4is only
transcriptionally active in a subset of cells. Tdfere, the question arose, why are only a
proportion of cells positive faExcl4 expression in the HSC? RF&nd RFPnegative cells
were isolated from the BM from th@xcl4-Creand seeded into a CFC assay to get an
indication of how these populations differ in terofglifferentiation and proliferation
capacity.

Results showed an increase in the number of calahitained in RFPsorted cells in
comparison to cells lacking RFP expression in engary CFC assayP(<0.05,n = 3)

(Figure 5-5). To get an indication of self renewaelivity, cells were replated into a
secondary colony formation assay and results shewiezhd towards a decrease in colony
numbers between RFRersus RFPcells, which was not statistically significant dilatly

represents sample variation (nrs5 3) (Figure 5-5).

The results indicate th&xcl4" cells have enhanced colony formation capability in
comparison to negative cells. This infers tBatl4" cells exhibit an increase in viability,
differentiation or proliferation in comparison teetnegative counterparts. Previous
literature has shown that human haemopoietic cetigond to exogeno@xcl4which

results in an enhancement in cell viability, therefthis result would be in accordance

with literature available (Han et al., 1997). Itghi be expected that an increase in primary
colonies would result in an increase in coloniea secondary plating, however this was
not found. One explanation is th@xcl4™ cells are more proliferative and exhaust therefore
produce less colonies in a replating assay. Howdlvisrcannot be concluded.
Furthermore, the transgenic model used does ndk atdive transcription. Therefore, it is
possible thaCxcl4is modulated in response to culture conditions Wwiciculd skew the
results in a secondary plating assay. It is alssipte that RFP expression is not solely
dependent o&xcl4transcriptional activity due to the random integmatof theCxcl4-Cre

transgene.



236

RFP* RFP-
150 4
'_ 1004
=2
o)
O 504 RFP Positive RFP Positive
(@] 99.2% 0671%
L] 102 ‘03 |U‘ \05 0 TD? 103 104 105
RFP
o 2
T 100- g 1509
o Wre S M e
8_ 80 D RFP" g D RFP
e ~ 1004 —
S 60- 3
g * % o
8 . 3
2 404 = .
= 5 50
2 S
o 20_ Q
b 5
g 0- T 2 0- 5

Figure 5-5 Cxcl4” BM cells show enhanced colony capability in a prima ry plating assay over
Cxcl4’ counterparts.

Representative flow cytometry plots display the RERus of cells prior to plating into a
CFC assay (A). Data are presented as the mearctdbaly number from cells sorted for
RFPexpression. Results show primary (B) and secon@rplating assaya(= 3). A
ratio paired test was carried out to assess statistical sigmée (**P <0.01). Animals
were given by Dr Simon Calaminus (Beatson InstifateCancer Research) and gender

was not noted.
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5.3.3 Cxcl4 reduction in vitro reduces colony formation activity in
mouse stem/progenitor cells

The results from section 5.3.2.2 implicate Gatl4 may mark a stem/progenitor
population with enhanced colony formation activifp. validate thisCxcl4 expression
was reduced using a vector with a shRNA hairpigeaing the mous€xcl4 coding
sequence. Positively transduced cells were platedcolony formation assay and colony

growth was compared with a non-targeting shRNA @bnt

5.3.3.1 Optimisation of construct for ~ Cxcl4 reduction in
vitro

As described in chapter 3, different ShRNA sequemgminst a target gene can result in
varying levels of gene modification. A set of 5 pDKL vectors each with a different
shRNA sequence were tested for their knock downieffcy inCxcl4 expressing mouse
cell lines. Cell lines used were c-Kit positive rselBM cells which were immortalised for
long term culture using integration of oncogenes 8&ith, data not shown). These cells
were chosen for optimisation experiments for twasons: 1. These cells were shown to be
positive forCxcl4 expressiorand 2. Their immortalisation using oncogenes tanséd
them into cell lines allowing an abundance of cllsarry out the required experiments.
Cells were transduced using lentivirus particles subsequently cultured in puro for
several days before RNA was extracted and Q-PCRus&s to test foCxcl4 expression.
Each vector resulted in the following fold changemase in comparison to the control
which was set to the value of 1; shl (0.70, nsf., (0.60P <0.01), sh3 (0.80, n.s.), sh4
(0.33,P <0.01) and sh5 (0.14,<0.001) 6 = 3) (Figure 5-6). An interesting observation
was that all vectors resulted in some amour@afl4 reduction and fewer cells were
obtained in comparison to the control cells (daigsimown). The construct which resulted
in the best reduction i@xcl4 expression (sh5) was sub cloned into a pLKO.1 vegith a
GFP reporter tag. Thexcl4pLKO.1-GFP vector will be described as sh1l for diaify.

This vector was tested in cell lines and confirteedhow a reduction in gene expression
of Cxcl4 (n= 3,P <0.001) in comparison to a control which was seh&ovalue of 1
(Figure 5-6). Ideally, protein expression wouldds@amined for the effect of the shRNA on
Cxcl4 protein reduction. However, due to difficulties kvaintibodies against mou€cl4

and time constraints, this experiment was not edrout.
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5.3.3.2 Reduction of Cxcl4 in c-Kit * cells reduces colony
formation capability

A stem/progenitor population (c-Kit enriched moidd) was transduced with the shRNA
vector (shl) described in section 5.3.3.1. C-Krided mouse BM cells were deemed
appropriate for this study as a more primitive tiat would have provided fewer cells for
the assay. Furthermore, primitive HSC are knowpetdlifficult to transduce due to their
non proliferative status. After transduction, thERSGcells were sorted and subsequently
cultured in a colony formation assay. Results shibavsignificant decrease in colonies in a
primary assay witl€xcl4reduction in comparison to the number of coloniesimed in

the control armP <0.05,n = 3) (Figure 5-7). No differences in the differentony types
between conditions were observed therefore dataaogsred as the total colony number
obtained. This data suggests t6atl4reduction reduces colony formation therefGrecl4
plays a role in stem/progenitor survival and peshtion. To examine self renewal
potential, cells from a primary plating assay weladed into a secondary assay. In a
secondary replating assdyxcl4reduction showed a significant reduction in colony
numbers in comparison to the contrBl<{0.01,n = 3) (Figure 5-7). To ensure that the
shRNA vector reduce@xcl4 expression in primary mouse cells, cells were rstegefrom
the primary plating assay and examined for geneesspon levels oE€xcl4 using Q-PCR.
Results showed a mean 0.50 reductio@xcl4 gene expression levels in comparison to
the control cells which was set to the value oflie decrease in gene expression was not
statistically significant due to variation that wa®sent in technical triplicates derived
from 3 independent samples (nrs= 3) (Figure 5-7). This result indicates tiaatcl4
controls stem/progenitor cell survival, prolifeatiand self renewal. A more in depth
analysis of apoptosis and cell cycle status inaese taCxcl4reduction is needed to

confirm these results, however was not completedtduime constraints.
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Figure 5-6 Reduction of Cxcl4 using shRNA results in a reductionin ~ Cxcl4 expression in

mouse cell lines.

Cell lines were transduced using lentivirus@xcl4 shRNA or a control hairpin.
Subsequently RNA was extracted, RT and Q-PCR choug forCxcl4 expression. Data
are presented as the mean fold changexiti4 expression in transduced cell lines with 5
vectors in a pLKO.1 puro background (A) and 1 veoia pLKO.1-GFP background (C)
compared to the control which is set to the value. @ata was calculated using
housekeeping ger@apdhand using the DeltaDeltaCT method. Relative exjprass
displayed in panels B and D with each individua @a®an average of technical triplicates
in three independent experiments. A one-way regeagasures ANOVA with Dunnett’s
multiple comparisons test was used to assesstg@tsignificance between each shRNA
vector and the Scr control (A) and a ratio pairezbt was used for panel C*<0.05; **

P <0.01; ** P <0.001,n = 3). Animals were 6-12 weeks of age and males were used.
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Figure 5-7 Cxcl4 reduction in c-Kit * mouse BM cells reduces colony formation in primary

and secondary plating assays.

