The
University
Of
Sheffield.

Defining the differential effects of Zoledronic acid under pre
and postmenopausal concentrations of oestradiol on anti
cancer immunity

Christopher George
Registration No: 180155017

A thesis submitted in partial fulfilment of thequirements for the degree of

Doctor of Philosophy

The University of Sheffield
Faculty of Medicine Dentistry and Health
Department of Oncology and Metabolism

March 2022



Declaration

All work in this thesis is my own unless otherwise stated; large data set statistical analysis was
performed by Dr Lewis Quayle and technical help was provided throughout by Diane Lefley,
Jennifer Down and Alyson Evans. I, the author, confirm that thei§ tseesy own work. | am

F gl NB 2F GKS | yAGSNRARAGRE QA DdzA RI3s0d previguslyi K S

beenpresented for an award at this, or any other, university.

a



Acknowledgements

Throughout my PhD | have received a great deal of support from both within and outside the
University of Sheffield. Firstly, | would like to thank my supervisor Dr Penelope Ottewell for
her unwavering support, patience and kindness to me during my studreger her guidance,

| have been able to grow as a researcher and find my voice to share ideas, have confidence in
my work and present my findings. | would like to thank my funding body Western Park Cancer
Charity for their support during my studies. | gmateful for both the monetary support they
provided for my project alongside the important work they do across the community for

cancer treatment.

| would like to thank all the members of my group and beyond who have supported me during
this time. | woull like to thank Diane Lefley for supporting me through my project with her
expertise in all my practical work. | would like to thank Dr Munitta Muthana, my second
supervisor, for her support and guidance. | am sincerely grateful to Alyson Evans for helping
me with my histology work. | greatly appreciate the help of Jennifer Down for rwvex
studies. | have conducted a large amount of flow cytometry experiments throughout my
studies, and these would not have been possible without the support and guidd#rgee

Clarke. | am most grateful to Dr Lewis Quayle for his help with large data set analysis.

| would like to thank all the members of my group who have created a kind and supportive
environment to work in, and for entertaining me during long incubatiores: Victor Canuas,
Jiabao Zhou, Claudia Tulotta, Margherita Puppo, Veli Aydin. | am glad | was able to be part of

such a friendly community and | thank you for making my time in Sheffield so great.

Throughout my studies, | have had the pleasure to supe and teach a number of masters
and undergraduate students who have all contributed to the final publication of this project.
Thank you to Hannah Corness, Jessica Cantftelha AssiotouAndre Alves for your

contributions to this project, and for ptihg your faith and trust in me.

Finally, 1 would like to thank my family for supporting me throughout my long studies, with
particular thanks to my partner Alessandro. | could not have completed this marathon project

without the support | was given, and | am truly thankful.



Contents

LIST OF fIQUIES ..ottt e et e e e s e e e e e e e e e e b b e e e e e e e e nnbnneeeeeeeaans 9
LISt O TADIES. ... e e e 11
List Of @DDreVIAtIONS. .......cuiiiii e 12
AADSTITACT ...ttt e e 15
Chapter L: INTrOAUCTION.........ueeiiiee ettt e e e e e e e e e r e e e e e e s e eeeeeeaanes 16
1.1 BACKGIOUNG. .......eiiiiiieiiiiiii it e ettt e e et e e e e e e e e e e e e e et r e e e e e e e nnnneeeee s 17
R =T 1o of= T g o =1 PP PP PPPRPPPP 17
G V1] = ] = L ST P PP PPPRP PRI 19
1.4 Pharmacological treatment of primary tUMOULS..........ccccciiiuuiiimiiiiniiririrreerree e e e e eeee e 21
1.5 Targeting the iMmUNE SYSTEIMI.........oiiiiiiiiiiiii e 22
1.6 BONE METASTASIS. .. eeteeeiiiiitiie e e e ettt e e et e e e s e e e e e e e e e e e e e e s s nn e e e e e e e e nnnnreeeas 24
A Lo 1 0 = 3 03 Y T PP EPUTPRPPRPT 25
1.8 Treatment of DONE MELASIASIS. .......ciiuriiiiiiiie e 26
1.9 Zoledronic aciq Structure and mechanism of aCtiON...........cceevveviiiiiiiii e 27
1.10 Antitumour effects of Zol in adjuvant/neoadjuvant SEttingsS.............cccvvveeeeeiiiiiiiieeeenn. 29
1.11 Oestrogen and the MENOPAUSE.........cooiuuiiiiiee ettt e s 31
1.12 Effects of Zol and oestradiol on bone metastasis and bone resident.cells................. 33
1.12.1 Effect of Zol on bone resident CelIS...........ccoveiiiiiiiiii e 33
1.12.2 Effect of oestradiol on bone resident CellS............oooiviiiiiii s 34
1.13 Immune landscape of breast cancer and bone metastasis..............ccccvveeeeeiiiiiiieeneenn. 35
1.14 Effect of Zol on immune response to breast CanCer...........occvvvvieeiiniciiiieee e 36
1.14.1 Gamma delta T CeILS........oeeeiiieiie e 37

L. 142 TrEQ CRILS....eeeeeeee e e s 38
1.14.3 MACIOPRNAUES. ....eeteeeiiiiee ettt e e e et e e e e e e bbbt e e e e s e bbb e e e e e e e annnees 39
LLA5 NK CEIIS...c oo e et e e e e e e e e e e e e e e e e e e e e e e s s e e e s eanannnand 40
1.14.6 Immune stimulatory effects of ZOl SUMMEIY..........ccuiiiiiiiiiiiiiiiieee e 41
1.15 The effect of oestrogen on the cancer associated immune responses....................... 41
1.16 Preclinical effects of oestrogen on immune response to breast cancer...................... 42
O ST R I (=T o= | PSP PPPPPPPPPP 43
1152 T LYMPROCYLES. ...t e e e e e e e e e e e e e e e e e e e e e s s e e e as s e ennnaned 44
1.15.3 MACIOPNAYES. ....ctieeiiiiiiiiiee e ettt e e e e e r e e s e snnnnneeeeennenne e D
T O N | | UURPURR A6
G o 1= ot = 11 LSS A7

4



Chapter 2: MEtNOUS. .. ... e e e e e e e e e e e e e e e e e e e e s e e e s s ee s e e aaand 48

2.1 Cll CURUIE ... e st e e 49
2.1.1 Cell NS ..ot e e e e e e enneee AD
2.1.2 Cell MAINTENANCE.......ci ittt e e s e e e e e e e e e e e e e e e e nnnees 49
2.1.3 Cell PASSAGING...ceeiiiiiiiiiiiie e a e e e e e e e e e e e e e e 49

2.2 IN VItTO @S SAY S . it iiieiie e e e e e e ee ettt e e e e et e e et e e e e e aaaaaaaaaa e e e e e e e e e e e a e a 50
2.2.1 GIOWEN CUNVEL....eiiiiiie et e e e e e s e e e e e e e 50
2.2.2 Determination of IC50 for zoledroniC acid............cccoiiiiiiiiieeiiiiiiie e 50

2.2.2.1 Cell COUNTING....euiiiiieiiiitti ettt s e e e e e e e e s e eeeaeeens 50
2.2.2.2 Cell VIADIIY.c.eveieieiicee e 51
e Y N I = 11 YA PP a1

2.2.41n vitrocombination experiments with Zol and Oestrogen............ccccovevvvveeeeeeisiiiinenne. 53
2.2.5 MIQratiON @SSAY.. .. eeeeeiuutreeieeeasaitrneee e e e s s st e e e e e e s sssssrer e e e e e e aasber e e e e e e s aaanrrreeeeeesannnees 53
2.2.6 INVASION @SSAY.......utteeeieeeeiiiiiiiiaee e e sttt e e e s s st e e e e e s s bbb e e e e e e s s s nbbe e et aeeeaaannnrneeeeeas 53

2.3 Quantitate reverse transcription polymerase chain reaction (QRCR)............................ 54
2.3.1 Cell treatment and RNA extraction for qRCR................oooi e 54
2.3.2 CDNA reverse tranSCrPLON..........uuiiiieeiiiiiie e e e e e e e s e e e e e e nnneees 54
2.3 3 GPCR .ottt ernes 55

2.4 Generatindgn vivomodels that mimic human prgeri- and post menopausal oestradiol

conditions and their effects on breast cancer metastasis............coccvveerieee e 55
2.4. 1 MOUSE MOUEIS ... ..t e e e e e e s s eaeeas 55
2.4.2 Modelling menopausal concentrations of oestradiol.............ccccovviiiiiiiee i, 55
2.4.3 Intracardiac injection of mammary cancer CellS..........ccovveeiiiiiiiiiiiiiiie, 57
N Lo IV 1Yo 1 4= To [T PR 58

2.5 EX VIVO DONENAIYSIS....cooviiiiiiii ettt e e e e e e e et e e e e e e e e e eeannraaans 59
2.5.1Microcomputed tOMOGraphy..........uviiiiiiiiiiiiee e 59
2.5.2 Histology, immunoOhiStOCNEMISTIY.........c.uuiiiiiie e 59
2.5.3 Haematoxylin @0SiN STAINING..........uuuueiiiiiiiiiiieeieee e 60
2.5.5 IMMUNONISIOCNEMISILY......ccciiiieeeeer e e e e e e e e 60

2.6 Immune cell population determination by flow CYtOMELrY..........cooviiiiiiiiiiiiniiiiiiieeeees 61
2.6.1 SAMPIE PrEPArAtiONL......uuviiiieiiiiiiie e et e e e e e e e e e s e e e e e e nreees 61
2.6.2 BONE MABITOW.....ciiiiiiiiiiiieeiee e e e e e e e e e ettt e ettt e et e ettt aaaeaeeaaeaaeaaaaeaens 62
2.6.3 SPIBENS. ... e e s 62
2.6.4 LUNQG QISSOCIALION. . ...ttt e e et e e et e e e aaaaaaaaaeaeeeaeaaeeassaaaaaaaaannnnnnnenneed 62
2.6.5 SEAINING....coiiiiiiiiiiie e e e e e aaaaaaa e 62
A R (01T o1 (o 1= Y PP 63



2.7 Immune population gene eXPreSSION.........uiiiiiiiee i e e 66

2.7.1 NANOSIING @NAIYSIS.......uuuiiiiiiiiiiiiiiiiiieiiee e e e e e e e e aae e e e e e e e e e e s s e s s s e s s aaa s snaannannes 66
2.7.2 PCR AITAY CANOS....ceiiiiiiiiiiiie ettt e e e e e e e e e s snrne e e e e e s e 66
2.8 EX VIVO DIOChEMICAl BSSAYS.........uveiiiieiiiiiiiei ettt e e 67
2.8.1 Human 0estrogen ELLSA ... ... e e e eernend 67
2.8. 2 PLNP ELISA .. oottt ettt e et e et e e raeeean 67
2.8.3TRACP BD ELISA. ...ttt e e e are e e e s ree e e e enneeas 68
B IR = 111 1o PSSP 69
Chapter 3: Modelling the effect of Zol treatment under ppperi, and premenopausal
concentrations of oestradiol on breast cancer MetastasiS..........cccvvvevveeiiiiiiiiieee e 70
G 700 I 1 11 70T [T 1T o SRS 71
.12 HYPOUNESIS ..ottt e e e e e r e e e e e e e e e e e e 73
G T =] 1 ] SRR 74
3.2.1 Effect of ovariectomy and Zotatment on serum oestradiol levels in BALBc and C57BL/6
0o O 74
3.22 Effect of Zol on bone microenvironment under poperi and premenopausal
concentrations of oestradiol in tumour bearing Mice............cccccciiiiiiiiiiiiiiieieeeeeeeeeeeeea 6
3.3 TrabeCular DONE SIIUCTULE. .........iiiiieiiee ettt e et e e e e e e e e e e s nnnraeeeaeeas 77

3.3.1 C57BL/6 mice exposed to pperi- or postmenopausal concentrations of oestradiol +/

o | R 77
3.3.2 BALBc mice exposed to fperi- and postmenopausal concentrations of oestradiol +/
o | PR 77
3.4 Osteoclast activity Viad TRABIP...........oooiiiiiiiiiiiiiieiieeee e L O
3.4.1 C57BL/6 mice exposed to pperi- or postmenopausal concentrations of oestradiol +/
7 o | PRSI 78
3.4.2 BALBc mice exposed to pperi- or postmenopausal concentrations of oestradiol Zol
3.5 Osteoblasctivity Via PINPR.........o e 80

3.5.1 C57BL/6 mice exposed to pperi- or postmenopausal concentrations of oestradiol +/

3.5.2 BALBc micexposed to preperi- or postmenopausal concentrations of oestradiol Zbl 80
3.6 Live Imaging of metastatic outgrowth of disseminated tumours in bone and soft tissu81

3.6.1 C57BL/6 mice exposed to pperi- or postmenopausal concentrations of oestradiol +/

7 o | P UEPEERPPURRPRRRRRRR 81
3.6.2 BALBc mice exposed to {peri- or postmenopausal concentrations of oestradiol Zbol
........................................................................................................................................ 82
G A B T ol U L= o o F PP PP PTUPPPPRRRR 85
3.7.1 Modelling menopausal oestradiol CONCENLIatiQNS..........uvvviiiieiiiiiieiriirieere e eeeeeeee 85



R A =TT =T (T [0 1Y N 87

3.7.3 Biomarkers Of DONE tUMOVEL..........coiiuiiiiiiiiiie et 88
3.7.4 TUMOUF GIOWERL.....eeiiieei et e e e e e 89

GRS IS U 1 011 4 1= 1V TR 90
Chapter 4: Investigating the direct effect of oestradiol and Zol on breast cancer progressior92
I [ 1 oo [F {1 o o WP PO PUPPPPPUPRPRPPPRN 93
4. 1.2 HYPOUNESIS ...ttt e e e s e e e e e e e n e e e e e e e ane 95

4.2 RESUILS . ...ceieeiieteiee ettt e e e e e e e e e e e ae s 97
4.2.1 Growth dynamics of EO771 and 4T CelIS..........oioviiiiiiiiiiiiiiiieee e 97
4.2.2 Effect of Zol on murine breast cancer cells INes...........cccccviiiieiiiiii e 98

4.3 Effect of prepost and perd menopausal concentrations of oestrogen on antinour activity

(o] I o] 11 I V11 {0 NPT PP PPPPPOPPUPPPRPPR 100
4.3.1 TUMOUF CEIl NUMDEL. ...t e e e e e e e 100
4.3.2 TUMOUF CEII VIADIlItY......uvvviiiiiiiiiiiieeee e 100

4.4 Effect of Zol and Oestrogen on migration and invasion of murine breast cancer cell .l0&s

4.5 DISCUSSIOLL.....eetteieiiiiiiieiteeeasaitt et ee e e e s s b et e e e e s aasbee e e e e e e e aansbbee e e e e e e s annbe e e e e e e e e ansnnneeeeeaanns 105
4.5.1 Direct effect of Zol on murine breast cancer cell ines.............occovvveveiiiiiiiiiinnenn. 105

....................................................................................................................................... 106
4.5.4 Influence of oestradiol and Zol on tumour cell migrationiamesion in murine breast
(o= LTt =] ot =1 | I 1 g T= TSRS 107

4.6 SUMMArY and COMBSION...........coooiii e e e e e e e aaaaaaa e 108
Chapter 5: Investigating the effect of Zol and oestradichptircancer immunity...................... 110
Lo 00 I 111 70T [T £ OSSP 111
5.1.2 HYPOUNESIS ...ttt e e e e e e e et r e e e e e 112
B2 RESUILS ...ttt e e e e e e e e e e aaaeeas 113
5.2.1 Context fronin vivotumour growth and clinical trials..............ccccccooiiinin. 113
5.3 Effects of Zol +post- peri or premenopausal concentrations of oestradiol on immune calls i
BONE METASTASES. ...ttt e s 113
5.3.1 C57BL/6 Mice with E0771 derived metastasesS.......ccccvvvvveeeeeeeeeeeeeeeeeeeeeeeeeeeee 113
5.3.2 BALBc mice with 4T1 derived bone metastases..........cccccoocuemirmiiiiiiiiiiiiiiiieeeeeeen, 116
5.4 Effects of Zol +post- peri- or pre-menopausal concentrations oestradiol on immune cells
IN JUNQG MBIASTASES. ...ttt e e e e st e e e e e s s b e e e e e e s e snbnnneeeeeeaans 121
5.4.1 C57BL/6 Miceithh EO771 derived lung metastases..........cccccuevrireeeeeinniiiiiieeeeens 121
5.4.2 BALBc mice with 4T1 dedveing Metastases.........ccccovvirririeeeriniiiiiiieee e 123

5.5 Effects of Zol +post- peri or premenopatsal concentrations of oestradiol on immune cells in
100 1S IS 0] L= = o PP 128



5.5.1 C57BL/6 mice with EQO771 derived MetastaseS.......c.uvveeeriieeeiieeeiieeeiereerinseeneneeenns 128

5.5.2 BALBc mice with 4T1 derived MetastasiS............ccvvriieiiiiiiiiiiieee e 130
5.6 Effectof Zol under high and low oestradiol concentrations on immune cell infiltration into
bone metastatic and soft tissue tumour MICrOENVIFONMENTS.........covviiviiiiieeeeeiiiiieeee e 132
5.7 Effects of Zol under high and low oestradiol conditions ch PExpression..................... 135
5.8 DISCUSSIOL....ctteeeiiuiittteee e e e e ettt e e e e s sttt e e e e e sttt e e e e s aabbs e e e e e e e e aaabb et e e e e e s ennnbbneeeeeenanns 136
5.8.1 Effect of oestradiol on immune cell populations.............ccvveveeeriniiieieee e 137
5.8.2 Effect of Zol on immune cell POPUIAtIONS...........ccvviiiieeiiiieee e 139
5.8.3 Effect of oestradiol and Zol on the ImmuNe reSPANSE........ccccuvvvvvvvrireereeeeeeeeeeeees. 140
5.9 CONCIUSIONS. ...ceiieiiiitieiee ettt e e e e sttt e e e e s e bbb e e e e e e e s s bbbt e e e e e e e s anneneeeeeeeannn 141
Chapter 6: Investigating the effect of combination therapy with Avelumab and Zol undeapdst
pre-menopausal oestradiol concentrations on breeahcer metastasis..........ccccvvvvveeeveeeiiennenn.. 143
L0 A [ (0T [T 1o o TP PRRPR 144
LR 1Y/ o 11 =) SRR 146
L =] U ] PSRRI 148

6.2.2 The of combination therapy with Avelumab and Zol on immune cell populations150

6.2.2.1 effect Immune cell populations in the bone............cccoooi i 150
6.2.2.2 Immune cell populations iN the TUNG...........cooiiiii e 152
6.2.2.3 Immune cell population in the Spleen............eeviiiiiii e 155

6.2.3 Effect of Avelumab and Zol on trabecular bone volume................cccoeeiiiincnnn 157
6.2.4 Effect of Avelumab and Zol on bone remodelling matkers.............cccccvvvvevvvvrennee. 157

6.3 DISCUSSIOI. ... ceeeeeiitte et e ettt e e ettt e e e e s st e e e e e s e st bt et e e e e e e e nanbb e et e e e e e e nnnbanreeeeenann 159
6.4 SumMmary and CONCIUSION...........uiiiiiiiiiiiiie e ee e 162
(O gF=T o] =] gl D =Y od L] [0 o PSP 163

7.1 Effect of Zol treatment under paspert or premenopausal oestradiol concentrations on
Dreast CaNCer METASTASIS.........uueiiiie it r e e e e e e 164

7.2 Effect of Zol treatment under pasperi or premenopausal oestradiol concentrations on

metastatic MICTOENVITONMENTS. ... ..ciiiiiiiiiiit et e e e e e e e e e enneees 165
7.3 Effect of combination therapy with Avelumab and.Zol............cccccooi . 168
7.4 FULUIE IMECHIONS. ... eeeeiie e ettt ettt e e e e et e e e e e s bbbt e e e e e e enbbnneeeeeeaanes 171
7.5 CoNCIUAINGEMATKS. ... e e e e eaaeeas 172
(2] [ToT 0| =T o] o 2SSOSR 173
Y 0] 011 T [ USRI 194



List offigures

Figure 1.1: Epithelial Mesenchymal Transition (EMT)..........cccvveiiiiiiiiiiiiieeeee e 20
Figure 1.2: The vicious cycle of breast cancer induced bone degradation..................ccceceee. 24
Figure 1.3: The molecular structure of ZoledroniC ACId..........ccovvvviiiiii e, 28
Figure 1.4: The mevalonate PathWAY............couuiiiiiiiiiiie e 29
Figure 1.5: The immune modulatory effects of Zol in the context of breast cancer................. 37
Figure 1.6: The immune modulatory effects of oestradiol in the context of breast cancer......42
Figure 2.1: Templates of plate layouts for in vitro eXperiments............cccooccvvvveeeeeiiiniiiieeeeennne 52
Figure 2.2: Pratcol and schedule for in vivo modelling................oooo oo, 58
Figure 2.3: Representative virtual slicarabecular bone.............ccoccvvviiiii 59
Figure 2.4: Flow cytometry myeloid panel gating Strat@gy.........cccvrrvrmimieieeerieeeeeieeeiieeeeeeeeeeenn, 64
Figure 2.5: Flow cytometry lymphoid panel gating Strate@gVu...........ooooeeeiiiiicciiiiiiniinnininnnnnnnnd) 65
Figure 3.1: In vivo mouse model method for C57BL/6 and BALBC.IMICE...........cccvvveeeriiinnnnn. 74
Figure 3.2: Serum oestradiol concentration following ovariectomy and oestradiol replacemefs
Figure 3.3: Effect ofafand oestradiol on bone morphology............c.eevveeiriiiiiiieeeiiiieee e 76
Figure 3.4: Effect ofaand oestradiol on biochemical markers of osteoclast activity................Z49
Figure 3.5: Effect ofaZand oestradiol on biochemical markers of osteoblast activity.............. 80
Figure 3.6Hfect of post, peri and prénenopausal concentrations of oestradiol Zbl on bone
QL] P2 1] = T PP PPPTR 83
Figure 3.7Hfect of pre, peri and postmenopausal concentrations of oestradiol Zbl on soft
LU LS 1] = TS 7= ] 84
Figure 4.1: Cell growth characteristics of 4TAC cells and EDT cells..........ouvvveveeevieiiiiiiinnnnnn... 97
Figure 4.2: Effect of increasing concentrations of Zalatilgrowth and oncell viability ................. 99
Figure 4.3: Effect of oestradiol at post (10 pM), pé4i M) and premenopausal (300 pM)
concentrations on the artancer effects of Zol IN VItrO..........cccvveviiiiiiiiii e 101
Figure 4.4: Effect of Zol and oestradiol on breast cancer migration.............cccccevvvecivieeeeennnns 103
Figure 4.5: Effect of Zol and oestradiol on breast cancer iNnvasion...........cccceevveeeeeeeeeeeeeeen... 104
Figure 5.1: Effect of Zol treatment under high and low oestradiol concentrations in C57BL/6 mice on
immune cell POPUIALIOB IN DONE ... 115
Figure 5.2: Effect of Zol treatment under high and low oestradiol cdretons in C57BL/6 mice on
immune cell marker eXpression iN DANE............oiii e 116
Figure 5.3: Efig of Zol treatment under high and low oestradiol concentrations in BALBc mice on
immune cell populations iINDONE.........o e 118
Figure 5.4: Effect of high or low oestradiol concentrations on immune cell populatiofs! il
TUMOUr DEANNG DONES ... e 119
Figure 5.5: Effect of Zol under high or low oestradiol concentrations on immurgogpellations in
TUMOUN DEANNG DONES ...t e e e e e e abr s 120
Figure 5.6: Effect of Zol treatment undeghiand low oestradiol concentrations in C57BL/6 mice on
immune cell POPUIALIONS TN TUNG.........ueiiiiie e e e 122
Figure 5.7: Effect of Zol treatment under high and low oestradiol concentrations in C57BL/6 mice on
immune cell popUlatioNS IN TUNG........ooii e e e e e 125
Figure 5.8: Effect of high or low oestradiol concentrations on immune cell populatioss! #l
TUMOUN DEANNG TUNGS....eeeeeeeeeee et e e e e e e e e e e e e e e aaeeens 126
Figure 5.9: Effect of Zol under high or low oestradiol concentrations on immurpogpellations in
tUMOUN DEAINNG TUNGS....veeiieeieeeieeeeee e e e e e e e e e e e aaaaeas 127


file:///C:/Users/Chris/Documents/PhD/Thesis/Final%20Draft/Final%20Draft%20with%20ref%20text.docx%23_Toc97477846
file:///C:/Users/Chris/Documents/PhD/Thesis/Final%20Draft/Final%20Draft%20with%20ref%20text.docx%23_Toc97477847
file:///C:/Users/Chris/Documents/PhD/Thesis/Final%20Draft/Final%20Draft%20with%20ref%20text.docx%23_Toc97477848
file:///C:/Users/Chris/Documents/PhD/Thesis/Final%20Draft/Final%20Draft%20with%20ref%20text.docx%23_Toc97477849
file:///C:/Users/Chris/Documents/PhD/Thesis/Final%20Draft/Final%20Draft%20with%20ref%20text.docx%23_Toc97477850
file:///C:/Users/Chris/Documents/PhD/Thesis/Final%20Draft/Final%20Draft%20with%20ref%20text.docx%23_Toc97477851
file:///C:/Users/Chris/Documents/PhD/Thesis/Final%20Draft/Final%20Draft%20with%20ref%20text.docx%23_Toc97477852
file:///C:/Users/Chris/Documents/PhD/Thesis/Final%20Draft/Final%20Draft%20with%20ref%20text.docx%23_Toc97477853
file:///C:/Users/Chris/Documents/PhD/Thesis/Final%20Draft/Final%20Draft%20with%20ref%20text.docx%23_Toc97477854
file:///C:/Users/Chris/Documents/PhD/Thesis/Final%20Draft/Final%20Draft%20with%20ref%20text.docx%23_Toc97477855
file:///C:/Users/Chris/Documents/PhD/Thesis/Final%20Draft/Final%20Draft%20with%20ref%20text.docx%23_Toc97477856
file:///C:/Users/Chris/Documents/PhD/Thesis/Final%20Draft/Final%20Draft%20with%20ref%20text.docx%23_Toc97477857
file:///C:/Users/Chris/Documents/PhD/Thesis/Final%20Draft/Final%20Draft%20with%20ref%20text.docx%23_Toc97477858
file:///C:/Users/Chris/Documents/PhD/Thesis/Final%20Draft/Final%20Draft%20with%20ref%20text.docx%23_Toc97477859
file:///C:/Users/Chris/Documents/PhD/Thesis/Final%20Draft/Final%20Draft%20with%20ref%20text.docx%23_Toc97477860
file:///C:/Users/Chris/Documents/PhD/Thesis/Final%20Draft/Final%20Draft%20with%20ref%20text.docx%23_Toc97477861
file:///C:/Users/Chris/Documents/PhD/Thesis/Final%20Draft/Final%20Draft%20with%20ref%20text.docx%23_Toc97477862
file:///C:/Users/Chris/Documents/PhD/Thesis/Final%20Draft/Final%20Draft%20with%20ref%20text.docx%23_Toc97477862
file:///C:/Users/Chris/Documents/PhD/Thesis/Final%20Draft/Final%20Draft%20with%20ref%20text.docx%23_Toc97477863
file:///C:/Users/Chris/Documents/PhD/Thesis/Final%20Draft/Final%20Draft%20with%20ref%20text.docx%23_Toc97477863
file:///C:/Users/Chris/Documents/PhD/Thesis/Final%20Draft/Final%20Draft%20with%20ref%20text.docx%23_Toc97477864
file:///C:/Users/Chris/Documents/PhD/Thesis/Final%20Draft/Final%20Draft%20with%20ref%20text.docx%23_Toc97477865
file:///C:/Users/Chris/Documents/PhD/Thesis/Final%20Draft/Final%20Draft%20with%20ref%20text.docx%23_Toc97477866
file:///C:/Users/Chris/Documents/PhD/Thesis/Final%20Draft/Final%20Draft%20with%20ref%20text.docx%23_Toc97477866
file:///C:/Users/Chris/Documents/PhD/Thesis/Final%20Draft/Final%20Draft%20with%20ref%20text.docx%23_Toc97477867
file:///C:/Users/Chris/Documents/PhD/Thesis/Final%20Draft/Final%20Draft%20with%20ref%20text.docx%23_Toc97477868
file:///C:/Users/Chris/Documents/PhD/Thesis/Final%20Draft/Final%20Draft%20with%20ref%20text.docx%23_Toc97477869
file:///C:/Users/Chris/Documents/PhD/Thesis/Final%20Draft/Final%20Draft%20with%20ref%20text.docx%23_Toc97477869
file:///C:/Users/Chris/Documents/PhD/Thesis/Final%20Draft/Final%20Draft%20with%20ref%20text.docx%23_Toc97477870
file:///C:/Users/Chris/Documents/PhD/Thesis/Final%20Draft/Final%20Draft%20with%20ref%20text.docx%23_Toc97477870
file:///C:/Users/Chris/Documents/PhD/Thesis/Final%20Draft/Final%20Draft%20with%20ref%20text.docx%23_Toc97477871
file:///C:/Users/Chris/Documents/PhD/Thesis/Final%20Draft/Final%20Draft%20with%20ref%20text.docx%23_Toc97477871
file:///C:/Users/Chris/Documents/PhD/Thesis/Final%20Draft/Final%20Draft%20with%20ref%20text.docx%23_Toc97477872
file:///C:/Users/Chris/Documents/PhD/Thesis/Final%20Draft/Final%20Draft%20with%20ref%20text.docx%23_Toc97477872
file:///C:/Users/Chris/Documents/PhD/Thesis/Final%20Draft/Final%20Draft%20with%20ref%20text.docx%23_Toc97477873
file:///C:/Users/Chris/Documents/PhD/Thesis/Final%20Draft/Final%20Draft%20with%20ref%20text.docx%23_Toc97477873
file:///C:/Users/Chris/Documents/PhD/Thesis/Final%20Draft/Final%20Draft%20with%20ref%20text.docx%23_Toc97477874
file:///C:/Users/Chris/Documents/PhD/Thesis/Final%20Draft/Final%20Draft%20with%20ref%20text.docx%23_Toc97477874
file:///C:/Users/Chris/Documents/PhD/Thesis/Final%20Draft/Final%20Draft%20with%20ref%20text.docx%23_Toc97477875
file:///C:/Users/Chris/Documents/PhD/Thesis/Final%20Draft/Final%20Draft%20with%20ref%20text.docx%23_Toc97477875
file:///C:/Users/Chris/Documents/PhD/Thesis/Final%20Draft/Final%20Draft%20with%20ref%20text.docx%23_Toc97477876
file:///C:/Users/Chris/Documents/PhD/Thesis/Final%20Draft/Final%20Draft%20with%20ref%20text.docx%23_Toc97477876
file:///C:/Users/Chris/Documents/PhD/Thesis/Final%20Draft/Final%20Draft%20with%20ref%20text.docx%23_Toc97477877
file:///C:/Users/Chris/Documents/PhD/Thesis/Final%20Draft/Final%20Draft%20with%20ref%20text.docx%23_Toc97477877

Figure 5.10: Effect of Zol treatment undeglh and low oestradiol concentrations in C57BL/6 mice

on immune cell populationNs IN SPIEEN............uiiiiie e 129
Figure 5.11: Effect of Zol treatment under high and low oestradiol concentrations in BALBc mice on
immune cell popUlatioNBY SPIEEN.........coo i a e e e e e e e e e e 131
Figure 5.12: Effect of Zol treatment under high and low oestradiol ctret@ns in BALBc mice on
immune cell populations iN [UNG tUMOULS............uiiiiiiiiiiiiiiieieerr e e e e e e e e e e e e e e 133
Figure 5.13: Eéict of Zol treatment under high and low oestradiol concentrations in C57BL/6 mice
on immune cell populations iN DONE tUMOUELS ...........ueiiiiiiiiiiieee e 134
Figure 5.14: Effect of Zol treatment under high and low oestradiol concentrations-@d PD
expression in 4TLuc and EO77L1 CellS.........oueiiiiiiiiiiee e 135
Figure 6.1Effect of combination therapy with Avelumab and Zol on tumour growth............. 149

