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TRADD : TNF-Receptor Associated Death 

Domain 

TRAF : TNF Receptor Associated Factor 

TRAIL/TRAIL-R : TNF-Related Apoptosis 

Inducing Ligand/ TNF-Related Apoptosis 

Inducing Ligand-Receptor 

VEGF : Vascular Endothelial Growth Factor 

UV : ultra violet 
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A. GENERALITES SUR LES CANCERS 

 

1. Les cancers 

Le cancer est un terme employé pour regrouper les pathologies qui se caractérisent 

par une prolifération anormale et une survie prolongée des cellules. Une tumeur est non 

&'/,'+'8%* ,'* #0$1/)%* 1!/8'* "../+/,"%)$8* 1!"8$+",)'&* 7-8-%)3/'&C* D$0+$8",'&* '%*

'86)0$88'+'8%",'&C* 1!/8'* &-0)'* 1'* 1-:"),,"8.'&* 1/* &G&%K+'* )++/8)%")0'* +")&* "/&&)* 1!/8*

assemblage très hétérogène de cellules qui évoluent dans un micro-environnement instable 

(Colditz et al., 2006)N*@!"O$ute à cela, une capacité des cellules cancéreuses à acquérir de 

8$/6',,'&* :$8.%)$8&* 3/)* 6$8%* :"6$0)&'0* ,'/0* 1-6',$##'+'8%* '%* 6$8%* P%0'* J* ,!$0)7)8'* 1'*

résistances aux traitements cliniques. Dans ce cadre, Weinberg et Hanahan ont proposé un 

schéma de 8 altérations essentielles de la physiologie cellulaire qui dictent la progression 

tumorale (Figure 1) (Hanahan and Weinberg, 2000, 2011). Ces cellules cancéreuses 

#'/6'8%*"##"0"Q%0'*1"8&*1'*8$+?0'/5*%G#'&*%)&&/,")0'&*#/)&*&!-%'810'*J*1!"/%0'&*%)&&/&*,$0&*

1!/8* #0$.'&&/&* +-%"&%"%)3/'N* 2'&* ."0".%-0)&%)3/'&* :$8%* 1/* ."8.'0* /8'* #"%D$,$7)'*

'5%0P+'+'8%*.$+#,'5'*'%*6"0)"?,'*1!/8*)81)6)1/*J*,!"/%re.  

R8*SBBTC*,'*."8.'0*"::'.%")%*1"8&*,'&*#"G&*1-6',$##-&*UCV*+),,)$8&*1!)81)6)1/&*1$8%*SCT*

millions en mourraient (Jemal et al., 2011). En France, en 2012 le nombre de nouveaux cas 

de cancer était estimé à 355 000 (dont 200 000 cas pour les hommes et 155 000 pour les 

femmes (source 9* M$81"%)$8* =0.WN* =/O$/01!D/)* ,'* ."8.'0* :")%* ,!$?O'%* 1!/8* '8O'/* important 

soutenu par des programmes nationaux tels que « Plan Cancer » en France. Un des axes 

développé dans ce plan 2014-2019 est de mieux comprendre la biologie des cancers dans 

,'*?/%*1!)1'8%):)'0*1'*8$/6',,'&*.)?,'&*%D-0"#'/%)3/'&*'%*1$8.*1'*8$/6'"/5*traitements.  

 

2. Stratégies de traitements du cancer  

Le traitement du cancer peut soit prévenir son apparition, soit enlever la tumeur 

#0)+")0'*'%*,!'8&'+?,'*1'&*%/+'/0&*0-&)1/',,'&*'%*+-%"&%"%)3/'&C*&$)%*#0$,$87'0*'%*"+-,)$0'0*

les conditions de vie du patient lorsque le cancer est à un stade avancé. Il existe plusieurs 

&%0"%-7)'&*3/)*&!"##/)'8%*&/0*,'&*T*."#".)%-&*".3/)&'&*1'&*.',,/,'&*."8.-0'/&'&*(Figure 1). 

Les traitements décrits ci-dessous peuvent être utilisés seuls mais leur efficacité est 

augmentée l$0&3/!),&*&$8%*.$+?)8-&*'8%0'*'/5N 
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Figure 1: Les 8 capacités acquises des cellules tumorales. 4!"#0K&* X"8"D"8 D. et 

Weinberg R.A. (2011). Cette figure illustre les pressions (environnement tabac, ultra violet (UV)), 

environnement hormonal, instabilité génétique et anomalies du système immunitaire) qui agissent sur 

les cellules cancéreuses. On y voit les 8 capacités acquises par les cellules tumorales qui vont dicter 

collectivement la progression tumorale et la survenue des métastases. 

2.1. Les traitements conventionnels 

a) La chirurgie 

La chirurgie est la première stratégie à avoir été développée et reste le traitement de 

référence pour les tumeurs primaires localisées (370 000 patients ayant un cancer subissent 

une chirurgie, source : Fondation ARC). Grâce à ,!"6K8'+'8%* 1'* 8$/6',,'&* %'.D8$,$7)'&*

telles que la chirurgie robotisée 3/)* 7/)1'* ,'* #0"%).)'8C* ,!)+"7'0)'*+-1).",'* 3/)* #'0+'%* 1'*

visualiser les métastases, et la combinaison avec la chimiothérapie et/ou la radiothérapie, la 

chirurgie devient un acte mois invasif et joue également un rôle important dans le traitement 

des tumeurs secondaires et métastatiques. La chirurgie peut aussi être utilisée dans un 

."10'*#0-6'8%):*.$++'*#$/0*,'*."8.'0*1/*&')8*$Y*&)*,'*#"%)'8%*&!"6K0'*#$&&-1'0*,'&*7K8'&*1'*

susceptibilité BRCA1 ou BRCA2 mutés, ),* #'/%* ?-8-:).)'0* 1!/8'* +"&%'.%$+)'* ?),"%-0",'*

prophylactique.  
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b) La radiothérapie 

La radiothérapie est une thérapie localisée qui consiste à exposer les cellules 

."8.-0'/&'&*J*1'&*0"1)"%)$8&*)$8)&"8%'&*3/)*6$8%*'81$++"7'0*,!=4Z*'%*induire leur mort par 

apoptose (Suciu, 1983). Actuellement environ 50% des patients développant un cancer ont 

recourt à la radiothérapie. Les résultats sont souvent encourageants comme pour le cancer 

primaire du pharynx où 90% des cas sont éliminés par radiothérapie. De plus, la 

radiothérapie peut avoir un effet palliatif en réduisant la douleur chez 80% des patients 

souffrants de métastases osseuses (Daly-Schveitzer, 1999). Elle est aussi utilisée en 

thérapie adjuvante après exérèse de la tumeur et limite le risque de récurrence locale. La 

0"1)$%D-0"#)'* #'/%* "/&&)* P%0'* /%),)&-'* 1'*+"8)K0'* &G&%-+)3/'* #"0* ,'* ?)")&* 1!)$1'* 0"1)$".%):*

pour le traitement des cancers de la tyroïde. Cependant, la radiothérapie peut affecter aussi 

?)'8* ,'&* .',,/,'&* ."8.-0'/&'&* 3/'* ,'&* .',,/,'&* &")8'&* .'* 3/)* '&%* J* ,!$0)7)8'* 1'* 8$+?0'ux 

effets secondaires sévères.  

c) La chimiothérapie 

La chimiothérapie est un traitement systémique qui affecte les cellules en phase de 

multiplication active donc principalement les cellules cancéreuses. Il existe plusieurs classes 

de drogues de chimiothérapie dont les dérivés du platine 3/)*:'0$8%*,!$?O'%*1'*,"*#"0%)'*E*dde 

,!)8%0$1/.%)$8C*du présent document. En 2012 en France, 268 677 personnes ont eu recourt 

à la chimiothérapie pour traiter leur cancer (source : Fondation ARC). La chimiothérapie 

peut être utilisée seule (traitement des lymphomes ou leucémies) ou en combinaison avec 

plusieurs classes de chimiodrogues afin 1'*,)+)%'0*,'*0)&3/'*1!"##"0)%)$8*1'*0-&)&%"8.'N*R,,'*

peut être proposée avant une chirurgie pour diminuer la taille de la tumeur et faciliter 

,!$#-0"%)$8C*$/*"#0K&*,"*.D)0/07)'*#$/0*,)+)%'0*,'*0)&3/'*1'*0-.)1)6'N* 

 

2.2. Les thérapies ciblées  

Une des limitations de la chimiothérapie et de la radiothérapie est leur manque de 

spécificité qui engendre de sévères effets secondaires. Pour pallier à cette limitation et pour 

-,"07)0* ,!"0&'8",*1'* %0")%'+'8%&*"8%)."8.-0'/5C*1'*8$/6'"/5*+-1)."+'8%&*#,/&*&#-.):)3/'&*

ont 6/* ,'* O$/0N* >,&*&!)8&.0)6'8%*1"8&* ,"*."%-7$0)'*1'&* %D-0"#)'&*.)?,-'&*3/)*.$00'&#$81ent à 

des médicaments ciblant des molécules qui interviennent dans le développement, la 

prolifération ou la propagation des cellules cancéreuses.  

Le développement de ces tr")%'+'8%&* )+#,)3/'* 1$8.* 1!)1'8%):)'0* 1'* ?$88'&* .)?,'& 

thérapeutiques. Plusieurs types de thérapies peuvent être regroupés sous ce terme 

(source : National Cancer Institute). 
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- La thérapie hormonale 3/)*"*/8*'::'%*"8%)%/+$0",'*'8*?,$3/"8%*,"*&G8%DK&'*$/*,!"ction de 

.'0%")8'&* D$0+$8'&* 1'* ,!$07"8)&+'* #$/0* -6)%'0* 3/!',,'&* 8'* &%)+/,'8%* ,'&* .',,/,'&*

cancéreuses. Elle ne concerne donc que les cancers hormonaux dépendants du sein et de 

la prostate. 

- >,*'&%*#$&&)?,'*1'*?,$3/'0* ,"*6"&./,"0)&"%)$8*1!/8'*%/+'/0*'8*/%)lisant des inhibiteurs de 

l!angiogenèse '%* ")8&)* ,)+)%'0* ,"* #0$,):-0"%)$8* %/+$0",'N* ["0* '5'+#,'* ,!=6"&%)8\* '&%* /8*

anticorps monoclonal spécifique du VEGF (Vascular Endothelial Growth Factor) et empêche 

la formation de nouveaux vaisseaux sanguins.  

- Les inhibiteurs des signaux de transduction interfèrent avec les molécules intervenant 

dans la transduction du signal intracellulaire. Le plus connu est le Glivec® qui est analogue 

1'*,!=<[*'%*'+#P.D'*")8&) ,!".%)6"%)$8*1' la cascade des protéines kinases intervenant dans 

la prolifération cellulaire. Il est utilisé notamment dans le traitement de certains cancers de 

l'estomac, de l'intestin, de la peau ainsi que des leucémies. 

-  !6778923:;<0165(0936=09=;<5845(met en jeu le système immunitaire du patient. Le but 

est d'induire ou de moduler la réponse immunitaire antitumorale. On distingue 2 stratégies : 

>!6778923:;<0165( 10446?5 et >!6778923:;<0165( 0=36?5.  !6778923:;<0165( 10446?5 

.$8&)&%'* '8* ,!)8O'.%)$8* 1!'::'.%'/0&* 1'* ,"* 0-#$8&'* )++/8)%")0'* "8%)%/+$0",'N* R,,'* 0'7roupe 

8$%"++'8%*,!/%),)&"%)$8*1'*+$,-./,'&*'::'.%0).'&*.$++'*i) des anticorps monoclonaux (Acm) 

spécifiques de marqueurs tumoraux (comme par exemple le Rituximab® qui est un Acm 

anti-CD20 utilisé dans le traitement des leucémies et lymphomes B), ii) des cytokines 

0'.$+?)8"8%'&* J* #0$#0)-%-&* "8%)%/+$0",'&* ].$++'* ,!)8%'0,'/,)8'* S* ]> -2) (Rosenberg et al., 

2014)) ou iii) 1'&*?,$3/"8%&*1'&*.G%$^)8'&*#0$%/+$0",'&*].$++'*,!> -10 (Sato et al., 2011)). 

Cette thérapie inclue également le transfert adoptif de lymphocytes effecteurs activés ex 

vivoN* =* ,!)86'0&'C* >!6778923:;<0165( 0=36?5 vise à induire ou à augmenter la réponse 

)++/8)%")0'* "8%)%/+$0",'* #"0* '5'+#,'* #"0* ,'* ?)")&* 1'* ,"* 6"..)8"%)$8N*  !"6"8%"7'* 1'* .'%%'*

&%0"%-7)'* '&%* ,"* 7-8-0"%)$8* 1!/8'*+-+$)0'* )++unitaire qui peut, dans certains cas, éviter 

,!"##"0)%)$8* 1'* %/+'/0&* &'.$81")0'&* "#0K&* '5-0K&'* 1!/8'* %/+'/0* #"0* .D)0/07)'N* 4'* #,/&C*

,!)++/8$%D-0"#)'*#'/%*"/&&)*"7)0*.$++'*"1O/6"8%*'%*")8&)*"+#,):)'0*,!'::).".)%-*1/*%0")%'+'8%*

,$0&3/!',,'*'&%*"&&$.)-'*J*/8*traitement de chimiothérapie classique (Mellman et al., 2011).   

-  54(69@8=358<4(@!01213245 sont un autre moyen, plus spécifique que la chimiothérapie 

ou la radiothérapie, #$/0* )81/)0'* ,!"#$#%$&'* 1'&* .',,/,'&* ."8.-0'/&'&N*4"8&* .'* ."&C* ),* '&%*

nécessaire de développer des molécules qui vont activer les récepteurs de mort que les 

cellules cancéreuses expriment. Cette partie sera détaillée dans ,"*#"0%)'*=*1'*,!)8%0$1/.%)$8 

2'%%'* ,)&%'*8_'&%*?)'8*&`0*#"&*'5D"/&%)6'*'%* ),* '&%*#$&&)?,'*1!)+"7)8'0*'8.$0'*?)'8*1!"/%0'&*

cibles thérapeutiques.  

Les thérapies ciblées sont très efficaces, mais leur action peut être limitée dans le temps à 

."/&'*1!"##"0)tion de résistance. En effet, les cellules cancéreuses peuvent soit développer 
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des mutations au niveau de la cible thérapeutique et ainsi ne plus interagir avec le 

+-1)."+'8%C* &$)%* '+#0/8%'0* /8'* 6$)'* 1'* &)78",)&"%)$8* ",%'08"%)6'* '%* ")8&)* -6)%'0* ,!'::'%*

bénéfique du traitement. De plus, ces thérapies peuvent présenter des effets secondaires 

%',&* 3/'* ,!DG#'0%'8&)$8* "0%-0)',,'C* 1'&* 1$/,'/0&* "?1$+)8",'&* '%* 1'&* -6-8'+'8%&*

thromboemboliques (Aissi et al., 2012) mais qui restent moins sévères que ceux causés par 

la chimiothérapie et radiothérapie.  

 

2.3. Vers une médecine personnalisée  

=:)8* 1!"+-,)$0'0* ,!'::).".)%-* 1'&* %0")%'+'8%&C* ,"*+-1'.)8'* #'0&$88",)&-' est une voie 

prometteuse pour la thérapie des cancers. Elle consiste à traiter chaque patient de façon 

individualisée en fonction des spécificités génétiques et biologiques de son cancer et en 

%'8"8%* .$+#%'* 1'* ,!'86)0$88'+'8%* 1/* #"%)'8%N* [$/0* .',"C* ,'&* &.)'8%):)3/'&* &!'::$0.'8%*

1!)1'8%):)'0*,'&*&)78"%/0'&*1'*.D"3/'*%G#'*1'*%/+'/0&*'%*1'*0'.'8&'0*.'&*)8:$0+"%)$8&*1"8&*

des catalogues tumoraux. Ces informations #'0+'%%0")'8%* 1!"1"#%'0* ,'* %0")%'+'8%* '%* 1'*

.$88"Q%0'* ,!-6$,/%)$8* #0$?"?,'* 1'* ,"* +","1)'C* .$++'* ,!"pparition de métastases, pour 

adapter le suivi. 

3.  !01213245 : une cible pour la thérapie des cancers 

La seconde stratégie apparue après la chirurgie pour lutter contre les cancers 

consistait à induire directement la mort, généralement par apoptose, des cellules tumorales 

grâce à des drogues qui agissent directement sur leur cycle cellulaire. Il s'en est suivi 

,!"##"0)%)$8*1'*,"*0"1)$%D-0"#)'*3/)*+'%*'8*O'/*1'&*0"G$8&*)$8)&"8%&*3/)* )81/)&'8%*'/5*"/&&)*

,!"#$#%$&'* 1'&* .',,/,'&* '8* .G.,'N* ["0* "),,'/0&C* ,!"#$#%$&' peut également être initiée par 

,!".%)6"%)$8* 1'* .'0%")8&* 0-.'#%'/0&* 1'* ,"* &/#'0:"+),,'* 1/* TNF-R (Tumor Necrosis Factor-

Receptor) qui constituent une nouvelle approche en thérapie ciblée des cancers. Parmi eux, 

les récepteurs de mort TRAIL-R (Tumor Necrosis Factor Receptor Apoptosis Inducing 

Ligand-Receptor, TNFSF10) apparaissent comme une cible prometteuse car ils induisent 

,!"#$#%$&'* 1'&* .',,/,'&* ."8.-0'/&'&* '8* -#"078"8%* ,'&* .',,/,'&* &")8'&* ]partie A de 

,!)8%0$1/.%)$8C*#"0"70"#D'*2,5). Le récepteur CD40, un autre membre de la famille du TNF-R 

J* ,"* :$)&* ".%)6"%'/0* 1'* ,"* 0-#$8&'* )++/8)%")0'* '%* )81/.%'/0* 1!"#optose des cellules 

cancéreuses, suscite également un grand intérêt pour le traitement des cancers (partie A de 

,!)8%0$1/.%)$8C*#"0"70"#D'*aW*4'*#,/&C*,!association des thérapies conventionnelles telle que 

la chimiothérapie avec la thérapie utilisant des agonistes des récepteurs de mort peut 

"/7+'8%'0*,!'::).".)%-*1'&*%0")%'+'8%&*.$86'8%)$88',&*1-.0)%&*.)-dessus.  
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Dans ce cadre, mes travaux de thèse ont consisté à développer des stratégies pour 

)81/)0'*'::).".'+'8%*,!"#$#%$&'*1'&*.',,/,'&*."8.-0'/&'&N*[$/0*.',"*8$/&*"6$8&*1-6',$##-&*

1'&* ,)7"81&* +/,%)6",'8%&* 1!/8* 1'&* 0-.'#%'/0&* #0$-apoptotique de TRAIL (TRAIL-R2) 

(Chapitre 1). Nous nous sommes également intéressés au récepteur CD40 qui comme 

décrit ci-1'&&/&*#'/%*"/&&)*)81/)0'*,!"#$#%$&'*1'&*.',,/,'&*."8.-0'/&'&*]Chapitre 2). 

 !)8%'0".%)$8*'8%0'*,'&*,)7"81&*1'*,"*&/#'0:"+),,'*1/*<ZM*'%*,'&*0-.'#%'/0&*1'*,"*&/#'0:"+),,'*

du TNF-R est quelque peu complexe. Afin 1!$#%)+)&'0* "/* +)'/5* ,'* 1-6',$##'+'8%* 1'*

ligands synthétiques, nous avons entrepris des études pour tenter de caractériser au mieux 

ces interactions J*,"*&/0:".'*1'*,"*.',,/,'*'%*1'*+'&/0'0* ,!)+#".%*1'*.'&*)8%'0".%)$8s sur la 

signalisation intracellulaire (Chapitre 2). 

Enfin, nous avons développé et évalué le potentiel anti-tumoral de dérivés de platine dont le 

?/%*'&%*1!"+-,)$0'0*,"*&%"?),)%-*'%*,"*&-,'.%)6)%-*1/*#,"%)8'*1-OJ*/%),)&-*'8*%D-0"#)'*1'&*."8.'0&*

(Chapitre 3).  

 !$?O'.%):*J*%'0+'*'&%*1'*.$+?)8'r ses traitements af)8*1!$#%)+)&'0*,'/0*'::).".)%-N 

B.  !"#$#%$&'(')(%*'+"#,'(-.(/")/'+( 

 

1. A2654(72>;=8>06<54(@5(>!01213245 

1.1. /0<0=3;<6436B854(@5(>!01213245 

 !"#$#%$&'*'&%*/8'*+$0%*.',,/,")0'*1)%'*b#0$70"++-'b*3/)*O$/'*/8*0L,'*'&&'8%)',*1"8&*,'*

développement embryonnaire, le développement du système immunitaire et le maintien de 

,!D$+-$&%"&)'* 1'&* %)&&/s adultes chez les métazoaires (Lockshin and Zakeri, 2007). Un 

1G&:$8.%)$88'+'8%* 1'* ,!"#$#%$&'* #'/%* P%0'* J* ,!$0)7)8' de sévères pathologies et plus 

#"0%)./,)K0'+'8%* ,!"?&'8.'* 1!"#$#%$&'* :"6$0)&'* ,"* &/06)'* '%* ,!"../+/,"%)$8* 1'* .',,/,'&*

anormales qui peuvent conduire au développement de tumeurs (Hanahan and Weinberg, 

2000). Classiquement, une mort cellulaire est dite « programmée » lors3/!',,'*'&%*1/'*J*/8'*

séquence d'étapes moléculaires contrôlées menant à une destruction cellulaire transitoire et 

,$.",)&-'N*=*,!$##$&-C*$8*1)&%)87/'*,"*+$0%*.',,/,")0'*#"0*8-.0$&'C*3/)*)8)%)",'+'8% définissait 

par défaut, un processus de mort cellulaire survenant de façon accidentelle et qui ne 

présente pas les modifications morphologiques caractéristiques de l'apoptose. Pendant 

,$87%'+#&* ,!"#$#%$&'* -%")%* .$8&)1-0-'* .$++'* ,"* &'/,'* +$0%* .',,/,")0'* #0$70"+mée mais 

récemment, des études ont montré que la mort par nécrose ainsi que la mort au cours du 

mécanisme d'autophagie peuvent également dans certains cas être programmées et 

impliquées dans la pathogenèse du cancer (Ouyang et al., 2012). 
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Les cellules apoptotiques se caractérisent par une compaction de la chromatine, une 

convolution des membranes plasmiques et nucléaires suivie par une condensation 

cytoplasmique et la fragmentation du noyau. Des corps apoptotiques, des fragments 

cellulaires entourés de membranes plasmiques, sont ensuite phagocytés par des 

macrophages ou des cellules dendritiques, sans déclencher de réaction inflammatoire 

(Figure 2).  

 

Figure 2 : Caractéristiques morphologiques @5( >!01213245. Cette figure illustre les 

changements +$0#D$,$7)3/'&* "/* .$/0&* 1'* ,!"#$#%$&'*1!/8'* .',,/,'N*  '&* .$0#&* "#$#%$%)3/'&* &'0$8%*

'8&/)%'*-,)+)8-&*#"0*1'&*.',,/,'&*#D"7$.G%")0'&*,)+)%"8%*")8&)*,!)8:,"++"%)$8N 

  

=/* 8)6'"/* +$,-./,")0'C* ,!"#$#%$&'* '&%* $0.D'&%0-'* #"0* 1'&* #0$%-"&'&* "##',-'&*

caspases (cysteinyl-aspartate-cleaving proteases) (Figure 3) (Riedl and Shi, 2004). Les 

caspases ont une structure très conservée comprenant, un pro domaine N-terminal, et deux 

domaines qui deviendront après clivage la grande sous-unité (qui porte le centre actif) et la 

petite sous-/8)%-N* '&*."&#"&'&*&$8%*)+#,)3/-'&*1"8&*,!)8)%)"%)$8C*,!'5-./%)$8*'%*,"*0-7/,"%)$8*

1'*,!"#$#%$&'N*c8*1)&%)87/'*,'&*caspases effectrices (caspases 3, 6 et 7) et les caspases 

initiatrices ]."&#"&'&* SC* TC* d* '%* eBW* 3/)* &$8%* 0'&#$8&"?,'&* 1'* ,!)8)%)"%)$8* 1'* ,"* ."&."1'*

protéolytique (Figure 3). Ces dernières possèdent au niveau du pro-domaine, des motifs 

1!)8%'0".%)$8*#0$%-)8'-protéines tel que le motif CARDs (Caspases Recruitment Domains) ou 

DEDs (Death Effector Domain). Ces domaines permettent aux caspases de se lier aux 

différentes molécules de transduction du signal apoptotique. Les caspases sont produites 

sous forme inactive et sont activées soit par clivage protéolytique (caspase 3) soit 

,$0&3/!',,'&*&$8%*$,)7$+-0)&-'&*1"8&*/8*.$+#,'5'*+/,%)+-0)3/'*]."&#"&'&*T*'%*dWN* 
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Figure 3 : Les caspases initiatrices et effectrices, chefs @!2<=:543<5(@5(>!01213245C Les 

caspases initiatrices possèdent au niveau de la région N-term, des domaines CARD et DED 

8-.'&&")0'&* J* ,'/0* $,)7$+-0)&"%)$8* '%* ,'/0* ".%)6"%)$8* '%* 3/)* ,'/0* #'0+'%%'8%* 1!)8%'0"7)0* "6'.* ,'&*

molécules pro-apoptotiques.  

 

Les protéines IAP (Inhibitor $:*=#$#%$&)&W* 0-7/,'8%* -7",'+'8%* ,!"#$#%$&'*'8* )8D)?"8%*

l!".%)6)%-*1'&*."&#"&'&*(Salvesen and Duckett, 2002) (Figure 4). Huit IAPs ont été identifiés 

chez les mammifères : c-IAP1, c-IAP2, la survivine, XIAP, ILP2, MLIAP, NAIP, et BRUCE. 

Les IAPs se caractérisent par la présence de 1 à 3 domaines BIR (Baculoviral IAPs Repeat) 

qui peuvent se lier au domaine IBM (IAP Binding Motif) présent sur les caspases 3, 7 et 9 

ainsi que sur les protéines Smac/DIABLO (cf. signalisation intrinsèque, paragraphe 1.2) et 

ainsi bloquer leur activité. Sur les 8 IAPs, 5 contiennent à leur extrémité C-terminale un 

domaine d'interaction protéine-protéine contenant un atome de zinc (RING finger). Les 

protéines c-IAP1 c-IAP2 et NAIP contiennent en plus un domaine CARD. 
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Figure 4 : Les protéines IAPs. Représentation schématique de la famille des protéines IAPs 

."0".%-0)&-'*#"0*,"*#0-&'8.'*1!/8*J*%0$)&*1$+")8'&*E>R au niveau de leur région N-terminale. 

 

1.2. -58D(?2654(@5(46E90>64036294(128<(69@86<5(>!01213245 

 

@',$8*,"*8"%/0'*1'*,!-,-+'8%*".%)6"%'/0C*,!"#$#%$&'*#'/%*'+#0/8%'0*S*6$)'&*1'*&)78",)&"%)$8&*

différentes. 

a) La voie intrinsèque 

La voie intrinsèque, ou encore appelée mitochondriale, est orchestrée par des 

protéines de la famille Bcl2 (Figure 5). Ces protéines clés, se caractérisent par la présence 

1!e*J*A*1$+")8'&*EX*]EXeC*EXSC*EXa*'%*EXAW*#$/0*E.,S*X$+$,$7G*4$+")8 '%*1!/8*1$+")8'*

transmembranaire (TM) qui leur per+'%*1'*&!"8.0'0*1"8&*,"*+'+?0"8'*+)%$.D$810)",'. On 

distingue dans cette famille 3 sous groupes de molécules, classées en fonction de leur 

structure et de leur fonction. Un premier groupe rassemble les protéines ne possédant 3/!/8*

domaine BH3 (BH3 only protein : Bid, Bik, Bad, Bim, Bmf, Bnip3, Puma et Noxa) 

impliquées dans les fonctions pro-apoptotiques. Elles contrôlent les interactions avec les 

molécules du second et troisième groupe ayant plusieurs domaines BH (BH multiple 

domain) qui peuvent soit être pro-apoptotiques (Bax, Bak, Bok) soit anti-apoptotiques 

(Bc-L2, Bcl-XL, McL-1).  
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Figure 5 : Les protéines de la famille Bcl-2. Cette figure illustre les 3 sous-groupes de 

protéines de la famille Bcl-2. La majorité de ces protéines contiennent en plus un domaine 

transmembranaire (TM). 

 "* 6$)'* )8%0)8&K3/'* 1'* ,!"#$#%$&'* '&%* )8)%)-'* &/)%'* J* /8* &%0'&&* .D)+)3/'* $/* #DG&)3/'*

(radiations, UV, choc osmotique, hypoxie, choc thermique) qui active le facteur de 

transcription appelé suppresseur de tumeur, p53 et induit ,!'5#0'&&)$8* 1'&* #0$%-)8'&* #0$-

apoptotiques de la famille Blc2, Puma et Noxa (BH3 domain only) (Figure 6) qui vont 

,!".%)6"%)$8*1'&*#0$%-)8'&*Bax et Bak (BH multiple domain). La protéine Bax subit alors un 

changement conformationnel induisant sa relocalisation au niveau de la mitochondriale et 

&$8*$,)7$+-0)&"%)$8*.'*3/)* ,/)*#'0+'%*1!'8.,'8.D'0* ,'*#0$.'&&/&*1'*#'0+-"?),)&"%)$8*1'* ,"*

membrane externe de la mitochondrie (MOMP), libérant ainsi le cytochrome c dans le 

cytoplasme (Shamas-Din et al., 2013).  

Le cytochrome c forme ensuite un complexe, appelé apoptosome, avec la protéine 

adaptatrice Apaf 1, la pro-."&#"&'*dC*'%*1'* ,!=<[N* !"#$#%$&$+'*".%)6'*",$0&* ,"*."&#"&'*d*

qui elle-même va activer les caspases effectrices 3/7 conduisant à la mort de la cellule. En 

parallèle, les protéines Smac/DIABLO (Second Mitochondria-derived Activator of Caspases) 

libérées de la mitochondrie inhibent les protéines IAPs.  

 

 

 



 18 

 

Une caractéristique importante des membres de la famille Bcl-2 est de pouvoir former 

des homo ou des hétérodimères. Il semblerait que la régulation entre la survie et l!"#$#%$&'*

au niveau de la cellule, soit influencée par le type et la proportion de dimères anti ou pro-

apoptotiques formés. Par exemple, lorsque la protéine pro-apoptotique Bax est 

préférentiellement exprimée, des homodimères Bax/Bax se formeraient en majorité et 

favoriseraient ")8&)* ,!"#$#%$&'N* R8* 0'6"8.D'C* ,$0&3/'* 1'&* #0$%-)8'&* "8%)-apoptotique telles 

Bcl-2 sont majoritairement exprimées, des homodimères Bcl2/Bcl2 se formeraient en 

majorité et favoriseraient ainsi la survie cellulaire. Il a également proposé que les protéines 

anti-apoptotiques puissent former des hétéromères avec les protéines pro-apoptotique et 

,)+)%'0*,!)81/.%)$8*1'*,!"#$#%$&' par ces dernières (Shamas-Din et al., 2013).  

b) La voie extrinsèque 

 "* 6$)'* '5%0)8&K3/'* '&%* )8)%)-'* #"0* ,!".%)6"%)$8* 1'&* 0-.'#%'/0&* 1'* +$0%* .',,/,")0'*

appartenant à la famille du TNF-R (Figure 6). Ces récepteurs peuvent être activés par leurs 

ligands présentés à la surface de cellules telles que les Natural Killer (NK) ou les 

,G+#D$.G%'&*<*.G%$%$5)3/'&*$/*#"0* ,"*:$0+'*&-.0-%-'*1'*.'&* ,)7"81&N* !)8%'0".%)$8*'8%0'* ,'*

ligand et son récepteur de mort va former au niveau de la membrane plasmique un 

complexe macromoléculaire multimérique appelé DISC (Death Inducing Signaling Complex) 

(cf #"0%)'*=*1'*,!)8%0$1/.%)$8, paragraphe 2,3) incluant la pro-caspase 8. Dans ce complexe, 

la pro-caspase 8 est clivée pour former une caspase 8 active qui va soit activer les 

."&#"&'&*'::'.%0).'&*aIf*#$/0*)81/)0'*,!"#$#%$&'*1"8&* les cellules dites de type I, soit initier 

/8'*?$/.,'*1!"+#,):)."%)$8*+)%$.D$810)",'*1"8&*,'&*.',,/,'&*1)%'&*1'*%G#'*>>N*4"8&*.'*."&C*,"*

caspase 8 va cliver la protéine Bid, (membre de la famille des protéines Bcl2) pour obtenir 

une forme tronquée (Bibt) qui va interagir avec les protéines Bax et Bak (membres de la 

famille des protéines Bcl2) au niveau de la mitochondrie. Comme précédemment, Bax et 

Bak induisent la libération du cytochrome c et des protéines Smac/DIABLO. Grâce à cette 

boucle d'amplification, le signal induit par les récepteurs de mort est amplifié à travers la 

:$0+"%)$8* '%* ,!".%)6"%)$8* 1'* ,!"#$#%$&$+'* 3/)* 6"* "/7+'8%'0* ,!".%)6"%)$8* 1'&* ."&#"&'&*

effectrices 3/7. En plus des protéines anti-apoptotiques de la famille Bcl-2 et des IAPs, la 

voie e5%0)8&K3/'*1'*,!"#$#%$&'*#'/%*P%0'*)8D)?-'*#"0*,"*#0$%-)8'*"8%)-apoptotique c-FLIP qui 

bloque la formation du DISC. 

Il existe une troisième voie de signalisation apoptotique qui suscite de plus en plus 

1!)8%-0P%N*>,*&!"7)%*1'*,"*6$)'*1/*&%0'&&*1/*0-%)./,/+ endoplasmique (RE). Diverses conditions, 

3/)*",%K0'8%* ,!)8%-70)%-*1'&*#0$%-)8'&C*#'/6'8%*7-8-0'0*/8*&%0'&&*$5G1"%):*'%* ,"* ,)?-0"%)$8*1'*
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.",.)/+* "/* 8)6'"/* 1/* ];RW* '%* ")8&)* .$81/)0'* J* ,!)81/.%)$8* 1'* ,!"#$#%$&'N* E0)K6'+'8%C* ,"*

libération du calcium (Ca2+) en%0"Q8'* ,!".%)6"%)$8* 1'&* .",#"g8'&* ]#0$%-"&'&*J* .G&%-)8'&W*3/)*

vont activer par clivage protéolytiques la pro-caspase 4 (caspase 12 chez les rongeurs) 

présente au niveau du RE. La caspase 4 va activer les caspases effectrices 3/7 pour induire 

,!"#$#%$&'N* !apoptose peut aussi être induite au niveau du RE par TRAF2 qui active la voie 

JNK (Sano and Reed, 2013). 
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A. ELIMINER LES CELLULES CANCEREUSES EN INDUISANT 

LEUR APOPTOSE PAR LES RECEPTEURS DE LA FAMILLE DU 

TNF-R 

PARTIE I : Les récepteurs TRAIL-R et CD40 en thérapie des cancers 

1. Les récepteurs de la famille du TNF-R 

1.1. Description  

Les ligands de la superfamille du TNF (Tumor Necrosis Factor) et les récepteurs de la 

superfamille du TNF-R (TNF Receptor) régulent la croissance des cellules en agissant soit 

&/0* ,!"#$#%$&'* &$)%* &/0* ,"* #0$,):-0"%)$8* '%* ,"* &/06)'N* >,&* $8%* /8* 0L,'* .'8%0",* 1"8&* ,"* 0-#$8&'*

immunitaire (revue dans (Locksley et al., 2001)).  

a) Les récepteurs de la famille du TNF-R 

Les récepteurs de cette famille au nombre de 26, sont principalement des 

glycoprotéines transmembranaires 1'* %G#'* >* J* ,!'5.'#%)$8* 1'* E2H=C* <=2>C* E=MM;* '%*

XEDAR 3/)*8!$8%*#"&*1'*#'#%)1'*&)78",*'%*&$8%*donc des protéines transmembranaires de 

type III (Figure 7). Les récepteurs présentent des homologies dans leur région 

extracellulaire, caractérisées par la présence de 1 à 6 domaines riches en cystéines 

(CRD). Ces motifs répétés contiennent 6 cystéines engagées dans 3 ponts disulfures. 

 !"00"87'+'8%* 1'* .'&* 2;4 permet de stabiliser le récepteur au niveau de sa région 

extracellulaire (Bodmer et al., 2002) (Figure 7).  

On peut ainsi distinguer 3 sous-familles de récepteurs :  

 Les récepteurs qui peuvent recruter des molécules de signalisation appelées TRAF 

(TNF-Receptor Associated Factor) et qui, de manière générale, favorisent la prolifération. 

Dans ce sous-70$/#'C* $8* 0'%0$/6'* ,'* :"+'/5* 0-.'#%'/0* 24ABC* .D':* 1!$0.D'&%0'* 1'* ,"*

réponse immunitaire (cf. point 3 de cette partie) mais aussi les récepteurs BAFF-R et TACI 

impliqués dans la maturation des lymphocytes B et dont on reparlera dans le chapitre 2 de 

la partie résultats.  

 Le second sous-groupe correspond aux récepteurs de mort qui possèdent des 

domaines dits de « mort » dans leur région intracellulaire, nécessaires au recrutement de 

#0$%-)8'&*)8)%)"8%*,!"#$#%$&'N* 

Le troisième sous-groupe inclue les récepteurs membranaires inhibiteurs antagonistes de 

certains récepteurs des 2 sous-groupes précédents.  
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Figure 7 : Les récepteurs et les ligands de la superfamille du TNF-R. Les récepteurs de la 

superfamille du TNF-R peuvent être divisés en 3 sous-groupes : i) les récepteurs qui favorisent 

généralement la prolifération cellulaire en recrutant des protéines TRAF (en jaune), ii) les récepteurs 

de mort (en violet) qui possèdent un domaine de mort dans leur région intracellulaire et iii) les 

récepteurs inhibiteurs (en rouge). Le domaine extracellulaire des récepteurs est constitué de 1 à 4 

domaines riches en cystéines. Le schéma A représente la structure 3D du domaine extracellulaire du 

récepteur CD40 composé de 3 CRD (Bajorath and Aruffo, 1997). Les ligands de la famille du TNF 

trimériques, peuvent être solubles ou membranaires. Le schéma représente la structure 3D du 

1$+")8'*1!D$+$,$7)'*"/*<ZM*1/*,)7"81*24AB  (Karpusas et al., 1995). 

b)  Les ligands de la famille du TNF 

Les ligands des récepteurs de la superfamille du TNF-R, au nombre de 19, sont des 

protéines transmembr"8")0'&* 1'* %G#'* >>* ]J* ,!'5.'#%)$8* 1'*  <-hW* ."0".%-0)&-'&* #"0* /8*

1$+")8'*1!D$+$,$7)'*"/*<ZM*"/*8)6'au de leur région extracellulaire (revue dans (Locksley 

et al., 2001)). Le domaine @!:272>2E65( 08( %)F ]<X4W* '&%* .$+#$&-* 1!/8'* &-3/'8.'*

conservée de 150 acides aminés aromatiques et hydrophobes. Ces ligands membranaires 

deviennent des ligands solubles trimériques après clivage protéolytique. Cette structure 

homotrimé0)3/'* 3/)* $,)7$+-0)&'* ,'&* 0-.'#%'/0&C* '&%* 8-.'&&")0'* J* ,!)81/.%)$8* 1'* ,"*

&)78",)&"%)$8*)8%0".',,/,")0'N*Z-"8+$)8&C*,!".%)6"%)$8*1'&*0-.'#%'/0&*#'/%*6"0)'0*'8*:$8.%)$8*1'*
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la nature du ligand. Par exemple, le récepteur de mort Fas (CD95, APO-1, <ZM;@MVW*8!'&t 

pratiquement pas activé par son ligand Fas-L (CD95L) sous forme trimérique soluble mais 

est, en revanche, fortement activé par sa forme membranaire. Par ailleurs, certains ligands 

peuvent lier plusieurs récepteurs comme TRAIL qui lie 5 récepteurs de la famille du TNF-R 

ou BAFF qui lie BAFF-R, TACI et BCMA (Figure 8). Il existe aussi une interaction inter-

espèce possible entre les ligands et récepteurs (Bossen et al., 2006). Par exemple CD40L 

murin reconnaît les récepteurs murins et humains ",$0&*3/'*,'*0-.'#%'/0*24AB*+/0)8*8!'&%*

pas reconnu par le CD40L humain.  

 

 

 

 

Figure 8 : Interactions entre les ligands et les récepteurs de la superfamille du TNF. 
Les différentes interactions entre ligands et récepteurs sont représentées par une flèche rouge 

(Bodmer et al., 2002). 

1.2. Les récepteurs de mort  

A ce jour, 8 récepteurs de mort ont été identifiés TNF-R1, Fas, TRAIL-R1, TRAIL-R2, 

TRAMP, DR6, EDAR, p75NGFR (Tableau 1). Après liaison de leurs ligands, ils sont 
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."#"?,'&*1!)81/)0'*,"*6$)'*'5%0)8&K3/'*1'*,!"#$#%$&'*]cf. partie A du préambule, Figure 6) en 

recrutant au niveau de leur domaine de mort, des molécules de transduction. Le domaine de 

mort contient 3 régions impliquées dans le recrutement des molécules apoptotiques : une 

région DED (Death Effector Domain), un domaine de recrutement des caspases CARD 

(Caspase Recruitment Domain) et un domaine PYrine (PYD). Cependant, les récepteurs de 

+$0%* #'/6'8%* -7",'+'8%* )81/)0'* 1!"/%0'&* &)78"/5, tels que des signaux de survie 

principalement médiés #"0*,!".%)6"%)$8*1'*ZM^E, '%*")8&)*?,$3/'0*,!"#$#%$&'N* '&*0-.'#%'/0&*

Fas, TNFR1 et TRAIL-R sont des cibles préconisées pour la thérapie des cancers (Micheau 

et al., 2013).  

a)  Le TNF 

Le TNF est le premier récepteur de mort à avoir été évalué en essais cliniques en 

edTfN*H",D'/0'/&'+'8%C*,!"1+)8)&%0"%)$8*&G&%-+)3/'*1'*&$8*,)7"81*,'*<ZM-h*-%")%*"&&$.)-*J*

de nombreux effets secondaires sévères associés à une réponse anti tumorale partielle 

(Blick et al., 1987). Malgré ses débuts difficiles, le TNF-;* &/&.)%'* %$/O$/0&* ,!)8%-0P%N*

=/O$/01!D/)C* ),*'5)&%'*#,/&)'/0&*+$,-./,'&* 0'.$+?)8"8%'&*<ZM-h*3/)*$8%*-%-*+$1):)-'&*#$/0*

limiter la cytotoxicité contre les cellules non tumorales. C'&* +$,-./,'&* &!"6K0'8%* P%0'*

efficaces dans le traitement de certains sarcomes (Deroose et al., 2012) et du cancer 

pancréatique inopérable (Senzer et al., 2004). 

b) Fas-L  

 !/%),)&"%)$8* 1'* +$,-./,'s recombinantes M"& * $/* 1!"8%).$0#&* +$8$.,$8"/5* 1)0)7-&*

contre Fas entraîne chez la souris une hépatotoxicité sévère (Shimizu et al., 1996). Comme 

pour le TNF-R, plusieurs stratégies pour éviter la toxicité ont été entreprises mais aucune ne 

s'est révélée efficace. Cependant, une forme recombinante hexamérique de FasL, appelée 

,!=[cBeBC* $?%'8/'* #"0* ,"* :/&)$8* 1'* S* ,)7"81&* %0)+-0)3/'&* M"& C* #0-&'8%'* /8'* ".%)6)%-*

apoptotique très forte in vitro et in vivo. Cette molécule prometteuse est actuellement 

-6",/-'*'8*#D"&'*>*1!'&&")&*.,)8)3/'&*(Verbrugge et al., 2009). 

c) TRAIL 

Les récepteurs de TRAIL, apparaissent comme une cible très attractive pour la 

%D-0"#)'*1'&*."8.'0&*."0*<;=> * )81/)%* ,!"#$#%$&'*1'& cellules cancéreuses et ne présente 

pas de toxicité envers les cellules non tumorales. TRAIL et ses récepteurs sont ,!$?O'%*1'*,"*

partie suivante.  
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Tableau 1 : Les récepteurs de mort et leurs ligands 

 

2. TRAIL G(89(69@8=358<(@!01213245(41;=6H6B85(@54(=5>>ules cancéreuses 

2.1.  Les récepteurs de TRAIL 

2D'i* ,!D$+me, le ligand TRAIL (TNF-R Apoptosis Inducing Ligand, ApoL/2) membre 

de la famille du TNF peut se lier à 5 récepteurs de la famille du TNF-R dont 2 récepteurs de 

mort, TRAIL-R1 et TRAIL-R2, #'0+'%%"8%* ,!)81/.%)$8*1'* ,!"#$#%$&'*'%* a* 0-.'#%'/0&*<;=> -

R3, TRAIL-;A*'%*,!$&%-$#0$%-7-0)8'*"7)&&"8%*.$++'*1'&*0-.'#%'/0&*)8D)?)%'/0&*]Figure 9).  

a) Les récepteurs agonistes humains TRAIL-R1 et TRAIL-R2 

TRAIL-R1 (DR4, TNFRSF10A) (Pan et al., 1997) est le premier récepteur de TRAIL 

identifié juste avant TRAIL-R2 (DR5, TNFRSF10B) (Chaudhary et al., 1997). Ce sont les 

récepteurs agonistes de TRAIL. Ils possèdent au niveau de leur région intracellulaire le 

1$+")8'* 1'* +$0%* 3/)* ,'/0* #'0+'%* 1!)8)%)'0* ,"* &)78",)&"%)$8* "#$#%$%)3/'N* =/* 8)6'"/*

extracellulaire, ces récepteurs sont composés de 3 CRD. TRAIL-R1 possède un site 

potentiel de N-glycosylation en position 156, alors que TRAIL-;S*8!'8*"*#"&N* 

 

Trois isoformes de TRAIL-R2, différant dans le domaine transmembranaire, ont été 

identifiées : une isoforme longue (TRAIL-R2L) et 2 isoformes courtes (TRAIL-R2S), mais 

"/./8'*-%/1'*8!)81)3/'*/8'*:$8.%)$8*#"0%)./,)K0'*1'*.'&*)&$:$0+'&N* 

>,*8!'5)&%'*#"&*J*.'*O$/0*1'*0-',,'*1)&%)8.%)$8*'8%0'*,"*:$8.%)$8*1'&*S*0-.'#%'/0&*"7$8)&%'&N* "*

contribution de TRAIL-R1 ou TRAIL-;S*1"8&*,!)81/.%)$8*1'*,!"#$#%$&'*8!'st cependant pas 

équivalente et semble être dépendante du contexte et de la cellule cancéreuse sur laquelle 

),&* &$8%* '5#0)+-&N* 4!"#0K&* ,"* ,)%%-0"%/0'C* <;=> -R2 semble être le principal récepteur 
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agoniste de TRAIL notamment sur les cancers colorectaux et du sein (Kelley et al., 2005). 

TRAIL-;e* )81/)0")%* ,!"#$#%$&'* #0)8.)#",'+'8%* "/* 8)6'"/* 1'&* ,'/.-+)'&* .D0$8)3/'&*

lymphocytaires (MacFarlane et al., 2005).  

De plus, ces 2 récepteurs non pas la même sensibilité à TRAIL. En effet, TRAIL sous sa 

forme trimérique soluble et membranaire peut activer TRAIL-R1. En revanche, TRAIL-R2 

nécessiterait un ligand présentant un degré de valence plus important et ne peut être activé 

que par la forme membranaire de TRAIL ou par des ligands synthétiques héxamériques 

(Wajant et al., 2001)N* =* ,!"6'8)0C* &)* ,!$8* &$/D")%'* /%),)&'0* <;=> * '8* %D-0"#)'* ."8.-0'/&'C* ),*

sera indispensable de caractériser plus précisément la fonction de ces 2 récepteurs.  

b)  Les récepteurs inhibiteurs humains TRAIL-R3, TRAIL-R4 et OPG 

Les récepteurs TRAIL-R3 (DcR1, TNFRS10C) (Degli-Esposti et al., 1997) et TRAIL-

R4 (DcR2, TNFRS10D) (Marsters et al., 1997) sont considérés comme les récepteurs 

inhibiteurs de TRAIL. Contrairement aux autres récepteurs, TRAIL-;a* 8!'&%* #"&* /8'*

protéine transmembranaire de type I, ne possède donc pas de domaine de mort et est 

maintenu à la membrane par une ancre GPI. De plus, TRAIL-R3 possède 5 sites de 

glycosylation. TRAIL-R4 possède un domaine de mort tronqué non fonctionnel et 3 sites 

potentiels de N-glycosylation. Par conséquent, ces récepteurs sont incapables de 

transmettre la signalisation apoptotique. L!243;21<23;E;<695 (OPG, TNFRSF11B) est 

également considéré comme un récepteur inhibiteur de TRAIL (Emery et al., 1998)N* !c[j*a 

1!"?$01*-%-*1-.0)%*.$++'*/8*0-.'#%'/0*)8D)?)%'/0*1'*;=Zk *];'.'#%$0*=.%)6"%$0*$:*Z/.,'"0*

M".%$0*^EW*1$8%* ,'*0-.'#%'/0*"7$8)&%'*'&%*;=ZkN*4"8&*.'*."&C* ,!c[j*#0$1/)%'*&$/&*:$0+'*

&$,/?,'* &-3/'&%0'* ;=Zk * '%* ,!'+#P.D'* 1'* &'* :)5'0* &/0* ;=Zk* 't bloque ainsi la 

différenciation des ostéoclastes (Min et al., 2000). P$/0*<;=> C* ,'* 0L,'*1'* ,!c[j*8!'&%*#"&*

encore bien établi. Des études ont montré par exempleC* ,"* #0-&'8.'* 1!c[j* 1"8&* ,'*

microenvironnement tumoral qui séquestrerait TRAIL et empêcherait son action 

antitumorale.  

c)  Les récepteurs de TRAIL chez la souris 

<;=> * '5)&%'* -7",'+'8%* .D'i* ,"* &$/0)&* +")&* 8'* &'* ,)'* 3/!J* /8* &'/,* 0-.'#%'/0*

apoptotique nommé mTRAIL-R (mDR5), qui est un homologue des récepteurs humains 

TRAIL-R1 et TRAIL-;SN* 2$++'* .D'i* ,!D$++'C* 1'/5* 0-.'#%'/0&* )8D)?)%'/0&* $8%* -%-*

identifiés 9* ),* &!"7)%*1'*+4.;e*'%*+4.;S* ]3/)*#$&&K1'*2 isoformes dont une membranaire 

mDcR2L et une soluble mDcR2S) (Lawrence et al., 2001; Schneider et al., 2003). Ces 

1)::-0'8.'&*.$+#,)3/'8%*,!-%/1'*1'*<;=> *'%*des TRAIL-R dans le modèle murin.  
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d)  Expression tissulaire des différents TRAIL-R et de TRAIL 

Les récepteurs de TRAIL sont exprimés sur la majorité des cellules saines et 

malignes (Daniels et al., 2005) !"#$%&'$(()*+!,$(!-./0"-R peut être régulée par le facteur 

de transcription p53 (Sheikh et al., 1998).  

1+!'$2'*34$!5#$%&'$(()*+!,#/.Nm de TRAIL dans de nombreux tissus (la rate, le thymus, la 

prostate, les ovaires, le colon, le placenta, les poumons, les reins, le pancréas, les muscles 

(63$5$22)63$(7! 5#)+2$(2)+! 8'95$! $2! 5$! :$'4$;3< ! =;)(! 5;! &'*2>)+$! -./0"! $(2! &')+:)&;5$?$+2!

exprimée, après activation, à la surface des cellules immunitaires incluant les Natural Killer 

(NK), les lymphocytes LTCD4+ et LTCD8+, les monocytes/macrophages, les cellules 

dendritiques (DC) et les neutrophiles (Daniels et al., 2005).  

 

 

. 

Figure 9 : Les récepteurs de TRAIL. Représentation schématique des récepteurs de TRAIL. 

Les récepteur TRAIL-R1 (bleu) et TRAIL-R2 (violet) possèdent un domaine de mort qui permet 

,#)+)2)$'!5#;&*&2*($ !"$!'>:$&2$3' TRAIL-R3 (vert) a une ancre GPI à la place du domaine de mort et le 

récepteur TRAIL-R4 (jaune) possède un domaine de mort tronqué. Ces 2 récepteurs régulent 

+>8;2)4$?$+2! 5#;&*&2*($! )+,3)2$! &;'! -./0" ! "#1@A! BC'3+< est également considéré comme un 

récepteur inhibiteur de TRAIL. 

2.2. Les fonctions biologiques de TRAIL 

Malgré son intérêt en oncologie, les fonctions biologiques de TRAIL ne sont pas 

encore bien identifiées. Plusieurs études récentes suggèrent une implication de TRAIL et 

ses récepteurs dans les fonctions du système immunitaire. Le paragraphe suivant résume 
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très brièvement les implications physiologiques de TRAIL et de ses récepteurs 

(Falschlehner et al., 2009). 

2.2.1. Rôle de TRAIL dans l'homéostasie et la différenciation des LT 

Les travaux de Janssen et ses collaborateurs (Janssen et al., 2005) ont montré que 

-./0"! $(2! )?&5)63>! ,;+(! 5#D*?>*(2;()$! $2! 5;! ,)EE>'$+:iation des LTCD8+ et LTCD4+. En 

effet, les LTCD8+ cytotoxiques activés en présence de LTCD4+ auxiliaires sont capables de 

subir une nouvelle expansion clonale après une seconde stimulation. A contrario, les 

LTCD8+ activé(!$+!5#;C($+:$!,$!"-FGHI!+$!&$34$+2!se multiplier une seconde fois, et sont 

éliminés par apoptose induite par TRAIL ! "$3'(! '>(352;2(! )+,)63$+2! >8;5$?$+2! 63#après 

stimulation avec un anticorps anti-CD3, les LTCD4+ peuvent se différencier en LT auxiliaires 

de type 1 (LTh1) qui surexpriment FasL ou en LT auxiliaires de type 2 (LTh2) qui 

surexpriment TRAIL. Les LTh1 peuvent être éliminées par TRAIL alors que les LTh2 sont 

résistants (due à une production de c-FLIP après stimulation avec un anticorps anti-CD3) 

(Janssen et al., 2005).  

 

2.2.2. Rôle de TRAIL dans le développement de l'auto-immunité 

Des études ont rapporté la présence de quantité élevée de TRAIL dans le sérum de 

patients souffrant de lupus érythémateux disséminé ou de sclérose en plaque soulevant 

5#)?&5):;2)*+! ,$! -./0"! ,;+(! 5$(! &;2hologies auto-immunes. Dans la majorité des cas, 

:*??$! &;'! $%$?&5$! ,;+(! 5$! ,);CJ2$! ,$! 2K&$! 0! *3! 5#;'2D')2$! )+,3)2$! ;3! :*55;8J+$7! -./0"!

participe à la diminution des symp2L?$(!$+!&'>4$+;+2!5#;:2)4;2)*+!,$(!:$5535$(!;32*'>;:2)4$(!

*3!$+!)+,3)(;+2!5#;&*&2*($!,$(!:$5535$(!)+E5;??;2*)'$(!(Lamhamedi-Cherradi et al., 2003; Mi 

et al., 2003). En revanche, TRAIL peut, comme dans le lupus érythémateux disséminé, 

&'*?*34*)'!5;!&;2D*5*8)$!$+!,)?)+3;+2!5#;:2)4)2>!:K2*2*%)63$!,$(!"-FGMI!63)!&*3'';)2!C5*63$'!

les LB autoréactifs (Nguyen et al., 2009). 

 

 

2.2.3. Rôle de TRAIL dans la réponse immunitaire anti-infectieuse 

TRAIL est également exprimé sur les cellules immunitaires impliquées dans la 

défense contre les pathogènes. Comme précédemment TRAIL peut avoir deux effets 

opposés. Par exemple, les travaux de Steinwede (Steinwede et al., 2012) montrent que lors 

,#3+$! )+E$:2)*+! &;'! S. pneumoniae chez la souris, les neutrophiles exprimant TRAIL sont 

rapidement recrutés au niveau des poumons et libèrent la protéine TRAIL soluble. Les 



 29 

molécules TRAIL libérées par les neutrophiles vont ensuite induire 5#;&*&2*(e des 

macrophages alvéolaires infectés !"#;&*&2*($!,$(!?;:'*&D;8$(!)+E$:2>s par la bactérie est 

très utile car elle limite 5;!&'*&;8;2)*+!,$!5#)+E$:2)*+!$2!,$!5#)+E5;??;2)*+ !-./0"!a aussi été 

décrit comme favorisant la réponse des LTCD8+ qui éliminent les cellules infectées lors 

,#3+$!)+E$:2)*+!8')&&;5$!(Brincks et al., 2011).  

Cependant TRAIL peut aussi avoir un effet immunosuppresseur comme ,;+(!5$!:;,'$!,#3+$ 

infection virale par la rougeole. Lors de cette infection TRAIL exprimé sur les DC induit 

5#;&*&2*($! ,$(! "-FGMI7! $EE$:2$3'(! ,$! 5;! '>&*+($! ;+2)4)';5$! et par conséquent empêche 

5#>5)?)+;2)*+!,3!4)'3( (Vidalain et al., 2000a).  

TRAIL peut donc en fonction de la pathologie avoir un effet bénéfique ou contribuer à la 

sévérité de celle-ci en agissant sur la survie des cellules immunitaires. 

 

2.2.4. Rôle de TRAIL dans la réponse immunitaire anti-tumorale 

a)  Implication de TRAIL dans la réponse anti-tumorale 

TRAIL suscite un grand intérêt dans la communauté scientifique pour ses propriétés 

;+2)23?*';5$( !N+!$EE$27! 5#)+;:2)4;2)*+!,$!-./0"!*3!,$!(*+!'>:$&2$3'!:D$O!5;!(*3')(!E;4*'ise 

5#;&&;')2)*+!$2! 5$!,>4$5*&&$?$+2!,$! 23?$3'(! )+,3)2$(!*3!(&*ntanées (Sedger et al., 2002). 

"#;:2)*+!;+2)-tumorale de TRAIL implique les cellules cytotoxiques NK et/ou les LTCD8+ qui 

$%&')?$+2! -./0"! $2! &$34$+2! ,)'$:2$?$+2! )+,3)'$! 5#;&*&2*($! ,$(! :$5535$(! :;+:>'$3($(! 63)!

expriment les récepteurs de TRAIL (Takeda et al., 2002). Il a été montré in vitro que les NK 

;:2)4>(!&;'! 5#0PQR peuvent secréter le ligand TRAIL sous sa forme soluble et ainsi éliminer 

les cellules cancéreuses. De plus, TRAIL intervient également dans le contrôle de la 

progression tumorale et des métastases (Cretney et al., 2002; Takeda et al., 2002). En effet, 

5$(! (*3')(! ,>E):)$+2$(! &*3'! 5#$%&'$(()*+! ,3! '>cepteur mTRAIL-R, développent plus de 

métastases que les souris sauvages. Dans ce cas, les cellules cancéreuses résistantes à 

5#;&*&2*($! )+,3)2$! &;'! -./0"! ,$4)$+,';)$+2! ($+()C5$(! 5*'(63#$55$(! ($! ,>2;:D$+2! ,3! ()2$!

primaire.  

De plus, TRAIL possède la caract>')(2)63$!,S)+,3)'$!5#;&*&2*($!,$(!:$5535$(!:;+:>'$3($(!2*32!

$+!>&;'8+;+2! 5$(!:$5535$(! (;)+$( ! "#*')8)+$!,$!:$22$! :;';:2>')(2)63$!3+)63$!,$!-./0"!+#$(2!

pas encore établie et est malheureusement peu étudiée. Plusieurs hypothèses ont été 

développées mais auc3+$!+#$(2!4';)?$+2!:*+E)'?>$ ! 
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b) Pourquoi TRAIL ne tue pas les cellules saines ? 

La première hypothèse était que les cellules non cancéreuses sur-exprimaient les 

récepteurs inhibiteurs TRAIL-R3 et TRAIL-R4 (Degli-Esposti et al., 1997; Sheridan et al., 

1997) ?;)(!:$(!*C($'4;2)*+(!+#*+2!&;(!>2>!:*+E)'?>$(!in vivo.  

Le consensus actuel serait que les cellul$(!(;)+$(!(*+2!&'*2>8>$(!,$!5#;&*&2*($!)+,3)2$!&;'!

-./0"! (3)2$! T! 5#;::3?35;2)*+! ,$! &53()$3'(! ?>:;+)(?$(! ,$! '>()(2;+:$ ! Dans une étude 

récente (van Dijk et al., 2013), les auteurs montrent que les fibroblastes et les cellules 

musculaires humaines, utilisées comme modèle de cellules saines, sur-expriment en même 

temps, plusieurs molécules anti-apoptotiques, Bcl-2, c-FLIP, et XIAP. "#$%&'$(()*+!,$!:$(!U!

protéines anti-apoptotiques serait '$(&*+(;C5$! ,$! 5#;C($+:$! ,$! ($+()C)5)2>! T! 5#;&*&2*($!

induite par TRAIL dans ces cellules saines. Ils ont ensuite démontré que l#)+D)C)2)*+!,#3+$!,$!

:$(!?*5>:35$(!+#$(2!&;(!(3EE)(;+2$!&*3'!sensibiliser les cellules à TRAIL. Il est nécessaire 

,#)+D)C$'! T! 5;! E*)(! :-FLIP, Bcl-2 et V0/@! &*3'! ($+()C)5)($'! 5$(! :$5535$(! (;)+$(! T! 5#;&*&2*($!

induite par TRAIL. Les auteurs se sont ensuite intéressés au cas des  cellules tumorales qui 

perdent leur sensibilité à TRAIL. Dans ce cas, les cellules tumorales surexpriment 

fréquemment des molécules anti-apoptotiques $2! 5#)+D)C)2)*+! ,#3+$! ($35$! ?*5>:35$! $st 

suffisante pour restaurer la sensibilité à TRAIL. Ces observations sont rassurantes car ils 

(388J'$+2! 63$! 5#32)5)(;2)*+ ,#)+D)C)2$3'( de molécule anti-apoptotique ,;+(! 5$! :;,'$! ,#3+$!

thérapie anti cancéreuse sera  peut être suffisante pour restaurer la sensibilité des cellules 

cancéreuses à TRAIL et surtout +#;EE$:2$';!pas celle des cellules saines qui seront toujours 

insensibles.  

Par ailleurs quelqu$(! >23,$(! (388J'$+2! 63$! 5#;:2)4;2)*+! ,$! &'*2>)+$(! *+:*8J+$(!

comme c-Myc (Ricci et al., 2004) ou Ras (Nesterov et al., 2004) dans les cellules lors de 

5$3'! 2';+(E*'?;2)*+! :;+:>'$3($(! &;'2):)&$';)2! T! 5#;:63)()2)*+! ,$! 5;! ($+()C)5)2>! T! 5#;&*&2*($!

induite par TRAIL. En effet, ces protéines sont des éléments régulateurs aussi bien de la 

&'*5)E>';2)*+!:$5535;)'$!63$!,$!5#;&*&2*($!,$(!:$5535$( !"*'(!,$!5;!2';+(E*'?;2)*+!:;+:>'$3($!

ces oncogènes (*+2!(3'$%&')?>(!$2! E;4*')($+2! 5#;&*&2*($! )+,3)2$!&;'!-./0"!$+!&$'?$22;+2!

5#$%&'$(()*+! ,$! -./0"-R2, le recrutement de la caspase 8 ain()! 63$! 5#$%&'$(()*+! ,$!

molécules pro-;&*&2*2)63$(!,$!5;!4*)$!)+2')+(J63$!,$!5#;&*&2*($!(Hoffman and Liebermann, 

2008; Nesterov et al., 2004; Wang et al., 2005). Néanmoins comme ces oncogènes régulent 

également les voies de prolifération cellulaire, leur rôle exact dans la sélectivité des cellules 

cancéreus$(! T! 5#;&*&2*($! )+,3)2$! &;'! -./0"! ,*)2! $+:*'$! 92'$! >23,)>! (Oikonomou and 

Pintzas, 2013). 
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2.3. Voies de signalisation induites par TRAIL 

2.3.1. Les voies pro-apoptotiques 

a)  !"#$%&"'(%)*%'!+&",&"+-!'$'.$/&"%),0%.&"'!("1234  : la voie extrinsèque  

La voie extrinsèque est enclenchée lorsque le ligand TRAIL se lie à un de ses 

récepteurs agonistes TRAIL-R1 ou TRAIL-R2. Cette étape d#)+2$';:2)*+!$+2'$!5$!5)8;+,!$2!5$!

'>:$&2$3'! $(2! ,>2$'?)+;+2$! &*3'! 5#)+,3:2)*+! ,$! 5;! ()8+;5)(;2)*+! )+2';:$5535;)'$ ! G$! ?;+)J'$!

générale, les ligands de la famille du TNF ont une structure homotrimérique qui oligomérise 

les récepteurs à la surface de la cel535$ !F$22$!*5)8*?>')(;2)*+!$(2!+>:$((;)'$!T!5#)+,3:2)*+!,$!

la signalisation intracellulaire (Bodmer et al., 2002). 

 

Importance de l'oligomérisation dans la signalisation 

 En 1999, Hymowitz et ses collaborateurs proposent pour la première fois la structure 

cristallographique de TRAIL interagissant avec son récepteur TRAIL-R2 (Hymowitz et al., 

1999) (Figure 10). Cette structure indique que le ligand trimérique TRAIL se lie à 3 

récepteurs TRAIL-R2 au niveau des CRD2 et CRD3. 

 

 

Figure 10: Structure 

cristallographique de 

TRAIL et TRAIL-R2.  

La structure cristallographie 

indique que le ligand 

trimérique TRAIL se lie à 3 

récepteurs TRAIL-R2 

(Hymowitz et al., 1999)  

 

 

 

Suite à cette observation, il a d'abord été proposé que les récepteurs de la famille du TNF-R 

étaient présents sous forme de monomère à la surface de la cellule et que le ligand 

trimérique recrutait et oligomérisait 3 récepteurs. Cependant, par la suite, des études ont 

montré que les récepteurs étaient en fait, pré-*5)8*?>')(>(!T!5;!?$?C';+$!$+!5#;C($+:$!,3!

ligand (Chan, 2007a). Cette pré-oligomérisation se fait au niveau du CRD1 des récepteurs 

aussi appelé domaine PLAD (Pre-Ligand Assembly Domain). Le ligand viendrait recruter les 

récepteurs pré-*5)8*?>')(>(!:$!63)!&$'?$22';)2!5;!E*'?;2)*+!,#3+!:*?&5$%$!?;:'*?*5>:35;)'$!

entre les ligands et les récepteurs.  
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Les données cristallographiques suggèrent que le ligand TRAIL trimérique lierait 1 trimère 

de récepteurs TRAIL-R2 pré-oligomérisés. Cependant, certaines études citées ci-dessous 

laissent envisager que TRAIL-.W!$+!5#;C($+:$!,$!-./0"!($!&'>-oligomériserait en dimère et 

non en trimère. En effet, 5#>23,$! ,$ 5;! (2X:D)*?>2')$! ,#)+2$';:2)*+! $+2'$! des éléments du 

DISC (FADD, et la caspase M<! (388J'$! 63$! 5#;&*&2*($! ($';)2! )+)2)>$! &;'! ,$(! )+2$';:2)*+(!

dimériques ou tétramériques plutôt que trimériques (Yan et al., 2013). De plus, il a été 

montré que certains récepteurs de la famille du TNF-R comme le TNF-R1, Fas ou CD40  

(Buneker et al., 2009; Sanlioglu et al., 2005) forment des homodimères en absence de leurs 

ligands et non des trimères comme proposé. L'existence d'une forme pré-oligomérisée des 

'>:$&2$3'(!,$!-./0"!$+! 5#;C($+:$!,$!-./0"!,*)2!92'$!$+:*'$!4>')E)>$ (Figure 11). La pré-

dimérisation ou pré-trimérisation des récepteurs ne conduirait pas à la même organisation 

des récepteurs $+! &'>($+:$! ,3! 5)8;+, ! 05! (#$?C5$';)2! 63$! 5;! &'>-dimérisation permette de 

former des réseaux de récepteurs plus grands que si les récepteurs sont pré-trimérisés.  

 

 

 

Figure 11 : Modèle de pré-oligomérisation du récepteur TRAIL-R2 à la surface de la 

 !""#"!$!%$"&'()!% !$*!$+,-./. (A) les récepteurs sont pré-trimérisés au niveau de leur domaine 

@"/G7! $+! 5#;C($+:$! ,$! -./0" ! "*'(63$! -./0"! ($! 5)$! ;3! +)4$;3! ,$(! F.GWYU! ,$(! '>:$&2$3'(! &'>-

trimérisés, se forme un complexe trimérique stable. (B) la liaison de TRAIL à des récepteurs pré-

dimérisés entraine la format)*+! ,#3+! :*?&5$%$! ,$! '>:$&2$3'(! macromoléculaire stable. G#;&'J(!

(Kimberley and Screaton, 2004). 

 

 ";! ,)EE):352>! ,#;+;5K($'! ($(! '>($;3%! ,$! '>:$&2$3'(! ,;+(! 5$(! :*+,)2)*+(! +;2)4$(! $2! 5$!

?;+63$!,#)+E*'?;2)*+(!+$!+*3(!&$'?$2!&;(!,$!&'*&*($'!3+!?*,J5$!3+)63$!,#)+2$';:2)*+ ! 05!

semblerait que ces 2 modèles de pré-oligomérisation des récepteurs (pré-trimère vs pré-

dimère) soient possibles et que les récepteurs TRAIL-R2 peuvent être trimériques ou 

,)?>')63$(!$+!5#;C($+:$!,$!5$3'!5)8;+, ! 
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Récemment, 5#>23,$ de Valley et ses collaborateurs (Valley et al., 2012) montrent que la 

liaison de TRAIL à TRAIL-R2 induit une réorganisation des récepteurs pour former un 

réseau macromoléculaire hautement structuré de récepteurs. Selon leur modèle, TRAIL 

induirait la dimérisation des récepteurs pré-oligomérisés via leur domaine transmembranaire 

(TM) (Valley et al., 2012). Ce système permettrait ainsi de concentrer les récepteurs et 

,#)+,3)'$!$EE):;:$?$+2!5;!()8+;5)(;2)*+!)+2';:$5535;)'$  

Par ailleurs, i5! +#K! ;! &;(! ,#)+E*'?;2)*+(! :*+:$'+;+2! 5#>2;2! ,#*5)8*?>')(;2)*+! ,3 récepteur 

TRAIL-R1.  

En conclusion, il est probable que la nature du ligand (,)4;5$+27! 2')4;5$+27! D$%;4;5$+2Z< 

)?&;:2! (3'! 5#*5)8*?>')(;2)*+! ,$( récepteurs et crée ainsi des réseaux de récepteurs 

différents. Ces paramètres peuvent être importants et doivent être pris en compte lors de 

5#)+8>+)$')$! ,$! +*34$;3%! 5)8ands synthétiques des TRAIL-R. Ils seront rediscutés dans la 

suite du manuscrit (chapitres 1 et 2).  

 

Signalisation intracellulaire 

Une fois engagé par TRAIL, les récepteurs oligomérisés adoptent donc une 

conformation qui permet le recrutement puis la liaison des molécules de transduction de 

5#;&*&2*($ !"$(!GG!,$(!'>:$&2$3'(!'$:'32$+2!5;!?*5>:35$!P/GG!BP;(-Associated protein with 

Death Domain) et la pro-caspase 8/10 (Figure 12) !N+!'>(352$! 5;! E*'?;2)*+!,#3+!:*?&5$%$!

macromoléculaire appelé DISC (Death Inducing Signaling Complex). Dans le DISC, la 

molécule FADD et les pro-caspases sont également présentes sous forme de dimères ou de 

trimères (Kuwana et al., 1998; Muzio et al., 1998a; Muzio et al., 1998b). Au sein de ce 

complexe, les pro-caspases 8 ou 10 sont clivées en caspases initiatrices fonctionnelles et 

vont enclencher la cascade de signalisation apoptotique (cf @;'2)$! /! ,$! 5#)+2'*,3:2)*+, 

paragraphe 2.3). Ces étapes de la signalisation sont soumises à des mécanismes de 

régulation qui vont moduler le signal apoptotique.  

b)  !"#$%&",-!5'+%6%*!.%$)",&"+-!'$'.$/& : la voie intrinsèque  

La signalisation apoptotique induite par TRAIL peut prendre 2 orientations possibles 

;&'J(!5#;:2)4;2)*+!,3!G0[F !G;+(!5$(!:$5535$(!,$!2K&$!07!5$!G0[F!$(2!;(($O!(2;C5$!&*3'!;:2)4$'!

5;! :;(&;($! M! *3! \]! $2! )+,3)'$! 5#;&*&2*($! &;'! 5;! 4*)$ extrinsèque. En revanche dans les 

:$5535$(! ,$! 2K&$! 007! 5$! G0[F! +#$(2! &;(! (3EE)(;+2! ! &*3'! )+,3)'$! ,)'$:2$?$+2! 5#;&*&2*($! $2!

+>:$(()2$!3+$!C*3:5$!,#;?&5)E):;2)*+!,3!()8+;57!via 5;!?)2*:D*+,')$7!&*3'! )+,3)'$! 5#;&*&2*($!

(Scaffidi et al., 1998). Dans ce cas, la caspase 8 activée au niveau du DISC va cliver la 

protéine Bid en une forme tronquée active. Bidt déclenche ensuite la voie intrinsèque de 

5#;&*&2*($!,>2;)55ée dans le préambule.  
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FD$O!5;!(*3')(7!5$(!4*)$(!,$!()8+;5)(;2)*+(!$?&'3+2>$(!(*+2!5$(!?9?$(!63$!:D$O!5#D*??$!T!

5#$%:$&2)*+!,$!5;!:;(&;($!\]!;C($+2$!:D$O!5;!(*3')(!(Wu et al., 1999).  

 

 

 

 

 

Figure 12 Les voies apoptotiques induites par TRAIL. La signalisation apoptotique induite 

par TRAIL peut prendre 2 *')$+2;2)*+(!&*(()C5$(!;&'J(!5#;:2)4;2)*+!,3!G0[F !G;+(!5$(!:$5535$(!,$!2K&$!

I, le DISC est assez stable pour activ$'! 5;! :;(&;($! M! *3! \]! $2! )+,3)'$! 5#;&*&2*($! &;'! 5;! 4*)$!

$%2')+(J63$ ! N+! '$4;+:D$! ,;+(! 5$(! :$5535$(! ,$! 2K&$! 007! 5$! G0[F! +#$(2! &;(! (3EE)(;+2! ! &*3'! )+,3)'$!

,)'$:2$?$+2! 5#;&*&2*($! $2! +>:$(()2$! 3+$! C*3:5$! ,#;?&5)E):;2)*+! ,3! ()8+;57! via la mitochondrie, pour 

ind3)'$!5#;&*&2*($. 
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c) La nécroptose 

Dans certains cas, TRAIL peut induire la mort des cellules tumorales par un autre 

mécanisme de mort cellulaire, et cela )+,>&$+,;??$+2!,$(!:;(&;($( ! 05! (#;8)2!,$ la mort 

par nécroptose ou encore appelée nécrose programmée (Jouan-Lanhouet et al., 2012). La 

nécroptose se caractérise au niveau morphologique par le gonflement de la cellule puis à 

5#>:5;2$?$+2!,$!5;!?$?C';+$!:*+,uisant à une inflammation.  

"#*')$+2;2)*+!,$! 5;!()8+;5)(;2)*+ de mort cellulaire vers la voie apoptotique ou vers la 

nécrose programmée dépend de l#$+4)'*++$?$+2! )+2';:$5535;)'$! $2! $(2! 2'J(! ,K+;?)63$ ! La 

nécrose programmée est fréquemment engagée lorsque l;!4*)$!,$! 5#;&*&2*($!$(2!C5*63>$!

+*2;??$+2! $+! 5#;C($+:$! ,$! 5;! :;(&;($! M7! ,$! E;)C5$! 63;+2)2>! ,#/-@ (Adénosine 

Triphosphate) ou encore lors de résistances induites par la protéine c-FLIP et ses isoformes 

ou les IAPs au niveau du DISC. Une étude récente montre même que des cellules 

cancéreuses du foie cultivées in vitro dans un environnement ayant un pH acide meurent 

par nécrose programmée plutôt que par apoptose, après activation des TRAIL-Rs (Jouan-

Lanhouet et al., 2012). 

La signalisation de la nécrose programmée est initiée (3)2$! T! 5#*5)8*?>')(;2*+! ,$(!

