N

N

Roles of adipocytes in the resistance of breast cancer to
trastuzumab-mediated antibody-dependent cellular

cytotoxicity (ADCC)
Minh Ngoc Duong

» To cite this version:

Minh Ngoc Duong. Roles of adipocytes in the resistance of breast cancer to trastuzumab-mediated
antibody-dependent cellular cytotoxicity (ADCC). Cancer. Université Claude Bernard - Lyon I, 2014.
English. NNT': 2014LY0O10062 . tel-01194500

HAL Id: tel-01194500
https://theses.hal.science/tel-01194500

Submitted on 7 Sep 2015

HAL is a multi-disciplinary open access L’archive ouverte pluridisciplinaire HAL, est
archive for the deposit and dissemination of sci- destinée au dépot et a la diffusion de documents
entific research documents, whether they are pub- scientifiques de niveau recherche, publiés ou non,
lished or not. The documents may come from émanant des établissements d’enseignement et de
teaching and research institutions in France or recherche francais ou étrangers, des laboratoires
abroad, or from public or private research centers. publics ou privés.


https://theses.hal.science/tel-01194500
https://hal.archives-ouvertes.fr

0 .\\\\

Université Claude Bernard | JLyon 1 UNIV=RSIT= D= LYyON

\ /‘

//I

Ne° d’ordre : 62-2014 Année 2014

THESE DE L‘UNIVERSITE DE LYON
délivrée par
L’UNIVERSITE CLAUDE BERNARD LYON 1
ECOLE DOCTORALE
BIOLOGIE MOLECULAIRE, INTEGRATIVE ET CELLULAIRE

DIPLOME DE DOCTORAT
(arrété du 7 aott 2006)
soutenue publiquement le 22 Avril 2014
par

M DUONG Minh Ngoc

TITRE

ROLES OF ADIPOCYTES IN THE RESISTANCE OF BREAST CANCER TO
TRASTUZUMAB-MEDIATED ANTIBODY DEPENDENT CELLULAR CYTOTOXICITY
(ADCC)

Directeur de these :

DUMONTET Charles
JURY :
M. Daniel OLIVE, Professeur, Université Aix-Marseille, France Président/Rapporteur
M. Charles DUMONTET, Professeur, Université Lyon I, France Directeur de these
M.Francesco BERTOLINI, Directeur de Recherche, Milan, Italie Rapporteur

Mme. Marie-Christine RIO, Directrice de Recherche, Strasbourg, France =~ Rapporteur






This dissertation is dedicated to the memory of
Ms TRINH Chiem Huong, my biology teacher,

who died from breast cancer 12 years ago...






ACKNOWLEDGEMENTS

I would like first to thank the members of the jury, Dr. Marie-Christine Rio, Dr.
Francesco Bertolini and Prof. Daniel Olive for accepting to judge my dissertation, and for
giving me their valuable comments during my thesis defense. I also want to thank the
members of my thesis committee, Dr. Catherine Muller-Staumont and Dr. Jenny Valladeau-
Guilemond, for their constructive advice as well as their encouragement during my PhD

study.

I would like to thank Prof. Alain Puisieux for welcoming me in the Cancer Research
Center of Lyon, where the collaborations, facilities and ambiance constitute a great
opportunity to develop my carrier. I want also to thank the administrative members of the
doctoral school BMIC for accepting me as one of their PhD students, and their continual

efforts towards their PhD students.

Particularly, I would like to thank my director, Prof. Charles Dumontet, for giving me
the chance to do my PhD project in an autonomous liberty, with his constant support,
confidence, patience, and guidance. I am happy and I enjoy very much the research that I am

currently doing.

I want to thank all my colleagues in the “Anticancer Antibodies” team: Aurore Cleret,
Eva-Laure Matera, Doriane Poloni, Kamel Chettab for their helps in the project; as well as all
the others for their advice, support and friendship: Lars-Petter Jordheim, Florence Depontieu,
Sebastien Cornet, Gabriel Bricard, Emeline Perrial, Anne Evesque, Saeed, Karima Bouledrak,
Amelie Boespflug, Marion Glenne, Arwa Tagoug, Marwa Ben Haj Salah, Federico Cividini,

Taghreed Hirz, Juliette Sauveur, and Ivana Spasevska...

I want also to thank my other friends for their friendship and their encouragement
during my study and my PhD defense: Guillaume Devailly, Loraine Gourbet, Paul Vilquin,

Evelyne Grisard, Julie Vendrell, Caterina Donini.



I would like to acknowledge the organizations which gave me their financial supports,
including the France’s ministry of higher education and research (3 years), and the Ligue

contre le cancer (6 last months of my PhD study).

I want also to express my deep acknowledge towards the ASPF “big family” (Accueil-
Savoir-Partage-Francophonie), for giving me, as well as all other students, the opportunity to
come to do the studies in France. Thank you Jean Houdouin, Jean-Frangois Beaux, Francois
Marchon, Francoise Zink and all others for the creation of the association, and more
importantly, their countless efforts to keep it running and developing. I also like to say a big
thank to my host family, Genevieve and Yves Gonnord, for all you have done for me. I am

really lucky and happy to have you as my host family.

Con mudn viét 151 cam on tir day long dén gia dinh, ba me, véi tat ca tinh yéu va sy ing
ho ctia ba me danh cho con cho dén bay gio va méi vé sau. Also thank to my brother, Duong

Hai Minh, for his presence, his photos and all his supports.

Finally, I want to have my last words for my girlfriend, Nhan t0, for not only the
correction of the presentation slides, but also for her love, her supports, and for all the best

moments we share together. Love you! :*



TABLE OF CONTENTS

TABLE OF CONTENTS ...t etteteestt ettt sttt ettt et e b ettt e s bt e she e sheesheesaeesme e sbeeemeesaeeeate s eabeeneenbeenseens 1
LIST OF FIGURES ....ceteeiiiiitttitttttteiet ettt ettt ettt sttt bttt et e e e et e ee e et et e eeeeeeeeeeee e e e e s eeaeeeeeee s bssnsssnsnsnsnnnnnnnnn 5
LIST OF TABLES ...ttt ettt e e e e ettt e e e e e e bbbttt e e e e e s anbe e teeeee e e aabs snsbbeeeeeeeeannnrneneas 6
LIST OF ABBREVIATIONS ... eeceeeee ettt ettt ettt e e e e ettt e e e s e et b et e e e e e s bbbt e e eeeseaanbeeteeeaeeeeseaannsnaeas 7
PUBLICATIONS AND COMMUNICATIONS. ... .eiiieiitetteteete ettt ettt s 11
PREFACE ...ttt ettt et et b e bt b e sh e s et st e st ettt ettt e et e e bt e nbe e nb e e nhnenaeenanenaee 12
INTRODUCTION ...ttt ettt ettt st st sttt sttt ettt et e e bt e s beesbe e saeesinesanesanenane 14
1. Breast CanCer: @N OVEIVIEW .....ccoiiiiiiiiiiieeiieie ettt e s e e e s 15
1oL DEFINITION .ttt ettt b e bt e s bt e sb e s bt e s b e e she e sabe e beebeeteens 15

1.2. INCideNnce and MOAlTY......coeciiieeeciie e e et e e e et e e et e e e e are e e e eennaeeas 15

1.3L RISK FACTOTS .ttt ettt ettt san e r e neereens 16

1.4. Classification Of Breast CanCer........ocui i 17
1.4.1. Molecular biomarkers of breast CanCer ... 17
1.4.1.1. Estrogen receptor alpha (ERQL) ....eeeicvieeeciiiee ettt 17

1.4.1.2. Progesterone recePtor (PR) ... ettt et et 18

1.4.1.3. Human epidermal growth factor receptor 2 (HER2) ......cccoueevieeiiieeiie e 18

1.4.1.4. Other DIOMArkers .......eo ittt s sneeesane 19

1.4.2. Molecular classification of breast CanCer.......ccouvveiiieriiiiiee e 20

1.5. Breast cancer treatment... ..ot 21
Tt U U == OO 21

1.5.2. RAdiation therapy ..eeic ettt et et e e et e e e ate e e e rae e e e enaees 21

BT T 1 o 1T o' T o o 1< = o 1Y USSR 21

BN B o o Yo T aT=IR o o 1=T = o VAU EER 21

1.5.5. Targeted thEIAPY .uee e e et e et e e e et e e e e abe e e e eate e e e e baee e e e ennees 22

2. Trastuzumab: a magic bullet for HER2-overexpressing breast cancers.......ccccocvvevecvveeeeiveeeennns 23
2.1. Structure of monoclonal antibOdies. ........eiiviiiiiiii i 23

2.2. Mechanisms of action Of MADS ........cciiiiiiiiie e 26
2.2.1. Direct indUucCtion Of QPOPLOSIS ...eeeiiiiieeecieiee ettt e e e e eree e e e earee e e ebaeeeennes 26

2.2.2. Complement-dependent CytOtOXICILY .......coiviereiiiiiiiiee et e 26

2.2.3. Antibody-dependent cellular cytotOXICItY....cc.eeiieiiiiiiieciiee e 27

2.2.4. Antibody-dependent cellular phagoCytosis.......couiiiiiiiiiiiieiiiie e 29

2.3. HERZ2, @ target fOr MADS .....viiiieiee et e e e e ae e e s sbae e e e e ennes 31



2.1. Trastuzumab, @ MADb targeting HER2 .........viiiieeeeeee e e 31

2.1.1. Mechanisms of action of trastuzumab.........ccccceoiiiiiiiiiniie e 32
0 I I R B 1 =Tt =T o o ] o 1Y - PO PP 32
2.1.1.2. Antibody-dependent cellular cytotoXiCity ......ccoevuriieriiiiiiiriiiie e 32
2.1.1.3. Inhibition of HER2 SheAAING ......c.vveeiiiiiieecieieee ettt e 33
2.1.1.4. Inhibition of aNGIOZENESIS ....veiiiiiiiieiceee e e e 33

2.1.2. Resistance to trastuzumab .......c..ooiiieiiii e 33
2.1.2.1. PTEN defICIENCY uuttiieiiiiie ettt et e e ettt e et e e e eae e e e et e e e e e ntbe e e e ensaeeeennenes 33
2.1.2.2. Activation of alternative pathways .........cccccuviieiiiiiie e 34
2.1.2.3. HER2 dOWNIEGUIAtION.....ciiiiiiie ettt e e et e e s aaaee s 34
2.1.2.4. HER2 shedding and HER2 Masking ........cccccuiiiiiiiiiiieciiiie e 34

3.  Adipose tissue: more than a fat StOrage .....iicciiii it 36
3.1. Types and diStriDULION .......uiiiieeee e e e e re e e e eabae e e e eanes 36

3.1.1. White adiPOSE LiSSUE .....uvviiiiiieiececiieeeeeiiee e e e ettt e e et e e e et e e e seate e e e steeeessasaeeesensaeeesasseeeeaenns 37

3.1.2. Brown @diPOSE LiSSUE ....uvviiiiiiiieeciiiieeeeciieeeeeeetee e e ette e e e staeeesetteeeesrreeessnsaeeesanseeeessaneeeneans 37

I R T =Y | Lo VT To [T o 1 I 1YY PRSP 38

3.2. Components of the adipOSe tiSSUB .....uiiiiiiiiii e 39

3.2.1. Adipocytes and pPreadipOCYLES ....ccuuii it 39

3.2.2. FIBIOBIASES ..ottt nreenre e 39

3.2.3. Endothelial cells and PeIiCYLES ...ccuviii ittt e e e e e 39

3.2.8. LEUKOCYLES ...ttt e e et e e et e e e e eata e e e eateeeeebaeaesanbaeeeeanaaaee e srreeenans 39

3.3. Adipocyte differentiation ... e 40
3.4, FUNCLIONS OF @dIPOCYLES.....utiiiieei ettt e e e e e e e e e e e s enbare e e e e e e e annsnraees 42

3.4.1. Lipogenesis: adipocytes store energy in triglycerides.......coooveiiviiiieiieeiieccciieeee e 42

3.4.2. Lipolysis: adipocytes Mobilizes @NErgy ......ccccueeiiiiiiieiiiiiie e 42

3.4.3. Secretion of adipocytokines: adipocytes are a paracrine and endocrine source ........... 43
I 0t R =Y o) 1o 44
I T8 2 Vo 1o Yo 1=t o [ o ISP 45
R B G T T o == o 45
3.4.3.4,. TuMOr Necrosis factor @alPNa.....ccuueeee e 45
3L4.3.5. INEIIEUKIN 6 .ottt sttt st e sabe e st e s bae s sabeesataeeeas 45
3.4.3.6. Transforming growth factor beta......ccccvvvciiiiei e, 46
3.4.3.7. Other fattors ...eeieieeiee et st 46

3.4.4. Mammary adipose tissue: participation in breast development..........cccceevevvvieeiiinnnens 46



3.5. Adip0ose tisSUE @aNd OBESITY ...ccccuviieieiiiii et e 47

3.6. Models to StUdy adiPOCYLES ..oevuvriiiiiiieeiiiiie ettt e s e e e sbae e e e snbae e e snbeeeeenenes 48
3.6.1. PreadipoCyte CEII TINES....uuii et e e st e e s nane e e sbaeeeaeenns 48
3.6.2. Multipotent stemM-CeIl INES ......eeiiiciiiie i e re e e sbae e e snea 48
3.6.3. Isolated adipOCyte-ProgeNItOrS ....cuuii ittt et e e 49
3.6.4. Freshly isolated adipOCYLES ... .uuiiiicuiiie ettt et e e et e e e s bae e e eeneas 49

4. Cancer cells, adipocytes and Natural Killer cells: a “ménage a trois” ......cccceeeeeeeeciieeeecneeenn. 51

4.1. Cancer cells and NK cells: the bad and the Killers ... 51
4.1.1. Evidence of the antitumor role of NK Cells.......c.ccooiiiiiiiiiiinieieeee e, 51
4.1.2. Recruitment of NK cells tO tUMOr SIiteS .....c.ceveiriiiiiiiniienieseceseee e 51
4.1.3. Recognition Of tUMOI CEIIS ...eiiiiiiiieeeeeee e e 52

4.1.3.1. The MISSING-SEIf ... et e et e e et ae e e esaraeeeeens 53
4.1.3.2. DANGEr/Stress SIZNal ....ccuiicuiiiiiieieie ettt 53
4.1.3.3. Antibody-dependent cellular cytotoXiCity......cceeeeriieieeciiee e 53
4.1.4. Formation of an immunological SYNAPSE ......cccccuviieiieiiiee et 55
4.1.5. Mechanisms Of KilliNG .....cocuuiiiiiiiie et e e e e e e 56
4.1.5.1. Exocytosis of granules containing perforin and granzymes........ccccveeevcvveeeecveeeenns 56
4.1.5.2. Death-receptor-mediated apOPLOSIS.....cuvieiiiiiiii i 58
4.1.5.3. Secretion of CYLOKINES ......uiiiiiiie e 58
4.1.6. Resistance Of TUMOF COIIS.....ccuiiiiiiiii e e e 60
4.1.6.1. Escaping recognition by NK Cells ........ccocuiiiiiiiiiieiie e 60
4.1.6.2. Increasing resistance to lysis/apOPtoSiS.......coveiivueieirieeceeeeee et e 61
4.1.6.3. AItering NK fUNCLIONS.....coc ittt e e e e e strre e e e e e e e nnnaeee e 61
4.1.6.4. Remodeling the tumor microenvironment ..........ccccvvveeee e 63

4.2. Adipocytes and cancer cells: the fat and the bad ........ccccoooviiiiiiie e, 65
4.2.1. Links between adipose tissue and CANCEN ......ccccviiieiiiiiie e 65
4.2.2. Adipocytes support tUMOr SroWth .......ceeiciiiiiiiiiiiee e e 66

4.2.2.1. Adipocytes provide energy to fuel tumor growth.........cccceeeciii i, 66
4.2.2.2. Adipocytes secrete adipoCytoKiNES.......ccviiiiiiiiii e 68
4.2.2.2.0 LEPEIN ettt s e 68
V00 0 37 Vo I e Yo o =T o1 f [ o S PSPPI 68
A A e T =1y (o T={= o [P P PP P PP PPPPPPPPPPPPPRORt 69
4.2.2.2.4. Insulin-like growth factor-1 (IGF-1) ......ccouveeeieiiieieee e 69
4.2.2.2.5. Hepatocyte growth factor (HGF) .......cccveeeiiiiiiie et 69



4.2.2.2.6. Adipocytes promote angiOZENESIS ...ccccvreieeiiieeeeciieeeecree e eeree e e erae e e eree e e 70

4.2.3. Adipocytes promote tumor invasion and Metastasis .......ccccceveiveeiniiieeeniiee e, 71
4.2.3.1. Adipocytes increase tUMOTr INVASION .....cuuieieciieeeeeiiieeeeiteeessieee e ssiveee e sraeeessseeeesnes 71

4.2.3.2. Adipocytes remodel the extracellular MatriX.......ccovvvveiriieeiniiiie e 72

4.2.3.3. Adipocytes promote tumor ROMING.......cc.eeeiiiiiiiiiiiiie e 73

4.2.4. Adipocytes increase cancer resistance to therapies ......cccocceeeeecieeeecciee e, 73
4.2.4.1. Adipocytes increase cell-cell contact and cell-matrix adherence ........ccccceeeeunnnneeen. 74

4.2.4.2. Adipocytes promote cancer resistance via soluble factors.........ccccoceeeeciiieeiiineenins 74

o T 0 o =T 1 VA=Y o ot [ T =T S 75
4.2.5.1. Hypoxia, angiogenesis and remodeling of ECM ...........coooiiiiiriiieiiniiee e 75

4.2.5.2. Dysregulation of adipoCytoKiNesS .........cccueiiiiiiiiiiiiiie e 75

4.2.5.3. Adipocyte death, recruitment of macrophages and chronic inflammation............. 76

4.3. Adipocytes and NK cells: the fat and the Killer............ocoveiiiiii e 78
4.3.1. NK cells are in close contact wWith adipoCytes........ccceviiiiiiiiiiieciieee e, 78
4.3.1.1. Anatomical localization of NK cells related to adipose tiSSUes ..........cccccvveeeecrieeennnns 78

4.3.1.2. Secretion of chemoattractants for NK cells.........ccccooieriiiiniiiniiiniieeeieeeeee, 78

4.3.2. NK cells are regulated by adipoCytoKings........ccccvieiiiiiiiiiiiiiieccee e 79

T T 0t I =T o 1 o (O PP TP PPTT SRR 79

L0 T o 11 o] 1 =Y u |  FO P PPPRPP 80

B.3.2.3. L6 e ettt b e bbbt bbb e e nnees 81

T N ] 2 C PP USSPV U PP PROPPRPR 81

4.3.2.5. TNF-0, PGE2 @nd IL-10....uuviiiiiiiiie ettt ettt e st e e e see e s itee e s sneee e 82

4.3.3. NK cells are dysregulated in 0besSity.......ccuuevieiiii i 82

ATIMS OF THE STUDY ..ttt ettt ettt ettt e e e e ettt e e e e e e e b et e e e e e e s s nbb et e e e e e e s nnsneeeeeeteeeeesanneneeeas 84
RESULTS -ttt ettt e b e bt s bt sh e sa et st e et st e e et e et e et e e s e e nbeesbeenheenneenneenaee 85
Part | e e s 86
Adipocytes inhibit trastuzumab-mediated ADCC via induction of GDF15........cccccceevviviveeeeeeeennnneee, 86
2= T O | OO PP PR OPPRPP 120
Identification of the adipocyte-derived inhibitory factors.......ccccceveeeiiiiicciiee e, 120
DISCUSSION ...ttt ettt ettt e b b e b e s b e s b e e s ae e s ae e sme e s be e s aeesaneeene e b e enneenneenneens 138
CONCLUSION AND PERSPECTIVES ... e e s 149
REFERENGCES ..ottt ettt bttt ettt e ettt e e e et e et et e e e e e e e e e e e e e e eeaeaeaee sbbssnsasnanennnnnane 150
ANNEX <ttt h e sh e bt e s b e sh e e a e e s a et e a et e a et Rt et e et e e bt e bt e bt e ebe e e bttt eate et e et e eaneenneea 186



LIST OF FIGURES

Figure 1. Anatomy of the female Breast..........cocovieiiieniiiiniic e 15
Figure 2. HER2 signaling pathiway .........ccociieiiiieiiieeiie et 19
Figure 3. Structure of an antibody ...........ccoiiiiiiiiiiiiiie e 23
Figure 4. Evolution of monoclonal antibody Structure .............cccceeeeierennenicnienenicnecienene 24
Figure 5. The family of FcR for IgG in mouse and human..........cc..coceoeiiiniiniininicnnncnn. 28
Figure 6. Signaling pathways of activating FCR ............cccoiiiiiiiniiiieeeeee e, 29
Figure 7. Proposed mechanisms of action of MADS..........ccciviiiiiiiiiieieeceeeeeeeeee 30
Figure 8. Distribution of adipose tissue in humans ............cccoocvevieviinieninnenieneeeeeese e 36
Figure 9. White and brown adipocytes from the neck of a 24-year-old woman...................... 37
Figure 10. Components 0f adipoSe tISSUE.......cccuieruieriieriieiiieiieeie et eeeereesereeree e ereeseneeneeas 40
Figure 11. Overview of stages in adipocyte differentiation .............ccoeeeeevueeriieniencieenieenneennen. 41
Figure 12. Lipid metabolisSm in @dipOCYLES .....cuuieeiuiieeiiieeiieeeieeeette et e e e eiveeeieeeereeeeree e 43
Figure 13. Recognition of tumor cells by NK Cells.........cocviiiiiiieiiiieiieeiee e 54
Figure 14. Visualization of NK immunological synapse (NKIS) ........ccccoceerciiiiiiniiienienieeen. 56
Figure 15. Tumor cell killing by cytotoxic granules and death receptors..........cccceevververiennnee 59
Figure 16. Cancer-associated adipocytes at the invasive front of breast tumors ..................... 67
Figure 17. Adipocytes and preadipocytes promote tumor growth ............cceeeveeecieeeiiieencneeens 71
Figure 18. Phenotypic modulations of adipose tiSSue in ObeSIty .........ccceevuerverieerienieneenieninene 77

Figure 19. Adipocyte/preadipocyte-mediated increase in resistance of cancer cells to ADCC



LIST OF TABLES

Table 1. RiSK fACtOrS fOr DICAST CANCET ... .. aeeeeeeees 16

Table II. Correspondence between classical IHC markers and molecular classification of

DICAST TUITIOTS ...ttt ettt et ettt e bt e e et e e bt e sab e e bt e eabeebeesabeebeeenneennee 20
Table III. Therapeutic monoclonal antibodies approved in the treatment of cancer................ 25
Table IV. Human IgG receptor eXpression Pattern ..........ceveeveerieerieerieeniiesieeieesie e seee e 28
Table V. Adipocytokines secreted by white adipOSe tiISSUE .......eevvieeriieerieeeieeeieeeiee e 44
Table VI. WHO classification of overweight and obesity ...........cccceevieeviienieeiiienieiieeieeeieens 47
Table VII. Relative risk of cancer incidence and mortality in association with obesity.......... 65



LIST OF ABBREVIATIONS

5-FU
AC
ACS
ADASSs
ADCC
ADCP
AdipoR
ADM
ADP
ALL
AMP
AMPK
Ang-1
ANGPTL
APC
AR
ASCs
ATDCs
ATP
ATSCs

BAT

Bid

BMI
BM-MSCs
BMP

C/EBPa
CCL

CD

CDC
CDRs
ChemR23
CLL
COX
cSMAC
CTLA-4
CXC3R1
CXCL
CXCR

5-FluoroUracil

Adenylate Cyclase

Acyl-CoA Synthase

Adipose-Derived Adult Stromal/adipose-derived adult Stem cells
Antibody-Dependent Cellular Cytotoxicity
Antibody-Dependent Cellular Phagocytosis
Adiponectin Receptors

ADrenoMedullin

Adenosine DiPhosphate

Acute Lymphoblastic Leukemia

Adenosine MonoPhosphate

5" Adenosine MonoPhosphate-activated protein Kinase
Angiopoietin-1

Angiopoietin-like protein

Antigen-Presenting Cells

Adrenergic Receptor

Adipose tissue-derived Stem Cells

Adipose Tissue-Derived Cells

Adenosine TriPhosphate

Adipose Tissue-derived Stromal Cells

Brown Adipose Tissue

BH3 interacting-domain death agonist
Body Mass Index

Bone Marrow Mesenchymal Stem Cells
Bone Morphogenetic Protein

CCAAT/Enhancer Binding Protein a
CC-chemokine Ligand

Cluster of Differentiation
Complement-Dependent Cytotoxicity
Complementarity-Determining Regions
Chemerin Receptor

Chronic Lymphocytic Leukemia
CycloOXygenase

central SupraMolecular Activation Cluster
Cytotoxic T Lymphocyte Antigen 4
CXC chemokine Receptor 1
CXC-chemokine Ligand

chemokine (C-X-C motif) Receptor



DISC

EGFR
EGRI
EMT
ERK
ER

Fab
FABP
FADD
FAP
FasL
FASN
FAT
FATP
Fc
FcR
FDA
FF
FFA
FGF-2
FHL
FITC
FSP1

GDF15
Glut
GM-CSF

HER2
HGF
HIF-1a
HLA
HSL
hMADS
HMGB-1

IARC
ICAM-1
IF

IFN
IGF-1
IGF-IR
IL

Death Inducing Signaling Complex

Epidermal Growth Factor Receptor
Early Growth Response protein 1
Epithelial-to-Mechenchymal Transition
Extracellular-signal-Regulated Kinases
Estrogen Receptor

Fragment antigen binding
Fatty Acid Binding Protein
Fas Associated Death Domain
Fibroblast Activation Protein
Fas Ligand

Fatty Acid SyNthase

Fatty Acid Translocase

Fatty Acid Transport Protein
Fragment crystallizable

Fc Receptors

Food and Drug Administration
Phenylalanine-Phenylalanine
Free Fatty Acid

Fibroblast Growth Factor 2
Familial Haemophagocytic Lymphohistiocytosis
Fluorescein IsoThioCyanate
Fibroblast-Specific Protein 1

Growth Differentiation Factor 15
Glucose transporter
Granulocyte-Macrophage Colony-Stimulating Factor

Human Epidermal growth factor Receptor 2
Hepatocyte Growth Factor

Hypoxia Induced Factor 1 a

Human Leucocyte Antigen
Hormone-Sensitive Lipase

human Multipotent Adipose-Derived Stem
High-Mobility Group Box 1 protein

International Agency for Research on Cancer
InterCellular Adhesion Molecule 1

Invasive Front

InterFeroN

Insulin-like Growth Factor I

Insulin-like Growth Factor I Receptor
InterLeukin



IP-10
IR
ITAMs
ITIMs

KIR

LPA
LPL

mADbs
MAC
MAPK
MCP-1
MDSCs
MEF
MEK
MHC
MICA/MICB
MMP
MSCs
MTOC
mTOR
MUC4

NA
NAMPT
NCRs
NF-«xB
NK
NKIS
NKLAM
NKT
NPI

ObR

PAF
PAI-1
PCNA
PDGFR
PGE2
PI3K
PKA
PLAs

Interferon-gamma inducible Protein 10

Insulin Receptor

Immunoreceptor Tyrosine-based Activating Motifs
Immunoreceptor Tyrosine-based Inhibitory Motifs

Killer cell Immunoglobulin-like Receptors

LysoPhosphatidic Acid
LipoProtein Lipase

monoclonal Antibodies

Membrane Attack Complex
Mitogen-Activated Protein Kinases
Macrophage and monocyte Chemoattractant Protein 1
Myeloid-Derived Suppressor Cells
Mouse Embryonic Fibroblasts

Mitogen Extracellular signal Kinase
Major Histocompatibilty Complex

MHC class I Chain-related sequence A/B
Matrix MetalloProteinases

Multipotent mesenchymal Stem Cells
MicroTubule Organizing Center
mammalian Target Of Rapamycin
glycoprotein MUCin 4

Not Approved

NicotinAMide PhosphoribosylTransferase

Natural Cytotoxicity Receptors

Nuclear Factor kappa-light-chain-enhancer of activated B cells
Natural Killer

NK cell Immunological Synapses

NK Lytic-Associated Molecule

Natural Killer T

Nottingham Prognostic Index

leptin Receptor

Platelet-Activating Factor

Plasminogen Activator Inhibitor 1
Proliferating Cell Nuclear Antigen
Platelet Derived Growth Factor Receptor
ProstaGlandin E2

Phospholnositide 3 Kinase

Protein Kinase A

Processed LipoAspirate cells



PPARy
PR
PRDM16
Pref-1
pSMAC
PTEN

RBP-4
ROS

S1P
SERPINS
siRNA
SMAC
SMIC
SNARE
SOS

Syk

TG
TGF
TIMP-1
TNF-a
TNM
TRAIL
Tregs

UCP1
ULBP

VEGF
VEGFR
VF
VLDL
\'A%

WAT
WHO

YAT

o-SMA

Peroxisome Proliferator-Activated Receptor y
Progesterone Receptor

PRDI1-BF1-RIZ1 homologous DoMain containing 16
Preadipocyte factor 1

peripheral SupraMolecular Activation Cluster
Phosphatase and TENsin homolog

Retinol Binding Protein 4
Reactive Oxygen Species

Spingosine-1-Phosphate

SERine Proteinase INhibitors

small interfering RiboNucleic Acid

SupraMolecular Activation Cluster

SupraMolecular Inhibition Cluster

Soluble N-éthylmaleimide-sensitive-factor Attachment protein REceptor
Son Of Sevenless

Spleen tyrosine kinase

TriGlyceride

Transforming Growth Factor

Tissue Inhibitor of MetalloProteinase-1

Tumor Necrosis Factor alpha

Tumor Node Metastasis

TNF and TNF-related Apoptosis Inducing Ligand
regulatory T cells

UnCoupling Protein-1
UL16-Binding Protein

Vascular Endothelial Growth Factor

Vascular Endothelial Growth Factor Receptor
Valine-Phenylalanine

Very Low Density Lipoprotein

Valine-Valine

White Adipose Tissue
World Health Organization

Yellow Adipose Tissue

alpha-Smooth Muscle Actin

10



PUBLICATIONS AND
COMMUNICATIONS

Publications

1. Adipocytes inhibit trastuzumab-mediated ADCC via induction of GDF15.

Minh Ngoc Duong, Aurore Cleret, Eva-Laure Matera, Kamel Chettab, Doriane
Poloni, Sandrine Valsesia-Wittmann, Béatrice Clémenceau, Charles Dumontet.
(Manuscript in preparation)

2. Preclinical activity of the type II CD20 antibody GA101 (obinutuzumab)
compared with rituximab and ofatumumab in vitro and in xenograft models.
Herter S, Herting F, Mundigl O, Waldhauer I, Weinzierl T, Fauti T, Muth G, Ziegler-
Landesberger D, Van Puijenbroek E, Lang S, Duong MN, Reslan L, Gerdes CA,
Friess T, Baer U, Burtscher H, Weidner M, Dumontet C, Umana P, Niederfellner G,
Bacac M, Klein C.

Mol Cancer Ther. 2013 Oct;12(10):2031-42.

Communications

1. Adipocytes inhibit trastuzumab-mediated ADCC via induction of GDF15.
Minh Ngoc Duong, Aurore Cleret, Eva-Laure Matera, Kamel Chettab, Doriane
Poloni, Sandrine Valsesia-Wittmann, Béatrice Clémenceau, Charles Dumontet (to be
presented in the AACR annual meeting 2014, San Diego, California, USA. April 5-9,
2014).

2. Interference of fat tissue with NK cell-mediated antitumor immunity: towards a
mechanism of tumor resistance
Minh Ngoc Duong, Aurore Cleret, Eva-Laure Peiller, Charles Dumontet. 1%
International Symposium of Cancer Research Center of Lyon, France. February 13-15,
2013.

3. Interference of fat tissue with NK cell-mediated antitumor immunity: towards a
mechanism of tumor resistance
MN.Duong, A.Cleret, EL.Peiller, C.Dumontet. 2" Scientific Day of the Cancer
Research Center of Lyon, France. October 3, 2012.

4. Interference of fat tissue with NK cell-mediated antitumor immunity: towards a
mechanism of tumor resistance
MN.Duong, A.Cleret, C.Dumontet. 7" cancer scientific forum of the Cancéropole
CLARA, Lyon, France. March 20-21, 2012.