C-Kit" BM cells were transduced with shRNA agai@sgtl4or a control hairpin. GFP
cells were sorted into Methocult™ and cultured¥6+14 days and colonies were counted.
Subsequently, cells were put into a replating gssalyured and colonies were counted.
Data are presented as the mean fold chan@eadid expression in th€xcl4 shRNA
condition in comparison to the control, which i tgethe value of 1 (A). Standard
deviation represents 3 independent experimenth, wals 3 technical replicates. Data
were calculated using the DeltaDeltaCT method antékeeping ger@apdh.Data is
also presented as relative expression with eachegotsenting an average of three
technical replicates from three independent expamnis(B). Data are presented as mean
colony numbers in shRNA condition and control impary (C) and secondary (D) colony
formation assays. Statistical analysis carriedwas a ratio paired two-tailddest (A, B &
C) and a paired two-tailedest (B) (*P <0.05; ** P <0.01,n = 3). Animals were 6-12

weeks of age and males were used.
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5.3.4 Analysis of haemopoiesis in Cxcl4” animals

The results in sections 5.3.2.2 and 5.3.3.2 progidéence thatxcl4 controls colony
formation and self renewal in mouse stem/progemitqrulations. To compliment these
experiments, analysis of animals lacking @el4gene were analyse@xcl4”). Cxcl4”
mice have been generated previously and shownhibiean increase in platelet counts
and defects in blood coagulation in comparison  &vntrols (Zhang et al., 2001)
(Lambert et al., 2007). However, to date the HS@martment and functional activity of
these populations has not been assessed. Inutlig theCxcl4™ mouse model was used
to examine the frequency of stem and progenitoufaions and to examine their
functional activity inin vitro andin vivoassays. As the previous results st@xel4
supports the survival and self renewal of HSC, erpents were designed to test whether

similar results could be obtained in cells lack@xgl4.

Cxcl4” animals and age/sex matched WT controls were athi@57/BL6 background).
Animals were genotyped prior to use using optimBe&dR conditions for primers to detect
endogenou€xcl4or Neomycin(Figure 5-8). The haemopoietic system was assénsed
measuring the frequency of mature cells/HSC/prdgecklls in the haemopoietic organs
(BM, spleen, PB and thymus). Functional activitytled HSC populations was
experimentally tested using vitro andin vivoassays including colony formation assays
with replates and BM reconstitution assays. Thesthaus were described previously in

chapter 4.
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Figure 5-8 Genotyping analysis of WT and Cxcl4”animals.

Genomic DNA was extracted from tail tips/ear nadeimples from animals and PCR was
carried out using two sets of primers against memskgenou€xcl4andNeomycin

Image shows a representative image of PCR progtutsl andCxcl4”- DNA. DNA
derived from WT cells shows the presence of endoge@xcl4 (800bp), while DNA
derived from cells lackin@xcl4show the presence of a band correspondirdgtamycin
expression (620bp). Genotyping was performed totifewhether animals were WT,
Cxcl4”™ or Cxcl4™. Positive (known WT an@xcl4” DNA) and negative controls (no
DNA template) were run to ensure the PCR reactiorked correctly and no
contamination of reagents was present. Animals welgused in this study if genotyping
gave a clear result of a single band for eitbecl4 or Neomycirto ensure that

heterozygotes were not included in any experiments.
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5.3.4.1 Mature cell types in haemopoietic organs

The frequency of mature cell types was examingtierBM, spleen, PB and thymi as

described previously.

53411 BM

BM analysis showed no difference in the ceIIuIa'nityherclét" animals in comparison
to the controls (n.sn= 6, 7) (Figure 5-9). There were no differencethmmnumbers of
erythroid cells, granulocytes or B cells in the Btween the strains (n.e.7 6, 7)
(Figure 5-9).

5.3.4.1.2 Spleen

Spleen analysis showed no difference in celluldrétween the strains (n.8.57 6, 7)
(Figure 5-10). No differences in erythroid, grarayies, B or T cells was found between
strains (n.s.n =6, 7) (Figure 5-10).

53413 PB

PB analysis showed no difference in the celluldrittheCxcl4’”~ animals in comparison to
the WT animals (n.sn = 6, 8) (Figure 5-11). A trend towards an increass noted in
platelet counts in thExcl4”™ animals (n.s.n = 6, 8). Finally, no differences were noted in
the numbers of mature cells in the PB betweennstr@.s.n = 6, 7) (Figure 5-11).

534.1.4 Thymi

Analysis of the thymi showed no difference in tledlidarity between strains (n.s1= 6,
7) with no difference in T cells between strains(m = 6, 7) (Figure 5-12).

In summary, results showed no differences in tiielaety or numbers of mature cell
types in the haemopoietic organs betw€anl4™ animals and WT controls. This infers
thatCxcl4is not involved in the regulation of mature haemepo cells. An increase in
platelet count found in th@xcl4” animals is in accordance with previous literature the
lack of significance likely reflects small sampieeswith previous research examining a

much larger sample size
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Figure 5-9 Cellularity and absolute numbers of matu  re cells in the BM between WT and

Cxcl4”animals.

BM was isolated, assessed for cellularity, stamgainst mature markers and examined
using flow cytometry. Data are presented as thennaeblularity (A) and absolute numbers
of erythroid cells (TER119, granulocytes (GRTD11B") and B (CD19B220") cells (B)

in the BM between WT an@xcl4” animals. A Mann Whitney U test showed no statistica
significance between conditions (n1s5 6, 7). Animals were 6-12 weeks of age and

gender was the same (WT 6 femalgscl4” 7 females).
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Figure 5-10 Cellularity and absolute numbers of mat  ure cells in the spleen between WT and

Cxcla” animals.

Spleen cells were isolated, assessed for cellyland stained with antibodies against
mature cell types and analysed using flow cytomddgta are presented as the mean
cellularity (A) and absolute numbers of erythrogis (TER119), granulocytes
(GRI'CD11B), B (CD19B220) (B) and T cell subsets (CD@D8", CD4CDS,
CD4'CD8 and CD4ACDS") (C) in the spleen between WT a@ecl4”- animals. No
statistical differences were reported using a taitled unpaired test (A) and two-tailed
unpaired test with Welch’s correction for unequal varianBe&( C) (n.s.,n=6, 7).
Animals were 6-12 weeks of age and gender wasatine $WT 6 femaleCxcl4” 7

females).
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Figure 5-11 Cellularity and absolute numbers of mat  ure cells in the PB between WT and

Cxcl4”animals.

PB was harvested, assessed for cellularity, RB@ Wysed and stained with antibodies to
identify mature cell populations. extracted withaarticoagulant and assessed for
cellularity neat and platelet count. Data are presstas the mean cellularity (A), absolute
numbers of erythroid cells (TER1)9granulocytes (GRTD11B"), B (CD19B220")

(B), T cell subsets (CO€DS8’, CD4CD8, CD4'CD8 and CDACDS8") (C) and platelet
counts (D) in the PB between WT a@dcl4” animals. No statistical differences were
reported using a student’s unpaitddst with Welch’s correction for unequal variance
(n.s.,n=6, 7 (A-C),n= 6, 8 (D)). Animals were 6-12 weeks of age anddgenvas the
same (WT 6 female€xcl4” 7 females).
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Figure 5-12 Cellularity and absolute numbers of mat  ure cells in the thymi between WT and
Cxcl4”animals.

Thymi were isolated, assessed for cellularity aadthed with antibodies against mature
cell types and analysed using flow cytometry. Caatapresented as the mean cellularity
(A) and absolute numbers of T cell subsets (GIPB", CD4CDS, CD4'CD8 and CD4
CD8" (B) in the thymi between WT ar@ixcl4” animals. No statistical differences were
reported using a student’s unpaitddst with Welch’s correction for unequal variance
(n.s.,n=6, 7). Animals were 6-12 weeks of age and gendearthe same (WT 6 females;
Cxcl4” 7 females).
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5.3.4.2 The numbers of stem and progenitor populat  ions in
mice lacking Cxcl4

Assessment of the frequency of stem and progepitpulations irCxcl4” mice has not
previously been carried out. The frequency of saémeh progenitor populations was
examined using antibody staining against a vaonétell surface markers and analysed

using flow cytometry as mentioned previously.

53421 BM

5.3.4.2.1.1 HSC populations

No difference was found in the number of lineaggatiee cells in th€xcl4"animals in
comparison to controls (n.s1.= 6, 7) (Figure 5-13).Within the lineage negatikaction,
the LSK and further enriched stem cell populatiomese examined. There was no
difference in the LSK cells between strains (ms:,6, 7) (Figure 5-13). There were no

differences noted between HSC populations betweams (n.s.n = 6, 7) (Figure 5-13).

5.3.4.2.1.2 Progenitor populations

In terms of progenitors, the LK fraction containsgenitor cells and showed no
differences between straiis.s.,n = 6, 7) (Figure 5-14). There were no statistically
significant differences between GMP, CMP and MEPypations in terms of absolute

numbers (n.sn =6, 7) (Figure 5-14).



249

5.3.4.2.2 Spleen

5.3.4.2.2.1 HSC populations

A trend towards an increase in the number of lieaaggative cells in théxcl4"animals
was reported which was not statistically significéms.,n = 6) (Figure 5-15). There was a
trend towards increase in the number of LSK celitheCxcl4" condition which was not
statistically significant (n.sn = 6) (Figure 5-15). All HSC fractions showed nofeliénces
in the absolute number of HSC populations betweenlitions (n.s.n = 6) (Figure 5-15).

