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COLLART Frédéric
COSTELLO Régis
COURBIERE Blandine
COWEN Didier
CRAVELLO Ludovic
CUISSET Thomas

DA FONSECA David
DAHAN-ALCARAZ Laetitia
DANIEL Laurent

DARMON Patrice
DAUMAS Aurélie

DAVID Thierry

D'ERCOLE Claude
D'JOURNO Xavier
DEHARO Jean-Clande
DELAPORTE Emmanuel
DENIS Danigle

DISDIER Patrick
DODDOLI Christophe
DRANCOURT Michel
DUBUS Jean-Christophe
DUFFAUD Florence
DUFOUR Henry

DURAND Jean-Marc
DUSSOL Bertrand

EBBO Mikagl

EUSEBIO Alexandre
FABRE Alexandre
FAKHRY Nicolas

FAURE Alice

FELICIAN Olvier
FENOLLAR Florence
FIGARELLA/BRANGER Dominique
FLECHER Xavier
FOUILLOUX Virginie
FOURNIER Pierre-Edouard
FRANCESCHI Frédéric
FUENTES Stéphane
GABERT Jean

GABORIT Bénédicte
GAINNIER Marc

GARCIA Stéphane
GARIBOLDI Vlad
GAUDART Jean
GAUDY-MARQUESTE Caroline
GENTILE Stephanie
GERBEAUX Patrick
GEROLAMI/SANTANDREA René
GILBERT/ALESSI Marie-Christine
GIORGI Roch

GIOVANNI Antoine
GIRARD Nadine
GIRAUD/CHABROL Brigitte
GONCALVES Anthony
GRANEL/REY Brigitte
GRANDVAL Philippe
GREILLIER Laurent

GUIS Sandrine

GUYE Maxime

GUYOT Laurent

GUTS Jean-Michel Retraite le 24/00/2021
HABIB Gilbert
HARDWIGSEN Jean

HARLE Jean-Robert
HOUVENAEGHEL Gilles
JACQUIER Alexis
JOURDE-CHICHE Noémie
JOUVE Jean-Luc
KAPLANSKI Gilles
KARSENTY Gilles

KERBAUL Francois dérachement
KRAHN Martin
LAFFORGUE Pierre

LAGIER Jean-Christophe
LAMBAUDIE Eric

LANCON Christophe

LA SCOLA Bernard
LAUNAY Franck

LAVIEILLE Jean-Pierre

LE CORROLLER Thotnas
LECHEVALLIER Eric
LEHUCHER-MICHEL Marie-Pascale
LEONE Marc

LEONETTI Georges

LEPIDI Hubert

LEVY Nicolas

MACE Loic

MAGNAN Pierre-Edouard
MANCINI Julien

MEGE Jean-Louis

MERROT Thierry
METZLER/GUILLEMAIN Catherine
MEYER/DUTOUR. Anne
MICCALEF/ROLL Joélle
MICHEL Fabrice

MICHEL Gérard

MICHEL Justin

MICHELET Pierre

MILH Mathieu

MILLION Matthieu

MOAL Valérie

MORANGE Pierre-Emmanuel
MOULIN Guy
MOUTARDIER. Vincent
NATUDIN Jean

NICOLAS DE LAMBALLERIE Xavier
NICOLLAS Richard
NGUYEN Karine

OLIVE Daniel

OLLIVIER. Matthieu

OUAFIK L'Houcine
OVAERT-REGGIO Caroline
PAGANELLI Franck

PANUEL Michel Surnombre
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PROFESSEURS DES UNIVERSITES-PRATICIENS HOSPITALIERS

PAPAZIAN Laurent
PAROLA Philippe

PELISSIER-ALICOT Amne-Laure

PELLETIER Jean
PERRIN Jeanne
PESENTI Sébastien
PETIT Philippe
PHAM Thao

ROLL Patrice

ROSSI Dominique

ROSSI Pascal

ROUDIER. Jean

SALAS Sébastien
SARLON-BARTOLI Gabrielle
SCAVARDA Didier
SCHLEINITZ Nicolas

PIERCECCHI/MARTI Marie-Dominig SEBAG Fredéric

PIQUET Philippe

PIRRO Nicolas

POINSO Frangois

RACCAH Denis

RANQUE Stéphane

REGIS Jean
REYNAUD/GAUBERT Martine
REYNAUD Rachel

RICHARD/LALLEMAND Marie-Aletl TREBUCHON-DA FONSECA Agnés
TRIGLIA Jean-Michel Surnombre

RICHIERI Raphaélle
ROCHE Pierre-Hugues
ROCH Antoine
ROCHWERGER Richard

Secrétariat Général - RH

SIELEZNEFF Igor
SIMON Nicolas
STEIN Andréas
SUISSA Laurent
TAIEB David
THOMAS Pascal
THUNY Franck
TOSELLO Barthélémy

TROPIANO Patrick
TSIMARATOS Michel
TURRINI Olivier

VALERO René
VAROQUAUX Arthur Damien
VELLY Lionel

VEY Norbert

VIDAL Vincent

VIENS Patrice

VILLANI Patrick

VITON Jean-Michel

VITTON Véronique
VIEHWEGER Heide Elke détachement
VIVIER Eric

XERRI Luc

ZIELEZKIEWICZ Laurent
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PROFESSEURS DES UNIVERSITES-PRATICIENS HOSPITALIERS

PROFESSEUR DES UNIVERSITES

ADALIAN Pascal
AGHABABIAN Valérie
BELIN Pascal
CHABANNON Christian
CHABRIERE Eric
FERON Frangois
LE COZ Pierre
LEVASSEUR Anthony
RANIJEVA Jean-Philippe
SOBOL Hagay

PROFESSEUR CERTIFIE
FRAISSE-MANGIALOMINI Jeanne

PROFESSEUR DES UNIVERSITES ASSOCIE a MI-TEMPS
REVIS Joana

PROFESSEUR DES UNIVERSITES MEDECINE GENERALE

GENTILE Gaétan

PROFESSEUR DES UNIVERSITES ASSOCIE a TEMPS PLEIN DES DISCIPLINES MEDICALES

BOUSSUGES Alain

PROFESSEUR DES UNIVERSITES ASSOCIE a MI-TEMPS DES DISCIPLINES MEDICALES

DUTAU Hervé

MAJ 01.09.2021



MAITRES DE CONFERENCES DES UNIVERSITES-PRATICIENS HOSPITALIERS

AHERFI Sarah

GELSI/BOYER Véronique

ANGELAKIS Emmanouil (disponibilite) GIUSIANO Bernard

ATLAN Catherine (disponibilité)
BEGE Thierry
BENYAMINE Audrey
BIRNBAUM David

BONINI Francesca
BOUCRAUT Joseph
BOULAMERY Audrey
BOULLU/CIOCCA Sandrine
BOUSSEN Salah Michel
BUFFAT Christophe
CAMILLERI Serge
CARRON Romain
CASSAGNE Carole
CERMOLACCE Michel
CHAUDET Hervé
CHRETIEN Anne-Sophie
COZE Carole

CUNY Thomas

DADOUN Frédéric (disponibilité)
DALES Jean-Philippe
DARIEL Anne

GIUSIANO COURCAMBECK Sophie
GONZALEZ Jean-Michel

GOURIET Frédérique

GRAILLON Thomas

GUERIN Carole

GUENOUN MEYSSIGNAC Daphné
GUIDON Catherine

GUIVARCH Jokthan

HAUTIER Aurélie

HRAIECH Sami

IBRAHIM KOSTA Manal

JALOUX Charlotte

JARROT Pierre-André
KASPI-PEZZOLI Elise

L'OLLIVIER Coralie
LABIT-BOUVIER Corinne
LAFAGE/POCHITALOFF-HUVALE Marina
LAGARDE Stanislas

LAGIER Aude (disponibilité)
LAGOUANELLE/SIMEONI Marie-Claude
LAMBERT Isabelle

DEGEORGES/VITTE Joélle (disponibitits, LENOIR Marien

DEHARO Pierre
DELLIAUX Stéphane
DELTEIL Clémence
DESPLAT/JEGO Sophie
DEVILLIER Raynier
DUBOURG Grégory
DUCONSEIL Pauline
DUFOUR Jean-Charles
ELDIN Carole
FOLETTI Jean- Marc
FRANKEL Diane
FROMONOT Julien
GASTALDI Marguerite
GAUDRY Marine

ABU ZAINEH Mohammad
BARBACARU/PERLES T. A.
BERLAND Caroline

BOYER Sylvie

COLSON Sébastien
DEGIOANNI/SALLE Anna

LEVY/MOZZICONACCI Annie
LOOSVELD Marie
MAAROUF Adil

MACAGNO Nicolas
MARLINGE Marion

MAUES DE PAULA André
MOTTOLA GHIGO Giovanna
MEGE Diane

MOTTOLA GHIGO Giovanna
NOUGAIREDE Antoine
PAULMYER/LACROIX Odile
RADULESCO Thomas
RESSEGUIER Noémie
ROBERT Philippe

(mono-appartenants)
DESNUES Benoit
MARANINCHI Marie

MERHEJ/CHAUVEAU Vicky
MINVIELLE/DEVICTOR Bénédicte
POGGI Marjorie

POUGET Benoit

ROBERT Thomas
ROMANET Pauline
SABATIER Renaud
SARI-MINODIER Iréne
SAVEANU Alexandru

SECQ Véronique

SOLER Raphael
STELLMANN Jan-Patrick
SUCHON Pierre

TABOURET Emeline

TOGA Isabelle

TOMASINI Pascale

TROUDE Lucas

TROUSSE Delphine
TUCHTAN-TORRENTS Lucile
VELY Frédéric

VENTON Geoffroy
VION-DURY Jean
ZATTARA/CANNONI Héléne

MAITRES DE CONFERENCES DES UNIVERSITES

RUEL Jérome
THOLLON Lionel

THIRION Sylvie
VERNA Emeline

MAITRE DE CONFERENCES DES UNIVERSITES DE MEDECINE GENERALE

Secrétariat Général - RH

CASANOVA Ludovic
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Secrétariat Général - RH

MAITRES DE CONFERENCES ASSOCIES DE
MEDECINE GENERALE a MI-TEMPS

BARGIER Jacques
FIERLING Thomas
FORTE Jenny
JANCZEWSKI Aurélie
NUSSLI Nicolas
ROUSSEAU-DURAND Raphaélle
THERY Didier

MAITRE DE CONFERENCES ASSOCIE a MI-TEMPS

BOURRIQUEN Maryline
EVANS-VIALLAT Catherine
LAZZAROTTO Sébastien
LUCAS Guillaume
MATHIEU Marion
MAYENS-RODRIGUES Sandrine
MELLINAS Marie
ROMAN Christophe
TRINQUET Laure
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PROFESSEURS DES UNIVERSITES et MAITRES DE CONFERENCES DES UNIVERSITES -
PRATICIENS HOSPITALI PROFESSEURS ASSOCIES, MAITRES DE CONFERENCES DES

UNIVERSITES mono-appartenants
| ANATOMIE 4201 | ANTHROPOLOGIE 20 |

CHAMPSAUR Pierre (PU-PH) ADALIAN Pascal (PR)
LE CORROLLER Thomas (PU-PH)
PIRRO Nicolas (PU-PH) DEGIOANNI/SALLE Anna (MCF)

POUGET Benoit (MCF)
VERNA Emeline (MCF)
GUENOUN-MEYSSIGNAC Daphné (MCU-PH)

LAGIER Aude (MCU-PH) disponibilité I BACTERIOLOGIE-VIROLOGIE ; HYGIENE HOSPITALIERE 4501 I
THOLLON Lionel (MCF) (60eéme section) CHARREL Rémi (PU PH)

DRANCOURT Michel (PU-PH)

FENOLLAR Florence (PU-PH)

FOURNIER Pierre-Edouard (PU-PH)

| ANATOMIE ET CYTOLOGIE PATHOLOGIQUES 4203 INICOLAS DE LAMBALLERIE Xavier (PU-PH)
LA SCOLA Bernard (PU-PH)

CHARAFE/JAUFFRET Emmanuelle (PU-PH)
DANIEL Laurent (PU-PH)

FIGARELLA/BRANGER Dominique (PU-PH) AHERFI Sarah (MCU-PH)
GARCIA Stéphane (PU-PH) ANGELAKIS Emmanouil (MCU-PH) disponibilité
XERRI Luc (PU-PH) DUBOURG Grégory (MCU-PH)

GOURIET Frédérique (MCU-PH)
NOUGAIREDE Antoine (MCU-PH)

DALES Jean-Philippe (MCU-PH) NINOVE Laetitia (MCU-PH)
GIUSIANO COURCAMBECK Sophie (MCU PH)
LABIT/BOUVIER Corinne (MCU-PH) CHABRIERE Eric (PR) (64&me section)
MACAGNO Nicolas (MCU-PH)
MAUES DE PAULA André (MCU-PH) LEVASSEUR Anthony (PR) (64eme section)
SECQ Véronique (MCU-PH) DESNUES Benoit (MCF) ( 65eéme section )
MERHE)/CHAUVEAU Vicky (MCF) (87&me section)
BIOCHIMIE ET BIOLOGIE MOLECULAIRE 4401 |
ANESTHESIOLOGIE ET REANIMATION CHIRURGICALE ;
MEDECINE URGENCE 4801 IBARLIER/SETTI Anne (PU-PH)
GABERT Jean (PU-PH)
ALBANESE Jacques (PU-PH) Surnombre GUIEU Régis (PU-PH)
BRUDER Nicolas (PU-PH) OUAFIK L'Houcine (PU-PH)
LEONE Marc (PU-PH)
MICHEL Fabrice (PU-PH) BUFFAT Christophe (MCU-PH)
VELLY Lionel (PU-PH) FROMONOT Julien (MCU-PH)
ZIELEZKIEWICZ Laurent (PU-PH) MARLINGE Marion (MCU-PH)
MOTTOLA GHIGO Giovanna (MCU-PH)
BOUSSEN Salah Michel (MCU-PH) ROMANET Pauline (MCU-PH)
GUIDON Catherine (MCU-PH) SAVEANU Alexandru (MCU-PH)
| ANGLAIS 11 | BIOLOGIE CELLULAIRE 4403 |
FRAISSE-MANGIALOMINI Jeanne (PRCE) ROLL Patrice (PU-PH)

FRANKEL Diane (MCU-PH)

GASTALDI Marguerite (MCU-PH)
KASPI-PEZZOLI Elise (MCU-PH)
BIOLOGIE ET MEDECINE DU DEVELOPPEMENT ILEVY-MOZZICONNACCI Annie (MCU-PH)
ET DE LA REPRODUCTION ; GYNECOLOGIE MEDICALE 5405

METZLER/GUILLEMAIN Catherine (PU-PH)
PERRIN Jeanne (PU-PH)
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I BIOPHYSIQUE ET MEDECINE NUCLEAIRE 4301 I |

GUED) Eric (PU-PH)
GUYE Maxime (PU-PH)
TAIEB David (PU-PH)

BELIN Pascal (PR) (69éme section)
RANJEVA Jean-Philippe (PR) (69éme section)

CAMMILLERI Serge (MCU-PH)
VION-DURY Jean (MCU-PH)

BARBACARU/PERLES Téodora Adriana (MCF) (69éme section)

CARDIOLOGIE 5102

AVIERINOS Jean-Francois (PU-PH)

BONELLO Laurent (PU PH) BONNET Jean-Louis (PU-
PH) CUISSET Thomas (PU-PH) DEHARO Jean-Claude
(PU-PH) FRANCESCHI Frédéric (PU-PH) HABIB
Gilbert (PU-PH) PAGANELLI Franck (PU-PH) THUNY
Franck (PU-PH)

DEHARO Pierre (MCU PH)

| CHIRURGIE VISCERALE ET DIGESTIVE 5202

BERDAH Stéphane (PU-PH)

BIOSTATISTIQUES, INFORMATIQUE MEDICALE
ET TECHNOLOGIES DE COMMUNICATION 4604

BEYER-BERJOT Laura (PU-PH)
HARDWIGSEN Jean (PU-PH)

GAUDART Jean (PU-PH)
GIORGI Roch (PU-PH)
MANCINI Julien (PU-PH)

CHAUDET Hervé (MCU-PH)
DUFOUR Jean-Charles (MCU-PH)
GIUSIANO Bernard (MCU-PH)

ABU ZAINEH Mohammad (MCF) (5eéme section)
BOYER Sylvie (MCF) (5eéme section)

MOUTARDIER Vincent (PU-PH)
SEBAG Frédéric (PU-PH)
SIELEZNEFF Igor (PU-PH)
TURRINI Olivier (PU-PH)

BEGE Thierry (MCU-PH)
BIRNBAUM David (MCU-PH)
DUCONSEIL Pauline (MCU-PH)
GUERIN Carole (MCU PH)
MEGE Diane (MCU-PH)

I CHIRURGIE ORTHOPEDIQUE ET TRAUMATOLOGIQUE 5002 I

ARGENSON Jean-Noél (PU-PH)
BLONDEL Benjamin (PU-PH)
FLECHER Xavier (PU PH)
OLLIVIER Matthieu (PU-PH)
ROCHWERGER Richard (PU-PH)
TROPIANO Patrick (PU-PH)

| CHIRURGIE INFANTILE 5402

GUYS Jean-Michel (PU-PH) Retraite le 24/09/2021
FAURE Alice (PU PH)

JOUVE Jean-Luc (PU-PH)

LAUNAY Franck (PU-PH)

MERROT Thierry (PU-PH)

PESENTI Sébastien (PU-PH)

VIEHWEGER Heide Elke (PU-PH) détachement

| CANCEROLOGIE ; RADIOTHERAPIE 4702

BERTUCCI Francois (PU-PH)
CHINOT Olivier (PU-PH)
COWEN Didier (PU-PH)
DUFFAUD Florence (PU-PH)
GONCALVES Anthony PU-PH)
HOUVENAEGHEL Gilles (PU-PH)
LAMBAUDIE Eric (PU-PH)
PADOVANI Laetitia (PH-PH)
SALAS Sébastien (PU-PH)
VIENS Patrice (PU-PH)

SABATIER Renaud (MCU-PH)
TABOURET Emeline (MCU-PH)

Secrétariat Général - RH

DARIEL Anne (MCU-PH)

I CHIRURGIE MAXILLO-FACIALE ET STOMATOLOGIE 5503

CHOSSEGROS Cyrille (PU-PH)
GUYOT Laurent (PU-PH)

FOLETTI Jean-Marc (MCU-PH)
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| CHIRURGIE THORACIQUE ET CARDIOVASCULAIRE 5103 CHIRURGIE PLASTIQUE,
RECONSTRUCTRICE ET ESTHETIQUE ; BRULOLOGIE 5004

COLLART Frédéric (PU-PH)

D'JOURNO Xavier (PU-PH) BERTRAND Baptiste (PU-PH)
DODDOLI Christophe (PU-PH) CASANOVA Dominique (PU-PH)
FOUILLOUX Virginie (PU-PH)

GARIBOLDI Vlad (PU-PH)

MACE Loic (PU-PH) HAUTIER Aurélie (MCU-PH)
THOMAS Pascal (PU-PH) JALOUX Charlotte (MCU PH)

LENOIR Marien (MCU-PH)
TROUSSE Delphine (MCU-PH)

I CHIRURGIE VASCULAIRE ; MEDECINE VASCULAIRE 5104 |

ALIMI Yves (PU-PH)

AMABILE Philippe (PU-PH) EASTROENTEROLOGIE ; HEPATOLOGIE ; ADDICTOLOGIE 5203
BARTOLI Michel (PU-PH)

BOUFI Mourad (PU-PH) BARTHET Marc (PU-PH)

MAGNAN Pierre-Edouard (PU-PH) DAHAN-ALCARAZ Laetitia (PU-PH)