Figure 6.2Hfect of combination therapy with Avelumab and Zol on immune cells in bone..151
Figure 6.3Hfect of combination therapy with Avelumab and Zol on immune cells in lung....153
Figure 6.4Hfect of combination therapy with Avelumab and Zol on immune cells in hane..154
Figure 6.5Hfect of combination therapy with Avelumab and Zol on immune cells in spleen156
Figure 6.6Hfect of combination therapy with Avelumab and Zol on bone turnaver.............. 158

10


file:///C:/Users/Chris/Documents/PhD/Thesis/Final%20Draft/Final%20Draft%20with%20ref%20text.docx%23_Toc97477878
file:///C:/Users/Chris/Documents/PhD/Thesis/Final%20Draft/Final%20Draft%20with%20ref%20text.docx%23_Toc97477878
file:///C:/Users/Chris/Documents/PhD/Thesis/Final%20Draft/Final%20Draft%20with%20ref%20text.docx%23_Toc97477879
file:///C:/Users/Chris/Documents/PhD/Thesis/Final%20Draft/Final%20Draft%20with%20ref%20text.docx%23_Toc97477879
file:///C:/Users/Chris/Documents/PhD/Thesis/Final%20Draft/Final%20Draft%20with%20ref%20text.docx%23_Toc97477880
file:///C:/Users/Chris/Documents/PhD/Thesis/Final%20Draft/Final%20Draft%20with%20ref%20text.docx%23_Toc97477880
file:///C:/Users/Chris/Documents/PhD/Thesis/Final%20Draft/Final%20Draft%20with%20ref%20text.docx%23_Toc97477881
file:///C:/Users/Chris/Documents/PhD/Thesis/Final%20Draft/Final%20Draft%20with%20ref%20text.docx%23_Toc97477881
file:///C:/Users/Chris/Documents/PhD/Thesis/Final%20Draft/Final%20Draft%20with%20ref%20text.docx%23_Toc97477882
file:///C:/Users/Chris/Documents/PhD/Thesis/Final%20Draft/Final%20Draft%20with%20ref%20text.docx%23_Toc97477882
file:///C:/Users/Chris/Documents/PhD/Thesis/Final%20Draft/Final%20Draft%20with%20ref%20text.docx%23_Toc97477883
file:///C:/Users/Chris/Documents/PhD/Thesis/Final%20Draft/Final%20Draft%20with%20ref%20text.docx%23_Toc97477884
file:///C:/Users/Chris/Documents/PhD/Thesis/Final%20Draft/Final%20Draft%20with%20ref%20text.docx%23_Toc97477885
file:///C:/Users/Chris/Documents/PhD/Thesis/Final%20Draft/Final%20Draft%20with%20ref%20text.docx%23_Toc97477886
file:///C:/Users/Chris/Documents/PhD/Thesis/Final%20Draft/Final%20Draft%20with%20ref%20text.docx%23_Toc97477887
file:///C:/Users/Chris/Documents/PhD/Thesis/Final%20Draft/Final%20Draft%20with%20ref%20text.docx%23_Toc97477888

List oftables

Table 1.1: Tumour, Node, Metastasis staging for breast cancer classification....................... 18
Table 1.2: Breast cancer molecular and hormone receptor classification...............ccc.veveee.e.. 19
Table 2.1: IHC protoCol iNfOrMALtIONL. .........uuuiiiiiiiiiiiiiiieee e 61

11


file:///C:/Users/Chris/Documents/PhD/Thesis/Final%20Draft/Final%20Draft%20with%20ref%20text.docx%23_Toc97486920
file:///C:/Users/Chris/Documents/PhD/Thesis/Final%20Draft/Final%20Draft%20with%20ref%20text.docx%23_Toc97486921
file:///C:/Users/Chris/Documents/PhD/Thesis/Final%20Draft/Final%20Draft%20with%20ref%20text.docx%23_Toc97486922

nCT

pl
ABCSG
Al
AZURE
BRCA1
BSA
BVITV%
BV
CCR4
CDK4/6
Co2
CTLA4
CXCL
CXCR
DFS
DKKk1
DMSO
DNTP
DTCs
DTT
ECM
EDTA
EMT
ER
FBS
FFP
FMO
Foxp3
FSH

List ofabbreviations

Microcomputed tomography

Microlitre

Austrian Breas€ancer Study Group
Aromatase inhibitor

Does Adjuvant Zoledronate redUce REcurrence in early breast cancer?
BReast CAncer gene 1

Bovine serum albumin

Percentage trabecular bone volume over tissue volume
Bone volume

C-C chemokine receptor type 4
Cyclindependent kinase 4 and 6

Carbon dioxide

Cytotoxic Hymphocyteassociated protein
GX-C Motif Chemokine Ligand

GX-C chemokine receptor

Disease free survival

Dickkopf WNT sigiing pathway inhibitor 1
Dimethyl sulfoxide

Deoxyribose nucleotide triphosphate
Disseminated tumour cells

Dithiothreitol

Extracellular matrix

Ethylenediamine tetraacetic acid
Epithelial to mesenchymadtansition
Oestrogen receptor

Foetal bovine serum

Farnesyl diphosphate synthase
Fluorescence minus one

Forkhead box P3

Follicle stimulating hormone

12



GFP
GGPP
GnRH
GPER1
H&E
H202
HER2
HLA
HR
HRP
HSC
IC50
iDFS
LChb!
IGF
19G
IgM
L[ X
IPP
iTreg
VIS
KO
LUC
Luciferin
LY6G
M-CSF
MDSC
MHC
MI
MMPs
MRC1
NGS

Green fluorescent protein

Geranyl Geranyl diphosphasgnthase
Gonadotropin hormoneeleasing hormone
G proteincoupled estrogen receptor 1
Haematoxylin Eosin Staining
Hydrogen peroxide

Human epidermal growth factor receptor 2
Human leukocyte antigen
Hormonereceptor

Horseradish peroxidase
Hematopoietic stem cell

Halfmaximal inhibitory concentration
Invasive disease free survival
Interferon gamma

Insulinlike growth factor
Immunoglobulin G
Immunoglobulin M

Interleukin

Isopentenyl pyrophosphate

Induced T regulatory cells

In vivo imaging system

Knock out

Lucikrase

D-LuciferinPotassium Salt
Lymphocyte antigen 6 complex locus G6D
Macrophagecolony-stimulating factor
Myeloid derived suppressor cell

Major histocompatibility complex
Millilitre

Matrix metalloproteinases

Mannose Receptor, C type 1

Nottingham grading system

13



NK cells
NKG2D
nTreg
OPG
ORR
oS
OovX
PINP
PARP
PBMCs
PD1
PDL1
PL9
PTEN
PTH
PTHrP
gPCR
RANKL
SREs
TAMs
TCR
TGH
TNBC
TNFh
TNM
TRAP
Treg
URapl1A
VEGF
wnt
Zol

Natural killer cells

Natural Killer Group 2D

Natural T regulatory cells

Osteoprotegerin

Overall response rate

Overall survival

Ovariectomy

Procollagen type 1 #&rminal propeptide

Poly adenosine diphosphatibose polymerase
Peripheral blood mononuclear cells
Programmed cell death protein 1
Programmed deatitigand 1

Proteinase Inhibitor 9

Phosphatase and tensin homolog
Parathyroid hormone

Parathyroid hormoneelated protein
Quantitate reverse transcription polymerase chain reaction
Receptor activator of nuclear factor kapppa f A 3| Yy R
Skeletal related events

Tumour associated macrophages

T cell receptor

Transforming growth factor beta

Triple negative breast cancer

Tumour necrosis factor alpha

Tumour, Node, Metastasis

Tartrateresistant acid phosphatase 5b

T regulatory cells

Unprenylated ragproximate 1

Vascular endothelial growth factor
Winglessrelated integration site

Zoledronic acid

14



Abstract

Background:Latestage breast cancer often recurs in bone. Neoadjuvant Zoledronic Acid (Zol)
combined with standard of care can reduce bone metastases ingme: post menopausal women
while prolonging life in posmmenopausal women. However, pmenopausal women exgience
worse iDFS and increased soft tissue tumour recurredoéand oestrogen can both affect bone
homeostasis and immune cells. Therefore, we hypothesise that oestrogen may inhikitirantir
activities of Zol in premenopausal women through immuneegulatory pathways, and that

combination therapy with Avelumab and Zol could improve treatment efficacy.

Methods. Menopausal conditions were modelled in mice by ovariectomy followed by 10 pM/L, 84
pM/L and 300pM/L oestradiol. Metastases were induced Inagardiac injection of mouse mammary
cancer EOQ771 and 4T1 cells before treatment with 100ug/kg/vzaskr control. Effects on tumours,

bone, immune cells and hormones were assessed by IVIS imaging, uCT, flowcytometry, NanoString
and ELISA. In same modeice were treated with 400ug/kg everydays Avelumab in combination

with Zol.

Finding:Ovariectomy followed by oestrogen administration (n=15 per group) reliably recreated pre
peri and post menopausal serum concentrations, while trabecular bone volume was significantly
decreased under postmenopausal oestradiol (p<0.0001).-idore metastais in premenopausal
mice increased followin@ol treatment, mirroring clinical findings. Data from flowcytometry and
Nanostring analysis suggest thatiland oestradiol exert deferential effects on immune populations,
with oestrogen increasing M2 macrop@le populations while decreasing B cells (P= 0.0091), and Zol
increasing M1 (P=0.0374) populations, increasing T cells and decreaslngxpi2ssion in the bone.
Combination therapy with Avelumab and Zol significantly reduced metastasis to bone (P=@utf)11)

lung (P=0.0004), irrespective of oestradiol concentrations, while increasing T cell activity.

ConclusionsOestradiol inhibits the artinetastatic effect of Zol by inducing a pramour immune
microenvironment. Novel combination therapy with the aRDL1 Avelumab removes this inhibition

and prevents bone and soft tissue metastasis.
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1.1 Background

Breast cancer is the most common form of cancer in women, resulting in 11,563 deaths in the
UK alone in 2016 (CancdResearch UK). Furthermore, in 2011 the national audit office estimated the
NHS annually spent over £6.7 billion on the treatment of cancer, with the economic cost from patient
deaths and loss of productivity bringing this figure up to a staggering £1l8dh (Creighton et al.,
2015) This highlights the need for new treatments for breast cancer patients to increase patient
survival, decrease suffering, and reduce economic burden. It is rarely the primary tumour in breast
cancer that causes fatalitiebut its dissemination and growth in distal organs forming secondary

incurable tumours around the body, resulting in morta(iiyn and Mu, 2015)

Metastasis occurs independently of the breast cancer subtype. Oestrogen Receptor (ER)+ve
breast cancers prefentially metastasise to bone and &R preferentially metastasise to lung and
although lung metastases often occur soon after removal of the primary tumour, recurrence in bone
is commonly not detected until many years after removal of the primary tuntdowever, recurrence
in any metastatic site can occur at any time point with recent data showing increased incidence of
recurrence associated with increased time post primary tumour rem@malizani et al., 2014Pnce
secondary tumours have formed, bre&stncer is considered incurable with few effective treatments
available. Breast cancers metastasise to bone, lung, liver and brain, with the bone being the most
common site(Roodman, 2004)Therefore, finding new drugs or repurposing old drugs to prevent
bone metastasis is important for reducing mortality in breast cancer patients. Bisphosphonates, a class
of bone targeting agents used to treat osteoporosis and prevent bone loss, have shown promise at

preventing bone metastasis in both the lab and the clinic

1.2Breast cancer

Breast cancers are graded and characterised using three different classification systems. One
system assesses tumours for aggressiveness using the tumour, node, metastasis (TNM) stage system
which factors in: Tumour size and location, lymph node involvéraed distant metastasiéTable
1.1).This clinical classification can be accompanied by classification according to receptor expression,
most notably oestrogen and progesterone hormone receptors (HR), the proliferation mai&@ér &S
well as HER2 expressi@Borlie et al., 2003)Expressio of these markers are not only important for
informing treatment options(Braunstein et al., 2015%ut can also predict likely recurrence and

metastatic sites and are used to determine which subtype a breast cancer is classified into (Table 1.2).
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Stage Description
0 (T) No tumour evident, (N) Spread to lymph, (M) No spread of tumour,

la (T) Tumours are <2cm, (N) No lymph node involvement and, (M) there is no
metastatic spread from the primary.

Is} (T) Breast has no tumour (N) microscopic metastatic spread to auxiliary lymph
nodes

OR

(T) Primary breast tumour <2cm (N) Lymph nodes involved

lla (T) No primary breast tumour, (N) Macroscopic auxiliary node tumour in 1-3 nodes
(0.2-2mm), (M) No Metastasis

OR

(T) Primary tumour <2cm with, (N) Spread to auxiliary nodes, (M) no metastasis
OR
(T) Primary tumour 2-5cm, (N) no lymph node spread (M) no metastasis

llb. (M) Primary tumour 2-5 cm, (N) Spread to 1-3 auxiliary lymph nodes, (M) no
metastasis
OR
(T) Primary tumour =5 cm, (N) Not present in lymph, (M) no metastasis

Illa (T) No primary tumour found in breast (N) Spread to 4-9 auxiliary lymph nodes or
internal mammary nodes (M) No Metastasis
OR
(T) Primary tumour > 5¢cm (N) Axillary and internal mammary node spread (M) no
metastasis

b (T) Primary tumour any size spread to skin of breast or chest wall (N) Axillary and
internal mammary node spread

llle (T) Primary tumour any size, (N) spread to >10 axillary lymph nodes
OR
(N) Lymphatic spread to supraclavicular nodes
OR
(N) Spread to internal mammary nodes and axillary lymph nodes

v (M) Metastatic spread to distal organs around the body

Tabk 1.1: Tumour, Node, Metastasis staging for breast cancer classification

A third grading system is also used to predict the outcome of breast cancers, the Nottingham
grading system (NGS). This is a histological gradingnsylsésed on the evaluation of three
morphological features in the tumours: the degree of tubule or gland formation, the nuclear
pleomorphism and the mitotic couniElston and Ellis, 1991%tudies have shown that NGS has
prognostic value equal to that ofrtyph node status and above simple tumour size grafBumndquist
et al., 1999) Therefore, in the clinic, NGS is often used in combination with lymph node status and
tumour size to determine the tumour grade. Furthermore, NGS is an inexpensive and Siagieg
system that does not require access to expensive new technologies. Studies suggest that molecular
characterisation of tumours should become the gold standard of breast cancer grading, with NGS
receiving criticism due to the subjective nature of blegical gradingPeppercorn et al., 2008)
However, evidence suggests that newer molecular tests should be used to compliment the histological
grading, not replace it, providing optimal predictive behaviours to ensure the best therapy for patients
(Rakheet al., 2010)

18



Subtype Molecular Phenotype Metastasis | Treatment
Characteristics
Luminal A HR + Slow growing, | Bone = Endocrine therapy
HER2 — Low lymph 98.52 % (Tamoxifen),
Low Ki-67 node Lung = Aromatase
involvement, 21.70 % inhibitors,
Good Liver =
Prognosis, 15.48 %
Brain =
4.30 %
Luminal B HR + Faster Bone = Endocrine therapy,
HER2 +/- growing, 47.28 % Chemotherapy,
High Ki-67 High lymph Liver =
node 25.65 %
involvement, Lung =
Worse 2117 %
prognosis Brain =
5.89 %
Triple Negative/ | HR — Highest death | Bone = Chemotherapy
Basal-like HERZ2 — rate, 36.39 % (Doxorubicin/
High Ki-67 Aggressive Lung = cyclophosphamide)
32.09 % Platinum based
Liver = Chemotherapy
22.40 % (cisplatin)
Brain =
9.12 %
HER2- enriched | HR - High Bone = HER2 targeted
HER2 + recurrence 34.49 % treatment
Med-high Ki-67 | rate, Liver = (Trastuzumab),
Poor prognosis | 31.72 % Chemotherapy
Lung =
25.48 %
Brain =
8.31 %

Tablel.2: Breast cancer molecular and hormone receptor classification showing expression of hormone

receptors, HER2 and #I7, and predicting growth characteristics and metastatic tendencies

1.3 Metastasis

Due to an increase in screening and more successful treatments for primary breast cancer
patients, the breast cancer survival rate has almost doubled over the last 40 years (Cancer Research
UK). However, treatments have not improved significafdlr breast cancers that have spread and
consequently most breast cancer related deaths are due to metastasis, which is often resistant to
therapies and difficult to remove by surgefiyangley and Fidler, 2007In order to metastasise,

tumour cells musundergo a series of transformations in the primary site, named the epithelial to
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mesenchymal transition (EM{Thiery, 2003fFigure 1.1). This process is vital to enable tumour cells

to leave the primary site and disseminate into the blood/lymph (Figutg 1

Increased TGF-8 signalling Shift towards single cell behaviour Upregulation of MMPS, MMP2

Loss of Adherence Junctions Gain Spindle Shaped Morphology and MMP3

Loss of Polarity Expression of Vimentin & Keratins Resistant to apoptosis

Loss of Epithelial Markers Increase in Motility Migration into venules
Expression of Fibroblast-specific
protein 1,

Expression of Nuclear 8-catenin

TGF-6 E-Cadherin

"9 ta—

Figurel.l: Epithelial Mesenchymal Transitio(EMT) where epithelial derived tumour cells lose adheren
junctions via down regulation of€adherin, polarity, epithelial markers and undergo a morphological
switch towards a spindle shape allowing greater motility. Cells upregulate expression of fibrspéastic
LINE GSAY ™ -tatérin tofpoaddteSUmbdr metastasis, as well as secreting numerous proteina:
such as matrix metalloproteinase (MMP) 9, 2 and altow invasion of the basement membrane and
connective tissue and facilitate entry into circulation.

From the circulation tumour cells home to a metastatic niche within a distant organ before
undergoing the reverse process of mesenchymal to epithelial transition enabling subsequent
proliferation and formation of a secondary tumour. Throughout all theseg@sses tumour cells must
evade clearance by the immune system. Therefore, unsurprisingly, metastasis is an inefficient process
with in vivostudies showing that only 0.01% of injected tumour cells successfully form secondary

tumours(Fidler, 1970Q)

Cancer metastasis is not a random process. In 1889, it was first proposed that different cancers
have preferential sites of metastagiBaget, 1989)Furthermore, different classes of breast cancer
also have preferential sites of metastasis (Table 1.2¢r @wme, cancer cells acquire a series of
alterations to facilitate metastasis and survival at a metastatic site, as made evident in laboratory
experiments from multiple research groups: Repeated passaging of human;MBE281 breast

cancer cells through ouse bones or lungs produces distinct clones that subsequently metastasise
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specifically to these orgar{&ang et al., 20Q3Nutter et al., 2014) Importantly, all of these studies
identified molecular changes in the organ homed cells that were also olsémverimary tumours
from breast cancer patients that subsequently developed metastases in these dqigatesr et al.,
2014 Westbrook et al., 20L6Tulotta and Ottewell, 2018)or example, metastatic tumour cells
upregulate expression of CXCR4, enabimgraction with CXCL12 found on osteoblasts and
mesenchymal stem cells allowing efficient tumour homing to the bone (explored in sectiofilieb)
homing of tumours to preferred metastatic sites opens the possibility for a treatment that alters
microenvionments preferential for metastatic outgrowth, such as the bone, to form an inhospitable

environment for tumour cells, therefore preventing metastasis.

1.4 Pharmacological treatment of primary tumours

Breast cancer is normally removed from the primatg by surgery as a first line treatment
before other pharmacological interventions are pursugtkil et al., 2012)Breast cancer therapies
are tailored to the molecular tumour type and aim to target the growth and survival of cancer cells.
Hormone treatmets are often utilised as a first line in ‘&Rncer prior to cytotoxic chemotherapy if
visceral metastasis has not been identifi@hlkeni and Hall, 201 MIR positive tumours are treated
with goserelin to inhibit the GnRH pathway and prevent ovariaeas of oestrogen. In pre
menopausal women, ovarian suppression reduces the mortality rate and recurrence by 25% and is
more common than adjuvant therapy alo(Bui et al, 2020)The beneficial use of goserelin is limited
to premenopausal women with ERumours, since circulating oestrogen is low in postmenopausal
women (Puhalla et al., 2012)Furthermore, when patients with ERimours were treated with
goserelin it was found tde less effective than chemotherapy standard of c¢aufmann et al.)
Tamoxifen is also commonly used in ER+ve breast cancer. Tamoxifen is a selective oestrogen receptor
modulator, which blocks the effect of oestrogen on ER and stops proliferation aftocancer ductal
cells leading to a 31% reduced mortality réfdoe et al., 2005)urthermore, this drug has favourable
effects on bone metabolism since it does not abolish systemic oestrogen, allowing normal bone
turnover and has even been shown to iease bone health in poshenopausal women. Both
goserelin and tamoxifen are regularly used drugs in the clinic, and are often used together as an
alternative to chemotherapeutic agents in ER+ve breast cancer, as shown in the ABG8Sr&6 (

Breast CanaeStudy Groupirial (Jakesz et al., 2002)

Hormonal treatments for postnenopausal women target local oestrogen synthesis since
local oestrogen concentrations in tissues can be much higher than systemic concent{&trapson

et al., 2000) Aromatase, tB hormone that normally converts androgens to oestrogen in organs
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including bone, vascular endothelium and liy€chneider et al., 2011js overexpressed in adipose
tissue of breast cancer patients and is the target for treatment in these waqfaatlun etal., 2007)
Therefore, aromatase inhibitors (Als) block conversation of androgen to oestrogen and reduce
circulating oestrogens. In premenopausal women, Als as a single treatment can lead to an increase in
secretion of gonadotropins and raised systemistoggen, therefore they must be used alongside
GnRH inhibitorgPistelli et al., 2018)In the TARGET clinical trial of 668 poshopausal women
receiving eitheranastrozole 1 mg once daily relative to tamoxifen 20 mg once ,dailipwing
subgroup analyis of women with ERbreast cancer, anastrozole (an Al) gave a longer disease free
progression when compared to tamoxif@Nabholtz and Arimidex Study, 200Bjowever, guidelines

for use have still not changed much, with both drugs still in regular diing=&in postmenopausal

women.

Triple negative breast cancer (TNBC), representing about 15% of all breast(Esemdest al.,
2007) does not respond well to hormone treatment, instead standard of care for these patients is
anthracycline/ taxanebased doxorubicin and cyclophosphamide chemotherapy drugkhogh
TNBC response is good, the chance of relapse is still very high-dfiexads, but decreases following
8-10 yeardCriscitiello et al., 2012)In addition, the platinum based chemotherapeutigat cisplatin
has been shown both clinically and petinically to be effective against BRCA1 mutated breast cancers
with a 56% response rate compared to 25% overall responsglstkoff et al., 2015)These agents

work by causing excessive DNA daméegjing to tumour cell apoptosis.

Alongside these older treatments, there are now newer targeted treatments available to
patients as standard of care. PARRibitors are a targeted therapy licenced for use against BRCA1/2+
breast cancer and work by interfering with DNA damage refid@man and Cimprich, 2014)
sensitise cancer cells to chemotherapy or radiation. HER2 inhibitors are routinely used in the
treatment of HERpositive breast cancers. Drugs including pertuzumab, along with trastuzumab are
monoclonal antibodies against HER2/3 to block proliferation and survival sign@livagn et al.,

2015) Cyclindependent kinase 4 and 6 (CDK4/6) are also @atreatment targets, with palbociclib
being a selective inhibitor for CDK4/6 for use in HR positive HER2 negative patients leading to

improved progression free survival in these patigitsn and Scott, 2017)

1.5Targeting themmunesystem

Newer treatnents for breast cancer aim to target the immune system to stimulate immune

cell clearance of tumour cells by unmasking cells and allowing immune detection and Killing.
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Treatments targeting the immune system are common in cancers such as lymphoma, mekmbma
lung, but are less common for breast cancer due to poor response rates. Breast cancer is often
categorised as immunologically silent depending on their subtype, with low rates of infiltrating
immune cells making immune based therapies a challengeERrtumours (Julia et al., 2018)
However, bioinformatic analysis of neoepitope frequency found that the less common TNBC has
significantly more somatic mutationgith a median of 63 mutations when compared to ER+ tumours
with a median of 32 mutations (Nang et al., 2019). Thied to a higher frequency of neoantigens
detected when compared to other subtypes, increasing its immunogeniditgrefore, therapies for
TNBC have aimed to improve tumour targeting by unmasking tumour cells to make them more
amenable to clearance by T cells and prevent T cell exhaustion. One such class are checkpoint
inhibitors. Under normal physiological conditig@D8+ T cell responses are mediated through antigen
recognition by the T cell receptor (TCR), which is regulated {syironilatory and inhibitory signals
known as immune checkpoints. This normally helps maintairtaelfance; however, tumour cells

can orerexpress inhibitory signals to evade immune detection. Therefore, agents that are either
agonists for cestimulatory signals or antagonists for inhibitory signals are exciting targets in the clinic.
The PBL/PDLL1 inhibitory pathway is a promising stratefor therapy, and the drugtezolizumab

(FDA approved) shows promise in the clinic for triple negative breast cancer with a 53% response rate
verses 33% for placebo. Avelumab is another checkpoint inhibitor, an antibody inhibitiadg. PD
Interestingly, m pre-clinical studies avelumab has been shown to induce antibody dependent cell
mediated cytotoxicity of tumour cells, an additional mechanism of action. For breast cancer, avelumab
has been studied in the phase 1b JAVELIN Solid Tumour study clini¢@8litixaet al., 2018a)168
patients with metastatic breast cancer who had already received extensive treatment were studied
and the best overall response rate was observed in patients with FDtumour associated immune

cells (16.7% vs 1.6% for4D). TNBC patients also had a benefit from avelumab treatment.

Immune based treatments represent an exciting new chapter in breast cancer therapy,
forming the fourth pillar of standard care for patients. Although more work needs to be done to
improve responseates and understand the mechanisms behind tumour immune suppression, these

new treatments are paving the way for future combination therapies to target virulent tumours.
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1.6 Bonemetastasis

PTHrP
Breast Cancer

N Proliferation
/N Survival TGF-6« |, /\f‘\‘
N Tumourburden ;6.1 _,*/
J \ IL-18- autocrine and paracrine
IGF-2 =< \ e
x X N
e b

IL-6

N IL-11

Osteoblasts

J Differentiation

J Matrix deposition
N RANKL secretion

Osteoclasts
N Differentiation

@ @

/N Bone degradation DD“/,\U \
N Growth Factor = = , S5
release v Y Y
: °[0][0][0}[0]
RANKL
o > 00
o TGF-8 —a =
o ® © Qg > a " o
= L 4 vlgF ’:I(i_f_:z 3 & - [ 4 . > :

Figurel.2: The vicious cycle of breast cancer induced bone degradatidre growth factors TGFZ -1 D!
and IGR2, normally trapped in the bone, are released when osteoclasts degrade the bone. These act ¢
tumour cells to stimulate proliferation and survivaltbg cells, therefore increasing tumour burden. The
tumour cells release molecules such as PTH®ahd IE11 which act on osteoblasts to downregulate
differentiation and anabolic activity whilst upregulating release of RANKhcino et al., 2001)RANKL ast
on both the osteoclasts to increase their differentiation, survival and activity, and on the tumour cells
directly to promote proliferation(Tan et al., 2011)This leads to a vicious cycle of bone degradation and
excessive bone loss.

70% of patients with late stage breast cancer develop bone metastases resulting in painful
lesions, hypercalcemia and an increased risk of fract(Re®dman, 2004)eading to 10% survival
rate of just 5 years after diagnogiSvensson et al., 2017} is thought that tumour cells are attracted
to bone through biochemical and physical signals provided by cells within the bone microenvironment.
Osteoblasts and pexiascular cells within the bone express high levels of CXCL12 which binds to its
receptor XCR4, often expressed on breast cancer (dligler et al., 2001)This plays a vital role in
tumour homing to the bone, and overexpression of CXCR4 on breast cancer cells increases their
metastatic capabilitiegKang et al., 2003)The physiological press of bone remaodelling, through
osteoclast degradation of the bone and subsequent osteoblast deposition of bone matrix, releases
growth factors and cytoking®feilschifter and Mundy, 1988jimulating tumour growth and survival
(Pfeilschifter and Mundy,987) Moreover, the disseminating tumour cells secrete PTH#® aihd IE
11, leading to increased bone degradation via stimulation of RANKL in osteoblasts, which subsequently
stimulates osteoclastogenesis causing a vicious cycle of tumour growth armlysgegFigure 1.2).

Tumour cells within the bone metastasis can inhibit osteoblast differentiation by secreting factors into
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the microenvironment such as activin A, sclerostin, 2Kid nogginKrzeszinski and Wan, 2015)
Further to the classical modelf ahe vicious cycle, tumour derived Jagged 1 can bind to Notch
receptors on osteoblasts, increasing expression of osteoblast derivédiriLthe bone/ tumour
microenvironment(Sethi et al., 2011¥timulating tumour growth(Dethlefsen et al., 2013and
osteoclast differentiation(Bussard et al., 2010)in order to break this vicious cycle, there have been
efforts to treat bone metastasis with therapies targeted to reducing osteoclast activity
(bisphosphonates and demosumab), however this strategy has ren s effective as originally
hoped. (Figure 1.2).

1.7 Dormancy

Breast cancer micro metastasis can be found in the skeleton at early stages of the disease.
These cells are often maintained in a quiescent or dormant state by the bone niches for long periods
2F GAYST 0ST2NB aNB | 6 | Sy ksfadesMetayirlysisIdi® StadES NI (0 A y
including 4703 patients with stage I, Il or lll breast cancer fohad30-40% of breast cancer patients
have disseminated tumour cells (DTCs) in their bone mamgth, DTCs contributing to poor overall
survival and diease free survivéBraun et al., 2005)ndeed, approximately 20% of recovered breast
cancer patients relapse in the bone up to 15 years |@D@micheli et al., 1996and these cells can
transit through the bone to form metastasis in other orgd@splli et al., 2012) Circulating tumour
cells are thought to home to specific niches within the bone thought to contribute to both the

maintenance of dormancy and the subsequentuaivation and proliferation of cells.

The endosteal niche is primarily n&dp of osteoblasts, with mouse models of breast cancer
showing that tumour cells home to areas of high osteoblast activity. Furthermore, changing bone
activity with drugs such as zoledronic acid (Zol) results in relocation of tumour cells to other asteobl
rich areagHaider et al., 2014)Furthermore, it is within the endosteal niche that the CXCR4/CXCL12
interaction from osteoblasts is most prevalent in homing the tumour cells to the fdfag et al.,

2014) Evidence also suggests that osteoblastsadte to maintain tumour cells in a dormant state in
the endosteal niche through the interactions of CXCR4 and CXCL12, similar to how osteoblasts

maintain hematopoietic stem cell (HSC) dormafiang et al., 2014)

The HSC niche is one that is also mMcBXCL12, so it also attracts the CXCR4 positive tumour
cells to the site. On arrival, the tumour cells must compete with HSCs for site colonisation, and the
eventual outgrowth of tumour cells in the niche is thought to be supported by the proliferation
HSC¢Pedersen et al., 2012)
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The importance of the vascular niche is supported by evidence that once tumour cells have
completed extravasation, they remain closely associated with the capillaries, supported by
CXCL12/CXCR4 interactions with vascudils (Carbonell et al., 2009)urthermore, vascular-E
selectin can bind directly to disseminated tumour cells to promote bone metastasis by inducing
epitheliakmesenchymal transition and Wnt signalli(igsposito et al., 2019Y heir proliferation leads
to engulfment of the capillary and eventual remodelling of the capillary network, as reviewed in
(Kusumbe, 2016)Taken together, the data suggests that it is the endosteal niche that is important in
maintaining tumour cell quiescence, whereas the vascutat HSC niches are more involved in

tumour outgrowth in the boneas reviewed in Georga al. (2020)

The immune system also plays an important role in tumour dormancy and outgrowth within
the bone. Dormancy is primarily maintained by the adaptive immsystem where proliferation of
tumour cells is balance by immune cell killing, a process that is regulated mainiyelig, TE12 and
interferon-! (Schreiber et al., 2011Pver time, the tumour cells can escape immune recognition in via
two mechanismsdeveloping insensitivity to attach by immune cells or the tumour microenvironment
can become immunosuppressed, leading to a lack of immune infiltréooney et al., 2015 hese
individual yet interconnected niches within the bone highlight the complenfithe bone metastatic

process and the difficulty of finding effective treatments.

