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Liste des Abréviations

AM :adrénomédulline

AMPc :Adénosine monophosphate cyclase
AMR : recepteur de 'adrénomédulline

bFGF ;basic fibroblast growth factor

CE: Cellules endothéliales

CGRP:calcitonin gene related peptide

CDK: cyclin dependant kinase

Cox-2: cyclo-oxygenase -2

CRL:calcitonin receptor like

EGF:endothelial growth factor

EGFR: endothelial growth factor receptor
GPI: glycosylphosphatidylinositol

HIF1lo: hypoxia inducible factor 1

HMEC: human microvascular endothelial cell
HRE: hypoxia responsive element

HUVEC: human umbilical vascular endothelial cell
INR: initiator element

IP3K: Inositol trisphosphate kinase

IRM image par resonance magnetique

IDH1.: isocitrate deshydrogenase 1

AMBP-1 : adrenomedullin bondong protein 1
IL-1 : interleukine 1

LCR :liquide céphalo-rachidien

MAP kinase : mitogen activated proteins kinases
MEC: matrice extra cellulaire

MMP: matrice metallo protease

MGMT : O6-methylguanine transferase

P : péricyste

PAM :peptidyl glycinen-amidating monooxygenase
PAMP:pro-adrenomedullin 20 peptide
PCR:polymerase chain reaction
PDGF:platelet-derived growth factor
PDGFR:platelet-derived growth factor receptor
PKB: protein kinase B

PGEZ2 : prostaglandine E2

PTEN: phosphatise and tensine homolog
RAMP: receptor activity modifying protein
RCPG: recepteur couple a la proteine G
RES : responsive element

TGFb : transforming growth factor b

TNF: tumor necrosis factor

VEGF:vascular endothelial growth factor
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AVANT-PROPOS

Le cancer touche 12% de la population mondialeeat gépasser le seuil des 25% dans
les pays industrialisés (Stewart et Kleihues, 2005gprésente désormais la premiere
cause de mortalité en France, devant les maladrégwgasculaires.

Les tumeurs auxquelles sont associées les prosaties survies a cingq ans les plus
meédiocres ne sont pas forcément celles dont I'enxié est la plus élevée. Le cancer du
pancréas et les tumeurs cérébrales de haut gratieniment les glioblastomes) ont les
taux de survie a 5 ans les plus bas. Le cas desursncérébrales est particulierement
délicat du fait de leur emplacement méme. En eifiéine les cas classés comme bénins
peuvent étre situés dans des zones impliquéesddgnfonctions essentielles a une vie
normale pour le patient rendant I'exérese chiralgidifficile voire impossible. Parmi
les tumeurs cérébrales, les gliomes malins représien5% des tumeurs cérébrales et
85% d’entre eux sont des glioblastomes, les gliodeplus haut grade de malignité.
Malgré l'avancée technologique des méthodes destdgm et des traitements, le
pronostic de ces tumeurs demeure toujours ausdireotepuis vingt ans.

Le cancer trouve son origine dans une croissantdaie incontrblée et inappropriée
dans un tissu ou un organe. Le développement turs@féectue en trois étapes. Tout
d’'abord, dans la phase d’ «initiation », I'accuatidn d’altérations génétiques de
séquences d’ADN codant pour un protooncogéne ogéeme suppresseur de tumeurs
entraine la transformation de cellules saines dinles néoplasiques. Ces altérations
étant souvent déclenchées par différents facteysigogiques (stress, inflammation
chronique,...) et/ou environnementaux (substancescécg@nes contenues dans
l'alimentation, pollution, tabagisme,...). Vient emsula phase de « promotion »
tumorale pendant laquelle la masse tumorale augmsaite a la survie et a la

prolifération incontrolée des cellules néoplasiqudsenvironnement tumoral

Réle de I'adrénomédulline dans la néoangiogenéliewasion tumorale.



contribuant également a la progression des tumBersnéme, le développement, par le
phénomene d’angiogenése tumorale, de nouveauxeaaissau sein des tumeurs est
indispensable a la survie et la croissance de essédes. Enfin dans la derniere étape
de la « progression » tumorale peut émerger ungiizgée malin.

L’inhibition de la formation des vaisseaux tumoraupprime la croissance tumorale
dans des modéles expérimentaux. Cette découverteepd'espérer qu’en attaquant la
vascularisation tumorale, une approche utile darigltement du cancer humain pourra
étre développée : la thérapie anti-angiogéniguanPas molécules intervenant dans la
néoangiogenése, des peptides comme le VEGF (vasndathelial growth factor), le
bFGF (basic fibroblast growth factor) sont bien mas Plus récemment découvert,
I'adrénomédulline (AM) est un peptide dont I'exsies est corrélée a I'agressivité de
certaines tumeurs et qui représente un maillonl&@iés les interactions entre les cellules
tumorales et les cellules du microenvironnement.

Notre sujet porte sur le rdle de 'AM dans la négiagenése tumorale via les récepteurs
CLR/RAMP2 et CLR/RAMP3. Nos travaux établissentréal constat de I'importance
de I'AM dans la stabilisation vasculaire tumordi®aus verrons que I’AM, ubiquitaire
et "rein€’ du microenvironnement tumoral, s’'invite a chaqu&pé essentielle de la

néoangiogenése et de l'invasion tumorale.
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Les Glioblastomes INTRODUCTION

PARTIE 1 : Les Glioblastomes

Généralités sur les gliomes

Les cellules gliales
Deux grands types cellulaires cohabitent au seigydteme nerveux central (SNC) : les
neurones, qui représentent 10% du capital celauldir SNC, et les cellules gliales, qui
représentent 90% du SNC.
Les cellules gliales sont regroupées sous le telenglie et jouent un réle de nutrition,
de protection et de soutien auprés des neuronesordt classées en quatre types
histologiques : les cellules épendymaires, lesoegtes, les oligodendrocytes et les
cellules microgliales. Chacun des différents typatulaires est susceptible de subir des
dysfonctionnements pouvant engendrer le développediene tumeur.

Les gliomes
Si au sens général les gliomes incluent toutetulegurs dérivées des cellules gliales,
au sens plus restreint, il s’agit de tumeurs pruag du SNC dérivées des astrocytes et
des oligodendrocytes.
Les gliomes représentent les tumeurs primitiveplies fréquentes et les plus graves du
SNC. lIs représentent plus des 9es tumeurs malignes primitives cérébrales. Leur
incidence en France est de 2500 a 3000 cas par an.

Caractéristiques générales des gliomes
En raison du volume non extensible de la boite ierdre, les gliomes peuvent
comprimer des zones du cerveau vitales et causeragbles importants. Le pronostic
de ces tumeurs reste sombre. Chaque type tumana¢ docalisation topographique et
une structure histologique qui lui est propre. Oppase les gliomes infiltrants

(envahissant le parenchyme adjacent sain), quigrgwavoir une structure mixte (solide

Réle de I'adrénomédulline dans la néoangiogenéliewasion tumorale. 10



Les Glioblastomes INTRODUCTION

et infiltrant) ou étre composés uniquement de Edltumorales isolées et qui peuvent
évoluer lentement ou étre d’emblée de haut grageghomes circonscrits, qui ne sont
constitués que de tissu tumoral, généralement béireprésentés par les astrocytomes
pilocytiques.

Les gliomes infiltrants s’observent a tout agenhbjee plus fréquents chez I'adulte. La
forme la plus fréquente et la plus maligne estliebtastome (GBM) dont la survie

moyenne apres exérese chirurgicale est d’envirozelmois.

Les Glioblastomes : origine et classification

1. Généralités sur les glioblastomes
Le GBM est la tumeur primitive du cerveau la pluéghiente, elle est hautement
agressive et son pronostic est mauvais. Cette tureptésente la forme la plus maligne
des astrocytomes (astrocytome de grade |V). Ellerésente 52% des tumeurs
primitives et 20% de toutes les tumeurs intra-@aneés. La survie médiane est de 6 a 9
mois avec traitement palliatif, 12 mois avec rauioapie et de 16 mois avec radio et
chimiothérapie. La survie post-opératoire variel@emois (50%), 24 mois (20%) a 36
mois (2%). Presque tous les cas de GBM sont spprasj sans prédisposition
familiale.

2. Classification des gliomes selon 'OMS 2007
La premiere classification des tumeurs cérébraded @MS est établie en 1979 et a été
révisée trois fois (1993, 2000, 2007). Cette cfasgion propose un typage
histologique en fonction du type cytologique prédmnt (astrocytaire,
oligodendrocytaire ou mixte) ainsi que du gradelguest déterminé en fonction de la
présence ou I'absence de critéres histologiquenalgnité suivant : densité cellulaire,

atypies nucléaires, mitoses, prolifération micrawaire et nécrose (Louis et al., 2007).

Réle de I'adrénomédulline dans la néoangiogenéliewasion tumorale. 11



Les Glioblastomes INTRODUCTION

De cette maniére, trois groupes de gliomes sordriétés en fonction de l'origine
cellulaire de la tumeur (Tableau 1): les tumeurgtroaytaires, les tumeurs
oligodendrogliales et les tumeurs mixtes oligoastr@ires. Quatre grades de malignité
sont également déterminés. Les gliomes circonstoite bénins sont de grade | tandis
gue les gliomes diffus sont de bas grade (ll) @nbnalins de haut grade (Il et IV),
sachant que les gliomes de bas grade évoluentaveralignité.
De part leur différence morphologique et leur difice de profil génétique, trois types
de GBM sont reconnus dans la classification offieide 'OMS. Il s’agit du :

- Glioblastome multiforme conventionnel

- Glioblastome a cellules géantes (5% des GBM)

- Gliosarcome (2% des GBM)
Cependant trois autres variantes existent et senbnnues mais ne sont pas
mentionnées dans la classification par manque dd et d’accord entre les membres
participant a la mise en place de cette classificatl s’agit du :

- Glioblastome a composante oligodendrogliale @tigl., 2001).

- Glioblastome aux caractéristiques neuronalesiifivies comme les tumeurs
neuroectodermiques (Perry et al., 2009).

- Glioblastome a petites cellules (Miller et 2007).
Cette classification présente cependant des issmifes et son manque de
reproductibilité a souvent été souligné (Coons let 2997 ; Mittler et al., 1996 ;
Figgarella-Branger et Bouvier, 2005). Ainsi I'hikigie seule ou associée aux données
clinigues et a limagerie ne permet pas encore prige en charge thérapeutique

optimale des gliomes.

Réle de I'adrénomédulline dans la néoangiogenéliewasion tumorale. 12



Les Glioblastomes INTRODUCTION

Les tumenrs asoocyiaires
* Astrocytome cellales geantes sous-épendymaire
* Astrocytome mi logtinue
o Astrocytome pilooyvtique, anant pilomyxoe~de
* Astrocytome di flus
o Astrocvtome fibrillaire
o Astrocytome protoplasmigue
o Astrocytome gemistocytique
* Astrocytome anaplasique
* Xanthoastrocytome pleromorphe
* Gliohl astome
o Glioblastome 4 cellules géantes
o Glicsarcome
* Giomatose cérébrale

Les tumenrs oli godendrogliales
* Ohgodendrogliome
= Oligede ndiogliome anaplasique

Les rumeurs mixtes oligo-astrocytaires
* Oligoastrocyiome
* Oligoastrocytome anapl asique

Tableau 1 : Classification des gliomes selon 'OROB7

D’aprés Louis et al., 2007.

Grade [
Grade [
Grade I1
Grade IT

Grade ITI
Grade TTII
Grade TV
Grade IV
Grade ITL

Grade I1
Grade I

Grade IT
Grade I11

Réle de I'adrénomédulline dans la néoangiogenéliewasion tumorale.
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Les Glioblastomes INTRODUCTION

3. Principales altérations génétiqgues et épigénétiquesbservées dans les
glioblastomes
Les principales altérations génétiques observéns l@g GBM ont pour cible le cycle
cellulaire ou les voies de transmission du sigBlés consistent essentiellement par le
gain ou la perte, totale ou partielle, d’'un chrooms, par I'amplification ou la perte
d’'un alléle spécifique, par une activation ou umactivation causée par une mutation et
enfin par la méthylation d’'un promoteur (Kanu et 2009).
Les altérations les plus fréquentes au sein deblghitomes sont :
- La perte de I'hétérozygotie (LOH : Loss Of Hetemgasity) du chromosome
10 (Rasheed et al., 1995).
- La perte du bras chromosomique 9p altérant I'exgivesdes génes p4?f et
p164NK4a
- L'amplification du géene PDGFRA (Platelet Derived o@th Factor
Receptor) (Ohgaki et al., 2004).
- Une amplification du géne de 'EGFR (Epidermal Gtlowactor Receptor)
sur le chromosome 7.
- Des mutations inactivatrices de PTEN (Phosphatadeensin homolog) au
niveau du chromosome 10.
Les GBM secondaires présentent plus fréquemment :
- Des mutations inactivatrices du gene P53 au nideacthromosome 17.
- Des mutations inactivatrices du gene RB1 (Retirgiblae) au niveau du
chromosome 13.
- La méthylation du promoteur sur le chromosome 10gd6 gene de
'enzyme de réparation de I'ADN MGMT @@nethyl guanine-DNA

methyltransferase).

Réle de I'adrénomédulline dans la néoangiogenéliewasion tumorale. 14



Les Glioblastomes INTRODUCTION

- Des mutations de IDH1/IDH2 (isocitrate dehydrogénast 2) (Balss et al.,
2008 ; Parsons et al., 2008).

Les mutations de ces génes sont responsablesrdesicatiques propres aux GBM.

Caractéristiques de la composante gliale tumoraleesponsable du

phénotype malin des GBM

Nous considérons la composante gliale tumorale GBM comme I'ensemble des
cellules tumorales constituant la tumeur sans édlsles qui constituent les capillaires
tumoraux. Pendant le développement tumoral, lekilesl acquiérent de multiples
mutations génétiques en particulier pendant la gn@métape d’ « initiation » durant
laquelle elles acquiéerent leur potentiel néoplasidia seconde étape de « promotion »
commence par I'expansion de la population néoplasinitiale et dans la derniére étape
de « progression tumorale » émerge le phénotypenrdal la tumeur caractérisé dans
les GBM par les propriétés suivantes.

1. Prolifération accrue
Contrairement aux neurones, les cellules glialedigsent. La prolifération anormale
des cellules gliales tumorales des GBM est dueéagtement de l'activité et/ou de
I'expression de certaines molécules ayant un réatesda prolifération cellulaire (Kanu
et al., 2009).
En effet, I'amplification du géne des récepteurdatiieur de croissance EGF, lEGFR
est souvent associée a des altérations strucwrathenant a un récepteur
constitutivement autophosphorylé donc activé (Bketr et al., 1991). De plus,
I'expression du récepteur du PDGF, le PDGFR egtrabi (Hermanson et al., 1992).
L’activation des genes de ces deux récepteursogibg kinase provoque la conversion

des Ras-GDP en Ras-GTP (Guha et al., 1997) quiealeti voie des MAPK kinases,

Réle de I'adrénomédulline dans la néoangiogenéliewasion tumorale. 15



Les Glioblastomes INTRODUCTION

provoquant ainsi l'activation de la prolifératiates cellules. L’activation de ces
récepteurs entraine également l'activation de BKRphosphatidyl-inositol-3-kinase)
qui elle-méme active la voie de I'Akt. Celle-ci altib a la transcription de genes
impliqués dans la promotion de la prolifération debBules.

De méme, le géne suppresseur de tumeur PTEN catteupe protéine a I'activité de
tyrosine phosphatase qui inhibe [lactivitte PI3K e#éphosphorylant PIP3
(phosphatidylinositol-3,4,5  triphosphate) et PIP2phdsphatidylinositol-3,4,5
diphosphate) (Maehama et al., 1998). Or PI3K phogpé active I'Akt et module ainsi
I'activité des protéines jouant un réle importaming la prolifération, en activant la
transition de la phase G1 a S du cycle cellul&retemps normal, PTEN produit donc
un blocage du cycle des cellules en G1. De cel&ainutation inactivatrice de PTEN
aboutit a I'effet inverse avec une prolifératiomraontrélée des cellules.

Le TGH3I et son récepteur T@RIl sont exprimés dans les GBM alors gu’ils netson
pas dans le cerveau ni dans les gliomes de bas ¢ramnada et al., 1995). Aussi, en
réponse a sa stimulation par le TEGHe récepteur TGRRI active indirectement des
génes qui contribuent a la prolifération celluladlent le PDGF-A (Zhang et al., 1997)
qui est un facteur prolifératif.

De plus, la protéine Rb issu du géne RB1, inhibenatement I'action du facteur de
transcription E2F1 aprés interaction avec ce derfie phosphorylant Rb, le complexe
CDK4/cyclin D1 libere E2F1, qui active alors desigg impliqués dans la transition de
la phase G1 a la phase S du cycle cellulaire (Siteat., 1999). L'une des protéines
inhibitrices des CDK, la P¥“? régule cette transition en inhibant le complexe
CDKA4/Cyclin D1 apres liaison au CDK4. L'inactivati@u gene de RB1 et la délétion
de celui de P18“** ménent donc & un cycle cellulaire incontrolé dekiles tumorales

de glioblastomes.
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Les Glioblastomes INTRODUCTION

Enfin le facteur P53 est impliqué dans la régutatia cycle cellulaire pendant la phase
de réparation et de prolifération. P53 est un facwe transcription a vie courte,
surexprimé apres un stress cellulaire. |l faciiteéparation de '’ADN en interrompant
le cycle cellulaire pendant I'action des enzymeséparation, en activant et induisant la
transcription d’un inhibiteur des CDK, le facteu21Pqui protege I'action des Rb en
inhibant le complexe CDK4/cyclin D1 (Sherr et &000). L’inactivation du gene P53
participe également a la croissance incontréléeeibsles de GBM.
2. Mort cellulaire
Trois types de mort cellulaire se distinguent paur Imode de déclenchement et leur
mode de fonctionnement (Hotchkiss et al., 2009).
- l'apoptose génétiguement programmée en cas des stedhilaire ou de
radiation
- la nécrose considérée comme une mort accidentelle
- l'autophagie déclenchée par les cellules pour stgven cas de privation en
nutriments ou en facteurs de croissance et perdguelle elles recyclent
leurs propres organelles non essentiels, redondantsndommagés, ainsi
gue des composants macromoléculaires.
Résistance a I'apoptose des cellules tumoralesiBié G
Les caspases, de la famille des protéases, présamie forme constitutive et activées
apres leur clivage, sont les effecteurs centraubageptose. L'apoptose est déclenchée
par une activation de la chaine des caspases. &#itation s’effectue principalement
par deux voies. La premiere est due a l'activatims membres de la famille du
récepteur au TNF qui aprés leur oligomérisatiortesai la fixation de leur ligand,
conduit au recrutement de la protéine adaptatriédd¥ qui interagit avec le

prodomaine des caspases 8 ou 10, déclenchantl@insctivation. La deuxiéme voie
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débute par le relargage sous l'effet d'un stresdulage du cytochrome c des
mitochondries vers le cytosol, ou il se lie a latpine adaptatrice APAF-1 qui recrute et
active alors les caspases 9 initiatrices pour forfteecomplexe apoptosome. Les
caspases 8 ou 10 et les apoptosomes activentehssiitaspases 3 effectrices dont les
substrats sont des protéines astructurelles, de®ipes impliquées dans le cycle
cellulaire ou dans la réparation de I'’ADN, des kigm et des protéines de signalisation
(Krakstad et al., 2010). L'action de la caspasbd@udt a la mort de la cellule.
L’activité des caspases est régulée par les pestéde la famille Bcl-2 au niveau
mitochondrial et par les IAPs (Inhibitor of apopsoproteins) qui inhibent les caspases
en se liant a elles. Pendant les phases de réparatiand les dommages sont trop
importants, p53 induit 'apoptose. Dans les GBM;, @ une surexpression de la protéine
anti-apoptotique Bcl-2, une mutation inactivant p8rainant donc une résistance a
I'apoptose et une délétion de PpT4 protéine stabilisant p53, participant ainsi a la
résistance a I'apoptose des cellules.

Survie des cellules tumorales
La signalisation de la survie cellulaire protégedellules cancéreuses de la mort causée
par des dommages létaux de I'ADN autres que ceuX’apmptose, en induisant
I'expression ou la disponibilité de facteurs devaurElle se distingue de la résistance a
'apoptose. NFkB (Nuclear factor kB) est un factele la transcription qui active
I'expression de genes impliqués dans la surviellegle mais aussi dans la migration et
la prolifération (Karon et al., 2002).
L’activation d’Akt induit la survie des cellules o@asiques des GBM en facilitant la
translocation nucléaire du facteur NFkB et dondrdascription des génes impliqués
dans la survie cellulaire.

Présence de nécrose
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La nécrose a lieu lorsqu’il y a une grande modifisades conditions physiologiques.
Elle est caractérisée par la perte de I'intégrddadmembrane plasmatique qui aboutit a
un influx d’ions et de fluides extracellulaire.eih résulte un gonflement caractéristique
des cellules en nécrose ainsi que de leurs organetl de I'échappement d’enzymes
protéolytiqgues des lysosomes vers le cytosol. Lanbmane plasmique se rompt alors
laissant se déverser le contenu du cytoplasmde/endieu extracellulaire.
La nécrose (avec l'angiogenése) est la caractfuistihistologique spécifique des
glioblastomes. Malgré le pouvoir angiogénique ds teneurs, des cellules sont en
hypoxie, du fait de leur abondance causée parpialifération accrue et leur résistance
a l'apoptose. En I'absence de nouvelle vasculénisauffisante dans ces zones pour
leur fournir les apports énergétiques indispensatdleleur survie, ces cellules en
hypoxie finissent par se nécroser.
3. Invasivité des cellules tumorales de GBM

La plupart des cellules font preuve de motilitéashirle développement embryonnaire,
la cicatrisation ou les réponses immunitaires. Latilité des cellules est étroitement
contrélée sauf pour les cellules tumorales. Lekilesl tumorales peuvent faire appel a
trois types de migration (Yilmaz et al., 2010) :

- la migration individuelle mésenchymale. C’est |pedyde migration classique

de la métastase.

- La migration individuelle amoeboide

- La migration collective.
Les cellules tumorales des GBM utilisent le mode mégration individuelle
mésenchymale (Zhong et al., 2010).
Certaines altérations génétigues induisent [liromasi cellulaire des GBM.

L’amplification de Il'activité du récepteur EGFR €8i et al., 2000) et la mutation
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inhibitrice de PTEN (Tamura et al., 1998) induisémtmigration des cellules, en
agissant sur les adhésions focales. De méme [|'oapibn de l'activité du récepteur
PDGFR augmente la migration des cellules en mémpgejue leur prolifération.

Mais I'invasion des GBM est surtout due a I'activdutocrine et paracrine de facteurs
secrétés par la tumeur elle-méme (Hoelzinger e2@07).