PIQUET Philippe (PU-PH) GEROLAMI-SANTANDREA René (PU-PH)

SARLON-BARTOLI Gabrielle (PU PH) GRANDVAL Philippe (PU-PH)

VITTON Véronique (PU-PH)
GAUDRY Marine (MCU PH)
SOLER Raphael (MCU-PH)

I HISTOLOGIE, EMBRYOLOGIE ET CYTOGENETIQUE 4202 IGONZALEZJean-MicheI ( MCU-PH)

LEPIDI Hubert (PU-PH)

PAULMYER/LACROIX Odile (MCU-PH) | GENETIQUE 4704 |
| DERMATOLOGIE - VENEREOLOGIE 5003 [BEROUD Christophe (PU-PH)
KRAHN Martin (PU-PH)
BERBIS Philippe (PU-PH) LEVY Nicolas (PU-PH)
DELAPORTE Emmanuel (PU-PH) NGYUEN Karine (PU-PH)
GAUDY/MARQUESTE Caroline (PU-PH)
GROB Jean-Jacques (PU-PH) ZATTARA/CANNONI Hélene (MCU-PH)

RICHARD/LALLEMAND Marie-Aleth (PU-PH)

| DUSI ]

COLSON Sébastien (MCF)

BOURRIQUEN Maryline (MAST) IGYNECOLOGIE-OBSTETRIQUE ; GYNECOLOGIE MEDICALE 5403'
EVANS-VIALLAT Catherine (MAST)

LUCAS Guillaume (MAST) AGOSTINI Aubert (PU-PH)

MAYEN-RODRIGUES Sandrine (MAST) BRETELLE Florence (PU-PH)

MELLINAS Marie (MAST) CARCOPINO-TUSOLI Xavier (PU-PH)

ROMAN Christophe (MAST) COURBIERE Blandine (PU-PH)

TRINQUET Laure (MAST) CRAVELLO Ludovic (PU-PH)

D'ERCOLE Claude (PU-PH)

ENDOCRINOLOGIE ,DIABETE ET MALADIES METABOLIQUES ;
GYNECOLOGIE MEDICALE 5404

BRUE Thierry (PU-PH)
CASTINETTI Frédéric (PU-PH)

CUNY Thomas (MCU PH)
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HEMATOLOGIE ; TRANSFUSION 4701

I EPIDEMIOLOGIE, ECONOMIE DE LA SANTE ET PREVENTION |
4601

AUQUIER Pascal (PU-PH)
BERBIS Julie (PU-PH)
BOYER Laurent (PU-PH)
GENTILE Stéphanie (PU-PH)

LAGOUANELLE/SIMEONI Marie-Claude (MCU-PH)
RESSEGUIER Noémie (MCU-PH)

MINVIELLE/DEVICTOR Bénédicte (MCF)(06&me section)

| IMMUNOLOGIE 4703/

BLAISE Didier (PU-PH)

COSTELLO Régis (PU-PH)

CHIARONI Jacques (PU-PH)
GILBERT/ALESSI Marie-Christine (PU-PH)
MORANGE Pierre-Emmanuel (PU-PH)
VEY Norbert (PU-PH)

DEVILLIER Raynier (MCU PH)

GELSI/BOYER Véronique (MCU-PH)

IBRAHIM KOSTA Manal (MCU PH)
LAFAGE/POCHITALOFF-HUVALE Marina (MCU-PH)
LOOSVELD Marie (MCU-PH)

SUCHON Pierre (MCU-PH)

VENTON (MCU-PH)

POGGI Marjorie (MCF) (64eme section)

MEDECINE LEGALE ET DROIT DE LA SANTE 4603

KAPLANSKI Gilles (PU-PH)
MEGE Jean-Louis (PU-PH)
OLIVE Daniel (PU-PH)
VIVIER Eric (PU-PH)

FERON Francois (PR) (69&me section)

BOUCRAUT Joseph (MCU-PH)
CHRETIEN Anne-Sophie (MCU PH)
DEGEORGES/VITTE Joélle (MCU-PH)
DESPLAT/JEGO Sophie (MCU-PH)
JARROT Pierre-André (MCU PH)
ROBERT Philippe (MCU-PH)

BARTOLI Christophe (PU-PH)

LEONETTI Georges (PU-PH)
PELISSIER-ALICOT Anne-Laure (PU-PH)
PIERCECCHI-MARTI Marie-Dominique (PU-PH)

DELTEIL Clémence (MCU PH)
TUCHTAN-TORRENTS Lucile (MCU-PH)

BERLAND Caroline (MCF) (1ere section)

VELY Frédéric (MCU-PH) |

MEDECINE PHYSIQUE ET DE READAPTATION 4905

I MALADIES INFECTIEUSES ; MALADIES TROPICALES 4503 |

BROUQUI Philippe (PU-PH)
LAGIER Jean-Christophe (PU-PH)

BENSOUSSAN Laurent (PU-PH)
VITON Jean-Michel (PU-PH)

MILLION Matthieu (PU-PH) |

MEDECINE ET SANTE AU TRAVAIL 4602

PAROLA Philippe (PU-PH)
STEIN Andréas (PU-PH)

ELDIN Carole (MCU-PH)

| MEDECINE D'URGENCE 4805 |

GERBEAUX Patrick (PU PH)
KERBAUL Francois (PU-PH) détachement
MICHELET Pierre (PU-PH)

MEDECINE INTERNE ; GERIATRIE ET BIOLOGIE DU
VIEILLISSEMENT ; ADDICTOLOGIE 5301

BONIN/GUILLAUME Sylvie (PU-PH) BENYAMINE Audrey (MCU-PH)
DISDIER Patrick (PU-PH)

DURAND Jean-Marc (PU-PH)

EBBO Mikael (PU-PH)

GRANEL/REY Brigitte (PU-PH)

HARLE Jean-Robert (PU-PH)

ROSSI Pascal (PU-PH)

SCHLEINITZ Nicolas (PU-PH)

Secrétariat Général - RH

LEHUCHER/MICHEL Marie-Pascale (PU-PH)

SARI/MINODIER Iréne (MCU-PH)
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| MEDECINE GENERALE 5303

| NEPHROLOGIE 5203

GENTILE Gaétan (PR Méd. Gén. Temps plein)
CASANOVA Ludovic (MCF Méd. Gén. Temps plein)

BARGIER Jacques (MCF associé Méd. Gén. A mi-temps)
FIERLING Thomas (MCF associé Méd. Gén. A mi-temps)
FORTE Jenny (MCF associé Méd. Gén. A mi-temps)
JANCZEWSKI Aurélie (MCF associé Méd. Gén. A mi-temps)
NUSSLI Nicolas (MCF associé Méd. Gén. A mi-temps)
ROUSSEAU-DURAND Raphaélle

(MCF associé Méd. Gén. A mi-temps)

THERY Didier (MCF associé Méd. Gén. A mi-temps)
(nomination au 1/10/2019)

BRUNET Philippe (PU-PH)
BURTEY Stépahne (PU-PH)
DUSSOL Bertrand (PU-PH)
JOURDE CHICHE Noémie (PU PH)
MOAL Valérie (PU-PH)

ROBERT Thomas (MCU-PH)

| NEUROCHIRURGIE 4902

DUFOUR Henry (PU-PH)
FUENTES Stéphane (PU-PH)
REGIS Jean (PU-PH)

| NUTRITION 4404

| ROCHE Pierre-Hugues (PU-PH)

BELIARD Sophie (PU-PH)
DARMON Patrice (PU-PH)
RACCAH Denis (PU-PH)
VALERO René (PU-PH)

ATLAN Catherine (MCU-PH) disponibilité

MARANINCHI Marie (MCF) (66eme section)

SCAVARDA Didier (PU-PH)

CARRON Romain (MCU PH)
GRAILLON Thomas (MCU PH)
TROUDE Lucas (MCU-PH)

NEUROLOGIE 4901

| ONCOLOGIE 65 (BIOLOGIE CELLULAIRE)

CHABANNON Christian (PR) (66eme section)
SOBOL Hagay (PR) (65eme section)

ATTARIAN Sharham (PU PH)
AUDOIN Bertrand (PU-PH)
AZULAY Jean-Philippe (PU-PH)
CECCALDI Mathieu (PU-PH)
EUSEBIO Alexandre (PU-PH)

| OPHTALMOLOGIE 5502

JFELICIAN Olivier (PU-PH)

DAVID Thierry (PU-PH)
DENIS Daniele (PU-PH)

PELLETIER Jean (PU-PH)
SUISSA Laurent (PU-PH)

MAAROUF Adil (MCU-PH)

| PEDOPSYCHIATRIE; ADDICTOLOGIE 4904

DA FONSECA David (PU-PH)
POINSO Francois (PU-PH)

| OTO-RHINO-LARYNGOLOGIE 5501

DESSI Patrick (PU-PH)

FAKHRY Nicolas (PU-PH)

GIOVANNI Antoine (PU-PH)

LAVIEILLE Jean-Pierre (PU-PH)

MICHEL Justin (PU-PH)

NICOLLAS Richard (PU-PH)

TRIGLIA Jean-Michel (PU-PH) Surnombre

RADULESCO Thomas (MCU-PH)

REVIS Joana (PAST) (Orthophonie) (7eme Section)

Secrétariat Général - RH

GUIVARCH Jokthan (MCU-PH)

PHARMACOLOGIE FONDAMENTALE -

PHARMACOLOGIE CLINIQUE; ADDICTOLOGIE 4803

BLIN Olivier (PU-PH)
MICALLEF/ROLL Joélle (PU-PH)
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A. These article : Inhibiteurs de phosphoinositide 3-kinase (PI3K) et
cancer du sein, une revue systématique de la littérature

I/ Introduction

1. Le cancer du sein

Dans le monde, en 2020, le cancer du sein (CS) représente le premier cancer le plus
fréquent pour les deux sexes confondus avec environ 2,3 millions de cas et la quatrieme cause
de déces avec environ 685 000 déces (1). En France, entre 1900 et 2018, il a été démontré que
le taux d’incidence augmente d'environ 1,1 % par an (2). Le CS est une maladie hétérogene
comprenant de petites tumeurs localisées curables ou des tumeurs métastatiques avec un
trés mauvais pronostic (3). En pratique, les caractéristiques cliniques et pathologiques sont
utilisées pour définir le stade et I'agressivité de la tumeur. Le profil d'expression intrinséque
des génes de ces tumeurs est corrélé a I'expression ou non de trois récepteurs cellulaires
(récepteur aux cestrogenes (RE), récepteur a la progestérone (RP) et récepteur au facteur de
croissance épidermique humain-2 (HER2)). Il existe différents sous-types moléculaires de CS,
mais dans la pratique clinique, les sous-types sont définis par |'expression des récepteurs
cellulaires et I'état de prolifération qui peut étre approché par la mesure du Ki67 (4,5). Au
diagnostic, un grade histologique plus élevé est associé a une taille tumorale plus importante,
une plus grande fréquence de I'atteinte ganglionnaire et a un risque plus élevé de métastases
a distance. Le développement des puces a acide désoxyribonucléique complémentaire (ADNc)
a introduit un nouveau concept de classification moléculaire, cependant, il n'entre toujours
pas dans la pratique clinique en raison de sa bonne concordance avec la classification actuelle,

de sa faisabilité plus complexe et d'un prix plus élevé (6).



Les différents sous-types sont les suivants : Luminal, avec des tumeurs positives aux RE
et/ou RP et HER2 non surexprimé (luminal A si la prolifération est faible, luminal B si celle-ci
est élevée), représentent les CS les plus fréquents, HER2+, en cas de surexpression de HER2,
qui est retrouvée dans environ 15 a 20 % des tumeurs, triple négatif (TNBC) si aucun de ces
récepteurs n'est exprimé, dans environ 10% des cas. Les TNBC se caractérisent par une
agressivité, un age plus jeune au diagnostic et une évolution moins favorable (7,8). Le cancer
du sein inflammatoire (CSI) représente une entité distincte, et a une définition clinique pure
avec un début rapide (<6 mois) par I'apparition d'un érytheme mammaire, d'cedéme et/ou de
peau d'orange et/ou de sein chaud, avec ou sans une masse sous-jacente palpable et certaines
caractéristiques pathologiques telles que les emboles dermiques. Le CSI est peu fréquent,
représentant moins de 5 % des cas, et néanmoins il est associé a une survie plus faible (9,10).

Concernant le CS localisé, qui représente environ 90 % des cas, le traitement repose
sur la chirurgie, la radiothérapie et, selon les sous-types, sur I'hormonothérapie (HT), la
chimiothérapie et la thérapie ciblée anti-HER2. Le risque de rechute varie entre 10 et 41 % et
dépend des sous-types et d'autres caractéristiques clinico-pathologiques (11).

Concernant le CS localement avancé et métastatique, la prise en charge est basée sur
le traitement systémique. Concernant le CS surexprimant HER2, le traitement initial repose
sur une association d'une chimiothérapie et d'une double thérapies anti-HER2 (trastuzumab
et pertuzumab) (12). Initialement, la surexpression de HER2 était associée a un mauvais
pronostic mais apres l'introduction du trastuzumab puis des autres agents anti-HER2, une
étude récente a montré que les CS avec surexpression de HER2 étaient désormais associés
avec la plus longue survie (13). Pour le TNBC, le traitement standard est la chimiothérapie et
plus récemment l'immunothérapie avec les anticorps anti-PD-1 (pembrolizumab) en

association avec la chimiothérapie qui a recu une autorisation de la Food and Drug



Administration (FDA) et de I'Agence européenne des médicaments (EMA) pour les cancers
TNBC avec PD-L1-positif (c'est-a-dire avec un score positif combiné (CPS) égal ou supérieur a
10 en IHC) (14). Dans les formes avec mutation germinale des génes BRCA1 ou BRCA2, les
inhibiteurs de PARP sont également une option (15-18).

Pour le CS localement avancé ou métastatique avec RE et/ou RP et HER2 non
surexprimé, le traitement de premiére intention est I'association d'une HT et d'un inhibiteur
de CDK4/6, sauf si le patient présente une crise viscérale ou l'on privilégiera une
chimiothérapie (19-21). L'histoire naturelle de ces patientes est caractérisée par de multiples
lighes d’HT et de thérapie ciblée jusqu'a I'apparition de I'hormono-résistance et la nécessité
de recourir a une chimiothérapie palliative. Une méta-analyse a confirmé que toutes les
patientes bénéficiaient du traitement par les inhibiteurs de CDK4/6 en premiere ligne par
rapport a une HT en monothérapie (22). Pour les patientes pré ménopausées, la suppression
ovarienne (SO) est systématique et les résultats récents d'études randomisées ont montré
que les femmes pré ménopausées traitées par HT et SO avec des inhibiteurs de CDK4/6 avaient
une survie sans progression (SSP) similaire a celle des femmes ménopausées (23-25).
Quelques données de faible niveau de preuve suggérent une activité clinique de I'utilisation
de I'abemaciclib (inhibiteur de CDK4/6) aprés I'utilisation du palbociclib (inhibiteur de CDK4/6)
(26). Pour les patientes porteuses d'une mutation germinale de BRCA, l'olaparib et le
talazoparib (inhibiteur de PARP) ont montré un bénéfice significatif pour la SSP, mais la
séquence optimale entre les inhibiteurs de CDK4/6 et les inhibiteurs de PARP n'est pas
clairement établi (16,27)). L'évérolimus (inhibiteur de la cible de la rapamycine chez les
mammiféres (mTOR)) avec I'exémestane ont significativement amélioré la SSP par rapport a
I'exémestane en monothérapie, 11 mois contre 4,1 mois respectivement dans l'essai de

phase Il BOLERO-2 pour les patientes progressant sous ou aprés un traitement par inhibiteurs



de I'aromatase (IA) (28). L'avenement des inhibiteurs de CDK4/6 a repoussé |'évérolimus dans
les lignes ultérieures. Peu de données ont exploré le bénéfice de I'évérolimus avec
I'exémestane apreés d'inhibiteur de CDK4/6, cependant dans la pratique clinique, I'évérolimus
est couramment utilisé en deuxiéme ligne aprés I'échec des inhibiteurs de CDK4/6. Les
chimiothérapies par anthracyclines, taxanes, capécitabine, éribuline, vinorelbine,
gemcitabine, alkylants sont classiquement utilisées en phase d'hormono-résistance ou de
crise viscérale. Pour le CS exprimant les RE et/ou RP, la prochaine étape pourrait inclure
['utilisation d’anticorps conjugués (ADC) tels que le trastuzumab deruxtecan (DS-8201a) pour
les HER2 faiblement exprimé (c'est-a-dire HER2 1+ ou 2+ et hybridation in situ), le patritumab

deruxtecan (HER3-DXd, U3-1402), le sacituzumab govitecan ou le datopotamab deruxtecan.

2. La voie PI3K

Chez 'homme, la voie de phosphatidylinositol 3-kinase (PI3K) est I'une des voies les
plus fréquemment altérées dans les tumeurs. Ce réseau de signalisation se compose
principalement de PI3K, d’AKT et de mTOR (29). PI3K appartient a la famille des kinases
lipidiques intracellulaires et peut étre divisée en trois groupes selon la structure et la fonction.
La classe | est activée par I'insuline ou d'autres facteurs de croissance et peut étre subdivisée
en classe IA et classe IB. La classe IA de PI3K est associée aux récepteurs tyrosine kinase (RTK)
et la classe IB de PI3K est associée aux récepteurs couplés aux protéines G (RCPG). Les deux
classes sont composées d'une sous-unité catalytique et d'une sous-unité régulatrice. Nous
poursuivrons notre sujet uniguement sur la classe IA qui est la plus directement impliquée
dans la cancérogenese humaine (30-33). Pour la classe IA de PI3K, les isoformes de la sous-
unité catalytique sont p110a, p110B, p110y ou p1106. Le gene PIK3CA est situé sur le

chromosome 3g26.3 et code pour la sous-unité catalytique p110a. La sous-unité catalytique



peut étre associée a l'une des cinq sous-unités régulatrices (p85a, p55a, p50a codée par
PIK3R1 ou p85B codée par PIK3R2 ou p55y codée par PIK3R3) (34,35). La sous-unité
catalytique est composée d'un domaine hélical et d'un domaine kinase. La sous-unité
régulatrice est composée de 3 domaines « homologies Src-2 » (SH2), 2 sont présents dans la
partie C-terminale et 1 est présent dans la partie N-terminale, on retrouve également le
domaine « homologie Breakpoint Cluster Region » (domaine BH) et une partie inter-SH2 (35—
37). Les différentes sous-unités ont plusieurs fonctions et une distribution inégale. Ainsi,
p110a intervient dans l'activation des processus anaboliques, I'angiogenése, I'embryogenése
et la prolifération, p110y et p110B interviennent dans les cellules de I'inflammation, et p1106
se retrouve notamment I'immunité adaptative (29,38). Les sous-unités régulatrices ont trois
actions particuliéres : I'inhibition de I'activité kinase de p110, la stabilisation de p110 et la
promotion d'un rétrocontrole négatif (34). Les domaines SH2 se trouvant sur les sous-unités
régulatrices jouent deux réles clés. Tout d'abord, SH2 permet de lier PI3K au complexe du
récepteur de l'insuline-IRS qui se situe au niveau de la membrane cellulaire et donc de
rapprocher PI3K du phosphatidylinositol 3,4-bisphosphate (PIP2). Deuxiemement, SH2 se lie
au « SH2 domain-containing inositil 5'-phosphatase » (SHIP), ce qui permet l'inhibition de
p110 (36).

