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2 Résume

2.1 Reésumeé en francais

Les tumeurs malignes sont la premiére cause de mortalité dans les pays industrialisés. Parmi
les tumeurs solides, le carcinome hépatocellulaire (CHC) est la 4™ cause de décés dans le

monde et son incidence progresse.

Les peptides sont de courtes chaines d’acides aminés dont les propriétés biologiques
peuvent étre utilisées en thérapeutiques. Ainsi les peptides interférants (IP) ont la propriété
de bloquer l'interaction entre 2 protéines. D’autres peptides ont la propriété de franchir les
membranes biologiques ou cellulaires, les cell penetrating peptides (CPP), parmi lesquels
certains ne pénétrent que dans les tissus tumoraux, les tumor-penetrating peptides (TPP). La

combinaison d’un TPP avec un IP produit un peptide bi-fonctionnel (TPP-IP).

Le but de cette these était d’étudier I'efficacité des TPP-IP dans des modeéles de leucémie

lymphoide chronique humaine (LLC), in-vitro et in-vivo et des cellules humaines de CHC.
Les résultats obtenus, publiés dans 6 articles étaient les suivants :

e A partir de protéines dont les interactions sont connues, la technique du PEPscan,
peu coliteuse et rapide, permettait d’identifier des candidats IP d’une part, en
nombre relativement faible d’autre part. Les résultats du PEPscan ont été comparés a
des modélisations in silico. Sous réserve des informations structurelles disponibles
sur les protéines, ces 2 méthodes sont concordantes et encourageantes.

e Lesite d’interaction entre les TPP et le récepteur membranaire NRP-1 est situé sur le
domaine b1 de NRP-1 par modélisation in silico.

e (C9h est un IP qui interfere entre les protéines PP2A et Caspase 9. La constante
d’affinité entre C9h et PP2A a été mesurée et était proche de la constante d’affinité
entre PP2A et Caspase 9.

e Les TTP (iRGD, LinTT1, TT1 et RPARPAR) avec ou sans un IP qui bloque l'interaction
entre PP2A et SET, pouvaient pénétrer dans les cellules B des patients souffrants de

LLC et dans les hépatocytes de CHC et induisaient une apoptose. Inversement,
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I'internalisation était minime dans les cellules B ou hépatocytes normaux. Ces 4 TPP-
IP étaient faiblement dégradés dans du sérum humain. L'iRGD-IP augmentait
significativement la survie dans un modele murin de xénogreffe de LLC.

e Les 4 peptides bi-fonctionnels (iRGD-IP, RPARPAR-IP, LinTT1-IP, TT1-IP) (IP bloque
I'interaction PP2A/SET) ont été testés sur des hépatocytes malins ou non et
I'internalisation peptidique était corrélée de maniere logarithmique a la quantité de
récepteur exprimée a la surface des cellules ainsi qu’a un score d’agressivité
tumorale. L’internalisation induisait une apoptose des hépatocytes malins
uniquement.

e TT1-IP et LinTT1-IP prolongeaient la survie de souris immunodéficientes greffées avec
une lignée tumorale humaine de LLC, mais seul TT1-IP avait un effet significatif. La
captation in-vivo de TT1-IP fluorescent aprés marquage par le Cy7, était plus
importante chez une souris porteuse de cellules de LLC. Dans ce modele, RPARPAR-IP
n’avait pas d’effet sur la survie. Pourtant, I'apoptose induite sur les cellules tumorales
par TT1-IP, LinTT1-IP et RPARPAR-IP était comparable. Aucun effet apoptotique n’a
été observé avec IP seul ou TT1 seul ou sur des cellules saines. Ces derniers résultats
démontraient les réles complémentaires du TPP et de I'lP pour obtenir une apoptose
spécifique des cellules tumorales. Sur les souris immunocompétentes nous n’avons
pas observé de toxicité de TT1-IP. L’injection intra-péritonéale était suivie d’une
concentration plasmatique maximale atteinte en 10 minutes puis d’une clairance
plasmatique avec un temps de % vie de 28 minutes. Dans du sérum humain, la
proportion de TT1-IP détectable était de 40% apres 6h d’incubation montrant ainsi sa

lente dégradation par protéolyse.

En résumé, les résultats obtenus dans cette thése laissent penser que ['utilisation de
peptides thérapeutiques dans le traitement des cancers est une possibilité réelle. La
perspective immédiate est de tester ces peptides bi-fonctionnels sur des modéles murins de

xénogreffes de CHC dans un but de validation pré-clinique.
Mots clefs

Cancer, leucémie lymphoide chronique, carcinome hépatocellulaire, PP2A, SET, peptide,

PEPscan, souris, xénogreffe.
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2.2 Bi-functional peptides : interest in the cancer treatment. Application

to hepatocellular carcinoma
2.3 Summary in english

Malignant tumours are the leading cause of death in industrialized countries. Among solid
tumours, hepatocellular carcinoma (HCC) is the 4th leading cause of death worldwide and its

incidence is increasing.

Peptides are small amino acids chains whose biological properties can be used in

therapeutics.

As their name suggests, interfering peptides (IP) interfere between two proteins. Other
peptides, named cell penetrating peptides (CPP), have the property of crossing biological or
cellular membranes. In addition, some CPPs penetrate tumor tissues only and are therefore
called tumor-penetrating peptides (TPP). The combination of a TPP with an IP produces bi-

functional peptides (TPP-IP).

The purpose of this thesis was to study the efficacy of TPP-IP in models of human chronic

lymphoid leukemia (CLL), in-vitro and in-vivo and human HCC cells.
The results were published in 6 articles, as follows:

* From proteins whose interactions are known, the PEPscan technique, inexpensive
and fast, made it possible to identify a relatively small number of IP candidates.
PEPscan results were compared to an in silico modelling system. Subject to the
available structural information about proteins, these two methods are consistent
and encouraging.

e The site of interaction between TPP and the NRP-1 membrane receptor is located on
the b1 domain of NRP-1 through in silico modelling.

e (C9h is an IP that interferes between PP2A and Caspase 9 proteins. The affinity
constant between C9h and PP2A was measured and was close to the affinity constant
between PP2A and Caspase 9.

e TTPs (iRGD, LinTT1, TT1, and RPARPAR) with or without an IP that blocks the

interaction between PP2A and SET, were internalized into the B cells of patients with

5/163



CLL and HCC hepatocytes and induced apoptosis. Conversely, internalization was
minimal in normal B cells or hepatocytes. These 4 TPP-IPs were weakly degraded in
human serum. iRGD-IP significantly increased survival in a murine xenograft model of
LLC.

e The 4 bi-functional peptides (iRGD-IP, RPAR-IP, LinTT1-IP, TT1-IP) (IP blocked the
PP2A/SET interaction) were tested on malignant or non-malignant hepatocytes and
peptide internalization was logarithmically correlated with the amount of receptor
expressed on the cell surface as well as with tumor aggressiveness score.
Internalization led to apoptosis of malignant hepatocytes only.

e TT1-IP and LinTT1-IP (IP blocked the PP2A/SET interaction) extended the survival of
immunodeficient mice grafted with a human LLC tumour line, but only TT1-IP had a
significant effect. In vivo uptake of fluorescent Cy7 labelled TT1-IP was greater in a
mouse with CLL cells. In this model, RPARPAR-IP had no effect on survival. However,
tumour cell-induced apoptosis by TT1-IP, LinTT1-IP and RPARPAR-IP was similar. No
apoptotic effect was observed with IP alone or TT1 alone or on healthy cells. This last
result demonstrated the complementary roles of TPP and IP in achieving specific
tumor cell apoptosis. In immunocompetent mice, no toxicity of TT1-IP was observed.
Following an intraperitoneal injection, the plasma concentration reached a maximum
peak within 10 minutes before a plasmatic clearance of 28 minutes half-time life. In
human serum incubation, 40% of TT1-IP was detectable after 6h showing its slow

degradation by proteolysis.

In summary, the results obtained in this thesis suggest that the use of therapeutic peptides
in cancer treatment is a real possibility. The immediate prospect is to test these bi-functional

peptides on a HCC murine xenograft models for pre-clinical validation.
Key words

Cancer, cancer targeting, liver cancer, hepatocellular carcinoma, chronic lymphocytic
leukemia, interfering peptides, tumor-penetrating peptides, PEPscan, PP2A, SET, mouse,

xenograft.
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4 Introduction

Les cancers sont la premiere cause de mortalité, en particulier dans les pays développés
(Sung et al, 2021). L'incidence dans ces pays devrait encore augmenter en raison de I'age
grandissant des populations et de I'importance des facteurs de risque (Vogelstein et al,
2013). La plupart des cancers sont secondaires a des altérations génétiques (Vogelstein et al,
2013) qui vont modifier les fonctions des protéines, donc des cellules. Elles vont finir par se
multiplier sans contrdle avec la capacité de migrer et de s'implanter a distance sous forme

de métastase. Ce processus aboutit a la mort de I'individu.

Pour contréler la maladie cancéreuse, les axes thérapeutiques sont les suivants : prévention,
dépistage et traitements a visée curative qui s’accompagnent d’effets secondaires. Les
traitements incluent I'exérése chirurgicale pour les tumeurs solides, la destruction locale par
des agents physiques ou des radiations ionisantes, la destruction des cellules malignes par
des drogues cytotoxiques (chimiothérapie) ou leur contrdle par des traitements hormonaux

et plus récemment via le systeme immunitaire (immunothérapie).

L'objet de cette thése concerne une nouvelle approche thérapeutique : l'utilisation de
peptides qui vont interférer avec les voies métaboliques désorganisées par la maladie
cancéreuse. Nous vy reviendrons aprés quelques généralités sur le carcinome

hépatocellulaire, également objet de cette these.
4.1 Carcinome hépato-cellulaire

Les cancers du foie sont en augmentation globale dans le monde et I'on estime qu’ils
devraient concerner plus d’1 million de personne par an en 2025 (Sung et al, 2021). Le
carcinome hépato-cellulaire (CHC) représente environ 90% des tumeurs primitives du foie et
a plusieurs caractéristiques que nous développerons succinctement: épidémiologie,

physiopathologie, diagnostic et traitement.
Epidémiologie du CHC

Le CHC est le 6éme cancer dans le monde, avec 841 080 nouveaux cas en 2018 et la 4éme

cause mondiale de mortalité par cancer (Sung et al, 2021). Les taux d’incidence et de
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mortalité les plus élevés sont observés en Asie de I'Est et en Afrique (Figure 1), bien que
I'incidence et la mortalité des CHC augmentent dans différentes parties de I'Europe et aux
Etats-Unis (McGlynn et al, 2015). Le CHC est la cause de décés par cancer qui progresse le
plus rapidement aux Etats-Unis depuis le début des années 2000 et il devrait devenir la

3éme cause de décés par cancer d’ici 2030, si ces tendances se maintiennent (Rahib et al,

2014).
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Asie de I’Est, la Mongolie présentant la plus forte incidence de CHC dans le monde. Le virus de I’hépatite B (VHB)
est le principal facteur étiologique dans la plupart des régions d’Asie (sauf Japon), d’Amérique du Sud et
d’Afrique; le virus de I’hépatite C (VHC) est le facteur causal prédominant en Europe occidentale, en Amérique
du Nord et au Japon. La consommation d’alcool est le facteur étiologique en Europe centrale et orientale. La
stéatohépatite non alcoolique (NASH), la principale étiologie incluse dans la catégorie « Other », est un facteur
de risque qui augmente rapidement et qui devrait devenir la principale cause de CHC dans les régions a revenus
élevés dans un proche avenir. ASR : age-standardized incidence rate. D’aprés Bray et al, 2018; Llovet et al, 2021;

Singal et al, 2020.

En France, I'incidence annuelle en 2018 était de 12,5/100 000 chez ’homme et 2,5/100 000

chez la femme (rapport InVS 2020 http://lesdonnees.e-cancer.fr/). Le nombre de nouveau

cas était estimé a 10 580 cas en 2018 et était en augmentation depuis 1980. L'augmentation
de l'incidence est expliquée par I'épidémie d’hépatite C entre 1990 et 2015 (Global Burden
of Disease Liver Cancer Collaboration et al, 2017), I'augmentation des cas de syndrome

métabolique (Welzel et al, 2011) et par I'amélioration du dépistage (Costentin et al, 2018).
Physiopathologie et mécanismes d’apparition du CHC

Une particularité centrale du CHC est gu’il est lié a une inflammation chronique du foie, elle-

méme responsable de processus cicatriciels fibrosants, qui au long des années constituent
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une cirrhose. C'est habituellement a ce stade (75-80% des CHC) que se développe le CHC
avec des mécanismes de carcinogénese multiples et intriqués (Figure 2) (D’souza et al, 2020;
Mohr et al, 2021; Seen, 2021; Taniai, 2020). L'apparition d’un CHC au stade d’hépatite
chronique non cirrhotique est possible, surtout en cas de NASH (loannou, 2021) mais cette

éventualité est plus rare. Rappelons que le CHC sur foie sain est exceptionnel.

2

Les facteurs d’agression chronique du foie sont importants a connaitre parce qu’ils
influencent le dépistage, la prévention, la surveillance et la répartition géographique (Figure
1). Il s’agit principalement de la consommation excessive d’alcool, d’'une NASH liée a un
diabéte ou une obésité, d’une infection par le VHB ou le VHC. Les autres facteurs de risque
sont la surinfection par I’'hépatite virale Delta (HDV) chez un patient porteur de I'antigene de
surface du VHB (Ag HBs), I'dge (> 70 ans)(Rich et al, 2020), le sexe masculin (2 a 3 homme
pour 1 femme), certaines ethnicités (hispanique) (Rich et al, 2019), certains toxiques
(aflatoxine), les cholestases chroniques, des maladies génétiques héréditaires
(hémochromatose, déficit en al anti-trypsine), le tabac (Lee et al, 2009). Inversement,

d’autres facteurs pourraient étre protecteurs comme le café ou I'aspirine (Bravi et al, 2013).

- Figure 2:
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rapide du foie normal au cancer est possible. EMC : Extracellular matrix. D’aprés Man et al, 2021.

Les dernieres avancées dans le domaine, stimulées par I'épidémie de CHC associés aux

maladies graisseuses du foie (NAFLD pour non-alcoholic fatty liver disease) font intervenir
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dans la carcinogénése la contribution de l'inflammation (NASH pour non-alcoholic
steatohepatitis), de la cirrhose mais également du microenvironnement cellulaire, du

systéme immunitaire (Figure 3) (Friedman et al, 2018).

Figure 3:
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sont les glucides en
exces, en particulier le fructose, qui sont convertis en AG dans I’hépatocyte. Les deux grandes destinations des
AG sont la béta-oxydation mitochondriale et le stockage sous forme de gouttelette lipidique ou I’export sanguin
sous forme de VLDL. Les triglycérides des gouttelettes de lipides subissent également une lipolyse régulée qui
libére des AG dans d’hépatocytes. Le géne PNPLA3 intervient dans ce processus lipolytique. Une variante
nucléotidique unique du PNPLA3 est fortement associée a la progression du NASH, ce qui souligne I'importance
de la régulation de cette lipolyse. Lorsque I’élimination des acides gras par béta-oxydation ou formation de
triglycérides est dépassée, les acides gras peuvent contribuer a la formation d’espéces lipotoxiques qui
entrainent le stress du reticulum endoplasmic, un stress oxydant et I’activation d’inflammasomes. Ces
modifications sont responsables du phénotype de NASH avec Iésion hépatocellulaire, inflammation, activation
des cellules stellaires et accumulation progressive de matrice extracellulaire en excés. Les modifications du
mode de vie qui comprennent des habitudes alimentaires saines et I'exercice régulier détournent les substrats
meétaboliques vers les tissus métaboliquement actifs et peuvent ainsi prévenir ou inverser la NASH. (Friedman et

al, 2018). Schéma : Marina Corral Spence/Springer Nature
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Principales altérations génétiques somatiques du CHC et classification

Les principaux genes impliqués dans la cancérogenese hépatique ont un impact sur 6 voies

biologiques clefs (Campani et al, 2023) :

1.

les mutations TERT (Telomerase reverse transcriptase) sont observées dans 60% des
cas. La maintenance des télomeéres favorise 'immortalisation cellulaire ;

la dérégulation de la voie Wnt/B-caténine, secondaire a la mutation CTNNB1 (20-
30%), est responsable d’une accumulation de B-caténine nucléaire, qui active des
génes de prolifération. CTNNB1 est plus fréquente avec I'abus d’alcool ;

la dérégulation du cycle cellulaire par mutation de TP53 (tumor proteine 53) (20-50%)
conduit a une prolifération cellulaire et une résistance a I'apoptose. Elle est plus
fréguemment associée au VHB ;

la dérégulation épigénétique intervient par modification de I'expression des genes
par divers mécanismes, notamment le remodelage de la chromatine, les
modifications des histones et de la méthylation ;

une inflammation chronique ou une exposition a des agents cancérigenes expose les
hépatocytes a un stress oxydatif. Le facteur 2 lié¢ au NRF2 (nuclear factor erythroid 2-
related factor 2), codé par NFE2L2 et I'activation de la voie KEAP1 (kelch-like ECH-
associated protein 1) jouent un réle clef dans la protection des cellules contre le
stress oxydatif. Des mutations activatrices de NFE2L2 et des mutations inactivatrices
de KEAP1 sont retrouvées dans environ 6 % et 4 % des CHC et conferent aux cellules
cancéreuses un avantage de résistance au stress oxydatif par l'inhibition de la
dégradation médiée par KEAP1 de NRF2 (Zucman-Rossi et al, 2015). Une association
significative entre NFE2L2 et KEAP1 et des mutations CTNNB1 ou AXIN1 a été décrite,
suggérant que les réponses au stress oxydatif pourraient coopérer avec la voie
Wnt/B-caténine pour favoriser la carcinogenése hépatique ;

I’activation des voies RAS/RAF/MAP kinase et PI3K/AKT/MTOR. Les protéines RAF
(Rapidly Accelerated Fibrosarcoma) / RAS (Rat Sarcoma) / MAP (Mitogen-activated
protein) kinase et la voie PI3K (phosphoinositide 3-kinase) / AKT (protein kinase B) /
MTOR (mecanistic target of rapamycine) sont activées en environ 5 a 10 % des CHC
(Zucman-Rossi et al, 2015). L'activation de la voie RAF/RAS/MAP kinase favorise la

prolifération cellulaire. Les mutations associées sont des mutations de RAS ou de
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RPS6KA3 (Ribosomal Protein S6 Kinase) (2 a 10 %) (Nault et al, 2020). Les mutations
activatrices de PIK3CA (phosphatidylinositol-4,5-bisphosphate 3-kinase, catalytic
subunit alpha) (2 %), les mutations inactivatrices de TSC1 ou TSC2 (3-8 %) et la
délétion homozygote de PTEN (2 —3 %) favorisent I’activation permanente de la voie
AKT/MTOR (Nault & Zucman-Rossi, 2011). Les mutations TSC2 surviennent souvent

en méme temps que les mutations TP53 (Campani et al, 2023).

Enfin, le VHB peut entrainer la surexpression d'oncogeénes, mais peut également déclencher
des réarrangements chromosomiques entrainant des altérations génétiques a distance

(Péneau et al, 2022).

Au total, sur la base des résultats de la génomique, de la transcriptomique et de
I’épigénétique, les CHC sont classés en 2 grandes classes : la classe proliférative et la classe
non-proliférative (Annexe 1). Les retombées cliniques des altérations génétiques,
permettent également d’orienter certaines stratégies thérapeutiques comme pour les
adénomes hépatocellulaires (Nault et al, 2017, 2022). Cependant, en plus des variations du
type de CHC d’un patient a I'autre, il faut rajouter une hétérogénéité intratumorale, c’est-a-
dire, gu’au sein de la méme tumeur coexistent différentes populations cellulaires avec des
caractéristiques biologiques différentes. Par conséquent, une simple biopsie peut ne pas
permettre d’appréhender toute les facettes d’un processus tumoral et limiter ainsi la
pertinence des choix thérapeutiques. L'intérét de mesurer les marqueurs circulants, tels que
les acides nucléiques tumoraux circulants, les cellules tumorales circulantes (CTC), I'ARNm, le
microARN et les exosomes, permettrait d’avoir une approche globale des signatures

tumorales et pourrait permettre de contourner ces hétérogénéités (Campani et al, 2023).
Diagnostic et traitements du CHC

Le CHC est I'une des rares tumeurs pour laquelle le diagnostic morphologique peut suffire a
décider d’un traitement. Les criteres d’'imagerie ont été standardisés par le systeme LI-RADS
(Liver Imaging Reporting and DataSystem)(Santillan et al, 2018) et doivent étre validés en
réunion de concertation pluri-disciplinaire spécialisée (Bruix et al, 2005). Le diagnostic de
CHC est complété par un diagnostic d’extension de la maladie tumorale, par une évaluation
de I'hépatopathie sous-jacente et par une évaluation globale du patient et de ses

comorbidités. Au terme de cette évaluation, il est possible de classer les patients. Ces

18/163



classifications permettent d’élaborer des recommandations et des algorithmes de décision

thérapeutiques (Blanc et al, 2021; Llovet et al, 2021; Reig et al, 2022) (Figure 4 et Figure 5).

Figure 4: Schéma de prise en charge
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Le meilleur traitement est bien sOr la prévention, par la suppression de |'agression virale,
I'arrét de I'alcool, le contréle des anomalies métaboliques. Cependant, au stade de cirrhose,
le risque de CHC persiste et seul le dépistage de petits CHC (£ 2cm) permet d’obtenir de bons
résultats thérapeutiques avec un bon rapport colt/efficacité (Cadier et al, 2017). En cas
d’hépatopathie non-cirrhotique les recommandations restent débattues (Costentin &

Nahon, 2021; Poynard et al, 2019).

Les traitements non médicamenteux sont tres efficaces mais ils s’adressent a un nombre
limité de patients, parce qu’ils sont indiqués aux stades précoces ou intermédiaires de la
maladie tumorale (Figure 4). Ainsi, les patients asymptomatiques avec une faible charge
tumorale et une bonne fonction hépatique (BCLC 0 ou A) doivent étre traités par des
traitements curatifs locaux (résection ou destruction locale selon la présence d'une
hypertension portale, le nombre de nodules et la fonction hépatique). Les indications de
transplantation hépatique pour CHC sont avant tout guidées par I'extension tumorale et le

taux d’a-foeto-protéine, résumés par le score alpha (Duvoux et al, 2012).

Les traitements médicamenteux non-systémiques sont destinés aux patients
asymptomatiques présentant un CHC multinodulaire et une fonction hépatique adéquate

(BCLC B). Il s’agit de la chimioembolisation ou de la radioembolisation.
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Les patients ayant une thrombose portale tumorale ou une propagation extrahépatique
(BCLC C) doivent étre traités par des thérapies systémiques. Les traitements systémiques
peuvent étre classés en 3 groupes : les inhibiteurs de tyrosine kinase (TKI), les thérapies
ciblées dirigées (anticorps dirigés contre le récepteur du VEGF) et les inhibiteurs des points
de contréle immunologique (ICl pour immune-check point inhibitor) (anticorps anti-CTA4,
anti-PD1, anti-PDL1). Les mécanismes d’action et les schémas thérapeutiques récents sont

illustrés en Annexe (Annexe 2).

L'avenement des ICI pour les CHC avancés a élargi les indications des traitements
systémiques en raison de leur relative efficacité et de leur bonne tolérance par rapports aux
TKI. Cependant, en monothérapie les taux d’événements indésirables liés aux traitements
par ICl et de grade 3 a 4 variaient de 18% a 22 % (Finn et al, 2020b; Yau et al, 2019) et
montaient a 37% en association (Finn et al, 2020a). Avec les ICl, une toxicité par activation
du systéme immunitaire peut survenir dans n’importe quel systeme d’organes, allant
d’événements légers et gérables comme les éruptions cutanées, les douleurs articulaires ou
I’hypothyroidie, a des événements graves et potentiellement mortels comme une
pneumopathie, une entérocolite ou myocardite (Sangro et al, 2020). Un argument plus
récent en faveur des ICl par rapport aux TKI est le rapport colt/bénéfice favorable (Gaugain
et al, 2023). Actuellement, les traitements systémiques de premiére ligne sont donc de type
atezolizumab/bevacizumab ou durvalumab/tremelimumab. Les traitements de seconde
lignes ou les alternatives en cas de contre-indication sont les TKI et/ou des anti CTL4 (Figure

5).
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Dans tous les cas, en dehors des colts des traitements (anticorps monoclonaux), deux
éléments limitent I'utilisation de ces molécules : leurs effets secondaires en particulier chez
les patients ayant un désordre immunitaire (maladie ou traitement immunosuppresseur) et
I'altération de la fonction hépatique (ictére, hypertension portale a haut risque de

complication).
4.2 Les peptides thérapeutiques

Un peptide est une courte chaine d’acides aminés (< 50) (Annexe 3). Les protéines sont des
macromolécules également constituées d’acides aminés qui assurent une multitude de
fonctions au sein des cellules: protéines enzymatiques qui catalysent les réactions
chimiques de synthese et de dégradation nécessaires au métabolisme de la cellule, protéines
structurelles au sein du cytosquelette (actine, collagene). Certaines sont des moteurs
moléculaires qui permettent la mobilité (myosine), d'autres sont impliquées dans le
conditionnement de I'ADN (histones), la régulation de I'expression génétique (facteurs de
transcription), le métabolisme énergétique (ATP synthétase) ou encore la transmission
de signaux cellulaires (récepteurs membranaires, hormones). Les peptides peuvent interagir

avec les protéines et cette propriété débouche sur de nouvelles perspectives thérapeutiques
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(Bidwell & Raucher, 2009; Hayashi et al, 2012). Ce sont les peptides interferants (IP pour
interering peptide) (Figure 6).

Figure 6: Représentation schématique de I'effet d’un peptide interférant (IP) ciblant une interaction protéine-
protéine (IPP).
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signalisation. D’aprés Bruzzoni-Giovanelli et al, 2018.

Peptides anti tumoraux

Les peptides pénétrant dans les cellules (CPP pour cell penetrating peptide) sont apparus
comme une nouvelle classe de vecteurs qui permettent la « délivrance » de biomolécules a
travers les barriéres biologiques. En fait, ils sont largement utilisés pour 'administration
intracellulaire de diverses molécules, notamment des médicaments, des peptides, des
protéines, des génes et des nanoparticules. Cependant, I'un des freins a l'utilisation clinique
des CPP est leur sensibilité a la dégradation par des protéases. Pour surmonter ce probléme,
différentes stratégies ont été élaborées, notamment la substitution des acides aminés
lévogyres par des dextrogyres, la cyclisation et la stabilisation de I'hélice par agrafage

peptidique (peptides agrafés ou stappled peptides).

Un second frein associé a l'administration systémique de médicaments par CPP est le
mangque de spécificité. Une méthode attrayante pour augmenter l'indice thérapeutique d'un
médicament consiste a délivrer spécifiquement la molécule thérapeutique sous sa forme
active non seulement dans le tissu ciblé, mais plus précisément dans la cellule ciblée et
encore plus précisément dans l'organite cellulaire. Cette thérapeutique intracellulaire
assurerait une efficacité «optimale ». Si I'on considére les chimiothérapies anticancéreuses,
un défi majeur est de délivrer des médicaments exclusivement aux cellules tumorales tout
en épargnant les cellules normales. Une sous-classe de peptides, les peptides pénétrant dans

la tumeur (TPP pour tumor penetrating peptide) peut étre utilisée pour augmenter
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I'administration de médicaments, d'agents d'imagerie et de nanoparticules dans les

tumeurs.

Pour cette thése nous avons utilisé 2 types de peptides combinés, chacun ayant une fonction
propre, d’ou le titre de peptide bi-fonctionnel. Nous décrirons successivement 1) les TPP
utilisés 2) les protéines cibles (PP2A et SET) du peptide interférant IP (IP pour interfering

peptide) et 3) la méthode dite PEPscan utilisée pour isolée I'IP en question.
Peptides pénétrants les tumeurs (TPP)

Les peptides pénétrant dans la tumeur sont définis par la présence du motif C-end rule
(CendR) avec le consensus R/KXXR/K (R-Arg ou K-Lys suivi de 2 acide aminés quelconques
puis a nouveau de R-Arg ou K-Lys). Ce motif doit étre démasqué en C-terminal pour
permettre la liaison au récepteur de pénétration cellulaire neuropilin-1 (NRP-1) (Teesalu et
al, 2009; Zanuy et al, 2013). NPR-1 est surexprimé dans le systéme vasculaire tumoral et
dans diverses cellules tumorales, y compris les cellules tumorales péritonéales, in vitro et in
vivo (Braun et al, 2016; Simon-Gracia et al, 2016; Sugahara et al, 2015b). La liaison du
peptide CendR a NRP-1 active une voie de transport qui ressemble a de la macropinocytose
mais qui en est différente mécanistiquement et qui entraine la distribution des charges utiles

profondément dans le parenchyme tumoral (Figure 7)(Pang et al, 2014).

Figure 7: Le peptide CendR déclenche un processus d’endocytose dépendant du NRP1 et qui ressemble a une
macropinocytose.

Microscopie électronique a
transmission. (a) Culture
pendant 16 h de cellules de la
lignée de cancer de prostate
PPC1 dans des milieux
complets, sans acide-aminé

(AA) ou sans glucose afin

d’augmenter la captation,

suivie par 'incubation avec des nanoparticules d’or recouvertes de peptide RPARPAR (R-Au) (points denses, 50
nm) pendant 30 min. (b) organites intracellulaires contenant du R-Au avec des caractéristiques d’endosome et
de corps multivésiculaire (MVB). (c) Dépendance NRP1 de I'endocytose CendR. Des cellules Hela, qui

n’expriment pas naturellement NRP1, ont été transfectées avec des plasmides exprimant le type sauvage (WT)

de NRP1, ou le mutant NRP1 DSEA (DSEA) ol la séquence d’interaction GIPC1/synectine est absence, ce qui
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bloque I'entrée de R-Au dans les cellules ont été incubées avec R-Au pendant 30 minutes avant la fixation. Barre

d’échelle, 200 nm. D’aprés Pang et al, 2014.

Le premier peptide pénétrant dans la tumeur, iRGD (internalizing RGD, séquence:
CRGDKGPDC), a été identifié par phage display in vivo sur des modéles de xénogreffes
métastatiques de cancer de la prostate chez la souris (Sugahara et al, 2009). L'iRGD péneétre

dans le tissu tumoral a I'aide d'un mécanisme en plusieurs étapes (Figure 8) :

(1) I'IRGD est recruté dans les vaisseaux tumoraux par l'interaction de son motif RGD
avec les intégrines avB3 et avB5 sur les cellules tumorales et les cellules
endothéliales tumorales ;

(2) Le peptide est ensuite scindé par une protéase liée a la tumeur ce qui expose en

position C-terminale le motif CendR actif, CRGDK;

(3) le fragment CRGDK de iRGD se lie ensuite a NRP-1 pour déclencher une cascade de

transcytose qui conduit a une pénétration profonde du peptide dans le tissu tumoral.

Il est important de noter que pour la pénétration tumorale, la cargaison n'a pas

besoin d'étre conjuguée a I'lRGD: le peptide augmente I'accumulation et la

pénétration des médicaments et des macromolécules co-administrés avec I'iRGD - un

phénoméne connu sous le nom d'effet de proximité (Sugahara et al, 2010).
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La surexpression des récepteurs iRGD (intégrines et NRP-1) dans les tissus malins et la
capacité de I'lRGD a pénétrer directement dans les tumeurs par voie non vasculaire
(Sugahara et al, 2009, 2010) rendent I'iRGD bien adapté a I'administration de précision. Dans
le modele de xénogreffe de cancer gastrique MKN-45P, I'lRGD administré par voie
intrapéritonéale a potentialisé la pénétration tumorale et I'activité anticancéreuse de la
doxorubicine libre co-administrée (Sugahara et al, 2015b). La co-administration d'iRGD a
augmenté l'accumulation intra-tumorale de doxorubicine d'environ 2,5 fois, alors qu'elle n'a
eu aucun effet sur les organes normaux. L'effet iRGD sur l'accumulation tumorale et la
pénétration de la doxorubicine était indépendante de la circulation, suggérant que les
tumeurs péritonéales petites et mal vascularisées sont directement ciblées (Sugahara et al,

2015a).

Une autre technologie tres prometteuse pour l'administration ciblée de tumeurs, en
particulier pour les charges utiles d'acide nucléique, est celle des nanoparticules de
liposomes cationiques guidés par des peptides. Ainsi, chez des souris porteuses d'une
carcinose péritonéale dérivée d'une tumeur gastrigue humaine MKN-45P, des liposomes
cationiques stabilisés par du polyéthylene glycol (PEG) avaient une certaine accumulation
dans la tumeur. Cependant, si cRGD et iRGD était ajoutés au PEG, la localisation et la
pénétration des nanoparticules était minimale dans les tissus sains et préférentielle dans les

nodules tumoraux (Wonder et al, 2018).

Ces dernieres années, plusieurs autres TPP ont été identifiés et validés pour une délivrance
tumorale de précision (Teesalu et al, 2013). Le peptide cyclique TT1 (séquence : CKRGARSTC)
a été identifié par biopanning de phage (Figure 9) sur la protéine purifiée p32 (Paasonen et
al, 2016). La protéine p32, également connue sous le nom de gC1gR ou protéine de liaison a
I'acide hyaluronique 1 (HABP1) est une protéine intracellulaire exprimée de maniere
aberrante a la surface des cellules tumorales activées, des cellules endothéliales
vasculaires/lymphatiques et des macrophages/cellules myéloides dans les zones hypoxiques
de la tumeur (Fogal et al, 2008). P32 a été validée comme ligand d'affinité de TT1 cyclique
dans différents modéles tumoraux, y compris dans les modeéles carcinose péritonéale avec
administration intra-péritonéale (Hunt et al, 2017; Sharma et al, 2017). Une variante de TT1
cyclique est le TT1 linéaire (« LinTT1 », séquence : AKRGARSTA) qui se lit a la protéine p32.
Un autre peptide, p32-ligand et identifié par phage display, est Lyp-1 (séquence:
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CGNKRTRGC) (Fogal et al, 2008, 2010; Laakkonen et al, 2002). Il a été montré que Lyp-1 avait
une activité antitumorale intrinséque dans un modele de tumeur mammaire chez la souris
(Laakkonen et al, 2004) et une accumulation dans des plaques athéroscléroses exprimant
p32 chez la souris (Laakkonen et al, 2004). Apres la liaison a p32, le motif CendR (KRGAR) des
peptides TT1 et LinTT1 est exposé par l'activateur de plasminogene de type urokinase
associé a la tumeur (uPA), ce qui déclenche la liaison a NRP-1 et favorise la pénétration

tumorale (Sharma et al, 2017) (Figure 8).
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D’apreés Lingasamy & Teesalu, 2021.

4.3 Serine/thréonine phosphatase PP2A

La protéine phosphatase PP2A est un acteur important dans de nombreuses fonctions
cellulaires (Figure 10). Elle contréle le métabolisme cellulaire en régulant l'activité des
enzymes impliquées dans la glycolyse, le métabolisme des lipides et la synthése des
catécholamines (Tung et al, 1985). Elle régule également divers processus biologiques tels
qgue le cycle cellulaire (via I'activation de la cdc2 kinase), la réplication, la transcription et la

traduction de I'ADN, la transduction du signal, la prolifération cellulaire, la dynamique du
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cytosquelette, la mobilité cellulaire et I'apoptose. Il a également été démontré qu'elle joue
un role dans la transformation cellulaire et le cancer (Alberts et al, 1993; Glenn & Eckhart,
1993; Ronne et al, 1991; Schonthal, 2001). Chez les eucaryotes, la séquence d'acides aminés
prédite établit un degré élevé de conservation de la séquence (78 a 93 %) de PP2A entre la
levure, la drosophile et les mammiféres (Orgad et al, 1990). PP2A est exprimée de maniéere
ubiquitaire et contribue a 1% des protéines cellulaires totales des cellules eucaryotes (Godet
et al, 2011). La majorité de l'activité des phosphatases solubles a phosphosérine et
phosphothréonine est catalysée par PP2A. PP2A est structurellement complexe et existe
sous deux formes différentes : une forme dimérique (Cohen, 1997) et une forme trimérique
(Mayer-Jaekel & Hemmings, 1994). La forme dimérique est connue sous le nom d'enzyme
centrale et est composée de 2 sous-unités : catalytique et de structure (ou sous-unités d’aide
a I'agencement spatial), tandis que la forme trimérique est un complexe holoenzyme actif
qui se compose de trois sous-unités : catalytique (PP2Ac), structurelle (PP2Aa) et sous-unités

régulatrices (PP2Ab) (Kamibayashi et al, 1994).

C est la sous-unité catalytique, A est la deuxieme sous-unité réglementaire ou structurelle et
B/B’/B”/B’”’ sont les troisiemes sous-unités variables, qui ne sont pas structurellement liées.
Chez les mammiféres, A et C sont encodés par deux genes (a et B); les sous-unités B/PR55
sont codées par quatre génes apparentés (a, B, y et 8); la famille B’/PR61 est codée par cing
génes apparentés (a, B, y, 6 et €), de qui donnent lieu a d’autres produits par épissage; la
famille B” contient probablement trois génes codant PR48, PR59 et les variantes d’épissage
PR72 et PR130; SG2NA et striatin comprend la famille de sous-unités B”’ (Janssens & Goris,

2001).
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que la sous-unité B appartient a 4 familles de protéines, chacune contenant de multiples isoformes. Dans une
cellule, il en résulte I'assemblage d’un pool hétérogéne d’holoenzymes hétérotrimériques PP2A qui régulent
collectivement les processus biologiques critiques souvent associés a la progression de la maladie. D’apreés

Brautigan et al, 2021.