TRAIL-Rs par leur ligand, qui recrutent au niveau de leur DD, une série de protéines dont 

TRADD (TNF-R Associated Death Domain) et FADD, les kinases sérine thréonine RIP1 et 

RIP3, et la protéine adaptatrice TRAF 2 pour former un complexe appelé nécrosome ou 

complexe I. Les kinases RIP\!$2!.0@U!(*+2!,>2$'?)+;+2$(!,;+(! 5#;:2)4;2)*+!,$! 5;!+>:'*($!

programmée. Lorsque la caspase 8 est recrutée au niveau du DD des récepteurs de TRAIL, 

elle va cliver les kinases RIP1 et RIP3 et ainsi les empêcher 5#)+,3:2)*+!,$ la nécroptose. A 

5#*&&*(>! 5*'(63$! 5;! :;(&;:$! M! +#$(2! &;(! &'>($+2$! *3! $(2! )+D)C>$ au niveau du DISC, les 

kinases RIP1 et RIP3 peuvent initier la nécroptose selon 2 mécanismes. RIP1 au sein du 

nécrosome i) peut activer la voie Akt qui active la voie JNK, conduisant à la nécroptose ou/et 

ii) induire un dysfonctionnement de la mitochondrie (Nikoletopoulou et al., 2013).  

 

En effet, il a été proposé que ce dysfonctionnement ne soit pas systématique dans 

toutes les cellules et peut être due à 5#;:2)4;2)*+! ,)'$:2$! ,$! la PARP1 par RIP1, qui va 

diminuer la concentration cellulaire en ATP conduisant à la mort de la cellule par nécrose 

&'*8';??>$ !G;+(!,#autres cas RIP3, peut recruter puis phosphoryler les pseudokinases 

MLKL (Mixed Lineage Kinase domain-")^$< !"$!'L5$!,$!:$22$!&($3,*^)+;($!+#$(2!&;(!$+:*'$!

bien défini mais il semblerait qu#$55$!(*)2!'$:'32>$!;3!+)4$;3!,$!5;!?$?C';+$!?)2*:D*+,');5$!

63#$55$!&$'E*'$!)+,3)(;+2!ainsi la perméabilisation de la mitochondrie et la libération de ROS 

BN(&J:$(!.>;:2)4$(!T!5#1%K8J+$<. Dans ce cas, les ROS activeraient la PARP1 conduisant 

ensuite à la nécroptose. 
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Par ailleurs, RIP3 peut être utilisé comme marqueur de sensibilité des cellules 

cancéreuses à la nécrose programmée. Les récepteurs de mort TNF-R1 et Fas sont 

>8;5$?$+2!:;&;C5$(!,#)+,3)'$!5;!+>:'*&2*($!(Holler et al., 2000; Cai et al., 2014). 

d) Les voies de prolifération 

De manière paradoxale, TRAIL peut également activer des voies de signalisation de 

survie et de prolifération cellulaire médiées par NFKB, PI3K/Akt et les MAP kinases JNK, 

P38 et Erk1/2 (revue dans (Ashkenazi et al., 2008))."#;:2)4;2)*+!,$!:$(!4*)$(!$(2!*C($'4>$!

dans les cellules tumorales résistantes à TRAIL. Ces signalisations sont initiées au niveau 

,3! G0[F! :5;(()63$! B:*?&5$%$! 0<! ;363$5! (#;((*:)$+2! 5$(! ?*5>:35$(! .0@\7!-./PW7!-./GG7!

NEMO pour former le :*?&5$%$! 00 ! "$! 'L5$! ,$! :$(! 4*)$(! ;52$'+;2)4$(! +#$(2! &;(! :5;)'$?$+2!

,>E)+) !N55$(!($?C5$';)$+2!)+2$'4$+)'!,;+(!3+!?>:;+)(?$!,$!'>835;2)*+!,$!5#;&*&2*($!)+,3)2$!

par TRAIL au même titre que le récepteur TRAIL-R4 dont le domaine intracellulaire tronqué 

peut initier la voie de signalisation de la &'*5)E>';2)*+ !G#;32'$(!>23,$(!(388J'$+2!;3!:*+2';)'$!

63$!5#;:2)4;2)*+!,$(!4*)$(!,$!&'*5)E>';2)*+!&$'?$22';)2!,$!($+()C)5)($'!5$(!:$5535$(!T!5#;&*&2*($!

induite par TRAIL (Falschlehner et al., 2007) (Figure 13).  
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Figure 13 : Les différentes voies de signalisations induites par TRAIL. TRAIL peut initier 

5#;&*&2*($!*3!5;!+>:'*($ programmée. Dans certains cas TRAIL peut également activer des voies de 

prolifération. 

 

2.4. Mécanismes de régulation de la signalisation apoptotique induite par TRAIL 

La signalisation apoptotique induite par TRAIL est soumise à divers mécanismes de 

régulation. Une modification de ces éléments de régulation peut générer des résistances à 

5#;&*&2*($! )+,3)2$! &;'! -./0"! $2! ?9?$! ,;+(! :$'2;)+(! :;(! )+,3)'$! 3+! ()8+;5! ,$! (3'4)$! ,$(!

cellules tumorales. Ces mécanismes de régulation peuvent être classés en 3 catégories : 

régulation au niveau membranaire, régulation au niveau du DISC et régulation au niveau 

intracellulaire.  
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2.4.1. ,01#"'234%$*!$"&'54524)!$3%*#32!$5'6$+,-./$'#$%37!'#$8!8(6'%'36! 

a)  Rôle des récepteurs antagonistes 

Les récepteurs membranaires inhibiteurs de TRAIL, TRAIL-R3 et TRAIL-R4, sont les 

premiers éléments de régulation de TRAIL. Les premières études suggéraient que les 

récepteurs inhibiteurs avaient une meilleure affinité pour TRAIL que les récepteurs 

;8*+)(2$(!?;)(!:$!+#$(2!&;s le cas (Truneh et al., 2000). Les études plus récentes suggèrent 

que les 2 récepteurs antagonistes se comportent de manière différente pour inhiber TRAIL.  

TRAIL-R3 qui possède une ancre GPI à la place de son DD agit en compétiteur des 

récepteurs TRAIL-R1 et TRAIL-R2 pour la liaison à TRAIL. Quant à TRAIL-R4, il va 

séquestrer les récepteurs agonistes et ainsi limiter la liaison de TRAIL à ces récepteurs. En 

effet, des études montrent que la molécule TRAIL recombinante (rTRAIL), peut recruter des 

hétéromères composés de TRAIL-R4 et du récepteur pro-apoptotique TRAIL-R2 (Merino et 

al., 2006). Comme TRAIL-R4 a un domaine de mort tronqué, les hétéromères vont former 

3+!G0[F!+*+!E*+:2)*++$5!63)!+$!&$'?$2!&;(!,#)+)2)$'!5;!:;(:;,$!,$!()8+;5)(;2)*+!;&*&2*2)63$ !

Il a été proposé que le DISC ainsi formé ne puisse pas cliver la pro-caspase 8. De plus, la 

liaison de TRAIL sur TRAIL-R4 peut activer des voies de signalisation anti apoptotiques 

telles que NFkB ou Akt (Lalaoui et al., 2011) et ainsi réguler dès le niveau membranaire 

5#;&*&2*($ ! De la même manière, une étude récente montre que TRAIL-R4 peut réguler 

TRAIL-.\! $+! E*'?;+2! ,$(! D>2>'*?J'$(! $+! 5#;C($+:$! ,$! -./0"! (Neumann et al., 2014). 

Nous rediscuterons ces points dans la partie « résultats » (chapitre 2).  

05! ;! >2>! &'*&*(>! 63$! 5;! ($+()C)5)2>! T! -./0"7! &3)(($! (#$%&5)63$'! &;'! 5;! C;5;+:$!

,#$%&'$(()*+!$+2'$!5$(!'>:$&2$3'(!;8*+)(2$(!$2!5$(!'>:$&2$3'(!;+2;8*+)(2$( !";!'>()(2;+:$!T!

5#;&*ptose serait dans cas due à une surexpression des récepteurs inhibiteurs (Buneker et 

al., 2009; Sanlioglu et al., 2005). Alors que plusieurs études confirment cette hypothèse, 

,#;32'$(!(*35)8+$+2!3+!?;+63$!,$!:*''>5;2)*+!$+2'$!5#$%&'$(()*+!,$(!'>:$&2$3'(!;+2;8*+)(2$(!

et la sensibilité à TRAIL (Kim et al., 2000; Lincz et al., 2001). Il est, en effet, difficile en 

fonction du type de cellule tumorale ,$!:*''>5$'! 5#$%&'$(()*+!,$(!'>:$&2$3'(!T! 5;!($+()C)5)2>!

:;'!5;!5*:;5)(;2)*+!$2!5#$%&'$(()*+!,$(!'>:$&2$3'(!4;')$!$+!E*+:2)*+!,$!5#$%&*()2)*+!T!-./0" ! 

b)  Variation du niveau d'expression des récepteurs 

"#$%&'$(()*+! ?$?C';+;)'$! ,$(! '>:$&2$3'(! ;8*+)(2$(! $2! ;+2;8*+)(2$(! de TRAIL peut 

être modulée. En effet, plusieurs mutations au niveau des gènes codant les TRAIL-R ont été 

identifiées, qui vont soit conduire à la surexpression des récepteurs régulateurs de TRAIL 

soit conduire à la sous expression des récepteurs apoptotiques. Il est fréquent de retrouver 

une hyper méthylation des promoteurs des gènes codant pour TRAIL-R1 et TRAIL-R2 qui 

inhibe leur transcription (Horak et al., 2005). La transcription des gènes codant pour les 
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TRAIL-R peut être également inhibée par certains facteurs de transcription qui favorisent la 

prolifération cellulaire tels que p53 ou NFkB (Sheikh et al., 1998).  

c)  Modifications post-traductionnelles des récepteurs 

G)4$'($(! ?*,)E):;2)*+(! &*(2! 2';,3:2)*++$55$(! &$34$+2! ;EE$:2$'! 5#;:2)4)2>! ,$(! -./0"-R. 

.>:$??$+2!,$(!>23,$(!*+2!?*+2'>!63$!5;!($+()C)5)2>!T!5#;&*&2*($!)+,3)2$!&;'!-./0"!,>&$+,!

de la glycosylation des récepteurs TRAIL-R1 et TRAIL-2 (Wagner et al., 2007). En effet, des 

altérations des profils de glycosylation sont souvent identifiées chez les patients atteints ,#3+!

cancer et dont les cellules tumorales sont '>()(2;+2$(!T! 5#;&*&2*($! )+,3)2$!&;'!,$(! 5)8;+,(!

des TRAIL-R.  

Les travaux de Wagner et ses collaborateurs (Wagner et al., 2007) ont mis en évidence une 

:*''>5;2)*+!$+2'$!5;!($+()C)5)2>!T!-./0"!$2!3+$!E*'2$!$%&'$(()*+!,#$+OK?$(!)+2$'4$+;+2!,;+(!

la O-85K:*(K5;2)*+! B;_*32!,#3+!(3:'$!;3!+)4$;3!,$(! '>(),3(! 2D'>*+)+$!*3!(>')+e) telles que 

GALNT14 et GALNT3 (Mazurek et al., 2012).La sous expression de ces enzymes est 

associée à une résistance à TRAIL alors que la surexpression de celles-ci peut restaurer la 

sensibilité à TRAIL. Les O-glycosylations ont lieu au niveau du domaine extracellulaire des 

TRAIL-.!$2!E;4*')($+2!5#*5)8*?>')(;2)*+!,$(!'>:$&2$3'(!&*3'!E*'?$'!3+!G0[F!$EE):;:$ !";!1-

85K:*(K5;2)*+!+#$(2!&;(!*C($'4>$!(3'!P;(!*3!-QP-R1 et semble spécifique des récepteurs à 

TRAIL.  

Des N-glycosylations (liaisons de sucre sur un résidu asparagine) sont décrites sur le 

récepteur TRAIL-R1 mais pas sur TRAIL-R2 qui ne possède pas de site de N-glycosylations 

(Yoshida et al., 2007). En revanche ces mêmes modifications ont été observées sur le 

récepteur Fas.  

Parmi les modifications post traductionnelles, on retrouve également la palmitoylation 

63)! :*+()(2$! $+! 5#;_*32! ,#;:),$! &;5?)2)63$! (3'! 5$s cystéines de la région intracellulaire des 

récepteurs. Cette palmitoylation est présente uniquement sur TRAIL-R1 (TRAIL-R2 ne 

possédant pas le triplé de cystéines qui permet cette modification). Cette modification 

favoriserait la localisation du récepteu'!,;+(!5$(!';,$;3%!5)&),)63$(!$2!;)+()!5#*5)8*?>')(;2)*+!

de ce dernier (Rossin et al., 2009). 

d)  Internalisation des récepteurs 

1+! (;)2! ;3_*3',#D3)! 63$! 5#)+2$'+;5isation du récepteur TNF-R1 est importante pour 

5#;:2)4;2)*+! ,$! 5;! ()8+;5)(;2)*+! ;&*&2*2)63$ (Kohlhaas et al., 2007). En revanche, cette 

évidence est beaucoup moins claire pour TRAIL et ses récepteurs. Il existe plusieurs études 

63)!,>?*+2'$+2!5#)?&*'2;+:$!,$!5#)+2$'+;5)(;2)*+!,;+(!5;!()8+;5)(;2)*+!(Zhang et al., 2009) et 

,#;32'$(!63), au contraire, affirment que ce mécanisme +#$(2!&;(!+>:$((;)'$! (Kohlhaas et 
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al., 2007). Il est désormais démontré que le récepteur est internalisé mais il semblerait que 

l'importance de cette internalisation pour son activité dépende du type de cellules. Dans les 

cellules de type I, la liaison de TRAIL sur ses récepteurs  induit, en même temps, 

5#)+2$'+;5)(;2)*+! ,$! -./0"-R1 et TRAIL-R2 (via un mécanisme clathrine dépendant) et la 

E*'?;2)*+!,3!G0[F !Q>;+?*)+(7!5$!C5*:;8$!,$!:$22$!)+2$'+;5)(;2)*+!+#)+D)C$!&;(!5#)+,3:2)*+!,$!

5#;&*&2*($!?;)(!C)$+!;3!:*+2';)'$! 5#;?&5)E)$ !/! 5#*&&*(>, dans les cellules de type II, où le 

G0[F!+#$(2!&;(!(3EE)(;+2!&*3'!)+,3)'$!5#;&*&2*($7!5;!5);)(*+!,$!-./0"!(3'!5$(!'>:$&2$3'(!)+,3)2!

5#)+2$'+;5)(;2)*+!,$(!'>:$&2$3'(!;8*+)(2$(!63)!($!'$2'*34$+2!$+,*:K2>(!,;+(!,$(!5K(*(*?$( !

Dans ce cas, 5$!C5*:;8$!,$!5#)+2$'+;5)(;2)*+!)+D)C$!5#;&*&2*($!(Austin et al., 2006).  

e) Rôle des radeaux lipidiques 

Certains récepteurs comme Fas (Gajate and Mollinedo, 2011) sont localisés au niveau 

de régions membranaires appelées radeaux lipidiques (RL), enrichies en cholestérol et 

sphingolipides. Ces micro-domaines très fluides, interviennent dans la signalisation cellulaire 

en permettant la concentration des récepteurs. Cependant, 5#)?&*'2;+:$!,$!5;!:*+:$+2';2)*+!

des récepteurs au niveau de ces RL dans la signalisation induite par TRAIL est 

controversée. La majorité des études suggèrent que le regroupement des TRAIL-R dans les 

."! $(2! )?&*'2;+2! &*3'! 5#)+,3:2)*+! ,$! 5#;&*&2*($. Une étude montre, par exemple, que la 

présence de TRAIL-R2 dans les RL contribue à la sensibilité des cellules Jurkat T!5#;&*&2*($!

induite par TRAIL (Min et al., 2009). Dans cette étude, les auteurs montrent que lorsque les 

récepteurs TRAIL-R2 ne sont pas regroupés dans les RL, les cellules Jurkat sont moins 

sensibles à TRAIL. `+$!;32'$!>23,$!&53(!'>:$+2$!(388J'$!63$!5#;C($+:$!,$ regroupement 

des TRAIL-R dans les RL contribue à la résistance acquise des cellules tumorales à 

5#;&*&2*($!)+,3)2$!&;'!-./0"!(Ouyang et al., 2013). De plus, pl3()$3'(!>23,$(!(#;::*',$+2!T!

,)'$! 63$! 5$! 2';)2$?$+2! ,$! :D)?)*2D>';&)$! &$'?$2! ,$! '$(2;3'$'! 5;! ($+()C)5)2>! T! 5#;&*&2*($! T!

TRAIL en permettant la redistribution des récepteurs TRAIL-R1 et TRAIL-R2 au sein de ces 

RL (Xu et al., 2011; Xu et al., 2009). Les TRAIL-.!T! 5#$%:$&2)*+!,$!-./0"-R3 ne seraient 

pas présents de manière constitutive ,;+(! 5$(! ."7! $2! :#$(2! 5$! 5)8;+,! B$2 les drogues de 

chimiothérapie) qui permettrait de relocaliser les récepteurs.  

F$&$+,;+27!,#;32'$(!;32$3'(!;EE)'?$+2!63$! 5$! '$8'*3&$?$+2!,$(! '>:$&2$3'(!,$s TRAIL-Rs 

au niveau de ces RL existent mais +#$(2!pas toujours déterminant pour la formation du DISC 

(Song et al., 2007).  
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2.4.2.  ,01#"'234%$*!$"&'54524)!$3%*#32!$5'6$+,-./$'#$%37!'#$*#$9.:; 

"#)+2$';:2)*+!$+2'$!-./0"!$2!($(!'>:$&2$3'(!;8*+)(2$(!:*+,3)2!T!5;!E*'?;2)*+ du DISC 

3+!:*?&5$%$!?;:'*?*5>:35;)'$!;3!+)4$;3!)+2';:$5535;)'$7!,>2$'?)+;+2!,;+(!5#)+,3:2)*+!,$!5;!

signalisation apoptotique (revue dans (Safa, 2012)) (cf paragraphe 2.3.1 et Figure 12). La 

protéine anti-apoptotique c-FLIP peut réguler négativement 5#;&*&2*($! $+! $?&9:D;+2! 5;!

formation du DISC. C-FLIP est très certainement la protéine anti apoptotique la plus souvent 

surexprimée dans les cellules tumorales résistantes T!5#;&*&2*($!)+,3)2$!&;'!5$(!'>:$&2$3'(!

de mort. Elle possède un domaine DED similaire aux caspases initiatrices qui lui permet de 

se lier à FADD et ainsi d'entrer en compétition avec la caspase 8/10. Il existe 3 isoformes de 

c-FLIP plus ou moins exprimées en fonction du type cellulaire: deux courtes (c-FLIPS et c-

FLIPR) qui n'ont pas de domaine caspase-like et une isoforme plus longue (c-FLIPL) qui 

&*((J,$!3+!,*?;)+$!:;(&;($!5)^$ !"#)(*E*'?$!:-FLIPL  agit différemment de c-FLIP et de ses 

2 isoformes courts, en formant des hétéromères avec la pro-caspase 8 au niveau du DISC 

qui conduisent au clivage de celle-ci. Cependant, :$!:5)4;8$!+#$(2!63$!&;'2)$5!$2!5;!:;(&;($!M!

'$(2$! (>63$(2'>$! ;3! +)4$;3! ,3! G0[F ! 05! $%)(2$! ,#;32'$(! ?*5>:35$(! 63)! &$34$+2! '>835$'!

5#;&*&2*($!;3!+)4$;3!,3!G0[F!'>E>'$+:$'!,;+(! 5;! '$43$! (Shirley et al., 2011). De manière 

générale, ces molécules anti-apoptotiques vont bloquer la caspase 8 ou la molécule FADD.  

Par ailleurs, ,$! '>:$+2$(! >23,$(! (*35)8+$+2! 5#)?&*'2;+:$! ,$! 5#3C)63)2)+ation, une 

?*,)E):;2)*+! &*(2! 2';,3:2)*++$55$7! ,;+(! 5;! '>835;2)*+! ,$! 5#;:2)4)2>! ,3! G0[F ! ";! 5)8;($! NU!

Cullin3 est recrutée au niveau du DISC où elle poly-ubiquitine la caspase 8. Ceci conduit au 

recrutement de la protéine p62 qui va à son tour stabiliser la caspase 8 activée et ainsi 

E;4*')($'! 5#;:2)4;2)*+! ,3! G0[F! (Jin et al., 2009). Le DISC peut également être régulé 

+>8;2)4$?$+2!&;(!5#3C)63)2)+;2)*+ !G;+(!:$!:;(!5; protéine TRAF2 est recrutée sur le DISC 

*a!$55$!4;!&$'?$22'$!5#;22;:D$?$+2!,#3+$!:Daîne ubiquitine à la caspase 8, conduisant celle-

ci à la dégradation par le protéasome.  

 

2.4.3. ,01#"'234%$*!$"&'54524)!$3%*#32!$5'6$+,-./$'#$%37!'#$ !""#"'36! 

Cette régulation est la plus détaillée dans la littérature et reste souvent la première 

explication proposée pour expliquer la résistance des cellules tumorales à TRAIL (revue 

dans (Indran et al., 2011) !N55$!:*+:$'+$!5;!4*)$!,#;?&5)E):;2)*+!?)2*:D*+,');5$!$2!?$2!$+!_$3!

deux familles de protéines : les protéines de la famille Bcl-2 et les protéines IAPs (cf partie A 

du préambule).  
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a) Les protéines de la famille Bcl2 

Les molécules Bak et Bax (protéines pro-apoptotiques permettant la libération du 

cytochrome c) peuvent être inhibées par les protéines anti-apoptotiques membres de la 

famille Bcl-2 (Bcl-2, Bcl-XL, Mcl-1, Bcl-w, Bcl-B et A1). Ces protéines anti-apoptotiques sont 

soit localisées dans le cytoplasme soit ancrées sur la membrane mitochondriale. Elles ont 

une forte affinité pour Bax et Bak auxquelles elles se lient pour les séquestrer, empêchant 

;)+()! 5#;:2)4;2)*+! ,$! 5;! 4*)$! ?)2*:D*+,');5$ ! /! +*2$'! 63$! 5$(! ,'*83$(! ,$! :D)?)*2D>';pie 

)+,3)($+2!5#;&*&2*($!&;'!5;!4*)$!)+2')+(J63$!$2!63$!5#)+;:2)4;2)*+!,$!b:5-2 ou Bcl-XL pourrait 

restaurer la sensibilité de certaines cellules tumorales T! 5#;&*&2*($! )+,3)2$! &;'! 5;!

chimiothérapie mais aussi par TRAIL. 

b) Les IAPs 

Les IAPs sont surexprimées ,;+(! ,$! +*?C'$3%! :;+:$'(! $2! (*+2! T! 5#*')8)+$! ,$!

'>()(2;+:$!T!5#;&*&2*($!B'$43$!,;+s (Hassan et al., 2014)). Elles contrôlent, à la fois, la voie 

extrinsèque et la voie intrinsèque. Le mécanisme proposé des IAPs, dont XIAP, cIAP1, 

cIAP2 et la survivine $(2! 63#$55$( inhiberaient 5#activation des caspases initiatrices et 

effectrices en se liant à elles via leur domaine BIR. Les IAPs 1 et 2 inactivent les caspases 

indirectement en leur ajoutant une chaîne ubiquitine grâce à leur activité de 

polyubiquitination (Vaux and Silke, 2005).  

"#;:2)4)2>!,$(! 0/@(!&$32!92'$!C5*63>$ par les protéines pro-apoptotiques, Smac/Diablo qui 

sont relarguées de la mitochondrie. Ces deux protéines peuvent se lier aux domaines BIR 

des IAPs, ce qui entraîne la libération des caspases séquestrées. Cependant, la protéine 

Smac/DIABLO peut être à son tour inhibée par les protéines Bcl-2 anti-apoptotiques (Figure 

14). 

 

2.5. TRAIL en thérapie des cancers 

 Sa sélectivité envers les cellules tumorales a fait de TRAIL et de ses récepteurs une 

:)C5$! 2'J(!&'*?$22$3($!&*3'! 5;! 2D>';&)$!,$(!:;+:$'( !/3_*3',#D3)!,$(!?*5>:35$(!D3?;)+$(!

TRAIL recombinantes (rTRAIL) et des anticorps monoclonaux (Acm) ciblant soit le récepteur 

TRAIL-R1 soit le récepteur TRAIL-R2 sont évalués en essais cliniques (revue dans 

(Micheau et al., 2013), Tableau 2). 
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Figure 14 : Les éléments de régulations de la signalisation induite par TRAIL  

"$(!>5>?$+2(!63)!E;4*')($+2!5;!()8+;5)(;2)*+!)+,3)2$!&;'!-./0"!(*+2!$+!4$'2 !/!5#*&&*(>7!5$(!>5>?$+2(!

qui inhibent la signalisation induite par TRAIL apparaissent en rouge. 
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2.5.1. TRAIL recombinant 

 La première molécule TRAIL recombinante évaluée en essais cliniques a été produite 

par la société Genentech. Cette molécule appelée Dulanermin® (ou APO2L/TRAIL.0) 

correspond à la séquence humaine de TRAIL (114-281 acides aminés) et est produite en 

système procaryote. Comme le ligand naturel TRAIL est un trimère, le Dulanermin® contient 

un atome de zinc central qui permet de stabiliser la protéine trimérique $2!,#;38?$+2$'!(*+!

efficacité biologique. De plus, le Dulanermin® ne présente aucune toxicité envers les 

cellules non tumorales. Cependant, cette molécule relativement petite est rapidement 

>5)?)+>$! ,$! 5#*'8;+)(?$! &;'! 5$(! '$)+(! B,$?)-4)$! ,$! 5#*','$! ,#3+$! 2'$+2;)+$! ,$! ?)+32$(<! $2!

nécessite des injections répétées pour obtenir un effet thérapeutique (Herbst et al., 2010). 

Malheureusement, les résultats des premiers essais cliniques indiquent que le Dulanermin® 

($35! *3! $+! ;((*:);2)*+! ;4$:! ,#;32'$(! ?*5>:35$(! ;+2):;+:>'$3($(! +$! &$'?$2! &;(! ,#)+,3)'$!

efficacement 5#;&*&2*($!,;+(!&53()$3'(!2K&$(!,$!:;+:$'( (Pan et al., 2011).  

 Plus récemment, une nouvelle forme recombinante de TRAIL appelée « Circularly 

Permuted TRAIL (CPT) » est évaluée en essais cliniques. Cette forme correspond à la 

fusion des acides aminés (aa) 135 à 280 aux aa 122 à 135 de la séquence de TRAIL. Cette 

E3()*+!:D;+8$!5#*','$!,$(!;;!,;+(!5;!(>63$+:$!&$&2),)63$!,$!-./0"!?;)(!ne modifie pas sa 

conformation. Le CPT est notamment évalué en phase II dans le traitement de myélomes 

multiples réfractaires en association avec le Thalidomide®. Le bilan de ces résultats est 

encouragea+2!:;'!:$22$!;((*:);2)*+!+#)+,3)2!&;(!,$!2*%):)2>!(3'!5$(!:$5535$(!(;)+$(!$2!&$'?$2!

,#;38?$+2$'!5$(!&'*&')>2>(!;+2)!23?*';5$!,3!F@- (Geng et al., 2014).  

Une des limitations du développement des ?*5>:35$(!'-./0"!$(2!63#$55$(!&$34$+2!T!5;!E*)(!

se lier aux récepteurs agonistes et aux récepteurs antagonistes ce qui va diminuer leur 

efficacité thérapeutique. Pour éviter ce phénomène, plusieurs groupes ont développé des 

anticorps monoclonaux ciblant les récepteurs agonistes de TRAIL.  

 

2.5.2. Anticorps monoclonaux agonistes de TRAIL-R1 ou de TRAIL-R2 

 05!+#$%)(2$!63#3+!;+2):*'&(!;8*+)(2$!,$!-./0"-R1, le Mapatumuab (TRM1, HGS-ETR1) 

qui est évalué en phase I pour le traitement les tumeurs solides et des cancers avancés et 

en phase II pour le traitement des lymphomes non hodgkiniens et du cancer colorectal. Le 

Mapatumuab est bien toléré et ne présente pas de toxicité chez les patients. Il a une demi-

vie plus longue que les rTRAIL (une vingtaine de jours).  

 En revanche, il existe sur le marché, 5 Acm agonistes de TRAIL-R2 (Drozitumumab, 

Conatumumab, Lexatumumab, Tigatuzumumab et LBY-\Uc<!,*+2! 5#$EE):;:)2>! 2D>';&$32)63$!
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$(2!>4;53>$!$+!&D;($!0!$2!00 !/!5#$%:$&2)*+!,3!!G'*O)23?3?;C!T!5#*')8)+$!,$!2*%):)2>!D>&;2)63$7!

tous ces Acm sont bien tolérés par les patients.   

Le Mapatumumab, le Lexatumumab, le Conatumumab et le Drozitumab Tigatuzumab sont 

des anticorps monoclonaux humanisés et le LBY135 est un anticorps IgG1 chimérique 

(humain/murin). Les IgG1 peuvent, en plus de leur effet pro-apoptotique, stimuler la 

'$:*++;)((;+:$! $2! 5#>5)?)+;2)*+! ,$(! :$5535$(! tumorales par le système immunitaire par le 

mécanisme de cytotoxicité à médiation cellulaire dépendante des anticorps (ADCC). 

Cependant, ces anticorps ne peuvent pas passer la barrière hémato-encéphalique et ne 

peuvent donc pas être prescrits dans le traitement de cancer cérébral (revue dans (Micheau 

et al., 2013)). 

 

2.5.3. Bilan des essais cliniques 

 Malgré tous les espoirs placés dans le développement de molécules agonistes de 

TRAIL-R, les premiers résultats des essais cliniques sont quelques peu décevants. Dans la 

majorité des cas rTRAIL où les Acm +$! (*+2! &;(! 2*%)63$(! $2! +$! &'>($+2$+2! &;(! ,#$EE$2(!

secondaires hormis quelques vomissements, nausées, et fièvre chez les patients, ce qui est 

plutôt encourageant. Cependant, :$(! 2';)2$?$+2(! +$! (#;4J'$+2! &;(! $EE):;:$(! &*3'! >5)?)+$'!

complétement le cancer (Lemke et al., 2014). En effet7!5#32)5)(;2)*+!,$!'-./0"!*3!,$(!Acm en 

?*+*2D>';&)$! )+,3)2! E'>63$??$+2! ,$(! '>()(2;+:$(! T! 5#;&*&2*($! )+,3)2$! &;'! -RAIL. Ces 

résistances sont dues aux différentes molécules intervenant dans la régulation de la 

signalisation induite par TRAIL (cf paragraphe 2.4) et peuvent être multiples (Prasad et al., 

2014).  

 Une des limitations de l'utilisation de TRAIL en thérapie des cancers serait 

également due à la nature des ligands synthétiques utilisés. Les Acm ou rTRAIL ne seraient 

&;(!,$(!5)8;+,(!(3EE)(;??$+2!&3)((;+2(!&*3'!)+,3)'$!5#;&*&2*($!,$(!:$5535$(!tumorales. Par 

exemple, les anticorps ont souvent une activité pro-apoptotique plus faible que les 

molécules recombinantes. Cela serait dû au fait qu'ils présentent un degré de valence trop 

faible pour recruter et oligomériser suffisamment de récepteurs pour induire efficacement 

5#;&*&2ose. @53()$3'(! >23,$(! ?*+2'$+27! $+! $EE$27! 63$! 5#32)5)(;2)*+! ,$! 5)8;+,(! (K+2D>2)63$(!

multivalents de TRAIL-R2 augmente significativement la capacité à )+,3)'$!5#;&*&2*($!(Berg 

et al., 2007; Pavet et al., 2010; Reis et al., 2010). 

 Dans ce cadre, plusieurs groupes tentent de développer de nouvelles formes 

multivalentes de TRAIL qui peuvent recruter plus de récepteurs et induire un signal 

apoptotique puissant. Cet axe correspond à une partie de mes travaux de thèse (cf. chapitre 

1) où nous avons développés des ligands peptidiques multimériques agonistes de TRAIL-

R2.  
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2.6. Vers une optimisation des traitements  

2.6.1. Les ligands multivalents 

 Au sein de la famille du TNF-R, certains récepteurs comme le TNFR-1 et TRAIL-R1 

peuvent être fortement activés par leurs ligands sous forme membranaire ou sous forme 

(*53C5$ ! N+! '$4;+:D$7! 5#$+8agement des récepteurs Fas ou TRAIL-R2 par leurs ligands 

2')?>')63$(!(*53C5$(!+#)+,3)2!63#3+$!;:2)4;2)*+!&;'2)$55$. Ces récepteurs doivent être activés 

par les formes membranaires ou des molécules recombinantes au moins héxamériques 

(Wajant et al., 2001) ! F$! &D>+*?J+$! +#$(2! &;(! $+:*'$! C)$+! $%&5)63>! ?;)(! 3+$! ,$(!

hypothèses les plus probables est que ces récepteurs doivent être fortement oligomérisés 

par leur ligand afin de créer un réseau macromoléculaire stable à la surface de la cellule 

pour initier la formation du DISC (Valley et al., 2012) (cf chapitre 1 et 2).  

 

2.6.2.  Sensibilisateurs à la mort induite par TRAIL  

 `+$!($:*+,$!(2';2>8)$!2'J(!&'*?$22$3($!$(2!,#;((*:)$'!5$(!2';)2$?$+2(!de type TRAIL 

(rTRAIL ou Acm<!;4$:!,#;32'$(!;8$+2(!;+2):;+:>'$3% !F$5;!&$'?$2! i) ,#;38?$+2$'! 5#;:2)*+!

des agonistes de TRAIL ii) de limiter l#;&&;')2)*+! ,$! '>()(2;+:$! T! -./0"! $2! Y*3! iii) re-

($+()C)5)($'!5$(!:$5535$(!,$4$+3$(!'>()(2;+2$(!T!5#;&*&2*($!)+,3)2$!&;'!-./0" !"$(!2D>';&)$(!

combinées agissent de façon synergique et réduisent le nombre de cellules tumorales 

résistantes (Tableau 2).  

 

a) TRAIL et la radiothérapie 

 La combinaison de la radiothérapie aux anticorps Mapatumumab ou Lexatumumab 

&$'?$2!,#;38?$+2$'!5#$EE):;:)2>!,$!:$(!,$'+)$'(!Brevue dans (Niemoeller and Belka, 2013)). 

G$(! >23,$(! ?*+2'$+2! 63#3+! &'>2';)2$?$+2! ,$(! :$5535$(! 23?*';5$(! T! 5;! ';,)*2D>';&)$! &$32!

;38?$+2$'! 5#$%&'$(()*+! ,$(! '>:$&2$3'(! -./0"-R1 et TRAIL-R2 des cellules tumorales 

résistantes à l'apoptose induite par TRAIL et ainsi re-sensibiliser les cellules à TRAIL. Une 

des explications serait que les radiations activent le facteur de transcription p53 qui peut 

:*+2'L5$'!5#;:2)4;2)*+!,$(!8J+$(!:*,;+2!&*3'!5$(!'>:$&2$3'(!;8*+)(2$(!,$!-./0" !F$&$+,;+2, 

ce traitement serait réservé a3%!&;2)$+2(!+#;K;+2!&;(!,$!?32;2)*+!;3!+)4$;3!,3!8J+$!&cU !

Les radiations favoriseraient également i) la signalisation apoptotique extrinsèque en 

renforçant le DISC par un recrutement plus rapide les caspases initiatrices ii) et dans 

,#;32'$(! :;(! 5;! ()8+;5isation intrinsèque en stimulant Bax et Bak (Niemoeller and Belka, 

2013). 
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b) TRAIL et la chimiothérapie  

Les agonistes des TRAIL-R ont rapidement été associé à des traitements classiques 

de chimiothérapie incluant entre autre les dérivés de platine (le Cisplatine, le Carboplatine, 

$2! 5#1%;5)&5;2)+$<7! ,$(! ;+2)-métabolites comme la Gemcitabine ou le 5-FU, ainsi que des 

anthracyclines comme la Doxorubicine (Tableau W7! &*3'! ?*,$! ,#;:2)*+! cf. partie B de 

5#)+2'*,3:2)*+< ! 

De manière générale, il a été proposé que les molécules de chimiothérapie agissent de 

façon synergique avec les agonistes de TRAIL-R (Hellwig and Rehm, 2012). Comme TRAIL 

)+,3)2!5;!4*)$!$%2')+(J63$!,$!5#;&*&2*($!)+,>&$+,;??$+2!,$!5;!&'*2>)+$!&cU7!$2!5;!(Newsom-

Davis et al., 2009; Ravi et al., 2004). 

`+!,$(!8';+,!(3::J(!,$!5#;((*:);2)*+!,$!-./0"!T!5;!:D)?)*2D>';&)$!$(2!63#$55$!&$'?$2!;3(()7!

dans certains cas de restaurer la sensibilité des cellules tumorale(!T!5#;&*&2*($!)+,3)2$!&;'!

TRAIL. 

Plusieurs mécanismes à différents niveaux de la signalisation apoptotique ont été proposés 

&*3'! $%&5)63$'! 5#;:2)*+! C>+>E)63$! ,$! :$(! ;((*:);2)*+( ! @;'! $%$?&5$! 3+$! >23,$! '>:$+2$!

,#)?;8$')$!$+!2$?&(!'>$5!?*+2'$!63$!5$!&'>-traitement de glioblastomes résistants à TRAIL 

avec différentes chimiodrogues induit la surexpression des récepteurs TRAIL-R1 et /ou 

TRAIL-R2 et restaure ainsi la sensibilité à TRAIL (Bagci-Onder et al., 2013) ! G#;32'$(!

auteurs ont montré que la chimiothérapie incluant le cisplatine, la doxorubicine et le 5-FU, 

&$'?$2! ,$(! '$(2;3'$'! 5;! ($+()C)5)2>! T! 5#;&*&2*($! )+,3)2$! &;'! -./0"! ,$! :$5535$(! )((3$(! ,#3+!

carcinome colorectal, en augmentant la stabilité du DISC et ainsi en favorisant notamment le 

recrutement de la pro-caspase 8 et de la molécule FADD (Lacour et al., 2003). Les mêmes 

auteurs précisent par la suite, que la résistance de cellules cancéreuses due à la 

surexpression du récepteur inhibiteur TRAIL-R4, peut être surmontée par la chimiothérapie 

qui stabilise le DISC (Morizot et al., 2011). 

Outre son effet bénéfique sur la formation du DISC, la chimiothérapie peut également 

favoriser la diminution de l'expression des protéines anti-apoptotiques telles que c-FLIP, Bcl-

2, Mcl-1 ainsi que les IAPs (El Fajoui et al., 2011) $2Y*3!5#;38?$+2;2)*+!,$!5#$%&'$(()*+!,$(!

(Haswell et al., 2001) protéines pro-apoptotique telle que Bim (Dimberg et al., 2013). Les 

molécules de chimiothérapie peuvent, par ailleurs, directement diminuer les voies de 

signalisation de la prolifération (NFkB, PI3K/Akt, JAK/STAT). Même si le mécanisme mis en 

jeu dépend de la classe pharmacologique du traitement utilisé, du type cellulaire et de 

5#$+4)'*++$?$+2! 23?*';57! 5#;((*:);2ion de la chimiothérapie aux agonistes de TRAIL reste, 

cependant, très prometteuse. 
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c) TRAIL et les thérapies ciblées 

 Les agonistes de TRAIL peuvent être également associés à des molécules de la 

thérapie ciblée (Tableau 2). Par exemple, en essais cliniques dans le traitement des 

cancers solides et hématologiques, TRAIL a été associé au Bortezomib, un inhibiteur du 

&'*2>;(*?$!63)!$?&9:D$!5#;:2)4;2)*+!,$!QP^b!$+!5)?)2;+2!5;!,>8';,;2)*+!,#0^b !"$(!'>(352;2(!

(*+2!$+:*3';8$;+2(!$2!3+$!>23,$!?*+2'$!?9?$!63$!5#32)5)(;2)*+!,#)+D)C)2$3'!,3!&'*2>;(*?$!

peut restaurer la sensibilité des cellules tumorales T!5#;&*&2*($!)+,3)2$!&;'!-./0"!(Menke et 

al., 2011).  

TRAIL est aussi combiné avec des Acm (&>:)E)63$(! ,#;+2)8J+$(! 23?*';3%! :*??$! 5$!

Rituximab. Le Rituximab se lie au marqueur CD20 exprimé sur les lymphomes et est donc 

utilisé avec TRAIL dans le traitement des lymphomes non Hodgkinien (Daniel et al., 2007).  

Les inhibiteurs de kinases comme le Sorafenib vont empêcher la phosphorylation qui inhibe 

5#activité des molécules proapoptotique telles que Bid (protéine kinase CK2), pro caspase. 

Ces molécules sont associées à des traitements avec TRAIL avec succès.  

 

2.6.3. Identification de marqueurs de sensibilité à TRAIL 

 `+$! ;32'$! ;&&'*:D$! &*3'! ;?>5)*'$'! 5#$EE):;:)2>! ,$(! 2';)2$?$+2(! &;'! -./0"! $(2!

,#),$+2)E)$'!5$(!?;'63$3'(!,$!($+()C)5)2>!T!5#;&*&2*($ induite par TRAIL pour chaque patient. 

Environ 1/3 des tumeurs répondent de manière modérée aux traitements ciblant les TRAIL-

.! $2! \YU! ,$(! 23?$3'(! (*+2! '>()(2;+2$(! T! 5#;&*&2*($! )+,3)2$! &;'!-./0"! (Buchsbaum et al., 

2006).  

05! $(2! 2*32! ,S;C*',! &*(()C5$! ,$! 4>')E)$'! 5#$%&'$(()*+! ,$(! -./0"-Rs 5*'(! ,#3+$! C)*&()$! ,$! 5;!

tumeur suivie par des analyses histochimiques. Cet élément peut être intéressant mais 

+#)+,)63$!&;(!(#)5!$%)(2$!,$(!'>()(2;+:$(!)+2';:$5535;)'$( ! 

Une étude a ),$+2)E)>!3+$!$%&'$(()*+!>5$4>$!,$! 5#$+OK?$!A/"Q-\H! )+2$'4$+;+2!,;+(! 5#1-

glycosylation des TRAIL-R comme marqueur de sensibilité à TRAIL. La présence de 

GALNT14 est corrélée à la sensibilité à TRAIL au niveau du cancer des poumons à petites 

cellules (NSCLC), du cancer pancréatique et mélanomes. De la même manière, la présence 

des enzymes GALNT3, FUT3 et FUT6 est associée avec une sensibilité à TRAIL au niveau 

du cancer colorectal (Wagner et al., 2007). 

 

 ";! &'>($+:$! ,$! 5#*+:*8J+$! :-myc est également identifié comme un marqueur 

&*2$+2)$5! ,$! 5;! ($+()C)5)2>! T! 5#;&*&2*($! )+,3)2$! &;'! -./0L (Ricci et al., 2004). Certaines 

:$5535$(! 23?*';5$(! (*+2! &53(! ($+()C5$(! T! 5#;&*&2*($! ?>,)>$! &;'! 5$! '>:$&2$3'! -./0"-R1 et 

,#;32'$(!&;'!-./0"-R2. Dans ce cas, il est intéressant de pouvoir prédire cette sensibilité 

pour choisir le bon agoniste. "#$%&'$(()*+! ,$(!8J+$(! [-d\eb7! [@\H]"7! F/[@M7! $2! /0=\!
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4;')$! ()8+)E):;2)4$?$+2! ,;+(! 5$(! :$5535$(! ($+()C5$(! *3! '>()(2;+2$(! T! 5#;&*&2*($! ?>,)>$! &;'!

TRAIL-.\ ! ";! ?$(3'$! ,3! 2;3%! ,#$%&'$(()*+! ,$! :$(! H! 8J+$(! ($';)2! ,*+:! 3+! +*34$;3!

marqueur de sensibilité à TRAIL (Araki et al., 2010). 

 

 

Tableau 2 : Les agonistes de TRAIL associé)$ '7! $ *&'#26!)$ 80*3 '8!%2)$

anticancéreux et évalués en essais cliniques. G#;&'J(!(Micheau et al., 2013).et (Lemke et al., 

2014).  
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3. CD40 : une cible de choix pour éliminer les cellules cancéreuses 

CD40 est un récepteur de la famille du TNF-.!:*++3!:*??$!:D$E!,#*':D$(2'$!,$! 5;!

réponse immunitaire. Il est, en effet, exprimé sur plusieurs cellules du système immunitaire 

$2!(*+!$+8;8$?$+2!&;'!(*+! 5)8;+,!FGH]"!:*+,3)2!T! 5#;:2)4;2)*+!,$! 5;!'>&*+($! )??3+)2;)'$!

adaptative humorale et cellulaire. De ce fait, CD40 a très tôt été choisi comme cible pour la 

thérapie des cancers afin de stimuler la réponse immunitaire anti-tumorale. Cependant, 

FGH]!;&&;';f2!:*??$!3+$!:)C5$!,#;32;+2!&53(!;22';:2)4$!63#)5!$(2!;3(()!$%&')?>!(3'!&53(!,$!

70% des cellules cancéreuses dont 100% des lymphomes et peut, dans certains cas, 

directement induire leur apoptose. 

 

3.1. Le récepteur CD40 et son ligand CD40L 

3.1.1.  Le récepteur CD40  

CD40 (TNFRSF5) est un récepteur transmembranaire de type I de 277 acides aminés. 

Son domaine extracellulaire est composé de 4 CRD (CRD1, CRD2, CRD3 et CRD4) et son 

domaine intracellula)'$!+$!&*((J,$!&;(!,#;:2)4)2>!2K'*()+$!^)+;($ !05!;!,#;C*',!>2>!,>:*34$'2!

sur les lymphocytes B (Paulie et al., 1985) &3)(!(3'!,#;32'$(!:$5535$(!,3!(K(2J?$!)??3+)2;)'$!

essentiellement sur des cellules présentatrices de l'antigène comme les DC, les 

monocytes/macrophages mais aussi sur les basophiles et les éosinophiles. CD40 est 

également exprimé sur une grande variété des cellules dont les plaquettes, les cellules 

endothéliales, les cellules neuronales mais aussi sur de nombreuses cellules tumorales. 

"#$%&'$(()*+! ,$! FGH]! (3'! 5$(! :$5535$(! (;)+$(! $(2! :*+(2)232)4$! et peut être régulée par 

&53()$3'(! :K2*^)+$(! ,*+2! 5#0PQR7! 5S0"-1, l'IL-3, l'IL-H7! 5$! -QPg! $2! 5$! A=-CFS (Granulocyte 

Macrophage Colony Stimulating Factor) (Schonbeck et al., 2000).  

3.1.2. Le CD40L  

Le ligand n;23'$5! ,$! FGH]! $(2! FGH]"! BFG\cH7! -QP.[Pc< ! F#$(2! 3+$! &'*2>)+$!

transmembranaire de type II appartenant à la famille des ligands du TNF. CD40L est 

exprimé de manière transitoire sur les LTCD4+ activés et de manière persistante et 

inductible sur d'autres leucocytes incluant les basophiles, éosinophiles, monocytes et 

macrophages, sur les plaquettes ainsi que sur des cellules non hématopoïétiques (cellules 

musculaires lisses, cellules endothéliales et cellules épithéliales) (Schonbeck et al., 2000).  

 



 51 

3.1.3. Les autres ligands de CD40 et les autres récepteurs de CD40L 

"$!'>:$&2$3'!FGH]!&$32!>8;5$?$+2!($!5)$'!T!,#;32'$(!5)8;+,(!:*??$!5;!&'*2>)+$!FHC@!

du complément qui indui2!5#;:2)4;2)*+!$2!5;!&'*5)E>';2)*+!5$(!"b7!5#$%&'$(()*+!T!5$3'!(3'E;:$!,$(!

?*5>:35$(!FGcH!$2!FGMh!$2! 5;!&'*,3:2)*+!,#08N!$+!&'>($+:$!,#0"-4 (Brodeur et al., 2003). 

"#)+2$';:2)*+!$+2'$!FGH]!$2! 5;!&'*2>)+$!FHC@!($?C5$';)2!&;'2):)&$'!T! 5#;:2)4;2)*+!,$(!"b!;3!

+)4$;3! ,$(! ()2$(! ,#)+E5;??;2)*+ ! ";! &'*2>)+$! ?K:*C;:2>')$++$! ,$! :D*:! 2D$'?)63$! i[@e]!

&$32!>8;5$?$+2!($!5)$'!T!FGH]!:$!63)!)+,3)2!5#)+2$'+;5)(;2)*+!,3!:*?&5$%$!FGH]-HSP70 puis 

5#;:2)4;2)*+!,$!5;!4*)$!,$(!=/@d( !Bj;+8!$2!;5 7!W]]\<  

De la même manière, le li8;+,!FGH]"!&$32!($!5)$'!T!5#)+2>8')+$!g00CkU!!T!5;!(3'E;:$!,$(!

&5;63$22$(! &;'! 5#)+2$'?>,);)'$! ,3! ?*2)E! ,$! '$:*++;)((;+:$! .AG ! F$22$! )+2$';:2)*+! ;! >2>! 5;!

source de thrombus artériels lors de traitements avec une molécule CD40L recombinante 

(rCD40L) (Andre e2!;5 7!W]]W< "#)+2>8')+$!gck\!;!>8;5$?$+2!>2>!,>:')2$!:*??$!3+!'>:$&2$3'!

,$!FGH]"!B"$4$)55$!$2!;5 7!W]]e< !"#)+2$';:2)*+!$+2'$!FGH]"!$2!:$22$!)+2>8')+$!T!5;!(3'E;:$!,$!

:$5535$(! D3?;)+$(! ?*+*:K2;)'$(! B5)8+>$! `lUe<! :*+,3)2! T! 5#;:2)4;2)*+! ,$! 5;! 4*)$! ,$!

signalisation MAPKs. 

 

3.2.  Signalisation induite par le pontage de CD40 par son ligand CD40L  

";! ()8+;5)(;2)*+! )+,3)2$! &;'! FGH]"! :*+,3)2! T! 5#;:2)4;2)*+! ,$! ,)4$'($(! 4*)$(! ,$!

()8+;5)(;2)*+!,>&$+,;+2$(!,$!5#$+4)'*++$?$+2!)+2';!$2!$%2';!:$5535;)'$ ! 

 

3.2.1.  Rôle des protéines TRAF 

F*??$! 5$! ,*?;)+$! :K2*&5;(?)63$! ,$! FGH]! $(2! ,>&*3'43! ,#;:2)4)2>! $+OK?;2)63$!

intrinsèque, la transduction du signal est principalement médiée par des protéines TRAFs 

(TNF Receptor Associated Factors) (Figure 14). Les TRAFs sont des protéines adaptatrices 

qui possèdent un domaine TRAF au niveau de la région C-terminale, qui est subdivisé en 

deux sous-domaines TRAF-N et TRAF-C. Le sous-domaine TRAF-N est impliqué dans 

5#)+2$';:2)*+!;4$:!,#;32'$(!&'*2>)+$(!;5*'(!63$!5$!(*3(-domaine TRAF-F!&$'?$2!5#)+2$';:2ion 

entre les différentes TRAFs pour former des complexes multimériques (Arron et al., 2002). Il 

existe 6 molécules TRAF nommées de TRAF1 à TRAF6, chez les mammifères. Toutes les 

?*5>:35$(!-./P(!T!5#$%:$&2)*+!,$!-./PH!&$34$+2!($!5)$'!T!FGH]!(Bishop et al., 2007).  
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Figure 15 : Les protéines TRAF. Le domaine cyoplasmique du récepteur CD40 peut recruter les 

protéines TRAF 1, 2, 3, 5 et 6 pour activer différentes voies de signalisations. 

3.2.2.  Type de signalisation induite par CD40 

Prolifération cellulaire 

"#;:2)4;2)*+! ,$! FGH]! :*+,3)2! &')+:)&;5$?$+2! T! 5#;:2)4;2)*+! ,$(! 4*)$(! ,$! ()8+;5)(;2)*+!

impliquées dans la survie et la prolifération, dont NFkB, JNK et MAPKs. Ces voies de 

prolifération sont très bien documentées dans la littérature (revue dans (Elgueta et al., 

2009)). De plus, la région cytoplasmique de CD40 possède un domaine de liaison à la 

&'*2>)+$! m/dU ! F$! ,*?;)+$! &$'?$2! ,#;:2)4$'! $+! 5#;C($+:$! ,$(! -./P(7! 5$! E;:2$3'! ,$!

transcription STAT5 conduisant à la production de cytokines pro-)+E5;??;2*)'$(! B-QPg7!

0PQR7!0"-6) (Hanissian and Geha, 1997) (Figure 16).  

 

 !"#$%&'!(")(*+,-'-%'.)( 

132'$! 5#;:2)4;2)*+! ,$(! 4*)$(! ,$! &'*5)E>';2)*+7! 5#$+8;8ement de CD40 par son ligand 

FGH]"! &$32! :*+,3)'$! ,;+(! :$'2;)+(! :;(! T! 5#;&*&2*($ ! "$(! ?>:;+)(?$(! :*+,3)(;+2! T!

5#;&*&2*($! )+,3)2$! &;'! FGH]"! (*+2! ?;5D$3'$3($?$+2! &$3! ,>:')2(! ,;+(! 5;! 5)22>';23'$ ! F$22$!

capacité d'induire l'apoptose dépend du contexte cellulaire et de la nature du ligand qui 

active CD40. Il semblerait, en effet, que seules les cellules cancéreuses et en particulier 

:$'2;)+(! 5K?&D*?$(! $2! :;':)+*?$(! (*)$+2! ($+()C5$(! T! 5#;&*&2*($! )+,3)2$! &;'! FGH]" G$(!

ligands de faible valence comme des anticorps monoclonaux favoriseraient un signal de 

prolifération cellulaire alors que des ligands de plus forte valence comme CD40L exprimé à 

la surface de cellules, induiraient un signal apoptotique (Haswell et al., 2001).  

Ce sont essentiellement les travaux de Georgopoulos (Georgopoulos et al., 2006) puis 

,$!N5?$2n;5)!BN5?$2n;5)!$2!;5 7!W]\]<!$2!5$3'(!:*55;C*';2$3'(!63)!*+2!&$'?)(!,#>:5;)':)'!3+!&$3!

&53(!5#)?&;:2!,$!5;!4;5$+:$!,$!5)8;+,(!(3'!5#)+,3:2)*+!,$!5#;&*&2*($!&;'!FGH]!$2!5;!:;(:;,$!

de molécules en découlant.  
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G;+(! 5$3'(! 2';4;3%! )5(! ,>?*+2'$+2! 5#)?&;:2! ,$! 5;! 4;5$+:$! ,3! 5)8;+,! $+! 32)5)(;+2! 3+!

ligand trimérique soluble (ligand faiblement valent) et un modèle de ligand multivalent, à 

savoir le CD40L membranaire exprimé à la surface de cellules normales (Georgopoulos et 

al., 2006) ou de cellules transfectés avec un adénovirus codant pour CD40L(Elmetwali et al., 

2010). Ils montrent ainsi le ligand trimérique ne tue pas des cellules cancéreuses issues 

,#3+! :;':)+*?$! ,$! 5;! 4$(()$ ! N+! '$4;+:D$7! 5$! 5)8;+,! ?352)4;5$+2! )+duit efficacement 

5#;&*&2*($! ,$! :$(! :$5535$(! :;+:>'$3($( ! "$(! 2';4;3%! ,$! A$*'8*&*35*(! $2! ,$! ($(!

collaborateurs montrent pour la première fois que le ligand multivalent induit la 

(3'$%&'$(()*+!,$(!&'*2>)+$(!-./P\!$2!-./PU !/!5#*&&*(>7! 5$! 5)8;+,!2')?>'63$!+#induit pas 

de surexpression de ces protéines. Les protéines TRAF1 et TRAF3 sont rapidement 

recrutées au niveau du domaine cytoplasmique de CD40. TRAFU!:*+,3)2!T!5#;:2)4;2)*+!,S3+$!

voie apoptotique dépendant de JNK (Georgopoulos et al., 2006) qui phosphoryle les 

protéines c-Jun, Bcl-2 et Bcl-xL qui perdent ainsi leur activité anti- apoptotique. L'inactivation 

de Bcl-2 et Bcl-xL permet la perte du potentiel mitochondrial et la libération du cytochrome c, 

qui active les caspases 9 et 3/7(Elmetwali et al., 2010). Ils montrent également que le ligand 

?352)4;5$+2!+#)+,3)2!&;(!3+$! E*'2$!$%&'$(()*+!,$! 5;!:;(&;($!M! 5)?)2;+2!;)+()! (*+! )?&5):;2)*+!

,;+(! 5#)+,3:2)*+! ,$! 5#;&*&2*($! )+,3)2$! &;'! FGH]! BN5?$2n;5)! $2! ;5 7! W]\]< ! F$(! '>(352;2(!

;::$+23$+2! 5#)?&*'2;+:$! ,$! 5;! 4*)$! )+2')+(J63$! ,;+(! 5#)+,3:2)*+! ,$! 5#;&*&2*($! )+,3)2$! &;'!

CD40 (Elmetwali et al., 2010).  

Les travaux de Georgopoulos (Georgopoulos et al., 2006) montrent également que 

dans les cellules urothéliales cancéreuses, la protéine TRAF3 est continuellement 

synthéti(>$!$2!,>8';,>!&;'! 5$!&'*2>;(*?$!?;)(!,J(! 5#$+8;8$?$+2!,$!FGH]!&;'!3+! 5)8;+,!

?352)4;5$+27!-./PU!$(2!'$:'32>$!;3!+)4$;3!,$!5;!'>8)*+!)+2';:$5535;)'$!,$!FGH]!$2!+#$(2!&53(!

dégradée.  

De manière intéressante, ils montrent également que le ligand multivalent induit une 

,)?)+32)*+!,$!5#$%&'$(()*+!,$!5;!&'*2>)+$!-./Ph!63)!;:2)4$!5;!4*)$!,$!&'*5)E>';2)*+!@0UdY/^2 !

Dans ce cas, le ligand multivalent favorise le recrutement des TRAF3 et 1 qui activent la 

4*)$! )+2')+(J63$! ,$! 5#;&*&2*($! 4);! mQd! $2! 5)?)2$! 5$! '$:'32$?$+t de la TRAF6, empêchant 

;)+()! 5#;:2)4;2)*+! ,$(! 4*)$(! ,$! (3'4)$! @0UdY/^2! 63)! &*3'';)$+2! :*+2'$:;''$'! 5$! ()8+;5!

apoptotique (Elmetwali et al., 2010).  

Ils montrent enfin que leur ligand multivalent tue uniquement les cellules cancéreuses 

3'*2>5);5$(! $2! +#*+2! &;(! ,#$EE$2! ;&*&2*2)63$! (3'! 5$(! :$5535$(! 3'*2D>5);5$(! +*+! :;+:>'$3($(!

(Elmetwali et al., 2010).  

  De plus, ces 2 études montrent que la protéine TRAF1 est surexprimée mais son 

'L5$! +#$(2! &;(! ,>E)+)! ,;+(! 5#)+,3:2)*+! ,$! 5#;&*&2*($! (3)2$! T! 5#$+8;8$?$+2! ,$! CD40 par un 

ligand multivalent.  
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Cependant, une étude plus récente de Jundi et ses collaborateurs (Jundi et al., 2012) 

:*+2$(2$!5$!'L5$!,$!5;!&'*2>)+$!-./Ph!,;+(!5#;&*&2*($!)+,3)2$!&;'!FGH] !G;+(!5$3'(!2';4;3%7!

)5(! ?*+2'$+2! 63#;3! :*+2';)'$7! 5#$+8;8$?$+2! ,$ CD40 par un anticorps monoclonal induit 

5#;&*&2*($!,#3+!5K?&D*?$!,$!b3'^)22!B.;_)<7!4);!5$!'$:'32$?$+2!,$!5;!&'*2>)+$!-./Ph!$2!($';)2!

indépendante de la protéine TRAF3 et des caspases.  

F$(! '>(352;2(! ;::$+23$+2! 5;! ,)EE):352>! ,#;+;5K($'! 5;! ()8+;5)(;2)*+! 7*u plutôt les 

()8+;5)(;2)*+(7! ;&*&2*2)63$(! )+,3)2$(! &;'! 5#$+8;8$?$+2! ,$! FGH] ! "#*')$+2;2)*+! ,$! 5;!

signalisation intracellulaire est donc bien dépendante de la nature du ligand de CD40 et de 

5#$+4)'*++$?$+2!)+2';:$5535;)'$ ! 

@*3'!5#D$3'$7!5$(!4*)$(!?*5>:35;)'$(!)+,3)2$(!&;'!FGH]!$2!:*+,3)(;+2!T!5#;&*&2*($!,;+(!

les cellules tumorales reste encore à élucider. 

 

3.2.3. Initialisation de la signalisation induite par CD40 au niveau membranaire 

Comme tous les membres de la famille du TNF, CD40L est présent sous forme 

membranaire ou sous forme de trimère soluble. En 2011, est publiée la structure 

cristallographique du complexe CD40-CD40L (An et al., 2011) (Figure 17). On y voit que 

CD40L se fixe au niveau des CRD2 et CRD3 du récepteur. De manière surprenante, le 

trimer de CD40L se fixe à 2 récepteurs CD40 et non 3 comme attendus. Ces complexes de 

(2X:D)*?>2')$!U!B?*+*?J'$(!,3! 5)8;+,< : 2 (récepteurs) se forment aussi bien en solution 

63#en cristal. J'ai participé à des travaux sur cette thématique qui seront exposés dans le 

chapitre 2.  
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Figure 16 : Les différentes voies de signalisation induites par CD40. Figures issue de la 

publication suivante : (Elgueta et al., 2009) !"#$+8;8$?$+2!,$!FGH]!&;'!(*+!5)8;+,!+;23'$5!FGH]"!*3!

,$(!5)8;+,(!(K+2D>2)63$(!&$32!:*+,3)'$!T!5#;:2)4;2)*+!,$!,)4$'($(!4*)$(!,$!()8+;5)(;2)*+!&')+:)&;5$?$+2!

médiées par des protéines TRAF. 

 

Parmi les hypothèses développées par les auteurs pour expliquer cette interaction de 

(2X:D)*?>2')$! 3:2, il a été proposé un rôle central des interactions électrostatiques entre 

CD40L et CD40 (An et al., 2011) !";! 5);)(*+!,#3+!2'*)()J?$!'>:$&2$3'!($';)2!$?&9:D>$!&;'!

des répulsions électrostatiques des deux autres récepteurs recrutés par le ligand trimérique. 

F$22$!)+2$';:2)*+!?352)4;5$+2$!:*+,3)2!T!5#;grégation de nombreux récepteurs à la surface de 

la cellule et est indispensable pour induire la signalisation intracellulaire.  

 De plus, quelques études ont montré que CD40 est présent dans les radeaux 

lipidiques et que la relocalisation de CD40 au niveau de ces micro-domaines est 

indispensable pour induire la signalisation intracellulaire (Kaykas et al., 2001; Vidalain et al., 

2000b). Enfin, )5!+#$%)(2$!&;(!,#>23,$!63)!&'>:)($!:5;)'$?$+2!()! 5#)+2$'+;5)(;2)*+!,$!FGH]!$(2!

importante pour sa signalisation. @$3! ,#>23,$( montrent que CD40 est internalisé suite à 
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son activation dans les cellules endothéliales et &$'?$2! ;)+()! 5#)+,3:2)*+! ,$! 5;! 4*)$! QP^b!

(Chen et al., 2007; Chen et al., 2006).  

 

<  

 Figure 17 : Structure cristallographique du récepteur CD40 et son ligand CD40L. Le 

ligand trimérique CD40L se fixe au niveau des CRD2 et CRD3 du récepteur CD40 et recrute 2 

récepteurs. (An et al., 2011). 

 

3.3.  ;9<=>$"!$ ?!@$*&46 ?!)26!$*!$"'$6054%)!$388#%32'36! 

Les travaux présentés dans ce manuscrit concernent le rôle de CD40 dans l'induction 

de l'apoptose des cellules tumorales. "#)+2$';:2)*+!FGH]-CD40L est aussi centrale dans la 

mise en place de la réponse immunitaire adaptative cellulaire et humorale. N'étant pas 

essentiel pour la compréhension de mes travaux et très bien documenté dans les écrits 

universitaires, ce rôle ne sera que très brièvement décrit dans la partie suivante (Figure 17). 

a) Développement et différenciation des lymphocytes B  

Le premier rôle immunitaire attribué à CD40 concerne le développement et l'activation 

des lymphocytes B (LB) 5*'(!,$! 5#)+2$';:2)*+!$+2'$!FGH]"!$2!FGH]!&*'2>(! '$(&$:2)4$?$+2!

par un LT et un LB. Ce rôle a été démontré principalement par 3 approches clés. 

Premièrement, il a été montré que 5#;:2)4;2)*+! ,$! FGH]! &;'! 3+$! ?*5>:35$! FGH]!

recombinante ou par des anticorps ciblant CD40, )+,3)2!5#;:2)4;2)*+!,$(!"b!63)!($!2';,3)2!&;'!

une surexpression de molécules de co-stimulation, une production de cytokines (incluant 

5#0"-6, le TNF-g! $2! 5#0"-\]<7! 5#$%&'$(()*+! ,$(! ?*5>:35$(! ,3! :*?&5$%$! ?;_$3'!

,#D)(2*:*?&;2)C)5)2>!,$!type 0!$2!00!BF=i<!$2!,$(!?*5>:35$(!,#;,D>()*+ !G$!&53(7!5#;:2)4;2)*+!

de CD40 sur les LB est suffisante pour induire leur prolifération. Cette prolifération est 

,#;32;+2!&53(!)?&*'2;+2e lorsque 5#*+!;:2)4$!T!5;!E*)(!FGH]!$2!5$!'>:$&2$3'!,$(!"b!BbF.<!&;'!

un anticorps anti-immunoglobuline (Ig). 

 G$3%)J?$?$+27!&53()$3'(!>23,$(!'>4J5$+2!5#;C($+:$!,$!:$+2'$(!8$'?inatifs dans des 

(*3')(!63)!+#$%&')?$+2!pas CD40 (CD40-/-). Les patients souffrants d'une immunodéficience 
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de type (K+,'*?$!,#DK&$'!08= ont fréquemment des centres germinatifs de très petite taille 

(Hirbod-Mobarakeh et al., 2014). Les centres germinatifs sont des sites privilégiés au sein 

desquelles les LB subissent les étapes de sélection pour produire des anticorps de haute 

affinité ainsi que la commutation de classe qui leur permet de produire des anticorps de 

différents isotypes (Fuleihan et al., 1993). C'est également le lieu de différenciation des LB 

en LB mémoire. 

Troisièmement, l$(!&;2)$+2(!(*3EE';+2(!,3!(K+,'*?$!,#DK&$'! 08=!,3$!T!3+$!&'*2>)+$!

CD40L non fonctionnelle, présentent 3+$!:*+:$+2';2)*+!>5$4>$!,#;+2):*'&(!,#)(*2K&$!08M et 

+$! &*((J,$+2! &;(! ,#;32'$(! )(*2K&$(! ,#;+2):*'&(! '$E5>2;+2! 3+! ,>E;32! ,;+(! 5$! &'*:$((3(! ,$!

commutation de classe (Hirbod-Mobarakeh et al., 2014). Fi+;5$?$+27! 5#)+D)C)2)*+! ,$!

5#)+2$';:2)*+!FGH]"YFGH]!&;'!3+ Acm bloquant CD40 altère la réponse des LB mémoires. 

En conclusion, la liaison de CD40L à son récepteur est donc essentielle dans le contrôle de 

la prolifération des LB, de la production des Ig, de la commutation de classe des Ig, la 

formation des centres germinatifs ainsi que le développement de la réponse B mémoire 

(revue dans (Wennhold et al., 2013)).  

b) Différenciation des lymphocytes T  

 "#)+2$';:2)*+!FGH]"YFGH]!$(2!>8;5$?$+2! )?&*'2;+2$!,;+(! 5#;:2)4;2)*+!,$(!"-!&;'! 5$(!

DC. La liaison de CD40L à la molécule CD40, exprimée par les DC active ces cellules et 

leur permet d'activer les LTCD8+ et d'induire leur différenciation en lymphocytes T 

cytotoxiques. Cette activation se traduit, ,#3+$!&;'2!&;'!3+$!;38?$+2;2)*+ ,$!5#$%&'$(()*+!de 

molécules de co-(2)?35;2)*+!$2!,#;32'$!&;'2, par une production accrue de cytokines comme 

5#0"-12, un facteur de différenciation des cellules T. "#)+2$';:2)*+! FGH]"YFGH]! $(2! ;)+()!

essentielle pour activer efficacement les DC et la réponse cellulaire T cytotoxique (Elgueta 

et al., 2009). Pour note, la réponse T cytotoxique est centrale dans la réponse immunitaire 

anti-tumorale. 

 



 58 

 

 

Figure 18 : Rôle *!$;9<=$*'%)$"'$$"&' 237'234%$!2$"a différenciation des LB et LT. (A) La 

liaison de CD40L à la molécule CD40, exprimée par les DC, active ces cellules et leur permet 

d'activer les LTCD8
+ 

et d'induire leur différenciation en lymphocytes T cytotoxiques, essentiels dans la 

réponse immunitaire antitumorale. Bb<!"#)+2$';:2)*+!$+2'$!FGH]"!$2!FGH]!&*'2>(!'$(&$:2)4$?$+2!&;'!

un LTh $2!3+!"b7!&$'?$2!,#;:tiver et de différencier les LB. 

 

3.4. Rôle en thérapie des cancers 

"#)+2$';:2)*+! $+2'$! FGH]! $2! FGH]"! &$32! ;4*)'! 3+! $EE$2! ;+2)! 23?*';5$! )?&*'2;+2! (*)2! i) en 

activant la réponse anti tumorale, soit ii) $+! )+,3)(;+2! ,)'$:2$?$+2! 5#;&*&2*($! ,$(! :$5535$(!

tumorales.  

a)   -%).&(!*.%$)"789: ;789: "&/."*&).(!+&",!)/"+!"(<'$)/&"%550)%.!%(&"!).%"

tumorale  

 "#)?&*'2;+ce de CD40 dans la réponse antitumorale a été mise en évidence dans des 

souris déficientes pour CD40 qui sont incapables de générer une réponse antitumorale 

(Brunekreeft et al., 2014; Mackey et al., 1997). "#$EE$2!&$32!92'$!,o!T!&53()$3'(!?>:;+)(?$( : 

 1) Le traitement ciblant CD40 (rCD40L ou Acm) peut induire une forte activation des 

DC (van Mierlo et al., 2002) qui permet une expansion rapide des LTCD8+ cytotoxiques 

spécifiques de la tumeur conduisant i) T! 5#>5)?)+;2)*+! ,$! 5;! 23?$3'! ii) et à une protection 

prolongée contre une nouvelle stimulation tumorale (Weiss et al., 2014). De plus, 

5#$+8;8$?$+2!,$!FGH]!$%&')?>!T!5;!(3'E;:$!,$!5K?&D*?$(!*3!de certains carcinomes peut 
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induire la surexpression du CMHI et de protéines intracellulaires qui facilitent la présentation 

,#;+2)8J+$!23?*';3%!B-/@\< aux LT cytotoxiques. Par cette action sur les tumeurs, la lyse 

cytotoxique induite par les LTCD8+, peut donc être favorisée. 

 2) N+! &53(! ,#;:2)4$'! 5$(! GF, le traitement ciblant CD40 peut aussi activer les 

macrophages. Une récente étude montre T! 5;! E*)(! :D$O! ,$(! &;2)$+2(! ;22$)+2(! ,#3+! :;+:$'!

pancréatique et dans un modèle murin présentant des carcinomes pancréatiques, que 

5#;+2):*'&(!ciblant CD40 (CP-870,893) active les macrophages ce qui conduit T!5#>5)?)+;2)*+!

de tumeur pancréatique probablement par libération de molécules cytotoxiques (Beatty et 

al., 2011). 

b)  789:"%),0%."+-!'$'.$/&",&/"*&++0+&/"*!)*<(&0/&/ 

 L'activation de CD40 exprimé sur les cellules tumorales peut dans certains cas induire 

(cf. paragraphe 3.5.2<! ,)'$:2$?$+2! 5#;&*&2*($! ,$! :$(! ,$'+)J'$(! $2! ;)+()! :*+,3)'$! T!

5#>5)?)+;2)*+!,$!5;!23?$3'. 

En effet, CD40 est exprimé sur un grand nombre de cellules tumorales et son expression 

diminue généralement lors de la progression tumorale (Bereznaya and Chekhun, 2007). 

CD40 est largement exprimé sur les mélanomes, les cellules du cancer de la prostate et des 

poumons ainsi que sur plusieurs carcinomes incluant les carcinomes du nasopharynx, de la 

vessie, des cervicales et des ovaires (Altenburg et al., 1999; Cooke et al., 1998; Gallagher 

et al., 2002). On retrouve également CD40 à la surface des nombreux lymphomes tels que 

lymphomes non Hodgkinien, les lymphomes ,$! i*,8^)+7! $2! (3'! ,#;32'$s tumeurs 

hématologiques comme les leucémies lymphocytaires, les lymphomes multiples, les 

myélomes et les leucémies myéloïdes aigües (PellatDeceunynck et al., 1996; Teoh et al., 

2000).  

L'activation de CD40 sur des carcinomes ainsi que sur des lymphomes de Burkitt, des 

lymphomes B de haut grade et des myélomes multiples conduit à une diminution de la 

prolifération de ces cellules puis à leur apoptose (Eliopoulos et al., 2000). De manière 

)+2>'$((;+2$7!5#)+,3:2)*+!,$!5#;&*&2*($!&;'!FGH]!($?C5$!'$(2'$)+2$!;3%!:$5535$(!:;+:>'$3($( !

N+! $EE$27! 5#;:2)4;2)*+! ,$! FGH]! (3'! ,$(! :$5535$(! non cancéreuses comme sur les LB non 

?;5)+(!Bd*'+C532D!$2!;5 7!W]\W<!*3!(3'!,$(!:$5535$(!:;+:>'$3($(!)((3$(!,#3+!:;':)+*?$!,$!5;!

vessie (Elmetwali et al., 2010), ne conduit pas à leur apoptose.  

"#$EE$2!&'*-apoptotique de CD40 est médié principalement par 2 mécanismes.  

1) Comme décrit dans le paragraphe 3.2.2, même si CD40 ne possède pas de domaine de 

?*'27! 5#$+8;8$?$+2!,$!FGH]!&;'!3+! 5)8;+,!FGH]"!?352)4;5$+2! &$32! ,)'$:2$?$+2!;:2)4$'! 5;!

4*)$!)+2')+(J63$!,$!5#;&*&2*($!4);!5;!&*2>)+$-./PU!63)!;:2)4$!5;!4*)$!JNK (Georgopoulos et 

al., 2006). 
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2) "$(! &'$?)J'$(! >23,$(! (3'! 5#;&*&2*($! ,$(! :$5535$(! :;+:>'$3($(! )+,3)2$(! &;'! FGH]7!

?*+2'$+2! 63$! FGH]! &$32! )+,3)'$! )+,)'$:2$?$+2! 5#;&*&2*($! ,$(! :$5535$(! :;+:>'$3($(! $+!

E;4*')(;+2!5#$%&'$(()*+!,$(!'>:$&2$3'(!,$!?*'2!T!5;!(3'Eace de celles-:) !N+!$EE$27!5#;:2)4;2)*+!

,$! FGH]! (3'! :$'2;)+$(! :$5535$(! :;+:>'$3($(! &$32! :*+,3)'$! T! 5#;:2)4;2)*+! ,$! 5;! 4*)$! QP^b!

Bd;52(:D?),2!$2!;5 7!W]]]<!63)!)+,3)2!5#$%&'$(()*+!,$(!5)8;+,(!P;("!Bi*52O-Heppelmann et al., 

1998) et TRAIL (Yoshida et al., 2001) à la surface de la tumeur qui vont alors agir de façon 

autocrine ou/et paracrine sur leurs récepteurs respectifs Fas et TRAIL-R également 

surexprimés (Eliopoulos et al., 2000) (Figure 19).  

 

 

 

 

Figure 19 : Les différents mécanismes anti apoptotiques induits par CD40. Figure issue 

de (Elmetwali et al., 2010) FGH]!&$32!,)'$:2$?$+2!)+,3)'$!5#;''92!,$!5;!&'*5)E>';2)*+!$2!5#;&optose via la 

molécule TRAF3 ouY$2!$+!;38?$+2;+2!5#$%&'$(()*+!,$(!5)8;+,(!,$!?*'2!P;("!$2 TRAIL à la surface de 

la tumeur qui vont alors agir de façon autocrine ou/et paracrine sur leurs récepteurs respectifs Fas et 

TRAIL-.! >8;5$?$+2! (3'$%&')?>( ! "#$+8;8$?$+2! ,$! FGH]! $%&')?>! T! 5;! (3'E;:$! ,$! 5K?&D*?$(! *3!

certains carcinomes peut induire la surexpression du CMHI et de protéines intracellulaires qui 

E;:)5)2$+2! 5;! &'>($+2;2)*+! ,#;+2)8J+$s tumoraux (TAP1) favorisant ainsi la réponse immunitaire des 

LTCD8+ cytotoxiques. 
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Figure 20: Les effets anti tumoraux induits par CD40. "#;:2)4;2)*+!,$!FGH]!&ar des rCD40L, 

des Acm ciblant CD40 ou des cellules sur-$%&')?;+2!FGH]"!&$32!:*+,3)'$!T!5#>5)?)+;2)*+!,$(!:$5535$(!

cancéreuses en induisant leur apoptose ou/et stimulant la réponse immunitaire anti-tumorale. Dans 

ce cas le traitement ciblant CD40 peut efficacement activer les DC :*+,3)(;+2! T! 5#;:2)4;2)*+! ,$(!