La particularité de la classe | PI3K est la production de phosphatidylinositol-3,4,5-
trisphosphate (PIP3). Lorsque le RTK est activé par des facteurs de croissance, PI3K est alors
recruté par les récepteurs ancrés a la membrane cytoplasmique et est ainsi activé ; p110 est
verrouillé au niveau de la membrane par RAS. PI3K activé peut ainsi phosphoryler PIP2 pour
générer PIP3. PIP3 est I'un des seconds messagers les plus importants dans les cellules
humaines, notamment en recrutant et se liant a AKT ou a d'autres protéines avec un domaine

d'homologie a la pleckstrine (PH) telles que la protéine kinase 1 dépendante de la 3-



phosphoinositide (PDK1). Ensuite, AKT est phosphorylé et activé par PDK1 et par mTORC2 (39).
Une fois AKT activé, ce dernier permet la transmission du signal de croissance et déclenche
plusieurs cascades de signalisation. En générant PIP3, qui met en contact AKT et PDK1 (40),
PI3K joue un réle central dans plusieurs processus cellulaires dont la synthése de I'ADN, le
métabolisme et I'action sur le cytosquelette d'actine (41,42). Le « Phosphatase and TENsin
homolog » (PTEN) régule négativement I'action de PIP3, par l'activité 3'-phosphatase,
transformant PIP3 en PIP2 (43), ce qui arréte la cascade de phosphorylation. PIP3 peut aussi
étre régulé négativement par un autre acteur, SHIP qui est capté par le domaine SH2 de Ia
sous-unité régulatrice. Il convient de noter que |'activité phosphatase de SHIP permet éliminer
le phosphate de la position 5' et non 3’, ce qui implique que SHIP est incapable de supprimer
seul I'activité d’AKT, car I'activité 5° phosphatase de SHIP n'interfére pas avec l'interaction

AKT-PDK1 et par conséquent AKT reste actif (44,45).

3. Altérations de la voie PI3K dans le cancer

Chez I’'homme, |'altération de la voie PI3K est I'une des altérations les plus courantes
dans le cancer, estimée a 14 % pour toutes tumeurs solides (46). La relation entre |'altération
de PI3K et 'oncogenése a commencé avec la découverte de I'association entre I'activité kinase
et I'expression d’une oncoprotéine virale (47-49). Chaque acteur de la voie PI3K peut étre
concerné par différentes altérations (mutations, délétions ou amplifications), avec en téte de
liste PIK3CA et PTEN qui sont respectivement les deuxiémes et troisiemes génes les plus mutés
dans les cancers humains (29,50,51).

Le géne suppresseur de tumeur PTEN, identifié a la fin des années 90 (52,53), est

couramment inactivé dans les cancers sporadiques. La perte de PTEN induit une augmentation



de PIP3. Des niveaux élevés de PIP3 entrainent une activation constitutive de la voie PI3K et
favorisent la prolifération cellulaire et la progression du cycle cellulaire (51,54).

AKT, une kinase plus en aval dans la voie, peut également étre concernée par
I'amplification et la mutation. L'amplification d’AKT est rapportée dans certains cancers sans
implication solide dans la carcinogenése. La mutation E17K d'AKT1 est identifiée dans les CS
dans environ 4 % des cas. La mutation E17K provoque une altération entre AKT et la
membrane cellulaire entrainant une fixation constitutive a la membrane et par conséquent
augmente l'activation de la voie (55-57).

L'inositol poly phosphate 4-phosphatase de type Il (INPP4B) est connu pour étre un
suppresseur de tumeur dans le TNBC et d'autres cancers en déphosphorylant PIP2 en PIP, puis
en supprimant la signalisation d’AKT. D'autres études ont rapporté INPP4B comme oncogéene.
INPP4B est fortement associé a la présence des récepteurs hormonaux et au grade de la
tumeur. Dans des lignées cellulaires de CS exprimant les récepteurs hormonaux, une étude
récente confirme qu'une expression accrue d'ARNm et de protéines d'INPP4B induisent une
croissance tumorale via I'activation de Wnt/B-caténine (57-58).

Dans des conditions physiologiques, le complexe tubéroscléreux (TSC) 1/2 inhibe
I'activation de mTOR1. Des mutations ou une haplo-insuffisance de TSC1/2 peuvent étre
observées dans la lymphangioléiomyomatose et dans la sclérose tubéreuse, respectivement.
La perte de la fonction TSC1/2 conduit a I'activation constitutive de mTORC1 et favorise la
prolifération et le métabolisme cellulaire. Récemment, des mutations TSC1/2 ont été
découvertes dans le carcinome hépatocellulaire (CHC) et de plus, ces CHC ont réagi au
sirolimus (un inhibiteur de mTOR) (57,59).

Les mutations de PIK3CA ou de PIK3R1 favorisent le cancer par de multiples

mécanismes, les mutations de PIK3CA peuvent étre trouvées dans environ 30% des tumeurs



solides (60). A l'origine, les mutations de PIK3CA, a potentiel oncogéne, ont été identifiées
dans le cancer colorectal et notamment dans les domaines kinase et hélical. Samuels et al. ont
déterminé 8 génes de PI3K et 8 génes de « PI3K-like » dans des cellules humaines de cancer
colorectales et ils ont analysé la séquence de ces exons. PIK3CA était le seul gene de ce panel
a porter des mutations somatiques, dans le cancer colorectal, 32% de mutations au sein de
PIK3CA ont été retrouvé. Par la suite, ils ont exploré dans d’autres cancers et ils ont retrouvé
des mutations de PIK3CA dans 27% des glioblastomes, 25% des cancers gastriques et 8% des
CS (61). Le catalogue des mutations somatiques dans le cancer (COSMIC) a découvert que 80
% des mutations de PIK3CA ne concernent seulement que trois « hotspot » et qu'elles sont
toutes localisées sur les domaines kinase et hélical des sous-unités catalytiques. Ces « hotspot
» sont H1047R, E542K et E545K et ils peuvent étre trouvés dans un large panel de tumeurs,
par exemple du sein, colorectal, glioblastome, endométrial, cervical, etc. (62).

Ces mutations « hotspot » ont plusieurs actions sur les sous-unités catalytiques. Dans
le domaine kinase, la mutation H1047R sur I'exon 20 permet un ancrage de p110 a la
membrane cellulaire sans la présence de RAS. Dans le domaine hélical, les mutations E542K
et E545K sur I'exon 9 perturbent l'interaction avec SH2 et bloquent par conséquent I'action de
la sous-unité régulatrice (57,63).

Les mutations de PIK3CA ont potentiellement un impact sur un trés large spectre
d'actions au niveau cellulaire, favorisant ainsi la résistance a l'apoptose, conduisant a
augmenter la capacité invasive via la transition épithélio-mésenchymateuse, induisant une
instabilité chromosomique et favorisant un environnement immunosuppresseur (64—67).

Les mutations de la voie de PI3K peuvent également provoquer des maladies non
malignes et non solides : par exemple les mutations de PIK3CD et de PIK3R1, qui codent

respectivement pour la sous-unité catalytigue p1106 et la sous-unité régulatrice p85,
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induisent des syndromes d'immunodéficience primaire, nommés syndrome activateur
PI3Kdelta (APDS 1 et 2) (68,69). La sous-unité p1106 est impliquée dans toutes les étapes du
développement des lymphocytes et notamment dans la croissance des lymphocytes B. Selon
la localisation de la mutation, p1108 peut favoriser des hémopathies malignes (70).

Dans cette logique, le développement d'inhibiteurs de PI3K ciblant p1106 a été lancé.
Des études ont permis d'obtenir les approbations de la FDA et de I'EMA pour l'idelalisib en
tant qu'inhibiteur de PI3K& (dans la leucémie lymphoide chronique en rechute, le lymphome
folliculaire non hodgkinien en rechute, le petit lymphome lymphocytaire en rechute) (71,72),
le copanlisib en tant qu'inhibiteur pan-PI3K ( dans le lymphome folliculaire récidivant) (73), le
duvelisib comme double inhibiteur PI3K&-PI3Ky (dans la leucémie lymphoide chronique
réfractaire, le lymphome lymphocytique, le lymphome folliculaire récidivant ou réfractaire)
(74,75) et I'umbralisib comme double inhibiteur PI3K&-CK1e (dans la leucémie lymphocytaire,

lymphome folliculaire réfractaire et lymphome des zones marginales) (76,77).

4. Inhibiteurs de PI3K dans le cancer du sein : rationnel

Dans le CS, la voie PI3K peut étre dérégulée par de multiples altérations, par exemple
des mutations de PIK3CA, des dysfonctionnements de PTEN, des mutations d’AKT ou des
amplifications d’'HER2 (78). Souvent, les mutations sur la méme voie sont mutuellement
exclusives, comme on peut le voir dans le cancer du poumon (79). Pourtant, dans le CS, les
mutations de PI3KCA peuvent étre observées de maniére concomitante avec une
amplification d’"HER2, une perte de PTEN ou des mutations d’AKT, suggérant qu'une mutation
isolée n'a pas un potentiel oncogéne suffisant pour induire une tumeur. Des observations
similaires ont été faites dans les cancers colorectaux avec les mutations concomitantes de

KRAS et de BRAF (80).
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Dans tous les sous-types de CS, la prévalence des mutations de PIK3CA varie entre 25
et 40 %. La prévalence atteint 40 %, chez les CS RE-positif/HER2-négatif (81). Une méta-
analyse a trouvé une association positive entre la mutation de PIK3CA et I'expression du RE,
tandis que pour la surexpression d’HER2, les résultats ne sont pas clairs et nécessitent plus
d'exploration. Les mutations de PIK3CA ont également été associées a la présence du
récepteur aux androgénes (RA) dans le TNBC (82).

Concernant l'impact pronostique de la mutation de PIK3CA, les résultats sont encore
controversés. Les mutations de PIK3CA sont associées a une amélioration de la survie sans
récidive locale chez les patientes atteintes de CS localisé, mais n'ont aucun impact sur la survie
sans récidive a distance ou la survie globale (SG) (83). Dans le CS localisé RE-positif/HER2-
négatif, les mutations de PIK3CA n'ont pas prédit la réponse a I'HT et les résultats ne sont pas
clairs en situation métastatique. Une méta-analyse, incluant tous les sous-types de CS (n =
1929) en situation localisés ou métastatiques, a trouvé que la mutation de PIK3CA est un
facteur de mauvais pronostic indépendant. Dans cette étude, les différentes mutations de
PIK3CA ont été regroupées (84). Mosele et al. ont constaté que les résultats peuvent varier
selon les sous-types de CS. Le CS métastatique RE-positif/HER2-négatif avec mutation de
PIK3CA semblait étre moins sensible a la chimiothérapie et avait une faible survie
comparativement au PIK3CA sauvage (19,6 mois contre 23,5 mois, respectivement). Pour le
TNBC, les patients porteurs de la mutation PIK3CA avaient une meilleure survie que les
patients sauvage (24 mois contre 14 mois, respectivement). Cela peut étre en rapport avec le
fait que certaines des patientes avec des TNBC étaient initialement RE-positifs et qu’elles ont
perdu l'expression des RE lorsque les tumeurs ont acquis la mutation PIK3CA, cela peut
également étre di aux sous types de TNBC avec RA-positifs, qui sont enrichis en mutations

PIK3CA et dont on suppose une évolution plus indolente comparativement a d'autres sous-
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types de TNBC (82). Plusieurs études ont montré un impact pronostique différent entre les 2
mutations « hotspot » sur les exons 9 et 20, les résultats sont flous et contradictoires. Une
étude retrouve que les mutations de I'exon 20 sur le domaine kinase sont associées a un
pronostic plus favorable que les mutations de I'exon 9 sur le domaine hélical. Les CS avec
mutation du domaine Kinase seraient associés a une meilleure SSP et SG par rapport a PIK3CA
non muté et les PIK3CA non muté seraient associés a une meilleure SSP et SG par rapport a la
mutation du domaine hélical (85—-87). Mangone et al. ont exploré l'impact pronostique de la
mutation de I'exon 9 ou de I'exon 20 de PIK3CA pour les patientes atteintes de CS, environ
75 % d'entre elles ayant un CS métastatiques. Ils ont trouvé un mauvais pronostic pour les
patients porteurs de la mutation de I'exon 20 de PIK3CA. Les patientes porteuses de la
mutation de I'exon 9 avaient des résultats similaires a ceux des patients porteurs de PIK3CA
de type sauvage (88). En situation néo-adjuvante, une série de patientes (n = 92) atteintes de
TNBC localisés et traités avec un régime de chimiothérapie a base d'anthracycline et une
mutation de I'exon 20 de PIK3CA avaient un taux inférieur de réponse compléte pathologique
(pCR) ; dans cet essai, la mutation de I'exon 20 n'est survenue que chez 7 patientes (89). Hu
et al. ont également suggéré que dans les cellules de TNBC et chez 50 patientes atteints de
TNBC localisé, la mutation de PIK3CA induisait une chimiorésistance et favorisait la rechute
(90).

Une analyse du génome du cancer PIK3CA muté a révélé une cooccurrence de
multiples altérations au sein de PI3K dans environ 15 % des cas de CS et il s'agissait plus
fréquemment de mutations en cis sur le méme alléle. Les altérations multiples des voies
conduisent a une hyper activation par rapport a une altération unique suggérant une
dépendance oncogénique accrue des doubles mutations de PIK3CA et donc une possible

sensibilité accrue aux inhibiteurs de PI3Ka (91).
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Les récepteurs HER2-HER3 activés sollicitent la voie PI3K, ce qui suggére que les
mutations de PIK3CA peuvent conférer une certaine résistance aux anti-HER2. Les données
préclinigues montrent que la mutation de PIKCA peut conférer une résistance au trastuzumab
et au lapatinib (un inhibiteur de tyrosine kinase anti-HER2). Une résistance du trastuzumab a
également été observée dans les données précliniques, avec la mutation de I'exon 20 de
PIK3CA. Dans les lignées cellulaires de CS HER2-positif, Chakrabarty et al. ont pu observer dans
des cellules avec la mutation de I'exon 20 une surexpression de I'héréguline, qui est un ligand
d’HER3/HER4, une telle surexpression a conduit a un effet limité des anti-HER2. Dans le CS
HER2-positif, la valeur prédictive ou pronostique du statut mutationnel de PIK3CA reste
controverser. Dans le CS localisé, une étude n'a pas réussi a montrer un impact de la mutation
PIK3CA pour le traitement par le trastuzumab lorsqu'il est administré en situation néo-
adjuvante ou adjuvante. Un autre groupe mené par Loibl et al. a constaté que la mutation de
PIK3CA était associée a une réduction significative de la pCR dans une méta-analyse incluant
967 patientes traitées en néo-adjuvant par trastuzumab ou par lapatinib. En situation
métastatique, les résultats ne sont pas clairs. Seule une analyse rétrospective a exploré
I'association potentielle de la perte de PTEN et/ou des mutations de PIK3CA avec la valeur
prédictive ou pronostique du trastuzumab. Sur la base de la population de I’étude CLEOPATRA
(trastuzumab plus docétaxel avec ou sans pertuzumab comme traitement de premiere
intention pour des CS métastatiques HER2-positif), Baselga et al. ont montré, dans une analyse
de biomarqueurs, que le type PIK3CA sauvage était associé a un meilleur pronostic. Avec le
lapatinib ou le pertuzumab (un autre anticorps monoclonal anti-HER2), la mutation de PIK3CA
n'a pas prédit un bénéfice de ces thérapies (87, 92-94).

Le traitement, in vitro, de lignées cellulaires de CS par inhibiteur de PI3Ka conduit a un

arrét de la prolifération. Donc, au lieu de mourir, les lignées cellulaires entrent plutét dans un
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état de dormance (95), et par conséquent, I'effet des inhibiteurs de PI3Ka se rapproche d'un
effet cytostatique. Un effet cytotoxique direct a été rapporté avec un inhibiteur pan-PI3K ou
un inhibiteur double PI3Ky-PI3Ka. Dans la lignée cellulaire de CS RE-positif, I'apparition d'une
hormono-résistance est associée a une hyper activation de la voie PI3K. L'association d’un
inhibiteur de PI3Ka et d’un inhibiteur de mTOR a permis d'induire I'apoptose des cellules
hormono-indépendantes et par conséquent de retarder la phase d'hormono-résistance (96).
Une méta-analyse récente incluant 8 études avec 2670 patients, a montré que la mutation de
PIK3CA est un bon facteur prédictif du taux de réponse objective (ORR) (odd ratio : 1,98) et de
la SSP (hazard ratio = 0,65) dans le CS RE/RP-positif traité par inhibiteur de PI3K (97).

Néanmoins, I'action des inhibiteurs de PI3Ka est limitée par plusieurs mécanismes de
résistance (voir derniére section), qui ne prédisent pas une activité anti-tumorale
spectaculaire en monothérapie. Les biomarqueurs prédictifs de I'efficacité des inhibiteurs de
PI3K sont limités et la mutation de PI3KCA est actuellement la seule. Nixon et al. ont constaté
que l'association de la mutation PIK3CA avec des mutations inactivatrices de MAP3K1 pourrait
prédire une meilleure réponse au buparlisib dans le CS RE-positif (98).

Le but de cette revue est d'examiner le développement de chacun des inhibiteurs de
PI3K évalués dans le CS. Notre propos concernera les pan-inhibiteurs, les inhibiteurs sélectifs
de p110a et leur développement dans tous les sous-types de CS. Nous passerons en revue les

échecs, les succes et les perspectives possibles de cette classe thérapeutique.
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|/ Introduction

1. Breastcancer

Worldwide, in 2020, breast cancer (BC) represents the first most frequent cancer in
both sex with approximately 2.3 million cases and is the fourth cause of death with
approximately 685 000 deaths (1). In France, between 1900 and 2018, it has been shown that
the incidence is increasing approximately 1.1% per years (2). BC is an heterogeneous disease
including small curable tumors or metastatic tumors with a very poor prognosis (3). In
practice, clinical and pathological features are used to define the stage and the aggressiveness
of the tumor. The intrinsic gene expression profile is correlated with the expression or not of
three cellular receptors (estrogen receptors (ER), progesterone receptors (PR) and human
epidermal growth factor receptor-2 (HER2)). There are different molecular subtypes of BC, but
in clinical practice, subtypes are defined by cellular receptors expression and proliferation
status which may be addressed by Ki67 (4,5). A higher histological grade is associated with a
larger BC and with local or distant metastasis on diagnosis. The development of
complementary deoxyribonucleic acid (cDNA) microarray introduces a new concept of
molecular classification but still do not enter in clinical practice due to its good concordance
with the current classification and a more expensive price (6).

The different subtypes are the following: Luminal A and Luminal B subtypes, with
ER/PR-positive and HER2-negative tumors, represent the most frequent breast cancers. HER2
overexpression is found in approximately 15-20 % of tumors. If none of these receptors are
expressed, then tumors are called triple negative breast cancer (TNBC) and represent
approximately 10% of cases. TNBC are characterized by an aggressive disease, the younger
age of patients and a less favorable outcome (7,8). Inflammatory breast cancer (IBC)

represents a distinct entity and has pure clinical definition with rapid onset (<6 months) of
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breast erythema, edema, and/or peau d’orange, and/or warm breast, with or without an
underlying palpable mass and some pathological features such as dermal emboli. IBC is
uncommon representing less than 5% of cases, and has the worst survival (9,10).

In early BC, which represents approximately 90% of cases, treatment is based on
surgery, radiotherapy and, depending on subtypes, on hormonotherapy, chemotherapy and
target therapy. The risk of relapse varies between 10 to 41% and depends on subtypes and
other clinic-pathological characteristics (11).