11



PREFACE

Breast cancer is the most frequent cancer in women and the leading cause of cancer-
related mortality. The Human Epidermal growth factor Receptor 2 (HER2) is over-expressed
in 15-20% of breast cancer and is a target for therapies. Trastuzumab is a humanized
monoclonal antibody targeting HER2 and has been approved in the treatment of HER2-
overexpressing breast cancer. The antitumor effects of trastuzumab are mainly mediated via
the recruitment of immune effector cells which provoke the lysis of target tumor cells.
Although trastuzumab has shown remarkable efficacy, resistance often occurs. Different
mechanisms of resistance to trastuzumab have been proposed. However, they are mainly
related to the alterations of the tumor cells and do not take into account the role of the tumor

microenvironement.

On the other hand, adipocytes constitute the major component of the breast. Besides the
obvious evidence linking obesity and cancer, raising data have indicated an important role of
adipocytes in promoting tumor growth and tumor progression. Some studies also suggested
that adipocytes may increase cancer resistance to chemotherapy and radiotherapy.
Nevertheless, the involvement of adipocytes in cancer resistance to targeted therapy using
monoclonal antibody is poorly known. Therefore, studies on the roles of adipocytes in cancer
resistance to trastuzumab-mediated ADCC as well as the crosstalk between adipocytes and
cancer cells would provide better understanding on the importance of adipocytes in the tumor

microenvironment.

In the introduction of this thesis, I will present an overview of breast cancer and
trastuzumab in the treatment of HER2-overexpressing breast cancer. The following parts will
focus on the interplay between breast cancer cells, immune natural killer cells, and

adipocytes. Obesity will be also evoked in relation with cancer risk and development.

In the section of results, I will present our work during my PhD study which consists of
two parts. The first one demonstrates the roles of adipocytes in the inhibition of trastuzumab-
mediated ADCC in cancer cells. In the second part, we will focus on the identification of the

adipocyte-derived factors that could increase cancer resistance to ADCC.
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In the final section, discussion and perspectives, I will summarize our work and discuss
in details about the objectives for future studies. Overall, our results contribute to the current
knowledge about adipocytes and cancer, and suggest that adipocytes could be a good target in

cancer treatment.
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INTRODUCTION
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1. Breast cancer: an overview

1.1. Definition

Breast cancer is a type of cancer originating from the breast. Breasts are mainly made
up of lobules (milk-producing glands), ducts (milk-draining tubes from lobules to the nipple),
and stroma (adipose tissue, nerves, blood and lymph vessels) (Figure 1). Breast cancer starts
most commonly in the ducts (ductal carcinoma) or the lobules (lobular carcinoma). The main

sites of metastasis of breast cancer are bone, brain, liver and lung.

Anatomy of the Female Breast
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Figure 1. Anatomy of the female breast

The breast is composed of glandular structures (lobules and ducts) that are totally embedded in the stroma.

1.2. Incidence and mortality

While breast cancer is rare in men (approximately 1 out of every 150 breast cancers'), it
is the most frequent cancer in women”. According to the data of the International Agency for
Research on Cancer (IARC) in 2008, breast cancer accounts for 23% of newly diagnosed
cancers in women in the world”. The incidence rates vary from less than 40 cases per 100,000
women in developing regions to greater than 80 cases per 100,000 women in developed

regions.

15



The range of mortality of breast cancer is between 6 and 19 per 100,000 women?,

depending on the country. Breast cancer accounts for 13.7% of cancer deaths in women

worldwide. As a result, it remains the most frequent cause of cancer death in women.

1.3. Risk factors

Different factors can increase the risks developing breast cancer (Table I). It is worth

noting that besides non-modifiable factors such as gender, age and genetic predisposition,

many other factors are related to lifestyle, such as alcohol, weight/obesity, and lack of

physical activity.

Table 1. Risk factors for breast cancer (Breast cancer Facts & Figures 2011-2012)

Relative

Risk
=4.0

21-4.0

1.1-2.0

Factor
= Age (B5+ vs. <B5 years, although risk increases
across all ages until age 80)
Biopsy-confirmed atypical hyperplasia
Certain inherited genetic mutations for breast
cancer (BRCA1 andfor BRCAZ)
Mammographically dense breasts
Personal history of breast cancer

L]

High endogenous estrogen or testosterane levels
High bone density {postmenapausal)

High-dose radiation to chest

Two first-degree relatives with breast cancer

# Alcohol consumption

Ashkenazi lewish heritage

Early menarche (<12 years)

Height (tall)

High socioeconomic status

Late age at first full-term pregnancy (=30 years)
» Late menopause (=55 years)

MNever breastfed a child

Mo full-term pregnancies

Obesity (postmenapausal)/adult weight gain
One first-degree relative with breast cancer
Personal history of endometrium, ovary,

or colon cancer

Recent and long-term use of menopausal hormone
therapy containing estrogen and progestin

* Recent oral contraceptive use

L]

*Relative risks compare the risk of disease between people with or without exposure to a given factor. Relative

risks higher 1.0 indicate higher risks in exposed people than non-exposed people.
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1.4. Classification of breast cancer

Breast cancer is a group of heterogeneous diseases that show substantial variation in
their molecular and clinical characteristics. As a consequence, a classification of breast cancer

is required to provide prognostic information and to aid in the choice of adapted therapies.

Breast cancer can be classified into different stages according to the size of the tumor,
lymph node involvement and metastasis status (the Tumor Node Metastasis, or TNM, staging
system). It can be also divided into histological grades, based on tubule formation, nuclear
pleomorphism and mitotic counts which reflect both the degree of differentiation and the
proliferative activity of breast tumors’. Histological grade combines with the tumor size and
the number of involved lymph nodes forming the Nottingham Prognostic Index (NPI), which
provides complementary information for clinical outcome®’. In 2003, the World Health
Organization (WHO) classified breast cancer into 20 different histological subtypesg.
However, the use of histological types has been limited, due to the lack of standardized

criteria for their diagnosis and low inter-observer reproducibility’.

1.4.1. Molecular biomarkers of breast cancer

In addition to histopathological assessment, standard evaluation of breast cancer for
clinical purposes involves immunohistochemistry characterization of molecular biomarkers,
notably estrogen receptor alpha (ERa), progesterone receptor (PR) and human epidermal
growth factor receptor 2 (HER2)'. This evaluation allows classification of breast cancers into
three principal phenotypes: ERa-positive, ERa-negative/HER2-positive, and ERa-
negative/HER2-negative (predominantly PR-negative, or triple-negative). These biomarkers

are of particular importance for prognosis and adaption of systemic treatment.

1.4.1.1. Estrogen receptor alpha (ERa)

Estrogen plays a crucial role not only in the morphogenesis of mammary glands but also
in the promotion of growth in many hormone-dependent breast cancers''. It is synthesized
mainly in the ovary of premenopausal women and in the adipose tissues of postmenopausal
women'. Estrogen action is primarily mediated through two receptors: estrogen receptor
alpha (ERa) and estrogen receptor beta (ERB)''. The oncogenic effect of estrogen is mediated
by ERa via regulating expression of target genes involved in cell proliferation, cell survival
and angiogenesis">. However, estrogen does not promote tumor metastasis in general, and

ERa-positive breast cancers patients often have better prognosis than do ERa-negative breast
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cancer patients'*. ERa is expressed in about 75% of breast cancer patients, which underlines

its importance as a biomarker in breast cancer.

1.4.1.2. Progesterone receptor (PR)

Progesterone receptor (PR) is an estrogen-regulated gene and its expression is
dependent on ERa activity'’. Like ER, PR is a steroid nuclear receptor which regulates
expression of genes related to cell adhesion, cell growth, apoptosis, steroid and fatty acid
metabolism'®. PR is expressed in more than 50% of ERa-positive tumors'’. Tumors with PR
positive and ERo negative are uncommon and represent 1-3% of all breast cancers'"'®. In
ERa positive patients, absence of PR is associated with more proliferative and aggressive

. 17-20
tumors, poorer prognosis and recurrence

. Interestingly, PR status has been reported to be
a predictive factor for benefit from adjuvant endocrine therapy independently of ER status®'.
However, in some studies, no association between PR expression and adjuvant therapy was
observed”*®. Although the predictive value of PR has been recently questioned®*, PR is still

- - - - 25-27
an interesting biomarker used in breast cancer™ .

1.4.1.3. Human epidermal growth factor receptor 2 (HER2)

HER2, also named ERBB2, belongs to the epidermal growth factor receptor (EGFR)
which comprises 4 members (HER1/EGFR, HER2, HER3 and HER4). HER2 is localized at
the plasma membrane and has a tyrosine kinase activity. Although the ligand of HER2
remains unknown, HER2 activity is mediated through dimerization with other members of the
EGFR family, phosphorylation and activation of downstream pathways such as mitogen-
activated protein kinases (MAPK), phosphoinositide 3 kinase (PI3K)/Akt, resulting in cell
proliferation, cell survival, invasion and angiogenesis™ (figure 2). HER2 was found to be

. 2
overexpressed in 15-20% of breast cancers® ="

, and approximately 30% of HER2-positive
cancers display ERa expression’'. HER2 overexpression is correlated with poor prognosis in

. 32
breast cancer patients™.
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Figure 2. HER2 signaling pathway (Hudis, 2007)

HER?2 possesses tyrosine kinase domains like HER1 and HER4. Upon activation, HER2 undergoes dimerization
with other members of the EGFR family (HERI1-4) and activates downstream pathways. The activated
phophoinositide 3-kinase (PI3-K) phosphorylates the enzyme Akt, leading to cell survival. In parallel, the
mammalian homologue of the son of sevenless (SOS) subsequently activates, RAS, RAF, mitogen extracellular
signal kinase (MEK), and the mitogen-activated protein kinase (MAPK). MAPK promotes cell proliferation and
production of vascular endothelial growth factor (VEGF) supporting angiogenesis.

1.4.1.4. Other biomarkers

Other biomarkers, even if they are not yet routinely evaluated, can be biologically
informative and clinically useful. Ki67 is a biomarker of cell proliferation™. Given that cell
proliferation is a hallmark of cancer’® and proliferation influences the efficacy of therapy™,
high levels of Ki67 are associated with poor prognosis in breast cancer'™’. However, the
prognostic significance of Ki67 is modest’’. Efforts have been made to standardize Ki67
measurement, Ki67 scoring and result interpretation®®*’. Other emerging biomarkers, such as
cyclin D1, cyclin E, ERp, circulating tumor cells, mucin-like carcinoma associated antigen,
and cancer antigens are potentially related to breast cancer prognosis'®. However, due to the

lack of evidence and reproducibility, further investigations are required.

19



1.4.2. Molecular classification of breast cancer

In 2000, using high throughput DNA microarray, Perou et al. characterized gene
expression variation in human breast tumors. They identified at least four groups of breast
cancer based on their relative unique molecular profiles: ER+/luminal-like, basal-like, HER2+
and normal breast-like tumors*. The luminal subtype was later divided by Sorlie ez al. into
two subgroups, luminal A and luminal B subtypes*'**. These studies also correlated each of
these molecular breast cancer subtypes with distinct clinical outcome: worst for HER2+ and
basal, best for luminal A, and intermediate for luminal B subtypes. This classification by
Perou and Sorlie was further validated independently by Sotiriou’s group®. Recent studies
discovered a new molecular subtype, referred to as the “claudin-low” subtype****. This latter
is characterized by the low expression of genes involved in tight junctions and cell-cell
adhesion, including claudins 3, 4, 7, occludin, and E-cadherin. “Claudin-low” tumors are
triple negative (ER-/PR-/HER2-) but enriched for epithelial-to-mechenchymal transition
(EMT) markers and immune response genes. They also display cancer stem cell-like features.
Clinically, “claudin-low” tumors present intermediate prognosis between basal and luminal
subtypes. Thus, molecular classification of breast cancer provides high clinical relevance for
prognosis. However, due to high cost and the lack of standardization, it is not fully applicable
to clinical practice. Several studies using immunohistochemistry tissue microarray have
reproduced a similar (not identical) molecular taxonomy of breast cancer'®™*. Notably,
classification of breast cancer using relevant IHC markers (ERa, PR, HER2 and Ki67)
identified subgroups that are comparable to subtypes classified by molecular gene expression

described by Perou and Sorlie®”%! (Table II).

Table II. Correspondence between classical IHC markers and molecular classification of
breast tumors (from Spitale ez al., 2009)

Basal-like/
Luminal A Luminal B HER2+
triple negative
ER + + - -
PR +/- +/- - -
HER2 - + T i
Ki67 low intermediate high high
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1.5. Breast cancer treatment

Depending on the type of breast cancer and its extension, as well as the patient’s

preferences, breast cancer can be treated with different methods.

1.5.1. Surgery

Most women with breast cancer undergo surgery to remove the tumor and to
check/remove the axillary lymph nodes. There are two main types of surgery: breast-
conserving surgery (only a part of the affected breast is removed) or mastectomy (the entire

breast is removed, sometimes along with other nearby tissues).

1.5.2. Radiation therapy

Radiation therapy is local treatment using high-energy X rays or particles that destroy
cancer cells. It is often given after breast-conserving surgery or in patients with a cancer
larger than 4 cm, or to sterilize adjacent lymph nodes. Radiation is also used to treat cancer
that has spread to other areas, such as bone or brain. There are two types of radiation therapy:
external beam radiation using a machine outside the body on the area affected by the cancer;
and brachytherapy or internal radiation, using radioactive seeds or pellets placed into the

breast tissue next to the cancer.

1.5.3. Chemotherapy

Chemotherapy is systemic treatment using anti-cancer drugs that are given
intravenously or orally. Chemotherapy is given in cycles, either after surgery (adjuvant
chemotherapy) to kill undetected cancer cells, or before surgery (neoadjuvant chemotherapy)
to shrink large cancers to facilitate the removal. Chemotherapy is also used for patients with
advanced breast cancer that has spread outside the breast and nearby lymph nodes. Some of
the most commonly used drugs are: cyclophosphamide, 5-fluorouracil, doxorubicin, paclitaxel
and docetaxel. In most cases, combinations of more than one drug are used, alone or with

targeted therapy.

1.5.4. Hormone therapy

Estrogen promotes the growth of 70-80% of breast cancer. Hormone therapy is another
form of systemic therapy, which targets estrogen synthesis or signaling in patients with ER+

and/or PR+ breast cancers. Hormone therapy is often given as adjuvant to reduce the risk of
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cancer recurrence. There are different types of drugs; each one mediates its proper effect on

the ER pathway. These include:

- Tamoxifen: this drug blocks the ER by preventing estrogen binding. Tamoxifen is
used for both premenopausal and postmenopausal women.

- Aromatase inhibitors: these drugs, including letrozole, anastrozole, and exemestane,
inhibit estrogen production by aromatases in various tissues in postmenopausal women. They
cannot be used in premenopausal women whose estrogen is mainly produced by the ovaries.

- Fulvestrant: this drug reduces ER expression. It is often used in advanced breast

cancer patients who no longer respond to tamoxifen treatment.

1.5.5. Targeted therapy

Targeted therapies are agents, either monoclonal antibodies or small molecule tyrosine
kinase inhibitors, which specifically inhibit targeted molecules that are expressed in tumor
cells or required for tumor cell survival or proliferation. Targeted therapy is expected to be
more effective than current treatments and have fewer side effects. The choice of drugs

depends on the target molecules:

- HER2: HER2 is amplified in 15-20% of breast cancer and its overexpression is
associated with bad prognosis. Monoclonal antibodies, such as trastuzumab or pertuzumab,
target HER2 on tumor cells, blocking cell proliferation and leading to cell death. Monoclonal
antibodies will be presented in greater detail in a later chapter. Lapatinib (Tyverb™), a
tyrosine kinase inhibitor, also targets HER2 protein. Lapatinib was approved by the U.S. Food
and Drug Administration (FDA) in 2007 for treatment of HER2+ cancers with combination
therapy’~. Lapatinib inhibits tumor cell growth by reducing HER2 downstream signaling™.

- Mammalian target of rapamycin (mTOR): this protein normally promotes cell growth
and division. Everolimus, recently approved in 2012 for advanced ER+/PR+/HER2- breast

cancers in postmenopausal women, inhibits tumor cell growth by blocking mTOR.
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2. Trastuzumab: a magic bullet for HER2-

overexpressing breast cancers

The concept of a “magic bullet” to selectively target tumors was first proposed by Paul
Ehrlich at the beginning of the 20" century™’. He postulated the existence of specific receptors
that bind antigens and hypothesized that these receptors are either associated with cells or
distributed more abundantly in the blood stream in response to antigen interaction. This
concept constitutes the basis of the use of monoclonal antibodies (mAbs), which possess
specific binding affinity to the targeted antigens. In 1975, using hybridomas (cells resulted
from fusion between myeloma cells and murine B cells), Kohler and Milstein produced the
first mAbs>. Since then, advances in antibody engineering technology have allowed the

construction of various antibodies targeting different antigens, with diverse functions.

2.1. Structure of monoclonal antibodies

An antibody is a Y-shape protein belonging to the immunoglobulin superfamily, with a
total mass about 150 kDa for most subtypes (figure 3). It contains two heavy chains and two
light chains, linked to each other by disulfide bonds. Antibodies are grouped into five classes
or isotypes based on their heavy chain regions: IgA, IgD, IgE, IgG, and IgM. Among these
five classes, IgG is the most stable and abundant in human serum’®, and the most frequently
used in cancer immunotherapy’’. Antibody binds to its target via the Fab (fragment antigen
binding) region, which contains three complementarity-determining regions (CDRs). CDRs
recognize a portion (epitope) of the antigen and are therefore responsible for the specificity of
the antibody towards its antigen. Antibodies mediate their immune effector functions via the

Fc (fragment crystallizable) region.
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Monoclonal antibodies are antibodies that are specific for the same epitope. Originally,
mAbs are made by identical immune cells (clones) that are derived from a unique parent cell.
Early studies showed that murine mAbs were immunogenic in humans, had short serum half-
life, and lacked abilities to induce human immune effector responses, thereby limiting their
clinical applicability™®. Later advances in genetic engineering have overcome these problems,
giving rise to the development of chimeric, humanized, and fully human mAbs> (figure 4).
Chimeric mAbs (suffix -ximab) are composed of mouse variable domains and human constant
domains. Humanized mAbs (suffix -zumab) are constructed with only CDRs derived from
mice and the remaining regions from humans. Fully human mAbs (suffix -mumab) contain

no murine sequences.

Mouse hybridoma " In vitro antibody libraries
Transgenic mouse
H L
Mouse Chimeric Humanized Human
high low
immunogenicity e — immunogenicity

Figure 4. Evolution of monoclonal antibody structure (modified from Brekke and
Sandlie, 2003)

Mouse hybridoma technology generates mouse monoclonal antibodies. Cloning of mouse variable genes into
human constant-region genes generates chimeric antibodies. Humanized antibodies are generated by the
insertion of mouse complementarity-determining regions (CDRs) onto human constant and variable domain
frameworks. Fully human antibodies can be generated by the selection of human antibody fragments from in
vitro libraries, by transgenic mice, and through selection from human hybridomas. Immunogenicity of mAbs

decreases from mouse, chimeric to humanized and fully human antibodies.
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There are presently more than 30 mAbs approved for the treatments of various diseases,

including cancer, autoimmune diseases, viral infections, and graft rejection. We will focus

here on the use of mAbs for cancer treatment (table III).

Table III. Therapeutic monoclonal antibodies approved in the treatment of cancer.

Note: Information current as of 10 March, 2013

International illgldny
. Indication first (US)
non-proprietary Trade name Type
approved approval
name
year
Rituximab MabThera, |\ i cD20; Chimeric gG1  |Nor-Hodskin's )y 998 (1997
Rituxan lymphoma
Trastuzumab Herceptin Anti-HER2; Humanized IgG1 |[Breast cancer 2000 (1998)
MabCampath, . ] . Chronic myeloid
Alemtuzumab Campath-1H Anti-CD52; Humanized IgGl leukemia 2001 (2001)
Tositumomab- Bexxar Anti-CD20; Murine 1gG2a Non-Hodgkin NA (2003)
1131 lymphoma
Cetuximab Erbitux Anti-EGFR; Chimeric 1gG1 Colorectal cancer {|2004 (2004)
lbritumomab )7 0 ;) Anti-CD20; Murine IgG1 ~ [Non-Hodgkin's )50, 0602
tiuxetan lymphoma
Bevacizumab Avastin Anti-VEGF; Humanized IgG1 ||Colorectal cancer {[2005 (2004)
Panitumumab Vectibix Anti-EGFR; Human IgG2 Colorectal cancer {2007 (2006)
Chronic
Ofatumumab Arzerra Anti-CD20; Human IgGl lymphocytic 2010 (2009)
leukemia
. . Metastatic
Ipilimumab Yervoy Anti-CTLA-4; Human IgG1 2011 (2011)
melanoma
Brenttpumab Adcetris Al’ltl-CD?)O;_ChlmeI'lC IgGl; ||Hodgkin 2012 (2011)
vedotin Immunoconjugate lymphoma
Pertuzumab Perjeta Anti-HER2; humanized IgG1 |[Breast Cancer 2013 (2012)
Trastuzumab Anti-HER2; humanized IgG1; In review
. Kadcyla . . Breast cancer
emtansine immunoconjugate (2013)

CD, cluster of differentiation; CTLA-4, cytotoxic T lymphocyte antigen 4; EGFR, epidermal growth factor
receptor; HER2, human epithelial growth factor receptor; NA, not approved; VEGF, vascular endothelial growth

factor.

Source: Janice M. Reichert, Editor-in-Chief, mAbs.
(http://www.antibodysociety.org/news/approved mabs.php)
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2.2. Mechanisms of action of mAbs

Different mechanisms have been proposed to explain the observed anti-cancer effects of
mAbs. These include direct actions of mAbs on tumor growth or tumor death and indirect
effects via recruitment of effectors from the immune system. Are listed here the main
mechanisms of tumor cell killing by mAbs: direct induction of programmed cell death
(apoptosis), complement-dependent cytotoxicity, antibody-dependent cellular cytotoxicity,

and antibody-dependent cellular phagocytosis.

2.2.1. Direct induction of apoptosis

Many cancers overexpress growth factors and their receptors, which act in an
autocrine/paracrine manner to promote tumor growth. In addition, many of these receptors,
including epidermal growth factor receptor (EGFR), vascular endothelial growth factor
receptor (VEGFR), and HER2, are associated with activation of survival pathways, such as
PI3K/Akt and MAPK pathways® 2. Thus, mAbs targeting these receptors can block their
interactions with the ligands, and/or disrupt their signaling pathways, which results in tumor
growth arrest and enhanced tumor susceptibility to conventional chemo- and
radiotherapeutics®®*. In addition, mAbs can directly induce apoptotic signaling via cross-

linking of the surface antigens or mimic ligands that mediate activation of death receptors®>
67

Direct apoptosis induction plays an important role in the mechanisms of action of
certain mAbs. The most relevant examples are cetuximab and panitumumab, mAbs targeting
EGFR and used in the treatment of colorectal cancer. Although EGFR protein is expressed in
approximately 85% of metastatic colorectal cancer, only a subset of patients benefit from
mAb treatment, either as monotherapy or in combination with chemotherapy. Several studies
have pointed out that mutation of K-RAS, a downstream effector of the EGFR signaling
pathway, was strongly associated with resistance to mAb treatment, as well as poor clinical

outcome®® 7’

2.2.2. Complement-dependent cytotoxicity

MADs can also mediate cell death via recruitment of complement factors in the serum, a
mechanism known as complement-dependent cytotoxicity (CDC). After recognizing targeted
antigens on the tumor cell surface via the Fab fragments, mAbs bind C1q factors via the Fc

fragments, which in turn recruits and activates other complement factors, resulting in

26



formation of the membrane attack complex (MAC)”'. MAC creates pores on the membrane of
target cells leading to cell death. It has been shown that CDC is important for the killing of

CD20+ B cells by rituximab both in vitro and in vivo'>".

2.2.3. Antibody-dependent cellular cytotoxicity

The Fc fragments of mAbs can be recognized by receptors expressed on immune cells,
thus allowing recruitment of these effector cells to target tumor cells. Effector cells can
directly induce target cell apoptosis via signal transduction of death receptors, or release
mediators such as perforin and granzyme that cause target cell lysis’*. Interestingly, this
mechanism, named antibody-dependent cellular cytotoxicity (ADCC), is induced at Mab
concentrations lower than those needed to activate CDC. Several in vitro and in vivo studies

have suggested that ADCC is the main mode of action of many mAbs against cancer cells’.

The effect of mAbs via ADCC underlines the importance of effector immune cells
bearing receptors for the Fc fragments (table IV). There are different classes of Fc receptors
(FcR), each corresponding to an antibody isotype: FcyR bind IgG, FcaR bind IgA, FceR bind
IgE, FcuR bind IgM and FcdR bind IgD’®. Since most anti-cancer mAbs belong to IgG
class’’, FcyR is the most relevant in mAb action. Different subclasses of FcyR have been
identified in humans: FcyRI (CD64), FcyRIl (CD32), and FcyRIII (CD16)78 (figure 5).
Among them, FcyRI has high affinity towards IgG Fc fragments, while other receptors
(FcyRIIA, FeyRIIB, FeyRIIC, FeyRIIIA and FeyRIIIB) possess low to medium affinity. Most
of these receptors are activating, with the exception of FcyRIIB, which is inhibitory. FcyRI
and FcyRIITA are associated with adaptor molecules containing the immunoreceptor tyrosine-
based activating motifs (ITAMs). Binding of mAbs to these activating receptors leads to FcR
cross-linking and activation of downstream pathways which results in ADCC response (figure
6). By contrast, FcyRIIB (CD32b) is an inhibitory receptor with immunoreceptor tyrosine-
based inhibitory motifs (ITIMs) in its cytoplasmic domain, and its activation is associated
with inhibition of effector cells and even apoptosis’. Engagement of both activating and
inhibiting FcRs was shown to be essential for in vivo activity of both trastuzumab and

. . . . .79
rituximab against tumors in mice’ .
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Table IV. Human IgG receptor expression pattern (modified from Bruhns, 2012)

FeyRI

FcyRIIA

FcyRIIB

FcyRIIC

FeyRIIA

FcyRINIB

B cells
Tcells
NK cells

Menocytes/imacrophages

MNeutrophils
DCs
Basophils
Mast cells
Eosinophils

+, expression; (+), inducible expression; +/-, very low percentages or rare subsets express the receptor; -, no

expression; and NA, not analyzed.

*In Fcgr2c-open reading frame persons.

tDetectable and functional expression in nonconventional Fcgr2e-Stop persons.
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Figure 5. The family of FcR for IgG in mouse and human (Nimmerjahn and Ravetch,

2008)

Mice and humans have one high-affinity receptor, FcyRI; all other receptors have low to medium affinity. Most

of the receptors are activating, and associated with adaptor molecules containing immunoreceptor tyrosine-based

activating motif (ITAM). The FcyRIIB is inhibitory and contains immunoreceptor tyrosine-based inhibitory

motif (ITIM).
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Figure 6. Signaling pathways of activating FcR (Nimmerjahn and Ravetch, 2008)

Crosslinking of activating FcR induces the phosphorylation of spleen tyrosine kinase (Syk) which in turn
activates phosphoinositide 3-kinase (PI3K) and son of sevenless homologue (SOS). The final result is activation

of effector cells, which mediate cytotoxic effects and secretion of cytokines.

Although FcRs are expressed in all cells of the innate immune system’**, ADCC is
mainly mediated by natural killer (NK) cells (CD16+) and neutrophils (CD64+). In vivo
studies have demonstrated that depletion of NK cells or neutrophils alone leaded to partial
loss of antitumor effect of rituximab in mice®'. Interestingly, NK cells express the activating
receptors FcyRIIIA (CDI16A), and to a lesser extent FcyRIIC (CD32C), but normally no
inhibitory receptor FcyRIIB’***®2. This data suggests that NK cells are by far the most
important effector cells in ADCC. The importance of CD16 and NK cells in ADCC has been
further demonstrated in humans, where the high-affinity [158(VF/VV)] but not the low-
affinity [158(FF)] CD16 polymorphism was associated with better clinical outcome in
patients having lymphoma or breast cancer and treated with rituximab or trastuzumab

respectively™ .

2.2.4. Antibody-dependent cellular phagocytosis

Another mechanism of action of mAbs involves phagocytosis of target tumor cells by
macrophages which express FcyRII (CD32). This mechanism, called antibody-dependent
cellular phagocytosis (ADCP), has been demonstrated in vitro®™*'. In vivo, macrophages were

shown to be the important effector cells for B cell-depletion by anti-CD20 mAbs™.

29



Furthermore, clinical studies have shown that polymorphisms of CD32 can predict outcome in

rituximab®, trastuzumab™ and cetuximab® therapy.

Altogether, mAbs allow specific killing of target tumor cell, either directly or via
recruitment of effectors from the immune system. Figure 7 summarizes the proposed
mechanisms of action of mAbs. Although each mAb displays different preferential modes of
action, the anti-tumor effect of mAbs in vivo is likely to result from all mechanisms. In
clinical practice, mAbs are often combined with other approaches, such as chemotherapy,
radiotherapy and immunomodulators®’. Also, different strategies have been developed to
optimize mAb structures and to enhance cytotoxicity, such as glycoengineering, bispecific

antibodies and drug-conjugated antibodies’'.
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Figure 7. Proposed mechanisms of action of mAbs (modified from Kasi ez al., 2012)

There are four main proposed mechanisms of action of mAbs. First, mAbs directly inhibit cell growth and induce
apoptosis. Second, mAbs recruit complement factors (Clq, C3a, C3b and C5a) in the serum to form a membrane
attack complex that leads to cell lysis (complement-dependent cytotoxicity or CDC). Third, mAbs recruit
immune effector cells that express activating FcR, notably natural killer (NK) cells (FcyRIII+), leading to cell
death by antibody-dependent cellular cytotoxicity (ADCC). Last but not least, mAbs facilitate antibody-
dependent cellular phagocytosis (ADCP) by macrophages which express all types of FcyR.
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2.3. HER2, a target for mAbs

HER2 was first shown in 1985 to be amplified in human mammary carcinoma’”. Later,
many other studies have shown that HER2/ERBB2 is overexpressed in 15-20% of breast
cancers and its overexpression is associated with poor prognosis. Aberrant HER2 activation
increased cell proliferation, resistance to apoptosis, angiogenesis and invasion®. It is
interesting to note that increased HER2 signaling is always due to its overexpression in
humans and not to mutations, contrary to its Neu homologue in rodents”. Moreover, it is also
worth noting that HER2 overexpression was found in both primary tumors and metastatic
sites of breast cancer’”, while its expression is absent or present at very low levels in normal

tissues, with the notable exception of heart tissue.

Importantly, several studies have demonstrated that HER2-overexpressing tumor cells
are dependent on HER2 for survival and progression. Inhibition of HER2 expression in these
cells by different approaches such as antisense oligonucleotides, HER2-targeted ribozymes, or

4 . . ..
997 and in vivo™®. In addition,

siRNA, led to inhibition of cell growth and apoptosis in vitro
HER2-induced transformed phenotype in fibroblasts could be reverted by expressing a kinase
domain-mutated HER2 that competes with HER2%. Similarly, intracellular expression of
antibodies targeting HER2 was shown to revert HER2-induced transformation or to induce

. . 100,101
apoptosis in HER2-overexpressing tumor cells .

Furthermore, using tetracycline-
inducible systems, many groups have proved that HER2 expression induced tumorigenesis in

mice, which could be reversed after HER2 withdrawal'®>1%.

Collectively, these data indicate that HER2 is specifically expressed in tumor cells, it
drives tumorigenesis, and HER2-overexpressing tumor cells are addicted to HER2 for their

growth and survival. Therefore, HER2 is a good target for therapeutic mAbs.

2.1. Trastuzumab, a mAb targeting HER2

Trastuzumab is a humanized IgG1 antibody that targets the juxtamembrane portion of
the extracellular domain of HER2”. In 1998, trastuzumab (Herceptin, Genetech) was
approved by the FDA for the treatment of HER2-positive metastatic breast cancer. As single

106-110

agent, trastuzumab displayed 11% to 26% overall response rates . When combined with

conventional agents, such as taxanes or vinorelbine, response rates ranged from 24% to
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70%'"""'3. Importantly, combination of trastuzumab with chemotherapy provided greater

clinical benefit than chemotherapy alone''*°.

2.1.1. Mechanisms of action of trastuzumab

Although trastuzumab is now widely used in treatment of HER2 positive breast cancer,

its mechanism of action is not fully understood.