1.8 Treatment obone metastasis

Treatment of metastatic tumours of the bone often involve bone targeted agents, with the
aim of breaking the vicious cycle and reducing skeletal related events (SREs) such as fracture.
Bisphosphonates have been used in these treatments for several deakfgside standard of care,
with intravenous pamidronate and Zol showing the highest efficacy for the prevention offS¢des
et al., 2003) A retrospective analysis of Zol in a phase Il clinical trial showed Zol corelated with an
improved survival fobreast cancer patients with reduced riskd#gath by 48%Lipton et al., 2008)
However, it is unclear whether this was due to direct @atncer effects or the benefit of prevention
of fracture and its associated morbidity. Denosumab, the monoclonal edyilagainst RANKL, is a
newer drug given alongside standard of care (neo/adjuvant chemotherapy and/or endocrine therapy).
Both these drugs are successful at preventing SREs, with denosumab showing increased efficacy

against fracture riskStopeck et al.,@10)

Interestingly, preclinical data suggested that Zol may have effects on primary tumour growth

and early events associated with bone metastasis with in vivo experiments showing Zol had efficacy
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against disseminated dormant tumour cells in the barg] increased efficacy in ovariectomised mice
compared to sham operated mid®ttewell et al., 2014b)This reflects clinical observations from
ABCS@2 and AZURE trials (described later). For denosumab, the effects on early bone metastasis
development aredependent on the dose. The DCARE study was of 450%pdepostmenopausal
patients randomised to receive neo/adjuvant therapy kigh dose denosumab (120mg) monthly for

6 months, then 3 monthly up to 5 yeaf€oleman et al., 2018bYhere were no benés in bone
metastasis free survival in either the overall population or the poshopausal subgroup, although
there was clear benefit in fracture risk. On the other hand, in the ABBSSudy, where 167 pre
menopausal women were treated with low dosendsumab (60mg every 6 months) vs 203 receiving
placebo, there was afh8% reduced risk of recurrence after 4 years with denosu(@iant et al.,
2015b) However, this study was unblinded and patients received active treatment following 4 years,
so longterm follow-up data is not available. This inconsistency in results suggests that bone
metastasis is regulated by more than the bone microenvironment and that RANKL inhibition is not

sufficient to prevent metastasis.

1.9Zoledronicacid ¢ Structure andnecharism of action

Bisphosphonates specifically target the bone to reduce osteoclast activity and are commonly
used to treat breast cancer induced bone metastases. There are two classes of these drugs: nitrogen

containing bisphosphonates and naoitrogen contaning bisphosphonates.

Zol is an intravenously administered bisphosphonate and is licenced to treat skeletal related
events caused by breast cancer bone metastasshjcing hypercalcemia and the risk of fractures in
patients, offering an improved qualityf ¢ife (Wilson et al., 2018)Zol is a member of the nitrogen
containing bisphosphonate class with a structure similar other bisphosphonates, with a
phosphoruscarbonphosphorus core as well as a hydroxyl group at the R1 tern{ltuand Davis,
2003) The structure that distinguishes Zol from the other bisphosphonates is the heterocyclic
imidazole group found attached to the R2 position (Figure (S8hech et al., 2013Y0l has a high
affinity for mineralised bone, binding to calcium phosphate boneem@hhydroxyapatite at sites of
high bone turnover(Rakel et al., 2011)ndeed, Zol is the most potent bisphosphonate, having the
highest affinity for hydroxyapatite when compared to the other bisphosphonate drugs, binding to

bone matrix within 4 hours cddministration.
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Figurel.3: The molecular structure of Zoledronaid

When bone is resorbed, Zol is internalised by the osteoclasts through endocytosis and
interferes with osteoclast activity, preventing formation of the ruffled boarder causing osteoclasts to
dethatch from bone, inhibiting differentiation and inducing apogi® These inhibitory mechanisms
are the result oZolinduced inhibition ofarnesyl pyrophosphate synthase in osteoclasts, preventing
the synthesis of FPP agéranylgeranyl diphosphatend then leading to reduced pesianslational
modification of GTPa&s, which are necessary for osteoclast function and sur(ivadkman et al.,

1998)(Figure 1.4).

The mevalonate pathway is ubiquitous to all cells leading to speculation that Zol can have
direct killing effects on cell types other than osteoclasts. Indeed, there is a wealth of data showing
that Zol can Kill tumour cells vitro (Jagdev et al., 200Zekri et al., 2014However, the ability to
directly kill tumour cells when administered alonie, vivo, are less convincingnd it has been
hypothesised that the short time that Zol is retained in the circulation ~2.5h means that not enough
of this drugreaches the tumour for it to exert maximum effectaterestingly, evidence from the
laboratory and clinic suggest that early treatment (combining chemotherapyZuithefore evidence
of metastases) may reduce breast cancer relapse in bone (Ottewell 20G8 Ottewell and Wilson,
2019) Therefore, Zol haanti-cancer effects further than just preventing bone loss, a property that is

extremely desirable because once overt tumours form in the bone, they are incurable.
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Figurel.4: The mevalonate pathwaghowing intermediates, enzymes
responsible and the site of Zol action

1.10 Antitumour effects of Zol in adjuvant/neoadjuvant settings

Zol has been shown to have effects further than just protecting the bone fesorption, it
has been shown to have direct aatincer effects. As previously discussed, DTCs in the bone marrow
present a problem because they increase the risk of developing overt bone metastasis. Furthermore,

DTCs can be seen in the bone marrow ofyestiage breast cancer patients, with DTCs observed-in 30
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40% of patients, and can be observed in the bone long after the primary tumour has been removed
(Braun et al., 2005)Therefore, clinical trials have been carried out to determine if early inteiment
with Zol could reduce numbers of DTCs in bone and therefore, reduce disease recurrence in this site,

with promising results.

Zol was studied in a namndomised phase 2 clinical trial of 31 women with early breast
cancer and persisted DTCs in bone marreceiving 4mg Zol, 4 times per week for 6 weeks vs 141
control patients. Bone aspirates showed 87% of DTCs eliminated in Zol group vs 73% in control groups
(Rack et al., 2010The negative aspirates were further associated with a better survivalafdest
study into the effects of Zol on DTCs assessed bone aspirates from 3141 patients with early breast
cancer and found that 803 of them had DTartkopf et al., 2014)All patients then received systemic
treatment alongside adjuvant Zol, and retrespive analysis found that disease free survival and
overall survival was better in patients with detectable DTCs treated with Zol. Subgroup analysis was
performed on this data to separate the effects on pamd postmenopausal women. Interestingly,
overdl survival was found to be improved only in pasénopausal women with detectable DTCs

(p=0.009), suggesting an effect of menstrual hormones in changing the effects of Zol.

Zol is now used as an adjuvant anticancer treatment to eliminate micro metastaih
clinical benefit first described in the Danish collaborative study GAIN, the Austrian AR@&Gand
the multicentre AZURE trial, reporting menopause dependent results. The ABC®i@ studies
1803 premenopausal women with ERreast cance receiving adjuvant goserelin and endocrine
treatment either with or without Zol (4mg every 6 month§nant et al., 2015a) Results from this
study showed that relative risk of disease progression was reduced in women receiving Zol. However,
the women h this study had low circulating oestrogens due to endocrine therapy and all tumours

were ER+, limiting the analysis.

In the AZURE trigFigure 1.5)3360 women were randomised to receive standard adjuvant
systemic treatment, with or without Zofl(mg every 3;4 weeks for six doses, then every 3 months for
eight doses, followed by every 6 months for five doses, for a total period of 5 ya#tts)ugh initial
analysis showed that overall survival (OS) and diskasesurvival (DFS) were similar for batntrol
and Zol treated women, subproup analysis of menopausal status showed differences. Women who
were 5 years or more into the menopause showed benefit with invasive digeseseurvival (iDFS) of
78.2% compared to control 71% (95% ClI, P=0.02) amd 8156% compared to control 78.7% after 5
years 95% CI, P=0.04{Coleman et al., 2011Pn the other hand, while prenenopausal women had
reduced skeletal metastasis, this was accompanied by an increased risk of extra skeletal recurrence

(Coleman et al., 2014bTJhis result was mirrored in the large metaalysis of 26 randomised trials on
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adjuvant Zol in early breast cancer, encompassing 18,7&@®&en (J. Berglet al, 2015) Subgroup
analysis showed that Zol had the most significant effects on bone recurrence, overall recurrence,
distant recurrence, and mortality in pestenopausal women.

Post Menopausal:

Reduced bone iDFS (95% Cl 0.53-1.17)
Reduced extra skeletal recurrence

Improved distant DFS (95% Cl 0-58—0-97)
: / Improved iDFS (95% CI 0-63-0-96)
Primary Tumour Standard of Care Zol treatment

Resection Treatment 4 mg every:

« 3360 Patients Depending on BC « 3-4 weeks X6 \

« Stage ll/Ill subtype and * 3 monthly x8 .
¢ progression * 6 monthly x5 Pre Menopausal:

primary breast

Improved bone iDFS (95% ci 0.59-1.09)
cancer

Increased extra skeletal recurrence
No Benefit for distant DFS (95% Cl 0-88—
1.23)
Reduced iDFS
Endpoints
Primary: DFS
Secondary: iDFS, OS, SRE, Time to Bone
Met, Skeletal Morbidity, Hypercalcaemia.

Figurel.5 The AZURE trial @atment methods and outcome according to menopausal status.

The AZURE trial investigated the use of Zol in primary breast cancer patients to prevent bone and extr
recurrence.Figure summarises patient recruitment, patient treatment, experimemadipoints and stuc
outcomes according to menopausal subgroups.

Reproductive hormone levels were analysed from the serum of patients in the AZURE trial,
studying levels of inhibin A, FSH and oestradiol with the aim to understand the role of these hormones
in the context of the AZURE tr{&@Vilson et al., 2016b)his aalysis found that postnenopausal levels
of oestrogen alone corelated with significantly shorter iDFS (CI:117& p=0.022). On the other
hand, oestrogen and FSH levels representing-pustopausal conditions lead to improved iDFS with
addition of ZolCl: 0.541.22) and a trend towards decreased non bone metastasis, highlighting the

benefit of adjuvant Zol in poghenopausal women when compared to preenopausal women.

1.11 Oestrogen and the menopause

The menopausal transition marks a shift in the endocrine landscape and function in women
and occurs at a median age of 51McKinlay et al., 19920n average, women spend 4 years in
menopausal transition (permenopause) before the final menstrual periaghich marks the end of
the transition (postmenopause), but there is a large variability in length between individuals.
Therefore, the menopausal state of a woman can only accurately be determined by measuring ovarian

hormone concentrationgMcKinlay etl., 1992)
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During the normal menstrual cycle FSH is secreted from the anterior pituitary gland and is
regulated through negative feedback by inhibin B and oestrogen produced in ovarian follicles. As the
number of ovarian follicles decreases with age eterating towards the menopausal transition, so
does inhibin Bleading to a decrease in negative feedback and an increase in FSH se@atiamnd
Freeman, 2009)Inhibin B decline is one of the earliest markers of the menopausal transition.
Oestrogen legls tend to remain fairly stable in the early menopausal transition and can even be seen
to rise during the early follicular phase of the cy@arger et al., 1999However, nearer the end of
the menopausal transition, oestrogen rapidly declines andissicered the final biomarker of the

final menstrual period (the last point of the menopausal transition).

The action of oestrogen is mediated through two distinct receptor proteins encoded from
ASLI NI GS 3ASySa 2y RATTSNDY lieceptérNadnvpzise af 6is sirdcturl w h
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other four sections are divergent and are involved in transcription activation and ligand dependent
activation or inactivation(Hamilton et al., 2014)The expression profiles of each receptor differ in
each tissue and cell type, but expression is widespread. In the classical mechanism of action, oestrogen
binds ER and the complex directly binds to oestrogen response elememfiunce transcription
(Katzenellenbogen et al., 200@pestrogen can also act through a tethered mechanism whereby ER
does not directly bind to DNA but binds to transcription factors suchdmdo form a transcription
activation complexJakacka et g12001) Furthermore, ERs have also been shown to be involved in
extracellular non genomic signal transduction, binding to receptors such aslGRRERe cell

membrane(MadakErdogan et al., 2008)

Oestrogen has wider effects than just those on ovariegulation and the menstrual cycle.
ERs are found in many tissues around the body. One of these is bone where oestrogen is vital in
maintaining normal bone remodelling by regulating the expression of RANKL in osteoblasts, affecting
osteoclast mediated boneesorption (Streicher et al., 2017)This interaction is important in the
regulation of osteoclasts, as shown in the menopause where the reduced concentration of circulating
oestrogen leads to increased osteoclast activity and reduced bone vdliiraedYu, 2015)ERs have
also been found on numerous immune cells, and have been shown to regulate the immune landscape,
perhaps contributing to the differences observed in immune response between men and wbaikn
et al., 2020) Furthermore, ERs have a majole in tumour progression, with ~80% of breast cancers
expressing ER, through which ER/oestrogen interactions contribute to tumour proliferation and

survival.
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1.12 Effects of Zol armbstradiol on bone metastasis and bone resident cells

Zol, thethird-generationnitrogen containing bisphosphonate, excerpts its primary method of
action by inhibiting osteoclast maturation and stimulating apoptosis of these cells via inhibition of the
mevalonate pathway (Figure 1.4jolen and Coleman, 2010Because ostelast and osteoblast
activity is closely linked via feedback mechanisms, Zol also reduces osteoblast activity, stopping the
expansion of the endosteal niche. Moreover, through the inhibition of the mevalonate pathway within
endothelial cells in the bon&ol can inhibit the sprouting of new blood vessels, therefore inhibiting
the vascular nichélLang et al., 2016)These effects on bone niche expansion act to inhibit tumour
growth within the bone, but preclinical studies have shown that Zol has optimatuambur effects
only under postmenopausal concentrations of oestradiol. Mimicking the menopause by ovariectomy
(OVX) was shown to increase bone resorption and trigger tumour outgrowth in bone. Treatment with
Zol prevented the OVX induced bone resorpiidrile also preventing growth of disseminated tumour
cells, an effect that was not observed in sham operated r(itewell et al., 2014b)Initially, this
mechanism was proposed to be mediated by altered osteoclast activity by menopausal related
hormones.Indeed, deprivation of menopausal related hormones was shown to increase RANKL
expression in the bone, a molecule that is essential for osteoclast differentiation, activity and survival,
with disruption to this pathway reducing osteoclast bone resorptiod eeducing tumour outgrowth
(Ottewell et al., 2015) However, clinical treatment with the afRANKL antibody Denosumab, had
no effect on tumour recurrence irrespective of menopausal status, suggesting that other cell types are
responsiblgStopeck et a] 2010) Indeed, oestradiol can affect the activity of a plethora of cells within
the bone, while also affecting expression of inflammatory molecules such a8 ENE and IkE1,
suggesting a more complex mechanism for oestradiol and Zol on bone métg8vastzmann and
Pacifici, 2006)

1.12.1Effect of Zol on bone resident cells

In the bone, Zol acts on a number of cells and niches, such as the vascular niche which
regulates bone cell progenitor maturation and supports cell growth, while being gltisged to
tumour dormancy and outgrowth. The number of vascular endothelial cells has been shown to be
decreased by Zol treatment in a dose dependent marnmeitro (Lang et al., 2016)-urthermore, Zol
treatment decreased the activity and migration of vascular endothelial cells while changing their
morphology(Lang et al., 2016However, these results were not obseniad/ivo,with no differences
in vessel number in Zol treated anahtteated mice. Interestingly, when younger (4 week old),

immunocompetent mice (with low circulating oestradiol) were treated with Zol, it increased vessel
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numbers, a change that was not observed in older (4 month) rf8oki et al.,, 2013)in human
patients, Zol has been shown to decrease serum concentrations of VEGF, an important factor for blood
vessel development and function, which would suggest a decrease in blood vessel number, but studies

to confirm this or the effects of oestradiol have not yet bexamried out(Santini et al., 2003)

The haematopoietic and mesenchymal niches in bone are also directly affected by Zol. Indeed,
haematopoietic stem cell numbers are significantly increased by Zal wivoimmunocompetent
mouse models, but motility ahre-localisation patterns are unchangé&oki et al., 2013)it was
previously assumed that haematopoietic niche mobilisation was dependent on osteoclast activity,
suggesting that Zol induced reductions in osteoclast activity would reduce haematopelietimtility
(Miyamoto et al., 2011; Miyamoto, 2013)herefore, this data suggests that other mechanisms may
also be at play. In the mesenchymal niche, Zol treatment deceased the number of osteoprogenitors
(Hughes et al., 2019hile also reducing numbeemnd activity of osteoblasts within the boriBrown
et al.,, 2012; Ottewell et al., 2014bHowever, this decrease in osteoblasts appears to be a
simplification, with numbers of osteoblasts increasing in areas of high bone turnover, and numbers
decreasingn regions of low remodellin@Haider et al., 2014; Hughes et al., 201B)ese dramatic
effects on bone affect processes thought to reduce the ability of tumour cells to colonise and grow in

bone. Furthermore, oestradiol may have opposing effects throtgjariabolic action on the bone.

1.12.2Effect of @stradiolon bone resident cells

Osteoclasts, osteoblasts and a plethora of bone resident cells are able to respond to oestradiol
OKNRdzZAK GKS 9wh | yR 9wl NB O S LI 2 NoBie miciodndrénmenhNS S E LIN
Cell types within the bone respond differently to oestradiol stimulation depending on ER type, cell

type or downstream signalling.

Osteoblasts, derived from the mesenchymal lineage, differentiate from early osteoblast
progenitor cel$ which respond to oestradiol signalling to alter their-setfewal mechanisms. Under
pre-menopausal concentrations of oestrogen, osteoblast progenitors are stimulated to commit to
differentiation into osteoblasts. Furthermore, praenopausal concentratits of oestradiol increase
expression of adhesion molecules such asablherin, increasing motility for migration to the sites of
resorption(Di Gregorio et al., 2001; Médder et al., 2019w oestradiol concentrations impair this.
Mature osteoblasts canlso respond to oestradiol signalling, with pmeenopausal concentrations of

oestradiol preventing cells from apoptosis by inhibiting Cas{3geactivation(Bradford et al., 2010)
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Osteoclasts are profoundly influenced by oestradiol signalling in the,bavéng an influence
2OSN) 2a0GS20tlad YIFGdzNY GA2y>S FOGAGFHGA2Y YyR fATFS
of mice led to a significant increase in osteoclasts and osteoclast proge(Martin-Millan et al.,
2010) High concentrations adestradiol have been shown to supress osteoclastogenesis and bone
resorption, partially because of an oestradiol dependent change in secretionofZIL ¢ blCGahd> L [
M-CSF(Weitzmann and Pacifici, 2006)ndeed, postnenopausal concentrations of oestradli
increase production of . and RANK, resulting in increased numbers and activity of osteoclasts
(Streicher et al., 2017; Weitzmann and Pacifici, 200@stradiol can directly act on active osteoclasts,
inducing apoptosis via a TGF R S LIS y R S (Hiighe¥ et ¢y 199ET his mechanism was shown
in vivoto be important in the regulation of osteoclasts in the trabecular bone area, an area where Zol

has its most potent anti resorptive effedtislartin-Millan et al., 201Q)

Oestradiol and Zol both hayeofound effects on bone resident cells and tumour growth but
acting through different mechanisms. Zol acts by actively killing osteoclasts whereas oestradiol has
anabolic effects on osteoblasts while decreasing the lifespan of osteoclasts. This défenagc
account for Zol being less effective at reducing resorption and the vicious cycle of bone metastasis in
pre-menopausal oestradiol. This goes some way to explaining the differential effects of Zol and
oestrogen on bone metastasis, however, clinical$rshowed that the most striking negative effects
of Zol treatment in pranenopausal women was seen outside of the bone, with an increase in soft
tissue metastasis and a decrease in iDE&eman et al., 2014bYherefore, it is likely that Zol and

oestradiol are having systemic actions, possibly acting through immune cells.

1.13 Immune landscape of breast cancer and bone metastasis

In cancer cells, genetic and epigenetic modifications lead to expression of cancer associated
antigens that can be regmised by complement proteins of the immune system. In order to survive,
proliferate and metastasise to form secondary tumours in the bone, breast cancer must evade
immune recognition and destruction. Furthermore, the immune cells within the bone
microenvironment are in proximity and communicate with osteoclasts and osteoblasts, affecting both
bone turnover and immune cells present within the bone. For example, CD4+ T cells can regulate
osteoclast activity by regulating RANKL and OPG release to increas§ytisiesiongTeng et al.,

20000 / 2y @SNRESt@&z /5nb ¢ OStfta Oly KIFI@S GKS 2LJJ2a;
osteoclastgXu et al., 2009)This suggests that it is the balance between pro tumorigenic and anti
tumorigenic immunecells within the bone that can influence metastasis. Breast cancer cells express

immune modulatory molecules, such as-PD) an inhibitory molecule allowing tumour cells to escape
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T-cell toxicity. Furthermore, the RDL allows expansion of the immunosupgsere T regulatory cells
(Treg) cells in the tumour microenvironment, causing a suppression of CD8+ T cell activity. The
presence of Tregs in the tumour microenvironment predicts a poor prognosis for pafieatiss et

al.,, 2006)and that expression is sidicantly increased in prostate cancer patients with bone
metastasigZhao et al., 2012Natural Killer (NK) cells are important for immune mediated tumour
killing, recognising the down regulation of major histocompatibility complex (MHC) proteins on
tumour cells usually employed to avoid T cell recognition. NK dysfunction is often observed in the
tumour microenvironment, partly mediated through release of tumour derived immunosuppressive
cytokines such as-10 and TGF (Lee et al., 2004 Macrophagesan be broadly classed into tumour
supressing macrophages and tumour associated macrophages (TAMs), with higher levels of TAMs
being associated with a poor progno¢&abuawala et al., 2010This is because TAMs have been
shown to secrete high levels ofIDand TGF = RSONXIF aAy3 /5nb YR /5yb
NK cellg§Biswas and Mantovani, 2010a)

Tumours can profoundly alter the immune cell populations in the microenvironment;
therefore, the presence of specific immune cell subsets camaeét predicter for cancer prognosis.
The presence of eosinophils, B lymphocytes, neutrophils and CD4+ or CD8+ T cells in the tumour
microenvironment are indicative of good prognosis. On the other hand, presence of TAMs, Tregs and
activated mast cells inhe microenvironment can be a marker of poor prognosis and predispose

tumour cells to metastasisgXiang and Gilkes, 2019)

1.14 Effect of Zol on immune response to breast cancer

Zol has profound effects on the immune system due, in part, to immune cells expressing the
mevalonate pathway enzymes. More specifically, Zol influences Treg cell activation and infiltration,
NK cell activity, macrophage polarisation in the tumour micra@mvnent, Gamma delta T celis + ¢
cells) activation and RDl1 expression and subsequent effector T cell actiyiigure 1.5)
Understanding the action of Zol on the immune cell subsets in the context of breast cancer may help

explain the mechanisms whelny adjuvant Zol prevents bone metastasis in pushopausal women.
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Figurel.6: The immune modulatory effects of Zol in the context of breast cancer.

Overall, Zol results in an immune stimulatory effect by acting on a number of immune cell typescizaisgs
Treg cell proliferation and action within the tumour microenvironment, therefore reducing T cell argkIN
suppression. Macrophage polarisation favours an-autiour phenotype following Zol treatment while acting
11 ¢ OStt a dlidgh ardyeCoydRibndoBturouwd antigdns. Zol increases IPP accumulation in tu
cells to increase targeting by the immune system, overall having an immune stimulatory effect.

1.14.1 Gamma delta T cells
OStf a 0f S NB aslbiadgtecton af seipranyl pyrophosphate I Yy R G d
OStt NBOSLIi2NI FyR O
pathogens without dependence on expression of MHC class proteins, which are often downregulated
OSftfa NBaLRyR AyadaSIR G2 G4KS AYyYd:
3A1 which is expressed on all human o@landstrom et al., 2014Therefore, any healthy or tumour

OStt OFy LINBaSyid IydAaA3aSya (2 ptoteitsthaticHaracterisNdSt S| & A
2T 20KSNJ ¢ OStft NBPaLryaSaoe 11 ¢ OSffa NBaLRYyR i+

¢ Syl

metabolites. Most of these cells express the b1 H ¢

in breast canceralls.! 1 ¢

which is produced as part of the mevalonate pathway (Figure 1.4) and often accumulates in
unregulated tumour cells. Furéimore, Zol can inhibit the mevalonate pathway enzyme farnesyl
pyrophosphatase which is downstream of IPP production, leading the accumulation of IPP and
ddz06aSljdzSyd 14 ¢ OSftf I OG A @I G A@Eohdo letyaR, 2@ildyvha dzNJ OS¢

administiation of Zol to peripheral blood mononuclear caétivitroresulted in a significant expansion
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2F 14+ ¢ OStffaod LydSNBailAay3ates +1+ ¢ OStta KIFBS o
stimulate the accumulation of IPP in circulating monocyRselofs et al., 2009This led to increased
immunostimulatory effects and tumour targeting@ RS3INI ydzE | GA2y 2F 14 ¢
microenvironment causing apoptosis by cytotoxic granule release. On the other hand, it has been
aK2gy GKFG LISNALKSNIftte |OGAGFGISR 14 ¢ OSftfa
microenvironment suggesty that the Zol mediated anti dzY' 2 dzNJ ST¥SOdG 2F '+ ¢ O

contact with tumour cell IPEFowler et al., 2014)

PDlisexpressedbyt ¢ OStf &% I yR SELINDA&aAlredwith dzLINS 3 d;
tumour cells(Fleming et al.,, 201® Ly dSNBadAy3aftesx ++ ¢ OSftfa FTNRY
mitogen poorly when compared to the healthy mice which proliferate readily, and treatment with an
anti-PD1 monoclonal antibody rescues the proliferation in mitogen treated ¢etpez et a).2012)

LyOdzl GAy 3 1+ 1 ¢1, S RDE1ZexpreSind Mddur éells yr@ated @ith Zol causes
'y AYONBIF&aS Ay 114 ¢ OStft IOGAGrGA2Yy 6KSy 02VYLI NI

Zol can overcome RDL inhibition throughnhibition of IPP signallinglwasaki et al., 2011)

1.14.2 Tregells

Treg cells are immune suppressor cells that supress T effector and NK cell activity to maintain
peripheral tolerance. The most widely studied are the CBéxp3 Tregs which are cagmrised as
either induced (iTreg), which are naive CPdlls converted into mature cells in the periphery under
the influence of lu YR ¢DCi X 2NJ Yyl GdzNI f o0y ¢NB3IO oKAOK |
(Francisco et al., 2009; Jacobs et al., 20B®1 and PEL1, expressed on Treg cells, directly affect
Treg cell generation; mouse models studying the conversion and maintenance of iTreg found that it
was dependent on PD1 via the inhibition of mMTOR/AKT pathw&yancisco et al., 2009)herefore,
it is unsurprising that Tregs play an important role in tumour immune evasion by supressifig CD4
CD25 CD8T cells. Indeed, Tregs are upregulated in mouse and human tunfNisisikawa and
Sakaguchi, 2010)with infiltration characteristic of more invasive mours and a predictor of

diminished survival.

Zol has been shown to have an immunomodulatory action on Treg cells, with levels*pf CD4
CD8, Foxp3 Tregs significantly decreased in mice following treatment with(Ri&uiri et al., 2010)
Further to theimmune inhibitory action, Tregs directly stimulate tumour growth by secreting RANKL
(Tan et al., 2011)he effect of Zol on the immunosuppressive activity of Tregs and the progression of

breast cancer has been demonstrated in a seriem ofitro experiments (Liu et al., 2019; Liu et al.,
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2016) Treatment of Treg cells with 10uM Zol for 12 days significantly inhibited proliferation by 12%
and induced cytoplasmic vacuoles indicating cell stress, while having no effect on isolated
lymphocytes. In transvell assays, Zol significantly inhibited migration of Treg cells in response to
MDAMB-231 conditioned medium. Furthermore, treatment with Zol significantly decreased
expression of CCR4, important for Treg recruitment to tumours, suggesting Zol could redgice Tre
infiltration. Expression of CTLA4 and-P,Dnolecules important in conveying inhibitory signals to
effector T cells, were also found to be significantly decreased following Zol treatment showing a
change in the phenotypic inhibitory function of Treg gellith Zol. Indeed, when Tregs greated

with Zol were co cultured with peripheral blood mononuclear cells (PBMCs), the expression of CD69
(an early activation marker for T cells) was found to be significantly increased, both in the presence
and absencef tumour cellgLiu et al., 2016)in breast cancer, Tregs have been shown to increase the
migratory capacity of tumour cells. Interestingly, when tumour cells wereutinired with Tregs pre

treated with Zol, there was a significant and dose dependeptattse in migration in wound healing
assays compared to control. Moreover, this was shown to be regulated by RANKL, with Zol decreasing
Treg RANKL expression in a dose dependent manner. These findings were expanded in further studies,
showing thattreatmedi 2 F ¢ NBX3Ia 6AGK %2t NBRIdzZOSR SELINBaarzy
reduced capacity for Tregs to supress NK and effector T(8allban et al., 2017)

1.14.3 Macrophages

Macrophages are mononuclear cells from the myeloid lineage which are derived from
monocytes in the bone marrow and are part of the innate immune system. Once monocytes leave the
bone marrow, they differentiate into macrophages and have varied effects dbpgnon the
stimulation they receive. Macrophages collaborate with T and B cells and are important regulators of
T cell recruitment, both promoting and inhibiting recruitment depending on their polariséddsson
and Carlsten, 1994)Macrophages can d#frentiate into two broad classes depending on local
cytokine stimulation acting on precursors. Rnflammatory, antitumour macrophages secrete-1l.

IL6, k12 and IFN  F YR FNB AYLRNIFYG Ay NBONHAGAY3 ¢ OSf
tumour cells(Xiang and Gilkes, 2019)AMs are immune suppressive and are important regulators of

tumour progression and bone metastadi® and Lynch, 2018)his is because they secrete cytokines

suchas HI0 and TGF f S RAy 3 (2 NB RauchSORCDE dddi GDBK dels inlth R A Yy T A

tumour microenvironmen{Biswas and Mantovani, 2010b)

Zol has been shown to affect macrophage polarisation and function in the tumour

microenvironment. Zol can be actively taken up by macrophages,ibafitroand in viva Treatment
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of macrophages with 5uM Zol over 24 hours led to a significant increase in uRaplA, a marker of
inhibition of the mevalonate pathwagRogers et al., 2013Jurthermore, in macrophages isolated
from breast cancer xenografts uRaplA wasnib significantly increased in patients who received 1
dose of ZolRogers et al., 2013Further to being taken up by macrophages, Zol can affect their
function. Mice were treated with Zol for 3 weeks before tumours were removed and histologically
analysel, finding that mice treated with Zol had reduced TAM infiltration and reduced vascularisation

due to a switch in macrophage polarisation towards an-amtiour phenotype(Coscia et al., 2010)

The interaction between tumour cells and macrophages leadsn increase in matrix
metalloproteinased (MMR9) expression in TAMs. MMPis an enzyme important for vascularisation,
invasion and metastasis of breast cancer cells because it asdistsellular matriXECM remodelling
by degrading basement membres(Foda and Zucker, 2001urthermore, MMPD is required by
myeloid derived suppressor cells (MBPin the tumour microenvironment to assist their immune
suppressive functiorfYang et al., 2004)Vhen mice were treated with Zol, there was a significant
decrease in levels of MM® and numbers of TAMs, followed by a reduced expansion of MDSC. This
was due, in part, to decreased bone marrow progenitor derived MMMelani et al., 2007)In a
series ofn vitroexperiments to study to interactions of canaalls and macrophages in the presence
or absence of Zol, Zol was found to supress MM&Xpression in TAMs and change macrophage

polarisation to drive the activation and proliferation‘oft ¢ (T€adofid efial., 2008)

Zol can affect the interactiorsf macrophagesand+ ¢ OSffa Ay (KS §dzy2 dzN
In anin vitro experiment, human monocytes were isolated and differentiated into either pro or anti
Gdzy2dzNJ Y2y208i08a o6SFT2NB GNBFGYSYyd 6AGK %2f o w2
macrophages in a perforin dependent manner, independently of macrophageisation(Fowler et
al., 2017) This could represent an important mechanism whereby macrophages are cleared from the

tumour microenvironment.