Le microenvironnement participe au phénotype mdtis tumeurs. Par définition, le
microenvironnement tumoral regroupe la MEC et l®@mta. La MEC constituant la
lame basale, sépare normalement le parenchymeainastOr dans le cancer l'intégrité
de la lame basale est perdue. La fonction desleglkst conférée par leur interaction
avec leur microenvironnement. Or les cellules sahe microenvironnement cérébral
qgui entourent la tumeur favorisent la migration deBules tumorales en méme temps
que leur croissance et l'angiogenese, accentuanphknotype malin des GBM
(Hoelzinger et al., 2007).

Linvasivité des GBM se caractérise en immunohistoh par la présence de cellules
tumorales isolées dans le parenchyme cérébral inantsla tumeur. En IRM ou
scanner, elle se caractérise par un aspect géaerkl tumeur en « doigt de gant »
caractéristique de son infiltration dans le tisgoisinant.

Le caractére invasif est I'une des caractéristiquesiéfinit les GBM et est responsable
de leur caractéere agressif et de leur mauvais ptanocar ils récidivent
systématiquement a proximité du site orignal dautaeur (Lee SW et al., 1999) ou a
distance du cerveau (van Nifterik et al., 2006pase de leur excision difficile et de la
croissance des cellules invasives restantes quoi pas été affectées par les traitements.
Cependant, malgré cette infiltration extensive dbengissu cérébral sain, les GBM

métastasent rarement en dehors du cerveau (Zhahg 2010).
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IV. Implication de 'angiogenése dans la malignité deSBM

1. Implication de I'angiogenése dans la malignité deSBM

La barriere hémato-encéphalique
Dans le cerveau en développement, les capillaieeslifférencient et murissent en
barriere hémato-encéphalique (BHE). Elle représéimterface et le lien entre le
systeme nerveux central et la circulation sanguttie.a un rdle protecteur en bloquant
et modulant le passage des molécules, en maintdiaméostasie ionique et en
guidant les cellules immunes. Un role nutritif \@adiffusion du sang vers le systéme
nerveux central des ions, peptides et nutrimenis. €St présente dans toutes les régions
du cerveau sauf dans les régions qui régulent $#esye nerveux autonome et les
glandes endocrines du corps.

Etapes de I'angiogenése tumorale

L’angiogenése tumorale définit 'ensemble des peus cellulaires et moléculaires
conduisant a la formation de nouveaux vaisseauxjusas a partir d'un réseau
vasculaire existant. L’hypoxie et les altératiodn€tiques des cellules tumorales des
GBM induisent I'expression de facteurs angiogénsgp@r la tumeur, qui activent leurs
récepteurs exprimés a la surface des cellules kélilles des microvaisseaux alentours
(Whong et al., 2009). L’angiogenése est alorséaiti
Elle débute par l'augmentation de la perméabiligs dnicrovaisseaux, menant a
I'extravasation des protéines plasmatiques et alisgociation de leur couverture
péricytaire. Les cellules endothéliales peuventsaluroliférer et migrer aprés avoir
dégradé la membrane basale et a mesure gu’ellegarésent la MEC. La dégradation
de la matrice nécessite I'expression par ces desde la cathepsine B et des enzymes
protéolytiques telles que les métalloprotéases (MMRBes cellules endothéliales la

reconstituent ensuite en exprimant la fibronectilaeJaminine, la ténacine C et la
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vitronectine. Le nouveau microvaisseau prend folongque les cellules endothéliales
s'alignent en mode bipolaire et s’organisent enuleib formant ainsi la lumiéere
vasculaire. Les différents « sprouts » ainsi fordeéfong du vaisseau préexistants se
connectent entre eux, formant des boucles vaseslait'intérieur desquelles le sang se
met alors a circuler. Les microvaisseaux nouvell@nfermés deviennent stables et
matures apres le recrutement de péricytes et tastitution de la lame basale.

« switch angiogénique » : facteurs pro- et antg@géniques
L’homéostasie vasculaire est gouvernée par unibopiiéntre les facteurs pro- et anti-
angiogéniques.
Les facteurs anti-angiogéniques sont de quatrepgoules interférons (IR IFNB et
IFNy), les interleukines (IL-4, IL-10 et IL-12), leshibiteurs de métalloprotéases
(TIMP1, TIMP2 et TIMP3) et des fragments protéajyiés. Les facteurs pro-
angiogéniques sécrétés par les GBM sont les factdarcroissance VEGF, FGF,
PDGFb, Agiopoiétines, EGF, T@GFTGH mais aussi SF/HGF, CYR61, CTDF, IGF-1,
les interleukines IL-6, IL-8, TNéret les métalloprotéases MMP2 et MMP9.
L’hypoxie augmente I'expression des facteurs proiageéniques par les cellules
tumorales via l'activité transcriptionnelle de HEXC'est particulierement le cas pour
VEGFa que l'on retrouve pour cette raison trés iex@mar les cellules palissadiques
autour des zones nécrosées. Les mutations propre§&BM telles que la mutation
inhibitrice de PTEN et la mutation activatrice d&MERvIII augmentent également
I'expression du VEGF par voie transcriptionnellesiies GBM.
L’activité de I'ensemble des facteurs pro-angiogées conduit a une forte angiogenése

en activant différentes étapes.
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2. Description de la vascularisation des GBM
La structure et la fonctionnalité des vaisseaux@B® sont anormales. Les vaisseaux
néoformés au sein des GBM présentent des cardicpges structurales spécifiques :
paroi épaissie en raison de I'hyperplasie des lesllendothéliales, la perméabilité
vasculaire est augmentée et la lame basale esfipdu@/ajkoczy et Menger, 2000).
Le grand pouvoir angiogénique des GBM se traduiééhelle microscopique par un
réseau vasculaire anormal constitué de vaisseaobifépant dont les cellules sont
frequemment en mitose et expriment des marqueuggaléération. L'intensité de la
prolifération vasculaire est spécifique des GBMset présente sous deux formes
distinctes : une augmentation diffuse de la densigtulaire avec des petits vaisseaux
et le forme complexe connue sous le terme de pratibn microvasculaire (Lousi DN,
2006).
La structure anormale des microvaisseaux des GBMawn la délivrance des
chimiothérapies et augmente I'hypoxie. De pluse @iée une niche vasculaire qui
abrite des cellules souches qui constituent unepde la tumeur et participent a la
résistance aux traitements. La forte vascularisatibservée dans les GBM est
également en partie responsable d’cedéme pérituimpairaésulte de la barriere hémato-

encéphalique défectueuse des nouveaux vaisseaguékaet al., 2000).

V. Caractéristiques et traitement des glioblastomes

1. Caractéristiques en imagerie
Un effet de masse, visible en IRM, avec une zomeoti§ue et des parois irrégulieres
prenant fortement le contraste peuvent suggéredidgnostic (Figure 1). Une
scanographie montre en général une masse non homagec un centre hyperdense

étendu en un anneau de taille variable entouréétived
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Comme de multiples pathologies peuvent avoir partl®iméme aspect radiologique et
que le GBM peut avoir différents aspects, le diagioodéfinitif est généralement
effectué lors de I'examen histologique.

2. Caractéristiques en histologie
Les GBM sont caractérisés par la présence de zimdissus nécrosés entourées de
cellules hautement anaplasiques. Les GBM étant tdewurs trés infiltrantes, on
retrouve a leur périphérie des cellules tumorakdées infiltrant le parenchyme
adjacent, caractérisées par des noyaux atypigloegas.
Ces tumeurs présentent une trés forte densitdaiefassociée a des atypies nucléaires
et un index mitotique élevé. On observe égalemaatnéoangiogenése intense et une
prolifération endothéliocapillaire caractéristiqles plages de nécrose et les palissades
périnécrotiques font partie des caractéristiqusshigiques des GBM et correspondent

a des régions souffrant d’hypoxie (Figure 2).
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Figure 1 : A/ Aspect macroscopique d’un GBM. B/ @eworonale du cerveau,
IRM pondérée T1 apres injection de produit de @sté.

D’apres A/ The internet pathology laboratory. Bbhnadiology.ch.

Figure 2: Aspects histologiques et macroscopiques @BM. A : plage de
nécrose ; B : parenchyme cérébral infiltré paradiles tumorales isolées ; C et
D : palissades périnécrotiques et proliférationronasculaire.

D’apres Figarella-Branger et al., 2008.
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3. Traitement des glioblastomes
Le traitement standard actuel du GBM nouvellemeagmbstiqué est la résection
chirurgicale suivie d’'une radiochimiothérapie comitante suivie d’'une chimiothérapie
adjuvante au Témozolomide (Témod@| selon le protocole de Stupp (Stupp et al.,
2005).

a. Neurochirurgie

L’exérese est toujours considérée comme le prih@f@nent du traitement. Plusieurs
statistiques (Mondor, Freiburg, Protocole Stupp@65) confirment une amélioration
de la médiane de survie en cas d’exérése totafgeut aussi y avoir également des
zones résiduelles et parfois des récidives ouuwtasurs bénignes peuvent récidiver en
tumeur maligne (anaplasique). Il convient dont s@svent apres contrble de traiter ces
tumeurs par radiothérapie pour éviter la récidive.

b. Radiothérapie
La radiothérapie est en général plus efficace gushimiothérapie mais 20% des GBM
sont radiorésistants. La radiosensibilité des tumelnypoxiques, et surtout
'augmentation de la dose initiale d’irradiationlidéée n’ont pas permis d’améliorer les
résultats du traitement de ces tumeurs. La chirraffie concomitante vient de
remporter un nouveau succes dans le traitement @BM. L’'adjonction de
Témozolomide pendant toute la durée de lirradimgtisuivie d’'une administration
adjuvante, permet une amélioration significative la@egrobabilité de survie, au prix
d’'une majoration minimale de la toxicité immédiate.

c. Chimiothérapie

Les agents akylants et les nitro-urées (BCNU, Cémefy sont les drogues les plus
utilisées en chimiothérapie. Le Temd8a{Témozolomide), agent alkylant, est le

premier agent chimiothérapeutigue oral qui traverseilement la barriére
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hématoméningée. Ces traitements permettent d’augmiensurvie globale des patients
généralement de quelques mois, méme chez les aggtqKeime-Guibert et al., 2007).
Cependant, compte-tenu du pronostic trés sombre G28l et de leur caractére

angiogénique et invasif, de nombreux essais thatapes sont en cours notamment

autour de la thérapie anti-angiogénique.
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Les GBM sont des tumeurs trés vascularisées daugidbes le concept établi par
Folkman d’une relation étroite entre croissance dale et néoangiogenése s'est
Vérifié.

Le laboratoire a montré que I'expression du pepfidenomédulline était corrélée au
grade de malignité des gliomes, les glioblastomesimant donc le plus d’AM (Ouafik
et al., 2002). De nombreuses études alors entespsisr le role de I'Adrénomédulline
dans les glioblastomes ont mis en évidence uneidatjuin de ce peptide dans leur
croissance. Dans une seconde partie, nous présenteAdrénomédulline ainsi que

son mode d’action et ses effets biologiques.
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PARTIE 2 : L’Adrénomédulline et son récepteur

I. L’adrénomédulline (AM)

L’adrénomédulline (AM) est un peptide qui fut isglér Kitamura en 1993 a partir de
phéochromocytome humain (Kitamura et al., 1993). fBitt de leur homologie de
séquences, I'AM appartient a la famille des peptidpparentés a la Calcitonine, parmi
lesquels on trouve la calcitonine, 'amyline etd&RP (Calcitonin Calcitonin Related
Peptide). Dés sa découverte, 'AM a suscité beguodiintérét pour la recherche
cardiovasculaire du fait de son fort effet hypotemscausé par la dilatation des
vaisseaux. Depuis de nombreux autres effets biplagi de 'AM ont été démontrés et
ce, sur de nombreux autres types cellulaires enditons physiologiques et
pathologiques.

1. Biosynthese
Le gene de I'AM est localisé sur le locus P15.143cdromosome 11 chez 'homme et
est constitué de 4 exons et 3 introns (Ishimitsalgt2001). Le clonage de 'ADNc
codant pour 'AM a révelé que I'AM est générée artipad’un précurseur, la
préproameédulline (préproAM) constitué de 185 aciaesnés (Kitamura et al., 1993).
En plus de 'AM en C-ter, la préproAM contient enté& un autre peptide bioactif, la
proAM de 20 acides aminés (PAMP :N-terminal ProANM Peptide). Ce peptide
abaisse la pression sanguine lorsqu’on l'injecteneraveineuse mais son action est plus
large que celle de 'AM et il y a assez peu dimi@tions sur son rble dans la
vascularisation.
Dans une analyse de la séquence de 'ADN génomitpuda préproAM, il a été

démontré que I'’AM était encodée dans 8% xon et PAMP dans le$™ et $™exons
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(Ishimitsu et al., 1994). Au sein de la préproAMs ksegments Gly-Lys-Arg (GKR) et
Gly-Arg-Arg (GRR) sont directement adjacents a éguence de PAMP et de 'AM
respectivement. Le clivage de la préproAM par detoprotéases, donne naissance a la
forme intermédiaire inactive de I'AM (iIAM) et de IRAM (iPAMP), toutes deux
présentant en C-ter le résidu Gly. L'ajout d’'unadiion amide sur I'acide carboxylique
libre dans une réaction catalysée par I'enzyme dlation PAM (peptidyl-glycine
alpha-amidating monooxigenase), convertit iAM &NMP en leur forme mature (mAM

et MPAMP) possédant alors une structure amide tm (Kitamura et al., 1998)

(Figure 3).
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Figure 3 : Biosynthése de I'AM et de la PAMP
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2. Structure
L’AM est un peptide de 52 acides aminés comportauat tyrosine amidée en C-ter et
une boucle de 6 acides aminés (16-21) formée papounh disulfure entre les résidus
Cys 16 et Cys 21. Cette structure en anneau ésldu amide en C-ter sont tous deux
essentiels pour sa liaison a son récepteur et stvité biologique (Kitamura et al.,
2002).
En effet, 'étude de la relation structure/activité I'AM a été réalisée en utilisant des
analogues synthétigues de I'AM dans des cellulesculaires musculaires lisses
(vSMC) de rat (Eguchi et al., 1994) et en obserVantivité de I'adénylate cyclase. Les
deux dérivés tronqués en N-ter, le hAM-(13-52)-NiEt le hAM-(16-52)-NH
présentent des Ki et une activité de ’AMPc siméaia ceux de la forme completement
mature de '’AM humaine hAM-(2-52)-Nj1Le fragment N-ter seul non amidé hAM-(1-
10)-OH n’ayant lui aucun effet. Le fragment N-teest donc pas nécessaire pour
I'interaction de I’AM avec son récepteur. Au comteala suppression de I'amidation en
C-ter résulte en une diminution significative dactivité de ’AMPc. De plus, le clivage
du pont disulfure entre les Cys 16 et 21 par cadibghation, résulte en une
suppression de la réponse AMPc. Ces données imdigoac que I'amidation C-ter de
I’AM et la structure en anneau de I'AM jouent unerfondamental dans son interaction
avec son récepteur et la réponse AMPc.

3. Régulation
Il est désormais reconnu que toute cellule estepiiide d’exprimer et secréter de 'AM
(Isumi et al., 1998a ; Tomoda et al., 2001b ; Mimaoret al. 2002).
Dans les cellules de type endocrine, I'AM stockeémndgd les granules est sécrétée
immeédiatement aprés stimulation. Dans les cellol@s endocrines, I'expression et la

sécrétion de 'AM augmentent au bout d'une & dewurds apres stimulation.
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L’hypoxie, les hormones et les molécules pro-infiaaoires sont les principaux
facteurs influencant I'expression et la sécrétier’ AM.

Hypoxie et stress oxydatif
L’hypoxie est un stimulant important de I'expresside sécrétion de I'AM. Cing
éléments de réponse HRE (Hypoxia-Responsive Elgnsent d'ailleurs localisés au
niveau des nucléotides 1095 et 770 dans la régimmagtrice du géne de I'AM (Zudaire
et al., 2003). De méme la région 5’ du gene hurdaiiAM présente un site consensus
de fixation pour le facteur HIF-1 (Garayoa et @000). Ainsi une augmentation de
I'expression du gene ainsi que de la sécrétionAdd sous hypoxie ont été démontrées
dans les cellules endothéliales de la veine onabdibumaine, HUVECs (Ogita et al.,
2001) et dans les cellules épithéliales de laedtidono et al., 2001). Les facteurs NF-
ka et B (Tumor Necrosis Factor) actives sous hypoxie, argniexpression et la
production d’AM (Sugo et al., 1994 ; Yoshihara &t 2002). Il a été également
rapporté qu’un facteur de transcription impliquégldinduction de I'expression des
géenes régulés par I'hypoxie, la protéine EPAS1 ¢éralial PAS domain protein 1)
induisait I'expression du géne de 'AM (Tanaka let 2002).
Il a été démontré que le stress oxydatif réguldéedgent I'expression de I'’AM (Ando et
al., 1998). En plus de I'hypoxie, des études onntndoque I'hémorragie et le choc
septique augmentaient I'expression du géne de I'ddvis divers types cellulaires et
tissus ainsi que la concentration plasmatiqueshibagashi et al., 1999 ; Ueda et al.,
1999).

Cytokines pro-inflammatoires et LPS
Des patients présentant des infections ou des la®ubflammatoires possédent des
concentrations plasmatiques élevées d’AM (Ishimésal., 1994 ; Hirata et al., 1996).

Le peptide aurait pour réle dans ces circonstadeasilater les vaisseaux sanguins et de
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faciliter la circulation du sang et des leucocytens les tissus enflammés. La
production d’AM serait augmentée apres stimulapandes cytokines telles que I'lL-1
(interleukine -1) et le TNk tumor necrosis factar). L'INF-y supprime I'expression
du gene et la sécrétion d’AM dans les celluleshétidles alors qu'il le stimule dans les
monocytes et macrophages.
Chez le rat, I'administration de LPS (endotoxin@raxée a la surface membranaires
des bactéries Gram-) pendant trois heures provagaeaugmentation de I'expression
du géne de I'AM de 2 a 7 fois (Shoji et al., 1996hent et al., 2004 ; Cheung et al.,
2004).

Facteurs de croissances et hormones
Les facteurs de croissance TE;FGGFb et EGF peuvent diminuer I'expression de
I’AM. L’angiotensine Il et 'endotheline-1 peuvebdugmenter (Sugo et al., 1995).
Les hormones stéroidiennes affectent la productiam.

Autres facteurs
L’AM elle-méme peut indirectement réguler sa progxpression.

Stress physique
Plusieurs groupes ont montré que le niveau d’AMVsmplatique était augmenté lors

d’'une hypertension (Ishimitsu et al. 1994 ; Katalet1999).

Le récepteur de I'adrénomédulline
L’AM exerce son action biologique a travers deuxepteurs a la surface membranaire.
Chacun de ces récepteurs est formé d’'un complexe pnotéique composé de deux
éléments (McLatchie et al., 1998) : le CLR (Calcitoreceptor like receptor) et I'une

des molécules associées appelées RAMPs (Recefitatyanodifying protein).
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1. CLR
Le CLR nommé ainsi de part sa similitude avec leepéeur de la calcitonine, fut
identifié en 1993 (Njuki et al.,, 1993 ; Chang et, d1993). C’est une protéine a 7
domaines transmembranaires appartenant a la cksdes récepteurs couplés aux
protéines G (RCPG). Il est donc de nature polypépie et comporte une partie
extracellulaire N-ter possédant le site de liaidardigand, une partie transmembranaire
a 7 hélices et une partie intracellulaire C-tecentact avec la protéine G, qui assure le
transfert et 'amplification du signal recu paréeepteur. Le CLR présente également 3
boucles extracellulaires, 3 boucles intracellukif@ockaert et Pin, 1999) et il peut étre
sujet a trois N-glycosylation post-traductionneliifféérentes dans le domaine N-ter.

2. RAMP
Les RAMPs (Receptor activity-modifying protein) saies protéines a un domaine
transmembranaire et il en existe trois nommées RAMPAMP2 et RAMP3. Elles
possédent un long domaine N-ter extracellulaireiretdomaine intracellulaire C-ter
court. Les trois RAMPs partagent une structure dsebsimilaire qui inclut quatre
cystéines conservées en N-ter, sans doute impestquutur la structure secondaire de
cette région de la protéine. Chez 'lhomme, RAMPaspnte 148 acides aminés et deux
sites de phosphorylation du cété C-ter, tout conRAdP2 et RAMP3. Cependant,
RAMP2 présente 191 acides aminés et un site dgydbgylation alors que RAMP3 est
constitué de 148 acides aminés et possede quiatsedsi N-glycosylation.

3. Les complexes CLR/RAMP
Les complexes CLR/RAMP2 et CLR/RAMP3 constituerté &urface membranaire les
deux récepteurs de I'AM. Le complexe CLR/RAMPL1 ddos le récepteur du CGRP.

Les protéines RAMPs jouent un role fondamental damgtermination de la spécificité
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du récepteur CLR et du récepteur a la calcitoni@dR) ainsi que dans leur
fonctionnalité.
En effet, le CLR nécessite son interaction avead'wes trois RAMPs pour étre
transloqué du compartiment intracellulaire verssiaface membranaire et cela est
réciproque pour les RAMPs (Figure 4). L'identitélderotéine RAMP qui se lie a ces
récepteurs couplés aux protéines G détermine kifgit® du récepteur. Cependant, il
n'est pas encore clair, si les RAMPs définissergplacificité des ligands en participant
directement a la constitution du site de liaisonbg@n en provoquant une modulation
allostérique de la conformation du récepteur eniait.

4. Reégulation de I'expression de CLR, RAMP2 et RAMP3
Le clonage de la région promotrice du CLR par Nikko et al., et la découverte de la
présence de la zone HRE dans celle-ci a permis eteraren évidence, au sein des
cellules endothéliales microvasculaires transfectéee HIF-1 activait le promoteur
ainsi que la transcription du géne du CLR en s# hason promoteur.
A linverse, dans les cellules vasculaires du nastié squelettique, une hypoxie
chronique induit une surexpression protéique das RAMPs et du CLR (Cueille et
al., 2005).

5. Régulation de I'activité du systeme AM/AM-R
L’AM a une demi-vie de 22 minutes (Meeran et ab917), ce qui rend son dosage
plasmatique difficile. Une protéine sérique liatAM, I'AMBP-1 (Adrenomedullin
binding protein-1) régule la biodisponibilité deAM (Elsasser et al., 1999) et a été
décrite et caractérisée comme étant le facteur Hataplément humain (Pio et al.,
2001 ; Zudaire et al., 2003a). De maniére généladeprotéines de liaison limitent le
transport du peptide dans I'espace interstitiel'agicés a ses récepteurs spécifiques.

Elles modulent ainsi I'activité biologique du pejgtiet le protégent contre la clairance
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métabolique par les protéases, prolongeant sa dendians la circulation (Martinez et
al., 2001).