2.1.1.1. Direct apoptosis

Trastuzumab is proposed to induce tumor cell apoptosis via blocking of HER2
dimerization and its signaling pathway, notably the survival PI3K/Akt downstream effectors.
Studies in breast and ovarian cancer cell lines treated with trastuzumab showed decrease in
Akt phosphorylation''"''®. Moreover, Nagata et al. demonstrated that the phosphatase PTEN
(phosphatase and tensin homolog) was rapidly recruited to the membrane and became
activated in cells treated with trastuzumab. Trastuzumab-mediated activation of PTEN led to
dephosphorylation and inactivation of HER2 downstream pathway, as well as inhibition of

cell growth''.

2.1.1.2. Antibody-dependent cellular cytotoxicity

Several studies have underlined the role of ADCC as the important mechanism of action
of trastuzumab. In vitro studies indicated that trastuzumab promoted NK-mediated killing of
various HER2-overexpressing breast cancer cell lines''?. In vivo, mice bearing BT474 tumor
demonstrated inhibition of tumor growth when treated with trastuzumab, and this anti-cancer
effect was significantly altered in mice lacking FcRs”. In humans, the therapeutic efficacy of
trastuzumab was shown to be correlated with CD16 polymorphism®, indicating the

importance of NK cells in trastuzumab action.

Intriguingly, in a recent study, using 7.16.4, an antibody against neu (homolog of HER2
in rodents) which competed with 4D5, the precursor of trastuzumab, Park et al. demonstrated
the involvement of adaptive immune cells in the action of anti-HER2/neu antibody'?". That
anti-HER2/neu antibody mediated inhibition of tumor growth in wild-type control mice, but
not in mice depleted for CD8+ T cells. These authors also showed that anti-HER2/neu
antibody treatment induced release of danger signals, such as HMGB1. They postulated that
HMGBI, as well as Fc-mediated tumor phagocytosis, might enhance cross-priming of

antigen-presenting cells (APC), which in turn induced CD8+ T cell cytotoxicity against tumor
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cells. However, the role of ADCC in the initiation of adaptive immune response remains

unclear and requires further investigations.

2.1.1.3. Inhibition of HER?2 shedding

Overexpressed HER2 can undergo proteolytic cleavage by matrix metalloproteinases
which releases the extracellular domain into the circulation and a p95-membrane bound
fragment'?'. Increase of p95SHER2 was associated with nodal metastasis of breast cancer'>""'**,
Trastuzumab treatment was shown to block HER2 shedding, which results in the decrease of
p95 fragments in breast cancer specimens'” in parallel with the decline of serum HER2

extracellular domain'>*'%.

2.1.1.4. Inhibition of angiogenesis

HER2 overexpression plays an important role in promoting angiogenesis' .
Trastuzumab treatment was shown to inhibit secretion of angiogenic factors, such as VEGF
(vascular-endothelial growth factor), TGF-a (transforming growth factor-a), Ang-1
(angiopoietin-1) and PAI-1 (plaminogen-activator inhibitor-1) in vitro as well as reduced
tumor blood vessels in vivo'?’. Interestingly, this anti-angiogenic effect of trastuzumab was

more enhanced when combined with paclitaxel'**.

2.1.2. Resistance to trastuzumab

Resistance is observed in most patients treated with trastuzumab. Resistance may exist
in cancer cells before exposure to trastuzumab (de novo resistance), or arise after exposure
(acquired resistance). Several hypotheses have been proposed to explain resistance to

trastuzumab.

2.1.2.1. PTEN deficiency

As mentioned above, PTEN is recruited to the cell membrane upon trastuzumab
exposure and it induces Akt inactivation. When PTEN is inactive or deficient, Akt remains
active and trastuzumab treatment becomes ineffective. Nagata et al. demonstrated that
reducing PTEN by antisense oligonucleotides conferred trastuzumab resistance both in vitro
and in vivo''®. Additionally, they showed that patients with PTEN-deficiency displayed poorer

responses to trastuzumab-based therapy than those with normal PTEN''®,
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2.1.2.2. Activation of alternative pathways

Insulin-like growth factor I receptor (IGF-IR) is a transmembrane tyrosine kinase
receptor whose signaling pathways are associated with cell proliferation and cell
survival'**!*. Breast cancer cells frequently express high levels of IGF-IR, and circulating
levels of IGF-I have been associated with increased breast cancer risk in women'"'*?,
Interestingly, several studies suggested that IGF-I was not produced by cancer cells but rather
by cells in the breast stroma'>*"*>. Lu ez al. demonstrated that IGF-I decreased trastuzumab-
mediated growth inhibition in breast cancer cells'*®. This result was further confirmed by
Nahta et al. who showed that IGF-IR formed heterodimers with HER2 in trastuzumab-
resistant cell lines?’. Additionally, inhibition of IGF-IR tyrosine kinase activity increased

sensitivity of resistant cells to trastuzumab'’’. These results indicate the involvement of IGF-

IR signaling pathway in the resistance of cancer cells to trastuzumab-induced apoptosis.

2.1.2.3. HER?2 downregulation

Whether trastuzumab treatment induces HER2 endocytosis and HER2 destruction in
cancer cells is not clear. While Valabrega et al. showed that trastuzumab down-regulated
HER? in breast cancer cell lines in vitro" 8, Austin et al. indicated that trastuzumab action did
not involve surface HER2 downregulation'*’. In line with this finding, Gennari ez al. showed
no down-modulation of HER2 in tumors of patients treated with neoadjuvant trastuzumab'*.
However, in this study, the tumor samples were removed and analyzed 7 days after the last
trastuzumab treatment, which did not exclude re-expression of HER2 by tumor cells.
Recently, Valabrega et al. observed HER2 down-regulation in trastuzumab-resistant cell lines
after chronic exposure to trastuzumab'*', suggesting that HER2 down-modulation may be

involved in trastuzumab resistance rather than trastuzumab action.

2.1.2.4. HER? shedding and HER2 masking

HER?2 shedding by breast cancer was shown to neutralize the binding and effect of anti-
HER?2 antibody'**. Moreover, an increase in serum levels of HER2 has been correlated with
resistance to trastuzumab and disease progression'®’. On the other hand, several studies
showed that the binding epitope of HER-2 for trastuzumab can be masked by the expression
of glycoprotein mucin-4 (MUC4) in breast cancer cells"**!'*. Over-expression of MUC4
decreased the binding of trastuzumab to its target, while knockdown of MUC4 increased
trastuzumab binding. Recently, upregulation of MUC4 was reported in breast cancer

xenografts with acquired resistance to trastuzumab and lapatinib'*.
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Collectively, many mechanisms can be involved in the resistance of breast cancer cells
to trastuzumab. However, these proposed mechanisms only implicated modifications of the
cancer cells themselves, but not the tumor microenvironment. The surrounding stromal cells
in the breast tumor microenvironment are permanently in interactions with cancer cells, which

may participate in the sensitivity or resistance of cancer cells to trastuzumab treatment.
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3. Adipose tissue: more than a fat storage

3.1. Types and distribution

Adipose tissue is one of the main components of the human body. Imaging methods,

including computed tomography, magnetic resonance imaging and ultrasound, have allowed

the quantification of adipose tissue'

reference man, 25-31% in a reference woman, and higher percentage in overweight people

7 The latter represents 18-25% of the body mass in a

148

Adipose tissue is distributed throughout the human body (figure 8) and its distribution pattern

is influenced by many factors such as sex, age, genotype, diet, physical activity level,

149
hormones and drugs
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Figure 8. Distribution of adipose tissue in humans (Cook and Cowan, 2009)

Adipose tissue is found in different depots throughout the human body. White adipose tissue is located in

subcutaneous regions (under the skin and abundantly in female breasts), and visceral regions (omentum,

mesenteric, pericardial, peritoneal, perirenal,

and intrapelvic depots). Brown adipose tissue is found in

paracervical and supraclavicular regions after cold exposure. Yellow adipose tissue occupies the bone marrow

cavities.
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Based on its biological functions, the adipose tissue can be classified into three main

types: white adipose tissue, brown adipose tissue and yellow adipose tissue.

3.1.1. White adipose tissue

White adipose tissue (WAT) is the main type of adipose tissue found in adult humans. It
is localized in subcutaneous regions (layer found under the dermis) and surrounding visceral
organs (omental, mesenteric, pericardial, peritoneal and intrapelvic depots)149. WAT contains
white adipocytes that are characterized by a large unilocular lipid droplet that occupies more
than 90% of the cytoplasm. WAT is both an energy storage depot and a paracrine/endocrine

source.

3.1.2. Brown adipose tissue

In contrast to WAT, brown adipose tissue (BAT) is composed of multiloculated
adipocytes enriched in mitochondria that confer the brown coloring. Particularly, brown
adipocytes are characterized by the expression of uncoupling protein-1 (UCP1, thermogenin)
that is absent in WAT (figure 9)'*°. UCP1 is a trans-membrane protein found in the
mitochondrial inner membrane. It allows the passage of protons from the inter-membrane
space to the mitochondrial matrix, leading to the decrease in proton gradient generated from
oxidative phosphorylation. Due to this uncoupling function of UCP1, BAT plays important
roles in thermogenesis'>’. BAT is found around the major organs (heart, kidney, aorta,

152 Recent studies have detailed the distribution of BAT in adults, with localization in

153-155

gonads)

paracervical and supraclavicular regions

Figure 9. White and brown adipocytes
from the neck of a 24-year-old woman
(Cinti, 2009)

White adipose tissue (WAT) contains large unilocular
adipocytes while brown adipose tissue (BAT) contains
multilobular adipocytes. BAT, but not WAT, is stained
with uncoupling protein 1 (UCP1) in brown.
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Thus, WAT and BAT are two morphologically and functionally different types of
adipose tissue. Interestingly, based on the co-localization of WAT and BAT in many depots
as well as in vitro data, Cinti has suggested the trans-differentiation between the two types of
adipose tissue! 617, Indeed, it was observed that with cold acclimatization, there was a
decrease in the WAT mass in mice in parallel with an increase in BAT. Inversely, BAT could
be converted into white-like adipose tissue in warm-acclimatized animals'*®. In humans, BAT
was found to be increased in patients with pheochromocytoma where adrenergic activity was
high'®, or in outdoor workers in northern Finland where they were exposed to prolonged
cold'®. In keeping with these data, several studies showed that ectopic expression in WAT of
PRDM16 (PRDI-BFI-RIZ1 homologous domain containing 16), a brown adipose
determination factor, or of COX-2 (cyclooxygenase), a downstream effector of B-adrenergic
signaling, or of Rb (retinoblastoma) induced the development of brown-like adipocytes in
WAT'®"'% Recently, Wu er al. isolated “beige cells” from murine white adipose tissue'®.
These beige cells, or “brite” cells, have intermediate characteristics between white and brown
adipocytes, in particular low expression of UCP1 which can be upregulated after stimulation

by cyclic AMP'¢1¥,

3.1.3. Yellow adipose tissue

In addition to WAT and BAT, a third type of adipose tissue, yellow adipose tissue
(YAT), is found in the bone marrow. YAT accumulates in the bone marrow cavity and its

adiposity varies with age'®’.

YAT plays important roles in the bone marrow micro-
environment, including bone metabolism, bone modulation, and hematopoiesis”o’m. Until
now, YAT has acquired little attention from clinicians and researchers, and is often

172,1 .
2173, However, some recent studies have

considered by most investigators as WAT
characterized YAT with distinct phenotype and gene expression profile from WAT and
BAT!"*!'7° " Additionally, adipocytes derived from bone marrow progenitor cells display
multilocular phenotypes, moderate number of mitochondria, with low expression of leptin and

UCP1, and elevated inflammatory cytokine production'®'”’.

Overall, there are different types of adipose tissue localized in different sites of depot
throughout the body; each type is characterized with distinct phenotypes and functions.
Importantly, these adipose tissues display high plasticity, which implicates their susceptibility

to be modified by the (micro)environment.
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3.2. Components of the adipose tissue

Adipose tissue is a heterogeneous tissue composed mainly of adipocytes but also

preadipocytes, fibroblasts, pericytes, endothelial cells, and leukocytes'>? (figure 10).

3.2.1. Adipocytes and preadipocytes

Adipocytes are the most abundant cells in the adipose tissue. When isolated from
adipose tissue, adipocytes correspond to the floating fraction after digestion of the tissue with
collagenase and centrifugation'>>. Morphologically, they have spherical shape with lipid

droplets in the cytoplasm surrounded by a specific protein, perilipin'’®.

Preadipocytes are adipocyte-precursor cells with fibroblast-like morphology and high
proliferative ability. They are characterized by the presence of the preadipocyte factor 1 (Pref-
1)'”. Pref-1 is a transmembrane protein that is cleaved to generate a soluble form which

inhibits adipocyte differentiation'®’.

3.2.2. Fibroblasts

Fibroblasts are elongated mesenchymal cells found in the connective tissue. They are

181

characterized by the expression of fibroblast-specific protein 1 (FSP1) ®', and by other non

exclusive markers such as Vimentinlgz, a-smooth-muscle-actinl83, desmin184, or fibroblast

185

activation protein (FAP) ™. Fibroblasts secrete components rich in collagen and fibronectin

186,187

that constitute the extracellular matrix Besides, fibroblasts participate in the

extracellular matrix modeling via secretion of matrix metalloproteinases'**'*’.

3.2.3. Endothelial cells and pericytes

Endothelial cells with pericytes (vascular smooth muscle cells) form blood vessels that
ensure delivery of nutrients, oxygen, growth factors, and hormones, as well as transportation
of waste and secreted substances by resident cells. Besides, blood vessels allow recruitment of
circulating cells from peripheral blood into the adipose tissue, including immune cells and
progenitor cells. During development and tumorigenesis, blood vessels can be formed from
existing vasculature in a process called angiogenesis. Angiogenesis is regulated by various

factors, such as VEGF, TGF-, TNF-a, FGF-2, or angiogeninlgo.

3.2.4. Leukocytes

Leukocytes are cells of the immune system involved in elimination of foreign material.

All types of immune cells can be detected in adipose tissue-infiltrating leukocytes:
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macrophages, neutrophils, B and T lymphocytes, Natural Killer (NK) cells, Natural Killer T
(NKT) cells, and regulatory T cells'®'. Interestingly, many cancers are associated with chronic
inflammation and increased infiltration of immune cells'”>. These cells have a double role:
they participate in elimination of tumor cells, and paradoxically promote cell survival and

. . 193
tumorigenesis .
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Figure 10. Components of adipose tissue (Ouchi ez al., 2011)

Adipose tissue is mainly composed of adipocytes with spherical shape and high volume. Other cell types present
in the adipose tissue are preadipocytes, fibroblasts, endothelial cells, pericytes (vascular smooth muscle cells),

and immune cells.

3.3. Adipocyte differentiation

Adipocytes derive from multipotent mesenchymal stem cells (MSCs) through a
differentiation process called adipogenesis'”*. Although molecular markers for intermediate
stages are not well characterized, for practical purposes, most workers in the field described
two phase of adipogenesis. The first phase, known as determination, corresponds to the
conversion of MSCs into preadipocytes that are committed to the adipocyte lineage. During
the second phase, called terminal differentiation, preadipocytes acquired fully characteristics
of mature adipocytes with the machinery to transport and store lipids, as well as secretion of
adipocyte-specific molecules. The second phase involves four steps: growth arrest, clonal
expansion, early differentiation and terminal differentiation'®” (figure 11). Different factors,
such as insulin, glucocorticoids, thiiodothyronine, retinoic acid, growth hormone and IGF-I,

are required and control the adipogenesis'””. These extracellular signals lead to activation of
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transcriptional factors, in particularly peroxisome proliferator-activated receptor y (PPARY)
and CCAAT/enhancer binding protein a (C/EBPa) that play key roles in the differentiation
process'”°. Interestingly, Seale et al. have demonstrated that white and brown adipocytes arise
from different precursors; brown but not white adipocytes share the same precursors as
muscle cells'®’”. Transcriptional factor PRDM16 and bone morphogenetic protein 7 (BMP7)

trigger the brown adipocyte lineage'®”'"”.
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Figure 11. Overview of stages in adipocyte differentiation (Gregoire et al., 1998)

Adipocytes derive from mesenchymal precursors that are multipotent. It is proposed that during adipogenesis,
these mesenchymal precursors undergo first a commitment into preadipocytes (determination). When exposed to
adipogenic conditions, these preadipocytes give rise to mature adipocytes (terminal differentiation). The
differentiation process is tightly controlled by peroxisome proliferator-activated receptor y (PPARy) and

CCAAT/enhancer binding protein o (C/EBPa).

Interestingly, it has been shown that mature adipocytes can also dedifferentiate to

98.19 " However, whether this dedifferentiation from adipocytes to

preadipocytes in vitro
preadipocytes occurs in vivo remains unknown. In humans, the number of adipocytes seems to
be determined during childhood and adolescence, and remains constant throughout adulthood
independently of the lean or obese status of individuals®”. Nonetheless, the adipose tissue
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displays a dynamic turnover with adipocyte death, preadipocyte replication, and regeneration
of adipocytes from differentiated preadipocytes’®2*?. The balance between adipocytes and

203

preadipocytes depends on several factors, including the stage of development™, weight

173,204

changes , and aging®®”.

3.4. Functions of adipocytes

Adipocytes were considered for a long time as simple energy storage depots (figure 12).
However, since the discovery of leptin in 1994, accumulating evidence has brought to light

the roles of adipocytes as sources of abundant paracrine/endocrine factors.

3.4.1. Lipogenesis: adipocytes store energy in triglycerides

The first role of adipocytes is to store energy under the form of triglycerides. More than
95% of triglycerides in the body are found in the adipose tissue, while a small fraction is
stored in other tissues such as liver and muscle’®. Triglyceride synthesis requires fatty acids
and glycerol’”’. On the one hand, fatty acids are either produced in the cells from non lipid
substrates (mainly carbohydrates) through a process called de novo lipogenesis, or taken up
from the plasma by different membrane transporters, including fatty acid translocase
(FAT/CD36), fatty acid transport protein (FATP) and fatty acid binding protein (FABP).
Glycerol is produced from glucose through glycolysis or from glycerogenesis, or provided by
the plasma through the membrane glucose transporter 1 and 4 (Glutl and Glut4).
Triglycerides are synthesized after successive esterification steps, probably in the

2% The whole process is tightly

endoplasmic reticulum, which gives rise to lipid droplet(s)
controlled by insulin which induces fatty acid uptake and triglyceride synthesis, in parallel

with an inhibition of lipolysis.

3.4.2. Lipolysis: adipocytes mobilizes energy

A storage role of adipocytes implicates the mobilization of energy when necessary.
During fasting, energy is mobilized through a process called lipolysis. Triglycerides are
broken down to diacylglycerol and monoacylglycerol, with the release of free fatty acids. The
latter is transported through the plasma membrane via FABP and associated with carrier
proteins, for example albumin, to be mobilized in the circulation®”’. The key enzyme in
lipolysis is the hormone-sensitive lipase (HSL) which is tightly controlled by reversible
phosphorylation. Perilipin, which is also phosphorylated like HSL during lipolysis, may
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facilitate the docking of the lipase to the lipid droplets. The whole process is under the control
of catecholamines which stimulate lipolysis®®’.

Thus, lipogenesis and lipolysis are opposite processes tightly controlled by hormonal
factors. It is interesting to note that lipogenic and lipolytic activities are different between
adipose depots. For example, visceral adipocytes exhibited higher lipolytic activity and

. . - 209,210
produced more interleukin-6 than subcutaneous adipocytes™ .
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Figure 12. Lipid metabolism in adipocytes (Sethi and Vidal-Puig, 2007)

Adipocytes are equipped with the machinery to store and mobilize lipids. This includes membrane transporters,
lipogenic and lipolytic enzymes. AC, adenylate cyclase; ACS, acyl-CoA synthase; AR, adrenergic receptor;
FFA, free fatty acid; HSL, hormone sensitive lipase; IR, insulin receptor; LPL, lipoprotein lipase; PI3K,
phosphatidylinositol 3-kinase; PKA, protein kinase A; TG: triglyceride; VLDL, very low density lipoprotein.

3.4.3. Secretion of adipocytokines: adipocytes are a paracrine and endocrine

source

Besides the role of energy storage and mobilization, adipocytes are a paracrine and
endocrine source. Adipocytes, but also preadipocytes, secrete various factors, including
growth factors, cytokines and adipokines®' "' (table IV). It is worth noting that the secretion
profiles are different between adipocytes and preadipocytes, as well as between specific sites
of adipose depots'*"'>.

43



Table V. Adipocytokines secreted by white adipose tissue (Fonseca-Alaniz et al., 2007)

Substance Biological effect

Leptin Signals to the CNS about the body’s energy stocks

Adiponectin Increases sensitivity to insulin, is antiinflammatory and attenuates
the progression of atherosclerosis

Resistin Increases insulin resistance

TNF-o Lipolytic, increases energy consumption and reduces sensitivity to

Interleukin-6
Adipsin
ASP

Angiotensinogen

PAI-1

Tissue factor
VEGF

Visfatin
Monobutyrin®

TGF-B

IGF-1
HGF
MIF
LLP!

CETP?
Apo-E'

Prostaglandins®

Estrogens*

Glucocorticoids*

Apelin

insulin

Proinflammatory, lipolytic, reduces sensitivity to insulin
Activates the alternative complement pathway
Stimulates triacylglycerol synthesis in WAT

Precursor of angiotensin II, involved in regulating arterial blood
pressure

Inhibits plasminogen activation, blocking fibrinolysis
Initiates the coagulation cascade

Stimulates vascular proliferation (angiogenesis) in WAT
Insulinomimetic predominantly produced by visceral fat
Vasodilator and inducer of vascular neoformation

Regulates a series of processes in WAT, including proliferation of
preadipocytes and differentiation, development and apoptosis of
adipocytes

Stimulates proliferation and differentiation of adipocytes
Stimulates differentiation and development of adipocytes
Immunoregulator with paracrine action in WAT

Hydrolysis stimulating enzyme in the TAG of lipoproteins
(chylomicron and VLDL)

Transfers cholesterol esters between lipoproteins
Protein component of lipoproteins, especially VLDL

Regulators of many cellular processes, active during inflammation,
blood coagulation, ovulation and secretion of gastric acid

Produced by the action of aromatase, this is the principal source of
estrogen in men and postmenopausal women

Generated by the action of 11-hydroxysteroid dehydrogenase, type
11, which transforms cortisone into cortisol in WAT

Its biological actions are not very clear yet, but are related to control
of the body's energy stores

ASP = acylation stimulating protein; CETP = cholesterol ester transfer protein; CNS = central nervous system; HGF = hepatocyte growth factor; IGF1 =
insulin-like growth factor-1; LLP = lipoprotein lipase; MIF = macrophage migration inhibitory factor ; PAI-1 = plasminogen activation inhibitor -1; TAG =
triacylglycerols; TGF-B = transforming growth factor-p; TNF-ot = tumor necrosis factor-of; VEGF = vascular endothelial growth factor; VLDL = very low
density lipoprotein; WAT = white adipose tissue.

* Non-protein substances.

" Proteins without hormenal action.

3.4.3.1. Leptin

Leptin, a 16kDa polypeptide, is the first adipocyte-secreted factor to have been

214
d

described” . Its secretion was observed mainly in adipocytes, but also in other cell types

215 216 217

including gastric mucosa cells”°, mammary epithelial cells™”, myocytes and the
placenta®®. Preadipocytes were also shown to secrete leptin under hypoxic conditions'’.

Subcutaneous adipose tissue secreted higher levels of leptin than visceral adipose tissue®*’.

Bone marrow-differentiated adipocytes also expressed and secreted high levels of leptin®'.
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Leptin acted as an endocrine factor on the central nervous system to regulate body weight and

energy balance by inhibiting food intake and stimulating energy expenditure**.

3.4.3.2. Adiponectin

Adiponectin, a 30 kDa polypeptide, is mainly produced by white adipocytes, and brown

. . 023
adipocytes at lower concentrations

224

. It was also reported to be expressed in other tissues but
in much lower amounts™". Like leptin, adiponectin was detected in human plasma where it
exerts its endocrine function. Adiponectin was shown to decrease insulin resistance by
reducing triglyceride content in muscle and liver by different mechanisms: while adiponectin
enhanced fatty acid transport and oxidation in muscle, it inhibited fatty acid influx into the

. 995
liver~.

3.4.3.3. Estrogen

Adipose tissue is a major source of estrogen production in men and postmenopausal
women'>. Aromatase, a key enzyme in the estrogen production, was shown to be highly
expressed in breast preadipocytes but not adipocytes®*®. Estrogen exerts a paracrine effect on
adjacent cells in the adipose tissue, and is also released into the circulation where it mediates

systemic effects.

3.4.3.4. Tumor necrosis factor alpha

Tumor necrosis factor alpha (TNF-a) is a pro-inflammatory cytokine and its production
was demonstrated in both adipocytes and preadipocytes in the adipose tissue®'’. Locally,
TNF-a inhibited lipogenesis, adipogenesis, and it induced insulin resistance in adipocytes.
Moreover, action of TNF-a on adipose tissue altered the production of many adipokines that

participate in insulin sensitivity and whole body energy homeostasis>’.

3.4.3.5. Interleukin 6

Interleukin 6 (IL-6) is another inflammatory cytokine secreted by both adipocytes and

213

preadipocytes”™ . IL-6 was produced by visceral adipose tissue at higher quantity than by

subcutaneous adipose tissue’'’. It was also shown to be highly expressed in bone marrow-
derived mesenchymal stem cells and inhibited adipogenesis®*®. Contrary to TNF-a, IL-6
circulated at high levels in the bloodstream and one third of circulating IL-6 was estimated to

.. . . 229
originate from adipose tissue

30

. IL-6 played important roles in the induction of insulin

resistance in humans>
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3.4.3.6. Transforming growth factor beta

Contrary to TNF-a and IL-6, transforming growth factor beta (TGF-f) is an anti-
inflammatory cytokine. Its production was observed in both preadipocytes and adipocytes™'.
TGF-B plays important roles in both tumor development and regulation of the immune

232,233
system™ """,

3.4.3.7. Other factors

Adipose tissue was shown to secrete various other factors, such as hepatocyte growth
factor (HGF), insulin-like growth factor I (IGF-I), prostaglandin E2 (PGE2), resistin, adipsin,
chemerin, visfatin, omentin, vaspin, angiopoietin, angiotensin, plasminogen activator inhibitor
1 (PAI-1), macrophage and monocyte chemoattractant protein 1 (MCP-1), retinol binding
protein 4 (RBP-4), interleukin 18 (IL-18), interferon-gamma inducible protein 10 (IP-
10)*'**. Presently, more that 50 adipocytokines have been described, and this number is still
increasing. These factors may act locally in the adipose tissue or enter the circulation where
they mediate systemic effects. Altogether, these data demonstrate the role of adipose tissue as
a paracrine/endocrine source. This may impact on different processes, notably in

tumorigenesis and immunosurveillance as detailed in following parts.

3.4.4. Mammary adipose tissue: participation in breast development

Anatomic quantification from mastectomy specimens and by ultrasound showed that

235

adipose tissue occupied up to 56% of breast volume in non-lactating breast™”, while this

volume ranged around 35% in lactating breasts™°. Although mammary adipose tissue is
considered by most investigators as a portion of subcutaneous adipose compartment'?, it is
distinct from other subcutaneous regions in several aspects. Mammary adipose tissue, also
called mammary fat pad, continually changes in structure throughout the lifetime of
reproductively active females and permanently interacts with epithelial cells**’. During breast
development, epithelial cells invade the mammary fat pad, forming branching ducts and
terminal end buds. Thus these glandular structures are totally embedded in the mammary fat
pad, which is composed primarily of adipocytes in rodents and fibroblast-enriched stroma in
humans®®. During pregnancy and lactation, terminal mammary epithelium expands into
secretory, milk-producing alveoli, in parallel with a reduction of mammary fat pad volume.
After the breastfeeding period, the gland volume is reduced and the fat pad remodels back to
its previous state. Thus, breast development and lactation involve different processes,

including proliferation of epithelial cells, differentiation and dedifferentiation of adipocytes,
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extracellular matrix remodeling, angiogenesis, and most importantly bidirectional interactions
between stromal cells and epithelial cells. Curiously, these processes are similarly observed
during breast cancer tumorigenesis, which strongly suggests the direct implication of

mammary adipose tissue in breast cancer” .

3.5. Adipose tissue and obesity

Obesity is a pathological condition accompanied by an excessive fat deposition and is
often estimated through the measure of body mass index (BMI) (weight in kg / height in m?).
The WHO classification of BMI is described in the table below.

Table VI. WHO classification of overweight and obesity (Calle and Kaaks, 2004)

BMI (kg/m?) WHO classification  Popular description

<1856 Underweight Thin

18.5-24.9 Normal range ‘Healthy', ‘normal’ or ‘acceptable’ weight
25.0-29.9 Grade 1 overweight Overweight

30.0-39.9 Grade 2 overweight Obesity

>40.0 Grade 3 overweight Morbid obesity

According to WHO data in 2008, obesity has become a global epidemic with more than
1.4 billion overweight adults, including 500 million obese

(http://www.who.int/mediacentre/factsheets/fs311/en/index.html). The prevalence of adult

obesity is high in Eastern Europe, the eastern Mediterranean, North America (especially the
United States), Central and South America, and some countries of Western Europe (Finland,
Germany, Spain and the United Kingdom). The trend of obesity is increasing worldwide, and

obesity has been recently declared by the American Medical Association as a disease®’.

Obesity is due to an imbalance between dietary energy intake and energy output**’. The
excessive energy intake in obese people is stored mainly in adipose tissue that increases in
mass. The expansion of adipose tissue is essentially due to an increase in adipocyte volume

(hypertrophy) and to a lesser extent to an increase in adipocyte cell number

196,241

(hyperplasia) . Importantly, obesity is not only related to an increase of adipose quantity,

but also an alteration of adipose quality. Obesity has been characterized as a chronic

inflammation state, with remodeling of local adipose tissue and dysregulation of secreted

241,242

adipocytokines . Moreover, obesity has been shown to be associated with increased risk

S . . . . 243-245
for insulin resistance and type 2 diabetes, as well as for cardiovascular disease .
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Furthermore, several studies have pointed out the implication of obesity in the occurrence of

different types of cancer”****.

3.6. Models to study adipocytes

A variety of models have been used so far to study the differentiation and functions of

248

adipocytes”. These include preadipocyte cell lines, multipotent stem-cell lines, isolated

adipocyte-precursors, and freshly isolated adipocytes.

3.6.1. Preadipocyte cell lines

Preadipocyte cell lines are already committed to the adipocyte lineage and can only
differentiate into adipocytes when exposed to appropriate hormonal and pharmacological
agents. The murine preadipocyte cell lines widely used are 3T3-L1 and 3T3-F442A. Both cell
lines derived from clones of Swiss 3T3 mouse fibroblasts that can convert to adipocytes in

29251 However, 3T3-F442A is considered to be more committed to adipocyte

culture
differentiation than 3T3-L1. When induced by hormonal agents (insulin), these preadipocytes
rapidly expressed PPARy and C/EBPa that drove the differentiation process. Differentiated
adipocytes accumulated triglycerides in multiple lipid droplets that could be stained with Oil
Red O. They also developed responses to lipolytic factors. Moreover, subcutaneous injection
of 3T3-F442 preadipocytes, but not 3T3-L1 cells, into athymic mice at anatomical site devoid
of adipose tissue gave rise to fat pads that were not histologically and biologically different

from normal fat pads®>*>. In particular, in vivo differentiated 3T3-F442 adipocytes expressed

leptin, which could not be observed in cells differentiated in vitro™”.

3.6.2. Multipotent stem-cell lines

Multipotent stem-cell lines are not committed, and under specific conditions, can
differentiate into other lineages than adipocytes, such as myoblasts, osteoblasts and
chondrocytes. A human multipotent adipose-derived stem cell population, named hMADS,
was isolated from the white adipose tissue of young donors and established in culture™*.
hMADS cells displayed normal karyotype, had active telomerase, and maintained their
characteristics with long-term passaging. They were characterized by flow cytometry as
CD44+, CD49b+, CD105+, CD90+, CD13+, Stro-1-, CD34-, CD15-, CD117-, FlI-1-, glyA-,
CD133-, HLA-DR-, and HLA-I low””. hMADS cells exhibited gene expression patterns

similar to that of primary preadipocytes. In serum-free chemically defined conditions, they
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differentiated into adipocytes with adipose specific molecular markers and lipolytic response.
Importantly, differentiated hMADS were shown to secrete leptin and adiponectin, which were
not observed with in vitro differentiated 3T3-L1 and 3T3-F442 cells. It is noteworthy that the
capacities to differentiate into adipocytes of all cell lines declined with the number of

passages.