La sous-unité catalytique de PP2A (PP2Ac) est globulaire, exprimée de maniére ubiquitaire
dans presque tous les tissus et elle est plus abondante dans le cceur et le cerveau. Le niveau
d'expression protéique de PP2Ac dans la cellule est régulé pour maintenir un niveau
constant (Baharians & Schonthal, 1998). La séquence d'acides aminés de PP2Ac (37 kDa) est
identique a 86 % chez I'homme et la levure et partage également 50 % de séquences
d'acides aminés avec PP1 et 40 % de séquences identiques avec PP2B. PP2Ac existe sous
deux isoformes Ca et CP. Ils sont codés par deux génes distincts composés chacun de sept
exons et de six introns. Les exons 2 a 6 participent a la liaison au substrat et a la catalyse,
tandis que les exons 1 et 7 aident a la régulation. Les deux isoformes sont constituées de 309
acides aminés et partagent une similarité de séquence de 97 %. L'isoforme Ca est
principalement exprimée dans la membrane plasmique et C3 dans le cytoplasme et le noyau.
Co est exprimé en plus grande abondance que CPB en raison de sa forte activité de
promoteur ainsi qu'en raison de différences dans le taux de renouvellement de I'ARNm

(Khew-Goodall & Hemmings, 1988).

L'extrémité C-terminale de PP2Ac est conservée de maniéere unique et se lie a la structure et
aux sous-unités régulatrices (PR61y). A I'extrémité N-terminale de PP2A, Ca et CP different
de huit acides aminés et ces acides aminés ne sont pas non plus conservés dans PP1 et PP2B,
suggérant que cette partie de la protéine pourrait ne pas jouer de role dans la catalyse
(Janssens & Goris, 2001). Malgré le partage de 97% de similarité, les souris knock-out
PP2Aca ne sont pas viables et meurent a 6,5 jour embryonnaire indiquant que PP2Acf3 est
incapable de se substituer a la perte de PP2Acq, soulignant la fonction non redondante de

Ca dans le développement embryonnaire et la gastrulation (Gotz et al, 1998).

PP2A est considéré comme un suppresseur de tumeur et on pense qu'elle est
fonctionnellement inactivée dans le cancer. Ainsi, l'inhibiteur de PP2A, I'acide okadaique,
lorsqu'il est injecté a des souris, provoque le développement de tumeurs (Nagao et al, 1995).

Un autre antigéne tumoral, I'antigene petit T du polyomavirus remplace la sous-unité B de
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PP2A et altere |'activité phosphatase de PP2A, conduisant a la transformation (Campbell et
al, 1995). Ces deux résultats ont établi le caractére suppresseur de tumeur de PP2A
(Janssens et al, 2005). Il a été démontré que la structure PP2A et la sous-unité régulatrice
étaient mutées ou exprimées de maniere aberrantes dans de nombreux types de cancer.
Une mutation dans PR650/Aa a été trouvée dans le carcinome pulmonaire et le mélanome
(Calin et al, 2000) et une mutation PR65B/Af a été observée dans le cancer du célon et du
poumon (Wang et al, 1998). Outre le cancer du poumon et du cblon, une perte de fonction
des sous-unités de structure a également été observée dans les cancers du sein, de la peau,
du col de I'utérus et de I'ovaire. La mutagenése de Glu64 en Asp/Gly a perturbé la capacité
de liaison de PR650/Ac. a PR56/B’ (Ruediger et al, 2001). Une mutation faux-sens PR653/AB
a été détectée dans les cancers du poumon et du célon (Wang et al, 1998). Récemment, des
mutations du géne PPP2R1A de la sous-unité régulatrice du cancer de l'ovaire ont été
identifiées. La mutation des sous-unités régulatrices a montré une capacité de liaison
défectueuse des sous-unités B, B’, indiquant une fonction de suppression tumorale réduite
de PP2A dans le cancer de l'ovaire (Jones et al, 2010). Fait intéressant, dans 43% des
tumeurs cérébrales (gliobastome, oligodendrogliome et oligodendroglime anaplasiques), le
niveau de Aa était réduit d’au moins 10 fois. Par comparaison, les niveaux des sous-unités
Ba et Ca étaient généralement normaux. Ces tumeurs avaient une diminution de
I'expression de PP2A, enzyme centrale et holoenzyme, et des niveaux élevés de sous-unité C

catalytique non régulée (Colella et al, 2001).

Dans les cellules HEK293, une réduction de 50% des niveaux de PP2A-Ao. entraine une
réduction de I'holoenzyme PP2A-B’y et une augmentation de la formation de tumeurs chez
les souris immunodéficientes en raison de |'activation de la voie Akt (Chen et al, 2005).
Comme Akt, la GTPase RalA participe a la transcription, a la migration, au transport a
I'apoptose et a la prolifération cellulaire. Il a été découvert que PP2A-AP se lie et régule
I'activité de RalA. La transformation associée au knockdown ou a la perte de PP2A-Af} a
montré une hyperphosphorylation de RalA (Sablina et al, 2007). Trois variantes d'épissage de
PP2A-AP} dues au saut de gene ont été observées dans la leucémie lymphoide chronique a
cellules B (B-CLL). Ces variants d'épissage étaient incapables d'assembler les sous-unités C et
B et ont entrainé une perte d'activité PP2A (Kalla et al, 2007). Dans le cancer du sein, il y a

une altération dans PP2A-AB. Plus récemment, Nagendra et coll. ont confirmé une
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fréquence élevée de la mutation PP2A-Aa dans 32 % des carcinomes séreux utérins. A |'aide
d'un séquencage a haut débit, des mutations ont été trouvés dans la lignée cellulaire de
carcinome séreux ACI-158, une mutation dans un carcinome séreux primitif ainsi qu'une

mutation dans le cancer de I'endométre peu différencié (Nagendra et al, 2012).

Comme la sous-unité de structure, la sous-unité régulatrice de PP2A (principalement B55 et
B56) a également été mutée dans de nombreux types de cancers. Chez les patients atteints
de leucémie myéloide aigué (LAM), I'expression de PP2AB55a s'est avérée inférieure a la
normale. Comme mentionné précédemment, B55a0 déphosphoryle Akt. Lorsque B55a est
supprimé, cela conduit a une activation cohérente d'Akt et une prolifération accrue (Ruvolo

etal, 2011).
PP2A et CHC

PP2A a été étudiée dans le CHC et il existe de nombreux arguments concordants qui étayent
I’hypothese du role délétére de I'inhibition de la PP2A dans I'apparition et le développement
des CHC. Ainsi, Yang et coll. ont montré que I'expression de la sous-unité catalytique PPP2Ca.
était significativement plus élevée dans les CHC que dans les tissus non cancéreux et qu’elle
était associée a une survie globale plus courte. Selon cette étude, PPP2Ca pourrait etre un

marqueur diagnostique et pronostique du CHC (Yang et al, 2021).

La perte de la fructose 1-6 biphosphonate aldolase B (Aldob) conduit a une régulation
paradoxale du métabolisme du glucose qui favorise la cancérogenése du CHC (Figure 11), via
des événements de signalisation en amont qui restent mal définis. La voie Akt est fortement
activée dans le CHC. Or Aldob supprime I'activité d’Akt et la croissance tumorale grace a un
complexe protéique contenant Aldob, Akt et PP2A. Ce complexe conduit a une inhibition de
la viabilité cellulaire, de la progression du cycle cellulaire, de I'absorption du glucose et du
métabolisme. La perte d’Aldob ou la perturbation de I'interaction Aldob/Akt dans le mutant
Aldob R304A restaurait I'activité Akt et ses effets pro-tumoraux. L’inhibition d’Akt ou
I"utilisation d’un activateur de PP2A (SMAP pour small-molecule activator of PP2A) diminuait
la tumorigénése dans un modele de souris xénogreffées. Au total, Aldob aurait un role non
enzymatique dans la régulation négative de l'activation d’Akt et l'inhibition directe de
I'activité d’Akt par la réactivation de PP2A pourrait etre une approche thérapeutique

potentielle pour le traitement des CHC (He et al, 2020).
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substrat/phosphatase. Dans les cellules cancéreuses déficientes en Aldob, la régulation a la baisse d'Aldob libére
sa régulation négative de l'activité Akt, conduisant a l'activation constitutive de la signalisation oncogénique
Akt, ce qui facilite la progression du cycle cellulaire et augmente la consommation de glucose et le flux
meétabolique vers la glycolyse et le cycle glycolysisand TCA pour la prolifération des cellules cancéreuses et la
tumorigenese. Cibler I'Akt hyperactif en inhibant directement I'activité de I'Akt ou en réactivant I'activité de la
phosphatase PP2A peut étre une approche thérapeutique pour traiter les cancers humains déficients en Aldob.
Les fléches en gras représentent la régulation a la hausse des événements de signalisation indiqués en réponse
a l'absence d'Aldob. Aldob : aldolase B; DHAP : dihydroxyacétone phosphate; GSK3f3 : glycogéne synthase kinase
38; HK : hexokinase; mTORC2 : cible mécanistique du complexe rapamycine 2 ; p-Akt : Akt phosphorylé; PDK1 :
kinase 1 dépendante de |'ositide phosphoine ; PP2A : protéine phosphatase 2A; SMAP : petit activateur de PP2A
; Cycle TCA : cycle acide tricarboxylique. D’apreés He et al, 2020.

Comme autre argument en faveur du réle de PP2A dans 'apparition des CHC nous citerons
les fait que les souris dépourvues de la sous-unité B56delta (Ppp2r5d) de PP2A développent
spontanément des CHC (Lambrecht et al, 2020). Egalement, I'acide okadaique est un
inhibiteur de PP2A et un agent pro-tumoral (Nagao et al, 1995). L'administration de cet acide
okadaique a des cellules Hep3B et HepG2 favorisait I'expression de facteurs clefs de la
transition épithélio-mésenchymateuse (EMT epithelial-mesenchymal transition). Ce résultat
suggérait que l'inhibition de l'activité de PP2A favoriserait le potentiel métastatique des

cellules de CHC (Kong et al, 2021).
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Dans une étude clinico-biologique, Gong et coll. ont montré que I'expression élevée de
PP2Ac était significativement associée a la positivité des antigenes de I’hépatite B (HBs et
HBe), a la cirrhose du foie, au degré de différenciation, au stade avancé et a la récidive
précoce de la maladie. L'analyse multivariée a révélé qu’une valeur élevée de PP2Ac dans le
tissu tumoral était un facteur de mauvais pronostique indépendant pour la survie globale
(Gong et al, 2016). Linhibition de PP2Ac par un ARN interférant de petite taille a
considérablement limité la prolifération cellulaire in vitro, la formation de colonies, la
migration et l'invasion et a réduit la croissance tumorale dans un modele de souris
xénogreffe. En revanche, la surexpression de PP2Ac a favorisé la prolifération des cellules de
CHC, la formation de colonies et la tumorigenése. L’analyse du profil d’expression génétique
a montré que la régulation descendante de PP2Ac modulait I'expression de nombreux géenes
impliqués dans le cycle cellulaire et la régulation de I'apoptose. Inversement, la régulation
ascendante de PP2Ac avait un impact défavorable sur la survie globale des patients atteints

de CHC et contribuait a I'agressivité de CHC.

A I'hbpital Paul Brousse de Villejuif, Thiery et coll en 1999, avaient développé les lignées
cellulaires de CHC du rat (HR-2, HR-3 et HR-4) et testé un inhibiteur spécifique et faible de
PP2A, I'endothall. Ils avaient montré la plus grande sensibilité a I'’endothall des lignées
cellulaires de CHC par rapport a des cellules de cancer colique du rat (DHK/K12 et HT-29). lls
montraient également que I'endothall était responsable d’une cytostase en phase G2/M du
cycle cellulaire, dépendante de la dose et du temps, avant mort cellulaire par apoptose

(Thiéry et al, 1999).
4.4 Oncoprotéine SET

SET est une oncoprotéine multifonctionnelle qui est impliquée dans de nombreux processus
cellulaires (Figure 12). Elle est également connue sous le nom de facteur d'activation de
matrice-l1 B (TAF-I B) ou inhibiteur 2 de la protéine phosphatase 2A (I2PP2A) ou putative
histocompatibility leukocyte antigen class ll-associated protein Il (PHAPII). SET a été
identifiée pour la premiére fois comme le géne de fusion set-can chez un patient atteint de
leucémie aigué indifférenciée en 1992 (von Lindern et al, 1992; Adachi et al, 1994). L'étude
de ce gene de fusion a dévoilé le lien entre SET et le cancer et un sous-ensemble de ces

études a démontré que SET joue un réle important dans la tumorigenése et les métastases.

32/163



SET est exprimée de maniere ubiquitaire dans de nombreux types de tissus humains,
notamment les reins, le foie, le cerveau, la rate, les poumons, le cceur et le systéme
gonadique (Nagata et al, 1998). En raison de son réle dans les fonctions cellulaires, sa
dérégulation, en particulier sa surexpression, contribue au développement de diverses
maladies dont la maladie d'Alzheimer, le syndrome des ovaires polykystiques et différents
types de cancer (Arif et al, 2014; Madeira et al, 2005; Yu et al, 2013; Jiang et al, 2017;
Switzer et al, 2011). Dans ce contexte nous nous focaliserons sur ses implications dans

I’'apparition des maladies cancéreuses.

De nombreuses preuves ont démontré une régulation a la hausse de I'oncoprotéine SET dans
différents types de cancer et son association a de mauvais résultats cliniques. La
surexpression de la protéine SET dans les cellules hématopoiétiques entraine toujours des
tumeurs malignes. Par exemple, dans la leucémie myéloide chronique (LMC), la protéine SET
est surexprimée et davantage dérégulée pendant la crise blastique (Neviani et al, 2005). Un
phénoméne similaire a été observé dans la leucémie lymphoide chronique (LLC), le
lymphome non hodgkinien et la leucémie myéloide aigué au niveau de I'ARNm et des
protéines. Dans le méme temps, I'augmentation des taux de protéines SET était corrélée a
de moins bons résultats cliniques (Christensen et al, 2011a; Cristobal et al, 2012). Des études
sur des échantillons de tumeurs de patients atteints de CHC, de cancer du pancréas et de
cancer colorectal métastatique ont vérifié que la surexpression de SET était spécifique a la
tumeur et contribuait a la progression tumorale (Farrell et al, 2014; Hung et al, 2016;
Cristobal et al, 2015). Janghorban et coll., ont découvert qu'environ 50 % des lignées
cellulaires de cancer du sein présentaient une surexpression de SET (Janghorban et al, 2014).
Inversement, le déficit en SET a significativement altéré le potentiel tumorigéne des lignées
cellulaires du cancer du sein. SET a également été signalée comme étant régulée
positivement au niveau de I'ARNm et des protéines pour le carcinome épidermoide de la
téte et du cou, le choriocarcinome, la tumeur de Wilm, les tumeurs cérébrales malignes, le
sarcome alvéolaire des parties molles, le carcinome gastrique, le carcinome testiculaire, le
cancer du sein, du poumon, du foie, du célon et de la prostate. Ces données indiquent que
I'oncoprotéine SET joue un role fondamental dans la tumorigenese (Janghorban et al, 2014;
Saddoughi et al, 2013; Sobral et al, 2014; Carlson et al, 1998). SET joue également un role

dans la résistance thérapeutigue aux médicaments (Hung et al, 2016).
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SET est donc une cible thérapeutique pour améliorer les traitements anticancéreux actuels.
Plusieurs antagonistes de SET ont été développés et largement évalués pour le traitement du
cancer. Le FTY720 (fingolimod) est un analogue de la sphingosine utilisé comme
immunosuppresseur chez les patients atteints de sclérose en plaques (Cohen et al, 2010). Le
FTY720 peut réactiver PP2A en perturbant les interactions SET-PP2Ac, entrainant une
activité anticancéreuse significative. L'effet anticancéreux du FTY720 a été démontré dans
de nombreuses tumeurs malignes hématologiques et solides (Saddoughi et al, 2013; Zhang
et al, 2013; Li et al, 2018; Pippa et al, 2014; Ishitsuka et al, 2014; Neviani et al, 2007;
Cristébal et al, 2014; Yang et al, 2012; Arriazu et al, 2020). Le traitement FTY720 inhibe
également la transition épithélio-mésenchymateuse (EMT) en affectant la signalisation
SET/PP2A/c-Myc/NDRG1/Snail et restaure la sensibilité aux traitements standard tels que le
cisplatine dans les cellules cancéreuses du poumon ou l'imatinib dans les cellules de LMC
porteuses de mutations résistantes (Enjoji et al, 2015; Oaks & Ogretmen, 2014). Le COG112
est un peptide spécifique pénétrant dans les cellules. Il a été concu en fusionnant un
domaine de transduction protéique dérivé de la protéine antennapedia de Drosophila au
peptide COG133 qui est un peptide mimétique créé a partir des résidus d'acides aminés 133-
149 de I'holoprotéine Apolipoprotéine E (apoE) (Li et al, 2006). COG112 inhibe la réponse
inflammatoire dans un modele de colite inflammatoire par suppression de la signalisation
NF-kB et de I'expression des cytokines pro-inflammatoires (Singh et al, 2011). Christensen et
al ont découvert que COG112 était capable de se lier a SET exprimée dans les cellules
immunitaires (Christensen et al, 2011b; Li et al, 2006). L'interaction Le COG112-SET inhibe la
formation du complexe SET/PP2Ac, augmentant ainsi les niveaux d'activité cellulaire de
PP2A et NM23H1. COG112 peut également empécher la formation du complexe Racl1-SET
entrainant l'inhibition de la migration et de I'invasion (Ghosal et al, 2013; Singh et al, 2008,
2011). OP449, dérivé du peptide COG112, interagit également avec SET et antagonise
I'inhibition de PP2A par SET. OP449 non seulement réduit efficacement l'inhibition de PP2A
par SET, mais possede également des propriétés cytotoxiques sélectives pour les cellules
leucémiques (Farrell et al, 2014; Janghorban et al, 2014). D'autres études ont confirmé que
I'antagonisme de SET en utilisant OP449 améliore de maniére synergique l'efficacité des
inhibiteurs de tyrosine kinase et surmonte la résistance aux médicaments dans les tumeurs

malignes par un traitement combiné (Galiger et al, 2022; Richard et al, 2016).
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Figure 12: Fonctions
physiologiques de SET
et de ses interactions
protéiques.

L’oncoprotéine SET
participe a de multiples
processus cellulaires, y
compris la migration
cellulaire, le cycle
cellulaire, I'apoptose,
la transcription des

geénes et la réparation

de I'ADN. La protéine
SET régule les fonctions d’un sous-ensemble de protéines qui sont impliquées dans chaque processus. Les
protéines interagissant avec SET sont indiquées. Les lignes noires représentent une interaction directe entre SET
et les protéines, tandis que les lignes de points représentent une interaction inconnue ou indirecte. D’aprés

Bayarkhangai et al, 2018.

45 PEPscan pour identification du site d’interaction entre deux

protéines

Les puces a peptides sont constituées de différentes séquences peptidiques, immobilisées
sur un support solide et qui sont analysées en termes de spots associés a un signal. Elles ont
un large éventail d'applications en recherche fondamentale et appliquée. Leur utilisation
differe selon le choix de la méthode de synthése peptidique, du support solide, de la
méthode d'immobilisation, de la taille des peptides, de la densité de peptides sur le support
solide et de la méthode de détection. La technique la plus largement utilisée pour générer
des puces peptidiques est la synthése SPOT. Cette technique est basée sur la chimie Fmoc en
phase solide pour synthétiser des peptides sur un support membranaire, qui est
généralement de la nitrocellulose (Frank, 2002; Gausepohl et al, 1992; Luu et al, 1996). Les
matrices de peptides sont analysées pour révéler les spots positifs. Les méthodes de
révélation les plus courantes sont la chimiluminescence, la colorimétrie et la fluorescence.
Les puces a peptides offrent de nombreuses possibilités pour analyser différentes voies de

signalisation entre des conditions normales et pathologiques (Katz et al, 2011). Elles ont été
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utilisées pour la cartographie des épitopes d'anticorps (Frank & Overwin, 1996),
I'identification du site de liaison entre I'IL-10 et son récepteur (Reineke et al, 1998),
I'identification des épitopes des cellules T et B (Adler et al, 1994) ou la conception de

peptides adhésifs cellulaires (Askoxylakis et al, 2005; Kato et al, 2006), etc...

Le PEPscan (Figure 13) est une classe particuliére de puces peptidiques qui a été développée
pour identifier, au sein de la séquence d'une protéine d'intérét (Geysen et al, 1984), les
régions qui interagissent avec un liant connu. Son principe est de découper une protéine ou
un fragment de protéine, en une série de peptides de taille fixe. Chaque fragment est testé
pour sa liaison a la protéine, peptide ou petite molécule partenaire. La taille la plus courante
des peptides pour un PEPscan varie de 4 a 20 acides aminés, avec une plage de
chevauchement de 1 a 10 acides aminés. L'une des premiéres applications du PEPscan a été
I'identification d'épitopes reconnus par des anticorps monoclonaux (Scott & Smith, 1990).
Plus récemment, le PEPscan a suscité un intérét pour la modulation des interactions
protéine-protéine, avec plusieurs résultats montrant son efficacité pour identifier des
peptides capables d'interférer avec les interactions protéine-protéine (Bruzzoni-Giovanelli et
al, 2018). Une approche similaire trés récente concerne l'interférence entre LRRK2 et PP1
dans le cadre de la maladie de Parkinson (Dong et al, 2020). D’autres peptides interférants
ont été identifiés en utilisant la technique du PEPscan (Andrini et al, 2020; Bergna et al,
2019; Rebollo et al, 2021, 2022; Simon-Gracia et al, 2022). Au-dela, on pourrait également se
demander si l'utilisation du PEPscan pourrait étre étendue pour cartographier les
interactions des protéines avec d'autres types de partenaires que les protéines, y compris,

par exemple, les petites molécules ou les peptides.

Figure 13: Schéma des étapes d’un

e Papade 1 Automated spot Cellulose membrane
J——; synthesis ° o e o e « PEPscan
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protein
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Anti-protein Ab .
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de nitrocellulose, afin de tester leur
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capacité a se lier a la protéine d’interét purifiée. Les points de fixation sont révélés par un anticorps (Ab)
antiprotéine d’interét lui-meme révélé par un Ab secondaire marqué. Les spots qui apparaissent correspondent

aux candidats IP dont on connait la séquence en AA. D’aprés Bruzzoni-Giovanelli et al, 2018.
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5 Résultats

5.1 Article 1: Bifunctional therapeutic peptides for targeting malignant B
cells and hepatocytes: proof of concept in chronic Lymphocytic
leukemia.

Simon-Gracia L*, Savier E*, Parizot C, Brossas JY, Loisel S, Teesalu T, Conti F, Charlotte F, Scatton O,

Aoudjehane L and Rebollo A. *The two first authors equally contributed to this work.
Advanced Therapeutic. 2020. DOI:10.1002/adtp.202000131.

Introduction

Les interactions protéines-protéines peuvent étre vues comme des cibles thérapeutiques.
Par conséquent les peptides interférant (IP pour interfering peptide) qui bloquent ces
interactions voient croitre leur intérét dans le développement des traitements
anticancéreux. Notre laboratoire a décrit un IP qui bloque I'interaction entre PP2A et SET
(Tian et al, 2018a). PP2A est impliquée dans de nombreuses régulations cellulaires dont le
contréle de la prolifération (Janssens & Rebollo, 2012). Or PP2A est naturellement inhibée
par SET et SET est surexprimée dans de nombreuses cellules tumorales. Dissocier
I'interaction entre PP2A/SET peut aboutir a une restauration de I’activité de PP2A et rétablir
une sensibilité a la chimiothérapie (Haesen et al, 2014). Pour faire pénétrer I'lP dans la
cellule, le laboratoire a validé une combinaison de 2 peptides : un peptide de pénétration
cellulaire (CPP pour cell penetrating peptide) couplé a I'IP (Zhang et al, 2018). Cette
combinaison avait un effet antitumoral présent mais modeste (Tian et al, 2018a). En 2013,
Teesalu et coll. ont décrit une sous-classe de peptide pénétrant les tumeurs (TPP pour tumor
penetrating peptide) dont la particularité est de s’internaliser spécifiqguement dans les
cellules tumorales (Teesalu et al, 2013). Les TPP sont définis par la présence du motif suivant
en C terminal : R/KxxR/K ol x est un acide aminé quelconque. Ce motif appelé « CendR »
autorise une fixation au récepteur neuropilin-1 (NRP-1) (Braun et al, 2016), qui est
surexprimé a la surface des cellules tumorales (Sugahara et al, 2015a). Un IP a été associé a
I'un des 4 TPP suivant : iRGD, RPARPAR, TT1 linéaire (LinTT1) et TT1 cyclique (TT1), créant
ainsi 4 nouveaux peptides bi-fonctionnels capables de bloquer I'interaction intracellulaire

PP2A/SET.
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But du travail

Tester ces 4 peptides bi-fonctionnels TPP-IP et 1 peptide bi-fonctionnel CPP-IP in vitro sur
des cellules malignes B et les hépatocytes tumoraux et in vivo sur un modeéle murin de

xénogreffe de leucémie lymphoide chronique (LLC).
Matériel et méthode

Les cellules tumorales étaient obtenues a partir du sang de donneur sain ou atteint de LLC.
Les hépatocytes normaux a partir de la plateforme ICAN et les hépatocytes tumoraux a partir

d’échantillons de pieces opératoires, prélevés au laboratoire d’anatomie-pathologique.

Apres culture cellulaire de 3 ou 4h avec des peptides fluorescents marqués au FITC,
I'internalisation des peptides était mesurée par cytométrie en flux en simple (peptide-FITC)
ou double marquage (anticorps anti-CD19 pour marquer les lymphocytes ou arginase pour

marquer les hépatocytes). L'internalisation était visualisée par microscopie en fluorescence.

L'apoptose était mesurée par cytométrie en flux apres culture cellulaire en présence des

peptides et d’annexine V marquée au FITC pendant 12h.

La dégradation des peptides dans du sérum humain a 37°C était mesurée sur 24h par

spectrométrie en masse.

Le modele de xénogreffe comportait des souris immunodéficiences CB-17 SCID qui
recevaient par voie intraveineuse 2,5 x 10° cellules de LLC Jok5.3. Le traitement par iRGD-IP
ou Mut3DPT se faisait par injections intrapéritonéales de 20 mg/kg, a partir de j3 et durant 5

jours consécutifs pendant 4 semaines (n=7).

Les toxicités rénale, hépatique et métabolique ont été comparées chez des souris femelles
BALB/c par dosage de la créatinine, de I’ALAT et du glucose 24h aprés injection d’'une dose

de 20 mg/kg de TT1-IP ou de NaCl 0.9%.
Résultats

Les TTP (iRGD, LinTT1, TT1 et RPARPAR) pouvaient pénétrer 10 a 60 fois plus dans les cellules
B des patients souffrants d’une leucémie lymphoide chronique (LLC) que dans les cellules B

de donneurs sains et 40 a 80 fois plus dans les hépatocytes tumoraux que dans les
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hépatocytes sains. L'internalisation du CPP (Mut3DPT) était comparable que les cellules (B
ou hépatocyte) soient tumorales ou pas. L’association d’un IP n’affectait pas la pénétration
des TTP-IP dans les cellules B de LLC. Les cellules B de LLC exprimaient fortement les
récepteurs NRP-1, p32 et lintegrin v/B3. Aprés association d’un IP, l'internalisation de
RPAPAR-IP et LinTT1-IP dans les hépatocytes tumoraux étaient satisfaisante mais faible pour
iRGD-IP. Les hépatocytes tumoraux avaient une expression élevée en p32 et moindre pour
NRP-1 et I'integrin v/B3. En microscopie a fluorescence, I'internalisation des peptides étaient
uniquement cytoplasmique, similaires pour les cellules B malignes mais inhomogéne pour les
hépatocytes tumoraux (faible pour iRGD-IP). L'internalisation était minime dans les cellules B
ou hépatocytes normaux. Tous les peptides bi-fonctionnels induisaient une apoptose dans
les cellules B de LLC. Pour les hépatocytes tumoraux, |'effet apoptotique était présent pour
RPARPAR-IP, LinTT1-IP, TT1-IP et faible pour iRDG-IP. Aucun TPP-IP n’induisait d’apoptose
chez les cellules saines. Mut3DPT-S2 (CPP-IP) induisait également une apoptose, moindre
qgue pour TPP-IP dans les cellules tumorales et faiblement présente dans les cellules saines.
Les peptides bi-fonctionnels iRGD-IP, RPAR-IP, et TT1-IP étaient faiblement dégradées aprés
24 h d’incubation dans du sérum humain et le moins stables était RPARPAR-IP (-25% en 24h).
L'iRGD-IP augmentait significativement la survie dans un modéle de xénogreffe de LLC.

Aucun symptdme de toxicité n’a été détecté.
Conclusion

Ces résultats suggéraient que les peptides bi-fonctionnels peuvent avoir une application

thérapeutique en ciblant I'interaction PP2A/SET spécifiquement dans les cellules tumorales.

40/163



PDF 1: Bifunctional therapeutic peptides for targeting malignant B cells and hepatocytes: proof of concept in chronic Lymphocytic le ukemia.
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1. Introduction
Protein—pratein interactions are well recognized as therapeutic targets and

therefore interfering peptides (IP) that block these interactions are receiving
increasing attention. Four different tumor-penetrating peptides (TPPs) (iRGD,

Tumor penetrating peptides (TPPs) are a
subclass of tumor targeting peptides that
specifically recognize, bind, and internal-

RPARPAR, Linear TT1 (LinTT1), and cyclic TT1 (TT1)) are associated to an IP ize into tumor cells/1? TPP are defined by
that blocks the interaction between the protein phosphatase PP2A and its the presence of the C-end rule (CendR) mo-
binding protein SET, generating new bifunctional peptides able to Hf with the consensus R/KXXR/K (X any
intracellularly target the PP2ZA/SET interaction in malignant B cells and amino acid)l™*l This position-dependent

motf must be C-terminally exposed to al-

turmoral hepatocytes. The TPPs are able to penetrate into B cells of patients o ;

) ) ) ) ) low the binding to the receptor neuropiin-
suffering chronic lymphocytic leukemia (CLL) and into tumoral hepatocytes 1 (NRP-1)/5) NRP-1 is overexpressed in the
but not into B cells from healthy donors and healthy hepatocytes. The tumor vasculature and in a variety of ma-
association of cargo does not affect the penetration of the TPPs in CLL B cells. lignant cells in vitro and in vive!® Bind-
All the bifunctional peptides induce apoptoss in human CLL B cells and ing of the Cend R peptide to NRP-1 activates

intracellular transport pathway that is reg-
ulated by nutrient availability resulting in
the tumor-specific extravasation and distri-

tumoral hepatocytes, and stability tests reveal that iRGD-IP, RPARPAR-IP, and
TT1-IP are stable after 24 h incubation in human serum. The iRGD associated

with the IP significantly increases the survival of mice bearing xenograft bution of the payload into the tumor. It has
models of CLL without any symptom of texicity, suggesting that the been shown that NRP-1 is specifically ex-
bifunctional peptides may have a therapeutic application for selective tumoral pressed in B cells from chronic lymphocytic
' v ' L ' i i 171
targeting of PP2ZA/SET interaction, which & deregulated in several cancers, leukemia (CLL) patients!” The RPARPAR
q q isa prototypic CendR peptide that binds to
induding CLL. . L .
and internalizes into cells expressing NRP-
1 and is able to cause vascular leakage
and increase tumor extravasation.® {RGD
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(internalizing RGD, with sequence CRGDKGPDC) is a TPP
that was identified by in vivo peptide phage display/®! This TPP
is recruited to the tumor vessels by interaction with integrins!*!
(v 3, @51, and a11bg3) through the RGD motif, andafter thatis

deaved by tumor-associated proteases to expose the CendR motif

to allow interaction with NRP-1, triggering the extravasation and
penetration of iIRGD together with the cargo in the tumor tissue,
RGD has been widely used to increase the penetration of anti-
cancer drugs and nanotherapeutics in several tumor models!' 12!
and in 2018 iRGD entered a clinical trial on targeted drug deliv-
ery of madministered Gemeitabine and Abraxane to metastatic
pancreatic ductal carcinoma lesions |ClinicalTrials gov identifier:
NCTO3517176).

Similar to iRGD, TT1 peptide (sequence CKRGARSTC) is
a cyclic TPP that contains a cryptic CendR motf TT1 was
identified by phage display by cell-free biopanning on recom-
binant p32/gClqR protein (p32). TT1 binds first to p32/Y7
a mitochondrial chaperone expressed on the cell surface of
malignant cells."™"* TT1 is cleaved by proteases expressed
in tumor, exposing the CendR motif that can then bind to
NRP-1. The linear version of TT1, LinTT1 (sequence AKR-
GARSTA) also binds te p32 protein and follows the same
tumor internalization mechanism than TT1, but with the
advantage of its easier synthesis and cargo coupling. LinTT1
has been used as a TPP for guiding therapeutic and imaging
nanoparticles and has showed enhanced therapeutic efficacy
in experimental treatments of glioblastoma, peritoneal carci-
nomatosis and breast tumors!™® Finally, in recent years, other
TPP have been described and walidated for precision tumor
delivery.131718)

Proteinfproteins interactions (PPIs) are well recognized as
promising therapeutic targets.!"™ Given their physicochemical
characteristics, interfering peptides (I Ps) that modulate PPIs are
better suited than small molecules to interfere with the large
surface interactions in PPIs/* There is increasing evidence
for the capacity of IPs to modify several cellular processes
and support the notion that they would have a significant
potential to become therapeutic tools. Progresses on peptide
administration, stability, biodelivery, ADEM properties, and
safety have encouraged the resurgence interest in peptide drug
development.[*# [Ps represents a new and exciting class of

Prof. T. Teesalu

Center for Nanomedicine

Univers ity ef California

Santa Barbara CA 93106, USA

Dr. F. Canti

Department of Medical Liver Transplantation
AP-HP

Pitié-Salpétriere

Paris 75013, France

Dr. F. Charlotte

Department of Anatomophatoloty, AP-HP
Pitié-Salpbtriere Hes pital

Paris 75013, France

Dr. A. Rebollo

Inserrm LNZ67, CNRSIJMR 8258, Faculté de Pharmacie
Paris 75006, France

E-mail: angelita.rebollo@parisdescartes. fr

Adw Therap. 2020, 2000131

2000131 (2 of 12)

www.advtherap.com

Table 1. Sequence of the peptides used in this work. Ahx = aminochexanoic
acid linker.

Peptide 1D Sequence
IRGD FIT C-Ahx- CRGDKCPDC-COMH , (C—Cdisulfide bond)
RPARPAR FITC-Abs-RPARPAR-OH
LinTT1 FITC-Ahx-AK RGARS TA-CONH,
T FITC-Ahx- CKRGARST CCOMH,, (C—C disulfide band)
Muti DPT FITC-Abs-W KKK KIKAEIK]
VEKEEIEAEIKI
IP (interfering peptide)  FITC-Ahe-ETVTLLVALKVRYRERIT
ETVTLIVALEVRYRERIT
iRCO-IP FITC -A b -ETVTLLVALKVRYRERIT-A hw CRGDKC PO C-
COMNH, (C—C disulfide
bond)
ETWTLIVALKY RYRERIT-Ab CRC DKGPDC-CONH, (C—C
disulfide band)
RPARPAR- 1P FITC -Ahx-ETVT LLVALKYRY RERIT-Ahx-R PARFAR-OH
ETWTLIVALKYRYRERIT-Abu-R PARPA R-OH
LinTT1-IP FITC
-Ah-ETVT LLVALKYRY RERIT-Ahs-A KRGARSTA-CONH .,
ETWTLIVALKYRYRERIT-Ab A KRGARSTA-COMH,
TT1-IP FITC
-Ah-ETVT LIVALKYRY RERIT-Ahx-CKRGARST - COMH,
(C—C disulfide bond)
ETWTLLVALKVRYRERIT-4hx ZKRGARSTC-COMH 2 IE=C
disulfide bond)
Muti DPT-52 FITC -Ahe-ETVTLIVALEY RYRERIT-Akx & KKKEIKAEIKI

ETVTLLVALKVRYRERI T-&hx-v KKKKIKAEIKI

drug candidates for inhibition of intracellular PPIs. Using the
PEP scan approach, we have identified the binding site among
different PPls involved in tumoral transformation.*?4 In
addition, we have preclinically validated a cell-penetrating
and interfering peptide, which enters in dinical trials
Phase 112

SET is a multitask protein critically involved in the initiation
and progression of cancer. Its overexpression is a recurrent and
clinically relevant event in many malignant diseases and plays
critical role in the development of therapeutic resistance.[#5
SET affects the function of its interacting protein PP2A (protein
phosphatase 24), to induce tumor phenotype. The antitumoral
PP2A isacrucial phosphatase involved in the control of cell prolif-
eration and malignant transformation.**! Targeting and disrupt-
ing PP2AJSET interaction would resultin arecovered PP2A activ-
ity. Recent data showed that antagonizing SET restores sensitivity
to chemotherapies in previously resistant models!*! We have re-
cently validated a cell-penetrating and interfering peptide target-
ing PP2A/SET interaction that induces apoptesis of tumoral cell
lines and primary tumoral B cells in vitro and shows moderate
antitumoral activity in mice bearing xenograft models of CLL.I#
This pathology offers the possbility to validate the tumor speci-
ficity of a given compound comparing primary B cells isolated
from CLL patients and healthy denors. In addition, xenograft
models of CLL are available and well characterized in the
literature[##

i 2020 Wiley-VCH Gm bH
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Figure 1. Sdediveinternalization of TPPs in primary malignant and healthy B cdls and hepatocytes. TPPinternalization in A) B cdls from CLL patients,
B) B cells fram healthy donors, D) wumaral hepatocytes, and E) healthy hepatocytes. Tumeoral or healthy cells isolated from patients were incubated 4 h
with 25 % 10°® m of FITC-labeled TPPs. The mean fluorescence intensity was detected by flow cytom etry and com pared to untreated cells {C untr) or cells
treated with the |P without shuttle. The cell-penetrating peptide Mut3DPT was used as pesitive control, C) Ratio of TPP internalization between tumoral
and healthy B cells. F) Ratio of TPP internalization between tumoral and healthy hepatocytes. The experiments were done in three to nine different
patientsamples. Error bars = +5EM. The internalization of TPPs in malignant cells was significantly higherthan in healthy cells {P* 0.007) except for the
Mut3DPT in malignant and healthy B cells (P =0.3). Pvalues for the internalization of TPPs in malignant cells are shown in the table in the supporting
information. For the statistical analysis, oneway analysis of variance ANOVA and Fishers leastsignificant difference (L5SD) testwas perfermed using

the software StatSoft Statistica.