1.14.5 NK Cells

NKcells are part of the innate immune system and are a vital immune cell having cytotoxic
effects on breast cancer cells, targeting stress induced mafkBegenbach et al., 2001Research
into the effects of Zol on NK cells in the context of breast cancer are limited and often show conflicting
results between different studies, highlighting timeed for further research into this area. In one
study in which NK cells and dendritic antigen presenting cells were co cultured with or without the
addition of Zol reported that Zol stimulated IFN SELINBaaA 2y Ay by OSftf&aod ¢K
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NK cell interactions with dendritic cells, where Zol caused depletion of endogenous prenyl
pyrophosphatases in dendritic cells, stimulating the secretion-@Bland Ikm i G KAOK Ay dzNY
caspase 1 dependent NK cell activatidlussbaumer et al., 20114s described previously, treatment

with Zol reduces Treg cell infiltration, but also significantly increases NK cell proliferation in peripheral

blood (Sarhan et al., 2017 his was demonstrated to be mediated via Treg signalling, where Treg

treated with Zol had a reduced capacity to inhibit NK cell proliferation. In contrast) &itro study

has shown opposing data. When NK cells were isolated from healthy patients and from patients with

Ewing sarcoma and treated with Zol, Zol impaired both NK celnsipn and degranulation in

response to Ewing sarcoma stimu(dueller et al., 2013)

NK cells are an attractive target for immune therapy for cancer because of their MHC
independent, noAumour antigen specific killing of tumour cells. Therefore, it is unsurprising that new
clinical approaches are being developed to boost NK cell aciivitgsponse to cancer. One such
treatment is the adoptive transfer of NK cells, and another is to block mechanisms that dampen NK
cell responses to allow an uninhibited NK cell action on tumwosenzeHerrero et al., 2018)These
new treatments highlighthe need for further understanding of the effects of Zol on the amthour

activity of NK cells.

1.14.6lmmune stimulatory effects of Zol summery

Zol has a significant effect on the immune response to cancer, leading to improved immune
infiltrate andtumour cell killing. Zol acts to decrease Treg cell activation and infiltration in the tumour
microenvironment, leading to an increase in CBAd CD8T cel§, NK cell infiltration and cytotoxic
action. Furthermore, Zol can shift macrophage polarisatiowards an anttumour phenotype,
counteracting the immunénhibitory environment in the tumours. As shown in the ABQ3@Enant
etal., 2011pnd AZURE tria{f€oleman et al., 2014ppostmenopausal breast cancer patients treated
with Zol had a survivéllenefit and decreased bone metastasis. These immune effects could represent
a bone resident cell independent mechanism whereby Zol mediateet@mtyur activity. However,
the AZURE trial showed that the same benefit was not observed impmdpausal paénts, who had
increases soft tissue metastasis and decreased iDFS, raising the question of the effect of oestrogen on

the immune action of Zol.

1.15The effect obestrogenon the cancer associated immune responses

Oestrogen is immunogenic, affectingetlactivity and survival of a plethora of immune cells.

ER is expressed on dendritic cells, mast cells, macrophages, neutrophils, NK cells, B té&liselzSD4
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CD8T cells and Tregs, highlighting oestrogens potential to modulate the immune system. étpwev
not all these cells are directly involved in antimour responses highlighting the complexity of

oestrogens involvement in the arttimour immune responsérigure 1.6)
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Figurel.7: The immune modulatory effects of oestradiol in th@montext of breast cancer.

Overall, oestradiol results in an immune inhibitory effect by acting on a number of immune cell 1
Oestradiol increases Treg cell expansion, function and trafficking into the tumour microenvirgn
therefore increasing T deand NK cell suppression. Macrophage polarisation favours d@upmour
phenotype under high oestradiol concentrations while acting on T cells to decrease early develoj
Zol increases granzyme B inhibitor expressionLP@xpression while decreasifK cell cytotoxicity,
overall leading to an immune inhibitory effect.

1.16 Preclinical effects of oestrogen on immune response to breast cancer

A series ofn vitroexperiments utilising ERreast cancer cells and immune cells have shown
that PDL1 epression is responsive to oestrog@fang et al., 2017Whenthe ER-MCF7breast cancer
cell lineis cultured with oestradiol, PID1 protein expression is significantly increased, via activation
of the AKT/PI3K pathway. This effect was found to be dusaeased mRNA stability and not
increased transcription; since blocking transcription had little effect orLPIprotein expression.
When MCF7 cells and isolated T cells were co cultured in the presence and absence of oestradiol, the

treatment with oestpgen was found to increase RI2 expression and decrease T cell function, as
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shown by decreased T cell derived 4FN | y2Rnditafing T cell exhaustion. Moreover, this effect
gra F2dzyR (G2 0S AYRSLISYRSyl( @@ahgenS a0i7NHoRever,falQd R A NJ
oestradiol concentration of 10 nM was used for these experiments which is significantly higher than

physiologically relevant concentrations, which are normally in the range-dD8(pM.

This increased expression of BD, driven i oestrogen, may explain the reduced antimour effect
of Zol in premenopausal women, because Zol acts to increase the activation of T cells in the tumour
microenvironment. Oestrogen could prevent this by causing T cell exhaustion in the

microenvironmento prevent antitumour activity.

1.16.1 Tregeells

The immune suppressive T lymphocytes, have been shown to express ERs, which enhance
their function and enable expansion of the Treg cell compartn{aianczyk et al., 2004 one
study, OVX mice were administered greenopausal physiological concentais ofoestradiol and
it was observed that there was increased conversion of *GIER5 cells into CD4CD25 cells.
Furthermore, there was increased expression of FoxP3 aii@, lwhich are important Treg cell
markers (Tai et al., 2008) The increased &g cell conversion was accompanied by increased
suppression of mixed lymphocytes baih vitro and in viva Interestingly, Tregs can interact with
osteoclasts and have been shown to modify their bone degradation function, with oestrogen
enhancing this effet. When freshly isolated human bone marrow and human Tregs were co cultured
in the presence or absence of oestradiol, osteoclast differentiation was supressed better with

oestradiol, which was shown to be regulated by Treg derivéd land TGF (Luo etal., 2011)

As described previously, oestradiol can increase-LPDexpression in the tumour
microenvironment. This can augment Treg immunosuppression further because theA¥R 1 axis
increases iTreg conversion, enhances Treg function and maintamppfieaotype by stabilising FoxP3
expressionCai et al., 2019)This has important implications for bone metastasis patients where an
increase in Treg cells is observed, with signalling through the CXCR4/ CXCL12 axis mediating Treg
trafficking to the bonestimulation local iTreg conversion via locatPDand suggesting the bone as
a preferential site for functional Treggou et al., 2004)The presence of Treg in the bone is indicative

of adverse effects for breast cancer patients, as their activity ptesmetastasis.

Further to increasing RD1 expression in the microenvironment, oestrogen can influence Treg
differentiation and suppressive activity by regulating PBxpression. Intracellular PDexpression in

Treg is oestrogen sensitive and has thebown to be moderated by ER signalling. When comparing
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the effect of oestrogen on Treg cells and Treg cells with ER KO, estrogen was found to inciease PD
expression in normal Treg cells but have no effect on ER KO {Rel@mczyk et al., 2007)
Furtheemore, when PD1 was KO from Treg cells, they lost their functional suppressive activity,

highlighting the importance of the oestrogen and-BPDL1 axis for Treg immune suppression.

Tregs are a major source of RANKL in the tumour microenvironmentnatite bone,
expressing up to foufold more RANKL then CDED25T cell{Tan et al., 2011)herefore, Treg cells
are important for maintaining RANKL expression in the tumour microenvironment of metastatic breast
cancer. Tregs increase the metastati¢guial of breast cancer, and these adverse effects were found
to be replaceable with exogenous RANKL, suggesting it is through RANKL signalling that Tregs have

their predominant premetastatic effectgTan et al., 2011)

Zol has contrasting effects tastrogen on Treg activity and PDexpression on Treg cells. Zol
decreases P expression on T reg cells, leading to decreased iTreg conversion and a decreased ability
for Tregs to functionally supress T effector cells in the tumour microenvironmerdlstohhibits the
proliferation and migration of Treg cells, potentially leading to a reduced capacity for Tregs to infiltrate
the tumour microenvironment in bone metastasis. Oestrogen has the opposite effect, leading to
increased Treg infiltration througBXCR4/ CXCL12 signalling to create a more immune suppressive
tumour environment. This represents one potential mechanism for the differential effects of Zol in

the pre- and postmenopausal setting.

1.15.2T Lymphocytes

CD4 and CD8T lymphocytes are important players for immune protection from breast
cancer metastasis. CDZ cells assist B cells in antibody mediated protection, whereas TBdls
exert a direct cellular response to have cytotoxic effects on tumour cells. INGERIT cell infiltration
in the tumour microenvironment corelates with improved overall suridilet al., 2014)CD8T cells
are a vital defence to prevent bone metastasis, with down regulation of MHC signalling on tumour
cells leading to an escapeom T cell detection, promoting bone metasta@dwell et al., 2012)
lf2y34AARS R2¢gyNB3IdzA | GA2Y o0& ¢NBE3I OStfasz ¢ OSftf 2
affected by oestrogen signalling. Oestrogen blocks early T cells development in timeisthy
(Rijhsinghani et al., 1996)ading to reduced thymus derived T cells in mice following oestrogen
administration(Okasha et al., 2001 his has been shown to be due to thymic atrophy in response to
oestrogen, because of a reduced productiorFiB"Scal*c-Kit" thymic homing progenitors followed

by reduced proliferation of thymocytes, as shown in mouse mod2&tdler and Kersh, 2006)
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Furthermore, the apoptosis observed in the thymus in response to oestrogen involves signalling via

Fas/Fas ligand demdent mechanisméYao and Hou, 2004)

Oestrogen can also affect Ch&ell tumour killing in the tumour microenvironment. CD8
cells normally have their cytotoxic effects via granule mediated exocytosis of serein proteases, such
as granzyme B, toistulate caspase induced apoptogldseberman, 2003)Interestingly, when the
ERbreast cancer cell line MCF7 was treated with oestrogen, it led to an increase in expression of Pl
9, a granzyme B inhibitor, conveying protection form the cytotoxic effeicisand NK cell@iang et

al., 2007)

These studies highlight the overlapping and contrasting effects of Zol and oestrogen regarding
anti-tumour immune activity in preanenopausal patients. In poshenopausal patients, Zol has
antitumor effects, in partby decreasing Treg cell activity, consequently leading to increasedTCD8
cell activity. However, in prmenopausal conditions, CDB cell function may be further inhibited by
granzyme B inhibitors. Therefore, if Zol does decrease Treg activity, theTCE&8| could have

diminished functions independent of Treg.

1.15.3Macrophages

TAMs contribute to breast cancer progression and metastasis and are involved in invasion,
vascularisation, intravasation, circulating tumour cell survival, extravasatidp@metastatic niche
formation (Lin et al., 2019; Vasiliadou and Holen, 20M\xcrophages are derived from the same
lineage as osteoclasts and, like osteoclasts, are able to respond to oestrogen signalling. Indeed, in an
OVX mouse asthma model, treatrevith oestrogen led to increased expression of IL4 and increased
M2 macrophage gene expression, suggesting a mechanism for gender differences in the inflammatory

disease progressiofiKeselman et al., 2017)

al ONR LKL 3Sa SELINBAA 9 messhg ERSRcrogsvaipletho bfidierent! a &
cancer typegKovats, 2015)ER signalling within the tumour microenvironment has been shown to
affect macrophage polarisation. For example, in a mouse breast cancer model, using Polyomavirus
Middle T ERbreast @ncer, treated with oestrogen, there was a significant increase in M2 macrophage
infiltration compared to untreated controls which had higher M1 macrophage infiltrafi¢ovats,
2015; Svensson et al., 20159his effect was found to be mediated via incezhgxpression of CCL2
and CCL5 in macrophages following oestrogen treatment. Furthermore, macrophages treated with
oestrogen had higher VEGF secretion, a molecule important for tumour progression and the

angiogenic switch(Svensson et al., 2015pestrogen was also shown to act on macrophages to
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increase expression of MM®in vitro, a molecule important for ECM remodelling and therefore
tumour invasion(Hwang et al., 2006)These studies show how oestradiol can regulate the-non
immune functionsof macrophages, assisting tumour progression by regulating angiogenesis,

migration and invasion of cancer cells.

These studies show another overlapping effect of Zol and oestrogen and theaactr
immune response. MMB expression in macrophages igrsficantly increased by oestrogém vitro
and significantly decreased by treatment with Zol. Decreased MMBuld lead to decreased TAM
infiltration and decreased tumour invasion and metastasis. The opposing effects oroNdfiresent
another mechanismvhereby oestrogen alters the artimour effects of Zol, possibly contributing to
the discrepancies seen in atimour actions of Zol on preand postmenopausal women in the
ABCS@?2 and AZURE trials. Moreover, Zol and oestrogen affect macrophage gi@aria opposite
ways, with oestrogen increasing pro tumour macrophage polarisation and infiltration via CCL2 and
CCLS5 signalling and Zol inhibiting this infiltration and influencing polarisation towards daraatir

phenotype.

1.15.4NK Cells

NK cdb, part of the innate immune system, are important for immune protection from breast
cancer, and depletion of NK cells in cancer models leads to bone metastasis and uncontrolled
proliferation (Bidwell et al., 2012)NK cells recognise stress markers, ligdo surface ligands such
as NKG2[@ODiefenbach et al., 200,1put also recognise and respond to down regulation of MHC
molecules on tumour cells, killing the target by granule mediated exocytosis arRHaBdgand
interactions(Garrido et al., 2010)nterestingly, tumours can become resistant to NK cell recognition

by loss of HLA class 1 molecules, a common mutation in breast cancéwztsn et al., 2006)

ER and ER are both expressed on NK cells, having functional effects, withbERg first
described as the main mechanism for oestrogen ef{€irran et al., 2001)nin vivoexperiments
using a range of castrated mouse strains, oestrogen treatment led to a significant decrease in NK
cytotoxicity in a dose dependent mann@aral et al., 199; Nilsson and Carlsten, 199Zhesen vivo
results were mirrored in humans, where paaenopausal women were given oestrogen replacement
therapy, leading to a significant decrease in NK cell activity when compared to untreated control
patients (Albrechtet al., 1996) Moreover, this treatment has been linked to enhanced pulmonary
metastasis in melanoma and fibrosarcoma. Indeed, in mouse models of breast cancer, oestrogen

treatment significantly decreased NK cell activity and increased tumounGimean et al., 2006)
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However, it is unclear whether these were the direct effect of oestrogen on NK cells or due to broader
effects of oestrogen. These studies show an overlapping effect of oestrogen and Zol on NK cell activity,
but they also highlight the nekfor further research into the field. Immunotherapy by targeting NK
cells in the context of breast cancer is getting closer to clinical use and Zol is already an important
clinical tool in the treatment of bone metastasis. Therefore, understanding tleedaations of Zol and

oestrogen on NK cells in cancer is an important research area.

Zol and oestrogen have substantial effects on breast cancer progression and metastasis to the
bone, affecting both the tumour directly and the microenvironment. Theeedemplex interaction of
the immune system in the bone metastasis microenvironment with Zol and oestrogen. Zol has been
shown to have the potential to induce a favourable environment for immuaieclearance of tumour
cells whereas oestrogen signallirgnacreate an immune suppressive environment. Some of the most
notable effects of oestrogen and Zol are on Treg cells andIP&xpression botm vitroandin viva
However, their interactions together in the context of breast cancer bone metastasis haeao

studied.

1.16 Projectims

This project hypothesises: Pmeenopausal concentrations of oestradiol inhibit the amtinour

effects ofZolvia PDL1 induced reduction in T cell activity.
This project aims:

1) To create mouse models of breastncer metastasis under pre, peri and pognopausal
concentrations of oestradiol representative of clinical trials.

2) To identify how oestradiol and Zol alter growth of disseminated tumour cells in the bone
and the soft tissue

3) To understand the effects @oland oestrogen on the immune response to cancer

4) To determine if inhibition of PID1 signalling can increase antmour effects of Zol under

pre-menopausal concentrations of oestradiol.
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2.1 Celtulture

2.1.1 Cellines

The cell lines used in this project were triple negative bone homed mouse mammary E0771
(kind gift from Prof Sandra McAllister (Harvard University, Boston USA)) and 4T1 (purchased from the
European Cell Culture Collection). Bothi times were stably transfected to express luciferase (LUC)
and Green Fluorescent Protein (GFP) by members of the lab team before | started my project. Both of
these cell lines are highly aggressive and fast growing and have been shown to producerbatiz pri
tumours and spontaneously metastasishen implanted into the moussammary glandéWright et
al, 2016)The E0771 and 4T1UC positive cell linesed in this projedhave been repeatedly passaged
through bone to produce variants that preferentiathetastasise to bonan C57BL/6 and BALB/c mice

respectively.

2.1.2 Celmaintenance

Cells weraused between passage 9 and 24 gndwn in T75 filter toped tissue culture flasks
(corning) in RPMI 1640 medium supplemented with glutamax (GIBCO) and 1@¥btmaébe serum
(FBS)QigmaAldrich, Uk | YR Ay Odzot GSR Ay | KdzYAR Ay Odzo | G2NJ
monolayer was estimated visually using an Olympus CK2 microscope using a 10 x lens and cells were

passaged when 80% confluence was reached.

2.1.3 Celpassaging

Monolayers were grown to 80% confluence, before their medium was removed and discarded
and cellssubsequentlywashed 2 x in phosphate buffered saline (PB®&)ngaAldrich, UK The wash
removed any cell debris and dead cells, btl$o removed any calcium or phosphate from the flask
which inhibits the action of trypsin. 1ml of trypsi8igmaAldrich, UK was added before cells were
incubated at 37 °C for 5 minutes. Trypsin was neutralised following detachment using 9 ml RPMI with
10% FBS and cells were mixed to achieve a single cell suspension, before centrifugatiogfat 800
minutes and resuspension in 10 ml of fresh growth medium. 1 ml of this suspension was added to a

new T75 flask alongside 9 ml of fresh medium to achiesitting ratio of 1:10.
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2.2 In vitroassays

2.2.1 Growthourve

Cells were detached from the T75 flasks at 80% confluence as described above in section 2.1.3
and the final 10ml of single cell suspension was put in a 15 ml falcon tube. These cellfavere t
countedusinga haemocytometer (Neubauémproved, Depth = 0.10 mm) to determine the humber
of cells in suspension, cells within the falcon were subsequently centrifuged atf808 minutes to

pellet the cells. Cell density was calculated usingdfiewing equation:
Cell Density = (Number of cells counted/number of squares counted) X Volume of cells X 10,000

After centrifugation the supernatant was removed before-seispending cells in complete
medium to a density of 1X2@ells per ml and therufther diluted to 20,000 cells per ml. 1 ml of this

was added 12 wells of a 24 well plate to make a final seed density of 20,000 cells per well.

Every 24 hours for a total of 96 hours cells from three individual wells were detached using
500 pl of trypsinand the number of cells was counted using a haemocytometer to determine cell

number and growth dynamics of the cell lines.

2.2.2 Determination of IC50 feoledronic acid

2.2.2.1 Cell counting
Cells were detached from an 80% confluent T75 flask, esuby haemocytometer and re
suspended to 20,000 cells/ml. From this, 500 pl of cells was added to a 48 well plate representing 5

treatment groups in duplicate with 3 time poings=3) (Figure 2.1 A and B).

Following seeding, E0771 cells were leftZdihours to grow to confluence before treatment
was added. Cells were treated with five concentrations of zoledronic acitly@toxy2- (1H
imidazoledronic acid-yl) ethylidene] bisphosphonic acido) made from a sterile 200uM stock
solution (Novartipharmaceuticals, Switzerlandr PBS control) using the following concentrations:
1% PBS in RPMI with 10 % FBS as cobtadf, Zol 10uM, 25uM, 50uM.

ATLLUC cells were left to proliferate for 24 hours following seeding. Following this incubation
period, 4TiLUCcellswere treated with: RPMtontainingl0 % FBSyith PBSr 25 uM, 50puM, 100uM,
200uMZol Both cell types were counted at 24, 48 and 72rsdallowing treatment following trypsin

detachment and counting with the aid of a haemocytometer.
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2.22.2 Cellviability

Cell suspensions were made up to 20,000 cells per ml and 100 pl was added to 96 well plates
to make 2000 cells per well withtchnical repeats per groum=3) Following eithe24 hours, Zol
treatments were made up as described above and 10®futontrol/treatment was added to
appropriatewells using a multichannel pipette after the medium was removed from cells. At each
time point, cell viability was assessed via th¢4Bb-dimethylthiazole2-yl]-2,5-diphenyltetrazolium
bromide (MTT) assapigmaAldrich, UK

2.23 MTTassays

The MTT assay was used to quantify the number of viable cells in a cell culture. MTT is taken
up bymitochondria in living cells where it is reduced by mitochondrial reductases to formazan, which
is insoluble, therefore in metabolically active cells formazan precipitdiss;an be resolubilised and
detected by absorbance. Therefore, cells must bévaatith functional mitochondria to be detected
by this assay. MTT aliquots were defrosted and dilutednlpse warmed RPMI with 10 % FBS'(37
to make a working stock of Img/ml and this was protected from direct light. Immediately prior to
analysis, supernatant was removed from cells in 96 well plates by inversion onto tissue before cells
were washed once with PBS to remove cell debris. 100 uL of MTT working stock was then added to
each well and plates were protected from light and incubaited humid incubator at 37°C, 5%%CO
for 3 hours. MTT solution was then removed from each well by gentle pipetting to avoid loss of the
formazan crystals produced by mitochondrial reductases in viable cells. The formazan was solubilised
by addition of 10QuL Dimethyl sulfoxide (DMS@igmaAldrich, UKto each well and left to dissolve
with agitation for 15 minutes before reading the absorbance at 570 nMspectraMax M5late

reader(Molecular Devices)
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Figure2.1: Tempates of plate layouts for in vitro experimentgA) Plate layout for determination of IC50

for Zolon EQ771 celléB)Plate layout Plate layout for determination of IC50 Zmion 4T1LUC cell{C)
Plate layout to determine the effects okstradiol on iability of EO771 and 4H1UC cells in the presence ¢

absence ofol
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2.24 In vitrocombination experiments witBoland Oestrogen

Cells were detached from an 80% confluent T75 flask, counted using a haemocytometer and
re-suspended to 20,00€ells/ml. From this, 100 pul of cells (2000 cells per well) was added to a 96 well
plate representing 8 treatment groups with 6 technical replicdtes3) The borders of the plate were
filled with PBS to prevent excessive evaporation of cell media. EO®VAT1LUCcellswere left for
24 hours before treatment. E0771 cells were treated with three different concentrations of oestradiol
(SigmaAldrich, UK to mimic post peri and premenopausal concentrations, with or without 25 uM
of Zol Oestradiol was tited to 10 pM/I, 84 pM/l and 300 pM/L in MEM medium without phenol with
10% charcoal filtered FBS either with or without 25 pMZof The old medium was removed from
each well by gentle pipetting before 100 ul of each treatment was added, two treatmenipg
contained RPMI +10% FBS or RPMI +10% FBS withz@bagltechnical control. Cells were then
incubated for 24 h, 48 h or 96 h, after MTT assay was utilised to assess cell viability (Figure 2.1C).

ATLLUC cells were treated in the same way, except the Zolconcentration used was 40

UM and the final time point was 72 hours due to a faster proliferation time for these cells.

2.25 Migration assay

EO0771 and 4TLUC cells were plated in a 12 well plate at 250,000 cells per well and left for 24
hours to attachin duplicate (n=3)Cells were washed after 24 hours once in sterile PBS before
GNBFGYSy(d ¢AGK wn Signgdridh, UKfer 3 ours @ [révénk ofll prolifegation.
Cells were washed after 3 hours and a scratch was put downehge of the well using a p200 tip.
Cells were washed 3 times in RPMI to clean the scratch before treatments were added to cells. Cells
were treated with oestradiol at 10 pM/I, 84 pM/lI or 300 pM/l diluted in Phenol free RPMI+10%
charcoal stripped FBSjieK SNJ Ay (1 KS LINB&aSy O0S 2[NJ/IH00 23N OGS p2 > a¥s 20t
The scratch was imaged using the EVOS FL Auto (Life Technologies) microscope at Oh, 24h, 48h, and

72h time pointgn=3) Analysis of scratch width was performed using the Tscadtivare (cselab).

2.26 Invasionassay

T75 flaskof EQ771 or 4TLUC cells @re grown to 70% confluence before being treated for
0 K2dzNE ¢A 0K wmn (e=3)mM¥ahwhite Tmatridelic@até@clllingerts were rehydrated
in RPMI for 3 hours.dHowing incubation, cell treatments and cell suspensions were made up in

phenol free RPMI + 0.1% BSA. 100,000 cells per well insert were combined with 10 pM/ml or 300
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pM/ml of oestradiol, +/ 15 uM Zol (4T-LUC) or 7.5 uM Zol (E0771). The well insertewabmerged
in RPMI + 10% FBS as a chemoattractant and incubated at 37°C for 24 hours.

The cell insert membrane was washed to remove cells on the surface before fixing in ethanol
and staining with haematoxylin and eosin. The membrane was cut from the arset mounted on a
slide using cryan-bed embedding compound (Bright) before imaging on an Olympus BX51
microscope.The number of cells in the matrigel membramas analysed using image J software

colour threshold toohnd data was normalised to 10pM/mdusiples as contral.

2.3 Quantitate reverse transcription polymerase chain reaction (qQPCR)

2.3.1 Cell treatment and RNA extraction for q°PCR

Before analysis by quantitative polymerase chain reaction (QPCR), E0771 and@Tells
were plated in a 6vell plate at 100,000 cells per well and left for 24 hours to attach. Cells were washed
after 24 hours in sterile PBS before treatments were added to (@#3) Cells were treated with
oestradiol at 10 pM/l, 84 pM/l or 300 pM/I diluted in Phenol free RPM% charcoal stripped FBS,
SAGKSNI Ay (KS LINBaSyOS{2MNoI@NSyf@p 28 WUDinrtiTivOomMbp /
48 hours before treatment was washed off with PBS and cells were lysed by cell scraping with of 1ml
of Tri ReagentSigmaAldrich, UK. 200 ul of chloroform (Honeywell) was added to lysed cells and
shaken for 1 minute before centrifugation at 16,0§®@r 20 minutes to separate out protein from
nucleic acids. The top layer was carefully transferred to a separate 1.5ml tubee d&d6r uL of
isopropanol (Acros Organics) was added to solution to precipitate RNA out of solution. The precipitate
was pelleted by centrifugation at 16,0@0or 20 minutes before the pellet was washed using 75% ice
cold ethanol (Honeywell). The pellet wasuspended in nucleadese microbiology water and stored

at -80°C until needed.

2.3.2 cDNA reverse transcription

Following RNA isolation, reverse transcription was performed using the Superscript Il
(Invitrogen) kit. A total concentration of 500 ngRINA was used for the reverse transcription protocol.
CANBRGEES | YAE 2F wb! I | rardomchéxameptimdrsS(ThdembFisheri y 30
614 YFERS FT2NJ SIOK &FYLXS FyR KSFGSR G2 cpc/ F2N
firststt YR 0dzZFFSNJ OLYQPAGNRISY w9CY ,nHoHmMOX M >f RS2
Invitrogen, REF:18427TMo 0 X M >f RAGKA2UGKNBAG2f 05¢¢0 ondmax
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REF:1077ZAimpu I m >f NBOSNHES {nMiroged, REB1808144) Bas matik iHNI a O NR
and mixed with the préneated sample. This mix was heated in a thermocycler with the following
protocol: 25°C for 5 minutes, 50°C for 60 minutes, 70°C for 15 minutes, 4°C to finish. cDNA was stored

at -20°C until neede for gPCR array.

2.3.3 gPCR

gPCR analysis was performegingCd274Thermo Fisher, ca#:331182)Maf (Thermo Fisher,
cat: 4331182) an@Gapdh(Thermo Fisher, cat: 433118RPAgman expression probesor each reaction
L dzaSRX mn >t 20 YHadYIN0 YayEn S NBEUEA SR . A2aeaidSyao
YR 1Twn G2 YE1S dzd FAYILE @2fdzyS 2F wn >[ & { | YLX
and run on a MX3000P machine (Stratagene). Amplification analysis was performedxiBinogPCR

software(Stratagene)

2.4Generatingn vivomodels that mimic human preeri- and post menopausal
oestradiol conditions and their effects breast cancer metastasis

2.4.1 Mouse models

10-12 week old female C57BL/6 or BALB/c mice were purchfieen Charles River, UK and
left to acclimatise to new conditions for 7 dgysor to useto minimise the effects of traveling stress.
Conditions in the room were maintained at regulation levels: Temperature23°€; humidity = 45
55 %; illumination aB50¢ 400 lux on a 12 hour cycle. Food and water were readily available to mice
throughout the experiment. All experiments were carried out with Home Office approval under
Project Licence: P99922A2E (Dr Penelope Ottewell) and personal licence (IB24B0BKHtopher

George.

2.4.2 Modelling menopausal concentrations of oestradiol

On commencement of the experiment, mice were ovariectomised (OVX), to diminish
production of ovarian hormones including oestrogen: Mice were placed under the anaesthetic
isoflurane and were administered with 120 ug/laf the analgesic vetergesic (buprenorphine:
Vetergesic, CEVA Animal Healtdmd 10g/kg baytril antibiotic (enrofloxacin: Baytril, Bayer) via

subcutaneous injection to minimise pain and chance of infection. Therlback of each mouse was
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then shaved using an electric razor and sterilised with iodine before an incision was made into the skin
using a sterile scalpel to make a 1cm longitudinal cut through the skin (running along the spine ~0.5cm
from below the shouldr blades towards the tail). The skin was then detached from the muscle layer
beneath by blunt dissection using blunt ended forceps before the muscle wall was punctured to one
side of the spinal cord to access the visceral cavity. The ovaries were tieenaakof this hole using

blunt ended cat spay forceps and the top of the womb was clamped just below the ovaries, to reduce
bleeding, while the ovaries were removed. Following removal of the ovaries on both thieles
remainingtissue was replaced into theisceral cavitythe wound was then closedith a simple
interrupted suture using polypropylene monofilament suture and a reverse cutting blade. The mice
were placed in a 30 °C incubator for recovery and were given a second dose of vetergesic and baytril

24h later to assist recovery and reducerpai

The mice were splitinto 3 groups and 2 groups were administered oestradiol via their drinking
water. 1 group received 1.375 mg/l (to model perenopausal) and-fjroup was given 12.5 mg/l (to
model premenopausal) concentrations of oestradiol while tiied group received no oestradiol to
model the postmenopausal state (Figure 2.2). All groups were gidaiyed0 ug dose of Goserelin
(SigmaAldrich, UK daily via subcutaneous injection to prevent the release of FSH from the pituitary

gland, allowinghe focus of the experiment to be on oestradiol.

Numbers of animals required to generate statistically significant data were calculated using the

following formula:

Z = the z score

E = margin of error

N = the population size

P = the population proportion

Data were based on our extensive previous experience using these in vivo models which show that
~70% of BALB/c mice 4T1 cells and ~80% of C57BL/6 mice injected with EQ771 cells via the left cardiac
ventricle develop metastasis. Assumptions made were based dinite population of 20, with
confidence levels set at 80% and margin of error set at 10%. Using the above assumptions and

preliminary data we calculated that in order to attain data of significant difference:

1. Experiments involving 4T1 celtgected into BALB/c mice will require 10 mice per

2. group.
2. Experiments involving EQ771 cells injected into NOS SCID mice will require 9 mice per group.
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The mouse numbers used in practice for the project were increased due to lower than expected bone
metastasis following intracardiac injection. C57BL/6 mice with EQ771 cells had 15 mice per group,

while BALBc mice with 4T1 tumours had 12 mice per group.

2.4.3 Intracardiac injection of mammary cancer cells

C57BL/6 mice were injected with 100,000 EGLWC cancer cellsrd0,000 4TA.UC cells
directly into the left ventricle 7 days after OVX: Cells were labelled with the membrane dye DiD at 3uL
per million cells and incubated for 10 minutes at 37°C before pelleting cells by centrifugation at 800 x
g and washing them in PBS 3 times beforestespending at 1xFCcells/ml (E0774.UC) or 0.5xF0
cells/ml (4TALUC) in PBS + 10% FBS. This cell suspension was passed through a 70 um nylon mesh to
prevent cell aggregates then stored on ice prior to injection. Miere anesthetised with
isoflurane/Q in an induction chamber, before being placed on a heat pad and being positioned in a
straight position with an empty syringe placed behind the back to push up the sternum. A syringe with
27G calibre needle loaded wittDQ uL of cell suspension containing 100,000 cells (EQUT)or
50,000 cells (4FLUC) was inserted 2mm to the right of the sternum and penetrated to half the length
2T 0KS ySSRtS (2 NBIFIOK (KS tSTu @Sy idpuhbadksnd ¢ KS
the syringe, showing bright red oxygenated blood if the location was correct, before the cells were
gently injected. Mice were placed in a 30 °C incubator for recovery and monitored closely over the

next 12 hours (Figure 2.2).