3.6.3. Isolated adipocyte-progenitors

Adipocyte-progenitors, or adipose tissue-derived stem cells (ASCs), can be isolated
from bone marrow or peripheral adipose tissue. They were found in the stromal vasculature
fraction (SVF) after digestion of adipose tissue with collagenase followed by centrifugation.
When isolated from bone marrow, adipocyte-precursors are often referred to as bone marrow
mesenchymal stem cells (BM-MSCs) or mesenchymal stem cells (MSCs). When isolated
from peripheral adipose tissue, they are called by different names: processed lipoaspirate cells
(PLAs), adipose tissue-derived stromal cells (ATSCs), adipose-derived stromal/stem cells
(ASCs), adipose-derived adult stromal cells (ADASs), adipose-derived adult stem cells
(ADASs), adipose tissue-derived cells (ATDCs), or simply MSCs>°. Peripheral and bone
marrow-derived ASCs can all differentiate into adipocytes under adipogenic conditions, but
also into myocytes, osteoblasts and chondrocytes®®. Furthermore, they share many molecular
markers such as CD31- CD45- CD73+ CD90+ CD105+*%%7 In contrast, some molecular
markers allow distinction between BM-MSC and peripheral ASCs, such as CD104 and
CD106 on BM-MSCs, CD34 and CD49d on peripheral ASCs*****. Moreover, microarray

259,260 .
o (T

analysis has revealed distinct gene expression profiles between these populations
interesting to note that when in vitro studies on cell lines distinguished committed
preadipocytes from multipotent stem cells, the difference between the two cell types was
much less marked in isolated adipocyte-progenitors™°. Since no direct conversion from
multipotent mesenchymal stem cells into committed preadipocytes has been observed in vivo,
it is possible that preadipocytes are the same population as ASCs, and that preadipocytes are

only observed in experimental contexts.

3.6.4. Freshly isolated adipocytes

In parallel with adipocyte progenitors, mature adipocytes can be isolated and correspond
to the floating fraction after collagenase digestion of adipose tissue. Unlike adipocytes
obtained from in vitro differentiation of preadipocytes that are unable to acquire hypertrophy,

isolated (white) adipocytes have a single lipid droplet, which may reflect better adipocyte
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biology and metabolism. However, these isolated mature adipocytes were unstable in culture
conditions; after 48 h of culture their survival and functions were severely altered***2®'. This

difficulty limited the use of isolated adipocytes in long-term experiments.

Together, these different models provide useful and complementary tools to study the

biology and functions of adipocytes, both in vitro and in vivo.
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4. Cancer cells, adipocytes and Natural

Killer cells: a “ménage a trois”

Tumor cells, adipocytes, and natural killer (NK) cells are all components of the tumor
microenvironment in many cancers, such as breast cancer, ovarian cancer, and lymphoma.
They are permanently in interaction with each other, thus participating in a “ménage a trois”,
resulting in modification of cell characteristics, and promotion or inhibition of tumor

progression.

4.1. Cancer cells and NK cells: the bad and the killers

4.1.1. Evidence of the antitumor role of NK cells

NK cells are cytotoxic lymphocytes that belong to the innate immune system. Their
name as “natural killer cells” was attributed after the discovery of their capacity to kill tumor
cells without immunization®** 2. In vitro mouse and human NK cells can kill a broad range
of tumor cells of haematopoietic and non-haematopoietic origins. /n vivo evidence of the

antitumor role of NK cells has been shown using NK-depleting antibodies*®”>%

270

or using

genetically NK-deficient mice”. Mice lacking NK cells showed impaired rejection of

"' However, low NK cytotoxicity has

tumors. In humans, selective NK deficiencies are rare
been correlated with high incidence of cancer’’, suggesting the importance of NK cells in

tumor surveillance.

4.1.2. Recruitment of NK cells to tumor sites

To exert their cytotoxicity, NK cells need to extravasate through blood vessels, migrate
into stromal tissues and eventually penetrate the basement membrane, before getting in

273
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contact with tumor cells. NK cells were shown to eradicate large solid tumors in mice
humans, infiltration of NK cells has been observed in various types of solid tumors, including
colon’”, stomach®”, lung®’®, and breast’”’. In the majority of cases, high number of tumor

infiltrating NK cells is associated with good prognosis.

The mobilization of NK from the peripheral blood to tumor sites implicates chemokines

8

. . . 27 .
and chemokine receptors. NK cells express various chemokine receptors”°, among which
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CXCR3 and CXC3R1 were shown to play major roles in tumor infiltration. Over-expression

of their ligands in tumor cells led to increased accumulation of NK cells in tumor sites?”"**.

Moreover, CXCR3-/- and CXC3R1-/- mice display reduced infiltrating NK cells in the tumor

280,281

sites . Interestingly, inflammatory cytokines such as TNF-o and IFN-y can induce the

expression of CXCR3 ligands in tumor cells**?, enabling amplification of NK infiltration.

In humans, NK cells can be divided into two subtypes, based on the expression levels of
CD56: CD56%™ and CD56™¢" 2 The CD56 antigen is a neural cell adhesion molecule and
its function in NK cells remains unknown”**. CD56“™ NK cells constitute approximately 90%
of the NK population in the peripheral blood. They express high levels of CD16, mediate
strong cytolytic activity and low cytokine production. By contrast, CD56™"¥" NK cells, less
abundant in the blood, express low levels of CD16 and mediate low cytolytic activity but high
cytokine production®™. In the tumor sites, the majority of tumor-infiltrating NK cells belongs

to the CD56“™/CD16™" subtype™®*?*’. However, the ratio CD56"™ : CD56™¢" was found to
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be lower in tumor sites than in the peripheral blood”"’. This can be explained by a preferential

recruitment of CD56"€" NK cells to tumor sites, since CD56"™ cells express less frequently

CXCR3 than CD56™" cells®®®. Another possible explanation is the alteration of NK

phenotypes by the tumor microenvironment®*’.

Tumor infiltrating NK cells are often located in the surrounding stroma and only few

NK cells are in direct contact with tumor cells****"". Moreover, the basement membrane with

matrix proteins such as laminin and collagen type IV constitutes a barrier for NK cells**.

However, NK cells were shown to express metalloproteinases which facilitate their migration

292,293

and disruption of the basement membrane . Besides, invasive tumors with disrupted

basement membrane can come into direct interaction with NK cells in the stroma at the
invasive front. The contact between NK cells and target cells is estimated to be short, between

24 or of

5-10 min, leading to the lysis of MHC-mismatched target cells in lymph nodes
NKG2D ligand-overexpressing tumors in subcutaneous sites™°. Tumor-targeting antibody
was shown to increase number of infiltrating NK cells as well as contact stability and tumor

. 296,297
lysis .

4.1.3. Recognition of tumor cells

NK cells possess a number of receptors that allow the recognition of ligands expressed

298

on potential target cells™" (figure 13). These receptors can be classified as either inhibitors or

activators, and the integration of signals from both types of receptors determines whether NK
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cells kill or spare target cells. Tumor cells display different patterns of ligand expression from

those of normal cells, allowing their specific recognition by NK cells.

4.1.3.1. The missing-self

NK cells express inhibitory receptors for the major histocompatibilty complex (MHC)

298,299
class I molecules™™

. These inhibitory receptors, including LY49 in mice, the killer cell
immunoglobulin-like receptors (KIR) in humans and CD94/NKG2A in both species, contain
the ITIMs in their cytoplasmic domain. Engagement of the inhibitory receptors counteracts
NK activation and cytolytic function. Non-tumor cells with normal levels of MHC class I —
self peptides activate NK inhibitory receptors, thus prevent lysis by NK cells. In contrast,

300,301

certain tumor cells have been shown to lose or downregulate MHC class I antigens , thus

becoming susceptible to NK lysis®***®. It has been suggested that T cell immunoselection of

tumor variants can be the cause of the loss of MHC class I in tumor cells****%.

4.1.3.2. Danger/stress signal

In addition to inhibitory receptors, NK cells express several activating receptors’"".
These receptors can detect ligands that are barely present in normal cells, but whose
expression increases in transformed cells in stress conditions. NKG2D is the most

30
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documented activating receptor. It recognizes a broad range of stress-induced ligands
as MICA308, MICB*® and ULBP*” in humans, RAE1310, H60*'° and MULT1®*"! in mice.
Expression of these ligands sensitizes target cells to NK lysis. Besides NKG2D, NK cells
express natural cytotoxicity receptors (NCRs) that include NKp46°'?, NKp44’", and
NKp303 ' These receptors are associated with adaptor proteins, such as DAP12, FcRy and
CD3( containing ITAMs. Masking of one or many NCRs by antibodies was shown to reduce
NK cytotoxicity against various tumors. Until now, ligands of NKp30, B7-H6’" and
BAG6/BAT3%'® have been identified in tumor cells. These ligands were not detected in

normal cells but up-regulated in response to stress, illustrating the stress-induced signal for

NK cell lysis.

4.1.3.3. Antibody-dependent cellular cytotoxicity

Besides direct recognition, NK cells can bind to and lyse tumor cells through the
involvement of antibodies that recognize tumor-overexpressed antigens. NK cells express
high levels of activating receptor FcyRIII (CD16) but no inhibitory receptor FeyRIIB’**!".

Binding of CD16 to antibody-coated tumor cells leads to NK cells activation and tumor lysis.
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As mentioned above, this ADCC mechanism is the main mode of action of many monoclonal

antibodies used in therapy, particularly trastuzumab.
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Figure 13. Recognition of tumor cells by NK cells (Vivier ez al., 2012)

a) NK cells are tolerant towards healthy cells, as the result of the balance between activating and inhibitory
signals. b) Missing self: tumor cells lose expression of MHC class I molecules, resulting in decrease in inhibitory
signals and NK cell activation. c¢) Stress-induced self: tumor cells overexpress activating ligands, which
increases activating signals and NK cell activation. The ADCC mechanism was already shown in figure 7.
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4.1.4. Formation of an immunological synapse

After recognition, NK cells bind to the target cells through the action of adhesion
molecules, in particular CD2, CD11a (LFA-1) and CD11b (Mac-1). The importance of these
adhesion molecules in NK function has been shown. Absence of LFA-1 expression or

blocking of LFA-1 or CD2 by monoclonal antibodies inhibited NK cytotoxicity318’319

. Binding
of NK cells to target cells leads to formation of NK cell immunological synapses (NKIS)
(figure 14) whose patterns can be either activating or inhibiting, depending on cytolytic or
non-cytolytic interactions. In the activating NKIS, adhesion molecules and NK receptors form
a supramolecular activation cluster (SMAC), in which adhesion molecules are organized in
the peripheral SMAC (pSMAC) while perforin in the central SMAC (cSMAC)*****'. By
contrast, in the supramolecular inhibition cluster (SMIC) of the non-cytolytic NKIS, CD11a
and its ligand ICAM-1 cluster at the center of the synapse, while KIR’HLA-C complex forms

aring’*%.

The formation of activating NKIS between NK cells and the target cells leads to re-
arrangement of the actin cytoskeleton in NK cells. Actin and the actin-binding protein talin
accumulate in the pSMAC and interact with LFA-1, stabilizing the cell-cell contact’®.
Subsequent to actin remodeling, the microtubule organizing center (MTOC) is reorientated to
the contact sites, allowing the polarization of lytic granules to the proximity of the synapses.
Absence of MTOC reorientation prevents polarization of lytic granules and defect in
cytotoxicity’>*. In contrast, in non-cytolytic NKIS, no large-scale remodeling of actin or

MTOC polarization was observed®*.

Lytic granules pass through a hypodense of actin region at the center of the synapse
before fusing with plasma membranes, leading to the release of granule contents®>. During
the formation of NKIS, the distances between the membranes of NK cells and target cells are

small, between 15-400 nm>2°

. This small space allows a concentration of lytic factors and
their specificity towards target cells. NK cells do not release all their lytic granules at once,
only a subset of granules are released upon activation, which allows serial killing of multiple

target cells®>’.
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Figure 14. Visualization of NK immunological synapse (NKIS) (Vyas et al., 2002)

Transmission electron microscopy was used to visualize the immunological synapse between NK cells and target
sensitive 721.221 cells. The interaction surface is characterized by multiple membrane invaginations and
projections. Distances between the two apposing membranes in the IS are short, which allows efficiency and
specificity of cytotoxic factors released by NK cells.

4.1.5. Mechanisms of killing

Upon recognition of target cells and formation of immunological synapse, NK cells
trigger target-killing through various mechanisms: release of perforin and granzymes,
expression of tumor necrosis factor (TNF) family factors, and secretion of cytokines (figure

15).

4.1.5.1. Exocytosis of granules containing perforin and granzymes

NK cells are characterized by the constitutive presence of granules in their
cytoplasms®®. These granules contain essentially perforin and granzymes, which constitute
the main effectors of tumor killing by NK cells**. Perforin is a membrane-disrupting protein,
which allows formation of pores and the delivery of granzymes into the cytosol of target
cells®®. Granzymes belong to the serine protease family. Eleven granzymes have been

described, including ten in mice (granzymes A-K, M and N) and five in humans (granzymes
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A, B, H, K and M)*'. They induce target cell necrosis or apoptosis through cleavage of
multiples substrates, including caspases and BH3 interacting-domain death agonist (Bid),

leading to DNA fragmentation, mitochondria depolarization and cytochrome c release™ .

The importance of perforin in the anti-tumor activity has been shown in vivo by genetic
knock-down of the perforin gene. Perforin-deficient mice failed to eliminate various types of

333,334
tumors™"

. Deficiency of perforin, but not of Fas ligand, was shown to abrogate IL-12-
induced NK cytotoxicity and anti-metastasis effects in mice’>. In humans, mutations of
perforin were found in patients with familial hemophagocytic lymphohistiocytosis (FHL) and
were associated with lymphocyte-defective cytotoxicity’®. Besides, patients with
temperature-sensitive mutations in their perforin (Prf7) genes displayed loss of cytotoxicity
and a predisposition to hematological malignancy>’. By contrast, the roles of granzymes
seem to be unclear in tumor rejection. Pardo ef al. showed that mice deficient for either
granzyme A or B were more susceptible to tumor growth®*®, Using the same models, Davis
and Smyth showed that granzyme A and B-deficient mice retain potency to mediate anti-

339,340

tumor activity similar to that of wild-type mice , implying the involvement of other

factors in anti-tumor activity.

Granulysin is another lytic molecule expressed in NK cells’*'***. Granulysin is a

member of the saposin-like protein family’*

. It is localized in the cytolytic granules and
released upon activation®**. Purified granulysin was shown to induce apoptosis of target tumor
cells, through release of cathepsin B from lysosomes, cleavage of Bid, disruption of
mitochondrial membrane and release of cytochrome ¢ into the cytosol**>>*". Expression of

38 Kishi et al. correlated the

granulysin in mouse adenocarcinoma cells led to apoptosis
decreased levels of granulysin expression with cancer progression, while perforin expression
levels did not change®®. In vivo evidence of the role of granulysin is limited, because of the
absence of granulysin homologue in mice. However, using transgenic mice expressing
granulysin, Huang ef al. have shown a protective effect of granulysin against C6VL tumors,

but not RMA-S tumor challenge™.

Recently, a new lytic factor named NK lytic-associated molecule (NKLAM) has been

351,352

identified in humans and mice . NKLAM is an E3 ubiquitin ligase and colocalizes with

351

granzyme B to the cytoplasmic granules of NK cells™ . Its role in anti-tumor activity was

shown both in vitro and in vivo. NKLAM antisense oligonucleotide treatment decreased NK
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cytolytic activity”'. NKLAM-deficient mice displayed less NK cytotoxicity and weaker

. .. 353354
control of tumor dissemination”"""".

4.1.5.2. Death-receptor-mediated apoptosis

Besides lytic granules, NK cells constitutively express a number of the TNF family
ligands for death receptors on tumor cells. These ligands include Fas ligand (FasL), TNF and
TNF-related apoptosis inducing ligand (TRAIL)*>>. They are expressed as membrane-bound
proteins, but their extracellular regions can be also secreted after cleavage by matrix
metalloproteinases. It was also shown that Fas ligand could be stored in the same lytic
granules as perforin and granzymes, and be delivered to the cell membrane by exocytosis of

the Iytic granules®®*’

. Binding of the TNF family ligands on their receptors expressed on
tumor cells leads to trimerization of the receptors, recruitment of an adaptor protein called Fas
associated death domain (FADD), formation of the death inducing signaling complex (DISC),

. . . . . 358
activation of caspases which results in apoptosis

. NK cells producing FasL can kill Fas-
expressing tumor cells independently of perforin®*’, while they fail to kill tumor cells from
Fas-mutated /pr mice®®. Interestingly, NK cells can mediate upregulation of Fas in tumors
that normally do not express Fas, and thereafter kill the tumor in a Fas-dependent manner*®.
In parallel, TRAIL can participate in lysis of TRAIL-sensitive tumor cells along with perforin
and FasL****%_ Mice deficient for TRAIL showed increased susceptibility to tumor initiation

and metastasis>***®.

4.1.5.3. Secretion of cytokines

After activation, NK cells secrete various cytokines such as interferon y (IFN-y), tumor
necrosis factor o (TNF-a), granulocyte-macrophage colony-stimulating factor (GM-CSF),
interleukin 3 (IL-3) and others®®. IFN-y is the most documented and plays an important role
in anti-tumor activity. IFN-y was demonstrated to inhibit tumor growth in vitro®®’. IFN-y-
insensitive mice showed increased susceptibility to spontaneous and chemically induced
tumors>®®. IFN-y induces TRAIL expression®® and is essential in the anti-metastatic effect of
NK cells, independently of perforin®®. Additionally, IFN-y can activate antigen presenting
cells (APC) by upregulation of MHC class I and II’"°, and by inducing IL-12 production in
dendritic cells®’'. Subsequent priming and activation of cytotoxic T lymphocytes participate

in the anti-tumor response together with NK cells.
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Figure 15. Tumor cell killing by cytotoxic granules and death receptors (Krzewski and
Coligan, 2012)

Upon activation, cytolytic granules are polarized towards the microtubule organizing center (MOTC) at the
proximity of the immunological synapse via the action of dynein/dynactin complex (1). They are next
transported along filamentous actin network by myosin to the close proximity of the plasma membrane (PM) (2).
Their docking (3) and priming (4) processes are ensured by Rab27a, Munc13-4 and Muncl8-2 proteins. By
means of SNARE proteins, these lytic granules are fused with the plasma membrane and their contents,
including granzymes, perforin, and FasL are released into the synapse (5). Perforin and granzymes enter target
cells via endocytosis (A) or formation of pores in the plasma membrane (B). After being released in the target
cell cytosol, granzymes cleave various substrates, leading to caspase activation, mitochondrial or DNA damage,
which results in cell apoptosis. In parallel, FasL and TRAIL bind to their receptors on the target cell surface (D)
and initiate apoptosis. The large number of pores formed by perforin in the plasma membrane may lead to
disruption of plasma membrane integrity and subsequently cell necrosis.
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4.1.6. Resistance of tumor cells

Despite immunosurveillance, tumor cells can evade NK lysis by developing various
strategies: escaping recognition by NK cells, increasing resistance to lysis/apoptosis, altering

NK functions and remodeling the tumor microenvironment.

4.1.6.1. Escaping recognition by NK cells

While high or low expression levels of MHC class I on tumor cells are both subjects for
recognition by either cytotoxic T cells or NK cells, downregulation of NKG2D ligands may
constitute a means for tumor evasion. In human glioma cells, the NKG2D ligand MICA was
shown to be upregulated in early grades of tumorigenesis, but decreased in higher grades of
malignancy’ . This downregulation of MICA was mediated by TGF-B, and silencing TGF-p
by siRNA restored MICA levels as well as sensitivity to NK lysis*’**"*. Besides, cellular
microRNAs which are overexpressed in various tumors could also downregulate MICA and

MICB, leading to tumor evasion® ",

Ligand shedding can also be used by tumor cells to avoid NK recognition. Soluble
MICA (sMICA) has thus been detected in sera of patients with gastrointestinal

376 377 378
, or prostate cancer”'°. Moreover,

malignancies375, colon adenocarcinoma’’”, neuroblastoma
elevated levels of sSMICA have been correlated with cancer stage and metastasis® . SMICA is
released from tumor cells after proteolytic cleavage by metalloproteinases. On the one hand,
release of SMICA leads to decreased expression levels of this ligand on the tumor surface. On
the other hand, sMICA serves as decoy to subvert NK targeting. Inhibition of
metalloproteinases has been shown to block MIC shedding and to increase MIC expression on

the cell surface’””, which restored sensitivity to NK cytotoxicity’ .

Recently, a novel strategy for NK cell evasion has been observed in bladder cancer cells
expressing the carbohydrate group core2 O-glycans on MICA®™. Upregulation of the core2
O-glycan branching enzyme C2GNT in bladder cancer correlated with progression of the
disease. Core2 O-glycans recruits galectin-3 to the NKG2D-binding site on MICA, which
reduces affinity of MICA to NKG2D, impairs NK cell recognition and killing.

In anti-cancer targeted therapy using monoclonal antibodies, evasion may occur despite
the fact that the antigens chosen to be targeted are supposed to be stably expressed in cancer
cells. In B cell lymphoma, downregulation of CD20 after rituximab treatment was observed in

382

some patients®®' and in resistant cell lines**. In breast cancer, shedding of the antigen HER2
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3

neutralized the effect of anti-HER2 antibody and correlated with disease progression'*. In

addition, the binding epitope of HER2 for trastuzumab could be masked by the expression of

glycoprotein mucin-4 (MUC-4) in breast cancer cells"*+1%,

4.1.6.2. Increasing resistance to lysis/apoptosis

Since perforin is essential in NK cytotoxicity, failure of its delivery into tumor cells can
confer resistance to lysis. Lehmann et al. correlated the absence of perforin binding to the
surface of human leukemia cells and their resistance to NK lysis**>. Besides, perforin was
suggested to bind to the platelet-activating factor (PAF) secreted by NK cells upon

.. 384
activation

. The PAF/perforin complex interacts with the PAF receptor expressed on
sensitive cells leading to lysis. Absence of PAF receptor expression on tumor cells could

induce resistance to the perforin lytic pathway™*.

Besides inhibition of perforin, tumor cells can resist to NK cytotoxicity by inhibiting
granzymes, through the action of the proteinase inhibitor PI-9. PI-9 belongs to the family of
serine proteinase inhibitors (serpins) that counts over 1000 members®*>. PI-9 specifically
binds granzyme B and inhibits granzyme B-mediated apoptosis®*’. PI-9 has been found to be

87 388 389 390
, melanoma’", lung™™ and breast’ . The

expressed in many cancers, such as lymphoma’
association between PI-9 levels and unfavorable clinical outcome™™® suggests the involvement
of PI-9 in tumor resistance and immune evasion. Another serpin, SerpinA3, has been
described to bind to purified granzyme B and inhibited its enzymatic activity’”'. SerpinA3 is

secreted by the immunoprotective Sertoli cells™"

and is also expressed in human
adenocarcinomas® . However, the role of SerpinA3 in cancer resistance remains to be

determined.

Alternatively, cancer cells can become resistant to death receptor-induced apoptosis by

expressing mutated forms of these receptors, such as inactive mutations of TRAIL receptors

3

in metastatic breast cancer’” or deletion of Fas death domain in diffuse large B-cell

lymphoma®”*.

4.1.6.3. Altering NK functions

NK cell functions have been shown to be impaired in many tumors, such as prostate® ",

286 373
breast

, stomach395, colon376, leukemia®*® and glioma”". Alteration of NK cell functions, in
particular NK cytotoxicity, has been correlated with disease progression. Interestingly,

alteration of NK cytotoxicity is more prominent in tumor sites than in the peripheral blood.
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The activating receptor NKG2D is a well documented target for impairment. NKG2D was

shown to be downregulated after sustained exposure to NKG2D ligands present on tumor

397.3% 1 to soluble ligand (sMIC) shed from tumor cells®’**”® Tumor-derived exosomes

cells
expressing NKG2D ligands and TGF-f1 could also contribute to NKG2D
downregulation®***. Although these effects are reversible, close contact of NK cells with
tumor cells and high serum levels of sMIC may lead to a permanent dysfunction of NK cells

in cancer patients.

Besides NKG2D, NCRs have been shown to be downregulated in acute myeloid

96 401

leukemia®®® and chronic lymphocytic leukemia (CLL)

demonstrated different roles of the NKp30 ligand BAG6/BATS3 in evasion of CLL cells from

Recently, Reiners et al.

NK cell anti-tumor activity**. While exososomal BAG6 secreted by tumor cells triggered NK
cytotoxicity, soluble BAG6 inhibited NK cytotoxicity. Elevated concentrations of soluble
BAG®6 are present in patients with advanced disease, suggesting a mechanism for immune
escape. Additionnally, Rosental et al. showed an impairment of NK cell function by the
proliferating cell nuclear antigen (PCNA), a ligand for NKp44*®. PCNA is overexpressed in
cancer cells and associated with malignancy. Unlike other NCR ligands, PCNA binds to
NKp44 and activates the NKp44 cytoplasmic tail containing ITIM, leading to the inhibition of

NK cell function*®’.

In addition, CD16, the receptor involved in ADCC, is also subject to down-regulation
during cancer progression®’’. CD16 expression levels were reported to be lower in tumor-
infiltrating NK cells in comparison with peripheral NK cells*’”’. Recent studies suggested a
down-modulation of CDI16 in activated NK cells after cleavage of CDI16 by

: 404,4
metalloproteinases****%°.

Furthermore, tumor cells can directly inhibit NK cytotoxicity by expressing non
classical HLA (human leucocyte antigen) class I molecules, HLA-G, HLA-E, HLA-F*.

HLA-G, the most documented molecule, is expressed in different types of cancers, such as

: 407 40
breast carcinoma

, melanoma 8, and ovarian carcinoma*®. It can be membrane-bound, or
. . . 41 .
secreted, or incorporated into tumor-derived exosomes*'"’. Interactions between HLA-G and

KIR2DL4 on NK cells*'! led to inhibition of NK cytotoxicity and favored immune evasion*'*”
414
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4.1.6.4. Remodeling the tumor microenvironment

Tumor cells can generate an immunosuppressive microenvironment that participates in
NK dysfunction and tumor resistance. Hypoxia is an important feature that characterizes the
tumor sites, where the availability of oxygen is less than 2%*'"°. Hypoxia has been associated

415

with malignancy, resistance to radiotherapy and chemotherapy” °. In addition, tumor cells in

hypoxic conditions showed resistance to NK lysis*'®*'”. This could be due to a hypoxia-

416

induced downregulation of surface MICA™ ” or a hypoxia-induced shedding of MICA through

the alteration of nitric oxide signaling®’. In parallel, hypoxia reduced NK cell killing by

downregulating the levels of NKG2D, perforin and granzyme B*'®

. Hypoxia also induced the
expression of HLA-G on tumor cells*'””. Furthermore, combination of hypoxia with other
physical parameters of the tumor microenvironment such as acidic pH and low glucose

concentrations strongly decreased NK cytotoxicity**.

The over-production of immunosuppressive cytokines, such as TGF-f, contributes to
immune evasion and tumor progression. High levels of TGF-f have been observed in many
cancers, including breast cancer*’, lung cancer, and colorectal cancer™. TGF-B is secreted
by tumor cells and various cells of the tumor stroma**. On the one hand, TGF-B promoted
tumor growth and tumor invasion*”. On the other hand, TGE-p inhibited cytolytic activity of
NK cells by downregulating expression of NKp30 and NKG2D receptors*******_ Moreover,
extended exposure of NK cells to TGF-f inhibited ADCC, with repression of granzymes A

and B*°,

Besides TGF-f, adenosine is an immunosuppressor which is upregulated in the tumor

7 Adenosine is a purine nucleoside and it is generated from the

microenvironment
catabolism of ATP into AMP then into adenosine, through the activity of the ectoenzymes
CD39 and CD73, respectively. Adenosine has been found to inhibit NK cytolytic
activity”®* by interfering with both perforin-mediated and Fas ligand-mediated killing
pathways430. In parallel, adenosine stimulated the proliferation of cancer cells®™'.
Interestingly, different factors of the tumor microenvironment, such as hypoxia*?, TGF-p*>,
IL-B**, TNF-0™* and IFN-0*’, were shown to drive adenosine generation by upregulating

CD73 expression.

Furthermore, the alteration of NK functions by the tumor microenvironment can be
mediated through the recruitment of immunosuppressive cells, such as myeloid-derived

suppressor cells (MDSCs) and regulatory T cells (Tregs). The accumulation of these
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immunosuppressive cells has been observed in many cancers and correlated with increased
tumor burden. MDSCs were shown to inhibit NK functions by downregulating NKp30,
NKG2D, perforin, and IFN-y production®®***. This inhibition depended on cell-cell contact
and the membrane-bound TGF-B expressed on MDSCs™®. In parallel, Tregs inhibited NK
functions through direct interactions, including by expressing membrane-bound TGF-p***,
Additionally, Tregs in the tumor microenvironment were shown to express granzyme B and

441-444

kill NK cells, thus promoting tumor evasion . Interestingly, MDSCs were shown to

promote the expansion and activation of Tregs, thus strengthening the immunosuppressive

properties of the tumor microenvironment***.

Collectively, NK cells play an anti-tumor role in the immune system. They infiltrate the
tumor sites and kill tumor cells via different mechanisms. However, tumor cells develop
various strategies to evade the immunosurveillance exerted by NK cells, either by increasing
their resistance or altering NK cell recognition and cytotoxicity. Other cell types, such as
MDSCs and Tregs, are recruited to the tumor sites and mediate an immunosuppression. What

about the role of resident cells, in particular adipocytes?
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4.2. Adipocytes and cancer cells: the fat and the bad

4.2.1. Links between adipose tissue and cancer

Emerging roles of adipose tissue in cancer have been raised based on two key
observations. One the one hand, epidemiological studies have shown that being overweight
(BMI between 25 and 30 kg/m?) and obesity (BMI greater than 30 kg/m?) are important risk
factors for many cancers such as post-menopausal breast cancer, endometrial cancer, kidney
cancer, adenocarcinoma of the oesophagus, gallbladder cancer, ovarian cancer, gastric cancer,
pancreatic cancer, liver cancer, leukemia and non-Hodgkin lymphoma**’***** In addition,
increased body mass index is associated with higher mortality of cancer patients**® (table VI).
Interestingly, weight loss after gastric bypass surgery was shown to reduce cancer incidence
and mortality**®. On the other hand, adipose tissue plays the role of a niche in which cancer
cells develop (in breast), metastasize (in stomach, colon, ovary), and resist to therapy (in bone
marrow). Adipocytes constitute major components of the adipose tissue and are in close
proximity of cancer cells. Thus, they can interact and modulate cancer properties, in
particularly tumor growth, invasion and resistance*. Inversely, cancer cells can modify their
microenvironment, notably by transforming cancer-associated adipocytes into fibroblast-like

cells that favor cancer development®'.

Table VII. Relative risk of cancer incidence and mortality in association with obesity

(Park et al., 2011)
Incidence Mortality
(risk ratio, per 5 kg/m? increase?) (risk ratio, normal vs. obese®)
Type of cancer Men Women Type of cancer Men Women
Liver 1.24 1.07 Liver (BM| =35) 452 1.68
Pancreas 1:87 T.12 Pancreas (BMI =35) 2.61 2.76
Esophagus (adenocarcinoma) 1.52 1:51 Esophagus (BMI =30} 1.91 2.64
Colorectal 1.24 1.09  Colon and rectum 1.84 1.46
(BMI =35)
Gallbladder 1.09 1.59  Gallbladder (BMI =30) 176  2.13
Kidney 1.24 134  Kidney (BMI =35) 1.70 475
Prostate 1.03 Prostate (BMI =35)
Breast (postmenopausal) 1.12  Breast (BM| =40) 212
Endometrium 1.59
Uterus (BMI =40) 6.25
Cervix (BM| =35) 3.20
All other cancers 1.68 251
(BMI =35)

All cancers (BM| =40) 1.52 1.88

“Risk ratio represents increase of incidence rate per 5 kg/m? increase in BMI

PRisk ratio represents relative mortality rate of high BMI (35-39.9 kg/m?) patients compared to normal BMI
(18.5-24.9 kg/m?)
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4.2.2. Adipocytes support tumor growth

Several studies have shown the role of adipose tissue in support and promotion of tumor
growth. Elliott ef al. showed that the murine mammary carcinoma SPI cells grew better when
injected in the mesenteric and ovarian fat pad or the mammary gland than in subcutis or

peritoneal cavity of mice*”

. Moreover, co-transplantation of SPI cells with mammary or
ovarian fat fragments into the subcutis increased tumor growth®?. Manabe et al. showed that
mature rat adipocytes, but not rat preadipocytes, increased tumor growth of breast carcinoma

453

cell lines™”. However, Zimmerlin et al. clearly demonstrated that human preadipocytes could

also promote the in vitro growth and in vivo tumorigenesis of metastatic breast cancer cells

from clinical isolates™*

. In addition, coculture of human adipocytes with ovarian cancer cells
promoted cancer cell growth both in vitro and in vivo™’. Different mechanisms have been

proposed to explain the promotion of tumor growth by adipocytes.