Here, we describe the designand invitrovalidation in primary
cells of new chimeric peptides composed of TPPs associated with
an interfering peptide blocking PP2AJSET interaction. We also
tested the stability in human serum of these peptides, their in
vivo eficacy in experimental therapy of CLL, and their in vivo
toxicity.

2. Results

2.1. Selective Internalization of TPPs into Malignant and Normal
B Cells and Hepatocytes

We evaluated whether the TPPs iRGD, LinTT1, RPARPAR
and TT1 (see peptide sequence in Table 1) internalized into
malignant and healthy primary B cells and hepatocytes in
vitro. Cells were incubated with 25 x 10° m of FITC-labeled
peptides for 4 h and peptide internalization was analyzed
by flow cytometry. As a positive control, we used the shut-
tle Mut3DPT (sequence in Table 1), a nentumor-specific
cell-penetrating peptide (CPP). As a negative control, we
used the interfering peptide (IP) without shuttle or untreated
cella,

Figure 1A shows that all TPPs selectively penetrated into
B cells from CLL patients and not in healthy B cells (Fig-
ure 1B). TPPs were internalized in B cells from CLL pa-
tients between 10- and 60-fold more than in healthy cells,
being iRGD and RPARPAR the peptides with highest in-
ternalization into CLL B cells {more than 45-fold respect
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healthy B cells) (Figure 1C). The four TPPs also internalized
preferentially in primary malignant hepatocytes  (between
40 and 80 fold more in tumoral than healthy hepatocytes)
(Figure 1D-F). These results demonstrate the selective pen-
etration of TPPs into both primary malignant B cells and
hepatocytes.

2.2 Impact of a Cargo on the Intemalization of the TPPs into
Primary B Cells

We analyzed the effect of a cargo, the IP, on the cell internal-
ization properties of the TPPs. Taking advantage of the fad that
we have mapped the binding site of the serine /threonine phos-
phatase PP2A to its physiological inhibitor, the oncoprotein SET,
we have assodated this IP to the four TPPs previously described
to generate bifunctional peptides (T PP-1Ps). The sequences of the
TPP-1Ps are shown in Table 1.

The cell internalization of the TPP-1Ps was analyzed by flow
cytometry. Figure 2A shows that the new generated TPPsIP
were internalized in malignant B cells (isolated from CLL pa-
tents) cultured for 4 h with 25 x 10° M of each peptide and
were not internalized in healthy B cells (Figure 2B). As a positive
control of internalization, we used Mut3DPT associated with the
same [P (Mut3DPT-52, sequence shown in Table 1). Figure 2C
shows that the TPP-1Ps penetrated between 20 and 60 fold more
in malignant B cells than in healthy B cells. As TPPs recog-
nize specific receptors on the cell surface (NRP-1 for RPARPAR,
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Figure 2. Impact of the asseciation ofa carge on the internalization of TPPs inte malignantand healthy B cells. Internalization of A) TPP-1Ps in malignant
or B) healthy B cells. B cells were treated with the FITC-labeled TPP-IPs for 4 h at a coneentration of 25 % 106 m. Fluorescence intensity was detected
by flow cytometry and compared to untreated cells ( untr) or cells treated with an |Pwithout shuttle. Mut3DPT-52 was used as positive control of
internalization. C) Ratio of TPP-IP internalization between tumaoral and healthy B cells. Expression of TPP receptors in D) tumoral or E) healthy B cells. B
cells were stained with antibod ies against NRP-1, p32, and integrinv/#3, followed by an APC-labeled secondary antibody. Sam ples were analyzed by flow
cytorm etry. Secondary antim ouse or antirabbit antibodies were used as control. The experiments were done in three to seven different patient sam ples.
Representative results from the different patients are shown. Error bars = £5EM. The internalization of TPP-IPs in malignant B cells was significantly
higher than in healthy B cells (P0.007). Pvalues for the internalization of TPP-Psin malignant cells are shown in the table in the Supperting Inform ation.

For thestatistical analysis, oneavay analysis ofvariance ANOWA and Fisher's L5D testwas performed using the software StatSoft Statistica.

integrinv/ i3 for iRGDand p32 for TT1 and LinTT1), we analyzed
whether malignant B cells expressed these receptors. As shown
in Figure 2D, tumoral B cells expressed integrin v/§#3, p32, and
NRP-1, whereas healthy B cells do not express these receptors
(Figure 2E).

Next, we study the percentage of B cells that internalized the
bifunctional TPP-1Ps. We labeled malignant and healthy B cells
with CD19 antibody, a marker for B cells, and analyzed by flow
ortometry the percentage of CD194 cells that internalized the
peptide (FITC+) (Figure 3A,B). Figure 3C shows that almost all
of the malignant B cells isolated from CLL patients internalized
the TPP-IPs. In contrast, no CD194+/FITC+ double labeling
was observed for healthy B cells (Figure 3D). As expected,
the IP alone was not internalized by malignant nor healthy B
cells.

23. Impact ofa Cargo on the Internalization ofthe TPPs into
Primary Hepatocytes

We analyzed the impact ofthe cargo onthe internalization of the
TPPs in primary healthy and malignant hepatocytes. As shown
in Figure 4A, RPARPAR-IP and LinTT1-IP were well internal-
ized into tumoral hepatocytes while the level of internalization
of TT1-1P was lower, and iRGD-1P showed avery weak internal-
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ization. None of the TPP-IPs penetrated into healthy primary
hepatocytes (Figure 4B). Untreated cells or cells incubated with
the IP were used as negative controls. As a postive control,
healthy hepatocytes were treated with Mut3DPT-52. The ratio of
penetration of the peptides in tumoral hepatocytes versus healthy
hepatocytes is shown in Figure 4C, revealing that RPARPAR-IP
internalized around 10 fold more in malignant hepatocytes. Fig-
ure 4D shows that malignant hepatocytes had high expression
of p32 and moderate expression of integrin v/#3 and NRP-1
(Figure 4D).

We then analyzed the percentage of tumoral and healthy hepa-
tocytes (arginase positive cells) that internalizedthe TPP-IPs (Fig-
ure 5A,B). We observed that more than 80% of tumoral hepa-
tocytes internalized RPARPAR-IP, LinTT1-IP, and TT1-IP and
less than 50% of tumoral hepatocytes internalize iIRGD-IP (Fig-
ure 5C). Independently of the peptide treatment, only traces of
arginase+/FITC+ cells were detected in healthy hepatocytes (Fig-
ure 5D).

2.4. Intracellular Localization of the TPP-IPs
To confirm the flow cytometry results and to visualize the

intracellular distribution of the TPP-1Ps, we treated malignant
and healthy primary B cells and hepatocytes with FITC-labeled
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Figure 3. Analysis ofthe percentage of B cells internalizing the TPP-IPs. Flow cytometry analysis ofA) the malignant or B) healthy B cells internalizing
the TPP-IPs (FITC+) and expressing CD19 (CD19+, B cell marker). B cells were treated for 4 hwith 25 x 10° m of FITC-labeled TPP-IPs. Representative
results from the different patients are shown. Representation ofthe percentage of C) tumoral or D) healthy B cells (CD19+) positive for FITC analyzed
by flow cytometry. Untreated cells (C untr) or cells treated with the IP were used as negative control. The experiments were done in four different
patient samples. Error bars = +SEM. The %CD 19+/FITC+ in malignant B cdls was significantly higher than in healthy B cells (P ©0.001). P values for
the %6CD19+/FITC+ in malignant celk are shown in the table in the Supporting Information. For the statistical analysis, one-way analysis of variance
ANOVA and Fisher's LSD test was performed using the software StatSoft Statistica.
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Figure4. Impact oftheassodiation ofa cargo on theinternalization ofTPPs into tumoral and healthy hepatocytes. Internalization ofTPP-IPs in A) tumoral
or B) healthy hepatocytes. Hepatocytes were treated with the FITC-labeled TPP-1Ps for 4 h ata concentration of 25 x 10° m. Fluorescence intens ity was
detected by flow cytometry and compared to untreated cells (C untr.) or cells treated with an IPwithout shuttle. C) Ratio of TPP-IPinternalization betw een
tumoral and healthy hepatocytes. D) Expression of TPP receptors in tumoral hepatocytes. Hepatocytes were stained with antibodies against NRP-1, p32,
and integrinv/f3, followed by an APC-secondary antibody. Sam ples were analyzed by fl ow cytometry. Secondary antim ouse or antirabbit antibodies were
used as control. The experiments were done in 3-7 different patient samples. Representative results from the different patients are shown. Error bars =
+SEM. The internalization of TPP-IPs in malignant hepatocytes was significantly higher than in healthy cells (P ©0.001). P values for the internalization
of TPP-IPs in malignant cells are shown in the table in the Supporting Information. For the statistical analys is, one-way analysis of variance ANOVA and
Fisher's LSD test was performed using the software StatSoft Statistica.
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Figure5. Analysis of percentage of hepatocytes internalizing the TPP-IPs. Flow cytometry analysis ofthe A) tumoral or B) healthy hepatocytes internaliz-
ing the TPP-IPs (FITC+) and expressing arginase {arginase+, hepatocyte marker). Hepatocytes were treated for 4 hwith 25 % 10 m of FITC-labeled TPP-
IPs. Representative results from the different patients are shown. Representation ofthe percentage of C) tumoral or D) healthy hepatocytes {arginase+)
positive for FITC analyzed by flow eytometry. Untreated cells {C untr.) were used as negative control. The experiments were done in 3-5 different patient
samples. Error bars = +SEM. The %Arginase+/FITC+ in malignant hepatocytes was significantly higher than in healthy cells (P 0.001). P values for
the %5Arginase+/FITC+ in malignantcells are shown in the table in the Supporting Information. For the statistical analys is, one-way analysis ofvariance
ANOYA and Fisher's LSD testwas performed using the software StatSoft Statistica.

peptides and analyzed the distribution by fluorescence mi-
croscopy upon 3 h of inaibation with 25 x 10°% m of each
peptide. In malignant B cells, the staining pattern was similar
among the different peptides, with the fluorescence located
in the eytoplasm and exduded from the nudeus (Figure 6A).
We did not detect or very low fluorescence in the healthy B
cells. RPARPAR-IP, LinTT1-1P, and TTI1-IP penetrated into
tumoral hepatocytes and the internal zation of iRGD-1P peptide
was weak (Figure 6B), extending the result obtained by flow
atometry. Only traces of TPP-1Ps were detected in healthy
hepatocytes. Taken together, these results strongly suggest that
we have seledted tumor-specific penetrating peptides that are not
affected by the addition of a cargo, an IP blocking the interaction
PP2A/SET.

15. Apoptotic Effect of the Bifunctional Peptides on Malignant
Primary Cells

We have previously shown that the IP blocking the interaction
PP2AJSET, when associated with the CPP Mut3DPT, had an in
vitro apoptotic effect as well as moderated antitumoral effect
in vivo. We were interested in analyzing whether the specific
tumoral-targeting would increase the apoptotic effect of the
IP in primary cells. We observed that the TPP-IPs exerted an

Adw Therap. 2020, 2000131

2000131 (6 of 12)

apoptotic effect on malignant B cells (Figure 7A) but not on
healthy primary B cells (Figure 7B). It is interesting to notice
that in our previous publication, to reach the same level of
apoptosis when using the CPP Mut3DPT-52, we incubated cells
for 24 h with the peptide, compared to 12 h incubation used
here.

We also analyzed the apoptotic effect ofthe TPP-1Ps onhealthy
and malignant primary hepatocytes. RPARPAR-IP, LinTT1-IP,
and TT1-IP induced strong level of apoptosis on tumoral hepa-
tocytes after 12 h. However, in the case of iRG D-1P only a modest
effect on apoptesis was observed, in accordance with the low level
of penetration on tumoral hepatocytes (Figure 7C). Mut3DPT-52
induced lower level of apoptosis than the TPP-1Ps in both ma-
lignant B cells and hepatocytes. When tested in healthy primary
hepatocytes, the TPP-1Ps had not effect on apoptosis (Figure 7D).
Our results showed that our TPP-1Ps have tumor-specific apop-
totic effect.

2.6. Resistance of the New Generated Peptides to Protease
Degradation
We analyzed the stability of the peptides in human serum upon

incubation at 37 °C for different periods of ime. The resistance to
proteases degradation was analyzed by mass spectrometry (MS).

i 2020 Wiley-VCH Gm bH
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Figure 6. Intracellular localization of TPP-IPs. Fluorescence microscopy images ofA) malignant or healthy B cdls and B) tumoral or healthy hepatocytes.
Cellswere treated for 3 hwith 25x 10° m ofthe FITC-labeled TPP-1Ps and attached by cytospin centrifugation to a coverslipand analyzed by fluorescence

microscopy. Green = TTP-IPs (FITC), blue = nudei (DAPI).

We did not detect significant degradation of iRGD-1P, TT1-1P and
RPARPAR-IP (Figure 8) upon 24 h of incubation, contrarily to

LinTT1-1P, that was less stable, recovering only around 25% of

the total peptide after 24 h of incubation. Taken together, our re-
sults suggest that we have designed, developed, and in vitro val-
idated new tumor-targeted therapeutic peptides compatible with
clinical development.

2.7. Antitumoral Effect of the Chimeric Peptides on Human
Xenograft Models of CLL

The in vivo efficacy of iRGD-IP was evaluated in a mouse
model of CLL using the cell line Jok5.3. For the experimental
treatment, we chose the iRGD-IP peptide for several reasons:
i) iRGD showed high internalization in CLL B cells compared
with healthy B cells, ii) iRGD-IP showed the highest stability in
human serum, and iii) iRGD is in clinically development for the
treatment of pancreatic cancer. In a previous work, we showed
the anticancer efficacy of the CPP-1P (Mut3DPT-S2) in the CLL
model.[#] Treatment of CLL-bearing mice with Mut3DPT-S2

Adv Therap. 2020, 2000131

using 20 mg kg' of peptide, 5 d per week yielded a moderate
survival benefit, extending the survival to 20 d, while the survival
of control group was 18 d (Figure 9A, panel constructed from
previously published data).'’)
effect on the survival rate, we performed an experimental treat-
ment with iRGD-IP using the previous dose. The mice treated
with iRGD-1P showed a significant survival benefit (p < 0.05),
compared with control mice treated with vehide (NaCl) or the
shuttle Mut3DPT. Nontreated control mice died afier 20 d of
disease manifested with CNS paralysis, a common symptom
due to the infiltration of leukemic cells into CNS, while medium
survival extended to 29 d in iRGD-IP treated mice (Figure 9B).
No significant changes on body weight were observed in all
treated groups compared to the control group (Figure 9C,D).
The weight loss observed at day 14 in Figure 9C and day 18
in Figure 9D is due to the development of Jok5.3 symptoms
of the disease. Therefore, no treatment-related effects on body
weight were detected. Immunocompetent Balbjc mice were
injected with 20 mg Kg? of iRGD-IP or Mut3DPT-S2 and after
24 h, the plasma was collected to evaluate the liver and renal
toxicity. The peptides did not show any significant changes in the

To evaluate the tumor-targeting

2000131 (7 of 12) © 2020 Wiley-VCH GmbH
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Figure 7. Cell apoptesis induced by the TPP-IPs. Apoptosis of A) malignant or B) healthy B cells and C) tumeral or D) healthy hepatocytes induced by
TPP-IPs. Cells were treated for 12 h with 25 % 10% m ofthe TPP-IPs and apoptosis was tested by annexinV-FITC staining. Untreated cells (C untr.) or
cells treated with an |Pwere used as negative control, and Mut3 DPT-52 peptide was used as pos itive control. The experiments were done in two to three
different patient samples. Error bars = £5EM. The % of apoptesis of malignant cells was significantly higher than in healthy cells (P *0.001) except for
the Mut3DPT (P> 0.05). Pvalues for the % of apoptosis in malignant cells are shown in the table in the Supperting Information. For the statistical
analysis, oneway analysis of variance ANCOWVA and Fisher's LSD test was performed using the software StatSeft Statistica.
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Figure 8. Stability of the TPP-IPs in human serum. Representation of the
peptide intensity with time. Peptides were incubated at 37 °C in human
serumn for different periods oftime and their integrity was analyzed by MS.

Every measurementwas performed in triplicate. A.L. = arbitrary units. Er-
ror bars = +£5EM.

level of glucose (Figure 9E), creatinine (Figure 9F), and alanine
aminotransferase (ALAT) (Figure 9G), compared to control mice,
suggesting thatare not toxic at the dose used.

3. Discussion
During recent decades, a number of therapeutic approaches have
been explored to specifically target tumoral cells, avoiding the

side effects of chemotherapy. Consequently, IPs capable of inter-
fering with PPIs are receiving increasing attention.!®!Several IPs

Adw Therap. 2020, 2000131
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have beenvalidated invivo, some are in dinical development, and
some are already in the market.?"

PP2A is known to be frequently altered in cancer!?3132
Tumor suppressor function of PP2A makes it an interesting
target for novel anticancer therapies.! 2 The oncoprotein SET
is a physiological inhibitor of PP2A and it acts by forming a
complex with catalytic PP2A subunit.| ™ Therefore, many efforts
trying to restore PP2A activity have focused on interfering
PP2ZAJSET interaction.™ Elevated expression of SET has
been linked to cell transformation, particularly in hematological
malignancies.'! Using PEP scan approach, we have previ-
ously identified the binding site between PP2A and SET. This
sequence was associated with a CPP in order to generate a
bi-functional peptide able to penetrate into cells and dissociate
PPZAJSET interacton. This peptide has an apoptotic effect
on tumor cell lines, as well as anttumoral effect on xenograft
models of CLL!¥! Wehypothesized that the addition of a tumor
homing/penetrating module to the IP would increase its anti-
cancer efficacy and therapeutic index. Compared toother tumoral
targeting ligands, such as antibodies, peptides offer several ad-
vantages, induding small size, low toxidty, low manufaduring
cost and low immunogenicty. Here we generated chimeric
TPP-IP peptides that possess anticancer activity in vitro and in
vivo,

All four TPPs studied here, iIRGD, RPARPAR, LinTT1, and
TT1, showed high cell penetration due to their interaction with
the primary and secondary TPP receptors overexpressed on
the surface of primary malignant B cells and hepatocytes. The
fusion in MN-terminal of the cargo (the IP blocking PP2AJSET

i 2020 Wiley-VCH Gm bH
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Figure 9. iRGD-IP has an in vivo antitumoral activity in human xenograft modes of CLL A) SCID mice were intravenously (IV) inoculated with 2.5 =
16° JokS.3 cells in the tail and treated 3 days after injection with 20 mg kg' of Mut3DPT-52 peptide 5 d per week. Control mice were injected with
MNaCl. Survival of the animals was monitored over time N = 7. Cumulative survival ofthe group treated with Mut3DPT.52 was significantly higher
than contral group (P < 0.05). (Constructed from published datal®!1). B) S5CID mice xenografts were generated as above and injected with the shuttle
peptide Mut3DPT or theiRGD-IPat 20 mg Kg'! 5 d perweek. Contral micewere injected with NaCl. Survival ofthe animals was followed as above N =7.
Cumulative survival of the grou p treated with iIRGD-| Pwas significantly higher than contrelgroup and group treated with Mut3-DPT (P< 0.05). Statistical
comparisons between groups were performed using factorial analysis of variance ANCVA. MNorm ality and hom ogeneity were evaluated by Shapiro-Wilk
test. C) Average of the body weightwith time in control mice or mice treated with Mut3DPT-52. D) Average of the body weightwith time in mice treated
with iRGD-P of Mut3DPT. M = 7. Error bars = £5EM. E-G) Levels of E) glucose, F) creatinine and G) ALAT inthe plasma of immunocompetent Balbfc
mice treated with 20 mg Kg' of IRGD-IP, Mut2DPT-52 or saline. N = 3. Error bars = +5EM. The gluccse and enzyme's values were not significantly
different between the different treatment groups (P> 0.05). Pvalues are shown in the table in the supporting information. For the statistical analysis,

onesway analsis of variance ANCYA and Fisher's LSD testwas performed using the software StatSoft Statistica.

interaction), to the TPPs did not affect the internalization of
RPARPAR, LinTT1, and TT1 peptides in tumoral cells. However,
the addition of 1P decreased the cell penetration of iRGD, es-
pecially in tumeoral hepatocytes. This result suggests a decrease
in the ability of the iRGD to bind to its receptors on the cell
surface, possibly due to a steric hindrance or different folding
process by the addition of the cargo. However, this modification
does not have a negative impact on the resistance to protease
degradation of the iRGD-IP since it showed the highest sta-
bility in serum. In tumoral hepatocytes, the decrease of the
iRGD-IP uptake was higher than in tumoral B cells, probably
due to a lower expression of the iRGD receptors (integrin
vif3 and NRP-1) in tumoral hepatocytes than in tumoral B
cells,

The TPP-IPs showed high level of apoptosis when com-
pared to the control shuttle, Mut3DPT, associated with the
same IP. Compared with previous data, the TPP-IPs needed
shorter ime to produce the same apoptosis level than the IP
associated with the Mut3DPT, which is not a tumor-specific
peptide. The high penetration of TPP-IP is translated into
high apoptotic effect mediated by the associated IP and to the
specific tumoral penetration, avoiding loss of active product
penetration in healthy cells. More importantly, the 1P associa ted

Ady Themp. 2020, 2000131
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with iRGD showed an enhanced antitumoral effect in xenograft
model of CLL, compared to the same IP associated with the
MutiDPT.

It has been shown that the in vive tumor homing of iRGD-
targeted nanopartides was higher than RPARPAR-targeted
nanoparticles in gastric tumeor models in mice!’" Tumor pen-
etration of iRGD is the result of a multistep mechanism. First,
itis recruited to av-integrins on tumor endothelium, fibroblasts,
and tumor cells and after proteolytic cleavage it binds to NRP-
1, triggering the tumor penetration. This mechanism renders its
high selectivity towards tumor cells expressing both av-integrins
and NRP-1 receptors.

LinTT1 and TT1 are not limited to vascular docking sites
but have access to extended tumor extravascular space?! The
receptor of LinTT1 and TT1, p32 protein, is expressed in the
mitochondria of normal cells but it is aberrantly expressed on
the surface of tumor cells.™"% Following similar multistep
mechanism than iRGD, LinTT1 and TT1 bind to NRP-1 after
proteolytic cleavage"*"¥ In our hands, LinTT1 and TT1 as-
sociated with the 1P showed the same penetration properties
while TT1 as a better profile of stability to proteases degradation,
suggesting that TT1 is better candidate for further dinical
development. It has been shown that to enhance the drug
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penetration in tumor the drug does not need to be coupled to
the TPP, being possible a coadministration of the TPP with the
therapeutic agent. This has been shown for iRGD coadmin-
istrated with doxorubicin, and other reports have also shown
that coadministration of unconjugated TPPs could improve the
penetration of nanomedicines inte tumor tissues 1 The side
effects of the doxorubicin were diminished by reduction of the
drug’s dose. Therelore, the TPP can be used to enhance the
activity of the anticancer drugs and to reduce the side effects.
Similar approach has been used by conjugating RPARPAR to
lipesomal doxorbicin te improve transport efficiency in tumor
tissues. ¥

Taken together, we report a selective approach with potential
use in cancer therapy. Our study has important implications for
thedesign of clinically relevant therapeutic approach for selective
inhibition of PP2AJSET interaction in tumor cells. Although in
this work we have only tested the in vivo anticancer eflicacy ofthe
IRGD-IP, next studies will focus on testing the invivo thera peutic
effect of the other TPP-IPs

4, Conclusion

In this study, we describe the design and in vitro and in vive
validation of new tumoral-addressed chimeric peptides for selec-
tive inhibition of PP2A/SET interaction in chronic lymphocytic
leukemia and liver cancer. The peptides used in this study, as well
as the approach, might have a clinical application in malignant
transformations.

5. Experimental Section

Peptides:  Peptides were synthesized in an autormated multiple pep-
tide synthesizer with solid phase procedure and standard Fmoc chemn-
istry by GL Biopchem (Shanghai, China) or Smart Biosdences (Saint
Egreve, France). The purity and compaosition of the peptides were con-
firmed by reverse phase high per formance liquid chromatography (HPLC)
and by mass s pectrometry (M5). In some cases, the peptides were synthe-
sized with the flucrochrome fluorescein isothiecyanate (FITC) at the N-
terminus. For cell internalization studies, the FITC-labeled peptides were
used. Forthe apoptosis assays and experimental treatments, the unlabeled
peptides were used. The sequences of all peptides are shown in Table 1.
The peptides Mut3DPT or Mut3DPT-52 wereused as positive contral.

Isolation and Culwire of Pamary B Cells: Fresh blood from healthy
donors (HD) was obtained from Etablissement Francgais du Sang. CLL pa-
tient sam ples were obtained from the Department of Hematology of the
Hospital Saint Louis upon approval ofthe project by Ministry of Higher
Education and Research (CODECOH DC-2018-3261) and sighed informed
consent of the patients according to the French law of using human sam-
ples. All the metheds were performed in accordance with the guidelines
and regulations of French law. Peripheral blood mononuclear cells (PBMC)
fram HD and CLL patients were preparted by Ficoll gradient centrifugation,
as previously deseribed.[?2] Cells were maintained in RPMI 1640 supple-
mented with 10% of fetal calfserum (FCS, Eurabio, Courtaboeuf France),
1% nonessential amino adds, 196 Hepes, 19 sodium pyruvate, and 1%
glutamine. The selection of B cells was made using anti-CD19 antibody
(Irvitrogen).

Isolation and Culture of Pimary Human Hepatocytes:  Liver lissuesam-
ples were obtained from resected human liver of patierts with primary
or secondary liver tumors or benign local liver diseases. Primary human
hepatocyteswere isolated using the Hurm an Hep Cell platform (IHU - CAN,
Paris, France, http:/ [wwwican-institute.org/category/plateformes) as pre-
viously deseribed [*/] Ethical approval for the isclation of human hepato-
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cytes was granted by the Persons Protection Committee (CPP lle de France
) and by the French Ministyy ef Health (N*: COL 2929 and COL 2930).

Hepatocytes were isolated using an established two-step-perfusion pro-
tecol with Collagenase.

First, the tissue was rinsed with prewarmed (37 *C) caldum-free buffer
supplemented with 5 mmeol L' ethylene glycol tetraacetic acid (Sigma,
Saint-Quentin Fallavier, France). Then, the liver sample was perfused
with redreculating perfusion solution containing 5mg mL"! collagenase
{Sigma) at 37°C. Afterwards, the tissue was transferred into a Petri dish
containing Wash Medium (Lifetechnelogies, Villeban sur Yvette, France).
Tissue was disrupted mechanically by shaking and using tweezers to dis-
rupt cdls fram the remaining extracellular matrix structures. Cellular sus-
pension was filtered through a gauze-lined funnel. Cells were collected
at low speed centrifugation. The supernatant was removed and pelleed
hepatocytes were resuspended in Hepatooyte Wash Medium. Cell viabil-
ity was determined by trypan blue exclusion test. Freshly isolated nor-
mal or steatotic hepatocytes were suspended in Williams' medium E (Life
Technologies) containing 10% FCS (Eurcbio, Courtaboeuf France) 1%
penicillin-streptomycin and insulin. Then, the cells were seeded in 12-
well plates precoated with type | collagen and incubated at 37 “Cin 5%
CO, overnight. Medium was replaced with fresh complete hepatocyte
medium supplemented with 1 gmol L hydrocortisone hemisucdnate
(SERE, Paris, France) and cells were left in this medium until incubation
with peptides.

Tumaoral human hepatocytes were isolated from tumeral liver sam-
ples collected from adult patients undergoing surgery. Samples were
cut in small pieces and treated with 4 mL of dispase (10 mg
mLVin PSA buffer: MaCl 8 g L7, KC02g L7, glueose 1gL°T, NaH CO,0.35
gL' phenclred 1 mLL")and 2 mL of collagenase type | (5 mg mL" in
PSA buffer). Samples were incubated at 37 *C under agitation for a maxi-
mumaf 1hand then, the solution was filered and passed through needles
of different diameter size. The volume was completed up to 50 mL with
culture medium and centrifuged at 900 rpm for 5 min. Supernatant was
discarded and cells cultured in DMEM medium supplemented with FCS
{10%) and antibiotics until treatmentw ith peptides.

Quantification of Cellubar tmtemalization:  Primary human B cells or
hepatocytes were seeded on 24well plate and incubated for 4 hwith FITC-
labeled peptides. After treatment, cells were harvested and washed twice
with PBS to remave the free peptides and resuspended in 200 ul of PBS.
FITC fluorescence intensity of internalized peptides was measured by fl ow
oytometry on a FACSCanto 1| as previously des cribed! ] (Beckton Dickin-
son). Data were analyzed with FACSDiva 6.1.3 software (DB Biosciences).
Untreated cells were used as control. Fer detection ofthe cdl surface TPPs
receptars, anti-p32 (ThermoFisher), anti-NRP-1 {in house generated arnti-
body), and integrin v/ 83 {Abcam) antibodies were used. For the hepato-
oyte labeling, anti-arginase (Invitrogen) antibody was used following cell
permeabilization. Cells were immunostained following the manufacture's
protocol,

Visualzation of the Peptide Internalization by Fluorescence microscopy:
For intracellular localization of FITC-labeled peptides, human primary B
cells or hepatocytes were seeded in an eightawell plate Labtek (Thermo
Fischer). Cells were treated with 25 % 10° m FITC-hbeled peptides for
3 h, washed three times with PBES and fued with 4% of formaldehyde
for 15 min at room temperature. B cells were attached to a cover slip
by eptospin centrifugation. Samples were washed twice with PBS and
mounted in mounting buffer containing DAPI as described.®] Images
were captured with a fluerescence microscopy (Olympus Japan) using
40x magnification objective.

Detection of Apoptosis by Annesn-V Staining. The apoptosis induction
of the different TPP-IPs was analyzed by flow cytometry on cells labeled
with annexin V-FITC staining (Biosdences, Fisher Scientific). Prim ary cells
were treated with 25 % 10° m of peptides for 12 h. After the treatment,
cells were harvested, washed, and treated according to the manufacturer's
protocel. The level of apoptosis was measured by flow cytometry (FACS
Canto Il, BD Biosciences, Mew |ersey, LJSA).

Analysis of Peptide Stability in Human Serum:  Peptides were incubated
at37°Cin 250 gL of human serum for different periods of time. Samples
were collected and peptide degradation stopped by freezing. Peptides
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were extracted from samples using the Proteo Miner Protein Enrichment
System (Bio-Rad). Percentage of intact peptide was estimated by matri-
assisted laser desorptionfionizationtime of flight (MALDI-TOF) mass
spectrometry using the protocol previously described! 1 {Bruker & utoflex
I} according to the manufacturer's instructions. Measurements were
petfarmed in triplicate. M5 data were analyzed using the software Cliprot
tools, Felx analysis, Bruker.

Animals and In Vivo Experimental Therapy Studies.  The 6-8 weeks old
SCID CB-17 mice (fermale, 20-23 g) were purchased from Charles River
Laboratories (L'Arbresle, France). All mice were maintained under condi-
tions and protocols in accordance with the Directive 2010/63/UE of the
Coundl of Eurcpe on Animal Wefare The studies (number authorization
22312_20191007 19342404 and 5220-201604281 7212864) were approved
by the French Ethics Committee for animal experimentation number 74
and all experiments were conducted follewing the guidelines of the afore-
mentioned committee,

Balb/ec mice (8—12 week ald fermale) were breaded at the Institute of
Biomedicine and Translational Medicine University of Tartu. Animal ex-
periment protecols were approved by the Estonian Ministry of Agriculture
{project no. 48). All methods were performed in accordance with existing
guidelines and regulations.

CLL Jok5.3 cells (2.5 % 10%) were injected in 100 wL of NaCl 0.9% into
the tail vein of SCID mice. Mice (7 mice per group) were injected with
saline, Mut3 DPT, or iIRGD-IP intraperitoneally (IP) after 3 d of cell trans-
phntation and for five consecutive days during 4 weeks. The peptide dese
used per injection was 20 mg Kg'. Micewere monitored daily for the pres-
ence of hindleg paralysis and in thatcase sacrificed.

Measurement of Toxcobgical Parameters:  Healthy fernale Balb/c mice
were injected intraperitoneally with 20 mg Kg' of peptides (200 ul) or
saline (control) and after 24 h, mice were anesthetized and 500 ul of
blood was collected by retreorbital bleeding into lithium heparin tubes
(BD Vacutainer, REF: 368 494). The samples were centrifuged for 10 min
at 1800 g at 4°C and the plasma was analyzed for the concentration of glu-
cose, creatinine, and activity of alanine aminotransferase (ALAT), using a
Cobas 6000 T-MW (Roche Diagnestics Gmbh) machine and reagents for
creatinine CREP2 (REF 03263991) and for ALAT ALTLP (REF 044673 83).

Statistical Analysis:  For invitrodata, Pvaluewas calculated performing
one-way analysis of variance ANCVA and Fisher's least significant differ-
ence (LSD) test. The sofiware StatSoft Statistica was used for the analysis.
The obtained data were not processed before the statistical analysis. The
bars inthe graphs represents the standard error mean (+5EM). Thesam-
ple size (M) was between 2 and 9 and it is described in the caption of
the figures. For in vivo data, statistical comparisons between groups were
performed using factorial analysis of variance ANOWA. M orm ality and he-
mogeneity were evaluated by Shapiro-Wilk test and the data were found
valid. The sample size for the in vivo experiments was N = 7.
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penetrating peptide in Tumor targeting as new therapeutic

approach.
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Introduction

Les peptides ont de multiples applications en pharmacologie et en médecine (Wang et al,
2022) . U'intérét des peptides bi-fonctionnel est de combiner 2 cibles spécifiques : d’'une part
un récepteur exprimé majoritairement sur les cellules tumorales et d’autre part
I’'administration d’un peptide interférant qui va bloquer I'interaction entre 2 protéines d’'une
voie métabolique dérégulée dans ces cellules tumorales. Nous avons testé ces peptides bi-
fonctionnels sur un cancer solide fréquent et plutdét chimiorésistant: le carcinome
hépatocellulaire (CHC). Le CHC représente 75%-80% des tumeurs primitive du foie et
I’'hépatocyte est considérée comme la cellule a I'origine de cette tumeur. Le CHC sur foie sain
est rare. Au contraire, le CHC sur hépatopathie chronique représente le 6™ cancer dans le
monde, est responsable de +850 000 nouveaux cas / an et 810 000 morts / an (Sung et al,
2021). Sans rentrer dans les détails, déja exposés en introduction de cette thése, nous
rappellerons que la CHC est une tumeur hétérogene au sein d’un massif tumoral, que son
traitement doit tenir compte de [|’hépatopathie sous-jacente, qu’il est volontiers
chimiorésistant et qu’il a une aptitude aux envahissements vasculaires (Llovet et al, 2021).
L'utilisation de peptides thérapeutiques dans le CHC a déja été testée et les résultats ont
permis d’ouvrir des perspectives (Jin et al, 2018; Liu et al, 2016; Nambotin et al, 2011; Wang
et al, 2016a, 2016b, 2018; Zan et al, 2019; Zhao et al, 2018). L'originalité de notre travail
réside dans [l'utilisation de peptide bi-fonctionnel, avec des TPP et sur les cellules

hépatocytaires provenant de CHC humains.
Matériel et méthodes

Les peptides bi-fonctionnels comprenaient 4 TPP (RPARPAR, LinTT1, TT1, iRDG) et 1 IP dirigé

contre l'interaction entre les protéines PP2A et SET (Tian et al, 2018b).

54/163



Les patients informés signaient un consentement et I’échantillon était prélevé au laboratoire
d’anatomie-pathologie puis préparé a I'état frais pour isolation des cellules tumorales. Les

hépatocytes normaux ont été obtenues a partir de la plateforme ICAN.

Les cellules mises en cultures en présence de peptides fluorescents pendant 4h étaient
ensuite examinées par cytométrie en flux. Le marquage a l'arginase permettait d’identifier

les cellules comme hépatocytaire.

