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ABREVIATIONS

2’F 2’-fluororiboside pyrimidique (ou 2’-fluoro)
AM adrénomédulline

AMM autorisation de mise sur le marché

BHE barriére hémato-encéphalique

BSA ‘bovine serum albumin’

DMLA dégénérescence maculaire liée a I'age

EGFR ‘epidermal growth factor receptor’

ELISA ‘enzyme linked immunosorbent assay’

EMA ‘European medecines agency’

EPO ‘European patent office’

Fab fragment d’anticorps

FDA ‘food and drug administration’

GBM glioblastoma multiforme

HIV virus de I'immunodéficience humaine

HPV ‘human papillomavirus’

HTS ‘high throughput screening’

IM ‘interaction map’

IMD ‘integrin-mediated death’

INPI institut national de la propriété intellectuelle
Ka affinité a I’équilibre (M)

Kb affinité a I’équilibre (M). Kp =1/ Ka

Kot parameétre cinétique de dissociation (s™)

Kon paramétre cinétique d’association (M™1.s7)
MAGI-1 ‘membrane-associated guanylate kinase (MAGUK) inverted protein 1’
MEC matrice extra-cellulaire

NGS ‘next generation sequencing’

OMS organisation mondiale de la santé

PBS phosphate-buffered saline

PCR ‘polymerase chain reaction’

PDZ trois premiéres protéines identifiées contenant ce domaine : PSD-95, Dlg, and ZO-1
PEG polyéthylene glycol

PM poids moléculaire

PMSA ‘prostate specific membrane antigen’

PPR ‘pentatricopeptide repeat proteins’

PTP-1b ‘tyrosine phosphatase-1b’

QSAR ‘quantitative structure-activity relationship’
RGD arginine-glycine-acide aspartique

RT transcription inverse

RU ‘resonance unit’

SAR ‘structure-activity relationship’

Sckv ‘single-chain variable fragment’

SELEX ‘selective evolution of ligand by exponential enrichment’
SOMAmer ‘slow off-rate modified aptamer’

SPR ‘surface plasmon resonance’

TAR ‘trans-activation response’

TB4 ‘transforming growth factor B-binding protein’
T™MZ témozolomide

VEGF ‘vascular endothelial growth factor’

VMTP protéine de coque du virus de la mosaique du tabac

XNA ‘xeno nucleic acid’


https://en.wikipedia.org/wiki/Epidermal_growth_factor_receptor




CURRICULUM VITAE

Etat civil Adresse professionnelle

Née le 21 septembre 1973 CNRS/UMR 7021

a Belfort (90) Laboratoire de Bioimagerie et Pathologies
Nationalité francaise Université de Strasbourg, Faculté de Pharmacie
Mariée, 3 enfants 74, route du Rhin, 67401 Illkirch Cedex

Tel. 0368854197 Fax. 03688543 13
e-mail : laurence.choulier@unistra.fr

Cursus scientifique

1997-2001 Doctorat en Biologie moléculaire/Immunochimie

IBMC (Institut de Biologie Moléculaire et Cellulaire, Strashourg)

Direction : Dr. Daniéle Altschuh

‘Cinétiques d’interaction antigéne-anticorps : identification des facteurs qui influencent
lactivité de liaison et ingénierie prédictive’

2001-2003 Post-doctorat-Université d’Oxford (GB), NDOG (Nuffield Depart of Obstetrics and Gynaecology)
Direction : Pr. Helen Mardon
‘Investigations fonctionnelles des interactions entre intégrines et protéines de la
matrice extra-cellulaire’

2003 Post-doctorat-Université Victor Ségalen
IECB (Institut Européen de Chimie-Biologie, Bordeaux)

Direction : Dr. J-Jacques Toulmé
‘Criblage par SELEX d’aptaméres anti-gluténe impliqués dans la maladie coeliaque’

2004-2011 Chargée de Recherche-UMR7242 (directeurs : Pr. Claude Kédinger, puis Dr. Jean-Luc Galzi),
ESBS-IREBS (Institut de Recherche de I’Ecole Supérieure de Biotecnologie de Strasbourg, Illkirch),
équipe ‘Biocapteurs’, Dr. Daniéle Altschuh
Développement de deux axes de recherche principaux
‘Biocapteurs moléculaires’

‘Stratégies de sélection et d optimisation de molécules a potentiel diagnostic et/ou thérapeutique’
depuis 2012  Chargée de Recherche-UMR7021, anciennement UMR7213 (directeur : Pr. Yves Mély),
Faculté de Pharmacie (lllkirch),
équipe ‘Intégrine et cancer’, Dr. Monique Dontenwill
Développement d’un axe de recherche
‘Aptameres ARN ciblant des cellules de glioblastome exprimant [’intégrine a5f1"°
Encadrement
Synthése :
Etudiants Avant 2012 Depuis 2012
Doctorants - Encadrement durant 11 mois d’une - Coencadrement en cours d’une doctorante
étudiante sud-africaine - Encadrement de la thése de pharmacie
d’une étudiante interne (DES IPR)
M2 1 2 (1 en cours)
M1 et équivalents 4 9
L3 et équivalents 1 5
BTS 2¢™ année / 1
BTS 1% année / 1



Détails :

Participation a I’encadrement de deux étudiantes en thése :
oct 2007-sept 2008 Aletia NAIDOO, durant ses 11 mois de stage a Strasbourg lors de son doctorat

(doctorante de I’Université Kwazulu Natal, Pietermaritzburg, Afrique du Sud)

depuis octobre 2017 Elisabete CRUZ DA SILVA

Encadrement d’une thése de pharmacie-D.E.S d'innovation pharmaceutique et recherche (IPR) :
depuis septembre 2017  Marie-Cécile MERCIER

Encadrement d’une post-doctorante :

janv-sept 2005 Karin ENANDER
Encadrement d’étudiants en Master 2 :
oct-déc 2002 M. ROONA, Université d’Oxford
janvier-juin 2016 Beatriz IZQUIERDO (ERASMUS, Polytechnic University of Valencia, Espagne)
depuis janvier 2018 Lisa BUHR (M2 Biolngénierie et Médicaments, Université de Lorraine, Nancy)
Encadrement d’étudiants en Master 1 et équivalents :
juin-juill 1999 Etudiant de 2°™ année de I’ESBS (Ecole Supérieure de Biotechnologie de Strasbourg)
juill 2005 Kathrin HEINZMANN & Charline SANTAMARIA, 3¢™ année de ’ESBS, ULP
jan-ao(t 2008 Marie BESSE, 2éme année de I’ESBS, ULP
avril-juin 2012 Guillaume RENNER, M1 Physiopathologie-de la molécule a ’homme, Unistra
avril-juin 2012 Olivier IMBS, M1 Physiopathologie-de la molécule a I’homme, Unistra
janv-mars 2013 Célia JACOBERGER-FOISSAC, M1 Immunologie et Inflammation, Unistra
sept 2013-mars 2014 Cécile CHAZEAU, 5éme année de Pharmacie, Unistra
janv-fév 2014 Samuel NICAISE, M1 Physiopathologie-de la molécule a I’homme, Unistra
janv-fév 2015 Marta UCEDA, M1 Pharmacologie, Unistra
mai-juin 2016 Nathan CHABOCHE, M1 Concept & prod de molécules d'intérét thérapeutique,Unistra
janv-mars 2017 Amandine BADIE, M1 BMCI, parcours Immunologie et Inflammation, Unistra
janv-fév 2017 Lisa BUHR, M1 Biolngénierie et Médicaments, Université de Lorraine, Nancy
Encadrement d’étudiants en Licence 3 et équivalents :
fév-avr 1998 Etudiant en 1ére année de magistére de Chimie-Biologie, ULP
juin 2012 (2 sem) Anne-Sophie LEGROS & Eric HURST, 3éme année de médecine, Unistra
juin 2012 (3 sem) Julie KESSLER, 3éme année de médecine, Unistra
fév-juill 2015 Marine FENAT, Stage de licence profess. de Biotechnologie, Université de Reims
sept-déc 2015 Marine FENAT, employée sous contrat SATT Conectus
Encadrement d’étudiants BTS 2°™ année :
janv-fév 2014 Alessandro DE LEO, BTS Biotechnologie, Lycée Jean Rostand, Strasbourg
Encadrement d’étudiants en BTS 1% année :
mai-juill 2013 Alessandro DE LEO, BTS Biotechnologie, Lycée Jean Rostand, Strasbourg
Encadrement d’¢éléves de 3™ et 2" (stages d’observation en milieu professionnel) :
avril 2013 Eléve de 2"
déc 2013 Louise MARECHAL, éléve de 3™, Collége Sébastien Brant, Eschau
fév-mars 2016 Camille GILBERT & Léa MEYER, éléves de 3°™, Collége d’Illkirch
Formation a la SPR (‘surface plasmon resonance”) :
sept 2007 Sebastien LALEVEE, doctorant de I'IGBMC, Strasbourg
oct 2007 Sonsoles MARTIN-SANTAMARIA, chercheure de I’Université San Pablo, Madrid
mars 2008 Julien BEYRATH, doctorant de I'IBMC, Strasbourg
avril 2008 Utilisateurs d’une société privée (Transgene)
juill 2008-juin 2009 Pierre FECHTER, chercheur de I'IBMC, Strasbourg
juill-oct 2008 Anthony GOBERT & Philippe GIEGE, chercheurs de I’'IBMP, Strasbourg
oct-nov 2010 Marta BRUCZKO & Kamila FILIPIAK, étudiantes 1’Université San Pablo, Madrid
mars 2015 Marta UCEDA-MARTIN, Orianne MESSNER & Charlotte ROMANET

Formation SPR, UE Recherche & Plateformes, M1 Pharmacologie, Unistra



Expertises et activités scientifiques
Révision d’articles scientifiques - Derniers journaux concernés :

Analytical Biochemistry, Journal of Molecular Recognition, Process Biochemistry, Cancers, Aptamers, Cells
Evaluation de plusieurs projets pour le Canceropdle Grand-Est - Soutien a I’émergence de projet
Editrice académique pour Cancers-Edition spéciale ‘FAK signaling pathway in cancers’ (sortie prévue en mai 2018)
Membre élue du conseil de laboratoire de ’'UMR 7021 (mandat 2018-2023)

Enseignement
mars-mai 1996 Tutorat de biochimie sur Maclntosh (étudiants en DEUG 2¢™ année)
janv-mai 1998  Microbiologie fondamentale et physiologie (BTS, Lycée Jean Rostand, Strasbourg)

oct 1999 Formation en mesures cinétiques par SPR (formation INSERM, Strasbourg)
mars 2007 TP d’instrumentation biophysique (étudiants de I’ESBS, Illkirch)

déc 2007 Cours fondamentaux de SPR (M1, Strasbourg)

janv 2008 TP, TD d’instrumentation biophysique (¢tudiants de I’ESBS, Illkirch)
mars 2010 Cours fondamentaux de SPR (M1, Strasbourg)

avr 2012 Cours fondamentaux de SPR (M1, Strasbourg)

mars 2015 Cours, TP, TD de SPR (M1 Pharmacologie, UE Recherche et Plateformes)
février 2016 Cours, TP, TD de SPR (M1 Pharmacologie, UE Recherche et Plateformes)
mars 2017 Cours, TP, TD de SPR (M1 Pharmacologie, UE Recherche et Plateformes)
fév-mars 2017 TP, TD d’instrumentation biophysique (étudiants de I’ESBS, Illkirch)
2017-2018 Chercheure associée a la Maison pour la Science en Alsace

(accompagnement scientifique du college pilote Mandela d’lllkirch
et de la résidence scientifique du college de Wingen/Moder)

Membre de jurys au sein de I’Université de Strasbourg

16-17/05/2013 Jury de M1 Biologie moléculaire et cellulaire intégrée,
parcours Biologie et génétique moléculaire

UE Initiation a la Communication Scientifique (ICS)

7/03/2014 Jury de M1, 5°™ année de Pharmacie

UE Initiation a la recherche

27/05/2014 Jury de M1, 5°™ année de Pharmacie

UE Initiation a la recherche

11-12/05/2015 Jury de M1 Biologie moléculaire et cellulaire intégrée,
parcours Biologie et génétique moléculaire

UE Initiation a la Communication Scientifique (ICS)

23/07/2015 Jury de M1, 5°™ année de Pharmacie

UE Projet professionnel

18/05/2017 Jury de M1 Biologie moléculaire et cellulaire intégrée,
parcours Biologie et génétique moléculaire

UE Initiation a la Communication Scientifique (ICS)

17/05/2018 Jury de M1 Biologie moléculaire et cellulaire intégrée,
parcours Biologie et génétique moléculaire

UE Initiation a la Communication Scientifique (ICS)



Participation a des congres, séminaires, réunion de travail

avec présentations orales

22-25/06/1998

14/09/1998

4-8/07/1999

30/05/2000

9/98-08/2000

4/04/2006

8-9/04/2010

2/07/2010

14/09/2010

14/10/2010

5/04/2018

19/07/2018

XXV™ Young scientists forum, Québec

Analyse de la relation entre structure et fonction de reconnaissance
antigene-anticorps par mutagenése dirigée et analyse cinétique a l’aide d’'un biocapteur
Conférence invitée - Institut National de la Recherche en Agroalimentaire, Colmar
Presentation of the BIACORE technology

13" International Symposium on Affinity Technology and Bio-Recognition, Compiégne
Kinetic analysis of the effect on Fab binding of identical substitutions

in a peptide and its parent protein

Secondes rencontres francaises Biacore, Paris

Kinetics in buffer space

Présentation de mes résultats 2 fois / an

lors des réunions du consortium européen ‘Reversible Antibodies’

Vendredis de I’ESBS, lllkirch

Sélection d’aptameres sur Biacore

Probes for peptide science: design and methodological development, Paris
Peptide-based fluorescent ratiometric sensors for direct detection of proteins
Conférence invitée - Institut de Biologie Moléculaire des Plantes, Strasbourg
Surface Plasmon Resonance Biosensors: Principle of the technology & Applications
Conférence invitée - University San Pablo-CEU, Madrid

Surface Plasmon Resonance Biosensors: Principle of the technology & Applications
Séminaire Biacore, GE Healthcare Life Sciences seminar, Illkirch

Développement de biocapteurs peptidiques fluorescents

pour la détection directe d'une cible protéique

Conférence invitée - Maison pour la Science en Alsace, Colmar

Jusqu ’oui peut-on voir les choses ? Une plongée vers [’infiniment petit

Conférence invitée - EuroSciCon Clinical Research Biomarkers 2018, Prague
Aptamers targeting cell-surface biomarkers as probes for cyto- and histo-chemistry

avec présentations par posters

2-4/09/1998

4-8/07/1999

21-26/11/1999

8-13/02/2002

5-6/07/2002

BlIAsymposium 1998, Edinburgh (GB)

Choulier L., Rauffer-Bruyere N., Ben Khalifa M. & Altschuh D.

Are peptides good mimics for the functional properties of a protein ligand?

13™ International Symposium on Affinity Technology and Bio-Recognition, Compiégne
Andersson K., Gilich S. & Choulier L.

Kinetics in buffer space

Doctoriales® d'Alsace, Mittelwihr

Choulier L.

Analyse des relations entre structure et cinétiques d’interaction

antigene-anticorps a l'aide d’un biocapteur et traitements informatiques de données
Keystone symposia "Biological response to extracellular matrix", Banff (Canada)
Choulier L, Altroff H, Handford P, Campbell ID, Stuart DI, Jones Y & Mardon HJ
Dissecting integrin-ligand interactions using biosensor technology

2" joint UK/German Meeting "Cellular interactions in the Immune System", Berlin
Choulier L, Altroff H, Handford P, Knott \V/, Campbell ID, Abrescia N, Stuart DI,
Jones Y, Van der Merwe A & Mardon HJ

Surface plasmon resonance studies on interactions between integrins and
extracellular matrix ligands

30/04-4/05/2005 VIth European Symposium of the Protein Society, Barcelona

Choulier L, Altroff H, Jovanovic J Stuart DI, Van der Merwe A, Handford P, & Mardon HJ



5-8/07/2008

16-17/04/2009

16-17/04/2009

20-21/11/2014

24-25/06/2016

sans présentations

23/01/1999

3-5/05/2000
10-11/06/2002

27-29/09/2004

29-30/11/2007

Surface plasmon resonance: a powerful approach to dissect interactions

between integrins and extracellular matrix ligands

20th Meeting of the European Association for Cancer Research, Lyon

Choulier L, Martin-Santamaria S, Rold6s V, Ramos A, Altschuh D & de Pascual-Teresa B
SPR label-free ranking of small molecule negative modulators of adrenomedullin
Journées Campus d’Illkirch 2009, Ilikirch

Choulier L, Shvadchak VV, Enander K, Klymchenko AS, Naidoo A, Demchenko AP,
Mely Y & Altschuh D

Peptide-based fluorescent ratiometric sensors for direct detection of proteins

Journées Campus d’Illkirch 2009, Ilikirch

Choulier L, Martin-Santamaria S, Roldds V, Ramos A, Altschuh D & de Pascual-Teresa B
SPR label-free ranking of small molecule negative modulators of adrenomedullin
Canceropdle Grand-Est, Strasbourg

Choulier L, Fechter P, Ray A-M, Bandin A-F, Renner G, Noulet F, Etienne-Selloum N,
Lelong-Rebel I, Martin S, Lehmann M & Dontenwill M

Selection of RNA aptamers against integrin 541

Aptamers in Bordeaux, Bordeaux

Fenat M, Fechter P, Etienne-SelloumN, Lelong-Rebel I, Martin S, Lehmann M,
Dontenwilll M & Choulier L

RNA aptamers as ligands of integrina541 in glioblastoma

Biacore meeting day, Paris

JOBIM *‘Journées Ouvertes Biologie Informatique Mathématiques’, Montpellier
Conference "From gene to functional protein™, Amersham, Paris

Ecole thématiqgue CNRS-CEA de Biologie/Chimie/Informatique, Aussois
‘Criblage a haut débit : vers un criblage a haut contenu’

Biacore symposium, Munich

30/10-3/11/2008 XXléme Congrés de Biophysique, Figeac

3-4/05/2010
20-21/09/2011
22-23/09/2011
2-3/11/2011
12-13/11/2012
25-26/11/2013
2/07/2015
19/05/2017

Financements

2010-2011

Journées Campus d’Illkirch, Ilkirch

2011 ACCITH Forum (GDR “Anticorps et ciblage thérapeutique’), Illkirch
10eme Colloque de la Section 30 du CoNRS, Illkirch

5¢me Forum du Cancéropdle du Grand-Est, Strasbourg

6™ Forum du Cancéropdle du Grand-Est, Strasbourg

7¢m Forum du Cancérop6le du Grand-Est, Strasbourg

Biacore user meeting, Lyon

5 ans de la Maison pour la Science en Alsace, Strasbourg

Contrats en tant que coordinatrice ou partenaire :

Projet Hubert Curien - PICASSO 2010

Design, synthesis and 3D-QSAR study of small molecules targeting adrenomedullin and PAMP in several

diseases

Coordinateur frangais :
Coordinateur espagnol :

Dr Laurence CHOULIER, ESBS, FRE 3211, Illkirch

1 800 euros

2015-2016

Pré-maturation SATT Conectus

Anti-o5 41 aptamers characterisation

Coordinateur :

Dr Laurence CHOULIER, Faculté de pharmacie, UMR 7213, llIkirch

43 380 euros

Dr Sonsoles MARTIN-SANTAMARIA, University San Pablo-CEU, Madrid



2015-2016 Projets de Recherches exploratoires - PEPS IDEX 2015
Caractérisation fonctionnelle d’aptameéres ARN ciblant ['intégrine o551

Coordinateur : Dr Laurence CHOULIER, Faculté de pharmacie, UMR 7213, llIkirch
20 000 euros
2018-2020 Projet IDEX Interdisciplinaire ‘Emergence’ 2017 - Unistra/CNRS

Identification de la pharmacopée minérale médiévale arabe et extraction de fractions actives
pour de nouvelles combinaisons anti-infectieuses
Coordinateur : Dr Pierre FECHTER, IREBS, UMR 7242, Ilikirch
Partenaires : Dr Laurence CHOULIER, Faculté de pharmacie, UMR 7021, lllkirch
Dr Véronique PITCHON, UMR 7044, Strasbourg
Dr Catherine VONTHRON, Faculté de pharmacie, UMR 7200, Illkirch
44 000 euros

Et participation a plusieurs contrats :
1998-2001 European Community Contract BIO4-CT98-0502
Reversible antibodies
Coordinateur : Dr. Magnus Malmagvist, Biacore AB, Uppsala, Suede
2002-2005 European Community Contract QLK1-CT-2002-02077
Quantification of coeliac disease toxic gluten in foodstuffs using a chip system with integrated extraction, fluidics
and biosensoric detection
Coordinateur : Dr. Ciara O’Sullivan, Universitat Rovira i Virgili, Espagne
2005-2006 Contrat DGA n° 05 34 013
Evaluation de biocapteurs peptidiques basés sur de nouvelles sondes fluorescentes

Coordinateur : Dr. Daniele Altschuh, UMR 7175, ESBS
Montant : 40 K€
2006 Subvention du Ministére de la recherche espagnol

Optimisation de ligands de I’adrénomédulline a action anti-tumorale, par une approche QSAR
Coordinateur : Dr. Beatriz de Pascual-Teresa Fernandez, University San Pablo-CEU, Espagne
Montant : 5 K€

2006-2008 Contrat ANR06-2_139030

Etude RMN des bases structurales de I'interférence de 1’oncoprotéine E6 avec les interactions cellulaires

médiées par les domaines PDZ
Coordinateur : Pr. Bruno Kieffer, UMR 7104, IGBMC
Montant : 30 K€

2007-2011 Subvention ANR 07-BLAN-0287

Développement de biocapteurs synthétiques fluorescents basé sur des sondes de la famille des 3HC
Coordinateur : Pr. Yves Mély, Faculté de Pharmacie, Strashourg
Montant : 50 K€

2008-2011 ARC n°3171

Bases moléculaires du cancer du col de ['utérus: structure, fonction et inhibition de [’oncoprotéine virale E6
Coordinateur : Dr. Gilles Travé, Equipe Oncoprotéines, ESBS
Montant : 50 K€

2016-2017 ARC 16/417/S07
Cavéoline-1, intégrine o541 et miR-30* : marqueurs prédictifs, facteurs pronostics et nouvelles options
thérapeutiques pour les tumeurs des voies aérodigestives a haut potentiel métastatique
Coordinateur : Dr. Sophie Martin, Faculté de Pharmacie, Strasbourg



Organisation de conférences et de congres
16/06/2000 Forum ADDAL (Association des Docteurs et Doctorants d’ Alsace), Strashourg
27/09/2007 Journée des utilisateurs SPR d’Alsace et de Lorraine, ESBS, Illkirch
14-17/09/2010 Forum des Jeunes Chercheurs 2010 (SFBBM), Strashourg
4-5/04/2013 Journées Campus d’Illkirch 2013
7-8/04/2014 Journées Campus d’Illkirch 2014
13-14/04/2015 Journées Campus d’Illkirch 2015
7-8/06/2018 Forum BioChem, Strashourg
19-20/07/2018 EuroSciCon Clinical Research & Biomarkers, Prague

Animation scientifique
16-17/10/2005 Féte de la science, Strasbourg

27/09/2007 Relais pour la vie, Ligue nationale contre le cancer, Nordheim
29/01/2011 Table ronde des métiers, Lycée Louis Pasteur, Strashourg
4/02/2012 Table ronde des métiers, Lycée Louis Pasteur, Strasbourg

13/02/2013 Ose la Recherche, Vaisseau, Strasbourg
19/02/2014 Ose la Recherche, Vaisseau, Strasbourg
18/02/2015 Ose la Recherche, Vaisseau, Strasbourg
13/11/2015 Kids universities, Strasbourg

9/03/2016 Ose la Recherche, Vaisseau, Strasbourg

8/02/2017 Ose la Recherche, atelier parents, Vaisseau, Strashourg

7/04/2017 Forum des métiers au college d’Illkirch

4/10/2017 Les étoiles du savoir, cercle Gutenberg, MSA et jardin des sciences, Strasbourg

22/11/2017 DECLICS, Lycée Jean Monnet, Strashourg

Formations suivies
3-5/06/1997 Biacore kinetic data analysis software (SPRevolution), Grenoble
7-13/09/1997  AIDS research, La Londe les Maures
27/10-7/11/1997 Expression de protéines recombinantes, Grenoble
16-20/11/1998 Immunodétection de peptides, technologie Spot, Montpellier
8-18/03/1999  New software for Biacore kinetic data processing, Uppasala (Suéde)
4-7/05/1999 Sequence analysis and homology modeling, Strasbourg
4-17/01/2000  Technique du Phage display, Strasbourg
24/01-4/02/2000 New software for Biacore kinetic data processing, Uppasala (Suéde)
12/12/2001 BBSCR meeting day "Membrane protein production”, Oxford (GB)
22-24/11/2004 Formation CNRS ‘Conduite d’exposés scientifiques’, Strasbourg
depuis déc 2005 Formation Sauveteurs secouristes du travail, Strasbourg

et recyclage d’une % journée/an ou 1 journée/2 ans

1/04/2010 Formation Excel-Représentation graphique-Office 2007, Strasbourg
26-27/04/2010 Formation Excel-Perfectionnement Fonctions-Office 2007, Strasbourg
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SYNOPSIS

L’objet de mon doctorat au sein de ’'UMR 9021 a ’'IBMC (Institut de Biologie Moléculaire et
Cellulaire, Université Louis Pasteur, Strasbourg) a été d’acquérir une meilleure compréhension des
paramétres capables d’influencer les cinétiques des interactions antigéne-anticorps, afin de moduler
ces parameétres de maniere prédictive, en utilisant une description quantitative des relations structure-
activité. Un criblage par présentation de peptides a la surface de phages (‘phage display’) suivi de
détection de peptides synthétisés sur membrane de cellulose, a également permis d’identifier les
épitopes de deux fragments d’anticorps.

Mon 1* stage post-doctoral au NDOG (Nuffield Department of Obstetrics and Gyneacology) dans
I’équipe de Helen Mardon a I’Université d’Oxford (Grande-Bretagne) m’a permis d’étendre mon
expérience des relations structure-activité de reconnaissance a des systémes d’interaction plus
complexes, entre intégrines (dont a5pB1) et protéines de la matrice extracellulaire et de me familiariser
a la biologie de ces récepteurs, dans un environnement médical.

Lors de mon 2°™ stage post-doctoral, au sein de 1’U386-INSERM 4 I’Institut Européen de Chimie
et Biologie (IECB, Bordeaux), dirigée par Jean-Jacques Toulmé, j’ai acquis une deuxiéme expérience
concernant la conception et le criblage moléculaire de bangues, en utilisant une méthode bien établie
dans le laboratoire de Jean-Jacques Toulmé, et de mieux appréhender les problémes liés a cette
approche : le SELEX (‘systematic evolution of ligands by exponential enrichment’, Ellington &
Szostak, 1990 ; Robertson & Joyce, 1990 ; Tuerk & Gold, 1990).

En 2004, j’ai été recrutée au CNRS a I’IREBS (Institut de Recherche de I’Ecole Supérieure de
Biotechnologie de Strasbourg) dans 1’équipe ‘Biocapteurs’ dirigée par Daniéle Altschuh. J’y ai
développé plusieurs axes de recherche. Les deux axes particulierement décrits dans ce manuscrit
concernent les biocapteurs moléculaires peptidiques et les stratégies de sélection et d’optimisation de
molécules a potentiel diagnostic et/ou thérapeutique.

En mars 2012, j’ai intégré ’'UMR 7213, renommée UMR 7021 en janvier 2018, Laboratoire de
Bioimagerie et Pathologies, dirigée par Yves Mély, au sein de la faculté de pharmacie de Strasbourg.
Mes recherches actuelles sont développées dans 1’équipe ‘Signalisation tumorale et cibles
thérapeutiques’ dirigée par Monique Dontenwill. L’axe ‘Intégrines et cancer’ de cette équipe
s’intéresse particulicrement a une protéine membranaire, 1’intégrine a5B1, comme marqueur

diagnostique, pronostique et cible thérapeutique pour les tumeurs cérebrales.
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Ce manuscrit ne retrace pas I’ensemble mais uniquement les principales étapes des dix derniéres
annees de mon parcours scientifique. 1l concerne a la fois mes derniers projets de recherche au sein de
I’'IREBS (UMR 7242) et mon activité de recherche au sein de 'UMR 7021. Ce manuscrit est divisé
en deux parties principales. Mes travaux de recherches des années antérieures a 2008 (1997-2008) sont

brievement abordés en Annexe.

Détection et modulation Quantification d’interactions
d’interactions moléculaires moléculaires complexes :
1997-2008 antigénes-anticorps
Annexe (doctorat, Strasbourg, 1997-2001) - intégrines-protéines de la
CoraasRsition matrice extra-cellulaire |
biophysique 1 (post-doctorat, Oxford, 2001-2003)
d’interactions
maolciuilaites Caractiisation - acides nucléiques-protéines
d’épitopes et criblage par SELEX
| peptidiques (post-doctorat, Bordeaux, 2003) ;
(CR, UMR 7242, 2004-2008)
. Identification de
2008-2012 (CR, UMR 7242) ﬁg‘;ﬁf:ﬁ:s ligands de cibles
1¢re partie du manuscrit reptidiques therapeutiques: par
Travaux scientifiques antérieurs fluorescents c.nb.lage‘s de
chimiothéques
I

Sélection par criblage,
identification et caractérisation

2012-2018 (CR, UMR 7021) d’aptaméres ARN ciblant

s . A des cellules de glioblastome
2°me partle du manuscrit

exprimant l'intégrine a5p1
Projets de recherche actuels
Utilisation d’'un aptamére fluorescent
en cyto- et histo-chimie
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Dans la premiere partie de ce manuscrit, intitulée ‘Projets scientifiques antérieurs’ (2008-
2012), sont décrits le développement de biocapteurs moléculaires et I’identification de ligands
de cibles thérapeutiques par criblage de chimiothéques. C’est grace a la caractérisation
préalable (décrite en Annexe) de deux épitopes peptidiques (par synthése multiple de peptides
sur membrane SPOT, ‘phage display’ et QSAR ‘quantitative structure-activity relationship”)
que nous avons pu entreprendre le développement de biocapteurs peptidiques fluorescents.
C’est également grace a une bonne connaissance des interactions moléculaires complexes par
SPR (‘surface plasmon resonance’), que les criblages de chiomiothéques ont pu étre realises.

Dans une deuxiéme partie, intitulée ‘Projets de recherche actuels’, sont décrites de maniére
plus approfondie, mes recherches concernant la sélection et la caractérisation d’aptameéres ARN
ciblant les cellules de glioblastome exprimant I’intégrine a5p1. Une sélection d’aptameéres a été
réalisée par criblage, nommé SELEX ; une technique que j’ai apprise lors de mon deuxiéme
post-doctorat, a Bordeaux. L’intégrine a5p1, la cible de ce criblage, est 1’'une des intégrines
dont j’avais appréhendé la complexité et étudié son interaction avec la fibronectine, lors de mon
premier post-doctorat, a Oxford. A I’issue du SELEX, nous avons identifié¢ un aptamére nommé
HO02. Cet aptameére directement couplé a un fluorophore a notamment été utilisé pour détecter
I’intégrine a5B1 en cyto- et histo-chimie. Les perspectives de ce projet sont intégrées a la fin de
cette deuxieme partie.

Les articles et revues cités dans ces deux parties principales sont insérés en fin de chapitre

les concernant.
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Travaux scientifiques antérieurs

(années 2008-2011)

A. Développement de biocapteurs moléculaires

fluorescents

Revue 1 et Article 1

Résumé :

Un biocapteur moléculaire combine au sein d’une méme molécule :

- un récepteur: élément de reconnaissance capable de reconnaitre la
molécule d’intérét (analyte) a détecter

- un transducteur: détecteur capable de convertir I'événement de
reconnaissance biologique en un signal mesurable. Le transducteur d’un
biocapteur moléculaire fluorescent est un fluorophore.

Avant méme mon intégration au sein de 'UMR 7213, une collaboration
avait été établie avec I'équipe d’Yves Mély pour développer des peptides en
tant que Dbiocapteurs moléculaires fluorescents sensibles a
I’environnement : le fluorophore sensible a I'environnement est couplé
dans une région du récepteur proche du site de liaison a I'analyte, mais
non-essentiel pour l'interaction. L'interaction récepteur-analyte provoque
alors un changement de I'environnement physico-chimique du
fluorophore, traduit par une variation de ses propriétés de fluorescence.
Deux systemes d'interaction peptide-anticorps bien caractérisés
précedemment au laboratoire, nous ont servi de modeles d’étude. Nous
avons défini les positions optimales des deux peptides sur lesquelles coupler
le fluorophore pour que les peptides fonctionnent en tant que biocapteurs
moléculaires sensibles a I'environnement, pour détecter des protéines.

Dans cette partie sont inclus une revue sur les biocapteurs peptidiques
fluorescents sensibles a I'environnement (Revue 1) et un article décrivant
I'un des deux systemes d’interaction et les propriétés d’un biocapteur
peptidique (Article 1).
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D’aprés la définition de I’lUPAC (International Union of Pure and Applied Chemistry), un
biocapteur est un dispositif intégré, capable de fournir des informations spécifiques
quantitatives ou semi-quantitatives. Il est composé d’un élément de reconnaissance d’origine
biologique et d’un transducteur. L’élément de reconnaissance biologique (le récepteur) réagit
spécifiquement avec la molécule d’intérét (I’analyte). Le transducteur agit en tant que détecteur,
convertissant I’événement de reconnaissance moléculaire en un signal mesurable. En
oncologie, notamment, alors que la détection d'un cancer a une phase précoce augmente
considérablement les chances de réussite du traitement, des biocapteurs sont testés pour détecter
des biomarqueurs moléculaires, notamment des protéines et des acides nucléiques (Jayanthi et
al., 2017). Les biocapteurs ont de faibles limites de détection, permettant ainsi la détection de
biomarqueurs dans les échantillons physiologiques de I’ordre du fg/ml au ng/ml. lls permettent
également de gagner du temps, de ré-utiliser le récepteur, mais aussi de détecter plusieurs
biomarqueurs simultanément. Ces biocapteurs, qui utilisent principalement des transducteurs
électrochimiques ou optiques et permettent une détection en temps réel, sont toutefois restreints
aux laboratoires qui disposent d’instruments sophistiqués, extrémement fiables, mais couteux.

Lorsque le récepteur et le transducteur sont intégrés au sein d’une méme molécule, on parle
de biocapetur moléculaire. Un biocapteur moléculaire (Hellinga et Marvin., 1998) est donc une
molécule composée d’un récepteur, covalemment associé a un transducteur, généralement un
fluorophore. Le récepteur reconnait 1’analyte, alors que le fluorophore répond a I’événement de
reconnaissance et le transforme en un signal facilement mesurable. Les biocapteurs fluorescents
sont utilisés pour la détection et la quantification d’analytes. Ils ont des applications potentielles
dans les domaines de la médecine, de 1’industrie agroalimentaire, de la défense ou protection
de I’environnement, mais aussi en biologie fondamentale pour appréhender des évenements
biologiques. L application de ce principe prometteur aux anticorps se heurte a de nombreuses
difficultés. Pour coupler covalemment un fluorophore a une protéine recombinante, la méthode
la plus couramment utilisée consiste a remplacer un acide aminé donné par une cystéine et de
coupler le fluorophore a son groupement thiol. Cette approche nécessite la production et
purification de grandes quantités de protéines recombinantes, est difficilement implémentable
a du ‘microarray’ dans lequel I’immobilisation de la protéine biocapteur risque de la dénaturer.
En outre, cette méthode est relativement compliquée. En effet, mutations et/ou couplages
peuvent (i) diminuer le taux d’expression protéique, (ii) dimininuer ou inhiber la liaison de
’analyte, (iii) provoquer une perte de stabilité, ou ’agrégation ou la dénaturation de la protéine

ou (iv) induire une absence de signal de fluorescence.... Le fluorophore peut méme parfois étre
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couplé sur les chaines latérales de lysines. Il s’agit alors d’une réaction ‘parasite’. Ces
problémes peuvent étre résolus par 1’utilisation d’autres récepteurs synthétisés chimiquement,
en grande quantité, et plus stables, tels que des peptides, de petits composés chimiques et méme
des aptameres (Musumeci et al., 2017 ; Hori et al., 2018).

Le principe d’un biocapteur moléculaire sensible a I’environnement repose sur le fait qu’un
fluorophore sensible a 1’environnement est couplé dans une région du récepteur proche du site
de liaison a I’analyte, mais non-essentiel pour I’interaction. La liaison récepteur-analyte
provoque alors un changement de 1’environnement physico-chimique du fluorophore, traduit
par une variation de ses propriétés de fluorescence, telle qu’une extinction ou une intensification
de fluorescence ou un shift du spectre d’émission. En 2010, j’ai été invitée a écrire une revue
pour le journal Sensors, au sujet de biocapteurs peptidiques fluorescents sensibles a
I’environnement (Choulier & Enander, 2010). Cette revue est inclue a la fin de ce paragraphe
(Revue 1). Karin Enander, que j’ai encadrée lors de son post-doctorat au sein de I’IREBS, a

participé a son écriture.

La position peptidique optimale pour le couplage du fluorophore est difficile a predire,
particulierement en absence de données structurales. Cette position doit étre telle que le
mircoenvironnement du fluorophore soit modifié¢ lors de la liaison de I’analyte. Bien que plus
facile a implémenter pour un peptide que pour une protéine, le choix de la position optimale de
couplage du fluorophore est difficilement prédictible. Notamment, la distance entre le résidu
marqué et I’épitope peptidique n’est pas un paramétre généralisable a tout systéme d’interaction
peptide-protéine pour développer un biocapteur peptidique. En collaboration avec Yves Mély
et Andrey Klymchenko (UMR 7213, Illkirch), notamment autour de deux projets (DGA
‘Evaluation de biocapteurs peptidiques basés sur de nouvelles sondes fluorescente > et ANR
‘Développement de biocapteurs synthétiques fluorescents basé sur des sondes de la famille des
3HC (3-hydroxychromone)’, nous avons montré qu’une construction synthétique, formée d’un
peptide couplé a un fluorophore ratiométrique, fonctionne comme biocapteur moléculaire
sensible a I’environnement, dans deux systémes d’interaction anticorps-peptide (Enander et al.,
2008 ; Choulier et al., 2010), déja bien identifiés au sein du laboratoire (Andersson et al., 2001 ;
Choulier et al., 1999, 2001, 2002a & 2002b ; voir aussi la partie ‘Annexe’). Par diverses
expériences, telles que ‘phage display’ et analyses mutationnelles, nous savions déja quels

résidus des peptides étaient importants pour la liaison des fragments d’anticorps.

17



Le premier modéle (Enander et al., 2008) concerne 1’interaction entre le Fab 57P et un
peptide correspondant a la séquence 134-151 de la VMTP (protéine de coque du virus de la
mosaique du tabac). Un fluorophore ratiométrique de la famille des 3HC a été couplé
indépendamment sur des cystéines remplagant les acides aminés d’origine, en 2 positions de la
séquence peptidique, a 2 et 7 résidus de 1’épitope fonctionnel (acides aminés 146 et 151 de la
VMTP, respectivement). Nous avons montré que le fluorophore n’influence pas les cinétiques
d’interaction Fab-peptide et que le peptide marqué a 7 résidus de 1’épitope (position 151 de la
VMTP) agit comme biocapteur. Une variation de 40% de I’intensité de fluorescence est
enregistrée lors de la liaison du Fab 57P. Le peptide couplé en position 146 n’a, quant a lui,
pas les propritées d’un biocapteur. Le couplage du fluorophore a proximité de 1’épitope n’est

pas une condition suffisante a I’obtention d’un biocapteur peptidique.

Le deuxieme modele (Choulier et al., 2010) a confirmé la possibilité de fabriquer des
biocapteurs peptidiques sensibles a ’environnement pour la détection de protéines. 11 s’agit de
I’interaction entre le scFv 1F4qass et des peptides mimant la partie N-terminale de
I’oncoprotéine E6 du papillomavirus humain (HPV16). Trois peptides de taille variable, ont été
utilisés. Ils miment les séquences 4-17, 7-17 et 9-17 de I’oncoprotéine E6. L’épitope
fonctionnel correspond aux résidus 9-14 de la séquence peptidique. Nous avons choisi trois
positions a substituer, respectivement a zéro, deux et cing résidus distants de la premiére
position identifiée comme importante pour la liaison du fragment d’anticorps (position 9). Ces
peptides ont été marqués par le fluorophore a leur extrémité N-terminale. Nous avons montré
que sur les trois peptides marqués avec un fluorophore ratiométrique, seul le peptide 3HC-7-
17, marqué a une distance de deux résidus de 1’épitope présente les propriétés d’un biocapteur.
Lors de D’interaction avec le scFv, une variation d’intensité de fluorescence de 47% est
observée. Nous avons également montré qu’une telle construction permet (i) d’avoir acces aux
Kbs de I’interaction scFv-peptides non-marqués, (ii) de réaliser une courbe de calibration, et
(111) de détecter le scFv jusqu’a 15 nM dans un milieu simple (tampon) et avec une limite de
50-100 nM en milieu plus complexe (BSA ‘bovine serum albumin’ a 100 ug/ml). Cette

publication est inclue ci-dessous (Article 1).
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Abstract: Biosensors allow the direct detection of molecular analytes, by associating a
biological receptor with a transducer able to convert the analyte-receptor recognition event
into a measurable signal. We review recent work aimed at developing synthetic fluorescent
molecular sensors for a variety of analytes, based on peptidic receptors labeled with
environmentally sensitive fluorophores. Fluorescent indicators based on synthetic peptides are
highly interesting alternatives to protein-based sensors, since they can be synthesized
chemically, are stable, and can be easily modified in a site-specific manner for fluorophore
coupling and for immobilization on solid supports.

Keywords: peptide biosensors; environmentally-sensitive fluorophore

1. Introduction

A molecular biosensor [1] is a molecule composed of a biological recognition element (receptor)
covalently associated with a transducer, generally a fluorophore, for signaling. The receptor is selected to
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specifically recognize a molecule of interest (analyte), while the fluorophore responds to the recognition
event and transforms it into a measurable signal. The molecular biosensor can be distinguished from a
chemosensor by the nature of the receptor, which is typically a biomacromolecule such as a nucleic acid
(DNA or RNA), or a protein (often an enzyme or an antibody). Fluorescent molecular biosensors are
mainly designed for the detection and quantification of analyte, with potential applications in the fields of
medicine, agro-industry, defense or protection of the environment, but are also exploited to understand
biomolecular events.

Compared to an immunoassay, which requires indirect labeling and multistep reactions, the detection
of an analyte by a fluorescent biosensor is simple, direct and can be appreciated in real-time. The principle
of sensing is illustrated in Figure 1. When an environmentally sensitive fluorophore is coupled near the
binding site of a receptor, it will respond to changes in the physico-chemical environment induced by
complex formation, by altering its fluorescence properties. Typically, polarity variations in the immediate
vicinity of the fluorophore result in quenching or enhancement of the fluorescence and/or a wavelength
shift in the emission spectrum. Recent reviews describe the structures, key physical parameters (extinction
coefficients, excitation and emission wavelengths, quantum yields, size, hydrophobicity, stability) and
advantages of some of the most common environmentally-sensitive fluorophores {2], or the design of
biosensor molecules based on proteins [3]. While implemented with many different types of protein
receptors, analytes and fluorophores, site-specific incorporation of fluorophores in proteins remains a
challenge. The most widely used approach to covalently couple an extrinsic fluorophore to a recombinant
protein involves the replacement of a less reactive amino acid residue with cysteine, followed by dye
coupling to the free thiol group of the purified protein in buffer. This approach is straightforward, but
difficult to implement on a general basis because mutations and coupling can lead to poor expression
levels, deleterious effects on analyte binding, poor stability, aggregation or unfolding. Moreover, side
reactions between thiol-reactive fluorophores and lysine side chains have been observed [4,5]. Other
approaches to coupling a fluorophore at a specific site of proteins involve nonsense suppression [6],
active-site-selective labeling [7-9], post-photoaffinity labeling modification [10-12], and, for chemically
solid-phase synthesized proteins, the Suzuki-coupling reaction {13] and native-chemical ligation of
peptides [14].

Protein-based environmentally-sensitive fluorescent biosensors have been successfully used for analyte
detection and quantification with affinities varying from 0.2 nM to 150 mM, sometimes even in
immobilized formats [14-17). Still, synthetic peptides are interesting alternatives as receptors, because
they provide obvious advantages over proteins in terms of production and stability. Peptide synthesis is
straightforward and cost-effective and peptide-dye constructs can be manufactured at large scale.
Moreover, synthetic peptides are robust, offer an even larger chemical versatility than recombinant
proteins and are easily modified in a site-specific manner by means of orthogonal protection group
strategies. Thus, peptides should have a great potential as components in molecular biosensors.

This review will specifically focus on biosensor constructs based on synthetic peptides and designed
for the detection of biomolecular analytes by transduction via environmentally sensitive fluorescent dyes.
Detection based on energy transfer (FRET) or changes in anisotropy will not be considered. The peptide
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may either serve as the recognition unit to provide ‘intrinsic recognition” (Section 2) or as a scaffold onto
which other recognition elements can be grafted (‘extrinsic recognition’, Section 3).

Figure 1. Principle of a fluorescent peptide biosensor. A) Schematic drawing showing the
effect of analyte binding. The fluorophore attached close to the binding site responds to a
microenvironmental change. B) Binding of analyte is detected by changes in the fluorescence
emission spectrum. Adapted from [18], with permission from the American Chemical Society.

A. ,
\m 4 Analyte ® .
Fluorescent O

peplide

2. Synthetic Peptide Sensors: Peptides as Recognition Elements

Half of the reported protein biosensors are based on bacterial periplasmic binding proteins and target
sugars, the reason being that these proteins are well described and that sugar binding induces a
pronounced conformational change that may result in local changes in the chemical environment in many
parts of the protein. In contrast, most of the singly-labeled fluorescent peptide biosensors target proteic or
peptidic analytes. Binding-related peptide sensors constructed by labeling of an amino acid residue and by
incorporation of a fluorescent amino acid are listed in Tables 1 and 2, respectively, together with targeted
analytes, sensor affinities and performances. Sensors for enzymes, where the fluorescence signal is
changed in response to the enzymatic activity (discussed in Section 2.1.), are not included.

This section will describe how and for what purpose peptide biosensors are constructed.
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2.1. Applications of Peptide Biosensors

Protein chips are expected to become important tools for direct analyses of biomolecular function and
interaction in a high-throughput fashion. Hisakazu Mihara and his team contribute to this development by
designing protein-detection systems, where peptide-based biosensor molecules with defined secondary
structures are used as capture agents. Interactions are reported by environmentally sensitive fluorophores
attached to the peptides. Libraries of peptides with B-strand (16 peptides, [25]), f-loop (126 peptides, [24])
and o-helix (20 peptides, [27]) structures were synthesized. In proteins, the solvent accessible part of these
secondary structure elements is often implicated in the recognition of protein partners. Peptides were
introduced into separate wells of a microplate, either involving covalent immobilization via an N-terminal
cysteine [24,25] or adsorbed [27]. The resulting peptide arrays were used to produce characteristic protein
fingerprints (PFP), allowing discrimination between a range of proteins. The proteins could be detected
down to 1.2 fmol [27]. Tomizaki and Mihara [26] developed a fluorescence sensing system for the
detection of proteins using a photochromism-based assay (P-CHROBA) technique. Spiropyran derivatives
were attached to the N-termini of eight peptides. When irradiated by UV or visible light, spiropyran
undergoes a reversible transition to a highly fluorescent merocyanine form with rate constants that depend
on the microenvironment of the dye. Changes in these constants were used to detect complex formation
betseen the spiropyran-containing peptides and six different proteins. Even this small number of peptides
gave rise to unique PFPs and allowed for successful discrimination between the proteins.

Many peptide-based biosensors were constructed to gain insights into peptide-protein interaction
systems. Fluorophore-peptide conjugates were used as probes to resolve the interaction kinetics of
peptide-chaperone (£. coli DnaK and SecB) interactions and to gain insights into the relative polarity of
the peptide binding site [19,20]. Similarly, Wearsch ez al. [28] investigated complex formation between
the chaperone GRP94 and a peptide derived from the vesicular stomatitis virus labeled with an
environmentally sensitive fluorophore. By using peptides derived from cholecystokinin (CCK) and
modified with the fluorophore Alexa, Laurence J Miller’s group demonstrated that the environment of the
fluorophore is different when the peptide is bound to type A [21] and type B [22] CCK receptors. By
incorporating the fluorescent amino acid DANA (6-(2-dimethylaminonaphthoyl)alanine) in the N-
terminus, the mid-region, or the C-terminus of the peptide, pronounced differences in the mechanism of
CCK binding and activation of these structurally related receptors were shown [34]. Further,
Harikumar ef al. [23] examined the binding environment of a peptide agonist to family B of G protein-
coupled secretin receptors by attaching Alexa Fluor 488 at four different positions throughout the
pharmacophore. Peptide-based biosensors were also used to probe the phosphorylation-dependent binding
of an octapeptide to the 14-3-3 protein (see Section 2.2.1) and to study intramolecular interactions [32].

Several peptide biosensors equipped with environmentally-sensitive fluorophores were designed for the
detection of enzymes and for monitoring their activity. David S. Lawrence and colleagues designed
functionalized peptide libraries for the identification of efficient biosensor systems for protein kinases.
Sensing of Src kinase was based on phosphorylation-driven disruption of stacking interactions between an
extrinsic fluorophore and the target tyrosine residue in a peptide substrate [39,40]. In a different design, an
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environmentally sensitive fluorophore was covalently attached to a tyrosine-containing peptide substrate
recognized by Src kinase and the assay was performed in the presence of the phosphotyrosine binding
domain Lek-SH2 [41]. Upon tyrosine phosphorylation, the fluorophore experienced changes in the local
environment caused by the peptide binding to Lck-SH2 (Scheme 1). A similar approach was used for the
detection of serine phosphorylation by the cAMP-dependent protein kinase [42]. Barbara Imperiali and
colleagues designed a generic kinase sensor containing a variable enzyme recognition sequence and a
fluorescent amino acid residue, Sox (from 8-hydroxy-5-(N,N-dimethylsulfonamido)-2-methylquinoline),
which displays chelation-enhanced emission when binding Mg?®'. Phosphorylation of a target serine,
threonine or tyrosine residue increased the affinity of Sox for the metal ion, which resulted in enhanced
fluorescence intensity [43,44].

Fluorescent peptide reporters for histone acetyltransferase were designed by synthesizing a 20-residue
peptide corresponding to the N-terminal part of histone H4 followed by functionalization with dansyl or
fluorescein [45]. Charge reduction of the peptide following acetylation of target lysines resulted in a small
increase in the emission from the fluorophores. Along similar lines, biosensor peptides for arginine
methyltransferase 1 were also designed [46].

Scheme 1. Fluorescent sensing of Src protein kinase based on binding of an SH2 domain to
the sensor peptide containing the kinase recognition sequence and a target tyrosine. The
affinity of the SH2 domain for the peptide is increased upon phosphorylation, and SH2
binding induces a change in the chemical environment surrounding the fluorophore.

From [41].
OH Src protein kinase OPO5*
ATP
—_—
Ifluorophore ilf1uorophore
Ax-Glu-Glu-Glu-lle FI Gly-Glu-lle-Xaa-Ala-amide Ac-Glu-Glu-Glu-lle Fl Gly-Glu-lle-Xaa-Ala-amide
8 9

SH2 Domain SH2 domain

Efluorophore

Ac-Glu-Glu-Glu-lle FI GIy-Glu-Ile%i-Ala-amide
10 fluorescence
enhancement
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2.2. Construction of Peptide Biosensors
2.2.1. Strategies for the incorporation of fluorescent dye in the peptide

Two main strategies for covalent incorporation of the fluorophore in the peptide can be distinguished.
The first one involves post-synthetic coupling at the N-terminal amine [21-23,28,30] or at the side chains
of cysteines [19,29] or lysines [24-27,31].