4.2.2.1. Adipocytes provide energy to fuel tumor growth

The “Warburg effect”, in which oxidative phosphorylation is shifted to glycolysis to
provide energy for rapid tumor growth, even under normal oxygenic conditions, has been
described in cancer cells several decades ago*°®. In parallel, cancer cells are capable of using
alternative sources of energy, such as amino acids and lactate from the
microenvironment®**. In 2009, Lisanti et al. proposed the “reverse Warburg effect”: cancer
cells induce glycolysis in cancer-associated fibroblasts which in turn produce lactate and

pyruvate for cancer cell metabolism and proliferation®***

. This concept can be extended to
other cells of the tumor stroma, notably the adipocytes. These cells were shown to release
lactate through the monocarboxylate transporters, in particularly under hypoxic

cLe 461,462
conditions*®!#%,

Other important sources of energy for tumor cells are fatty acids, since when
metabolized, they yield large quantity of ATP. Using radioactive palmitate injected either
intraperitoneally or intravenously into mice, Mermier and Baker suggested that most of the
free fatty acids in tumor cells are directly transferred from host stroma tissues but not from the
plasma*®. Since adipocytes are specialized in lipid storage, release of fatty acids by
adipocytes can be useful to fuel tumor growth. Indeed, co-cultivation of adipocytes with
breast cancer cells led to adipocyte delipidation and decreased expression of the adipocyte
marker adiponectin®®'. Likewise, ovarian cancer cells cocultured with adipocytes activated

lipolysis in adipocytes®™’. In line with these in vitro data, Dirat et al. showed that cancer-
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associated adipocytes located at the invasive front of breast cancer displayed smaller sizes and

451

less lipid than adipocytes far from the tumors™ (figure 16). In parallel, fatty acids released

from adipocyte lipolysis could be taken by ovarian cancer cells which accumulated lipids in
their cytoplasm and upregulated their rate of B-oxydation*>. The fatty acid-binding protein 4

(FABP4) was identified as key role in the transfer of fatty acids. Mutation of FABP4 reduced

455
h

significantly tumor growth™". However, the factors that induce the energy crosstalk between

adipocytes and cancer cells remain unknown. It is worth noting that induced lipolysis of

%4 a syndrome characterized by the

loss of adipose and muscle mass, and frequently observed in untreated cancer patients*®.

. . . . . 4
adipose tissue contributed to cancer-associated cachexia

Interestingly, many tumor cells express high levels of fatty acid synthase (FASN) which plays

100471 Suggesting de novo synthesis of fatty acids by

472,473

a key role in the biogenesis of fatty acids
cancer cells. Inhibition of FASN decreased cell proliferation and tumor growth in vivo
Together, these data underline that fatty acids, either from de novo synthesis or transferred

from adipocytes, are pivotal to fuel tumor growth.

Figure 16. Cancer-associated adipocytes at the invasive front of breast tumors (Wang et
al.,2012)

Immunohistochemistry of the invasive front (IF) of breast cancer reveals the existence of cancer-associated

adipocytes with reduced sizes compared to adipocytes far from the tumors. Ad, adipose tissue; C, tumor center.
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4.2.2.2. Adipocytes secrete adipocytokines

As mentioned above, both adipocytes (and also preadipocytes) secrete various factors
that act either locally or systemically. In parallel, many tumor cells express receptors for these
adipocytokines which can affect tumor growth. These factors include leptin, adiponectin,

estrogen, IGF-I and HGF.

4.2.2.2.1. Leptin

The role of leptin in tumorigenesis was suggested by the high expression of the leptin

476
h

. 474 475 477 478
receptor (ObR) in several cancer cells, such as breast™ ", lung”"”, stomach™", colon™"’, ovary

and leukemia’””. In vitro studies using recombinant leptin showed an increase in cell
proliferation by leptin in different cancer cell types, via the activation of the ERKI1/2
pathway™’. Particularly, leptin could augment proliferation of breast cancer cells via
transactivation of HER-2**"*2 Amemori ef al. showed that in a three dimensional collagen
gel culture system, adipocytes and preadipocytes from wild-type mice increased the

proliferation of colon cancer cells*®. This effect was abolished in adipocytes, but not in

483

preadipocytes, from ob/ob mice deficient for leptin™ . This result suggests that leptin may

participate, at least in adipocytes, in the promotion of tumor growth. However, the in vivo role
of leptin in tumorigenesis is controversial. While ob/0ob mice were shown to display decreased
growth of colorectal tumors*™® and mammary tumors*®, increased tumor growth was

observed in prostate tumors™™. Additionally, Aparicio et al. showed that leptin did induce

Min/~+

growth of colon cancer cells in vitro but not in nude mice and Apc mice that were

7

susceptible to spontaneous intestinal adenoma formation®™’. This result may be partly

explained by the local and not systemic effect of leptin on adjacent tumor cells. Interestingly,

474,476,488

many cancer cells were shown to express leptin , suggesting leptin may affect tumor

growth in an autocrine and paracrine manner.

4.2.2.2.2. Adiponectin
A number of human cancers were observed to express high levels of the adiponectin
receptors (AdipoR1 and AdipoR2)***. In vitro exposition of cancer cells to adiponectin

inhibited proliferation and induced apoptosis in different cancer cell lines, such as

489,494,495 1. 49
I iver

breast h*’

6 496 . 498 . . .
, colon™", stomac and endometrium ™. In vivo, adiponectin reduced

496,497,499,500

tumorigenesis of many cancer cells , and adiponectin deficiency promoted tumor

gl‘OWthSOI ,502

through activation of AMPK, inhibition of PI3K/Akt and ERK1/2 pathways, down-regulation

. The growth inhibition of adiponectin in cancer cells was shown to be mediated
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of leptin-induced STAT3 phosphorylation, inhibition of NF-kB and Wnt/B-catenin pathways,

and decrease of ROS production”**.

Thus, adiponectin mediates opposite effects on tumor growth compared to leptin. Since
both adipokines are secreted by adipocytes and present in the blood, the ratio leptin:
adiponectin may be a major factor regarding tumor growth. Interestingly, there is an inverse
correlation of the serum levels of these two adipokines during fat mass changes***. High BMI
was associated with increased leptin and decreased adiponectin levels in the serum. While in
vitro studies showed divergent responses of different breast cancer cell lines to various leptin :
adiponectin ratios™", clinical studies indicated a positive correlation between high leptin:

505,506

adiponectin ratios and increased risk of postmenopausal breast , colorectal®” and

endometrial cancer’®.

4.2.2.2.3. Estrogen
ERs are expressed by many cancer cells, in particularly breast cancer (70-80%). Thus,
the production of estrogen by adjacent mammary adipose tissue has a strong positive impact
on tumor growth in estrogen-dependent breast cancer . Preadipocytes, but not adipocytes,
were shown to express aromatase, the key enzyme in the estrogen production®?’. Interestingly,
the aromatase expression in preadipocytes was demonstrated to be induced by tumor cells via
secretion of PGE2°'’. This data underlines the cross-talk between tumor cells and cancer-

associated preadipocytes in favor of tumorigenesis.

4.2.2.2.4. Insulin-like growth factor-1 (IGF-I)

Epidemiological studies have revealed a correlation between high IGF-I circulating
levels and increased risk of cancers, such as premenopausal breast'*', prostate’'!, lung®'* and
colorectal’* " cancers. Tumor cells were shown to express IGF-IR, and binding of IGF-IR
to its ligand promoted tumor growth through activation of PI3K/Akt and MAPK pathways'**.
IGF-I was shown to be secreted by human adipocytes, and by preadipocytes in lower
amounts”' . Inhibition of IGF-IR prevents the growth-promoting effect of adipocytes in breast

516
cancer cells’ .

4.2.2.2.5. Hepatocyte growth factor (HGF)

HGF was shown to be secreted by both adipocytes and preadipocytes” "'

52

. In parallel,
the HGF receptor (c-Met) was found to express in breast’'’, ovarian®?’, and lung™' cancers.
Interestingly, it was observed that in breast cancer, c-Met expression was increased at the

. : 522 . . L .
adipocyte-tumor interface’. This expression pattern suggests a paracrine interaction between
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stromal adipocytes, preadipocytes and tumor cells. Rahimi et al. showed that HGF promoted
proliferation of murine breast carcinoma SP1 cells. Moreover, neutralization of HGF in the
conditioned medium from murine 3T3-L1 adipocytes suppressed adipocyte-induced

proliferation of SP1 cells’*

. However, a direct role of HGF in growth of human cancer cells
has not been demonstrated. /n vivo, overexpressing HGF in different tissues in mice resulted

in tumorigenesis of those tissues™>".

4.2.2.2.6. Adipocytes promote angiogenesis
Angiogenesis, the process of new blood vessel formation, plays a critical role in tumor
expansion>*. Blood vessels supply oxygen, nutrients, and growth factors from the plasma to
tumor cells. This process is tightly regulated by tumor cells and stromal cells in the tumor
microenvironment. It was shown that adipocytes and preadipocytes actively participated in
the angiogenic modulation by secretion of adipokines®*. Angiogenic factors, such as vascular
endothelial growth factor A (VEGFA) and fibroblast growth factor 2 (FGF-2), are produced

226527 Other adipokines, such as leptin,

by adipocytes and preadipocytes, respectively
adiponectin, resistin, and HGF, promoted angiogenesis in vitro and in vivo ™ 2. Certain
adipocyte-derived lipids such as monobutyrin also induced angiogenesis®. Interestingly, it
was shown that adipose-derived stem cells (ASCs) could differentiate into various cell types

including endothelial and perivascular cells™*

. These ASCs, which were presumably
considered to only differentiate into a limited number of lineages, were shown to express
pericyte markers a-SMA (alpha-smooth muscle actin), PDGFR-B (platelet derived growth
factor receptor beta) and NG2 (chondroitin sulfate proteoglycan), and localize around the
adipose vasculature®”. In line with this data, a recent study showed that circulating

preadipocytes from endogeneous WAT could be recruited into tumor sites, where they were

incorporated into blood vessels to promote tumor vascularization®*°.
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Figure 17. Adipocytes and preadipocytes promote tumor growth

Adipocytes and preadipocytes secrete metabolites, growth factors and angiogenic factors that promote tumor
growth. FGF-2, fibroblast growth factor 2; HGF, hepatocyte growth factor; IGF-I, insulin-like growth factor I;
VEGF, vacular endothelial growth factor.

4.2.3. Adipocytes promote tumor invasion and metastasis

The invasion-metastasis of carcinomas consists of a cascade of events: (1) invade
locally through surrounding extracellular matrix and stromal cell layers, (2) intravasate into
the lumina of blood vessels, (3) survive the transport through the vasculature, (4) arrest at
distant organ sites, (5) extravasate into the parenchyma of distant tissues, (6) initially survive
in these foreign microenvironments, and (7) reinitiate their proliferative program at metastatic
sites™’. During these processes, adipocytes and preadipocytes play important roles, either by

increasing tumor invasion, remodeling extracellular matrix, or promoting tumor homing.

4.2.3.1. Adipocytes increase tumor invasion

Several studies indicate the role of adipocytes in promoting tumor invasion. It was
observed that in ductal breast carcinoma, the scattered invasion into fat and the length of the

invasive patterns of cancer cells were correlated with tumor aggressiveness and poor

538-540

prognosis . In vitro, coculture of adipocytes with breast and ovarian cancer cells

. . . 451,455
increased tumor invasion

. Visceral adipocytes were shown to be more efficient to
. . . . 455 .
promote tumor invasion of ovarian cancer cells than subcutaneous adipocytes . In vivo

studies demonstrated that breast cancer cells previously cocultured with adipocytes displayed
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more aggressive phenotype and stronger invasive capacity than cancer cells alone®'. The
promoting effect of tumor invasion by adipocytes is likely mediated by soluble factors
secreted by these cells. Interestingly, Dirat et al. showed that the conditioned medium from
cancer-associated adipocytes, but not adipocytes which had never been cocultivated with
tumor cells, could promote tumor invasion”'. This data illustrates the tumor-adipocyte

crosstalk and the ability of tumor cells to modulate stroma cells in favor of tumor progression.

. . . . . 451.541
As for preadipocytes, their roles in tumor invasion are unclear™'~*!,

IL-6 has been identified as the adipose-derived factor that promotes tumor migration

and invasion. Depletion of IL-6 by neutralizing antibody abrogated the stimulation of tumor

451,541

invasion by adipocytes or preadipocytes . Another adipocyte/preadipocyte-secreted

factor, HGF, was shown to promote tumor invasion via its receptor MET>**. HGF triggered

downregulation of E-cadherin, destabilization of adherent junctions, and dissociation of cell-

543,544

cell contact . Interestingly, MET expression is altered in many cancers, either by

overexpression, mutation or HGF induction, leading to cancer aggressivity and metastatic

. . . 4
dissemination™®,

4.2.3.2. Adipocytes remodel the extracellular matrix

Adipocytes secrete various constituents of the extracellular matrix, such as different
types of collagen546. During tumorigenesis, cancer cells upregulated the secretion of collagen
VI from adipocytes™’. Collagen VI was shown to promote tumor growth and survival via

signaling through the NG2/chondroitin sulfate proteoglycan receptor expressed on tumor

548

cells". In the background of the mouse mammary tumor virus/polyoma virus middle T

oncogene, mice lacking collagen VI exhibited reduced rates of hyperplasia and primary tumor

4
h58

growth™". Furthermore, endotrophin, a cleaved fragment of the collagen VI a3 chain,

promoted the epithelial-mesenchymal transition (EMT) process and metastasis of mammary

549

epithelial cancer cells””. Like collagen VI in adipocytes, secretion of fibronectin by

0

preadipocytes was also enhanced by cancer cells™. Fibronectin activated the STAT3

signaling pathway which promoted EMT of breast cancer cells™".

552

Adipocytes secrete a number of matrix metalloproteinases (MMP)™”“, which allows the

553

degradation of extracellular matrix and the promotion of tumor invasion". Cancer cells were

shown to induce the expression of MMP-11 in adipocytes as tumor invaded the surrounding

554 55

adipose tissue”*. Although the substrates of MMP-11 remain unknown’>, some suggested

that MMP-11 can cleave collagen VI>*°. In vivo, MMP-11 was shown to promote cancer
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progression by remodeling the extracellular matrix™’. Downregulation of MMP-11 by siRNA
attenuated cancer metastasis™ . Additionally, high levels of MMP-11 expression were
correlated with increased invasion and bad prognosis in breast carcinoma®®, pancreatic

"and colon cancer’®. In parallel, MMP-11 can directly act on adipocytes and

cancer™’
preadipocytes. MMP-11 negatively regulated adipogenesis by inhibiting preadipocyte
differentiation and enhancing adipocyte dedifferentiation, leading to accumulation of
fibroblast-like cells which favor tumorigenesis®®. Moreover, adipocytes can indirectly
promote tumor invasion via leptin and HGF, which in turn induce the secretion of various

MMP by cancer cells™**>.

4.2.3.3. Adipocytes promote tumor homing

1.3 showed

In ovarian cancer, the omentum is the main site of metastasis. Nieman et a
that omentum adipocytes favored tumor homing via secretion of cytokines. The most
abundantly adipocyte-secreted cytokines included IL-6, IL-8, MCP-1, and tissue inhibitor of
metalloproteinase-1 (TIMP-1). Antibody-mediated inhibition of these factors reduced ovarian
cancer cell homing toward adipocytes in vitro. Neutralization of IL-6R and particularly IL-8R
(CXCR1) reduced in vivo homing of ovarian cancer cells to the mouse omentum. Notably, the
expression of IL-8R was strongly upregulated in ovarian cancer cells in coculture with
adipocytes. In another study, Pramanik et al. showed that acute lymphoblastic leukemia
(ALL) cells migrated into adipose tissues in vivo and exhibited chemotaxis towards
adipocytes in vitro®®’. CXCL12/SDF-1 was identified as adipocyte-derived chemoattractant
that was responsible for leukemia cell migration. Inhibition of SDF-1 receptor, CXCR4, in

ALL cells abrogated their migration toward adipocytes. Together, these data illustrate that

adipocytes can promote tumor metastasis and homing of cancer cells to adipose tissue.

4.2.4. Adipocytes increase cancer resistance to therapies

Evading apoptosis is a main hallmark of cancer cells®*. Despite the abundance and
importance of adipocytes in the tumor microenvironment, little is known about their roles in
survival and resistance of cancer cells to therapies. The first evidence comes from the
observation of Iyengar et al., which showed that 3T3-L1 adipocytes supported survival of
transformed ductal epithelial cells in vitro under limiting serum conditions™*. Indeed,
adipocytes can promote anti-apoptosis and cancer resistance via different mechanisms:

increasing cell-cell contact, cell-matrix adherence, and secretion of soluble factors.
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4.2.4.1. Adipocytes increase cell-cell contact and cell-matrix adherence

The cell-cell and matrix-cell contact provide survival signals whose withdrawal induces
cell death®®*®. As mentioned above, adipocytes are in close contact with cancer cells and
secrete constituents for the tumor extracellular matrix. Collagen VI has been shown to confer
resistance of ovarian cells to cisplatin in vitro®"". Besides, preadipocytes can also participate
into cancer resistance to cytotoxic agents via secretion of fibronectin®’' or via membrane

exchange of multi-drug resistance proteins®’>.

4.2.4.2. Adipocytes promote cancer resistance via soluble factors.

Different adipocyte-secreted soluble factors can mediate cancer resistance to
chemotherapy. Behan ef al. showed that in vitro 3T3-L1 adipocytes protected ALL cells from
cytotoxic agents, including vincristine, dexamethasone, daunorubicin, and nilotinib®”>. This
protection was independent of cell-cell contact and was associated with increased expression

573
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of pro-survival signals Bcl-2 and Pim-2°"". Interestingly, the protective effect was also

573

observed with the murine bone marrow-derived adipocyte OP-9 cells™’", suggesting a role of

the bone marrow adipose tissue in chemoresistance.

A recent study by Holland et al. showed that adiponectin inhibited apoptosis through
stimulation of a ceramidase activity associated with its two receptors AdipoR1 and
AdipoR2°™. Ceramide induced cell death and its expression was increased in response to
various chemotherapeutic agents’”>. Ceramide catabolism generates spingosine-1-phosphate
(S1P) which is an antiapoptotic metabolite. Thus, adipocytes may participate in
chemoresistance via secretion of adiponectin. In addition, Chi ef al. recently showed that
adipocyte-secreted leptin contributed to resistance of melanoma cells to various therapeutic
agents’'°. Bochet et al. also showed that cancer-associated adipocytes can promote breast

tumor radioresistance, probably via the secretion of IL-6"".

On the other hand, bone marrow mesenchymal stem cells have been also shown to
decrease the sensitivity of tumor cells to various cytotoxic agents, such as bortezomib,

cisplatin, 5-FU and irinotecan’’**”

. This protective effect was mediated by secreted factors
such as VEGF or fatty acids. Curiously, in a study by Roodhart et al., the protective effect
was observed with mouse BM-MSC and mouse embryonic fibroblasts (MEF) but not 3T3
fibroblasts, 3T3-L1 preadipocytes or 3T3-L1 differentiated adipocytes®””. The authors argued
that the multilineage differentiation potential of BM-MSC or MEF could determine their

ability to secrete chemoprotective factors in response to platinum-based chemotherapy.
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However, since the secretion profiles are different depending on the origin of the cells, further
investigation on the protective effect of the same BM-MSC at different stages of

differentiation is required to confirm this hypothesis.

Collectively, these data indicate that adipocytes and preadipocytes can promote cancer
resistance to therapies. Moreover, as mentioned above, adipocytes and preadipocytes secrete
factors that attract tumor homing to the adipose tissue, creating a protective tumor
microenvironment for cancer cells. This underlines the importance of adipose tissue as a

potential target in cancer treatment.

4.2.5. Obesity and cancer

Obesity is defined as an excess in body fat, with BMI values greater than 30 kg/m?. It is

associated with an increase in adipocyte volume (hypertrophy) and to a lesser extent, an

196,241

increase in adipocyte cell number (hyperplasia) . Importantly, this expansion in obesity is

associated with hypoxia, remodeling of ECM, dysregulation of adipocytokine secretion,
adipocyte death, and chronic inflammation. Obesity is therefore considered as a pathological

state which can further support tumorigenesis and cancer progression.

4.2.5.1. Hypoxia, angiogenesis and remodeling of ECM

Adipocyte hypertrophy was shown to be associated with local hypoxia in adipose tissue

580,581

in obese mice and obese patients . Hypoxia led to the expression of hypoxia induced

581,582 :
=%, Besides,

low oxygen levels increased glucose consumption and release of lactate from adipocytes™™.

factor 1 a (HIF-1a) and endoplasmic reticulum stress markers in adipocytes

Most importantly, hypoxia led to dysregulation of the secretion of adipocytokines. Hypoxia

582,584,585

was shown to suppress adiponectin expression and secretion , while it induced

secretion of leptin, IL-6, VEGF and MMPs*®%  This was associated with enhanced

angiogenesis”" and remodeling of the adipose extracellular matrix™®’.

4.2.5.2. Dysregulation of adipocytokines

Obese adipose tissue displays a dysregulation of secreted adipocytokines®*****. Obesity
was associated with increased adipose tissue expression and high plasma levels of several pro-
inflammatory adipocytokines, including leptin®®-*°, resistin®', IL-6*'“*** and TNE-
o”?*% By contrast, the plasma level of the anti-inflammatory adiponectin was decreased in
obesity””°. Interestingly, weight loss in obese individuals after a restricted calorie diet or

exercises led to decreases of leptin®’, IL-6>" and TNF-o™*, in parallel with increases of
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adiponectin®®®. In vitro studies suggested IL-6 and TNF- o inhibited adiponectin
TNF-o increased expression of itself and of IL-6°"°. Moreover, IL-6 and TNF-a could
promote the activity of aromatases, resulting in increased estrogen production®”®". Indeed,
obesity was shown to be correlated with high levels of estrogen, notably in post-menopausal
women®?. Plasma levels of HGF, but not VEGF, were also shown to increase in obese
individuals®®. Together, these data indicate dysregulated secretion of adipocytokines and pro-
inflammatory profile in obesity, which can promote metabolic disorders and tumorigenesis

both locally and systemically.

4.2.5.3. Adipocyte death, recruitment of macrophages and chronic inflammation

Obesity was shown to be unexpectedly associated with adipocyte death®**°%

. Using
mice deficient for HLS, a major lipase in mature adipocytes, Cinti et al. demonstrated that
adipocyte death was caused by cell hypertrophy and not by increased adipose mass®*. The
frequency of adipocyte cell death was positively correlated with adipocyte size. Interestingly,
in this study, adipocyte death displayed ultrastructural features of necrosis, including rupture
of plasma membrane and endoplasmic reticulum dilatation. In another study, Alkhouri et al.
showed that adipocytes in obesity also displayed a pro-apoptotic phenotype, with activation of
both extrinsic and intrinsic apoptotic pathways®’. However, regardless of the mechanism,
adipocyte death released lipid droplets into the medium?*'. It is thus reasonable to speculate
that cancer cells can ingest these lipids and use them as source of energy for tumor growth. In
addition, adipocyte death led to increased infiltration of macrophages which arranged around

dead adipocytes and formed crown-like structures®®*®%®

(figure 18). These infiltrating
macrophages abundantly secrete inflammatory cytokines such as IL-6 and TNF-a°**| which

further enhanced the local inflammation in obese adipose tissue.
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Figure 18. Phenotypic modulations of adipose tissue in obesity (Ouchi ez al., 2011)

Lean adipose tissue possesses normal adipocytes with metabolic control and no inflammation. As the fat mass
increases, adipocytes undergo hypertrophy but the tissue retains relatively sufficient vascular function, normal
metabolic function and low levels of inflammation. Late obesity is associated with hypoxia, metabolic
dysfunction, adipocyte death, recruitment of macrophages around dead adipocytes forming crown-like
structures, and chronic inflammation with abundant secretion of pro-inflammatory factors, including leptin,
resistin, retinol-binding protein 4 (RBP4), lipocalin 2, angiopoietin-like protein 2 (ANGPTL2), tumor necrosis
factor (TNF), interleukin 6 (IL-6), IL-8, CC-chemokine ligand 2 (CCL2), CXC-chemokine ligand 5 (CXCL5)
and nicotinamide phosphoribosyltransferase (NAMPT).
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4.3. Adipocytes and NK cells: the fat and the killer

Despite the fact that adipocytes are important components of the microenvironment and
they actively secrete actors that act both locally and systemically, little is known about the
impact of adipocytes on NK cells. However, some observations indicate the involvement of

adipocytes in NK cell development, activation and cytotoxicity.

4.3.1. NK cells are in close contact with adipocytes
4.3.1.1. Anatomical localization of NK cells related to adipose tissues

NK cells derive from hematopoietic cells and their development mainly occurs in the
bone marrow and lymph nodes®'’. It is well known that these organs are embedded in adipose
tissue. In the bones of human adults, adipose tissue occupies over 50% volume of the marrow
cavity. Adipocytes are the most abundant cell type in the bone marrow and they are in direct
contact with hematopoietic cells'’?. By contrast, in the lymph nodes, the adipose tissue is
separated from hematopoietic cells by a capsule which is composed of a thin, loose layer of
collagenous material, and a layer of subcapsular sinus. Numerous fine lymph vessels pass
through the adipose tissue before entering into the nodes. These vessels are permeable to large

611

molecules and certain small cells” . Therefore substances secreted by the adipocytes can

indirectly diffuse to hematopoietic cells via the afferent lymph vessels®'%.

Once mature, NK cells enter the blood circulation where is found a number of
adipocytokines secreted by adipose tissue. Hence, NK cells in the peripheral blood are
constantly in contact with adipocyte-secreted molecules. Moreover, in solid tumors,
extravasating NK cells need to cross the tumor stroma before getting in contact with tumor
cells. It was shown that infiltrating NK cells were often located in the surrounding tumor

20 In the breast or the

stroma and only few NK cells are in direct contact with tumor cells
omentum where adipocytes constitute the major components of the tumor stroma, infiltrating

NK cells are very likely in direct contact with adipocytes.

4.3.1.2. Secretion of chemoattractants for NK cells

Chemerin, a chemoattractant protein, was identified as an adipokine secreted by

613,614

adipocytes both in vitro and in vivo . It is synthesized under the inactive form

prochemerin then becomes active after proteolytic cleavage®'”.

Even if prochemerin
expression is detectable in other tissues, adipose tissue is a main source of active chemerin,

along with the liver®*'°. Chemerin expression is induced during adipocyte differentiation
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and acts in an autocrine/paracrine manner to regulate adipogenesis®*®'7*'® " Additionally,
chemerin synthesis and secretion is increased by TNF-q, IL-1f and free fatty acids®’®**'. In
parallel, the chemerin receptor, ChemR23 (also known as CMKLR1 or CX;CR1) was shown
to be present in human blood CD56°*CD16", but not CD56"€"CD16™ NK cells, and notably in
infiltrating NK cells®*. Chemerin induced NK cell migration ex vivo in chemotaxis assays
and in mice®”. Recently, Pachynski et al. demonstrated that tumor-expressed chemerin
inhibited in vivo tumor growth by recruiting NK cells to the tumor sites®*’. Knock-out of the
host chemerin receptor CMKLR1 or depletion of NK cells abrogated the tumor inhibition,

while intratumoral injection of chemerin inhibited tumor growth.

Other adipocyte-derived factors, such as IL-8 and lipids, can potentially promote NK
cell homing to adipose tissue. Adipocytes are abundant sources of IL-8°**. In parallel, human
NK cells were shown to strongly express IL-8 receptors®>**® and IL-8 could induce NK cell

626,627

chemotaxis in vitro Besides, adipocytes secrete lysophospholipids, including

628,629

lysophosphatidic acid (LPA) and sphingosine 1-phosphate (S1P) . The receptors for

these molecules were found to be expressed on NK cells and both LPA and S1P induced

630,631

human NK chemotaxis in vitro . Moreover, SIP was shown to be required for in vivo NK

cell mobilization to inflammed organs®?. Interestingly, S1P generation can be upregulated by

adiponectin via its receptors AdipoR1 and AdipoR2°"*.

Collectively, these data indicate the proximity between NK cells and adipocytes, which
is further enhanced by adipocyte-secreted chemoattractants and infiltration of NK cells in case
of tumor or inflammation. The close distance between these cells favors their crosstalk, either

directly via cell-cell contact, or indirectly via secreted soluble factors.

4.3.2. NK cells are regulated by adipocytokines

NK cells express receptors for various adipocytokines. Multiple studies have
demonstrated the importance of these adipocytokines in the development, activation and

functions of NK cells.

4.3.2.1. Leptin

Human NK cell lines were shown to constitutively express leptin receptor (ObR), both

the long form and the short form®

. ObR is a single membrane-spanning protein which shares
sequence homology and signal transduction similar to the IL-6 receptor™*®**. Exposure of NK

cell lines to recombinant human leptin led to phosphorylation of STAT3 and increased
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transcription of IL-2 and perforin genes®. Several studies have demonstrated the importance
of leptin in NK development and functions. In db/db mice lacking ObR and in ob/ob mice
deficient for leptin, NK cells declined in number and displayed impaired cytotoxicity®®®.
Indeed, Lo et al. suggested the role of leptin in enhanced survival of NK cells during

- 638
development in mouse bone marrow

. Moreover, in vitro studies showed that leptin
improved NK cell proliferation, activation and cytotoxicity®>*®. Consistently with these
results, in vivo administration of leptin reduced the growth of hepatocellular carcinoma in
athymic or SCID mice, but not in NK-deficient SCID-beige mice®”. However, in a recent
article, Wrann et al. showed that only 5% of human NK cells from the peripheral blood of
healthy individuals express ObR®*. Additionally, these investigators showed different effects
of leptin on NK cells depending on the length of leptin exposure®*’. In the case of short-term
exposure, leptin induced NK cytotoxicity, while long-term exposure of leptin (more than 4
days) did not display any effect. Although in this study the authors did not check the stability
of leptin in long-term exposure at 37°C, (leptin half life was found to be short in plasma®'),
this finding raised the impact of long-term leptin exposure in blood peripheral NK cells,
notably in case of obesity where constantly elevated levels of leptin are found in the

589,590
plasma’ """,

4.3.2.2. Adiponectin

The expression of adiponectin receptors, AdipoR1 and AdipoR2, was reported on

human NK cells from peripheral blood*****

20% of CD56+ NK cells express AdipoRs on their membrane®?, Wilk et al. indicated

AdipoR expression in 75% of CD56+ NK population using the same primary antibody®*.

. While Pang and Narendran reported that about

Interestingly, the membrane expression patterns seemed to depend on the CD56 status of NK

622 cells were

cells: while most CD56"™ expressed AdipoRs, only a minor portion of CD5
positive®”. However, the CD56™¢" NK cells expressed both AdipoRs intracellularly like
murine NK cells®?. Since CD56™#" NK cells are considered by some as precursors of the
CD56%™ subset®***, Wilk et al. suggested the involvement of AdipoRs expression in NK
cell maturation. Besides, Kim et al. demonstrated that in vitro exposition of murine NK cells
to recombinant adiponectin suppressed IL-2-induced NK cell cytotoxicity by inhibiting the
NF-«kB signaling pathway and down-regulating IFN-y, Fas ligand and TRAIL expression®*,
In line with this finding, recent in vivo studies by Han et al. showed that adiponecin-knockout

mice presented high number and increased cytotoxicity of NK cells with and without IL-2

stimulation, which participated in the suppression of lymphoma growth®’. However, the
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inhibitory role of adiponectin in NK cytotoxicity was contradicted by Wilk et al., whose
studies indicated that adiponectin did not modify human NK cytotoxicity®*’. Moreover, they
showed that adiponectin-knockout mice even displayed decreased NK-cell cytotoxicity with
lower NK degranulation and NKG2D levels compared to wild-type mice®”. Some elements
may partly explain the differences between these results, such as the origins of the NK cells
studied (human and murine), NK cell viability, and the concentrations of adiponectin used in
in vitro studies (30 pg/mL vs 3 pg/mL in Kim’s and Wilk’s studies, respectively). However,
further investigations are required to confirm the role of adiponectin in NK cell development

and functions.