L’analyse de la conformation des peptides a été faite par modélisation in silico et comparée
a des séquences peptidiques connues et issues de bases de données de protéines.

L'interaction entre les TPP et NRP-1 a également été explorée in silico.
Résultats

L'internalisation les peptides était spécifiques des hépatocytes de CHC. Aucun hépatocyte

sain n’internalisait de peptide.

Chaque TPP avait une conformation propre, héliocoidale pour LinTT1, sous forme de chaine

beta pour iRGD, ou bien moins structurée pour TT1 et RPARPAR.

Le site d’interaction entre les TPP et le récepteur NRP-1 serait situé sur le domaine b1 du
récepteur. Une séquence proche du CendR (K/RxxK/R) est le motif KETK, qui correspond a

I'interaction entre NRP-1 et VEGF. Cependant, KETK est proche mais distinct du domaine b1.
Conclusion

Les résultats observés avec les 4 TPP-IP sur ces cellules de CHC étaient encourageants et

incitaient a poursuivre dans cette direction.
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Isolation of Primary Hepatocytes for Testing Tumor
Penetrating Peptides

Eric Savier, Pierre Tuffery, Heriberto Bruzzoni-Giovanelli, and
Angelita Rebollo

Abstract

Methods for isolation of human primary cells is an important tool to be able to test the effect of several
drugs for the reatment of diseases. Protocols have been described for the isoladon of healthy and mumoral
hepatocytes; however, the quality and the amount of the isolated cells is not satisfactory. We describe here
protocols for the isolation of healthy and tumoral hepatocytes as well as the use of tumor penetrating and
interfering peptides as new therapeutics. Peptides are showed to be safe drugs and taking into account
recent improvements in peptide administration, biodelivery, and bioavailability, Tumor penetrating pep-
tides fused to an interfering peptide have a great potential to become therapeutic agents.

Keywords Tumor penetrating peptdes, Interfering peprides, Liver cancer

1 Introduction

1.1 Liver Cancer Liver cancer includes heterogeneous malignant diseases, but
75-85% of primary liver cancer is the hepatocellular carcinoma
(HCC) which derived from hepatocyte. Human HCC is classified
into two major subgroups in terms of genomic stability. The
histology-based definition of the morphological heterogeneity of
liver cancer is modified in an effort to treat patients with persona-
lized therapies. The morphological heterogeneity of liver cancer is
demonstrated in tumor differentiation status, tumor growth pat-
terns, and pathological features of paratumor tissues [1].

Other important primary liver cancer is the cholangiocarci-
noma which derved from cholangiocyte or mixed histological
type (hepatocholangiocarcinoma). Other histological types (angio-
sarcoma, etc.) have low incidence and will not be evocated in this
chapter. In fact, HCC is the sixth most frequent cancer worldwide,
and the fourth in terms of global cancer-related mortality with an
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increasing incidence responsible for 854,000 new cases//year and
810,000 dead (7% of all cancers) [2 ]. HCC is more frequent in East
Asia and sub-Saharan Africa (85% of the cases) and in Europe its
age-standardized incidence rate varies from <3.3 to >8.4 /100,000
[ 3]. Therefore, incidence is influenced by the geography but also by
the male sex, the viral infection (HBV, HDV, HIV), the alcohol
abuse, the non-alcoholic fatty liver disease (NAFLD) [4, 5], some
toxins (aflatoxin) or genetic discase (hemochromatosis, anti-alpha
1 antitrypsin deficiency). These factors of risk are responsible for a
chronic liver inflammation and fibrosis (HCC with healthy liver
exists but is rare) and may conduct to a cirrhosis. Cirrhosis, from
any etiology, is a risk factor for HCC, but risk is higher in cirrhotic
patients with chronic viral hepatitis [ 3]. The best treatment would
be the prevention by suppression of the viral aggression, to stop
alcohol, to control metabolic disorder [4, 5]. However, at the stage
of cirrhosis, the risk of HCC persists and only surveillance and early
diagnosis make possible to observe good therapeutic results. In any
cases, the staging methodology will include the liver function to the
tumor burden and performance status (for example BCLC staging
system) [6] because liver function (stratification according to the
Child-Pugh score or the MELD or portal hypertension) will pre-
vent some therapeutic options. Many types of treatment are used
against HCC, but surgical resection, liver transplantation, thermal
ablation, transarterial chemoembolization, transarterial radioem-
bolization, and stercotactic body radiation therapy are “local”
treatment. Regarding systemic treatment, HCC is a chemoresistant
tumor. Consequently, following a “curative” treatment, benefit of
any adjuvant therapy has not been demonstrated. In the case of
unresectable HCC or metastatic disease or macroscopic vascular
invasion, drugs with some efficiency are tyrosine kinase inhibitors
(TKI) (sorafenib, lenvatinib, regorafenib, cabozantinib) which are
contraindicated in the case of altered liver function. Finally, immu-
notherapy treatments (PD-1 inhibitors such as nivolumab, pem-
brolizumab), combination of immune checkpoint inhibitors with
TKI (atezolizumab + bevacizumab) are encouraging. Considering
the current therapeutic challenge to treat this cancer, it is evident
that new and more eflicient targeted therapy to HCC is an impera-
tive need. In function of evidence that we are going to detail below,
we are convinced that the use of'a dual peptide combining a tumor
penetrating peptide (specific targeting tumor hepatic cells) and an
interfering peptide (targeting PP2A-SET interaction ) can be a well-
adapted alternative to treat HCC.

We have fused four TPPs to the IP blocking PP2A/SET inter-
action generating bi-functional peptides able to specifically pene-
trate into tumoral hepatocytes (Fig. 1) via specific receptors
expressed on the cells: NRP1L, p32, and integrin v/p3. These pep-
tides induce apoptosis on tumoral hepatocytes and without effect
on healthy hepatocytes [7]. Nambotin and co-workers described an
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Tumoral cell Normal cell

Mut3DPT

Fig. 1 Schematic representation of the internalization of TPP in normal and tumoral cells

1.2 Tumor
Penetrating Peptides

interfering peptide able to internalize into the cells and to antago-
nize the binding of Frizzled-7 (FZD7) transmembrane receptor,
which is overexpressed in HCC, to the PDZ domain of Disheveled
adaptor protein (DVL). They demonstrate éz vitroand in vivo that
inhibition of FZD7-DVL interacton via an interfering peptide
could be a pertinent strategy for HCC treatment [8]. Morcover,
several reports have described the use of nanoparticles, cell
penetrating peptides, or lipid-modified cell penetrating peptides
to delivery of small molecules, inhibitors, chemotherapeutic agents
or siRNA for HCC treatment [9-14]. Finally, iRGD-decorated
nanoparticles are used for the efficient delivery of the kinase inhibi-
tor vandetanib for HCC treatment, improving the potency and the
targeted delivery of currently available agents [15].

Despite tremendous progress in the field of cancer research, little
progress is made in the design of effective targeted anticancer
therapy [16-18]. Two of most concerning issues of current cancer
therapies are lack of addressing to cancer cell and poor molecular
target sclectivity. As consequence, they frequently induce off-target
cffects, adverse events and only a small proportion of administrated
drug reach its target, the tumor cells. In this way, designing selec-
tive drug delivery for cancer drugs, that can bypass these problems
and result in more effective and best tolerate treatments, is a
priority goal.

In order to overcome these limitations, various approaches/
strategies /delivery systems are developed. One of these approaches
is the use of Tumor Penetrating Peptides (TPPs), which have
gained recognition as specific drug delivery vehicles. TPPs are a
subset of Cell Penetrating Peptides (CPPs), well known by their
capacity to enter and drive conjugates inside the cell, that
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1.3 Tumor
Penetrating
and Interfering
Peptides

specifically recognize, bind and internalize into tumor cells
[19, 20]. They have strong affinity toward specific receptors often
present in tumors cells and tumor vasculature. TPPs are defined by
the presence of the C-end rule (CendR) motif with the consensus
R/KXXR/K [21-23]. This position-dependent motif must be
C-terminally exposed to allow the binding to the cell and tissue
penetration receptor Neugopilin-1 (NRP-1) [24]. NRP-1 is over-
expressed in the tumor vasculature and in a variety of malignant
cells in vitro and in vivo [25]. Binding of the CendR peptide to
NRP-1 activates intracellular transport pathway resulting in the
tumor-specific extravasation and distribution of the payload into
the tumor. The RPARPAR 1s a prototypic CendR peptide that binds
to and internalizes into cells expressing NRP-1[24, 26]. iRGD was
identified by in vive peptide phage display [27, 28]. This TPP is
recruited to the tumor vessels by interaction with integrins,
through the RGD motif, and after that, is cleaved by tumor-
associated proteases to expose the CendR to allow interaction
with NRP-1. iRGD has been widely used to increase the penetra-
tion of anticancer drugs and nanotherapeutics in several tumor
models [29].

TT1 peptide is a cyclic TPP that contains a cryptic CendR
motif. TT1 was identified by phage display and binds first to p32
[30], a mitochondrial chaperone aberrantly expressed on the cell
surface of malignant cells [31]. TT1 is cleaved by proteases
expressed in tumor, exposing the CendR motif that can then bind
to NRP-1. The linear version of TT1, LinTT, also binds to p32
protein and follows the same tumor internalization mechanism
than TT1. Finally, in recent years, other TPPs have been described
and validated for precision tumor delivery [29].

One of the applications of TPP is their use in targeted therapy
in which the properties of a TP are combined with a toxin or drug
molecule. Targeted therapy restricts the toxic effect of a drug to the
malignant tissues, thereby increasing the eflicacy and decreasing the
undesired eftects of the drug. A number of laboratories have used
TPP associated to a cargo in tumor treatment studies using two
approaches: ecither coupled or co-administration of the cargo
(doxorubicin, gemcitabine, tyrosine kinase inhibitors, antibodies,
nanoparticles).

Protein—protein interactions (PPI) are now well recognized as
promising therapeutic targets and as consequence molecules able
to modulate these interactions have a drug potential [ 32 ]. In cancer
cells, breaking these interactions could lead, for example, to liberate
an antitumor protein (p53, Rb, phosphatases), to allow it to exert
its physiological function, or to release an oncogenic protein to
prevent its activity and facilitate its degradation. For this reason,
peptides able to specifically disrupt PPIs, called interfering peptides
(IPs), are receiving increasing attention. Apart from monoclonal
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antibodies addressed to extracellular or membrane located targets,
most of targeted therapeutic approaches in oncology have focused
on the development of gmall molecules to inhibit intracellular
enzymes. Small molecules are well suited to target proteins with
particular structural characteristics (such as pockets, grooves, or
slits), as is the case of enzymes. However, targeting the relatively
large interaction surfaces of PPIs in order to modulate or disrupt
them, is a real challenge using small molecules, frequently leading
to off-target effects. Our hypothesis is that given their physico-
chemical characteristics, medium-sized peptides are better suited
than small molecules to interfere with the large surfaces involved in
PPIs [32]. The concept of IPs has been validated for several mem-
brane based and extracellular proteins interactions, generating
great expectation for their use as therapeutic molecules. Thanks
to the fusion of a penetrating sequence with an interfering peptide
sequence, we obtain a bi-functional peptide able to target intracel-
lular PPIs [33, 34].

The most targeted-oriented approach to identify IPs is PEP
scan technology. The principle of PEP scan is to screening the
sequence of one of the partners as a series of overlapping peptides
that are associated to a solid support, which is hybridized with the
other protein partner. The overlap between consecutive segments
allows the identification of the binding site between the two pro-
teins of interest [ 33, 35-38]. Taking advantage of this approach, we
have recently validated a cell penetrating and interfering peptide
targeting the PP2A/SET interaction [39, 40]. SET is a polyfunc-
tional protein critically involved in the initiation and progression of
cancer [41]. Its overexpression is a recurrent and clinically signifi-
cant event in many hematologic and solid malignancies. SET also
has a role in the development of therapeutic resistance and its
functional antagonism allows restoring cancer sensitivity to chemo-
therapy [42]. The oncogenic activity of SET is mediated by the
inhibition of the proteins with which it interacts, notably PP2A and
P53. PP2A is a member of the serine-threonine phosphatase family
and is responsible for the majority of this activity in eukaryotic cells.
It maintains cellular homeostasis by neutralizing most of the intra-
cellular signaling pathways induced by kinases [43].

PP2A is genetically modified or functionally inactivated in
many solid cancers and numerous studies show that inhibition of
expression and/or function of PP2A may contribute to leukemo-
genesis in several hematologic malignancies, characterized by an
aberrant activity of oncogenic kinases [44-46]. Inhibiton of PP2A
activity is essential to promote cell transformation, tumor progres-
sion, and angiogenesis, indicating that PP2A has a tumor suppres-
sor role [47]. Recent reports show that pharmacological
restoration of PP2A tumor suppressor activity effectively antago-
nizes cancer development and progression [48, 49]. In conse-
quence, the disruption of PP2A-SET interaction using interfering
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peptides (PI) could lead to the recovery of antitumor activity
of PP2A.

Previously, we have shown that peptides designed using this
approach were able to indgce apoptosis of tumoral cell lines and
primary tumoral B cells i vitro and show moderate antitumoral
activity in mice bearing xenograft models of chronic lymphocytic
leukemia (CLL) [39, 40]. In the same way, we have also preclini-
cally validated a cell penetrating and interfering peptide blocking
the interaction between the protein caspase-9 and PP2A [33]. This
peptide is entering Phase I clinical trials.

We fused four different TPPs (iRGD, RPARPAR, Linear TT1
(LinTT1) and cyclic TT1 (TT1)) to an IP targeting the SET/PP2A
interaction, generating new bi-functional peptides able to target
this intracellular interaction in tumoral hepatocytes (Fig. 2). We
have shown that these peptides were able to penetrate into tumoral
hepatocytes but not into healthy hepatocytes, and that this ability
was not affected by the presence of the cargo (IP sequence). The
iRGD associated to the IP significantly increases the survival of
mice bearing xenograft models of CLL without any evident toxic-
ity, suggesting that this targeted interfering and tumor penetrating
peptide has an interesting therapeutic potential [7].
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Fig. 2 Analysis of the percentage of hepatocytes internalizing the TPP-IPs. Flow cytometry analysis of the
tumoral (a) or healthy hepatocytes (b) internalizing the TPP-IPs (FITC+) and expressing arginase (arginase+,
hepatocyte marker). Hepatocytes are treated for 4 h with 25, M of FITC-labeled TPP-1Ps. Representation of the
percentage of tumoral (c) or healthy (d) hepatocytes (arginase+) positive for FITC analyzed by flow cytometry.
Untreated cells (C untr.) are used as negative control
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1.4 A Structural
Perspective of TPPs

We have considered the possibility that the TPPs identified could be
associated with some particular three-dimensional structure. To
this end, we use a de novo approach to peptide structure prediction
in the solvent [49], and we have also searched for occurrences of
peptide with similar sequences in the structures available in the
protein data-bank. Figure 3 shows the predicted structures for the
four TPPs. For each, it depicts the conformation of the backbone
(left) and a detail of the side chains (right). As can be seen, the
structuration is peptide specific, and encompasses helical (AKRGAR
STA), beta-turn like (CRGDKGPDC), and less structured confor-
mations (CKRGARSTC, RPARPAR). All the peptides contain a
large number of charged residues and the charge repartition in 3D
appears also specific of each case, with positive and negative regions
for AKRGARSTA and CRGDKGPDC, and a distribution more
evenly positive for CKRGARSTC and RPARPAR. Finally, for the
two peptides that have cysteines, one observes the possible forma-
tion of a disulfide bond between the first and last amino acids (C
RGDKGPDC and CKRGARSTC) (Fig. 3).

Interestingly, although the TPPs discussed here have been
discovered using random sequence sampling methods, some similar
fragments could be identified using FASTA against the PDB
sequences identified. The fragment corresponding to residues
195-203 of the PDB entry 3¢07:A has a sequence of AERGARLTA
, and adopts a helical conformation, similarly to AKRGARSTA.
Three PDB entries 1wdy:A, 4g8k:A, and 40av:B contain fragments
of sequence CKRGASTDC, which is similar to CKRGARSTC. The

iRGD: CRGDKGPDC RPARPAR

Fig. 3 Predicted TPP 3D-structures. For each TPP, we present the structures of the best models generated
using PEP-FOLD. On the left, only a cartoon of the backbone is depicted, whereas side chains are represented
on the right. Arrows point to closed disulfide-bonds that occur in some models
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structure of one fragment displays a disulfide bond (1wdy:A) and
the two others none. Scwiral fragments similar to CRGDKGPDC
are detected in PDB entries 1ajj:A, Iwes:A, and 5wix:A. Theyadopt
rather floppy conformations, and none displays a disulfide bond,
despite two of them have at least two cysteines. Note that the
significance of these similarities are weak, the E-values being on
the order of only 1.

On the NRP1 side, several structures are solved experimentally,
providing some insights about NRP1 peptide interactions. Figure 4
summarizes the information available so far, with a focus on
domains bl and b2 that have been reported as interacting with
the TPPs. In brief] the residues of NRP1-b1b2 that interact mostin
the complex structures available are located in the b2 domain.
Looking for the occurrence of K/RXXK/R motifs in the structures
of the partners of NRP1-blb2, only one such motif—KETK—
could be identified at position 74 in PDB entry 4deq which
describes the interaction between NRP1 and VEGF. The VEGF
motif KETK is located close to but not in direct interaction with
NRPI bl domain, which makes implications of this observation

Fig. 4 Observed interactions of NRP1-b1b2 domains in experimentally solved structures. NRP1 domains b1
and b2 are represented as cartoon and surrounded by their interactants, as observed from the information
available in the PDB. Most frequently interacting residues of NRP1 are colored using red shades, and occur
more frequently in domain b2 (detailed bottom right). Looking at the occurrence of K/LXXK/R motifs in the
interacting proteins, only one such motif (KETK) located close to NRP1 could be identified in PDB entry 4deq
(right, top)
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uncertain at this stage (Fig. 4). Nevertheless, peptide interaction
with NRP1-bl is consistent with the results of a former study,
suggesting an interaction between the R/KXXR/X motif and
NRP1 loop III, based on specific hydrogen bond pattern. How-
ever, despite implications of sequence variants on the interaction
between R/KXXR /X motif containing peptides and NRP1 have
been further studied [50], the exact mechanisms of peptide inter-
nalization after the interaction of TPP with NRP1 still remain to be
identified.

2 Materials

2.1 FACS Analysis

2.2 Microscopy

2.3 Isolation
of Primary
Hepatocytes

e

S 0 XN

. PBS buffer: 8 g/L NaCl, 0.2 g/L KCI, 1.44 g/L NaHPO,,

0.24 ¢/KH,PO, L.

24-well plates. I

Anti-p32 antibody: 1:1000 dilution.
Anti-NRP-1 antibody: 1:1000 dilution.
Anti-integrin v /p3 antibody: 1:1000 dilution.
Anti-arginase antibody: 1:1000 dilution.
FITC-labeled secondary antibodies (see Note 1).
APC-labeled secondary antibodies (see Note 1).

FACScanto II for flow cytometry.

. FITC-labeled peptides synthetized by solid phase procedure

and standard Fmoc chemistry (see Note 2).

. PBS buffer (NaCl 8 g/L, KC1 0.2 g/L, NaHPO, 1.44 g/L,

KH,PO, 0.24 g/L).

2. DMEM culture medium.
3. 10% Fetal calf serum (FCS): 50 mL of FCS in 450 mL of

e Nk

culture medium DMEM.

4% Formaldehyde diluted in PBS butfer.
Cytospin centrifuge.

DAPI nuclear labeling.

Fluorescence microscopy.

FITC-labeled peptides (see Notes 3 and 4).

. PSA buffer: 8 g/L NaCl, 0.2 g /L KCl, 1 g/L glucose, 0.35 g/

L NaHCOj;, 1 mL/L phenol red.

. 5 mg,/L Collagenase in PSA butffer.

3. 10 mg/mL Dispase in PSA bufter.
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3.3 Quantification
of Cellufar
Internalization

4.

10.

The liver sample 1s purf‘usud with recirculating pt:rf‘usiun solu-
tion containing 5 mg,/mL collagenase at 37 °C. Afterwards, the
tissue is transferred into a Petri dish containing Wash Medium.

. Tissue is disrupted mechanically by shaking and using tweezers

to disrupt cells from the remaining extracellular matrix struc-
tures. Cellular suspension is filtered through a gauze-lined
funnel. Cells are collected at low speed centrifugation. The
supernatant is removed and pelleted hepatocytes are resus-
pended in Hepatocyte Wash Medium.

. Cell wiability is determined by trypan blue exclusion test.

Freshly isolated normal or steatotic hepatocytes are suspended
in Williams’ medium E containing 10% FCS 1% penicillin-
streptomycin and insulin.

. The cells are seeded in 12-well plates pre-coated with type 1

collagen and incubated at 37 °C in 5% CO; overnight. Medium
is replaced with fresh complete hepatocyte medium supple-
mented with 1pmol/L hydrocortisone hemisuccinate and
cells are left in this medium until incubation with peptides.

. Tumoral human hepatocytes are isolated from tumoral liver

samples collected from adult patients undergoing surgery.
Samples are cut in small pieces and treated with 4 mL of dispase
and 2 mL of collagenase type 1.

. Samples are incubated at 37 “C under agitation for a maximum

of 1 h and the solution is filtered and passed through needles of
different diameter size. The volume is completed up to 50 mL
with culture medium and centrifuged at 900 rpm for 5 min.

Supernatant is discarded and cells cultured in DMEM medium

supplemented with 10% FCS and anabiotics until treatment
with peptides.

. Hepatocytes are seeded on 24-well plate and incubated for 4 h

with FITC-labeled peptides. After treatment, cells are har-
vested and washed twice with PBS to remove the free peptides
and resuspended in 200pL of PBS.

. FITC fluorescence intensity of internalized peptdes is

measured by flow cytometry on a FACSCanto II [37].

. Data are analyzed with FACSDiva 6.1.3 software.

. Untreated cells are used as control.

. We use antibodies tor detection of the cell surface TPPs recep-

tors, anti-p32, anti-NRP-1, and integrin v /p3.

. For the hepatocyte labeling, anti-arginase antibody is used

following cell permeabilization. Arginase is a marker for
hepatocytes.
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Internalization
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10.

The liver sample is pcrf‘uscd with recirculating pcrf‘usi[m solu-
tion containing 5 mg,/mL collagenase at 37 °C. Afterwards, the
tissue is transferred into a Petri dish containing Wash Medium.

. Tissue i1s disrupted mechanically by shaking and using tweezers

to disrupt cells from the remaining extracellular matrix struc-
tures. Cellular suspension is filtered through a gauze-lined
funnel. Cells are collected at low speed centrifugation. The
supernatant is removed and pelleted hepatocytes are resus-
pended in Hepatocyte Wash Medium.

. Cell wiability is determined by trypan blue exclusion test.

Freshly isolated normal or steatotic hepatocytes are suspended
in Williams® medium E containing 10% FCS 1% penicillin-
streptomycin and insulin.

. The cells are seeded in 12-well plates pre-coated with type 1

collagen and incubated at 37 °C in 5% CO; overnight. Medium
is replaced with fresh complete hepatocyte medium supple-
mented with lpmol /L hvdrocortisone hemisuccinate and
cells are left in this medium until incubation with peptides.

. Tumoral human hepatocytes are isolated from tumoral liver

samples collected from adult patients undergoing surgery.
Samples are cut in small pieces and treated with 4 mL of dispase
and 2 mL of collagenase type 1.

. Samples are incubated at 37 °C under agitation for a maximum

of 1 h and the solution is filtered and passed through needles of
different diameter size. The volume is completed up to 50 mL
with culture medium and Ccntrif‘ugcd at 900 rpm for 5 min.

Supernatant is discarded and cells cultured in DMEM medium

supplemented with 10% FCS and antibiotics until treatment
with peptides.

. Hepatocytes are seeded on 24-well plate and incubated for 4 h

with FITC-labeled peptides. After treatment, cells are har-
vested and washed twice with PBS to remove the free peptides
and resuspended in 200pL of PBS.

. FITC fluorescence intensity of internalized peptides is

measured by flow cytometry on a FACSCanto II [37].

Data are analyzed with FACSDiva 6.1.3 software.

. Untreated cells are used as control.

We use antibodies for detection of the cell surface TPDs recep-
tors, anti-p32, anti-NRI’-1, and integrin v /p3.

. For the hepatocyte labeling, anti-arginase antibody is used

following cell permeabilization. Arginase is a marker for
hepatocytes.
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3.4 Visualization 1. For intracellular localization of FITC-labeled peptides, human
of the Peptide primary hepatocytes are seeded in an 8-well plate Labtek.
Internalization by 2. Cells are treated with 25pM FITC-labeled peptides for 3 h,
Fluorescence washed three dmes with PBS and fixed with 4% of formalde-
Microscopy hyde for 15 min at room temperature.

3. Samples are washed twice with PBS and mounted in mounting
bufter containing DAPI as described [37].

4. Images were captured with a fluorescence microscopy using
40 x magnification objective.

3.5 Peptide Structure 1. Peptide de novo structure prediction is performed using

Prediction and PDB PEP-FOLD [53].

Mining 2. The collection of information from structures available in the
PDB is performed using blastp [54] from the sequence of
NRP1-blb2 domains, using an E-value of 1 0,

3. The structures associated with NRP1-b1b2 matching chains
are collected and superimposed in a common reference piling-
up all the PDB chains of the entries, based on the alignment
returned by TM-align [55].

4. Pictures are generated using Pymol [56].

4 Notes

1. The fluorochrome-labeled antibodies are protected trom light
and keptat 4 °C.

2. The FITC-labeled peptides are also protected from light.

3. The solubilized peptides are kept at 4 °C for 3 weeks. For
longer periods of tme, peptides should be frozen at —20 °C
in small aliquots.

4. All the peptides are solubilized in water.

5. The isolation of hepatocytes is made in sterile conditions.
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5.3 Article 3: PEPscan approach for the identification of protein-protein
interfaces: lessons from experiment.

Rebollo A, Savier E and Tuffery P.
Biomolecules. 2021. 11, 772-780. doi.org/10.3390/biom11060772

Introduction

Le PEPscan est une technique ancienne qui a récemment connu un regain d'intérét pour
I'identification des peptides interférants (IP), c'est-a-dire des peptides capables d'interférer
avec les interactions protéine-protéine (PPl pour protein-protein interaction). Son principe
consiste a découper une séquence protéique en une série de peptides de 12 acides aminés
(AA) qui partagent entre eux un chevauchement de 2 acides aminés. Ces peptides une fois
synthétisés sont immobilisés et alignés sur une membrane de nitrocellulose, afin de tester
leur capacité a se lier a la protéine dont on cherche a étudier l'interaction. Les points de

fixation apparaissent en nombre limités et correspondent aux candidats IP.
But du travail

Décrire 14 PEPscans effectués pour des protéines d’intérét en cancérologie et dont la
structure tridimensionnelle était connue afin de confronter les résultats obtenus in vitro aux

informations de structures in silico.
Matériel et méthodes

Les protéines et les PPI choisies concernaient : Bcl-2/K-Ras ; Bcl-X./K-Ras ; Caspase-9/PP2A ;
Caspase-9/SET ; K-RAS/Raf ; PP2A/SET ; TEAD/YAP ; TEAD/TAZ.

Les protocoles PEPscan étaient tous identiques : peptides de 12 AA avec 2 AA de décalage.

La révélation de l'interaction peptide-protéine était faite par un anticorps anti-protéine lui-
meme revelé par un anticorps secondaire conjugué a la peroxidase de raifort révélé par

chemiluminescence.

Un site d’interaction était défini par la présence d’au moins 3 spots de fixation consécutifs et
associés a un signal fort. La chaine d’acides aminés communs a ces spots consécutifs était
appelée fragment maximal de chevauchement (MOF pour maximally overlapping fragment)

et correspondait a une séquence candidate pour un possible IP.
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A partir de bases de données sur la structure des protéines, des informations sur les sites
d’interfaces considérées ou d’homologues protéiques ont été obtenues. Un z-score
permettait d’estimer la position du MOF par rapport au site d’interface (z-score >0 : plutot

proche, z-score < 0 : plutot éloigné).
Résultats

Nous avons montré que pour presque tous ces complexes, le PEPscan était capable
d’identifier des candidats IP et en nombre relativement faible (moyenne = 2,21 et médiane =
2). La localisation des MOF sur la structure 3D des protéines pouvait correspondre ou non a
un site proche de l'interface ou un site périphérique. Un z-score n’a été positif que 5 fois,
parmi lesquels 1 seul avait une petite activité biologique. Inversement, parmi les 9 MOF qui
présentaient une certaine activité biologique et pour lesquels les coordonnées 3D étaient

disponibles, 8 avaient un z-score négatif.
Conclusions

PEPscan est une maniére peu colteuse et rapide d'identifier des IP susceptibles d’avoir des
applications. Les informations structurelles disponibles doivent encore etre interprétées

avec prudence.
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Abstract: PEPscan is an old approach that has recently gained renewed interest for the identification
of interfering peptides (IPs), i.e., peptides able to interfere with protein—protein interactions (PPls). Its
principle is to slice a protein sequence as a series of shott overlapping peptides that are synthesized
on a peptide array and tested for their ability to bind a partner, with positive spots corresponding
to candidate [Ps. PEPscan has been applied with a rather large success in various contexts, but the
structural determinants underlying this success remain obscure. Here, we analyze the results of
14 PEPscan ex periments, and confront the in vitro results with the available structural information.
PEPscan identifies candidate [Ps in limited numbers that in all cases correspond to solvent-accessible
regions of the structures, their location at the protein—protein interface remaining to be further
demorstrated. A strong point of PEPscan seems to be its ability to identify specific [Ps. 1Ps identified
frorn the same protein ditfer depending on the target PPL, and correspond to patches not frequently
involved in the interactions seen in the 3D structures available. Overall, PEPscan seems to provide a
cheap and rapid manner to identify candidate [Ps, that also comes with room for improvement.

Keywords: PEP-scan; protein—protein interaction; interfering peptide; binding specificity

1. Introduction

Peptide arrays are a technology with awide range of applications in basic and applied
research, which is now nearly 40 vears old and has been commercially available for about
ten years. An array comprises hundreds to thousands of different peptides sequences
immobilized in a solid support that can be tested simultaneously, offering many possibili-
ties to analyse different signalling pathways between normal and pathological conditions,
drug discovery, sequence dependent reactivity etc. Among the applications, one of the
most common has been epitope mapping for antibodies [1], including the identification of
linear epitopes between the IL-10 and its receptor [2], viral antigen epitopes [3,4], T and
B cell epitopes [5]. Other applications relate to the identification of binding sequences
between protein /peptide or protein/protein, screen of enzyme substrate and identification
of peptides implicated in cell adhesion. These include, to cite some, the identification of
novel cell adhesion peptides using a SPOT array of fibronectin peptides [6], the identifi-
cation of peptides adhering to tumoral breast cancer cell line MDAMB 435 and MCF7 [7],
the screening of antimicrobial peptides [8], the identification of immunogenic epitopes in
individuals exposed to malaria infection [9], the detection of HLA alloantibodies in organ
transplantation [10], the identification and characterization of LIR motifs on ATGS proteins,
which are small ubiquitin-like proteins critically involved in autophagy [11].

The usage of peptide arrays differs depending on the choice of peptide synthesis,
solid support, immobilization method, size of the peptides, overlapping size of the peptide,
density of spots in the membrane and detection method. SPOT synthesis is the technique
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the most widely used to generate peptide arrays [1,12-14]. Itis based on solid-phase Fmoc
chemistry to synthesize peptides on a membrane support. The membrane support used
for arrays is usually cellulose, which is compatible with Fmoc-based peptide synthesis
and the biological assay [1,15]. For other chemistries non-compatible with nitrocellulose,
alternative material may be used, such as polytetrafluoroethylene (PTFE) membranes or
polyethylene films [16-18], glass [19] or metal films. The choice of the support conditions
the immobilization strategies, peptide density and detection method to analyze the array.

Although recent publications have reported labeling-free methods to analyze the
arrays, such as surface plasmon resonance and mass spectrometry [20], the majority of
the peptide arrays are analyzed using labeling-dependent assays. The most commonly
used detection methods are based on radioactivity, chemiluminescence, colorimetry and
fluorescence, the latter three being the preferred methods when using antibodies to analyze
the experiment. These require an incubation with a primary antibody, that binds to
the reacted peptides. The array is incubated with a secondary antibody that is usually
conjugated to a reporter enzyme [21-25]. The membrare is then analyzed in terms of the
spots associated with some signal. Of note, these assays are rapid but usually reported as
giving rise to false positive results.

One method derived specifically to identify an active region of a sequence of interest
is the PEPscan approach [3]. Its principle is to systematically slice a protein or a protein
fragment as a series of overlapping fragments of fixed size, and to test each fragment
for its binding with a partner protein using a peptide array. The most commonly used
size of peptide for PEPscan ranges from 4 to 20 amino acids, with an overlap ranging
from 1 to 10 peptides, while the density of the spot in a membrane ranges from a few
to thousands of peptides. This to not to mention that each investigator may adapt this
approach to its own needs. Although possible, the mapping of the discontinuous binding
sites using PEPscan may sometimes turn more difficult due to the lower affinities of the
individual fragments with the corresponding partner [26]. One of the first applications
of PEPscan was the identification of epitopes recognized by monoclonal antibodies [27]
as well as the recognition of T and B cells epitopes [528-30]. The epitopes recognized
were mapped using a series of 15 mer peptides synthesized using the SPOT method and
with a shift of five amino acids between two peptides. Finally, the PEPscan approach has

recently re-gained interest due to the difficulties of designing small compounds targeting
protein—protein interfaces (PPIs) [31]. According to its design, the goal of PEPscan is, in
this context, to identify linear fragments corresponding to continuous sequences located
at the protein—protein interface that are expected to interfere with the formation of the
complex, thus affecting some biological pathway. However, although PEPscan has led
to the successful identification of candidate interfering peptides (IP) showing effective
biological activity, one should keep in mind that PEPscan is only an in vitro approach to
identify fragments of a protein able to bind a partner it is known to bind to. The binding of
a fragment in isolation might differ from the binding of the same fragment in the complete
protein. The binding to the partmer could trigger conformational changes, as observed for
a few cases where the structure of the partner in isolation or in interaction with a peptide
is known [32], biasing further interpretation. In terms of biological activity, effects upon
binding could result from the binding to a region external to the PPl interface, as is the case
for allosteric modulators [33], or simply come from the binding of the [P to other targets. So
far, very few results have been reported about PEPscan’s ability to truly identify peptides at
the protein—protein interface or its ability to identify peptides specifically interfering with
a target interaction. In this study, we re-analyze the results obtained for a series of eight
protein/protein interactions for which IPs were identified by PEPscan, and we compare it
to the structural data available.
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2. Materials and Methods
2.1. Data

Given a target PPl between two proteins, two PEPscan experiments can be under-
taken: either searching for partner 1 fragments able to bind partner 2, or scanning partner
2 fragments able to bind partner 1. In the former case, partner 1 is scanned as a series
of peptides—on the membrane—whose ability to bind partner 2 is tested, while in the
latter case, peptides on the membrane correspond to partner 2, and their ability to bind
partner 1 one is tested. In the following, we note P1/P2 in an experiment where F1 is
on the membrane that is hybridized using P2. In this study, we re-analyze the results of
14 PEPscan experiments targeting 8 PPIs for which structural data is available, at least for
the two partners in isolation or in interaction. Table 1 reports the UniProt [34] and Protein
Data Bank (PDB) [35] identifiers of the proteins involved in each PPl, whereas Table 2 sum-
marizes the results of each PEPscan experiment related to the PPls. These correspond to (1)
the interaction between the kinase Raf and the pro-apoptotic proteins BLC2 and BCL-X.
(unpublished results), (2) the phosphatase PP2A and the cysteine protease caspase-9, which
is deregulated in apoptosis and tumoral transformation [36,37], (3) the interaction between
the oncoprotein Ras and the kinase Raf, also deregulated in many type of cancers [38,39],
(4) the interaction between the transcription factors TEAD/YATP and TEAD/Taz, implicated
in the Hippo signaling pathway, also deregulated in some type of cancers, such as breast
cancer and uveal melanoma [40], (5) the interaction between the phosphatase PP2A and
its physiological inhibitor, the oncoprotein SET, strongly deregulated in hematological
malignancies [41,42] and (6) the interaction between the cysteine protease caspase-9 and the
oncoprotein SET (patent WO2016156536). For BCL-2-K-Ras and TEAD-TAZ, the results for
only one PEPscan experiment out of 2 were available. Apart from the interaction between
kinase Raf and the pro-apoptotic proteins BLC2 and BCL-X, for which the membranes are
presented in Figure 1, the raw data correspond to those of the corresponding references.

Table 1. UniProt and PDB identifiers of the proteins.

Protein UniProt Structure
BCL-2 P10415 2xal)
BCL-X Q85042 4gng/1bx]
Caspase-9 P55211 /QRC309 ljxq/2a®
K-Ras PP32883-2 5uk9
PP2A Pa7775 Swiw
Raf PO4049 3omv fdgin
SET Q011052 2e50
TEAD (015562 3kys /3115
YAP 46937 3kys
TAZ QUGEVS 5gn0

Other PEPscan experiments for which no experimental 3D structure could be iden-
tified were not included in this data set. This is the case of the experiment targeting the
interaction between two proteins of the parasite Plasmodium falciparum, the phosphatase
PP1 and the protein LRR1, involved in malaria parasite development [43], and of the
recently published study targeting the phosphatase PP1 and the kinase LRRK2 involved in
Parkinson disease [44] (Patent PCT 20141031).