L’internalisation des récepteurs de 'AM peut cdéosr un mode de régulation de
I'activité du récepteur. En effet, chacun des tamaples CLR/RAMP est internalisé de
facon chlatrine dépendante apres stimulation agomar leur ligand respectif et est
majoritairement destiné a une dégradation lysosen@ltét qu’'a un recyclage

membranaire (Kuwasako et al., 2000). Les compléXeR/RamP sont d'ailleurs trés

stables et maintenus pendant I'internalisation@irte du récepteur.
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Figure 4 : Réle des protéines RAMPs dans l'idetititéle des récepteurs de la

famille de la calcitonine
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[ll. Action biologique de I' adrénomeédulline

1. Expression dans I'organisme

Expression tissulaire de 'AM
Chez les mammiféres, la distribution tissulairel’&® est ubiquitaire mais une plus
forte expression est observée dans le systémeovastiulaire, le rein, le poumon, le
cerveau et la glande surrénale (Kitamura et a@34&9Ichiki et al., 1994 ; Hinson et al.,
2000).
L’AM est aussi retrouvée dans le plasma sanguilyrephatiqgue. Ses concentrations
plasmatiques sont d'ailleurs augmentées dans gestaipathologies comme
I'hypertension artérielle, l'insuffisance cardiaqeé rénale, le diabete et les chocs
septiques (Miller et al., 1996 ; Kitamura et aB97T ; Martinez et al., 2002 ; Oehler et
al., 2002).

Expression tissulaire du CLR, RAMP2 et RAMP3
Le CLR est exprimé dans divers tissus chez I'horetrle rat (Aiyar et al., 1996 ; Njuki
et al., 1993 ; Chakravarty et al., 2000) mais squression est prédominante dans les
vaisseaux sanguins des organes (Nikitenko et@D] 2 Oliver et al., 2002 ; Hagner et
al., 2002).
Les RAMPs sont largement exprimés dans les tissukgmées cellulaires (cceur,
cerveau, pancréas, poumons, reins, trachée, cekudothéliales, cellules du systeme

immunitaire) (Chakravarty et al., 2000 ; Owji et 41995).

2. Action dans l'organisme
A l'origine, la puissante action vasodilatatrice &M a été décrite et ses actions
biologiques avaient donc été principalement foéakssur le systéeme cardiovasculaire.

Depuis, de nombreuses études ont révélé un grammhchl’action de 'AM dans le
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systéme nerveux central, le systeme endocrinigestlf, reproductif, immunitaire ainsi
gue dans divers organes et tissus dans lesquelsstlexprimée avec ses récepteurs.
Action dans le systeme cardiovasculaire
Des effets hypotenseurs de I'AM furent d’abord rais évidence (Kitamura et al.,
1993a). Cette réduction de la pression sanguirit atsociée a une diminution de la
résistance périphérique, sans altérer le rythndiague.
L’effet vasodilatateur de I'AM a été décrit dans/kscularisation systémigue mais aussi
dans les vaisseaux rénaux (Hirata et al., 1999maqmaires (Lippton et al., 1994),
cérébraux (Lang et al., 1997) et dans la circutatioronaire (Yoshimoto et al., 1998).
Cet effet est issu d’au moins deux mécanismesdistiLe premier est I'action directe
sur les cellules musculaires lisses dans lesquieiits éléve le taux d’AMPc (Eguchi
et al., 1994) en agissant via le récepteur du C@RIRi et al., 1993). La deuxieme est
I'action sur les cellules endothéliales via segppee récepteurs. L’AM induit de fagon
dose dépendante une augmentation de 'AMPc inttdaik et une augmentation du
c&" intracellulaire suite & I'activation de la phosfipase C et la formation de I'tiP
(Inositol 1,4,5-trisphosphate) qui cause a son t@ativation de Nos (Nitric Oxide
synthase) (shimekake et al. 1995).
En physiopathologie cardiaque, 'augmentation d&Ml’est fréquemment observée
notamment apres ischémie (Miyashita et al. 2008).dfleurs I'AM semble avoir de
nombreuses applications cardioprotectrices danstrdgtement des pathologies
cardiovasculaires (Okumura et al., 2003 ; Ishimésal., 2006).
Action dans le systeme nerveux central
L’AM est détectée dans les astrocytes (Takahashil.et200a) ainsi que dans les
neurones de la moelle épiniere et du cerveau, eticydeer dans le thalamus,

I'hypothalamus et I'hnypophyse.

Réle de I'adrénomédulline dans la néoangiogenéliewasion tumorale. 40



L’Adrénomédulline et son récepteurINTRODUCTION

L’'une des fonctions hypothalamiques est le contdilecomportement alimentaire et
I'AM a été montrée impliquée de facon importantesiéa régulation de la prise d’eau
et de nourriture.
Chez des rats conscients, l'injection centrale dddgmente le débit urinaire et
I'excrétion de sodium et de potassium dans leseagrinndiquant que des actions
centrales de I'AM correspondent avec ses effetiplpérques. L'action centrale de
I’AM sur la pression sanguine systémique montreenoéant un contraste frappant avec
I'effet hypotenseur de I'AM a la périphérie. L’admstration centrale d’AM augmente
la pression sanguine et la fréquence cardiaque lelsemts non restreints anesthésiés
(Takahashi et al., 1994) et conscients (Saita. £1998).

Action sur les reins
L’expression de I'AM et de ses récepteurs dansdlfiérents compartiments du rein
suggeérait que I'AM était impliquée dans la réguaatide 'hémodynamique rénale, la
filtration glomérulaire et 'homéostasie du Nabulairein vivo.

Action dans le systeme endocrinien
L’AM est détectée dans I'axe hypothalamo-hypophgsalle est supposée moduler la
sécrétion des hormones hypophysaires et surrén@lest notamment le cas pour
I'ACTH dont la sécrétion est inhibée par I'’'AM injée en intraveineuse (Samson et al.,
1995) et augmenté par I'’AM injectée en intracérebndriculaire (Shan et Krukoff,
2001). L’AM influence également la sécrétion decytmcine qu’elle stimule (Serino et
al., 1999) et la vasopressine gu’elle diminue (Madtal., 1996).

3. Action sur la prolifération

L’AM peut avoir un effet stimulateur ou inhibitewur la prolifération cellulaire en

fonction du type cellulaire. Mais le double effet HAM sur la prolifération cellulaire
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est également di a I'état de quiescence des ellWAM exercerait son action
mitogénique dans les cellules quiescentes viaiVaion de la voie des MAPK.

4. Action sur I'apoptose
Un effet anti-apoptotique de I'AM a été observé divers types cellulaires entre autres
les cellules glomérulaires , les kératinocytes, FRxroblastes et les cellules
endothéliales. Cette action s’effectue indépendamirde la voie AMPc/PKA. L'’AM
entraine une surexpression du géne Max qui blo@poptose induite pas le proto-
oncogéne Myc (Shichiri et al., 1999).
A l'inverse I'AM a un effet pro-apoptotique sur lesllules glomérulaires mésangliales
via l'activation de 'AMPc/PKA (Parameswaran et, d999a) et également via la P38
MAPK.

5. Action sur la migration
Les études démontraient que I'AM inhibait la migrat induite par le sérum,
I'angiotensine Il ou le PGFG (Horio et al., 199Kgohno et al., 1997 ; Kohno et al.,
1999) et ce via la voie de TAMPc/PKA.
Cependant 'AM peut avoir un effet inverse en aivla migration des cellules en

particulier des astrocytes.

Réle de I'adrénomédulline dans la néoangiogenéliewasion tumorale. 42



L’Adrénomédulline et son récepteurINTRODUCTION

L’AM est donc un peptide exprimé de facon ubiquéaihez 'homme et a de ce fait un
large champ d’action a travers I'organisme. Il afgtfacon autocrine et paracrine via
ses récepteurs CLR/RAMP2 et CLR/RAMP3 et est cognpauix facteurs de croissance
du fait de ses effets sur la prolifération etuavée cellulaire pour lesquels I'AM peut
présenter des effets opposés. Son expressionneadivité étant particulierement
activées dans la vascularisation et lors de diggraghologies, nous évoquerons dans la
prochaine partie I'implication de I'AM dans les camns et en particulier dans les

glioblastomes multiformes.
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PARTIE 3 : R6le de I'Adrénomédulline dans la croisance

tumorale des glioblastomes

Depuis la mise en évidence de I'AM au sein d'unmeur de la médullo-surrénale
humaine (Kitamura et al., 1993), plusieurs étudgsywontré I'expression de I'’AM dans
une variété de tumeurs et lignées cellulaires tafesret ont décrit '’AM comme un
maillon important dans la carcinogenése et la msgjon tumorale dans divers cancers

(Miller et al., 1996 ; Rocchi et al., 2001 ; Ouaékal., 2002).

[.L’Adrénomédulline et hypoxie

L’hypoxie représente un facteur majeur d’inductide 'AM comme l'attestent les
résultats qui associent une forte expression desmicéllules en palissade autour des
zones de nécrose au sein des GBM, et les mécandamégulation de I'expression du
géene de I'AM sous hypoxie (Garayoa et al., 200@afik et al., 2002). En effet, par
hybridation in sity, il a été démontrén vivo qu'une forte expression de 'AM est
associée aux zones de nécrose dans les GBM, saggéml’expression de I'AM dans
ces tumeurs peut étre induite par I'’hypoxie (Boudsque et al., 2005, Ouafik et al.,

2002)

[I.L’Adrénomédulline et contrdle du cycle cellulaire
1. Inhibition de la prolifération de lignées tumoralesU87 in vitro
Des études ont montré que la neutralisation déidlace I'’AM sécrétée par les cellules
tumorales in vitro conduit a l'inhibition trés sifjoative de la prolifération tumorale

(Ouafik et al., 2002).
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2. Effet de 'AM sur I'apoptose
La croissance tumorale peut étre le résultat dijommdifération cellulaire associée ou
non a la mort cellulaire. L’AM induit la croissanceimorale en favorisant la
prolifération cellulaire (Martinez et al., 2002) mmapeut inhiber I'apoptose dans
plusieurs types de tumeurs. Différentes étudesigueht directement 'AM comme
facteur anti-apoptotique des cellules en apopto#eVl réduit I'apoptose des cellules
endothéliales de rat maintenues en culture dangnilieu sans hormones via un
mécanisme AMPc dépendant (Kato et al. 1997). Gdttegation de I'apoptose est due
a une augmentation de I'expression du gene MaXAdslr par voie autocrine/paracrine
(Shichiri et al., 1999). La protéine Max est un tpaaire hétérodimérique du
protooncogene c-myc lequel a un réle dans la @milifon, la transformation et
I'apoptose des cellules. Dans les cellules endatleél quiescentes du rat, I'AM stimule
'expression de Max sans affecter I'expression deyc. Ainsi ['utilisation d'un
anticorps anti-AM dans ces cellules maintenues #eursans hormones réduit le taux
de Max et restaure le phénomene d’apoptose.
L’AM a une action protectrice sur les SMC en dinant la production de ROS
(reactive ocygen species) par un mécanisme APMc/B&gendant (Yoshimoto et al.,
2004). Les ROS sont considérés comme des molémxigies a I'origine d’'un stress
oxydatif conduisant a la mort cellulaire. C’est wtes causes de lésions des organes
dans de nombreuses conditions pathologiques. Lésspn de I'AM augmentée par le
stress oxydatif empéche l'apparition de l'apoptok&M serait un antioxydant

intrinséque.
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I1l.Adrénomédulline et microenvironnement tumoral

Plusieurs équipes décrivent I'expression de 'ANbetde son récepteur CLR/RAMP
dans la plupart des types cellulaires du microemviement tumoral. Ceci implique la
reconnaissance par ces divers types cellulairesighal AM et éventuellement des
effets dans leur migration et leur prolifération.

1. AM et cellules endothéliales
Les cellules endothéliales constituent 16™2type cellulaire prépondérant du
microenvironnement tumoral. L’AM est synthétiséaslées cellules endothéliales de la
paroi vasculaire avec des taux 20 a 40 fois plysontants que ceux retrouvés dans les
glandes surrénales (Sugo et al., 1994).

2. AM et péricytes
Plusieurs équipes ont montré I'expression d’AM dhasspéricytes (Kis et al., 2002 ;
Sugo et al.,, 1994). Les péricytes cérébraux sonhu® pour embrasser la surface
abluminale des vaisseaux. Leur fonction de soutémessitant une certaine plasticité de
ces cellules, une étude récente a monté I'impboatle 'AM dans la relaxation des
péricytes cérébraux (Takata et al., 2009) via laREA/AMPCc.

3. AM, Macrophages et fibroblastes
L’expression et la sécrétion d’AM par les macropsagt d’autres cellules du systeme
immunitaire est bien décrite dans la littératureilfi et al., 1998 Balasch et al., 2004).
Plusieurs études ont montré la production d’AM lparfibroblastes (Isumi et al., 1998),
I’AM induirait I'activité MMP-2 suggérant un rolemiportant dans la dégradation de la

matrice extracellulaire.
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IV.AM et contrble de la densité vasculaire tumorale
L’inhibition de la croissance tumorale par un aotagte des récepteurs de '’AM ou par
un anticorps neutralisant le peptide est associémearéduction de la densité des
vaisseaux sanguins (Ouafik et al., 2002). En effletsieurs études montrent la
disparition de I'expression des marqueurs endahglen immunohistochimie (Miseki
et al., 2006).
Ceci suggere un rdle fondamental de I'AM dans laen@n place d’'une vascularisation

stable et fonctionnelle nécessaire a la croisstumerale.
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Figure 32 : Implication de I"AM dans le développement tumoral du GBM.

Figure 5 : Implication de 'AM dans le développerhtmmoral des GBM
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PROBLEMATIQUE

Comme nous l'avons vu, 'AM est donc un facteurcdgssance angiogénique impliqué
dans la progression tumorale des glioblastomestifagp par la composante tumorale
en hypoxie mais également par la composante vasgulsAM participe de fagon
autocrine et paracrine au développement de cesuitem

Le but de ce travail sera dans un premier temp®idax appréhender le réle de 'AM
dans l'angiogenése des glioblastomes humains etcameprendre en quoi cette
angiogenese est différente de celle de tumeursragtnent angiogéniques mais
bénignes comme les astrocytomes pilocytiques.

Un second aspect de ce travail sera d’étudier btiygse selon laquelle le ciblage du
systeme AM/récepteur (AMR) entrainerait une inhdnt de I'angiogenése et une
suppression de la croissance tumorale dans un maoaekénogreffe de glioblastome.
En effet, un premier travail avait déja démontefficacité du ciblage de I'AM dans
I'inhibition de la prolifération cellulaire in vitr et de la croissance tumorale in vivo.

La derniere partie de ce travail sera dans un gretemps de mettre en évidence
I'existence du systeme AM/AMR dans les celluleslglé mais aussi dans les cellules
endothéliales issues de glioblastomes humains sp&éns un second temps sera
étudiée, la capacité de 'AM a induire la migratieh I'invasion de ces deux types
cellulaires et sa capacité a induire la formatiennéovaissaux a partir des cellules

endothéliales isolées.
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Abstract

Clinical and experimental studies suggest thatayegiesis is a prerequisite for solid
tumor growth. Glioblastoma (GBM) and pilocytic astytoma (PA), both angiogenic
tumors display strong contrast enhancement assdomth peripheral oedema in GBM
but not in PA indicating differences in vascularmeability in these two types of
gliomas. Here we show that expression of adrenoitiediiAM) mRNA is induced in
GBM whereas is barely detectable in PW. situ analysis of tumor specimens
undergoing neovascularization show that the produaaif AM is specifically induced
in a subset of GBM cells distinguished by their iethiate proximity to necrotic foci
(presumably hypoxic regions), suggesting a hypanduction of AM expression in
GBM. Vascular endothelial growth facto?EEGFH mRNA levels are increased in GBM
and moderate in PA. Immunohistochemical study skiothat cytoplasmic AM, VEGF
and HIF-To nuclear immunoreactivity was recorded in GBM lechhear large necrotic
areas whereas they were not expressed by PA tuelts. dnterestingly, double
fluorescence immunostaining demonstrated that 85B6AM immunoreactivity
colocalized with VEGF. AM transduces its effectsotigh calcitonin receptor-like
receptor / receptor activity modifying protein-2 dan-3 (CLR/RAMP2 and
CLR/RAMP3). Real-time quantitative RT-PCR showegression oRAMP2 RAMP3
andCLR in PA and GBM, suggesting that AM may functionaasautocrine/paracrine
growth factor for GBM cells. These observationomsiy support the concept that
tumor angiogenesis is regulated by paracrine mestmsnand identify beside VEGF,
AM as a potential tumor angiogenesis factorvivo which constitutes a potential

interesting molecular target in GBM treatment.
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(CLR), hypoxia-inducible factor 1 (HIFell); receptor activity modifying-protein

(RAMP); vascular endothelial growth factor (VEGF)
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Introduction

Glioblastoma multiforme (GBM, WHO grade 1V), the stofrequent and highly
malignant primary brain tumor preferentially affecdults and due to its infiltrative
behaviour it cannot be completely resected (1xdntrast, pilocytic astrocytoma (PA,
WHO grade I), the most frequent glioma in childiencircumscribed and curred by
total surgical excision. It occurs mainly in theredgellum, hypothalamo-chiasmatic
region and brainstem (2). Despite highly distinetifeatures, both tumors are
angiogenic and display strong contrast enhanceassuciated with peripheral oedema
in GBM but not in PA indicating differences in vatar permeability in these two types
of gliomas. Microvascular proliferation is a histdpological hallmark of GBM and
consists of tufted aggregates of dividing endo#hetells, smooth muscle cells and
pericytes (3). However, endothelial coverage bycpees is incomplete in GBM (4), a
feature of microvessel immaturity (5). In additimnmicrovascular proliferation, foci of
necrosis surrounded by poorly differentiated céllsa pseudopalisading pattern are
another hallmark of GBM (1). In contrast, microvalse proliferation rarely occurs in
PA except at the edges of cyst walls but vessa&sabundant and typically display
hyalinized walls.

Numerous studies have reported that hypoxia isoresple for both pseudopalisading
necrosis and angiogenesis in GBM (6). Hypoxia ispoasible for activation of
hypoxia-inducible factor 1 (HIF-1), a transcriptidactor which binds to hypoxia-
responsive elements (HRE) of various target gemesduced oxygen condition (7-9).
In GBM, the heterodimer HIFelHIF-1p is responsible for the up-regulation of
vascular endothelial growth factor (VEGF) and itsHaeen reported to up-regulate
adrenomedullin (AM) gene expression under hypoxial®8G cells (10). Hypoxic

induction of VEGF is considered to be the majowvidg force behind new vessel
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development both during embryogenesis and tumorogagesis and the VEGF
signalling pathway is the major target of currerdlsailable anti-angiogenic therapies
(11).

AM is a multifunctional peptide with propertiesnging from inducing vasorelaxation
to acting as a regulator of cellular growth (12M Aransduces its effects through the G
protein-coupled receptor calcitonin receptor-likeeptor (CLR), with specifity for AM
being conferred by the receptor activity modifyprgtein-2 (RAMP2) and -3 (RAMP3)
(13). The ability of CLR/RAMP2 and CLR/RAMP3 to pesd with high affinity to
AM implies the existence of two molecularly distif®M receptors referred to as AM
and AM; receptors, respectively (14). AM is expressed vagety of malignant tissues
and was shown to be mitogenic for human cancer lcebs including lung, breast,
colon, glioblastoma and prostate lineagesgitro (15, 16).

The aim of this study was to analyze the expressioAM and its receptors CLR,
RAMP2 and RAMP3 in a large cohort of GB and PA idey to evaluate the molecular
differences between the vasculature of these tvggoganic gliomas. In addition, we
analyzed AM topographic distribution usingn situ hybridization and
immunohistochemistry in comparison to those of VE&@hkd HIF-L. Finally, we
assessed in two glioblastoma cell lines (U87, U38) in primary glial cell cultures,

the effects of hypoxia on AM expression.

Materials and Methods

Human tumor samples

All patients were operated at the same institutidasistance Publique-Hbpitaux de
Marseille, Marseille, France) and written informashsent was obtained in each case.
All tissue procurement protocols were approved lne trelevant institutional

committees. Molecular analysis using real-time gitetive-RT-PCR (Q-RT-PCR) was
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performed on 69 frozen gliomas classified accordiogthe WHO CNS tumor
classification (1) as glioblastomas (GBM, grade V5 52) and pilocytic astrocytomas
(PA, grade I, n = 17). In addition, five GBM samplend three PA samples were fixed
in 4% paraformaldehyde, cryoprotected in 20% swgraben frozen in melting
isopentane and stored at -80°C forsitu hybridization analysis. The same samples
were formalin-fixed and paraffin-embedded for imrmahistochemistry and

immunofluoresence studies.

RNA preparation and real-time quantitative RT-PCR (Q-RT-PCR)

Histological control on cryostat section was alwesalized before tumor pulverization.
All PA contain 100% of tumoral tissue whereas GBbhtain at least 60% of tumoral
tissue and less than 40% necrosis. Total RNA wasaed with a phenol-chloroform
method (17) as previously described (18). Forwand @everse primers and probes to

guantify genes with their corresponding PCR condgiare described in Table 1.

AM in Situ Hybridization

In situ hybridization using 35S-labeled riboprobess performed as described
previously (19). Observation was done in a Leitz RIM (Wetzlar, Germany) light
microscope equipped with a planachromatic 20x/Odifjective. Representative
microscopic fields were captured as indicated fomunocytochemistry, except that
each field was captured twice: once under briglidfi microscopy to assess
histopathological characteristics and once undgt-field microscopy for detecting the

distribution of the radioautography silver grains.

Immunohistochemistry of HIF-1a, AM and VEGF
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We examined the expression of HIk;JAM and VEGF proteins in GBM patients (n =
5) who present high expression of AM and VEGF bRDQPCR analysis. PA were
taken as negative control (n = 3). Immunohistocisémiwas carried out on formalin-
fixed paraffin-embedded samples. Five pm sectioesewested after heat-induced
antigen retrieval (97°C, 40 min, citrate pH 6 bufféAnti-AM antibody was used at
1/750 dilution (16) and incubated overnight at 4B€fore using an avidin-biotin
complex kit (Histostain plus, Zymed). Endogen p&tage was neutralized by 3%
H,0,. Anti-HIF-1a. polyclonal antibody (1/500, gift from J. Pouysseguice, France;

(20)) and anti-VEGF antibody (1/100; RD systems,an€ée) were used for
immunostaining performed using a Ventana Automdtn{ana Medical Systems SA,

lllkirch, France).