In advanced and metastatic BC, the standard of care is based on systemic therapy.
Concerning the HER2 overexpressed BC, the initial treatment is an association of a
chemotherapy and a combination of anti-HER2 therapy (Trastuzumab and Pertuzumab) (12).
Initially, the overexpression of HER2 was associated with a poor prognosis but after
trastuzumab introduction and further improvements in anti-HER2 agents, a recent study
showed that BC with HER2 overexpression display now the longest survival (13). For TNBC, the
standard of care is chemotherapy and more recently immunotherapy with anti-PD-1
(pembrolizumab) in combination with chemotherapy has received an authorization from the
Food and Drug Administration (FDA) and European Medicine Agency (EMA) for PD-L1+ (i.e.,
with combined positive score (CPS) equal or superior to 10 by IHC) TNBC (14). For patients
whit germline BRCA1 or BRCA2 mutation, PARP inhibitors are also an option (15-18).

For ER/PR-positive/HER2-negative advanced or metastatic BC, the first line treatment
is an association of an endocrine therapy (ET) and a CDK4/6 inhibitor, except if patient
presents a visceral crisis (19—21). Natural history of these patients is characterized by multiple
lines of hormone therapy and targeted therapy until the appearance of hormone resistance
and the use of palliative chemotherapy. A meta-analysis confirmed that all patient had a

benefice to CDK4/6 inhibitors therapy in first line versus ET monotherapy (22). For
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premenopausal patients, ovarian suppression is systematic, and recent results from
randomized studies have shown that premenopausal women treated with ET plus ovarian
suppression plus CDK4/6 inhibitors had a similar progression-free survival (PFS) than
postmenopausal women (23-25). Few data may suggest re-challenge to another CDK4/6
inhibitor (abemaciclib) after a previous CDK4/6 inhibitor (palbociclib) might have clinical
activity (26). For patients harboring germline BRCA mutation, olaparib and talazoparib (PARP
inhibitor) showed a significative benefice for PFS, but the optimal sequence of CDK4/6 and
PARP inhibitors is not clear (16,27). Everolimus (mammalian target of rapamycin (mTOR)
inhibitor) plus exemestane significantly improved PFS versus exemestane monotherapy,
11 months versus 4.1 months respectively in the phase Il trial BOLERO-2 for patient
progressing on or after aromatase inhibitors (Al) therapy (28). Advent of CDK4/6 inhibitor
pushed back everolimus into the later lines. Few data explored benefice of everolimus with
exemestane after CDK4/6 inhibitor, however in clinical practice, everolimus is commonly used
as a second line after failure of CDK4/6 inhibitors. Chemotherapy with capecitabine, paclitaxel,
eribulin are classically used in hormone resistance phase or for visceral crisis. For ER/PR-
positive BC, the next step could include the use of antibody-drug conjugates (ADCs) such as
trastuzumab deruxtecan (DS-8201a) for HER2 low (i.e. HER2 1+ or 2+ and hybridization in situ
negative tumors), patritumab deruxtecan (HER3-DXd, U3-1402), sacituzumab govitecan or

datopotamab deruxtecan.
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2. PI3K pathway

The phosphatidylinositol 3-kinase (PI3K) pathway is one of the most frequently altered
pathways in human tumors. This signaling network consists of PI3K, AKT and mTOR (29). PI3K
belongs to the family of intracellular lipid kinases and can be divided into three groups
according to their structure and function. Class | is activated by insulin or other growth factors
and can be further divided into class IA and class IB. Class |IA PI3K is associated with tyrosine
kinase receptors (RTK) and class IB is associated with heterotrimeric G protein—coupled
receptors (GPCRs). Both are composed of a catalytic subunit and a regulatory subunit. We
shall continue our subject only on class IA which is the most directly involved in human
carcinogenesis (30—33). For class IA PI3K, the catalytic subunit isoforms are p110a, p110B,
p110y, or p1108. PIK3CA is located on chromosome 3g26.3 and encodes a catalytic subunit
p1l10a. Catalytic subunit can be associated with one of five regulatory subunits (p85a, p55a,
p50a encoded by PIK3R1 or p85B encoded by PIK3R2 or p55y encoded by PIK3R3) (34,35). The
catalytic subunit is composed by a helical domain and a kinase domain. The regulatory subunit
is composed by 3 Src-homology-2 (SH2), 2 in the C-terminal portion and 1 in N-terminal
portion, a Breakpoint Cluster Region homology (BH domain) and an inter-SH2 (35-37).
Different subunits have several functions and an unequal distribution. Thus, p110a drives the
activation of anabolic processes, angiogenesis, embryogenesis and the proliferation,
p110y/p110B are involved in inflammatory cells, and p1106 concerns, in particular, adaptive
immunity (29,38). Regulatory subunits have three particular actions : inhibition of kinase
activity of p110, stabilization of p110 and promotion of a negative retro control (34). SH2
domains is found on regularity subunits and play two key roles. Frist, SH2 allows to recruit the

p85-p110 heterodimer (PI3K) to insulin receptor—IRS complex at cellular membrane and
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therefore to bring PI3K closer to phosphatidylinositol 3,4-bisphosphate (PIP2). Second, SH2
binds to SH2-containing inositol 5-phosphatase (SHIP) which allows inhibition of p110 (36).
The particularity of class | PI3K is the production of phosphatidylinositol-3,4,5-
trisphosphate (PIP3). When RTK is activated by growth factors then PI3K is recruited to plasma
membrane-anchored receptors and thus is activated; p110 is locked by RAS at the membrane,
which allows anchoring. Activated PI3K can phosphorylate PIP2 to generate PIP3. PIP3 is one
of the most important second messengers in human cells, namely by recruiting and binding
AKT or other proteins with a pleckstrin-homology (PH) domain such as 3-phosphoinositide—
dependent protein kinase 1 (PDK1). Then AKT is phosphorylated and activated by PDK1 and
mammalian target of rapamycin complex 2 (mTORC2) (39). Activated AKT transmits the
growth and triggers several phosphorylation-based signaling cascades. By generating PIP3,
which brings AKT and PDK1 in contact (40), PI3K plays a central role in several cellular
processes including DNA synthesis, metabolism and action on actin cytoskeleton (41,42). The
tumor suppressor phosphatase and tensin homolog (PTEN) negatively regulates the action of
PIP3, by 3’-phosphatase activity, transforming PIP3 to PIP2 (43), which stops the
phosphorylation cascade. PIP3 can be negatively regulates by another actor, SHIP which is
picked up by SH2 domain of regulatory subunit. Of note, the activity of SHIP to remove the
phosphate from the 5’ position is not controlled by a tyrosine phosphorylation. Nevertheless,
SHIP is unable to suppress AKT activity, due to the 5" phosphatase activity of SHIP which does

not interfere with AKT-PDK1 interaction and consequently AKT can still remain active (44,45).
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3. PI3K pathway alterations human cancer

Alteration of PI3K pathway is one of the most common alteration in human cancer,
estimated at 14% of all solid tumors (46). The relationship between alteration of PI3K and
oncogenesis started with the discovery of the association between kinase activity and viral
oncoprotein expression (47—49). Each actor of PI3K pathway can be concerned by different
alterations (mutations, deletions or amplifications), with at the top of the list PIK3CA and PTEN
which are respectively the second and third most highly mutated genes in human cancers
(29,50,51).

The tumor suppressor gene PTEN, which was identified at the end of the 90s (52,53),
is commonly inactivated in sporadic cancers. PTEN loss induces an increase of PIP3. High levels
of PIP3 result in a constitutive activation of the PI3K pathway and promotes cell proliferation
and cell cycle progression (51,54).

The downstream kinase AKT can be concerned by amplification and mutation.
Amplification of AKT is reported in some cancers without solid implication in carcinogenesis.
The E17K mutation of AKT1 is identified in BC in approximately 4% of cases. E17K mutation
causes an alteration between AKT and the cellular membrane resulting in a constitutive
fixation at the membrane and consequently increases activation of the pathway (55-57).

Inositol polyphosphate 4-phosphatase type Il (INPP4B) is known to be a tumor
suppressor in TNBC and other cancers by dephosphorylate PIP2 into PIP and then suppresses
AKT signaling. Other studies reported INPP4B as an oncogene. INPP4B is strongly associated
with ER-positive status and tumor grade. Recent study confirms in ER-positive BC cell lines
that an increased mRNA and protein expression of INPP4B induce the tumor growth via

Whnt/B-catenin activation (57,58).
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In physiologic condition, tuberos sclerosis complex (TSC) 1/2 inhibit the activation of
mTOR1. Mutations or haplo-insufficiency of TSC1/2 can be observed in lymphangio
leiomyomatosis and tuberous sclerosis, respectively. Loss of TSC1/2 function leads to
constitutive activation of mTORC1 and promotes proliferation and metabolism. Recently
TSC1/2 mutations were found in hepatocellular carcinoma and have with response to
sirolimus (@ mTOR inhibitor) (57,59).

Mutations of PIK3CA or PIK3R1 promote cancer through multiple mechanisms, PIK3CA
mutations can be found in approximately 30% of different solid tumors (60). Originally, the
PIK3CA mutations, with an oncogenic potential, were identified in colorectal cancer and
especially in kinase and helical domains. Samuels et al. determined 8 PI3K and 8 PI3K-like
genes in human colorectal cancer cells and they analyzed the sequence of exons. PIK3CA was
the only gene of this panel to carry somatic mutations, 32% of PIK3CA mutation in colorectal
cancer, afterwards, they explored other cancer and PIK3CA mutations were found in 27% of
glioblastomas, 25% of gastric cancers and 8% of breast cancers (61). The catalogue of somatic
mutation in cancer (COSMIC) discovered that 80% of PIK3CA mutations concern only three
“hotspots” and that they are all located on the kinase and helical domains of catalytic subunits.
These “hotspots” H1047R, E542K, and E545K may be found in a large panel of tumors, for
example breast, colorectal, glioblastoma, endometrial, cervical, etc. (62).

These “hotspot” mutations have several actions on catalytic subunits. In kinase
domain, H1047R mutation on exon 20 enhances the inking of the p110 to cell membrane
without the requirement of RAS. In helical domain, E542K and E545K mutations on exon 9
disturb the interaction with SH2 and consequently block the action of regulatory subunit

(57,63).
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PIK3CA mutations have potentially an impact on a very broad spectrum of actions at
the cellular level, promote resistance to apoptosis, lead to increase invasive capacity by
epithelial-to-mesenchymal transition, induce a chromosomal instability and promote an
immunosuppressive environment (64—67).

PI3K pathway mutations can also cause nonsolid malignant diseases: for example the
mutation of PIK3CD and PIK3R1, which encoded for p1106 catalytic subunit and p85
regulatory subunit respectively, induces primary immunodeficiency syndromes, named
activating PI3Kdelta syndrome (APDS 1 and 2) (68,69). The p1106 subunit is involved in all
stages of the lymphocyte development and namely in the growth of malignant B lymphocytes.
Depending on the mutation localization, p1106 mutations may promote hematological
malignancies (70).

Based on this rationale, the development of PI3K inhibitors targeting p1106 has been
started. Successful studies have allowed to obtain FDA and EMA approvals for idelalisib as
PI3KS inhibitor (in relapsed Chronic Lymphocytic Leukemia, relapsed Follicular B-cell non-
Hodgkin Lymphoma, relapsed Small Lymphocytic Lymphoma) (71,72), copanlisib as pan-PI3K
inhibitor (in relapsed follicular lymphoma) (73), duvelisib as dual PI3K&-PI3Ky inhibitor (in
refractory chronic lymphocytic leukemia, small lymphocytic lymphoma, relapsed or refractory
follicular lymphoma) (74,75) and umbralisib as PI3K&-CK1e dual Inhibitor (in refractory chronic

lymphocytic leukemia, refractory follicular lymphoma and marginal zones lymphoma) (76,77).
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4. Rationale for using PI3K inhibitors in breast cancer

In BC, PI3K pathway can be deregulated by multiple alterations, for example PIK3CA
mutations, PTEN dysfunctions, AKT mutations or HER2 amplifications (78). Frequently,
mutations on the same pathway are mutually exclusive as it can be seen in lung cancer (79).
Yet, in BC, PI3KCA mutations can be seen concomitantly with HER2 amplification, PTEN loss or
AKT mutations, suggesting that an isolated mutation does not have a high oncogenic potential.
Similar observations have been made in colorectal cancers with concomitant KRAS and BRAF
mutations (80).

Across all BC subtypes, the prevalence of PIK3CA mutations varies between 25 and
40%. The prevalence reaches 40%, in ER-positive/HER2-negative BC (81). A meta-analysis
found a positive association between PIK3CA mutation and ER expression, while for HER2
overexpression, the results are not clear and need more exploration. PIK3CA mutations have
been also associated to the presence of androgen receptor (AR) in TNBC (82).

Concerning the prognostic impact of PIK3CA mutation, results are still controversial.
PIK3CA mutations are associated with an improvement in recurrence-free survival in early BC
patients, but have no impact on not distant disease-free survival or overall survival (OS) (83).
In ER/PR-positive/HER2-negative BC, PIK3CA mutations did not predict response to
hormonotherapy in early setting and results are unclear in metastatic setting. A meta-analysis
including patients (n=1929) mixing all subtypes as well as early and metastatic BC found
PIK3CA mutation as an independent poor prognostic factor. In this study, different PIK3CA
mutations were pooled (84). Mosele et al. found that the results may vary according to BC
subtypes. ER-positive/HER2-negative metastatic BC with PIK3CA mutation appeared to be less
sensitive to chemotherapy and had poor survival than PIK3CA wild type (19.6 months versus

23.5 months, respectively). For TNBC, data were opposite and patients with PIK3CA mutation
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had better survival than wild type patients (24 months versus 14 months, respectively). This
may be due to some of TNBC that were initially ER-positive and lost ER expression when
tumors acquire PIK3CA mutations, it might also be due to AR-positive TNBC, that are enriched
in PIK3CA mutations and are thought to have a more indolent natural history compare to other
subtypes of TNBC (82). Several studies showed a different prognostic impact between the 2
“hotspot” mutations on exon 9 and 20, results are unclear and contradictory. Exon 20
mutations on kinase domain are associated with a more favorable prognostic than exon 9
mutations on helical domain. BC with PIK3CA Kinase domain mutation are associated with
better disease-free survival and OS compared to non-mutated PIK3CA and non-mutated
PIK3CA are associated with better disease-free survival and OS compared to helical domain
mutation (85—87). Mangone et al. explored prognostic impact of PIK3CA exon 9 or exon 20
mutation for patients with BC, approximately 75% of them having a metastatic BC. They found
a poor prognosis for patients harboring PIK3CA exon 20 mutation. Patients with exon 9
mutation had similar outcome than patients with PIK3CA wild type (88). In the neo-adjuvant
setting, a series of patients (n=92) with early TNBC treated with anthracycline based regimen
and PIK3CA exon 20 mutation had a lower rate of pathological complete response (pCR); in
this trial, exon 20 mutation occurred in only 7 patients (89). Hu et al. also suggested that in
TNBC cells and in 50 patients with early TNBC, PIK3CA mutation induced chemoresistance and
promoted relapse (90).

An analysis of the cancer genome mutated by PIK3CA revealed a co-occurrence of
multiple PI3K alterations in approximately 15% of BC cases and they were more frequently
mutations in cis on the same allele. Multiple pathway alterations lead to hyperactivation
compared to a unique alteration suggesting enhanced oncogenic addiction of double PIK3CA

mutations and therefore a possible increased sensitivity to PI3Ka inhibitors (91).
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Activated HER2-HER3 receptors also solicit the PI3K pathway which suggests that
PIK3CA mutations may confer some of resistance to anti-HER2 therapy. Pre-clinical data found
that PIKCA mutation may confer resistant to trastuzumab and lapatinib. Resistance of
trastuzumab was observed in pre-clinical data, with PIK3CA exon 20 mutation. In HER2-
positive BC cell lines, Chakrabarty et al could observe an overexpression of heregulin, an
HER3/HER4 ligand in cells with exon 20 mutation, such an overexpression led to limited effect
of anti-HER2 therapy. In HER2-positive BC, the predictive or prognostic value of PIK3CA
mutation status was controversial. In early BC, a study failed to show an impact of PIK3CA
mutation for trastuzumab treatment when it administered in the neo-adjuvant or adjuvant
setting. Another group conducted by Loibl et al. found that PIK3CA mutation was associated
with a significant reduction of pCR in a meta-analysis including 967 patients treated in the
neo-adjuvant setting with trastuzumab or lapatinib. In the metastatic setting, results are
unclear. Only retrospective analysis explored the potential association of PTEN loss and/or
PIK3CA mutations with predictive or prognostic value of trastuzumab. Based on CLEOPATRA
population (metastatic HER2-positive BC tested trastuzumab plus docetaxel with or without
pertuzumab as first-line treatment), Baselga et al. showed, in a biomarker analysis, that
PIK3CA wild type was associated with a better prognosis. With lapatinib, a small-molecule
HER2 inhibitor, or pertuzumab, another anti-HER2 monoclonal antibody, PIK3CA mutation did
not predict a benefit of these therapies (87,92-94).

In vitro, the treatment of cell lines by the PI3K inhibitors leads to an arrest of
proliferation. Therefore, instead of dying, cell lines enter into a dormant state (95). Hence,
this was closer to a cytostatic effect of PI3Ka inhibitor. A direct cytotoxic effect was also
reported with pan-PIK3 inhibitor or a dual inhibitor PI3Ky- PI3Ka. In ER-positive BC cell line,

apparition of hormone resistance was associated to a hyperactivation of PI3K pathway.
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PIK3CA and mTOR inhibitor allowed to induce apoptosis of hormone-independent cell and
consequently delayed hormone resistance phase (96). A recent meta-analysis including 8
studies with 2670 patients and showed that the PIK3CA mutation is a good predictive factor
of objective response rate (ORR) (odd ratio: 1.98) and PFS (hazard ratio (HR) = 0.65 ) in ER/PR-
positive BC treated by PI3K inhibitor (97).

Nevertheless, the action of PI3Ka inhibitor is limited by several mechanisms of
resistance (see last section), which did not predict a dramatic anti-tumor activity in
monotherapy. Predictive biomarkers of PI3K inhibitor efficacy are limited and the PI3KCA
mutation is currently the only one. Nixon et al. found that association of PIK3CA mutation with
an inactivating mutations of MAP3K1 may predict better response to buparlisib in ER-positive
BC (98).

The aim of this review is to examine the development of each PI3K inhibitors evaluated
in BC. Our purpose shall concern pan inhibitors, selective p110a inhibitors and their
development in all subtypes of BC. We shall review the failures, successes, and possible

futures of this therapeutic class.
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[I/ Pan-PI3K inhibitors
Pan-PI3K inhibitors inhibit the kinase activity of all four isoforms of class | PI3K: a, B, v,

and 6.

1. Buparlisib (BKM120)

a. Preclinical data

Anti-tumor effects induced by the pan-PI3K inhibitor, buparlisib, led to adaptive
mechanisms that increase the expression of estrogen receptors in ER/PR-positive/HER2-
negative BC (99). Subsequently, PI3K inhibitors (buparlisib and alpelisib) showed a synergistic
effect in combination with tamoxifen (a selective estrogen receptor modulator) and promoted
apoptosis in vitro and in vivo. Association with buparlisib seemed to induce a higher anti-
tumor effect. Cell lines with ESR1 mutations or acquired tamoxifen resistance are still resistant
to tamoxifen despite the adjunction of PI3K inhibitors (100). These observations explain how
to combine PI3K inhibitors and hormonotherapy. Other studies also found a synergistic effect
of CDK 4/6 inhibitors with PI3K inhibitors for ER/PR-positive/HER2-negative BC with PIK3CA
mutations (101,102).