The second strategy involves the incorporation of unnatural fluorescent amino acids during peptide
synthesis. Barbara Imperiali’s group has developed the functionalized amino acids DANA [33]
and 4-DAPA  (4-N,N-dimethylaminophtalimidoalanine, [35]), and wused them to probe the
phosphorylation-dependent binding of an octapeptide to a 14-3-3 protein. The 14-3-3 proteins are essential
intermediates in cell cycle regulation, acting through phosphorylation-dependent protein-protein
interactions. A caged fluorescent octo-phospho-peptide was synthesized that exposed a phosphoserine
residue upon irradiation, allowing the peptide to bind to the 14-3-3 protein and modulate the emission
properties of the fluorescent amino acid (Scheme 2). A shift in the maximum emission wavelength was
observed, along with a 4- and 6-fold increase in the emission intensity for the DANA- and 4-DAPA-
containing peptides, respectively.

Scheme 2. Probing of the phosphorylation-dependent binding of an octapeptide containing the
fluorescent amino acid DANA to a 14-3-3 protein. A) The caged phosphopeptide is unable to
bind 14-3-3. The maximum emission wavelength (em;) of DANA is 522 nm. B) Irradiation of
the caged phosphopeptide releases free phosphoserine-containing peptide. C) Released
phosphoserine-peptide binds to the protein, thereby modulating the fluorescence properties of
DANA (kemz = 501 nm). From [33].
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The amino acid 6-DMNA (6-N,N-dimethylamino-2,3-naphtalimidoalanine) was introduced adjacent to
the conserved binding determinants of several peptides and exhibited up to an ll-fold change in
fluorescence emission intensity upon binding to selected Src homology 2 (SH2) phosphotyrosine binding
domains [37]. Much larger signal enhancements were observed for the binding of peptides containing 4-
DAPA (470-fold) and 6-DMNA (1100-fold) to class Il MHC proteins [38] (Figure 2). In two other papers,
DANA was introduced in place of a phenylalanine to construct a fluorescent 3-opioid antagonist [32] and
at three positions of a CCK-binding peptide to provide insights into distinct modes of binding and
activation of type A and B CCK receptors [34].

Figure 2. Fluorescence emission spectra of a) a (6-DMNA)-peptide and b) a (4-DAPA)-
peptide (b) and their complexes with a class I MHC protein (DR) are shown. Free peptide
spectra are shown also on an expanded scale. Note the shift in emission wavelength Amax upon
binding of the peptide to protein, as well as the increase in the emission intensity. From [38],
reprinted by permission from Macmillan Publishers Ltd (licence number 2341811044647).
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2.2.2. Position of the fluorophore in the amino acid sequence

It is difficult to predict the optimal position for labeling. It should be chosen so that the
microenvironment of the fluorophore is altered upon analyte binding. In protein biosensors, this is
achieved either (i) by analyte-dye contacts in or (ii) near the analyte binding site, or (iii) by
conformational effects occurring over substantially longer intra-protein distances, affecting a fluorophore
located distantly from the analyte binding site [47,48]. The design of a molecular sensor thus requires
some knowledge about the interaction, gained from structural or functional studies, in order to identify
positions for which fluorescent labeling allows analyte detection without perturbing its binding. Not only
the position, but also the nature of the dye plays a critical role in the performance of a biosensor. It has
been observed that simply changing the fluorophore at the same site of a protein can lead to differences in
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binding parameters [8,18,49,50]. A combinatorial approach with various fluorophores is recommended to
optimize sensitivity [51] and affinity.

Site-dependent differences in fluorescence response upon analyte binding to a peptide biosensor were
quantified in three different studies.

Enander ef al. [29] constructed a peptide-based ratiometric biosensor for the detection of an antibody
fragment. Based on a detailed characterization of the functional epitope corresponding to
residues 134-151 of the tobacco mosaic virus protein (TMVP), two positions were targeted (Figure 3A)
for labeling with a two-band fluorophore, one in the immediate vicinity of positions mapped as essential
for binding (position 146) and one in the C-terminus (position 151). Only one out of these two constructs
behaved as a biosensor. When the peptide was labeled in the C-terminus, seven amino acids away from
the essential residues of the epitope, the intensity ratio of the two emission bands changed by 40% upon
analyte binding, while labeling two amino acids away from the residues most important for binding
resulted in a construct that completely lacked ratiometric sensing ability. Choulier ez al. [30] performed a
similar study on a different antigen-antibody system. Three peptides, corresponding to the N-terminal
sequence of the oncoproteine E6 of human papillomavirus (HPV) 16, were labeled at different distances
from the epitope (Figure 3B): zero, two and five residues away from the first position in the sequence
mapped as important for binding of the antibody fragment. One of these three peptidic constructs
possessed sensing properties, namely the peptide for which the dye was coupled two residues away from
the epitope. Addition of the antibody fragment to this peptide caused a 47 % decrease in the ratio of its
two emission bands.

These two examples indicate that the fluorescence response largely depends on the site of fluorophore
incorporation, and also that its distance to residues essential for analyte binding cannot be used as a simple
parameter for sensor optimization. Similar results have been presented for protein biosensors
earlier [48,50,52-58].

Recently, Sainlos ef al. [36] developed a general screening strategy in the design of environmentally
sensitive peptidic probes for PDZ domains. The design strategy includes two steps: (1) development of a
peptide library to screen for the optimal site for fluorophore attachment and (2) screening of different
peptide sequences for improved affinity and specificity while keeping a fixed fluorophore position. The
initial library, consisting of 11 decamer peptides derived from the C-terminal sequence of stargazin
(PNTANRRTTPV?) that included 4-DAPA derivatives in eight different positions, was screened against
three PDZ constructs. Positions 0 and -2 were not tested as they are essential for binding. Further
optimization was carried out by adjusting the length of the linker bearing the dye (from one to three
methylene groups). After this first step, out of eight coupling locations, three produced sensors with a
<10-fold increase in fluorescence, two with a 10-20-fold increase and three with a >25-fold increase.
Maximum fluorescence increase was obtained with the fluorescent amino acid in position -5, bearing a
2-methylene linker (B). In a second step, this position and linker size were kept fixed in the C-terminal
sequences of a series of four known PDZ binders. The highest fluorescence increase was 265-fold for the
GluR|1 sequence (°SGSPBGATGV?, & being norleucine) with the PDZ domain Shank3. Both the nature of
the fluorophore and its site of conjugation seem important for maximal signal change.
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Figure 3. Sequences of the peptides corresponding to A) amino acids 134-151 of the TMV
protein [29], and B) amino-acids 4-17, 7-17 and 9-17 of oncoprotein E6 [30]. Residues most
important for analyte binding are shown in red, while positions targeted for fluorophore
labeling are shown in green. Post-synthetic coupling of the fluorophore was performed A) at
the side chains of cysteines replacing residues S146 and V151, and B) at the N-terminal

amine.
A. TMVP sequence
134 151
pTMVP-S146C R G T G S Y N R S S F E S S S G L \Y
pTMVP-VI5IC R G T G 8§ Y N R S8 S8 F E 8§ S S GG L W
B. E6 sequence
4 17
pE6-4-17 K R T A M F Q D P Q E R P R
pE6-7-17 A M F @& B F © E R P R
pE6-9-17 F Q D P Q E R P R

3. Synthetic Peptide Sensors: Recognition Element Grafted on a Peptide Scaffold

In the examples given in Section 2, the sequence of the peptide was chosen in order to provide the
recognition site for the analyte. A different role for the peptide has been presented in a series of papers by
the groups of Akihiko Ueno and Lars Baltzer. Here, the folding propensity of polypeptides is a key
property that makes them useful as scaffolds, onto which non-peptidic molecules for recognition can be
grafted along with fluorophores for signaling. A well-defined structure provides directionality of
incorporated groups, which is an important parameter in the design and optimization of biosensor
performance. Also, the distance between recognition unit and fluorophore can be systematically varied by
addressing different amino acid side chains in the scaffold.

A number of biosensor molecules based on a 17-residue, de novo designed u-helical peptide were
presented, where different cyclodextrins were employed for recognition of bile acids and aliphatic
alcohols [59-67]. The sensing principle was based on the disruption of an inclusion complex between
cyclodextrin and a fluorophore upon binding of the analyte (guest). In the simplest design, dansyl or
dimethylaminobenzoyl was attached in position i, i + 4 or i, i + 7 with respect to a B-cyclodextrin moiety,
which corresponds to the two groups being separated by one or two turns of the helix scaffold while
oriented similarly in space [59,65]. This arrangement allowed the fluorophore to interact with the
hydrophobic interior of the cyclodextrin moiety. Upon introduction of a guest molecule, e.g., ursodeoxycholic
acid, displacement of the fluorophore was reflected in quenching of its emission. In a different construct, a- or
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B-cyclodextrin was coupled to the scaffold along with pyrene and its quencher nitrobenzene [63,66]. The
signaling principle was based on nitrobenzene and the analyte competing for the binding site inside
cyclodextrin, affecting the distance between fluorophore and quencher and thus the fluorescence intensity
(Figure 4). Yet another design approach involved functionalization with two molecules of naphthalene or
pyrene, and analyte binding was monitored from excimer fluorescence [60-62,64]. Bile acids and ring-
structured alcohols were sensed using constructs with B- [59,63-65,67] or y-cyclodextrin [60-62] while
a-cyclodextrin was used for short chain aliphatic alcohols [66].

In a similar approach, de novo designed helix-loop-helix polypeptides that dimerize into four-helix
bundles upon folding were functionalized to become molecular biosensors for protein analytes. In the
initial design, dansyl and a benzenesulfonamide derivative were attached to separate helices of the
scaffold [68,69]. The presence of carbonic anhydrase, which binds specifically to benzenesulfonamide,
was accompanied by a disruption of the dimer [70] and a significant intensity increase of the
dansyl fluorescence.

Figure 4. Schematic representation of a scaffold-based biosensor with B-cyclodextrin (B-CD)
acting as the recognition element. Upon binding of the analyte (guest), the quencher
nitrobenzene (NB) is displaced from the B-CD binding site and the emission from the
fluorophore (pyrene, Py) is enhanced. From [63], with permission from the American
Chemical Society.

4. Affinity Characterization of the Interaction between Biosensor and Analyte

The equilibrium dissociation constant (Kp) of interactions between peptide biosensors and their
analytes can be determined from the hyperbolic binding curves obtained by titration of a constant
concentration of peptide biosensor with increased concentrations of analyte [13,19,20,27,31,35]. Affinities
determined in this way vary from low nM to 500 pM depending on the system under study. In two studies
[30,36], competition binding assays with non-fluorescent peptides recognizing the same analyte as the
peptide biosensor further complemented titration experiments and allowed for determination of the
relative affinities of unlabeled peptides for their protein analytes. The binding affinities were also
independently evaluated by using non-fluorescence-based methods; isothermal titration calorimetry
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(ITC, [36]) and surface plasmon resonance (SPR, [30]). In both cases, Kp values determined by ITC or
SPR were in the same range as those determined by fluorescence-based procedures.

Based on the helix-loop-helix scaffolds designed by Baltzer and colleagues, biosensors with affinities
towards carbonic anhydrase spanning three orders of magnitude were designed by varying the length of an
aliphatic spacer attached to the benzenesulfonamide moiety [69,71]. Although interactions between the
spacer and a hydrophobic pocket in the protein contributed to binding, the scaffold itself played an important
role in providing both sterical constraints and chemical functionalities that affected the affinity [71].

5. Limit of Detection

Singly labeled reagentless biosensors based on proteins and used for analyte quantification displayed
limits of detection (LOD) in the submillimolar range for maltose [54], and in the submicromolar range for
glucose [72], glutamine [17,73], and B-lactam antibiotic [74].

The LOD of analyte by peptide biosensors was reported only in a few cases. The protein detection
method established with folded peptides (see Section2.1) allowed for the detection of 5 pg/mL
# 90 nM) of a-amylase [24]. The LOD of the antibody fragment scFv1F4qus by the pE6 peptide
biosensor [30] was 15 nM in buffer, and 50-100 nM in a more complex medium (bovine serum albumin
(BSA) 100 pg/mL). Normal concentrations of specific antibodies and BSA in serum are around 50 pg/ml
(330 nM) and 35-50 mg/ml, respectively.

6. Perspectives for Peptide Biosensors

The performances of peptide and protein sensors were recently compared [30] based on various
antigen-antibody interactions that display affinities in the 0.1-20 nM range. In these studies, the receptor
was either an antibody [52,53], or a peptide antigen [29,30], but the analytes were large in all cases
(between 14 and 54 kDa). A biosensor was defined as operational if it showed a >35% fluorescence
intensity variation upon analyte binding. Out of the total number of sensors constructed in each study
(maximum 10 for antibody receptors and 3 for peptide receptors), 20-50% behaved as biosensors. In these
studies, the proportion of efficient fluorescent sensors was therefore in the same range whether the
receptor was a protein or a peptide. This observation makes peptide biosensors promising tools for
developing new applications. With the availability of automatedchemical synthesis of long peptide
fragments at high scale (100 mg of a 100 amino acid peptide can be routinely synthesized at >99% purity)
and low price, rational or combinatorial peptide libraries can be straightforwardly produced for the
optimization of recognition sites and positions for fluorophore attachment. However, the main challenge
in the future will be to make peptide-based fluorescent biosensors useful for sensitive detection of bio-
analytes in complex media (e.g., serum). In order to accomplish this, problems with interference from
non-analyte components in the sample have to be addressed. Specifically, the possibility of enzymatic
peptide degradation and of non-specific binding of sample components to the peptide, causing irrelevant
sensor signals, has to be taken into consideration. The frequent problem of autofluorescence can be

33



Sensors 2010, 10 3139

avoided by employing long-wavelength dyes, which are usually very bright although they may be less
sensitive to environmental changes compared to fluorophores excited in the UV region. Ratiometric
sensor peptides, where the relative rather than the absolute intensity change upon analyte binding is
monitored, should also be very useful in this respect.

In conclusion, fluorescent sensor peptides have already proven useful in a number of applications,
ranging from analyte detection to elucidation of molecular details of protein-peptide and protein-protein
interactions. It is expected that their general applicability with respect to analyte quantification — beyond
proof-of-concept — will be expanded by combining combinatorial methods for peptide design with further
improvement of fluorophores and fluorescent amino acids in terms of sensitivity to environmental
changes. The most robust protein detection system will then probably rely on fingerprints obtained from
arrayed sensor peptides.
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A ratiometric fluorescent sensor was obtained by solid-phase synthesis of a peptide singly labeled at its
N-terminus with a 3-hydroxychromone (3HC) derivative, an environmentally sensitive fluorophore with
a two-band emission. The construct contains the binding site recognized by an antibody fragment,
sCFv1F4q34s, with nanomolar (nM) affinity. The dye only marginally affected the kinetic and equilibrium
binding parameters of the scFv-peptide interaction, as measured by surface plasmon resonance. On inter-
action with the antibody fragment, the sensor showed up to 47% change in the ratio of its two emission
bands, indicating an enhanced screening of the 3HC fluorophore from bulk water. Competition with two
unlabeled peptides of different lengths led to a dynamic displacement of the construct governed by the
relative binding constants. Calibration showed that the response is proportional to the ratio of
SCFv1F4q34s to labeled peptide. The detection limit of scFv1F4g345 was 15 nM. In a more complex medium
(100 pg/ml bovine serum albumin), the scFv could be detected in the 50- to 100-nM range. This work
demonstrates that, with the perspective of further improvements of the dye spectroscopic properties,
fluorescent ratiometric sensing based on small synthetic peptides represents a promising tool for quan-
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titative target detection.
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Conventional assays for protein quantification are indirect ap-
proaches that rely on a labeled reporter molecule for detection
and include several steps. As an interesting alternative, biosensors
allow the detection of interactions as they take place without the
need for third interactants. In biosensors, a biological receptor is
associated with a transducer able to convert the recognition event
between the receptor and its target into a measurable signal. The
receptors are typically enzymes or antibodies, but it is theoretically
possible to use any type of receptor so long as complex formation
induces signal transduction.

Among the large variety of transducing principles that have
been developed (e.g., electrochemical, optical, thermometric, pie-
zoelectric), fluorescence-based detection presents a number of
advantages, including sensitivity, simplicity, and diversity in fluo-
rescence parameters and associated transduction strategies that
can be used for sensing [1]. In particular, environmentally sensitive
fluorescent dyes can provide signal transduction. When the dye is
coupled near the binding site of a receptor or in a region of a recep-
tor, which undergoes a conformational change in concert with tar-
get binding, its environment and thus its fluorescence properties
change on complex formation [2]. The recognition (receptor) and

* Corresponding author, Fax: +33 368854683,
E-mail address: laurence.choulier@unistra.fr (L. Choulier).
' These authors contributed equally to this work.

0003-2697/$ - see front matter ©@ 2010 Elsevier Inc. All rights reserved.
doi:10.1016/j.ab.2010.02.029

transduction (fluorophore) modules, are therefore assembled into
a single molecule that has been called the “molecular biosensor”
[3].

The feasibility of reagentless fluorescent molecular sensors
based on environmentally sensitive dyes has been demonstrated
mainly on three types of protein receptors: bacterial periplasmic
binding proteins (PBPs)? [2,4-6], antibody fragments [7-9], and li-
pid transfer proteins [10]. A fluorescent artificial molecule needs to
be introduced into the ligand binding protein. The labeling proce-
dure of proteins [11] presents difficulties at two levels. First, the

2 Abbreviations used: PBP, periplasmic binding protein; TMVP, tobacco mosaic virus
protein; Fab, antibody binding fragment; 3HC, 3-hydroxychromone; ESIPT, excited
state intramolecular proton transfer; scFv, single-chain variable fragment; HPV,
human papillomavirus; Fmoc, fluorenylmethoxycarbonyl; NMP, N-methyl-2-pyrrol-
idone; HBTU, [2-(1H-benzo-triazole-1-yl)-1,1,3,3-tetramethyluronium; HOBt, 1-
hydroxybenzotriazole; DMF, dimethylformamide; DIEA, diisopropylethylamine;
TFA, trifluoroacetic acid; TIS, triisopropylsilane (iPr3SiH); HPLC, high-performance
liquid chromatography; LB, Luria-Bertani; IPTG, isopropyl thiogalactoside; EDTA,
ethylenediaminetetraacetic acid; HBS, Hepes-buffered saline; MBP, maltose binding
protein; SDS-PAGE, sodium dodecyl sulfate-polyacrylamide gel electrophoresis; SPR,
surface plasmon resonance; CFCA, calibration free concentration analysis: RU,
resonance unit; UV, ultraviolet; Iy [l;-, intensity ratio of the normal (N ) and
tautomer (T ) emission bands; BSA, bovine serum albumin; LOD, limit of detection;
MM, molecular mass; HEL, hen egg white lysozyme; MalE-DE1-His6, dengue virus
envelope protein with the MalE protein and a His tag; IANBD, N-((2-(iodoacet-
oxy)ethyl)-N-methyl)amino-7-nitrobenz-2-oxa-1,3-diazole.
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choice of the appropriate labeling site is not straightforward. The dye
should be close enough to the binding site to “sense” complex for-
mation but should not compromise the interaction between the
receptor and its target. Second, achieving 100% site-directed chemi-
cal labeling of a biological molecule while keeping it active and sta-
ble is a challenge. Even when a successful strategy has been
developed, large-scale production of a fluorescent protein biosensor
represents a costly and labor-intensive task.

Synthetic peptides provide many advantages over proteins for
sensor production. Their synthesis is straightforward and cost-
effective, so that peptide-dye constructs can be manufactured on
a large scale. Peptides are also robust. However, it is not obvious
that environmental changes on complex formation would be as
substantial when the dye is located at a peptide-target interface
compared with a larger and more structured protein-target inter-
face. The ability of a peptide-based fluorescent biosensor to detect
a protein target was demonstrated recently [12] using the well-
characterized high-affinity model interaction between an 18-ami-
no-acid peptide of tobacco mosaic virus protein (TMVP) and a re-
combinant antibody fragment, Fab 57P [13-15]. In addition to
using a peptide instead of a protein as receptor, a dye belonging
to the 3-hydroxychromone (3HC) family was used as reporter.
3HCs are environmentally sensitive small fluorophores that, due
to excited state intramolecular proton transfer (ESIPT), show vari-
ations in their dual emission in response to changes of polarity and
hydration in their environment [16]. A ratiometric signal is prefer-
able to absolute intensities for quantitative measurements because
it is independent of probe concentration. The dye 2-(2-furanyl)-3-
hydroxychromone was used in a previous study [12] due to its
two-color ratiometric response optimized in the polar range,
which provided a 40% decrease in the ratio of its two emission
bands on addition of a saturating amount of Fab target to the pep-
tide sensor. This dye also recently allowed the detection of protein
conformational changes [17] and protein-oligonucleotide interac-
tions [18].

In this study, we applied the strategy of 3HC labeling of a pep-
tide receptor for sensing a different target. The objectives were (i)
to verify that the concept of peptidic biosensor can be extended to
another peptide receptor, (ii) to validate N-terminal labeling,
which is easier to perform by solid-state peptide synthesis com-
pared with labeling other peptide positions, (iii) to evaluate the po-
tential of the ratiometric sensor for quantitative detection of both
unlabeled peptide and target, and (iv) to investigate the behavior
of the peptidic sensor in a complex medium. The model system
consists of a recombinant antibody fragment, scFv1F4qs4s, specific
for E6 of human papillomavirus (HPV) 16 and interacting with a
peptide corresponding to the N-terminal sequence of the protein
[19]. Based on a previous study [20] that led to the identification
of the peptide epitope (binding site) recognized by scFv1F4qs4s,
we designed three ratiometric peptides with the label located at
different distances from the epitope. This was achieved by N-ter-
minal labeling of peptides that differed in length. One of these
three peptidic constructs possessed sensing properties. Thus, we
confirm that efficient ratiometric peptide-based biosensors can
be readily designed and synthesized, and demonstrate their poten-
tial for quantitative target detection, in direct and competition
assays.

Materials and methods
Peptide synthesis and fluorophore coupling
Reagents were obtained from Merck, Sigma-Aldrich, or Applied

Biosystems (USA). Fmoc-protected amino acids were obtained
from Neosystem (France).
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The fluorescent label, N-(2-furan-2-yl-3-hydroxychromon-6-
yl)-succinamic acid, was prepared from 6-amino-2-furan-2-yl-3-
hydroxychromone [21] as described previously [18].

Peptides were synthesized by solid-phase peptide synthesis on
a 433A synthesizer (Applied Biosystems). The synthesis was per-
formed on a 0.1-mmol scale using the standard fluorenylmethoxy-
carbonyl (Fmoc)-amino acid coupling protocol starting from
0.44 mmol/g LL-HMP resin. At the end of the synthesis, 100 mg
of Fmoc-deprotected peptidyl resin was isolated and washed twice
by N-methyl-2-pyrrolidone (NMP). Then 4 eq of the label, N-(2-fur-
an-2-yl-3-hydroxychromon-6-yl)-succinamic acid, was mixed with
4eq of HBTU/HOBt coupling solution (in dimethylformamide
[DMF]) and 5eq of diisopropylethylamine (DIEA). This mixture
was immediately added to the peptidyl resin and stirred at room
temperature for 18 h. The resin was filtrated and washed by
NMP, methanol, and dichloromethane.

Cleavage of the peptidyl resin and deprotection were performed
for 2 h using a 10-ml trifluoroacetic acid (TFA) solution containing
water (3.5%, v[v), triisopropylsilane (TIS, iPrsSiH, 1%, v/v), and eth-
anedithiol (2.5%, v/v). The solution was concentrated in vacuo, and
the peptide was precipitated using ice-cold diethyl ether and pel-
leted by centrifugation. The pellet was then washed with diethyl
ether and dried before solubilization with aqueous TFA (0.05%, v/
v). Purification by high-performance liquid chromatography
(HPLC) was carried out on a C8 column (Uptisphere 300A, 5 pm,
250 x 10 mm, Interchim, France) in a water/acetonitrile mixture
containing 0.05% TFA with a linear gradient from 10% to 50% of ace-
tonitrile for 30 min and was monitored at 360 nm (3HC dye
absorption). Molecular masses obtained by ionspray mass spec-
trometry were 2188, 1863, 1803, 1478, and 1275 for 3HC-4-17,
4-17, 3HC-7-17, 7-17, and 9-17, respectively, in agreement with
the expected theoretical masses. Prior to use, peptides were dis-
solved in distilled water, aliquoted, and stored at —20 °C. Concen-
trations of the labeled peptides were determined from the label
absorbance at 360 nm using £=16,000M 'cm '. Solutions of
nonlabeled peptides were prepared by dissolving a known amount
(~4 mg) of the powder.

Expression and purification of scFv1F4q34s

An scFv1F4 mutant, with GIn34 replaced by Ser (scFv1F4qzss)
[22], was chosen as protein target because it is produced in higher
yield than the wild-type fragment. Both scFvs recognize the same
peptide antigen. ScFv1F4q345 was produced as described previously
for scFv1F4 [19] with some modifications. Briefly, BL21(DE3) trans-
formed cells were grown at 37 °C in Luria-Bertani (LB) medium
supplemented with 100 pg/ml ampicillin, and expression was in-
duced by adding 1 mM isopropyl thiogalactoside (IPTG) at an
ODggo of approximately 1.0. After 16-18 h at 27 °C, cells were pel-
leted by centrifugation. Both supernatant and pellet were col-
lected. Supernatant fraction was concentrated approximately 20
times against dry poly(ethylene glycol). The periplasmic fraction
of the cells was obtained by resuspending the cell pellet in ice-cold
30 mM Tris-HCl (pH 8.0), 20% sucrose, and 1 mM ethylenedi-
aminetetraacetic acid (EDTA) (buffer A) and was incubated on ice
for 1 h. Then 5 ml of ice-cold buffer A, 5 ml of ice-cold sterile water,
and 250 pl of lysozyme at 3 mg/ml were added. The mixture was
incubated on ice for 1 h. The periplasmic supernatant containing
scFv was recovered after centrifugation and dialyzed against
Hepes-buffered saline (HBS) containing 100 uM  phen-
ylmethanesulfonyl fluoride.

ScFv1F4q34s was affinity purified using unlabeled peptide 4-17
(corresponding to amino acids 4-17 of the E6 sequence from HPV
type 16 with an additional C-terminal cysteine) (Fig. 1A) coupled to
CNBr-activated Sepharose 4B (Amersham Biosciences, USA) or
using MBP-E6 fusion protein (amino acids 1-18 of E6 linked to
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Fig. 1. (A) Sequences of the three peptides used for sensor development,
corresponding to amino acids 4-17, 7-17, and 9-17 of the E6 sequence. A cysteine
was added at the C-terminus for coupling on SPR sensor chips. (B) Structure of the
ratiometric fluorophore N-(2-furan-2-yl-3-hydroxychromon-6-yl)-succinamic acid
coupled at the N-terminus of the peptide.

the maltose binding protein) [19] coupled to an amylose resin
(New England Biolabs, USA). Then 2 mg of peptide 4-17 dissolved
in 0.1 M NaHCO; and 0.5M NaCl (pH 8.3) was added to 3 ml of
washed gel and coupling was allowed for 1 h at room temperature.
Blocking of unreacted CNBr groups by 0.1 M Tris-HCl (pH 8.0) was
performed for 2 h at room temperature. The gel was then washed
according to the manufacturer’s instructions. The coupling of the
MBP-E6 to the amylose resin was performed following the manu-
facturer's instructions. Cell extracts containing ScFv1F4q345 were
applied to the two types of columns following equilibration at
pH 7.4. The protein was eluted with 10 mM glycine (pH 2.2) and
immediately neutralized with 1 M Tris-HCI (pH 8.3) to give a final
pH of 7.4. Fractions of purified proteins were checked on sodium
dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-PAGE)
gels.

SPR experiments

Surface plasmon resonance (SPR) experiments were performed
with Biacore 2000 and T100 instruments (GE Healthcare Biacore,
Sweden) at 25 °C using HBS buffer (10 mM Hepes, 150 mM Nacl,
and 3.4 mM EDTA, pH 7.4) containing 0.005% P20 as a running buf-
fer. The immobilization of unlabeled and labeled peptides by thiol
chemistry on carboxylated dextran matrix of sensor surfaces was
performed as described previously [23]. The concentration of ac-
tive scFv1F4q34s was determined with the Biacore T100 by varying
the flow rate under conditions of partial mass transport limitation
[24-26] using the calibration free concentration analysis (CFCA)
facility implemented in the Biacore T100 evaluation software (ver-
sion 2.0.1, GE Healthcare Biacore). This method allows the determi-
nation of active scFv concentrations without the need for a
calibration curve. After its concentration had been determined in
this way, the scFv preparation was used to establish a calibration
curve that allowed the rapid determination of scFv concentration
in all solutions prepared for kinetic runs as described previously
[27].

Between 4.5 and 19 resonance units (RU) of peptides were
immobilized for kinetic measurements. Control surfaces were ob-
tained by treating the surface as for peptide immobilization except
that peptide injection was omitted. The scFv1F4q34s Was injected at
concentrations ranging from 0.6 to 40 nM at a constant flow rate of
30 pl/min in HBS buffer either with the conventional method,
where serial injections of solutions with different analyte concen-
trations are followed by a regeneration step (pulse of
NaOH = 20 mM), or with the titration method, where these solu-
tions are injected over the surfaces without regeneration [28). Data

were analyzed with the global fitting algorithm of BlAevaluation
software (version 4.1) or Biacore T100 evaluation software (version
2.0.1) for experiments realized on Biacore 2000 or T100, respec-
tively. At least two independent surfaces were used for each pep-
tide-scFv1F4qs4s interaction. In 86% of the studied cases the y?/
fitted Rpax Was below 0.09 RU, and in 14% of the cases it was be-
tween 0.09 and 0.18 RU.

Fluorescence experiments

Absorption spectra were recorded with a Cary 4000 ultraviolet
(UV)-visible spectrophotometer (Varian, USA). Fluorescence spec-
tra were recorded on FluoroMax3 and FluoroLog spectrofluorime-
ters (Jobin Yvon, USA) equipped with thermostated cell
compartments. Quantum yields were calculated using quinine sul-
fate in 0.5 M sulfuric acid (¢ = 0.577) as a reference [29].

The excitation wavelength was 350 nm, and emission was mon-
itored in the range of 370-700 nm. Excitation and emission slits
were 3 and 9 nm, respectively. All experiments were performed
in HBS buffer at room temperature (20 °C). All spectra were cor-
rected for Raman scattering and background fluorescence mea-
sured before the addition of the Iabeled’ peptide. The intensity
ratio at the mag(imum of the normal (N ) band (~430 nm) and
the tautomer (T ) band (~510 nm), Iy-[I1-, was calculated for each
sample.

The binding properties of labeled peptides were checked by
measuring the emission spectrum of 0.2 UM peptides in the pres-
ence of 0.2 ptM scFv1F4qs34s or of an unrelated goat anti-rabbit
F(ab'), fragment (Sigma-Aldrich, reference R9130).

In competition assays, 0-0.5 M unlabeled peptides (4-17 and
7-17) were incubated with a mixture of 0.1 M peptide 3HC-7-
17 and 0.1 pM scFv1F4qs4s. Fluorescence spectra were recorded
for eight concentrations of unlabeled peptides. To determine the
equilibrium dissociation constant of the interaction between
scFv1F4q34s and unlabeled peptides, the concentration-response
data were fit to the following equation:

__XRi-R) i
X+ Cp x Ko/Kc.

where R is the band ratio at competitor concentration x, Ry and Ry
are the Iy-/I++ band ratio of the fully bound and free 3HC-7-17,
respectively, Co is the initial concentration of the 3HC-7-17/anti-
body complex, and Ko/Kc is the ratio of the equilibrium dissociation
constants of scFv1F4qs4s for 3HC-7-17 and competitor, respec-
tively. An unrelated unlabeled peptide (C19V: CRGTGSYNRSS-
FESSSGLV) was also tested as a negative control at one
concentration (1.25 pM).

The calibration curve was obtained by titration of the 3HC-7-
17 peptide by scFv1F4q34s. Two series of experiments were per-
formed with 75 and 200 nM peptide 3HC-7-17. Concentrations
of scFv1F4q34s were from 15to 165 nM and from 40 to 300 nM,
respectively. The binding curves were fitted to the rewritten Scat-
chard equation:

R=Ry

(Ro—Ry) (1+(P+nAK,) /(1 +(P+nAK,)? - 4PnAK?
e 2K ;
a

)

where R is the signal (emission band ratio) at a given antibody con-
centration, P is the total concentration of peptide, n is the binding
stoichiometry (found to be 1+ 0.1), A is the total antibody concen-
tration, and K, is the apparent affinity constant. The limit of detec-
tion was defined as the lowest scFv1F4q345 concentration that gives
20% variation of the Iy- [I;- ratio for a biosensor (3HC-7-17) concen-
tration where the intensity at the short-wavelength band (432 nm)
is threefold larger than that of the blank. The short-wavelength
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band was selected for this criterion because it is much more af-
fected by the blank than is the long-wavelength band. For experi-
ments in a complex medium, various concentrations (15-200 nM)
of scFv1F4qg34s were added in HBS buffer with bovine serum albu-
min (BSA) at 100 pg/ml in the absence or presence of peptide
3HC-7-17 at 0.1 pM. Spectra were corrected for the background
fluorescence recorded prior to the addition of scFv1F4q34s and pep-
tide 3HC-7-17.

Results
Design of peptidic fluorescent constructs

To confer sensing properties to a receptor, the dye must be lo-
cated in such a way that its environment changes when the target
binds, but it should not interfere with binding. The design of a
molecular sensor, therefore, requires some knowledge about the
interaction, gained from structural or functional studies, to identify
positions that are close to the binding interface. The molecular
interaction between scFv1F4qs3ss and peptides corresponding to
the N-terminal sequence of the E6 protein of HPV 16 has been well
characterized by phage display, spot peptide synthesis on cellulose
membranes, and SPR kinetic measurements [20]. The functional
epitope for scFv binding has been mapped to positions 9-14 of
the E6 sequence.

Three positions were chosen for labeling: zero, two, and five
residues away from position 9, which is the first position in the
E6 sequence mapped as important for scFv binding. Because the
dye was coupled at the N-terminus of the peptides, three peptides
of different lengths resulted from this design, corresponding to
amino acids 4-17, 7-17, and 9-17 of the E6 sequence. A cysteine
was added at the peptide C-terminus to allow chemical thiol cou-
pling on Biacore sensor chips. Positions important for scFv binding
(9-14) remain untouched in the two longer peptides. The carbox-
ylic acid derivative of the 3HC fluorophore 2-(2-furanyl)-3-hydrox-
ychromone (3HC in Fig. 1B) was chosen as the reporter dye.

Binding properties of labeled and unlabeled peptides interacting with
SCFV1F4q34s

The association (k,), dissociation (kg), and equilibrium (Kp)
binding parameters for the interaction of labeled and nonlabeled
peptides 4-17 and 7-17 with scFv1F4q34s were determined by
SPR using the conventional and titration approaches (see Materials
and methods). For all experiments, the fitted curves ran close to the
experimental data, as illustrated in Fig. 2. The interaction of the
unlabeled peptide 9-17 with scFv1F4q34s (Fig. 2C) appears to be
much less stable than other interactions (Fig. 2A and B), indicating
that the presence of the fluorophore on residue F9, which belongs
to the previously identified epitope recognized by the scFv, or dele-
tion of amino acids Ala7 and Met8 has a strong negative impact on
affinity. Therefore, we decided not to use this peptide for further
SPR investigations.

Kinetic and affinity parameters for the labeled and unlabeled
peptides 4-17 and 7-17 are listed in Table 1. The values of the ki-
netic parameters of the four peptides are comparable. Kp values are
in the same range, varying from 0.39 to 0.98 nM.

Sensor properties of labeled peptides

Comparison of different peptide constructs

To check whether the peptide constructs exhibit sensing prop-
erties, the fluorescence signal of each labeled peptide alone was
compared with that in the presence of equimolar amounts of
scFv1F4q34s or of an unrelated antibody fragment F(ab'), (Fig. 3).

46

The intensity ratio at the maximum of the N" band and the T  band,
In: /Iy, was calculated for each sample.

The fluorescence spectra of all three peptide constructs in buffer
showed dual emission typical for 3HC dyes. In the case of 3HC-4-
17 and 3HC-7-17, the Iy [I;+ values (1.13 and 1.34, respectively)
are close to the value for the free label in water (1.47) [18], indicat-
ing an efficient exposure of the label to the bulk water. For 3HC-9-
17, the Iy-/I+ value is significantly lower (0.61), suggesting an
interaction between the 3HC label and the peptide that screens
the label from bulk water.

The addition of scFv1F4qs4s to peptide 3HC-7-17 caused a 47%
decrease in the ratio of its two emission bands (Iy: /I ), indicating
an enhanced screening of the 3HC fluorophore (Fig. 3B). Thus, com-
plex formation leads to the exclusion of water molecules from the
peptide labeling site. In contrast, the addition of a negative control
F(ab'), (Fig. 3A and B) did not modify the dual emission of the pep-
tide, indicating that the response is specific for the target.

Peptides 3HC-4-17 (Fig. 3A) and 3HC-9-17 (Fig. 3C) did not be-
have as biosensors given that no significant spectral change was
observed in the presence of scFv1F4qg34s. The biosensor properties
of 3HC-7-17 were further investigated by competition and titra-
tion experiments.

Competition with unlabeled peptides

The addition of different concentrations (0, 50, 100, 150, 200,
300, 400, and 500 nM) of unlabeled peptide 4-17 or 7-17 to a
3HC-7-17/scFv1F4qsas mixture (at 0.1 pM each) sets up a compe-
tition between the labeled and unlabeled peptides for scFv1F4qass
binding, as shown by the change of the Iy /I;- ratio as a function of
the unlabeled peptide concentration (Fig. 4).

A fit of the data using Eq. (1) provided Kp values of 0.21 and
1.34 nM for the interaction between scFv1F4q345 and peptides 4-
17 and 7-17, respectively, in the same range as the Kp values
determined by SPR (Table 1). The unrelated peptide C19V at
1.25 uM did not change the spectra of peptide 3HC-4-17 or
3HC-7-17 complexed to scFv1F4q34s (data not shown).

Calibration experiments

For calibration experiments, increasing concentrations of
scFv1F4q34s were added to a constant concentration of peptide
3HC-7-17. Two experiments were performed with scFv1F4qs3ss
concentrations ranging from 15 to 165 nM for a 3HC-7-17 concen-
tration of 75 nM and with scFv1F4q345 concentrations ranging from
40 to 300 nM for a 3HC-7-17 concentration of 200 nM. Fig. 5 pre-
sents the Iy /l++ ratio of the 3HC-7-17 peptide versus
[scFv1F4q34s)/[3HC-7-17]. The graph is linear over the range of
concentration ratio from 0 to 1 and shows saturation above. Anal-
ysis of the linear part shows that the dynamic range for
scFv1F4qg34s calibration is between 15 and 70 nM for [3HC-7-
17]=75nM and between 30 and 180nM for [3HC-7-
17] = 200 nM, with a limit of detection (LOD) of 15 nM.

Fluorescence measurements in 100 jg/ml BSA

We then checked whether the 3HC-7-17 construct could be
used for detection of scFv1F4q34s in the same buffer as for other
fluorescence experiments, to which BSA was added at 100 pg/ml.
This concentration is 350-500 times lower than the concentration
of BSA in bovine serum (35-50 mg/ml).

Fig. 6 shows the fluorescence spectra of 0.1 uM peptide 3HC-7-
17 in the absence and presence of 50 and 100 nM scFv1F4q34s be-
fore and after subtraction of the background fluorescence of BSA.
The strong background is due mainly to the limited brightness of
the 3HC dye and to the UV excitation that produces a strong auto-
fluorescence. However, it was still possible to detect a change in
the Iy:/I+- value in the presence of 50 or 100 nM scFv1F4q3as.
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Fig. 2. SPR titration curves (blue and orange) and fitted curves (black) for the interaction of scFv1 F4qa4s with immobilized unlabeled (blue) and labeled (orange) peptides 4-
17 (A), 7-17 (B), and 9-17 (C). A replicate of scFv injection on peptide 7-17 is shown in panel B (lighter blue). The scFv was injected at concentrations ranging from 2.5 to
40 nM. Responses were normalized as Rffitted Ry, to take into account differences in peptide immobilization levels, with Ry, being the response at surface saturation
(dashed line). Rmax values for peptides 4-17, 3HC-4-17, 7-17, 3HC-7-17, and 9-17 were 64, 36, 46 (blue) and 191 (lighter blue), 76, and 375 RU, respectively.

Table 1 _ new singly labeled fluorescent peptide sensor. Its sensing proper-

Binding parameters for interaction of scFv1F4qass with unlabeled and labeled ties were characterized in detail, allowing a comparison of its per-
i -17 ® i R, 3 £ K g

peptices 4-17.and 417,33 determined by SPR formance with the performances of previously published protein

Peptide ka(10°M~'s7') kg (103s7')  Kp(10°°M)  Number of Sensors.
independent The properties of environmentally sensitive protein sensors
SEpEnmeats have been described previously for two receptor families: PBPs
‘;;‘274 e i; fgg D-'z’*o-‘ 0-4°i°~131‘ g [2,5,6] and antibodies [7-9]. The construction procedures and per-
7_”_ 3 32411 ::zigi g:;gig::)g :2 formances of PBP-based sensors are not directly comparable with
IHC-7-17 1.6+04 15402 0.98 +0.35 6 those of our peptide sensors. PBPs recognize small ligands such
as sugars (e.g., maltose, glucose, arabinose) or amino acids, dipep-
tides, anions, and cations (with molecular mass [MM] < 400 Da),
with low affinity (Kp = 0.1-1 uM) in the case of wild-type proteins
Discussion [2,4,5], although engineered PBPs with higher affinity have been
described previously [6]. The reporter dye is often coupled in a re-
The concept of a peptide receptor coupled to a two-color ratio-  gjon that undergoes a conformational change when the ligand

metric dye for the direct detection of an antibody fragment [12]  pinds, thereby avoiding perturbations at the ligand-receptor inter-
was confirmed in this study by the successful development of a  face, Here we compare construction procedures, activities, and per-
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Fig. 3. Normalized fluorescence spectra of 0.2 uM 3HC-4-17 (A), 3HC-7-17 (B),
and 3HC-9-17 (C) in the absence (dashed line) or presence of 0.2 pM antibody
fragments scFv1F4qs4s (thick line) or unrelated F(ab'), (dash-dotted line). The
excitation wavelength was 350 nm.
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Fig. 4. Competitive binding of the nonlabeled peptides 4-17 (open circles) and 7-
17 (squares) added to the 3HC-7-17/scFv1F4q34s complex, as monitored by the
ratio of the 3HC emission bands. Lines represent the fit of the data to Eq. (1),
yielding Kp values for the scFv1F4qs4s-competitor peptide interactions. The right
axis shows the percentage of free labeled peptide in solution corresponding to
observed Iy [Ir- values.

formances of antibody and peptide sensors. Both are based on anti-
gen-antibody interactions, with the receptor being either the anti-
body [7,8] or the peptide antigen (see Ref. [12] and this study).

48

193

1.4

1.34

-
N
1

IN,IIT_ Ratio
& =

e
©
1

0.8 .
0.0

T T T T
0.5 1.0 1.5 2.0 2.5

scFviF4,, /3HC-7-17 Ratio

Fig. 5. Calibration of the 3HC-7-17 response (Iy-/l- ratio) as a function of the
[scFv1F4qs4s)/[3HC-7-17] ratio. The concentration of peptide 3HC-7-17 was
75 nM (squares) or 200 nM (circles). The solid line corresponds to the fit of the
data to Eq. (2) with a fixed binding stoichiometry of 1:1. The calculated Kp value
was 1.5+ 0.7 nM.

1200
1000 +

400
200

500 &N

400

Fluorescence (a.u.)
.l
’

300
200 A

100

[ I MIEEMEIIMES—————
400 440 480 520 560 600
Wavelength (nm)

640

Fig. 6. Uncorrected (upper panel) and corrected (bottom panel) fluorescence
spectra of 0.1 pM peptide 3HC-7-17 in the absence (dashed lines) or presence of
50 nM (thin lines) or 100 nM (thick lines) scFv1F4qs4s in the presence of 100 pg/ml
BSA. The spectrum of 100 pg/ml BSA (dash-dotted line) was used for curve
corrections.

Dyes are coupled near the binding interfaces, and all systems dis-
play affinities in the 0.1-nM range. Compared with the targets rec-
ognized by PBPs, the targets of antibody and peptide sensors are
large (Table 2): hen egg white lysozyme (HEL) [7], residues 296~
400 of the dengue virus envelope protein with the MalE protein
and a His tag (MalE-DE1-His6) (8], and antibody fragments (Fab
57P [12] and scFv1F4 [this study]).

Renard and coworkers [7,8] characterized five steps or proper-
ties during biosensor development. The first three refer to sensor
construction: expression level of cysteine mutants, reaction yield
(protein remaining soluble after the coupling procedure), and cou-
pling yield (molecular ratio of dye to protein). The remaining two
properties refer to sensor activity: binding affinity for the target
and variation in fluorescence on target binding. Finally, sensor per-
formance can be evaluated from the dynamic range of calibration
curves and from the sensitivity limit. These steps or properties
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Table 2

Comparison of construction procedures, activities, and performances of antibody and peptide biosensors.
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Renard et al. [7]

Renard et al. [8]

Enander et al. [12]

This study

System characteristics
Receptor

Target
Molecular mass (Da)

Kp of unlabeled receptor-target complex (nM)
Number of sensors designed
Type of fluorescence response

Sensor construction

Method of receptor construction

Labeling method

scFv D1.3

HEL

14,300

16

10
Intensiometric

Recombinant protein
SH group protein
labeling

scFv 4E11

MalE-DE1-His6
54,000

0.35

8
Intensiometric

Recombinant protein
SH group protein

Peptide 134-151 of the
TMVP

Fab 57P

49,000

1.6

2

Ratiometric

Synthetic peptide
SH group labeling on

Peptide 7-17 of the E6
protein

SCFV1F4qg34s

29,000

0.39

3

Ratiometric

Synthetic peptide
N-terminal labeling on

Sensor activities and performances
Active sensors (>35% response) 2/10
Number of conjugates characterized in more detail for 2
target quantification
Kp of biosensor-target complex as measured by SPR (nM) 14 and 15

Fluorescence signals at saturation (%) 55 and 26
Dynamic range (nM) 10-400
Limit of detection (nM) 10*

labeling resin resin
3/8 1/2 1/3

3 0 1

0.21, 0.36, and 0.37 ND 0.98
45, 182, and 74 40 47
10-100 ND 15-180
10° ND 15°

Note. ND, not determined.
* Value reported by the authors.

" Value corresponding to a 20% change in the signal of the biosensor at a biosensor concentration giving a fluorescence intensity threefold larger than the blank.

are compared for the four systems in Table 2 and are discussed
below.

Proteic and peptidic sensor construction

With a few exceptions, expression levels of cysteine mutants of
the protein receptors were similar to those of the wild type and
coupling yields were close to 100% [7,8]. However, reaction yields
were typically low (~20%) due to protein precipitation during
chemical coupling. This low reaction yield and relatively low pro-
tein expression levels (a few hundred pg/L culture) clearly repre-
sent limiting factors in protein sensor construction compared
with synthetic sensors that can be easily produced in milligram
(mg) or larger amounts. The dyes can be readily incorporated into
synthetic peptides before cleaving them from the resin either by
coupling to the thiol of a cysteine residue [12] or by direct N-termi-
nal labeling (this study), yielding pure and 100% single-site labeled
molecules. Of the five peptide sensors designed (two in Ref. [12]
and three in this study), sensor synthesis and solubilization was
problematic in only one case (peptide 9-17 in this study) where
the peptide was shortened by two residues compared with the
shortest known active form, corresponding to residues 7-17 [20].

Protein versus peptide sensor activity

The studies available so far suggest that, once the dye-receptor
conjugates are constructed, the proportion of efficient fluorescent
sensors lies in the same range whether the receptor is a protein
or a peptide, with the limiting factor being the sensing capacity
of the constructs but not their target binding affinity. However,
additional examples are needed in the future to support this con-
clusion. Binding affinities of the protein receptors were not se-
verely affected by the cysteine mutations, probably as a
consequence of the careful choice of coupling sites based on prior
functional or structural knowledge of the binding site. Partly for
these same reasons, binding affinities were only marginally af-
fected by the presence of the dye [7,8], with Kp values being 0.6
to 1.3 times those measured with the corresponding unlabeled
proteins. Accommodation of the dye at the interfaces may also
be facilitated by the flexibility of the aliphatic arm of the dye N-

((2-(iodoacetoxy )ethyl)-N-methyl)amino-7-nitrobenz-2-oxa-1,3-
diazole (IANBD) used in protein sensors [7] as well as the inherent
flexibility of peptide sensors. However, although the binding affin-
ity is preserved, only a fraction of the constructs (20-50%) show
greater than 35% biosensing abilities (Table 2). A similar proportion
of efficient peptide sensors was recently observed based on the low
(pM) affinity binding of peptides to PDZ domains. Of eight coupling
locations in a decamer, three provided sensors with a less than 10%
increase in fluorescence, two with a 10-20% increase, and three
with a greater than 25% increase [30].

The 3HC-7-17 peptide sensor did not behave well in 100 pg/ml
BSA, in contrast to antibody sensors using IANBD as reporter [7,8].
Indeed, the limited brightness of the 3HC label and its excitation in
the UV region (350 nm) make it highly sensitive to background
fluorescence and prevented measurements at low peptide concen-
trations in a more complex medium.

Protein versus peptide sensor performance for target quantification

We showed that the peptide sensor 3HC-7-17 can be used for
detecting unlabeled peptides in competition experiments, for eval-
uating their affinity for the scFv1F4qsss, and for direct target
detection.

Competition experiments for detecting unlabeled peptide are
fast, require relatively low amounts of material, and yield affinity
data. Indeed, a single competition experiment consumes 400 pmol
of unlabeled competitor peptide and 80 pmol of peptide biosensor
and scFv, and it requires 10-15 min. The Kp values obtained (0.21
and 1.34 nM for peptides 4-17 and 7-17, respectively) are in the
same range as those determined by SPR (0.40 and 0.39 nM for pep-
tides 4-17 and 7-17, respectively). The titration curve of the pep-
tide 3HC-7-17 was linear for scFv1F4q34s concentrations ranging
from 0 to 61 nM with [3HC-7-17] = 75 nM and from 0 to 190 nM
with [3HC-7-17] = 200 nM, with a detection threshold of 15 nM
in buffer and in the 50- to 100-nM range in a buffer containing
100 pg/ml BSA. These values are in the same range as those re-
ported for antibody sensors (Table 2). Whereas biosensors com-
monly respond to the analyte binding by changes in the intensity
(intensiometric), the current biosensor shows changes in the ratio
of its two emission bands (ratiometric response). This ratio directly
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describes the ratio between the concentrations of free and bound
forms of the biosensor, Thus, it is independent of the instrumental
factors that affect the fluorescence intensities, and it allows adjust-
ment of receptor and target concentrations.

Conclusion

This study has shown that peptides perform as well as protein
receptors in the design of singly labeled environmentally sensitive
fluorescent sensors. Formation of complexes with their targets can
provide significant environmental changes for the dye despite the
smaller size and likely increased flexibility of a peptide-target
interface compared with a protein-target interface. Prediction of
the optimal labeling site remains a major issue regardless of
whether peptide or protein receptors are used. The problem can
be circumvented by constructing series of conjugates labeled at
different sites and screening for operational sensors, and this is
obviously much easier in the case of synthetic peptides. Further
improvements of ratiometric sensors include the development of
optimized dyes, which are brighter {higher fluorescence quantum
yields and extinction coefficient} to increase the sensitivity of
detection and display higher photostability and red-shifted
absorption and emission maxima, so as to decrease the interfer-
ence from a complex medium.
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B. Identification de ligands de cibles thérapeutiques par

criblages de chimiotheques

Articles 2 & 3

Résumé :

Au sein de 'UMR 7242 (IREBS), pour identifier de nouveaux ligands de
cibles d’intérét thérapeutique, nous avons développé différentes stratégies
de criblage de petites et moyennes chimiothéques (comprenant jusqu’a
1120 composés) par SPR (‘surface plasmon resonance’). Cette technique
permet de détecter des interactions entre molécules non marquées et,
notamment, d’avoir acces a leurs parametres cinétiques d’interaction.
Nous avons réalisé trois criblages sur trois cibles différentes :

- sur 'adrénomédulline, un criblage direct : les molécules d’une treés petite
banque ont été injectées successivement sur [l'adrénomédulline
immobilisée. Cette étude nous a permis de valider la faisabilité d’un
criblage direct par SPR.

- sur la tyrosine phosphatase-1b (PTP-1b), un criblage direct (Article 2)
avec les 1120 composés de la banque de Prestwick Chemical, connue pour
ses composés de grande diversité chimique et pharmacologique. Les
meilleurs ligands de la PTP-1b ont été sélectionnés. Parmi eux, un
inhibiteur connu de la PTP-1b a été retrouvé, la sanguinarine.

