Radiation Effectson MesenchymalStem
Cellsin a Model of Fibrosarcoma

Tarig Ahmad Aabed

The University of Sheffield
School of Medicine
Departmenbf Oncologyand Metabolism
Thesis submitted for the degree of Doctor of Philosophy

November2018




~

Aa aUaadaei aU ai Oexaadiade JA6UOA
To my brother
With love and eternal appreciation

JEO®eY4, A éYaai GOecAnilzfs Udae 4

JMuhammad, | missed youfor Ué Ue&Ks éUéce 201

5



Abstract

Background: Radiotherapy is a mainstay of sarcoma treatment, but canfdanoses,
characterized byroduction of extracellular matrix proteins such as collagen by
cancerassociatedibroblasts (CAFs) in the cancer stroma and surrounding normal
tissues, whichmakes tumours more aggressive and resid@arfurther treatment.
Mesenchymal stem cells (MSCs) can be recruited to irradiated tumours and can
differentiate ito CAFlike cells but the mechanisms of these effects remain unclear.

Aim: Determine the mechanisno$ radiation effects on the recruitment of MSCs to
tumours and their differentiation into CAike cells

Methods: Mouse MSCs were irradiated directly or exposed to irradiated mouse
fibrosarcoma cells (FS120 or FS188) or their conditioned media (CM) and/or irradiated
endothelial cells. Expression of CAF/fibrosis mark@rsllagen, fibronectin, PDGF

receptosb  a RSHIA) by MSCs was assessedt3 days o post-welladi ati o
migration assays were also performed. Candidate proteins were investigated for their

ability to stimulate migration and maturation of MSCs to @i cells and for the

ability of radiation to stimulate their production in fibrosarcoma cells. Irradiated FS120

and FS188 solid tumours were analysed for

st ai ni {SHA usiagrHC attl immunofluorescence.

Results: Direct irradiation of MSCs had limited effects on their expression of CAF
markers and migration, but exposure itcadiated tumour cells or CM and/or
endothelial cells increased these effects. Candidate pra@kR$1, MCP-1, and SDF

10 all significantly enhanced the migratic
production in fibrosarcoma cellS188 cells produced more MdRhan FS120 cells

and FS188 and FS120 cells and their CM increased MSC migratiomanfisdion
dependent manner. Migration could be at least partially blocked by arIMiGieking
antibody. MSC expression of the MdReceptor, CCR2, was increased after exposure
to irradiated FS188 cells or their CMn vivo, irradiated fibrosarcomas shed
significant increases in collagen content, with more collagen in FS188 than in FS120
tumours.

Conclusion: Results support the notion that MSCs play an important role in radiation
induced CAF activity and fibrosis in sarcoma. MCRvas idenfied as an important
mediator of these effects. Moreover, endothelial cells were shown to play an important
role in the recruitment of MSCs in response to radiatiorvitro results identifying
FS188 cells as being more gdibrotic than FS120 cells wemonsistent within vivo
results. Further work tanderstand these processes should help to develop novel
treatment strategies for combination with radiotherapy.



Acknowledgements
This thesis represents not only 4 years of hard waukjt was hardand challenge
events that happened during it. | lost my lovely brotheleutenant Colonel
MuhammadAhmad Aabell who had been killed by ISI®27" August 2014)after
occupying my city Mosul in Iragust4 months after starting my PhD.
First, | wish to thank my supervisor, Dr. Glso Kanthou, for her patiencsupport,
teaching, advice, suggestiom®rrectionsand commentsluring writing of this thesis
that helped me brinthis work into success. She has been supportive since the days |
begunworking in this project. She was more than supervisor to meamy wife,
who lost her mother died in cancer at the tiwieere ISIS occupiedosul city. |
remembelChryso semotional word to me and to my wifehat suppored us during
ourdifficult days
For my second supervisor, Professor Gillian Tozer, | would like to express my deepest
appreciation for her kind guidance, suggestiang helpin writing correctionand
supportduring my difficult time throughout the course of this study.
| would like also to thank all members of Tumour Microcirculation GrgimG),
especially Matt Fisher, Jack Hurrel, Brenda Aguand others for their kindness and
supportthatmade this project more enjoyable.
It is also my duty to record my sincere thanks to Dr. Reland, my tutor, for his

support always from the first meeting with himtil the end.

A special thanks to Dr. Mdt¢w Hatton consultant clinical oncologist at Weston Park
Hospital, and honorary senior lecturer at the University of Shefieldffering me an
observership in radiotherapy and medical oncology ahitgig my PhDstudy

My thanksalso to Iraqgi Ministry of Higher Education and Scientific Researfoin
funding this study.

This journey would not have been possible without the suppantyofiife, Dr. Saja,
for her kind support and superhuman patience, for kgepastrong and sane through
the difficult parts of the projectTo my lovely kids, Alaabed, Mumen, Sama and
Muhammad, whomisseda lot of Daddy time while | was busy in the lab. | thank you
all for your patience and love ydarever.

Finally, | am indebted to my mother, brothers and sisters for theirpoager andeing
continuous source of hope and ambitious.

Lastly and most of all, thank you Allah for your abundant blessing in my life.



List of Abbreviations

Abbreviation Meaning

2D Two Dimensional

3D Three Dimensional

AAs Anti-angiogenic Agents

ABC Avidin-Biotin Complex

AlAs Angiogenesidnhibiting Agents
ANOVA Analysis Of Variance

APS Ammonium PetSulphate

BCA Bicinchoninic Acid Assay

bFGF Basic FibroblasGrowth Factor
BM Bone Marrow

BMP Bone Morphogenic Protien
BMPR Bone Morphogenic Protien Receptor
BSA Bovine Serum Albumin

°C Celsius

CA4P Combretastatin A disodiumPhosphate
CAF CancerAssociated Fibroblast
CAIX Carbonic Anhydrase IX

CCR Chemokine Receptor

cm Centimetre

CM Conditioned Media

CTGF Connective Tissue Growth Factor
CTR Control

Cu*t Cuprousion

Cu*? Cupricion

DAB Di-Amino-Benzidine

DDR DNA DamageResponse




DMEM Dul beccods Modi fied Eagl ed
DMSO Di-Methyl-Sulf-Oxide

DMXA 5,6-Dimethyl Xanthenoned-acetic Acid

DNA Deoxyribonucleic Acid

DSBs Double Strand Breaks

DPX Distyrene, Plasticizer, and Xylene

ECL EnhancedChemiLuminescence

ECM ExtraCellular Matrix

EDTA EthyleneDiamineTetraAcetic aid

EGF Epidermal Growth Factor

EGFR Epidermal Growth Factor Receptor

ELISA EnzymeLinked Immunosorbent Assay

EMA European Medicines Agency

EMEM Eagle's Minimum Essential Medium

EMT EpitheliatMesenchymal Transition

En-MT EndothelialMesenchymal Transition

EORTC European Organisation for Research and Treatment of Car
ERK Extracellular Signalike Kinases

Exp. Experiment

FAP-U Fibroblast Activation Prot
FCS Foetal Calf Serum

FDA Food and Drug Administration

FS Mouse Fibrosarcoma

FSP Fibroblast Specific Protein

g Gram

GAPDH Glyceraldehyde3-Phosphate Dehydrogenase

GISTs Gastrointestinal Stromal Tumours

GJiC Gap Junctional Intercellular Communication




Gy Gray

H202 Hydrogen peroxide

H&E Haematoxylin And Eosin

HDMEC Human Dermal Microvascular Endothelial cells
HGF Hepatocyte Growth Factor

HIF Hypoxiainducible factor

HUVEC Human Umblical Vascular Endothelial Cell
IF Immunofluorescence

IgG Immunoglobulin G

IGF Insulinelike Growth Factor

IHC Immunohistochemistry

IL6 Interleukin6

IL8 Interleukin8

IM Imatinib Mesylate

IMRT IntensityModulated Radiation Therapy
IORT Intra-operativeRadiation herapy

IR lonising Radiation

kDa Kilo Dalton

Kv Kilo volt

LET Linear Energy Tansfer

LMS Leiomyosarcoma

LOX Lysyl Oxidase

LPS Liposarcoma

LYS Lysine

M Molar

mA milli Ampere

mADb Monoclonal Antibody




MCP-1 Monocyte Chemoattractant Protein
M-CSF Macrophage Colony Stimulating Factor
MFH Malignant Fibrous Histiocytomas

mGy milli Gray

mi milli Litre

mM milli Molar

MMP Matrix Metalloproteinas

MOM Mouse On Mouse

MRNA MessengeRibonucleic Acid

MSC Mesenchymal Stem cell

MW Molecular Weight

N Number

NGS Next-Generation Sequencing

ng Nano gram

nm Nanometre

P Probability

PAGE Polyacrylamide Gel Electrophoresis

pg Pico gram

PBS Phosphate Buffered Saline

PDGF PlateletDerived Growth Factor

PDGFR PlateletDerived Growth Factor Receptor
PDGFR-b PlateletDerived Growth Factor Receptor Beta
PE Plating Efficiency

PENTSs Peripheral Primitive Neuroectodermal Tumours
P-gp Permeability glycoprotein

PMSF Phenyl Methyl Sulfonyl Fluoride

PVDF Poly-Vinylidene DiFuoride

Vi




RGS5 Regulator of Gprotein Signalling 5
RIF RadiationInduced Fibrosis

RNA Ribonucleic Acid

ROI Regions Of Interest

ROS Reactive Oxygen Species

RPM Round Per Minute

RT Radiotherapy

SDF1 U Stromal Derived Factet-alpha

SDS Sodium Dodecyl Sulphate

SEM Standard Error of the Mean

SF Survival Fraction

SM Sunitinib Malate

SMART Sensitivity Modulated AlvancedRadiotherapy
SRF SerumResponsé&actor

STAT3 Signal Transducer and Activator of Transcript®n
STS Soft Tissue Sarcoma

TAM TumourAssociated Macrophage
TEMED Tetra Methyl EthyleneDiamine

TGF-b Transforming Growth Factdreta
TIMP Tissue Inhibitors of Metalloproteinase
TKIs Tyrosine Kinasénhibitors

TME Tumour Microenvironment

TNF-U Tumour Necrosis Factor alpha

T™MG Tumour Microcirculation Group

Vv Volt

VDAs VascularDisrupting Agents

VEGF Vascular Endothelial Growth Factor
VS Versus

Vi




VTAs

Vascular Targeting Agents

WHO World Health Organisation
U-SMA Alpha Smooth Muscle Actin
Vo] Micro gram (unit of mass)
pl Micro liter (unit of volume)
pum Micro meter

viii




List of contents

Y oL = Lo A PP PP P PP UPPPPPPPPPPPPPR I..
ACKNOWIEAQEMENLS.... .o i i eeee e e e e e e emnnnes ii
List Of ADDIevIationsS..........c.vviiiiii e e iii
LISt Of CONTENTS ...t e e IX
IS A ) {0 U =PRSS Xiv
LiSt Of tabIES.......eeiieeeeeee e XVii
CHAPTER ONE: INtrOAUCTION ...eeiiiiiiiiiiiieeeee e eeee e 1
IO {0 o LB T4 [ ] o PP PP USUPPPPPPPPS 2
1.1 Clinical aspects of Soft tiSSUE SArCABAS).......cvvereiiiiiieeeiiiiiiieee e 2
1.2 Standard treatment Of STS..........oooiiiiii e 3
1.2, SUIGEIY. ittt ettt ettt e e et e e e e mmt e e e et e e e et e e e et s annne e e e 3
2 o - To [0 11 g 1T = 1 o PP 3
1.2.3 ChemOtherapy.......cccoiieeiieeeeeeeeeeeeeee e ama 4
1.3 Angiogenesis and vascular targeted therapies in.STS...........cccccceeeeeeeeee. 6
1.3.1 ANtFANQIOGENIC AQENES. ....eviiiiiiiiiieiiee e et e e e enee e 6
1.3.2 VasculadiSrUPtiNg QQENTS.......uueeiiiiiiiiieieie e eeee e 8
1.4 TUMOUN MICTOENVIIONMIENT.....iiiiiiiiiieeee e 10
1.4.2 TUMOUL CEIIS.....uuiiiiiiiiiiiiii it 10
1.4.2 SrOMAl tISSUEB .....coiiiiiiiiee e e eei ettt e e rmme e e e e e e e enn 11
1.4.3 EXtracellular MAatriX..........ooooiiiiiiiiiieeee e 13
1.4.4 Hypoxia and TME..........cooouiiiiiiiiice s eeree e a e e e e 15
1.5 CanceiAssociated Fibroblas{AFS).......coouviiiiiiiiii e 17
1.5.1 Characteristics and activation of CAES...........occciiiiiiicene e 17
1.5.2 Role Of CAFS IN CANCET.......coiiiiieiie e 18
1.5.2.1 CAFs and tumour groWth........ccoeeeiiieiiiiiiicceeeeee 18
1.5.2.2 CAFs and tumour angiOgeNESIS.........cuuuueeeiiiiiiccceeeeeee e 18
1.5.2.3 CAFs and tumour Metastasis..............uuuueeeerimemiiniiiiiiiieeeeeeeeeeeee e 19
1.5.2.4 CAFs and cancer therapy...........ccceeiieiiiiieemriiiie e eeeeee e 19

1.6 Role of mesenchymal stem cells in cancer..............coovvvviiccciiiii e e, 21
1.6.1 Direct communication of MSC with tumour cells.................cccvvieeeenne 22
1.6.2 Indirect communication of MSC with tumour cells...............cccvevrieeeee. 23
1.7 Tumour microenvironment and radiation..............cccvvveiiecceenieiiieeee e 25



1.8 Radiation effect on MSC biology and subsequent fibrasis................ccc.c... 28

1.8.1 Radiation and fiDrOSIS.........uueuiiiriie e eeecrre e 29
1.8.2 Origin of myofibroblasts (CAFS) iN CANCEN............eiiiieiiiei e 31
1.83Roleof TG 1 N...RL.F e 33
183.1TGFH overview a.nd..s.upe.r.f.ami.l.y.33
1832TGFb si gnal. .l i n.g. i, 34
1.833TGFHh and .fli.bhl.0.Si Seiie, 37
1.8.4 Connective tissue growth factor in cancer and fibrosis.............ccc........ 38
1.9 MSCs homing toward CaNCEY..........ccceeeeieeeeeeceecriiiiiie e eeeeeeeeseesieenneeeeeeenn 40

1.9.1 Growth factors i.nv.ol.v.ed..i.n.48homingo

1.9.2 ChemMOKINES ....ccoi it e e e e e 40
1.9.2.1 Stromal cell derived factoll.............cceveeveerriieemiee e 41
1.9.2.2 Monocyte chemoattractant prot&in..............cccccvvvvvimeennnennnennnnne. 41

1.9.3 Radiation and MSCs homing toward Cancer..............ccccuvemmersiinncnnnnns 45

1.10 AIMS Of the STUAY......oeiiiie e 46
CHAPTER TWO: Materials and methods...........ccccccoiviiiiiiiiiccces 48
2.1 MALETIAIS ... ettt e e e e e e nnne e 49
P Y11 Lo To LSRR 52

2.2. 1 Cell CURUIE.....eeeeeeeee s e e e e e rrrne s e e e e e e e e e e e e e e eeeeeennnens 52
2.2.1.1 Cell I|nes .................................................... 52
A) C3H/10T1/2 Clone 8 (ATCQCCL-226 ) cell line........c.ccceeuvevveeeecviaenee, 52
B) OriCell ™ Strain Balb/c Mouse Mesenchymal Stem Cells.................... 52
C) Mouse fibrosarcoma CellS.........ccooeeiiiiiiiiiieeciice e 54
D) H5V (mouse cardiac endothelial cells)..........ccooveiiiiiiiiieeciiiiieieeeee 55
E) Human Dermal Microvasdar Endothelial Cells (HDMEC)..................... 55
2.2.1.2 Freezing cells in liquid Nitrogen...........cooovviiiiiiiieeee e, 56
2.2.1.3 ThAWING CEIIS .....uuiiiiiiiiiiiiiiii e 57
2.2.1.4 Cell COUNTING. .....ciiiiiiiiiiiiiee et ieee bbb e e e e s eeee e e e e e e e e e e e e aeeeas 57
2.2.1.5 Subculturing of the cells.........ccciiiiii e 58
2.2.1.6In vitro irradiation of the CellS.........cccoooveiiiiiiiiiieee e 58
2.2.1.7 Collection and concentration of conditioned media (CM).............. 59

2.2.2 ClONOQENIC @SSAY.....cevvuiieeiiiiiiii s ceeeie e e e e e et e e e s e et amee e e e e e e eaaaeeaaeens 62

2.2.3 GrOWLN CUINVE @SSAY.....uururruuniiiaieeeeeeeeeiiiiaas s s e e e e e e e e e e e eeeeaneeaaaaaeeeeaeaeeeeees 65

2.2.4 Radiation effects dSC differentiation.............ccocoeeeeiiiiiiccni 65
2.2.4.1 Irradiation Of CeIIS.......uiiiiiiiiiii e 65
2.2.4.2 Collection of cell extracts and sample preparation for western bldtng
2.2.43PierctMi cr o BCAE Pua.a.t.ei.n..As.s.ay..... 68



2.2.4.4 SDSPAGE and western bIOtting............uvviiiiiiiii e, 69

2.2.5 Radiation effects on the migration of MSCs...........ccccociieeene e A4
2.2.5.1 Transvell migration @SSAY..........ccccuvrrrrrrmiirieemiiiriieeee e eeee e e e e s eemeees 74
2.2.5.2 Transvell migration assay using neutralizing antibodies to MICP...77

2.2.6 Measuring MCR release from irradiated tumour cells via enzyimked

immunosorbent assaEILISA) .......ooovveviiiiic e 77

2.2.7 Staining procedures for tumour sections frormasivo experiment.......... 79
2.2.7.1 Immunohistochemical staining of formdixed, paraffirembedded
fibrosarcoma tumOoOUr SECLIONS.........cccuuuiiiiiiiiieeer e 80

2.2.7.2 Collagen staining (-{dabededn d s

fibrosarcoma tumoUr SECHIONS.........ccoviiiiieee e 81
2.2.7.3 Immunofluorescence staining of frozen fibrosarcoma tumour secfions

2.3 STAliSHICAl AMESES. ... ...ttt Q0

CHAPTER THREE: The effects of radiation on the differentiation of MSCs into

cells with CAF-like characteristics and its consequences on MSC migration/

=0 U1 0= o | PP UU PP PR PPPPRR 91
3.1 INtrodUCHION & @IMS...iiiiiiiiiiieieee e 92
L2 RESUIS ...ttt e e e e e e e e a e e e e e e e e e as 93

3.2.1 Effects of radiation on tumour cells and MSC colony formation.......... 93

3.2.2 EffectsofGFb1 on t he growth, morphob6éogy
3.2.3 Radiation effects on C3H10 and Balb/c MSC morphology and expression of

CAF-like cells differentiation Markers...............uuueeiiiiiccceeeiiiicreeee e 99
3.2.3.1 Effects of direct irradiation on the expression of CAF markers by mouse
Y S OSSPSR 99
3.2.3.2 Hfects of irradiated tumour cells on the expression of CAF markers by
MOUSE MSC ...ttt e mme e e e e et e e e e enene e 104
3.2.3.3 Effects of secreted factor(s) produced by irradiated tumour céfie on
expression of CAF markers by MSCS.........oovviiiiiiiiieenieeee e 109
3.2.3.4 Effects of irradiated HDMEC on the expression of differentiation markers
DY BaAID/C MSCS... .ottt e ettt eeee et e e e e e e e e e e e e e e e e 114
3.2.3.5 Effects of irradiated HDMEC @ultured with the irradiated tumour cells
on theMSCs differentiation Markers...............uuuuueiiiiccneeeeiiiiee e 116
3.2.3.6 Effects of chemokines and cytokines ordifferentiation markers
expressed by Balbh/C MSCS........oooiiiiiiie e 120

3.24 In vitro radiation effects on Balb/c MSCs migration (transwell migration

2RSS | TSP TPPPPPP 122
3.2.4.1 Effects of direct irradiation on the migration of M@Ceitro ............ 123

3.2.4.2 Irradiated tmour cells increase the migration of Balb/c M3E€sitro123
3.2.4.3 Fibrosarcoma catbnditioned media enhance Balb/c MSCs migrdtih

Xi

trict

and



3.2.4.4 Effects of irradiated endothelial cells on the migration of Balb/c MSCs

................................................................................................................ 128
3.2.4.5Co-cultured tumour cells and endothelial cells stimulate migration of
Balb/C MSCSN VIO ....coeeiieiiiiiiie e erenr e e e e e e 130
3.2.4.6 Role of cytokines and chemokines enhanced MSCs migration...133
3.3 SuMMaAry Of FESUIS......cco e 135
3.4 DISCUSSION.....ceieiiiie i iie e eeae e et enees bbb s e et e e e e e e e e e s semreeeeees 136
CHAPTER FOUR: Analysis of factor(s) responsible for M5C differentiation/
migration within the tumour MiCroenVIroNMEeNt ...........cccceeeevivviieviieeee e 143
v N 1 g1 o To [N ox 1 o] 0 =T To oY | 1= U 144
A S U | PSP 146

4.2.1 Radiation enhanced the expression/secretion of cytokines and chemokines by
irradiated tUMOUr CelIS........coooi i 146

4.2.2 Radiation increased levels of MIZRecreted from tumour cells in a dose

dependent MANNEEL...........ooiiiiiieieeeeee e e ean 149
4.2.3 MCR1 secreted from tumour cells plays a role in enhancing MSC migration
TOWAID TIME. ...ttt e e e e e e e e anereeee e 151
4.2.4 Radiation effects on the expression of the chemokine receptor CCR2 by
2 F 1] o o Y Y OSSR 154
4.2.5 Searching for genes that might explain the variations between &&120
FS188 tumours using NGS informatian................eeveveviieeeiiiiieiiiieiiieeeeeeeeen 156

4.3 SUMMATY Of FESUITS ...ttt eee e e e e e e e 162

4.4 DISCUSSION....ceeiiiiiiiieeee e e e e e e e et e e e e e e e e e e e e e e e e e s e mnne e e e s s e e s s sanbbeesesennnnnnnnnes 163

CHAPTER FIVE: In vivo fibrosarcoma model...............ccccvviiiiiiieeniiiiiiinnnee. 168

5.1 INtrodUCtioN & @IMS....cciiiiiiiieieei e e e e 169

5.2 RESUILS ...t en e e e e e e e 171
5.2.1 Immunohistochemical staining of fibrosarcoma tumour sections......171
5.2.2 Collagen staining (Memeddedds trichr ol
fibrosarcoma tuUMOUN SECHIONS........ciiiiiiiiiieie e 174
5.2.3 Immunoflu9rescence staining of frozen fibrosarcoma tumour sections using
C D3 1 -SMA U et annas 181

5.3 Summary of the reSultS............coiiiiiiiiiiicee e 198

5.4 DISCUSSION.....uiiie e e e e e e e ettt eeeea e e e e e e e e et e e e et et tte s mmme e e e e e eeeeeseebbnsnnn s smmmeeeneees 198

CHAPTER SIX: General discussion, future work and conclusion.................. 201

6.1 General diSCUSSION..........uuuiiiiiiiiiiiiieeeriiiiie ettt et e e e e e e e e e et e e e e e e e e e e e e e e e e e 204

Xii



8.2 FUTUIE WOTK ..o e e 208

B.2. 1IN VIEIO ..ttt 208
I | Y Y o USRS 209
6.3 CONCIUSION......uuiiiiiiiiiiii et eee s 209
REFERENGQCES..... .ot e e e 210

Xiii



List of figures

Figure 1.1The relation bieveen age and sarcoma incidence..................ccccceeen. 2
Figure 1.2 Tumor Microenvironment CellS...........coooiiiiiiiiiiic e 14
Figure 1.3The effect of hypoxia on tumour growth..............ccceevviviieeciiiiieeennn. 27
Figure 1.4 Origin of Myofibroblasts (CAFS) in cancer.............ccccccvvvvvvieemeeeenenne. 32
Figure 1.5Profibrotic effects of TGFD L.......ccooiiiiiiiiiiiiiiieeee e 33

Figure 1.6Roleof TGFb i n r adi .a.t..i..a.n...f..i.hr.o.s.i.s.36

Figure 2.1Early passage C3H/10T1/2 Clone 8 in their media......................... 53
Figure 2.2Balb/c Mowse Mesenchymal Stem celBM- derived cells passage. 953
Figure 2.3Mouse cardiac endothelial cells (HSV).........cooooviiiiiiiiiccce 55
Figure 2.4Human Dermal Microvascualar Endothelial Cells (HDMEC) passagé 5
Figure 2.5The Counting chamber of haeocytometer (grid layout)................... 57
Figure 2.6 The AGO XRay machine and itshamber..................oiiiiiiceeeeiinnnns 58
Figure 2.7 Schematic represgatives of concentration of CM............................d 61
Figure 2.8 Diagram of Clon0geniC aSSaEPB.......uuuiiiiiiiiieeeeeeieceeeiieee e e e 64
Figure 2.9 Schematic demonstrative of tektraction buffer preparation............! 67
Figure 2.10Schematic representatives of different C3H10 MSCs, and BdiB(Cs
MIGration aSSAY PrOCEAULES ... ...uuiiiiiiiiiiieeeeeeee ettt ettt e e e e e e e e e e e e e amme e e e e e e e e e e e e e 76
Figure 2.11Preparation of ELSA standards by serial dilution........................... 78

Figure2.2Schemati c representative of analysing

analysis of paraffin embedded fibrosarcoma tumour seatising Aperio

ImageScope software VErsion 12.2............ccoovviiiiiiiieeeee e vmmmeeneeees 85
Figure 2.13TissueGnostics Confocal Slide Scanner \lid TissueFAXS 200

o0 o] o =T = OO 86
Figure2214Anal ysi s col |l agen content of the
sections using HiStOQUEST SOftWALE...........eiiiiiiiiiiiieeeieeieeeeeee e 89

Figure 3.1Radiation effects on survival of FS 120 cells, FS 188 cells, C3H10 MSCs,

and Balb/C MSCS CeIIS......uuiiiiiiiiiiiiiiii et a5
Figure 3.2Effectsof TGFb o n t h e g rhology ofi Balh/o ahd @36110 p
1SS 98
Figure 3.3Effects of direct radiation omé expressin of CAF markers by C3H10
Y TSP 101
Figure 3.4Effects of direct radiation on the expsem CAF markes by Balb/c
Y TSP 103
Figure 3.5Effects of irradiated tumour cells (FS120 cells, and FS 188 cells) on the
expressin of CAF markers by C3H10 MSCS........ooooiviiiiiiiiiiicceeees 106
Figure 3.6Effects of irradiated tumour cells (FS120 cells, and FS 188 oslit)e
expressia of CAF markers by Balb/c MSCS........cooovviiiiiiiiiieeei e, 108
Figure 3.7 Effects of factors (s) produced from irradiated tumour cells on the
expressin of CAF markers by C3HL10 MSCS........uueiiiiiiiiiiiecceccciiee e 111