Solzak et al. interested themselves in finding a synergistic combination, from in vitro
to mouse studies. They showed a synergism of buparlisib and WNT974 (WNT-pathway
inhibitor). They studied a group of 40 mouses with BRCA mutations and PI3K activations.
Results were very interesting with a survival rate of 80% for mice treated with the combination
and only 40, 30, 0% surviving with buparlisib, placebo and WNT974 respectively (103). Van
Swearingen et al. evaluated buparlisib in vitro and in vivo for TNBC brain metastases.
Buparlisib and selumetinib (MEK-inhibitor) improved survival in mouses and induced a
reduction in intracranial tumor burden. A model of administration of this combination for 5

days on/2 days off showed a decrease of the toxicity rate and the same efficiency (104).
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Mustafi et al. showed in a mouse model of TNBC that vitamin C can sensitized TNBC cells to
buparlisib. Vitamin C plays a role on epigenetic which allows a reduction of the dose of
buparlisib necessary to have a therapeutic effect. On the other hand, it also acts synergistically
with buparlisib to inhibit AKT phosphorylation (105). Hu et al. tested buparlisib in three
multidrug resistant breast cancer cell lines with or without doxorubicin. They found a cytotoxic
effect in three cell lines in vivo and in vitro of buparlisib alone, effect was observed by a
blockage of PI3K pathway and lead to a diminution of NF-kB expression. Adjunction of

doxorubicin demonstrated a synergistic anti tumoral effect (106).

b. Early phase studies

The first administration in human of buparlisib for advanced solid tumors appears in
March 2014. The phase | study of dose-escalation and -expansion found a clinical benefit rate
(CBR) (composed by a rate of complete response (CR) + partial response (PR) + stable disease
(SD) for at least 6 weeks, reported as best response) of 41.0 %. Approximately 40.0 % of
patient experiencing a serious adverse event (SAE) with 8.4% of hyperglycemia, 7.2 of rash,
3.6% of asthenia and 1.2% of mood disorder. The dose of 100 mg/day was the recommended
dose (107) . A phase | study conducted by McRee et al. tested buparlisib in combination with
capecitabine (an oral fluoropyrimidine) in twenty-five patients with all metastatic BC subtypes
including 15 TNBC. Main side effects were nausea, hyperglycemia, rash, diarrhea, mucositis,
depression, and anxiety. Approximately 52% of patients had a grade > 3 adverse events.
Despite encouraging results with a CBR at 68% (108), the development of buparlisib in

association with capecitabine is stopped.
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c. ER/PR-positive/HER2-negative BC

Mayer et al. confirmed the 100mg/day at maximum tolerated dose (MTD) was a safe
dose for fifty-one patients during a phase Ib evaluating buparlisib in association with letrozole
(109). Ma et al. were interested in a combination of buparlisib to fulvestrant and found a
similar MTD and the CBR was 58.6% for thirty-one patients treated in this phase | trial (110).
A phase Il study, conducted by Welt et al., explored PIK3CA mutation as a predictive biomarker
for patients (n=25) treated with buparlisib in association to tamoxifen in advanced BC
pretreated by prior ET. PIK3CA mutation, PTEN loss (with or without PIK3CA mutation) and
wild type (PIK3CA wild type and PTEN preserved) concerned 9, 3 and 13 patients respectively.
Median PFS was 6.1 months for all patients and median PFS was 8.7 months for PIK3CA
mutated patients. The study was prematurely stopped related to the important rate of toxicity
with buparlisib, 96% of patients occurred an adverse event, of which56% of gastrointestinal
disorders, 48% of mood disorders, 44% of skin rash and 32% of hepatic disorders. (111).

In BELLE-2, buparlisib was investigated for patients whose disease progressed on or
after Al and had benefited at most of one previous line of chemotherapy for advanced BC.
Patients (n=1147) were included to receive an association of fulvestrant with buparlisib or
placebo. The final OS results did not find a significant difference: OS was 35.6 months in the
buparlisib arm and 35.0 months in the placebo arm. Regarding to tolerance, 78% of patients
receiving the combination experienced grade 3 or 4 adverse events versus 34% in the placebo
arm. The main side effects were hyperglycemia, rash, anxiety and some severe mood
disturbance (depression and suicide attempts), elevated ALAT and ASAT (112). The second
phase Il was BELLE-3, in which Di Leo et al. explored buparlisib versus placebo, in combination
with fulvestrant for patients progressing on or after prior ET and mTOR inhibitors. Patients

(n=432) were included and 289 received buparlisib. At the interim analysis for OS, there were
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31% versus 32% of mortality in buparlisib and placebo group respectively. (113). The toxicity
profile was similar to the one of BELLE-2.

BELLE-2 and BELLE-3 were both positive concerning their primary endpoint, median
PFS by local investigator assessment for all patients with 6.9 versus 5.0 months with a HR of
0.78 (95% C1 0.67—0.89, p=0-00021) and 3.9 versus 1.8 months with a HR of 0.67, (95% Cl 0.53—
0.84, p=0-00030) respectively. In the group with PI3K pathway-activated of BELLE-2, median
PFS with buparlisib was 6.8 months versus 4.0 months in placebo group with HR of 0.76 (95%
Cl 0.60-0.97) similar to the results of overall cohort. In the subgroup of PIK3CA mutated of
BELLE-3, a higher median PFS was observed in buparlisib group 4.7 versus 1.4 months with a
better HR of 0.39 (95% Cl 0.23-0.65). Both phases Il suggested focusing on the search for
selective PI3K inhibitors because the clinical benefit was modest compared to the toxicity
profile (113,114).

The BELLE-4, phase II/1ll study, tested the addition of paclitaxel to buparlisib for HER2-
negative BC in first line, and did not improve PFS. The median PFS was 8.0 months in
experimental arm versus 9.2 months in placebo arm with HR of 1.18 (95% Cl 0.82—-1.68), the
study was stopped for futility (115).

We emphasize that in these studies, the PI3K pathway may be activated or not and the
rate of PIK3CA mutation was 32% in BELLE-2, 39% in BELLE-3 and 35% in BELLE-4, which may
suggest an underestimation of buparlisib efficiency.

All of these phase Il studies contributed to stop buparlisib development in relation to
an unfavorable toxicity profile (specifically because of severe diarrhea, rash, hyperglycemia

and mood disorders) and modest anti tumoral activity.
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d. Triple negative BC

Garrido-Castro et al. showed that buparlisib alone in TNBC was ineffective. In this
phase Il study, 50 patients were included, buparlisib was used in every therapeutic line with
14% of first line. CBR was 12% at 4 months with only stable disease. No response was observed

and the median PFS was 1.8 months (116).

e. HER2 overexpressed BC

Buparlisib in association with trastuzumab was explored in phase Ib trial, in advanced
or metastatic settings after a first line with trastuzumab. This study showed promising results
with 75% of disease control rate in a population including approximately 40% of patients with
activated PI3K pathway. However, 67% of SAE was observed at 100mg once a day of
buparlisib, frequent adverse events were mainly hyperglycemia, rash and diarrhea. Serious
mood disorders occurred for 17% of patients (117). Unfortunately, phase Il failed to meet the
primary endpoint which was 25% of response rate. In this study, the ORR was 10%. All
population (n=50) experienced an adverse event, most common side effects were diarrhea,
nausea, fatigue, hyperglycemia, rash, anxiety, and depression. Approximately, 70% of patient
developed a SAE with mainly, transaminases increase (16%), rash (10%), asthenia (8%) and
psychiatric disorders (14%). The development of buparlisib in association with trastuzumab
for locally advanced or metastatic BC is stopped after (118). Our group evaluated association
of buparlisib and lapatinib in a phase Ib for trastuzumab resistant HER2-positive advanced BC.
Buparlisib at 80 mg once a day and lapatinib at 1000 mg once a day was feasible with no new
safety signal. Patients (n=24) were treated independently of PIK3CA status, their CBR (CR, PR
and SD for at least 24 weeks) was 29%, one patient experienced a complete response (4.17%).

SAE most frequently observed were diarrhea for 21% of patients, rash for 17% of patients,
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liver toxicity for 17% of patients, hyperglycemia for 8% of patients and mood disorder in 4%
of patients (119). However, the association was not pursued.

NeoPHOEBE trial, a phase Il randomized and double-blind study, explored the
association of buparlisib, trastuzumab and paclitaxel in the neo-adjuvant setting. Patients
(n=50) with early BC and HER2 overexpressed were included. IBC, bilateral BC, and metastatic
BC were exclusion criteria. Only 16% of patients had PIK3CA mutations. Study was prematurely
stopped after fifty inclusions (planned inclusion, n=256) due to an unacceptable liver toxicity
(120).

In conclusion, buparlisib presented a modest anti-tumoral activity depending on the
BC subtypes, an important toxicity rate, namely liver toxicity, rash, hyperglycemia and neuro-
psy disorders. Buparlisib is not recommended for treatment but has paved the way for more

selective inhibitors.

2. Pictilisib (GDC-0941)

a. Preclinical data

Pictilisib is a potent, selective, orally bioavailable inhibitor of class | PI3K, with an
additional effect on mTOR. In vitro, Pictilisib induced a reversible cell cycle arrest at G1 phase,
promoted apoptosis and limited endothelial cell growth (121). In ER-positive human BC cell
lines and in mice model harboring PIK3CA mutation, Yang et al. found that fulvestrant plus
pictilisib had a higher anti-tumoral effect than fulvestrant or pictilisib monotherapy.
Furthermore, two doses schedules were explored with association. Weekly high-dose of
pictilisib was shown to promote apoptosis and daily low-dose of pictilisib preferentially
inhibited proliferation (122).

Zheng et al. showed that pictilisib alone had an anti-proliferative effect on different BC

cell lines. In addition to block PI3K, pictilisib reduced AKT activation by mTORC2 via inhibition
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of S6K1. Association of pictilisib with mTOR inhibitor promoted cell apoptosis (123). Pictilisib
showed an improvement of the antitumor activity of taxanes on HER2-positive BC xenografts
and also a synergistic effect with trastuzumab in term of inhibition of cell proliferation in vivo

for HER2 overexpressing BC (78,124).

b. Early phase studies

The first administration in human of pictilisib was published in January 2015, in which
60 patients with solid tumors were included. Sarker et al. showed signs of antitumor activity
as a single agent for doses levels 2100 mg, and they recommended doses of 330 mg once a
day. In this study, 15% of patients had a BC, but regarding this subgroup, no clinical activity
data was available. Most frequent adverse events were nausea, diarrhea, vomiting and rash.
SEA were represented mainly with rash in 8.3% (125).

Schoffski et al. realized a four-arm phase Ib trial made of three parts. Parts 1 and 2
included advanced BC patients (n=69) for dose escalation and cohort expansion respectively.
In part 1, patient (n=20) with metastatic ER-positive BC or metastatic TNBC, received pictilisib
plus paclitaxel with or without bevacizumab (antibody anti-VEGF). In part 2, all metastatic BC
subtypes were included, and patients (n=39) received pictilisib plus paclitaxel and depending
on BC subtypes bevacizumab or trastuzumab. Patients had a HER2 overexpression in 13% of
the cases and only in the group with trastuzumab in part 2. The response rate was 26.6% in
part 1 (dose escalation of pictilisib), 23.5% in part 2A, 53.8% in part 2B (with bevacizumab
cohort), 33.3% in part 2C (HER2-positive cohort). In part 3, only ER-positive/HER2-negative
metastatic BC were eligible, and patients (n=7) received association of pictilisib with letrozole
and the ORR was 33.3%. The size of each subgroup was too small to conclude on the efficacy.
All patients experienced an adverse event and the rate of SAE was 72.5%, including

neutropenia, rash, peripheral neuropathy, pneumonia and venous thromboembolism (126).
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c. ER/PR-positive/HER2-negative BC

The randomized, double-blind, placebo-controlled, FERGI trial evaluated pictilisib in
combination with fulvestrant, for postmenopausal women with advanced or metastatic BC
resistant to an Al. This study explored also apitolisib (GDC-0980, a dual PI3K-mTOR inhibitor).
After 30 inclusions this arm was closed due to safety signals. The protocol design was made of
two parts: the first part included all patients regardless of PIK3CA mutational status and the
second part included only patients with PIK3CA-mutated tumors. This study failed to meet its
primary endpoint of PFS. The median PFS was 6.6 months versus 5.1 months in part 1 and 6.5
months versus 5.1 months in part 2. No other investigation of pictilisib in this setting is ongoing
(127). In the PEGGY study, a multicenter, placebo-controlled, phase Il randomized trial
enrolling 183 patients with locally recurrent or metastatic BC, Vuylsteke et al. showed that the
addition of pictilisib with paclitaxel did not meet the primary endpoint at interim analysis and
decided to stop the trial. The median PFS was 8.2 months in the pictilisib group versus 7.8
months in the placebo group. Approximately 30 patients had PIK3CA mutations in both groups
and the median PFS was 7.3 months for the pictilisib group and 5.8 months for the placebo
group (128).

Schmid et al. had tested the efficacy of pictilisib in association with anastrozole, versus
anastrozole alone, in a comparative phase Il study in the neo-adjuvant setting, enrolling 75
patients with newly diagnosed operable ER-positive and HER2-negative BC. The primary
endpoint was the decrease in Ki67 as a surrogate of the decrease in cell proliferation. They
found a significantly different decrease in geometric Ki67 average with 83.8% for
pictilisib/anastrozole versus 66.0% for the anastrozole group (129). In 2018, Schmid et al. in
the same population of newly diagnosed operable ER-positive and HER2-negative BC in the

neo-adjuvant setting, found an impact of the PIK3CA mutation status. The ratio of geometric
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Ki67 average suppression was 0.48 for helical domain mutations, 0.63 for PIK3CA wild types
and 1.17 for kinase domain mutations. These results suggested that early BC with helical
domain mutations had a poor response to anastrozole monotherapy (mean Ki67 suppression
53.9%) and that it could be importantly increased by the adjunction of pictilisib (mean Ki-67
suppression 78.1%). Conversely, BC with PIK3CA kinase domain mutations responded well to

anastrozole and did not seem to benefit from pictilisib (130).

d. Triple negative BC

We found no paper published in PubMed or in google scholar evaluating pictilisib in

TNBC.

e. HER2 overexpressed BC

We found no paper published in PubMed or in google scholar evaluating pictilisib in

HER2 overexpressed BC.

f. Imaging

Two interesting studies explored the use of pictilisib in an imaging setting. They both
used a noninvasive molecular imaging such as a positron-emission tomography (PET) tracer
with a 11C-methylated pictilisib (131) and a 18F-radiolabeled drug which was based on the
pictilisib structure (132). Han et al. showed that the 11C-methylated pictilisib allowed to
noninvasively identify pictilisib-sensitive tumors. Altine et al. found an interesting potential of
18F-radiolabeled pictilisib analog to detect a high PI3K expression. These results suggested
that a therapeutic drug like pictilisib may be used for diagnosis of PIK3CA mutations or PI3K-
related diseases and could predict a response to PI3K inhibitors.

In conclusion, in all indications in which pictilisib was tested for the treatment of BC, it

failed to show a clinical benefit.
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3. Copanlisib (BAY 80-6946)
a. Preclinical data

Copanlisib is a potent class | PI3K inhibitor with an action targeted preferentially
against p110a and p1106 as compared to p110B and p110y (7- or 13-fold more selective for
p110a). Copanlisib has multiple cellular mechanistic activities, notably, it inhibited AKT
phosphorylation including both IGF-1-stimulated and basal phosphorylation (133).

In different types of solid tumor resistant to immune checkpoint inhibitor, pulsatile
copanlisib inhibition had an anti-tumoral activity by converting macrophage M2
(immunosuppressive) to macrophage M1 (inflammatory) and inducing a favorable anti-tumor

immune effect (134).

b. Early phase studies

Patnaik et al. published in 2016 the first in human study of intravenous copanlisib in
patient (n=57) with advanced solid tumors and non-Hodgkin's lymphomas. MTD for copanlisib
with three weekly administration every four weeks was 0.8mg/kg. In this study, 16 patients
had a BC and 2 of them experienced a PR. Nausea and hyperglycemia were the main toxicities
(135). A phase Ib trial in patients (n=64) with advanced solid tumors, showed no benefit for
an association of weekly copanlisib plus refametinib (MEK inhibitor). In this trial, only 4
patients (6.4%) had BC. No objective response was observed and adverse events grade 3/4

occurred in 44 patients (68.8%) with mainly hypertension, diarrhea and rash (136).

c. ER/PR-positive/HER2-negative BC

We found no paper published in PubMed or in google scholar assessing copanlisib in

ER/PR-positive/HER2-negative BC.
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d. Triple negative BC

We found no paper published in PubMed or in google scholar evaluating copanlisib in

TNBC.

e. HER2 overexpression BC

Keegan et al. conducted a phase Ib study involving 12 patients with metastatic HER2-
positive BC who progressed after one or more lines of prior anti HER2 therapy. Patients were
treated with copanlisib at 45 or 60mg intravenous (1V) in association with weekly trastuzumab.
The MTD of copanlisib was 60mg and most of adverse events were hyperglycemia, fatigue,
nausea, and hypertension. SD occurred in six patients (50%) with no objective response (137).

Phase Il studies in this indication are ongoing.

1/ PI3Ka-Specific Inhibitors
PI3Ka-Specific inhibitors are a group of selective oral inhibitors of the PI3K catalytic
subunit p110a class I. Other subunits can be inhibited but all members of this class have in

common a decrease in the effect on PI3KB, to limit the risk of side effects (138).

1. Alpelisib (BYL719)

a. Preclinical data

Alpelisib, an oral drug, is the PI3Ka-specific inhibitors with the highest selectivity for
PI3Ka (139). Tolerance of alpelisib under glucose homeostasis was supposed to be better than
pan-PI3K inhibitors. In monotherapy, alpelisib was shown to have a cytostatic effect on tumor
cells (140). In ER/PR-positive/HER2-negative BC cell lines, alpelisib induced a higher ER
expression. Expression of ESR1 was also increased. Adding fulvestrant to alpelisib increased
tumor regression and provided a rationale to combine PI3K inhibitor with hormone therapy
for ER/PR-positive/HER2-negative BC with PIK3CA mutation (99). In vivo, in an ER-positive BC
with PIK3CA mutated on xenograft model, Fritsch et al. showed that alpelisib blocked PI3K

pathway and induced a decrease of p110a protein expression. For ER-positive BC of xenograft

39



tumors with acquired resistance to palbociclib plus fulvestrant, O’Brien demonstrated that
change of palbociclib by alpelisib restored an antitumor activity. No effect was observed if
palbociclib was stopped for ribociclib and no supplementary effect was observed if palbociclib
was changed for alpelisib plus ribociclib (141). In HER2-positive and PTEN loss BC cell lines,
Zhang et al. showed an anti-tumoral efficacy of alpelisib in monotherapy and the effect was
higher when alpelisib was associated with an anti-HER2 therapy in both in vitro and in vivo
experimentation (142).

Alpelisib efficacy was limited in TNBC cell lines compared to triple positive BC cell lines
by a less inhibition of p-S6. However, association to alpelisib plus a CDK4/6 inhibitor
demonstrated a more potent inhibition of p-S6 associated with induction of apoptosis in TNBC
cell lines (143).