4.3.2.3. IL-6

The receptor for IL-6 (IL-6R) is a heterodimer composed of one ligand-biding a unit

associated with a signal-transducing glycoprotein, gp130°* %, The expression of both IL-6R

651

units was shown in murine NK cells™ . However, whether IL-6R is expressed in human NK

cells is not clear. Using the same technique of flow cytometry on cells preincubated with

biotin-labeled IL-6, Smyth and Ortaldo detected FITC-avidin reactivity in CD3-CD56+ NK

652

cells®?, whereas Wognum e al. showed absence of IL-6 binding®>. Likewise, the role of IL-6

in NK activity remains controversial. While some in vitro studies indicated IL-6 alone had no

effect on human NK cytotoxicity®* >’

by IL-6 alone®*®*%? or in combination with IL-2 or IL-15%9%05%657:639.660 A qditionally,

, others demonstrated enhancement of NK cytotoxicity

Rabinowich et al. also showed that IL-6 stimulated NK adhesion through upregulation of (-
integrin®'. In mice, expression of IL-6 by human tumor cells increased tumorigenesis, likely
via NK dysfunction induced by high IL-6 levels at the tumor sites°®>. This result was further
supported by the observation that in patients with advanced colon or pancreatic cancer,
administration of IL-6 led to suppression of NK cytotoxicity®®. Collectively, these findings

suggest an enhancement of NK activity by IL-6 in vitro but the opposite effect in vivo.

4.3.2.4. TGF-B

The receptor for TGF-B is a membrane serine/threonine kinase associated with SMAD
proteins. Binding of TGF-f to its receptor leads to phosphorylation of SMAD which moves
into the nucleus and activate target gene transcription®*. Using radioactive TGF-p, Rook et
al. demonstrated the binding of TGF-$ to NK lymphocytes and suggested the presence of
high-affinity TGF-B receptor in these cells'®. Recent study by Marcoe er al. showed that

TGF-B played important role in the maturation of NK cells in vifro in presence of bone
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marrow stromal OP-9 cells®®®

in the inhibition of NK cell functions. /n vitro exposition of NK cells to TGF-f inhibited IFN-

. Moreover, other studies have demonstrated the role of TGF-f

y production, even in the presence of activating cytokines such as IFN-a, IL-2 or IL-12%¢76%,
In addition, TGF-B reduced NK cytotoxicity via down-regulation of NKp30 and NKG2D
receptors*>***4% TGF-p was also shown to inhibit ADCC via SMAD3-mediated repression
of grazyme A and B**°. These findings were further confirmed in vivo. NK cells from smad3 -
/- mice produced more IFN-y in response to IL-12 and CD16 activation compared to wild-
type mice**®. Targeting TGF-B by siRNA in human glioma abrogated tumorigenicity in vivo
and enhanced NKG2D expression as well as NK cytotoxicity’ ~. Particularly, Lee et al.
observed an inverse correlation between plasma level of TGF-B and NKG2D expression

levels in patients with lung or colorectal cancer***.

4.3.2.5. TNF-0, PGE2 and IL-10

Other adipocyte-secreted factors, such as TNF-o and PGE2, were shown to implicate in
NK cell functions. Under certain circumstances, TNF-a can induce NK cell apoptosis®®®°".
PGE2 was shown to suppress cytokine production as well as NK cytotoxicity via binding to
PGE2 receptors on NK cells®”' 7. By contrast, IL-10 induced stimulatory effect on NK cells,
with enhancement of IFN-y production and NK cytotoxicity, notably when combined with IL-

2 or IL-18574677,

Overall, adipocytokines are largely implicated in NK cell development, activation and
functions. Their effects can be mediated by both endocrine and paracrine manners. Thus,
adipocytes and preadipocytes play important roles in the homeostasis and regulation of NK

cells.

4.3.3. NK cells are dysregulated in obesity

Obesity is associated with dysregulated secretion of adipocytokines. In murine and
human obese subjects, adipose tissue expression and/or plasma levels of leptin®”®, IL-

6592’593’595, TGF—B6797682, TNF—aSQS, PGE2683’684, and IL-10%®° have been shown to be

598,596
427

upregulated, while adiponectin is decrease . This dysregulation may have impacts on

NK cell development and functions.

The potential modifications of NK cells in obesity have been documented in several

models. In genetically-disposed obese mice lacking either leptin (ob/ob) or leptin receptor

d636,637

(db/db), the NK cell number and cytotoxicity were both decrease . However, no
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modification of NK cell count as well as cytotoxicity was observed in diet-induced obese

686

. 686 . . . .
mice’ or rats . In humans, while Dovio and Nieman showed no difference between NK

cell number and activity and in obese compared to lean subjects®”*® Lynch and Lautenbach
demonstrated a decrease in both NK cell count and activity in obese individuals®®® %",
Curiously, Moriguchi et al. indicated higher NK activity and proliferation in obese subjects
who were 39-60 years old compared to lean subjects, but an inverse variation in people who
were 60-69 years old®%. Despite the inconsistent data on number and activity of NK cells at
basal levels in obese status, it is generally observed that NK cells from obese mice and
individuals were less responsive to various challenges, including poly I:C*° cigarette

690 537 Moreover, NK cells from diet-induced obese

smoke®”, influenza infection®”, and cancer
rats displayed leptin resistance: they did not respond to leptin-induced activation, contrary to

NK cells from lean littermates®®.

Interestingly, Lautenbach ef al. suggested that altered phenotypes of NK cells from
obese rats can be normalized by transfer into lean animals®®, indicating the importance of the
microenvironment in NK cell shaping. In humans, NK cell number and activity in obese

individuals after weight loss by energy restricted diet were shown to be decreased in several

69369 " while unchanged in others®’. By contrast, acute nutritional deprivation by

fasting enhanced NK cell activity in obese subjects®®.

studies

All together, these studies, in spite of some conflicting data, point out the susceptibility

of NK cells to regulation by the adipose tissue, notably in case of obesity.
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AIMS OF THE STUDY

Adipocytes are the main actors of the breast tumor microenvironment. Due to their close
localization to tumor cells and their abundant secretion of various factors, adipocytes could
promote tumorigenesis. As mentioned above, some studies have suggested the involvement of
adipocytes and preadipocytes in the resistance of cancer cells to chemotherapy and

radiotherapy.

In this study, we investigated the implication of adipocytes in the resistance of breast
cancer cells to targeted therapy with trastuzumab. We hypothesized that adipocytes, via their
interactions with both cancer cells and NK cells, could alter the response of cancer cells to
trastuzumab-mediated ADCC. This issue could be of major clinical importance, since it
would clarify the mechanisms of resistance to trastuzumab. In addition, identification of the
adipose tissue-derived factors that mediate the crosstalk between adipocytes and cancer cells
or NK cells would open the fields to develop strategies to ameliorate the treatment of breast
cancer patients. Furthermore, since obesity is an increasing healthcare problem and is linked
with many types of cancers, our study could provide information on the biological

mechanisms underlying the relationship between obesity and cancer.
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Part 1

Adipocytes inhibit trastuzumab-mediated

ADCC via induction of GDF15

(DUONG et al., manuscript in preparation)
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Abstract

Trastuzumab has been used in the treatment of HER2-expressing breast cancer but its efficacy
is limited. Little is known concerning the role of the tumor microenvironment in resistance to
trastuzumab. Given the importance of antibody-dependent cellular cytotoxicity (ADCC) in the
antitumor effect of trastuzumab and the abundance of adipose tissue in breast, we investigated
the impact of adipocytes on ADCC. We found that adipocytes, as well as preadipocytes,
inhibited trastuzumab-mediated ADCC in HER-2 expressing breast cancer cells. Co-culture
studies showed that adipocytes secreted soluble factors that reduced the sensitivity of cancer
cells to ADCC. Using a transcriptomic approach, we found GDF15 to be upregulated in
cancer cells exposed to adipocyte-conditioned medium. Downregulation of GDF15 by siRNA
reversed the adipocyte-induced inhibition of ADCC. Our findings underline the importance of
adipose tissue in the resistance to trastuzumab, and suggest that development of approaches

targeting GDF15 may sensitize cancer cells to trastuzumab-based therapy.

Significance

Adipocytes mediate inhibition of trastuzumab-mediated tumor lysis by a direct protective
effect on breast cancer cells. Targeting the crosstalk between adipocytes and cancer cells
could represent a novel therapeutic approach to enhance the effect of trastuzumab-based

therapy.
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Introduction

The human epidermal growth factor receptor 2 (HER2) is amplified in 15-20% of breast
cancers and its over-expression is associated with adverse prognosis (1). Trastuzumab, a
humanized monoclonal antibody directed against HER2, was approved in 1998 for the
treatment of HER2-overexpressing breast cancer. Mechanisms of action of trastuzumab
include inhibition of HER2 dimerization, direct induction of cell growth arrest and apoptotic
cell death, inhibition of HER2 shedding, and recruitment of immune effector cells to mediate
tumor lysis (2). This latter mechanism, designated as antibody-dependent cellular cytotoxicity
(ADCC), has been shown to be dependent on innate immune cells expressing Fc receptors (3).
Recent studies by Park ef al. also demonstrated the involvement of adaptive immune cells in
the action of anti-HER2/neu antibody (4). As a single agent or in combination with
chemotherapy, trastuzumab has shown remarkable efficacy (5). However, not all patients
respond to trastuzumab and several patients who initially respond to treatment will
enventually progress, corresponding respectively to primary and acquired resistance to

trastuzumab (5).

Different mechanisms of resistance to trastuzumab have been reported. Reduction of
PTEN, a phosphatase whose activation contributes to trastuzumab activity, has been shown to
confer trastuzumab resistance both in vitro and in vivo (6). Patients with PTEN-deficiency
displayed poorer responses to trastuzumab-based therapy than those with active PTEN (6).
Shedding of the extracellular domain of HER2 protein by proteolytic cleavage has been
shown to neutralize the antitumor effects of trastuzumab (7). Elevated circulating levels of
HER2 have also been correlated with disease progression in patients treated with
trastuzumab-based therapy (8). Furthermore, masking of the HER2 antigens by the
glycoprotein mucin-4 (MUC4) has been shown to reduce binding of anti-HER2 antibodies in
vitro (9), while increased MUC4 levels have been observed in vivo in tumors that were
resistant to anti-HER2 therapies (10). Additionally, activation of other signaling pathways,
notably IGF-IR, has also been reported to inhibit trastuzumab-mediated growth inhibition in

breast cancer cells (11).

The aforementioned mechanisms of resistance are related to alterations in the tumor
cells themselves and do not take into account the impact of the tumor microenvironment. This
latter is highly complex in terms of cellular composition with different cell types, including

adipocytes, preadipocytes, endothelial cells, pericytes, and immune cells. Several studies have
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shown that immune-suppressor cells, such as tumor-associated macrophages, myeloid-derived
suppressor cells and regulatory T cells, are recruited to the tumor sites and promote immune
evasion (12—-14). However, the implication of resident cells, notably adipocytes, in tumor

resistance to trastuzumab remains largely unknown.

Adipocytes are the most abundant cells in the breast adipose tissue. It has been shown
that adipocytes are not simply energy storage depots, but also active sources of various
paracrine and endocrine factors, termed adipocytokines, such as leptin, adiponectin, TNF-
alpha and IL-6 (15). Given their abundance and their proximity with tumor cells, adipocytes
have been shown to affect tumor behavior, including tumor growth and metastasis (16).
Moreover, recent studies suggested the implication of adipocytes in resistance to radiotherapy
(17) and chemotherapy (18). Furthermore, obesity, which is associated with increased fat
mass and inflammatory adipose tissue phenotype, has been shown to be an important risk
factor for breast cancer in post-menopausal women (19). Chemotherapy and endocrine
therapy have also been observed to be less effective in breast cancer patients with obesity

(20).

Adipocytes derive from precursors termed preadipocytes or mesenchymal stem cells
through a tightly controlled differentiation process. These preadipocytes reside in the breast or
may be recruited from distant adipose tissue such as bone marrow. Increased evidence has

shown that preadipocytes contribute to tumor progression and resistance to chemotherapy

@1).

In this study, we evaluated whether preadipocytes and adipocytes could contribute to
resistance to trastuzumab. Using a co-culture system of human cell lines, we showed that
preadipocytes and adipocytes inhibited trastuzumab-mediated ADCC in breast cancer cells

via secretion of soluble factors, resulting in a direct protective effect on tumor cells.
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Results
hMADS and differentiated hMADS cells inhibit trastuzumab-mediated ADCC

To investigate the role of preadipocytes and adipocytes, ADCC assays were performed
on different human breast cancer cells in presence of undifferentiated hMADS or
differentiated hMADS (#hMADS) (corresponding to models of preadipocytes and adipocytes,
respectively) or their control media. As shown in Figure 1A, NK-92-CD16 cells strongly
mediated lysis of HER2-overexpressing target cells in the presence of trastuzumab. Both
hMADS and #hMADS cells reduced trastuzumab-mediated ADCC against HER2+/ER+
BT474 and HER2+/ER- MDA-MB-453 cells by approximately 30%. In contrast, no
inhibition of ADCC was observed in the presence of immortalized human mammary
epithelial HME1 cells. This result suggests that the inhibition of ADCC was not due to the
physical presence of a feeder cell layer, but was specific to preadipocytes and adipocytes. The
inhibition of ADCC by hMADS and #hMADS cells was also observed to a lesser extent with
HER2+/ER- SKBR3 cells, but not with HER2+/ER+ MDA-MB-361 cells (Supplementary
Fig. S1). This was not related to the difference in levels of HER2 expression between these
cell lines (Supplementary Fig. S2) Therefore, we chose BT474 cells as target cells for later
experiments. Interestingly, under hypoxic conditions with 1% O,, hMADS and #hMADS
cells inhibited ADCC even more markedly (up to 60%) than under normoxic conditions (Fig.
1B). Collectively, these results suggest that preadipocytes and adipocytes protect tumor cells
from antibody-mediated lysis of tumor cells by NK cells.

Inhibition of ADCC is mediated by soluble factors

To investigate whether the inhibition of ADCC by hMADS and #hMADS cells was
dependent on cell contact or mediated by soluble factors, we performed ADCC in the
presence of the conditioned media from hMADS and #hMADS cells (hMADS-CM and
#hMADS-CM, respectively). As shown in Figure 2A and 2B, inhibition of ADCC by
conditioned media was similar to that observed in cell co-culture experiments. Moreover,
similar results were obtained when using conditioned medium of primary human adipose-
derived stem cells (ASCs), before and after in vitro differentiation (Fig. 2C). These data
support the hypothesis that inhibition of ADCC by preadipocytes and adipocytes is mediated
by soluble factors.
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Inhibition of ADCC is not caused by antibody sequestration or degradation

In order to determine whether preadipocytes and adipocytes inhibit ADCC by
sequestering the antibody, we first determined the ability of trastuzumab to bind to these cells.
As shown in Figure 3A, while trastuzumab bound efficiently to HER-2-expressing BT474
cells, no binding was observed with hMADS or #hMADS cells. In addition, hMADS and
#hMADS cells showed no or very low expression of the Fc gamma receptors CD16, CD32
and CD64 (Supplementary Fig. S3). Furthermore, a ten-fold increase in the concentration of
trastuzumab did not abolish the inhibition of ADCC by hMADS or #tMADS cells (Fig. 3B).
Together, these results suggest that the inhibition of ADCC by hMADS and #hiMADS cells

was not due to a sequestration of the antibody.

Since adipose tissue has been shown to express and secrete metalloproteinases (22,23),
enzymatic cleavage of trastuzumab is a possible mechanism of neutralization of the antitumor
action of this antibody. For this reason, we investigated the possible alteration of trastuzumab
by the conditioned media from hMADS and #hMADS cells. As shown in Figure 3C, FITC-
conjugated trastuzumab that was previously pre-incubated with hMADS-CM or #iMADS-
CM for 4 h bound to HER2-expressing BT474 cells and FcR-expressing NK-92-CD16 cells
similarly to non-pre-incubated antibody. Moreover, trastuzumab pre-incubated overnight in
either hMADS-CM or #1IMADS-CM displayed ADCC activity as efficiently as unconditioned
antibody (Fig. 3D). These results show that there is no degradation of trastuzumab, at least

during the time of our studies.

NK cells are not altered by preadipocyte- or adipocyte-conditioned media

To investigate whether hMADS- and #hMADS-secreted factors alter NK cells
phenotype or functions, we analyzed NK cell markers at the end of the 4 h ADCC assay. As
shown in Figure 4A, no modification of CD16 or CD107a expression levels was observed in
the presence of hMADS-CM or #hiMADS-CM. Additionally, the expression levels of the
activation markers CD25 and CD69, and of the other NK receptors, NKG2D, NKp30,
NKp44, and NKG2A, were unchanged (Fig. 4A). When NK-92-CD16 cells were pre-
incubated overnight with hMADS-CM or #iMADS-CM, we did not observe any modification
of NK cell viability nor of ability of NK cells to exert cytotoxicity in ADCC assays (Fig. 4B).
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Furthermore, the conditioned media did not inhibit NK cytotoxicity towards K562 cells (Fig.
4C). Overall, these data suggest that NK-92-CD16 cells were not functionally altered by
hMADS-CM or #hiMADS-CM.

Conditioned medium from adipocytes reduce sensitivity of tumor cells to ADCC

We studied whether h(MADS-CM and #hMADS-CM had a direct effect on tumor cells
to reduce their sensitivity to ADCC. Since HER-2 is the target for trastuzumab, we evaluated
HER-2 expression on BT474 cells exposed to conditioned media and observed no
modification of HER-2 expression levels (Fig. 5A) nor change of HER-2 distribution on
plasma membrane (Fig. 5B). However, BT474 cells pre-incubated overnight with #hMADS-
CM were significantly less sensitive to lysis than cells pre-incubated with the control medium
(Fig. 5C). By contrast, no change was observed with hMADS-CM-pre-incubated BT474 cells.
Moreover, exposure of BT474 cells to #iMADS-CM rapidly induced the phosphorylation of
Akt and MAPK (Fig 5D). The phosphorylation of Akt reached its maximal after 30 min and
lasted for at least after exposure. These results show that conditioned-medium from #hMADS

cells have a direct effect on tumor cells to reduce their sensitivity to ADCC.

Adipocyte-conditioned medium modifies the gene expression profiles of breast cancer cells

In order to gain insight into the changes induced in tumor cells by adipocyte-secreted
factors, we used a transcriptomic approach on BT474 cells and SKBR3 exposed to #hMADS-
CM for 2 h at 37 °C. As shown in Table I and Supplementary Table I, #hMADS-CM rapidly
induced modification of the expression of several genes. ADM, SERPINA3, NCOA7 were
found to be up-regulated in both BT474 and SKBR3 cells, while /D2, CYPIAI and IDI were
down-regulated in both cell lines. Interestingly, GDF15, MYC, PMAIP1, EGRI and DKKI
were up-regulated only in BT474 cells but not in SKBR3 cells which were previously shown
to be less sensitive to #iMADS-induced inhibition of ADCC. We further analyzed by RT-
qPCR the kinetic induction by #iMADS-CM of the four most up-regulated genes (4DM,
GDF15, MYC and SERPINA3), as well as EGRI in BT474 cells (Supplementary Fig. S4).
While the expression levels of ADM and EGRI rapidly increased and reached their maxima at
1 h, GDF15 and MYC were induced at maximal levels between 2 and 3 h after exposure. The
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expression of SERPINA3 increased more slowly but steadily, and reached 5-fold increase after

24 h of exposure (data not shown).

Repression of GDF-15 reverses the inhibition of ADCC induced by #hMADS-CM

Among the genes induced adipocyte-conditioned medium in only BT474 cells, we
focused on two genes: GDF15 and SERPINA3. GDF15 or growth differentiation factor 15,
also known under the name of macrophage inhibitory cytokine 1 (MIC-1), belongs to the
transforming growth factor beta (TGF-f§) superfamily. GDF15 has been shown to play a role
in anti-apoptosis (24). The other gene SERPINA3, also known as alpha 1-antichymotrypsin,
encodes for a member of the serine protease inhibitor family that contains the granzyme B-
inhibitor proteinase inhibitor-9 (PI-9)/SERPINB9 (25,26). It was previously shown that the
murine SERPINA3 homologue, serpina3n, can inhibit human granzyme B (27). Thus,
upregulation of GDF15 or SERPINA3 could confer resistance to tumor cells against lysis by
NK cells. To confirm this hypothesis, we down-regulated the expression of GDF15 and
SERPINA3 in BT474 cells using siRNAs (Fig. 6A). Down-regulation of GDFI15 but not
SERPINA3 reversed the #hiMADS-CM-induced inhibition of ADCC (Fig. 6B), suggesting

that GDF15 is involved in adipocyte-induced tumor resistance to NK lysis.
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Discussion

Adipocytes constitute the most abundant cell type in the adipose tissue proximal to
breast cancer cells and actively participate in tumor progression through the paracrine
secretion of various adipocytokines (28). Recent studies have suggested that adipocytes
promote cancer resistance to chemotherapy and radiotherapy (17,18). However, the role of
these cells in resistance to targeted therapy remains unknown. In this study, using an original
co-culture system, we investigated the implication of adipocytes and preadipocytes in
trastuzumab-mediated ADCC in HER2-overexpressing breast cancer cells.

We demonstrate for the first time that adipocytes and preadipocytes inhibit trastuzumab-
mediated tumor lysis by NK cells. This result was further confirmed with primary adipose-
derived stem cells (ASCs) and in vitro differentiated ASCs. Interestingly, the inhibition of
ADCC by adipose cells was strongly enhanced under hypoxic conditions. Since hypoxia is
one of the hallmarks of the tumor microenvironment (29), and has also been associated with
obesity (30), this latter result underlines the potential clinical relevance of our findings on the
impact of adipose tissue on breast cancer targeted therapy.

Inhibition of ADCC by adipose tissue was not due to an effect on the therapeutic
antibody itself. We showed that adipocyte-mediated inhibition of ADCC was not due to a
titration of the antibody nor to a cell-cell contact but was mediated via factors secreted into
the conditioned media. Moreover, trastuzumab incubated in the conditioned media retained its
capability to bind target cells and effector cells, as well as its ability to mediate ADCC.

Several studies have pointed out the alteration of NK phenotype or NK functions by the
tumor microenvironment (31,32). Moreover, NK cells have been shown to express receptors
for different adipokines and their cytotoxicity has been found to be modulated by factors such
as leptin and adiponectin (33,34). Here, using the NK-92-CD16 cells, we did not observe any
modification of NK cell markers as well as cytotoxicity when NK cells were incubated with
adipocyte- or preadipocyte-conditioned media. These results are in contrast with the work by
DelaRosa et al. who showed that human adipose-derived stem cells (ASCs) impaired NK cell
cytotoxicity and NK cell markers, in particular decreased CD16 expression (35). However, in
DelaRosa’s studies, the NK cells were continuously co-incubated with ASCs for 72 h while in
our studies, the incubation times were much shorter (4 h with the cells or overnight-18 h with
the conditioned media). It is therefore unlikely that the short-term inhibition of ADCC by
hMADS-CM and #iMADS-CM was mediated by an alteration of NK cytotoxicity.
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Our results suggest that adipose-derived factors reduce the sensitivity of HER2+ breast
tumor cells to trastuzumab-mediated ADCC. This is supported by the fact that the ability of
adipose cells to inhibit ADCC was variable depending on the breast tumor cell lines studied,
and that BT474 cells pre-incubated overnight in #1IMADS-CM showed decreased sensitivity
to ADCC. Curiously, pre-incubation of BT474 cells in #tiMADS-CM but not hMADS-CM
increased the resistance of cancer cells to trastuzumab-mediated ADCC. This result suggests
that the protection by preadipocytes may be transient. It is also possible that adipocytes and
preadipocytes mediate inhibition of ADCC via different mechanisms, since it is known that
adipocytes and preadipocytes possess different secretion profiles.

We showed that exposure of BT474 cells to #iMADS-CM rapidly up-regulated the
growth differentiation factor 15 (GDF15). This result is in keeping with the work by Kim e?
al., in which they showed that the conditioned-medium from adipocytes stimulated the
production of GDF15 in MDA-MB-231 breast cancer cells (36). The induction of GDF15 was
likely mediated by EGR1 (37), of which the expression was shown in our studies to be
induced before GDF15 in BT474 cells.

GDF15 has been shown to be over-expressed in various cancers, including breast,
prostate and colorectal cancers (38). Although its role in tumorogenesis is still a matter of
debate (39), our results suggest that down-regulation of GDF15 reverses the adipocyte-
induced resistance of breast cancer cells to trastuzumab-mediated ADCC. These findings are
in agreement with those of Roth et al.,, in which depletion of GDFI5 enhanced the
susceptibility of mouse glioma cells to lysis by NK cells (40). Interestingly, GDF15 has also
been shown to reduce trastuzumab-mediated growth inhibition in HER2-overexpressing
breast cancer cells (41).

In an attempt to identify the adipocyte-secreted factor(s) involved in inhibition of
ADCC, we tested the ability of known adipocytokines to inhibit ADCC under our
experimental conditions. Neither leptin, adiponectin, IL-6, TNF-a, nor TGF-f3 were found to
reproduce the inhibition observed with the conditioned medium (data not shown). As the
adipocyte-secretome is extremely diverse, a number of other adipocyte-derived factors could
be tested. Previous studies by Kim et al. suggested that free fatty acids, notably palmitate,
may be released by adipocytes and induce GDF15 expression in cancer cells (36).
Alternatively, Ding et al. demonstrated that both adipocytes and preadipocytes also secrete
GDF15 (42). Thus, adipocytes and preadipocytes could mediate the inhibition of ADCC via
direct secretion of GDF15 or indirectly via the induction of GDF15 production by cancer

cells. It is also noteworthy that in our short-time co-culture system, we did not observe any
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delipidation of adipocytes by tumor cells, as described previously by Dirat et al. (43) (data not
shown).

In conclusion, we have demonstrated the potential implication of adipocytes and
preadipocytes in the resistance of breast cancer cells to trastuzumab-mediated ADCC.
Although our results require further validations such as in vivo models using animals or
human samples, they raise the possibility of a link between obesity and resistance to targeted
therapy in breast cancer patients. Of interest, a recent study by Crozier et al. showed that
increased body mass index (BMI) is associated with shorter disease-free survival in HER2-
overexpressing breast cancer patients, although trastuzumab improved clinical outcome
regardless of BMI (44). Further studies are required to elucidate the mechanisms of resistance
mediated by GDFI15 and to develop sensitizing strategies to circumvent adipose tissue

mediated resistance to trastuzumab in breast cancer.

Acknowledgments

This work was supported in part by the Institut National du Cancer (INCA). We thank Dr.
Christian Dani for giving us the hMADS cell line, Dr. Emmanuel Delay for giving us the
adipose tissue, and Delphine Demangel from ProfileXpert-LCMT for performing microarray
experiments. MND is the recipient of a PhD fellowship from the French ministry of Higher
Education and Research and financial support from the “Ligue contre le cancer”. The authors

would like to thank Dr. Catherine Muller for critical reading of the manuscript.

97



Materials and Methods
Cell culture

The HER-2 overexpressing human breast cancer cell lines (BT474, SKBR3, MDA-MB-453,
MDA-MB-361, all obtained from ATCC) were cultured in complete RPMI medium (RPMI
supplemented with 10% fetal calf serum (FCS), 2 mM L-glutamine, 100 U/mL penicillin and
100 ug/mL streptomycin). The human multipotent adipose-derived stem cells (hMADS) were
provided by Dr. Christian Dani, UMR 6543 CNRS, Nice, France. They were cultured in
complete DMEM medium with 1 g/L glucose and supplemented with 2.5 ng/mL basic
fibroblast growth factor (FGF2). In some experiments, the immortalized human mammary
epithelial hTERT-HME1 cells were used as control. They were cultured in DMEM-F12
medium supplemented with 10% FCS, 2 mM L-glutamine, 1% nonessential amino acids, 50
pg/mL gentamycin, 3.5 pg/mL insulin, 100 ng/mL epidermal growth factor, 500 ng/mL
hydrocortisone. All cells were maintained at 37°C in presence of 5% CO,, except in hypoxic

experiments in which cells were maintained in 1% O».
Retroviral transduction of NK-92 cells

NK-92, the human NK cell line (45), generously provided by Conkwest (Del Mar, CA), was
grown in complete RPMI culture medium. NK-92-CD16 cells were obtained by transduction
of pMX/CD16 plasmid (46) using retroviral supernatant. Transient retroviral supernatants
were produced by CaCl, precipitation (Invitrogen) with 15 ug pMX/CD16 plasmid using
Phoenix-Ampho cells. The conditioned medium was collected 24-48 h post-transfection,
filtered through 0.45-um pore-size filters and kept at -80°C until use. The viral titer was
determined by the transduction of Jurkat T cells (10° cells per well in 6-well plates) with
serial dilutions. Retroviral supernatant titers were typically 1-5*10° U (Infectious Units)/ml.
The NK-92 cell line was seeded at 10° cells into 6-well plates and exposed to 2*2 ml of
retroviral supernatant by spinoculation (2400 g, 1.5 h, 32°C) in the presence of 4 png/ml
polybrene (Sigma, St Quentin Fallavier, France) to generate the NK-92-CD16 cells. The
culture medium was changed 24 h post-infection. Transduction efficiencies were assessed 5
days later by flow cytometry after staining with the CD16 PE-conjugated mouse anti-CD16
antibody (clone 3G8) (Beckman Coulter, Roissy, France). NK-92-CD16 cells were selected
for higher CD16 expression by cell sorter flow cytometry using anti-CD16 antibody

Beckman Coulter, Roissy, France). Purity was >95%.
( ) Y ) y

98



Induction of hMADS differentiation

The differentiation process of hMADS cells was previously described (47,48). Briefly,
hMADS cells were plated at high density (30,000 cells/cm?) in growth medium containing 2.5
ng/mL FGF2. Two days later, the medium was changed without FGF2 and cells were cultured
to reach confluence for additional two days. Cells were induced for differentiation in
DMEM/F12 medium supplemented with insulin (5 pg/mL), transferrin (10 ng/mL), T3 (0.2
nM), rosiglitazone (1 upM), 3-Isobutyl-1-methylxanthine (IBMX) (100 pM), and
dexamethasone (1 uM) (day 0). At day 3, the medium was changed without IBMX nor
dexamethasone. At day 12 of differentiation, the medium was replaced and supplemented
with 10% FCS. Differentiated hMADS (#hMADS) cells were used at day 14 of
differentiation. The differentiation yield was estimated to range between 70 and 80% and was
verified by Oil Red O (Sigma) staining, as described previously (49). The conditioned media
(CM) from hMADS and #hMADS cells were harvested after centrifugation at 300 g for 5 min

and frozen at -20°C before use.
Isolation and differentiation of human adipose-derived stem cells (ASCs)

Adipose tissues were provided by Dr Emmanuel Delay (Centre Léon Bérard, Lyon, France)
and were obtained by liposuction from abdominal fat of patients undergoing plastic surgery.
Written patient consent was obtained and this protocol was approved by the Lyon Ethics
Committee. Adipose tissue samples were rapidly digested with 100 collagen digestion units
(CDU)/mL collagenase (Sigma) at 37°C with agitation for 30 min. Digestion was stopped by
addition of complete DMEM-F12 medium. After centrifugation at 300 g for 7 min, cells
corresponding to the stromal vascular fraction (SVF) were seeded for adherence and
amplification in complete DMEM/F12 medium supplemented with 10 ng/mL FGF2. Adipose-
derived stem cells (ASCs) were used at passage 2 or 3, and verified by flow cytometry to be
CD14-, CD45-, CD73+, CD90+, CD105+ and HLA-ABC+. Differentiation of ASCs into
adipocytes was performed as described previously (50). Briefly, cells were seeded for
adhesion at 40,000 cells/cm? in proliferation medium for 24 h. Cells were induced to
differentiation by replacing the medium with complete DMEM/F12 medium supplemented
with 2nM T3, 10 nM hydrocortisone, 0.5 uM dexamethasone, 0.5 mM IBMX, 1 uM
rogiglitazone, and 5.7 pg/mL insulin. Differentiated ASCs (#ASCs) were used at day 14 of

differentiation, with a differentiation yield more than 90% and verified by microscopy.
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Antibody-dependent cellular cytotoxicity (ADCC) assay

Hme-1 and hMADS cells were seeded at 1.2*10° cells/1 mL/well in 12-well plates. The
medium of 12-day #hMADS was changed and supplemented with 10% FCS. Two days later,
target cells were labeled with 12.5 uM calcein-AM (Sigma-Aldrich) for 30 min at 37°C and
added at 10° cells/0.5 mL/well. NK-92-CD16 cells were added at 5%10° cells/0.5 mL/well
(effector : target (E:T) ratio = 5:1), with trastuzumab at 1 pg/mL final. After 4 h of incubation
at 37°C, the supernatants in each well were harvested and measured for the fluorescence
signals at 485/535 nm. Triton X100 (Sigma-Aldrich) was added in control wells to estimate
total cell lysis. Cytotoxicity was calculated using the formula: percent cytotoxicty =

(experimental lysis — spontaneous lysis) / (maximal lysis — spontaneous lysis) * 100.
Flow cytometry analyses

Trypsinized cells or suspended cells were washed in PBS and incubated with corresponding
antibodies for 15 min at room temperature. After wash, cells were analyzed with a BD LSRII
cytometer using BD FACSDiva and Flowjo softwares. The antibodies used were purchased
from BD Biosciences (anti-CD16 FITC clone 3GS, anti-CD25 FITC clone 2A3, anti-CD56
V450 clone B159, anti-CD69 PE clone FN50, anti-CD107a PE clone H4A3), Miltenyi (anti-
CD159a (NKG2A) FITC clone REA110, anti-CD314 (NKG2D) APC clone BAT221, anti-
CD336 (NKp44) APC clone 2.29, and anti-CD337 (NKp30) PE clone AF29-4D12). Anti-
ErbB2 (HER2) affibody FITC was from Abcam.