- sur l'interaction entre le domaine PDZ de MAGI1 et un peptide mimant
I'extrémité terminale de l'oncoprotéine E6 du papillomavirus de type 16,
un criblage indirect, par inhibition, avec les 1120 composés de la banque
de Prestwick Chemical. De nouveaux ligands inhibant l'interaction ont été
identifiés, ainsi que des pistes pour simuler la conception de criblages par
inhibition sur d’autres systemes d’interactions moléculaires.

Les données ont permis d’obtenir des informations sur laffinité de
I'interaction, d’éliminer les composés aggrégés (facilement détectables par
SPR), d’éviter les faux positifs souvent problématiques lors des criblages a
haut débit, et donc de générer des données a haut contenu informatif.
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Des la fin des années 1980, les entreprises pharmaceutiques ont énormément investi dans
le criblage a haut debit (HTS : ‘high throughput screening’). Des robots analysent des milliers
de petits composés chimiques d’origine naturelle ou non, pour détecter des molécules actives
‘hits’, susceptibles d’étre efficaces contre telle ou telle pathologie. La méthode exige un nombre
considérable de molécules a passer au crible. Les laboratoires et centres de recherche ont donc
étoffé au fil des années, leurs collections, les techniques de criblage et leur débit. Pourtant ces
approches de HTS n’ont pas eu autant de succeés qu’escompté. L’une des raisons vient du fait
que les avantages dus au criblage de tres grandes chimiotheques sont contrebalancés par la
fréquence des faux-positifs. Les entreprises pharmaceutiques se sont donc progressivement
tournées vers des méthodes biophysiques permettant un criblage a haut contenu informatif
(Huber, 2005; Lundqvist, 2005), pour limiter les faux-positifs. Les appareils Biacore (GE
Healthcare, Uppsala, Suede) sont des biocapteurs optiques qui utilisent le phénoméne de
résonance plasmonique de surface (SPR) pour détecter ’interaction de molécules non
marquées, en temps réel (Figures 1 & 2). La technologie SPR (‘surface plasmon resonance’)
est une technique a haut contenu informatif. Ces appareils permettent notamment la mesure
précise des paramétres cinétiques d’association (kon) et de dissociation (Koff), du Kp et d’avoir
acces a la stochiométrie de la liaison. Les appareils Biacore ne sont pas dédiés au criblage de
chimiothéques de millions de molécules. Par contre, ils sont tres souvent utilisés dans les
entreprises pharmaceutiques pour confirmer ou infirmer les ‘hits’ résultant d’un criblage en

plaque ou de ‘leads’

A 'IREBS, en collaboration avec trois équipes de recherche d’Illkirch et de Madrid et avec
la société Prestwick Chemical, nous avons développé différentes stratégies de criblages de
petites/moyennes chimiothéques par SPR : criblage direct pour lequel les molécules de la
bangque sont injectées successivement sur la cible immobilisée, permettant de générer
directement des informations sur 1’affinité de ’interaction et de sélectionner les meilleurs
ligands (Lofas et al., 2011), et criblage par inhibition. L’appareil utilisé est le Biacore T100,
automatisg, rapide, sensible, et dont les logiciels sont adaptés a I’évaluation de grandes quantités
de données. L'objectif est de combiner les analyses d'activité de liaison, la modélisation
moléculaire et I'approche SAR (Structure Activity Relationship), pour apprendre a développer
efficacement des ligands specifiques de diverses cibles. La technologie SPR permet de
discriminer entre liaison spécifique et artéfacts lors de d'identification de nouveaux ligands.
D'autre part, I'analyse en temps réel permet de mettre en évidence des interactions de faible

affinité. Une cause fréquente des résultats faux-positifs, générés par des approches classiques,
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est liée a la tendance des molécules synthétiques ou semi-synthétiques a s'agréger, en particulier
aux fortes concentrations nécessaires pour détecter des liaisons de faible affinité. Des
indicateurs quantitatifs permettent d'éliminer ces artéfacts en analyse SPR, si la conception

expérimentale et I'exploitation des données sont correctes.
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Figure 1. Détection par résonance plasmonique de surface des interactions moléculaires. Lorsqu’un
faisceau de lumicre polarisée monochromatique illumine une interface entre deux milieux d’indices de
réfraction différents, une partie de la lumiere incidente est réfléchie sur I’interface et 1’autre partie est
réfractée a travers I’interface. Selon I’angle d’incidence du faisceau, toute la lumiere incidente peut étre
réfléchie. Le systeme de détection optique des appareils de la gamme Biacore est calibré pour que le
faisceau lumineux rencontre I’interface biospécifique dans des conditions dites de réflexion interne
totale. Le phénomeéne de SPR se produit lorsqu’une fine couche de métal, riche en électrons libres, est
déposée a I’interface. Une couche d’or de 50 nm est utilisée pour recouvrir les surfaces sensor (bonne
réponse SPR et inertie chimique). Les photons du faisceau incident entrent en résonance avec les
plasmons du métal. Une conséquence énergétique de cette résonance est une chute d’intensité a un angle
défini du faisceau réfléchi. Cet angle d’intensité minimum est I’angle de résonance. Il varie en fonction
de I’indice de réfraction du milieu environnant le point d’impact du faisceau incident, indice qui lui-
méme est proportionnel aux changements de masse locale résultant de la fixation des molécules injectées
sur la surface sensor. Le ligand (représenté par un anticorps noir) est immobilisé sur la surface sensor
et I’analyte est injecté (représenté en vert) dans un flux continu a 1’aide d’un circuit microfluidique.
L’enregistrement de la variation de I’angle permet de suivre en temps réel I’association ou la dissociation
des complexes. Le signal de résonance est quantifié en unités de résonance (RU). Une variation de 1000
RU correspond a une déviation de 1’angle de résonance de 0,1° et a une fixation de 1 ng de protéine par
mm? de surface. L’enregistrement du signal s’appelle un sensorgramme.
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Figure 2. Un sensorgramme : enregistrement de I’interaction ligand-analyte. La ligne de base au
début de I’expérience correspond a un débit de tampon sur une matrice déja greffée avec le ligand.
Lorsque I’analyte est injecté, la formation des complexes est suivie par ’augmentation de la réponse en
RU. La dissociation est observée lorsque le tampon de réaction remplace 1’analyte dans le circuit
microfluidique. Puis, une solution de régénération peut étre injectée pour décrocher I’analyte et
idéalement revenir a la méme ligne de base qu’au début du sensorgramme. C’est I’exploitation de la
mesure en temps réel qui va permettre d’obtenir une cinétique de I’interaction donnant accés aux
parametres dynamiques d’association et de dissociation et d’en déduire 1’affinité de I’interaction.

B1. Criblage direct sur adrénomedulline

Ce projet a été partiellement financé dans le cadre d’un Partenariat Hubert Curien franco-
espagnol - PICASSO 2010-2011, intitulé ‘Design, synthesis and 3D-QSAR study of small
molecules targeting adrenomedullin in several diseases’, en collaboration avec ma partenaire
espagnole Sonsoles Martin Santamaria (University San Pablo-CEU, Madrid) et a donné lieu a
une publication (Roldos et al., 2008).

L’ AM est une hormone peptidique de 52 acides aminés dont la fonction biologique est reliee
a plusieurs maladies, comme le diabéte, I’hypertension, le cancer (Garcia et al., 2006). Des taux
¢élevés d’AM sont corrélés a un effet protecteur dans des maladies rénales et cardiovasculaires,
mais a un effet négatif pour la progression du diabete de type 2 et de plusieurs cancers (Zudaire

et al., 2003). L’objectif du projet adréenomedulline (AM), était de découvrir de nouveaux
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composés chimiques non-peptidiques, modulateurs négatifs de I’AM, a activité anti-

angiogénique et anti-tumorale.

Dans une étude de criblage de la chimiotheque du National Cancer Institute (USA), par
ELISA a haut débit, des modulateurs de I’AM, possédant une activité hypotensive et anti-
¢tude, 1’un de ces composés (compose 1, un modulateur négatif de I’AM) a été utilise comme
point de départ au développement d’une série d’une vingtaine d’analogues. Une fois synthétisés
(Organic Synthesis Laboratory, Université San Pablo-CEU, Madrid), ces composes ont été
criblés séquentiellement sur I’AM immobilisée covalemment sur une surface sensor CM5 du
Biacore T100. Différentes concentrations de chacun des composes chimiques ont été injectées.
Les composes ont été solubilisés dans du DMSO. Le DMSO donne de grands indices de
réfraction par SPR, toujours plus grands que le signal trés faible obtenu avec les petits composés
chimiques de faible affinité pour leur cible. Des courbes de calibration précises doivent étre
réalisées pour ne pas sur-interpréter les sensorgrammes obtenus. Bien que les réponses SPR
soient faibles, les composés ont pu étre classés en fonction de leur liaison : pas de liaison
(Figure 3a) ou liaison (Figure 3b & 3c) a I’AM. Parmi ces derniers, cing composés ont une
meilleure affinité que le composé 1 d’origine. Des composés agrégés ont également été mis en
évidence par SPR (Figure 3d). A la suite de ces résultats, une étude 3D-QSAR (‘quantitative
structure-activity relationship’) a permis de mettre en évidence les groupements chimiques des
composés importants pour leur liaison a I’AM (tels que la présence d’un groupement donneur

de liaison hydrogene et d’un groupement aromatique).
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Figure 3. Exemples de sensorgrammes obtenus aprés soustraction d’une surface de référence et
correction DMSO, correspondant a 60 secondes d’injection sur I’AM de 4 composés a différentes
concentrations : 0 (gris), 50, 100 et 200 nM (rouge). a. Composé négatif. b et c. Composés positifs
d’affinités différentes pour I’AM, le niveau de réponse étant plus faible pour b. que c. a poids
moléculaire similaire. d. Composé agrége, la réponse experimentale excedant la réponse théorique
attendue pour une liaison 1 :1.

B2. Criblage direct sur la tyrosine phosphatase-1b (PTP-1b)

Le projet précédent nous a permis de montrer qu’un criblage de petites molécules par SPR
¢tait envisageable, que des ligands peuvent étre identifiés, méme s’ils ont de faibles affinités
pour leur cible. Nous avons ensuite réalisé un autre criblage direct, avec un plus grand nombre
de composes, en collaboration avec Alberto Podjarni (UMR 7104, IGBMC, lllkirch), Marie-
Louise Jung et Bruno Didier (Prestwick Chemical, Illkirch) sur une autre cible : la tyrosine
phosphatase-1b (PTP-1b). Les PTP sont des molécules de signalisation qui régulent notamment
la croissance cellulaire, la différentiation, le cycle mitotique. La PTP-1b est une protéine
cytoplasmique impliquée dans la voie de régulation de I’insuline et de la leptine par
déphosphorylation des résidus phosphotyrosines des récepteurs a 1’insuline et a la leptine
(Figure 4). Elle est également impliquee dans le développement de certains cancers (cancers
du sein notamment). La protéine PTP-1b est une cible thérapeutique d’intérét en oncologie, et
pour le traitement du diabéte de type 2 et de 1’obésité (Delibegovic & Mody., 2009 ; Elchebly
et al., 2000) .
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Figure 4. Role de la PTP-1b dans les voies de signalisation de I’insuline et de la leptine. Dans la voie
de signalisation de I’insuline, la PTP-1b s’associe et déphosphoryle le récepteur a I’insuline (IR) ou le
substrat du récepteur a I’insuline (IRS). Dans la voie de signalisation de la leptine, la PTP-1b
déphosphoryle JAK2, protéine elle-méme associée au récepteur de la leptine, ObR. (Zhang et Zhang,
2007).

Les objectifs de ce projet étaient (i) de voir s’il était possible de réaliser un criblage direct
par SPR d’une banque de taille moyenne, (ii) d’établir des procédures optimisées générant des
données quantitatives fiables en un nombre minimum d’expériences et (iii) de découvrir de
nouveaux ligands de la PTP-1b.

La banque  utilisée est celle de  Prestwick  Chemical (Ikirch,
http://www.prestwickchemical.com/prestwick-chemical-library.html). Lorsque nous 1’avons
utilisé, elle contenait 1120 composés, de grandes diversités chimique et pharmacologique. Elle
en comprend maintenant 1280. Cette chimiotheque est constituée & 95% de molécules
approuvés par la FDA (‘food and drug administration’), ’EMA (‘european medecines agency’)
ou d’autres agences du médicament. Elle est généralement utilisée pour valider des tetst
biologiques, pour identifier des faux-positifs, pour préciser la stratégie ‘post-Criblage’ ou pour
découvrir de nouvelles applications pour des principes actifs déja connus. Les 1120 composés
de la banque ont des PM (‘poids moléculaires’) variant de 102 a 1662 Da, la moyenne étant de
386 Da. La solubilité des composés et la taille de cette banque rendent cette étude adéquate a
une analyse SPR. D’autre part, les inhibiteurs connus de la PTP-1b n’avaient qu’un succes
relatif car trop chargés ou ayant un effet toxique. Les composés de la banque de Prestwick
Chemical étant pour la plupart des médicaments, ont les propriétés désirées pour s’affranchir

en partie de ce genre de probléme.
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Les composés de la banque de Prestwick Chemical ont été injectés successivement sur la
PTP-1b immobilisée covalemment sur une surface sensor du Biacore T100, mais également sur
une surface de référence ne contenant ni peptide ni protéine et sur deux molécules utilisées en
tant que témoins négatifs pour évaluer la sélectivité de liaison : la protéine hAR (‘human aldose
reductase’) et un peptide nomme C12V correspondant aux 11 acides aminés en C-terminal de
la protéine E6 du virus du papillome humain de type 16. Nous avions préalablement simulé les
conditions optimales du criblage permettant la détection de molécules d’affinité de 10-100 uM.
Ainsi, les composés ont éeté injectés successivement a 0,5 puis a 10 uM. Plus de 90% des
composés ne donnent aucun signal détectable. Parmi les 30 composés identifiés en tant que
ligands, 22 se lient a au moins deux cibles de cette étude. Ils ne sont donc pas spécifiques de la
PTP-1b. Huit composés se lient spécifiquement & la PTP-1b avec un Kp de I’ordre de 10° M,
dont la sanguinarine, un inhibiteur connu de la PTP-1b, identifiée sans avoir de connaissance
préalable de sa présence au sein de la chimiothéque de Prestwick. Six d’entre eux ont été
confirmés en tant que ligands de la PTP-1b par des tests d’inhibition et des expériences SPR de
dépendance en concentration. L’un d’entre eux, le fluspirilen a été utilisé pour proposer un
modele basé sur une relation structure-activité (SAR) a partir des analyses quantitatives
obtenues avec tous les analogues structuraux du fluspirilen de la chimiothéque. Ce modele de
relation structure-activité (SAR) pourrait étre utile au développement ultérieur de nouveaux
inhibiteurs de la PTP-1b.

Cette étude a donné lieu a une publication (Zeder-Lutz et al., 2012) insérée a la fin de ce

paragraphe (Article 2).

B3. Criblage par inhibition de I’interaction PDZ1 de MAGI1-E6peptide

Les deux criblages décrits précédemment étaient des criblages directs de petits composés
injectés successivement sur une cible immobilisée. Ce type de criblage permet de sélectionner
des ligands sans connaitre le site de liaison a leur cible. Pour identifier des ligands du site actif
de la cible, une possibilité est de cribler séquentiellement une chimiothéque de petits composés,
injectés en méme temps que la cible, sur une surface immobilisée avec un inhibiteur connu du
site actif.

En collaboration avec 1’équipe de Gilles Travé (équipe Oncoprotéine, UMR 7242, Illkirch),
I’objectif de ce projet était de trouver de petits composés chimiques inhibant 1’interaction entre

le domaine PDZ (abréviation des trois premiéres protéines identifiées contenant ce domaine :
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PSD-95, Dlg, and ZO-1) de la protéine MAGI-1 (‘membrane-associated guanylate kinase
(MAGUK) inverted protein 1”) et I’oncoprotéine E6. Les domaines PDZ sont des domaines
d’interactions protéiques trouvés dans des protéines cytoplasmiques impliquées dans les voies
de signalisation et dans le transport subcellulaire. Ils jouent un réle dans la croissance, la
polarité et 1’adhésion cellulaire. Les protéines virales ciblent souvent les domaines PDZ,
perturbant ainsi le cycle cellulaire au bénéfice du cycle viral. Les oncoprotéines des
papillomavirus humains (HPVs) sont responsables des cancers du col de 1'utérus et sont
également impliquées dans un nombre croissant d'autres cancers épithéliaux (téte et cou, anus,
peau...). L’oncoprotéine E6 reconnait et provoque la dégradation cellulaire de plusieurs
domaines PDZ impliqués dans le contrdle de la signalisation et des contacts intercellulaires.
Cette perturbation d’un réseau d’interactions cellulaires médiée par les protéines ciblées
apparait comme un évenement clé de I’oncogenese induite par HPV. Les PDZ reconnaissent
des motifs spécifiques a I’extrémité C-terminale de leurs partenaires cellulaires (Kiyono et al.,
1997). L’interaction entre ’extrémité C-terminale de E6 et le domaine PDZ1 de la protéine
MAGI-1 est bien caractérisée du point de vue biochimique, fonctionnel et structural (Fournane
etal., 2011 ; Charbonnier et al., 2011 ; Figure 5).

(a)

Figure 5. Structure tridimentionnelle par RMN du domaine PDZ1 de MAGI-1 (a) seul et (b) en
interaction avec E6pepiice. LS éléments de la structure secondaire du domaine PDZ sont colorés (B1 en
violet, B2 en bleu, B3 en vert clair, B4 en jaune, 5 en rouge et les hélices al et a2 en vert foncé et
orange, respectivement). Le squelette du peptide lié est représenté en magenta. (Charbonnier etal., 2011)

J’ai entrepris un criblage par inhibition de I’interaction entre le domaine PDZ1 de MAGI-
1 (nommé PDZ ci-dessous) et un peptide correspondant aux 11 résidus de I’extrémité C-
terminale de E6, (nommé E6peptide). La chimiotheque utilisée est celle de Prestwick Chemical,
constituée de 1120 composés solubles dans le DMSO, décrite précédemment. Nous savions

donc déja qu’utilisés a 10 uM les composés de cette banque sont adaptés a un criblage par SPR :

59



pas ou peu d’aggrégation et seuls 22 composés interagissent aspécifiquement avec plusieurs
cibles.

Aprés avoir simulé notre modele et déterminé théoriquement les conditions optimales de
notre criblage par inhibition, notre stratégie a consisté a immobiliser covalemment le peptide
E6peptice SUr une surface sensor du Biacore T100, et a injecter successivement les 1120 composes
de la banque a 10 uM en présence de la protéine PDZ a 1 uM, sachant que le Kp de I’interaction
PDZ-E6peptice €St proche de 1 pM (0,78 puM). Si un composé se lie au domaine PDZ sur le site
de liaison du peptide E6, la réponse PDZ-compose sera diminuée par rapport a la réponse de la
PDZ seule. On mesure alors un pourcentage d’inhibition. Plusieurs contrdles ont été réalisés,
tels que I’utilisation d’une surface de référence (sans peptide), 1’utilisation de différentes
concentrations de E6peptide immobilisé, 1’injection réguliere de PDZ seule sur
EBpeptice (indicateur de la reproductibilit¢ des réponses dans le temps) et I’injection des
composés chimiques en absence de PDZ pour déterminer des ligands directs de E6peptide. SUr
les 1120 composés de la chimiotheque, 1084 ne sont pas inhibiteurs. Ils n’ont aucun effet sur
I’interaction PDZ-E6peptide. Vingt composés inhibent 1’interaction PDZ-E6peptide & plus de 5% et
16 composes ont un comportement variable en fonction de la quantité de E6peptide Utilisée pour
les tests d’inhibition. Les meilleurs inhibiteurs, confirmés par des expériences de dose-
dépendance, ont une affinité pour le domaine PDZ de 10-50 pM.

Ces données furent difficiles a générer, mais surtout a interpréter compte tenu de la
variabilité des réponses obtenues en fonction des quantités de peptides immobilisés et de la
perte d’activité du domaine PDZ en fonction du temps. Les quantités de composés a injecter ne
devaient pas étre trop élevées pour éviter de boucher le circuit microfluidique du Biacore, mais
pas non plus trop faibles pour espérer quantifier une inhibition. Pourtant, malgré ces contraintes
et grice aux simulations qui ont été d’une grande aide pour identifier les conditions
expérimentales optimales, nous avons démontré pour la premiére fois qu’un criblage par
inhibition d’une chimiothéque de taille moyenne est faisable par SPR et des pistes sont
suggérées pour aider a la conception de criblages par inhibition d’une interaction d’affinité
différente que celle de I’interaction PDZ-EGpeptide.

La publication résultant de ces données (Choulier et al., 2013) figure ci-dessous (Article
3).
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Article 2

Zeder-Lutz, G., Choulier, L., Besse, M., Cousido-Siah, A., Figueras, FXR., Didier, B., Jung,
ML., Podjarny, A. & Altschuh, D. (2012). Validation of SPR screening of a diverse chemical

library for the discovery of protein tyrosine phosphatase 1b binders. Anal. Biochem. 421, 417-
427.
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We investigated the suitability of surface plasmon resonance (SPR) for providing quantitative binding
information from direct screening of a chemical library on protein tyrosine phosphatase 1b (PTP1B).
The experimental design was established from simulations to detect binding with Kp < 10°* M. The
1120 compounds (cpds) were injected sequentially at concentrations [C(cpd)] of 0.5 or 10 pM over var-
ious target surfaces. An optimized evaluation procedure was applied. More than 90% of cpds showed no
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PTP1B-specific binders with K ~ 10~ M. Inhibition of PTP1B activity was assayed and confirmed for 6
of these, including sanguinarine, a known PTP1B inhibitor. C(cpd) dependence studies fully confirmed
screening conclusions. The quantitative consistency of SPR data led us to propose a structure-activity
relationship (SAR) model for developing selective PTP1B inhibitors based on the ranking of 10 aryl-
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High-information content biophysical methods that provide
detailed information on binding should facilitate decision making
during the drug development process [1,2]. Surface plasmon reso-
nance (SPR)?-based biosensing is among the most informative tech-
nologies for this purpose, giving access to binding affinity, kinetics,
and stoichiometry. Furthermore, SPR is particularly suited for detec-
tion of the low-affinity interactions expected in compound screening
because complex formation is monitored while it happens. There-
fore, a signal is observed even if total complex dissociation occurs
when one of the interacting partners is removed. Two SPR screening
strategies are applied. In SPR-based array imaging, the target is
injected over a matrix of 400 to 10,000 fixed compounds [3] and
the results are analyzed simultaneously. In channel-based SPR
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2 Abbreviations used: SPR, surface plasmon resonance; PTP1B, protein tyrosine
phosphatase 1b; cpd, compound; MW, molecular weight; DMSO, dimethy! sulfoxide;
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DNA; IPTG, isopropyl p-p-1-thiogalactopyranoside; EDTA, ethylenediaminetetraacetic
acid; DTT, dithiothreitol; EDC, N-ethyl-N'-(3-dimethylaminopropyl)-carbodiimide
hydrochloride; NHS, N-hydroxysuccinimide; PDEA, 2-(2-pyridimyldithioethane-
amine); HBS, Hepes-buffered saline; RU, resonance units; C(cpd), compound concen-
tration; FO, fractional occupancy; pNPP, p-nitrophenyl phosphate.
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instruments, the compounds are injected sequentially over a surface
carrying the target with a throughput of a few thousand molecules.
Despite the small signals generated, the later assay design proved to
be suitable to detect and quantify the weak-affinity binding (Kp up
to mM range) of small molecules (down to ~100 Da) to immobilized
targets [4-6] and is used largely for hit validation after primary high-
throughput screening. However, published examples of its applica-
tion to the screening of more than 500 chemical compounds, which
can be fragments, remain scarce [7-10].

In this study, we have used a Biacore T100 instrument (GE
Healthcare Biacore, Uppsala, Sweden) to screen the Prestwick
Chemical Library® (Prestwick Chemical, Illkirch, France) on protein
tyrosine phosphatase 1b (PTP1B). The objectives were to investi-
gate the suitability of SPR for sequential screening of a chemical li-
brary, to establish optimized procedures that provide reliable
quantitative data based on a minimal number of experiments,
and possibly to discover new PTP1B binders. The Prestwick Chem-
ical Library contains 1120 compounds (cpds) with molecular
masses (MWs) ranging between 102 and 1665 Da (mean
MW = 386 Da). The cpds are soluble in dimethy! sulfoxide (DMSO)
at 5 mM, and approximately half of them are water soluble. The
small size of the library, combined with the solubility of its cpds,
makes it adequate for SPR screening. PTP1B is a monomeric protein
with MW 34,630 Da. PTP1B has been identified as a major and
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relevant pharmaceutical target as it acts as a regulator of the sig-
naling pathways associated with diabetes and obesity [11]. How-
ever, the intensive current work on PTP1B inhibitors has led to
only a few promising results because proposed inhibitors are too
charged and/or toxic due to action on the related phosphatases.
The cpds from the Prestwick Chemical Library®, being essentially
existing drugs, already have the desired properties to circumvent
these problems. Therefore, the library represents a promising start-
ing point for PTP1B inhibitor development and could provide initial
structure-activity relationship (SAR) information if binders can be
reliably identified and ranked.

The implementation of screening and data analysis procedures
that would provide quantitative information, in particular in case
of low-affinity binding, is not straightforward [12]. The high target
densities and cpd concentrations [C(cpd)], which are required to
detect low-affinity binding and also the DMSO typically used to
solubilize compounds, may generate significant noise. High-affin-
ity binders are identified from the slow complex dissociation,
which is readily visualized in real-time binding curves [8]. In the
case of weak binding (Kp > 10~ M), careful reference and DMSO
correction procedures must be applied to extract the SPR signal
due to complex formation [13]. This signal recorded before the
end of cpd injection, which should reflect the equilibrium re-
sponse, lies in a narrow range between noise and a fraction of sur-
face saturation. Therefore, it is important to assess its quantitative
value in direct screening, from comparing experimental signals
with those expected from simulations and from comparing the re-
sponses in different experimental conditions. We show that signal
ranking is sufficiently reliable to distinguish among the strongest
responders, weaker responders, and nonresponders. Therefore, a
SAR model was proposed based on the ranking of nine analogs of
one of the selected PTP1B binders.

Materials and methods
Peptides and chemical library

Peptide C12V (sequence: CRSSRTRRETQV, MW = 1478 Da,
pl=11.5) corresponding to the last 11 C-terminal residues of
human papilloma virus 16 (HPV16) E6 and bearing an additional
N-terminal cysteine for immobilization, was synthesized by
P. Eberling (Chemical Peptide Synthesis Service, IGBMC, Illkirch,
France), as described previously [14]. The chemical library was
obtained from Prestwick Chemical (1llkirch, France).

hAR production

The open reading frame (ORF) of the human aldose reductase
(hAR) gene (accession GenBank/embl Data Bank No. J05017) was
amplified by polymerase chain reaction (PCR) from its complemen-
tary DNA (cDNA) and cloned into the T7 RNA polymerase-based
vector pET15b (Novagen). Expression of the His6-hAR in the
Escherichia coli strain BL21(DE3) (Novagen) is induced by isopropyl
f-p-1-thiogalactopyranoside (IPTG, Euromedex) during a 3-h cul-
ture at 37 °C. The pellet from a 4-L culture was disrupted by soni-
cation and centrifuged. The supernatant was applied on a Talon
metal affinity column (Clontech). After thrombin cleavage of the
hexahistidine extension, the detagged protein was loaded on a
DEAE Sephadex A-50 column (Pharmacia) and eluted with an NaCl
gradient.

PTP1B production

Bacteria containing the cDNA for the PTP1B in pET23b plasmid
(Novagen) were grown in E. coli BL21(DE3). An overnight culture of

the transformed BL21(DE3) cells was diluted 2:100 into 1 L of Lur-
ia-Bertani (LB) medium containing 100 pg/ml ampicillin. The cul-
ture was grown at 37 °C until the absorbance at 600 nm reached
0.6, at which point the cells were induced with 1 mM IPTG for
3 h. The cells were harvested by centrifugation at 4 °C for 20 min
at 4000g. The cell pellet was resuspended in 70 ml of 100 mM
2-(4-morpholino)-ethane sulfonic acid (pH 6.5) (buffer A), soni-
cated for 20 min, and centrifuged for 1 h at 40,000 rpm. The super-
natant was then loaded onto a CM-Sephadex column (30-ml bed
volume, Pharmacia) and washed with 10 bed volumes of buffer
A. PTP1B was eluted from the column by a linear gradient from 0
to 0.5 M NaCl. Approximately 25 mg of PTP1B (95% pure as esti-
mated by sodium dodecyl sulfate-polyacrylamide gel electropho-
resis [SDS-PAGE]) was recovered from a 3-L culture.

SPR instrument and buffers

All experiments were performed on a Biacore T100 instrument
at 20 °C. The sCMS5 sensor surfaces (BR-1006-68) and Biacore con-
sumables were obtained from GE Healthcare. DMSO was pur-
chased from Sigma-Aldrich (cat. no. 472301). The composition of
running buffers was as follows:

HBS-EP: 10 mM Hepes (pH 7.4), 150 mM NaCl, 3.4 mM ethyl-
enediaminetetraacetic acid (EDTA), and 0.05% (v/v) surfactant
P20;

HBS-A: 10 mM Hepes (pH 7.4), 150 mM NacCl, 3.4 mM EDTA,
2 mM dithiothreitol (DTT), and 0.005% (v/v) Tween 20;

HBS-B: 10 mM Hepes (pH 7.4), 150 mM NacCl, 3.4 mM EDTA,
1 mM DTT, 0.005% Triton, and 5% DMSO;

HBS-C: 10 mM Hepes (pH 7.4), 150 mM Nacl, 0.05% Triton, and
2% DMSO.

Sensor surface preparation

PTP1B and hAR were immobilized using the standard amine cou-
pling protocol (Amine Coupling Kit, BR-1000-50, GE Healthcare) and
HBS-A as running buffer. The proteins (PTP1B [200 pig/ml] diluted in
10 mM acetate, pH 5.6, with 1 mM DTT; hAR [100 pg/ml] diluted in
10 mM acetate, pH 5.0) were injected during 7 min on surfaces that
had been activated (7 min) with a 1:1 mix of 0.2 M N-ethyl-N'~(3-
dimethylaminopropyl)-carbodiimide hydrochloride (EDC) and
0.05M N-hydroxysuccinimide (NHS). Remaining reactive groups
on the matrix were blocked by treatment with 1 M ethanolamine-
HCl at pH 8.5. Peptide C12V was immobilized using the thiol activa-
tion chemistry (Thiol Coupling Kit, BR1000-58, GE Healthcare) and
HBS-EP as running buffer at a flow rate of 10 pl/min. Surfaces were
activated by successive injections of a 1:1 EDC/NHS mixture
(10 min), 2-(2-pyridimyldithioethaneamine) (PDEA) at 80 mM in
0.1 M Na borate (pH 8.5) (4 min), and 1 M ethanolamine-HCI (pH
8.5) (4 min). The peptide was injected at concentrations varying be-
tween 5 and 200 pig/ml in HBS-EP or Na acetate at 10 mM (pH 3.2).
Inactivation of free PDEA groups was achieved by injecting 0.1 M L-
cysteineand 1 M NaClin 0.1 M Na formate (pH4.3) (10 min). Empty
control surfaces were obtained by treating them as for target immo-
bilization except that target injection was omitted.

Screening experiments

All assays were run at 25 °C at a flow rate of 40 pl/min. An initial
series of buffer injections was carried out on empty (reference) and
target surfaces to equilibrate the system. For screening on PTP1B
and hAR surfaces, the running buffer was HBS-B. Each cycle con-
sisted of a 60-s injection of cpd at a concentration of 0.5 or
10 puM, followed by a 140-s postinjection phase, a carryover control
(running buffer, 30 s), and a wash of the flow system with a 1:1
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mixture of DMSO and water. For screening on peptide surfaces, the
running buffer was HBS-C. Each cycle consisted of a 60-s injection
of cpd at a concentration of 10 uM, followed by a 120-s postinjec-
tion phase, one or two 30-s washing steps with 5 mM NaOH, and a
wash of the flow system with a 1:1 mixture of DMSO and water. All
screening experiments comprised two eight-point DMSO injec-
tions, run just before and just after the set of 80 cpd and control
injection cycles performed for each plate, to produce a DMSO cal-
ibration curve in order to correct for differences in solvent effects
on empty and target surfaces [13]. They consisted of 30-s injec-
tions of eight solutions containing either 4.5% to 5.8% DMSO (pro-
teins) or 1.0% to 2.8% DMSO (peptide).

Data processing

Data were XY-zeroed, referenced, and calibrated using Biacore
T100 evaluation software (version 2.0.2, GE Healthcare Biacore).
Signals on control surfaces were subtracted from those recorded
on target surfaces, and the DMSO correction was applied. SPR re-
sponses (R, expressed in resonance units [RU]) used for data anal-
ysis correspond to the corrected response recorded 5 s before the
end of buffer or cpd injections. The SPR signal depends on factors
that determine the amount of complex formed (target density,
C(cpd), and binding affinity) and on the molecular mass of the
bound cpd (MWcpa). To facilitate data comparison, responses were
normalized relative to target density and MW,q as fractional occu-
pancy of target sites (FO):

FO = R/Rumax.

where R is the response generated by cpd injection and Rpax (max-
imal binding capacity) is the theoretical response expected when
each target molecule has bound 1 cpd molecule:

Rmax = Ruarger X MW pa/MWoarger,

where Riarge is the target immobilization level and MW ;e and
MW,pq are the molecular masses of target and cpd, respectively.

Dose dependence experiments

A subset of cpds was assayed on PTP1B surfaces in a four- or
five-sample concentration series using a 2- or 4-fold dilution start-
ing at 40 or 20 M. Experiments were set up and processed as for
screening experiments. Binding curves were prepared by applying
DMSO correction and double referencing (subtraction of signals
produced by the sample on the reference surface and by buffer
on the target surface) [15].

Enzymatic assay and ICsy determination

The capacity of the compounds to inhibit PTP1B activity was as-
sayed in 100 mM Hepes and 5 mM EDTA (pH 6.8) at 37 °Cin a final
p-nitrophenyl phosphate (pNPP) concentration of 2 mM. EDTA was
excluded for vanadate determination. The enzyme was diluted to a
concentration of 8 pig/ml with enzyme dilution buffer (10 mM Tris-
HCl, 25 mM NaCl, and 5 mM DTT, pH 7.5). A typical 50-p reaction
system contained 5 pul of pNPP, 4 pl of enzyme, 5 pul of inhibitor dis-
solved in DMSO, and 36 pl of H,0. After the mixture, without pNPP,
had been incubated at 37 °C for 10 min, the enzyme reaction was
initiated by the addition of pNPP. After 5 min at 37 °C, the reaction
was quenched by the addition of 0.5 M NaOH (0.95 ml) with the
absorbance at 405 nm measured to quantify the p-nitrophenol pro-
duced. The ICsq values of the inhibitors were determined by mea-
suring the pNPP hydrolase activity of PTP1B in a range of different
inhibitor concentrations. The kinetic data were analyzed using the
GraFit 5.0 program (Erithacus Software), and each value is given
as mean of three experiments + standard deviation.
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Results
Simulation of response levels

Simulations were performed to help with the design of screen-
ing experiments. SPR equilibrium responses (R) expected for Kp in
the 10~7 to 103 M range for ((cpd) of 0.5 (dotted lines) and 10 pM
(black lines) and surface binding capacities (Rmax) of 75, 150, and
300 RU are shown in Fig. 1A. An average cpd molecular mass
(MWpq) of 350Da was used. The corresponding normalized
responses (FO = R/Rmax) are shown in Fig. 1B for ((cpd)=0.5 and
10 M. In contrast to the SPR response (R), normalized responses
(FO) are independent of MW pq and target density.

The experimental noise in direct screening is likely to be signif-
icant when injecting samples with high C(cpd) on high-density
protein surfaces. The gray circles in Fig. 1A indicate a response of
10 RU, which should be readily measurable. They are reported in
Fig. 1B to indicate the corresponding FO and Kp values and visual-
ize how the detection sensitivity varies with ((cpd) and target
density.

Experimental screening conditions

Fig. 1Bshows that screening at C(cpd) = 0.5 and 10 pM should al-
low the detection of cpds binding with Kp at approximately 10> and
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Fig.1. Detection sensitivity as a function of screening conditions. Equilibrium
responses were simulated for Kp in the 10°% to 1077M range (with
kon=10°M~" s™" and kg varied between 100 and 0.01 s~ ). Compound concentra-
tions were 0.5 uM (dotted lines) and 10 uM (black lines). Surface binding capacities
(Rmax) were 75, 150, and 300 RU. Equilibrium responses are expressed as SPR
responses (RU) assuming MW,4 = 350 Da (A) and as fractional occupancy of ligand
sites (FO = R/Rmax) (B). The gray circles indicate a threshold of 10 RU (A) and
corresponding detection sensitivity (B).
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10~* M, respectively, if the target density is sufficient (R > 75 and
150 RU, respectively). Lower C(cpd) would not be appropriate be-
cause of the small SPR responses expected and because of possible
mass transport limitations on high-density surfaces. Experimental
screening conditions applied in this study are summarized inTable 1.
Screening was performed at ((cpd) = 0.5 uM at different PTP1B den-
sities (screens A-Fc2, A-Fc4, B-Fc2, and B-Fc4) with theoretical Ryax
values ranging from 78 to 332 RU (assuming MW_q = 350 Da). The
aim of these screens was to evaluate the influence of target density
on detection sensitivity. The library was also screened at
C(cpd) = 10 uM on three targets: PTP1B (screen C-Fc2), hAR (screen
C-Fc4),and a peptide corresponding to the 11 C-terminal residues of
E6 of the human papilloma virus 16 (Pept: screen D-Fc3). The aim of
these screens was to identify low-affinity binders and evaluate bind-
ing selectivity.

Controls

In the initial screen performed at C(cpd) = 0.5 uM (A-Fc2), san-
guinarine was identified as a PTP1B binder and then found to be
a published PTP1B inhibitor [16]. Therefore, it was used as a
positive control in screens B and C to evaluate possible changes
in surface capacity with injection cycles. Buffer was used as a neg-
ative control. These controls consisted of 12 evenly distributed
recurring injections of sanguinarine (1 or 10 tM) and buffer for
each plate. With a few exceptions that could be attributed to prob-
lems with sample preparation, similar mean sanguinarine FO val-
ues were observed for the different plates and Stds on 12
replicate injections were small (see Supplementary Fig. S1 in the
supplementary material). This indicates good stability of the PTP1B
surface, as reported previously [17].

Background and threshold calculations

The definition of a threshold above which responses are consid-
ered positive is a key step for the evaluation of screening data. If a
large proportion of the cpds show no binding, the mean response
(Mean) and associated standard deviation (Std) can be considered
to reflect the background and experimental noise, respectively,
from which the threshold is evaluated. The presence of a

significant proportion of outliers or imperfect data normalization
across independent experiments may significantly affect Mean
and Std, in which case a more elaborate threshold definition is
required. Responses were corrected for the background (FO.o =
FO — Mean) and the threshold was set to 3Std, with Mean and
Std calculated in three ways:

(i) Over FO of all cpds after excluding those with FO > 1 [in this
case, the same background (Mean,,;) and threshold (3Std,;)
is used for evaluating all data (from all 14 plates)].

(ii) Over FO of the 80 cpds of each plate (after excluding those
with FO>1) [in this case, the background (Meanp,.e) and
threshold (3Stdaee) differ for each plate].

(iii) Over FO of each plate after excluding the five highest and five
lowest FO values [here also, the background (Meang_75) and
threshold (3Stdg.75) differ for each plate].

Mean and Std values (multiplied by 100 to facilitate reading)
are listed in Supplementary Table 1. The mean is reasonably close
to 0 in screens A, B [low ((cpd)], and D (low mass of fixed Pept) but
varies in the —9 to 25 range in screen C-Fc2 (PTP1B) and in the -5
to 99 range in screen C-Fc4 (hAR), most likely because of imperfect
DMSO corrections at high target density and ((cpd). Std, is higher
than Stdja¢c Or Stdg_75 because the mean signal varies from plate to
plate (plates were analyzed in independent experiments). Stdg_75
is significantly lower than Stdy,e for some of the plates and
screens (see plates 2 and 5 in all screens or plates 6-10 in screen
C-Fc2). Thus, the background and noise vary significantly for differ-
ent experiments and calculation methods, with resulting variations
in threshold and cpd selection.

Defining the selection procedure

The ranking of sanguinarine was used as a criterion to define an
optimized cpd selection procedure. Its ranking, together with num-
ber of cpds with FO., > threshold, are reported in Table 2 for
Mean and Std calculated in the three ways described above. The
lowest PTP1B density and ((cpd) assayed (screen A-Fc4: Riyax = 78
RU, ((cpd) = 0.5 pM) did not allow sanguinarine selection. In other
screens, procedures 2 and 3 performed better for its selection than

Table 1

Experimental screening conditions.
Screen name A-Fc2 A-Fc4 B-Fc2 B-Fc4 C-Fc2 C-Fc4 D-Fc3
Target (MW, Da) PTP1B (35310) PTP1B(35310) PTP1B(35310) PTP1B(35310) PTP1B*(35310) hAR®(36,140) Peptide® (1478)
Target immobilization level (RU) 18,853 7862 30,253 33,524 9375 18,870 3181 8545 705 695
Average theoretical Ry, (RU)® 187 78 300 332 93 187 31 83 167 165
C(cpd) (1M) 0.5 0.5 0.5 0.5 10 10 10 10 10 10
Prestwick plates 1-14 1-14 1-14 1-14 1-8 9-14 1-8 9-14 1-7D 7H-14

* Two sensor surfaces with different target immobilization levels were used.
® Assuming MW,y = 350 Da.

Table 2
Sanguinarine ranking in PTP1B screens.

Screen Sanguinarine ranking/No. of responses above threshold
Procedure 1 (Mean,y, Std,y) Procedure 2 (Meangae, Stdpiate) Procedure 3 (Meang.7s, Stdg_75)
A-Fc2? 10/11 7125 9/58
A-Fc4® 26/15 265/19 72/49
B-Fc2 4714 13/23 14/51
B-Fc4 19/10 14/18 16/48
C-Fc2¢ 49/23 28/28 2571

* Data for 3 cpds missing because of responses lying outside the DMSO calibration curve.
b Data for 4 cpds missing because of responses lying outside the DMSO calibration curve.
¢ Data for 3 cpds missing because of responses lying outside the DMSO calibration curve and plate 8 excluded because of high Std.
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procedure 1, as judged from its lower ranking. Procedure 3 selected
more cpds than procedure 2 because Stds_75 is lower than Stdpae.
Procedure 3 may favor the selection of false positives, whereas
weak binders may be overlooked using procedure 2. As a compro-
mise, procedure 3 was applied for further evaluations, but consid-
ering only the 30 highest responders; cpds are selected if the two
conditions (FOcr = threshold and rank < 30) are satisfied, with
FOcor = FO — Meang_75 and threshold = 3Stdg_7s.

Identification of specific PTP1B binders

All data were evaluated except those from screen A-Fc4 because
of responses within noise (as judged from sanguinarine response
[Table 2]) and from plate 8 in screen C because of high Std (Supple-
mentary Table 1). FO., patterns observed at ((cpd)=0.5uM
(screen A-Fc2) and 10 puM (screen C-Fc2) are illustrated in Supple-
mentary Fig. S2. They are similar, but most of the “obvious” signals
are overstoichiometric and also appeared on control surfaces (not
shown). Signals above threshold (of which the 30 highest identified
selected cpds) are best visualized as positive values in
(FOcor — threshold) plots (Fig. 2). Cpds that were selected in at least
one of the PTP1B screens were divided into four groups, of which
three are listed in Table 3, with cells highlighted in black if
responses are overstoichiometric and in gray otherwise. The first
group contains 13 cpds selected in all PTP1B screens and should
represent the strongest binders. The second group contains 12 cpds
selected in PTP1B screen C-Fc2 [C(cpd) = 10 pM] and in at least one
of screens A-Fc2, B-Fc2, or B-Fc4 [((cpd) = 0.5 uM], which suggests
weaker binding. The third group contains 5 cpds selected in screen
C-Fc2 only. The fourth group contains 25 cpds selected at
C(cpd) = 0.5 uM only (screens A and/or B only; see Supplementary
data). Cpds from groups 3 and 4 are likely to be false positives or
very weak binders. Among the 30 highest responders in screen
C-Fc2 (Table 3, groups 1-3), 22 also reacted with hAR and/or Pept
and were considered as promiscuous binders. These include all 12
cpds with overstoichiometric responses. Therefore, 8 potential

PTP1B-specific binders were identified: fluspirilen, sanguinarine,
and kaempferol in group 1; diethylstilbestrol, merbromin, and
dienestrol in group 2; and chlorpromazine hydrochloride and thi-
oridazine hydrochloride in group 3.

Concentration dependence of binding

((cpd) dependence studies were performed for a subset of the
cpds and were consistent with the classifications proposed from
screening data. The six cpds from groups 1 and 2 (Fig. 3, two first
rows), assumed to be the most promising candidates, were con-
firmed as PTP1B binders in at least one of the duplicate assays.
Two cpds from group 3 and one cpd from group 4 (Fig. 3, last
row), assumed to be weak binders or false positives, showed weak
or unclear dose dependencies. Except for sanguinarine, all binders
showed complex kinetics such as absence of surface saturation or
multiphasic postinjection phase, as observed by others [18,19],
suggesting molecular heterogeneity or a tendency of cpds to aggre-
gate at high concentrations. Nevertheless, the C(cpd) dependence
studies confirmed the interactions or absence of interactions con-
cluded from screening.

Relationship between physicochemical properties of cpds and PTP1B
binding

Several selected molecules belong to distinct chemical families
(arylbutylpiperidines, flavones, and stilbenes). A substructure
search in the Prestwick Chemical Library® allowed us to select
other compounds with similar scaffolds in order to propose a
SAR model based on their binding activities.

We considered the family of fluspirilen because compounds in
this family are structurally homogeneous (Table 4). They are com-
posed of two subgroups: the diarylbutylpiperidines (1, 3, and 9)
and the monoarylbutylpiperidines (2, 4-8, 10, and 11). Table 4
reports responses above background (fourth column) and above
threshold (last column) recorded in the four screens for these cpds,
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Fig.2. Responses above threshold (FO.,, — threshold > 0) for the 1120 cpds in screens A-Fc2 (A) and C-Fc2 (B). Overstoichiometric responses are shown in green, and those of
six potentially PTP1b-selective cpds are shown in red. (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this
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Table 3
Selected PTP1B binders.
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Selected PTP1B binders
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Target PTPIB hAR | Pept

< C (cpd) (M)

Cpd ch al N (MW)
T S S A 050505 10] 10] 10
Group 1: Selected in all PTP1B screens (4-Fc2, B~F02 B-, Fc4 and C-Fc2)

Mitoxantrone dihydrochloride (517)
Dequalinium dichloride (528)
Chlorhexidine (505)

Alexidine dihydrochloride (582)
Quinacrine dihydrochloride dihydrate (509)
Raloxifene hydrochloride (510)
Astemizole (459)

Tetrandrine (623)

Clofazimine (473)

Pentamidine isethionate (593)
Fluspirilen (476)

Sanguinarine (332)

Kaempferol (286)

Group 2: Selected in PTP1B screen C-Fc2 and at Ieasl one of screens A B

Cholecalciferol (385)
Lysergol (254)

Colistin sulfate (1352)
Propidium iodide (668)
Alcuronium chloride (738)
Methyl benzethonium chloride (462)
Hexestrol (270)
Benzethonium chloride (448)
Roxatidine Acetate HCI (385)
Diethylstilbestrol (268)
Merbromin (805)
Dienestrol (266)

i
|
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\

Group 3 : Selected only in PTP1B screen C-Fc2

Perphenazine (404)

Amodiaquin dihydrochloride dihydrate (465)
Apramycin (540)

Chlorpromazine hydrochloride (355)
Thioridazine hydrochloride (407)

Black: FO.o > 1; grey: 1 > FO, = threshold and rank <30; whlte FOC.,, < threshold or rank >

30.

and Fig. 4A shows their ranking as compared with that of the six
highest responders. Cpds 2 to 4 can clearly be considered as bind-
ers based on responses at C(cpd) = 10 and sometimes 0.5 jUM. They
are not listed in Table 3 because we chose to consider only the 30
highest responders, but cpds 2 to 4 ranked in the 80 highest
responders in all screens (Fig. 4A). Cpds 9 to 11 show no detectable
binding. The binding capacity of compounds 5 to 8 is unclear
because they responded weakly and in some screens only.
Molecule 9 shows conclusively that the piperidine ring should
be substituted by at least one hydrophobic group and accompanied
by a hydrogen bond acceptor (cf. 1, 3, and 9). Note that the distance
between this group and piperidine and its orientation are critical
(cf. 1 and 3 and then 4 and 7). The introduction of a bulky polar
group is highly unfavorable despite the common group attached
to the piperidine ring (cf. 2 and 11, replacing a methyl by a carbox-
ylic acid). We cannot conclude about the requirement of a flexible

butylamine chain for binding; levocabastine (10) introduces too
many structural changes to be compared with the other com-
pounds. The number of similar cpds in the Prestwick Chemical
Library® is limited because its aim is to propose diversity in “ther-
apeutic” and chemical space. However, from our observations, we
can suggest a possible two-dimensional pharmacophore model
(Fig. 4B) where we placed essential elements in the molecules.
The substituted aromatic ring shown in the model could bind to
the entry of the active site, notably to Tyr46, like the substrate.
The inhibition would then be caused by the blocking of the active
site for substrate binding.

Enzymatic assay and ICso determination

Four of the six PTP1B-specific binders identified by SPR, to-
gether with two binders and one nonbinder among arylbutylpi-
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Fig.3. C(cpd) dependence of signals in the 0.6 to 40 pM range for fluspirilen, sanguinarine, kaempferol, diethylstilberol, merbromin, dienestrol, thioridazine hydrochloride,
amodiaquin dihydrochloride dihydrate, and pimozide. Duplicate or triplicate sensorgrams are shown.

Table 4
Structure and responses of arylbutylpiperidines.
Number Name Structure FOcor > 0 FOcor = threshold
1 Fluspirilen F ++ ++
++ ++

++ ++
++ ++

oy
)

2 Terfenadine 3 15
OH ++ +
++ -
++ ++
N OH

3 Pimozide F + +
+ +
+ +
++ +

=

(continued on next page)
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Table 4 (continued)
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Number Name Structure FOcor >0 FOcor = threshold
4 Spiperone 0 + +
¥ -
F o) ¥ 2
++ +
N NH
N—/
5 Saquinavir + -
+
n : -
AN ﬂ_/' ++ +
H H
—=
N Y i
0 3 NH OH
H
O
6 Haloperidol 0 + -
P : -
OH ++ =
N
Cl
7 Benperidol + =
+ -
+ 2
Q— %NH + »
8 Bromperidol 0 + +
+ _
F 3 ~
OH ++ -
N
Br
9 Diphenidol Q + s
OH -
J O
10 Levocabastine F - i
+ =1
+ =
- [e]
) o m Oz + _
" =
Note. In the last two columns, the four lines correspond to the four screens A-Fc2, A-Fc4, B-Fc2, B-! Fcd, C-Fc2. ++: FOcor OF [FOcop ~ threshold] > 0.05 ; +: 0 < FOg, < 0.05; —:

FOcor < 0.
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Fig.4. SAR model based on the responses of fluspirilen analogs. (A) Ranking for the cpds in four screens compared with that of the six most promising binders. (B) SAR model.

peridines (Table 4), were tested for their ability to inhibit PTP1B
enzymatic activity. Vanadate, a known PTP1B inhibitor [20], was
used as a positive control, and the nonbinder diphenidol (molecule
9 in Table 4) was used as a negative control. The ranking of 1Csq val-
ues presented in Table 5 is consistent with published data [16,20]
and with observed SPR response levels. The most potent inhibitors
were vanadate and sanguinarine, with 1Cso values of 0.029 and
1.36 M, respectively. ICso values between 10 and 50 uM were ob-
served for all other binders. Diphenidol hydrochloride showed
marginal PTP1B inhibition, if any.

Table 5
IC50 values as determined from enzymatic assay.