"-FGMI!:K2*2*%)63$(!*3!T! 5#;:2)4;2)*+!,$(!?;:'*&D;8$(!63)!>5)?)+$+2! 5;! 23?$3'!4);! 5;!(>:'>2)*+!,$!

molécules cytotoxiques. 

c)  CD40 et ses limites 

Malgré ses effets anti tumoraux, le ciblage de CD40 en oncologie peut aussi avoir des 

effets opposés qui vont favoriser le développement et la progression tumorale. En effet, 

,;+(!:$'2;)+(!:;(7!5#;:2)4;2)*+!,$!FGH]!4;!E;4*')($'!5;!&'*5)E>';2)*+!$2! 5;!(3'4)$!,$(!:$5535$(!

cancéreuses. En effet, si le traitement avec un Acm CD40 ou rCD40 de carcinomes, 

lymphomes de Burkitt, lymphomes B de haut grade et des myélomes multiples exprimant 

CD40, conduit à leur apoptose, à 5#*&&*(>7! 5$!?9?$!2';)2$?$+2! )+,3)2!:D$O! 5K?&D*?$(!,$!

bas grade, les CLL, les lymphomes folliculaires et les leucémies à tricholeucytes un signal 

de survie (Andersen et al., 2000). En général, ces signaux de survie sont médiés par 

5#)+,3:2)*+! ,$(! 4*)$(! ,$! &'*5)E>';2)*+! QP^b7! @0UdY/^2 ! Par exemple, il a été montré que 

5#;:2)4;2)*+! ,$! FGH]! Bpar un Acm) (3'! ,$(! :$5535$(! ,#3+! :;+:$'! ,$(! &*3?*+(! )+,3)2!
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5#;:2)4;2)*+! ,$(! 4*)$(! ,$! ()8+;5)(;2)*+ PI3K-Akt rendant ainsi les cellules cancéreuses 

'>()(2;+2$(!T!5#apoptose (Lu et al., 2013).  

Une étude plus récente montre que les LT activés présents dans les organes 

lymphoïdes secondaires interagissent avec les leucémies lymphoïdes chroniques (CLL) et 

contribuent à leur prolifération via 3+$! ()8+;5)(;2)*+! )+,3)2$! &;'! 5$! bF.7! FGH]! $2! 5#0"-21. 

Dans ce cas, le traitement des CLL avec des agonistes de CD40 favoriserait  leur survie 

plutôt que leur mort (Pascutti et al., 2013).  

Par ailleurs, la progression tumorale et le développement de métastase dépend de 

5#;+8)*8$+J($! B&'*:$((3(! de néo vascularisation à partir de vaisseaux sanguins 

préexistants) initiée par différentes facteurs solubles libérés par la tumeur. La liaison de 

CD40L à CD40 exprimé sur les cellules endothéliales peut conduire à une expression 

accrue de facteurs pro angiogéniques tels que le VEGF 63)!4*+2!&'*?*34*)'!5#;+8)*8$+J($ 

(Bergmann and Pandolfi, 2006).  

 

3.5.  CD40 en clinique pour la thérapie des cancers 

3.5.1. Les agonistes de CD40 

a) CD40L recombinant 

Une seule forme recombinante de CD40L a été développée et évaluée en essais 

cliniques. Cette molécule appelée rhuCD40L est trimérisée grâce un motif isoleucine zipper 

(Vonderheide et al., 2001). Les premiers résultats des essais cliniques montrent un effet 

thérapeutique intéressant qui conduit à une rémission complète du cancer chez les patients 

(*3EE';+2(!,#3+! :;+:$'!;4;+:>!,$! 5;! 292$!$2! ,3! :*3 !=;5D$3'$3($?$+2, :$22$!$EE):;:)2>!+#;!

pas été observée chez des patients présentant d#;32'$( tumeurs solides ou de lymphomes 

non Hodgkiniens de haut ou de bas grade. Les résultats indiquent que la molécule devient 

toxique à des doses faibles (0,1mg/kg en 5 doses/jours) et ne conduit pas à une 

amélioration du cancer chez ces patients. Les premiers résultats ,$!5#32)5)(;2)*+!,$!'D3FGH]!

en monothérapie ne sont pour le moment pas très encourageants. 

b) Anticorps anti-CD40 agonistes 

Contrairement aux résultats mitigés obtenus avec le CD40L recombinant, les anticorps 

monoclonaux agonistes de CD40 apparaissent comme une stratégie prometteuse (revue 

dans (Khalil and Vonderheide, 2007; Vonderheide and Glennie, 2013)). Il existe 3 anticorps 

évalués en clinique dans le cadre des traitements du cancer:  
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- Le SGN-H]! $(2! 3+! ;+2):*'&(! D3?;+)(>! ,$! 2K&$! 08A\! :;&;C5$! ,#)+,3)'$! 5#;&*&2*($! ,$(!

lymphomes B, mais son activité agoniste est partielle.  

- "#;+2):*'&(!iFG\\W, aussi d'isotype IgG1 humain, est un anticorps antagoniste de CD40 

qui bloque efficacement la prolifération des cellules tumorales 5*'(!,#>4;53;2)*+(!,$!&D;($!0!

dans le traitement des CLL et des myélomes multiples (MM). Une des caractéristiques des 

;+2):*'&(! ,#)(*2K&$! 08A\! $(2! 63#)5(! &$34$+2! à la fois activer leur cible et engager leur 

domaine Fc pour activer les mécanismes d'ADCC (Antibody Dependant Cell Cytotoxicity). 

La liaison de ces anticorps via leur domaine Fc sur les cellules cancéreuses, va ainsi induire 

leur lyse par les cellules NK.  

 

D$(!>23,$(!'>:$+2$(!?;)(!:*+2'*4$'(>$(!(388J'$+2!63$!5#;:2)*+!,$(!;+2):*'&(!;8*+)(2$(!,$!

CD40 serait due à la liaison de leur domaine Fc aux '>:$&2$3'(!P:R.00b!$%&')?>(!(3'! 5$(!

cellules cancéreuses. Dans ce cas, cette liaison via 5$(! '>:$&2$3'(!P:R.00b!permettrait de 

rapprocher les anticorps entre eux pour leur permettre de recruter plus facilement les 

récepteurs CD40 pour amplifier le signal intracellulaire (White et al., 2011). Une autre étude 

montre, au contraire, 63$!5#;:2)4)2>!,$(!Acm :)C5;+2!FGH]!+$!'$63)$'2!&;(!5#$+8;8$?$+2!,3!

domaine Fc via le(! '>:$&2$3'(! P:R.00b! (Richman and Vonderheide, 2014). Il est donc 

possible que 5#$+8;8$?$+2!,3!,*?;)+$!P:!4);!5$(!'>:$&2$3'(!P:R.00b!&*2$+2);5)($!5#$EE$2!,$(!

Acm agonistes de CD40, mais ne soit pas indispensable pour leur activité. En effet, le CP-

Me]7MlU! 63)! $(2! 3+! ;+2):*'&(! ,#)(*2K&$! 08AW humain et qui donc, ne se lie pas aux 

récepteurs P:R.00b!&*((J,$!3+$!;:2)4)2>!2D>';&$32)63$!2'J(!$EE):;:$. Ce troisième anticorps, 

le CP-870,893 a une forte activité agoniste et suscite donc le plus grand intérêt. Il est évalué 

en phase I dans le traitement de tumeurs solides. Il peut activer les DC, les LB, et même les 

macrophages pour augmenter la réponse anti tumorale (Beatty et al., 2011).  

Ces différents anticorps ne sont, dans la plupart des cas pas toxiques pour les cellules 

saines et sont bien tolérés par les patients T! 5#$%:$&2)*+! ,$! 63$563$(! $EE$2(! ($:*+,;)'$(!

moindres observés tels que de rapides libérations de cytokines dans le sang induisant de la 

fièvre et des nausées.  

La plus grande limitation pour l'utilisation des anticorps anti-CD40 est l'expression de CD40 

à la surface des plaquettes sanguines. En effet, il a été observé 63$!5#32)5)(;2)*+!,#;8*+)(2$(!

,$!FGH]!&*34;)2!$+2';f+$'!5#;&&;')2)*+!,$!2D'*?C*($(!;'2>')$55es (Gavins et al., 2011).  
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3.5.2. Variation de la signalisation intracellulaire induite par les agonistes de 

CD40 : le rôle de l'oligomérisation de CD40 

Comme nous l'avons déjà décrit, le pontage de CD40 peut induire soit la survie soit 

5#;&*&2*($!,$(!:$5535$(!23?*';5$(!(Korniluk et al., 2014) (cf paragraphe 3.4). Les premières 

explications données à ces observations étaient que la signalisation induite par CD40 

,>&$+,;)2! ,$! 5#$+4)'*++$?$+2! )+2';! $2! $%2';:$5535;)'$! B&'>($+:$! ,$! ?*5>:35$(! ;+2)!

apoptotiques, état de différenciation de la tumeur...). Même si ces modèles restent justes, 

des études récentes suggèrent, 63#$+! &53(! ,$! 5#$+4)'*++$?$+2! :$5535;)'$7! 5#>2;2!

,#*5)8*?>')(;2)*+! ,$! FGH]! )+,3)2! &;'! (*+! 5)8;+,! &$32! >8;5$?$+2! *')$+2$'! 5;! '>&*+($!

cellulaire. Une des hypothèses proposées est que des ligands qui induisent la formation 

,#3+! &$2)2! '>($;3! ,$! '>:$&2$3'(! E;4*')($';)$+2! 5#)+,3:2)*+! ,#3+$! ()8+;5)(;2)*+! ,$! (3'4)$!

(Reyes-Moreno et al., 2004) alors que des ligands qui engagent plus de récepteurs 

induiraien2!&'>E>'$+2)$55$?$+2!5#;&*&2*($ (Figure 21). Dans le même ordre d'idée, une étude 

?*+2'$!63#3+$!E*'2$!:*+:$+2';2)*+!,$!FGH]"!)+,3)2!5#;''92!,$!5;!&'*5)E>';2)*+!,$!5K?&Dome de 

b3'^)22! ;5*'(! 63#3+$! E;)C5$! :*+:$+2';2)*+! E;4*')($! sa survie (Challa et al., 2002) ! G#;32'$(!

>23,$(! ?*+2'$+2! >8;5$?$+2! 63$! 5#;38?$+2;2)*+! ,$! 5;! 4;5$+:$! ,$ CD40L favorise la 

prolifération et la survie des LB sains (Haswell et al., 2001). 

 

 

Figure 21 A$ .85' 2$ *!$ "&4"3148063)'234%$ *!$ ;9<=$ )#6$ "&463!%2'234%$ *!$ "'$ 6éponse 

cellulaire. G$(! 5)8;+,(! ,$! E;)C5$! 4;5$+:$! :*??$! 5$(! ;+2):*'&(! )+,3)';)$+2! 5;! E*'?;2)*+! ,#3+! &$2)2!

'>($;3! ,$! '>:$&2$3'(! 63)! E;4*')($';)$+2! 5#)+,3:2)*+! ,#3+$! ()8+;5)(;2)*+! ,$! (3'4)$ ! /! 5#*&&*(>7! ,$(!

ligands de plus forte valence engageraient plus de récepteurs et induiraient préférentiellement 

5#;&*&2*($. 
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La formation de petits ou de grands réseaux de récepteurs influencerait le nombre 

et/ou le type de  molécules anti-apoptotiques recrutées au niveau du domaine intracellulaire 

de CD40. En effet, il semblerait que la trimérisation de CD40 soit suffisante pour recruter les 

&'*2>)+$(! -./PW7! U! $2! \! ;4$:! 3+$! ;EE)+)2>! &53(! E*'2$! &*3'! -./PW! ;5*'(! 63#3+! ,>8'>$!

,#*5)8*?>')(;2)*+! (3&&5>?$+2;)'$! ($';)2! +>:$((;)'$! &*3'! '$:'32$'! -./Ph! (Pullen et al., 

1999) ! F$22$! *C($'4;2)*+! $(2! $+! ;,>63;2)*+! ;4$:! 5#>23,$! ,$! =*3';,! $2! :*55;C*';2$3'(! 63)!

montre que CD40 nécessite le recrutement de TRAF6 pour induire la mort des cellules HEK 

exprimant CD40 (Jundi et al., 2012) !G;+(!:$!:;(7!-./Ph! )+,3)2! 5#;&*&2*($!$+!;:2)4;+2! 5;!

caspase 8 via un domaine RING (He et al., 2006).  

Néanmoins, le mécanisme est sans doute plus complexe. En effet, les résultats de 

Elmetwali $2! ($(! :*55;C*';2$3'(! ?*+2'$+2! 63$! 5#;&*&2*($! )+,3)2$! &;'! FGH]! ,;+(! 5$(!

carcinomes est médiée par le recrutement de TRAF3 et non de TRAF6 (Elmetwali et al., 

2010). Dans ce cas, TRAF3 activerait la voie PI3K/Akt.  

p3*)!63#)5!$+!(*)27! 5;!?352)?>')(;2)*+!,3!5)8;+,!($?C5$!;4*)'!3+! )?&;:2!+*+!+>85)8$;C5$!(3'!

5#orientation de la signalisation intracellulaire induite par CD40. Néanmoins cet impact serait 

?*,35>!$+!E*+:2)*+!,$!5#environnement intracellulaire.  

 

3.5.3.  Thérapies combinées 

F*??$! &*3'! -./0"7! 5#;:2)4;2)*+! B*3! 5#)+D)C)2ion) de CD40 peut être combinée à 

,#;32'es traitements anticancéreux.  

"#;:2)4;2)*+! ,$! FGH]! &;'! ,$(! Acm peut être associée à de la chimiothérapie. Plusieurs 

études montrent que le traitement des cellules cancéreuses avec des agents de 

chimiothérapie telles que le 5-FU, la gemcitabine et le cisplatine agissent comme i) adjuvant 

de la réponse immunitaire et ii) &$34$+2!;38?$+2$'!()8+)E):;2)4$?$+2!5#;:2)*+!&'*-apoptotique 

de CD40 (Hill et al., 2005).  

a) Augmentation de la réponse immunitaire anti-tumorale 

"#;:2)4)2>! ;,_34;+2$! ,$! 5;! :D)?)*2D>';&)$! &$32! 92'$! ,3$! T! 5#)+,3:2)*+! ,#3+$! ?*'2!

immunogène des cellules cancéreuses. Cette mort "immunogène" peut activer la réponse 

immunitaire anti-tumorale par différents mécanismes comme la libération d'antigènes 

tumoraux qui peuvent être capturés par les DC ou encore la production de molécules de 

stress cellulaire (les DAMP) qui vont envoyer un signal de danger à la DC et ainsi permettre 

sa maturation. Les DC matures vont alors activer la différenciation de LTCD8+ cytotoxiques 

spécifiques de la tumeur et permettre sa destruction. L'addition d'agonistes de CD40 va 
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permettre d'augmenter la maturation des DC et donc de potentialiser la réponse cytotoxique 

antitumorale (Liljenfeldt et al., 2014). 

De plus, de récentes études montrent que la chimiothérapie entraîne une diminution du 

nombre des cellules myéloïdes suppressives levant ;)+()! 5#)+D)C)2)*+! ,$! 5;! '>&*+($!

antitumorale locale induite par ces cellules (Tomihara et al., 2014). En effet, Les cellules 

myéloïdes suppressives sont des cellules généralement localisées à proximité des tumeurs 

qui inhibent les réponses immunitaires antitumorales.  

 

a) Augmentation de l'effet pro-apoptotique de CD40 

La chimiothérapie ;38?$+2$! >8;5$?$+2! 5#$EE$2! &'*-apoptotique de CD40 en 

;38?$+2;+2! 5#$%&'$(()*n de récepteurs de mort à la surface des cellules cancéreuses. Par 

$%$?&5$7! 5#>23,$!'>:$+2$!,$ Liljenfeldt et ses collaborateurs montre que la combinaison du 

5-FU avec un adénovirus exprimant CD40L induit la surexpression du récepteur de mort Fas 

ce qui conduit à 5#élimination des tumeurs de la vessie dans un modèle murin 

immunocompétent (Liljenfeldt et al., 2014). 

b) Chirurgie et activation de CD40 

Récemment une nouvelle stratégie consiste à associer un traitement visant à activer 

CD40 par des Acm 5*'(! ,#3+$! exérèse de la tumeur par chirurgie. Dans ce cas, les 

premières expériences chez la souris montrent que le traitement post chirurgical de souris, 

avec des anticorps agonistes de CD40 empêche le développement local et distal de 

nouvelles tumeurs (Byrne and Vonderheide, 2013). Cette observation très encourageante 

est évaluée maintenant en essai clinique. 
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4. Peut-on combiner des traitements ciblant les récepteurs CD40 et TRAIL-R 
dans une stratégie anti tumorale ?  

 

A la vue du potentiel thérapeutique de TRAIL-R et de CD40, nous nous sommes demandé 

(#)5!$(2!&*(()C5$!,$!:*?C)+$'! 5$(!?*5>:35$(!agonistes des TRAIL-Rs et de CD40 dans une 

stratégie anti tumorale. 

 

4.1.  Induction de la mort cellulaire par une synergie entre CD40 et TRAIL-R 

Nous avons vu dans la partie précédente que le traitement de CLL avec un anticorps 

agoniste de CD40 ou une molécule rCD40L pouvait induire un arrêt de croissance de la 

tumeur et même son apoptose. Les CLL devienn$+2!($+()C5$(!T!5#;&*&2*($! induite par Fas 

*3!-./0"!$+2'$!U!T!c!_*3'(!;&'J(!5#;:2)4;2)*+!,$!FGH]!(Chu et al., 2002). Les ligands de mort 

surexprimés agissent de façon paracrine ou autocrine sur les récepteurs de mort également 

surexprimés (Dicker et al., 2005; Eliopoulos et al., 2000).Le prétraitement des cellules 

cancéreuses avec un agoniste de CD40 pourrait donc être utilisé comme adjuvant à un 

second traitement avec des ligands synthétiques agonistes des récepteurs de mort 

 

4.2. Augmentation de la réponse immunitaire anti-tumorale par association 

entre CD40 et TRAIL-R 

L#>63)&$!,$!j;_;+2!(El-Mesery et al., 2013) a développé une protéine bi-fonctionnelle, 

qui consiste en la fusion de la région extracellulaire du variant soluble de TRAIL avec un 

E';8?$+2! (:P4! B()+85$! :D;)+! 4;');C5$! E';8?$+2<! &'*4$+;+2! ,#3+! ;+2):*'&(! ;+2)-CD40. Dans 

leur étude, ils montre+2! 63$! :$! (K(2J?$! &$'?$2! ,#;:2)4$'! 5$( DC via un signal CD40 et 

,#)+,3)'$! 5#;&*&2*($! ,$(! :$5535$(! tumorales. On peut imaginer ici que TRAIL en tuant les 

cellules tumorales va induire une mort immunogène qui augmentera la réponse immunitaire 

anti-tumorale en synergie avec le scFV anti-CD40 qui induit la maturation des DC. Cette 

capacité adjuvante de CD40 nous offre la possibilité de développer de nombreuses 

stratégies antitumorales très prometteuses (cf. discussion et perspectives).  

 

4.3.  Les limites de l'association entre CD40 et TRAIL-R 

@53()$3'(!>23,$(!*+2!?*+2'>!63$! 5#;:2)4;2)*+!,$!FGH]!pouvait protéger de l'apoptose 

induite par TRAIL dans une série de lymphomes. "#3+$! ,#$55$ montre par exemple, que 

5#;:2)4;2)*+!,$!FGH]!;4$:!3+$!?*5>:35$!rCD40L protège les lymphomes folliculaires (LF) de 

5#;&*&2*($! )+,3)2$!&;'!-./0"!$+!;:2)4;+2! 5;!4*)$!,$!()8+;5)(;2)*+!QP^b!$2! 5;!&'*,3:2)*+!,$!
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protéines anti apoptotiques Bcl-xL et c-FLIP (Travert et al., 2008). G;+(!,#;32'$(!2';4;3%7!5$(!

;32$3'(! *+2! >23,)>! 5#;:2)*+! ,$! FGH] (3'! 5#;&*&2*($! )+,3)2$! &;'! -./0"! ;3! +)4$;3! ,$! 2'*)(!

lignées de lymphomes folliculaires correspondant à trois niveaux de maturation différents 

(Nuutinen et al., 2009). Leurs résultats indiquent que CD40 protège deux des LF contre 

5#;&*&2*($!)+,3)2$!&;'!-./0" !G$!?;+)J'$!(3'&'$+;+2$!,;+(!5;!2'*)()J?$!5)8+>$!,$!"P7!FGH]!

E;4*')($!5#;&*&2*($ !"#$%&5):;2)*+!&'*&*(>$!$(2!63$!5#;:2)*+!&'*!*3!;+2)!;&*&2*2)63$!,$!FGH]!

,>&$+,';)2! ,$! 5#>2;2! ,$! ?;23';2)*+! ,$(! "P ! [)! 5$(! "P! (*+2! )((3(! ,$! :$+2'*:K2$(! B"b des 

centres germinatifs où CD40 va induire la survie), 5#;:2)4;2)*+!,$!FGH]!:*+,uira à la survie 

de ces cellules. En revanche si les LF sont issus de LB où le signal CD40 favorise 

5#;&*&2*($7!5#32)5)(;2)*+!,#;8*+)(2$(!,$!FGH] induit la mort cellulaire !N+!:*+:53()*+!5#;:2)4)2>!

,)'$:2$!,$!FGH]!($?C5$!,>&$+,'$!,$! 5#>2;2!&DK()*&;2D*5*8)63$!,$! 5;!:$5535$!63)! 5#$%&')?$ !

De plus nous avons vu précédemment que la valence du ligand semble orienter la réponse 

cellulaire et &$'?$22';)2!,#$%&5)63$'!$+!&;'2)$!5#D>2>'*8>+>)2>!,$!5;!'>&*+($!)+,3)2$!&;'!FGH] 

(cf paragraphe 3.5). 

  

4.4.  Association physique entre TRAIL-R et CD40 ? 

"#;:2)4;2)*+!,$!FGH]!&$32!,*+:!)+E53$+:$'!5;!($+()C)5)2>!T!5#;&*&2*($!)+,3)2$!&;'!-./0"!

en activant des voies de signalisation de prolifération ou en produisant des molécules anti 

apoptotiques. Par ailleurs dans la littérature, nous avons vu que certains des récepteurs de 

la famille du TNF-R peuvent se lier entre eux et moduler la signalisation (Bossen et al., 

2006). F#$(2!5$!:;(!,3!'>:$&teur TRAIL-R1 qui peut former des hétéromères avec TRAIL-R4 

$2!C5*63$'!5#;&*&2*($!)+,3)2$!&;'!-./0" !G$!&53(!:$'2;)+(!5)8;+,(!&$34$+2!($!5)$'!T!&53()$3'(!

récepteurs, il ne serait donc pas impossible que des récepteurs différents puissent former 

des hétéromères. C'est pour cette raison que nous avons étudié la possibilité que les 

récepteurs CD40 et TRAIL-R puissent interagir physiquement au niveau de la membrane 

plasmique et ainsi réguler la signalisation intracellulaire. Nous tenterons de répondre à cette 

question dans le chapitre 2. 
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Partie 2 : Importance des interactions multivalentes entre ligands et 

récepteurs : la résonance plasmonique de surface et un biocapteur 

basé sur la fluorescence (Fluorescence-based biosensing) comme 

outils de mesure pour caractériser les interactions ligand-récepteur  

 

En fonction de la nature du ligand qui peut engager plus ou moins de récepteurs, la 

valence de l'interaction ligand-récepteur peut changer et ainsi réguler la signalisation 

cellulaire induite. Une grande partie des travaux de ce manuscrit tend à caractériser ces 

interactions multivalentes. C'est pourquoi, il m'a semblé intéressant de résumer dans la 

partie suivante le principe de la Résonance Plasmonique de Surface (SPR) qui mesure les 

interactions dans des conditions acellulaires et le Ligand Tracer® qui permet de les mesurer 

à la surface des cellules vivantes. 

 

1. La résonance plasmonique de surface comme outil de mesure pour 

caractériser les interactions entre récepteurs et ligands  

1.1. Principe de la Résonance Plasmonique de Surface (SPR) (source A$B3' 46!C$

Assay Handbook) 

F$22$! ?>2D*,$! ,#;+;5K($! +>:$(()2$! 3+! )+(2'3?$+2! ;+;5K2)63$! B:5;(()63$?$+2! 5$!

b);:*'$q< !N55$!&$'?$2!,$!:;5:35$'! 5$(!4)2$(($(!,#;((*:);2)*+!$2!,$!,)((*:);2)*+!$+2'$!,$3%!

&;'2$+;)'$(! $2! ,#$+! ,>,3)'$! 5; :*+(2;+2$! ,#;EE)+)2>! :;';:2>')(2)63$! ,$! 5#)+2$';:2)*+  Un des 

8';+,(!;4;+2;8$(!,$!:$22$!2$:D+)63$!$(2!63#;3:3+!,$(!&;'2$+;)'$(!+$!,*)2!92'$!?;'63>  

Pour mesurer les paramètres cinétiques, une surface « sensor » composée d'une matrice 

,$! ,$%2';+! $2! ,#3+$! :ouche de verre, séparées par une fine couche métallique (le plus 

(*34$+2!,$!5#*'<!$(2!32)5)(>$!BFigure 22). Un des deux partenaires est fixé dans la matrice de 

dextran. Il existe plusieurs moyens de fixer ce partenaire 1 par des liaisons covalentes, 

présentation via un anticorps, couplage biotine-streptavidine etc... Une solution du 

partenaire 2 est injectée en flux continu. Pour visualiser les interactions entre le ligand 

)??*C)5)(>!$2!5#;+;5K2$!$+!(*532)*+7!5$!b);:*'$q!32)5)($!5$!&')+:)&$!,$!5;![@.!63$!_$ vais vous 

résumer ci-dessous de manière très simplifiée.  

 

Un faisceau de lumière polarisée monochromatique est appliqué sur la surface 

« sensor r7! E*'?>$! ,#3+$! E)+$! :*3:D$! ,#*'! ()23>$! $+2'$! ,$3%! ?)5)$3%! ,Sindice de réfraction 

différents (verre et liquide). Toute la lumière est réfléchie, il n'y a alors pas de réfraction mais 
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une composante électromagnétique de la lumière, l'onde évanescente se propage 

perpendiculairement à l'interface. 

Sous certaines conditions, il y a résonance entre les électrons de l'or et l'onde évanescente 

:$!63)!($!2';,3)2!&;'!3+$!,)?)+32)*+!,$!5#)+2$+()2>!,3!E;)(:$;3!'>E5>:D)!T!3+!;+85$!&'>:)(!63$!

l'on nomme angle de résonance. Un changement de masse sur la surface « sensor » va 

décaler la position de l'angle de résonance. La fixation d'un analyte sur un ligand porté par 

la surface va induire un changement de masse, la variation de l'angle de résonance qui en 

résulte sera directement proportionnelle à la quantité d'analyte fixée sur le ligand immobilisé.  

 

 

 

Figure 22 : Principe de la SPR. ";! [@.! &$'?$2! ,$! :;5:35$'! 5$(! 4)2$(($(! ,#;((*:);2)*+! $2! ,$!

dissociation entre un partenaire immobilisé sur une surface « sensor » $2!5#;32'$(!&;'2$+;)'$!)+_$:2>!$+!

solution, e2!,#$+!,>,3)'$!5;!:*+(2;+2$!,#;EE)+)2>!:;';:2>')(2)63$!,$!5#)+2$';:2)*+. 

 

La mesure en temps réél ,$(! 4;');2)*+(! ,$! 5#;+85$! ,$! '>(*+;+:$! &;'! 5#;&&;'$)57! &$'?$2!

,S*C2$+)'! ,$(! :*3'C$(! ,#)+2$';:2)*+(! ;&&$5>$(! s($+(*'8';??$(s ! "a réponse (R) est 

exprimée en RU (Resonance Unit) en fonction du temps. La réponse peut être normalisée 

$+!E*+:2)*+!,3!&*),(!?*5>:35;)'$!,$!5#;+;5K2$!$2!$(2!;5*'(!$%&')?>$!$+!E?*5Y??t!*a!\!.`!u!

1pg/mm² dans le cas de protéines (Figure 23). 
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Figure 23 : sensogramme 

 

1.2.  Modélisations des interactions monovalentes et multivalentes et 

obtention des constantes cinétiques 

Les cinétiques des sensogrammes sont analysées selon différents modèles 

mathématiques qui décrivent les interactions. 

 

a) Interaction monovalente 

"$!?*,J5$!,#)+2$';:2)*+! 5$!&53s simple est un modèle 1 : 1 (Langmuir), par exemple 

entre un ligand [L] et un récepteur [R] monovalents. La formation du complexe [LR] est 

réversible et se caractérise donc par deux constantes cinétiques: la constante de vitesse de 

formation du complexe notée kon (M-1 s-1) et la constante de vitesse de dissociation du 

complexe notée koff (s
-1). Le rapport de ces deux constantes de vitesse permet de calculer la 

:*+(2;+2$!,$!,)((*:);2)*+!T!5#>63)5)C'$!dG : KD = [L].[R]/ [LR] = koff/kon.    

Le KD (M) reflète la concentration de ligand nécessaire pour occuper 50% des sites des 

'>:$&2$3'(! T! 5#>63)5)C'$ ! F$22$! 4;5$3'! $(2! :5;(()63$?$+2! 32)5)(>$! &*3'! ,>:')'$! 5;! E*':$! ,$!

5);)(*+!$+2'$!3+!"!?*+*4;5$+2!$2!.!?*+*4;5$+2 !@53(!5$!dG!($';!&$2)2!?$)55$3'$!($';!5#;EE)+)2>!

entre L et R. 

Pour obtenir les constantes cinétiques $2! ;)+()! 5#;EE)+)2>! ,#3+$! )+2$';:2)*+!

ligand/récepteur, il faut ajuster par régression les valeurs de ces paramètres (kon, koff, ainsi 

que Rmax) aux courbes expérimentales, réalisées pour différentes concentrations en ligand 

injecté. Dans le modèle de "Langmuir", la vitesse de l'interaction est décrite par l'équation:  
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   dR/dt = konCRmax-(konC+koff)R  

où R est la réponse à un temps donné (RU), C correspond à la concentration molaire de la 

molécule injectée et Rmax est la réponse maximale de la surface en RU (chaque molécule 

immobilisée a fixé une molécule injectée).  

b) Interaction multivalente 

Une interaction multivalente est définie comme une interaction entre un ligand 

multivalent et un récepteur multiva !"#$%&'()#*!%+(*#, une interaction multivalente peut aussi 

être observée entre un ligand multivalent et un récepteur monovalent fixé sur une surface. 

&(",%  !% -(,% .'/"#!*(-#/0",% 1) #/2( !"#!,, les courbes cinétiques permettront d'évaluer 

l'avidité de l'int!*(-#/0"%!#% "0"%,0"% (33/"/#4$% 5'(2/./#46% !,#% )"!%1!,)*!%.!%  (% 30*-!% .!%  /(/,0"%

!"#*!% '!",!17 !%.!,%,/#!,%.!%*!-0""(/,,("-!%.!% '("( 8#!%!#%.)% /9(".$%:0"#*(/*!1!"#%;%)"!%

/"#!*(-#/0"%.!%,#<-=/014#*/!%> : 1, il y a de multiples possibilités de liaison entre L et R ce 

qui rend l'étude plus complexe. Effectivement, il est possible que les ligands multivalents se 

lient de manière partiellement multivalente et partiellement monovalente aux récepteurs 

/1107/ /,4,$% &!%+ ),6% +*!"0",%  '!?!1+ !%.')"!% /"#!*(-#/0"% !"#*e un ligand et un récepteur, 

#0),% .!)?% ./2( !"#,$% 5!,% .!)?% ,/#!,% .)%  /9(".% +!)2!"#%  /!*%  !,% .!)?% ,/#!,% .')"% 1@1!%

récepteur (interaction intra-moléculaire) ou de deux récepteurs différents (interaction inter-

moléculaire) (Figure 24). Ces interactions intermoléculaires peuvent conduire à la formation 

.')"% -01+ !?!% 1(-*010 4-) (/*!% .(",%  !,A)! ,%  !,% *4-!+#!)*,% ,0"#% 0 /9014*/,4,$% 5!,%

liaisons ne suivent pas nécessairement un réseau simple car des combinaisons de liaisons 

intra- et intermoléculaires sont également possibles. 

 

 

 

Figure 24 : Interactions intra et intermoléculaires. Les deux sites du ligand peuvent lier les 

.!)?% ,/#!,% .')"% 1@me récepteur (interaction intramoléculaire) ou de deux récepteurs différents 

(interaction intermoléculaire). 
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Il existe très peu de modèles mathématiques qui peuvent modéliser ces interactions 

1) #/2( !"#!,$%B(*%.43()#6%  !,%-0)*7!,%.'/"#!*(-#/0"%!?+4*/1!"#( !,%,0"#%,0)2!"#%("( 8,4!,%

(2!-% )"% 10.C !% ,/1+ !% .'/"#!*(-#/0"% >D>$% B0)*% -(*(-#4*/,!*%  !,% /"#!*(-#/0",% 1) #/2( !"#!,%

dans no,%4#).!,6%"0),%(20",%(),,/%)#/ /,4% !,%10.C !,%.'("( 8,!%« .'("( 8#!%7/2( !"# » et « 

de ligand hétérogène E% FGHI!2( )(#/0"JK(".700L6% MN% K!( #=-(*!O$% 5!% 10.C !% .'("( 8#!%

bivalent considère une interaction bivalente entre le partenaire immobilisé et le partenaire 

bivalent en solution (comme un anticorps par exemple). Ce modèle considère les 

/"#!*(-#/0",%30*14!,%+(*% !,%.!)?%,/#!,%.!% (%10 4-) !%/"P!-#4!%-011!%.4+!".("#!,6%-'!,#-à-

./*!%A)!% (%+*!1/C*!% /"#!*(-#/0"%3(-/ /#!%  (%,!-0".!$%5!%10.C !%.'/"#!*(-#/0"%Q hétérogène » 

.4-*/#%  '/"#!*(-#/0"% !"#*!% )"!% ,0 )#/0"% 10 4-) (/*!% =0109C"!% !#% .!)?% 10 4-) !,% ./334*!"#!,%

immobilisées. Dans ce cas les interactions sont considérées indépendantes les unes des 

autres. 

Dans la partie expérimentale de ce manuscrit, afin de caractériser au mieux les 

interactions entre nos ligands multivalents développés et le récepteur TRAIL-R2, nous 

avons à chaque fois évalué les courbes expérimentales avec le modèle de Langmuir ainsi 

A)'(2!-%  !,% 10.C !,% + ),% -01+ !?!,$% 5(% 2( !)*% .)% :=/R% !,#% )#ilisée comme indicateur de 

-0"3/("-!$% :!+!".("#6%  0*,A)'()-)"% .!% -!,% 10.C !,% "!% +!*1!##(/#% .!% 10.4 /,!*%

parfaitement les courbes expérimentales (valeur de Chi²> 1), nous avons procédé à une 

modélisation (1:1) uniquement sur les phases de post injection. 

 

2. Mesure des interactions L/R à la surface de la cellule !"!#$%&'(!'$)*!

biocapteur basé sur la fluorescence 

La SPR est un outil privilégié pour caractériser les interactions entre L et R. 

Cependant beaucoup de biologistes cellulaires s'interrogent sur la pertinence des 

informations obtenues par SPR. En effet,  !,%-0",#("#!,%-/"4#/A)!,%!#% '(33/"/#4%,0"#%07#!")!,%

sur des interactions « artificielles » où un récepteur recombinant est immobilisé sur une 

surface. Cette interaction peut ne pas refléter les interactions à la surface de la cellule. Pour 

tenter de répondre à cette problématique, nous avons utilisé une nouvelle technologie 

(++! 4!% 5/9(".% S*(-!*T% FU/.9!2/!V% H",#*)1!"#,% IGO% A)/% +!*1!#% .'07#!"/*%  !,% -0",#("#!,%

-/"4#/A)!,%.'/"#!*(-#/0"%!"#*!%)"% /9(".%!#% !s récepteurs directement exprimés à la surface 

des cellules vivantes. Cette technologie nécessite que le ligand soit marqué 

(radioactivement ou grâce à un fluorochrome). 

Dans cette technique, les cellules vivantes sont immobilisées sur des lamelles collées 

 0-( !1!"#%.(",%)"!%70W#!%.!%B4#*/$%H %!,#%.0"-%+0,,/7 !%.!%3(/*!% !,%1!,)*!,%.'/"#!*(-#/0"%.)%
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 /9(".%,)*%+ ),/!)*,%#8+!,%-!  ) (/*!,% 0-( /,4,%;%.!,%!".*0/#,%./334*!"#,%.')"!%1@1!%70/#!%.!%

Petri. La boîte de Petri contenant les cellules dans leur milieu nutritif est insérée dans un 

dispositif de rotation incliné puis le ligand marqué est ajouté dans le milieu (Figure 25). Le 

dispositif de rotation incliné permet de mettre en contact les cellules avec le ligand selon un 

/"#!*2(  !%.!%#!1+,%.43/"/%+(*% '!?+érimentateur. Un détecteur placé au-dessus du dispositif 

permet de capturer le signal fluorescent (ou radioactif) des ligands liés (les ligands non liés à 

la surface de la cellule sont éliminés du champ du détecteur +(*% (%*0#(#/0"%.!% '(++(*!/ O$ 

Ce systè1!%"0),%+!*1!#%.!%1!,)*!*%  (%2/#!,,!%.'/"#!*(-#/0"%!"#*!%5%!#%U%1!17*("(/*!%!"%

temps réel. Pour observer la dissociation des complexes, il suffit de remplacer la solution de 

ligand marqué par du tampon pour mesurer la vitesse de dissociation des complexes. Ces 

/"30*1(#/0",% "0),% .0""!"#% !",)/#!% (--C,% ()?% -0",#("#!,% -/"4#/A)!,% !#% ;%  '(33/"/#4% .)%

complexe L/R directement mesurée à la surface des cellules vivantes. Dans ce cas, ces 

valeurs cinétiques tiennent compte du nombre de récepteurs exprimés à la surface de la 

cellule et des potentiels mouvements membranaires des récepteurs. Cet avantage peut être 

aussi une limite car il ajoute un degré de complexité encore non maitrisé lors de 

 '/"#!*+*4#(#/0"%.!,%-0",#("#!,%-/"4#/A)!,$% 

 

 

 

Figure 25 : Principe du Ligand Tracer : Les cellules vivantes sont immobilisées sur des 

lamelles collées localement dans une boîte de Pétri. La boîte de Petri contenant les cellules dans leur 

milieu nutritif est insérée dans un dispositif de rotation incliné puis le ligand marqué est ajouté dans le 

milieu. Le dispositif de rotation incliné permet de mettre en contact les cellules avec le ligand selon un 

/"#!*2(  !%.!%#!1+,%.43/"/%+(*% '!?+4*/1!"#(#!)*$%X"%.4#!-#!)*%+ (-4%()-dessus du dispositif permet de 

capturer le signal fluorescent des ligands liés. Figure issue de la publication de (Bjorke and 

Andersson, 2006).  
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Les données cinétiques peuvent être analysées par régression non linéaire comme 

pour la SPR. Cependant nous avons utilisé un nouvel outil mathématique, « Interaction 

Map® » (Ridgeview Diagnostics AB) approprié pour analyser des données cinétiques dont 

 (% -01+ !?/#4% *4,) #!% .!%  '!?/,#!"-!% .!% + ),/!)*,% /"#!*(-#/0",% +(*(  C !,% F+(*% !?emple un 

ligand liant avec des affinités différentes, différents récepteurs ou différentes formes du 

récepteur). Cet outil permet de décomposer les données cinétiques en ses composants 

/"./2/.)! ,$% 5'("( 8,!% 30)*"/#% .!,% -(*#!,% .'/"#!*(-#/0"% F 09FLon) vs log(koff)), où chaque pic 

*!+*4,!"#!%  ')"% .!,% -01+0,("#,% .!%  '/"#!*(-#/0"% !"#*!%  (% 10 4-) !% 3 )0*!,-!"#!% !#%  !,%

cellules. Il pourrait être adapté pour analyser l'hétérogéneité des interactions multivalentes. 
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B. ELIMINER LES CELLULES CANCEREUSES EN INDUISANT LEUR 

APOPTOSE PAR CHIMIOTHERAPIE A BASE DE PLATINE 

 

1.  La chimiothérapie 

La chimiothérapie conventionnelle correspond aux médicaments chimiques 

-8#0#0?/A)!,% .0"#%  !% 10.!% .'(-#/0"% +*/"-/+( % (% +0)*% -/7 !%  !,% 14-("/,1!,% /1+ /A)4,% .(",%  (%

multiplication cellulaire6% A)'!  !% ,0/#% "0*1( !% 0)% "40+ (,/A)!$% 5!,% .*09)!,% .!% -=/1/0#=4*(+/!%

exercent leur action cytotoxique sur les cellules en phase de multiplication active. Il existe 

plusieurs classes pharmacologiques de chimiothérapie. 

 

1.1. Les différentes familles de molécules de chimiothérapie 

La classification suivante est issue de la classification thérapeutique du Vidal. 
 

1.1.1. Les agents alkylants et apparentés 

Les agents alkylants sont des composés très réactifs qui ont un effet cytotoxique en 

créant des liaisons covalentes avec un ou les 2 7*/",% .!%  'I&Y% 7 0A)("#% (/",/%  '(-#/0"% .!,%

enzymes impliquées dans sa réplication. On retrouve dans ce groupe le fameux gaz de 

moutarde qui est le premier anticancéreux chimique découvert dans les années 1950 

(Goodman et al., 1946). 

On trouve également des dérivés du platine qui ,!% 3/?!"#% ,)*%  'I&Y% !#% entraînent une 

modification de la structure de la double hélice induisant ainsi une inhibition de la réplication de 

 'I&Y. Ce point sera discuté en détail dans le paragraphe 2.  

1.1.2. Les inhibiteurs mitotiques 

On retrouve dans ce groupe les vinca alkaloids et les taxanes. Les deux molécules 

typiques de la famille des vinca alkaloids sont la vinblastine et la vincristine, issues de la 

pervenche de Madagascar (Catharanthus roseus). Ce sont des poisons mitotiques qui 

empêchent la formation du fuseau mitotique en agissant sur les microtubules pendant la 

14#(+=(,!$% 5!,% #(?("!,% .4*/24,% .!%  '/3% FTaxus baccata) comme le Paclitaxel (Taxol®), 

empêchent la dépolymérisation de la tubuline. 
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1.1.3. Les anti-métabolites 

Les anti-métabolites sont des analogues structuraux des métabolites impliqués dans la 

,8"#=C,!%.!% 'I&Y%!#%.!% 'IUY$%B(*% !)*%10.!%.'(-#/0"6% !,%("#/-métabolites vont agir durant la 

phase S du cycle cellulaire. On retrouve dans ce groupe le fluorouracile (5-FU) qui se substitue 

;% ')*(-/ !%0)% !%9!1citabine (Gemzar®) analogue des pyrimidines.  

1.1.4. Les inhibiteurs de topoisomérase (dérivés de camptothécine ou 

d'étoposide) 

5!,%/"=/7/#!)*,%.!%#0+0/,014*(,!,%20"#%7 0A)!*% '(-#/0"%.!,%#0+0/,014*(,!,%A)/%,0"#%.!,%

enzymes qui régulent le super-!"*0) !1!"#% .!%  (% .0)7 !% =4 /-!% .!%  'I&Y$% H ,% !1+@-=!"#%  !,%

cellules tumorales .'!"#*!*% !"% +=(,!% MZ% .)% -8- !% -!  ) (/*!$% H % existe des inhibiteurs de la 

topoisomérase I (Campto®) et de la topoisomérase II (Vepeside®). 

 

1.2. Les combothérapies 

La chimiothérapie peut être utilisée de manière exclusive comme dans le traitement des 

lymphomes et des leucémies. Mais, le plus souvent les différentes classes de chimiothérapie, 

sont associées dans un même traitement. Ceci pour plusieurs raisons : i) cela permet de tuer 

un maximum de cellules tumorales sans atteindre le seuil de toxicité toléré pour chaque drogue 

par le patient, ii) cela limite les phénomènes de résistance iii) certaines drogues peuvent agir 

.!% 1("/C*!% ,8"!*9/A)!,% !#% .0"-% ()91!"#!*%  '!33/-(-/#4% .)% #*(/tement. La chimiothérapie peut 

@#*!%(,,0-/4!%;%.'()#*!,%,#*(#49/!,%("#/-tumorales comme la chirurgie. En effet, elle peut être 

proposée avant une chirurgie (chimiothérapie néo-adjuvante) pour diminuer la taille de la 

#)1!)*%!#%3(-/ /#!*% '0+4*(#/0"6%0)%(+*ès la chirurgie (chimiothérapie adjuvante) pour diminuer le 

risque de récidives locales ou distales. Des études ont également montré que la chimiothérapie 

peut augmenter la sensibilité des tumeurs à la radiothérapie. Par exemple, le cisplatine 

empêche la r4+(*(#/0"% .!,% .011(9!,% ;%  'I&Y% -(),4,% +(*%  (% *(./0#=4*(+/!$% [/"( !1!"#, la 

radiothérapie est de plus en plus associée avec des thérapies ciblées.  
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2. Les dérivés du platine 

2.1.  Le cisplatine 

Le cisplatine ou cis-diamminedichloroplatinium (II) est la première des molécules 

dérivées du + (#/"!% ;% (20/*% 4#4% (++*0)24!% +(*%  (% [&I% F[00.% (".% &*)9% I.1/"/,#*(#/0"',O% !"%

1978, et commercialisée sous le nom de Platinol® (Lippman et al., 1973). Il est utilisé dans le 

traitement de nombreux cancers incluant les cancers ovariens, utérins, testiculaires, de la 

vessie, pulmonaires, des cervicales, des cellules squameuses, de la tête et du cou ainsi que 

les lymphomes non Hodgkiniens (Kelland, 2007). Le cisplatine est un complexe 

organométallique contenant du platine qui possède un isomère le transplatine (Figure 26). Il 

+!)#%,!%,0 )7/ /,!*%.(",% '!()%!#%*!,#!%,#(7 !%A)! A)!,%=!)*!,%;%#!1+4*(#)*!%(17iante.  

 

 

Figure 26 : Le cisplatine et le transplatine 

a)  !"#$%&'()*+#",%-$ 

&!%"017*!),!,%4#).!,%0"#%+0*#4%,)*% !%14-("/,1!%.'(-#/0"%.)%cis+ (#/"!%1(/,%*/!"%"'!,#%

encore très établi. Le mécanisme le plus probable est le suivant (Figure 27) : l0*,%.!% '/"P!-tion, 

le cisplatine reste stable dans les voies de circulation sanguines où la concentration en ions 

chlorure est relativement forte (100 mM), et !1+@-=!% '=8.*0 8,!%.)%-01+0,4%(Kelland, 2007). 

Le cisplatine entre ensuite dans la cellule selon trois voies i) par diffusion passive à travers la 

membrane ii) grâce à des transporteurs organiques cationiques ou/et iii) grâce aux protéines 

de transport du cuivre (Puckett et al., 2010). La diminution de la concentration en ions chlorure 

3(-/ /#!%( 0*,% '=8.*0 8,!%.)%cisplatine en un complexe très réactif.  

 

Action sur les acides nucléiques 

:!% -01+ !?!% !"#*!% !",)/#!% .(",%  !% "08()% !#% /"#!*(9/#% +(*% ,)7,#/#)#/0"% .')"!% 10 4-) !%

.'!()%(2!-%)"!%.!,%7(,!,%.!% 'I&Y$%5!,% /(/,0",%(2!-  'I&Y%.0)7 !%7*/"%30*1!"#%.!,%(..)/#,$%

&(",%  (% 1(P0*/#4% .!,% -(,6%  !,% (..)/#,% ,0"#% 30*14,% ()% "/2!()% .!%  '(#01! N7 de guanines 

(.P(-!"#!,% !#% A)! A)!,% 30/,% ()% "/2!()% .!%  '(#01!% Y\% .!%  '(.4"/"!% F !,% ()#*!,% (#01!,% 4#("#%
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moins accessibles) (Jamieson and Lippard, 1999). Les adduits ADN-cisplatine sont 

relativement stables, entraînent une distorsion de la double hélice qui perturbe la réplication et 

 (% #*(",-*/+#/0"% .!%  'I&Y6% 7 0A)!nt le cycle cellulaire en phase S et G2 et enclenche la voie 

/"#*/",CA)!%.!% '(+0+tose (p53 dépendant). De plus, le cis+ (#/"!%+!)#%49( !1!"#% /!*%  'IUY%!#%

/"#!*34*!*% .(",%  (% #*(",-*/+#/0"6% -!% A)/% +0)**(/#% +(*#/-/+!*% ;%  '!33!#% -8#0#0?/A)!% .)% cisplatine 

(Chapman and DeRose, 2010). 

  

Action sur les protéines 

Par ailleurs, plusieurs groupes ,'interrogent A)("#% ;%  (% +0,,/7/ /#4% .'()#*!,% -/7 !,%

cellulaires du cisplatine et de ses analogues. Récemment, des physiciens ont montré que 

 '/,01C*!%.)%cisplatine, le transplatine peut se lier ,)*% !,%+*0#4/"!,%"0#(11!"#%,)*% '( 7)1/"!%!#%

la transferrine, qui sont des protéines présentes dans le sérum mais aussi sur des protéines 

impliquées dans la détoxification des métaux comme les métallothionéines (Casini and Reedijk, 

2012; Cubo et al., 2010). Cependant la liaison des dérivés du platine aux protéines doit être 

confirmée in vitro et leurs mécanismes .'(-#/0"s élucidés.  

 

Action sur les mitochondries 

Il ne serait pas impossible que le cisplatine agisse également sur la membrane 

1/#0-=0".*/( !% +)/,A)'/ % +!)#% ,!%  /!*% ()?% +=0,+=0 /+/.!,% !#% +=0,+=(#/.8 ,4*/"!,% .!,%

membranes. En effet, des *4-!"#!,% 4#).!,% ,)99C*!"#% A)!%  '!33!#% #0?/A)!% .)% -/,+ (#/"!% ,!*(/#%

également dû à une accumulation du platine dans la mitochondrie qui induit la libération 

.'!,+C-!,%*4(-#/2!,%;% '0?/9C"!%FU]^O%-0".)/,("#%;%)"%.8,30"-#/0""!1!"#%.!% (%1/#0chondrie 

+)/,%;% '(+0+#0,!$ 

 

Type de mort cellulaire induite 

Il est classiquement admis que le mécanisme de mort cellulaire mis en jeu par les dérivés 

du + (#/"!% !,#%  '(+0ptose (Gonzalez et al., 2001). Cependant, quelques études indiquent que 

les cellules tumorales traitées au cisplatine peuvent mourir par nécrose. Il semblerait que la 

décision de la voie de mort cellulaire empruntée soit dépendante de la concentration du 

cisplatine. En effet, des cellules murines primaires du tube proximal meurent par nécrose 

quelques heures après traitement avec de hautes doses de cis+ (#/"!%F_``%abO%( 0*,%A)!%-!,%

mêmes cellules meurent par apoptose après plusieurs traitements au cisplatine à faible 

-0"-!"#*(#/0"% F_%abO (Gonzalez et al., 2001). De plus, lorsque les cellules sont résistantes à 

 '(+0+#0,e, de fortes doses de cisplatine pourraient conduire à la mort des cellules par nécrose 

(Xu et al., 2014).  
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De plus, en se fixant aux phospholipides et phosphatidylsérines des membranes, le cisplatine 

pourrait également induire le stress du RE en déstabilisant les protéines intracellulaires et 

conduire à la mort des cellules.  

 

En conclusion, la cytotoxicité du cisplatine ne semble pas être uniquement provoquée par les 

.011(9!,% ;%  'I&Y% 1(/,% 49( !1!"#% +(*% .!,% .011(9!,% ()% "/2!()% .!,% +*0#4/"!,% (Martins et 

al., 2011) et de la mitochondrie. De plus, en fonction de la fréquence et de la dose des 

traitements, le cis+ (#/"!%%/".)/*(/#% (%10*#%.!,%-!  ) !,%+(*%(+0+#0,!%0)%"4-*0,!$%H %"'!,#%+(,%"0"%

plus impossible que le cisplatine tue les cellules via la nécrose programmée mais aucune étude 

"'(%!"-0*!%4#4%*4( /,4!$% 

 

 

 

Figure 27 : Mé+%*&,-(!'$%+.&/*!')!cisplatine Le cisplatine entre dans la cellule selon trois 

voies i) par diffusion passive à travers la membrane ii) grâce à des transporteurs organiques cationiques 

iii) grâce aux protéines de transport du cuivre, puis est hydrolysé en un complexe très réactif. Ce 

-01+ !?!% !"#*!% !",)/#!% .(",%  !% "08()% !#% /"#!*(9/#% +(*% ,)7,#/#)#/0"% .')"!% 10 4-) !% .'!()% (2!-% )"!% .!,%

7(,!,%.!% 'I&Y%!"#*(W"("#%)"!%./,#0*,/0"%.!% (%.0)7 !%=4 /-!%A)/%+!*#)*7!% (%*4+ /-(#/0"%!#% (%#*(",-*/+#/0"%

.!% 'I&Y6%7 0A)!% !%-8- !%-!  ) (/*!%!"%+=(,!%^%!#%MZ%!#%!"- !"-=!% (%20/!%/"#*/",CA)!%.!% '(+0+#0,!$ 
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b) Résistances des cellules cancéreuses au cisplatine  

Certaines cellules cancéreuses peuvent être résistantes au cisplatine ou acquérir des 

résistances pendant les traitements. Les mutations génétiques, les modifications épigénétiques 

!#%  '4+/,,(9!% ( #!*"(#/3,% 3*4A)!"#,% .(",%  !,% -!  ) !,% -("-4*!),!,% ,0"#% ,0)2!"#% ;%  '0*/9/"!% .!s 

résistantes acquises aux drogues de chimiothérapie. Ces résistances peuvent apparaître à 

plusieurs niveaux cellulaires (revue dans (Galluzzi et al., 2012)).  

5(%+*!1/C*!%*4,/,#("-!%+0,,/7 !%+!)#%@#*!%  '/"-(+(-/#4%.)%cisplatine à atteindre le noyau 

cellulaire, et ceci via plusieurs types de mécanismes. Par exemple, dans certaines cellules 

cancéreuses, des protéines transmembranaires de transport prenant en charge le cisplatine 

peuvent être mutées e#% (/",/%  /1/#!*%  '!"#*4! du cisplatine dans la cellule (Ishida et al., 2010; 

Nakayama et al., 2002). Dans d'autres cas, les mécanismes qui vont permettre la détoxification 

des métaux au sein de la cellule peuvent être impliqués. Dans ce cas, une fois dans la cellule, 

le cisplatine peut être complexé avec le glutathion ou les métallothioneines (qui sont impliqués 

dans les mécanismes de détoxification des métaux lourds) et être ainsi éliminé de la cellule. Il 

a, en effet, été montré que certaines cellules cancéreuses résistantes au cisplatine ont une 

concentration de glutathion particulièrement élevé (Hrubisko et al., 1993).  

X"% ,!-0".% "/2!()% .!% *4,/,#("-!% +!)#% (20/*%  /!)% ()% "/2!()% .!%  'I&Y$% 5!,% (..)/#,% I&Y-

+ (#/"!6%!"9!".*!"#%  '(-#/2(#/0"%.!,%14-("/,1!,%.!%*4+(*(#/0"%.!% 'I&Y%/"- )("#%  (%*4+(*(#/0"%

par excision de nucléotides (NER) suivi de la réparation par recombinaison homologue (HR) 

 0*,A)'!  !%!,#%"4-!,,(/*!$%5!%YNU%!,#%)"%14-("/,1!%A)/%+!*1!#%.!%*!-0""(W#*!% !,%#0*,/0",%.!%

 'I&Y% A)/% +!)2!"#% @#*!% /".)/#!,% +(*% .!,% 4 41!"#,% .!% "0#*!% ( /1!"#(#/0"6% .!% "0#*!%

environnement mais aussi par le cis+ (#/"!$%5'I&Y%!,#%.4*0) 4%()%"/2!()%.!% (%#0*,/0"%+(*%)"%

14-("/,1!%A)/%3(/#%/"#!*2!"/*%.!,%!".0")- 4(,!,%A)/%20"#%/"-/,!*% 'I&Y%.!%+(*#%!#%.'()#*!%.!% (%

torsion puis re-synthétiser et lier le fragment manquant. Cette réparation permet de restaurer le 

cycle cellulaire.  

Une troisième niveau de résistance est associé à des dérégulations des voies de 

signalisation de la prolifération cellulaire telles que MAP/Erk ou bien évidemment des 

.4*49) (#/0",%()%"/2!()%.!% '(+0+#0,!%(Brozovic and Osmak, 2007; Wang et al., 2000; Yeh et 

al., 2002). La 1)#(#/0"% (%+ ),%*4+(".)!%.!% (%20/!%.'(+0+#0,!%(33!-#!% !%3(-#!)*%.!%#*(",-*/+#/0"%

p53 (50% des cellules cancéreuses sont mutées sur P53O%A)/%!,#%(-#/24%,)/#!%;% '(**@#%.)%-8- !%

-!  ) (/*!%.c%()?%(..)/#,%!#%A)/%2(%/"/#/!*%  (%20/!%/"#*/",CA)!%.!% '(+0+#0,! (Kirsch and Kastan, 

1998; Vousden and Lane, 2007). 5'( #4*(#/0"% .!,% 3(-#!)*,% .!%  (% 20/!% /"#*/",CA)!% !#d0)%

!?#*/",CA)!% .!%  '(+0+#0,!% FG- Z6% -(,+(,!,eO% 2a aussi déterminer la sensibilité des cellules 

cancéreuses à la mort par le cisplatine (Janson et al., 2010; Tajeddine et al., 2008) (Figure 

28).  
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Figure 28 : Mécanisme de résistance au cisplatine. Illustrations des principales 

dérégulations dans les cellules cancéreuses conduisant à une résistance au cisplatine.  

 

2.1.2.  Analogues du cisplatine utilisés en cancérologie 

I3/"% .'(14 /0*!*%  !% #*(/#!1!"#% ;% 7(,!% .!% + (#/"!6%  !,% -=!*-=!)*,% 0"#% .42! 0++4% .!% nombreux 

analogues du cisplatine. 5!,% + ),% )#/ /,4,% ()P0)*.'=)/% !"% - /"/A)! sont le carboplatine et 

 '0?( /+ (#/"!%(Figure 29). 

a) Le carboplatine 

Le carboplatine correspond à la seconde génération de dérivés du platine. Il a été produit 

dans le but i) de pallier à la résistance cellulaire au cisplatine ii) .'4 (*9/*% !,%#8+!,%.!%-("-!*,%;%

traiter iii) de diminuer la toxicité du cisplatine. La structure du carboplatine (Paraplatin®) diffère 

de celle du cis+ (#/"!% +(*%  (% +*4,!"-!% .')"%  /9(".% 7/.!"#(#!% -8- 07)#("!-di-carboxylate qui 

+!*1!#% .!%  /1/#!*%  '(-#/0"% .!% .4#0?/3/-(#/0"% via le glutathion dans la cellule. Il peut être 

administré à de plus fortes doses que le cisplatine (300-450 mg/mm² vs 20-120mg/mm² pour le 

cisplatine) sans induire de toxicité pour les cellules saines. Il forme les mêmes adduits que le 

cisplatine et ,0/9"!%  !,% 1@1!,% #8+!,% .!% -("-!*,% ;%  '!?-!+#/0"% .)% -("-!*% ovarien où le 

carboplatine est le dérivés du platine le plus prescrit (Laurie et al., 2010). 



 83 

b) L+-.#/%0/#,%$( 

5'0?( /+ (#/"!% !,#% )"% .4*/24% du platine de troisième génération et la première drogue à 

surmonter les résistances cellulaires au cisplatine (Stordal et al., 2007). Il forme des adduits 

intra-7*/"%()%"/2!()%.!,%,4A)!"-!,%:+M%!#%42/#!%(/",/% !,%14-("/,1!,%.!%*4+(*(#/0"%.!% 'I&Y%

(Kasparkova et al., 2008). ^0"% ,+!-#*!% .'(-#/2/#4% !,#% + ),%  (*9!% A)!% -! )/% .)% cisplatine. Il est 

utilisé couramment dans le traitement adjuvant ou métastatique des cancers colorectaux (en 

combinaison avec le 5-[X%!#% '(-/.!%30 /"/A)!O$% 

 

&'autres analogues du cisplatine sont commercialisés comme le Nedaplatin® utilisé au Japon, 

 !% 507(+ (#/"T% !"% :=/"!6% !#%  'K!+#(+ (#/"T% !"% :0*4!$% &!s dizaines de drogues dérivés du 

platine ,0"#%42( )4!,%()P0)*.'=)/%!"%!,,(/,%- /"/A)!,%(Wheate et al., 2010). 

 

 

 

 

 

 

Figure 29 : Les analogues du cisplatine 
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2.1.3. Les avanta0(,!(.!#(,!#&-&.(,!'(!#$).&#&,%.&/*!'(,!'12&31,!du platine en 

cancérologie 

Les dérivés du platine comme les autres drogues de chimiothérapie sont indispensables 

en thérapie des cancers. En 2014, en France 287 825 personnes ont eu une hospitalisation 

pour/avec chimiothérapie antitumorale, soit une hausse de 2,1% par rapport à 2011 (source 

Fondation ARC). La chimiothérapie est un traitement peu coûteux (15% des dépenses des 

anticancéreux, source : Fondation ARC) et efficace pour de nombreux types de cancer. De 

plus, les dérivés du platine restent très utiles en combinaison avec la chirurgie, la radiothérapie 

et les thérapies ciblées. Ils permettent par exemple de restaurer la sensibilité des cellules 

-("-4*!),!,% ;%  '(+0+#0,!% /".)/#!% +(*% SUIH5% .0"#% / % !,#% A)!,#ion dans la partie A de 

 '/"#*0.)-#/0"$ 

5')#/ /,(#/0"% .!,% .4*/24,% du platine en oncologie est néanmoins limitée. En effet, la 

chimiothérapie affecte les cellules à 30*#!% -(+(-/#4% +*0 /34*(#/2!% !#% .!% -!% 3(/#6% "'!,#% +(,% )"%

traitement spécifique des cellules cancéreuses mais peut également affecter des cellules 

saines telles que les cellules germinales, les cellules de la moelle osseuse, les cellules des 

muqueuses... Cet effet sur les cellules saines est ;%  '0*/9/"!% .!% "017*!)?% !33!#,% ,!-0".(/*!,%

incluant la myélosuppression, la stérilité, des diarrhées et des vomissements. De plus, le 

cisplatine présente une néphrotoxicité, une neurotoxicité, et une ototoxicité sévère (Kelland, 

2007)$% 5')#/ /,(#/0"% .!,% .4*/24,% du platine peut être aussi limitée par les phénomènes de 

résistances intrinsèques ou acquises développés ci-dessus (2.1.1 b). Cependant, les dérivés 

du platine de seconde et troisième génération -011!% '0?( /+ (#/"!%+*4,!"#!"#%10/",%.!%#0?/-/#4%

et peuvent éviter certains mécanismes de résistance au cisplatine (Stordal et al., 2007).  

Enfin, ces  /1/#(#/0",%+!)2!"#%@#*!%+(  /4!,%9*f-!%;%  '/.!"#/3/-(#/0"%.!%1(*A)!)*,%.!%,!",/7/ /#4%

ou de résistance chez le patient avant de choisir le traitement (Zitvogel et al., 2011).  

 

2.2.  Développement de nouveaux dérivés de platines vectorisés 

De nombreux laboratoires tentent de développer de nouveaux dérivés du platine plus 

stables et moins toxiques. Pour cela, plusieurs stratégies sont possibles  qui vont "vectoriser" le 

cisplatine pour améliorer sa stabilité et sa solubilité et/ou ajouter des agents de ciblage des 

cellules cancéreuses pour limiter les toxicités sur les cellules saines (revue dans (Butler and 

Sadler, 2013; Oberoi et al., 2013; Wang and Guo, 2013)). 
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a) Incorporation dans des vecteurs  

Dans ce cadre, le cisplatine ou ses analogues sont incorporés au niveau de vecteurs 

polymériques (liposomes, nanotubes de carbones ou nanoparticules) par encapsulation, 

liaisons covalentes ou complexation. Des carbohydrates, du bis-phosphonate !#%7/!"%.'()#*!,%

polymères peuvent également servir de vecteur. Du polyéthylène glycol (PEG) est souvent 

ajouté sur ces vecteurs pour augmenter la solubilité des complexes mais aussi pour réduire la 

rétention dans le système réticulo-endothéliale du foie et de la rate (Dancey and Chen, 2006). 

Chaque vecteur, de par ses caractéristiques biologiques, va 

moduler la solubilité, la biodistribution et la toxicité du platine. 

B(*% !?!1+ !6%  !% 5/+0+ (#/"T% ()P0)*.'=)/% 42( )4% !"% +=(,!% HHH%

d'essais cliniques annonces des résultats très encourageants 

(Figure 30). Dans la formulation du Lipoplatin®, le cisplatine 

!,#%!"-(+,) 4%.(",% !%-<)*%.')"% /+osome. Le liposome est 

composé de dipalmitoyl phosphatidyl glycerol qui est chargé 

négativement et permet la fusion avec la membrane 

cellulaire. Ainsi le Lipoplatin® rentre dans la cellule par 

fusion et évite donc les résistances liées aux transporteurs. 

Le liposome contient également des groupements PEG qui augmentent sa biodistribution. 

Enfin, de par sa taille (100 nM), le Lipoplatin® peut infiltrer les tumeurs. Le Lipoplatin® semble 

(20/*% 10/",% .'!33!#,% #0?/A)!,% ,)*%  !,% -!  ) !,% ,(/"!,% !#% a, de plus,  '(vantage de traverser la 

barrière hémato-!"-4+=( /A)!% -!%A)/% +!*1!#% .'!"2/,(9!*%  !% #*(/#!1!"#% .!,%-("-!*,% .!%  (% #@#!%

particulièrement difficiles à atteindre (Jehn et al., 2007).  

b) Ciblage des cellules tumorales 

Par ailleurs, un des avantages des vecteurs développés, !,#% A)'/ ,% +!)2!"#% @#*!%

fonctionnalisés avec des molécules de ciblage des cellules tumorales. Plusieurs cibles ont été 

proposées dans la littérature. Il est possible, par exemple, .'(P0)#!*%)"%("#/-0*+,%,+4-/3/A)!%.!%

 '("#/9C"!% B^bI% FB*0,#(#!% ^+!-/3/-% b!17*("!% I"#/9!"O% ,)*!?+*/14% ;%  (% ,)*3(-!% .!,% -!  ) !,%

tumorales de la prostate (Ross et al., 2003)$%&!% (%1@1!%1("/C*!6% !,%*4-!+#!)*,%;% '<,#*09C"!%

sont surexprimés dans 40% des cancers hormonaux dépendants chez la femme, tels que le 

cancer du sein (60-\`gO6% .!%  ')#4*),% F\`-73%) et des ovaires (61%) (Jemal et al., 2010). Il 

existe aussi des peptides dont la séquence RGD (Arg-Gly-I,+O%  /!%  !,% /"#49*/"!,%hVi3 !#%hVi5 

qui sont surexprimées sur la membrane cellulaires de nombreuses cellules cancéreuses et 

sont directement impliquées dan,% '("9/09!"C,!%(Marelli et al., 2013).  

Figure 30 : Le lipoplatine® 
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3. Les complexes de Platine/Carbène-N-hétérocycliques comme agent 

antitumorale 

3.1.  Les carbènes-N-hétérocycliques 

Parmi les nombreux ligands récemment développés en chimie organométallique, les 

carbènes N-hétérocycliques (NHCs) sont très prometteurs pour la thérapie des cancers. Les 

NHCs sont des ligands neutres possédant un carbone divalent à six électrons de valence, 

compris dans un cycle comprenant au moins un azote. Il existe plusieurs familles de NHCs 

F/1/.(j0 8.!""!6% /1/.(j0 /"8 /.!"!6% 7!"j/1/.(j0 8 /.!"!6% #*/(j0 8 /.!"!eO (Figure 31). Ils 

peuvent se coordonner avec des métaux de transition pour former des complexes NHC-métal 

très stables (Bourissou et al., 2000; Marion et al., 2009). Ces complexes ont été développés 

dans un premier temps pour la catalyse en chimie organométallique. Les premières 

applications dans le domaine biologique concernent des complexes NHC-(Ag, Au, Ru ou Rh) 

possédant des propriétés antimicrobiennes et antifongiques (Cetinkaya et al., 1996).  

Figure 31 : Les carbènes-N-héterocycliques. Les NHCs sont des 

ligands neutres possédant un carbone divalent à six électrons de valence, 

compris dans un cycle comprenant un azote. Ils peuvent se coordonner avec 

des métaux de transition (M) pour former des complexes NHC métal stables. Il 

est possible de fonctionnaliser les NHCs au niveau des groupements R. 

3.2. Les complexes Platine/Carbène-N-hétérocycliques en thérapie des cancers 

3.2.1. Activité anti-tumorales des NHC-Pt (II) 

Récemment, plusieurs études ont montré le potentiel antitumoral des complexes NHC-

métal. Plusieurs métaux ont été étudiés comme  '0*6%  '(*9!"#%  !% -)/2*!6 le palladium, le 

ruthénium et le platine. Parmi tous ces complexes, ceux contenant de  '0*%0) du platine sont les 

plus développés (Aher et al., 2014)$%5'4A)/+!%.!%b(*/"!##/%(Skander et al., 2010), a montré in 

vitro une cytotoxicité .')"!% ,4*/!% .!% -01+ !?!,% transplatine-NHC (Pt(II)-NHC) de formule 

générale NHCPtX2(L) (où L= amine, iode ou bromide) sur différentes lignées tumorales. Ils ont 

montré que ces complexes induisent la mort des cellules de la lignée leucémique CCRF-CEM 

et du cancer pulmonaire NCl-H460 sensible au cisplatine de manière équivalente ou plus 

efficace que le cis+ (#/"!%F.!% '0*.*!%.)%kbO$%5!,%-01+ !?!,%YK:B#lZF5O%0m%5 = iode ont une 

meilleure activité cytotoxique que les autres. De plus, ces composés sont capables de tuer les 

cellules tumorales résistantes au traitement classique de cisplatine (SKOV3, CH1/DDP, 

A2780/DDP). Les composés Pt(II)-NHC présentent une géométrie trans et non cis imposée par 

le ligand carbène. De manière étonnante ces composés ont une cytotoxicité cellulaire alors que 

 '/,01C*!%trans du + (#/"!%,!) %"'!"%(%+(,%(Coluccia and Natile, 2007). 
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3.2.2. Mode d'action des NHC-Pt (II) 

S*C,%+!)%.'4#).!,%0"#%4#4%*4( /,4!,%,)*% !,%14-("/,1!,%.'(-#/0"%.!,%-01+ !?!,%B#FHHO-

NHC et elles sont généralement incomplètes. Il semblerait que ces complexes utilisent les 

mêmes mécanismes que le cisplatine mais ils formeraient des adduits différents qui seraient 

10/",% 7/!"% *!-0""),% +(*%  !,% 14-("/,1!,% .!% *4+(*(#/0"% .!%  'I&Y% -!% A)/% +0)**(/#% !?+ /A)!*%

 '(-#/2/#4% -8#0#0?/A)!% .!% -!,% -01+ !?!, sur les cellules résistante au cisplatine. Il sera 

/"./,+!",(7 !% ;%  '(2!"/*% .!% -(*(-#4*/,!*%  !,% 14-("/,1!,% .'(-#/0"% .!,% -01+ !?!,% B#FHHO-NHC 

dont les propriétés semblent être dépendantes de la nature du métal et de la famille de NHC. 

Quelques exemples sont cités ci-dessous : 

- L(%-8- 014#(  (#/0"%.)%B#%FHHO%F!"%.'()#*!,%#!*1!,% (%30*1(#/0n de ponts au niveau du Pt (II)) 

sur le complexe Pt(II)-YK:% -=("9!% *(./-( !1!"#%  !% 14-("/,1!% .'(-#/0"% .)% + (#/"!$% :!%

-01+0,4%2(%,!% 09!*%+*434*!"#/!  !1!"#%.(",% !%-8#0+ (,1!%0m%/ %/"=/7!% '(-#/2/#4%.!% (%,)*2/2/"!%

F)"% /"=/7/#!)*% .!%  '(+0+#0,!% (++(*#!"("#% à la famille des IAPs) et active la polymérase 

FI&B*/70,!O% FBIUBO% +0)*% /".)/*!%  '(+0+#0,!$% :!% -01+0,4% /"P!-#4% ;% n mg/kg inhibe la 

croissance de cellules tumorales NCI-H460 implantées dans un modèle de souris 

immunodéficientes (Sun et al., 2011).  

- Les complexes NHC couplés au transplatine, développés par l'équipe de Marietti 

(Chtchigrovsky et al., 2013), induisent de manière surprenante,  '(+0+#0,!% .!,% -!  ) !,% .')"%

carcinome ovarien (A2780) non pas par la voie classique intrinsèque induite par les drogues de 

chimiothérapie mais par une voie caspase indépendante en libérant le facteur IAF (Inducing 

Apoptosis Factor) (Cande et al., 2004). Le facteur AIF est une des molécules apoptogènes 

libérées de la mitochondrie vers le cytosol puis vers le noyau.  

3.2.3. Les complexes NHC-Pt (II) pour cibler les cellules tumorales? 

Les complexes NHC-métal permettent de stabiliser le platine, et sont des ligands non 

toxiques fonctionnalisables (Chardon et al., 2011). Il est, en effet, possible de greffer sur 

 '=4#4*0-8- !% .!,% 10 4-) !,% .!% -/7 age des cellules cancéreuses et/ou des molécules qui 

3(20*/,!"#% (%,0 )7/ /#4$%5'4A)/+!%.)%&*%^#4+=("!%G!  !1/"-Laponnaz avec qui nous travaillons a 

par exemple fonctionnalisé un complexe Pt(II)-YK:% (2!-% )"% <,#*09C"!% (3/"% .!% -/7 !*%  !,%

-!  ) !,% -("-4*!),!,% <,#*09C"!% .4+!".("#!,% (Chardon et al., 2011)$% 5'(P0)#% .')"% 4 41!"#%

fluorescent 0)%.')"%4 41!"#%*(./0(-#/3%()%"/2!()%.!%-!,%,#*)-#)*!,%+!*1!##*(/#%.!,%(++ /-(#/0",%

en imagerie médicale dans le traitement de cellules cancéreuses (Chardon et al., 2013). Dans 

le chapitre 3, nous décrivons des travaux au cours desquels nous avons ajouté des 

+0 8!#=8/1/"!,% FBNHO% (3/"% .'()91!"#!*%  (% ,0 )7/ /#4% .!,% -01+ !?!,% B#FHHO-NHC et évalué leur 

potentiel antitumoral in vitro et in vivo. 
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La majorité des traitements anticancéreux actuels sont efficaces mais ne sont pas 

spécifiques des cellules tumorales et engendrent de lourds effets secondaires. Les ligands de la 

super famille du TNF et leurs récepteurs qui régulent la prolifération et la mort des cellules 

constituent des molécules idéales pour une thérapie ciblée des cancers. Parmi ces ligands, la 

molécule TRAIL est très intéressante car ell!% /".)/#%  '(+0+#0,!% .!,% -!  ) !,% #)10*( !,% !"%

épargnant les cellules saines. TRAIL interagit avec 2 récepteurs de mort TRAIL-R1 et TRAIL-R2 

+0)*% /".)/*!%  '(+0+#0,!%!#%avec 2 récepteurs qui agissent comme des inhibiteurs, TRAIL-R3 et 

TRAIL-R4. La molécule CD40L, membre de la même superfamille, est aussi très prometteuse. 

En effet, o)#*!%,0"%*o !%- 4%.(",% '(-#/2(#/0"%.!% (%*4+0",!%/11)"/#(/*!%(.(+#(#/2!6%:&p`5%+!)#%

49( !1!"#%/".)/*!% '(+0+#0,!%.!,%-!  ) !,%-("-4*!),!,%A)/%!?+*/1!nt le récepteur CD40.  

Actuellement, des stratégies utilisant des anticorps ciblant les TRAIL-R ou CD40 ou 

encore des molécules TRAIL ou CD40L recombinantes, sont évaluées en essais cliniques de 

+=(,!% HH$% b( 9*4%  !)*% /"#4*@#% #=4*(+!)#/A)!% -!*#(/"6%  ')#/ /,(#/0"% .!% SUIH5% !#% .!% :&p`5% ,qest 

avérée complexe. En effet, ces ligands sont trimériques et interagissent de manière multivalente 

avec leurs récepteurs à la surface de la cellule. Cette interaction multivalente est déterminante 

pour la modulation de la signalisation intracellulaire et par conséquent, pour la réponse 

cellulaire. Par exemple, il a été montré que, selon le degré de multivalence de l'interaction, 

CD40L peut induire soit la mort des cellules tumorales soit leur prolifération. Plusieurs études 

démontrent que des ligands de faible valence comme les Ab anti-CD40 (divalents) ou les 

molécules CD40L recombinantes trimériques induisent la prolifération cellulaire. A contrario, des 

molécules recombinantes à forte valence telles que des molécules recombinantes trimériques, 

dimérisées +(*%+0"#(9!%10 4-) (/*!%F=!?(1C*!,O6% 3(20*/,!"#%  '(+0+#0,!$%5'(+0+#0,!% /".)/#!%+(*%

TRAIL est également dépendante de la valence du ligand car la molécule TRAIL doit être au 

1/"/1)1%=!?(1C*/A)!%+0)*%/".)/*!% '(+0+#0,!%2/(% !%*4-!+#!)*%SUIH5-R2.  