Fluorescent microscopy

BT474 cells were seeded overnight on Lab-Tek chambered coverglass. Conditioned media
from #hMADS or hMADS cells were added and cells were incubated for additional 4 h at 37
°C before being labeled on ice with anti-ErbB2 affibody FITC (Abcam) for 15 min. After

washing, cells were observed with a confocal Zeiss LSM 780 microscope.
Microarray analysis

BT474 cells or SKBR3 cells were exposed to # hMAD-CM for 2 h at 37°C, 5% CO,, Cells
were harvested and RNA was extracted using Qiamp RNeasy mini kit (Qiagen). After RNA
amplification with totalprep RNA amplification kit (Ambion), cRNA was hybridized on
humanHT-12 v4 beadchip (Illumina). Scan was performed with an Illumina iScan and data

was analyzed with GeneSpring software.
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Reverse transcription and quantitative PCR

BT474 cells were exposed to # hMAD-CM or hMAD-CM for various times. Cells were
harvested by trypsinization and RNA was extracted using RNeasy mini kit (Qiagen). Reverse
transcription was performed using random primers (Invitrogen). Quantitative PCR was

performed with primers (Quiagen) of indicated genes using a NANO light cycler (Roche).
SiRNA transfection

BT474 cells were seeded at 2*10° cells/T25 flask. After 24 h, cells were transfected with 10
nM siRNA (Qiagen) against indicated genes using lipofectamin RNAiIMAX (Invitrogen)
according to the manufacturer’s instructions. After 48 h post-transfection, cells were

trypsinized and used for RT-qPCR to verify mRNA repression and for ADCC assays.
xCelligence assay

The xCelligence system (ACEA Biosciences) provides a real time measure of the cell index,
which takes into account cell number, cell morphology and cell adherence. The system
measures electrical impedance across interdigitated microelectrodes integrated on the bottom
of E-plates. Cells were seeded at 10* cells/100 uL/well in E-plate 16 to adhere for 24 h. NK-
92-CD16 cells were added in 25 pL at E:T ratio = 2:1. The #hiMADS-CM or hMADS-CM or
their control media were added at 125 pL/well, with trastuzumab final concentration of 1
pg/mL. Cell index was monitored every 5 min and normalized (nCI) to the time point

immediately preceding NK-92-CD16 and trastuzumab addition.
Statistical analysis

Statistical significance was evaluated using paired Student’s t test on the means of at least
three independent experiments. P values below 0.05 (*); 0.01 (**) were deemed as significant

while “ns” stands for not significant.
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Figure 1. hMADS and #hMADS cells inhibit ADCC.

A) HER-2+/ER+ BT474 or HER-2+/ER- MDA-MB-453 human breast cancer cells were
labeled with 12.5 uM calcein and incubated with 1 ug/mL trastuzumab and NK-92-CD16
cells at an effector to target (E:T) ratio = 5:1, in the presence of h(MADS, #hMADS or HME1
cells. After 4 h of incubation, the percent cytotoxicity was calculated as indicated in the
materials and methods. B) ADCC assay on BT474 cells was performed similarly as in A), but
under hypoxic conditions with 1% O,. The cytotoxicity was normalized with the control
#hMADS medium as 100%. Values shown are means + SD of at least 3 independent
experiments.
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Figure 2. Adipocyte- and preadipocyte-derived soluble factors inhibit ADCC.

A) BT474 cells were labeled with 12.5 uM calcein and co-incubated with NK-92-CD16 cells
(E:T ratio = 5:1) and 1 pg/mL trastuzumab, in presence of the conditioned media (CM) from
hMADS or #hMADS cells (v/v=1/1). After 4 h, the cytotoxicity was calculated and
normalized with the control medium as 100 %. B) BT474 cells were seeded for 24 h prior to
adding NK-92-CD16 cells (E:T ratio = 2:1), trastuzumab (1 pg/mL) and hMADS-CM or
#hMADS-CM or their control media. Cell index was given by xXCELLigence every 5 min and
normalized with the cell index at the time of addition. C) Similar to A), but the conditioned
media were from ASCs or #ASCs. Values shown in A and C are means + SD of at least 3

independent experiments, and a result representative of 3 independent experiments is shown
in B.
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miedium
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A) BT474, hMADS and #hMADS cells were incubated with 1 pg/mL FITC-trastuzumab for 4
h at 37°C and analyzed by FACS. Dotted red lines indicate unstained cells and solid green
lines indicate cells labeled with FITC-trastuzumab. B) BT474 cells were labeled with 12.5
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UM calcein and co-incubated with NK-92-CD16 cells (E:T ratio = 5:1) and 1 pg/mL or 10
ug/mL trastuzumab, in presence of hMADS or #hMADS cells. After 4 h, the cytotoxicity was
calculated and normalized with the control medium as 100 %. C) FITC-trastuzumab was
incubated in hMADS-CM or #hMADS-CM or the corresponding control media for 4 h at
37°C, then used to label BT474 cells at 1 pg/mL (upper panels) or NK-92-CD16 cells at 10
pg/mL (lower panels). Dotted red lines indicate unstained cells, dashed green lines indicate
control media and solid blue lines indicate #hiMADS-CM (left panels) or hMADS-CM (right
panels). D) Trastuzumab was incubated in #1MADS-CM (left pannel) or h(MADS-CM (right
pannel) or their control media overnight. On the next day, calcein-labeled BT474 cells and
NK-92-CD16 cells were added at E:T ratio = 5:1. The final concentration of trastuzumab in
the wells was 1 pg/mL. After 4 h, the percentages of cytotoxicity were calculated and
normalized to the control medium. A result representative of 3 independent experiments is
shown in A and C, and means + SD of at least 3 independent experiments are shown in B and
D.
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Figure 4. hMADS-CM and #hMADS-CM do not alter NK cytotoxicity.

A) NK-92-CD16 cells were co-incubated with BT474 cells (E:T ratio = 5:1) with 1 pg/mL
trastuzumab, in presence of hMADS-CM, #hMADS-CM or the control #1iMADS medium.
After 4 h, NK-92-CD16 cells were harvested, labeled with anti-CD56 and indicated
fluorescent antibodies before analysis by flow cytometry. Dotted red lines, dotted green lines,
solid coral lines and dashed blue line indicate unstained NK-92-CD16 cells, control #hiMADS
medium, #hMADS-CM and hMADS-CM conditions, respectively. B) NK-92-CD16 cells
were pre-incubated overnight with #iMADS-CM or hMADS-CM or the control media,
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washed, counted for viability and used in ADCC assay. C) K562 cells were labeled with 12.5
uM calcein and incubated with NK-92-CD16 cells at E:T ratio = 5:1, in presence of hMADS-
CM, #hMADS-CM or their control media. After 4 h, the percentages of cytotoxicity were
calculated and normalized with #hiMADS medium. A result representative of 3 independent

experiments is shown in A), and means + SD of at least 3 independent experiments are shown
in B) and C).
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Figure 5. #hMADS-CM reduces sensitivity of BT474 cells to ADCC.

A) BT474 cells were incubated with hMADS-CM or #hiMADS-CM or their control media.
After 4 h, BT474 cells were harvested and labeled with HER2 antibody before analysis by
flow cytometry. B) BT474 cells were incubated with hMADS-CM or #iMADS-CM or their
control media. After 4 h, cells were labeled with HER2 antibody and visualized by confocal
microscopy. Scale bars indicate 10 um. C) BT474 cells were incubated overnight with
hMADS-CM, #hMADS-CM or their control media, washed and used in ADCC assay.
Percentages of cytotoxicity were normalized with #iMADS medium as 100 %. Means + SD
of at least 3 independent experiments are shown in A) and C). Results representative of 2
independent experiments are shown in B) and D).
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Figure 6. GDF15 mediated inhibition of ADCC.

A) BT474 cells were transfected with 10 nM siRNA against indicated genes or control siRNA
using lipofectamine RNAimax. After 48 h, BT474 cells were harvested, RNA was extracted
and gene expression was accessed by RT-qPCR. A representative experiment of at least 3
independent experiments is shown. B) BT474 cells were transfected with 10 nM siRNA
against GDF15 or SERPINA3 or control siRNA. After 48 h, BT474 cells were harvested and
used in ADCC assays as described in figure 2C.
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Table I. List of genes up- or down-regulated by #1iMADS-CM in BT474 cells

Gene name  Accession No BT 4521(1 Cshlzrflﬁé Classification

ADM NM_001124.1 2.54 2.28 Hormone activity

GDF15 NM_004864.1 2.52 1.09 Growth factor activity, cytokine activity
MYC NM 002467.3 2.03 0.90 Transcription

SERPINA3  NM 001085.4 1.91 2.33 Serine protease inhibition

PMAIP1 NM 021127.1 1.78 0.92 Pro-apoptosis

NCOA7 NM 181782.2 1.76 3.62 Nuclear receptor coactivator activity
EGRI1 NM 001964.2 1.74 1.17 Transcription

DKK1 NM 0122422 1.73 0.88 Wnt pathway inhibition

CYPI1BI NM _000104.2 0.55 0.61 Metabolism

ID2 NM _002166.4 0.47 0.33 Transcription

CYPI1ALl NM_000499.2 0.33 0.32 Metabolism

ID1 NM_181353.1 0.18 0.29 Transcription

ID3 NM 002167.2 0.16 0.79 Transcription

Only genes with more than 1.7-fold changes are shown
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Supplementary Figure S1. h\MADS and #hMADS cells inhibit ADCC.

HER-2+/ER- SKBR3 or HER-2+/ER+ MDA-MB-361 human breast cancer cells were labeled
with 12.5 uM calcein and incubated with 1 pg/mL trastuzumab and NK-92-CD16 cells at
effector to target (E:T) ratio = 5:1, in the presence of hMADS, #hMADS or hme-1 (control)
cells. After 4 h of incubation, the percent cytotoxicity was calculated as indicated in the
materials and methods. Mean & SD of at least 3 independent experiments is shown.
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Supplementary Figure S2. HER2 expression levels in the breast cancer cell lines studied.

BT474 (red lines), MDA-MB-453 (blue lines), SKBR3 (violet lines) and MDA-MB-361
(green lines) cells were labeled with anti-HER?2 affibody and analyzed by FACS. Dotted lines
indicate unstained cells and solid lines indicate HER2-stained cells.

Count
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Supplementary Figure S3. hMADS and #hMADS cells do not express FcR.

hMADS and #hMADS cells were labeled with anti-CD16 or anti-CD32 or anti-CD64
antibodies and analyzed by FACS. NK-92-CD16 cells were used as positive control of CD16
expression, and monocytes were used as positive control of CD32 and CD64 expression.
Dotted red lines indicate unstained cells and solid green lines indicate corresponding
antibodies. Result representative of 3 independent experiments is shown.
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Fold change

Supplementary Figure S4. Kinetic expression of genes in BT474 cells induced by
#hMADS-CM.

BT474 cells were incubated with #iMADS-CM or the control medium for indicated times.
Cells were harvested; RNA was extracted and used for RT-qPCR using primers for GDF135,
ADM, SERPINA3, MYC and EGRI. A representative experiment of 3 independent
experiments is shown.
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Supplementary Table 1. List of genes regulated by #1iMADS-CM in SKBR3 cells

Gene name Accession No B"ll"::l);j CS}E%%% Classification

FGG NM _000509.4 1.07 7.33 Extracellular matrix composition
CEBPD NM 005195.2 1.53  5.12 Transcription

CCL2 NM_002982.3 1.08 4.68 Cytokine activity

FGB NM 005141.2 1.06 4.32 Extracellular matrix composition
NCOA7 NM 181782.2 1.76  3.62 Nuclear receptor coactivator activity
STEAP4 NM 024636.1 0.96 2.89 Oxidoreductase activity
TMEM?2 NM 013390.1 .11 2.76 Morphogenesis

IRF1 NM 002198.1 1.67 2.68 Transcription

PHLDAI1 NM 007350.2 1.10  2.63 Anti-apoptosis

CDKNIA NM 078467.1 1.20  2.59 Cell cycle regulation

NLF2 NM 001007595.1 1.69 2.52 Inflammation, adhesion
RGS16 NM_002928.2 .52 2.52 Signal transduction

TFPI2 NM 006528.2 0.96 2.39 Serine protease inhibition
SOCS2 NM 003877.3 1.04 233 Signal transduction
SERPINA3 NM_001085.4 1.91 2.33 Serine protease inhibition
RASLI1A NM_206827.1 1.05 2.29 GTPase activity

ADM NM 001124.1 2.54 2.28 Hormone activity

PPAP2B NM 003713.3 1.04 2.27 Lipid phosphatase activity
LRGI1 NM_052972.2 .11 2.26 Signal transduction, adhesion
UGCG NM 003358.1 1.20 2.24 Ceramide glucosyltransferase activity
FAMS3A NM_032899.4 095 2.23 Signal transduction

GPRCS5A NM_003979.3 1.39 222 Signal transduction

IERS NM 016545.3 1.20 2.21 Transcription

F2RLI1 NM_005242.3 1.02 221 Coagulation

ZFP36L2 NM _006887.3 1.39  2.18 Transcription

FHL2 NM 001450.3 1.44  2.15 Transcription

TMA4SF1 NM 014220.2 1.04 2.11 Signal transduction

CEBPB NM 005194.2 .13 2.11 Transcription

RCANI1 NM 203418.1 1.10  2.08 Transcription

BCL3 NM 005178.2 1.28 2.07 Transcription

SOX9 NM 000346.2 1.25  2.07 Transcription

C170RF96 NM 001130677.1 1.25 2.04

CITED4 NM 133467.2 1.27  2.04 Transcription

GPR37 NM 005302.2 1.10  2.03 Signal transduction
HS.543887 Hs.543887 1.03  2.02

ETS2 NM 005239.4 1.21  2.01 Transcription

EFNB2 NM 004093.2 1.22 2.00 Ephrin receptor

B4GALTS NM 004776.2 .13 1.99 Galactosyltransferase activity
ATF3 NM 001040619.1 1.04 1.99 Transcription

MAFF NM 012323.2 1.33  1.97 Transcription

P2RY6 NM 176797.1 1.05 1.97 Pyrimidinergic receptor
F2RL1 NM_005242.3 .15 1.96

SPRY4 NM 030964.2 140 1.94 Signal transduction

NAMPT NM_182790.1 1.06  1.93 Metabolism

CDC42EP2 NM 006779.2 .34 1.92 Rho GTPase activator activity
ZFP36 NM 003407.1 1.30 191 Transcription

TSC22D1 NM_006022.2 0.87 191 Transcription

LOC100129882 XM 001716882.1  0.71  1.90

OBFC2A NM 022837.1 1.15 1.89 RNA binding, single-stranded DNA binding
SLCO2A1 NM 005630.1 1.01 1.88 prostaglandin transporter



CRISPLD2
IERSL
PFKFB3
FAM46C
RND1
KIAA0247
LDLR
MAT2A
BHLHB2
RCANI1
YPEL2
NFIL3
ARIDSB
IL20
IL1RLI
CD14
CCNG2
TXNIP
EDNI1
HERPUDI
CITED2
FBXO032
FAM46B
LOC643009
ID2
CYPI1Al
ID1

NM_031476.1
NM_203434.1
NM_004566.2
NM_017709.2
NM_014470.2
NM_014734.2
NM_000527.2
NM_005911.4
NM_003670.1
NM 203417.1

NM 001005404.3

NM 005384.2
NM_032199.1
NM 018724.3
NM 003856.2

NM 001040021.1

NM_004354.1
NM_006472.1
NM_001955.2

NM 001010990.1

NM_006079.3
NM_148177.1
NM_052943.2
XM_932195.1
NM_002166.4
NM_000499.2
NM_181353.1

0.87
1.34
1.17
1.07
1.03
1.12
0.85
0.97
1.49
1.07
1.11
1.15
1.04
0.99
0.90
1.01
0.75
0.83
1.00
0.84
0.86
0.80
0.82
1.04
0.47
0.33
0.18

1.87
1.86
1.86
1.83
1.83
1.82
1.80
1.79
1.78
1.77
1.75
1.74
1.74
1.73
1.71
1.70
0.58
0.57
0.55
0.53
0.52
0.49
0.42
0.42
0.33
0.32
0.29

Heparin binding
Transcription
6-phosphofructo-2-kinase activity, ATP binding

Rho GTPase activator activity

Cell cycle regulation

Low density lipoprotein receptor
Methionine adenosyltransferase activity
Transcription

Transcription

Transcription
Transcription

Inflammation
Inflammation

Cell cycle regulation
Transcription
Vasoconstriction
Ubiquitination
Transcription
Ubiquitination

Transcription
Metabolism
Transcription

Only genes with more than 1.7-fold changes are shown
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Part 11

Identification of the adipocyte-derived

inhibitory factors
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Objective of the study

Adipocytes and preadipocytes are abundant in the breast and located in the proximity of
tumor cells. They actively participate in the tumorigenesis via secretion of various substances,
including fatty acids, growth factors, and adipokines and cytokines. In the previous part, we
have shown that adipocytes and preadipocytes inhibited tumor cell killing by trastuzumab and
NK cells, via soluble factors released into the conditioned media. This inhibition of ADCC
may be mediated directly via inactivation of lytic agents released by NK cells, or indirectly
via induction of tumor resistance. However, the inhibitory factors remain unknown. Their
identification would be essential to target the crosstalk between adipocytes/preadipocytes and
tumor cells to sensitize tumor cells to targeted therapy. Here, we tested several factors

released by adipocytes for their capacity to inhibit ADCC.
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Materials and methods
Materials

Human recombinant (rh) leptin, rh-adiponectin, rh-IL-6, ATP, ADP, AMP, and
adenosine were purchased from Sigma-Aldrich. Rh-TNF-a, rh-IGF-I, pentostatin
(deoxycoformycin) were obtained from Cetus corporation, Tercica, Inc. and Lederle
respectively. TGF-f was kindly given by Dr Julien Marie, CRCL, Lyon, France. Autotaxin
was kindly given by Dr Olivier Peyruchaud, INSERM U1033, Lyon, France. LPA and S1P
were purchased from Avanti Polar Lipids, Inc. Lactic acid solution was obtained from Santa

Cruz. Anti-CD39 APC and anti-CD73 FITC antibodies were purchased from BD Biosciences.
Heating, ultracentrifugation and addition of albumin

The conditioned medium from #hMADS adipocytes was harvested as described above.
Proteins were denatured by heating at 95°C for 15 min. Exosomes were eliminated via
ultracentrifugation at 100,000 g for 30 min, as previously described®®’. Free fatty acids were
neutralized via preincubation of #hMADS-CM with 1% human fatty acid-free albumin
(Sigma) for 1 h at 37°C.

ADCC assay

BT474 cells were labeled with 12.5 uM calcein-AM (Sigma-Aldrich) for 30 min at 37°C and
added at 10° cells/well. NK-92-CD16 cells were added at 5¥10° cells/well (effector : target
(E:T) ratio = 5:1), with trastuzumab at 1 pg/mL final. Different molecules tested were added
at indicated concentrations at the beginning of the assay. In the ADCC assay with APCP, the
molecule was added in the #iMADS, hMADS or hme-1 cell culture everyday at 100 uM
during the two days before the assay, and also at the beginning of the assay. After 4 h of
incubation at 37°C, triton X100 (Sigma-Aldrich) was added in control wells to have total cell
lysis. The supernatants in each well were harvested and measured for the fluorescence signals
at 485/535 nm. The cytotoxicity was calculated using the formula: percent cytotoxicty =

(experimental lysis — spontaneous lysis) / (maximal lysis — spontaneous lysis) * 100.
Measurement of CD73 activity by Malachite green phosphate assay

Cells were seeded at 2*10° cells/I mL/well in 12-well plates and incubated at 37°C overnight.
After two washes in CD73 buffer containing 2 mM MgCI2, 120 mM NaCl, 5 mM KCI, 10
mM dextrose, 20 mM HEPES pH?7.4, cells were incubated in CD73 buffer for 30 min at 37°C
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in presence or absence of | mM AMP, with or without 10 uM APCP. The free phosphates in
the supernatants were then measured by Malachite green phosphate assay kit (Bioassay

Systems) according to the manufacturer’s instructions.
ATP assay

The concentrations of ATP in the conditioned media from #hMADS adipocytes, hMADS
preadipocytes and hme-1 cells were measured by the ATP determination kit (Molecular

Probes) according to the manufacturer’s instructions.
Lactate assay

The hydrazine-glycine buffer was prepared containing 37.5 g/L glycine, 1.26% hydrazine and
adjusted to pH 9. The working enzyme solution was prepared containing 2 mM NAD+ and
lactic dehydrogenase. Glycine was purchased from Euromedex and other reagents were
obtained from Sigma. 10 pL of the conditioned media or lactate standards were added with 10
pL or working enzyme solution into 100 pL of hydrazine-glycine buffer. After 15 min of

incubation at 37°C, the absorbance was read at 340 nm by Nanodrop device.

123



Results
Identification of the biochemical nature of the inhibitors

Adipocytes are known to secrete various factors, including adipocytokines®'?, fatty

7 and exosomes’™'. In order to determine the biochemical nature of the adipocyte-

acids
secreted factors that mediated the inhibition of ADCC, we either denatured proteins by
heating, or eliminated adiposomes by ultracentrifugating, or neutralized fatty acids by adding
fatty acid-free albumin in the #iMADS-CM before using it in ADCC assay. As shown in
Figure 8, heating and ultracentrifugation partially reversed the inhibition of ADCC by

#hMADS-CM, suggesting that the inhibitors are proteins or exosomes.
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Figure 8. Determination of the biochemical nature of the inhibitors
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#hMADS-CM was either heated at 95°C for 15 min, or ultracentrifuged at 100000 g for 30
min, or incubated in 1% of human fatty acid-free albumin for 1 h at 37°C, then used in ADCC
assay in volume/volume (v/v) = 1/1. BT474 cells were labeled with 12.5 uM calcein and
coincubated with NK-92-CD16 cells at E:T ratio = 5:1 and 1 pg/mL trastuzumab. After 4 h,
the percentages of cytotoxicity were calculated and normalized with the cytotoxicity of
#hMADS control medium as 100%. Means + SD of at least three independent experiments are

shown.
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Leptin, adiponectin, and IL-6

Leptin, adiponectin and IL-6 are the most documented adipocytokines secreted by
adipocytes. In order to test their involvement in the adipocyte-induced resistance of cancer
cells to ADCC, recombinant molecules have been directly added in ADCC assay. For each
adipokine, two concentrations were used; the lower concentrations correspond to the ones
found in the plasma of adults (for leptin or adiponectin’®?) or secreted by the adipocytes (for
IL-6°'°). Surprisingly, none of these molecules at both concentrations tested modified the

trastuzumab-mediated ADCC (Figure 9).
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Figure 9. No inhibition of ADCC by leptin, adiponectin or IL-6

BT474 cells were labeled with 12.5 uM calcein and coincubated with NK-92-CD16 cells at
E:T ratio = 5:1 and 1 pg/mL trastuzumab, in presence of indicated concentrations of leptin,
adiponectin or IL-6. After 4 h, the percentages of cytotoxicity were calculated and normalized
with the #hMADS control medium as 100%. Means = SD of more than three independent
experiments are shown for the low concentrations and just one experiment was performed at

high concentrations.
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TNF-a, TGF-B, and IGF-1

We next tested the involvement of other adipocytokines, TNF-a, TGF-B, and IGF-I in
the inhibition of ADCC. TNF-a is previously shown to induce NK cell death®®” while
TGF- is a well known immunosuppressor’>. As for IGF-I, it is a survival factor in many
cancers'”®. As shown in Figure 10, none of these molecules inhibited ADCC at all
concentrations tested. It is noteworthy that the concentrations used are all similar or higher

than the ones released by adipocytes as previously reported”'®.
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Figure 10. No inhibition of ADCC by TNF-a, TGF-p and IGF-I

BT474 cells were labeled with 12.5 uM calcein and coincubated with NK-92-CD16 cells at
E:T ratio = 5:1 with 1 pg/mL trastuzumab, in presence of indicated concentrations of TNF-a,
TGF-B and IGF-1. After 4 h, the percentages of cytotoxicity were calculated and normalized
with the #hMADS control medium as 100%. Means + SD of 2 independent experiments is

shown for IGF-1, and just one experiment was performed with TNF-a and TGF-p.
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Autotaxin (ATX), lysophosphatidate (LPA) and sphingosine 1-phosphate (S1P)

The lysophospholipids LPA and S1P have been shown to increase resistance of cancer
cells to chemotherapy and radiotherapy’”. Similarly, autotaxin or lysophospholipase D, the

enzyme which generates LPA from lysophosphatidylcholine (LPC), has also been associated

628,629,705

with tumor survival’7*. Since all these molecules are released by adipocytes , We

tested their implication in the inhibition of ADCC. As shown in Figure 11, none of these
molecules inhibited ADCC. It is worth noting that the concentrations of LPA and S1P used

are higher than the ones found in the human plasma’*®""".
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Figure 11. No inhibition of ADCC by LPA or S1P

BT474 cells were labeled with 12.5 uM calcein and coincubated with NK-92-CD16 cells at
E:T ratio = 5:1 and 1 pg/mL trastuzumab, in presence of indicated concentrations of
autotaxin, LPA or SIP. After 4 h, the percentages of cytotoxicity were calculated and
normalized with the #hMADS control medium as 100%. Means = SD of 2 independent

experiments are shown.
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Acidification of the conditioned media

Hypoxia-induced extracellular acidification have been shown to promote aggressiveness

and chemoresistance of cancer cells’®

media was only half of the final volume, the acidification of #iMADS-CM or hMADS-CM

. Although in our assays, the volume of the conditioned

may cause tumor cell resistance to ADCC. Therefore, we investigated the impact of the
medium acidification on ADCC. As shown in Figure 12A, the conditioned media from
#hMADS and HMEI1 cells were significantly more acid than the corresponding control media.
By contrast, the pH of the hMADS-CM was only sligtly lower than in the one of the control
medium. Interestingly, HME1-CM was the most acid. Additionally, all three conditioned
media were enriched in lactate compared to their control media (Figure 12B). Since we
previously observed an inhibition of ADCC with #iMADS and hMADS cells, but not HME1
cells, it is unlikely that the pH or lactate interferes with ADCC. This was confirmed by the
absence of inhibition of ADCC by lactic acid (Figure 12C). Altogether, these data suggest that
the inhibition of ADCC by with #iMADS-CM and hMADS-CM was not due to an

acidification of the conditioned media.
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Figure 12. No inhibition by acidification of extracellular medium

A) pH of the conditioned media from #hMADS, hMADS and hme-1 cells as well as the
control media were measured. B) The concentrations of lactate in #hMADS-CM, hMADS-
CM or hme-1-CM were measured by lactate assay. C) BT474 cells were labeled with 12.5
uM calcein and coincubated with NK-92-CD16 cells at E:T ratio = 5:1 and 1 pg/mL
trastuzumab, in presence of lactic acid at 1 mM or 10 mM. After 4 h, the percentages of
cytotoxicity were calculated and normalized with the #iMADS control medium as 100%.

Means + SD of at least 3 independent experiments is shown.
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CD73 and adenosine

Extracellular adenosine has been reported to be a suppressor of anti-tumor immune
responses’ . Adenosine is generated from the conversion of ATP into AMP via the ecto-
enzyme CD39, and from AMP into adenosine via CD73. Therefore, we hypothesized that
CD73 expressed by adipocytes and preadipocytes may play a role in the inhibition of ADCC.
As shown in Figure 13A, #hMADS adipocytes, hMADS preadipocytes, as well as HME1
cells expressed high levels of CD73. hMADS and HMEI1 cells also expressed CD39, while
the expression levels of CD39 was low in #hMADS cells. Both BT474 and NK-92-CD16
cells expressed CD39 but not CD73. The presence of CD73 correlated with the high
nucleotidase activities on #hMADS, hMADS and HMEI1 cells, which were inhibited by
adenosine 5’-(a,B-methylene) diphosphate (APCP), an inhibitor of CD73 (Figure 13B). By
contrast, BT474 and NK-92-CD16 presented very low nucleotidase activities (data not
shown). Unexpectedly, ADCP did not reverse the inhibition of ADCC by #hMADS and
hMADS cells (Figure 13C). Furthermore, addition of adenosine did not inhibit ADCC, even
in the presence of pentostatin, an adenosine deaminase inhibitor (Figure 13D). Likewise,
addition of AMP into #iMADS-CM or hMADS-CM did not enhance the inhibition of ADCC
(data not shown). Collectively, these data suggest that adenosine is produced by adipocytes
and preadipocytes are not involved in the inhibition of ADCC.
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Figure 13. No inhibition of ADCC by adenosine

A) Cells were labeled with anti-CD39 or anti-CD73 fluorescent antibodies and analyzed by
FACS. B) Cells were incubated with or without AMP and APCP, and the phosphates released
in the supernatants were measured with the Malachite green assay. C) #hMADS, hMADS or
hme-1 cells were pre-incubated with 100 uM ADCP for 2 days and used in ADCC assay as
described in Figure 1A. D) BT474 cells were labeled with 12.5 uM calcein and coincubated
with NK-92-CD16 cells at E:T ratio = 5:1 and 1 pg/mL trastuzumab, in presence of 10 uM
adenosine with or without pentostatine at indicated concentrations. After 4 h, the percentages
of cytotoxicity were calculated and normalized with the #hMADS control medium as 100%.
Representative experiment of 3 independent experiments was shown in A), and means + SD
of at least 3 independent experiments are shown in B), C) and D).
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ATP

We next tested the roles of adenosine precursors, AMP, ADP and ATP in the inhibition
of ADCC. We showed that ATP at I mM inhibited ADCC (Figure 14A). Interestingly, this
inhibitory effect was not observed with ADP or AMP, suggesting that the inhibition was not
due to the conversion of ATP into adenosine. Besides, ATP was shown to be released by
#hMADS adipocytes and hMADS preadipocytes into their conditioned media (Figure 14B),
but at very low levels (nM range). At these low concentrations, ATP did not mediate
inhibition of ADCC (Figure 14C). Furthermore, apyrase, an enzyme hydrolyzing ATP and
ADP, reversed the ATP-mediated inhibition but not the #iMADS-CM-mediated inhibition of
ADCC (Figure 14C). Overall, these data indicate that ATP is an inhibitor of ADCC but it is
not the main inhibitory factor in #1IMADS-CM.
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Figure 14. ATP is not the main inhibitory factor in #tMADS-CM

A) BT474 cells were labeled with 12.5 uM calcein and coincubated with NK-92-CD16 cells
at E:T ratio = 5:1 and 1 pg/mL trastuzumab, in presence of 1| mM of AMP or ADP or ATP.
After 4 h, the percentages of cytotoxicity were normalized with the #hMADS control medium
as 100%. B) Measure of ATP in the conditioned media from #hMADS, hMADS and hme-1
cells. C) Same in A, but at various concentrations of ATP in the presence or absence of

apyrase. Means =+ SD of at least 3 independent experiments are shown.
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Discussion

So far more than fifty adipocytokines have been identified to be secreted by adipocytes.
Several studies have shown the protective role of these factors on cancer cells against
chemotherapy and radiotherapy’ >’ °"’, but the mechanisms of resistance is not fully
understood. We previously demonstrated that adipocytes inhibited tumor cell lysis by NK
cells in presence of trastuzumab. This is mediated by adipocyte-derived factors that are

secreted into the conditioned media. Here, we tried to identify these inhibitory factors.