PIK3CA mutation appeared to be a sensitive predictive factor of alpelisib efficacy.
Nevertheless, association of PIK3CA mutation and PTEN mutation seemed to predict worse
response to treatment and association of PIK3CA wild type with amplification of PIK3CA
seemed to predict response (139,144). A recent genomic analysis on 440 BC found that
ERa/PI3K interactions are associated with worse outcome. Alpelisib plus fulvestrant seemed

to be more effective than fulvestrant alone in Era-positive tumors in xenograft model (145).

b. Early phase studies

The first alpelisib administration in human was published in 2018. This trial explored
alpelisib alone for PIK3CA-altered advanced solid tumors during the dose escalation phase. In
the dose expansion phase, PIK3CA wild type and PIK3CA mutated were included. In this phase
la study Juric et al. found, for 134 patients treated, a MTD of 400mg once a day or 150mg
twice a day. Objective tumor response was observed from a dose superior or equal to 270mg
once a day with at least 2 cycles of experimental treatment. Inferior dose-level at 180mg once
a day showed signs of tumor growth suppression. Patients (n=4) with PIK3CA wild type had no
clinical benefit of alpelisib in monotherapy. The most common toxicities noted were
hyperglycemia, diarrhea, nausea, decreased appetite and vomiting (146). An in-progress

phase | study, concerning ER-positive or TNBC with AR-positive and PTEN-positive, explored
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the association of alpelisib with enzalutamide (a nonsteroidal antiandrogen used in prostate
cancer) in metastatic setting (NCT03207529).

Baselga et al., in escalation phase | trial, explored alpelisib plus everolimus for patients
(n=13) with advanced solid tumors and alpelisib plus everolimus plus exemestane for post-
menopausal patients (n=7) with ER-positive advanced BC. For triple association, MTD was
200mg for alpelisib, 2.5mg for everolimus and 25mg for exemestane. SAE were mainly fatigue
(29%) and transaminasitis (14%). In dose expansion of this trial, eleven patients were included
in BC group. CBR (CR, PR, SD or non-CR/non-PD > 24 weeks) was 50% of which PR for 2 patients
(25%). Triplet combination of alpelisib plus everolimus plus exemestane was safe with
manageable and reversible side effects (147,148).

Concerning women with a progression after first-line hormonotherapy, a phase Ib
study explored the association of LSZ102, a selective estrogen receptor degrader (SERD), to
alpelisib or ribociclib. Independently of the PIK3CA- or ESR1-mutation status, the mPFS and
CBR were respectively 1.8 months and 1.3% for LSZ102 alone (77 patients), 6.2 months and
35.1% for LSZ102/ribociclib (78 patients), 3.5 months and 20.9% for LSZ102/alpelisib (43
patients). In this study, alpelisib was used at 250 mg with 300mg of LSZ102 once a day, in arm
with ribociclib, LSZ102 was used at 450mg once a day. This difference in LSZ102 dosage could
be involved in the observed PFS differences. Nevertheless, the dose limiting toxicity (DLT)
appeared in 5% of patients for LSZ102 alone, 3% for LSZ102/ribociclib and 19%for
LSZ102/alpelisib. In LSZ102/alpelisib group, patients experienced all grade adverse events in
69.8% for diarrhea, 60.5% for nausea, 38.3% for hyperglycemia, 37.2% for vomiting, 18.6% for

anemia, 16.4% for rash and 11.6% for transaminasitis (149).

c. ER/PR-positive/HER2-negative BC

In phase Ib, Mayer et al. tested alpelisib in combination with letrozole for 26 post-
menopausal patients with metastatic BC, which progressed after at least one ET for metastatic
disease or within 1 year of the end of ET in the adjuvant setting. Patients who received a line
of chemotherapy prior to inclusion represent 31%. In combination with letrozole, the MTD of

alpelisib was 300 mg once a day. Side effects were similar to the phase la. In this trial, CBR was
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44% for PIK3CA mutated patients and 20% for PIK3CA wild type patients, they observed five
objective responses and responses were not influenced by FGFR1/2 amplification and KRAS
and TP53 mutations (150). Another phase Ib study, conducted by Juric et al., focused on the
same population but alpelisib was associated with fulvestrant. With 87 women, they found
association of alpelisib to fulvestrant was safe with a recommended dose at 300mg once a
day, adverse events grade 3/4 were found in more than 10% of patients with 400 mg once a
day. The median PFS was 9.1 months versus 4.7 months and the objective response rate was
29% versus 0% for patients with PIK3CA-mutated versus PIK3CA-wild BC, respectively (151).
Lu et al., in a phase Ib for premenopausal patients with advanced BC, evaluated the MTD and
preliminary efficacy of tamoxifen plus goserelin with or without alpelisib (16 patients) or
buparlisib (13 patients). For alpelisib and buparlisib, MTD was 350mg once a day and 100mg
once a day, the median PFS were 25.2 and 20.6 months respectively. In alpelisib group, all
patient occurred an adverse events with mainly rash, weight loss, stomatitis, nausea,
hyperglycemia, alopecia and diarrhea, grade 3/4 adverse events were found in 50% (152).
SOLAR-1 study, published in May 2019 by André et al., was a randomized, placebo-
controlled, phase lll trial enrolling patients with ER-positive/HER2-negative advanced BC and
disease progression after a prior Al and compared alpelisib versus placebo in combination with
fulvestrant. In the cohort of patients with a PIK3CA-mutated cancer, 169 patients were treated
with alpelisib and 172 patients with placebo. For the primary endpoint, they found a
statistically difference for the median PFS, which was 11 months in the alpelisib group and 5.7
months in the placebo group (HR 0.65, 95% Cl, 0.50 to 0.85, P<0.001). Alpelisib seemed to
confer a benefice for the median PFS for all subgroups. In the cohort of patients without a
PIK3CA-mutated cancer, no statistical difference in PFS has been highlighted. Grade 3/4
adverse events occurred in 76% of the cases in the alpelisib group versus 35.5% in the placebo
group. Most common sides effect in any grade were hyperglycemia (63.7%), diarrhea (57.7%),
nausea (44.7%) and rash (35.6%) (153). Concerning hyperglycemia, rash and diarrhea median
time to onset a SAE were 15 days, 13 days and 139 days respectively. These side effects were
manageable, generally reversible and may be warned. Preventive treatment for rash

decreases the incidence (26.7% versus 64.1%). In SOLAR-1 trial, the median dose intensity was
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248mg per day. Rugo et al. showed that a median PFS of 12.5 months and 9.6 months for
patients treated with alpelisib > 248mg and < 248mg respectively (154). Quality of life (Qol)
was also assessed in SOLAR-1 trial, no statistically difference of functional status was found
for alpelisib versus placebo with an overall change from baseline at -3.50 versus 0.27
respectively. Main differences concerned diarrhea, anorexia, nausea, and asthenia. Median
time to reach 10% of deterioration for QoL was not statistically difference with HR at 1.03
(155). The final analysis concerning OS of SOLAR-1, showed that the median OS was 39.3
months for the alpelisib group and 31.4 months for the placebo group (HR 0.86, 95% Cl 0.64-
1.15 p=0.15). Thus, the OS results did not reach statistical significance. For patients with lung
and/or liver metastases, the median OS were 37.2 months and 22.8 months, and the median
time to chemotherapy were 23.3 months and 14.8 months, for the alpelisib group and the
placebo group respectively. The SOLAR-1 trial led the FDA to approve “alpelisib in combination
with fulvestrant for postmenopausal women, and men, with hormone receptor (HR)-positive,
human epidermal growth factor receptor 2 (HER2)-negative, PIK3CA-mutated, advanced or
metastatic breast cancer as detected by an FDA-approved test following progression on or
after an endocrine-based regimen” and EMA to approve “alpelisib in combination with
fulvestrant for postmenopausal women, and men, with hormone receptor (HR)-positive,
human epidermal growth factor receptor 2 (HER2)-negative, PIK3CA-mutated, advanced or
metastatic breast cancer after an hormonal treatment used alone has failed”. In SOLAR-1,
patients had received as a prior treatment CDK 4/6 inhibitors in only in 5 to 7% of the cases.
However, currently, the first line treatment for advanced or metastatic ER/PR-positive/HER2-
negative BC without visceral crisis is the association of hormonotherapy with CDK4/6
inhibitors. Rugo et al conducted BYLieve, a phase Il multicenter, non-comparative study, for
advanced BC treated with alpelisib in association to fulvestrant after previous administration
of CDK 4/6 inhibitors. In this trial, the median PFS was 7.3 months, the toxicity rate of grade
3/4 was similar to SOLAR-1 with 67% of patients facing adverse events (156). Based on BYLieve
population cohort, Juric et al. found that low circulating tumor DNA (ctDNA) fraction (<10% or
nondetectable), a low tumor mutational burden (<10 mut/Mb) and no amplifications in

chromosome 8 and/or 11 had a favorable prognostic impact in PFS, nevertheless other
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patients also had a benefit from alpelisib even if benefit was lesser. Results were similar in 2
cohorts of the study, cohort A including patients with prior CDK 4/6 inhibitors plus Al and
cohort B including patients with prior CDK 4/6 inhibitors plus fulvestrant. Second part of this
study examined the predictive impact of alpelisib when patients had an alteration in genes
known to intervene in resistance to CDK4/6 inhibitor like PTEN, RB1, NF1, or CDKN2A-C. The
result supported that alpelisib would remain effective even in the presence of this resistance
genes (157). Chia et al., with BYLieve cohort, found the same efficacy of alpelisib in association
with ET in cohort A and B whether patients received less or more than 6 months of treatment
by CDK4/6 inhibitor (158).

Bello et al., with data from the French early access program of alpelisib, explored
alpelisib-fulvestrant in advanced ER-positive and HER2-negative BC with heavy pretreatment
including CDK4/6 inhibitors, in real-life setting. They found a median PFS at 4.0 months with a
median of 4 previous lines of systemic treatments in metastatic setting (159).

Based on the results of the association of alpelisib and ET in advanced BC, Mayer et al.
explored letrozole plus alpelisib or letrozole plus placebo in the neo adjuvant setting in the
NEO-ORB trial. This was a phase Il randomized, with 1:1 ratio, placebo-controlled trial. In this
study, postmenopausal patients (n=257) were included, 127 patients had PIK3CA mutations
and 130 had PIK3CA wild type. Patients presented mainly T1b or T1c, NO or N1. The composite
primary endpoint (ORR and pCR) was not reached. ORR was 43% versus 45% for PIK3CA
mutation. Surprisingly, ORR was 63% versus 61% for PIK3CA wild type BCin the alpelisib versus
placebo group. The pCR rate was low and not statistically different in all groups. The pCR rate
varied between 1.7% and 3.0%. Investigation of alpelisib in the neo adjuvant setting stopped
and, also in this study, PIK3CA status showed no predictive value for the response to alpelisib
(160). In a pooled analysis of SAFIR02-BREAST and SAFIR-PI3K, phase Il randomized studies,
including 1462 patients with metastatic HER2-negative BC and testing the maintenance of
target therapy (including alpelisib) with fulvestrant guided by genomics versus chemotherapy.
Patients with endocrine resistant disease had advanced BC with PIK3CA- mutated status which
did not progress after 6-8 cycles of first- or second-line chemotherapy and patient were not

exposed to targeted therapy. Study found a significative lounger PFS for patient (n=115) with
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the ESMO Scale for Clinical Actionability of molecular Targets (ESCAT) | or Il. Median PFS was
9.1 months in maintenance target therapy versus 2.4 months in maintenance chemotherapy
group (HR 0.41; p<0.001). For all patients, median PFS of two groups were not significatively

different with HR of 0.77 (95%Cl: 0.56-1.06, p=0.109) (161).

d. Triple negative BC

Alpelisib in association with Nab-paclitaxel for 43 patients with metastatic TNBC was
explored during a phase /1l study. Sharma et al. found an ORR of 59%, including 7% of CR. The
median PFS was 8.7 months. Patients (40%) with a PIK3CA mutation had a median PFS of 11.9
months versus 7.5 months for patients withPIK3CA wild type status. These results suggested
a predictive impact of PIK3CA mutation to alpelisib treatment in metastatic TNBC. They also
found a higher median PFS for patients without prediabetic or diabetic metabolic status with
11.9 versus 7.5 months (162).

In an ongoing study, a phase lll, randomized, double blind, placebo-controlled trial is
testing the efficiency of alpelisib in association with nab-paclitaxel in first- or second-line
therapy for advanced TNBC with PIK3CA mutations or with PTEN loss if no PIK3CA mutation is
found (NCT04251533) (163).

In the neo adjuvant setting, an ongoing phase Il trial, conducted by Damodaran et al.,
is evaluating alpelisib and nab-paclitaxel in association, in patients with refractory or
suboptimal response to initial anthracycline-based chemotherapy and BC displaying PIK3CA

or PTEN alterations (164).

e. HER2 overexpressed BC

Jain et al. reported the safety and activity of alpelisib in combination with trastuzumab
emtansine (TDM-1), in a phase | trial, for 17 patients with metastatic BC after at least 3 lines
of prior therapy. ORR and CBR were respectively 43% and 71% for all patients, 30% and 60%
for patients resistant to prior TDM-1. The median PFS was 8.1 months, which suggests a
central position of the PI3K pathway in the mechanisms of resistance to anti-HER2 treatment.

PIK3CA mutation was observed in 30% of patients (165). Another phase | study including
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HER2-positive BC with PIK3CA mutations, investigated alpelisib in combination with
trastuzumab and LIM716 (a HER3-targeted antibody). Unfortunately, this study underlined an
important gastrointestinal toxicity for the triple association and was stopped prematurely
(166).

A phase lll trial, multicenter, randomized, double-blind, placebo-controlled, evaluating
maintenance Alpelisib in association to trastuzumab and pertuzumab is engaged for

metastatic BC with PIK3CA mutation (167).

2. Taselisib (GDC-0032)
a. Preclinical data

Taselisib is a potent dual PI3Ka/PI3KS inhibitor. Taselisib was tested alone and in
combination with taxane, hormonotherapy and anti HER2 therapy in eleven different cells
lines of BC with different PIK3CA mutation. Taselisib had a limited activity in monotherapy. In
combination with other therapy, efficacy was improved. Triple association of taselisib plus
trastuzumab with docetaxel or pertuzumab showed in vivo durable anti tumoral response
(168). In preclinical study examining BC cell lines, PIK3CA mutations appeared to be a
predictive factor of response to taselisib. Response was independent of HER2-status. ESR1

with PIK3CA mutation did not limit effect of taselisib with or without fulvestrant (169).

b. Early phase studies

The phase | trial of taselisib for advanced solid tumors was published by Juric et al. in
July 2017. DLT were observed from 12 mg to 16mg. The antitumor activity seemed to be
observed since 3 mg of taselisib. Side effects were similar to those of alpelisib with diarrhea,
hyperglycemia, decreased appetite, nausea, rash, stomatitis, and vomiting. On 32 patients of
this phase | trial, 39% of tumor had PIK3CA mutations and for them ORR was 36%, while no

response was observed in patients with PIK3CA wild type tumors. Especially, 4 BC had
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objective response at 3mg. This study suggested an antitumor efficiency of taselisib in BC with
PIK3CA “hotspot” mutations (170). Jhaveri et al. published a large phase | trial of 166 patients
with PIK3CA mutated cancers. The ORR was 9% which consequently stopped the drug
development. Only 17 patients in all cohort had a TNBC, in this subgroup the ORR was 5.9%.
Nevertheless, they found a higher response rate for helical domain mutations. Mutations on
TP53 and PTEN seemed be to associated with a resistance to taselisib (171).

A phase Ib explored taselisib in combination to tamoxifen in patients (n=30) with ER-
positive metastatic BC whose progress after at least one prior line of ET. Dose escalation phase
tested 2 then 4 mg of taselisib. Frequent adverse events observed were diarrhea (43%),
mucositis (33%) and hyperglycemia (27%). ORR was 24% and 40% of patients had a SD at 6
months or more. Dose of taselisib at 4mg once daily every day was the recommended dose
for further studies (172).

Phase Ib dose escalation and dose expansion trial conducted by Abramson et al.
evaluated the association of taselisib plus taxane in metastatic BC and non-small cell lung
cancer (NSCLC). Seventy patients had BC, seven had NSCLC and one had both. SAE occurred in
90.5% (fatigue, diarrhea, nausea, and neutropenia) with 14.5% of adverse events leading to
death. ORR was 35% in docetaxel arm and 20.4% with paclitaxel arm. With docetaxel, MTD of
taselisib was 3mg (once daily for 21 days). In paclitaxel arm, with the maximal expected dose
of taselisib at 6 mg for 5 days on/2 days off, no limited toxicities appeared. Despite interesting

activity signals, toxicity limited further development of these association (173).

c. ER/PR-positive/HER2-negative BC

A phase Ib trial for hormone sensitive heavily pretreated advanced BC evaluated

taselisib with letrozole in 28 patients. The ORR was 38% in the PIK3CA mutated group and 9%
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in the PIK3CA wild type group. Patients experienced diarrhea, hyperglycemia and mucosal
inflammation grade 3 or 4 adverse events, in 14%, 7% and 7% respectively (174). No further
study was realized to explore the association of taselisib and letrozole in metastatic BC.

LORELE! trial was a phase Il, multicenter, randomized, double-blind, placebo-
controlled study of letrozole in association to taselisib at 4mg versus letrozole with placebo
for early ER-positive/HER2-negative BC in the neo adjuvant setting. In the patients included
(n=334), 46% had PIK3CA mutations, 77% of patients had T2, 65% had NO and 89% of all cohort
had a stage 2. This study showed a significant difference in only one of the two coprimary
endpoints (ORR and pCR). The ORR was 50% in the taselisib group versus 39% in the placebo
group (p=0.049) and the pCR rate was 2% in the taselisib group versus 1% in the placebo group
experienced. An adverse event > grade 3 occurred in 12% of patients, mainly with digestive
toxicity or infection. LORELEI did not change the clinical practice and only allowed to observe
an anti-tumor activity (175).

Taselisib was investigated at 6mg in combination to fulvestrant in postmenopausal
women with advanced ER-positive/HER2-negative BC. In a non-comparative phase Il study
enrolling 87 patients, the CBR was 29.5%. For patients with PIK3CA-mutated BC, the CBR was
38.5% versus 23.8% for PIK3CA wild type. Approximately 50% of patients experienced a grade
3 or more adverse event, which was colitis in 13% of the cases. Of note, 21% of patients
harbored both ESR1 and PIK3CA mutations (176,177). This study suggested a clinical activity
of taselisib plus fulvestrant relatively dependent of the PI3KCA status and led to a phase lll
study, the SANDPIPER trial for PIK3CA-mutant advanced ER-positive/HER2-negative BC
resistant to ET.