Xiv

Ma s s


file:///C:/Users/UOS/Desktop/Tariq%20Thesis%20Word%2004-08-2018/Tariq%20thesis%20Word%2004-08-18.docx%23_Toc521180773
file:///C:/Users/UOS/Desktop/Tariq%20Thesis%20Word%2004-08-2018/Tariq%20thesis%20Word%2004-08-18.docx%23_Toc521180774
file:///C:/Users/UOS/Desktop/Tariq%20Thesis%20Word%2004-08-2018/Tariq%20thesis%20Word%2004-08-18.docx%23_Toc521180775
file:///C:/Users/UOS/Desktop/Tariq%20Thesis%20Word%2004-08-2018/Tariq%20thesis%20Word%2004-08-18.docx%23_Toc521180776
file:///C:/Users/UOS/Desktop/Tariq%20Thesis%20Word%2004-08-2018/Tariq%20thesis%20Word%2004-08-18.docx%23_Toc521180777
file:///C:/Users/UOS/Desktop/Tariq%20Thesis%20Word%2004-08-2018/Tariq%20thesis%20Word%2004-08-18.docx%23_Toc521180778
file:///C:/Users/UOS/Desktop/Tariq%20Thesis%20Word%2004-08-2018/Tariq%20thesis%20Word%2004-08-18.docx%23_Toc521180779
file:///C:/Users/UOS/Desktop/Tariq%20Thesis%20Word%2004-08-2018/Tariq%20thesis%20Word%2004-08-18.docx%23_Toc521180780
file:///C:/Users/UOS/Desktop/Tariq%20Thesis%20Word%2004-08-2018/Tariq%20thesis%20Word%2004-08-18.docx%23_Toc521180781
file:///C:/Users/UOS/Desktop/Tariq%20Thesis%20Word%2004-08-2018/Tariq%20thesis%20Word%2004-08-18.docx%23_Toc521180782
file:///C:/Users/UOS/Desktop/Tariq%20Thesis%20Word%2004-08-2018/Tariq%20thesis%20Word%2004-08-18.docx%23_Toc521180783
file:///C:/Users/UOS/Desktop/Tariq%20Thesis%20Word%2004-08-2018/Tariq%20thesis%20Word%2004-08-18.docx%23_Toc521180784
file:///C:/Users/UOS/Desktop/Tariq%20Thesis%20Word%2004-08-2018/Tariq%20thesis%20Word%2004-08-18.docx%23_Toc521180785
file:///C:/Users/UOS/Desktop/Tariq%20Thesis%20Word%2004-08-2018/Tariq%20thesis%20Word%2004-08-18.docx%23_Toc521180786
file:///C:/Users/UOS/Desktop/Tariq%20Thesis%20Word%2004-08-2018/Tariq%20thesis%20Word%2004-08-18.docx%23_Toc521180787
file:///C:/Users/UOS/Desktop/Tariq%20Thesis%20Word%2004-08-2018/Tariq%20thesis%20Word%2004-08-18.docx%23_Toc521180788
file:///C:/Users/UOS/Desktop/Tariq%20Thesis%20Word%2004-08-2018/Tariq%20thesis%20Word%2004-08-18.docx%23_Toc521180788
file:///C:/Users/UOS/Desktop/Tariq%20Thesis%20Word%2004-08-2018/Tariq%20thesis%20Word%2004-08-18.docx%23_Toc521180789
file:///C:/Users/UOS/Desktop/Tariq%20Thesis%20Word%2004-08-2018/Tariq%20thesis%20Word%2004-08-18.docx%23_Toc521180779
file:///C:/Users/UOS/Desktop/Tariq%20Thesis%20Word%2004-08-2018/Tariq%20thesis%20Word%2004-08-18.docx%23_Toc521180779
file:///C:/Users/UOS/Desktop/Tariq%20Thesis%20Word%2004-08-2018/Tariq%20thesis%20Word%2004-08-18.docx%23_Toc521180779
file:///C:/Users/UOS/Desktop/Tariq%20Thesis%20Word%2004-08-2018/Tariq%20thesis%20Word%2004-08-18.docx%23_Toc521180780
file:///C:/Users/UOS/Desktop/Tariq%20Thesis%20Word%2004-08-2018/Tariq%20thesis%20Word%2004-08-18.docx%23_Toc521180780
file:///C:/Users/UOS/Desktop/Tariq%20Thesis%20Word%2004-08-2018/Tariq%20thesis%20Word%2004-08-18.docx%23_Toc521180781
file:///C:/Users/UOS/Desktop/Tariq%20Thesis%20Word%2004-08-2018/Tariq%20thesis%20Word%2004-08-18.docx%23_Toc521180781
file:///C:/Users/UOS/Desktop/Tariq%20Thesis%20Word%2004-08-2018/Tariq%20thesis%20Word%2004-08-18.docx%23_Toc521183026
file:///C:/Users/UOS/Desktop/Tariq%20Thesis%20Word%2004-08-2018/Tariq%20thesis%20Word%2004-08-18.docx%23_Toc521183026
file:///C:/Users/UOS/Desktop/Tariq%20Thesis%20Word%2004-08-2018/Tariq%20thesis%20Word%2004-08-18.docx%23_Toc521183027
file:///C:/Users/UOS/Desktop/Tariq%20Thesis%20Word%2004-08-2018/Tariq%20thesis%20Word%2004-08-18.docx%23_Toc521183027
file:///C:/Users/UOS/Desktop/Tariq%20Thesis%20Word%2004-08-2018/Tariq%20thesis%20Word%2004-08-18.docx%23_Toc521183028
file:///C:/Users/UOS/Desktop/Tariq%20Thesis%20Word%2004-08-2018/Tariq%20thesis%20Word%2004-08-18.docx%23_Toc521183028
file:///C:/Users/UOS/Desktop/Tariq%20Thesis%20Word%2004-08-2018/Tariq%20thesis%20Word%2004-08-18.docx%23_Toc521183029
file:///C:/Users/UOS/Desktop/Tariq%20Thesis%20Word%2004-08-2018/Tariq%20thesis%20Word%2004-08-18.docx%23_Toc521183029
file:///C:/Users/UOS/Desktop/Tariq%20Thesis%20Word%2004-08-2018/Tariq%20thesis%20Word%2004-08-18.docx%23_Toc521183030
file:///C:/Users/UOS/Desktop/Tariq%20Thesis%20Word%2004-08-2018/Tariq%20thesis%20Word%2004-08-18.docx%23_Toc521183030
file:///C:/Users/UOS/Desktop/Tariq%20Thesis%20Word%2004-08-2018/Tariq%20thesis%20Word%2004-08-18.docx%23_Toc521183031
file:///C:/Users/UOS/Desktop/Tariq%20Thesis%20Word%2004-08-2018/Tariq%20thesis%20Word%2004-08-18.docx%23_Toc521183031
file:///C:/Users/UOS/Desktop/Tariq%20Thesis%20Word%2004-08-2018/Tariq%20thesis%20Word%2004-08-18.docx%23_Toc521183032
file:///C:/Users/UOS/Desktop/Tariq%20Thesis%20Word%2004-08-2018/Tariq%20thesis%20Word%2004-08-18.docx%23_Toc521183032

Figure 3.8Effects of factors (s) produced from irradiated tumour cells on expression

of CAF markers by Balb/C MSCS.........ouvuiiiiiiiiie i 113
Figure 3.9Effects of irradiated HDMEC on the expressiaof CAF markers by Balb/c
Y 115
Figure 3.10Co-culture of HDMEC with tumour cells...........cccccceiiiiiiiiannnnnn. 117
Figure 3.11Co-culture of Balb/c MSCs with both adiated HDMEC plus tumour
(07| 3PSO PP 119
Figure 3.12Effects of TGFb ,  MCaRd SDFL on the differentiation markers
expressed DY BIaC MSCS.........oouuiiiiiiiii s eeees e e e e e e e e e e e 121
Figure 3.13 Direct irradiation dose not increase MSCsmigration in vitro.............. 124
Figure 3.14Migration capacity of C3H10 and BatbMSCs expsed to irradiated
TUMOUL CIIS... .o e e e e e e s eenn e e e es 125
Figure 3.15Effects of CM (neat and concentrated) on the migratiad®3#10 MSCs
(A), and Balb/C MSCS (B).....cccccuuitrriiriiiiieieeeiiitiieeeeee e e et e e eeees e e e e aeeeeeas 127
Figure 3.16Migration ability of Balb/c MSCs increased whenadturedwith
irradiated A) H5V cells, and B) HDMECQC..............oovviiiiiieeeeeeeee e 129
Figure 3.17Effects of tumour cells coultured with endothelial de on the
migration ability of Balb/C MSCs...........cooiiiiiiieer e 132
Figure 3.18Cytokines and chemahes in enhanced MSCs migration.............. 134

Figure 4.1Radiation upregulated the expression of cytokines and chemokines in the

serumfree concentrated CM frofibrosarcoma cells...........cccooovvvviiiiieennnnnnee, 148
Figure 4.2MCP-1 proteins production from tumour cells under normat (un
irradiated) and irradiated coONditiONS...............coiiiiiiiieeeceee e 150

Figure 4.3MCP-1 produced by FS188 cekkmhanced Balb/c MSCs migration.153
Figure 4.4Effects of (A) direct radiation, (B) eoulture with concentrated CM from
irradiated tumour cells, and (C)-calture of MSCs with irradiateditnour cells on
the chemokine recept@€CR2 expressed by Balb/c MSCs............coovvvvivviieen.. 155
Figure 4.5NGS database results for chermzkreceptors and ligands expressed by
control (nonirradiated) mouse fibrosarcoma tumours (FS120 tumours & FS188

100 ] T0T U] £ PSP 159
Figure 4.6Expressions of CTGF,and T&-2 pr ot eins i n the
cell lysates obtained from irradiated tumour cells...............cooviiiiiccciiiieeeeeens 161

Figure 5.1 U-SMA distributions within irradiated and simadiated fibrosarcoma
TUMOUT SECLIONS. ...ttt eree et eenenanne 173
Figure 5.2Massonds tr i c hr o rembeddedfibrosarcoma ténwur
sections (irradiated FS188 tumour) showing gdladeposition (agnification A

(0 ) Q=T (o = 20220 ) TP 175

Figure53Di f f erences i n col | age)wihis viable and n g

concer

par aff

( Mas s

necrotic regions of control and irradiated fibrosarcoma FS188 and FS120 the section

established usmAperio ImageScope Software..........ccoeeeeeiiiiiieeeie e, 177

XV


file:///C:/Users/UOS/Desktop/Tariq%20Thesis%20Word%2004-08-2018/Tariq%20thesis%20Word%2004-08-18.docx%23_Toc521183033
file:///C:/Users/UOS/Desktop/Tariq%20Thesis%20Word%2004-08-2018/Tariq%20thesis%20Word%2004-08-18.docx%23_Toc521183033
file:///C:/Users/UOS/Desktop/Tariq%20Thesis%20Word%2004-08-2018/Tariq%20thesis%20Word%2004-08-18.docx%23_Toc521183034
file:///C:/Users/UOS/Desktop/Tariq%20Thesis%20Word%2004-08-2018/Tariq%20thesis%20Word%2004-08-18.docx%23_Toc521183034
file:///C:/Users/UOS/Desktop/Tariq%20Thesis%20Word%2004-08-2018/Tariq%20thesis%20Word%2004-08-18.docx%23_Toc521183035
file:///C:/Users/UOS/Desktop/Tariq%20Thesis%20Word%2004-08-2018/Tariq%20thesis%20Word%2004-08-18.docx%23_Toc521183036
file:///C:/Users/UOS/Desktop/Tariq%20Thesis%20Word%2004-08-2018/Tariq%20thesis%20Word%2004-08-18.docx%23_Toc521183036
file:///C:/Users/UOS/Desktop/Tariq%20Thesis%20Word%2004-08-2018/Tariq%20thesis%20Word%2004-08-18.docx%23_Toc521183037
file:///C:/Users/UOS/Desktop/Tariq%20Thesis%20Word%2004-08-2018/Tariq%20thesis%20Word%2004-08-18.docx%23_Toc521183037
file:///C:/Users/UOS/Desktop/Tariq%20Thesis%20Word%2004-08-2018/Tariq%20thesis%20Word%2004-08-18.docx%23_Toc521183037
file:///C:/Users/UOS/Desktop/Tariq%20Thesis%20Word%2004-08-2018/Tariq%20thesis%20Word%2004-08-18.docx%23_Toc521183038
file:///C:/Users/UOS/Desktop/Tariq%20Thesis%20Word%2004-08-2018/Tariq%20thesis%20Word%2004-08-18.docx%23_Toc521183038
file:///C:/Users/UOS/Desktop/Tariq%20Thesis%20Word%2004-08-2018/Tariq%20thesis%20Word%2004-08-18.docx%23_Toc521183038
file:///C:/Users/UOS/Desktop/Tariq%20Thesis%20Word%2004-08-2018/Tariq%20thesis%20Word%2004-08-18.docx%23_Toc521183039
file:///C:/Users/UOS/Desktop/Tariq%20Thesis%20Word%2004-08-2018/Tariq%20thesis%20Word%2004-08-18.docx%23_Toc521183039
file:///C:/Users/UOS/Desktop/Tariq%20Thesis%20Word%2004-08-2018/Tariq%20thesis%20Word%2004-08-18.docx%23_Toc521183040
file:///C:/Users/UOS/Desktop/Tariq%20Thesis%20Word%2004-08-2018/Tariq%20thesis%20Word%2004-08-18.docx%23_Toc521183040
file:///C:/Users/UOS/Desktop/Tariq%20Thesis%20Word%2004-08-2018/Tariq%20thesis%20Word%2004-08-18.docx%23_Toc521183041
file:///C:/Users/UOS/Desktop/Tariq%20Thesis%20Word%2004-08-2018/Tariq%20thesis%20Word%2004-08-18.docx%23_Toc521183041
file:///C:/Users/UOS/Desktop/Tariq%20Thesis%20Word%2004-08-2018/Tariq%20thesis%20Word%2004-08-18.docx%23_Toc521183042
file:///C:/Users/UOS/Desktop/Tariq%20Thesis%20Word%2004-08-2018/Tariq%20thesis%20Word%2004-08-18.docx%23_Toc521183042
file:///C:/Users/UOS/Desktop/Tariq%20Thesis%20Word%2004-08-2018/Tariq%20thesis%20Word%2004-08-18.docx%23_Toc521183043
file:///C:/Users/UOS/Desktop/Tariq%20Thesis%20Word%2004-08-2018/Tariq%20thesis%20Word%2004-08-18.docx%23_Toc521180791
file:///C:/Users/UOS/Desktop/Tariq%20Thesis%20Word%2004-08-2018/Tariq%20thesis%20Word%2004-08-18.docx%23_Toc521180791
file:///C:/Users/UOS/Desktop/Tariq%20Thesis%20Word%2004-08-2018/Tariq%20thesis%20Word%2004-08-18.docx%23_Toc521180792
file:///C:/Users/UOS/Desktop/Tariq%20Thesis%20Word%2004-08-2018/Tariq%20thesis%20Word%2004-08-18.docx%23_Toc521180792
file:///C:/Users/UOS/Desktop/Tariq%20Thesis%20Word%2004-08-2018/Tariq%20thesis%20Word%2004-08-18.docx%23_Toc521180793
file:///C:/Users/UOS/Desktop/Tariq%20Thesis%20Word%2004-08-2018/Tariq%20thesis%20Word%2004-08-18.docx%23_Toc521180794
file:///C:/Users/UOS/Desktop/Tariq%20Thesis%20Word%2004-08-2018/Tariq%20thesis%20Word%2004-08-18.docx%23_Toc521180794
file:///C:/Users/UOS/Desktop/Tariq%20Thesis%20Word%2004-08-2018/Tariq%20thesis%20Word%2004-08-18.docx%23_Toc521180794
file:///C:/Users/UOS/Desktop/Tariq%20Thesis%20Word%2004-08-2018/Tariq%20thesis%20Word%2004-08-18.docx%23_Toc521180795
file:///C:/Users/UOS/Desktop/Tariq%20Thesis%20Word%2004-08-2018/Tariq%20thesis%20Word%2004-08-18.docx%23_Toc521180795
file:///C:/Users/UOS/Desktop/Tariq%20Thesis%20Word%2004-08-2018/Tariq%20thesis%20Word%2004-08-18.docx%23_Toc521180795
file:///C:/Users/UOS/Desktop/Tariq%20Thesis%20Word%2004-08-2018/Tariq%20thesis%20Word%2004-08-18.docx%23_Toc521180796
file:///C:/Users/UOS/Desktop/Tariq%20Thesis%20Word%2004-08-2018/Tariq%20thesis%20Word%2004-08-18.docx%23_Toc521180796
file:///C:/Users/UOS/Desktop/Tariq%20Thesis%20Word%2004-08-2018/Tariq%20thesis%20Word%2004-08-18.docx%23_Toc521180797
file:///C:/Users/UOS/Desktop/Tariq%20Thesis%20Word%2004-08-2018/Tariq%20thesis%20Word%2004-08-18.docx%23_Toc521180797
file:///C:/Users/UOS/Desktop/Tariq%20Thesis%20Word%2004-08-2018/Tariq%20thesis%20Word%2004-08-18.docx%23_Toc521180798
file:///C:/Users/UOS/Desktop/Tariq%20Thesis%20Word%2004-08-2018/Tariq%20thesis%20Word%2004-08-18.docx%23_Toc521180798
file:///C:/Users/UOS/Desktop/Tariq%20Thesis%20Word%2004-08-2018/Tariq%20thesis%20Word%2004-08-18.docx%23_Toc521180798
file:///C:/Users/UOS/Desktop/Tariq%20Thesis%20Word%2004-08-2018/Tariq%20thesis%20Word%2004-08-18.docx%23_Toc521180800
file:///C:/Users/UOS/Desktop/Tariq%20Thesis%20Word%2004-08-2018/Tariq%20thesis%20Word%2004-08-18.docx%23_Toc521180800
file:///C:/Users/UOS/Desktop/Tariq%20Thesis%20Word%2004-08-2018/Tariq%20thesis%20Word%2004-08-18.docx%23_Toc521180800

Figure54Per cent age of <coll agen staining
and necrotic regions of the paraffin embedded fibrosarcoma tumour sections using
HistoQuest software analySiS SYSeML.......ccoeereiiiiiiiiieeei e 180
Figure 55 Olympus BX61 microscope used to visualise IF slides.................. 181

Figure 5.6 Immunofluorescence staining for mouse fibrosarcoma frozen tumour
sections (control and irrad&td ) u s i n g -S®AGan,.....a.n.d....U...197

XVi

( Masso


file:///C:/Users/UOS/Desktop/Tariq%20Thesis%20Word%2004-08-2018/Tariq%20thesis%20Word%2004-08-18.docx%23_Toc521180803
file:///C:/Users/UOS/Desktop/Tariq%20Thesis%20Word%2004-08-2018/Tariq%20thesis%20Word%2004-08-18.docx%23_Toc521180803
file:///C:/Users/UOS/Desktop/Tariq%20Thesis%20Word%2004-08-2018/Tariq%20thesis%20Word%2004-08-18.docx%23_Toc521180803
file:///C:/Users/UOS/Desktop/Tariq%20Thesis%20Word%2004-08-2018/Tariq%20thesis%20Word%2004-08-18.docx%23_Toc521180804
file:///C:/Users/UOS/Desktop/Tariq%20Thesis%20Word%2004-08-2018/Tariq%20thesis%20Word%2004-08-18.docx%23_Toc521180805
file:///C:/Users/UOS/Desktop/Tariq%20Thesis%20Word%2004-08-2018/Tariq%20thesis%20Word%2004-08-18.docx%23_Toc521180805

List of tables

Table 1.1Growth factors, chemokines and other chemoattractant ligands and

receptors expssed by human bone marrow MSCS.........oooociiiiiiineen s 44
Table 2.1The radiation dose used by AGOrXy machine.............cccccccoeeeeiiiennee. 59
Table 2.2Cells number per radiatiatose used for clonogenic assay................ 62
Table 2.3BCA standard preparationsS............cuuueeeeeeiiieeceeeeeeeee e eeeee s 69
Table 2.4Reagentsised for casting gels in western blotting................c..vveveeeee. 70
Table 2.5Different geland ingredients concentrations used in experiments for a total
10 Ml gel (SINGIE QL. e rere e e e e e e e e e e e e aaaraaene 71
Table 2.6Reagents used for loading the gels in western blotting.................... 71
Table 2.7Primary antibodies used in western blotting................coovvveeee e 73
Table 2.8Working concentration and preparation of reagents for ELISA......... 77

Table 3.1Average numbers of migrated Balb/c MSCs after exposed to different cells
typeswith their statistical significance.............cccoooiiiiiiiieeciiiiiii e, 133

Table 6.1 Outline of the approach used in this PhD. study with the limitations and
FULUIE WOTKS. ...ttt n e e 202

XVii


file:///C:/Users/UOS/Desktop/Tariq%20Thesis%20Word%2004-08-2018/Tariq%20thesis%20Word%2004-08-18.docx%23_Toc521183808
file:///C:/Users/UOS/Desktop/Tariq%20Thesis%20Word%2004-08-2018/Tariq%20thesis%20Word%2004-08-18.docx%23_Toc521183808
file://///stfdata06/home/MD/Mdp13taa/ManW10/Desktop/Tariq%20Thesis%20Widows%20version/Tariq%20thesis%20Word%2002-08-18.docx%23_Toc521070165
file://///stfdata06/home/MD/Mdp13taa/ManW10/Desktop/Tariq%20Thesis%20Widows%20version/Tariq%20thesis%20Word%2002-08-18.docx%23_Toc521070166
file:///C:/Users/UOS/Desktop/Tariq%20Thesis%20Word%2004-08-2018/Tariq%20thesis%20Word%2004-08-18.docx%23_Toc521183814
file:///C:/Users/UOS/Desktop/Tariq%20Thesis%20Word%2004-08-2018/Tariq%20thesis%20Word%2004-08-18.docx%23_Toc521183814
file:///C:/Users/UOS/Desktop/Tariq%20Thesis%20Word%2004-08-2018/Tariq%20thesis%20Word%2004-08-18.docx%23_Toc521183814
file:///C:/Users/UOS/Desktop/Tariq%20Thesis%20Word%2004-08-2018/Tariq%20thesis%20Word%2004-08-18.docx%23_Toc521183814

CHAPTER ONE:

Introduction



1. Introduction

1.1 Clinical aspeds of soft tissue sarcomdSTS)

Soft tissue sarcomas (STSs) are a group of rare malignant tumours that arise from
mesenchymal cellsAlthough STSs are relatively rare, thepnstitute a higher
proportion of cancer morbidity and mortality in paediatric and adolescent priheice

in adults(Gronchi and Casali, 2013y TSsaccountfor 0.51% of all adult cancers
(Lahat et al., 2008and6-7% in children and young adultshich are relatively more
commonthan most other types of solid malignand@simer et al., 2010, Sultan et al.,
2010) The most common locations of STS are the extremities (50%), trunk (15%),
retroperitoneum (15%) and the abdominal cavity (1%&ark et al., 2005, Gronchi
and Casali, 2013)According to the World Health Organization (WHQO) tumour
classification, there are more than 50 subtypes oftBdi8an present in any age group
and any location in the bod¥letcher, 2014, Fletcher et al., 2002he diversity in
sarcoma subtypes and their rarity make sarcomas very difficult to study.

There isa link betweerthe histopathologicaultype and the age of the patient; the
most common types in adults are liposarcoma and leiomyosar¢deteher, 2014)
while in the elderly, the most common type is undéfaiated pleomorphic sarcoma
which was previously known as malignant fibrous histiocytoma (M@@taron and
Weiss, 2008)Out of all STS in children, around 50% are rhabdomyosarc{Kagmor

and Das, 2012)Figure 1.1).

Malignant fibrous histiocytoma

Fibrosarcoma

Synovial sarcoma

Rhabdomyosarcoma

0 10 20 30 40 50 60 70

Age (years)

Figure 1.1 The relation between age and sarcoma inciden|¢gbaron

and Weiss, 2008)




1.2 Standard treatment of STS
1.2.1Surgery

The standard treatment for localized STS is surgical excision, ideally aiming for a
radical resection margin and preserving function if posgNMkEndenhall et al., 2009)
Al-Refaie and colleagues showed that for extremity tumors > 3 cm in largest diameter
patientsshould also be treated with adjuvant radiother@plyRefaie et al., 2010)
while, for larger tumours or small tumours with marginal or involved resection margins,
combinations of surgerfollowed by radiotherapy are preferred (Mendenhetlal.,
2009). Surgical treatment of STS entails a fine balance between preserving function
ard minimizing the risk of local tumour recurren@@rimer et al., 2010)The type of
surgical resection is determibgthe tumour size and deptime anatomical location of

the tumour, the performance status of the patient, and the involvement of nearby
structures. 120% of tumours recur locally, despitmprovements in local control but

in mostcasescanstill be controlled.

1.2.2Radiotherapy

Although various studies have shown a relation between radiotherapy (RT) treatment
and an increase in the risk of angiosarcoma and bone sa(cagrange et al., 2000,
Virtanen et al., 2006 RT is stillone of the standard effective treatment fornmiediate

and high grade ST&rimer et al., 2010)

RT can be given either pre or postoperativBiyme selected patients who have widely
negative margins may not require radiat{@hsters et al., 2007bAdvances in RT
technology, such as intensityodulated radiation therapy (IMRT), brachytherapy and
intraoperéive radiation therapy (IORT), have led to improved treatment outcomes in
patients with ST$DelLaney et al., 2005)It has been demomated that posbperative

or adjuvant RT achieves local control and survival similar to radical res€¥tmg et

al., 1998) Various studies have shown that rejuvant RT has better lorigrm
functional effects and decreases the risk oftjgiiffness(O’'Sullivan et al., 2002, Davis

et al., 2005, Zagars et al., 200B)owever, despit¢hese benefits, Cannat aland

O'Sullivanet alhave showed a high wound complication rate (&8%0) in patients



treated with ne@adjuvant RT compared with patients treated \aijuvant RT (16%
17%)(Cannon et al., 2006, O'Sullivan and Levin, 2003, O'Sullivan et al., 2002)
Furthermore, a recent study by Folkert and colleagues has demonstrated that treatment
by IMRT caused less skin toxicity than using conventional(Rilkert et al., 2014)
Despite the effectiveness of RT in the treatment T8,SRT has acute and chronic
toxicities (El-Bared et al., 2015)Acute toxicities occur within 120 days and include
skin toxcicity and problems with wounealing. Whereas chronic RT taxies occur
after 120 days and include problems such as joint stiffness, oedema and {iBkosis
Bared et al., 2015)Recently, a novel study by Algathami and colleagues called
SMART (Sensitivity Modulated Alvanced Radiotherapy involving multi-
compartment phantom radahromic dosimetryshowed that it may be possikie
reduce the complications caused by radiothe(Afyathami ¢ al., 2012)

Generally, the recommended radjuvant RT dose is 5Gy with daily 1.82 Gy
fractions, while for adjuvant RT the dose should b6y in two Gy fractions
(Kepka et al., 2005, Zagars and Ballo, 2003)

1.2.3Chemotherapy

Distant metastases from STSs remain a significant problem with a high mortality
(Torres et al., 2007)The importance of systemic chemotherapy for most histological
subtypes in adult STS patients rensa controversial, except for some rare,
predominantly paediatric and young adult types such as rhabdomyosarcoma,
osteosarcoma, and Ewing's sarcoma. Chemotherapy is given either-adjuvamt
(preoperative) and/or adjuvant (postoperative) for patieritstwmourgGrimer et al.,
2010)belonging to these sttlgpes. For other subtypes in the ravtastatic setting,

the wse of chemotherapy is controversial. One important study was conducted by
Penella Woll and colleagues in 200®/oll et al., 2012) This study representbe
second largest trial for sarcoma adjuvant therapy after the first EQRUOIGpean
Organisation for Research and Treatment of Cartdal)by (Bramwell et al., 1994)

The Woll et al stdy consisted 0851 patients followed up falong time and divided

into control and patients treated by ifosfomide plus high dose doxorafieimtumour
resectionWoll et al., 2012)Radiotherapyiven to both groups the resectiomargin

was positiveThe results were in agreement wiltevious studies in which unselected

patients with sarcoma showed no benefit from doxorubicin and ifosfqietdoli et



al., 2002) However, his study has some weakness such as inclusbingg patients
(24%) with small tumowr (<5 cm), which are usually treated by surgery and
radiotherapy alone without chemotherapy. Furthermore, the dose of ifosfomide used in
theWoll study is lower than that were used in the previous tri@Fhystaci et al., 2001)

who useda conventional chemotheragdgse.

Doxorubicin and ifosfomide are the most active chemotherapy agents in the treatment
of STSs(Elias et al., 1989)A previous study by Frustaci and colleagues has shown an
increase in diseadeee survival for sarcoma patients treated byrudyicin and
ifosfomide(Frustaci et al., 2001yVhile other studies have shown improvement in local
control and disease free survival but no improvement in overall suf@vanwell et

al., 1994, Petrioli et al., 2002pifferent STS histopathological suypes have shown
variation n their chemesensitivity. The most cheragensitive sarcomas are synovial
sarcoma, myxoid/ round cell liposarcoma, exdkaletal Ewing's tumour and childhood
rhabdomyosarcom@rimer et al., 201Q)while the most chemresistant sarcoma are
alveolar soft part sarcoma, dedifferentiated liposarcoma, @&Jrointestinal stromal
tumours) low grade liposarcoma and cleall @arcoma(Grimer et al., 2010)Pisters

and colleagues showed that there is no need for routine chemotherapy-fatey
resectable tumours or small size hglade STPisters et al., 2007a)he benefits of
preoperative chemmadiotherapy include early treatment of subclinical tumour spread
and asessment of response, but its importance on survival in STS patients remains
unknown. For metastatic ST&emotherapy is used with palliative intent but response

rates are generally po{Clark et al., 2005)



1.3 Angiogenesis and vascular targeted therapiaa STS

Angiogenesis can be deyned as the growth o
(Carmeliet, 2000)It is a physiological andathological event which occurs in normal
development and reproduction in early life (as in organogenesis), or in aduldsaod (
wound healing and menstruatian)which vascular endothelial growth factor (VEGF)
and its receptorplay a central rolgFox et al., 2001)Formation of these new blood
vessels is important for most solidmours(Folkman, 1986)as it providetumour cells

with nutrition and oxygen which help cells to surviveldahey represent the primary
routefor metastatic spread

Moreover, the tumour microenvironment is affected by these new blood vessels, and
hence the response tie tumour to the therapys also affected(Vaupel, 2004)
Angiogenesis isn important target in sarcenbecause it is responsible for tumour
growth and metastasis. Many studies have been focused eangitgenic treatment

in sarcoma. Angiogenesis occurs when turaswitch to an angiogenic state during
tumour developmer({Bergers andenjamin, 2003)Many studies havehown that the

level of pro angiogenic factors is high in malignant tumours, and this leads to growth
and metastases of tumeGrunstein et al., 1999, Holash et al., 199%ing vascular
targeting agents (VTAS) for cancer treatment was describediland Denekamp
through her work on mouddood vessels obstructigenekamp, 1982, Denekamp,
1993, Denekamp, 1999There are two types of VTAshose called antiangiogenic
agents(AAs), or angiogenesinhibiting agents (AlA), which inhibit new blood
vesselgormation and those thaict against already existing tumour vasculature, called

vasculardisruptingagents (VDAS).