5.3.4.2.2.2 Progenitor populations

In terms of progenitor cells in the spleen, theft#&ction showed a trend towards an
increase in th€xcl4 animals which was not statistically significants(in = 6). There
were no differences in the progenitor populatiorduding the GMP, CMP and MEP
populations (n.sn = 3) (Figure 5-16).

In summary, the data collectively shows that a laiokxcl4in animals does not alter stem
or progenitor frequency in either the BM or splegs.only female animals were
examined, future experiments should compare stérfucetion in male animals in case
the effects are gender specific. Frequency doealn@tys confer to stem cell function,
therefore experiments were designed to test funality of stem/progenitor cells iGxcl4

I animals.
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Figure 5-13 The numbers of HSC in the BM of WT and Cxcl4™animals.

BM was isolated and stained for antibodies aga#®€ markers and examined using flow
cytometry. Data are presented as the mean absulaoibers of lineage negative (A), LSK
(B) and HSC populations (C) in the BM between W &xcl4” animals. No statistical
differences were reported using a student’s un@aitest with Welch’s correction for
unequal variance (n.$1,= 6, 7). Animals were 6-12 weeks of age and genderthe same
(WT 6 femalesCxcl4” 7 females).
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Figure 5-14 The numbers of progenitor cells in the BM of WT and Cxcl4”animals.

BM was isolated and stained against progenitor arar&nd examined using flow
cytometry. Data are presented as the mean absulaibers of LK (A) and progenitor
populations (B) in the BM between WT a@dcl4” animals. No statistical differences
were reported using a student’s unpatregst with Welch'’s correction for unequal
variance (n.sn= 6, 7). Animals were 6-12 weeks of age and genadesrthe same (WT 6

femalesCxcl4” 7 females).
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Figure 5-15 The numbers of HSC in the spleen of WT  and Cxcl4™animals.

The spleen was isolated and stained with antibaiegnst HSC markers and examined
using flow cytometry. Data are presented as thenmbaolute numbers of lineage negative
(A), LSK (B) and HSC populations (C) in the spldmiween WT an€xcl4 animals. No
statistical differences were reported using a sttisleinpaired test assuming equal
variance between conditions (n1s5 6, 7). Animals were 6-12 weeks of age and gender

was the same (WT 6 femal&xcl4” 7 females).
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Figure 5-16 The numbers of progenitors in the splee  n of WT and Cxcl4”animals.

The spleen was isolated and stained with antibaiesst HSC markers and examined
using flow cytometry. Data are presented as thenmabaolute numbers of LK (A) and
progenitor populations (B) in the spleen between &@Cxcl4” animals. No statistical
differences were reported using a student’s ungaiest assuming equal variance (ms.,
=6, 7 (A),n=3 (B)). Animals were 6-12 weeks of age and gemdes the same (WT 6
femalesCxcl4” 7 females).
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5.3.4.3 WT and Cxcl4™ stem/progenitors show no difference
in viability or cell cycle status

Although results in section 5.3.4.2 show animat&ilag Cxcl4 do not show different
frequencies of stem or progenitor cells, we wanbeekamine stem cell functionality. We

examined viability and cell cycle status in HSQlascribed in chapter 4.

BM cells harvested from WT ar@ixcl4” animals were stained for LSK and Annexin-V.
Results showed no difference in Annexih-a¢lls between different populations between

strains (n.s.n = 3) (Figure 5-17).

Ki-67 staining showed no differences in Ki6lls between strains (n.s.= 3) (Figure

5-17). However, a trend towards an increase isthiotall populations.

The staining pattern obtained suggests that treyagas technically sound with the
highest percentage of viable and quiescent cetlserHSC compartments. Therefore, it
can be inferred from the data that there are rfergifices in cell viability or proliferation
in HSC populations between WT a@acl4” conditions. As there is trend towards an
increase in Ki-67 cells in theCxcl4” cells, it suggests that this experiment should be

repeated with more animals and perhaps examinirig amamals.
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Figure 5-17 Viability and cell cycle status in HSC  derived from WT and Cxcl4™ animals.

BM cells were stained with antibodies against lgeeeéSca-1, c-Kit, CD150 and CD48 and
Annexin-V or Ki-67 and analysed using flow cytonyeft SK only for panel A). Data are
presented as the mean percentage of AnneXiAY cells in BM, lineag@egative, LK

and LSK cells (A) or the percentage of Ki-@2lls in BM, lineage negative, LK, LSK and
HSC populations (B) between strains. Statisticstl ¢arried out was a student’s unpaired
test assuming equal variances (B) and with Welcbisection (A) (n.s.n = 3). Animals

were 6-12 weeks of age and gender was the same3(féffialesCxcl4’”" 3 females).
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5.3.4.4 Cxcl4” BM cells show no difference in colony
numbers compared to controls

Colony formation primary and secondary replatingggs were used to get an indication of

whether stem/progenitor cell function is impairadells lackingCxcl4.

53441 BM

Results showed no difference in colony numberlls derived from the BM in a primary
plating assay (n.sn = 6) (Figure 5-18). In a secondary replating asezsylts showed a
trend towards a decrease in twecl4” condition which was not statistically significanted

to high variation between samples (ms, 5) (Figure 5-18).

High variation found between individual samplesutes] in a lack of statistical
significance. However, this result in combinatiohwlata obtained in section 5.3.3.2
provides evidence to support ti@tcl4reduction reduces colony formation capability.
This could be due to a role Gixcl4in differentiation, survival or proliferation. Thuld
also inferCxcl4plays a role in stem cell self renewal. Howevee, @+C assay is a more
progenitor assay and more in depth experimenteegréred to confirm the role @xcl4

in stem cell properties.

5.3.4.4.2 Spleen

Results showed no difference in colony numbersils derived from the spleen in a
primary plating assay, however a trend towardsarease in the CFU-GM colony types
was noted (n.sn = 4) Figure 5-19). No difference in the CFU-E orlG&GEMM colonies
was found (n.sn = 4) (Figure 5-19). When the colony types were tedrtollectively, a
trend towards an increase in the number inGkel4” condition was noted which was not

statistically significant (n.sn = 4) (Figure 5-19).

The trend towards increase in the number of cotini¢he spleen cells in ti@xcl4”

condition suggests there is increased stem/prageativity in the absence @ixcl4.This
is in accordance with the trend towards an increggerted in the frequency of LK and
LSK populations in th€xcl4"condition (Figure 5-15; Figure 5-16). However, teeults

were not statistically significant.
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Figure 5-18 Cxcl4a” BM cells show no difference in colony numbers in pr imary or secondary
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IB
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replating assays in comparison to WT cells.

BM cells harvested from WT ar@ixcl4” animals were cultured in Methocult™ for 10-14
days and colonies were counted, cells harvesteghlated in a secondary plating assay.
Data are presented as the mean number of totalieslbetween strains in a primary (A)
(n.s.,n=6) and secondary replating assay (B) (m.s.5). Statistical test carried out was a
student’s unpairetitest with the assumption of equal variance (A)aitd Welch'’s
correction (B). Animals were 6-12 weeks of age gedder was the same (CFC1 WT 6
femalesCxcl4” 6 females; CFC2 WT 5 femaleBxcl4’ 5 females).
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Figure 5-19 Cxcla™ spleen cells show no difference in colony numbers i n comparison to WT

cells.

Spleen cells harvested from WT a@gcl4” animals were cultured in Methocult™ for 10-
14 days and colonies were counted. Data are pesbastthe mean number of different
colony types (A) and total colonies between stré)sn a primary assay. Statistical test
carried out was a student’s two-tailed unpairegst assuming equal variance (ms, 4).
Animals were 6-12 weeks of age and gender wasaine §WT 4 femaleCxcl4” 4
females).



259

5.3.4.5 WT and Cxcl4” show no difference in BM
reconstitution potential

Collectively, the results show that cells in whigkcl4is reduced show a reduction in
colony formation. The gold standard technique fwaging HSC activity is the BM
reconstitution assay. LT-HSC were isolated from WTxcl4” BM and examined for the
ability to engraft in a recipient with a lethallplated BM as described previously in

chapter 4.

PB from irradiated recipient animals were examifiedhe percentages of CD45.ersus
CD45.7 cells to track engraftment as described previoimsthapter 4. Furthermore,
within the CD45.2 fraction, the percentage of myeloid (GRihd CD11B), B (CD19)
and T (CD4 and CD8) cells were examined to assess the donor coriibti
multilineage differentiation. Due to availability mice, different sexes were used in this

assay. This should be noted as same sex would thelexperiment more reliable.

At up to 16 weeks post transplant, no differencethé percentage of donor cells in the PB
was found between WT ar@kcl4” groups (n.s.n = 7, 6) (Figure 5-20). Panel B in Figure
5-20 shows engraftment levels obtained in individuamals from each group and it can

be seen that although some inter group variatisstexhe means are similar.