Par ailleu*,6% -!*#(/"!,% -!  ) !,%-("-4*!),!,%+!)2!"#% @#*!% *4,/,#("#!,%;%  '(+0+#0,!% /".)/#!%

par TRAIL. Mais ce phénomène peut être pallié en associant une thérapie TRAIL (rhTRAIL ou 

mAb) avec des agents .!%-=/1/0#=4*(+/!%#! ,%A)!% '0?( /+ (#/"!%!#% !%-(*70+ (#/"!$% 

 

Mon équipe de thèse, en collaboration avec une équipe de chimistes (UMR 5248, IECB, 

Bordeaux), développe de nouveaux ligands peptidiques synthétiques multivalents spécifiques 

des récepteurs de TRAIL et de CD40L dont la multivalence peut être finement contrôlée. Ces 

ligands pourront, d'une part, nous permettre de comprendre la relation entre la multivalence et 

l'effet cellulaire et d'autre part, être utilisés comme de nouveaux médicaments anticancéreux 

pour une thérapie ciblée. En parallèle, une seconde équipe de chimistes spécialisée dans la 

chimie des métaux (UMR 7504, IPCMS, Strasbourg), développe des dérivés du platine qui 

pourront être utilisé en association avec les peptides de TRAIL-R. 
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Dans ce cadre, mon projet de thèse avait pour objectif de développer des ligands 

ciblant les récepteurs TRAIL-R2 et CD40 4/)2! &*')&2(! (55&+%+(-(*.! #$%4/4./,(! '(,!

cellules cancéreuses. Ce projet a consisté à caractériser les interactions entre les récepteurs 

TRAIL-R2 ou CD40 au niveau de la membrane ;%  '(/.!% .!%  /9(".,% ,8nthétiques multivalents, 

+0)*%-01+*!".*!% '/1+(-#%.!% '0 /gomé*/,(#/0"%.!,%*4-!+#!)*,%.(",% '/".)-#/0"%.!% (%,/9"( /,(#/0"%

intracellulaire. Ce projet ,'est divisé en 3 objectifs dont les résultats sont présentés dans les 

chapitres 1, 2 et 3. 

 

Objectif 1 : Développer (.! 13%#)(2! #$%+.&3&.1! %*.& tumorale de nouveaux ligands 

synthétiques multivalents du récepteur TRAIL-R2  

 

Lors de mon arrivée, des peptides cycliques spécifiques du récepteur humain TRAIL-R2 

2!"(/!"#%.'@#*! identifiés. Notre équipe en collaboration avec des chimistes avaient dimérisé et 

trimérisé ces peptides puis les avait évalués pour leur efficacité anti-tumorale in vitro et in vivo 

dans un modèle murin de xénogreffe (Pavet et al., 2010). Cependant, ces peptides trimériques 

"'4#(/!"#% +(,% (+0+#094"/A)!,% ,)*% #0)#!,%  !,%  /9"4!,% -!  ) (/*!,% A)/% 4#(/!"#% ,!",/7 !,% ;%  (%

10 4-) !%SUIH5%*!-017/"("#!$%Y0),%(20",%41/,% '=8+0#=C,!%A)!%-! (%4#(/#%dû au faible degré 

d'0 /9014*/,(#/0"% .)%  /9(".% ,8"#=4#/A)!% A)/% "!% *!-*)#(/#% +(,%  !% "017*!% .!% *4-!+#!)*,% SUIH5-R 

nécessair!,%;% '/".)-#/0"%.!% q(+0+#0,! (Chapitre 1, article 2 en préparation). 

rq(/% .0"-% )#/ /,4% .!)?% #8+!,% .!% + (#!30*1!,% -=/1/A)!,% +0)*% ()91!"#!*%  '0 /9014*/,(#/on 

des peptides ligands de TRAIL-R2 et donc augmenter leur efficacité biologique : i) une 

+ (#!30*1!%s(.(1!"#("!s%A)/%+!*1!##(/#%.'07#!"/*%)"% /gand hexamèrique (Chapitre 1, article 3 

publié dans Biochemestry en 2013) et ii) une + (#!30*1!%.'=4 /-!,%0 /90)rées qui permettent de 

fixer nos peptides selon une géométrie choisie (Chapitre 1, article 4 en préparation).  

B(*%(/  !)*,%.(",% !%7)#%.'(14 /0*!*% (%,#(7/ /#4%.!,%+!+#/.!,%-8- /A)!,%in vivo, nous avons 

développé un analogue des peptides décrit dans (Pavet et al., 2010) qu/% +*4,!"#!%  '(2("#(9!%

.'@#*!% -8- /,4% +(*% )"!%  /(/,0"% #=/04#=!*% ;%  (% + (-!% .!,% +0"#,% ./,) 3)*!,% !#% ,!*(/#% .0"-% 10/",%

sensible à la réduction en milieu intracellulaire. Ces résultats sont décrits dans le Chapitre 1, 

article 1. 

 

Objectif 2 : Caractériser les interactions entre les récepteurs TRAIL-R2/CD40 et 

leurs ligands et comprendre leur effet sur la signalisation intracellulaire 

 

Le second objectif de ma thèse est de comprendre comment les interactions 

1) #/2( !"#!,%;% (%,)*3(-!%.!% (%-!  ) !%+!)2!"#%10.) !*% (%,/9"( /,(#/0"%-!  ) (/*!%!#%.0"-% '!33!#%

7/0 09/A)!$%&(",%-!%7)#%P'(/%#*(2(/  4%,)*%Z%(,+!-#,%.!% (%+*07 41(#/A)!%D% 

1) sous quelle forme est présent le récepteur au niveau de la membrane cellulaire ?  
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2) comment caractériser les interactions multivalentes entre ligand et récepteur à la surface de 

la cellule et quel est leur impact sur la signalisation cellulaire ? 

 

1) Analyser l'état d'oligomérisation des récepteurs à la surface cellulaire 

Sachant que le dégré d'oligomérisation de CD40 était crucial dans la signalisation induite 

par son pontage, nous nous sommes tout d'abord /"#!**094,% ,)*%  '4#(#% .'0 /9014*/,(#/0"% .)%

récepteur CD40 à la surfac!%-!  ) (/*!%;%  '4#(#% +=8,/0 09/A)!$% Y0),% ,0)=(/#/0",% ,(20/*% ,/% :&p`%

est déjà oligomérisé à la membrane, en absence de son ligand, et si cela peut avoir un effet sur 

la signalisation intracellulaire. Ces travaux sont détaillés dans le chapitre 2 article 5 (publié 

dans The Journal of Biological Chemistry en 2013). 

I)%-0)*,%.!%-!,%*!-=!*-=!,6%"0),%(20",%49( !1!"#%10"#*4%A)'/ %!?/,#(/#%.!,%/"#!*(-#/0",%!"#*!%

les récepteurs de la famille du TNF-U$%N"%!33!#6% !%*4-!+#!)*%:&p`6%!"% '(7,!"-!%.!%:&p`5%+!)#%

former des hétéro-oligomères à la surface de la cellule avec les récepteurs de mort TRAIL-R ou 

Fas. De plus, nos résultats indiquent que ces hétéro-oligomères modulent la signalisation 

intra-!  ) (/*!% /".)/#!% +(*% :&p`5$% :!,% #*(2()?% "0),% 0"#% 10"#*4%  '/"#4*@#% .'("( yser les 

interactions entre les ligands et les récepteurs directement à la surface cellulaire et sont détaillé 

dans le chapitre 2, article 4 (en révision et resoumis dans cell death and differentiation).  

 

2) Caractérisation des interactions entre les ligands peptides de TRAIL-R2 et le 

récepteur TRAIL-R2 

Cet objectif tentait de caractériser les interactions entre les peptides ligands de TRAIL-R2 et 

TRAIL-R2 pour -01+*!".*!% '/1+(-#%.!,% /9(".,%1) #/2( !"#,%,)*% '0 /9014*/,(#/0"%.!%SUIH5-R2 

et la corrélation entre cette oligomérisation et la réponse intracellulaire. Pour caractériser les 

/"#!*(-#/0",%!"#*!%  /9(".,%!#%*4-!+#!)*,6% P'(/%)#/ /,4%  (%#!-="/A)!%.!%U4,0"("-!%B (,10"/A)!%.!%

^)*3(-!% F^BUO% A)/% +!*1!#% .'07#!"/*%  !,% -0",#("#!,% -/"4#/A)!,% .'/"#!*(-#/0",% !"tre les ligands 

peptidiques en solution et le récepteur TRAIL-R2 immobilisés sur une surface ainsi  qu'une 

technologie récente appelée Ligand Tracer® F5SO6% A)/% +!*1!#% .'("( 8,!*%  !,% /"#!*(-#/0",%

directement à la surface des cellules vivantes. Ces analyses ont été corrélées avec une étude 

de l'activité pro-apoptotique des ligands. Ces travaux sont détaillés dans le chapitre 2 article 6 

(en préparation). 

 

Objectif 3 : Evaluer le potentiel thérapeutique de dérivés innovants de platine en 

3)(!'$)*(!+/-6/!.712%4ie avec les peptides spécifiques de TRAIL-R2 

 

Les dérivés du platine représentent un des traitements les plus utilisés pour la thérapie 

des cancers mais sont limités par leur instabilité, leur manque de solubilité et engendrent 

7!()-0)+% .'!33!#,% ,!-0".(/*!,$% &(",% -!% -(.*!6%  '4A)/+!% .)% &*% ^#4+=("!% G!  !1/"-Laponnaz 



 92 

(UMR 7504, Cronenbourg) avec qui nous collaborons, développent des molécules dérivées de 

platine. Ils utilisent des carbènes N-hétérocycliques (NHC) qui ont la caractéristique de créer 

des liaison,% -02( !"#!,% #*C,% ,#(7 !,% (2!-%  !,% 14#()?% -011!%  !% + (#/"!$% &)*("#% 1(% #=C,!% P'(/%

42( )4%  !% +0#!"#/! % #=4*(+!)#/A)!% .!% -!,%  /9(".,% !"% 2)!% .')"!% #=4*(+/!% -017/"4!% (2!-%  !,%

peptides ligands de TRAIL-UZ$% :!,% #*(2()?% 30"#%  '07P!#% du chapitre 3 et de l'article 7 en 

préparation. 
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CHAPITRE 1 

Développement de ligands peptidiques multivalents spécifiques du 

récepteur TRAIL-89!4/)2!&*')&2(!(55&+%+(-(*.!#$%4/4./,( 

 

Lors de mon arrivée, des peptides cycliques 1, 2 et 3, spécifiques du récepteur humain 

TRAIL-UZ% 2!"(/!"#% .'@#*!% /.!"#/3/4,% +(*% +=(9!% ./,+ (8% (Li et al., 2006). Notre équipe en 

collaboration avec des chimistes avaient dimérisé et trimérisé ces peptides puis les avait 

évalués pour leur efficacité anti tumorale in vitro et in vivo dans un modèle murin de xénogreffe 

+0*#("#%.!,%#)1!)*,%.')"%-("-!*%-0 0*!-#( %=)1(/"%(Pavet et al., 2010).  

&(",% !%7)#%.'(14 /0*!*% (%,#(7/ /#4%.!,%+!+#/.!,%-8- /A)!,%in vivo, les chimistes ont réussi 

à synthétiser un analogue du peptide 1 A)/% +*4,!"#!%  '(2("#(9!% .'@#*!% -8- /,4% +(*% )"!%  /(/,0"%

thioéther à la place des ponts disulfures et serait donc moins sensible à la réduction en milieu 

intracellulaire. Mon premier travail exposé dans  '(*#/- !%>%D Thioether Analogues of Disulfide-

bridged Cyclic Peptides Targeting Death Receptor 5 : Conformational Analysis, 

Dimerization and Consequences for Receptor Activation (in press ChemBioChem 2014), a 

-0",/,#4%;%-01+(*!*% '(-#/2/#4%.!%-!#%("( 09)!%F2a) et de ses 2 diastereoisomères (2b et 2c) par 

rapport au peptide cyclique de référence (1). Mes résultats indiquent que le diastéréoisomères 

2a, se lie à TRAIL-R2 avec une affinité proche de celle obtenue avec le peptide 1. En revanche, 

les diastéréoisomères 2b et 2c ne se lient pas à TRAIL-R2. Les peptides 2a et 1 ont ensuite été 

dimérisés pour évaluer leur activité pro apoptotique car les peptides monovalents ne sont pas 

apoptogéniques (Pavet et al., 2010). De la même manière le peptide dimérique de type 2a se lie 

à TRAIL-R2 avec une affinité proche de celle du peptide dimérique 1 !#% !,#% -(+(7 !% .'/".)/*!%

 '(+0+#0,!%.!% 81+=01!%G%FGrIGO%.(",% !,%1@1!,%+*0+0*#/0",%A)!% !%+!+#/.!%1. 

En conclusion, la cyclisation du peptide 1 +(*% )"% +0"#% #=/04#=!*% + )#o#% A)')"% +0"#% ./,) 3)*!% !#%

selon la configuration du diastéréoisomère 2a permet de mimer les propriétés de liaison à 

TRAIL-R2 ainsi que les propriétés apoptogénique du peptide 1 de référence.  

 

Par ailleurs, les peptides 1, 2 et 3 #*/14*/A)!,% "'4#(/!"#% +(,% (+0+#094"/A)!,%,)*% #0)#!,%

les lignées cellulaires qui étaient sensibles à la molécule TRAIL recombinante. Nous avons émis 

 '=8+0#=C,!% A)!% -! (% 4#(/#% dû ()% 3(/7 !% .!9*4% .'0 /9014*/,(#/0"% .)%  /9(".% ,8"#=4#/A)!% A)/% "!%

recrutait pas le nombre de récepteurs TRAIL-R nécessaire ;% '/".)-#/0"%.!% q(+0+#0,!$ 

Cette hypothèse a été vérifiée dans  '(*#/- !% Z : The degree of Death Receptor 5 

oligomerization required to induce apoptosis differs according to tumor cell lines and and 

is independent of ligand internalization (en préparation). Dans ces travaux nous avons utilisé 

le peptide 2 décrit dans (Pavet et al., 2010) et la lignée de lymphome B (BJAB) et de lymphome 

S%Fr)*L(#O%,!",/7 !,%;% '(+0+#0,!%/".)/#!%+(*%*SUIH5$%:!+!".("#6%( 0*,%A)!% !,%peptides divalents 
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/".)/,!"#%!33/-(-!1!"#% '(+0+#0,!%.!,%-!  ) !,%GrIG6%/ ,%"'0"#%()-)"%!33!#%,)*% !,%-!  ) !,%r)*L(#$%

Nous avons montré que les cellules Jurkat deviennent sensibles à la mort induite par TRAIL-R si 

les anticorps anti TRAIL-R2 sont pontés et deviennent donc partiellement tétramériques. Nous 

avons donc dimérisé le peptide divalent pour obtenir un ligand tétramérique mais 

malheureusement le tétramère de peptide i) "'/".)/#%+(,% '(+0+#0,!%.!,%-!  ) !,%r)*L(#%!#% ii) "'(%

pas un meilleur effet que  !%+!+#/.!%./2( !"#%,)*% !,%-!  ) !,%GrIG%-!*#(/"!1!"#%;%-(),!%.')"!%

orientation des peptides qui ne leur permettent pas de tous se lier à TRAIL-R2. Nous avons 

également démontré que notre peptide divalent comme la molécule rTRAIL, sont internalisés 

aussi 7/!"% .(",%  !,% -!  ) !,% r)*L(#% A)!% GrIG% !?- )("#% (/",/%  '/1+(-#% .!%  '/"#!*"( /,(#/0"% .(",%

 '(7,!"-!%.!%,!",/7/ /#4%()%+!+#/.!%./2( !"#$%De plus, nous avons montré que le peptide divalent 

peut agir comme antagoniste de la molécule rTRAIL. 

 

B0)*%3(20*/,!*% 'oligomérisation des récepteurs TRAIL-R2, nous avons utilisé 2 types de 

plateformes chimiques pour augmenter la valence des peptides ligands de TRAIL-R2 et donc 

augmenter leur efficacité biologique.  

5(% +*!1/C*!% % .4-*/#!% .(",%  'article 3 : Multimerization of an Apoptogenic TRAIL-Mimicking 

Peptide by Using Adamantane-Based Dendrons (publié dans Biochemestry en 2013), est 

)"!%+ (#!30*1!%.!%#8+!%s(.(1!"#("!s%A)/%+!*1!#%.'07#!"/*%)"% /9(".%=!?(1C*/A)!$%r'(/%10"#*4%