Double immunofluorescence staining of AM and VEGFn GBM

Ten pum sections of GBM samples were incubated ina%min from bovine serum /
PBS (Sigma-Aldrich) for 30 min. They were then ibated with the primary antibody
mixture (AM diluted at 1/1000; VEGF diluted at 1)0n 2% bovine serum albumin
and 0.1% Triton X-100 in PBS for 1h at room temp&& and the secondary antibody
anti-goat IgG FITC conjugate and the anti-rabbixd®Red conjugate (Jackson) diluted
at 1/100. Sections were visualized under a LeicAMB) immunofluorescence
microscope. The staining was semi-quantitativegeased to determine the percentage

of labelled cells.

Western blot analysis
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Aliquots of protein extracts (40 png) of GBM tissues= 2) were separated on 12% of
SDS-PAGE, transferred to Hybond-C membrane and inublotted using antibodies

generated against CLR, RAMP2 and RAMP3 peptidggeasgously described (21).

Cell culture and hypoxia study.

Human glioblastoma cell lines were obtained from American Type Culture
Collection (Rockville, MD) and maintained in minimuessential medium (U373 and
U87). Cells were cultured at 37°C under a moistG@%/95% air atmosphere, and fed
with fresh medium every 2 days, being routinely mwed for mycoplasma
contamination (Roche Molecular Biochemicals, Meylarance). All experiments were
begun at about 70% confluency. To examine the effebypoxia on the levels of AM
MRNA and immunoreactive AM (ir-AM), U373 and US87llsewere placed in a
chamber filled with 5% C&94% N2/1% Q at 37°C. The cells were cultivated for 6 to
24 h and were harvested for RNA extraction. Théucelmedium was also collected for
the measurement of ir-AM. In another series of expents, cells were exposed to 150
umol/L of cobalt chloride (CoG) or 260umol/L of desferrioxamine mesylate (DFX)
for 6 to 24 h and then harvested for RNA extractidh culture media components

were purchased from Invitrogen Life Technologiear(® France).

Peptide Extraction and Radioimmunoassay.

Medium from a primary tumoral glial cells and U8&@llcline were prepared for
radioimmunoassay (RIA) of AM as previously desalili@6). The RIA of AM was

performed as reported previously (22), using thissarum against human (AM 1-52)

amide developed in our laboratory and used ata @iution of 1:30,000. To measure

Réle de I'adrénomédulline dans la néoangiogenéliewasion tumorale. 60



Publication 1 PRESENTATION DES RESULTATS

the ir-AM in the culture medium, the medium wasragted by the previously reported

method (22) using Sep-PaK C18 cartridges (Wateiéond, MA).

Statistical analysis

Statistical analyses were conducted using thesstati Package SPSS software v.15
(SPSS Inc, Chicago, USA). Quantitative RT-PCR detae expressed as mean = the
standard error of the mean (SEM), and differencesvden GBM and normal
telencephalon were analyzed using the Mann—-Whitdetest. The difference was

considered significant if the-values were less than 0.05.

Results

Increased expression ofAM and VEGF mRNAs in glioblastomas (GBM) in
comparison to pilocytic astrocytomas (PA).

Quantification ofAM mMRNA transcripts on large number of samples rewkhigh AM
MRNA levels in GBM as compared to PA, in agreemeith our previous data on
small number of GBM (16). ThédM mRNA expression analysis demonstrated a
significant difference between GBM and PA (58.8 fg/ng 18S rRNA in GBM versus
5.9 £ 1.7 fg/ng 18S rRNA in PAp(< 0.0001)) (Figure 1A). The mean level \EGF
MRNA was increased in GBM (162.3 + 19 fg/ng 18S ARlds compared to PA (19.9 +
5.7 fg/ng 18S rRNAp < 0.0001) (Figure IAWEGFMRNA expression was correlated
with AM mRNA expression in PA and GBM (respectively, 0.35 0.001; 0.56p <
0.0001, Pearson Correlation Test).

To determine whether AM was predominantly expreseea restricted subpopulation
of tumor cells,in situ analysis ofAM mMRNA was performed to identify the producer

cells. In figure 1BAM mRNA is seen to be mainly produced in a fractibtumor cells
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(presumably experiencing the most severe hypoxia@nged in a stripe-like pattern
alongside the periphery of necrotic regions. Thmesdinding has been previously

reported for VEGF expression in GBM (23).

Distribution of HIF-1 a, AM and VEGF immunostaining in GBM.

HIF-1a, AM and VEGF proteins expressions were recordedumor cells in all
samples studied although the proportion of cellsressing HIFle, AM and VEGF
varied considerably between tumors. As expected 1kl nuclear immunoreactivity
was expressed frequently in GBM cells located haaye necrotic areas and in some
pseudopalisading tumor cells (Figure 2A a and dyvek as cytoplasmic AM (Figure
2A b and e) and VEGF (Figure 2A c and f). Interggi, double fluorescence
immunostaining demonstrated clearly that in GBM%85f AM immunoreactivity
colocalized with VEGF (Figure 2B) whereas 6% and &%ells exclusively expressed
AM or VEGF, respectively. Moreover, immunostainio§ HIF-1o, AM and VEGF

were not recorded in PA tumor cells (data not shown

RAMPs and CLR are expressed in GBM and PA.

Figure 3A shows thaLLR RAMP2and RAMP3mRNAs were expressed in all of the
samples prepared from GBM and PA. No significarfitedence in the expression of
CLR RAMP2andRAMP3mRNAs could be observed between GBM and PA. Oonissi
of the reverse transcriptase eliminated the signdlich indicated that it was not
attributable to contaminating genomic DNA (data stobwn).

To confirm expression of CLR, RAMP2 and RAMP3 pnose protein extracts (40 ug)

from tumor cells of two GBM samples were subjediedvestern blot analysis (Figure
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3B). The specificity of our immunodetection assagswconfirmed by an antibody
adsorption control that eliminated the specificds(data not shown).

Taken together, these findings demonstrate that, ®&MP2, and RAMP3 mRNAs
and proteins are expressed in GBM tumoral cellsraay contribute to the function of

the AM.

Regulation of AM expression in human glioblastomaalls by hypoxia.

The two cell lines (U373, U87) exposed to hypoxiaCh and DFX demonstrated a
consistent induction of AM expression, and figlldstrates a representative example of
the observed response in our tests conditions ¢hgpexposure to 150mol/L CoChb
and to 26Qumol/L DFX).

Of the three treatments, exposure to 1%a@d to DFX showed a steeper induction of
AM mRNA over time, and also more dramatic increasesveen the basal and the
maximum induction was observed (>28- and 25-foldrease between maximum
induction and baseline levels for exposure to 12ar@d DFX, respectively).

We also determined the ir-AM in the conditioned med of U373 and U87 cells and
primary glial cell culture prepared from 8 GBM speens under hypoxic condition. ir-
AM accumulated in the culture media of U373 and W&Hs and primary glial cell
culture time-dependently up to 24h under normoxid aypoxia. The ir-AM levels
were significantly higher under hypoxia than und@rmoxia in primary glial cell
culture (fig. 5), U87 (151.6 +/- 22\47.9 +/- 12.1 fmol/1Dcells) and U373 (169.5 +/-
27.3v 54.7 +/- 9.6 fmol/10 cells) cells (not shown). Similarly results weretained

with the conditioned media of these cell lines@mClL or DFX treatments (not shown).

Discussion
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In this paper, we reported a strong AM expressiorGBM comparing to PA (p<
0.001). In contrast, RAMP2 and RAMP3 expressionewierthe same range in both
tumors whereas CLR expression was higher in PA thasBM (p < 0.01). High AM
expression in GBM in contrast to grade Il and Hfilirative glioma was previously
reported by our group, but at this time we did stody AM expression in PA (16Jhe
marked differences in steady-state levels AM mMRNA among otherwise
indistinguishable tumor cells (Figure 1B) can bereated with their proximity to
necrotic centres, where oxygen supply is minimalisTobservation can be interpreted
to mean that AM could be specifically induced ispense to hypoxia. Interestingly,
Garayoa and coworkers (24) demonstrated that tipeession ofAM mMRNA in a
variety of human cell lines is highly induced bypbyia. Here, we also demonstrated
that reduced oxygen tension (1%)Qor exposure to hypoxia mimetics such as
desferrioxamine mesylate (DFX) or CeGhducedAM mRNA expression in U87 and
U373 GBM cell lines. The increase AM mRNA levels was reversible. Upon re-
exposure of cells to normal oxygen tension, AM esgpion resumed its low constitutive
level (not shown). These findings support the théisat the induction of AM in GBM
occurs in response to hypoxia. They also indida& the rate of release of angiogenic
factors (AM, VEGF...) by tumor cells might in geakbe variable, being constantly
adjusted according to the changes in the cell ralormonment.

Evidence for both AM and AM receptors in GBM favotitat AM functions as
autocrine/paracrine growth factor in GBM. In agream anti-AM antibody
significantly decreaseth vitro andin vivo growth of U87 glioblastoma cells (16). In
addition, to its role in tumor progression, AM kRkoat mice suggest that AM is
essential for vascular morphogenesis (25) andtalsour angiogenesis (26). In various

tumour models, AM expression correlates with vamcuensity (16, 27) but highly
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vascularized tumor may express low level of AM @gorted here for PA. In fact, the
mechanism leading to angiogenesis in both GBM ahae strikingly different: in PA,
which is a slowly growing tumor, preexisting blowdssels are sufficient to ensure
tumor growth. Vessels diameter increased and beamermal with hyalinized walls
as tumors enlarged. In contrast, in rapidly grow@®§M, blood supply is not sufficient
leading to necrosis and hypoxia which is the mé&jgger of angiogenesis. Increased
AM expression in hypoxic conditions occurs througtrease transcription factor HIF-1
binding to HRE in the promoter of the AM gene bilgoathrough increase of AM
MRNA stability that takes place during hypoxia (28hder hypoxic conditions, VEGF
iIs also upregulated through HIF-1 binding (9). lddiéon, AM administration
upregulates the expression of VEGF in bathvivo and in vitro models (26). In
contrast, blocking antibodies to VEGF cannot sigaiftly inhibit AM induced
capillary tube formation by HUVEC indicating thatMAexpression is to some extent
independent to VEGF (29). In our study AM and VERBRNA expression was highly
correlated (p<0.001) but strikingly different froone GBM to another. Moreover,
immunohistochemistry shows that the expressiorepatf these markers varies from
one GBM to another. In some cases it was diffugerbathers, restricted to some areas
exhibiting palisading necrosis. In these areas ptitéern of VEGF and AM expression
observed in GBM only partly overlap with that of FHla; HIF-1la expression was
restricted to some pseudopalisading tumor cellacadit to necrosis whereas AM and
especially VEGF expression was more widespread.

Tumor vessels in GBM are structurally and functlpnabnormal. They are tortuous
with leaking architecture and irregular diameterd amalls and contribute to the
pathogenesis of tumor-associated edema. A reldgfieiency of pericytes or pericytes

function could be responsible for this morpholobiteature (4). The number af-
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smooth muscle actin expressing cells, a marker esfcytes, was much lower in
anaplastic astrocytomas than in PA which is madiargfe, regularly shaped and still
matures vessels (30). However, there are increasimmgnces that remaining functional
vessels in GBM are at least in part responsibledsistance to anti-angiogenic therapy
since inhibition of VEGF signalling can lead to stamtial reduction in tumor
vascularity but does not affect vessels highly cedewith pericytes (31). Therefore,
there is a rationale for targeting both endothelells and pericytes (32). In contrast to
VEGF induced angiogenesis which is not associatét wessel maturation, AM
induced angiogenesis facilitates formation of matwessels that include vascular
smooth muscle cells (33). Therefore, there is @mate for angiogenesis inhibitors
targeting the AM signalling pathway in GBM. Moreoy# is possible that AM in GBM
contributes to tumor associated edema becauss efrdng vasodilator action (15). In
addition to AM, it has been shown that hypoxia alpoegulated CLR expression in
microvascular endothelial cells although RAMP espren is not affected by hypoxia
in microvascular cells (34). In agreement, RAMP2l &AMP3 expression did not
differ in PA and GBM. Surprisingly however, CLR egpsion was higher in PA in
comparison to GBM suggesting that another factierdint from hypoxia may govern
CLR expression in PA.

As a conclusion, in PA which is a circumscribed atav growing tumor, preexisting
vessels adapt their caliber and vascular pressurensure sufficient blood supply
whereas in highly infiltrative and rapidly growingsBM, hypoxia-dependent
angiogenesis occurred involving numerous growthtofac including AM and its
receptors. Targeting AM signalling might be instental for anti-angiogenic therapy in

these tumors.
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Table and figure legends
Table 1: Sequences of forward and reverse primers and predegsto quantify human
AM, VEGF CLR RAMP2 RAMP3 mRNAs, and18SrRNAs. Corresponding Q-RT-

PCR conditions are also given.

Figure 1: Expression of AM and VEGF in GBM and PA.(A) Real time quantitative
RT-PCR analysis oAM and VEGF mRNA levels in GBM and PA. Total DNA-free
RNA from the GBM (n = 52) and PA (n = 17) were sanbed to cDNA and subjected
to quantitative RT-PCR using the ABI Prism 7700usetge detection system for the
estimation of relativeAM and VEGF mRNA to 18S rRNA ratio as described in
Materials and Method$B) Radioactivan situ hybridization of AM mRNA in a human
GBM. A thin section of GBM tumor hybridized withdélsense AM riboprobe showing
no signal (high specificity) at magnification x 24) et x 40(b) and with the antisense
AM riboprobe at magnification x 2(t) showing a strong signal. AM expressing cells
are localized alongside the edges of necrotic regi(N) and a high endothelial
proliferation can be observed at the peripheryh&fsé zonegd). Furthermore, the

clusters of silver grains concentrate within tunsells rather than in endothelial cells

(d).

Figure 2: HIF-1a, AM and VEGF proteins are present in GBM in vivo. (A)
Immunocytochemical staining for HIFel(a), AM (b) and VEGF(c) shows strong
immunoreactivity in palissading cells that resideng necrosis(d-f) Enlargement of
the areas boxed in a, b and c, respecti@y.Immunofluorescence of AM and VEGF

demonstrates that in GBM, 85% of AM immunoreacyiviblocalize with VEGF.
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Figure 3: Expression of CLR, RAMP2 and RAMP3 in GBMand PA. (A) Real-time
guantitative RT-PCR analysis of CLR, RAMP2 and RAMBRNA levels an GBM (n
= 52) and PA (n = 17). Total RNA DNA-free from GBlnd PA was reverse
transcribed and quantified as described in figuferlthe estimation of relativ€LR
RAMP2andRAMP3mRNAs to 18S rRNA ratio as described in Materiald &ethods.
In GBM, the mean level of CLR, RAMP2 and RAMP3 mR&NAxpression was 90
0.9 fg/ng 18S rRNA, 9.3 0.9 fg/ng 18S rRNA, and 5.6 1.1 fg/ng 18S rRNA,
respectively. In PA, the mean level 6GLR, RAMP2and RAMP3 mRNAs expression
was 13.9t+ 1.6 fg/ng 18S rRNA, 7.% 1.1 fg/ng 18S rRNA, and 62 1.3 fg/ng 18S
rRNA respectively. No significant difference in tlegpression oCLR, RAMP2and
RAMP3 mRNAs could be observed between GBM and H3. Aliquots of protein
extracts (40 pg) of GBM tissues (n = 2) were sdpdraon 12% of SDS-PAGE,
transferred to Hybond-C membrane and immunoblotisithg antibodies generated
against CLR, RAMP2 and RAMP3 peptides as descrig&jl GBM produced CLR as
a distinct band of 48 kda after SDS-PAGE and imnilotting (Figure 3B, lanes 1 and
2). RAMP2 ran as a monomer of 15 kda and multimesymably homodimer at 50 kda
(Figure 3B, lanes 3 and 4). The 35 kda band mayesepmt a heterogeneously
glycosylated form of RAMP2 (Figure 3B, lanes 3 aAl RAMP3 ran as an
heterogeneously glycosylated monomer of 28 kda amdheterodimer of 73-Kda
(Figure 3B, lanes 5 and 6). Interestingly, the @& band can be revealed by the three
antibodies and must correspond to heterodimers RARIP2 and CLR/RAMP3

(Figure 3B).

Figure 4 (A): Hypoxic induction of AM mRNA in U87 (A) and U373 (B)

glioblastoma cells.The intensity of hybridization signals of northdaot analysis was
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quantified with a Bioimage Analyzer, and the inignsf representing AM mRNA was
normalized with respect to the intensity for 18RNA. The ratio of each normalized
value to the control value (before hypoxic expentsg is shown as the relative
expression level of AM mMRNA. The data are meansSEM. The time course study
revealed that expression levelsA mMRNA increased significantly after 6-h exposure
to hypoxia and reached the maximum at the 24-h pmet (about 32- and 28-fold
increase compared to control for U87 and U373 m@spy). In the hypoxia mimetics
experiment (CoG| DFX), the difference of AM mMRNA expression wagrsficant at
16-h time point and reached the maximum at the #éé point. The mean calculated
test/basal ratio was of 14- and 9-fold in Co&lposure experiments for U87 and U373
cell lines respectively. It was of 37- and 25-f@FX exposure experiments for U87

and U373 cell lines respectively.

Figure 5: Effect of hypoxia on AM protein level in primary glial cell culture
prepared from 8 human glioblastoma specimensiR-AM levels in the culture
medium under normoxic and hypoxic conditions. Tatadshown are means +/- SEM.

P<0.005
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Gene

Primers, fluorescent probes, PCR conditions

AM

VEGF

CLR

RAMP2

RAMP3

18S

Forward primer 5-TGCCCAGACCCTTATTCGG-3/,

Reverse primer 5-AGTTGTTCATGCTCTGGCGG-3

Probe FAM-ACATGAAGGGTGCCTCTCGAAGCCC-TAMRA
(95<C for 15’; 45 cycles of 94<C for 157, 67 for 20")

Forward primer 5-~AGGAGGAGGGCAGAATCATCA-3’
Reverse primer 5-AGGGTCTCGATTGGATGGC-3’

Probe FAM-TGAAGTTCATGGATGTCTATCAGCGCAGCT-
TAMRA

(95<C for 15’; 45 cycles of 94<C for 15", 66 for 15”)

Forward primer 5-TGGCTTAATGATGGAGAAAAAGTG-3’
Reverse primer 5-TCAGGACTCTCTTCTAATTCTGCTG-3’
Probe FAM-
CCTGTATTTTCTGGTTCTCTTGCCTTTTTTTTATGA-TAMRA
(95<C for 15’; 40 cycles of 94<C for 207, 60C for 20")

Forward primer 5-GACGGTGAAGAACTATGAGACAGC-3’
Reverse primer 5-GCTATAAGGCCTGCTAATCATGG-3
Probe FAM-TGGATCCTATCGAAAAGGATTGGTGCG-TAMRA
(95<C for 15’; 40 cycles of 94<C for 10", 65T for 15”)

Forward primer 5-TCTGGAAGTGGTGCAACCTGT-3
Reverse primer 5-GATGCCGGTGATGAAGCC-3'

Probe FAM-AGATGGAGGCCAATGTCGTGGGCT-TAMRA
(95<C for 15’; 40 cycles of 94<C for 20", 67 for 30")

Forward primer 5’-CTACCACATCCAAGGAAGGCA-3
Reverse primer 5-TTTTTCGTCACTACCTCCCCG-3
Probe FAM-CGCGCAAATTACCCACTCCCGAC-TAMRA
(95<C for 15’; 40 cycles of 94<C for 15", 67 for 15”)

FAM, 5-carboxyfluorescein; TAMRA, 5-carboxytetramethylrhodamine

Table 1
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AM mRNA/18S rRNA
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AM mRNA/18S rRNA
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PUBLICATION 2

Targeting adrenomedullin receptors with systemitivdey of neutralizing antibodies
inhibits tumor angiogenesis and suppresses grofathrman tumor xenografts in mice.
Kaafarani |, Fernandez-Sauze S, Berenguer C, Ch@ptDelfino C, Dussert
C, Metellus P, Boudouresque F, Mabrouk K, GrisqliFigarella-Branger D, Martin

PM, Ouafik L.

FASEB J. 2009
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The FASEB Journal article fj.08-127852. Published online June 22, 2009.
The FASEB Journal = Research Communication

Targeting adrenomedullin receptors with systemic
delivery of neutralizing antibodies inhibits tumor
angiogenesis and suppresses growth of human tumor

xenografts in mice

Lidal Kaalaroni,*" Samanta Fernandes-Sauze,*! Caroline Berengoer,*!

Olivier Chinot,™! Christme Delfino,*! Christophe Dussert,! Philippe Metellus, !
Francoise Boudouresque,®” Kamel Mabrouk,” Francois Grisoli,

Dominique Figarella-Branger,® Pierre-Marie Martin,*™ and L'Houcine Ouafik* "
*[NSERM, Unité Mixte de Recherche (UMR) 911CRO2, Marseille, France; TAix Marseille Universite,
Faculie de Médecine Sectenr Nord, Laboratwire de Cancerclogie Expérimentale, Marseille, France,
Flaboratoire de Transfert d'Oncologie Biologique [Assisiance Publique—Hopitoux de Marseille (AP
HM) |, Marseille, France; %Centre National de la Recherche Scientifique, UMR 6264, Aix Marseille
Univemsite, Faculté de Saint Jérome, Equipe Chimie Radicalaive Organique et Polymére de Special-
ite (CROPS) Laboratoire de Chimie Provence, Marseille, France; and "Service de Newrochirurgie

(AP-HM), Hapial Timone, Marseille, France

ABSTRACT Adrenomedullin (AM) is a muohlifunc-
tional peptide vasodilator that ansduces its effects
through calcitonin receptordike receptor /receptor activ-
ity modifying protein-2 and -3 ({CLR/RAMP2 and CLR/
RAMP3). Previously, we reported on the development of
an ant-AM antbody that potently inhibits ommor cell
proliferation i vifre and tumor growth in oo, Here, we
report the effect of anti-AM receptor anthbodies
(AMEs) on angiogenesis and tumor growth., We dem-
onstrate that «AMBs decrease in a dose-dependent
manner the growth of UST ghoblastoma cells and
HT-2% colorectal cancer cells, but not A549 lung cancer
cells, in vitro, In vivo, AM m Matrigel plugs induces
angiogenesis by promoting recruitment of endothelhal
cells, pericytes, myeloid precursor cells, and macro-
phages and by prometing channel formation. Remark-
ahly, systemic administration of «cAMBs every 3 d mark-
edly reduced neovascularization of Matrigel plugs i a
dose<dbependent fashion, as demonstrated by reduced
numbers of the recruited cells and wssel structures
Several himan iimor xenografs i athymic o were used
to exanmine the offect of cAMB freatment on tenor angio-
genesis and grovth, «AMR treatment significantly sup-
pressed the growih of glioblstoma, lung, and colon mmors.
Himtologioal examinaton of (AMB-remed mmors showed
evidence of dimnmpton of mmer vascularity with decremsed
microvessel density, depleton of endothelial and pericyie
cells, and increased nmnor cell apoplosis, These fndings
suppart the conclusion that (cAMB treamment inhibis mmor
growth by suppression of amglogenesis and tumor growth
andl supgest that AMBs may be useful thempetic trpete—
Kaafarani, L, FernandezSauze, 8, Berenguer, C., Chinot,
O, Delfino, C., Dussert, C., Metelhus, P., Boudouresque, F.,
Mabrouk, K., Grisol, F., Figarela-Branger, D, Martin, M.,
Ouafik, L. H. Targeting adrenomedulin receptors with

0892-6633/0%0023-0001 © FASER

systemic delivery of nevtralmng antdbodies inhibits wmor
angiogenests and suppresses growth of human fumor xeno-
grafits m mice FASER [ 23, (0H— 000 (3009}, www. fasehj.org

Key Words: CLE/RAMP2 « CLR/RAMP? » endothelanl cells
* pericytes - proangicgenic celis

TUMORS INFLUENCE THE SURROUNDING host stroma by
inducng angiogenesis to supply their cooygen and nu-
trient needs. The angogeneas or formation of new
blood vessels out of preexisting capillaries is a sequence
of events that is of key importance in a broad array of
phwsiologeal and pathological processes in response to
spontancons or induced tisswe hypoxia (1), Tumos
angiogenesis is regulated by a kalance of proe and
antiangiogenic molecules. When the balance shifes in
favor of anglogenesis inducers, an anglogenic switch
actwvates the nomoally quicscent vaseulatre o develop
new blood vessels (2). During the final matwiration
stages, the endothelial cells acquire a more differents-
ated stile marked by lumen formation, production,
and mssembly of o complex basement membrane and
junction with [x'rin'hr\- Finally, pet iendathelial cells
are recruited inte the area, thereby providing funhe
SUpport for the new vessel (2), Increasing evidence
suggests that the contribution of hematopoictic stem
cells anel myeloid progenitor cells is entical for new vessel
formation in mmors (3), Onee they have homed o the
tmaor, multipotent bone marrow<derned cells have the

' Comespondence; INSERM, UMR 911-CROZ, Faculé de

Médecine Nord, B Fierre Dramard, 13916 Marseille Cedex
20, France. E4anail: Thoucine cuafik@univmed fr
doi: 10,1096, F.08-127852
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potential to modulate necvascularization and to become
part of all three nonmalignant tomor compartments:
hematopoietic, endothelial, and mesenchymal (4).