1.3.1Anti-angiogenic agents

The action ofintiangiogenic agen{&\As) is throughtheinhibition of newblood vessel
formation by affecting the various stages involved in angiogenesis. It had been
documented that tumour cells secrarggiogenic factors that are up regulatad
different factors like hypoxia, activation of oncogenes, or loss of tumour sgmore
gene functiorfHolash et al., 1999, Denekamp and Hill, 199hese angiogenic factors
were shown to play an important role in neovascularization and are the chiefftargets

AAs (Ferrara et al., 2003)The most specifiand potent angiogenic factor VEGF,



which stimulates the proliferation and migration of endothelial cells and leads to an
increase in vascular permeabilifferrara et al., 2003, Pugh afatcliffe, 2003,
Dvorak, 2000)When VEGF ligands bind to their tyrosine kinases recepif&ER 1,
VEGFR2 and VEGFR3), this leads to activation of downstream signalling.
Bevacizumab (Avastin} the first AA(anttVEGF) agent apved for clinical usedt

is ahumanized artVEGF monoclonal antibody that produces angiogenesis inhibition
through preventing VEGF from binding to its receptfong et al., 2014)Clinical

trials by Hurwitz and his colleaguefor patients with metastatic colorectal cancer
showed that using bevacizumab combined with fluorouracil chemotherapy
significantly improved overall survival when compared with chemotherapy alone
(Hurwitz et al., 2004)

This improvement in overall survival after combination therapies was also shown in
patients with norsmall lung cancer (NSCLC), renal cell carcinoma and metastatic
breast cancgMiller et al., 2007, Sandler et al., 2008nti-angiogenic agents are also
being tested or used in the treatment of STiSa prospective study done gpgulnik

et al., 20B) for patients withangiosarcoma (unresectablemetastatic), showed there
wereresponses to bevacizumabaesingle agen{Agulnik et al., 20B). In addition, a
combination of both é&vacizumab with doxorubicin wassed inthe treatment of 17
patients with metastatic STS as phase Il tria{f@¥damo et al., 2005 However, the
response rate wd2%in comparison with doxorubicin alone but the overall survival
was promisind16 months)D'Adamo et al., 2005)

Tyrosine kinase inhibitors (TKIs) are another type of AAs that inhibit the tyrosine
kinase activity of VEGF receptors. The approvalsihg ImatinibomesylatgIM) in the
treatment of GISTs in 2002 was the base for using TKIs in the treatment of cancer
(Demetri et al., 2002)M is an oral tyrosine kinase inhibitor (TKI) acts in patients with
positive cKit tumours by inhibitin of cKit (CD117). Imatinitalso used in the treatment

of dermatofibrosarcoma protulaece because it also inhibits platedetived growth
factor receptor betaPDGFRb ) Some GIST patients who cannot tolerate IM, are
treated with another TKI calledisitinib malate(SM) which inhibits VEGFHR2, cKit

and PDGFRb (Demetri et al., 2006)

It was also shown that SM had activity in liposarcomas and leiomyosarcomas according
to phase Il studwasdone by Mahmood et &Mahmood et al., 2011)nterestingly SM

also showed antumour effects in advanced alveolar soft part sarc(@tecchiotti et



al., 2011) Sorafenib is anotherKll which inhibits VEGFR2, VEGFR3, PDGFR and
cKit, andhas effects on advanced angiosarcomas according to a phasgMakaket

al., 2009) Pazopaniban oral AAdrug that imibits multiple tyrosine kinasesyas
approved for treatment of STS the FDA (Food and Drug Administratio@nd EMA
(European Medicines Agency). A randomized phaseridl talled PALETTE had
shown the significant improvement in progression free sulvieh STS patients
excluding liposarcoméan der Graaf et al., 2012)loreover,it has been shown that
Pazopanib pludevacizumab and sunitinib was more effective in the treatment of
metastatialveolarsoft part sarcoma than bevacizumab and sunitinib dlRead and
Williams, 2016)

1.3.2Vascular-disrupting agents

Vasculardisrupting agents MDAs) selectively target already establishagmour
vasculaturdeading tothe death of cancer callsecondary t@n extensive and rapid
decrease inumour blood perfusionThere are two types of VDAdigand-directed
(biological) VDAs and small molecule VDA3he work of liganedirected VDAs is
through usingeptides, antibodies, or growth factors which bind to tumour endothelium,
and death of these endothelial cells by ¢#irg toxins like ricin or pracoagulants to
the tumour endotheliufThorpe, 2004)Small molecule VDAsNnclude flavonoids and
tubulin binding agemst(Siemann et al., 2005)

On flavonoid derivativeis 5, 6-dimethykxanthenonet-acetic acid (DMXAA). iG
action is throughthe production of vasoactive factors and cytokines like tumour
necrosis factor alpha (TNB) wh i edamageand recrosis of endothelial cells
of the tumour vasculaturdBaguley, 2003) The combination of DMXAA with
radiation had beestudiedin preclinical mouse modelsy Murata et al (2001)sing
theC3H mammarygarcinomandtheKHT sarcomaAlthough this study showed some
improvement of tumour responssmparedto radiation alone this was highly
dependent orthe dose of both DMXAA and raalion gave andthe time interval
between the drug and radiati@Murata et al., 2001)

Tubulin-binding agentsnclude colchicine; vinblastine and vincristine, and the newer
agent combretastatin-A disodium phosphate (CA4Fheactive component of CA4P,
CA4, binds to the colchicine binding site on tubulin avatks by disruphg tumour

endothelial cells causing a decrease in blood flowtanturnecrosis(Tozer et al.,



2001) Tozer and her colleagues (2008) tested CA4P in a mouse fibrosarcoma model
They foundthatmouse fibrosarcomas expressordy theVEGF120 isofornmof VEGF
(FS120 tumoursyesponded well to CA4Pwhereas thosexpressing VEGF188
isoform (FS188 tumoursksponded less wellozer etal., 2008) This wasthought to

be becausES188 tumours haveore stabldloodvessels than FS120 tumolfiozer

et al., 2008) Another combretastatin derivative,morabulin is a predrug, which
showeda synergistic activity with cisplatin throughe rapid destruction of tumour
blood vessels ansubsequent necrosis when tested in animal m¢ielsenaga et al.,
2003) In 2015,a big phase Il randomized trial compared ombrabulin plus cisplatin
against placebo plus cisplatin in patients having advancedisafe sarcomas who
failed torespond to ifosfomide and anthracycline chemothefBfay et al., 2015)The
results of thisstudyshowed a significant improvement in progresdi@e survival in
patients treated with ombmalin and cisplatin compared to patients treated with
cisplatin alone. Howevetthis drugfailed to showmeaningfulclinical benefitfor

patients with advanced ST&®,support itsoutineuses in theclinic.

Inasubcut aneous Ewingds sar comatreatmensoe model ,
mice with OXi4503/CA1P (second generation tubulin binding ageat)seda
shutdown of vasculatureompletely within 24 hoursand haemorrhage with necrosis
after 48 hourgDalal and Burhill, 2009). Furthermore, theffects of OXi4503/CA1P
wereenhanced whedoxorubicin wasised concurrently and tumour growth delay was
observedThese studies demonstrate that VO#sve potentiatherapeutic agent®r
cancer treatmengribulin mesylaé (Halaven) a synthetic drug derived from marine
spongeHalichondria okadai was approved by the FDA in 2016 for treatment of
liposarcomakEribulin works via disrupting the microtubuleeversiblyby preventhe
formation ofthe mitotic spindleandsubsequety cell cycle arrest thatauseapoptosis
(Smith et al., 2010)In a randomisg openlabel phase 3 trial, Stoeffski and his
colleagues showed a significant improvement in overall suryikah 8.4 months to
15.6 months)for patients with advanced liposarcoma treated bpuén versus
dacarbazin¢Schffoeffski et al., 2016)



1.4 Tumour microenvironment

Stephen Paget 0s theory I n 1889 was t
microenvironment (TME). It suggests that metastases needsuitable tissue
environmenf(soil) to help tumour cells (seeds) to gr@¢®aget, 1989)Thus the TME

is currently considered as a network of tumour cells as seetishastromal tissue
(fibroblasts, immune cells, cytokines and vascular tissue) and the extracellular matrix
(ECM) as the soilBalkwill et al., 2012) The TME is produced as a result of the
communication betweerancer cells and nemalignant cells, the lat havingumour
promoting function at all stages of carcinogen@édmnahan and Coussens, 20I)e
communications beveen cells areletermined by many chemokinaesd cytokines
inflammatory enzymes, growth factors, and matrix remodeling enzymes. Multiple
studies have indicated the similarities between the process of wound healing with the
cells of TME in their structureactivities and developme(Grivennikovet al., 2010,
Hanahan and Weinberg, 2011)

1.4.1Tumour cells

Tumour cells promote their own survival, proliferation and spread through many
mechanisrg includingsuppression of apoptosis, evasion of the host immune response,
deregulated proliferation, induction of neovascularizationrandility (Hanahan and
Weinberg, 200Q0)Cancer cells in the TME suffer from genetic and epigenetic instability
making them more aggressive and out of control. Hypoxia anoii/peoxygenation
caused by rapid tumour cell proliferation and vascular abnormaditeesrajor drivers

of genomic instabilityPires et al., 2010, Harding et al., 201Rgactive oxygen species
(ROS) that are formed due to the hypoxic environmmethin the TME cause damage

to the DNA such as single or double strand breaks, DNA aberrations, and point
mutations, and so on. Moreover, hypoxia by itself impairs DNA damage (§b&ing

et al., 2002)hich contributes to genetic instability.
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1.4.2Stromal tissue

Stroma is the connective and supportive tis8atkwill and colleaguegBalkwill et

al., 2012)described TME stromal cells as fibroblasts, myofibroblasts, immune cells,
pericytes, and vascular endothelial cellfie main cells within cancer stroma are
fibroblasts. They are spindtbaped andetabolically active cellthat are responsible

for the production and toover of ECM These cells cause fibrosis through their
differentiation into myofibroblasts during tissue injury(Li and Wang, 2011)
Fibroblasts within cancer stromare called canceassociated fibroblastsCAFs),
activatedmyofibroblasts or tumourassociated fibroblastd.i et al., 2007, Kalluri,
2016) CAFs expressUsmooth muscle actind(SMA), fibroblast specific protein
(FSP}1, and plateletlerived growth factor receptebs(PDGHR-b) (Sugimotoet al.,
2006, Anderberg et al., 2009JAFs are a source of matrix metalloproteases (MMPS),
plasminogen activators, and cathepsimbich all have protease activignd induce
invasivenesg¢Roy et al., 2009, Boire et al., 2005, Xing et al., 200MNIPs were shown

to be essential in the growth of tumours, angiogenesis and metéStatisrstevenson

et al., 1993, Boire et al.,, 20059s MMPs release growth factors such as angiogenic
factors and chemokines that bind to the matrix which then stimulate tumour cells to
grow and endothelial cells to form new blood ves@eisndhaug, 2003, Bergers et al.,
2000, lozzo et al., 2009, Ebrahem et al., 20D@spite the fact that CAFs are thought
to betumourpromoting, astudy conducted by Oezdemir and his colleagues have shown
the opposite. They showed that depletion of CAFs from pancreatic cancer in mice leads
to increase tumour invasiveness and hypoxia waittecrease in the immunity and
survival (Oezdemir et al., 2014More information about &Fs will be discussed in

detal later in this chapter.

Anotherimportant stromal cell in the TM&igure 1.2) is the vascular endothelial cell.
During cancer growth certain chemokines and growth factorsvidkFs fibroblast
growth factors (FGFs) and PDGstmulate endothelial cells and pericytesirive the
process ofneovascularization(Carmeliet and Jain, 2011pPericytes are another
important stromal cells which have stem 4 properties and may constitute@urce

of myofibroblastsprogenitors in addition to their functions such as induction of
angiogenesis, sustaining tumour growth, metastasis and imsappeessiofArmulik

et al., 2011) Pericytes are found surrounding blood vessels and express markers like
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PDGF recepteb , NG2 and desmin, emmiationrofepericytes t me n t
dependbn signaling pathways of PDG#ansforming growth factor be{@ GFb) and
angiopoietin(Gaengel et al., 2009Pericytes limit tumour metastasis through their
desensitization effectsn the endothelium to VEGF and making blood vessels more
stable; consequently, tumour cells find it more difficult to get through them to
metastasi¢Gerhardt and Semb, 2008, Armulik et 2011)

Tumourassociated macrophaf@ AMs) areimportantinnate immuneells within the
TME. Different cytokines, chemokines, and growth factors play a role in the
recruitment of racrophagesionocytes cells to the TME such asmonocyte
chemoattractant proteih (MCP-1) (Qian et al., 2011)VEGF (Valkovic et al., 2002)
PDGF (Solinas et al., 2009And plasminogeiPhipps et al., 2011)hese recruited
monocytes differentiate into M1 macrophages {pfammatory) and M2
macrophagespfo-tumorigenig. In the TME, macrophages that related to tumour
dewelopmenthavean M2-like phenotypgSica and Mantovani, 2012, Mantovani and
Locati, 2013)Presence of TAMs in the tumour stroma catisesesistance oftamour

to treatment with andngiogenic agents. Firstlys daypoxia is a major feature of the
TME, TAMs secret multiple preangiogenic factors (in response to hypoxia) that
activak endothelial cells and enhararegiogenesiéMurdoch et al., 2008, Schmidt and
Carmeliet, 2010, Mantovani et al., 201B)oreover, treatment of tumasiwith antk
VEGF therapy casause¢umourhypoxia, potentially resulting in recruitmentbAMs

to theatumour, leading to thesupplyof pro-angiogenic fact@to re-start angiogenesis
(Tripathi et al., 2014)

TAMs also aid in thelegradation of ECM via secretion differentMMPs, which can
contribute to metastagisluang et al., 2002, Murdoch and Lewis, 200%)e important

role of immune system to control or prevent cancer has been studied since years.
Neverthelessgcancer immunotherapy has become a reality only within the last two
decadesFor cancer immunotherapy, two approaches are currently in progress: direct
targeting of the tumour and indirect targeting the tumour (via activafiommune

cells) (Sathyanarayanan and Neelapu, 20T8g response to immunotherapy depends

on the interactions between cancer cells andnimeunomodulators within the TME.

This means that the key role in the activation or reduction of the immune responses is
the TME(Tang et al., 2016)
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Understanding theommunicationbetweerthe TMEand mmunotherapy is critical to

provide newmethodsan improving theeffectivenes®f current immuotherapies.

1.4.3Extracellular matrix

ECM is a noncellular elemenbf tissuethat provides physical support and regusate

the function and homeostasis of all eukaryotic c@lls et al., 2011) The main
componentsf the tumour ECMare elastin, collagen, proteoglycans and other essential
proteins which are sythesizednainlyby CAFs.Cell surface receptors called integrins

bind components of the ECM and promote cancer angiogenesis, growth and metastasis
(Alphonso and Alahari, 2009The spread a@hprogression of cancers depandinly

on the ECM, as the adhesioha cell to the ECM is a key to the movement of cancer
cells out of and into the TME.

Because of increased ECM deposition and remodeling as a consequence of altered gene
expression of CAFsumaurs arestiffer than the surrounding normal tissues. Itleesn

shown that the lysyl oxidase (LOX) enzyme causes dnokimg of collagen fibers and
contribute to stiffening of the matrifLevental et al., 2009)The cells adhere to the
matrix through integrins and produce enzymes that can degrade matrix and therefore
allow them to move/migte through it which is an important step in tumour metastasis
(Taddei et al., 2013)
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Figure 1.2 Tumor Microenvironment cells: TME consist othe parenchymal cell
(malignant cells, and cancer stem cells) which are responsible of tumor recy
and metastases, and the stromal cells like endothelialroedgnchymal stem cells
cancer cellspericytes, immune cells, inflammatory cells, aintatdblasts When
fibroblasts activated and acuoulated in tumor area, theplled CanceAssociated
Fibroblasts (CAFs), which cause fibrosisThis Figure based on figure frol
(Hanahan and Weinberg, 2000)
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1.4.4Hypoxia and TME

Hypoxia isavery comnon feature in solid tumours and, as mentioned abbwegurs
becausetumour cells proliferate avidJywith alteration of tumour metabolism and
development of abnormalmour blood vessels that causdecrease in oxygen and
nutrients(Vaupel and Harrison, 2004%tudying tumour hypoxiasivery important
becauses strongly related to many factors that support tumour growth as well as
radioresistance in malgnt tumours, recurrence oft@mour after radiotherapy and
even in determining the prognosis ohcar patients after R{Brown and William,

2004, Aebersold et al., 2001)

Hypoxia in tumours is classified into two types; agoegfusionlimited hypoxiaand
chronic diffusion-limited hypoxia, this division was according to the duration of
exposure to hypoxia and the causative facBrewn and William, 2004)In chronic
hypoxia, there is a gradient of oxygenation that surrounds the pesfasselsthis

mears that within this oxygen gradient, there are cells with different oxygen
concentrations (normoxic cells near the vessels and cells anoxic in distallaracisie
perfusion limited hypoxiathe instability in blood flow inside the vessels may cause
rapid fluctuatons in oxygenation levels intamour(Lanzen et al., 2006)

It was establislthat cancer cells become more invasive, aggressive and metastasize in
hypoxic conditions. For example, culturing of multiple myeloma cells in hypoxic
conditionsin vitro and then injecting them into mice allowed these cells to metastasise
into otherbone marrow (BM) compared to the same cells cultured within normal
oxygen conditionAzab et al., 2012, Muz et al., 2015foreover,in vivo studies by
Cairns et alshowed that mouse sarcoma tumours exposed to acute hypoxia enhanced
their metastasis to the lunffSairns et al., 2001)

Hypoxia leads tahe formation of thetranscription factorhypoxiainducible factor 1
(HIF-1), which is positively related tilve degree of hypoxia insidéwamour(Semenza,

2000) There are thregypes of HIF with theiroxyges ensi ti ve AdUsubunit
HIF-2-U a n d3-UWafg et al.1995) which are stabilised under hypoxithas
been shown that HIE plays a role in the regulation gfaracrine signalling molecules
sucha§GFb , P-b Gébasitfibroblast growthactor(bFGH, secreted by hypoxic
tumour cells(Caniggia et al., 2000, Moeller et al., 2004, Schito et al., 200i&)se
paracrine signalling moleculemhance changes of progenitor cells into CAGitkes
et al., 2014)
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Moreover,hypoxia was shown to bance the expressiafi CXCL12,stromal derived
factor 1 alphgSDF1U) r eimneapytcalgSchioppa et al., 2003ndSDF1-U h a s
been shown to promotbegrowth of cance(Orimo et al., 2005)

Regarding effects of hypoxia on ECMhas been shown that HIFenhanced fibrosis
in theliver, kidney and adipose tissue via its remodeléffgcts orECM (Moon et al.,
2009, Halberg et al., 200Bljggins et al., 2007Moreover, HIF1 and HIF2 havebeen
shown toenhance breast cancer metastasis thrtheghanscription of integrisubunits
U5 a r{Jd et &1.12017)n addition to integrig, the synthesis of ECM proteissch

as collagen and fibronectoanregulateby hypoxia. It has been shown that secretion
of collagen cameregulate by HIF at different stage@entovimet al., 2013, Eisinger
Mathason et al., 2013Beside these effectsypoxia causeECM degradatiomhrough
the activity of MMP2, MMP9 and MMP15via HIF-1 (Krishnamachary et al., 2003,
Choi et al., 2011)

It is well known that endothelial cellsvhich are crucial for the structu# blood
vessels, play a key role the migration of tumour cell¢Franses et al., 2011lf was
shown thausingendothelial cellsleplded of HIF-1 (taused decreasenigration of
cancer cells viandothelial cellsThese results were opposite ifusingt?2lB depl et i on,
in which the migration of cancer cells washancedThis differences between HE U
and HIF2 U ¢ o u | d thdireabilities te differentially regulate nitric oxide, that
regulats endothelial cefunction(BrancaePrice et al., 2012Many studieshowedhe
involvement ofHIF-1 U a n-# Gtlll skages of blood vessels formati@emenza
and Wang, 1992, Conway et al., 2001, Carmeliet, 2005)

HIFs arealsoinvolved intherecruiimentof endotheliaprogenitor cells fronBM into
tumour tissueand cause their differentiation intendothelial cellsvia VEGF
stimulation of VEGFR2, and PDGKConway et al., 2001, de la Puente et al., 2013)
Hypoxiaalsoenhancetumour metastasis vepithdial-mesenchymal transition (EMT)
(Thiery and Sleeman, 2006EMT in hypoxia is associated with decrease of
epitheliatassociated gene expressiob-catenin and Ead) and increase in
mesenchymalike gene expression (SMA, vimentin;¢&d, and CXCRA4{Kim et al,
2002, Hsu et al., 2000, Manotham et al., 2004, Muz et al., 2BaBhermorehypoxia
increased GFb that regulateEMT (Azab et al., 2012)
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It was demonstrated that inhibitioaf the hypoxiainducible enzyme, carbonic
anhydrase 1X (CAIX), caused decredggowth and metastasis of tumo(ksu et al.,
2011)

Although severehypoxia isultimately toxic for cells, many tumour celsre adapted
for a hypoxic environmentfor instance by upregulation of enzymes involved in
glycolysis, and hypoxia is even involved in tumour cells becomggistant to
treatment wittRT and chemotherapfRohwer and Cramer, 201Tjhe mechanissof
hypoxiainduced resistancef tumour cells to treatmennhclude cell cycle arrest,
reducel apoptosis and senesceraned control p53, autophagy and mitbondrial
activity (Das et al., 2008, Rohwer and Cramer, 20Mgreover, hypoxia affectthe
delivery of drugs and cellular uptake of the chemotherapy via drug efflux pump
expression likgpermeability glycoproteifP-gp) (Abraham et al., 2CH).

1.5 Cancer-Associated FibroblastCAFs)

1.5.1Characteristics and activation of CAFs

CAFs arelarge heterogenouspindleshape cellshat represenmajor components of
stromal cells withinhe TME The most common origin of CAFs are resident fibroblasts,
butit is thought thathey caralso originatdrom pericytes, adipocytes, epithelial cells,
endothelial cells, anchesenchymal stem celSCs (Anderberg and Pietras, 2009)
Earlystudies did not show ameffects of CAFs otumour progressiqgrbut later studies
haveshownthat CAFs arémportant cells in cancer development and progreg§ion

and Chiarugi, 2012, Franco et al., 201 has been shown that cancer proliferation
and survival in the TME depends @AFs that maintainhe microenvironmen(Cirri

and Chiarugi, 2012, Marsh et al., 2018pme studies showed that targeting cancer
cells therapeutically using artancer therapies is not enough without targeting CAFs
that maintain the TMESun, 2015) Although activated CAFgenerally express
fibroblag activation proteird ( FJAADGF receptotd and b, dMSMA vi ment i
is the most common markeused torecogniseCAFs (Sugimoto et al., 2006, Park et
al., 1999, Kim et al., 2015)
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1.5.2Role of CAFs in cance

1.5.2.1CAFs andtumour growth

It has been shown that CAFs enhance tumour granmthsurvival, migration, and
invasivenessf tumoursby secreting paracrine and/or autocriy®kines chemokines
and growth factordike hemtocyte growth factor (HGF)epidermal growthfactor

(EGP), insulin-like growth factor [GF 1 & 2), andthe receptomtegrinU 1 (Destman
and Augsten, 2009Thesecytokines and chemokisesecreted by CAFRsontribute to
therecruitment oBM-derived MSCsnd immune cellsito the TME(Servais and Em
2013) It hasbeen shown that CCL5, CCL14, and CClatBDF1 (play roles as pro
metastatic factorgLuker et al., 2012, Augsteet al., 2014, Mi et al., 2011These
factors (especially SDE U nd T&Fb cause recruitment of BMerived CAFs into

tumour stromgQuante et al., 2011)

Mi et al, 2011showal in oral cancer that chemokinklCP-1, expression werep
regulated in CAF4Li et al., 2014) This increase in MCR level promoted the
secretion of ROS in the cancer cells which later cgqueéferation, migrationand

invasionof the tumour cell¢Li et al., 2014)

CAFsalsocause ECMlegradatiorthroughsecretion oMMPs such as MMP3 which
enhancetumour invaivenesgLochter et al., 1997)MMP3 enhancedleavage of E
cadherin protein of epithelial cellsnammary), which themndergoan epitheliatto-

mesenchymal transition thahhancesancernvasiveness.

1.5.2.2CAFs and tumour angiogenesis

VEGF has been shown to play a crudiale in angiogenesis and lymphangiogenesis
and subsequent cancer progression and meta&agisiyaand ClaessofVelsh, 2006)

In addition to tumour cells, primary source of VEGF in th TME is CAFs which
increase theiexpressiorof VEGF due to cancestromal cellsignalling interactiors
(Gomes et al., 2013l has been shown that production of VEGF within TME depends
on PDGF derived from CAEFSDGFactivates VEGF via itsreceptor(PDGFR)that
plays an important role in angiogenesisough recruitment of resident fibroblastsd

BM stromal cell§Gomes et al., 2013, Ferrara, 20K} stromal cells can differentiate

into smooth muscle cells amahdothelial cellshat proliferate and migrate in response
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to PDGF(Ferrara, 2010)Endothelial cellproduce PDGHBB that causeecruitment
of pericytes to the vessel wall asdbsequent angiogenegghang and Liu, 2013,
Bergers and Song, 200%3nother study suggested thatolon cancercells stimulate
fibroblaststo secrete IL6 that then causesngiogemsis (Nagasaki et al., 2014)
Moreover, when IL6 receptor was blocked usiageutralizing antibody, angiogenesis

was inhibited.

1.5.2.3CAFs and tumour metastasis

Many studies showed the role of CAFs in tumour metastiaisgiannis et al., 2012,
Pavlides et al., 2012%50me studies have suggested that the CAFs have mesenchymal
like phenotype that might cause enhancement of cancer metgd&tasisnt et al.,
2013) A recent study by Wang et al, 2017 showed that conditioned r@hiafrom
CAFs thatwere isolated from lung cancercreasd the migration of lung cancer cells
in vitro (Wang et al., 2017)Moreover,in this study,CAFs caused EMTincrease
vimenin level and decreased-dadherin level)that promoted lung cancer cells
metastasis.

It has been shown in gastric cancer that the expression of SRF (esponséactor)
was high infibroblasts causing cancer cefletastasisvia increasing SDAUCXCR4
signalling(Qiao et al., 2016)CAFs secrete SDEUthat might cause EMT as shown in
breast cancer studies and oral squamous cell carci(®ooa et al., 2013, Onoue et al.,
2006)

In addition CAFs may cause metastasis by enhancing angiogenesis thigistmtoma
of tumous. A study by Guo et al, 2008 a gastricancer mouse modedhowed that
after activation of cancer cells, the stromal fibroblasts secrete VMEGRichenhance
angiogenesi$Guo et al., 2008)These studies suggest the important ofI€AFs in

the mediation of cancer metastasis.