Within the CD45.2 cells, the percentage of cells positive for matieks was examined at
16 weeks post transplant. Data showed no differenttee ability of the recipient animals
to produce mature cell types at 16 weeks postptans(n.s.n = 7, 6) for WT andCxcl4’
conditions (Figure 5-20). The data trended towardgcrease in myeloid cells and
decrease in T cells i@xcl4” derived cells, however this was not statisticaigyniicant

and likely represents heterogeneity between samples

Primary recipients were sacrificed at 16 weeks pasisplant and the engraftment of
donor cells was examined in the mature cell typgge(oid, erythroid and B cells) and
stem cells within the BM and spleen. No differenaese found in the engraftment of any
cell types in the BM or spleen between WT &hatl4 conditions (n.sn=7,6).
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In terms of the stem cell populations, no diffeenwere found in CD45"Zells between
groups in the BM (n.sn = 7, 6). Similar results were obtained with theegpl between

conditions (n.sn=7, 6).

If Cxcl4was regulating self renewal, the assay to condluidas a secondary BM
transplantation assay. In this assay, donor dested cells are harvested from primary
recipients and transplanted into secondary redipiand examined for engraftment. Due to
time constraints in this study, this experimentldowt be completed. It can be seen in
Figure 5-20 that an increase in CD45c2lls over 16 weeks is found in the recipients
transplanted with WT HSC. This is as expected aslitates that the HSC are self
renewing over time and able to contribute to haesresis. A defect in self renewal
activity would reduce the ability of the donor setb contribute to haemopoiesis. In the
recipients transplanted witbxcl4” HSC, an increase in CD45.2ells are found up to 12
weeks. However, at the 16 week time-point, a radobto change in engraftment is found
in comparison to the 12 week time-point (Figure®-2 his could potentially represent a
defect in self renewal which would complement thevipus results, however this is not
conclusive. To assess defects in self-renewal asn@ly, engraftment in secondary

transplantation assays needs to be assessed.

Donor cells from animals were aged matched (6-1&ka)ebut differed in sex due to
availability (WT F, KO M). Recipient animals wergeamatched (6-12 weeks) and were
gender matched but due to toxicity related deattad &nalysed animals were skewed (WT
3M, 4F; andCxcl4” 1M, 5 F). This experiment should be repeated wéltsalerived from
donors matched for gender. This is important imstell biology and there is evidence to
support that HSC behave differently in responsgetader (Nakada et al., 2014).
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Figure 5-20 WT and Cxcl4” HSC show no difference in the engraftment or multilinea ge

differentiation capacity after BM transplantation.

LT-HSC (1) were sorted from BM from WT d€xcl4”animals and mixed with 2.0x10

BM cells from mice on a CD45.1 backgrourhta are presented as the mean percentage
of CD45.2 cells in recipient mice transplanted with either \WICxcl4 "HSC in the PB
across 16 weeks (A). Each recipient animal is diggdl as a single symbol on the graph at
16 weeks post transplant to demonstrate heteraganeingraftment between samples

(B). A representative flow cytometry plot is useddemonstrate engraftment between
conditions (C). Within the CD45'2ells, the percentage of mature cell types was
examined in the PB including myeloid (GRD11B), B (CD19) and T (CD4CDS§")

cells (D). Antibodies against CD4 and CD8 were usdtie same fluorophore therefore T
cells are labelled as double positive cells (GORDS8") only. Data are presented as the
mean percentage of mature cell types within the £P4fraction 1= 7, 6) (B). A two-

way ANOVA was used with Sidak’s multiple comparisdn compare differences between
WT andCxcl4” null animals at each time point (A). A two tailedpairedt test was used

to compare differences in percentage of mature eathin CD45.2 cells between WT
andCxcl4” conditions (D). Animals were 6-12 weeks of age anxed gender (donor WT
2 femalesCxcl4” 2 males; recipient WT 3 males, 4 femal@gcl4” 1 male and 5

females).
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Figure 5-21 WT and Cxcl4™ show no differences in the contribution to mature, stem and

progenitors in a BM reconstitution assay.

LT-HSC (1) were sorted from BM from WT a@xcl4”animals and mixed with 2.0x10
BM cells from mice on a CD45.1 background. Animatse sacrificed at 16 weeks post
transplant and examined for the percentage of CD4%lls within the BM and spleen
HSC and progenitor cell types (A-D). Data are pné=e as the mean percentage of
CD45.Z cells within each cell fraction stated% 7). No statistically significant
differences were reported using a student’s un@aitest with Welch’s correction for
unequal variance (n.sAnimals were 6-12 weeks of age and mixed genderqidd/T 2

femalesCxcl4” 2 males; recipient WT 3 males, 4 femaléggl4” 1 male and 5 females).
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5.3.5 CXCL4 is highly expressed on human HSC and up regulated
on the most primitive, quiescent fraction

To relate the mouse work to the human systeKCL4expression was examined on
human HSC populations. Data from a published micayaon human HSC populations
was shown to be inconclusive fIGXCL4expression ((Graham et al., 2007); data not
shown). Furthermore, there was no literature t@geatiCXCL4is expressed by human
HSC. To examine this, human HSC populations wered@nd examined f@@XCL4

expression at the mRNA and protein level.

5.3.5.1 CXCL4 gene expression

Primitive HSC (CD34CD38) and more proliferative progenitor (CD®D38") fractions

in BM and PB derived human samples were stainetedand examined f&XCL4
expression. Results showed high levels of expressithe HSC populations from both
sources, with an up regulation in the most pringiiraction (CD34CD38). The results
showed a 0.03 and 0.12 fold chang€XCL4levels in the BM and PB respectively in the
CD34'CD38§ fraction using the CD3€D38 fraction which was set to the value of 1
(Figure 5-22). This suggests tf@XCL4is highly expressed in human HSC in comparison
to progenitor populations. The CD®D38 HSC fraction can be further enriched for a
purer, more primitive population. Gene expressi@s wxamined in CD3€D38" versus
CD34'CD38CD90 and CD34CD38CD90" fractions. PB derived samples were used due
to the availability of material. Results showedugregulation in the CD3€D38CD90

and the CD34CD38' fraction in comparison to the CD32D38CD90" fraction which

was set to the value of b € 3) (Figure 5-22). Collectively, the results shinatCXCL4is
expressed in human HSC populations with highestessipon in the most primitive,
quiescent HSC fraction (CD38D38CD90").

5.3.5.2 CXCL4 protein expression

To ensure that the CXCL4 protein was translateokem expression was examined using
intracellular flow cytometry. PB derived HSC wetaised to assess HSC (CO8D38
CD90") and progenitor (CD3€D38) fractions with the addition of a monoclonal
antibody against CXCL4.

Results showed that all HSC populations stainedipesor CXCL4 in comparison to
isotype control stained cells (CD34£D34'CD38 and CD34CD38"). This was not in
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accordance with the gene expression data andawecfftometry plots suggest this is non
specific staining due to a shift in the whole p@piain (Figure 5-23). It is understood that
there can be technical problems associated wittokime antibodies using intracellular
staining and this was not further pursued duente onstraints. ldeally western blotting
or immunofluorescence should be used for conclusiwaence of CXCL4 protein

expression in human HSC.
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Figure 5-22 CXCLA4 is highly expressed in human HSC with an up regulat  ion in the more
primitive fraction.

BM or PB derived cells were sorted for CD34, CD88 &€D90 cell populations (500
cells), RT and Q-PCR was carried out. Gene expmessas calculated using expression
levels of housekeeping contt@APDHandusing the DeltaDeltaCT method. Data are
presented as the mean fold changéXCL4expression in BM and PB derived
CD34'CD38' fraction using the CD3€D38 as a calibrator set to the value of 1 (A) (***
P <0.001) 6 = 3). Panel C displays the fold change&CiKCL4expression in the
CD34'CD38CD90 and CD34CD38§ fraction using the CD3£€D38CD90" as a
calibrator set to the value of 1 (C) (F*<0.01; ** P <0.001) ( = 3). Panels B and D
show relative expression using%*“". Each dot represents the average of technical
triplicates from three independent experimentsakqult test (A) and a repeated measures
one-way ANOVA with Dunnett’s test for multiple commsons (C) was used to analyse
statistical differences between the CD3B38CD90" population against the other

populations. Patient samples used were of mixedgeageler and health status.
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Figure 5-23 CXCLA4 flow cytometry monoclonal antibody is not appropria te to detect CXCL4
in human HSC.

Human PB samples were stained with antibodies 84, CD38, CD90, fixed,
permeabilised and analysed for CXCL4 expressiota Bee presented as the flow
cytometry plots for the gating strategy used fdiedent human HSC populations (A) and
the observed histogram for CXCLéxpression in each population (B)< 1). Gates are

set according to isotype control which correlatethwnstained cells.
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5.4 Discussion

Collectively, the data from this chapter show thatnan and mouse HSC expr&sCL4

and the chemokine may play a role in stem cell @tdgs, such as stem cell self renewal.