Inhibitor 1C50 vs. PTP1B (1M)
Fluspirilen 239+27
Terfenadine 50+0.2
Dienestrol 10£0.7
Kaempferol 213
Sanguinarine 1.36 £0.05
Vanadate 0.029 + 0.004

Diphenidol hydrochloride

28% activity inhibition at 500 pM
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Discussion
Detection sensitivity

The detection limits (expressed as Kp range) are illustrated for
screens A-Fc2, B-Fc2, and C-Fc2 in Fig. 5. For example, Stdg_75 lies
between FO = 0.008 and 0.03 for the 14 plates of screen A-Fc2 (Sup-
plementary Table 1), which results in a threshold between 0 024
and 009 (3Stde.75), corresponding to Kp between 2 x 10> and
5 x 10" M. The threshold lies between 0.05 and 0.28 in screen
C-Fc2, which corresponds to Kp between 0.2 x 10°° and
2.6 x 107° M. FOor values recorded for the six most promising
PTP1B binders are also reported in Fig. 5. They lie between 0.3
and 0.8 at C(cpd)=10uM and between 0.02 and 0.2 at
C(cpd) = 0.5 pM, indicating Kp of approximately 10-° M. The 2- to
5-fold difference in responses at the two cpd concentrations is
slightly below the 3- to 10-fold difference expected for Kp in the
107° to 107° range and can be attributed to uncertainties on small
responses, C(cpd), or Rnax (€.g., due to the presence of inactive fixed
molecules).

Fig. 5 shows that screening at C(cpd)=0.5 and 10 pM allowed
the detection of binders with K, of approximately 10~° and
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Fig.5. Experimental detection sensitivity. FO = f{Kp) plots at C(cpd) = 0.5 uM (dot-
ted line) and 10 pM (black line), indicating the signals (FOor) calculated for the six
potential PTP1B-specific binders. The horizontal bars indicate the Kp range
detectable in screens A-Fc2, B-Fc2, and C-Fc2. Black: K, detectable whatever the
plate; gray: range of detection limits (Kp corresponding to threshold) for the 14
plates of each screen.

104 M, respectively, which is in the expected range (Fig. 1B) but
with significant variations in different experiments. The gain in
sensitivity expected at high C(cpd) (C-Fc2) is slightly offset by a
higher noise. The threshold also varies with target surface. For
example, it was higher on hAR surfaces (not shown) compared
with PTP1B surfaces, presumably because of the presence of dena-
tured proteins in the hAR sample. It was low on the peptide surface
(not shown), which contains a low mass of material compared with
protein surfaces. Cpd size did not appear as a limiting factor for the
detection of binding because three of the six best candidates have a
MW < 300 Da.

Optimal screening procedure

Despite a gain in sensitivity that is slightly less than expected,
screening at high rather than low C(cpd) provides several advanta-
ges. Overstoichiometric binders are more readily identified; eight
such binders were identified on PTP1B surfaces at C(cpd) =10 uM
as compared with less than three at ((cpd) = 0.5 pM. Furthermore,
signals generated by responders were more easily distinguishable
from noise. This is because an interaction with Kp, of approximately
102 M, as calculated for these interactions, is expected to generate
a 10-fold signal increase at C(cpd) = 10 uM compared with 0.5 pM
(Fig. 1B), whereas the increase in noise was approximately 3-fold,
as judged from Std values (Supplementary Table 1). The lower sig-
nal/noise ratio observed at C(cpd)= 0.5 uM also favored the selec-
tion of likely false positives (25 cpds were selected at C(cpd) =0.5
but not 10 pM).

A single screen at C(cpd) at approximately 10 tM on a sensor
surface carrying a reference, the target of interest, and two
unrelated proteins at high densities should be sufficient to discrim-
inate among promiscuous, overstoichiometric, and potentially
selective binders with Kp <5 x 10°° M and to identify the highest
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responders. It should be noted that high cpd concentrations are
of little benefit if binders with Kp < 10~% M are sought; the theoret-
ical signal increase when screening at 10 uM compared with
0.5 uM is only 3-fold at Kp=10"° M and negligible at Kp = 107’M
(Fig. 1B). Data should be evaluated using a plate-by-plate approach
if variations of mean response are observed in different experi-
ments, as was the case here.

The time needed to screen one 96-well plate and retrieve a list
of MW corrected responses is approximately 14 h using automated
procedures implemented in the T100 instrument and software.
Once a strategy for threshold definition is established, automated
algorithms can be developed using dedicated software to retrieve
a list of hits. Therefore, the 14 plates can be screened within 2 to
3 weeks. Other high-information content screening approaches
are available and have sometimes been compared [21,22,6]. The
characteristics of the interaction system under study are particu-
larly critical in the choice of the most appropriate among these
complementary technologies.

Quantitative reliability

Data were consistent with simulations despite the small level
and narrow range of measured SPR signals (FOc, between 0.03
and 0.4). First, as predicted (Fig. 1B), the screen performed at
((cpd)=0.5 pM on a low-density PTP1B surface (Rmax =383 RU)
did not allow discriminating between binding and noise (Table 2).
Second, more than 90% of the signals were within the noise level
whatever the screening conditions (Fig. 2). Finally, responses at
C(cpd) =10 pM were always higher than those at C(cpd)=0.5 UM
even if the difference is slightly less than expected (Fig. 1B).

Cpd ranking was found to be a reliable indicator for discriminat-
ing among the strongest binders, weaker binders, and non binders.
Among the 90 measurements at low C(cpd) recorded for cpds of
groups 1, 2 and 3 (30 cpds in three screens), 56 ranked in the 30
highest responders (Table 3, gray), but 20 more (in total 76 of
90) ranked in the 100 highest responders. In particular, the 6 most
promising PTP1B-specific cpds ranked in the 50 highest responders
whatever the screening conditions except for merbromin and dien-
estrol in screen B-Fc2 (Fig. 4A). This exception can be explained by
the high noise observed for plate 7 to which these cpds belong,
possibly due to insufficient surface conditioning with buffer before
starting the experiment (Supplementary Table 1).

Chemical library and PTP1B binders

The Prestwick Chemical Library® was fully suitable for SPR
screening. All 1120 compounds were sufficiently soluble to allow
SPR analysis at a concentration of 10 pM. Very few carryover ef-
fects were observed, and =>90% of the compounds were not identi-
fied as binders, whatever the screening conditions and target
surfaces. At C(cpd) =10 pM, only 12 cpds showed overstoichiomet-
ric responses, indicating that they bind either in the form of aggre-
gates or at multiple sites of the target. It can be noted that all 12
also showed promiscuous binding, as expected for compounds that
easily adsorb to molecular surfaces (Table 3).

Chemical consistency of data is observed at several levels.
Among cpds identified as potential PTP1B-specific binders, san-
guinarine is a known PTP1B inhibitor [16]. Five cpds of the library
present a benzene-OH moiety homologous to the Tyr side chain
naturally bound by PTP1B (Supplementary Table 2). Three of these
are structurally similar (kaempferol, dienestrol, and diethylstilber-
ol) and were selected as binders. The two others differ from the for-
mer by a more flexible anchor for the benzene-OH group and never
showed binding. Four members belonging to the arylbutylpiperi-
dine family ranked in the 80 highest responders in all screens
(Fig. 4A). Three of these (fluspirilen, terfenadine, and pimozide)
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were assayed and confirmed as PTP1B inhibitors. Another member
of this family (benperidol) showed neither binding nor inhibition
activity.

Conclusions

Our results demonstrate the reliability of SPR data obtained
from the direct screening of a focused chemical library on PTP1B,
leading us to propose a SAR model for PTP1B binding, Eventually,
this will help the synthesis of new compounds with good affinity
and selectivity for PTP1B.
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ABSTRACT: We have developed a surface plasmon resonance Experimental scheme
(SPR)-based inhibition in solution assay (ISA) to search for Ko oa2.pen pOZ POZ +cpd
inhibitors of the medium affinity (K, = 0.8 M) interaction <> A
between an E6-derived peptide (E6,yq.) immobilized on the e ™Y 1""
sensor and a PDZ domain (MAGI-1 PDZ1) in the mobile phase. Ebperrae @ ®

DZ domains are widespread protein-protein interaction modules ¢

that recognize the C-terminus of various partners. Simulations @

indicated that relatively low compound concentrations (10 xM)

and limited peptide densities (R,,,, < 200 resonance units) should I K

allow the detection of inhibitors with a target affinity close to 100

UM, which was then demonstrated experimentally. ISA screening, \

carried out on the Prestwick Chemical Library® (1120 cpd

compounds), identified 36 compounds that inhibited the

interaction by more than $%. Concentration-dependent ISA, carried out on a subset of 19 potential inhibitors, indicated that
13 of these indeed affected the interaction between MAGI-1 PDZ1 and the E6 4. No effect was observed for 84 compounds
randomly chosen among noninhibitors. One of the four best inhibitors was a peptide binder, and three were PDZ binders with
Ky, in the 10—50 4#M range. We propose that a medium (M) affinity between the target and surface-bound partner is optimal
for SPR-based ISA screening.

0 PO2_Cpd

Response (RU)

S urface plasmon resonance (SPR) biosensors provide immobilized, and a target—compound mixture is injected over
information-rich data on molecular recognition with the surface. If the compound recognizes the active site, the
relatively low material consumption. The technology has signal is decreased compared to that produced by the target
been implemented in several steps of the drug discovery alone.

process, from the characterization of target—compound binding Competition and inhibition assays were applied so far for hit
to the screening of small libraries.!™ Libraries of several characterization after screening the library in a direct assay, but
hundred up to a few thousand compounds or fragments to the best of our knowledge, they were not used for hit
(together called here low molecular weight (LMW) com- identification in the initial screen. Their disadvantages
pounds) were so far screened in SPR-based direct binding compared to DBA are that a TDC is required, that the
assays (DBA) where they are injected sequentially over target experiments last longer, and that no information is obtained
surfaces.™'* DBA screening selects all binders, whether they about the kinetics of compound—target binding. SCA, as well as
interact with the active site or with other regions of the fixed DBA, presents drawbacks related to target immobilization. The
target. Several assay formats were, therefore, designed to high target density required to detect LMW and weak-affinity
identify active-site binders. The LMW compounds can be binders is typically achieved through covalent coupling. The
injected in parallel on the active form of the target and on an binding activity of the target may be significantly affected by its
inactive form, in which the binding site is either mutated or covalent immobilization on the surface and by regeneration
blocked by a high-affinity inhibitor."®” Active-site binders can steps sometimes necessary after each compound injection to
also be distinguished from those binding elsewhere on the remove target- or surface-bound compounds. The assay design
target in surface competition assays (SCA)”*'*'? or inhibition used in ISA represents an attractive alternative because the
in solution assays (ISA).'S'” In SCA, the target is immobilized, compound—target interaction occurs in solution. The immo-
and a known active-site binder, called the target definition

compound (TDC), is injected in mixture with the compound Received: June 28, 2013

under study. Nonadditive responses are expected if the two Accepted: August 9, 2013

molecules compete for the same active site. In ISA, the TDC is Published: August 9, 2013

v ACS Publications  © 2013 American Chemical Society 8787 dx.doi.0rg/10.1021/ac4019445 | Anal. Chem. 2013, 85, 87878795
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bilized TDC can be a synthetic molecule, likely to be more
resistant to immobilization/regeneration conditions compared
to proteins. Finally, detection sensitivity should be higher
because the SPR signal generated by complex formation is
related to the MW of the injected molecule and is, therefore,
larger in ISA (target in solution) compared to SCA (compound
in solution). Gerschwindner et al.'® compared the outcome on
trypsin inhibitor identification of different assay formats, among
which are DBA and ISA, using optical waveguide grating
(OWG) platforms. The library contained known active and
nonactive compounds and frequent hitters. DBA was found to
identify a large number of false positives, as compared to ISA.
In contrast, results from ISA showed a good correlation with
the enzymatic assay.

Here, we apply ISA to identify compounds that inhibit the
interaction between a PDZ domain and a peptide. The term
PDZ is an abbreviation for the first three proteins found to
share this structural domain: PSD-95, Dlg, and ZO-1. PDZ
domains are widespread interaction modules, and they
recognize the C-terminus of various proteins. They typically
contain approximately 90 residues that adopt a conserved fold
composed of six ff-strands and two a-helices.'® They are found
in cytoplasmic and membrane-adapter proteins involved in a
variety of cellular processes of significance to viral infection
(maintenance of cell—cell }'unctions, cellular polarity, and signal
transduction pathways).'” MAGI-1 (membrane-associated
guanylate kinase (MAGUK) inverted protein 1) is one of the
160 PDZ-domain-containing proteins of the human genome. It
contains different domains among which are six PDZ domains
(PDZ0-PDZS), and it is implicated in the establishment of
cellular tight junctions.”® MAGI-1 has been shown to interact
with several cellular and viral proteins,'® among which is the E6
oncoprotein of the high-risk mucosal human papillomavirus
(HPV) type 16. In human cells, the latter interaction leads to
the proteasome-mediated degradation of MAGI-1, which
promotes tight junction disruption in epithelial cells with a
likely role in cell differentiation and cell proliferation
processes.”' MAGI-1 is, therefore, a potential target in cancer
therapy,”* and specific inhibitors of the MAGI-1 interaction
with viral proteins have been investigated.”>~>*

We first defined appropriate conditions for the SPR-based
ISA from simulations before applying them to search for
inhibitors of the target—TDC interaction. The target was a
recombinant protein corresponding to the MAGI-1 PDZI1
domain (the second of the six PDZ domains of MAGI-1),
hereafter called PDZ. This protein cannot be used in a DBA
where the compounds are injected over the surface-bound PDZ
because it is too fragile to withstand immobilization or
regeneration steps. The TDC was a peptide corresponding to
the 11 C-terminal residues of the E6 oncoprotein of HPV16
with a L/V replacement of the last residue, called E6peprige- The
compound library was the Prestwick Chemical Library®
(Prestwick Chemical, Illkirch, France) composed of 1120
compounds (MW between 102 and 1665 Da, average of 386
Da). We have previously used the library to identify protein
tyrosine phosphatase 1b binders in a direct assay.'* This work
showed that the compounds of the Prestwick Chemical library
are well-behaved (no obvious aggregation or carry-over, only 22
promiscuous binders) at a concentration of 10 uM, a
concentration sufficient to detect inhibitors with a PDZ affinity
up to 100 uM, according to the simulations. The 1120
compounds were, therefore, screened in ISA at 10 M, where
the signal corresponding to the injection of a compound—PDZ
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mix over E6pq 4. Surfaces was compared to that generated by
PDZ alone (Figure 1A). They were also screened in DBA

A. ISA with compounds

control assay
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\ & X/

E6
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B. DBA with compounds

control assay
running buffer
A Cpd
EGI eplide EGp('p(ll‘l'
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Figure 1. Experimental design. E6 4. is immobilized on the sensor.
(A) ISA: compound—PDZ mix is injected over the surface, and the
response is compared to that produced by PDZ alone. (B) DBA:
compound is injected alone, and the response is compared to that
produced by buffer. (C) Control ISA: peptide—PDZ mix is injected,
and the response is compared to that produced by PDZ alone.

(compound alone injected over E6,epige surfaces, signal
compared to that generated by buffer, Figure 1B) in order to
distinguish between E6pepiide and PDZ binders among E6peptidze—
PDZ inhibitors. The quality of the surfaces and PDZ was
assessed from an ISA using the E6peptige as an inhibitor in
solution (Figure 1C). The conclusions of the ISA screen were
challenged with compound concentration-dependent ISA
carried out for a subset of the compounds.

B EXPERIMENTAL SECTION

PDZ Expression and Purification. The construct of
MAGI-1 PDZ1 called PDZ, comprising residues 456—580
(MW 13856 Da) of human MAGI-1, was cloned into the
PETM-41 expression vector providing a N-terminal His6-
maltose binding protein (MBP) tag and a tobacco etch virus
(TEV) protease cleavage site.”® Proteins were expressed in
BL21 DE3 Escherichia coli cells and purified, as previously
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Figure 2. Ilustrative half-plate screening data. (A) XY-zeroed, reference subtracted curves recorded on a surface immobilized with 700 RU of
E6pcpiide- PDZ and running buffer injections, performed every 20 cycles, are shown as plain and dotted black lines, respectively. PDZ—compound and
compound injections are in light and dark gray, respectively. (B) Responses recorded § s before the end of injection (arrow in (A)) are plotted for
cach cycle. Plain and open black diamonds represent PDZ and buffer responses, respectively. Light and dark gray diamonds represent PDZ—
compound and compound alone responses, respectively. Decrease in Ryy(ppz) was fitted to a two-parameter polynomial (black line, R* = 0.99) used
to correct all responses for the loss of surface binding capacity. Corrected responses were then normalized relative to the mean of the 40 PDZ—
compound responses. (C) Corrected and normalized responses for the injections of PDZ (Ren(ppz) plain black diamonds) and PDZ~-compound

(Ren(ppz,_cpay plain light gray diamonds).

described.”” Briefly, PDZ extracts were loaded on an amylose
column (New England Biolabs) and eluted with a buffer
supplemented with 10 mM maltose. The MBP tag was cleaved
with recombinant TEV protease at 8 °C overnight and removed
by loading the digestion mix on a Ni—NTA (nickel—
nitrilotriacetic acid) resin (QIAGEN). The resulting flow-
through was finally subjected to a final gel-filtration step on a
Sephadex HiLoad 16/60 75 pg column (GE Healthcare) to
ensure a high-purity-degree sample.

Peptide Synthesis. E6,.,qc (sequence:
CRSSRTRRETQV; MW: 1478 Da; pl: 11.52) corresponding
to the last 11 C-terminal residues of HPV16 E6 with the C-
terminal L replaced by V and bearing an additional N-terminal
cysteine for immobilization was synthesized by P. Eberling
(Chemical Peptide S_/ynthesis Service, IGBMC, France), as
previously described.?

SPR Experiments. All experiments were performed on a
Biacore T100 instrument (GE Healthcare Biacore, Uppsala,
Sweden) at 25 °C. Sensor surfaces and other Biacore
consumables were purchased from GE Healthcare Biacore.
Running buffers were filtered through a 0.22 gm membrane.
Dimethyl sulfoxide (DMSO) was purchased from Sigma
Aldrich (ref no. 472301). The chemical library was obtained
from Prestwick Chemical, Inc. (Illkirch, France).

Peptide Immobilization. The running buffer was HEPES-
buffered saline (HBS) (0.01 M HEPES, pH 7.4, 0.15 M NaCl)
supplemented with 0.005% v/v, Surfactant P20. The E6.yiqe
was immobilized on flow cells (Fc) 2, 3, and 4 of CMS surfaces
(BR-1005-30, GE Healthcare Biacore) through the sulfydryl
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group of its N-terminal cysteine using the thiol coupling
chemistry. The flow rate was 10 xL/min. Surfaces were
activated by successive injections of a 1:1 mix of 0.2 M N-ethyl-
N'’-(3-dimethylaminopropyl)-carbodiimide hydrochloride
(EDC) and 0.0S M N-hydroxysuccinimide (NHS) for 10 min
and 2-(2-pyridimyldithioethaneamine) (PDEA) at 18 mg/mL
in 0.1 M Na borate (pH 8.5) for 240 s. Deactivation was
achieved by a 240 s injection of 1 M ethanolamine-HCI (pH
8.5). Peptides at concentrations varying from S to 200 yg/mL
were injected in 10 mM formate (pH 3.2). Immobilization
levels were between 50 and 1700 resonance units (RU).
Inactivation of free PDEA groups was achieved by injecting 0.1
M L-cysteine and 1 M NaCl in 0.1 M Na formate (pH 4.3) for
10 min. Reference surfaces (Fcl) were treated similarly except
that peptide injection was omitted.

Determination of PDZ—E6,,y4. Affinity. PDZ samples
at concentrations in the 40 nM to 10 uM range were serially
injected for 60 s over reference and E6,,;q, surfaces. Each PDZ
injection was followed by a 120 s buffer flow and a 30 s, S mM
NaOH injection for surface regeneration. The flow rate was 40
puL/min. Sensorgrams were corrected for signals from the
reference Fc. The equilibrium response (R,) was recorded 5 s
before the end of the PDZ injection (time window: S s). The
Kjy was determined by fitting the R, versus the [PDZ] curve to
a simple 1:1 interaction model with the Biacore T100 2.0.2
evaluation software (GE Healthcare).

Screening Experiments. The running buffer, freshly
prepared before starting each method, was HBS supplemented
with 0.05% Triton and 2% DMSO. We verified by SPR that the
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Figure 3. Determination of the equilibrium affinity of the PDZ—~E6,yq. interaction. Concentration-dependent binding of PDZ (40 nM to 10 #uM
range) to the covalently immobilized E6pepide- Fit of the equilibrium response (R.g) versus [PDZ] to a 1:1 binding isotherm (inset) indicates a

Kpenz_pepry of 0.78 uM.

PDZ binding activity was not affected in the presence of 2%
DMSO (data not shown). In the initial ISA screen, PDZ at 1
#M was injected in the presence of the 1120 compounds at 10
#M over the reference (Fcl, empty) and peptide (Fc2, 3, and 4,
increasing peptide densities) channels for 60 s, at a flow rate of
40 pL/min. A 120 s buffer flow was followed by one or two 30 s
washing steps using S mM NaOH and by an extra wash of the
flow system for 30 s with S0% DMSO. The compounds at 10
UM were also injected alone over the surfaces in order to
identify peptide binders. The controls included buffer, PDZ
alone, and in some cases, PDZ in the presence of E6,cpige at 0.1
and 1 uM. The 1120 compounds of the Prestwick Chemical
library are supplied in 14 96-well plates (PO1—P14). Half a
plate (40 compounds) was screened in a typical experiment.
The corresponding automated method programmed the
following injections: [controls], [(compound,, compound, +
PDZ),. 10}, [controls], [(compound,, compound, +
PDZ), . y1-3], [controls], [(compound, compound, +
PDZ), . 31-3], [controls], [(compound,, compound, +
PDZ), . 3;_4), [controls]. Six startup cycles (buffer injections)
were performed at the beginning of each method for
conditioning the sensor surfaces. Two eight-point DMSO
calibration curves (running buffer with 1 to 2.8% DMSO) were
included before and after a set of 80 injections to correct for
possible excluded-volume effects.

Data Processing. SPR data were processed using the
Biacore T100 evaluation 2.0.2 software. Sensorgrams were
automatically XY-zeroed before the injection start and corrected
for signals recorded on the empty reference surface. The
overlaid sensorgrams of a typical experiment are shown in
Figure 2A. Responses recorded $ s before the end of injection
were further processed by subtracting the average of the five
running buffer responses (double referencing). The double-
referenced equilibrium responses were called Reg(cpay Req(rpzy
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and Reqppz cpay for the compound, PDZ, and the PDZ—
compound mix, respectively. A plot of these responses in a
typical experiment is shown in Figure 2B. Results obtained
when including DMSO correction were superimposable to
those obtained without DMSO correction. Consequently,
DMSO correction was not needed.

The R.qpz) and Req(vpz_cpa) signals recorded in successive
cycles were monotonously decreasing, indicating a loss of
surface binding capacity and/or of PDZ binding activity (Figure
2B). Therefore, the five R y(ppz) values acquired within each
experiment were fitted using a two-parameter polynomial, and
the subsequent function was used to correct the responses over
the entire sample set. These corrected responses were further
normalized relative to the average response as follows. The
averages of the five corrected Req(rpz) and of the 40 corrected
Roq(vpz_cpd) should be similar because few, if any, inhibitors of
the PDZ—peptide interaction are expected in each half-plate, In
our experiments, R.qppz) was higher than Reg(rpz,_cpay (Figure
2B). This discrepancy in active PDZ concentration may
possibly result from differences in pipeting volumes and in
containers; the control PDZ sample was prepared as a large
volume in a glass tube, while PDZ—compound samples were
prepared as small volumes in plastic wells. We chose to
normalize responses relative to the mean of Reg(ppz_cpa) in
order to facilitate the detection of compounds which led to
signal variations. The resulting corrected and normalized
responses were called R, A plot of R ppz) and R.n(ppz_cpa)
in a typical experiment is shown in Figure 2C.

Simulation of the Inhibition Level. Equations were
previously described by Morelock et al.>® and de Mol,*® and
they are developed in Figure S1 of the Supporting Information
using a terminology adapted to our interaction system. The
assumption underlying the equations is that the pre-established
PDZ~—compound complex present in the injected mix does not
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dissociate during the time needed for the injected sample to
cross the cell length; therefore, the equilibrium is not shifted
toward the PDZ—peptide (surface-bound) interaction.””*° The
contact time of the sample with the surface is about 90 ms at a
flow rate of 40 xL/min, the volume of a Biacore T100 Fc being
60 nL. The half-life of the PDZ—compound complex is >90 ms
if ko < 8 s7". Assuming a typical k,, of 10° M™"s™!, PDZ~
compound complexes with Kpppz cpg) Stronger than 80 uM
should not dissociate during the injection time. For the
simulations, we consider a higher Kp(ppz_cpa) limit of 100 uM.
Step 1 in Figure S1 describes the interaction that occurs in
solution between PDZ and the compound, in order to calculate
the free PDZ left in the mix. Step 2 in Figure S1 describes the
interaction between this free PDZ and the surface-bound
peptide in order to calculate the corresponding SPR
equilibrium response Ry,

Concentration-Dependent ISA. Compounds were as-
sayed in five-sample concentration series using 2-fold dilutions
starting at a compound concentration of 40 yM, using a PDZ
concentration of 1 yM.

M RESULTS AND DISCUSSION

Determination of the Affinity of the PDZ—E6,¢yyq.
Interaction. We measured a Kp(ppy_pepr) Of 0.78 M for the
interaction of PDZ with the covalently coupled synthetic
E6,epuide USIng a steady-state approach (Figure 3). This value is
in agreement with the value of 0.8 + 0.2 uM previously
determined in SPR experiments using the 16E6 L,/V
(RSSRTRRETQV) peptide sequence produced as recombinant
fusion with the glutathione-S-transferase (GST) and immuno-
captured on CMS sensor surfaces.*

Simulation-Based Experimental Design. The experi-
mental conditions (PDZ and compound concentrations,
peptide density) must be adjusted so that the difference in
response recorded for PDZ in the absence and presence of the
compound (Regppz)y = Req(epz cpa)) is large enough to be
measurable. Two conditions must be met for this purpose.
First, the compound should bind the largest possible fraction of
PDZ, leading to a drop in the free PDZ concentration (see step
1, Figure S1 of the Supporting Information). This condition
depends on the affinity of the PDZ—compound interaction
(Kp(ppz_cpay) and total concentrations of compound ([Cpd,])
and PDZ ([PDZ,]). The compound concentration should be as
large as possible to favor PDZ—compound binding even at
weak affinity and obviously larger than [PDZ,]; otherwise, only
a fraction of the PDZ will be blocked when the totality of the
compound is engaged in the complex. The second condition is
that the variation in free PDZ concentration resulting from the
formation of PDZ—compound complexes should induce a
detectable variation in SPR response (step 2, Figure S1 of the
Supporting Information). This condition requires working in
the steep part of the curve R,o(PDZ) = f([PDZ]), namely, at a
PDZ concentration in the same range as the affinity of the
PDZ—EG6, 4. interaction (Figure 3, Figure S2 of the
Supporting Information). The E6pepige density influences the
magnitude of R, and therefore of (Rypnz) = Req(epz_cpa))
(Figure S2 of the Supporting Information). In contrast, the
relative response variation ((Reqppz) = Reqenz_cpa))/Req(onz))
is independent of peptide density (Figure S2, inset, of the
Supporting Information).

In theory, a PDZ concentration in the micromolar range,
together with high peptide density and compound concen-
tration, should be optimal for ISA screening. In practice, high
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molecular concentrations are known to favor artifacts such as
unspecific absorptions, aggregation, and partial inaccessibility of
the densely immobilized peptide. We have evaluated the lowest
peptide density (expressed as R,,) that should allow the
detection of compounds with Kpppz cpay Up to 100 uM.
Weaker affinities may be detectable, as observed by
Gerschwindner et al.'” in an empirical optimization of ISA on
a OWG platform, but a competition between the compound
and the surface-bound peptide for PDZ binding may occur in
our assay setup. Furthermore, it is unlikely that compounds
with weaker target affinity can be developed into efficient
inhibitors. Figure 4A shows a simulation of the inhibition level
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Figure 4. Simulation of the effect of (A) PDZ—compound affinity and
(B) surface binding capacity on inhibition of the PDZ—E6.yd.
interaction. (A) Inhibition levels (100 X (Reqenz) — Reqenz cpa))/
Req@enz)) as a function of Kyyppy, cpa) for [Cpd,] = 1, 10, and 100 #M.
Squares on the plot of [Cpd] = 10 #M represent inhibition levels of §
and 32% for Kiy(ppyz_cpa) = 100 and 10 M, respectively. (B) Variation
in response (Req(ppz) = Req(epz_cpa)) as a function of peptide density
(expressed as R, for [Cpd,] = 10 uM). Circles highlight a signal
variation of 3 RU.

(loo(ch(pDz) . Rc (l’DZ_de))/ch(PDZ)) as a function Of
Kp(ppz_cpay for [de?] =1, 10, and 100 uM, with [PDZ,] =
Kooz pepry = 1 #M. We have shown previously that the
compounds of the Prestwick Chemical library are well-behaved
at a concentration of 10 uM.'* At this concentration, the
calculated inhibition levels are 32 and 5% for Kp(ppz cpa) = 10
and 100 u#M, respectively (black squares in Figure 4A). Figure
4B illustrates the signal variation (ch(l’DZ) - ch(pDZ_de))
corresponding to these inhibition levels, as a function of
peptide density (R,,,). As a signal variation of 3 RU can be
detected on a Biacore T100 device, R, levels of 20 and 130
RU should be sufficient to identify inhibitors with Kp(ppz cpa)
of 10 and 100 uM, respectively (circles in Figure 4B).
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Figure 5. Control responses recorded on Fc2 in the 35 experiments. (A) Mean of five R.q measurements and error bars are shown for PDZ alone

(black bars), PDZ in the presence of 0.1 (dark gray bars),

and 1 uM peptide (light gray bars). The names of the 35 experiments given on the x-axis

refer to plate number and compound rows. (B) Corresponding corrected and normalized responses (R.,) for PDZ alone (black bars), PDZ in the
presence of 0.1 (dark gray bars), and 1 ¢iM (light gray bars) peptide. Error bars are computed by considering the standard deviation of the triplicated
corrected values and then propagated to the corrected and normalized values.

Inhibition Screening of the Full Library. The Prestwick
Chemical library was screened at [Cpd,] = 10 M and [PDZ,]
= 1 uM. The peptide was immobilized at increasing densities
on Fc2, 3, and 4, leading to PDZ responses between 2.5 and
1840 RU. Each experiment (Biacore method consisting of
controls, compound, and PDZ-compound injections) was
designed to screen 40 compounds (half of a Prestwick plate) in
ISA and DBA, meaning that 28 experiments were needed to
screen the 14 plates. Since seven half-plates were screened
twice, the 10 M ISA assay comprised 35 experiments. These
were named according to plate number and compound rows
(P01 AD: first half of plate 1, PO1 EH: second half of plate
L...), with replicates labeled “b” (e.g, POS EH-b).

The controls, consisting of injections of PDZ alone and PDZ
in the presence of 0.1 and 1 #M peptide, were performed every
20 cycles (five controls per experiment) and then averaged over
the entire experiment. The 35 mean control responses recorded
in the 35 experiments on Fc2 are represented as histograms in
Figure SA. They indicate that surface binding capacities differed
widely in the different experiments and flow cells. The
corrected and normalized responses (R,,) are shown in Figure
5B (Fc2) and Figure $3, panels a (Fc3) and b (Fc4), of the
Supporting Information. The responses recorded for PDZ in
the presence of peptide were reasonably stable in the 35
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experiments performed on Fc2 (lowest peptide densities,
Figure 5B), with Re\(ppz—pepr) ~85 and 27% in the presence of
0.1 and 1 uM peptide, respectively. The corresponding
inhibition levels of ~15 and 73% are higher than expected
from simulations (2.5 and 25%, respectively), presumably
because of an error on peptide concentration, estimated from
weighing a small amount of peptide powder. The R n(pDz—Pept)
values calculated on Fc3 or 4 were less stable (Figure S3 of the
Supporting Information). Therefore, data recorded on Fc2
were used for identifying inhibitors.

It would be surprising that a library of 1120 compounds
contains numerous inhibitors of the PDZ~E6,p1i4. interaction,
Therefore, we considered only the two best inhibitors (lowest
Renvpz_cpa)) in each experiment. Among the 70 compounds (2
compounds in 35 experiments), 36 showed Renppz_cpa) <95%
(inhibition >$%). They were named Inhyg 0 and are listed in
Table 1 (classified according to the results of concentration-
dependent experiments, see below). Among the 36 compounds
selected on Fc2, 20 also showed inhibition on Fc3 and/or Fc4
(light gray in Table 1), while Ren(ppz_cpd) Was >125% for seven
compounds (dark gray in Table 1). The other 1084 compounds
were considered as noninhibitors (named Nonlnh,, un)-

Concentration-Dependent Inhibition Experiments. In
order to evaluate the validity of our selection procedure, 103

dx.doi.org/10.1021/ac4019445 | Anal. Chem. 2013, 85, 87878795
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Table 1. Inhibitors of the PDZ—EG,,,4. Interaction Identified in the 10 #M ISA and Behavior of 19 of These in C-Dep ISA

Compound 10 pM ISA screen C-dep ISA
Corrected and normalized responses g
Name * MW e 8 8
g &
10 pM compound 1 puM pept J
Gallamine triethiodide 892 85 17 9 | Inhibition
Methimazole® 114 92 2 750 | Inhibition
Methacycline hydrochloride® 479 30 25 9 Inhibition
Thioguanosine 299 73 25 4 | Inhibition
Carbimazole 186 81 ND? 3 | Inhibition £
Verteporfin 737 81 37 40 | Inhibition +
Menadione® 172 87 19 191 | Inhibition +
Nabumetone 228 88 45 22 | Increase
Ce(opera;ogé‘dlhydraig 682 66 25 4 | Increase
564 86 ND Increase
230 93 24 6 Increase
Dlsuﬁram R 297 87 25 11 | Increase
Thloperamide maleate 409 77 13 17 | Increase
336 91 24 6 None
e ! 574 91 21 4 None
(+)-Isoproterenol (+)—bltarlrate salt 361 90 45 22 None
Diethylstilbestrol 268 78 83" 34 None
Monensin sodium salt 693 77 83" 34 None
Simvastatin 419 91 61° 24 None
Denatonium benzoate* 447 63 25 9 ND?
Idazoxan hydrochloride 241 79 13 17 ND
Mebhydroline 1,5-
naphtalenedisulfonate sal = ne a e
Isocarboxazid 231 83 31 27 ND
Cloperastine hydrochloride 366 84 31 27 ND
Pyrazinamide 123 89 ND 3 ND
Pilocarpine nitrate 271 89 ND 3 ND
Myricetin? £ 318 91 19 191 ND
Ketotifen fumarate 426 91 21 4 ND
Calciferol 397 91 ND 3 ND
Imipenem? 299 92 16 290 ND
Ethamsylate 263 93 43 14 ND
Azapropazone 300 93 43 14 ND
Nystatine® 926 94 16 290 ND
Niflumic acid 282 94 26 5 ND
Glafenine hydrochloride 409 94 27 4 ND
Sulfachloropyridazine 285 94 42 48 ND

"Light gray cells

Reyepz_cpa) < 95 (mhlbltlon >5%) on Fc3 and/or Fc4. Dark gray cells: R, ppz, cpqy >125 on Fe3 and/or Fed. Identified in

experiment b. *ND = not determined. “Italics indicate that inhibition levels in the presence of 1 #M peptide were lower than average.

compounds (19 Inh,g, and 84 NonlInh,y,y) were assayed in a
concentration-dependent (C-dep) ISA. The experiments were
repeated two and up to six times for 30 of these. The
correlation between the 10 M ISA and C-dep ISA data was
satisfactory; none of the 84 NonlInh,,,s compounds showed C-
dep inhibition (data not shown), and 13 out of the 19 Inh,g,

compounds affected (inhibited or increased) the PDZ—E6,¢yiqe
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interaction in at least one experiment (Figure S4 of the
Supporting Information). Results for these 19 Inhg,y
compounds are summarized in the last column of Table 1.
The Kp of the four best inhibitors (gallamine triethiodide,
methimazole, methacycline hydrochloride, thioguanosine) was
estimated in the 10 to SO M range from the compound
concentration needed to achieve 50% inhibition (Figure S4,
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panels A—D, of the Supporting Information). Inhibition may
result from the compound interacting with either PDZ or the
E6ycpige- The 10 #M DBA (data not shown) indicated that one
of the four inhibitors was a peptide binder (methacycline
hydrochloride), yielding a SPR signal (RU) >5 times higher
than the buffer signal. Three among the 19 Inh, o, compounds
showed weak and irreproducible inhibition (Figure $4, panels
E—G, of the Supporting Information) and six showed increases
in signal (Figure S4, panels H—M, of the Supporting
Information). Among the latter, four also showed increased
signals on Fc3 and Fc4 in the 10 M ISA (Table 1). Finally,
among the six compounds that showed no inhibition (Figure
$4, panels N=S, of the Supporting Information), three were
selected in initial ISA experiments performed in nonoptimal
conditions, as judged from the low inhibition level (Rm(pDz_p,Pl)
>50%) recorded in the presence of 1 uM peptide (italics in
Table 1).

Despite the nonideal behavior of our TDC—target
interaction (decay of the binding capacity of peptide surfaces
and/or loss of PDZ binding activity, effects on TDC—target
interaction depending on TDC density), we demonstrate that
SPR-based ISA screening is feasible using a Biacore T100
instrument. Extremely small signal variations were detectable
(for example Royppz) — Reg(opz_cpd) Was 4 — 3 = 1 RU for
compound thioguanosine, Table 1). Consequently, the TDC
density can be kept low, a condition that favored inhibitor
detection in our case, while high TDC densities promoted
signal increases in the presence of compound. Gerschwindner
et al.'” also observed that high TDC density favored unspecific
TDC-inhibitor binding for an ISA developed on an OWG
platform. The detection of inhibitors with affinity weaker than
100 #M is complicated by a possible competition between the
immobilized TDC and the compound in solution for target
binding,

B CONCLUSION

The conditions of SPR-based ISA screening must be adjusted
depending on the target—TDC affinity. When the affinity of the
target—TDC interaction is in the micromolar range, as here, or
higher, equilibrium is reached within seconds and the complex
fully dissociates in the buffer flow (Figure 6, green and gray
curves). SPR responses are recorded at equilibrium, with target
concentration ([T]) ~Kpr tpcy and [Cpd,] > [T]. Surface
regeneration is not mandatory. At TDC—target affinity weaker
than uM, the high target and compound concentrations
required increase material consumption and adverse effects
such as aggregation and nonspecific binding. In case of a strong
(nM) target—TDC affinity the response recorded at the end of
a 1 min injection would be far from equilibrium and small if [T
were kept around Kpr rpc). Therefore [T] (Figure 6, red
curve) and/or TDC density (R,,) must be increased.
Variations in target concentration are easily measured in
conditions of [T] > Kp¢r 1pc) when the initial (and not
equilibrium) response is recorded. The concentration of
target—TDC complex is then negligible, and the reaction rate
mainly depends on association kinetics and therefore
concentration of free target. Nevertheless, the slow dissociation
of the target—TDC complex requires a regeneration step, which
may limit surface recycling. In conclusion, a medium target—
TDC affinity appears as a favorable compromise for SPR-based
ISA screening because drawbacks associated with high
molecular concentrations (weak affinity) and drastic surface
regeneration (strong affinity) are avoidable.
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PROJETS DE RECHERCHE ACTUELS

Aptameres ciblant des cellules de glioblastome exprimant 1’intégrine o581

A. Aptameres et SELEX

Résumé :

Les aptameres sont de petits oligonucléotides simple brin, de 30 a 80 bases.
Leur variété de repliement leur permet de reconnaitre leurs cibles (acides
aminés, nucléotides, peptides, protéines...) avec une forte affinité et
sélectivité. Leur taille, leur propriétés physico-chimiques, leur faible cotit
de synthese, leur caractere non-immunogeéene, en font une alternative
pertinente aux anticorps, auxquels ils sont souvent compareés.

IIs sont sélectionnés par un criblage nommé SELEX (‘selective evolution of
ligands by exponential enrichment’) pour lequel toutes les molécules d'une
tres grande banque (101* molécules) sont mises en contact en méme temps
avec leur cible. Les aptaméres peuvent étre sélectionnés par cell-SELEX
(SELEX dont les cibles sont des cellules) et se lier a des cibles cellulaires,
souvent des biomarqueurs protéiques exprimés a la surface de cellules
tumorales. Ils peuvent alors étre utilisés en tant qu’agents diagnostiques
ou thérapeutiques. S'ils ciblent un récepteur membranaire, ils peuvent étre
internalisés, et s’ils sont couplés a un agent thérapeutique, ils peuvent
servir de véhicule pour le délivrer a l'intérieur des cellules. Les aptameéres
internalisés peuvent ainsi délivrer des agents cytotoxiques, des siRNA, des
nanoparticules... au sein des cellules qu'ils ciblent spécifiquement.

Al. Aptameres

Outre leur role d’agents de I’expression génique, les acides nucléiques peuvent également
étre des partenaires d’interactions moléculaires. L’exploitation des propriétés de liaison des

acides nucléiques a conduit a la découverte d’une nouvelle classe de molécules : les aptaméres.
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Les aptameres, du latin ‘aptus’ signifiant ‘correspondre a’ et du suffixe grec ‘mer’, sont
des oligonucléotides ADN ou ARN capables de se lier avec une grande affinité et une grande
specificité a leur cible. De nombreux aptameéres ont été identifiés contre un grand nombre de
molécules cibles. Ils représentent une alternative aux anticorps monoclonaux dans les domaines

analytique, diagnostique et thérapeutique.

Un brin d’histoire
de la découverte des aptaméres naturels...

Dans les années 80,
(i) il a été montré que certains génomes viraux (virus de I’immunodéficience humaine HIV-1
et adénovirus) codent pour de petits ARN structurés ayant la propriété de se lier aux protéines
virales ou cellulaires avec une forte affinité et spécificité. Par définition, ce sont des aptameres.
Pour HIV-1, il s’agit d’un petit ARN structuré en ‘épingle a cheveux’, appelé ¢lément TAR
(‘trans-activation response’), localisé dans la région 5’ non-traduite de I’ARNm. Il est essentiel
a la transcription du génome rétroviral, et donc a la réplication du HIV-1, par liaison & la

protéine Tat (Sullenger et al. 1990, Figure 6).

Figure 6. Complexe d'élongation.
Le P-TEFb, cofacteur cellulaire
d'élongation positif, est compose des
sous-unités Cyc T1 et CDK9 (kinase
CTD). Cyc T1 permet la formation du
complexe tat/TAR en augmentant
CTD l'affinité de TAR pour tat. CDK9

P-TEFb

tat ‘

phosphorolyse le domaine C-terminal
RNApol II (CTD) de la RNApol Il permettant
— ainsi  la transcription. Source

ADNviral  Dttp://www.imgt.org

Quant aux adénovirus, ils produisent naturellement ’ARN VA (“virus-associated’) qui inhibe
la fonction de la protéine PKR (‘protéin kinase R’) et permet ainsi de poursuivre la production

de protéines virales par la machinerie de traduction de la cellule héte. (O'Malley et al. 1986).
(ii) la découverte de I’épissage des introns du groupe I a montré que I’ARN peut se lier a de

petites molécules, la guanosine ou 1'un de ses dérivés, qui est un cofacteur obligatoire et

spécifique de la réaction d’excision. (Bass and Cech 1984, Figure 7)
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Un aptamére doté de fonction catalytique est nommé ribozyme (pour ‘ribonucleotide
enzyme’). Le prix Nobel de chimie en 1989 a été attribu¢ a Sidney Altman et Thomas R. Cech
pour leur découverte indépendante en 1982 des propriétés catalytiques des ARN. Les ribozymes
sont des molécules d’ARNS catalytiques, fonctionnant dans 1’eau, en présence de sels (K*, Na*,

Mg?*) et en absence de facteurs protéiques.

PG PG
3 .
OH 3
>P P HO

Figure 7. Mécanisme de I’épissage par les introns du groupe I, doués d’auto-excision. L’intron est
représenté en noir et les exons a relier en rose. Un cofacteur, la guanosine (G), s’associe au site actif. Le
groupement 3’ hydroxyle de la guanosine participe a une réaction de trans-estérification avec le
phosphate de I’extrémité 5’ de 1’intron. (Lodish et al., 2005).

... @ la sélection d’aptameéres artificiels

La découverte des aptameéres naturels a donné naissance, en 1990, a la technique nommeée
SELEX (‘selective evolution of ligand by exponential enrichment’), simultanément par trois
équipes américaines indépendantes :

- Larry Gold et son étudiant en fin de thése, Craig Tuerk (Université du Colorado,
Boulder), ont utilis¢ le terme SELEX pour leur procédé de sélection d’ARN, ligands de
la T4 ADN polymérase (Tuerk & Gold, 1990).

- Andy Ellington et Jack Szostak (Massachusetts General Hospital, Boston) ont publié
une technique qu’ils ont nommé ‘sélection in vitro” pour sélectionner des ARNS dirigés
contre différents colorants organiques. Andy Ellington a donné le nom aux ‘aptameéres’
(Ellington & Szostak, 1990).

- Gerald Joyce et Debra Robertson (Scripps Institute, La Jolla, Californie) ont sélectionné
le premier ribozyme (‘RNA enzyme’) artificiel, doué¢ de propriétés catalytiques par

clivage spécifique d’un ADN simple brin (Robertson & Joyce, 1990).

A2, SELEX

Le SELEX est une technique de sélection in vitro (ou d’évolution in vitro) pour la

production d’aptaméres, qui permet le criblage de grandes banques d’acides nucléiques
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(comprenant jusqu’a 10*° séquences différentes synthétisées de fagon aléatoire) contre des
cibles diverses (qui peuvent ou non étre des molécules liant naturellement des acides
nucléiques), telles que: ions, petites molécules organiques (théophylline, dopamine...),
nucléotides et derives, antibiotiques, oligonucléotides, acides aminés, peptides, protéines,
sucres, virus, parasites, bactéries, cellules... Lors de cette technique de criblage, les composés
de la banque sont tous mis en contact en méme temps avec la cible, contrairement aux criblages
décrits dans la premiere partie de ce document, ou les composés étaient injectés successivement
sur la cible.

La méthode SELEX consiste a réaliser des cycles successifs de sélection (de plus en plus
stringents) et d’amplification permettant d’enrichir la population en candidats possédant les
propriétés requises. Clonage et séquencage permettent d’identifier les ligands

oligonucléotidiques (aptameéres) ayant de fortes affinités pour leurs cibles (Figure 8).

O Og — oo
O i
o o n + 0O

library

l selection

v

amplification

cloning
sequencing

A ntamera

Figure 8. Principe du SELEX.

A3. Aptameres versus anticorps

Les aptameéres sont des acides nucléiques capables de lier une cible avec une forte
spécificité et une grande affinité. lls sont généralement comparés aux anticorps. De poids

moléculaire variant en moyenne de 8 a 25 kDa, les aptameres sont de taille intermédiaire entre
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les anticorps (150 kDa) et les petits peptides (1-5 kDa). Etant des polyanions, les aptaméres
sont de composition différente des anticorps. En tant que molécules synthétiques, les aptameéres
peuvent étre facilement modifiés chimiquement.

Dans la littérature, on leur préte bien des qualités par rapport aux anticorps, telles que leur
plus petite taille, leur facilité et faible colt de synthése, leur caractére non immunogéne et leur
faible toxicité, leur stabilité. En outre, les aptameres sont identifiés grace a un processus de
sélection in vitro, qui ne nécessite pas I’utilisation d’animaux ou de cellules. De ce fait, ils
peuvent étre générés contre des toxines ou des molécules n’engendrant pas de réponse

immunitaire (Tableau 1).

Aptamers

Antibodies

Size: > 10 000 Da

Size: 150 000 Da

Kbp: low nM - pM range

Kp: low nM - pM range

Selection is an in vitro process that can target any
small molecule, biopolymer or cell

Selection requires a biological organism and is
inefficient with toxins (not tolerated by animals) and
small non-immunogenic molecules

Selection is an iterative process and usually requires
5-10 rounds or more (varied from target to target)

Screening of mAb is expensive and time consuming

Uniform activity regardless of the batch

Activity of antibodies varies from batch to batch

Wide variety of chemical modifications are introduced
to diversify properties and functions

Very limited modifications

Return to original conformation after temperature
insult (reversibly denatured)

Temperature sensitive. Irreversible denaturation

Unlimited shelf-life

Limited shelf-life

No evidence of immunogenicity

Significant immunogenicity

Cross-reactive compounds can be isolated using
toggle strategy to facilitate preclinical studies

No method for isolating cross-reactive compound

Aptamer-specific antidote can be developed to reverse
the inhibitory activity of the drug

No rational method to reverse molecules

Tableau 1. Comparaison anticorps - aptameres (adapté de Jayanesa, 1999 et Nimjee et al., 2017).

Il faut toutefois noter que :

- Sélection et caractérisation d’aptameres ne sont pas si rapides ni si simples, surtout dans le cas
d’un SELEX sur cellules (cell-SELEX)

- a I’heure actuelle, la preuve de la faible immunogénicité et de la moindre toxicité des
aptameres semble étre basée uniquement sur des essais cliniques de phase | et de phase 11 du
produit ‘Mucagen’ (voir ci-dessous).

- les aptameéres sont modifiables pour augmenter leur stabilité et leur résistance a 1’action des
nucléases. L’impact de cette augmentation de stabilité en santé¢ humaine et sur I’environnement

n’est pas connu.
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Aptameres et anticorps sont plutdét complémentaires qu’opposables. Mais alors, pourquoi
le marché des anticorps est-il tellement prometteur alors que le marché des aptameres n’en est
qu’a ses prémices ?

- Les nombreux brevets technologiques sur le SELEX et ses applications ont probablement
freiné les 20 premiéres années de développement des aptameéres en diagnostique et clinique, par
rapport a la technologie non brevetée des anticorps monoclonaux.

- Des milliers de laboratoire développent ou utilisent en routine des anticorps monoclonaux, et
ce depuis des années. Les aptameéres doivent donc franchir des fosses pour se faire une place.

- Malgré le nombre d’aptaméres disponibles contre des milliers de cibles de natures différentes,
la procédure de sélection des aptameres n’est pas toujours efficace. On estime a 30% le nombre
de SELEX infructueux. Un SELEX pourrait ne pas étre fructueux a cause de contre-sélections
non efficaces, ou a cause des ‘tags’ (utilisés pour immobiliser les protéines ciblées dans certains
processus de sélection), eux aussi potenticllement ‘aptagénes’, ou parce que les acides
nucléiques sont chargés négativement et donc difficiles a sélectionner contre des cibles acides.
Ce chiffre de 30% n’a jamais été publié. Il est d’ailleurs invérifiable. Mais il est réguliérement
avanceé par les spécialistes des aptameres.

- On avance souvent le fait que les acides nucléiques ne fonctionnent qu’a un code a 4 lettres
(nucléotides), ce qui restreindrait leurs caractéristiques biophysiques comparé aux protéines
dont le code comprend 20 lettres (acides aminés). Toutefois, les spécificités et caractéristiques
des aptameres ne sont pas directement déterminées par la séquence primaire mais bien par leur
structure tertiaire. Les aptameres peuvent adopter un grand nombre de conformations, ce qui
explique leur faculté a se lier a différentes cibles. D’autre part, la chimie des acides nucléiques
connait ces derniéres années des progres fulgurants (Figure 9). De nombreuses équipes de
recherche créent de nouveaux nucléotides synthétiques, nommés XNA (‘xeno nucleic acid’),
entrainant ainsi une ‘explosion’ du code génétique (‘expanded genetic code’, Pinheiro &

Holliger, 2014). Le marché des aptaméres n’a probablement pas encore livré tous ses secrets.
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Figure 9. Diversité des modifications chimiques des aptameéres (Ni et al., 2017).

A4. Aptameres en développement clinique

Les aptameéres, en tant qu’agents thérapeutiques alternatifs aux anticorps, ont déja trouvé

leur place dans diverses applications thérapeutiques. Un médicament est sur le marché, et une

douzaine sont en phase clinique, en tant qu’agents anti-angiogéniques, anti-coagulants, en

oncologie, pour le traitement du diabéte ou de I’hémophilie (Tableau 2).