1.5.2.4CAFs and cancertherapy

In cancer cellsyesistanceo treatmentnot only depends orgendic or epigenetic
modificationsbut alsoon the TME Although CAFs are more stable genetically than
cancercells, many studies suggested that CAFs make cancer cells more resistant to
therapiegCorreia and Bissell, 2012, Kerbel, 1997, Li et al., 2015, Kharaishvili et al.,
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2014) Some studies showed thhk cancer stroma contamrcytokinesor chemokines

that play a role inumour drugresistance

CAFs modulate ECMtancer cell interaction pathwagnsd chemokines and/or cytokine
signalingthatcause antcancer drug resistan¢@araiso and Smalley, 201%) BRAF
mutant melanoma cells, a study by Hirata et al.,, 2015 shovetdCiAFs play an
important role in increasing resistance to BRAF inhibitors (PILX4720). BRAF is a
human gene encody a protein BRafinvolved in cell growth. Melanomassociated
fibroblasts generate a fibronectich TME, which can sustaincancer cells d
fibronectina ¢ t i v airtegrm-BAKEERK signaling(Hirata et al., 2015)Moreover,
culturing melanoma cell lines witGM from tumour fibroblasts caused resistance to
treatment. In head and neck cancer, it has been shown that CAFs enhanced anti EGFR
drug resistance (Cetuximab) via secretion of MMPRJohansson et al.,, 2012n
prostatic cancer, Kharaziha andlleagus have showrthat culturing of primary CAFs
with prostatic cancer cells protected cancer cells from sorafenib cytotoxic effect via
overexpression of BekL (anti-apoptotic proteinfKharaziha et al., 2012 ovarian
cancer,it has been shown that thevel of MCR1 expression in paclitaxeesistant
ovarian cancer cell linesvas increasedMoreover, blocking of MCH caused
enhancement of carboplatin goakclitaxel drugs in ovarian canddfoisan et al., 2014)
MCP-1 wasinduced by CAFs via activation and phosphorylation of transcription 3
(STAT3). This CAF-derived MCP-1 regulated cancer stem cells via activation of
NOTCH signallingand in turn, enhanced cancer progresgisuyada et al., 2012)
NOTCH signalling regulates apoptosis and cell proliferation and differentiation
(ArtavanisTsakonas et al., 1999)

In thecancer stroma, CAFs are the common source of BIEXCL12). It has been
shown that SDAU and i t(EXCR4® signallingoactivate AktERK, and
adhesion kinase signalling pathways that caused resistance to cancer thaerapies
pancreatic cancéWeekes et al., 2012, Singh et al., 200Mpreover, any disruption

of SDF1lU/ CXCR4 signalling pathways caused
colon cancer cells to chemotheraffyomanska et al., 2012, Burger et al., 2011,
Heckmann et al., 2013)n conclusion, as CAFs play a key rate cancer growth,
metastasis, invasiveness, and angiogenesis, it is very important to find neanaeti

therapies that target them.
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1.6 Role of mesenchymal stem cells cance

Friedenstein and colleagues in 19&3cribed a grougf BM originatingcells that have
fibroblastfeatures, the ability to differentiate and showed clonal grovwEriedenstein
etal,1970) They <cal | ed -ftohrensien gCapiha Uskdsfite.mame n y
Amesenchymal s tthe ppputatoh dfBMederiveal tedsrthatfwere able

to differentiate into cartilage and bof€aplan, 1991)MSCs are multipotent (can
produce multiple types of specialized cel®ing able to differentiate intanuscle,
cartilage, bone andonnective tissue@rockop, 1997, Pittenger et al., 200MSCs
have an important characteristitmamely being able to migrate sites of tissue injury
like heart, kidney and skin, primarily due to inflammatory mediators wiigh
produced locally as a result of tissue damage and remod@Naget al., 2003, Morigi

et al., 2004, Li et al., 2006They expressurface markers like CD90, CD105, and
CD73 with the absence of hematopoietic markeasna et al., 2007)

In wound healingMSCs recruited to the wourelpsin homeostasis, tissue repair, and
immune modulation. In cancer, tumour cells that proliferatempaently and
invasively producean inflammatory microenvironmenta(wound that never heals)
(Karnoub et al., 2007)0Once in theTME, MSGs play important roles through their
special cellular interactianby either promoting or inhibitingumour cell growth
(Klopp et al.,, 2011) As inhibitors for tumour growth, MSE& block Akt and Wnt
signalling, suppress angiogenesis, and apoptosis through cell cycle(dasstand
Otte, 2012, Rhee et al., 2015uppression of tumour development has been shown in
different cancer types such as colon cancer, lymphoma, and meléNaksmizo et

al., 2005, Loelger et al., 2009, Grisendi et al., 2018% tumourpromotes, MSCs

can beecruited to dumour and activatedby TG t o form CAFs that pl
in tumour growth as described abovBarcellosde-Souza et al., 2016Moreover
Karnoub et al and Shinagawa eshbwed that MSCs caused immune modulation and
stimulation of tumour developmefiKarnoub et al., 2007, Shinagawa et al., 2010)
LocalMSCscan secretbioactive molecules that play anportant role in tissue injury

by stimulation of angiogenesis aoan havemmune modulatory effects tonaintained
homeostasi§Lazennec and Jorgensen, 2008, Uccelli et al., 200Bas been shown
that MSCs enhanced angiogenesis and tumour growth through their abilities to
differertiate into pericytdike, andendothelial cellike cells(Oswald et al., 2004, Ball

et al., 2004, Suzulet al., 2011)Moreover, ceculture of adipos-derived MSG with
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prostate cancer was shown to cause differentiation of MSC into endatikeliaklls

and increased tumour vascularity and enhancement of the tumour gtanvét al.,
2010, Prantl et al., 2010Many studies have shown that MSCs enhanced cancer
progression via promoting the metastatic ability of cances tajjether with their role

in EMT (Karnoub et al., 2007, Kabashiribe et al., 2013)By contrast, other studies
have shown that MSCs caused suppressivexstion the tumour growth. Ho and his
colleagues have shown that the human glioma tumour volume and vascularity were
reduced after administered humBM-derived MSCs with glioma cellHo et al.,
2013) In Ho et alstudy, MSCs caused suppressioratdimour through modification

of Akt signalling and inhibition of angiogenesis. Furthermore, a study by Otsu et al.
showed that MSCs were potentially cytotofaatiangiogeni¢ by generatingROSthat
inhibited tumour growtl{Otsu et al., 2009)

These opposingesuts may be becausexperimerg were done under different
conditions likedifferences inthe sources of MSCs useshme usedM-derived and

other used adiposgerived MSC.In addition each study used different timing
schedules andifferent cell administration methods. Moreover, culture méalian

vitro experiments do ndtave alltheactive factors thatrepresent irthereal stem cell
niche(Watt and Hogan, 2000)n murine gastric cancer due to chronic inflammation,

it has been reported that 20% of CAFs originated from resi8khterived MSCs

(Quante et al., 2011 heseMSC-derived CAFs were recruited totamour in response
toTGFb andl B.DFThese results suggested that
inflammation leads to relocation thfe BM-niche to gaumour ancconsequent increases

in MSC numbes promote cancer progression.

1.6.1Direct communication of MSC with tumour cells

One of the important wayin which MSCs interact with tumour cells is NOTCH
signallingthat regulate immune cell functionscell proliferation, differentiatiorand
tissue repaifKopan and llagan, 2009t has been shown th#te addition ofMSCs
enhancedreast cancer celigrowth both in vivo andin vitro via NOTCH pathway
signalling (Mandel et al., 2013)Moreover, blocking oNOTCH signalling caused
decreasg CD90 expression by MSand inhibitedhegrowth of tumour cell§Mandel

et al., 2013, Gelingt al., 2002)CD90 (Thy-1) is a cell surface protein expressed by
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MSCs, hematopoietic cellsndothelial cellsfibroblasts, andnyofibroblastgHaeryfar
and Hoskin, 2004, Craig et al., 1993, Saalbach et al., 18¥%90 helps toregulate
cancer cell proliferationgmigration, angiogenesisapoptosismetastasisand fibrosis
(Rege and Hagood, 2006, Saalbach etl@B9, Saalbach et al., 1996)

MSCs can also communicate with tumour cells by gap junctions that connect
neighbouringcells through gap junctional intercellular communication (GJ@&IIC
maintain tissue homeosia, and control cell growth and differentiatigfandouz and
Batist, 2010) It has been shown that breasincer cells can gaiCD90 via GJIC
signalling when cecultured with MSC. The expression of CD90 by breast cancer cells
was decreased wheap junction inhibitorsvereusedsuch as carbenoxoloilandel

et al., 2013)

Anotherway of communicatiorbetween MS&and tumour cells ihrough nanotubes,
which enableneighbouring cellso exchangemolecules, organelles, and glycoproteins
(Gurke et al., 2008Breast cancer cells have been reportaegsenanotube® obtain
mitochondria fronBM-derived MSG resulting in increased tumour cells proliferation
and invasiveneg€aicedo et al., 2015ormation of fusion between MSC and cancer
cells is also a way aflommunication that is raand its molecular mechanisms are still

poorly understood.

1.6.2Indirect communication of MSC with tumour cells

This occus throughsecretory mediatorffom tumour cellssuch as growth factors,
chemokines and cytokines that trigger intedlular signalling pathways via attaching
to receptors oheighbouringMSCs. MSCs activat and secrete different bioactive
compoungthatregulateadjacent cells such as tumour céelzer et al., 2016)it has
been shown that MSCsecrete C&hemokine ligand 5 (CCL5) or RANTES that
interact with receptors (chemotactic cytokine) like CCR5, CCR3, C@Rfnhoub et
al., 2007) In breast cancer, the-@otein coupled receptor (GPR7S)activated via
MSC-derived CCL2in a paracrinemanner, whichresulted in enhancement of
migration, invasiveness and metastatic ability of breasteracells(Karnoub et al.,
2007)
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Another way ofthe indirect interplay of MSC with tumour cells is via metabolites.
Many metabolites like indoleamine2dioxygenase or prostaglandins secretéaltime
tumour stromanotivateother cells in th@ ME in a paracrine wafLi et al.,2012, Yuan
et al., 2013)These metaboligaffect tumour growth and les&mlanalterationin cancer

cell properties such as invasion, selhewal and survival

Studies by Bonuccelli et al. (200di) osteosarcoma celisggestethat human adipose
MSC increased production ¢dictate in response to oxidative stress induced by cancer
cells. Subsequety, the lactate efflux receptor expression wakreased by
osteosarcoma celthat increased their ATP productiarich enhanced the migratory

ability of the tumour cell¢Bonuccelli et al., 2014)

MSCs canalsointeract with tumour cells via microparticles such as microvesibles
100 nm in diameter, plasma membrane origim) exosomegl0-100 nm in diameter,
endocytic originYLee et al., 2012)The cellular interaction between cancer cells and
MSCs in the TME occurred through microvesicles and exosompexeins, micre
RNAs, and functional mRNAg§Yang et al., 15a) It has been shown that MSC
derived exosomes produce MMPand ecteb -diucleotidase that modify tumour cell
function in TME (Yang et al.,, 2015a, Friedl and Alexand2011) Moreover, in
prostatic cancerdifferentiation of BM-derived MSC intoCAFs was enhanced by
cancer cellslerived exosomesand subsequent tumour grom@howdhury et al.,
2015)

Regarding anttumour effects of microvesicles, Wu and his colleagues showed, both
in vitro andin vivo that the growth ofbladder cancecells (T24)was inhibited in
response to microvesicles derived frandCs fromhuman umbilical corsl These

causeumourcell cycle arrest and apoptogizu et al., 2013)
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1.7 Tumour microenvironment and radiation

lonizing radiation is an important modality of curative and palliative cancer treatment.
More than half of cancer patients need treatment by radiation th@apsn et al.,
1992, Delaney et al., 2008)NA isthe main target of radiation leadit@ycytotoxicity.
Radiation effects are either directly through DNA damage, or indirectly by forming free
radicals inside cellfom interactions with tissue water. Theme highly reattve and
themselves damaging fNA. The direct and indirect effects of radiation depend on
the linear energy transfer (LEWhich is the energy transferred per unit length of track
(Eric and Hall, 2006)Moreover,tumour hypoxiccells duringRT treatment are about
threetimesmoreradiationrresistant than normoxic celBrown and William, 2004)

Apart from the tumour cells themselves, tumamdothelial cellsare relatively
radiosensitive, at least partly due to their rapid prolifera{idarker et al., 2015)
Tumour blood vessels differ from those in noritsdues, for instance in that, they are
tortuous and more permeabldue to structural abnormalities of théasement
membrangea relative paucity of pericytes and stretchingeoéothelial cells These
features may make them particularly susceptiblethation damagéFajardo, 2005,
Jain, 2003) The radiation effects on the tumour vasculature depend on many factors
such as radiation dose, fractionation, site and sidestdimour, and tumour typéRark

et al., 2012, Karam and Bhatia, 2015)

In fact, low dose radiation (<5 Gyyan enhancéumour growth viancreasd VEGF
secretionpromotingangiogenesigHeissig et al., 2005, Vala et al., 201Doreover,
Lerman and his colleagues showed that-ttage radiatiorf5 Gy) causs stimulation

of HIF-1U  endothelial cellghat upregulate SDE (and endothelial celmigration
(Lerman et al., 2010)n contrast, high dose radiation has been shown to cause severe
vascular damage and disruptiontbé TME (Song et al., 2015, Maeda et al., 2017)
Solesvik et al. showed thaithin aweek ofirradiation of melanoma xegeafts (human)
with single dosesf 10-15 Gythere waslamage to nearly half @il the tumoublood
vesselgSolesvik et al., 1984)Another studyshowed that vecular density of human
ovarian cancer xenograft was decreased to a half of control after irradiation with 20 Gy
(5 Gy/ fraction)(Dings et al., 2005)

Vascular damage caused by radiatian leado tumour hypoxia and release of HIF
1U(Figure 1.3). As discussed isection1.4.4 HIF-1Uenhancesecretion of cytokines

and chemokines to recrummune cells likeBM-derived cellsTheseBM-derivedcells
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candifferentiate intoendothelial celldy VEGF and PDGHAhn and Brown, 2009
Maeda et al., 2017, Conway et al., 200Ayltiple studies hve indicated the activation

of several genes bMIF-1 during hypoxiasuch as erythropoietin, glucose transporters,
glycolytic enzymes and VEG{Sutherland, 1998, Blouin et al., 2004, Williams et al.,
2005)

These activatedenesmake tumour cells more aggressive, radioresistant and able to
survive in adverse conditiond®RT can cause angiogenesis and ragisistance
(Koukourakis et al., 2001pecause radiation makes endothelial cells produce many
cytokines that work as proangiogenic factors like PDGF,-bGF TUNF b F-GF,
2 and (WaeEh&derger and Burd, 2004, McBride et al., 200®reover, radiation
causes sprouting of endothelial cetleeffirst step in angiogenesis) througimsulation

of nitric oxide pathways inside these céB®nveaux et al., 2008igure 1.3). Gorski

and colleaguereported VEGF ugegulation after radiation in severarcer cell lines
(Gorski et al., 1999)

Radiationcanalsoaffect CAFsAs mentioned earligfseesectionl.5), CAFs represent

the most common cells withitne TME that play a role in cancer growth, metastasis,
and angiogenesi€AFs havethe ability to recruitendothelial cellssia secretion of
SDF1; in addition, CAFs enhance secretion of EQkgrading enzymes (MMP4}.

has been found that CAFs and normal fibroblasts are radiarggisawsawi et al.,
2008, Papadopoulou and Kletsas, 2011, Tachiiri et al., 2B@&)ever, most of these
studies were on fibroblastrather than CAFs. Irradiation can cause senescence in
fibroblasts and release of cytokines, proteolytic enzymes, growth factorR@8d
which all enhance tumour formatigiRodier et al., 2009, Papadopoulou and Kletsas,
2011, Velarde et al., 2013, Liu and Hornsby, 200merestingly, senescenoecurs
more clearly after single dose radiation of lung CAFs rather than fractionated irradiation
with the same dodgellevik et al., 2012)

Radiation causeinflammation inthe TME and subsequent recruitment of fibroblasts
to the site of injury. Fibroblasts differentiate into CAFs via TeF t idreldased in
response to inflammation. CAFs secrete ECM proteinscdtiagen, fibronectin and

laminin which cause fibrosis ithelong term(Yarnold andBrotons, 201Q)
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Figure 1.3 The effect of hypoxia on tumour growth During tumour growth

or after radiation, tumour hypoxia increasand this leads to initiation ¢
Hypoxia Inducible Factor 1 (HHE), which thencausevascularisation in

hypoxic areas through VEGF upregulation, and angiogenesis formation.
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1.8 Radiation effect on MSC biology and subsequent fibrosis

Although radiation therapig an essential component of cancer therapy, side effects are
inevitable. Rdiation side effects are either acuilee skin erythema and desquamation,
mucositis, nausea and diarrhoeaorchowoni( | ong t er m) qualfybféfe t i ng p a
such as radiation fibrosis, and vascular dam@gntzen, 2006) The severity of
radiation longterm effectsdepends omadiaton-dose, treatment volume, afrdction
size. One ofhe important and liféghreatening radiation late effects is radiatinduced
fibrosis (RIF). The development of RIF is a complicated process that imdifferent
growth factors, cytokines, inflammation, fibroblast differentiation, and remodelling of
theECM (Wynn, 2008)

In regards tahe responseof MSCsto irradiation in human and mouseéhas been
shownin vitro that MSCsurvival after highdose irradiation was higher théor other
stem cells derived frorthe BM (Chen et al., 2006, Nicolay et al., 201A)study by
Islam et al.showed that adult human MSCs wenere radioresitant than embryonic
stem cellgIslam et al., 2015)ractionated or hyperfractionated radiotherapy of2.5
Gy has been shown to cause radioresistance in N\fB@suleasa et al., 2010, Clavin

et al., 2008)

In hypoxic conditionsSugrue et alshowedthathypoxia increased radioresistance of
mouse MSC#n vitro by increasingheir proliferation, DNA damage repair, and leng
term survival after irradiatio(Sugrue et al., 2014Moreover,another studgonfirmed
these results vivo and showed thatfter irradiation of porcine mandibular bone with
single ases of up to 18 GyMSCsthat survived maintained thearoliferation and
differentiationabilities (Singh et al., 2012)
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1.8.1Radiation and fibrosis

Fibrosis and tissue repaare strongly related tenyofibroblasts which commonly
originate from local fibroblasts. Within normal connective tissue, fibrolslagte
consideredhe most common cell type responsible tfog synthesis, remodelling, and
degradation of ECM in disease and hefians et al., 2003)-ibroblastglifferentiate
into myofibroblastgin cancer called CAFs3s a consequence obffogenic cytokines
secreted bynflammatory cells and other cellslinz et al., 2007)This differentiation

is called activation and ahis stage USMA appearsassociated wittcoarse fibres
responsible forthe contractile properties ofmyofibroblasts (Hinz et al., 2007)
Myofibroblastsare responsible fahe production of collagens type I, I, IV and V,
fibronectins and other matrix proteir(Sime and O'Reilly, 2001, Wynn, 2008)
Myofibroblastscompared to fibroblasts secrete large amounts of collagen and they
represent the main source of collagen in tissiRe@mos et al., 2001)Moreover,
myofibroblastgepresent thenain sources of proibrotic cytokinessuchas TG a n d
MCP-1 in idiopathic pulmonary fibrosi§Goodwin and Jenkins, 2008han, 2002)
Presence ofmyofibroblastswithin fibrotic lesions in animal models and in human
fibrotic diseases proved theaaskey cells inthe pathogenesis of fibros{Zhang et al.,
1994) Myofibroblastsplay a key role in wound healing through regulation of tissue
repair However, if their extracellular matrix secretion becomasacontrolled, it can
cause severimpairment oforgan function(Hinz et al., 2007, Yarnold and Brotons,
2010) Normally, fibroblasts (that express little or d&MA) produce low ECM, while
after tissueinjury; fibroblasts becomeactivated through cytokines released from
epithelial cells in response to the injury. The activated fibroblasy®f{broblast3
migrate to damagktissue to synthesesand deposit ECM. To prevent excessive ECM
depositionand tissue restoration, apoptosis is activgidynn, 2008) It has been
shown th& myofibroblastsare resistant to apoptosisvhich causs excessive ECM
production and scar formatigRamos et al., 2001)

RIF is one of the commonest lotgrm side effects of radiotherapy treatment that
develops byomplex molecular processinvolving different growth factors, cytokines,
chemokines, inflammation, and ECM degradatibime molecular mechanisms of RIF
are similar to other fibrotic diseasg&rnold and Brotons, 2010, Cheresh et al., 2013)
The first step in fibrosis is the remodelling of ECM in connectivsigsand mrduction

of myofibroblastdrom different celttypesvia fibroblast activation, or EM{Zvaifler,
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2006, Krenning et al., 2010n healthy tissue, the injury sponse and wound healing
dependn activation of fibroblasts and remodelling of ECRielefeld et al., 2013)n
fibrotic diseass, the activity of myofibroblastsremairs even after damage repair
(Wynn, 2008) Moreover, different types of cells are involved in regulation of tissue
such as epithelial angindothelial cellsn addition to immune cell§renning et al.,
2010, Milliat et al., 2006, Xiao et al., 2018everal growth factors, hormones, and
mediators drive or suppress the fibrotic proc€&Fb, connectiveissue growth factor
(CTGF), and interleuki® (IL6) act as radiation fibrosis indusdKruse et al., 2009,
Haydont et al., 2008, Gaugler et al., 2Q0&)ereadibrosis suppressors inclugamma
interferon, hepatocyte growtldtor, and thrombomodulifiHu et al., 2009, Gottlober

et al., 2001, Yarnold and Brotons, 2018)cascade of active cytokines persiatter
irradiation which isresponsible for longerm radiation tissue damage effe@&valia

and Mansfield, 2008Y he initiation of this cascade is stilhclear, but may be radiation
leads to activation of magphages and monocytes that secrete cytokines |ie IL-

6, and tumour necrosis factor alpha (TBlLFwhich attract other macrophagesd
monocytes.These activated macrophages synthesize cytokines (fibrogenic) such as
CTGF, TGFb, and PDGF which are responsible tbe synthesis of ECM proteins,
MMPs and their inhibitorgissue inhibitors of metalloproteinad@$MPs) (Haase and
Rodemann, 2004, Bentzen, 2006)

RIF is a complex process thatdriven bymultiple intracellular signallingpathways
including Smad signalling related tdGFb, rho/ROCK kinase signalling, integrin
signalling, DNA damage response (DDR), and stress response sig(idilireg et al.,

2006, Puthawala et al., 2008, Haydont et al., 2d8&h DDR and stress response are
important in radiotherapy treatment of cancer as they determine the normal tissue side
effects from irradiation and the effectiveness of the treatrfdading et al., 2013)
Radiation lads to ROSand different DNA celcycle arrest throgh activationof
checkpoins and subsequent apoptos{€heresh et al., 2013, Moding et al., 2013)
Long-term radation response leads to delayed onset genomic instability with loss of
ability of the tissue to regenerate that caused tissue dystrophy and radiation fibrosis
(Koturbash et al., 2006, Sperk et al., 2012, Westbury and Yarnold, 2B&8jation
cause damage to the DNA of the cells within the irradiadeeas butellsalsosecrete
factorsthatcause DNA damage dfistant cells through bystander effectKoturbash

et al., 2006Dickey et al., 2009Many studiesuggest that lorterm radiation effects
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rely onloss of stem cells, persistent DNA damage, changes in cellular signalling, and
genetic/epigenetic deviatioisoturbash et al., 2006, Dickey et al., 2009, Coppes et al.,
2009, Kuhmann et al., 2011, Yarnold and Brotons, 20hummaryinflammation

playsa key role in thelevelopment oRIF.

1.8.20rigin of myofibroblasts (CAFs) in cancer

There are different types of celtem which CAFscan originaten canceFigure 1.4).

The main source of CAFs is from resident fibroblasts that (weoe
activated/differentiated byGFb (Postlethwaite et al., 2004As described previously,

in response to the tissue injury, epithkelcells secreteTGFb t hat i nduce
differentiation of fibroblasts toCAFs However, evidence from rearch have
suggestedalternative sources tha@AFs may originate from. It was shown tha
epithelial cells macrophageand pericytesindergagphenotypic differentiation to form
CAFs(Flier et al., 2010, Lamouille et al., 2014, Zeisberg et al., 20&fdhelial cells

can differentiate into CAF$itoughEMT in the presence of TGE Moreover, it has
been suggested th&AFs can deive from endothelial cellshrough endothelial
mesenchymal transition (EMT) (Kalluri and Neilson, 2003)In the En-MT process,
endothelial cellsgain mesechymal properties andxpressesCAFs differentiation
mar k e r sSMA, collagensUand vimentin and decreaselothelial cellmarkers
such as vascular endothelial cadherin {8#€lherin)(Zeisberg et al., 2007a)imenez

et al and Kong et ahave showrthe involvement of ERMT in the cevelopment of
pulmonary fibrosis (in systemic sclerosis), cardiac fibrosis and intestinal fibrosis in
humangJimenez, 2016, Kong et al., 2014)is not yet understood why EMT plays

a role in the pathogenesis of fibrosis in humans. Understanding of molecular
mecharsms of ERAMT involvement infibrosisshouldhelp inthedevelopment of novel
antifibrotic drugs.

Another source o€AFsis from BM stem cells or tumour MSC# has been shown
that circulating fibroblasts derived froBM can differentiate int€ AFs(Bucala egl.,

1994, Ebihara et al., 2006Jhese mesenchymal stem cell progenitors (fibrocytes) have
the phenotype of fibroblast/myofibroblastsichthey express collagen I, CD34, and
CD35(Ebihara et al., 2006, Brittan et al., 2002, Forbes et al., 2804pughit appears
thatCAFsderivefrom differentiation of many cellular types, the main sourc€AFs

remainshe resident fibroblasts.

31



Macrophages  Pericytes

Resident Fibroblasts CD 34 progenitors
( fibrocytes)
4(11')‘? 1 Q
0, (\
D[’[‘[- II/ &z‘e
“eny, 0{‘
tlatl-oll - =

\\y\(‘ Myofibroblasts E/h’
,Q)
Q& ( CAFs) ?,Q
‘ﬁc’ ,[ Y ”
Epithelial cells

W

Mesenchymal stem cells

Endothelial cells

Figure 14 Origin of Myofibroblasts (CAFs) in cancer t CAFs originate from
different sources such as: resident fibroblasts, circuls@iomg marrowprogenitors
(fibrocytes), endothelial cells experiencing endotheti@senchymal transition (Er
MT), pericytes, macrophages, MSCs and epithelial cells expergrgitheliat

mesenchymal transition (EMT).
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1.8.3Role of TGF-bin RIF

183.1TGF-b overview and superfamily

TGFb is 25-kDa multi-functionalpolypeptide cytokinghat play an important role in
fibrosis. It regulatesifferentiation and proliferation of cells, development gnolwth

of organs, immune response, apoptosis, tumour growth and suppré3$Saotivan

and Levin, 2003, Bentzen, 200G)GFb belongs to a superfargilof more than 60
proteins (29 of them encoded by the human genome) that regulate homeostasis,
embryonic development, control of cell cycle, and wound heafinmulticellular
organisms(Feng and Derynck, 2005, Leask and Abraham, 200@}-b is present as
three isoforms{GFb1-3) that have similabiological activitiegGorelik and Flavell,
2002) Althoughin humansall three isoforms are expressdéide TGFb1l isoformis

most prevalenandis associated wittissue fibrosigWynn, 2008)

Increase ECM deposition Induce EMT
&
prevent degradation \ /
Anti-apoptotic in fibroblast €= —> Pro-apoptotic in

epithelial cells

Differentiation of fibroblast to
Induce fibroblast proliferation myofibroblast

& migration

Figure 1.5Pro-fibrotic effects of TGF-b 1
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1.832TGE-b signalling

The secretion of th€ GFb from most cellslike CAFs andmacrophages)ccursin a
latent form, which need® be activated ithe extracellular space in order to bind to
the receptorTGFb is stored inside cells aninactivehomodimerform thatis bound
to latencyassociategeptide (LAP thatkeepsTGF-b inactive Its activationoccursby
dissociatiorof the LAP (Lawrence, 2001)This means thaifter expsure to triggering
factors including ionisingradiation the large amount of latenftGFb in the
extracellular space can be mobilized. It has been shownvitiat a few minutes or
hours after exposure to ionizing radiation with.1 Gy, TGFb becomesactivated
(Ehrhart et al., 1997, Ewan et al., 2008henTGF-b becomesctivated it can bind
to its receptorIGF-b R1 andTGFb R2, whichthen activate a family of transcription
factors called SmadThrough Smag] TGF-b signalling transmittedownstreanfrom
the receptor to the nucleun addition,an alternative noSmad pathway has been
describedncluding p38, MAPK, mTOR, RAS, P42/p44 MAPKZhang, 2009)

Smad pathways regulate translation, transcription, microRNA biogenesis, post
translationamodificationsand protein synthes{glussey et al., 2011, Mu et al., 2012)
Within the Smad family, there are three stypes: inhibitory Smads {$mads),
receptos that regulate Smads {€mads),and common partner SmadsofSmads)
The phosphorylation dR-Smads, Sma@& andSmad3 occurafter activation offGF

b receptor | kinaseThen,a heteromeric compleis formed fromSmad2 and-3 with
co-Smad (Smadl). The resultantcomplexthenimportedinto the nucleus toegulate
gere transcription(Attisano and Wrana, 2002, ¥ecchia and Mauviel, 2002$mad

6 and -7 work as inhibitas for signalling by inhibiting gee induction through
preventing phosphorylation of-Bmad(Nakao et al., 1997Figure 1.6).
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Figure 16 Roleof TGFb i n radi ation fi brosi

TGFb activated by ionizing radiation that leadslissociation from the lateney
associated peptide (LAP). Moreover, radiation causes damage to endd
cells, which in turn leads to the secretion of chemokines andilpotic

cytokines such as TGE . -derwed chemokines recruit macrophages
monocyes, which cause apoptosis and further release of growth factor
cytokines like TGFb . These extracel l-ul arg

pathway activation through Smad pathways. The phosphorylation of-3n
and SmaeB occur after activation of TGE receptor | kinase. Then,

heteromeric complex formed from Smadnd-3 with coSmad (Sma-4). This
resultant complexransmitted into the nucleus to regulate gene transcrip
Smad7 works as an inhibitor for signalling by inhibiting gene inductiontlgh
preventing phosphorylation of-Bmad and Smad. The final result from this

process is increased ECM proteins like collagens.
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1.8.3.3TGF-b and fi brosi s