par des expériences de résonance plasmonique de surface que ce ligand avait une affinité 20 

```%30/,%,)+4*/!)*!%;%-!  !%.)%10"01C*!$%&!%+ ),6%-!% /9(".%!,#%-(+(7 !%.'/".)/*!% '(+0+#0,!%.!%

lymphomes de Burkitt (BJAB) exprimant le récepteur TRAIL-R2 et pas celle des cellules 

.43/-/!"#!,%+0)*% '!?+*!,,/0"%.!%-!%*4-!+#!)*$%:!+!".("#6%.!%1("/C*!%,)*+*!"("#!6%  '=!?(1C*!%

.!% +!+#/.!,% "'(% +(,% )"!% (-#/2/#4% +*0% (+0+#0#/A)!% 7!()-0)+% + ),% !33/-(-!% A)!%  !% +!+#/.!%

#*/14*/A)!%.4-*/#%.(",% (%+)7 /-(#/0"%+*4-4.!"#!%.!% '4A)/+!% (Pavet et al., 2010). Cela peut être 

.c%;% '!"-017*!1!"#%,#4*/A)!%0--(,/0""4%+(*% (%+ (#!30*1!%(.(1!"#("!%A)/% /1/#!*(/#% (% /(/,0"%

des 4 peptides sur le récepteur à la surface cellulaire.  

:'!,#% +0)*A)0/% "0), (20",% .42! 0++4% )"!% ()#*!% + (#!30*1!% .'=4 /-!,% 0 /90)*4!,% A)/%

permettent de fixer nos peptides selon une géométrie choisie. Les résultats sont détaillés dans 

 'article 4 : Effect of various strategies for the presentation of TRAIL-R2 specific peptides 

on helical oligourea foldamer scaffold on their binding parameters and proapototic 

activity (en préparation). 5!,% -=/1/,#!,% 0"#% ,8"#=4#/,4,% Z% #8+!,% .'=4 /-!,% A)/% +*4,!"#!"#%  !,%

peptides selon une orientation 3.5 cis ou 3.4 trans. r'(/%10"#*4%A)!% '0*/!"#(#/0" 3.5 cis permet 

.!% .'()91!"#!*%  '!33/-(-/#4% (+0+#0#/A)!% .!,% +!+#/.!,% ./2( !"#,% +(*% *(++0*#% ;% -!)?% +*4,!"#4,%

,! 0"%  '0*/!"#(#/0"% n$t trans. Ces travaux ont par ailleurs permis de mettre en évidence un 

comportement différents des peptides 1, 2 ou 3 présentés sur les hélices et qui est corrélés avec 

 '(-#/2/#4%7/0 09/A)!$  
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TRAIL peptide mimics 

Thioether Analogues of Disulfide-bridged Cyclic 
Peptides Targeting Death Receptor 5 : 
Conformational Analysis, Dimerization and 
Consequences for Receptor Activation 

Karolina Pulka-Ziach,[a] Valeria Pavet,[b] Neila Chekkat,[c] Karine Estieu-Gionnet,[a] 

Roman Rohac,[a] Marie-Charlotte Lechner,[a,d] Cristian R. Smulski,[d] Gabrielle 
Zeder-Lutz,[e] Danièle Altschuh,[e] Hinrich Gronemeyer,[b] Sylvie Fournel,[c] Benoit 
Odaert[f] and Gilles Guichard*[a] 

 

Peptide 1 is a disulfide-bridged 16-mer peptide that bind to Death 

Receptor 5 (DR5, TRAIL-R2). Upon covalent oligomerization, it 

recapitulates the function of the TNF-Related Apoptosis Inducing 

Ligand (TRAIL) both in vitro and in vivo by selectively triggering the 

DR5 cell death pathway in DR5+ cells. In this report, we have 

evaluated the properties of analogues of 1 containing a thioether 

bridge. The native DR5-binding peptide and its desulfurized analog 2a 

have been compared for their structural (NMR conformational 

analysis) and biological properties (affinity to DR5 and signalling 

pathways). Surface plasmon resonance (SPR) data suggest that both 

peptides bind DR5 with comparable affinities. The same holds true for  

dimeric versions of these peptides (Dim1 and Dim2a) with Dim2a 

being able to induce DR5-mediated apoptosis of BJAB lymphoma and 

tumorigenic BJELR cells albeit at a slightly lower extent compared to 

its disulfide homologue. NMR analysis of 1 and 2a points to subtle 

variations in the conformation of the two peptides and suggests that 

the thioether peptide is slightly less folded than its disulfide 

homologue. These observations could account for the different 

potency of dimers of 1 and 2a to cluster DR5 receptors on cells and to 

trigger apoptosis. Nevertheless, the more redox-stable linkage in 

Dim2a suggests that this compound is potential candidate for 

evaluation in vivo in animal models.    

 

Introduction 

Targeting proapoptotic death receptors (DRs) to trigger apoptosis 

in cancer cells is considered a new and attractive therapeutic 

approach.[1] TRAIL (TNF-Related Apoptosis Inducing Ligand) is a 

transmembrane homotrimeric protein belonging to the TNF family. 

It binds to its cognate receptors on the cell surface and triggers 

tumour cell apoptosis independently of the p53 tumor-suppressor 

gene. Unlike other apoptosis-inducing TNF family members, 

soluble TRAIL appears to be largely inactive against normal 

healthy tissue and to induce apoptosis of tumor cells selectively. 

TRAIL can bind two proapoptotic DRs, DR4 (TRAIL-R1 or 

TNFRSF10A) and DR5 (TRAIL-R2 or TNFRSF10B), two 

additional cell-bound receptors incapable of transmitting an 

apoptotic signal, DcR1 and DcR2 and a soluble receptor 

osteoprotegerin. Current strategies to exploit the cancer 

selectivity of the TRAIL/DR death pathway include the use of 

recombinant human TRAIL and agonistic antibodies against DR4 

and DR5, either alone or in combination with chemotherapeutic 

drugs.[2] Though these therapies proved to be safe and well 

tolerated, recent clinical trials also pointed to the need of both 

agonists with improved potency and biomarkers of apoptosis that 

would help in predicting tumour response to these molecules.[3]  
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Multiple levels of receptor oligomerization and clustering are 

required for productive death-inducing signaling complex (DISC) 

formation and effective apoptotic signalling by DR family 

members. Current efforts to develop more potent TRAIL mimics 

include engineering of multivalent proteins (e.g. fibronectin type III 

domain or human tetranectin)[4] for high affinity binding to TRAIL 

DRs. Concurrently; oligomeric peptides that bind to DR5 and 

activate the TRAIL signalling pathway have also been reported.[5-

7] Though these peptides are generally less potent than 

oligomeric proteins targeting TRAIL receptors, they present some 

features that make them worth being studied: high modularity, 

chemical accessibility, easier characterization and storage, 

reduced immunogenicity.  

 

Figure 1. Sequence of the DR5-binding 16-mer cyclopeptide 1.  

The disulfide bridged cyclic 16-mer peptide 1 (Figure 1) has 

been identified by phage display and binds selectively to human 

DR5 with submicromolar affinities.[5a, 7a] Oligomeric versions of 

this macrocyclic peptide display a dramatic increase in binding 

avidity to the receptor (nM to pM range) and are potent activators 

(either alone or in combination with chemotherapeutic agents) of 

the TRAIL apoptotic pathway both in vitro and in vivo.[5a, 7a] The 

relationship between oligomerization state, binding affinity, and 

propensity to induce apoptosis has been explored using several 

multimerization platforms such as the diglycolic acid for dimer 

formation, [5a, 7a] 2,2',2''-nitrilotriacetic acid[5b] and tri-substituted 

adamantanes with succinic acid derived linkers for trimer and 

hexamer formation.[7a, 7c] Alternatively, more elaborated 

multivalent ligands with controlled distance and topology based 

on PNAs have been used to investigate distance-dependent 

multivalent ligand.[7b] SPR data generated from monomeric, 

dimeric and trimeric forms of peptide 1 suggest a correlation 

between the stability of peptide/DR5 complexes and their 

capacity to induce apoptosis of human DR5 positive cancer cells. 

Peptide 1 contains a disulfide bridge between residues 3 

and 13 that is essential for its activity. However, disulfide bonds 

are susceptible to reduction and scrambling in vivo by glutathione 

as well as redox enzymes potentially resulting in the loss of the 

desired biological activity. Disulfide bridge engineering is a 

promising approach to identify more stable peptide analogues 

which can retain overall potency. Among alternative linkages with 

increased redox stability, lanthionines, in which one of the sulfur 

atoms of the disulfide bond is removed, have previously been 

introduced into biologically active peptides with some success.[8] 

More recently thioether peptides have attracted considerable 

attention in the context of the flexible in vitro translation (FIT) 

system, a general approach that allow display of macrocyclic 

peptides obtained by spontaneous head-to-side chain thioether 

macrocyclization of ribosomally expressed peptides.[9] 

Alternatively, isosteric disulfide bond replacements,[10] among 

which carba,[11] diselenide,[12] selenylsulfide,[12] ditelluride,[12] 

cystathionine[12,13] and more recently selenocystathionine[14] 

bonds, have also been employed into biologically active cyclic 

peptides. 

Herein, we have investigated the effect of substituting a 

thioether for the disulfide bridge in 1 on both the conformation 

and functional properties. Covalent dimers prepared by 

chemoselective attachment of the cyclopeptides to the diglycolic 

acid linker have been assayed for their ability to bind DR5 and to 

activate the DR5 cell death pathway in vitro in BJAB lymphoma 

and tumorogenic BJELR cells. 

Results and Discussion 

Synthesis of Thioether peptide analogues by desulfurization 

of 1  

The linear precursor (Lin) of the DR5-binding peptide 1 was 

readily synthesized using standard Fmoc chemistry on Rink 

amide resin.[15] After concomitant side-chain protection removal 

and resin cleavage, peptide Lin was oxidized with iodine in 

AcOH/H2O (4:1) (Scheme 1) to give 1 in 13% overall yield after 

reverse phase HPLC purification (see Figures S1 and S2 in 

supporting information).  

Various synthetic approaches have been developed to access 

thioether peptides containing lanthionine bridges.[16] These 

include (i) installation of suitably protected preformed lanthionine 

derivatives in the peptide main chain on solid support,[17] (ii) 

intramolecular SN2-substitution of a  -halo-alanine by cysteine,[18] 

(iii) Michael addition of cysteine on a dehydroalanine residue and 

(iv) desulfurization reactions. All these methods have different 

advantages and drawbacks. In the present work, we selected a 

desulfurization method which in principle could afford the 

expected lanthionine derivative in one step from cyclopeptide 1. It 

is well known that disulfides can undergo a  -elimination, followed 

by a stereorandom Michael addition to give a thioether linkage 

when treated with aminophosphines[19] or under alkaline 

conditions. Base-assisted desulfurization of disulfide-bridged 

peptides has been occasionally used.[20]  

 

Scheme 1. Synthesis of cyclic peptide 1 and its desulfurization to thioether 

peptide analogues 2.  

Base-induced desulfurization of 1 was performed in the 

presence of 0.5M NaOH, to give a mixture of three major 

products which were isolated by C18 RP HPLC and identified as 

the three predictive diastereoisomeric (LL, LD and DL) lanthionine 

peptides 2a-c (see Figure S3 in supporting information). The 

kinetics of the reaction was found to be sensitive to both the 

temperature and the pH. Whereas at pH9 and 25°C, the reaction 
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was very slow leading to full conversion of 1 only after 14 days, 

the reaction proceeded in less than 6.5 hours at pH11 and 40°C. 

Under these conditions, the thioether peptides 2 were recovered 

in a total yield of 43% from 1. The average ratio of peptides 2 

based on RP-HPLC (linear gradient 20-50 % MeCN) of the crude 

product was 2a (tR = 4.58 min, 44%), 2b (tR = 4.90 min, 16%) and 

2c (tR = 5.20 min, 40%).  

Desulfurized peptide 2a binds to DR5 

We have next explored the ability of lanthionine and disulfide-

bridged peptides to bind to human DR5 using surface plasmon 

resonance (SPR). Recombinant human DR5 was immobilized on 

a sensor surface and the peptides were flushed at different 

concentrations over empty and DR5 surfaces. The receptor 

RANK, another TNF-receptor superfamily member, was used as 

a negative control. The double-referenced kinetic curves were 

normalized with respect to the molecular weight of each peptide 

by expressing the responses in fmol/mm² (1000 RU= 1mg/mm²).  

 

Figure 2. Kinetic curves of disulfide-bridged cyclic peptides 1 and desulfurized 

peptide 2a-2c binding to immobilized human DR5 (density of DR5 is 65 

fmol/mm²). All compounds were tested at concentrations 5000, 2500, 1250, 625 

and 312 nM. The response is expressed in fmol/mm² (1000RU= 1mg/mm²). The 

fitted curves are in grey. 

Table 1. Kinetic parameters of peptides binding to DR5, as derived from 

Surface Plasmon Resonance experiments 

Analyte kon  (M
-1

.s
-1

) koff (s
-1

) KD (M) apparent koff 

(s
-1

) 

1
[a]

 (2.8±1.3)x10
4
 (3.49±0.05)x10

-3
 (1.2±0.8)x10

-7
 - 

2a
[a]

 (5.4±2.3)x10
3
 (1.6±0.4)x10

-3
 (3±3.2)x10

-7
 - 

Dim1
[b]

 - - - (5.3±0.1)x10
-

4
 

Dim2a
[b]

 - - - (3.2±0.4)x10
-

4
 

[a] Kinetic parameters for monovalent peptides were obtained by global fitting of 

the curves shown in Figure 1. [b] the apparent koff was evaluated by fitting the 

post-injection phase of the curves shown in Figure 7. The Langmuir binding 

model was used in both cases. Values are the mean of three experiments. 

Lanthionine peptide 2a but not diastereomers 2b and 2c was 

able to bind to DR5 (Figure 2). Unspecific binding of peptide 2a to 

the human RANK receptor was not observed (see Figure S5 in 

supporting information). 

To further characterize the binding profile of 1 and 2a, kinetic 

parameters were calculated by global fitting of the kinetic curves 

using a Langmuir binding model. The equilibrium constant (KD) 

was calculated as the ratio of dissociation (koff) over association 

rate constant (kon). The lanthionine peptide 2a was found to bind 

DR5 with an equilibrium constant (KD = 3 x 10-7 M) very similar to 

that of the cognate disulfide bridged peptide 1 (KD = 1.2 x 10-7M). 

This result suggests that the lanthionine bridge in 2a allows the 

peptide to closely mimic the conformation of 1 for binding to DR5. 

NMR analysis of 1 and comparison with lanthionine-bridged 

peptides 2 

We have next compared the structural properties of peptides 1, 

2a, 2b, 2c in aqueous solution using Nuclear Magnetic 

Resonance. The frequencies of all 1H and 13C atoms were 

assigned using homonuclear TOCSY and NOESY and 

heteronuclear experiments (Tables S1-S5). Cyclic peptide 1 

shows a disperse 1H15N HSQC indicative of a well-defined 

conformation (Figure 3a). The presence of strong intensity 

 N(i,i+1) sequential NOEs in the segments 1-6 and 9-15, long-

range NOEs such as   (1,15),   (3,13) and   (5,11) 

connectivities, and strong intensity NHNH(i,i+1) in the segment 6-

9 suggest the formation of a regular ! hairpin. Its formation seems 

to be intimately linked to the presence of the disulphide bridge 

C3/C13, as no hydrogen bond has been identified due to the fast 

exchange of the amide protons in the presence of 100% D2O. In 

addition, the aromatic-aliphatic region of the NOESY spectrum 

(Figure 3b) displays numerous connectivities between the 

resonances of the side-chains of the tryptophan (W1) and of the 

lysine (K15) suggesting the formation of a hydrophobic cluster 

between terminal residue side chains. 

 

Figure 3. NMR analysis of 1. a) Annotated 
1
H

15
N HSQC spectrum of 1 acquired 

at 293K, pH 5.85 in 95% H2O/5% D2O. The assignment of the peaks is 

indicated with the amino acid one letter code followed by the residue number. b) 

Aromatic-backbone proton region of a 300 ms NOESY spectrum acquired at 

293K, pH 5.85 in 95% H2O/5% D2O. Straight lines along the F1 dimension 

indicate the aromatic side-chain proton resonances of the tryptophan W1. NOE 

cross peaks with the backbone residue protons are boxed and assigned. The C-

terminal amide group of the residue L16 is identified by a horizontal line 

To gain insight into the conformation of the peptide, NMR 

structure calculation has been performed using the CNS software 

suite[21] by taking into account 78 interresidual NOEs and 32 

dihedral backbone angle restraints. Peptide 1 was found to adopt 

a regular !-hairpin conformation comprised of two short strands 
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(residues 1 to 5 and residues 10 to 15) connected by a turn motif 

encompassing residues N6 to G9 (Figure 4a). The side-chains of 

the residues W1 and K15 form a tight cluster (Figure 4b) 

stabilized by hydrophobic and possibly cation-  interactions. Such 

a cluster is likely to stabilize the ! hairpin by locking its termini. 

A comparative NMR analysis has been performed with the 

thioether peptides 2a, 2b and 2c. All lanthionine peptides show 

the same well-disperse 1H15N HSQC spectrum (Figure 5a, and 

Figures S6a and S6b in supporting information) and NOEs 

indicative of a  -hairpin type structure. The presence of the 

thioether linkage is assessed by a 5 ppm upfield shift of the C! 

resonances (Figure 5b). The major differences of the backbone 

chemical shifts are found at the cysteine positions 3 and 13 

(Figure 5c and 5d). 

 

Figure 4. NMR-derived molecular model of peptide 1. a) Stereoview of the ten 

superimposed lowest energy structures. The strands of the  -hairpin structure 

are shown as green ribbons. The side chains of the disulphide bridge C3/C13 

and of the hydrophic cluster W1/K15 are shown as lines. b): Stereoview of the 

hydrophobic cluster between the side-chains of the tryptophan W1 and the 

lysine K15. 

Though it was not possible to determine unambiguously the 

stereochemistry of the cysteine residues by NMR analysis, 

peptide 2a was tentatively assigned to the LL enantiomer, as it is 

structurally the closest to the peptide 1. Indeed, it possesses the 

hydrophobic cluster W1/K15 which is absent in peptides 2b and 

2c. This stereochemical assignment of the lanthionine residue in 

2a was further confirmed by chiral GC/MS analysis after 6M HCl 

hydrolysis of 2a, derivatization to the corresponding 

trimethylsilylamine methyl esters and comparison with 

corresponding DL and LL lanthionine standards (see supporting 

information for details). Closer examination of the chemical shift 

changes of 2b and 2c with 2a (Figures S6c and S6d in supporting 

information) suggests that 2b may be the DL enantiomer and 2c 

the LD enantiomer, as the major changes occur at the N-terminus 

and C-terminus, respectively. 

 

Figure 5. Comparison of 1 with 2a. Superposition of the 
1
H

15
N HSQC (a) and 

1
H

13
C HSQC (b) spectra of 1 (yellow) and 2a (purple). Plots of the combined 

chemical differences between 1 and 2a versus the residue number, in backbone 

amide 
1
HN and 

15
N (c), as well as in backbone 

1
H  and 

13
C  (d). The combined 

1
HN and 

15
N shift changes were calculated as "# (ppm) = 

(("
1
HN )

2
+0.1("

15
N )

2
)
1/2

. The combined 
1
H  and 

13
C  shift changes were 

calculated as "# (ppm) = (("$% )
2
+0.25("

13
C &)

2
)
1/2

. The arrows indicate the 

chemical shift perturbations induced by the desulfurization of 1 to 2a. 

Chemoselective dimerization of 1 and 2a and binding to DR5 

Dimerization has been shown to significantly enhance both the 

avidity for DR5 and ability to trigger apoptosis of TRAIL peptide 

mimics. Covalent dimeric version of peptides 1 and 2a were 

prepared by chemoselective amide bond formation onto a 

bifunctional linker as previously described,[5a, 7a, 14] by taking 

advantage of the presence of a single amino group (Lys side 

chain) in the sequence of the peptides.  

 

Scheme 2. Dimerization of cyclic peptides 1 and 2a with the diglycolic linker 

Bis-NHS DG. 

Peptides 1 and 2a were treated with bis-N-hydroxy 

succinimidyl diglycolic (Bis-NHS DG) linker in the presence of 
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DIEA in DMF at a concentration of 10-1 M to give Dim1 and 

Dim2a in 51% and 63% yield respectively, after HPLC purification 

and lyophilization (Figure S4 in supporting information and Figure 

6). NMR spectra of monomer 1 and Dim1 are overall very similar 

except variations in chemical shift for the Lys side chain linked to 

the diglycolic linker (see Figure S7 in supporting information), 

supporting the view that dimerization has hardly any effect on the 

conformation of the cyclopeptides. 

 

Figure 6. C18 HPLC trace and ESI-MS analysis of Dim2a. 

The divalent peptides Dim1 and Dim2a were tested in SPR 

under the conditions used to evaluate monomers. Both peptides 

Dim1 and Dim2a were found to bind DR5 (Figure 7).  

 

Figure 7. Kinetic curves of disulfide-bridged cyclic peptides Dim1 and 

desulfurized peptide Dim2a binding to immobilized human DR5 (density of 65 

fmol/mm²). Compounds were injected at concentrations 5000, 2500, 1250, 625 

and 312 nM. The response is expressed in fmol/mm² (1000RU= 1mg/mm²). The 

fitted post-injection phases are in grey. 

However the interactions between DR5 and the divalent 

peptides Dim1 and Dim2a were complex. We evaluated an 

apparent koff from the post-injection phases using the Langmuir 

binding model. The resulting smaller apparent koff compared to 

that calculated with the monomers (Table 1) indicates that 

peptide dimerization stabilizes the ligand/receptor complex, most 

likely because of avidity effects. As observed with the monovalent 

peptides, the dissociation rate constants of disulfide-bridged or 

desulfurized peptides on DR5, were similar, confirming that the 

desulfurization of cyclic peptide 1 had a moderate effect on the 

interaction with DR5 receptor. 

Cell biology: Dim2a triggers apoptosis in vitro in a DR5 

dependent fashion 

The efficiency and specificity of the monomer 2a and its dimer 

(Dim2a) to trigger apoptosis in a DR5 dependent manner was 

analyzed by using an in vitro model of Burkitt lymphoma (BJAB). 

This model comprises BJAB cells expressing both DR5 and DR4 

receptors (BJAB) or displaying endogenous levels of DR4 but 

lacking DR5 expression (BJAB-DR5 DEF).[22] BJAB and BJAB 

DR5-DEF cells were incubated with equimolar doses (20 µM) of 

either 2a or Dim2a; Dim1 was included as positive control. 

Whereas a significant apoptosis of BJAB cells was observed 

upon treatment with Dim2a and Dim1, no cell death was induced 

in response to the desulfurized monomer 2a in BJAB cells or to 

any of the three molecules in BJAB DR5-DEF cells. Together, 

these results reveal the DR5 selectivity of Dim2a to trigger 

apoptosis and supported the relevance of the multimerization of 

the molecule for induction of the TRAIL-apoptotic cascade (Figure 

8a). Western blot analysis confirmed that Dim2a induces the 

activation of initiator (casp-8, casp-9) and executor (casp-3) 

caspases and resulting in substrate (PARP) cleavage in DR5-

expressing but not in DR5-DEF cells (Figure 8b). Finally, dose-

response and treatment time-response experiments were 

performed in BJAB cells treated with increasing doses of either 

Dim2a or Dim1 peptide during 20 and 40 hrs. Dim2a triggered 

dose dependent apoptosis, albeit with reduced efficiency as 

compared to that seen with equimolar Dim1 doses at both time 

points. This indicates that the apoptotic response triggered by the 

desulfurized dimer is indeed reduced rather than delayed as 

compared to that observed in response to Dim1 (Figure 8c). To 

determine the tumor-selective action of Dim2a, we used a 

stepwise tumorigenesis model in which primary normal foreskin 

fibroblasts (BJ) have been transformed into tumorigenic cells 

(BJELR) by overexpression of defined oncogenic elements.[23] 

Normal and tumor cells were exposed to Dim2a or Dim1 either 

as single agents or in combination with resveratrol as sensitizer, 

as previously described.[7a] While normal BJ cells were resistant 

either to the single agents or the combined treatment an apoptotic 

response was observed in BJELR cells supporting the tumor-

selectivity of Dim2a for inducing cell death (Figure 8d). 

 

 



 6 

 

Figure 8. Dim2a triggers tumor-selective apoptosis through DR5 receptor. a) BJAB or BJAB DR5-DEF cells were treated with the indicated peptides at 20µM during 

20 hrs. Apoptosis was determined as percentage of Annexin V positive cells by FACS analysis. Results represent mean and standard deviation from three 

independent biological replicates. b) BJAB or BJAB DR5-DEF cells were treated with the indicated peptides (2a: desulfurized monomer, Dim2a: desulfurized dimer, 

Dim1) at 10µM during 20hrs, and total cell extracts were processed for Western blot. Caspase-8 (full length and cleaved), Caspase-9 (full length), Caspase-3 

(cleaved) and PARP (cleaved) were detected using specific antibodies. Samples treated with recombinant human TRAIL (rhTRAIL: 200 ng/ mL) were included as 

positive control in BJAB DR5-DEF cells : note that residual Caspase 8 cleavage, due to the action of DR4, can be seen on longer exposures, in keeping with the 

increase of Caspase-9 and PARP cleavage. c) BJAB cells were treated with the indicated doses of Dim2a and Dim1 during 20hrs and apoptosis was determined as 

the percentage of Annexin V positive cells. Results represent the mean +/- standard deviation for at least two independent biological replicas. d) Normal BJ cells and 

tumorigenic BJELR cells were treated either with Dim2a (20'M) or Dim1 (20'M)  as single agent or in combination with resveratrol (100µM). Apoptosis was 

determined as percentage of cells displaying positive labeling for APO 2.7 as determined by FACS analysis. Results represent the mean +/- standard deviation for 

three independent biological replicas!"#$%!%&'(""#)%!%%&(*+(,*-,.-*/01(23(.4#*5601(7/.104/8+(/(/0+/  

Conclusion 

Synthetic multimeric peptide ligands for the human TRAIL 

receptors such as Dim1 provide a basis for developing new anti-

cancer treatment by exploiting the tumor selectivity of the TRAIL 

signalling pathway. Because of their modularity in terms of design, 

such peptides represent useful tools to scrutinize the TRAIL 

pathway and define the pro- and anti-apoptotic roles of the 

individual receptors in cancer models in vitro and in vivo. As 

shown previously, several elements in the structure of the peptide 

can be varied to optimize receptor aggregation, oligomerization of 

intracellular death domains, and induction of apoptosis, i.e., the 

sequence of the peptide, the nature of the multimeric platform, 

the position and mode of attachment of the peptides to the 

platform. DR5-binding peptide 1 contains a disulfide bridge 

between residues 3 and 13, closing a loop of 11 residues that is 

essential for binding to DR5. We have now focused our efforts on 

modification of the disulfide bridge. We have investigated the 

synthesis, conformation, and biological properties of lanthionine 

derivatives of peptides 1 and Dim1. Surface plasmon resonance 

(SPR) experiments revealed that the covalently dimerized version 

of this peptide (Dim2a) binds human DR5 with similar avidity to 

that of cognate Dim1. NMR analysis confirms that the two 

peptides adopt a similar hairpin type conformation stabilized by a 

hydrophobic cluster involving terminal exocylic residues. Dim2a 

was found to trigger the TRAIL apoptotic pathway in various 

cancer cell lines but the slightly reduced potency compared to 

that of Dim1 suggests some subtle differences in recognizing and 

aggregating DR5 at the surface of the cells. Although the 

structure of the complex between TRAIL and DR5 has been 

solved at atomic resolution, the peptide binding sites at the 

surface of DR5 have not been mapped and the precise bioactive 

conformation of DR5-binding peptides remains unknown. Such 

information would be particularly useful to further compare 

disulfide- and thioether-bridged peptides 1 and 2a and explain the 

structure-activity relationship in this series. In vivo experiments 

could also bring additional insight on the relative potency of the 

two peptides as their stability in biological fluids might significantly 

differ. 

Experimental Section 
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Materials: Resin, protected amino acids and coupling reagents were 

purchased from Polypeptide group and Iris biotech. Chemical 

reagents were purchased from Sigma-Aldrich and Alfa-aesar.  

General: Analytical reverse-phase high-performance liquid 

chromatography (RP-HPLC) was performed with Dionex Ultimate 

3000 system, on Nucleodur C18 column (3µm, 4.6x100mm), by using 

a linear gradient of A (0.1% TFA in H2O) and B (0.1% TFA in ACN) at 

a flow rate of 1  mL/min with UV detection at 220 nm. Preparative 

reverse-phase high-performance liquid chromatography (RP-HPLC) 

were performed with Gilson system, on Nucleodur C18 column (5µm, 

10x250mm) for semi-preparative HPLC and (5µm, 20x250mm) for 

preparative HPLC, by using a linear gradient of A (0.1% TFA in H2O) 

and B (0.1% TFA in ACN) at a flow rate of 6 and 20  mL/min 

respectively with UV detection at 220 nm. Electrospray Ionization 

(ESI) mass spectra were recorded with a Thermo Finnigan LCQ 

Advantage/LC Surveyor apparatus. Matrix-Assisted Laser Desorption 

Ionization-Time-of-Flight (MALDI-TOF) analysis was performed with a 

reflectron Bruker Reflex III MALDI-TOF instrument u+549( :-cyano-4-

hydroxycinnamic acid as matrix. 

Linear peptide synthesis: Linear peptide Lin was prepared 

manually using standard Fmoc chemistry starting from Rink amide 

resin
[15]

 and with DIC/HOBT (1:1) as a coupling agent. Fmoc Rink 

amide MBHA resin (0.7 mmol/g; 1.5 g) was swelled in 30 mL of DMF 

during 15 min. After filtration, the resin was first deprotected by 

treatment with 20% piperidine in DMF (10 mL / g resin). After 5 min of 

shaking, the resin was filtrated, washed with DMF and treated a 

second time with 20% piperidine in DMF. After 30 min of shaking, the 

resin was filtrated and washed 4 times with DMF. Completeness of 

Fmoc deprotection was checked by qualitative ninhydrin (Kaiser) 

test.
[24]

 Peptidyl-resin was then treated twice at room temperature 

during 30 min by a solution (0.2 M) of the desired Fmoc-Xaa-

OH/DIC/HOBT (1:1:1; 3 equiv) in DMF. After filtration, the peptidyl-

resin was washed 4 times with DMF. Coupling completeness was 

determined by Kaiser test. Deprotection and coupling steps were 

repeated for each amino acids and after the Fmoc-deprotection of the 

last amino acid, the N-terminus was acetylated. For this purpose, 

peptidyl-resin was treated twice with 2.6 mL DIEA (15 equiv), 945 µL 

of Ac2O (10 equiv) in 25 mL DMF at room temperature during 30 min. 

After filtration and DMF washings, ninhydrin test was performed 

giving colorless beads. The peptidyl-resin was washed 4 times with 

DCM and dried in vacuo overnight. The peptide was cleaved from the 

resin and simultaneously deprotected by treatment with 20 mL of a 

solution of TFA/TIS/DTT/H2O (88:25:5:5) at room temperature for 3h. 

After filtration, the resin was washed with DCM and the filtrate was 

concentrated in vacuo. The crude peptide Lin was precipitated with 

cold diethyl ether, filtered and washed with Et2O. Purification of Lin 

was performed by preparative HPLC using a linear gradient from 20 

to 50 % B in 20 minutes. After lyophilisation, 1.2g of linear peptide Lin 

was recovered (54% yield). HPLC (linear gradient 20-50 % B; 10 

min): tR= 5.38 min. MALDI-TOF m/z calculated for C85H142N30O23S2 : 

2015.03; found [M+H]
+
 = 2015.87 

Cyclo-peptide 1: Lin (100 mg; 0.04mmol; M=2472 g/mol - as a TFA 

salt) was dissolved in 100 mL of AcOH/H2O (8:2). 3 equiv (30.5 mg) 

of I2 were added. The reaction mixture was stirred at room 

temperature and controlled by analytical HPLC using a linear gradient 

from 20 to 50 % B in 10 minutes. After 45 min. there was not any 

substrate. 100 mL of H2O was added and the mixture was extracted 

three times with CH2Cl2 to remove I2 (the emulsion was formed). The 

aqueous phase was concentrated and lyophilized. The crude product 

was purified by preparative HPLC using a linear gradient from 20 to 

50 % B in 20 minutes. After lyophilisation, 24 mg of cyclic peptide 1 

was recovered as a TFA salt (25% yield). HPLC (linear gradient 20-

50 % B; 10 min): tR = 4.37 min. MALDI-TOF m/z calculated for 

C85H140N30O23S2 : 2013.01; found [M+H]
+
 = 2013.77. 

1
H and 

13
C 

chemical shifts are reported in Table S1 (supporting information) 

Thioether Peptides by Desulfurization of 1: The TFA salt of 

Peptide 1 (57.9 mg; 23.4 µmoles) was dissolved in 57 mL (1 mg/mL) 

of distilled water and warmed to 40°C. 0.5M NaOH solution was then 

added to obtain pH = 11 (checked with pH paper and maintained by 

addition of 0.5M NaOH every hour). Progress of the reaction and 

consumption of 1 was monitored by analytical HPLC using a (linear 

gradient from 22 to 40 % B in 10 minutes). After 6.5 h, the reaction 

was quenched by addition of AcOH to pH 4. The reaction mixture was 

concentrated (~10mL) and the crude product was purified by semi-

preparative HPLC using a linear gradient from 22 to 40 % B in 20 

minutes. Lyophilisation of pure fractions afforded thioether peptide 2a 

together with two epimers 2b and 2c.  

2a (12.2 mg, 22% yield). HPLC (linear gradient 20-50 % B; 10 min): tR 

= 4.58 min. MALDI-TOF m/z calculated for C85H140N30O23S : 1981.04; 

found [M+H]
+
 = 1981.92. 

1
H and 

13
C chemical shifts are reported in 

Table S2 (supporting information) 

2b (5.6 mg, 10% yield) HPLC (linear gradient 20-50 % B; 10 min): tR =  

4.90 min. MALDI-TOF m/z calculated for C85H140N30O23S : 1981.04; 

found [M+H]
+
 = 1981.67. 

1
H and 

13
C chemical shifts are reported in 

Table S3 (supporting information) 

2c (6.4 mg, 11% yield). HPLC (linear gradient 20-50 % B; 10 min): tR 

=  5.20 min. MALDI-TOF m/z calculated for C85H140N30O23S : 1981.04; 

found [M+H]
+
 = 1981.62. 

1
H and 

13
C chemical shifts are reported in 

Table S4 (supporting information) 

Bis-NHS DG linker: Diglycolic acid (2g, 15 mmol) and N-

hydroxysuccinimide (3.45 g, 30 mmol) were dissolved in dry dioxane 

(25 mL) under argon. The reaction mixture was cooled to 0°C and 

6.15 g of DCC (30 mmol; 2 equiv) were added. After 12h at 0°C, the 

formed urea was removed by filtration and the filtrate evaporated to 

dryness leading to 4.9 g of crude compound. Two successive 

recrystallizations from isopropanol yielded 4.2 g of pure product as 

white crystalline solid (86% yield).
1
H NMR (300 MHz, [D6]DMSO): ; = 

2.84 (s, 4H); 4.78 (s, 2H).
13

C NMR (75 MHz, [D6]DMSO): ; = 25.9; 

66.2; 166.1; 170.4. ESI m/z calculated for C12H12N2O9 : 328.05; found 

[M+H]
+
 = 329.1; [M+Na]

+
 = 351.0.  

Dimerization of 1 and 2a: Cyclic 1 (130 mg; 52.6 µmoles; 2470 

g/mol < as a TFA salt) or 2a (10.8 mg; 4.43 µmol; 2438 g/mol < as a 

TFA salt) was dissolved in DMF (10 µl/µmole). Bis-NHS DG linker 

(0.45 equiv) was then added, followed by DIEA (1 equiv), to reach pH 

9 and the mixture was stirred vigorously. The progress of the reaction 

was monitored by analytical HPLC using a linear gradient from 20 to 

50 % B in 10 minutes. Upon completion (~30 min), water (2 mL) was 

added, the mixture was directly purified by semi-preparative HPLC 

using a linear gradient from 20 to 50 % B in 20 minutes and pure 

fractions lyophilized. 

Dim1 (62 mg, 51% yield) HPLC (linear gradient 20-50 % B; 10 min): 

tR = 5.89 min. MALDI-TOF for dim1 m/z calculated for 

C174H284N60O49S4 : 4126.05; found [M]+ = 4126.57. 
1
H and 

13
C 

chemical shifts are reported in Table S5 (supporting information) 

Dim2a (6.3 mg, 63% yield) was recovered. HPLC (linear gradient 20-

50 % B; 10 min): tR = 6.08 min. ESI for dim2a m/z calculated for 

C174H284N60O49S2 : 4062.10; found [M+3H]
3+

 = 1354.7; [M+4H]
4+

 = 

1016.6, [M+5H]
5+

 = 813.6. 

NMR conformational analyses of peptides: Experiments were 

performed on a Bruker Avance III 700 MHz spectrometer equipped 

with a 5 mm diameter BBI Gradient probe. In all experiments, water 

suppression was achieved with a watergate sequence.
[25]

 

Experiments were processed with the Bruker software (Bruker 

BioSpin, Courtaboeuf, France). Resonance assignment was done 

with the Sparky program (University of California San Francisco, 

Thomas L. Goddard). The different peptides (1, 2a, 2b, 2c and Dim1) 

were dissolved in 95% H2O/5% D2O or in 100% D2O solution (100 

mM sodium phosphate, pH 5.85) to obtain a final concentration of 2.5 

mM. For each peptide, a complete series of 2D homonuclear and 
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heteronuclear spectra was acquired at 293K and 303K. A number of 

scans of 16, 8, 32 were used respectively for COSY-DQF, TOCSY, 

ROESY and NOESY experiments. The mixing times were set up to 

60 and 120 ms for TOCSY and 300 ms for ROESY and NOESY 

experiments. The 2D homonuclear spectra were acquired with 512 

increments in F1 dimension and 2048 points in F2 dimension. The 

heteronuclear 
1
H

15
N and 

1
H

13
C HSQC spectra were acquired 

respectively with 38 and 128 increments in F1 dimension and with a 

number of scans of 1k and 128. The 
1
H, 

15
N and 

13
C spectral width 

were set up respectively to 14, 22 and 120 ppm. Molecular modelling 

under NMR restraints was performed using the CNS program 

software suite by taking into account 78 interresidual NOEs and 32 

dihedral backbone angle restraints. 

Surface Plasmon Resonance: Biosensor assays were performed on 

*( =5*,>60( ?@%%A)( */( @&BC!( ?D0( 6.44549( 2.EE06( F*+( G=7-EP buffer 

[10mM HEPES (pH 7.4) containing 0.15M NaCl, 3.4mM EDTA and 

0.005% (v/v) Tween P20]. The human DR5 and RANK (Enzo Life 

Sciences, Farmingdale, NY) receptors were immobilized on a sCM5 

sensor chip (GE Healthcare) using the standard amine coupling 

procedure. The receptors were diluted in 10mM acetate buffer (pH 

&!%H( */( *( ,>4,04/6*/5>4( >E( &I9JKL!( ?D0( 104+5/3( >E( 60,0#/>6+(

immobilized on the sensor chip was 65 fmol/mm² for DR5 and 92 

EK>-JKKM(E>6(NOPQ!(R0#/510+(F060( 54S0,/01(*/(*(E->F(6*/0(>E(&ILJK54((

for 120s and allowed to dissociate for an additional of 420s. Channels 

were then regenerated for 5s with 25mM HCl. The RANK protein was 

considered as negative control. All binding curves were double-

referenced (i-e subtraction of the data of the empty flow cell followed 

by the subtraction of the data from a run buffer injection cycle). Kinetic 

parameters for the monovalent peptides were obtained by global 

fitting of the corrected curves to the 1:1 Langmuir binding model 

(BIAevaluation version 4.1.1). The Langmuir model was also used to 

fit the post-injection phases of divalent peptides Dim1 and Dim2a . 

Apoptosis measurement: Apoptosis was determined by flow 

cytometry either by detection of phosphatidylserine externalization 

after co-labelling with Annexin V-FITC/ Propidium Iodide or by 

APO2.7 immunostaining according to K*4.E*,/.6068+ instructions. 

Annexin V-FITC was purchased from BD Pharmigen and APO2.7-PE 

from Beckman Coulter. Apoptosis is displayed as the percentage of 

cells presenting a positive staining upon rhTRAIL or synthetic peptide 

treatment compared with non-treated cells as control. Results are 

displayed as the mean+/- SD of at least three independent biological 

replicates. 

Western blot assays: BJAB cells were treated during 20hrs with 

10µM of peptides or with or 200ng/ml rhTRAIL as positive control. 

Samples were harvested in RIPA buffer, separated by SDS-PAGE 

and electrotransferred onto nitrocellulose membranes. Antibodies 

were purchased from Cell Signalling (anti-caspase-8, anti-caspase-3 

antibodies, anti-caspase-9 and anti-PARP) and Santa Cruz (anti-

!actin). 
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Fig. S1. HPLC and MALDI-TOF analyses of Lin 

 

 

Fig.S2. HPLC and MALDI-TOF analyses of 1 
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Fig.S3. HPLC and MALDI-TOF analyses of crude and purified diastereoisomers obtained after 

desulfurization of 1. 

 

 

Fig.S4. HPLC and MALDI-TOF analyses of Dim1. 
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Fig.S5. Disulfide-bridged peptides and cognate desulfurized peptides do not bind to the neg-

ative control RANK receptor. Binding of cyclic peptides 1, Dim1 and desulfurized peptide 2a-2c, 

Dim2a was analyzed on human RANK (density of RANK is 92 fmol/mm²) receptor considered as a 

negative control. All compounds were tested at the following concentrations: 5000, 2500, 1250, 625 

and 312 µM. The interaction response was expressed in fmol/mm² (1000RU= 1ng/mm²).  
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Table S1. 
1
H and 

13
C chemical shifts of compound 1 at 2.5 mM in 95% H2O: 5% D2O, pH 5.85 

(700 MHz, 293 K) 
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Table S2. 
1
H and 

13
C chemical shifts of compound 2a at 2.5 mM in 95% H2O: 5% D2O, pH 5.85 

(700 MHz, 293 K)  
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Table S3. 
1
H and 

13
C chemical shifts of compound 2b at 2.5 mM in 95% H2O: 5% D2O, pH 5.85 

(700 MHz, 293 K)  
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Table S4. 
1
H and 

13
C chemical shifts of compound 2c at 2.5 mM in 95% H2O: 5% D2O, pH 5.85 

(700 MHz, 293 K)  
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Table S5. 
1
H and 

13
C chemical shifts of compound Dim1 at 2.5 mM in 95% H2O: 5% D2O, pH 5.85 

(700 MHz, 293 K) 
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Fig.S6. Comparison of NMR data of 2b and 2c with that of 2a. Superimposition of the 1H15N 

HSQC spectra of a) 2b (green) and b) 2c (cyan) onto the spectrum of 2a (purple). The arrows indicate 

the chemical shift pertubations induced by the cysteine isomerization of 2a to 2b and to 2c. Plots of 

the combined chemical differences between c) 2a and 2b and d) 2a and 2c versus the residue num-

ber in backbone amide 1HN and 15N. The combined 1HN and 15N shift changes were calculated as  ! 

(ppm) = (( 1HN )2+0.1( 15N )2)1/2. 
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Fig.S7. Comparison of NMR data of 1 and Dim1. a) Superimposition of the 1H15N HSQC and b) 
1H13C HSQC spectra of 1 (yellow) and Dim1 (red). The arrows indicate the chemical shift pertubations 

induced by the dimerization of 1 to Dim1. Plots of the combined chemical differences between 1 and 

Dim1, in backbone amide 1HN and 15N. c) versus the residue number, as well as in backbone 1H and 
13C resonances of the branching lysine 15. d). The combined 1HN and 15N shift changes were calculat-

ed as  ! (ppm) = (( 1HN )2+0.1( 15N )2)1/2. The combined 1H and 13C shift changes were calculated as 

 ! (ppm) = (( "#)2+0.25( 13C$)2)1/2. 
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Preparation of Lanthionine standards for GC-MS analysis 

 

The sample of meso-lanthionine (containing approximately 30 % of R,R lanthionine) was a gift from 

professor Jesús M. Peregrina (Departamento de Química, Universidad de La Rioja, Centro de 

Investigación en Síntesis Química, Logroño, Spain)
1

The R,R-lanthionine dimethyl ester was prepared according to the procedure given in Scheme S1. 

Individual steps were not optimized.  

 

 

Scheme S1. Synthesis of hydrochloride of  R,R-lanthionine dimethylester 

 

Esterification procedure - synthesis of Fmoc-L-Cys(Trt)-OMe (1) and Boc-L-Ser(Bzl)-OMe (4): Fmoc-L-

Cys(Trt) or Boc-L-Ser(Bzl) (1mmol) was suspended in DCM (5mL). DMAP (12.2 mg, 0.1mmol) and dry 

MeOH (0.049mL, 1.2mmol) were added. The reaction mixture was cooled in ice/water bath and after 

10 min. EDC (0.19 g, 1mmol) was added. The reaction was finished after 6h. The mixture was diluted 

with DCM (15mL) and washed with NaHCO3 sat. (3x15mL), 1M KHSO4 (1x15mL), brine (1x15mL), 

dried over Na2SO4. Fmoc-L-Cys(Trt)-OMe (1) (yield 99%) was obtained as a white foam and was taken 

to the next step without purification. Boc-L-Ser(Bzl)-OMe (4) was purified by silica gel chromatog-

raphy (cH:EtOAc, 8:2); the product was obtained as transparent oil (yield 89%).  

Trt-deprotection - synthesis of Fmoc-L-Cys(SH)-OMe (3): Fmoc-L-Cys(Trt)-OMe 1 

(0.297 g, 0.49mmol) was dissolved in TFA (5mL) and cooled in ice/water bath. 

The reaction mixture became dark orange. Triisopropylsilane TIS (0.12mL, 

0.59mmol) was added and the reaction mixture was stirred under N2. The white 

precipitation appeared. The progress of reaction was checked by TLC. When the 

reaction was finished, TFA was evaporated and the residue was co-evaporated (1x) with cyclohexane. 

The product was purified by column chromatography (cH:EtOAc 9:1, 8:2). Fmoc-L-Cys(SH)-OMe (3): 

White solid; yield 80%; 1H NMR (300 MHz, CDCl3 !"!#$%&!'()!J = 7.6 Hz, 2H), 7.65 (d, J = 7.3 Hz, 2H), 

                                                           

1 C. Aydillo, A. Avenoza, J. H. Busto, G. Jiménez-Osés, J. M. Peregrina, M. M. Zurbano, Org. Lett. 2011, 

14, 334-337. 
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7.45 (t, J = 7.4 Hz, 2H), 7.36 (tt, J = 7.4, 1.3 Hz, 2H), 5.71 (d, J = 7.2 Hz, 1H), 4.71 (dt, J = 7.7, 4.0 Hz, 

1H), 4.54 � 4.40 (m, 2H), 4.27 (t, J = 6.8 Hz, 1H), 3.84 (s, 3H), 3.04 (dd, J = 8.8, 2.8 Hz, 2H). 

Bn deprotection - synthesis of Boc-L-Ser(OH)-OMe (5): Boc-L-Ser(Bn)-OMe 4 

(0.55g, 1.77mmol) was dissolved in MeOH (15mL) and Pd/C was added (10% 

(w/w)). The reaction mixture was stirred under H2 atmosphere (balloon) over-

night. After filtration over Millipore paper filter, the solvent was evaporated and 

the product was purified by flash chromatography (cH:EtOAc 6:4). Boc-L-Ser(OH)-

OMe (5): Oil; yield 93%; 1H NMR (300 MHz, CDCl3 !"!*$+,!'-)!&. )!+$+/!'-)!&. )!+$0*!� 3.89 (m, 2H), 

3.82 (s, 3H), 2.26 (s, 1H), 1.49 (s, 9H). 

Iodination procedure  - synthesis of Boc-Ser(I)-OMe (6)
2

Protected R,R- lanthionine synthesis (7):
 

: PPh3 (0.302g, 1.15mmol) 

and imidazole (0.0782g, 1.15mmol) were dissolved in dry DCM (12mL) and cooled 

in ice/water bath. I2 (0.292g, 1.15mmol) was added and the reaction mixture was 

warmed to RT, stirred 10 min. and re-cooled again in ice/water bath. Boc-L-

Ser(OH)-OMe 5 (0.2g, 0.92 mmol) in dry DCM (8 mL) was added dropwise. The 

reaction mixture was stirred at 0°C for 30 min. and then left overnight at RT. Next, the reaction mix-

ture was concentrated, the white solid was filtered off and washed with small amount of DCM. Fil-

trate was evaporated, adsorbed on silica gel and purified by column chromatography (cH:EtOAc 

9.5:0.5, 9:1). Boc-Ser(I)-OMe (6): Oil, solidified in the freezer (-20°C); yield 40% (purity ~90%); 1H 

NMR (300 MHz, CDCl3 !"!*$1%!'()!J = 7.6 Hz, 1H), 4.56 (dt, J = 7.6, 3.8 Hz, 1H), 3.84 (s, 3H), 3.67 � 3.54 

(m, 2H), 1.50 (s, 9H). 

3,4

Fmoc-deprotection of dimethyl ester of lanthionine: Compound 7 (0.092g, 0.16mmol) was dissolved 

in Et2O (4 mL) and DBU (31µL, 0.2mmol) was added. The reaction was completed after 10 min. The 

reaction mixture was evaporated to dryness. Some byproduct was formed during the evaporation, 

but was not characterized. The product was purified by column chromatography (DCM:MeOH, 

 Boc-Ser(I)-OMe 6 (0.12g, 

0.36mmol) was dissolved in dry DMF (5mL). Fmoc-Cys(SH)-OMe 3 

(0.129g, 0.36mmol) was dissolved in dry DMF (5mL) and was added to 

Boc-Ser(I)-OMe 6 solution. Cs2CO3 (0.117g, 0.36mmol) was added in 

one portion and the reaction mixture was stirred under N2 at RT for 

2h. The progress of reaction was checked by HPLC. After 2h the reaction mixture was dilluted with 

EtOAc (150mL) and washed with 5% citric acid (2x50mL), H2O (6x50mL), dried over Na2SO4. The 

product was purified by column chromatography (DCM:EtOAc, 9.5:0.5, 9:1).  Protected R,R-

lanthionine 7: White foam; yield 58%; 1H NMR (300 MHz, CDCl3 !"!#$%0!'()!J = 7.4 Hz, 2H), 7.65 (d, J = 

7.2 Hz, 2H), 7.44 (t, J = 7.2 Hz, 2H), 7.39 � 7.31 (m, 2H), 5.73 (d, J = 6.6 Hz, 1H), 5.38 (d, J = 6.5 Hz, 1H), 

4.73 � 4.60 (m, 1H), 4.55 (bs, 1H),  4.45 (d, J = 7.0 Hz, 2H), 4.28 (t, J = 7.0 Hz, 1H), 3.82 (s, 3H), 3.78 (s, 

3H), 3.14 � 2.94 (m, 4H), 1.48 (s, 9H); 13C NMR (75 MHz, CDCl3 !"!&#&$/1)!&#0$2#)!&**$#2)!&**$&2)!

143.82, 143.75, 141.34, 127.77, 127.12, 125.14, 120.02, 80.47, 67.33, 53.78, 53.36, 52.81, 52.68, 

47.13, 35.40, 35.19, 28.31. ESI MS: 581 [M+Na]+, 1139 [2M+Na]+ 

                                                           

2 B. M. Trost , M. T. Rudd, Org Lett 2003, 5, 4599-4602 
3 H. Shao, S. H. H. Wang, C.-W. Lee, G. Osapay, M. Goodman, J. Org. Chem. 1995, 60, 2956-2957   
4 B. Mothia, A. N. Appleyard, S. Wadman, A. B. Tabor, Org Lett 2011, 13, 4216-4219
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9.8:0.2) and was obtained as a white foam (yield 84%, purity ~85%). The product was taken to the 

next step without any further purification. 

Boc-deprotection of partially deprotected dimethyl ester of 

lanthionine (compound 8): Partially deprotected dimethyl ester of 

lanthionine (15mg) was dissolved in 4M HCl/dioxane (1mL). The reac-

tion mixture was stirred for 8h at RT, under N2. The solvent was evapo-

rated to dryness and the product was purified by layer crystallization: 

the crude product was dissolved in very small amount of MeOH and Et2O was added to obtained two 

layers. After 24h white crystals were filtered and washed many times with cold Et2O.   

Hydrochloride of R,R-lanthionine dimethyl ester (8): White crystals; yield 44%; 1H NMR (300 MHz, 

DMSO d6 !"!%$,1!'3-)!,. )!+$1#!'4)!J = 5.9 Hz, 2H), 3.80 (s, 6H), 3.11 (ddd, J = 21.2, 14.6, 6.0 Hz, 4H). ESI 

MS: 237 [M+H]+, 473 [2M+H]+  

Derivatization procedures 

 

To prove the stereochemistry of lanthionine fragment in desulfurized peptide 2a, a GC/MS analyses 

on chiral column were performed. Initially, we tried to use a derivatization method previously re-

ported in the literature.
5

 

 The lanthionine (meso and R,R) samples as methyl esters were transformed 

into pentafluopropionyl amides. Unfortunately, we were not able to obtain satisfactory GC/MS re-

sults. We changed the derivatization procedure and lanthionines were analyzed as trimethylsilyl de-

rivatives. 

Scheme S2. Derivatization of lanthionines: a) R,R-lanthionine b) meso-lanthionine 

 

                                                           

5 E. Küsters, H. Allgaier, G. Jung, E. Bayer, Chromatographia 1984, 18, 287-293 
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R,R-derivative 

To the sample of hydrochloride of R,R-lanthionine dimethyl ester 8, pyridine followed by N,O-

bis(trimethylsilyl)trifluoroacetamide)/trimethylchlorosilane (BSTFA/TMCS) mixture was added. Af-

terwards, the reaction mixture was transferred into the vial with glass insert, heated for 30 min at 60 

°C and 1µl of the derivatized sample was injected into GC/MS. 

Meso-derivative 

The sample was suspended in MeOH, cooled to -5°C and SOCl2 was added. The vial was closed tightly 

and the mixture was heated at 90°C for 40 min. The solvent was removed in the stream of argon and 

the sample was dried. Next, pyridine followed by N,O-

bis(trimethylsilyl)trifluoroacetamide)/trimethylchlorosilane (BSTFA/TMCS) mixture was added to the 

sample. Afterwards, the reaction mixture was transferred into the vial with glass insert, heated for 30 

min at 60 °C and 1µl of the derivatized sample was injected into GC/MS. 

 

Hydrolysis and derivatisation of peptide 2a 

The peptide sample (0.5mg) was dissolved in 2mL 6M HCl. The vial was closed tightly and the sample 

was heated at 110°C for 24h. After that time, the remaining acid solution was evaporated under the 

vacuum. MeOH was added to the sample and evaporated; it was repeated three times and the sam-

ple was dried under the vacuum to be sure that all water was removed. Next the hydrolyzed peptide 

sample was suspended in MeOH, cooled to -5°C and SOCl2 was added. The vial was closed tightly and 

the mixture was heated at 90°C for 40 min. The solvent was removed in the stream of argon and the 

sample was dried. Next, pyridine followed by BSTFA/TMCS mixture was added to the sample. After-

wards, the reaction mixture was transferred into the vial with glass insert, heated for 30 min at 60 °C 

and 1µl of the derivatized sample was injected into GC/MS. 

GC/MS results 

Gas chromatography was performed using GC/MS-QP2010 Ultra gas chromatograph coupled to QP-

5000 (Shimadzu) single quadrupole mass spectrometer; GC/MS was equipped with AOC-5000 

autosampler (Shimadzu). Separation of the compounds was carried out with CP-Chirasil-L-Val (Ag-

ilent) capillary column: (25m x 0.25mm, 0.12 µm film thickness). Carrier gas (He) was delivered at a 

flow rate of 9.1 ml/min, split ratio was 30:1 and the pressure was maintained constantly. Chromato-

graphic conditions were as follows: injector temperature 250°C; temperatures of the MS transfer line 

and ion source were set to 250°C. Temperature was programmed as follows: initially 100°C main-

tained for 2 min, then 1°C/min to 190°C, maintained for 2 min; analysis was completed in 94 minutes. 

MS was equipped with electron impact (EI) ion source (70 eV) and the spectrum was acquired in the 

total ion current (TIC) mode in the mass range 35 - 600 m/z, solvent cut was 5 min. GCMSsolution 

2.53 (Shimadzu) software was used for data analysis.  
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a)

 

b) 

 

c) 

 

Fig. S8:  a) Chromatograms of derivatized samples; b) Superimposition of all chromatograms 

showing the peaks of lanthionine-derivatives; c) MS (EI) spectrum of lanthionine-derivatives 

Fragmentation analysis  

As shown in Fig. S8c, relatively few fragmentation ions were observed despite the use of an EI ion 

source. Molecular ion for the lanthionine derivative was not detected. In order to provide additional 

structural information, high resolution mass spectrum of the derivative was acquired using GC cou-

pled to the time-of-flight (ToF) mass spectrometer. GC/ToF mass spectrum of the studied lanthionine 

derivative is shown in Fig. S9. 
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Fig.S9. Lanthionine derivative high resolution mass spectrum  

 

For the major peaks, elemental formulas were assigned. Using the acquired data, structural elucida-

tion for the major fragmentation ions structures was performed. Results are summarized in Table S6.  

Table S6. Structural elucidation of the fragmentation ions shown in Fig. S9 

Proposed 

fragmentation ion 

structure 

Elemental 

composition 

 

m/z (measured) 

m/z (calculated, 

monoisotopic) 

 
C3H9Si 73.0468 73.0468 

 

 

C4H7NO2 101.0476

 

101.0477

 

 

C6H14NO2Si 

 

160.0789 

 

160.0788 

 

 

C7H16NO2Si 

 

174.0938 

 

174.0944 
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As shown in Fig. S10, major fragment ions formation can be explained by simple bond cleavage of the 

parent molecular ion. Both ions m/z 160.0789 (pathway a) as well as m/z 174.0938 (pathway b) can 

be produced via simple bond cleavage of the two possible molecular ions. Fragmentation pathway a 

is clearly predominant producing secondary carbocation, since the major ion in the mass spectra 

shown in Fig. S8b and S9 is m/z 160 ion. Ion m/z 73.0468 is very characteristic fragment for the TMS 

derivative and can be formed by simple bond cleavage of molecular ion (pathway c) as well as via 

number of rearrangement reactions. Formation of the ion m/z 101.0476 is more difficult to elucidate. 

This ion can potentially be formed via hydrogen rearrangement to the amine nitrogen, however this 

conclusion cannot be confirmed, based on the acquired experimental data. 

 

Fig. S10: Fragmentation analysis  
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Fig.S11. Desulfurized M1d triggers dose-dependent apoptosis through DR5 receptor. BJAB 

cells were treated with the indicated doses of desulfurized Dim1 and Dim2a during 40hrs and apop-

tosis was determined as the percentage of Annexin V positive cells. Results represent mean +/-

standard deviation of at least two independent biological replicas. 
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The degree of Death Receptor 5 oligomerization required to induce 

apoptosis differs according to tumor cell lines and is independent of 

ligand internalization 

 

 (Article en préparation) 
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Abbreviations 

TNF, tumor necrosis factor; TNFR, TNF receptor; TRAIL, TNF-related apoptosis-inducing ligand; 

DR5, death receptor 5 ; DISC, Death inducing signaling complex ; EC50, half maximal effective 

concentration ; IC50, half maximal inhibitory concentration ; mAb, monoclonal antibody; HRP, 

horseradish peroxidase; PE, phycoerythrin ; FITC, fluorescein isothiocyanate; SDS-PAGE, 

sodium dodecyl sulfate polyacrylamide gel electrophoresis; FCS, foetal calf serum; SPR 

(Surface Plasmon resonance). 

 

Abstract 

TRAIL-R1 and TRAIL-R2 (DR4 and DR5) represent great targets for cancer therapy due to 

their ability to trigger apoptosis of cancer cells, but not normal ones, when activated by their 

cognate ligand TRAIL (TNF related apoptosis-inducing ligand). Therapies based on soluble 

recombinant TRAIL or agonist antibodies directed against one of the receptors are currently 

under clinical trials. However, TRAIL-R positive tumor cells are frequently resistant to TRAIL 

induced apoptosis. The precise mechanisms of this resistance are still not entirely understood. 

We have previously reported on synthetic divalent or trivalent peptides that bind to TRAIL-R2 

(TRAILmim/DR5) and induce tumor cell apoptosis in vitro and in vivo. Here, we showed that while 

hexameric soluble TRAIL is able to efficiently kill the TRAIL-R2 positive lymphoma cell line 

Jurkat, these cells are resistant to apoptosis induced by the divalent form of TRAILmim/DR5 as well 

as by an anti-TRAIL-R2 agonist monoclonal antibody. This TRAIL-R2-induced apoptosis can be 

restored by cross link of anti-TRAIL-R2 agonist antibody but not by cross linking of the divalent 

form of TRAILmim/DR5. Interestingly, the divalent form of TRAILmim/DR5 that induced apoptosis of 

TRAIL-R2 positive BJAB cells, acts as an inhibitor of TRAIL-induced apoptosis on Jurkat cells. 

The rapid internalization of TRAIL-R2 observed in both cell lines when treated with divalent form 

of TRAILmim/DR5 could explain the antagonist activity of the ligand on Jurkat cells but also 

highlights the independence of the mechanisms responsible for the internalization of TRAIL-R2 
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and the activation of the TRAIL-R2- dependent apoptotic cascade. Furthermore, we pinpoint that 

special care must be taken we considering TRAIL-R2 as an anticancer target as some ligands 

have a cell-dependent agonist or antagonist activity.   

 

Introduction 

Tumor necrosis factor (TNF)-related apoptosis-inducing ligand (TRAIL/Apo2L/TNFSF10) 

belongs to the TNF ligand superfamily (Locksley et al., 2001) and triggers apoptosis. TRAIL 

bears great value for cancer therapy as it preferentially kills tumor cells while sparing normal 

ones (Ashkenazi, et al.,2008; Gonzalvez, et al., 2010). There are five different TRAIL receptors: 

two fully functional called TRAIL-R1 (TNFRSF10A/DR4) and TRAIL-R2 (TNFRSF10B/ R5), two 

cell-bound receptors unable to transmitting an apoptotic signal, TRAIL-R3 (TNFRSF10C/DcR1) 

and TRAIL-R4 (TNFRSF10D/DcR2), and a soluble receptor called osteoprotegerin (OPG) that 

also binds RANK ligand (Bossen et al., 2006). Multimerization of TRAIL-R1 and TRAIL-R2, 

results in formation of a death inducing signaling complex (DISC) leading to caspase activation 

and apoptosis (Merino et al., 2007). 

The unique character of TRAIL encourages the development of TRAIL-R agonists 

including recombinant TRAIL and monoclonal antibodies targeting TRAIL-R1 or TRAIL-R2 which 

have demonstrated efficient anticancer activities in a number of preclinical studies (Micheau et 

al., 2013). However, results from clinical trials showed that despite TRAIL agonists have shown 

low toxicity in patients, only weak therapeutic effect were observed when TRAIL agonists were 

used in monotherapy (Lemke et al., 2014). It had emerged that some cancer cells especially 

primary cancer cells acquired a resistance to TRAIL-induced apoptosis. Multiple mechanisms for 

TRAIL resistance had been identified that can affect any components of the TRAIL signaling 

pathways (Dimberg et al., 2013). Major mechanisms include overexpression of anti-apoptotic 

molecules as c-FLIP, of proteins that belong to the Bcl-2 family or Inhibitory of Apoptosis Protein 

(IAP) family. In some case, TRAIL-R agonists induced activation of non-cell death signaling 

pathways such as NFkB, MAPK, Scr, and phosphoinositide 3-kinase (reviewed in (Azijli et al., 

2013). In addition, mutations could generate nonfunctional TRAIL-R1/R2 receptors (Horak et al., 

2005; Witham et al., 2007). Finally, resistance can be acquired following an inefficient receptor 

clustering at the membrane level, thus limiting DISC component recruitment (Jin et al., 2004). To 

overpass these resistances, it is crucial to better characterize the mechanisms of apoptosis 

induction including the early stages occurring at the membrane level. 

TRAIL is a type II transmembrane protein, active in a membrane-bound form or as a 

soluble cytokine after proteolytic shedding (Mariani and Krammer, 1998; Mariani et al., 1997). 

The C-terminal extracellular domain forms homotrimers that mediate receptor binding. Although 

this ligand-induced oligomerization is generally accepted to generate the minimal active unit, 

some members of the family require a higher degree of oligomerization to trigger an effective 

signalling (Haswell et al., 2001; Holler et al., 2003). Using a soluble FLAG-tagged form of TRAIL 
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(sTRAIL) enabling its cross-linking, Wajant H et al (Wajant et al., 2001) concluded that TRAIL-

R1 was activated by both cross-linked and non-cross-linked sTRAIL whereas TRAIL-R2 required 

cross-linked sTRAIL, and to a larger extent a membrane-bound TRAIL. This difference in 

receptor oligomerization between TRAIL-R1 and TRAIL-R2 required for apoptosis induction has 

also been reported with specific antibodies directed against each receptor on chronic 

lymphocytic leukaemia, where cross-link of anti-TRAIL-R2 via a secondary antibody was 

necessary to efficiently kill the cells (Natoni et al., 2007).  

However, all these observations might certainly be cell and agonist specific. Indeed, 

several groups have reported the apoptogenic activity of non-cross-linked antibodies directed 

against TRAIL-R2 (Cretney et al., 2007; Shimada et al., 2007; Zeng et al., 2006) and we 

previously reported the activity of divalent peptidic agonists of TRAIL-R2 receptor (named as 

TRAILmim/DR5) (Pavet et al., 2010). Finally, the work from Thomas and coworkers (Thomas et al., 

2004), clearly illustrates some mechanistic specificities in the triggering of TRAIL-R2 pathway by 

various agonists, highlighting the fact that activation of TRAIL-Rs is agonist-specific and might 

not only depend on oligomerization and therefore bringing this system to a higher degree of 

complexity. Moreover, little is known about TRAIL receptors internalization requirement in TRAIL 

induced apoptosis. It has been proposed that TRAIL ligation induces rapid TRAIL-Rs 

internalization primarily by clathrin-dependent endocytosis but also by clathrin-independent 

endocytosis internalization but internalization was not considered to be important in signaling to 

death (Kohlhaas et al., 2007). Nevertheless, there were still few studies that showed that TRAIL-

Rs internalization is required for apoptotic signaling (Akazawa et al., 2009; Zhang and Zhang, 

2008). 

Here, we used BJAB and Jurkat cells, the latter known to require a cross-linked form of 

sTRAIL to induce TRAIL-R2-dependant apoptosis, to further characterize our peptidic ligands 

and gain insight on the TRAIL-R2 activation mechanism. The present study demonstrates that 

while both cell types are sensitive to a cross-linked form of TRAIL, Jurkat cells are resistant to 

apoptosis induced by the divalent form of TRAILmim/DR5 as well as by an anti-TRAIL-R2 agonist 

monoclonal. Moreover, caspase-8 is not recruited to TRAIL-R2 upon treatment of Jurkat cells 

with TRAILmim/DR5. The resistance of Jurkat cells was overcome by cross-linked of anti-TRAIL-R2 

antibody but not by cross-linking of the divalent form of TRAILmim/DR5.  

Furthermore, we show that divalent TRAILmim/DR5 can specifically inhibit apoptosis induced by the 

cross-linked form of TRAIL, thus acting as an antagonist. More surprisingly, divalent TRAILmim/DR5 

induced a rapid internalization of TRAIL-R2 in both BJAB and Jurkat cells, a phenomenon 

explaining its antagonist activity. In summary we show that divalent TRAILmim/DR5 selectively bind 

to TRAIL-R2 and induce its internalization in both BJAB and Jurkat cells, but could only induce 

DISC formation, and by so, the apoptotic machinery activation, in BJAB cells. 

 



 101 

Results 

Divalent TRAILmim/DR5 induces apoptosis of BJAB cells but not Jurkat cells. 

TRAIL-R2 is known to require a high degree of oligomerization in order to activate the 

apoptotic machinery (Berg et al., 2009) and as expected, the pro-apoptotic TRAIL-R2-specific 

peptides we developed (TRAILmim/DR5) are active only at divalent or trivalent forms (Pavet et al., 

2010). Divalent TRAILmim/DR5 display great therapeutic potential as shown by their capability to 

selectively induce a TRAIL-R2-dependent apoptosis incancer cells in vitro and their tumoricidal 

activity in vivo (Pavet et al., 2011). To further characterize the mode of activation of the divalent 

TRAILmim/DR5 , we compared their activity on the B cell lymphoma BJAB and the T cell lymphoma 

Jurkat that expressed a similar amount of TRAIL-R2 at their surface (Figure 1A and suppfig1). 

We also compared the pro-apoptotic efficiency of the divalent form of TRAILmim/DR5 (referred here 

to as 2d) with the recombinant hexameric form of TRAIL (SuperKiller TRAIL, referred to as 

SPK). Cells were incubated with stepwise 2-fold increasing concentrations of SPK or 2d for 16 

hours and percentage of apoptosis was measured by detection of phosphatidylserine 

externalization after co-labeling with Annexin V-FITC/propidium iodide. Whereas SPK induced 

apoptosis in a dose dependent manner of both BJAB and Jurkat cells, with more than eighty 

percent of apoptosis at doses over 10ng/mL (Figure 1B, Left panel), 2d peptide induced 

apoptosis of only BJAB cells (Figure 1B, right panel). Indeed, SPK EC50 were about 1.5ng/mL 

and 5ng/mL on Jurkat and BJAB cells, respectively, conferring a 3.3 fold difference between the 

two cell lines. By contrast, 2d peptide EC50 was 0.05µM (Figure 1B) on BJAB cells but no 

induction of apoptosis was observed when Jurkat cell line was treated with 2d peptide at 32µM, 

a concentration already 600 times higher than the EC50 on BJAB cells.  

The apoptotic machinery appeared to be blocked at a very early step as no DISC 

formation, assessed by immunoprecipitation of caspase-8, was detected in Jurkat cells incubate 

with 2d compared to BJAB cells (Figure 1C). Taken together, the results suggest that induction 

of apotosis of Jurkat cells by our peptide require an extended oligomerization state of TRAIL-R2. 
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Figure 1: Differential apoptogenic activity of rTRAIL and TRAILmim/DR5 

BJAB and Jurkat (A) cells were stained with monoclonal antibody directed against TRAIL-R2 or a control 

isotype coupled to phycoerythrin (PE) and analyzed by flow cytometry. (B) BJAB or Jurkat cells were 

treated with recombinant human TRAIL or divalent (2d) TRAIL
mim/DR5

 peptide with stepwise 2-fold 

increasing concentrations. After 16 hours of incubation apoptosis was determined as the percentage of 

Annexin V positive cells by flow cytometry analysis. Results are expressed as mean % apoptosis of 3 

experiments +/- SD. (C) BJAB or Jurkat cells were treated with divalent (2d) TRAIL
mim/DR5

 peptide, 

subjected to immunoprecipitation with antibody against caspase-8, and later immunoblotted to analyze 

TRAIL-R2 presence. ns, nonspecific.  
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BJAB and Jurkat cells requirement differential TRAIL-R2 oligomerization for 

apoptosis induction 

To emphasis the potential implication of TRAIL-R2 oligomerization state in the discrepancy 

between TRAIL-R2-induced apoptosis in BJAB and Jurkat cells, they were treated with a specific 

anti-TRAIL-R2 agonist antibody in its different state of oligomerization, i.e. monovalent Fab 

fragment (anti-TRAIL-R2-Fab), complete divalent antibody (anti-TRAIL-R2) and cross-linked 

antibodies (anti-TRAIL-R2-CL; partially tetravalent form). As expected, anti-TRAIL-R2-Fab never 

induced cell death. The complete divalent anti-TRAIL-R2 did on BJAB cells but not in Jurkat 

cells confirming the results obtained with our divalent peptide. Interestingly, the anti-TRAIL-R2-

CL increased about 3.5 fold apoptosis induction, in comparison to anti-TRAIL-R2 (Figure 2A), 

on BJAB cells, but more importantly, induced apoptosis of Jurkat cells (Figure 2B). These 

results suggest that the different sensibility of BJAB and Jurkat cells in 2d-induced apoptosis 

could be explained by the fact that the degree of oligomerization of TRAIL-R2 required to induce 

cell death is different between the two cell lines, Jurkat requiring a higher extent of 

oligomerization. 
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Figure 2: Differential requirement of TRAIL-R2 oligomerization for apoptosis 

induction 

BJAB (A) or Jurkat (B) cells were treated with an agonist antibody directed against TRAIL-R2 processed 

for different levels of valencies: monovalent (anti-TRAIL-R2-Fab), divalent (anti-TRAIL-R2), and 

tetravalent (anti-TRAIL-R2-CL). After 16 hours of incubation cell viability was determined using the MTS 

assay.  
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TRAIL-R2 induced apoptosis on Jurkat cells required recruitment of more than 2 

TRAIL-R2 receptors 

To go further in the understanding of TRAIL-R2 oligomerization requirement for apoptosis 

in Jurkat cell, we developed a tetravalent version of TRAILmim/DR5 (referred here to as 4d). For 

that, two divalent TRAILmim/DR5 were cross-linked by a lysine linker. Unlike cross-linked antibodies 

whose valency is not precisely defined, 4d is chemically characterized as a tetramer (Supp 

fig2). We then compared the efficiency of 4d and 2d to induce cell death of Jurkat and BJAB 

cells. No apoptosis induction was observed when Jurkat cells were treated by 4d peptide 

(Figure 3A). Unexpectedly, in BJAB cells, 4d peptide triggered cell death in the same 

extendibility that 2d peptide (Figure 3B). To understand this surprising absence of activity gain 

with 4d on the two cell lines, we explored the ability of 4d peptide to bind to human TRAIL-R2 

using Surface Plasmon Resonance (SPR). Recombinant human TRAIL-R2 was immobilized on 

a sensor surface and the 2d or 4d peptides were flushed at different concentrations over empty 

and TRAIL-R2 surfaces. As the model of interaction was complex, we only evaluated an 

apparent koff from the post-injection phases using the Langmuir binding model (Figure 3C and 

3D). Interestingly, results showed equivalent apparent koff for 4d and 2d indicating that peptide 

tetramerization did not enhance the stability of the ligand/receptor complexes. More surprisingly, 

when we normalized the maximal response (ie 5µM) obtained for each peptide to the 

stoichiometry of interaction between peptides and TRAIL-R2, we observed that 2d peptide 

engaged two TRAIL-R2 receptors (stoichiometry = 0.5) whereas the 4d peptide recruit only one 

TRAIL-R2 receptor (stoichiometry = 1) (Figure 3E) probably due to maladjusted geometry. In the 

same way, a hexameric form (referred as 6d) of TRAILmim/DR5 have been designed (Lamanna et 

al., 2013) and did not induced apoptosis of Jurkat cells (supp Fig3).  
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Figure 3: Tetravalent version of TRAILmim/DR5 peptide is not sufficient for triggering 

Jurkat cell death 

BJAB (A) or Jurkat (B) cells were treated with the divalent TRAIL
mim/DR5 

peptide (2d) and the tetravalent 

version (4d). After 16 hours of incubation, cell viability was determined using the MTS assay. Kinetic 

curves of divalent and tetravalent TRAIL
mim/DR5

 peptides binding to immobilized human TRAIL-R2 (density 

of TRAIL-R2 was 65 fmol/mm²) were obtained by SPR experiments. (C, D) Peptides 2d and 4d were 

tested at concentrations of 5000, 1666, 555, 185, 61 nM. The response is expressed in fmol/mm² 

(1000RU= 1mg/mm²). The apparent koff were evaluated by fitting (black curves) the post-injection phase of 

the curves and values are the mean of three experiments. (E) Responses obtained at 5µM were 

normalized to the stoichiometry of interaction. 
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Divalent TRAILmim/DR5 inhibits rhTRAIL-induced apoptosis of Jurkat cells by 

inducing TRAIL-R2 internalization. 

The absence of 4d or 6d efficiency in inducing Jurkat cell apoptosis did not permit to 

exclude the possibility that our TRAILmim/DR5 %&'()*+,- ./*)- ,&- 01!23-R2 at Jurkat cell surface. 

Using SPR, we previously reported that both monovalent and divalent forms of TRAILmim/DR5 

competed with rhTRAIL for binding to rhTRAIL-R2 in a concentration-dependent manner, with a 

10-fold difference of the IC50 (Pavet et al., 2011). Thus, we tested the ability of TRAILmim/DR5 to 

compete with SPK in apoptosis induction of Jurkat cells. To that, cells were incubated for 16 

hours with solutions consisting of a constant concentration of SPK (5ng/mL) and stepwise 2-fold 

increasing concentrations of peptide 2m (monovalent) or 2d (divalent) and apoptosis was 

determined by detection of phosphatidylserine externalization after co-labeling with Annexin V-

FITC/propidium iodide. At this concentration of SPK, 45 % of the cells became apoptotic. Co-

incubation with 2d, but not with 2m, inhibited the apoptosis induction mediated by SPK in a dose 

dependent manner with a 2d IC50 of 0.3µM (Figure 4). Moreover, the inhibition observed is 

restricted to TRAIL-R2 since 2d peptides could not inhibit apoptosis induced by an agonist 

antibody (CH11) directed against Fas, another pro-apoptotic member of the TNFR superfamilly 

(Figure 4). 

Altogether, these results suggest that TRAILmim/DR5 binds to TRAIL-R2 and that divalent structure 

of the peptide is required for effective inhibition of SPK induced cell death on Jurkat cells.  

 

 

Figure 4: TRAILmim/DR5 inhibits rhTRAIL-mediated Jurkat cells apoptosis.  

Jurkat cells were treated with a solution consisting of a constant concentration of SPK (5ng/mL) or an 

agonist antibody directed against Fas and stepwise 2-fold increasing concentration of divalent (2d) or 

monovalent (2c) TRAIL
mim/DR5 

peptides. After 16h of incubation, apoptosis was determined as the 

percentage of Annexin V4positive cells by flow cytometry. Data are expressed as the percentage of 

inhibition of apoptosis. 
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 It was described that TRAIL-R2 endocytosis occurs after TRAIL treatment in BJAB cells, 

although it was not required for the activation of the apoptosis pathway (Kohlhaas et al., 2007). 

To determine whether TRAILmim/DR5 induced TRAIL-R2 endocytosis in BJAB cells but also in 

Jurkat cells, cells were incubated with a dose (EC50) of 2d or SPK for different time period and 

assessed for TRAIL-R2 surface expression by flow cytometry. In accordance with the literature, 

SPK induced internalization of TRAIL-R2 on the BJAB cells, with a maximum of 30 % after 2 

hours of incubation in our experimental conditions. 2d had the same effect, although with a 

faster kinetic since TRAIL-R2 internalization reached almost 95 % after one hour of incubation 

(Figure 5A). More surprisingly, the same profiles were obtained with both SPK and 2d when 

incubated with Jurkat cells (Figure 5B). Indeed, the kinetic of internalization of TRAIL-R2, 

reaching 65 % after fifteen minutes and a maximum of 85 % after 2 hours upon 2d treatment, 

was faster than upon rhTRAIL treatment, reaching only 37 % after 15 minutes and 52 % after 2 

hours. Internalization of TRAIL-R2 was confirmed by immunocytochemistry experiments. A clear 

cytosolic localization of TRAIL-R2 was depicted in both BJAB and Jurkat cells treated with 2d 

while it localized at the plasma membrane in the non-treated cells or cells incubated with 2m 

(sup figure 3). According to the fast kinetic of TRAIL-R2 internalization following 2d incubation, 

this phenomenon might explain the desensitization of Jurkat cells to SPK, rather than a 

competition for a binding site. It is also in accordance with results obtained with the monovalent 

form of TRAILmim/DR5 which neither inhibits SPK-induced Jurkat cell apoptosis nor internalization 

of TRAIL-R2. 

Taken together, these results show that divalent TRAILmim/DR5 can induce rapid internalization of 

TRAIL-R2 in both BJAB and Jurkat cells but can trigger apoptosis in BJAB but not Jurkat cells, 

acting in one case as an agonist and in another one as an antagonist. 
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Figure 5: SPK and TRAILmim/DR5 induce TRAIL-R2 internalization on BJAB and 

Jurkat cell lines 

BJAB or Jurkat cells were treated with SPK or divalent (2d) TRAIL
mim/DR5 

peptide for different period of 

times. Cells were subsequently processed for either surface expression of TRAIL-R2 analysis by flow 

cytometry. The panels show histograms for selected times during a kinetic analysis of TRAIL-R2 

internalization after treatment with divalent (2d) TRAIL
mim/DR5

. The right panels represent the percentage of 

TRAIL-R2 internalization upon treatments calculated using the mean fluorescence intensity values at each 

time point. 
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Discussion 

 Since its discovery /*- ,56-7/)-89+:- (Wiley et al., 1995, Pitti et al., 1996), TRAIL rapidly 

appeared as the magic bullet in the family of cancer therapeutics, as it selectively induces 

apoptosis of tumor cells while sparing normal ones. Although the physiological role of TRAIL is 

not totally elucidated, different strategies to exploit the TRAIL pathway for cancer therapy are 

currently under clinical investigation (for review see (Pavet et al., 2011). Indeed, recombinant 

TRAIL or activating antibodies directed against either TRAIL-R1 or TRAIL-R2, alone or in 

combination with other cytotoxic agents, have reached phase II of clinical trial for a diverse set of 

cancers. Other potential approaches have been reported such as the adenoviral delivery of the 

TRAIL coding sequence into tumor cells (Ad5-TRAIL) (Holoch and Griffith, 2009) or the more 

;)<'=-(/>6?-:@*,56,/%-7'(,/AB(6*,-(/=B*):-&C-01!23-R2 (TRAILmim/DR5)(Pavet et al., 2010) .  

 As introduced above, targeting TRAIL-Rs in cancer monotherapy is limited by acquired 

resistance in many cancers cells. The major cause of resistance described in the literature is 

about overexpression of anti-apoptotic proteins. Indeed, c-FLIP is a crucial regulator that inhibits 

the pro-apoptotic activity of the DISC.  Overexpression of c-Flip has been linked to TRAIL 

resistance in many cancers (Zang et al., 2014) and downregulation of c-FLIP using synthetic 

inhibitors enhances TRAIL induced apoptosis (Shirley and Micheau, 2013). Moreover the anti-

apoptotic members of Bcl-2 family proteins inhibit apoptosis by influencing the permeability of 

the mitochondrial membrane. Overexpression of Bcl-2, Bcl-XL and Mcl-1 has been reported to 

result in TRAIL resistance in mitochondria-dependent type II cancer cells (Gillissen et al., 2010) 

(Fulda et al., 2002.). IAPs are regulator of apoptosis by modulating caspase activity. The most 

studied IAPs, the X-linked inhibitor of apoptosis (XIAP), mediates TRAIL resistance when 

overexpressed (Cummins et al., 2004). In addition to these intracellular resistances, resistance 

in TRAIL induced apoptosis at the membrane level is not clearly studied yet. In this case, the 

main resistance described is the apparition of mutations in agonists TRAIL-Rs leading to 

dysfunctional receptors. Here we showed that Jurkat cells were not sensitive to anti TRAIL-R2 

antibody or divalent peptide to induce apoptosis and required a higher degree of oligomerization 

At molecular level TRAIL is organized as a homotrimer, as other members of the TNF-

superfamily, a structural feature accepted to be the minimum unit required to oligomerize and 

fully activate its receptors. Indeed, it was shown that the membrane-bound, but not soluble form 

of TNF, is the prime activating ligand for TNF-R2 (TNFRSF1B), while TNF-R1 (TNFRSF1A) 

could be activated by both ligand forms (Grell et al., 1995; Grell et al., 1998). Fas (TNFRSF6) 

induced apoptosis is highly dependent on Fas oligomerization and requires at least two adjacent 

trimers for an effective signal (Holler et al., 2003). However, some intrinsically divalent molecules 

such as antibodies or synthetic peptides are known to activate TRAIL-R1- or TRAIL-R2-

dependant cell apoptosis. Why such molecules are able to trigger signaling through TRAIL-R2 is 

not fully understood but can be rationally explained by the existence of pre-oligomerized form of 

the receptor at the surface of the cells (Clancyet al., 2005; Lee et al., 2005). In an opposite 
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manner, it is generally accepted that extended oligomerization of recombinant TRAIL or 

antibodies against TRAIL-R1/R2 can be required to exert maximal activity depending on the cell 

types. 

 Herein, we highlighted that TRAIL-R2 induced apoptosis required different degree of 

oligomerization that can vary according to the cancer cells. Indeed, while divalent peptide or 

TRAIL-R2 antibody induce BJAB cell apoptosis, Jurkat cell required the TRAIL-R2 antibody 

cross-linked (tetravalent ligand) to induce apoptosis 

 We tried to develop a tetravalent version of TRAILmim/DR5 peptide to recruit more 

TRAIL-R2 receptors and at hence, induced highly DISC formation. Unfortunately, our tetravalent 

peptide did not enhanced apoptosis in BJAB cells and did not induced apoptosis in Jurkat cells. 

This is surprising because antibody cross-linked led to apoptosis induction in Jurkat cells. In this 

condition, tetravalent peptide was not efficient certainly because of an inappropriate 

conformational presentation of TRAILmim/DR5 peptides and thus limiting the interactions between 

the four peptidic ligands and TRAIL-R2 at the membrane level. Thus, understanding the 

interaction between synthetic ligands and TRAIL-R2 are crucial and will be helpful for the 

development of efficient multivalent ligands. Moreover, in the present study, we showed that 

poorly oligomerized synthetic ligands of TRAIL-R2 can exert either an agonistic or an 

antagonistic activity in a cell-type dependent fashion. Up to date, it is the first demonstration of 

dual and opposite roles for ligands of TRAIL-R2. The antagonism activity was explained by the 

fact that TRAILmim/DR5 induced internalization of the receptor without formation of the DISC and 

by so, the apoptotic machinery, thus desensitizing the cells to recombinant TRAIL-induced 

apoptosis. As TRAIL pathway is a natural component of the endogenous tumor-surveillance 

system in mammals (Smyth et al., 2001) (Cretney et al., 2002; Zerafa et al., 2005), therapies 

based on poorly-oligomerized activators of TRAIL death receptors could potentially have 

negative effect on the tumor progression and dissemination.   

 The internalization of Fas and TRAIL-R2 following the binding of their cognate ligands 

has already been reported (Chaigne-Delalande et al., 2009), however, on contrary to Fas, 

TRAIL-R2 internalization is not necessary for induction of apoptosis signaling (Kohlhaas et al., 

2007). Indeed, inhibition of endocytosis could not block apoptosis induction by TRAIL. Here we 

show in an opposite manner that the internalization of TRAIL-R2 can arise without induction of 

apoptosis, confirming the independence of the two mechanisms. More interestingly, this 

mechanism was restricted to the divalent form of TRAILmim/DR5 as the monovalent version of the 

peptide had no effect neither on the internalization nor the inhibition of recombinant TRAIL 

signaling. 
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Supplements 

 

 

 

 

 

 

Figure 1: BJAB and Jurkat express similar level of TRAIL-R2 

BJAB and Jurkat cells were stained with monoclonal antibody directed against TRAIL-R2 and analyzed by 

flow cytometry. Results showed fold increase of the mean of fluorescence intensity between isotype 

control and TRAIL-R2 specific labeling was calculated to compare level of TRAIL-R2 expression on the 

two cells. 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 2: Tetravalent (4d) TRAILmin/DR5 peptide 

Tetravalent peptide 4d corresponds to two divalent 2d TRAIL
mim/DR5 

cross-linked by a lysine linker 
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Figure 3 : Hexameric (6d) TRAILmin/DR5 peptides did not induced Jurkat apoptosis 

Jurkat cells (10
6
cells/well) were treated with SPK (100ng/mL) or 6d (100µM). 16h after treatment cells 