Name Target Form & ClinicalTrials.gov Indication Compan
Modifications identifier (current status) y
ph means ‘phase’
Macular degeneration
Macugen VEGF 165 27-nt RNA NCT00021736 (ph Age-related macular Eyetech
pegaptanib 2'-fluoropyrimidines 11/111,completed) degeneration ; Pharmace
sodium 2'-0-methyl purines NCT00040313 (ph I, completed) | pjahetic macular uticals
3".inverted dT NCT00056199 (ph I, completed) oedema ; Inc /
40 kDa PEG :Iegrl;ggjtlegm (ph1V, Prqliferative diabetic Pfizer
NCT00321997 (ph I1/I1I, retinopathy
completed)
NCT01487070 (ph [, completed)

ARC1905 C5 38-nt RNA NCT00709527 (ph I, completed) Age-related macular | Ophthote
2'-fluoropyrimidines NCT00950638 (ph I, completed) | degeneration ; ch Corp. /
2’-0-methyl purines NCT02397954 (ph 1L, completed) | [gjopathic Archemix
3’-inverted dT NCTO.2.686658 (ph 11/, polypoidal choroidal Corp.
40 kDa PEG recruiting) vasculopathy ;

Geographic atrophy
E-10030 PDGF 29-nt DNA NCT00569140 (ph [, completed) Age-related macular | Ophthote
2'-0-methyl purines NCT01089517 (ph L, completed) | degeneration ch Corp. /
3"-inverted dT NCT02387957 (ph II, recruiting) Archemix
NCT02591914 (ph I, ongoin

40 kDa PEG NCT01940887 83}1 1, rgcruigt)ing) Corp. /

NCT01940900 (ph I1I, ongoing) Retinal
NCT01944839 (ph III, recruiting) Consultan

ts of
Arizona
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Coagulation

REG1 Coagulation RB006 (drug): NCT00113997 (ph [, completed) Acute coronary Regado
anticoagulation factor IXa 31-nt RNA aptamer Eggg;;g‘;gg (pﬁ g Comp%eteg) syndrome ; Bioscienc
system (RB006 2'-ribo purine or NCTO1872572 Ephl ’Ci‘;;"ﬁeitez)) Cardiac o es/ .

plus RB007) 2"-fluoropyrimidine NCT01848106 (gh 11 terminated, | CAtheterization Archemix
40 kDa PEG clinical hold owing to serious (intravenous form) ; Corp.
anaphylactic reactions) Cloronary artery
RB007 (antidote): disease ;
15-nt Percutaneous
2'-0-methyl coronary.
intervention
ARC1779 A1 domain of | 39-nt DNA NCT00432770 (ph [, completed) von Willebrand Archemix
von 3’-inverted dT NCT00507338 (phII, terminated) | disease ; Corp.
. 2'-0-methyl with a NCT00632242 (ph I, completed) | Thrompotic
Willebrand | ;| gle NCT00694785 (ph Il withdrawn | 1. b cotopaenic
factor hosphorothioate prior to enrolment) . urpura ;
phosp NCT00742612 (ph II, terminated) | PUrPura;
linkage von Willebrand
20 kDa PEG disease type 2b;
Acute myocardial
infarction ;
Percutaneous
coronary
intervention ;
Thrombosis
NU172 Thrombin | 26-ntDNA NCT00808964 (ph II, unknown) | Heart disease (for ARCA
Unmodified example, used Biopharm
during a/
cardiopulmonary Archemix
bypass to maintain Corp.
steady state of
anticoagulation)
ARC 183 Thrombin 15-nt DNA phl, completed, but not in Acute cardiovascular | Archemix
(HD1;G15D; G-rich DNA development settings Corp. /
HTQ) Unmodified Nuvelo
ARC19499 TFPI 32-nt RNA NCT01191372 (ph [, terminated) Haemophilia Baxalta
(BAX499) 2’-0-methyl purine us/
3’-inverted dT Archimex
40 kDa PEG
Oncology
AS1411 Nucleolin 26-nt DNA NCT00512083 (ph II, completed) | Acute myeloid Antisoma
(AGRO001) G-rich DNA NCT00740441 (ph II, unknown) leukaemia ; /
Pegylated NCT00881244 (ph I, completed) Metastatic renal cell | Archemix
NCT01034410 (ph II, terminated) carcinoma ; Corp.
Advanced solid
tumour
NOX-A12 CXCL12 45-nt RNA NCT00976378 (ph I, completed) Multiple myeloma NOXXON
(Spiegelmer) NCT01194934 (ph, completed) | and non-Hodgkin Pharma
L-ribonucleic acid NCT01521533 (ph ], completed] lymphoma ;
Pegylated NCT0148.6 7 97 (ph1l, ongoing, but | cpyonic lymphocytic
not recruiting) leukaemia ;
Autologous stem cell
transplantation ;
Haematopoietic
stem cell
transplantation
Inflammation
NOX-E36 CCL2 40-nt RNA NCT00976729 (ph I, completed) Chronic NOXXON
(Spiegelmer) NCT01085292 (ph I/11, inflammatory Pharma
L-ribonucleic acid f\locn”ll"l())]f;%)lzzt (oh 1, completed) diseases ;
Pegylated NCT01547897 (ph I, completed) ;i‘;ﬁtig_labetes
Systemic lupus
erythematosus ;
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Albuminuria ;
Renal impairment

NOX-H94 Hepcidin 44-nt RNA Eggg;;%gz Ep}}: i Compieteggz Anaemia ; NOXXON
: (Spiegelmer) ph 1, complete End-stage renal Pharma
hpeptlde L-ribonucleic acid NCT01691040 (ph II, completed) | gisease ;
ormone Pegylated NCT02079896 (ph I/11, Anaemia of chronic
gy
completed) diseases ;

Inflammation

Tableau 2. Aptaméres dans les différentes phases de développement clinique (d’apres Esposito et
al., 2011a; Nietal. 2011 ; Sundaram et al., 2013 ; Sun et al., 2014 ; Darmostuk et al., 2015 ; Gopinath
et al., 2016 ; Camorani & Cerchia, 2015 ; Zhou & Rossi., 2017).

Le pegaptanib sodium (Macugen), commercialisé par Eyetech Pharmaceuticals/Pfizer, est
le premier aptamére approuvé par la FDA (‘Food and Drug Administration’), en décembre
2004, pour traiter les patients atteints de dégénérescence maculaire liee a I'age (DMLA) de
forme humide. Cette maladie touche la partie centrale de la rétine (la macula), a I'arriére de
l'oeil, et provoque une perte de la vision centrale, pouvant aller jusqu’a la cécité. La forme
humide de la maladie est provoquée par le développement de vaisseaux sanguins anormaux
sous la rétine et la macula qui peuvent saigner et conduire a un épanchement, entrainant une
perte de la vision. Le pegaptanib est un aptamere ARN (Figure 10) ciblant le VEGF-165
(‘vascular endothelial growth factor’), facteur pro-angiogénique (néovascularisation occulaire

pathologique et perméabilité vasculaire), avec un Kp de 0.1 nM (Ng et al., 2006).

GA AU Figure 10. Séquence du pegaptanib sodium, ARN de 28
U-G nucléotides. Quatre années ont été nécessaires pour modifier
G-=C I’aptameére, le rendre résistant aux dégradations enzymatiques et

CA':'; " augmenter sa biodisponibilité. Les deux ribonucléotides non modifiés

U A sont en noir. Les purines substituées par des groupements 2’-O-
A CA méthyls et les pyrimidines substituées par des groupements 2’-fluoro

A UA sont en rouge et bleu, respectivement. L’extrémité 5° de I’ARN
G=C contient deux chaines de PEG (‘polyethylene glycol’) de 20 kDa, et
(C):(G a lextrémité 3, une thymidine est liée par un lien 3°-3" a la
7 X méthoxyguanosine qui la précede.

40-kDa PEG-5"  3'-3"-d1-5'

La date de ’AMM (‘Autorisation de Mise sur le Marché’) européenne date du 31 janvier
2006 et sa commercialisation en France date de juin 2006. Depuis 1’évaluation initiale de son
intérét thérapeutique, aucune étude n’a comparé le pegaptanib aux autres anti-VEGF, mais les
données cliniques ont montré que les anti-VEGF les plus récents (ranibizumab et aflibercept)
amélioraient ’acuité visuelle alors que le pegaptanib permettait seulement de diminuer la perte
d’acuité visuelle (http://www.has-sante.fr/portail/jcms/c_1714255/en/macugen-pegaptanib-

anticorps-monoclonal-anti-vegf). En conséquence, le pegaptanib n’a plus de place dans la prise

95



http://www.has-sante.fr/portail/jcms/c_1714255/en/macugen-pegaptanib-anticorps-monoclonal-anti-vegf
http://www.has-sante.fr/portail/jcms/c_1714255/en/macugen-pegaptanib-anticorps-monoclonal-anti-vegf

en charge de la DMLA exsudative et sa commercialisation en France s’est arrétée le 17 octobre

2014. 1l a néanmoins ouvert la voie des aptaméres thérapeutiques.

‘Regado Bioscience’ a mis au point un médicament, REG1 (Figure 11), testé dans des
essais cliniques de phase Il lors d’angioplasties. REG1 est composé de deux éléments :

- Pegnivacogin (RB006), I’aptameére ciblant le facteur de coagulation [Xa

- Anivamersen (RB007), I’oligonucléotide complémentaire antidote (antisens) au RB0O06

L’antidote agit comme compétiteur. Il permet de dissocier I’aptameére de sa cible protéique
et donc de contrdler les hémorragies (effet secondaire de I’anti-coagulant). Les molécules
antidotes complémentaires d’aptameres sont faciles a concevoir. Elles pourraient trouver intérét
dans diverses applications therapeutiques.

L’essai clinique de phase 111 (NCT01848106) de comparaison de 1’aptamére pegnivacogin
a la bivalirudine (un inhibiteur direct et spécifique de la thrombine) s’est toutefois terminé a un
stade précoce, a cause de réactions allergiques importantes rapportées chez 1% des patients
recevant le pegnivacogin (Povsic et al., 2016 ; Lincoff et al., 2016 ; Verheugt 2016). Il
semblerait toutefois que ni I’acide nucléique ni ses produits de dégradation ne soient
responsables des réactions allergiques. Elles seraient vraisemblablement dues au groupement
polyéthyléne glycol (PEG), couplé a I’extrémité de I’aptamére. De forts taux d’anticorps anti-
PEG ont été quantifiés chez les patients ayant développé des réactions allergiques (Ganson et
al., 2016).

= Surface contact .
> RB006 RB007 Complex
X —— Xia
AU : -
! A G 5'c 5 c-GUAAUGE
a - Uc UC g g-c b
3 4 = [ c-G
P RB006 ( c-G 5 g-C g
G-C -c
& - & . - u
Vil —o Vila —o | A \ a a-u c
U c + u —_— u-h c
X —o Au / a a-u A
v >Va C g g-C C-44T 37
' A-U u u-A
Prothrombin ————> Thrombn G-C e -G
1 — Xa —o G-C ¢ c-G
' U-A a a-u
Fibrinogen ————> Fibrin monomer 5/P-L-G-C-idT 3° c 3’ 3/¢-G-L-P 5°
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Figure 11. REG1. A. Cascade de coagulation sanguine. B. Schéma illustrant le mode d’action du REG1.
C. Mode d’action plus détaillé de I’interaction entre le pegnivacogin (RB006) et I’anivamersen (RB007).
(d’apres Vallalle & Cohen, 2012 ; Rusconi et al., 2004).
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A5. Aptameres - un vaste domaine en pleine expansion

Une analyse des publications scientifiques recensées dans PubMed permet d’évaluer
I’importance des travaux de recherche sur le sujet. Fin 2017, on compte sur cette base 7612 et
2000 publications pour des recherches avec les mots ‘aptamer’ et ‘SELEX’, respectivement.

50% des publications sont recenseées depuis 2013 (Figure 12).

Figure 12. Nombres de publications répertoriées dans Pubmed jusqu’a fin 2017, avec les mots clés
‘SELEX et ‘aptamer’.

Les aptameres intéressent les grandes sociétés du domaine médical et pharmaceutique ainsi
que les entreprises axées sur les biotechnologies. 441 brevets sur les aptaméres sont recensés
sur la base frangaise de I’INPI (“Institut National de la Propriété Intellectuelle”) et plus de 3600

brevets sur la base européenne de I’EPO (‘European Patent Office’).

La littérature concernant les aptameres est extrémement diversifiée. Certaines applications
biochimiques, diagnostiques et thérapeutiques des aptameéres (Gijs et al., 2015 ; Xiang et al.,
2015b ; Zhou et al., 2016) seront commentées dans la discussion de ce manuscrit, lorsqu’elles
ont rapport aux perspectives de mon projet de recherche actuel. Ci-dessous, j’ai tout de méme
souhaité commenter des travaux, qui présentent, a titre personnel, un intérét particulier, du

monde a ARN il y a 3,8 milliards d’années, a la thérapie du futur.

‘RNA world’
L’hypothése du monde a ARN (‘RNA world’, Gilbert, 1986) arrive en téte dans les scénarii
de I’évolution (Maurel, 2005). L’ARN, aux origines du vivant il y a 3,8 milliards d’années,

serait le précurseur de toutes les macromolécules biologiques, puisqu’il permet a la fois
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d’assurer des fonctions métaboliques (catalyseur) et d’étre le support d’une information
génétique. En effet, I’ARN est la seule molécule qui soit a la fois mémoire et action.

L’hypothése du monde a ARN suggére qu’a une certaine étape de 1’évolution, la réplication
et I’expression de I’information génétique (continuité génique) dépendent d’ARN ayant une
fonction enzymatique (ribozymes). Le SELEX, technique d’évolution moléculaire dirigée in
vitro, a d’ores et déja permis la sélection de ribozymes synthétiques capables de catalyser
plusieurs réactions chimiques telles que clivage, liaison (de nucléotides les uns aux autres ;
d’acides aminés a 1I’ARN), oxydo-réduction... Récemment, Horning et Joyce (2016) ont
rapporté 1’évolution in vitro d’un ribozyme ayant une fonction de polymérase a ARN capable
de synthétiser des molécules d’ARN structurées fonctionnelles et de répliquer de courtes
séquences d’ARN (riboPCR), a partir d’un ARN matrice structuré et riche en C.

Les expériences tentant de faire naitre la vie dans un tube a essai et les preuves démontrant
I'nypothese d'un monde a ARN sont de plus en plus nombreuses et fructueuses. Dans

I’hypothése du monde a ARN, il resterait a comprendre I’apparition des premiers nucléotides.

SOMAmers (‘slow off-rate modified aptamers’)

Larry Gold, I’'un des peres du SELEX, a fondé NeXagen (devenue plus tard NeXstar
Pharmaceuticals, avant de fusionner en 1999 avec Gilead Sciences, Inc.), puis, en 2000,
SomalLogic (Boulder, http://www.somalogic.com). SomaLogic® commercialise des essais
SOMAscan® (une technologie de découverte et validation de biomarqueurs) associés aux
SOMAmers® (‘slow off-rate modified aptamers’, spécifiques de protéines).

Les SOMAmers sont des aptameres ADN :

- obtenus de banques modifiées par des dUTPs (Figure 13). Cette modification permet la
sélection de SOMAmers contre des cibles protéiques qualifiées de ‘difficiles’ car la
sélection d’aptameres non modifiés n’avait jamais abouti contre ces cibles. Cette
modification leur confere, en outre, une forte affinité, puisque la plupart des SOMAmMmers
sélectionnés ont des Kp < nM (Gold et al., 2010)

- seélectionnés pour des kort > 30 min. Ce temps de dissociation long permet de détruire
sélectivement les interactions non-spécifiques par compétition avec un large exces de

compeétiteur poly-anionique (sulfate de dextran), et donc d’augmenter leur spécificité
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Figure 13. Nucléotides modifiés (Gold et al., 2010). Analogues de nucléotides triphosphates modifiés
en position 5 (R) de [l'uridine (dUTP): 5-benzylaminocarbonyl-dU (BndU); 5-
naphthylmethylaminocarbonyl-dU  (NapdU):  5-tryptaminocarbonyl-dU  (TrpdU); et 5-
isobutylaminocarbonyl-dU (iBudU).

Le principe du SOMAscan est représenté ci-dessous (Figure 14).

[

Figure 14. Principe du SOMAscan (Gold et al., 2010). A. SOMAmers et échantillons sont mis en
contact dans des plaques de 96 puits. Les interactions moléculaires peuvent avoir lieu. B. Liaison entre
les SOMAmers (en jaune, vert et bleu) et les protéines de I’échantillon (en rouge). Les SOMAmers sont
biotinylés (B), contiennent une liaison photo-clivable (L) et un ‘tag’ fluorescent. Les SOMAmers
représentés en vert et jaune forment des complexes avec leur protéine cible. Le SOMAmer bleu forme
un complexe avec une protéine qui n’est pas sa protéine cible. C. Les SOMAmers sont capturés sur des
billes greffées par des streptavidines (SA). Les protéines non complexées sont lavées. D. Les protéines
sont ‘taggées’ avec un groupement biotine-NHS (B). E. Le lien (L) est clivé sous UV, et les SOMAmers
sont libérés des billes de streptavidine. Un compétiteur anionique (sulfate de dextran) est ajouté pour
dissocier les complexes de faibles Kp (ici le complexe avec le SOMAmer bleu). F. Les complexes
protéines-SOMAmers restant sont capturés sur les billes greffées par des avidines. Les SOMAmMers non
complexés sont lavés. G. Les SOMAmers sont dissociés des complexes a pH élevé. H. Les SOMAmers
restant sont quantifiés par hybridation (microarray) a des sondes d’ADN simple brin complémentaires
aux seéquences des SOMAmers. La double hélice ainsi formée est détectée par le tag fluorescent.

A T’heure actuelle, les SOMAmers permettent de détecter et quantifier environ 4000
protéines humaines a partir de petits volumes (15 ul) d’échantillons biologiques humains tels
gue sang, urine, tissus... Une grande étude de recherche de biomarqueurs, a partir de matrices
saines ou malades (maladies cardiaques, Alzheimer, myopathie de Duchenne, plusieurs

cancers, régimes divers...) est en cours a Somal.ogic.

99



Associé a I’Université d’Oxford (GB) depuis aolt 2016, SomaLogic a comme objectif de
surveiller la santé d’un individu dans le temps en mesurant les modifications de la composition
protéique d’échantillons biologiques par le suivi de groupes de marqueurs. Ainsi pourraient étre
détectées rapidement les signatures protéiques de plusieurs maladies. Par exemple, les
biomarqueurs de cancers pourraient étre détectés dans le sang. Il serait également possible de
mesurer I’effet de régimes, I’état physique, la réponse a diverses thérapies... Ces analyses
permettraient, d’aprés Larry Gold, a chaque individu, de surveiller son état de santé dans le
temps et donc d’améliorer sa qualité de vie, pour un colt estimé¢ a 100 $/ année et un test

éventuellement réalisé a la maison a partir d’une goutte de sang.
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A6. Aptameres ciblant des biomarqueurs cellulaires

Revue 2

Les protéines membranaires représentent environ 30% des protéines codées par le génome
eukaryote (Fry, & Clemons., 2018). Elles sont les acteurs primaires de communication entre les
cellules et leur environnement externe. Les interactions entre ces protéines et leurs ligands
conditionnent la réponse cellulaire via différentes voies de signalisation. Contrairement aux
protéines intracellulaires, les protéines de surface sont trés facilement accessibles a des ligands
extracellulaires. Elles sont donc les cibles privilégiées des molécules thérapeutiques et
diagnostiques. Selon le réseau DT-networks (‘drug target networks’, 60% des médicaments
approuvés par la FDA (‘food and drug administration’) et 40% des molécules en phases

expérimentales ciblent des protéines membranaires (Figure 15).

Target proteins (TP) TP + experimental targets
15% N\ [[] Membrane
o [[] Cytoplasm
494 [ ] Exterior
025 — 2% [[] Organelles
\ 8 "°/x' [[] Nucleus
6% [ ] Unknown

Figure 15. Distribution cellulaire des cibles de molécules approuvées par la FDA et expérimentales
(Yildirim et al., 2007).

Plusieurs aptameres ciblant des biomarqueurs tumoraux de surface cellulaire ont été
identifiés, principalement par ‘cell-SELEX’ et par SELEX classique (‘protein-SELEX”). Nous
les avons récemment décrits dans une revue, ainsi que les avantages et desavantages de ces
deux principales techniques de criblage, les applications des aptameéres et les aptameéres en
phase clinique en oncologie. Cette revue (Mercier et al., 2017) est insérée ci-dessous (Revue
2).

Par rapport au SELEX classique pour lequel la cible est généralement une molécule isolée

(souvent une protéine recombinante), la technique du cell-SELEX consiste a utiliser une cellule
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entiére et vivante en tant que cible. Cette méthode est beaucoup plus proche des conditions in
vivo puisque les cibles sont dans leur forme native et dans leur environnement cellulaire.

La contre-sélection (ou sélection négative) est une étape du SELEX, décrite pour la
premiére fois en 1994 (Jenison et al., 1994). Elle permet de s’affranchir des artéfacts de la
sélection, a savoir les aptameéres non-spécifiques de la cible (par exemple les séquences de la
banque ayant la capacité de se fixer sur un filtre ou & une molécule de la colonne de
chromatographie utilisée pour immobilier la cible, ou a un ‘tag’ de la protéine ciblée...) qui
conduisent a sélectionner des séquences non désirées. Lors de la ou des étape(s) de contre-
sélection, la banque est mise en contact avec 1’¢1ément ou la molécule non-désirée (typiquement
le filtre ou la colonne de chromatographie sans cible, ou le ‘tag’ seul...). Les acides nucléiques
qui ne s’y lient pas sont ensuite récupérés. Les cycles de sélection ‘positive’ sont réalisés de
maniere classique. Les étapes de contre-sélection sont évidemment particuliérement
importantes lors d’un cell-SELEX, bien plus complexe qu’un SELEX classique.

Le terme ‘cell-SELEX’ est un peu ambigu. Il est important de différencier 2 maniéres
différentes de I’appréhender, en fonction du ciblage d’une protéine prédéfinie, on non.

- Lorsque la cible est une cellule, ou plus précisement une lignée cellulaire :

Chaque lignée cellulaire affichant une signature moléculaire qui lui est propre, les aptameres
sélectionnés sont décrits comme étant spécifiques d’une lignée cellulaire donnée. Ainsi des
aptameéres spécifiques des lignées de GBM U87-MG, U251, U118 et A-172 ont été rapportés
(Cerchia et al., 2009 ; Kang et al., 2012 ; Bayrac et al., 2011). A posteriori, la cible spécifique
d’un des aptaméres sélectionné peut étre déterminée par spectroscopie de masse (par exemple
la protéine pigpen a partir de cellules endothéliales de rat YPEN-1, Blank et al., 2001 ou la
tenascine-C, Daniels et al., 2003...).

- Lorsque la sélection vise une cible bien déterminée, généralement une protéine membranaire
ayant une partie extracellulaire accessible, mais aussi d’autres cibles :

Les lignées cellulaires utilisees comme cibles sont généralement modifiées pour sur-exprimer
la protéine d’intérét. Ainsi des aptameéres ciblant le variant I1I du récepteur a I’EGF (‘Epidermal
Growth Factor’), EGFRVIII, ont été sélectionnés sur des cellules U87-MG sur-exprimant cette
protéine. La contre-sélection a été realisée contre les cellules U87-MG ‘wild-type’. Camorani
et al (2014) ont utilisé la lignée cellulaire U87-MG exprimant la protéine PDGFRp. Dans ce
cas, il ne s’agit donc pas d’une lignée cellulaire sur-exprimant la protéine ciblée. Mais la méme
lignée cellulaire, sous-exprimant PDGFR (par extinction de génes) a été utilisée pour la contre-
sélection. D’autres aptameres A1-A6 (Kim et al., 2013) spécifiques de CD133, un biomarqueur

de cellules souches, ont été sélectionnés en utilisant des cellules initiatrices de tumeurs (TIC)
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en tant que cible. L’aptamére TTA1 est un ligand de la tenascine-C. Les cellules U251
expriment cette protéine. Aucune étape de contre-sélection n’a été réalisée. Mais une autre
méthode, nommée ‘cross-over SELEX’, également nommé ‘hybrid-SELEX’, a été appliquée
pour selectionner des ligands specifiques de la tenascine-C. En plus des cycles de cell-SELEX,
quelques cycles de SELEX ‘classique’ sur la protéine purifiée ont été réalisés (Hicke et al.,
2001). Un cross-over SELEX a également éte utilise pour sélectionner un aptaméres ADN
ciblant la sous-unité p4 de I’intégrine a6p4 (Berg et al., 2016).

Beaucoup de protéines membranaires ont été ciblées par des aptameéres, soit par un SELEX
‘classique’ en utilisant des protéines recombinantes comme cible, soit par un cell-SELEX en
déterminant la cible a posteriori (Dua et al., 2011). Un article décrit un cell-SELEX pour lequel
la cible pré-déterminée n’a pourtant pas été la cible des aptaméres sélectionnés. Cibiel et al.
(2014) ont réaliseé un cell-SELEX ciblant la protéine ETgR (‘Endothelin type B receptor’) sur-
exprimée a la surface des cellules CHO-K1. Malgré plusieurs étapes de contre-sélection sur les
cellules CHO-K1, plusieurs aptameres ont été identifiés, mais aucun ne permettait de
discriminer parmi les deux types cellulaires. Une recherche de cible de I’aptameére ACE4 a
posteriori a donc été entreprise. La cible déterminée s’avere étre I’annexin-2, une protéine sur-

exprimée a la surface de plusieurs cellules tumorales.
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Abstract: Aptamers are nucleic acids referred to as chemical antibodies as they bind to their specific
targets with high affinity and selectivity. They are selected via an iterative process known as
‘selective evolution of ligands by exponential enrichment’ (SELEX). Aptamers have been developed
against numerous cancer targets and among them, many tumor cell-membrane protein biomarkers.
The identification of aptamers targeting cell-surface proteins has mainly been performed by two
different strategies: protein- and cell-based SELEX, when the targets used for selection were proteins
and cells, respectively. This review aims to update the literature on aptamers targeting tumor cell
surface protein biomarkers, highlighting potentials, pitfalls of protein- and cell-based selection
processes and applications of such selected molecules. Aptamers as promising agents for diagnosis
and therapeutic approaches in oncology are documented, as well as aptamers in clinical development.

Keywords: aptamer; SELEX; cell-surface biomarker

1. Introduction

Nucleic acid aptamers are single stranded DNA (ssDNA) or RNA molecules. They are selected
through a fully in vitro well-established iterative process known as ‘selective evolution of ligands
by exponential enrichment’ (SELEX) [1-3]. A large library of 1014-10' ssDNA or RNA sequences of
20-50 variable bases is combined with a target, under temperature and buffer conditions dependent
on requirements. During the partitioning step, nucleic acid molecules which bind to the target are
selected while the vast majority of sequences which do not bind are washed away. Binding molecules
are amplified thanks to the fixed primer-binding sequences flanking the variable region, by PCR
or RT-PCR according to the nature of the oligonucleotide, ssDNA or RNA. Double-stranded DNA
molecules are then separated from ssDNA in DNA-SELEX, or in vitro transcribed in RNA-SELEX
by means of a T7-RNA polymerase binding site in the fixed region. The three steps (selection,
partitioning and amplification) constitute a round of SELEX. Negative selection to environmental
elements (usually supports of the SELEX process, like filters, beads ... ) and/or counter selection to
target’s counterparts (like related proteins or cells) is usually performed, either before or after the
positive selection, to eliminate non-specific binding nucleic acids. The rounds of selection are repeated
several times, increasing stringency progressively, until molecules with the desired binding properties
are cloned and sequenced. Those selected oligonucleotides are named aptamers, from the greek aptus
(“to fit”) and the suffix “-mer”. Databases dedicated to aptamers provide information on targets of
specific aptamers, length, molecular weight, extinction coefficient, GC (guanine-cytosine) content,
chemistry, primary sequences, predictive secondary structures, as well as affinities, assay buffers ...
(for example, [4-6]).
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More than 900 aptamers have been generated from SELEX [7] towards a wide range of targets such
as inorganic ions, small organic ligands, amino-acids, nucleotides and derivatives, oligonucleotides,
antibiotics, peptides, proteins, sugars, parasites, virus, cells and tissues; the most common targets
remaining proteins. In oncology, the aptamer field is rapidly expanding. On 3 May 2017, Medline listed
1398 entries for ‘aptamer and cancer’, including 167 reviews, with more than half entries published
in the last 4 years. Deregulation of cell-surface membrane protein expressions and activities are
hallmarks of cancer cells. Receptors that are uniquely expressed, overexpressed or mutated in tumors
are major pharmaceutical targets for therapies in the era of personalized medicine. Advances in
genomic, proteomic, metabolomic techniques led to the discovery of tumor biomarkers including cell
surface receptors (tyrosine kinase receptors, cell adhesion receptors, cell death receptors) [8-10]. A vast
majority of drugs are currently designed to target such proteins/receptors and to inhibit their oncogenic
activities [11]. Recent data emphasized the high inter-and intra-tumoral heterogeneity of histologically
similar tumors, at genomic but also protein levels of relevant targets [12,13]. Failure of clinical trials for
targeted therapies in non-stratified patient populations may be linked to this underappreciated tumor
heterogeneity. Highly specific tools, such as aptamers, may represent molecular probes for labeling the
targets on tumor samples and thus helping to patient stratification. In addition, accessibility of cell
surface receptors for targeting with aptamers will allow not only molecular ima ging but also the direct
delivery of drugs to relevant cancer cells [14].

The success of a SELEX process relates to the identification of aptamers of high affinities and
specificities for their targets. Identification of aptamers is more complex for cell-surface proteins which
activities depend on their conformation and on their cellular environment than for non-amphipatic
molecules. To target cell surface biomarkers, it can therefore be important when possible to choose
selection conditions and processes mimicking as far as possible the targets natural environment. This
review will thus focus on the main selection strategies which have been used to identify aptamers to
tumor cell-surface proteins, highlighting differences, success, and limitations of the SELEX processes.
Tumor cell-surface biomarkers used as targets for SELEX are listed in Table 1. This review includes three
more tables describing characteristics and applications of aptamers identified by protein- and cell-based
SELEX, for which targets are proteins and cells, respectively. For cell-based SELEX, a distinction has
been made between pre- and post-identified targets. Powerful potential applications of aptamers
as diagnostic and therapeutic agents in the field of oncology will be briefly discussed and recent
developments of the few aptamers already in clinical trials in oncology described.

Table 1. Major functions of biomarkers cited in this review.

Biomarker Major Functions of Biomarker in Cancer

Cell-adhesion molecules

EpCam is a pleiotropic molecule able to promote and prevent epithelial cell-cell adhesion.
Epithelial cell adhesion Induces proliferation, up-regulates proto-oncogene (c-mye, cyclins A /E) and is involved in
molecule-EpCAM (CD326) migration, proliferation, differentiation and metastasis. Circulating tumor cell marker
Implicated in self-renewal of stem cells
arﬁzﬁ:}gﬁ;;bgggge) Implicated in cell adhesion, anoikis resistance, promotion of metastasis
Essential for endothelial cell survival. Involved in cell growth and migration, tumor invasion,

I rin avp3 - 3 2
ntegrin ovf metastasis and angiogenesis

Integrin a6p4 Implicated in tumor cell growth, invasion and metastasis
Integrin av Endothelial adhesion receptor. Implicated in angiogenesis
Integrin a4 Prognostic marker in lymphocytic leukemia

Implicated in tumor cell adhesion to vascular endothelium, migration, proliferation of cancer
cells and step of metastasis formation

Roles in cell adhesion and in initiation of cell-cell interaction in vasculature system. Initiates
events leading to leukocyte extravasations for the blood. Biomarker of naive T cells

E-and P-Selectin

L-Selectin
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Table 1. Cont.

Biomarker

Major Functions of Biomarker in Cancer

Tyrosine kinase receptors

EGFR

EGFRVII
PDGER B
HER-2
HER-3
c-MET
Receptor tyrosine kinase-RETC634Y
Neurotrophin receptor TrkB

TGEFR III receptor
Protein Tyrosine Kinase 7-PTK7
Insulin Receptor

Axl

EGFR is a receptor tyrosine kinase expressed at the surface of cell. Involved in proliferation,
invasion, angiogenesis and metastasis. Associated with poor prognosis

The most common form of EGFR mutation. Associated with poor survival of patients.
Promotes tumor cell motility

Cell surface tyrosine kinase receptor. Implicated in proliferation, migration and angiogenesis
Belongs to ErbB family (EGFR, ErbB2). Implicated in formation, progression of human tumor,
aggressiveness and resistance to therapy. Implicated in poor prognosis

Member of the receptor tyrosine kinase. Contributes to increased drug resistance in HER2 cells
Receptor tyrosine kinase involved in development and progression of cancer. Induces cell
proliferation, cell survival, cell motility and invasion

Mutated form of RET (proto-oncogene)

Cancer cell resistance to chemotherapy. Promotes growth of cancer cells. Implicated in cell
proliferation, differentiation, survival, and invasion

Role in signal transduction. Role in disease is poorly understood but correlates with higher
tumor grade

Biomarker for leukemia

Receptor tyrosine kinase. Implicated in activation of MAPK/ERK and PI3K/AKT pathways
Implicated in cancer development and progression

Belongs to TAM family of tyrosine kinase receptors. Implicated in invasiveness and metastasis

Cell membrane-associated enzyme

Prostate specific membrane
antigen-PSMA

Prostate tumor cell marker

Mucines

MUC-1

Cell surface mucin glycoprotein

Tumor necrosis factor receptor (TNF-R) and co-stimulatory receptors

T-cell receptor OX40

T-cell receptor 4-1BB
Receptor activator of
NF-«B-RANK
CD28

Member of TNF family receptors. Co-stimulatory receptor on CD4+ T cells. Increases immune
response to cancer and foreign entities. Implicated in exacerbating effects of inflammation
through the increased cytokine production (IL2) and in cell survival of CD4+ OX40+ T cells
Co-stimulatory receptor implicated in survival and expansion of activated T cells

NFKB is a member of the tumor necrosis factor (TNF) receptor family. Implicated in osteoclast
differentiation and in focal bone erosion and bone malignancies

Co-stimulatory receptor implicated in activation of T lymphocytes

Surface transmembrane glycoproteins

CD133
CD30 TNFRSF8

Cancer stem cells marker
Hematological malignancies biomarker

Others

Cytotoxic T cell antigen-4-CTLA-4
B-cell-activating factor
(BAFF)-receptor (BAFF-R)
CD124 (IL-4Rc)

VCAM-1
Toll-like receptor 3 ectodomain
hyaluronic acid (HA) binding
domain of CD44
Angiopoietin-1
Angiopoietin-2
CD71

Multidrug resistant-associated
protein 1-MRP1

CD160o

Alkaline phosphatase
placental-like 2-ALPPL-2

Nucleolin

Immunoglobulin heavy mu chain

Receptor expressed on activated T cells. Reduction in T-cell responses and activation
BAFF is a member of the tumor necrosis factor (TNF) family cytokines. BAFF receptor is
expressed on B-cells. Implicated in proliferation, maturation and cell survival of cancer B cells

.Implicated in survival and in suppressor activity of myeloid derived suppressor cells

Member of the immunoglobulin-like super family. Implicated in recruitment of immune cells
to inflammation sites

Implicated in the production of INF-f and inflammatory cytokine

Belongs to the proteoglycan family of transmembrane glycoproteins. Receptor for hyaluronic
acid. Role in tumor growth and metastasis. Marker for subpopulations of tumor initiating cells
and implicated in chemo resistance

Promotes endothelial cell survival and vascular impermeability. Prevents increase in
endothelial cell adhesion molecule expression

Potentialisation of proangiogenic growth factors

Responsible for cellular iron transport. Rapidly proliferative cells require more iron.
Cofactor for enzyme involved in DNA synthesis of proliferative cells

MRP1 correlates with chemotherapy drug resistance. Expressed in cancer stem cells

Implicated in antibody dependent cellular cytotoxicity and recruitment of NK cells. NK cells
are important for suppressing tumor metastasis and outgrowth

Implicated in cell growth and invasion. Ectopically expressed on cell surface and in cell
secretion

Multifunctional protein interacting with DNA and RNA. Involved in rRNA maturation,
ribosome assembly and exportation of ribosome components to the cytoplasm

Role in mRNA stabilization (example: role in stabilization of bcl-2 mRNA in human leukemia).
Overexpressed on the surface of certain cancer cells

Major component of the B-cell antigen receptor in Burkitt-s lymphoma cells

Implicated in transforming healthy cells and in cancer progression
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2. Generalities on Aptamers

Owing to their three-dimensional conformation and the strong shape complementarity between
aptamers and their targets, aptamers are known to recognize their specific target with high affinity
and selectivity. Analogous to antibodies in their range of target recognition and variety of applications,
they are referred as ‘chemical antibodies’ [15]. Aptamers though possess several advantages
over antibodies: Temperature stability, self-refolding, easy production, and presumably lack of
immunogenicity/toxicity ... Due to their molecular weight, which is comprised between 10 and
30 Da, aptamers penetrate tissues faster and more efficiently than the 150 kDa antibodies [16].
Aptamers are chemically synthetized, rapidly, at reasonable cost, with no or low variation from
batch to batch, and independently of any biological systems. Risks of viral and bacterial contamination
are thus eliminated. Aptamers are thermally stable. Denatured at 95 °C, they refold into their correct
three-dimensional conformation when cooled down to room temperature. To date, aptamers have
never elicited toxicity in therapeutic applications.

RNA aptamers fold into more diverse three-dimensional structures than ssDNA aptamers, because
of their 2’-hydroxyl (2-OH) group on ribose and the non-Watson-Crick base pairing. The chemical
production of ssDNA aptamers is easier and cheaper than RNA aptamers. But the preparation of
ssDNA molecules during the SELEX process is more challenging than RNAs [17,18]. Nucleic aptamers
suffer from two major disadvantages: their nuclease sensitivity, especially for RNA aptamers that
can be cleared from the circulation within minutes or seconds [19], which limits their development as
pharmaceuticals. Further, the chemical diversity of a 4 nucleotides based DNA and RNA library may
be limited compared to that of a 20 amino acids based library. Developments allowed overcoming
these weaknesses. The 2/-OH group is the naturally occurring cleavage site prone to nucleophilic
attack. Typical modifications that can be inserted during the SELEX process include masking the
nuclease-sensitive 2’OH group by replacing it with 2/fluoro (2'-F) or 2’-amino (2'-NH2). Such modified
pyrimidines are incorporated via an efficient engineered mutant T7 RNA polymerase [20]. Other
modified nucleotides can also be incorporated in SELEX libraries like 2'-O-methyl nucleotides,
locked nucleic acid (LNA), hexitol nucleic acid (HNA) [21-25]. Modifications, if they do not
alter much specificity and target binding properties of aptamers, can be introduced post-selection.
Those modifications include 2/-F, 2’-NH2, 2'-thio (2/-SH), 2’-azido (2/-N3), 2’-hydroxymethyl
(2/-CH,OH) or 2'-methoxy (2'-O-Me) groups, LNA [26]. Synthetic nucleic acids, named xeno
nucleic acids (XNA), increase the resistance and also the diversity of such modified aptamers [27,28].
Gold et al. [29] demonstrated that the success rate of a conventional SELEX on difficult proteins is
lower than 30% and improved this rate up to 84%, by the incorporation of four modified nucleotide
triphosphate analogs: 5-benzylaminocarbonyl-dU(BndU), 5-naphthylmethylaminocarbonyl-dU
(NapdU), 5- tryptaminocarbonyl-dU (TrpdU), and 5-isobutylaminocarbonyl-dU (iBudU). The idea
was to expand the chemical diversity of aptamers by adding functional groups that mimic amino acid
side chains [30]. These modifications enhance protein binding through direct hydrophobic contacts
with the target protein, resulting in increased binding affinities and slower complex dissociation rates
compared to unmodified aptamers. So called Slow Off-rate Modified Aptamers (SOMAmers), are
developed by the SomaLogic Company (Boulder, CO, USA) to currently more than 1300 proteins.
SOMAmers are used in SOMAscan™ assay, a highly sensitive proteomic tool for discovering and
validation of biomarkers. Capping aptamers with inverted nucleotides is another alternative to reduce
exonuclease degradation [31]. The native phosphodiester backbone of nucleotides can also be modified
with boranophosphate or phosphorothioates [32-34]. The company NOXXON Pharma AG (Berlin,
Germany) takes advantage of spiegelmers (‘spiegel’ means ‘mirror” in German) to prevent enzymatic
degradation in biological fluids [19,35]. Spiegelmers are artificial RNA-like molecules built from
L-ribose units, images of natural D-units, highly resistant to nuclease degradation and much more
stable in vivo, with lifetimes greater than 60 hours in plasma. The SELEX is performed with D-RNA
libraries combined with mirror images of peptides or small proteins artificially synthesized with
D-aminoacids. Once aptamers are identified, they are converted to stable L-RNAs and they bind to the
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natural L-form of peptide or protein targets with equally high affinities. Three spiegelmers are actually
in clinical trials, of which one in oncology (described in Section 5). This process is however limited to
artificially synthesized targets. To increase their size, consequently reducing their systemic clearance
and prolonging their in vivo half-lives, ssDNA and RNA aptamers are often coupled to bulky groups,
such as poly (D,L-lactic-co-glycolic acid) (PLGA), poly ethylene glycol (PEG), liposomes, steptavidin
or cholesterol [36—41].

3. Protein- and Cell-Based SELEX Processes

Different SELEX processes have been developed for the selection of aptamers targeting tumor
cell-surface protein biomarkers. Figure 1 illustrates the classical protein- and cell-based SELEX
procedures, the two main methods that are used to identify aptamers to tumor cell-surface biomarkers
for which targets are proteins and cells, respectively.

a. b.
library library
counter counter
selection @O O selection @O O
(OX6) O OO
@ o Q.® aptamer © Q0 aptamer
000 ) 0 0% o
’ PPN r
ol sequencing Q s /p sequencing
‘Of g ne‘éatl\iq "']i
o { cell Ji¢
00 &S o©®
® O \ "ty ,.,-,‘""“'F ® o
gy, o [ gy, ®
¢ n oW A A
® 0O \, r ounds ampli;icatlon | ® O \ \rounds o ampllj;catlon
000 it o | 060 )
unbound O bound i unboun O bound
fraction o O fraction fraction ﬁp /' fraction
©) partitioning ~ ‘ partltloning
positive ﬂ) «q positive é f“ (®) e
selection Ounbound selection ’f P°5't'VE ?e"{ Ounbound
fraction i) fraction

Figure 1. Cont.
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Figure 1. Scheme of protein- and cell-based SELEX processes. Briefly, the process of SELEX involves
first a selection step: the nucleic acid library is incubated with a target (positive selection), which can
be preceded or followed by a counter selection phase to remove non-specific nucleic acid molecules.
During the partitioning step, bound and unbound fractions are separated. The bound fraction is
amplified to obtain an enriched pool for next round of selection. This process is repeated for n rounds
until the pool is enriched for sequences that specifically bind the target. These nucleic acid molecules are
cloned and sequenced. Individual sequences are aptamers. (a) Protein-based SELEX. The pre-identified
purified protein used as target for the protein-based SELEX is colored in red. (b) Cell-based SELEX on
a pre-identified tumor cell-surface biomarker colored in red. (c) Cell-based SELEX on a post-identified
tumor cell-surface biomarker. The target, identified at the end of the SELEX process, is colored in
red. (d) Cell-based SELEX to a tumor cell type. In this case, no particular cell-surface biomarkers are
identified and aptamers are specific to the cell’s molecular signature. The whole cell used for positive
selection is colored in red.

3.1. Aptamers Selected by Protein-Based SELEX

Protein SELEX is the simplest form of SELEX process (Figure la). Table 2 provides an
inventory of most of tumor cell-surface protein biomarkers selected by protein-SELEX. Aptamers
selected by protein-based SELEX have been reported for cell-adhesion molecules, tyrosine kinase
receptors, cell membrane-associated enzymes, mucins, T-cell receptors, co-stimulator receptors, surface
transmembrane glycoproteins ... Some of the biomarkers have been subjects to different SELEX
procedures, like integrin av33, MUC-1, L-selectin and CD44 and the tyrosine kinase receptors EGFR,
HER-2, and c-Met. Many factors varied, like the nature and the number of random nucleotides of the
library, the separation procedures, the numbers of selection rounds. All of these selection procedures
lead to aptamers of high affinities for their targets, usually in the low nanomolar range.
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Cell surface proteins used as targets for protein-based SELEX are either full-length or truncated
versions of full length proteins, generally recombinant ectodomains coupled to tags (His-tags, Fc
fragments of antibody or GST), facilitating purification and selection by affinity. Peptides can also be
used as targets. In that case, the advantages linked to the exact knowledge of the aptatope, and to
the facility of production of large amounts of targets can be offset by the limitations of these peptides
as protein mimics. Cell-surface proteins are amphipatic membrane proteins, and therefore not easily
extracted from the lipidic membrane, purified and solubilized. Even though membrane proteins can
be purified and solubilized, large amount of proteins are needed for a whole protein-SELEX procedure.
Further, full-length membrane proteins or ectodomains, expressed in prokaryotic or lower eukaryotic
systems, may lack or have different post-translational modifications (phosphorylation, glycosylation,
ubiquitination, methylation, myristoylation, acetylation ... ). For example, the 2’F-RNA aptamer E21,
elicited against the EGFRVIII ectodomain produced in bacteria, did not bind to the native protein
expressed from eucaryotic cells because glycosylation, a post-translational modification present only
in eukaryotic systems, significantly alters the structure of the target protein [58].

Some of the biomarkers have been subjects to different SELEX, like MUC-1, that allowed
comparison between aptamers targeting proteins and peptides mimics of proteins. For example,
Ferreira et al. [68] selected ssDNA aptamers targeting two peptides of the native MUCI. They used
the 9-amino-acid immune-dominant antibody-binding epitope APDTRPAPG which contains only part
of the variable tandem repeat region of MUC-1, as well as a larger peptide (60 amino acids long) which
comprised three complete tandem repeats of the MUCT1 region. From a preceding experience with an
antibody binding to MUC1, the short peptide was weakly binding to the antibody compared to longer
peptides, possibly due to increased flexibility resulting in higher entropic cost [86]. The two SELEX on
the two peptides of different lengths resulted in identical aptamer sequences with affinities as low as
0.1 nM. Moreover, aptamers selected on the short peptide have been shown to successfully recognize
and bind to the native MUCT at the surface of the MCF7 breast cancer cell line. In comparison, the same
group has selected aptamers to the MUC-1 protein with higher Kp (47-85 nM) than those obtained for
aptamers to peptides, which might be due to an unstructured MUC-1 protein [69].

Overall, the main disadvantage of protein SELEX is that purified and solubilized membrane
proteins, recombinant proteins and peptides may not adopt the same state (in terms of lengths,
conformation, post-translational modifications ... ), than the cell-surface biomarker in its endogenous
environment. Thus, some aptamers selected against purified membrane proteins failed to recognize
their targets in whole cells [58,78], limiting their use for medical applications [87]. Moreover,
some biomarkers like receptors require co-receptors for proper folding, that prevents the use of
protein-SELEX. Other processes, like cell-based SELEX using whole living cells as targets may overcome
these limitations.

3.2. Aptamers Selected by Cell-Based SELEX

The general process of cell-SELEX is shown in Figure 1b—d. In cell-based SELEX, the target of the
selection is embedded in its native environment in cells. PubMed indicates 829 entries with ‘cell SELEX
of which more than 1/3 are on ‘cancer and cell SELEX’. There has been growing developments
in cell-SELEX these last years. Recent reviews detail advances in aptamer selection technology,
particularly the high-throughput next-generation sequencing and bioinformatics [88], the cell-SELEX
process [89], the evolution of complex target SELEX [90]. For example, FACS (Fluorescence activated
cell sorting) SELEX aims at removing, from the cell suspension, dead cells which could have an
impact on the selection [91-93]. In Internalized cell-SELEX, aptamers are selected on their ability to
bind to cell-surface target and to internalize in the cell [94-100]. Nucleic acid sequences which do
not internalize are eliminated. To best mimic the natural environment of targets, Souza et al. [101]
developed 3D cell-SELEX, in which aptamers are selected on spheroid cells in 3D cell culture by
magnetic levitation method to mimic the tissue microenvironment in vitro.
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3.2.1. Cell-Based SELEX to Identify Aptamers to Tumor Cell-Surface Protein Biomarkers

Depending on the objective, knowledge of the target identity prior to selection can be useful,
or not. Therefore, different strategies can be distinguished:

Pre-Identified Tumor Cell-Surface Biomarkers

When the objective of a cell-based SELEX is the identification of aptamers to a clearly identified
cell-surface biomarker (Figure 1b), the SELEX procedure is sometimes termed TECS-SELEX for
‘target expressed on cell surface-SELEX’ [102]. In Table 3, selections by cell-based SELEX realized
on pre-identified tumor cell-surface biomarkers are described. Many identical tumor biomarkers,
in particular tyrosine kinase receptors, EpPCAM and integrins, were used as pre-identified targets for
protein-and cell-based SELEX (Tables 2 and 3). As an example of solid tumor targeted by cell-based
SELEX, Delac et al. [103] reviewed aptamers designed to target glioblastoma cells. Some of the key
cell surface molecules that have been identified as glioblastoma biomarkers (transferrin receptor,
avf33 integrin, EGFR, EGFRVIII) [104], have already been targets of protein-and/or cell-based SELEX
(Tables 2 and 3).

Different procedures have been developed to direct the recognition of the target by the aptamer.
For example, ligand-guided selection (LIGS) SELEX guides the selection to a specific epitope of a
known cell-surface target. Zumrut et al. [105,106] used antibodies as secondary ligands to elute
specific aptamers. The antibody interacts with its cognate antigen to outcompete aptamers specific
for a pre-determined cell-surface receptor and replace specific aptamers from an enriched SELEX
pool. Immunoprecipitation (IP) SELEX is an approach combining cell-SELEX and protein-nucleic acid
immunoprecipitation to ensure that aptamers bind to a pre-identified target [7,107]. Hybrid-SELEX,
also called cross-over SELEX, is a combinatorial approach to guide selection towards a pre-identified
target. Usually, the first rounds of selection are realized on cells which express the target by
cell-SELEX, and then rounds of selection are realized on the same version of the target in its purified
form by protein-based SELEX. A reverse hybrid-SELEX combines first protein-SELEX followed
by cell-SELEX. Hybrid-or reverse hybrid-SELEX have been used to isolate aptamers targeting the
RET“3Y mutant receptor tyrosine kinase overexpressed in PC12 cells [108], the HER-2 tyrosine kinase
receptor expressed in SKOV3 ovarian cancer cells [109], CD16x on Jurkat cells overexpressing CD16
alloforms [64], integrin a6p4 on PC-3 cells [110], the transferrin receptor CD71 expressed in HeLa
cells [94]. In this last example, a combination of protein-SELEX and cell-internalized SELEX was
realised. Soldevilla et al. [111] used another variant of reverse hybrid-SELEX, combining cell-SELEX to
peptide-SELEX. Ten rounds of selection were first realized by peptide-SELEX, followed by one round
of cell-SELEX on a chemotherapy-resistant tumor cell line that highly express MRP1 (H69AR).

Cell-based SELEX involves positive selection to collect aptamers that interact specifically with the
target cells and usually counter selection to eliminate nonspecific nucleic acid sequences binding to
negative cells. Different human tumor cell lines have been used for positive selection: glioblastoma
(U251, US7MG), breast carcinoma (SKBR-3, N202.1), ovarian cancer (SKOV3), gastric cancer (N87), lung
carcinoma (A549, H69), lymphoma (Jurkat, K299T), liver cancer (HepG2), prostate adenocarcinoma
(PC-3), cervical cancer (HeLa). The PC12 cell line derived from pheochromocytoma of the rat adrenal
medulla has also been used, as well as other non-tumoral cells lines, like Chinese hamster ovary
(CHO), Human embryonic kidney (HEK) cells. The choice of the couple of cells used for positive- and
counter-selections is of great importance for cell-based SELEX on pre-identified cell-surface protein.
The two cell type should display a high difference in target expression levels, so that aptamers interact
specifically with the target on positive cells and does not interact with cells used for counter-selection
which does not display or displays lower levels of the target protein. For positive selection, the
pre-identified target can be naturally expressed or over-expressed at the surface of the cell line. Cells
used for counter selection are chosen in light of positive cells. In the literature, cell lines used for
counter selection were:
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(i) isogenic to cells used for positive selection. Most of the cell-based SELEX process used cells
overexpressing the target of interest for the positive selection, and the parental cell line for counter
selection (Table 3). As an example over many others, a cell-based SELEX was realized on Chinese
hamster ovary (CHO)-K1 cells ectopically expressing human transforming growth factor- type 111
receptor while CHO-K1 cells were used for counter selection [102]. In two examples described in
Table 3, both on integrins, cells used for counter-selection were under-expressing the target. In the first
example, the parental isogenic cell lines are used for the positive selection. Berg et al. [110] used this
strategy to select an ssDNA aptamer specific for 634 integrin in its native state. Five rounds of positive
cell selection were realized on PC-3 cells. PC-3 34 integrin (ITGB4) knockdown cells were used in a
preselection step to deplete aptamers specific for cell surface marker other than 34 sub-unit. However,
the counter-selection strategy was found to be insufficient. And seven more rounds of protein-SELEX
were performed on a recombinant a6p4 protein to select for x6B4-specific aptamers. In the second
example, HEK293 cells lines are used. For positive selection, HEK293 cells were manipulated to
generate positive av selection cells by overexpressing ITGAV. For counter selection, the same cell line
was depleted in ITGAV with microRNA-mediated silencing. Takahashi et al. [112] named this strategy
Icell-SELEX for isogenic cell SELEX.