2.2, PEPscan Protocol
All the PEPscan experiments were undertaken using a constant protacol.

2.2.1. Binding Assay on Cellulose-Bound Peptides

Overlapping dodecapeptides with two amino acid shifts, spanning the complete se-
quence of one protein, were prepared by automated spot synthesis (Abimed, Langerfeld,
Germany) on an amino-derived cellulose membrane, as described [1,12]. The membrane
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was saturated using 3% non-fat dry milk/3% bovine serum albumin (BSA) (2 h, room
temperature) incubated with purified partner protein (overnight, 4 °C) and after several
washing steps, incubated with an antibody against the protein partner (2 h, room temper-
ature) followed by horse radish pE'I'OdeE!SE (HRP)-conjugated secondary antibody (1 h,
room temperature ). Positive spots were visualized using the ECL system (Bio-Rad).

2.22. Peptide Synthesis and Sequence

Peptides were synthesized in an automated multiple peptide synthesis with a solid-
phase procedure and standard Fmoc chemistry. The purity and composition of the peptides
were confirmed by reverse-phase high-performance liquid chromatography (HPLC) and
mass spectrometry.

2.3. Candidate Peptide Identification from Membranes

For the analysis of the PEPscan membranes, a specific question arises from the partial
redundancy of the consecutive spots that share the overlapping residues. Commonly
noticed is that there is no standard number of consecutive reacting spots revealing a
positive interaction. In general, it is accepted that a positive binding site requires the
presence of at least 3 consecutive positive spots with a strong enough signal, sometimes
with a difference in the intensity signal between the medium spot and the end spots.
However, this is not a general rule, as illustrated in Figure 1. Occasionally, a ringspot
effect is observed. This corresponds to spots for which a stronger signal of hybridization is
observed on the ring of the spot compared to the center of the spot. This irregular signal can
make the choice between binding and non-binding [45]. One possible explanation for this
effect is a possibly higher concentration of the peptide in the center of the spot, resulting
in the exhaustion of the signal before detection. Another explanation is a concentration
gradient of the amino acids from the center to the ring of the spot during synthesis, giving
a lower concentration of peptide in the core of the spot. These spots are not considered ina
particular manner in our study. Here, we have considered the IPs reported by the authors
of the studies, but our re-analysis of the membrane sometimes led us to acce pt new comers
to better sense the significance of the positives in terms of 3D structure (see Table 1).

Since the sequences of the consecutive spots overlap here by all but two, i.e., by
10 amino acids, the spots of a series of consecutive positive spots usually share only a few
amino acids. For instance, for a series of 3 consecutive positive spots, 16 amino acids are
involved, but the common part of the 3 sequences correspond to the central 8 amino acids.
The fragments in common in the largest number of spots, are here referred to as Maximally
Overlapping Fragments (MOFs), and the sequences resulting from the union of all the
spots are here referred to as candidate IPs.

24, Structurally Validated Patches of Interaction

To analyze the specificity of the binding patches, we have searched for structures
containing several chains including the proteins of Table 1. For each sequence, we have
used blast [46] against the sequences of the PDB with an e-value < 10~ to identify close
homologs of the proteins. We have then analyzed which PDB entries encompass several
chains (i.e., correspond to complex structures) and identified the chains in interaction with
the query. Not to bias the results, we have discarded the interologs (complexes made of
homologs) for which each chain has over 70% sequence identity witha previously identified
complex. Doing so, we expect to obtain information about only the close homologs of
the query, i.e,, members of the same family or very close families, and obtain information
on how specific the interaction of the associated peptide with a particular target could
be, regarding the other structurally characterized interactions of this target, accepting
dose homologs should interact similarly. For instance, far PP2A, this procedure identifies
complexes involving not only the PP2A catalytic chain, but also other phosphatases, such
as PP1, PP5, etc. The propensity of a residue to be located at an interface was then simply
setup as the number of times it was at an interface divided by the number of complexes
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identified. Z-scores were calculated on a per protein basis, using as reference the mean and
standard deviations of the propensities over the whole ensemble of resid ues of the protein,
and as observation the propensities averaged over the residues of the IPs. Positive values
indicate a tendency to be located more frequently at PPl interface, while negative values
indicate a tendency to be located less frequently at PPl interface.

3. Results
3.1. A Note on PEPscan Experiment Reproducibility

Itis important to note that the relationship between the signal intensity and the affinity
of the peptide/ligand interaction is not straightforward. Several factors may influence
the correlation between signal intensity and binding affinity; the synthesis can lead to
different amounts of peptide in the spotand the type of detection assay used can also have
an influence. In addition, the non-homogeneity of the cellulose membrane can influence
the results [45,47]. In general, it is accepted that this type of approach is not well suited
to quantify the interaction affinity. Importantly, however, peptide array experiments are
fairly reproducible, as illustrated in Figure 1, which presents duplicates of one experiment.
Some variations in the intensities of the spots can be observed, but strong signals appear
for equivalent spots, meaning that usually, only one experiment is enough to obtain the
information that is sought after.
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Figure 1. PEPscan membranes. For several cases, the images show the membranes resulting from the PEPscan experiment.
Each spotin a raw image corresponds to a peptide of 12 amino acids, and consecutive spots share 10 amino acids in common.
Black spots correspond to positive reacting spots. P1/P2 (e.g., SET/PP2A) indicates that P1 (resp. SET) is on the membrane
that is hybridized using P2 (resp. PP2A).

3.2. Confronting PEPscan Positive Fragments with Structural Data

Successes achieved using PEPscan for the identification of protein fragments able to
interfere with protein-protein interactions raise numerous questions in terms of structure.
First, the conformation adopted by the peptides synthesized using SPOT technology is
largely unknown and, particularly, the impact of the linker binding to the support (cellulose
or other). Second, the impact of splitting proteins into fragments on their conformational
balance is also unknown. Third, the strategy to systematically consider all possible frag-
ments, which is necessary when not knowing/ considering the structure, also comes with
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numerous questions related to the behavior of the core hydrophobic fragments in terms of
possibly non-specific binders. Finally, mechanisms for peptide interference with protein—
protein interactions could also reveal greater complexity than the straight disruption of the
3D interaction patch. We now discuss these aspects from a series of results on interfering
peptide identification.

Table 2 presents all the candidate IPs for 14 PEPscan experiments. The MOFs are in
bold. Details on the secondary structure of the fragments corresponding to the [Ps show a
diversity of topologies. Figure 2 shows, when possible, the location in the 3D structure of
the IPs and the MOFs.

o %4
m}‘_’_"_«, ’ ‘w2

Figure 2. Top: For each of the 8 proteins having undergone a PEPscan, the location of the IPs in the structure is presented.
For cases where the IPs of different PEPscans are presented, different colors are employed (green vs. orange). Darker
shades correspond to the MOFs. MOFs are labeled as in Table 2. Red labels correspond to IPs showing some biological
activity. Bottom: the residues most interacting in the complexes of structure available in the PDB are depicted using a red
color gradient.
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3.3. PEPscan ldentifies a Limited Number of 1Ps

A first observation is that overall, one denotes the existence of a specific answer
depending on the PPl studied. Indeed, the IPs identified for the same protein with two
different partners are all different, with the exception of SET, for which M26 and M30 have
a large overlap. A second observation is that the number of candidate IPs is, as expected,
fully unrelated to the size of the protein and, for most of the cases, it is rather low (2.2 on
average). It is more than four for only two cases. One such example corresponds to the
K-Ras/ Raf interaction, for which many spots appear positive, and one region (C-terminus)
shows a stronger signal in experiment 2 (Figure 1). The second one corresponds to the
caspase-9/SET interaction for which several series of positive spots are lighter than others
(Figure 1). For this case, one observes some heterogeneity in the intensities of the spots,
and high-intensity spots are cbserved for only four series. Overall, the very low number of
IPs per PEPscan experiment would support PEPscan IPs’ suitability for systematic testing
downstream. A final remark is that the only I detected that corresponds to only two
consecutive positive spots is M20, but it shows no activity, which is in agreement with the
rule that IP detection should involve at least three consecutive spots.

3.4. Can MOFs Correspond to Fragmentis al the PPl Interface?

We now turn to considering whether the IPs can target PPl interfaces. As shown
in Figure 2, the MOFs correspond to regions of the structures that are exposed to the
solvent, which fulfils a requirement for the identification of motifs at the interface of
protein complexes. Looking in more detail at if the MOFs could correspond to fragments at
the interface of PPls is limited by the number of cases for which the structure describing
the PPl is available, which is often the rule in the context of PEPscan experiments. In
our dataset, the structures of the proteins in interaction are only available for K-Ras/Raf,
TEAD/YAP and TEAD/Taz, and the PDB identifiers are 4g0n, 3kys and 5gn0), respectively.
The release dates of the 3kys and 5gn( PDB entries are 2010 and 2017, i.e., synchronous or
posterior to the publication of the PEPscan results for TEAD/YAP/Taz (2010).

For the K-Ras/Raf interaction, one MOF (M13) is clearly located at the complex
interface. Interestingly, however, M13 does not correspond to the I showing some activity.
In fact, it was not originally considered as a candidate by the experimenters and was
consequently not tested. M18, which is not close to the interface, was instead tested and
shows some activity, incduding in terms of competition, meaning it is able to interfere with
the formation of the K-Ras/Raf complex [39]. It is important to recall, howewver, that the
structure of the complex does not encompass the totality of the sequences, suggesting
alternative mechanisms underlying the interaction could occur. On the Raf side, none of
the I’s are located at the interface of the K-Ras/Raf complex.

For the TEAD/YAF and TEAD/ Taz interactions, two IPs, M22 and M3,1 are clearly
located at PPI interaction sites in the 3D structures, which is not the case with M21, which
is located at the opposite side of the structure (Figure 2). M22 is surprising, since it
corresponds to a beta strand internal to a seven-stranded beta-sheet, but an interaction can
clearly occur, particularly through TRP 303, which belongs to the associated MOF. For M31,
the MOF is close to, but not in direct interaction with, that of M22. In terms of activity, it is
againintriguing that the competition experiments [40] suggest that M21 is able to disrupt
the TEAD/YAP complex. However, in this case again, the coordinates are only available
for a linker part of the YAP and TAZ paralogous proteins, meaning other mechanisms of
interaction not covered by the resolved part of the structure could be at stake. Moreover,
the ELM repository [49] also suggests that some interactions would occur between TEAD
and YAP through short linear motifs, suggesting the cellular effects observed could involve
mechanisms not necessarily specific to the TEAD/YAP interaction.

Owverall, despite that these results tend to suggest that PEPscan is able to identify, with
some fuzziness, peptides at the PPl interface, the cellular tests highlight that the biological
reality could be much less straightforward.
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3.5. Can Candidate 1Ps Target Specific Patches on the Partner Protein?

A last aspect is the specificity of the putative interaction sites identified, and firstly the
ability to identify IPs specific to a given interaction. In our dataset, IPs extracted from the
same protein but targeting a different PPI are available in the cases of caspase-9 (caspase-9-
SET, caspase-9-PP2A), PP2A (PP2A-caspase-9, PP2A-SET), SET (SET-PP2A, SET-caspase-9)
and K-Ras (K-Ras-BCL-X; and K-Ras-Raf), not considering the special case of TEAD. In
Figure 2 (top), different color codes are used to depict the IPs identified on one protein, but
targeting different PPIs. For all cases but one, the IPs identified involve different regions of
the structures. This is particularly obvious for caspase-9, PP2A and K-Ras. SET is the only
case where some IPs targeting PP2A or caspase-9 correspond to overlapping sequences.
M26 and M29 can be considered as consecutive, and overlap by only four amino acids
(169-RSSQ). M26 and M30 are almost fully overlapping. Here, we depict a full model where
missing regions have been added by DaReUS-Loop [50,51], but these IPs correspond to
parts of the structure predicted as disordered, and for which the coordinates are missing in
PDB entry 2E50. It remains that all the IPs showing some biological activity (labeled in red
in Figures 2 and 3) are fully distinct over all the cases analyzed.
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PP2A TEAD

Figure 3. 3D illustration of the surroundings of the IPs when not frequently located at the protein—protein interface. Red
labels correspond to IPs showing some biological activity.

Another aspect is the fact that the IPs could be non-specific in terms of interference, i.e.,
able to target different PPIs. To investigate this, we have analyzed the structural information
available in the PDB about the interactions of each of the proteins of Table 1. Figure 2
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{(bottom) presents an overview of the regions contacted by the members of the complexes
identified (the redder, the more amino acids are at the interface with other protein chains),
using the same orientation as for the MOFs (top). Figure 3 provides details on the 3D
environment of the less-contacted MOFs. MOFs that correspond to peptides showing some
activity (Table 2) are labeled in red. Table 2 also repaorts z-scores as a quantification of the
tendency of the IPs to be located more (positive values) or less (negative values) frequently
at the PPI interface than the rest of the amino acids.

It is striking that the MOFs are not, in general, located in the structure regions fre-
quently involved in complex interfaces, suggesting some specific mode of interaction could
be grabbed. Positive z-score values are obtained only for M5 (BCL-Xp), M10 (caspase-9),
M13-14 (K-Ras) and M25 (SET). Among these, only M25 shows some activity (see Table 2). It
could correspond to a peptide that could interfere with the dimerization of SET (Figure 3).
For M5, we identified 27 complexes of the PDB involving BCL-X, or close homologs.
Among these, 24 correspond to BCL-Xy. in interaction with peptides designed to prevent
the BCL-X; heterodimerization that is involved in the regulation of programmed cell death.
Those peptides are extracted from various partners (BAK, Bad, Puma, Beclin, BIM) or
correspond to foldamers. It is thus legitimate to expect that M5 can be involved in the
interaction with K-Ras, but the spedificity of its interaction could probably be questioned.
Owerall, among the nine MOFs that exhibit some activity and for which 3D coordinates are
available, all but one (i.e., eight IPs) have negative z-scores, i.e., correspond to regions less
frequently contacted by partners (Figure 3), and thus could be considered as potentially
specific to the interaction they target. Of course, this has tobe tempered by the possible lack
of structure in the PDB, and z-score values here are only indicative. A special case is that of
M22 (TEAD), associated with a z-score of -(.24, for which very few complex structures of
the PDB could be identified (only seven). Three of these correspond to TEAD in interaction
with YAP, and another one to Taz. Others describe the interaction with VGLL. Hence, M22
can be expected to correspond to a true positive case, but clearly, the specificity cannot
be assessed.

4, Discussion

PEPscan is an old approach that has recently raised new interest for the identification
of [Ps. PEPscan has been previously reported to sometimes generate false positives. The
way it is employed here for IP identification, the number of hits per target appears rather
limited. Indeed, only for one case (K-Ras) does the number of candidate IP's exceeds five.
The average and median number of IF are respectively 2.21 and 2, which is fairly low.

Out of the 14 analyzed experiments, PEPscan was able to identify IPs showing some
biological activity for all cases but two, i.e., a success rate in identifying IPs of close to
86%. The mechanisms underlying this activity are, however, less clear. If all the MOFs
correspond to regions that are sol\}ent-acoess[ble, Le., likely to be at the PPI interface, the
analysis of the two examples for which structural information about the binding mode of
the partners exists is limited in both cases by the lack of coordinates for large parts of the
proteins. In some cases, [Ps showing some activity are not located at the PPl interface of
the regions of resolved structure. It is also notew orthy that for the K-Ras/ Raf interaction,
the fragment of Raf at the PPl interface did not show any signal in the PEPscan experiment.
Reasons for this are unclear, and could come from the intrinsic properties of the associated
sequence fragments. Looking at the aggregation propensities of the Raf sequence, various
regions were predicted as aggregation-prone by the Walz server [52], but not in the region
66-71 located at the interface. It remains that PEPscan was able to identify a spot at an
experimental 3D PPl interface in three cases out of five, further analysis being limited due
to the absence of 3D coordinates.

A very promising aspect of this study is that our analyses suggest that when applied
to IP identification, the PEPscan approach seems able to identify functional IPs that are
specific to the target PPL. Indeed, functionally active IPs identified from one protein to
address different Pls correspond in all cases to different fragments of the protein. Of
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note, the only case of protein SET, with ane I identified for the PP2A /SET interaction,
was largely overlapping with that identified for the caspase-9/5ET interaction, but was
not active. Conversely, for eleven out of fifteen (73%) of the functional [Ps identified, the
fragment corresponds to a region of the protein not frequently involved in the assemblies
of 3D structure determired, available in the PDB. This last observation must be, however,
taken with care, since the structural data available in the PDB are far from covering the
complete set of interactions expected ina cell [53,54].

Overall, it seems obvious that SPOT peptide arrays should continue playing a key role
in the above-described applications, as well as for new purposes. From our analyses, this
approach combines the advantages of being rather successful while being cheap and quick
to enforce. In addition, we have here analyzed the results of experiments obtained using a
constant protocol, proven effective over years, but there is room for evolution concerning
the solid support, the array density and the size of the immobilized peptides, as well as the
size of the overlapping sequence. The object of the interactions could also vary. Presently
limited to proteins, the binding of different classes of molecules could be foreseen, such
as nucleic acids, lipids and small compounds, to cite some. Continuing on PPls, many
perspectives are still open, particularly for therapeutic applications. PEPscan seems of
particular interest when the structure of the pariners in interaction is not known, and when
in silico analyses cannot reliably be conducted. This is the case in numerous pathologies,
such as various cancers, for which identifying a peptide can benefit from the coupling with
cell-penetrating peptides [31], and more recently from tumor-addressing peptides [55].
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Introduction

Le carcinome hépato-cellulaire survient dans la plupart des cas sur un terrain particulier :
foie d’hépatopathie chronique ou cirrhotique, cirrhose décompensée, comorbidités (HTA,
diabete, obésité), patient agé, immunodépression thérapeutique avec contre-indication aux
drogues immunostimulantes ..etc. De plus le CHC est considéré comme une tumeur
chimiorésistante. Il est donc indispensable de disposer de traitements systémiques
spécifiques des cellules tumorales afin de limiter au maximum les effets secondaires. Nous

avons montré que les peptides bi-fonctionnels permettaient cette approche sélective.
But du travail

Mesurer l'internalisation et les effets biologiques de 4 peptides bi-fonctionnels (TPP-IP) sur
des cellules tumorales isolées a partir de pieéces opératoires de patients opérés pour CHC
sans tenir compte de la conclusion du compte-rendu histologique définitif, ni du stade
évolutif (tumeurs « tout venant », diagnostic préopératoire fait le plus souvent sur I'imagerie

ou la biologie et non pas une biopsie).
Matériel et méthodes

Les patients informés signaient un consentement et I’échantillon était prélevé au laboratoire
d’anatomie-pathologie puis préparé pour isolation des cellules hépatiques fraiches. Les
cellules mises en cultures en présence de peptides fluorescents pendant 4h étaient ensuite

examinées par cytométrie en flux.

Un score d’agressivité tumorale était calculé sur 6 criteres : un critere biologie 1) I'alpha-
foeto-protéine (Logio(AFP)) préopératoire et 5 autres criteres tirés de I'analyse histologique:
2) présence/absence d’une capsule incompléte, 3) présence/absence de nodules satellites,
4) présence/absence d’une invasion microvasculaire, 5) présence/absence du caractéere

macrotrabéculaire et 6) différentiation : bien différencié, moyennement indifférencié.
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L'immunohistochimie était faite par application d’anticorps sur coupes fixées et

déparaffinées.

L'apoptose était mesurée par cytométrie en flux apres culture cellulaire en présence des

peptides et d’annexine V marquée au FITC pendant 12h.
La spécificité du peptide a été vérifiée par compétition in vitro suivie d’un WesternBLot.
Résultats

Parmi 14 patients opérés pour carcinomes hépatocellulaires (CHC) ou tumeur compatible
avec un CHC, il s’agissait en histologie définitive de 11 CHC et de trois tumeurs sans malignité

(1 adénome hépatocellaire, 1 ganglion métastatique et nécrosé de CHC, 1 angiomyolipome).

Les 4 peptides bi-fonctionnels (iRGD-IP, RPARPAR-IP, LinTT1-IP, TT1-IP) étaient internalisés
dans les hépatocytes malins mais pas dans les cellules non malignes. L’internalisation
peptidique était corrélée de maniere logarithmique a la quantité de récepteur exprimée a la
surface des cellules. De méme, linternalisation était corrélée au score d’agressivité
tumorale. L'internalisation des peptides iRGD-IP, LinTT1-IP, TT1-IP et RPARPAR-IP induisait
une apoptose des hépatocytes malins et pas des cellules non-malignes. Il n’a pas été trouvé

de relation entre les données de I'immunohistochimie et I'internalisation des TPP-IP.
Conclusion

Ce travail confirme la spécificité des peptides bi-fonctionnels TPP-IP pour atteindre des
cellules de CHC « tout venant » Cette spécificité semble liée au niveau d’expression des

récepteurs membranaires lui-meme corrélé a |'agressivité de la tumeur.
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Abstract: Background: The interfering peptides that block protein—protein interactions have been
receiving increasing attention as potential therapeutic tools. Methods: We measured the
internalization and biological effect of four bi-functional tumor-penetrating and interfering
peptides into primary hepatocytes isolated from three non-malignant and 11 hepatocellular
carcinomas. Results: These peptides are internalized in malignant hepatocytes but not in non-
malignant cells. Furthermore, the degree of peptide internalization correlated with receptor
expression level and tumor aggressiveness levels. Importantly, penetration of the peptides iRGD-
IP, LinTT1-1P, TTI-IP, and RPARPAR-IF induced apoptosis of the malignant hepatocytes without
effect on non-malignant cells. Conclusion: Receptor expression levels correlated with the level of
peptide internalization and aggressiveness of the tumor. This study highlights the potential to
exploit the expression of tumor-penetrating peptide receptors as a predictive marker of liver tumor
aggressiveness. These bi-functional peptides could be developed for personalized tumor treatment.

Keywords: hepatocellular carcinoma; tumor-penetrating peptides; interfering peptides

1. Introduction

Despite significant progress in translational cancer research, advances in the design
of targeted anti-cancer therapies have remained disappointingly slow [1-6]. The two most
important issues with current cancer therapies are the lack of tumoral specificity and the
lack of selectivity. Treatments thus induce off-target effects and adverse side effects, and
the amount of drug that actually reaches its target remains relatively low. Consequently,
there is a real need for selective anti-cancer drugs.

Various targeted delivery strategies have been developed in an effort to overcome
these limitations. One strategy is the use of Tumor-Penetrating Peptides (TTT), which are
recognized as tumor-specific drug delivery vehicles that can penetrate into tumor cells to
deliver cargo. TPPs are internalized via specific receptors expressed on tumor cells and
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vasculature [7,8], and are characterized by the presence of the C-end Rule (CendR) motif
with the consensus sequence R/KXXR/K [9,10]. This motif has to be C-terminally exposed
to allow tumor-specific binding and penetration via the Neuropilin-1 (NRP-1) receptor.

RPARPAR is a prototypic CendR peptide that binds and internalizes via the NRP-1
receptor [11,12]. Another widely used TPP is iRGD (CRGDKGPDC), which is recruited to
tumors via interaction with the integrins av3/5 through the RGD motif. On the cell
surface, the tumor proteases cleave iRGD to C-terminally expose the CRGDK CendR motif
that triggers internalization with the NRP-1 receptor [13]. The cyclic TT1 and its linear
version, LinTT1, bind first to the p32 protein expressed on the tumor cell surface [14]. Both
are also cleaved by tumoral proteases, thus exposing the CendR sequence that can then
bind to NRP-1 [14-19].

TPPs are widely used as tumor-homing affinity ligands in targeted therapies, as they
combine tumor spedificity with cargo to reduce toxicity and increase efficacy [17,20-25].
In previous work, we paired TPPs with an Interfering Peptide (IP) that blocks the
interaction between the phosphatase PP2A and its physiological inhibitor, the
oncoprotein SET. This leads to bi-functional peptides that are able to specifically target
tumoral cells where, once internalized, they dissociate the PP2A/SET interaction [26].

Hepatocellular Carcinoma (HCC) is a primary liver cancer that originates from
hepatocytes [27]. HCC is the sixth most frequent cancer and the fourth leading cause of
cancer-related mortality worldwide. Risk factors for HCC include viral infection, alcohol
abuse, non-alcoholic fatty liver disease, certain toxins, and genetic diseases. These factors
are responsible for chronic liver inflimmation, fibrosis, and ultimately cellular
transformation and liver function impairment [28]. Multimodal lines of therapy against
HCC include surgical resection, chemotherapy, or radiotherapy. Tyrosine kinase
inhibitors have some efficacy but are contraindicated in cases that involve altered liver
function. Immunotherapy treatments hold promise for treating HCC [28], but more
efficient targeted therapies are needed. An alternative way to treat HCC could be to use a
dual-peptide strategy combining a TPP with an IP. Here, we show that the fused TPP-IPs
can selectively internalize into primary tumoral hepatocytes isolated from HCC patients.
Our results show that level of TPP-IP receptor expression by HCC tumor cells correlates
with degree of peptide internalization and tumor aggressiveness, which raises prospects
for a selective liver tumor-targeting approach.

2. Materials and Methods
2.1, Patients

Samples of benign and tumoral liver were collected from 14 patients. All patients
gave informed consent. Samples 1 to 3 correspond to non-malignant tumors or necrotic
HCC (following sorafenib treatment), and samples 4 to 14 correspond to HCC (Table 1).
A tumor aggressiveness score was calculated based on histological or biological factors
known to be associated with poor prognosis. This tumor aggressiveness score included
tumor encapsulation [29], tumor differentiation [30], presence of satellite nodules,
vascular invasion, macrotrabecular type [31], and logw of the preoperative Alpha Feto
Protein (AFP) value [32]. Tumors that scored 0 had zero aggressiveness, tumors that
scored <6 were considered moderately aggressive, and tumors that scored >6 were
considered highly aggressive.
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Table 1. Clinical characteristics of the patients.

Patient  Sex

M

M

M

M
M

M

I
M

Partially Satellite Vascular

Age Type Tumor AFP Logl0AFP Encapsulated Nodule Invasion Oiftesmiistian Macralmtacn'ar Aggressiveness J\gg.n:ﬁlm
(1/2/3) ({1 h] Class
(1) () 1)

455 ciapmioceihier 14 i} i} i} il i} i} il Mull
adenoma

65,3 Mecrotic lymphnode 24 0 0 0 0 0 0 0 Mull

53.5 Angomyolipoma 49 0 0 0 0 0 0 0 MNull
Microtrabecular  and

56.5 peeudoglandular, v [i] 1 0 0 2 0 3 Moderate
Mudear grade 2

47.4 Microtrabecular 1010 E] 1 1 i 2 i} 7 High
Trabeoular,

59.9 Edmondson grade 2,285,000 4 1 0 0 2 0 7 High
nuclear grade 2

6.4 E:E:;]::ﬁrmm 6662 3 1 0 0 2 1 7 High
Macro-trabecular,

47.1 Edmonson grade 3, & 0 1 1 1 2 1 [ High
nuclear grade 3

73.4 ﬂl:;txiﬁm" Y4 0 1 0 0 2 1 4 Maoderale

g7.3 Pdmonson grade 2 o 0 1 0 0 2 0 3 Maderate
nudear grade 2

57.5 Maaotrabecular 51 il 1 1 1 2 1 (] High
Trabeoular,

69.3 Edmonson grade 2, M3 2 1 0 2 2 0 6 High
nuclear grade 2

8.7 E&“&“ﬁ:ﬁ;‘if 25 0 1 0 2 2 0 3 Maderate

78,8 Trabeaular 31 2 1] 1] 2 2 { 5 Moderate

! Well differentiated HCC =1, moderately differentiated HCC = 2, undifferentiated HCC = 3. 2 Sum of Loguw AFF, partially
encapsulated, satellite nodule, vascular invasion, differentiation, macrotabecular HCC (min = 0, max: 7).

2.2, Peptide Synthesis and Sequences

The peptides were synthesized in an automated multiple peptide synthesizer with
solid-phase and standard Fmoc chemistry (GL Biochem, Shanghai, China). The
characterization was performed by High-Performance Liquid Chromatography (HPLC,
Shimadzu France, Marne-la-Valle) and Mass Spectrometry (MS, Bruker, Wissembourg,
France). For internalization experiments, the peptides were synthesized with a
fluorochrome (FITC, Sigma-Aldrich, Saint Quentin, France). The peptides and sequences
used are shown in Table 2.

Table 2. Sequence of the peptides used in this study.

Peptide ID Sequence
{RGD-IP FITC -Ahx-ETVTLLVALKVRYRERIT-Ahx-CRGDKGPDC-CONH: (C-C
disulfide bond)
RPARPAR-IP FITC -Ahx-ETVTLLVALKVRYRERIT-Ahx-RPARPAR-OH
LinTT1-IP FITC -Ahx-ETVTLLVALKVREYRERIT-Ahx- AKRGARSTA-CONH:
TT1-IP FITC -Ahx-ETVTLLVALKVRYRERIT-Ahx-CKRGARSTC-CONH: (C-C
disulfide bond)

Ahx: aminohexanoic acid.

2.3, Isolation and Culture of Primary Human Tunoral Hepatocytes

Healthy hepatocytes were isolated from patient samples following a protocol
previously described [26]. Human tumoral hepatocytes were isolated from tumoral liver
samples collected from adult patients undergoing surgery. Samples were cut into small
pieces and treated with 4 mL of dispase (Gibco, Ref 17105-041, Thermo Fisher, France; 10
mg/mLin PSA buffer) (NaCl 8g/L, KC1 0.2 g/L, glucose 1g/L, NaHCOx 0.35g/L, phenol red
1mL/L; Thermo Fisher, France) and 2 mL of collagenase type I (Gibco Ref 17100-017; 5
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mg/mL in PSA buffer). Samples were incubated at 37 °C under agitation for a maximum
of 1 h, and then the solution was filtered and passed through needles of different
diameters. The volume was filled up to 50 mL with culture medium and centrifuged at
177g for 5 min. Arginase expression confirmed that the isolated cells were hepatocytes.
The supernatant was discarded, and the cells were cultured in DMEM medium (Thermo
Fisher, France) supplemented with 10% Fetal Calf Serum (FCS, Gibco, Thermo Fisher,
France) and antibiotics until treatment with peptides. The hepatocytes were maintained
in culture for no more than 36 h to ensure that they did not enter differentiation.

2.4. Quantification of Cellular Internalization

Primary human hepatocytes were seeded overnight on 24-well plates and then
incubated for 4 h with FITC-labeled peptides. After treatment, cells were detached, treated
with trypsin (Gibco, Thermo Fisher, France) to remove non-internalized peptides, washed
twice with PBS (Gibco, Thermo Fisher, France) to remove free peptides, and resuspended
in 200 uL of PBS. FITC fluorescence intensity of internalized peptides was measured using
a FACSCanto II flow cytometry system (Beckton Dickinson, Franklin Lakes, NJ, USA).
Data were analyzed using FACSDiva 6.1.3 software (DB Biosdences, Franklin Lakes, NJ,
USA). Healthy primary hepatocytes were used as control. For detection of TPP receptors
on the cell surface, anti-p32 (Sigma Aldrich, 5t. Louis, MO, USA, AB2991), anti-NRP-1
(antibody generated in house, prepared by immunizing rabbits with human recombinant
NRP1, followed by affinity purification) [24], and anti-integrin v/B3 (Abcam, Cambridge,
UK, ab203123) antibodies were incubated with the cells for 30 min at room temperature,
Cells were then washed and incubated with fluorophore-labeled secondary goat anti-
mouse antibody (Alexa Fluor 647 goat anti-mouse, Thermo Fisher, Waltham, MA, USA,
A-21238) or goat anti-rabbit antibody (Thermo Fisher, Waltham, MA, USA, A48285) for
10 min. Cells were then washed again, and receptor expression was analyzed by flow
cytometry as described above.

2.5, Immunohistochentistry

The immunostaining procedure was performed on formalin-fixed, deparaffinized,
3um-thick sections using a Ventana Benchmark Ultra platform (Roche Diagnostics, Basel,
Switzerland) and the Ultraview visualization system (Roche Diagnostics, Basel,
Switzerland) according to the manufacturer's instructions. The following primary
antibodies were used: mouse monoclonal anti-CK19 antibody (dilution 1/100; clone
RCK108; ref. M088801-2, Agilent, Santa Clara, CA, USA) followed by CC1 antigen
retrieval buffer (36 min, 95 °C) and an antibody incubation time of 20 min at 20 °C; mouse
monoclonal anti-human hepatocyte (HepPar) (dilution 3/100; clone OCHIES; ref.
M715801-2, Agilent, Santa Clara, CA, USA) followed by CC1 antigen retrieval butfer (64
min, 95 °C) and an antibody incubation time of 32 min at 20 °C; mouse monoclonal anti-
human Glypican-3 (prediluted; clone 1G12; ref. F/261M-98, MM, Brignais, France)
followed by CC1 antigen retrieval buffer (64 min, 95 °C) and an antibody incubation time
of 32 min at 37 °C; mouse monoclonal anti-human b-catenin (prediluted; clone 14; ref.
052659016001, Roche Diagnostics, Basel, Switzerland) followed by CC1 antigen retrieval
buffer (64 min, 95 °C) and an antibody incubation time of 32 min at 37 °C, and mouse
monoclonal anti-human glutamine synthetase (prediluted; clone GS6; ref. 07107757001,
Roche Diagnostics, Basel, Switzerland) followed by antigen retrieval protease (4 min, 20
°C) and an antibody incubation time of 40 min at 20 °C.

2.6. Detection of Apoptosis by Annexin-V Staining

The degree of apoptosisinduced by the four TPP-IPs on primary benign and tumoral
treated hepatocytes was measured by flow cytometry on cells stained with annexin-V
FITC (Biosciences, Fischer Scientific, Hampton, NH, USA). The primary cells were
incubated with the peptides for 12 h at 37 °C in DMEM supplemented with 10% FCS

91/163



Pharmaceutics 2021, 13, 1631

5 of 16

(Gibco, Thermo Fisher, France), then washed and treated according to the manufacturer’s
protocol. Level of apoptosis was measured using FACSCanto II flow cytometry system
(Becton Dickinson Biosciences, Franklin Lakes, NJ, USA).

2.7, Inmunoprecipitation and Western Blotting

MDA-MB231 cells (ATCC, HTB-26) (5 = 10¢) were lysed for 20 min at 4 °C in lysis
buffer (50 mM Tris pHE, 1% NP40, 137 mM NaCl, 1 mM MgClz, 1 mM CaClz, 10% glycerol
and protease inhibitor mixture, Sigma Aldrich, St. Louis, MO, USA). Lysates (500 pg) were
immunoprecipitated with the appropriate antibody overnight at 4 °C, and protein A/G
Sepharose (Santa Cruz, Dallas, TX, USA) was added for 1 h at 4 “C. After washing with
TBST (20 mM Tris-HC1 pH7.5, 150 mM NaCl, 0.05% Tween 20; Gibco, Thermo Fisher,
France), the PP2A/SET interaction was competed using 1 mM of PP2A/SET or Ras/Raf IP
(GL Biochem, Shanghai, China) for 30 min at room temperature. After several washing
steps, immunoprecipitates were separated by S5D5-PAGE, transferred to nitrocellulose,
and blotted with anti-PP2A antibody (Sigma Aldrich, St. Louis, MO, USA). The membrane
was washed and incubated with HRP-conjugated secondary antibody (Dako, Hamburg,
Germany, 1:1000 dilution). Protein detection was performed using the ECL system (Bio-
Rad, Hercules, CA, USA). The blot was also hybridized with anti-SET antibody as internal
control (Thermo Fischer, Waltham, MA, USA, MA5-34662).

2.8. Siatistical Analysis

The data were analyzed using SigmaPlot version 12.0, Systat Software, Inc. (D-40699,
Erkrath, Germany) and logarithmic regression with StatView version 5.0 for Windows SAS
Institute Inc. Statistical tests used include (-tests and a Mann-Whitney rank sum test or Pearson
correlations, as appropriate. Values of p < 0.05 were considered statistically significant.

3. Results
3.1. Clinical Characteristics of the Patients and Tumor Aggressiveness Classification

Samples from 14 patients were analyzed. Of these, three were from non-malignant
tumors and 11 from HCC. The patient population had a median age of 62 years (range:
47-78 years) with a large predominance of males (71%). Clinical aggressiveness was
calculated according to six parameters: AFP, non-encapsulation, satellite nodules,
vascular embolization, differentiation, and macrotrabecular type (Table 1). Samples 1 to 3
corresponded to zero aggressiveness hepatocellular adenoma, necrotic tissue and
angiomyolipoma, respectively. Samples 4 to 14 corresponded to HCC of moderate or high
aggressiveness and were classified using the following parameters: for encapsulation,
non-encapsulated = 0, partially encapsulated = 1; for differentiation, well-differentiated =
1, moderately differentiated = 2, undifferentiated = 3; for satellite nodes, positive = 1,
negative = ; for vascular invasion, positive = 1, negative = 0; for macrotrabecular type,
positive = 1, negative = 0.