By different approaches, we showed that heated-#hMADS-CM or ultracentrifugated
#hMADS-CM displayed less inhibition of ADCC. This result suggests that the adipocyte-
secreted inhibitors may be proteins or exosomes. This was not totally unexpected, since

212,701

adipocytes are abundant sources of adipocytokines and exosomes . Furthermore, the

secretion of exosomes by adipocytes occurred at basal levels, but was strongly induced in

response to physiological stimuli, such as palmitate, insulin, H,0,™"'

. Thus, we suggest that
stimulated adipocytes would mediate stronger inhibition of ADCC. Further experiments

would be required to confirm this hypothesis.

On the other hand, pre-incubated #iMADS-CM with fatty acid-free albumin did not
reverse the inhibition of ADCC. It is known that cellular uptake of fatty acid requires the
dissociation of the albumin-fatty acid complex, either passively or via albumin receptors

located on the cell surface’™

. Addition of “uncomplexed” albumin was shown to inhibit fatty
acid uptake by competing with the albumin-fatty acid complex for the albumin receptors’'".
However, fatty acids as well as triglycerides could be incorporated into adipocyte-derived
exosomes . In this case, albumin cannot prevent cellular uptake of fatty acids by cancer
cells. Therefore, it is possible that the inhibition of ADCC was mediated via the delivery of

fatty acids to cancer cells via adipocyte-derived exosomes.

We investigated several adipocytokines for their implication in the inhibition of ADCC.
Despite a broad number of relevant adipocytokines tested, including leptin, adiponectin, IL-6,
TNF-a, TGF-B, IGF-I, ATX, LPA, and S1P, none of them displayed inhibitory effects on
ADCC. The concentrations used for each molecule in our studies were equal or higher than
the ones found in human plasma or secreted by adipocytes. Thus, the absence of effects was
unlikely due to an underdose. It is also important to note that many adipocytokines, such as
leptin, adiponectin, IL-6, TGF-f were previously shown to alter NK

640,646,652,667,712

cytotoxicity . However, in most of these studies, the effects were observed when
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NK cells were pre-incubated with indicated molecules for 24-48 h, and no effects were

obtained when the molecules were only added during the 4 h of cytotoxicity assays.

Interestingly, we showed that #hMADS adipocytes and hMADS preadipocytes highly
expressed CD73, the membrane 5’-ectonucleotidase responsible for the generation of
extracellular adenosine. CD73 has been observed in several types of cancer, and is correlated
with poor prognosis in breast cancer’””’'*. CD73 has been implicated in both immune evasion
as well as tumor invasion’'*’">. Recent study by Loi ef al. showed that CD73 expression in
triple breast tumor cells promoted anthracycline resistance by suppressing adaptive antitumor
immune response’'®. The expression of CD73 by adipocytes and preadipocytes strongly
suggest the implication of adipose tissue in the promotion of tumorigenesis. This is in line
with several studies showing that CD73-deficient mice were resistant to chemically induced

T80 particularly, the resistance was largely

719,720

carcinogenesis’'’ or tumor transplantation

attributed to the non-hematopoietic host compartment

Extracellular adenosine generated from the activity of CD73 has been shown to mediate
immunosuppressive function. Several studies have shown that adenosine or its analogues

21,4284 - L
721428430 oven when adenosine was added at the beginning of

inhibit NK cytotoxicity in vitro
the 4 h-cytotoxicity assay. This effect is likely mediated via the adenosine receptor AdoRA2
expressed on NK cells, which led to an increase of intracellular cAMP and an inhibition of
both granzyme- and FasL-mediated cytotoxicity”""*'. However, in our studies, we did not
observe any inhibition of ADCC by adenosine at similar concentrations used in the literature.
It is unlikely that adenosine was rapidly metabolized by adenosine deaminase, since
pentostatin was also added at the same or higher concentrations that the ones previously
reported428. Moreover, APCP, the inhibitor of CD73, did not reverse the inhibition of ADCC
by #hMADS-CM. Taken together, these data indicate that CD73-generated adenosine is not

the main inhibitor in the #iMADS-CM in ADCC.

Interestingly, we observed that ATP inhibited ADCC. This result was in line with Miller
et al. who showed that ATP, but not adenosine, strongly inhibited NK cytotoxicity towards
K562 cells”*. ATP acts directly via binding to the ATP receptors P2XR and P2YR expressed
on the plasma membrane of NK cells. Interestingly, high concentrations of extracellular ATP
have been observed in the tumor microenvironment’. This extracellular ATP could be
released from cancer cell death or from cells in the tumor stroma. We showed that ATP was
enriched in the conditioned media from #hMADS and hMADS cells. This is supported by the
study by Kim et al., who showed that adipocytes released extracellular ATP via ATP synthase
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located on the cell surface’. However, when ATP was added directly in the ADCC assay, no
inhibition of ADCC was observed at the concentrations measured in #hMADS- and hMADS-
CM. Moreover, apyrase did not reverse the #iMADS-CM-mediated inhibition of ADCC.
Altogether, these results suggest the inhibition of ADCC by #hMADS-CM is not principally

due to the release of extracellular ATP.

In summary, our study demonstrated that the inhibition of ADCC by adipocytes was
mediated via proteins or exosomes secreted into the adipocyte-conditioned medium. Although
we tested different relevant adipocytokines, none of them was responsible of the inhibition
alone. This data suggests that the inhibition of ADCC by #hiMADS and/or hMADS cells was
mediated via a combination of several factors. Further investigations combining these factors

would be necessary to understand the mechanisms of inhibition.
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DISCUSSION

138



Implication of adipocytes in resistance to therapies

In 1989, Stephen Paget proposed the “seed and soil” theory, in which cancer cells tend
to metastasize in a location with similar characteristics as their region of origin’>. This theory
underlines the crucial roles of the tumor microenvironment during tumorigenesis at not only
metastatic sites but also primary sites. In breast cancer, adipocytes constitute the major
components of the breast stroma and are localized at the proximity of tumor cells. Raising
data have pointed out the roles of adipocytes in promoting tumor growth and invasion’**"%’.
Moreover, several studies have indicated that adipocytes are also implicated in the resistance
of cancer cells to chemotherapy and radiotherapy’>~"".

In the scope of this study, we demonstrated that adipocytes inhibit trastuzumab-
mediated ADCC in HER2+ breast cancer cells. Since ADCC is one major mechanism of
action of trastuzumab’®, our data suggests that adipocytes could induce the resistance of
cancer cells to trastuzumab-based therapy. This is in keeping with the results by Nahta’s
group who showed that adipocytokines mediated resistance of HER2+ breast cancer cell lines
to trastuzumab-induced apoptosis’>*. However, further in vivo experiments are required to
validate the involvement of adipocytes in cancer resistance to trastuzumab. We are currently
testing this hypothesis using subcutaneous injections of human adipose tissue which forms
lipomas in SCID mice.

Recently, Dirat et al. described that adipocytes cultivated with tumor cells displayed
altered phenotypes and these cancer-associated adipocytes (CAA), but not “normal”
adipocytes, promoted the invasion of breast cancer cells*'. Although in our studies, we did
not observe any delipidation of adipocytes during the short coculture time, it would be very
interesting to know whether the protection of cancer cells against ADCC could be enhanced
by CAA.

Besides breast cancer, in many other cancers such as ovarian cancer, melanoma or
myeloma, tumor cells are located at the proximity of omental or subcutaneous or bone
marrow adipocytes. Recent studies have demonstrated that adipocytes contribute to resistance
of leukemia to L—aspatraginase729 and to resistance of melanoma to cisplatin, docetaxel and
histone deacetylase inhibitor SAHA®’®. Therefore, it is tempting to speculate that adipocytes
induce cancer resistance to various types of therapy. Further investigations on which
therapeutic agents (conventional cytotoxic agents, hormone therapy or targeted therapy) are

sensitive to the effect of adipocytes would be necessary to better understand the roles of the

tumor microenvironment in induction of cancer resistance.
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Obesity and breast cancer resistance to therapies

Obesity has been clearly associated with poor prognosis in breast cancer. Obese breast
cancer patients present more aggressive tumors, increased risk of recurrence and higher
mortality”**"'. Obesity is associated with a chronic inflammatory microenvironment and an
increase in estrogen plasma levels’>?. Therefore, several data suggested a link between obesity

and cancer resistance to therapies.

Recent study by Bochet ef al. suggested that cancer-associated adipocytes could
promote breast tumor radioresistance’>>. However, no correlation between BMI and

radioresistance has been reported in any cancer.

A study by Behan et al. showed that adipocytes increased chemoresistance of leukemia
in mice. However, like radiotherapy, no correlation between BMI and chemoresistance has
been reported in cancer. This is partly due to the underdosing of obese patients by clinicians

because of fear of toxicity might contribute to the decrease in treatment efficacy.

In hormone therapy, the link between BMI and the efficacy of the treatment seems to be
not clear. While several studies indicated that aromatase inhibitors had lower efficacy in

734-736

obese patients , others showed no difference of efficacy between obese and nonobese

women treated with tamoxifen or aromatase inhibitors’> "%,

Our study suggested that obesity may have a negative impact on the efficacy of
trastuzumab treatment. However, a recent study by Crozier et al. in a cohort with more than
3500 patients indicated that adjuvant trastuzumab improved the clinical outcome in all

patients regardless of their BMI"™.

Overall, the impact of BMI on cancer resistance to different therapies requires further
investigations. Of interest, several studies suggested that weight gain after diagnosis appeared
to be associated with greater disease mortality’”". However, whether weight loss after

diagnosis may improve prognosis remains unclear’*".
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GDF15 and cancer resistance

In this study, we found that GDF15 was rapidly induced in cancer cells exposed to the
conditioned medium from adipocytes. This result is in keeping with the work by Kim et al.
who showed that the conditioned-medium from mouse bone marrow adipocytes stimulated
the production of GDF15 in MDA-MB-231 breast cancer cells '*. It is worth noting that
under physiological conditions, GDF15 is expressed in low amounts in normal tissues except
from the placenta. However, in pathological conditions such as inflammation and cancer,
GDF15 expression is dramatically increased”*'. Although the over-expression of GDF15 has
been reported in many cancers, including breast, prostate, and colon cancers’ 2, its
histological localization in tumor sites in relation to the adipose tissue remains unclear.
Therefore, it would be interesting to investigate the evolution of GDF15 expression as the
tumor invades the adjacent stroma to better understand the role of adipocytes in the induction
of GDF15 expression in cancer.

Previous studies have shown that the expression of GDF15 in cancer cells could be up-
regulated in response to various factors, including iron depletion’*’, hypoxia’™, nonsteroidal
anti-inflammatory drugs as well as dietary compounds’*. Interestingly, it has been shown that
GDF15 could be induced by palmitate’’, IL-1B, TNF-a and IL-6"*°, which were all reported
to be secreted by adipocytes®****’* The GDF15 promoter presents binding sites for the
transcriptional factors SP1, p53 and EGR-17*. Coherently, we observed at mRNA levels a
rapid up-regulation of EGR-1 that preceded the up-regulation of GDF15 in cancer cells after
exposure to the adipocyte-conditioned medium. Current experiments are going to validate the
GDF15 expression at protein levels.

GDF15 is a divergent member of the TGF-f superfamily. It is synthesized and secreted
under either the mature form after a cleavage of the dimeric propeptide or the unprocessed
precursor *°. Upon secretion, the mature GDF15 is diffused to the circulation while the
propeptide binds to the extracellular matrix”*’. High levels of GDF15 serum levels have been

8 Although the receptor for GDF15 remains unknown, there are

reported in obese women
some studies suggesting that GDF15 mediates its effect via the TGF-B RII"*""°. GDF15 was
shown to activate different intracellular signaling pathways including SMAD, EGFR, AKT
and ERK1/27°% 72 In our studies, we observed a rapid phosphorylation of AKT and ERK1/2
(5-15 mins) before the induction of GDF15 in cancer cells. Therefore, adipocytokines other
than cancer-secreted GDF15 would be responsible for the early activation of the survival

AKT and MAPK pathways. Interestingly, Ding et al. has demonstrated that GDF15 could also

be secreted by adipocytes as well as preadipocytes’, which suggests a direct effect by
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adipocyte- or preadipocyte-secreted GDF15. Further experiments consisting of dosing GDF15
in the conditioned media of adipocytes and of cancer cells by Elisa would clarify the origin of
GDF15.

The roles of GDF15 in cancer development and progression are complex’*’*¢. While
some in vitro and in vivo experimental evidence suggest anti-tumorigenic effects of GDF15,
other data indicate that it has oncogenic activity. In vitro, over-expression of GDF15 in cancer

754,755

cell lines resulted in growth arrest and increase in apoptosis . However, Lee et al.

reported that the forced expression of GDF15 in gastric cancer cell lines did not alter cell
proliferation but increased its invasiveness’°®. In vivo, GDF15 over-expression in HCT116"*,
MCEF-7"" PC-3"" and glioblastoma cell lines”’ inhibited the growth of tumors in nude mice
and xenograft models. By contrast, Boyle et al. showed that knock-down of GDF15 by
shRNA in melanoma cells significantly decreased tumorigenicity in mice’®’. Additionally,
orthotopically implemented PC-3 cells over-expressing GDF15 enhanced metastasis in mice
compared to the PC-3 vector cells’®’. GDF15 was also shown to mediate anorexia/cachexia in
mice with xenografted prostate tumors, which could be reversed by administration of anti-
GDF15 antibody’’. In patients, high levels of GDF15 are in general associated with tumor
progression in many cancers, including melanoma, colon, pancreatic, thyroid and prostate
cancer'*'. In breast cancer, no correlation between GDF15 expression and tumor progression
has been so far reported. Overall, it is possible that the anti-tumorigenic or pro-tumorigenic
effects of GDF15 are dependent on the types of cancer. Moreover, like TGF-, GDF15 may
inhibit tumor growth in early stages of cancer, whereas in advanced cancer, it favors tumor
progression’ 2.

In our study, down-regulation of GDF15 by siRNA in cancer cells reversed the
adipocyte-induced inhibition of ADCC. These results suggest that GDF15 is involved in
adipocyte-promoting resistance of breast cancer cells to lysis by NK cells. This is supported
by the work of Roth ef al. who showed that depletion of GDF15 enhanced the susceptibility of
mouse glioma cells to the lysis by NK cells’®. Studies by Joshi ez al also showed that GDF15
induced resistance to trastuzumab-mediated growth inhibition in breast cancer cells’®".
Besides, both over-expression of GDF15 or exogenous GDF15 conferred resistance to various

766 - Altogether, these

chemotherapeutic agents in prostate cancer cells’® and myeloma cells
data suggest that GDF15 plays an important role in cancer resistance. Better understanding of
the mechanisms of actions of GDF15 as well as the contribution by tumor cells or the tumor

stroma would be necessary to develop strategies targeting GDF15 in future therapies.
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MYC, ADM and EGRI1 as potential inducers of resistance

Our studies have identified several genes other than Serpind43 and Gdfi5 that were
rapidly up-regulated in cancer cells upon exposure to the conditioned medium from
adipocytes. These genes include Myc, Adm, and Egrl.

c-Myc is a well known oncogene and a transcriptional factor that is deregulated in many
cancers’®’. In breast cancer, MYC target genes are involved in cell growth, transformation,

angiogenesis and cell-cycle control’®®

. c-Myc amplification was shown to strongly correlated
with Her2 amplification in breast cancer’®. However, since MYC has been shown to induce
apoptosis’ "’ it was unexpected to observe the up-regulation of c-mye in cancer cells that were
resistant to ADCC. Further experiments are necessary to understand this apparent paradox.
Adm encodes for adrenomedullin (ADM), a pluripotent hormone expressed in many
cancers, including breast, ovarian cancers and leukemia’’'. Interestingly, ADM has been
shown to protect cancer cells against apoptosis induced by hypoxia, serum deprivation or

772-774

chemotherapeutic agent . However, the role of ADM in the resistance of tumor cells to

ADCC remains unknown. Therefore, it would be interesting to examine whether adipocyte-
induced ADM allows protection of tumor cells against lysis by NK cells.
Egrl encodes for a transcriptional factor which is rapidly induced by different stimuli,

including growth factors, hypoxia or cytokines’”

776,777

. While Egrl has been shown to be a tumor

suppressor gene in breast cancer cells , it was implicated in resistance to apoptosis via

778

inhibition of CD95 (Fas) expression in prostate cancer cells' . Therefore, whether adipocyte-

induced EGRI1 is implicated in the inhibition of ADCC requires further investigations.
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Alterations of NK cells by adipocytes

It was previously reported that NK cells were altered in the breast tumor

d*”7. Mamessier et al. showed that breast

microenvironment compared to NK cells in the bloo
cancer cells altered NK cell phenotypes and functions via secretion of soluble factors™.
However, the alteration of NK cells by the tumor stroma remains unclear. Given that
infiltrating NK cells are often found within the stroma surrounding the tumors>*, and that NK
cells expressed receptors for many adipocytokines, it would be reasonable to speculate about
an alteration of NK cells by adipocytes and/or preadipocytes.

Previous studies have demonstrated the phenotypic alteration of NK cells when NK
cells were co-cultured with either peripheral ASCs or bone marrow-derived mesenchymal
stem cells (BM-MSCs) for 3 to 6 days. Co-cultured NK cells displayed decreased expression
of NKG2D, NKp30 and NKp44'” 7! However, the modification of CD16 expression was
inconsistent between studies. While CD16 expression was reported to be decreased in

779

DelaRosa’s study i’s’!

’s" and Spaggiari’s

, it was shown to be unchanged in Sortiropoulou
studies. Nevertheless, all these studies indicated that NK cytotoxicity was decreased when NK
cells were co-cultured with MSCs. This is supported by a recent study by Ljujic et al. who
showed that intravenous injection of human MSCs derived from the peripheral blood into
mice led to decrease in cytotoxicity of NK cells in tumor-bearing mice’**. Together, these
data underline the importance of adipocyte-derived progenitors in the modulation of NK cell
functions.

As for mature adipocytes, their roles in NK cell phenotype and functions remain largely
unknown. In our study, we did not detect any change in NK cell surface receptors as well as
NK cytotoxicity by adipocytes but also preadipocytes during the ADCC assay. This can be
explained by the short time of co-incubation of adipocytes/preadipocytes and NK cells in the
coculture system. Moreover, using the human NK-92 cell line over-expressing CD16 has
limited pertinence. Further experiments using purified human NK cells are required. Given
the abundance of adipocytes in the tumor microenvironment, as well as their relevance not
only in targeted therapy but also in the immune-surveillance role of NK cells, further
investigations would be necessary to understand the mechanism of alteration of NK cells by

adipocytes.
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Identification of the adipocyte-secreted inhibitory factors

We demonstrated that the inhibition of ADCC by adipocytes and preadipocytes was
mediated by factors secreted into the conditioned medium. We showed that these factors were
likely proteins or exosomes in nature. Although they remain to be clearly determined, we
speculate that the inhibition of ADCC observed was a result of a combination of effects of
different factors secreted by adipocytes.

Adipocyte-derived factors can inhibit ADCC by direct inhibition of lytic granules
secreted by NK cells. It was previously reported that both adipocytes and preadipocytes
secrete a number of serine proteinase inhibitors (serpins), such as SERPINA3 (al-antitrypsin
inhibitor) and SERPINA12 (vaspin)’®. While the targets and mechanisms of action of vaspin
remain unknown’"", Sipione et al. demonstrated that the murine homologue of SERPINA3,

Serpina3n, could bind and inhibit granzyme B activity

. However, the addition of
SERPINA3 purified from human serum did not inhibit ADCC activity (data not shown).
Therefore, further investigations are required to understand the implication of adipocyte-
secreted serpins in the inhibition of ADCC.

We tested several relevant adipocytokines for their implication in the inhibition of
ADCC, including leptin, adiponectin, IL-6 and TGF-f. Unexpectedly, none of these
molecules displayed inhibitory effect at any concentration tested. It is possible that the
adipocyte-mediated inhibition of ADCC is a combined effect of various adipocytokines.

Therefore, experiments using neutralizing antibodies may provide better understanding on the

contribution of each adipocytokine in the crosstalk between adipocytes and cancer cells.
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CD73 as target in anticancer treatment

CD73 has been largely recognized as a potent immune suppressor > . Its expression
CD73 has been shown to be increased in many cancers, including breast cancer’. Previous
studies suggested that CD73 expression was negatively associated with ER”'*"®. However,
we did not detect any expression of CD73 in our four HER2-positive breast cancer cell lines
regardless of their ER statuses: positive (BT474 and MDA-MB-361 cells) or negative
(SKBR3 and MDA-MB-453 cells). These results are in agreement with the ones of Spychala
et al. for BT474 and SKBR3 cells, while MDA-MB-361 and MDA-MB-453 cells were not
tested in their work”™.

Although the expression of CD73 has been mainly attributed to lymphocytes,

endothelial and epithelial cells’”

, it has been known that mesenchymal stem cells also express
CD73%. In this study, we confirmed the expression as well as the enzymatic activity of CD73
on both preadipocytes and adipocytes. Interestingly, Kriiger et al. have shown that in breast
cancer carcinoma, CD73 was strongly expressed in the stromal compartment, particularly in
the fibroblast-like population, but not in the tumor cells’*’. These fibroblasts are partly
derived from the dedifferentiation of adipocytes in contact with tumor cells”’. Furthermore,
previous studies have demonstrated that non-hematopoietic host compartment promoted
tumorigenesis’'’?°. Together, these data suggest the implication of adipose CD73 in the
immunosuppressive function of the tumor microenvironment.

Besides the expression on the cell surface, CD73 has been shown to be incorporated
into adipocyte-derived exosomes’’'. Curiously, this phenomenon was also similarly observed
in cancer cells, with the release of CD73-expressing cancer exosomes that mediated immune-
suppression’®®. Since cancer cells are permanently in interactions with adipocytes, it would be
interesting to know whether the secretion of CD73-expressing exosomes could be induced or
enhanced in both cell types in coculture. Moreover, Miiller et al. demonstrated that CD73
could be transferred via exosomes from adipocytes to other adipocytes or stromal vascular

789
cells

. Additionally, CD73-containing exosomes stimulated lipid synthesis in receptor
cells’®. Since cancer cells have been shown to accumulate lipids when co-cultivated with
adipocytes™>, we hypothesize that adipocytes could transfer CD73 to cancer cells, which may
enhance the immune evasion of cancer cells. However, our preliminary experiments
measuring the presence of CD73 on cancer cells from a 3-day coculture with adipocytes did
not support this hypothesis (data not shown).

Although the immune suppression of CD73 was thought to be mediated via the
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generation of adenosine”, we did not observed the inhibition of ADCC by adenosine or
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AMP. Therefore, we speculate that besides the generation of adenosine, the immune
suppression of CD73 may be partly independent of its catalytic activity. This is supported by
a very recent finding by Terp et al., in which the authors showed that their anti-CD73 AD2
antibody inhibited metastasis of CD73-expressing breast cancer without altering CD73
catalytic activity””'. These authors suggested that CD73 could also act as an adhesion and/or
signaling molecule.

Collectively, these data suggest that adipocytes could participate into the immune
evasion of cancer cells via the expression of CD73, or the secretion of CD73-expressing
exosomes. Although the role of CD73 in the inhibition of ADCC has not been able to be
validated in our experiments, further investigations would be required to understand the
contribution of adipocyte-derived adenosine and the potential signaling pathway of CD73 in

cancer resistance to other therapies.
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Figure 19. Adipocyte/preadipocyte-mediated increase in resistance of cancer cells to
ADCC

Adipocytes and preadipocytes express high levels of CD73. They also secrete various soluble factors, including
adipocytokines, serpins and CD73-containing exosomes. Serpins may directly inhibit cytotoxic granzymes
released by NK cells. Adipocytokines up-regulate the expression of genes that may be implicated in tumor
survival. CD73 which is expressed on adipocytes or on preadipocytes, or on adipocyte-derived exosomes, or is
transferred to tumor cells, can mediate immune evasion via the generation of adenosine. CD73 could also act as
an adhesion or signaling molecule.
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CONCLUSION AND
PERSPECTIVES

In conclusion, our study has demonstrated the involvement of adipocytes and
preadipocytes in the resistance of breast cancer cells to trastuzumab-mediated ADCC. This
illustrates the importance of the tumor microenvironment that needs to be taken into account
during antibody-based therapy. Further investigations would be necessary to better understand
the roles of adipose tissue in cancer resistance to other therapies and in other types of cancer.
Interestingly, we have identified the adipocyte-induced genes in cancer cells and suggested
that GDF15 may play an important role in the cancer resistance. In the next steps, we will
focus on determining the signalization pathway of GDFI15 and on identifying the
adipocytokines that induce the expression of GDF15. A critical limitation of our study is the
requirement of validation of our results in vivo, such as in mouse models or in tumor samples,
which is ongoing. Our work on the crosstalk between adipocytes and cancer cells suggests a
link between obesity and cancer resistance to therapies. This is of particular interest since
obesity has been identified as an important risk and associated with poor prognosis in many
cancers. Identification of the mediators between adipocytes and cancer cells will allow the
development of sensitizing strategies to circumvent adipose tissue-mediated resistance of

cancer to therapies.
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Preclinical activity of the type II CD20 antibody GA101 (obinutuzumab) compared with

rituximab and ofatumumab in vitro and in xenograft models.

Herter S, Herting F, Mundigl O, Waldhauer I, Weinzierl T, Fauti T, Muth G, Ziegler-
Landesberger D, Van Puijenbroek E, Lang S, Duong MN, Reslan L, Gerdes CA, Friess T,
Baer U, Burtscher H, Weidner M, Dumontet C, Umana P, Niederfellner G, Bacac M, Klein C.

Abstract

We report the first preclinical in vitro and in vivo comparison of GA101 (obinutuzumab), a
novel glycoengineered type II CD20 monoclonal antibody, with rituximab and ofatumumab,
the two currently approved type I CD20 antibodies. The three antibodies were compared in
assays measuring direct cell death (AnnexinV/PI staining and time-lapse microscopy),
complement-dependent cytotoxicity (CDC), antibody-dependent cell-mediated cytotoxicity
(ADCC), antibody-dependent cell-mediated phagocytosis (ADCP), and internalization. The
models used for the comparison of their activity in vivo were SU-DHL4 and RL xenografts.
GA101 was found to be superior to rituximab and ofatumumab in the induction of direct cell
death (independent of mechanical manipulation required for cell aggregate disruption formed
by antibody treatment), whereas it was 10 to 1,000 times less potent in mediating CDC.
GA101 showed superior activity to rituximab and ofatumumab in ADCC and whole-blood B-
cell depletion assays, and was comparable with these two in ADCP. GA101 also showed
slower internalization rate upon binding to CD20 than rituximab and ofatumumab. In vivo,
GA101 induced a strong antitumor effect, including complete tumor remission in the SU-
DHL4 model and overall superior efficacy compared with both rituximab and ofatumumab.
When rituximab-pretreated animals were used, second-line treatment with GA101 was still
able to control tumor progression, whereas tumors escaped rituximab treatment. Taken
together, the preclinical data show that the glyoengineered type II CD20 antibody GA101 is
differentiated from the two approved type I CD20 antibodies rituximab and ofatumumab by

its overall preclinical activity, further supporting its clinical investigation.
©2013 AACR.

PMID: 23873847
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BACKGROUND DESKTOP

I" year of PhD study:
There will come a day when you’ll feel like shit and you’ll want to give up on this life and everything else.
When that day arrives, save yourself some trouble and don’t do a thing.

Just take a nap.

2" year of PhD study:
Do my best. Make the I of today different from the I of yesterday.

“Remembering that you are going to die is the best way I know to avoid the trap of thinking you have something
to lose. You are already naked. There is no reason not to follow your heart.”

3th year of PhD study:

Take your time,

think a lot,

think of everything you’ve got.

For you will still be here tomorrow,

But your dream may not.

Here we are we’ve just begun
And after all this time our time has come
Ya here we are still going strong

Right here in the place where we belong!

I was here...

I lived, I loved

I was here...

1 did, I’ve done, everything that I wanted
And it was more than I thought it would be
I will leave my mark so everyone will know

I was here.
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TITLE

Roles of adipocytes in the resistance of breast cancer to trastuzumab-mediated antibody-dependent
cellular cytotoxicity (ADCC)

Abstract

Trastuzumab is a monoclonal antibody already approved in the treatment of HER2-expressing breast
cancer. Despite its efficacy, resistance often occurs. Here, we investigated the impact of adipocytes on
antibody-dependent cellular cytotoxicity (ADCC), one of the main mechanisms of action of trastuzumab.
We found that adipocytes, as well as preadipocytes, inhibited trastuzumab-mediated ADCC. We showed
that adipocyte-derived factors, likely proteins or exosomes, mediated the inhibition of ADCC. No titration
or degradation of the antibody was detected. Analysis of cell phenotype did not reveal any modification of
NK cell receptors, nor of HER2 levels on cancer cells in the presence of adipocytes. Pre-incubation of
cancer cells with adipocyte-conditioned medium reduced sensitivity of cancer cells to ADCC. We found
that growth differentiation factor 15 (GDF15) was rapidly induced in cancer cells exposed to adipocyte-
conditioned medium. Down-regulation of GDF15 by siRNA reversed the adipocyte-induced inhibition of
ADCC. In conclusion, we demonstrated that adipocytes play a role in the resistance of breast cancer to
trastuzumab-mediated ADCC, and suggested that targeting GDF15 or the crosstalk between adipocytes and
cancer cells may sensitize cancer cells to monoclonal antibody treatment.

TITRE

Role des adipocytes dans la résistance des cellules de cancer du sein a la cytotoxicité cellulaire
dépendante de ’anticorps (ADCC) médiée par le trastuzumab.

Résumé

Le trastuzumab est un anticorps monoclonal déja utilisé dans le traitement du cancer du sein sur-
exprimant la protéine HER2. Malgré son efficacité, la résistance est souvent apparue. Ici, nous avons étudié
I’impact des cellules adipocytaires sur la cytotoxicité cellulaire dépendante de 1’anticorps (ADCC), une des
mécanismes d’action principaux du trastuzumab. Nous avons trouvé que les adipocytes, ainsi que les pré-
adipocytes, inhibent ’ADCC médi¢ par le trastuzumab. Nous avons montré que les factors dérivées
d’adipocytes, comme des protéines ou des exosomes, causent 1’inhibition d’ADCC. Aucune séquestration
ou dégradation de ’anticorps a été observée. Des analyses phénotypiques n’ont pas révélé de modification
des récepteurs des cellules NK, ni du niveau de HER2 sur les cellules cancéreuses en présence
d’adipocytes. La pré-incubation des cellules cancéreuses avec le surnageant des adipocytes réduit la
sensitivité tumorale a I’ADCC. Nous avons trouvé que le factor de croissance et de différenciation GDF15
est rapidement induit dans les cellules cancéreuses exposées au surnageant d’adipocytes. Une diminution
de I’expression de GDF15 par les siRNA réverse I’inhibition d’ADCC induite par les adipocytes. En
conclusion, nous avons démontré que les adipocytes jouent un role dans la résistance des cellules de cancer
du sein a ’ADCC médié par le trastuzumab, et nous suggérons que cibler GDF15 ou I’interaction entre les
adipocytes et les cellules cancéreuses pourrait sensibiliser les cellules cancéreuses au traitement par
I’anticorps monoclonal.
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