(ii) unrelated to cells used for positive selection. Two studies [113,114] related the use for positive
selection of the breast cancer cell line SK-BR3 modified to overexpress HER-2. For counter-selection, the
human breast cell types MDA-MB-231 and MDA-MB-468, respectively underexpressing and negative
for HER-2 were used. Twelve and sixteen rounds of selection were performed to select RNA- [113]
and ssDNA- [114] aptamers. According to Dastjerdi et al. [114], the use of the HER2 underexpressing
cell line (MDA-MB-231) in Kang et al’s study [113], instead of a HER2-negative cell line may have
compromised counter selection. A hybrid-SELEX strategy was used to get aptamers to the surface
transmembrane glycoprotein CD30 [115]. For the cell-SELEX, lymphoma cells K299T and Jurkat cells
were used for positive and counter-selection, respectively.

(iv) inexistent or not documented [116]. ssDNA aptamers to HER-2 have recently been selected
through a hybrid-SELEX [109], combining 8 rounds a protein-SELEX using the His-tagged extracellular
domain of HER-2 and 7 rounds of cell-SELEX on HER-2 over-expressed in SKOV3 cancer cells.
Human serum albumin was used for negative screening in protein-SELEX and added to ssDNA
pools during cell-SELEX, but no cells were used for counter-selection. Post-selection, HER2-negative
MCF7, MDA-MB-435 and MDA-MB-231 cells were used to test the specificity of aptamers. Seven
aptamer candidates from hybrid-SELEX were radiolabeled with '8F and further screened in vivo by
PET imaging in a SKOV3 tumor model. Two aptamers, Heraptamer-1 and-2 which had relatively high
tumor uptake ratios, are promising ligands for HER-2 imaging in cancer. A similar approach was used
by Wilner et al. [94]. Four rounds of protein-SELEX were performed using the His-tagged recombinant
transferring receptor CD71 (TfR) as target, followed by 1 round of cell-SELEX on HeLa cells, a human
cervical cancer cell line known to express TfR. Following the first round, a negative selection step was
performed in which the library was pre-incubated with Ni-NTA agarose prior to the positive selection.
But the cell-SELEX procedure did not include counter-selection steps.
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Post-Identified Tumor Cell-Surface Biomarkers—Discovery of Tumor Biomarkers

Aptamers are valuable tools to isolate tumor-specific biomarkers [122-124], as cell-based SELEX can
also be used to identify targets after the selection (Figure 1c). The idea is first to select and identify aptamers
specific for a tumor cell type, and then to use these high-affinity aptamers as probes to identify their
cell-surface targets. These cell-surface targets, specific for tumor cells under study, are identified as (new)
biomarkers. The main challenge is the identification of the protein target, usually by affinity purification
followed by mass-spectrometry. The first post cell-SELEX identification of a tumor biomarker was realized
in 2003 by Daniels et al. [125]. The U251 glioblastoma cell line was used as target for positive selection.
Counter selection rounds were not included in SELEX. Twenty-one rounds of cell-SELEX using a 34
nucleotide long random library of ssDNA were performed to select aptamer GBI-10, shown to be the ligand
for Tenascin-C, which is not a cell-surface receptor, but an extracellular matrix protein. Table 4 presents
some (certainly not all) tumor cell-surface protein biomarkers which have been identified post-SELEX.

The ssDNA aptamer AS1411 in clinical trials as a novel treatment for cancer is original compared
to all other aptamers cited in this review, as its discovery does not result from a SELEX approach. It is
referred as an aptamer as its activity arises from binding to a specific target via shape-specific recognition.
Briefly, Bates et al. [84], in the late 1990’s, tested G-rich oligonucleotides (GRO) in a variety of cell lines and
showed that they had unexpected anti-proliferative effect. AS1411 is a 26-nucleotide GRO, which forms
quadruplex. It blocks the activation of secondary targets (NF-«B, and B-cell lymphoma 2, BCL2), sensitizes
tumor cells to chemotherapy, has direct anti-proliferative effects in vitro, is efficiently internalized even
at nanomolar doses ... [126,127]. Later, aptamer AS1411 was found to target nucleolin [127,128],
a multifunctional protein that was first considered to be nucleolar. Nucleolin was found to be highly
expressed by cancer cells, intracellularly but also at the cell surface. A recent review described uses and
mechanisms of the G-quadruplex oligonucleotide AS1411 as a targeting agent [129].

Table 4. Aptamers Selected by Cell-Based SELEX on Post-Identified Tumor Cell-Surface Biomarkers.

Biomarker Aptamer Library Applications References

Induces EGFR-mediated signal pathways causing selective cell death
Inhibits tumor growth in vivo
EGFR 2'F-RNA Combined cetuximab-aptamer treatment shows clear synergy in [130]
inducing apoptosis in vitro and in vivo
Potential application: translational therapy

Inhibition of receptor signaling and of glioblastoma-derived tumor
growth

/E-
FDGEES s Inhibition of cell migration and proliferation 9
Induction of differentiation

Alkaline phosphatase 2'F-RNA Targets ALPPL-2 in both membrane bound and secretary forms [131]

placental-like 2-ALPPL-2 Potential applications: diagnosis, imaging and therapy
g 2:d miegun DNA Potential application: therapeutic intervention [132]
CD44/CD24 DNA Potential applications: dlsruthon'of therz??euhc resistance, invasion [133]

and angiogenesis

CD44 DNA Potential applications: cancer detection, imaging and drug delivery [134]
Sxate ';)-/[r’c_)rslzr;e N DNA Potential application: drug delivery [135]

Inhibition of IR signaling
Insulin Receptor 2'-fluoro RNA Reduction of cell viability [136]
Potential applications: targeted therapies

o 7 Interferes with cell migration and invasion
Axl 2'F-RNA Inhibition of spheroid formation and cell transformation [137]
Inhibition of tumor growth

Interferes with multiple biological activities in tumor cells [84,127-129]

J ooli J
Ruclealin DINA Induction of apoptosis via down-regulation of bel-2 proteins
Role in identification of cell membrane receptor with increased
Immunoglobulin heavy DNA expression levels (]

mu chain Potential applications: early diagnosis, targeted therapy and
mechanistic studies
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Berezovski et al. [139] described a technology for biomarker discovery, named aptamer-facilitated
biomarker discovery (AptaBiD). It involves working with pool of aptamers rather than individual
sequences. It is based on three steps: (i) cel-SELEX is performed to select ssDNA aptamers to biomarkers
differentially expressed at the cell surfaces; (ii) a pool of biotinylated aptamers is used to isolate biomarkers
from the cells, and then (iii) biomarkers are identified. AptaBiD was used to discover previously unknown
surface biomarkers that distinguish live mature and immature dendritic cells [139] and to select DNA
aptamers on lung adenocarcinoma cells derived from post-operative tissues [140].

Undetermined Targets

By cell-based SELEX process, aptamers have also been selected for tumor cell types (Figure 1d),
without pre- or post-identification of targets. In this respect, aptamers are specific to the molecular
signature of a tumor cell type. Such cell-based SELEX have been performed on several tumor cells,
including breast cancer cells [141], colorectal cancer cells [142], small-cell lung cancer [143,144],
non-small cell lung cancer [145], liver cancer cells [146], leukemia cells [147,148], gastric cancer
cells [149], pancreatic ductal adenocarcinoma cells [150], prostate cancer cells [101], metastatic
cells [151,152], and tumor initiating cells [153]. For example, ].N. Rich’s team [153], identified tumor
initiating cell (TIC) specific ssDNA aptamers. They used a cell-based SELEX approach with positive
selection for CD133(+) TICs and counter selection for CD133(-) non-TICs both from human GBM
xenografts in mice. In addition, counter selection was also made on human non-tumoral neural
progenitor cells. Selected aptamers specifically bound to TICs with dissociation constants (Kp) in the
low nanomolar range. These aptamers internalized into glioblastoma TICs that self-renew, proliferate,
and initiate tumors.

3.2.2. Advantages and Limitations of Cell-Based SELEX

Aptamer binding is dependent on the target conformation which is conditioned by its
environment. Full-length purified recombinant proteins, ectodomains or peptidic fragments of
proteins used in protein-based SELEX may not be relevant targets if they have to be used in clinical
developments. In cell-based SELEX, cell-surface targets post-translationally processed are in their
endogenous environment, as close as possible to their natural distributions and conformations.
Cell-based SELEX does not necessitate the production and purification steps usually required for
protein-based SELEX and therefore the method may be useful to target proteins difficult to be produced
and/or purified. Moreover, aptamers can be selected without prior knowledge of cell-surface targets.
In that case, the aptamer acts as a bait to identify its target, which can be a new tumor protein biomarker.

But cell-based SELEX is a complex process, much more difficult than protein-based SELEX [122].
Cells lines need to be available, cultivable and stable. Aptamers might be difficult to generate for less
expressed target proteins on cells. For most of the tumor cell-based selections described in this review,
SELEX required modifications of cell lines, like over- and/or under-expression of the cell-surface
protein target for selection and/or counter-selection. Over- or under-expression of a protein might
deregulate expression of other proteins. This can trigger modifications to the cell line that might
not represent anymore the disease cellular context. It is commonly admitted that more rounds of
positive selection are performed in cell-SELEX compared to protein-SELEX and more rounds of counter
selection are required to improve the selectivity of aptamers.

Post-SELEX characterization of the target is often required to check if the predetermined target
is the ‘real’ target of selected aptamers, or to identify the target if it has not been identified prior
selection. Selected aptamers are used as bait, a posteriori, to purify and then to identify their targets.
Briefly, biotinylated-aptamers are used to retain whole live cells on streptavidin beads. The cell lysate
is then loaded on a SDS-PAGE gel. After electrophoresis and silver staining, proteins that have a
higher intensity than controls (extracted proteins with empty beads and extracted proteins with a
scrambled nucleic acid sequence) are extracted from the gel and analyzed by nano-LC-MS/MS mass
spectroscopy [132,154]. Aptamer-mediated target identification is not an easy process, due to the
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inherent properties of lipid embedded proteins (hydrophobicity, poor solubility, resistance to digestion
... ), even though significant advances have occurred to address these challenges [155].

Other methods, indirect compared to the method described above, have been used to identify a
protein target post-cell-based SELEX. For example, Esposito et al. [130] used different techniques to
characterize an aptamer’s target. They realized a whole-cell-based SELEX strategy on human NSCLC
to select 2-fluoro RNA aptamers, which distinguish A549 cells (used for positive selection) from
H460 cells (used for counter selection). The best candidate, CL4, was used to identify functional
targets using a phospho-RTK array analysis, which provided convincing evidence that the target
could likely be EGFR and/or ErbB3. To definitively identify the target, authors performed first a filter
binding analysis with the soluble extracellular domains of EGFR and ErbB3, which showed a strong
affinity for the EGFR protein (in its monomeric and dimeric forms), while no binding was observed
for the ErbB3 protein. Binding of the radiolabeled CL4 aptamer to EGFR was confirmed on NIH3T3
cells overexpressing EGFR and compared to NIH3T3 cells. Binding to A549 cells was decreased by
interfering with EGFR expression and by high concentration of EGF. Binding of radiolabeled CL4
on A549 cells was competed by soluble EGFR but not by soluble ErbB3. The specific interaction of
CL4 with EGFR on cell surface was further analyzed by affinity purification on streptavidin coated
beads of extracts from A549 cells treated with biotin-labeled CL4 followed by immunoblotting with
anti-EGFR antibodies. Then, CL4 was detected on stable tumor derived cell lines that express high
levels of EGFR. Later [156] this aptamer has been shown to bind to the EGFRVIII mutant, even though
the mutant lacks most of domains I and III in the extracellular part of the protein. Other methods
have been used to demonstrate the binding of CL4 to glioblastoma U87MG cells stably transfected
with the EGFRVIII mutant: reverse transcription polymerase chain reaction, confocal microscopy with
fluorescent FAM-labelled aptamer and flow cytometry. The binding was shown to inhibit EGFRvIII
autophosphorylation and to affect migration, invasion and proliferation of glioblastoma cells.

Cell-based SELEX might lead to the selection of aptamers against other proteins than the
pre-identified target. A cell-based SELEX was performed by Cibiel et al. [157] to identify aptamers
against CHO-K1 cells expressing the Endothelin type B receptor (ETgR), using the isogenic CHO-K1 cell
line for counter selection rounds. None of the selected aptamers could discriminate between both cell
lines. Nevertheless, the authors decided to study the 2’-fluoro RNA aptamer ACE4. The band excised
from the PAGE-gel revealed that ACE4 did not interact with ETgR, but with Annexin-2, a calcium
dependent phospholipid-binding protein which is up-regulated in various tumor types and plays
multiple roles in regulating cellular functions (angiogenesis, proliferation, cell migration and adhesion).
The high affinity aptamer, although not initially planned to bind to the post-SELEX identified tumor
biomarker Annexin A2, could however be a promising tool for biomedical applications. In another
example [158], a panel of G-rich ssDNA aptamers was selected by cell-SELEX against EGFR-transfected
A549 cell line, using A549 cells for counter selection, and their targets was suggested to be nucleolin.

4. Applications of Aptamers in Oncology

Besides their role for biomarker discovery above mentioned, aptamers have many applications in
oncology. Some relevant applications of aptamers in the cancer field will be briefly described.

4.1. Aptamers as Detection and Imaging Reagent

Current approaches of protein biomarker detection include gel electrophoresis and conventional
immunoassays (for capture and/or detection) such as enzyme-linked immunosorbent assay (ELISA),
surface plasmon resonance, mass-sensing BioCD protein array, surface enhanced Raman spectroscopy
(SERS), microfluidics and colorimetric, electrochemical and fluorescence assays (flow cytometry,
europium or gold nanoparticle based detection, protein microarray, quantum dots ... ). Most of
these approaches still lack accuracy, sensitivity and specificity required for diagnostic application.
Advantages and limitations of these methods have been compared for the prostate specific antigen
(PSA) biomarker detection [159]. Different cancer biosensors and their characteristics were recently
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reported [160]. Aptamers are a class of bio-recognition element which can be used as molecular tools
for clinical diagnosis [161,162]. For localization of proteins on tissue sections to aid in histopathological
diagnosis, aptahistochemistry methods have been developed [163]. Soluble tumor biomarkers (notably
CEA, EGFR, HER2, MUC1, PSA) were detected on aptamer-based analytical platforms with low limits
of detection [164]. Aptamers can be used in sufficiently sensitive diagnosis assays for the detection
and capture of circulating tumor cells [165,166]. Upon the binding to their targets, conformational
changes undergone by aptamers can be converted into measurable signals. So called aptasensors
match the requirements of fast and portable molecular devices. The most current applications of
aptasensors in oncology concerns biomarker detection [167]. A recent review reports the development
of aptasensors for analysis of tumor biomarkers using electrochemical, electrochemoluminescence
and photoelectrochemical transduction. In particular, nano-structure-based aptasensors significantly
improved analytical performances [168]. Aptasensors can also be used to detect exoxomes [169].
Aptamers can be used as imaging agents [170-173], for example to track cell status and functions [174].
In particular, glioblastoma-specific aptamers were developed by either targeting the whole cell surface
or known glioma biomarkers. Coupled with radionuclide or fluorescent labels, bioconjugates or
nanoparticles, they represent a noninvasive manner for defining the tumor tissue border [103].

4.2. Aptamers in Therapy

Applications of aptamers as targeted therapeutics have been reviewed recently [15,175,176].
Nucleic acid aptamers can serve as antagonist or agonist and have therefore a direct therapeutic effect
by themselves by activating or blocking key cellular functions upon interaction with their cellular
targets. Particularly, aptamers have been successfully used as agonists of co-stimulatory receptors,
like CD28, OX40 and 4-1BB, in aptamer-mediated cancer immunotherapy [177-179]. Multivalent
aptamers which induce receptor multimerization, are often more efficient than monovalent aptamers
to trigger downstream signaling [87]. Aptamers can also be used as delivery tools of therapeutic
agents [15,180-183]. Internalized receptors carry along loaded aptamers [184]. Aptamers are thus
cargoes which deliver therapeutics inside the cytosol of specific targeted cells where therapeutics exert
their intracellular actions. Aptamer chimera, composed of an aptamer and a therapeutic nucleic acid,
may target cancer cells and deliver anti-cancer nucleic acids, e.g. small interfering RNA, micro RNA,
antimicroRNA and small hairpin RNA, for aptamer-mediated gene therapy [185]. Aptamers can also
act as carriers for anti-tumor drugs or toxins [186,187]. Therapeutic agents are either non-covalently
or covalently conjugated to aptamers. Doxorubicin, a chemotherapeutic agent extensively used
in the treatment of various cancers, has often been used as a drug non-covalently conjugated to
aptamers containing CG/GC sequences or covalently conjugated to aptamer through a functional
linker [87]. Other aptamer-drug or-toxin conjugates include gemcitabine, docetaxel, daunorubicin,
cisplatin, gelonin. For aptamer-mediated therapeutics delivery, aptamers have also been associated to
nanoparticles [87,188-193]. Such aptamer nanocomplexes can be composed of copolymers, liposomes,
metal nanomaterials (like gold nanoparticles, [194]), or virus-like particles.

5. Aptamers in Clinical Trials

Eleven aptamers have entered clinical stages [175,195] for eye disorders (three aptamers),
coagulation (four aptamers), inflammation (two aptamers) and cancer (two aptamers). The majority
of aptamer targets in clinical trials are extracellular proteins. The advantage linked to an
extracellular protein is that the aptamer activity can be reversed by the use of an oligonucleotide
antidote. Pegnivacogin is an antithrombotic aptamer that binds and inhibits coagulation factor
[Xa. The pegnivacogin dose-dependent antithrombotic activity can be reversed with an antidote,
anivamersen, a 15-nucleotide long 2'-O-methyl RNA [196,197]. Pegnivacogin is a 2'-fluoro-2"-O-methyl
31 nucleotide long RNA aptamer, protected from exonuclease degradation by a 3/ inverted
deoxythymidine cap. It is branched with a 40 kDa PEG carrier. PEGylation is generally used to
increase aptamers molecular weight, prolong their circulating half-life by limiting renal clearance,
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enhance their stability and decrease their toxic accumulation in tissues and the volume of distribution of
therapeutic molecules [198-200]. Tested in a phase IIb study, in patients with acute coronary syndrome,
pegnivacogin administration resulted in allergic reactions after the first dose in three patients of 640.
Two of them presented an anaphylactic reaction and one presented an isolated dermal reaction. These
observations induced an early termination of the trial [201]. A phase III clinical trial (NCT01848106),
enrolling 3232 patients undergoing percutaneous coronary intervention, terminated at an early stage,
due to severe allergic reactions reported in 1% of patients receiving pegnivacogin versus <1% of
patients treated with bivalirudin [202-204]. However, it was observed that pegnivacogin did not
induce inflammation response or histamine release. This aptamer, or its degradation, was therefore not
responsible for the observed severe allergic reactions. Patients with allergic reactions had high levels
of antibody to PEG, induced by complement activation and trypase release [205]. In 1983 was first
reported the induction of antibodies against PEG in animals [206], but induction of PEG immunogenicity
became clearer these last years as more PEGylated therapeutics enter clinical trials [207-209]. Currently
formulated with a 40 kDa PEG carrier, pegnivacogin is associated with severe allergic reactions [203].

Pegaptanib sodium or Macugen [210] was the first aptamer-based drug approved by the U.S.
Food and Drug Administration, in December 2004. Pegaptanib sodium is a 2'-fluoropyrimidine
RNA-based aptamer, 28 nucleotides in length that terminates in a pentylamino linker, to which two
20-kiloDalton monomethoxy PEG units are covalently attached. It recognizes the abundant isoform of
vascular endothelial growth factor, VEGF¢s5. As an inhibitor of VEGF;g5-associated vessel formation,
pegaptanib sodium is an anti-angiogenic medicine for the treatment of wet age-related macular
degeneration. Pegaptanib sodium has also potential therapeutic effects as an agent for solid cancers
characterized by extensive angiogenesis [15].

In oncology, two aptamers have undergone clinical trials. The first one was AS1411 (AGRO100),
a DNA quadruplex targeting nucleolin. This multifunctional protein, located in the nucleolus but
overexpressed at the membrane of several cancer cells, is implicated in cancer development by
interacting with key oncogenes (bcl-2, Rb, p53, Akt-1) and by transferring specific extracellular ligands
into the cells. The interaction of AS1411 and nucleolin induces internalization, inhibition of DNA
synthesis and induction of apoptosis [127,211-214]. In a phase I study (September 2003 and July
2004), AS1411was tested in advanced cancer. Results showed that 8/16 patients had a stable disease
during 2-9 months and one patient presented a complete response after more than 6 months [215].
In another phase I study (NCT00881244, September 2003—-April 2009) [216], AS1411 was tested in
patients with advanced solid tumors. AS1411 was well-tolerated. It induced a partial and a complete
response in twelve patients with metastatic renal-cell carcinoma (RCC) and a stabilization of disease
(>2 months) for seven patients. In 2008, Aptamer AS1411 was tested in a phase Il study, in monotherapy,
in patients with advanced metastatic RCC who had failed treatment with >1prior tyrosine kinase
inhibitor (NCT00740441, August 2008-September 2009). AS1411 has been administrated at 40 mg/kg/j
for the 4 first days of a 28 days cycle for two cycles. Out of 35 patients, 33 finished the two cycles. One
patient presented a partial response. The OOR was only 2.9% (24 months). Twelve (34.3%) patients
presented a stabilization of disease (5.5 month) and 21 patients (60%) presented a progression of
disease. Adverse effects were observed on 12 grade 1 or 2 patients. This study showed a low level of
activity of AS1411 in patients with metastatic RRC. An important and durable response has however
been observed without toxicity [217]. AS1411 has also been evaluated in a phase Il study combined
with cytarabine (chemotherapy) for the treatment of patients with primary refractory or relapsed acute
myeloid leukemia (NCT00512083, December 2009-February 2011). Few patients presented a durable
remission. But the drug combination was proved to be safe (40 mg/kg/day for 7 days), well tolerated
and shows promising signs of activity [218].

NOX-A12 (olaptesed pegol) is in clinical development for the treatment of chronic lymphatic
leukemia and multiple myeloma [219-221]. NOX-A12 is a 45 nucleotide long L-stereoisomer RNA
aptamer (Spiegelmer®, NOXXON Pharma AG, Berlin, Germany), which is a specific antagonist of
CXCL12/SDF-1 (C-X-C motif ligand 12/stromal cell-derived factor 1). This chemokine, via interaction

126



Cancers 2017, 9, 69 21 of 33

with the receptors CXCR4 and CXCR7, induces attraction and activation of immune and non-immune
cells, migration and adhesion of tumor cells to the protective tissue microenvironment. In tumor
cells expressing a high level of CXCR4, the disruption of the CXCR4-CXCL2 interaction induces a
diminution of the interactions of cancer cells with the bone marrow environment. This cell mobilization
sensitizes cancer cells to therapy. NOX-A12 has been evaluated in two phase I and two phase II clinical
studies. In a phase Ila study, in combination with bendamustine and rituximab (chemotherapy) in
patients with relapsed /refractory chronic lymphocytic leukemia (CCL) (NCT01486797 march 2012 and
January 2016) [222], results showed an effective long-term mobilization of CLL cell and an increased
CLL cells circulating in the periphery blood. In term of clinical efficacy, all patients responded to the
combination of chemotherapy and NOX-A12. The ORR was 100%. A partial response was achieved
for 19/28 patients (68%) and a complete remission for 4/28 patient (14%). Among them, 8 high-risk
patients, who had relapsed within 24 months after the first fludarabine/bendamustine treatment or
presenting TP53-deletion/mutation, presented a partial or complete response. NOX-A12 was safe
and well tolerated. In another independent phase Ila clinical study, NOX-A12 has been evaluated in
combination with a proteasome inhibitor, bortezomib, and a corticosteroid, dexamethasone (VD) in
previously treated patients with multiple myeloma. This study started in March 2012 and finished
in October 2015 (NCT01521533) [223]. A mobilization of myeloma cells was shown in plasma. The
OOR was estimated at 68%. Five patients (18%) presented a very good partial response, 2/28 (7%) a
complete response and 12/28 (43%) a partial response. These studies showed that aptamer NOX-A12
merits further study in randomized controlled trials.

6. Conclusions

Due to their pleiotropic characteristics and improvements in the SELEX technology, aptamers,
which can be selected to virtually any type of targets, are thought to gain rapidly an important place in
clinical applications and may replace in many cases animal-derived antibodies. Aptamers as synthetic
molecules are believed to save cost and time in R&D and manufacture. The targets of aptamers actually
in clinical trials [175] are extracellular proteins (VEGF165, C5, PDGF[3, coagulation factor IXa, Al
domain of von Willebrand factor, thrombin, TFPI, CXCL12, CCL2, hepcidin peptide hormone), except
nucleolin which is highly expressed at the surface of several tumor cells. Most of the aptamers in clinical
trials were identified by protein-SELEX. Combination of protein-and cell-based selection processes may
allow the discovery of highly selective but also conformation-dependent aptamers against tumor cell
membrane biomarkers. Other selection processes more difficult to settle than protein-and cell-based
SELEX and for which targets cannot be determined before selection, have been described to target
a tumor under near-in vivo conditions. Aptamers have been selected on tissue sections [224,225],
and very recently by Morph-X-Select (morphology based tissue aptamer selection, a combination of
image-directed laser micro-dissection technology with tissue SELEX) on targeted tissue sections for
ovarian cancer biomarker discovery [226]. Such selected DNA thio-aptamers have shown specificity to
tumor vasculature of human ovarian tissue and human microvascular endothelial cells but not to the
tumor stromal cells. Aptamers selected in living animals, through in vivo tissue-specific SELEX, have
been shown to localize to hepatic colon cancer metastase [227] or to enter the brain after peripheral
delivery [228]. These processes should prove helpful to characterize new tumor cell surface protein
biomarkers, post-selection. Exciting new fields for aptamer applications in oncology emerge nowadays
including detection of circulating tumor cells or tumor exosomes in biological fluid, and specific
delivery of therapeutics inside cells with possibilities of co-targeting multiple oncogenic pathways.
New opportunities for aptamers as multipotent tools will be characterized and will provide the
pavement for approved clinical applications in the near future.
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B. Glioblastomes

Résumé :

Les glioblastomes (GBM) sont les tumeurs cérébrales les plus agressives. La
durée moyenne de survie de patients atteints de GBM est de 14,8 mois
malgré une thérapie combinant une résection chirurgicale, une
radiothérapie et une chimiothérapie (témozolomide).

La caractérisation de sous-populations de GBM passe par l'identification
de biomarqueurs moléculaires, pour un diagnostic/pronostic plus efficace
et pour guider vers des traitements plus ciblés, souvent combinés.

Les glioblastomes (GBM) sont les tumeurs cérébrales les plus agressives (grade 1V selon
I’OMS, ‘Organisation Mondiale de la Santé’), au pronostic redoutable. L’incidence est de 3,2
cas pour 10000 habitants, avec un taux de survie a 5 ans inférieur a 6% (Ostrom et al., 2016).
Les deux caractéristiques histologiques majeures des GBM sont la présence de plages de
nécroses entourées de cellules proliférantes réalisant un aspect en pseudo-pallissades, et d’une
prolifération vasculaire. La grande majorité (90%) des glioblastomes se développe de novo on
parle alors de glioblastome primaire. Les GBM secondaires sont issus de gliomes de plus bas
grade. La caractérisation de sous-populations de GBM passe par 1’identification de
biomarqueurs moléculaires, pour guider vers des traitements plus ciblés, plus efficaces. La
classification de I’OMS en cours depuis 2007, dont découlait le diagnostic et la prise en charge
thérapeutique, était uniquement basée sur des criteres histologiques (Louis et al., 2007) et
devenait obsoléte. En intégrant des données phénotypiques et génotypiques, I’OMS a proposé
en 2016 (Louis et al., 2016) la classification des gliomes selon le status IDH (‘isocitrate
deshydrogenase’), la perte du chromosome 1p/19q, la perte d’ATRX et les mutations de p53
(Figure 16).
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Figure 16. Classification des gliomes selon des criteres histologiques et génétiques (Louis et al.,
2016).

Les GBM sont classes selon leur statut IDH : les GBM IDH WT représentent environ 90%
des GBM, les GBM IDH muté environ 10 % des cas et les GBM NOS sont les GBM pour
lesquels le statut IDH n’a pas pu étre déterminé. La premiére catégorie concerne
majoritairement des glioblastomes primaires. Ces GBM ont également des altérations des genes
EGFR, PTEN, TP53, PGDFRa, NF1 et CDKN2A/2B et des mutations du promoteur TERT
(Appin et Bratt., 2015). Les GBM IDH mutés sont principalement des GBM secondaires.
L’enzyme IDH mutante produit le D-2-hydroxyglutarate (D-2HG) qui s’accumule dans la
cellule tumorale et va notamment profondément modifier [’épigénome tumoral
(hyperméthylation de régions spécifiques de I’ADN).

Les GBM se caractérisent donc par une forte hetérogénéité moléculaire (Verhaak et al.,
2010 ; Ceccarelli etal., 2016). Selon le profil génétique des GBM, 4 sous-types ont été identifiés
en 2010 (Verhaak et al., 2010, mésenchymateux, classique, proneural et neural), réduits a trois
sous-types plus recemment (Wang et al., 2017, mésenchymateux, classique, proneural). Le
GBM de type mésenchymal, de mauvais pronostic, présente des mutations ou délétions sur les
génes suppresseurs de tumeurs NF1 (‘neurofibromatosis type 1) et PTEN (‘Phosphatase and

TENsin homolog’), induisant leur faible expression. Les marqueurs d’inflammation et de
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remodelement tissulaire (CHI3L1, MET), CD44, les protéines de la famille du TNF (‘tumor
necrosis factor’) et NF-kB sont fortement exprimés. Le GBM de type classique est caractérisé
par une amplification du chromosome 7 et de ’EGFR, une perte du chromosome 10 et une
délétion homozygote de 9p21.3 contenant le gene ciblant CDKN2A (‘cyclin dependent kinase
inhibitor 2A”). Ce groupe ne présente aucune altération du gene TP53. Le GBM de type
proneural, de meilleur pronostic, est caractérisé par une amplification de PDGFRa et une
mutation d’IDH]1. Ce sous-type présente un fort taux de mutation TP53 (54%) et de la voie de
signalisation PI3K/AKT. lls expriment aussi fortement des marqueurs d’oligoastrocytes OLIG2
(‘oligodendrocyte transcription factor’) par exemple, ainsi que des génes impliqués dans le
développement proneural tel que DCX (Doublecortin). Les patients jeunes sont plus souvent
atteints par ce sous-type, et ont tendance a avoir une survie prolongée. A cette hétérogénéité
inter-tumorale, s’ajoute également une hétérogenéité intra-tumorale (Patel et al., 2014 ;
Sottoriva et al., 2013).

Le temps moyen de survie de patients atteints de GBM est de 14,8 mois malgré une thérapie
suivant le protocole Stupp (Stupp et al., 2005) combinant résection chirurgicale, radio- et
chimio-thérapie avec un agent alkylant de I’ADN (témozolomide, TMZ). Les GBM sont
infiltrants, ce qui rend la résection chirurgicale totale de la tumeur impossible. 1l est difficile de
différencier la tumeur du tissu sain environnant. Le faible pronostic de survie est di a la
résistance aux traitements et a la récidive de la tumeur apres résection. L’hétérogénéité
moléculaire expliquerait en partie I’échec actuel des thérapies ciblées. Aucun protocole n’a pour
le moment été validé dans la prise en charge de GBM récurrent. De nombreux essais cliniques
ciblent le GBM. Marie-Cécile Mercier, dans la partie de sa these (en préparation) intitulée
‘Traitements actuels des glioblastomes’, pour son DES (‘diplome d’études spécialisées’)
Innovation Pharmaceutique et Recherche qui cloturera son internat de pharmacie, a répertorié
pres de 200 essais cliniques de phase Il et plus. Parmi les thérapies ciblées, les plus nombreuses
sont celles visant (i) ’EGFR, dont le géne est amplifié ou sur-exprimé dans plus de 50% des
GBM (24 essais cliniques) et (ii) le VEGF (31 essais cliniques). Outre I’intérét diagnostique et
pronostique, certains marqueurs peuvent avoir un intérét prédictif (décisionnel sur le plan
thérapeutique), voire constituer une cible moléculaire actionnable par une thérapie spécifique
(marqueur theranostique). Les nouvelles données géniques mettent en évidence la nécessité de

stratifier les patients selon leur profil moléculaire et d’associer différentes thérapies ciblées.

L’un des challenges actuels est de développer des ligands capables de se lier

spécifiqguement a leur cible tumorale, sans affecter les cellules saines adjacentes. Les aptameéres,
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de par leurs proriétés décrites dans la partie A, font partie de ces nouveaux ligands. Plusieurs

aptameéres ont déja été sélectionnés contre des cellules de GBM par cell-SELEX (Tableau 3).

. Num.ber of . . . Kd value
Aptamer name Library variable Number of cycles Target cell line Negative selection Reference
nucleotides (nM)
GL43, GL56, GL36, 2'F-RNA 45 14 cycles U87MG GBM cell line T98G glioma cell line 38-190 Cerchia et al., 2009
GL35, GL44, GL21
Gint4.T 2'F-RNA 45 2 more cycles U87MG GBM cell line PDGFRB gene silenced, 9.6 Camorani etal.,
U87MG cell line 2014
GTM3, GTM4, ssDNA 30-50 18 cycles A172 GBM cell line NO negative selection 61-168 Bayracetal., 2011
GTMS, GTMS,
GTM9
GBM128, GTM131  ssDNA 45 30 cycles U118 GBM cell line SVGp12 human astroglial 20-37 Kang etal., 2012
cell line
GBI-10 ssDNA 34 21 cycles U251 GBM cell line NO negative selection 150 Daniels etal., 2003
TTAl 2'F-RNA 40 11 TN-Cexpressing U251 GBM  NO negative selection 5 Hicke et al., 2001
cell line
A1, A2, A3, A4, A5, ssDNA 50 8 cycles CD133(+) TICfrom human  Non-TICfrom human GBM 0.12-3.75 Kim et al., 2013
GBM xenografts in mice xenografts in mice
U2, Us ssDNA 40 11 cycles U87MG-EGFRUVIII, US7MG U87MG WT cell line 3.37-4.35 Wu et al., 2014 ;
GBM cells overexpressing Zhang etal., 2018
EGFRvIII
32,41, 43,47 ssDNA 30 14 cycles U87MG-EGFRUVIII, UB7MG U87MG WT cell line 0.62-37.57 Tan etal., 2013

GBM cells overexpressing
EGFRvIII

Tableau 3. Aptaméres ciblant les cellules de glioblastome, sélectionnés par cell-SELEX. TIC
‘tumour initiating cells’, GBM ‘glioblastome’, TN-C ‘tenascine-C’. (adapté de Delac et al., 2015 ;
Camorani et Cerchia., 2015 ; Hays et al., 2017).

La moitié de ces études a été réalisée sur des cellules de GBM sans cible moléculaire
prédéfinie. Pour certains de ces aptameres, la cible a été définie a posteriori (par exemple, Axl,
récepteur tyrosine kinase pour GL21T). Quant a I’autre moitié, les seules cibles prédéfinies sont
une protéine extracellulaire, la tenascine-C et trois protéines de la surface cellulaire : le
marqueur CD133 (marqueur de cellules souches de GBM), ainsi que le récepteur PDGFR et
la forme mutée la plus commune de ’EGFR (EGFRvIII). Un autre aptamére (CL4) ciblant
EGFR et EGFRVIII avait été sélectionné par cell-SELEX sur d’autres cellules que des cellules
de GBM (sur une lignée cellulaire de carcinome pulmonaire ; Esposito et al., 2011b).
L aptamere AS1411 ciblant la nucléoline fait I’objet d’essais thérapeutiques (voir Table 2 dans
la partie A).

Ces aptameéres pourraient étre utilisés pour marquer les cellules tumorales (applications
diagnostiques) ou pour délivrer spéecifiqguement des agents thérapeutiques (Figure 17 B & C).
Le principal obstacle a I’utilisation d’aptaméres in vivo sur les GBM est le passage de la barriére
hémato-encéphalique (BHE), une barriére anatomique qui filtre et contréle le passage de
molécules et cellules dans le cerveau, et inversement. L’aptamére Gint4.T, ciblant le PDGFR,

conjugué a des nanoparticules, est capable de passer la BHE (Monaco et al., 2017). Une autre
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stratégie a été récemment proposee pour passer la BHE également par transcytose (Macdonald
et al.,, 2017). 1l s’agit d’un aptameére bifonctionnel, composé de 1’aptamére ADN SYL3C,
ciblant la molécule d’adhésion EpCAM (‘epithelial cell adhesion molecule’ ; Song et al., 2013),
couplé a I’aptamere ADN GS24 (Chen et al., 2008), ciblant le domaine extracellulaire de la
transferrine. La transferrine est surexprimée a la surface de la BHE et EpCAM est un
biomarqueur de surface cellulaire surexprimé par de nombreuses tumeurs solides. Le passage
de la BHE et le ciblage de la tumeur cérébrale par cet aptamére bispécifique est illustré par la
Figure 17A.
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Figure 17. Illustration du passage de la BHE par un aptamére bi-fonctionnel et ses applications
(Hays et al., 2017). A. L’aptameére bifonctionnel est constitué d’un aptamére capable de traverser la
BHE, fusionné a un aptamére ciblant les GBM. Une telle construction permettrait la délivrance ciblée
d’agents B. d’imagerie et C. thérapeutiques.
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C. Intégrine a5B1

Résumé :

L’intégrine a5B1 est une protéine hétérodimérique transmembranaire,

récepteur de la fibronectine.

Elle se positionne comme un marqueur diagnostique, un marqueur
pronostique des GBM et d’autres tumeurs solides, et comme une cible
thérapeutique lorsqu’elle est sur-exprimée par les cellules d'une tumeur
primitive, mais aussi apreés récidives suite a des thérapies ciblées.

Les ligands spécifiques de a5f1, issus de trois familles de
composés (anticorps humanisés, peptides et petites molécules non

peptidiques), sont encore peu nombreux.

Les intégrines sont des récepteurs transmembranaires hétéro-dimériques composés des

sous-unités a et B (Takada et al., 2007). Chez les vertébrés, on dénombre 18 chaines a et 8

chaines B formant 24 intégrines différentes. Leur combinaison (Figure 18) détermine la

spécificité de I'intégrine au ligand (Hynes, 2002).
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Figure 18. Schéma représentant la
famille des intégrines et leurs ligands
(Hynes et al., 2002). Les 24
combinaisons possibles sont classées en
4 sous-familles : les intégrines
récepteurs de la laminine (en violet), les
intégrines récepteurs du collagéne (en
gris), les intégrines reconnaissant des
motifs RGD (en bleu) et les intégrines
récepteurs spécifiques des leucocytes
(en jaune). Les astérisques référent aux
intégrines qui peuvent étre épissées
alternativement.



La liaison intégrine-ligand, par 1’activation de voies de signalisation intracellulaire
multiples, induit de nombreux processus physiologiques, tels que 1’adhérence a la matrice
extracellulaire, la prolifération, la régulation de la balance survie/apoptose, la migration, la
differentiation cellulaire (Giancotti & Ruoslahti, 1999)... Outre ’action de transmission du
signal de I’extérieur de la cellule vers I’intérieur, qualifiée de ‘outside-in’, les intégrines ont
aussi fonction de transmission d’information de I’intérieur vers 1’extérieur ‘inside-out’ (Hynes,
1992). La partie cytoplasmique des intégrines n’a pas de fonction enzymatique propre. La
transmission de I’information passe par des changements de conformations permettant ou non
la liaison avec différents partenaires extra- ou intra-cellulaires. On parle de conformation active
et inactive (Figure 19), méme si plusieurs modéles et intermediaires de transition sont décrits
(Takagi et al., 2002 ; Arnaout et al., 2005 ; Zhu et al., 2013 ; Su et al., 2016).
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Figure 19. Représentation schématique des différents états d’activation des intégrines et
mécanismes de signalization (Mas-Moruno et al., 2010). Sous forme repliée, I’intégrine est inactive et
ne permet pas de liaison au ligand. Lors de la signalisation ‘inside-out’, un activateur intracellulaire se
lie a la sous-unité P et induit un changement conformationel de I’intégrine permettant ainsi la liaison du
ligand de la matrice extracellulaire (MEC). Ce processus permet la régulation de I’adhésion cellulaire,
la migration et ’invasion. Lors de la signalisation ‘outside-in’, le ligand extracellulaire se lie a
I’intégrine et induit le ‘clustering’ des intégrines. Ce signal provoque I’activation de cascades de
signalisation au sein de la cellule impliquées dans la polarité, la survie, la migration... Les intégrines a
I’état déplié, non liée a un ligand peuvent activer la caspase-8 et induire 1’apoptose via un processus
appelé IMD (‘integrin-mediated death’).
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Parmi les 24 intégrines hétérodimériques connues, 8 intégrines reconnaissent la sequence
RGD (arginine, glycine, acide aspartique). Au laboratoire, nous nous intéressons
particuliérement a ’intégrine a5B1, récepteur de la fibronectine. L’intégrine a5p1 se profile
comme biomarqueur et cible thérapeutique dans la lutte contre certains cancers, en particulier
dans les gliomes.

La dérégulation de I’expression et de la fonction des intégrines est impliquée dans
différentes phases de la progression tumorale, telles que la dissémination métastasique,
I’angiogenése tumorale, les phénomenes de résistance aux agents chimiothérapeutiques et a la
radiothéerapie (Desgrosellier & Cheresh., 2010 ; Bianconi et al., 2016 ; Nieberler et al., 2017).
L’intégrine a5P1 est surexprimée dans différentes tumeurs solides (colon, ovaire, sein, poumon,
glioblastome, mélanome, oesophage) et dans les cellules endothéliales des néo-vaisseaux
tumoraux (Schaffner et al., 2013 ; Kobayashi et al., 2017 ; Xie et al., 2016). Elle participe, a la
dissémination, a la progression des tumeurs, a I’angiogenése tumorale (Bianconi et al., 2016),
mais aussi a la formation de métastases (Breuksch et al., 2017 ; Juetal., 2017 ; Xie et al., 2016 ;
Stevens et al., 2017 ; Haber et al., 2015) et & la résistance aux traitements (Unnikrishnan et al.,
2017 ; Iwanicki et al., 2016). Une surexpression spécifique de 1’intégrine a5p1 a été mise en
évidence dans les GBM récurrents apres thérapies ciblées au bévacizumab (anticorps anti-
VEGF, Delay et al., 2012), et aux inhibiteurs de la tyrosine kinase de I’EGFR (‘Epidermal
Growth Factor Receptor”) : erlotinib (tumeur du poumon ; Kanda et al., 2013), gefitinib (cancer
du poumon non a petites cellules ; Ju et al., 2010). Dans certaines tumeurs (tumeurs des
poumons, des ovaires et du sein), la surexpression de I’intégrine a5B1 est associée a un
phénotype plus agressif (Adachi et al., 2000 ; Sawada et al., 2008 ; Sawada et al., 2012 ; Nam
etal., 2010 ; Iwanicki et al., 2016) et & un mauvais pronostic vital (Adachi et al., 2000).

Des travaux du laboratoire (Cosset et al., 2012 ; Janouskova et al., 2012 ; Ray et al., 2014 ;
Maglott et al., 2006) ont montré que 1’expression de la sous-unité a5 favorise la prolifération,
la migration cellulaire, est associée a un mauvais pronostic vital, et dans des biopsies humaines
de tumeurs cérébrales, augmente en fonction du grade tumoral (Figure 20). Ces résultats ont
¢été validés sur d’autres cohortes de patients (Figure 21) (Freije et al., 2004 ; Phillips et al.,
2006). De plus, I’'intégrine a5B1 est un facteur de résistance a la chimiothérapie par le
témozolomide (TMZ) dans les tumeurs exprimant le suppresseur de tumeur p53 sauvage.
L’intégrine a5B1 empéche une activation pro-apoptotique efficace de p53 qui peut étre rétablie
par des antagonistes de 1’intégrine. Cette relation croisée négative intégrine-p53 a été confirmée

lors de I’activation de p53 par la nutlin-3a, un agent non génotoxique : ’activation de I’intégrine
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a5pB1 inhibe p53, et celle de p53 réprime 1’expression de ’intégrine a5p1 (Janouskova et al.,
2012).
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Figure 21. Courbes de survie des patients atteints de gliomes en fonction de I’expression du géne
de la sous-unité a5 (faible expression en noir et forte expression en rouge) (Janouskova et al., 2012).
A gauche, au milieu et a droite figurent les études de Janouskova et al., 2012, Freije et al., 2004 et Philips
et al., 2006, respectivement. Un taux élevé d’integrine a5 est est un facteur de mauvais pronostic de
survie.

L’inhibition seule de I’intégrine ne semble pas étre efficace pour activer une voie pro-
apoptotique. Les travaux récents du laboratoire ont permis de mieux caractériser les voies de
signalisation a5-dépendante et les acteurs de la relation croisée négative entre 1’intégrine o581
et p53, de caractériser les intervenants moléculaires impliqués dans cette relation (Renner et al.,
2016a), de montrer 1’association de I’intégrine a5f1 & une mobilisation de la voie B-caténine
dans les cellules de GBM (Renner et al., 2016b). La Figure 22 résume ces travaux. Nous avons
également mis en évidence la complexité du réle de la sous-unité a5 et de la fibronectine dans
un modéle de sphéroides 3D de GBM (Blandin et al., 2016) : selon la concentration en
fibronectine dans I’environnement tumoral, la sous-unité a5 pourra favoriser les interactions

entre les cellules et la cohérence de la tumeur (environnement pauvre en fibronectine), ou au
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contraire, favoriser les interactions entre les cellules et la MEC a 1’origine de 1’évasion des

cellules (forte concentration en fibronectine).
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Figure 22. Le double role de I’axe intégrine a5p1/AKT dans les cellules de GBM p53 sauvage. A.
La sur-expression ou I’activation de I’intégrine a5B1 active la protéine kinase AKT. AKT va réprimer
p53 par I’activation des protéines anti-apoptotiques PEA-15 et HDM2. La répression du complexe
p53/HDM2 par la nutlin-3a va réprimer 1’expression de la survivine qui régule positivement 1’expression
de I’intégrine a5B1. B. L’activation d’AKT permet la transactivation de la B-caténine. Cela va induire
la migration cellulaire et 1’expression de geénes cibles impliqués dans la transition épithélio-
mésenchymateuse. (Thése de Guillaume Renner, 2016).

La caractérisation de ligands spécifiques de 1’intégrine a5B1 a pris un essor important ces
derniéres années faisant suite a la proposition de cette intégrine comme cible thérapeutique
bifonctionnelle pour bloquer a la fois ’angiogenése tumorale et aussi directement les cellules
tumorales (Stragies et al., 2007 ; Heckmann et al., 2008). Les antagonistes spécifiques de
I’intégrine a5B1 sont issus de trois familles de composés : anticorps, peptides mimant le site
synergique et petites molécules non peptidiques.

Anticorps

Le Volociximab (PDL Biopharma/Biogen ldec) est un anticorps chimérique humanisé,
inhibiteur de fonction de I’intégrine a5B1, dérivé de 1’anticorps murin IIA1, qui avait prouvé
son efficacité en préclinique en tant qu’agent anti-tumoral (Sawada et al., 2008). Il inhibe

I’angiogeneése in vitro et la croissance tumorale in vivo. Exploré en clinique dans une dizaine
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d’essais, il a notamment été stoppé en phase Il chez des patients atteints de cancers ovariens
réfractaires & la chimiothérapie ou de cancers du péritoine, par manque d’efficacité (Bell-
McGuinn et al., 2011 ; Almokadem et Belani, 2012).

L’anticorps PF-04605412 (Pfizer) a été testé dans un essai clinique de phase I, mais son
développement a été stoppé par manque d’effet anti-tumoral aux doses testées, sur des tumeurs
solides (Mateo et al., 2014).

L’anticorps 0S2966, inhibiteur de B1 a été désigné comme drogue orpheline par la FDA pour
le traitement du GBM en aolt 2014 et pour le cancer des ovaires en janvier 2015 (www.
oncosynergy.com).

L’anticorps monoclonal murin P5 (Chungbuk National University), ciblant la sous-unité 1
serait en phase clinicle I1I pour le traitement d’adénocarcinomes pulmonaires (Kim et al., 2016).

Peptides mimant le site synergique

Le peptide ATN-161 (Attenuon), de 5 acides aminés (Figure 23), a été développé a partir de la
sequence du site synergique situé sur le domaine FIII9 de la fibronectine. Ce domaine
(DRVPHSRN) agit en synergie avec le site RGD pour la liaison de I’intégrine a5p1 a la
fibronectine (Leahy et al., 1996 ; Copié et al., 1998). Un essai de phase | est prometteur chez
des patients atteints de tumeurs solides résistantes aux traitements conventionnels. ATN-161
est bien toléré et la maladie a été stabilisée pour environ 1/3 des patients (Cianfrocca et al.,
2006). Un essai de phase I/11 est en cours pour I’é¢tude des effets secondaires et essais de doses
d’ATN-161 a utiliser en combinaison avec la carboplatine chez des patients atteints de gliomes
récurrents (www.clinicaltrials.gov).

Petites molécules non peptidiques

Le SJ749 (Merck Dupont) est la premiere molécule non-peptidique décrite comme antagoniste
sélectif de I’intégrine a5B 1. Il inhibe 1’adhésion cellulaire a la fibronectine avec une 1Cso de 1,8
nM et I’angiogeneése in vitro (Kim et al., 2000). 1l a également fait 1’objet d’études au laboratoire
montrant sa capacité a inhiber la prolifération, la clonogénicité et 1’invasion de lignées
tumorales humaines de glioblastome (Maglott et al., 2006 ; Bartik et al., 2008 ; Martin et al.,
2009 ; Martinkova et al., 2010).

D’autres antagonistes sélectifs de 1’intégrine aSB1 ont été congus par I’équipe du Pr Kessler
(Munich, Allemagne, Heckmann et al., 2008 ; Rechenmacher et al., 2013). Au laboratoire, il a
été montré que la molécule K34c impacte la survie et sensibilise aux agents chimio-
therapeutiques des cellules de gliomes et de cancer colorectal (Cosset et al., 2012 ; Martinkova
etal., 2010 ; Janouskova et al., 2013). Nous avons également montré que la migration en cellule

isolée des cellules de GBM U87MG est inhibée sélectivement par les antagonistes sélectifs de
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I’intégrine a5pB1 (K34c et FR248) et non par les antagonistes de I’intégrine avp3 (Ray et al.,
2014).

La molécule JSM-6427 (Stragies et al., 2007, Jerini Ophthalmic) induit I’apoptose dans les
cellules endothéliales in vitro et in vivo et inhibe fortement la néo-vascularisation dans 1’ ceil.
Cette molécule semble étre encore en phase clinique | pour le traitement de la dégénerescence
maculaire liée a 1’age (NCT00536016).

Les structures des molécules SJ749, JISM6427 et K34c sont représentées Figure 23.