As previously mentioned,GFb hasstrong prefibrotic effectson epithelial cells and
fibroblasts,so it playsan importantrole in the development diibrosis It hasbeen
shown bothin vitro andin vivo, that TGFb inducesfibroblast differentiation into
myofibroblastgDesmouliere et al., 1993, Sime et al., 199HRere arehree ways by
which TGFb enhancs fibrogenesisFirstly, TGFb cause remodelling ofthe ECM
via suppression ofthe MMPs enhancing production of tissue inhibitor of
metalloproteinasegene(TIMP3), and subsequedsgtinhibits ECM degradatioiiMartin

et al., 2000, Eddington et al., 2007)

Secondly through Smad signallingilGFb leads tothe formation of myofibroblasts
throughEMT. DuringeMT, the epithelial markers like-Eadherin and cytokeratins are
downregulatedwhi | e mesenchymal ma r {SMA are Upi ke vim
regulatedXu et al., 2009)Through EMT, epithelial cellgaininvasive and migratory
properties of cancer stem cealfmt candifferentiateinto differenttypes of cek (Jain et
al., 2007, Mani et al., 2008} hasbeen shown that in adult $ise, both fibrinogenesis
and wound healing displaying EM{Kalluri and Neilson, 2003)Thirdly, TGFb
enhancsproduction othematrixvia Smad3 dependent or neBmad mechanisifh.an,
2003) It has beershown that the Sma8l levels increased in many fibrotic models,
moreover, mice with Sma8 knockoutwere protected from lung fibrosis induced by
bleomycin drug(Liu et al., 2003) A study by (Roberts et al., 20068howedthat

fibrinogenesis was redad in mice after deletion of Sm&dthat blocks EMT.
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1.8.4Connecive tissue growth factorin cancerand fibrosis

Connective tissue growth facta€ TGF or CNN2 isa matricellularprotein that plays
arole in fibroblasproliferation andproduction of matrixand granulation tissué&eask

and Abraham, 2004, Yarnold amifotons, 201Q)It is a 36-38 kDa protein andvas
discovered in 1991 as a secreted protein inQkhefrom HUVEC (Huma umbilical
vascular endothelial cellgBradham et al., 1991Yumour growth and progressio
related to CTGF expressionofFexample CTGF expression in breast cancer increased
in bone metastasiKang et al., 2003and wasassociated with bad pgnosis in
oesophageal canc@foliopanos et al., 2002and increagkinvasiveness in paneatic
cancer(Wenger et al., 1999)0n the othehand, some studies show#tk reverse.
Shakunaga and his colleagues shgwedchondrosarcomahat the expression of
CTGF was negatively related to tumour growth and g(&tekunaga et al., 2000)
Moreover, amother study showed that over expression of CTGF was related to
decrease oral squamous cell carcinoma tumour grogdoritani et al., 2003)Leeand

his colleagues showed that CTGF was resiia for differentiationof humanBM-
MSCs intofibroblasts thaexpressedncreasd collagenl, or intomyofibroblastsn the
presence of TGk (Lee et al., 2010)

It has been shown that, i n fibroblasts, CT
collagenl, fibroned i n and (Fdagier etralt, #996)dTGF also mediase

endothelial cellmigration, proliferation, differentiation and enhanced angiogenesis

(Shimo et al., 1999, Babic et al., 1999)

Regardingherole of CTGF in fibrosis,he fibrotic activity ofTGFb is dependenbn
CTGF activities(Mori et al., 1999, Parada et al., 201B)oreover,in fibrosis and
wound healing the CTGF expression is increased alontsd®f TGFb (Barrientos

et al., 2008) Leask and Abraham suggested that som&@®F-b6 functions like
secretion oECM (collagen and fibronectin) and fibroblgsbliferation are mediated

by CTGF(Leask and Abraham, 2004) has been reported that after being secreted
from cells, CTGF interastwith different growth factors and cytokines like VEGF,
TGFb, IGF1, BMR4 and BMR7 (Yang et al., 2010, Liu et al., 200Th human skin
fibroblasts, previous studies have shown fh@~b causeda huge increasén the
expression oCTGF mRNA(lgarashi et al., 1993Moreover, TGFb required CTGF
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to activate SmadERK1/2 signalling ilo effects on Sma8 phosphorylation
(Nakerakanti et al.2011) Throughthe Smad3 binding site athe CTGF promotor,
TGFb causé fibroblasts to expresSTGF (Verrecchia and Mauviel, 2007)

The upregulation of CTGF in fibrosis was evident in different studfestudy by
Nguyen et al. (2008n diabetic kidney dieag showed that CTGF inhigiBMP-7
signalling that caused altered gene transcription anbsequenteductionin MMP
activity (Nguyen et al., 2008) BMP-7 plays a role in neutralizinghe profibrotic
effects ofTGFb (Wahab and Mason, 2006, Mitu and Hirschberg, 2008)i and his
colleagues reported that when a sirggieninistrationof CTGF orTGFb was injected
subcutaneously imew born mice, atransient fibrosis occurred represented by
granulation tissue formatiofMori et al., 1999) Furthermore, if CTGF was injected
togetherwith TGFb, a fibrotic responsénappenednd continuedfor a week. These
resultssuggested that CTGF plays assentialrole in the development of fibrosis.
Although most studies hagdownthe positive correlation betwed@iGFb and CTGF,
other studies showed the rewera study by Diziadzio et al. (2005) showed that in
systemic sclerosis the level of CTGF was increasettharcirculation compared to
normal levelsof TGFb in the serum from both control healthy and diseased patients
(Dziadzio et al., 2005However a study by Okada et al. (200Showed that animals
treated by CTGF antisense oligodeoxynucleotidk not affect the levels ofGFb
while it inhibited the expression of CTGahd reduce fibrosis (Okada et al., 2005)
These studies areonsistentwith other studies suggesting that when the actioity
synthesis ofCTGF wasblocked inhibition of manyTGF-b-responding transcriptions
such as synthesis of collagahesionproliferation of fibroblast anddifferentiatioan

of myofibroblastoccurredFrazier et al., 1996, Duncan et al., 1999, Grotendorst et al.,
2004, Shiwen et al., 2006)Ma et al.suggested that CTGH,GFb2, and gremlin
(BMPs antagonist) were involved in EMT of lens epithelial cells to fografibroblasts
and synthesis of ECM via Smad pathw@ys et al., 2014)in summary, CTGF is both
amediator and marker for fibrosis in health and dise&$arther understanding tie
cellular mechanismmvolved inthe influence ofCTGF onfibrosis is requiredCTGF

and CTGFrelated pathways are also potential tarf@tshe treatment of fibrosis.
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1.9MSCs homing toward cancer

How MSCs migrate taites of tissue injuryor into tumours is not fully understood.
However, \ariousdifferent mediators like growth factors, cytokines, and chemokines
have been describad be involved inthe MSChoming mechanissito inflammatory

sites.

1.9.1Growth factorsi nvol ved i n O6homingé of MSCs

Growth factors are polypeptide molecules that stimulate cell proliferation
[differentiation, migration, r@d survival through their exteallular signalling(Vanden
BergFoels, 2014) Growth factors play roles in wound healing and during
embryogenesi@Cohn et al., 1995, Cross and Mustoe, 2008)e of thecritical factors
that play a role irthe migration of MSCs is VEGFIt has been shown &h MSC
migration was enhanced by VEGF secretedbgast cancer cellsoreoverreceptors
for VEGF areexpressed oMSCs, andblocking of VEGF can cause reduction in
MSC migration(Ritter et al., 2008)PDGFalsoplays a role in the homing of MSCs.
PDGF has baeshown to play roles in wound healing and in embryogengsigarez
et al., 2006) It is a polypeptide dimethat hafour homadimerswith their receptors
suchas PDGFAA, PDGFBB, PDGRCC, and°PDGFDD. Each PDGHimer has two
receptorsa andb. PDGFAA bindsa/a receptorand PDGFBB bindsa/a, a /b, and

b/b receptors(Fang et al., 2004)it has been showim vitro that migration and
recruitment ohuman MSCs were enhanced PRGFAA, and PDGFBB (strongest
responsejFiedler et al., 2004)0n the other hand, studies Buster et al., 2005nd
(Nedeau et al., 2008)ave shown thabnly a minimal number oMSCs migratedin

response to PDGBB. The differences in the effects of PD@®B on the recruitment
of MSCsmight be due to usindifferentMSCs and cuture conditions.

Othergrowth factors that have a role in MSC homarg shown ifmable 1.1

1.9.2Chemokines

Chemokines aréamilies of chemotactic cytokines with small molecular sizel(8
kDa) which inducechemotaxs of leukocyte cell{Baggiolini, 1998) Based on their

cysteine residues number, chemokines are divided into four groups: C, CC, CXC, and
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CX3C (Clarklewis et al., 1995) They playkey rolesin wound healing, tissue

homeostasis, and immune response througllagon of cell migration.

1.9.2.1Stromal cell derived factor 1U

Stromal cell derived factorl(SDF1 Yis CXC cremokine 12 (CXCL12) thais
expressed at injury sites amgl involved inwound healingembryogenesjsand in
response to hypoxigillitzer and Goebeler, 2001, Rezzoug et al., 2011, Abbott et al.,
2004) SDF1 Us an 8-12 kDa peptide that enhancéle progression of cancer and
promotesangiogenesis by recruitment ehdothelial cellso the tumour site(Kryczek

et al., 2007, DiomedCamassei et al., 2008, Meier et al., 2007, Sung et al., 2008)
CXCR4 isaproteinencoded byhe CXCR4 gene and a&hs a receptor for SBE U .
SDF1 Uvorks on ancer cellsthrough enhancingroliferation via CXCR4 thatis
expressed on cancer cells.

It hasbeen shown the8DF1U i nsdeoruit@ent ohuman MSCsn vitro (Schmidt

et al., 2006, Sordi et al., 200B)loreover,Kitaori et alshowedthat in vivo, SDF1U
recruiedMSCsto afracture site in mouse and helped the regeneration of the ®ane
the other handusing antiSDF1 antibody and amMCXCR4 caused inhibition dSC
recruitment(Kitaori et al., 2009)Some studies have demonstraiadnouse modsl|,
thatin the presence of tissue injuthie migration oMSCsto the area ahjury, where
SDFR1IU was e wasinogeasedbbptt et al, 2004, Ji et al., 2004k has been
shown that tumour cells secrétsoluble factors that caus®SCs to secrete SBRJ
that, in turnactivates their migration(Gao et al., 2009)

These studiesntlicate the importance of SEIE) chemokine inthe recruitment of
MSCs.

1.9.2.2Monocyte chemoattractant proteinl

During tissue injury,myofibroblasts macrophages, and other active ceflat are
recruited to thenjury site via chemokinework together with prdibrotic cytokines.
Chemokines allow leukocytes itateract with fibroblasts bgecruiing them into tissue
acrosendothelial barrier@Hasegawa and Sato, 2008ne of the important chemokine
signalling pathways that play a roletimerecruitment of MSCs antibrosis is the C€
and CXGchemokine receptor familig®vynn, 2008) (Carulli et al., 2005, Distler et
al., 2009, Ong et al., 2008)ave demonstrateshonocyte chemoattractant protein
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(MCP-1) or CCL-2 and MCR3 (CCL-7) as prefibrotic mediators. M®-1 is
responsible for recruitment of monocytes to the injury site and its receptor (CCR2) is
expressed on the MSERIinge et al., 2007, Ponte et al., 2Q0n) vitro, it has been
shown that MCPL cause direct and indirect expression of collagen through
endogenousignalling of TGFb o # (Distler et al., 2006)Moreover, when MCP

1 was neutralized using astWICP-1 antibodiesa reduction irfibrosisresulted(Lloyd

et al., 1997, Belperio et al., 200Bimilar results were obtained in mice deficient to
chemokine receptor 1 and 2 (CCR1, and CCR2) confirming their impodiast in
fibrosis(Tokuda et al., 2000, Anders et al., 2002, Moore et al., 2001s been shown
that themigration of human and midM-derived MSCs were enhanced by MCP
chemokinein vivo andin vitro (Boomsma and Geenen, 2012, Dwyer et al., 2007,
BelemaBedada et al., 2008)sing aniCCR2 antibodies caused inhibition of MSC
migrationvia blocking of CCR2 downstream signalliiBelemaBedada et al., 2008)
Conversely, studies bRRinge et al and Takano et showed that MCH had no
significant migratory effect oBM-derived MSCqRinge et al., 2007, Takano et al.,
2014) A study by Dwyer et al showed thstCP-1 secreted from breast cancer cells
enhanced thenigration effects of MSCgDwyer et al., 2007)Moreover, Klopp et al
and Baek et al showed that cytokines and growth factors sutGR@é , PDGF, and
VEGF thatwere secretedfrom tumour cells and enhanced MSCs migration were
increased post irradiatidilopp et al., 2007, Baek et al., 2011)

Thesevariationsin the MSC migratory response to MCR chemokine neeén
additionalinvestigation to study the role of MEPin MSCs homing.

Otherchemokines are imable 1.1
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Growth factors

Ligands Receptors Reference
VEGFA VEGFR-1,-2 (Sorrentino et al., 2008
PDGFAA PDGFU (Ponte et al., 2007)
PDGFBB PDGFb (Sorrentino et al., 2008
EGF EGFR (Ponte et al., 2007)
TGF TGFR (Baek et al., 2011)
BMP-2, -4 BMPR-1a,-1b, -2 (Lavery et al., 2008)
HGF HGFR (Neuss et al.,@4)
IGF-1, -2 IGF-1R (Ponte et al., 2007)
Ang-1 TIE-2 (Sorrentino et al., 2008
FGFR2 FGFR1,-2,-3,-4 (Walsh et al., 2000)
Chemokines
MCP-1 (CCL2) CCR2 (Ringe et al., 2007)
RANTES (CCL5) CCR5 (Ponte et al., 2007)
MCP-2, MCR-3, CCR1 (Sordi et al., 2005)
MCP-4

CCL20 (MIP-3 U)

CCR6 (CD196)

(Ringe et al., 2007)

CCL25 (TECK)

CCR9 (CDw199)

(Honczarenko et al.,
2006)

CCL27 (CTACK), 28

(MEC)

CCR10

(Brooke et al., 2008)

CXCL12 (SDF1)

CXCR4 (CD184)

(Ponte et al., 2007)

CXCL13 (BLC)

CXCR5 (CD185)

(Ringe et al., 2007)

Others
HMGB-1 RAGE; TLR2, (Meng et al., 2008)
LPA LPA-1 (Edg2) (Song et al., 2010)
TNF-U TNFR1 (Croitoru-Lamoury et

al., 2007)

Lipoproteins,

peptidoglycans

TLR1 (CD281)

(Tomchuck et al., 2008
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Table 11 Growth factors, chemokines and other chemoattractant ligands

and receptors expressed by human bone marrow MSCs.

Adapted from(Vanden Bergroels, 2014)VEGF, vascular endothelial growt
factor; PDGF, platelederived growth factorEGF, epidermal growth factol
TGF, transforming growth factor; BMP, bone morphogenetic protein; H
hepatocyte growth factor; IGF, insulitke growth factor; FGF, fibroblas
growth factor; MCP, monocyte chemoattractant protein; RANTES, regulatg
activation normal Tcell expressed and secreted; MIP, macroph
inflammatory protein; MDC, macrophagkerived chemokine; SLC, secondd
lymphoid tissue chemokine; IL, interleukin; SDF, stromal cell derived fag
TNF, tumour necrosis factor; RAGE, receptor fdvanced glycation en
products; HMGB, high mobility group box; LPA, lysophosphatic acid; §
sphingosine ‘phosphate; TLR, Tollike receptor.
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1.9.3Radiation and MSCs homing toward cancer

It has been shown thaadiation induces thexpression ofmany cytokinesike EGF,
pro-inflammatory cytokines and fibroblast growth facdrang et al., 1998 Moreover,

in tissues exposed to high or low doses of ionizing radiation, there is early and persistent
activation ofTGFb1 (Anscher et al., 1990, Wang et al., 1998ppp et al.studied the
effects of adiation on the migratory ability of MSThey showegdbothin vitro andin

vivo, that radiation enhanced MSC migration througflammation cytokines and
chemokineshat released after tissue injury in response to radiéfiapp et al., 2007)
Furthermorethey were able to identify the chemokines and cytokines responsible for
therecruitment of MSC toward irradiated tumour$iey showed that after irradiation

of the tumour cells, their ability to produce cytokines that recruit MSCs (like VEGF,
TGFb1, and PDGF) were increas@topp et al., 2007)Also, they foundhatthe level

of chemokine receptor CCR2 (MEPreceptor) was upegulated in irradiated MSCs.
Ren et al.demonstrated thablocking of CCR2in vitro caused decreased MSC
migration (Ren et al., 2012)These studies indicate that the post inflammation
mediatorsvereincreased in response itoadiation which enhancd MSCs migration

toward tumour microenvironment.

However, there is still more to be studied about the molecular mechanisms thehind
recruitment ofMSCsto the tumour site postradiation and whether MS€play a key
rolein the fibrotic changes that occur pasadiationvia their differentiationinto CAF

like cells.
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1.10Aims of the study

As described earlier, radiotherapy is one of the standard treatments for patients with
intermediate and highrade soft tissue sarcoma. Some studies have shown that

radiation recruits MSCs to tumoufilopp et al., 2007, Fenton and Paoni, 20®Jt

the mechanism behind this event is still unclear. MSCs can differentiate into CAFs,

which is responsible for ECM secretion and deposits of collagen and other matrix

proteins with subsequent fitsis (Azorin-Vega et al., 2015)CAFs play a key role in

cancer initiation, invasion and metastadisio et al., 2015and the exact origin of

CAFs in irradiated tumours has not been establidhetbrmal tissues, growth factors

suchas PDGFand T&+ pl ay a key role in the differe

similar factors may be involved in response to radiation in the tumour.

The general hypothesis to test in this project is that radiatiiems MSC protein
expression and behaviour, either directly or indirectly via radiation effects on other cell
types present in solid tumours. These alterations thepotential to play a significant
role in radiatioAinduced changes within thEME linked to CAFinduced tumour

progression.
The aims of this project were therefore:

- Usingin vitro models, determine whether radiation induces migration of MSCs and
differentiation of MSCs into CAdffike cells.

- Determine the influence of irradiated tumour cells and/or endothelial cells on these
processes, utilizing mouse fibrosarcoma cells (FS120 and FS188) previously shown to
have differential effects on the composition of the TME, when propagateio

(Tozer et al., 2008)

- Investigate the role of specific cytokines/chemokines previously shown to be induced
by irradiation of tumour cells on the above processes and determine the effect of

irradiation on expression/secretion of these factorsSit26 and FS188 cells.

- Identify the differences between FS120 and FS188 tumour cells and solid tumours
(i.e.in vitro andin vivo) that could potentially influenaderecruitmentdifferentiation
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of MSCs.

* FS188 tumour sections showed more positive cellular stainiray8WA than FS120
tumour sections. A proportion of theaeSMA-positive cells were closely associated

with blood vessels, suggestive of pericytes.

47



CHAPTER TWO:

Materials and methods
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2.

1 Materials

Reagents for cell culture

Supplier

Cells

Balb/c Mouse Mesenchymal Stem Cells

C3H/10T1/2, clone 8 Mouse Mesenchymal Stel
Cells

HDMEC (Human Dermal Microvascule
Endothelial Cells)

H5V mouse cardiac endothelial cell

Mouse fibrosarcoma cells

Antibodies
PDGF Receptor b Rabbit
MonoclonalAnti-b  Tubul i n mAD

Anti-A ¢ t i-SmpothiMuscle mAKBA 2547
GAPDH (14C10) Rabbit mAb (Cat. 2118)
Anti-Mouse Collagen Type | pAb (Cat.AB765P)
Anti-TGF beta antibody pAtab 66043)
Anti-Fibronectin antibody pAb (ab 2413)

MCP-1 Antibody pAb (Cat. 2029)

Mouse TGFb 2 Ant i body mAb (
Purified Rat AntiMouse CD31 (Cat. 553370)
Anti-TGF beta 1 antibody pAb (ab 155264)

Anti-alpha smooth muscle actin antibody mAb |
124964)

Anti-CCR2 antibody mAb (ab 203128)
Anti-CTGF antibody pAb (ab 6992)
SDF1 Antibody pAb (Cat. 3740)

Recombinant Murine JE/MCGP (CCL2) (Cat. 250
10)

49

Purchased from Cyagen
Biosciences Cat. NC
MUCMX-01001

Purchased frolATCC®
(ATCC® CCL-226™)
PromoCelf

A kind gift from Dr
Annuciatta Vecchi (Garland
et al, 1994, PNAS, 91)

These cells were developed
our laboratory(Tozer et al.,
2008)

Cell Signalling Technolody
SIGMA-ALDRICH®
SIGMA-ALDRICH®

Cell Signalling Technolody
Millipore®

Abcan?

Abcan?

Cell Signalling Technolody
R & D system$

BD Pharmingeri™

Abcan?

Abcan?

Abcan?

Abcan?

Cell Signalling Technolody
Peprotech



Recombinant Murine SDEa (CXCL12) (Cat. 250 Peprotecfi
20A)

Recombinant Human TGE 2 ( C&%B) 1 C Peprotech
Recombinant Human TGF 1 PeproTechi
DuoSef ELISA kits

Mouse CCL2/JE/MCH. Antibody (Cat. AB479 | R & D system$
NA)

Normal Goat IgG Control (Cat. ABR08-C) R & D system$

Goat AntiMouse JE Capture Antibody (Cé R & D system$
DY479-05)

Biotinylated Goat AntMouse JE Detectiol R & D system$
Antibody (Cat. DY47905)

Recombinant Mouse JE Standard (Cat479-05) | R & D system$

Wash buffer(Cat. WA126) R & D system$

Reagent DiluenfCat. DY008) R & D system$

StreptavidiRHRP (Cat. DY47905) R & D system$

Colour Reagent A & BCat. DY999) R & D system$

Coating buffe(Cat. DY47905) R & D system$

Stop solution (Cat. DY994) R & D system$

Masson's trichrome reagents

Weigert's Iron Hematoxylin Set SigmaAldrich®

Ponceau Xylidine SigmaAldrich®

Light Green SF Yellowish SigmaAldrich®

Acid Fuchsin SigmaAldrich®

Phosphotungstic acid solution SigmaAldrich®

Phosphomolybdic acid hydrate SigmaAldrich®
Western blotting, IHC and IF materials

Cell Extraction Buffer (Cat.FNN0011) Invitroger?

Ultra Pure ProtoGél National Diagnostics

ProtoGeP Resolving Buffer National Diagnostics

ProtoGeP Stacking Buffer National Diagnostics

Ammonium persulfate SigmaAldrich®

M.O.ME Immunodetection kit Vector®

Nitrocellulose membrane Hybond® ECLE
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PVDF membrane

Thick blotting paper
Laemmli Sampléuffer (4X)

NuPAGEE Sampl e

Centrifugal filter tube amicon Ultrd ultracel 3KD

Bovine serum albumin

Immun-Blot® PVDFMembranes for Protein Blottin

Nitrocellulose Membranes, 0.2 um

Dimethyl sulfoxide

Reduci

Texas Ref Streptavidin (Cat. S/A006)

Goat AntiRat IgG H&L (FITC) (ab 97056)

Precision Plus ProteiM Standards

TEMED

Tween 20
Isopropanol

Ethanol 96% vol
Methanol

Triton X-100

Bovine serum albumin
Glycerol

DAB

AvidinT biotinylated enzyme complex (ABC)

Dul beccobds Phosphate

Cell culture insert 8.0 pm
Multiwell 24 well

Cell Scraper

DMEM

Cell culture reagent

Immobilor®-P Polyvinylidene
difluoride membranes

InvitrogerF
Bio-Rad
Fisher Scientific

Millipore®
SigmaAldrich®
Bio-Rad
Bio-Rad
SigmaAldrich®
Vector®

Abcan?
Bio-Rad®
SigmaAldrich®
Bio-Rad

Fisher Scientific
Fisher Scientific
Fisher Scientific
Fisher Scientific
SigmaAldrich®
Fisher Scientific
Vector Laboratories

Vector Laboratories

BioWhittakef’
Falcor?
FalcorP
Fisherbran8
BioWhittakef’

HDMEC growth media(Endothelial cell mediun PromoCelP

MV Catalogue No. €39220)

Minimum essential medium eagle
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2.2 Methods
2.2.1Cell culture

2.2.1.1Cell lines

All cells werecultured and subcultured using pearmed 87°C) growth media, PBS

and trypsin. A biosafety cabinet was used to perform all cell culture work.

A) C3H/10T1/2 Clone §ATCC® CCL-226") cell line

C3H/10T1/2 cells subsequently referred to as C3H10 cells, are a multipotent
mesenchymal stem cell line derived from C3H mouse emifigeznikof.Ca et al.,
1973) often used in resech as a model of differentiatiomvitro. The morphology of
these cell lines is fibrobladike; they are flat and polygonal with long cytoplasmic
processesHigure 2.1). These cellgrown in the following mediunEagle's Minimum
Essential Medium (EMEMbhat is modified to contain Earle's Balanced Salt Solution,
non-essential amino acids and 1500 mg/L sodium bicarbonate (Sigma M5680n!

of Sigma M5650 MEM was supplemented with 2mMlutamine (5 ml glutamine
aliquot), 5 ml Penicillin/Streptomycin,dM sodium pyruvate (5 ml of 100 mM
solution Sigma S8636), and 50 ml FGiB4dl concentration of 10%])t is important to
trypsinise and subculture C3H10 cells before they become confluent otherwise they can

start differentiation.

B) OriCell ™ Strain Balb/lc Mouse Mesenchymal Stem Cells

Subsequently referred to as Balb/c MSCs, these cells are multipoésenchymal

stem cells thatlerived from Balb/c mousBM. They have the ability to differentiate

into different types of cells such as chondrocytes, ogtescandadipocytegProckop,

1997)(Figure 2.2). Moreover, these cells have abilities to migrate to the irgiteyof

tissue like skin, heart and kidnéyi et al., 2006, Wu et al., 2003, Morigi et al., 2004)

Forregula us e, Bal b/ ¢ MSCs were cultured in Ez¢
(Sigma, M8042), 20% foetal bovine serum supplemented with the penicillin

streptomycin mixture, and-glutamine(Klopp et al., 2007)
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Figure 2.1 Early passage C3H/10T1/2 Clone 8 in thei
media.
They are flat and polygonal with long cytoplasy

processes. Also they have fibroblalgte morphology.

Figure 2.2Balb/c Mouse Mesenchymal Stem cells,

BM- derived cells passage 9
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C) Mouse fibrosarcoma cells

Mouse fibrosarcoma (FS) cells that express single isoforms of VEGF, €&k 188

or VEGF 120 were used. These cells were developed in our laboratory through
separation of primary mouse bryo fibroblasts that expresssingle isoform of VEGF
(VEGF 120, or VEGFL88) from mouse embryoshé&se fibroblasts were genotyped,
immortdised, and transformed to cancer cells using retroviral transduction with Simian
Virus 40 HRAS. The tumour cell lines (fibrosarcoma) which reswitexsk sustained in

a medium made of DMEM (high glucose);glutamine, FCS, and the antibiotics
puromycin, and>-418(Tozer et al., 2008)

In vivo, fibrosarcomas that express VEGF 188 have been shown to recruit more
pericytes andCAFs than fibrosarcoma cells which express VEGF {POzer et al.,
2008). Moreover, Kanthou et al have shown that tumour cell expression of VEGF 188
is linked to increasing apoptosis levels and slower proliferation rate compared with
tumour cells expressing VEGF 120, proliferate rapidly and have increased survival
(Kanthou et al., 2014)

Kanthou and colleagues also showed that FS188 cells display typical mesenchymal
features (spindlshaped cells with extended processes and ruffles) compared to FS120
cells, which display lessiesenchymal features (a mixture of roungéxhgated cells

with less extended processe@anthou et al., 2014Recently, English et al. (2017)
showed (in mouse) that tumour cells expressing VEGF 12I2(H3netastasised to the
lungs and produced lung colonies more than tumour cells expressing VEGF 188
(FS188). Likewise, these FS120 tumour cells that metastasised to the mice lungs
showed more sensitivity to atMIEGFA therapy than that FS18Bnglish et al.2017)

These features made these cells good models to study the indirect response of MSCs to
radiation, as each line potentially provides a different array of growth factors affecting
the differentation of MSCs to CAHike cells

The culture mediaok these cells was DMEM (high glucose), supplementedaétal
calf serum(FCS) final concentration 10%, 5 ml Glutamine (stock 200 mM; final

concentration2mM),3ml&4 18 (st ock 100 mg/ ml; final

c

on

1 ml puromycin (stock Img/mf; i n a | concentration 2 e€g/ ml) .
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D) H5V (mouse cardiac endothelial cells)

H5V are immortalized transformed endothelial cells which were derived from hearts of

C57BL/6 mouse and were a kind gift from Dr Annuciatta Ve¢Glairlanda et al., 1994)

They were growninDMEMBu | beccods Modi f withidglulamigd e 6 s Me c
(2mM), 10 % FCS, Streptomycin (100ug/ml), and penicillin (100U/niigure 2.3).