3.2, Immunohistochemical Characteristics of the Patienis

The immunohistochemical markers that were analyzed in the patient samples were:
CK19, to differentiate HCC from cholangiocarcinoma; HepPar, a marker that differentiates
HCC from metastatic carcinoma [33]; GPC3, a member of the glypican family involved in
progression of HCC [34]; B-catenin, a marker of development and progression of HCC [35];
and glutamine synthetase [36], which may enhance melastatic potential in HCC. Absence of
CK19 expression confirmed that the patient samples corresponded to HCC but not to
cholangiocarcinoma. Note that samples from patients £7, #8, #11 and #12, which were
classified as highly aggressive HCC, showed the highest levels of HepPar marker expression.
Similarly, samples from patients #6 and £#7, which were also classified as highly aggressive
HCCs, expressed the highest levels of g lutamine synthase (Table 3).
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Table 3. Immunohistochemical characteristics of the patients.

Patient CK19 HepPar  GPC3  Nuclear B-Catenin  Glutamine Synthetase

1 - + - + -
2 necrosis necrosis _necrosis necrosis necrosis
3 - - - - -
4 - + + 10-20% +++
5 - - - 0 0
6 - - - - R
7 - e+ - + +++
8 + b - - -
9 . + & . .
10 - + - - +
11 - e+ + - -
12 - e + - -
13 . ot - - .
14 - + -+ + -

0: no material was available.

3.3. In Vitro Competition against PP2A/SET Interaction

In vitro competition testing was performed to confirm that the IP targeted the
PP2A/SET interaction. Lysates from MDA-MB231 cells were immunoprecipitated with
anti-PP2A antibody, and the interaction with SET was competed using IP PP2A/SET
(Figure 1). SET was detected in the control immunoprecipitates and in
immunoprecipitates after competition with the IP disrupting the Ras/Raf interaction
(peptide sequence: MEHIQGAWKTISGFGLK), whereas the levels detected were much
lower after competition with 1 mM of the IP blocking the PP2A/SET interaction. PP2A was
used as internal control of protein loading,

1P PP2A
Competition

0"“ n wgﬂ“\v ‘,l""

PP2A 39 kDa

ws

SET 34 kDa

Figure 1. The IP disrupted PP2A/SET interaction in vitro. Lysates were immunoprecipitated with
anti PP2A antibody. The PP2A/SET interaction was competed in vitro with 1 mM of the PP2A/SET
IP and with an irrelevant Ras/Raf 1P used as a negative control. The total amount of PP2A was used
as internal control.

3.4. Internalization of Tumor-Penetrating and Interfering Peptides (TPP-IP) into Primary
Tumoral Hepatocytes via Specific Receptors

We generated four bi-functional peptides composed of a TPP (iRGD, RPARPAR,
LinTT1, or TT1) paired with the IP blocking the interaction between the phosphatase PP2A
and its physiological inhibitor, the oncoprotein SET. These peptides penetrated
specifically into tumoral B-cells [26]. We analyzed the intracellular penetration of these

93/163



Pharmacen tics 2021, 13, 1631

7 of 16

TPP-IP in a group of 14 samples of non-malignant tumors (samples #1 to £3) or HCC
(samples #4 to £14), graded according to histological tumor type.

Figure 2A shows that none of the four TPP-1Ps penetrated non-malignant tumors. In
HCC (samples #4 to #14), iRGD-IP showed the lowest level of internalization but with a
significant difference between benign and aggressive tumors (p = 0.02). Bi-functional
peptides RPARPAR-IP (p = 0.005), LinTT1-IP (p = 0.002), and TT1-IP (p = 0.005) showed
higher levels of penetration in tumoral hepatocytes, again with a significant ditference
compared to non-malignant samples (Figure 2A). Interestingly, RPARPAR-IP showed the
highest level of internalization in HCC samples, ahead of LinTT1-IP and TT1-IPs which
showed very similar levels of internalization (Figure 2A). Crudially, none of the TPP-IPs
internalized into healthy hepatocytes {control in Figure 2A).

1600 4,
1400 1 miRGD- P i I
1200 A O RPARPAR- P

Mean fluorescence

1000 - @LNTT1-IP !

00 | BTTI-P ;
[
600 E
H Pl [}

400 - Al B

200 : 5 | :

Vo ol i e WEE A I

o e L LK 'H LH [ 4 [ A i

S % B w3 8 Wk S 6 A % A W Patient
0 Mull Medium High
3500 -

w000 { B W Irtegrin -
2500 4 OMRP-1 [
mp32 I
2000 4
1500 4
1000 A
500
- o -

g % BB B W Wk 9 R A B W W patient
oy Mull Medium High

T T
T TN T ITITATI TN IT

BT ey
BN NN NN EET NI IR iR

LT

Mean fluorescence

Aggressiveness

Figure 2, Selective internalization of TPP-1Ps and receptor expression in malignant hepatocytes. (A) TPP-
IP internalization. Hepatocytes isolated from benign or malignant liver patient samples were incubated
for 4 h with 25 pM of FITC-labeled peptides. The mean fluorescence of internalized peptides was
analyzed by flow cytometry and compared to control healthy hepatocytes, Internalization of the TPP-IPs
was significantly higher in HCC compared to non-malignant tumors (HCC versus non-malignant
tumors or normal hepatocytes respectively, 1 =4 to 11 per group, mean + standard error, iRGD-IP: 61 +
12 vs. 244 + 40, p = 0.022; RPARPAR-IT: 191 £38 vs, 977 £ 83, p = 0.005; LinTT1-1P: 184 +27 vs. 682 £ 73, p
=0.002; TT1-1P: 137 + 23 ws. 637 £93, p = 0L005). (B) Receptor expression. Hepatocytes isolated from non-
malignant or tumoral liver samples were incubated with antibodies against NRP-1, p32, and integrin
v/b3, followed by an APC-labeled secondary antibody. Samples were analyzed by flow cytometry.
Healthy hepatocytes were used as confrol. Receptor expression levels were significantly higher in
tumoral hepatocytes than in non-malignant tumors (HCCs vs. non-malignant tumors or normal
hepatocytes, respectively, 1 = 4 to 11 per group, Integrin v/b3: 254 + 40 vs. 1416 £ 306, p = 0.005; NRP-1:
211 £ 31 ws. 1410 £ 290, p =0.005; p32: 303 +£58 vs. 1530+ 238, p = 0.01).

Given that these peptides are internalized by tumoral hepatocytles via specific
receptors on tumoral cells, we analyzed the expression of integrin v/pi3, p32 and NEP-1.
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Figure 2B shows that samples #1 to #3 (non-malignant tumors) and healthy control
hepatocytes all showed very low levels of cell surface receptor expression, whereas
samples #4 to #14 (HCC tumors) showed significantly higher receptor expression levels
compared to non-malignant tumors (p = 0.05 for integrin v/(33; p = 0.05 for p32; p = 0.05 for
NRP-1). We previously showed that the IP without TPP failed to internalize into
malignant B cells and tumoral hepatocytes, whereas a non-tumoral-specific cell-
penetrating peptide alone or combined with the IP effectively internalized in both
malignant and healthy B cells and hepatocytes. The new results reported here confirm
that the specific internalization of the TPP-IPs into tumor cells is due to internalization via
specific receptors,

3.5. TPP Internalization and Receptor Expression Correlated with Tumor Aggressiveness

iRGD is recruited via interaction with integrins and then cleaved by tumoral
proteases, thus allowing interaction with the NRP-1 receptor. Similarly, LinTT1 and TT1
first bind to p32, a mitochondrial protein aberrantly expressed on the cell surface of
tumoral cells and are then cleaved by proteases expressed by the tumor cells, allowing
them to interact with NRP-1. Finally, the RPARPAR peptide binds directly to tumoral cells
expressing NRP-1.

We tested whether there was a correlation between the level of primary receptor
expression on the tumoral cells and level of peptide internalization. Figure 3A shows a
low level of iRGD-IP internalization (compared with RPARPAR-IP, LinTT1-IP, and TT1-
IP) and variable expression of its receptor, integrin v/[33. The highest levels of integrin
v/B3 expression were found in samples from patients #5, #6, #7, £11, and #12, which
matched to the samples with the high tumor aggressiveness scores. Moreover, samples
#5, #11, and #12 showed a higher degree of internalized iRGD-IP, which also matched with
high tumor aggressiveness. A similar pattern was found for NRP-1 receptor expression
and RPARPAR-IP internalization (Figure 3B), where the highest level of NRP-1 expression
was found in samples from patients #5, #6, #7, #11, and #12, and the highest RP ARPAR-IP
internalization was found in samples £6, #11, and #12 that also corresponded to the most
aggressive tumors. Finally, there was a different pattern of p32 receptor expression and
LinTT1-IP/TT1-IP internalization, with the highest expression of the receptor in samples
from patients #6, £11, and #12 that were classified as aggressive tumors, and these same
samples also showed the highest peptide internalization (Figure 3C).
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Figure 3. Primary receptor expression and internalization of TPP-IPs. (A) Expression of primary receptor integrin and
iIRGD-IPinternalization. (B) Expression of NRP-1 receptor and RPARPAR-IP internalization. {C) Ex pression of the primary
p32 receptor and LinTT-1-IP and TT1-IP internalization. Data are from Figure 2.

Analysis of NRP-1 expression levels in comparison to internalization of iRGD-IP
(Figure 4A), LinTT1-IP and TT1-IP (Figure 4B), or RPARPAR-IP (Figure 3B) found that
samples with the highest receptor expression also had high tumor aggressiveness scores
and showed prominent TPP-IP internalization.
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Figure 4, Secondary receptor expression and intermalization of TPP-1Ps, (A) Expression of secondary receptor (NRP-1) and
IRGD-IP internalization. (B) Expression of secondary receptor (NRP-1) and internalization of LinTT1-IP and TT1-IP. Data
are from Figure 2.

Figure 5A-C shows that there was a significant correlation between the levels of
primary receptor expression (integrin v3, NRP-1 and p32) and peptide internalization (p
=0.010 for iRGD-IP; p = 0.045 for RPARPAR-IP; p=0.02 for LinTT1-IP; p = 0.03 for TT1-IP).
Figure 5C also shows that tumor aggressiveness score correlates with TPP-IP
internalization (p = 0.02).
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Figure 5. Correlation between receptor expression, peptide internalization, and aggressiveness of HCC.
Correlation between integrin expression and internalization of iRGD-IP followed the equation: y = b0
+b1*log(x). White circle: non-malignant tumor or normal hepatocytes; bladk squares: samples from
medium aggressiveness tumors; black stars: samples from high aggressiveness tumors. (A) Integrin
expression and iRGD-IP internalization, (b0 = -610 + 207, b1 = 121 + 31) (B); NRP-1 expression and
RPARPAR-IP internalization, (b0 =-1344 + 600, b1 =322 + 89) (C), p32 expression and internalization of
LinTT1-IP (b0 = -1456 + 529, b1 =294 + 76) and TTI-IP (b0 =-1636 + 665, bl = 313 + 96)(D) Correlation
between score of aggressiveness and TTP-IP internalization (r = 0479, standard error of estimate=333.2,
f=y0ra*x with y0 =249+ 83, a=69.7 + 17).

3.6. Apoptotic Effect of TPP-IPs on Tumoral Hepatocytes

We have previously demonstrated that TPP-IPs induced apoptosis in tumoral B-cells
[26]. Figure 6 shows that iRGD-IP, RPARPAR-IP, LinTTI-IP, and TTI-IP induced
apoptosis in HCC (sample #7 here) but not in non-malignant samples (sample £1).
Apoptotic effect was stronger for LinTT1-IP and TT1-IP peptides, suggesting a tumor-
specific induction of apoptosis.
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Figure 6. TPP-IPs induce apoptosis in HCC. Hepatocytes isolated from HCC (patient 7) or non-malignant tumors (patient 1)
were cultured 12 hwith 25 uM and the resulting apoptosis was estimated by annexin-V-FITC staining using flow cytometry. (A)
Flow cytometry plots from one non-tumoral (patient 1) and one tumoral sample (patient 7). (B) Quantification of the percentage
of apoptoticcells from three non-tumoral and three tumoral samples. Error bars = + standard error.

4. Discussion

Liver cancer remains a global health challenge, and its incidence is growing
worldwide. Itis estimated that by 2025, liver cancer will affect one million people annually
[37,38]. The most common form of liver cancer is hepatocellular carcinoma (HCC), which
accounts for ~90% of cases. Approximately 25% of HCC tumors present mutations, but
they remain undruggable [39,40]. The histology-based definition of the morphological
heterogeneity of liver cancer has been modified in an effort to employ personalized
therapies for patient treatment [27].

The type of HCC treatment depends on tumor stage, patient performance, and the
hepatic functional reserve. The pathogenesis of HCC is a complex multistage process,
where angiogenesis plays an important role. For patients with advanced disease, only a
handful of kinase inhibitors are approved for therapy, such as cabozantinib, regorafenib,
lenvatinib, or sorafenib [41-45]. Anti-angiogenic agents, as well as some monoclonal
antibodies, are also approved for use in HCC treatment.

Several therapeutic approaches to specifically target tumoral cells have been
investigated. Interfering peptides are emerging as promising therapeutic agents that block
intracellular protein-protein interactions [46,47]. The serine/threonine phosphatase PP2A is
frequently altered in cancer, either in terms of expression levels or activation [48-50]. The
physiological inhibitor of PP2A, i.e., the oncoprotein SET, engages with the catalytic subunit
of PP2A to block its activation. Competitive interfering peptides able to block the PP2A/SET
interaction can therefore restore PP2A activity [51,52]. We have generated four TPP-IPs able
to specifically penetrate tumoral hepatocytes and B-cells and induce apoptosis of malignant
cells [26]. Here, the four peptides (iRGD-IP, RPARPAR-IP, LinTT1-IP, and TT1-IP) that block
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the PP2A/SET interaction were able to penetrate tumoral hepatocytes isolated from HCC, but
crucially, they were not internalized by non-malignant tumors.

Different parameters have been used to define an aggressiveness score. Recent
publications define the aggressiveness score based on four clinical parameters, i.e, tumor size,
multifocality, presence of portal vein thrombus, and blood alpha-fetoprotein levels [53,54].
Here we defined an aggressiveness score based on the six parameters indicated in Table 1.
Given these criteria, we dassified the patients into three groups: non-aggressive (non-
malignant tumors), moderately aggressive (score up to five), and highly aggressive (score of
six and higher). The results show that there was a correlation between the number of TP
receptors expressed by tumoral cells, level of TPP-IP intemalization, and HCC aggressiveness.

Treatment of HCC cells with the bi-functional peptides tested here led to a higher
level of apoptosis in HCC cells than in non-malignant samples. The penetration-induced
apoptosis was mediated by the associated IP and the specific tumoral penetration.
Internalization of the TPP-IPs is the result of a multistep mechanism. First, the bi-
functional peptides are associated to their primary receptors (av3/5 integrins for iRGD,
p32 for LinTT1, and TTland NRP-1 for RPARPAR). After proteolytic cleavage by tumoral
proteases, they bind to the NRP-1 receptor, triggering cellular internalization. One
possible explanation for the lower internalization of iRGD-IP, TT1-IP, and LinTT1-1P
compared to RPARPAR-IP could be that after the incubation times used here, only a
fraction of these peptides gets cleaved to expose the CendR motif. The involvement of
several tumor-dependent steps renders this mechanism highly selective toward tumor
cells expressing integrin, p32, and NRP-1 receptors [7,10,14-16]. There are several lines of
evidence showing that NRP-1 mediates angiogenesis and that increased NRP-1
expression correlates with a decrease in tumor progression, angiogenesis, and immune
evasion [55,56]. Overexpression of NRP-1 in vitro and in vivo correlates with decreased
tumor vascularization and apoptosis, suggesting a direct correlation between level of
NRP-1 expression and aggressiveness of the tumor [55,56]. Similarly, the level of p32
expression by tumoral cells and tissues has been associated with cancer progression and
metastasis in several cancers, such as thyroid, pancreatic, gastric, and lung cancer [57].

Uncontrolled tumor cell proliferation and escape from apoptosis play an important
role in HCC growth, which makes inhibition of cancer proliferation and induction of
apoptosis a crucial target for HCC treatment. Patients with late-stage HCC currently have
to rely on systemic chemotherapy [58]. However, the prognosis of patients undergoing
chemotherapy for HCC is severely compromised by the toxic side effects of the drugs and
by the emergence of drug-resistant HCC tumors [59]. Consequently, there is a real need
to search for new targets to treat liver tumors.

Protein phosphatase PP2A and its physiological inhibitor are implicated in HCC as
well as other types of cancers. PP2A is a tumor suppressor that negatively regulates many
signaling pathways associated with cancer progression by dephosphorylating crucial
proteins in these pathways, such as Wnt/-catenin, PI3K, MAPK, and so on [60,61].

PP2A phosphatase inhibitors have been shown to have therapeutic effects against
HCC in clinical trials [62,63], suggesting that PP2A is a promising target for HCC
treatment. Unfortunately, the extensive constitutive expression of PP2ZA in normal tissues,
as well as the many PP2A pariners and signaling pathways in which PP2A is involved,
have bottlenecked the efforts to exploit PP2A as a target for therapeutic intervention. In
addition, in clinical trials, phosphatase inhibitors exert a toxic effect against normal
hepatic tissue [48-50,64], indicating that the therapeutic efficacy of PP2A inhibitors
depends on precise cancer-targeted delivery systems. We have addressed this challenge
by developing bi-specific peptides composed of a TPP and an IP module. Peptide drug
conjugates are gaining importance in cancer therapy. For example, PEPAXTO"
(melphalan flufenamide), a peptide drug conjugate that enters cells by passive diffusion
and releases the drug via the action of intracellular aminopeptidases, has been recently
approved for clinical use. The advantage of our TPP-IPs over other peptide drug
conjugates like PEPAXTO is their high specificity for malignant cells. The TPPs target
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receptors that are highly expressed in tumoral cells and, once inside the cell, they only
dissociate the pool of PP2A associated to SET, without any effect on the free PP2A and
SET partners.

Aberrant expression of SET has been reported in other cancers such as leukemia,
breast cancer, and colon, liver, and lung carcinoma [65-69]. The oncogenic role of SET in
HCC was first suggested by Fukukawa et al. [70] who demonstrated that SET expression
is highly upregulated in progressive HCC, indicating that SET may be involved in HCC
development. Furthermore, SET activity is associated with development of resistance to
chemotherapies [71-73]. Results obtained with patient primary cells support the
oncogenic role of SET in HCC, suggesting that SET may serve as a novel biomarker to
guide treatment in patients with HCC [69].

In conclusion, we report a selective tumoral internalization and apoptotic effect of
peptides with potential clinical applications in liver cancer. The correlation between TPP
receptor expression levels, TPP-IP internalization levels, and tumor aggressiveness score
suggests that TPP receptor expression could serve as a marker of HCC aggressiveness.
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Introduction

La leucémie lymhoide chronique (LLC) est la plus fréquente des leucémies chez I'adulte. Elle
se définit par une prolifération monoclonale de lymphocytes B qui ont subi des altérations
génomiques conduisant a la perte du signal d’apoptose ou mort cellulaire programmée. Le
pronostic de la maladie dépend non seulement des dérégulations cellulaires mais aussi du
terrain. Ainsi, le score pronostic international de la LLC (International CLL-IPI working group,
2016) tient compte de 5 facteurs pronostic indépendants: status TP53, mutation du géne des
chaines lourdes des immunoglobulines, concentration en B2-microglobuline, état clinique
[selon Binet (Binet et al, 1981) ou selon Rai (Rai et al, 1975)] et I'age. L'apparition de
mutations successives conduit a la résistance des cellules tumorales aux immuno-
chimiothérapies et a une progression rapide de la maladie. Meme si le sujet sort du cadre de
cette thése, il est important de voir que la LLC finit par échapper aux traitements, que les
combinaisons de drogues deviennent de plus en plus complexes et les effets secondaires
séveres demeurent incontournables. Le fait que le pronostic soit lié a I'dge et par
conséquent a ses comorbidités est un argument majeur pour développer des stratégies
thérapeutiques spécifiques des cellules tumorales. Nous avons montré que les peptides bi-
fonctionnels (TPP-IP) s’internalisaient dans les cellules tumorales B et les hépatocytes de
maniére spécifique grace au peptide pénétrant les tumeurs (TPP) (Simon-Gracia et al, 2020)
et induisaient une apoptose. In vitro, le peptide interférant (IP) permettait de bloquer
I'interaction entre la phosphatase PP2A et son inhibiteur naturel, la protéine SET. Cette
interaction permettait de supposer que [I'apoptose observée était secondaire au
rétablissement de 'activité de PP2A. Parmi les 4 peptides bi-fonctionnels que nous avons
utilisés, nous avons montré qu’iRGD-IP augmentait la survie des souris dans un modeéle

murin de xénogreffe (Simon-Gracia et al, 2020).
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But du travail

Tester I'efficacité in vivo de 3 peptides bi-fonctionnels (RPARPAR-IP, TT1-IP et LinTT1-IP)
dans un modeéle murin de xénogreffe puis compléter par une analyse de la biodistribution et

de la pharmacocinétique du plus performant.
Matériel et méthodes

Le modele de xénogreffe comportait des souris immunodéficiences CB-17 SCID qui
recevaient par voie intraveineuse des cellules de LLC Jok 1.3. Le traitement se faisait par
injections intrapéritonéales de 5 mg/kg de TTP-IP a partir de j3 et 5 consécutifs jours par

semaine.

La diffusion du peptide TT1-IP a été mesurée apres injection intra-veineuse de peptides
marqués par un fluorochrome (Cy7), puis acquisition d’image in vivo, sous anesthésie

générale dans une chambre d’acquisition équipée d’'une caméra haute définition.

Les toxicités rénale, hépatique et métabolique ont été comparées chez des souris femelle
BALB/c par dosage de la créatinine, de I’ALAT et du glucose 24h aprés injection d’'une dose

de 5 mg/kg de TT1-IP ou de NaCl 0.9%.

L'apoptose a été mesurée par cytométrie en flux apres marquage par de I'annexine V sur des

cellules tumorales ou non et traitées 12h par TT1-IP ou TT1 seul ou IP seul ou un témoin.

La dégradation sur 24h de TT1-IP dans du sérum humain a 37°C et la pharmacocinétique de

TT1-IP chez la souris BALB/c ont été mesurées par spectrométrie de masse.
Résultats

TT1-IP et LinTT1-IP prolongeaient la survie des souris greffés avec une lignée tumorale
humaine de LLC, mais seul TT1-IP avait un effet significatif. En revanche RPARPAR-IP n’avait
pas d’effet. Pourtant, I'apoptose induite sur les cellules tumorales par TT1-IP, LinTT1-IP et
RPARPAR-IP était comparables et aucun effet apoptotique n’était observé avec IP seul ou
TT1 seul ou sur des cellules saines. Ces derniers résultats démontraient les rdles
complémentaires du TPP et de I'lP pour obtenir une apoptose spécifique des cellules

tumorales.

105/163



Les résultats suivants ont été observés avec TT1-IP : L'intensité de captation de Cy7-TT1-IP
fluorescent était plus importante chez une souris porteuse de cellules de LLC. Sur les souris
immunocompétentes nous n’avons pas observé de toxicité de TT1-IP et montré que la
concentration plasmatique maximale était atteinte en 10 minutes, suivie d’une clairance
plasmatique avec un temps de % vie de 28 minutes. Enfin, 40% de TT1-IP était détectable
aprés 6h d’incubation dans du sérum humain montrant ainsi sa lente dégradation par

protéolyse.
Conclusion

Les résultats obtenus laissent a penser que l'utilisation de peptides thérapeutiques dans le

traitement des cancers est une possibilité réelle.
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ABSTRACT: Chronic lmphocytic leukemia (CLL) is the most  seooe
common form of leukemia in adults. The disease is characterized L "
by the accumulation of tumoral B cells resulting from a defect of
apoptosis. We have in vitro and in vivo preclinically validated a
tumor-penetrating peptide (named TT1) coupled to an interfering
peptide (IP) that dissociates the interaction between the serine/ .,\,,
threonine protein phosphatase 2A (PP2A) from its physiological ﬁ;
inhibitor, the oncoprotein SET. This TT1-IP peptide has an , , ,
antitumoral effect on CLL, as shown by the increased survival of ““"mmm N ‘;M s e |
mice bearing xenograft models of CLL, compared to control mice.

The peptide did not show toxicity, as indicated by the mouse body ol foan

weight and the biochemical parameters, such as renal and hepatic

enzymes. In addition, the peptide-induced apoptosis in vitro of primary tumoral B cells isolated from CLL patients but not of those
isolated from healthy patients. Finally, the peptide had approximately 5 h half-life in human serum and showed pharmacokinetic
parameters compatible with clinical development as a therapeutic peptide against CLL.

Walignent B ol

% Sravnl of CLL mice

KEYWORDS: chronic lymphocytic leukemia, xenograft models, tumor-penetrating and interfering peptides

B INTRODUCTION new CLL therapies for patients in which the current treatments
are not effective or have severe side effects.

We have recently developed bifunctional peptides composed
of a tumor-penetrating peptide (TPP), which selectively
internalizes in malignant B cells and tumoral hepatantesf in
tandem with an interfering peptide (IP), which blocks the
interaction between two cytoplasmic proteins, PP2A and
SET.* SET is an oncoprotein overexpressed in several cancers
including CLL. In CLL, SET is involved in the disease initiation
and progression as well as in the development of therapeutic
resistance.” " The IP blocks the interaction of SET and PPA2,
resulting in cancer cell death.” PP2A is a serine/threonine
phosphatase that regulates pathways involved in apoptosis,
proliferation, and DNA damage n:garai:u:n:lJ and its inhibition
leads to malignant transformation.'” The dissociation of PP2A
from SET allows the reactivation of PP2A. T'o guide and deliver
the IP peptide to the tumoral CLL cells, we previously tested
four different TPPs: RPARPAR, iRGD, TT1, and LinTT 1. TPPs

Chronic lymphocytic leukemia (CLL}, the most common form
of leukemia in adults,' is defined by an accumulation of
monoclonal neoplastic B cells in hematopoietic organs resulting
from a defect in programmed cell death. Clinical outcomes and
the prognosis of CLL patients depend on factors such as cellular
and genetic markers, as well as the age and health profile of the
patients. For young CLL patients, the standard chemo-
immunotherapy combining chemotherapy (cytostatic agents
such as fludarabine and cyclophosphamide) and immunother-
apy (anti-CD20 antibodies, Ritaximab) is well tolerated and
effective in controlling the disease.” In contrast, with undedying
health conditions, this frontline treatment can cause severe
adverse effects.” Moreover, the patient cohort with a deletion in
chromosome 17 (dell 7), or mutation in the p53 protein, shows
resistance to chemotherapy that cannot be overcome by
treatment with anti-CD20 antibodies. These patients, as well
as patients with I[GHC unmutated status,* have rapid disease
progression and lower survival, In these cases, the use of specific
inhibitors interrupting pathways for CLL cell survival (such as Received:  November 3, 2021

inhibitors of the Bruton kinase and antiapoptotic Bel-2) has Revised:  January 25, 2022
Accepted: January 25, 2022
Published: February 3, 2022

shown promising results.” However, some patients relapse due
to acquired mutations (e.g., in the gene encoding for Bruton
tyrosine kinase), rendering the disease resistant to the
proliferation inhibitors. Therefore, it is important to develop
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bind to and internalize into tumor cells and are used to deliver
therapeutic and imaging cargoes into tumors. The TPPs
containing the sequence R/KXXR/K at the C-terminal
{CendR peptides) bind to neuropilin-1 (NRP-1), a receptor
overexpressed in different types of tumors and malignant cells,
including B cells from CLL patlents.“ The CendR peptide
RPARPAR binds NRP-1'" and has been used to deliver
nanoparticles into cancer cells. BRGD peptide (internalizing
RGD) binds to @/#3/5 integrin in the tumor vasculature and after
being processed by tumor-related proteases engages NRP-1 to
activate penetration into the tumor tissue. T receptor of
the cyclic TT1 peptide (CKRGARSTC) and its linear version
LinTT1 (AKRGARSTA) is the p32/gClgR/CIQBP/HABP1
protein (p32) that is aberrantly expressed on the surface of
malignant and tumor-environment cells (fumor-associated
lymphatic vessels and tumor-associated macn:lphages}.w TT1
and LinTT1 are first recruited to p32, followed by proteolytic
cleavage to allow NRP-1 engagement.m LinTT1 has been used
for precision therapy and imaging of different solid tumor
models.” ™% We previously found that the B cells from CLL
patients express receptors (integrin avfi3, NRP-1, and p32) of
the four TPPs mentioned here and that the TPPs in tandem with
the IP (TPP-1IP) specifically internalize in and kill malignant B
cells from CLL patients in vitro,” Importantly, we have shown
that the treatment with iRGD-IP' significantly increased the
survival of CLL mice.” In the current report, we describe the in
vitro and in vivw validation in a xenograft model of CLL of the
three bifunctional tumor-penetrating and interfering peptides
(RPARPAR-IP, TT1-1P, and LinTTI1-IP} as well as the
biodistribution and pharmacckinetic (PK) parameters of TT1-
IP, the peptide that showed the highest increase in the survival of
CLL mice.

B MATERIALS AND METHODS

Peptide Synthesis and Sequence. Peptides were
synthesized in an automated multiple peptide synthesizer with
a solid-phase procedure and standard Fmoc chemistry by GL
Biochem with a purity of 98% ( Shanghai, China). The purity and
composition of the peptides were confirmed by reverse-phase
high-performance liquid chromatography (HPLC) using an
increasing CH;CN gradient and by mass spectrometry (MS).
Unlabeled peptides were used for the apoptosis assays and
experimental treatments. For live imaging experiments, TT'1-IP
was synthesized with the fluorochrome Cy7 at the N-terminus.
The sequences of all peptides are shown in Table 1.

CLL Xenograft Models and Experimental Treatments.
The 6—8-week-old female CB-17 SCID mice were purchased
from Envigo ( Gannat, France ). All mice were maintained under

Table 1. Sequence of the Peptides Used in the Study”

peptide ID sequences
TT1 CERGARSTC-CONH, (C—C disulfide bond)
iRGD-IP ETVTLLVALEVEYRERIT-Ahx-CRGDEGPDC-CONH 2
(C=C disulfide hond)
RPARPAR- ETVTLLVALKVREYRERIT-Ahx-RPARPAR-OH
IP
LinTTI-1IP ETVTLLYVALEVEYRERIT-Ahx-AKRGARSTA-CONH 2

TTI-1P Cy7-Ahe-ETVILLVALKVRYRERIT-Ahx-CKRGARSTC-
COMNH, (C=C disulfide bond)

ETVTLLYVALEVRYRERIT-Ahx-CKRGARSTC-CONH,
(C—C disulfide bond)

“Ahx = aminohexanoic acid

B96

conditions and protocols in accordance with the directives of the
Council of European Animal Welfare. The animal experiments
were done following the protocols approved by the Estonian
Ministry of Agriculture, Committee of Animal Experimentation
(project #196), and all of the experiments were conducted
following the guidelines of the mentioned committee.

CLL Jok1.3 cells (2 % 10°) in 100 uL of phosphate saline
buffer were injected into the tail vein. We have previously used
the same CLL xenograft model” and observed that 100% of the
tumor-induced mice developed CLL; therefore, no evaluation of
the transplantation was performed before starting the treatment.
Mice were intraperitoneally (IP) injected with saline (control
group ) orwith the peptides three days after the inoculation. One
experimental treatment was performed with four different
groups (control, TT1-IP, LinTT1-IP, and RPARPAR-IP) and
another treatment was performed with the control and TT1
groups. In both treatments, seven mice per group were used. The
peptide dose was 2.6 gmol/kg (comesponding to 5 mg/kg of the
TTI1-1P peptide ). Mice were monitored daily for the presence of
hind leg paralysis, which is indicative of infiltration of leukemic
cells in the central nervous system; in the case of infiltration, the
mice were sacrificed.

Fluorescence Live Imaging. The 6—8-week-old female
CB-17 SCID mice were purchased from Charles River
Laboratories {L'Arbresle, France). All mice were maintained
under conditions and protocolsin accordance with the Directive
2010/63/UE of the Council of Europe on Animal Welfare. The
study (number authorization 27656) was approved by the
French Ethics Committee for animal expedmentation number
74 and all experiments were conducted following the guidelines
of the aforementioned committee.

Animals were sedated with 2% isoflurane in air. CLL Jok5.3
cells (2 x 10°) in 100 uL of NaCl 0.9% were injected into the
retro-orbital vein of the SCID mice. Three days after cell
transplantation, the mice were intravenously (IV) injected with
saline or 2.6 pmol/kg (5 mg/kg) of Cy7-TTI-IP peptide,
followed by fluorescence imaging. Acquisitions were performed
15 min after IV injection, then regularly, up to 6 h
postadministration. Before the acquisition, the animal was
anesthetized by isoflurane inhalation {2% air—isoflurane blend ).
Then, the mousewas placed inside the acquisition chamber of an
in vivo imaging system equipped with a cooled slow-scan CCD
camera and driven with Indigo software (Berthold Technolo-
gies, Bad Wildbad, Germany). Images were captured at 1 x 1
binning with exposure times ranging from 0.1 to 1.0 5, depending
on the fluorescence intensity.

Measurement of Toxicity of TT1-IP Peptide. Eight week-
old-female BALB/c mice bred at the Institute of Biomedicine
and Translational Medicine (Tartu, Estonia) were IP injected
with 2.6 gmol/kg (5 mg/kg) of TT1-IP or saline {control); after
24 h, the mice were anesthetized and 500 L of blood were
collected by retro-orbital bleeding into lithium heparin tubes
(BDY Vacutainer, BD-Plymouth, UK). The samples were
centrifuged for 10 min at 1800g at 4 "C and the plasma was
analyzed for the concentration of glucose, creatinine, and
activity of alanine aminotransferase (ALAT), using a Cobas
6000 IT-MW (Roche Diagnostics GmbH, Mannheim, Ger-
many) machine and reagents for creatinine CREP2 and for
alanine aminotransferase {ALAT) ALTLP,

Detection of Apoptosis by Annexin V Staining. The
apoptosis induction of the peptides was analyzed by flow
cytometry in cells labeled with annexin V-FITC staining
{Biosciences, Fisher Scientific, France). Primary cells were

hitp &fidol ongs/10.1 021 /803 molp harmaceut 1 200837
Mal. Pharmageutics 2022, 19, 895903

108/163



Molecular Pharmaceutics

pubs.acs.org/molecularpharmaceutics

A
120
Contral
5 ) —TTi-IP
1=
@ *P=0.04
#4004 00000 L.
0

12 17 22 a7

Days post-inoculation

« == Control
—— RPARPAR-IP

% Survival

22 27

Days post-inoculation

B
120
[ Control
[ 80 LinTT14P
5 P=0.1
@
# 40 R
]
0 T T )
12 17 22 27
Days posi-inoculation
D
120
Control

- —_—TT1

g 80

[

= [

w i

# 40 :

Q + ™ "
12 17 22 27

Days post-inoculation

Figure 1. TPP-IP peptide increased the survival of the CLL mice. Survival curves of mice treated with TT1-1P (A), LinTT1-IP (B), RPARPAR-IP (C),
or TT1 (D) Panels A—C represent the El’;{Ph.‘i from the same treatment. SCID mice were 1V inoculated with Jok1.3 cells and treated 3 days after
injection with 2.6 pmeal/kg of peptides or saline {control), 5 days per week. The survival was monitored over time, Gray dashed line: control group;
black line: group treated with the corresponding peptide. Statistical comparisons were performed using the Gehan—Breslow—Wilcoxon test (N =7 per

group).

treated with 25 M of peptides for 1 2h. After the treatment, cells
were harvested, washed, and treated according to the
manufacturer’s protocol. The level of apoptosis was measured
by flow cytometry (FACS Canto 1I, BD Biosciences, New
_]erse;.r}.

Analysis of Peptide Stability in Human Serum. The
peptide TT1-IP was incubated at 37 °C in 250 gL of human
serum (Gibco, Villebon-sur-Yvette, France) for different periods
of time (0, 1, 6, and 24 h). The samples were collected and
peptide degradation stopped by freezing at =20 °C. The peptide
was extracted from samples using a Proteo Miner protein
enrichment system {Bio-Rad, France). The percentage of the
intact peptide was estimated by MS using Matrix- Assisted Laser
Desorption/Ionization—Time of Flight (MALDI-TOFF) ac-
cording to the protocol previously describe 4" (Bruker Autoflex
11, France) as per the manufacturer’s instructions. Measure-
ments were performed in triplicate. MS data were analyzed using
the software Cliprot tools, Flex analysis, Bruker (Palaiseau,
France).

Ligquid Chromatography/Mass Spectrometry (LC/MS)-
based Analysis of Pharmacokinetic of TT1-IP Peptide.
BALB/c mice (Janvier, France) were injected with 2.6 ymol/kg
(5 mg/kg) of TT1-1P peptide and plasma collected at 10, 20, 30,
45, 60, 120, and 360 min.

Plasma samples (0.05 mL) of injected mice were transferred
to 1.5 mL polypropylene tubes. A total of 008 mL of
acetonitrile /water (10/90 volume /volume, v/v) containing
2.5% of ammonia was added. The samples were mixed and
then transferred to Oasis HLB elution plates (Waters
Corporation, Guyancourt, France) preconditioned with 0.2

897

mL of methanol and 0.2 mL of water. The plates were washed
with 0.2 mL of acetonitrile/water (10/90, v/v). Plates were
dried and the analytes were eluted three times with 0.1 mL of
acetonitrile/water {75/20, v/v) containing 1% of formic acid.
The elution fractions were dried under nitrogen at 40 °C. The
residue was reconstituted by 30 uL. of a mixture of acetonitrile/
water (75/25 v/v) containing 1% formic acid. The plate was
vortexed for 2 min and then 0.12 mL of water was added to each
well. The plate was gently shaken for 30 s. Aliquots of 20 uL were
injected onto the HPLC system. The specifications of the LC-
MS/MS instrumentation were: Autosampler SIL-20AC XR
maintained at approximately 10 °C, Shimadzu (Noisiel, France ),
LC-20AD XR pumps UFLC, Shimadzu (Noisiel, France), flow
rate of 0.3 mL/min, DGU-20A5 degasser, Shimadzu (Noisiel,
France), and CTO-20AC column oven set at 60 “C, Shimadzu
{Noisiel, France). The mobile phase was a linear gradient
consisting of acetonitrile containing 0.25% formic acid and an
aqueous solution of (.25% formic acid.