Dent et al. conducted the SANDPIPER trial which assessed the efficiency of taselisib at

4mg with fulvestrant, with 631 patients. Patients were randomly selected in the experimental
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arm (n=430) and in the placebo arm (n=176). Prior treatments with CDK4/6 inhibitors and
chemotherapy were noted for <4% and approximately 30% of patients, respectively. The
toxicity rate of SAE was 49.5% in the taselisib arm versus 16.4% in the placebo arm. The most
frequent adverse events were diarrhea, hyperglycemia, rash, stomatitis, and colitis. For the
population of the study, including only PIK3CA mutated patients, the primary endpoint was
the investigator-assessed PFS, and a statistical difference was observed with 7.4months for
the taselisib arm versus 5.4months for the placebo arm (HR 0.70, p=0.0037). The ORR was
increased with taselisib to 28.0%, versus 11.9% with placebo. Despite an improvement in PFS,
the adjunction of taselisib had no clinical utility compared to the SOLAR-1 trial in which the
mPFS was 11 months in the alpelisib arm versus 5.7 months in the placebo arm (178).
Conducted by Oliveira et al., a multicenter, randomized phase Il trial. Patients (n=152) with
metastatic BC whose progress after at least one prior line of ET were included for received
tamoxifen in association with taselisib at 4mg or placebo. The primary endpoint was a
unstratified median PFS. Median PFS was 3.2 months in placebo arm and 4.8 months in
taselisib arm (unstratified HR 0.62, 95%Cl 0.43-0.93). Approximately 24% patients harbored a
PIK3CA mutation in this trial. CBR (CR + PR + SD at 6 months) was 14.5% versus 22.4%. The
toxicity rate of grade >3 adverse events was 44% for the taselisib arm with no new safety

signal versus 5% for the placebo arm (179).

d. Triple negative BC

Lehmann et al. conducted a phase Ib/Il study on patients with metastatic AR-positive
to evaluate enzalutamide with or without taselisib at 4mg. Phase | included patients (n=13)
with ER/PR-positive BC and TNBC, phase Il included patients (n=17) with only TNBC. PIK3CA

mutated occurred in 50% of all patients. Phase | determined the dose at 4mg of taselisib for
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phase Il. The phase Il primary endpoint was the CBR (CR+PR+SD at 16 weeks). Four patients in
this study developed a limited toxicity which led to treatment discontinuation, these four
patients were removed of activity analysis. For efficacy, TNBC treated in phase Ib were
included. CBR was 35.7% in taselisib arm versus 0% in placebo arm. CBR was 42.9% in PIK3CA
mutated patients versus 28.6% in PIK3CA wild type, the difference was not due to small
sample size of subgroups. CBR was 75% in luminal androgen receptor (LAR) subgroups of TNBC
versus 12.5% in other subgroups, this difference was statically significant (p=0.06). In
association with enzalutamide at 160mg, DLT with taselisib occurred at 8mg. The study was

stopped prematurely related to SANDPIPPER trial results (180).

e. HER2 overexpressed BC

Few clinical studies explored taselisib in HER2-positive BC. Metzger Filho et al. conducted
a study in 2 parts. A first part included a preclinical trial concerning mouse model with
transgenic mammary carcinomas driven by HER2, with or without a PIK3CA exon 20 mutation,
and a resistance to T-DM1. Results showed that the addition of taselisib to T-DM1 restored
the activity of an anti-HER2 therapy in both subgroups. The other part of this study was a
phase Ib clinical trial on metastatic HER2-positive BC. The median age of including patients
(n=26) was 57 years. Patients received a prior therapy with T-DM1 in 38.5% of cases, 58% had
ER-positive and 23% had PIK3CA mutations. The toxicity rate seemed to be similar to those
observed in other studies, except for the rate of pneumonitis in four patients including 3
pneumocystis, and for a higher rate of thrombocytopenia grade 3 or 4 adverse events at
19.2%. The ORR was 33% in all groups, 30% versus 36% if patients received prior T-DM1 or
not, respectively, and 40% versus 22% if patients had BC displaying PIK3CA mutations or not,

respectively. For all patients, the median PFS was 7.6months. This study seemed to show some
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interesting activity signals for this combination, and pneumocystis prophylaxis was probably

necessary with the combination (181).

3. Inavolisib (GDC-0077)

a. Preclinical data

Based on taselisib structure, inavolisib was developed with a higher PI3Ka isoform
selectivity and a lower PI3Kd isoform selectivity. Concerning GDC-0032 (taselisib) and GDC-
0077 (Inavolisib), it has been discovered, with pre-clinical and clinical trials, a positive
additional effect of these 2 drugs. Beside the inhibition of PIK3CA, which lead to block PI3K
pathway and to anti-tumor activity as we see with alpelisib, taselisib and inavolisib inhibited
more potently PIK3CA, they promote the degradation of mutant p110a proteins with E545K
(exon 9) and H1047R (exon 20) mutations in cells and this removal of mutant p110a appears
to limit feedback-induced reactivation of the PI3K pathway in cells. Taselisib and inavolisib
also induced a degradation of HER2 (RTK), which makes it possible to counter negative
feedback of which increased the RTK activity and limited the drug activity. This new effects of

PI3Ka-Specific Inhibitor suggested a higher anti-tumor effect (182).

b. Early phase studies

A first in human, phase | dose escalation, multi arms trial of inavolisib was published in
February 2020 and included patients with advanced or metastatic tumors which harbored
PIK3CA mutations. In the first arm of 20 patients, inavolisib was given as a monotherapy, 19
patients presented an ER-positive BC and one a colorectal cancer. Principal toxicities of grade
>3 were hyperglycemia, lymphopenia, fatigue, nausea, and weight loss with 9 mg once a day

of inavolisib, which was the MTD. The CBR was estimated at 45% with approximately 20% of
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patients with PR. This single agent arm demonstrated an interesting anti-tumor activity (183).
The other arms of this phase | were an association of inavolisib at 9mg to letrozole, with or
without palbociclib (CDK4/6 inhibitors), (respectively G+L and G+L+P group). No DLT was
observed at the recommended dose of inavolisib which was 9mg once a day in both arms.
Major SAE were hyperglycemia/fatigue/hypokalemia and hyperglycemia / neutropenia /
leukopenia / thrombocytopenia for G+L and G+L+P groups respectively. The CBR/PR were
35%/8% and 76%/36% respectively. A pharmacokinetic exploration did not find any
interaction between the 3 drugs in G+L+P groups and a pharmacodynamics study found an

important downregulation of the PI3K pathway by reduction of phosphorylated AKT (183).

c. ER/PR-positive/HER2-negative BC

Kalinsky et. al conducted, a phase Ib trial with an association of inavolisib with
fulvestrant in postmenopausal women with PIK3CA-mutated metastatic BC. In this trial, 20
patients were enrolled, the toxicity profile was similar to those previously described, except
for a higher rate of hyperamylasemia and hyperlipasemia. The CBR (CR+PR+SD at 24 weeks)
was estimated at 60%, with 36% of patients achieving PR (184). Bedard et al. addressed, in a
phase Ib trial, inavolisib at 9 mg in association with fulvestrant and palbociclib for PIK3CA-
mutated ER-positive/HER2-negative metastatic BC. The population was divided in two arms.
Arm E (n=13) had no prior treatment with PI3K or CDK4/6 inhibitors and with only < 1 prior
chemotherapy authorized. Arm F (n=15) had no restriction on prior therapies. The
recommended dose of inavolisib was also 9 mg once a day, the grade >3 toxicities rate was
similar in both groups with a majority of hyperglycemia (47%) and neutropenia (47%). The CBR

(CR+PR+SD at 24 weeks) was evaluated at 61% in both arms in the population who received
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prior fulvestrant, and 28% of patients had a PR (185). A phase Il study is underway in the
indications mentioned above (NCT03006172).

A phase lll trial is ongoing and try to assess the efficacy of inavolisib in association with
palbociclib and fulvestrant for advanced or metastatic ER-positive/HER2-negative BC with
PIK3CA mutation. This is a randomized 1:1, placebo-controlled, stratified by visceral disease,
primary versus secondary hormonotherapy resistance and geographical region trial. The
primary endpoint is investigator-assessed and the pre-analyzed plan is to include

approximately 400 patients (NCT04191499).

d. Triple negative BC

We found no paper published in PubMed or in google scholar evaluating inavolisib in

TNBC.

e. HER2 overexpressed BC
Phase Il studies are engaged for PIK3CA-mutated metastatic HER2-positive BC. An

experimental association (arm G) composed of inavolisib with trastuzumab and pertuzumab

(NCT03006172) is evaluated.

4. Serabelisib (TAK-117)

a. Preclinical data

Serabelisib was initially develop for vascular malformations disease. In contrary to

other PI3Ka, serabelisib was not particularly potent against PI3Ka (67).

b. Early phase studies

The first in human, phase | trial of serabelisib was published in September 2017. In this
study, 71 patients were included, and serabelisib alone was tested in advanced solid tumors
with continuous or two discontinuous regimens. The rate of grade >3 adverse events was

between 22% and 35% depending on drug regimens. The most frequent adverse events were
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ALAT/ASAT elevation and hyperglycemia. The response rate was very low with 3 PR with
continuous regimen and 1 PR with discontinuous regimen. To have a tolerated dose of
serabelisib an intermittent schedule was necessary. The use of serabelisib as a single agent at
a tolerated dose had a limited potential efficiency and the development in monotherapy was
stopped (186).

The association of TAK-228 (oral mTORC1/2 inhibitor) and serabelisib showed a
synergistic effect in a cohort of metastatic bladder cancer (187). This association was named
PIKTOR.

Starks et al. conducted a phase | trial to assess the MTD of serabelisib. The safety and
preliminary efficacy of the triple association of serabelisib-TAK-228 and paclitaxel, was
evaluated in patients with advanced ovarian, endometrial, or BC. Patients (n=19) were
included in 6 escalation cohorts, the ORR was estimated at 37%, no CR was observed for BC,
but 2 CR occurred in endometrioid endometrial adenocarcinoma. The ORR was 47% in all
cohorts for patients achieved 3 cycles and the mPFS was approximately 11 months. The

proportion of drug related grade >3 adverse events was 9% (188). Phase Il should start soon.

c. ER/PR-positive/HER2-negative BC

We found no paper published in PubMed or in google scholar assessing serabelisib in
ER/PR-positive/HER2-negative BC.

d. Triple negative BC
PIKTOR (association of serabelisib and TAK-228) was also tested in metastatic TNBC.

An American group made the hypothesis that a treatment with PIKTOR can increase the tumor
genomic instability and consequently increase the TNBC sensitivity to chemotherapy and
immunotherapy. In this small study of 10 patients with TNBC, the median age was 51 years

and median prior chemotherapy regimens was 3 lines. PIKTOR showed 1PR, 3 SD and 6 PD.
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Durable responses to pembrolizumab after progression with PIKTOR concerned 3 out of 10
patients and all had received carboplatine in prior treatments. This study suggested that
PIKTOR could influence the tumor by making it more sensitive to subsequent treatments
(189).

e. HER2 overexpressed BC

We found no paper published in PubMed or in google scholar evaluating serabelisib in

HER2 overexpressed BC.

Table 1 summarized phase Ill of PIK3CA inhibitor in breast cancer.

55



IV/ Future perspectives

1. PIK3CA inhibitors in association with CDK4/6 inhibitors

A meta-analysis conducted by Han et al. showed by an indirect comparison that the use of
CDK4/6 inhibitors with an ET is probably better as it significantly improves the median PFS
compared to PIK3CA inhibitors with an ET. This study included randomized trials evaluating
benefit and toxicity of CDK4/6 inhibitors or PI3K/AKT/mTOR inhibitors with ET between 2010
to 2019. A large cohort of 9771 patients were analyzed in meta-analysis. They used a generic
inverse variance method for estimated indirectly the pooled HR and then they used a bayes
framework to validate models with Markov Chain Monte Carlo methods and with the JAGS
software version 4.3.0

The pooled HR was 1.43 (95% Cl, 1.12-1.61) when CDK4/6 inhibitors were compared with
PI3K inhibitors. Benefits were observed in all subgroups, all metastatic lines and in both
visceral and bone only diseases. The benefit of CDK4/6 inhibitors was also observed in OS with
a pooled HR at 0.78 (95% Cl, 0.65-0.94) when CDK4/6 inhibitors were compared in face to face
with PI3K and mTOR inhibitors. A risk ratio (RR) was used to evaluate grade >3 adverse events.
Cytopenia had a higher rate with CDK4/6 inhibitors. For cytopenia, risk ratio (RR) was
significantly different in favor of abemaciclib versus palbociclib (RR 0.024) and ribociclib (RR
0.018). Hyperglycemia had a higher rate with PI3K and mTOR inhibitors. RR was similar in
CDK4/6 and PI3K/AKT/mTOR inhibitors groups (190). A second meta-analysis identified 79
phase II/1ll studies including postmenopausal women, with ER-positive/HER2-negative BC,
which progressed after a first line treatment with Al or ET and explored CDK4/6 inhibitors or
PI3K/AKT/mTOR inhibitors in association with fulvestrant. For analysis, only 8 studies were
included. To be able to compare studies, they used cumulative ranking curve and calculated

surface under curve. They showed that CDK4/6 inhibitors (abemaciclib, palbociclib and
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ribociclib) were superior in PFS, ORR and OS compare to PI3K/AKT/mTOR inhibitors (pictilisib,
alpelisib and buparlisib) (191).

Robust pre-clinical data suggested a synergistic effect to the combination of CDK4/6
inhibitors with PIK3CA inhibitors (buparlisib and alpelisib) in ER/PR-positive/HER2-negative
BC. In mouse model, O’Brien et al. demonstrated that the association of CDK4/6 inhibitors to
an ET significantly inhibited tumor growth compared to ET alone. Moreover, the adjunction of
PIK3CA inhibitors induced tumor regression and one CR was also observed (192). In an in vitro
and in vivo study, of TNBC cell lines with PIK3CA mutations, Asghar et al. found a synergistic
effect of CDK4/6 inhibitors with PIK3CA inhibitors (193).

Concerning ER/PR-positive/HER2-negative metastatic BC, a phase Ib trial tested the
safety and preliminary efficiency of the association to ribociclib (continuous versus
discontinuous) and fulvestrant with/without alpelisib or buparlisib. Both arms with triple
associations were suspended due to unacceptable toxicity and were not continued in the
phase Il investigations (194). Alpelisib was also explored in association to ribociclib and
letrozole in a phase Ib/Il trial with post-menopausal women. Three arms in which 41 patients
were included, Al: letrozole/ribociclib, A2: letrozole/alpelisib and A3: letrozole/ribociclib/
alpelisib. Thirty-six patients were in A3, 22% had SD and 19% had PD. The safety profile was
acceptable with triple association, grade 3/4 adverse events occurred in 22% for neutropenia,
17% for hyperglycemia, 11% for fatigue and 6% for nausea. The arm A3 showed a considerable
reduction in Ki76 staining on tumor tissue compared to Al or A2 (195). These results must be
validated in a large, randomized trial. The triple association of palbociclib, taselisib, and
fulvestrant was also explored in a phase Ib trial, conducted by Pascual et al., in patients with
PIK3CA-mutated, ER-positive/HER2-negative advanced BC. In this population with a median

of 3 prior systemic therapy lines for advanced diseases, the ORR was 37.5%. The high baseline
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cyclin E1 expression and early detection of ctDNA were associated with shorter PFS. With the
triple association, the most frequent grade 3/4 adverse events were neutropenia (47.4%) and
leucopenia (16.7%) (196).

Concerning the association of CDK4/6 inhibitors and PIK3CA inhibitors in TNBC, no trial
was published. A pre-clinical study showed a synergistic effect including a complete and
durable response to combined CDK 4/6 and PIK3CA inhibitors in mouse model (197).

For HER2-positive BC, several studies demonstrated a favorable impact of CDK4/6 inhibitors

and PIK3CA inhibitors but, their association was not evaluated (198).

2. Resistance to PIK3CA inhibitors and possible solutions

Despite the central role in tumorigenesis of PI3K, only a modest benefit of PIK3CA
inhibitors was observed in clinical trials for both pan-PIK3CA and PIK3CAa-specific inhibitors.
Thus, the clinical benefit could be limited by several resistance mechanisms.

In BC and in prostate cancers, the role of one family of protein kinases, the proviral
integration of Moloney virus (PIM), has been highlighted. Song et al. found that the PIM1
kinase promotes resistance and prevent cell death by decreasing the cellular level of ROS,
which consequently attenuates the toxicity of PI3K inhibitors. The action on ROS was AKT-
independent (199). Furthermore, PIM1 conferred an acquired resistance to PI3K inhibitors,
indeed, it appeared that the PIM1 overexpression and PIK3CA mutations were mutually
exclusive for treatment-naive BC. PIM1 was overexpressed for patients with a progression
after receiving PI3K inhibitors. This is confirmed by biopsies at disease progression (200).
Based on the above-mentioned data, IBL-302, a PIM/PI3K/mTOR inhibitor was developed. Pre-
clinical data in BC cell lines demonstrated anti-tumor efficacy in monotherapy and also in

combination with trastuzumab for HER2-positive BC cell line with trastuzumab-resistance,
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compared to IBL-302 alone (201). In BC cell lines, Litchfield et al. reported that abemaciclib
can inhibit mTOR by blocking both PIM kinases and CDK4/6, which resulted in blocking the
PI13K/Akt/mTOR pathway and reducing cell growth. When abemaciclib was associated to
alpelisib in PIK3CA mutated ER-positive BC, it had a synergistic effect in neutralizing mTOR
activation and increasing the effects on the cellular proliferation. In fact, mTOR may be
activated by three different pathways which were independent of each other, Akt via PI3K,
PIM kinase and CDK4. These results suggested a potential novel approach to counteract
acquired resistance mechanisms to PI3K inhibitors (202).

A network-based mathematical model, on ER-positive PIK3CA mutated BC cell lines,
predict in vitro efficacy of alpelisib in combination to MCL1 inhibitors. A novel resistance
mechanism was identified as FOXO3 downregulation. These data suggested the importance
of using mathematical models to investigate resistance mechanisms and efficacy of drug
combination to overcome this resistance (203).

Higher activity of alpelisib was associated with complete inhibition of mMTORC1. mTOR1
appeared to increase in BC cell lines with PIK3CA mutation which progress during alpelisib.
Association of mTOR inhibitor to alpelisib seemed to reverse resistance (204). Cai et al., using
awhole genome screen on ER-positive PIK3CA mutated BC cell lines, found several gene (TSC1,
TSC2, TBC1D7, AKT1S1, STK11...) which negatively regulate mTORC1. Loss of these negative
regulators appeared to confer resistance to PI3K inhibitors and confirmed mTOR inhibition
may overcome the resistance. Genomic alterations of mTORC1 regulator were found in 15%
in ER-positive PIK3CA mutated breast cancer and seemed to be mutually exclusive (205).
Razavi et al. search resistance mechanism to alpelisib with Al. PTEN loss and ESR1 mutation
were associated to resistance (206). PTEN loss was an acquired resistance mechanism, Juric

et al. analyzed progressive metastatic sites of patients whose die after treatment by alpelisib.
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Compared to first biopsy, all sites harbored PTEN loss. Moreover, PTEN alterations were
different depending on sites and all genomic alterations of PTEN lead to resistance (207). For
patients with PIK3CA mutated head and neck and esophageal squamous cell carcinomas,
Elkabets et al. showed a novel acquired resistance mechanism to alpelisib. Patients which
progressed after alpelisib presented an overexpression of AXL.AXL activated the epidermal
growth factor receptor (EGFR) by dimerization and phosphorylation and consequently
activation of EGFR lead to activate mTOR (208).