The Cxcl4-Crereporter model was previously used to study platet#ogy as it was
originally thought thaCxcl4was expressed solely on platelets and megakarycyte
However, data from this study identifies tiiatcl4is also expressed on HSC populations
and subsequent mature cells in haemopoiesis. Té&iqo arises, why was this not
identified in previous studies? Previously thisdalohas been shown to be specific for
platelet and megakaryocyte cells (Bertozzi et2411,0) (Tiedt et al., 2007). However, other
studies have shown th@kcl4 driven reporter models show expression outsidgeticells
(Chagraoui et al., 2011). It is possible that tecdlreasons and differences in data
analysis are responsible for discrepancies betwegties. More specifically, previous
studies have used immunohistochemistry, while ftgtometry is thought to be more
sensitive. Secondly, varying reporter genes haea bised, such dacZ, which possibly
show variations in expression. As data in this tfraphowed endogeno@xcl4

expression in HSC populations at the mMRNA leve$ finovides further evidence that
Cxcl4is expressed in HSC populations. The identificatfatCxcl4-Creis expressed in
HSC is important, not only for the study©xkcl4in HSC biology, but also for those who
use theCxcl4-Cremodels. Although these models have provided in\déuidata regarding
platelet biology, any HSC phenotype, for exampliagithese mice, may be misinterpreted
as involving platelet and megakaryocyte biologyjchhmay not be the case and should be
interpreted with care. As a positive control udingCxcl4-Cremodel, platelets and
megakaryocytes were examined for RFP expressioiit &as predicted these cell types
should show maximum RFP expression. The resultwetiohat approximately 100% of
platelets showed RFRxpression and approximately 50% of the megakatgsavere

RFP. This is perhaps due to the presence of immategakaryocytes which have yet to
produceCxcl4and subsequently RFP expression, which has beed moainother study
with integrinf1. In contrast, th€xcl4-Cretransgene, although useful, has its pitfalls.

Integration can be random therefore an active mimidineage tracing would be better.

In addition, a proportion of RFRells are noted in thymocytes which cannot be éxpth
by megakaryocytes and platelelis suggests th&xcl4becomes transcriptionally active
in stem cells which then results in a proportiompasitive cells in all lineages including

thymocytes. The reason only a proportion of matetks are RFPsuggests that only a



268

subset of HSC switch ddxcl4therefore mature cell types contain a mix of baibkitive
and negative cells. Indeed, HSC analysis showslhBtSC are RFP Again, cells which
are marked witlCxcl4transcription with a dynamic reporter would helgleess these

guestions.

As Cxcl4is thought to be a ‘platelet specific’ gene, isigprising that expression was
found in a stem cell population. In support of tlggenes thought to be associated solely
with platelet biology or other lineage specificlgmhave been identified to be expressed in
stem cell populations (Pina et al., 2012). Indgdatelets are a major source of CXCL12
and CXCR4 (Chatterjee and Gawaz, 2013). One exatoepport this has been reported
in a previous study in which another ‘platelet assted’ gene{wf) was noted to be
expressed in HSC in the mouse system (Kent 2@09). Furthermore, this particular
gene was noted to be highest and consistently ss@dan the self renewing HSC fraction
which supports the results and conclusions propws#ds chapter. In addition, recent
research published in Nature by Sten Jacobseniamtdup used ¥wf driven GFP
reporter mouse model (Sanjuan-Pla et al., 2013)irTasearch showed only a subset of
HSC were positive fovwftranscription. They have data to show that thisutetmpn

marks a mouse HSC subset primed for platelet-gpag@he expression. They suggest the
HSC hierarchy starts with platelet primed HSC atdbex. Possiblgxcl4is playing a

similar role in HSC biology, however experimentdl weed to address this.

Results using shRNA to knock dow@xcl4 in vitroshowed a decrease in colony formation
in cells with reduce®@xcl4in primary plating assays, which was more exaggdrat
secondary replating assays. This result indici@sxcl4is controlling colony formation,
but to a greater extent self-renewal. This coulduggported by the experiments using
Cxcl4” BM which showed a reduction of colonies in a seespdeplating assay in the
cells lackingCxcl4 however it should be noted that this result wasshatistically

significant. It is possible th&xcl4 mice are less sensitive than WT cells witkcl4
reductionin vitro. Furthermore, a transgenic reporter mouse modidme promoter of
Cxcl4-Cre showed thaCxcl4 negative cells showed decreased colony formati@n in
primary plating assay. In the secondary replatejifierence was found between
conditions. One possibility for the discrepancyhiase results is that the transgenic
reporter model does not mark acti®gcl4expression and only reports expression in which
aCxcl4dtranscription was active at some point. It is poigsihat the cells respond to
culture conditions and switch on or switch @Hcl4transcription and show skewed

results. Therefore more conclusive evidence waaiodd usingCxcl4 reductionin vitro
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and fromCxcl4” cells. Possible future work will be to study a sgenic model which
marks activeCxcl4transcription with a reporter gene. In this wag #éxpression pattern of
Cxcl4dand its activity can be traced over time. In addititheCxcl4”mice were all female
and the transplantation assays had mixed gendéesgdssible that th€xcl4is gender
specific and further experiments should address This could be explained by the

experiment in whicl€xcl4is reducedn vitro as these animals were male.

The key experiment to investigate self renewabigsxamine the ability of a HSC
population to reconstitute a lethally ablated BMaisecondary transplantation assay. This
experiment is currently under way and it is hypsetbed that a decrease in engraftment
will be noted in recipients engrafted witxcl4” HSC populations, however this was
outside the timeframe of this study. An experimentompliment this could use WT HSC
transduced witlcxcl4shRNA and the engraftment in secondary recipiemsilgl be

examined. However, this experiment was outsiddithe frame in this study.

The data in this chapter examines the rol€xil4in adult haemopoiesis. It is possible
that the chemokine may play a role in early haenegmin addition to adult

haemopoiesis, however this should be further ingat&d.

The results in this chapter showed t62CL4is highly expressed in a primitive human
HSC population, however the role is unclear. Dedenfmouse studies suggested that it
was playing a role in self renewal and this shdaddexamined in human studies. There is
little literature on the expression GXCL40on human HSC populations. One study
examined expression between BM, CB and G-CSF nsebilPB and noted a much higher
expression in BM derived cells (Ng et al., 20048sRts in this chapter showed both BM
and PB derived samples had an up regulation inesgjon in the CD3€D38 fraction,
however expression between samples was not compairgegossible that BM derived
cells express higher levels due to the increasgiigscence in these cells in comparison to
PB sources. The data in this chapter investigatadra in depth analysis @fxcl4
expression in the stem cell compartment. Althoungind is little literature currently to
suggest human HSC expr&3XCL4 there is evidence to support that the cells eapand

to the chemokine. Studies have shown that recomb{&8CL4 (rCXCL4)supports the
viability of BM cells, including the CD34fraction, and provides a protective effect from
cytotoxic drugs (Han et al., 1997). Furthermao@X{CL4was found to increase quiescence
in CD34 cells in comparison to the control (Huang et2000). Another study noted that
CXCL4enhanced the adhesion of CD3#lls to intact stroma (Dudek et al., 2003).
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However, self renewal has not been assessedhdssble that cells respond to the
chemokine and plays several functions in thess,geltluding promoting cell viability and
self renewal. This also suggested GXICL4may be acting in an autocrine fashion, with
evidence that human HSC express and respond thémeokine. This is in accordance
with data from the mouse system, in which the matise/progenitor cells expressed

CXCL4and also responded to modulation.

To extend this research in a possible future aveieemechanism of action can be
examined. CXCL4 is a curious chemokine and in itleegiture it is not well understood
which receptor it binds to or how it elicits itdexfts. Although there are various proposed
mechanisms of action, currently it is unclear ia literature therefore future experiments

are required to address this, particularly in thietext of HSC properties.
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6 Conclusion

6.1 Concluding remarks and future work

The haemopoietic system is an elegant hierarcbrganisation in which a stem cell
population is responsible for producing and maimiej all the mature haemopoietic cell
types over the period of a lifetime (Weissman, 3008@e biological decisions of the HSC
population are tightly controlled for the mainteparf the stem cell pool and the
production of multi-lineage differentiated cells fmasal haemopoiesis and when required
in response to haemopoietic stress or injury (Rasset al., 2005). HSC respond to
intrinsic and extrinsic factors in the BM niche (£@008, Pietras et al., 2011, Blank et al.,
2008). The deregulation of cellular fate decisioossequently disrupts stem cell
maintenance and subsequently results in defetkeihaemopoietic system. There is
evidence to suggest that stem cell fate decisimnderegulated in response to ageing and
in malignant transformation, including diseasethefhaemopoietic system, such as
leukaemia (Geiger et al., 2013) (Warr et al., 20HDhwever to begin to understand cancer
and cancer stem cell properties in particulas gssential to first understand the regulation
of normal stem cells. It is therefore fundamerttak the molecular mechanisms underlying

cellular fate decisions are well understood.