Figure 2.3Mouse cardiac endothelial cells (H5V),

E) Human Dermal Microvascular Endothelial Cells (HDMEC)

HDMEC are primary microvascular endothelial cells of the blood and lymphatic origin
derived from human adult skin (PromoCell Catalogue nur@bE2210) They express
vascular endothelial growth factor (VEGF), which plays an important role in
angiogenesis,atl migration and vasculogenegisor et al., 1999, Bernatchez et al.,
1999)(Figure 2.4).

HDMEC were used up to passage 10 and were grown in their media (Endothelial cell

medium MV Catalogue No.-39220). The MV growth medium supplemented with

10 %FCSD ME M: (Dul beccods Modi fied Eagl ebds Med
FCS, 2mM L-glutamine, 100 Un| penicillin and 100 &g/ ml Si
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Figure 24 Human Dermal Microvascualar
Endothelial Cells (HDMEC) passage 5

2.2.1.2Freezing cells in liguid nitrogen

For additional experiments, early passage and healthy cells were frozen using liquid
nitrogen. Before freezing cells, their meavare chaged the day before, in order to
ensure that the cells would be healthy.

First, the freezing solution (10% DMSO) was prepared by adding 1ml of DMSO to 9
ml of the full fresh medium. Then, the freezing solution was mixed and filtered by 0.22

e m tdrg, before placing on ice. The early passaged cell8{%o confluent) were
washed with PBS, trypsinsed and centrifuged. The pellet was suspended in a suitable
volume of icecold freezing medium (f@ells/ml). Thereafter, cells were aliquoted in

1ml aliquots and placed in ptabelled cryovials. The vials were labelled with cell type,

a number of passage, and date. After that, the cryovials were placed immediately into a
freezing container (Mr FrostyE, Ther mo Fi s
-80°C freezer overnight. The cryovials were then stored in liquid nitrogen.
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2.2.1.3 Thawing cells

Cryovials were removed from liquid nitrogen and thawed quickly in a 37°C water bath.
After complete thawing of the cells, the outside of the cryovial was disinfected using
70% ethanol. The cells were then transferredlte/a flaskthat @ntains a celgrowing
medium. The flask was incubated at 37°C in a 5% CO2 humidified incubator. To
remove the effects of DMSO, the medium was changed with freshygsmeed
medium the next day. After the confluence of the cells reache€D®) they were
trypsinised, aliqated (1 x 18cells/mL) and stored in liquid nitrogen (1x%d&lls/ml)

for long-term use.

2.2.1.4 Cell counting

Cell counting is a critical step ttetermine the number of cells within a given volume

of a sampleA haemocytometer was used as an accuoateto calculate cell number.
Trypan blue was used to colour the dead cells since live cells have intact cell membranes
and exclude the dye. 1:1 ratio was used (one volume cell suspension to one volume
Trypan Blue) to be loaded into the haemocytometemtiea. Subsequently, the cells
were counted inside four outer squares plus the central striped square using a Nikon

phase contrast microscogedure 2.5).

In order to calculate the total numbercefls/ml:

Dilution Factor (2)

Total number ofviable cells countedfuare X X 104
Number of squares

Figure 2.5 The Counting chambe!

«| | of haeocytometer (grid layout)

were counted in 1, 2, 3, 4 and

2 4 squares. Cells touching the out

lines on two sides of each squg

were excluded from counting
(Adapted from The)
i < | Hemocytometer, 2010).
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2.2.1.5 Subculturing of the cells

In order to prevent overgrowth of cells, the cells were subcultured every 3 days. Cell
flasks were maintained in thecubator with routine daily observation to evaluate the
density of the cells. When the cells reached ~80% confluence, they were subcultured.
For routine sukzulturing of the cells, their media were changed by discarding the old
medium and washing the malayer with PBS twice. In order to dislodge cells from
the flask surface, a ps@armed trypsin solution was added to the cells before incubating
the cells for 34 minutes. Next, when the cells were dislodged completely from the flask,
they were collectechia 5 ml tube that contained a prarmed full medium. The cells
were syringed to make them a singkdl suspension before they were counted by either
haemocytometer (see above), or by a ViCell cell counter machineR(ﬁoTCZ@
Automated Cell Counter)hen, cells were subcultured to a new T25 flask by adding

25x 10 cells to 5 ml prevarmed fresh medium and placed in the incubator.

2.2.1.6In vitro irradiation of the cells

All cells were irradiatedisingan AGO 250 kV X-ray machine (Model No. CP160/1
Gulmay LTD) Figure 2.6).

Figure 2.6The AGO X-Ray machine and its chambel
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Each sample of cells ithe T25 flask was positioned at 40 cm distance from the
radiation sourceCells werdrradiated at a dose rate of 53m&y per mimte (200kV
and 12.8 mA)Different radiation doses were used that ranged frorto@L.&y (Table
2.1).

Table 21 The radiation dose used by AGO Xray machine
Kv mA Dose (Gy) Time (minutes)
200 12.8 0.5 0.7
200 12.8 1 1.5
200 12.8 4 6

2.2.1.7 Collection and concentration of conditioned media (CM)

Tumour cells (FS120 cellnd FS188 cells) were plated in T75 flasks (5%/f0) and
when they reached 80% confluence the cells were washed carefully with PBS twice
(2X) and with prewarmed serurfree medium three times (3X).

Then the cells were incubated with serfree mediuntor 2-3 hours in the incubator
before irradiation. After irradiation of the cells with 0, 0.5 Gy, or 4 Gy, they were
incubated as above:8d a ypsshirradiation, the conditioned media were collected
and cells were counted (as described above). In todeiminate any debris or dead
cells, the CM was centrifuged at 2000 r.p.m. for 5 minutes and the supernatant stored

at-80°C. The CM was normalised according to the counted cells as follow:

X CM amount i n gl
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Therefore if we decided to use 2@0| as a total \

ol ume,

bel3cc | , see an example bel ow:
Total amount| Laemmli buffer (4X) | Reducing agent (10X)] CM amount
200 ¢ 50 ¢l 20 ¢l 130 g

To concentrate the CM, 4 ml of CM samplere added to an Amicon Ultdaultracel

t

centrifugal filter tube (3 KD, Millipor&). The device was spun at 4000 r.p.m. for 30

he

minutes. The concentrated solute (1 ml) collected in the filter was extracted and stored

at-80°C (Figure 2.7).
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o ep® Gme® ()

CTR 0.5 Gy 4 Gy

4 days

4ml of CM sample 1ml concentrated CM

Figure 2.7 Schematic representatives of concentration of CM.Mrirst, tumour
cells were plated in T75 flask. When the cells reach 8baéluence, they were
washed with PBS (2X), and prearmed serurfree medium (3X). 3 hours later
the cells were irradiated and incubated for 4 days in sémen medium.
Subsequently, CM was collected and centrifuged at 2000 r.p.m. for 5 minute
stored at-80°C. Later, 4 ml of CM sample were added to Amicon Uitraltracel
centrifugal filter tube (3 KD). The device was spun at 4000 r.p.m. for 30 miny
The concentrated solute (1 ml) collectesin the filter was extracted and stored 4
-80°C.
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2.2.2Clonogenic assay

The aim of doing thign vitro biological technique is to study the radiation effects on
the proliferation and survival of tumour cells (fibrosarcoma), and MSCs (Balb/c &
C3H10 cells)First, cells were plated in several’d flasks at a density of 250,000 cells
per flask. When the dslbecame almost confluent (80%), their media were removed
and changed with a prgarmed medium t87°C in a water bathiThen, the cells were
incubated for one hour before irradiation with0.2, 0.5,1, 2 and@y. Afterwards, the
cells were returned tile cell culture incubator until ready to start the clonogenic assay
(about one hour). Cellsere trypsinised using 1ml trypsin andsespended in 4 ml of

full serumcontaining medium. The cell suspension was then syringed usiggugke
needles to achieva singlecell suspension. Viable cells per ml were counted using a
haemocytometer (as described earlier).

Because there were differences in the smallest number of cells required to form colonies
and to survive after irradiation between each cell lirféesrént cell numbers were used
for each radiation dos@éble 2.2). The cells were plated in\Bell plates, lhen the
plates were left in the incubator 2it°C without moving them for 144 daysOne 6

well platewas usedor each radiation dose per expeent (triplicate for each group).

Table 2.2Cells number per radiation dose used for clonogenic assay

0 Gy 0.2Gy | 050Gy 1Gy 2 Gy 4 Gy

FS120 cells| 50/100 50/100 | 100/150 | 150/200| 200/400
& FS188
cells

C3H10 50/100 [ 100/150 | 100/150| 150/200 [ 150/200| 300/400
MSCs

Balb/c 50/100 ( 100/150 | 100/150( 150/200 | 150/200 | 300/400
MSCs
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It is important not to do any movement of the plates during thedel Hays, as any

movement may disturb colony formation through dislodging them.

After 10-14 days, and when the colonies were formed, the plates were taken out from
the incubatorand their media were removed. The colonies were fixed in 100% iced
cold methanol in a freezer for 15 minutes. Subsequently, the methanol was removed
and the cellsvere stained with 0.25% crystal violet in 25% methaiible stain was

left for 10 minutes beire it was washed off in tap water, and the plates were left to dry

at room temperature to be ready for counting the next day mankigiyé 2.8).

Lastly, all colonies (a colony is a group of approximately 50 cells or more) in all plates
were counted marally. Plating efficiency (PE) with survival fraction (SF) was
calculated using the following equations:

O ATARI 1 1T AIEAGIOA A

0% — 8T ARBAORABAAR™T

0 %A EFEOOAAEAOEIT 1
0% AI 1T OOTU
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Figure 2.8 Diagram of clonogenic assay step The confluent cells (~80%) insid
T-25 flasks were irradiated (except for 0 Gy as a control) with different radi
dosesB- After irradiation, the cells were trypsinideand different cells numbsg
were seeded in each well of thevéll plates.The plates were incubated for-1@

days (without movement or changing med@).After 10-14 days, and when th
colonies were formed, the coloniegre fixed in 100% iced cold methanol in
freezer for 15 minutes. Subsequently, methanol was removed and the cell
stained with 0.25% crystal violet in 25% methan®dhe stain was left for 1(
minutes then washed off in tap water, and the plates lgéiréo dry at room

temperatureA colony is described as 50 cefismore
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2.2.3Growth Curve assay

Theviability and proliferation of the cells can be determined through counting of the
cells. In order to measure the growth rates of cells, Balb/c MSCs and C3H10 MSCs
were plated individually at a density of 3x*k@lIs/well in triplicate at évell plate (4

plates were usedJhreewells of each plate were treated with T8EF(human TGFb

1, Cat. No100-21). The viability of the cells was evaluated on a daily basis. Each day,
one plate was rinsed twice with PBS after removal of the medium. Then, the cells wer
trypsinised, and collected in a tube, centrifuged for 5 minutes at 1000 rpm. Next, media
from the pellet were removed and the full medium was added to the pellet, mixed well

and cells were counted.

2.2.4 Radiation effects oM SC differentiation

2.2.4. 1lrradiation of cells

Cells were plated in two wells of 6 wgilates. The cells were left in the incubator for

3 days to become ~80% confluent. One hour before radiation, the medium was changed
to a prewarmed medium. After that, the plates were irratiatas described above,
2.2.1.5 with different radiation doses-@®Gy). The plagés were placed in the incubator
3-4d a ypesérradiation

2.2.4.2Collection of cell extracts and sample preparation for western blotting

Protease inhibitors and working on the ice were used to minimise protein degradation.
To extract proteins from cells, ttleonolayer of the cells was washed twice with ice
cold PBS. The cold PBS was pipetted to the side of the well without detachindgshe cel
After that, tilting the plate and aspirating any traces of PBS from the corner. The cells
in each well were lysed with an appropriate volume ofcle cell extraton buffer

(Cat. No. FNN0O011,rivitroger?) that contained0 mM Tris, 100 mM NaGl1 mM

EDTA, 1 mM NaF 20 mM NaPQ2 mM NaVQ 1% Triton X-100, 10% glycerol0.1%

SDS 0.5% deoxycholatel supplemented this cell extraction bufferth protease
inhibitor and 1 mM PMSF before use.
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The volume of lysis buffer used to lyse the cells dependirigenize of the plate used

and how dense the cells were. 250 pl was used for each well ofwseliglate. To
prepare the lysis buffeg complete protease inhibitor tablet (Roche) was dissolved in
200 pl of PBS.Then, 100 pl of the dissolvecbmplete talet was addedo 5 ml of

lysing buffer that was inside a tube in the ice. The rest of the dissolved tablet stored at
-20°C to be used later.

PMSF (Phenyl Methyl Sulfonyl Fluoride) stock was a 0.3 M solution in DMSO and is
an irreversible inhibitor of sgre proteinases. For every 5 ml of the total, 17 pl was
added to lysing buffer tube (final concentration ~1 mM). Thiscle cell extraction
buffer was kept on the ice and used within 30 minutes of preparation to lyse the cells
(Figure 2.9). The cellmonolayer was scraped using a cell scraper and the lysates were
collected in precooled Eppendorf tubes. Tubes were then centrifuged for 10tesin

at 10,000 rpm in a microentrifugeafter it wascooled down to 4. Supernatants were
aliquoted for each saple into thre€eppendortubes and immediately stored-B0°C

freezer.
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Cmpiato mini
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—
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200 pul PBS
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Complete Mini Protease
Inhibitor Tablet

PMSF stock is a 0.3
M solution in DMSO

S ml

100 pl ﬁl s
/

Ice-cold cell extraction buffer

Figure 2.9Schematic demonstrative of cell extraction buffer preparation.
5 ml lysis buffer was added to the tube on the ice (total volume of the b
depends on theize of plate was used and how dense the cells)wfter that, a
Complete Mini Protease Inhibitor Tablet was dissolved in|2®BS (each table
is enough for 1@nl = 200ulA 10 ml), and 10Qul was taken and added to the tul
Finally, 17ul from PMSF stock was added to the mixture and put on ice.
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2243Pi erce Micro BCAE Protein Assay

The Ther mo MkcoiBEA Protdini Assay Kit (Product No. 23225) is a
detergenicompatible bicinchoninic acid (BCA) formulation for the colourimetric
detection and quantitation of total protein. The principle of this assay is the detection
of cuprous ion (Ctt) through BCAreagent to form a purpleoloured solution. Citis
formed by reduction of cupric ion (G by protein in an alkaline environme@mith

et al., 1985) This watersoluble complex exhibits a strong absorbance at 562 nm that
is linear with increasingrotein concentrations. From the provided stock solution of
standard BSA that is 2 mg/ml, a 1:10 dilution in.@Hvas done to obtain a stock of

0.2 mg/ml (or 200rg /ml) (100m stock plus 900r dH20).

Further standards of 20, 15, 10, 7.5, 5, 2.5 ang/®@l were set upTable 2.3).

The unknown samples were prepared by diluting into 1 ml of dH20
1 10ni sample + 990 dkD (1:100)
1 5msample + 995 dkO (1:200)

Further dilutions were prepared if the readings were not on the standard curaé. 150

of standards and diluted samples were put into wells of a 96 well plate. Triplicates of
each were used. 158 of working reagent, prepared
instructions, was added ta@h well and mixed. The 96 wallates was covered with

the lid and incubated at 37 for 2 hours. The absorbance was measured at 562 nm
using a spectrophotometer. Linear regression analysis was done using GraphPad Prism
software to interpolate concentrations of protein samples from BSA standards.

68

f



Table 2.3BCA standard preparations

Standard m of 200y m dH20

(mg/ml) /ml stock
0 0 1000
2.5 12.5 987.5
5.0 25 975
7.5 37.5 962.5
10 50 950
15 75 925
20 100 900

2.2.4.4 SDSPAGE and western blotting

Western blotting, also known as immunoblotting or protein blotisi@n important
technique in cell and molecular biology. It is used to detect the presence of a specific
protein in a complex mixture extracted from cells.

In order to analyse equal amounts of protein by western blotting, the samples that were
already quatified by BCA protein assay were kept on ice and prepared in sample buffer
as described below. So the aim is to make each sample contain the same amount of total
protein in a similar volume and a final concentration of 1X sample buffer. The stock
Laemmli smple buffer was 4X (Laemmli Sample buffer, Biorad, USA, catalogue
#1610747). The reducing agent (NuPAGESample reducing agent 10X, Cat. No.
NPO0005) was added and the remaining volume was made up with dH

Singleuse cassette:i;nQ/itrogerF) and Handcasting Systems (BRad) were used for
casting gels. Each cassette takes approximately 10 ml of gel volume. For large
molecular weight proteins (>100 kDa), a low percentage acrylamide gel (8%) with large
pores was used. While for smaller protgin20 kDa), a higher percentage gel (12%)
was used. The reagents used are shownahl¢ 2.4).
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Table 2.4 Reagents used for casting gels in western blotting

ProtoGel 30% (acrylamide with bis National Diagnosticg;zeneflow,
acrylamide) UK

10% glycerol solution Made by measuring out 10 ml of
glycerol using graduated cylinder
and adding 90 ml of ci®

Resolving buffer 4X corcentrate, National
DiagnosticsGeneflow

Stacking gel buffer 4X concentrate, National
Diagnostics Geneflow

10% Ammonium persulphatePS SIGMA-ALDRICH®

TEMED (Tetramethylethylenediamine) SIGMA-ALDRICH®

Isopropanol SIGMA-ALDRICH®, UK

A gel cassette was placed upright on a rack and the gel solution was prepared by adding
the ingredients in the order given Trable 2.5. The APS was added first and the
TEMED was the last and immediately the solution was mixed gently then poured

carefullyinto the cassette leaving enough space for the stack.

The stacking gel was then prepared according to the recipabie 2.5and poured.
Immediately the comb was put in the slot to form wells and left for 30 minutes at room

temperature to polymerize.
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Table 2.5 Different gel and ingredients concentrations used in
experiments foratotal 10 ml gel (single gel)
8% 10% 15% Stack
Protogel 2.7 ml 3.3ml 5ml 1.3 ml
dH20 4.7 ml 4.1 ml 2.4 ul 6.1 ml
10% glycerol 100 pl 100 pl 100 pl 50 ul
Resolving buffer 2.5 ml 2.5 ml 2.5 ml
Stacking buffer 2.5 ml
10% APS 50 l 50 l 50 l 50 l
TEMED 5ul 5ul 5ul 10ul
Total volume 10ml 10ml 10ml 10ml

The reagents used for loading the gels were aslite 2.6.

Table 2.6 Reagents used for loading the gels in western blotting

Tris/Glycine/SDS| 10 X, National DiagnosticsGeneflow, UK
PAGE Buffer

Sample buffer 4X Laemmli Sample buffer, BioradJSA, catalog
#161-0747

Reducing agent | NuPAGE® Sample Reducing Agent (10X), Cat. N¢
NP0OO005

Protein moleculal Precision Plus ProteinPrestained Standards
weight markers | BioRad, USA, Cat. #160374
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The gelcassette was assembiedhe tank and 600 mIXL Tris-Glycine-SDS running
buffer was added to the outer chamber (prepared from a 10X stock by diluting 1:10, ie
100 ml buffer plus 900 ml d#D). 20 nyg of protein samples were loaded into each well
and a similar volume (361) of 1X Laemmli reducing sample buffer was also loaded

in the unused wells. 61 of Precision plus proteﬁ1 standards (Bidrad) was mixed

with 24 of 1X Laemmli LDS reducing sample buffer and this was loaded in the last

well.

The gel was run at 150 ¢d@nstant voltage). The running time was around 60 minutes
until the bromophenol blue dye has reached the bottom of théAfyet. running,
proteins on the gel were transferred to a PVDF or nitrocellulose membrane using Bio
Rad transfer machine (Traot® Turbd Transfer System). The transfer was done

according to the manufacturer’s instructions.

One time transfer buffer was prepared by adding 100 ml Tris Glycine 10X transfer
buffer to 700 ml dH0 and 200 ml methanol to make up to 1 Litre. The flat gedenl
in a dish containing 2@0 ml of cold 1X transfer buffer. PVDF membrane needs to be

soaked in methanol first for3 minutes.

Electrablotting was for 30 minutes at 150 volts. After the transfer of proteins was
finished, the membrane placed (proteitiesup) in TBS containing 0.1% Twe&9
(TBS-T) buffer.

The membrane incubated with PBSor TBST buffer containing blocking agent,

which was 5% dried milk and was prepared by dissolved 2.5-galsglered milk in

50 ml of TBST. This was used as a blocgisolution and an antiboelyinding buffer

(5% milk solution).

The membrane was blocked for one hour at room temperature on a shaker. The blocking
agent removed and the antibody was added. The antibodies concentrations were used
as inTable 2.7.
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Table 2.7 Primary antibodies used in western blotting

Primary Molecular Dilution Catalogue | Secondary Gel
antibody Weight No. antibody concentration
Anti- 285 kDa | (1:2000) in 5% | (ab2413) | Anti-rabbit 8%
Fibronectn nonfat milk in
TBS-Tween
Anti- 140210 | (1:1000) in 5% | (Cat.ABP) | Anti-rabbit 8%
Mouse kDa nonfat milk in
Collagen TBS-Tween
Type |
USMA 42 kDa | (1:3000) in 5% | (ab1249¢ | Anti-rabbit 10%
nonfat milk in
TBS-Tween
Anti-TGF 13 kDa | (1:1000) in 5% | (ab6604 Anti-rabbit 15%
beta nonfat milk in
antibody TBS-Tween
PDGERDH | 190 kDa | (1:1000) in 5% | (Cat316) Anti-rabbit 8 %
nonfat milk in
TBS-Tween
Monoclon | 55kDa | (1:2000) in 5% | (Cat.T2) Anti-mouse 10 %
al Anti-b nonfat milk in
Tubulin TBS-Tween
MCP-1 13 kDa | (1:1000) in 5% | (Cat.2029) | Anti-rabbit 15%
Antibody nonfat milk in
TBSTween
Mouse 25 kDa | (1:1000) in 5% | (Cat.MAB7 [ Anti-rat 15%
TGFb 2 nonfat milk in | 3461)
Antibody TBS-Tween
Anti-CCR2| 43 kDa | (1:1000) in 5%| (ab20312 | Anti-Rabbit 15%
antibody nonfat milk in
TBS-Tween
Anti-CTGF | 36 kDa [ (1:1000) in 5%| (ab 6992) | Anti-Rabbit 15%
antibody nonfat milk in
TBS-Tween
SDF1 9kDa [ (1:1000) in 5%| (Cat.3740) | Anti-Rabbit 15%
Antibody nonfat milk in

TBS-Tween
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Antibody incubations were performed on a shaker®at dvernight. After that, the
antibody was removed and the membrane rinsed with-TB8ffer 4 x 5Sminut e s 0
washesThe secondary HRPBoupled antibody was prepared in buffer containing the
same blocking agent used for blocking primary antibody. DAKO HRPpledu
antibodies was used at 1:2000 dilution and incubated for one hour at room temperature
on the shaker.

Then, the membrane rinsed 4 x 5 otes The membrane was left in the buffer to be
used for ECL detection. The work was done in the darkroom to detect the proteins
through chemiluminescence (ECL). The ECL reagent was left on the membrane for
three minutes anelxposed to ECL film for-b minutes Themembrane was developed

and fixed by Kodak Xray developer and fixer reageritfie developed film then rinsed

in water and dried. To analyse western blotting results through densitometric

quantification, the say films were scanned using a scannd? tanjet 4850).

Then, the scanned picture where uploaded to Fiji image j software where the density of
peak area of the band was quantified. The percentage value of the target protein was
divided by the value of the loading control to get a relativensitg. In order to re

probe the membrane with another antibody, the membrane was stripped for 15 minutes
on the shaker at RT with 20 ml of Pierce stripping buffédrermo Scientific, Cat.no.
21059). Subsequently, the membrane was washed withTT&®! therincubates with

the antibody as above.
2.2.5 Radiation effects on the migration of MSCs

2.2.5.1Trans-well migration assay

The aim of this assay is to see whether the secreted factor(s) from irradiated tumour
cells mediate MSCs migration. This assayamstimes named the Boyden chamber
assay, as Boyden originally introduceqBbyden, 1962)In this assay, media in two
chambers (upper and lower) are separated by a filter membrane through which cells can
migrate. For the migrationassay, C3H10 MSCs, and Balb/c MSCs were cultured
separately on transell plates (Falcoh8 . 0 & m pwdite ¢he chémeatirjctant

was in the lower compartment.

Thus, vertical cell migration was expected toward the attractant. Different laboratory
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technigques and radiation doses were useégufe 2.10). After the incubation period {8

16 hours), the MSCs located in the upper compartment (Facon0 e m fiter)r e si z e
were fixed by icecold methanol for 10 minutes. Then, the filters were washed with

PBS and stained with haematoxylin staining for 20 minutes. Next, the filters were
washed with PBS and left to dry at room temperafline.cells from the topside of the

inserts were wiped off using a damp cotton bud. The filters were removed from the

filter cup using a sharp razor blade and mounted on a glass slide using DPX. The cells,
which were migrated to the bottom of the filter, were counted using the microscope

(40X objectives. All migration experiments were done in duplicates, and cells were

counted in 10 random views per filter at 4@jectivelens.

- Direct irradiation: MSCs were cultured on tranwgell plates and irradiated directly
using an Ago xay machine (see abovejth 0, 0.5 Gy, and 4 Gy. The migration of
MSCs was calculated after fixation and staining of the migrated cells.

- Incubation with conditioned media (neat or concentrated) from irradiated
tumour cells: MSCs were cultured on trangell plates. A CM obtairgtfrom irradiated
tumour cells (FS120 cells or FS188 cells) was moved to the lower compartment.
Migration of cells was assessed as above.

- Co-culture of MSCs with irradiated tumour cells: Tumour cells (FS120 cells or
FS188 cells) were plated in the londramber. When they became ~80% confluent,
they were irradiated with different radiation doses. 24 hours later, MSCs were seeded
into the insert and their migration was assessed.

- Co-culture of MSCs with irradiated mouse endothelial cells (H5V):Mouse
enddhelial cells were seeded in the lower chamber and irradiated after they became
confluent. After 24 hours, MSCs were seeded into the insert and their migration was
evaluated as above.

- Co-culture of MSCs with irradiated human endothelial cells (HDMEC): The
method was the same as for H5V, except the incubation time was different.

- Co-culture of MSCs with irradiated HDMEC+ FS: Both tumour cells (FS120 cells

or FS188 cells) and human endothelial cells (HDMEC) were plated together (with
HDMEC medium) at theower chamber. As the tumour cells were growing faster than
HDMEC, a 1:4ratioswereused to seed them together. Two days later, the media were
changed to MSCs media and irradiated. 24 hours post radiation the MSCs were seeded

into the insert and their migtion was assessed as described above.
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- Effects of TGFb1l, MCP-1, and SDF1 on the migration assayMSCs were
stimulated with TGFb1, MCP-1 and SDFL U .

(s slslolne ¥
TR T e

Direct Irradiation of Incubate with CM from Co-culture with
\_  MsCs. / \Irradiated FS120, FS188 / \_irradiated FS120, FS188 /
8 hours 16 hours 8 hours

8 2l

o elelels
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N

)
FACLELTIELES

Co-culture with Co-culture with
\irrad.iated H5V cells/ irradiated HDMEC/ \Irradilted HDMEC+FS )
16 hours 8 hours 8 hours

Figure 2.10Schematic representatives of different C3H10 MSCs and Balb/c )

MSCs migration assay procedures.

A- Direct irradiation of MSC8- Incubation of MSCs with conditioned media (ne
and concentrated) from irradiated FS 120 cells,EBtB8.C- Co-culture of MSCs
with irradiated FS120 cells, and FS188 cdllsCo-culture of MSCs with irradiateg
moues endothelial cells (H5M}- Co-culture of MSCs with irradiated HDMEE-

Co-culture of MSCs with irradiated FS120 cells, FS188 cells HBMEC. The
radiation doses used was 0, 0.5 Gy, and 4 Gy. The time under each scheme, r
incubation period after seeding of MSCs.
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2.2.5.2 Transwell migration assay using neutralizing antibodies to MCPL

Neutralizing antibody was used to block the activity of MCIa certain experiments.

A fresh CM extracted from irradiated tumour cells (FS120 cells or FS188 cells) was
concentrated first (as section2.2.17). Then, the concentrated CM was tested using

western blotting to check that the MQRprotein is presenBefore starting the assay,

the concentrated CM was incubated with the -momune 1gG or antibodies in
polypropylene tubes for 2 hours on a roller at room temperaisneg a 24well plate,

the migration assay was performetherefore 3x 1¢* Balb/c MSCs irR00-€ Imedium

were cultured on transell plates (Falcoh8 . 0 e m pore size) and th
16 hours in the incubator. Fixation, staining, and counting of the migrated cells were

done as previously explained.

2.2.6Measuring MCP-1 release from irradiated tumour cells via enzymdinked
immunosorbent assayELISA)

Sandwich ELISA was done to detect and quantify mouse{¥€iremokine in the CM.