Tumor vessels are structurally and functionally ab-
normal, with defective endothelium, basement mem-
brane, and pericyte coverage (1, 5], One extreme
example is glioblastoma multiforme, an invanably fatal
brain tumer characterized by a dilated, tortuous, disor-
ganized, and leaky vasculature (6). Due to their cntical
role for tumor growth, mmor blood vessels are recog-
nized as potential anttumor dnag targees (7). and their
abnormalities open up the possibility of argeting m-
mor vessels separately from the vessels of the surrounding
normal tissue (81, Several growth factors have been iden-
fified as possible regulators of angiogenesis (93, Among
these factors, adrenomedullin (AM) is thought o play an
important role n tmor angioegenesis (10-12),

AM 15 a widely distributed mulifuncdonal peptide with
properties ranging from inducing vasorelaxaton o acting as
a regrulator of cellular growth (13, 14). Three AM receploms
{AMRs) wath dilferent affoubes for AM [L1, RINC], and
caldtonm receptorlike receptor (CLR)] have been cloned
(15-17). All of them belong o the Taransmembrane do-
main Crproteim-coupled receptor superfamily. Interestinghy,
CLE requires the presence of modulating proteins with a
single transmembrane domain known as receptor activ-
ity modifving proteins (RAMPs) (18], RAMP] presents
CLR at the plasma membrane as a calcitonin . gene-
related peptide (CGRP) receptor, whereas BAMP2 and
FAMPS present CLE as an AME (18).

The funcions of AM discovered due to many physio-
logical studies are highlighted in knockout studies in
which AMinull mice die én wtero from extreme hydrops
fetalis and vascular abnormalines (19, 200, Recently.
Frite-5ix of al. (21) reported that deletion of AM. Calod,
or RAMPZ results in massive cutaneous edema and midg-
estation lethality in mice due 1o defects in kmphatic vessel
growth. At the same time. Ichikawa-Shindo & o (22
described generalized edema and midgestation death, as
well as occasional hemormrhage, in RAMP2-deficient ani-
mals. The authors concluded that AM serves critical roles
in hlood vessels, mcluding regulation of vascular stability
and permeahility, and that embryos lacking AM signaling
die due to leaky and unstable Blood vessels,

AM is highly expressed inoa variety of malignant
tissues and 15 mitogenic for human cancer cell lines
mcluding lung, breast, colon, ghoblastoma. pancreas.
and prostate lineages /m vitre (10, 2327}, Evidence for
the importance of AM-induced angiogenesis in tumor
growth ncludes the observation that inhibiton of AM
acion by nentralizing antibodies or AM antagomnist
hAM,. .. blocks the growth of tumor xenografis in viee
(10, 281, The density of blood vessels in the antkAM-
antibodwireated tumors was also decreased, supporting
the roles for AM in angiogenesis and /or vessel stabiliza-
tion (10, 121, The AM anmgonist hAM.., .. was demon-
strated to inhibit pancreatic cancer cell growth i v by
suppressing tumor vascular development (28],

The mvolement of CLE/BAMP2 and CTE/RAMIS re-
ceptors o mediate the effect of AM in the multistep process

2 Wal 23 October 2000
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of angiogenesis and tmoral cell proliferation suggests that
blockade of these receptors would be a weful therapeutic
sirategy for mhibiing angiogenesis and nmor growth, Pre-
viously, we desoribed the development of antbCLE, ant-
BAMPZ, and ant-BAMPS polyclonal antibodies targeting the
extracellular domain of each protein. These antbaodies are
potent antagonists for AM bnding, AbMHnduced endothelial
cell migration and invasion @ vie, and AbHnduced capil
lanike simactures feevbo (110 In this smdy, we anabzed the
effect of AME blockade by ant-AME polylonal antibodies
(o AMRE) o wieo models of angiogenesis and on humor
growth in several human xenograft nimor models

MATERIALS AND METHODS
Cell culture

Human glicblastoma V87, colon HT-29, and lung AS49 cell
lines were ob@ined from the American Type Culiure Collection
(ATCC, Rockille, MDD, USA) and culmred in Eagle's MEM
(EMEM). L15 medium, and DMEM, respectvely (Invitrogen
Life Technologies Inc.. Pars, France) as described previously
(10, Cells were culmred under a mois 5% OO0, /06% air
ammesphere. All culture medium components were purchasecd
from Invitrogren Life Technologies.

Andmals

Six- 1o S-whk-cld female CHTBL/G and athymic NMRL (as /na)
mice were purchased from Harlan (Gannat, France ). Animals
were anesthetized before all procedures and observed until
fully recovered. Experimental protoccls imvolving animals
were reviewed and approved by the Instinutional Animal Care
Committee of the School of Medicine and performed in
accordance with INSERM and Aix Marseille Université School
af Medicine polices regarding the use of laboratory animals,

Characterizaton of snti-human AMBR mtibodies

The polyclonal andbedies angLCLE. and-RAMPZ, and ant-
FAMPS referred © here as oCLR, alAMPZ, and «RAMPS,
respectively, were developed and characterized as describecd
previousty ¢ 113, Purified IgG of eCLE, aRAMPZ, and oRAMPS
and preimmune serum (rabbit conorel oGy were affinity purk
fied on rProtein A Sepharose fast-flow columns (GE Healtheare,
Eurcpe GmbH. Crsay, France) and tested for endotosin vsing
the Pywogent Flus Limilus ameboycote sate ¥t (Lonza, Ver-
viers, Belgium). All antiboddy preparations used in animal stdies
contained <1.25 endotoxin U/ml

Preparation of membranes

Mouse tssues (brain, kidney. and lung) were homogenized in
15 mM HEPES, pH 80; & mM EDTA; and & mM EGTA
containing inhibiors (Completes; Roche, Basel, Switzerland)
using a Brinkmann Polyoron (Brinkmann Instraoments, West-
bury, MY, USA) at 47C The homogenates were centrifuged
for 10 min at 1,000 g o sediment nuclei and cell debris. The
homaogenates were then centrifuged for 60 min at 100,000 « ar
4°C, and the resuliing membrane pellet was resuspended in
G0 mM HEPES, pH 8.0; G mM EDTA; and 5 mM MgCl; bulfer.
FProtein concentration was determined using the Micro bicin-
choninic acid protein assay reagent (Pierce, Interchim, Paris,
France) with BSA as the standard.

KAAFARAMI ET AL
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Western blot analysis

Membrane extracts {40 pg) from mouse fissues were resalved
by 105 SDS-PAGE, ransferred to hybond-C' membranes (GE
Healtheare), and immunobloted with andbodies direcred
against CLE, FAMPZ, and RAMPS (11). Membranes were
then washed with phosphate-buffered saline phis 5% milk
with 0.04% Tween 20 (PB5T) and incubated with 1:30 000
dilution of goat anti-rabbit secondary andbody conjugared o
horseradish (GE Healtheare) for 45 min. The membranes
were washed with PEST. incubated in Chemiluminescent
substrate (GE Healthcare) for & min, and exposed o film.
Molecular weights were estimated by comparison with stan-
dard proteins (Rainkow markers; Invitrogen Life Technolo-
gies). Specificty control consisted of a duplicate membrane
incubated in antigen-preadserbed (20 pg/mli antiseram.

Binding of labeled '*"LAM

Glioblastoma cells were culmred in 24well plates for 48 h
(15 10 cells/well) and then senmm s@rved for 24 h. Afier
being washed with PBS. the cells were incnbated in TIS
medium (MEM plas 10 pg /ml ransferrin, 10 wg/ml insulin.
and 2% 1075 M sodium selenite) ar 25°C for 120 min with the
radiioactive tracer in the presence or abeence of an excess
(107% M) of unlabeled AM as described previously (29).
Monoiodinated "*-hAM (specific activity, 1172 Ci/mmal)
was purchased from Bachem (Peninsula Labs, Belmont, CA.
UsA). In binding inhibition studies, cells were incubated with
iracer and increasing concentratons of the e AMR antdbodies.
At the end of the incobation pericd. cells were extensively
wazhed with cold PBS conmining 0.2% BSA, solubilized with
0.2 M sodivm hydroxide, and analyzed for bound radicactiv-
ity in a yspectrometer, Specific binding was obtained by
subtracting nonspecific binding in the presence of excess
unlabeled hAM from total binding. Data points represent the
means of 3 experiments, each performed in tiplicate,

Cell proliferation assay

The msay was perfonned in EMEM with 2% FBES. The effect of
purified Igl eAMRs on cell proliferadon was examined by the
A4, Bdime thyl- 2 hizolyl)2 Sdiphenyi-ZH-erazotium  bromide
(MTT) assay, as described previously (10}, After 6 d growth ar
27°C in a humidified 5% 05 /95% amosphers, the dye and
solubilizaton solutons were added from the Promega prolifer
ation assry (Promega, Lyon, France). The BioTek Microplate
manager plate reader and software (BioTek Insmimenis, Inc.
Winooski, VT, USA) were tred 1o determine the change in the
number of viable cells from dye reduction measured by shaoe
bance at 570 nm.

In vive Matrigel studies and analysis

Female CH7BL/6 mice were injected s, above the recus
abdominus with Marrigel (Becton-Dickinson, Le Pont de
Claix, France), either combined with recombinant huwman
VEGF 165 ( RED Systems. Minneapolis, MM, USA) and hazic
fibroblast growth factor (BFGE; RED Sysrems) ar 500 ng /ml
or AM (Bachem) at 500 ng /ml or alone as a negarive control.
Twenrwfour hours later, mice injected with Marrigel com-
hined with AM were randomized inw 4 groups and reated
ip. every 3 d with aeAMEs (25, 100, or 500 pg) or preimmune
serum (purified Iz, 500 gy, Three weeks later, a group of
animals was sactificed. and the Matrigel plugs were dissected
and fixed in 4% paraformaldehyde (FFA) for histological
analysis. Paraffin-embedded secdons were processed and
stained using hemaroxdin and eosin (Ha:E). Eight central

sections were photographed by investgators masked oo sam-
ple identiry. Immunchistochemical analysis was performed
on paraffin-embedded sections with antibodies from Dako
Inc. (Glostmp, Denmark) for CD31 (130G, CDE4 (140),
CIdG (1:2000, MOMA-2 (1:200), and smooth muscle a-acrin
(o-SMAL 1800, Signal amplificadon utilized fluorcchrome
(Alexa 4823 or Alexa 47 )-conjugated secondary antibodies (1
250; Imvirrogen Life Technologies).

The second group of animals was injected systemically into
the lateral tail vein with 100 mg/ kg FITC-dextan salution
{molecular weight -~ 150,000 Sigma Chemical Co., Lyon,
France) and allowed 1o circulate for 25-30 min. Before mice
sacrifice, blood samples were collected by cardiac puncroure
and plasma was separated. The Marrigel plugs were resected.
placed into tbes containing Dispase reagent (In Viro Life
Technologies, Cergy Pontoise, France), and homogenized.
After cenrifugarion, the supernatant was saved for analysis of
fluorescence. Fluorescence readings were obtained on an
FLEOO fluorescence plate reader (BioTek), Angiogenic re-
sponse was expressed @ oa raio of Macrigel plug fluores-
cence/ plasma fluorescence.

In vizo tumor growth assessmeent

Athymic NMRI (su/smu) nude mice were implanted with
glioblastoma 87, colen HT-29, or lung A-549 mumor cells.
Cell suspension of 2.5 % 10 cells was injected s.c. as described
previcusly (107, Two weeks later, most tumors had grown to
200 300 mm®, and mice were randomized inw groups, Thiee
independent experiments were perdormed. each with 24
animals in 3 groups, The wearment was i.p. injection, received
every 8 d, of preimmune serum (3350 pg of punified IgG) or
cAMEs (3230 pg of purified IgG/mouse containing 110 ug
each of eCLR, oPAMP2Z, and oRAMF2 antibodies), Body
weight, nmor size, and general clinical stams were recorded
every 2-3 d. Tumors were measured with a dial caliper, and
volumes were determined wsing the fommula widith =
length > height = 052 (for ellipsoid form).

Tumor immunohistochemical analysis

Tumor-bearing mice were injected with biotinydared lectin
{(Vector Laboratories, Burlingame, CA, USA) and heart per-
fused with 4% PFA, and blood vessels were stained with a
streptavidin-conjugated fluorochrome (Alexa 4588 or Alexa
647, Molecular Probes, Invitrogen Life Technologies). Thin
(10-wm) or thick (100qum) sections were incubated with
ani-CIHa1 (1:54; Dako). antvon Willebrand factor (and-
¥WEF) (1:400; Dako), or ant-aShA (1:80; Dako), and subse-
quendy with fluorochrome (Alexa 488 or Alexa M47)conju-
gated secondary antibodies (Invimrogen Life Technologies),
All mmors were excised, fixed in 10% (v/v) formalin, and
processed for immunohisiorhemical analysis. Pamaffin blocks
were cut bo G sections and stained with HEE for momphol-
ogy evaluadon. Immunchisicehemisoy was carried our using
the Veotssrain Elite ABC kit (Vector Laboratories), To assess
programmed cell dearh, tissue sections were evaluated using
Mab F7-26 to detect singlestrand DMA {sDRNAL AbCys Paris,
France). For nonimmunofluorescence staining, detection was
carried out using a DAE chromogen. Negarive control slides
were cbiained by omining the primary antbody.

Tumor vascular densicy

Cuantitation of vessel count was performed as described
previcusly (303, The blood wessels were counted randomly
from nonnecronic areas in each mmor section in an X200
micrescope field { 1.0 mm: BHZ:Clympus Tokyo, Japani, on
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YWEF-, CD21-, or a5MA-stained rissne sections. Vascular der-
sity was defined by averaging the number of vessels with
lumen in =8 of the most vascular areas.

Statistical analysis

Diata are expressed as means * sg. Siatistical analyses were
performed by using the laway ANOVA followed by Fisher's
protected least significant difference test (Starview 512; Brain
Power Inc., Calabasz, CA. USA). Differences were consick
ered significant at values of P < 0.05,

RESULTS

wAMREs inhibit recruitment of proangiogenic cells
into Matrigel plugs in vive

To evaluate whether aAMEs could inhibit angiogenic
activities induced by AM in adult mice, we first used the
m wive Matrigel implant model to assess anglogenesis in
response to specific factors in a noninflammatory set-
ting. Mice were injected s.c. anterior to the abdominal
rectus sheath with Matrigel alone or with Matrigel
containing recombinant VEGF and bFGF (used as con-
tral), or AM pepade. Histochemical analysis of the Matn-
gel plugs revealed markedly increased cellularity induced
by AM (Fig. 14c) or VEGEA and bFCF (Fig. 145, whereas
control Matrigel plugs exhibited cellularity of <2% (Fig.
1Aa). Matrigel plugs containing AM showed more vaseu-
lar channels when compared with VEGF4reated plugs.
Cuantimtive image anabmis of endothelial cells (VWF
positive) and pericyte cells (wSMA positive) demonsirated
a 30—-40% increase of these cell types m AM-reated plugs
when compared with VEGF4reated plugs.

To demonstrate that wAMEs can directly inhibit
angiogenesis iz viva, by inhibiting the recruitment of
circulating AMB-positive (AMR™) cells, Matrigel
plugs supplemented with AM were injected s.c. into
CHTBL/6 mice, forming semisolid plugs. Twenty-four
hours later. mice were treated by Lp. imjection with
increasing doses of wAMEs (Fig. 1de—g) or rabbit
control Igh at 500 pg (Fig. 144) every 2 d for a total
of 21 d. Plugs taken from mice treated with cAMEs at
100 pg (Fig. 140 and 500 pg (Fig. 14z had a
markedly reduced cellularity of plugs. Matrigel plug
angiogenesls was quantitated by measuring the up-
take of FITC-dextran {~150,000) into plugs before
their removal from mice. cAME treatment signifi-
cantly inhibited the amowunt of FITC-dextran in Ma-
trigel plugs in a dose-dependent manner compared
with rabbit contrel IgG (Fig. 18). FITC-dextran up-
take was decreased 9% for animals receiving 25
pg/dose of aAMREs, 19% (P<0.05 vs control) for
animals receiving 100 pg/dose, and 72% (P<0.001
ws. control) for animals recewving 500 pg/dose of
aAMREs. a level marginally different from the nega-
tive control (Matrigel not supplemented with growth
factors; Fig. 15). Interestingly, immunostaining of
sections of plugs with AM for vWF demonstrated the
presence of vascular channels lined by endothelial
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cells (Fig. 1Ca). The same channels exhibited en-
sheathment by vascular smooth muscle cells, as as
sessed by a-SMA immunoreactivity (Fig. 105). These
data demonstrate that AM promotes recruitment of
endotheliaHike cells and pericyte cells and seems to
plav arole in cell-cell contacts that maintain transient
microvessel stability (Fig. 1Cc and inset). Treatment
with 500 pg of cAMEs decreased =90% of microves
sel density, and very few microvessels can be observed
in plugs after immunostaining with anti-vWF and
anti-a-50A antibodies.

To further assess the cell types recruited to the
center of the Marigel plug supplemented with AM.,
we performed immunchistochemistry using antibod-
ies specific for endothelial cells (CDE1), pericyte
cells {w-5SMA), macrophages/monocytes (MOMAZ),
mast cells (CD34), and leukocytes (CD45; Fig. 2).
Sigmificant numbers of cells recrunted to the center of
AMHoaded Matrigel plugs were AMR™ cells, as demon-
strated by coimmunoestaining with CLE. RAMP2, and
FAMPS antibodies (Fig. 2). The expression of AMEs by
these cells suggest that they are recruited specifically by
AM m the Matnigel plugs.

It is of interest to ohserve that aAMEs raised against
human epitope are able to recognize the mouse
(m) CLE, mEAMPZ, and mRAMPS proteins. These data
are not surprising since a high homology of the peptide
sequence (04, 75, and 87% for CLE, RAMPZ, and
FAMPS, respectively) between human and mouse spe-
cies was used to develop polyclonal antibodies (11). To
detect mCLE, mBAMPZ, and mBEAMPS proteins, mem-
brane extracts (40 pg) were prepared from mouse
tissues (kidney, brain, and lung) and subjected to
Western blot analysis (Fig. 3). Samples from different
tissues produced CLE as a distinet band of 48 kDa and a
multimer, presumably heterodimers CLE/RAMPZ or
CLE/BAMPZ, at 73-76 kDa (Fig. 3). RAMP?2 was seen as
a monomer of 35 kDa, and multmers, presumably ho-
modimers at 50 kDa and heterodimers CLE/BAMP2 ar
CLE/BAMPS at 73 kDa, were seen (Fig: 3). RAMPS was
seen as a monomer of 19 kDa in all tissues, 35 kDa in
kidney, 40 kDa in brain. and 38 kDa in lung, which may
represent some heterogenously glveosvlated monomer
EAMPS. Multimer RAMPS, presumably as homodimers at
50 klba and heterodimers CLE/BAMP2 or CLR/BAMPS
at 73 kDa, was seen in all tissues (Fig, 2). The specificity of
our immune detection assay was confirmed by an ant-
body absorption conirel that elminated the speafic
bands (Fig. 2). Taken together, these data demonstrate
the expression of mCLE. mRAMP2, and mEAMP? in
several mouse tissues and the ability of the polyvclonal
antibodies generated against the extracellular domains of
human (h)CLE, hEAMP2, and hEAMP2 to detect the

molse proteins,

Effect of wAMBs on proliferaton of human cancer
cell fines

Previously, we have demonstrated the expression of
CLR and RAMF2 in U7 cells but not the L1 receptor
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Figure 1. «AME= inhibit cell recruimmentine Marrigel phags. A) CHTBL/6 mice were injected s.c. at the abdominal midline with
0.5 ml of growth faciordepleted Marrigel containing VEGF-166 and FGF (500 ng/ml & or AM (500 ng/ml: ¢) or no addidonal
growth factor (conwal; g, aAMEs (g or conwrol IgG (d) were administeved ip. o C57BL/6 mice with plugs containing AM
every 3 d, starting 24 h after Matrigel injection, for 21 d. Microphowgraphs of histochemical-stained Marrigel sections for H&E
are shown. Scale bar = 200 pm, 8 After 21 d of trearment, mice were injected iy, with FITC-dextran (- 150,000); Matrige] plugs
were removed, and the volume of new blood vessels was assessed by measurement of inwavascular FITC-dextran content
{normalized o FITC-dexiran in the circulating plasma). Values are averages * s of 6 animals, =P < 005, ===P < 0.00].
) Animals with Martrigel plugs containing AM were sacrificed a 3wk later. Marrigel plugs were isolated and Fxed with formalin,
paraffin embedded, and secticned for immunohistochemical analysis. Sections were evalated by immunoflucrescence for vWE
(a) and oSMA (8 and demonsirated the presence of vessel strucmres characterized by a dght interacdons between
endothelial-like cells and pericytes (¢, Botom fght panel is a closeup of the insetin «. DAPIstained nuclei are blue. Scale bar =
100 pm.