After three days, each group of mice (prpost and per menopausal) were divided in half
with one half receiving subcutaneous injection £l (Novartis) at 100 pg/kg by stdutaneous
injection and the other half receiving PBS (control) (Figure 2§BL/6 micén=15 per group) and
BALBc mice (n=12 per group)ice were culled 19 days (C57BL/6 with EQZUT) or 15 days (BALBc
with 4TELUC) after OVX by pentobarbital overdose, cervical dislocation and exsanguination. Blood
was collected from each moudgmm the heat before death. Tibia (fixed in 4 % Paraformaldehyde
(PFA) or frozen in FBS + 10% DMSO), femur (frozen in FBS + 10% DMSO or snap frozen), spleen (frozen
in FBS + 10% DMSO), lungs (snap frozen or frozen in FBS + 10% DMSO) and liver (snap frozen) were
collected postmortem and imaged by IVIS for tumour burden before storage/downstream analysis.
The blood was left at room temperature to clot before being spun at 10010 minutes to separate
serum, which was removed and frozen-80 °CA second round of experiments treated mice with

400 pg/kg of Avelumab every two days after cancer injection by intra peritoneal injection.
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Mouse Model

Water supplemented with:
0 ng/ml oestradiol
1.38 mg/I oestradiol
12.5 mg/I oestradiol

Daily Goserelin injection

C@\ s e
- /| Intra-cardiac
C57BL/6= / ARy 100ug/kg

OvX cancer cells ZOLorsaline | =

T
BALBc=|Day1l - Day6 . - Day9 = Day 15

Figure2.2: Protocol and schedule for in vivo modelling of the effects of oestrogeith or without Zol

on C57BL/6 mice(n=15 per group) and BALBc mice (n=12 per group). Menopausal status establish
OVX and oestrogen replacement in drinking water. Tumour cells delivered via intracardiac rodiel ant
administered in one done by subeuteous injection.

2.4.4In vivoimaging

All cancer cell lines useéd vivowere transfected with luciferase, an oxidoreductase enzyme
that emits a luminescent signal at a wavelength of 562 nm when combined with its consumable
substrate luciferin. Lufgrin is oxidised by luciferase to an excited state, emitting light as it decays to
its ground state. Therefore, mice were injected with luciferin leading to the emission of visible light at
the tumour location(Zinn et al, 2008)The emission of the tumours through theetastatic organs
was detected by a charged coupled camera, which detects the photons released, usingvihe

imaging system (IVIS) LUMINA 1l (caliper life sciences).

Each treatment group was imaged twice pezek following intracardiac injection of tumour
cells. Mice were anaesthetised with isofluorane/efore subcutaneous injection of 100 uL of D
LuciferinPotassium Salt (Luciferin) (30 mg/kg) (Perkin Elmer). The luciferin was left for two minutes
to enter circulation before the dorsal followed by the ventral side of the mouse were imaged to
determine tumour growth. Visible tumours were measured in photons per second and analysed using

the Living Image software 4.1 (Caliper Life Sciences).
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2.5 Ex Vivbone analysis

2.5.1Microcomputed tomography

Microcomputed tomography (UCT)
takes a series of 272 2Bxay photos, using an-X
ray source and a detector, of the bone while it

rotates through 180° on a turntable between the

source and detector. This series of 2D images is
then used to reconstruct a 3Btructure of the

bone, allowing virtual slices to be taken and the
analysis of bone structure. This concept is similar

to CT machines used in hospitals, however here Figure 2.3: Representative virtual slice o

trabecular bone using  Microcomputed
tomography imaging. Area in red represer
pixel resolution is in the pm rang®oerclel et trabecular region of interest analysed.

al, 2014)

the sample moves instead of the camera and the

Tibias were fixed in 4 % PFA for 48 hours and then stored in PBS. The fixed tibias were wrapped
in cling film to prevent the bones drying while scanning and maintain stability, before they were
scanned at a resolution of 4.3 um peixel using a 0.5 mm aluminium filter with the 2016 Camera
using a Skyscan 1272 (Bruker, Billerica, Massachusetts, USA). The scans were reconstructed using the
NRecon software (Bruker) and then trabecular volume was analysed using the CTan software (Figure
2.3).The region of interest was standardised by setting a 47 pixel offset from end of the growth plate
and spongy bone, and analysing a region of trabecular bone 116 pixelsRirepntage trabecular

bone volume to tissue volume was analysed for bomes3Q for C57BL/6, h=24 for BALBCc).

2.5.2 Histologyimmunohistochemistry

Bones and lungs were processed for histology. Hard calcified bones need to be decalcified to
allow them to be sectioned effectively for histology. Therefore, bones were decalaifiedtM of
Ethylenediamine tetraacetic acid (EDT3ipmaAldrich, UKfor 3 weeks, with the EDTA being changed
3 times per week for fresh solution. Lungs aletalcifiedooneswere dehydrated through a series of
ethanol baths, displacing the water, whichasvthen replaced with paraffin wax throughout the
sample. These samples were then embedded in a block of paraffin wax and bones were specifically
positioned with a flat side against the outer portion of the block to allow for effective sectioning

through the bone marrow.
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Embedded blocks were sectioned using an RM2265 microtome and sliced to 3 um thick. These
slices were placed atop a water bath at 37 °C to float for 20 minutes to allow wrinkles to float out of
the samples before being transferred to posity charged slides (Superfrost Plus Slides) and left in a

37 °C dry oven for 24 hours. Following this, sections were ready for staining.

2.5.3 Haematoxylieosinstaining

Haematoxylin Eosin Staining (H&E) is the principal histological stain, stai@ingdleus blue
and extracellular matrix shades of pink and violet. This stain was used to confirm the presence of
disseminated tumour cells in the bone, check bone morphology and confirm the depth of microtome

sectioning for further downstream histologicahalysis.

Sections were first dewaxed through two passages in xylene (Honeywell) before being
rehydrated via sequential passaging through decreasing concentrations of ethanol (from 40%6
The sections were then submerged in haematoxydiigifhaAldrich, UK for 2 minutes followedy a
wash in tap water to remove excess haematoxylin stain. Sections were then incubated irSapsia (
Aldrich, UK for 5 minutes before a further wash in tap water. The sections were then dehydrated
through increasing amentrations of ethanol, followed by xylene before being mounted using the DPX
mounting medium (MERCK).

2.5.5 Immunohistochemistry

The bone and lung sections on the slides were also stained using the immunohistochemical
technique to targespecific proteins in the samp{@=35). The samples were first dewaxed in xylene
before being rehydrated through sequential alcohol concentrations of 100%, 90%, 70% and finishing
in water. Following rehydration, slides were incubated in 3% hydrogen ider@olution (H202)
(Merck) in methanol for 10 minutes to block endogenous peroxidases before antigen retrieval was
performed. Antigen retrieval methodology differed depending on the antigen of interest, summarised
in Table 2.1. The slides were then blogkesing 1x casein (SigmddrichUK) in PBS with 0.1% Tween
(SigmaAldrichUK) for 30 minutes at room temperature prior to incubation with the primary antibody
against the antigen of interest diluted into 1x casein in PBS with 0.1% Tween (Table 24 w&ide
then washed in PBS+0.1% Tween for 5 minutes on an orbital shaker 3 times before incubation with a
secondary biotin conjugated antibody for 30 minutes in 1x casein in PBS with 0.1% Tween. Following

another washing step, the staining was then ampifiesing the ABC kit (Vector), containing avidin
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and biotin, and incubated for 30 minutes. The slides were developed using the DAB peroxidase
substrate kit (Vector) which was added to the slides fa02ninutes (depending on the control) until

the brown cdour appears before being washed thoroughly in water. Following this, slides were
O2dzy i SNEGFAYSR Ay DAffQa KIFISY2(G2E@fAy o06ST2NB 068,

DPX mounting medium.

Antigen Antigen Retrieval Primary Ab conc. Secondary B conc.
F480 Proteinase K 1:500 AntiMouse
Bio-Rad (MCA497G) Jackson (11:666-003)

CD163 70°C Tris Base 1:200 1:500 AntiRabbit

1 hour Abcam (ab182422)
Ly6G 70°C Citrate Buffer | 1:200 1:500 Anti Rat

1 hour BioLegend (Cat127602) | Jacksor{112-066-003)
Granzyme B | 70°C Citrate Buffer | 1:100 1:500 AntiRabbit

1 hour Abcam (ab4059)

Table2.1: IHC protocol informatiorshowing antigen retrieval method, primary antibody concentration
and make and secondary antibpdoncentration and make for the antigens F480, CD163, L6G and
Granzyme B.

The staining was quantified using the QuPath software. The tumours within theapoheng
were isolated as the region of interest using the selection tool within the program, then the automatic
positive cell detection was used, with a standard threshold set between 0.1 and 0.2 depending on the
intensity of the staining and the background preseThe output of the analysis was the percentage
of positivecells compared to all cells in the specified tumour dmrahe desired markedHC staining

was performed on two levels per organ, taking the average percentage positive cells per organ.
2.6 Immune cell population determination by flow cytometry

2.6.1Samplepreparation

Organs used were the spleen, the lung and the bone marrow. Following dissection, lungs and
spleen were slowly frozen down in FBS with 10% DMSO and store8D°&@ until neededor
flowcytometry (n=35).
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2.62 Bonemarrow

Following dissection, femur heads were chopped off before placing femurs in a 0.5 ml PCR
tube with the bottom removed and spinning this in a centrifuge at 6§@0r 5 minutes to remove
bone marrow. This marrow wasdowly frozen down in FBS with 10% DM$@ stored at-80°C until

needed for flowcytometry.

2.6.3Splees

Spleers were defrosted quickly in a 37°C water bath before being washed twice in PBS to
remove any leftover DMSO in the organ. The organs were then finely chopped using a scalpel before
being dissociatedn 5ul of Liberase stock (Roche) (Stock= 2mg/ml) and diluting into $&BMI. The
dissociation solution was left in a 37°C incubator for 45 minutes with a vortex step every 15 minutes
to dissociate tissue to a single cell suspension. Wollp incubation, the remaining spleen tissue was
passed through a 100um cell strainer using the flat end of a 5ml syringe before being diluted with a

further 1ml of RPMI and having 10% FBS added to neutralise the Liberase solution.

2.6.4Lung dissociatio

Lungs weralefrosted quickly in a 37°C water bath before being washed twice in PBS to
remove any leftover DMSO in the organ. The organs were then finely chopped using a scalpel before
being dissociated in Colaginae2mg/m) (Gibco) & Dispas€@mg/ml) (Gibco) diluted in PBShe
dissociation solution was left in a 37°C incubator for 45 minutes with a vortex step every 15 minutes
to dissociate tissue to a single cell suspension. Following incubation, the remainirtgsduegvas
passed through a 100um cell strainer using the flat end of a 5ml syringe before being diluted with a

further 5ml of PBS and having 10% FBS added to neutralise the enzymes.

2.6.5 Staining

48 h before performing flow cytometry, all antibodies used waliguoted into the necessary
labelled tubes for sampleand controls before they were stored at 4°C overnight. The controls used
were single stained cells, single stained beads (AbC & ArC compensation beads, Invitrogen) and
fluorescence minus one (FMO) ¢aiming all antibodies except one. Two panels were run faek
back on the same samples, a myeloid panel and a lymphoid panel. The antibodies used were all diluted
1:100:

62



1 Myeloid Panel Zombie UV viability Dye (Cat:423107), CD45 (Clottet3p MHCII (Clen
M5/114.1115.2)), CD11b (Clone:M1/70), Ly6G (Clone:1A8), Ly6C (Clone:HK1.4), F4/80
(VBM8), MRC1 (Clone:C068C2), CD11c (Clone:N418)

1 Lymphoid Panel Zombie UV viability Dye (Cat:423107), CD45 (Clo#et3) CD3 (Clone:
1452C11), CD4 (Clone:GK1.5), CD&nges36.7), CD19 (Clone:6D5), NK1.1 (Clone:PK136),
PD1 (Clone:J43).

Following dissociation or defrosting, the bone marrow, lung or spleen cell suspensions were
then centrifuged at 340§for 5 minutes and the cell pellet was resuspended in 400uL of R&S-BS
twice as a washing step. A master mix of samples was created with cells from every sample, of which
100puL was pipetted into the control antibody solutions. 100pL of each unmixed sample was also
pipetted into the complete sample antibody mixes ailbdsamples were left to incubate on ice, in the
dark for 45 minutes with one flick mix after 25 minutes of incubation. 1 ml of PBS was then added to
each sample before centrifuging at 34pfor 5 minutes to pellet cells. The stained pellet was
resuspendedand fixed in 1% PFA (Fisher Scientific) diluted in PBS and stored overnight at 4°C in the
dark.

2.6.6Flowcytometry

Flow cytometric analysis was performed on an LSRIl (BD) machine using the FACsDIVA
software for capture. Flow cytometry utilises a comdtion of microfluidics, laser diffraction and
fluorescence to effectively characterise a population of cells. Cells in a single cell suspension are taken
into the machine by the fluidics and organised into a single cell line. The fluidics manipulagdithe c
to fall through a series of lasers one at a time to determine the cell size and the immunofluorescent
staining of each sample. Filters are used to allow individual analysis of the wavelengths of emission to

guantify proportional protein expression.

Stained compensation beads were used to set compensation thresholds for overlapping
fluorescent signals before controls were run through. 100,000 viable cells, gated by the unstained
zombie UV dye population, from samples and controls were recorded dogiptyire. Analysis was
performed using the FlowJo software (v10.6.2) and the gating strategy is outlined in Figures 2.4 & 2.5
and Supplementary Figures F, G,.H, |
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2.7 Immune population gene exgssion

2.7.1 Nanostring analysis

Flash frozen bones and lungs from BALBc mice containing metastasisét@Tthmous
were lysed and RNA was extracted using the Tri Rea§éangAldrich, UK protocol(n=3) Organs
were homogenised in a bead mill (Fisher Brand version 4) with 1ml Tri Reagent for 1 minute before
being placed on ice. 200 pul of chloroform was added to dgemised tissue and shaken for 1 minute
before centrifugation at 16,009 for 20 minutes to separate out protein from nucleic acids. The top
layer was carefully transferred to a separate 1.5ml tube before 500 uL of isopropanol was added to
solution to predpitate RNA out of solution. The precipitate was pelleted by centrifugation at 16,000
for 20 minutes before the pellet was washed using 75% ice cold ethanol. The pellet was resuspended

in nucleasdree microbiology water and stored é20°C until needed.

Nanostring analysis was performed by collaboratersf. Graham Pockley and Dr Jayakumar
Vadakekolathuat Nottingham Trent universitysingtheb I y2 { G NAYy 3 y/ 2dzy G SNu LI y
profiling panel (NanoString Technologie$$0 ng of RNA was used foradysis in accordance with
manufacturer recommendations and analysis was performed using&uodverTM 4.0 and Advanced
Analysis 2.0 Cell type analysis andtasistical analysis was performed by Dr. Lewis Quale.
Determination of cell types was performed Ry gene expression was meaentred for all samples
before calculation of the raw cefype signature scores as the average of Log2 expression intensities
for genes in each cell type signature. The gene signatures determining each cell type were taken with
reference from the Nanostring documebBl1004308 (nCounter PanCancer Immune Profiling Panel

Gene List.xlIsx).

2.7.2 gPCRrray cards

RNA was extracted from flash frozen tumour bearing bones and lungs of C57BL/6 mice by the
method described abovéSetion 2.7.1) (n=3) Following RNA isolation, reverse transcription was

performed using the Superscript Ill (Invitrogen) kit and protocol described in sec8dh

To run thegPCRragman Low Density Arragard (Production number00000411392% cDNA
was combined with TagMan Fast Advanced Master Mix (Applied Biosystems) (ref:4444557). cDNA,
molecular water and 2x Master Mix were combined to a final cDNA concentration o#3ng/A Yy mMwmn >
FAYLE @2fdzySe mnn thdcar@r@senibiK iich was lcentrifiged-fdR SrRinute st (i 2

331g a total of two times to enable microfluidic loading of the card from the reservoirs. The card was
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then run on a QuantStudio 7 qPCR thermocycler (ThermoFisher). Analysis and statistics were
performed by Dr. Lewis Qie. Statistics performed werétests (adjusted for multiple testing using

FDR method) where there were two groups in a comparison and ANOVA followed by Tukelgtscpost
test where there were more than two groupgSelttype scores were computed by takitige geometric

mean (take log of values, calculate mean, exponentiate reantf)cell types were determined using

the following gene markers classifications:

B CellsBlk, Cd19, Ms4al, Tnfrsf1ZP8 T cellsCd8a, Cd8hICytotoxic cells Ctsw, Gzma,
Gzmb, Kirbl, ,Klrdl, Klirk1l, Prflendritic Cells Ccl2, Cd209e, Hsd1llbExhausted CD8
Cd244, Eomes, LagBlacrophages Cd163, Cd68, Cd8Mast cells Ms4a2 Neutrophils
Csf3r, Fcgrd\NK cells1121r, Ncrl, XclIT cells Cd3d, Cd3e, Cd3g, C&h2d1aTHI Thx21
Treg Foxp3, CD2%;D4 T cell€CD4

2.8 ExVivo biochemical assays

2.8.1 Humarestrogen ELISA

To detect circulating concentratisnof oestradiol in the mouse models, the oestradiol
enzymelinked immunosorbent assay (ELISA) (Calbigtegas utilised in accordance with the
YIEydzFl OGdzNBENRA AyadNHzOGA 2y a d(n=aG12) wefe adldd tolleich a G yF
streptavidin coated well in duplicate followed by 50 uL of oestradiol biotin reagent containing the
oestradiol antibody. The plate was incubated at room temperature for 45 minutes before 100 L of
enzyme reagent was added to each weldlancubated for a further 45 minutes at room temperature
whereby a fixed amount of HRP conjugated oestrogen and the samples endogenous oestrogen
competes for Ab binding. The wells were then washed 3 times using 300 pL of the washing buffer
provided beforethe TMB reagent was added to the wells to develop a blue colour, a process which
was stopped after 20 minutes using the stop solution. The absorbance plateewas read at 450

nmon a SpectraMax M5 (Molecular Devices) plate reader

28.2 PINP ELISA

Procollagen type 1 Merminal propeptide (P1NP) is a marker of osteoblast activity and
therefore a marker of bone deposition. Organic bone matrix consists mainly of type 1 collagen which
is synthesised in the bone from procollaggselse et al, 2003Purirg bone catabolism, procollagen

is cleaved by proteases from the osteoblast removingNfad Cterminal peptides prior to collagen
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assembly into fibreGelse et al, 2003)P1NP is theN terminal peptide which is released into
circulation and the majoritpf it is up taken by the liveiMelkko et al, 1994)Therefore, serum P1NP
acts as a biomarker for bone remodelling, allowing simple quantification of the bone

microenvironment status using commercially available immunoassagklitsula et al, 2010)

The ELISA kit used was the rat/mouse PLNP enzyme immunoassay (Immunodiagnostic
Systems Limited) which was used according to the manufactures instructions. 50 pL of Gerh@le
12) or standard was added to each well of the polyclonal rabbit anti PANP cpédesl along with
biotin as the amplification method before a 1 hour incubation at room temperature. Following this,
the wells were washed 3 times using the kit wash buffer before HRP conjugated avidin was added and
left to incubate for 30 minutes to binthe biotin/ antibody complex. Excess HRP avidin was washed
off with three washes after 30 minutes and the enzyme chromogenic substrate (TMB) was added, left
to develop for 30 minutes before the reaction was stopped by the addition of hydrochloric aeid. Th
absorbance of the wells was read using a SmectraMax 5Me plate reader at the wavelength 450 nm

and results interpreted from the calibration curve.

2.8.3 TRACP 5b ELISA

The tartrateresistant acid phosphatase 5b (TRAP) enzyme is secretatdmclastsdendritic
cells, macrophages and a number of other cell types in a variety of organs. Of the two main forms of
TRAP, the subtype TRACP 5b is predominantly derived from osteoclasts and can be used as a serum
biomarker for osteoclast activity and bone regtion since it is released into the blood stream before

being degraded into fragments and removed from blood.

The Mouse TRAP ELISA (Immunodiagnostic System Limited) was used for all experiments
T2t 26Ay3 GKS YI ydzF I Oh dzNBaghinst TRACE SbNEeGddedging-® ¢ K S
rabbit 1gG coated 96 well plate and incubated for 60 mins before 100 pL of standard, control and
diluted sample(n=10)(25 pL of sample in 75 pL of NaCl) was added to each well. Following a 60 min
incubation, the chrammogenic substrate was added to each well to develop before sodium hydroxide
was used to stop the enzymatic reaction. The final absorbance of the wells was determined using the

SmectraMax 5Me plate reader at the wavelength 405 nM.
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2.9 Statistics

All vales presented represent mean-8EM. Statistical analyses were performed using the
ANOVA testollowed by Tukey's podtoc testand unpaired student t test using the GraphPad prism
7 software as indicated on individual figures. P values are presentecds05, ** < 0.01, *** <
0.001, ****<0.0001.
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Chapter 3Modelling the effect of Zol
treatment undemost, pert, and pre
menopausal concentrations of oestradiol
on breast cancer metastasis

70



3.1 Introduction

In the AZURE trial and ABCSG12 trial, Zol was shown to be effective at preventing bone
metastasis while reducing disease free survival, however the AZURE trial showed that only the post
menopausal cohort of women benefit, with patients with preenopausalconcentrations of
oestradiol having reduced iDFS and increased soft tissue meta&asésnan et al., 2018a)he post
menopausal phenotype is characterised by low levels of circulating oestradiol, a decline in inhibin B
concentrations alongside increase&H secretio(Su and Freeman, 2009A retrospective analysis of
patient serum from the AZURE trial showed that oestradiol concentrations of >50 pM/L correlated
with improved iDFS following adjuvant Zol. This, along with the strong immunogenic nature of
oestradiol and its crucial role in bone homeostasis, led to the hypothesis that this hormone drives
differential antitumour effects following Zol. Indeed, oestradiol and Zol interact with a plethora of
cells around the body and in the tumour microenviroemt, including a wide array of immune cells,
bone resident cells such as osteoblasts and osteoclasts, and tumour cells themselves depending on ER
status(George et al., 2020Therefore, studying the effects of these two drugs on cancer progression

required a wholebody organism.

The menopause has profound effects on bone volume as it progresses, due to oestradiol
driven processes. The bone is constantly remodelled to maintain healthy bone mineral density by a
balanced process of bone resorption and boomrfation. The process of this remodelling is regulated
by a number of hormones, including PTH, vitamin D3, calcitonin and oes{i@ididiqui and Partridge,
2016) Oestradiol affects bone turnover in a number of ways, including: lowering PTH sensitivity,
increasing calcium absorption in the intestine, increasing calcitonin production, and acting directly on
osteoclasts to decrease their activity and promote apoptdBbattarai et al., 2020)Therefore,
oestradiol deficiency during the menopause disrugtis hormal bone turnover favouring increased
osteoclast activity and decreased osteoblast activity leading to a reduction in bone volume and bone
mineral density(Lerner, 2006)This loss is predominantly in the trabecular bone volume during the

first 4-8 years of menopause and is directly related to oestradiol loss.

Mouse models of breast cancer bone metastasis are an invaluable tool to assess the efficacy
of new treatments and to effectively model and recreate clinical conditions in a controlled
environment. The use of animal models in my project allowed the analysis of the complex immune
oncology interactions across different metastatic sites, the sights of tumour dissemination and the
expression changes happening at multiple metastatic locations. #jadlgifthe conditions modelled
were human menopausal oestradiol concentrations, disseminated breast cancer cells and zoledronic

acid treatment.
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Menopausal concentrations of oestradiol can be modelled via a number of different
techniques and normally ilmive removing the mouses ability to produce ovarian hormones before
administering hormone replacement to control systemic levels. Unlike humans, mice have an oestrous
cycle rather than a menstrual cycle that occurs every four to five days, however theoherm
fluctuations present in this cycle are similar to the human menstrual c¢Chdigioni, 2009)
Furthermore, mice do not undergo menopause in the same way as humans do, instead experiencing
irregular oestrus cycles around the age 612@ months. The mai difference between mice and
humans is the presence of mature ovulatory follicles in aged mice which is not present in humans
where complete ovarian failure is the main hallmark. The gold standard for evaluating the effects of
gonadal hormones is OVX, whiis the bilateral surgical removal of the ovaries. Following OVX,
recovery usually occurs within one week and leaves a blank slate of gonadal hormones in mice,

allowing administration of oestradiol or other ovarian hormones as needed for the study.

Seum oestradiol concentrations can be restored in mice to human levels by oestradiol
administration. Oestradiol levels can be modelled using an oestradiol silastic implant that is surgically
implanted subcutaneously and restores oestradiol levels. Studies $fzown that these implants can
restore oestradiol levels to stable serum levels within two we@kssquera et al., 2015However,
the implants have been shown to interfere with tumour metastasis and unpublished observations
from our group show tumour dis metastasising to the site of implafiiolen et al., 2016 Because of
the issues wittvestradiolpellets| modeled human concentrations of oestradiol in mice by adding this
back via the drinkingvater of mice, a technique that was used in our groupaanouse model in the
absence of tumour cells firgCanuad.andero et al., 2021 Replacement in drinking water is a Ron

invasive technique that successfully models serum oestradiol to menopausal levels.

Zol is a thiregeneration nitrogen containing bisphosphonate that is used for the treatment of
250822 NPAAAST tI 380304 RAASHAS (Ryskel ahdRobeis(ilogdh O | y I
Zol rapidly targets the bone at sites of exposed hydroxyiegahere it exerts cytotoxic effects on
osteoclasts. Like the other nitrogen containing bisphosphonates, Zol is a potent inhibitor of the
mevalonate pathway by inhibiting FFP and GGPP, therefore reducing prenylation of small GTPases
Ras, RHO and RAC wrach important for osteoclast function (Figure 1(Buckman et al., 19987 his
classical mechanism of Zol action leads to reduced osteoclast activity and osteoclast cell death,
therefore preventing bone loss associated with osteoporosis and bone metadtisvever, since the
mevalonate pathway is ubiquitous throughout the body, Zol has been suggested to have action on a
number of cells, including immune cells, tumour cells themselves and other bone resident cells

(George et al., 2020Understanding thevider role of Zol in the context of treating breast cancer
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metastasis first requires a robust model of breast cancer metastasis, menopausal status and Zol

treatment, which is the main objective of this chapter.

3.1.2 Hypothesis

Delivering preperi- and postmenopausal concentrations of oestradiol to ovariectomised mice in the
drinking water will mimic human menopausal concentrations of oestradiol, stimulate osteoclast
induced bone loss and provide a suitable model for determining the effects of oedtoedibe anti

tumour properties of Zol in breast cancer metastasis.

Aims

The overall aim of this chapter is to create a mouse model that mimieperieand postmenopausal
concentrations of oestradiol found in humans and use this to determine thetsftdmestradiol +

Zol on tumour growth in bone and soft tissue. Specificallill:

1. Determine the effects of supplementing oestradiol in the drinking water of OVX mice on
circulating concentrations of oestradiol, bone volume and osteoclast/osteoblasber and
activity in the presence/absence of Zol.

2. Establish the effects of pr@eri- and post menopausal concentrations of oestradiol Zol

on metastatic outgrowth of breast cancer cells in soft tissue and bone.
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3.2Results

3.2.1Effect ofovariectomy and Zol treatment on serum oestradiol levels in BALBc and C57BL/6 mice.

To model the differential effects of Zol under high and low oestradiol conditions seen in the
AZURE trial, | first established immune competent mouse models (Figure 3.1) to allow downstream
analysis of immune regulation (see chapt). Two immunocompetent mouse models and murine
breast cancer cell lines were used: C57BL/6 mice with ED@TCLcells (n=15 per group) and BALBc
mice with 4TILUC cells (n=12per group). Since mice have low circulating oestradiol concentrations
when compred to humans and do not undergo menopauk@;12 week old female C57BL/6 miae
BALBc micevere ovariectomised to mimic menopause. Oestradiol ween replaced viadrinking
water at concentrations of 0 mg/l, 1.375 mg/l and 12.5mg/l, to mimic post, go&di premenopausal
humanconcentrations of this hormonevyhile daily goserelin injection was administerekhis allowed
me to focus specifically on the effects of oestradiol on the pharmacological effectswitzamlt the
influence of the steroid hormonESHMice were subsequently randomised to receive PBS (control)
or a single dose ofaf 11 days after ovariectomy (Figure 2.8)days (BALBc) or 7 days (C57BL/6)
following OVX, mice were injected with 50,000 4T4C or 100,000 EO7LUC cells via intraardiac
injection (Figure 3.1).

Mouse Model

Water supplemented with:
0 ng/ml oestradiol
1.38 mg/I oestradiol
12.5 mg/I oestradiol

Daily Goserelin injection

o )
Day 1 W Day 11
/| Intra-cardiac
I;’ mammary 100ug/kg

OVX ¢ / e ZOL or saline \/&7”

-

~

) . “
'BALBc:JDayl X Day6 Day9 - Day 15

Figure3.1: In vivo mouse model method for C57BL/6 and BALBc mice

Mice underwent OVX and oestradiol was replaced via drinkingntatrecreate post, peri and pre
menopausal serum levelblice were treated with daily goserelin following OMX0771LUC (100,000 cells;
or 4TELUC (50,000 cells) murine breast cancer cells were administered via intra cardiac injection befi
treatment with 100ug/kg of Zol. Mice were culled at day 15 (BALBc) or 19 (C57BL/6) before collectior
organs and serum fadownstream analysis.
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To assess the effect of oestradiol replacement on accuracy to mimic human menopausal
concentrations of this hormonagerumoestradiollevels werequantfied after 19 days and were found
to be comparable to those founih pre, peri and postmenopausal women, which normally range
from 200500 pg/ml in the preovulatory phase in prenenopausal women, and are typically around
20 pg/ml in postmenopausal wmen (Rodger, 2005) The resultinglevels of oestradiol in Zol
untreated mice were 59, 144 and 400 pg/ml in the ppgieri and premenopausal groups
respectively(Figure 3.2)Zoltreated mice hadestradiollevels at 16, 278 and 391 pg/ml in the post
peri-, and premenopausal groups respectively (Fig8rg). There was a significant difference between
the pre- and postmenopausal groups in bottoreated (P= 0.0109) and untreated mice (P= 0.0029)
(n=20) (Figure.2). Furthermore, in untreated mice, ¢he was a significanhcreasein oestradiol
concentrationsn mice with premenopausal serum oestradiol concentrations when compared to peri
menopausal oestradiol concentratior(p=0.0374).There was no significant difference observed
between perimenopatsal oestradiol levels compared to pre and post idol treated mice.
Interestingly, under posinenopausal concentrations of oestradiol, Zol leads to a trend towards
reduced serum oestradiol concentrations, however this result was not signifitiaistdata shows that

menopausal groupm tumour bearing micdave been modelled effectively.
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Figure3.2: Serum oestradiol concentration following ovariectomy and oestradiol replacement

Serum oestradiol in ovariectomised C57BL/6 mice (n= 10 per group) taken at experimental erdjpant.
supplemented with post peri and pre menopausal concentrations of oestradiol and treated ®dthg/kg
Zolor saline Oestradiol measured in serum by ELISA.

Mean + SEM Statistical analysis by one way ANOVA

*< 0.05, ** < 0.01, ** < 0.001, *** < 0.0001
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3.2.2Effect ofZolon bone microenvironment under pesperi and premenopausal concentrations
of oestradiol in tumour bearing mice

The bone is a dynamic tissue, constantly undergoing remodelling with degradation of old
worn-out tissue by osteoclasts and deposition of new bone matrix by osteoblasts (Raggatt and
Partridge, 2010). These cells are sensitive to subtle physiological cHaade®y to an imbalance in
the osteoblast, osteoclast ratio, therefore changing the physiological and mechanical structure of the
bone. During the menopause, there is a transition towards an osteoclastic bone phenotype, whereby
the decrease in circulatingestradiol and the increase in FSH leads to osteoclast survival and
stimulation, causing a decrease in bone volume (Manolagas, 2000). The bone microenvironment is

favourable for breast cancer metastasis due to high turnover and the release of bone embedde

C57BL/6 mice with E0771-LUC BALB/c mice with 4T1-LUC
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Figure3.3: Effect of Dl and oestradiol on bone mo'rphology

(A) Tibiae from C57BLGith EO771 tumourgi) and BALB/mice with 4TALUC tumour§i) treated with100
pa/kgZolor saline in combination with post, peri and pmeenopausal cocentrations of oestradiol.
Percentage trabecular bone volumef/tissue volume (BV/TV%) determined by pCT aaftdygperimental
endpoint.