viability was evaluated by MTS assay. Results are expressed as % of cell viability inhibition according to 

the following formula: viable cell % = (OD (treatment) /OD(100% viability) * 100) were cells incubated with 

medium alone were was considered as 100% of viability Results are expressed as the OD mean of 3 

experiments ± SEM. 

 

 

Figure 4: TRAILmim/DR5 induce TRAIL-R2 internalization on BJAB and Jurkat cell 

lines 

BJAB or Jurkat cells were treated for 30 minutes with vehicle, monovalent (2c) or divalent (2d) 

TRAIL
mim/DR5

 peptides. Cells were subsequently processed for either surface expression of TRAIL-R2 

analysis by localization of TRAIL-R2 by immunocytochemistry. Results showed representative images of 

TRAIL-R2 localization in BJAB or Jurkat cells. 
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Materials and methods  

 

Reagents 

SuperKiller TRAIL (SPK) was obtained from Enzo life Sciences (Lausane Switzerland). For 

apoptosis induction, agonist antibody against CD95/Fas (clone CH11) was purchased from 

Beckman coulter (Fullerton, USA). For immunoprecipitation analysis, anti-caspase-8 antibodies 

(clone C20) were purchased from Santa Cruz Biotechnology (California, USA) and anti-TRAIL-

R2 were from Chemicon (Temecula, CA). PE-labeled anti-TRAIL-R2 and isotype control used in 

FACS analysis were purchased from Diaclone (Besançon, France). Non-coupled Anti-TRAIL-R2 

antibody (clone DJR2-4) and the secondary antibody coupled to alexa-488 used for the 

immunocytochemistry experiment were obtained from ABDserotec (Düsseldorf, Germany) and 

Life technologies (Carlsbad, CA), respectively. TRAILmim/DR5 peptides 2m, 2d and 6d were 

synthesized in our laboratories as previously described in (Pavet et al., 2010).  

 

Tetramer (4d) TRAILmin/DR5 synthesis: 

2d dimer (8.9 mg, 2.0 µmol MW: 4965, considering 7 x TFA salt) and the linker (bis(2,5-

dioxopyrrolidin-1-yl) 2,2'-oxydiacetate1, 0.23 mg, 0.7 µmol) were dissolved in 36 µl of DMF, 

stirring at room temperature. DIEA was subsequently added (1.2 µl, 7.0 µmol) to reach a pH of 

9, and the mixture was stirred at room temperature, monitoring the pH. The progression of the 

reaction was followed by HPLC (20% -50% CH3CN 0.1% TFA, 10 min, UV-vis detection). After 

1.30 hours and an overall addition of 1.7 µl of DIEA, the reaction was quenched by addition of 

H2O until neutral pH and the crude was purified with semipreparative HPLC (gradient 20% -50% 

CH3CN 0.1% TFA, 30 min, 220 nm), to afford the desired product as a white solid (2 mg, 29%). 

MW: 8437.65 (neutral); Exact mass: 8432.1227; Analytic HPLC (20% -50% CH3CN 0.1% TFA, 

10 min) rt 5.7 min, purity > 99%; HRMS: m/z measured 8433.2628 (2109.3157 [M+4H]4+, 

1687.6564 [M+5H]5+, 1406.5500 [M+5H]5+). 

 

Cell lines 

The Burkitt lymphoma BJAB were kindly provided by Andrew Thorburn (Department of 

Pharmacology, University of Colorado Denver School of Medicine, USA) and were maintained 

as previously described [24]. Jurkat cells were purchased from ATCC (American Type of Culture 

Collection). Both cells were cultured in RPMI 1640 supplemented with 10% FCS (Fetal Calf 

Serum) and gentamycin (10 µg/mL). Puromycin antibiotic (0.5µg/mL) was added to the BJAB 

medium to ensure the maintaining of TRAIL-R2 expression. For apoptosis assay, 105 cells were 

cultured in 96-flat bottom well plates (BD Falcon, Pont de Claix, France) and treated with the 

different ligands at the indicated concentration for sixteen hours. 
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Apoptosis and cell viability measurement 

BJAB and Jurkat cells (105 cells/well) were cultured in 100µL of culture medium in 96-well 

plates. The next day, cells were treated with the indicated concentrations of the different ligands. 

Apoptosis was determined by detection of phosphatidylserine externalization after co-labeling 

with Annexin V-APC/propidium iodide, according to the manufacturer instructions or cell viability 

was evaluated by MTS assay.  

For apoptosis determination, cells were analyzed by flow cytometry using a FACSCalibur flow 

cytometer (Becton Dickinson, Pont de Claix, France) and the data were analyzed using Flowjo 

software (Treestar, Ashland, USA). Apoptosis is displayed as the percentage of cells presenting 

an Annexin-V positive staining on rhTRAIL or synthetic peptides treatment compared with no 

treated cells as control. Inhibition of apoptosis was calculated as follows: [% of Annexin V-

positive cells X 100] / % of Annexin V-positive cells treated with rhTRAIL or anti-CD95/Fas.  

MTS assay was performed according to the manufacturer specification (Promega Corporation, 

Madison, WI). 

 

DISC immunoprecipitation 

Jurkat cells (108) were stimulated with 5 µM of peptide 2d for 1 h at 37°C. Cells were then 

washed with cold PBS and then lysed in 1 mL of lysis buffer [containing 1% NP40, 20 mmol/L of 

Tris-HCl (pH 7.5), 150 mmol/L of NaCl, and 10% of glycerol]. The DISC was immunoprecipitated 

':/*=- D- E=- &C- B*,/4caspase-8 antibody bound to Dynabeads® Protein G (Invitrogen, Paisley, 

UK). Immunoprecipitates were processed for immunoblotting to detect TRAIL-R2. 

Immunoprecipitates were separated by SDS-PAGE, electrotransferred onto nitrocellulose 

membranes. After transfer, membranes were blocked with 5% non-fat dry milk and 0.1% Tween 

20 in PBS for 1hr at room temperature and incubated overnight at 4°C with primary antibodies 

directed against TRAIL-R2 acco<)/*=-,&-7B*'CB%,'<6<+:-/*:,<'%,/&*:F-C&((&G6)-.@-/*%'.B,/&*-G/,5-

corresponding secondary peroxidase-conjugated antibodies. Immunoreactive bands were 

visualized by enhanced chemiluminescence and subsequent exposure to hyperfilm (Amersham, 

Saclay, France). Images were scanned and processed by Adobe Photoshop CS2 software. 

 

Differential requirement of TRAIL-R2 oligomerization analysis 

For crosslinking assay, human IgG1 TRAIL-R2 antibody was purchased from R&D systems 

(Clone 71903) and corresponds to the bivalent ligand. To obtained a monovalent ligand, TRAIL-

R2 antibody was digested with 0.25µg of papain (Sigma Aldrich) during 6h at RT in a digestion 

buffer consisting of 0.02M EDTA, 0.02M cysteine diluted in PBS. Digestion was stopped with 

addition of 0.3M Iodoacetamide. To obtained a tetravalent ligand, TRAIL-R2 antibody was cross-

linked by a goat anti mouse IgG, Fc fragment from Jackson ImmunoResaerch in a ration 1:10 

(v/v) at RT during 6h. To evaluate the impact of multivalent ligand on TRAIL-R2 induced 
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apoptosis, BJAB and Jurkat (105cells/well) cells were treated with the different ligand and 

viability was meseared by MTS assay as described above.  

 

Receptor internalization analysis 

Flow cytometry 

BJAB and Jurkat cells were stimulated with either rhTRAIL or 2d peptide for different time 

periods and washed once with cold PBS. Since that time cells were maintained at 4°C. TRAIL-

R2 was stained with PE-labeled anti-TRAIL-1H- B%%&<)/*=- ,&- ,56- 7B*'CB%,'<6<+:- /*:,<'%,/&*:-

followed by cell fixation in a solution of 0.4 % paraformaldehyde. Cell surface expression of 

TRAIL-R2 was analysed by flow cytometry using a FACSCalibur flow cytometer, and the data 

were analyzed using Flowjo software or WinMDI 2.8 freeware (Joseph Trotter, Scripps Research 

Institute, http://facs.scripps.edu/software.html) for histogram representation. Percentage of 

internalization was calculated as follows: 100-[mean of fluorescence (MFI) X 100] / MFI of non-

treated cells. 

Immunocytochemistry 

5x105 BJAB or Jurkat cells were exposed to 2m (100nM) or 2d peptides (50nM) for 30 minutes 

at 37°C. Cells were then fixed with 2% paraformaldehyde during 15 minutes at room 

temperature, washed in TBS (Tris Buffered Saline) followed by incubation with primary antibody 

against TRAIL-R2 1/20 (clone DJR2-4) in 0.2% saponin for 2 hours at room temperature. After 

two washing steps in TBS the cells were incubated with the secondary antibody 1/200 

(polyclonal goat Ig F(ab')2 anti-mouse IgG(H+L)-alexa488) in 0.2% saponin for 30 minutes at 

37°C. Cells were counterstained with the DNA dye DAPI (0.5 µg/mL) for 10 minutes at room 

temperature to identify nuclei, and images were collected by epifluorescence microscopy 

(Axiovert 200M, Zeiss, equipped with a Zeiss Apotome module) and processed by Adobe 

Photoshop CS2 software. The same procedure without the primary antibody step was run in 

parallel as a control for the specificity of the staining.  

 

Staining for flow cytometry analysis 

106 cells were washed in PBS containing 2% FCS and then incubated at 4°C for 20 min with the 

various antibodies used at a concentration recommended by the manufacturer. After two washes 

in PBS-2% FBS, cells were analyzed by flow cytometry. 

 

Surface Plasmon Resonance:  

 /&:6*:&<-B::B@:-G6<6-I6<C&<76)-&*-B- /B%&<6-0H99JF-B,-HDK"L-056-<'**/*=-.'CC6<-GB:-MBS-

EP buffer [10mM HEPES (pH 7.4) containing 0.15M NaCl, 3.4mM EDTA and 0.005% (v/v) 

Tween P20]. The human TRAIL-R2 and RANK (Enzo Life Sciences, Farmingdale, NY) receptors 

were immobilized on a sCM5 sensor chip (GE Healthcare) using the standard amine coupling 

procedure. The receptors were diluted in 10mM acetate buffer (pH 5.0) at a concentration of 
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DE=N73L-056-)6*:/,@-&C-<6%6I,&<:- /77&./(/O6)-&*-,56-:6*:&<-%5/I-GB:-PD-C7&(N77Q-C&<-01!23-

1HL-R6I,/)6:-G6<6- /*S6%,6)-B,-B-C(&G-<B,6-&C-DE3N7/*-C&<-TH9:-B*)-B(lowed to dissociate for an 

additional of 420s. Channels were then regenerated for 5s with 25mM HCl. All binding curves 

were double-referenced (i-e subtraction of the data of the empty flow cell followed by the 

subtraction of the data from a run buffer injection cycle). The Langmuir model was used to fit the 

post-injection phases of peptides (BIAevaluation version 4.1.1). 
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Introduction

Polyvalent interactions that occur in biological systems are

characterized by the simultaneous binding of multiple li-

gands to multiple receptors.[1] These interactions can induce

(agonist mechanism) or inhibit (antagonist mechanism) a bi-

ological response differently to monovalent complexes.[2] To

understand receptor signaling by multivalent interactions,

new strategies have emerged from synthetic organic chemis-

try and chemical biology by the design of multivalent li-

gands.[3] The latter are composed of a central scaffold bear-

ing multiple copies of a recognition element, such as a car-

bohydrate, peptide, small molecule, or any moiety that binds

to a receptor.[4] The size, shape, flexibility, and valency of

the central scaffold play important roles in the biological ac-

tivity and the action mechanism of the recognition ele-

ment.[5] Different scaffolds from various classes of structure,

such as proteins, liposomes, dendrimers, polymers, and solid

supports, have been designed.[6] Because of their nanoscale

size and monodispersity, dendrimers and dendrons (wedge-

shaped dendrimer sections) have appeared as ideal scaffolds

for the design of multivalent ligands.[4,7]

We have recently reported the synthesis of the first- and

the second-generation (G1 and G2, respectively) adaman-

tane based-dendrons displaying the anti-inflammatory ibu-

profen moiety at their periphery in a trimeric or nonameric

arrangement, respectively.[8] The multivalency effect on the

drug activity was studied, demonstrating that the multivalent

ibuprofen/dendron conjugates exert an enhanced anti-in-

flammatory activity in vitro relative to free ibuprofen. More-

over, in the proposed dendritic structures, the adamantane

building blocks with their rigid tetrahedral geometry, provid-

ed a three-dimensional tripodal arrangement of the attached

entities. This tripodal arrangement is an ideal recognition

motif for the cell surface, as several important receptors

form complexes with threefold geometry.[9] On the basis of

these elements, we decided to explore the adamantane-

based dendrons as scaffolds to study multivalent ligand/re-

ceptor interactions.[10] We chose an apoptogenic cyclic pep-

tide, termed M1, as a ligand, which was developed at Affy-

max,[11] which specifically recognizes human tumor necrosis

factor-related apoptosis-inducing ligand (TRAIL) receptor 2

(TR2) and once oligomerized mimics the function of its nat-

ural ligand TRAIL.[12]

TRAIL is a type II transmembrane protein that, like

other tumor necrosis factor (TNF) superfamily members,
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forms homotrimers. Each ligand subunit binds a receptor

molecule that induces an oligomerization process, which is

generally accepted to generate the minimal active unit that

triggers an effective signal.[13] TRAIL receptors belong to

the TNF receptor subgroup that contains an intracellular

“death domain” and triggers apoptosis. There are five differ-

ent TRAIL receptors: two fully functional receptors (i.e. ,

TR1 and TR2), two membrane-bound receptors that cannot

transmit an apoptotic signal (i.e., TR3 and TR4), and a solu-

ble receptor called osteoprotegerin (OPG).[14]

Trimerization or multimerization of TR1 and TR2 results

in the formation of a death-inducing signaling complex

(DISC), thus leading to caspase activation and cell death by

apoptosis. TRAIL is a ligand with enormous potential in

cancer therapy because of its unique characteristic to induce

apoptosis in tumor cells through the endogenous molecule

while sparing normal cells.[15] Moreover, it is well established

that death-receptor oligomerization is central for efficient

formation of DISC, and structural studies provide novel in-

sight into this process.[16] Indeed, it has been shown that

strategies that increase receptor oligomerization amplify

TRAIL-induced apoptosis.[17] Therefore, in the present

study, we have analyzed the multimerization effect of the

M1 peptide ligand on TR2 binding by using different gener-

ations of adamantane-based dendrons as multivalent scaf-

folds.

Results and Discussion

We have previously described the synthesis of the G1 ada-

mantane-based dendron 1 with three carboxylic acid groups

at its periphery.[18] We decided to use this molecule as a scaf-

fold for the construction of the trivalent form of the M1

peptide ligand. We initially activated the acid functions of 1

by forming the corresponding NHS esters in the presence of

EDC�HCl, and then we coupled the peptide M1 through

amidation with its lysine residue. HPLC purification on a

C18 column afforded the trimeric ligand 3 in an overall yield

of 25% (Scheme 1). The Boc group at the focal point of 3

was subsequently cleaved with TFA in the presence of a

TIPS scavenger to obtain the necessary building block 4 for

the synthesis of the G2 dendron bearing M1 in a nonameric

arrangement. For this purpose, we decided to explore a syn-

thetic approach based on the click chemistry between azides

and alkynes.

In our first experiments, we prepared the G1 dendron 6

functionalized at its periphery with azide groups

(Scheme 2). By starting from the commercially available 5-

amino-1-pentanol, we generated the desired azide-terminat-

ed chain following a four-step sequence: 1) the introduction

of a Boc-protecting group on the amine using Boc2O and

triethylamine;[19] 2) the activation of the hydroxy function

by tosylation with TsCl;[20] 3) the conversion of the tosylate

into an azide group by treatment with NaN3 ; and 4) Boc-de-

protection with a solution of HCl in dioxane. The resulting

azide-derivatized chain was finally introduced in the 3-, 5-,

7-carboxylate positions of adamantane 5 by means of amida-

tion with EDC�HCl/HOBt to afford the G1 azide dendron

6 in good yield after isolation by column chromatography

on silica gel (Scheme 2). Tetrasubstituted adamantane 5 was

synthesized, in turn, according to our protocols in six steps

from 1-bromoadamantane as an inexpensive starting materi-

al.[18]

At this point, for the development of the nonameric

ligand, we needed a second adamantane-based dendron to

bring an alkyne moiety at the focal point and bearing the

Scheme 1. The multimerization of M1 peptide by using an amidation ap-

proach: synthesis of trimer 4. Boc= tert-butoxycarbonyl, DIEA=N-diiso-

propylethylamine, EDC�HCl=N-(3-dimethylaminopropyl)-N’-ethylcar-

bodiimide hydrochloride, NHS=N-hydroxysuccinimidyl, TFA= trifluoro-

acetic acid, TIPS= triisopropylsilane.

Scheme 2. Synthesis of the first-generation azide dendron 6. Boc2O=di-

tert-butyl dicarbonate, HOBt=1-hydroxybenzotriazole, TsCl=para-tol-

uenesulfonyl chloride.
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M1 peptide at its periphery. For this aim, we linked the

NHS ester 7, which terminates with an alkyne function, to

the free amine of 4, thus obtaining intermediate 8 under

basic conditions (Scheme 3). This latter derivative was in-

volved in a Huisgen cycloaddition with the azide dendron 6

by using a copper(I) catalyst in the presence of sodium as-

corbate. Purification by HPLC on a C18 column afforded

only hexameric ligand 9. We did not observe the formation

of the nonamer molecule probably because of steric hin-

drance. Thus, the third azide group of hexamer 9 is likely in-

accessible to alkyne 8. In the last synthetic step, the depro-

tection of the Boc group of 9 with TFA took place to afford

the corresponding hexamer 10 with the free amine at the

focal point.

Once we obtained multivalent ligands 4 and 10, we stud-

ied their binding affinity to TR2 receptor by surface plas-

mon resonance (SPR) relative to monomer M1. Recombi-

nant human TR2 and the mouse homologue of TR2 were

immobilized on the sensor chip and the peptide-based li-

gands were flushed onto this chip at different concentra-

tions. The recombinant human RANK protein, a related

protein from the TNF receptor family, was used as a con-

trol.

All the compounds displayed

specific binding to human TR2,

and no detectable interaction

was observed with mouse TR2

(see Figure 1 and Figure S1 in

the Supporting Information).

We also carried out SPR studies

with the peptide-free dendron 1

to demonstrate that the ligand/

receptor interaction is not influ-

enced by the adamantane-based

building block. Unspecific bind-

ing of 1 to the TR2 protein was

not recorded (see Figure S2 in

the Supporting Information).

SPR experiments with the

mono ACHTUNGTRENNUNGvalent peptide M1 provid-

ed an equilibrium dissociation

constant (or “binding constant”;

KD) of 1.29�10�7m, calculated

from the dissociation kinetic

rate (koff=3.07�10�3 s�1) divid-

ed by the association kinetic

rate (kon=2.39�104m�1 s�1;

Table 1). The ligand in its triva-

lent form 4 substantially im-

proved the binding affinity to

human TR2 by approximately

1500-fold (KD=9.10�10�11m).

Interestingly, this effect was

mainly due to a change on the

dissociation rate (koff=1.04�

10�6 s�1) as the kon value for trivalent ligand 4 (kon=1.15�

104m�1 s�1) is almost the same than the kon value for mono-

mer M1.

Moreover, hexamer 10 exerted a 14-fold increased affinity

to human TR2 (KD=7.16�10�12m) relative to trimer 4. Re-

constitution of the sensor chip surface after injection at high

concentrations of 10 was only effective by using 50 mm HCl

solution probably due to high stability of the formed ligand/

receptor complexes (Table 1). Here again, the higher bind-

ing affinity of 10 was determined by a strong decrease in the

koff value (koff=5.74�10�7 s�1), while keeping an association

rate (kon=8.01�104m�1 s�1) similar to 4 and M1. The latter

results can be interpreted as an improved stability of the

complex ligand/receptor due to the multimerization of pep-

tide M1 that provides a multivalent interaction with TR2.

Scheme 3. Synthesis of hexamer 10 by using the click-chemistry approach.

Table 1. Kinetic parameters of the M1 ligand in its monovalent, trivalent,

or hexavalent forms.

Analyte kon [m
�1 s�1] koff [s

�1] KD [m]

monomer M1 (2.39�1.91)�104 (3.07�0.02)�10�3 (1.29�0.04)�10�7

trimer 4 (1.15�0.22)�104 (1.04�0.33)�10�6 (9.10�1.92)�10�11

hexamer 10 (8.01�0.23)�104 (5.74�0.54)�10�7 (7.16�1.35)�10�12
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In addition, we can suggest that the applied strategy for

ligand multimerization by using adamantane-based den-

drons does not alter complex formation but contributes to

increased stability during the dissociation phase.

Encouraged by these positive results, we decided to ana-

lyze the efficiency and specificity of trimer 4 and hexamer

10 to induce cell death in a TR2-dependent manner by

using an in vitro model of human Burkitt lymphoma

(BJAB) that either does or does not express (BJAB TR2+

or BJAB TR2� cells, respectively) TRAIL receptor 2.[21] The

BJAB TR2+ and BJAB TR2� cells were incubated with in-

creasing concentrations of either trivalent 4 or hexavalent

10 ligand and cell viability was analyzed after 16 h of incu-

bation. Whereas a significant death of BJAB TR2+ cells was

observed upon treatment with both compounds, no cell

death was seen in BJAB TR2� cells, thus indicating high

TR2 selectivity of the multivalent peptides (Figure 2) and

no toxic effect at the assessed concentrations (see Figure S3

in the Supporting Information).

As it has been previously shown, the monomer M1 has no

effect on BJAB TR2+ cell death, thus confirming that a

multivalent form of the peptide is necessary to trigger a sub-

stantial TR2-dependent apoptotic response in vitro.[12a] Un-

expectedly, hexavalent ligand 10 displayed a decreased ac-

tivity relative to trimer 4. Indeed, the IC50 value of 10 was

approximately 255 nm relative to the trivalent ligand 4,

which displayed an IC50 value of approximately 31 nm

(Figure 2). This seemingly discordant result, when compared

with SPR data, can be due to unfavorable interactions be-

tween the six M1 peptides of 10 and TR2 on the cell surface

for reasons of steric hindrance, thus avoiding the formation

of a functional signaling complex. The TNF superfamily li-

gands are type-II transmembrane proteins that can be active

in a membrane-bound form or as soluble cytokines after

proteolytic shedding.[9a] The C-terminal, extracellular

domain of TRAIL forms a homotrimer and mediates recep-

tor binding and oliogomerization.[22] This ligand-induced oli-

gomerization is generally accepted to trigger the signal cas-

cade, but increasing the oligomerization level improves the

effectiveness of the signal.[23] This effect can be related to

the differential activity of membrane-bound ligands relative

to their soluble products. Our goal was to set up the basis

for mimicking a highly oligomeric ligand by using a G2 den-

dron that presented the TRAIL receptor 2 agonistic peptide

M1 on its periphery. However, contrary to what it was ex-

pected from SPR data, the hexameric peptide 10 displayed a

decreased cellular activity relative to the trimeric peptide 4.

This behavior can be a consequence of a biological incom-

patible three-dimensional arrangement of both trimers pres-

ent on the hexameric molecule, thus avoiding the formation

of a functional signaling complex. Unfortunately informa-

tion is not available about the three-dimensional distribution

of highly multimeric ligands within the TNF superfamily

members. Further synthetic studies are needed to find the

optimal length of the spacer arms between the peptide and

adamantane core to obtain effective apoptotic signaling,

even with multivalent ligands higher than trivalent forms.

Figure 1. Sensorgrams of monomer M1, trimer 4, and hexamer 10 on

human TR2. The fittings correspond to the Langmuir binding model.

Figure 2. Cell-viability assay (MTS) in which BJAB TR2+ cells were

treated with increasing concentrations of trivalent 4 or hexavalent 10

peptides for 16 h. The IC50 values were obtained by a sigmoidal, logistic,

four-parameter fitting and correspond to (31.23�1.59) and (255.64�

13.90) nm for the trivalent and hexavalent peptides, respectively.
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Conclusion

Our studies have demonstrated that adamantane-based den-

drons are promising scaffolds because they provide a three-

dimensional tripodal arrangement for the multimerization of

peptides such as the TRAIL-mimicking ligand M1. Indeed,

we carried out a straightforward synthesis of trimer 4 and

hexamer 10. These multivalent ligands proved to specifically

bind the human TR2, showing an increased affinity (higher

avidity) relative to the monomer M1 in SPR assays. More-

over, both the trimeric and hexameric ligands could induce

selective cell death in TR2 expressing cells (BJAB). These

results together with the fact that the monomeric M1 pep-

tide could not induce cell death[12a] confirm that a multiva-

lent form of the peptide is necessary to trigger a substantial

TR2-dependent apoptotic response in vitro. Unexpectedly,

hexamer 10 displayed a decreased biological activity relative

to the trimeric ligand 4. This outcome is probably due to un-

favorable interactions between the six M1 peptides of 10

and TR2 on the cell surface for reasons of steric hindrance.

To overcome this limitation, in silico models are needed to

predict the most favorable distance between the ligands and

the adamantane core for the formation of a functional sig-

naling ligand/receptor complex. The insertion of a longer

spacer between the adamantane units might also render the

functional groups more accessible, thus generating higher

multimeric structures.

Experimental Section

General : All the starting materials, chemicals, and anhydrous solvents

were obtained from commercial suppliers and used without purification.

Peptide M1 was purchased from PolyPeptide. 1H and 13C NMR spectra

were recorded using a Brucker 300, 400, or 500MHz spectrometer; the

protons of the residual solvent were used to reference the chemical shift

in ppm. Coupling constants J are reported in Hertz (Hz), and the splitting

patterns are designated as s (singlet), d (doublet), t (triplet), q (quartet),

m (multiplet), and br (broad). IR spectra were measured on a Perkin–

Elmer Spectrum One ATR-FTIR spectrometer. ESI mass spectra were

recorded on ThermoFisher Finnigan LCQ Advantage Max instrument.

Elemental analyses were performed at the Micro-Analytical Facility Core

of the University of Strasbourg. All the peptide-based compounds were

purified by preparative HPLC on a Beckman instrument equipped with a

System Gold 166 NMP detector with a Macherey–Nagel Nucleodur 100–

16 C18 column (gradient: 5–65% B in 20 min; eluent: A=H2O+0.1%

TFA, eluent B=MeCN+0.08% TFA; l=220 nm). The following com-

pounds were synthesized according to reported procedures: 5-O-tosyl-1-

tert-butoxycarbonylaminopentane,[19, 20] 1,3,5-tri(5-carboxy-pentylcarbamo-

yl)-7-tert-butoxycarbonylaminoadamantane (1), and 1,3,5-tricarboxy-7-

tert-butoxycarbonylaminoadamantane (5).[18]

5-Azido-1-tert-butoxycarbonylaminopentane : Sodium azide (0.54 g,

8.39 mmol) was added to a solution of 5-O-tosyl-1-tert-butoxycarbonyl-

ACHTUNGTRENNUNGaminopentane (1.00 g, 2.79 mmol) in dry DMF (20 mL). The resulting

mixture was stirred at 70 8C for 24 h in an atmosphere of argon. After the

addition of CH2Cl2 (150 mL), the organic phase was washed with ice-cold

deionized water (3�150 mL), dried over Na2SO4, and filtered. After re-

moval of the solvent, the crude product was purified by column chroma-

tography on silica gel with CH2Cl2 as the eluent to give the product as a

colorless oil (0.56 g, 2.45 mmol, 88%). 1H NMR (CDCl3, 300 MHz): d=

4.78 (bs, 1H), 3.17 (t, J=6.7 Hz, 2H), 2.96–3.06 (m, 2H), 1.33 (s, 9H),

1.25–1.55 ppm (m, 6H); 13C NMR (CDCl3, 125 MHz): d=155.82, 78.77,

51.08, 29.44, 28.30, 28.18, 23.71 ppm; FTIR (neat) ñ=3362, 2972, 2931,

2861, 2091, 1689, 1515, 1244, 1163 cm�1; MS (ESI): m/z : 229.2 [M+H]+ ;

elemental analysis calcd for C10H20N4O2 : C 52.61, H 8.83, N 24.54; found:

C 52.92, H 8.38, N 24.59.

5-Azidopentylamine : A solution of HCl in dioxane (4m, 6.5 mL,

26.28 mmol) was added to a solution of 5-azido-1-tert-butoxycarbonylami-

nopentane (1.00 g, 4.38 mmol) in CH2Cl2 (8 mL). The resulting mixture

was stirred at room temperature for 1 h. Evaporation of the solvent in

vacuo afforded the product as a beige solid (0.56 g, 4.38 mmol, quant.).
1H NMR (CDCl3, 400 MHz): d=8.27 (bs, 2H), 3.30 (t, J=6.4 Hz, 2H),

2.93–3.08 (m, 2H), 1.77–1.87 (m, 2H), 1.60–1.67 (m, 2H), 1.47–1.55 ppm

(m, 2H); 13C NMR (CDCl3, 125 MHz): d=50.94, 39.74, 28.14, 26.92,

23.62 ppm; FTIR (neat) ñ=2931, 2866, 2091, 1605, 1509, 1282, 1254 cm�1;

MS (ESI): m/z : 129.3 [M+H]+; elemental analysis calcd for C5H12N4 :

C 46.85, H 9.44, N 43.71; found: C 47.00, H 9.46, N 43.57.

NHS triester 2 : EDC�HCl (0.120 g, 0.63 mmol) and N-hydroxysuccini-

mide (0.066 g, 0.57 mmol) were added to a solution of 1 (0.130 g,

0.18 mmol) in dry DMF (3 mL). The resulting mixture was stirred over-

night at room temperature. After the addition of AcOEt (60 mL), the or-

ganic phase was washed with saturated aqueous NH4Cl solution (1�

60 mL) and water (1�60 mL), dried over Na2SO4, and filtered. Evapora-

tion of the solvent in vacuo yielded the desired product 2 as a beige solid

(0.101 g, 0.10 mmol, 55%).1H NMR (CD3OD, 300 MHz): d=3.17–3.24

(m, 6H), 2.84 (s, 12H), 2.64 (t, J=7.2 Hz, 6H), 1.98 (s, 6H), 1.82–1.91

(m, 6H), 1.69–1.79 (m, 6H), 1.49–1.58 (m, 6H), 1.42 (s, 9H), 1.39–

1.47 ppm (m, 6H); 13C NMR (CD3OD, 75 MHz): d=178.03, 177.95,

170.22, 156.33, 79.78, 52.98, 44.57, 42.57, 42.52, 40.32, 31.54, 29.81, 28.88,

26.89, 26.57, 25.40 ppm; FTIR (neat) ñ=3352, 2937, 2866, 1810, 1780,

1729, 1633, 1522, 1201, 1161, 1065 cm�1; MS (ESI): m/z : 1037.2 [M+Na]+

, 1015.0 [M+H]+ ; elemental analysis calcd for C48H67N7O17: C 56.85, H

6.66, N 9.67; found: C 57.01, H 6.69, N 9.23.

Trimer 4 : Peptide M1 (0.065 g, 0.0323 mmol) and DIEA (50 mL) were

added to a solution of NHS triester 2 (0.008 g, 0.0079 mmol) in dry DMF

(3 mL). The resulting mixture was stirred at room temperature for 48 h.

After removal of the solvent, the crude product was purified by prepara-

tive HPLC (tr=13.8 min) to obtain trimer 3 as a white solid (0.024 g,

0.0036 mmol, 45%). MS (ESI): m/z : 6710.7 [M+H]+ .

The obtained trimer 3 (0.019 g, 0.0028 mmol) was dissolved in TFA/H2O/

TIPS (1.5 mL, 44:5:1), and the resulting mixture was stirred at room tem-

perature for 3 h. Purification by preparative HPLC (tr=12.9 min) afford-

ed the desired compound 4 as a white solid (0.018 g, 0.0027 mmol, 83%).

MS (ESI): m/z : 6609.9 [M+H]+ .

1,3,5-Tri(5-azido-pentylcarbamoyl)-7-tert-butoxycarbonylaminoadaman-

tane (6): EDC�HCl (0.348 g, 1.82 mmol) and HOBt (0.246 g, 1.82 mmol)

were added to a solution of 5 (0.100 g, 0.26 mmol) in dry DMF (3 mL).

The resulting mixture was stirred at room temperature for 30 min. A sol-

ution of 5-azidopentylamine (0.200 g, 1.56 mmol) and DIEA (0.70 mL,

3.90 mmol) in dry DMF (2 mL) was added to the reaction mixture, which

was stirred at 65 8C for 72 h. After the addition of AcOEt (80 mL), the

organic phase was washed with saturated aqueous NH4Cl solution (2�

80 mL), saturated aqueous NaHCO3 solution (2�80 mL), and brine (1�

80 mL), dried over Na2SO4, and filtered. The solvent was removed in

vacuo and the crude product was purified by column chromatography on

silica gel with AcOEt as the eluent to yield the G1 azide dendron 6 as an

orange oil (0.128 g, 0.18 mmol, 70%). 1H NMR (CDCl3, 300 MHz): d=

5.92 (t, J=5.7 Hz, 3H), 4.77 (s, 1H), 3.15–3.27 (m, 12H), 1.98 (s, 6H),

1.78–1.90 (m, 6H), 1.44–1.61 (m, 12H), 1.37 (s, 9H), 1.29–1.37 ppm (m,

6H); 13C NMR (CDCl3, 75 MHz): d=174.9, 154.1, 79.3, 51.8, 51.0, 43.1,

41.6, 39.21, 39.2, 28.9, 28.3, 28.28, 23.8 ppm; FTIR (neat) ñ=3326, 2926,

2855, 2086, 1701, 1630, 1519, 1244, 1158 cm�1; MS (ESI): m/z : 714.8

[M+H]+ ; elemental analysis calcd for C33H55N13O5 : C 55.52, H 7.77, N

25.51; found: C 55.11, H 7.90, N 25.03.

5-Hexynoic NHS ester 7: EDC�HCl (0.256 g, 1.33 mmol) and N-hydrox-

ysuccinimide (0.123 g, 1.07 mmol) were added to a solution of commer-

cial 5-hexynoic acid (0.100 g, 0.89 mmol) in dry DMF (2 mL). The result-

ing mixture was stirred at room temperature for 24 h. After the addition

of AcOEt (60 mL), the organic phase was washed with saturated aqueous

NH4Cl solution (1�60 mL) and water (1�60 mL), dried over Na2SO4,
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and filtered. Evaporation of the solvent in vacuo afforded the desired

product 7 as a yellow oil (0.164 g, 0.78 mmol, 88%).1H NMR (CDCl3,

400 MHz): d=2.78 (s, 4H), 2.72 (t, J=7.4 Hz, 2H), 2.30 (dt, J=2.8 and

6.8 Hz, 2H), 1.99 (t, J=2.8 Hz, 1H), 1.87–1.95 ppm (m, 2H); 13C NMR

(CDCl3, 125MHz): d=169.07, 167.99, 82.29, 69.67, 29.43, 25.36, 23.13,

17.31 ppm; FTIR (neat) ñ=3281, 2942, 2105, 1810, 1780, 1727, 1201,

1064 cm�1; MS (ESI): m/z : 210.1 [M+H]+ ; elemental analysis calcd for

C10H11NO4 : C 57.41, H 5.30, N 6.70; found: C 57.54, H 5.97, N 6.44.

Alkyne trimer 8 : Amine 4 (0.016 g, 0.0024 mmol) and DIEA (30 mL)

were added to a solution of 7 (0.001 g, 0.0048 mmol) in dry DMF (2 mL).

The resulting mixture was stirred at 45 8C for 48 h. After removal of the

solvent, the crude product was purified by preparative HPLC (tr=

13.6 min) to obtain the alkyne 8 as a white solid (0.009 g, 0.0013 mmol,

56%). MS (ESI): m/z : 6703.3 [M+H]+ .

Hexamer 10 : Compound 6 (357 mg, 0.5 mmol), sodium ascorbate (99 mg,

0.5 mmol), and copper(II) sulfate pentahydrate (75 mg, 0.3 mmol) were

added to a solution of alkyne trimer 8 (12 mg, 1.8 mmol) in THF/H2O

(5 mL, 1:1) in an argon atmosphere,. The reaction mixture was stirred at

room temperature for 48 h in an argon atmosphere. After lyophilization,

the crude product was purified by preparative HPLC (tr=15.5 min) to

obtain hexamer 9 as a white solid (5 mg, 0.35 mmol, 71%). MS (ESI):

m/z : 14123.7 [M+H]+ .

The obtained hexamer 9 (5 mg, 0.3 mmol) was dissolved in TFA/H2O/

TIPS (0.5 mL, 44:5:1), and the resulting mixture was stirred at room tem-

perature for 2 h. Purification by preparative HPLC (tr=14.1 min) afford-

ed the desired compound 10 as a white solid (4 mg, 0.3 mmol, 79%). MS

(ESI): m/z : 14023.0 [M+H]+ .

SPR analysis : The Biacore 3000 system, sensor chip CM5, surfactant P20,

amine-coupling kit containing NHS, EDC�HCl, and ethanolamine were

from Biacore (Uppsala, Sweden). Biosensor assays were performed with

HBS-EP buffer as a running buffer (10 mm 4-(2-hydroxyethyl)-1-piperaz-

ACHTUNGTRENNUNGineethanesulfonic acid (HEPES), 150 mm sodium chloride, 3 mm ethyl-

ACHTUNGTRENNUNGenediaminetetraacetic acid (EDTA), and 0.005% v/v surfactant P20;

pH 7.4). The low carboxylated dextran matrix (B1) was activated with a

mixture of 0.2m EDC�HCl and 0.05m NHS (35 mL) at 5 mLmin�1.

Human RANK, human TR2, and mouse TR2-Fc fusion proteins were

immobilized with the standard Biacore protocol at a density of

0.05 pmolmm�2. Soluble peptides were diluted in the running buffer and

injected (250 mL), followed by a dissociation phase (500 mL) at a flow

rate of 30 mLmin�1. The sensor chip surface was regenerated after each

experiment by injecting HCl (20 mL, 25 mm (or 50 mm for the hexamer

10)). The kinetic parameters were calculated using Biaeval 4.1 software.

Analysis was performed by using the simple Langmuir binding model.

Specific binding profiles were obtained after subtracting the response

signal from the control RANK channel and from a blank-buffer injec-

tion. The fitting to each model was judged by the chi square c2 value and

the randomness of residue distribution compared to the theoretical

model. The use of others binding models did not give better fits.

Cell-viability assay : BJAB cells were grown in RPMI1640 medium

(Lonza, Basel Switzerland) supplemented with 10% fetal calf serum. The

cells were seeded in 96-well plates at 5�105 cellswell�1 and treated with

the indicated concentrations of multivalent peptides for 16 h. Stock pepti-

des were prepared at a concentration of 1 mm in water, and all the dilu-

tions were performed in the cell-culture medium. The CellTiter 96 aque-

ous non-radioactive cell proliferation assay (MTS; Promega, WI, USA)

was used to estimate the percentage of viable cells by following the man-

ufacturer�s instructions. Nontreated cells were used to normalize the

100% value.
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Introduction 

The Tumor Necrosis Factor-Related Apoptosis-Inducting Ligand 

(TRAIL/Apo2L/TNFSF10), a member of the functionally diverse Tumor Necrosis Factor (TNF) 

superfamily, has been the subject of intense study since its discovery, essentially as a candidate 

for targeted cancer therapy (Lemke et al., 2014). Indeed, TRAIL induces apoptosis of tumor cells 

but not of healthy cells, which is a unique trait for an endogenous protein (Ashkenazi et al., 

1999). TRAIL is a type-II transmembrane glycoprotein expressed in most cell types, but 

particularly in circulating immune cells (Daniels et al., 2005). The extracellular domain can be 

released in a 24 kDa soluble form, and both soluble and membrane forms of TRAIL bind to four 

cell surface receptors: two death receptors TRAIL-R1 (DR4/TNFSF10A) and TRAIL-R2 

(DR5/TNFSF10B), that contain an intracellular death domain capable of unleashing the signal 

cascade resulting in apoptosis, and two decoy receptors TRAIL-R3 (DcR1/TNFSF10C) and 

TRAIL-R4 (DcR2/TNFRSF10D) that inhibit TRAIL-induced apoptosis (Degli-Esposti, 1999). 

Binding of TRAIL induces an organization of the TRAIL-R1 or TRAIL-R2 receptors at cell surface 

that leads to the formation of the death-inducing signaling complex (DISC) (Sessler et al., 2013) 

in the cytosol, leading to the activation of caspase 8 and downstream procaspases 3, 6 and 7, 

which leads to apoptosis in a largely p53 independent manner (Fulda, 2014).  

TRAIL is a homotrimeric structure, which induces the clustering of multiple TRAIL-R1 or 

TRAIL-R2 receptors in a process that is not fully understood in terms of preorganization of the 

receptors prior to TRAIL binding (Chan, 2007a), kinetics of the oligomerization process, and 

actual number of receptors required for signal transduction (Valley et al., 2012). However, it is 

commonly accepted that TRAIL-R2 requires a higher degree of oligomerization in comparison to 

TRAIL-R1 receptor (Wajant et al., 2001).  

As a result of tumor cell selectivity of TRAIL-induced apoptosis, efforts have been made 

to develop TRAIL-R1 or TRAIL-R2 specific ligands. Recombinant TRAIL protein and antibodies 

directed against TRAIL-R1 or TRAIL-R2 receptors are currently being evaluated in phase II 

clinical trials (Stuckey and Shah, 2013). 
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More recently, TRAIL-R2 specific peptides (Angell et al., 2009) have been investigated and we 

reported in 2010 (Pavet et al, 2010) about several cyclic peptides (1, 2, and 3), discovered 

through phage-display (Li et al., 2006), that bind to TRAIL-R2 with high affinity. We described 

that multimerization of these cyclic peptides provided several-thousand fold increase in binding 

affinity, and more importantly, induction of apoptosis in several cancer cell lines in vitro and in 

vivo in a tumor xenograft mouse model (Pavet et al., 2010). Dimerization and trimerization of the 

p !"#$ %& '(%& )(**# $& +,"& ,%#-.& "/ & 0102-oxydiacetamide linker and the 1,3,5-adamantyl 

propylamide scaffold, respectively. Knowing that TRAIL acts as a homotrimer, we were surprised 

by the low pro-apoptotic activity of the trimeric forms of the peptides that did not induce more 

apoptosis than the dimeric forms. We hypothesized that the geometry of the 3 cyclic peptides in 

the trimeric form was not optimal for TRAIL-R2 binding.  

Therefore, we propose to investigate the role of TRAIL-R2-specific peptide geometry on 

TRAIL-R2 binding affinity and on apoptosis induction. However, the scaffolds that are commonly 

used for the presentation of bioactive compounds in a multivalent fashion are not very amenable 

for comparison of multivalency and for exploration of different projections of the ligands with the 

same scaffold. 

 Foldamers, or folded molecular architectures, offer modular scaffolds with rigid and well-

defined secondary structures (Guichard and Huc, 2011). Oligourea type foldamers, of the form (-

NH-CH(R)-CH2-324-CO-)n, provide particularly rigid 2.5-helical scaffolds due to a network of 

bifurcated intramolecular hydrogen bonds between urea carbonyl groups (i residue) and urea 

amino protons (i-2 and i-3 residues) (Fischer and Guichard, 2010). After the extensive 

characterization of their propensity to form helical structures, oligourea foldamers are now used 

in biological contexts, for example as antimicrobial agents (Claudon et al., 2010). While 

foldamers are often used for the discrete presentation of proteinogenic side chains, there are 

fewer examples demonstrating their use as scaffolds for the presentation of bioactive 

compounds. 

In this study, we explored the impact of several strategies for presentation of TRAIL-R2 

specific peptides (1, 2 and 3) on oligourea helix scaffolds on the binding affinity on TRAIL-R2, 

and the ability to induce apoptosis in tumor cells in vitro.  
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Results 

 

Oligourea helix as chemical scaffold to multimerize peptides specific for the 

TRAIL-R2 receptor 

We previously described three cyclic peptides named 1, 2 and 3 that differed only in the 

position of a single L-lysine residue (which alternates with an L-arginine residue) in their 

sequences (Figure 1A). These peptides bind to TRAIL-R2 with high affinity and induce 

apoptosis in divalent and trivalent forms (Pavet et al., 2010) (Lamanna et al., 2013). In this 

study, we used adamantane-based dendrons to provide a three dimensional tripodal 

arrangement for the trimerization of peptides 1, 2 and 3 (Pavet et al., 2010). Unfortunately, 

trimeric peptides did not display an increased pro-apoptotic activity in comparison to the dimeric 

forms of the peptides. We hypothesized that this outcome was probably due to unfavorable 

interactions between the three peptides presented on the adamentane scaffold and TRAIL-R2 

receptors expressed on the cell surface for reason of steric hindrance. 

In the present study, we used an alternative way to multimerize peptides 1, 2, and 3, by 

using a helix scaffold consisting of the succession of two succinimidyl carbamate-activated 

building block, Boc-AlaU-OSu and Boc-Lys(ClZ)U-OSu (Figure 1B). The 2.5-helical nature of 

the oligourea helix permits to envisage several molecules, which vary in the peptide orientation 

on the scaffold and peptide number. The cyclic peptides contained a single lysine residue, which 

can be used to attach to the scaffold through succinimidyl carbamate activation of amino groups 

presented on the helix. Each scaffold was composed of seven alanine residues, a neutral amino 

acid that reinforces the structure of the helix, except at positions where the peptides were 

attached in which alanine residues were substituted by lysine residues. As shown in Figure 1C 

the i position is considered as the starting point of the oligourea helix, the addition of one 

building block residue leads to position i+1 with an angle of 144°.  

The trivalent molecules H1t, H2t and H3t presented peptides 1, 2, and 3, respectively, with 

sequential attachment of the ligands at positions i, i+1 and i+2 in the center of the helix, with 

angles of 72° and 144° between the ligands (Figure 1D). 

The divalent molecules H1dtrans and H2dtrans presented peptides 1 and 2 respectively 

sequentially at i and i+1 position, with an angle of 144° between the ligands, or nearly opposite 

faces of the helix (Figure 1E). The divalent scaffolds H1dcis and H2dcis presented peptides 1 

and 2 respectively, non-sequentially at positions i and i+2, giving an angle of only 72° between 

the ligands, or nearly on the same face of the helix (Figure 1F). As control, we also used non-

helical scaffold by tethering peptide 1 to a LysU building block (referred to peptide L1; Figure 

1G) or by dimerizing peptide 1 by a bis-succinimidyl carboxymethoxyacetate coupling (referred 

to peptide 1d; Figure 1H and (Pavet et al., 2010).  
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Figure 1: TRAIL-R2 specific peptides, oligourea helix scaffolds and strategies of 

presentation: (A) Sequences of cyclic monovalent peptides 1, 2 and 3. (B) Structure of Lys and Ala 

building blocks used for the synthesis of oligourea scaffolds. (C, D) TRAIL-R2 specific peptides 1, 2 or 3 

trimerized on oligourea helix scaffolds. (E) TRAIL-R2 specific peptides 1 and 2.dimerized on oligourea 

helix scaffolds in a 3.5 cis-fashion and (F) in a 3.4 trans fashion.(G) Monovalent 1 peptide presented on 

Boc-Lys(ClZ)U-OSu. (H) Divalent peptide 1d coupled by bis-succinimidyl carboxymethoxyacetate. 
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TRAIL-R2 peptide multimerization confers increased Ligand/Receptor complex 

stabilization that is not correlated with an increase of pro-apoptotic activity 

We first used Surface Plasmon Resonance (SPR) experiments to compare the binding 

affinity to TRAIL-R2 of the trimeric molecule H1t with that of the classical dimeric peptide 1d. We 

applied several mathematical models of interaction to fit the kinetic curves of trimeric and dimeric 

peptides (data not showed) but none of them was appropriate to fit experimental binding curves. 

Therefore, we focused the analysis on the post injection phase that significantly differed between 

the peptides. 

The apparent koff (dissociation rate constant) was then calculated from the post-injection 

phase assuming a 1:1 Langmuir binding mode (Figure 1 A-C). In these experiments, the 

monomeric L1 ligand was used as a reference to see a potential impact of the scaffold on the 

binding properties. To take into account differences in molecular weight between the peptide 

ligands and therefore to compare the binding signals, the SPR responses (RU) were normalized 

as fmol/mm² (1000 RU = 1mg/mm² for proteins). As shown in Figures 2B and 2C, the trimeric 

H1t molecule dissociated more slowly from the surface (koff = 5.6x10-4 s-1) than the dimeric 1d 

molecule (koff= 1.5x10-3 s-1), suggesting that trimerization of peptide 1 using an oligourea helix 

scaffold stabilizes the Ligand/Receptor complex. As expected, the monomeric L1 compound 

(Fig 2A), showed fast dissociation from the TRAIL-R2 receptor (koff = 2.1x10-3 s-1), comparable 

to that of the monomer of peptide 1 (Pavet et al., 2010). This latter result indicates that the LysU 

building block did not interfere with peptide binding on TRAIL-R2. 

We next evaluated the stoichiometry of the interactions between the various forms of 

peptide 1 and TRAIL-R2 by comparing the responses at surface saturation (Rmax) expressed in 

fmol/mm². The experimental maximal binding capacity (Rmax-exp) was compared to the expected 

theoretical value (Rmax-calc) if one molecule of monovalent, divalent or trivalent peptide binds 

one receptor molecule. For example, if a divalent peptide binds "bivalently", the surface is 

saturated with half the molecules that if it binds "monovalently". Therefore Rmax-exp = 1/2 Rmax-

calc. Similarly if trimeric peptides bind trivalently, Rmax-exp = 1/3 Rmax-calc (Figure supp1). 

Results in Figure 2D show that dimeric compound 1d had an intermediate stoichiometry of 0.7 

suggesting that 1d bound both in monovalent and bivalent ways to TRAIL-R2. The trimeric 

compound H1t displayed a stoichiometry close to 0.5, which could indicate bivalent binding but 

also a mixture of binding stoichiometry.  

In conclusion, in comparison with the dimeric compound 1d, trimerization of peptide 1 on 

oligoruea helix scaffold increased the stability on the interaction on TRAIL-R2 but did not 

increase the statistical degree of TRAIL-R2 oligomerisation. We then wondered if trimerization 

on oligoruea helix scaffold could increase the pro-apoptotic activity of peptide 1. For this, we 

evaluated the inhibition of cell viability induced by the various peptides on a TRAIL-R2 

expressing cell, the Burkitt lymphoma BJAB. The trivalent H1t compound inhibited cell viability 
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in the same range than the divalent 1d peptide. As expected the L1 ligand (Figure 2E) did not 

induce a decrease of cell viability in physiological concentrations. In conclusion, the increase of 

stability of the H1t-TRAIL-R2 complexes is not sufficient to increase apoptosis. 
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Figure 2: TRAIL mimic peptides multimerization conferred increased 

Ligand/Receptor complex stabilization which correlates with apoptosis induction. 

Kinetic curves for the binding of peptides L1 (A), 1d (B), or H1t (C) to immobilized human TRAIL-R2 

(density of TRAIL-R2 was 65 fmol/mm²) were obtained from SPR experiments. Peptides were tested at 

concentrations 5000, 1666, 555, 185, 61 nM. The response is expressed in fmol/mm² (1000RU= 

1mg/mm²). The apparent koff values were evaluated by fitting (black curves) the post-injection phase of the 

curves and values are the mean of koff of two experiments. (D) Binding stoichiometries were evaluated 

from experimental saturation of a TRAIL-R2 surface, achieved by injecting the peptide samples at a 

concentration of 5µM. Curves recorded with peptides L1, 1d and H1t are superimposed (E) BJAB cells 

expressing TRAIL-R2 were treated with ligands at different concentrations. After 16 hours of incubation, 

cell viability was determined using the MTS assay. Results are expressed as % of cell viability inhibition 

according to the following formula: % cell viability = (OD (treatment) /OD(100% viability) * 100) were OD of 

not treated cells is considered as 100% of viability.  
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Different peptide orientations on oligourea scaffolds did not change their pro-

apoptotic activity  

We showed that trimerization of peptide 1 on oligourea helix did not increased its pro-

apoptotic effect. This might be due to an inappropriate orientation of the monomers of peptides 

that limited binding to TRAIL-R2 receptor. To avoid this issue, we synthetized new oligourea 

helix-based compounds, presenting two monomers of peptide 1 or peptide 2 in different 

orientations. We compared by SPR the parameters for the binding of TRAIL-R2 to H1dcis and 

H2dcis that presented peptide 1 and 2 in a 3,5-cis-fashion, and to H1dtrans and H2dtrans that 

presented peptide 1 and 2 in a 3,4-trans-fashion, respectively.  

When we compared sensorgrams obtained with H1dcis and H1dtrans molecules (Figure 3 A 

and B), we observed no significant difference in dissociation between H1dcis and H1dtrans. 

Therefore, we could conclude that, in these conditions, the orientation of peptide 1 on oligourea 

scaffold did not to significantly change the binding capacity of the compound.  

The same tendency was observed with peptide 2 in the various orientations (H2dcis and 

H2dtrans, Figure 3 C and 3D). However, peptide 2 presented on oligourea scaffolds, whatever 

its orientation, had a better binding capacity to TRAIL-R2 than the peptide 1. Indeed while 

H1dcis showed a koff = 6x10-3 s-1, the H2dcis had a slower dissociate with a koff=7.8x10-4 s-1 

leading to the stabilization of the Ligand/receptor complex (Figure 3 A and C).  

Calculation of the stoichiometry of interaction with TRAIL-R2 showed that bivalent 

compounds H1dcis, H2dcis and H2dtrans bound in a bivalent way to TRAIL-R2 receptors 

(stoichiometry = 0.5 in Figure 3E). Surprisingly, H1dtrans had a stoichiometry of 0.3 suggesting 

that H1dtrans bound tree TRAIL-R2 receptors. This unexpected result is difficult to interpret.  

Finally, we evaluated the pro-apoptotic effect of these various multivalent compounds. Figure 3F 

showed that all compounds inhibit BJAB cell viability. However, peptide 1 and 2 presented in 

trans fashion seemed to be slightly more efficient in apoptosis induction. In fine, all these results 

suggested that the orientation of peptide 1 and peptide 2 on oligourea scaffolds in dimeric forms 

have only a slight effect on TRAIL-R2 binding and on biological properties. 
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Figure 3: Different TRAIL-R2 specific peptides orientation on oligourea helix 

scaffolds did not changed their biological activity. Kinetic curves of the bonding of H1dcis 

(A), H1dtrans (B), or H2dcis (C) and H2dtrans (D) compounds to immobilized human TRAIL-R2 (density 

of TRAIL-R2 was 11 fmol/mm²) obtained by SPR. Compounds were tested at concentrations of 5000, 

1666, 555, 185, 61 nM. The apparent koff were evaluated by fitting (black curves) the post-injection phase 

of the curves. (E) Stoichiometries are compared by superimposing curves recorded at a 5µM 

concentration of the peptides (F) Cell viability was determined using the MTS assay as described in 

Figure 2. 
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The position of the lysine on peptide 1, 2 and 3 affects their biological properties. 

The latter results suggest that independently of the orientation, peptide 2 presented on 

oligourea helix scaffold displayed a stronger interaction with TRAIL-R2 than peptide 1 correlated 

with a higher pro-apoptotic activity. We then, compared the binding characteristics and pro-

apoptotic activity of peptides 1, 2 and 3 presented in trivalent way on oligourea helix scaffolds 

(referred as H1t, H2t and H3t respectively). SPR experiments (Figure 4 A, B and C) showed 

that H2t and H3t formed more stable complexes with TRAIL-R2 than H1t as indicated by the 

slow dissociation (koff= 4.7x10-5 s-1, and 1.1x10-4 s-1 for H2t and H3t, respectively, versus koff 

=2.1x10-3 s-1 for H1t). Moreover, compounds H2t, and H3t bound in a bivalent way to TRAIL-R2 

(stoichiometry = 0.5) whereas H1t compound had an intermediate stoichiometry (0.6) indicating 

that H1t bound both in monovalent and bivalent way to TRAIL-R2. (Figure 4D). Surprisingly, the 

inhibition of BJAB cell viability by H2t was significantly increased in comparison with H1t and 

H3t (Figure 4 E) 

In conclusion, all these results suggest that the gain in apoptosis induction in BJAB cells 

might not be due to increased TRAIL-R2 oligomerization by the peptidic ligand or by changes in 

the peptide orientation presented on the oligourea helix scaffold but to the position of a single 

lysine in the peptide sequence and therefore to the position of the linker that allows the 

multimerization. 
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Figure 4: The position of the lysine on peptide 1, 2 and 3 affects their biological 

properties. Kinetic curves of TRAIL-R2 specific peptides trimerized on oligourea helix scaffolds H1t (A), 

H2t (B), or H3t (C) binding to immobilized human TRAIL-R2 (density of TRAIL-R2 was 65 fmol/mm²) were 

obtained by SPR. Peptides were tested at concentrations of 5000, 1666, 555, 185, 61 nM. The apparent 

koff were evaluated by fitting (black curves) the post-injection phase of the curves. (D) As above (E) cell 

viability was determined using the MTS assay. 
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Discussion 

Increasing evidence suggests that TRAIL-R2 receptor requires a high degree of 

oligomerization to induce apoptosis in many cancer cells (Wajant et al., 2001). Moreover, first 

results from clinical trials using TRAIL in monotherapy suggest that monoclonal antibodies 

targeting TRAIL-R2 are weak agonists because they did not recruit enough TRAIL-R2 to trigger 

apoptosis (Lemke et al., 2014). Consequently, it is necessary to develop new multivalent 

ligands. We previously described three cyclic peptides named 1, 2 and 3 that differed only in the 

position of a single L-lysine residue in their sequences that bound to TRAIL-R2 with high affinity 

and induced apoptosis in divalent and trivalent forms (Pavet et al., 2010) (Lamanna et al., 2013) 

In the present study, we used oligourea 2.5-helix as scaffold to present these 3 TRAIL-R2 

specific peptides. Indeed, some of the drawbacks of most chemical scaffolds are that they are 

forced, leading to steric hindrance and thus, are not adapted to present biological compounds in 

a multivalent fashion. Oligourea helices are ideal scaffolds since they are conformationally 

robust, even in aqueous environment and offer several sites in a defined orientation for tethering 

peptides in multivalent fashion. We previously described a biological application of short 

oligoureas residues that mimic amphiphilic alpha-helical antibacterial peptides (Claudon et al., 

2010). Herein, we suggested using these oligourea scaffolds for the presentation of apoptogenic 

peptides to induce tumor cell death.  

In this preliminary study, we showed that tethering specific TRAIL-R2 peptides to oligourea 

scaffolds did not interfere with the binding to TRAIL-R2 nor to the proapoptotic activity of the 

peptides. We then used the versatility of the scaffolds to evaluate various strategies of peptide 

presentations in order to increase the pro-apoptotic activity of the peptides. We first confirmed 

that trimerization of TRAIL-R2 specific peptides increased TRAIL-R2/peptide complex 

stabilization but has only slight effect of the efficiency of apoptosis induction in comparison to the 

divalent forms of the peptide. We then hypothesized that TRAIL-R2 specific peptides were 

presented in an inappropriate orientation limiting their interaction with TRAIL-R2. We therefore 

imagined two oligourea helix scaffolds that presented two peptides 1 and 2 in a 3,5-trans fashion 

or in a 3,4-cis fashion. In our experimental conditions, peptides 1 or 2 presented in the 3,5-trans 

fashion seem to have a better affinity for TRAIL-R2 receptor as showed by their respective koff. 

However, the effect on the efficiency of apoptosis is poor showing only a slightly increase in 

apoptosis with trans fashion presentation. However, these encouraging results suggest that 

other peptide orientations on our scaffold could be considered. Moreover, these experiments 

highlighted differences between peptides 1 and 2 presented on helical-oligourea scaffolds 

showing that the position of the lysine residue used to link the peptides to the scaffold had a 

profound effect on activity. Indeed peptide 2 was more potent in apoptosis induction than 

peptides 1 and 3. In this case, the lysine position and therefore the linker position increased the 

affinity for TRAIL-R2 leading to a better apoptosis induction.  
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In conclusion, oligourea helices appear as promising scaffolds to present biologically 

active peptides in various strategies of presentation in order to investigate the parameters that 

control interaction with a ligand but also for therapeutic applications. 

To complete this preliminary study, we propose to better characterize the interaction 

between compounds with different peptide orientations on oligourea scaffold and TRAIL-R2. For 

that, we could crystallize the complex between different TRAIL-R2 specific peptides presented in 

different orientation on helical oligourea scaffolds in order to identify the ligand binding sites on 

TRAIL-R2. Moreover, we could analyze the binding characteristic of the various compounds on 

TRAIL-R2 at the membrane level, using the Ligand Tracer® technology. We could also analyze 

the DISC formation induced by all these ligands to compare their efficiency in recruiting the 

intracellular components leading to apoptosis.  

These news elements might be helpful to design new efficient multivalent ligands.  

 

Supplement  

 

Figure 1: Stoichiometry. The stoichiometry of the interaction is deduced from the peptide response 

at saturation of a receptor surface (Rmax-exp). We calculated the theoretical maximal capacity (Rmax-calc) of 

the surface from the know receptor immobilization level (Rligand), by assuming that one molecule of the 

peptide whether monomer, dimer or trimer binds one receptor. In this case, if a dimeric peptide binds 

bivalently, the experimental Rmax should be equal to one half of the calculated Rmax. 
 

The experimental maximal binding capacity (Rmax-exp) was compared to the expected theoretical value 

(Rmax-calc) if one molecule of monovalent, divalent or trivalent peptide binds one receptor molecule. For 

example, if a divalent peptide binds "bivalently", the surface is saturated with half the molecules that if it 

binds "monovalently". Therefore Rmax-exp = 1/2 Rmax-calc. Similarly if trimeric peptides bind trivalently, 

Rmax-exp = 1/3 Rmax-calc. 
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Material and methods 

Peptides and oligourea scaffolds synthesis 

TRAIL-R2 specific peptides 1-, 2-, 3- were synthesized in our laboratories as previously 

described (Pavet et al., 2010). Divalent 1d was prepared by reaction of cyclic peptides (2.2 

equiv) with the bis-succinimidyl carboxymethoxyacetate (1 equiv) in dimethylformamide in the 

presence of a tertiary base. Briefly, the synthesis of all scaffolds required only two succinimidyl 

carbamate-activated building blocks: Boc-AlaU-OSu and Boc-Lys(ClZ)U-OSu and were made in 

three steps All scaffolds were synthesized starting from these building blocks reacting with 

methylamine hydrochloride in the presence of diisopropylamine in acetonitrile to provides a 

simple urea terminus to the scaffold. The scaffold was then built in sequential Boc-deprotection 

and coupling steps building blocks.Multivalent molecules were purified by RP-HPLC and their 

identity was confirmed by 1H NMR conformational analysis: and circular dichroism experiments 

 

Cell viability assay 

The TRAIL-R2 positive Burkitt lymphoma BJAB cell line was kindly provided by Andrew 

Thorburn (Department of Pharmacology, University of Colorado Denver School of Medicine, 

USA). Cells (105 cells/well) were cultured in 100µL of RPMI 1640 culture medium in flat bottom 

96-well plates and treated with the indicated concentrations of the different compounds and 

cultured at 37°C, 5% CO2. After 16 hours of treatment, cell viability measurement was performed 

by the MTS assay according to the manufacturer specification (Promega Corporation, Madison, 

WI). 

 

Surface Plasmon Resonance:  

5#+% -%+*&(%%(6%&' * &! *7+*8 $&+-&(&5#()+* &90::;1&("&0<=>?&9/ &*,--#-.&@,77 *&'(%&45A-

EP buffer [10mM HEPES (pH 7.4) containing 0.15M NaCl, 3.4mM EDTA and 0.005% (v/v) 

Tween P20]. The human TRAIL-R2 (Enzo Life Sciences, Farmingdale, NY) receptors were 

immobilized on a sCM5 sensor chip (GE Healthcare) using the standard amine coupling 

procedure. The receptors were diluted in 10mM acetate buffer (pH 5.0) at a concentration of 

<Bg/mL. The density of receptors immobilized on the sensor chip was 65 fmol/mm² for kinetic 

measure of peptides L1, 1d, H1t, H2t and H3t. The density of receptors immobilized on the 

sensor chip was 11 fmol/mm² for kinetic measure of peptides H1dcis, H1dtrans, H2dcis, 

H2dtrans?&C !"#$ %&' * &#-D )" $&("&(&7E+'&*(" &+7&<BFG8#-&7+*&H0:%&(-$&(EE+' $&"+&$#%%+)#(" &7+*&

an additional of 420s. Channels were then regenerated for 5s with 25mM HCl. All binding curves 

were double-referenced (i-e subtraction of the data of the empty flow cell followed by the 

subtraction of the data from a run buffer injection cycle). The Langmuir model was used to fit the 

post-injection phases of peptides (BIAevaluation version 4.1.1). 
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CHAPITRE 2 

Caractérisation des interactions entre ligands et récepteurs 

et des interactions entre récepteurs/récepteurs au niveau de 

la membrane cellulaire 

 

Le second objectif de mes travaux de thèse consistait à caractériser les interactions 

entre les peptides ciblant TRAIL-R2 et le récepteur !+,*& )+8!* -$* & E2#8!()"& $ %& E#.(-$%&

8,E"#I(E -"%&%,*&E2+E#.+8J*#%("#+-&$ &9KLMF-R2 et la corrélation entre cette oligomérisation et la 

*J!+-% & #-"*() EE,E(#* ?& > %& "*(I(,N& %+-"& $J"(#EEJ%& $(-%& E2article 5 : Characterization of 

interactions between TRAIL-R2 and divalent ligands at the membrane level and 

correlation with pro-apoptotic activity (en préparation).  

F2J",$ &$ %& #-" *()"#+-%&8,E"#I(E -" %& %"& "*O%&)+8!E N &)(*& EE &-J) %%#" &$ %&8 %,* %&%+#"&P&

partir de récepteurs recombinants immobilisés sur des surfaces senseurs soit directement à la 

%,*7() &$ & E(&) EE,E &I#I(-" ?&Q2(#&,"#E#%J& E(& " )/-#R, &$ &ACK&!+,*&)(*()"J*#% *& E %& #-" *()"#+-%&

multivalentes entre le récepteur TRAIL-R2 recombinant et les nombreux ligands dont nous 

disposons au laboratoire. Ce"& +,"#E& 82(& ! *8#%& $2+@" -#*& @ (,)+,!& $2#-7+*8("#+-%& %,*& E %&

)+-%"(-" %&)#-J"#R, %&$2#-" *()"#+-& "&E &)+8!+*" 8 -"&$ %&E#.(-$%?&> ! -$(-"1&-+,%&- &%(I+-%&

!(%& %#& ) %& $+--J %& %+-"& ! *"#- -" %& P& E(& %,*7() & ) EE,E(#* ?& >2 %"& !+,*R,+#& D2(#& ,"#E#%J& ,- &

nouvelle technologie encore très peu connue appelée le Ligand Tracer® (Ridgeview Instruments 

L5S1&R,#&! *8 "&$2(-(E6% *&E %&#-" *()"#+-%&$#* )" 8 -"&P&E(&%,*7() &$ %&) EE,E %& 

Q2(#&,"#E#%J%&)+88 &8+$OE &E %&! !"#$ %&$#I(E -"%&1 et 2 décrits dans (Pavet et al., 2010) et leurs 

I *%#+-%& 7E,+* % -" %?& 5# -& R, & E %& ) EE,E %& 5QL5&  "& 4>9HHT& %+# -"& % -%#@E %& P& E2(!+!"+% &

induite par la molécule TRAIL recombinante (rTRAIL), les peptides divalents induisent 

 77#)() 8 -"& E2(!+!"+% & $ & E68!/+8 %&5& U5QL5S&8(#%& %+-"& #-)(!(@E & $2#-$,#* & E2(!+!"+% & $ &

)(*)#-+8 &)+E+* )"(E&U4>9HHTS?&V-&,"#E#%(-"&E &F91&D2(#&!,&8+-"* *&R, &E %&! !"#$ %&$#I(E -"%&$ &

lient avec une forte affinité aux cellules BJAB et de manière surprenante ces peptides se lient 

avec une faible affinité aux cellules HCT116 ce qui corrèle (I )&E2(@% -) &$2()"#I#"J&@#+E+.#R, &

sur les cellules HCT116.  

> %& $+--J %& %+-"& (-(E6%J %& 8("/J8("#R, 8 -"& (7#-& $2+@" -#*& $ %& )(*" %& ! *8 ""(-"& $e 

I#%,(E#% *& E(& $#%"*#@,"#+-& $ %& #-" *()"#+-%&8,E"#I(E -" %?& W*X) & P& ) %& )(*" %1& D2(#& J.(E 8 -"& !,&

mettre en évidence un comportement de liaison différent des peptides divalents 1 et 2 (qui 

diffèrent seulement par un changement de la position de la lysine dans leur séquence) à la 

%,*7() & $ %& ) EE,E %& 5QL5?& Y & !E,%1& ) & !*+7#E& $2#-" *()"#+-& des peptides aux cellules BJAB 

exprimant le récepteur TRAIL-K0&!+,**(#"&Z"* &)(*()"J*#%"#R, &$ &E2()"#I#"J&!*+-apoptotique. 
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3+,%& %!J*+-%&P&E2(#$ &$ &) %&"*(I(,N&!+,I+#*&[ prédire » la structure des molécules les plus 

 77#)() %&!+,*&#-$,#* &E2(!+!"+% &I#(&9KLMF-R des cellules tumorales. 

Au cours de mes travaux de thèse nous nous sommes également intéressés au 

récepteur CD40 qui apparait comme une cible attractive pour la thérapie de cancers. 

Sachant que le degré d'oligomérisation de CD40 était crucial dans la signalisation induite 

!(*&%+-&!+-"(. 1&-+,%&-+,%&-+,%&%+88 %&"+,"&$\(@+*$&#-" **+.J%&%,*&E2J"("&$2+E#.+8J*#%("#+-&$,&

*J) !" ,*&>Y]:&P& E(&%,*7() &) EE,E(#* &P& E2J"("&!/6siologique. Nous souhaitions savoir si CD40 

est déjà oligomérisé à la membrane, en absence de son ligand, et si cela peut avoir un effet sur 

E(&%#.-(E#%("#+-&#-"*(&) EE,E(#* ?&> %&"*(I(,N&%+-"&$J"(#EEJ%&$(-%&E2article 6 : Cysteine-rich domain 

one of CD40 mediates receptor self-assembly (publié dans The Journal of Biological 

>/ 8#%"*6&  -& 0:H^S?& F %& *J%,E"("%& #-$#R, -"& R, & >Y]:1&  -& E2(@% -) & $ & %+-& E#.(-$1&  %"&

majoritairement présent sous forme dimérique à la surface de cellules exprimant soit 

naturellement l & *J) !" ,*& %+#"& "*(-%7 )"J& (I )& E & *J) !" ,*?& Y & !E,%1& E2/+8+-dimérisation de 

CD40 se fait au niveau du domaine riche en Cystéine (CRD) 1 et que la lysine 29 est 

indispensable. 

L,&)+,*%&$ &) %&* )/ *)/ %1&-+,%&(I+-%&J.(E 8 -"&8+-"*J&R,2#E& N#%"(#"&$ %&#-"eractions entre 

les récepteurs de la famille du TNF-R et sont exposées dans E2(*"#)E & _ : Hetero-

oligomerization between the TNF receptor superfamily members CD40, FAS and TRAILR2 

modulate CD40 signalling (en révision dans Cell death differenciation, resoumis en Septembre 

0:H]S?& 3+,%& (I+-%&8+-"*J& R, & E & *J) !" ,*& >Y]:1&  -& E2(@% -) & $ &>Y]:F& ! ,"& 7+*8 *& $ %&

hétéro-oligomères à la surface de la cellule avec les récepteurs de mort TRAIL-R ou Fas. De 

plus, nos résultats indiquent que ces hétéro-oligomères modulent la signalisation intra cellulaire 

induite par CD40L.  

 

> %&"*(I(,N&-+,%&+-"&8+-"*J&E2#-"J*Z"&$2(-(E6% *& E %& #-" *()"#+-%& -"* & E %& E#.(-$%& "& E %&

récepteurs directement à la surface cellulaire. 
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Article 5 : Characterization of interactions 

between TRAIL-R2 and divalent ligands at the 

membrane level and correlation with pro-

apoptotic activity 

(en préparation) 
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Abstract  

Tumor Necrosis Factor Receptor Apoptosis Inducing Ligand (TRAIL) appears as an 

interesting candidate for cancer therapy as it induces apoptosis in cancer cells without toxicity to 

normal cells. TRAIL induces apoptosis through agonist death receptor TRAIL-R1 and TRAIL-R2 

engagement. Recombinant soluble TRAIL and monoclonal antibody against its agonist receptors 

are developed and evaluated in clinical trials with some success. Nevertheless, the degree of 

TRAIL-R2 or TRAIL-R1 oligomerization required for apoptosis induction is different and could 

vary according to cell type. Recently, we have reported on the therapeutic potential of synthetic 

multivalent ligands of the TRAIL-R2 receptor (TRAILmim/DR5). These entirely synthetic ligands 

have a controlled level of valency and therefore appear as useful tools to analyze the 

contribution of TRAIL-R2 oligomerization in apoptosis induction and therapeutic efficacy. In this 

study, we characterized the binding between the divalent TRAILmim/DR5 peptides and TRAIL-R2 

expressed on the membrane of living cells. Our results showed that divalent peptides bound with 

high affinity to TRAIL-R2 expressed on the B lymphoma BJAB. This binding is correlated with 

high apoptosis induction in vitro. By contrast, the same peptides bound with low affinity to 

TRAIL-R2 expressed at cell surface of the human colon cancer cell line HCT116 and did not 

induce its apoptosis. Beside the precise characterization of synthetic ligand binding at 

membrane surface of living cells, these finding might also help us to predict therapeutic potential 

of synthetic ligand for clinical trials. 
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Introduction 

Tumor Necrosis Factor Receptor Apoptosis Inducing Ligand (TRAIL) is a type 2 

transmembrane protein that binds to two agonist receptors TRAIL-R1 (DR4, TNFR-SF10A) (Pan 

et al., 1997) and TRAIL-R2 (DR5, TNFR-SF10B) (Chaudhary et al., 1997) and to TRAIL-R3 

(DcR1, TNFR-SF10C) (Walczak et al., 1997), and TRAIL-R4 (DcR2, TNFR-SF10D) (Marsters et 

al., 1997) that act as decoy receptors. TRAIL-R1/TRAIL-R2 receptors are type I transmembrane 

proteins that belong to the family of death receptors and trigger apoptosis via their death domain 

in the intracellular region. TRAIL forms a homotrimer that, when it binds to TRAIL-R1 or TRAIL-

R2 at the cell surface, allows the recruitment of the cytosolic protein FADD which, in turn, 

recruits pro-caspase 8 (Bodmer et al., 2000). The formed complex is called the Death Inducing 

Signaling Complex (DISC). After its activation in the DISC, caspase 8 cleaves and activates the 

executioner caspases leading to apoptosis through the extrinsic pathway. According to the cell 

type, caspase 8 can also cleave the pro-apoptotic protein Bid to induce the intrinsic pathway of 

apoptosis (Yang et al., 2010).  

TRAIL appears as a promising target for cancer therapy as it induces apoptosis in cancer 

cells while sparing the normal ones (Nesterov et al., 2004). Thus recombinant human TRAIL 

(rhTRAIL) and monoclonal antibody (mAb) directed against TRAIL-R2 or TRAIL-R1 have been 

developed and are evaluated in clinical trials (Micheau et al., 2013; Wajant et al., 2013). 

Despites its promising potential, first results from clinical trials are quite disappointing (Stuckey 

and Shah, 2013). Indeed TRAIL monotherapy did not always induce cancer elimination. The 

assumption most often suggested is the acquired resistance to TRAIL-induced apoptosis of 

tumor cells (Dimberg et al., 2013). However, an additional explanation could be the poor 

efficiency of some mAbs in triggering apoptosis. Indeed, it was shown that anti-TRAIL-R2 

antibodies did not induce a sufficient degree of TRAIL-R2 oligomerization to induce apoptosis 

and that a cross-linking of these antibodies was required to induce optimal apoptosis in vitro 

(Wajant et al., 2001).  

In the present study, we used synthetic multivalent agonist peptides of TRAIL-R2 receptor 

(named as TRAILmim/DR5) with controlled valency to analyze the contribution of TRAIL-R2 

oligomerization in induction of apoptosis in two cancer cell lines, the B lymphoma BJAB and the 

human colon cancer HCT116. We previously showed that TRAILmim/DR5 induced TRAIL-R2-

dependent apoptosis of BJAB cell line in divalent and trivalent forms (Pavet et al., 2010). Here, 

we showed that while BJAB and HCT116 cells expressing TRAIL-R2 were both sensitive to 

rhTRAIL, only BJAB underwent apoptosis after divalent TRAILmim/DR5 peptide treatment. To 

understand this discrepancy, we used an innovative technology called the Ligand Tracer® 

(Ridgeview Instruments, Uppsala, Sweden) (Bjorke and Andersson, 2006) to measure kinetic 

parameters between divalent peptides and TRAIL-R2 directly at the surface of living cells. We 

demonstrated that divalent peptides bound to TRAIL-R2 with high affinity in BJAB cells that was 
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correlated with high apoptosis efficiency in vitro. By contrast, the same peptides bound with low 

affinity to TRAIL-R2 expressed on HCT116 cells and did not induce apoptosis. Moreover, the 

`#- "#)&$("(&* )+*$ $&'#"/&F#.(-$&"*() *&' * & I(E,(" $&'#"/&"/ &8("/ 8("#)(E& "++E&aM-" *()"#+-&

b(!c& UK#$. I# '& Y#(.-+%"#)%1& d!!%(E(1& A' $ -S?& 9/ & #-" *()"#+-%& 8(!%& )(E),E(" $& 7+*& "/ &

binding of different synthetic TRAILmim/DR5 (Pavet et al., 2010) with TRAIL-R2 expressed on living 

cells were compared. Beside the precise characterization of synthetic ligand binding at 

membrane surface of living cells, these finding might also help us to predict therapeutic potential 

of synthetic ligand for clinical trials. 

 

Results 

Divalent TRAILmim/DR5 induce apoptosis in BJAB-TRAIL-R2 cells but not in HCT166-TRAIL-

R2 cells 

We previously described two cyclic peptides, named 1m and 2m, that only differed by the 

position of a lysine in their sequence (Figure supp1), which bound to TRAIL-R2 and induced 

apoptosis of various cell lines in divalent forms, known as 1d and 2d. (Pavet et al., 2010). In the 

present study, we compared the pro apoptotic activity of 1d and 2d on the human Burkitt 

lymphoma BJAB and the human colon carcinoma HCT116 cell lines that both express a similar 

amount of TRAIL-R2 as shown in flow cytometry using an anti-TRAIL-R2 antibody (Figure 

supp2). While BJAB-TRAIL-R2 cells underwent apoptosis when treated with 1d and 2d, 

HCT116 expressing TRAIL-R2 did not (Figure 1 A and B). For note, 2d seemed more efficient 

than 1d in inducing BJAB-TRAIL-R2 cell death as shown by IC50 of 0.03µM for 2d and 9µM for 

1d. Interestingly, the two cell lines were sensitive to the hexameric form of rhTRAIL (SPK) 

(Figure 1C and D) but with a slightly higher pro-apoptotic activity on BJAB-TRAIL-R2.  

 

Divalent TRAILmim/DR5 peptides 1d and 2d bound with high affinity to TRAIL-R2 on BJAB 

cells and with low affinity to TRAIL-R2 on HCT116 cells 

To go further inside the understanding of the discrepancy between the sensitivity to 1d 

and 2d peptide-induced apoptosis, we monitored in real time the binding on TRAIL-R2 

expressed by living BJAB or HCT116 cells of fluorescent (ATO 488) 1d (f1d) and 2d (f2d) 

peptides using the Ligand Tracer® (LT) technology (see peptides structure in Figure supp3). As 

shown in sup Figure 2 (A and B), the binding parameters measured by SPR on immobilized 

recombinant TRAIL-R2, as well as the pro-apoptotic activity of the peptides were unaffected by 

the presence of the fluorochrome.  

We showed in flow cytometry that f1d and f2d bound on BJAB-TRAIL-R2 and HCT116-TRAIL-

R2 cells but not on BJAB or HCT116 cells deficient for TRAIL-R2 (Figure 2C). BJAB and 

HCT116 cells expressing or not TRAIL-R2 were then cultured in the LT apparatus in presence of 

increasing doses (10, 30 and 90 nM) of each fluorescent peptide, added successively 
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approximately every two hours. Illustrative kinetics curves corresponding to the binding of the 

fluorescent peptides at the cell surface are shown in Figure 3. Figure 3A clearly shows that the 

two fluorescent peptides bound strongly to BJAB cells when they expressed TRAIL-R2 (blue 

curves) but only slightly when there were deficient for TRAIL-R2 (red curves). After peptide 

removal, the complexes between peptides and TRAIL-R2 did not completely dissociate. As for 

BJAB cells, fluorescent peptides bound to HCT116 expressing TRAIL-R2 but not on HCT116 

cells deficient for TRAIL-R2 (Figure 3B). However, in contrast to BJAB, the complexes between 

TRAIL-R2 and the peptide dissociated immediately after peptide removal. Interestingly, similar 

binding curves were observed when the fluorescent monovalent 1m peptide was incubated with 

BJAB-TRAIL-R2 cells (Figure supp4A). As the 1m peptide did not induce apoptosis of BJAB-

TRAIL-R2 cells (Figure 1 A and B). These results showed a correlation between stable 

complexes with TRAIL-R2 of 1d and 2d at cell surface and pro-apoptotic activity. 

 

Divalent TRAILmim/DR5 1d and 2d present differences in their binding modes on immobilized 

TRAIL-R2 and on TRAIL-R2 at cell surface 

Experiments in Figure 1 suggested that 2d was more efficient than 1d to induce BJAB-

TRAIL-R2 apoptosis. To examine if this difference in efficiency might result from a difference in 

recognition, we analyzed the binding of 1d and 2d with sensor-immobilized recombinant TRAIL-

R2 using SPR and with TRAIL-R2 expressed at BJAB surface using LT. 

We first compared the SPR binding profiles of the divalent (1d and 2d) and monovalent (1m and 

2m) peptides, injected on recombinant immobilized TRAIL-R2. Kinetic parameters were 

calculated by global fitting of the kinetic curves using a Langmuir binding model. As shown in 

Figure 4, the equilibrium constants (KD) calculated with the divalent peptides were always 

smaller than those of the monovalent peptides. More interestingly, the KD obtained with peptide 

2d was approximately 250 fold smaller than the KD obtained with peptide 1d. This gain in affinity 

is due to a faster association (2d kon=8 x10+05 M-1 s-1, 1d kon= 3 x 10+04 M-1 s-1) and a slower 

dissociation (2d koff=2 x 10-04 s-1, 1d koff= 2 x 10-03 s-1). Moreover we compared Rmax values of the 

monovalent and the divalent peptides to evaluate the stoichiometry of the interactions between 

the divalent peptides and TRAIL-R2 (Figure supp5). Indeed Rmax represents the amount of 

peptide bound at surface saturation. If one divalent peptide molecule binds to two TRAIL-R2 

molecules ("bivalent binding"), Rmax would be the same for the monovalent and the divalent 

peptides. By contrast, if one divalent peptide molecule binds to one TRAIL-R2 molecule 

("monovalent binding"), Rmax of the divalent peptides, would be twice that of the monovalent 

peptides. As shown in Figure 4D, Rmax for 1m and 1d were similar suggesting that peptide 1d 

prevalently bound in a "bivalent" way. In contrast, Rmax of divalent 2d was higher than that of 2m 

but similar to that of 1m and 1d, also suggesting bivalent binding (1d and 2d have the same 

molecular mass). The lower Rmax of 2m most likely results from a poor accuracy of the fit 

because the sample concentrations were too low to approach surface saturation. To further 
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investigate the binding modes, we applied several mathematical models of interaction to fit the 

kinetic curves of 1d and 2d. Results shown in supplementary Table 1 indicate that the "bivalent" 

+*& a/ " *+. - +,%& E#.(-$c& 8+$ E%& (* & 8+* & (!!*+!*#(" & "+& 7#"& 2d data (10-fold smaller Chi2 

compared to that obtained with the 1:1 model) but not 1d data (similar Chi2 whatever the model). 

These results suggest a homogeneous bivalent binding mode of 1d and a more heterogeneous 

mode for 2d. 

Finally, we used LT technology to compare the binding of 1d and 2d at BJAB-TRAIL-R2 

cell surface. As already shown in Figure 2C, f1d and f2d bound to TRAIL-R2 expressed at 

BJAB-TRAIL-R2 surface. A 90 nM concentration of 1d was required to reach a significant 

fluorescence signal while a 30 nM concentration of 2d was sufficient. 

The data obtained in LT were then evaluated by kinetic distribution analysis (tool Interaction 

Map), an approach that is appropriate to describe complex binding kinetics that results from 

parallel interactions. The analysis yields two-dimensional maps (association versus dissociation 

rate constant) where each peak represents the affinity of one of the complexes formed at cell 

surface. The maps shown in Figure 6, suggest subtle differences in the binding modes of 

peptides 1d and 2d. Indeed, maps obtained with 2d showed two peaks that differed 

predominantly by their dissociation rate (x-axis: stability). The high affinity interaction (left peak) 

was dominant in all cases. The maps calculated for peptide 1d also showed a dominant high-

affinity interaction but with an association rate constant slightly smaller than that of the high-

affinity peak in 2d maps (peak position slightly lower on the y-axis: recognition). Furthermore, 

the residual binding signal was not identified as a single low-affinity peak as for 2d, but as 

several ill-defined peaks. Interaction Maps obtained with 1d and 2d peptides on BJAB deficient 

for the expression of TRAIL-R2 (BJAB-TRAIL-R2-DEF) showed a dominant peak (left peak) 

corresponding to a weak affinity interaction (Figure supp6).  

In conclusion, LT experiments and interaction maps highlighted subtle differences between 

the binding of 1d and 2d to TRAIL-R2 expressed on BJAB living cells that were correlated with 

differences in apoptosis sensitivity. 

 

Discussion 

Despite the perfect knowledge of signaling events downstream TRAIL-Rs activation, the 

initiating events in TRAIL induced apoptosis, especially at the membrane level, are not clearly 

investigated (Shirley et al., 2011). So far, we knew that, TRAIL-R2 receptor is pre-oligomerized 

via its PLAD domain (Pre-Oligomerized Associated Domain) at the membrane surface in 

absence of TRAIL (Chan, 2007b). TRAIL binding on TRAIL-R2 pre-oligomerized leads to 

receptors clustering in a network highly organized, required to induce efficient apoptosis (Valley 

et al., 2012). 
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At least five mAb targeting TRAIL-R2 were developed and evaluated in clinical trials (Lemke et 

al., 2014). Unfortunately, most of them are weak agonists certainly because they are not able to 

form a powerful receptors network. Characterization of the binding of ligands targeting TRAIL-Rs 

is crucial to understand how it initiates apoptosis signaling and optimize TRAIL receptors 

targeted strategies.  

We previously described synthetic peptide (1 and 2) targeting TRAIL-R2 receptor and that 

induce TRAIL-R2-dependant apoptosis of BJAB cell line in divalent and trivalent forms (Pavet et 

al., 2010). Moreover as showed in the results, while HCT116 were sensitive to hexameric 

rTRAIL (SPK) induce apoptosis, these peptides failed to kill them. Using SPR experiments we 

saw that both divalent 1d and 2d peptides form stable complexes with covalently immobilized 

TRAIL-R2 due to a fast association and slow dissociation. We therefore asked why these high 

bound affinity peptides were not able to induce apoptosis in HCT116 cells. However, 

investigation of how ligand interacts with receptor at the cellular level is quite difficult because 

the lack of tools that enable the monitoring of cellular uptake and retention in vitro (Nordberg et 

al., 2005; Wei et al., 2003). 

Herein, we proposed to monitor in real time the binding between divalent peptides and 

TRAIL-R2 receptors expressed on BJAB and HCT116 living cells, using an innovative 

technology called Ligand Tracer® (Bjorke and Andersson, 2006). This recent tool enable in real 

time and with high resolution the automated monitoring of kinetics parameters allowing us to 

obtain precise and detailed analyses on living cells. 