A variety of studies have aimed to understand tbieoular mechanisms of HSC cellular
fate regulation. Studies have used a combinatiatate driven approaches using high-
throughput expression studies and hypothesis dressarch for the identification of novel
candidates in the regulation of HSC fate. One e$¢hstudies compared the global gene
expression profile between quiescent and prolifegat!SC populations through a
microarray that aimed to identify novel transciopial targets that may be key to HSC
regulation (Graham et al., 2007). However, the matd a microarray alone does not allow
for interpretation of the biological role of thesgemokine ligands within the haemopoietic
hierarchy. Therefore, it was aimed to expand cuikenwledge that is critical to the
current understanding of HSC fate regulation. Tineaf this present study was to validate
findings from the study conducted by Grahainal as well as focus on the biological role
of CXC chemokines within haemopoiesis, includint cgcle regulation. In this

conclusion chapter, the results obtained fromghigly are discussed in accordance with

previous literature and possible future avenuesdsearch are proposed.
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6.1.1 High-throughput screening as a tool to identify novel
candidates in biological processes

The genes examined in this study were identifiechfa microarray screen comparing
gene expression in quiesceng)@nd dividing (G, G;, S and M) normal HSC populations
(Graham et al., 2007). This highlights the advaesagf using a high-throughput approach
to identify novel candidates in biological process®ystems biology is a field of study
which combines biology with informatics in an aimunderstand complex interactions
within biological systems. Systems biology has eyadrover the past several years as a
novel high-throughput approach to compare expragsadterns between different cell
populations which has aided biological and biom&diesearch (Soon et al., 2013).
Systems biology approaches allow global expregsatterns to be compared between
different cell populations at the epigenetic, gengtrotein and phospho-protein levels.
This approach allows a data driven method whichtthasbility to identify several
differentially regulated components in a varietyceflular processes. This can be applied
to studying genes involved in biological processesh as HSC cellular fates or disease
populations. Furthermore, analysis can identifydedates for further study that can prove
useful for drug discovery research. In terms ofnstell biology, these techniques have
allowed us to increase our understanding of thiogical system.

Various studies have employed this approach to eathe differential expression
between HSC populations. However, only one prevgiudy to date has identified

CXCR2 signalling in this context. This is likely €wo differences in samples used, method
of cell isolation, culture conditions, data acquasi and the informatics analysis. This
highlights an important issue in which althoughhatgroughput screening has increased
our understanding, there are disadvantages invol¥Vée main limiting factors are
expense and the need for large amounts of materiatreens which is sometimes not
possible when studying rare populations, includitegn cell populations. Importantly, the
expression data obtained is combined with bioinfdres analysis and there are several
different approaches in the analysis step (Slo@d@2). Consequently, it is possible that
significant and biologically relevant candidates aeglected due to the particular
threshold values used in the analysis step or duerto technical problems with the assay.
As an example, in this study the chemokiX¥CL4was investigated due to its structural
similarity to the candidates identified from theesen and from unpublished data and
evidence in the literature. Howev€&@XCL4was not originally identified as differentially

expressed between quiescent and proliferating ridraman HSC in the original
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microarray. On the contrary, it is understood thate is a high level of ‘noise’ obtained
from global expression studies, leading to theftifieation of candidates which are not
biologically significant. Therefore, it is crucifdr candidates to be validated after the array
step. Collectively these points highlight that thex the need for data driven expression
data in combination with hypothesis driven reseagbroaches. This includes the use of
appropriate bioinformatics analysis, a comprehengview of the literature and most

importantly experimental validation.

6.1.2 The role of CXCR2 signalling in HSC properties

The aim of this study was to extend previous reseaith the main question addressing
what is the biological role of particular CXC chelkmes in terms of HSC properties?
Importantly, the current study corroborated theroacray data from the Grahaghal,

study to show thaCXCL1 and its receptor CXCR2 are expressed by hud#a
populations. Furthermore through inhibition expemts, the current study demonstrated
that CXCL1 and CXCR2 may play a pro survival reldnuman HSC. However, it is
important that these experiments are repeatedtionoén appropriate number of biological
replicates so that proper conclusions can be miadeldition, as discussed in section 3.3.2
further experiments are required to conclude thatdn HSC express CXCL1 due to
technical issues with antibodies.

CXCR2 is a promiscuous receptor, which is capablerming several ligands, which are
structurally very similar, thus suggesting redurcyalmetween them (Rossi and Zlotnik,
2000). It was therefore surprising that one kegrig for the receptor showed such a
dramatic effect on the viability of HSC, consideriseveral other ligands for the receptor
were also found to be expressed on HSC. Howewvereiults obtained in this study were
supported by evidence in the literature which shthas although CXCR2 ligands share
similar roles in some processes, in other processiel as autocrine driven viability and
proliferation, CXCL1 and CXCR2 pathways play clgatistinct roles. This has been
reported in various cell types, including oligodesayte precursor cells and epithelial
ovarian carcinoma cells (Bolitho et al., 2010, gélic and Zecevic, 2008, Botton et al.,
2011, Tsai et al., 2002). To extend this resedtthre experiments should validate this
research. In addition, experiments to extend #sgarch might examine the mechanism of
action with examination of signalling pathways itwem. Experiments from other cell
types implicate the involvement of ERK1/2 and epiakd growth factor (EGF) in CXCR2
signalling (Miyake et al., 2013). These have bdews to influence cell proliferation in
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human ES cells and could therefore be potentialidate pathways to explore (Schuldiner
et al., 2000). It is not surprising that a pro swal/signalling pathway is expressed in
normal HSC and up regulated in the quiescent sphilpton as stem cells are designed to
be robust and viable in order to protect the haemabiec system. Indeed, this is supported
by the evidence that a variety of pro survival geaed pathways are up regulated in the
most primitive HSC population. Survival is an imgaot feature of HSC as the balance of
survival and programmed cell death in the HSC patjnt is tightly regulated to control
the numbers of the stem cell pool (Wagers et QD22

For experimental research, it should be considéraidHSC do not exist in isolation

vivo, they reside in the BM where complex signallingurs, with both intrinsic and
extrinsic factors involving several diverse ceppég. Examining human signalling
pathwaysn vitro gives a good indication of human function. Howewerivo assays can
add the advantage of examining the HSC populatidhe presence of complex signalling
in the niche. This is important to this particustdy as there is evidence that other cell
types in the niche can contribute to determiningCH8ll fate (Yin and Li, 2006). To
extend the human research in this study, possiiiled experiments could examine the
CXCL1 and CXCR?2 interaction on human HSC in thetexhof the niche. Several
approaches to modelling the niche interaction hmeen developed which could be used.
Furthermore, human HSC could be transduced witbnilds to inhibit CXCL1 or CXCR2

expression and the effdatvivoobserved using BM transplantation assays.

The majority of experiments examining stem cellchion have used mouse models. The
advantages are the availability of more materidl miore elegarnn vivomodels of HSC
function. The availability of £xcr2” mouse model allowed the human work to be
strengthened and to give a more in depth analysiseaole of this signalling pathway in

HSC biological propertiem vivo.

Briefly, the results in this study show tf@kcr2”” animals exhibit extramedullary
haemopoiesis amd an expansion of viable LT-HS®énBM. The data indicate3xcr2’”
HSC may display a reduced ability of LT-HSC to exigthe BM of an irradiated host.
However, this result needs to be repeated duertatva between replicates.

To strengthen these results, in addition to repatibf the experiments in this thesis, future
work could examine which cell typ€xcr2 expressing HSC signal to. From the results in

this thesis it is therefore currently unclear ia #tnimal system which ligands are involved



275

in Cxcr2signalling and in addition, which cell types ar@messing these ligands. One
possibility is that CXCR2 binding ligands are exgsed by the HSC which were not
examined in this study. A well-studied chemokirgnsiling pathway in haemopoiesis is
CXCR4 and ligand CXCL12, which involves signallingtween the HSC and stromal

cells (Sugiyama et al., 2006). There is literatorehow that CXCR?2 ligands are expressed
by cell types residing in the BM niche, includin@ Bnd the possibility of a HSC/stromal
cell interactions also possible (Miyake et al., 2013). Alternalyyét is possible that
CXCRZ2 ligands are expressed by a more prolifergitragenitor population which signals
to LT-HSC. Figure 6-highlights possibilities of how CXCR2 signallingnsediated in the

mouse system which future experiments can assess.