Statistical Analysis. For in vive data, statistical comparisons
between groups were performed using Gehan—DBreslow—
Wilcoxon test. For the in vitro apoptosis assay, one-way analysis
of variance {ANOVA) and Fisher's least significant difference
(LSD) tests were used.

B RESULTS

Antitumoral Effect of TPP-IPs on CLL Xenograft
Models. The antitumoral effect of TT'1-IP, LinTT 1-IP, and
RPARPAR-IP was evaluated in a mouse model of CLL
generated using the cell line Jok1.3. The mice were treated
with the peptides using a dose of 2.6 gmol/kg (corresponding to
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Figure 2 Effect of TPP-1Ps on the body weight and plasma biochemical parameters, (A) Percentof the initial body weight of CLL-bearing mice treated
with RPARPAR-IP, TT1-IP, LinTT1-1P, or saline (control). (B) Percent of the initial body weight of CLL-bearing mice treated with TT1 or saline
{control). The weight of the mice was monitored every three days. Gray dashed line with square markers: control group; gray dashed line with round
markers: LinTT1-1P; black line with square markers: RPARPAR-1F; black line with round markers: TT1-1P or TT1. N = 7; bars = £5EM (standard
error of the mean). (C) Efiect of the TT1-1P peptide on the level of glucose and hepatic and renal enzymes. Immunocompetent BALB /¢ mice were
injected with the TT1-1P peptide (2.6 gmol /kg, equivalent to 5 mg/kg) and glucose, creatining, and ALAT in plasma were quantified after 24 h of
injection. Bars with solid gray All: TT1-1P; bars with gray pattern fill: control. N = 3; bars = £5EM. N5 means “non-significant difference”.

5 mg/kg of TT1-IP), 5 days per week, or with saline (control
group) until paralysis of the hind legs was observed. As shownin
Figure 1A,B, treatment of CLL-bearing mice with TT1-I" and
LinTT1-IP had a therapeutic effect, reflected by an increase in
the median survival. The average survival for TT1-IP- and
LinTT1-IP-treated groups was 19 days (the survival range for
the TT1-IP group was 17—23 days and that for the LinTT 1-IP
group was 13—25 days) and that for the control group was 16
days (range of 14—20 days). In contrast, treatment with
RPARPAR-IP did not increase the median survival (16 days,
range of 14—19 days; Figure 1C). When compared with the
control group, TT1-IP showed a significantly higher survival
rate; therefore, TT1-IP was chosen to further study its in vive
toxicity, biodistribution, stability in seram, and PK parameters.
To confirm that the therapeutic effect of TT1-1P was due to
the cargo (IP) associated with TPP, the CLL xenografted mice
were treated with the shuttle TT1 alone. Figure 11 shows that
TT1 did not increase the median survival compared with the
control group, confirming that the anticancer effect resulted
from the activity of the therapentic interfering peptide.
Systemic TPP-IP Treatment Does Mot Cause Toxicity in
Mice. To assess the potential toxicity of TPP-IPs, we first
compared the dynamics of body weight of the mice in different
treatment groups. As shown in Figure 2A,B, the mice started to
lose weight between days 10 and 14, However, no significant
reduction in body weight was observed in the treated mice
compared with the control group, suggesting that the weight loss
was due to the disease development but not to the peptide
toxicity. Although the mice treated with T'T'1-1P and LinTT1-IP
showed a higher survival rate, the mice in these groups also
showed a weight loss due to the progression of the disease. To
confimn the absence of toxicity of TT1-1P, immunocompetent

898

BALB/c mice were injected with 2.6 imol/kg (5 mg/kg) of the
peptide and after 24 h, the blood was collected to evaluate the
liver and renal toxicity by quantification of the hepatic and renal
enzvmes ALAT and creatinine. The level of glucose was also
quantified as indicative of the correct metabolic and endocrine
functions. Figure 2C shows that the peptide did not produce any
significant change in the levels of glucose, creatinine, and ALAT
when compared to control mice, suggesting that the peptide did
not produce hepatic and renal toxicity or glucose-related
metabolic dysfunction at the used dose.

TT1-IP Peptide Treatment Causes Apoptosis on
Primary B Cells from CLL. Disrupting the SET/PP2ZA
interaction reactivates PP2A activity and produces cancer cell
apoptosis.”” We tested the apoptotic effect of TTL-IP,
RPARPAR-IP, and LinTT1-IP and studied whether the TT1
and IP alone have any apoptotic effect. B cells from healthy
donors and CLL patients were treated with the peptides, and the
apoptotic effect was estimated by annexin staining. Figure 3
shows that TTI1-IP, RPARPAR-IF, and LinTTI-IP strongly
induced apoptosis of primary CLL cells but not of healthy B
cells, while TT1 alone and II" alone did not have an apoptotic
effect on any of the primary B cells. These results confirm that
the apoptotic effect of TT'1-IF, RFPARPAR-IP, and LinTT 1-I1P is
specific for malignant B cells and is mediated by the PP2A /SET-
interfering peptide.

Stability of TT1-IP Peptide in Serum. Proteolytic
degradation of peptide-based drugs is considered a major
drawback, often limiting systemic therapeutic applications.™ We
analyzed the stability of TT1-II* peptide upon incubation at 37
°C in human serum by MS. Figure 4 shows that approximately
40% of the peptide was recovered after 6 h incubation and
approximately 20% after 24 h.
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Figure 3. TPP-1Ps and mot T'T'] induced apoptosis of B cells from CLL
patients, Healthy B cells from donors or B cells from CLL patients were
isolated, treated with 25 uM of TT1, TT1-1P, LinTT 1-1P, RPARPAR-
1P, or 1P peptides for 12 h, and apoptosis measured by annexin-FITC
staining, Untreated cells were used as control. Dark gray bars: B cells
from CLL patients; light gray bars: B cells from healthy donors, N=2—
3. Bars = £5EM.
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Figum 4, .\:Labi]il}' of the TT1-1P Plrptiljl_' in human serum, The TT1-1P
peptide was incubated in human serum at 37 °C for different perods of
time The in tegrity of the PL'FILile' was analyzed by MS. The percentage
of the recovered peptide with time is represented, Every measurement
was pcrt'nrmnd in Lripli.l:a.h.‘. Bars represent + SEM.

Fluorophore-Labeled TT1-IP Peptide Accumulates in
CLL Xenograft. We evaluated by intravital imaging whether the
targeting of TT1-IP to malignant B cells translated to a higher
accumulation of the peptide in CLL mice than in nongrafted
mice. Mice were IV injected with 2.6 umol/kg (5 mg/kg) of
Cy7-labeled TT1-IP (Cy7-TT1-IP ) and imaged at different time
points postinjection. The fluorescence in CLL xenografted and
healthy mice was observed after 15 min postinjection (Figure
5A) and the intensity increased to reach a plateau at 1 h
postinjection. A decrease in fluorescence intensity was observed
after 3 h, showing only traces of fluorescence after 6 h of
injection. Interestingly, the intensity of fluorescence observed in
CLL mice was higher than that in healthy mice and the intensity
ratioc between CLL and healthy mice increased with time,
reaching a value of 4 after three hours of peptide injection
{Figure 5B). This is consistent with the fact that Cy7-TT1-1P is
specifically internalized by circulating malignant B cells of CLL
in the xenograft model.

PK Parameters of the TT1-IP Peptide. We then analyzed
the PK parameters of TT1-IP to study whether this peptide
could be developed as a drug candidate for the treatment against
CLL. PK parameters were assessed by monitoring variations in
the concentration of the peptide in plasma after IV injection,

899

thus giving an overall indication of the behavior of the peptide in
the body. The analyzed parameters, shown in Table 2, were T,
(time to reach maximum concentration), C,., (maximum
concentration), Ty, (time of the last observed concentration ),
Cy., f(concentration of the time point with measurable
concentration), AUC,.; (total area under the curve), AUC,,
(area under the curve in the last point), T, , (terminal half-life ),
CL (total clearance ), V., (volume of distribution at steady state ),
and C, (initial concentration). The detected Cywas2976ng/mL
and the V,, 2700 mL /kg, indicating a good distribution capacity.
The time to reach maximum concentration was 10 min. The T,
was 28 min. The concentration of TT1-IP in plasma decreased
with time, indicating the peptide clearance from the body. The
clearance was 96 mL/min/kg and the exposure {AUC, ;) was
1003 ng/mL/min.

Taken together, our results describe the antitumor effect of a
new tumor-penetrating and interfering peptide in a chronic
lymphocytic leukemia xenograft model (Figure 6).

B DISCUSSION

Despite improvement in the overall survival of CLL patients, in
some clinical situations (e.g., in the case ofrelapsed or refractory
CLL) new therapeutic approaches are needed. * The most
recent approaches for transforming a combination therapy into a
targeted chemotherapy (antibody—drug conjugated, ADCYY
are unfortunately not applicable to CLL. For the ADC strategy
to be effective, the receptor targeted by the antibody needs to be
internalized after binding to transport the drug inside the cells,
but monoclonal antibodies evaluated for CLL treatment bind to
noninternalizing targets (CD20). Alternative targeted therapies
for CLL are the use of B-cell receptors inhibitors, as well as the
use of PI3K and Bel-2 inhibitors. However, these treatments can
cause adverse effects, such as neutropenia, thrombocytopenia, or
diarrhea, among others, !

The use of pERt'[des as targeting ligands in cancer has been
widely explored, 33 as they offer several advantages over
antibodies, such as superior penetration in solid tumors due to
their lower molecular weight and lower aﬂin'rt}ru and lower
production cost. We show here that the use of tumor-
penetrating peptides targeting p32 can be an alternative strategy
to selectively deliver a bioactive IP into malignant B cells.

We previously showed that malignant B cells from CLL
patients but not healthy B cells expressed the p32 and NRP-1
receptnrs."' CendR or cryptic CendR peptides in tandem with
the IP disrupting the PP2A/SET interaction’ were internalized
by the tumoral B cells, producing apoptosis. Herein, we showed
that TT 1-IP significantly increased the survival of mice ina CLL
xenograft model and that caused apoptosis of the malignant B
cells from CLL patients. Importantly, as we previously showed
with the iRGD-IP bifunctional pept'[def TTI1-1P did not cause
body weight loss in the treated mice and did not modify the
levels of glucose, ALAT, and creatinine, suggesting the absence
of liver and kidney toxicity. These findings suggest a potential
advantage of TPP-IPs over current CLL therapies based on
chemotherapy, which is not tolerated by patients due to the
severe side effects.”

The cell surface-expressed form of p32 is a marker of tumor
cells and tumor-associated nlacrnphages_fn‘ll}_reln'[d cells, being a
good target in tumor diagnosis and therapy. “TT1and LinTT1
are proteolytically cleaved by tumor-related enzymes after
binding to p32.m The cleavage activates the CendR motif to
become able to interact with NRP-1 to trigger internalization of
the peptide along with cargo in tumor cells. This multistep
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Figure 5. {A) Biodistribution of the Cy7-TT1-1P peptide in CLL and control mice. The SCID mice were grafted with Joks.3 cell line and 3 days after
being injected with 2.6 gmol/kg of Cy7-labeled TT1-1P peptide (Cy7-TTI1-1P). Healthy mice injected with the same dose of peptide were used as
control. The mice were imaged at different times after injection. Representative images from N = 2. The scale bar on the right shows the intensity of the
fluorescence. Red represents highl_'r intensity and purple lower intensity. (B) Ratio of the peptide intensity Higual in CLL mice/healthy mice. The
intensity was quantified as overall counts per second (cps) using the Indigo software ( Berthold Technologies, Bad Wildbad, Germany). N = 2, Bars =
+SEM. The H'Lguul could not be detected in one of the healthy mice at 120 and 360 min.

Table 2. PK Parameters of TT1-IP“

T =~ ST T Ga-. Tkl -’m'. 1 -'.;'1 & Va Co
{min) {ng/mL) {min} {ng/mL} {ng/mL % h} {ng/mL % h) {min} {mL/min/Kg) {mL/Kg) {ng/mL})
10 1173 120 44 1003 963 18 96 2700 976

TTT1-IP was 1V administered in a single dose of 2.6 pmol kg (5 mg.:"kg]. The peptide was extracted from the serum, quantified by HPLC/MS and
the PK parameters were caleulated, T, = time to reach maximum concentration; Cp,, = maximum concentration; Ty, = time of the last observed
concentration; Cue = concentration of the time point with measurable concentration; AUCy,.z = total area under the curve; AUC,, = area under

the curve in the last point; T, ;4 = halblife; CL = total dearance; V,,

a8

= volume of distribution; C, = initial concentration.

{

mechanism makes TT1 highly tumor-specific, as opposed to
RPARPAR peptide, which directly binds to NRP-1.

Functionalization of nanocarriers with LinTT1 peptide
increased the nanocarrier homing to different solid tumors.”
When analyzing the biodistribution of Cy7-labeled TT 1-1P, the
higher fluorescence intensity in xenograft models of CLL was
observed compared to healthy mice, suggesting a preferential
targeting to malignant B cells and expanding its applicability in
the treatment of leukemia.

The serine/threonine phosphatase PP2A is known to be
frequently deregulated in hematological cancers,” " being an
interesting target for novel anticancer therapies. The oncopro
tein SET, the physiological inhibitor of PP2A, associates with the
catalytic subunit of PP2A. The disruption of the PP2ZA/SET
interaction restores the PP2A function inducing cell death;
therefore, many efforts have been made to restore PP2ZA activity
by dissociating the PP2ZA/SET interaction, %~

We previously identified the binding site between PP2A and
SET and designed a peptide that blocks this interaction.” We
showed that the [P alone did not internalize in either B cells from

CLL patients or in healthy B cells and that the IP coupled to a
cell-penetrating peptide intemalized in both cancer and healthy
B cells.™”
internalization of the IP in malignant B cells but not healthy cells,

Here, we show that TT1 promotes the specific

causing cell apoptosis.

Poor PK parameters are the major reason for the lack of
therapeutic activity of some drug candidates. PK parameters are
assessed by monitoring variations on the concentration of the
drug and/or its metabolites in physiological fluids that are easy
to access, such as plasma and urine. PK parameters give an
overall indication of the behavior of the drug in the body. The
T, of the intravenously administered TT1-1I" peptide was 28
min, similarto the half-life found for other peptides in preclinical
or clinical stages.'” For example, T,,, of some Bombesin
analogue was around 30 min, and that for the peptide in clinical
development Ep-100 (LHRH coupled to a cationic peptide] was
16 min. ™ Similarly, the half-life of aspirin is around 20 min and
that of antibiotics ampicillin and clavulanic acid is in the range of
40—60 min.

httpx/fdoiorg/10.1021 /s molpharmaceut. | c00837
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Figure 6. Cartoon summarizing the mechanism of action of the TT1-1P peptide. The TT1-1P internalizes in the tumoral B cells via specific receptors.
First, the TT1 peptide binds to the p32 receptor overexpressed on the surface of malignant B cells. TT1 can then be deaved by proteases exposing the
CendR motif that binds to NRP-1, triggering the peptide cell intemalization. Once inside the cell, the 1P dissociates the interaction PP2A/SET and,
consequently, there is induction of apoptosis and death of the tumoral cell.

Immune dysfunction in CLL contrdbutes to tumor immune
escape promoting cancer development. Recent findings showed
that the expression of programmed death 1 ligand (PDL-1) is
higherin CLL patients than that in control™ and that disrupting
the PD-1/PDL-1 interaction prevents immune dysfunction and
leukemia development in a mouse model of CLL™ Therefore,
the combination of our TPP-IPs with immune check inhibitors
(such as PD-1) could be an interesting strategy to develop a
more potent CLL therapy with lower side effects. Our results
show that the bifunctional peptide targeting the p32 receptor in
malignant cells and disrupting the SET/PP2A interaction has
potential clinical translation as a new CLL treatment strategy.

B CONCLUSIONS

The tumor-penetrating and interfering peptide TT1-1P
increased the survival of mice with CLL and had an apoptotic
effect in malignant B cells from CLL patients. Moreover, the PK
parameters of TT1-IP suggest that it could be a potential
candidate for the clinical treatment of this disease.
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5.6 Article 6: Binding and kinetic analysis of human protein
phosphatase PP2A interactions with Caspase 9 protein and the
interfering peptide C9h

Dorgham K, Murail S, Tuffery P, Savier E, Bravo J and Rebollo A.
Pharmaceutics. 2022. DOI : 10.3390/pharmaceutics14102055

Introduction

Interférer dans les interactions entre les protéines est un moyen thérapeutique innovant,
précis et applicable a de nombreuses pathologies. Un certain nombre de peptides sont en
cours de développement et certains en phase clinique (Rafferty et al, 2016; Wang et al,
2022) (Annexe 5). Notre laboratoire a initié une étude de phase Il, avec le peptide
interférant PEP 010 (clinical trial, NCT04733027). PEP 010 (Mut3DPT-C9h) qui a été

développé par notre laboratoire et interfere entre la PP2A et la protéine Caspase 9.

PP2A est une phosphatase sérine/thréonine, dont il a été montré qu’elle avait une fonction
pro-apoptotique et dans certains cas, une fonction anti-apoptotique (Ayllén et al, 2000; Kang
& Choi, 2001). PP2A est dérégulée dans de nombreux types de cancers et ainsi que d’autres
maladies comme la maladie d’Alzheimer ou les maladies cardiovasculaires (Brautigan et al,
2021). Linhibition de I'activité de PP2A est essentielle pour favoriser la transformation
cellulaire, la progression tumorale et I'angiogenese. PP2A a donc un rble suppresseur de
tumeur (Brautigan et al, 2021; Chen et al, 2004; Janssens et al, 2005). Des résultats récents
montrent que la restauration pharmacologique de [I'activité de PP2A antagonise

efficacement le développement des cancers (Arrouss et al, 2013).

La Caspase 9 est une cystéine protéase, initiatrice de I'apoptose en étant la Caspase
initiatrice et qui interfere avec PP2A. Notre équipe a identifié un IP (C9h) capable de bloquer
I'interaction entre PP2A et Caspase 9 (Arrouss et al, 2013). C9h dérive de la séquence de
Caspase 9 et a montré un effet anti-tumoral in-vitro et in-vivo dans un modeéle de xénogreffe

de cancer du sein (Arrouss et al, 2013).
But du travail

Mesurer I'affinité entre PP2A et Caspase 9 d’une part, entre PP2A et C9h, d’autre part, in

vitro et in silico.
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Materiel et methods

La présence d’une hélice a dans le peptide C9h a été analysée par dichroisme circulaire, en
faisant varier la concentration en trifluoroethanol dans le mileu et a l'aide d’un

spectropolarimétre.

Des simulations moléculaires dynamiques étaient faites in silico (par ordinateur) a partir de

banques de données de protéines.

Le C9h était marqué par de la biotine en N-terminal (C9h-Nter) ou en C-terminal (C9h-Cter)
puis, selon une technique ELISA, fixé sur plaque enduite de streptavidine avant addition de
PP2A, dont la révélation était faite par un anticorps (AC) anti-PP2A lui-meme lui-meme
revelé par un AC secondaire conjugué a la peroxidase de raifort révélé par

chemiluminescence.

Les cinétiques d'interaction protéine/protéine (Caspase 9/PP2A ou vice versa) ou
protéine/peptide (PP2A/C9h) ont été mesurés par interférométrie de biocouche (BLI pour
biolayer interferometry). BLI est une méthode de caractérisation optique utilisée pour
surveiller en temps réel les interactions entre les molécules. Elle est basée sur le décalage de
longueur d'onde reflétant le changement d'épaisseur de la couche biologique provoqué par
la liaison des molécules a la sonde. Des anti-corps anti-Caspase 9 de souris ou d'anti-PP2A de
lapin ont été immobilisés sur le capteur pendant 150 s puis Caspase 9 ou PP2A ont été
chargés sur I'immunocapteur pendant 150 s. L'étape de dissociation a ensuite été surveillée
pendant 120 s. Les mesures cinétiques de PP2A contre le peptide biotinylés C9h-Cter ont été

effectuées avec des biocapteurs a la streptavidine enrobés par le peptide.
Résultats

En présence de quantités croissantes de trifluoroéthanol, la structure du C9h adoptait
progressivement un pourcentage plus élevé de structure en hélice alpha. Par simulation
moléculaire dynamique, des courbes similaires de structures ont été obtenues. Ces résultats
suggéraient que, bien qu'il soit isolé de son environnement naturel, c’est a dire au sein de de
la protéine Caspase 9, C9h avait toujours la capacité de conserver son caractere hélicoidal,

ce qui peut étre important pour exercer des actions biologiques ou biochimiques.
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La comparaison entre les peptides biotinylés en C9h-Cter ou en C9h-Nter de la fixation sur
PP2A montrait un signal plus fort pour C9h-Cter qui a donc été utilisé pour les expériences

de dissociation.

Des mesures d'affinité entre PP2A et Caspase 9 immobilisée ont été effectuées a différentes
concentrations de PP2A et a permis de déterminer la constante de liaison a I'équilibre (KD =
8,94 x 1078 M). Dans une procédure inverse, PP2A a été immobilisé sur la sonde et
différentes concentrations de protéine Caspase 9 ont été utilisées pour déterminer la
constante a I'équilibre (KD = 2,28 x 10”7 M). Dans I'ensemble, dans les deux modéles, il a été
observé que les protéines PP2A et Caspase 9 se lient avec une affinité relativement bonne

(proche de 1077 M).

Des mesures d'affinité entre C9h-Cter immobilisé et PP2A ont permis de déterminer la
constante a I'équilibre (KD = 7,8 x 1077 M). Les taux de dissociation avec PP2A étaient
d'environ un log supérieur a ceux observés avec Caspase 9 et témoignaient d’une affinité

légérement inférieure.
Conclusion

En conclusion, ces résultats démontrent une bonne affinité entre PP2A et le peptide
interférant C9h. Par conséquent, le peptide C9h peut étre utilisé comme outil pour

manipuler cette interaction.
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Abstract The serine/threonine phosphatase PP2A and the cysteine protease Caspase 9 are two
proteins involved in physiological and pathological processes, including cancer and apoptosis. We
previously demonstrated the interaction between Caspase 9 and PP2A and identified the C9h peptide,
corresponding to the binding site of Caspase 9 to PP2A. This interfering peptide can modulate
Caspase 9/PP2A interaction leading to a strong therapeutic effect in vitro and in vivo in mouse
models of tumor progression. In this manuscript, we investigate (I) the peptide binding to PP2A
combining docking with molecular dynamics and (1) the secondary structure of the peptide using
CD spectroscopy. Additionally, we compare the binding affinity, using biolayer interferometry, of the
wild-type protein PP2A with Caspase 9 and vice versa to that observed between the PP2A protein and
the interfering peptide C9h. This result strongly encourages the use of peptides as new therapeutics
against cancer, as shown for the C9h peptide already in clinical trial.

Keywords: biolayer interferometry; PP2A; Caspase 9; circular dichroism; binding affinity; C9%h
interfering peptide

1. Introduction

Targeting protein/ protein interactions are considered a good therapeutic strategy
in several pathologies. Indeed, interfering peptides blocking a specific protein/protein
interaction are considered important tools to manipulate a given interaction. Moreover,
administration routes, stability, pharmacokinetic parameters, and safety of the peptides
have made these molecules an attractive new generation of drugs [1]. Several interfering
peptides have been identified and validated in vitro and in vivo [2-5] as new potential
medicaments, and some of them are in clinical development or already in the market
(PEP 010, clinical trial, NCT04733027, [6,7]).

Protein phosphatase 2A (PP2A), a serine/ threonine phosphatase, has been shown
to have a pro-apoptotic, and also in some cases, an anti-apoptotic function [5,9]. PP2A is
deregulated in many types of cancers and a number of ather human diseases, including
Alzheimer and cardiovascular diseases [10]. PP2A has been shown to be genetically altered
and functionally inactivated in many solid cancers and leukemias. Inhibition of PP2A
activity is critical to promote cell transformation, tumor progression, and angiogenesis,
which indicates that PP2A has a tumor suppressive role [11-13]. Recent reports show that
pharmacological restoration of PP2A tumor-suppressor activity effectively antagonizes
cancer development and progression.

Pharmaceutics 2022, 14, 2055. https:/ / doiorg/ 10.3390/ pharmace utics14102055
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Several partners of the PP2A have been identified, including the cysteine protease
Caspase 9 [14]. Caspase 9 is the initiator of intrinsic apoptosis regulating physiological
cell death and pathological tissue degeneration. Clinical reports suggest that alterations in
Caspase 9 expression or activation can be involved in several diseases, including cancer [15].

We previously described the interaction between the Caspase 9 and PP2A and identi-
fied the binding peptide, also called interfering peptide, able to block this interaction [14].
This peptide (CYh) derived from Caspase 9 sequence, which includes residues involved in
binding to PP2A, has been validated in vitro and shows an anti-tumoral effect invivo on
xenograft models of breast cancer [14].

In this manuscript, we analyze and compare the affinity of PP2A to its protein partner,
Caspase 9 and to C9h, the interfering peptide from Caspase 9 sequence, as well as the
molecular dynamics and peptide structure.

2. Materials and Methods
2.1, Peplide Synthesis and Sequence

The C9h peptide was synthesized in an automated multiple peptide synthesizer with
solid-phase procedure and standard Fmoc chemistry by GL Biochem (Shanghai, China). The
purity and composition of the peptide were confirmed by reverse phase high-performance
liquid chromatography (HPLC) and by mass spectrometry (MS). The sequence of the
peptide, isolated from Caspase 9 protein, is:

YVETLDDIFEQWAHSEDL

2.2, Docking

To generate initial poses, we have used PEP-FOLD using the sOPEP2 force-field [16],
taking as constraints positions generated from the amino acids of PP2A identified by
PEPscan as being at the interface between catalytic subunits alpha of the PP2A (PP2Ac«
and Caspase 9) similarly to the protocol previously described [17]. One hundred models
were generated and clustered using ligand REMSD as criterion. After the initial peptide
generation, a Monte-Carlo refinement was performed using 30,000 steps at 350 K. Since
previous studies have shown that PEPscan most overlapping fragments [18,19] usually
better correspond to the binding interface, and to accelerate calculations as well as confor-
mational sampling during simulations, only the central part of the peptide, corresponding
to sequence LDDIFEQWAH, has been considered.

2.3. Molecular Dynamics (MD) Simulation

Structure preparation and protonation were conducted using the pdbfixer module
of OpenMM package. The complexes were solvated in truncated octahedron boxes with
a padding of 1.0 nm and the TIP3F water model, as the Amber145B [20] forcefield was
used to model the protein atoms; 6 and 11 sodium ions were added to counter the charge
of the C%h in aqueous solvent and C9h-PP2A complex systems, respectively. Simulations
were computed using the OpenMM 7.6 package [21]. Systems were minimized up to
1000 steps and equilibrated for 10 ns in NPT ensemble, and temperature and pressure were
equilibrated using a Monte Carlo barostat at a temperature of 300 K and a 1 atmosphere
pressure. We used a4 fs integration time step using heavy hydrogen assigned a mass of
3 atomic mass units

Simulations were performed using the OpenMM library, with the original OpenMM
script for simulated tempering (ST) simulations [22] written by Peter Eastman, modified
to implement the weight calculation of Park and Pande [23] and an on-the-fly weight
calculation developed by Nguyen et al. [24]. During simulated tempering (ST) simulations,
21 and 32 temperature ladd ers were chosen spaced exponentially between 300 and 400 K,
for C9h in aqueous solvent and CY9h-PP2A complex systems, respectively. Temperature
exchanges were attempted every 2 ps. During C%-PP2A complex ST simulation, and to
avoid high deformation of the protein during ST, position restraints were applied on the
PP2A Cox atoms of 0.0 K];"mul,a"mnz, while the Caspase 9 fragment was free. However,
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to prevent the peptide from moving too far away from the initial position, some weak
distance restraints were applied on the peptide backl::nne atoms of 100.0 K],fmnl;‘nmz, if
the peptide backbone centroid moves more than 15 A away from its initial position. Two
PEPFOLD poses were simulated with ST during 4.4 and 4.6 ps. MD simulations analysis
were conducted using the MDAnalysis python library [25]. For simulation in isolation, the
complete C9h peptide was considered.

2.4, Circular Dichroism Analysis

Wild-type Caspase-9-derived synthetic peptide covering PP2Aco binding site (corre-
sponding to residues 363-380) was synthesized. Circular dichroism was performed on a
Jasco J-010 spectropolarimeter to study the presence of a-helix.

The peptide was dissolved in 10mM sodium phosphate pH 7.5 prepared from 10 mL
solution A + 84 mL solution B in a final volume of 200 mL.

Solution A: 276 g NaH2PO4-3H20. (0.0552 g/20 mL) (AppliChem, Darmstadt,
Germany ).

Solution B: 5.365 g Na2HPO4-7H20. (0.5365 g/100 mL) (Sigma, Darmstardt,
Germany).

Final pH of the mix was adjusted to 7.65.

To induce o-helix formation, a titration with trifluoroethanol (TFE) (Sigma) was per-
formed. Samples were prepared with 50 uM of peptide dissolved in a final volume of
300 pL. with increasing concentrations of TFE (20%, 40%, 60%, and 80% v/v). Samples
were introduced in the spectropolarimeter in a Quartz Suprasil Precision cell (.1 em cu-
vette (Hellma), using 300 pl. of buffer solution as blank. Measurements were repeated
10 times at 20 “C for each sample and 5 times for each blank. Data were processed with
spectropolarimeter software to subtract blank from sample spectra and millidegrees units
were further converted to molar ellipticity.

CD spectrum predictions from the MD simulations were performed using the
PDBMD2CD [26] web server. Conversion from delta ellipticity (DE) to molar elliptic-
ity (ME) was performed using the rule: ME = 3298 = DE.

2.5, Characterization of PP2A and C% Pephide Interaction by ELISA

A total of 100 uL of biotinylated peptides diluted at 100 uM in PBS was incubated for
2 h at room temperature in a 96-well Streptavidine-coated plate (Pierce, [llkirch, Strasbourg,
France). Wells were washed five times with PBS/0.05% Tween-20) (PBST) and filled with
100 uL. of PP2A (Sigma) diluted in PBS/2.5% BSA (Sigma) at the indicated dilutions. The
plate was incubated over night at 4 “C and washed five times with PBST. A total of 100 uL of
rabbit polyclonal IgG anti-human PP2A « (Santa Cruz Biotechnology, Heidelberg, Germany)
wasadded at5 pg/ml in PBS/BSA for 1h at room temperature. Wells were washed 5 times
with PBST and filled with 100 pl. of HRP conjugated anti-rabbit [gG (Sigma) diluted at
1:20,000 in PBS/BSA for 1 h at room temperature. Wells were washed 5 times with PBST,
and 100 pL of TMB substrate (Pierce) were added and incubated for 15-45 min. The
reaction was stopped with 50 ul. of 2 N sulphuric acid, and the absorbance was measured
at 450 nm on a Multiskan EX plate reader (Thermo Scientific, Illkirch, Strasbourg, France).
The Caspase 9 peptide C9h was labelled with biotin at the N-terminal and C-terminal end
of the peptide.

2.6, Biolayer Interferometry and Kinetic Analysis

Kinetic analysis was performed based on biolayer interferometry (BLI) by using a
BLItz instrument (Forte Bio, Bayonne, France) at room temperature. Prior to use, each
biosensor was hydrated in sample diluent (SD: PBSIX, pH 7.0, 0.02% Tween 20, 0.1% BSA)
for at least 10 min. Kinetic measurements of PP2A / Caspase 9 interactions were run with
Protein A biosensors (Fortebio) and consisted of seven steps, all performed in reaction
buffer, as follows: (i) initial baseline in 300 ul. SD for 30 s was measured; (ii) 4 pl of
mouse anti-Caspase 9 or rabbit anti-PP2A were immobilized on the sensor for 150 s at
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133 nM; (iii) the immunosensor was washed with 300 uL. SD for 120s; (iv) 4 uL of purified
ligand Caspase 9 at 566 nM (Origen) or PP2A at 694 nM (L.SBio) were loaded on the
immunosensor for 150s; (v) the ligand-coated immunosensor was washed with 300 ul. SD
for 120s; (vi) association of purified analytes diluted in SD at the mentioned concentrations
was studied for 150 sin 4 pl; and (vii) dissociation step was then monitored in 300 ul. SD
for 120s.

Kinetic measurements of PP2A against biotinylated C9h-Cter peptide were run with
Streptavidin biosensors (Fortebio, #185019). The initial step consisted of coating the
biosensor with the peptide diluted in SD at 100 pM for 180 s in 4 pL. (not shown) and was
followed by three steps for the kinetic study: (i) initial baseline in 300 pL SD for 30 s was
measured; (ii) association of PP2A at the indicated concentrations for 180 s in 4 ul. was
used; and (iii) dissociation step was then monitored in 300 pL. SD for 150 s

Experiments using empty immunosensors (no ligand loaded) were run as control.
Sensorgrams were fit globally to a 1:1 bind ing model by BLItz Pro software, from which the
association (kon) and dissociation (koff) rate constants and apparent affinities (KD) were
calculated. X2 is the sum of squared deviations between the actual data point and the fitted
curve. Values close to zero indicate a good curve fit. The R2 coefficient of determination is
a statistical measure of how well the fitted curve approximate the real data points. Values
of R2 near 1 indicate a near-perfect fit.

3. Results
3.1. Dymamic Behavior of C9h Using ST Simulations

We first present the results of ST simulations of C9h in aqueous solvent for a 9.5 mi-
croseconds simulation. As can be seen from Figure 1A, the energy landscape at 300 K
is rather flat, the barriers between the different conformations being on the order of less
than 3 to 4 k] /mol. One also observes a large variability in the conformations of the rep-
resentative conformations (depicted for each of the 11 clusters identified using k-mean
clustering algorithm). Over all 300 K frames, the average helical content is of 36%. The most
populated one (cluster 5-13%) shows propensity for helical conformations at the N- and
C-terminus, whereas less populated ones (cluster 8-8% or cluster 6-7"%) adopt alpha-helical
conformations in the middle of C9h. Other ones (such as cluster 4-9%) adopt a largely
unstructured conformation. Over all 300 K MD frames, as shown Figure 1B, the central
part of the peptide shows the largest propensity to adopt helical conformations but for no
more than 60% of the frames, meaning that coiled conformations occur at frequencies of
more than 40% over all positions—no beta conformation being observed. It has to be noted
that the force field used for the simulations (Amber14SB [20]) is not designed to simulate
disordered peptides and may favor helical structures. Overall, our simulation suggests that
CYh is rather flexible with a strong tendency toward helix.

3.2, Peplide Secondary Structure Evaluation by Circular Dichroism (CD)

The circular dichroism (CD) has been exploited for protein and peptide folding, con-
formational changes, intramolecular interactions, and ligand binding studies. We were
interested in analyzing whether the interfering peptide (IP) C9h, a fragment of the hu-
man Caspase 9 involved in binding to the phosphatase PP2A, can maintain the secondary
structure shown in the context of Caspase 9 protein. To this end, a CD analysis of the
peptide was performed. Figure 2 shows that a concentration of 50 uM C%h peptide behaves
as a random coil in 10 mM of sodium phosphate pH 7.5. In the presence of increasing
amounts of trifluoroethanol (TFE), the structure pattern was progressively adopting a
higher percentage of alpha helical structure as indicated by circular dichroism spectroscopy.
The percentage of helix deduced from the CD spectra are of 2.62, 7.72, 21.58, 24.34, and
31.01% for TFE concentrations of 0, 20, 40, 680, and 8(Fs v/ v, respectively.
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Figure 1. Structural landscape explored during ST simulations of C9h in aqueous solvent (A) Free
energy landscape at 300 K frames projected on principal compornent1 (36% of variance) and 2 (10% of
variance). Principal component analysis (PCA) applied to the 300 K frames ST simulation dataset of
Caspase 9 peptide. Conformations representative of the clusters identified using k-means algorithm
with k=11 clusters ( k hasbeen chosen using the minimum silhouette score value for kvalues between
2 and 20) are depicted for each cluster together with the population of each cluster (%). (B) Analysis
of the fraction of secondary structure adopted ateach position of the peptide over all 300 K frames.
Assignment of secondary structures was computed using DSSP [27].
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Figure 2. CD of C%h peptide. Data of molar ellipticity versus wavelength in circular dichroism
(CD). Data obtained with peptide (9h in 10mM sodium phosphate pH 75 (Sky blue curve) are
shown together with CD data using 20% (purple), 40% (red), 60% (orange), and 80% (brown) w
of trifluorcethanol (TFE) in the same buffer. C%h shows a double CD signal at 208 and 222 nm
proportional to increasing amounts of THE indicating a-helix secondary structure content.