(B) Representative crosectional images from C57BL/6 (n=30 per group) (i) and BALB/c (n=12 per grc
(i) mousetibia

Statistical analysis by one way ANCQAY Tukeys post hock analyaisd Students T test. N= 10 per grou

*< 0.05, ** < 0.01, *** < 0.001, *** < 0.0001
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growth factors, stimulating growth and survival and in turn increasing bone turnover (Roodman,
2004).Zolcan disrupt this process and protect the bone by inducing osteoclast apoptosis (Luckman et
al., 1998) and downregulating RANK signalling (Kimaahi €011) in the bone to decrease osteoclast
mediated bone resorption. Therefore, the bone microenvironment was characterised in mouse
models with post peri and premenopausal concentrations of oestradiol in the absence and
presence oZolto determire whether oestradiol affected the ability of Zol to exert its bone anabolic

effects through inhibiting osteoclastic bone resorption.

3.3 Trabecular bone structure

3.3.1 C57BL/6 mice exposed to4{peri or postmenopausal concentrations of oestradiol ol

Both tibia from each mouse were scanned using UCT to analyse the bone architecture (Figure
3.3) and the percent volume of the trabecular bone fraction (BV/TV%) was calculated (n=30 per
group). The mice in the pmmenopausal group had significantligher trabecular bone volume (BV)
when compared to mice with pemenopausal and posnenopausal concentrations of oestradiol
(p<0.0001 and p<0.0001 respectively)Zal untreated groups (Figure 3.3 Ai). This suggests that
oestradiol administration is eftgive at modelling pre, peri and pestenopausal concentrations of
oestradiol in tumour bearing mice. In the subgroups treated &ith preemenopausal mice also had
significantly higher BV than pemnenopausal and poshenopausal mice (p<0.0001 and p<iQ
respectively) and pefinenopausal mice had higher BV than postnopausal mice (p=0.0281) (Figure
3.3 Ai). There was a significant corelation between oestradiol concentration and trabecular bone
volume (p=0.0001) (figure not shown). Interestingly, iserwith postmenopausal concentrations of
oestradiol,Zolsignificantly increased BV (p=0.0034), but did not restore it tenpeeaopausal levels.
However, at other concentrations of oestradiol, trabecular BV followed a similar incremental increase
in both Zol treated and untreated groups (Figure 3.3 Ai). This provides evidence that oestradiol
replacement in mice was able to model menopausal conditions seen in the bone. Furtheéubre,

has more profound effects on bone in the pe@senopausal groups.

3.3.2BALBanice exposed to prgeri and postmenopausal concentrations of oestradiol 2ol

One tibia from each BALBc mouse was scanned by pCT to analyse bone morphology via a
secondn vivomodel (n=12 per group). Mice in the pneenopausal group withouwol had significantly

higher bone volume than mice with peri and p@sénopausal concentrations of oestradiol (p<0.0001

77



for both), and mice with pefinenopausal concentrations of oestradiol had significantly higher BV than
those with postmenopausal concdrations of this hormone (p=0.0044) (Figure 3.3 Aii). In the Zol
treated group, the premenopausal group also had a significantly higher BV when compared to peri
and postmenopausal Zol treated mice (p=0.0021 and p<0.0001 respectively) (Figure 3.3 Aii).
Futhermore, perimenopausal Zol treated mice had significantly higher BV thanriesbpausal Zol
treated mice (P<0.0001). This data shows that each oestradiol concentration representing the
different stages of the human menopause modelled via oestradippleunentation in the drinking

water was significantly different to each other leading to clear and distinct groups. Unlike in C57BL/6
mice, Zol had no significant effect on trabecular bone volume under any menopausal condition,
showing only a trend towardsicrease with Zol in the pemenopausal group (p=0.073) (Figure 3.3
Aii). These data show that oestradiol has similar effects on bone volume in C57BL/6 mice and BALBc
mice, with increased bone volume being associated with high concentrations of oestraiiicking
changes in bone volume observed in women at different stages of the menopause. Interestingly, Zol
appeared to be more physiologically active in C57BL/6 mice compared with BALBc mice with
significantly increased bone volume observed under poshopausal concentrations of oestradiol
suggesting that differences in the bone microenvironment between the two mouse strains may affect

the antiresorptive properties of this drug especially under low oestradiol conditions.

3.4 Osteoclast activity viBRAcPBb

3.4.1 C57BL/6 mice exposed to4{peri or postmenopausal concentrations of oestradiol ol

Following investigation into the changes in bone structure following administration of Zol +/
oestradiol in C57BL/6 mice, the effects on bone twerowere investigated at a biochemical level
using serum markers that indicate the changes in bone cell activity (n=10) (Figure 3.4). This was
important because the relatively short treatment period of Zol may not be sufficient to produce

significant physilogical changes in bone architecture compared to untreated mice.

The serum biomarker TRA8B, predominantly derived from osteoclasts and commonly used
as a biomarker of osteoclast activity, was quantified in the serum of mice at the experimental
endpont. Zol treatment significantly reduced serum TRAbPwhen compared to untreated mice
under pre, peri and postmenopausal oestradiol concentrations (p<0.0001 for all) (Figure 3.4 A).
Interestingly, circulating oestradiol concentrations had no signifiedfect on TRAcBb levels in

serum (Figure 3.4 A).
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3.4.2 BALBc mice exposed to-peri- or postmenopausal concentrations of oestradiol Z¢|

Interestingly,Zol was less potent at reducing osteoclast activity in BALB/c witbepre-
menopausal micshowing no significant difference in TRA##Pconcentrations following treatment
with Zol (n=12) (Figure 3.4 Burthermore activities of Zol under different oestradiol concentrations
differed in BALB/c mice compared with C57BL/6 mice: In BALB/c micddoéd osteoclast activity
under peri- and pstmenopausal concentrations of oestradiol but not undeae-menopausal
concentrations of this hormong=0.012 and p>0.001 respectively) (Figure 3.ABD in this mouse
strain oestadiol, modelled byoestradiol replacementhad a significant impact on osteoclast activity
in the absence of Zol with pestenopausal concentrations of oestradiol leading to significantly higher

TRACcPb concentrations than prenenopausal concentrations of oestradiol (p=@D0

C57BL/6 mice with E0771-LUC cells BALB/c mice with 4T1-LUC cells
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Figure3.4: Effect of 0l and oestradiol on biochemical markers of osteoclast activity

Serum TRAP concentrations, representative of osteoclast activity, taken(A)o@b7BL/6vith EO771
tumours(n=10)and (B) BALB/dn=12)micewith 4T:LUC tumoursinderwent OVX before treatmentith
100 pg/kgZolor saline in combination with post, pesi pre-menopausal concentrations okstradiol in
drinking water. ELISA analysis for TRAP performed on mouse serum taken at experimental endpoint

Mean + SEM Statistical analysis by one way ANM@IYWATukeys post analys@dstudents T tes{n=1G
12)

*< 0.05, * <0.Q, ** < 0.001,** * <0.0001
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3.5 Osteoblast activity via PLNP

3.5.1C57BL/Bnice exposed to prgeri or postmenopausal concentrations of oestradiol Zol

The serum marker PLNP was used to quantify representative osteoblast activity since it is a
marker of bone formation from the cleavedtdrminal of collagen (n=10) (FiguBes). The study of
osteoblast activity via PLNP found that treatment with Zol significantly reduced osteoblast activity in
the post and perimenopausal groups (p=0.0005, p=0.0004 respectively) (Figure 3.5 A). However, Zol
had no significant effect on P1NiPthe premenopausal group (p=0.2212). When analysing the effect
of oestradiol on serum P1NP, no significant difference was found between oestradiol concentration
and serum P1NP (Figure 3.5 A).

C57BL/6 mice with EO771-LUC cells | BALB/c mice with 4T1-LUC cells
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Figure3.5: Effect of Dl and oestradiol on biochemical markers of osteoblast activity

Serum P1NP concentrations from (A) C57BL/6 and (B) BALB/c mice underwent OVX before treatmer
100 pg/kgZolor saline in combination with post, peri or preenopausal concentrations of oeattiol in
drinking water. ELISA analysis for PANP performed on mouse serum taken at experimental endpoint.
Mean + SEM Statistical analysis by one way ANMIYATukeys post analyséd students T test (n=10
12)

*< 0.05, ** < 0.01, ** < 0.001, *** < (001

3.5.2BALBanice exposed to prgeri or postmenopausal concentrations of
oestradiol + Zol

Serum P1NP was analysed in the BALB/c mouse model following the experimental end point
to assess osteoblast activity (n=12). Interestingly, in this model treatment with Zol significantly
decreased osteoblast activity in mice with pand perimenopausal ancentrations of oestradiol

compared to their untreated counter parts (p=0.021 and p=0.002 respectively) but did not affect
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osteoblast activity under poghenopausal concentrations of this hormone, in Zol treated and
untreated mice activity remained higlrifure 3.5 B). This contrasts results observed in the C57BL/6
model, where mice with prenenopausal concentrations of oestradiol were unaffected by Zol. Indeed,
mice with postmenopausal concentrations of this hormone treated with Zol had significanthehig
osteoblast activity than preand perimenopausal mice treated with Zol (p=0.002 and p=0.001
respectively) showing the potential role of oestradiol in bone turnover, perhaps as a physiological

increase to counter the increased osteoclast activity assed with menopause (Figure 3.5 B).

3.6 Live Imaging of metastatic outgrowth of disseminated tumours in bone and soft
tissue

To analyse the effects of menopausal oestradiol concentrations with or without Zol on tumour
dissemination and metastatic outgwth, live tumour imaging was performed (Figure 3.6). Clinical
trials have shown that adjuvant treatment with Zol can reduce development of bone metastasis
independent of menopausal status, but that high oestradiol can drive increased recurrence of
metastsis in soft tissug&Coleman et al., 2018bfrollowing intracardiac injection of mouse mammary
tumour cell lines transfected with luciferase, mice were injected with the substrate luciferin and

imaged using the IVIS system to monitor tumour growth andasigtic location.

3.6.1 C57BL/6 mice exposed to4{peri or postmenopausal concentrations of oestradiol ol

In the C57BL/6 mouse model injected with EQLLIC cells, circulating concentration of
oestradiol corelated positively with increased nuenland size of bone tumours. Supplementation of
a premenopausal concentration of oestradiol to mice following OVX led to significantly more bone
metastases developing when compared to posnopausal mice (P <0.01) (Figure 3.6 D). In this
model, Zol had o significant effect bone metastasis in prer perimenopausal groups, but
interestingly it did lead to significantly increased numbers of bone metastases in thenposipausal
group (Figure 3.6 D). Tumour luminescent intensity, a measurement used ¢onmdeé tumour
growth and size, was not significantly changed between any of the treatment groups in the C57BL/6
model, however it could be argued that there is a trend towards increased bone tumour size in the

pre-menopausal group (Figure 3.6 F).

In vivo soft tissue was characterising as visible metastasis outside of the hind limb oy spine
while ex vivaanalysis of soft tissue tumour number analysed lung, liver, spleen, and any solid tumours

found in dissectionTreatmentswith oestradiol or Zol led tomsignificant changes in numbers of soft
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tissue metastases in the C57BL/6 group, showing a very minor, insignificant trend towards increase in
mice with premenopausal circulating concentrations of oestradiol (Figure 3.7 B). However, tumour
volume was sigficantly affected by Zol and oestradiol (Figure 3.7 D). Oestradiol concentration
inversely corelated with tumour growth in soft tissue, with pastnopausal mice-Zol) having
significantly larger soft tissue metastases when compared tenpeaopausal mie. Treatment with

Zol significantly reduced this soft tissue metastasis in mice supplemented withnmaosipausal
concentrations of oestradiol but did the opposite and increased metastases volume under pre
menopausal concentrations of oestradiol (Figurg B). This mirrors the clinic, suggesting that Zol can

be beneficial in reducing soft tissue metastasis, but only in the absence of oestradiol. When oestradiol

is present, Zol has adverse effects on soft tissue metastasis leading to more tumour growth.

3.6.2 BALBc mice exposed to peri or postmenopausal concentrations of oestradiol Zé|

In the BALBc mouse model, treatment with Zol led to a trend towards a decreased in bone
tumours following injection of the 4TFuc cell line (Figure 3.6 C). Thentt never reached statistical
significance; however, it was conserved for all treatment groups. Interestingly, oestradiol had no
effect on bone tumour number in the BALBc model, but it did affect bone tumour growth. Oestradiol
supplementation inversely celated with tumour volume as calculated by luminescence intersity
vivowith postmenopausal mice-Zol) having significantly higher bone tumour volume than both peri
and pre (P < 0.1) (Figure 3.6 E). Interestingly, treatment with Zol reduced the timmalen in these

postmenopausal bones, but only had these effects in the absence of oestradiol.

In the soft tissue, neither oestradiol nor Zol had significant effects on tumour numbers, except
perhaps a small trend towards decrease in the-prenopausal gup (Figure 3.7 A). On the other
hand, tumour volume in the soft tissue inversely corelated with oestradiol administration, with post
menopausal concentrations of oestradiol leading to significantly increased soft tissue tumour burden
when compared to prenenopausal concentrations (P < 0.1) (Figure 3.7 C). Treatment with Zol had no
effect on tumour growth in soft tissue under prer perimenopausal oestradiol concentrations, but
under postmenopausal concentrations, Zol significantly reduced tumour buidesoft tissue (p <
0.01), an effect also observed in the C57BL/6 model (Figure 3.7 C & D). Taken together, this data
suggests that Zol is only able to have beneficial effects on soft tissue metastasis in the absence of

oestradiol (under postnenopausal enditions), mirroring that seen in the clinic.
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Figure3.6: The effect of post, peri and prenenopausal concentrations of oestradiol +Zol on bone
metastasis

BALBc or C57BL/6 mice underwent OVX before oestradiokeapknt in drinking water to model Pre, Peri
and Postmenopausal concentrations. Mice were IC injected with 50,000L4JQ cells (BALBc) or 100,000
EO0771 cells (C57BL/6) and treated with Zol (dKyg). (A) Representative images from BALBc mice (B)
Representative images from C57BL/6 mice (C) Mean number of bones with tumour per mouse in BALB:
and (D) C57BL/6, analysed ex vivo. (E) Mean luminescent intensity (P/S) in bones of BALBc mice, imag
Vivo, representing tumour size. (F) Mean lumirerstantensity (P/S) of bones in C57BL/6 mice images in vi

Mean £ SEM Statistical analysis by one way AN@MATukeys post analysid students T test

*< 0.05, * < 0.01, ** < 0.001, *** < 0.0001
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Figure3.7: The effect of pre, peri and postmenopausal concentrations of oestradiol +Zol on soft
tissue metastasis

BALBc or C57BL/6 mice underwent OVX before oestradiol replacement in drinking water to megdel Pr
Pert and Postmenopausal concentrations. Mice were IC injected with 50,00614TT cells (BALBc) or
100,000 E0771 cells (C57BL/6) and treated with Zou@/@9). (A) Mean number afoft tissuewith tumour
per mouse in BALBc mice and (B) C57BL/6, analysed ex vivo. (C) Mean luminescent intensigo{P/S) i
tissueof BALBc mice, imaged in vivo, representing tumour size. (D) Mean luminescent intensity $¢Bf5)
tissuein C57BL/6 mice imag@s vivo.

Mean = SEM Statistical analysis by one way ANOVA and students T test

*< 0.05, * < 0.01, ** < 0.001, *** < 0.0001
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3.7 Discussion

3.7.1 Modelling menopausal oestradiol concentrations

Human trials to evaluate the efficacy of Zol to prav breast cancer metastasis to bone
showed that bone metastasis was significantly decreased for both podtpremenopausal women.
However, only posmenopausal women had a an improved iDFS, with-rpemopausal women
displaying increased soft tissue rastasis and a decreased iDE®leman et al., 2018bYhe exact
reason or mechanism behind this menopause dependent difference in treatment outcome is
unknown, with a number of mechanisms propos@tlilson et al., 2016a)George et al., 2020)o
study themechanisms behind this change, the first aim of this stwdg to create afn vivomouse

model to replicate the conditions observed in the AZURE trial.

Firstly, OVX was performed on mice to remove their endogenous oestradiol production and
enable oestraobl levels to be under our controDVX has become the gold standard for establishing
menopause in mouse modelKoebele and Bimontblelson, 2016)however there are still criticisms
around the use of this techniqgue. One potential problem is the sharp rise in circulating FSH,
accompanied by a sharp fall in circulatingstradiol Furthermore, OVX has been shown to be
insufficient alone to reduce a@ulatingoestradiolto concentrations comparable to those found in
postmenopausal womer(Wright et al., 2008)To study he effects of oestradiol on metastasis,
oestradiol needed to be isolated away from the sharp rise observed ird&i$hf) the menopauda
transition, which has also been suggested to have some effects on bone metg$télsisn et al.,
2016b) Indeed, analysis of hormone and protein levels in patients from the AZURE trial found a
correlation between FSH serum concentration and patient sesp to Zol treatment to prevent
metastasis. However, since the rise in FSH during menopause occurs in tandem with the sharp drop in
oestradiol, it is unclear which molecule may be responsible for this phenom@&ieorounterthis and
further reduceoestradol levels to appropriate posinenopausal concentrations, mice in the current
study, were administered with daily injections of goserelin. Furthermore, the use of goserelin allowed

the focus of this study to be on the effectsadstradiolwithout interference from high systemic FSH.

Mice produce relatively low concentrations of circulating oestradiol when compared to
humans, and do not undergo the menopause in the same way. Therefore, mice were supplemented
with oestradiol to mimic human menopausal contrations via their drinking water at concentrations
of 0, 1.375mg/l and 12.5mg/l to model pesperi and premenopausal concentrations respectively.
This oestradiol concentration was significantly higher than murine physiological serum oestradiol
concentations, suggesting that the human oestradiol levels modelled may not accurately reflect the

effects seen in the clinic. However, modelling human oestradiol concentrations in mice has become a
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standard modelling technique for the study of menopausal obtiaeffects, with a plethora of
publications setting a president for its biological relevafi€anuad._andero et al., 2021Piaz Brinton,
2012)

Mice were also treated with goserelin alongside oestradiol administration to stop
endogenous FSH produati. This method for modelling serum oestradiol has been independently
peer reviewed in the BALB/c model both with and without tumour d€lEnuad_andero et al., 2021)
Therefore, for the BALB/c model, trabecular bone volume was used as an indicatostcidos
concentration. Measured serum oestradiol concentrations fell at an averag®@, d44 and 400 pg/ml
for Zol untreated in C57BL/6b mice ah@, 278 and 391 pg/nibr Zol treatment. This concentration
mirrors oestradiol concentrations observed in humaasstradiolconcentrations vary dramatically
throughout the menstrual cycle, from 280 pg/ml during the nd follicular phase, all the way up to
200500 pg/ml durirg the preovulatory phas€Rodger, 2005)Therefore, it could be argued that the
pre-menopausaloestradiol state is not effectively modelled in this study. On the other hand,
maintaining high levels adestradiolallows a detailed study of its role in tleancer process, while

reducing variation that could be present from cyclical changegdtradiolconcentrations.

Although systemicoestradiol production was controlled in this study, locakstradiol
production was not. Aromatase inhibitors were not dge inhibit local production obestradiolfrom
circulating androgens. Aromatase is most active in adipose tissue where it is considered main source
of circulatingoestradiolafter the gonadal tissu@Nelson and Bulun, 2001providing locabestradiol
to sensitive organs in an autocrine manner. Therefore, it could be argued that the larger, dominant
mice in the posimenopausal group would have more looaktradiolproduction from aromatase due
to their increased adipose tissue. Aromatase has also baerdfexpressed in the bone in osteoblasts,
chondrocytes and fibroblasts supplying looaktradiolto the organ and influencing bone turnover
(Eastell et al., 2006)Aromatase inhibitors were not used in this study becausenpeaopausal
women are rarely gated with them, unless used in combination with GnRH inhibirstelli et al.,
2018) Furthermore, we initially tested the effects of adding aromatase inhibitors to the model, but
this did not affect circulating oestradiol concentrations, so this tmeait was not pursued (data not
shown).Furthermore, preliminary results from this laboratory showed that adding letrozole to mice

following OVX did not alter concentrations of circulatogsgtradiol

Taken together, these data show that the model of menggs transition in these mice is
suitable for studying the effect afestradiolon Zoltreatment. Furthermore, this model allowed the
study of the effects obestradiolin the absence of interference from other reproductive hormones

such as FSH.
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3.7.2 Boe turnover

The bone is dramatically affected by both oestradiol and Zol, with oestradiol stimulating bone
turnover by inhibiting the activity of osteoclasts while stimulating osteoblasts, and Zoledronic acid

also preventing bone loss by leading to cytatosell death of osteoclasts.

The next aim was to determine if modelling menopausal oestradiol concentrations in the
presence or absence of Zol in tumour bearing mice affected bone turn@terbone is a dynamic
tissue that is susceptible to change from external signalling or dregvietion.Zoland oestradiol
have both been shown to have profound effects on bone morphology and turnover. Breast cancer
cells preferentially metastasise to bone and affect normal bone turnover through reciprocal
communications leading to the vicious cy®oodman, 2004)Therefore this study investigated the
interactions of these different bone modulatory stimuli. Investigation into the effectestradiolon
trabecular bone structure found a significant correlation between loigstradiolconcentrations and
higher bone volume. Hese data correlate with the observed phenotypic changes in the bone
microenvironment of women during the menopausal transit{blieer and Investigators, 2010)here
is a large body of evidence showing that under-prenopausal concentrations of circulagin
oestradiol bone remodelling is balanced, with osteoclastic bone resorption and osteoblastic
deposition of new bone matrix resulting in no net increase in bone vol(Manolagas, 2000Pert
menopausal women display an increase in bone resorption, ieledion to the decrease in systemic
oestradiolconcentrations, since there is an increase in activity of osteoclasts, leading to reduced bone
volume. Whereas poshenopausal women experience a rapid loss in bone volume as a consequence
of circulatingoestradiol being low to undetectable. It has been shown thagstradiol acts on
osteoclasts to cause apoptosis and reduce osteoclastogenesis, therefore protecting the bone from
excess degradation. During the menopause, this protection is lost, leading tcasedrebone

resorption and osteoporosi®/aananen and Harkonen, 1996)

The data from the current study reflects this and what is seen in women during the
menopause, with oestradiol significantly increasing trabecular bone volume both in the presence and
absence of zoledronic acid. When analysing the effect of Zol in the C57BL/6 model, it was only able to
increase bone volume in the pestenopausal group, trabecular bone also never reached that of mice
treated with premenopausal levels of oestradiol. On thiner hand, in the BALBc model Zol had no
significant effect on trabecular bone volume of tumour bearing mMeany other studies have

described the bone sparing properties @l #th mice, and shown its ability to prevent osteolytic bone
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diseasdgCroucher gal., 2003)Jeong et al., 201 13uggesting that the discrepaasseen in this study

are due to a short treatment time, as opposed to lack of effectohf Z

3.7.3 Biomarkers dfoneturnover

To understand the actions 0blin the bone microenvironmerfurther, molecular biomarkers
for osteoclast and osteoblast activity were analysed. Osteoblast activity was reducellbgér post
and perimenopausal concentrations ofestradiol However, under prenenopausal concentrations
of oestradio| osteoblastactivity was not significantly different between mice treated with zol and
those that received PBS control. Firstly, these data showZb&ateduced osteoblast activity in the
bone micreenvironment, therefore leading to a change in bone remodelling siisteoblast activity
is reduced. This phenomenon of a reduced osteoblast activity in respons# haZbeen observed
by a number of other group@rown et al., 2012(Haider et al., 2014 put the mechanism is unclear.
The data also shows thakestradiolhas a protective effect on osteoblast activity in respons&ad
with high concentrations ofoestradiol restoring osteoblast activity when compared to post
menopausal treated mice. This conclusion is supported by experiments showingesteddiolacts
2y 2aGS2o0flada GAlF GKS im NBOSLIGI2N) G2 &dzLINBaa |
apoptotic calcium channe{Bradford et al., 2010)Therefore, low systemioestradiol leads to
increased expression of InsP3R making cells more susceptible to apoptotic stimuli. Interestingly,
expression of caspas¥7 has also been shown to be inhibited dgstradiolin osteoblasts, providing

a mechanism by whicbestradiolpromotes surwal of these cell§Bradford et al., 2010)

Osteoclast activity, as determined by serum TRBwPwas significantly decreased BEpl
irrespective of serunoestradiolconcentrationin the C57BL/6 modelhis data is in agreement with
literature supportinghis mechanism aZol In the BALBc model, Zol only significantly reduced TRAcP
5b in peri and postmenopausal groups, with pmmenopausal mice showing only a trend towards
decrease. However, in the BALBc model, oestradiol significantly decreasedStiRA&@rum, in line
with literature showing oestradiol reducing activity and promoting apoptosis of osteoclasis.
mechanismby whichZolreduces osteoclast activity is by targetifagnesyl pyrophosphate synthase,

a prominent enzyme ithe mevalonate pthway, leading to reduced isoprenylation of small GTPs and
ultimately apoptosis of mature osteoclaglsuckman et al., 1998Yolhas also been shown to inhibit
RANK expression on osteoclast precursors, acting to inhibit RANKL induced upregulation afdRANK
inhibiting differentiation and migration of osteoclast precursors, therefore decreasing the number of

mature osteoclasts in the bone microenvironmefi{imachi et al., 2011)
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The results from this current study are in agreement with the documentésiabzl on the
bone microenvironment. @ reduced osteoclast activity, as determined by TRAP. Osteoblast activity
was also reduced, except in pneenopausal mice under the protection eéstradiol This decrease in
the number of osteoclasts led to an mased bone volumén C57BL/6 mice treated witpost-
menopausal concentrations of oestradiol However, the anabolic effect of highevestradiol
concentrations, alongside the relatively shoml Zreatment time, could be the reason thathe
reductions in ogeoclast activity in periand premenopausal mice did not translate into an increased

bone volume compared to untreated mice.

3.7.4 Tumougrowth

To study the effect of @ on the sites of breast cancer dissemination and metastatic
outgrowth, C57BL/6 mice were injected with EOAAIC cellsr BALBc mice were injected with 4T1
LUC cellsia intracardiac injection. Intracardiac injection, a widely used model for bone mestasi
was utilised as the tumour delivery method in this study since the focus is on later stages of breast
cancer metastasis; the ability for cells to arrest, survive and proliferate in the metasta{iCaitebell
et al., 2012) The model used in this stydo investigate the effect of menopausancentrations of
oestradioland &l on breast cancer dissemination and outgrowth is similar to one used in a diverse
array of otherpublications andstudies(Canuad.andero et al., 2021Dttewell et al., 2014ajBrown
et al., 2012 Haider et al., 20145table pre, peri and postmenopausal concentrations of oestradiol
were establishedone week prior to injection of breast cancer cells in order to establishréftevant
bone phenotype andllow future observatias intothe changes to the immune landscape caused by
oestradiol. As shown in previous data, this modelling of oestradiol concentration, bone volume and

osteoclast and osteoblast activity successfully mirrored that seen in the clinic.

In the AZURE trialvhere breast cancer patients were treated with Zol alongside standard of
care, Zol reduced development of bone metastasis irrespective of menopausal status. However, Zol
treatment was only able to improve iDFS in women who were over 5 years since mee@iahs
beginning of the tria{Coleman et al., 2014alndeed, in younger, prasenopausal women treatment
with Zol was associated with increased exdkaletal tumour relapse and worse overall survival
(Coleman et al., 2018aln our mouse models, Zolddnot significantly reduce bone metastasis in any
treatment group except in BALBc mice with postnopausal concentrations of oestradiol, where the
Zol significantly reduced the increase in bone metastasis observed in untreated mice from this group.
This autcome may be due to the short time span of the experiment due to the aggressive nature of

the breast cancer cell lines used for these experiments. On the other hand, soft tissue metastasis was
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increased in prenenopausal mice following treatment with Zahjrroring the AZURE trial data. In

both mouse models, Zol treatment of pastenopausal mice resulted in a significant decrease in soft
tissue metastasis size. This suggests that serum oestradiol concentration can affect both bone
metastasis and also affethe efficacy of Zol, with Zol being more effective at preventing bone

metastasis in the absence of oestradiol.

Indeed, oestradiol inversely corelated with metastatic outgrowth of tumours outside the bone
with lower oestradiol concentrations leading tarfjer extraskeletal metastasis. The effect was
observed in both the BALBc and C57BL/6 tumour models. Furthermore, previous papers from this
group have shown that this inverse corelation of soft tissue metastasis and serum oestradiol is only
observed in mase models with intact immune systerf@@anuad_andero et al., 2021When analysing
the same treatmentsn BALB/E¥- nude mice oestrogen did not corelate with soft tissue metastasis,
suggesting that the immune system plays a major role in the effectssifadiol and Zol on soft tissue
recurrence. Indeed, in a seriesinfvivoexperiments using fluorescently labelled bisphosphonates, it
has been suggested that TAMs can act as a mediator of bisphosphonate activity outside of the bone
by engulfing small granular macrocalcifications containing bound bisphosphonate and transport it
the tumour microenvironmeni{Junankar et al., 2015)-urthermore, Zol and oestradiol both have
profound, and often opposing effects on the immune system both systemically and in the tumour

microenvironment(George et al., 2020a topic that will badiscussed in detall in future chapters.

3.8 Summary

It has been well documented in the clinic that menopausal status is important in predicting
patient outcome following adjuvant administration of Zol in combination with standard of care to
breast cacer patients to prevent bone metastasis. Previous studies have investigated the role of
menopausal hormones in the dissemination of tumour cells following treatment with Zol and
identified both oestradiol and FSH as the likely mediators of this phenom@idson et al., 2016b)

Due to its profound immune regulatory effects and its dramatic decrease during menopause, we
hypothesised that oestradiol was the main mediator of the menopausal differences in treatment
outcome. Therefore, the aim of this chapters to create a model of the AZURE trial, to effectively

replicate menopausal status, Zol treatment, bone morphology, tumour dissemination and immune

regulation (future chapters).

Menopausal status was successfully modelled by OVX and oestradiol repladardrinking

water, bringing serum oestradiol levels into the range of human oestradiol at the different

90



menopausal stages. This modelling of oestradiol concentrations was reflected in the bone
microenvironment, with trabecular bone volume significantigreasing following prenenopausal

levels of oestradiol replacement in both models. Interestingly, Zol had a protective effect on bone
volume but was only able to increase trabecular bone in the-postopausal group of C57BL/6 mice.