Hyperglycemia was one of the most frequent adverse events found with PIK3CA
inhibitors, 64% in SOLAR-1 (153), 43% in BELLE-2 (112), 37% in BELLE-3 (113), 40% in
SANDPIPER trial (178). For patients in which alpelisib was stopped due to unacceptable
toxicity, hyperglycemia represented approximately 6%. Rugo et al. tried to establish guidelines
for this new therapeutic class. For any patients implement lifestyle modification is necessary
for prevention of hyperglycemia. Before starting Alpelisib, one have to identify risk factors for
developing hyperglycemia, for example hypertension or family history of type 2 diabetes
mellitus. If patient had no risk factor, alpelisib can be started alone and if patient had at least
1 risk factor, alpelisib could be started with metformin at 500mg once daily. The same
treatment is used in grade 1 hyperglycemia. For grade 2, dose of metformin is increased, and
we can use a second line treatment (SGLT2 inhibitor, DPP-4 inhibitors, Thiazolidinediones,
GLP-1 receptor agonists and a-Glucosidase inhibitors) in association with metformin. If grade
2 hyperglycemia persist, a third line treatment (Sulfonylureas, Meglitinides or exogenous
insulin) could be introduced with association of metformin and a second line treatment. For
grade 3, to the same support, we add alpelisib interruption until recovery to grade 1, then
decrease the dose and addressee patient to an endocrinologist. For grade 4 or durable grade3,

discontinuation of alpelisib is to be discussed (209).
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Hopkins et al. made the hypothesis that the limited efficiency observed with all PIK3CA
inhibitors was the consequence of hyperglycemia and that “insulin feedback” led to reactivate
the PI3K pathway, which could directly decrease the clinical benefits. Indeed, the inhibition of
PIK3CA led to an increase in glucose uptakes by tumors, a decrease in glucose uptakes by
muscles and fat tissues and the activation of glycogenolysis, which itself led to an acute
hyperglycemia. Hyperglycemia is sensed by the pancreas which produces a massive amount
of insulin and restores glucose homeostasis. In mouse model, hyperinsulinemia (insulin
feedback) has been shown to be able to reactivate PI3K pathways, even in the presence of
PI3K inhibitors. These results showed the importance of glucose homeostasis to efficacy with
PIK3CA inhibitors and highlights the response variability that may be related to the degree of
insulin resistance in general population. Metformin showed a little effect in mouse models for
reducing blood insulin levels during a PI3K inhibitors therapy. Therefore, exogenous insulin
seemed, at the light of this data, to promote the “insulin feedback”. A ketogenic diet and
sodium—glucose cotransporter 2 (SGLT2) inhibitors were 2 potentials approach for limited
“insulin feedback” which successfully limited hyperglycemia in preclinical tumor models. Their
efficiency must be proven in clinical trials (42,210,211). The ketogenic diet consists in
suppressing carbohydrates of the alimentation and acts by limiting the liver glycogenolysis
potential due to the absence of carbohydrates and then prevents an increase of the glucose
level. SGLT2 inhibitors blocked the reabsorption of glucose and sodium in the renal proximal
tubule so they induced glycosuria. SGLT2 inhibitors was a new therapeutic class with growing
importance due to its effects on blood pressure, weight loss, action on diabetes mellitus,
corrected anemia, nephroprotection, reduction of morbidity, and mortality, both generally

and in particular cardiovascular deaths for patients with heart failure (212,213).
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A phase Il study in progress “Alpelisib, Fulvestrant and Dapagliflozin for the Treatment
of ER-positive, HER2-negative, PIK3CA Mutant Metastatic Breast Cancer” includes the same
population than SOLAR-1 trial to establish if the adjunction of dapagliflozin, a SGLT-2 inhibitor,
could significantly reduce hyperglycemia of any grade (NCT05025735). Another phase Il in the
same population, examined if the association of dapagliflozin and metformin could reduce
grade 3 hyperglycemia (NCT04899349). A Phase Ib/Il study of serabelisib in combination with
canagliflozin (a SGLT-2 inhibitor), in advanced solid tumors with PIK3CA mutations or KRAS
mutations, including BC, is testing the efficiency of this association (NCT04073680). A phase I
trial “Preventing High Blood Sugar in People Being Treated for Metastatic Breast Cancer” with
3 experimental arms in a similar population as SOLAR-1 is exploring the rate of hyperglycemia
grade 3 with ketogenic diet, low carbohydrate diet or canagliflozin in combination with

alpelisib and fulvestrant (NCT05090358).
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B. Cohort treated with Alpelisib and Fulvestrant under ATU French
early access program

|.  Description of the patient population at Institut Paoli Calmettes

1. Background

SOLAR-1 trial showed a significant increase in median PFS from 5.7 months in placebo
group to 11 months in alpelisib group (HR 0.65, 95% Cl, 0.50 to 0.85, P<0.001). Nevertheless,
only 5.9% of patients had received prior CDK4/6 inhibitors and consequently the patient
population did not represent patients in current clinical practice. Afterwards, a French early
access program (EAP) opened and allowed patients to benefit from alpelisib before
reimbursement by the health authorities. Thus, patients, treated with alpelisib in this EAP,
actually represented a real-life population. We shall describe here, a population of women
with metastatic HR-positive/HER2-negative BC and resistance to previous endocrine therapy,
receiving fulvestrant + alpelisib at the Institut Paoli-Calmettes, within this EAP. Our purpose is
to describe the efficacy and safety of alpelisib in association with fulvestrant, based on a

retrospective real-life cohort.

2. Methods

From prospective data collected within the framework of the EAP, data regarding 40
consecutive women from our institution were extracted. Patients who were allowed to
receive alpelisib within this EAP, accepted at the same time the collection of data. Inclusion
criteria were as follows: post-menopausal patients with ER-positive HER2-negative advanced
or metastatic BC with PIK3CA mutation whose disease progressed after at least 2 prior line of
treatment one of which included Al and CDK4/6 inhibitor (except if not eligible to this
treatment) who were treated with alpelisib in EAP between 11.2018 and 12.2020.

Symptomatic visceral progression and IBC were excluded criteria.
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Alpelisib was initiated at 300mg once daily. Dose reduction and suspension were
allowed. Minimal dose of alpelisib were 100mg once daily and if toxicity still unacceptable
treatment was discontinued. Grade 1/2 hyperglycemia was first managed with metformin and
persistent grade 2 or grade 3 were managed with insulin therapy. Grade 1 rash was treated
with dermocorticoid, grade 2 with H2 antihistamine treatment and grade 3 with association
of H2 antihistamine treatment and corticosteroid. Positron emission tomography (PET) or
tomography scan was performed every 3 or 4 months to evaluated treatment response. If
patients presented brain metastasis, cerebral magnetic resonance imaging (MRI) was
performed.

Primary objective was to evaluate the efficacy of alpelisib plus fulvestrant in terms of
PFS. We used the Kaplan-Meier method to estimate the probabilities of PFS in all patients of
the cohort. Secondary objective was to evaluate the safety of the association. Exploratory
analysis evaluated PFS whether rash occurred or not, and whether hyperglycemia occurred or
not and their pointwise 95% confidence intervals. The Log rank non-parametric tests for
comparison of survival distributions were used to compare PFS differences between groups.
The alpha risk was set to 5.0%. We also conducted a univariate analysis of clinical and
pathological parameters associated with PFS. A ratio of PFS on alpelisib treatment (PFSa) to
either PFS on the immediate previous treatment (PFSpre) or the prior everolimus treatment
(PFSe) was calculated. A ratio > 1.3 was considered as a non-ambiguous sign of activity for the
new treatment, relative to previously received treatments (214).

The statistical analysis was performed with R software.
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3. Results

Forty patients were treated in EAP, the median age was 61 years. In our cohort, only 1
patient did not receive prior CDK4/6 inhibitors and no hormonotherapy in metastatic setting
(only adjuvant hormonotherapy), and 92.5% received prior chemotherapy, 65% of patients
had received 4 or more lines of previous treatment in metastatic settings. The repartition of
PIK3CA mutations is presented in figure 1, no patient harbored double mutation and figure 2
shows the sample used for the characterization of PIK3CA. Baseline characteristics of patients
were summarized in table 2.

The median duration of follow-up was 7 months (1-19). The 3- and 6-month PFS were
67.0% (95% Cl: 49.2-79.7) and 31.0% (95% Cl: 16.0-47.3), respectively. Median PFS was 4.0
months and figure 3 represents PFS for all cohort. We examined the efficacy of alpelisib-
fulvestrant combination according to prior treatment with everolimus and found that CBR was
79% in everolimus-pretreated patients versus 40% in non-pretreated (p=0.045, Fisher’s exact
test). Nevertheless, groups were too small to formally compare PFS using log-rank test.

Of note, there was a statistically significant difference in median PFS according to the
occurrence of rash or not: 6.0 months versus 2.0 months respectively (p=0.002). The 3-month
PFS was 40.0% (95% Cl: 19.3-60.0) and 92.9% (95% Cl: 59.1-99.0) if rash was absent or present,
respectively. In univariate analysis, no other factor reached a statistical significance including
prior sensitivity versus hormono-resistance (p 0.29) or histology (p 0.69). Yet, there was a non-
significant trend for a longer PFS in patients exposed to prior fulvestrant therapies: median
PFS was 6.1 months in fulvestrant pre-treated versus 2.8 months in patients not pre-treated
with fulvestrant, with an HR at 0.4 (95% Cl: 0.1-1.2) and a p-value of 0.0766. A similar trend
was also observed for a longer PFS (6.2 months versus 3.3 months) when hyperglycemia

occurred with HR 0.4 (95Cl, 0.2-1.2, p 0.089). Table 3 summarize univariate analysis.
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We examined for each individual patient the PFS observed during immediate prior
treatment or the prior everolimus treatment and during alpelisib combination and calculated
PFS ratio (PFSa/PFSpre and PFSa/PFSe respectively). Figures 4 and 5 show PFSpre or PFSe
follow by PFSa. PFS was higher on alpelisib than on prior treatment in 10 patients and PFS
ratio was > 1.3 in 25% of patients. We performed similar comparison between PFSa and PFSe:
PFS ratio was > 1.3 in 14.8% of patients.

All grade adverse events occurred in 87.5% of the cases. Hyperglycemia was the most
frequent adverse event, 60% all grade and 12.5% grade 3. Metformin was used in 40% of the
cases in monotherapy and allowed to continue the therapy with glycemic control. The
exogenous insulin was needed in association to metformin for 7.5% of patients, these 3
patients had a PFS at 5, 11 and 12 months. Other frequent adverse events included rash
(42.5%), nausea (32.5%), weight loss (50%). Figure 6 summarized principal adverse events.
Regarding to treatment exposures, 45% of patients had a dose reduction, 32.5% had transitory
suspensions of alpelisib due to toxicity and 10 patients (25%) discontinued alpelisib due to

unacceptable toxicity.

4. Discussion

Our cohort showed interesting results concerning the PFS in a population heavily
pretreated, with metastatic ER/PR-positive/HER2-negative BC and resistance to endocrine
therapy, in the context of the French EAP. This population is closer to real life patients than
most of the previous prospective studies. No new safety signal with treatment by alpelisib in
association to fulvestrant appeared and this association was manageable and safe. Pre-
treatment with everolimus did not seem to impact the efficacy of alpelisib + fulvestrant.
Moreover, our results suggested a trend for better PFS in patients with prior fulvestrant or

presence of hyperglycemia, but our cohort was too small to identify a significant difference.

66



These trends for better PFS in case of prior exposure to fulvestrant or everolimus may indicate
a higher benefit for alpelisib + fulvestrant in patients who have been previously identified by
clinicians as good candidate to receive multiples lines of endocrine therapy. Our results also
suggested a favorable impact in terms of PFS if patients developed rash or hyperglycemia.
These data were contradictory with pre-clinical and clinical data which suggested that
hyperglycemia was a factor of acquired resistance to alpelisib due to “insulin feedback”. We
hypothesized that, patients with hyperglycemia had a modest “insulin feedback” and
consequently did not overcome inhibition of PIK3CA, however this supposition need to be
prospectively evaluated by dosage of insulin level before administration and at several time
of alpelisib treatment. Alternatively, a longer PFS in patients with hyperglycemia may be due
to a higher drug exposure and/or pharmacodynamics effect in this subgroup.

Nevertheless, regarding to the absence of benefit in OS in the final results of SOLAR-1
trial and the low number of patients pre-treated with CDK4/6 inhibitor in this study, the
French health authorities (Haute autorité de santé) in January 2021 gave an unfavorable
opinion for reimbursement which led to the discontinuation of alpelisib prescribing in this
indication. This decision is discussable. First, OS was a secondary endpoint in SOLAR-1 and the
study could have been underpowered to demonstrate a significant difference in favor of
alpelisib. Numerically, median OS in patients treated with alpelisib plus fulvestrant (39.3
months) was higher than patients treated with placebo plus fulvestrant (31.4 months), HR was
0.86 (95% Cl, 0.64-1.15; p=0.15). Numerically difference was also observed patients with lung
and/or liver metastases (37.2 months for alpelisib and 22.8 months for placebo) and median
times to chemotherapy (23.3 months for alpelisib and 14.8 months for placebo). In addition,

BYLieve study suggested that results could be transposable to ER-positive HER2-negative
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advanced or metastatic BC with PIK3CA mutation whose progressed on or after ET plus
CDK4/6 inhibitor.

An Improved management of toxicities related to alpelisib may increase treatment
time and maintain the highest dose possible of treatment. Improvement goes through the
realization of standardized recommendations and the involvement of different specialists, for
example endocrinologist for hyperglycemia.

Alpelisib inhibits PI3K, a central actor of multiple pathways in cell, and these inhibition lead to
adaptative mechanism of cancer cells to escape the anti-tumor effect. The discovery of new
predictive biomarkers beyond PIK3CA mutations for alpelisib efficacy may allow to improve
the efficacy/toxicity ratio and to select the patients who could most benefit t from treatment.
Two different associations of alpelisib with other anti-tumor drugs are possible: for example,
MCL1 inhibitors which increased anti-tumor activity but may alter the tolerance profile;
alpelisib may also be combined with an SGLT2 inhibitor, for example, which thus makes it

possible to counteract one of the resistance mechanisms and limit toxicity.

[l. Presentation “Alpelisib and fulvestrant efficiency in HR-positive HER2-
negative PIK3CA-mutant advanced breast cancer: data from the French early
access program”

Our cohort was used in a national analysis of all patients in French EAP. We presented

results in figure 7.
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C. Conclusion

In conclusion, the therapeutic class of PI3K inhibitors, including pan-inhibitors and
selective-inhibitors, are at the beginning of their development in breast cancer. Although
currently they have led to few authorizations, their field of evolution is considerable. Pan-
inhibitors have not shown the expected efficacy, but they have nevertheless opened the way
to PI3Ka-specific inhibitors. Despite the central role of PI3K in oncogenesis, only modest anti-
tumor activity was observed and the toxicity profile that should not be overlooked. All breast
cancer subtypes have their own metabolic pathway, and we need to better understand the
mechanisms of resistance to these drugs in each subtype to adapt our therapeutic strategies.
Learning to manage these drugs to facilitate their use and discovering predictive biomarkers

of responses are the new challenges we must meet.

En conclusion, la classe thérapeutique des inhibiteurs de PI3K, comprenant les pan-
inhibiteurs et les inhibiteurs sélectifs de la sous unité p110aq, a fait I'objet d’'un développement
intense dans le domaine des cancers du sein. Bien qu'actuellement ils n'aient donné lieu qu'a
peu d'autorisations, leur champ d'évolution reste considérable. Les pan-inhibiteurs n'ont pas
montré |'efficacité attendue, mais ils ont néanmoins ouvert la voie aux inhibiteurs spécifiques
de PI3Ka. Malgré le role central de PI3K dans I'oncogenése, seule une activité anti-tumorale
modeste a été observée avec un profil de toxicité non négligeable. Tous les sous-types de
cancer du sein ont leur propre voie métabolique, et nous devons mieux comprendre les
mécanismes de résistance a ces médicaments au sein de chaque sous-type pour adapter nos
stratégies thérapeutiques. Apprendre a gérer ces médicaments afin de faciliter leur utilisation
pour augmenter les durées de traitement et découvrir des nouveaux biomarqueurs prédictifs

de réponse sont actuellement les nouveaux défis auxquels nous devons faire face.
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Variable

Cohort, N =40

Age at diagnosis, years (range)

ECOG-PS
0
1
2
Menopause
Yes
No

Nb of previous lines of treatment (either ET or CT)

2
3
>3
Al
Yes
No
Previous AI+CDK4/6i
Yes
No
Prior fulvestrant
Yes
No
Prior fulvestrant+CDK4/6i
Yes
No
CT for metastatic disease
Yes
No
Al+everolimus
Yes
No
Adjuvant hormonotherapy
Yes
No
NA
Type of adjuvant hormonotherapy
Anti-aromatase
Tamoxifene
Previous hormonal sensitivity in early BC (n=26)
Sensibility
Primary resistance
Secondary resistance

Previous hormonal sensitivity in metastatic BC

60 (37-89)

9 (22,5%)
22 (55%)
9 (22,5%)

38 (95%)
2 (5%)

3(7,5%)
11 (27,5%)
26 (65%)

17 (42,5%)
23 (57,5%)

9 (22,5%)
31(77,5%)

30 (75%)
10 (25%)

30 (75%)
10 (25%)

37(92,5%)
3(7,5%)

30 (75%)
10 (25%)

28 (70%)
9 (22,5%)
3(7,5%)

18 (45%)
18 (45%)

10 (38,5%)
2(7,5%)
14 (54%)
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Variable

Cohort, N =40

Sensibility
Resistance
HER2 expression
0
1+
2+fish-
NA
Dose reduction
Yes

No

Transient interruption

Yes

No

Reasons for definitive discontinuation

Progression
Toxicity
NA

Number of metastatic sites

1

2
3
4
5

Nature of metastatic site

Lung/pleura
Bone

Liver

Soft tissue

Other

Best objective response

PD
SD
PR
CR
DR
NA

17 (42,5%)
23 (57,5%)

16 (40%)

10 (25%)

12 (30%)
2 (5%)

19 (47,5%)
21 (52,5%)

13 (32,5%)
27 (67,5%)

24 (60%)
10 (25%)
6 (15%)

10 (25%)
8 (20%)
11 (27,5%)
9 (22,5%)
2 (5%)

14 (35%)
33 (82,5%)
18 (45%)
3(7,5%)
26 (65%)

10 (25,6%)
11 (28,2%)
11 (28,2%)
2 (5,1%)
1(2.6%)
4(10,3%)

Table 2. Characteristics of patients in all cohort

ECOG-PS: Eastern Cooperative Oncology Group-performans status;
Al: aromatase inhibitor; ET: endocrine therapy; CT: chemotherapy;
CDK4/6i: CDK4/6 inhibitor; BC: breast cancer; PD: progressive disease;
SD: stable disease; PR: partial response; CR: complete response; DR:

dissociative response; NA: not available.
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Other
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E545A
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Figure 1. Differents PIK3CA mutations
E542K and E545A: exon 9
H1047R: exon 20
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Figure 2. Sample of PIK3CA mutation identification
ctDNA: circulating tumor DNA
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Figure 6. Safety profile of alpelisib in association to fulvestrant
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Résumé :

Chez ’'Homme, la voie de la phosphoinositide 3-kinase (PI3K) joue un réle
central dans le cancer et en particulier dans le cancer du sein (CS). PI3K est mutée
dans environ 25 a 40 % des CS selon les sous-types et atteint 40 % dans les CS avec
récepteurs hormonaux (RH)-positifs. Le géne PIK3CA, qui code pour p110a de la
sous-unité catalytique de PI3K, est le deuxiéme gene le plus muté dans le cancer en
général. Trois mutations "hotspot", deux sur I'exons 9 (E545K et E542K du domaine
helical) et une sur I'exon 20 (H1047R du domaine kinase) de PIK3CA, représentent
80 % de toutes les mutations.

Le développement des thérapeutiques ciblant ces mutations a commencé
avec les pan-inhibiteurs (principalement le buparlisib et le pictilisib). Les pan-
inhibiteurs n'ont pas montré l'efficacité attendue mais ont néanmoins ouvert la
voie aux inhibiteurs spécifiques de PI3Ka (principalement I'alpelisib et le taselisib).
Malgré le role central de PI3K dans I'oncogenése, seule une activité anti-tumorale
modeste a été observée avec les inhibiteurs. De plus, ceux-ci présentent un profil
de toxicité non négligeable.

Tous les sous-types de CS possédent leur propre voie métabolique et la
compréhension des mécanismes de résistance aux inhibiteurs de PI3K reste a
parfaire. Nous devons également apprendre a mieux manager ces thérapeutiques
afin d’optimiser leur utilisation.

Le but de cette revue est d'examiner le développement de chacun des
inhibiteurs de PI3K évalués dans le CS. Notre propos concernera les pan-inhibiteurs,
les inhibiteurs sélectifs de p110a et leur développement dans tous les sous-types
de CS. Nous passerons en revue les échecs, les succes et les possibilités futurs de
cette classe thérapeutique dans la prise en charge du CS.

Nous explorerons également une cohorte de cancers du sein métastatiques
RH+/HER2- hormonorésistants traités par ALPELISIB et FULVESTRANT dans notre

institution.

Mots-clés : Cancer du sein ; inhibiteur sélectif de PI3K ; pan-inhibiteur de PI3K ;

revue de la littérature.
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