It is possible to compare the experimental spectrum with that inferred from the MD
simulations (Figure 3A), although the correspondence between the experimental and
predicted CD spectra must be taken with caution. For 208 nm, the average molar ellipticity
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of the predicted CD spectrum value is to —15028, i.e., clearly showing a propensity toward
helix.
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Figure 3. Predicted CD of C9h peptide. Datd of molar ellipticity versus wavelength predicted from
the MDDy simulation: (A) Spectra predicted for 702 frames periodically taken from the MD trajectory at
300 K (1 step out of 20). Color shades are attributed to the clusters as assigned in Figure 1A. The dark
curve corresponds to the average over all conformations. (B) Average CD spectrum for C9h insolvent
and simulations of C9h in interaction with PP2A starting from different positions Clusters 1 and 2
correspond to the clusters described in Section 3.3,

3.3. Molecular Modeling of Peptide Interaction with PP2A

PEP-FOLD poses best target (i) the active site, (ii) a position between two helices at
positions 2640 and 141-151 of PP2Aca, and (iii) a position on top of the loop encompassing
residues 175-193. The two latter positions in contact with the loop 175-193 have been
simulated using simulated tempering for 4.39 and 4.58 ps, respectively.

To obtain a better sampling of peptide position during MD simulations, we used the
simulated tempering method [22] starting from two different PEP-FOLD poses. During ST
simulation, starting on top of the loop encompassing resid ues 175-193, the peptide structure
moves rapidly after 300 ns and finds a stable position until the end of the simulation (for
4.2 ps). This position will be referred to as cluster 1 (Figure 4A). The RMSD of peptide
backbone atoms at 300 K frames, relative to the central structure of the cluster 1 after
300 ns, was 3.3 + 1.2 A. The low RMSD denotes a stable position of the peptide. To be
noted, the peptide was mainly structured in alpha helix, with the exception of the three
last residues. Concerning ST simulation starting from a position between two helices at
positions 26-40, the peptide position deviates slightly more, and a stable position could
be identified between 1.4 and 3.8 us (for 2.4 us). This position will be referred as cluster
2 (Figure 4A). The RMSD of peptide backbone atoms at 300 K frames, unelaﬁve to the
central structure of the cluster 2 between 1.4 and 3.8 ps, was 4.3 + 2.1 A, The peptide
was also mainly structured as an alpha helix, with the exception of the three first residues.
The two ST simulations were aggregated and submitted to a PCA analysis (Figure 4B),
and frames from both simulations were then clustered using the HDBSCAN algorithm.
HDBSCAN identifies 11 clusters with 7.9% of frames not part of any cluster. The two main
clusters were cluster 1 (35.46% of all frames) and cluster 2 (26.93%), as the third biggest
cluster concerned only 8.4% of frames. For all clusters, the average structure of the peptide
was computed, the closest frame to this average structure was considered as the cluster
reference structure. Reference structures of clusters 1 and 2 are represented in Figure 4A.
In summary, the simulations strongly suggest the existence of stable poses of the peptide,
compatible with rather low affinity values. Both best poses are in the vicinity of the PP2A
loop identified by PEPscan as interacting with Caspase 9. However, even using advanced
sampling techniques, a unique binding site does not seem to emerge.
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Figure 4. Structural landscape explored during 5T simulations: (A) Central poses of clusters 1 and
2 are represented for the peptide as red cartoon and colored licorice, while the structure of PP2A
is represented as white cartoon (only the structure of cluster 1 is represented for clarity), and the
loop D172 to G190 is represented as an orange cartoon. (B) Free energy landscape projected on
principal components 1and 2. Principal component analysis (PCA) applied to the whole 300 K frames
of 5T MD simulation dataset of Caspase 9 peptide, after structural alignment on PP2A backbone
atoms. Projection of first (88% of variance, y-axis) and second (6% of variance, x-axis) PCA modes
computed on peptide backbone atoms. The white outline represents the contour of positions of
clusters 1 and 2 frames.

Finally, it is also interesting to compare the behavior of the peptide in isolation and in
interaction with PP2A. As shown Figure 3B, the CD spectra predicted for clusters 1and 2
clearly show that for cluster 2 the spectrum is similar to that of CYh in the solvent whereas
the helical signal is strengthened for cluster 1. This suggests that the cluster 1 pose might
have a higher entropic cost upon binding to PP2A than the cluster 2 pose, despite it being
the pose that contacts directly the PP2A loop identified by PEPscan. The possible impact on
the binding affinities of the two poses remains, however, largely speculative at this point.

3.4, Qualitative Interac tion between PP2A and the Biotinylated C9h Peptide

Biotinylation of peptides is an efficient method to specifically bind peptides to streptavidin-
coated surfaces. Nevertheless, the positioning of the biotin tag in a peptide sequence can
markedly influence binding interaction. In this regard, we tested whether the biotin label should
be added on the N- or C-terminus of the C9h peptide. To this end, we tested by ELISA the
binding of PP2A protein to the biotinylated C9h-Nter and COh-Cler peptides, immobilized on
streptavidin-coated plate. Figure 5 shows that the biotinylated peptides C9h-Cter and C9h-Nter
peptides bind to the PP2A protein in a specific manner. However, the biotinylated C9h-Cter
peptide shows stronger signal recognition than that of C9h-Nter. An irrelevant biotinylated
peptide was used as a negative control. According to this result, we used for further experiments
the biotinylated C9h-Cter peptide.
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Figure 5. Detection of PP2A binding to C9h peptide by ELISA. Biotinylated C%h-Cter and C9%h-Nter
biotinylated peptides were immobilized ona Strlptavjdin—n:nated plate and incubated overnight with
PP2A catalytic subunit at 0.6 pg/mlL. After washing, rabbit anti-PP2A was added in each well and
incubated 1h at room temperature. Wells were washed and filled with a dilution of HRP-conjugated
anti-Rabbit secondary antibody. Binding activity of PP2ZA is expressed as mean OD at 450 nm of

duplicate wells, and bars indicate SD. These data are representative of two independent experiments,

3.5. Affinity of PP2A Protein o Caspase 9 Protein and C9h Peptide

Kinetic parameters of protein / protein (Caspase 9/ PP2A or vice versa) or protein /peptide
(PP2ZA/ CYh) interaction were measured by biolayer interferometry (BLI). BLI is an optical
characterization method used to monitor interactions be tween label-free molecules in real
time. Itis based on the wavelength shift reflecting the change in thickness of the biological
layer caused by the binding of molecules to the probe. After ensuring the absence of unspedific
binding of Caspase 9 and PP2A to the protein-A biosensor, specific antibodies for Caspase 9
and PP2ZA were immobilized onto the probes. After a washing step, Caspase 9 and PP2A were
respectively loaded onto the probes to constitute the working biosensors of interest. First, the
relative PP2A interaction to the immobilized Caspase 9 molecule was studied (Figure 6A).
Affinity measurements were conducted with varying concentrations of PP2A to determine the
range of equilibrium binding constant values (KD = 894 x 10% M). In a vice versa procedure,
PP2A was immobilized onto the probe (Figure 6B) and different concentrations of Caspase 9
protein were used to determine the constant at equilibrium (KD =228 % 107 M). Overall, in
both models, PP2A and Caspase 9 proteins were observed to bind with relatively good affinity
(close to 1077 M). Figure 6C summarize the results of constants of association, dissociation,
and affinity.

Kinetic measurements of PP2A against biotinylated C9h-Cter peptide were run by
using streptavidin biosensors (Figure 60). Different concentrations of PP2A protein were
loaded onto the immobilized C9h-Cter peptide to determine the constant at equilibrium
(KD =7.8 x 10~ 7 M). Unspecific binding of PP2A to the sensor tip in absence of peptide
was checked using PP2ZA at the same working concentrations. It is of note that the abrupt
increase in signal looks like a bump artifact occurring when the streptavidin biosensor
moves during the transition from the association to the dissociation step. In this conforma-
tion, the dissociation rate of PP2A was approximatively one log higher than those observed
with the immobilized Caspase 9 protein resulting to a slightly lower atfinity. Figure 6E
summarize the values of constants of association, dissociation, and affinity.

In conclusion, these results demonstrate an effective interaction between PP2A and
Caspase 9 proteins, as well as a good affinity between PP2A and the interfering peptide
corresponding to the sequence of Caspase 9 involved in binding to PP2A. Therefore, C9h
peptide can be used as a tool to manipulate this interaction.
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Figure 6 Blitz sensorgrams of PP2ZA/ Caspase 9 interaction. The biolayer interferometry (BLI) signal is
given in relative intensity units (nm): (A) Caspase 9 ligand was immobilized at 566 nM onto a Protein
A biosensor previously coated with a mouse anti-Caspase 9 monoclonal antibody. The association
and dissociation steps of the PP2A analyte injected at concentrations of 649, 347, and 173 nM wene
shown. (B) PP2A ligand was immobilized at 694 nM onto a Protein A biosensor previously coated
with a rabbit anti-PP2A polyclonal antibody. Association and dissociation of the Caspase 9 analyte
loaded at 694, 347, and 173 nM were shown (C) Binding rate constants and apparent affinities of
PP2A/ Caspase 9 interactions in BLI were calculated with BLItz Pro Software. (D) PP2ZA was used
at 463, 556, and 694 nM as indicated, and sample diluent (PP2A, 0 nM) was designed as sample for
reference subtraction. Unspecific binding of PP2A to the sensor tip in absence of peptide was checked
using PP2A at the same concentrations. (E) Binding rate constants and affinities of C9h-Cter peptide
and PP2ZA were calculated with BLItz Pro Software.

4. Discussion

In this study, we have first investigated the behavior of C9h in isolation, using both
in silico and invitro techniques. Circular dichroism (CD) spectroscopy is a widely used
technique for the study of protein/peptide structure [28]. In the past decade, several
algorithms based on quantitative analysis of CD spectroscopy have been proposed to
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predict the secondary structure content [29,30]. In the absence of high-resolution structures,
CD isregarded. The isolated C9h peptide does not seem to show its natural helical structure,
which was, however, achieved easily in the presence of an alpha helical inductor, such as
TFE. This result suggests that, despite being isolated from its natural environment within
Caspase, CYh still has the ability to maintain its helical character, which may be important
to exerting biological and biochemical actions. MD simulations suggest for their part a
much stronger helical content although associated with a large conformational diversity.
The direct comparison between the two approaches is, however, complex, because the
impact of the force field used for simulations is not well quantified, and CD prediction
from structure also comes with uncertainty. These predictions have, however, interestas a
means to compare the conformation ensembles of the peptide in isolation or interacting
with PP2ZA.

In a second part, we have turned to the interaction of the peptide with PP2A. Two
poses compatible with low affinity values were identified. Compared to classical MD,
the ST approach we have used has improved sampling ability, but no convergence of
the two MD simulations starting from two different poses could be observed. Longer
simulations might be needed to conclude more strongly on the putative peptide affinities,
and in parallel, using higher maximum temperature during the ST simulations could also
allow a better sampling of the peptide structure. It is also possible that the peptide might
interact with different patches on PP2A mfaﬂe. However, the conversion of the time
they bind to a patch in terms of affinity remzins presently out of reach. Of note, however,
both poses identified are close to the PP2ZA loop identified, and none really explored the
region of the catalytic site of PP2A. Interestingly, also in the two proposed poses, a helical
conformation is observed in different regions of the sequence suggesting that the peptide
could be rather flexible. Indeed, additional clusters identified during ST simulations show
intermediary non-structured forms of the peptide, which is consistent with the results of
the CD experiment and suggest that the peptide could adopt a helical conformation only
when binding to PP2A.

Finally, we have measured the affinity of two interacting proteins, Caspase 9 and
PP2A, as well as the interaction between PP2A and the interfering peptide C%h, which has
been previously identified as Caspase 9 binding site to PP2A using PEPscan approach [14],
This interfering peptide was used to measure the affinity for its partner, the PP2A protein,
showing a similar affinity to that obtained using the whole protein Caspase 9. To our
knowledge, this is the first affinity binding constant reported between PP2A and Caspase 9.

Biolayer interferometry approach has proven effective in measuring the binding affin-
ity of different partners, such as protein/ protein or protein/peptide molecules [31-33].
Studying the interaction between proteins and their ligand pariners using conventional
methods often requires large amounts of substrates and multistep experimental methods.
These concerns prevent the easy and accurate quantification of the strength of an inter-
action [34,35]. BLI is an optical technique for real-time measurement of macromolecular
interactions. The objective is achieved through the analysis of interference with the white
light, reflected by the biosensor surface. In a typical BLI experiment, the ligand is im-
mobilized on the biosensor tip and then allowed to interact with the analyte [36]. Using
BLI, a quantitative set of equilibrium binding affinities (KD) and rate of association and
dissodation (Kon, Koff) can be measured in minutes using nanomolar quantities of sample.
Thereby, in this work, PP2A /Caspase 9 interaction studies were conducted in the range
of 173 to 694 nM and 283 to 1133 nM for PP2A and Caspase 9 proteins, respectively. The
results showed that the binding affinity of PP2A to Caspase 9 is in the range of 150 nM,
which can be considered as a good affinity between two protein partmers. Moreover, PP2A
binds to the C%h peptide with a slightly lower affinity, around 800 nM, i.e., slightly worse,
which might possibly be related to C%h helical structuration upon binding.
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5. Conclusions

In conclusion, our work suggests that the interfering peptide C9h, isolated from its
molecular environment into the Caspase 9 protein, remains able to associate with PP2A in
a manner relatively comparable to that observed when using the whole Caspase 9 protein.
This is the first time that the interaction affinity between two proteins involved in tumoral
transformation, PP2A and Caspase Y, has been measured. Overall, these results may explain
the efficacy observed in vitro and in vivo of the use of C9h peptide toblock PP2A/Caspase
9 interaction. Finally, our result opens the possibility to the use of peptides as tools to
manipulate protein/protein interaction and its use of therapeutic peptides, as it is the case
for C9h peptide.
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6 Discussion

Au terme de I'exposé de nos résultats, nous pouvons conclure :

1. Que les peptides bi-fonctionnels, c’est-a-dire un TTP et un IP, permettent
d’administrer spécifiquement au sein de cellules tumorales (réle du TPP) un agent
interférant (réle de I'IP) entre 2 protéines cibles et ce, pour des cellules humaines de
LLC mais également de CHC,

2. Qu'il est possible de trouver simplement par PEPscan des candidats IP et donc de
cibler une interaction protéique,

3. Que l'administration d’un IP spécifique de linteraction PP2A/SET s’accompagne
d’effets observables sur la survie dans un modéle de xénogreffe murin et que cet
effet est en cohérence avec les nombreux travaux qui ont étudié la dérégulation de
PP2A par SET dans les cellules cancéreuses,

4. Que l'effet biologique des peptides bi-fonctionnels est proportionnelle au nombre de
récepteurs présents sur les cellules cibles. Ces récepteurs (integrin, p32, NRP-1)
semblent anormalement exprimés d’autant plus que la cellule tumorale est
dédifférenciée. Or les tumeurs dédifférenciées sont de moins bons pronostic en
raison de leurs aptitudes métastatiques. Elles nécessitent non pas des traitements
« locaux », comme les traitements chirurgicaux, mais des traitements systémiques.
Cette observation est a mettre en paralléle avec le fait que les CHC sont associés a
une hépathopathie qui limite la tolérance aux effets secondaires et donc les

traitements systémiques.

Nous développerons dans les chapitres suivants, les perspectives des peptides en
thérapeutique, les applications de leur spécificité, les perspectives expérimentales puis

cliniques dans le CHC.
6.1 Perspectives des peptides en thérapeutique

Les perspectives que les peptides thérapeutiques ouvrent progressivement sont proprement
fascinante. Historiquement, le premier peptide thérapeutique utilisé est I'insuline (1922)

(Muttenthaler et al, 2021). Depuis des hormones peptidiques ont enrichi I'arsenal
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thérapeutique ainsi que l'illustre la Figure 14. Deux éléments sont a souligner dans le
développement des peptides thérapeutiques et qui sont premierement |'apparition des
techniques de recombinaison, ce qui a permis de synthétiser la somatostatine en 1982,
premier peptide humain produit avec cette technologie (Muttenthaler et al, 2021) et
deuxiémement les techniques de screening : phages display (Smith, 1985), levures displays,

ribosome display et mRNA display.

Figure 14: Chronologie historique et étapes clés dans le développement des peptides thérapeutiques
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bond en avant a été l'idée visionnaire de Bruce Merrifield d'automatiser la synthése peptidique en assemblant
des acides aminés sur une phase solide, conduisant a l'invention en 1963 de la synthése peptidique en phase
solide (SPPS). L'avénement de la technologie recombinante dans les années 1980 a permis une production
propre de peptides plus gros. Par la suite, des stratégies visant a augmenter le poids moléculaire des peptides
par conjugaison a des lipides, des protéines plus grosses et du polyéthylene glycol ont permis de surmonter le
probléme de la clairance rénale et d'augmenter les temps de circulation plasmatique. Les technologies
d’affichage par bactériophages (phage display) permettent désormais la découverte ciblée de peptides avec des
propriétés plus similaires a celles des médicaments a partir de vastes bibliothéques. La technologie Flexizyme
permet l'incorporation d'acides aminés non protéinogénes dans des bibliothéques d’affichage (display libraries).
La découverte de peptides naturels, en particulier de peptides de venins et de nouvelles approches chimiques

font également progresser le domaine. D’aprés Muttenthaler et al, 2021.

Dans les pays développés, les cancers sont la premiéere cause de mortalité (Sung et al, 2021).
L'incidence dans ces pays devrait encore augmenter en raison de I'dge des populations qui

progresse et de I'importance des facteurs de risque (Vogelstein et al, 2013). L’exploration
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des peptides pour lutter contre les cancers a-t-elle un intérét ? Nous pouvons tirer de notre
expérience que les peptides ont des applications dans tous les domaines de la cancérologie :
thérapeutiques (Résultats: 5.1, 5.5), mais également diagnostique (Résultat: 5.5),

pronostique (Résultats: 5.4), pharmacologique (Résultats: 5.3, 5.6).

Certains pourraient faire remarquer que les recherches dans le domaine des peptides
thérapeutiques, depuis 20 ans, se limitent pour I'essentiel a des résultats in vitro voire in
silico, a des modeles cellulaires ou murins. Il existe de nombreux peptides thérapeutiques
approuvés ou en cours de développement, dont des listes indicatives sont reportée en
annexe (Annexe 4, Annexe 5). Cependant, parmi 36 peptides approuvés depuis 2000, 5
(14%) s’appliquent aux cancers en général (Annexe 4) (Wang et al, 2022). Parmi ceux en
cours de développement clinique, 7 (20%) se rapportent a la cancérologie (Annexe 5) (Wang
et al, 2022). Il est donc possible que des effets complexes ou inattendus rendent les progres

plus difficiles en cancérologie par rapport a I’endocrinologie.

A titre d’illustration nous avons vu que les TPP utilisaient le récepteur NRP-1 pour
s’internaliser dans les cellules tumorales (Résultats : 5.1 a 5.5). Or, NRP est une famille de
récepteurs trans-membranaires qui interviennent dans de trés nombreuses régulations
(Figure 15). L'importance des NRP dans I'angiogenese et le guidage axonal est fermement
établie. NRP1 joue un réle majeur dans les migrations cellulaires tandis que NRP2, joue un
role important pour les vaisseaux lymphatiques. NRP1 est surexprimé dans beaucoup de
lignées cellulaires cancéreuses et est impliqué dans la migration, la prolifération et la survie.
NRP1 est surexprimé sur les cellules tumorales mais également sur les cellules stromales
(Bagri et al, 2009; Pellet-Many et al, 2008). NRP1 est une cible des thérapies anti-
cancéreuses avec des anticorps et des peptides thérapeutiques (Hong et al, 2007; Jia et al,

2006; Karjalainen et al, 2011; Liang et al, 2007; Nasarre et al, 2010).

NRP1 agit comme co-recepteur avec de nombreux ligands extracellulaires comme les
isoformes du vascular endothelial growth factor (VEGF), les semaphorins de class 3, I'hepatic
growth factor (HGF), fibroblast growth factor (FGF) et transforming growth factor-B (TGF-B).
L'interaction la plus étudiée est celle qui se fait avec le VEGFR 1/2 et la VEGF165. Ce
complexe stimule I'angiogénése tumorale, les invasions cellulaires et les métastases. Le

complexe VEGF165-VEGFR2-NRP1 joue également un rble dans le développement des
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vaisseaux lymphatiques. De plus la voie d’activation médiée par le VEGF, les facteurs de

croissance tels que FGF, HGF, TGF-B et leur récepteur peuvent interagir avec le NRP1 sur les

cellules tumorales et péritumorales (cellules immunitaires, cellules endothéliales et

fibroblastes) pour augmenter I'agressivité tumorale (Banerjee et al, 2006; Elahouel et al,

2015; Glinka & Prud’homme, 2008; West et al, 2005). Nous avons observé que site

d’interaction entre NRP-1 et les TPP était proche de celui du VEGF (Résultats: 5.2) (Figure

15). On peut donc se demander si les TPP en activant le récepteur NRP1 ne favoriseraient

pas le mécanisme métastatique. C’est l'inverse qui a été observé dans un modeéle de

métastases spontanée, ol les souris traitées par les TPP iRGD ou cNGR avaient une réduction

significative de leur métastases (Sugahara et al, 2015a).
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Figure 15: Structure de la neuropiline (NRP) et
modele hypothétique d’interaction avec de
multiples facteurs de croissance.

De nombreuses combinaisons
récepteur/corécepteur sont possibles, ce qui
peut déclencher un grand nombre de
réponses cellulaires dans le systéme
vasculaire tumoral et le microenvironnement
tumoral D’apres Prud’homme & Glinka, 2012
et Niland & Eble, 2019.



Au total, agir sur des tumeurs solides avec des peptides thérapeutiques est probablement
une voie d’avenir. Agir sur des récepteurs complexes comme le NRP peut déclencher des
interactions imprévues. Les tumeurs malignes solides sont des ensembles cellulaires non
moins complexes fait de cellules tumorales et de cellules péritumorales qui participent au
développement tumoral et réduisent sa reconnaissance par le systéeme immunitaire. Des
modeles in-vivo qui reproduisent ces conditions sont donc indispensable pour avancer. Ce

point sera développé dans le paragraphe suivant.
6.2 Spéecificité en thérapeutique

Nous avons observé qu’un IP pouvait induire une apoptose chez des cellules saines, certes
faible mais surtout observable lorsque I'IP était porté par un CPP (non-spécifique) (Résultats:
5.1). D’un autre c6té, les TPP s’internalisent dans les cellules via le récepteur NRP-1. Les
récepteurs NRP sont largement exprimés sur les tissus normaux, mais surexprimés sur les
tissus tumoraux. Cette surexpression offre donc un moyen d’étre plus spécifique sur les

cellules tumorales (Résultats: 5.4).

Sur un plan pharmacologique, la spécificité anti-tumorale permet de réduire les doses
administrées et de réduire les effets secondaires. Sur un plan clinique la spécificité améliore
I'efficacité et diminue les effets indésirables. A ce jour, nous n’avons pas connaissance de
résultats cliniques qui démontrent cette spécificité thérapeutique en terme d’effets
indésirables. En revanche, la spécificité des TPP pour les cellules tumorales peut s’appliquer
a la détection tumorale a un stade trés précoce : détection de tumeurs oesophagienne (Fang
et al, 2022) ou urinaire (Zhang et al, 2020). C'est le domaine d’application clinique qui

semble le plus développé, actuellement.

En ce qui concerne le CHC, la possibilité d’une spécificité du traitement permettrait d’éviter
la cardiotoxicité cumulative de la doxorubicine (Alberici et al, 2013) et pourrait permettre
d’améliorer I'accés aux TKI des patients cirrhotiques (Rosmorduc et al, 2010). La récidive
d’'un CHC chez un patient transplanté pour CHC pose des difficultés thérapeutiques
certaines : d’une part, les TKI sont mal tolérées et les effets secondaires sont difficilement
gérables, d’autre part, les immunothérapies comme les IClI peuvent déclencher des rejets
persistants et incontrolables qui aboutissent a la perte du greffon (Jin et al, 2022; Larrey et

al, 2022; Yin et al, 2022).
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6.3 Développement expérimental

De ce qui précede, il ressort qu’une utilisation des peptides bi-fonctionnels pour traiter des
CHC est une perspective intéressante mais qu’il persiste trop d’inconnues pour I'envisager
sans une phase préclinique. Pour ce faire nous prévoyons d’utiliser un modeéle de
xénotransplantation (Figure 16) de CHC sur des souris immunodéprimées. L’avantage de ce
modeéle est de pouvoir utiliser les lignées cellulaires humaines (HepG2). L'inconvénient est
de méconnaitre le réle de I'environnement péri-tumoral et immunitaire. Une fois le modele
validé avec des lignées cellulaires connues (Scatton et al, 2006, 2008), I'implantation de
cellules de CHC de patients pourrait étre réalisée afin de tester différent protocole de

traitement systémique. Cet aspect sera développé dans le paragraphe suivant.
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6.4 Perspectives Clinique
Dosages PP2A et SET dans des CHC réséqués

Nous avons vu que les TPP-IP pouvaient bloquer l'interaction PP2A/SET et cet effet
permettait de supposer que |'apoptose observée était secondaire au rétablissement de
I'activité de PP2A. Cibler cette voie métabolique est-elle pertinente dans le CHC ? Nous
n’avons trouvé qu’une seule publication qui rapportait a partir d’échantillons de 147 CHC,
une surexpression de SET dans 31 % et était un facteur pronostique défavorable (Hung et al,
2016). Une application pratique de notre travail serait de doser PP2A et SET dans les CHC

réséqués afin de vérifier s’il s’agit d’un facteur pronostic, et, de maniére plus ambitieuse, si
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cette information pourrait aider a instituer un traitement préventif de récidive par des

peptides bi-fonctionnels.
Combinaison de traitement

Dans les cellules cancéreuses, les cascades de signalisation sont souvent activées par un
oncogene. Sur cette base une thérapie qui inhibe ces voies de signalisations peut étre établie
(Torti & Trusolino, 2011). Malheureusement, ces thérapies ciblées perdent généralement
leur efficacité par des mécanismes adaptatifs des cellules cancéreuses, par exemple par une
régulation positive des cascades de signaux paralleles qui favorisent la survie et la
prolifération des cellules tumorales (Fallahi-Sichani et al, 2017). Par exemple, les cellules
tumorales augmentent I'expression et I'activité des récepteurs de tyrosine kinase, tels que
'EGFR, le MET et le FGFR, par des cytokines et des facteurs de croissance dans le

microenvironnement tumoral pour échapper a la thérapie tumorale (Wilson et al, 2012).

Pour s’opposer a ces mécanismes de résistance, une stratégie est d’utiliser des traitements
combinés, par exemple un inhibiteur des kinase et un activateur des phosphatases (Chen et
al, 2010; Galiger et al, 2022; Richard et al, 2016). Le mécanisme d’action est représenté dans
la Figure 17. Enfin, pour aller encore un peu plus loin dans le CHC, une trithérapie associant

TKI, ICl et peptides bi-fonctionnels pourrait etre envisagée.

A Figure 17: Représentation
i Combined targeting for kinase schématique de la combinaison
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signalisation en aval. (B) Le ciblage combiné de SET et des kinases activées conduit a une inhibition plus

prononcée de la croissance des cellules leucémiques de la lignée T-ALL. D’aprés(Richard et al, 2016).
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Pour conclure, la possibilité d’utiliser des peptides bi-fonctionnels dans les CHC, comme
moyen thérapeutique est une perspective concréte et réalisable dans les années a venir.
Cette technologie ne doit pas se limiter aux traitements mais également au diagnostic et au
pronostic. Elle devra s’intégrer dans la vision présente d’'une future médecine, prédictive

avec des traitements ciblée (Nault et al, 2018; Campani et al, 2023).
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8 Annexes

Annexe 1: Classification moléculaire et immunitaire du CHC.
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Les CHC peuvent etre classés en deux grands groupes moléculaires basés sur des phénotypes

transcriptomiques : une classe proliférative et une classe non-proliférative. 1) La classe proliférative est
caractérisée par des tumeurs a faible différenciation histologique, avec un taux d’invasion vasculaire élevée et
augmentation niveaux de I'a- foetoprotéine (AFP). Cette classe peut étre divisée en deux sous-classes : 1i) S1 ou
iCluster 3 caractérisé par I'activation de Wnt/TGFB, qui entraine un phénotype d’épuisement immunitaire et 1ii)
S2 ou iCluster 1, caractérisés par un phénotype de type progéniteur, avec I’expression de marqueurs de cellules
souches (CK19, EPCAM) et activation des voies de signalisation IGF2 et EPCAMS53. Les tumeurs associées au
virus de I’hépatite B (VHB) présentent fréquemment une des voies classiques de prolifération cellulaire telles que
les cascades PI3K/AKT/MTOR, RAS—MAPK, MET et IGF. En outre, sont associés d cette classe de fréquentes
mutations de TP53, une instabilité chromosomique et une hypométhylation globale de ’ADN. 2) La classe de
non proliférative est caractérisée des tumeurs moins agressives avec des différenciations histologiques faible a
modérée, des faibles niveaux de d’AFP et des taux invasions vasculaires moins fréquentes. Ces tumeurs sont
liées a des hépatites NASH, alcoolique et au virus de I’hépatite C (VHC). Des sous-groupes distincts ont été
identifiés dans cette classe : 2i) la sous-classe WNT/B-catenin CTNNB1 qui présente des mutations CTNNB1
fréquentes et I'activation de la voie de signalisation WNT/B-catenin, qui entraine un phénotype avec faible une
infiltration immunitaire et 2ii) la sous-classe interféron qui présente une activation de la voie de signalisation
IL6/JAK/STAT, s’accompagne d’un microenvironnement tumoral plus inflammatoire. Cette classe présente une
stabilité chromosomique avec de fréquentes mutations du promoteur TERT. FLC, fibrolamellar carcinoma; IHC,

immunohistochemistry; miRNA, microRNA; TCGA, The Cancer Genome Atlas. D’aprés Llovet et al, 2021.
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Annexe 2: Mécanismes d’action des thérapies systémiques utilisées dans le carcinome hépatocellulaire
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Représentation schématique des relations entre d’une part les TKl, les immunothérapies et les anticorps
monoclonaux approuvés dans le CHC sur la base des données des essais de phase Il et d’autre part les cellules
tumorales, les cellules endothéliales sinusoidales hépatiques et les lymphocytes. Les traitements en noir ont des
résultats positifs basés sur des essais de phase lll, soit avec une conception de supériorité (atezolizumab plus
bevacizumab, sorafenib, régorafenib, cabozantinib et ramucirumab) soit avec une conception de non-infériorité
(lenvatinib). Les traitements en bleu désignent d'autres médicaments approuvés par la FDA (Food and drug
administration) sur la base d'essais de phase Il non randomisés (pembrolizumab et nivolumab plus ipilimumab).

Les cases grises indiquent les thérapies combinées. D’apres (Llovet et al, 2022)
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Annexe 3: Structure et classification des 21 acides aminés protéinogénes des eucaryotes

@ Positive (©Negative
charge des chaines latérales a un pH de 7.4

A. Acides aminés avec des chaines latérales chargées

Positive Négative
e A = r A ;¢
Arginine Histidine Lysine Acide Aspartique  Acide Glutamique
A/o PKa 203 ﬂo PKa 170 '(/Opkaus A’O pKa 195 ~O oKa216
0 o=&P
NH, NH, NH,
pka tmo PKa o no PKao.16 PKa .66 pkaoss
O
pKadn
g @ o
®o
pKa41s
® NH, “
® NH pKa 1057
pKa 12. m
B. Acides aminés avec des chaines latérales polaires non chargées C. Cas spéciaux
Sérine Thréoni Asparag Glutami Cystéine Sélénocystéine Glycine Proline

pam.u PKa220 pnzm pka218 sa1o Haio /Y o234 4/ pmqs/’l

%0 (Asn) <Gln> “0 ) &) (le P &E)
? pKa9.05 o?ﬂu 896 pn ua pn 200 ?— ? % 1
NH pKa wzs pKa m pKl o_sa
HO
p(l ma

D. Acides aminés avec des chaines latérales hydrophobes
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Par File:Amino Acids (Histidine Update 9-19-2014).svg:
https://commons.wikimedia.org/wiki/User:Fred_the_Oysterderivative work: Chandres — Ce fichier est

dérivé de : Amino Acids (Histidine Update 9-19-2014).svg:, CC BY-SA 3.0,
https://commons.wikimedia.org/w/index.php?curid=113292945
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Annexe 4: Peptides thérapeutiques approuvés depuis 2000 avec leurs cibles et leurs indications

Cible Peptide Année d’ Indication(s)
approbation
Récepteur GLP-1 Exenatide 2005 Diabéte sucré de type 2
Liraglutide 2009
Lixisenatide 2013
Albiglutide 2014
Dulaglutide 2014
Semaglutide 2017
Récepteur GLP-2 Teduglutide 2012 Malabsorption et syndrome de gréle court
Récepteur GC-C Linaclotide 2012 Syndrome de l'intestin irritable avec constipation et
constipation chronique idiopathique
Récepteur de la | Pramlintide 2005 Diabéte de type 1 ou 2
calcitonine
Récepteur du GnRH Abarelix 2003 Cancer avancé de la prostate
Degarelix 2008
Fixation au site actif | Carfilzomib 2012 Myélome multiple
du protéasome 20S
Protéine NOD2 Mifamurtide 2009 Ostéosarcome de haut grade, réséquable et non
métastatique
Récepteur VIP1 Aviptadil 2009 Dysfonction érectile
Récepteur OT Atosiban 2000 Accouchement prématuré imminent
Carbetocin 2001 Hémorragie du post-partum
Récepteur TRH Taltirelin 2000 Dégénération spinocérébelleuse
Récepteur MC Bremelanotide 2019 Trouble du désir sexuel hypoactif
Récepteur PTH1 Teriparatide 2002 Ostéoporose
Abaloparatide 2017
Guanylate cyclase C Plecanatide 2017 Constipation chronique idiopathique
NPR-A Nesiritide 2001 Décompensation cardiaque aigue
Récepteur AT1 Angiotensine Il 2017 Sepsis et choc septique
Beta2-récepteur Icatibant 2008 Angioedeme hétéridaire aigue
Gp41l Enfuvirtide 2003 VIH-1 en combinaison de traitement
Récepteur GHRH Tesamorelin 2010 Lipodystrophie du VIH
Canaux calcique de | Ziconotide 2004 Douleur chronique sévére
type N
Récepteur de la | Romiplostim 2008 Purpura thrombopénique immun chronique
thrombopoiétine
Récepteur de | Peginesatide 2012 Anémie de I'insuffisance rénale chronique
I’érythropoiétine
humaine
Surfactant pulmonaire | Lucinactant 2012 Prévention du syndrome de détresse respiratoire
CaSR Etelcalcetide 2016 Hyperparathyroidie secondaire
Récepteur MC1 Afamelanotide 2014 Prévention de la photo toxicité
Récepteur de Ila | Pasireotide 2012 Syndrome de Cushing
somatostatine
Lutetium Lu 177 | 2018 Traitement des tumeurs neuroendocrines gastro-
dotatate entero-pancréatiques avec récepteur de Ia
somatostatine positif
Edotreotide  gallium | 2019 Diagnostic des tumeurs neuroendocrines avec
Ga-68 récepteur de la somatostatine positif
Récepteur de la | Setmelanotide 2020 Obésité

melanocortine-4

D’aprés Wang et al, 2022. Les peptides anticancéreux sont surlignés en jaune.
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Annexe 5: Exemples de peptides et leurs applications en cours d’évaluation dans des essais cliniques

Phase Nom du peptide Indication en cours d’investigation
d’essai
clinique
v Avexitide Hypoglycémie
Calcitonin gene-related peptide | Migraine
Corticorelin (Edeme cérébral, tumeur cérébrale
Leptin Lipodystrophie; obésité
Thymalfasin Cirrhose du foie, sepsis
1l Aclerastide Ulcere du pied diabétique
Albusomatropin Déficit en hormone de croissance
Anamorelin Cachexie, cancer du poumon non a petites cellules
G17DT Différentes formes de cancer
Insulin peglispro Diabéte
Lenomorelin Tumeurs malignes
Selepressin Choc, choc septique

Somapacitan

Déficit de I'adulte en hormone de croissance

Taspoglutide

Diabéte de type

Thymosin beta-4

Syndromes secs

Tirzepatide Diabéte de type

Ularitide Décompensation cardiaque

Vapreotide Hémorragie  digestive  par rupture de varices
oesophagiennes, hypertension portale, varices
oesophagiennes

Vosoritide Achondroplasie

Zoptarelin doxorubicin

Cancer de I'endométre, cancer de prostate

1 Angiotensin -1-7

Anomalies des cellules sanguines périphériques de la
lignée blanches

Bombesin cancer de prostate
Cenderitide Insuffisance cardiaque
Deslorelin Puberté précoce
Gastric inhibitory polypeptide Diabéte de type
MK-3207 Migraine

Olcegepant Migraine

Pancreatic Polypeptide

Diabéte de type

Peptide YY (3-36)

Maladie métabolique, obésité

Pirnabine

Constipation chronique idiopathique

Somatoprim

Acromegalie

Somatropin pegol

Déficit en hormone de croissance

ThyrotropinC

Goitre bénin toxique et non-toxique, goitre, nodule

thyroidien

TT-232 Adénocarcinome rénal
| BPI-3016 Diabéte de type
NBI-6024 Diabéete de type

D’aprés Wang et al, 2022. Les peptides anticancéreux sont surlignés en jaune.
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