On the other hand,reatment with Zol had significant effects on bone turnover at a cellular level. Zol
significantly decreased osteoclast activity, determined by serum TRACP levels, while also decreasing
osteoblast activity, determined by serum P1NP concentration. This ghawzol is reaching the bone
microenvironment and is targeting osteoclast and osteoblast activity, as expected. Finally, the effects
of treatment on tumour dissemination were investigated, finding that treatment with Zol in the pre
menopausal group ledtincreased tumour burden in soft tissue. Furthermore, Zol was only able to
significantly affect bone metastasis in the absence of oestradiol. Overall, the two mouse models used
to recreate conditions observed in the AZURE trial have proved to be robulglsnof menopausal
oestradiol concentrations, bone turnover and tumour growth. These models will be further used to

understand the involvement of the immune system and its interactions with oestradiol and Zol.
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Chapter 4investigating the direct effect of
oestradiol and Zol on breast cancer
progression
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4.1 Introduction

Zoledronic acid, in combination with standard of care, has been shown to have differential
effects on breast cancer DFS and metastasis depending on the menopausal status of the patient. The
clinical benefit of utilising adjuvant Zol alongside standardané has been studied in a number of
clinical trials. In the ABCSI@ trial 1803 premenopausal women received Goserelin alongside
endocrine treatment with or without Zol (4mg each month). This treatment reduced systemic
oestrogen concentrations, to postenopausal levels. A medial follow up after 94.4 months found
that relative risk of disease was reduced in the Zol arm of the fBdgnt et al., 2015b)The ZGFAST
assessed the protective role of Zol in pas¢nopausal women with early breast cancer and found less
recurrences in the Zol groyBundred et al., 2008)n the AZURE trial, where 3360 women received
standard treatment with or without Zol, Zwas shown to decrease bone metastasis and increase DFS
for postmenopausal breast cancer patients, regardless of ER qt@tleman et al., 2018a)Vomen
who were deemed clinically postmenopausal at the initiation of adjuvant bisphosphonate treatment
hadreduced tumour recurrence at all sites. On the other hand;mexnopausal women had a reduced
DFS, although they did have reduced bone metastasis suggesting a role for reproductive hormones
within the HPG axis. To determine whether one particular hormoméd be affecting the ability of
Zol to elicit anttumour effects outside of the bone microenvironment, serum from early breast
cancer patients in the AZURE trial was retrospectively analysed for concentrations of FSH, oestradiol
and inhibin A(Wilson etal., 2016b) InhibinA whose concentration inversely corelates with bone
turnover, was a promising candidate because of its effects on bone remodelling. However, analysis of
patient serum found no significant differences in disease outcome between patieith post
menopausal and nopostmenopausal concentrations of inhibin AWilson et al.,, 2016b)
Furthermore, when studied in a preclinical mouse model, osmotic delivery of 10/60/120 ng/day of
inhibin A did not significantly affect homing of DIiD labeltedast cancer cells to the bone marrow
following intracardiac injection, despite changes in osteoclast activity observed. This suggests that the

effects seen in the AZURE trial are either mediated by FSH or oestradiol

There is emerging evidence thatstmdiol is a key hormone which can influence sites of
dissemination of breast cancer cells. As part of the AZURE trial a large number of baseline serum
samples were collected enabling evaluation of baseline hormone levels (oestradiol, follicle stimulating
hormone and inhibin). This study demonstrated that an oestradiol level of <50pmol/l
(postmenopausal range) was associated with a significantly shorter iDFS compared to an oestradiol
f SGSt 27F xpnlLIy2f k-1.780=H0.020)v This wak drijlagiihore distantirdeorgences
(outside of bone), irrespective of whether the primary tumour was ER+-ofVEERon et al., 2016b)

These data indicated that very low levels of oestradiol may make the loless permissive

93



environment for dissemination ofimour cells and lead to metastases in other organs. Evidence from
pre-clinical models have shown apposing roles for oestradiol, showing that low levels of oestradiol
caused by ovariectomy promote tumour outgrowth of tumour cells already disseminatedria b
(Ottewell, et al. 2015, Wright, et al 2017), whereas, supplementing mice with oestradiol enhances
spontaneous metastasis of ER+ cells to bone (Holen et al 2016). Bone metastases were inhibited in
both these models by zoledronic acid in the absencehehwtherapy. Taking the clinical and pre
clinical data together, data suggest that high oestradiol may attract tumour cells to bone and influence
their survival and dormancy in the bone microenvironment or cause them to disseminate to other

organs. Howeverthe mechanism for this remains unknown.

Oestradiol can excerpt effects on a plethora of different tissues and cell types throughout the
02Re& o0& OAYRAY3 (2 9wasx gKAOK FINB OflFraairFTASR Ay
receptors actin@s transcription regulators that mediate direct genomic signalling by dimerising once
activated and binding to oestradiol response elements on DNA and promoting transc(iptiordeau
et al., 2004 Fuentes and Silveyra, 2019hese receptors can alsa &y indirect genomic signalling,
by acting through proteiprotein interactions with other transcription factors. The third ER is a
membrane Grotein coupled receptor named GPER1 which signals via activation ofcaituéar
signalling cascades follovgroestrogen bindingCarmeci et al., 199} ilardo and Thomas, 2012)
Oestrogen signalling can act directly orfERitive breast cancer cells and stimulate cell proliferation,
providing a selective advantage to these cells and increasing tumour groofever, a number of
studies have shown the ability of oestrogen to promote growth and metastasis of breast cancers
lacking the ER (Ekegative breast cance(Yreeck et al., 2020Pue to the ubiquitous nature of ERs,
it has been shown that oestrogen sidliteg can promote breast cancer development via actions on
the stromal cells in the host compartment rather than acting directly on tumour cells themselves.
Indeed, in an experiment on ovariectomised mice injected with the #ide negative cell line ah
supplemented with oestrogen or control, oestrogen was found to accelerate tumour metastasis and
enhance tumour colony formatiofYang et al., 2013ptudies using xenograft mouse models of breast
cancer formation highlight the importance of estrogensEiRnegative breast cancer development
and progression, suggesting an involvement of boreerow-derived stromal cell recruitmer{Gupta
et al., 2007) Converselyin vitroexperiments treating the triple negative 4T1 mouse mammary cancer
cell line with ostrogen found that treatment increased motility and invasion of the 4T1 cell line.
Furthermore, treatment of cells with the ER antagoni®i 182,780 (1 pM) did not block this
phenomenon suggesting a direct, ER independent action of estrogen on theg¥ aaliset al., 2013)

It has been shown that oestrogen can increase the migration, invasion and viability of the triple

negative breast cancer cell line MBDMB-231 by acting on the GPERL1 receptor and upregulating
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expression of cyclin A, cyclin D1,-Bcind cfos (Yu et al., 2014)This shows that oestrogen can still
AYyFtdzSyOS oNBFad OFyOSN OStta S@Sy Ay GKS Fo6aSy
differences in treatment outcome observed in the AZUREdrdEBCTCeta-analysisare through

direct effects on tumour cells or via changes to the microenvironment including T cell driven immune
Y2Rdz F §2NE YSOKI yAaYad ¢KSNBF2NBI F2N GKS SELISND
cell lines were used to enable the effects of oestrogarthe microenvironment to be isolated away

FNRY GKS Sttt R20dzYSyGdSR SF¥FFSOha 2F 9w h aA3Iylff

Zoledronic acid is a powerful bone modulatory agent, quickly binding to the bone matrix
where it is ingested by osteoclasts, inducing apoptosis by inhiftitia activity of farnesyl diphosphate
synthase, thereby reducing bone turnovgtavanagh et al., 2006lf is believed that the main anti
tumour effects of Zol in the bone are through its effects on osteoclasts and the bone
microenvironment, breaking theicious cycle to make the bone a less conducive environment for
tumour disseminationOttewell and Wilson, 2019However, Zol has been shown to have direct
cytotoxic effects on breast cancer cell lines, with concentrations betwe@00uM leading to
significant decreases in cell number via increased apoptosis, confiopnédorescence in situ nick
translation assaywhen treatedn vitro (Jagdev et al., 20013imilar results have been observed across
a number of breast cancer cell lin@brahim et al., 20120)AImubarak et al., 2011)urthermore, this
induction of apoptosis was due to inhibition of enzymes inntevalonate pathway, as determined
by addition of geranylgeraniol alongside Zol which reduced apoptosis to control levels. However,
studies show that local concentrations of Zol in the bone following administration have been
calculated to be between 0.4 plsind 4.6 uM following administration of a2mg dosgScheper et
al., 2009) Clinical trials have shown that Zol reduces bone metastasis in bothapck post
menopausal women, with the differences in treatment outcome presenting outside of the bone.
Conentrations of Zol outside of the bone are much lower as Zol rapidly binds to the rbaitréx
(Weiss et al., 2008Because of this lower systemic concentration of Zds, possible that the effects
observed in clinical trials are mediated by indirecti@ts of Zolactingthrough signalling pathways
in bone remodelling cells doy stimulating an artiumour immune responséa hypothesis which will

be explored in later chapters).

4.1.2Hypothesis

Treating murine breastancer cell lines 4TMUC and EO0771 with preperi and postmenopausal

concentrations of oestradiol does not directly affect the aatnour actions of Zah vitro.

95



Aims

The overall aim of this chapter is to determine whether the direct-amtiour effects of Zol on murine
breast cancer cell lines are altered in the presence of prepostmenopausal concentrations of

oestradiol.

1. Determine the cytotoxic effects of Zohd0771 and 4TFLUC cells, and calculate appropriate
drug concentrations to utilise for cell culture experiments.
2. Establish the direct effects of Zol on tumour cell proliferation, viability, migration and invasion

under pre and postmenopausal concentrains of oestradiol.
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4.2 Resllts

4.2.1 Growth dynamics of EO771 and 4Tt cells

Understanding the characteristics of the 4T1 and EO0771 breast cancer cell lines was very
important to inform the experimental design of futurevitro experiments. Therefore, growth curves
were performed to determine at what time point the cells were in their exponential growth phase and
at what time point cells reached a plateau ph&se3 performed in triplicate)e0771 cells were plated
at 20,0 cells per well in a 24 well plate and cells were counted every 24 hours (Bigusg. The
cells reached the exponential growth phase 24 hours after seeding and reached a maximum
confluence at 96 hours. However, after 120 hours the number of EO771deelisased as the high
confluence led to cell death and cell detachment (FigudeB). This shows that EQ771 cells never
reach the plateau phase of growth as other cancer cell lines do, but instead detach and die before

plateau is reached.

4TLLUC grow in a more traditional pattern resembling the sigmoidal curve expected (Figure
41 A). The cells reached the exponential growth phase after 48 hours of growth and reached
maximum confluence after 96 hourshd cells then reached a plateau phase of growth following 96
hours and did not detach and die as the E0771 cell line did (Mdurg. Therefore, after plating cells,
assays can be conducted during the growth phase ofl4JQ cells from 48 hours up toetl®6hour

time point.
A B
E0771 Growth Curve
4T1-Luc Growth Curve
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Figure4.1: Cell growth characteristicsf (A) 4T1:LUC cells an(B) E0771 cells, grown in RPMI media
supplemented with 10 % FBS in the absence of treatme2ells counted at 24, 482,96 and 120h.

Data is mean +/SEM for n=&xperiments performed in triplicate
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4.2.2Effect of Bl on murine breast cancer cells lines

As shown in the literature and previously by this laboratory, Zol has direct cytotoxic effects on
tumour cells. Therefore, the efficacy oblaction alone on 2D cell cultures was assessed, to determine
the IC50 and most appropriate time frame of treatmeBoth tumour cell lines were treated with 5,
MNX HPI pnX wmnan | YR Hwas asseasedbif MTH Astay3- w6 teOrfhital GA | 0.
repeats)(Figure4.2 B) and proliferation by cell countinh=3 performed in triplicatefFigure4.2 A)
at 24 h, 48 h and either 72 h (4LUC) or 96 h (EQ771) time points, giving representative cell viability
in the presence of Zol. The time point of 48 hours was chosen for the IC50 analysis because IC50 for
cel viability was reached when compared to untreated cells in both E0771 (Hi@ufeBi) and 4T4
LUC (Figuré.2 AiiBii). After 24 hours, IC50 was not met at any concentration and after 72 hours total
cell death was induced across a wide range of comaginns. EQ771 cells were much more sensitive
to zoledronic acid thanthe 41} / OSftfa 6AGK 9ntTtm KIFI@GAYy3 +y L/p
MTT (Figurd .2 Bi) and 18.82 via cell count (Figdr2 Ai). 4TALUC cells were less sensitiveZthan
EO"T M gAGK |y L/pn 2F nodpn >aHl FESH hyRKS dzfithm O &
counting (Figurd.2 Aii). The same trend of a reduced IC50 in the cell counting experiments compared
to MTT assay was observed in both cell lines. There wamdicant difference between cell death at
IC50 concentrations afol between 24h and 48h time points of treatment in 4IWC (P<0.0001)
(Figure4.1C) and E0771 (P=0.043) (FigudeA) after cell counting.
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Figure4.2: Effect of increasing concentrations of Zol on (A) Cell Growth and (B) on Cell Viahility
the (i) EO771 and (ii) 4TLUC cells following treatment with between-800 uMZol.IC50 was
determined at each time poinflhe time point and concentratiofor use in future experiments was
determined by the shape of the curve and the health of the cells. IC50 concentrations are high
thanin vivoconcentrations found in bone and circulation.

Data are mean +/SEM for n=3 expaments in triplicate (A) or sextuplet (B)
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4.3 Effect of pre post and perimenopausal concentrations of oestrogen on -anti
tumour activity of Zah vitra

4.3.1 Tumour cell number

Following the determination of an IC50 for reduazdl number owiability of EO771 and 471
LUC cells with Zol, the interaction between oestrogen and Zol on tumours was subsequently assessed
(Figure4.3). Tumour cells were treated with 10 pM/L, 84 pM/L and 300 pM/L of oestradiol (to
represent post peri and premenopausal concentrations of oestradiol observed in women) in
combination with controloZolL / pn 6 Hp >a 9-pUCY (Nigurd.8) PlerobfreenRPMI
and charcoal stripped FBS were used as growth medium for these experifRelitsving treatment,
cell growth was quantified by haemocytometer cell counting at three timepdimtS8 performed in
triplicate). Zol significantly redwd cell nunbers after 72 hours for both murine breast cancer cell
lines following treatment with Zol. In the EQ771 cell line, Zol reduced cell numbers at 1,BgNdMA
and 300 pMD of oestradiol(p= 0.0002, p= 0.0007, p= 0.0047 respectively; Figure 3Ai). Furtresrmo
Zol had a significant effect on cell number in E0O771 cells following 48 hours of treatment. Similarly, in
the 4TXLuc cell line, Zol also significantly reduced cell number after 72 hours at all oestrogen
concentrations (p= 0.0308. p=0.0305, p= 0.0308) the other hand, after 48 hours of treatment, Zol
only significantly reduced cell number at 300pM/Loektradiol with 84pM/L and 10pM/L showing a
strong trend approaching significance (Figure 3Aii). This reflects the IC50 experiments which showed
that 4TL1LUC cells are less sensitive to Zol then the EQ771 cells, with cell number taking longer to be

significantly affected.

4.3.2Tumour cell viability

This result showing the cytotoxicity of Zol independentoektradiol concentration was
confirmed andquantified by a second method focusing on e&bility. Cells were treated in the same
way butquantified by MTT assay (n=3 with 6 technical replicat&djninistration of oestradiol to
EQ771 cells had no significant effect on reduced cell viabilitpywoly Zol induced at any
concentration ofoestradiolfollowing 96 hours, assessed by MTT assay (Fg818i). After 48 hours,
Zol significantly reduced cell viability at adestradiol concentrations when compared to their
untreated counterparts (P= 0.@B, 0.0039, 0.0064 prepost and peri menopausal oestradiol

concentrations respectively) (Figu4e3B).

4T1LUC cells treated witholandoestradiolreached IC50 after 72 hours treatment, different

to that observed in previous IC50 experiments (FiguBBi). At 72 hours, Zol significantly reduced
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cell viability at albestradiolconcentrations when compared with ne#ol treated cells (p=0.0099,
p=0.0009, p=0.0093 preost and peri menopausal oestradiol concentrations respectively) (Hgare
Bii). Importantly,oestradiolhad no effect on the artiumour action of Zol or the growth of the tumour
cells in the absence of Z@estradiolconcentration had no significant effect on the aptboliferative

effects of Zol at any concentration, or any timermpmirroring that seen in theell growth analysis.

Taken together my data suggests tlmgstradioldid not significantly affect the direct anti
tumour effect of Zol on the triple negative murine breast cancer cell lines. Therefore,caentigl
interactions ofoestradiolthat may inhibit the anttumour effects of Zol in patients are likely to be

driven by alterations to the tumour microenvironment.
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Figure4.3: Figure 4.3: Effect of oestradiol at post (10 pM), peri (84 pM) and-prenopausal (300
pM) concentrations on the anttancer effects of Zol in vitro.

Theeffects of the drug combination on (A) Cell Growttermined by cell countingnd (B) on Cell
Viabilitydetermined by MTT assay the (i) EO771 and (ii) 41UC cells was analysed. Zol
concentration of 15uM (E0771) and 4AQM (4T2LUC) was used.

Data aremean +£ SEM for n=3 experiments in triplicate (A) or sextuplet (B)
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4.4 Effect of Zol and Oestrogen on migration and invasion of murine breast cancer cell
lines

Previous studies have suggested that oestrogen can incredgemtion and invasion
capabilities of oestrogen receptor negative breast cancer cell linegitro, acting through ER
independent mechanisms. Therefore, after determining tbastradiol does not affect the ability of
Zol to reduce tumour viability, the effect of oestradiol and Zol on the migratory capabilities of breast
cancer cell lines was assessed by scratch g§sgyre 4.4) Tumour cell lines were treated with 10
pM/L, 84pM/L and 300 pM/L of oestrogen in combination with control (PBS) or low concentration Zol
omp >d4UCp®5vuM EO0771); Lower concentrations were used compared with cell viability
experiments to avoid cell deatknabling effects of oestradiol and Zol mrigration to be determined.
When EO0771 cells were treated with Zol and oestradiol, neither treatment led to significant changes
in cell migration as determined by scratch as@@gure 4.4 Ai)However, treatment with Zol led to a
trend towards decreasednigration when administered along with pesand perimenopausal

concentrations of oestradiol but this decrease was not significant (Fiydui).

Unlike EQ771 cellglT1 LUC cells appeared to show a trend towards an inverse correlation
between oestradil concentration and migration with poshenopausal concentrations of oestradiol
promoting increased migration of cells across the scratch compared withmpre®pausal
concentrations of this hormone, although this did not reach significRagure 4.4 Bi)lmportantly,

Zol did not affect migration of cells under prgeri- or postmenopausal oestradiol concentrations
(Figure4 4 Bi). The lack of significance, either in the presence or absence of Zol, suggests that, even
though oestradiol may excerpt effecbn ER negative cells, its main action is likely mediated through

other mechanisms.
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Figure4.4: Effect of Zol and oestradiol on breast cancer migratianpost (10 pM), peri (84 pM) and pre
menopausal (300 pMgoncentrationsafter 24 h of treatmentin (A) EO771 and (B) 41UC Zol
concentrations of 7.5uM (E0771) and 15M (4TELUC) were used. (ii) Representative images of scratct
assaytaken at 24h.

Data are mean +/SEM for n=3 experiments duplicate

Statistical analysis performed by students T test and AN@thATukeys post analysis
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Tumour cell invasion was quantified via tranembrane, matrigel invasion assay following
treatment with 10 or 300 pM of oestradiol, rementing post and premenopausal oestradiol
O2yOSy (N GA2ya NBaLISOUGAGSt s AyUG KBuMIEINBIR(BB)OS 2 NJ
Data was normalised to postenopausal control due to integxperiment variation, preventing
statistical analysifor either EO771(Figure 4.5 Aipr for 4T1:-LUC(Figure 4.5 Bipreast cancer cells
Although both cell lines display a small trend towards decreased invasion following treatment with
300 pM of oestradiol when compared to cells treated with 10 pM, ttéad did not come close to
significance for either cell line (E0771 p=0.68,-A0C p=0.88). Taken together nmyvitro data
supports the idea that differential antumour effects observed between prand postmenopausal
women treated with adjuvant Zdéading to improved DFS only in pesenopausal women are not
due to oestrogen impeding direct adtimour effects of Zol against breast cancer cells but instead

may be due to wider systemic or micro environmental effects.
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Figure4.5: Effect of Zol and oestradiol on breast cancer invasatrpost (10 pM), peri (84 pM) and
pre-menopausal (300 pMconcentrations in (A) EO771 and (B) 4TUCf Zol concentrations of 7.5
UM (EO0771) and 15M (4TELUC) were used. (ii) Representative imagesmfasionassay Invasion

analysis was normalised to poshenopausal control due tanter-experiment variation, preventing
statistical analysis.

Data are mean +/SEM for n=3 experiments in duplicate
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4.5Discussion

451 Direct effetof Zol on murine breast cancer cell lines

Zol is used as an antiresorptive agent in the bone, preventing bone loss in osteoporosis and
bone metastases. This effect is mediated through inducing apoptosis in ostedtlasfises et al.,
1995) caused by inhibiting the mevalonate pathway. Enegyme faresyl diphosphate synthase a
target of Zol leading to a reduction in the isoprenylation of the small GTPase binding proteins Rho and
Ras which are key is cell survival, proliferation and motlityure 1.4YDenoyelle et al., 2003he
mevalonate patlway is ubiquitous across many cell types, including tumour cells, leading to Zol
exerting direct anttumour effects in multiple cancer cell typasvitro (Oades et al., 2003However,

Zol has a short halife in the circulation, disappearing after 1.B@urs, however this bisphosphonate
rapidly targets the bone and remains bound to hydroxyapatite in this organ for many (2zitten,
2016) Zol has been shown to have atiimour effects within the bone in prelinical mouse models,
decreasing tumour bnden in bones and inducing tumour apoptogiBekri et al., 2014)Zol
concentration within the bone remains higher than in the soft tissue as osteoclasts break down the
bone releasing the bound Zol to the microenvironment. Whether or Zaithas direct antcancer
effects in soft tissue in vivo remains controversial due to the lower circulating concentrations of Zol.
To understand the action afestradioland Zol on tumour progression, we must check whether
oestradiol has the potential to directly alter thanti-cancer effects ofZol Firstly, the IC50
concentration for Zol killing tumour cells was determined to allow me to detect any alterations4n anti
cancer effects of Zol when given in combination with different menopausal concentrations of

oestradiol.

When culturedin vitro, using RPMI medium supplemented with 10% FBS, Zol induced anti
tumour effects against both E0771 and 40UC cell lines. Interestingly, the two methods of
quantifying the efficacy oFolagainst tumour cells, cell counting (to asseffects on numbers of
tumour cells) and MTT assay (to assess tumour cell viability), produced different IC50 values for each
cell line. Cell counting led to a lower IC50 than MTT for both EO771 and 4T1 cell lines. The method for
cell counting requires deching cells from their monolayer using tryp&BTA, a solution which can
cause further cell death in cells and alterations in protein expreq$ioiang et al., 2010}herefore
attenuating the toxic effects caused by Zol treatment. On the other hance sasults are normalised
to the control, the effect of trypsin should be negligible. MTT assay and cell counting techniques both
guantify different properties of the cells, with cell counting quantifying proliferation of cells and their
survival, and MT&ssay quantifying cell viability due to the need for the mitochondrial enzymes to

create the detectable MTT product, formazan crystals.
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IC50 foiZolin E0771 cells wek7.82 uM by MTT, and 43.54 uM for 40WC cells. These results
are in agreement with mvious studies showing the direct afttimour effect ofZolon the 4T1 cell
line (Hiraga et al., 2004)-urthermore, previously published data have confirmed Eainduced cell
death is via the mevalonate pathway, since the addition of mevalonate patimermediatesGGOH
and FOHto cells was able to rescue 4T1 cells and reduce apoptdsega et al., 2004EQ0771 cells
were more sensitive to Zol, having a much lower IC50 when compared toU4T tells. Although not
conclusive, one study suggests that the mevalonate pathway is more active in the E0771 cell line
compared to 4T1 because of a required incre@seholesterol synthesi@an et al., 2020However,
more research is needed into this difference in response. Having established ICZ0sifoE0771
and 4T1 breast cancer cell lines, next the possible interactions of oestradidbamds explored. fiis
was to investigate whether or not the negative effects of oestradiol on thetambur effects of Zol

seen in clinical trials are due to the direct actiorzofand oestradiol on tumour cells.

4 5.2 Influence of oestradiol on Zol induced tumour delth in murine breast cancer cell lines

Clinical trials and prelinical studies showed that the efficacy of Zol for improving disease free
survival in breast cancer patients is restricted to po&nopausal women or women rendered
chemically postmenopausal with tamoxifen or goserelin, which suggests an inhibitory role of
oestradiol on the anttumour effects of Zol(George et al., 2020jOttewell and Wilson, 2019)
(Coleman et al., 2014bYherefore, potential direct effects of oestradiol on Zol indutedour cell
death were investigateth vitro. Concentrations of oestradiol comparable to those found in post (10
pMI/L), peri (84 pM/L) and pre (300 pM/L) menopausal women were addggzhenol free growth
medium +£ Zol IC50 for each cell line. The effettoestradiol and Zol was analysed for both cell
number by cell counting and cell viability by MTT assay. Interestingly, oestradiol had no significant
effect on either tumour cell number or viability at any menopausal concentration, with growth curves
in the absence of Zol following similar patterns to the growth curves in the absence of oestradiol.
Oestradiol concentrations also had no significant effect on Zol induced cell death, shown by both cell
counting and cell viability. However, Zol did not kiltta#i tumour cells, instead reducing cell number

to significantly lower levels than their untreated counterparts.

Since both EO771and 471! / | NB 9wh yS3IIGAGS oNBlaid OF yoSt
oestradiol would not have direct tumour promotirgffects, confirming their oestradiol insensitive
phenotype. Although the 4TLUC cell line is robustly triple negative in phenotyehrors et al.,

2020 GKS 9ntTm OSftf tAYS A& Fo6fS G2 NBaLRYyR 2

shownto be expresgd at both the transcription and protein levelse Naour et al., 2020Therefore,
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this study classified EQ771 as a luminal B subtype, one that is often associated with poor prognosis in
patients. On the other hand, other studies into thesd#ication of the EO771 cell line have found the
OStta G2 0SS ySIFHIABS F2NJ 9wh o0& AYYdzy2KAaidiz2O0KSYX
between data analysed by transcriptional profiling and immunohistochemistry, casting uncertainty

into the classification of the EQ771 cell ligdohnstone et al., 2015 herefore, understanding the

direct effects of oestradiol on the EO771 cell line in regard to cell proliferation and viability are vital in
understanding if the effects observed in oun vivo experiments are attributed to the

microenvironment or to direct actions of oestradiol and Zol on the breast cancer cell lines.

4.5 .4Influence of oestradiol and Zol on tumour cell migration and invasion in murine breast cancer
cell lines.

Adjuvant Zol in combination witstandard of caréreatment reducedrecurrence of tumours
in soft tissue over a-80 year period in postnenopausal women but not prsenopausal women. |
therefore investigated whether Zol could directly affect the abilifytmour cells to migrate and
invade (i.e. spread) under prand postmenopausal concentrations of oestradiol. Murine breast
cancer cell lines were treated with concentrations of Zol that would not affects cell number or cell
viability so that effects omigration or invasion could be isolated. Concentrations were taken from
the IC50 experiments presented at the start of this chapter using the 48 hour time point as reference
with the aim for Zol to be at the highest concentration possible without affeat&lyviability. The
lower concentrations of Zoluseshp > a[ 'n/¢m T dp >a 9nTTMmMO FNBE adAff
between 0.4 uM and 4.6 uM measured in the bone marrow following Zol administration-dfa@
dose(Scheper et al., 2009¥cratch assay to determine migration following treatment with Zol at pre
, pert and postmenopausal concentratiaof oestradiol found no significant differences in migration
between any treatment group. However, in the 40UWC cell line, there was a st correlation
between oestradiol concentration and cell migration, with higher concentration of oestradiol leading
to increased cell migration. This effect was not observed in the E0771 cell line, where oestradiol led
to no trend, but Zol led to a smalteind towards decreasing cell migration. Interestingly, Zol and
oestrogen had no significant effect on cell invasion for either cell line, determined bywmelhs

matrigel assay.
4TH '/ R2Sa y2i SELNBaa GKS 9wh NEGSIUKe2 N | YR
However, as previously discussed, it has been reported that 4T1 cells can respond to oestradiol via an

ER independent mechanism. Following treatment with oestradiwitro, cells had increased invasive

and migratory capability when comparéaluntreated cell{Yang et al., 2013}Furthermore, Western
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blot showed that there was no ER expression in these cells, while ER blockade with the antagonist ICI
182,780 did not significantly affect the increase in migration. The trend from our scratalisafor
migration mirror the results observed in these experiments but never reached significance. However,
Yanget al, (2013) used very high concentrations of oestradiol for tiveiitro experiments, between

1-100 nM, that are much higher than physigloal concentrations normally observed in the
menopause and are up to 1000x higher that the oestradiol concentrations used im ouiro
experiments. This difference may account for the lack of significance observed in the migration data
for the 4T1 celline.

Since the 4T1 cell line do not express ER, it has been suggested that the effects are mediated
through an ER independent mechanism. One such mechanism may be thd GRERrotein coupled
receptor able to bind oestradiol via proteprotein interaction on the cell surface and transduce a
non-genomic signalling pathway. Indeed, GPER has been found in thewBEI&8 cell line where
oestradiol mediated signalling via the ERK pathway was found to be involved in cell viability and
motility (Yu et al.2014) This was found to be due to rapid activation of the pERK, increasing the
migration and invasion of cells by upregulating expression of ef¢loyclinD1, B& and efos. On the
other hand, signalling through GRERas also been shown to have atour supressing effect. When
using G1 as a GPERgonist, it was found to inhibit TNBC cell growth via induction of cell cycle arrest
in the G2/M phasdWeiRenborn et al., 2014Jurthermore, a more recent study found that GPER
activation by oestradiotould inhibit invasion, migration, proliferation and angiogenesis of TNBC cell
lines by acting on the CD151/miR9a3p bio axifHuang et al., 2020hese conflicting reports lead
to confusion about the role of GPARNn TNBC development, prompting thead for further study

into the complex role of GPERsignalling in breast cancer.

4.6 Summanandconclusion

We hypothesised that the differential effects of Zol under -pesnd postmenopausal
concentrations of oestrogen on breast cancer metastasisenked in humanandin vivoexperiments
(chapter 3) were likely to be due to their effects on the tumour microenvironment including immune
cell regulation, and not down to direct effects on tumour cells. My data show that Zol has direct effects
on numberand viability of murine breast cancer cell lines, with EO771 cells being more sensitive to Zol
than 4T1LUC cells. Oestradiol had no significant effect on this action ofinZeitro at any
concentration, helping to confirm the hypothesis that Zol and oestrogen are active via indirect
mechanisms to affect tumour progression and metastasis. On the other hand, higher concentrations

of oestradiol led to a trend towards increased migragt@apacity of the triple negative 4-LTUC cell
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line, suggesting that oestradiol may have an ER independent mechanism of action for these cells.
However, these insignificant effects suggest that another, indirect mechanism of action is likely
affecting breat cancer metastasis. Importantly, oestradiol did not alter the effects of Zol under any
conditions, in vitro, suggesting that any interactions that may occur between oestradiol and Zol
impeding the ability of Zol to promote arttimour effects are likelyo be driven through regulation

of the microenvironment. Future experiments in my thesis therefore focus on systemic investigation

into the tumour microenvironment and immune cell regulation.
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Chapter 5investigating the effect of Zol
and oestradiol on anttancer immunity
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5.1 Introduction

Zol and oestradiol have been shown to effect breast cancer metastasis, and previous chapters
have shown that these actions are not down to direct effects of these compounds/hormones on breast
cancer cells. In the clinical trials AZURE and ABZ.SIDI washown to decrease breast cancer to
bone metastasis irrespective of menopau&vnleman et al., 2014a; Gnant et al., 20Hdwever, in
the AZURE trial whilst pestenopausal patients additionally benefitted from adjuvant Zol with
reduced soft tissue metassis, patients with prenenopausal serum concentrations of oestradiol
were adversely affected displaying increases soft tissue metagiasison et al., 2016b)in vitro
experiments inchapter 4 showed that treating murine breast cancer cell lines withstoadiol
alongside Zol did not alter the cytotoxic effects of Zol or effects on breast cancer migration.
Furthermore, in tumour bearing mice rendered post or qpmenopausal by ovx +/oestradiol
administration, Zol treatment reduced bone metastasis in B#&LBc wildype (chapter3) and BALBc
nude mice mimicking outcomes of the AZURE and ABQAGaIs(Canuad.andero et al., 2021yl
also increased soft tissue metastasis in C57BL6 mice witmen@pausal concentrations of serum
oestradiol, mimicking ata from the AZURE trial. Therefore, as oestradiol does not alter the anti
tumour effects of Zoin vitro, it is likely that the effects observed in the clinic and in animal models
are mediated via microenvironmental action of oestradiol and Zol. Intergisti administration of Zol
to mice with postmenopausal serum oestradiol concentrations did increase bone volume compared
to untreated but did not restore bone volume to preenopausal level@Canuad.andero et al., 2021)

This suggests that the anaboéifects of oestradiol are stronger than the antisorptive effects of
Zol, a differential that may lead to the movement of tumour cells out of bone to circulation. However,
it is clear that the effects of oestradiol and Zol on the bone alone does nptitdbunt for the clinical

effects seen.