The DuoSét development system was used to detect mouse-M{@Rhe CM from
irradiated fibrosarcoma tumours. Firstly, a®6éll plate was coated with the capture
antibody (goat anmtmouse) that was diluted to the working concentraticable 2.8).

100 ¢l pre dilutedecdpiure anfibody was used, and then the plate was sealed

and incubated at room temperature overnight.

Table 28 Working concentration and preparation of reagents for ELISA

Reagent Amount Working Preparation
per vial concentration

Capture antibody] 50 ¢ 200 ng/mi Reconstitute in 0.5 ml PBS

Detection 3 €g 50 ng/ml Reconstitute in 1 niReagent diluen

antibody

Standard 45 ng 3.91:250 pg/ml | Reconstitute in 0.5 ml Reage
diluent

StreptavidinHRP N/A 40-fold Dilute in Reagent diluent
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Next day, the wells were washed 3 times wi
the capture antibody anplit to dry on a paper towel. &h, the wells were blocked for
one hour with300-¢ keagent diluent at room temperature before washingavlihO ¢ |

washing buffer as earlier explained.

Standards were prepared as describeBigu(e 2.11), while CM samples were diluted

1:10, 1:50,1:100L : 150 and 1: 200 with the reagent di
tested in duplicate and incubated for 2 hours at room temperature followbdeby

washings wittd 0 0 ¢ | washing buffer. 100 ¢l of t he
goat antimouse JE) diluted in reagent diluent was added to each well and left for 2

hours at room temperature prior to washing 3 timiéis washing buffer (as above).

500uL 500uL 500uL 500uL 500uL 500 uL

/ﬁd/‘\/‘\/‘\/‘\

7
STANDARD W ﬂ ﬂ T ‘] L @
31.3 15.6

3.9 0
(just Diluent)

pg/mL 250 62.5

Figure 2.11Preparation of ELISA standards by serial dilution. Initially, the

recombinant mouse JE Standard was reconstituted with 0.5 mL of reagent ¢
According to manual instructions, a standard curve as prepared starting fro
pg/mL to 3.9 pg/mL. 2.7¢ bf standard was added to 1 mL of diluent reagent (
tube), andvas mixed well. Next, 500 Wwas taken from the first tube and added
the second tube (which already contained &0ff reagent diluent) followed by th
same for the next tubes. One tube was without standard, and was used as a

control for thecurve (only reagent diluent).
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Subsequentl vy, 1 -BiRP dduted to 4doldwtith reggentadiuentd was

added to the wells and incubated for 20 minutes at room temperature away from light.
Washing with washing buffer was repeated as abodead 0 0 €1 of substr at
(1:1 mixture of colour reagent A and colour reagent B) was added to each well and
incubated for 20 minutes at room temperature (in the dark). When enough yellow colour

was detected in each well, the reaction was stoppeddbyadg 50 €l of stop
each well and the plate was tapped smoothly to ensure full mixing.

Using a plate reader, the optical density of each well was determined immediately at
450 nm with background correction at 570 nm. To remove the backgrthumd,
absorbance at 450 nm was subtracted from the absorbance at 570 nm. GraphPad Prism
(Linear regression test) was used to determine the concentrations of the unknown

protein samples from the standard curve.

2.2.7Staining procedures for tumour sections from ann vivo experiment

All tumour sections (paraffin and frozen) that were used to analyse fibrosSAdrsl

in vivo were provided byMr Matthew Fisher, Senior Technician, Department of
Oncology and MetabolisnThese sections were taken from an experiment doia by
DebayanMukherjee who injected the fibrosarcoma cells (FS120 cells or FS188 cells)

subcutaneously in CD1 nude mice.

After tumours had grown to ~100 mm volume,they were irradiateh situwith 20

Gy over 4 days (8 2.5 Gy fractions) starting from day When they reached ~1000
1200 mni theywere excisedcembedded in paraffin and sectioned by a microtome. Mrs
Maggie Glover, Histology Technician, Department of Oncology and Metabolism did
tumourssectioning and embedding in paraffin. While, Mr Matthew Fisher, Senior

Technician prepared tumours frozen sections.
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2.2.7.1 Immunohistochemical stairing of formalin-fixed, paraffin-embedded

fibrosarcoma tumour sections

IHC is a method for demonstratirige presence and location of proteins in tissue
sections. It analyses and identifies cell types based on the binding of antibodies to
specific components of the cell. Before starting with the staining protocol, the slides
were deparaffinised and rehydrdt as incomplete removal of paraffin can lead to poor
staining of the section.

The IHC protocol was given to me by Mr Matthew Fisher, which | then optimised. The
sections were dewaxed by placing the slides in a rack, and performed the following

washes:

Xylene 2 X 10 minutes.
100% ethanol 2 X 5 minutes.
95% ethanol for 5 minutes.
70% ethanol for 5 minutes.

Distilled water for one minute.

= =/ =4 A A -2

Rinse slides in PBS for 2 minutes.

The next step was antigen retrieval, which is important due to the formation of
methylene bridges during fixation, which crdsks proteins and therefore masks
antigenic sites. Heahediated retrieval by pressure cooker was used with target
retrieval solution (DAK@ Target Retrieval Solution, 10X concentrate, Code No. S
1699) whichwasdiluted at 1:10 in dH20.

700 ml of dH20 were added inside the pressure cooker while the slides were put in the
target retrieval solution. Heating with pressure cocker was for 2 hours, then, the slides
were removed and rinsed once in PBS. Sections everled by wax pen and left for

10 minutes to dry at room temperature before rinsing with PBS.

In order to block endogenous peroxidase activity, the slides were blocked with 3%
H>0O2/PBSfor 20 minutes (dilution was 1:10 dilution from 30%®4 stock solutbn).
Subsequently, the slides were rinsed with PBSkdocked with the mouse on mouse
(M.O.M. E) IgG for 60 minutes at room temperatur&/e¢to®M.0.M E
Immunodetection kitCat. No. BMK-2202 to prevent nosspecific antibody binding

80



to tissue The primarya n t i b-8MA/2 n{ghthl antimouse, made in mouse) was
diluted 1: 10,000in PBS plusM.O.M. E diluent. The blocking solution was removed
and the primary antibody was added on the slides and incubat&d avernight.

Next daythe primary antibody wagmoved and slides were rinsed three times in PBS.
The secondary antibody (biotinylated amouse IgG reagent 1:250) was put over the
sections and incubated for 10 minutes. The slides were rinsed twice in PBS and then
incubated with avidifbiotin complex ABC) for 60 minutes and washed three times
with PBS. Incubation with DAB 3, 3:diaminobenzidine)from 1-10 minutes
(visualised under a microscope) was the next step.

The slides then washed with tap water and counterstained with Mayer's haematoxylin
stainfor 30 seconds to visualize the nuclei, and then washed in tap water for 5 minutes.
The slides finally dehydrated with 70% ethanol for 5 minutes, 95% ethanol for 5
minutes, 100% ethanol 2 X 5 minutes, and Xylene 2 X 5 minutes. The slides were then
mountedwith DPX (distyrene, plasticizer, and xylenandcover slippedhen left to

dry at room temperature.

22.72Col | agen staining ( Mas s on 6 sembdeddedc hr o me

fibrosarcoma tumour sections

Massonds tr i c hr-ooloerstainmg) dark browsblaak for cellmucleie
orangered for cytoplasm and greditue for collagen. Samuel F Harding, Research
Technician at the Diabetes, Endocrinology & Metabolism Unit, Department of

Oncology and Metabolism, provided me with a basic pataahich | then optimised

Fibrosarcoma tumour sections were dewaxed in xylene for 10 minutes (X2), followed

by ethanol 100%, 95%, 75%, and water for 2 minutes each. Then, the slides were

incubated for 10 minutes i n oWeaddpyond 6s i r on

mi nute washing in tap water, and one minut

then placed in Ponceau stain (Fucshin 2:1 0.5% Ponceau 2R in 1% Acetic acid, 0.5%
Acid fucshin in 1% Acetic acid) for 10 minutes, followed by washingaim Wwater.
Phosphomolybdic acighosphotungstic acid (2.5%) was used for 2 minutes and the
slides were transferred quickly to tap water to remove the Aftet. that, the sections

were stained with 2% light green in 2% acetic acid for 4 minutes, rindeg mwater

(one dip only).
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Dehydration of the samples was through ethanol 75%, 95%, and 100% (very quickly)

followed by xylene for 5 minutes (X2). Finally, the slides were mounted using DPX.
To prepare solutions:

- Ponceau:Fucshin 2:1 (0.5% Ponceau 2R%nAcetic acid, 0.5% Acid fucshin in1%

Acetic acid)

x 1% Acetic acid: 10 ml of glacial acetic acid was added to 1000 ml of distilled
water.

x 2.5 g of Fuschin was weighted and added to 500 ml of 1% acetic acid.

x 2.5 g of Ponceau 2R was weighted and added tarb@® 1% acetic acid.

x  Fuscin and Ponceau red solutions were mixed at a ratio of 2:1 (200 ml Fuschin

and 100 ml Ponceau).
- 5% Phosphomolybdic acid: (5% Phosphotungstenic acid in 2% Acetic acid)

x 2% Acetic acid solution was prepared by adding 20 ml of glaoetic acid to
1000 ml of dHO.
x 100 ml of the 10% Phosphomolybdic acid was mixed with 100 ml of the 10%

Phosphotungstenic acid and then 200 ml of 2% acetic acid was added.

- 2% light green in 2% acetic acid

x 10 g of light green powder was weighed anssdlved in 500 ml of 2% acetic

acid.
Toanalysei mages from Massonds trichrome st ai

Two ways were usedhe first method was viAperio ImageScope software (version
12.2), in which eight images were taken from each stained tumour section (16 tumour
sections were used, 4 for FS120 CTR, 4 FS120 irradiated, 4 FS188 CTR and 4 FS180
irradiated) using a 10X objective and a Nikon microscope (Nikptip@ot2). First,

the image to be analysed was uploaded té\gexio ImageScope software by clicking

t hel éidcci menu and selecting fAOpen | mageo.

spectrum, an algorithm was created. The parameters were adjusted (Hue value, Hue
width, colour saturation threshold, Iwp, and Isp) of the algorithm and saved the setting

to apply for & | subsequent i mages. To do that,

82

ni

f

r

r



chosen and fASelect Algorithmo, another win

Pi xel count V9 Parameterso was selected f o

The parameters were adjusted according tatwlanted to analyse (analyse the green

blue collagen area) by clicking it in the list and selecting the parameter. These
parameters were set as the default parameters and were used for all slides images. After
achieving the analysVisewd rmenn ut,h efi AnmmaogteaStcio
selected. Next to each parameter, the number of positive pixels for the chosen colour
for that analysed section result appeared. Results were exported to an Excel spreadsheet
for further analysis. A schematic representationirohges analysis via Aperio
ImageScope is shown Figure 2.12 The results from the analysis were divided into
either positive areas (presence of collagen), or negative areas (no collagen). In the
positive areas, there were three areas, weakly posits#jye or strongly positive.

The positivity was calculated by summation of all the positive areas (weak positive +
positive + strong positive) then divided by the total area (all positive areas + negative
areas). The percentage of positivity was estimatednultiplying positivity by 100

(Figure 2.12.

The positivity was calculated by summation of all the positive areas (weak positive +
positive + strong positive) then divided by the total area (all positive areas + negative
areas). The percentage of poéiy was estimated by multiplying positivity by 100
(Figure 2.12.
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Figure 2.12 Schematic representat.i
analysis of paraffin embedded fibrosarcoma tumour sectionsising Aperia

ImageScope software version 12.2.

Aperio ImageScope vsion 12.2 software was used for the analysis. After the in|
has been wuploaded, from AVi ewd me.]
chosen (A & B). APositive Pixel C
Run (C). The parameters were adjusteadetiag to what we wanted to analyse (
wanted to analyse the greblue collagen area) by clicking it in the list and sel
the parameter. These parameters were used as default parameters for §

images later. After finishing the analysis, from ne Sc o p e A Vi

AAnnotationso was selected (D). Ne
section result wi || appear ( E) .
Spreadsheet o was chosen. The r e gherl

positive area (presence of collagen), or negative area (no collagen). With
positive areas, there were three areas, weak positive, or positive, or strong p
The positivity was calculated by summation of whole positive areas (weak pg
+ positive + strong positive) then divided by the total number (all positive are
negative areas). The percentage of the positivity was estimated by multi
positivity by 100 (F).
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The second method used to analyya s s on 6 s t r i io paraffimsectiond ai ni ng
was by scanning sections with the TissueGnostics Confocal Slide scanner (TISSUE

FAX 200, Tissue Gnostic¥ienna, Austria (Figure 2.13 and usingHistoQuest
softwareanalysissystem V4.0. Using this more sensitive method of analysis allows us

to analyse more tumour sections in less time. The system is acwloltir high
resolution slide scanner with 5 em confoca
in sample thicknessDr Maya Boudiffa, a postloctoral research associate, Bone

Biology Unit, Department of Oncology and Metabolism, scanned the seasomghe

Slide Scanneand provided training in data analysis using the HistoQuest software

0
0
N
n
X
q
L
1]
§ =
n
=
=

Figure 2.13 TissueGnostics Confocal Slide Scanner withe TissueFAXS 200)

autoloader.
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The highresolution images from the scanned slides were sent tmthputerassisted
analysis HistoQuest software system (TissueGnostics GmbH). All images were
analysed using specific protocol in the software.

As shown inFigure (2.14C), for each tissue sections the total area was first measured
followed by necrotic andhonnecrotic (viable) area measurements. Each area was
measured as nminThe green area (collagen) was measured within the total tissue area,
necrotic area, and neamecrotic (viable) areas. Thgercentageof the green areas

(collagen) in each tissue sectias calculated as follows:

X 100
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A

Method:

Analysis collagen content in tissue sections (green/blue) -
skele

Using histoquest, a multiple shades segmentation was applied to the images and area measurements were performed.

Example of segmentation:

L W e 7]

a7
P

Segmented image

Sample 10916001 showing all necrosis area identified:

Analysis collagen content in tissue sections (green/blue)
s

Necrotic area outlined in green Necrotic area filled (green)

C

Results analysis:

Analysis collagen content in tissue sections (green/blue)
AL

Sample Region analysed Total tissue area (mm?) Green Area (mm?) % Green Area
Total tissue 153.53 20.29789361 13.22076805

10916001 Necrotic area 51.95948107 14.77636169 28.43823953
Non Necrotic area 101.57 5.52 5436136461

Total tissue 14765 20.38758426 13.80805384

10916002 Necrofic area 58.18634786 13.49710668 23.19634618
Non Necrotic area 89.46 6.89 7.701990081
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Figure 2.14 Analysi s coll agen corf

paraffin sections using HistoQuest software.

The stained slides were scanned via TissueGnostics Confocal Slide S
(TISSUEFAXS 200). Thethe highresolution images were analysed by HistoQ
software V 4.0. Multiple shades segmentation was applied to the images ar
measurements were performed (A). The viable or necrotic areas within the 3
were outlined (B). The results of theadysis measured the total tissue area, ang
green area (collagen) in mMC). For each sample the whole tissue area, the neq
areas and viable areas were analysed. The green area (collagen) was nj
within the total tissue area, necrotic area aonrnecrotic (viable) areas. The %

the green areas (collagen) in each tissue section was calcy
€ "I "HHTI "HH

EETEE TR X 100.
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2.2.7.3lImmunofluorescencestaining of frozen fibrosarcoma tumour sections

Tumour sections (frozen) were left to dry at room temperature for 15 minutes. Then,
they were circled with a wax pen and allowed to dry for 10 minutes at room temperature.
The sections were fixed in i@®ld acetone for 10 minutes before they were washed
twice with PBS.

Blocking was with MOM Ig3VectoPM.O.M E Immunodetection kitCat. No. BMK

2200 f or one hour at room temperatufe. Ther
SMA 2 mg/ml antimouse, made imouse)was done overnight af@ and was diluted

1: 10,000in PBS plusM.O.M. E diluent Next day, the slides were washed with PBS

X3 and incubated withthe secondary antibody (1:250 biotinylated antiuse 1gG
reagent) for 10 minutes at room temperatlire slides then welacubated withTexas

Red Streptavidin (diluted 1:200 in 1% BSA/PBS) for one hour at room temperature,
after washing the slides with PB&.

Blocking the slides with 10% goat serum in 1% BSA/PBS for one hour was done at
room temperate followed by incubation with the CD31 antibody (diluted 1:200 in 1%
BSA/PBS) overnighat 4°C.

Washing the slides with PBS3 was done next day, and then the slides were incubated
for one hour with goat antat IgG H&L (FITC) diluted 1:200 in 1% BSA/PBS. After
washing the slides with PB&3, they were mounted with Vector shield hard set with
DAPI (4', 6-diamidino2-phenylindog).

2.3 Statistical analyses

Statistical analyses were achieved using GraphPad Prism 7.0 Software. pare&eom
between two groupsunpairediwo-tailed ttestwas usedWhile oneway analysis of
variance (ANOVA)was used to see whethdrere areany significant differences
(statistically)between the means of two or more independemips.

For clonogenic assay, tHmearquadratic model was used to analyse data. This was

done in GraphPad Prism via changing in the Format Axis dialog.
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CHAPTER THREE:

The effects of radiation on the differentiation of
MSCs into cells with CAFRlike characteristics
and its consequences on MSC
migration/recruitment
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3.1 Introduction & aims

Radiotherapy is one ofi¢ standard effective treatmefus intermediate antligh-soft

tissue sarcomairound 60% of patients with cancer will receive radiotherapysta

of their treatmen{Robbins et al., 2012)More importantly, as discussed formerly
radiotherapy can cause fibrosis, which is charactebgel@posits of collagen and other
matrix proteins and presence of activated fibroblasts kresCAFs which are major
producers of collagen in tumoufazorin-Vega et al., 2015)CAF play a key role in

cancer initiaibn, invasion and metastagisuo et al., 2015)The underlying cellular
mechanisms of radiation fibrosis in tumours are not fully tstded. MSCscan
differentiate into CAHike cells(Mishra et al., 2008)but the exact origin of CAFRs
irradiated tumours has not been established. In normal tissues, growth factors such as
PDGF and TGl play a key role in the differentiatiasf MSCs to CAFs, therefore,
similar factors may be involved in response to radiaticatimour.Moreover, Klopp

et al and Fenton and Paoni showed that irradiation indremditment of MSCs to
tumours (Klopp et al., 2007, Fenton and Paoni, 200Ffhe mechanisms that rule
migration of MSCs into the & of injury have not been fully explain@darp and

Teol, 2009) Some studies have shown that chemotaxis is a mode of recruitment for
MSCs in response to cheattractants like chemokines or growth fact(vanden
BergFoels, 2014) Presence of the MSCs in the tumomicroenvironment will
promote tumour angiogenesis, suppress the immune response, enhance the stemness of

tumour cells, induce chemotherapy resistance and endors€&iMTet al., 2014)
The aims of this chapter are:

- To determinavhetherradiationinduceghe differentiaton of MSCs into cells with
CAF-like characteristics using sarcoma ceiis vitro to model the tumour
microenvironment

- Usein vitro models, tanvestigate the role of poesadiation injury cytokines and

chemdines in radiatiorenhanced MSCEecruitment to tumours.
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3.2Results

3.2.1Effects of radiation on tumour cells and MSC colony formation

It has long been established that radiation causes DNA damage and ce|Nilgath

et al., 2001, Warters and Hofer, 197If) orde to choose appropriate radiation doses

for later experiments, the radsensitivities of tumour cells and MSCs were tested. The
clonogenic assay was used as a cellular response technique to test the effectiveness of
radiation on the proliferation and swal of cells. A colony means a group of at least

50 cells.

Cells were irradiated with different radiation dosest(Gy), plus a noiirradiated
group, which was used as a control. Next, the eedisetrypsinised anctounted by
haemocytometeheforebeingsub-cultured into éwell plates and incubated for 12 days.
Table 2.2 showscell numbers plated for each radiation dose condition. Fixation and
staining of the cells witlerystal violet was done followed by manual counting of the
colonies.The gating efficiency (PE) with surwial fraction (SF)was calculateds

described in chapter twsdction2.2.2.

Cell survival curves werditted with Linear Quadratic modellingnd plotted as a
logarithm of the surviving fraction versus radiation dose in Gray (Gigure 3.1).

The survival fraction for all cells was decreased in a-diegendent manner. At 4 Gy,
both Balb/c and C3H10 MSCs were more radieistant than fibrosarconeells P =
0.014for Balb/c and 0.020or C3H10 cells, using Linear regression testyaddition,

at 4 Gy FS120 cells were more radioresistant than FS188 PeHs0(0123,Linear
regression tektThe resultsvereaverages of 5 independent experimeatsheplated in
triplicate (Figure 3.1). The survival fraction at 4 Gy were 40.0%, 25.6%, 3.1%, and
0.98% for Balb/c MSCs, C3H10 MSCs, FS120 cells, and FS188 cells respectively.

Although 4 Gy was lethadublethal for tumour cells anldere wasnoderate cell killing
for MSCs, it was chosen for subsequent experimentseagpper limit dose to mimic

the radiation dosesed in the clinic. The dapaesented ifrigure 3.1
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Figure 3.1 Radiation effects on survival of FS 120 cells, FS 188 cells, C3h
MSCs, and Balb/c MSCs cells.

Representative images of colonies from FS 120 cells (A), and FS 188 cel
Cells were seeded after irradiation with 0, 0.52 and 4 Gy (0 represent contr
un-irradiated cells). Colonies were fixed, stained and counted 12 days
radiation. 50 cells or more were representing a colony. The survival fractior]
was calculated and plotted for each cell line as a logariftthrecsurvival fraction
veraus radiation dose in Gray usih@ear Quadratienodel At 4 Gy, both Balb/c
(P = 0.014) and C3H10 MSCs(= 0.020) were more radi@sistant than
fibrosarcoma cells. In addition, at 4 Gy FS120 cells were more radioresistan
FS188 cells B = 0.0123). The data points are the averages of 5 indepe
experiments each plated in triplicate. The dasponseurves were fitted by linea
regression analysis, the mean + SEM is preserRed 0.05. The survival fractior
for all cells was decreased in a dalpendent manner. The survival fractions g
Gy were 40.0%, 25.6%, 3.1%, and 0.98% for Balb/c MSCs, C3#BGs, FS120
cells, and FS188 cells respectively.
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3.2.2Effects of TGF-b1 on the growth, morphology and differentiation of MSCs

TGFDb1, a profibrotic cytokine, plag a keyrole in postradiation injury(Martin et al.,
2000)and in the growth of MSCENg et al., 2008)It has been shown th@iGFbl
induced morphological changes in MSCs into cells with a -Gké-morphology and
leads to an increase in collagen and fibronectin produ(@esai et al., 2014}First, to
establish whetheFGFbl is playing a role in the growtbf C3H10 and Balb/c MSCs,

in vitro growth curve assayweredone. MSCs were cultured in triplicate in the
presence of GFb1 (10 ng/ml) and left for 24 hours in the incubator to allow cells to
adhee to the plateUntreatedcells acted asontrols.

Counting cells waslone on a daily basis (dag, 2, 3 and 4) as explained section
2.2.3 The result show that there waso significant effect oTGFb  the growth of
either C3H10 or Balb/c MSC¢Figure 3.2). However, dtered cell morphology
displaying elongatedpindleshaped and compactedllsin contrast to control cells
that were flat, polygonal, and less spirdlapedwas observed These results
suggestedthat TGBF i nduc ed d ibdthiM&CsenttQAF-like celle(lRigure f
3.2 A-D). These morphological changes were associated with changes in the expression
o f -SMA (see later in this chapter), which support that MSCs differentiated inte CAF
like cells in the presence @iGFbl. Presence of CAF cells in the TME is strongly

associated th excessive ECM deposition and later fibrdfle Wever et al., 2008)
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Figure 3.2Effects of TGFb1 on the growth and morphdogy of Balb/c and ¢
C3H10 MSCs.

MSCs were plated in-@&ell-plates, and either treated wittG~b (10 ng/ml), or
control cells (noTGFb). MSCs grown under normal conditions withdusF~b
displayed a flattened fibroblastic morpholo@y & C), while MSCs grownn the
presence of GFb displayed distinct spindle morpholo@ & D). (E) Starting at
24 hours after plating, and then at daily intervals (for total of 4 days) cells
trypsinised and counted. The result revealed T@&E-b had no effects on th
growth of Balb/c or C3H10 MSCs. Results are expressed as mean cell co
SEM of three individual experiments (each done in triplicad{$)= the number of
the cells that were seede®lX 10 cells/well).N= number of the cells counted on

daily basis whether controls or afteeatment witiT GF-b.
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3.2.3 Radiation effects on C3H10 and Balb/c MSC morphology and expression of

CAF-like cellsdifferentiation markers

MSCs can differentiate into activated fibroblasts or CAFs (as discussed earlier)
(Sugimoto et al., 2006, Mishra et al., 200B\Fs are large spindighaped cells, which
expressa-SMA and PDGFRb (Sugimoto et al., 2006, Anderberg et al., 2009)
Moreover CAFs secrete collagen, fibronectin and other ECM proteins which
contribute to tissue fibrosidiles and Sikes, 2014With respect to radiation effects

on the MSCédifferentiation ability,western blotting was done on the cell lysdteat
wereextracted fronboth C3H10, and BalbMSCs.As shown insection3.2.2, TG

b Hhltered themorphology of both MSCs into CAlke cells.Thesechangesuggested

that TGFD1 induced differentiation oboth MSCs intoCAF-like cells So, TGFb 1

was used as a positive control of MSCs differentiaitiosubsequent experiments

3.2.31 Effects of direct irradiation on the expression of CAF markers by mouse
MSCs

Both C3H10 MSCs and Balb/c MSCs were seededwel plates individually until

they became ~80% confluent. Then, they wermXirradiated directly with @ Gy
(section2.2.1.9. One well was treated with 10 ng/MGFb1 alone without radiation

used as a positive control for differentiation. Anothetl was left urirradiated as a

control. A further well was irradiated with 4 Gy and also treated Wbl (10

ng/ml). Plates wre incubated for 3 days before extraction of proteins using cell
extraction buffer gection2.2.42) . 20 €9 (30 el /1 ane) of pro
western blottingNormalisation was done throughlculating the ratio of target protein

to internal control (i.e., dividing or fino

As seen inFigure 3.3, only TGFb1 had a significant effect in the expression of

collagenl, fibronectin,PDGFRb  aanSMA in C3H10 MSCs. However, in Balb/c

cells 0.5 Gy also increased the expression of collkhgeneway ANOV A, Dunnet't
multiple comparisons tesk = 0.037) Figure 3.4). Some of the markers showed a

tendency to increase after low doses of radiationdaedease after high dose radiation

(2-4 Gy), although these effects were not significant.
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Direct irradiation of C3H10 MSCs
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Figure 3.3 Effects of direct radiation on the expressionof CAF markers byay
C3H10 MSCs.

Cells were irradiated and/or tredtevith TGFb (10 ng/ ml ) . P
prepar ed t Hrradiagon dnal gnalysedgooexgression of various mar
expressed by CAFs (collagénfibronectin, PDGFRb  a RSAM AU . 20

el /1l ane) of proteins affect on thé exarassod of g
markers tested although collagkerfibronectin and PDGFR® t end e d
after low radiation doses (0.2, and 0.5 Gy) (A, B, C, and D). There was &
tendency of the expression markers to decrease after highdiomadiases (1, 2
and4 Gy). TGFb1 caused a significant i f,¢
fibronectin, PDGFRb  a FSMA it urvirradiated cells, with similar effects whe
administered in combination with radiation (A, B, C, and D).-@ag ANOVA test
followed by a Dunnett's multiple comparisons test was used to analyse data. |
expressed as means + SEM and were considered statistically significan®\@h
0.05 (* P<0.05, ** P<0.01). Each graph represents 4 independent experin
(N=4).

101



Direct irradiation of Balb/c MSCs
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Figure 3.4Effects of direct radiation on the expresion CAF markers by Balb/c/
MSCs.

Cells were irradiated and/oreated with TGFb  ( 10 ng/ ml ) . P
prepared three days pestadiation and analysed for expression of various mar
expressed by CAFs (collagénfibronectin, PDGFRb a rRSMA) (R 0 € g
el /1l ane) of prLow radiatbrsdose €15 &y) tansaddaesidnifica
increase in the collagenexpression significantly -3 days after radiation (A)
Collagenl, fibronectin, PDGFRb  a RSMA Were also increased significant
after treatment of the MSCs willGRb  ( A, B, Gytendadtaldediepss
the expression of differentiation markers, whil&~b 1 caus e d
increase in the expression of collagefibronectin, PDGFRb  a FSWIA ib un
irradiated cells, with similar effects when administered in combination
radiation (A, B, C, and D). Or@ay ANOVA test followed by ®unnett's multiple
comparisons testas used to analyse daResults expressed as means + SEM
were considered statistically significant wie® 0 . B<B.05(**P<0.01). Each

graphrepresents four independent experiments (N=4).
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3.2.3.2Effects of irradiated tumour cells on the expression of CAF _markers by

mouseMSC

In the previous experiments, the direct irradiation of the MSCs caused only very modest
effect on the expression of CAF markers. For a further understanding of the
development of the radiation fibrosis within a tumour, it is essential to understand the
interaction of individual components of the TME with the MSCs, as the development
and progression of the tumours are determined by the interaction between the cells
within the TME (Bissell and Hines, 2011Yhe aim of this experimemwasto see
whether irradiated tumowdls (FS120 cells & FS188 cellsgpcretd growth factors or
cytokines that couldaffect both C3H10 and Balb/&MSCs differentiationmarker
expressionTherefore, FE88 cells as well as FS120 cellgvere cultured in 24vell

plates and when they became 80%ndoent, their media were changed and then
irradiated with 0, 0.5 and 4 Gy

24 hours later, C3H10 MSCs and Balb/c MSCs were seeded sepéBatel¢fin 200

e | me bh fillerrmperts (Falcohl . 0 e m por e sculmredwithated wer e
tumourcellsfors4 days before cell | ysates were pre
el /1l ane) was | oaded for eacHNonalsatendané t he (g ¢

by calculating the ratio of tget protein to internal control.