(10}, Barely detectable expression for the L1 receptor
can be found in HT-29 and A540 cells (not shown),
aAMEs strongly blocked Ab-labeled [ LAM] hinding
to the cell membmanes in a doserelated manner, sug-
gesting  that heterodimers CLE/BAMP2 and CLE /S
BEAMPS are present at the plasma membrane of the
UsY, HT-21, and A54%9 cell lines. acAMBs ar 10, 20, and
40 g/ ml showed 25, 45, and 80% inhibition of specfic
binding, respectively. Previowusly, we reported that AM is
involved i UST cell prehferation by the autocnne/
paracrine growth loop (101, To determine whether
awAMEBs can inhibit cell growth in eie of different cell

INHIBITIOMN OF TUMOR GROWTH AND ANMCIOCENESIS BY ANTI-AM RECEPTOR ANTIBODIES
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lines, UST cells, HT-29 cells, and A549 cells were exposed
to increasing concentrations of ccAMRs ar 10, 35, and 70
pg/ml, and the effect on proliferation was assessed by cell
counting or MTT assay, aAMEs inhibit UST cell profifer-
aton in a dosedependent manner and reached 28%
(P0.05), 41% (P<0.01), and 57% (P<0.001), respec-
tively, by 6 d of weatment (Fig. 44). HT-29 cells showed
a higher degree of inhibition, reaching 309% (<
00800, 629 (P<0.0013), and 75% (P<0.0011; Fig. 458,
Surprisingly, A549 cells did not show any decrease in
proliferation despite the expression of CLE. BAMPZ,
and RAMFPS proteins (Fig. 4C), The same data were

(53]
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Figure 2. AM incnces recruionent of different cell
types in an dn oo Mardgel assay, Immuinetluores-
cence for (D31, «-8MA, MOMAZ, CDE3, CD4G
{green), and AMREs (CLE, RAMFPZ, and RAMFS:
red) was assessed, Costaining (vellow) demorrsirates
the expression of AMBs by a great number of
infiltpating endotheliaHike celk. pericytes, and mac-
rophages ‘monocytes. DAPTatained maded arve blue.
Scale bar = 40 jun.

MCIRE A2

obtained with anti-AM antibody treatment for A549
cells (not shown) , suggesting that AM is not involved in
A54% cell growth #n vt In contrast, the treatment with
boiled o AMRs (not shown ) or control IgG of irelevant
spectficiey at 70 pg/ml (Fig. 44, B) showed no mhibi-
i1om of cell growth. Together, these data suggest that
aAMEBs are able to recognize the epitope on AMHB=
preventing AM from activating the autocrine/para-
crine growth loop

ivAMBs inhibit growth of human tumor xenografts

Treatment of healthy mice (#=8) with cAMEs did not
affect body weight, did not cause any obvious organ
pathology on inspection and histclogical analysis, did
not alter the cinical chemisiry or hematological blood
profile, and did not increase proteinuna. The anotu-
mor activity of aCLR, «RAMP2, and oRAMPS was
tested either separately or combined in the UST xenoc-

CLR RAMP2 RAMP3
> = ]
2 £ o g £ o g £ o
[ = m
€ & 3 ¢ @ 3 S @ 3
73 kDa - 73 kDa -| we - 73 kDa [
50 kDa -/l I il 50 kDa
35 kDa - 45 kDg | e- - - 35 kDa
19 kDa - 19 kDa - 19 kDA s == =
15 kDa 15 kDa - 150
Bractin | e e | — fi-actin p-actin -[F5SSS] [FE
(42kDa) ¢ 2 3 4 (42kDa) 5 § 7 8 (42kDa) g 10 11 12

Figure 3. Expression of CLE. RAMPZ, and FAMPS in mouse tdssues. Membrane extraces (40 ugy prepared from mouse dssues
(kidney. brain. and lung) were separated on 10% SDSPAGE, ransferred w© Hybond-C membrane, and immunobloted using
antibodies generated against CLE. RAMPZ, and RAMPS peprides. as described previonsly {113, Staining for all samples was
hlocked by the addition of 20 ug/ml CLE, RAMEZ, and RAMP2 peprides (lanes 4. 8. and 12). To asess the amount of proteins
loaded for each sample, immunoblor analysis was performed with anti-4E-actin.
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Figure 4. Effect of cAMEs on the growih of human cancer cell lines & zitwe, Proliferation assays, U7 cells (A), HT-20 cells
{ B), and AG40 cells | C were seeded ar the densityof 2 % 10*/well in 12 multiwell plates in the presence of EMEM supplemented
with 2% FBS. Increasing concentrations of cAMBs were added. As controls. boiled oAMEs (nocshown) or rabbit control Igt
{70 pg /ml) of irrelevant specificity were used. For each earment, 6 wells were prepared for MTT assays or exposed 1o oypsin,
and cells were counted in a coulter counter {not shown ). Values are means * sg of 4 independent experiments, *P<0.05;

mE PO P00

gralt model, which exhibits aggressive tumor growth
kinetics, Untreated control U87 xenografis reached a
size of =2000 mm® within 18 d. By d 30, mice become
moribund in the contral group, and the experiment
was tenminated. We first performed experiments o
determine the capacity of each anubody to inhibit
tumor growth im eive. Aslight decrease in tumor growth
was observed using cRAMPZ or aRAMP? as compared
with control Ighs reatment (1 mg/wh; Fig. 54). Better
results were obtained with wCLE ar 1 mg/wk as com-
pared with all groups (Fig. 54). However. the aAMEs at
I mg/wk demonstrated a clear inhibition of tomer
growth (Fig. 54). Subsequently, the combined antibod-
ies (AMEs) were used in the fn eéco experniments
aAME treatment mhibited timor growth in a dose-
dependent manner compared with rabhit contral Igl

(not shown ). The maximal effective dose in this tumor
model was 330 pg of wAMB= administered by ip.
injection every 3 d (P<0.001 ws contral Igh). No signs
of toxicy such as weight loss in responze to aAMER
ireatment were observed. Pathological examinaton of
tissues from treated mice also appeared normal.

To further examine the effect of @AMR therapy on
human tmor growth, athymic nude mice bearing
established glioblastoma, colon, or lung xenograft
tumors (=200 mm®) were treated systemically with
aAMEs (Fig. 58-0). aAME wreatment significantly
inhibited the growth of subcutancons UST, HT-20,
and A549 tumors compared with control groups
(P00l Fag. 5B-I0. After 20 d of treatment, a
group of animals was sacrificed, and tumor size and
vascularity were assessed, Tumors derived from

A B c
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E Conbmd 96 Figwre 5 Growth of suboaranecus human mmor ¥enografis in oude mice is
2 z.600 . inhibited by eAMEBs. Human glioblastoma (U8%, A B), colon cell carcinoma
« (HT29; 1, and lung cell adenocarcinoma (AS49 D) mmors were established by
E-l.m injecting athymic nude mice s.c. in the right flank with 2.5 105 nimor cells,
L Tumors were allowed o reach 200 -300 mm” in size. and then randomized groups
& son of mice received ip. injecdons of either eAMRs or control Igh (350 pg/dose)
H every 5 . Tumor volumes were measured twice weekly, as described in Materials
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and Methods, Values are means £ s of 10 mice /group.

INHIBITION OF TUMOR CROWTH AMD AMCIOCEMESIS BY AMTI-AM RECEPTOR AMTIRODIES 7

Réle de I'adrénomédulline dans la néoangiogenekiewasion tumorale.

89



Publication 2 PRESENTATION DES RESULTATS

aAMRB-treated animals appeared pale or transluscent,
with diminished vasculature and permeability (not
shown). In contrast, large tumors with extensive
vascularization were observed in control groups, The
mean tumor weights in the control .md in the
aAMRB-treated groups were 3.1 v, 08 g, 2.5 vs, 000 g,
and 5.4 ve. 1.1 g for U87, A48, and HT-28 xenografi
tumors, respectively, at 25 d (U87) and 40 d (A540;
HT-20) of treatment. No relapse of tiimor growth was
ohserved with continued administration for up to 10
wk in the UAT xenograft model. Withdrawal of cAME
treatment for up to 200 d resulted in no regrowth of
all tumors,

Inhibition of AME signaling depletes endothelial cells
and pericytes in tumors

If AM is able to promote a recruitment of pericytes
that are AMR™, then using a neutralizing cAME
should lead to an overall reduction of tumor peri-
cytes, To elucidate further the mechanisms involbved
in the tumor regression after reatment with cAMEs,
tissue histopathology assessment was undertaken,
Histological examination of T8T, HT-29, and AbH49
tumors removed from animals after eAMR treatment
for & wk showed a markedly decreased vessel density
when compared with the control IgG-treated group,
as demonstrated for UBT tumors (Fig, 64, 8. Tumor-
bearing mice that were imjected v, with biotnylated
lectin and stained with a streptavidin-conjugated
fluorochrome demonstrated that aAMEBE-treated tu-

@

maors were significantly less vascular (Fig, 6A48) than
control tumors (Fig. GAaq). The same data were
obtained by immunostaining of tumors with antibod-
ies for CI31 (Fig. 68) and vWF {not shown ). Immu-
nostaining anakzis with CDE1 and «5MA antibodies
demonstrates a clear inhibition of blood vessel den-
sity by o AME treatment of A549 tumors (see Supple-
mental Fig. 513 and HT2% {not shown ). Cuantifica-
tion of CHEl-smined endothelial cells demonstrate a
clear decrease of CD31 cells in cAMR-reated mmors when
compared with control IgG-treated nmmors (P<00001;
Fig. &0, suggesting that endothehial cells need a con-
tact with a pervascular cells such as pericytes for
suraval. Chuantitative evaluation of the number of pen-
cvtes by antibody staining (green) revealed an overall
reduction of pericytes of B5-00% (F<<0.001: Fig, 609,
compared with pericytes in contrel [gG-treated tumors
(Fig. 64, Bi. Tumors treated with rabbit contrel IgG.
however, did not exhibit any pericyte detachment. i
is Important to note that neutralizing cAME= did not
affect the normal vasculature nor the perieyte num-
bers or attachment in normal organs such as kidney,
lung, and liver (not shown). Taken together, these
data demonstrate that aAME= reduce tumeor growth,
at least in part, by inhibiing tumor angiogenesis.
To determine the consequences of wAME reatment
on mmor vessel area, mmor xenografis were excised at
6, 16, and 25 d of reamment and immunostained with
VWE antibody (Fig. 74). After 25 d of teatment, the
mean vessel area was significantly decreased in the
aAMB-treated tumors when compared with control
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Figure 6. Depletion of endothelial cells and pericytes in aAMP-wreared tumors, UST cells 12.5%10%) were implanted s.c. into
athymic (mi/my) mice. After 15 d, when primary wmers were 300 - 400 mm® in size, animals were randomly divided into mwo
groups and weated with eAMBs or rabbit control IgG of irrelevant specificing. A, B) Represenmtive images of tunors from
control and eAMB-treated animals. Mice were first anesthesized and injected i.v. with biotinylated lectin and then heartperfused
with 4% PFA; numor sections (50 pm) were incubated with srepravidin-conjugated flnorcchrome to reveal blood vessels (A).
Alternatively, v visualize functional blood vessels in tumors, tumoer sections (50 wm) were evaluated by immunoflucrescence for
CD31. a marker o detect endothelial cells, and «-SMA - a marker for mature pericytes (8). DAPLstained nuclei are Blue. Scale
bars = 100 pm. C 0 Cuantrarive sssessment of cell density of cells that stained positive for CDE] () or a-SMA ([ was
conducted through a microscope. NIH Image 1.62 sofiware was used for analysis. Values are means X s, n = 6, =*=P < 0,001,
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tumors (P<0001: Fig. 78). Accordingle, and despite
the fact that the apoptosis labeling revealed by immu-
nostaining of ssDMNA with Mab F7-26 antibody is heter-
cgeneols among the mmors, the apoptoic index of
the aAMEB-treated tumors increased with (reatment
(Fig. 70} and reached a sigmificant increase of —~3-fold
at d 26 when compared with control tumorns (P<0.01;
Fig. 7.

DISCUSSION

Meovasculanzation 18 a common atimibute of tumors,
and a wealth of functional studies (7, 31) support the
proposition that blood vessels are crudal for the for-
mation, tmmor growth, and dissemination of cancer
cells. Solid tumors are not just composed of malignant
cells but are complex tumor-microenvironment inter-
acions involving many cell opes. including a wade
range of hematopoietic and myeloid cells. AM interacis
with its receptors (CLE/BRAMP2 and CLE/BEAMPS),
which are expressed by a broad range of cell wpes.
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Figure 7. Effect of aAMRs on a man glioma
wenograft. UST cells (2x10%) were implanted
s, into athymic (ne /e mice. After 6, 16, and
25 d of trearment with «AMBs or IgG control,
25 animals were sacrificed, and suboutaneous gli-
oma tmors were harvested. A, O Microphoro-
graphs of immunohistochemicalsained mmor
sections for ¥WF and =sDNA in control and
cAMB-reated tumors. 8) Quantitative assess-
ment of cell densivy of cells that s@ined positve
for vWF and measurement of mean vessel area
(pm®) were conducted throngh a microscope.
NIH Image 1.62 software was used for analysis.
Values are means  sg;. » = 8 00 Percentage of
cells undergoing apopiosis was detenmined by
staining for sDNA with Mab F7-26 antibody,
Values are means * sg; n = 6. *=P<00]:
P 0.00L

25

Treatmen! (days)

including cancer cells, endothelial cells, mural cells,
hematopoietic cells, and myeloid cells. By recruiting
and entrapping diverse proangiogenic cells and by
promoting in sits neoangiogenesis, AM clearly seems to
play a key role in neovascularization and/or vessel
stabilization. Char results demonstrate that AM is highly
effective in recruiting endothelial cells and pericytes (as
stained positive for a-3MA and desmin: not shown ), an
important step in the stabilization and maturation of
new vasculature, into the Matrigel matrix. as many
vascular channels became ensheated with vascular
smocth muscle cells in response 1o AM. Localized
expression of the AME on a subset of endothelial.
pericyte cells in the uninjured dermis suggests that AM
may act directly on this resident population of cells,
with the possibility of recruitment of blood-borne vas-
cular precursors to the dermis. Indeed, the cellular
accumulbation of the Matrigel plugs in response to AM
is likely to reflect a sigmificant component of blood-
bome cells that are capable of differenvating in sia
into vascular channels. These data demonsirate that
AM can recruit AMRT proangiogenic cells to promote
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the asmembly of new vessels and support a long-lasting
augmentation in vessel integrity and stability, These
observations are farther sirengthened by the ohserva-
tion that AM-mediated angiogenesis is inhibited on
neutralimtion of AM by a specific antibody  (not
showm ),

In this study. we demonstrated that blockade of the
CLE/BRAMPZ and CLE/RAMP? receptors by systemic
adminisiration of the combined antibodies, oAMEs,
inhibits angiogenesis i an én viee model and the
grovwth of several human tumors. The rationale for
using aAMEs is that this approach allows for a highly
specific and potent means o block AME function, We
demonstrated that additon of AM to Matrigel signifi-
cantly enhanced plug neovasculanzation, which was
effectively inhibited by sptemic injection of aAMEs ina
dose-dependent manner. To examine tumor growth in
response to MR therapy, we chose the rapidly tumor-
igenic glinhlastoma UST cells, ling tumor AS490 cells.
and colon tumor HT-20 cells. The treatment of human
xenografi-bearing mice with cAMBs consistently re-
sulted in mmor regression, suggesting that the mmor is
most susceptible o oAMR therapy, Since UST and
HT-2% cell growth in wim is inhibited by aAMEs, the
inhibiion growth of the corresponding tumor xeno-
grafis e vive could be a result of a combined effect on
tumaor cell growth associated with the effect on tumoral
neoangiogeness. By contrast, A5G cells reated with
aAMEs showed no growth inhikitdon s edie bat dem-
onstruted a clear decrease for its comesponding xeno-
graft i viee on eAMRE reatment. The én wivo growth
inhibiion is caused by a direct and isolated effect of
aAMEs on tumor vasculatire, The immunostaining
with antivWF and antke-5MA antibodies demonstrated
a clear decrease of endothehal and pericyte cells in
aAMBAreated AS4D tumors when compared with con-
tro]l tumaors (Supplemental Fig 510 Interestingly, the
density of vessels with lumen decreased remarkahbly
(Supplemental Fig. 51

It is well known that subcutaneous tumors have a
different vascularty than orthotopic tmors; for the
purpose of evaluating the effect of @AMEs in ortho-
topic models, we developed orthotopic xenografis of
globlastoma 87 and human prostate cancer of
androgen-independent (DUL45) cells. Treamment
with o AMEs or wAM caused a clear inhibition of
tumor growth charactedzed at the histological level
by a vascular disruption with decreased microvessel
density and increased tuwmor cell apoptosis, greater
than the effects obtained with subcutaneous tnmors
(unpublished results). Taken together, the dama ob-
tained with both models highlight the key role of the
AM swmtem (AM and its receptors) in timor growth
n wieo.

It should be noted that no relapse was ever ahserved
with continued administration of e AMEs for up e 60 d
Withdrawal at d 70 of cAME ireatment in the UST
xenografts resulted in no regrowth of timors for up o
200 il The resulis of the present study are consistent
with the data obtained with the cAM in vivs (10) or AM

10 Wal 23 October 2009

Réle de I'adrénomédulline dans la néoangiogenekiewasion tumorale.

The FASEE Journal - www.fasebj.org

antagonist (AM.. .0 ref28) and highlight the AM-
AME (mainly CLE/RAMP2 /BAMP2) axis as a target
for new antiangiogenic and anttmor therapies, Our
data are supported by studies (21, 22) in which €LR
and AAMFP2 null mice die e wtero due to vascular
abnormalities. However, although the L1 receptor is
barely detectable in owr models, studies (251 are in
progress to evaluate the involvement of the L1 receptor
in tumor cell growth @ owire and én vivo, as it was
recently reported for pancreatic cancer cells.

The reduction in microvessels ocourred rapadly, de,
after 8—10 d of weamment, with aAME= and reached a
peak after 14-25 d of treatment. The loss of microves-
sels within treated tumors suggests that AM stimulation
of CLRE/FAMP2 /BAMP S-expressing tumaor vasculature
acts as a surdval mechanism for proliferating tumor
endothelivm. The high inaease in endothelial cell
apoptosis (not shown), when pericytes were depleted
froom blood vessels, further sirengthened the function
of umor pericytes in protecting endothelial cells, prob-
ably by expressing potent endothelial survival factors,
The data support the proposition that AME™ perivas-
cular cells assodated with the tumor vasculature are
functionally impor@ant for the mantenance of tumor
blood vessels, adding another constituent cell tpe in
tmmors to the list of anticancer targets. Association of
AMR™ pervascular cells with the tumor endothelial
cells is ostensibly maintained by the expression of AM
ligand in the endathelial cells, establishing a para-
crine homeostatic signaling circuit analogous to the
sitnation of PIMGE ligands and PIMNGFR during embry-
onic development of certain tissue vascular beds (32,
33). The expression of AM by endothelial cells and
the expression of AME by pericytes point to the
importance of AM signaling in perivascular cells for
sustaining the tumor vasculature wa association with
endothelial cells,

It should be noted that we observed no toxicity
associated with long-term treatment of tumar-bear-
ing animals. Autopsy of cAMB-treated adult mice
revealed no abnormalities of physiclogical vascula-
ture in the organs of these mice, including the heart.
liver. kidney, Inng. and spleen. These findings are
important, since low levels of CLE, RAMP2, and
FAMPA expression are expected to be present on the
endothelinm of the majority of normal tissues. In
normal adult tissues, the turnover of endothelial cells
is very low (vears) except in those tissues that underga
normal angiogenic processes, Therefore, the lack of tox-
icity ohserved durng aAME therapy may be due 1o the
limited dependence of the resting endothelam for CLES
FAMTP2 and CLE/FAMEPS stimulation. In contrast. tumor
angiogenesis and tumor growth are expected o be more
dependent on up-regulation and function of AME on
tumor vasculature and the recuitment of different
blood boarne cells necessary to contribute to tumor
growth and thus more susceptible to cAME block-
ade. The lack of toxicity associated with ocAMRE
treatment can also be attributed to the high specific-
ity on an antibody antagonist. It is conceivable that
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AMR blockade wall have an impact on anglogenesis
associated with reproducton, wound healing, or
other normal processes involving angiogenesis, such
as bane formation. Studies are currently ongoing in
our laboratory to address these questions.

The histological examination of tumorns from aAMR
animals showed a decrease in microvessel density with a
85% reduction of pericyte numbers {a-SMA- or desmin-
stained cells) within the tumor, confirming the critical
role of AMR signaling in pericyte activation and/or
recritment, These results support the hypothesis that
pericytes in tumors are formed de novo by maturation of
undifferentiated perivascular cell progenitors recnuited
(o the newly formed vasoulature from bone marrow or
from a preemsting pool of perioyies, Abrogaton of
AMR sigmaling reduced the number of activated peri-
cvtes in tumors, whereas quiescent pericytes in normal
tissues were not affected. Our resulis from e AMRE
-reated tumors clearly underhine the functional mmpor-
tance of tumor pericytes. These results imply that
hmmoer pericytes, albeit less abundant or more loosely
attached, stll regulate vessel integrity. maintenance,
and function.