Reducing concentrations of oestradiol to that seen in puehopausal mice led to an increase
in soft tissue metastasis in the immunocompetent mouse models but did not have the same effect in
the immunocompromisedBALBc Nude. Treatment with Zol followed the same trend, having no
significant effects in immune compromised mice, suggesting the involvement of the immune system
in the regulation of soft tissue metastagdanuad.andero et al., 2021)n addition, therds amassing
evidence showing that Zol and oestradiol have significant and often opposing effects on immune
regulation (Introduction section 1.14.15) (George et al., 2020)Therefore, | hypothesise that
immunological factors are a primary regulator of wegen and Zols interaction with metastasising

breast cancer cells.
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Breast cancer progression and metastasis are profoundly affected by the innate and the
adaptive immune systems. Cancer cells undergo genetic and epigenetic alterations leading &s chang
in cell surface proteins that can be recognised by the immune system, leading to canckyatiell
(Pinho and Reis, 2015; Pio et al., 20T4erefore, cancearells employ immune modulatory techniques
to evade detection, such as upregulation of-PD simulation of immunosuppressive Treg cells and

the polarisation of macrophages into a prumour phenotype(George et al., 2020)

B cells are members of the adaptive immune system responsible for the production of
antibodies and have been shown éapress ERs. B cells can respond to oestradiol signalling, leading
to upregulation of genesd22, shgl, bcl2, and vcar, involved in B cell activation and survival
(Grimaldi et al., 2002J-urthermore, oestrogen has been shown to have a stimulatorgedie B cells,
immunoglobulin (Ig)G and IgM productigkanda and Tamaki, 1999yM represent an important
molecule in the suppression of breast cancer progression, leading to direct cytotoxic effects via
activation of complement. There is little researtio the direct effects of Zol on B cell activity,
development, or survival. However, one study, which treated mice with Zol and analysed B cell
numbers, found that treatment led to a decrease in B cell number in the bone marrow but did not
directly affec¢ differentiation, proliferation and apoptosiéansour et al., 2011)These results show

the need for more research into the effects of oestradiol and Zol on B cells in cancer.

The overlapping effects of oestradiol and Zol on the immune response tettwaacer, across
many cell types, could be one mechanism whereby high oestrogen reduces the survival benefit of Zol
treatment. Overall, the literature points to oestradiol promoting a fumour immune cell
microenvironment and Zol promoting an antitumdaormune cell population. Therefore, investigating
the influence of Zol and Oestradiol on the immune populations in different metastatic sites (bone, soft

tissue, systemic) could elucidate the cell types responsible for the menopause related differences.

5.1.2 Hypothesis
Zoland oestradiol have opposing effects on ardihcer immunity in the bone and soft tissue.
Aims

1. To investigate immune cell populations in the bone, lung and spleen following treatment with
Zol under postperi andpre-menopausal oestradiol concentrations
2. To investigate the effect of Zol and oestradiol orlEDexpression on tumour cells and in the

tumour microenvironment.
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5.2Results

5.2.1Contextfrom in vivotumour growth and clinical trials

The effects of oestidiol and Zol on tumour growth in the bone and soft tissue
microenvironments differed between C57BL/6 injected with EQ771 cells and BALB/c mice injected
with 4T1 cells: Following injection of EOAMUC cells tumour burden was less in the bones of C57BL/6
mice administered pranenopausal concentrations of oestradiol compared with those given-post
menopausal concentrations of this hormotégure 3). Whereas the opposite was seen in the bones
of BALB/c mice following injection of 4T1 cells. Interestinglyiaitration of Zol to BALB/c mice
appeared to mimic clinical findings associated with bone metastasis accurately, resulting in a trend
towards reduced metastatic burden in bone independent of circulating oestradiol and significantly
reduced bone metastasein mice supplemented with pestenopausal concentrations of oestradiol
(Figure 3.6)In contrast Zol did not reduce tumour burden in the bones of C57BL/6 mice and under

postmenopausal concentrations of oestradiol Zol increased tumour burden.

In addition to replicating the clinical effects of Zol on tumour growth in bone the 4T1 BALB/c
model also replicated data from thdBCSG12 and AZURHMIs showing reduced soft tissue
metastases following administration of Zol under postnopausal concentrations ajestradiol
(Coleman et al., 2014b; Gnant et al., 20{&igure 3.7)Interestingly, in this model Zol induced
increased soft tissue metastases under-prenopausal oestradiol and reduced soft tissue metastases
under postmenopausal oestradiol in C57BL/Gom, accurately replicating the data presented from
the AZURE trial. WhereasBALBenice with4T1derived metastasis soft tissue metastases were not
increased following administration of Zol under grenopausal concentration of oestradiol,
replicating data from the ABCSI@ trial (Figure 3.7)| hypothesised that differential antumour
effects of ol observed between BALB/c and C57BL/6 mice may be due to differeriuardur
immune responses generated in these mice under pegi- and postmenopausal concentrations of

oestradiol.

5.3 Effects of Zol +post peri or premenopausal concentratiornd oestradiol on
immune cells in Bone metastases.

5.3.1 C57BL/6 Mice with EO771 derived metastases

C57BL/6 mice underwent OVX followed by oestrogen replacement to nppeeperi and
postmenopausal serum oestradiol concentrations before intracardiactiaje of 100,000 EQ77LUC

cells. Mice were treated with Zol or PBS control and the effects on immune cell populations in
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metastatic tumour sites was analysed by flow cytometry, Nanostring, PCR array plate analysis and
immunohistochemistry. As shown in gitar 3, oestradiol in the absence of Zol led to a significant
increase in the numbers of bone tumours, while showing a trend towards increase in tumour size in
bone. Treatment with Zol led to a significant increase in bone tumour number innpeisbpausal

mice but had no effect on tumour size. | investigated whether changes in tumour growth may be

mediated by changes in immune cells within the bone microenvironment.

When mice were treated with high concentrations of oestradiol, it resultedstyxang trend
decrease in B cells within the boneghen compared to low oestradidP = 0.66) (Figure 5.1H),
alongside a trend towards decreased neutrophils (Figure 5TH#y.decrease in adtimour immune
cells in the bone under low oestradiol concentrations caddount for the reduced tumour burden
in the bone observed under low oestradiol concentratioAdministration of Zol to mice with high
oestradiol concentrationsignificantly decreased macrophage numbers in the bo(f=0.035)
mirroring clinical findingshowing Zol as less effective in preenopausal womenAdministration of
Zol to mice with low serum oestradiol significantly decreasedl RRpression on CD8 T cells (P =
0.0105) (Figure 5.1L), suggesting a reduced capacity for these cells to be indcbyafbL1
signalling. This could help to further promote an antnour phenotype within the bone
microenvironment. Under high concentrations of oestradiol, treatment with Zol resulted in a trend
towardsincreased M1 macrophage numbers (Figure 5.1E)hEurtore, administration of Zol to mice
supplemented with high oestrogen resulted in a trend towards decreasetl @&pression on CD8 T
cells (Figure 5.1L), altogether promoting an dnthour phenotype in the bone following Zol
treatment. However, in the gesence of Zol, high concentrations of oestradkal to a trend towards
reduced numbers of antumour NK cells (Figure 3.118) cells (Figure 5.1Hhd dendritic cells (Figure
5.1A) in the bone. This suggests that, even though Zol is acting to incrgasenzour immune cells
in the bone, oestradiol can still exert pro tumour, aimimune cell effects reducing the capacity of Zol

to inhibit bone metastasis in this model.

Analysis of immune cell associated gene expression in bone tumours by gPQRwaedyno
significant changes in immune cell types or in markers of immune cell activity (appendix). However,
CD274, the gene encoding D, showed a trend towards increased expression in mice with high
oestradiol compared to low when treated with Zoligifire 5.2), suggesting the increased-PD

expression could inhibit antumour immune responses under high oestradiol concentrations.
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Figureb5.1: Effect of Zol treatment under high and low oestradiobncentrations in C57BL/6 miogith EO771
tumourson immune cell populations in bone.

Mice were treated with Zol under post, peri and preenopausal concentrations of oestradiol. Bones were
flushed of cells ex vivo before staining with fluorescently |&dedintibodies. Cells were analysed by flow
cytometry and cell types were separated according to specific markers present. (A) Dendritic cells
(CD45+,CD11b+,CD11c+,MHCII+) (B) Neutrophils (CD45+,CD11b+,Ly6G+), (C) Monocytes (CD45+,ED
,LY6C+,F480¢,) (D) Macrophages (CD45+,CD11b+,L¥V86C Low, F480 High), (E) M1 Macrophages
(Macrophage, MRCY, (F) M2 Macrophages (Macrophage, MRC1+), (G) CD4+ T cells (CD433X3®10D4+)
(H) B Cells (CD45+,CD19+ 4,33 CD8+ T cells (CD45+,C[xI93+,CDY (J) PEL on CD4+ T cells (CD4 T ce
PD1+), (K) NK cells (CD45+,CLX2B3, NK1.1+), (L) PDon CD8+ T cells (CD8 T cells1fD

Mean + SEM Statistical analysis by one way ANOVA and students T test

*< 0.05, ** < 0.01, *** < 0.001, **** < 0.0001
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Figureb.2: Effect of Zol treatment under high and low oestradiol concentrations in C57BL/6 miitk
EO0771 tumour®nimmune related genesn bone.

Mice were treated with Zol under post, peri apte-menopausal concentrations of oestradiol. Bones
were lysed and RNA extracted before reverse transcription was performed. cDNA analysis was
performed by gPCR array card for immune cell activity markers.

n=3 per group

Mean + SEM Statistical analysiobg way ANOVA and students T test
*< 0.05, ** < 0.01, ** < 0.001, *** < 0.0001

5.3.2 BALBc mice with 4T1 derived bone metastases

Tumour number and tumour growth followed a different pattern in the BALBc mouse model
compared to the C57BL/6 model, as shown in chapter 1. Mice with low oestradiol concentrations had
significantly higher bone tumour size compared to low oestrogen mi@atifient of mice with Zol
led to a trend towards decreased tumour number in irrespective of oestradiol concentration.
Furthermore, administration of Zol to mice with low oestradiol led to a decrease in tumour size in the
bone, a differential response thabuald be reflected in the immune cell profilinigiterestingly, under
high levels of oestradiol when compared to low levels, there was a trend towards increased anti
tumour CD4+ T cells (Figure 5.3a@)l CD8+ T cells (Figure 5.811}he absence of Zol.awostring
analysis of gene expression showed a significant decrease in mast cells (P = 0.0406) (Figure 5.4) but

significant increase in artiimour CD8+ T cells (P = 0.00715) (Figure d&d)macrophages (P =
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0.00154) (Figure 5.4) under high concentratiafisoestradiol. This could contribute to the higher
tumour volume observed in mice with low circulating oestradiol. Flow cytometry analysis showed that
high oestradiol concentrations compared to low oestradiol concentrations in Zol treated mice led to
sigrificantly higher CD4+ T cells (P€®6 (Figure 5.3 G) and CD8+ T cells in the bone (P 27.00
(Figure 5.3 I). However, high oestradiol also led to a trend towards decreased B cells (Figure 5.3 H) in
the bone of non Zol treated mice and a significantr@ase in B cells (P = 0.0201) in the bone of Zol

treated mice.

Zol treatmentsignificanty increased antitumour CD8+ T cella bone under high oestradiol
concentrations (P=0.037qFigure 5.3 I). Nanostring analysis of bones bearing metastatic tumours
isolated from mice that had been supplemented with high concentrations of oestradiol showed that
Zol treatment led to a decrease in amtimour Thl cells (P = 0.0193) (Figure 5.5) and an increase in
pro-tumour Treg cells (P = 0.0467) compared with Zah reated mice (Figure 5.5), which would
promote a pretumour environment in the bones of mice with high oestradiol when treated with Zol.
Administration of Zol in the absence of oestradiol led to decreased bone tumour volume as assessed
by live imaging. Floveytometry revealed no significant differences in immune cell populations
following Zol treatmenunder low oestradioin these mice, however, Nanostring analysis found that
Zol treatment led to a significant increase in macrophages (P = 0.00493) (Figuané a trend
towards an increase in B cells (Figure 5.5) in the bone. This increase-timnamtir immune cells in

bone following Zol may contribute to the reduced metastasis observed in mice with low oestradiol.
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Figureb.3: Effect of Zol treatment under high and low oestradiol concentrations in BALBc miitle 4T1-LUC
tumours on immune cell populations in bone.

Mice were treated with Zol under postperi and premenopausal concentrations of oestradiol. Bones were
flushed of cells ex vivo before staining with fluorescently labelled antibodies. Cells were analysed by flow
cytometry and cell types were separated according to specific markers present. (@jtResells
(CD45+,CD11b+,CD11c+,MHCII+) (B) Neutrophils (CD45+,CD11b+,Ly6G+), (C) Monocytes (CD45+,ED]
,LY6C+,F480 High,) (D) Macrophages (CD45+,CD11b#Y86G.ow, F480 High), (E) M1 Macrophages
(Macrophage, MRG}, (F) M2 Macrophages (Macropge, MRC1+), (G) CD4+ T cells (CD45+,CDB9,CD4+),
(H) B Cells (CD45+,CD19+, 403 CD8+ T cells (CD45+,G[XI¥3+,CD8+) (J)Rn CD4+ T cells (CD4 T cell
PD1+), (K) NK cells (CD45+,C1dB3, NK1.1+), (L) PDon CD8+ T cells (CD8 T cBIB1+).

Mean £ SEM Statistical analysis by one way ANOVA and students T test

*< 0.05, * < 0.01, *** < 0.001, **** < (0.0001
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Figureb.4: Effect of high or low oestradiol concentrations on immune cell populatioris Zolin tumour
bearingbonesfrom BALBavith 4T1-LUC tumours

Mice were treated with postand premenopausal concentrations of oestradiol Zol. Nanostring
analysis was performed on RNA extracted floomesfor immune cell marker®3 Cells: Blk, Cd19, Ms4al
Tnfrsf17, CD8 T cells: Cd8a, Cd8b1, Cytotoxic cells: Ctsw, Gzma, Gzmb, Klrb1, ,Kird1, Kirk1, Prfl, |
Cells: Ccl2, Cd209e, Hsd11bl, Exhausted CD8: Cd244, Eomes, Lag3, Macrophages: Cd163, Cd68
Mast cells: Ms4a2, Neutrophils: Csf3r, Fcgr4, NK cells: [121r, Ncrl, Xcl1, T cells: Cd3d, Cd3e, Cd3g,
Sh2d1la, TH1: Tbx21, Treg: Foxp3, CD25.

Mean + SEM Statistical analysis by one way ANO¥%A.05, ** < 0.01, *** < 0.001, **** < 0.0001
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Figureb5.5: Effect of Zol under high or low oestradiol concentrations on immune cell populations in
tumour bearing bonefrom BALBavith 4T1-LUC tumours.

Mice were treated with postand premenopausal concentrations of oesttial +/- Zol. Nanostring analysit
was performed on RNA extracted frdsonesfor immune cell markers3 Cells: Blk, Cd19, Ms4al, Tnfrsfl
CD8 T cells: Cd8a, Cd8b1, Cytotoxic cells: Ctsw, Gzma, Gzmb, Klirb1, ,Klrd1, Kirk1, Prfl, Dendritic C
Cd209e Hsd11b1, Exhausted CD8: Cd244, Eomes, Lag3, Macrophages: Cd163, Cd68, Cd84, Mast
Ms4a2, Neutrophils: Csf3r, Fcgr4, NK cells: 1121r, Ncrl, Xcl1, T cells: Cd3d, Cd3e, Cd3g, Cd6, Sh2d:
Tbx21, Treg: Foxp3, CD25.

Mean + SEM Statistical analysis by one way ANO¥A.05, ** < 0.01, *** < 0.001, **** < 0.0001




5.4 Effects of Zol +post peri- or premenopausal concentrations of oestradiol on
immune cells in lung metastases.

5.4.1 C57BL/6 Mice with E0771 derikwa metastases

Soft tissue metastasis has been shown to be increased by Zol-mgepausal women in
the AZURE trial, and is the site where menopausal differences in treatment outcome manifest. In the
C57BL/6 mouse model with EOZZWC cells, numberd soft tissue metastasis did not change at any
oestradiol concentration, irrespective of Zol treatment. On the other hand, tumour volume was
significantly affected by oestradiol and Zol, with low concentrations of oestradiol resulting in increased
soft tissue metastases in control mice. This increased metastasis in mice with low oestradiol was
significantly reduced by Zol treatment. Furthermore, soft tissue metastasis in Zol treated mice with
high oestradiol concentrations was significantly increased whoenpared to control mice with high
oestradiol, accurately mimicking clinical data from the AZURE trial, as discussed in chyenl.
comparing changes in the immune cell populations in tumour bearing lungs of C57BL/6 mice by flow
cytometry, there were oly minor, insignificant changes following treatment with oestradiol and Zol.
High oestradiol concentrations in control mice resulted in a trend towandesased neutrophils
(Figure 5.8). Zol treatment led to no significant changes in immune cell pojauan the lung at
either high or low oestradiotoncentrations in C57BL/6 micdisplaying a minor trend towards
increased monocytes (Figure 5.6 i@)pre-menopausal mice, suggesting a minor increase in- anti
tumour immune cells in the lung following Zoéatment. Analysis of the transcriptome of tumour
bearing lungs by gPCR array following treatment reviled no significant changes in immune cell activity
markers or cell type analysis. However, high concentrations of oestradiol in the absence of Zol led to

a trend towards increased Foxp3 expression, a marker of Treg cell infiltration and activity.
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Figureb.6: Effect of Zol treatment under high and low oestradiol concentrations in C57Bhiée with E0771
tumours on immune cell populations in lung.

Mice were treated with Zol under post, peri and preenopausal concentrations of oestradiblngs were
dissociatedefore ex vivo before staining with fluorescently labelled antibodies. Cells were analysed by flow
cytometry and cell types were separated according to specific markers present. (A) Dendritic cells
(CD45+,CD11b+,CD11c+,MHCII+) (B) Neutrophils (CD45+,CRPAGHY, (C) Monocytes (CD45+,CD11b+;:LY6!
,LY6C+,F480 High,) (D) Macrophages (CD45+,CD11b:#,¥86G ow, F480 High), (E) M1 Macrophages
(Macrophage, MRG}, (F) M2 Macrophages (Macrophage, MRC1+), (G) CD4+ T cells (CD453 33 1CD4+),
(H) B Cells (@B+,CD19+,CB3 (1) CD8+ T cells (CD45+,G[0I93+,CD8+) (J) NK cells (CD45+;(II13
NK1.1+),

Mean = SEM Statistical analysis by one way ANOVA and students T test

*< 0.05, ** < 0.01, *** < 0.001, **** < 0.0001
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5.4.2BALBeanice with 4T1 derived hg metastases

In contrast to the C57BL/6 EO771 model, in the BALBc mice injected with 4T1 cells, a low
oestradiol concentration significantly increased soft tissue tumour volume when compared to high
oestradiol, in the absence of Zol, in a dasgpendent manner. Interestingly, treatment with Zol
significantly reduced tumour volume in the low oestradiol group but did not alter tumour volume in
the high oestradiol group closely mimicking data from the ABCS@al. Analysis of immune cell
populations by flow cytometry and Nanostring were performed to help to explain these tumour

growth results.

Oestradiol concentratiomn Zol untreated mice as analysed by flow cytomesignificantly
increased anttumour dendritic cells (Figure 5.7 A) ded toa trend towards increaseahacrophages
(Figure 5.7 D) under high oestradiol concentrations, perhaps contributing to the lower tumour volume
in high oestradiol micddowever high oestradiol lead to a trend towards decreased M1 (Figure 5.7 E)
macrophages anihcreased M2 macrophages (Figure 5.Bdth in the presence and absence of,Zol
suggesting the increased macrophage number observed may support tumour progression under high
oestradiol.Treatment with Zol had a more pronounced effect on dathour immune cells, with the
majority of antitumour effects being observed in the low oestradiol group. Treatment of low
oestradiol mice with Zol led to a significant increas€iy+ T cells (P£€04) (Figure 5.7 G) and CD8+
T cells (P=0.045) (Figure 5.alhngside a trend towards increasadti-tumour B cells (P = 0.0372)
(Figure 5.7 H)Interestingly, this effect was not observed under high oestradiol concentrations.
Nanostring analysis showed significant differences in immune cells in mice with low concentrations
of oestradiol followingZol butdid show a trend towards decreased pro tumour Treg cells (Figure 5.9)
following Zol treatment. Taken together, Zol treatment in low oestradiol neiadd to an anttumour
immune cell infiltrate, perhaps explaining the decrease in tumour volume observed in lungs under low

oestradiol conditions, following Zol treatment.

Treatment of mice supplemented with high oestradiol with Zol ledaterend towards
decreases neutrophils (Figure 5.7 Bjonocytes (Figure 5.7 &nd NK cells (Figure 5.7 K), suggesting
that, under high oestradiol, Zol promotes a gromour phenotype. To explore this further, the effects
of oestradiol concentration on immune cell pdptions in Zol treated mice was explored. High
oestradiolwhen compared to low oestradiah Zol treated mice reduced B cell numbers, obseagd
a trendin both cytometry (Figure 4.7 H) ardsignificant decrease iNanostring gene expression
analysis (P= 0.0201) (Figure 5.8), while showing a trend towards reduced NK cell numbers by
Nanostring analysis (Figure 5.8). Furthermore, oestradiol supplementation significantly reduced CD8

T cell numbers (P = @8) (Figure 5.7 1) and led to a strong trend towsardduced CD4 T cell numbers
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(P=0.095)Figure 5.7 G). Interestingly, this reduction in T cell activity at high oestradiol concentrations

in the presence of Zol occurs in a dose dependent manner. High oestradiol in mice treated with Zol
also led to a signifant increase in P expression on CD4+ T cells (P = 0.0277) (Figure 5.7 J) and a
trend towards increase on CD8+ T cell (Figure 5.7 L), suggesting these cells are more susceptible to
inactivation via P01 signalling. This result suggests that under biggtrogen concentrations, Zol
promotes a pretumour phenotype, whereas under low oestradiol concentrations Zol promotes an
anti-tumour phenotype. This data reflects that seen in tumour growth analysis, were Zol is effective

at reducing soft tissue metastes only under the influence of low oestradiol concentrations.
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Figureb.7: Effect of Zol treatment under high and low oestradiol concentrationsBALBanice with 4T1-LUC
tumours on immune cell populations in lung.

Mice were treated with Zol under post, peri and pnegenopausal concentrations of oestradiol. Lungs were
dissociatedefore ex vivo before staining with fluorescently labelled antibodies. Cells were analysed by flo
cytometry and cell types were separated according to specific markers present. (A) Dendritic cells
(CD45+,CD11b+,CD11c+,MHCII+) (B) Neutrophils (CD45+,CD11h;+Cy8@nocytes (CD45+,CD11b+,l-Y6!
,LY6C+,F480 High,) (D) Macrophages (CD45+,CD11b#¥86G ow, F480 High), (E) M1 Macrophages
(Macrophage, MRC}, (F) M2 Macrophages (Macrophage, MRC1+), (G) CD4+ T cells (CD453X3B CD4+),
(H) B Cells (CD45+,C33,CD3, (I) CD8+ T cells (CD45+,G[xI93+,CD8+) (J) Rn CD4+ T cells (CD4 T cell
PD1+), (K) NK cells (CD45+,CLX2B3, NK1.1+), (L) PDon CD8+ T cells (CD8 T cells1PD

Mean + SEM Statistical analysis by one way ANOVA and studests T te

*< 0.05, ** < 0.01, ** < 0.001, *** < 0.0001
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Lung: Pre vs Post
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Figureb5.8: Effect of high or low oestradiol concentrations on immune cell populations Z6lin tumour
bearing lungson BALBavith 4T1-LUC tumours

Mice were treated wih post and premenopausal concentrations of oestradiol Zbl. Nanostring
analysis was performed on RNA extracted from lungs for immune cell markers. B Cells: Blk, Cd19,
Tnfrsfl7, CD8 T cells: Cd8a, Cd8b1, Cytotoxic cells: Ctsw, Gzma, GzmlKlilihKlrk1, Prfl, Dendritic
Cells: Ccl2, Cd209e, Hsd11bl, Exhausted CD8: Cd244, Eomes, Lag3, Macrophages: Cd163, Cd6¢
Mast cells: Ms4a2, Neutrophils: Csf3r, Fcgr4, NK cells: 1121r, Ncrl, Xcl1, T cells: Cd3d, Cd3e, Cd3¢
Sh2d1la, TH1: Tbx2I€eg: Foxp3, CD25.

Mean + SEM Statistical analysis by one way ANOVA *< 0.05, ** < 0.01, *** < 0.001, **** < 0.00C
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Figureb.9: Effect of Zol under high or low oestradiol concentrations on immune galpulations in
tumour bearing lungdrom BALBc mic&vith 4T1-LUC tumours

Mice were treated with post and praenopausal concentrations of oestradiol #bl. Nanostring

analysis was performed on RNA extracted from lungs for immune cell markers. BlKeQst1B, Ms4al,
Tnfrsf17, CD8 T cells: Cd8a, Cd8b1, Cytotoxic cells: Ctsw, Gzma, Gzmb, Klirb1, ,KIrd1, KiIrk1, Prf1,
Cells: Ccl2, Cd209e, Hsd11b1, Exhausted CD8: Cd244, Eomes, Lag3, Macrophages: Cd163, Cd6¢
Mast cells: Ms4a2, Neutrophilssf3r, Fcgr4, NK cells: 1121r, Ncrl, Xcl1, T cells: Cd3d, Cd3e, Cd3g, C
Sh2d1la, TH1: Tbx21, Treg: Foxp3, CD25.

*< 0.05, * < 0.01, ** < 0.001, **** < 0.00C




5.5 Effects of Zol +post peri or pe-menopausal concentrations of oestradiol on
immune cells in the Spleen

In the clinical trials AZURE and ABQ3Q@ol was administered as an adjuvant treatment to
patients with early breast cancer (before evidence of metastasis). It is thergiossible that
differences in future metastatic development in soft tissues observed between gwd post
menopausal women treated with Zol may be due to changes in systemic immunity as opposed to or
in addition to changes in immune cells in the metastaticvironment/tumour. |, therefore,
investigated the systemic effects of oestradiol on immune cell populations in spleen to establish how
immune cell populations were altered following administration of Zol under highreopausal)

and low (postmenopausl) concentrations of oestradiol in C57BL/6 and BALB/c mice.

5.5.1 C57BL/6 mice with EQ771 derived metastases

Analysis of immune cells in the spleen following supplementation with low and high
concentrations of oestradiol was performed by flow cytome&gministration of high concentrations
of oestradiol resulted in a significant decrease in the-aumiour NK cells (P = .9 (Figure 5.10 J)
when compared to mice with low oestradiol concentrations. Furthermore, high oestradiol
concentrations correlatedwith a trend towards decreased macrophages (Figure 5.10 D) and
monocytes (Figure 5.10 C). This decrease in circulating immune cells under high oestradiol
concentrations is indicative of a pro tumour environment in mice. Administration of Zol induced
differential effects on immune cells depending on oestradiol concentrations: Under low oestradiol
concentrations Zol significantly reduced macrophagebers(P = 0.02) (Figure 5.10 D), suggesting
a reduced antiumour immune response in the absence of oestohdIn contrast, under high
concentrations of oestradiol, Zol significantly increased CD4+ T cells (P4 (Gig2re 5.10 G) and
CD8+ T cells (P = 8)@Figure 5.10 1), which could facilitate an aaothour phenotype On the other
hand, Dendritic cellsvere significantly decreased by Zol treatment under high oestradiol (P=0.033)
Therefore, it could be argued that Zol treatment under low oestradiol concentrations confers a pro
tumour environment via actions on myeloid cells. Whereas under high oeskt@ahicentrations, Zol

confers an anttumour environment via upregulation of circulating atamour lymphoid cells.
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Figureb5.10: Effect of Zol treatment under high and low oestradiol concentrations in C57BL/6 miitk EO771
tumourson immune cell populations in spleen.

QO

Mice were treated with Zol under post, peri and preenopausal concentrations of oestradiol. Spleens were
dissociated before ex vivo before staining with fluorescently labelled antibodies. Cellsmadysed by flow
cytometry and cell types were separated according to specific markers present. (A) Dendritic cells
(CD45+,CD11b+,CD11c+,MHCII+) (B) Neutrophils (CD45+,CD11b+,Ly6G+), (C) Monocytes (CD45+,CD:
,LY6C+,F480 High,) (D) Macrophages3€0D11b+,LYBEY6C Low, F480 High), (E) M1 Macrophages
(Macrophage, MRC}, (F) M2 Macrophages (Macrophage, MRC1+), (G) CD4+ T cells (CD453X3B CD4+),
(H) B Cells (CD45+,CD19+ 3 CD8+ T cells (CD45+,G[XI¥3+,CD8+) (J) NK cells (CD43-6.0ID3,
NK1.1+),

Mean + SEM Statistical analysis by one way ANOVA and students T test

*< 0.05, ** < 0.01, ** < 0.001, *** < 0.0001
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5.5.2 BALBc mice with 4T1 derived metastasis

Numbers of circulating immune cells in the spleen following treatrmatit Zol and oestradiol
follow a different pattern in the BALBc mouse model, reflecting that seen in other organs. Treatment
of mice with high concentrations of oestradiol led teignificantincrease in CD8+ T ce{R=0.03)
(Figure 5.11 land a trend owards increased CD4+ T cells. On the other high oestradiol letgnca
towards reduction in B cells and neutrophils (Figure 5.11 H). These changes in response to oestradiol
stimulation confer both an antumour phenotype (increased CD#hd CD} and apro-tumour
phenotype (decrease in B cells and neutrophils), suggesting that therebmayore complex
interactions mediating metastasis or that recruitment of immune cells/subsets into metastatic
tumours have impacted on the makeup of systemic immune .c&dd treatment under low
concentrations of oestradiol also led to both pro and aothour immune cell responses.
Macrophages were significantly increased (P = BP@Eigure 5.11 Dand Dendritic cells were
significantly increased (P=0.004) (Figure 5A)1in spleen following Zol treatment under low
oestradiol, facilitating an antumour environment. However, B cells (Figure 5.15twed a trend

towardsdecreased following Zol treatment (P = 0.0383), conferring ayrwmur phenotype.

Treatmentwith Zol under high concentrations of oestradiol resulted in a significant increase
in dendritic cell number (P = @8) (Figure 5.11 A) and a significant increase in macrophage number
(P = 0.008) (Figure 5.11 D), which would suggest an -amtiour phenotype.However, when
macrophage polarisation was analysed, it was found that Zol increased the proportion of circulating
pro-tumour M2 macrophages (P = <0.0001) (Figure 5.11 F). This could suggest that the increase in
macrophages observed following Zol treatmesta consequence of increased M2 macrophage

polarisation, resulting in a pro tumour phenotype in circulating immune cells.

Taken together, these data suggest that for the C57BL/6 model Zol induced changes to
systemic immunity may be importanégulators of metastatic outgrowth and this can be impeded by
the presence of high concentrations of oestradiol. In contrast in the BALB/c model Zol induced changes
to tumour immune cell infiltrate appears to be the primary regulator of metastases andaaksit
concentrations can impact the number and type of immune cell infiltrate, promoting or reducing

growth of metastases in soft tissue.
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Figureb.11: Effect of Zol treatment under high and low oestradiol concentrations in BAhBce with 4T1-LUC
tumours on immune cell populations in spleen.

Mice were treated with Zol under post, peri and preenopausal concentrations of oestradiol. Spleens were
dissoci#ed before ex vivo before staining with fluorescently labelled antibodies. Cells were analysed by fl
cytometry and cell types were separated according to specific markers present. (A) Dendritic cells
(CD45+,CD11b+,CD11c+,MHCII+) (B) Neutrophils (CDABB+Q)6G+), (C) Monocytes (CD45+,CD11b+,L\
,LY6C+,F480 High,) (D) Macrophages (CD45+,CD11b#Y86G.ow, F480 High), (E) M1 Macrophages
(Macrophage, MRGC}, (F) M2 Macrophages (Macrophage, MRC1+), (G) CD4+ T cells (CD453X3B10D4+).
(H) B CelléCD45+,CD19+,Cip31) CD8+ T cells (CD45+,G[II93+,CD8+) (J) NK cells (CD45+;II13
NK1.1+),

Mean £ SEM Statistical analysis by one way ANOVA and students T test

*< 0.05, ** < 0.01, *** < 0.001, **** < 0.0001
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