D’autres molécules, telles qu’un pseudo-pentapeptide cyclique mimant la séquence RGD
(1a-RGD, Arosio et al., 2008) et un composé non peptidique (GLPG0187, Silginer et al., 2014;
Reeves et al., 2015), blogueurs de I’activité d’intégrines, sont moins sélectifs pour aSp1 que
pour d’autres intégrines. Le GLPG0187, un antagoniste d’intégrines a champ large, est en phase
clinique I (Cirkel et al., 2016). A I’heure actuelle, les effets biologiques anti-cancéreux de tels

antagonistes sont encore peu décrits.

H
N
0
- 0
g SHH 5 OJ\N
N
N N i I
ATN-161 0 $]749

K34c JSM 6427

Figure 23. Structure des ligands synthétiques peptidique (ATN-161) ou non (SJ749, K34c, JSM
6427) de I’intégrine a5p1 (Theése d’ Anne-Marie Ray, 2013 ; Paolillo et al., 2016).

En vue d’applications cliniques (diagnostic et thérapie), mais aussi pour des applications
plus fondamentales telles que le décryptage du fonctionnement des intégrines, les ligands

spécifiques de a5SP1 restent tout de méme peu nombreux.
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D. Sélection, identification et caractérisation d’aptameres
ciblant des cellules de glioblastome exprimant
l'intégrine a5B1

Article 4 (manuscrit en préparation)

Résumé :

A l'issue d'un procédé de SELEX complexe et original, combinant sélection
sur cellules surexprimant l'intégrine a5[1 et sur l'intégrine recombinante,
nous avons récemment sélectionné un aptamere ARN, nommé HOZ2, en tant
que nouveau ligand des cellules de GBM exprimant l'intégrine a5[1.

L’aptamere HO02, couplé directement a un fluorophore (cyanine 5)
interagit avec les cellules sur-exprimant a5 utilisées pour les étapes de
SELEX, et ne se lie pas aux cellules sous-exprimant ou n’exprimant pas a5,
utilisées pour les étapes de sélection négative. Des expériences
d’aptafluorescence sur un panel de cellules de GBM exprimant différents
taux d’intégrine a5 montrent que la liaison de I'aptameére HOZ est corrélée
a la liaison d’un anticorps anti-a5. De plus, sur des xénogreffes de GBM
humains, l'aptamere HO0Z interagit spécifiquement avec les tissus
tumoraux exprimant l'intégrine a5f1.

L’aptameére HO2 est un nouveau ligand de cellules et tissus exprimant
I'intégrine a5p1. L’aptafluorescence, plus rapide que
I'immunofluorescence, pourrait étre une alternative intéressante a
l'utilisation d’anticorps pour détecter des biomarqueurs cellulaires a la
surface de cellules et tissus tumoraux.

Mes projets de recherche actuels visent a explorer les aptameres en tant que nouveaux
ligands de I’intégrine a5B1. Les aptameres, par leur capacité a adopter des structures variees et
complexes, permettent de fixer des groupements fonctionnels de différentes natures (molécules
fluorescentes, biotine, radioéléments, toxines, agents chimiothérapeutiques, siRNA...) et
présentent donc un vaste potenticl d’applications biotechnologiques, diagnostiques,
thérapeutiques... Les aptameres ciblant I’intégrine a5B1 pourraient servir d’outils moléculaires

pour étudier les fonctions cellulaires de a581. En recherche translationnelle, ils pourraient servir
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d’outils diagnostiques de marquage ex Vvivo de I’expression de I’intégrine dans des tissus
tumoraux, et/ou de sondes d’imagerie non invasive pour suivre la progression tumorale, et aussi
étre utilisés en tant qu’agents thérapeutiques. Seuls ou en association avec d’autres inhibiteurs,

ils pourraient servir a cibler les tumeurs exprimant 1’intégrine a5f1, en particulier dans le cas

des GBM humains.

Une stratégie de sélection originale nous a permis de valider un aptamere, nommé H02, en
tant que ligand des cellules de GBM exprimant I’intégrine a5B1. Sélection, identification et
caractérisation de cet aptamere sont décrits dans un manuscrit, inseré ci-dessous (Article 4). Ce
manuscrit n’a pas encore ¢t¢ soumis pour publication car, en collaboration avec la SATT
(Société d'Accélération du Transfert de Technologies) Conectus Alsace, nous étudions la

possibilité de valorisation de 1’aptamére HO2.

Brievement, nous avons réalisé un SELEX, par hybrid-SELEX, combinant :
- cell-SELEX, ciblant des cellules exprimant I’intégrine a5f1, qui a I’avantage de présenter la
cible dans sa conformation native, mais dans un environnement tres complexe. La stratégie de
sélection utilisée pour le cell-SELEX est originale puisque nous avons utilisé deux lignées
cellulaires différentes :

- une lignée cellulaire de GBM humain (U87MG), dont nous possédons des transfectants
stables sous-exprimant la sous-unité a5 pour la contre-sélection (nommés US7TMG a5- ;
expression d’un shRNA dirigé contre ’ARNm d’a5, Janouskova et al., 2012) et sur-
exprimant a5 pour la sélection positive (nommés US7MG a5+ ; transfectés avec le
plasmide pcDNA3.1 contenant le gene de la sous-unité o5 humaine, Janouskova et al.,
2012)

- une lignée murine CHO-B2 (Schreiner et al., 1989), transfectée par la sous-unité a5
humaine (CHO-B2 a5+) pour la sélection positive. Les étapes de contre-sélection ont
été réalisées sur les cellules CHO-B2 n’exprimant pas la sous-unité a5.

- et SELEX classique, ciblant une protéine recombinante (nommé protein-SELEX), dont la
cible a I’avantage d’étre pure et bien définie, mais le désavantage de se trouver hors de son
environnement membranaire naturel qui peut étre important pour sa conformation. Pour les
étapes de protein-SELEX, nous avons utilisé comme cible I’intégrine aSp1-Fc. C’est une
protéine recombinante (don du Pr M. Humphries, Manchester, GB, Coe et al., 2001),
comprenant les parties extracellulaires de a5 (acides aminés 1-951, 180 kDa) et de B1 (acides

aminés 1-708, de 140 kDa), couplées au fragment Fc d’anticorps y1, exprimée par des cellules
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myelomateuses murines NSO, et purifiée sur colonne de Protéine A couplée a des billes de

sépharose.

La banque de départ (Da Rocha Gomes et al., 2012 ; Dausse et al., 2005) contient 10%
séquences différentes. La séquence variable comprend 30 nucléotides. Elle est flanquée de deux
régions fixes. Chaque molécule d’ARN compte 68 nucléotides. Dix-huit cycles de
sélection/amplification ont été réalises :

- 15 cycles de Cell-SELEX : 8 cycles sur les cellules U87-MG a5+ (cycles 1-7 et 11) et

7 cycles sur les cellules CHO-B2 a5+ (cycles 12-18). Les cellules ont été cultivées en
boite de culture de 6 puits et utilisées pour les cycles de sélection a 80-90% de
confluence.

- 3 cycles de Protein-SELEX (cycles 8-10). Les cycles de sélection sont réalisés sur

colonne de protéine-A sépharose chargée avec la protéine recombinante a5f1-Fc.

La stringence a été progressivement augmentée au fur et a mesure des cycles pour
augmenter la pression de sélection, par (i) introduction d’étapes de contre-sélection, pour le
cell-SELEX sur cellules US7MG a5- et CHO-B2, et pour le protein-SELEX sur billes de
sépharose-Protéine A non chargées ou chargées avec un anticorps non-spécifique (Cetuximab,
anticorps anti-EGFR, y1), (ii) augmentation du temps de contact de contre-sélection, (iii)
diminution du temps de contact de sélection, (iv) augmentation du nombre d’étapes de lavages,

(v) addition d’ ARNt compétiteur a partir du cycle 14.

A I’issue des 18 cycles de SELEX, 82 séquences ont été clonées et séquencées. Parmi elles,
nous avons sélectionné 5 aptameres. Nous avons utilisé plusieurs techniques pour identifier les
meilleurs aptameres ciblant a5B1. Ce sont les techniques de microscopie confocale (plateforme
d’imagerie QUEST, Faculté de Pharmacie, UMR 7021 & IGBMC, llIkirch) et de cytométrie de
flux (FACS Calibur, BD Biosciences, équipe Biovectorologie, UMR 7199, llIkirch) qui nous
ont permis de valider, parmi ces 5 candidats, ’aptamere HO2, spécifique de I’intégrine a5p1

sur les cellules utilisées pour la sélection.

L aptamére HO2 est capable de différencier plusieurs lignées cellulaires de GBM (U87TMG
a5+, USTMG a5- utilisées pour le cell-SELEX et LN319, LN229, SF763, LN18, LN443,
LNZ308, U373, T98G) par leur niveau d’expression d’intégrine a5B1. L’aptameére HO2 a

également été testé en histochimie sur des xénogreffes de GBM humains. Ce type d’expérience
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tres récente, nomme aptahistochimie, est similaire a I’immunohistochimie, mais 1’aptameére
remplace anticorps primaires et secondaires (Bukari et al., 2017). L’aptahistochimie est plus
rapide que I’immunohistochimie. L’aptamére H02, directement couplé a la cyanine-5, interagit

spécifiquement avec les tissus tumoraux exprimant 1’intégrine a5p1.

L’aptamére HO2 est donc un ligand d’intérét diagnostique, efficace en aptacyto- et en
aptahisto-chimie pour révéler la présence de 1’intégrine a5B1 sur cellules et tissus tumoraux.
En outre, I’aptamére HO2 est probablement internalisé a 37°C via I’internalisation de 1’intégrine
aSpl. Les propriétés d’internalisation d’un aptamére peuvent s’avérer extrémement
intéressantes en thérapie. En effet, un aptamere couplé a un ligand (agent cytotoxique,
nanoparticule, siRNA...), peut permettre de diriger et délivrer spécifiquement ce ligand a la
cellule ciblée par I’aptamére. L’internalisation des aptameres est décrite dans la partie

‘Perspectives’.
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ABSTRACT

Nucleic acid aptamers are often referred as chemical antibodies. As they possess several
advantages like their smaller size, temperature stability, ease of chemical modifications, lack of
immunogenicity/toxicity and lower cost of production, aptamers are promising tools for clinical
applications. Aptamers against cell-surface protein biomarkers are of particular interest for
cancer diagnosis and targeted therapy. In this study, we identified and characterized RNA
aptamers targeting cells expressing integrin a581. This aoff heterodimeric cell-surface receptor is
implicated in tumor angiogenesis and solid tumor aggressiveness. In glioblastoma, integrin a531
expression is associated with an aggressive phenotype and a decrease in patient survival. We used
a complex hybrid SELEX strategy combining protein-SELEX cycles on the recombinant o531
protein, surrounded by cell-SELEX cycles, themselves realized using two different cell lines. We
identified aptamer H02, able to differentiate, in cyto- and histo-fluorescence assays, glioblastoma
cell lines and tissues from patient-derived tumor xenografts according to their a5 expression
levels. Aptamer HO2 is therefore an interesting tool for glioblastoma tumor characterization.
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1. INTRODUCTION

Glioblastoma multiform (GBM), the highest grade glioma tumor (grade IV), is the most
aggressive and the most common malignant form of astrocytoma. Standard therapy consists of
surgical resection to the extent that is safely feasible, followed by radiotherapy and concomitant
chemotherapy with temozolomide (Stupp protocol, [1]). Despite these therapies, the median
survival rate is less than 15 months [2]. Histological features that characterize GBM are the
presence of necrosis and abnormal growth of blood vessels around the tumor. Defining molecular
profiles aims at developing molecularly guided approaches for the treatment of patients. The 2016
World Health Organization (WHO) classification scheme [3] integrated phenotypic and genotypic
parameters for central nervous system tumor classification. GBM are divided into isocitrate
dehydrogenase (IDH) 1-wild type (about 90 % of cases; corresponds to the most frequently
primary or de novo GBM) and IDH-mutant GBM (about 10 % of cases, corresponds to secondary
GBM). Some of the GBM biomarkers that have been and are being discovered [4] are cell surface
protein biomarkers [5-8]. Expression of cell-surface protein is often remodeled in cancers. Genetic
and epigenetic features altered in cancer [8] include modification of copy number (under- or over-
expression), truncations, mutations and post-translational modifications. These modified
proteins are major clinical targets for diagnosis and therapies considering their accessibility for
pharmacological compounds.

Tumor-specific tools such as aptamers can be used as recognition ligands to discriminate a
tumor cell from another cell or as carriers to deliver therapeutic payloads to targeted tumor cells
[9,10]. Aptamers are single-strand DNA or RNA molecules that constitute an alternative class of
molecules emerging as cancer-specific therapeutic and diagnostic tools [9,10]. They are selected
through a process known as SELEX (selective evolution of ligands by exponential
enrichment)[11,12]. Aptamers, from the Latin aptare (to fit) and from the Ancient Greek meros
(part) are often referred as chemical antibodies [13]. They bind to their specific targets with high
affinity and specificity. Aptamers possess numerous advantages over antibodies, like smaller size,
temperature stability, self-refolding, lack of immunogenicity and toxicity, more efficient
penetration into biological compartments, chemical synthesis with high batch fidelity, option to
site-specific and flexible introduction of linkers, reporters, functional groups, siRNA,
nanoparticles, drugs... Aptamers have been identified towards a wide variety of targets, the most
common ones remaining proteins. We recently reviewed aptamers to more than thirty different
tumor cell-surface protein biomarkers [14], a few of them being heterodimeric receptors, such as
tyrosine kinase receptors and cell-adhesion molecules. The selection of aptamers to cell-surface
proteins still remains a complex process.

Among cell-surface biomarkers, integrins are heterodimeric cell-surface receptors for cell
migration, differentiation and survival [15], composed of a« and 8 subunits and which deregulation
leads to cancer progression and therapy resistance [16]. In mammals, twenty-four distinct
integrins are formed by the combination of 18 a and 8 [ subunits. Specific heterodimers
preferentially bind to distinct extracellular matrix proteins. Integrin o581, the fibronectin
receptor, belongs to the RGD-binding integrin family. Overexpressed on tumor neovessels and on
solid tumor cells, integrin a5B1 is implicated in tumor angiogenesis and solid tumor
aggressiveness. We and others have shown that a581 integrin is a pertinent therapeutic target for
GBM [17] through its active role in tumor proliferation, migration, invasion, metastasis and
resistance to chemotherapy [18-22]. At the mRNA level, high a5B1 integrin expression is
associated with more aggressive tumors in patients with glioma [18]. At the protein level, to date,
only a few in situ analysis on GBM tumor section were described [23,24]. Relationship between
protein expression and patient survival requires rapid and accurate tools for diagnostics.
Moreover, new therapeutics are needed to target a5B1 overexpressed in GBM tumor cells.

In our study, aptamers to integrin a5B1-expressing cells were selected by an original and
complex hybrid-SELEX process. This SELEX combines three rounds of protein-SELEX surrounded
by fifteen rounds of cell-SELEX on two different cell lines, the human U87MG GBM cell line and the
CHO-B2 cell line from Chinese hamster ovary, overexpressing integrin a5. Counter selection steps
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were realized on isogenic cell lines under-expressing a5 for UB7MG or that do not express a5 for
CHO-B2. We identified and characterized an aptamer named H02. Directly coupled to the cyanine
5 fluorophore, aptamer HO2 was able to discriminate between ten GBM cell lines expressing high
and low levels of integrin a5. We also demonstrated that aptamer HO2 is very efficient in apta-
fluorescence assays to characterize GBM tumor tissues from patient-derived tumor xenografts
expressing high levels of a5 from GBM tumor tissues expressing low levels of a5.

2. RESULTS

2.1. Selection of RNA aptamers by a SELEX strategy combining cell-SELEX on two cell lines
and protein-SELEX

To guide selection towards o531, we used an original hybrid-SELEX strategy that alternates
protein- and cell-SELEX. Our strategy is divided in three steps symbolized by three circles in
Figure 1A, using two different cell lines (Figure 1B) and a recombinant a581 protein (Figure 1C).
The first seven rounds of cell-SELEX were realized on GBM U87MG cells overexpressing the a5
subunit (U87MG o5+) [18]. An RNA library comprising 1014 different molecules was incubated
with U87MG a5+ cells plated in a cell culture dish. Counter-selection was introduced during
rounds 4-6 using isogenic UB7MG cells modified to under-express the a5 subunit (U87MG a5-)
[18]. The next three rounds of selection were performed by a protein-based SELEX process
(rounds 8-10) on the protein A-purified form of integrin a531. The recombinant protein a5(Eos1)
B1(D70s)-Fc (a5B1-Fc) is composed of human a5 and 1 ectodomains, fused to Fcyl knobs
mutated into their CH3 domains so as to increase the likelihood of heterodimerization between
a5 and (31 chains [25]. Negative- and counter- selection steps preceding positive selection steps
were realized on protein A-sepharose beads (rounds 8-10) and on an antibody presenting the
same y1 isotype than the Fc fused to a5B1 ectodomains (rounds 9-10). Finally, cell-SELEX rounds
were implemented on two different cell lines: on U87MG cells (round 11, as for rounds 1-7) and
CHO-B2 cells (rounds 12-18). CHO-B2 cells, which does not naturally express a5 [26], were used
for counter selection. For positive selection, CHO-B2 cells were manipulated to generate positive
a5 cells by overexpressing human ITGAS5. Within the course of the SELEX process, the stringency
was progressively increased, by decreasing and increasing incubation time for positive- and
counter-selection, respectively, by introducing competitor yeast tRNAs and increasing the
number of washes (Table S1). The enrichment of RNA pools during selection was followed by flow
cytometry. The RNA pool at round 18 was cloned. Among eighty two sequenced molecules, five
aptamers, named HO2, H03, G10, B03 and G11, were selected for further characterization.

2.2. Post-SELEX characterization of aptamers

Aptamer HO2 was the most frequently represented over all sequences (6 times out of 82
sequences, 7.3%). Aptamers H03, G10 and G11 represented 3.7% of all sequenced molecules, and
aptamers B03 1.2%. The predicted secondary structures of the five aptamers H02, G11, HO3, G10
and B03 are shown in Figure 2. Fixed regions (represented in dark red on figure 2) were designed
to display partial complementarity and pre-organize aptamers in hairpin structures [27].
Secondary structure prediction of aptamers HO02, G11 and BO3 are highly similar and very
different from those of G10 and H03. The bottom parts of aptamers H02, G11 and B0O3 adopt a
mismatched double-stranded structure conducted by the 5’ and 3’ fixed regions. A long 9-10
nucleotide CG-rich double-stranded structure interrupted by mismatches (HO2 and B03) and by
an internal loop (G11) constitutes the core of the random region. The 10 and 7 nucleotide long
apical loop for HO2 and BO3 is purine-rich. The apical loop of G11 is short (3 nucleotide long).

Identification of o5B1-binding aptamers was realized using confocal fluorescence
microscopy by incubating cyanine-5 (Cy5) labeled aptamers with the cells used for the cell-SELEX
process (Figure 3). None of the five aptamers binds to U87MG a5- and CHO-B2 cells used for
counter selection steps. At 4°C (Figure 3A & 3B), only aptamer H02 binds to U87MG a5+ and CHO-
B2 a5+ cells used for positive selection steps. We next checked whether these aptamers were able
to bind to UB7MG cells at 37°C, the temperature used for the cell-SELEX process (Figure 4). H02,
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G11, B03, G10 and B03 did not bind to U87MG «5- cells (Figure S1). On U87MG a5+ cells, we
observed a strong binding not only of aptamer H02, but also to a lesser extent of aptamer G11
(Figure 4). Due to its binding to U87MG a5+ cells at 4°C and at 37°C, further studies were focused
on aptamer HO2.

2.3. Stability, specificity, affinity, localization of aptamer H02

As aptamer HO2 is a non-modified RNA molecule, we tested its stability in the presence of
cells at 4°C and 37°C in the buffer used for selection. Results (Figure S2) confirmed that incubation
on cells for 30 minutes, which corresponds to the maximum contact time of RNAs with cells during
selection and different assays on cells, does not induce aptamer HO2 degradation.

The specificity of aptamer HO2 for a5 overexpressing cells was confirmed by flow cytometry
(Figure 5A). Albeit no shift in fluorescence was detected for CHO-B2 cells after incubation with
the two Cy5-labeled HO2 and B03 aptamers, a shift was detected for CHO-B2 a5+ cells with
aptamer HO2 but not with aptamer B03.

The equilibrium affinity parameter Kp of the interaction between aptamer HO2 and U87MG
a5+ cells was determined using flow cytometry (Figure 5B). Binding events associated with the
fluorescence signal of different concentrations of aptamer, ranging from 0.15 to 5 uM, to a
constant number of cells were measured. A Kp of 277.8 + 51.8 nM was determined.

The localization of aptamer HO2 on the GBM U87MG a5+ cells was analyzed by confocal
microscopy at 4°C and 37°C. Cells were incubated with the Cy5-labeled aptamer HOZ and with the
anti- a5 [IA1 antibody, followed by incubation of a secondary antibody labeled with Alexa 546.
Spots of co-localization were detected between Alexa-546 and Cy5 which reflect spatial proximity
between the a5 subunit and the aptamer H02, at 4°C and to a lesser extent at 37°C (Figure 5C).
Aptamer HO2 detects a581 mostly at membrane at 4°C and punctuate spots in the cytoplasm
suggest internalized molecules inside cells at 37°C. A weaker co-localization was observed with
anti-B1 antibody and aptamer HO2 (Figure 4). The 1 subunit associates with different a subunits
to form receptor complexes whereas the o5 subunit associates only with the $1 subunit to form
the fibronectin receptor. Aptamer HO2 seem to be directed to the o5 subunit of integrin a531.

2.4. Cyto- and histo-fluorescence with aptamer H02

Aptamers molecules have the potential to revolutionize the field of diagnostics for the
detection of cell-specific biomarkers [28]. We evaluated the capacity of aptamer H02 to be a new
tool for the characterization of GBM a5 expressing cells and tissues. We first characterized the
ability of aptamer HO2 to distinguish between ten human GBM cell lines expressing different
levels of the a5 subunit (Figure 6A). Among those are encompassed the UB7MG a5+ and U87MG
a5- used for cell-SELEX, and the eight GBM cell lines LN319, LN229, SF763, LN18, LNZ308, U373,
T98G, LN443. For aptacytochemical assays, confluent adherent cells were cultured in monolayers
on sterile glass slides. Cells were stained with the Cy5-labeled aptamer H02 at 4°C for 30 minutes.
After fixation of cells with paraformaldehyde, a double-staining procedure by
immunofluorescence was realized on the same cells using an anti-a5 primary antibody and a
secondary antibody labelled with Alexa 546. Quantification of apta- and immuno-stainings of the
different cell lines is shown in Figure 6B. A correlation coefficient of 0.76 has been determined
between apta- and immuno-fluorescence. Integrin a5B1 in GBM cell lines can therefore be
characterized in cytofluorescence with the Cy5-labeled aptamer HO2.

Histochemical assays were performed on two patient-derived GBM xenografts, TC22 and
TC7. These tissue sections, embedded on paraffin, were first deparaffinized and subjected to
antigen unmasking protocol. Analysis were performed on the 2 tissue sections to quantify the
level of integrin o5 in both tumor and to compare immuno- and apta-histochemistry assays.
Immunohistochemical assays show that TC7 tumor presents a higher integrin a5 expression level
than TC22 tumor (Figure 6C and 6D, top panels). Aptahistochemical assays were realized with the
Cy5 labeled aptamers HO2 and G11 (Figure 6C and 6D, bottom panels). With aptamer H02, the
fluorescence intensity is 4 fold higher on TC7 than on TC22. In the conditions used for these
histochemical experiments, the signal/noise ratio was better with aptamer H02 than with than

164



with antibody. Aptamer G11 was also able to discriminate between both tissue sections, but to a
much lesser extent than aptamer HO2 (difference of 1.6 fold).

Aptamer HO2 is therefore an interesting promising new tool to differentiate cells according
to their a5 subunit expression levels, whether it be in cyto- and in histo-fluorescence experiments.

3. DISCUSSION

As differential expression of cell-surface proteins often occurs in tumor cells, and considering
their accessibility to extracellular ligands, these proteins provide potential biomarkers in
oncology for diagnosis, prognosis and therapy. The identification of molecular probes specific for
cell-surface protein biomarkers is of great importance [14]. Due to their high affinity and
specificity towards their targets, aptamers are attractive alternative promising tools to antibodies
for clinical applications. In this study, through a complex and highly stringent SELEX strategy, we
showed that it was possible to select an RNA aptamer specific to a pre-identified heterodimeric
cell-surface protein embedded in its natural environment. Aptamer HO2 was able to differentiate
between high and low expression of the a5(31 integrin on cells and tissues. This aptamer is suitable
for tumor characterization.

Two main processes have been developed to select aptamers specific for pre-determined cell-
surface proteins, namely protein- and cell-based SELEX [14]. In protein-based SELEX, a purified
protein is used as target, usually full-length or truncated (generally recombinant ectodomains).
The major issues of protein-based SELEX process are that purification of membrane proteins is
not easy and that purified proteins may not adopt the same conformational state than in their
endogenous cellular environment. Some aptamers identified through protein-based SELEX failed
to recognize their target when embedded in whole living cells [29,30]. In cell-based SELEX, targets
are cell-surface proteins in their cellular environment. This process is much more complex than
protein-based SELEX. Modification of cell lines are often required to guide the selection towards
the desired target, like over- and/or under-expression of the protein target for positive- and/or
counter-selections, respectively. Cell-SELEX employs generally cells genetically modified to
overexpress a defined cell-surface target for positive selection and mock cells for counter
selection or mock cells for positive selection and isogenic cells under-expressing the cell-surface
target for counter selection [14]. Cancer cell lines have been used for cell-based SELEX process
[10,31], both for therapy and diagnosis purposes.

Only three integrins (2, av3 and a634) have been used so far as pre-identified targets for
SELEX processes. Blind et al [32] selected, by protein SELEX, RNA aptamers targeting a 46-mer
peptide corresponding to the complete cytoplasmic domain of the 2 subunit of integrin aL32.
Cells infected with vaccinia viruses encoding 32-specific aptamers, enabled high-level cytoplasmic
expression of RNA aptamers. Intracellular integrin-binding aptamers reduced inducible cell
adhesion to the intercellular adhesion molecules-1 (ICAM-1). To target integrin avf33, two
different protein-based SELEX processes and a cell-based SELEX were used to identify 2
fluoropyrimidine RNA aptamers. The 2'-fluoropyrimidine modification confers increased nuclease
resistance to RNA molecules. Aptamer Apt-avf33, selected on avB3 purified by immunoaffinity
chromatography, was able to bind avf3 integrin expressed on the surface of live cells and to
impair endothelial cell growth and survival [33,34]. In order to select for aptamers specific to
homodimer av and 3, Gong et al [35], developed a strategy called MAI-SELEX (MAI for multivalent
aptamer isolation). Two distinct selection stages were employed, the first being a classical affinity
selection on the purified full-length av33 integrin. The second, for specificity, leads selection to 33 as
integrin ollb 33 served as a protein decoy. Two aptamers, specific for av and 33 were identified with
affinities in the low nanomolar range. Takahashi et al [36] applied a process that they called Icell-
SELEX (isogenic cell-SELEX) to identify RNA aptamers targeting integrins av (ITGAV) in which
isogenic HEK293 cell lines were manipulated for counter-selection by microRNA-mediated
silencing and for positive selection by overexpression of target proteins. Integrin a6f4 has
recently been the target of a hybrid-SELEX [37,38], a combination of protein- and cell-based SELEX
processes, for which five rounds of cell-SELEX on PC-3 cells were followed by 7 rounds of protein-
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based SELEX on a recombinant a634 protein [39]. In this last study, despite the introduction of
counter-selection on PC-3 (4 integrin (ITGB4) knockdown cells to deplete ssDNA aptamers
specific for cell surface markers other than the 4 subunit, the cell-SELEX process alone was not
sufficient to prevent enrichment of non-target specific aptamers. Affinities of aptamers identified
by cell-SELEX for their integrin targets were in the hundreds nM range [14].

To allow the discovery of highly selective but also conformation-dependent aptamers and to
guide the selection towards integrin a531, the complex SELEX strategy that we adopted presents
two originalities compared to other SELEX strategies towards cell-surface biomarkers. In our
study, a hybrid SELEX, combining successive rounds of cell-SELEX, protein-SELEX and then again
cell-SELEX, was realized. Usually, in hybrid-SELEX, the first rounds of selection are realized by
cell-SELEX, and then rounds of selection are realized on the same version of the target in its
purified form by protein-based SELEX [37,39]. A reverse hybrid-SELEX combines first protein-
SELEX followed by cell-SELEX [38,40,41]. Consequently, our strategy combines hybrid-SELEX and
reverse hybrid-SELEX (Figure 1). The second originality is that two different cell lines were used,
compared to one in previous studies. These two cell lines were the human GBM U87MG and the
CHO-B2 cell lines. Both cell lines were genetically transformed to express high levels of the human
a5 subunit for positive selection rounds. These two cell lines do not express the same level of the
a5 subunit (Figure 1). The first rounds of selection were realized on the U87MG a5+ cells to guide
the selection towards cells highly expressing the a5-subunit. The last rounds of cell-SELEX were
realized on CHO-B2 o5+ cells, a cell line expressing a5 levels similar to the a5 expression of the
wild type GBM cell line U373 to guide the selection to a more natural expression and probably a
more natural conformation and environment of the target. For counter selection rounds, the ideal
cell line was CHO-B2 as it does not express at all the a5 subunit. U87MG a5- were stably
transfected to repress the human a5 gene by transfecting a pSM2 plasmid coding for a shRNA
targeting the a5 mRNA [18]. Despite the fact that U87MG o5- cells were not fully depleted in a5,
we showed that the differential expression level of a5 between U87MG a5+ and U87MG a5- was
high enough to permit a differential binding pattern of aptamer HO2 (Figure 3B). The key to this
successful complex SELEX lies in the use of alternative rounds of cell- and protein- SELEX rounds,
the use of at least two different cell lines to remove unspecific binding and in the high differential
expression of target expressed on cells used for positive selection compared to cells used for
counter selection.

Aptamer HO2 was selected after eighteen rounds of a stringent SELEX process. This aptamer
was the most represented sequence, has a highly stable hairpin predicted secondary structure and
is not degraded in contact with cells in the condition used for experiments. Aptamer H02 was
identified as a specific binder of a5 expressing cells whether it was on cells used for positive
selections or on other GBM cells in aptacytochemistry assays. A Kp value of 277.8 + 51.8 nM was
determined, for the interaction between aptamer HO2 and U87MG a5+ cells. This affinity value is
in the same order of magnitude than the 100-400 nM that have been determined for aptamers
characterized towards other integrins by cell-SELEX or hybrid-SELEX [36,39].

Histological detection of specific biomarkers is almost indispensable for diagnosis
confirmation of malignancy. Immunohistochemistry is a cheap, easy method for detection of
tumor biomarkers. Aptahistochemistry is a new notion, still rarely described, for which aptamers,
as a new class of probes, are used instead of antibodies. In our study, we used aptamer HO2 end-
labeled with a single cyanine 5 fluorescent dye. Aptamer H02 was able to specifically interact with
a5 overexpressing tumor tissues from patient derived xenografts (Figure 6C & 6D) as it efficiently
differentiate TC7 (tissue with high a5 expression) from TC22 (tissue with low a5 expression).
Aptamer HO2 is an effective molecular probe for labeling histological tissue sections and detection
of the a5f1 biomarker on tumor cells. Aptamer probes may become powerful tools for
pathologists to characterize tumor tissues as protocols are simple to implement and can be
applied not only to paraffin-embedded cancer tissue, but also to frozen and formalin-fixed tumoral
tissues [42-44]. A recent review describes the technicalities of the current applications of
aptahistochemistry [45]. Aptafluorescence reduces the cost, time and cross-reactivity concerns
compared to immunofluorescence approaches based on primary and then secondary antibodies.
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Conjugation of dye on aptamers is easy and reduces the risks of disrupting the aptamer structure,
compared with antibodies generally labeled with multiple tag. Compared with an antibody,
aptamer smaller size (10-fold reduction in size) allows for a better penetration in tissues [46,47],
particularly in applications for which epitope accessibility is reduced, such as in fixed tissues. A
further advantage of aptamers is that the target of interest is not limited to molecules which
produce an immune response in the host animal, as for antibodies [28]. Chemical synthesis of
aptamers virtually eliminates the issue of batch-to-batch variation.

4. CONCLUSION

In conclusion, we characterized a new, original and powerful aptamer tool to detect GBM
tumoral cells and tissues expressing high levels of a5f1 integrin. These detections might be
extended for use in other cancers where a5f31 has proven to be a therapeutic target, such as colon,
ovarian, breast, lung tumors and melanoma [17]. If internalized, this aptamer might open roads
for a5B1-specific therapeutic payloads delivery. Endocytosis may be crucial for targeting and
increasing the therapeutic efficacy of GBM drugs. Linked to a cytotoxic agent, an aptamer to
integrin a5B1 could serve as a carrier for targeted therapeutic delivery. Such aptamers were very
recently called “charomers” [48]. If charomers reach the cytosol, they would become very
powerful carriers to deliver therapeutics inside targeted cells.

5. MATERIALS AND METHODS

Materials

The ssDNA library was synthetized and purified by Eurogentec (Seraing, Belgium). All RNA
aptamers and chemicals were purchased from IBA and Sigma-Aldrich (Hamburg, Germany),
respectively, unless otherwise stated. Sequences of all primers, library, and aptamers described
in this study are described in Table S2.

Cell culture and transfection

Cell culture medium and reagents were from Lonza (Basel, Switzerland) or Gibco (Thermo Fisher
Scientific, Waltham, MA USA). U87MG cells were from ATCC; U373MG and T98G cells were from
ECACC (European Collection of Authenticated Cell Cultures, Sigma). LN319, LN229, LN443, LN18
and LNZ308 cells were kindly provided by Pr. Monika Hegi (Lausanne, Switzerland), SF763 by
Frédéric André (Marseille, France), CHO-B2 by Wolfram Ruf (La Jolla, USA). All GMB cells were
routinely cultured in Eagle’s minimum essential medium (EMEM), 10% heat-inactivated foetal
bovine serum (FBS), 2 mM glutamine. For U373MG and T98G, 1% non-essential amino acids and
1mM sodium pyruvate were added to the medium. For CHO-B2 cells, EMEM was substituted for
Dulbecco's Modified Eagle Medium (DMEM, high glucose). UB7MG cells were stably transfected
respectively to overexpress (U87MG a5+) and to repress (U87MG a5-) the human a5 gene, as
previously described [18]. CHO-B2 cells lack the a5 subunit. They were stably transfected by a
pcDNA3.1 plasmid, provided by Dr. Ruoshlati, La Jolla, USA, to overexpress the human a5 integrin
gene fused to the green fluorescent protein (GFP) by using jetPRIMETM (Polyplus-transfection)
according to the manufacturer’s instructions and named CHO-B2 a5+ cells.

Expression and purification of a5p81-Fc

The recombinant soluble human o5(Ees1)B1(D70s)-Fc (a5B1-Fc) integrin (a gift from Martin
Humphries, Manchester, UK) was produced from NSO culture supernatant and purified via the Fc
domain on protein A-sepharose, as previously described [25]. The purity of the protein was
verified by Coomassie staining of SDS-polyacrylamide gel.

SELEX strategy

The RNA library was obtained by transcription from a starting ssDNA library (Eurogentec),
containing 30 random nucleotides (N30), flanked by primer annealing sites: 5’-
GTGTGACCGACCGTGGTGC-N30-GCAGTGAAGGCTGGTAACC-3. Two  primers P3"  (5-
GTGTGACCGACCGTGGTGC-3") and P5’ (5'-TAATACGACTCACTATAGGTTACCAGCCTTCACTGC-3)
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containing the T7 transcription promoter (underlined), were used for PCR amplification, as
described [27]. Synthesis of the RNA library and transcription, followed by DNAse I (Roche)
treatment have already been described [49]. The RNA pool was gel purified by denaturing (7 M
urea) gel electrophoresis on a 8% polyacrylamide gel. The band corresponding to the RNA was
visualized by UV shadowing, cut out for overnight extraction (500 mM NH4OAc, 1 mM EDTA, 20
% phenol) at 4°C. The RNAs were then purified by phenol/chloroform extraction and ethanol
precipitation. Prior to each round, the RNA pool was heated at 80°C for 2 minutes, immediately
cooled-down on ice for 5 minutes, and then placed at room temperature for 10 minutes in order
to allow the formation of the optimal conformation, in selection buffer composed of 1mM MgCl,,
0.5 mM CaCl; in phosphate-buffered saline (PBS), pH 7.4. For cell-SELEX, adherent cells at
confluency were washed 3 times in PBS and 3 times in selection buffer before incubation with the
starting RNA library (1 nmole) at 37°C for 30 minutes under slow agitation (75 rpm). Cells were
then washed once for 5 minutes and detached with a cell scraper. Binding RNA molecules were
detached from cells by heating at 95°C for 2 minutes. Eluted RNA pools were extracted by
phenol/chloroform and ethanol precipitated. They were then amplified by reverse-transcription
prior amplification [49]. The dsDNA pool was then transcribed as described above. For next
rounds of selection, number of washes were modified compared to the first round as described in
Table S1. From the fourth round to the sixth, the RNA pool was first incubated with cells used for
counter selection and unbound sequences were then incubated with cells used for positive
selection (Figure 1). A protein-based SELEX process was applied during rounds 8-10. The
recombinant a5B1-Fc integrin was coupled to protein A-sepharose 4B conjugate (Invitrogen),
ahead washed 3 times with selection buffer. We employed a negative selection step in which the
RNA pools were pre-incubated with protein A-sepharose beads alone prior to the positive
selection. Unbound sequences were incubated under agitation on a5f31-Fc-loaded beads for 20
minutes. Eluted RNA was recovered, reverse transcribed, PCR amplified and transcribed back into
RNA for the subsequent round as described above. For rounds 9 and 10, a counter selection was
also realized on negative control IgG (cetuximab, Merck Serono). Beginning with round 11,
another cell-SELEX process was realized as described above. Cells for counter- and positive-
selections and SELEX conditions are described in Figure 1 and Table S1. Since the 14th round of
selection, competitor yeast tRNA was added (Table S1). At the end of SELEX, sequences of the 18th
pools were cloned with TOPO-TA cloning kit (Invitrogen Life Technologies) before sequencing.
The sequences have been compared by MultAlin [50]. Prediction of secondary structure were
obtained by the mfold software [51].

Stability assay

RNA aptamers at 5 uM in selection buffer were incubated on adherent cells at 4°C and 37°C for O,
15, 30 and 45 minutes. Control samples were realized with aptamers which were not in contact
with cells. Samples were loaded on a denaturing (7 M urea) 12% polyacrylamide gel and revealed
using a Stains all solution (Sigma-Aldrich).

Flow cytometry

Flow cytometry was performed with individual aptamers directly coupled to Cy5 at their 3’-end.
For the comparison of the binding profile of different aptamers binding to cells, aptamers were
used at a final concentration of 500 nM. For the determination of equilibrium binding affinities,
aptamer HO2 was used at concentrations ranging from 0.15 to 5 uM. After detachment with EDTA
0.2M, cells were incubated for 30 minutes with Cy5-labeled aptamers. Controls were realized by
incubating cells with a 1/100 dilution of an anti-a5 antibody (mouse anti-human CD49e, 11A1
antibody, BD Chemigen) for 30 minutes, followed by a 30 minutes incubation with the Alexa 647-
conjugated affine pure goat anti-mouse IgG (Jackson Immonoresearch) at 10 pg/ml. After
washing, cells were analyzed using a FACS Calibur flow cytometer (Becton Dickinson), and the
mean fluorescence intensity was measured using Flowing software 2.5.1. For Kp determination,
experiments were repeated three times and data were evaluated using GraphPad PRISM (version
5.04).
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Western blot

Cells were lysed (1% Triton-X100, NaF 100 mmol/L, NaPPi 10 mmol/L, Na3zVO4 1mmol/L in PBS,
supplemented with Complete anti-protease cocktail; Roche) and 10 pg of protein was separated
by SDS-PAGE (BioRad) and transferred to PVDF membranes (Amersham). Blots were probed with
antibodies to a5 integrin (H104, Santa Cruz Biotechnology) and to GAPDH (Millipore). HRP-
coupled secondary antibodies were from Promega. Proteins were visualized with enhanced
chemiluminescence using the LAS4000 imager and densitometry analysis was performed using
the Image] Software (GE Healthcare). GAPDH was used as housekeeping protein to serve as the
loading control for cell lysate samples. Analysis were performed on three independent experiments.

Fluorescent-based cytochemical assays on human GBM cell lines

The adherent GBM cell lines (U87MG a5+, US7MG a5-, LN319, LN229, LN443, SF763, LN18,
LNZ308, U373 and T98G) were plated on sterile glass slides one night at 37°C in culture medium,
washed three times and then saturated for 1h at RT in selection buffer containing 2% BSA. For
aptacytochemical assays, Cy5-labeled aptamer HO02 was denatured at 95°C for 3 minutes,
incubated on ice for 5 minutes and then on cells in selection buffer for 30 minutes on ice, at 5 uM.
Cells were then washed in selection buffer, fixed for 8 min in 4% PFA, permeabilized for 2 min
with 0.2% triton, and washed again. Sequentially, immunocytochemistry was realized with anti-
a5 antibody (mouse anti-human CD49e, 11A1 antibody, BD Chemigen) 1/200 or with anti-f1
antibody (mouse anti-human CD29 antibody, clone TS2/16, Biolegend) 1/500, for 1h at RT
followed by a secondary goat anti-mouse antibody coupled to Alexa 546 (Life Technology) at a 2
ug/ml final concentration. Immuno- and apta-stainings were followed by Hoechst staining for 1h
at room temperature to visualize nucleus. Washing steps are realized before mounting using the
fluorescent mounting medium (S3023, DAKO).

Fluorescent-based histochemical assays on patient-derived xenograft

Two patient-derived heterotopic xenograft (PDX) were selected for in vivo analysis [52]. TC7 and
TC22 GBM-PDX presented high and low levels of a5 integrins, respectively. PDX mouse models
were established using tissues surgically removed from patients as previously described [53,54].
Integrin o5 was apta- and immuno-stained using formalin-fixed, paraffin-embedded xenografts
mounted on glass slides. Sections were deparaffinized, rehydrated and subjected to antigen
unmasking protocol. Briefly, sections were boiled at 100°C for 10 min in the Target Retrieval
Solution, pH 9 (52367, DAKO), cooled down to room temperature for 20-40 min, rinsed in H-O.
For aptafluorescence, slides were rinsed for 5 min in selection buffer, dried and then incubated in
blocking buffer (2% BSA in selection buffer) for 1h at room temperature, rinsed in H,0 and then
in selection buffer, and dried. RNA molecules were denatured at 95°C for 3 minutes, incubated on
ice for 5 minutes before dilution in selection buffer to a 1 uM final concentration. Aptamers were
incubated on tumor sections for 1h at RT in a humid chamber, washed in selection buffer, dried,
fixed in 4% PFA, and then washed thrice in PBS. For immunofluorescence, slides were rinsed for
5 min in PBS-T (0.1% Tween-20 in PBS), dried and then incubated in blocking buffer BB-I (5%
goat serum in PBS-T) for 1h at RT in a humid chamber. Overnight incubation with the anti-integrin
o5 mAb 1928 (6B8516, Millipore) 1/200 in BB-I was followed by a 5 min wash in PBS-T and by
an incubation step with a 1/100 dilution of the goat anti-rabbit secondary antibody coupled to
Alexa Fluor 647 (A21245, Life technologies). Immuno- and apta-stainings were followed by DAPI
(10 pg/ml) staining for 30 min at room temperature to visualize cellular nuclei. The stained
samples were then washed in PBS and coverslips were mounted onto tissue sections using the
fluorescent mounting medium (S3023, DAKO).

Confocal imaging

Images were acquired using a confocal microscope (LEICA TCS SPE II, 63x magnification oil-
immersion).
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Mean fluorescence intensity was acquired using the Image] software. Statistical analysis of data
are represented as mean + SEM. Statistical analyses were realized with GraphPad PRISM version
5.04.
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FIGURE LEGENDS

Figure 1. SELEX strategy. A. Scheme of cell- and protein-based SELEX strategy used for aptamer
selection. Briefly, one round of SELEX involves first a selection step: the nucleic acid library is
incubated with a target (positive selection), which can be preceded by a counter selection to
remove non-specific nucleic acid molecules. During the partitioning step, bound and unbound
fractions are separated. The bound fraction is amplified to obtain an enriched pool for next round
of selection. First, cell-SELEX processes were realized (rounds 1-7), followed by protein-SELEX
(round 8-10) and then by cell-SELEX (rounds 11-18). The combination of cell- and protein-based
SELEX is called hybrid-SELEX. At the end of the selection, nucleic acid molecules were cloned and
sequenced. Individual sequences are aptamers. B. Description of cells used for counter- and
positive-selections (rounds 1-7 and 11-18). On the right, western blots show the level of
expression of a5 in the different cell lines used for the SELEX strategy. C. Description of proteins
used for counter- and positive-selections (rounds 8-10). Counter-selection was also performed on
protein-A sepharose beads alone in rounds 8-10. Below is shown a denaturing SDS
polyacrylamide gel loaded with the protein A-purified recombinant a5B1-Fc protein and
Coomassie blue stained.

Figure 2. Predicted secondary structure of aptamers H02, G11, HO3, G10 and B03. Structures
were predicted using the mfold web server [51]. Nucleotides 1-19 and 50—-68 correspond to fixed
flanks of the candidate sequences. They are shown in dark red. AG values are noted above
structures.

Figure 3. Monitoring of the binding of five Cy5-labeled aptamers H02, G11, H03, G10 and B03 on
CHO-B2 and U87MG cell lines, at 4°C, using confocal microscopy. Nuclei, counterstained with
Hoechst are represented in royal blue. Aptamers, coupled to Cy5, are represented in white. A.
Binding on CHO-B2 (left panel) and on CHO-B2 o5+ (right panel). B. Binding on U87MG a5- (left
panel) and U87MG o5+ (right panel).

Figure 4. Monitoring of the binding of five Cy5-labeled aptamers H02, G11, H03, G10 and B03 on
U87MG a5+ cells, at 37°C, using confocal microscopy. In the upper line section, in white, are
represented anti-1 antibody (Ab) and aptamer (Apt) labeling. In the lower line section, the merge
figures in colors, show nucleus (in royal blue), anti-f1 antibody (in green) and aptamer (in red)
labeling.

Antibody TS2/16 was used for 1 subunit labeling. Aptamers were labeled with Cy5. Nuclei were
counterstained with Hoechst (royal blue).

Figure 5. A. Comparison of the binding profiles of aptamers HO2 (left) and B0O3 (right) on CHO-B2
cells (grey lines) and CHO-B2 a5+ cells (black lines). Profiles without aptamer labeling is shown
to the right. B. Determination of the equilibrium affinity parameter Kp for the interaction between
U87MG a5+ cells and aptamers HO2. Cy5-aptamer HO2 at concentrations ranging from 0.15 to 5
pM was incubated with a constant amount of cells and analyzed by flow cytometry. C. Confocal
microscopy analysis with aptamer HO2 and the anti-a5 antibody [I1A1 on U87MG a5+ cells at 4°C
and 37°C. Aptamer is labeled with Cy5 (red). Incubation of antibody IIA1 was followed by
incubation with a secondary antibody labeled with Alexa-546 (green). Nucleus are stained with
Hoechst (blue). Arrows show zones of co-localization.

Figure 6. Aptafluorescence on GBM cells (A & B) and tissues (C & D). A. Western blot analysis.
One representative western blot with the GBM cell lines (U87MG a5+, U87MG a5-, LN319, LN229,
SF763, LN18, LNZ308, U373, LN443 and T98G) used in this study is represented at the top panel.
Histograms, at the bottom, show the quantification of o5 integrin expression normalized to
GAPDH levels (mean + SEM of 3 independent experiments). GAPDH was used as a loading control.
B. Immuno-quantification versus apta-quantification of fluorescence experiments on ten GBM cell
lines. Immuno-quantification was realized with an anti- o5 antibody, followed with a secondary
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antibody coupled to Alexa 647. Aptafluorescence was realized with Cy5-labeled aptamer HO2.
Quantifications were realized on at least 5 images / cell line. The correlation coefficient is 0.76
with P value < 0.0001. C. Immuno- (top panel) and apta-fluorescence (bottom panel) on patient-
derived tumor xenografts TC7 and TC22 presenting high and low levels of a5 integrins,
respectively. In immunofluorescence, detection of a5 (in red) was realized with antibody followed
by a secondary antibody coupled to Alexa 647. In aptafluorescence, detection of a5 (in red) was
realized with Cy5-labeled aptamers H02 and G11. DAPI staining is shown in blue. One
representative image per condition is shown. D. Quantification of immino- (top panel) and apta-
(bottom panel) fluorescence. Histograms show quantifications of 10-26 different images per
condition. Statistical analyses were done with the Student’s t-test with **** p < 0.0001 and
**¥p<0.003.
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Figure 2

Remarque : L'aptameére HOZ est actuellement en cours d’étude a la SATT Conectus en vue d’une éventuelle

prématuration. Sa séquence est partiellement masquée dans ce manuscrit.
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Figure 3
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Figure 4
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Figure 5
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Figure 6
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SUPPLEMENTARY DATA

Table S1. Selection conditions in SELEX process.

Yeast tRNA Nb of washes Counter-selection Positive-selection
Rounds ) 8 A i . . :
(mg/ml) (2-5 min/wash) incubation time incubation time
cell-SELEX
! / 1 / 30 min
2 / 1 / 30 min
3 / 4 / 20 min
4 / 4 15 min 20 min
5 / 4 20 min 15 min
6 / 7 25 min 10 min
7 / 7 / 20 min
protein-SELEX
8 / 3 15 min® 20 min
° / 3 15 min® 20 min
10 / 6 20 min® 20 min
cell-SELEX
n / 9 / 25 min
12 / 6 13 min 30 min
13 / 8 3minx6wells® 30 min
1 ! 8 3minx6wells® 30 min
1 ! 8 3minx6wells® 25 min
16 1 8 3min x6wells® 17 min
1 ! 10 3minx6wells® 15 min
18 1 10 25 min 10 min

aIncubation on protein A-sepharose
bIncubation on protein A-sepharose, followed by incubation on Cetuximab
‘The RNA pool was incubated for 3 minutes on 6 successive adherent cells containing wells

Table S2. Sequences of all primers, library, and aptamers described in this study. Fixed sequences of
library and aptamers are written in dark red.

Name Sequence
Primer P3’ 5’-GTGTGACCGACCGTGGTGC-3'
Primer P5’ 5’-TAATACGACTCACTATAGGTTACCAGCCTTCACTGC-3’

RNA library 5’-GGUUACCAGCCUUCACUGC-N30-GCACCACGGUCGGUCACAC-3’

Aptamer H02 5~ GGuuAccaGecuucAcuGC N / CCACGGUCGGUCACAC-3’

Aptamer G11  5’- GGUUACCAGCCUUCACUGCGGAGUACGCACACUUGGUGUUAGCGUCCCCGCACCACGGUCGGUCACAC-3’

Aptamer HO3  5’- GGUUACCAGCCUUCACUGCCACAGCGGCAUUGAAAGCUGAUGACAGGCCGCACCACGGUCGGUCACAC-3’

Aptamer B03  5-GGUUACCAGCCUUCACUGCGCCCAGUCACUGCACGAAUCAGUGAUGGCCGCACCACGGUCGGUCACAC-3’

Aptamer G10  5’- GGUUACCAGCCUUCACUGCCGAUGCAGGAUGGCCAACGUGUACCUGCCGCACCACGGUCGGUCACAC-3’

Remarque : L'aptamére HOZ est actuellement en cours d’étude a la SATT Conectus en vue d’une éventuelle
prématuration. Sa séquence est partiellement masquée dans ce manuscrit.
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Figure S1

HO2 G11 HO3 G10 B03

30um
Figure S1. Monitoring of the binding of five Cy5-labeled aptamers H02,G11, H03, G10 and B03 on U87MG
a5- cell, at 37°C, using confocal microscopy. Nuclei are colored in royal blue (upper line) and aptamers in
red (lower line).

Hoechst

U87MG a.5-

RNA-Cy5

Figure S2

A

Figure S2. Stability of RNA aptamers during incubation with cells. Aptamer at 5 pM at A. 4°C and B. 37°C
was incubated without cells (lanes 2-4) or with U87MG a5+ cells (lanes 5-7). Lane 1 corresponds to RNA
at the beginning of the experiment (time 0). Incubation time: 15 min (Lanes 2 and 5), 30 min (lanes 3 and
6) and 45 min (lanes 4 and 7).
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E.