Finally, preliminary results in our laboravory
showed an inhibition of intratumoral macrophage
mhlratnon and myeloid precursor cells. suggesting
that AM might be mvolved in the recruitment of
tumor-associated macrophages in sifu. These data are
supported by the Matrigel plug én wive experiment.
which demonstrated  that macrophage /monocyte
cells (myeloid-derived cells) were among the cell
types recruited by AM. Recently, it was reported by
Zudaire ef al. (34) that AM 15 chemotactic for mast
cells im wio and might be involved in mast-cell
recruitment to tmors. Although there is currently
ne evidence for this in wfee, experiments using
Matrigel plugs fn wivo with AM showed a great
infiltration of cells with the CD84 cellsurface marker
of mast cells in mice (35), suggesting that AM might
be able to promoete recroitment of mast cells into
fumors,

In summary, we demonstrated that e AME antibodies
effectively inhibit different cell tvpe recruitment, angic-
genesis, and tumor growth e orve. These results suggest
that blockade of the AM receptors may be a useful
strategy for treatment of human cancer. Furthermore,
the use of eAMR therapy in combinanon with conven-
ticnal cytotoxic, radiation, immunotherapy, or ather
antianglogenic agents may improve the efficacy of these
anticancer therapies. ]
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Abstract

Malignant gliomas and specially glioblastoma maltihe are the most frequent and
devastating brain tumors in adulend their growth is angiogenesis-dependéiie
formation of abnormal, dysfunctional tumor vasautatand glioma cell invasion along
white matter tracts are believed to be major comepts of the inability to treat these
tumors effectivelyAM (Adrenomedullin) is a multifunctional peptide s@dilator that
transduces its effects through calcitonin recefker- receptor/receptor activity
modifying protein-2 and -3 (CLR/RAMP2 and CLR/ RABIP Previously, we
demonstrated that ANhduced angiogenic-related effects on endothek#ls HUVEC

in vitro and suppressegrowth of human glioblastoma U87 tumor xenografisrice
inhibiting their angiogenesi# this study, we first confirm AM and its rece@dCLR,
RAMP2, RAMP3) expression, in cultured glioblastotnanor glial cells (TGCs) and
glioblastoma associated vascular cells (GVCs), fpatient’s resected tumors. RT-PCR
analysis reveal the same pattern of ARNm expressionoth cell types and higher
expression of CLR and RAMP2 in GVCs compared withCE. Nevertheless, GVCs
secrete ~ 3 fold higher amounts of AM compared Wi@Cs, suggesting that AM is a
good target to affect tumoral vasculature. Morepvez hightlight the autocrine and
paracrine AM induction of TGC and GVC moaotility, viasion and the specific
contribution of AM secreted by TGCS to the arrangetrand organization of VGCs
into a meshwork of capillary-like tubular structsird hese results from patients’ cells

sustain the potential use of AM and its receptarsa@ti-angiogenic and anti-invasive
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therapeutic targets.

Introduction

Glioblastomas are highly malignant brain tumorshvéitmedian patient survival time of
9 to 14 months. They are characterized by rapidhdihg cells, invasion into normal
brain, and a high degree of vascularity. The higiglal grade of malignant gliomas,
based on vascular proliferation, endothelial cgfidrplasia and microvessels counts has
been shown to be inversely related to prognosi)l1Glioblastoma multiforms are
characterized by a dilated, tortuous, disorganemedi leaky vasculature. Tumor vessels
are structurally and functionally abnormal, withfetgive endothelium basement
membrane and pericyte coverage (3). Due to théicalrrole for tumor growth, tumor
blood vessels are recognized as potential antituchrmig targets (4) and their
abnormalities open up the possibility of targetiognor vessels separately from the
vessels of the surrounding normal tissue (5). Hwdehas accumulated that many
endogenous peptides play an important regulatdey iroangiogenesis by modulating
endothelial cells behaviour. These peptides inckideenomedullin (AM) that belongs
to a family of regulatory peptides including cabciin, amylin, and calcitonin gene-
related peptide (6) (CGRP). AM is a widely disttiéd multifunctional peptide ranging
from inducing vasorelaxation to acting as a regulatf cellular growth (7). AM is
expressed in a variety of malignant tissues and skasvn to be mitogenic for human
cancer cell lines including lung, breast, colonplgastoma, pancreas and prostate
lineagesin vitro (8-10). Cell lines of different origins includinglioblastoma cells
express AM and its receptors, indicating that AMyrimnction as an autocrine growth
factor for tumoral cells (11, 12). It has been mpd that AM is able to stimulate the
proliferation of a number of human cancer cell dimevitro (13), to be involved in the
multistep process of angiogenesisvitro andin vivo (14, 15), and to inhibit apoptosis
in endothelial cells as well as in tumoral cell6-@0). Our group has demonstrated that
AM expression is significantly higher in malignaglioblastomas and grade |i
astrocytomas when compared to low grade brain tsrand non tumoral brain tissue.
Interestingly, in situ analysis of tumor specimens undergoing neovaszatan
demonstrated that the production of AM is specilfcanduced in a subject of GBM
cells distinguished by their immediate proximityrecrotic foci (presumably hypoxic

régions), suggesting a hypoxic induction of AM eegsion in GBM (21).
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AM tranduces its effects through the G-protein dedpeceptor calcitonin receptor-like
receptor (CLR), with specificity for AM being comfed by the receptor activity
modifying protein-2 (RAMP2) and -3 (RAMP822). The ability of CLR/RAMP2 and
CLR/RAMP3 to respond with high affinity to AM im@é the existence of two
molecularly distinct AM receptors referred to as Ahd AM, receptors, respectively
(23). Recently, we demonstrated that blockade ®/GhR /RAMP2 and CLR/RAMP3
receptors by systemic administration of the antifAlntibodies, inhibits angiogenesis
in anin vivo model, and the growth of several human tumor xeaftgin vivo (13).
Furthermore, treatment with a neutralizing anti-&uymedullin antibody decreases the
proliferation of glioma cellsn vitro, and suppresses the growth of human glioma
xenograftsin vivo by disrupting the tumor xenografts vascularisati®). Taken
together, these data suggest either strongly tivitpPoduced in tumor foci by tumor
cells or cells of microenvironment might play a kele to have a stable and functional

vascularization during tumor grow(8).

Glioblastoma is one of the most vascularized tuimiies aim of this work is to analyse
the expression of AM system (AM and its receptotRCRAMP2 and RAMP3) in the

glial tumor cells and vascular-derived gliblastoosdls. We investigated the effect of
AM in the multistep process of neovascularizatimmcjuding migration, invasion and

morphogenesis of vascular derived glioblastomacell
Materials and Methods

Primary cultures of tumor glial cells (TGCs) and gloma associated vascular cells
(GVCs).

Tumor tissue from patients operated on for gliciolas at the Department of
Neurosurgery, CHU Timone, Marseille, France, waskected at the time of surgery.
All the tissue procurement protocols were approvéy the relevant institutional
committees (University of Aix-Marseille) and weredertaken Under informed consent
of each patient or relative®iagnosis and grading of all tumors were certifieg
independent neuropathological examination. We obthprimary cell cultures from six
surgical specimens classified into WHO grade IVaiBrsamples collected at the term
of surgery were processed by dissection into spiattes (< 1mr) in medium RPMI
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1640 (Invitrogen life Technologies Inc. Paris, Fr@nsupplemented with 2% FBS, and
disrupted mechanically. Tumor vascular cells wedated with a modified protocol
described by (24). Tumor microvessels were enri@fed centrifugation 10 minutes at
1000x g in RPMI containing 15% Dextran (Sigma-Aldrichedhistry). Cellular pellets
of microvessels were subsequently dissociated vetizymatic digestion using
collagenase at 1mg/ml (Worthington) in RPMI 164htaining 2% FBS at 37°C.
Microvascular cells were plated on collagen | poaeted dishes and maintained in
EBM2 medium supplemented with endothelial cell glowsupplements EGM2
(Clonetics Lonza), penicillin (50ug/ml), streptomyc(50pg/ml) in a humidified
incubator at 37°C with 5% C£095% air. The medium was replaced every 2 days.

Tumor glial cells located at the top of the dextgradient were harvested, washed in
RPMI 1640 and subsequently dissociated in collagen@Opg/ml) (Sigma-Aldrich
Chemistry) for one hour at 37°C. Cells were wasted taken in DMEM/F12 medium
(Invitrogen life Technologies Inc.) supplementedhw10% FBS, penicillin (50pg/ml)
and streptomycin (50pg/ml) and kept in a humidifiadubator as described above.

Cells were grown to confluence with medium changed a week.

Immunocytochemistry

Immunohistochemical staining was performed on TG&sded on 2% gelatine coated
two chambers labtek (LabTek chamber glass slidejcNand on GVCs seeded on
collagen | coated two chamber labtek. The cellsevied with 4% paraformaldehyde
for 15 minutes at room temperature and washed timess with phosphate buffer (pH
7.4). After blocking with 3% of normal sheep ser@NSS) for 30 minutes, the cells
were incubated with primary antibodies overnight4&€C. Immunostaining for AM,
CLR, RAMP2 and RAMP3 was performed using specHichit serum as described (10,
13). Optimal dilutions for antibodies were as fallcanti-AM antibody (1/1500), anti-
CLR antibody (1/3000), anti-RAMP2 antibody (1/50@pti-RAMP3 antibody (1/2000).

Immunocytochemical analysis were performed usirtipadies against GFAP (1:500),
CD105 (1:600); Tuj-1 (1:500) and smooth musatactin @-SMA 1:100) from Dako
Inc. (Glostrup, Denmark). Signal amplification i#édd fluorochrome (Alexa 488 or

Alexa 568) conjugated secondary antibodies (1:2%@\itrogen life Technologies
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Inc.). The cells were visualized with a Nikon flaescence microscope using appropriate

filters. Negative control slides were obtained lyitting the primary antibody.
Real-time quantitative RT-PCR

Total RNA was extracted from TGCs and GVCs (25) ewkrse transcribed to cDNA
as previously described (12). Real-time quantieatRT-PCR method was used to
accurately detect the changed in the expressiothefselected genes as previously
described (9). The levels of human mRNAs encodiy LR, RAMP2, RAMP3 and
18 rRNA were determined using the forward and ewqurimers and conditions as
previously described (10, 12) (Table 1). QuantratmRNA expression data were
acquired and analysed using LC 480 PCR System @RbDa&ygnostics, Meylan, France).

Western blot analysis

Cell pellets were prepared and processed for Wedtlt analysis as described (9).
Proteins were resolved by 12% SDS-PAGE and eldotnatically transferred to
Hybond-C membrane (GE Healthcare, Europe GmbH) foour at 1mA/crh Hybond-

C strips were blocked in PBS containing 5% nondfgtmilk and incubated overnight
in 1/250 dilution of rabbit anti-serum anti-humanLR; RAMP2 and RAMP3
previously described (14) and washed three timeBB®. A polyclonal ant@-actin
antibody (Cytoskeleton Inc / Tebu-Bio, le Perray ¥velines, France) was used at
1/1000 dilution. Signals were revealed using amaanld chemiluminescence kit (ECL
kit, GE HEALTHCARE, Europe GmbH, Orsay, France)e8ficity control consisted

of a duplicate membrane incubated in antigen-pedésl (10 nmol/ml) anti-serum.
AM radioimmunoassay

Medium from primary cell cultures were preparegésform radioimmunoassay (RIA)

of AM as previously reported (9).
ELISA

To determine VEGF levels secreted by the TGCs aadGlVCs, an ELISA analysis was
performed using the standardized Quantikinét (R&D Systems, Lille, France) that
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detects both secreted VEGF isoforms, i.e., VEGRnd VEGHes The sandwich
ELISA was carried out according to the supplierstgcol, and optic densities were
determined using an automated reader (Bio-Rad, &&alacoquette, France).
Concentrations of VEGF were determined by the Mi@ano™ - reader software (Bio-
Rad).

Cell migration and invasion assays

Migration in a modified Boyden chamber assay watop@ed essentially as previously
described (14). For chemoinvasion, the filter waated with a layer of Matrigel (0.5
mg/ml ; Becton Dickinson, Paris, France) as desdrif26). TGCs and GVCs were
harvested by trypsinization, collected by centrétign and resuspended in DMEM/F12
and EBM2 medium respectively with 0.5% BSA, wastedimes with medium

containing 0.5% BSA and resuspended in the saméumed\t a concentration of £0

cells/ml, 100 ul of this suspension was added éoupper compartment (24-multiwell
chemotaxis Boyden microchamber). The lower compamtnof the chamber was filled
with chemoattractant AM diluted in DMEM/F12 or EBM@&/here indicated, cells were
incubated with an anti-AM antibody. After incubatiat 37°C for 4 hours, cells that had
not migrated from the top of the filter were scr@evay with a cotton applicator. The
filter was fixed for 30 minutes at room temperatwvgh 3.7% paraformaldehyde,
washed 2 times with PBS, and stained with hemaitoxylhe number of cells that
migrated to the lower surface of each membranecwsaated. Each experimental point

was analyzed in triplicate.
In vitro capillary tube formation in Matrigel

The morphogenesis assay on Matrigel was perfornse@raviously described (27).
GVCs maintained in EBM2 medium were washed twicéhvRBS, trypsinized and
plated (4x10 cells) in wells coated with growth factor-depletithtrigel (7mg/ml;

Becton Dickinson, Paris, France) (28) in EBM2 seppénted with AM (50 nmol/l) or
cotreatment with AM and anti-AM antibody (15pug/m{h=4 in duplicate). After 24

hours, the plates were photographed and the tub®afmn was qualitatively assessed.

Statistical analysis
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Data are expressed as mean = the standard ertioe ofiean (SEM) from at least three
independent experiments. Statistical analyses werormed by using the one-way
ANOVA followed by Fisher's PLSD test (statview 5Ixain Power Inc, Calabasas,
CA, USA).

Results

Glioblastomas primary cell culture

The aim of the present study was to identify theregsion profile of AM and its
receptors (CLR, RAMP2, RAMP3) in tumor glial cel3GCs) and glioblastoma
associated vascular cells (GVCs). Therefore weaisdl GVCs from capillaries from
individual human glioblastoma and further expandetmary cell cultures. Data
obtained from cell cultures derived from six di#fat glioblastomas specimens are
presented. TGCs begin to adhere to the dish wighihours and then form a monolayer.
On each glioblastoma primary culture, an immundlatgeassay was performed using
anti-GFAP antibody, glial fibrillary acid proteirGEAP) is a specific protein for the
cytoskeleton of astrocytes (Fig. 1a). The GFAP imafluorescence demonstrates that
95% of the cells were GFAP positive. As immunofksrence data showed a loss of
GFAP staining with increasing number of passadescells were studied for the two
first passages. Immunostaining for Tuj-1, a neuramarker, was scarce (Fig. 1b), and a

few cells (< 10%) were positive for SMA (Fig. 1c).

Development of vascular cells in culture

We performed characterization of isolated GVCs pefpan by using endothelial
specific antibodies against CD105, CD31 and CDPr placing on collagen coated
surface, GVCs grew in small isolated like colora¢slifferent areas of the plate. After
passages, cell shape changed to a more elongated Endothelial origin of the
isolated cell population was detected by positiaengng for CD105 (Fig. 1f). However
cell culture and passaging may influence antigegpression in isolated GVCs. Stable
antigen expression was found with CD105 whereds# proportion of cells expressed
CD31 and CD146 antigen (data not shown). To rule awy contamination with
astrocytes, staining for GFAP was performed and steining of was detected,

indicating the absence of astrocytes in GVC's oedtu (Fig. le). Positive
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immunostaining fora-SMA, a marker for mature pericytes and myofibrebda was

found at a range of 5% (Fig 19).

AM and VEGF mRNA are differentially expressed in TGC and GVC.

Total RNA was prepared from primary TGCs and pryna/Cs maintained in regular
medium. To assess steady state levels of AM andFVE&hscripts we used a real time
quantitative reverse transcription (QRT-PCR). Qifi@ation of AM mRNA transcripts
revealed the same pattern of expression in bothtgeés prepared from 7 tumors
specimen (Fig 2). The mediane values of mMRNA exgiesin glial and vascular
compartment were 11.0 ua and 10.3 ua respectivety ). Quantification of VEGF
MRNA transcripts showed a clear distinction betwd&C and GVC with higher
VEGF mRNA levels in glial cells compared to vascwdalls with 6,85 and 1,5 mediane
values respectively (Fig 2). VEGF mRNA expressibaveed 4.4 fold increase in TGC.

AM receptors (CLR, RAMP2, RAMP3) and VEGF receptors (fltl, KdR) are
differentially expressed in TGC and GVC

The expression of CLR, RAMP2 and RAMP3 transcriptés analyzed by QRT-PCR
reverse transcription from total RNA prepared fdvl and VEGF analysis. Figure 3
shows higher expression of CLR in GVCs compareti WECs. Quantification of CLR
MRNA transcripts was 3.84 ua and 12.5 ua in TGC@WQ respectively.

A much higher difference in RAMP2 mRNA expressisrobserved between glial and
vascular compartment. As shown in figure 3, RAMPRN#As exhibited a 6,4 fold
higher expression in GVCs (mediane level 60,9)aspared to TGCs (mediane levels
9,48). Inversely, RAMP3 is more expressed in TGGsmared with GVCs (median
values 12,8 and 5,1 respectively).

Although there are differences at the expressival léhese findings demonstrated that
CLR, RAMP2 and RAMP3 are expressed in both celksyp GCs and GVCs issued
from glioblastomas. VEGF receptors expression Wss assessed, by VEGFR1 (flt1)
and VEGFR2 (KDR) mRNAs transcripts, which were bptkferentially expressed in

glioma associated vascular cells (Fig 3).
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The expression pattern of AM mMRNA and AM receptartRNAs was in parallel
compared with the corresponding protein expressias shown by
immunocytochemistry (Fig 4). AM staining was degectn glial and vascular cells
(Fig. 4 a, f, left panels respectively) and was bgemeous and detectable mainly in
their cytoplasm (Fig 4 a, f, right panels). Thelased TGC also exhibited a significant
expression of the AM receptor as indicated by thesgnce of both CLR (Fig 4b),
RAMP2 (Fig 4c) and RAMP3 (Fig 4d). As illustrated@dy/Cs also expressed CLR (Fig
4g), RAMP2 (Fig 4h) and RAMP3 (Fig 5i).

To confirm the presence of AM receptors proteiedl, @xtracts (40 g of proteins) from
primary TGCs and GVCs maintained in regular mediware subjected to Western
blot analysis. Both, the glial cells (Fig 5, larle$) and the vascular cells (Fig 5, lanes
6-10) produced CLR as a distinct band of 48KDa andnultimer, presumably
heterodimer, CLR/RAMP2, or CLR/RAMP3 at 73 KDa (Big

RAMP2 was seen as a monomer of 26KDa, and multinpeesumably homodimers at
48-50kDa (Fig 5). RAMP3 was seen as a monomer &fD2band 37KDa may
represent some glycosylated monomer RAMP3 (Figheda&-5, lanes 8-10). Multimer
RAMP3, presumably as homodimers, at 48KDa was s¢sm in all samples. These
data demonstrate that CLR, RAMP2 and RAMP3 mRNAk@woteins are expressed in
TGC as well as in GVC and may contribute to thecfiom of AM.

TGCs and GVCs constitutively produce Adrenomedullin

The primary cells were cultured for 24 hours inuleg medium. Subsequently culture
supernatants were collected and analyzed for immeactive AM (ir-AM) by
radioimmunoassay (RIA). Results show that GVCs peced ~ 3 fold higher amounts of
AM compared with TGCs (Table 2). In one experim@aise 5) vascular cells secrete 7
fold times higher levels ir-AM compared with glieglls. Associated with AM, VEGF
assessed by Elisa technique, accumulated in TGé&srsatants (Table 3).

TGCs and GVCs migration and invasion are induced byAM

To test whether AM could affect cell motility, TG@sd GVCs were incubated for 4

hours in a Boyden chamber with a range of AM cotregion (1nmol/I-100nmol/l).

Réle de I'adrénomédulline dans la néoangiogenéliewasion tumorale. 04



Publication 3 PRESENTATION DES RESULTATS

The number of cells that migrated to the lower atefof the transwell apparatus was
increased dose-dependently in the AM treated gkdls (Fig 6A). A significant 98%
increase in the number of migrated TGCs was detegtih AM (1Lnmol/l). The optimal
dose of AM for GVCs was 10 nmol/l (Fig 6B) with &d@ds increase in the number of
migrated cells. The invasive capacity of TGCs andC8 in response to AM was
investigated by measuring the invasion of a Malrigger in a Boyden chamber assay.
Addition of AM at 10 nmol/l induced a 1.7 fold irmase in TGCs invasion through
Matrigel (Fig 6A). In GVCs, a 1,7 fold significagvincrease invasion was observed
with AM at 10 nmol/l (Fig 6B). To test the autoairhypothesis of AM effect, a
polyclonal anti-AM Ab, developed and characterizedhe laboratory, was examined
for its effect on chemotaxis and chemoinvasionubation of GVCS with anti-AM Ab
(15 pg/ml) caused 40% inhibition of cell motilitpé invasion indicating that AM acts
as an autocrine factor of GVC motility and invas{éig 6C). The decrease in the GVC
migration treated with anti-AM Ab compared to camtcells may reflect the action of
endogenous AM secreted by endothelial cells. Theesaffect of anti-AM Ab was
observed after incubation of TGCs with anti-AM Atafa not shown).

AM induces in vitro morphologic differentiation of GVCs

To explore the ability of AM to induce capillarytte formation, we measured its ability
to accelerate the formation of vascular structumeanin vitro Matrigel assay. After
seeding on Matrigel, GVCs spread and aligned eaitteroto form branching
anastomosing tubes (Fig 7a). Addition of the syith&M peptide (100 nmol/l)
resulted in the formation of a meshwork of incragsiensity (Fig 7b). As shown in Fig
7c, when the tests were performed in the presehaa &M neutralizing antibody, the
morphogenetic effect of AM was no longer detectablext we tested the angiogenic
activity of conditioned medium of TGCs (Fig 7d). WNealization of AM by
iImmunoprecipitation with an AM specific antibodydueed dramatically total tube
length and vessel network (Fig 7e) indicating thecsfic contribution of AM secreted
by TGCS to the arrangement and organization of V@@sa meshwork of capillary-

like tubular structures.

Discussion
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Glioblastomas are the most malignant and commonn btamors. Malignant
glioblastomas are highly aggressive angiogenegierdient tumors characterized by
rapidly dividing cells, invasion into normal braamd a high degree of vascularity. To
provide the increasing blood supply as the tumawgr cancer cells produce and
secrete several proangiogenic growth factors sachascular endothelial growth factor
(VEGF) and fibroblast growth factor (FGF). Adrenaiuin (AM), one such factor,
belongs to a family of peptides that includes ¢afoh (CT),a and[3, calcitonin gene-
related peptide (CGRP) and amylin. AM is a multdtional peptide that was originally
isolated from human pheochromocytoma, with propsrtranging from including
vasorelaxation to acting as a regulator of cellgtawth (6). The role of AM in vascular
physiology was demonstrated by an AM gene knockoatse that showed embryonic
lethality with severe abnormalities of the vasawlatand subcuntaneous hemorrhage
indicating the significance of AM signaling in vasar development (29, 30). AM is
expressed in a variety of malignant tissues (1@) was shown to be mitogenic for
human cancer cell lines including lung, breastporplprostate and brain lineages

vitro (7, 9, 10). AM is considered to be angiogeniaumaors (31, 32).