As expected by the peptide binding observed in flow cytometry experiments, LT results showed 

that the divalent peptides bound to BJAB and HCT116 cells that expressed TRAIL-R2 receptors. 

Although the peptides bound rapidly to HCT116 and BJAB expressing TRAIL-R2, after peptide 

removal, the complexes between TRAIL-R2 and the peptides dissociated immediately in 

HCT116 cells but remained stable in BJAB. Interestingly, the binding curves observed with the 

fluorescent monovalent 1m peptide at BJAB-TRAIL-R2 cell surface were similar to the binding 

curves observed with divalent peptides at HCT116-TRAIL-R2 cell surface. As the monovalent 

peptides do not induce apoptosis, these results allow correlating the binding mode of the 

peptides with their efficiently in inducing apoptosis. 

One hypothesis to explain the difference of peptide sensitivity in inducing apoptosis might 

be due to differences in TRAIL-R2 receptors expressed on HCT116 and BJAB cells. It has been 

described that TRAIL-R2 as well as TRAIL-R1 receptors presented high extracellular conserved 

sites of O-glycosylation. Recent studies highlight the importance of O-glycosylation that 

promoted ligand-stimulated clustering of TRAIL-R1 and TRAIL-R2, which mediated recruitment 

and activation of the apoptosis-initiating protease caspase-8 and could also be used as 

predictive biomarkers for TRAIL-based cancer therapy (Wagner et al., 2007). In the case of 
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HCT116 cells, TRAIL-R2 might present less O-glycosylation sites than TRAIL-R2 in BJAB thus 

limiting the recruitment of receptors to induce apoptosis (Patsos et al., 2009).  

Besides differences in binding profiles of divalent peptides between cell lines, we also observed 

that various peptides can bind differently on the same cell line.  

Indeed, 1d and 2d peptides are not equivalent ligand to induce apoptosis in BJAB and HCT116 

cells. Using SPR and LT® technologies, we highlight that divalent peptide bound to cells 

expressing TRAIL i) with different affinities and ii) in different modes (homogeneous and 

heterogeneous). 

When comparing Interaction Map® of both divalent peptides interaction on TRAIL-R2 

expressed on BJAB cells, we highlight that 2d presented two peaks of interaction that 

contributed to in interaction with TRAIL-R2 in equally proportion that might correspond to a 

bivalent binding (left hand peak) and either monovalent or a weaker bivalent binding mode (right 

hand peak). By contrast, 1d was characterized by one dominant stable interaction that might 

correspond to a bivalent binding. This hypothesis is consistent with the conclusion from SPR 

experiments that 1d binds mainly in a homogeneous bivalent way while 2d bind more 

heterogeneously. The same kinds of differences might explain why some mAb evaluated in 

clinical trials have only a weak agonist activity.  

Monitoring kinetic parameters on living cells is difficult certainly because i) ' &)(-2"&)+-"*+E&

the exact numbers of cells during the long term experiment ii) because nonspecific binding due 

to the fluorescent dye can occurred and can interfered with ligand binding. However, in our 

study, for the first time, the binding kinetics were recorded between small peptides and receptors 

expressed on living cells. We repeated at least 3 times each experiment. The resulting binding 

curves show some variability in shape, both within and in between experiments, particularly 

during the washing phase. However, we managed to measured kinetic parameters that always 

were in the same ranges. Kinetic parameters were measured in the same experiment on both 

cells expressing TRAIL-R2 and cells deficient for the expression of the receptor. Although a 

weak binding was observed in cells deficient for TRAIL-R2 receptor that might be due to the 

fluorescent dye, in all experiment the response observed in cells expressing TRAIL-R2 was 

higher than the one observed in the cells deficient for TRAIL-R2.  

In conclusion, we demonstrated for the first time that even if divalent peptide had a high 

affinity for TRAIL-R2, the binding mode can differ from one cells to another and thus limiting the 

efficiency of cells apoptosis induction. These observations might explain in part how some mAb 

evaluated in clinical trials were weak agonists. Therefore, these results could be useful to predict 

the efficiency a new therapeutic and synthetic ligand developed. Indeed if measurement of 

cellular binding was associated with biological response in vitro, development of inefficient ligand 

might be avoided. 
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Figure 1: Divalent TRAILmim/DR5 induce BJAB-TRAIL-R2 cells apoptosis but not in HCT166-

TRAIL-R2 cells. BJAB-TRAIL-R2 (A and C) and HCT116-TRAIL-R2 (B and D) cells were treated with 

different concentrations of divalent peptides or with SPK and viability inhibition was measured by MTS 

assay. The results are expressed as % of cell viability inhibition according to the following formula: viable 

cell % = (OD (treatment) /OD(100% viability) * 100) were cells incubated with medium alone were was 

considered as 100% of viability. Results were expressed as the mean of 3 experiments ± SEM. Results 

with a p-value less than 0.05 were considered significant. 
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Figure 2: Labeled peptides bind on BJAB and HCT116 expressing TRAIL-R2 and present 

the same binding properties and biological activity as unlabeled 1m, 1d and 2d peptides. 

BJAB and HCT166 cells expressing or not TRAIL-R2 were stained with labelled peptides and expressing 

of TRAIL-R2 was monitored in cytometry experiments. Binding properties of unlabeled and labeled 

peptides were monitored by SPR experiments. The mean association (kon) constants, dissociation 

constants (koff) and affinities (KD) (B) from 2 independent experiments are compared. Their capacity to 

induce BJAB and HCT116 cells to induce apoptosis was monitored by MTS experiments (C). Results of 

MTS are expressed as % of cell viability inhibition according to the following formula: viable cell % = (OD 

(treatment) /OD(100% viability) * 100) were OD of non-treated cells was considered as 100% of viability. 

Results with a p-value less than 0.05 were considered significant (n=3). 
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Figure 3: Divalent peptides 1d and 2d form stable complexes with TRAIL-R2 expressed on 

BJAB cells whereas the same peptides bound weakly to HCT116-TRAIL-R2 cells. Binding 

curves represent the interaction between divalent peptides 1d (A,C) and 2d (C,D) with (A,B) BJAB-TRAIL-

R2 (red curves) and BJAB-TRAIL-R2-DEF (blue curves) cells or with (C,D) HCT116-TRAIL-R2 (red 

curves) and HCT116-TRAIL-R2-DEF (blue curves). The black arrows correspond to the addition of 10, 30 

then 90 nM of peptides. The green arrows indicate the removal of peptides. For each peptide kinetic 

curves from two independent experiences are represented. 
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Peptides kon (M
-1.s -1) koff (s

-1) KD (M) Chi² Rmax (RU) 

1m 5.103±1.3 2.10-3±5 5.10 -7±3 0.05 9.5 

2m 3.103±2.7 1.10-2±1 3.10-6±1 0.03 5 

1d 2.104 ± 2.8 6.10-3±3.4 1.10-10 ± 1.5 0.252 12.9 

2d 8.105 ±2.1 2.10-4 ±3.3 2.10-11 ± 2.3 0.0261 11.9 

 

Figure 4 : Divalent TRAILmim/DR5 peptides 1d and 2d bound with higher affinity than 

monovalent peptides 1m and 2m to sensor-immobilized TRAIL-R2. Kinetic SPR curves of 

monovalent 1m (A) and 2m (B) and divalent 1d (C) and 2d (D) peptides binding to immobilized human 

TRAIL-R2. All compounds were tested at concentrations 5000, 2500, 1250, 625 and 312 nM. The SPR 

response is expressed in RU. The fitted curves using a Langmuir 1:1 model are in blue. Kinetic 

parameters for peptides reported in the table (E) represent the mean of two experiments. 
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Figure 5: 1d might prevalently bind in a bivalent way. The fitted Rmax (RU) for 1m, 2m, 1d and 

2d, are compared. The values correspond to the mean of 2 experiments performed on a same surface. 
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Figure 6: Divalent TRAILmim/DR5 1d and 2d presented differences in BJAB-TRAIL-R2  

binding modes. Interaction Maps were calculated from real time LT binding curves of the interaction 

between divalent peptides f1d or f2d on BJAB expressing TRAIL-R2. Two independent experiments were 

performed for each peptide. The black arrows correspond to the addition of 10, 30 and 90 nM of peptides 

1d (upper-right panel) and 10nM and 30 nM for 2d (lower right panel) to the cells. The green arrows 

indicate the removal of peptides.The contribution (%) of each interaction to the binding signal is indicated 

in white on the maps. 
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Supplements  

 

 

 

 

 

 

Figure 1: The amino acids sequence of monovalent 1m and 2m peptides  

 

 

 

 

 

 

 

 

 

 

 

 

Figure 2: BJAB and HCT116 cells express TRAIL-R2 receptor. BJAB-TRAIL-R2 (A) and 

HCT116-TRAIL-R2 (B) cells (10
6
cells/well) were stained with monoclonal anti-TRAIL-R2/PE antibody 

(dark) or a control isotype (gray) couple to allophycocyanin (APC) and expression of TRAIL-R2 was 

analyzed by flow cytometry.  
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Figure 3: The labeled peptides 

 

 

 

 

 

 

 

 

 

 

 

Figure 4: Monovalent f1m peptide binds TRAIL-R2 weakly and induces no BJAB 

apoptosis. The Interaction Map (left) was calculated from real time LT binding curve of the interaction 

between monovalent peptide f1m and BJAB expressing TRAIL-R2 (right). The contribution (%) of each 

interaction to the binding signal is indicated in white on the map. The experimental curve is in black and 

the fitted curve in blue (right). The black arrow corresponds to the addition of 10 then 30 nM of peptides 

every 2 hours. The green arrow indicates the removal of the peptide. 

 

  

f1m f2d f1d 

BJAB-TRAIL-R2 f1m 

 R
e
c
o

g
n

it
io

n
 (

L
o

g
 k

o
ff
) 

 Stability (Log koff) 

80% 

3% 



 156 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 5: The Rmax &'()*+',+-,.-/'012+13+04*+-,0*2'/0-1,+501-/4-16*027!5. The fitted Rmax values 

are related to the amount of peptides bound at surface saturation. The Rmax should be the same for the 

monomer (A) and the dimer (B) if the latter binds bivalently. The Rmax of the dimer should be twice that of 

the monomer if the dimer binds monovalently (C). 

 

  

Ratio (Chi² Langmuir/ 

Chi² Bivalent Analyte) 

Ratio (Chi² Langmuir/ Chi² 

Heterogenous Ligand 

Ratio (Chi² Langmuir/ Chi² 

Two states reactions) 

1m 1.05 2.40 1.36 

1d 1.67 1.74 1.65 

2m 1.85 1.96 1.93 

2d 10.21 12.16 2.47 

 

Table 1: The bivalent or heterogeneous ligand models are more appropriate to fit 2d data 

than the monovalent or two-state models. The numbers reported in the Table correspond to the 

ratio of the Chi² (statistical parameter indicating the goodness of the fit) obtained with the Langmuir model 

(Figure 2D) to the Chi² obtained with the complex interaction models. A large ratio indicates a better fit of 

the complex model compared to the one:one model.  
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Figure 6: LT binding measurements of the interaction between 1d or 2d on BJAB-TRAIL-

R2-DEF. Interaction Maps (A and C) were calculated from real time LT binding measurements (B and D) 

of the interaction between divalent peptides f1d (A and B) and f2d (C and D) and BJAB deficient for the 

expression of TRAIL-R2. The contribution of each interaction to the signal (%) is indicated in white in the 

maps. The experimental curves are in black and the fitted curves in blue (right hand panels). The black 

arrows correspond to the addition of 10 then 30 nM of peptides 1d (upper-right panel) and 10nM for 2d 

(lower right panel) to the cells. The green arrows indicate the removal of peptides.  
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Material and methods 

 

Cell lines : The human Burkitt lymphoma BJAB cells TRAIL-R2deficient for TRAIL-R2 (BJAB-

TRAIL-R2 -DEF) as well as BJAB-TRAIL-R2 cells in which the expression of TRAIL-R2 was 

recovered by stable expression of TRAIL-R2 (BJAB-TRAIL-R2TRAIL-R2were kindly provided by 

Andrew Thorburn (Department of Pharmacology, University of Colorado Denver School of 

Medicine, USA). HCT116 human colon cancer cell lines (HCT116-TRAIL-R2 and HCT116-

TRAIL-R2-DEF) that differ in the presence or absence of TRAIL-R2 expression at cell 

membrane were kindly provided by Olivier Micheau (Inserm UMR866, University of Bourgogne, 

France). Both cells were cultured in RPMI 1640 supplemented with 10% FBS (Fetal Bovine 

Serum) 100U/ml penicillin, 0,1mg/ml streptomycin. Puromycin antibiotic (0.5µg/mL) was added 

to the BJAB-TRAIL-R2 medium to ensure the maintaining of TRAIL-R2 expression. Cells were 

maintained at 37°C with 5% CO2. 

 

Peptide synthesis: TRAILmin/DR5 peptides 1m, 2m, 1d and 2d were synthesized in our laboratory 

according our previous report (Pavet et al., 2010). For synthesis of fluorescent version of the 

peptides, 1m-Alexa 488 conjugate (f1m), 1d-ATTO 488 conjugate (f1d) and 2d-ATTO 488 

conjugate (f2d) were dissolved in DMF and added to solid ATTO-488-OSu or  Alexa488-NHS. 

DIEA was added to the reaction to reach pH =8- 9, and the reaction was stirred at room 

temperature, monitoring with HPLC and maintaining the pH basic. The reaction was quenched 

with addition of H2O and the crude was purified with semi-preparative HPLC (20-50 % 

acetonitrile 0.1 % TFA, 30 min), and the desired product was obtained as solid after 

lyophilisation. 

1m, 2m, 1d and 2d peptides were solubilized in H2O and prepared in a stock solution at 5mM. 

Fluorescent conjugate peptides were solubilized in DMSO in a stock solution at 100µM. 

 

Cell viability assay: BJAB and HCT116 cells (105 cells/well) were cultured in 100µL of culture 

medium in 96-flat bottom well plates. The next day, cells were treated with the indicated 

concentrations of the different divalent DR5 peptides. After 16 hours of treatment cell viability 

measurement was performed by the MTS assay according to the manufacturer specification 

(Promega Corporation, Madison, WI). 

 

Staining for flow cytometry analysis: 106 cells were washed in PBS containing 2% FCS and 

then incubated at 4°C for 30 min with an antibody anti-TRAIL-R2 (clone BK9 Diaclone, 

Besançon, France) according to concentration recommended by the manufacturer or with 

fluorescent peptides at the concentration of 1µM. After two washes in PBS-2% FBS, TRAIL-R2 
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expression was monitored by flow cytometry (Guava  (%6>6" ;1&b *)`&b#E#!+* 1& Y(*8%"($"1&

Germany) and data were analyzed with InCyte Software (Merck Milipore) 

 

Surface Plasmon Resonance: 5#+% -%+*& (%%(6%& ' * & ! *7+*8 $& +-& (& 5#()+* & 90::;1& ("&

25°C. The running buffer was HBS-EP buffer [10mM HEPES (pH 7.4) containing 0.15M NaCl, 

3.4mM EDTA and 0.005% (v/v) Tween P20]. The human TRAIL-R2 and RANK (Enzo Life 

Sciences, Farmingdale, NY) receptors were immobilized on a sCM5 sensor chip (GE 

Healthcare) using the standard amine coupling procedure. The receptors were diluted in 10mM 

() "(" &@,77 *& U!4&<?:S&("&(&)+-) -"*("#+-&+7&<B.G8F?&9/ &* ) !"+*& #88+@#E#e("#+-& E I E&+-& "/ &

% -%+*&)/#!&'(%&]^:&Kd?&C !"#$ %&' * &#-D )" $&("&(&7E+'&*(" &+7&<BFG8#-&7+*&H0:%&(-$&(EE+' $&

to dissociate for an additional of 420s. Channels were then regenerated for 5s with 25mM HCl. 

All binding curves were double-referenced (i-e subtraction of the data of the empty flow cell 

followed by the subtraction of the data from a run buffer injection cycle). The Langmuir model 

was used to fit kinetic curves (TraceDrawer 1.2, Ridgeview Instrument AB, Uppsala, Sweden). 

 

Real time kinetic measurement assay on living cells: HCT116-TRAIL-R2-DEF and HCT116-

TRAIL-R2 cells were directly plated on a glass slide (Ø20mm) (106cells/well). BJAB-TRAIL-R2 

and BJAB-TRAIL-R2-DEF were plated on glass slides pretreated with poly-L-lysine (0.1% v/v) 

(Sigma Aldrich, Saint Louis, MO, USA). After 24 hours, the slides were fixed in a Petri dish. 

Measurements of binding kinetics of TRAIL-R2peptides on cells expressing or not TRAIL-R2 was 

performed using the Green Ligand Tracer (LT) instrument (Ridgeview Instruments). Cells were 

incubated in culture medium during 30 min to provide a clear base line. Then increasing 

concentrations of labeled peptides were added (10nM, 30nM and 90nM approximately every 2 

hours). After 6h of association measurement, cells were washed with fresh medium and the 

dissociation rate was followed overnight. Fluorescent measurement were conducted at room 

temperature (approximately 20°C). 

 

Evaluation of SPR and LT kinetic sets: SPR data sets were analyzed by nonlinear regression 

using BIAevaluation 4.1.1 software (GE Life Sciences,). LT data were evaluated by Interaction 

Map® analysis (Ridgeview Diagnostics AB),. 9/ &8("/ 8("#)(E&"++E&aM-" *()"#+-&b(!c& N!* %ses 

the measured binding of a homogeneous ligand to a heterogeneous group of targets as a sum of 

interactions, each having a unique combination of the association rate constant kon and a 

dissociated rate constant koff. 

 

Statistical analysis: Results from cell viability experiments were expressed as the mean ± 

SEM. The statistical significance was evaluated by a non-parametric ANOVA 2 way test plus a 

Bonferonni correction. Results with a p-value less than 0.05 were considered significant.  
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Background: The activation of CD40 is essential for the development of humoral and cellular immune responses.
Results: CD40 dimerizes through the extracellular region via the CRD1, and recombinant CRD1 potentiates CD40L activity.
Conclusion: CD40-CRD1 participates to dimerization and is required for efficient receptor expression.
Significance: CD40 self-assembly modulates signaling, possibly by maintaining the receptor in a quiescent state.

The activation of CD40 on B cells, macrophages, and den-

dritic cells by its ligand CD154 (CD40L) is essential for the

development of humoral and cellular immune responses.

CD40L and other TNF superfamily ligands are noncovalent

homotrimers, but the form under which CD40 exists in the

absence of ligand remains to be elucidated. Here, we show that

both cell surface-expressed and soluble CD40 self-assemble,

most probably asnoncovalent dimers.The cysteine-richdomain

1 (CRD1) of CD40 participated to dimerization and was also

required for efficient receptor expression. Modelization of a

CD40 dimer allowed the identification of lysine 29 in CRD1,

whose mutation decreased CD40 self-interaction without

affecting expression or response to ligand. When expressed

alone, recombinant CD40-CRD1 bound CD40 with a KD of 0.6

�M. This molecule triggered expression of maturation markers

on humandendritic cells and potentiatedCD40L activity. These

results suggest that CD40 self-assembly modulates signaling,

possibly by maintaining the receptor in a quiescent state.

Ligand-induced oligomerization is an important process for
activating cell surface receptors like cytokine receptors, G pro-

tein-coupled receptors, protein-tyrosine kinase receptors, Toll-
like receptors, and tumor necrosis factor receptor superfamily
members (TNFRSF)6 in a number of biological events (1, 2).
TNF family ligands form noncovalent homotrimers that can
bind three receptor molecules (3). Although this ligand-recep-
tor complex is generally accepted to be the minimal require-
ment for signaling, some members of the family are only effi-
ciently triggered by at least two adjacent trimeric ligands (4, 5).
The form under which ligand-free TNFRSF members exist is
still not fully understood. Indeed, unliganded TNFR1 crystal-
lized as a parallel dimer (6, 7) whereas cell-based experiments
rather proposed that receptors may preassemble as trimers in
the absence of ligand (8). Interestingly, DcR3 (TNFRSF6B)
assembled as parallel dimers when crystallized alone, but as
trimers when co-crystallized with its ligand TL1A, each recep-
tor in this trimeric form contacting a different ligand (9). Thus,
receptorsmay exist both as dimers or trimers depending on the
context. Gathering more structural information on unliganded
TNF receptors will help to better understand themechanism of
ligand-induced receptor signaling.
The extracellular region of TNFRSF members is character-

ized by the presence of cysteine-rich domains (CRDs) which
typically contain six cysteine residues engaged in the formation
of three disulfide bonds. The number of CRDs in a given recep-
tor usually varies from one to four (3). TNFR1 and CD40 pos-
sess four CRDs, of which only CRD2 and 3 are directly involved
in ligand binding. Crystallography of unliganded TNFR1
(TNFRSF1A) (6) showed homodimerization in either parallel
or anti-parallel manners (7). Anti-parallel dimers associate
through an interface that overlaps with CRD1 and 2, whereas
parallel dimers associate mainly via CRD1 and leave ligand
binding sites accessible. Cell-based studies identified a preli-
gand-binding assembly domain at the N terminus of TNFR1
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and 2 that is required for preassembly of TNFR complexes in a
fully ligand-responsive conformation (8). In any case, TNF
receptors appear to exist as preformed complexes and not as
monomeric receptors that would only oligomerize upon ligand
binding. In line with these results, the CRD1 of Fas (TNFRSF6)
was shown to be essential for the formation of homotypic,
ligand-independent receptor complexes (10). The situation is
more complex for the TNF-related apoptosis-inducing ligand
(TRAIL), another TNF family member that binds five different
receptors: two fully functional death receptors, TRAIL-R1
(TNFRSF10A) and TRAIL-R2 (TNFRSF10B), two membrane
bound “decoy” receptors, TRAIL-R3 (TNFRSF10C) and
TRAIL-R4 (TNFRSF10D), and a soluble decoy receptor, OPG
(TNFRSF11B). Decoy receptors inhibit cell death by competing
for TRAIL binding. However, inhibition of TRAIL-induced
apoptosis by TRAIL-R4 critically depends on its association
with TRAIL-R2 via the N-terminal domain containing the first
partial CRD of both receptors. Thus, in contrast to homotypic
TNFR1 or Fas complexes, TRAIL-R2 and TRAIL-R4 form
mixed complexes as a means to regulate TRAIL-induced apo-
ptosis (11).
The present study focuses on CD40 (TNFRSF5). Engage-

ment of CD40 by CD40L leads to CD40 clustering, recruitment
of TNFR-associated factors, and activation, among others, of
the transcription factor NF-�B (12, 13). CD40 is expressed
mainly on professional antigen-presenting cells, i.e. dendritic
cells, macrophages, and B cells (14), and its activation is essen-
tial for the development of humoral and cellular immune
responses. Thus, selective blockade or activation of CD40 is of
pharmacological interest. The crystal structure of CD40-
CD40L was recently solved showing that CRD2 and CRD3 are
both involved in CD40L binding (15); however, little is known
about the function of CRD1 and CRD4.
Here, we show that CD40 exists as preformed, noncovalent

dimers on the cell surface and that dimerization is dependent
on the extracellular region. Mutation of K29 in CRD1 impaired
CD40 self-assembly. Recombinant CD40-CRD1 bound the
extracellular domain of CD40 with a KD of approximately 0.6
�M and displayed an agonist-like activity on CD40-expressing
cells such as human dendritic cells. Co-incubation of CD40-
CRD1 with CD40L potentiated the NF-�B response induced
by CD40L alone, suggesting that CRD1 interactions participate
inCD40 signaling. These observations provide a novelmeans to
manipulate CD40 signaling.

EXPERIMENTAL PROCEDURES

Cell Lines and Reagents—Human embryonic kidneyHEK293
cells were grown in RPMI 1640 medium (Lonza, Basel) supple-
mented with 10% fetal calf serum and 5 �g/ml penicillin and
streptomycin. Anti-CD40 (clone C20) monoclonal antibody
from Santa Cruz Biotechnology and horseradish peroxidase-
coupled anti-myc antibody from Life Technologies were used
for Western blot analysis. Two different CD40L (CD154) were
used as indicated: muCD8-CD40L (Ancell) and Mega-CD40L
(Adipogen). Antibodies for flow cytometry analysis were pur-
chased from BD Biosciences: Pacific blue CD14 and PerCp5.5
HLA-DR were used for monocyte purification control; PE-Cy7

CD86, PerCp5.5 HLA-DR, and APC CD83 were used to follow
monocyte-derived dendritic cell maturation.
Molecular Cross-linking at the Cell Surface—Approximately

2 � 107 HEK293 cells stably expressing CD40 or BJAB cells
were washed three times with ice-cold PBS (pH 8) within the
culture flask (HEK cells) or in 15-ml tubes (BJAB cells). BS3

cross-linker (Thermo Scientific) was added at a final concen-
tration of 3 mM for 1 h at 4 °C. The reaction was quenched by
the addition of Tris at a final concentration of 20mM for 15min.
Cells were then harvested and analyzed by Western blotting.
Recombinant Proteins—myc-H-tagged CD40 was produced

in HEK293 cells using the mammalian expression vector
pSectag2-Hy (Life Technologies) and purified from cell culture
supernatant by nickel affinity chromatography. The encoded
mature protein sequence was DAAQPAMNS, followed by
amino acids 20–193 of human CD40 and the sequence
QAAARGGPEQKLISEEDLNSAVDHHHHHH. The CRD1 of
CD40 was expressed in Escherichia coli BL21 Rosseta-gami 2
using the expression vector pET22b� (Merck). The encoded
protein sequence was MDIGINSDPNS, followed by amino
acids 20–62 of human CD40 and the sequence AAALEHHH-
HHH. Mutations K29A, K29E, C26Q, or the triple mutation
C37G/C38G/C41G was introduced by conventional molecular
biology techniques. Bacteriawere induced for production of the
proteins at anA600 nm of 0.6 with 0.5mM isopropyl �-D-thiogal-
actoside for 16 h at 20 °C. Soluble periplasmic proteins were
extracted and purified by nickel affinity chromatography as
described in Ref. 16.
Mass Spectrometry—Prior to mass analysis, protein samples

were dialyzed against 200 mM ammonium acetate on Amicon
Ultra-4 centrifugal filter unit-10000NMWL (Millipore). Mass
spectrometry was performed on an ESI-TOF mass spectrome-
ter Q-TOF micro. Purity and homogeneity were verified by
mass analysis in denaturing conditions: the protein was diluted
to a concentration of 0.3 �M in water-acetonitrile (1:10, v/v)
acidified with 1% formic acid.
In nondenaturing conditions, the mass measurement of the

protein was performed in 50 mM ammonium acetate with 10%
isopropyl alcohol, to preserve the native conformation. The
proteinwas injected at 2.0�M. Clusters of Cs(n�1)Inwere used
for the calibration of the extended masse range in the highm/z
region.Mass datawere acquired in the positive ionmode on the
mass range 1000–10,000 m/z. CD40 deglycosylation was per-
formed using the deglycosylation mix from New England Bio-
labs following the manufacturer’s instructions.
Molecular Modeling—All procedures were performed with

Discovery Studio 2.5 software from Accelrys (San Diego, CA).
The crystal structure of the ligand-free TNFR1 (Protein Data
Bank (PDB) ID code 1NCF) was used as template to build a
model of dimericCD40.The receptormonomer corresponds to
the crystal structure of the complex CD40-CD40L (PDB ID
code 3QD6). A fixed atomconstraint was applied to bothC-ter-
minal residues, and the dimeric CD40 model was subjected to
an initial minimization step (maximum 500), root-mean-
square (RMS) gradient 0.1 kcal/mol by conjugated gradient;
followed by a second minimization step (maximum 500), RMS
gradient 0.0001 kcal/mol by conjugated gradient. The structure
was then submitted to a dynamic simulation including heating
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(2000 steps), equilibration (1000 steps), and production (1000
steps) at 300 Kwith a time step of 0.001 ps under a distance-de-
pendent, dielectric constant, implicit solventmodel. A negative
intermolecular energy of �361.5 kcal/mol was obtained for the
complex under these conditions. In silicomutation K29A pro-
duced an increase on the interaction energy to �218.0 kcal/
mol, indicating a less stable complex. All imageswere generated
using the PyMOL Molecular Graphics System, version 1.0
(Schrödinger, LLC).
FRET Experiments—CD40-ECFP, CD40-EYFP, and the neg-

ative control ERBB2-EYFP C-terminal fusion proteins all con-
tained the full-length receptor sequences.Mutations K29A and
K29E were introduced by site-directed mutagenesis. Experi-
ments were performed using a LSRII (BD Biosciences) flow
cytometer instrument. EYFP signal was recorded using the
488-nm laser with a 530/30 filter; the ECFP signal was recorded
using the 405-nm laserwith a 450/50 filter, and FRET signalwas
recorded using the 405-nm laser with a 585/42 filter. For each
condition we evaluated aminimum of 10,000 ECFP-EYFP dou-
ble-positive cells. HEK293 cells were transiently transfected
with ECFP and EYFP fusion receptors and analyzed at 16 h after
transfection. Positive FRET cells were gated using an ECFP-
EYFP fusion protein as positive control and a co-transfection of
EFCP and EYFP as negative control according to Ref. 17.
Surface Plasmon Resonance—The Biacore 3000 system, sen-

sor chip CM5, surfactant P20, amine coupling kit containing
N-hydroxysuccinimide and EDAC and ethanolamine were
from Biacore (Uppsala, Sweden). Biosensor assays were per-
formed with HBS-EP buffer as running buffer (10 mM HEPES,
150 mM sodium chloride, 3 mM EDTA 0.005% surfactant P20
(pH 7.4)). The low carboxylated dextran matrix (B1) was acti-
vated with 35 �l of a mixture 0.2 M EDAC and 0.05 M N-hy-
droxysuccinimide at 5 �l/min. The anti-myc antibody (Life
Technologies) was immobilized with the standard Biacore pro-
tocol at �2000 resonance units (RU) per channel. Soluble
CD40-myc tag fusion protein was injected for 30 s, then
increasing concentrations of recombinant CRD1 were injected
for 2min, followed by a dissociation phase of 3min at a flow rate
of 30 �l/min. All dilutions were performed in running buffer.
The sensor chip surface was regenerated after each experiment
by injecting 20 �l of 3 M MgCl2. The kinetic parameters were
calculated using BIAeval 4.1 software. Analysis was performed
using the simple Langmuir bindingmodel. The specific binding
profiles were obtained after subtracting the response signal
from the control anti-myc antibody alone channel and from
blank-buffer injection. The fitting to each model was judged by
the chi square (�2) value and randomness of residue distribu-
tion compared with the theoretical model. Active concentra-
tion was determined under mass transfer condition where the
slope of the curves is directly correlated with the active concen-
tration of the protein (18).
Luciferase Reporter Assay—HEK293 cells stably expressing

either wt CD40 or CD40-K29A were cultured in 24 well plates
at 3� 105 cell/ml. After 24 h cells were transfectedwith control
luciferase vectors or promoter specific luciferase reporter vec-
tors (Panomics, Fremont, CA), using FuGENE6 transfection
reagent (Roche Applied Science). Reporter luciferase assays
were performed for STAT3, AP1, CRE, NF-�B, and SRE that all

are CD40L-activated transcription factors. After 24h, cells were
treated with CD40L or a recombinant CD40-CRD1 protein at
the indicated concentrations in the presence of 20 �g/ml poly-
myxin B (Fluka, St. Louis, MO). After 16 h cells were lysed and
luciferase activity was determined using a Wallac Victor2 1420
multilabel counter (PerkinElmer Life Sciences) according to
instructions of the Promega luciferase assay system. Dual lucif-
erase assay was performed using NF-�B reporter plasmid
together with Renilla luciferase plasmid for normalization.
Detection of firefly luciferase and Renilla luciferase expression
was done using the dual luciferase assay detection kit
(Promega).
Monocyte-derived Dendritic Cell Differentiation and Matu-

ration—Elutriated monocytes were obtained from the Etab-
lissement Français du Sang (EFS; Strasbourg, France). Mono-
cyteswere cultured inRPMI 1640mediumwithUltraglutamine
(Lonza) supplemented with 10 �g/ml gentamycin, 2 mM

HEPES, and 10% heat-inactivated fetal calf serum. At day 0,
cells were seeded at a density of 4 � 106 cells/well in a 6-wells
plate, and differentiation into CD209-positive dendritic cells
was induced by addition of 5 ng/ml GM-CSFHuXp and 5 ng/ml
IL-4HuXp (Humanzyme, Chicago, IL). At day 5, when �80% of
the cells expressed CD209 (data not shown), cells were incu-
bated with the indicated stimuli in the presence or absence of
100�g/ml polymyxin B (Fluka). After 24 h of culture, cells were
harvested and washed with 2 ml of cold PBS, and maturation
maker expression was analyzed by flow cytometry.
FlowCytometry Analysis—Cells were stained in PBS contain-

ing 2% fetal calf serum at 4 °C for 20 min with the various anti-
bodies used at concentration recommended by the manufac-
turer. After two washes in PBS, cells were analyzed by flow
cytometry with aGallios flow cytometer (BeckmanCoulter). At
least 10,000 events were acquired for each experiment, and the
data were processed with the Kaluza� Flow Analysis Software
(Beckman Coulter).
Statistical Analysis—FRET experiments were analyzed using

one-way ANOVA with Tukey post test, and luciferase NF-�B
and monocyte-derived dendritic cell maturation assays were
analyzed using two-way ANOVA with Bonferroni post test,
using GraphPad Prism version 5.00 for Windows (GraphPad
Software).

RESULTS

CD40Dimerizes through the Extracellular Region—Todefine
the oligomerization state of CD40 in the absence of ligand,HEK
cells stably transfected with full-length WT CD40 were chem-
ically cross-linked with the nonpermeable reagent BS3. West-
ern blot analysis revealed that a portion of CD40, migrating at
�45 kDa, shifted to a dimer of �90 kDa in cross-linked cell
lysates (Fig. 1A). Some CD40 dimer was also observed in the B
cell lymphoma BJAB cell line that expresses endogenous CD40
(Fig. 1A). To define the contribution of the extracellular region
to dimerization, soluble CD40 fused to the nonoligomerizing
myc andH tags was produced inmammalian cells. This soluble
CD40 boundCD154 in a surface plasmon resonance assay (data
not shown). Under denaturing SDS-PAGE, soluble CD40
migrated as a band of�36 kDa under both reducing and nonre-
ducing conditions, but the same protein eluted with an appar-
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ent molecular mass of �72 kDa from a size exclusion chroma-
tography column, suggesting that it may form roughly globular
dimers (Fig. 1B). Although glycosylation interferedwith ioniza-
tion of soluble CD40 in native mass spectrometry (supplemen-
tal Fig. 1), the deglycosylated protein behaved well in this assay
which allowed detection of two peaks at masses of 23.94 and
47.86 kDa, corresponding relatively closely to expected theoret-
ical values for the nonglycosylated monomeric (23.4 kDa) and
dimeric (46.7 kDa) CD40 (Fig. 1C). Taken together, these
results indicate that at least a fraction of CD40 can self-assem-
ble in the absence of ligand, most probably as a noncovalent
homodimer.
CD40-CRD1 Mediates Self-interaction of CD40—To define

the site required for CD40 self-assembly, we first constructed a
model of a CD40 dimer based on the structures of the parallel
TNFR1 dimer (PDB ID code1NCF) and ligand-bound CD40
(PDB ID code 3QD6). The rational was that (i) the structure of
monomeric (liganded) and dimeric (unliganded) TNFR1 differ
strongly in CRD1, suggesting that this domain is important
for self-assembly (supplemental Fig. 2A); (ii) lymphotoxin
�-TNFR1 is the closest available crystal structure to CD40-
CD40L (15); and given that (iii) CRD1 and 2 of TNFR1 and
CD40 superimpose with a C� root mean square deviation of
1.05 Å, chances of getting a relevant model were good (supple-
mental Fig. 2B).

The model suggested the involvement of the CRD1 domain
in CD40 self-assembly, with an important contribution of K29

(Fig. 2A). We therefore generated full-length CD40 constructs
withmutation K29A, K29E, or withmutations predicted to dis-
rupt folding of the first A1 sub-domain (C26Q) or of the entire
CRD1 (triple cysteine mutant C37G/C38G/C41G: mutC), or

lacking CRD1 but retaining the signal peptide (CD40�CRD1)
(Fig. 2B).With the exception of theK29A andK29Emutants, all
other untagged or EYFP-tagged CD40 CRD1 mutants were
retained in the endoplasmic reticulum, failed to reach the cell
surface efficiently, and did not respond to exogenously added
CD40L (Fig. 2C and supplemental Figs. 3, 4, and 5A), indicating
that CD40 is sensitive to mutations affecting normal folding of
its CRD1. In line with these results, steered molecular dynamic
simulation showed strong local perturbations in CD40-CRD1
in the case of C26Q and mutC mutations and strong local per-
turbations in CD40-CRD2 in the case of the �CRD1 construct
(supplemental Fig. 5B). As mentioned above, the CD40 dimer
model suggested a contribution ofK29 in receptor dimerization,
and it is noteworthy that this residue is conserved in human and
mouse CD40. In silico mutation of this residue to an alanine
increased the interaction energies from�361 kcal/mol to�219
kcal/mol, highlighting its importance in receptor dimerization.
We also introduced the mutation K29E to obtain a stronger
effect by charge repulsion. Neither the K29A nor K29E muta-
tion altered the surface expression of CD40 (Fig. 2D). Further-
more, CD40L-induced NF-�B activity was similar in the WT
CD40 cell line compared with the mutant cell lines K29A and
K29E (Fig. 2E). Under the same conditions, no activity was
observed in the CD40 cell line lacking the intracellular domain
(CD40-�ICD). However, the ability of the CD40 K29A or K29E
mutant to produce FRET signals with either themselves or with
WT CD40 was reduced by approximately 50%, supporting the
notion that K29 is involved in CRD1-mediated dimerization of
CD40 (Fig. 3A). Finally, chemical cross-linking of untagged
mutant or WT CD40 showed a marked reduction of dimeric

FIGURE 1. CD40 dimerizes through the extracellular region. A, BJAB cells and stably transfected CD40 HEK cells were treated or not with the nonpermeable
chemical cross-linker BS3. CD40 was then detected by Western blotting with an anti-CD40 antibody. B, the recombinant extracellular region of CD40 was
analyzed by SDS-PAGE in the presence or absence of �-mercaptoethanol (left) and by size exclusion chromatography (right). C, native mass spectrometry
analysis of the recombinant extracellular region of CD40 is shown. The protein was deglycosylated before native mass analysis. The inset shows a Western blot
analysis of soluble CD40 before and after deglycosylation.

CRD1-mediated CD40 Self-assembly

APRIL 12, 2013 • VOLUME 288 • NUMBER 15 JOURNAL OF BIOLOGICAL CHEMISTRY 10917

 at U
n
iv

ersité L
o
u
is P

asteu
r o

n
 D

ecem
b
er 2

, 2
0
1
4

h
ttp

://w
w

w
.jb

c.o
rg

/
D

o
w

n
lo

ad
ed

 fro
m

 



species at the cell surface when using both mutant receptors
compared with WT CD40 (Fig. 3B).
Recombinant CD40-CRD1 Binds to CD40—Although the

isolated CD40-CRD1 was poorly secreted in HEK cells, it was
successfully produced in a prokaryotic expression system with
human-compatible tRNAs and enhanced ability to form disul-
fide bridges. CD40-CRD1 was also expressed with the K29A,
K29E, and CRD1-disrupting mutations C26Q or mutC (Fig.
4A). All CRD1 molecules migrated on SDS-PAGE with an
apparent molecular mass of �16 kDa despite their theoretical
molecular mass of �8 kDa. Wild-type CD40-CRD1 bound to
the extracellular domain of CD40with aKD of 5.7� 10�7

M (kon
2.04 � 103 M

�1 s�1 and koff 1.16 � 10�3 s�1), as determined by
surface plasmon resonance analysis, whereas no binding was
detected for both cysteine mutants (Fig. 4B and supplemental
Fig. 6). These data show the importance of an adequate CRD1

folding for binding to CD40. Of note, using surface plasmon
resonance, the active concentration of CD40-CRD1 was esti-
mated to be 4.7% of the total protein. In all experiments, the
mentioned concentration of CD40-CRD1 is that of the active
protein. The concentration of CRD1 mutants was estimated
also as 4.7% of the total protein although it was not possible to
estimate its active fraction because there is no detectable bind-
ing to CD40.
Recombinant CD40-CRD1 Induces a Mild Ligand-like Activ-

ity and Potentiates CD40L Signals—As expected, an overnight
stimulation of CD40-expressing cells with CD40L activated the
NF-�B transcription factor and induced expression of a NF-�B
luciferase reporter gene (Fig. 4C). Surprisingly, soluble CD40-
CRD1 showed a weak agonistic activity onWT CD40-express-
ing HEK cells, but not on cells expressing CD40-K29A, CD40-
K29E, or CD40 lacking the intracellular domain (CD40-�ICD)

FIGURE 2. CD40-CRD1 is required for normal surface expression. A, detail of the CD40 dimer model in the region of CRD1-CRD1 interaction, showing side
chains of K29, D49, and W71. B, schematic representation of the CRD1 domain of CD40 with disulfide bridges highlighted. Mutations tested are indicated. C, flow
cytometry analysis of HEK293 cells transfected with untagged WT or mutant CD40 constructs. Staining was performed with an anti-CD40 antibody in permea-
bilized or nonpermeabilized (surface) conditions. D, flow cytometry analysis of different CD40-HEK293 stable cell lines used in this study. Staining was
performed with Fc-CD40L followed by anti-human Fc-PE. E, dose response of CD40L in a NF-�B luciferase activity assay in different CD40-expressing HEK cell
lines (CD40-WT, CD40-K29A, CD40-K29E, and CD40-�ICD).
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FIGURE 3. Mutations of lysine 29 disrupt CD40 self-assembly. A, cytometric FRET analysis was performed of CD40 interaction with WT CD40,
CD40-K29A, or CD40-K29E, using both ECFP and EYFP fusion combinations. Mean values with S.E. (error bars) of three independent experiments are
shown (**, p � 0.01). B, CD40 stable cell lines (WT, K29A, and K29E) were treated or not with the nonpermeable chemical cross-linker BS3. CD40 was then
detected by Western blotting with an anti-CD40 antibody. Densitometry analysis is shown on the right as a ratio between monomeric and dimeric
receptors. NS, nonspecific signal.

FIGURE 4. Recombinant CD40-CRD1 binds to CD40 and potentiates CD40L activity. A, purified CD40-CRD1, CRD1-K29E, CRD1-K29A, CRD1-C6Q, and
CRD1-mutC (20 �g of protein/lane) were resolved by SDS-PAGE and stained with Coomassie Blue. B, Biacore sensorgram of CD40-CRD1 binding to the
entire extracellular domain of CD40. C, luciferase reporter assay for NF-�B activity in different CD40 HEK cell lines (CD40wt, CD40-K29A, CD40-K29E, and
CD40-�ICD) treated with recombinant soluble CD40-CRD1. Untreated cells are shown on the left, and Mega-CD40L-stimulated cells are shown on the
right. D, luciferase reporter NF-�B assay in HEK CD40 cell line treated with 500 ng/ml CD40L and increasing concentrations of recombinant soluble
CD40-CRD1, CRD1-K29A, CRD1-K29E, CRD1-C6Q, and CRD1-mutC. Mean values with S.E. (error bars) of three independent experiments are shown (*, p �

0.05; **, p � 0.01; ***, p � 0.001).
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(Fig. 4C). Furthermore,WTCRD1, but not themutants, poten-
tiated CD40L-induced NF-�B activation by up to 2-fold, with
an IC50 of approximately 1.5 	 0.5 �g/ml (Fig. 4D). In line with
the observation that WT CD40-CRD1 could induce NF-�B
activity in cells expressingWTCD40, but not in cells expressing
mutantCD40, recombinantmutantCD40-CRD1proteinswere
unable to increase CD40L activity in WT CD40 HEK cells.
Because theCRD1ofCD40 does not interactwithCD40L in the

crystallographic structure of the CD40-CD40L complex (15),
we believe that the observed signal potentiation results from
independent effects of CD40-CRD1 and CD40L on membrane
CD40.
When human monocyte-derived dendritic cells from differ-

ent donors were treated with increasing concentrations of WT
CD40-CRD1, the surface maturation markers CD86 and
HLA-DRwere up-regulated (Fig. 5). This effect occurred in the

FIGURE 5. Recombinant CD40-CRD1 induces maturation of human monocyte-derived dendritic cells. A, CD14-positive cells (scattergram on the left) were
cultured in the presence of IL-4 and GM-CSF for 5 days. Cells were then treated for 24 h with PBS (vehicle), LPS (10 �g/ml), or LPS plus polymyxin B (100 �g/ml)
(LPS�PMX) and analyzed for expression of activation markers CD86 and HLA-DR on CD209-positive cells. B, expression of maturation markers CD86, HLA-DR,
and CD83 (geo-mean, gMFI) was assessed after treatment with the indicated concentrations of recombinant WT CD40-CRD1 or CD40-CRD1-K29E in the
presence of polymyxin B (100 �g/ml). Control treatments CD40L (Mega-CD40L 200 ng/ml) and LPS plus polymyxin B (100 �g/ml) are also shown for each donor.
Mean value with S.E. (error bars) of triplicates are shown (***, p � 0.001). Data are representative of two independent experiments performed on a total of three
different donors.

CRD1-mediated CD40 Self-assembly

10920 JOURNAL OF BIOLOGICAL CHEMISTRY VOLUME 288 • NUMBER 15 • APRIL 12, 2013

 at U
n
iv

ersité L
o
u
is P

asteu
r o

n
 D

ecem
b
er 2

, 2
0
1
4

h
ttp

://w
w

w
.jb

c.o
rg

/
D

o
w

n
lo

ad
ed

 fro
m

 



presence of the LPS inhibitor polymyxin B (19) at a dose suffi-
cient to fully inhibit up to 10 �g/ml LPS (Fig. 5A), making it
unlikely that it was endotoxin-mediated. Moreover, CD40-
CRD1 K29E was markedly less potent than itsWT counterpart
at stimulating dendritic cells. Unlike CD40L, WT CD40-CRD1
taken alone failed to up-regulate the activation marker CD83,
suggesting that it is less potent than CD40L (Fig. 5B). When
dendritic cells were treated simultaneously with WT CD40-
CRD1 and CD40L, a modest potentiation of CD40L-induced
activation was observed at low doses of recombinant CD40-
CRD1 (supplemental Fig. 7, A and B). Taken together, our
results suggest that the CRD1 of CD40 can increase CD40-de-
pendent signals in target cells, alone or in cooperation with
CD40L.

DISCUSSION

Although it is well established that CD154 (CD40L) assem-
bles as a trimer, not much research has been conducted on
CD40 oligomerization before ligand engagement and on the
potential functional effect of this oligomerization. Reports from
Mourad and colleagues suggested that CD40 at the cell surface
exist as disulfide-linked dimers and that disulfide-linked
homodimerizationwas increased byCD40L (20–22). However,
all cysteine residues in the extracellular region of CD40 and
other crystallized TNFR family members are engaged in intra-
chain disulfide bridges, making it unlikely that CD40 would
dimerize through interchain extracellular covalent bonds.
In the present study, we show that CD40 can self-assemble at

the cell surface in a noncovalent manner, probably as dimers.
Soluble CD40 also dimerizes, suggesting that the extracellular
domain plays an important role in dimer formation. In addi-
tion, in silicomodelization and site-directed mutagenesis con-
firmed the role of CD40-CRD1 in receptor-receptor interac-
tions. Until now, only TNFR1 and DcR3 have been crystallized
as ligand-free receptors. TNFR1 crystallized as both parallel
and anti-parallel dimers (6). The parallel dimer was stabilized
by interactions involving CRD1 and exposed fully accessible
TNF binding sites in CRD2 and CRD3. In contrast, the anti-
parallel dimer was stabilized by interactions involving CRD1
and CRD2 that occluded the TNF binding sites. Parallel TNFR
dimers are favored at neutral pH, whereas anti-parallel TNFR
dimers are favored at acidic pH (7). This observation led to the
hypothesis that parallel dimersmay occur at the cell surface and
could serve to create an activation network in the presence of
ligand, in contrast to anti-parallel dimers that may form upon
acidification of endocytic vesicles and release the ligand from
the complex (7). Unliganded DcR3 was also crystallized as par-
allel dimers, with the main contact area in CRD1 and 4 and an
accessible ligand binding site to its ligand TL1A (9). Sedimen-
tation equilibrium analyses of DcR3 showed weak self-associa-
tion, with an estimated equilibrium dissociation constant
greater than 2.4 � 10�3

M, a low value if we consider that the
physiological concentration of this soluble receptor is in the
range of 10�12 pM (23). Interestingly, the CRD1-CRD1 interac-
tion surface modeled for CD40 in our study superimposed rel-
atively well with the interaction surface found between the
CRD1 of the TNF receptorHVEMand the immunomodulatory
protein BTLA in the HVEM-BTLA complex (24). Therefore, a

CRD1 seems to use the same interface to interact with another
CRD1 (as in the TNFR1 dimer) or with a regulatory protein.
The CRD1 could therefore be considered as an interaction
domain that regulates receptor activity by interacting either
with itself or with other proteins such as BTLA.
Using surface plasmon resonance, an equilibrium dissocia-

tion constant of 5.7 � 10�7
M was determined for the interac-

tion between CD40 and recombinant CD40-CRD1. Although
this equilibrium constant is rather low, it may still be relevant
because local protein concentrations on the cell membrane can
be high, especially in some microdomains, and because other
interaction sites outside CRD1 may also participate to
dimerization. These results raise the question of whether the
active form of the receptor is the dimeric or the monomeric
form and whether receptor dimers persist after ligand engage-
ment. Further analyses are warranted to address these
questions.
The CRD1 of TNFR1 fused to glutathione S-transferase as

been described previously as an inhibitor of TNFR1-mediated
signaling (25). This molecule could block the effects of TNF in

vitro and was shown to inhibit arthritis in mice (25). Unfortu-
nately, this study was not designed to address the molecular
basis of these effects, nor did it test the potential impact of
glutathione S-transferase-induced dimerization on CRD1
activity. In the case of Fas, the study of dominant interfering
mutations associated with autoimmune lymphoproliferative
syndrome revealed that Fas CRD1 was fully preserved in all
dominant interfering mutations, including mutations that
truncate Fas after 57 or 62 amino acids of the mature Fas pro-
tein and that would be unable to bind FasL (10). In addition,
deletion of CRD1 in dominant negative inhibitory receptors
restored susceptibility to FasL-induced apoptosis, indicating
that mutant proteins must physically interact with wild-type
proteins to create a nonfunctional complex. Although the phe-
notype of patients provides strong genetic evidence for a dom-
inant negative function of theN-terminal portion of Fas, results
obtained with N-terminal Fas deletion mutants must be taken
with caution in view of our results demonstrating that CRD1
disruption prevents CD40 surface expression. At least for
CD40, N-terminal truncation or severe perturbations of CRD1
structures are not appropriate to study CRD1 function. In any
case, the studies mentioned above indicate that the N-terminal
portions of TNFR1 and Fas taken alone antagonize receptor
signaling.
Because of the described inhibitory activity of TNFR1 and

Fas CRD1, the ability of recombinant CD40-CRD1 to induce a
weak CD40 activation rather than an inhibition of NF-�B sig-
naling was unexpected. A gross artifact can probably be
excluded because NF-�B activation was CD40-dependent and
because CRD1 disruption mutants were ineffective. The ago-
nist activity of CD40-CRD1 could be explained in several ways:
(i) if CD40 is inhibited by dimerization, then recombinant
CRD1 may activate CD40 by disrupting the dimers; (ii) recom-
binant CRD1 could oligomerize CD40 on the cell surface,
inducing an agonist-like signaling; and (iii) recombinant CRD1
may induce conformational changes in the receptor similar to
those induced by the ligand upon signal activation. Impor-
tantly, the agonist activity of CD40-CRD1 was not restricted to
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cells overexpressing CD40, but was also observed in primary,
monocyte-derived dendritic cells. However, the observation
that CD40-CRD1 was unable to induce the full set of activation
markers in dendritic cells probably indicates a weak agonist
activity compared with CD40L.
Altogether, our result have revealed the ability of CD40 to

self-assemble through its cysteine-rich domain 1 and the ability
of recombinant CD40-CRD1 to potentiate CD40L in HEK
CD40 cells and to induce a ligand-like activity in human den-
dritic cells. Our data indicate that CD40 homo-dimerization
controls signaling, possibly by maintaining the receptor in a
quiescent state, although further studies are needed to eluci-
date mechanisms mediating receptor activation.
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Supplemental Figure 1: Mass spectrometry analysis of glycosylated and deglycosylated CD40 extracellular domain.  

Left panel, denaturing mass analysis of recombinant soluble extracellular CD40 Myc-HIS tagged glycosylated and deglycosylated b

NEB deglycosylation mix. Middle panel, western blot analysis of glycosylated and deglycosylated recombinant soluble extracellul

CD40. The protein was detected with anti-myc antibody. Right panel, native mass spectrometry analysis of the deglycosylated, 

recombinant soluble extracellular CD40. Raw data (up) and deconvoluted data (bottom) is shown. 

 



B. Top: ligand-free dimeric structure of TNFR1 (PDB 1NCF) in comparison with the modeled CD40 dimeric structure based on the 

crystallographic structure of both CD40 (PDB 3QD6) and TNFR1 (PDB 1NCF). Bottom: detail of the CRD1-CRD1 interactions. Lys 

29 of CD40 is shown in red. Space filling representation was applied to CRD1 residues. Note that the 

established between His 34 in TNFR1 is established between Trp71 in CD40 dimeric model.  

A. Root mean square deviation (RMSD) analysis of the different TNFR1 dimeric structures in comparison with the ligand bound TNF 

receptor. Each cysteine rich domain (CRD) was analyzed independently. 
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Supplemental Figure 2: TNFR1 RMSD analysis and CD40 dimerization model.  
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Supplemental figure 3: Electron microscopy analysis of HEK293 cells transfected 

with untagged CD40 constructs. 

Electron microscopy analysis of untagged CD40 constructs, showing lack of surface 

expression and intracellular retention of CRD1 truncated or cysteine mutated CD40. 

mutC = C37G/C38G/C41G. Untransfected HEK293 cells and the B cell line Raji 

expressing endogenous CD40 are shown as controls. Scale bars 2 !m in the main pictures 

and 0.5 !m in the insets. 
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Supplemental figure 4: Fluorescence microscopy analysis of EYFP-tagged CD40 

constructs. 

Fluorescence microscopy analysis of c-terminal EYFP fusion constructs of WT CD40 

and CD40 with the indicated CRD1 mutations. Cells were stained with a marker of 

endoplasmic reticulum (ER-Tracker). mutC = C37G/C38G/C41G. 
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Supplemental Figure 5: CD40 mutational analysis. 

A. NF-kB activity of cell lines transfected with different truncated or mutated CD40 

molecules (CD40-DCRD1, CD40-C6Q, CD40-mutC, CD40-K29A and CD40-wt) in 

response to mCD8-CD40L treatment. Activity of different transcription factor reporters 

transfected into wt HEK, HEK CD40 or HEK CD40-K29A cells, treated or not with 8 

nM mCD8-CD40L. Wild type CD40 and CD40-K29A activate NF-"B signalling in 

similar ways. 

B. Steered molecular dynamic simulation of the different mutations or deletions 

introduced in CD40, showing strong local perturbation in all cysteine and deletion 

mutants of CD40, but not with the K29A mutation. Grey lines correspond to wt CD40 

behaviour during simulation. 
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Supplemental Figure 6: Surface plasmon resonance analysis of CD40-CRD1. 

Biacore sensorgrams of CD40-CRD1 (top), CRD1-C26Q (center) and CRD1-mutC 

(bottom) binding to the entire extracellular domain of CD40. 
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Supplemental Figure 7: CD40-CRD1 potentiates CD40L-induced activation of 

monocyte-derived dendritic cells. 

A. CD86 expression levels (geo-mean, gMFI) evaluated after 24h culture with the 

indicated stimuli. (p<0.05, *;  p<0.001, ***). 

B. Same as panel A, but for CD83 expression levels. 
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Abstract 

TNF receptor super-family members (TNFRSF) such as CD40, Fas and TRAIL receptor 2 

(TRAILR2) participate to the adaptive immune response by eliciting survival, proliferation, 

differentiation and/or cell death signals. The balance between these signals determines the fate of 

the immune response. It was previously reported that these receptors are able to self-assemble in 

the absence of ligand through their extracellular regions. However, the role of this 

oligomerization is not well understood, and none of the proposed hypotheses take into account 

potential hetero-association of receptors. Using CD40 as bait in a flow cytometry FRET assay, 

TNFRSF members with known functions in B cells were probed for interactions. Both Fas and 

TRAILR2 associated with CD40. Immunoprecipitation experiments confirmed the interaction of 

CD40 with Fas at the endogenous levels in a BJAB B-cell lymphoma cell line deficient for 

TRAILR2. TRAILR2-expressing BJAB cells displayed a robust CD40-TRAILR2 interaction at 

the expense of the CD40-Fas interaction. The same results were obtained by proximity ligation 

assay, using TRAILR2-positive and -negative BJAB cells and primary human B cells. 

Expression of the extracellular domains of Fas or TRAILR2 with a glycolipid membrane anchor 

specifically reduced the intrinsic signalling pathway of CD40 in 293T cells. Conversely, BJAB 

cells lacking endogenous Fas or TRAILR2 showed an increased NF- !" #$%&'(%$" )'"CD40L. 

Finally, up-regulation of TRAILR2 in primary human B cells correlates with reduced 

proliferation in response to CD40L. Altogether, these data reveal that selective interactions 

between different TNFRSF members can modulate ligand-induced responses upstream signalling 

events. 

 

Keywords: TNFR superfamily, CD40, Fas, TRAILR2, oligomerization, signaling. 
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Introduction 

Germinal centres (GC) are unique sites in peripheral lymphoid tissue where clonal selection of 

B-lymphocytes takes place in response to antigen stimulation. B cell clonal selection results in 

differentiation of high affinity B memory and antibody-secreting cells that permit an efficient 

secondary immune response [1-3]. At the same time, GCs are known to be a major source of B 

cell lymphomas including follicular and Burkitt's and also some diffuse large B cell lymphoma 

[4,5]. In the process of antibody affinity maturation that takes place in GCs, B-lymphocytes with 

low affinity antigen receptor are eliminated by apoptosis, whereas those with higher affinity are 

selected and survive. The study of how apoptotic signals synchronize in the regulation of B cell 

death in GC will contribute not only to a better understanding of the mechanisms supporting 

clonal selection of B-lymphocytes and high affinity antibody production but also of 

lymphomagenesis or progression of B lymphomas of GC origin. 

Several reports showed that Fas (CD95 or TNFRSF6), a pro-apoptotic TNFR superfamily 

member, is directly involved in the clonal selection of GC B-lymphocytes [6-8]. Other pro-

apoptotic members of the same family, TRAIL receptors (TRs) are also expressed in GC B-

lymphocytes [9]. There are four membrane-bound TRAIL receptors: two death receptors 

TRAILR1 and TRAILR2 (DR4 or TNFRSF10A and DR5 or TNFRSF10B, respectively) that 

mediate death signals and two decoy receptors TRAILR3 and TRAILR4 (DcR1 or TNFRSF10C 

and DcR2 or TNFRSF10D, respectively). Interestingly, Fas or TRAILR-mediated apoptosis is 

controlled or counterbalanced in GC cells by another TNFR superfamily member CD40 

(TNFRSF5) [10-13]. It is conventionally accepted that CD40-induced protection against Fas or 

TRAILR-mediated apoptosis required NF- B activation and up regulation of anti-apoptotic c-

FLIP and Bcl-XL proteins [12,14-16]. However, Benson et al. [17] described a rapid CD40-

mediated rescue from Fas-induced apoptosis that did not require NF- !" activation, was 

independent of de novo protein synthesis but was dependent upon active PI3K. Both previously 

described rescue mechanisms are ligand-dependent, raising the question whether the relative 

amount of receptors may impact directly on CD40 signaling in a ligand-independent way. 

Several TNFRSF members are able to self-associate, in particular Fas, TRAILRs and CD40 [18-

23]. We previously reported that CD40 can form non-covalent dimers in the absence of ligand, 

with an important contribution of the extracellular region to establish contacts [23]. However, the 

potential for different TNF receptor family members to heteromerize has not been investigated. 
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In this study, we identified selective interactions between CD40 and Fas, and between CD40 and 

TRAILR2. These heteromers also form at the endogenous level, and appear to be dynamic, 

driven by the preferential association of CD40 with TRAILR2 over Fas. The impact of 

heteromer formation on CD40 signalling was studied in cell lines and in primary human B cells, 

showing that they can negatively regulate CD40L-induced responses. Thus, heteromer formation 

between receptors with opposite functions could represent the most apical regulation of TNFRSF 

signalling.  
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Results 

 

CD40 interacts with Fas and TRAILR2 

The first evidence of CD40-Fas interaction was obtained by Förster resonance energy transfer 

(FRET) by flow cytometry. Fas was initially predicted to serve as a negative control for CD40-

CD40 interaction, but yielded high FRET rates when it was co-transfected with CD40 (Fig. 1A). 

Then, we tested the ability of CD40 to interact with other TNFRSF members important for B cell 

function such as Fas, TRAILR1, TRAILR2, BCMA (TNFRSF17), BAFFR (BR3 or 

TNFRSF13C), TACI (TNFRSF13B) and the two unrelated receptors ErbB1 and ErbB2. No 

interaction could be detected with ErbB1, ErbB2, TRAILR1, TACI, BAFFR or BCMA. 

However, positive FRET responses were observed between CD40 and Fas and, to a lesser extent, 

between CD40 and TRAILR2 (Fig. 1B). Ligand-independent associations of CD40 with itself, 

with Fas and with TRAILR2 were readily observed with constructs lacking the intracellular 

domain *+,-./, indicating that the latter is not required for the observed homo- and hetero-

oligomerizations (Fig. 1C). No interaction was detected between Fas and TRAILR2. In 

summary, in transiently transfected 293T cells, CD40 interacts with Fas and TRAILR2 as 

detected by FRET and these interactions do not require the intracellular domains. 

  

CD40 selectively interacts with TRAILR2 over Fas 

In order to visualize these interactions in cells with endogenous expression levels, the CD40-

positive
 
and Fas-positive

 
B-cell lymphoma cell line BJAB, with or without expression of 

TRAILR2, was used [24]. Immunocytochemistry using antibodies against the ectodomains of 

CD40, Fas and TRAILR2 showed co-localization at the cell surface between CD40 and Fas in 

TRAILR2-negative BJAB cells. However, co-localization of CD40 and Fas was reduced in 

TRAILR2-positive BJAB when compared to TRAILR2-negative BJAB cells, despite similar Fas 

expression levels. Under the same conditions, co-localization of CD40 and TRAILR2 was 

detected in TRAILR2-positive BJAB cells (Fig. 2 and suppl. Fig. 1 and 2). 

In line with these results, we found that CD40 and Fas co-immunoprecipitated in native 

membrane fractions of TRAILR2-negative BJAB cells, but that this interaction was strongly 

decreased in TRAILR2-positive cells, which instead showed co-immunoprecipitation of CD40 

with TRAILR2 (Fig. 3A). We next assessed these interactions by means of proximity ligation 
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assays (PLA) [25], using the same primary antibodies used for immunocytochemistry. This 

technique allows the detection of interacting proteins at endogenous levels by connecting two 

protein-specific antibodies in close proximity with a complementary DNA probe that is 

annealed, amplified and visualized as a fluorescent spot. We found CD40-Fas spots on 

TRAILR2-negative BJAB cells and, as expected, only background CD40-TRAILR2 spots (Fig. 

3B and D). Interestingly, the number of CD40-Fas spots was significantly diminished in 

TRAILR2-positive BJAB cells, with a concomitant appearance of CD40-TRAILR2 spots (Fig. 

3C and D). These results, together with those of the co-immunoprecipitation experiments, 

demonstrate that these interactions do take place at the endogenous level, and that CD40 

selectively associates with TRAILR2 over Fas in BJAB cells. 

 

CD40 interacts with Fas and TRAILR2 in primary human B cells 

To investigate whether CD40 associates with Fas and TRAILR2 in primary human B cells, 

peripheral B-lymphocytes were isolated and activated with two different protocols. Without 

stimulation, these cells express high levels of CD40, low levels of Fas and no detectable 

TRAILR2 (Fig.4A). Treatment with PMA and ionomycin induced a mild activation profile 

characterized by increased MHC II expression but little changes in CD86 levels, associated with 

a strong up-regulation of Fas but not TRAILR2 (Fig. 4A, B, G and H). In contrast, treatment 

with an anti-BCR antibody (anti-IgM/IgG) plus CD40L induced a strong activation profile 

characterized by increased levels of both MHC II and CD86, associated with a mild increase of 

Fas and TRAILR2 levels (Fig. 4D, E, G and H). These stimulation protocols somewhat 

reproduce the situation of TRAILR2-positive and -negative BJAB cells, although the expression 

levels of Fas were decreased when TRAILR2 levels were increased and, consequently, the 

percentage of CD40 and Fas double positive cells was reduced when the percentage of CD40 and 

TRAILR2-positive cells was increased (Fig. 4B and E). PLA assays on activated human B cells 

detected the interaction of CD40 with Fas in the absence of TRAILR2 (PMA/ionomycin 

activation). This interaction was strongly reduced when less Fas was expressed (BCR/CD40L 

activation); it is possible that the concomitant increase in TRAILR2 expression might contribute 

to further reduce this signal (Fig. 4A, B and C). In line with the low expression of TRAILR2 

after PMA/ionomycin activation, little CD40-TRAILR2 spots were present in this condition but 

a slight, yet significant increase of CD40-TRAILR2 spots was observed when a modest up 
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regulation of TRAILR2 was achieved by stimulation with BCR/CD40L (Fig. 4D, E and F). 

Similar PLA results were obtained with B cells of three different donors (Fig. 4G and H). These 

results confirm the interaction of CD40 with Fas or with TRAILR2 on activated human B-

lymphocytes. 

 

Signalling-incompetent TRAILR2 or Fas decreases CD40 signalling 

We wanted to determine whether heteromerization of CD40 with TRAILR2 or Fas could 

modulate CD40-mediated NF- !"01)230)2'(4"However, Fas and TRAILR2 can also induce NF-

 !" 01)230)2'( [26] and overexpression of Fas or TRAILR2 may indirectly impact on CD40 

signals by inducing cell death. To rule out any direct contribution of Fas and TRAILR2 to NF-

 !"%25(062(57"8$ used glycolipid-anchored constructs of these receptors lacking transmembrane 

and intracellular domains [27], and observed how these truncated receptors may change CD40-

mediated signals. 293T cells were transfected with a constant amount of CD40 and CD40L 

together with increasing concentrations of glycosyl-phosphatidylinositol (GPI)-anchored CD40, 

TRAILR2, Fas or TACI ectodomains, and the NF- ! response was quantified using a luciferase 

reporter. As expected, increasing concentrations of CD40-GPI inhibited CD40 signalling, most 

probably by competition for CD40L binding. However increasing concentrations of TRAILR2-

GPI, which is unable to compete for CD40L binding, also inhibited CD40 signalling. A similar 

result was observed with higher amounts of Fas-GPI but no impact in CD40 signalling was 

observed upon expression of TACI-GPI (Fig. 5A, left). None of these receptors (CD40-, Fas- or 

TRAILR2-GPI) had an effect on TACI-induced NF- ! response, indicating a specific impact on 

CD40 signalling (Fig. 5A, right). The amount of transfected plasmid sufficient to inhibit 50% of 

CD40-induced NF- !"#$%&'(%$ was about 1.4 ng of CD40-GPI for 0.5 ng of full length CD40. 

For TRAILR2-GPI, the amount of transfected plasmid sufficient to inhibit 50% of CD40-

induced NF- !" #$%&'(%$ was about 11 ng/ml. The differences between the strength of 

TRAILR2-GPI and Fas-GPI-mediated inhibition could be explained either by the endogenous 

expression of TRAILR2 in 293T cells, or by differences in the interaction affinities with CD40. 

The expression levels of TRAILR2-GPI remained relatively constant in the presence of either 

CD40 or TACI. Similarly, expression levels of CD40 and TACI were insensitive to the presence 

of TRAILR2-GPI (Fig. 5B). In addition TRAILR2-GPI did not impact on CD40-CD40L 

interaction, as determined by flow cytometry staining using Flag-tagged CD40 ligand (Fig. 5B). 
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Full-length CD40 and CD40-GPI showed similar expression levels on the cell surface when the 

same amount of plasmid was transfected (Fig. 5C). Finally, GPI-anchored receptors were all 

expressed at similar levels (Fig. 5C). 

It was shown that the cysteine rich domain 1 (CRD1) of Fas [18], TRAILR2 [20] and CD40 [23] 

mediates receptor self-assembly. In contrast to Fas-GPI, Fas-+-9.:-GPI did not interfere with 

CD40-mediated NF- !" 01)230)2'(7" %;55$%)2(5" )<0)" )<$"-9.:" '=" >0%"?0@" A$" 2(3'63$B" 2(" >0%-

CD40 interaction (Fig. 5D). No conclusive results could however be obtained with TRAILR2-

+-9.:-GPI because this protein did not reach the cell surface, most probably due to folding 

problems similar to those reported when the CRD1 of CD40 was deleted or modified [23]. Taken 

together, these results indicate that the extracellular domains of Fas and TRAILR2, but not that 

of TACI, can inhibit CD40L-mediated signalling in the absence of any direct contribution of Fas 

or TRAILR2 to the signal or detectable changes in the levels of CD40 expression or its ability to 

interact with CD40L. 

 

Endogenous TRAILR2 or Fas modulate CD40 signalling 

To address the impact of endogenous Fas and TRAILR2 on CD40 signalling, we generated 

several clones of BJAB cells knocked-out for each of these receptors using the CRISPR/Cas9 

system [28] (Suppl. Fig. 3). When tested for their ability to respond to CD40L, all Fas and 

TRAILR2 KO clones showed a significant, dose-dependent increase in CD40L-induced NF- !"

response when compared to wild type cells, while CD40 KO BJAB clones were, as expected, 

completely resistant to CD40L stimulation (Fig. 6A and B). These changes in the NF- !"

response strongly suggest that CD40-Fas and CD40-TRAILR2 heteromerization regulates CD40 

signalling, even if it is difficult to exclude that the absence of Fas or TRAILR2 may indirectly 

modulate this outcome.  

In primary human B cells the expression profile and the balance between CD40 and Fas 

signalling has been well described [1], however the expression and function of TRAILR2 

remains poorly explored in B cell subsets. We found that primary human marginal zone B cells 

(MZ: CD27+ IgD+) express higher levels of TRAILR2 compared to switched memory cells 

(SM: CD27+ IgD-) while the expression of CD40 and Fas was similar in these two B cell 

populations (Fig. 6C, E, G). This difference was enhanced after stimulation with CD40L+IL21, 

with a peak of TRAIL-R2, Fas and CD40 expression at day 2 (Fig. 6D, F, H). To study the 
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impact of TRAILR2 expression on CD40 activation, we used CFSE labelled cells to analyse the 

proliferative response of CD27+ B cells to CD40L stimulation. After six days of activation, 

TRAILR2-high cells did not proliferate as strongly as TRAILR2-low cells. A similar response 

was observed in four independent donors (Fig. 6I to L). Taken together, these results suggest 

that endogenous TRAILR2 modulates CD40L-induced responses in cell lines and primary 

human B cells. 
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Discussion 

 

There are increasing evidences suggesting that TNFR superfamily members are organized in the 

cell membrane as ligand-independent oligomers rather than as individual receptors. Different 

receptors of the family have been described forming homo-dimers or -trimers, such as TNFR1 

and 2 [19], Fas [18], TRAIL receptors [20], CD40 [23] and BAFFR [29]. This pre-ligand 

assembly was reported in most cases to favour ligand binding and normal signalling [18-20,29]. 

However the potential heteromerization of TNFRs remains poorly explored and there are only 

three studies addressing this phenomenon, one between TRAILR2 and TRAILR4 [20] and two 

others in the context of the central nervous system that describe the interaction of DR6 with 

p75
NTR 

[30] and DR6 with TROY [31]. From the screening performed by flow cytometry FRET 

using CD40 as bait, we consistently found high FRET rates with Fas and to a lesser extent with 

TRAILR2. Other receptors important for B cell survival and differentiation were negative in this 

screening. These interactions did not require the presence of the intracellular domain, which is in 

line with the fact that most of the TNFRSF-TNFRSF interactions described to date rely on the 

extracellular region of the receptors.   

CD40-Fas and CD40-TRAILR2 interactions take place at the endogenous levels in the Burkitt B 

cell lymphoma BJAB cell line expressing or not TRAILR2. Interestingly, the CD40-Fas 

interaction was only detected in TRAILR2-negative BJAB cells despite similar expression levels 

of CD40 and Fas in both cell lines, indicating a possible competition between TRAILR2 and Fas 

for CD40 binding. This competition at the endogenous level was evidenced by co-

immunoprecipitations and by proximity ligation assays. However, the molecular basis for the 

observed selectivity in these interactions remains unclear.  CD40 may have a higher affinity for 

TRAILR2 than for Fas, but these interactions may also be influenced by the relative abundance 

of each receptor on the cell surface. Finally we cannot exclude that Fas or TRAILR2 may 

localize to specialized membrane micro-domains in which CD40 could be recruited. 

PLA studies confirmed that both CD40-Fas and CD40-TRAILR2 interactions do take place in 

primary human B cells. In these experiments, CD40 was expressed in all conditions, and it was 

possible to preferentially induce Fas or TRAILR2 using different activation protocols. Cells in 

both stimulation conditions were not exactly comparable: Fas expression levels were different, 

and CD40 was engaged by ligand in one but not the other condition. Nonetheless, the results are 
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fully compatible with a model in which CD40 preferentially interacts with TRAILR2 rather than 

with Fas. The preferred interaction between CD40 and TRAILR2 may thus be common to 

lymphoma cell lines and primary cells. 

We have shown that expression of signalling-incompetent TRAILR2 or Fas, unable to interact 

with CD40L, decreased or sometimes totally abolished the ability of full-length CD40 to respond 

to CD40L with NF- B activation. Under these conditions, surface expression of CD40, and its 

ability to bind CD40L were unaffected, indicating that heteromers interfere with the signalling 

function by acting downstream of ligand binding, probably by interfering with formation of a 

functional signalling complex. Surface expression of full-length and GPI-anchored CD40 was 

similar, allowing comparisons to be performed. At the amount of transfected plasmid DNA 

sufficient for a 50% inhibition of CD40-induced NF- !" #$%&'(%$7 CD40-GPI was in a 3-fold 

excess over full-length CD40, and TRAILR2-GPI was in a 20-fold excess, which appears to be 

within a physiological range, especially when considering that the GPI fusion receptors may not 

be optimal for heteromer formation. In the case of TRAILR2-GPI, we carefully excluded the 

possibility of artefactual quenching of CD40L or CD40, suggesting that the observed effects are 

due to heteromer formation. It is tempting to speculate that the combined outcome of signalling 

via CD40 on the one hand, and TRAILR2 and Fas on the other hand, is not only regulated 

intracellularly by activation of pro- or anti-apoptotic signalling pathways, but also directly at the 

level of receptors whose relative expression levels may determine whether they can be activated 

or not. For several TNF receptors, a pre-ligand assembly domain (PLAD) has been described that 

mediates homo-interactions [32]. The deletion of the CRD1 of Fas was sufficient to abrogate its 

inhibitory effect on CD40 signalling indicating that the PLAD of Fas may have a role in 

heteromer formation. However, TRAILR2 with a similar deletion did not reach the cell surface, 

precluding interpretation of whether TRAILR2 CRD1 is involved or not in heteromer 

interactions. The inhibitory impact of Fas and TRAILR2 on CD40 signalling has been confirmed 

in Fas and TRAILR2 KO BJAB cell lines, which all showed robust increased responsiveness to 

CD40L. 

In the biology of B cells, Fas and TRAILR2 are death receptors that trigger apoptosis of auto-

reactive and/or activated B cells [33,34] while CD40 is a potent NF- ! activator that provides 

activation and proliferation signals [35,36]. However, the interplay between these 3 receptors is 

complicated and not fully understood. Several studies focused on the role of Fas during high 
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affinity B cell selection in GC showing that Fas has an essential role in GC B cell apoptosis both 

in vitro [37] and in vivo [6]. During B-cell maturation, somatic hypermutations are introduced in 

the variable regions of heavy and light chains of the BCR with the aim of generating antigen-

specific B cells of higher affinity [38]. A stringent selection mechanism takes place to ensure the 

survival of antigen specific high affinity B cells and the death of low affinity or autoreactive B 

cells. GC B cells express CD40 and Fas and undergo FasL mediated apoptosis, unless a survival 

signal is provided by BCR or CD40 engagement [39-41] [42]. The same type of data does not 

exist for TRAILR2, but it was shown ex vivo on human primary B cells that BCR and/or CD40L 

signals can rescue naive B cells, but not memory B cells, from TRAIL-induced apoptosis [13]. 

Together, these data suggest that signals transduced by Fas, TRAILR2 and CD40 are entangled 

to finely control the fate of B cells. In B cell lymphomas, the relationship between CD40, Fas 

and TRAILRs appears even more complicated. As in normal GC B-lymphocytes, CD40 rescues 

apoptosis induced by Fas in low grade B lymphoma, but CD40 sensitizes Burkitt lymphoma B 

cells to Fas-induced apoptosis [43-45].  In a similar way, CD40 triggering protects Burkitt 

lymphoma [13] and follicular lymphoma [46,47], but sensitizes chronic lymphocytic leukaemia 

B cells to apoptosis induced by TRAIL [48]. The measure of TRAILR2 expression revealed that 

expression of this receptor is increased in marginal zone compared to switched memory B cells 

and that this difference is maintained upon CD40L+IL21 stimulation. Our in vitro data would be 

in line with the notion that TRAILR2 negatively regulates CD40L effects, as its expression 

inversely correlated with CD40L-induced proliferation in primary human B cells. 

In conclusion, our results reveal that ligand-independent heteromer formation between different 

TNFRSF members modulates very early steps of activation, upstream of their signalling 

pathways. 
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Material and Methods. 

 

Cell Lines. BJAB cells expressing TRAILR2 or not were grown in RPMI 1640 medium (Lonza, 

Verviers, Belgium) supplemented with 10% fetal calf serum and 5 µg/ml each of penicillin and 

streptomycin. HEK 293T cells were grown in DMEM medium (Gibco) supplemented with 10% 

fetal calf serum.  

 

Antibodies and TNF ligands. Western blot: anti-CD40 S-17 (Santa Cruz biotechnology, USA), 

anti-Fas (ZB4) (AbCam, Cambridge, UK), anti-DR5 (Millipore, Billerica, USA). 

Immunoprecipitations: anti-CD40 C20 agarose conjugate (Santa Cruz biotechnology, USA), 

anti-Fas (C20) (Santa Cruz biotechnology, USA), anti-DR5 D4E9 (Cell Signalling, USA). Flow 

cytometry: anti-CD40-FITC (5C), anti-Fas-PE (DX2), anti-MHC-II-FITC (Tü 39) and anti-

CD86-PE (2331) (BD Pharmingen, San Diego, USA); anti-DR5-PE (B-K29) (Diaclone research, 

San Diego, USA); anti-TRAILR2 (TR2.21; to screen TRAILR2 KO BJAB clones) (Adipogen, 

Lausen, Switzerland). Flag-ACRP-hBAFF, Flag-ACRP-hCD40L and Flag-ACRP-FasL were 

produced in house and staining were performed as described in [27]. Flag-ACRP-hCD40L 

(mega-CD40L) was also obtained from Adipogen (Lausen, Switzerland). Anti-TRAILR3 (LEIA) 

was used for GPI recognition (own production) [27]. Microscopy and PLA: monoclonal rabbit 

anti-CD40 (EBI-19-21) (Abcam, Cambridge, UK), mouse anti-DR5 (DJR2-4) (ABD Serotec, 

Raleigh, USA) and mouse anti-CD95 (DX2) (BD Biosciences, San Diego, USA).  

 

Expression plasmids. See supplementary table 1.  

 

FRET. Experiments were performed using a LSRII flow cytometer instrument (BD 

Biosciences). EYFP signal was recorded using the 488 nm laser with a 530/30 filter, ECFP 

signal was recorded using the 405 nm laser with a 450/50 filter and FRET signal was recorded 

using the 405 nm laser with a 585/42 filter. For each condition we evaluated a minimum of one 

thousand -ECFP -EYFP double positive cells. HEK 293T cells where transiently transfected with 

ECFP and EYFP fusion receptors and analyzed 16-20 h post-transfection. Positive FRET cells 

were gated using an ECFP-EYFP fusion protein as positive control and a co-transfection of 

ECFP and EYFP as negative control according to [49]. 
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Immunocytochemistry. 

BJAB cells grown on Lab-tek chambers were fixed with 2% formaldehyde and incubated with 

primary antibodies overnight at 4°C (rabbit anti-CD40 50 µg/ml, mouse anti-TRAILR2 25 µg/ml 

or biotinylated mouse anti-Fas 1/10) in 1% normal goat serum. Cells were then incubated for 1h 

with >*0A/CD" 5'0)" 0()2-rabbit-A488 (1/200) plus mouse-EFGH" *:IDJJ/" '#" 2(" >*0A/CD" 5'0)" 0()2-

rabbit-A488 (1/200) plus streptavidine A546 (1/1000) for the detection of CD40-TRAILR2 or 

CD40- Fas respectively. After post-fixation in 4% formaldehyde, nuclei were counterstained 

with DAPI (1/500). Slides were then mounted with Dako fluorescent medium and images were 

acquired using a LSM 510 Laser Scanning Microscope (Carl Zeiss, Jena, Germany). 

 

Immunoprecipitations. 1x10
7
 TRAILR2-negative and TRAILR2-positive BJAB cells were 

harvested and the native membrane fraction was obtained using ProteoExtract kit (Calbiochem). 

Immunoprecipitations were performed with agarose conjugated anti-CD40 antibody or protein A 

loaded antibodies (Fas and TRAILR2) as described in [50]. Immunoprecipitates and whole 

membrane fractions were resolved on 10% acrylamide SDS gels prior to electrophoretic transfer 

onto nitrocellulose and western blot analysis. 

 

Duolink in situ proximity ligation assay (PLA). PLA analysis was performed according to the 

?0(;=01);#$#C%"2(%)#;1)2'(%"*KL2(M"!2'%12$(1$%7"N&&%0607"O8$B$(/4"!#2$=6@7"1$66%"8$#$"2(1;A0)$B"

for 1 h at 37°C on poly-lysine coated slides, fixed with 2% formaldehyde and blocked with 2% 

of normal donkey serum. Primary antibodies (used at the same dilutions than for 

immunocytochemistry) were incubated overnight at 4°C, cells were then incubated with PLUS 

and MINUS secondary PLA probes against both rabbit and mouse IgG. The incubation was 

followed by hybridization and ligation steps, and then amplification was performed. After 

mounting with Duolink mounting medium, images were acquired using a LSM 700 Laser 

Scanning Microscope in the larger focal plane of each cell (Carl Zeiss, Jena, Germany). 

Quantification was done using ImageJ. 

 

Human B cell purification. Peripheral blood mononuclear cells (PBMC) were first isolated 

using Ficoll (Sigma, Saint Louis, MO). Then, B lymphocytes were purified by negative magnetic 
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sorting using the human B cell purification kit from Miltenyi Biotec (Paris, France). Cells were 