For future research, it will be essential to rebattransplantation experiments with the
adidition of serial transplantation assays. If téjm®n shows thaCxcr2expressing HSC
show a disadvantage in transplantation abilityamparison to the WT controls,
experiments should aim to test why. Two hypothesegproposed from this result in
which either theCxcr2” HSC exhaust faster than the WT cells, subsequisiyg
reconstitution potential, or alternatively tB&crZ” HSC have a defect in migration and
cannot home to the BM for engraftment. If we feehsider the first hypothesis that the
Cxcr2” HSC are exhausting faster than the control couatespThe tight regulation of
self renewal and multilineage differentiation ispensible for the maintenance of
haemopoiesis and deregulation in these properieseasult in stem cell exhaustion. Cell
cycle blocking can inhibit self renewal and in gast, cell cycle activation can lead to
stem cell exhaustion which has been elegantly shasimg manipulation of these
properties (Yoshida et al., 2008). Deregulatiokef self renewal genes results in the
activation of cell cycle and consequently resuitstem cell exhaustion and therefore
reconstitution potential. Future work to furtheaexne this should analyse the cell cycle
status of WT an€xcr2” HSC populations. Analysisx vivoshows that there is no
difference in proliferation as measured using Kisé&ining in HSC populations between
Cxcr2” cohorts and their control counterparts. Howevessjie future experiments to
conclude this involven vivocell cycle assays, including the treatment and esyosnt
analysis of Brd-U to track proliferation of the lsgh vivo or administrating 5-FU that will
introduce stress to the system, which can be agdllystween strains. In addition, to
compare the self renewal capacity betw€snr2’ HSC and their WT counterparts,

secondary transplantations can be examined and éxg&riments are currently underway.
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In contrastCxcr2is well-studied for its effects on cellular mig@tiand there is evidence
to support this hypothesis in the HSC system. Cker2” mouse model shows the
presence of circulating HSC in the periphery antbened numbers of HSC in the spleen.
Furthermore, CXCR2 binding ligands have been ifiedtas factors which, when added
exogenously to mice, results in mobilisation (Pelnd Fukuda, 2006). In addition, G-CSF
treatment, which also leads to HSC mobilisatiors, Ir@en shown to modulate the
expression o€xcllandCxcl2in the BM niche (Pelus, 2008). Future work showdrmine
the ability of HSC from WT an@xcr2” HSC to home to the BM immediately post

injection into irradiated hosts which will addrébks hypothesis.

Autocrine Paracrine
ligands

A .
0 @
0 CXCR2 CXCR2 Progenitor
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ligands

Figure 6-1 Potential mechanisms of CXCR2 signalling within mouse BM.

The schematic diagram illustrates potential medrasimediating CXCR2 signalling in
mouse HSC. It is unknown from experiments in thiests how CXCR2 ligands are
binding to the receptor and which cell types awived are in the mouse system. It is
possible that an autocrine loop exists with ligamdsel A). Alternatively, paracrine
signalling could be involved with ligands expresbgdnore mature progenitor cells or

mature cells within the BM niche including EC (pbBég

6.1.3 The role of CXCL4 signalling in HSC properties

A key gene identified in this study as importanH8C regulation is CXCL4. The current
study shows that CXCL4 is expressed by both humdmaouse primitive HSC
populations. Furthermore, experiments using tramsgaouse models in combination
with knock down, collectively identifies CXCL4 atestem cell colony formation ability

and indicate CXCL4 may play a role in stem cellgandies. The observation that CXCL4
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Is up regulated in the most primitive fraction ainmian HSC supports this hypothesis as it
is predicted a key stem cell gene would be higkjyressed in this HSC population. The
results are fortified by evidence in the literatimevhich human CD34cells have been
shown to respond to exogenous CXCL4 with effectsalhviability, adhesion and stem
cell expansion (Dudek et al., 2003, Lu et al., 2002t al., 2006, Han et al., 1997).
Importantly, the expression of CXCL4 on human araige HSC and its role in stem cell
properties are novel. One possibility is that CXG$.4hvolved in self renewal. HSC self
renewal is a fundamental process of HSC and toalatgiety of self renewal genes have
been identified (Zon, 2008). However, there id stilich left to be discovered in this field
and the results in this study identify a novel gewelved in the process of self renewal.
However, as discussed in chapter 5, serial BM plamsations are required to confirm this

result and cannot be concluded with the resulteisthesis.

CXCL4 was originally thought of as a lineage speajene. A variety of studies have
identified this gene as expressed solely on megakgtes and platelets, however the
current study identifies that this gene is exprédseHSC populations. This finding is
corroborated by emerging literature that suggémstsgenes associated with lineage
commitment, in particular megakaryocyte/platelgiression, are expressed by HSC and
involved in biological roles. An example of thisMs/f which shows expression in self
renewing mouse HSC populations (Kent et al., 208B@rnatively, it is possible that
CXCL4 is active in a population of HSC which arestileed for a particular lineage,

however this would require future investigation.

As a possible avenue for future research, the nmesimeof action of CXCL4 activity is
currently not well understood in the literature aodld be investigated (Kasper and
Petersen, 2011). As the results show HSC expre€d @Xnd modulation of the protein
demonstrates a phenotyevitro, this suggests the signalling is occurring in atoerine
manner. However, CXCL4 signalling is complex antlstandard as exhibited by the other
structurally similar chemokine ligands with ‘clasai GPCR signalling (Rossi and
Zlotnik, 2000). As detailed in the introduction, CK4 signalling is complicated.
Expression of CXCRS3B to date is not known on humme/se HSC and could be a
possible avenue of future work. Similarly, it issgble CXCL4 is functioning through
binding to integrin receptors which have indeednb&®own to be important for HSC
behaviour (Yin and Li, 2006). Additionally, CXCL4n heterodimerise with other
chemokine ligands (Slungaard, 2005). In the contéxtSC, an interesting study has
observed the ability of CXCL4 to adhere and bin€®34 cells through binding of
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CXCLS8 and with a CD3%4chondroitin sulphate-containing moiety (Dudeklgt2003).

This would suggest a link between CXCL4 and CXCRRIEC biology. Furthermore,
CXCL4 can bind GAG which may also transducer tigaai. | think that understanding the
mechanism of action of CXCL4 signalling in stemlis& particularly important and
requires further examination. Figure 6-2 demonssrgbssible mechanisms of CXCL4
signalling which can be studied further in futuesearch. Understanding the mechanism of
action will not only be important for furthering ounderstanding of haemopoiesis, but

also for the other roles of the protein, includingnegakaryocytic/platelet research.

A B
CXCL4 CXCL8 CXCL4
CXCL4, CXCL10, 0
. CXCL11 . . .
CXCR3 (] CXCR2 0 Integrin
0 0 receptors

HSC HSC HSC

C

Figure 6-2 Potential signalling mechanisms for CXCL 4.

The schematic diagram illustrates potential medrasimediating CXCL4 signalling in
human and mouse HSC. It is unknown from experimientsis thesis how CXCL4
mediates its effects. It is possible that an autedoop exists with ligands including
CXCRZ3B, integrin receptors or GAG (panels A andAlernatively, CXCL4 could elicit
its effects through binding other ligands such X€C8 (panel B).

Finally, in this thesis we have identified a rabe €XCL4 in mouse HSC biology. Gene
expression analyses have shown that this ligaagpsessed by human HSC and indeed is
up regulated in the most primitive subsets. Thisilanfer that CXCL4 is important for
stem cell behaviour in human HSC. However, dué@te tonstraints, an investigation into
the function in human HSC could not be carried Buture experiments could use
inhibitors or shRNA plasmids to block/reduce CXiignalling and examine the
phenotype in human HSC.
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6.1.4 Understanding normal HSC regulation can be applied to
studying disease models

Currently, HSC cellular fates are not well undesst@and understanding this process in
normal HSC is essential before understanding hevwptbcess is deregulated in response
to disease. Global gene expression studies haveuseel as an approach for investigating
the differences between normal and cancer cells. dpgproach has provided a starting
point for many important discoveries for potentigure therapies. A well understood
chemokine signalling pathway in HSC biology is CX&hd CXCL12, which is shown to
exhibit roles in normal HSC, but also is dereguateleukaemia. Based on experimental
data, research is examining the therapeutic adgardbCXCR4 inhibitors in cancer
(Burger and Burkle, 2007). The modulation of chemelsignalling can therefore

represent a novel therapy in haematological matigies.

The role of chemokines in malignancies was desgribé¢he introduction section.