We demonstrated that the expression of AM mMRNA wv@selated to the tumor type
and grade, with high expression in glioblastomadend low expression was found in
anaplastic astrocytomas and barely detectable dewelow grade astrocytomas and
oligodendrogliomas (9). AM is a potent mitogen fglioblastoma cells and the
neutralizing anti-AM antibody could be efficientteliveredin vivo and significantly

suppress the growth of established glioblastomag®its. Furthermore the density of
vessels with lumen was decreased in the antibahted tumors, suggesting that AM
might be involved in neovascularization and/or itzdtion (9). In the current study we
have usedh vitro techniques to analyse the role of AM and AM recepin tumor glial

cells (TGCs) and vascular derived cells (GVCs) =t from six glioblastoma

specimens obtained at surgery. We previously refdotthat AM is overexpressed in
glioblastomas and stimulates cancer cells via éocane loop. We and others indicated
that AM also promotes tumor growth by stimulatidrangiogenesis through effects on
endothelial cells in vitro and on cells within thenor environment (9, 13, 14). Data
presented here show for the first time that AM veapressed in both glioma and
vascular cells as assessed by immunostaining ddredl cells. Immunohistochemical

assays localized AM homogeneously mainly in theghsm of the TGCs and GVCs.
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Steady state levels of AM assessed by QRT-PCR lexveihe same pattern of
expression in both cell types prepared from tunp@cenens. Herein, we showed the
expression of CLR, RAMP2 and RAMP3 mRNAs. The Westblot analysis of
cellular preparations demonstrate the presenceL& KAMP2 and RAMP3 proteins,
suggesting that the heterodimers complexes (CLR/RAMCLR/RAMP3) can occur in
TGCs and GVCs and might be able to mediate thetsffef AM. Furthermore we were
able to detect AM in conditioned culture media frtme GVCs which produced 3 fold
higher amounts of AM compared with TGCs. Thus, AdVproduced and secreted, and
therefore able to interact with receptors includingse of the cancer cells themselves as
well as those on vascular ceits the tumor microenvironment. AM interacts witls it
receptors which are expressed by a broad rangelbfypes, including cancer cells,
endothelial cells, mural cells, hematopoietic cellsd myeloid cells. Recently, we
demonstrated that AM is highly effective in recingt endothelial cells and pericytes

(13) as well as macrophage infiltration and myefmielcursor cells.

Endothelial secretion of AM is thought not only doordinate vascular tone (33) but
also to regulate fibroblast and vascular smoothateusell function (34, 35). AM is
known to be expressed in endothelial cells of d#ffk organs. Active production of AM
has been demonstrated in cultures vascular enddthedlls from mammals and
constitutively secreted into the culture medium)(3@ore recently Tomoda et al (37)
reported that endothelial cells, vascular smootls @nd fibroblasts generally secrete
AM at high rates. To eliminate the possibility thadntaminating glioma cells are
responsible for AM production, immunohistochemiaaklysis were done, to confirm
that GVCs were exclusivelyascular cells. Data showed that endoglin (CD108% w
exclusively expressed by vascular cells. CD105 ipraliferation associated cell
membrane antigen of human vascular endotheliad esbential for angiogenesis (38). It
has been shown overexpressed in blood vessels ait¢hof neovascularization (39).

To examine the possibility of an autocrine effeicAM on glioma cells, we determined
the effect of exogeneous addition of AM vitro. We demonstrated that AM
significantly increased tumor glial cells migratiand invasion through a matrigel layer.
These data indicate that TGCs are able to respondM in ways that would be

expected to the extremely high invasiveness thatadterize glioblastomas (40). AM

did not lead to a consistent growth stimulatorgeff(data not shown). In contrast there
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were significant effects of AM with respect to magon and invasiveness as it has been
suggested in a subset of pancreatic cancer cél)sE&idence is accumulating that AM
possesses a significant proangiogenic efféctvitro studies have shown a clear
proangiogenic effect of AM in specialized vascwadothelial cells as Huvec (14, 42)

or immortalized microvascular Endothelial cell kn@a3).

In the present study, we provided evidence thaatriment with AM induced

proangiogenic phenotype in GVCs directly isolatenhf glioblastomas. Herein, AM
stimulated migration, invasion and the formation cafpillary tubes on matrigel by
GVCs. GVCs migrate throughout the matrigel surfand aligne into a meshwork of
capillary like tubular structure, when exposed td,Ahe density and the complexity of
the meshwork was increased. The activity of AM wpscific because it was blocked
by an AM antiserum in invasion, and in the capyllanbe formation assay. Taken
together, these findings and the presence of bdthahd AM-R opens up for the
possibility of AM being an autocrine angiogenicttacin GVCs isolated from tumor

specimens.

In tumor cells, inflammation and hypoxia increaskl &xpression, and this elevated
expression of AM is associated with tumor neoveamization. We tested the
angiogenic activity of AM expressed in TGCs. Whieea vascular cells were exposed to
conditioned medium of TGCs secreting AM and grovdbtors, we confirmed the
tumor promoting effect of AM through direct angioge effect on GVCs. The
neutralization of AM in conditioned medium, by imnaprecipitation with an AM
specific antibody, reduced dramatically total tueegth and vessel network. This
significant inhibition of angiogenic activity obread after immunoneutralization of AM
strongly indicated that AM modulates angiogenegsavparacrine mechanism. Several
studies showed that tumor associated brain endailticells derived from glioma tissues
secrete high amount of VEGF (44). In our presemtl\st quantification of VEGF and
VEGF receptor mRNA transcripts revealed a cleairdison between TGCs and GVCs
with high levels of endogenous VEGF mRN&Anscripts in TGCs and VEGF receptors
(KDR/FLK1, FLT), mRNA transcripts mostly restricted to GVCs as descrilbedivo
(2) consistent with the results obtained by FerearSlauze et al. We confirmed that
AM does not act through an upregulation of VEGFdoiion, nor any regulator of

angiogenesis ie, FGF, TGFb (data not shown) indigahat AM induced morphologic
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differenciation does not require angiogenic factor.

Many basic investigations of endothelial cells hdeen performed on established
endothelial cell lines; in addition, there has baeerstudy on the direct effect of AM on
tumor endothelial cells. However some evidenceciuis that tumor endothelial cells
differ from normal endothelial cells in terms ofartye in morphology, rate of cell
proliferation, gene expression and drug sensiti@@y-47). Solid tumors are not just
composed of malignant cells but are complex tummrgenvironment interactions
involving many cell types. AM might be involved tinese interactions (13). The current
study show that primary cultures of human TGCs@nes produce AM that acts as an
autocrine/paracrine factor to induce cell migratiand the multistep process of
angiogenesis. Combined with the known importanc&Mf as an angiogenic factor,
these data confirm the potency of AM and/or itseptor as new important targets for
glioblastoma therapy as well as the treatment wiolns characterized by high levels of

AM expression and active angiogenesis.
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Figure 1: Immufluorescence of TGCs (a-c) and VGCs (d-f) @FAP a marker of
astrocytes (a)p-SMA a marker of mature pericytes (c,g), Tuj-1 arkea of neurons
(b), CD105a marker to detect endothelial cells in proliferatvessels (f) (20x). Nuclei
were counterstained with DAPI (blue). Cells wereuipated with a non immune serum
as first layer (d,h).

Figure 2 and 3: Real-time quantitative RT-PCR analysis of AM, VEAF CLR,
RAMP2, RAMP3, and VEGF-R1, VEGF-R2 mRNA levels i®&Ts and VGCs. Total
RNA DNA-free from primary cultured cells was reverfranscribed to cDNA and
subjected to real-time quantitative RT-PCR forekgmation of relative AM, VEGF-A,
CLR, RAMP2, RAMP3, VEGF-R1, VEGF-R2 mRNA to 18S rRation as described
in “Materials and Methods”, and presented as atytunits. Bars represent the mean £

SEM of the mRNA expression values for each paranasténdicated.

Figure 4: Immunocytochemistry for AM, CRL, RAMP2 and RAMP3pggssion (n=4)
in TGCs (a-e) and VGCs (f-)) were performed as deed in the Methods section.
Magnification: x20 to the left panels and x60He tight panels.

Figure 5: Expression of CLR, RAMP2, and RAMP3 in TGCs and \&G 5
individual gliblastomas specimen. Aliquots of protextracts (40ug) of TGCs (lane 1-
5) and of GVCs (lane 6-10) were separated on 12%-BBGE, transferred to Hybond-
C membrane, and immunoblotted using antibodiescdiagainst CLR, RAMP2 and
RAMP3 peptides as described previously (Fernandez&et al., 2004). To assess the
amount of proteins loaded for each sample, immuotadnhalysis was performed with

anti{3-actin.

Figure 6: Effect of AM on TGCs and GVCs migration and invasidGCs (A : 1x16
cells) or GVCs (B,C : 1.10cells) treated with anti-AM or IgG control wereaped in
the upper compartment of a 24-well Boyden chamikt.(1,10, 100nmol/l) was added
in lower wells. Cells migrating through the filter absence or presence of Matrigel
were counted after 4 hours. Data are expressedeasumber of migrated cells in 10
high-power fields, and the values represent the nm#aSEM of 4 independent

experiments each performed in triplicate.

Réle de I'adrénomédulline dans la néoangiogenéliewasion tumorale. 10



Publication 3 PRESENTATION DES RESULTATS

Figure 7: Morphogenetic activity of AM phase contrast micmyghns illustrating the
arrangement of VGCs (4xi@ells/wells) seeded in to Matrigel-precoated vietl 18
hours in absence (a) or in presence of 100 nmadHl(B), 100 nmol/l AM + anti-AM
antibody (15ug/ml) (c), or with conditioned mediwihTGCs before (d) and after AM

depletion by immunoprecipitation (e). Original mégation x40.

Table 2: Production of IR-AM by 24h cultured TGCs and GVC$ lmuman

glioblastoma. Results are expressed in ptgéls. Values are meansd.

Table 3: Production of IR-AM and VEGF by 24h cultured TGC$ louman

glioblastomas. Values are measd.
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Fig. 5
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Table 2 : Production of IR-AM by 24h cultured TGCs and GYCs of
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Fig. 7

AM VEGF
\pQ / uc protein 24h) (pQ / ug proten' 24h)

GBM1 14.04 = 7,01 30210 = 6617
GBM2 4,29 = 168 371.35 = 80,98
GBM3 1,80 =0.20 446,11 = 6426
GBMA 1337 = 567 3214 =329

GBMS 1961 =715 _ 176.51 = 8317
GBM6 15.12 = 4 57 25234 + 41 63

Table 3 : Production of IR-AM and VEGF by 24h cultured TGCs of
human glicblastomas. Values are mean = sd.
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Table 1- Sequences of forward and reverse primdrgagsbes used to quantify human AM, VEGF, CL
RAMP2, RAMP4 mRNA, and 18srRNA. Corresponing Q-Pé&fRditions are also given

Gene

Primers, fluoee probes, PCRconditions

AM

VEGF

TAMRA

CLR

TAMRA

RAMP2

RAMP3

18s

Forward primer 5TGCCCAGACCCTTATTCGG-3
Reverse primer 5-AGTTGTTCATGCTCTGGCGG-3
Probe FAM-ACATGAAGGGTGCCTCTCGAAGCCC-TAMRA

(95C°for 15’ ; 45 cycles at 94C°for 15”, 67C°for 20" )

Forward primer 5-AGGAGGAGGGCAGAATCATCA-3’
Reverse primer 5-AGGGTCTCGATTGGATGGC-3’
Probe FAM-TGAAGTTCATGGATGTCTATCAGGCGCAGCT-

(95C°for 15’ ; 45 cycles at 94C°for 15", 66C°fo r 15”)

Forward primer 5-TGGCTTAATGATGGAGAAAAAGTG-3’
Reverse primer 5-TCAGGACTCTCTTCTAATTCTGCTG-3’
Probe FAM-CCTGTATTTTCTGGTTCTCTTGCCTTTTTTTTATGA-

(94Ce°for 15’ ; 40 cycles at 94C°for 20", 60C°for 20”)

Forward primer 5'-GACGGTGAAGAACTATGAGACAGC-3’
Reverse primer 5-GCTATAAGGCTGCTAATCATGG -3’

Probe FAM-TGGATCCTATCGAAAAGGATTGGTGCG-TAMRA
(95C°for 15’ ; 40 cycles at 94C°for 20", 67C°for 30™)

Forward primer 5-TCTGGAAGTGGTGCAACCTGT-3
Reverse primer 5-GATGCCGGTGATGAAGCC-3’

Probe FAM-AGATGGAGGCCAATGTCGTGGGCT-TAMRA
(95C°for 15’ ; 40 cycles at 94C°for 20", 67C°for 30”)

Forward primer 5-CTACCACATCCAAGGAAGGCA-3
Reverse primer 5-TTTTTCGTCACTACCTCCCCG-3’
ProbeFAM-CGCGCAAATTACCCACTCCCGAC-TAMRA
(95Cefor 15’ ; 40 cycles at 94C°for 15", 67C°for 15”)

FAM, 5-carboxyfluorescein, TAMRA 5-carboxytetramethylrhodamin
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[.DISCUSSION

1. Implication de 'AM dans certaines étapes clés de’dngiogenése
tumorale

L'’AM est davantage secrétée par la composante owasculaire des

glioblastomes
L’analyse de I'expression de I'AM permet de démentine expression plus élevée de
I’AM dans les glioblastomes comparés aux astrocg®mpilocytiques. Cette expression
peut étre corrélée avec la proximité des zonesédeore ou I'oxygéne est minimal.
L’AM est induite spécifiguement en réponse a I'hygo
L’'analyse de [I'expression des ARNm par RT-PCR ets dprotéines par
immunohistochimie, Western-blot et dosage radio-imalogique, permet d’affirmer
gue la composante gliale tumorale et la vascukaisades glioblastomes expriment
I'AM et ses récepteurs CLR, RAMP2 et RAMP3, suggémane action autocrine et
paracrine sur ces cellules et une interaction esilies via I'AM.

Effet chimioattractant de 'AM
Apres le déclenchement de I'angiogenese, les eslleahdothéliales microvasculaires
des vaisseaux en formation sont activées. ElleBfgnent, migrent vers les sites en
hypoxie et s’organisent pour former les vaisseaofarmes.
Une hétérogénéité des résultats sur I'effet de I'dduhs la prolifération cellulaire nous a
mené a penser que la n'était pas le réle princifgll’AM. En revanche, I'action
chimioattractante de '’AM dans la migration et Vasion des cellules microvasculaires
est bien plus évidente avec une invasion doublanhe migration triplant sous I'effet
chimioattractant de I'AM. Ce résultat nous permetstdiggérer que I'AM sécrétée par
les cellules gliales tumorales peut par chimioatioa induire la migration et I'invasion

des cellules endothéliales des vaisseaux en favmafin de les attirer pour venir en
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aide aux cellules souffrant d’hypoxie. Tel le VEGHrexprimé par les cellules
tumorales au niveau des palissades nécrotiquescdiisles gliales tumorales en
hypoxie secréteraient de I'AM afin d’attirer de weaux vaisseaux qui pallieraient au
mangue d’oxygéne et de nutriments.

D’autre part, la composante microvasculaire étagjbritairement composeée de cellules
endothéliales, la forte expression d’AM par cedute$ pourrait activer de fagon
autocrine/paracrine leur propre migration et ingagnais également celle des péricytes
de facon paracrine. Dans ce cas I'AM participegita phase de maturation des
vaisseaux néoformés. Il s’avérerait tres intérasdarcaractériser le systeme AM/AMR
au sein des cellules endothéliales et des péricgtesenant de la composante
microvasculaire des glioblastomes afin d ‘étudiettec hypothese et le réle de I'AM

dans les interactions entre ces deux types celbglai

Effet de 'AM dans 'organisation en pseudo-cagii
Les expériences de formation en pseudo-capillaseadllules microvasculaires issues
de glioblastomes sur Matrigel permettent de mettreédvidence I'importance de I'AM
dans ce phénoméne. Mais de facon plus intéressaatte,expérience montre que I’AM
sécrétée par les cellules tumorales participe farlaation des vaisseaux. Ce qui est
cohérant avec I'hypothése évoquée selon laguedd Isécrétée par la composante

tumorale activerait I'angiogenese tumorale.

2. L’AM stimule par chimioattraction la migration et | ’invasion des
cellules gliales du glioblastome
Dans notre étude, nous démontrons que I'AM actigefaton dose dépendante la

migration et l'invasion des cellules gliales tumesaprovenant des glioblastomes.
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L’invasivité des cellules tumorales des glioblastésnétant I'un des principaux criteres
de malignité et I'une des causes de récidive quieat ces tumeurs fatales, ce résultat
est important. Ces résultats ont d’autant plus plintance que 'une des problématiques
des thérapies anti-angiogéniques est d ‘induirevdision par la tumeur du tissu sain
voisin épargné par les traitements. La tumeur &étiajuée d’un c6té pour se déplacer

de l'autre.

I.PERSPECTIVES

1. Vers un essai Clinique

Plus de 30% des essais cliniques sont actuellencensacrés aux anticorps
monoclonaux. Les avantages de ces anticorps paomapux anticorps polyclonaux
trouvés dans un sérum sont importants. Les hybmdosont gardés pendant des années
en culturein vitro sans modification de I'anticorps qu’ils produiseBe plus, ces
cellules peuvent étre congelées. Une source iéienite cellules produit alors toujours le
méme anticorps ayant la méme affinité et les méonegriétés physicochimiques. Le
laboratoire envisage a court terme le développerd@miticorps monoclonaux. Or la
taille du peptide chimere est de 78 acides amiRésir cela, il est fondamental de
diminuer la longueur de la séquence peptidiquea @élcessite la connaissance des
épitopes reconnus par les anticorps dans les diffés séquences impliquées dans la
chimére. La synthese chimique des différents peptidu coté N-ter et C-ter est en
cours. Ce travail nous permettra de déterminedifésrents épitopes impliqués dans la
génération des anticorps et de mettre en placgnihése d’'une séquence chimérique
raccourcie contre laquelle des anticorps monochonseront développés. De tels

anticorps pourraient par la suite présenter le dé&bune thérapeutique ciblant le
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systeme AM/AMR et représenteraient un gain de tepgus faire accepter ce systeme

en thérapeutique.

2. Comprendre les mécanismes sous-jacents a l'inhibatn de I'angiogenése et
de la croissance tumorale lors du ciblage du syste&mAM/AMR

Nos travaux ont permis de montrer que le blocagesgsteme AM/AMR était
responsable d’une inhibition de lI'angiogenese etladeroissance tumorale in vivo.
Cependant les voies cellulaires et moléculaireslgsguelles le blocage du systeme
AM/AMR entraine une suppression de l'angiogenesealetla croissance tumorale
restent mal définies. Des travaux en cours étudiestinteractions entre cellules
endothéliales et péricytes. Les résultats prélimdsatendent a montrer que I'AM joue
un réle majeur dans la maturation et la stabilitérélseau vasculaire tumoral via un
complexe endothélial spécifique VE-cadherin/betara. La perturbation du signal
VE-cadherin/beta-catenin/Akt par un blocage duesyst AM/AMR serait & I'origine de
la déstructuration et de la réduction du réseawcwase et de linhibition de la

croissance tumorale.
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Les glioblastomes sont des tumeurs fatales dud®iteur agressivité et du
manque de traitements efficaces. La prolifératicorse, le caractére invasif et la
résistance a la mort cellulaire du compartimentaxahdes glioblastomes leur conferent
une croissance rapide et une invasion du parenclogmébdral environnant, a I'origine
de leur systématique récidive. De plus le procesbamgiogenese au sein de ces
tumeurs participe activement au mauvais pronostic dgveloppant une forte
vascularisation qui favorise leur croissance.

Exprimée par la composante tumorale en hypoxies négjalement par la
composante vasculaire, I'AM participe de facon ardte et paracrine au
développement des glioblastomes en favorisant dpare la croissance des cellules
tumorales et d’autre part I'angiogenese tumorale.

Il a été démontré au sein de notre équipe quaumtEsorps polyclonaux anti-AM
inhibent la prolifération des cellules gliales tualesin vitro ainsi que la croissance
tumoralein vivo. (Ouafik et al., 2002). Il a été montré que descarps polyclonaux
dirigés contre les récepteurs de I'’AM inhibémtvitro la croissance, la migration et la
formation de pseudo-capillaires des cellules erdliatles, suggérant une neutralisation
par ces anticorps de certaines étapes de I'angisgeide méme, il a été montré in vivo
que ces anticorps inhibent la croissance tumomalsupprimant I'angiogenése et la
croissance des cellules tumorales suggérant aiosi lg@s récepteurs de I'AM
constitueraient une bonne cible thérapeutique.

Des anticorps capables de reconnaitre et neutralikefois I'AM, les CLR, RAMP2 et
RAMP3 agissant de la méme maniére sur la croissamoerale et I'angiogenéese
représenteraient un bénéfice thérapeutique majesirlaboratoire est en train de
développer des anticorps dirigés contre un peptiatémérique constitué de

I'enchainement de séquences peptidiques des prstélhR, RAMP2, RAMP3 et du
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peptide AM. Les tests effectués nous permettertiaieer une efficacité sur le systéme
AM/AMR. Le traitement par ces anticorps diminuectaissancen vitro etin vivo des
cellules tumorales et glioblastomes U87 ainsi qued migration et invasion. De plus,
le traitement par ces anticorps augmente la perifitéaldu modéle de cellules
endothéliales microvasculaires HEMCs. Ces résultmés encourageants nous
permettent pour le moment de valider la faisabditéconcept d’anticorps développés a
partir d’'un peptide chimérique pour neutraliser siessteme AM/AMR dans le but

d’envisager dans le futur une application thérapgeet
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Les glioblastomes sont des tumeurs fatales dud®iieur agressivité et du
manque de traitements efficaces. La prolifératicoruee, le caractere invasif et la
résistance a la mort cellulaire leur conferent ar@ssance rapide et une invasion du
parenchyme cérébral environnant, a l'origine de Bstématique récidive. Exprimée
par la composante tumorale en hypoxie mais égalepsna composante vasculaire,
I’AM participe de fagon autocrine et paracrine aveloppement des glioblastomes en
favorisant la croissance des cellules tumoraléamgiogenése tumorale.

Il a été montré que des anticorps polyclonauxgé#icontre les récepteurs de
I’AM inhibent in vitro la croissance, la migration et la formation deupsecapillaires
des cellules endothéliales, suggérant une newattialis par ces anticorps de certaines
étapes de l'angiogenése. De méme, il a été mantri&o que ces anticorps inhibent la
croissance tumorale en supprimant I'angiogenétse @bissance des cellules tumorales
suggérant ainsi que les récepteurs de I'AM corettient une bonne cible
thérapeutique. Des anticorps capables de recoergtitneutraliser a la fois I'AM, les
CLR, RAMP2 et RAMP3 agissant de la méme manierelawroissance tumorale et
I'angiogenése représenteraient un bénéfice thétigpeumajeur. Des anticorps dirigés
contre un peptide chimérique constitué de I'enctraient de séquences peptidiques des
protéines CLR, RAMP2, RAMP3 et du peptide AM samfceurs. Le traitement par ces
anticorps diminue la croissance des cellules tulesrainsi que leurs migration et
invasion. Ces résultats tres encourageants nouseftent pour le moment de valider la
faisabilité du concept d’anticorps développés dimpdiun peptide chimérique pour
neutraliser le systtme AM/AMR dans le but d’envesadans le futur une application

thérapeutique.
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