PERSPECTIVES

Les intégrines ont rarement été les cibles d’un SELEX. Outre le fait que les intégrines soient des

protéines membranaires, elles sont hétéro-dimériques, ce qui complexifie la sélection d’aptameres.

Seules trois intégrines cibles de SELEX ont été répertoriées dans la littérature a ce jour :

B2 : Blind et al. (1999) ont selectionné par protein-SELEX, des aptameres ARN contre un
peptide de 46 mers correspondant au domaine cytoplasmique de la sous-unité 2 de I’intégrine
alp2. L’aptamére, exprimé en grande quantité dans le cytoplasme de cellules infectées par le
virus de la vaccine codant pour la sous-unité 2, induit une diminution d’adhésion cellulaire.
avP3 a été la cible de deux protein-SELEX et d’un cell-SELEX. Un aptamére ARN, nhommé
Apt-avp3, ciblant I’intégrine avB3, sélectionné par un SELEX sur I’intégrine recombinante
(Mi et al., 2005), se lie a la surface de cellules HUVECs et affecte la réponse cellulaire
(diminution de la prolifération cellulaire, inhibition de I’adhésion, augmentation de 1’apoptose
par inhibition de la signalisation via FAK phosphorylée). Gong et al., (2012) ont sélectionné
des aptameéres ARN-2’fluoro par une technique nommée MAI-SELEX (‘multivalent aptamer
isolation-SELEX’) permettant de séparer les aptaméres ciblant av de ceux ciblant B3.
Takahashi et al (2016) ont utilisé une technique qu’ils ont nommée Icell-SELEX (‘isogenic
cell-SELEX’) pour identifier des aptameéres ARN sur des cellules HEK293 manipulées pour la
contre-sélection et pour la selection positive par sous-expression et sur-expression
respectivement de la sous-unité av.

a6P4, recepteur de la laminine, a été la cible d’un hybrid-SELEX (Berg et al., 2016). Cinq
cycles de sélection ont été réalisés sur des cellules tumorales de prostate PC-3 (avec des étapes
de contre sélection a partir du cycle 3, sur des cellules PC-3 déplétées en B4), complétés par 7
cycles sur la protéine recombinante. Les étapes de cell-SELEX seules n’ont pas été suffisantes
pour enrichir les pools d’ARNs en candidats spécifiques. L’aptamére ADN simple brin
sélectionné, IDA, a une affinité de 137 £ 22 nM pour les cellules PC-3, inhibe I’interaction

a6B4-laminine et est internaliseé dans ces cellules a 37°C.

Nous avons ciblé I’intégrine a5B1 et montré que des aptameres ARN ciblant des cellules

exprimant I’intégrine, a5 1, ont été obtenus par un SELEX complexe alternant cell- et protein-SELEX.

Les perspectives de ce travail sont résumées sur le schéma suivant :
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Modifications de 'aptamere H02 Nouvelle sélection avec une banque
d’ARN 2’-fluoro

Aptamere H02-2'-fluoro

Objectif:
Aptamere ciblant a5p31, stables en milieu complexe

Raccourcissement des aptameres

Vérification de la liaison des aptameres optimisés sur cellules a5+

Objectif :
Aptamere ciblant o531, optimisés

Ces aptameres ont-ils un effet direct sur les cellules ciblées ?

Peu importe NON 010
Intérét diagnostique : Intérét thérapeutique: Intérét thérapeutique:
Aptamere = Aptamere = Aptamere =
Agent diagnostique molécule d’adressage agent thérapeutique
In vitro : Détection de Internalisation d’aptameres Seul ou en association avec des
cellules a5+ en dans les cellules ciblées agents chimiothérapeutiques
histo-fluorescence (cApt)

In vivo : Imagerie
moléculaire
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Aptameres ciblant I'intégrine a5[1, stables en milieu complexe

L’aptamére HO2 a un fort potentiel en histochimie pour discriminer les tumeurs exprimant
fortement I’intégrine des tumeurs 1’exprimant peu. Cependant, 1’aptamére HO2 est un aptamére ARN
non modifié. Bien que nous ayons vérifié que I’aptamére ne se dégrade pas au contact des cellules en
une heure, il est évident que des ARNs non-modifiés ne pourront pas étre utilisés pour des expériences
cellulaires plus longues et encore moins en diagnostic ou thérapie. L’aptamére HO2 serait tres peu
stable en milieu complexe et devrait faire 1’objet de précautions lors de sa manipulation.

Pour des applications thérapeutiques, les aptameéres ciblant ’intégrine a531 doivent étre résistants

en milieu complexe. Nous proposons deux stratégies paralleles :

Modification de I’aptamére H02 en 2’-fluoro

La premiére consiste a modifier I’aptamére HO2 pour le rendre résistant a 1’hydrolyse alcaline et
a I’action des ribonucléases. Plusieurs types de modifications post-SELEX sont possibles. La Figure
9 (Chapitre A consacré aux aptameres) montre tous les sites possibles de modification de I’ARN. Les
modifications internes des cytosines et uridines ont 1’effet bénéfique le plus important pour stabiliser
un ARN dans un sérum. Le remplacement du groupement 2’-hydroxyl des ribopyrimidines avec des
groupements 2’-amino, 2’-fluoro ou 2’-O-méthyl augmente la stabilité dans le sérum des molécules
d’ARN. Un aptamére d’ARN naturel a un temps de demi-vie

B B
dans le sérum estimé a 10 sec. Ce temps de demi-vie est ‘<O)l 0]
||

augmenté a 170 h et 90 h, si les pyrimidines sont substitutées en

O OH O F
2’-amino et 2’-fluoro, respectivement (Wilson 2007). ) | |
. o , ol O—P=0 0O—P=0
Les aptameres substitués en 2’-fluoro ont été décrits comme | |
ayant une meilleure affinité pour leurs cibles protéiques que les (o) (o)
aptameres subtitués en 2’-amino (Wilson 2007). Pour stabiliser o
ARN ARN-2"-fluoro
I’aptamére HO2, nous commencerons par modifier ses Figure 24. ARN non modifié et
pyrimidines en 2’-fluoro (Figure 24). ARN-2’-fluoro (2°F)

Nouvelle sélection d’aptaméres ARN-2F ciblant a5f1 par cell-SELEX

Pour augmenter nos chances de trouver des aptameres anti-a5B1 de bonne affinité et sélectivité
pour I’intégrine a5B1, nous avons commencé un nouveau SELEX. Il s’agit d’un cell-SELEX réalisé,
sur cellules CHO-B2 a5+, les étapes de sélection négative étant réalisées sur les cellules CHO-B2. Les
modifications en 2’-fluoro (2°F) et 2’-amino sont deux modifications augmentant la stabilite des ARN

qui peuvent étre introduites lors des étapes de SELEX. La T7 ARN polymérase naturelle peut catalyser
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la synthése de transcrits modifiés en 2’-fluoro et 2’-amino, mais avec un rendement faible. Ce
rendement est significativement augmenté par 1’utilisation d’une T7 ARN polymérase mutée en Ys39F
(Padilla et Sousa., 1999). La banque de départ et les pools d’ARN utilisés pour ce nouveau SELEX
sont modifiés en 2’-fluoro. Les aptaméres identifiés a I’issue du SELEX seront donc déja résistants en
milieu complexe, rendant ainsi obsolete certaines modifications post-SELEX. En effet, le changement
complet de structure a posteriori d’un aptameére sélectionné sous forme ARN et méme ADN conduit
généralement & une diminution, voire a une perte des propriétés pour lesquelles il a été sélectionné,
notamment des propriétés de liaison a sa cible.

Actuellement, 11 cycles de sélection ont déja été réalisés (Tableau 4).

Negative selection Positive selection

Temperature of

Cycles CHOB2 CHOB2 a5+ Addition of BSA Addition of tRNA Number of washes - [NaCl]

selection
1 30'-P100 30'-P100 No No 4°C 1x5'-136mM
2 30'-P100 30'-P100 Yes No 4°C 1x5'-136mM
3 30'-P100 30'-P100 Yes No 4°C 4x5'-136mM
4 30'-P100 30'-P100 Yes Yes 4°C 4x5'-136mM
5 30"'- P60 30"'- P60 Yes Yes 4°C 4x5'-136mM
6 30'-P100 30'-P60 Yes Yes 4°C 4x5'-200mM
7 30'-P100 30'-P60 Yes Yes 4°C 7x5'-250mM
8 30'-P100 15"'-P60 Yes Yes 4°C 7x5'-250mM
9 30'-P100 10'-P60 Yes Yes 4°C 7x5'-250mM
10 15"'-P100 30'-P60 Yes Yes 37°C 3x5'-500mM
11 15'-P100 30'-P60 Yes Yes 37°C 7x5'- 500mM

Tableau 4. Conditions expérimentales des cycles du cell-SELEX 2’-fluoro. En vert sont indiqués les
changements intervenus d’un cycle a I’autre.

La banque ADN simple-brin de départ est la méme que celle utilisée pour le SELEX précédent,
les primers également. Les étapes de RT, PCR, transcription sont similaires a celles décrites par Da
Rocha Gomes et al. (2012). La quantité d’ARN-2’F mise en contact avec les cellules est constante (1
nmole). Le tampon de sélection est le tampon PBS (‘phosphate buffered saline’), supplémenté avec 2
mM de MgClz. Au cours des cycles de sélection, la stringence est augmentée en ajoutant au tampon
de sélection de la BSA (‘bovine serum albumine’, 1 mg/ml) et/ou de I’ARNt compétiteur (10 fois plus
que d’ARN 2’-fluoro), en augmentant le nombre de lavages et la concentration saline du tampon de
lavage, en diminuant la taille des boites de culture dans lesquelles est réalisée la sélection (P100 ou
P60). La température de sélection a également changé au cours des cycles. Ce changement est expliqué
dans le paragraphe consacré a I’internalisation des aptameres. L’analyse des séquences en fin de

SELEX sera probablement realisée par NGS (‘next generation sequencing’). Puis, I’identification des
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aptameres 2’-fluoro sera réalisée comme cela a déja été décrit précédemment pour 1’aptamére HO2

(chapitre D).

Optimisation des aptameres

A court terme, les aptameres (H02, H02-2’-fluoro ou les nouveaux aptaméres qui seront
sélectionnés a I’issue du cell-SELEX en utilisant une banque d’ARN 2’-fluoro) ciblant I’intégrine a581
seront optimisés dans [’objectif de déterminer leur séquence minimale d’interaction par
raccourcissement progressif des extrémités 3’ et 5°. Etant donné que la conformation et donc la
fonction de liaison des oligonucléotides est extrémement dépendante de la taille et de la nature
chimique de I’acide nucléique, nous vérifierons que les modifications n’auront que peu altéré la
capacité de liaison des aptameéres. Nous caractériserons notamment 1’interaction entre les aptameres et
les cellules US7MG a5+, CHO-B2 a5+. Nous pourrons avoir accés aux cinétiques d’association et de
dissociation d’aptameres fluorescents sur les cellules adhérentes, vivantes, grace a un appareil de
mesure d’interactions moléculaires nommé LigandTracer® (Ridgeview instruments, Uppsala, Suede,
Bjorke & Andersson. 2006a, 2006b ; Renaud et al., 2016), développé par Karl Andersson un
collaborateur de longue date, et récemment acquis par ’'UMR 7199 (Laboratoire de Conception
et Application de Molécules Bioactives, IllIkirch). Les données cinétiques a 1’équilibre seront
comparees a celles obtenues par des techniques plus classiques de gel-retard (collaboration Pierre

Fechter, UMR7242, équipe Membrane bactérienne et transport’, Illkirch).

Caractérisations fonctionnelles des aptameres sur cellules tumorales in vitro

L’effet direct des aptaméres ciblant a5p1 sera mesuré sur cellules par des tests fonctionnels in
vitro. L’expertise pour 1’évaluation des caractéristiques de ligands d’intégrines est largement
disponible au sein de notre équipe et des plateformes PCBIS (Pascal Villa, IREBS UMS 3286, IlIkirch)
et de criblage a haut débit HTSF (Laurent Brino, IGBMC, lllkirch). Les tests, qui ont déja fait leur
preuve pour évaluer les effets fonctionnels d’antagonistes et d’anticorps bloquants de 1’intégrine a5p1,
seront utilisés pour caractériser les effets fonctionnels potentiels des aptameres in vitro, sur cellules
tumorales. Il s’agit de tests : (1) d’adhérence cellulaire sur fibronectine/vitronectine/collagéne (pour
vérifier la spécificité de I’aptamere), (ii) de potentiel invasif (migration sur cellules isolées et migration
collective, d’invasion en chambre de Boyden, ‘blessure/cicatrisation’), (iii) de croissance de cellules
(prolifération/clonogeénicité), et (iv) de sensibilisation a la chimiothérapie, mesure de I’apoptose. Ainsi,

nous vérifierons 1’impact des aptameres sur les cellules.
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Diagnostic

Le GBM est la tumeur cérébrale la plus fréquente. Or les approches thérapeutiques actuelles ne
permettent que trop peu d’augmenter 1’espérance de vie des patients. Le développement de nouvelles
approches diagnostiques et thérapeutiques est nécessaire. Des aptameéres spécifiques de GBM ont été
développés. Ils restent encore peu nombreux mais devraient gagner en importance dans les prochaines
annees, pour le diagnostic ex vivo, mais aussi en imagerie biomédicale et thérapie (Delac et al., 2015).

Ils sont répertoriés dans le Tableau 3 (chapitre B).

Diagnostic : détection de I’intégrine a5p1 en histochimie

L’aptahistochimie émerge depuis peu en tant que nouveau concept pour le diagnostic et/ou le
pronostic en cancérologie (Bauer et al., 2016 ; Bukari et al., 2017 ; Simmons et al., 2012 ; Sun et al.,
2016). C’est une méthode d’histochimie basée sur une détection par des aptaméres, molécules
comparables aux anticorps en terme d’affinité et de sélectivité pour leurs cibles, mais possédant des
avantages par rapport a leur alter ego protéique : ils sont stables, synthétisés chimiquement, et surtout
facilement modifiables. Pour le diagnostic par histochimie, généralement un fluorophore est
directement couplé a 1’aptameére, souvent a I'une de ses extrémités terminales. L.’aptamere fluorescent
reconnait ainsi sa cible en une seule étape. L’aptahistochimie est donc plus rapide que
I’immunohistochimie et permet d’éviter les réactions croisées dues aux anticorps secondaires. Dans
un futur proche, il n’est pas illusoire d’utiliser des aptameres en routine en tant qu’outils diagnostiques
ex vivo.

Testé de maniére préliminaire en aptahistochimie sur des coupes de deux xénogreffes de GBM
humains, 1’aptameére HO2 couplé a un fluorophore se révele intéressant pour caractériser les tissus
tumoraux de GBM exprimant I’intégrine a5p1 (chapitre D). L’aptahistochimie est trés prometteuse
mais n’en est encore a ses prémices. Notre objectif vise a I’étudier a plus grande échelle sur plusieurs
cohortes de patients ce qui n’a encore jamais été réalisé. La détection de I’intégrine a5B1 sur 96 coupes
paraffinées de GBM, issues de la tumorotheque du CHU d’Amiens (collaboration avec Pr. Bruno
Chauffert), a d’ores et déja été réalisée en immunohistochimie au laboratoire. Les résultats montrent
une hetérogénéité inter- et intra-tumorale (publication en cours d’écriture). Nous testerons par
aptafluorescence une trentaine de ces coupes exprimant des niveaux variables de 1’intégrine. Cette
cohorte nous servira a comparer apta- et immuno-histochimie. Nous utiliserons une autre cohorte, issue
de la tumorothéque du CHU de Strasbourg, pour comparer des tumeurs conditionnées en paraffine et
des tumeurs congelées provenant d’un méme patient. Nous vérifierons ainsi si le conditionnement de

la tumeur pourrait avoir une influence sur la technique de ’aptahistochimie. La sélection des coupes
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se fera d’apres les données qui ont déja été publiées par notre équipe, sur le niveau d’expression des
ARNm de I’intégrine a5 (Cosset et al., 2012).

Les aptameéres HO2, HO2-2F et/ou les aptameres qui seront identifiés par le nouveau cell-SELEX
devraient permettre de différencier les tumeurs présentant des niveaux variables d’expression en
intégrine (hétérogénéité inter-tumorale), et pourraient également permettre de détecter 1’hétérogénéité
intratumorale au sein d’une méme tumeur. Ce projet a fait I’objet d’'une demande de financement au
Cancéropdle Est (projet Emergence, soumis fin mars 2018). Les expériences d’apta-histochimie seront
également réalisées sur des coupes de xénogreffes de lignées cellulaires d’autres tumeurs (VADS,

gliomes pédiatriques).

Diagnostic in vivo : imagerie moléculaire

Les techniques d’imagerie pour le diagnostic se développent sans cesse. Les études utilisant les
aptaméres comme sondes d’imagerie sont nombreuses (par exemple : Varmira et al., 2014 ; Hicke et
al., 2006 ; Da Rocha Gomes et al., 2010, 2012 ; Martinez et al., 2014 ; Sun et al., 2016 ; Kryza et al.,
2016). En ce qui concerne les GBM, elles ont été répertoriées en 2015 (Delac et al., 2015).

A plus long terme, si les aptaméres ciblant a5B1 se révelent étre des ligands performants pour
marquer 1’intégrine in vivo, couplés a des sondes fluorescentes ou radioactives, ils pourraient servir
d’agents d’imagerie non invasive par exemple pour visualiser les bords d’une tumeur cérébrale, in
vivo, pour effectuer un suivi de la progression tumorale lors d’expériences d’imagerie préclinique in
vivo chez la souris dans les modéles de xénogreffes orthotopiques de tumeurs, en collaboration avec
David Brasse (plateforme d’imagerie de I'IPHC, Strasbourg). Si ce modele de suivi d’évolution de
tumeurs s’avérait concluant, il pourrait étre utilisé a I’avenir pour tester in vivo sur modéle murin, le

potentiel anti-tumoral de nouvelles molécules dans le traitement des GBM.

Internalisation d’aptameres dans les cellules ciblées

Méme dépourvus d’effets directs (de type agonistes ou antagonistes) sur les cellules ciblées, les
aptameéres possédent un fort potentiel thérapeutique in vivo, comme molécules d’adressage lorsqu’ils
ciblent un récepteur cellulaire et sont associés a une molécule active dont ils assurent la vectorisation

vers sa cible (Figure 25).
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Figure 25. Délivrance ciblée d’agents thérapeutiques par des aptameéres (Esposito et al., 2014). Les
aptameres peuvent &tre utilisés pour délivrer un agent thérapeutique (ici nommé ‘secondary reagent’)
spécifiquement aux cellules ciblées qui expriment la cible de I’aptameére a leur surface (a gauche). Seules les
cellules qui expriment cette cible seront exposées a I’agent, alors que les cellules qui ne ’expriment pas ne
seront pas affectées (a droite).

Les aptaméres sont une alternative aux anticorps en tant que molécules d’adressage en oncologie
(Xiang et al., 2015a). Les aptaméres ciblant un récepteur membranaire peuvent étre internalisés, et
s’ils sont couplés a un agent thérapeutique, ils peuvent servir de véhicule pour délivrer I’agent
thérapeutique a I’intérieur des cellules ciblées (Gopinath et al., 2016). Les aptameres internalisés
peuvent ainsi délivrer des agents cytotoxiques, des siRNA, des nanoparticules... au sein des cellules
qu’ils ciblent spécifiquement. Ces aptameres ont récemment ét¢ nommeés ‘charomeres’ par Uhlrich
Hahn (Hahn, 2017) en référence a Charon, passeur de la mythologie grecque qui transportait les morts
en barque vers I’enfer. Aucun charomere n’est encore en développement clinique.

Quel est le cheminement intra-cellulaire des aptameres ? Cette question se pose depuis peu pour
les aptaméres (Tawiah et al., 2017). Pour atteindre le cytosol, le tandem aptameére-agent doit
s’échapper des endosomes. Or, cette étape clé est peu documentée.

Pour étudier le trafic intracellulaire des aptameéres, nous utiliserons les aptameéres ciblant
I’intégrine a5B1 décrits dans ce manuscrit et/ou ceux en cours de sélection. Les mécanismes de

I’endocytose et du recyclage des intégrines sont décrits (Paul et al. 2015 ; de Franceschi et al., 2015).
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Les intégrines sont des récepteurs de choix pour étudier I’endocytose, le passage vers le cytosol et plus
généralement le devenir des aptameéres a I’intérieur des cellules ciblées.

Nous proposons les pistes décrites ci-dessous pour essayer de comprendre le trafic intracellulaire
des complexes aptameres-récepteurs et la délivrance des aptameres dans le cytosol. Ce projet visant a
caractériser le trafic intracellulaire des complexes aptameres-récepteurs et la délivrance des aptameres

dans le cytosol, devrait permettre, a terme, d’améliorer le développement d’aptameres thérapeutiques.

Sélection d’aptaméres cytosoliques (cApt)

Un procédé de cell-SELEX particulier, réalisé a 37°C, nommé ‘cell-SELEX internalisant’ permet
de ne récupérer que les aptameéres internalisés. Les séquences qui ne se lient pas et celles qui ne sont
pas internalisées sont exclues par lavages a forte stringence et/ou par 1’addition de nucléases (Thiel et
al., 2012 ; Wilner et al., 2012 ; Magalhdes et al., 2012). Toutefois, toutes les séquences internalisées
n’atteignent pas le cytosol des cellules ciblées. L’efficacité de passage des aptaméres des endosomes
vers le cytosol a été estimée inférieure a 0,01 % (Tawiah et al., 2017). La plupart des aptameéres
internalisés restent emprisonnés a I’intérieur des compartiments intracellulaires, puis sont dégradés ou

sont recyclés a la membrane externe (Figure 26).

i hlhm_‘ inamaganainaaamanaanaaaanoonomonoananon nanmafonoooamaonenomnanon

Recycling
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Slow maturation

Late endosome Lysosome

Figure 26. Illustration du trafic présumé des aptameres internalisés (Tawiah et al., 2017). Les aptameéres
entrent dans la cellule par endocytose médié par les clathrines ou par les cavéolines, puis sont transportés aux
endosomes. Dans ce compartiment, les aptameres pourraient se dissocier du récepteur qu’ils ciblent. Certains
récepteurs peuvent étre recyclés a la surface cellulaire, d’autres sont dirigés vers le lysosome pour dégradation.
Les aptameres internalisés pourraient suivre les mémes voies. Certaines stratégies visent a retarder la maturation
des endosomes (par ciblage de protéines associées aux endosomes telles que ESCRT-I et NPC1) et donc a
augmenter le temps de résidence des molécules internalisées, ce qui permettrait d’augmenter le pourcentage
d’aptameéres s’échappant des endosomes.
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Notre objectif est de developper une méthode SELEX innovante pour identifier des aptameres
ayant la double capacité d’interagir spécifiquement avec les récepteurs ciblés et d’accéder au cytosol.
Ces aptameres seront nommés cApt pour ‘cytosolic aptamers’.

Sur I’intégrine a5B1, les premiers cycles de cell-SELEX ont déja été réalisés. Il s’agit du cell-
SELEX sur cellules CHO-B2 a5+ décrit ci-dessus dans le paragraphe sur la sélection d’aptameéres
substitués en 2’-fluoro (Tableau 4). Onze cycles de sélection ont été réalisés a 4°C. A cette
température, les aptameres ne sont pas internalisés, puisque dans un premier temps, nous souhaitions
diriger la sélection vers I’intégrine a5B1, cible extracellulaire. Dans un deuxiéme temps (actuellement),
nous realisons des cycles classiques de cell-SELEX internalisant, a 37°C, avec des lavages de plus en
plus nombreux & forte concentration saline pour exclure les aptaméres non internalisés. L’originalité
de notre sélection vient dans un troisiéme temps : les pools d’ARNSs enrichis a 1’issue des étapes de
cell-SELEX internalisant, seront couplés a des sondes ratiométriques fluorescentes sensibles au pH.
Ces sondes émettront un signal différent en fonction de la localisation intracellulaire des aptameres car
le pH varie dans les compartiments cellulaires (pH 7,4 dans le cytosol ; pH 5,9-6 dans les endosomes
précoces ; pH 5-6 dans les endosomes tardifs ; pH 4-5 dans les lysosomes ; pH 6,4-6,5 dans les
endosomes de recyclage). Ces sondes seront spécialement crées pour ce projet par Mayeul Collot
(UMR 7021, équipe Nanochimie et nanoimagerie, IlIkirch), sur la base des sondes commerciales
SNARF. Mais ces derniéres ne sont pas assez brillantes et n’ont pas les longueurs d’ondes d’excitation
et d’émission adaptées a notre projet. En pratique, les nouvelles sondes fluorescentes seront
covalemment couplées a une séquence ADN de 15-mers, qui elle-méme s’appariera a une séquence
ajoutée aux acides nucléiques du pool d’ARN 2’-fluoro. Lors des étapes de sélection, les cellules qui
émettront un signal correspondant a la présence d’aptaméres dans le cytosol, seront séparées par
cytométrie en flux, et la fraction cytosolique sera récupérée pour amplification. Ce nouveau pool sera
utilisé pour le cycle de sélection suivant.

A I’issue de ce nouveau procédé de SELEX, nous espérons identifier plusieurs cApt spécifiques

de I’intégrine a5B1, localisés dans le cytosol aprés internalisation.

Propriétés physico-chimiques des interactions aptameres-récepteurs

Pour entrer dans le cytosol, les aptameres doivent s’échapper des endosomes avant d’entrer dans
les lysosomes. La delivrance des aptameres au cytosol doit étre influencée par la force d’interaction
du complexe aptamere-récepteur, force qui varie probablement avec le pH, facteur qui, lui-méme varie
dans les différents compartiments cellulaires. De plus, la charge de certains acides aminés, tels I’acide
aspartique, I’histidine... et la protonation des nucléotides, dépendent du pH. Les interactions

moléculaires aptameéres-récepteurs seront dont caractérisées dans differents pH mimant les
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compartiments sub-cellulaires, par différentes méthodes, telles que EMSA (ElectroMobility Shift
Assay), empreintes chimiques ou enzymatiques (pour déterminer les nucléotides impliqués dans
I’interaction), en collaboration avec Pierre Fechter (UMR 7242, équipe Membrane bactérienne et
transport’, Illkirch). Ces études devraient aider a comprendre si et comment les deux molécules se
dissocient dans des conditions données permettant le transfert des aptameéres des endosomes au
cytosol.

C’est également avec Pierre Fechter que nous rechercherons les aptatopes de certains des cApt par
des techniques de ‘cross-linking’ entre protéine et aptaméres-biotinylés, suivies de digestions
protéiques, récupération des aptameres liés aux fragments protéiques sur colonne de streptavidine, et

détermination des sequences peptidiques par spectrométrie de masse.

Suivi du trafic intracellulaire des aptaméres

Des études d’imagerie a haute résolution (Plateforme QUEST, IGBMC & Faculté de Pharmacie
UMR 7021, lllIkirch) seront réalisées pour suivre le trafic intracellulaire des aptameéres. Pour localiser
les aptaméres marqués, nous utiliserons deux sondes fluorescentes brillantes développées dans
I’UMR : I'une sensible au pH, décrite ci-dessus ; 1’autre nommée 7AF (Zamotaiev et al., 2014),
sensible a I’environnement (Andrey Klymchenko, URM 7021, équipe Nanochimie et nanoimagerie,
Illkirch). Des marqueurs spécifiques des compartiments cellulaires seront également utilisés pour
marquer les endosomes (précoces : Rab5 or EEAL ; tardifs : Rab25 ou CD63 ; de recyclage : Rab4 ou
Rab11), les lysosomes (Lampl ou LysoTracker®). En collaboration avec Sylvie Friant (UMR 7156,
équipe Trafic membranaire et signalisation lipidique, Strasbourg), nous utiliserons différentes drogues
bloquant le trafic a des sites cellulaires spécifiques. Nous quantifierons les aptameres présents dans le
cytosol par RT-gPCR.

Ces études devraient permettre de déterminer les sites d’échappement sub-cellulaire des aptameres

et de quantifier les aptameéres présents dans le cytosol.

Associations thérapeutiques

Si les aptameres ont un effet direct sur leurs cibles par activation/inhibition de différentes voies
de signalisation, ils pourraient étre utilisés en tant qu’agents thérapeutiques en oncologie, seuls ou en
association avec des agents chimothérapeutiques (TMZ, nutlin-3a) dans des expériences précliniques
in vitro (lignées cellulaires tumorales) et in vivo (modeles de xénogreffes de tumeurs de patients dans
la souris Nude), en collaboration avec Sophie Pinel (UMR 7039, Vandoeuvre-les-Nancy) dans
I’objectif de proposer I’utilisation de thérapies ciblées sur des sous-populations de patients
(Janouskova et al., 2012 ; Renner et al., 2016a).
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Les aptameéres peuvent egalement étre utilisés comme veéhicule pour délivrer spécifiquement un
agent thérapeutique a une cellule ciblée (voir ci-dessus). Couplés a des siRNA, nanoparticules ou a
d’autres agents thérapeutiques, ils peuvent délivrer ces agents a I’intérieur des cellules qu’ils ciblent
specifiquement via leur récepteur membranaire. Pour un exemple récent : Alshaer et al. (2018) ont
construit un nanocomposé capable de cibler les cellules souches cancéreuses de cancers du sein. Ont
été associés au sein de ce nanocomposé a base de lipides, en surface des aptameéres pour la
reconnaissance moléculaire du CD44, et a I’intérieur des SiRNA pour supprimer I’expression de génes.
L’affinité de I’aptameére pour le récepteur est améliorée quand il est présenté a la surface des
nanocomposes par rapport a I’aptameére seul. L’internalisation des nanocomposés est plus importante
par les cellules exprimant le récepteur CD44 par rapport a celle des cellules ne I’exprimant pas.

Au laboratoire, des travaux récents ont permis de caractériser les intervenants moléculaires
impliqués dans la relation croisée négative entre intégrine a5B1 et p53. Deux protéines anti-
apoptotiques ont été caractérisees, dont la survivine (Renner et al., 2016a). Les siRNA sont
particulierement utiles pour atteindre des cibles intracellulaires, telles que la survivine. Liu et al. (2016)
ont montré sur des cellules de cancer de la prostate (PCa) I’utilisation d’une molécule chimere
constituée de deux aptameres ciblant le PMSA (‘prostate specific membrane antigen’) reliés par deux
siRNA ciblant EGFR et survivine. In vivo, les difficultés liées au ciblage des cellules tumorales puis a
la délivrance du siRNA (Whitehead et al., 2009) pourront étre surmontées par 1’utilisation d’une
molécule chimére constituée d’un aptamére ciblant I’intégrine o5Bp1 (pour le ciblage et
I’internalisation) et du SiRNA survivine, ou d’une nanoconstruction (en collaboration avec Delphine
Felder, IPCMS, Strasbourg et avec Guy Zuber, équipe Intervention chémobiologique, UMR 7242).
Nous comparerons 1’effet des différentes constructions & ceux des ARN seuls, par différentes
techniques (microscopie confocale, western blot, RTqPCR...). Nous pouvons également envisager de
coupler directement les aptameres, molécules synthétiques et facilement fonctionnalisables, a un agent

thérapeutique pour I'administration d’agents cytotoxiques spécifiquement délivrés aux cellules ciblées.
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Conclusion

Les aptameres sont en développement dans les domaines analytique,
diagnostique et thérapeutique. En oncologie, les aptaméres semblent offrir des
possibilités infinies pour le diagnostic, la bio-détection, la bio-imagerie,
l'administration de médicaments et la thérapie.

Les glioblastomes (GBM) sont les tumeurs cérébrales les plus agressives. Le
développement de nouvelles approches diagnostiques et thérapeutiques est
nécessaire. L'intégrine a5(1 est une protéine transmembranaire, biomarqueur
des GBM et d’autres tumeurs solides. Ses ligands actuels sont peu nombreux.

Nous avons récemment sélectionné un nouveau ligand de cette intégrine, un
aptamere nommé HOZ2. Nous proposons le développement de cet aptamere et/ou
de nouveaux aptameéres en cours de sélection :

- en tant qu’outil diagnostique de marquage ex vivo de l'expression des récepteurs
dans des tissus tumoraux, et a plus long terme de sondes d'imagerie non invasive
pour suivre la progression tumorale.

- et en tant qu’agent thérapeutique. Seuls ou en association avec d’autres
inhibiteurs/agents cytotoxiques/siRNA..., les aptameéres pourraient servir a cibler
les tumeurs exprimant fortement des biomarqueurs protéiques cellulaires, en
particulier dans le cas des GBM humains.
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ANNEXE

Travaux développés avant 2008

Caractérisation biophysique d’interactions moléculaires

Dans cette partie, sont brievement décrits les projets que j’ai développés avant 2008, selon deux axes
thématiques :
A. Détection et modulation d’interactions moléculaires antigéne-anticorps

B. Quantification d’interactions moléculaires complexes

A. Détection et modulation d’interactions moléculaires

antigene-anticorps

L'objectif général est d’améliorer la compréhension et la prédiction des propriétés de reconnaissance

moléculaire.

Al. Précision et évaluation des mesures cinétiques SPR (résonance des plasmons de

surface)

L’équipe ‘Biocapteurs’ a acquis une bonne expérience de la maitrise de la technologie des biocapteurs SPR
par des interactions, notamment de Marc Van Regenmortel (alors directeur de I’'UPR 9021, Strasbourg), avec
le département de recherche et développements de la société Biacore, avant méme que les appareils de lagamme
Biacore soient commercialisés. Parmi les revues issues de cette équipe, nous avons notament décrit la
technologie SPR et ses applications dans le cadre des interactions peptide-anticorps (Van Regenmortel et
Choulier, 2001) et protéines virales-anticorps (Choulier et al., 2005).

En collaboration avec T. Vernet (Institut de Biologie Structurale, Grenoble), nous avons comparé les

performances de deux logiciels d’évaluation des données SPR pour le traitement par intégration numérique de
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données expérimentales complexes (Khalifa et al., 2001). Ces développements nous ont permis, entre autres,
d’établir des effets faibles mais significatifs sur le kot Suite & des remplacements conservateurs d’acides aminés
a I’interface VH/VL (Khalifa et al., 2000) ou de changements de charges a la surface (Weidenhaupt et al., 2002)
d’anticorps recombinants. Les interactions protéine-protéine n’obéissent que rarement a des modéles simples
1:1 (Langmuir). In vivo, elles sont souvent régies par des modeles complexes faisant intervenir des
dimérisations, de multiples acteurs, des changements de conformation... Avec I’un de nos collaborateurs, Karl
Andersson (Ridgeview Instruments AB, Uppsala, Suéde), nous avons validé un nouveau logiciel d’analyses
d’interactions complexes, nommé ‘Interaction map’ (IM), basé sur des cartes moléculaires reflétant les
caractéristiques et la complexité des interactions, a partir de données SPR d’interactions déja bien caractérisées
au sein de 1’équipe ‘Biocapteur’ (décrites ci-dessous). Un systéme d’interaction hétérogéne complexe a été créé
artificiellement en injectant un fragment d’anticorps (Fab 57P) sur des surfaces SPR immobilisées avec
différents ratio de deux peptides dont, séparément, les Kp différent d’un facteur 14. Nous avons montré que le
logiciel IM permet de retrouver les paramétres cinétiques des interactions indépendantes, quel que soit le ratio
des deux peptides immobilisés (Altschuh et al., 2012).

A2. Relation structure-activité de reconnaissance

Antigenes peptidiques et protéiques

L’effet fonctionnel de 5 mutations identiques a été comparé dans 2 contextes différents : un antigene
peptidique (correspondant a la région 134-151 de la protéine de coque du virus de la mosaique du tabac : VMTP)
et un antigene protéique (VMTP) (Choulier et et al., 1999). Les cinétiques d’interaction ont été déterminées
entre ces mutants et un fragment d’anticorps (Fab 57P, dirigé contre la VMTP).

Les affinités a I’équilibre (Ka) et I’effet des mutations sur les Ka sont similaires pour les interactions Fab-
peptide et Fab-protéine. Cependant, les paramétres cinétiques des interactions Fab-peptide sont 5 a 10 fois plus
élevés que ceux des interactions Fab-protéine, suggérant des processus de liaison différents pour les deux formes
antigéniques. Ces travaux ont montré I’importance d’une analyse quantitative des affinités a 1’équilibre, mais
aussi des cinétiques de liaison, pour la conception de molécules synthétiques mimant les propriétés de liaison

de molécules naturelles.

Caracteérisation épitopique par synthése multiple de peptides sur membrane SPOT

et sélection de peptides a la surface de bactériophages (‘phage display’)

L’objectif principal de ces travaux était d’identifier les résidus de I’antigéne peptidique dont la substitution
influence les cinétiques d’interaction, sans pour autant abolir la liaison, afin de choisir des positions a substituer
pour les analyses QSAR (ci-dessous). Cette étude a été menée en paralléle sur les systemes Fab 57P et scFv

1F4 (‘single chain fragment variable’). Le scFv 1F4 est dirigé contre la protéine E6 du papillomavirus humain
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de type 16 (HPV 16) intervenant dans le cancer du col de 1’utérus (Giovane et al., 1999). Sa production a
également été décrite (Schwalbach et al., 2000).

Les résidus qui influencent la liaison dans les systemes VMTP (Choulier et al., 2001) et E6 (Choulier et al.,
2002a) ont été caractérisés par la technique SPOT (i.e. synthese multiple de peptides sur membrane et
immunorévélation ; collaboration avec Claude Granier, Montpellier), par ‘phage display’ (collaboration avec
Georges Orfanoudakis et Etienne Weiss, ESBS, Strasbourg), et par SPR. La définition de 1’épitope fonctionnel
différe nettement pour ces deux systémes. L’épitope de la VMTP comprend quatre résidus (N14o, R1s1, S143 €t
F144) indispensables a la liaison du Fab 57P. Trois résidus (Siaz, Eiss et Sise) de part et d’autre de ces derniers
influencent I’affinité d’interaction. Ils ont été sélectionnés pour 1’analyse QSAR. L’épitope de E6 ne peut étre
délimité avec précision : aucun résidu n’est indispensable a I’interaction et plusieurs séquences sont compatibles

avec la liaison du scFv 1F4.

Compréhension et prédiction des facteurs influengant les interactions moléculaires

L’optimisation de [D’affinit¢ des interactions moléculaires est d’un grand intérét thérapeutique et
biotechnologique. La méthodologie QSAR (‘Quantitative Structure-Activity Relationship’) offre une
alternative intermédiaire entre la sélection a partir de banques de molécules et la conception totalement
rationnelle de nouveaux ligands. Une analyse QSAR permet d’établir des relations mathématiques entre les
propriétés physico chimiques (appelées facteurs) de molécules et ’activité biologique (Hansch et Fujita, 1964).
Elle consiste a traduire toute ou partie de la structure d’une molécule en un ensemble de descripteurs numériques
et a établir des relations gquantitatives entre les variations de ces descripteurs et les variations de propriétés
biologiques des molécules. Les relations établies permettent d’identifier les facteurs qui influencent 1’activité,
et de prédire des variations d'activité en fonction de variations de facteurs, puis de les vérifier.

En collaboration avec Magnus Malmaqyvist et Karl Andersson de la société Biacore AB (Uppsala), nous
avons montré la faisabilité de 1’approche QSAR appliquée a la prédiction des paramétres cinétiques des
interactions moléculaires (Andersson et al., 2001 ; Choulier et al., 2002b). Nous avons également étudié les
relations existant entre 3 facteurs environnementaux (force ionique, pH et température) sur les parametres
cinétiques d’interaction mesurés par SPR entre le fragment d’anticorps de chameau (VHH, Hamers-Casterman
etal., 1993) et le lysozyme (Dejaegere et al., 2005) et sur le systéme d’interaction entre un peptide correspondant
a la séquence N-terminale de la protéine E6 du virus a papillome humain de type 16 (Giovane et al., 1999) et le
scFv 1F4 (Sibler et al., 2008, Figure 27). Pour le modéle scFv 1F4-peptide, les modéles mathématiques nous
ont permis de prédire les facteurs expérimentaux permettant une dissociation rapide des complexes : pH<5 ou

pH >10 a température élevée.
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Figure 27. Design du QSAR. Différentes temperatures et conditions salines ont été analysées pour chaque
valeur de pH comprises entre 5 et 10 avec des paliers de 0,5 (pH 7 et 8 exclus).

A3. Sélectivité

Une meilleure compréhension de la spécificité requiert l'identification des déterminants de liaison sur un
des partenaires de l'interaction en fonction des motifs structuraux présents sur l'autre partenaire. Nous avons
combiné des approches d’analyse permutationnelle et de SPR pour établir des relations
structure/affinité/sélectivité sur le modeéle d’interaction entre le scFv 1F4 (anti-protéine E6 de HPV6) et des
peptides mimant I’extrémité N-terminale de 1’oncoprotéine E6, déja bien caractérisé au laboratoire. La nature
peptidique de l'antigéne a permis une analyse étendue de la relation entre séquence et capacité de liaison par
synthese chimique sur plaques (X-scan). L’analyse permutationnelle a été réalisée sur I’ensemble des 10 acides
aminés du peptide mimant I’extréminé N-terminale de E6. L’analyse de I’interaction entre le scFv 1F4
fluorescent et plus de 3000 peptides différents synthétisés par la technologie PEPperCHIP (PEPperPRINT
GmbH, Heidelberg, Allemagne) a permis de déterminer les résidus peptidiques essentiels a I’interaction, les
inter-dépendances entre résidus, mais surtout de définir des épitopes alternatifs de liaison, qui n’auraient pas été
décelés par des analyses plus conventionnelles telles qu’Ala-scan ou X-scan (Vernet et al., 2015 ; Nominé et
al., 2015).
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A4. Recherche de positions co-variantes dans des alignements de sequences multiples

Notre objectif a été d’identifier les positions de la région charpente des anticorps susceptibles de jouer un
role structural et/ou fonctionnel, malgré leur variabilité. La stratégie choisie est de chercher des positions co-
variantes dans des alignements de séquences d’anticorps murins et humains (Choulier et al., 2000). Cette étude
a permis de mettre en évidence l'existence de co-variants dans les séquences d'anticorps étudiées, suggérant que
différents anticorps utilisent des arrangements structuraux alternatifs et mutuellement exclusifs, compatibles

avec leurs fonctions.
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B. Quantification d’interactions moléculaires complexes

B1. Interactions acides nucléiques-protéines

Par SPR, I’identification aprés récupération d’un ligand spécifique d’une cible immobilisée sur une surface
sensor est difficile lorsque des mélanges de molécules sont injectés, en raison des faibles quantités de matériel
¢lué. La possibilité d’amplifier par PCR les oligonucléotides retenus sur une cible puis récupérés, permettait
d’envisager ’adaptation de la technique SELEX au criblage de grandes banques oligoribonucléotidiques par
SPR (BIA-SELEXion).

En 2003, mon projet de post-doctorat a I’Université Victor Ségalen de Bordeaux s’inscrivait dans le
contexte d’un projet européen sur les biocapteurs dont 1’objectif était la mise au point d’un test quantitatif pour
I’identification de gluténe. Mon projet concernait plus particulierement la sélection in vitro
d’oligoribonucléotides contre des peptides toxiques de gluténe (marqueurs de la maladie coeliague humaine),
par la techniqgue SELEX (‘Systematic Evolution of Ligand by Exponential Enrichment’). Cette technique
permet le criblage de grandes banques d’acides nucléiques (comprenant jusqu’a 10 séquences différentes
synthétisées de facon aléatoire) contre des cibles diverses (qui peuvent ou non étre des molécules liant
naturellement des acides nucléiques). La méthode SELEX consiste a réaliser des cycles successifs de sélection
et d’amplification permettant d’enrichir la population en candidats possédant les propriétés requises. Clonage
et séquencage permettent d’identifier les ligands oligonucléotidiques (appelés aptameres) ayant de fortes
affinités pour leurs cibles. Cette technique est décrite dans la partie ‘Projets de recherche actuels’ de ce
manuscrit. Les étapes de sélection ont été réalisées par SPR. Les peptides toxiques de gluténe étaient
immobilisés sur une surface sensor. La banque d’ARNs modifiés était injectée dans un tampon de sélection de
composition aussi proche que possible du tampon qui serait utilisé pour extraire le gluténe de la nourriture.

Cette stratégie de sélection originale a nécessité plusieurs mises au point des conditions (i) de transcription
des ARN modifiés, (ii) de RT/PCR pour amplifier les ARN 2’F sélectionnés, (iii) de stabilité de la banque et
des peptides toxiques dans le tampon de sélection, (iv) de criblage par SPR. A I’issue des 7 tours de
sélection/amplification réalisés durant la période de mon post-doctorat, I’évolution de la population ARN n’était
pas encore détectable par SPR. Toutefois, la banque semblait avoir évolué par rapport a la banque initiale
(détecté par digestion enzymatique). A mon départ, ce projet a ensuite été poursuivi, en réalisant un SELEX
‘classique’ (sans SPR). Aucun aptamére anti-gliadine n’a toutefois été sélectionné dans 1’unité de Jean-Jacques
Toulmé. A cette époque, nous ne savions pas quelles étaient les causes de ces échecs, ces causes pouvant étre
de nature biologique et pas forcément technique. Donc, a I’IREBS, a partir de 2004, j’avais initié¢ une nouvelle
stratégie de SELEX, par SPR. Nous avions décidé d’utiliser une protéine stable et bien caractérisée par SPR
pour mettre au point cette méthode de BIA-SELEXion. Il s’agissait de la protéine de coque du virus de la
mosaique du tabac (VMTP). Cette protéine était disponible au laboratoire sous forme recombinante (Chatellier

et al., 1996a, 1996b). Aprés plusieurs cycles de sélection/amplification, SPR et séquengage ont montré que la
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banque n’avait toujours pas évolué. Avant d’éventuellement poursuivre ces expériences, nous avions décidé de
nous familiariser aux mesures cinétiques d’interactions entre acides nucléiques et protéines par SPR, en utilisant
plusieurs modéles. Depuis, deux études relatent un processus de sélection d’aptameres par SPR sur deux cibles :
ARN structuré (Dausse et al., 2016) et la protéine EsxG de Mycobacterium tuberculosis (Ngubane et al., 2014).

Philippe Giégé et son équipe (UPR2357, IBMP, Strasbourg) travaillent sur les protéines PPR
(‘pentatricopeptide repeat proteins’). Ces protéines sont abondantes dans les plantes. Leur fonction est reliée
principalement & la biogenése des organelles. L’équipe de Philippe Giégé s’intéresse a ’analyse fonctionnelle
de protéines PPR et & leur mode d’action, par différentes approches : génétiques, biochimiques, et de biologie
moléculaire et structurale. Ils ont identifié¢ I’une de ces protéines d’Arabidopsis thaliana, appelée PNM1 (‘PPR
protein localized to the nucleus and mitochondria 17). Plusieurs études suggéraient une interaction entre les
protéines PPR et I’ARN. Il fallait vérifier cette hypothése pour la protéine PNM1. Nous avons donc testé
I’interaction entre PNM1 et différents ARN par SPR. PNM1 a été immobilisée sur une surface sensor. Des ARN
de taille et séquence variables ont été utilisés en tant que ligands potentiels. Des liaisons de forte affinité ont été
observées avec les extraits d’ARN mitochondriaux totaux d’Arabidopsis. La dissociation de ces complexes est
lente, suggérant que I’interaction de PNM1-ARN est stable et non transitoire. Nous avons également observé
des interactions entre PNM1 et des ARNm, des ARNr 26S et 18S. Quant aux ARNt et ARNr 58S, ils ne se lient
pas a la protéine. Quand des oligonucléotides représentant des poly A, C, G et U ont été utilisés, PNM1 n’était
capable que de se lier aux poly G, mais avec une forte affinité. Ces résultats ont permis de valider la liaison
PNM1-ARN (Hammani et al., 2011).

Une autre étude a porté sur I’initiation de la traduction d’E. coli, et notamment sur le décryptage du
mécanisme d’action de la protéine ribosomale S1 sur les ARN messagers naturels, en collaboration avec
I’équipe de Pascale Romby (UPR 9002, IBMC, Strasbourg), qui s’intéresse aux ARN messagers et aux ARN
régulateurs bactériens. Plusieurs ARNm bactériens sont structurés dans les régions non traduites qui modulent
I’accessibilité de ’ARNm a la sous-unité ribosomale 30S. La conformation des ARNm est directement
impliquée dans ce processus de régulation. Certaines étapes de 1’initiation de la traduction étaient déja connues.
Mais n’étaient pas connus, ni la fagon dont le ribosome ‘déstructure’ I’ARNm pour promouvoir I’initiation de
la traduction, ni les facteurs ribosomaux impliqués. Cette étude a montré que ce sont les 3 premiers domaines
de la protéine ribosomale S1 qui lui conférent une activité ARN chaperone essentielle a la liaison et au ‘dépliage’
des ARNm structurés, permettant ainsi le positionnement correct du codon d’initiation. Mais la protéine S1

n’est pas nécessaire au dépliement de tous les ARNm (Duval et al., 2013).
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B2. Interactions intégrines-protéines de la matrice extra-cellulaire

Lors de mon stage post-doctoral a 1’Université d’Oxford, j’ai étudié¢ des interactions moléculaires, sur
protéines membranaires, hétérodimériques purifiées (intégrines a5p1, avp3 et avp6) et deux protéines de la
matrice extra-cellulaire (fibronectine et fibrilline). Ce travail a été réalisé au sein d’un réseau de cinq laboratoires
de I’Université d’Oxford : I. Campbell, P. Handford, Y. Jones, H. Mardon et D. Stuart.

Interaction intégrine-fibronectine

Le module FIII (Figure 28a) est responsable de la plupart des propriétés adhésives de la fibronectine. La
séquence RGD, généralement critique pour la reconnaissance des intégrines, est présente sur une boucle flexible
protubérante du domaine FIII10, domaine qui, isolé, est capable d’interagir avec certaines intégrines.
Concernant ’intégrine a5B1, le domaine FIII9 agit en synergie avec le domaine adjacent FIII110, pour
promouvoir 1’adhésion cellulaire, via le site synergique (‘synergy site’, séquence DRVPHSRN, Leahy et al.,
1996 ; Copié et al., 1998 ; Figure 28a). Nous avons étudié les propriétés fonctionnelles et structurales d’une
série de mutants de FI119-10 possédant diverses substitutions par alanine dans le site synergique de FII19, en
combinaison ou non avec une autre substitution (Li4sP). La mutation LissP de la paire FI119-10 confére une
augmentation de stabilité du domaine FII19 tout en maintenant intacte la boucle synergique. Les mutations du
site synergique de FIII9 provoquent une réduction importante (i) de I’adhésion de fibroblastes, (ii) de I’affinité
de a5B1 pour FIII9-10 (déterminée par ELISA et SPR), et (iii) de la stabilité du domaine FII19 (dénaturation
chimique). Néanmoins, ces effets peuvent étre contrecarrés par 1’introduction de la mutation LiasP (Altroff et
al., 2003) ou du domaine FIII8, et ainsi retrouver les propriétés de la molécule sauvage FI119-10. Des études
cinétiques similaires réalisées avec 1’intégrine av3 montrent que quelque soit la molécule étudiée, ses

parametres cinétiques sont les mémes que ceux obtenus avec le domaine FI1110 seul (non publié).

Interaction intégrine-fibrilline

Le module TB4 (‘Transforming growth factor $-Binding protein’) de la fibrilline (Figure 28b) est le seul
module possédant une séquence RGD, susceptible d’interagir avec les intégrines. La structure cristallographique
du triple domaine chEGF22-TB4-cbhEGF23 de la fibrilline humaine a été résolue (Lee et al., 2004). Nous avons
montré que I’intégrine a5B1 n’interagit pas avec le triple domaine recombinant cbEGF22-TB4-chEGF23, au
contraire de avf6 et avp3. Le domaine cbEGF22 pourrait posséder des propriétés fonctionnelles dans la liaison
de I’intégrine avp3. En effet, la suppression de ce domaine dans la molécule TB4-cbhEGF23 provoque une

dissociation deux fois plus rapide de avp3, mais également une réduction d’adhésion cellulaire (Jovanovic et
al., 2007).
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Figure 28.

a. Organisation modulaire de la fibronectine humaine et structure de FI118-10. Sur la structure figurent les

localisations du résidu L1408, et des boucles synergique et RGD.
b. Organisation modulaire de la fibrilline humaine et structure de cbEGF22-TB4-cbEGF23. Sur la

structure, les atomes de Ca®* sont représentés par des cercles rouges. La structure de la boucle contenant le site
RGD n’est pas définie.
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