Although the role of CXC chemokines in haematolafmalignancies was outside the
scope of this particular study, the previously mi#d microarray was used to compare
normal dividing and proliferating HSC, but alscetcamine transcriptional differences
between normal and leukaemic HSC populations (Gnadtzal., 2007). This was carried
out using CML patient samples which were analysetbmparison to normal HSC
populations. Briefly, CML is a disease in which tH8C compartment is transformed with
a fusion oncogene (BCR-ABL) which allows the HSGhwow deregulated cell fate,
including increased survival and proliferation, efhare responsible for the disease
pathogenesis (Calabretta and Perrotti, 2004, Saw$689, Rowley, 1973) (panel A,
Figure 6-3). CML therefore represents an ideal rhodehich the leukemic HSC are
responsible for the pathogenesis of the diseas¢hanefore should be targeted for the
eradication of the disease. Indeed, studies hawgrskhat it is the HSC fraction that is less
sensitive to standard therapy battvitro andin vivoand which consequently prevents the
eradication of the disease (Jiang et al., 2007tz+tlal., 2002, Bhatia et al., 2003, Graham
et al., 2002). It is therefore fundamental thatumderstand how these leukaemic stem cells
(LSC) are deregulated for future novel candidabesHerapy to be identified. Informatic
analyses were used to show that chemokine ligaeds gdown regulated in quiescent
leukaemic HSC in comparison to normal counterg@taham et al., 2007) (panel B,
Figure 6-3). The data from this study suggests CKCXCR2 and CXCL4 signalling is a
pro survival pathway in human HSC, therefore gusprising that this would be down

regulated in leukaemia. LSC are known to up reguatvival pathways in comparison to
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their normal counterparts. However, this was ndhfer examined in this study. Results
from an unpublished study indicate that CML LSCregulate chemokine ligands after
treatment with standard therapy drugs, therefatantbe speculated that these genes may
indeed play a role in the survival of LSC (unpuibéid data) (panel C, Figure 6-3). In
addition, the data from the microarray identifiedttchemokine ligands were expressed at
higher levels in quiescent CML cells in comparisomproliferating cells. The

identification of genes up regulated in quiesceMiL@ SC is important as this population

is less sensitive to current therapy (panel D, FEdit3).

A I I
Normal CML TKI
Go
LSC t LSC
Normal CML t
dividing dividing
D 4

o

-~

TKI 4

\
. )
/

chemokine '\ e
LSC inhibitor  Programed
cell death

Figure 6-3 CXC chemokines are deregulated in CML an  d may provide a novel therapy.

CML occurs due to mutation resulting in the juxtsiion of BCR and ABL genes in a
novel chromosome. The result of this mutation stean cell population results in the
generation of a LSC and the pathogenesis of tleades(A). A previously published
microarray identified that chemokinegSXCL1, CXCL2ndCXCL§ are up regulated in
CML Gg versus dividing, however expression is down relgdlen CML G in comparison
to normal G (B). Interestingly, treatment of LSC with standéndrapy has been shown to
increase chemokine expression.(IE)s possible that this is due to up regulatidthis
chemokine as a survival pathway. Consequentlybitibn of chemokine signalling may

represent a novel future therapy (D).

Interestingly, both CXCL1 and CXCR2 have been iggiked in playing a biological role

in diseases, including solid tumours. Tumours jpmexlinical lung cancer model have been
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noted to be decreased of&cr2” background (Keane et al., 2004). Similar resulisha
been obtained for CXCRB prostate and breast cancer models (Waugh ansbw/iR008,
Snoussi et al., 2010). In terms of a possible m@sha previous research suggests
primary MSC express CXCR2 and facilitate the masstof mammary cancer cells to the
BM (Halpern et al., 2011). Furthermore, CXCL1 his®deen identified to play a role in
promoting tumourigenesis, tumour migration and aggnesis (Dhawan and Richmond,
2002, Halpern et al., 2011). Based on the abundaintte literature, CXCR2 inhibitors
have emerged as a useful pharmaceutical targetninast, there is also evidence that
CXCR2 signalling is involved in tumour preventiofthvevidence to show that CXCR2
ligands, including CXCL1, are involved in the reitment of immune cells to clear tumour
cells (Acosta and Gil, 2009). Future research cedtmmine whether CXCL1 and CXCR2
is a survival pathway in CML HSC.

Focusing on CXCL4, a previous study shows that CKXCan inhibit tumour growth
(Vandercappellen et al., 2011). Although theratikelliterature available on CXCL4 in
leukaemia, a recent study notes that the genepieesed in murine HSC populations in a
CML model (Zhang et al., 2012). Furthermd@eCL4expression is reported to be
modulated in the absence of hypoxia gene HIFlaghhas previously been shown to
mediate cellular responses to hypoxia within the Ethe and is essential for HSC
maintenance (Miyamoto et al., 2007, Kranc et Q9 Takubo et al., 2010, Zhang et al.,
2012). Hypoxia related genes have also been intptida haemopoietic malignancies
therefore are an important avenue for leukaemigared. As an example, in human AML,
targeting HIF genes compromises AML functions, iicgting these genes in future
therapies and HIF genes have been shown to betiesseiCML (Zhang et al., 2012,
Wang et al., 2011). In addition, CXCL4 has beennshto regulate adhesion of both
normal and leukaemic HSC to EC (Zhang et al., 2004¢refore, CXCL4 in normal HSC
biology and leukaemia may be interesting for furfwgrsuit. Furthermore, experiments in
this thesis show that CXCL4 is expressed in mouS€ Mhich was validated usir@gxcl4-
Cre. As discussed in chapter 5, this therefore raiseserns in studies using this model
for megakaryocyte/platelet biology. This observatabso opens up new possibilities for
the use of this mouse model in haemopoietic studagding diseaseCxcl4-Crecan
therefore be used in combination with other mourserss to examine disease. As an
example, experiments usi@xcl4-Crecoupled to inhibition/activation ¢¥-catenin have

shown this drives a myelofibrosis phenotype (datashown).
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A possible future avenue to extend the researdhisrstudy would be to explore the
biological roles of CXCL1/CXCR2 and CXCL4 signaltiiin disease models, including
leukaemia, however this was not within the scopthisfstudy. Possible future
experiments should examine expression and funciitinese genes and pathways in
leukaemic HSC in comparison to normal HSC. Seveaise models of CML are
currently available and could provide insight imtbether these chemokines play a role in
leukaemia initiation and maintenance and could idea novel therapy (Koschmieder and
Schemionek, 2011). Future experiments could exadisease initiation and maintenance
in animals lacking-xcr2or Cxcl4.Animals on aCxcr2” or Cxcl4” background could be
crossed with animal models of CML or alternative8;R-ABL" cells can be generated

using retroviral transduction which can be transfgd intoCxcr2’ or Cxcl4” hosts.
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7 Supplementary

7.1 Western blotting images

Original western blot images from the followinguigs are shown below (Figure 3-4,
Figure 3-7 and Figure 3-10). Images can be fourtélgare 7-2, Figure 7-4 and Figure 7-4
respectively. In addition, a western blot imagéwafan rCXCL1 is displayed (Figure
7-1). Original, full blots are provided with an alay of the molecular weight marker with

sizes of bands.

20kD
15kD

10kD

Figure 7-1 Raw western blot image of human rCXCL1.

Raw image of western blot with human rCXCL1 proteimch has been run on a 15% gel.
L = molecular marker ladder. 1 = rCXCL1. Approximaizes of the marker are shown on
the left of the image in kD. Three bands were fowitti the protein at ~8kD, ~12kD and
~16kD.
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50kD

20kD
15kD

Figure 7-2 Raw western blot image for primary human cells sorted for CD34 "CD38 and

CD34"CD38" populations.

Raw image of western blot with human primary CD8&élls which has been run on a 15%
gel. L = molecular marker ladder, 1 = PB CD3®38', 2 = PB CD34CD38, 3 = BM
CD34'CD38, 4 = BM CD34CD38 with both CXCL1 ang-Tubulin antibodies.
Approximate sizes of the marker are shown on thiet of the image (kD). Several bands
were found with the CXCL1 antibody with the mosbqminent at ~16kD. A single band

was found in the housekeeping control at the estichsize of 50kD.



285

20kD
15kD

Figure 7-3 Raw western blot image for HT1080 cells  transduced with plasmids to reduce
CXCL1 or control.

Raw image of western blot with HT1080 cells whiavé been transduced with plamids to
knock down CXCLZ1 (sh) or the control (Scr). The lgas been run on a 15% gel. L =
molecular marker ladder, 1 = unstransduced, 2 #3=ershl, 4 = sh2, 5 = sh3, 6 = sh4 and
7 = sh5 with CXCL1 antibody (A) arn@t Tubulin (B) antibodies. Approximate sizes of the
marker are shown on the left of each panel (kDyeg# bands were found with the

CXCL1 antibody with the most prominent at ~16kDsiAgle band was found in the

housekeeping control at the estimated size of 50kD.
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50kD
40kD

20kD
15kD

Figure 7-4 Raw western blot image for HT1080 cells  transduced with empty vector or CXCL1

over expression vector.

Raw image of western blot with human HT1080 cekkd which has been run on a 15%
gel. L = molecular marker ladder, 1 = Empty Vectbr CXCL1-PRRL with CXCL1
antibody (A) or3-Tubulin antibody (B). Approximate sizes of the marlare shown on the
left of each panel (kD). Several bands were fouitd the CXCL1 antibody with the most
prominent at ~16kD (A). A single band was foundha housekeeping control at the
estimated size of 50kD (B).
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