then incubated in RPMI 1640 supplemented with 10% fetal calf serum and 5 µg/ml each of 

penicillin and streptomycin for 24 hours and treated as follows: 50 ng/mL PMA (phorbol-

myristate-acetate) (Sigma-Aldrich, St Louis, MO) and 1 mM ionomycin (Sigma-Aldrich, St 

Louis, MO) or 0.5 ng/mL hCD40L-muCD8 (Ancell, Bayport, USA) and 20 µg/ml of anti-

IgM/IgG (Sigma-Aldrich, St Louis, MO). Cells were then subjected to Flow cytometry and PLA 

analysis. 

 

In vitro cell culture. MACS sorted B cells (1.5x10
5
 cells/ml) were stimulated with CD40L and 

IL-21 as described [51] in enriched Iscove´s medium supplemented with 10% FCS, 1 µg/ml 

insulin, 2.5 µg/ml apo-transferrin, 0.1% fatty acid supplement, 1% non-essential amino acids, 2 

mM glutamine, and 1 µg/ml reduced glutathione. B cells were stained and analysed by flow 

cytometry at the indicated time points. 

 

Flow cytometry. Phenotype of human B cells was determined with the following antibodies: 

CD19 V500, CD40 PE-Cy5 (BD), CD27 Brilliant violet 421, CD95 Alexa Fluor 647, IgD PE-

Cy7 (Biolegend), TRAILR2 PE (eBioscience). Dead cell exclusion was performed by Live/Dead 

staining kit (Invitrogen, Molecular Probes), following manufacturer instruction. B-cell 

proliferation was monitored by CFSE (carboxyfluorescein diacetate, succinimidyl ester; 

Molecular Probes) labelling. The data were acquired with BD FACS Canto II and were analysed 

with FlowJo software version 8.7 (TreeStar Inc., Ashland, USA).  

 

Luciferase reporter assay. HEK293T cells were cultured in 96 well plates at 3x10
5
 cells/mL in 

100 µl. After 24 h cells were transfected with a mix of vectors containing: EGFP (transfection 

efficiency control) (7 ng), control renilla vector (7 ng), NF- ! firefly luciferase reporter vector 

(7 ng), CD40 (0.5 ng), CD40L (1 ng) and increasing concentrations of GPI-anchored CD40, 

TRAILR2, Fas or TACI (0 to 34 ng) (70ng/well total DNA), using Polyfect transfection reagent 

(Qiagen). After 24 h, cells were lysed and expression of firefly and renilla luciferases was 

detected with the dual luciferase assay detection kit (Promega, MA). 
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Statistical analysis. FRET experiments were analyzed using unpaired t test, and when multiple 

receptors where compared using one-way ANOVA with Tukey post-test. PLA on BJAB cells 

was analyzed using unpaired t test. PLA on B cells was analyzed using one-way ANOVA (non 

parametric Kruskal-Wallis test) with Dunn post-test. All analyses were performed using 

GraphPad Prism version 5.00 for Windows, GraphPad Software, San Diego California USA, 

www.graphpad.com 
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Figure legends 

 

Figure 1. CD40 interacts with Fas and TRAILR2 

A. Flow cytometry FRET assay between CD40, Fas and TACI. The image shows the 

combination of the three receptors fused to ECFP and EYFP. The gate used to calculate the 

percentage of FRET positive cells was established by using a ECFP-EYFP fusion protein (100% 

FRET blue dots) together with a ECFP/EYFP co-transfection (0% FRET red dots), bottom left 

panel. Bottom right panel shows the mean value of FRET positive cells and SEM of five 

independent experiments. B. Flow cytometry FRET screening for different TNFRSF members 

expressed in B cells. C. Flow cytometry FRET assay between CD40, Fas, TRAILR2 and TACI 

lacking the intracellular domain *+,-./4 

In all cases FRET+ corresponds to the positive FRET reporter (ECFP-EYFP fusion protein) and 

FRET- corresponds to the negative control (ECFP/EYFP co-transfection). The dotted line 

represents background FRET levels. 

 

Figure 2. CD40, Fas and TRAILR2 co-localize at the surface of human B cells. 

Immunostainings of CD40-FAS and CD40-TRAILR2 in BJAB TRAILR2-positive (pos) and 

BJAB TRAILR2-negative (neg) cell lines. O106$"A0#%"1'##$%&'(B")'"DJ"P?"0(B"F"P?"2(")<$"?02("

image and the inset respectively. 

 

Figure 3. CD40 selectively interacts with TRAILR2 over Fas 

A. Co-Immunoprecipitation of CD40, Fas and TRAILR2 in BJAB TRAILR2-negative (neg) and 

TRAILR2-positive (pos) cells followed by WB detection of CD40, Fas and TRAILR2. (WMF: 

input of whole membrane fraction). B. FACS expression profile of CD40 and Fas or CD40 and 

TRAILR2 on BJAB cell line TRAILR2-negative (left panel) together with a confocal image of 

the same cell type analyzed by proximity ligation assay (PLA right panel) for both CD40-Fas or 

CD40-TRAILR2 interactions. C. Same as panel B, for the TRAILR2-positive BJAB cell line. D. 

Mean and SEM of the PLA assay. Spot numbers per cell were counted in the focal plane. The 

number of cells analyzed by PLA is indicated on each image in panels B and C. Scale bars in 

panels C and D 1'##$%&'(B")'":J"P?4 
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Figure 4. CD40 interacts with Fas and TRAILR2 in primary human B cells 

A. FACS expression profile of CD40 and Fas on primary human B cells non stimulated (NS), 

activated with PMA-Ionomycin (PI) or activated with anti-BCR plus CD40L (BC) (left panels) 

together with a confocal image of the same cell type analyzed by proximity ligation assay (PLA) 

for CD40-Fas interaction (right panels) (one out of three independent donors is shown). B. 

Percentage of CD40-Fas double positive cells in five different donors treated as described in 

panel A. C. Mean and SEM of the PLA assay for the three donors analyzed by PLA. Spot 

numbers were counted in positive cells in the focal plane.  D, E and F Same as A, B and C, but 

for CD40-TRAILR2 interactions. The number of cells analyzed in the example is indicated on 

each image. Scale bars correspond t'"F"P?4 G. HLA-DR and isotype control mean fluorescence 

intensity (MFI) and SEM of five different human primary B cells samples that were either non 

stimulated (NS), activated with PMA-Ionomycin (PI) or activated with anti-BCR plus CD40L 

(BC). H. Same as G, but for CD86 detection. 

 

Figure 5. Heteromer formation with signalling-incompetent TRAILR2 or Fas has a 

negative impact on CD40 signalling 

A. NF- ! luciferase assay in 293T cells transiently transfected with 0.5 ng of CD40, 1 ng of 

CD40L (left panel) or with 0.5 ng of TACI, 1 ng of BAFF (right panel) and increasing amounts 

of GPI-anchored CD40, TRAILR2, Fas or TACI. One out of three independent assays with 

similar results is shown. B. Flow cytometry analysis of TRAILR2-GPI, CD40 full-length and 

TACI full length surface expression. C. Left: surface expression levels of CD40 full-length, 

CD40-GPI and CD40 full-length in the presence of TRAILR2, detected by staining with Flag-

CD40L. Right, surface expression levels of CD40-GPI and TRAILR2-GPI, detected by staining 

with an anti-TRAILR3 mAb recognizing the GPI-proximal region of the fusion receptors. MFI, 

mean of fluorescence intensity. D. NF- ! luciferase assay in 293T cells transiently transfected 

with 0.5 ng of CD40, 1 ng of CD40L and increasing amounts of GPI-anchored Fas, Fas-!CRD1, 

CD40 and TACI. One out of two independent assays with similar results is shown. E. Flow 

cytometry analysis of Fas and Fas-!CRD1 surface expression. 
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Figure 6. Endogenous TRAILR2 or Fas modulate CD40 signalling 

A. NF- B response of wild type, Fas KO, TRAILR2 KO and CD40 KO BJAB cell lines induced 

by the indicated concentrations of Flag-ACRP-CD40L (mega CD40L). One out of two 

independent experiments is shown B. Average of the different clones and replicates of each KO 

cell line stimulated with 1 µg/ml of mega CD40L. C. ex vivo expression profile of CD40 in 

marginal zone (MZ) and switched memory (SM) primary human B cells. D. Expression profile 

of CD40 in MZ and SM along six days of CD40L+IL21 stimulation. E and F. Same as C and D, 

but for Fas expression. G and H. Same as C and D, but for TRAILR2 expression. MZ B cells are 

gated as CD27+, IgD+ and SM B cells are gated as CD27+ IgD-. The mean and SEM of six 

independent experiments is shown. I. Gating set up for CD27+ TRAILR2 low and high B cells 

using an isotype control for TRAILR2 staining. The same gating was used in panel J. J. 

TRAILR2 expression in CD27+ B cells of one representative donor out of four tested after six 

day of stimulation with CD40L+IL21. K. CFSE proliferation profile of TRAILR2 low CD27+ 

(grey histogram) and TRAILR2 high CD27+ (black line) primary human B cells of one 

representative donor out of four tested after six days of stimulation with CD40L+IL21. L. 

Average proliferative response for the four independent donors analysed.  
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Table S1: List and description of the plasmids used in the study. 

 

Experiment Code Coding for Tag Backbone 

F
R

E
T

 

ps015 - - PCR3 

ps2155 - EYFP PCR3 

ps2156 - ECFP PCR3 

ps2967 EYFP-ECFP fusion - pcDNA3.1 zeo 

ps2460 hCD40 1-260 EYFP PCR3 

ps2461 hCD40 1-260 ECFP PCR3 

ps2159 hFas 1-227 EYFP PCR3 

ps2160 hFas 1-227 ECFP PCR3 

ps3074 hTRAILR1 1-363 EYFP PCR3 

ps3076 hTRAILR2 1-327 EYFP PCR3 

ps2948 hBCMA 4-124 EYFP PCR3 

ps2975 hBAFFR 1-136 EYFP PCR3 

ps2252 hTACI 1-223 EYFP PCR3 

ps2253 hTACI 1-223 ECFP PCR3 

- ErbB1 EYFP Other 

- ErbB2 EYFP Other 

ps3179 hCD40 1-DDF"*+,-./ EYFP PCR3 

ps3180 hCD40 1-DDF"+,-./ ECFP PCR3 

ps3181 hFas 1-:GF"*+,-./ EYFP PCR3 

ps3182 hFas 1-:GF"*+,-./ ECFP PCR3 

ps3309 hTRAILR2 1-DQR"*+,-./ EYFP PCR3 

ps3310 hTRAILR2 1-DQR"*+,-./ ECFP PCR3 

ps3307 hTACI 1-:QS"*+,-./ EYFP PCR3 

ps3320 hTACI 1-:QS"*+,-./ ECFP PCR3 

N
F

-k
B

 L
u
ci

fe
ra

se
 

ps1614 NF-kB Luciferase - Other 

ps1615 Renilla - Other 

ps515 - EGFP pcDNA3.1 zeo 

ps1336 hCD40 full-length - PCR3 

ps514 hCD40L full-length - PCR3 

ps687 hFas 1-170 GPI PCR3 

ps3393 HA signal hFas 84-170 

*+-9.:/ 

GPI PCR3 

ps664 hTRAILR2 1-212 GPI PCR3 

ps3392 HA signal hTRAILR2 96-

212 (!CRD1) 

GPI PCR3 

ps1429 hCD40 1-193 GPI PCR3 

ps897 hTACI 2-160 GPI PCR3 

ps1383 hTACI full-length - PCR3 

ps544 hBAFF full-length - PCR3 

FACS 
ps864 ACRP-hBAFF 137-285 Flag PCR3 

ps621 ACRP-hCD40L 116-261 Flag PCR3 
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CRISPR 

Cas9 - KO 

ps3373 TRAILR2 gRNA - Addgene 52961 

ps3374 CD40 gRNA - Addgene 52961 

ps3375 Fas gRNA - Addgene 52961 

ps3344 Pax2 - Addgene 12260 

ps3345 VSVg - Addgene 8454 
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Supplementary figure 1 

Immunostaining and fluorescence intensity plots across a section for CD40 and FAS in BJAB 

TRAILR2 positive cells. 
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Supplementary figure 2 

Immunostaining and fluorescence intensity plots across a section for CD40 and FAS in BJAB 

TRAILR2 negative cells. 
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Supplementary figure 3 

Characterization of CRISPR/cas9 KO clones for Fas, CD40 and TRAILR2. 
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CHAPITRE 3 

Evaluation du potentiel anticancéreux de complexes carbènes-N-

hétérocyclique-Pt(II) 

 !" #" $%$" &$'()%*$" &#)+" !#" !,%%$*#%-*." /-." !0#++(1,#%,()" &0#2(),+%.+" &." 345 6" #7.1" &.+"

agents de chimiothérapie tels que le cis8!#%,)." (-" !0(9#!,8!#%,)." 8.*'.%%#,%" :" !#" ;(,+" &."

8(%.)%,#!,+.*" !0#1%,7,%$"8*("#8(8%(%,/-."&.+"#2(),+%.+"&.+"345 6-Rs mais aussi de restaurer la 

sensibilité de certaines cellules cancéreuses fréquemment perdue lors de la progression 

tumorale (Lemke et al., 2014). 

Malgré son efficacité q-," )0.+%" 8!-+" :" &$'()%*.*" !0-%,!,+#%,()" &-" cisplatine et de ses 

analogues en oncologie est quelque peu limitée par les propriétés même du platine. En effet le 

platine est difficilement soluble et instable en milieux aqueux et engendre de sévères effets 

secondaires par en agissant à la fois sur les cellules cancéreuses mais aussi sur les cellules qui 

se multiplient rapidement (Dasari and Tchounwou, 2014).  

<0#," %*#7#,!!$" #7.1" &.+" 1=,',+%.+" >?@4" ABCDE" F*().)G(-*2H" /-," &$7.!(88.)%" &.+"

complexes carbène N-hétérocycliques portant du Pt(II) (Aher et al., 2014). Des premiers travaux 

avaient déjà été publiés montrant leur activité cytotoxique in vitro (Chardon et al., 2011). 

Cependant, les NHC-I%>  H" )0$%#,.)%" +(!-G!." /-0.)" J@KL" 1." /-," !,',%#,%" !.-*+" #88!,1#%,()+"

biologiques. Dans le but de solubiliser ces complexes, ils ont été associés à du PEI linéaire qui 

est connu pour être un agent de transfection efficace.  

@()" %*#7#,!" .+%" .98(+$" &#)+" !0article 8 : In Vitro and In Vivo Antitumor Efficacy of 

complexes of N-Heterocyclic Carbene Platin(II) and Polyethylenimine (en préparation). Les 

chimistes ont synthétisés des complexes  qui associent le NHC-I%>  H" :" &-" IM " !,)$#,*." &0-)"

8(,&+" '(!$1-!#,*." &." NBOJ#E" " #7.1" P" *#%,(+" &,;;$*.)%+" 10.+%-à-dire : un complexe NHC-Pt(II) 

présent tous les 10 monomères de PEI (NHC-Pt(II)-PEI10), un complexe NHC-Pt(II) présent 

tous les 20 monomères de PEI (NHC-Pt(II)-PEI20) un complexe NHC-Pt(II) présent tous les 30 

monomères de PEI (NHC-Pt(II)-PEI30).  

Les résultats indiquent que le complexe NHC-Pt(II)-PEI30 a la meilleure activité toxique sur un 

ensemble de lignées cancéreuses humaines et murines in vitro en comparaison avec les 

complexes NHC-Pt(II)-PEI10 et NHC-Pt(II)-PEI20 et le cis8!#%,).".%" !0(9#!,8!#%,)."1!#++,/-.'.)%"

-%,!,+$+".)"1!,),/-."8(-*"!."%*#,%.'.)%"&.+"1#)1.*+Q"<0#,"également évalué le potentiel anti tumoral 

du complexe NHC-Pt(II)-PEI30 in vivo dans un modèle de souris immunodéficientes portant des 

%-'.-*+"=-'#,).+"&0-)"1#*1,)('."1(!(*.1%#!Q"F.+" *$+-!%#%+"'()%*.)%"/-." !."RSF-Pt(II)-PEI30 

injecté en i .p toutes les 48h à une dose de 10mg/kg induit i) un ralentissement significatif de la 

prolifération des cellules cancéreuses ii) #"-)."'.,!!.-*."#1%,7,%$"#)%,"%-'(*#!."/-."!0(9#!,8!#%,)."

-%,!,+$" :" !#" 'T'." 1()1.)%*#%,()" &." 8!#%,).Q" J." 8!-+" 1()%*#,*.'.)%" :" !0(9#!,8!#%,).E" RHC-Pt(II)-

IM PC")0,)&-,%"8#+"&."%(9,1,%$"#-"),7.#-"&-"+,%."&0,)U.1%,()Q 

Ces résultats encourageants montrent pour la première fois le potentiel antitumorale des 

complexes NHC-Pt(II)-PEI in vivo.  
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Abstract 

 

Platinum N-heterocyclic carbene complexes are of particular interest in cancer research 

because of their stability, ease of functionalization and clear cytotoxicity in human cancer cells. 

Here, we proposed an innovative and versatile polymer drug conjugate wherein NHC-Pt(II) 

complexes are combined with polyethyleimine (PEI). We showed that NHC-Pt(II)-PEI 

compounds induced cell death of human cancer cells in vitro and in vivo in a xenograft mouse 

model. 

 

Introduction 

Cis-diaminedichloroplatinum (II) (Rosenberg et al., 1965), best known as cisplatin and its 

analogues represent the most widely used chemotherapeutic drugs in the world for treatment of 

cancers such as testicular, ovarian, head neck, lung cancer and non-Hodgkin lymphoma (Dasari 

and Bernard Tchounwou, 2014). Platinum based compounds are used either as the main 

treatment or in combination with surgery and/or radiotherapy. Over 50% of tumors are treated 

with platinum-based drugs (cisplatin, carboplatin, oxaliplatin) alone or co-administered with other 

chemotherapeutic agents. 

In spite of its efficiency, their clinical applications are limited by severe side effects including 

nephrotoxicity, neurotoxicity, and ototoxicity. Furthermore, platinum treatment is frequently 

associated with intrinsic or acquired cell resistances. These limitations are mainly due to poor 

selectivity and stability of the drugs itself (Hu et al., 2011)  

To circumvent the drawbacks of cisplatin and its derivatives, various strategies have 

been developed. (Oberoi et al., 2013). Briefly, these strategies are based on i) the development 

of new platinum-complexes that display different DNA-binding modes or have alternative cellular 

targets beside DNA, including mitochondria (Marrache et al., 2014) or proteins (Cubo et al., 
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2010) and ii) the improvement of drug delivery to permit accumulation in tumor sites. Very 

recently, some groups pointed to the importance of N-Heterocyclic Carbene (NHC) as a new 

chemical structure for the development of metal based drugs (Mercs and Albrecht, 2010). These 

NHC are cyclic compounds containing one singlet divalent carbone atom with 6 electrons shell 

#)&"G()&" %(" %V("),%*(2.)").,2=G(*+Q"3=.+.").-%*#!"'(!.1-!.+"#*."=,2=!W"X-donators and form 

readily transition metal complexes (Nelson and Nolan, 2013). Their electronic parameters are 

.#+,!W" #&U-+%#G!." GW" 7#*W,)2" %=." ),%*(2.)0+" +-G+%,%-.)%+" (*" RSF" G#1OGone itself. Most studies 

used gold, copper, palladium, or silver NHC derivatives to induce tumor toxicity (Gasser et al., 

2011; Liu and Gust, 2013). Since then, few studies considered platinum-NHC (NHC-Pt(II)) 

complexes as potential platforms for anticancer agents (Skander et al., 2010). The group of 

Marinetti (Skander et al., 2010) first showed that NHC-Pt(II) complexes presented increased 

cytotoxic activities over cisplatin.  

We previously reported the development of new post-modification approaches, so by 

ruthenium catalyzed 1,3-dipolar azide-alkyne cycloaddition (Chardon et al., 2011) or by ligand 

exchange reactions in a trans [(pyridine)Pt(NHC)X2] complexes where pyridine could be 

exchange with another ligand (Chardon et al., 2012a). We demonstrated the cytotoxic activity on 

various human cancer cell lines of NHC-Pt(II) complexes alone (Chardon et al., 2011) or 

conjugated with estradiol to target tumor cells that expressed estrogen receptor (Chardon et al., 

2012b), that were in most case better than cisplatin. Nevertheless, one limitation of NHC as 

ligand for platinum is that the NHC-Pt(II) complex solubility is weak in the biological solutions 

thus limiting its use for in vivo experiments. Here, we proposed an innovative and versatile 

polymer drug conjugate wherein NHC-Pt(II) complexes are combined with polyethyleimine (PEI) 

(Silva et al., 2012). PEI is an organic polymer formed by polymerization of aziridine. There are 

two forms of PEI including linear PEI (L-PEI) composed only by secondary amine groups and 

branched PEI composed by both primary, secondary and tertiary amine groups. The first 

biological application of PEI was as a transfection reagent for nucleic acid transfer into cells 

(Godbey et al., 1999). Indeed, L-PEI has been widely used for non-viral gene or siRNA transfer 

in vivo. (Patnaik and Gupta, 2013) (Hobel and Aigner, 2013). Ongoing clinical trials for the 

treatment of bladder cancer (Sidi et al., 2008) or ovarian cancer (Alvarez et al., 2014) use L-PEI-

mediated plasmid DNA deliver.  

In the present study, hydrosoluble linear PEI, would not only serve as carrier for the poor 

water soluble platinum-NHC complexes to reach cells but would also protect the metal from side 

reactions with undesirable molecules such as serum proteins.  

We used NHC-Pt(II) compounds with the 3-benzyl-1-methyl-imidazolilydene as NHC part that 

had already showed a cytotoxic activity against tumor cells (Chardon et al., 2012b). Using this 

NHC, we developed NHC-Pt(II)-PEI compounds with various ratio between NHCH2CH2 (PEI) 

monomers and NHC-Pt(II) and evaluated their cytotoxic activity against human cancer cells in 

vitro and in vivo in a xenograft mouse model. 
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Results and discussion 

 

NHC-Pt(II) complexes with L-PEI 25 KDa exhibit better anti-proliferative activity  

In literature, the gene delivery using low molecular weight linear polymers were described 

to unite low toxicity with high potential to cross the membrane and thus delivering genes into the 

cell, whereas higher molecular weight polymers showed an increased toxicity (Fischer et al., 

2003).  

We first evaluated the optimal weight of the PEI which permitted to a NHC-Pt(II) to induce a 

significant cell cytotoxicity when associated with PEI. For this, we synthetized complexes that 

associated the NHC-Pt(II), containing 3-benzyl-1-methyl-imidazolilydene as NHC part, with linear 

PEI of 1.8 kDa, 2.5 kDa, 25 kDa and 250 kDa in a ratio of one NHC-Pt(II) molecule every 20 

monomers of PEI (Figure 1). The NHC-Pt(II) containing 3-benzyl-1-methyl-imidazolilydene as 

NHC part (Figure 2) were shown to induce significant cell cytotoxicity of various cancer cell lines 

(Chardon et al., 2012b). The NHC-Pt(II)-PEI complexes could be solubilized in ethanol at a 

concentration (1mM) such that the final concentration of ethanol in the cell culture medium was 

less than 10 %. Ethanol as solvent has the advantage to be less toxic for the cells than DMSO 

(classically used to solubilized NHC-metal complexes). The cytotoxicity of the various NHC-

Pt(II)- PEI in ethanol was, then, assayed on the human lymphoma BJAB cell line. As showed in 

Figure 2, the best cytotoxicity on B lymphoma cells was observed with complexes that 

contained 25 kDa PEI or 250 kDa PEI. Complexes with PEI 250 kDa had a better activity than 

complexes with PEI 25kDa as showed by its half inhibitory concentration (IC50) about 15µM 

versus 1µM. However, complexes with PEI 250 kDa were poorly soluble in aqueous medium 

and therefore were difficult to use for biological assays. These first results are clearly in 

accordance with data obtained with PEI as transfection agent showing that PEI 25 kDa is the 

best compromise between efficacy and toxicity (Breunig et al., 2005). 

Therefore, we used PEI 25 kDa in the rest of the study and referred it as "PEI". 
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Figure 1: Synthesis of NHC-Pt(II)-PEI compounds 

 

 

 

Figure 2: NHC-Pt(II) complexes with PEI 25 KDa exhibit better cytotoxic activity  

BJAB cells (10
5
 cells/well) were treated with various NHC-Pt(II)-PEI 20 complexes (NHC=3-benzyl-1-

methyl-imidazolilydene; one Pt each 20 monomers) in which PEI molecular weight was 1.8 kDa, 2.5 kDa, 

25 kDa and 250 kDa at indicated concentrations. After 24 of incubation, cell death was evaluated using 

MTS assay. The results are expressed as % of cell viability inhibition according to the following formula: 

%vviable cell = (OD (treatment) /OD(100% viability) * 100) were cells incubated with medium alone were 

was considered as 100% of viability. 
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NHC-Pt(II)-PEI30 presents the better cytotoxic activity against human and murine 

cancers cells lines 

We used the versatility of the NHC-Pt(II)PEI to evaluate the quantity of platinum to induce 

optimal cancer cell cytotoxicity. For this, we synthetized complexes that associated the NHC-

Pt(II) with PEI 25 kDa with various ratio of NHC-Pt(II) i.e. one NHC-Pt(II) molecule every 10 

monomers of PEI (NHC-Pt(II)-PEI10), one NHC-Pt(II) molecule every 20 monomers of PEI 

(NHC-Pt(II)-PEI20) and one NHC-Pt(II) molecule every 30 monomers of PEI (NHC-Pt(II)-PEI30). 

The cytotoxic effect of these NHC-Pt(II)-PEIn complexes solubilized in ethanol were then 

investigated in a panel of 5 human cancer cell lines and 2 murine cell lines: HCT116 (colorectal 

adenocarcinoma), U87 (glioblastoma), PC3 (prostate adenocarcinoma expressing the PSMA 

antigen), MCF-7 (breast adenocarcinoma expressing the estrogen receptor), MDA-MB-231 

(breast adenocarcinoma), a murine malignant cell line, TC1 (lung cancer), and a murine non 

cancer cell line, 3T3 (fibroblast). As shown in Figure 3, NHC-Pt(II)-PEI10 and NHC-Pt(II)-PEI30 

induced cytotoxicity in all cell lines whereas NHC-Pt(II)-PEI20 was active only in HCT116, U87, 

TC1 and 3T3. PEI-25KDa without NHC-Pt(II) has a slight effect on PC3, MDA-MB-31 and TC1 

but at very high and, therefore, non physiological concentrations (Figure 3). Interestingly, when 

IC50 were compared (Table 1), NHC-Pt(II)-PEI30 displayed the better cytotoxic activity 

whatever the cell lines suggesting that the ratio one NHC-Pt(II) molecule every 30 monomers of 

PEI was optimal for cytotoxic activity. These results are unexpected as NHC-Pt(II)-PEI30 contain 

less platinum than NHC-Pt(II)-PEI20, or NHC-Pt(II)-PEI10. We could hypothesize that the 

platinum biodisponibility is better with less platinum. 

Finally, we also compared the cytotoxic properties of NHC-Pt(II)-PEI30 with those of  

cisplatin and oxaliplatin used as reference drugs (Figure 4 and Table 1). Interestingly, the 

cytotoxicity of NHC-Pt(II)-PEI30 complex was always higher than those of cisplatin and 

oxaliplatin.  

In conclusion, NHC-Pt(II)-PEI30 complex appears as a promising anti-tumor drug. 

 

 

  

Table 1: Half inhibitory concentration (IC50) (in µM). In vitro cytotoxicity activity of platinum 

derivatives, after 24h of incubation. The IC50 was determined using the software Prism Graph Pad 5.0. 

  



 170 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 3: NHC-Pt(II)-PEI30 presents the better cytotoxic activity against human 

and murine cancers cells lines. HCT116, U87 PC3, MCF-7, MDA-MB-231, TC1 and 3T3 cells 

(10
5
cells/wells) were treated with the indicated concentrations of NHC-Pt(II) (NHC=3-benzyl-1-methyl-

imidazolilydene) in which PEI molecular weight was 25kDa with various ratio of platinium: one NHC-Pt(II) 

molecule every 10 monomers of PEI (NHC-Pt(II)-PEI10), one NHC-Pt(II) molecule every 20 monomers of 

PEI (NHC-Pt(II)-PEI20) and one NHC-Pt(II) molecule every 30 monomers of PEI (NHC-Pt(II)-PEI30). After 

24h of treatment, cell death was evaluated using MTS Assay. Results are expressed as the mean of 3 

experiments ± SEM. The statistical significance was calculated by a non-parametric ANOVA 2 way test 

plus a Bonferonni correction. Results with a p-value less than 0.05 were considered significant. Each 

experiment was made in triplicate. 
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Figure 4: The NHC-PEI 30 is more efficient to induce tumor cell cytotoxicity of 

malignant cells than cisplatin or oxaliplatin. The same cell lines that those of figure 3 was 

treated with NHC-Pt(II) (PEI 25kDa with a ratio of one NHC-Pt(II) every 30 PEI monomer) or with cisplatin 

or oxaliplatin at the indicated concentrations. Cell death was measured after 24h treatment using MTS 

Assay. Results are expressed as the mean of 3 experiments ± SEM. Results with a p-value less than 0.05 

were considered significant. 
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NHC-PEI 30 complex inhibits HCT116 colon cancer cell growth in xenograft  

mouse model 

To assess if the NHC-Pt(II)-PEI30 complex had a relevant antitumoral activity in vivo, we 

evaluated it in a HCT116 tumor xenograft mouse model. For this, immunodeficient mice were s.c 

injected with 5.106 cells HCT116 and when the tumor became palpable (mean tumor volume 

about 25mm3), we started an i.p administration every 48h during 23 days. Dose of 10mg/kg 

NHC-Pt(II)-PEI30 was compared to classical dose of 10mg/kg of oxaliplatin used as reference 

(Wang et al., 2009). At 10 mg/kg, oxaliplatin contains five more Pt(II) than the NHC-Pt(II)-PEI30 

complex at the same concentration. To homogenize the Pt(II) concentration, a dose of 2mg/kg of 

oxaliplatin was added in the experiment. The various compounds were injected in a solution of 

NaCl 0.9% (v/v) containing not more than 10% (v/v) of ethanol. As shown in Figure 5, NHC-

Pt(II)-PEI30 drastically inhibited tumor growth with a 80% decrease of tumor volume in 

comparison with non-treated mice, thus confirming its anti-proliferative activity in vivo. Oxaliplatin 

at the dose of 10mg/kg has the same effect as NHC-Pt(II)-PEI30 complexes. Interestingly 

oxaliplatin at 2mg/kg, a dose in which the Pt(II) concentration was the same than with NHC-

Pt(II)-PEI30 at 10 mg/kg, has only a slightly effect in comparison to NHC-Pt(II)-PEI30.  

Note that the oxaliplatin treatment induced hemorrhagic events at the site of injection, as it has 

been already described in human after oxaliplatin treatment (Koutras et al., 2004) (Figure 6) 

while NHC-Pt(II)-PEI30 did not. All these results suggest that NHC-Pt(II)-PEI30 could represent 

an alternative to oxaliplatin for tumor treatment. 
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Figure 5: NHC-Pt (II)-PEI 30 complex exhibits antitumor effect in HCT116 colon 

cancer xenografts in mice model. 5-week-old female nude mice were s.c injected with 5.10
6
 

dissociated HCT116 cells in the right flank and tumors were allowed to growth until to reach the mean 

volume of 25mm
3
. Injections of NHC-PEI 30 (10mg/kg), oxaliplatin (2mg/kg, 10mg/kg) or vehicle (0.9% 

NaCl) were administered in i.p route over 48h, during 15 days. Tumor volume was determined by caliper 

measurement and normalized toward the tumor volume observed at the beginning of the treatment. 

Results are expressed as the mean of 2 experiments ± SEM (n= 18). Results with a p-value less than 0.05 

were considered significant. 

 

 

 

 

 

 

 

 

 

Figure 6: Oxaliplatin treatment induces hemorrhagic event at the injection site  

Oxaliplatin was i.p injected at a concentration of 10m/kg each 48 hours during 13 days. After 4 treatments, 

sensitivity and hemorrhagic event appeared near the injection site. 

 

 

 

tumor Injection site 
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Conclusion 

In conclusion, we developed a new and versatile polymer drug conjugate wherein NHC-

Pt(II) complexes are combined with polyethyleimine. We demonstrated that the optimal weight of 

a linear PEI which permit to a NHC-Pt(II)-PEI complex to induce a significant cell cytotoxicity in 

vitro is 25kDa. Surprisingly, the NHC-Pt(II)-PEI30 bearing less platinum was the most cytotoxic 

complexes, suggesting that this organization is optimal for platinum cytotoxic activity. Moreover 

we showed that NHC-Pt(II)-PEI30 was more efficient in inducing tumor cell cytotoxicity than 

oxaliplatin or cisplatin used as reference treatment. Interestingly, we demonstrated the 

antitumoral potential of NHC-Pt(II)-PEI30 complex in immunodeficient mice bearing human colon 

cancer cells. At similar platinum concentration, NHC-Pt(II)-PEI30 was more efficient and induced 

less side effects that oxaliplatin suggesting that this innovative compound could be evaluated in 

human for tumor treatment. 

The gain in cytotoxic activity of NHC-Pt(II)-PEI30 might be due to the PEI molecule that enable 

cellular internalization via endocytosis through charge-charge interactions with anionic sites on 

cell surfaces, thus increasing the intracellular concentration of Pt. Indeed, it was described that 

,)" 8=W+,(!(2,1#!" 1()&,%,()+E" #',)(" ),%*(2.)0+" (;" %=." IM " #*." 8*(%()#%.&" *.+-!%,)2" ,)" #" =,2=!W"

hydrosoluble polycation. Internalization of the cationic particles is assumed to be undertaken by 

adsorptive endocytosis or secondarily by clathrin-coated pit mechanism (Morille et al., 2008). 

The proton-sponge effect would permit the release in intracellular environment by osmotic 

endosome swelling. After cell entering by endocytosis, acid pH in endosomes should release 

active platinum species (Nowotnik and Cvitkovic, 2009). 

These hypotheses will be evaluated in a future study. 

 

Materials and methods 

 

General procedure for NHC-Pt(II)-PEI synthesis: complexes  [(NHC)PtI2(pyridine)] were 

synthesized following procedure previously reported by our group (Chardon et al., 2013). We 

used the NHC-Pt(II) described in (Chardon et al., 2012b) that showed one of the best cytotoxic 

activity in human cancers cells. The NHC-Pt(II)-PEI complexes were synthesized as follow: 

under argon atmosphere, a solution of complex [(NHC)PtI2(pyridine)] (1 eq, NHC = 1-benzyl 3-

methyl imidazole-2-ylidene) and linear PEI having a molecular weight of 25 kDa (n eq of 

CH2CH2NH) in ethanol (10 mL, dried over molecular sieves) is stirred two days at 55 °C. The 

solvent is removed under vacuum, the solid obtained washed by pentane and dried under 

vacuum to afford PEI (25, n) were the number n corresponds to the ratio of NHC-Pt(II) per (-

NHCH2CH2-) monomeric unit i.e. one NHC-Pt(II) molecule every 10 monomers of PEI (NHC-

Pt(II)-PEI10), one NHC-Pt(II) molecule every 20 monomers of PEI (NHC-Pt(II)-PEI20) and one 
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NHC-Pt(II) molecule every 30  monomers of PEI (NHC-Pt(II)-PEI30). The compounds were 

characterized by 1H NMR and elemental analysis. 

 

Platinium derivative preparation for in vitro and in vivo assays: Oxaliplatin and 

cisplatin were purchased from Sigma Aldrich, (Saint-Louis, MO, USA) and were 

extemporaneously prepared in H2O. NHC-Pt(II)-PEI10, NHC-Pt(II)-PEI20, NHC-Pt(II)-PEI30 and 

PEI 25kDa stock solution were prepared by dissolution in absolute ethanol at 1mM, the stock 

solution could be conserved one month. Samples were then diluted in PBS for the in vitro 

assays and in NaCl 0.9% for the in vivo experiments.  

 

Cell culture: Human cancer cell lines HCT116 (colorectal adenocarcinoma), U87 

(glioblastoma), PC3 (prostate adenocarcinoma expressing the PSMA antigen), MCF-7 (breast 

adenocarcinoma expressing the estrogen receptor), MDA-MB-231 (breast adenocarcinoma), 

murine malignant cell line TC1 (lung cancer), and murine non tumoral cell line 3T3 (fibroblast) 

were cultured in RPMI 1640 (Sigma Aldrich) supplemented with 10% (v/v) of heat-

decomplemented fetal calf serum (FCS) (Sigma Aldrich) and Penicillin-Streptomycin (10U-

0.1mg, Sigma Aldrich) at 37°C with 5% CO2, 80% humidity.  

 

Cell viability assays: Cells were seeded in 96-well plates at 1.104 1.!!+"8.*"V.!!",)"YCCZ6"(;"

RPMI 10 % FCS, then exposed to the different compounds (NHC-Pt(II) PEI or cisplatin and 

oxaliplatin as control) during 24 hours at 37°C (5% CO2). 20 µL of MTS (Promega Corporation, 

Madison, WI) were added in each well. MTS is composed of tetrazolium compound associated 

with an electron coupling reagent (phenazine methosulfate). MTS is bioreduced by 

dehydrogenase enzymes found in metabolically active cells. The quantity of formazan produced 

as measured by absorbance at 490nm is directly proportional to the number of living cells in 

culture. After 4h of incubation at 37°C, absorbance was measured at 490 nm (SP200, Safas, 

Monaco). The absorbance of the blank (RPMI + MTS) was subtracted to the values of each well. 

The OD of non-treated cells was considered as 100% of viability. The percentage of viability was 

calculated using the following formula: % viable cell  = (OD (treatment) /OD(100% viability) * 

100) 

 

In vivo anti-tumor effect: Female five-week old athymic (nu/nu) mice were obtained (Charles 

River, Bois des Oncins, France). All of the mice were housed in the animal house of the Faculté 

de Pharmacie of Strasbourg University (Agreement number: E-67-218-26). The experiment 

procedures were approved by the Comité Régional d'Ethique en Matière d'Expérimentation 

Animale de Strasbourg (Approval number: AL/107/114/02/13).  
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Mice were injected into the right flank with 5.106 dissociated HCT116 cells, suspended in 100µL 

of NaCl 0.9% (p/v) solution. Xenografts were allowed to develop during 5 days after grafting. 

Tumour volume was determined by calliper measurement. Animals were randomly sorted into 

treatment groups presenting a mean of tumour volume about 25mm3. The initial value for each 

mouse was arbitrarily established at 100 %. Change in tumour volume for each mouse was 

expressed as per cent change using the following formula [(tumour volume day n) x100/ (tumour 

volume at day 1)]. NHC-Pt(II)-PEI30 at 10mg/kg, oxaliplatin at 10mg/kg (which corresponds to 

the described efficient dose for in vivo anti-tumor activity in mice model (Wang et al., 2009)) and 

at 2mg/kg (in which the platinium concentration was similar to the platinium concentation of 

NHC-Pt(II)-PEI30 at 10mg/kg) in NaCl 0.9% were administered over 48h by i.p injection during 

13 days.  

 

Statistical Analysis: Results are expressed as the mean of independent experiments ± SEM. 

The statistical significance between experimental groups was calculated by a non-parametric 

ANOVA 2 way test plus a Bonferonni correction. Results with a p-value less than 0.05 were 

considered significant. 
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5-U(-*&0=-,E",!".9,+%."-)"#*+.)#!"&."+%*#%$2,.+"/-,"()%"8(-*"(GU.1%,;"&0$!iminer les cellules 

cancéreuses. Parmi ces stratégies, celles qui tuent directement les cellules tumorales semblent 

être les plus évidentes mais malheureusement ne sont pas toujours les plus simples à 

développer. Effectivement, certaines cellules cancéreus.+" +()%" 1#8#G!.+" &0#1/-$*,*" &.+"

*$+,+%#)1.+" :" !0#8(8%(+." (Hanahan and Weinberg, 2011) au cours de leur développement et 

8.-7.)%" #,)+," *$+,+%.*" #-9" %*#,%.'.)%+" 7,+#)%" :" ,)&-,*." !.-*" #8(8%(+.Q" 60#8(8%(+." .+%" -)"

mécanisme, conduisant à la mort cellulaire, i'8!,/-$")(%#''.)%"&#)+" !0$!,',)#%,()"&."1.!!-!.+"

.)&(''#2$.+E" ,);.1%$.+" 8#*" &.+" 8#%=(2[).+" (-" &.+" 1.!!-!.+" 1#)1$*.-+.+Q" 60#8(8%(+." 8.-%"

être initiée par 2 voies de signalisation; la voie intrinsèque et la voie extrinsèque. La voie 

intrinsèque orchestrée par la protéine p53 peut être induite dans les cellules cancéreuses par 

des drogues de chimiothérapie ou par la radiothérapie qui génèrent toutes deux des dommages 

#-"),7.#-"&."!05JRQ"6#"7(,.".9%*,)+[/-.".+%E"/-#)%":".!!.E",)&-,%."8#*"!0#1%,7#%,()"&."*$1.8%.urs 

&."'(*%"1.!!-!#,*.Q"60#7#)%#2."&."1,G!.*"1.%%."+.1()&."7(,.".+%"/-0.!!.")."*./-,.*%"8#+"!#"8*(%$,)."

8BP"/-,".+%"'#!=.-*.-+.'.)%"'-%$."&#)+"8!-+"&."BC\"&.+"1#)1.*+".%":"!0(*,2,)."&."*$+,+%#)1.+"

:"!0#8(8%(+.",)&-,%."8#*"!#"1=,',(%=$*#8,."(Kandoth et al., 2013).  

TRAIL qui peut se lier à 2 récepteurs de mort apoptogéniques TRAIL-R1 et TRAIL-R2, 

suscite un grand intérêt (Micheau et al., 2013) 1#*"!0#1%,7#%,()"&."+.+"*$1.8%.-*+".98*,'$+"+-*"!.+"

cellules cancéreuses et sur les cellules saines induit uniquement apoptose des cellules 

1#)1$*.-+.+"'#,+")0#;;.1%."8#+"!#"7,#G,!ité des cellules saines (Nesterov et al., 2004). Des Acm 

ciblant les récepteurs agonistes de TRAIL et une molécule recombinante ont été ainsi 

rapidement développés et sont évalués en essais cliniques (Lemke et al., 2014). 

Malheureusement, bien que les agonistes de TRAIL soient bien tolérés chez les patients, les 

premiers résultats de leur utilisation en monothérapie ne sont pas toujours très encourageants 

car dans la majorité des cas ils ne permettent pas &0$!,',).*"1('8!$%.'.)%"!#"%-'.-*Q"J#)+"!#"

littérature, deux principales explications sont proposées. La première est que plusieurs cellules 

cancéreuses dont principalement les cellules de cancers primaires acquièrent rapidement une 

*$+,+%#)1.":"!0#8(8%(+.",)&-,%."8#*"345 6Q"F.8.)&#)%E"1.%%."*$+,+%#)1."8.-%"T%*."+-*'()%$.".)"

associant des agonistes de TRAIL avec par exemple des molécules de chimiothérapie dont les 

dérivés du platine, qui permettent de restaurer la sensibilité des cellules cancéreuses à TRAIL. 

La seconde limitation des agonistes des TRAIL-R développés semblerait être due aux Amc qui 

ne seraient pas des #2(),+%.+"+-;;,+#''.)%"8-,++#)%+"8(-*" ,)&-,*." !0#8(8%(+."via le récepteur 

TRAIL-R2 sur plusieurs types de cellules cancéreuses. 

Une des solutions envisagées afi)"&0(8%,',+.*" !."8(%.)%,.!"#)%,tumoral de TRAIL, est de 

développer de nouveaux agonistes des TRAIL-Rs plus efficaces. 

J#)+"1."1#&*.E"'()"8*(U.%"&."%=[+."+0.+%"8(*%$"+-*"D"(GU.1%,;+"8*,)1,8#-9 : 

1) Premièrement, développer de nouveaux ligands synthétiques peptidiques agonistes du 

récepteur TRAIL-4N" 8(-*" ,)&-,*." .;;,1#1.'.)%" !0#8(8%(+." &#)+" -)" '#9,'-'" &." cellules 

cancéreuses. 
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2) Dans un aspect plus fondamental, caractériser les interactions multivalentes au niveau 

membranaire entre des ligands de valence contrôlée et TRAIL-R2 pour tenter de comprendre 

!0,'8#1%" &." !0(!,2('$*,+#%,()" &." 345 6-R2 sur la sensibilité ou la résistance des cellules 

1#)1$*.-+.+":"!0#8(8%(+." 

3) Finalement, développer des dérivés du platine présentant une meilleure activité et/ou de 

'.,!!.-*.+"8*(8*,$%$+">+%#G,!,%$E"+8$1,;,1,%$H"/-."!.+"'(!$1-!.+"&."*$;$*.)1.+".%"/-."!0()"8(-**#,%"

utiliser en combinaison avec les ligands de TRAIL-R2 dans une stratégie de thérapie combinée 

et ainsi optimiser le potentiel anti tumoral de TRAIL. 

4) En parallèle, utiliser notre expertise sur TRAIL pour développer de nouveaux ligands 

anti-tumoraux spécifiques du récepteur CD40 membre de la même famille que TRAIL-R2 et 

exprimé sur plus de 70% des cellules tumorales et 100% des lymphomes B  

 

1. Développement de ligands spécifiques du récepteur TRAIL-R2 

 

Malgré son intérêt thérapeutique certain, cibler les récepteurs de T !"#$ %&$ '()*+,&$ -)'$

toujours facile. En effet, TRAIL peut se lier à 2 récepteurs agonistes mais également à 2 

récepteurs dits « inhibiteurs .$/01$,2304&%5$%23)51*&6&%5$ 4)$'&%'1714152$8&'$9&4404&'$:$4()-;-5;'&$

induite par TRAIL. Par conséquent, l'efficacité pro-apoptotique de la molécule TRAIL 

recombinante est limitée par le fait que cette molécule peut à la fois se lier sur les récepteurs 

)3;%1'5&'$ 6)1'$ )0''1$ '0,$ 4&'$ ,29&-5&0,'$ ,2304)5&0,'$ &5$ 8;%9$ 41615&,$ 4(&<<19)9152$ 5=2,)-&051/0&>$

Dans ce cas il semblerait plus stratégique de développer des ligands spécifiques des récepteurs 

agonistes de TRAIL. 

 

a) Pourquoi des ligands peptidiques spécifiques de TRAIL-R2 plutôt que des 

anticorps? 

Bien que des Acm humanisés soient déjà utilisés comme agents thérapeutiques, leur 

utilisation pour cibler les récepteurs de TRAIL affiche plusieurs contraintes à la fois 

économiques (des coûts de production très élevés), pratiques (un haut poids moléculaire qui 

-&05$1%801,&$0%&$1660%1')51;%$4;,'$8&$4(1%?&951;%@$6)1'$)0''1$A71;4;31/0&'" qui peuvent expliquer 

leur efficacité limitée. En effet, les premiers résultats des essais cliniques suggèrent que les 

Acm %&$';%5$-)'$8&'$)3;%1'5&'$'0<<1')66&%5$-01'')%5'$-;0,$1%801,&$4()-;-5;'&$via le récepteur 

TRAIL-R2 sur plusieurs types de cellules cancéreuses (Lemke et al., 2014). Comme je l'ai 

indiqué dans l'introduction et comme nous l'avons démontré dans nos résultats (cf article 2 du 

chapitre 1), ceci pourrait être dû à un niveau de multimérisation insuffisant. Par contre, il est 

relativement facile d'assembler des peptides de faible poids moléculaire sur des structures 

9=161/0&'$ )<1%$ 8&$ 9;%5,B4&,$ 4&0,$ 60451*)4&%9&>$ C(&'5$ -;0,/0;1$ 4&$ 4)7;,)5;1,&$ 8)%'$ 4&/0&4$ ?()1$
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réalisé mes travaux de thèse propose de développer des ligands peptidiques pour cibler et 

activer efficacement les récepteurs agonistes de TRAIL.  

 

 - Les anticorps des molécules de haute affinité ?  

!0?;0,8(=01$ 14$ &'5$ -;''174&$ 8&$ '24&951;%%&,$ 8&'$ <,)36&%5'$ 8()%519;,-'$ =06)1%'D$ 8&$

modifier leur affinité voire leur spécificité et de construire des molécules chimériques (fragments 

8()%519;,-'$E)7D$;0$'9E*$412'$:$8&'$&%FG6&'D$8&'$9G5;H1%&' ; des toxines ou des précurseurs de 

médicaments) et des anticorps bispécifiques. Ces avancées permettent de générer des 

anticorps de très haute affinité pour une cible donnée (Reichert, 2011). Cependant, en parallèle, 

le nombre de peptides utilisés comme agents thérapeutiques déposé à la FDA augmente 

considérablement (Goodwin et al., 2012)>$ I%$ &<<&5D$ 4(05141')51;%$ 8&'$ -&-518&'$ )$ 9;%%0$ 0%$

82*&4;--&6&%5$'13%1<19)51<$8&-01'$/0&4/0&'$81F)1%&'$8()%%2&s, notamment grâce à la mise au 

point de méthodes de sélection et de production chimique en phase solide ou biologique, 

9;66&$4&$-=)3&$81'-4)GD$-;0,$4(;75&%51;%$8&$-&-518&'$8&$=)05&$)<<1%152$(Watt, 2006). De plus, les 

peptides peuven5$ <)914&6&%5$ J5,&$ *&95;,1'2'$ &5$ 6045162,1'2'$ )<1%$ 8()03menter leur temps de 

demie vie, leur affinité, et leur spécificité.  

Au cours de mes travaux, j'ai montré que la multimérisation de peptides spécifiques de 

TRAIL-R2 permettait d'obtenir des constantes d'affinité très élevées aussi bien sur des 

molécules recombinantes immobilisés en SPR qu'à la surface cellulaire en Ligand Tracer® (cf 

article 2, 3 et 4 du chapitre 1 et article 5 du chapitre 2), démontrant ainsi que la multimérisation 

peut pallier à la faible affinité des peptides. 

Nos peptides spécifiques de TRAIL-R2 ont été identifiés par sélection en phage display  

(Austin et al., 2006) contre le récepteur TRAIL- K>$!$ 9&$ ?;0,D$ %;0'$ ';66&'$-&0$8(2/01-&'$:$

05141'&,$8&'$-&-518&'$'G%5=251/0&'$8)%'$4&$9)8,&$8(0%&$'5,)5231&$)%51$506;,)4&$9174)%5$L !"#-R2 

(Angell et al., 2009; Austin et al., 2006). Certaines équipes ont identifié les ligands de haute 

affinité pour les récepteurs de TRAIL grâce à une sélection par une technique de phage display 

mais qui utilise des fragments scFv au lieu de peptides (El-Mesery et al., 2013; Liu et al., 2013; 

Siegemund et al., 2012)>$ C&'$ <,)36&%5'$ 8()%519;,-'$ ;%5D$ &%$ &<<&5D$ 4()*)%5)3&$ 9;66&$ 4&'$

)%519;,-'$8()*;1,$0%&$6&144&0,&$)<<1%152$/0&$8&'$-&-518&'$6;%;*)4&%5'>$C&-&%8)%5D$4&'$'9E*D$/01$

sont monovalents, devront aussi être multimérisés pour augmenter leur efficacité tout comme 

les peptides et il est plus facile de multimériser de manière reproductible des molécules 

entièrement synthétiques que des molécules recombinantes.  

 

- Un rôle de la partie Fc des anticorps ? 

Dans la littérature, plusie0,'$ )05&0,'$ -,B%&%5$ 4(05141')51;%$ 8()%519;,-'$ -405B5$ /0&$ 8&'$

6;42904&'$ ,&9;671%)%5&'$ ;0$ -&-518&'$ -;0,$ 4)$ 5=2,)-1&$ 8&'$ 9)%9&,'$ '0,$ 4)$ 7)'&$ /0&$ 4()951*152$

)-;-5;51/0&$ ,&/01&,5$ 4(&%3)3&6&%5$ 8&'$ ,29&-5&0,'$ E9$ via le domaine FC  des anticorps. Les 
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récepteurs Fc sont depuis quelques années défini'$9;66&$825&,61%)%5'$8)%'$ 4()951*152$ in vivo 

des anticorps thérapeutiques (Aissi et al., 2012; Wilson et al., 2011)>$M),$&N&6-4&D$ 4()951*)51;%$

8&'$ ,29&-5&0,'$ E9$ &'5$ 1%81'-&%')74&$ -;0,$ 1%801,&$ 4&$ 629)%1'6&$ 8(!OCCD$ /01$ 9;%5,170&$ :$

4(24161%)51;%$8&'$9&4404&'$9)%92,&0'&'$4;,'$8(0%&$1660%;5=2,)-1&$8&'$9)%9&,'>$"4$&N1'5&$-40'1&0,'$

récepteurs Fc qui peuvent activer plusieurs voies de signalisation impliquées par exemple dans 

l'ADCC mais aussi des récepteurs Fc inhibiteurs qui ne jouent pas de rôle dans ces 

mécanismes. La nécessité de l'engagement de la partie Fc de l'anticorps semble aussi 

importante dans l'activité des anticorps ciblant TRAIL-R2. Cependant, c'est le récepteur 

inhibiteur Fc RIIB qui semble impliqué. Les résultats de la littérature (Aissi et al., 2012) indiquent 

que le traitement avec un Acm agoniste de TRAIL- K$1%8015$&<<19)9&6&%5$4()-;-5;'&$8&$9&4404&'$

8(0%$ 9),91%;6&$ 9;4;,&95)4$ 60,1%$ 16-4)%52e'$ 9=&F$ 4)$ ';0,1'$ 9;%5,170)%5$ )1%'1$ :$ 4()951*152$

antitumorale. En reva%9=&D$ 9&$ 5,)15&6&%5$ %(1%8015$ /0(0%$ &<<&5$ 6;82,2$ 9=&F$ '0,$ 4&'$ 9&4404&'$

82<191&%5&'$-;0,$4(&N-,&''1;%$8&'$,29&-5&0,'$E9 RIIB. Aucune étude ne démontre le mécanisme 

-;5&%51&4$-),$4&/0&4$4(&%3)3&6&%5$80$,29&-5&0,$E9  ""$<)*;,1'&,)15$4()-;-5;'&$1%8015&$-),$L !"L-

 K>$ P&4;%$ 4&'$ )05&0,'D$ 4)$ 41)1';%$ 80$ 8;6)1%&$ E9$ 8&$ 4()%519;,-'$ 9174)%5$ L !"#-R2 servirait de 

-4)5&<;,6&$-;0,$'5)7141'&,$&5$6045162,1'&,$4()%519;,-'$&5$-&,6&55,&$)1%'1$4(1%80951;%$8()-;-5;'&$-),$

TRAIL- K>$O()-,+'$&0ND$4&$6)%/0&$8(&<<19)9152$8&'$)%519;,-'$ciblant les TRAIL-R serait donc dû 

)0$<)15$/0&$4)$6)?;,152$8(&%5,&$&0N$;%5$0%&$<)174&$)<<1%152$-;0,$ 4&$,29&-5&0,$E9 RIIB exprimé sur 

les cellules du cancer du sein et du colon.  

Cependant, une autre étude montre qu'un polypeptide hexamèrique mimant TRAIL induit 

le regroupement des TRAIL-R à la surface cellulaire et a une activité pro-apototique efficace et 

cela indépendamment des récepteurs Fc . (Gieffers et al., 2013). Ces observations suggèrent 

donc fortement que dans le cadre de TRAIL-R, la partie Fc de l'anticorps ne sert qu'à augmenter 

le degré de multimérisation de l'anticorps. Dans ce cas, nos ligands synthétiques peptidiques 

peuvent aussi être facilement multimérisés grâce des plateformes chimiques et devraient dont 

être efficaces in vivo ')%'$4(1%5&,*&%51;%$8&'$,29&-5&0,'$E9 .  

 

b) Pourquoi rendre les ligands peptidiques spécifiques de TRAIl-R multivalents ? 

- une plateforme de type adamentane pour mulitimériser les peptides 

Durant ma thèse, j'ai utilisé 2 types de plateformes chimiques pour augmenter 

4(;413;62,1')51;%$8&'$-&-518&'$413)%8'$8&$L !"#-R2 et donc augmenter leur efficacité biologique. 

Comme la molécule recombinante TRAIL est une molécule hexamérique (généralement 2 

5,16+,&'$/01$';%5$412'$-),$0%$-&-518&@D$%;0'$)*;%'$8()7;rd utilisé une plateforme "adamantane" 

/01$-&,6&55)15$8(;75&%1,$0%$413)%8$=&N)6érique (Lamanna et al., 2013). De manière surprenante 

notre ligand hexamé,1/0&$ %Q)*)15$ -)'$ 0%&$ )951*152$ -,;$ )-;-5;51/0&$ -40'$ &<<19)9&$ /0(0%$ 413)%8 

5,162,1/0&$-,2'&%52$'0,$4()8)6)ntane (Pavet et al., 2010). Dans ce cas nous avons supposé que 
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la plateforme adamantane présentait les peptides selon une géométrie qui ne permettait pas aux 

6 peptides de se lier aux récepteurs TRAIL-R2.  

 

- une hélice oligourée comme plateforme chimique pour multimériser les 

peptides 

CQ&'5$ -;0,/0;1D$ ?()1$ &%'015&$ 05141'2$ 8&'$ -4)5&<;,6&'$8(=2419&'$ ;413;0,2&$ /01$ -&,6&55&%5$ 8&$

fixer plusieurs de nos peptides selon une géométrie choisie et non contrainte comme pour 

4()8)6)%5)%&>$C&'$=2419&'$;413;0,2&'$;%5$&%$-40'$4()*)%5)3&$8(J5,&$'5)74&'$&5$';4074&'$&%$6141&0x 

a/0&0N$9;%5,)1,&6&%5$:$ 4()8)6)%5)%&>$R;0'$)*;%'$-,;-;'2$K$5G-&'$8(=2419&'$/01$-,2'&%5&%5$S$

peptides (de type 1, 2 ou 3, cf article 4 chapitre 1) selon 2 orientations différentes (cis et trans) et 

nous avons mesuré leur affinité par SPR et leur activité pro-apoptotique sur les cellules du 

lymphome BJAB exprimant TRAIL- K>$#(;,1&%5)51;%$ trans 8&'$-&-518&'$'0,$ 4(=2419&$;413;0,2&$)$

-&,61'$8()036&%5&,$4(&<<19)9152$-,;-)-;-5;51/0&$&%$9;6-),)1';%$:$4(;,1&%5)51;%$cis des peptides. 

C&$3)1%$%(&'5$%2)%6;1%'$-)'$)0''1$16-;,5)%5$/0()55&%80>$"4$&'5$-;''174&$/0&$4&$3)1%$8()951*152$';15$

-40'$ 6),/02$ '1$ 4(;%$ 05141'&$ 8&'$ 413)%8'$ )0$6;1%'$ 5,162,1/0&'D$ 32%2,)4&6&%5$ -40'$ 9;%5,)1%5'$ :$

9)0'&$ 8(&%9;67,&6&%5'$ '52,1/0&'>$ O)%'$ 4&$ 9)'$ 8&'$ 413)%8'-peptides ayant une valence 

supérieure à 3 monomères, il est possible que plusieurs peptides ne puissent pas lier un 

,29&-5&0,$ :$ 9)0'&$ 8&$ 9&5$ &%9;67,&6&%5>$ #(;,1&%5)51;%$ 9;%5,B42&$ 8&$ 9&'$6;%;6+,&'$ '0,$ 9&'$

-4)5&<;,6&'$-&,6&55,)15$8(;-5161'&,$4)$41)1';%$&%5,&$-&-518&'$&5$,29&-5&0,'> 

 

- Affinité ou avidité ? 

#(05141')51;%$8&$ 413)%8'$-&-5181/0&'$60451*)4&%5'$-&05$)0''1$)*;1,$8&'$82<)05'>$O)%'$%;5,&$

cas, les peptides monovalents ont une faible affinité pour TRAIL-R2. Cependant la dimérisation 

8&$ 9&'$ -&-518&'$ -&,6&5$ 8()036&%5&,$ 9;%'182,)74&6&%5$ ';%$ )<<1%152>$ C&$ 3)1%$ 8()<<1%152$ &'5$

9&,5)1%&6&%5$8T$:$0%$-=2%;6+%&$8()*18152$&%5,&$9=)/0&$-&-518&$/01$9;6-;'&$4&$413)%8>$O)%'$9&$

cas, les interactions entre les ligands multivalents et les récepteurs ne sont pas considérées 

comme indépendantes. Une étude récente en PM $6;%5,&$ 9&-&%8)%5$ /0&$ 4()*18152$ %(&'5$ -)'$

825&,61%)%5&$8)%'$ 4(1%5&,)951;%$&%5,&$L !"#$&5$L !"#-R2 (Reis et al., 2011)>$I%$&<<&5D$8()-,+'$

leurs résultats, une première interaction aurait lieu entre une unité du ligand trimérique et un 

,29&-5&0,>$ C&55&$ 1%5&,)951;%$ '&,)15$ 8&$ 5,+'$ <;,5&$ )<<1%152$ U8&$ 4(;,8,&$ 8&$ -19;6;4)1,&@>$ C&55&$

1%5&,)951;%$5,+'$<;,5&$-&,6&55,)15$8(1%151&,$4)$<;,6)51;%$8(0%$9;6-4&N&$413)%8-récepteurs très stable 

et permettrait ainsi aux 2 autres unités du ligand de se lier aux récepteurs. Cependant, ces 2 

%;0*&44&'$ 1%5&,)951;%'$ '&,)1&%5$ 8&$ -40'$ <)174&$ )<<1%152>$ O()-,+'$ 4&0,'$ ,2'045)5'D$ 14$ <)08,)15$ 8;%9$

développer des ligands de très forte affinité pour TRAIL- KD$ &5$ 4&$ 3)1%$ 8()<<1%152$ -),$ 0%$

-=2%;6+%&$ 8()*18152$ %&$ -&,6&55,)15$ -)'$ 4)$ <;,6)51;%$ 8(0%$ 9;6-4&N&$ 413)%8'-récepteurs 

'0<<1')66&%5$ '5)74&>$ !$ 4(;--;'2D$ 8)%'$ %;'$ 5,)*)0N$ %;0'$ )*;%'$ 6;%5,2$ /0&$ 4&'$ -&-518&'$

monomériques ciblant TRAIL-R2 ont une affin152$ 8&$ 4(;,8,&$ 80$619,;6;4)1,&$ &5$ /0&$ 4&$ -&-518&$
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6;%;62,1/0&$ %(&'5$ -)'$ )-;-5;32%1/0&>$ #)$ 8162,1')51;%$ 8&$ 9&'$ -&-518&'$ -&,6&5$ 8()036&%5&,$

4()<<1%152$ 8&$ 4(;,8,&$ 80$ %)%;6;4)1,&'$ &5$ 8(1%801,&$ &<<19)9&6&%5$ 4()-;-5;'&$ %;5)66&%5$ 8&'$

4G6-=;6&'$ V>$ R;0'$ -&%';%'$ /0()0$ 9;%5,)1,&$ 4&$ 3)1%$ 8()<<1%152$ 6&'0,2$ &%$ PM $ 5,)8015$ 0%$

-=2%;6+%&$8()*18152>$"4$&'5$-;''174&$/0&$4&$629)%1'6&$-,;-;'2$-),$4&'$)05&0,'$91-dessus existe 

6)1'$14$&'5$')%'$8;05&$<)0N$8(&N940,&$4(16-)95$8&$4()*18152>$ 

 

2. Caractérisation des interactions entre les peptides ligands de TRAIL-R2 et le 

récepteur TRAIL-R2  

 

!0$ 9;0,'$ 8&$ 9&'$ 5,)*)0ND$ %;0'$ )*;%'$ 6&'0,2$ 4()951*152$ )-;-5;51/0&$ 8&$ %;'$ 413)%8'$

multivalents sur 3 lignées de cellules tumorales humaines : un lymphome B (BJAB), un 

lymphome T (Jurkat) et un carcinome colorectal (HCT116), toutes sensibles à l'apoptose induite 

-),$ 4)$ 6;42904&$ L !"#$ ,&9;671%)%5&>$ #;,'/0(0%$ &<<&5$ )-;-5;51/0&$ 25)15$ *1'174&D$ %;0'$ )*;%'$

systématiquement vérifié la spécificité sur des cellules de la même lignée mais déficientes pour 

4(&N-,&ssion du récepteur TRAIL-R2.  

Nos résultats ont montré que les peptides divalents (de type 1 ou 2, cf article 2 chapitre 1 et 

),5194&$ W$ 9=)-15,&$ K@$ 1%801'&%5$ &<<19)9&6&%5$ 4()-;-5;'&$ 8&'$ 9&4404&'$ VX!V>$ I%$ ,&*)%9=&D$ 9&'$

-&-518&'$ 81*)4&%5'$ %(1%801'&%5$ -)'$ 4()poptose des cellules Jurkat, ni HCT116. Nous nous 

sommes alors intéressés aux potentiels moyens de régulation de la sensibilité des cellules à la 

mort induite par nos ligands peptidiques spécifiques de TRAIL-R2 et plus particulièrement au 

niveau membranaire. Nous avons commencé nos études avec les ligands divalents. 

 

- Caractérisation des interactions à la surface de la cellule vivante 

Nous avons montré en SPR que les peptides divalents se lient avec une forte affinité à 

TRAIL-R2 lorsqu'il est immobilisé sur une surface, (Pavet et al., 2010) (cf article 5 chapitre 2). 

De même, nous avons montré en cytométrie en flux, en utilisant des versions fluorescentes de 

ces peptid&'D$/0(14'$';%5$9)-)74&'$8Q1%5&,)31,$)*&9$ 4&'$ ,29&-5&0,'$&N-,162'$:$ 4)$'0,<)9&$8&'$S$

413%2&'$8&$9&4404&'D$&5$9&91$6J6&$'(14'$%(1%801'&%5$-)'$4()-;-5;'&>$M;0,$9;6-,&%8,&$-;0,/0;1$9&'$

-&-518&'$ %Q1%801'&%5$ -)'$ 4()-;-5;'&$ 8)%'$ 5;05&'$ 4&'$ 413%2&'D$ %;0'$ )*;%'$ )%alysé les 

9),)952,1'51/0&'$8&$4(1%5&,)951;%$8&$%;'$413)%8'$)*&9$L !"#-R2 à la surface des cellules vivantes. 

Pour cela, nous avons utilisé une nouvelle approche appelée Ligand Tracer® (LT) qui permet de 

6&'0,&,$ 4&'$ -),)6+5,&'$ 91%251/0&'$ 8&$ 4(1%5&,)951;%$ 8& ligands marqués avec des récepteurs 

exprimés à la surface des cellules vivantes.  

#&$413)%8$L,)9&,$&'5$0%$;0514$ ,29&%5$/01$25)15$ ?0'/0()4;,'$0%1/0&6&%5$05141'2$)*&9$8&'$)%519;,-'>$

Nous avons, pour la première fois, mesuré des paramètres cinétiques entre des petits peptides 

ligands et un récepteur à la surface de cellules vivantes. Malgré de petites variations entre les 

différentes expériences, nos résultats sont reproductibles. La mesure de paramètres cinétiques 
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:$4)$'0,<)9&$8&$9&4404&'$*1*)%5&'$;<<,&$4()*antage considérable de se placer dans les conditions 

-=G'1;4;31/0&'$&5$%;%$),51<191&44&'$9;66&$-;0,$4)$PM $;Y$4(;%$6&'0,&$8&'$-),)6+5,&'$91%251/0&'$

entre un ligand et un récepteur recombinant immobilisé sur une surface. Grace au LT, Les 

valeurs cinétiques mesurées tiennent compte du nombre de récepteurs exprimés à la surface de 

la cellule et des événements de mouvements membranaires des récepteurs. Cet avantage est 

23)4&6&%5$0%&$ 41615&$ 9),$ 14$ )?;05&$0%$8&3,2$8&$9;6-4&N152$%;%$6)Z5,1'2$ 4;,'$8&$ 4(1%5&,-,25)51on 

des constantes.  

R;0'$)*;%'$)%)4G'2'$%;'$,2'045)5'$:$4()18&$8(0%$%;0*&)0$4;3191&4$/01$%;0'$-&,6&5$8(;75&%1,$

8&'$9),5&'$8(1%5&,)951;%$'0,$4&'/0&44&'$%;0'$-;0*;%'$*1'0)41'&,$&5$/0)%51<1&,$4&'$81<<2,&%5'$5G-&'$

8(1%5&,)951;%'$-;5&%51&44&'$&%5,&$4(&%'&674&$8es ligands et des récepteurs. Cet outil nous permet 

8;%9$8()*;1,$0%&$182&$80$9;6-;,5&6&%5$80$413)%8$9(&'5-à-81,&$'(14$'&$41&$8(0%&$'&04&$6)%1+,&$;0$

présente différents modes de liaison. Cependant, le modèle mathématique utilisé pour modéliser 

ces interacti;%'D$9;%'18+,&$4&'$1%5&,)951;%'$8&$<)[;%$1%82-&%8)%5&$9(&'5-à-81,&$/0(0%&$1%5&,)951;%$

&%5,&$0%&$0%152$6;%;62,1/0&$80$413)%8$&5$4&$,29&-5&0,$&'5$1%82-&%8)%5&$8&$4(1%5&,)951;%$&%5,&$4)$

'&9;%8&$ 0%152$ 80$ 413)%8$ &5$ 4&$ ,29&-5&0,>$ \,$ 8)%'$ 4&$ 9)'$ 8(1%5&,)951;%'$ 60ltivalentes, cette 

1%5&,-,25)51;%$%(&'5$-)'$%29&'')1,&6&%5$ 4)$-40'$)8)-52&$&5$&N-41/0&$')%'$8;05&$ 4&'$9;%'5)%5&'$

91%251/0&'$'0,-,&%)%5&'$/0&$4(;%$)$-0$;75&%1,$8)%'$9&,5)1%'$9)'> 

 

- Etats des récepteurs TRAIL-R2 au niveau de la membrane plasmique 

Nous avons pu montrer que les peptides divalents se lient avec une forte affinité à TRAIL-

R2 exprimé sur les cellules du lymphome B (BJAB) alors que ces mêmes peptides se lient avec 

une faible affinité à TRAIL-R2 exprimé sur les cellules du carcinome colorectal (HCT116). Ces 

observations étonnantes pourraient être expliquées par une « forme » différente des récepteurs 

TRAIL-R2 présents à la surface des cellules BJAB ou HCT116.  

Il a, par exemple, été décrit que la O-glycosylation du récepteur TRAIL-R2 est importante dans 

la transduction du signal apoptotique (Hamblin et al., 2007) mais les mécanismes ne sont pas 

encore entièrement connus. Nous pourrions envisager que les sites de O-glycosylation de 

TRAIL-R2 soient un motif de reconnaissance de nos ligands divalents et que le niveau de 

glycosylation de TRAIL-R2 sur les BJAB différeraient de celui exprimé à la surface de cellules 

HCT116. Dans le cas, des cellules HCT116, TRAIL-R2 serait donc moins glycosylé et donc 

reconnu avec une spécificité moins forte ce qui expliquerait la liaison de faible affinité. Pour 

répondre à cette question, il faudrait comparer le taux de glycosylation de TRAIL-R2 à la surface 

8&$9&'$ 413%2&'$9&4404)1,&'>$R;0'$-;0,,1;%'$23)4&6&%5$25081&,$ 4(16-)95$8&$ 4)$\-glycosylation de 

TRAIL-R2 sur la liaison avec nos ligands peptidiques et des molécules commerciales, en 

produisant des récepteurs TRAIL- K$ -40'$ ;0$6;1%'$ 34G9;'G42'$ &5$ 9),)952,1'&,$ 4(1%5&,)951;%$ &%$

SPR. Des modifications au niveau de la O-glycosylation pourraient également affecter la 

formation de réseau de récepteurs au niveau membranaire. Dans ce cas, il est possible que la 
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liaison des peptides à TRAIL- KD$74;/0&$ 4&$,29&-5&0,$)0$'&1%$8(0%&$ 1%5&,)951;%$%;%$-,;80951*&$

/01$%&$-&,6&55&$-)'$8(1%801,&$4)$<;,6)51;%$80$O"PC &5$8;%9$8(1%801,&$4()-;-5;'&> 

 

-  !"#$%&'(&)*+),-+!(.,/#%,+0 

]%&$ )05,&$ =G-;5=+'&$ &N-41/0)%5$ 4)$ 81<<2,&%9&$ 8()951*152$ 8&'$ -&-518&'$ 81*)4&%5'$ '0,$ 4&'$

différents types de cellules pourrait être dû au fait que TRAIL-R2 soit oligomérisé différemment 

au niveau de 4)$6&67,)%&$8&$9&'$9&4404&'>$I%$&<<&5D$8()-,+'$/0&4/0&'$2508&'D$14$'&674&,)15$/0&$

TRAIL-R2 soit pré-;413;62,1'2$)0$%1*&)0$80$8;6)1%&$M#!OD$&%$4()7'&%9&$80$413)%8$(Bereznaya 

and Chekhun, 2007). Les récepteurs formeraient ainsi un réseau hautement structuré. 

!0?;0,8(=01D$%;0'$%&$')*;%' pas si les récepteurs sont prédimérisés ou pré5,162,1'2'>$^0;1$/0(14$

en soit, la liaison du ligand renforcerait ce réseau de récepteurs pré-existant et permettrait 

8(1%151&,$4&$,&9,05&6&%5$8&'$6;42904&'$8)%'$4&$O"PC>$^0&4/0&'$6;8+4&'$8&$,2'&)0N$,29&-5&0,'-

413)%8'$;%5$252$-,;-;'2'$6)1'$,1&%$%(&'5$&%9;,&$94)1,&6&%5$826;%5,2>$O)%'$4&$9)'$8&'$9&4404&'$

BJAB, les peptides divalents, malgré leur faible valence seraient suffisant pour former un réseau 

ligands-,29&-5&0,'$ -;0,$ 1%801,&$ 4()-;-5;'&>$ I%$ ,&*)%9=&D$ 4&'$ 9&4404&'$ _CL``a$ ;0$ 4&'$ 9&4404&'$

X0,H)5D$ %29&''15&,)1&%5$ 0%$ 8&3,2$ 8(;413;62,1')51;%$ 8&'$ ,29&-5&0,'-ligands plus fort et dans ce 

cas un ligand « plus valent » ou de plus forte affinité pourrait favoriser la formation de ce 

9;6-4&N&>$ I%$ &<<&5D$ %;0'$ )*;%'$ 6;%5,2$ 8)%'$ 4(),5194&$ K$ $ 80$ 9=)-15,&$ `D$ /0&$ 4&$ -;%5)3&$ 8(0%$

anticorps ciblant TRAIL- K$ -;0,$ ;75&%1,$ 0%$ 413)%8$ 525,)62,1/0&$ 1%8015$ 4()-;-5;'&$ 8&'$ 9&4404&'$

Jurkat alors que 4()%519;,-'$94)''1/0&$71*)4&%5$%(&'5$-)'$&<<19)9&>$C&'$,2'045)5'$826;%5,&%5$71&%$

4(16-;,5)%9&$ 8&$ 4(;413;62,1')51;%$ 8&'$ ,29&-5&0,'$ 82-&%8)%5&$ 8&'$ 413)%8'$ 8)%'$ 4(1%80951;%$ 8&$

4()-;-5;'&> 

 

- 1(&.2)(&'(&)*,0%(.0#),/#%,+0 

#&$ ,B4&$ 8&$ 4(1%5&,%)41')51;%$ 8&'$ 9;6-4&N&'$ 413)%8'b,29&-5&0,'$ %(&'5$ -)'$ 94)1,&6&%5$ 25)741$

-;0,$4()-;-5;'&$1%8015&$-),$L !"#>$R;0'$')*;%'$/0&$4(&%3)3&6&%5$8&'$L !"#-R agonistes, par 

4)$6;42904&$PMc$ 1%8015$ 4(1%5&,%)41')51;%$ 8&$ 9&'$ ,29&-5&0,'>$C&-&%8)%5D$ 9&55&$ 1%5&,%)41')51;%$ %&$

semble pas indispen')74&$ -;0,$ 1%801,&$ 4()-;-5;'&>$ R;0'$ )*;%'$ 61'$ &%$ 2*18&%9&$ /0&$ 4&'$

peptides divalents induisaient aussi une rapide internalisation de TRAIL-R2 dans les cellules 

BJAB et Jurkat. De manière surprenante, la molécule SPK provoque une internalisation de 

TRAIL-R2 beaucoup plus lente (cf article 2 du chapitre 1). Des travaux réalisés par nos 

collaborateurs (Didier Marguet, INSERM 631, Marseille, France) indiquent que ces peptides 

81*)4&%5'$';%5$23)4&6&%5$1%5&,%)41'2'$'0,$4&'$9&4404&'$_CL``a>$#(1%5&,%)41')51;%$-&05$avoir un rôle 

dans la signalisation induite par des ligands de différentes valences mais dans notre cas 

4(1%5&,%)41')51;%$%(&N-41/0&$-)'$4)$81<<2,&%9&$8&$'&%'1714152$8&'$9&4404&'$)0N$413)%8'$81*)4&%5'> 
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Figure 32  ! "#$%&'&%()! '&'*+,%,-+&)! ./-! +01/2&%(! 23apoptose induite par des 

ligands de TRAIL-R2. Représentation schématique des évènements membranaires qui peuvent 

,2304&,$ 4(1%80951;%$8&$ 4()-;-5;'&$-),$8&'$ 413)%8'$8&$L !"#- K>$#(&<<19)9152$8&'$ 413)%8'$82*&4;--2'$-;0,$

cibler TRAIL-R2 en oncologie peut varier en fonction de : 

1) la valence du ligand, de son affinité et de sa capacité à recruter suffisamment de récepteurs pour 

initier le recrutement des molécules du DISC 

2)  le ligand qui recrute des récepteurs prédimérisés ou pré5,162,'2'$/01$*)$16-)95&,$'0,$4(;,3)nisation 

du réseau de récepteurs formé et donc sur le recrutement du DISC  

3) La dynamique des récepteurs au niveau de la membrane (mobilité dans les radeaux lipidiques, 

internalisation des récepteurs et glycosylation des récepteurs) 

4) De la concentration de molécules pro et anti apoptotiques produites dans la cellule 

 

3. Développement et évaluation du potentiel anti tumoral de nouveaux dérivés 

du platine.  

 

Au cours de mes travaux de thèse, nous avons évalué le potentiel antitumoral de 

complexes carbène-N-hétérocycliques, portants du platine (II) et associés à des molécules de 

PEI linéaires (25 kDa) (NHC-Pt(II)-PEI) in vitro et in vivo dans un modèle de souris 

immunodéficientes porteuses de tumeurs humaines (HCT116) (cf article 8 du chapitre 3). Nous 

pensions avec 9&'$ 9;6-4&N&'$ )6241;,&,$ 4(&<<19)9152$ 80$ -4)51%&$ &%$ )6241;,)%5$ ')$ '5)714152D$ ')$

solubilité et son entrée dans les cellules. Nous avons montré que, in vivo, le complexe NHC-

Pt(II)-PEI30 (10mg/kg) a une activité anti-506;,)4&$ 9;6-),)74&$ :$ 9&44&$ 8&$ 4(;N)41-4)5ine 

U`d63bH3@$ 94)''1/0&6&%5$ 05141'2&$ &%$ 9=161;5=2,)-1&$ 9=&F$ 4(_;66&>$ "4$ &'5$ 1%52,&'')%5$ 8&$ %;5&,$

que pour une même dose, le PEI-30 comprend 5 fois moins de molécules de Pt que 
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4Q;N)41-4)51%&>$ O&$ -40'D$ 9&$ 9;6-4&N&$ )$ 4()*)%5)3&$ 8(J5,&$ '5)74&$ &5$ ';4074&$ &%$ 61lieux aqueux 

U6;1%'$8&$`de$U*b*@$8(25=)%;4@>$!0$9;0,'$8&$%;'$2508&'$-,24161%)1,&'D$%;0'$)*;%'$;7'&,*2$0%&$

<;,5&$5;N19152$4;,'$80$5,)15&6&%5$:$4(;N)41-4)51%&$)0$%1*&)0$80$'15&$8(1%?&951;%$)4;,'$/0&$4&$5,)15&6&%5$

avec le complexe NHC-Pt(II)-PEI ne produisait -)'$9&5$&<<&5D$9(&'5$-;0,/0;1$0%&$2508&$9;6-4+5&$

de cytotoxicité des complexes NHC-Pt(II)-PEI serait intéressante à réaliser. Nous souhaitons 

23)4&6&%5$ 825&,61%&,$ 4&$ 629)%1'6&$ 8(&%5,2&$ &5$ 8()951;%$ 8&$ 9&'$ 9;6-4&N&'$ 8)%'$ 4)$ 9&4404&$

cancéreuse.  

 

Une des lim15&'$8&$4)$9=161;5=2,)-1&$&'5$/0(&44&$%(&'5$-)'$0%&$5=2,)-1&$91742&$8&'$9&4404&'$

9)%92,&0'&'$ &5$ -&05$ 8;%9$ 32%2,&,$ 8&'$ &<<&5'$ '&9;%8)1,&'$ '2*+,&'>$ !<1%$ 8()036&%5&,$ 4)$

spécificité de nos complexes NHC-Pt(II)-PEI, les chimistes peuvent fonctionnaliser les NHC pour 

y greffer des éléments de ciblage des cellules cancéreuses. Nous avons, par exemple, 

commencé à tester un complexe NHC-M5U""@$9;%5&%)%5$0%$f'5,;3+%&$8)%'$ 4&$705$8&$9174&,$ 4&'$

9&4404&'$ &N-,16)%5$ 0%$ ,29&-5&0,$ :$ 4(f'5,;3+%&$ 8)%'$ 4&$ 9)8,&$ 8&$ 9)%9&,'$ =;,6onaux 

82-&%8)%5'>$O&$4)$6J6&$6)%1+,&D$%;0'$';0=)15;%'$3,&<<&,$0%$-&-518&$9174)%5$4()%513+%&$MPg!$

sur exprimé à la surface des cellules cancéreuses de la prostate (Boulikas and Vougiouka, 

2003). Les intégrines sont des glG9;-,;521%&'$5,)%'6&67,)%)1,&'$9;6-;'2&'$8(0%&$9=)1%&$h$&5$

i$ &5$ ';%5$ 16-;,5)%5&'$ %;5)66&%5$ 8)%'$ 4()8=2'1;%$ 9&4404)1,&$ :$ 4)$ 6)5,19&$ &N5,)9&4404)1,&>$ #&'$

cellules cancéreuses ont fréquemment une expression anormale de certaines intégrines qui 

peuvent jouer un rôle important dans la progression tumorale et le développement de 

métastases (Ganguly et al., 2013; Xiong et al., 2013). Il existe des peptides dont la séquence 

RGD (Arg-Gly-!'-@$ 41&$ 4&'$ 1%523,1%&'$ h5i3 &5$ h5i5 qui sont surexprimées sur la membrane 

cellulaire de nombreuses cellules cancéreuses (Marelli et al., 2013). Il est ainsi possible de 

greffer ces peptides sur les NHCs pour augmenter la sélectivité des complexes aux cellules 

tumorales. 

!$ -40'$ 4;%3$ 5&,6&D$ %;0'$ &%*1')3&;%'$ 8(05141'&,$ 9&'$ 9;6-4&N&'$ R_C-Pt(II)-PEI dans le cadre 

8(0%&$ 5=2,)-1&$ 9;671%2&$ )*&9$ 4&'$ -eptides TRAIL-R2 et également dans une stratégie de 

vaccination anti tumorale.  

 

a)   !"#$ "%&$! "'()*+,- "./01-!) "+# ."2 3", ,'-% 3"2-4+!%3"% "56789-R2 

 #(05141')51;%$8&$L !"#$&%$6;%;5=2,)-1&$%&$'(&'5$-)'$)*2,2&$)0''1$-,;6&55&0'&$/0(&'-2,2&$

entre autre à 9)0'&$ 8&$ 4()--),151;%$ 8&$ ,2'1'5)%9&'$ :$ 4()-;-5;'&$ 1%8015&$ -),$ L !"#$ 8)%'$ 4&'$

cellules cancéreuses (Lemke et al., 2014). Suite à ces observations, les thérapies ciblant TRAIL-

R ont rapidement été associées à la chimiothérapie. 

Il a été montré, par exemple, que le cisplatine sensibilise les cellules cancéreuses du colon et de 

la prostate résistantes à 4()-;-5;'&$1%8015&$-),$L !"#$&% agissant sur les étapes initiales de la 

'13%)41')51;%$&N5,1%'+/0&'>$#&$91'-4)51%&$-&,6&5$)1%'1$8()036&%5&,$4(&N-,&''1;%$8&$L !"#-R2 et 
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sa relocalisation au sein de radeaux lipidiques (Cai et al., 2014; Jiang et al., 2012). Par ailleurs, 

14$ )$ ,29&66&%5$ 252$ 829,15$ 8)%'$ 4)$ 41552,)50,&$/0&$ 4()951*)51;%$ 8&$ 4)$ *;1&$ 80$ '5,&''$ 80$ ,25190406$

&%8;-4)'61/0&$ -),$ 8&'$ -,;8015'$ 5&4'$ /0&$ 4(1%=1715&0,$ 8&'$ -;6-&'$ calciques, le thapsigargine, 

<)*;,1'&,)15$ 4()-;-5;'&$ 1%8015&$-),$L !"#$6)1'$ 4&'$629)%1'6&'$%&$';%5$-)'$&%9;,&$94)1,&6&%5$

déterminés. Il semblerait que le stress du RE i) 8161%0&,)15$ 4(&N-,&''1;%$ 8&'$ 6;42904&'$ )%51$

apoptotiques comme c-FLIP et Mcl-1 et ii) <)*;,1'&,)15$4(&N-,&''1;%$8&$L !"#-R2 à la surface de 

4)$ 9&4404&$ *1)$ 4()951*)51;%$ 80$ <)95&0,$ 8&$ 5,)%'9,1-51;%$ C_\M$ (Aher et al., 2014). De manière 

intéressante, il a été montré que certaines drogues de chimiothérapie comme les dérivés du 

platine peuvent induire le stress du RE.  

Dans ce cadre, nous envisageons de combiner nos nouveaux dérivés du platine avec les 

peptides ligands de TRAIL- K$&5$8&$*;1,$'(14'$-&,6&55&%5$8&$,&'5)0,&,$4)$'&%'1714152$:$4()-;-5;'&$

induite par TRAIL dans des cellules résistantes.  

 

b)  %+!3"2 ".+%* "%&$! "3'*+')4- "% "#+..-!+'-/!"+!'-"'$0/*+2  

La prochaine étape consistera à évaluer l'effet des complexes NHC-Pt(II)-PEI sur la 

réponse immunitaire anti-tumorale dans des souris immunocompétentes porteuses de tumeurs. 

En effet, il a récemment été mis en évidence que certaines drogues de chimiothérapie peuvent 

stimuler la réponse immunitaire anti-tumorale soit en augmentant l'antigénicité ou 

l'immunogénicité des cellules tumorales soit en augmentant leur sensibilité à l'attaque par le 

système immunitaire (Pour revue voir (Kroemer et al., 2013)).  

"4$)D$-),$&N&6-4&D$252$6;%5,2$/0&$4(1%80951;%$8&$4()-;-5;'&$-),$ 4(;N)41-4)51%&$<)*;,1')15$ 4)$

libération de corps apoptotiques qui peuvent alors être capturés par les DC et ainsi servir de 

source de nouveaux antigènes tumoraux (Ferguson et al., 2011). De même, la mort des cellules 

tumorales permet la libération de molécules de dommage cellulaire (DAMPS) pouvant fournir 

des signaux de danger à la DC (Mellman et al., 2011).  

Ce type de mort cellulaire, appelée mort immunogène est, entre autre, induite par les 

différentes drogues antitumorales à base de platine comme l'oxaliplatine (Apetoh et al., 2007; 

Hato et al., 2014). Ces drogues peuvent aussi sensibiliser les cellules tumorales à la destruction 

par les lymphocytes T cytotoxiques (CTL). Par exemple, le traitement de lymphomes ou de 

carcinomes murins par le cisplatine induit une augmentation de l'expression du récepteur au 

Mannose-6-P qui sensibilise les cellules à la lyse par le granzyme B produit par les CTL 

(Ramakrishnan et al., 2010).   

\05,&$4(&<<&5$8&$6;,5$immunogène qui pourra être induite par  les complexes PEI-NHC-Pt(II), des 

travaux montrent que les PEI sont des adjuvants relativement puissants (Chen et al., 2010; 

Wegmann et al., 2012). Il a, par exemple, été montré que les PEI pouvaient induire in vivo la 

production d'IL-`K$ -),$ 4&'$ 9&4404&'$ -,2'&%5)5,19&'$ 8&$ 4()%513+%&$ &5$ )1%'1$ ;,1&%5&,$ 4)$ ,2-;%'&$

immunitaire vers une réponse adaptative de type Th1 (Chen et al., 2010) qui induirait une 
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réponse immunitaire anti-tumorale efficace (Huang et al., 2013). Le traitement avec des 

complexes PEI-NHC-Pt devrait donc induire une puissante réponde immunitaire anti-tumorale. 

 

4. 4%! ,/(+&! '56&%! 73-%7/-+&! 23,858(5)&! 7&)! 9&22/2&)! 9,%90+&/)&)! 1+:9&! ,/!

récepteur CD40 

 

a) Développement de nouveaux ligands ciblant le récepteur CD40 

R;0'$ )*;%'$ -,2928&66&%5$ *0$ /0&$ 4(&<<&5$ )%51506;,)4$ 8&$ COjd$ -&05$ J5,& dû à 2 

629)%1'6&'$ k$ COjd$ -&05$ 81,&95&6&%5$ 1%801,&$ 4()-;-5;'&$ 8&'$ 9&4404&'$ 9)%92,&0'&'$ &5b;0$

stimuler la réponse immunitaire antitumorale. De ce fait, CD40 apparait comme une cible 

privilégiée dans la thérapie des cancers.  

#(2/01-&$)$82?:$82*&4;--2$8&'$41gands agonistes de CD40 (Fournel et al., 2005). En se basant 

sur les données structurales des membres de la famille du TNF et notamment une modélisation 

8&$4(1%teraction CD40-CD40L, ils ont identifié des séquences en aa de CD40L essentielles pour 

')$ 41)1';%$ :$ COjd>$ C&'$ -&-518&'$ ;%5$ 252$ 5,162,1'2'$ :$ 4()18&$ 8(0%$ 9f0,$ -&-5181/0&$ 9G941/0&$

-,2'&%5)%5$0%&$'G625,1&$8(;,8,&$CS>$(Trouche et al., 2007). Ces ligands trivalents se sont avérés 

des agonistes puissants de CD40 (Fournel et al., 2005) &5$ 9)-)74&'$ 8(1%801,&$ 0%&$ ,2-;%'&$

immunitaire efficace (Trouche et al., 2007). Malheureusement, des études dans des souris 

82<191&%5&'$-;0,$ 4(&N-,&''1;%$80$ ,29&-5&0,$COjd$;%5$ ,2*242$/0&$ 4()951;%$ 8&$9&'$ 413)%8'$%(25)15$

pas exclusivement due à CD40 (Guichard et al., 2009).  

 

Afin de développer de nouveaux ligands agonistes et plus spécifiques de CD40, nous 

souhaitions utiliser notre expertise sur TRAIL et utiliser une sélection par phage display pour 

identifier de nouveaux ligands peptidiques de forte affinité pour CD40. Cependant, avant la 

sélection, nous nous sommes interrogés i) sur 4(25)5$8(;413;62,1')51;%$80$,29&-5&0,$COjd$:$ 4)$

'0,<)9&$9&4404)1,&$:$ 4(25)5$-=G'1;4;31/0&$&5$ 11@$'0,$ 4&$ ,B4&$8&'$81<<2,&%5'$C O$8&$COjdD$9&91$8&$

manière à choisir « 4(25)5 » du CD40 que nous utiliserions en phage display. Nous avons montré 

/0&$ 4&$ ,29&-5&0,$ COjdD$ &%$ 4()7'&%9&$ 8&$ ';%$ 413)%8D$ &'5$6)?;,15)1,&6&%5$ -,2'&%5$ ';0'$ <;,6&$

dimérique  à la surface des cellules (Lamanna et al., 2013). Nos résultats montrent q0&$4(=;6;-

dimérisation de CD40 se fait au niveau du CRD1 et que la lysine 29 est indispensable. De plus, 

il a été démontré que le ligand CD40L se lie au niveau des CDR2 et 3 de CD40. Le rôle du 

CRDj$ %()$ -)'$ &%9;,&$ 252$ 18&%51<12>$ P015&$ :$ 9&'$ ,2'045)5'$ %;0'$ avons produit différentes 

molécules CD40 pour le criblage par phage display. Nous avons donc transfecté des cellules 

HEK (Human Embryonic Kidney) humaines avec un plasmide codant pour la région 

extracellulaire du récepteur CD40 et produit en système procaryotes chacun des 4 CRD de 

COjd>$X()1$-),5191-2$:$9&'$5,)*)0N$)0$9;0,'$8&$6;%$'5)3&$8&$6)'5&,$&5$ 4)$-,&61+,&$)%%2&$8&$

ma thèse. 
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Le criblage par phage display est un outil nettement plus puissant qu'une stratégie de 

criblage classique qui nécessite de nombreuses manipulations. Il est en effet possible de cribler 

?0'/0(:$ `d10 peptides en une seule expérimentation. Dans la littérature, plusieurs auteurs ont 

déjà tenté de réaliser un phage display pour identifier des peptides spécifiques de CD40 mais la 

majorité 8(&%5,&$&0ND$;%5$05141'2$8&'$71741;5=+/0&'$-=)31/0&'$-,2'&%5)%5$0%$-&-518&$ 41%2)1,&$/01$

ne présentait pas une très fort spécificité pour CD40 (Cai et al., 2014; Deambrosis et al., 2009; 

Ellmark et al., 2008; Kitagawa et al., 2005). Nous avons choisi une banque de phages (Ph.D-

C7C, New England Biolabs, Ipswich, MA) présentant chacun à leur surface un variant peptidique 

cyclique de 7 acides aminés présent en 5 copies. En effet, dans une étude publiée en 2010, les 

auteurs ont utilisé une bibliothèque de phages présentant un peptide cyclique du même type, qui 

4&0,$ )$ -&,61'$ 8(1';4&,$ 0%$ -&-518&$ 8&$ <;,5&$ )<<1%152$ -;0,$ 4&$ ,29&-5&0,$ L !"#-R2 et qui induit 

4()-;-5;'&$ 8)%'$ 4&'$ 9),91%;6&'$ 80$ 9;4;%$ (Vrielink et al., 2010). Le peptide cyclique et non 

linéaire, présenté à la surface du phage, -&,6&5$8&$'5)7141'&,$4&$-&-518&D$'1$71&%$/0&$4;,'/0&$4(;%$

le synthétisera il gardera sa conformation. De plus, ce peptide fusionné à la protéine phagique 

-"""$-,2'&%5&$0%1/0&6&%5$&%$W$9;-1&'D$ 41615&$4&$-=2%;6+%&$8()*1dité rendant cette banque plus 

)82/0)5&$-;0,$4)$'24&951;%$8&$-=)3&'$8&$<;,5&$)<<1%152>$C&'$-=)3&'$;%5$8()7;,8$252$'24&951;%%2'$

contre la région extracellulaire de la molécule CD40 humaine. Au cours de la sélection des 

peptides, la nature de la cible, le type de présentation de la cible ainsi que le nombre de lavages 

sont décrits comme déterminants dans la sélection des phages de forte affinité. La mise au point 

du protocole 8&$-=)3&$81'-4)GD$/0&$?()1$,2)41'2D$'(&'5$8;%9$7)'2&$'0,$9&'$S$)'-&95'>$!$4(1''0$8&$

9&55&$'24&951;%D$?()1$18&%51<12$`S$94;%&'$8&$7)952,1;-=)3&'$-,2'&%5)%5$0%$-&-518&$8&$<;,5&$)<<1%152$

-;0,$COjd>$!$4()*&%1,D$ 4(!OR$8&'$`S$7)952,1;-=)3&'$'&,)$'2/0&%92$)<1%$8(obtenir la séquence 

peptidique. Nous espérons identifier des séquences communes qui pourront nous aider à 

dessiner un nouveau peptide. A partir de cette étape, nous envisageons de synthétiser 

chimiquement les peptides et de les tester pour leur capacité de liaison à CD40 et pour leur 

activité agoniste/antagoniste in vitro sur différents modèles de lymphomes. Les peptides 

obtenus pourront être assemblés sur des structures chimiques déjà utilisées pour les peptides 

spécifiques de TRAIL- KD$)<1%$8()036&%5&,$4& %1*&)0$8(;413;62,1')51;%>$R;0'$81'-;'&,;%'$)1%'1$

8(0%&$'2,1&$8&$413)%8'$-,2'&%5)%5$8&'$8&3,2'$8&$*)4&%9&$81<<2,&%5'>$ 

 

 b)  :$ 2" 3'" 2&-0,+.'"% " 2+" #+2 !. "% 3" 2-4+!%3"3$*" 2+" 3-4!+2-3+'-/!" -!%$-' ",+*";<=>"

dans les cellules cancéreuses ?  

Nous avons vu qu&$4(&<<&5$1%8015$-),$4()951*)51;%$8&$COjd$'0,$4&'$9&4404&'$9)%92,&0'&'$-&05$

*),1&,$ 8(0%$ 5G-&$ 8&$ 9&4404&$ :$ 4()05,&$ &5$ 8)%'$ 9&,5)1%'$ 9)'$ 1%801,&$ 4()-;-5;'&$ U8&$ 9),91%;6&'D$

4G6-=;6&'$8&$V0,H155D$4G6-=;6&'$V$8&$=)05$3,)8&$&5$8&'$6G24;6&'$60451-4&'@$&5$8)%'$8()utres 

cas favoriser la prolifération (lymphomes de bas grade, CLL, les lymphomes folliculaires et 

leucémies à tricholeucytes). La variabilité des effets induits par le pontage de CD40 sur les 
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cellules tumorales semblerait être due en partie, à la nature de la molécule utilisée. Des ligands 

tels que les anticorps monoclonaux ou des molécules recombinantes sembleraient favoriser la 

'0,*1&$ &5$ 4)$ -,;41<2,)51;%$ 8&'$ 9&4404&'$ )4;,'$ /0&$ 4()951*)51;%$ 8&$ COjd$ )*&9$ 8&'$ 413)%8'$

membranaires induirait préférentiellement 4()-;-5;'&>$Dans ce cadre, les ligands de différentes 

valences que nous aurons développésD$ -&,6&55,;%5$ 8(25081&,$ 4(16-)95$ 80$ %1*&)0$

8(;413;62,1')51;%$80$,29&-5&0,$1%8015$-),$4&$413)%8>$Ces études nous aideront peut être à mieux 

« raisonner » le développement de ligands thérapeutiques ciblant CD40 pour soit, induire 

4()-;-5;'&$8&'$9&4404&'$9)%92,&0'&'D$';15$'51604&,$4)$,2-;%'&$1660%15)1,&$)%51$506;,)4&>$ 

 

c) ;-12 *";<=>",/$*"-!%$-* "2&+,/,'/3 "% 3". 22$2 3"'$0/*+2 3 

R;0'$ &%*1')3&;%'$ 8(05141'&,$ 8&'$ 413)%8'$ 8&$ CDjd$ -;0,$ 1%801,&$ 4()-;-5;'&$ 8& cellules 

tumorales exprimant CD40. Ces peptides ligands pourront être utilisés seuls mais nous pensons 

/0&$4&0,$&<<19)9152$-;0,,)15$J5,&$-;5&%51)41'2&$'(14'$';%5$9;671%2'$:$8()05,&'$5,)15&6&%5'>$I%$&<<&5D$

des études montrent /0&$4&'$C##$8&*1&%%&%5$'&%'174&'$:$4()-;-5;'&$1%8015&$-),$L !"#$&%5,&$S$:$

W$ ?;0,'$ )-,+'$ 4()951*)51;%$ 8&$ COjd (Chu et al., 2002). Dans ce cas, nous envisageons de 

prétraiter des cellules cancéreuses avec les peptides ligands de CD40 puis avec les peptides 

ligands de TRAIL-R2.  

R;0'$ -;0,,;%'$ 23)4&6&%5$ ;-5161'&,$ 4(&<<19)9152$ 8&'$ 5,)15&6&%5'$ 9;671%2'$ &%$ *&95;,1')%5$ 4&'$

peptides ligands de CD40 et de TRAIL-R2 au sein de liposomes. Les liposomes permettraient 

8()036&%5&,$4)$'5)714152$8&'$-&-518&'D$4&0,$71;81'5,17051;%$&5$-&05$J5,&$4&0,$)9=&61%&6&%5$*&,'$4&$

site de la tumeur (Seifert et al., 2014).  

 

d) Cibler CD40 pour stimuler la réponse immunitaire anti tumorale 

Les peptides ligands de CD40 pourront en parallèle être utilisés dans le cadre 8(0%&$

1660%;5=2,)-1&$8&'$9)%9&,'$-;0,$)951*&,$&<<19)9&6&%5$4&'$9&4404&'$-,2'&%5)5,19&'$8&$4()%513+%&D$

6)?&0,&'$/0&$';%5$4&'$OCD$-;0,$/0(&44&'$-,2'&%5&%5$8&$6)%1+,&$&<<19)9&$4&'$)%513+%&'$506;,)0N$

)0N$ 9&4404&'$ L$ 9G5;5;N1/0&'>$ !<1%$ 8()036&%5&,$ 4(1660%;32%191té des tumeurs, nous pourrons 

associer le traitement de CD40 avec les dérivés du platine développés pour induire une mort 

immunogène des cellules cancéreuses.  

 

5.  Conclusion 

 

Ces travaux de thèse ont permis de développer des outils pour induire efficacement 

4()-;-5;'&$8)%'$ 4&'$9&4404&'$ 506;,)4&'>$R;0'$)*;%'$)1%'1$82*&4;--2$&%$9;44)7;,)51;%$)*&9$8&'$

chimistes, des ligands multivalents du récepteur TRAIL-R2 en utilisant des plateformes 

9=161/0&'$1%%;*)%5&'$/01$;<<,&%5$ 4()*)%5)3&$8(J5,&$-40'$'16-4&'$:$-,;801,&D et moins couteuses 

que les anticorps monoclonaux ou les molécules recombinantes. Nous proposons ainsi une 



 193 

)--,;9=&$ 8(1%32%1&,1&$ 8&'$ 413)%8'$ 60451*)4&%5'$ /01$ -&05$ J5,&$ 05141'2&$ -;0,$ 9174&,$ 8()05,&'$

récepteurs de la famille du TNF- >$C(&'5$-;0,/0;1$%;0'$)*;ns utilisé notre expertise sur TRAIL 

pour identifier de nouveaux ligands du récepteur CD40 qui seront indispensables pour avancer 

8)%'$ 4)$ 9;6-,2=&%'1;%$ 8&$ 4(16-)95$ 8&$ 4(;413;62,1')51;%$ 8)%'$ 4(;,1&%5)51;%$ 8&$ 4)$ '13%)41')51;%$

induite par CD40. 

En collaboration avec des chimistes, nous avons également développé de nouveaux dérivés de 

platine Pt(II) à partir de carbènes-N-hétérocycliques et nous avons démontré pour la première 

fois leur potentiel anti tumoral prometteur dans un modèle de souris immunodéficientes 

porteuses de cellules cancéreuses humaines. 

C&'$ ;0514'$ -;0,,;%5$ :$ 4()*&%1,$ J5,&$ )'';912'$ 8)%'$ 0%&$ '5,)5231&$ )%51$ 506;,)4&$ -;0,$ ;-5161'&,$

4(&<<19)9152$8&'$5,)15&6&%5'>$ 

Ces travaux ont également permis de caractériser pour la première fois les interactions entre 

des ligands et les récepteurs TRAIL-R2 à la surface de cellules vivantes et de proposer une 

%;0*&44&$ &N-419)51;%$ /0)%5$ :$ 4(1%&<<19)9152$ 8&$ 9&,5)1%'$ 413)%8'>$ I%$ 05141')%5$ 9&55&$ %;0*&44&$

)--,;9=&D$ %;0'$ &'-2,;%'$ :$ 4()*&%1,$ -;0*;1,$ -,281,&$ 4(&<<19)9152 de ligands synthétiques en 

fonction de la lignée de cellule cancéreuse.   

Finalement, nous avons pour la première fois montré que le récepteur TRAIL-R2 et CD40 

-&0*&%5$<;,6&,$8&'$=252,;6+,&'$*1)$4&0,$8;6)1%&$M#!O$&%$4()7'&%9&$8&$4&0,$413)%8$Ucf article 7 

du chapitre 2). Dans ce cas, la formation des hétéromères permet la liaison de CD40L à CD40 

6)1'$ &6-J9=&$ 4()951*)51;%$ 8&$ 4)$ *;1&$ 8&$ '13%)41')51;%$ REHV>$ O)%'$ 9&$ 9)8,&$ %;0'$ -;0,,;%'$

utiliser les peptides spécifiques de TRAIL-R2 et ceux de CD40 actuellement développés dans 

4(2/01-&D$ 9;66&$ ;0514'$ -;0,$ 9;6-,&%8,&$ 4&'$ <;%951;%'$ 71;4;31/0&'$ 8&$ 9&'$ =252,;6+,&'>$ "4$ &'5$

-;''174&$ 8()'';91&,$ -=G'1/0&6&%5$ 9&'$ -&-518&'$ '0,$ 4&'$ -4)5&<;,6&'$ =2419&'$ ;413;0,2'$ ;0$ 8&'$

liposomes. Les 2 peptides multivalents fixés sur une même plateforme permettraient dans ce 

9)'$ 8()951*&,$ '16045)%26&%5$ 4&'$ ,29&-5&0,'$ COjd$ &5$ L !"#-R2. Dans ce cas il est possible 

8(&%*1')3&,$ /0&$ 4&$ 5,)15&6&%5$ 9;671%2$ 8&$ COjd$ &5$ L !"#-R2 éviterait un signal potentiel de 

prolifération induit par CD40. 

En conclusion, ces résultats pourront peut-être nous aider dans le développement de nouveaux 

ligands plus efficaces et optimiser les stratégies anti tumorales en les combinant.  
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Neila CHEKKAT 

Etude de stratégies innovantes pour 
augmenter l'efficacité antitumorale de 
ligands synthétiques de TRAIL-R2 et 

CD40 

 

 

TRAIL (TNF-Related Apoptosis Inducing Ligand) et CD40Ligand, membre de la superfamille (SF) 
du TNF (Tumor Necrosis Factor) apparaissent comme des cibles attractives pour la thérapie ciblée 
du cancer. Une caractéristique commune des membres de la SF-TNF est la structure 
homotrimérique du ligand qui oligomérise les récepteurs pour induire la signalisation cellulaire. Cette 
 !"#$%&" '!()*+" ,%+#!"#(#!"$#( + -%!./(#"($0&#1"#*$/(#/"(.0"#$) !%!"#(.%!/(+2 !.*&tion de la réponse 
cellulaire.  
32'45#&" 6( .#( &#""#( "78/#( #/"( .#( i) développer des ligands multivalents de TRAIL-R2 et CD40 afin 
.2%)0+ '$#$( +#*$( #66 &%& "0( %!" -tumorale puis de les associer dans des stratégies anti-tumorales 
innovantes et ii) de caractériser les interactions entre ces ligands et les récepteurs à la surface de la 
&#++*+#( 1'*$( &')1$#!.$#( +2 )1%&"( .#( +2'+ -')#$ /%" '!( /*$( +2 ! " %" '!( .#( +2%1'1"'/#( %*( ! ,#%*(
membranaire. 
Ainsi nous avons utilisé des peptides cycliques spécifiques du récepteur de TRAIL-R2 (TRAILmim/DR5) 
que nous avons multimérisés sur des plateformes chimiques innovantes. Nous nous sommes 
également intéressés 9(+20"%"(.2'+ -')0$ /%" '!(.es récepteurs avant leur contact avec le ligand dans 
le but de mieux comprendre les interactions multivalentes. Enfin, nous avons &%$%&"0$ /0(9(+2% .#(.#(
la technique de résonance plasmonique de surface et .2un biocapteur basé sur la fluorescence les 
interactions entre ces ligands multivalents et le récepteur TRAIL-R2.  
Ces travaux nous ont donc montré la nécessité .2%!%+:/#$( +#/(  !"#$%&" '!/( #!"$#( + -%!./( #"(
récepteurs directement à la surface de la cellule pour améliorer le développement de ligands pro 
apoptotiques efficaces.  

Mots clés : cancer, TRAIL, CD40, apoptose, ligands peptidiques multivalents, oligomérisation 

 

TRAIL (TNF- Related Apoptosis Inducing Ligand) and CD40Ligand, members of the superfamily 
(SF) of TNF (Tumor Necrosis Factor), appear as attractive targets for cancer therapy. A common 
feature of members of the TNF-SF is the homotrimeric structure that oligomerized their receptors to 
induce cell signaling. This multivalent interaction between ligands and receptors is crucial for 
apoptosis induction. 
The aims of this thesis is to i) develop multivalent ligands of TRAIL -R2 and CD40 to enhance their 
antitumor efficacy and to associate them in innovative strategies and ii) to characterize the 
interactions between ligands and receptors at cell surface to understand the impact of 
oligomerization on the initiation of apoptosis at membrane level. 
We used cyclic peptides specific of TRAIL-R2 (TRAILmim/DR5) that we multimerized on innovative 
chemical scaffolds. We also interested in the state of receptor oligomerization before their contact 
with the ligand in order to better understand the multivalent interactions. Finally, we characterized 
using the technique of surface plasmon resonance and biosensor based fluorescence interactions 
between multivalent ligands and TRAIL- R2. 
In this work we showed the need to analyze the interactions between ligands and receptors directly 
on the surface of the cell to improve the development of effective pro -apoptotic ligands 
 
Keywords: cancer, TRAIL, CD40, apoptosis, multivalent peptidic ligands, oligomerization  