As can be seen froffaigure 3.5 the irradiated tumour cells had no significant effects

on the expression of the various differentiation markers in C3H10 &adjsré 3.5).

However, when Balb/c MSCs were-caltured with irradiated FS188 cells (0.5 Gy),

there were significant increase in the expression of coldgeBGFRb  alkStA

(but not fibronectin) Eigure 3.6) (Oneway ANOVA, Tukeyds multipl
test,P =0.021, 0.036, and 0.022 respectively). Additionally, irradiation of FS188 by 4

Gy caused an increase in the expression of collagen- 0.016) andPDGFRb P €

0.026) in cecultured Balb/c MSCs. On the other handcatture with FS120 cells did

not cawe a significant increase in Balb/c MSC differentiation markers, although there

was a tendency towards such an increkggi(e 3.6).
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Figure 3.5Effects of irradiated tumour cells (FS120 cells, and FS 188 cells) ¢
the expression of CAF markers by C3H10 MSCs.

Tumour cells were cultured in 24ell plates and when they became 80% conflu
their media were changed and then irradiateti @jt0.5, and 4 Gy. 24 hours latg
the C3H10 MSCs were seed@ix 1¢¢i n 2 0 0 ¢ ih filtenimswkrits (Faigoh
1.0 em por e sculued witl thedtumaw cells foc 4 days befc
extraction of their cell0 EyYéabase)

each lane of the geNormalisation was done bgalculating the ratio of tget
protein to internal controlPresence of irradiated tumour cells (FS120 cells,
FS188 cells) with the C3H10 MSCs did not cause any changes in the
differentiation markers. Oreay ANOVA test followed by alukey's multiple

comparisons testas used to analyse daResults expresed as means + SEM. Ea

graph represents three independent experiments (N=3).
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Figure 3.6 Effects of irradiated tumour cells (FS120 cells, and FS 188 cells) {
the expression of CAF markers by Balb/c MSCs.

Tumour cells were cultured in 24ell plates and when they became 80% conflu
their media were changed and then irradiateti @j 0.5, and 4 Gy. 24 hours latg
the MSCs were seedé¢8 x 1¢'in 200¢ | me ih filtar in3erts (Falcol . 0
pore size) and were aultured with the tumour cells for 4 days before extract
of their cell | ysat e slane)2vas loadged for eactsla
of the gel.Normalisation was done throughlculating the ratio of target protein {
internal control(tubulin). From the resultshe presence of irradiated FS188 ce
significantly increased the expressiorcoflagenl, andPDGFRb  af t er
4 Gy (A a BMA aiter 0.5 GyrfDy, while it has no effects on fibroneg
expression (B). There were no significant effects of FS120 cells on N
differentiation markers. Or@ay ANOVA test followed by alukey's multiple
comparisons testas used to analyse daResults expressed as means + SEM,
were considered statistically significant wie® 0 . B<®.05( ** P<0.01).All

experiments were accomplished in triplicate and repeated three times and af

usingGraphPad Prism 7.0 software.
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3.2.3.3Effects of secreted factor(s) produced by irradiated tumour cells on the

expression of CAFmarkers by MSCs

In the previous experimensdction 3.2.3.2), the presence of irradiated FS cells
(especially FS188 cells) was shown to cause an increase in the expression of Balb/c
MSCs differentiation markers, which implies that secreted fagwosluced by
irradiated tumour cells might be responsible. It was important to confirm that, by testing
conditioned media (both neat and concentrated) from irradiated tumour cells. In the
light of that, serunfree conditioned media were collected from coh&nd irradiated

FS cells and concentrated using Amicon U#raentrifugal filtes as described in
section2.2.1.7 In the lower chamber of the 2¢ell plate, either neat or concentrated

CM was placed, and in the upper chamber filters C3H10 MSCs orcBdBLCs (3 X

10/ 200 ¢l medi um) were seeded in their
days before extraction of thecelllys#2e0 € g of sampl e protein
for each lane of the gel in the western bMiirmalisation was dont@roughcalculating

the ratio of target protein to internal conttwlbulin).

As the neat medium had no effect of the exgices of CAF markers by MSCs, |
focused on the concentrated CM data. Data fitmeeexperiments is shown Figure

3.7 and 3.8 There was no effect of the CM (neat or concentrated) extracted from
irradiated tumour cells on the C3H10 expression markagai(e 3.7). Concentrated

CM from irradiated FS120 and FS188 cells had no significant effec-8MA
expression in Balb/c MSCs, Mever, concentrated CM from irradiated (0.5 and 4 Gy)
FS188 cells, caused a significant increase in the expressomtiagjen! (P = 0.0014,

and 0.0067) and fibronecti® € 0.038, and 0.031). A similar increase in the expression
of collagenl (P = 0.047)andPDGFRDb P €0.033) was observed using concentrated
CM from irradiated FS120 cell with 4 G¥igure 3.8 AandC). In this experiment, |

missed to use a narradiated medium alone to see whether presence of tumour cells

was the cause of the increase in the CAFs expression markers expressed by MSCs.

This work will be done in the future.

Oneway ANOVA followed by Tuk y 6 s mul t i pl e comparisons
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C3H10MSCs+ concentrated CM from irradiated tumour cells
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Figure 3.7 Effects of factors (s) produced from irradiated tumour cells on the
expression of CAF markers by C3H10 MSCs.

C3H10 MSCs were exposed to concentrated CM from irradiated FS120 cel
FS188 cells for 3 daysNormalisation was done througialcuating the ratio of
target protein to internal contro

control). No effects of the concentrated CM extracted from irradiated tumour
were seen on the expression of collaggPDGFRb , f i b r BSMVA.ONe

way ANOVA test followed bya Tukey's multiple comparisons testis used tg
analyse dataResults expressed as means + SEM of 3 experiments, each d

triplicateand were considered statistically significantwRed 0. 05 .
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Figure 3.8 Effects of factors (s) produced from irradiated tumour cells onl

expression of CAF markers by Balb/c MSCs.

Balb/c MSCs were incubated with concentrated CM extracted from irrad
FS120 cells, ah FS188 cells for 3 days. The results showed an increase i
expression of collageh and fibronectin in cells treated with concentrated CM fr
0.5 Gy and 4 Gytreated FS188 cells. Likewise, a significant increase in coliag
andPDGFRb f o r trest&@vigh concentrated CM from irradiated FS120 G
with 4 Gy. Oneway ANOVA test followed bya Tukey's multiple comparisons te
was used to analyse daResults expressed as means £ SEM of 3 experiments
done in triplicateand were consideredatistically significant wher® O 0 . (
P<0.05, ** P<0.01).
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3.2.3.4 Effects of irradiatedHDMEC on the expression of differentiation markers
by Balb/c MSCs

Endothelial cells are important tumestromal cell{Harmnahan and Weinberg, 2011}

has been shown dhpro-inflammatory mediators (chemokines and cytokines) were

increased in the supernatant of irradiated HDMB@ubner et al., 2013bMoreover,

the presence of endothelial cellsadtured with MSCs significantly affected their
differentiation and proliferatio(Saleh et al., 2011 irstly, HDMEC were culturedn

their standard medium in 24 wellates. Then, when they becaB@®% confluent, their

medium was changed to Balb/c medium and incubated for 2 hours and then irradiated.

24 hours after radiation, Balb/c MSCs were seeded at 3k 102 00 ¢ | medi um i
1. 0 em pore size filter inserts (upper <cha
were incubated with HDMEC for 3 days and then the cell lysates were extriaoted.

the western blotting, the amount of sampl e
¢ | re).Ta normalise the samplethe ratio of target proteiwas divided byinternal

control (i .e., dividing or Anormalizingo b

Fibronectin anPDGFRb wer e signi ficantly increased a
Gy) whilst, neither collagehnor 'SMA showed any significant changes after 0.5 Gy
and 4 Gy (although they showed the tendency to increeggiré€ 3.9.

Becauselte results from C3H10 MSGserenot robust and ngiromising(as shown
in previous experiments) stogpedworking with them and continue with Balb/c MSCs

as a model of stem cells.
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Figure 3.9 Effects of irradiated HDMEC on the expression of CAF

markers by Balb/c MSCs.

Balb/c MSCs cecultured with irradiated HDMEC (0.5 Gy & 4 Gy) for 3 da

showed increased expression of fibronectin RBRMGFRDb ( B . ®here

were no significant changes in the expression of collhgeri}SMA (A &

D). Oneway ANOVA test Tukey's multiplecomparisons testyas used tg
analyse dataQuantitative data represent mean value + SEM of 3 experim
each done in triplicate and were considered statistically significant Ria

0.05

115




3.2.3.5Effects of irradiated HDMEC co-cultured with the irradiated tumour cells

on the MSCs differentiation markers

To model the TME further, FS120 & FS188 cells weregtured with HDMECs. As
described previously, FS tumour cells were established from transgenic mouse embryos
by immorglisation with SV40 and Has transformation. The cells are routinely
cultured in medium containing G418, and pyromycin to maintain transgene selection.
When the cells became 80% confluent, they were trypsinised, centrifuged-and re
suspended with HDMEC meadn (without G418 and pyromycin in which HDMEC do

not survive). At the same time, HDMEC were trypsinised arsbispended with their
media. Since endothelial cells were growing slower than FS cells, they were mixed
together at a ratio of 1:4 (12 x*BS +48 x 1¢ HDMEC) (Figure 3.10).

The cell mixture was placed in the lower chamber of 24 well plates and incubated for

2 days. Then, the media were changed to Balb/c media and incubated for 2 hours before

they were irradiated with (0.5 Gy or 4 Gy). The sellere incubated for 24 hours, then

Balb/c MSCs were seeded at 3 X410 200 ¢ | medium into 1.0 e&m
co-cultured with the fibrosarcoma/endothelial cultures for 3 d&gs. the western

blotting, the amount of sample protein loaded in dachne was 20 eg (30
Normalisation was done [ividing the ratio of target protein to internal control (i.e.,

di viding or Anor mal i zWestgymoblotagalystehrshowedahatd i ng ¢
collagenl, fibronectin, andPDGFRb but nota-SMA were significantly increased after

incubation of MSCs with HDMEC + FS188 cells irradiated with 0.5 Gy and 4 Gy

(Figure 3.11). In contrast, only collageh and PDGFRb were significantly

upregulated in Balb/c MSCs that were incubated with HDMEC + irradiated FS120 cells

(Figure 3.11 A and C).

116



I,

FS cells

- Trypsin them
- Centrifuge

- Syringe them
12,000 cells 1:4

- Remove FS medium
- Re-suspend with HDMEC medium

48,000 cells

J

\
|

Figure 3.10Co-culture of HDMEC with tumour cells.

Both tumour cells (FS120 cells & FS188 cells) and early passage HD
were cocultured together at ratio of 1:4 respectively using HDM
medium. A) FS120 cells cecultured with HDMEC. B) FS 188 cells €«

cultured with HDMEC.

<{—— Represent FS cells and{==

represent HDMEC
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Figure 3.11 Co-culture of Balb/c MSCs with both irradiated HDMEC plus

tumour cells.

Balb/c MSCs that were incubated with irradiated HDMEC + FS188 cells shoy
significant increase in the expression of collagefibronectin, andPDGFRbD
(exceptU-SMA) compared to cells eoultured with norirradiated HDMEC and
FS188 cells (A, B, and C). In contrast, there were no changes in fibronectih
SMA expression in Balb/c MSCs that were incubated with irradiated HDME
FS120 cells, onisignificantly increased in collagdrafter 0.5 Gy and 4 Gy and fc
PDGFRb after 0.5 Gy (A and C)Oneway ANOVA test Tukey's multiple
comparisons testyas used to analyse da@uantitative data represent mean val

+ SEM and were considered statisily significant whe®O 0. 05 .
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3.2.3.6 Effects of chemokines and cytokines on thdifferentiation markers
expres®d by Balb/c MSCs

It was reported by Klopp et al, that irradiation of tumour cells caused an increase in the
secretion of cytokines like VEGF, TG, and PDGF. Moreover, exposure of MSCs

to irradiated tumour cells causedrggulation of CCR2a receptor foMCP-1) (Klopp

et al., 2007) Some studies have demonstrated that tumour cells sstmateal ceH
derived factorl U (-SWD)F ebhanae MSCs migratiqiitaori et al., 2009, Abbott

et al.,, 2004) Moreover, |showed that both irradiated tumour cells and their
concentrated CM increased the expression of differentiation markevSK3s (see
section 3.2.3.2 and 3.2.3.3. Therefore, the effects of MCP and SDFL on the

differentiation markers expressed by Balb/c MSCs were important to determine.

For this experiment, 1 x 20ml Balb/c MSCs were seeded in@ll plates, and when

the cells reached 80% confluently, cells were treated with €liiG&rbl (10 ng/ml),

MCP-1 (10 ng/ml), or SDHA (100 ng/ml) or left untreated as controls. Cells were
incubated for 3 days priortoprotem extraction. 20 eg of <cell
western blotting as described previoudife value of the target protein was divided

by the loading control to get a relative intensity (target/loading).

From the western blot analysis, T$BE was theonly cytokine that significantly up

regulated all differentiation markersigure 3.12). The morphological changes which

were seen in both MSCs (C3H10, and Balb/c) (towards gikE<ells) after treatment

with TGFD1 (seesection3.22) in additiontoi ncr easi ng i n-SMA,e expr e:
together indtated that MSCs were acquiriogaracteristics of CAF cells but only after

TGFDb1 treatment.
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Figure 3.12 Effects of TGFb , MIC Bnd SDF1 on the differentiation

markers expressed by Balb/c MSCs.

Balb/c MSCs were seeded in&ll plates, each well was treated with eith&H
b (10 ng/ (1P ng/mb),ror SBE PLOO ng/ml) and incubatedrf 3
days. Cell lysates were extracted and run for western blot. Analyseonsingy
ANOVA test followed bya Tukey's multiple comparisons tegtowed that TGF
b was the only cyt oegulatecall differrtiatienimgrkei
(A, B, C, andD). Results expressed as means + SEM of 3 experiments, each
in triplicateand were considered statistically significant wRed 0 . B<B.05(
** P<0.01).
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3.2.41n vitro radiation effects on Balb/c MSCs migration (transwell migration

assay)

Migration in biology usually describes the movement of the cells directly through
substrates like ECM fibers or basal membrag@amer et al., 2013)Recently, there

has been increased relevance into the migration and homing ability of MSCs into
tumours(De Becker and Van Riet, 2018}he interaction between MSC and the TME
play an important role in the development and pragoesof tumours. It has been
shown that recruitment of the MSC to the injury sites is important to support tissue
repair, angiogenesis, immune modulation and stem cell homed#€asmub et al.,
2007, Mandel et al., 201.3Moreover, migration of MSC to the site of injury or
inflammation causes either direct or indirect interaction between MSC and tumour cells
(Melzer et al., 2016)The direct interaction occurs via membrane receptors and gap
junctions while the indirect intaction is through secretion of cytokines, chemokines
and growth factor@Mandel et al., 2013, Yang et al., 201%&@e chapter one).

MSCs can stimulate neighbouring cells with qumorigenic and/or antumorigenic
behaviourdy releasing these cytokines, chemokines and growth factors. Furthermore,
tumour cells in the TME have the abilities to stimulate MSCs to develop a tumour
associated phenotyfdelass ad Otte, 2012) It has been shown that MSCs have the
ability to migrate to sites of tissue injuries like kidney, skin, and heart as a result of
inflammatory mediators thare produced locally due to tissue damdltorigi et al.,

2004, Li et al., 2006 Moreover, Mouiseddine et al showed that the mignatioMSCs

to the radiatiorinjured tissues was enhanced by local irradiation of the mouse abdomen
(Mouiseddine et al., 2007Dne of the potential methods to induce inflammation and
tissue injury isdcal irradiation. Therefore tésted the effect of irradiation (directly and
indirectly) on the recruitment of the MSCs usiagin vitro transwellmigration assay
model.In addition | tested the role of the inflammatocytokines and chemokines in

radiationinduced MSC migration.
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3.2.4.1 Effects of direct irradiation on the migration of MSCsn vitro

To investigate the ability of direct radiation to induce migration of MSCsanthiro

transwell migration model was used. C3H10 and Balb/c MSCs were seeded
individually as 3 x 16cells /200-¢ medium in transwell dishes (Fal®®& . 0 & m por e
filters). Next, the cells were irradiated with 0.5 Gy and 4 Gy, with theradiated

group as control. Migration was observeh & u postitradiation as explained in
section2.2.5.1 As shavn in Figure 3.13, direct radiation of the C3H10 MSCs and

Balb/c MSCs did not show a significant increase in the migration of these cells.

3.2.4.2 lrradiated tumour cells increase the migration of Balb/c MSCa vitro

Our aim was to detect paracrine factor(s) secreted by tumour cells that influence the
migration of C3H10 and Balb/c MS@s vitro. So, thein vitro co-culture assay was
carried out using tumour cells (FS120 cells, and FS188 cells) seeded at the lower
chamter of the 24well plate with 2 wells left with medium alone (no tumour cells)
serving as a negative control. When the cells became 80% confthegt were
irradiated with 0.5and 4 Gy, with the noirradiated group as a positive control. After

24 hours;she upper chamber (8.0 em f iMSG@serr) was ¢
Balb/cMSCs (3x1bcel I s / 200e¢l medium) and incubat
were then fixed, stained and countdResults of this experiment are showrFigure

3.14. Regardinghe migration of the C3H10 MSCs, there were no effects of irradiated
tumour cells on the recruitment of the C3H10 MSCs. Also, the presencercddiated
tumour cells in the lower transwell section did not show any effects on the migration
of the C3H1OMSCs figure 3.14 A). On the other hand, thegsence ofin-irradiated
FS120cellsor FS188 cells in the lower transwell compartment increased the migration
of Balb/c MSCs compared to medium aloheaddition, rradiation ofatumour cells

with low-dose (0.5 Gy), and high dose (4 Gy) enhanced the migratory capacity of
Balb/c MSCqFigure 3.14 B). These results suggest that tumour cells secreted growth
factors in their media that positively enhanced Balb/c MSCs migration. This means that
the growth facta produced by tumour cells were potentially upregulated and secreted
as a consequence of irradiatidimerefore studying the effects of these growth factors
within the conditioned medium from irradiated FS cells on the migration of MSCs was

the next step.
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Figure 3.13Direct irradiation does not increase MSCs migration in vitro.'.

C3H10 MSCs andalb/c MSCs were seeded separately in thes8rfpore
filters, before they were irradiated with 0, 0.5, and 4 Gy. Migrated cells
fixed, stained and counted 8 hours after irradiatibme average number ¢
migrated cells per 10 fields of view (40 X objective) were counted. Anal
usingoneway ANOVA test followed bya Tukey's multiple comparisons te
showed that there was no significant increase in the migrated cells after

radiation.Results expressed as means + SEM of 3 experiments.
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Figure 3.14 Migration capacity of C3H10 and Balb/c MSCs expsed tc(
irradiated tumour cells.

In vitro migration assay for C3H10, and Balb/c MSCs was measured thi
transwells. Ceculture of C3H10 MSCs with FS120 cells and FS188 cells f
hours had no effect on timeigration of these cells (compared to cells that migrg
in the absence of tumour cells) (A). Balb/c MSCsatiured with tumour cells fo
8 hours increased their migration compared to medium alone. Irradiatiorl@0F
and FS 188 cells with 0.5 Gy, &4 Gy significantly increased the migration
Balb/c cells further. Statistical analysis was done usingweme ANOVA test
followed by Tukey's multiple comparisons test. Results expressed as means ;
of 6 experiments, each done in triplicatel wereeonsidered statistically significan
whenP O 0 . B<B.05(**P<0.01).

125



3.2.4.3 Fibrosarcoma celbtonditioned media enhance Balb/c MSCs migration

Presence of irradiated tumour cells caused an increase in migration of Balb/c MSCs as

shown insection 3.24.2 Therefore CM (neat and concentrated) from irradiated

tumour cells were used to see whether growth factor(s) secreted from irradiated
fibrosarcana cells accelerated MSCs chemotaxis. Conditioned media from irradiated

FS120 cells and FS188 cells were extracted and concentrated as descsaetim

2.2.1.7 For this experiment, 3 x 1@3H10 MSCs or Balb/c MSECwere plated dn

transwell filtes(80e m f il ter) with CM (neat or conce:
and incubated for 16 hours. In the previous experiments, the incubation time after
irradiation was 8 hours and so, in this experiment, the MSCs were initially incubated

with the CM for 8hours. However, at thigme, not enough cells had migrated and so

it was decided to double the time to 16 hours.

Neither neat nor concentrated CM had significant effects on the migration of C3H10
MSCs Figure 3.15 A). While both neat and concentrated @®m irradiated tumour

cells caused significant migration of the Balb/c MSEgre 3.15B). There were
significant differences between the groups for neat CM (comparing FS120 cells and FS
188 cells), i.e. more MSCs were migrated when they were treatedwi from FS188

cells (control and irradiated) than treated with CM from FS120 cells. Moreover, there
was a significant increase in migrated MSCs treated with CM from FS188 cells
compared to MSCs treated with their medium alone or with concentrated DMBEM a
(Figure 3.15A). Likewise, concentrated CM from irradiated tumour cells enhanced the
migration of Balb/c MSCs, although effects were similar for FS120 and FS188 cells.
The presence of concentrated CM caused a significant increase in the migrations of
MSCs compared to gy media alone. All experiments were done using duplicate

filters and were repeated three times.
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Figure 3.15Effects of CM (neat and concentrated) on the migration of C3H10 1
MSCs (A), and Balb/c MSCs (B).

In vitro migration of both C3H10 MSCs and Balb/c MSCs was measured thr
transwells. Both MSCs were treated individually with CM (neat & concentrated)
irradiated FS120 cells and FS188 cells for 16 hours. CM (neat or concentrate
no effect on the migratn of C3H10 MSCsA). However, the presence of CM (n€
or concentrated) increased the migration of Balb/c MSCs compared to medi
DMEM alone B). Moreover, concentrated CM from control and irradiated with
Gy, and 4 Gy tumour cells significantiyjwcreased migration of Balb/c MS(
compared to nowoncentrated CM. Oreay ANOVA test followed by Tukey'
multiple comparisons test was done using GraphPad Prism 7 software. R
expressed as means = SEM, of 3 experiments, each done in dupdicdt@sre
considered statistically significant wherO 0 . B<B.05( ** P<0.01).
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3.2.4.4Effects of irradiated endothelial cells on the migration of Balb/c MSCs

It has been shown that endothelial cells increased the migration of MSCgroelis

et al., 2015, Kamprom et al., 2018)dditionally, caculture of MSCs with endothelial

cells affect their proliferation and differentiati(®aleh et al., 2011)The effect of two

types of irradiated endothelial cells (H5V, and HDMEC) on the atigm of Balb/c
MSCs was determined by transwell assays. H5V cells and HDMEC were seeded
separately in 24 well plates with their media and incubated to become confluent. Then,
2 hours before irradiation, their media were changed to Balb/c medium andtedadi
with 0.5 and 4 Gy. Two wells were left without irradiation as a positive control, and
anothertwo wells left with only Balb/c medium (no cells) as a negative control. 24
hours after irradiation, Balb/c MSCs were cultured into the insert and incubatesl

hours as before.

The result revealed that there were no effects of the irradiateceH&dthelial celbn

the migration of Balb/c MSCd-{gure 3.16 A). However, exposure of Balb/c MSCs to
HDMEC for 8 hours caused significantly increased in the aiign of MSCs compared

to Balb/c medium alone~{gure 3.16 B). Additionally, irradiation of the endothelial

cells with 0.5 Gy and 4 Gy caused more MSCs migration compared to control non
irradiated cells. These results indicated that the presence of the HDMEC enhanced the
migration of the Balb/c MSCs, while irradian increased this migration ability of these

cells.
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Figure 3.16Migration ability of Balb/c MSCs increased when cecultured
with irradiated A) H5V cells, and B) HDMEC.

Transwell migration assay was done for Balb/c MSGsutured with contrb
(no irradiation), and irradiated H5V (for 16 hours) or HDMEC (for 8 hours). T
were no effects of the irradiated H5V on the balb/c MSCs migrafignWhile,
enhancement of MSCs migration by HDMEC was shown, compared to N
incubated with medium alen(no HDMEC). Besides, low and high dose radiat
(0.5, and 4 Gy) significantly increased the migration of MSB)s (he results
were statistically analysed using eway ANOVA test (Tukey's multiplg
comparisons test) with GraphPad Prism 7. All data eeegmted as mean £ SE)
of 3 experiments, each done in duplicatesd were considered statistica
significant wherP O 0 . B<B.05( ** P<0.01).
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3.2.4.5 Coecultured tumour cells and endothelial cells stimulate migration of
Balb/c MSCsin vitro

In the tumour microenvironment, cretegk between tumour cells artdothelial cells

is essential for angiogeneqiBolkman, 1995, Zeng et al., 2005Qngiogenesis is
mediated by soluble factors secreted from tumour cells which enhance migration and
proliferation ofendothelial cell{fLutsenko et al., 2003)As the interactions between
endothelial cellsand tumour cells are complicated, atwl better understandthe
intercellular interactions between tumour cells amtiothelial cellsand whether
irradiationmodifies it, Imodelled ann vitro co-culture assay consisting of tumour cells
(FS120 cells and FS188 txland HDMEC. By this assay,studied if tumour cells
cultured with HDMEC produce factor(s) that increase recruitment of the Balb/c MSCs

and whetheirradiation modified this factor(s).

To further evaluate the synergistic effect of both tumour cells and HDMEC on the
migration of the MSCs (as they have shown significant effects on the migration of the
MSCs as discussed section3.24.2, and3.24.4), both cells were ceultured together

(as described isection 3.2.3.5 The mixture of cells (FS120 cells + HDMEC) or
(FS188 cells + HDMEC) were seeded at the lower chamber of 24 well plates and
incubated till the cells became confluent. Next, their megiee changed to MSCs
medium and incubated for 2 hours before irradiated with 0.5, and 4 Gy with non

irradiated cells used as controls. The cells were incubated for 24 hours after irradiation,

and then Balb/c MSCs were seeded at 3% 102 00 ¢ | hee dfiiulnt eorn (t8.

pores) and incubated for 8 hours. A group of MSCs were seeded with their medium
only (no tumour cells or HDMEC) to see whether the migration occurs due to the
presence of cells of via factors present in the medium itself. Afteo &1 incailéation,

the migrated cells were fixed, stained and counted.

As shown inFigure 3.17, presence of both endothelial cells and tumour cells together,
caused significantly more Balb/c MSC to migrate through the trangiteslicompared

to cells were expasd to medium alon@igure 3.17). Furthermore, irradiation of the
co-cultures resulted in further significant increases in migrattogufe 3.17. The
table below Table 3.1) comparsthe resultfrom MSCs exposed toradiated tumour
cellsalone(Figure 3.15), to irradiated HDMEC aloneF{gure 3.16) with the results
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shown inFigure 3.17. It can be seen th#tte number of migrateBalb/c MSCswere
further increased after emlture tumour cells with HDMEC than alon&his
observation suggests that the prese of both tumour cells + endothelial cells enhanced

the migratory ability of the Balb/c MSCs.
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Figure 3.17Effects of tumour cells cecultured with endothelial cells on the
migration ability of Balb/c MSCs.

Tumour cells (FS120 cells, and FS188 cellsye cecultured with HDMEC at
a ratio of 1:4. Then, the emlture mixture was irradiated by 0, 0.5, and 4 ¢
After 24 hours, Balb/c MSCs were seeded on the filter and incubated for 8
with the control and irradiated emiltures. Enhancement of MS@igration by
both endothelial cells and tumour cells was shown, compared to N
incubated with medium alone. Low and high dose radiation (0.5 and 4 Gy
significantly increased the migration of MSCs. The results were statisti
analysed using oreay ANOVA test (Tukey's multiple comparisons test) W
GraphPad Prism 7. All data are presented as mean = SEM, of 3 experi
each done in duplicatesd were considered statistically significant wiRe®
0.05 (*P<0.05, ** P<0.01, ***P<0.001, ****P<0.0001).
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